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Chapter 1 

HOW TO REPAIR THE INFARCTED HEART

Introduction and outline of this thesis

 

Marijn C. Peters1,2

1 Department of Cardiology, Laboratory of Experimental Cardiology, Division of Heart and 
Lungs, University Medical Centre Utrecht, The Netherlands.  
2 Regenerative Medicine Centre Utrecht, University Medical Centre Utrecht, The 

Netherlands.
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INTRODUCTION  

Cardiovascular diseases remain the leading cause of death worldwide with 17,9 million 

deaths annually1. Primarily, ischemic heart disease (IHD) is a major cause of mortality 

with >9 million annual deaths.  In IHD, occlusion of a coronary artery leads to decreased 

oxygen and nutrient supply to the contractile myocardium causing cardiomyocyte cell 

death. Occlusion is mainly caused by atherosclerosis: the progressive accumulation of 

lipids and inflammatory cells causing lesion development in the arterial wall2. Current 

therapies for myocardial infarction include reperfusion therapy via percutaneous  

coronary intervention or coronary artery bypass grafts and pharmaceutical 

interventions to lower blood pressure1. With 2 million reperfusion procedures per 

year in Europe alone to open the occluded vessel and re-oxygenate the ischemic 

myocardium, the acute mortality of IHD has decreased substantially3,4. However, 

current therapies treat the symptoms of a myocardial infarction and relieve the 

increased pressure on the injured heart but do not repair the vast number of 

cardiomyocytes lost during an ischemic episode1,3–5. When investigating the loss of 

cardiomyocytes following ischemic injury, a burst of cardiomyocyte cell death occurs 

over the first 6 to 24 hours of ischemia and reperfusion6. The rapid loss of cells 

causes an inflammatory response in which monocytes and neutrophils infiltrate the 

injured tissue to clear cellular debris and initiate the formation of granulation tissue6,7. 

Fibroblast proliferate in the infarct area to produce extracellular matrix and replace 

the injured cardiomyocytes with a fibrous network preventing loss of myocardial 

structure and acute cardiac rupture. The loss of cardiomyocytes as a result of  

ischemia drives ventricular remodeling to maintain cardiac output8,  including 

hypertrophy of cardiomyocytes in the remote areas and scar maturation to 

maintain myocardial structural integrity. However, myocardial remodelling 

also gradually causes increased cardiac workload via ventricular dilatation, 

decreased oxygenation and myocardial stiffness capable of causing heart  

failure8. Studying the mechanisms underlying cardiomyocyte cell death after  
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ischemic injury and during the post-reperfusion phase could provide 

insights into how excessive cell death can be prevented.    

 

MECHANISMS OF CELL DEATH IN THE INFARCTED HEART  

The surge of cardiomyocyte cell death directly after the cessation of blood supply is 

followed by a more gradual increase in cell death in the borderzone of the infarct as 

a result of residual ischemia and a cumulative increase in apoptosis in the remote 

area in failing hearts6. The initial damage in patients after an ischemic insult cannot 

only be attributed to direct ischemia exposure due to the loss of oxygen and nutrient 

supply, but also to injury as a result of the applied reperfusion strategy, so called acute 

ischemia/reperfusion (I/R) injury. I/R injury can account for up to 50% of the infarct 

size as the sudden increase in oxygenation during reperfusion generates reactive 

oxygen species (ROS) that damage intracellular molecules and stimulate cell death 

pathways9,10. Both apoptotic and necrotic cell death have been reported to play a part 

in ischemia and I/R related damage6. Apoptotic cell death is a regulated form of cell 

death characterised by nuclear fragmentation, cell shrinkage and vesicle formation 

to encapsule cellular content and enable phagocytosis by neighbouring cells without 

causing inflammation11. In contrast to apoptotic cell death, necrotic cell death does 

lead to an inflammatory response as membrane integrity is lost and cellular content 

is released into the extracellular environment12. Necrotic cell death was long believed 

to be unregulated but recent evidence shows distinct cellular pathways that initiate 

necrotic cell death, so called necroptosis, regulated by receptor-interacting protein 

kinases (RIP)13. Necroptosis has been studied in depth over the past century and it has 

been identified as a main mode of cell death mediating myocardial I/R injury14–17.   

TREATING ISCHEMIC HEART FAILURE  

To improve the prognosis of patients with heart failure, approaches that address 

Introduction
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the loss of cardiac tissue have become a main interest of cardiovascular research. 

Multiple reparative methods have been investigated: inhibiting cell death18, 

activating cell protective mechanisms19, stimulating angiogenesis20 or stimulating 

the renewal of cardiomyocytes21. Stimulating cardiomyocyte renewal has been 

attempted using stem cells from different sources believed to be capable of 

differentiating into viable myocardium. Given the severity of heart failure, clinical 

trials using stem or progenitor cell therapies with autologous mononuclear bone 

marrow cells, myoblasts, and mesenchymal stem cells were quickly initiated with 

the aim to recover functional myocardium22–24. Although cell therapies led to some 

functional recovery in heart failure patients, the long-term effects were limited and 

cell retention was low as cells were rapidly removed after injection25,26. Furthermore, 

it was found injected cells do not exert their protective effect via differentiation into 

cardiomyocytes but via paracrine effects27–29. The discovery of embryonic stem 

cells (ESC) first enabled the generation of vast numbers of human cardiomyocytes 

that could potentially repopulate the infarct area30. However, using embryonic stem 

cells came with ethical concerns31.  In recent years, other methods to stimulate 

renewal of cardiomyocytes are being tested in preclinical trials via the implantation 

of cardiomyocytes differentiated from human induced pluripotent stem cells (hiPSC). 

Although this method provides promising results, the connection of implanted cells 

with the native myocardium and prevention of arrhythmias remains challenging32. 

Next to the exogenous supplementation of cells to renew the myocardium, 

activation of the cardiomyocyte cell cycle of autologous cells has received increased 

interest. Assessment of nuclear bomb test derived 14C in genomic DNA of human 

hearts indicated that human cardiomyocytes maintained a proliferative capacity, 

even though only at a degree of <1%33. The additional finding that the zebrafish 

heart is capable of complete regeneration after cardiac injury via proliferation of 

pre-existing cardiomyocytes emphasized the feasibility of this approach34–36.  
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MECHANISMS OF CARDIAC REGENERATION  

This newly discovered innate reparative capacity of zebrafish hearts led to questions 

on whether human adult cardiomyocytes were terminally differentiated or could 

be stimulated to proliferate. To answer the question whether the regenerative 

capacity of the zebrafish heart is evolutionary conserved, the response to cardiac 

injury in mammalian neonatal hearts was assessed. This showed that murine 

neonatal hearts could completely repair itself up to 7 days after birth through the 

proliferation of pre-existing cardiomyocytes35. Similarly in neonatal and zebrafish 

hearts, proliferation of cardiomyocytes following injury was characterised by hypoxia 

signaling34,37, fast revascularisation38,39 and regulation of ECM deposition to prevent 

scar maturation40,41. At 7 days, an increase in extracellular matrix stiffness42, altered 

DNA methylation42, and the increased expression of Meis1 and cofactor Hoxb13 was 

found to induce cardiomyocyte cell cycle arrest and thereby to prevent full cardiac 

repair post-injury43,44. Furthermore, the postnatal shift in the cardiomyocyte energy 

metabolism from anaerobic glycolysis to oxidative phosphorylation of fatty acids to 

increase energy efficiency also increased the generation of mitochondrial ROS that 

stimulate cardiomyocyte cell cycle arrest45,46. Analysis of cardiomyocyte proliferation 

in human hearts was in line with these findings as cardiomyocyte proliferation was 

found to contribute to heart growth in infants and similarly as in the murine heart,  

cardiomyocyte proliferation transiently decreased to very low levels by  

20 years of age47. However, as the regenerative response of cardiomyocyte 

proliferation following cardiac injury was found to be evolutionary conserved 

from zebrafish to young human hearts, diseases might be curable by 

stimulating this innate regenerative mechanism. Learning from this natural 

phenomenon and stimulating the innate reparative capacity of the heart by 

targeting cardiomyocyte proliferation has become a key focus in the field48–52.
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MODELLING THE HUMAN HEART  

Exploring the mechanisms that control cardiomyocyte cell cycle arrest or enable 

cardiomyocyte proliferation can provide scope to regenerate the human heart. 

However, differences between animal hearts and the human heart are a major reason 

why successful regenerative therapies in preclinical studies have failed in their 

clinical translation53–59. To start, zebrafish and neonatal hearts contain approximately 

one-hundred-thousand cardiomyocytes while for human hearts an ischemic episode 

alone can lead to the loss of billions of cardiomyocytes59,60. Therefore, repairing this 

vast number of cardiomyocytes lost during an ischemic episode requires a more 

extensive proliferative response than a small animal heart requires. Furthermore, 

the electrophysiology and beating rate of murine cardiomyocytes (350 beats/

minute) is dramatically different than that of human cardiomyocytes (70 beats/

minute)59,61,62. Hearts of large animals (e.g. porcine, canine) have a more similar 

physiology of its coronary circulation and size but differences are still present in 

anatomy and conductivity63–65. Furthermore, spontaneous long-term development of  

atherosclerotic lesions, as found in humans as a prevalent cause of IHD, rarely occurs 

in animals. In pigs, a commonly used large animal model for cardiovascular diseases, 

only modelling of early atherosclerotic lesions is possible with a hyperlipidaemic 

diet66. Moreover, differences in gene expression and enzyme activity between animal 

and human cells have been reported that could affect drug responsiveness56,67. 

These differences emphasize the strong need for the development of human models 

to assess mechanisms of cardiac regeneration before advancing to clinical trials. 

The discovery of hiPSC technology, in which differentiated human cells (e.g. skin 

fibroblasts) could be reprogrammed into multipotent stem cells and subsequently 

be differentiated into another differentiated cell type, enabled the derivation of 

large numbers of human cells and in vitro modelling of human diseases68,69. 

Furthermore, this technology enabled the generation of patient-specific disease 

modelling to study pathophysiology mechanisms as found in patients with specific 
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gene mutations. For cardiovascular diseases, hiPSC-derived cardiomyocytes have 

been generated for many cardiomyopathies70,71. Furthermore, studies have also 

attempted to model IHD using hiPSC-derived cardiomyocytes72–74. Even though 

the field of hiPSC technology to model human cardiovascular diseases is very 

promising, the immaturity of the generated hiPSC-cardiomyocytes remains an issue 

for true representation of adult human cardiomyocytes75,76. The hiPSC-derived 

cardiomyocytes were found to be in a foetal-like morphology, electrophysiology, 

gene expression profile and metabolism77–79. To increase the maturity of 

hiPSC-cardiomyocytes, multiple studies focused on improving physiological 

and metabolic maturation profiles80,81. Combining these improved hiPSC-

cardiomyocytes with ischemic disease modelling could enable the identification 

and development of reparative therapies that can be translated into patients.  

 

RNA THERAPY  

In translating preclinical research, finding the right clinical target in the complex 

process of cardiomyocyte proliferation remains challenging as cellular behaviour 

is under tight regulation by multiple pathways. A powerful new level of regulation, 

also present in the post-ischemic processes in the heart, are families of non-coding 

RNAs82,83. Unlike messenger RNA that is translated into protein to exert its biological 

function, non-coding RNAs are not translated but function as RNA directly by 

regulating transcription, translation and epigenetic gene expression84,85. Non-coding 

RNAs can be subdivided into several classes, including long non-coding RNAs, 

circular RNAs and microRNAs (miRNAs). One non-coding RNA can target multiple 

genes and regulate multiple processes, making them interesting powerful tools to 

alter the complex mechanism of cardiac repair. Targeting non-coding RNAs has 

recently emerged as a promising therapeutic approach due to their regulatory function 

in cardiac disease. Non-coding RNAs have been linked to processes of cardiac 

regeneration in the zebrafish and neonatal heart86,87, whereas a group of miRNAs 
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targets YAP-Hippo signalling and thereby modulates the actin network to mediate 

cardiomyocyte proliferation49,88. miRNAs that positively regulate cardiomyocyte 

proliferation were found to be decreased in expression after birth85. Furthermore, 

while some miRNAs could stimulate cardiomyocyte proliferation, modulation of the 

miRNA target gene was not always sufficient to produce the same cellular outcome 

due to complex transcriptional regulation85. Since miRNA function appears to be 

a cell specific phenomenon, optimizing cell-specific delivery of miRNAs or miRNA 

inhibitors could be a better strategy to promote cardiomyocyte proliferation.  

DELIVERY OF REGENERATIVE THERAPIES  

One of the main challenges for regenerative therapies or RNA therapy is controlled 

delivery and RNA stability. Previous studies have attempted to inject large cells 

into the heart but discovered an immediate flush-out via the dense microvascular 

venous network of the heart26. Furthermore, retaining RNA in the inflammatory 

ischemic microenvironment to effectively modulate the behaviour of cells is 

equally challenging due to the presence of ribonucleases that degrade free RNA89. 

To increase the retention of therapeutics into the heart, injectable slow-release 

hydrogels have been developed. Injectable hydrogels are liquid before injection 

and form cross-link bonds after injection to a gel-phase to retain injected factors 

in a protected water-rich environment, similar to human tissue90. Gel cross-linking 

can be mediated via different means and is depending on the chemistry of the gel, 

e.g. UV light91, shear stress92,93, temperature94 or pH changes95. Combining the 

hydrogel with a cholesterol-modified miRNA could enable uptake of the miRNA over 

the plasma membrane of the target cell via cell fusion or endosomal internalization 

through the hydrophobic nature of cholesterol93,96.  Recent studies reporting delivery 

of cholesterol-modified miRNA or insulin-growth factor (IGF) using shear-thinning 

or pH-responsive injectable hydrogels, respectively, could improve the functional 
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benefit of the therapy in a porcine animal model93,97. Interestingly, hydrogels could be 

fine-tuned and would be able to release the drug over a period of weeks to provide a 

sustained regenerative signal rather than a single pulse of drug release at the moment 

of injection98. A shear-thinning mesoporous hydrogel containing silica nanoparticles 

was found to enable the delivery of an angiogenic miRNA in a pig infarct model and 

limit infarct size99. Despite the extensive research into the development of injectable 

hydrogels90,100–102, the readouts are often focussed on functional effect of hydrogel-

mediated delivery instead of the degree of hydrogel retention at the target site. This 

leaves the question unanswered whether hydrogels are better retained in the beating 

heart or whether there is accumulation of injected hydrogel at remote locations.  

THESIS OUTLINE  

Many advances have been made in moving towards repairing the infarcted ischemic 

heart, but clinical translation remains challenging. It is unlikely that the solution 

of repairing the heart lies in a single factor targeting a single process. The main 

objective of the research in this thesis is to explore methods to protect the heart 

from ischemic and I/R injury and stimulate the innate reparative capacity of the 

heart to renew damaged myocardium. To provide scope to achieve these complex 

tasks, we subdivided the research into answering three consecutive questions: 

1. How can we protect human cardiac cells from I/R injury?

2. How can we stimulate human cardiomyocytes to generate new functional 

cardiomyocytes to repair injured tissue?

3. If we have a protective and reparative therapy available, how can we 

deliver it safely and effectively to the right location in the heart?

Chapter 2 focusses on the first step towards cardiac repair: limiting the damage 

inflicted during an ischemic event and reperfusion, the current golden standard 
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of therapy. In this chapter we introduce a novel therapeutic factor that efficiently 

targets necroptotic cell death, a major form of cell death determining I/R injury. 

In Chapter 3, we develop a hiPSC-cardiomyocyte based platform to model human 

IHD. To do this, we assessed the role of metabolic maturation on susceptibility of 

hiPSC-cardiomyocytes to hypoxic damage. 

Chapter 4 discusses the potential of stimulating cardiomyocyte proliferation 

to regenerate the heart by focussing on the role of miRNA-128 in cardiac 

regeneration.

Chapter 5 introduces the glycoprotein Follistatin-like 1 as a potential therapeutic 

tool to prevent cardiomyocyte cell death, increase vascularisation in the infarcted 

area and stimulate cardiomyocyte renewal. 

In Chapter 6, we used our model developed in chapter 3 to test the potential of 

Follistatin-like 1 as a therapeutic factor to treat human IHD. 

In Chapter 7, we discuss the role of non-coding RNAs in cardiac regeneration and 

vascularisation and how to provide localized and sustained delivery of non-coding 

RNAs to the infarcted region.  

Chapter 8 describes a new method we developed to assess the retention of 

injected hydrogels after cardiac injection using real-time tracking with radioactively 

labelled hydrogel subunits. 

Chapter 9 provides a summary and general discussion of the work presented in 

this thesis and discusses future directions. 
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ABSTRACT  

Coronary reperfusion therapy to treat myocardial infarction can lead to a second wave 

of cardiomyocyte cell death through the release of reactive oxygen species (ROS) 

known as myocardial ischemia-reperfusion injury (I/R). RIP1 phosphorylation and the 

execution of necroptosis is a major pathway activated during myocardial I/R injury, 

which was previously inhibited by the use of the non-selective inhibitor necrostatin-1 

(Nec-1). We therefore studied the potential of a novel and specific RIP1 kinase 

inhibitor, called GSK’547, to prevent myocardial injury in a human in vitro model for I/R. 

In order to simulate I/R injury in vitro, human cardiac progenitor cells (hCPCs) were 

stimulated with hydrogen peroxide (H2O2) in the absence or presence of RIP1 inhibitor 

GSK’547. Upon H2O2 stimulation, a dose-dependent increase in DAPI+ (necroptotic) 

cell population and not the AnV+ DAPI- (apoptotic) population was observed, as 

shown by flow cytometric analysis. Specific prevention of apoptosis did not save 

hCPCs from oxidative stress-induced cell death. Treatment with physiologically 

low concentrations of GSK’547 was shown to decrease necroptotic cell death and 

protected hCPCs from H2O2-induced damage to a similar extent as treatment with 

1000-fold higher concentrations of the previously reported inhibitor Nec1. While 

necrosome component mRNA levels remained similar, treatment with GSK’547 

decreased the protein phosphorylation of MLKL, RIP1, and RIP3 and prevented the 

oxidative stress-induced loss of nuclear RIP1 and RIP3 localisation. Remarkably, 

GSK’547 also decreased H2O2–induced mitochondrial depolarization and expression 

and activation of CAMKII, a protein mediating mitochondria-dependent cell death. 

Here, we reported GSK’547 as a novel cardioprotective tool to prevent oxidative 

stress-induced cardiac cell death. This provides scope to prevent myocardial I/R.  
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INTRODUCTION  

Coronary angioplasty is performed around 2 million times each year in Europe to 

restore perfusion in patients after myocardial infarction1–3. Although this treatment 

is highly efficient to prevent excessive damage from myocardial ischemia, it 

paradoxically can cause additional myocardial damage through the release of 

reactive oxygen species (ROS)2,4,5. The loss of cardiomyocytes as a result of 

ischemia and ischemia/reperfusion (I/R) injury is an important predicting factor in 

the progression towards heart failure6–8. For many years, myocyte loss through 

apoptosis was considered the only regulated and thereby therapeutically targetable 

form of cell death after an ischemic event9,10. However, studies attempting to prevent 

I/R damage with anti-apoptotic therapies remain inconclusive11. Over the past two 

decades, the role of myocardial damage through necrosis has come to light10,12,13. 

Necrosis was long considered to be a non-regulated process caused by exposure 

to insurmountable stress and therefore not considered a potential therapeutic 

target to treat cardiac I/R injury. This concept was challenged upon revealing the 

presence of regulated mechanisms of necrotic cell death, called necroptosis, which 

could be activated by ligands of cell death receptors and required the activation of 

specific cell death pathways11,13. Necroptosis is now considered to be an important 

mediator of myocardial damage12,14, via opening of the mitochondrial permeability 

transition pore (mPTP) and via complexation of the kinases receptor-interacting 

protein-1 (RIP1), RIP3, and mixed lineage kinase domain-like protein (MLKL). It 

remains unclear, however, whether this mitochondrially-dependent mechanism 

and RIP1-RIP3-MLKL-dependent necroptotic pathway function separately in 

disease15,16. Pharmacological inhibition of either cyclophilin-D dependent mPTP 

opening or RIP1 activity prevented oxidative-stress induced cell death emphasizing 

the important role of necroptosis in I/R injury12,17–19. Previously, we have shown 

in human cardiac progenitor cells (hCPCs)20, and in murine and porcine models 

of myocardial I/R injury prevention of necroptosis using RIP1 inhibitor Nec1 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death

2
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Figure 1. Hydrogen peroxide treatment primarily leads to necrotic cell death in human cardiac 
progenitor cells
A. Marker expression of hCPCs detected by immunofl uorescence. Scale bar: 50μm. B. Bright-fi eld ima-
ging of hCPCs after stimulation with 0, 75 ,150, 300μM hydrogen peroxide (H2O2). Scale bar: 200μm. 
C. Dose-dependent effect of H2O2 treatment on cell death as detected by AnV/DAPI fl ow cytometry. 
D. Contributions of apoptosis and necrosis to H2O2-induced cell death. E. AnV/DAPI fl ow cytometry represen-
tation of cell death populations after pre-conditioning with ZVAD-FMK (20μM) or Necrostatin-1 (Nec1)(60μM) 
and stimulation with H2O2 (75μM). F-H. Quantifi cation of live cells (AnV-DAPI-) (F), apoptotic cells (AnV+DA-
PI-)(G) and necroptotic cells (DAPI+) (H). n=4-10 experiments, data was analysed using one-way ANOVA and 
Dunnett multiple comparison. *P<0,05, **P<0,01, *** P<0,001. Data represented as mean ± SEM.  
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stimulated cell survival, reduced infarct size, prevented adverse remodelling and 

preserved left ventricular function19,21. Although promising to prevent myocardial I/R 

injury,  progression to clinical use of RIP1 inhibitor Nec1 has been hampered by 

constraints regarding specificity and activity and valorisation protection22–24.  

In the present study, we tested a novel small molecule GSK3540547A (GSK’547), 

selected as the most potent and specific RIP1 binding candidate in a kinase inhibitor 

screen25, as a potential therapeutic agent to prevent myocardial I/R injury in a human 

cardiac in vitro model. We show GSK’547 efficiently supresses hydrogen-peroxide 

induced necroptotic cell death in hCPCs and prevents additional mitochondrial 

dysfunction, mediated via the RIP1-RIP3-MLKL pathway and the RIP3-CAMKII-

mPTP pathway. 

RESULTS  

Hydrogen peroxide leads to necrotic cell death  

We previously established a human I/R injury in vitro model system, using hCPCs26 

capable of differentiating into cardiomyocytes26, that had predictive mechanistic 

results on necroptosis inhibition for our animal follow-up studies19,21,27. We therefore 

considered this human cell model to be a good predictive model to study basic 

cardiac cell mechanisms of cell death.   

In line with previous characterisation26, hCPCs were positive for Sca-1-like epitope 

and expressed GATA4, PECAM-1, and VEGF (Figure 1a). To determine modes of cell 

death upon oxidative stress-induced cardiac damage, we performed flow cytometric 

analysis using dual labeling with annexin V (AnV) and DAPI. Stimulation with 

hydrogen peroxide increased cell death and cellular detachment dose-dependently, 

increasing the DAPI+ (necrotic/necroptotic) cell population (Figure 1b, c). To 

discriminate necroptotic and apoptotic cell death by AnV/DAPI, we preconditioned 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death

2
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Figure 2. GSK’547 increases survival of hCPCs during oxidative stress 
A. AnV/DAPI flow cytometry representations of cell death populations after preconditioning with Nec1 
(60μM) or GSK’547 (2.5nM, 25nM or 250nM) and stimulation with H2O2 (75 μM). B. Contribution of 
necroptosis and apoptosis to GSK’547 mediated cardioprotection. C-E. Quantification of living cells (AnV-
DAPI-) (C), apoptotic cells (AnV+DAPI-) (D), and necrotic cells (DAPI+) (E). F. Representative images of 
Calcein A/EthD1 viability stain. Scale bar: 200μm. G, H. Quantification of F. n=5 experiments, data was 
analysed using one-way ANOVA and Dunnett multiple comparison. *P<0,05, ** P<0,01, *** P<0,001. Data 

represented as mean ± SEM. 

the cells with an apoptosis inhibitor (ZVAD-FMK) or a necroptosis inhibitor (Nec1). 

While only a small portion of cells had an apoptotic signature (13,7 ± 3,6% 

[AnV+DAPI-] vs 29,5 ± 4,4% [DAPI+], Figure 1d, e), preconditioning with caspase 8 

inhibitor ZVAD-FMK increased the DAPI+ cell population without affecting the live cell 

population (fold change, 0,49±0,10 [AnV+DAPI-]; 1,14± 5,2 [DAPI+], 1,04± 0,37[AnV-

DAPI-], Figure 1f-h). Preconditioning with Nec1 decreased the DAPI+ (necrotic/

necroptotic) and AnV+DAPI- (apoptotic) cell population and increased the live cell 

population (fold change, 0,65±0,04 [AnV+DAPI-]; 0,27± 0,13 [DAPI+], 5,05± 1,8 [AnV-

DAPI-], P<0,05, Supplemental figure 1). 

GSK’547 protects against oxidative stress-induced cell death  

Next, we assessed whether our novel RIP1 inhibitor, GSK’547, could prevent 

necroptosis at low concentrations. Although at a 1x104 fold lower concentration then 

nec-1, GSK’547 prevented oxidative stress induced cell death to the same extent, 

decreasing both the DAPI+ (necroptotic) and AnV+ DAPI- (apoptotic) cell population 

(0,41±0,11 fold [DAPI+]; 0,34± 0,07 fold [AnV+DAPI-], 14,4± 4,36 fold [AnV-DAPI-], 

P<0,01, Figure 2a-e). Furthermore, live/dead staining confirmed GSK’547 increased 

calcein AM+ cells (live) (1,2±0,33% [H2O2] vs 75,4±1,4% [GSK’547], P<0,001) 

and decreased ethidium homodimer-1+ cells (dead) (8,6±1,8% [H2O2] vs 2,2±1,2% 

[GSK’547], P<0,01, Figure 2f-h). Hereby, we show GSK’547 is a potent inhibitor 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death
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of necroptotic cell death, since it was very effective at low concentrations without 

having further effects upon increasing dosage to 250nM, and promoted cell survival. 

GSK’547 prevents oxidative stress induced necroptosis by targeting RIP1, RIP3 

and MLKL phosphorylation  

Necroptosis is regulated by RIP1 autophosphorylation followed by RIP1-dependent 

phosphorylation of RIP3, and translocation of consecutively phosphorylated MLKL 

to the plasma membrane28–30. Treatment with GSK’547 decreased RIP1, RIP3 and 

MLKL phosphorylation while there were no changes in total protein levels or mRNA 

levels (Figure 3, Supplemental figure 2). 

Next to the kinase dependent role of RIP1 and RIP3, the subcellular localization 

of RIP1 has also been reported to contribute to the regulation of necroptosis via 

the activation of e.g. PARP130–32. To investigate changes in subcellular localization 

upon hydrogen peroxide exposure, we performed immunofluorescence staining and 

subcellular fractionation. While MLKL localization remained unaffected by hydrogen 

peroxide exposure (Figure 4a, b, e), RIP1 and RIP3 expression, found both in the 

cytoplasm and nucleus, disappeared in the nucleus following hydrogen peroxide 

exposure (Figure 4a-d). Prevention of RIP1 activation via GSK’547 could maintain 

the presence of nuclear RIP1 and RIP3 localization. Next to immunofluorescent 

localization, cellular fractioning confirmed this shift of both RIP1 as RIP3 from 

the nucleus upon hydrogen peroxide exposure, and their return after both Nec1 

as GSK’547 treatment (Figure 4f-h). These results validate the protective effect 

of RIP1-inhibitor GSK’547 via the regulation of phosphorylated RIP1-RIP3-MLKL-

mediated necroptosis and suggest a role of the cellular localization of both RIP1 and 

RIP3 in oxidative stress-induced necroptosis. 
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Figure 3. GSK’547 abolishes H2O2-induced hCPC necroptosis by preventing RIP1, RIP3, and 
MLKL phosphorylation 
A. RIP1 protein expression levels detected by Western blot. B. Quantifi cation of A. C. RIP3 pro-
tein expression levels detected by Western blot. D. Quantifi cation of C. E. MLKL protein ex-
pression levels detected by Western blot. F. Quantifi cation of E. n=4 experiments, data was 
analysed using one-way ANOVA and Dunnett multiple comparison and signifi cance is measured com-
pared to H2O2. *P<0,05, ** P<0,01, *** P<0,001. Data represented as mean ±SEM 
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A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death
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Figure 4. GSK’547 prevents H2O2-induced decreased nuclear localization of RIP1 and RIP3
A. RIP1 and MLKL protein localization detected by immunofl uorescence imaging. B, C. Quan-
tifi cation of A. C. RIP3 and MLKL protein localization detected by immunofl uorescence ima-
ging. D-E. Quantifi cation of C. F. RIP1 protein levels in the cytosolic (c) or nuclear (n) subcel-
lular fraction as confi rmed by Western blot. Lamin B1 protein levels were assessed to confi rm 
the purity of the nuclear fraction. Quantifi cation of E. n=3 experiments, data was analysed using 
one-way ANOVA and Dunnett multiple comparison and signifi cance is measured compared to 
H2O2. Scale bar: 400μm. *P<0,05, ** P<0,01, *** P<0,001. Data represented as mean ± SEM. 
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GSK’547 prevents hydrogen peroxide induced mitochondrial dysfunction  

Next to activation of the RIP3-MLKL necroptosis pathway, RIP1 is also an activator of 

Ca2+/calmodulin-dependent protein kinase (CaMKII) via RIP3 phosphorylation14,15,33. 

CaMKII activation and subsequent opening of the mitochondrial permeability mRNA 

and protein transition pore has been reported as an important mediator of cardiac 

I/R14,34. Hydrogen peroxide induced loss of mitochondrial membrane potential to a 

similar degree as our positive control, a chemical inhibitor of oxidative phosphorylation 

(carbonyl cyanide m-chlorophenyl hydrazone (CCCP)) (Figure 5a, b). GSK’547 was 

able to prevent expression of phosphorylated CaMKII (Figure 5c-e). This shows 

that GSK’547 inhibits hydrogen peroxide induced loss of mitochondrial membrane 

potential (∆Ψm) similarly as the 1x104 fold higher concentration of nec-1 as visualized 

by a loss of J-aggregates (red) and an increase in JC-1 monomers (green) (Figure 

5a, b). Furthermore, GSK’547 prevented the hydrogen peroxide induced increase 

in CaMKII mRNA expression and expression of phosphorylated CaMKII (Figure 5c-

e). This shows that GSK’547 inhibits necroptosis by both targeting the RIP1-RIP3-

MLKL- and the RIP3-CAMKII-mPTP-axis (Supplemental figure 3). 

DISCUSSION  

Damage caused by reperfusion of the ischemic myocardium can lead to irreversible 

damage via the release of ROS and can account for up to 50% of the myocardial 

infarct size35.  In previous studies, we have shown inhibition of necroptotic cell death 

via nec-1 administration to mice and pigs could prevent reperfusion injury and limit 

myocardial cell death11,21. Also, in hCPCs we observed nec-1 to be effective in 

preventing hydrogen peroxide induced cell death20. As clinical translation of nec-

1 is hindered by low potency (78,8% protein binding)23, rapid plasma clearance in 

females (<60 minutes)23, low bioavailability (54,4%)36, poor in vivo pharmacokinetic 

properties37, but mainly due to poor intellectual property protection, targeting the 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death
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Figure 5. GSK’547 prevents H2O2-induced mitochondrial damage 
A. JC-1 staining analysed by confocal microscopy. CCCP; positive control of mitochondrial membra-
ne depolarization. B. Quantifi cation of red/green ratio (A). C. CaMKII mRNA expression levels norma-
lized to tata binding protein (TBP) expression as detected by RT-qPCR. D. PCaMKIIδ protein levels as 
detected by Western blot. E. Quantifi cation of D. Scale bar: 400μm, n=3 experiments, data was 
analysed using one-way ANOVA and Dunnett multiple comparison and signifi cance is measured 
compared to H2O2. *P<0,05, ** P<0,01, *** P<0,001. Data represented as mean ± SEM. CCCP; Carbonyl 

cyanide m-chloropenyl hydrazone.  

necroptosis to prevent I/R via nec-1 in patients with ischemic injury remains 

impossible.  

With the selection and development of a potent RIP1 inhibitor with good 

pharmacokinetic properties, a close derivative of GSK’547, GSK2982772

successfully completed a phase 1 clinical trial in psoriasis, rheumatoid arthritis, and 

ulcerative colitis patients25. Here, GSK’547 was further developed from GSK2982772, 

to maintain potency in humans and animal models. In our study, we could confi rm 

potent inhibition of RIP1 activation and necroptosis. Moreover, we observed altered 

intracellular localization of RIP1 and RIP3 after hydrogen peroxide stimulation and
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ability of GSK’547 to prevent loss of nuclear RIP1 and RIP3 expression. Our 

findings demonstrate that GSK’547 potently inhibits activation of RIP1 and prevents 

necroptosis of human cardiac cells upon hydrogen peroxide exposure. By prevention 

of RIP1 activation both MLKL mediated necroptosis and CAMKII-mPTP mediated 

necroptosis was inhibited, increasing cellular viability upon oxidative stress.

Previous studies on the role of apoptosis upon myocardial I/R injury often used 

TUNEL stainings or analyses of DNA fragmentation38, which, without the use of 

additional controls (staining for active caspase-339), could also point to necroptotic 

cell death40–43. Also, dual staining with AnV and DAPI to differentiate between 

modes of cell death has been challenged, as AnV+DAPI- cells could also indicate 

primary necrotic cells responsive to nec-144. This is in line with our findings where 

we measured a decrease in AnV+DAPI- cells after preconditioning hCPCs with 

nec-1 or GSK’547. Therefore, we recommend the use of specific controls such as 

necrostatin-1 and ZVAD-FMK to distinguish between different modes of cell death. 

It is important to note, next to apoptosis and necroptosis, ferroptosis has also 

been implicated as an important contributor to cardiac I/R injury45. In ferroptosis, 

cell death is primarily induced by oxidative damage to the mitochondria and lipid 

peroxidation through mitochondrial iron accumulation. Previous studies have shown 

that preservation of mitochondrial membrane integrity could prevent ferroptosis 

in neuronal dysfunction46,47.  Since multiple cell death pathways contribute to cell 

loss in disease conditions, it is likely that cell death pathways bisect to activate the 

same proteins to mediate cell death16. Furthermore, the presence of several stimuli 

(e.g. ROS, TNFα) in the infarcted region could stimulate multiple pathways after I/R 

injury. Although the present study does not include other ligands that can potentially 

induce necroptotic cell death during I/R injury, hydrogen peroxide has been identified 

as the main active ROS in cardiomyocytes and considered the primary inducer of 

cardiac I/R injury48. Furthermore, exogenous administration of hydrogen peroxide 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death

2

Marijn Peters_To repair the infarcted heart.indd   37Marijn Peters_To repair the infarcted heart.indd   37 07-10-2021   15:3007-10-2021   15:30



38

is considered a physiologically relevant model of endogenous ROS release in 

cardiovascular disease49. 

