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1. Introduction 
 
1.1. Congenital heart diseases: 
Structural malformations of the heart lead to 30% of embryonic and fetal lethality prenatally 

(Hoffman, 1995). Moreover, the leading cause of death worldwide is the result of cardiovascular 

diseases (CVDs), to which 32% of death cases were attributed in 2019 (World Health 

Organization, 2021). One type of pediatric CVDs is congenital heart disease (CHD) which is an 

abnormality in heart structures present at birth. CHD in general can affect normal blood flow 

within the heart as well as blood circulation. Varieties of CHDs have been reported among which 

defects in valves such as Ebstein’s anomaly (tricuspid valve defect), and aortic and pulmonary 

stenosis (narrowed valves), or abnormalities in vessels including coarctation of the aorta 

(narrowing in the aorta), pulmonary stenosis (too narrow or stiff pulmonary valve), interrupted 

aortic arch, truncus arteriosus, or disturbance in septa such as atrial and ventricular septal defects 

(a hole in the septa), or under development in heart wall such as hypoplastic left heart syndrome 

(too small left ventricular chamber), can be mentioned (Hoffmann et al., 2002; National Institute 

of Health, 2022). Depending on the type of defect, the blood flow can either be decreased or get 

guided in a wrong direction. The cause of the heart diseases present at birth remains often elusive. 

Nonetheless, multiple factors have been proven to elevate the risk of CHD. Briefly, certain 

infections during pregnancy (e.g., rubella), obesity, and poor nutritional status, as well as 

consumption of certain medications and drugs such as tobacco, alcohol, hydantoin, lithium, and 

thalidomide by the mother have been mentioned to enhance the incidence of CHDs. Moreover, 

maternal diseases such as diabetes mellitus, phenylketonuria, and systemic lupus erythematosus 

can be categorized as environmental risk factors for CHD (Lucile Packard Children's Hospital, 

2010). Additionally, a number of genetic conditions namely Down-, Turner-, and Marfan 

syndrome have been associated with CHD (World Health Organization, 2011). Accordingly, the 

key factor to build a functional heart is normal and complete embryonic development. Thus, 

detailed insights into the normal heart function and heart development, as well as the involved 

factors can be essential in the understanding of the mechanisms contributing to CHDs, as well as 

prevention and treatment of them.  

 

 

1.1.1. Function and structure of the mammalian heart 
In vertebrates, the heart is the first organ to be fully functional. This organ plays a vital 

role in nutrients and oxygen distribution (Buckingham et al., 2005). As a muscular organ, 

it supplements the entire parts of the body with blood, owing to its rhythmic and 
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continuous contractions. The number of heart contractions (beats) per minute (bpm) in an 

adult human, at rest ranges from 60 to 100 bpm. With each beat, the heart pumps 60 to 90 

milliliters of blood out of itself, which stands for 7600 liters blood transfer per day, or in 

other words almost over 200 million liters in a lifetime (The Physics Factbook, 2001). In 

mammals, a mature heart is composed of four valves and four chambers (two cranial atria 

and two caudal ventricles). Both ventricles are separated from each other via 

interventricular septum (IVS), which avoids the mixture of blood contents of the 

ventricles. Likewise, ventricles, the atria exhibit a partition between each other which is 

called atrial septum. The wall of each heart chamber is constructed from three tissue 

layers including endocardium (inner layer, endothelial lining of the heart), myocardium 

(middle layer, cardiac muscle cells) and epicardium (outer layer, source of coronary 

arteries and cardiac fibroblasts. The arrangement of heart valves and chambers is in such 

a manner that ensures the unidirectional flow of blood, as well as separation of systemic 

and pulmonary circulation (Lin, 2012).  

The right part of the heart is composed of a cranial right atrium (RA) and a caudal right 

ventricle (RV) (Figure 1). The cardiac blood circulation includes the pulmonary system, 

where the RA receives deoxygenated blood from the body periphery via the superior and 

inferior vena cava vessels. The connection between RA and RV is provided by the 

tricuspid valve, which allows for a one-way passive flow of deoxygenated blood from the 

RA into the RV, followed by contraction of the RA and relaxation in RV (Figure 1). From 

the RV the pulmonary artery arises. As a consequence of RV contraction during systole, 

the low in oxygen- blood leaves the RV through the pulmonary valve into the pulmonary 

arteries. Next, the blood is directed to the lungs, where the carbon dioxide is exchanged 

with oxygen. The left side of the heart is composed of two chambers including the left 

atrium (LA) and left ventricle (LV). The oxygenated blood from the lungs enters the LA 

through the pulmonary veins. The flow and subsequent LA contraction transfer the 

oxygen-rich blood through the mitral valve into the LV (Figure 1). From the LV the aorta 

arises. As a consequent of LV contraction during systole, the oxygenated blood is 

transported through the aortic valve into the aorta and distributed into the systemic blood 

circulation. Thereby the oxygenated blood is delivered to all peripheral organs and tissues 

of the body. After supplying the body with oxygen and nutrients the blood returns to the 

RA and thereby another cardiac cycle is initiated (Figure 1). 
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1.1.2. Cardiac cell populations 
The heart as a vital organ is composed of various specialized cell populations which 

interact with each other, to maintain and synchronize heart function. An adult mammalian 

heart the following main cell types: adipocytes, cardiomyocytes (CMs), endothelial cells 

(ECs), fibroblasts (FBs), immune cells (e.g., leukocytes), pericytes, mesothelial cells, 

neuronal cells and smooth muscle cells (SMCs). The determination of these cell types’ 

distribution in the ventricular myocardium is challenging, heavily varies from study to 

study and is controversial (Litviňuková et al., 2020). Accordingly, using fluorescence-

activated cell sorting (FACS), Banerjee and colleagues (2007) reported that from the 

entire cardiac cell population of the adult mouse myocardium, 56% devote to CMs, 7% 

to ECs, 27% to FBs, and 10% to vascular SMCs.  However, in another study performed 

by Pinto and team (2016), the proportion of murine cardiac nuclei being categorized as 

CMs were 31% using immunohistochemistry and flow cytometry analyses. Moreover, it 

was concluded that from the remaining non-myocyte cell population, 64% (of total non-

Figure 1. Morphological architecture of the mammalian heart. The mammalian heart is composed of 
four valves and four chambers. The latter include the right atrium (RA), right ventricle (RV), left atrium 
(LA), and left ventricle (LV). Each cardiac chamber is composed of three tissue layers: endocardium, 
myocardium and epicardium. While the RA and RV are separated by tricuspid valve, the LA and LV are 
separated by mitral valve. The pulmonary valve separates the RV from the pulmonary artery, whereas the 
aortic valve separates the LV from aorta. The white arrows demonstrate the unidirectional blood flow 
(scheme modified after Irasto World Health, 2021 and Krishnan et al., 2022. 
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myocytes) were ECs, 15% FBs, 9% leukocytes, and 12% un-defined cells (Pinto et al., 

2016). At the outer surface of the heart fat tissue is located. The epicardial fat as a source 

of free fatty acids, is involved in energy supply and protection against hypothermia of the 

myocardium (Hatem et al., 2016). Additionally, it is also a source of signaling molecules, 

for example adipokines such as adiponectin. The ECs cover the inner layer of blood and 

lymphatic vessels. Nonetheless, the EC subtypes among blood and lymphatic vessels are 

not identical. The ECs not only line the main arterial/venous vessels, but also make up 

the capillary network. A variety of physiological processes are regulated by EC, including 

the control of blood flow, vascular permeability, leukocyte trafficking, and angiogenesis. 

Additionally, the ECs are involved in regulation of nutrition supply of the heart. Upon the 

interaction with immune cells and fibroblasts, endothelial cell population controls cardiac 

inflammation and extracellular matrix (ECM) composition (Kamo et al., 2015). 

Fibroblasts (FBs) are composed from several subtypes in the heart, are found throughout 

the entire cardiac tissue. They surround CMs and bridge ‘the voids’ between myocardium, 

in such a way that every CM is closely related to a number of fibroblasts in normal cardiac 

tissue (Camelliti et al., 2005). Cardiac FBs regulate cardiac development, myocardial 

structure, and electro-mechanical function in both healthy and diseased hearts. 

Additionally, they produce a variety of extracellular matrix proteins, such as collagens, 

fibronectin, laminin, and proteoglycans. A large proportion of resident FBs originate from 

the heart’s epicardium during embryonic development (Moore-Morris et al., 2016). 

Studies have revealed that after pressure overload, the ECs give rise to FBs via 

endothelial-mesenchymal transition (Zeisberg et al., 2007). Moreover, the existing FBs 

are activated to proliferate, produce excessive amounts of ECM and differentiate into 

myo-fibroblasts following the pressure overload (Camelliti et al., 2005; Kanda et al., 

2018; Morris et al., 2014). The pericytes as part of the cardiac cell populations envelop 

the ECs of capillaries within the myocardial microcirculation and play an essential role 

in maintaining blood flow. Additionally, they are able to re-differentiate and thereby give 

rise to adipocytes, SMCs, and myofibroblasts (Su et al., 2021). As another component of 

cardiac cell populations, neuronal cells should be mentioned. The cardiac autonomic 

nervous system (CANS) which is composed of the extrinsic and intrinsic innervation of 

the heart, is involved in regulation of cardiac function. Therefore, its dysfunction causes 

various heart diseases, for instance cardiac arrhythmias. The cardiac SMC population 

mainly includes vascular smooth muscle cells (VSMCs), which are located in the medial 

layer of arteries. VSMCs are crucial for arterial physiology and pathology. These cell 
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types contract and regulate the blood vessel tone, blood flow and blood pressure. 

Following vascular injury, VSMCs dedifferentiate from a contractile to a proliferative 

phenotype. The dedifferentiation stage is characterized by several unique changes, in 

particular elevated proliferation rates, cellular migration and ECM production (Owens et 

al., 2004; Shi et al., 2020). As the most essential cardiac cell population, CMs can be 

mentioned. Orchestrated sets of contraction-relaxation cycles of CMs drive the pressure 

needed for heart’s function in efficient pumping of blood. Notably, the CM high adenosine 

triphosphate (ATP) demands for the contractility, is compensated by number 

mitochondria (Anmann et al., 2014; Pasqualini et al., 2016). Moreover, to meet the 

normal heart rhythm, the coordinated contractions of neighboring CMs are needed 

(Pasqualini et al., 2016). Accordingly, the disturbance of this coordinated CM contraction, 

leads to abnormal heart rhythm.  

To build a functional heart, a normal complete embryonic development acts as an 

essential key player. The developmental mechanisms among various organisms and organ 

systems are highly conserved. This understanding has provided scientists with multiple 

model organisms to study heart development. Utilizing an appropriate model organism 

provides scientists with massive information about the pathogenesis of congenital human 

diseases and their underlying mechanisms. With this perspective, vertebrates such as mice 

appear to be appealing models (Rosenthal et al., 2007). 

 

 

1.1.3. Embryonic heart development in mice 
 

1.1.3.1. The development of the primary heart tube 
An essential stage during embryonic development is gastrulation that occurs during the 

second developmental week in humans and seventh embryonic day in mice. It gives rise 

to three germ layers including endoderm (inner layer, continuous with yolk sac), 

mesoderm (interstitial layer) and ectoderm (outer layer, continuous with amnion) 

(Gilbert, 2006). In vertebrates, a variety of organs and cell types are derivatives of 

mesodermal cells such as cardiovascular system (i.e., heart, blood, and blood vessels), 

connective tissues, as well as bone, cartilage, and muscle (reviewed by Ferretti and 

Hadjantonakis, 2019). At embryonic day 6.5 (E6.5) in mice, the mesodermal cells (which 

later form the myocardial progenitor cells), are positioned in the anterior region of the 
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primitive streak, and posterior to the node within the embryonic plate (Buckingham et al., 

2005). Cranial and lateral migration of these mesodermal cells favors the formation of 

somatic and lateral plate mesoderm on the left and right side of the neuronal tube located 

under the head folds (Figure 2A) (Moorman A. et al., 2003). The lateral plate mesoderm 

enlarges, which later separates into somatic and splanchnic layers (Onimaru et al., 2011). 

The splanchnic mesoderm is the source for cardiac progenitor cells. At E7.5, a crescent-

like cardiogenic plate is formed at the pharyngeal region on both sides of the anterior 

splanchnic mesoderm (Figure 2B) (Buckingham et al., 2005; Gittenberger-de Groot et 

al., 2005; Onimaru et al., 2011). The already formed crescent is composed of two groups 

of progenitors, namely the first heart field (FHF), and the second heart field (SHF). Upon 

migration of precardiac cells from the FHF into the ventral midline and their fusion, a 

primary heart tube is formed at E8 (Figure 2C) (DeRuiter et al., 1992; Gittenberger-de 

Groot et al., 2005). This linear heart is composed of a myocardial and an endocardial cell 

layer. The second group of the progenitor cells (SHF) in return, are involved in growth of 

the primitive heart tube. Accordingly, they migrate anteriorly (atrial pole) and posteriorly 

(venous pole), and thereby developing to the outflow tract and RV, as well as the parts of 

atria (Kelly et al., 2001; Zaffran et al., 2004). Moreover, signals originating from 

myocardium cause epithelial to mesenchymal transition of endocardial cells, and thereby 

formation of mesenchymal endocardial cushion cells (ECCs) which are involved in the 

separation of atrioventricular canal (Moorman, A. F. M. et al., 2003).  

The primary linear heart tube composed of the monolayer endocardial cells (basal), 

cardiac jelly (middle), and monolayer myocardial cells (apical), has an inverted Y-shape. 