Previous studies have shown changes in subcellular localization of necrosome 

components play a role in necroptosis regulation30,32,50–53 and prevention of nuclear 

export of RIP1 and RIP3 reduces TNFα-induced necroptosis50. Interestingly, a 

kinase independent role of nuclear RIP1 during oxidative stress in murine embryonic 

fibroblasts was also reported in regulating PARP1 mediated necroptosis32,57. As 

we show decreased nuclear RIP1 levels upon oxidative stress and necroptosis 

mechanisms have been shown to exhibit cell type specific profiles29,32, it is unlikely 

that PARP1-mediated necroptosis plays a major role in oxidative stress mediated 

cell death of cardiac cells. Previous research did show nec-1 prevented necroptosis 

in hippocampal neurons while also preventing RIP3 nuclear translocation54. Whether 

there was a causal relationship between the prevention of RIP3 nuclear export 

and nec-1 mediated necroptosis inhibition remains unknown. This is the first report 

showing inhibition of RIP1 activation can alter subcellular localisation of both RIP1 

and RIP3 in cardiac cells. The mechanisms through which nec1 and GSK’547 

prevent loss of nuclear RIP1 and RIP3 localization after oxidative stress remain 

to be elucidated. Previous research showed cytoplasmic RIP1 and RIP3 lead to 

necroptotic cell death via MLKL mediated necrosome formation28. Nuclear RIP1 and 

RIP3 have been shown to contribute to necroptotic cell death via nuclear export 

indicating nuclear-cytoplasm shuttling as a mechanism of necroptosis regulation55,56. 

Taken together, we have shown that a novel RIP1 inhibitor, GSK’547, can efficiently 

block necroptotic cell death in human cardiac cells at very low concentrations by 

targeting RIP3 and MLKL phosphorylation and mitochondrial dysfunction. This highly 

selective and potent inhibitor for necroptosis-induced cell death is therefore a novel 

candidate to block I/R-induced injury upon myocardial infarction.

Marijn Peters_To repair the infarcted heart.indd   38Marijn Peters_To repair the infarcted heart.indd   38 07-10-2021   15:3007-10-2021   15:30



39

METHODS  

Cell Culture. Human foetal cardiac progenitor cells (hCPC) were isolated and 

cultured as previously described26. Briefly, hCPCs were obtained from human 

foetal heart tissue after elective abortion using anti-Sca1-coupled magnetic beads. 

Subsequently, hCPCs were cultured on 0,1% gelatin coated plates in M199 (Gibco)/

EGM-2 (Lonza) (3:1) media supplemented with 10% FBS (Gibco), 1% MEM non-

essential amino acids (NEAA) (Gibco) and 1% penicillin/streptomycin (Gibco). To 

use human foetal tissue, permission by informed consent and approval of the ethics 

committee of the University Medical Centre Utrecht was obtained.

Experimental procedure. Cells were pre-incubated with 20uM ZVAD-FMK 

(Promega), 60uM Necrostatin-1 (Abcam) or 2,5nM, 25nM, 250nM GSK’547 6 hours 

prior to exposure to 75uM tert-butyl hydrogen peroxide (Sigma) for 16-20 hours. 

Immunostaining. Cells were fixed in 4% paraformaldehyde for 30 minutes and 

permeabilized with 0.1% triton-X100 (Sigma Aldrich) in PBS. Following 1 hour 

blocking in 10% normal goat serum (Vector Laboratories) in 1% bovine serum albumin 

(BSA) (Millipore Sigma), cells were stained with primary antibodies RIP1 (Invitrogen 

1:200), RIP3 (Invitrogen 1:200) and MLKL (Sigma Aldrich 1:200) overnight at 4°C. 

For primary antibody detection, cells were incubated with fluorescent secondary 

antibodies (Invitrogen Alexa 1:200) and 4’,6-diamidino-2-phenylindole (DAPI) 

(Vector laboratories) used as nuclear marker. Visualisation and documentation were 

performed by confocal microscopy (Sp8x, Leica). ImageJ software (ImageJ 1.51a)58 

was used for image analysis. For protein localization quantification, mean pixel 

intensity in the nucleus was compared to mean pixel intensity of the cytoplasm per 

cell to exclude differences between images in pixel intensity and differences in area 

size. The images were taken at a magnification of 63x and the mean pixel intensity 

of 5 cells per image were quantified with 5 images per condition per experiment for 

3 experiments to give an indication of subcellular protein localization. To confirm 

A novel receptor-interacting protein-1 (RIP1) inhibitor (GSK’547) protects human 
cardiac cells from ischemia/reperfusion-triggered necroptotic cell death
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quantitively, protein levels were also determined on gel electrophoresis.   

Cell death analysis. Cells were stained with calcein AM and ethidium homodimer-1 

(Invitrogen LIVE/DEAD™ Viability/Cytotoxicity Kit L3224) to determine the live-dead 

ratio. Images were obtained using the Evos Floid Cell Imaging station (ThermoFischer 

Scientific) and analysed using ImageJ software. For quantitative cell death analysis, 

cells were dissociated (Miltenyi Biotec Multi tissue dissociation kit 130-110-204) 

and stained with AnV-conjugated FITC (Invitrogen V13242) and DAPI. Staining 

was analysed by flow cytometry (BD FACSCanto Cell Analyzer (BD Bioscience)) 

using BD FACSDiva software (BD bioscience) and FlowJo 10.6.1 software (Becton, 

Dickinson & Company). 

Quantitative real-time PCR. RNA was isolated using Tripure (Roche 11667165001) 

and reverse transcribed to cDNA using qScript cDNA synthesis kit (Quantabio 95047-

100), both according to manufacturer’s manuals. Total RNA levels were determined 

using NanoDrop (Denovix DS-11) and gene transcript levels were quantified using 

Perfecta SYBR green super mix (Quantabio) and gene specific primers in a CFX96 

qPCR instrument (BioRad). 

Cell fractioning. After exposure to hydrogen peroxide, cells were harvested and 

nuclear and cytoplasmic fractions were isolated using the cell fractionation kit 

(Abcam). After dissociation with 0,05% trypsin/EDTA (Gibco), cells were centrifuged 

at 300g and resuspended in buffer A. After cell count determination, cells were 

resuspended in buffer B (1000-fold dilution of detergent 1), incubated on a rotator 

and centrifuged at 5000g to extract the cytoplasmic fraction. The nuclear fraction was 

isolated after incubation in buffer C (25-fold dilution of detergent 2) and consecutive 

centrifugation steps at 5000g and 10000g. The purity of the nuclear fraction was 

determined by western blotting for nuclear protein Lamin B1. 

Western blotting. Total protein was extracted using RIPA lysis buffer (Thermo
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Scientific 89901) supplemented with phosphatase inhibitors (PhosSTOP, Roche) 

and protease inhibitors (cOmplete, Roche). Protein concentrations were quantified 

using Pierce BCA protein assay kit (Thermo Scientific). Samples were prepared 

for sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using 

NuPAGE reducing agent (Thermo Scientific) and NuPAGE LDS sample buffer 

(Thermo Scientific) and run in a 4–15% acrylamide Mini-Protean TGX gel (BioRad). 

Transfer of the proteins to the polyvinylidene fluoride (PDVF) membrane was 

mediated by the Transblot Turbo system (BioRad). After blocking with 5% BSA in 

TBST, the membrane was incubated with primary antibodies against RIP1 (Novus 

Biologicals), p-RIP1 (Cell signaling), RIP3 (Invitrogen), p-RIP3 (Abcam), MLKL 

(Invitrogen), p-MLKL (Cell signaling), CaMKIIδ (Thermo Scientific) at 1:1000. 

Secondary HRPO labelled antibodies were used 1:2000 for detection with oxidizing 

reagent and enhanced luminol reagent (Western Lightning Plus ECL) and samples 

were scanned using BioRad ChemiDocTM Imager system. 

Mitochondrial membrane potential. Cells were stained with JC-1 dye (ThermoFisher 

Scientific, #T3168 3,2 μg/ml) as a mitochondrial membrane potential probe. As 

a positive control of mitochondrial depolarization, cells were treated with 25μM 

carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (Sigma Aldrich). Nuclei were 

stained with Hoechst 33342. Images were obtained with the Evos Floid microscope 

and red (~590 nm)/green (~525 nm) fluorescence intensity ratio was quantified by 

measuring the mean gray value of the separate channels (ImageJ) normalized to 

the CCCP control. 

Statistical analysis. The n number indicates biological replicates (the number of 

experiments performed with multiple cell batches or passages) and is logged in the 

text and in the figures. Statistical analysis was performed using Prism 8 (GraphPad) 

software and data represents mean ± SEM. To test for normality, a Shapiro-Wilk test 

was performed. For comparison of the expression, one-way ANOVA with Dunnett 
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multiple comparisons was used to determine statistically significant (P<0.05) results. 
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SUPPLEMENTARY INFORMATION

Figure S1. Hydrogen peroxide induces dose-dependent cell death in cardiac progenitor cells
A. FACS gating strategy of hCPCs after stimulation with H2O2 (75μM). B. Increasing H2O2 concentration 

limits the protective potential of Nec-1. Representative density plots are shown. 
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Figure S2. Necroptosis inhibition does not infl uence RIP1, RIP3, and MLKL RNA expression
RNA expression normalized to H2O2 treated hCPCs and GAPDH housekeeping gene expression.  

Figure S3. Schematic illustration of necroptosis signalling in the oxidative stress response of 
human cardiac cells 
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ABSTRACT  

Development of new cardioprotective approaches by using in vivo models of human 

ischemic heart disease remains challenging because the physiology of the human 

heart differs significantly from rodent animal hearts. Human induced pluripotent stem 

cell-derived cardiomyocytes (hiPSC-CMs) have been considered a very promising 

tool for translational studies. However, their immature nature remains a roadblock for 

human cardiac disease modelling. To overcome this roadblock, media that improve 

maturation of hiPSC-CMs have recently been developed. Here, we test the effect 

of metabolic maturation on hypoxia susceptibility in hiPSC-CMs. hiPSCs were 

differentiated into CMs and matured either in RPMI/B27 medium or in previously 

defined maturation medium (MM). We induced hypoxia by exposure to 5% or 1% 

oxygen in nutrient-rich or nutrient-deprived media. CMs matured in RPMI/B27 

medium did not show a significant increase in cell death during hypoxia, independent 

of media glucose or serum content (dead/live ratio:  0,02 ± 0,004 [24h 21% O2]; 0,11 

± 0,04[24h 1% O2], p>0,05). CMs matured in MM, however, did show an increase in 

cell death with increased duration of hypoxia (0,58 ± 0,06 [0h]; 1,1 ± 0,09 [24h 1%]). 

Furthermore, only metabolically-matured CMs showed increased TUNEL+ CMs 

(7,5% ± 1,3% [control]; 42,2% ± 11,0%, p<0,001 [24h 1% O2]) and decreased viability, 

as measured by flow cytometry (90,8 % ± 0,71% [control]; 76,3 % ± 2,2% [24h1% O2], 

p <0,01) compared to immature CMs (84,5 % ± 2,0% [control]; 73,7 % ± 3,4% [24h 

1% O2], p>0,05). Furthermore, mitochondrial respiration was significantly inhibited 

in MM-matured hiPSC-CMs when exposed to 1% hypoxia for both 4 and 24 hours, 

compared to control media. Taken together, we show that hiPSC-CMs at higher level of 

maturation have increased susceptibility to hypoxia and are, therefore, more suitable 

to mimic ischemic heart disease in vitro. It would be of interest to further investigate the 

underlying metabolic mechanisms that influence the susceptibility to cardiac hypoxia.  
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INTRODUCTION  

Ischemic heart disease is a major cause of death worldwide1. The decrease in 

oxygen and nutrient availability in the myocardium leads to cardiomyocyte (CM) 

death and therefore loss of cardiac contractile force2. Current clinical therapies focus 

on early reperfusion of the ischemic tissue, thereby decreasing the tissue damage 

which occurs after myocardial infarctions but also resulting in additional myocardial 

injury through the generation of reactive oxygen species (ROS)3,4, referred to as 

ischemia/reperfusion (I/R) injury. To develop improved therapeutic approaches to 

protect the heart from I/R injury, both animal models and in vitro disease modelling 

platforms are often used. Although cardioprotective factors have shown promising 

therapeutic effects in in vitro cell models and in animal experiments, they failed in 

showing clear beneficial effects in clinical trials5. The role of comorbidities, ageing, 

and the use of medication, which are not included in preclinical models, are brought 

forward as explanation for this translational failure. On top of these considerations, 

it is likely that the used models are also not completely predictable for human CM 

behaviour through the considerable difference between CMs in the human heart and 

those in animal hearts6, including calcium handling7, electrophysiology7, myofilament 

composition8,9, maturation expression profile10, and metabolism11. The development 

of human induced pluripotent stem cell (hiPSC) technology12 and their differentiation 

into cardiomyocytes (CMs)13 opened doors for more suitable human-based cardiac 

disease modelling by the generation of patient-specific CMs and pre-clinical 

screening of therapeutics11.  Although offering clear advantages by having a human 

basis, hiPSC-CMs derived from a 20-day differentiation protocol have a foetal rather 

than adult CM phenotype14,15. Adult human CMs generate 90% of their energy from 

mitochondrial oxidative phosphorylation while neonatal rat CMs and hiPSC-CMs 

use glycolysis as their main energy source, as reflected in a lower expression of 

fatty acid β-oxidation markers16,17. Especially for disease processes governed by 

increased anaerobic glycolysis, increased basal glycolysis and absence of glucose 

Metabolic maturation increases human iPSC-derived cardiomyocyte susceptibility 
to hypoxic injury
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oxidation, immature hiPSC-CMs could limit efficient disease modelling and clinical 

predictability16,18. Deprivation of oxygen and nutrients in adult CMs leads to cellular 

damage due to the high reliance of adult CMs on oxygen-dependent β-oxidation19. 

This makes modelling of ischemic heart disease in immature CMs challenging. 

Several studies focussed on increasing the maturation of hiPSC-CMs by stimulating 

the post-natal shift from anaerobic glycolysis-dependent metabolism to aerobic 

β-oxidation20–23. In this study, we test whether immature hiPSC-CMs can be 

sensitized to oxygen deprivation and if metabolic maturation of hiPSC-CMs improves 

the susceptibility of the CMs to oxygen and nutrient deprivation. Furthermore, we 

assess the effect of short- and long-term hypoxia and the effect of the reintroduction 

of oxygen and nutrients that can model I/R damage. 

RESULTS  

Immature hiPSC-CMs are not sensitive to hypoxia

To develop an in vitro ischemia and I/R model, we differentiated hiPSCs to CMs using 

the well-established RPMI/B27-based differentiation protocol24. In the differentiation 

process, we included two purification and two replating steps to generate a high-

purity cardiomyocyte population (ACTN+: 83,3 ± 1,3; Figure 1a-c). The CMs 

resembled an immature CM phenotype with a basal proliferative rate (5,9% ± 0,8%; 

Ki67-positive cells Figure 1d), similar to reported values in neonatal mice and young 

infant hearts25,26. 

To test the sensitivity of hiPSC-CMs to oxygen and nutrient deprivation, we exposed 

the cells to hypoxia in media of variable nutrient compositions (Supplementary 

table 1). In short, three different media were included: a) lipid-poor and glucose-rich 

media (DMEM/10% knockout serum replacement and RPMI/B27 medium), b) low-

glucose media (RPMI no glucose/B27 medium) and c) lipid-rich low-glucose 

Marijn Peters_To repair the infarcted heart.indd   54Marijn Peters_To repair the infarcted heart.indd   54 07-10-2021   15:3007-10-2021   15:30



55

Figure 1. Oxygen deprivation does not induce reproducible damage in immature hiPSC-
cardiomyocytes
A. Schemtic representation of experimental set-up. B, C. ACTN1 and cTnT expression of day 20 hiP-
SC-cardiomyocytes (CMs) in immunofl uorescence microscope images (B) and fl ow cytometry (C). D. 
Ki-67 positivity of day 20 hiPSC-CMs. E. Calcein AM/ethidium homodimer-1 staining of day 20 hiPSC-  
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Figure 1 continued  

CM cultured in media with indicated nutrient compositions (++glucose++serum: 10%KOSR/DMEM/B27; 

+glucose+serum: RMP/B27; glucose+serum: RPMIpur/B27; -glucose-serum+lactate: RPMI/pur/lactate) 

exposed to 21% oxygen for 24h or 1% oxygen for 4, 8, 16, 24h and quantification (F). G. Flow cytometry 

analysis of viability of day 20 CMs cultured for 24h in 21% or 1% oxygen and quantification (H). Data were 

analysed using one-way ANOVA and Dunnett multiple comparison. *P<0,05. Scale bar: 200μm. Data are 

shown as mean ± SEM. 

 

medium (RPMI no glucose/lactate/lipid) to test whether glucose, serum and lipid 

media-content would increase susceptibility to hypoxia. Incubation in 1% oxygen did 

not lead to increased cell death of 20-days old lactate-purified CMs in the presence 

of glucose compared to normal culture at 21% oxygen (0,05 ± 0,02 [21%];0,1 ± 

0,03 [24h 1%], P>0,05; Figure 1e, f).  In the absence of glucose, the exposure 

of 20-days old CMs for 24h to lactate medium, slightly increased the percentage 

of dead cells, as shown by a significant increase in ethidium homodimer-1/calcein 

AM ratio (0,02 ± 0,005 [21%];0,11 ± 0,004 [24h 1%], α=0,04). To more accurately 

quantify the effect of the long-term (24h) oxygen deprivation on CM viability, we 

assessed the degree of membrane disruption with an amine-reactive dye by flow 

cytometry. Although in 12 out of 30 experiments a small reduction in cell viability 

was observed, the overall viability in the used cell lines remained statistically 

unchanged (85 ± 1,9 [21%];78,3 ± 3,0 [24h 1%], P=0,1; Figure 1g, h).   

Metabolically matured hiPSC-CMs are sensitive to hypoxia  

To investigate whether further stimulation towards more metabolic mature CMs (e.g. 

lower resting membrane potential, rapid depolarization, increased Ca2+ dependence, 

sarcomere organization and force generation) would increase the susceptibility 

of the CMs to hypoxia, we used prolonged cultivation in our previously described 

metabolic maturation medium20 (Figure 2a). Compared to the immature 20 days-old 

CMs, maturation medium increased the purity of CMs at day 40 of differentiation as 
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Figure 2. Oxygen deprivation induces cell death of mature hiPSC-CMs  
A. Schematic representation of experimental set-up. B, C. ACTN1 and cTnT expression of day 40 
metabolically matured hiPSC-cardiomyocytes (CMs) in immunofl uorescence microscope images 
(B) and fl ow cytometric analysis of ACTN1 expression (C). D. Ki-67 positivity of day 40 matured hiP-
SC-CMs compared to day 20 hiPSC-CMs. E. Calcein AM/ethidium homodimer-1 staining of day 40 
matured hiPSC-CMs exposed to 21% oxygen for 24h or 1% oxygen for 4, 8, 16, or 24h and quanti-
fi cation (F). G, H. Flow cytometry analysis day 40 matured hiPSC-CMs viability after 24h in 21% or 
1% oxygen and quantifi cation (H). Data were analysed using one-way ANOVA and Dunnett multiple 
comparison. *P<0,05, ** P<0,01, ***P<0,001, Scale bar: 200μm. Data are shown as mean ± SEM. 
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seen by ACTN1 immunoreactivity (83,3 ± 1,3% [RPMI/B27] vs 94,4 ± 2,6% [MM], 

P<0,01, Figure 2b, c) and decreased Ki-67 positivity, as described previously20 (5,9 

± 0,77 [RPMI/B27] vs 1,4 ± 0,32 [MM], P<0,01; Figure 2d). In contrast to immature 

20-days-old CMs, metabolically matured 40-days-old CMs showed significantly 

increased cell death after 16h and 24h of hypoxia when normalized to atmospheric 

oxygen level controls (1,78 ± 0,14 fold [16h 1%]; 1,83 ± 0,15 fold [24h 1%]; Figure 

2e, f). Sensitivity to hypoxia was further confirmed by a reduction in cell viability 

as determined by flow cytometry (90,8 ± 0,71% [21%] vs 70,0 ± 3,6% [24h 1%], 

P<0,001; Figure 2g, h). 

We further extended our analyses in metabolically-matured CMs, by including a more 

tissue-like physiological normoxia condition of 5% oxygen (Figure 3a)27. Although 

matured CMs showed stable α-actinin expression (92,7 ± 3,35% [24h 21%]; vs 93,8 

± 1,7%, P = 0,74 [24h 1%]; Supplemental figure 1) as measured by flow cytometry, 

both incubation in 5% and 1% oxygen decreased defined myofibrillar organization 

as seen by α-actinin and cardiac troponin T (cTnT) immunoreactivity (Figure 3b, c). 

Furthermore, an increased number of TUNEL+ CMs was observed after short (4h) 

periods of hypoxia of 5% (25,5 ± 1,2%) and 1% (23,7 ± 1,6%) oxygen compared to 

atmospheric oxygen concentration (15,4 ± 0,83%) in metabolically matured CMs 

(p<0,05; Figure 3d, e). Increased duration of hypoxia, elevated the percentage of 

TUNEL+ CMs from 12,0 ± 1,5% in the control group to 41,5 ± 4,5% and 37,6 ± 3,5% 

in the 5% and 1% oxygen group, respectively (p<0,001; Figure 3d, e). We did not 

observe a significant difference in the number of TUNEL+ nuclei between 5% and 1% 

oxygen, both after short (4h) or long-term (24h) hypoxia. 

To determine whether oxygen saturation affects the CM glucose consumption and 

lactate production, we collected conditioned media after exposure to 4h or 24h 

hypoxia and measured glucose, lactate and lactate dehydrogenase concentrations. 

Glucose consumption in matured CMs cultures at 1% for 4h (2,08 ± 0,37 mM) did
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Figure 3. Oxygen saturation of 5% is suffi cient to induce cell death of matured hiPSC-
cardiomyocytes
A. Schematic representation of experimental set-up. B. Bright-fi eld images of cardiomyocytes exposed 
to 21%, 5% or 1% oxygen for 4 or 24h in nutrient starvation. C. Representative microscopic images of 
ACTN1 and cTnT staining. Square indicates area of close-up. D. Representative microscopic images 
of TUNEL-stained cardiomyocyte nuclei. E. Quantifi cation of TUNEL staining. F-H. Media glucose (F), 
lactate (G) levels after 4 to 24h incubation in 21%, 5% or 1% oxygen. Data were analysed using one-
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Figure 3 continued  
way ANOVA and Dunnett multiple comparison. *P<0,05, ** P<0,01, ***P<0,001, Scale bar: 200μm. Data 

are shown as mean ± SEM. 

not significantly differ from that in control CMs kept at 21% oxygen for 24h (1,82 

± 0,44mM, P>0,05, Figure 3f). However, CMs cultured in 5% oxygen for 4h 

consumed a significantly higher amount of glucose thus reducing its concentration 

in the medium (0,8 ± 0,2 mM, P=0,05). 24h of cultivation at both 5 and 1% oxygen 

significantly increased glucose consumption by matured CMs, thereby reducing 

glucose levels below the reference value of 0,6 mM.  Lactate concentrations in the 

medium increased only when CMs were incubated for 24h in 1% oxygen and not in 

5% oxygen (from 11,8 ± 0,31mM [21%], 11,7 ± 0,3mM [5%] to 19,9 ± 1,4 mM [1%], 

P<0,001, Figure 3g).

 

Metabolic profiling of immature and matured hypoxic hiPSC-CM  

Even though hypoxia did not increase cell death in immature CMs, lack of oxygen 

might still inhibit mitochondrial function. To determine the effect of hypoxia on 

oxidative mitochondrial respiration in 20-day-old immature and 40-day-old mature 

CMs, we assessed their oxygen consumption rate under atmospheric as well as 

under and short-term (4h) and long-term (24h) hypoxia. Irrespective of whether they 

were cultured in glucose-rich or glucose-deprived media, immature CMs were less 

sensitive to short- and long-term hypoxia compared to matured CMs (Figure 4a-

c). In matured CMs, the basal respiration, ATP production, proton leak, maximal 

respiration, and spare respiratory capacity were significantly decreased upon 

both short and long-term hypoxia. The non-mitochondrial respiration capacity was 

significantly reduced only upon long-term hypoxia. All together, these results provide 

further support for our findings that more-mature hiPSC-CMs are metabolically 

reliant on oxidative phosphorylation and are significantly more sensitive to hypoxia 

compared to younger CMs cultured in glucose-or lactate-rich media. Comparative
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Figure 4. Metabolic profi ling of hypoxic immature and mature hiPSC-CMs
A-C. Normalized real-time oxygen consumption rate (OCR) of immature hiPSC-CMs in RPMI/B27 gluco-
se media (A), RPMI/B27 no glucose (purifi cation) media (B) and metabolically matured hiPSC-CMs (C) 
in normoxia (21% 24h), short-term hypoxia (1% 4h), or long-term hypoxia (1% 24h) as measured by 
Seahorse extracellular fl ux analyser. Cells were treated with oligomycin, FCCP, and antimycin A and 

rotenone to measure mitochondrial respiration. Data are normalized to highest OCR in group. D. Co 
parative images of TUNEL staining of cardiomyocytes used in metabolic profi ling. E. Quantifi cation of 
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Figure 4 continued  

TUNEL stain. Graphs A-C represent data from 1-2 replicated experiments and 1-2 cardiac differentiations 

(n=5). Scale bar: 200μm. Data were analysed using one-way ANOVA and Dunnett multiple comparison. 

*P<0,05, ** P<0,01, ***P<0,001, ***P<0,0001. Scale bar: 200μm. Data are shown as mean ± SEM. 

 

analysis demonstrated that cultivation at 1% oxygen increased the fraction of TUNEL+ 

apoptotic cells in the population of mature CMs from 7,92 ± 1,09% in the control 

group to 23,8 ± 1,5% in short-term hypoxia and 93,0 ± 2,4% in long-term hypoxia 

(P<0,001) without increasing TUNEL-positivity in immature CMs (1,1 ± 0,23% [24h 

21%], 1,18 ± 0,2% [4h 1%], 10,6 ± 6,6% [24h 1%], P>0,05; Figure 4d, e). These 

results strongly suggest that CMs, cultured in the presence of glucose, resemble the 

immature embryonic CM phenotype with respect to their energy substrate utilization, 

active metabolic pathways, and survival upon low oxygen exposure. In contrast, 

hiPSC-CMs cultured for longer time in the presence of fatty acids as the primary 

energy source, more closely resemble adult CMs, consistent with previous reports20. 

Interestingly, we found that matured-CMs are more sensitive to the low oxygen 

environment, leading to an ultra-low mitochondrial function, DNA fragmentation, and 

ultimately apoptosis.  

DISCUSSION  

In the present study, we observed that the conventional method of hiPSC differentiation 

and maturation in RPMI/B27-based media generates CMs that are insensitive to 

ischemic cell death. Furthermore, we show metabolic maturation of hiPSC-CMs 

increases susceptibility to ischemic cell death. The ability of immature hiPSC-CMs 

to increase the glycolytic flux in anaerobic conditions is in line with the characteristics 

of foetal CMs that have a lower threshold to reach oxygen insufficiency28–30. During 

development, arterial blood oxygen saturation fluctuates around 3% but this would be 

considered hypoxia in the adult heart based on the activation of hypoxia-induced gene 
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expression29.  Foetal CMs develop under low oxygen conditions and use anaerobic 

energy pathways for cardiac growth. The low oxygen saturation stabilizes hypoxia-

inducible factor 1α (HIF1α) in foetal CMs thereby enhances glycolytic metabolism via 

LDH-A regulation in the compact myocardium and preventing CM maturation23,30,31. 

Also in hiPSC-CMs, inhibition of HIF1α has been related to CM maturation and 

shifting metabolism from aerobic glycolysis towards oxidative phosphorylation23. 

High glucose-containing cell culture media, having concentrations ~15 mmol/L do not 

represent the metabolic cues in the human in vivo situation, where concentrations 

range around ~3 mmol/L nor support effective CM maturation32. Furthermore, a four-

fold postnatal increase in circulating fatty acids contributes to the increased fatty acid 

β-oxidation in adult cardiomyocytes32,33. Despite their main use of aerobic glycolysis, 

we did observe a decrease in mitochondrial respiration rate in immature hiPSC-

CMs following hypoxia. This could be related to the reoxygenation step required for 

Seahorse analysis. Reperfusion-related damage is caused by the release of reactive 

oxygen species upon the sudden increase in oxygen availability4. Hypoxia and 

reoxygenation have previously been shown to induce only limited damage, lacking 

an increase in HIF1α expression, while prolonged hypoxia alone did not affect the 

beating frequency in immature hiPSC-CMs28. A previously observed limited effect 

of hypoxia compared to reperfusion injury on calcium overload in immature hiPSC-

CMs34, potentially explains the effect measured in our seahorse assay.  During 

maturation, the glycolytic metabolism is insufficient to generate adequate ATP levels 

for cardiac contractions31. The increased oxygen availability around birth decreases 

HIF1α, which mediates the mitochondrial shift towards more energy-efficient oxidative 

phosphorylation-based metabolism30,35. With this increased availability of ATP, CMs 

mature with a concomitant increase in ploidy, myofibrillar organization, and the 

number of mitochondria that support cardiac contractility31. However, these changes 

and the increased contractile demand might functionally limit metabolic flexibility. 

In contrast to immature hiPSC-CMs, we observed that metabolically matured 
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hiPSC-CMs were sensitive to hypoxia-induced cell death and showed decreased 

mitochondrial respiration after 4 hours of hypoxia. Additionally, lactate production as 

a result of anaerobic glycolysis was not observed in normoxic conditions or in short-

term hypoxia but did increase in prolonged hypoxia, indicating that only after longer 

hypoxic conditions the metabolically matured hiPSC-CMs shift towards anaerobic 

glycolysis. This observation was in line with the drop in glucose levels in these 

conditions. Interestingly, we showed that 5% oxygen, considered physiologically 

normoxia in most tissue27, induced a similar degree of cell death as 1% oxygen in 

metabolically matured hiPSC-CMs. This underscores the idea that hypoxia-induced 

cell death pathways are already induced at a decrease from 21% to 5% oxygen, 

although previous studies suggested oxygen concentrations between 0,5 and 2% 

to be cellular hypoxia34. This difference in tissue-like physiological normoxia and cell 

culture normoxia is an important factor to take into account when modelling hypoxia-

related diseases in in vitro models. 

In summary, we have shown that metabolically matured hiPSC-CMs are more 

sensitive to ischemic injury and are therefore more suitable to model human 

ischemic heart disease in vitro. With this model, we show that CM apoptosis 

is increased after 4h exposure to 5% or 1% oxygen, which can be used to test 

cardioprotective and regenerative approaches in translation to clinical therapy.   

METHODS  

Cell culture. The female hiPSC line CVI-273 was kindly provided by Joseph Wu, 

Stanford University (CVI-273, Sendai virus reprogrammed). The female hiPSC 

line NP0141-31B (UKKi032-C) was generated in the Šarić group from peripheral 

blood mononuclear cells using the Sendai virus-based reprogramming method as 

previously described36,37. This line is deposited at the European Bank for induced 

Pluripotent Stem Cells (EBiSC, https://ebisc.org/) and is registered in the online 

Marijn Peters_To repair the infarcted heart.indd   64Marijn Peters_To repair the infarcted heart.indd   64 07-10-2021   15:3107-10-2021   15:31



65

registry (hPSCreg (https://hpsreg.eu/). hiPSCs were grown in Essential 8TM medium 

(Gibco A1517001). When reaching 80-90% confluency, differentiation to CMs was 

initiated by changing medium to RPMI 1640 (ThermoFisher Scientific 11875085) 

supplemented with 2% B27 minus insulin (ThermoFisher Scientific A1895601) 

(B27- medium) and 7uM CHIR99021 (Selleck Chemicals S2924). After 3 days, cells 

were supplemented with B27-medium and 2 uM Wnt-C59 (R&D systems 5148) 

to inhibit canonical Wnt signaling. On day 7, the medium was changed to RPMI 

1640 and 2% B27 plus insulin supplement (ThermoFisher Scientific, 17504001)

(B27+ medium) followed by purification in no glucose RPMI 1640 (ThermoFisher 

Scientific, 118979020) and 2% B27 plus insulin supplement on day 9.  On day 11 

of differentiation, cells were re-plated in B27+ medium supplemented with 10% 

KnockOutTM serum replacement (KOSR, ThermoFisher Scientific, 108280028) and 

10 µM selective Rock-1 inhibitor Y-27632 (Selleck Chemicals, S1049). After the 

second purification on day 14 for two days in no glucose RPMI 1640, the medium 

was changed to B27+ medium. On day 20, the purification medium was changed 

to maturation medium20 or cells were kept in B27+ medium. Cells were matured in 

maturation medium for 3 weeks before re-plating with medium changes every four 

days.  

Damage induction. Before hypoxia, the medium was changed to medium containing 

variable nutrient compositions (Supplementary table 1). Ischemia was induced by 

incubation in a 5% hypoxia incubator (NuAire) or 1% oxygen using BD GasPakTM EZ 

Pouch system. 

Immunofluorescent staining. After fixation in 4% paraformaldehyde for 30 minutes, 

cells were permeabilized in 0,1% Triton-X100 before blocking in 10% normal goat 

serum/1% BSA (Millipore Sigma). Primary antibodies used were: α-actinin (Sigma-

Aldrich A7811, 1:00), cardiac troponin T (Abcam ab45932, 1:100), Ki-67 (Abcam 

ab8330, 1:200), pH3 (Cell Signaling Technology #9701 1:200), and aurora b kinase 
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(Abcam ab2254, 1:100). Detection was mediated by incubation with Alexa Fluor® 

antibody conjugates (Thermofisher Scientific) and nuclei were visualised using DAPI. 

Mounting was performed using Fluoromount-GTM mounting medium (Thermofisher 

Scientific). For apoptotic cell death analysis, TUNEL assays (Roche) were performed 

according to the manufacturer’s instructions. Imaging was performed on a confocal 

microscope (Leica Sp8x) and image analysis using ImageJ. 