Two inferiorly positioned parts of the Y-shaped heart are known as venous pole that are 

continuous with the venous branches of the developing embryo, yolk sac, and placenta. 

Notably, the venous pole will later develop into atrial chambers and inflow tract, whereas 

its stem will later give rise to the ventricles and outflow tract (De la Cruz et al., 1991). 

The heart tube shows peristaltic contractions, which allows for blood transport in the 

direction from its posterior (caudal) (venous pole) to (cranial) anterior arterial pole (where 

the out-flow track is forming).  
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1.1.3.2. Formation of heart chambers 
Within the primitive linear heart tube, at the ventral part of the developing ventricular 

chamber, and dorsal part of the future atrial chamber, the ballooning takes place (Figure 

3A). This ballooning results in an S-shaped heart tube, chambers specification and the 

balboventricular groove or known as interventricular groove (BVG) development 

(between the developing ventricle) (Anderson et al., 2014; Moorman et al., 2003). 

Moreover, the interventricular groove formed within the heart tube, together with the 

ECCs will later contribute to septal structures (separating all the four chambers) and 

cardiac valves. In parallel to the ballooning of ventricles, the third cardiac cell layer called 

epicardium evolves, which later covers the developing heart by the end of looping at 

E10.5. The so-called pro-epicardial organ is positioned caudal to the heart and forms 

mesothelial structures, from which cells migrate over the surface of the heart, and thereby 

form the epicardium. The epicardial mesenchymal cells later contribute to the cardiac 

fibroblasts, cardiac-cushion mesenchyme (ECCs), and coronary arteries’ endothelial and 

smooth muscle cells (Dettman et al., 1998; Mikawa et al., 1996). 

The mammalian heart is not symmetrical. The symmetrical primary heart tube becomes 

asymmetrical upon looping, which is conducted by the node. The nodal proteins’ spatial 

expression and activation are involved in the determination of the left and right side of 

the embryo, which supports proper looping (Gilbert, 2006). As the heart tube grows, it 

Figure 2. Scheme of the position and morphogenesis of the mouse heart tube. A) The origin of 
myocardial progenitor cells is the epiblast cells, residing in the lateral sides of the primitive streak (PS). At 
E6.5 the progenitor cells migrate to the anterior (or cranial) regions of the embryo’s PS. B) These 
mesodermal cells migrate bilateral and localize caudal (or posterior) the head folds (HFs), and form a 
crescent like structure composed of the anterior first and posterior second heart fields at E7.5 (shown in 
brown; ML: midline). C) The formation of the linear heart tube at the ML, through fusion of the cardiac 
crescent (E8). The heart tube is composed of a venous and arterial pole, positioned at its posterior and 
anterior side, respectively. A: anterior (cranial), P: posterior (caudal), L: left and R: right. Modified after 
Buckingham et al., 2005. 
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gradually bends leftwards and loops rightwards. By E8.5, following the rightward 

looping, the posterior region (venous pole) of the heart tube moves anteriorly (cranial) 

(Figure 3B) (Buckingham et al., 2005). At the end of the looping process, both developing 

ventricles are positioned at the caudal side of the embryo, whereas the developing atria 

and the outflow tract are localized at the cranial side. Additionally, ECCs swellings are 

formed and positioned in the atrioventricular canal (Anderson et al., 2014). During E10.5, 

the first anatomic features of septation are observed, with formation of the primary atrial 

septum. Subsequently at E11.5, from the atrial groove (Figure 3C, shown in orange), the 

muscular structure with a mesenchymal cap at its tip expands toward the ECCs in the AV 

canal. After the cap reaches the atrial side of the ECCs, they fuse and thereby two atria 

get separated by the atrial septum (Figure 3C to 3G) (Anderson et al., 2014).  

 

Septation of ventricular chambers is initiated at E9.5. Both ventricles are separated from 

each other by an IVS which is composed of two types of tissues, including the muscular 

and membranous part (Franco et al., 2006; Savolainen et al., 2009; reviewed by 

Figure 3. Chamber development and septation in the mouse heart. A) Balboventricular groove (BVG) 
is formed between the developing left (LV) and right (RV) ventricles as a consequence of the ballooning 
of the primary heart tube. FA: Future atrium. B) The rightwards looping of the heart tube leads to posterior 
positioning of the developing ventricles, and anterior positioning of the developing atria. RA: Right atrium, 
LA: Left atrium. The luminal outgrowths of trabecular structures from the myocardium have been 
demonstrated in pale red. C) The MuVS (dark blue) is developed by cardiomyocyte (CM) proliferation 
located at the wall of the developing LV and RV towards the BVG. D) Participation of trabeculae supports 
muscular ventricular septal (MuVS) development and growth. E) Molecular interactions between MuVS 
and the cardiac-cushion cells (ECCs) induces formation of membranous ventricular septum (MeVS) in 
ECCs. F) Fusion of MuVS and MeVS causes the formation of the IVS. G) Atrioventricular valves arise 
from ECC (light blue) (modified after Wiegering et al., 2017). 
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Wiegering et al., 2017). Between E9.5 to E11.5, the proliferation of cardiomyocytes 

(CMs) localized within the wall of the LV and RV towards the BVG (or interventricular 

groove), leads to outgrowth of the muscular part of the IVS (MuVS (Franco et al., 2006) 

towards the ECC of the AV canal (Figure 3C-D). At the same time (E9.5), after looping 

of the linear heart tube, a complex made of ridge-like myocardial muscle cells termed 

trabeculae carneae appears (Figure 3B, demonstrated in pale red), between the external 

myocardial layer and internal endocardial epithelium. In the course of trabeculation, the 

cardiomyocyte (CMs) located at the developing ventricles grow towards the lumen of the 

ventricles the ridge-like structures (in pale red, Figure 3B).  

Trabeculae support the development of the IVS; they fuse with the developing MuVS and 

boost its outgrowth from the BVG (Figure 3D to 3F) (Ben-Shachar et al., 1985; Captur 

et al., 2016; Contreras-Ramos et al., 2008). After the MuVS is formed (Figure 3D-G, 

demonstrated in dark blue), molecular interactions between MuVS and the ECCs (Figure 

3F, demonstrated in light blue in form of a cloud) occur, which results in induction of the 

membranous part of the IVS (MeVS) developing from the ECCs in the AV canal 

(Eisenberg et al., 1995; Franco et al., 2006). The MeVS grows towards the MuVS such 

that after their fusion the IVS is formed (Figure 3E-G) (Anderson et al., 2014). By E14.5, 

the cardiac chambers are septated and the connections to the pulmonary and systemic 

blood circulation are completed (Buckingham et al., 2005).  

The early murine embryonic heart does not possess a coronary circulation, which is 

essential for supplementing the growing myocardium with nutrient and oxygen. 

Nevertheless, the trabecular structures facilitate the exchange of nutrient and oxygen by 

increasing the surface area (Sedmera et al., 2000). Moreover, at E14.5 the coronary plexus 

is developed gradually which allows for blood supplementation of the myocardium. Later 

on, at the basal site the trabeculae merge with the ventricular wall, enhancing the thickness 

of the compact myocardium. From basal to the apical part, the myocardium gradually 

compacts inwards the ventricular lumen. Consequently, a ventricular wall which is 

composed of a compact myocardium covered with smooth endocardium, is formed 

(Zhang et al., 2013). In the course of ventricular compaction, the spaces between the 

trabeculae are compressed to capillaries, on one hand. On the other hand, the endothelial 

cells of the endocardium develop to the intramyocardial coronary vessels (Sedmera et al., 

2000; Tian et al., 2014; Wu et al., 2012). Notably, as a consequence of trabeculation two 

myocardial domains are developed such as a trabecular zone and sub-epicardial compact 

zone. Studies in mouse and chicken have concluded that the CMs located in these two 
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domains share the identical origin via lineage tracing. Nonetheless, the compact and 

trabecular CMs exhibit distinctions in morphogenesis, proliferation capacity, and gene 

expression. For instance, concerning the proliferation capacity, the CMs of the trabeculae 

are less proliferative compared to the compact CMs (Chen et al., 2004). Collectively, 

during the later stages of cardiogenesis, the coordinated proliferation of cardiac cell types 

is essential to ventricular chamber development. With this regard, the enhanced 

myocardial mass is of critical importance for the adequate mechanical work of the 

developing heart, which is essential for the blood circulation within the developing 

embryo (Chien et al., 2008).  

 

1.1.3.3. Cell cycle regulation 
The proliferation or also known as the cell cycle is a sum of events, based on which the 

cell components are duplicated and finally divided among two daughter cells. The cell 

cycle is comprised of interphase and cell division. During interphase, a cell gets gradually 

prepared for division. Thus, the cell’s DNA, organelles, proteins, and size become 

duplicated, which are later spread equally between two newly formed daughter cells at 

the end of the cell division. The interphase is further subdivided into three phases: Gap1 

(G1), Synthesis (S), and Gap2 (G2). In the G1 phase a cell’s size, protein content, and 

organelle number get elevated. After G1, the cell either decides to continue into S phase, 

or to terminate the cycle and enter G0 (resting phase). As the key regulatory molecules 

which determine the progression of the cell cycle, different Cyclins and Cyclin-dependent 

kinases (CDKs) are required. The CDKs show catalytic activities only following an 

interaction to Cyclins, upon which they perform a phosphorylation reaction. This 

phosphorylation induces activation or inactivation of a target protein, thereby regulating 

cell cycle progression into the next phase. The cell cycle checkpoint from G1 to S is 

orchestrated by CDK4/6. CDK4/6 itself are activated by type-D Cyclins (Cyclin D1, 

Cyclin D2, and Cyclin D3) and inhibited by Cyclin dependent kinase inhibitors (CDKIs) 

of the INK4 family (p16INK4A, p15INKB, p18INK4C, and p19INK4D). The active cyclin D-

CDK4/6 complex phosphorylates the tumor suppressor protein Retinoblastoma (Rb). 

Normally, unphosphorylated Rb recruits and deactivates E2F transcription factors, and 

thereby suppresses their transcriptional activity. However, in the presence of cyclin D-

CDK4/6, phosphorylated Rb is unable to interact and suppress the E2Fs, which leads to 

increased expression of G1/S target genes, such as Cyclin E, Cyclin A, and Cyclin B 
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(Asghar et al., 2015; Ding et al., 2020). During late G1, the Cyclin E1 and E2 proteins 

interact with CDK2 and activate it. Under normal conditions and in the absence of Cyclin 

E1/2, CDKIs such as p21CIP1 and p27KIP1 inhibit the CDK2. Accordingly, as a 

consequence of CDK2 inhibition, the E2F transcription factors are suppressed, leading to 

inhibition of their target genes’ expression. However, the active Cyclin E1/2-CDK2 

complex by phosphorylation and inactivation of 27KIP1 and Rb (leading to release of E2F), 

promotes the cell-cycle progression from G1 to S, by regulating DNA replication, 

centrosome duplication, and histone H2B expression. During the DNA replication, the 

replication factors A and C recruit the DNA polymerase by loading the PCNA protein 

onto the chromatin, which promotes the DNA synthesis. PCNA in return, is regulated by 

Rb. Notably, CDK2-induced phosphorylation and inactivation of Rb, has a positive role 

in DNA replication (Sever-Chroneos et al., 2001). Moreover, the Cyclin E1-CDK2-

induced phosphorylation of the centrosome proteins including CP110, NPM, and MPS1 

leads to centrosome duplication (Chen et al., 2002; Fisk and Winey, 2001; Okuda et al., 

2000). Finally, the Cyclin E-CDK2-dependant phosphorylation of the nuclear protein 

coactivator of histone transcription (NPAT), activates the promoter of histone H2B 

needed for replication (Ma et al., 2000). G1 is followed by S phase during which the 

nuclear/genomic DNA is duplicated. Close to S phase entry, Cyclin A competes with 

Cyclin E, and replaces it from the CDK2 complex while Cyclin E1/2 is rapidly 

ubiquitinated and degraded. By the end of S phase, each chromosome consists of two 

sister chromatids. The active Cyclin A-CDK2 complex drives S phase termination and S 

to G2 transition. After the DNA replication is completed, the cell enters the G2 phase 

during which protein synthesis and cell growth essential for mitosis, take place. Here 

similar to the G1 phase, a checkpoint (called G2 /M checkpoint) determines whether the 

cell can progress to the next phase or not. At this point, any possible damage of the 

genomic DNA is monitored. Either the damages are repaired, otherwise the cell is 

sentenced to undergo apoptosis. The Cyclin A-CDK2 complex activates CDK1, which 

promotes transition to the M phase following an interaction with Cyclin B (Ding et al., 

2020). The activity of CDK1 favors nuclear envelope disassembly, chromosome 

condensation, and the mitotic spindle assembly (Ding et al., 2020; Gavet et al., 2010). 

Therefore, the chromosome pairs become condensed and attached to the microtubules. 

Later on, the microtubules pull on of each sister chromatids per chromosome towards the 

opposite cell poles. This promotes the separation of each sister chromatid, and their 

localization at opposite cell poles. Furthermore, upon enwrapping of both DNA sets at 
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each cell side by the nuclear envelope, mitosis is terminated. The outcome of mitosis is 

karyokinesis that stands for nuclear division and is followed by cytokinesis. During 

cytokinesis, the already separated nuclei, as well as cytoplasm, organelles and cell 

membrane are separated and divided in two daughter cells. Hence, as an outcome of cell 

cycle completion two cells are generated from one cell. 

 

1.1.3.3.1. Cardiomyocyte cell cycle activity and regeneration during the fetal 

stages 
The main driver of cardiac growth during intrauterine development is cardiomyocyte 

division, which is modulated by several molecular and cellular events (Karra et al., 2017). 

Throughout early cardiogenesis in mammals, cardiac progenitor cells differentiate into 

cardiomyocytes (Figure 4A). Multiple factors including local activin/nodal, Bone 

morphogenetic protein (BMP), Fibroblast growth factor (FGF), Wnt and retinoic acid 

signaling gradients guide and restrict the cardiac progenitor cell pool as well as their 

addition to the developing linear heart tube. From the looping stage and throughout 

subsequent phases of cardiac development, immature cardiomyocytes expand in number 

by cell division resulting in hyperplastic heart growth (Meilhac et al., 2003; Karra et al., 

2017) (Figure 4A). Hyperplasia stands for the enlargement of an organ or tissue owing to 

cellular proliferation meaning complete progression through the cell cycle (karyokinesis 

followed by cytokinesis), leading to development of two diploid mononuclear CMs 

(Chapter 1.1.3.3.). In addition to immature CMs, during the embryonic stages, 

differentiated CMs showing sarcomeric structures exhibit mitotic figures, revealing the 

ability of fetal already differentiated CMs to proliferate. Moreover, the proliferation rate 

at various parts of the developing heart is diverse (i.e., trabecular region vs. compact 

region of the ventricular myocardium), which is essential for heart morphogenesis before 

delivery (Yutzey, 2017). The cell cycle activity in CMs has been reported to be at its 

highest level at E10.5 to E12.5. Indeed, studying the dynamics of CM cell cycle activity 

during embryonic stages including E12.5, E15.5, and E18.5, Soonpaa and teams (1996) 

noticed that almost 33% of mouse CMs exhibited an activity in S-phase at E12.5. 

However, compared to E12.5 at E15.5 and E18.5, this rate was decreased to ∼25% and 

∼10%, respectively (Soonpaa et al., 1996). In another study, at E10.5, E12.5, and E14.5 

the average of CMs revealing a cell cycle activity was ∼22.5% in average. Compared to 

all three mentioned stages, at E18.5 this rate declined to 10% in mouse ventricular CMs 
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(Hirai et al., 2016). Consequently, it can be pointed out that the cell cycle activity in 

mouse CMs at early embryonic stages is much higher compared to late fetal stages. 

 

 

 

1.1.4. Postnatal cardiac growth in mammals 
A separation from an intrauterine environment that provides the fetus with the monitored 

nutrition, oxygen, and temperature by through placental connection to the mother, 

accounts for an extreme change. Therefore, within the first few hours of the exposure to 

the extrauterine environment, the neonatal CMs undergo multiple adaptations such as 

changes in cell cycle activity and growth, morphology, and metabolism (Ahmad et al., 

2018; Yester and Kühn, 2017). 

Mammalian heart size expands by almost 18-fold during adolescence, compared to 

neonatal heart (Bergmann et al., 2015). The increase in postnatal heart size is due to a 

process called hypertrophy, through which the volume of existing cardiac myocytes 

enhances (Guo et al., 2020). In postnatal mammals, heart growth is synchronized with its 

functional load demand. Postnatal hypertrophy is accompanied by several hallmarks 

including enlarged CMs, binucleated CMs, increased myofibrils and mitochondria, and 

Figure 4. Murine cardiac growth pattern during developmental stage vs. adulthood. A) Embryonic 
cardiac growth: Undifferentiated cardiac progenitor cells (blue oval cells) are transformed to the 
differentiated ones (top-left). The already differentiated CMs (in red) perform proliferation, which increases 
their population (yellow) (bottom-left). B) Growth pattern in adult CMs: Physiological hypertrophic growth 
observed in adult CMs, which leads to increase in size of pre-existing CM (top-right). CM loss leads to 
pathological hypertrophy and growth in remaining CMs (bottom-right) (image taken from Karra et al., 
2017).  
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matured intercalated discs (so CM terminal differentiation). Immediately after birth, the 

oxygen supply of the mammalian body shifts from the placenta-based to a lung-derived 

type. This switch demands a complex series of structural and functional modifications, 

by which the circulating blood is guided from the RV into the lung. Therefore, within the 

first few hours of the exposure to the extrauterine environment, rapid anatomical and 

morphological adaptations occur in the mammalian heart (Ahmad et al., 2018). Increased 

hemodynamic load promotes a hypertrophic response to counterbalance the elevated 

mechanical stress in the ventricular wall (Mc Mullen et al., 2007; Zak, 1984). In fact, 

depending on the duration, type and magnitude of the enhanced cardiac workload, there 

are two sub classifications of cardiac hypertrophy, namely physiologic and pathologic 

hypertrophy. Physiological hypertrophy arises as a result of normal cardiac growth and 

maintained function. During normal postnatal growth, pregnancy and even in the case of 

physical exercises, physiological growth is promoted, where the pre-existing CMs enlarge 

(Figure 4B-Top panel). Consequently, the heart to body weight ratio shows an increase of 

about 10% to 20%, which is not considered a risk factor for heart failure (Maillet et al., 

2013). It has been demonstrated that during the initial stages of hypertrophy, the Ca2+ 

influx and mobilization are elevated to increase heart function and contractility 

(Arsenescu et al., 1978; Carvalho et al., 2006). Additionally, the prolonged pressure 

overload-induced pathological hypertrophy is involved in increased sarcoplasmic 

reticulum (SR) Ca2+ transport, which is supportive for cardiac function (Limas et al., 

1980).  

Notably, the cell cycle activity and its regulation following a delivery was the main focus 

of this thesis. Therefore, it is initially essential to address the postnatal cell cycle activity 

in mouse cardiac cells.  

 

1.1.4.1. CM postnatal growth and cell cycle activity in mouse 
The cell cycle withdrawal occurs within the first two weeks after birth in murine CMs 

(Hirai et al., 2016; Porrello et al., 2011; Soonpaa et al., 1996). Furthermore, in vertebrates 

during the postnatal life period, the ability of CMs to re-enter the cell cycle and undergo 

cell division declines dramatically. Accordingly, at E18.5, the average CM proportion 

showing a cell cycle activity was reported to be almost 10% in mouse ventricular 

myocardium. However, after delivery at postnatal day 1 (P1), approximately ∼4.5% of 

the entire CMs exhibited an activity in S-phase of the cell cycle. Compared to P1 the cell 
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cycle activity in murine CMs was decreased remarkably at P10, reaching to less than 1%. 

Furthermore, from P14 onwards, the murine CMs revealed almost no cell cycle activity 

(Soonpaa et al., 1996). 

Indeed, understanding the dynamics of CM proliferation and growth pattern after birth 

may serve as an essential factor concerning regenerative therapies in heart disease. In the 

course of postnatal heart growth, mammalian CMs undergo several alterations, including 

binucleation and polyploidization. Notably, mature CMs in mice and humans do not 

proceed through the final stage of the cell cycle (i.e., cell division). In mice in particular, 

this incomplete CM division leads to binucleation or polyploidy. Briefly, murine CMs 

experience karyokinesis (nuclear division) without subsequent cytokinesis (cell division). 

Consequently, single cells with two nuclei (binuclear) arise from mononucleated CMs, 

which is observed in 90% of mature cells (Soonpaa et al., 1996). In contrast to murine 

CMs, CMs in humans complete an S-phase of the cell cycle (including DNA replication) 

but do not undergo karyokinesis. Due to endoreplication in the absence of subsequent 

karyokinesis, nuclei contain two or more sets of genetic materials within each CM 

nucleus, which is known as polyploidy (Brodsky et al., 1994; Olivetti et al., 1996). This 

polyploidization in human CMs is established in the second decade of life (Bergmann et 

al., 2015). Indeed, polyploidization and binucleation have negative impact on 

proliferation in CMs. Studies have claimed that some diploid mononuclear adult CMs 

might have retained proliferative ability following myocardial injury (Patterson et al., 

2017). However, polyploidy in CMs has shown to be correlated with increased cell size, 

which seems to be involved in maturational hypertrophy (González-Rosa et al., 2018; 

Guo et al., 2020; Liu et al., 2019).  

Stereological analyses in mouse hearts have revealed that the total number of CMs in the 

early neonate on postnatal day 2 (P2) accounts for circa 1.7 x 106 cells. Moreover, at P5 

this number reaches 2.26 x 106 and by P11 reaches a plateau state (2.6 x 106), and remains 

unaltered thereafter (Alkass et al., 2015). In parallel, the percentage of multinucleated 

cardiac myocytes elevates in such a way that from the entire CMs almost 5% at P2, 20% 

at P5, 50% at P7, 70% at P9, and 90% at P14 undergo binucleation (Alkass et al., 2015). 

Alkass et al. also monitored the dynamics of the postnatal DNA synthesis in CMs 

according to their stereology and flow cytometry analyses. They reported that within the 

postnatal life stage of mice, the highest CM proliferation devoted to the birth stage. 

Accordingly, 17.3% synthesized DNA in CMs leading to CM number expansion at P1. 

This value reduced continuously after birth, such that it reached to less than 3% at P7, 
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and less than 1% at P14. Collectively, they revealed that CM number expansion accounted 

for 30% of the CM DNA synthesis, within the second postnatal weeks. Moreover, the 

authors investigated the state of ploidy in murine CMs by monitoring the nuclear DNA 

content during the postnatal life span via flow cytometry. Notably, they mentioned that 

the polyploidization state of CMs, was at its lowest state at birth (0%), whereas it peaked 

at P14 to almost 4%, meaning that polyploidy accounted for 13% of postnatal DNA 

synthesis in CMs. Furthermore, they revealed that the multinucleation rate in murine CMs 

was at its highest value at P7. In this context, the multinucleation was related to 57% of 

the CM DNA synthesis within the second mouse postnatal weeks. Consequently, the 

Alkass et al. (2015) revealed that concomitant with increased multinucleation and 

polyploidization in mouse CMs (starting from P1), the CMs proliferation rate declined 

dramatically, such that from P14 the murine CMs were almost unable to divide. Moreover, 

polyploidy and binucleation in CMs has shown to be accompanied by maturational 

hypertrophy (González-Rosa et al., 2018; Guo et al., 2020; Liu et al., 2019).  

Collectively, the mammalian CMs reveal the cell cycle withdrawal within the first two 

weeks after birth. Therefore, discovering the exact timing, as which the cell cycle arrest 

is initiated in CMs, as well as the molecular mechanism regulating it, can have an 

important usage in regenerative therapies. The Multiple factors directly or indirectly are 

involved in cell cycle regulation including the cell cycle regulator, signaling pathways, 

and metabolism (glycolysis versus fatty acid oxidation), as well as oxidative stress.  

 

1.1.4.1.1. Cardiac growth regulating factors 
It has been revealed that during postnatal CM maturation the cell cycle positive regulators 

like CDKs are repressed, whereas the CDKIs are increased (Mohamed et al., 2018; 

Soonpaa et al., 1996). Interestingly, simultaneous overexpression of Cyclins and their 

corresponding CDKs has been shown to promote postnatal CM proliferation (Mohamed 

et al., 2018). For instance, Pasumarthi et al. (2005), using a mouse expressing CM-

specific Cyclin D2, noticed that following a myocardial injury, the forced expression of 

Cyclin D2 in CMs promoted CM DNA synthesis, as well as infarct size reduction in adult 

mouse hearts. In another study conducted by Soonpaa and colleagues (1997), the 

overexpression of Cyclin D1 in adult CMs revealed the increased CM nuclei, together 

with enhanced number of CMs exhibiting an activity in S-phase of the cell cycle, 

compared to control adult mice. As another positive cell cycle regulator, Cyclin A2 can 
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be mentioned, promoting the G1 to S and G2 to M transitions. CM-specific overexpression 

of Cyclin A2 enhanced the DNA synthesis and mitotic incidence in adult mouse CM 

nuclei after an ischemic injury (Cheng et al., 2007). In addition to cell cycle positive 

regulators, the negative proliferation regulators have been studied. In a study conveyed 

by Di Stefano and colleagues (2011), the multiple knockdowns of three cell cycle 

inhibitors such as p21(Waf1), p27(Kip1), and p57(Kip2) was conducted in adult and 

neonatal CMs using siRNAs. Accordingly, they noticed elevated levels of CMs exhibiting 

an activity in S-phase, as well as increased number of nuclei per murine CMs and 

enhanced level of mid-body structures. Taken together, these studies conclude the crucial 

association of cell cycle regulators in the CM proliferation ability.  

 

1.1.4.1.2. Cardiac growth mediating signaling pathways 
Multiple signaling pathways have been reported to regulate the growth of heart among 

which Hippo/YAP, MAPK-kinase, AKT, mTORC, and Neuregulin-1 (NRG1) signaling 

pathways can be mentioned (Witman et al., 2020).  

Hippo 

As an essential signaling pathway regulating the heart size and growth, Hippo signal 

transduction cascade can be pointed out (Guo et al., 2020; Heallen et al, 2011; Heallen et 

al, 2013; Lin et al., 2016; Wang et al., 2018). In the course of Hippo pathway, the activity 

of the transcriptional co-activators such as Yes-associated protein 1 (YAP) and 

Transcriptional coactivator with PDZ-binding motif (TAZ), are negatively regulated. 