Flow cytometry. Cells were gently dissociated with multi tissue dissociation kit 

(Miltenyi Biotec) and incubated with LIVE/DEADTM fixable green dead cell stain kit 

(Thermofisher Scientific). This kit contains a fixable fluorescent dye that binds to 

amines. In living cells, this amine-reactive dye can only bind amines on the cell 

surface as opposed to dead cells in which the dye can additionally bind exposed 

amines on the interior of the cell due to membrane disruption leading to a higher 

fluorescent labeling of dead cells. After live dead staining, cells were fixed in inside 

fix solution (Miltenyi Biotec) and stained with primary antibodies diluted in inside 

perm solution (Miltenyi Biotec). α-actinin-VioBlue (Miltenyi Biotec, 1:10) and cardiac 

troponin-t VioBlue (Miltenyi Biotec, 1:10) were used as conjugated antibodies. As a 

control, universal isotype control antibodies (REA Miltenyi Biotec) were used. Media 

and washes were collected to obtain a complete representation of cell loss. The 

samples were analysed using FACS Canto system (BD Bioscience) and FlowJo 

software. 

Seahorse analysis. Mitochondrial respiration was measured using a XF24 

Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) to assess the effect 

of hypoxia on the electron transport chain complexes. XF24 plates were used and 

coated with 0.1 mg/mL matrigel before cells were seeded at a density of 1,0x105 

cells per well. 24h or 4h before Seahorse analysis, plates were placed in a BD 

GasPakTM EZ Pouch system to induce hypoxia. 1 hour before plate measurement, 

cell culture media were removed and cells were washed with Seahorse XF DMEM 
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Basal Medium (Agilent) supplemented with 2% B27 (Gibco), 4mM glutamine (Gibco), 

10mM glucose, and 1% chemically defined lipid concentrate (Gibco) three times. 

During the measurements, stress test inhibitors were added: oligomycin (2,5mM), 

carbonyl cyanide-p-trifluoromethoxyphenyl-hydrazone (FCCP) (2,5mM), rotenone 

and antimycin A (2,5mM). At the end of measurement, the oxygen consumption 

rate (OCR) values were normalized to cell nuclei per well by Hoechst staining and 

20x magnification imaging using the Evos Floid microscope and ImageJ. Baseline 

respiration was calculated by subtracting the OCR after rotenone and antimycin A 

addition from the respiration as measured at the first time point. ATP production was 

calculated as the OCR at the first time point minus the OCR after oligomycin infusion. 

The proton leak was determined by subtracting the OCR after FCCP infusion from 

the value after oligomycin infusion. Maximal OCR was calculated as the difference 

between the OCR after FCCP infusion and after rotenone and antimycin A infusion. 

Respiratory capacity was calculated by subtracting the difference between the OCR 

before the addition of inhibitors and after rotenone and antimycin A infusion from 

the OCR after FCCP infusion. Lastly, non-mitochondrial respiration was defined 

as the OCR after rotenone and antimycin A infusion. The highest rates per plate 

were normalized to 100% rate per well. The experiment was done in 1-2 biological 

replicates, with each replicate consisting of 5 technical repeats per condition (Mean 

± SEM, n=3 counts/well).

Statistical analysis. hiPSC lines from two donors were used and the number (n) 

depicted in individual figures represents the number of independent experiments 

performed. Each experiment was performed with both cell lines to confirm 

reproducibility. Statistical analysis was performed using Prism 8 (GraphPad) software 

and quantifications were represented as mean ± SEM. To compare the expression 

of 2 groups a normality test was performed followed by a Student’s t-test. For >2 

groups, one-way ANOVA was used after confirmation of normal distribution with a 

Shapiro-Wilk test. Post-hoc analysis was done with Dunnett multiple comparisons to 
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determine statistically significant (P<0,05) results.
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Figure S1. Oxygen deprivation does not lead to decreased ACTN1 positivity in mature hiPSC-CMs  
 Flow cytometry analysis of CMs after 24h in 21% oxygen or 1% oxygen.  Data were analysed using one-

way ANOVA and Dunnett multiple comparison.  Data are shown as mean ± SEM.
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Staining of proliferation marker Ki-67 on hiPSC-CMs showing multiple 
stages of the cell cycle
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Chapter 4 

INDUCTION OF CARDIOMYOCYTE PROLIFERATION, A NEW 
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HEART FAILURE AND CURRENT THERAPIES

Ischemic heart disease (IHD) and heart failure (HF) are major causes of morbidity and 

mortality worldwide and although acute treatment during myocardial infarction has 

improved significantly, chronic burden of the disease gained much attention recent 

years1,2. The major cause of the failing hearts, the loss of contractile cardiomyocytes, 

is currently still a problem to overcome. The only treatment modalities that are 

nowadays available for contractile dysfunction includes left ventricle assist devices 

(LVAD) and heart transplantation. Both are well accepted therapies but with 

different draw-backs for large patient groups, thereby pointing to the lack of enough 

donor hearts and the need for endured medication use3. Regenerative medicine 

is a direction in which the loss of contractile tissue is aimed to be recovered by 

the exogenous addition of progenitor or stem cells. Although originally having high 

expectations, which was implicated by scientific progress in preclinical models, and 

long-term, randomized clinical trials with good safety profiles for delivery of cells to the 

myocardium, regenerative therapy for cardiovascular disease had been inconsistent 

and shown modest efficacy thus far. Recent reviews have nicely illustrated current 

drawback and the need for improvements for these strategies, using cells or cell-

derived products4–6. Due to the lack of major steps forward, other directions have 

been explored, boosted by the observations of Bergmann and his colleagues that 

cardiomyocytes from the human heart have a certain degree of renewal capacity7. 

This, in combination with the work of Poss which demonstrated the potential of 

cardiomyocytes to divide, has pushed new regenerative strategies forward8.  

CARDIOMYOCYTES RENEWAL AND THE CELL CYCLE

The cardiac regenerative capacity mainly depends on the ability of cardiomyocytes 

to proliferate after injury9,10. Adult amphibian hearts can completely regenerate after 

apex resection through cell cycle re-entry of pre-existing cardiomyocytes in the infarct 

borderzone9,11. In the mammalian heart, cardiomyocytes proliferate prenatally and 
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withdraw from the cell cycle 7 days after birth12. At 3 days after birth, cardiomyocytes 

retain a constant cell volume and are primarily mononucleated13. This is in contrast 

to the abundance of multinucleated cardiomyocytes through DNA replication in the 

absence of cytokinesis 1–2 weeks after birth13,14. Under basal conditions in the adult 

mammalian heart, proliferation of cardiomyocyte replaces the cardiomyocytes that 

die due to apoptosis at a rate of 0.5–1% a year7. Although after cardiac injury the 

cardiomyocyte proliferation rate increases, it remains insufficient to regenerate the 

heart15. The endogenous repair mechanisms that occur after injury in the neonatal 

and the amphibian heart do lead to complete restoration of the myocardium. 

Stimulating the same endogenous repair mechanism in the adult mammalian heart, 

through the proliferation of pre-existing cardiomyocytes, can currently be considered 

the most feasible method to regenerate the heart in a clinical setting. The program 

that regulates cardiomyocyte cell cycle withdrawal remains largely unknown but is 

hypothesized to result from the relative hypoxia and the postnatal metabolic shift 

from anaerobic glycolysis to oxidative phosphorylation16. This is in line with studies 

demonstrating that in amphibian hearts, cardiac regeneration depends on hypoxia 

signaling17. Furthermore, the rare population of cycling cardiomyocytes in the 

adult mammalian heart were found to be located in hypoxic niches18. Even though 

it might seem contradictory to the role of hypoxia in regeneration, the infarcted 

myocardium requires sufficient revascularization for functional regeneration to 

occur. The neonatal and zebrafish heart are heavily vascularized after cardiac injury 

and without vascularisation of the infarct area, regeneration ends prematurely12,19. 

To investigate the regulators of cardiac regeneration, studies have analysed the 

changes in expression of coding and non-coding genes at p7 when the mammalian 

heart loses is capacity to regenerate. Analysis of the non-coding transcriptome in 

cardiac disease indicated the essential role of non-coding RNAs in cardiac biology 

and in epigenetic control of gene expression in the diseased heart20,21. miRNAs 

regulate the expression of target mRNA by binding to the 3’UTR and hereby either 

Induction of cardiomyocyte proliferation, a new way forward for true myocardial 
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preventing the translation of the mRNA or aiding in its degradation. LncRNAs (>200 

nucleotides) can regulate epigenetic gene silencing, bind to miRNAs, and function 

as protein scaffolds22. Exploring the expression at P1, P3, P5, P7, and P10 showed 

differential expression of the 413 miRNAs and 545 lncRNAs in both endothelial cells 

and cardiomyocytes23. A marked transition between P3 and P5 was found of 240 

miRNAs including the increase in expression of miR-451, miR-195, and miR-22 and 

a decrease in expression of miR-6240. miR-451 was previously reported to protect 

erythrocytes against oxidative stress which could also be a potential explanation 

of its upregulation in cardiac development towards relative hyperoxia24. miR-195 is 

member of the miR-15 family which has been described to be upregulated in the 

postnatal mammalian heart and contribute to cardiomyocyte cell cycle withdrawal25. 

miR-22 induces cardiac senescence by preventing cardiomyocyte proliferation and 

by activating cardiac fibroblasts26. Other miRNAs that have been associated with the 

induction of cardiomyocyte proliferation include miR-590, miR199a27, miR-21028, and 

miR-13329. Recent evidence identified 96 miRNAs to be able to induce cardiomyocyte 

proliferation in human induced pluripotent stem cell derived cardiomyocytes30. Sixty-

seven of these miRNAs targeted the Hippo pathway through the repression of Hippo 

and the activation of Yap, suggesting this pathway might be a promising target for 

cardiac regenerative therapy. 

MIRNA-128, A NEW PLAYER THAT PROMOTES CARDIOMYOCYTE 

PROLIFERATION

Recently in Nature Communications, Huang and colleagues reported a new player, 

microRNA-128 (miRNA-128), which is upregulated in cardiomyocytes during the 

postnatal switch from proliferation to terminal differentiation31. miR-128 is an intronic 

miRNA, encoded by two isoforms; miR-128-1 and miR-128-232. The pri-miR-128-1 

gene resides within the R3H domain containing protein 1 gene (R3HDM1) and pri-

miR-128-2 lies within the cAMP-regulated phosphoprotein, 21 kDa gene (ARPP21, 
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also known as regulator of calmodulin signaling, RCS). This organization is conserved 

in human, rat, and mouse genomes32. Early studies pointed to a role of miRNA-128 

as a tumour suppressor, but others found a role in neural and brain development 

and in behaviour disorders33–35. In the myocardium, however, the expression of miR-

128 is low during early developmental stages but is increased during postnatal heart 

growth. The cardiac-specific overexpression of miR-128, via a tet-off transgenic 

mouse system, impaired cardiac homeostasis by inducing a progressive increase of 

heart mass and thereby to increased heart-to-body weight ratios. Detailed analyses 

suggested that cardiomyocytes increased in size  (a hypertrophic response) and 

thereby to reduced fractional shortening and ejection fraction. More detailed analyses 

displayed that cardiomyocyte proliferation was reduced upon overexpression of miR-

128, with no effect on apoptosis rates, thereby suggesting an early cell cycle exit for 

cardiomyocytes. Interestingly, the cardiac-specific deletion of miR-128 in both in vitro 

cultured neonatal cardiomyocytes as in vivo mouse hearts resulted in an increased 

dedifferentiation of cardiomyocytes and increased proliferation rates. Interestingly, 

although the number of cardiomyocytes was larger, being smaller in size, the 

mice developed normally and exhibited no cardiac dysfunctions. Confirmatory, the 

overexpression of miR-128 in neonatal mice at P1 inhibited cardiac regeneration 

upon myocardial apex resection, whereas deletion of miR-128 in adult mice 

promoted cardiac regeneration upon ischemic injury. The authors further explored 

putative targets and suggest a role for Suz12, affecting histone modifications and 

p27, promoting cardiomyocytes into the S-phase to divide. 

POTENTIAL IMPACT AND FUTURE DIRECTIONS 

miR-128 was previously being reported as a neuronal enriched miRNA, but also 

involved in cardiac repair of lower vertebrates such as the newt36. In these species, 

however, the observed effects of miR-128 inhibition were mainly attributed to 

proliferation of non-cardiomyocyte populations and alteration of extracellular matrix 

Induction of cardiomyocyte proliferation, a new way forward for true myocardial 
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deposition. Although the authors suggest this might be due to differences in complex 

of the heart cell types between the species, it also points towards some concerns 

for translation of these findings regarding miRNA therapeutics for patient care if 

we cannot control potential off-target cell effects31. In the past few years, several 

types of miRNA inhibitors have been developed such as antagomiRs, antimiRs and 

LNAs which have been shown to be very effective in inhibiting their specific targets. 

We and many others labs have shown that these microRNA inhibitors demonstrate 

much longer effects than conventional pharmaceutics37. This long-lasting effect will 

definitely increase the possibility of side-effects, especially in this case of miR-128, 

which is a potent cell cycle regulator with known effects in other cell types and organs. 

For these reasons, there is a strong need to develop new methods to increase 

miRNA therapeutic delivery, prevent off-target cellular uptake and, in the case of 

miR-128, increase cardiac-specific uptake. Our lab has further developed a local 

delivery technology called ultrasound-triggered microbubble destruction (UTMD) for 

microRNA delivery. In this technology, positive charged gas-filled microbubbles can 

be loaded with negative charged microRNA inhibitors, antimiR or antagomirs. By 

locally applying ultrasound, gas-filled microbubbles can be destructed and thereby 

deliver their cargo to the targeted area38. Using this technology, we have been able 

to significantly increase local delivery of antagomir to the healthy heart with minimum 

side-effects. Interestingly, similar results were also observed in a myocardial infarction 

and reperfusion model, even without ultrasound treatment. This is probably caused 

by the fact that the inhibitors can be enriched in the infarcted region through local 

injury-induced vascular leakage, which is a possible mechanism how ultrasound 

triggered microbubble destruction delivers its cargo too39. Another possible strategy 

to achieve targeted delivery will be nanovectors which are armed with cardiac homing 

peptide. Inspired by the observation that post myocardial infarction AT1 levels are 

increased, Xue et al. have developed a nanovector with AT1 targeting peptides on 

the surface. Armed with miR-1 inhibitors, this nanovector can significantly inhibit 
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miR-1 induced apoptosis in the infarcted region40. Although only a few cases have 

been successful to specific delivery of miRNAs into the myocardium, we believe 

with the continuous efforts to develop new delivery vehicles such as polymers, lipid 

nanoparticles, and extracellular vesicles with difference formulations in combination 

with difference targeting strategies, it is possible to take full advantage of microRNA 

therapeutics while minimize their potential side-effect.

CONCLUSIONS

The growing burden of chronically diseased cardiovascular patients that develop 

heart failure needs new treatment modalities to restore contractile properties of the 

myocardium. Although attempts to minimize the damage to the cardiac tissue in acute 

settings is successful, still new approaches are needed to prevent chronic disease. 

Cardiac regenerative medicine offers potential inspiring strategies, including the use 

of endogenous or exogenous injection of progenitor cell population. Since the simple 

injection of cell types is hampered by retention of high cell numbers, other options are 

explored as well, including the stimulation of post-natal cardiomyocyte proliferation. 

These novel approaches are extremely exciting, especially by the use of miRNA 

therapeutics, which can lead to long-lasting and potent effects. The future directions 

of these approaches are aiming to further explore the potential of the identified 

molecules and improve local targeting and timed exposure of the therapeutics to 

reduce costs and toxic effects and, maybe of most importance for the stimulation of 

cell division, prevent off-target effects in other cell types.

ACKNOWLEDGEMENTS

Funding: This work was supported by Horizon2020 ERC-2016-COG EVICARE 

(725229), Technobeat (668724), and the Netherlands CardioVascular Research 

Initiative (CVON), PPS grant: TOP-EVs (the Nederland Heart Foundation), CAS-

NWO Program: Cardiac cell therapy in a preclinical animal model for hereditary 

Induction of cardiomyocyte proliferation, a new way forward for true myocardial 
regeneration? 

4

Marijn Peters_To repair the infarcted heart.indd   79Marijn Peters_To repair the infarcted heart.indd   79 07-10-2021   15:3107-10-2021   15:31



80

cardiomyopathy the Dutch Heart Foundation, Dutch Federations of University Medical 

Centres, the Netherlands Organization for Health Research and Development, and 

the Royal Netherlands Academy of Sciences (REMAIN). 

Marijn Peters_To repair the infarcted heart.indd   80Marijn Peters_To repair the infarcted heart.indd   80 07-10-2021   15:3107-10-2021   15:31



81

REFERENCES
1.  Townsend N, Wilson L, Bhatnagar P, Wickramasinghe K, Rayner M, Nichols M. 

Cardiovascular disease in Europe: Epidemiological update 2016. Eur Heart J. 
2016;37(42):3232-3245. 

2.  Mozaffarian D, Benjamin EJ, Go AS, et al. Executive summary: Heart disease 
and stroke statistics-2016 update: A Report from the American Heart Association. 
Circulation. 2016;133(4):447-454. 

3.  Ponikowski P, Voors A. 2016 Esc guidelines for the diagnosis and treatment of acute 
and chronic heart failure: The Task Force for the diagnosis and treatment of acute 
and chronic heart failure of the European society of cardiology (ESC): Developed 
with the special contribution of the heart failure association (HFA) of the ESC. Russ 
J Cardiol. 2017;141(1):7-81. 

4.  Madonna R, Van Laake LW, Davidson SM, et al. Position Paper of the European 
Society of Cardiology Working Group Cellular Biology of the Heart: Cell-based 
therapies for myocardial repair and regeneration in ischemic heart disease and heart 
failure. Eur Heart J. 2016;37(23):1789-1798. 

5.  Fernández-Avilés F, Sanz-Ruiz R, Climent AM, et al. Global position paper on 
cardiovascular regenerative medicine. Eur Heart J. 2017;38(33):2532-2546. 

6.  Sluijter JPG, Davidson SM, Boulanger CM, et al. Extracellular vesicles in diagnostics 
and therapy of the ischaemic heart: Position Paper from the Working Group on 
Cellular Biology of the Heart of the European Society of Cardiology. Cardiovasc Res. 
2018;114(1):19-34. doi:10.1093/cvr/cvx211

7.  Bergmann O, Bhardwaj RD, Bernard S, et al. Evidence for Cardiomyocyte Renewal 
in Humans. Science. 2009;324:98-102. 

8.  Tzahor E, Poss KD. Cardiac regeneration strategies: Staying young at heart. 
Science (80- ). 2017;356(6342):1035-1039. 

9.  Jopling C, Sleep E, Raya M, Martí M, Raya A, Belmonte JCI. Zebrafish heart 
regeneration occurs by cardiomyocyte dedifferentiation and proliferation. Nature. 
2010;464(7288):606-609. 

10.  Aguirre A, Sancho-Martinez I, Izpisua Belmonte JC. Reprogramming toward heart 
regeneration: Stem cells and beyond. Cell Stem Cell. 2013;12(3):275-284. 

11.  Poss KD, Wilson LG, Keating MT. Heart Regeneration in Zebrafish. 2002;298:2188-
2191.

12.  Porrello ER, Mahmoud AI, Simpson E, et al. Transient Regenerative Potential of the 
Neonatal Mouse Heart. Science (80- ). 2011;331:1078-1081 

13.  Li F, Wang X, Capasso JM, Gerdes AM. Rapid transition of cardiac myocytes 
from hyperplasia to hypertrophy during postnatal development. J Mol Cell Cardiol. 
1996;28(8):1737-1746. 

14.  Ahuja P, Sdek P, MacLellan WR. Cardiac myocyte cell cycle control in development, 
disease, and regeneration. Physiol Rev. 2007;87(2):521-544. 

15.  D’Uva G, Aharonov A, Lauriola M, et al. ERBB2 triggers mammalian heart 
regeneration by promoting cardiomyocyte dedifferentiation and proliferation. Nat Cell 

Induction of cardiomyocyte proliferation, a new way forward for true myocardial 
regeneration? 

4

Marijn Peters_To repair the infarcted heart.indd   81Marijn Peters_To repair the infarcted heart.indd   81 07-10-2021   15:3107-10-2021   15:31



82

Biol. 2015;17(5):627-638. 
16.  Puente BN, Kimura W, Muralidhar SA, et al. The oxygen-rich postnatal environment 

induces cardiomyocyte cell-cycle arrest through DNA damage response. Cell. 
2014;157(3):565-579. 

17.  Jopling C, Suñé G, Faucherre A, Fabregat C, Izpisua Belmonte JC. Hypoxia induces 
myocardial regeneration in zebrafish. Circulation. 2012;126(25):3017-3027. 

18.  Kimura W, Xiao F, Canseco DC, et al. Hypoxia fate mapping identifies cycling 
cardiomyocytes in the adult heart. Nature. 2015;523(7559):226-230. 

19.  Lepilina A, Coon AN, Kikuchi K, et al. A Dynamic Epicardial Injury Response 
Supports Progenitor Cell Activity during Zebrafish Heart Regeneration. Cell. 
2006;127(3):607-619. 

20.  Grote P, Wittler L, Hendrix D, et al. The Tissue-Specific lncRNA Fendrr Is an 
Essential Regulator of Heart and Body Wall Development in the Mouse. Dev Cell. 
2013;24(2):206-214. 

21.  Archer K, Broskova Z, Bayoumi AS, et al. Long non-coding RNAs as master 
regulators in cardiovascular diseases. Int J Mol Sci. 2015;16(10):23651-23667. 

22.  Juni RP, Abreu RC, Diseases C, Sciences L, Surgery C, Martins C. Regulation of 
microvascularization in heart failure -  The close relationship between endothelial 
cells, non- coding RNAs, and exosomes. Non-coding RNA Res. 2017;2(1):45-55. 

23.  Adamowicz M, Morgan CC, Haubner BJ, et al. Functionally Conserved Noncoding 
Regulators of Cardiomyocyte Proliferation and Regeneration in Mouse and Human. 
Circ Genom Precis Med. 2018;11(2):e001805. 

24.  Yu D, Dos Santos CO, Zhao G, et al. miR-451 protects against erythroid oxidant 
stress by repressing 14-3-3ζ. Genes Dev. 2010;24(15):1620-1633. 

25.  Porrello ER, Mahmoud AI, Simpson E, et al. Regulation of neonatal and adult 
mammalian heart regeneration by the miR-15 family. Proc Natl Acad Sci. 
2013;110(1):187-192. 

26.  Jazbutyte V, Fiedler J, Kneitz S, et al. MicroRNA-22 increases senescence and 
activates cardiac fibroblasts in the aging heart. Age. 2013;35(3):747-762. 

27.  Eulalio A, Mano M, Ferro MD, et al. Functional screening identifies miRNAs inducing 
cardiac regeneration. Nature. 2012;492(7429):376-381. 

28.  Arif M, Pandey R, Alam P, et al. MicroRNA-210-mediated proliferation, survival, and 
angiogenesis promote cardiac repair post myocardial infarction in rodents. J Mol 
Med. 2017;95(12):1369-1385. 

29.  Yin VP, Lepilina A, Smith A, Poss KD. Regulation of zebrafish heart regeneration by 
miR-133. Dev Biol. 2012;365(2):319-327. 

30.  Diez-Cuñado M, Wei K, Bushway PJ, et al. miRNAs that Induce Human 
Cardiomyocyte Proliferation Converge on the Hippo Pathway. Cell Rep. 
2018;23(7):2168-2174. 

31.  Huang W, Feng Y, Liang J, et al. Loss of microRNA-128 promotes cardiomyocyte 
proliferation and heart regeneration. Nat Commun. 2018;9(1). 

32.  Megraw M, Sethupathy P, Gumireddy K, Jensen ST, Huang Q, Hatzigeorgiou AG. 

Marijn Peters_To repair the infarcted heart.indd   82Marijn Peters_To repair the infarcted heart.indd   82 07-10-2021   15:3107-10-2021   15:31



83

Isoform specific gene auto-regulation via miRNAs: A case study on miR-128b and 
ARPP-21. Theor Chem Acc. 2010;125(3-6):593-598. 

33.  Weiss GJ, Bemis LT, Nakajima E, et al. EGFR regulation by microRNA in lung 
cancer: Correlation with clinical response and survival to gefitinib and EGFR 
expression in cell lines. Ann Oncol. 2008;19(6):1053-1059. 

34.  Krichevsky AM, King KS, Donahue CP, Khrapko K, Kosik KS. Erratum: A microRNA 
array reveals extensive regulation of microRNAs during brain development (RNA 
(2003) 9 (1274-1281)). Rna. 2004;10(3):551. 

35.  Ching AS, Ahmad-Annuar A. A perspective on the role of microRNA-128 regulation 
in mental and behavioral disorders. Front Cell Neurosci. 2015;9:1-8. 

36.  Witman N, Heigwer J, Thaler B, Lui WO, Morrison JI. MiR-128 regulates non-
myocyte hyperplasia, deposition of extracellular matrix and Islet1 expression during 
newt cardiac regeneration. Dev Biol. 2013;383(2):253-263. 

37.  Kwekkeboom RFJ, Lei Z, Doevendans PA, Musters RJP, Sluijter JPG. Targeted 
delivery of miRNA therapeutics for cardiovascular diseases: Opportunities and 
challenges. Clin Sci. 2014;127(6):351-365. 

38.  Kwekkeboom RFJ, Lei Z, Bogaards SJP, et al. Ultrasound and Microbubble-
Induced Local Delivery of MicroRNA-Based Therapeutics. Ultrasound Med Biol. 
2015;41(1):163-176. 

39.  Kwekkeboom RFJ, Sluijter JPG, Van Middelaar BJ, et al. Increased local delivery 
of antagomir therapeutics to the rodent myocardium using ultrasound and 
microbubbles. J Control Release. 2016;222:18-31. 

40.  Xue X, Shi X, Dong H, et al. Delivery of microRNA-1 inhibitor by dendrimer-
based nanovector: An early targeting therapy for myocardial infarction in mice. 
Nanomedicine Nanotechnology, Biol Med. 2018;14(2):619-631. 

 

Induction of cardiomyocyte proliferation, a new way forward for true myocardial 
regeneration? 

4

Marijn Peters_To repair the infarcted heart.indd   83Marijn Peters_To repair the infarcted heart.indd   83 07-10-2021   15:3107-10-2021   15:31



8484Expression of mitotic marker pH3 by ischemic hiPSC-CMs 

Marijn Peters_To repair the infarcted heart.indd   84Marijn Peters_To repair the infarcted heart.indd   84 07-10-2021   15:3107-10-2021   15:31



85

Chapter 5

FOLLISTATIN-LIKE 1 IN CARDIOVASCULAR DISEASE AND 

INFLAMMATION

Adapted from:

Mini-reviews in Medicinal Chemistry. 2019, 19 (6), 1379 - 1389 doi: 10.2174/13895

57519666190312161551

Published online 6 March 2019

Marijn M.C. Peters1*, Timion A. Meijs1*, Wouter Gathier1, Pieter A.M. Doevendans1, 
Joost P.G. Sluijter1, Steven A.J. Chamuleau1 and Klaus Neef1

1 Department of Cardiology, Laboratory of Experimental Cardiology, Regenerative Medicine 
Centre Utrecht, University Medical Centre Utrecht, University Utrecht, Utrecht, the Nether-
lands

* Equal contribution

Marijn Peters_To repair the infarcted heart.indd   85Marijn Peters_To repair the infarcted heart.indd   85 07-10-2021   15:3107-10-2021   15:31



86

ABSTRACT

Follistatin-like 1 (FSTL1), a secreted glycoprotein, has been shown to participate 

in regulating developmental processes and to be involved in states of disease and 

injury. Spatiotemporal regulation and posttranslational modifications contribute to its 

specific functions and make it an intriguing candidate to study disease mechanisms 

and potentially develop new therapies. With cardiovascular diseases as the primary 

cause of death worldwide, clarification of mechanisms underlying cardiac regener-

ation and revascularization remains essential. Recent findings on FSTL1 in both 

acute coronary syndrome and heart failure emphasize its potential as a target for 

cardiac regenerative therapy. With this review, we aim to shed light on the role of 

FSTL1 specifically in cardiovascular disease and inflammation. 
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1. INTRODUCTION

Follistatin-like 1 (FSTL1), also known as TSC-36 and follistatin-related protein (FRP), 

was first discovered in an osteoblastic cell line as a gene induced by transforming 

growth factor (TGF) β1 expression1. This 308 amino acid extracellular glycoprotein is 

a member of the SPARC (secreted protein acidic rich in cysteine) family of proteins2,3 

and has a molecular mass ranging from 37 to 55 kDa4,5. Analysis in mice indicated it 

to be most abundantly expressed in the lungs6, the heart7, skeletal muscle8, smooth 

muscle9, and vascular endothelium9. Multiple effects of FSTL1 have been reported, 

including a regulatory role in embryogenesis10, inhibition of proliferation in cancer 

cells11, and modulation of inflammatory responses6. Mechanistically, these various 

roles of FSTL1 are mediated through different pathways targeting BMP for develop-

mental processes, AKT/AMPK in the context of cardiac disease and CD14/TLR4 for 

immunological processes12.

1.1. Cardiokines as potential therapeutic targets for heart failure

Heart failure represents a significant health burden within the spectrum of cardiovas-

cular diseases affecting approximately 26 million people worldwide13. The treatment 

options are limited which leads to a poor prognosis with a five-year survival rate of 

51.5%14. Over the last years, cardiovascular research on heart failure has focused on 

methods to repair the heart. The use of stem cells in the context of cardiac regener-

ation has been studied extensively. However, the results of (pre-)clinical trials using 

stem cell therapy are inconsistent15. The main obstacles that are encountered are 

the complex molecular mechanisms underlying cardiac repair, but also the delivery 

method15, low cellular retention16 and functional integration17. Furthermore, the focus 

on repair of the injured myocardium is accompanied by undervalued importance of 

the restoration of the microvasculature of the heart and the functional integration 

of the injected cells within the host myocardium and the extracellular matrix18.  The 

use of extracellular vesicles has also received interest as the vesicles can mediate 

Follistatin-like 1 in cardiovascular disease and inflammation
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paracrine effects and multiple reparative functions, including stimulating angiogene-

sis and cardiomyocyte proliferation19. There is increasing evidence suggesting that 

endogenous factors secreted from cardiac tissue, referred to as cardiokines, play 

an essential role in regulating cellular mechanisms in the heart20. They can function 

through autocrine, paracrine, and endocrine signaling and are involved in responses 

to injury, cardiac remodeling, and inter-cellular and inter-organ communication21–25.

1.2. FSTL1 IN CARDIAC DISEASE

A protective effect of FSTL1 has been reported in various cardiac diseases (Fig-

ure 1) and development26. In transaortic constricted hearts, FSTL1 reduces car-

diomyocyte apoptosis via phosphorylated AMPK signaling20. Furthermore, the loss 

of FSTL1 in transaortic constricted hearts is associated with more severe myocar-

dial hypertrophy and loss of ventricular function, emphasizing a role for FSTL1 in 

maintaining cardiac function27. Similarly, in infarcted hearts FSTL1 protects from 

apoptosis and induces angiogenesis via phosphorylated AKT signaling7,28,29. For the 

stimulation of angiogenesis, phosphorylated AKT signaling is dependent on the in-

teraction between FSTL1 and transmembrane protein DIP2A, which functions as a 

receptor for FSTL1. A 22% increase in the secretion of FSTL1 by skeletal muscle 

fibres during exercise could also be the underlying mechanism of cardioprotection 

acquired through exercise8. The capacity to modulate cardiovascular diseases via 

both cardiac secreted FSTL1 and skeletal muscle secreted FSTL1 indicates the po-

tential role of FSTL1 in myocardial repair after injury. 

1.3. FSTL1 MAY ENHANCE CARDIAC FUNCTION FOLLOWING I/R INJURY

1.3.1. Cardioprotection

FSTL1 has been described as an active modulator of cellular responses in various 

cardiac conditions and may have the capacity to generate both cardioprotective and 

regenerative responses.  Previous studies showed that FSTL1 acts as a cardiopro 
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Figure 1. The role of FSTL1 in cardiovascular diseases.  
In the injured heart, FSTL1 can infl uence multiple processes through the interplay with distinct molecular 
pathways in multiple cardiac cell types. In the healthy and the hypertrophied heart, the epicardial cells 
secrete FSTL1 inhibiting hypertrophy, stimulating cardiomyocyte proliferation and inducing angiogenesis. 
Epicardial FSTL1 expression is abolished during ischemia reperfusion injury. Myocardial FSTL1 can inhibit 
cardiomyocyte apoptosis. In valvular heart disease FSTL1 regulates epithelial to mesenchymal transition. 

In pulmonary hypertension, FSTL1 inhibits the migration of pulmonary smooth muscle cells (SMC). 

tective factor after ischemia/reperfusion (I/R) injury. FSTL1 overexpression attenu-

ated apoptosis in neonatal rat cardiomyocytes after exposure to hypoxia and reoxy 

genation. Additionally, systemic administration of recombinant FSTL1 after myocar-

dial infarction in mice signifi cantly reduced the rate of cardiomyocyte apoptosis and 

the size of the infarct30. Similarly, anti-apoptotic effects of FSTL1 have been shown in 

vitro and in murine and porcine I/R models30. Upregulation of endogenous FSTL1, as 

a response to exercise, attenuated cardiac fi brosis, while intraperitoneal administra-

tion of FSTL1 was associated with increased systolic function in a rat model of myocar-

dial infarction31. There is increasing evidence suggesting that these cardioprotective

Follistatin-like 1 in cardiovascular disease and infl ammation
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properties may be mediated by activation of AMP-activated protein kinase signal-

ing30,32.Furthermore, a recent study shows FSTL1 expression is suppressed by miR-

NA-9-5p, a non-coding RNA which is upregulated after ischemic injury33. Antagomir 

mediated inhibition of miRNA-9-5p in a murine acute MI model attenuated fibrosis 

and inflammation and preserved cardiac function.