Following an activation of Hippo signaling pathway, mammalian sterile 20-related 1 and 

2 kinases (MST1 and MST2) proteins are phosphorylated (MST1 at Thr183, and MST2 

at Thr180) (Deng et al., 2003; Praskova et al., 2004). The activated MST1/MST2 

complex form a complex with Salvador 1 (SAV1) (Callus et al., 2006), promoting the 

phosphorylation of Large-tumor suppressors (LATS1/2) (Galan and Avruch, 2016). The 

LATS1/2 in their activated state, phosphorylate the YAP/TAZ proteins and thereby 

promoting their degradation (Lei et al., 2008; Zhao et al., 2007). Nevertheless, under the 

Hippo inactivation, the YAP/TAZ are not phosphorylated. Instead, YAP/TAZ are 

localized to nucleus, and the complex interacts with a transcription factor called TEA 

domain family member (TEAD). Consequently, the genes involved in regulation of 

apoptosis, cell proliferation, and cell fate, are transcribed (Varelas, 2014). Hippo loss of 

function promotes the CM hyperproliferation. Accordingly, embryonic CM-specific 
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knockdown of YAP, has been reported to induce the hypoplasia (reduced proliferation 

rate) in mouse CMs at E16.5 (induced from E13.5 to E16.5), whereas the CM-specific 

YAP overexpression has promoted CMs proliferation at E15.5 (induced from E12.5 to 

E15.5) and P15 (induced from P5 to P15) (von Gise et al., 2012). Collectively, these 

findings suggest the essential influence of Hippo/YAP signaling in the CM cell cycle 

activity.  

MAPK-Kinase 

Another signaling pathway involved in proliferation and growth of cardiac cells Mitogen-

activated protein kinases (MAPK-Kinase) can be mentioned, which belong to a class of 

serin/threonine protein kinases (Raingeaud et al., 1995). The main branches of the 

MAPK-kinases pathway include Erk1/2, c-JNK, p38/MAPK, and Erk5 (Purcell et al., 

2007; Qi and Elion, 2005). Stimuli such as growth factors interact with the receptor 

tyrosine kinase. As a consequence of receptor/stimuli interaction, depending on the 

branch, the Erk1/2, JNK, p38, or Erk5 get phosphorylated. Finally, following a nuclear 

signal transduction, the expression pattern of the downstream target genes is modified. In 

this thesis, we mainly, focused on the activity of Erk1/2 and p38 branches. As the main 

receptors upstream to Erk1/2 activation in CMs Integrins, G-protein-coupled receptors 

(GPCRs), and tyrosine-kinase receptors, can be pointed out. The integrin receptors are 

mainly involved in mechanotransduction. In this context, an increase in pressure in the 

heart, leads to CM enlargement, which is induced by integrin receptor. Indeed, in adult 

CMs the integrin-induced activation of Erk1/2 and p70S6 kinase (p70S6K1), has led to 

hypertrophy (Balasubramanian and Kuppuswamy, 2003). Moreover, multiple studies 

have highlighted the importance of integrin-mediated Erk activity in respond to cardiac 

mechanical stress (De Acetis et al., 2005; Dorn et al., 2021; Häuselmann et al., 2011). 

Similar to integrins, GPCRs-derived activation of Erk has also been reported to regulate 

the CM hypertrophy. Following an extracellular signal such as epidermal growth factor 

(EGF), platelet-derived growth factor (PDGF), and insulin, the receptor tyrosine kinase 

translates the signal into a modification in Erk signaling, leading to cellular proliferation 

regulation (Cohen, 1965; Ek et al., 1982; Kasuga et al., 1982). As a member of receptor 

tyrosine kinase, IGF-1R can be mentioned, which exhibits an affinity to Insulin-like 

growth factor 1 (IGF-1). Following an IGF-1R/IGF-1 interaction, the Erk was reported to 

be activated, leading to CM hypertrophy (Carrasco et al., 2014). Moreover, CM-specific 

overexpression of IGF-1 in mice has been reported to promote cardiomegaly as a 



Introduction 

 19 

consequence of increased CM proliferation in transgenic mice compared to control group 

(Reiss et al., 1996). Another branch of MAPK-kinase signaling pathway is p38. 

Following an activity of p38, the signaling molecules involved in regulation of 

differentiation and hypertrophy in CMs are activated (Liang and Molkentin, 2003). 

Multiple studies have reported the negative influence of p38 in cell cycle activity, and its 

positive role in hypertrophy in CMs (Engel et al., 2005; Liang and Molkentin, 2003; 

Nemoto et al., 1998; Wang et al., 1998). With this respect, a treatment of rat adult CMs 

with p38 inhibitor SB203580 together with FGF1, enhanced the level of Cyclin A2, 

phosphorylated histone H3 (pHH3), and Aurora B in CMs, as well CM proliferation. 

However, the treatment of CMs with only p38 inhibitor did only elevate the BrdU 

incorporation and pHH3 rate. Moreover, the p38 was reported to disturb the FGF1-

promoted S-phase to mitosis transition through an inhibition of PI3K and AKT. 

Collectively, these data suggest the negative involvement of p38 in CM proliferation by 

suppression of FGF1 activity (Engel et al., 2005).  

AKT 

Apart from the Erk signaling activity, the IGF-1 is also reported to be involved in activity 

of the core signaling element AKT, leading to elevated heart size as a consequence of CM 

proliferation (Reiss et al., 1996). As a target of the AKT, glycogen synthase kinase 3β 

(GSK-3β) can be mentioned. GSK-3β is a negative regulator of CM proliferation by 

destabilization and degradation of β-Catenin. However, following an IGF-induced AKT 

activation, the GSK-3β is phosphorylated and thereby inactivated. As a consequence of 

GSK-3β deactivation, the β-Catenin is not degraded and is localized to nucleus. 

Consequently, the genes essential for cell cycle progression, are expressed, which 

collectively leads to CM proliferation in mice during development (Xin et al., 2011). 

Indeed, studies have concluded the increased CM proliferation incidence following a 

GSK-3β suppression (Kim et al., 2016; Xu et al., 2016; Zhou et al., 2016). A model 

exhibiting a cooperation between Hippo, canonical Wnt, and IGF pathway, has been 

suggested which reveals the united involvement of these pathways in CM proliferation 

induction (Heallen et al., 2020). In this model, the inactivity of Hippo pathway, promotes 

the YAP nuclear localization, as well as its interaction with TEAD. The YAP/TEAD later 

form a complex with β-catenin/T-cell factor/lymphoid enhancer factor (Tcf/Lef) on 

promoter regions of DNA in nucleus, leading to expression of genes regulating the cardiac 

growth. The combined YAP/β-catenin signaling leads to expression of IGF signaling 
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genes (Xin et al., 2011). The expressed IGF pathway genes induce the activation of PI3K 

and AKT phosphorylation. Furthermore, as a consequence of the AKT activation, the 

GSK-3β is degraded, which leads to stabilization and nuclear localization of β-catenin. 

Finally, the nuclear YAP/β-catenin promotes the CM proliferation.  

mTOR 

In CMs the transition from glycolysis to fatty acid oxidation is concurrent with the loss 

of regeneration ability in the mammalian hearts. The mechanistic target of rapamycin 

(mTOR) as another signaling pathway regulating the organ size, is activated in response 

to growth factors and nutrients. Depending on the protein complexes that it forms, the 

serine/threonine protein kinase mTOR is known as mTOR complex 1 (mTORC1) and 

mTORC2. The Following an activation of mTORC1, the protein synthesis and cellular 

metabolism are regulated. In this context, the levels of enzymes involved in glycolysis 

and oxidative phosphorylation, as well as fatty acid synthesis, are regulated (Paltzer et 

al., 2023). To regulate the protein synthesis and metabolism, the activated mTORC1 

phosphorylates the eukaryotic translation initiation factor 4E (4EBP1) and ribosomal 

protein S6 kinase (S6K1) (Ma and Blenis, 2009). The phosphorylation of 4EBP1 leads to 

prevention of 4EBP1’s inhibitory role on its downstream target cap-binding protein 

eukaryotic translation initiation factor 4E (EIF4E). Consequently, the active EIF4E forms 

a complex essential for cap-dependent translation initiation (Richter and Sonenberg, 

2005). The 4EBP1-induced activation of S6K1 promotes the synthesize of messenger 

ribonucleic acid (mRNA) as well as enhanced translational initiation and elongation via 

phosphorylation of ribosomal protein S6 and eukaryotic translation initiation factor 4E 

(EIF4B) (Ma and Blenis, 2009). Notably, AKT is a potential mTORC1 upstream effector. 

Using transgenic mice with the ability to express the constitutively active AKT, it was 

reported that the overexpression of AKT as well as activation of mTORC1 signaling 

pathway induced the enhanced the heart size in 3- to 4-month-old mice, compared to 

controls (Shioi et al., 2002). The prenatal inhibition of mTORC1 via rapamycin treatment 

was associated with declined phosphorylation of S6 and 4EBP1. Moreover, ss a 

consequence of mTORC1 suppression, the heart size to body size of the neonatal mice 

was reported to be decreased (Hennig et al., 2017) compared to the control group. 

Collectively, these findings suggest the essential role of mTORC1 in regulation of heart 

size. In the study conveyed by Paltzer and colleagues (2023) studying the role of 

mTORC1 in postnatal heart development, they noticed that the acute suppression of 
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mTORC1 decreased the CM proliferation. Additionally, the ability of neonatal mouse 

heart to regenerate following an injury was inhibited by mTORC1 suppression. Notably, 

they reported that the transient mTORC1 inhibition shifted the cardiac proteome from 

glycolysis to fatty acid oxidation during the injury in neonatal mouse hearts. Taken 

together, they concluded that mTORC1 suppression concurrent by cardiac injury induced 

the metabolic switch. Moreover, as a consequence of metabolic switch, the CM 

maturation and cell cycle arrest were induced in mouse hearts. Consequently, these data 

reveal the potential role of mTORC1 in CM proliferation and heart regeneration.  

NRG1 

The NRG1 interacts with receptor tyrosine kinases including ErbB1, ErbB2, ErbB3, and 

ErbB4. Following the NRG1 and ErbB4 interaction, the ErbB4 interacts to ErbB2, 

inducing the cell PI3K-mediated cytokinesis (Bersell et al., 2009). Under the in vitro 

situations, NRG1 was reported to induce the cell cycle reentry and division, in primary 

rat adult CMs (Bersell et al., 2009). Following a cryoinjury in neonatal mouse hearts, the 

administration of NRG1 recombinant protein, reduced the scars and induced the CM 

regeneration (Polizzotti et al., 2015). Administration of NRG1 in primary mouse CMs 

isolated from P1 hearts, promoted the CMs cell cycle progression. Moreover CM-specific 

knockdown of ErbB2 has been reported to reduce the left ventricular wall thickness and 

mouse CM total number per heart compared to control mice. However, postnatal over-

expression of ErbB2 in CMs, in particular, accelerated the heart weight to body weight, 

and CM proliferation rate. Accordingly, the phenotypes such as CM hypertrophy, 

dedifferentiation, and proliferation, were reported to be mediated by Erk, AKT, and GSK-

3β signal transduction cascades (D’Uva et al., 2015). Collectively, these data suggest the 

association of NRG1 signaling in the regulation of CM cell cycle activity.  

Collectively, these findings reveal the essential involvement of the cell cycle regulators 

as well as the activity of Hippo/YAP, MAPK-kinase, AKT, mTORC1, and NRG1 in 

cardiac growth and proliferation. Therefore, the investigation of their possible role in 

regulation of postnatal cell cycle arrest in CMs is beneficial for cardiac regeneration.  

 

1.1.4.1.3. Postnatal metabolic switch from glycolysis to fatty acid oxidation  
The metabolic transition from the cytosolic glycolysis to mitochondrial fatty acid 

oxidation has been reported to regulate the proliferation, differentiation, and postnatal 

maturation in CMs (Lopaschuk and Jaswal, 2010). Before birth, the majority of energy 
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source of heart is produced by glycolysis and lactate oxidation, whereas a very small ATP 

portion (less than 15%) is generated via fatty acid oxidation (Lopaschuk et al., 1991; 

Lopaschuk et al., 1992). Accordingly, it is speculated that the availability of energy 

substrate (glucose or fatty acids) determines the type of metabolism (glycolysis or fatty 

acid oxidation). Notably, in contrast to the available glucose circulating level which is 

similar in fetus, newborn, and adult, the circulating fatty acid level in fetus is reported to 

be very low compared to newborn and adults (Girard et al., 1992). Therefore, this low 

fatty acid level in fetus, leads to the low contribution of fatty acids in the ATP generation 

in fetal hearts (Girard et al., 1992). In addition to the substrate availability, the fetal 

glycolytic phenotype is suggested to be mainly regulated by the hypoxia-inducible factor 

1α (HIF-1α). HIF-1α acts as a key regulator of genes which express the proteins essential 

for an anaerobic glycolysis. In the fetal low oxygen surroundings, the transcription factor 

HIF-1α interacts with the hypoxia response elements (HRE) DNA regions of its target 

genes (Wood et al., 1998). Accordingly, hypoxia-induced interaction of HIF-1α with HRE 

within the nucleus, promotes the expression of the genes encoding the proteins involved 

in glycolysis such as enolase (Eno), glucose transporter (GLUT), hexokinase (HK), 

lactate dehydrogenase (LDH), and pyruvate dehydrogenase kinase (PDK) (Lyer et al., 

1998; Postic et al., 1994; Wood et al., 1998). While the GLUTs are glucose transporters, 

the other HIF-1α-regulated genes encoding the proteins such as ALDOA, Eno-I, HK, 

PFKL, and PKM, are essential for converting glucose to pyruvate during glycolysis 

(reviewed by Semenza, 2012). Notably, in the fetal heart in addition to GLUT1 the HK-I 

is concluded to support the glucose transport (Postic et al., 1994). In the course of 

glycolysis, the imported glucose is initially phosphorylated to glucose-6-phosphate by 

HK. Following the activity of phosphofructokinase (PFK)-1 and (PFK-2), the glucose-6-

phosphate is converted to fructose 1,6‐bisphosphate. Furthermore, the ALDO converts 

fructose 1,6‐bisphosphate to dihydroxyacetone-phosphate which is used to generate the 

2-p-glycerate following multiple enzymatic activities. Next, the Eno uses 2-p-glycerate 

as a substrate to generate p-enol-pyruvate. Later on, following a phosphorylation of p-

enol-pyruvate by pyruvate kinase, the pyruvate is formed (reviewed by Semenza, 2012; 

Tran and Wang, 2019). As a consequence of cytosolic glycolysis (conversion of glucose 

to pyruvate) 2 mol ATP/mol glucose is generated (Lopaschuk et al., 2010). The postnatal 

hearts demand high levels of ATP to fuel the CM contractile function. At postnatal day 7 

(P7), the glycolysis pattern of metabolism shares less than 10% of total cardiac 

myocardial ATP production (Lopaschuk et al., 1991; Postic et al., 1994). In return the 
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lactate oxidation and the fatty acid oxidation, are the dominant types of metabolism in P7 

hearts. During the postnatal heart development specifically within the first week after 

birth in humans and mammals, the mitochondrial mass as well as the expression of the 

genes involved in mitochondrial biogenesis, expands (Hallman, 1971; Piquereau et al., 

2010; Pohjoismäki et al., 2012, 2013). According to a study conducted by Puente and 

team (2014), the number of mitochondrial cristae exhibited a significant enhancement at 

P7 in comparison to P1 hearts. Specifically, from almost 18 cristae per µm observed at 

P1, the number cristae increased to almost 27 at P7. Moreover, the mitochondrial cristae 

remained unmodified in later postnatal mouse life compared to P7. They suggested a 

correlation between increased mitochondrial complexity and the cell cycle withdrawal in 

CMs. In addition, they concluded that at P7 the protein level of 68.7% of the enzymes 

involved in glycolysis was downregulated compared to P1 hearts, whereas over 80% of 

the enzymes involved in mitochondrial Krebs cycle and fatty acid β oxidation, were 

upregulated at P7 compared to P1 (Puente et al., 2014). Collectively, these data reveal 

that within the first week after birth the murine metabolism switches from the anaerobic 

glycolysis to mitochondrial fatty acid oxidation. Furthermore, in proliferative compared 

to differentiated cells, the type of the energy metabolism differs. With this regard, the 

proliferative cells such as hematopoietic cells as well as CM progenitor cell, exhibit the 

enhanced glycolysis rate together with elevated lactate production (Bauer et al., 2004; 

Chung et al., 2007). Notably, a switch to oxidative metabolism is reported to be essential 

to induce the transition of embryonic stem cells to CMs. Moreover, concomitant with the 

enhanced mitochondrial oxidative capacity, the proliferative CM are switched to non-

proliferative terminally differentiate state (Chung et al., 2007). In differentiated cells 

revealing the well-organized mitochondrial cristae, the factors including oxygen 

consumption, and ATP production, together with enzymes of the electron transport chain 

and citric acid cycle are reported to be elevated. In contrast, the glycolytic enzymes are 

concluded to be reduced (Cho et al., 2006; Chung et al., 2007). CM-specific HIF-1α 

knockout, has been reported to reduce the LV chamber diameter, also to decrease the 

expression of genes involved in angiogenesis and glycolysis (GLUT1, PDK, and HK-II), 

whereas it enhanced mitochondrial-related gene expression, and respiratory function, as 

well as mitochondrial DNA content and surface in mouse heart (Huang et al., 2004). 

Finally, this knockout led to reduced contractility and vascularity, revealing the essential 

role of glycolysis in normal heart function.  
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Consequently, according to the previous studies together with the findings of Puente and 

team (2014), it can be concluded that there is a correlation between the postnatal cell 

cycle exit in CMs and the metabolic transition from glycolysis (reduced glycolysis-

involved enzymes) to fatty acid oxidation (increased fatty acid oxidation enzyme and 

enhanced ATP generation). 

 

1.1.4.1.4. Postnatal mitochondrial oxidative stress 
Pyruvate which is generated as a consequence of glycolysis and lactate oxidation, is 

transported to the mitochondrion and is decarboxylated to acetyl-CoA. The intracellular 

fatty acids form fatty acyl-CoA, which enters the mitochondrion (reviewed by Lopaschuk 

et al., 2010). In addition to pyruvate, following a mitochondrial fatty acid β oxidation of 

fatty acyl-CoA, Acetyl CoA is generated. The generated acyl-CoA (either from glucose 

or fatty acids as substrates), are used for ATP generation in mitochondria. Notably, the 

fatty acid oxidation generates 105 mol ATP/mol palmitate (Lopaschuk et al., 2010). 

Collectively, it can be speculated that while the glycolysis facilitates the cell division, the 

oxidative phosphorylation supports the cellular contraction and growth by generating 

high yield of ATP. It is essential to mention that despite the high yield of mitochondrial 

ATP generation compared to cytosolic glycolysis (2 mol ATP/mol glucose generation 

upon glycolysis), the transition to the mitochondrial oxidative phosphorylation leads to 

the production of free radicals. In this context, as a consequence of leaky mitochondrial 

electron transport chain, the reactive oxygen species (ROS) are generated (Cadenas and 

Davies, 2000; Turrens, 2003). ROS consist of free radicals, as well as their non-radical 

intermediates including alkoxyl (RO•), hydroxyl ion (OH•), hydrogen peroxide (H2O2), 

ozone (O3), singlet oxygen (1O2), and superoxide anion (O2•−) (Burton and Jauniaux, 

2011). In body in order to maintain a balance between the ROS generation and its 

depletion, a complex antioxidant system is evolved. Accordingly, the ROS-derived 

oxidative stress is defended by antioxidant enzymes among which superoxide dismutase 

(SOD), catalase, peroxiredoxin (PRDX), and thioredoxin (TRX) can be mentioned 

(reviewed by Lei et al., 2016). As the first defender against ROS, SOD can be pointed 

out, which converts two superoxide anions into oxygen and hydrogen peroxide (Buettner, 

2011). Due to SOD localization, the SODs are categorized into three types such as 

copper/zinc-containing SOD (SOD1) being located in cytosol, manganese SOD (SOD2) 

found in mitochondria, and extracellular SOD (SOD3) that is secreted into the 
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extracellular fluid. SOD1 and SOD2 are essential antioxidants reducing the intracellular 

levels of superoxide. In transgenic mice with a CM-specific SOD2 deficiency, led to lethal 

cardiomyopathy. Moreover, the SOD2 knockout, caused disturbed mitochondrial 

architecture and thereby impaired mitochondrial respiration, and the enhanced ROS level 

(Sharma et al., 2020). As another essential antioxidant enzyme defeating against the 

oxidative stress, catalase can be mentioned, which is predominantly located in 

peroxisome (Sepasi Tehrani and Moosavi-Movahedi, 2018). It has been reported that the 

cardiac mitochondrion-derived hydrogen peroxide is relatively high, which is being 

detoxified by the key enzyme catalase (Radi et al., 1991). The hydrogen peroxide is 

catalyzed to water and oxygen by the activity of catalase (Radi et al., 1991; Reviewed by 

Sepasi Tehrani and Moosavi-Movahedi, 2018). PRDX is another antioxidant enzyme 

being highly abundant in heart. Similar to catalase, PRDX uses hydrogen peroxide as a 

substrate to generate water (Kisucka et al., 2008). At its active site, the PRDX contains 

cysteine. As a consequence of peroxide reduction, the cysteine (Cys51) is oxidized to 

Cys51-SOH. The unstable Cys51-SOH is homodimerized by forming a disulfide with 

another Cyc51-SOH. Following activity of thioredoxin-thioredoxin reductase, the already 

formed disulfide is later reduced to PRDX active thiol. This disulfide reduction is 

relatively slow. Moreover, under high oxidative stress, is hyperoxidized to Cys-SO2 and 

Cys-SO3. Indeed, the PRDX has been reported to be hyperoxidized at the peroxidatic 

cysteine to a mixture of SO2 and SO3 acids after treatment of the 4–6-week-old rat hearts 

with hydrogen peroxide concentration larger than 100 µM (Schröder et al., 2008). The 

TRX, has been concluded to protect the cells from oxidative stress. Accordingly, TRX 

repairs DNA and proteins by decreasing the ribonucleotide reductase and regulating the 

redox-sensitive transcription factors (Lu and Holmgren, 2014).  

Although the cells have developed an antioxidant enzyme-defense system, the massive 

overproduction of ROS disturbs the balance between ROS generation and its elimination 

(Wang and Kang, 2020). Indeed, the ROS overproduction causes damages to lipids, 

proteins, or nucleic acids (Judge and Leeuwenburgh, 2007), leading to modifications in 

protein functions and signaling pathways. Notably, ROS damage to the nucleic acids have 

negative impact on cell cycle activity in CMs, thinking about postnatal CM cell cycle 

arrest. The ROS has been reported to promote the modification in nucleoside bases, 

leading to the formation of 8-hydroxyguanine, thymine glycol, 5-hydroxymethyluracil, 

6-hydroxy-5, 6-dihydrocytosine, and 5-hydroxyuracil (Marnett, 2000). As the most well 
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studied ROS-induced nucleoside base modifications, the 8-hydroxyguanine can be 

named. In the course of ROS activity, at position C-8 the guanine is oxidized to 8-

hydroxyguanine, leading to G to T substitution. This leads to a mismatched pairing 

between 8-hydroxyguanine and adenine (Kasai and Nishimura, 1983). ROS-induced 

oxidization of DNA is reported to promote the apoptosis, or cell-cycle arrest 

(Hoeijmakers, 2009; Marnett et al., 2003; Puente et al., 2014). In the study performed by 

Puente and team (2014), a transition from hypoxic intrauterine surrounding to oxygen-

rich extrauterine environment was concluded to induce the DNA damage promoted by 

mitochondrial-derived ROS, and thereby the cell cycle arrest in mouse postnatal CMs. In 

adult mouse CMs, there is a negative correlation between cell cycle activity and the 

oxidative stress (Kimura et al., 2015). Attempts including ROS depletion by antioxidant 

N-acetylcysteine administration, or chronic hypoxia exposure to the mice, have been 

reported to enhance the proliferation rate in CMs during the normal postnatal 

development (Puente et al., 2014). In 2017, Nakada and colleagues investigated the 

impact of aerobic respiration suppression on cell cycle activity in adult mouse CM. In 

their experiments, gradual reduction of inspired oxygen (1% reduction per day), from 

20% to 7% was reported to induce cell cycle activity in adult mouse CMs paralleled by 

the oxidative metabolism inhibition together with reductions in the cardiac mitochondrial 

cristae density, ROS production, and oxidative DNA damage. Moreover, they reported 

that the gradual inspired oxygen reduction induced initially from one week after a 

myocardial infarction in adult mouse, promoted the myocardial regeneration and reduced 

fibrotic scar reduction. These data reveal the essential impact of metabolism type and 

oxygen availability on CM proliferation ability.  

Collectively, multiple factors are suggested to be involved in the regulation of postnatal 

cell cycle arrest in mammalian CMs, including cell cycle regulator availability, the 

cardiac growth-regulating pathway activity, metabolism pattern, and oxidative stress 

damages, as well as CM growth pattern and maturation. It is noteworthy to mention that 

the loss of proliferation ability in CMs is linked to the regenerative ability of the postnatal 

mammalian heart.  

 

1.1.4.2. Heart regeneration in vertebrates compared to zebrafish 
The ability to regenerate a variety of organs in adulthood has been connected to newts, 

zebrafish, and frogs (to some extend). The newt heart is constructed from an atrium, a 
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ventricle, and an aortic trunk. In order to investigate the regeneration ability of newt heart 

(Notophthalmus viridescens) Piatkowski and colleagues (2013) injured 50% of the newt 

ventricle (right half) mechanically by repeated squeezing with fine forceps. Accordingly, 

they concluded a clearance of the damaged part as a consequence of necrosis in CMs 

within the first week after injury. Moreover, 200 days after injury, the myocardium was 

fully reconstituted. In this context, at the injury side, the thin trabeculae were filled up 

with new immature CMs. Notably, they reported that to reconstruct the trabeculated 

network, the ECM was as an essential guidance player (Piatkowski et al., 2013).  

Adult zebrafish heart regeneration ability 

In order to address the question, whether the adult zebrafish heart would possess a 

regenerate ability after an injury, in 2002 Poss et al. designed an experiment referred to 

apical resection. Thereby, 20% of the apex of the zebrafish heart was amputated and its 

regeneration ability was monitored. Indeed, BrdU-incorporation studies, histological 

analyses, and phosphorylated Histone H3 (pHH3) immunostainings (detecting mitotic 

cells), revealed that the zebrafish hearts exhibited complete and scarless regeneration 

following 20% of apical resection likely by CM proliferation (Poss et al., 2002). 

However, the origin of the newly generated cardiac myocytes was unclear. It was yet to 

discover if these cells would arise from pre-existing CMs or from cardiac progenitor cells 

differentiating into CMs. Several lineage-tracing experiments were performed, 

concluding that cardiac regeneration in zebrafish occurs as a consequence of proliferation 

of already pre-existing cardiac myocytes. It is essential to mention that compared to 

mammals, the CMs of adult zebrafish are relatively immature (i.e., mononucleated, 

diploid, and glycolytic, with low metabolic and contractile demand), which largely 

explains why adult zebrafish can regenerate their hearts but mammals cannot. Indeed, the 

ability of the CMs to proliferate is essential for cardiac regeneration following an injury.  