1.3.2. Proliferative responses

Recently, FSTL1 was found to act as a regenerative factor by promoting proliferation 

of mouse embryonic stem cell-derived cardiomyocytes in vitro34 raising hopes to 

stimulate the limited endogenous regenerative capacity of the adult human heart35 

beyond the reported 0.8% of cardiomyocytes dividing annually to maintain homeo-

stasis36. This baseline proliferation rate can be increased to some extent, for in-

stance by signaling from cellular damage induced by the increased concentration 

of reactive oxygen species (ROS) in response to ischemia/reperfusion injury37, via 

the Nrg1/ErbB2 pathway38 and via the Hippo-YAP pathway39, but stimulation of car-

diomyocyte proliferation to allow for substantial restoration of the myocardium was 

considered illusive until recently. Analysis in a mouse model of MI revealed a switch 

in FSTL1 expression from epicardial to myocardial cells going along with a switch in 

posttranslational modification from the hypoglycosylated to a hyperglycosylated iso-

form34. Since this isoform has been shown in vitro to be cardioprotective (anti-apop-

totic) but not regenerative (proliferative), reconstitution of hypoglycosylated FSTL1 

expression was mediated by surgical application of a FSTL1-loaded collagen-based 

patch to the epicardium immediately after the induction of myocardial infarction. Re-

storing epicardial FSTL1 expression significantly reduced scarring, stimulated car-

diomyocyte proliferation, and enhanced cardiac function following ischemic injury in 

murine and porcine models34. FSTL1 induced increase of GDF-15 expression and 

activation of TGFβ-Smad2/3 signaling seems to be a potential pathway for induc-

tion of cardiomyocyte proliferation31,40. These results indicate that the decrease of 
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epicardial FSTL1 is likely an adverse reaction to ischemic stress and that recon-

stitution comprises a promising method to preserve cardiac function and attenuate 

cardiac remodeling. However, a recent study found no evidence of epicardial FSTL1 

expression in a Fstl1-eGFP reporter mouse, but could confirm FSTL1 dependent 

activation of cardiac fibroblasts preventing post-myocardial-infarction ventricular wall 

rupture41. 

1.3.3. Stimulatory effects on revascularization

Besides inhibiting apoptosis and stimulating proliferation of cardiomyocytes, FSTL1 

may also attenuate ischemia/reperfusion injury by inducing revascularization. Re-

cent studies have demonstrated that FSTL1 promotes angiogenesis during ischemic 

stress through activation of Akt-eNOS-dependent signaling42, and TGFβ-Smad2/3 

after myocardial infarction31. Epicardial injection of FSTL1 following myocardial in-

farction resulted in increased vascularization of the myocardium, particularly in the 

border zone of the infarcted area34. Furthermore, there is evidence suggesting that 

FSTL1 enhances endothelial cell function and survival42 and plays a role in vascular 

remodeling following arterial injury by preventing neointimal hyperplasia43. 

1.4. FSTL1 AS BIOMARKER

FSTL1 is strongly expressed under cardiac hypoxic conditions and has been pro-

posed to be a potential diagnostic biomarker in acute coronary syndrome (ACS) and 

heart failure. Patients with ACS showed serum concentrations of FSTL1 increased 

by 88% compared to healthy controls40. Upregulation of FSTL1 in ACS patients was 

independently correlated with an increased incidence of diabetes mellitus, increased 

N-terminal pro-B-type natriuretic peptide (NT-proBNP) and c-reactive protein (CRP) 

levels. Serum FSTL1 levels above the median were associated with reduced surviv-

al one year after ACS compared to those below the median [P < 0.019]. In a cohort 

of 106 ACS patients, patients were 3.7 times more likely to die from a cardiovascular 

Follistatin-like 1 in cardiovascular disease and inflammation
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cause when their serum FSTL1 concentration was within the top quartile compared 

to patients with levels in the three lower quartiles [P < 0.001]. The prognostic value 

of FSTL1 in ACS showed similar discriminatory potential as traditional markers CRP 

and NT-proBNP40. Furthermore, GDF-15, which is induced by FSTL1, has strong 

prognostic value for patients with non-ST-elevation ACS44. FSTL1 concentrations 

are increased in patients with ischemic and dilating cardiomyopathy with a left ven-

tricular ejection fraction of less than 40%. In these systolic heart failure patients, se-

rum FSTL1 levels were elevated by 56% compared to matched controls and associ-

ated with increased left ventricular mass, left ventricular posterior wall thickness, and 

increased brain natriuretic peptide levels45. Moreover, significantly elevated serum 

FSTL1 levels have been found in patients with end-stage heart failure with a left ven-

tricular assist device implantation9 and in patients with heart failure with preserved 

ejection fraction (HFpEF)46. A recent study showed that the upregulation of FSTL1 

expression in heart failure could be accurately detected using gold nanoparticles. 

According to the authors, advantages of this technique are the low costs and rapid 

execution compared to current methods to diagnose heart failure, e.g. NT-proBNP 

and echocardiography47. 

The efficacy of FSTL1 as a biomarker, especially in relation to established clini-

cal biomarkers and the association with cardiovascular events and mortality, shows 

promise, but still requires additional research. The increased circulation of FSTL1 

in heart failure might suggest further increasing circulating FSTL1 would not im-

prove cardiac function.  Contrary to this hypothesis, a recent study showed acute or 

chronic FSTL1 infusion normalized cardiac metabolism and improved diastolic and 

contractile function48. 

1.5. ATTENUATION OF CARDIAC HYPERTROPHY

FSTL1 has been identified as an active modulator of cardiac ventricular hypertrophy. 

In a mouse model of ventricular pressure overload induced by transverse aortic  
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constriction (TAC), cardiomyocyte-specific knock-out of FSTL1 resulted in excessive 

hypertrophy and deterioration of systolic ventricular function27. In contrast, transgenic 

mice overexpressing FSTL1, both conditionally and constitutively, were refractory to 

developing cardiac hypertrophy in this model. Moreover, systemic administration of 

FSTL1 decreased the hypertrophic response, enhanced systolic function, and atten-

uated left ventricular dimensions in both wildtype and FSTL1-knockout (FSTL1-KO) 

mice. TAC resulted in a 2.2-fold increase of FSTL1 serum levels and this increase 

was attenuated in the myocyte-specific FSTL1-KO mice, suggesting that cardiomy-

ocytes are the main source of FSTL1 in mice subjected to TAC27. 

The ability of FSTL1 to prevent hypertrophic responses has also been demonstrated 

in vitro using adult rat ventricular cardiomyocytes46. Supplementation of FSTL1 to 

cell culture attenuated cardiomyocyte hypertrophy by d-aldosterone induced in vitro 

and reduced expression of atrial natriuretic peptide (ANP), a marker of cardiomyo-

cyte hypertrophy. This was confirmed in vivo showing that increased systemic lev-

els of FSTL1 from transgenic overexpression were associated with reduced cardiac 

hypertrophy and improved diastolic function in a mouse model of heart failure with 

preserved ejection fraction (HFpEF)46. 

1.6. PROTECTION FROM PULMONARY HYPERTENSION

Recent evidence suggests that FSTL1 also plays a role in attenuating pulmonary 

hypertension49. During pulmonary hypertension, high blood pressure in the arter-

ies of the lungs increases the workload of the heart and can lead to right ventricu-

lar heart failure. In patients with pulmonary hypertension due to chronic obstructive 

pulmonary disease FSTL1 serum levels are elevated. When comparing heterozy-

gous FSTL1+/– knock-out mice with wild type FSTL1+/+ mice, in a state of hypox-

ia induced pulmonary hypertension, the heterozygous mice with decreased FSTL1 

expression showed higher right systolic ventricular pressures and increased right 

ventricular hypertrophy. Systemic administration of FSTL1 improved right-sided  

Follistatin-like 1 in cardiovascular disease and inflammation
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systolic pressures49. Additionally, endothelium-derived FSTL1 appears to regulate 

the development and remodeling of the pulmonary vasculature and loss of this type 

of FSTL1 may result in a reduction of right ventricular function50.

1.7. FSTL1 AND VALVULAR HEART DISEASE

Limited evidence is available regarding the potential association of FSTL1 and val-

vular heart disease. Recently, it has been described that endocardial and endothe-

lial deletion of FSTL1 resulted in severe deformation of the mitral valve in a mouse 

model51. FSTL1 is normally expressed in both mitral valve leaflets and inhibits bone 

morphogenetic protein (BMP) signaling to prevent excessive proliferation of valve 

cells. Echocardiography of a conditional FSTL1 knockout mouse showed mitral re-

gurgitation and progressive left ventricular dysfunction, eventually leading to cardio-

vascular death51. 

FSTL1 is associated with cardiomyocyte and endothelial cell function, and its pleio-

tropic function renders its potential to modulate specific processes, including car-

diomyocyte survival, cardiomyocyte proliferation and angiogenesis. Additionally, 

modulation of FSTL1 expression can improve or worsen cardiac function in multi-

ple cardiac diseases. Therefore, FSTL1 has the potential to serve as a therapeutic 

target to treat I/R injury, pulmonary hypertension, cardiomyocyte hypertrophy, and 

valvular heart disease.  

1.8. INFLAMMATION IN CARDIAC DISEASES

An increasing body of evidence supports the essential role of inflammation in both 

the development and the progression of cardiovascular diseases52. Acute myocar-

dial infarction is often caused by the formation of a thrombus on atherosclerotic 

plaques in coronary arteries, a process involving the activation of platelets, the ac-

cumulation of immune cells and systemic and local inflammatory events53. In the  

Marijn Peters_To repair the infarcted heart.indd   94Marijn Peters_To repair the infarcted heart.indd   94 07-10-2021   15:3107-10-2021   15:31



95

ischemic myocardium, injured myocytes release their intracellular content result-

ing in a well-orchestrated signaling cascade of neutrophil and monocyte infiltration. 

Reperfusion of the infarcted area leads to I/R injury mediated by the release of ROS, 

inducing leukocyte chemokine upregulation. The infiltration of immune cells mediates 

the secretion of pro-inflammatory cytokines tumour necrosis factor (TNF), IL-1β, and 

IL-6. The knockdown of TNF ameliorated myocardial I/R injury indicating the role 

of inflammation in the pathogenesis of I/R injury54. But the inflammatory response 

in the heart after ischemia is not only detrimental for cardiac function: extensive 

evidence suggests the involvement of inflammatory mechanisms in post-infarction 

cardiac repair through the clearance of dead cells55 and also mediating regeneration 

by macrophages in the neonatal heart56. Furthermore, in a mouse model of cardiac 

pressure overload due to TAC, hypertrophy and myocardial inflammation preceding 

fibrosis was observed57. Additionally, Inflammation plays a role in the pathogenesis 

of pulmonary hypertension where endothelial dysfunction is accompanied by the 

upregulation of pro-inflammatory cytokines IL-1, MCP-1 and IL-658.

1.9. FSTL1 IN INFLAMMATION

The identification of FSTL1 as an autoantigen in the synovium of patients with rheu-

matoid arthritis (RA)4 led to increased interest to study FSTL1 in inflammatory dis-

eases. Follow-up studies identified both pro-inflammatory and anti-inflammatory ef-

fects of FSTL1 (Figure 2). In multiple inflammatory diseases (e.g. RA59,60, Sjögrens 

syndrome, ulcerative colitis, systemic lupus erythematosus, systemic sclerosis, and 

dermatomyositis/polymyositis, asthma61) FSTL1 levels were found to be increased 

and associated with disease progression. Expression of FSTL1 was found to be 

specifically increased in mesenchymal lineage cells and not in the hematopoietic 

lineage in patients with RA. The plasma levels of FSTL1 were increased in acute 

Kawasaki disease compared to healthy controls, and a relation was found between 

increased FSTL1 levels and the likelihood to develop coronary aneurysms62. Also,  
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Figure 2. The bifunctional role of FSTL1 in infl ammation

In the kidney, FSTL1 has an anti-infl ammatory effect by inhibiting fi brosis and macrophage and fi broblast 

cytokine secretion. In joints, FSTL1 can mediate the secretion of pro-infl ammatory cytokines by macro-

phages, fi broblasts and adipocytes. 

in patients with obesity (BMI ≥ 25 kg/m2), serum FSTL1 levels were signifi cantly 

elevated compared to control patients. Furthermore, elevated FSTL1 mRNA levels 

were seen in subcutaneous and epididymal adipose tissue in a mouse model of 

obesity63. The pro-infl ammatory capacity of FSTL1 is mediated by the expression of 

pro-infl ammatory cytokines IL-6 6, IL-1β, TNFα, IFNγ-related genes64, MCP-165 and 

NF-κB signaling66. FSTL1 promotes IL-1β secretion by regulating the activity of the 

NLRP3 infl ammasome both in vitro and in vivo67. The injection of FSTL1 in the paws
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of wild type mice caused swelling only in the presence of IFN-γ64. Not only exoge-

nously administered FSTL1, but also endogenously expressed FSTL1 has a pro-in-

flammatory effect as shown in a mouse model of CIA treated with anti-FSTL1 anti-

bodies. Here, amelioration of arthritis and reduced mRNA levels for IL-1β, IFN-γ, and 

CXCL10, which is a mediator in bone erosion in CIA, were observed64,68. It appears 

most of the pro-inflammatory effects of FSTL1 are associated with its effect on ar-

thritis. It is unclear whether this will also have implications for the therapeutic appli-

cation of FSTL1 as a regenerative factor. Other studies report the anti-inflammatory 

capacity of FSTL1. An ameliorating effect of recombinant human FSTL1 on arthritis 

in a mouse model of CIA has been described69. Treatment with FSTL1 prevented 

swelling of footpads and reduced the clinical score used to assess arthritis severity. 

Furthermore, FSTL1 was able to prevent cartilage breakdown and bone erosion by 

down regulating expression of c-fos , ets-2, Il-6, MMP-3, and MMP-9, genes that are 

involved in destructive joint inflammation69–73. In an in vitro model of neural inflam-

mation in mouse astrocytes, FSTL1 attenuated the upregulation of pro-inflamma-

tory cytokines after LPS treatment by suppressing the MAPK/p-ERK1/2 pathway74. 

Intravenous administration of FSTL1 in mice 4 weeks after subtotal nephrectomy 

ameliorated fibrosis and mice that received FSTL1 showed smaller glomerular area 

and fewer intraglomerular cells75. Lower mRNA levels of TNF-α, IL-6, IL-1β, MCP-1, 

NADPH oxidase components, connective tissue growth factor, TGF-β1, collagen I, 

and collagen III were found in the remaining kidney tissue of FSTL1 treated mice.  

Mechanistically, the dual role of FSTL1 has been linked to pro-inflammatory process-

es via CD14 and TLR4 and to inhibition of tissue destruction via the downregulation 

of matrix metallopeptidase (MMPs) regulated via DIP2A, pAKT and up-regulation of 

FOS76. Thus, the capacity of FSTL1 to play either a pro- or anti-inflammatory role 

might stem from the various pathways through which FSTL1 is able to act. As the 

inflammatory response is also important in multiple cardiac diseases and FSTL1 has 

been reported to have cardioprotective and regenerative effects, it is important to 

Follistatin-like 1 in cardiovascular disease and inflammation
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study whether FSTL1 treatment might have a pro-inflammatory effect in the heart. 

Still, the role of FSTL1 in cardiac inflammation remains largely unknown. Analysis of 

the expression of pro-inflammatory cytokines after FSTL1 in a mouse and pig model 

of I/R injury showed decreased levels of TNF-α and IL-630. Also, in cultured neonatal 

rat cardiomyocytes, lipopolysaccharide (LPS) stimulated expression of pro-inflam-

matory cytokines was decreased after FSTL1 treatment. FSTL1 supplementation 

to macrophages, which are abundantly present in the myocardium after cardiac I/R 

injury led to an AMPK-dependent decrease in TNF-α and IL-6 expression after LPS 

or BMP-4 stimulation30.  

Furthermore, the effect of cardiac myocyte-derived FSTL1 on chronic kidney disease 

(CKD) was studied in a mouse model of subtotal nephrectomy comparing healthy 

mice to cardiac-specific FSTL1 knockout mice75. Significantly higher levels of pro-in-

flammatory cytokines TNF-α, IL-6, IL-1β, MCP-1, and NADPH oxidase components 

were expressed in FSTL1 knockout mice compared to control mice. It has been sug-

gested that FSTL1 exerts anti-inflammatory effects via the inhibition of BMP-4 de-

pendent inflammatory pathways30 and pro-inflammatory effects via the activation of 

TLR4/MyD88/NF-kB and MAPK signaling pathways77. Thus, the capacity of FSTL1 

to play either a pro- or anti-inflammatory role might stem from the various pathways 

through which FSTL1 is able to act. Another intriguing explanation of the ambiguous 

role of FSTL1 in inflammation and inflammatory diseases could be post-translational 

modification of FSTL12.

2.1. INFLUENCE OF POST-TRANSLATIONAL MODIFICATION ON FSTL1

FUNCTION

Healthy epicardium expresses FSTL1, which is ceased after myocardial injury. As 

mentioned, FSTL1 can attenuate detrimental effects from myocardial injury by in-

ducing cardiomyocyte proliferation, reducing apoptosis and inflammation, and pro-

moting revascularization34,41. However, increasing FSTL1 circulating levels after  
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myocardial infarction with FSTL1 from myocardial origin did not induce cardiomyo-

cyte proliferation. Only FSTL1 from epicardial origin was found to be capable to in-

duce a regenerative response34. Analysing and comparing biochemical properties of 

epicardial and myocardial FSTL1 revealed slower migration of myocardial FSTL1 in 

SDS polyacrylamide gel electrophoresis, representing increased molecular weight, 

potentially from post-translational modifications. Application of tunicamycin, an inhib-

itor and catalyst of reversion of N-linked glycosylation, abolished this difference in 

migration, suggesting hyperglycosylation as a cause of the observed high molecular 

weight of the FSTL1 myocardial isoform. Thus, it seems plausible that glycosylation 

and potentially other post-translational modifications play a role in modulating the 

abilities of FSTL1 to generate cardioprotective and regenerative responses. 

In previous studies multiple glycosylated isoforms of FSTL1 with varying molecu-

lar weights have been detected2,4,5. Bacterially expressed recombinant FSTL1, pri-

marily produced in Escherichia coli, is a hypoglycosylated isoform, whereas FSTL1 

expressed in mammalian cells is extensively glycosylated. Glycosylated FSTL1 

protected mouse embryonic stem cell-derived cardiomyocytes (mESC-CMs) from 

apoptosis following H2O2 application, although no effect on proliferation, indicating 

potential regenerative properties, was observed. In contrast, bacterially produced 

FSTL1 did stimulate proliferation of mESC-CMs but failed to attenuate H2O2-induced 

apoptosis34. FSTL1 produced in insect cells also inhibited apoptosis and inflammato-

ry responses following ischemia/reperfusion injury, as shown in mouse and pig mod-

els30. However, when comparing FSTL1 expressed in mammalian cells, insect cells, 

and bacterial cells, no differences were found in the stimulation of fibroblast mobility, 

despite significant variations in the extent of glycosylation78. A recent study analysed 

whether ablation of the N glycosylation of the FSTL1 expressed in mammalian cells 

could increase the regenerative capacity of the human FSTL179. This study showed 

that a mutation in a single N glycosylation site (N180Q) of FSTL1 could trigger car-

diomyocyte proliferation and cardiac regeneration in a mouse MI model. Based on 

Follistatin-like 1 in cardiovascular disease and inflammation
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these results, it is plausible that the upregulation of myocardial and downregulation 

of epicardial FSTL1 expression following MI alters distribution and ratios of hyper- 

and hypoglycosylated FSTL1 in the damaged heart. Since several different isoforms 

and sources of FSTL1 have been used in previous studies and therefore results are 

difficult to compare across studies, Table 1 provides an overview of the specifica-

tions of previously used recombinant FSTL1 and the main results found with each 

of these forms. Howeer, precise mechanistic cues of post-translational modifications 

leading to either cardioprotective or regenerative capacities of FSTL1 still remain to 

be elucidated. 

2.2. METHOD OF DELIVERY TO THE INJURED HEART

Previously described cardioprotective properties of FSTL1 in vitro and in small an-

imal models are considered promising and raise the question which application 

method would be most suitable for FSTL1 to exhibit its effects in large animals and in 

humans. Systemic administration of FSTL1 is a conceivable option, however it is un-

likely that it will have considerable beneficial effect as FSTL1 is already upregulated 

in response to various cardiac conditions, including ACS, ischemic cardiomyopathy, 

end-stage heart failure, and HFpEF. Intramyocardial injections with regenerative fac-

tors at the site of injury may potentially induce a cardiac regenerative response79-85. 

In summary, FSTL1 expression and function has been shown to be closely linked 

to cardiac disease, both as a marker, and increasingly as a potential therapeutic 

compound or target. It is important to determine the mechanism and extent of the 

specific pro- and anti-inflammatory effects when FSTL1 is considered as a potential 

therapeutic agent or target to treat cardiovascular diseases. Finally, the method of 

application of FSTL1 in the context of cardiovascular disease will also very likely 

play a role on how inflammatory responses turn out. Characterization of the effect of 

FSTL1 on inflammatory cell infiltration and activation in the heart is essential before 

Follistatin-like 1 in cardiovascular disease and inflammation

5

Marijn Peters_To repair the infarcted heart.indd   103Marijn Peters_To repair the infarcted heart.indd   103 07-10-2021   15:3107-10-2021   15:31



104

therapeutic application can be considered.

CONCLUSION

FSTL1 is a cardiokine with multiple implications in cellular processes in the heart, 

particularly in response to cardiac injury. An increasing body of evidence indicates 

that FSTL1 may attenuate I/R injury by inhibiting cardiomyocyte apoptosis and stim-

ulating cardiomyocyte proliferation and revascularization, suggesting a potential role 

in regenerative therapy for heart failure patients. Furthermore, a protective role of 

FSTL1 has been described in cardiac hypertrophy and pulmonary hypertension. Ef-

fects and function of FSTL1 in the context of inflammation remain ambiguous and 

require further research, especially in acute and chronic cardiovascular disease. The 

spatio-temporal organization of FSTL1 expression, its localization and onset after 

induction of damage, as well as post-translational modifications of FSTL1, mostly 

in terms of glycolysation, have been shown to be critical parameters of activity. The 

hypoglycosylated epicardial FSTL1, diminished upon myocardial injury, holds most 

potential in exerting cardioprotective and regenerative effects. To achieve this, epi-

cardial reconstitution of FSTL1 following I/R injury may be preferred, despite the 

risks associated with a potentially invasive procedure.  

In conclusion, FSTL1 exhibits regenerative and tissue-protective features making it 

a promising candidate for novel approaches to treat cardiovascular disease, while 

mechanistic details need further research before advancing to therapeutic applica-

tions.
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ABSTRACT

The human heart has limited regenerative capacity. Therefore, patients often prog-

ress to heart failure after ischemic injury, despite advances in reperfusion thera-

pies generally decreasing mortality. Follistatin-like 1 (FSTL1) has been shown to 

increase cardiomyocyte (CM) proliferation, decrease CM apoptosis and prevent 

cardiac rupture in animal models of ischemic heart disease depending on its glyco-

sylation state. To explore its therapeutic potential, we used a human in vitro model 

of cardiac ischemic injury using human induced pluripotent stem cell-derived CMs 

(iPSC-CMs) and assessed potential regenerative and protective effects of two dif-

ferently glycosylated variants of human FSTL1. Furthermore, we investigated the 

interplay between cardiac fibroblasts (cFBs) and iPSC-CMs after ischemic damage 

with respect to FSTL1expression. Both FSTL1 variants increased viability, while only  

hypo-glycosylated FSTL1 increased CM proliferation post-ischemia. Human foetal 

and iPSC derived cFBs expressed and secreted FSTL1 under normoxic conditions, 

while FSTL1 secretion increased by iPSC derived cFBs upon ischemia but decreased 

in CMs. Co-culture with CMs and cFBs increased FSTL1 secretion compared to  

secretion in cFB monoculture. Taken together, we have shown FSTL1 induces CM 

proliferation in a human model of cardiac ischemic injury by using iPSC-CM. Further-

more, this is the first report of FSTL1 secretion by human cFBs. 
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INTRODUCTION

The human heart has limited regenerative capacity and repairs itself poorly after 

injury. After ischemic injury, patients often progress to heart failure despite the de-

crease in direct mortality by reperfusion therapies1,2. In contrast to the adult human 

heart, neonatal vertebrate and invertebrate hearts can substantially regenerate from 

injury or disease via induced proliferation of cardiomyocytes (CMs) in situ 3,4. Since 

damaged adult CMs in the human heart show upregulation of genes involved in heart 

development and invertebrate heart regeneration, a rudimentary cardiac regenera-

tion mechanism seems to exist, yet inefficient to cope with massive CM damage or 

loss, as inflicted by ischemic insult from myocardial infarction5-9. Thus, stimulation of 

the CM cell cycle to potentially re-establish regenerative capacity in the adult human 

heart has become a key focus in the field of advanced cardiac therapies. Induction 

of CM proliferation in regenerating hearts has been linked to paracrine signalling, 

often attributed to secretion from the epicardium10-14. Furthermore, efficient cardiac 

regeneration has been shown to be accompanied by revascularisation induced by 

epicardial derived endothelial and smooth muscle cells15. These cellular responses 

to tissue damage rely on intercellular communication via soluble paracrine factors16 

and the close proximity of endothelial cells, cardiac fibroblasts (cFBs) and CMs17,18. 

Changes in the cellular composition after an ischemic insult, as the number of cFBs 

increase and the number of CMs and endothelial cells decrease, alters paracrine sig-

nalling and cross-talk between cardiac cells and thus effects damage response16,19.  

The epicardium has been identified to be instrumental in mediating cardiac regen-

eration initially in the zebrafish heart, and later epicardial Follistatin like-1 (FSTL1) 

has been confirmed to act as myogenic cardiokine in murine and porcine cardiac 

injury models20. Furthermore, cardioprotective and angiogenic effects of Fstl1 have 

been reported21-28. FSTL1 is a 308 amino acid glycoprotein of the SPARC protein 

family, with three N-glycosylation sites27, 29-31, with one (N180) being critically linked 

to the role of FSTL1 in cardiac regeneration31.  Additionally, an increase in secretion 

Follistatin-like 1 promotes proliferation of matured hypoxic human iPSC-
cardiomyocytes and  is secreted by human cardiac fibroblasts
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of FSTL1 with higher molecular weight, likely due to protein glycosylation, could be 

observed in mouse serum and myocardium after myocardial infarction20,28. All this 

strongly suggests, that regulation of FSTL1 expression and glycosylation after myo-

cardial infarction could guide approaches on exploiting its regenerative potential for 

the heart. Besides its role in CM renewal, the expression of FSTL1 by cFBs in the 

infarct area was found to be essential to prevent cardiac rupture32,33.

As indicated, so far animal studies have shed some light on FSTL1 as a potential 

therapeutic agent to induce cardiac regeneration by stimulating both CM prolifer-

ation, protection from apoptosis, revascularisation and stabilizing the infarct scar. 

However, these findings have yet to be confirmed in a human setting. The develop-

ment of CMs derived from human induced pluripotent stem cells (iPSC-CMs) has 

become a new promising way to model the complex cellular physiology of human 

cardiac cells, while taking into account the usually relatively immature phenotype 

of iPSC-CMs34. Using methods to stimulate metabolic maturation of iPSC-CMs and 

stimulate oxidative phosphorylation-based energy metabolism35 could improve their 

susceptibility to ischemic damage and enable their use as a model of ischemic heart 

disease. 

In this study, we sought to assess the cardiac regenerative capacity of FSTL1 and 

its’ glycosylation state using a human iPSC-CM-based in vitro ischemia model, and 

exploring a potential role of cardiac fibroblasts.

RESULTS

Hypo- and hyperglycosylated FSTL1 variants exert cardioprotective effects

We analysed cardioprotective effects of FSTL1 and the effect of FSTL1 glycosylation 

by treating CMs with bacterially produced hFSTL1(low-glycosylated; glylow-FSTL1) 

or mammalian produced hFSTL1 (glycosylated; glyhigh-FSTL1) at the onset of 24h 

hypoxia (Figure 1a). The increased molecular weight of glyhigh-FSTL1 was confirmed 
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Figure 1. FSTL1 increases survival of hypoxic matured iPSC cardiomyocytes
A. Schematic representation of experimental set-up. B. Western blot analysis of bacterial and
mammalian produced hFSTL1. C. Flow cytometry analysis of live dead staining. D. Quantifi -
cation of C. E. Microscopic images of TUNEL stained CM nuclei. F. Quantifi cation of E. n=3 
experiments. Data was analysed using one-way ANOVA and Dunnett multiple compa-
rison. *P<0,05, ** P<0,01, ***P<0,001. Scale bar: 200μm. Data represented as mean ± SEM.  

by Western blot (50 kDa vs 37 kDa glylow-FSTL1) (Figure 1b). Flow cytometric anal-

ysis showed a signifi cant increase in viability after treatment with either glycosylation 

variant com pared to control (from 70 ± 3,6% [Control] to 81 ± 2,3% [glylow-FSTL1] or 

79,4 ± 1,9% [glyhigh-FSTL1], P <0,05; Figure 1c, d). Furthermore, both glycosylation 

variants of FSTL1 decreased the number of TUNEL+ CMs (from 37,6 ± 3,5% [Con-

trol] to 22,6 ± 1,2% [glylow-FSTL1] or 24,9 ± 1,5% [glyhigh-FSTL1], P <0,01; Figure 

1e, f).
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Figure 2. Glylow-FSTL1 treatment induces proliferation in healthy and hypoxic matured iPSC-CMs

A. Schematic representation of experimental set-up. B. mRNA expression of cell cycle genes Ki-67 and 

CNND2 (CYCLIN D2) normalized to TATA binding protein (TBP) expression. C. Flow cytometry analysis 

of Ki-67-positive CMs (C) and quantification (D). E-J. Representative images and quantification of Ki-67 

(E, F), pH3 (G, H), and aurora b kinase (I, J). K, L. Microscopic images of EdU, ACTN1 staining (K) and 

quantification (L). Arrowheads indicate EdU+ CMs. n=3 experiments for staining and n=6 experiments for 

flow cytometry. Data was analysed using one-way ANOVA and Dunnett multiple comparison.*P<0,05, ** 

P<0,01, ***P<0,001. Scale bar: 200μm. Data represented as mean ± SEM. 

Hypoglycosylated FSTL1 increases proliferation of hypoxic mature iPSC-CMs

To determine whether FSTL1 could promote proliferation in 40-days metabolic  

maturated iPSC-CMs, we exposed the cells to FSTL1 at the onset of 24h hypox-

ia (Figure 2a). Glylow-FSTL1 treatment prior to 24h ischemia increased the mRNA 

expression of proliferation marker Ki-67 compared to control (1,77 ± 0,35 fold [gly-
low-FSTL1]), P <0,05) and G1/S cell cycle marker CYCLIN D2 compared to control 

(1,82 ± 0,28  fold [glylow-FSTL1]), P <0,05; Figure 2b). Expression of proliferation 

marker Ki-67 was increased after glylow-FSTL1 treatment as confirmed by flow cy-

tometry (1,64 ± 0,23% [glylow-FSTL1]), P <0,05; Figure 2c, d) and immunocytochem-

istry (Figure 2e, f) from 8,4% to 11,5% Ki-67+-CMs while treatment with glyhigh-FSTL1 

did not increase Ki-67 expression (6,2% Ki-67+ CMs). Similarly, only glylow-FSTL1 

treatment increased expression of cytokinesis marker aurora b kinase (from 1,76 ± 

0,18% [control] to 3,8 ± 0,61% [glylow-FSTL1]), P <0,05; Figure 2g, h) and mitotic 

marker pH3 (from 1,12 ± 0,33% [control] to 4,13 ± 0,57% [glylow-FSTL1]), P <0,01; 

Figure 2i, j). 

To further validate if FSTL1 can increase CM proliferation, iPSC-CMs were incubated 

with 5-ethynyl-20-deoxyuridine (EdU) at the moment of the FSTL1 administration at 

the onset of 24h hypoxia to analyse DNA synthesis. glylow-FSTL1 dose-dependently 

increased EdU incorporation in hypoxic CMs while glyhigh-FSTL1 did not and even  

Follistatin-like 1 promotes proliferation of matured hypoxic human iPSC-
cardiomyocytes and  is secreted by human cardiac fibroblasts
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Figure 3. Glylow-FSTL1 treatment after ischemia induces proliferation of iPSC-CMs
A. Schematic representation of experimental set-up. B-G. Representative images and
quantifi cation of Ki-67 (B, C), pH3 (D, E), and aurora b kinase (F, G). H, I. Microscopic images of EdU, 
ACTN1 staining (H) and quantifi cation (I). Arrowheads indicate EdU+ cardiomyocytes. n=3 experiments. 
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Figure 3 continued

Data was analysed using one-way ANOVA and Dunnett multiple comparison. *P<0,05, ** P<0,01, 

***P<0,001. Scale bar: 200μm. Data represented as mean ± SEM. 

decreased EdU incorporation (6,13 ± 1,6% [0ng/mL glylow-FSTL1); 19,0 ± 1,91% 

[glylow -FSTL1]; 1,69 ± 0,43%, Figure 2k, l). We have shown that hypo-glyco-

sylated FSTL1 treatment induced proliferation of hypoxic CMs when CMs were  

supplemented with FSTL1 at the start of hypoxia. To determine potential post-hypoxic  

effects, iPSC-CMs were supplemented with FSTL1 after 24h hypoxia after which we  

treated the cells with FSTL1 and analysed for expression of proliferation markers  

after another 48h of non-hypoxic conditions (Figure 3a). Again, glylow-FSTL1 

induced increased expression of Ki-67 (from 0,4 ± 0,13% [control] to 1,84 ± 0,61% 

[glylowFSTL1]), P <0,05), pH3 (from 0,29 ± 0,14% [control] to 1,89 ± 0,44% [gly-
low-Fstl1]), P <0,01), and aurora b kinase (from 1,0 ± 0,38% [control] to 6,2 ± 2,2% 

[glylow-FSTL1]), P<0,05; Figure 3b-g) compared to control. Furthermore, incorpo-

ration of EdU was increased after treatment with glylow-compared to control (9,11 ± 

3,3% [0 ng/mL glylow-FSTL1]; 23,0 ± 2,84% [50 ng/mL glylow-FSTL1], Figure 3h, i).   