Regeneration ability of the fetal mouse hearts 

In the course of regeneration, a coordinated sum up of cellular dedifferentiation, 

proliferation, and differentiation, as well as morphogenic rearrangement, is needed to 

restore the tissue architecture. Fetal cardiac injury induced by temporal ischemia, 

maternal malnutrition, or toxin exposure has been proved to be resolved in mice 

(Drenckhahn et al., 2008). Using a mouse model containing 50% healthy and 50% 

diseased CMs, Drenckhahn and colleagues (2008) noticed a fully functional heart at birth. 
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In this context, the proliferation rate in healthy CMs was enhanced to compensate for the 

cell cycle activity decline which was observed in diseased CMs. In another study 

performed by Sturzu and team (2015), a chimeric mouse embryo in which a different 

degrees of CM death was observed in the embryonic heart was analyzed to assess the 

embryonic heart regeneration capability. Accordingly, they noticed that in embryonic 

murine hearts following 50 to 60% of CM loss, the lost CMs were replaced by enhanced 

proliferation rate in residual CMs. Collectively, these findings highlight the regeneration 

ability of the fetal mouse hearts. 

Postnatal mouse heart capability of regeneration 

Commonly, the postnatal mammalian heart has been considered as a terminally 

differentiated organ with a limited regeneration capability. As a result of a transient 

hypoxia due to myocardial infarction, the affected CMs undergo necrosis (Thygesen et 

al., 2012). Following an inflammatory respond, the necrotic cells are cleared by recruited 

macrophages and neutrophils, leading to thinning of the ventricular wall. Since the adult 

heart’s ability to replace a large number of CMs is limited, therefore, the entire lost CMs 

are not compensated for new CMs. Instead, this CM loss is replaced by non-contractile 

fibrotic scars, limiting the heart pumping function and leading to heart failure. In contrast 

to adult hearts, studies performed on neonatal hearts, have reported that during the early 

postnatal window, the neonatal murine hearts exhibit a regeneration ability following 

injuries induced by either left anterior descending coronary artery (LAD) ligation, or 

ventricular apex resection, or cryoinjury (Darehzereshki et al., 2015; Haubner et al., 

2012; Lavine et al., 2014; Porrello et al., 2011; Porrello et al., 2013). For instance, an 

induced apical resection in P1 mice, led to infiltration of inflammatory cells at the site of 

the injury and a formation of new ECM. Using lineage tracing, it was reported that the 

new CMs were derived from the pre-existing CMs present globally in the heart (Porrello 

et al., 2011). However, concomitant with the increased CM maturation, enhanced 

hypertrophic growth, and lost cell cycle ability at P7 the ability of hearts to regenerate 

following the apical resection and myocardial infarction was lost (Günthel et al., 2018; 

Porrello et al., 2011; Porrello et al., 2013). Indeed, in mice, a transient regeneration 

capacity of the heart was reported at postnatal day 1 but not 7 (Porrello et al., 2013).  

Similar to zebrafish, in mice, after 15% of apical resection at P1, cardiac regeneration has 

been reported within 21 days (Porrello et al., 2011). However, the methods used in this 

study are restricted and limited while distinguishing between proliferation and 
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binucleation in CMs. Yet it is noteworthy to mention that 21 days post resection the 

ventricular weight and the surface area, were restored (Porrello et al., 2011). In an 

experiment performed by Haubner and team (2012), the regeneration capability of the 

neonatal mouse hearts following a severe heart attack model was studied. Accordingly, 

the induced-left LAD ligation in neonatal mouse hearts, triggered an enormous cell death, 

detected by cleaved caspase 3 detection. However, 7 days after LAD ligation, a complete 

cardiac regeneration in neonatal mice was reported. Moreover, using a lineage tracing, 

they reported that the CM loss following LAD ligation, was compensated by proliferation 

of proliferation of pre-existing CMs (Haubner et al., 2012). Additionally, in 2014, cardiac 

regeneration after an apical resection in neonatal mice was investigated by Andersen et 

al. Here, 5% to 10% of the neonatal mouse apex was amputated and the amputated parts 

were weighted. Interestingly, their observations were not in agreement with previous 

studies claiming cardiac regeneration following 15% of the apical resection. Moreover, 

the size and weight of the heart, as well as the proliferation rate of CMs post injury 

remained unchanged, although the mouse strain and the injury-induction methods were 

identical between this study and the study performed by Porrello and coworkers. In 

addition, the study concluded myocardial fibrosis and cardiomyocyte hypertrophy after 

apical resection (Andersen, R. H. et al., 2014). The disagreement in the regeneration 

ability studies in neonatal hearts may be as a consequence of diverse analytic and 

experimental methods performed by various groups.  

Pig regeneration  

Cariad regeneration ability in neonatal pigs and neonatal humans 

In larger mammals like pigs, an acute myocardial infarction induced by LAD ligation at 

P1 and P2, was reported to be recovered at 30 days after infarction. Accordingly, the CM 

proliferation was enhanced in infarct hearts compared to control groups (Ye et al., 2018; 

Zhu et al., 2018). Notably, the LAD ligation-associated injury at early postnatal ages (P1 

or P2), was improved by CM proliferation. Furthermore, the cardiac function and wall 

thickness were recovered, and no or minimal scars were detected (12 or 30 days after 

infarction) (Ye et al., 2018; Zhu et al., 2018). It is essential to mention that from P3 or 

later, the acute myocardial infarction, was not improved in pig hearts. Compared to P1, 

in P3-induced LAD ligation hearts, the cell cycle activity was remarkably reduced, 

revealing a short window of regenerative ability in pigs after delivery (Zhu et al., 2018).  
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In pigs, the acute myocardial infarction induced at P7 and P14, has been noted to lead to 

generation of fibrosis, drop in left ventricular anterior wall thickness, and reduction in 

cell cycle activity compared to control and at P1-induced LAD ligation animals (Ye et al., 

2018; Zhu et al., 2018). Accordingly, these data suggest the reduced regeneration ability 

of the porcine within the very early postnatal stages (Haubner et al., 2012; Ye et al., 2018; 

Zhu et al., 2018).   

A recovery from myocardial infarction in newborn humans has also been investigated. A 

child who was born at the gestation week 39, demonstrated no signs of complications 

during the mother’s pregnancy. However, at birth, there were signs of reduced oxygen 

saturation and severe cyanosis (body tissues’ color change to bluish-purple hue). Since 

the ventilation therapy was failed, the child was undergone examination of the heart. 

Moreover, the electrocardiography and echocardiography results concluded a severe 

myocardial ischemia and impaired left ventricular functions with abnormal regional wall 

contractions, respectively. Indeed, having performed Doppler echocardiography, 

electrocardiogram, and cardiac angiography, they observed a complete thrombotic 

occlusion of the LAD. The thrombotic cardiac artery occlusion in the child was reported 

to exhibit a huge cardiac damage determined by CM cell death analyses. Amazingly, the 

fully cardiac recovery was observed within weeks after the recovery from the ischemic 

insult, revealing the ability of human newborn hearts to regenerate (Haubner et al., 2016). 

Collectively, these investigations suggest that the cardiac regeneration ability is observed 

in newborn porcine and humans and reduced within the early postnatal life period.  

Adult mammalian hearts’ regeneration ability 

In adult mammalian organisms (including humans), following cardiac injury, the 

mechanism of replacement of lost CMs fails such that they are replaced with scar tissues, 

which limits the heart pumping function. Depending on the extend of the injury, this loss 

in regeneration could lead to heart failure and eventually death of an individual (Porrello 

et al., 2014). In summary, mammalian hearts exhibit a short regeneration capability after 

birth following an injury, which is lost within the next two weeks after delivery. 

Concomitant with the lost regeneration ability in the heart, the CMs undergo cell cycle 

arrest. Accordingly, from postnatal day 14 on, rodent CMs lose their proliferative ability 

and grow by hypertrophy (Velayutham et al., 2019). At this stage, 90% of murine CMs 

have been reported to undergo multinucleation (Alkass et al., 2015, Chapter 1.1.4.1.). 

This huge increase in multinucleation interferes with the regeneration ability of the heart 
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from this age on. The stable number of total CMs and the low rates of CM turnover, as 

well as limited regeneration ability during the postnatal life span in humans, could 

highlight the possible role of birth in the induction of cell cycle withdrawal in CMs. If 

birth would serve as the main reason for the postnatal cell cycle arrest in cardiac 

myocytes, this can affect humans born preterm. Thus, the preterm individuals would show 

reduced numbers of CMs in the heart at birth and throughout life. In this context, the 

birth-related cell cycle withdrawal would lead to a limited heart function in preterm-

delivered humans compared to term-born ones. 

 

1.1.4.3. Cardiomyocyte proliferation and turnover in postnatal human 

hearts 
It is challenging to investigate whether humans are limited to the total CM number present 

at birth or whether generation of new CMs also might proceed later in life. In order to 

determine the number of CMs in humans, Bergmann et al. (2009), performed stereology 

in the postmortem hearts of 29 humans in the age range from one month to 73 years old, 

with no detectable signs of heart pathology. These analyses demonstrated that the total 

number of CM nuclei per heart remained constant, approximately 3 x 109 (3.2 × 109 ± 

0.75 × 109), during the entire lifespan of humans and showed an age- and gender-

independent pattern (Bergmann et al., 2015). To address the question whether new CMs 

are generated in the postnatal human heart, the cells’ birth date needs be estimated. During 

the cold war, due to nuclear bomb tests, the environmental carbon-14 (14C) isotope was 

integrated into the DNA of humans, which was used to estimate the age of human CMs 

based on carbon dating (Bergmann et al., 2009; Spalding et al., 2005). Underlying this 

method, the enhanced atmospheric 14C level, formed 14CO2 following its reaction with 

oxygen. During photosynthesis this atmospheric 14CO2 gets absorbed by plants. Human 

diets are thereby enriched for 14C, such that the 14C concentration in the human body 

correlates with the concentration in the atmosphere at a given time. When a cell goes 

through a final division and exits the cell cycle, its nuclear DNA gets stable. Thus, the 

DNA 14C content allows to estimate the date when a cell is generated. The 14C dating 

analysis was performed by Bergmann et al. (2009 and 2015) using the hearts of the same 

study group used for stereology described above (one month to 73 years old). 

Accordingly, they noticed that the within the postnatal life period, the cardiac DNA 

synthesis occurs at its highest level within the first 20 years after birth, reaching from 
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100% (standing for diploid situation) at birth to 150% per nucleus at the age of 20 

(Bergmann et al., 2015). They also showed that the CM turnover was at its highest value 

within the first 20 years of life. From 5% at birth, this rate declines to 0.8% in 20-year-

old and to ~0.3% in 73-year-old individuals.  

In another study conducted by Mayhew and colleagues (1997), the human hearts were 

obtained from gestational week 16 (16 wk) to postnatal-week 40. Using physical 

dissectors, the number of CM nuclei per ventricular volume was estimated. Moreover, 

considering factors such as the ventricular volume and tissue density, as well as CM 

volumes per nucleus (using a combination of volume of all CM and the CM nucleus 

number), the number of CM nuclei was determined. Accordingly, they reported a linear 

increase in number of ventricular CM nuclei from 16 wk (1.5 x 108) to 42 wk (10.1 x 

109). However, from gestational week 42 to postnatal-week 40 the number of ventricular 

CM nuclei did not change in human hearts. Consequently, both studies conducted by 

Mayhew et al. and Bergmann et al., revealed no evidence for addition of new CMs to 

human hearts after birth in the course of physiological growth.  

In 2013 Mollova et al., analyzed the CM proliferation from birth to adolescence in 

humans from birth to 59-year-old. They concluded that the highest rate of CM exhibited 

an activity in mitosis and cytokinesis in infants, which was reduced to low levels in 20-

year-old individuals. Paralleled by decreased cell cycle activity within the first 20 years 

after birth, the number of CMs in the LV enhanced by 3.4-fold (from ∼1.5 x 109 at birth 

to ∼6 x 109 in 20-year-old). Notably, the huge increase in CM number reported by 

Mollava and team, was based on immunostaining methods using the mitosis and 

cytokinesis marker, as well as the CM nuclei number. Collectively, these data do not 

necessarily reflect the real increase in CM number. Accordingly, the detection of 

centralspindlin or AuroraB do not guarantee the complete cytokinesis. Therefore, the 

increased mitosis rate or CM nuclei might be as a consequence of multinucleation in CMs 

of humans within the first two decades of life.  

Collectively, the previous studies highlight that the number of CM nuclei from birth to 

the adulthood remain unchanged in humans. This understanding highlights the role of 

birth on cell cycle activity in CMs. With this regard, as a consequence of a termination of 

embryonic heart development earlier than term, numbers of total CMs would decline in 

preterm-born humans, leading to limited heart function in preterm individuals. 

Addressing the question whether the CM numbers in premature born humans would be 

less than those term-born individuals, is not possible due to ethical reasons.  
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1.1.5. Humans born preterm and potential consequences for postnatal 

heart function 
Currently, 12% and 5-9% of live births in the United States of America and Europa, 

respectively, are reported as premature (Ueda et al., 2014). Likewise, in 2020 out of each 

10 newborns, one was delivered preterm (World Health Organization, 2023). In this 

context, 10% of the future adult population will be involved in any health influence of the 

incomplete developmental pattern; which highlights the importance of a deep 

understanding about premature born-inducing factors, as well as its impact on the human 

health. According to the World Health Organization (WHO), humans born alive before 

37 completed weeks of gestation are defined as preterm. According to the gestational age 

at delivery, there are three sub-categories of preterm birth, including extremely preterm 

(less than 28 weeks), very preterm (28 to 32 weeks) and moderate to late preterm (32 to 

37 weeks). It has been concluded that there is a positive correlation between the low age 

of gestation and elevated mortality rates in newborns, children, and early adults (World 

Health Organization, 2023). Various factors including genetic background, infections, 

multiple pregnancies, and chronic conditions such as maternal diabetes and high blood 

pressure, act as key players in preterm birth. The geographical location has a positive 

impact on the survival of the preterm individuals. More than 90% of extremely preterm 

infants born in economically poor countries pass away within the first few days of life. 

Only less than 10% of extremely preterm infants born in the economically rich countries 

do not survive. Issues such as lack of effective care including no possibilities for 

supplementation with mother’s milk, as well as infection, and breathing difficulties, 

account for poor survival in preterm born humans (World Health Organization, 2022). It 

is essential to highlight that within the past ten years, preterm birth has been linked to 

cardiovascular diseases, including changed left ventricular mass, geometry, and function, 

as well as impaired exercise capacity, elevated risk of stroke and heart failure later in life 

(Carr et al., 2017; Huckestep et al., 2018; Lewandowski et al., 2013; Ueda et al., 2014).  

 

1.1.5.1. Previous studies concerning the heart function and risk factors 
Concomitant with the delivery, the cardiomyocyte growth pattern is switched from fetal 

hyperplasic to hypertrophic growth pattern (Chapter 1.1.4.). During the final trimester, 
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the CMs are relatively immature. In the course of preterm birth, the immature CMs are 

exposed to an early switch from low-resistance fetal to high-resistance postnatal blood 

circulation (Gessner et al., 1965; Parer, 2008; Rudolph et al., 1961; Rudolph et al., 1970), 

prior to completed embryonic development. This early switch has been associated with 

remarkably enhanced hypertrophic growth pattern together with deposition of interstitial 

collagen in myocardium. Consequently, these cardiac structural modifications would be 

involved in left ventricular remodeling in mammals (Bensley et al., 2010; Kluckow, 2005; 

Rudolph, 2000). In 2013, Lewandowski et al. conducted a study to unveil the possible 

correlation between preterm birth and any specific alteration in the structure and function 

of LV in adult humans. Therefore, they performed cardiovascular magnetic resonance 

imaging on 234 individuals between 20 to 39 years of age. Among the entire study group, 

102 were born preterm (30.3 ± 2.5 weeks of gestation) with a birth weight of 1.3 ± 0.3 

kg, while the remaining 132 individuals were born at term without any complications. 

The study revealed that the preterm-delivered young adults (PTYA) demonstrated 

decreased ventricles length, reduced left ventricular cavity diameter, and increased left 

ventricular wall, as well as an apical orientation shift away from the RV, compared to 

term-born young adults (TYA). Concerning the systolic function of the heart, both 

longitudinal peak systolic strain and peak systolic strain rate were reported to be 

significantly lower in PTYA than in TYA. Furthermore, the diastolic heart behavior in 

PTYA was described to be modified compared to TYA. Specifically, the longitudinal peak 

diastolic strain rates were slower in PTYA than in TYA. Taken together, compared to term 

delivery, the preterm born conditions seem to coincide with accelerated left ventricular 

mass, together with reduced systolic and diastolic function parameters (Lewandowski et 

al., 2013). Nevertheless, to fully unveil their left ventricular functional capacity, it is 

essential to investigate the preterm-born cardiac response in respect to physiological 

stress. Indeed, in 2018 Huckstep et al. studied the link between preterm birth and left 

ventricular contractility in response to continuously enhanced intensity of physical 

activity. In this survey, 101 normotensive young adults from 18 to 40 year of age were 

studied, among which 47 were born preterm (32.8 ± 3.2 weeks) and 54 were delivered at 

term. Both groups were requested to perform exercises on a seated stationary cycle 

ergometer at 40%, 60%, and 80% of peak exercise capacity. Notably, in the course of 

physical activity, the echocardiography was recorded. Under the resting conditions, they 

noticed that the resting heart rate was higher in PTYA than in TYA, whereas the resting 

ejection fraction (EF) in both groups were almost identical. However, the peak systolic 
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longitudinal strain was reported to be lower in preterm ones at rest. Moreover, the E-to-

A ratio, E-to-A velocity-time integral, and a velocity-time integral were significantly 

lower in PTYA compared to TYA. Collectively, they concluded a modified resting LV 

function with intact EF in PTYA in comparison to TYA. Considering the heart function 

following physical activity, they revealed that at 40% of peak exercise intensity the EF 

and the peak systolic longitudinal strain were not statistically noticeable among PTYA 

and TYA groups. Nonetheless, upon increasing the exercise intensity to 60%, compared 

to TYA, the PTYA exhibited a noticeable drop in EF and peak systolic longitudinal strain. 

Specifically, at 60% of peak exercise intensity the EF of PTYA was reported 71.9 ± 8.7%, 

whereas the EF was 78.6 ± 5.4% in YTA. Moreover, while in PTYA the peak systolic 

longitudinal strain was noted to be −19.3 ± 2.5%, in TYA this value was −21.6 ± 3.3%. It 

is noteworthy to mention that as a consequence of increased exercise intensity to 80%, 

the EF in PTYA was remarkably lower (69.8 ± 6.4%) in comparison to TYA (77.1 ± 

6.3%). These results demonstrated an impaired exercise capacity in preterm born adults 

(Huckstep et al.,2018). 

 

In early adulthood, a higher rate of cardiovascular mortality has been linked to premature 

birth (Ueda et al., 2014). Notably, it is yet to be investigated which conditions do underlie 

this mortality. To investigate a possible association between the elevated cerebrovascular 

and ischemic heart diseases to premature birth in young adulthood, Ueda et al. screened 

1,306,943 individuals born between 1983 and 1995 with no congenital malformations 

accounting for cerebrovascular and ischemic heart disease, in Sweden (Ueda et al., 2014). 

Among the investigation cohort, 5.6% of the participants were born earlier than 37 weeks 

of gestation (preterm individuals), and inhabiting in Sweden follow-up from 15 years of 

age at the age to December 31st, 2010. The investigation revealed a positive correlation 

between preterm birth and a nearly two-fold increase in the risk of cerebrovascular disease 

in adulthood, but no correlation between premature birth and later ischemic heart disease. 

They reported the average hazard ratios 1.45 (95% CI) in the young adults born preterm, 

compared to term-born individuals. In addition to the study performed by Ueda et al 

(2014), in another study conducted by Crump et al., (2019), the correlation between 

preterm birth and the enhanced risk of ischemic heart disease in adulthood, 2,141,709 

humans (48.6% female and 51.4% male) born in Sweden between 1973 to 1994, was 

studied. Depending on the gestational age at birth, the participants were categorized into 

five groups including early preterm (<34 weeks), late preterm (34-36 weeks), early term 
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(37-38 weeks), full term (39-41 weeks), and post-term (≥42 weeks). Their data suggested 

that a negative correlation between gestational age at birth and the incidence of ischemic 

heart disease in adulthood. In this context, the risk of new-onset ischemic heart disease at 

ages 30 to 43 years was 53% in preterm (both early and late preterm groups) and 19% in 

early term group. Consequently, Crump and colleagues reported an increased ischemic 

heart disease risk in adulthood as a result of premature birth. Notably, since the preterm 

birth has been associated with enhanced incidence of hypertension and diabetes risk in 

adulthoods, they claimed that the methodological issues might be a reason for the 

previous study performed by Ueda et al (2014) where no correlation between premature 

delivery and increased risk of ischemic heart diseases in adulthood was concluded 

(Crump et al., 2019).  

In 2017, an investigation was carried out to address the question, whether there is an 

association between preterm birth and enhanced risk of incident heart failure (HF) in 

childhood and young adulthood (Carr et al., 2017). The study cohort was composed of 

2,665,542 subjects, among which 5.14% were born moderately (32 to 36 weeks), 0.56% 

very (28 to 31 weeks), and 0.18% extremely preterm (22 to 27 weeks), between 1987 and 

2012 followed-up until December 31st, 2013. In 501 cases HF was reported whilst follow-

up (initiating from one year after birth). Following a normalization of birth weight for 

gestational age, they reported that the HF risk in early adulthood increased with reduced 

gestational age at birth. Accordingly, the incidence rate ratio of HF in moderate, very, and 

extremely preterm individuals, as well as term born young adults was reported as, 1.36, 

3.58, 17.00, and 1.00, respectively. Thus, the survey outcome unveiled a negative 

correlation between the gestational age at birth and the risk of heart failure in early 

adulthood. 

Collectively, all of the previously mentioned studies point out the impact of declined 

gestational age at delivery on the cardiac function and structure of LV. Since the heart 

function relies on the CM growth, therefore, it is essential to investigate the impact of 

premature birth on CMs. Indeed, in 2018 the Bensley and colleagues studied the influence 

of premature delivery on the structure of myocardium and the development of CMs, using 

heart tissues obtained from autopsies of 16 infants. The infants were delivered between 

23 and 36 weeks of gestation and aged for 1 to 42 days. In the control group, the heart 

samples from appropriately grown stillborn infants who died in utero, were used. All the 

samples belonged to the achieve of the Women’s and Children’s Hospital, Adelaide, 

Australia, between 1996 and 2009. The exclusion criteria were reported to be maternal 
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smoking, maternal infectious diseases, acute/chronic chorioamnionitis, auto immune 

disease, congenital defect, chromosome abnormality, intrauterine growth restriction, 

oligohydramnios, polyhydramnios, two vessels in the umbilical cord, or viral infections. 

Having investigated the cell cycle activity (conducted by using Ki67-immunostaining) 

following birth, they reported that the rate of cardiac nuclei exhibiting a Ki67 staining 

was remarkably lower in preterm compared to the control group with the identical 

gestational age. Notably, with two exceptions the majority of the preterm infants was 

concluded to demonstrate a cardiac proliferation rate of <0.5%. It is essential to mention 

that the cross-sectional area, as well as the nucleation and ploidy state between two study 

groups were similar. Collectively, these data reveal the impact of preterm birth on the cell 

cycle activity in human cardiac cells. Indeed, the reduced CM proliferation rate concluded 

in preterm delivered individuals, would lead to a decrease in number of total CMs, which 

would explain the limited heart function reported in the previous follow-up studies. 

Therefore, a deep understanding about the influence of birth on CM cell cycle activity 

and the molecular mechanism regulating the postnatal cell cycle activity in CMs, will 

indeed have essential implications in those humans delivered preterm. Studying the 

molecular mechanisms underlying the CM cell cycle activity in premature humans is 

limited due to ethical reasons. Moreover, the premature delivery is a consequence of 

multiple genetical, maternal, and environmental issues, which might limit or bias the 

identification of the factors regulating the birth-relevant cell cycle activity in CMs. 

Therefore, animal models of the premature birth are essential for the study the molecular 

mechanism regulating the postnatal cell cycle withdrawal in CMs. 

 

1.1.5.2. Animal models of preterm birth and consequences for the heart  
In order to investigate the impact of premature birth on the heart, animal models are 

studied. Sheep as a large mammalian organism, is a highly investigated model organism 

for studying the mammalian hearts.  

Sheep 

In 2010, Bensley et al. aimed at determining the preterm birth-induced modifications in 

the postnatal structure of the myocardium using sheep as models. Term birth in lambs was 

designated to those born spontaneously at 147 days post conception, whereas those 

delivered after 133 days were determined as preterm animals. To induce the preterm 

delivery, an anti-progesterone medication (Epostane) was administered. Therefore, 48 h 
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before (at 131 days post conception) the desired delivery date, the ewes were injected 

intravenously with 50 mg Epostane. 4 weeks after birth, the heart rate in preterm lams 

(136.9 ± 9.0 b.p.m.) was remarkably lower than in term individuals (167.3 ± 9.3 b.p.m.). 

However, 4 weeks later, the heart rate among preterm and term lambs was not 

significantly different (pre-term 98.0 ± 6.9 b.p.m.; term, 89.6 ± 7.1 b.p.m.). 9 weeks after 

birth, they reported a severe collagen deposition in entire preterm study group. Notably, 

compared to term lambs, in preterm groups the collagen contents of the LV, IVS, and RV 

were reported to be larger. Specifically, in preterm lambs the collagen content of RV was 

6.6-fold more, and of LV and IVS were 4.8-fold greater than in term ones. They also 

investigated the CM numbers using an optical dissector-fractionator approach followed 

by counting the CM nuclei. Accordingly, no significant variation was reported between 

term and preterm-delivered lambs concerning the total CM number of RV, and LV + IVS. 

In this context, the total CMs number at RV was 4.76 ± 0.54 x 108 in term, and 6.90 ± 

1.30 x 108 in preterm. Moreover, the total CM counts of LV + IVS were 2.45 ± 0.43 x 109 

in term and 2.41 ± 0.23 x 109 in preterm lambs. Comparing the volume of mono- and 

binucleated CM, they concluded that the preterm CMs irrespective to the nucleation state, 

were larger in size than term lambs. In RV, as well as LV + IVS, the huge number of CMs 

were binucleated in term lams, whereas in preterm ones the ventricular CMs were mainly 

mononucleated with some trinucleated CMs. Furthermore, the number of binucleated 

CMs in preterm was lower than the term lambs. Having investigated the ploidy state of 

the lamb CMs, they concluded that the huge proportion of the mononucleated CMs in 

preterm hearts were tetraploid. Briefly, in RV 86.4 ± 0.9%, and in LV + IVS 94.1 ± 2.2% 

of the mononucleated CMs were tetraploid. However, in the term hearts the ploidy state 

of the mononucleated CMs were remarkably lower in comparison to preterm ones. 

Accordingly, 47.7 ± 0.9% of mononucleated CMs in RV, and 61.9 ± 5.4% in LV + IVS 

were tetraploid. Collectively, they reported that the premature delivery in sheep 

moderately promoted the myocardium remodeling. With this regard, the preterm delivery 

led to CM hypertrophy, enhanced collagen deposition, and altered CM maturation 

(Bensley et al., 2010).  