RNA expression profile of FSTL1 treated hypoxic mature iPSC-CMs

To assess the effect of FSTL1 on CM gene expression, we compared the transcrip-

tional profile of glylow-FSTL1 treated ischemic iPSC-CMs with glyhigh-FSTL1 treated 

ischemic iPSC-CMs and control hypoxic iPSC-CMs (n=5) using RNA-seq. Using 

Limma-voom analysis37 we identified 13.546 up-regulated and 2.003 downregulat-

ed genes in glylow-FSTL1 treated ischemic iPSC-CMs compared to control hypoxic  

iPSC-CMs (Figure 4a, b). No significantly differentially expressed genes in  

glyhigh-FSTL1 treated hypoxic iPSC-CMs compared to control hypoxic iPSC-CMs 

could be found (Supplemental figure 1). Principle component (PC) analysis 

showed scattering of the samples based on the largest variance between samples  

Follistatin-like 1 promotes proliferation of matured hypoxic human iPSC-
cardiomyocytes and  is secreted by human cardiac fibroblasts
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Figure 4. RNA expression profi le of FSTL1 treated hypoxic iPSC-CMs
A. Principle component analysis (PCA) plots of hypo-glycosylated FSTL1 treated hypoxic iPSC-CMs and
control hypoxic iPSC-CMs showing the separation between the samples based on the top
differentially expressed genes using DESeq2. B. MA density plot of up- and down-regulated
genes in hypo-glycosylated FSTL1 treated iPSC-CMs compared to control using DESeq2.
The x-axis shows mean values of normalized counts of all samples and the y-axis shows log2
Fold change in expression. C. Gene ontology enrichment analysis of GO term biological
processes showing the top upregulated biological processes enriched after treatment with
hypo-glycosylated FSTL1 compared to control. D. Heatmap of normalized reads of signifi cantly
upregulated cell cycle, DNA repair or antioxidant genes after hypo-glycosylated FSTL1
treatment compared to control analysed using Limma-voom differential expression analysis.
Fold change compared to control is shown.  
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indicating clustering based on CM cell line and the experimental batches (Figure 

4b). Gene ontology enrichment analysis indicated the top biological processes  

enriched in glylow-FSTL1 treated hypoxic iPSC-CMs were cell proliferation and  

cellular response to oxidative stress (Figure 4c). Analysis of specifically  

upregulated genes after glylow-FSTL1 treatment showed upregulation of cell  

cycle genes, DNA repair genes and antioxidant genes while treatment with 

glyhigh-FSTL1 did not induce similar upregulation. Amongst downregulated  

biological processes after glylow-FSTL1 treated were G-protein coupled receptor 

pathways and activation of the immune system (Figure 4d). Differential expres-

sion analysis between control, glylow-FSTL1 and glyhigh-FSTL1 indicated significantly 

increased mRNA expression of cell cycle genes, DNA damage repair genes and 

antioxidants after glylow-FSTL1 treatment. All together, we have shown that only  

glylowFSTL1 specifically increases activation of proliferation and the reparative  

response to oxidative stress and reactive oxygen species. 

Human cardiac fibroblasts secrete FSTL1 and co-culture with cardiomyocytes in-
creases FSTL1 secretion 

We have shown exposure to glylow FSTL1 can increase proliferation and cardiopro-

tection of human metabolically matured CMs under hypoxic conditions. To examine 

whether human cFBs produce FSTL1 and if expression changes under ischemic 

conditions, we analysed the expression of FSTL1 by human foetal cardiac fibroblasts 

(hf-cFBs) and iPSC derived cardiac fibroblasts (iPSC-cFBs) (Figure 5a).  Hf-cFBs 

and iPSC-cFBs were positive for vimentin and collagen 1 (Figure 5b, c). qRT-PCR 

analysis for FSTL1 revealed both CMs and cFBs expressed FSTL1 with higher bas-

al expression levels for iPSC-cFBs compared to CMs and hf-cFBs (Supplemental 

figure 1). Comparison of FSTL1 mRNA expression levels showed a trend towards 

decreased FSTL1 expression in iPSC-cFBs after 24h hypoxia compared to non-hy-

poxia. No changes in expression of FSTL1 in hf-cFBs were observed comparing to 

Follistatin-like 1 promotes proliferation of matured hypoxic human iPSC-
cardiomyocytes and  is secreted by human cardiac fibroblasts
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Figure 5. Healthy and hypoxic human cardiac fi broblasts produce FSTL1  
A. Schematic representation of experimental set-up. B, C. Microscopic images of vimentin-1 and collagen
1 staining of human foetal cardiac fi broblasts (hf-cFBs) (B) and human iPSC-cFBs (C). D.
Endogenous FSTL1 mRNA expression levels normalized to TATA binding protein (TBP) levels.
E-H. Western blot of FSTL1 protein expression by human foetal cardiac fi broblasts (hf-cFBs) (E)
and human iPSC-cFBs (G) and quantifi cation (F, H). n=3 experiments. Data was
analysed using one-way ANOVA and Dunnett multiple comparison. *P<0,05, ** P<0,01,
***P<0,001. Scale bar: 200μm. Data represented as mean ± SEM.  
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non-hypoxic cell culture conditions (iPSC-cFB: 0,9 ± 0,3 fold [24 hour 21%]; 0,72 ± 

0,2 fold [4 hour 1%], 0,51± 0,14 fold [24 hour 1%], P = 0,2, Figure 5d, Supplemen-

tal figure 2). Analysis of FSTL1 protein levels showed both hf-cFBs and iPSC-cFB 

express FSTL1 protein at a similar intensity of bands. cFBs expressed FSTL1 of 

the two molecular weights: ~37kDa and ~50kDa (Figure 5e, f) while iPSC-cFB only 

expressed the lower molecular weight variant of FSTL1 resembling the non-glyco-

sylated FSTL1 (glylow) (Figure 5g, h). Under hypoxic conditions, hf-cFBs showed 

decreased expression of both protein isoforms (Figure 5e, f). Hypoxia did not sig-

nificantly alter Fstl1 protein expression in iPSC-cFBs (Figure 5g, h).  

We have shown that both, foetal and iPSC-derived cFBss, produce FSTL1 and it 

appears that FSTL1 production decreased in prolonged hypoxia. We next aimed to 

determine whether human cFBs and CMs not only express, but also secrete FSTL1 

and if so whether the degree of FSTL1 secretion is affected by decreased oxygen 

availability. Concentrations of secreted FSTL1 into iPSC-CMs and iPSC-cFBs media 

after 4h or 24h of hypoxia were determined with the luminex bead-based multiplex 

detection system. In non-hypoxic conditions, iPSC-CMs and iPSC-cFBs secreted 

similar levels of FSTL1 (6327 ± 170,4 pg/mL [cFBs] and 6229± 163,1 pg/mL [CMs]; 

Figure 6a). While hypoxia  decreased the internal FSTL1 protein levels in iPSC-de-

rived cFBs, media FSTL1 levels increased in hypoxia (from 6327 ± 170,4 pg/mL [24h 

21%] to 8582± 376,8 pg/mL [24h 1%], P<0,01). In iPSC-CMs, ischemia decreased 

FSTL1 protein secretion (from 6229± 163,1 pg/mL [24h 21%] to 5250± 102,5 pg/mL 

[24h 1%], P<0,01). We next determined the effect of co-culturing iPSC derived CMs 

and cFBs of the same cell line on FSTL1 media levels in normoxia and hypoxia. To 

test this, CMs and cFBs were cultured at 80/20%, 70/30% or 50/50% ratio and im-

munofluorescence staining was used to confirm both cell types were present (Figure 

6b, c).  Non-hypoxic conditions showed highest FSTL1 secretion in a 70/30% iPSC 

CM/cFBs (from 6229± 163,1 pg/mL [CM] to 15404± 1037 pg/mL [70/30%], P<0,001; 

Figure 6d) compared to cFB-only. While hypoxia decreased FSTL1 secretion in CM 

Follistatin-like 1 promotes proliferation of matured hypoxic human iPSC-
cardiomyocytes and  is secreted by human cardiac fibroblasts
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Figure 6. Hypoxia increases human iPSC-fi broblast FSTL1 secretion but decreases iPSC
cardiomyocyte FSTL1 secretion.  
A. Media FSTL1 protein levels of CMs or cFBs as determined by Luminex assay. B, C. Microscopic 
images of collagen 1 and α-actinin staining of CM/cFB co-cultures in normoxia (B) and hypoxia (C). D, 
E. Media Fstl1 protein levels in normoxia (D) or after 4h hypoxia (E). F. Media FSTL1 levels after 24h 
hypoxia. G. Comparison of FSTL1 secretion levels by the different cell types in healthy and hypoxic cells. 
Changes depict higher, equal or lower expression of the cell types in the rows compared with the columns. 
n=4 experiments. Data was analysed using one-way ANOVA and Dunnett multiple comparison. *P<0,05, 
** P<0,01, ***P<0,001. Scale bar: 200μm. Data represented as mean ± SEM.  
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monoculture, the presence of cFBs increased the FSTL1 media levels to similar lev-

els as cFB only (Figure 6e). In long-term hypoxia, a ratio of 80%/20% CM/cFB did 

not increase FSTL1 secretion to the level of cFB monoculture while the presence of 

30% or more cFB did further increase FSTL1 secretion (Figure 6f). At higher CM to 

cFB ratios, longer duration of hypoxia increased the secretion of FSTL1. However, 

this could also result from the accumulation of FSTL1 in the media due to a longer 

period of media conditioning. Compared to 24h normoxia, hypoxia increased the 

FSTL1 secretion in cFBs, while co-culture with CMs significantly decreased FSTL1 

secretion at high CM ratio (Supplemental figure 3). At a higher cFB ratio, 24h  

hypoxia did not change FSTL1 secretion in CM-cFB co-cultures. Altogether, we  

report differences in FSTL1 secretion between cell types and between healthy and 

hypoxic culture conditions (Figure 6g).  

DISCUSSION

In this study, we report that FSTL1 can protect human iPSC-CMs from ischemia 

induced cell death independent of protein glycosylation and we found hypo-glyco-

sylated FSTL1 stimulates proliferation of metabolically matured human CMs when 

administered either before or after injury. Furthermore, we report both human  

iPSC-CMs and human cFBs secrete FSTL1 in which CMs decrease FSTL1  

secretion in hypoxia and cFBs increase their FSTL1 secretion. Previously, iPSC-CMs 

have been reported to have an immature metabolic phenotype mainly relying on  

anaerobic glycolysis for ATP production instead of oxidative phosphorylation as 

seen in adult CMs37-39. The metabolic demand affects the CM ability to reflect the  

phenotype of adult CM during ischemic injury, as in the myocardium the absence of 

oxygen and nutrients induces a shift towards glycolytic metabolism40-42. In this study, 

we used maturation media35 to shift the metabolism of the CMs towards oxidative 

phosphorylation and therefore increase susceptibility to oxygen deprivation. As we 

show these metabolically matured CMs, previously shown to have limited innate cell 
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cycle activity, can be stimulated to proliferate, this suggests CMs in the human heart 

can be stimulated to proliferate using FSTL1. 

Whether there is a population of cycling CMs in the adult heart remained debatable 

even though a turnover rate of <1% per year in human hearts has been reported via 

the integration of nuclear bomb test derived 14C into genomic DNA44-46. If there is an 

innate turnover of CMs in the human heart, amplification of the degree of CM renew-

al could be an efficient method to mediate cardiac repair after injury. Previous stud-

ies have attempted to stimulate CM proliferation by targeting YAP1-Hippo signal-

ling47-49, ErbB250,51, and Notch signalling52, 53, but, so far, clinical translation has failed. 

Commonly used proliferation marker Ki-67 has been found to also be expressed in 

non-proliferating cells when there is overexpression of cell damage markers P53 

and P2154, 55, which could bias reported effects of regenerative factors. However, 

the reduced regenerative effect in translational studies could also be related to dif-

ferences between animal models and the human heart56, 57 and delivery issues58,59. 

Furthermore, with regenerative approaches the focus often lies on stimulation of CM 

proliferation while restoration of vascularisation and preventing extensive fibrosis 

are also required to enable cardiac regeneration. In light of this, studying regener-

ative factors that can also stimulate angiogenesis, target fibroblast behaviour and 

function in intercellular communication could be a promising approach. We report 

FSTL1 can double or triple the expression of multiple proliferation markers in hu-

man CMs to similar percentages of EdU and pH3 expression as reported in previ-

ous animal studies48,60 and higher aurora b kinase levels than previous studies47,49. 

This together with previous reports of increased vascularisation and cardioprotection 

by FSTL1 makes it a promising target for cardiac repair. Additionally, we also re-

port differential gene expression after hypo-glycosylated FSTL1 treatment in which 

all biological processes of cell proliferation (nuclear division, G2/M progression,  

mitosis, anaphase) and the protective response to oxidative stress and reactive  

oxygen species are up-regulated. Furthermore, genes involved in cytolysis and  
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immune cell activation were significantly down-regulated after hypoglycosylated 

FSTL1 treatment suggesting FSTL1 might also exert cardioprotective effects by 

modulating the pro-inflammatory activity of the immune system in the ischemic in-

farct. By decreasing both cell death and secretion of pro-inflammatory cytokines, the 

regenerative effect of FSTL1 treatment is more likely to lead to production of new 

CMs actually surviving, in a less inflammatory microenvironment of the infarct. 

The secretion of cardiokines plays important roles in intercellular communication 

during physiology and disease both by mediating paracrine crosstalk inside the heart 

and by facilitating communication with peripheral organs61. To illustrate, the release 

of atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) has been found 

to enable dynamic motion of the ventricular wall while cardiokine IL-33 released by 

cFBs regulated CM hypertrophy via CM soluble protein ST219.  Ischemia-inducible 

cardiokine secretion has been reported in the murine heart among which FSTL1 was 

identified as a cardioprotective cardiokine capable of preventing CM apoptosis16. 

Next to FSTL1, other cardioprotective cardiokines have shown altered secretion in 

ischemia16  among which calcitonin gene related peptide62, apelin63, cardiotrophin-1, 

and FSTL1 regulated protein GDF-1564-66. Cellular FSTL1 secretion by epicardial 

cells67, CMs27, 33, 68 and cFBs33 has been reported in previous studies. In murine isch-

emic hearts, expression of FSTL1 was found to be essential in preventing cardiac 

rupture when expressed by cFBs32, 43 and expression of hypo-glycosylated FSTL1 

was found to be capable of stimulating immature CMs to proliferate23, 27, 31, 69. In the 

human heart, elevated FSTL1 plasma levels and CM FSTL1 secretion have been 

reported in patients with heart failure61, 65, 70, 71. As ischemia impairs endoplasmic re-

ticulum (ER) protein synthesis, protein secretion is decreased for most proteins16, 

72. Maintained or increased protein secretion during ER stress suggests important 

functions for these proteins in the post-ischemic repair response16. Our data demon-

strates that ischemic conditions induce an increase of FSTL1 secretion only from 

cFBs while it decreases from iPSC-CMs. 
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Furthermore, we found differences in FSTL1 expression in hf-cFBs and hiPSC-cFBs 

in which hf-cFBs expressed both glycosylation variants while iPSC-cFBs only  

expressed hypo-glycosylated FSTL1. Glycosylation has been linked to biologi-

cal activity of FSTL1 signalling31, 69. Differential expression of FSTL1 glycosylation  

variants during differentiation has been reported in pre-adipocytes to be associated 

with ability of thermogenesis73. As FSTL1 has been found to be important for mul-

tiple processes during cardiac development and late myocardial cell formation74, 75,  

nctions while after development, predominant expression of hypo-glycosylated 

FSTL1 by adult cardiac fibroblasts might be more beneficial to mediate cardiac  

repair. Since we show that only hypo-glycosylated FSTL1 can induce CM  

proliferation, it seems likely that insufficient amounts of hypo-glycosylated FSTL1 

are linked to the limited innate reparative capacity of the heart. Interestingly, we 

found while intracellular FSTL1 expression in fibroblasts decreased under hypoxic 

conditions, secretion of FSTL1 increased. However, the mechanism and dynam-

ics of intracellular and secreted FSTL1 concentrations during hypoxia remain to be  

elucidated. In previous studies, FSTL1 expression by fibroblasts was reported to be 

associated with cFB migration and proliferation in murine infarcts as part of the acute 

cardiac repair response33. Furthermore, higher levels of circulating FSTL1 in dogs 

were reported to prevent metabolic alterations in the failing heart and improve car-

diac function76. The increased presence of fibroblasts in the infarcted myocardium 

and the previously described role of FSTL1 production by cFBs in preventing cardiac 

rupture32, suggested that hypoxic cFBs might have altered FSTL1 production and 

secreted FSTL1 might influence the response of hypoxic CMs. 

This is the first report of FSTL1 production by human cFBs and CMs. We have 

shown that co-culture of both cell types increases FSTL1 secretion which indi-

cates cellular communication related to FSTL1. Furthermore, in hypoxia the pres-

ence of cFBs even at low cell numbers is sufficient to increase FSTL1 secretion in  
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co-culture with CMs. Further elucidation of FSTL1 signalling between CMs and cFBs 

in the healthy and ischemic heart could provide insights into how we can tap into this 

intercellular communication to support cardiac repair. 

METHODS

Cell culture. human iPSCs were kindly provided by Joseph Wu (CVI-273) and Tomo 

Saric (NP0141-31B) and isolation of peripheral blood mononuclear cells and repro-

gramming were performed as previously described77, 78. human iPSCs were grown 

in Essential 8TM media (Gibco A1517001) until they reached 90-100% confluency. 

Differentiation to CMs was initiated by changing media to RPMI 1640 (ThermoFisher 

Scientific 11875085) and B27 minus insulin supplement (ThermoFisher Scientific 

A1895601) containing 7uM CHIR99021 (Selleck Chemicals S2924). After 3 days, 

canonical Wnt signalling was inhibited through the supplementation with Wnt-C59 

(R&D systems 5148). At day 7, the media was changed to RPMI 1640 and B27 plus 

insulin supplement (ThermoFisher Scientific 17504001) after which the CMs were 

purified in RPMI 1640 no glucose (ThermoFisher Scientific 118979020) at day 9.  At 

day 11 of differentiation, cells were re-plated in 10% KnockOutTM serum replacement 

(KOSR) (ThermoFisher Scientific 108280028) RPMI/B27 plus insulin. After a second 

purification step, media was changed to RPMI/B27 plus insulin. At day 20, media 

was changed to maturation media as previously described36. Cells were matured in 

maturation media for 3 weeks before re-plating with media changes every four days.  

iPSC-cFBs were differentiated from hiPSCs as previously described79. In short, dif-

ferentiation was started at 100% confluency by changing media to RPMI 1640 and 

B27 minus insulin supplement containing 16uM CHIR99021. After 2 days, media 

was changed to CFBM media supplemented with 75 ng/ml bFGF (WiCell Research 

Institute). Media was changed every other day with CFBM media80 supplemented 

with 75 ng/ml bFGF before passaging with TryplE express (Gibco 12604013) to a 
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T75 in DMEM (Gibco 11995065)/10% foetal bovine serum (Sigma Aldrich 12103C)/ 

1% B27 plus insulin media at day 20.  

Human foetal tissue for hf-cFBs was obtained following parental permission using 

standard informed consent procedures and fibroblasts were isolated as previously 

described80. 

  

Co-culture experiments. iPSC-CMs were plated at a density of 263 000 cells/cm2. 

As iPSC-cFBs expand from single cell to full confluency in three days and iPSC car-

diomyocytes have a basal negligible proliferation rate, iPSC fibroblasts were seeded 

at a three times lower density at day -3 to ensure the reported cell ratios.  

Hypoxia simulation. Cells were exposed to 1% O2 in a hypoxia workstation (Baker 

Ruskinn INVIVO2 1000) or <1% in a BD GasPakTM EZ Pouch system for 4h or 24h 

after a 24-h glucose starvation period during which 4 days after the previous media 

change, media was not changed.  

Fstl1 supplementation. Recombinant human FSTL1 synthesized in Escherichia 

coli (Aviscera Bioscience) and in a mouse myeloma cell line (R&D systems) were 

used to include the effect of glycosylation on Fstl1 function in human iPSC-CMs. 

24h prior to hypoxia or after hypoxia, cells were stimulated with bacterially or mam-

malian-synthetized recombinant human FSTL1 (1,0-500ng mL-1) before measure-

ment of EdU incorporation. Similarly, cells were stimulated with bacterially or mam-

malian-synthetized recombinant human FSTL1 (100ng mL-1) for Ki-67, PH3, Aurora 

B kinase immunofluorescence staining, RNA expression analysis and flow cytomet-

ric analysis.  

Immunofluorescence. Cells were fixed in 4% paraformaldehyde and permeabilized 

in 0,1% Triton-X100 before blocking in 10% normal goat serum/1% BSA (Millipore 
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Sigma). Cells were incubated with primary antibodies (α-actinin (Sigma-Aldrich 

A7811, 1:00), cardiac troponin T (Abcam ab45932, 1:100), Ki-67 (Abcam ab8330, 

1:200), PHH3 (Cell Signaling Technology #9701 1:200), aurora B kinase (Abcam 

ab2254, 1:100) overnight and detection was mediated by incubation with second-

ary antibodies (Alexa Fluor® antibody conjugates (Thermofisher Scientific)) for one 

hour. DAPI was used as a nuclear marker. Mounting was performed using Fluoro-

mount-GTM medium (Thermofisher Scientific). 

To determine cell loss via pathways involving DNA fragmentation, TUNEL assays 

(Roche) were performed according to the manufacturer’s instructions. In vitro pro-

liferation after FSTL1 supplementation was assessed using Click-iTTM EdU incorpo-

ration kit (Life Technologies) according to the manufacturer’s instructions. Imaging 

was performed using a confocal microscope (Leica Sp8x) and image analysis usin 

ImageJ. 

RNA extraction and qPCR. RNA was extracted from the cells with Tripure isolation 

reagent (Roche) and reverse transcribed to cDNA using qScript cDNA synthesis kit 

(Quantabio). Expression of target genes was determined using PerfectaTM SYBR® 

green super mix (Quantabio) and gene-specific primers. TATA box binding protein 

(TBP) mRNA expression was used as a housekeeping reference and expression 

levels were normalized to control using the ∆∆CT quantification method. 

RNA sequencing. After RNA extraction, RNA quality was determined using Qubit™ 

RNA HS Assay Kit (ThermoFisher) and the Qubit fluorometer. The RNA library was 

prepared using the NEXTflex™ Rapid RNA-seq Kit (Bio Scientific) and sequenced 

by CEL-seq (Illumina) to determine RNA expression. The Galaxy environment81 was 

used to analyse differential expression between two groups with DESeq2 and Lim-

ma-voom between >two groups. Pairwise comparison between groups were con-

ducted by applying the Wald test of the negative binomial distribution to the log2 
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gene counts and significance was determined by an adjusted P value <0,05. 

Western blotting. Protein extraction was mediated by RIPA lysis buffer (Thermo 

Scientific 89901) supplemented with phosphatase inhibitors (PhosSTOP Roche) 

and protease inhibitors (cOmplete Roche). After determining protein concentrations 

with PierceTM BCA protein assay kit (Thermo Scientific), proteins were reduced using 

Laemmli reagent (Biorad) supplemented with 10% β-mercaptoethanol (Gibco) and 

5 minutes incubation at 95° Celcius. Proteins were loaded on 4–15% acrylamide 

Mini-Protean TGX gel (BioRad). After running gel electrophoreses, proteins were 

transferred to a PVDF membrane and blocked in 5% BSA in tris-buffered saline 

with Tween-20 (Thermo Scientific) (TBST). Primary antibody used was anti-Fstl1 

MAB1694 (R&D systems, 1:1000) and detection was mediated by secondary anti-rat 

horseradish peroxidase (HRP)-conjugated antibody 31470 (Thermofisher Scientific, 

1:2000) in a BioRad ChemiDocTM Imager system.  

Flow cytometry. Cells were gently dissociated with Multi Tissue Dissociation kit 

(Miltenyi Biotec) and incubated with LIVE/DEADTM fixable green dead cell stain kit 

(Thermofisher Scientific). Cells were fixed in inside fix solution (Miltenyi Biotec) and 

stained with primary antibodies diluted in inside perm solution (Miltenyi Biotec). Con-

jugated primary antibodies used were: α-actinin-VioBlue (130-106-996 Miltenyi Bio-

tec, 1:10), and KI67-APC (130-111-761 Miltenyi Biotec, 1:10). As a control, universal 

isotype control antibodies (REA Miltenyi Biotec) were used. Media and washes were 

collected to obtain a complete representation of cell loss. The samples were anal-

ysed using FACS Canto system (BD Bioscience) and FlowJo software. 

Luminex Bead-Based Array. Media were analysed for FSTL1 protein levels  

using Luminex magnetic bead-based multiplex assay (R&D systems) according 

to the manufacturer’s instructions. In short, a standard curve was generated using  

Marijn Peters_To repair the infarcted heart.indd   134Marijn Peters_To repair the infarcted heart.indd   134 07-10-2021   15:3107-10-2021   15:31



135

calibrator diluent and the standards and samples were transferred to a microplate. 

The microparticle cocktail was added to the wells and the plate was incubated for 2 

hours at room temperature on a horizontal orbital microplate shaker after which the 

plates were washed and consecutively incubated with the diluted Biotin-Antibody 

Cocktail and the diluted Streptavidin-PE cocktail. After resuspending the magnetic 

microparticles, the plates were read by a Luminex Analyzer (R&D systems).   

Statistical analysis. All experiments were performed in iPSC lines from two donors. 

The n number depicted in the figures represents the number of independent experi-

ments performed. Statistical analysis was performed using Prism 8 (GraphPad) soft-

ware and quantifications are represented as mean ± SEM. To compare the expres-

sion of 2 groups a normality test was performed followed by a Student’s t-test. For 

>2 groups, one-way ANOVA was used after confirmation of normal distribution with 

a Shapiro-Wilk test. Post-hoc analysis was done with Dunnett multiple comparisons 

to determine statistically significant (P<0,05) results. 

Study approval. Derivation and use of human iPSCs and human foetal cardiac 

progenitor cells or fibroblasts were approved by the ethical committee of University 

Medical Center Utrecht (Utrecht, the Netherlands). All subjects provided informed 

consent prior to participation.
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Figure S1. Differential expression analysis of hyper-glycosylated Fstl1 treated hypoxic iPSC-CMs
A. Principle component analysis (PCA) plots of hyper-glycosylated Fstl1 treated hypoxic iPSC-CMs and 
control hypoxic iPSC-CMs showing the variance between the samples using DESeq2. B. MA density plot 
of up-and down-regulated genes in hyper-glycosylated Fstl1 treated iPSC-CMs compared to control using 
DESeq2. The x-axis shows mean values of normalized counts of all samples and the y-axis shows log2 
fold change in expression 
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Figure S2. Fstl1 mRNA expression by human cardiac fi broblasts and human cardiomyocytes
A. Fstl1 CT values by qRT-PCR of human foetal cardiac fi broblasts (hf-cFBs), iPSC-cFBs, and iPSC-CMs. 
B. Housekeeping gene TATA binding protein (TBP) CT values. Data represented as mean ± SEM
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Figure S3. FSTL1 secretion in normoxia and long-term hypoxia.  Media levels of FSTL1 as deter-
mined by Luminex assay in normoxia or 24 hours hypoxia in cardiomyocyte or cardiac fibroblast mono-

culture of co-culture conditions (CM:cFB). Data represented as mean ± SEM.  
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ABSTRACT  

Heart failure (HF) as a result of myocardial infarction (MI) is the leading cause of death 

worldwide. In contrast to the adult mammalian heart, which has low regenerative 

capacity, newborn mammalian and zebrafish hearts can completely regenerate 

after injury. Cardiac regeneration is considered to be mediated by proliferation of 

pre-existing cardiomyocytes (CMs) mainly located in a hypoxic niche. To find new 

therapies to treat HF, efforts are being made to understand the molecular pathways 

underlying the regenerative capacity of the heart. However, the multicellularity of 

the heart is important during cardiac regeneration as not only CM proliferation but 

also the restoration of the endothelium is imperative to prevent progression to HF. 

It has recently come to light that signalling from non-coding RNAs (ncRNAs) and 

extracellular vesicles (EVs) plays a role in the healthy and the diseased heart. Multiple 

studies identified differentially expressed ncRNAs after MI, making them potential 

therapeutic targets. In this review, we highlight the molecular interactions between 

endothelial cells (ECs) and CMs in cardiac regeneration and when the heart loses 

its regenerative capacity. We specifically emphasize the role of ncRNAs and cell-cell 

communication via EVs during cardiac regeneration and neovascularisation. 
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1. INTRODUCTION  

The non-coding part of the genome has come to light as an essential regulator 

in physiology and disease1. Non-coding genes can be subdivided into different 

categories based on their length: short non-coding genes (<200 nucleotides (nt)) 

and long non-coding genes (>200 nt))2. Within small non-coding RNAs (ncRNAs), 

microRNAs (miRNAs/miRs) received increasing attention as mediators of mRNA 

expression in multiple diseases. Less understood classes of ncRNAs including 

transcribed ultraconserved regions (T-UCRs), small nucleolar RNAs (snoRNAs), 

PIWI-interacting RNAs (piRNAs), large intergenic non-coding RNAs (lincRNAs) and 

long non-coding RNAs (lncRNAs) are also being associated with the development 

of human diseases1. Among other functions, ncRNAs are known for the inhibition 

of mRNAs, transposon repression, DNA methylation, chromatin modification 

and influencing mRNA stability. High conservation of non-coding regions across 

phylogeny denotates an important role of ncRNAs in regulating gene expression3. 

Single-nucleotide polymorphisms (SNPs) in non-coding regions or disruption of 

ncRNA expression have been associated with the progression of cardiovascular 

diseases4. Furthermore, paracrine signalling of ncRNAs via extracellular vesicles 

(EVs) has recently received increasing attention as a molecular mechanism 

influencing pathophysiology and as a potential therapeutic target for cardiovascular 

diseases5,6. 

The human heart has limited regenerative capacity. As such, in response to 

myocardial infarction (MI), the injured myocardium is replaced by a fibrotic scar. 

Extensive remodeling of the myocardium after injury can limit the contractile capacity 

of the heart and lead to heart failure (HF). At steady state, cardiomyocyte (CM) 

renewal re-places apoptotic CMs at a rate of 0,5–1% per year7. Even though CM 

proliferation rate increases after injury, it remains insufficient to fully regenerate 

the lost myocardial tissue8. In contrast to the adult mammalian heart, neonatal 

mammal and zebrafish hearts display efficient myocardial regeneration after 

Non-coding RNAs in endothelial cell signalling and hypoxia during cardiac 
regeneration
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injury9–11. Evidence supports that the time window for mammalian heart regeneration 

is defined by a postnatal shift towards aerobic metabolism which promotes CM 

cell cycle arrest12. Hypoxia signalling is a key mechanism for cardiac regeneration 

in the zebrafish heart and is achieved by the absence of endothelial cells (ECs) 

adjacent to CMs13,14. The main strategy aiming to improve the regenerative capacity 

of the heart has been to stimulate CM proliferation15. However, it is important to 

note that the heart is not solely composed of CMs and that myocardial function 

also depends on other cell types and their molecular interactions. The healthy 

human heart consists of an estimated 2–3 billion CMs, making up to a third of the 

total number of cells and 70% of the cardiac volume16 whereas mesenchymal cells 

(e.g. cardiac fibroblasts (CFs)) were found to account to half of cardiac cells in the 

human heart17. The contribution of ECs and smooth muscle cells (SMCs) to the 

cardiac cellular composition has long been considered minor. However, a recent 

study combining robust genetic models and cellular markers showed that the non-

myocyte population of the murine heart consists of >60% ECs and <20% CFs18. This 

revisited cardiac cell composition suggests that ECs are present in a much higher 

frequency to what was classically predicted, which might have direct implications 

on cardiac pathophysiology19. Hence, inducing only CM proliferation after MI may 

lead to defective heart regeneration as newly formed CMs are unlikely to survive 

the post-ischemic microenvironment in the absence of oxygen-supplying ECs20. 

CMs interact with surrounding cells via physical contact and paracrine signalling. 

Upon MI, CMs in the infarcted area undergo ischemic cell death and apoptosis21. 

CMs disassemble their sarcomeres and mitochondria condense their chromatin and 

lose their rod-shaped morphology22. The interaction between apoptotic CMs and the 

microvascular network of ECs post-MI has been studied extensively23. Both hypoxia 

and reperfusion disrupt the redox states in CMs leading to oxidative stress, impaired 

mitochondrial oxidative phosphorylation and eventually to apoptosis during the acute 

phase after MI, in a process mediated by activation of caspase-323. Unexpectedly, it 
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has been suggested that CMs with potential to re-enter the cell cycle proliferate due 

to extracellular signals present in the infarct border-zone24, which correlates with a 

reduction in capillary density and decreased signalling from ECs. Hypoxia inducible 

factor 1α (Hif1α) stabilization in CMs located in a hypoxic microenvironment was 

found to be a hallmark of CM proliferation25. Hif1-regulated genes are involved 

in O2 delivery and consumption, glycolysis, mitochondrial function, cell survival, 

antioxidant defence, and angiogenesis26. In fact, loss of hypoxia signalling prevented 

effective regeneration of the zebrafish heart14 and the small subset of cycling CMs 

in the adult mammalian heart was located in a hypoxic niche25. Hif1α is the main 

regulator of the hypoxia-induced stress response as its activity is regulated by post-

translational ubiquitination and degradation under normoxic conditions25,27. Under 

low environmental oxygen, hydroxylation and subsequent ubiquitination of Hif1α 

do not take place allowing its translocation to the nucleus and activation of gene 

expression. Postnatal CMs lose their ability to proliferate when their metabolism 

changes from anaerobic glycolysis to oxidative phosphorylation12. ROS, oxidative 

DNA damage, and DNA damage response (DDR) markers significantly increase 

during the postnatal period, which correlates with a progressive loss of cardiac 

regeneration. Inversely, stimulation of postnatal hypoxemia increased the proliferative 

time window of CMs12. The important role of low environmental oxygen and Hif1α 

stabilization in CM proliferation contradicts evidence that fast revascularisation is 

essential to support cardiac regeneration28. Yet, the neonatal murine heart is heavily 

vascularised after regeneration9,10 and without vascularisation of the injured area, 

regeneration ends prematurely29,30. Taken together, CM proliferation, hypoxia and 

neovascularization seem to be pivotal processes for cardiac regeneration that 

exhibit a very precise spatiotemporal regulation (Figure 1). Understanding the 

intrinsic molecular mechanisms underlying the role of hypoxia and vascularisation 

in CM proliferation may uncover the importance of EC-CM signalling in cardiac 

regeneration. Increasing evidence indicates that the molecular mechanisms involved 

Non-coding RNAs in endothelial cell signalling and hypoxia during cardiac 
regeneration
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Figure 1. Hypoxia signalling is essential for cardiac regeneration.  
Following an ischemic event, the myocardium is marked by extensive cell death (infarcted area). 
In the borderzone, lower EC:CM ratio activates a hypoxic signalling cascade (e.g. Hif1α stabili-
zation) characterized by induction of EC and CM proliferation. Subsequent revascularization of 
the borderzone increases oxygen saturation, reducing hypoxia signalling (e.g. Hif1α degrada-
tion) and limiting CM proliferation. Higher oxygen levels, also found in the remote myocardium, 
favour CM survival. Neovascularization and neomyogenesis are tightly regulated processes and 
modulated by ncRNAs. In response to hypoxia, miR-199 (downregulated in CMs), miR-210 (upregu-
lated in CMs, ECs and SMCs) and miR-424 (upregulated in ECs) favour Hif1α stabilization. In con-
trast, miR-15a,b (upregulated in CMs) and miR-24 (upregulated in ECs) favour Hif1α degradation.
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in the heart response after MI and cardiac regeneration are also under epigenetic 

control of ncRNAs (Figure 1).

1.1. NON-CODING RNAS IN ENDOTHELIAL CELL SIGNALLING   

ncRNAs are well established mediators of EC proliferation and mediate the interaction 

between ECs and CMs as paracrine elements. Differential expression of ncRNAs in 

ECs and CMs after ischemic injury indicates the potential of ncRNAs as regulators of 

regeneration and neovascularisation. lncRNAs and miRNAs have also been shown 

to be regulated by hypoxia31–33 and have been proposed as potential therapeutic 

strategies to modulate tissue vascularisation34. Hence, stimulation or inhibition of 

ncRNA expression may be used as a therapeutic tool to induce cardiac regeneration.

1.1.1. miRNAs   

miRNAs (miRs) are single stranded, small ncRNA molecules (~22nucleotides) 

encoded in intergenic regions of the genome that inhibit gene expression by binding 

to the three prime untranslated region (3′UTR) of complementary target mRNAs4. 

Binding can block the translation of the target mRNA or cause mRNA degradation 

depending on the degree of complementarity between the miRNA and the target 

mRNA. miRNAs have been found to control many cellular processes including cell 

survival, differentiation and proliferation35. Furthermore, alterations in cardiac miRNA 

pathways can induce cardiomyopathies and HF36,37. The discovery that miRNAs are 

also important in angiogenesis came from a genetic knockout of the endoRNAse 

Dicer, an essential protein processing pre-miRNAs into mature miRNAs, as these 

animals displayed severely impaired angiogenesis38,39. Multiple miRNAs have been 

found to play a pivotal role in regulating angiogenesis by impairing or inducing EC 

proliferation2,35,40. miRNAs that influence angiogenesis can influence the expression 

Non-coding RNAs in endothelial cell signalling and hypoxia during cardiac 
regeneration
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of coding genes in angiogenic signalling pathways (e.g., multiple miRNAs expressed 

during hypoxia were found to regulate vascular endothelial growth factor (Vegf) 

expression)41 (Table 1). Inversely, the expression of miRNAs can be influenced 

by coding genes involved in angiogenesis. VEGF has been shown to induce the 

expression of miR-20a and miR-31, two miRNAs that can bind the 3’UTR of a negative 

regulator of angiogenesis, tumour necrosis factor superfamily-15 (TNFSF15)42. 

Furthermore, hypoxia was also shown to affect miRNA-mediated signalling between 

ECs and CMs40,43. miRNAs that are involved in the hypoxia signalling were recently 

named hypoxamiRs and were identified as crucial components to regulate cellular and 

molecular responses to decreased oxygen tension40,44. HIF1α is modulated by several 

miRNAs in ischemic heart disease44,45 and prevents hypoxia-induced mitochondrial 

damage32. Indeed, downregulation of hypoxamiR-199 in ischemic CMs led to the 

stabilization and upregulation of hif1α expression. This occurs through derepression 

of SIRTUIN-1, a class III histone deacetylase targeted by hypoxamiR-199 which, 

in turn, prevents PHD2-mediated destabilization of HIF1α32. PHD2 downregulation 

by SIRTUIN-1 is mediated by NAD-dependent deacetylase activity of SIRTUIN-1. 

Sirtuin-1 is also targeted by the endothelial expressed miR-24, a miRNA involved 

in EC apoptosis through targeting of the endothelium-enriched transcription factor 

GATA2 and the p21-activated kinase PAK433. Silencing of endothelial miR-24 in 

mouse hearts after MI limited the infarct size and increased cardiac function. miR-

210, another hypoxamiR, is ubiquitously upregulated in multiple cardiac cell types 

during ischemic injury including ECs, SMCs and CMs46. During hif1α stabilization, 

miR-210 expression is increased in CMs repressing its targets protein tyrosine 

phosphatase 1b (Ptp1b), ephrinA3 (Efna3) and Hif3α. Intramyocardial injections of 

miR-210 increased CM proliferation and survival and EC proliferation43,45,47. However, 

another study found detrimental effects of miR- 210 in mouse hearts through 

repression of its target hif1α in ECs and CMs48. The authors also suggest that miR-

210 might play a different role in the mouse and human ischemic myocardium. The 
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exact molecular mechanisms of miR-210 signalling in the post-ischemic human 

heart remain to be investigated. Members of the miR-15 family (miR-195, miR-15b, 

miR-16-1, miR-16-2, miR-424, and miR-497) are also increased during hypoxia40,49. 

miR-15b inhibits the translation of Vegf, therefore limiting neovascularisation of the 

ischemic tissue. In addition, ADP ribosylation factor-like 2 (Arl2) targeting by miR-15 

has been reported to be involved in mitochondrial degeneration and resulting cardiac 

dysfunction49. Moreover, miR-15 targets B-cell lymphoma 2 (Bcl-2) mRNA promoting 

CM apoptosis during hypoxia50. miR-16 and miR-424 target Vegf and fibroblast 

growth factor receptor 1 (Fgfr1) reducing proliferation and migration of ECs51. In 

contrast, hypoxia increased expression of miRNA-424 in cardiac ECs was reported 

to promote angiogenesis by repressing Cullin246. Cullin2 is a scaffolding protein 

required to assemble the ubiquitin ligase system involved in the degradation of HIF1A 

and inhibition of Cullin2 led to HIF1A stabilization46. Differential reported effects of 

the miR-424 might be caused by different transfection methods and efficiencies 

or cell autonomous/non-autonomous documented effects41,51. Furthermore, 

cardiac specific mechanisms might explain the reported diverging effects as 

cardiac ECs can have a different phenotype and response to miRNA signalling.   

Recent studies have demonstrated the role of the miR-15 family in regulating the 

postnatal CM cell cycle arrest52. Transfecting mouse hearts with antimiR-195 inhibited 

the target-binding function of miR-195 and improved cardiac function by stimulating 

CM proliferation53. From this perspective, the miR-15 family, in preventing both CM 

proliferation and angiogenesis, serves as a promising target for regenerative therapy. 

Endogenous endothelial miRNAs (e.g., miR-26a, miR-24, miR-34c, miR- 375, miR-

223) are upregulated in the infarct area after MI and inhibit angiogenesis33,54–56. 

Furthermore, miRNA-200c is upregulated in ischemic ECs and induces EC apoptosis 

by targeting Zeb157. In contrast, some miRNAs promote coronary circulation and 

cardiac microcirculation58. Other pro-angiogenic hypoxamiRs like miRNA-101 and 

miRNA-100 express their functional properties by targeting Heme oxygenase-1 and 
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Cullin-3 signalling and Rapamycin, respectively59–61. miR-126 has been found to 

be highly expressed in healthy ECs and decreased levels could predict impaired 

coronary vascularisation and coronary collaterals62. miR-126 is especially enriched 

in mouse embryos and regulates the response of ECs to VEGF through targeting 

of Sprouty-related protein SPRED1 and phosphoinositol-3kinase regulatory sub-

unit 2 (PIK3R2/p85-b)63. Likewise, the miR-106b~25 cluster has been found to be 

essential for EC proliferation in hindlimb ischemia in mice64. Similar mechanisms 

are likely to play a role in cardiac revascularisation. miRNAs expressed by CMs can 

also contribute to the secretion of specific factors that influence EC behaviour and 

angiogenesis65 or be transported themselves via exosomes to ECs and regulate 

angiogenesis66,67. This allows for tight regulation of neovascularisation in the adult 

heart and provides multiple entry-points for possible therapeutic targets to stimulate 

cardiac regeneration. A recent study performed a genome-wide profiling of ncRNAs 

in the developing and maturing heart and identified differentially expressed miRNAs 

that could underlie the change in regenerative capacity including miR-17-5p, miR-

122-5p and miR-20a-5p68. Additionally, miR-17-5p was found to suppress the 

formation of blood vessels69. Furthermore, RNA sequencing data of murine hearts 

during early stages of postnatal life, at which the regenerative capacity of the heart 

is gradually lost, showed a marked change in expression of miRNAs both in ECs and 

CMs between P3 and P570. 

1.1.2. LncRNAs  

LncRNAs (>200 nt) have been found to contribute to biological processes through 

regulating epigenetic gene silencing or by functioning as a protein scaffold2. Most 

lncRNAs show low sequence conservation between species and most have arisen 

only within the primate lineage71. Interactions between lncRNAs and miRNAs also 

play a role in vascularisation72. LncRNAs can bind to the nucleotide sequence targeted 

Non-coding RNAs in endothelial cell signalling and hypoxia during cardiac 
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by miRNAs, circumventing their effect on mRNA targets73. In addition, miRNAs can 

bind lncRNAs and influence lncRNA stability and induce miRNA-mediated decay72. 

Differential regulation of lncRNAs in heart development, disease and also during 

regeneration and repair provided an indication of the potential to target lncRNAs 

therapeutically (Table 1). Cardiac apoptosis-related lncRNA (CARL) expression was 

found to be increased in hypoxic CMs. Furthermore, sequestering of miR-539 by 

CARL lncRNA prevented mitochondrial fission and apoptosis by downregulating the 

miR-539 mediated inhibition of PHB2 in a mouse model of ischemia/reperfusion 

injury74. Hypoxia-sensitive LncRNA miR503hg is located next to the encoding 

sequence of miR-424 and is involved in the pro-angiogenic response during hypoxia 

through cis-regulatory action on miR-42434. The pro-angiogenic property of ECs 

was recently described to be facilitated by the expression of the lncRNA MANTIS75 

and NONHSAT07364176. Furthermore, analysis of the expression of lncRNAs in the 

heart identified myocardial infarction-associated transcript (MIAT) and PUNISHER 

to be connected to changes in cardiac microvasculature. The presence of lncRNA 

MIAT after a MI suggested a role of lncRNAs in the post-ischaemic heart77 and 

further investigation identified its role in regulating EC function and pathological 

angiogenesis78. Through interaction with endogenous endothelial miR-150-5p, 

which represses Vegf translation, MIAT causes an abnormal upregulation of 

VEGF. The aberrant expression of VEGF leads to pathological angiogenesis and 

microvascular dysfunction78. PUNISHER acts in the development of the vasculature 

and is expressed in mature ECs79. Inhibition of PUNISHER is associated with severe 

defects in vascular branching and vessel formation79. Furthermore, other lncRNAs 

have been described to modulate EC proliferation and might also be involved in 

regulating cardiac angiogenesis. LncRNA Linc00323 has been reported to bind 

IF4A3 to mediate GATA2 expression maintaining vascular structural integrity and 

EC proliferation34,80. Moreover, pro-angiogenic lncRNA metastasis associated lung 

adeno carcinoma transcript 1 (MALAT1) is upregulated during hypoxia in ECs and 
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is involved in the balance between a proliferative and a migratory EC phenotype81. 

Recently, spliced-transcript endothelial enriched lncRNA (STEEL) was discovered 

as an important lncRNA involved in the EC angiogenic potential, microvascular 

identity, and shear stress responsiveness82. Furthermore, enhancer-associated 

lncRNA (LEENE) was identified as a regulator in eNOS signalling and EC function83. 

HOTTIP expression was increased in ECs in coronary artery disease tissue and 

induced EC proliferation via Wnt/β-catenin signalling84. Mitochondrial derived 

lncRNA LIPCAR was identified as a biomarker of cardiac remodeling with increased 

expression during post-MI remodeling and chronic HF and its expression has been 

suggested to be related to changes in oxidative phosphorylation in CMs85. However, 

much remains unknown on the role of lncRNAs in regulating cardiac angiogenesis 

and regeneration after MI. 

The communication between CMs and ECs can also be mediated by lncRNAs and can 

potentially influence neovascularisation and regeneration (Table 1). LncRNA TUG1 

expression increased during hypoxia and promoted cell apoptosis by regulating the 

miR-145-5p-Bnip3 axis86. miR-145 exerts a protective effect against oxidative stress 

in CMs by regulating Bnip3 expression, a mitochondrial sensory of oxidative stress86. 

The lncRNA AZIN2sv was identified in the rat heart to inhibit CM proliferation and 

loss of AZIN2sv expression promoted cardiac regeneration and attenuated adverse 

ventricular remodeling post MI via PTEN/AKT signalling87. Similarly, lncRNA CAREL 

was found to be significantly upregulated in P7 CMs and was linked to reduced 

CM proliferation. CAREL acts as a competing endogenous ribonucleic acid for miR-

296 and derepresses the expression of Trp53inp1 and Itm2a, both inhibitors of CM 

replication88. It is still unclear whether AZIN2sv or CAREL are also expressed by 

ECs to mediate cardiac regeneration after injury. Interestingly the foetal LncRNA 

ECRAR was found to simultaneously promote cardiomyogenesis and angiogenesis 

post-MI89. Even though a paracrine mechanism for increased neovascularization is 

proposed by the authors, further investigation is required to confirm the therapeutic 
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potential of ECRAR. Recently, the lncRNA GATA6-AS has been reported to silence 

the expression of GATA689. GATA6-AS is upregulated in ECs during hypoxia 

inhibiting proliferation of ECs. GATA6 has previously been identified to be involved in 

CM progenitor cell proliferation90. Inhibition of GATA6 through miRNA-10 decreased 

CM progenitor cell proliferation90. The function of GATA6 and its tight regulation 

through ncRNAs in both ECs and CM progenitor cells indicates the close molecular 

connection between both cardiac cell types. Identifying key drivers of angiogenesis 

after MI can shed light on the way to regenerate the heart. 

1.1.3. T-UCRs  

During diversion of the human and rodent genomes, 481 regions, ranging from 

200 to 779 nucleotides, remained completely conserved. Known as transcribed 

ultraconserved regions (T-UCRs), these regions are ubiquitously expressed and 

contain different types of RNA species. T-UCRs are considered essential for gene 

regulation by acting as antisense transcriptional inhibitors of protein coding and other 

ncRNA genes in their proximity3. Some T-UCRs were described to be dysregulated 

in disease and, to some extent, have been associated with hypoxia, particularly 

in cancer, where the tumour microenvironment is typically hypoxic91. Moreover, 

in ischemic stroke, expression of noncoding ultraconserved RNAs seems to be 

temporally altered in spontaneously hypertensive rats, but the functional significance 

of these findings is yet to be evaluated92. Recently, uc.48+, a lncRNA from a 

T-UCR, was shown to be upregulated in high-fat diet induced ischemic/reperfused 

myocardium. Overexpression of uc.48+ enhanced CM apoptosis and myocardial 

ischemia/reperfusion injury while silencing it had a protective effect. Hence uc.48+ 

was appointed as a booster of CM apoptosis and myocardial ischemia/reperfusion 

injury vulnerability to high fat diet93. Although the precise functions of T-UCRs are 

not clear, some of them are known to be modulated by microRNAs in a cross-talk 
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between different classes of ncRNAs94. How these new molecular interactions are 

involved in regulating endothelial and cardiac cell function in pathophysiological 

conditions remains to be investigated.

1.1.4. Paracrine communication between ECs and CMs  

The intricate network of ECs surrounding CMs in the myocardium allows for 

molecular interactions to take place during development and disease. The release 

of ROS during ischemic injury induces neuregulin-1β protein secretion from ECs 

that promotes CM survival via neuregulin1β-erbB4-phosphatidylinositol-3-kinase-

Akt pathway95. The induction of paracrine neuregulin1β-erbB4 signalling between 

ECs and CMs can also induce CM proliferation via the activation of the coreceptor 

ERBB28. Also, the secretion of PDGF-B and angiopoietin-1 by ECs induces CM 

protection via the activation of the phosphatidylinositol-3-kinase-Akt pathway. Both 

factors stimulate EC proliferation and survival in the developing and adult heart96–98. 

Moreover, ECs promote synchronized contraction of CMs and synthesis of the gap 

junction protein connexin-43 necessary for the electrophysiological coupling of 

CMs99. Targeting the communication between CMs and ECs can be an effective 

therapeutic tool to prevent HF and mediate cardiac regeneration. In the last decade, 

considerable interest has been focused on EVs to explore their potential to promote 

intercellular crosstalk100. EVs are particles that are secreted from cells and contain 

proteins, mRNAs, and ncRNAs. The content of EVs is released when its membrane 

comes into contact with the recipient cell, thereby inducing intracellular molecular 

changes. EVs can be subdivided into categories based on their size and subcellular 

origin: microvesicles (0.1–1 μm), exosomes (20–100 nm) and apoptotic bodies 

(0.5–2 μm)100. All cardiac cells secrete EVs as a mechanism to communicate with 

recipient cells. Exosomal signalling from mesenchymal stem cells (MSCs) during 

hypoxia promotes EC proliferation and migration101. The close anatomical connection 
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between ECs and CMs was a reason to investigate the mechanism of crosstalk in 

the healthy and diseased heart102. Exosomes from CMs were found to modulate 

the expression of pro-angiogenic genes in ECs. Ischemic iPSC-derived CMs can 

produce exosomes that promote EC survival and angiogenesis via RNA-transfer 

of PIM-1 and VEGF-A103. HSP70 on the surface of exosomes from cardiac cells 

was found to induce activation of toll-like receptor-4 and subsequent ERK1/2 and 

p38 MAPK signalling increasing CM survival3. Depending on the metabolic state 

of CMs, the miRNA content present in their exosomes is subjected to changes102. 

Consecutively, exosomes from ECs can affect CM contractile function. Exosomal 

delivery of miR-146a stimulated by an anti-angiogenic 16-kDa N-terminal 

prolactin fragment has been found to be associated with loss of cardiac function 

in patients with peripartum cardiomyopathy104. A recent study focusing on brain 

ischemia showed that the miRNA content in exosomes derived from ECs could 

induce angiogenesis and neurogenesis105. CD34+ cell-derived exosomes were 

found to induce angiogenesis and vascular protection through their ncRNA cargo 

especially miRNA-126106109. The effect could be enhanced by adding the pro-

angiogenic factor Sonic Hedgehog (Shh) to the exosomes110. In the heart, exosomes 

from healthy CMs were found to contain miRNA-126 that induces proliferation of 

ECs whereas diabetic CMs contained less miRNA-126 and increased levels of 

miRNA-320 decreasing angiogenesis111. Moreover, ischemic CM-derived exosomes 

were found to contain more pro-angiogenic miRNAs than exosomes released 

by normoxic CMs, suggesting a partial attempt to increase vascularisation in the 

infarct area102. A heterogeneous population of exosomes from CMs could affect the 

metabolism of recipient cells112. Influencing the content of exosomes or stimulating 

ECs to produce angiogenic, cardioprotective and regenerative factors can provide 

scope to regenerate the injured myocardium. This highlights the importance of EC-

CM communication in multiple cardiovascular diseases and the role of exosomes. 

Hence, several pieces of evidence suggest that ncRNAs play an epigenetic role in 
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controlling heart response to hypoxia. Whereas positive regulators are determinant in 

promoting CM proliferation and/or neovascularization, negative regulators enhance 

the deleterious effects of hypoxia. This modulatory role is achieved by regulation of 

the expression of important hypoxia signalling pathways (e.g. Hif1α) and/or secreted 

molecules (e.g. VEGF). Exosome production and release added further complexity 

to this regulatory network. Through EVs the effects of hypoxia can be transmitted not 

only to neighbouring but also to more distant cells, influencing their gene expression. 

This knowledge was only possible due to technological advances that allowed the 

study of non-coding elements of the genome. Surely, a better understanding of these 

mechanisms and how they can be modulated to improve heart response to hypoxia 

is going to be pivotal for achieving heart regeneration. 

1.2. Targeting ECs and extracellular vesicles as a therapeutic tool for heart failure  

Revascularization has been considered as the therapeutic gold standard to treat 

patients with MI as endothelial dysfunction is an important aspect towards progression 

to HF. The growing evidence of EC-CM communication creates a window of 

opportunity to promote neomyogenesis while targeting ECs. Supplementation with 

VEGF and angiopoietin-1 was found to concomitantly induce angiogenesis and CM 

proliferation in a porcine model of MI113. Similarly, injection of human endothelial 

progenitor cells in a rat model of MI was found to increase neovascularisation 

and limit infarct size114. Furthermore, administration of neuregulin-1 to the injured 

myocardium, to mimic EC signalling, has been tested and found beneficial in phase 

2 clinical trials115. Neuregulin-1 activates endothelial NO synthase in CMs and the 

serine/threonine kinase Akt116. Re-establishing EC-CM signalling has also been 

tested by stimulating the NO-cGMP pathway117. NO supplementation was found to 

simulate the paracrine signalling of ECs and increase CM integrity and proliferation. 

Likewise, treatment with serelaxin, the human recombinant form of relaxin-2 
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increased NO signalling from ECs118, also abbreviating endothelial dysfunction after 

MI. Ultrasound-mediated miRNA-126-3p delivery increased EC proliferation and has 

been since considered of therapeutic interest to treat MI119. Inhibition of miRNA-

92a expression in a large animal model of ischemia/reperfusion injury induced 

EC proliferation and improved cardiac function120. In addition, modulation of EV 

content and/or release might be a potential tool to mediate cardiac regeneration. 

Vesicular communication between cardiac cell types during cardiovascular disease 

can have detrimental effects on cardiac function. CM-derived TNFα-containing EVs 

induced inflammation and apoptosis of neighbouring CMs121. Furthermore, miR-

146-loaded vesicles from ECs were found to inhibit angiogenesis of surrounding 

ECs and inhibit metabolic activity of CMs by targeting Erbb4, Notch1 and Irak1 

in peripartum cardiomyopathy104. Preventing the paracrine signalling of miR-146 

loaded EVs via antimiR-146 ameliorated disease progression. Blocking the delivery 

of EVs by targeting vesicle release, uptake, or formation has been considered for 

therapeutic purposes but might have considerable off-target effects (e.g. preventing 

the secretion of potentially beneficial vesicles)99. Specifically blocking the release 

of miR-21-containing EVs from CFs might be beneficial as these vesicles induce 

cardiac hypertrophy by downregulating Sorbin and SH3 domain containing 2 

(SORBS2) or PDZ and LIM domain 5 (PDLIM5)112. Horizontal transfer of ncRNAs 

via EVs can be modulated to increase the therapeutic potential of ncRNAs and/or of 

injected cells. In fact, exosomal delivery of miRNA-214 secreted from ECs can induce 

angiogenesis of neighbouring ECs122. Moreover, treatment with vesicles isolated 

from CD34+ hematopoietic stem cells can mediate EC proliferation via the transfer of 

miRNA-126107–109,123 and vesicles from cardiomyocyte progenitor cells prevented CM 

apoptosis and promoted EC proliferation124. Also, Shh enriched vesicles were found 

to effectively induce EC proliferation via the PI3K and ERK-dependent increase of 

NO125. Overall, these findings indicate that targeting EC signalling via ncRNAs and 

EVs may serve as a novel therapeutic strategy to treat MI and HF.
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2. CONCLUSION  

Ischemic heart disease continues to lead the causes of death despite the large 

effort of clinicians and academia on reverting this trend126. The discovery that the 

mammalian heart endows an intrinsic, yet transient, regenerative capacity propelled 

the cardiovascular community to explore the molecular mechanisms governing 

cardiac regeneration. In this quest, the role of ncRNAs in cardiovascular diseases 

and cardiac regeneration became evident6. Modulating endogenous ncRNAs and 

cell-to-cell transfer of ncRNAs in a cell-specific manner can serve as a therapeutic 

tool to induce cardiac regeneration/repair. For a long time, intergenic regions were 

considered disposable, however their recent discovered value generates new layers 

of complexity to molecular control of cardiac pathophysiology. Previous studies 

indicate that neovascularisation is essential for the successful regeneration of the 

heart. However, hypoxia signalling and hypoxia-activated ncRNAs play an important 

role in cardiac regeneration. The postnatal metabolic shift towards oxidative 

phosphorylation, generation of ROS as well as the closure of the ductus arteriosus, 

resulting in increased blood flow to the left ventricle correlate with the loss of cardiac 

regenerative capacity12,127. Nonetheless, hypoxia signalling without subsequent 

stimulation of angiogenesis does not lead to efficient cardiac regeneration as re-

establishment of blood flow to the injured myocardium is required for supporting 

CMs. In fact, the adult, non-regenerating, mammalian heart is not able to restore 

the vasculature after MI which worsens myocardial damage and patients with a 

lower capillary density are more likely to progress to HF128,129. At present, studies 

on cardiac regeneration either focus on the regeneration of the myocardium or 

on the regeneration of the cardiac microvasculature. However, the use of single 

pro-angiogenic agents does not have a substantial effect on cardiac regeneration 

(reviewed in 2). The solution might lie in combining pro-angiogenic and neomyogenic 

factors as well as improving the delivery method (e.g. specific cell targeting via EVs). 

In fact, multiple lines of evidence suggest that to effectively regenerate the heart, 
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both neovascularisation and CM proliferation need to be promoted in a timely and 

spatially-dependent manner, as cardiac phenotypes observed in HF are not only 

attributed to failing CMs but to the whole cellular content. 

2.1. FUTURE PERSPECTIVES  

The strong specialization of the adult mammalian heart comes with the cost of low 

regenerative potential. This low regenerative capacity is on the basis of the heavy 

socio-economic burden of cardiovascular diseases. Nevertheless, encouraging 

reports have found ncRNAs regulating CM proliferation and neovascularization. The 

communication between ECs and CMs occurs at several levels and these interactions 

were shown to be central for neonatal cardiac regeneration in mammals. Hence, 

this connection represents an important opportunity for modulating heart response 

to injury towards regeneration or improved healing. Future studies must analyse 

the effect of neovascularisation on CM proliferation and explore the connection 

between hypoxia, CM proliferation and the timing of the angiogenic response. 

Moreover, studying the precise changes in the microvasculature and the molecular 

interaction between the CMs and the ECs during the postnatal period, when the 

ability to regenerate the heart is lost, can highlight the limiting elements for cardiac 

regeneration. Knowledge derived from these studies will be of great relevance and 

will contribute to the development of improved therapeutic approaches. 
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X-ray of supramolecular hydrogel injection in porcine heart heart
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ABSTRACT

Recent advances in the field of cardiac regeneration show great potential in the use 

of injectable hydrogels to reduce immediate flush-out of injected factors, thereby 

increasing the effectiveness of the encapsulated drugs. To establish a relation between 

cardiac function and retention of the drug-encapsulating hydrogel, a quantitative 

in vivo imaging method is required. Here, we develop our supramolecular ureido-

pyrimidinone modified poly(ethylene glycol) (UPy-PEG) material into a bioactive 

hydrogel for radioactive imaging in a large animal model. As radioactive label we 

synthesized a monofunctional UPy-DOTA complexed with the radioactive isotope 

indium-111 (UPy-DOTA-111In) being mixed with the hydrogel.  Additionally, bioactive 

and adhesive properties of the UPy-PEG hydrogel were increased by supramolecular 

introduction of a UPy-functionalized recombinant collagen type 1-based material 

(UPy-PEG-RCPhC1). This method enabled in vivo tracking of the non-bioactive 

and bioactive supramolecular hydrogels and quantification of hydrogel retention in 

a porcine heart. In a small pilot, cardiac retention values of 8% for UPy-PEG and 

16% for UPy-PEG-RCPhC1 hydrogel were observed 4 hours post injection. This 

work highlights the importance of retention quantification of hydrogels in vivo, where 

elucidation of hydrogel quantity at the target site is proposed to strongly influence 

efficacy of the intended therapy.
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INTRODUCTION

Ischemic heart disease is responsible for over 9 million deaths per year  

worldwide as a result of blood flow deficiency in the infarcted area and through  

resulting adverse ventricular remodeling and contractile dysfunction1. This adverse 

remodeling is caused by the inability of the heart to replace cardiomyocytes lost 

by ischemic damage to the myocardium. Therapeutic methods to stimulate cardiac  

repair remain ineffective as potential reparative drugs injected into the heart  

immediately flush-out through the venous microvasculature of the  

heart and the injection needle tract2. A carrier system to  

protect and localize regenerative factors at the injection site, and en-

able sustained, slow therapeutic release might provide a solution to this  

delivery issue. Biomaterials are increasingly studied in the field of cardiac  

regeneration, where patches or injectable hydrogels are applied to aid retention and 

provide sustained release of drug molecules at the target site3,4. Visualization of 

these biomaterials after injection or implantation is of high importance to assess 

the retention and degradation at the target site. Quantification of retention would 

enable correlation of drug efficacy to presence and availability at the target site, as 

well as monitoring the fate and distribution of the material in vivo. Based on this,  

volumes of injection or implantation could be tuned for an optimal drug release effect.  

Moreover, unwanted side effects at potential off-target sites could be brought to 

light and prevented by obtaining an enhanced understanding of the distribution. For  

retaining drugs at the site of injection, hydrogels are considered good candidates as 

biocompatible, easily injectable carrier systems for cardiac repair and regeneration5. 

Previously, it was shown that the release of miR-302 from a hyaluronic-based  

hydrogel promoted cardiomyocyte proliferation and regeneration after myocardial 

infarction (MI) in a porcine heart6. Furthermore, injection of a hydrogel based on 

decellularized extracellular matrix (ECM) in a rat MI model reduced cardiomyocyte 

apoptosis and neovascularization7. Moreover, efficacy was established in a por-

In vivo retention quantification of supramolecular hydrogels engineered for cardiac 
delivery
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cine infarction model8 and currently, this decellularized ECM-based gel is in its first  

human-trial to examine the safety and feasibility post MI9. Delivery of these hydro-

gels is primarily performed via a minimally invasive catheter-based injection tech-

nique, where gelation occurs at the target site triggered by temperature increase10. 

While studying the beneficial effect of hydrogel-mediated delivery of therapeutic fac-

tors, primarily indirect parameters and the functional effect of the drugs (e.g. scar 

thickness, ejection fraction, and end-diastolic volume) were examined11–13. Only a 

few studies examined the degree of hydrogel retention after injection and the po-

tential off-target distribution of the gel, mainly in small animal models14–16. A collagen 

matrix delivery in a mouse model with MI was assessed on its retention and distri-

bution by PET imaging, where the hydrogel was labelled with hexadecyl-4-[(18)F]

fluorobenzoate ((18)F-HFB)17. A more recent study showed in vivo nuclear imaging 

of an alginate hydrogel in which the nuclear imaging radio-metal indium-111 (111In) 

was incorporated16. Intramyocardial injection in mice was performed, where a low 

retention was observed after one week (2-4%). To our knowledge, no study has pro-

vided quantitative numbers on the amount of cardiac retention and distribution of a 

supramolecular hydrogel in a large animal model. 

Here, we show a first approach in performing a quantitative retention study by imple-

mentation of a radioactive tracer in our injectable pH- and temperature-responsive 

supramolecular poly(ethylene glycol) (PEG) hydrogel functionalized at each end 

with ureido-pyrimidinone (UPy) units (Figure 1A)18. This UPy-PEG hydrogelator is 

an injectable viscous liquid at a pH > 8.5 and rapidly forms a hydrogel once ex-

posed to physiological pH19. To increase tissue adhesiveness, a UPy-functionalized 

recombinant peptide based on human collagen type 1 is introduced to the hydrogel 

(RCPhC1, Figure 1B), enriched with repeating amino acid sequences based on the 

integrin-binding peptide RGD. Supramolecular labelling of the hydrogel is performed 

using monofunctional UPy-labels, either for radioactive or for fluorescent
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Figure 1. Hydrogel formulation and study overview 
A, B. The chemical structure and schematic overview of hydrogelators UPy-PEG (A) and UPy-PEG-
RCPhC1 (B). C. The monofunctional UPy-additives used during this study with the (non-)radioactive 
label UPy-111/113In (1), the fl uorescently-labelled UPy-Cy5 (2), and the non-fl uorescent label mimic 
UPy-COOH (3). D. The epicardial hydrogel injection in a porcine model, and the concept of the two 
different hydrogels used in this study, UPy-PEG and UPy-PEG-RCPhC1.
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visualization. The hydrogel is radioactively labelled using a 1,4,7,10-tetraazacyclo-

dodecanetetraacetic acid (DOTA) chelated with radioactive isotope 111In, covalently 

bound to a monofunctional UPy-moiety, allowing for in vivo radioactive detection. In 

addition, a fluorescent UPy-Cy5 label was synthesized and used for ex vivo histolog-

ical fluorescence analysis (Figure 1C). Comparative visualisation and quantification 

of hydrogel retention and distribution was performed for epicardial injections of UPy-

PEG and UPy-PEG-RCPhC1 hydrogels in a porcine model (Figure 1D). 

RESULTS AND DISCUSSION 

Molecules 

The UPy-DOTA was chelated with the radioactive 111In label (Figure 2A). Instant-thin 

layer chromatography (iTLC) (Supplemental Figure 1) as well as a separation and 

detection of radioactive compound by high-performance liquid chromatography (ra-

dio-HPLC) (Figure 2B) showed an optimal chelation after approximately 1 hour (with 

a varying range of 93-98%). The chelation remained stable at basic pH (Figure 2B) 

for approximately 24 hours. As a reference, a non-radioactive isotope indium-113 

(113In) was chelated to the UPy-DOTA moiety (UPy-DOTA-113In) for in vitro mea-

surements. A monofunctional UPy-moiety functionalized with the fluorescent probe 

cyanine-5-amine (UPy-Cy5), allowed histological staining after injection, where an 

Figure 2. Chelation of the 111In with the UPy-DOTA label, with the labelling method (A), and radio-HPLC 
after chelation of UPy-DOTA-111In at basic pH (>9) (B), with loose 111In at a retention time of 1.8–2.2 
minutes and labelled UPy-DOTA-111In at 9.2–9.7 minutes, showing a chelation efficiency of 97%.
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unfunctionalized monofunctional UPy-moiety (UPy-COOH) was used as a non-fluo-

rescent reference. To introduce bioactivity and potential adhesion to the cardiac tis-

sue UPy-RCPhC1 was added synthesized by modification of pristine RCPhC1 with 

UPy-units. 1H-NMR spectroscopy showed an average number of six UPy-moieties 

grafted on the RCPhC1 backbone (Supplemental Figure 3). 

Hydrogel Preparation

The hydrogels were prepared in a simple mix-and-match manner, where the hy-

drogel precursors were dissolved at high pH PBS (either UPy-PEG, or UPy-PEG 

in combination with UPy-RCPhC1). Additives were introduced after the hydrogel 

precursors were fully dissolved. The molar ratio of the UPy-PEG hydrogel for UPy-

PEG: UPy-DOTA: UPy-Cy5 or UPy-COOH was set at 10:0.35:0.01. The additive 

ratio for UPy-PEG-RCPhC1 was identical, containing a 9:1 ratio of UPy-PEG and 

UPy-RCPhC1. The pH of the hydrogel precursor was adjusted to 9 or 8.8±0.1 for 

UPy-PEG and UPy-PEG-RCPhC1, respectively. The UPy-PEG-RCPhC1 hydrogela-

tor shows similar viscosities at pH 8.8 to the UPy-PEG hydrogelator at pH 9 (Supple-

mental Figure 5), which was desired to keep the flow properties similar. 

Mechanical Properties of the Hydrogels

The myocardium shows viscoelastic characteristics, which is due to a combination 

of cardiac cells and ECM proteins. During heart failure, collagen accumulation can 

affect the viscoelasticity of the myocardium significantly20. A hydrogel showing vis-

coelastic properties and accommodating the pulsating behaviour of the heart is de-

sired. To examine the mechanical properties of the hydrogels used in this study, 

UPy-DOTA was chelated in acetate buffer with non-radioactive isotope 113In, where 

an optimal chelation efficiency was confirmed by RP LC-MS (>95%, Supplemental 

Figure 2). A previous study reported that the release of a UPy-DOTA label com-

plexed with Gadolinium(III) from the UPy-PEG hydrogel is in line with the rate of 

In vivo retention quantification of supramolecular hydrogels engineered for cardiac 
delivery
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Figure 3. The mechanical properties of the hydrogels  
Showing the frequency sweep (A) and the corresponding tan δ (B) at 1% strain with frequencies be-
tween 0.1 and 100 rad.s-1 (A), the stress-relaxation at 1% strain, measured over a time span of 500 
seconds (C), and the strain-sweep at 1 rad.s-1 with strains varying from 1 to 1000% (D), showing 

viscoelastic properties of the UPy-PEG, and the UPy-RCPhC1 hydrogel, measured at 37 °C. 

erosion of the hydrogel itself21. Rheology was used to examine the influence of the 

additives (UPy-DOTA-113In and UPy-COOH; Figure 1C.3) on the mechanical prop-

erties of the hydrogels. After pH neutralization, the UPy-PEG as well as the UPy-

PEG-RCPhC1 hydrogels show frequency-depended viscoelastic behaviour, i.e. an 

increase of G’ while frequency was increased, while G’’ remains stable or decreases 

(Figure 3A). This behaviour is reflected in the tan δ (G’’/G’) (Figure 3B), that showed 

a decrease for both hydrogels by a factor of 7, 5.3, 3.8, and 1.2 over the tested  

frequency range for the UPy-PEG, UPy-PEG with additives, UPy-PEG-RCPhC1, 

and UPy-PEG-RCPhC1 with additives, respectively. This indicates that the solid  

properties are getting more distinctive as the frequency is increased, whereas at 

lower frequencies more liquid-like properties are observed. This suggests that at 

lower frequencies (longer measuring time) there is more time for structural rear-

rangement, i. e. characteristic interactions in the material can relax and the material
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starts to flow. At high frequencies (shorter measuring time) there is less time for re-

arrangement, i. e. all interactions remain present in the structure and have no time 

to relax, therefore displaying a less dynamic and more solid structure. For the UPy-

PEG hydrogel, the additives resulted in a weaker gel, at lower frequencies (with of 

9.1 kPa vs. 4.4 kPa at 0.1 rad.s-1, respectively), as well as higher frequencies (with 

a G’ of 27 kPa vs. 17 kPa at 100 rad.s-1, respectively, Figure 3A, blue). 

In a previous study, addition of monofunctional UPy-molecules to the bifunctional 

UPy-PEG molecule showed to decrease the dynamics of the network, influencing 

the stiffness of this mixture22. Addition of UPy-DOTA and UPy-COOH showed to de-

crease the stiffness, where the latter is added from a stock solution in DMSO, which 

caused a decrease in stiffness of the hydrogel. However, addition of the monofunc-

tional UPy-molecules increase the stiffness of the hydrogel as shown in previous 

studies, in comparison to solely DMSO addition to the hydrogel (Supplemental fig-

ure 6). Both UPy-PEG hydrogels showed similar frequency dependent behaviour, 

with increased stiffness at higher frequencies, and the same viscoelastic properties. 

A significant decrease in moduli is observed for the UPy-PEG-RCPhC1 hydrogel, 

where the UPy-PEG hydrogel showed to be a stiffer gel (2-3 times stiffer in com-

parison to the UPy-PEG hydrogel). This could be explained by the lower number of 

UPy-moieties in this hydrogel, lowering the supramolecular cross-linking ability and 

therefore the stiffness of the hydrogel. Comparison of UPy-PEG-RCPhC1 with and 

without additives showed small differences in moduli (Figure 3A, red). The hydrogel 

with additives displayed lower storage modulus (with a G’ of 1.9 kPa vs. 1.3 kPa at 0.1 

rad.s-1) and loss modulus (with a G’’ of 1.4 kPa vs. 0.7 kPa at 0.1 rad.s-1), indicating 

that the additives have an influence on the mechanical properties of the hydrogels. 

However, similar to the UPy-PEG hydrogel, the frequency dependent viscoelastic 

behaviour of both hydrogels is comparable. The stress-relaxation measurements 

show similar relaxation curves for the UPy-PEG hydrogel with and without additives, 

In vivo retention quantification of supramolecular hydrogels engineered for cardiac 
delivery
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Figure 4. Scintigraphy imaging shows biodistribution of supramolecular hydrogels after epicar-
dial injection
A. Experimental protocol. B, C. Whole-body scintigraphy scans 1 to 4 hours after injection of UPy-
PEG (B) or UPy-PEG-RCPhC1 (C) hydrogel. Areas with high radioactive signal are identifi ed by 
bright red colouration and areas with low radioactivity are identifi ed by blue colouration. D, E. Quan-
tifi cation of distribution in indicated remote organs after epicardial injection of UPy-PEG (D) or UPy-
PEG-RCPhC1 (E) hydrogel. F. Quantifi cation of cardiac retention. Data are individual animals 
(n=2 per hydrogel). Differences were evaluated using paired Students-t-test. *represents P<0.05. 
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where 50% relaxation was achieved at 6.2 vs. 8 seconds, respectively (Figure 

3C, blue). For the UPy-PEG-RCPhC1 hydrogels with and without additives, only 

small differences can be observed, with a time of 6.8 vs. 6.2 seconds at a 50% 

relaxation, respectively (Figure 3C, red). This indicates a minimum to no difference 

that is observed considering relaxation times. The UPy-PEG hydrogel without ad-

ditives shows a linear course for storage as well as loss moduli until a minimum 

of 25% deformation, whereas the UPy-PEG hydrogel with additives shows a slight 

decrease in G’ and G’’ after a strain of approximately 5%, whilst still retaining its hy-

drogel properties. The hydrogels with and without additives are disrupted at 45 and 

65% strain, respectively (Figure 3D, blue). A similar trend as the UPy-PEG with 

additives is observed for the UPy-PEG-RCPhC1 hydrogels with and without addi-

tives, where a small decrease in G’ and G’’ is observed after a strain of 6%. Here, 

disruption of the hydrogels with and without additives occur at approximately 25 

and 40% strain, respectively (Figure 3D, red). UPy-PEG-RCPhC1 hydrogels with 

and without additives showed small variability regarding the strain and frequency 

sweep, where differences in stiffness were observed (Supplemental figure 7). 

This marks the variability of the UPy-functionalized RCPhC1, introduced to the sys-

tem. Overall, minor differences in mechanical properties of hydrogel variants were 

observed between absolute moduli and stiffness of the hydrogels, which should not 

affect usability in envisioned applications.

In vivo injection in pig heart and scintigraphy  

For the porcine experiments, one day prior to in vivo injection the additives (UPy-

DOTA-111In and UPy-Cy5) were added to the dissolved hydrogel precursors. 

Per injection of 200 µL the obtained activity was 5–10 MBq.  Detailed hydrogel 

formation can be found in the experimental section. Hydrogels (UPy-PEG or UPy-

PEG-RCPhC1) were injected epicardially (6 x 200 µL) after thoracotomy into the 

left ventricular wall of beating porcine hearts (n=2). Scintigraphic total body scans 
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Figure 5. Scanning of isolated organs shows organ distribution of supramolecular hydrogels
A, B. Scintigraphic scans of individually isolated organs 4 hours after epicardial injection of supramole-
cular hydrogels (A) and quantifi cation of radioactive signal as a percentage of total signal in the isolated 
main organs (B). Areas with high radioactive signal are identifi ed by bright red colouration and areas with 
low radioactivity are identifi ed by blue colouration C. Histology representative images of hydrogels  
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Figure 5 continued   

by supramolecular bound fluorescent signal UPy-Cy5 in the radioactive high intensity regions of the heart. 

D. Immunofluorescent staining of myocardium in radioactive hotspots and remote of radioactive hotspot. 

ACTN1, cardiac alpha actinin. Data is based on individual animals (n=2 per hydrogel). Differences were 

evaluated using a paired Students t-test.

were performed 1, 2, 3 and 4 hours after injections and biodistribution of the 

hydrogel was quantified as percentage of radioactive signal in each organ from total 

whole body radioactive signal to exclude remaining radioactive signal in the dead 

volume of the syringes. Areas with high radioactive signal are identified by bright red 

coloration and areas with low radioactivity are identified by blue coloration. The total 

body scans showed that the injections of the UPy-PEG led to a cardiac retention of 

6.2% and 8.7% after 4 hours (Figures 4B, F). The remaining gel distributed to the 

lungs (29% and 9.5%), bladder and urine (15.8% and 21.6%), liver (2.0 and 3.4%), 

kidneys (0.8% and 2.2%), and spleen (0.56 and 1.28%) (Figure 4D). The residual 

activity was distributed evenly across the body without the presence of an increased 

and localized radioactive signal (“hotspots”). Injection of UPy-PEG-RCPhC1 showed 

a cardiac retention of 16.9% and 14.3% after 4 hours (Figure 4C, F). The remaining 

activity was distributed to the lungs (13.0% and 19.2%), bladder and urine (9.9% 

and 12.9%), liver (3.5% and 3.6%), kidneys (1.3% and 1.2%), and spleen (1.2% and 

0.66%) (Figure 4C, E). Also, for the UPy-PEG-RCPhC1 the residual activity did not 

lead to hotspots. When comparing the cardiac retention of the two hydrogels at the 4 

time points after injection, UPy-PEG-RCPhC1 injection showed increased retention 

(P<0.05, n=4). The 111In signal in the lungs stabilized between 2 and 3 hours after 

injection of the UPy-PEG hydrogel in both pigs while the 111In signal in the bladder 

and urine increased till 4 hours after injection indicating secretion (Figure 4D). The 

UPy-PEG-RCPhC1-hydrogel showed no increased in off-target distribution after 1 

hour post-injection except for the 111In signal in the bladder and urine (Figure 4E). 

In vivo retention quantification of supramolecular hydrogels engineered for cardiac 
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When comparing the off-target biodistribution at the 4 time points after injection, no 

significant difference was found between the two hydrogels for lung biodistribution 

(P>0.05, α = 0.19, n=2) or bladder/urine biodistribution (P>0.05, α=0.09, n=2). During 

scintigraphic whole body scans, the measurement of radioactive signal from organs 

can be influenced by degree of tissue penetration and scattering, and by signals 

from overlapping organs. Therefore, 4 hours after injection, organs were isolated and 

scanned individually. Scanning of the explanted, isolated organs (heart, lungs, bladder/

urine, liver, kidneys, spleen) indicated the retained radioactive signal in the heart 

was 14.8% and 18.9% for UPy-PEG and 22.1% and 31.7% for UPy-PEG-RCPhC1 

as a percentage of the total combined signal in the isolated organs (Figure 5A, 

B). Furthermore, scintigraphy showed localised UPy-PEG-RCPhC1 at the individual 

injection sites with five to six radioactive hotspots (Figure 5A), corresponding to the 

individual injection sites. The UPy-PEG injected pig hearts showed three to four more 

diffuse and merged injection sites. One UPy-PEG injected heart showed increased 

radioactive signal at the base of the heart remote from the injection area (Figure 

5A). To verify presence of the gel at the sites with high radioactive signal in the heart, 

histological analysis was performed. The heart was sliced into five slices from apex 

to base and individual slices were scanned to identify sites of high 111In signal using a 

1 MBq point source (Supplemental Figure 10). These revealed intense Cy5 signal 

in sections of tissue with high radioactivity signal, showing deposits of seemingly 

condensed gel in larger interstitial spaces and strings of gel in the smaller interstitial 

spaces between individual cardiomyocytes (Figure 5C). This was further confirmed 

by immunofluorescent staining for cardiac alpha actinin (Figure 5D). During the 

washing steps of the staining procedure, the gel in the larger interstitial space 

dissolved, while the gel surrounding the cardiomyocytes was retained. At the areas 

remote from the radioactive high intensity regions, no Cy5 signal was found (Figure 

5D). This pattern of distribution of the gel within the myocardium is hypothesized to 

be due to the flexibility of the gel to distribute and adhere to the myocardium and the 
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extracellular matrix. It is important to note only a small sample size of merely two 

animals per group was used to analyze in vivo hydrogel biodistribution. Therefore, 

no significant conclusions can be drawn on the difference between the two hydrogels 

in the in vivo experiments. However, the current study does give insights into the 

potential use of 111In labeling of injectable hydrogels for in vivo hydrogel retention 

quantification and comparison of retention and off-target distribution of multiple 

hydrogels. When comparing the cardiac retention of UPy-PEG and UPy-PEG-

RCPhC1 in the four pigs we see a trend towards increased retention in the pigs 

injected with UPy-PEG-RCPhC1. This increase is likely to be caused by an increase 

in the adhesion of the gel to the extracellular matrix at the site of injection due to the 

integrin-based recombinant peptide RCPhC1. Earlier studies using biomaterials to 

augment factor delivery, focused on the retention of delivered cells or compounds12,18 

or effects on functional parameters, rather than retention of the biomaterial23,24. Even 

though these studies gave insight into the potential benefits of hydrogel mediated 

delivery, so far, no knowledge has been generated on the biodistribution of hydrogels 

in a large animal model after injection or quantitative approaches to determine the 

degree of retained hydrogel at the site of injection. In addition, this shows a trend 

towards decreased off-target distribution (lungs, bladder) and less diffuse distribution 

of UPy-PEG-RCPhC1 compared to UPy-PEG hydrogel at the cardiac injection sites. 

However, we still report relatively high values of 111In signal in the lungs compared 

to other organs and intracardiac retention. When comparing our reported values of 

lung biodistribution to previous studies of labelled cells, we see that, of the small 

number of studies that report biodistribution after injection, similarly high levels of 

off-target biodistribution to the lungs were reported. In previous studies in rats. the 

majority of injected cells were engrafted in the lungs 48 hours after injection and 

cardiac retention values were reported below 1%25,26. Furthermore, a previous study 

in pigs showed labelled cell off-target localization in the lungs of 26-47% with cardiac 

retention between 3 and 11% of the injected dose27. Injection of an alginate hydrogel 
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cross-linked with radio-metal 111In showed a retention in the heart of 2-4%, one week 

post-injection16. As a highly vascularized organ, it is likely this accumulation of 111In 

signal reflects dissolved UPy-polymers that enter the lungs via the coronary veins or 

the central circulation. Previously, we have shown that the UPy-polymers do not affect 

biocompatibility or induce toxicity16. Further investigation into the effect of pulmonary 

biodistribution of intracardiac injected hydrogels is needed. The distribution of the 

hydrogels to the lungs did not increase within 4 hours after injection, considering the 

UPy-PEG-RCPhC1 hydrogel. The remaining off-target distribution of the hydrogels 

to the bladder indicated clearance of the hydrogel through the secretory tract which 

limits the risk of extracardiac accumulation. As the main cause of limited cardiac 

retention has been suggested to be the immediate clearing via the dense venous 

microvasculature and the needle track2, we tracked the hydrogel biodistribution up 

to 4 hours after injection. The limited changes within the presence of 111In signal in 

all organs within these 4 hours is in line with previous studies on the importance to 

improve acute cardiac retention rather than chronic engraftment27,28.  

Even though the UPy-based hydrogel gelates in physiological pH of the myocardium 

and shows increased retention compared to previously reported values, the presence 

of strong cardiac contractions and the needle track remains a challenge to maintain 

maximal cardiac retention of hydrogels. The achieved cardiac retention of ~30% 

of UPy-PEG-RCPhC1 hydrogel is likely to increase effectiveness of regenerative 

therapies compared to non-hydrogel mediated delivery. With the method described, 

we were able to quantitatively compare the retention of two supramolecular hydrogels 

and show these hydrogels appear to be safe on short term follow-up of 4 hours. 

CONCLUSION  

Quantitative imaging and distribution tracking after intramyocardial injection 

in a large animal model was achieved via modification of a pH-switchable 
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supramolecular hydrogel. In a simple mix-and-match manner, two types of 

hydrogels were radioactively labelled in a modular approach, with limited influence 

on the gelation properties. This ensured radioactive imaging of the hydrogels in a 

porcine heart in vivo to quantify and compare the retention of these supramolecular 

hydrogels. Introduction of RCPhC1 to the hydrogel implied to increase hydrogel 

retention in the heart with defined deposits of hydrogel at the injection sites still 

visible after 4 hours. Furthermore, the distribution of the hydrogels to other 

organs was reduced by addition of integrin-based recombinant peptide RCPhC1.

Finally, our method allows for dose quantification, increasing understanding of dose 

optimization and therefore drug effectiveness, which is of great importance in the 

translation towards cardiac regenerative therapy. Additionally, this method enables 

direct visualization of potential off-target localization which can be used for efficient 

risk-analysis of new therapies. 

EXPERIMENTAL SECTION  

Materials. All starting materials and reagents were obtained from commercial 

sources and used as received, unless stated otherwise. Solvents from Sigma Aldrich 

were of p.a. quality. Deuterated chloroform and deuterium oxide were purchased 

at Cambridge Isotope Laboratories. Sulfo-Cyanine5 amine was purchased at 

Lumiprobe. FujiFilm Manufacturing Europe B.V. kindly provided us the Cellnest, a 

recombinant peptide based on human collagen type I (RCPhC1), which was used 

without further purification. 

Instrumentation. 1H-NMR spectra were recorded on a 400 MHz NMR operating 

at 400 MHz for functionalization analysis. Reverse-phase high-performance liquid 

chromatography-mass spectrometry (RP-HPLC-MS) was performed on a Thermo 

scientific LCQ fleet spectrometer. The purity of UPy-RCPhC1hC1 was determined 
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with Waters Xevo G2 Quadrupole Time-of-Flight liquid chromatography–mass 

spectrometry equipped with an Agilent Polaris C18A reverse-phase column (ID 2.0 

mm, length 100 mm). Derivatives were dissolved in H2O (1 mg.mL-1) and flowed 

(0.3 mL.min-1) over the column using a 15–75% water/acetonitrile gradient with 

0.1% formic acid prior to analysis in the positive mode in the mass spectrometer. 

Purification of UPy-Cy5 was performed on a prep-RP-HPLC (using gradients of 

acetonitrile in water, with addition of 0.1 vol% trifluoroacetic acid), where collected 

fractions were freeze-dried and analyzed by RP-HPLC-MS. Chelation efficiency 

was analyzed with two methods: instant thin layer chromatography with a glass 

microfiber chromatography paper impregnated with a silica gel stationary phase 

(Agilent Technologies) and sodium chloride 0.9% as a mobile phase, and high 

performance liquid chromatography (Thermo Scientific Dionex UltiMate 3000), both 

with NaI(Tl) detector for gamma rays (Canberra). A relatively geometry independent 

dose calibrator (VDC-404, Veenstra Instruments, the Netherlands) was used to 

quantify the activity pre-injection. 

Synthesis of UPy-DOTA. The precursors UPy-C6-U-C12-C-OEG12-NH2 and 

N-hydroxysuccinimide activated DOTA (DOTA-NHS-xTFA) were synthesized as 

described elsewhere29. UPy-C6-U-C12-C-OEG12-NH2 (280 mg, 0.26 mmol) was 

dissolved in dimethylformamide (DMF, 5 mL) and DOTA-NHS-xTFA (383 mg, 0.53 

mmol) and DiPEA (0.62 mL, 3.57 mmol) were added. The reaction mixture was 

stirred overnight and subsequently the solvent was removed under vacuum and 

twice co-evaporated with toluene. Eluting over reversed phase C18 column with a 

gradient ACN/water of 5/95 to 80/20 afforded the intermediate UPy-DOTA (360 mg, 

94%) as a white powder after freeze-drying.

1H NMR (400 MHz, CDCl3/CD3OD) δ 5.86 (s, 1H), 4.19 (t, J = 4.7 Hz, 2H), 3.65 

(s, 44H), 3.53 (dt, J = 13.3, 6.0 Hz, 7H), 3.43–3.18 (m, 14H), 3.11 (q, J = 7.0 Hz, 

13H), 2.25 (s, 3H), 1.58 (p, J = 6.8 Hz, 2H), 1.48 (p, J = 7.2 Hz, 6H), 1.37 (q, J = 5.9, 
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3.7 Hz, 4H), 1.34–1.17 (m, 16H) ppm. 13C NMR (101 MHz, D2O-NaOD) δ 179.94, 

179.72, 175.39, 173.12, 168.35, 162.77, 159.58, 157.85, 157.34, 156.42, 104.28, 

71.99, 69.80, 69.52, 69.32, 68.98, 68.83, 63.74, 58.71, 58.37, 57.16, 50.45, 40.62, 

39.78, 39.25, 38.69, 30.21, 30.06, 29.66, 29.48, 29.39, 29.17, 26.89, 26.72, 26.42, 

22.64 ppm. 

LC-MS (ESI) Rt = 5.75 min, m/z calc for C66H122N12O23, 1451.8 Da; found 484.83 

[M+3H]3+, 726.6 [M+2H]2+, 737.5 [M+Na+H]2+, 1452.4 [M+H]+, 1473.9 [M+Na]+.  

Synthesis of UPy-Cy5. The synthesis of the UPy-COOH has been described 

previously29, UPy-COOH (2.36 mg, 2.08 µmol) was dissolved in DMF (2 mL).  N,N-

Diisopropylethylamine (2.15 mg, 16.6 µmol) was added and the solution was stirred 

at room temperature for 15 min. Sulfo-Cy5-NH2 (2 mg, 27.0 µmol) dissolved in DMF 

(3 mL) was added to the solution and stirred for 1 hour at argon environment. H2O 

(containing 0.1 v/v% formic acid, 20 mL) was added to the solution and centrifugated 

(4 min, 3000 rpm) followed by decantation. Ultrapure water was added (20 mL) 

and the product was lyophilized. The compound was purified with preparative RP-

HPLC using a gradient of 40% ACN in H2O (both containing 0.1 v/v% formic acid). 

Lyophilization yielded pure UPy-Cy5 (1.75 mg, 9.4 µmol, 45%) as a blue solid. This 

was dissolved in DMSO at 1 mg.mL-1 and used from this stock solution. ESI-MS: m/z 

Calc. for C91H149N11O25S2 1861.37; Obs. [M+3H]3+ 621.33, [M+2H]2+ 931.17, 

[M+H]+ 1861.75. 

Synthesis of hydrogelators UPy-PEG and UPy-RCPhC1. The hydrogelator UPy-

PEG with мn, PEG = 10 kg.mol-1, was synthesized by SyMO-Chem BV, Eindhoven, 

The Netherlands19. Briefly, the PEG was added to 1,1’-carbonyldiimidazole (CDI) 

in dichloromethane, after which excess of CDI was removed by precipitation in 

diethyl ether. This was coupled to 1,10-diaminodecane, followed by precipitation in 

diethyl ether. Solid UPy-isocyanate was added to a solution of diamine terminated-

PEG in a mixture of 1:1 dichloromethane and chloroform. The UPy-RCPhC1 was 

In vivo retention quantification of supramolecular hydrogels engineered for cardiac 
delivery

8

Marijn Peters_To repair the infarcted heart.indd   193Marijn Peters_To repair the infarcted heart.indd   193 07-10-2021   15:3207-10-2021   15:32



194

synthesized in a similar manner as previously described30. In short, UPy-hexyl-urea-

dodecyl-amine was dissolved in DMSO and N,N-diisopropylethylamine was added, 

whereafter CDI was added. The CDI functionalization was confirmed by RP-HPLC-

MS, after which the solution was added to RCPhC1 dissolved in DMSO and left 

stirring overnight at argon environment.

Preparation of radioactively labelled hydrogel precursor. Two days prior to in 

vivo injection 20 wt% hydrogel precursors were prepared by dissolving UPy-PEG 

(36 µmol, 400 mg), or UPy-RCPhC1 (2.53 µmol, 140 mg) and UPy-PEG (23.2 µmol, 

260 mg) in 1.6 mL basic PBS (pH 11.7, adjusted with 1м NaOH) at 70 °C until fully 

dissolved after approximately 1h. After dissolving, the pH was adjusted to 9 and 

stored in the fridge until the following day. The following day, UPy-DOTA compound 

(1.7 µmol, 2.5 mg) was dissolved at 2 mg.mL-1 in acetate buffer (pH 4 – 5) at 50 °C 

for 30 min. The radioactive isotope indium-111-chloride (107 MBq, Curium, Petten, 

the Netherlands) was added to the UPy-DOTA dissolved in acetate buffer. This 

was kept at 70 °C for 1h, after which the chelation efficiency was examined. The 

chelation efficiency varied from 97 – 99%, determined by radio-HPLC and iTLC. 

After chelation, the pH was adjusted to 9 using a 5м, 1м NaOH solution. This was 

then added to the hydrogel precursor solutions, where fluorescently labelled UPy-

Cy5 (25 nmol, 47 µg) from a DMSO stock solution (1 mg.mL-1) was added .The 

weight percentage was adjusted to 10wt% using basic PBS (pH 9). This was stored 

overnight in the fridge in the dark until injection the following morning. After loading 

of the six syringes (approximately 200 µL each), the exact activity per syringe was 

quantified using the dose calibrator.

Preparation of non-radioactively labelled hydrogel. One day prior to measuring, 

the hydrogel precursor solutions were prepared by dissolving UPy-PEG (40 mg, 

3.6 µmol), or (14 mg, 0.25 µmol) and UPy-PEG (26 mg, 2.3 µmol) at 20 wt% in 

basic PBS (pH 11.7) at 70 °C until fully dissolved after approximately 1h. UPy-DOTA 
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compound (0.25 mg, 0.17 µmol) was dissolved in acetate buffer (2 mg.mL-1, pH 4 

– 5) at 50 °C for 30 min, after which indium-113-chloride (37.3 µg, 0.17 µmol) was 

added to the acetate buffer and kept at 70 °C for 1h. The chelation was confirmed by 

reversed-column LC-MS. After chelation, the pH was adjusted to 9 using 5м NaOH 

and 1м NaOH solutions. This was added to the hydrogel precursor solution, where 

UPy-COOH (4.7 µg, 2.5 nmol), the non-fluorescent reference of UPy-Cy5, was 

added from a DMSO stock solution (1 mg.mL-1). The hydrogel precursor solution 

was adjusted to pH 9, at a final weight percentage of 11wt%. As control, UPy-PEG 

(40 mg, 3.6 µmol), or (14 mg, 0.25 µmol) and UPy-PEG (26 mg, 2.3 µmol) were 

dissolved in basic PBS (pH 11.7) at 70 °C until fully dissolved. The pH was adjusted 

to 9, and the final weight percentage was 11wt%. This was stored in the fridge until 

used the following morning. For the rheological measurements, the hydrogel disks 

were made in cylindrical Teflon molds (diameter of 8 mm, height of 2 mm). Precursor 

gels (100 µL, pH 9) were pipetted in the molds, where 10 µL of acidic PBS (10 µL, 13 

mм HCl) was added, resulting in a final weight percentage of 10wt%. This was left to 

equilibrate for approximately 1.5h before measuring.

Rheological measurements. Rheological characterization of the hydrogels was 

performed on a discovery hybrid rheometer (DHR-3, TA Instruments), using a flat 

stainless-steel geometry with a diameter of 8 mm, with gap heights varying from 

500 - 1000 µm. Low viscosity silicon oil (47 V 100, RHODORSIL®) was used around 

the hydrogel to limit evaporation during measurements at 37 °C. Frequency sweep 

measurements were performed at ω = 0.1 rad.s-1 to 100 rad.s-1, at a strain of γ 

= 1%. Stress-relaxation was performed at a strain of γ = 1%, over a time span 

of 500s, where the first 1s of measurement time was disregarded. This data was 

normalized using the highest stress generated from this point onwards. Strain-

sweep measurements were performed at strains between γ = 1 and γ = 1000%, 

with a frequency of ω =1 rad.s-1. Time sweeps of 60 s were performed in between 

measurements (data not shown), with a strain of γ = 1% and a frequency of ω = 1 
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rad.s-1.

Animals and surgical procedure. Four Topigs Norsvin pigs (age ~six months, 

weight 60-65 kg) received care in accordance with the guide for the care and use 

of laboratory pigs prepared by the Institute of Laboratory Animals. Experiments 

were approved by the Animal Experimentation Committee of the Medicine Faculty 

of the Utrecht University, the Netherlands. Sedation was mediated by intramuscular 

infusion of ketamine (10 mg.kg-1), midazolam (0.4 mg.kg-1), atropine (0.05 

mg.kg-1), and intravenous injection of thiopental (4 mg.kg-1) via the cannulated ear 

vein. General anaesthesia was maintained by continuous infusion of cist-atracurium 

(0.1 mg.kg-1.hr-1), midazolam (0.4 mg.kg-1.hr-1), and sufentanil (2.5 µg.kg-1.hr-

1) via the cannulated ear vein. A thoracotomy was performed to gain access to 

the epicardium and the apex was loosely fixed with a Starfish Cardiac Positioner 

(Medtronic, Minneapolis, MN, USA). Six hydrogel injections, with a total volume of 

1.2 mL, were performed through a 25-gauge needle. The thorax was closed prior to 

the first scintigraphic scan. 

Short-term in vivo tracking and quantification. To detect the 111In label serial 

anterior and posterior total body scans were performed with a full field of view gamma 

scintillation camera with a medium energy general purpose (MEGP) collimator 

(Philips Skylight Gamma Camera System Dual SPECT with Philips JETStream 

Workplace R3.0). Photopeak windows of 20% were set at 174-274 keV. With a scan 

speed of 10 cm.min-1 total body scans were made with a matrix of 512x1024. For 

static scans of the isolated organs a scan time of 300 seconds per scan were used 

and a matrix of 256x256. The images were quantified by identifying the heart, lungs, 

liver, spleen, kidneys and bladder in the anterior and posterior cumulative 174 and 

274 keV images as 2D regions of interest (ROI) and determining the total number 

of counts and pixels per ROI. The square root of the total number of counts from 

the ROI obtained from the anterior total body scan and the ROI obtained from the 
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posterior total body scan determined the geometric mean of the counts as described 

by Stratton et al.31. The geometric mean of the total body ROI was identified as the 

100% value to determine the % uptake of the 111In signal in each organ.  

Histological analysis. For immunostaining, hearts were snap frozen and cut into 

10µm sections. Fixation of the tissue was mediated by incubation in 100% acetone 

for 10 minutes at 4 ºC for 10 minutes before permeabilization for 10 min in 1% 

Triton X-100 (Thermo Scientific) in PBS. Heart tissue was then blocked for 1 hour 

in 10% normal whole goat serum (Vector laboratories S-1000-20) in PBS. Sections 

were stained overnight at 4 ºC with sarcomeric α-actinin (Sigma Aldrich A7811) after 

which 1 hour incubation with secondary antibody conjugated with Alexa Fluor 488 in 

combination with nuclear marker Hoechst (Life Technologies 33342) was performed. 

Sections were then mounted in Fluoromount-GTM (ThermoFischer Scientific 00-

4958-02) before imaging with SP8x Leica confocal microscope. 

Statistical analysis. The in vivo data were expressed as individual animals as the 

sample size was n=2 per group. Statistical analysis was performed per group in 

which the individual datapoints per scan were compared and evaluated with a paired 

Students t-test to compare the biodistribution values at the different time points post-

injection per hydrogel. Data analysis was performed using GraphPad Prism version 

8.0.0 for Mac OS X, GraphPad Software, San Diego, California USA, www.graphpad.

com. P<0.05 was considered statistically significant.

SUPPLEMENTARY INFORMATION  

Supplementary figures can be found at https://doi.org/10.1002/adhm.202001987
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human induced pluripotent stem cells 1 day after passage
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DISCUSSION 

Despite the decrease in direct mortality of a myocardial infarction by e.g. reperfu-

sion therapies1, the chronic burden of ischemic heart disease increases as the heart  

undergoes ventricular remodelling and loses contractility with the irreversible loss of 

cardiomyocytes. To decrease this chronic burden and improve the recovery of the 

heart after an ischemic insult, development of strategies that increase the cardiac 

reparative capacity is a key focus in the field. To move towards a reparative therapy, 

four steps can be taken (Figure 1). Firstly, we need to optimise our in vitro models 

of human ischemic heart disease to be able to better predict the effectiveness of 

new therapies. Secondly, additional cell death by reperfusion therapies needs to be 

resolved. Thirdly, the cardiomyocytes lost during an ischemic episode need to be 

replaced by new contractile tissue. Lastly, the implementation of new therapies (e.g. 

drug retention, targeted delivery) needs to be improved. 

In this thesis, we show advances in these four steps of therapy development. Firstly, 

we improved in vitro disease modelling using human cardiomyocytes by testing the 

effect of metabolic maturation on sensitivity to hypoxia(Chapter 3). Secondly, we  

improved our current golden standard of reperfusion therapy by identifying a new 

tool to inhibit oxidative stress induced cardiac cell death (Chapter 2). Thirdly, we 

used our optimized in vitro ischemic heart disease model to test Follistatin-like 1 

(Fstl1) as a tool to induce cardiomyocyte proliferation (Chapter 6). Lastly, we devel-

oped a method to visualize supramolecular hydrogels for cardiac delivery to improve 

drug retention (Chapter 8). In part 1 we focused on protecting the heart from isch-

emia/reperfusion injury and optimised an in vitro model of human ischemic heart dis-

ease to test cardioprotective and reparative therapies. Part 2 focused on cardiomyo-

cyte proliferation to regenerate the heart in order to look into the implementation of  

regenerative therapies in part 3, focused on local and sustained delivery of non-cod-

ing RNAs to repair the heart. Several steps in the translational chain need to be
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Figure 1. Stages of research towards clinical translation of cardiac reparative medicine

developed to shift the management of ischemic heart disease towards cardiac repair. 

MODELING HUMAN CARDIAC ISCHEMIC INJURY

Clinically relevant disease modelling

As the field moves forward towards developing a functional regenerative therapy 

for patients after cardiac ischemic injury by generating large numbers of pluripotent 

stem cell-derived cardiomyocytes, new knowledge arises on cellular behaviour and 

the mechanisms underlying ischemic injury and ventricular remodelling. However, 

it is important to consider the models used in preclinical research might not reflect 

the exact characteristics of the human disease. It remains therefore challenging to 

efficiently model human cardiac ischemic injury. The high failure risk in clinical trials 

due to non-representative preclinical models needs to be overcome in order to move 
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towards a reparative therapy. Therefore, a therapy has to be validated in multiple 

experimental models2. Currently, clinical trials are preceded by preclinical studies 

involving in vitro cell models of cardiac diseases using murine cardiomyocytes,  

neonatal rat cardiomyocytes, human induced pluripotent stem cell derived  

cardiomyocytes (hiPSC-CMs), or in vivo models using small animals (e.g. murine) 

and large animals (e.g. porcine). While animal models enable the study of ischemia 

on organ function, survival and therapy delivery, the development of in vitro human 

models of ischemic heart disease enable the study of human specific cellular re-

sponses to ischemic conditions. Especially as the physiology of the human heart 

differs greatly from that of the rodent heart3–5, validation of therapeutic tools in human 

based ischemic damage models can provide insight into responsiveness of human 

cardiomyocytes to drug intervention in ischemic or healthy conditions6. However, 

to generate a representative model, it is vital to study whether the cardiomyocytes 

differentiated from hiPSCs show similar cellular physiological characteristics and  

responsiveness as adult cardiomyocytes in the human myocardium. 

In vivo and in vitro cardiomyocyte maturation

hiPSC-derived cardiomyocytes spontaneously contract, express sarcomeric  

proteins, show excitation-contraction coupling and display cardiac action potential 

and calcium signalling7. When comparing the physiology of adult cardiomyocytes 

and hiPSC-derived cardiomyocytes, the immature nature of hiPSC-derived cardio-

myocytes is apparent. hiPSC-derived cardiomyocytes have a circular rather than 

rod-shaped morphology, shorter sarcomere length, no T-tubules, glycolytic energy 

metabolism, lower resting membrane potential and upstroke velocity, and are prolif-

erative7–9, as compared to the tissue resident cardiomyocytes. Adult human cardio-

myocytes take up to 10 years to mature in intracellular structure and ploidy10–12, while 

hiPSC-derived cardiomyocytes are used for disease modelling after 20 to 40 days 

of differentiation13,14. To accelerate the ageing of hiPSC-derived cardiomyocytes to 
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better mimic the phenotype of adult human cardiomyocytes, mechanisms of matu-

ration in development were studied. The changes throughout development guide 

the biochemical alterations of cardiomyocyte maturation to enable cardiac growth 

and sustained cardiac contractility. After birth, the cardiac workload increases with 

the increase in hemodynamic pressure and the onset of pulmonary circulation15.  To 

meet the increased energetic demand, cardiomyocyte metabolism switches from 

aerobic glycolysis of glucose to fatty acid oxidation. Evidence from murine studies 

show downregulation of hypoxia inducible factor 1α (HIF1α) mediates the meta-

bolic switch to oxidative phosphorylation16. This shift drives myocardial differenti-

ation and is followed by phenotypical changes in cell structure and gene expres-

sion to enable continuous contractions throughout a lifetime17. Furthermore, studies 

in neonatal sheep and mice showed an increase in circulating thyroid hormone 

(T3) as initiator of cardiomyocyte maturation by increasing cardiomyocyte width,  

binucleation and P21 expression and decreasing cardiomyocyte proliferation18,19.  

Reported characteristics of cardiomyocyte maturation in the murine and human heart 

include sarcomere organization (e.g. assembly (e.g. isoform switching), expansion 

and M-line formation), T-tubule formation (e.g. sarcoplasmic reticulum expansion), 

physiological hypertrophy to replace hyperplasia based heart growth, and changes 

in electrophysiology (e.g. increase of ventricular ion channels and decrease in auto-

maticity ion channels)12,17,20.  With the goal of using hiPSC-derived cardiomyocytes 

to model the healthy and diseased human myocardium and assess potential re-

generative approaches, these differences in phenotype between adult human- and 

hiPSC derived-cardiomyocytes severely affect the predictive capacity of cardiomyo-

cyte behaviour. Learning from maturation during development, biochemical methods 

to improve hiPSC-derived cardiomyocyte maturation have focussed on stimulating 

metabolic switching towards fatty acid oxidation8,21,22, HIF1α inhibition23, and hor-

mone mediated modulation (e.g. T3-mediated maturation)24.  These methods to ac-

celerate cardiomyocyte maturation improved force generation, increased sarcomeric  
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organization, oxidative phosphorylation and cell size and decreased proliferation.  

In chapter 3, we showed using metabolic maturation medium for three consecutive 

weeks after differentiation (developed by Feyen et al. 8) improved hiPSC-derived 

cardiomyocyte susceptibility to hypoxic damage while immature hiPSC-derived car-

diomyocytes without this metabolic maturation step were insensitive to hypoxic cell 

death. Additionally, we showed the availability of glucose in the media during hypox-

ia did not affect the sensitivity of immature hiPSC-derived cardiomyocytes to low 

oxygen concentrations. Metabolic profiling, however, did show disruption of met-

abolic activity in immature hiPSC-derived cardiomyocytes in hypoxia independent 

of media glucose availability. Older hiPSC-CMs cultured in maturation medium are  

metabolically reliant on oxidative phosphorylation and are more sensitive to  

hypoxia compared to younger cardiomyocytes cultured in glucose or lactate rich 

media. Therefore, we have optimized a model for human ischemic heart disease 

using hiPSC-derived cardiomyocytes. However, next to metabolic maturation, oth-

er factors contribute to the development of human cardiomyocytes and determine 

their behaviour upon ischemic insult. One of the drawbacks of two-dimensional  

cardiomyocyte culture is that it fails to mimic tissue architecture, cellular alignment 

and crosstalk25. 

Three-dimensional cardiac tissue engineering

Even though the maturity of hiPSC-derived cardiomyocytes has increased  

using biochemical methods like maturation under low glucose and fatty acid rich  

conditions, biophysical cues and interactions with non-cardiomyocytes are  

required to create adult-like cardiomyocytes17. As mentioned earlier, the increase in  

hemodynamic pressure with the onset of pulmonary circulation stimulates cardio-

myocyte maturation to mediate increased cardiac pumping capacity15. Furthermore, 

mimicking the postnatal increase in stiffness of the cardiac extracellular matrix 

was found to improve sarcomere alignment, increase mechanical force, and calci-
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um transients in rat neonatal and human embryonic stem cell derived cardiomyo-

cytes7. These postnatal changes in mechanical stretch of cardiomyocytes have been 

found to directly influence electrophysiological maturation and changes in cellular  

morphology26–29. Additionally, cellular alignment during myocardial patterning 

influences cardiomyocyte maturation7. 

To improve in vitro cardiac disease modelling, researchers have attempted to  

recreate the structure of the myocardium in engineered heart tissue (EHT).  

Incorporating the three-dimensional environment with biochemically matured  

hiPSC-derived cardiomyocytes enables in vitro disease modelling to include the  

cardiac multicellularity, mechanical stress, cellular alignment and electrical pacing. 

To mimic the mechanical properties of the physiological myocardium and induce  

cellular alignment, biomaterials with similar rigidity as the extracellular matrix are 

used in bioprinting EHT constructs30. Casting hiPSC-derived cardiomyocytes in  

polymer scaffolds and consecutively using electrical pacing and mechanical  

modulation could increase maturity of hiPSC-derived cardiomyocytes31,32.  This new-

ly arisen field of EHT provides a promising approach to model human ischemic heart 

disease in an in vitro environment while closely resembling the myocardial in vivo 

environment. 

PROTECTING AND REGENERATING THE HEART

Targeting cell death to protect the heart

In ischemic heart disease, cell death due to oxygen and nutrient deprivation and  

reoxygenation underlies the myocardial pathophysiology. The loss of cardio-

myocytes drives fibrotic scar formation and adverse ventricular remodelling33.  

Minimizing cellular death as a result of ischemic heart disease is therefore vital in  

improving cardiac repair. As reperfusion remains the current golden standard therapy for  

ischemic heart disease, it is a main focus to limit the detrimental side effect of  

reperfusion therapy. Ischemic postconditioning defined as rapid intermittent  
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interruption of coronary blood flow at the very onset of reperfusion has received  

attention as it could increase the expression of anti-oxidants and limit  

reperfusion injury34,35. However, translation into the clinic fails. Additionally, inflating and  

deflating the balloon to mediate ischemic conditioning during percutaneous  

transluminal coronary angioplasty can lead to damage of the vessel wall34.  

Therefore, pharmacological conditioning before or at the onset of reperfusion has 

received attention to mediate cardiac protection. Chapter 2 evaluates the use of an 

innovative receptor interacting kinase 1 (RIPK1) necroptosis inhibitor (GSK’547) on 

reactive oxygen species induces injury to human cardiac cells. 

Similar as to prior research with a less potent and specific RIPK1 inhibitor  

necrostatin-1, GSK’547 could prevent hydrogen peroxide-induced cell death.  

Analysis of underlying mechanism showed that both activation of the RIP1-RIP3-

MLKL pathway and the mitochondrial RIP3-CAMKII-mPTP pathway were pre-

vented by GSK’547. As GSK’547 is already approved by the FDA and currently in 

phase 2 clinical trials for inflammatory diseases, clinical application of GSK’547 for  

pharmacological conditioning to prevent cardiac reperfusion therapy is within reach. 

It remains important to test the effect of GSK’547 in in vivo setting to determine its  

efficacy in the infarcted area in the additional presence of pro-inflammatory  

cytokines. Nevertheless, GSK’547 showed promising results, matching previous  

observations with Nec-1, that could contribute to the prevention of reperfusion injury 

and limit infarct size. 

Cardiomyocyte dedifferentiation and proliferation

If we surpass stage 1 of developing a representative model of human ischemic 

heart disease, we can move towards testing cardioprotective and regenerative  

approaches. As explained, maturity of in vitro human cardiomyocytes compared 

to adult cardiomyocytes is a major component of developing a representative  

disease model. The postnatal loss of cardiomyocyte proliferative capacity is directly 
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linked to the increased complexity of the intracellular architecture and cardiomyocyte  

maturation. In light of regenerative therapies, this highlights a potential hurdle.  

Targeting the proliferative capacity of cardiomyocyte to generate new myocar-

dium, might push the already diseased heart into a less differentiated state. For  

example, sustained stimulation of cardiomyocyte proliferation via targeting the  

Hippo-Yap pathway in a porcine myocardial infarction model led to uncontrolled heart 

growth and sudden arrhythmic cardiac death36. Then the question remains whether 

differentiated mature cardiomyocyte function and proliferation of cardiomyocytes can 

co-exist to mediate cardiac repair. To find an answer to this question, we can look 

into cardiomyocyte maturation in lower phylogenetic species that can regenerate 

after injury. In zebrafish hearts, complete cardiac regeneration after injury is mediat-

ed by dedifferentiation and proliferation of pre-existing cardiomyocytes37. This might  

suggest that the zebrafish heart is less mature and differentiated than the porcine 

(and human) heart which would enable dedifferentiation of cardiomyocytes while  

maintaining sufficient cardiac contractility. When comparing zebrafish cardiomyo-

cytes with human cardiomyocytes, zebrafish cardiomyocytes do have less structured  

T-tubules and a less complex sarcoplasmic reticulum38, which would support this 

hypothesis. However, sarcomere structural organization, actin filaments and  

mitochondria abundance of zebrafish cardiomyocytes point towards a more ma-

ture phenotype.  In fact, previous studies found sarcomere length in adult zebrafish  

cardiomyocytes was not significantly different from human cardiomyocytes39–41. 

Therefore, understanding the balance between maturation and proliferation is  

important in moving towards regenerative approaches. Alternatively, studying  

mechanisms of hiPSC-derived cardiomyocyte maturation could in turn provide more 

insights into human heart development and maturation and the pathophysiology of 

hereditary cardiomyopathies as some cardiomyopathies are related to defective 

cardiomyocyte maturation17,42,43. In chapter 6, we tested whether we could induce 

proliferation of hiPSC-derived cardiomyocytes after the cardiomyocytes were met-
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abolically matured. With very low basal proliferation rate of 1,4% KI67-positivity 

compared to 5,9% KI67-positivity in immature hiPSC-derived cardiomyocytes and 

increased sarcomeric structural organization and reliance on oxidative phosphory-

lation8, proliferation of matured ischemic cardiomyocytes could be stimulated using 

non-glycosylated Follistatin-like 1 (Fstl1). While increasing the expression of cell  

cycle genes, Fstl1 also increased the expression of anti-oxidants and genes  

associated with sarcomere organization as shown by RNA expression profiling. 

Analysis of downregulated biological processes did not show downregulation of  

processes involved with cardiomyocyte maturation, such as cardiac contraction and 

cell junction organization (both upregulated after Fstl1 treatment). However, it is  

important to assess whether increased proliferation leads to the generation of  

functional differentiated cardiomyocytes. Therefore, functionality of Fstl1 treatment 

has to be examined under in vivo conditions. Furthermore, we assessed Fstl1  

production by fibroblasts under normoxic and hypoxic conditions and found hypoxia 

increased Fstl1 production by fibroblasts. Conversely, we did report different Fstl1 

protein production and post-translational modification between human foetal cardi-

ac fibroblasts and hiPSC-derived cardiac fibroblasts. This further emphasizes the  

importance of analysing Fstl1 therapeutic potential under in vivo conditions where 

the multicellular nature of the heart is taken into account. Previously mentioned 

EHTs might also be a good intermediate step to investigate Fstl1 function in cardiac 

tissue context. This could enable the study of Fstl1 initiated mechanisms in cellular 

crosstalk, under mechanical strain and during electrical pacing of cardiomyocytes 

and cardiac fibroblasts. Nevertheless, understanding the mechanisms of in vivo  

cardiac ischemic injury are crucial in inventing reparative approaches. 

Non-coding RNAs in cardiac repair

Since the discovery of the innate proliferative capacity of human cardiomyocytes 

and the complete cardiac regeneration in zebrafish, the field of regenerative  

Marijn Peters_To repair the infarcted heart.indd   212Marijn Peters_To repair the infarcted heart.indd   212 07-10-2021   15:3207-10-2021   15:32



213

medicine has expanded rapidly towards defining the right target to activate the  

molecular switch to repair the heart. In chapter 4 and 7, we describe the increased 

interest in non-coding RNAs as tools to target cardiac repair. The majority of the 

transcribed genome consists of non-coding RNAs that regulate gene expression 

of coding RNAs44. The large number of cardiac specific non-coding RNAs and 

their regulatory function in multiple cardiac developmental and disease-specific  

processes, emphasize their potential as therapeutic targets. As gene expres-

sion is under tight regulation of the non-coding transcriptome, targeting a  

regulatory non-coding RNA rather than one of its gene targets has been shown to yield  

beneficial effects44. Furthermore, if a non-coding RNA is only expressed in the 

heart, targeting it for therapeutic purposes would prevent off target effects in distal  

organs. In chapter 7, we focussed on the role of non-coding RNAs in endothelial cell  

signalling during cardiac injury and regeneration. As the re-establishment of the 

vascular network in the infarct area is crucial in mediating cardiac repair in the  

zebrafish heart45, we studied non-coding RNA mediated intercellular communication 

between endothelial cells and cardiomyocytes in the healthy and injured heart. Here, 

we identified a list of miRNAs and long non-coding RNAs that have been reported 

in their function in cardiac regeneration and vascularisation. The interplay between 

hypoxia-inducible non-coding RNA expression and their stimulation of endotheli-

al cell function and myocardial repair guides cardiac regeneration46–48. Therefore,  

therapeutic manipulation of non-coding RNA expression could activate the cardiac 

regulatory networks that turn the molecular switch towards regeneration in contrast 

to current fibrotic repair. 

Local and sustained delivery of therapies 

As discussed, promising targets have been identified that play a role in  

regulating the components of cardiac repair. Non-coding RNAs that can  

simultaneously alter behaviour of cardiomyocytes, fibroblasts and endothelial cells 
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in the infarcted area would therefore be the main tool for regenerative therapy.  

Administration of miRNA or miRNA inhibitors (antimiRs) to target cells could  

directly alter mRNA expression and have epigenetic effects. However, as RNAs  

consist of nucleotides they can be subjected to RNase-mediated degradation in 

the inter- and intracellular environment49. Additionally, local delivery of RNAs is vital 

to prevent off-target organ effects. To ensure safe delivery of RNA therapy to the  

infarction site where the RNAs can exert their function, multiple delivery techniques 

have been investigated. miRNA stability and prevention of lysosomal degradation can 

be mediated by the use of extracellular vesicles to deliver miRNA therapeutics50–52. 

Extracellular vesicles are released by all cells and transport bioactive molecules 

from one cell to another cell to mediate intercellular communication51. The mem-

brane of extracellular vesicles is composed of a lipid bilayer which prevents miRNA  

degradation. Furthermore, molecules on the outside of the membrane can direct 

the vesicles to specific target cells enabling targeted delivery. These characteris-

tics of extracellular vesicles makes them promising tools for cardiac delivery. While 

cellular uptake can be enhanced by chemical modifications that increase hydropho-

bicity53, targeted delivery can also be mediated by scaffold-mediated delivery that  

encapsulate the miRNA and provide three-dimensional distribution of the miRNA at 

the target site49. Supramolecular hydrogels that are thin and liquid before injection 

and form a rigid gel in myocardial tissue allow for minimally invasive catheter-based 

injection based on temperature, pH or shear stress mediated gel formation54,55.  

In chapter 8 we developed a method to visualize the distribution of supramolec-

ular ureido-pyrimidinone modified poly (ethylene glycol) (UPy-PEG) based hy-

drogel using radioactive isotope indium-111 based labelling. With this method we 

could quantify the localization of the hydrogel after injection and measure differ-

ences in hydrogel retention over time. Furthermore, we showed that addition of a  

UPy-functionalized recombinant peptide, based on human collagen type 1, could 

double the retention at the injection sites in defined gel deposits. With this study, we 
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emphasize the importance of determining the distribution of a therapy after injection 

to ensure therapeutic effect and prevent off-target effects. Based on this, we advise 

researchers to include retention studies in their preclinical studies on regenerative 

therapies as a drug not maintained at the target site cannot exert its function.  

FUTURE DIRECTIONS

While in this thesis we describe approaches to increase translatability of cardiac 

reparative studies, it is important to mention there are still steps to be taken to move 

to successful clinical trials. In line with the work presented in this thesis, mechanisms 

of Fstl1 function in fibroblasts and cardiomyocytes and the role of glycosylation in  

intercellular communication will be studied to further elucidate the working  

mechanism of Fstl1. Furthermore, a large animal study studying the regenerative 

effect of Fstl1 delivery after myocardial infarction is set-up to move towards clini-

cal application. Furthermore, the RIP1 inhibitor GSK’547 will be tested for preven-

tion of ischemia/reperfusion injury in vivo where both oral and intravenous delivery 

will be compared to measure the effect of GSK’547 on cardiac function and infarct 

size following reperfusion. In line with our method to visualize hydrogel distribution  

following injection, the gel with UPy-functionalized recombinant peptide based 

on human collagen type 1 is currently being tested in a porcine animal model of  

ischemic heart disease in combination with regenerative factor antimiR-195. 

Following these steps to further develop the advances made in this thesis, it is  

important the field moves towards the use of more representative models of  

ischemic heart disease. With the rise of technologies like hiPSC-CMs, and three- 

dimensional multicellular models like EHT56 or heart-on-a-chip51, the use of  

murine models of myocardial infarction can be reduced to enable human-specific and 

even patient specific disease modelling. In contrast to in vivo studies in which the  

identification of disease mechanisms on the molecular level and level of cellular 
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communication is difficult, in vitro disease models mimicking human tissues al-

lows for tightly controlled disease modelling and assessment of cellular behaviour. 

With the development of advanced imaging techniques (e.g. spinning disk, super  

resolution microscopy, confocal microscopy, calcium imaging) and advances in gene 

editing and cellular visualisation (e.g. CRISPR-Cas9), cellular communication and 

subcellular changes following injury can be documented before advancing to in vivo 

studies. In this case, functionality of the therapy on the human cellular level would be 

confirmed before translation to in vivo studies that test for safety and drug behaviour 

in the context of multi-organ systems. 

Next to pushing the field towards more effective disease modelling, the develop-

ment of reparative therapies should also increase in translatability. With the identifi-

cation of multiple factors that can induce cardiomyocyte proliferation in pre-clinical 

animal studies, it still remains unclear whether adult human cardiomyocytes can be  

stimulated to proliferate. We have shown in this thesis, metabolically matured  

hiPSC-CMs can be stimulated to proliferate using Fstl1, but we haven’t yet tested 

this in three-dimensional context or in the context of multiple cell types. It would be of 

interest to investigate whether human cardiomyocytes aligned in a three-dimension-

al construct with endothelial cells and fibroblasts can dedifferentiate and proliferate 

without losing contractile force. Likewise, will the cardiomyocytes after cytokinesis 

electrically couple to the pre-existing cardiomyocytes to contribute to contractility 

without leading to arrythmias? Since the zebrafish and neonatal heart have the  

capacity to regenerate after injury, there seems to be a way for new cardiomyocytes 

to be generated from pre-existing cardiomyocytes. However, whether this exact  

capacity is evolutionary retained in the human myocardium and whether we can 

find a way to tap into this exact mechanism remains to be seen.  Therefore, closely 

assessing the behaviour of human cardiomyocytes in tissue context during ischemic 

injury and in combination with proliferation inducing factors would be the next step to 
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understand mechanisms of cardiac repair.

 

For cardioprotective approaches it would be interesting to test the functionality of 

cardiomyocytes that survive due to the necroptosis inhibition. If the release of reac-

tive oxygen species no longer induces necroptosis in the presence of RIP1 inhibitors 

and the mitochondria no longer lose their membrane potential, is there remaining 

damage from the sudden oxygen influx that would affect the cardiomyocyte contrac-

tility? 

In terms of delivery tools, it remains crucial to test the safety and local targeting of 

drug delivery using retention-improving biomaterials. For example, the effectiveness 

of hydrogels that form a gel after injection and the effect of this gel formation on the 

surrounding tissue. It remains unclear whether the gel would provide support to the 

tissue or whether the presence of the solidifying gel would push against the already 

weakened myocardium. Next to development of a hydrogel capable of forming a gel 

in the tissue environment, hydrogel rigidity and required injection volume are also 

very important factors to consider. Therefore, analysis of drug-scaffold-tissue inter-

action should be a focus of future research to move towards translation.      

CONCLUSIONS

This thesis aimed to advance our knowledge on cardiac reparative approaches. We 

discovered a novel tool to inhibit reactive oxygen species induced cardiac cell death. 

Using metabolic maturation media, we tested whether matured hiPSC-derived  

cardiomyocytes were sensitive to ischemia and developed an in vitro model of  

human cardiac ischemic injury. Additionally, we examined if matured hiPSC-derived 

cardiomyocytes could be stimulated to proliferate and we discovered the protective 

and regenerative capacity of hypo-glycosylated Fstl1 on human hypoxic cardiomyo-

cytes. Furthermore, in this thesis is the first report of Fstl1 production and secretion 
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by human cardiac fibroblasts and altered secretion following ischemia. Lastly, we 

developed a method to quantify the distribution of supramolecular hydrogels using in 

vivo tracking of radioactively labelled hydrogel subunits. Altogether, in this thesis we 

showed progression in ischemic disease modelling and drug development to move 

towards regenerative therapy to treat patients with ischemic heart disease. 
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NEDERLANDSE SAMENVATTING

Hart- en vaatziekten zijn de meest voorkomende doodsoorzaak wereldwijd1. De 

behandeling van patiënten met een hartinfarct (ischemische hartziekte) is verbeterd 

door reperfusie therapieën die de doorbloeding van het aangedane hartspierweefsel 

mogelijk maken2,3.  Echter is de chronische last van ischemische hartziekten erg hoog 

doordat het verlies aan hartspiercellen niet kan worden hersteld en de resulterende 

aanmaak van littekenweefsel zorgt voor een afname van hartfunctie en zelfs kan 

leiden tot hartfalen. Naast de schade van de blokkade in zuurstofvoorziening in het 

hart kan er ook additionele schade optreden door het heropenen van de gesloten 

slagader, zogenaamde reperfusie schade. Het stimuleren van natuurlijk herstel van 

het hartspierweefsel na een hartinfarct en het voorkomen van schade door reperfusie 

therapieën is hierdoor een belangrijk doel binnen cardiovasculair onderzoek. 

Dit proefschrift laat zien dat we effectief reperfusie schade kunnen voorkomen en 

humane metabolisch-volwassen hartspiercellen zich kunnen laten herstellen in een 

in vitro model van ischemisch hartziekte. Ook geeft ons onderzoek aan hoe belangrijk 

het is voor klinische relevantie bij preklinisch onderzoek de toedieningsmethode en 

de retentie van de therapie op de beschadigde plek mee te nemen bij het bepalen 

van de effectiviteit van therapieën. Steeds meer, ontrafelen we de mechanismen 

die ten grondslag liggen aan hartschade en herstel door het in beeld brengen van 

zowel reacties op cellulair gebied als op functioneel gebied. Door het combineren 

van oplossingen voor reperfusie schade, het beperkte herstellend vermogen van 

het hartspierweefsel en het gelokaliseerd houden van medicijnen op de plaats 

van bestemming komen we steeds dichter bij een manier om het hart te kunnen 

herstellen en de ontwikkeling van hartfalen te voorkomen. 

Hoofdstuk 1 toont aan dat een nieuwe RIP1 activatieremmer, GSK’5474, momenteel 

in fase 2 van klinische studies voor ontstekingsziektes, in humane hartspiercellen 

reperfusie schade kan voorkomen door het blokkeren van necroptotische celdood. 
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Wanneer we schade induceerde met waterstofperoxide, een zuurstofradicaal, zorgde 

dit voor een overleving van gemiddeld 15,6%. Toevoeging van GSK’547 voordat 

het waterstofperoxide werd toegevoegd, als simulering van het toevoegen van de 

therapie voor het openen van de geblokkeerde slagader, verhoogde de overleving 

naar 75,7%. GSK’547 werkte hierbij door de activatie van de eiwitten RIP1, RIP3 

en MLKL te remmen. Deze eiwitten hebben een sleutelrol in het uitvoeren van 

necroptotisch celdood. Naast het remmen van RIP1, RIP3 en MLKL remt GSK’547 ook 

schade aan het mitochondriale membraan door CaMKII expressie te onderdrukken. 

Eerder onderzoek heeft het belang van necroptose5–8 en mitochondriale schade9–11 

in reperfusie schade beschreven wat laat zien dat het vinden en ontwikkelen van 

effectieve remmers van necroptose en mitochondriale schade een goede manier is 

om reperfusie schade te voorkomen en de infarctgrootte te beperken.  

Deel 2 is gericht op het stimuleren van het herstel van hartspiercellen. In hoofdstuk 

2 ligt de focus op waarom het stimuleren van proliferatie van hartspiercellen een 

goede therapeutische behandeling zou zijn voor het voorkomen van hartfalen 

en de rol van niet-coderend RNA, miRNA-128 als mogelijk regeneratieve factor. 

Aangezien het hart niet alleen bestaat uit hartspiercellen en het herstel van het 

hart niet alleen herstel van hartspiercellen maar ook ontwikkeling van nieuwe 

bloedvaten en reactie van fibroblasten vergt, richt hoofdstuk 3 zich op het glyco-

eiwit Follistatin-like 1 (FSTL1) als regeneratieve factor. FSTL1 heeft diverse functies 

afhankelijk van spatiotemporele regulatie en post-translationele modificaties. In 

foetale ontwikkeling zorgt het voor remming van cel proliferatie12,13 en in ziekte kan 

het zorgen voor proliferatie van cellen14,15. Ook stimuleert FSTL1 angiogenese16, 

onderdrukt het cel-apoptose14,17, en voorkomt het de ruptuur van het infarct door 

expressie in fibroblasten18,19. Om in hoofdstuk 5 te onderzoeken of FSTL1 een 

goede therapie kan zijn voor humane ischemische hartziekte ontwikkelden we 

in hoofdstuk 4 een in vitro model. Gebruik makende van humane geïnduceerde 

pluripotente stamcellen stimuleerde we differentiatie tot jonge hartspiercellen of 
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hartspiercellen met een additionele metabolische veroudering20. Door de cellen in 

een lage zuurstof en nutriënten-omgeving te plaatsen, modelleerde we ischemische 

hartziekten en bekeken we het effect van de veroudering op de overleving van de 

hartspiercellen. Dit liet zien dat alleen cellen met een additionele metabolische 

veroudering gevoelig zijn voor lage zuurstof en nutriënten terwijl ischemie in jonge 

hartspiercellen niet zorgde voor celdood. Analyse van de metabolische reactie 

van de jonge en verouderde cellen op de ischemie liet zien dat de metabolische 

flexibiliteit van de jonge cellen wel afneemt in ischemie maar vele maten minder dan 

bij de verouderde cellen. Op basis van de resultaten concludeerde wij dat alleen 

metabolisch verouderde hartspiercellen gevoelig zijn voor ischemie zoals we zien 

in de celdood van hartspiercellen tijdens ischemisch hartziekten. In hoofdstuk 

5 bekeken we of FSTL1 in dit in vitro model celdood kon onderdrukken en de 

aanmaak van nieuwe hartspiercellen kon stimuleren. Hierbij zagen wij dat FSTL1 

celdood onderdrukte en dat alleen FSTL1 zonder suikergroepen proliferatie van 

hartspiercellen stimuleerde. Het tijdstip van toevoeging van FSTL1, voor of na schade 

had hierbij geen effect op de regeneratieve werking. Aangezien eerder onderzoek 

liet zien dat FSTL1 expressie in fibroblasten essentieel was voor het voorkomen 

van de ruptuur van het infarct in proefdieren18,19, maar er geen eerdere studies 

zijn die FSTL1 expressie in humane fibroblasten bevestigen, onderzochten wij de 

FSTL1 expressie in humane fibroblasten. Humane fibroblasten en hartspiercellen 

produceerde FSTL1 en ischemie zorgde hierbij in fibroblasten voor een verhoogde 

eiwitsecretie en in hartspiercellen voor een verlaagde FSTL1 secretie. De 

combinatie van humane hartspiercellen en fibroblasten in kweek zorgde voor een 

cumulatief hogere FSTL1 secretie waarbij de aanwezigheid van fibroblasten in lage 

aantallen voldoende was om FSTL1 secretie te verhogen. Dit hoofdstuk liet zien dat 

proliferatie van verouderde hartspiercellen kan worden gestimuleerd in ischemische 

omstandigheden door FSTL1 en dat FSTL1 secretie een rol speelt bij communicatie 

tussen hartspiercellen en fibroblasten in ischemie. De onderliggende mechanismen 
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van deze FSTL1-gemedieerde communicatie tussen hartspiercellen en fibroblasten 

in ischemie moeten nog nader onderzocht worden.

Deel 3 is gewijd aan de vertaling van in vitro resultaten naar een therapie waarin er 

gekeken wordt naar een lokale medicijn administratie en het behoud op de plek van 

schade. Hoofdstuk 6 gaat in op de rol van niet-coderende RNA’s op hartregeneratie 

en endotheelcellen en het inspelen op extracellulaire vesicle-communicatie tussen 

endotheelcellen en hartspiercellen voor hartherstel. De ontwikkeling van nieuwe 

therapieën voor ischemische hartziekte focussen zich vooral op de aanmaak van 

nieuwe hartspiercellen waarbij er niet rekening wordt gehouden met de rol van 

endotheelcellen in het behoud van de nieuw aangemaakte hartspiercellen in het 

infarct. In dit hoofdstuk beschrijven we de veranderingen in endotheelcellen tijdens 

hartschade en de communicatie tussen hartspiercellen en endotheelcellen met 

behulp van niet-coderende RNA’s. De rol van niet-coderende RNA’s in hartschade 

en herstel is essentieel waarbij communicatie tussen celtypes in de gebieden 

rondom het infarct met behulp van deze niet-coderende RNA’s bepaalt of het infarct 

herstelt wordt met een litteken of er volledige regeneratie plaatsvindt21–26. Omdat 

niet-coderende RNA’s bijwerkingen kunnen hebben wanneer ze terecht komen op 

andere locaties dan de plek van schade is het essentieel dat deze gelokaliseerd 

toegediend kunnen worden en dat er gecontroleerd kan worden dat ze op de plek van 

schade blijven na injectie. Eerder onderzoek heeft alleen laten zien dat alles wat in 

het hart wordt geinjecteerd direct wordt uitgepompt via het veneuze micro vasculaire 

netwerk in het hart27. Om de retentie van medicatie in het hart te vergroten wordt het 

gebruik van injecteerbare hydrogels veel onderzocht, alleen het blijft onduidelijk of 

deze wel zorgen voor een verhoogde retentie omdat er enkel wordt gekeken naar 

functioneel effect28,29. In hoofdstuk 7 ontwikkelde wij een nieuwe methode om direct 

na de injectie de locatie en verspreiding van de hydrogel te kunnen bepalen. Door 

directe labeling van de gel met radioactief-indium en visualisatie via scintigrafie is er 

tot vier uur na injectie bepaald waar de gel zich lokaliseert. De gel eerder gebruikt 
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in studies liet een vergelijkbare lage retentie van 16,9% zien terwijl het toevoegen 

van een extra adhesie collageengroep (RCP) de retentie verhoogde naar 26,9%. Dit 

hoofdstuk benadrukt dat het belangrijk is om naast functioneel effect ook te focussen 

op de retentie van de therapie. 

Dit proefschrift voegt nieuwe inzichten toe aan het veld van hartregeneratie. De focus 

lag op verschillende elementen belangrijk voor hartregeneratie: Het ontwikkelen 

en optimaliseren van een in vitro humaan model van ischemisch hartziekte, het 

identificeren van een nieuwe factor die het hart kan beschermen tegen reperfusie 

schade en een factor die proliferatie van hartspiercellen kan stimuleren en het 

ontwerpen van een nieuwe methode om real-time lokalisatie van geïnjecteerde 

hydrogel te bepalen. Gebruikmakende van het werk in dit proefschrift kunnen 

therapieën worden getest in het geoptimaliseerde ischemisch hartziekte model en 

kunnen GSK’547 en FSTL1 kunnen worden getest in een varkensmodel om de 

laatste stap te maken voor klinische translatie. Ons onderzoek naar retentie van 

hydrogels na injectie in het hart benadrukt het belang van retentiestudies in de 

directe effectiviteit en mogelijke bijwerkingen van het medicijn. Een combinatie van 

cardioprotectie, hartregeneratie en verbeterde medicijnlevering en retentie op de 

plek van schade vormen de sleutel tot het herstel van het hart en het verbeteren van 

de kwaliteit van leven voor mensen na een hartinfarct. 
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