In order to study the influence of preterm delivery on the function and the cellular 

structure of the RV, the Mrocki et al. (2018), studied two lamb populations consisting of 

those delivered preterm (132 ± 1 days; n = 7) or at term (147 ± 1 days; n = 7). To induce 

the delivery in preterm individuals, 48 h before delivery, epostane (20 mg in 2 mL 100% 

ethanol) was administrated on ewes. The term delivery was induced by epostane 
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administration at 24 h before delivery. 14.5 months after delivery, they reported no 

noticeable differences in systolic arterial pressure between the preterm- and term-

delivered sheep. Moreover, the heart rate (b.m.p.) was similar in both study group, 

meaning 88.2 ± 29.2 in term, and 90.2 ± 15.0 in preterm sheep. Notably, they reported a 

significantly lower peak systolic blood flow in the pulmonary artery of the preterm in 

comparison to term sheep. The body weight, as well as heart weight to body weight ratio 

did not differ between preterm and term groups at 14.5 months after birth. Compared to 

the term study groups, the preterm-delivered sheep revealed a reduced right ventricular 

wall thickness, measured at 14.5-month-old. Having assessed the CM number in the RV, 

they concluded a noticeable drop in the number of CMs in preterm animals at 14.5-month-

old compared to term individuals. In this context, the right ventricular total CM number 

was 2.06 ± 0.42 × 109 in preterm and 2.48 ± 0.29 × 109 in term-born sheep. To a huge 

degree the adult right ventricular CMs were binucleated (≥86%). It is essential to mention 

that compared to term-delivered adult sheep, the preterm group possessed lower number 

of binucleated and greater proportion of mononucleated CMs. While the right ventricular 

CM cross sectional area in both groups was similar, the CMs of the those preterm-

delivered sheep were remarkably smaller than term-delivered sheep (at 14.5-month-old). 

Consequently, they concluded significant reductions in the RV wall thickness, RV cardiac 

myocyte number, and peak systolic blood flow in the pulmonary artery as a consequence 

of preterm delivery in sheep (Mrocki et al., 2018).   

In another study conducted by Lê and colleagues (2020), the ventricular structure of the 

lambs at the former-preterm delivered days (128-day) was investigated. Whereas the term 

individuals (19) delivered spontaneously (approximately at the gestation day 150), the 

preterm fetus (16) were born by cesarean section (at gestation day 128). The organ 

collection was carried out at two months after birth in term-born lambs, and two months 

after the term-equivalent age in preterm-delivered animals. They concluded a reduced 

birth weight in preterm-born lambs in a sex-independent manner, in comparison to term-

born individuals. Moreover, after 5 months the final body weight was reported to be 

remarkably larger in term- compared to preterm-delivered lambs. Notably, compared to 

male individuals, the female lambs were lighter. The heart weight to body weight ratio 

followed a sex- and gestational age at birth-independent pattern. Briefly, after five 

months, in term-born lambs the heart weight to body weight ratio was 4.42 ± 0.32 in 

females and 4.53 ± 0.21 in males. In addition, in preterm-delivered lambs this rate was 

4.26 ± 0.12 in females and 4.80 ± 0.34 in males. Indeed, assessing the cell cycle activity 
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in CMs using Ki67 staining, they reported that the proportion of the nuclei exhibiting a 

Ki67 staining, was noticeably low (<0.001%) in the LV+S and RV of the both term and 

preterm individuals at 2 and 5 month after delivery. They concluded no significant 

changes in the total CM number between term- and preterm-delivered lambs at 2 and 5 

months after birth. Moreover, the gestational age at birth did not influence the size of the 

CM cross-sectional area at 2 and 5 months after birth (Lê et al., 2020). Furthermore, they 

reported that the percentage of myocardium interstitial collagen percentage in LV+S was 

increased at 2 and 5 months after birth (Lê et al., 2020). However, in the LV+S of the 

preterm-delivered individuals the collagen percentage was remarkably larger than in 

term-delivered lambs. Collectively, despite previous studies, their data suggested that the 

severe-preterm delivery did not influence the CM proliferation, number, and growth. 

However, levels of interstitial collagen in the LV+S was increased in lambs delivered at 

the gestational day 128 compared to the term-delivered individuals. The increase in 

interstitial collagen might lead to impaired contractility and conductivity of the ventricles.  

To investigate the influence of an intrauterine infection on the postnatal cardiac growth 

in preterm lambs, Vrselja et al. (2022), injected the pregnant sheep with either 

lipopolysaccharide (intra-amniotic injection) or saline at the gestational day 129 (preterm 

born), and seven days later the hearts were studied. As the control group, the fetal hearts 

were studied at gestational age 136. As expected, both preterm lambs (saline or 

lipopolysaccharide injected) revealed lower body wight as well as heart weight at birth, 

compared to the age-matched control group (136). Notably, the heart weight to body 

weight ratio among all three study groups was similar. They revealed that the wall 

thickness of the LV was identical between the study groups, whereas the wall of IVS was 

thinner preterm compared to control group. Moreover, the wall of RV was reported to be 

thinner in saline-received lambs compared to the lipopolysaccharide infected preterm 

lams and fetal controls. In the LV+S, they noted increased levels of interstitial collagen 

both preterm delivered lambs compared to the fetal control group. Furthermore, the 

collagen levels in infected preterm lambs were larger compared to saline received preterm 

individuals. Having investigated the CM proliferation, they revealed that in both preterm 

groups the percentage of CM nuclei demonstrating a Ki67 staining was remarkably higher 

in LV+S (2-3%) than in RV (<1%). However, the proportion of CM nuclei exhibiting a 

Ki67 staining was similar in RV and LV+S of the fetal control group (almost 6%). 

Concerning the total CM number, they reported remarkably lower CM number in LV+S 

of both preterm groups compared to fetal groups. Nevertheless, in the RV region the total 
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CM number was similar among all the study groups. Comparing the cross-sectional area, 

they noted increased CM cross-sectional area in both preterm groups in the LV+S 

compared to the fetal group. However, unlike the LV+S CM, in the RV region the CM 

cross-sectional area was smaller in preterm groups than in fetal controls. Having assessed 

the nucleation state of CMs, they unveiled that in all three ventricular regions the 

proportion of mononucleated CMs was lower in preterm lambs than in the fetal controls. 

Compared to controls, in preterm individuals the percentage of binucleated CMs was 

significantly increased. Consequently, these data revealed that preterm birth was 

associated with adverse influence on the structure of heart and CM growth. Moreover, an 

additional induced infection to the preterm delivery, leads to myocardial immune 

response and immature heart remodeling. Collectively, these data might highlight the 

association of preterm birth with enhanced probability of cardiac dysfunction.  

In almost all of the previously described studies, the preterm delivery was associated by 

multiple disorders in sheep CM growth and maturation. However, the total CM numbers 

were usually not altered among term- and preterm-born sheep (Bensley et al., 2010; Lê 

et al., 2020). Yet, this uncertainty arises, whether the sheep would be an appropriate model 

to address the birth-related cell cycle arrest and the mechanism regulating it. With this 

regard, in 2015 Jonker et al. assessed the impact of delivery on the CM growth and 

maturation in sheep. Comparing the fetal and neonatal hearts obtained from male (n=54) 

and female sheep (n=48), they reported that the heart weight to body weight ratio between 

both sexes was similar. Moreover, the weight of LV and RV followed the identical pattern 

until birth, however, from delivery to the P60 the weight of the LV increased sharper than 

the weight of RV. Considering the cell size, they noted that the length and width of the 

CMs in RV and LV region accelerated from gestational age 95 to the postnatal day 60. 

The binucleated and multinucleated CMs located in the RV and LV regions were noted to 

be longer and wider than the mononucleated CMs. In the RV, the CM width exhibited a 

constant growth rate from fetal (day 95) to neonatal periods. Moreover, it was mentioned 

that the volumes of all myocytes accelerated sharply from birth on. The CM volume 

normalized to the nucleus numbers, revealed that the size of the binucleated CMs were 

twice the size observed in mononucleated CMs across all investigated ages. At gestational 

age 95 in LV and RV almost 100% of CMs were concluded to be mononucleated. 

Moreover, from E95 the number of nucleated CMs (binucleated) continuously increased, 

such that at gestational day 125 almost 20% of CMs were binucleated in LV and RV 

regions. Furthermore, at delivery the proportion of binucleated CMs was reported to be 



Introduction 

 42 

almost 70% in LV and RV parts, whereas almost 25% of entire CMs were mononucleated 

at birth. The proportion of mononucleated CMs dropped further, in such a way that 8 

weeks after delivery only 5% of CMs in LV, and 2.9% in RV were mononucleated. Indeed, 

mainly the mononucleated CMs exhibited a cell cycle activity (Ki67 staining). Coincide 

with the enhanced nucleation rate, the cell cycle activity was reported to be decreased. 

Briefly, at E95 almost 8% of entire CMs in LV and 6% of CMs in RV, exhibited a cell 

cycle activity. Moreover, at E135 almost 2.5% of CMs in LV and RV were active in the 

cell cycle. The average percentage of CMs showing a Ki67 staining was reported to be 

1% within a week after birth in LV and RV regions. Having studied the total CM number 

from cell volumes and the nucleation states in LV and RV, they mentioned that the highest 

CMs number was observed at E135 (almost 1.5 x 109 in LV and 1 x 109 in RV) within the 

investigated developmental stages (from E95 to P60). Furthermore, from delivery on (to 

the P60), the total CM numbers in the LV and RV remained almost intact (almost 1 x 109 

in LV and 0.5 x 109 in RV). It is essential to note that in contrast to left ventricular CM 

numbers, in the RV the CM numbers increased (to 0.8 x 109) at P60. Taken all together, 

they revealed that in sheep the CM growth pattern changed much earlier than birth. For 

instance, they observed about 33% of CM loss from E135 to birth. In this context, it seems 

that sheep would not be an appropriate model to study the influence of delivery on CM 

growth and cell cycle activity. 

Pig 

In 2012, Eiby and colleagues investigated the correlation between preterm birth and the 

heart ability to respond to an acute shift from preload and afterload in pigs at the time of 

delivery. The study group was composed of two sets of piglets including preterm 

(gestational day 92) and term (day 115) piglets, both of which were delivered by means 

of cesarean section. They concluded that the heart and body weight of the term piglets 

were twice the values observed in preterm ones. To assess myocardial and coronary 

vascular function, the study was performed ex vivo on isolated working heart models. 

Accordingly, assessing the cardiac output at an adjusted 6 mmHg preload and 35 mmHg 

afterload, they reported that the cardiac output in preterm piglets were remarkably lower 

than in term ones. Briefly, the cardiac output (ml/min) in preterm piglets was 103 ± 36 in 

female and 121 ± 15 in male, whereas in term group the cardiac output was 376 ± 33 in 

female and 281 ± 16 in male individuals. The outcome revealed a significant reduction in 

LV cardiac output (almost 50% lower) and aortic blood flow per kilogram body weight 
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in preterm compared to term individuals. The outcome was similar to a previous study on 

humans (Groves et al., 2011). Moreover, their results concluded that the increased preload 

pressure (from 2 to 14 mmHg), increased the left ventricular output with the same degree 

in preterm and term hearts. Nonetheless, the values in preterm hearts were half of the one 

observed in term hearts. In this context, at 2 mmHg the left ventricular output was 100 

ml/min/kg body weight in preterm and 200 ml/min/kg body weight in term, whereas at 

14 mmHg this was 125 ml/min/kg body weight in preterm and 250 ml/min/kg body 

weight in term ones. Moreover, they assessed the effect of afterload on left ventricular 

output, revealing that at 20 mmHg afterload pressure, the left ventricular output was 

almost 150 ml/min/kg body weight in preterm, however, in terms this was 225 ml/min/kg 

body weight. Following an acceleration in afterload pressure to 45 mmHg, the left 

ventricular output remained unchanged in both preterm and term samples. However, at 

55 mmHg this value had a dramatic reduction in preterm compared to term ones. Briefly, 

the left ventricular output at 55 mmHg was almost 75 ml/min/kg body weight in preterm 

and 180 ml/min/kg body weight in term. They claimed that preterm birth might impair 

the functional capacity of the heart in response to an acute change in postnatal afterload 

(Eiby et al., 2012).  

Mouse 

Due to various reasons including having short gestation time, being easily genetically 

manipulated, and being inexpensive, mouse is an appealing model to study the birth 

timing. Mice as the common animal model in biomedical research, have 4 to 10 pups 

which are rather immature at birth. Potential mouse models for studying preterm 

conditions have been generated by a variety of treatments including maternal infection 

(intrauterine infection with E. coli, or lipopolysaccharide), inflammation (i.e., interleukin-

1), anti-progesterone treatment (to induce delivery) and cesarean section (McCarthy et 

al., 2018). To induce premature birth, cesarean section may have the lowest side effects 

on proliferation analyses in the heart. Hereby, the murine fetuses are surgically removed 

at the desired gestational age without any medical treatments of the mothers. However, 

the survival of the pups outside of the uterus is only possible if cesarean section is 

performed at a maximum of one day before the physiological birth date (Loctin et al., 

1983). In this context, in the mouse specious with the gestational age of 20, the pup 

survival was reported to be 0% when the cesarean section had been conducted at E18.5. 

Moreover, the mortality rate in the pups being delivered at E19.5 was 13.2%, and at E20.5 
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was 1.4%. During the first 6 days after cesarian section, the mortality rate in the preterm 

pups (delivered at E19.5) was 21.3%, whereas the mortality rate in term-born mice was 

8.7%. Furthermore, the mortality rate in both preterm (delivered at E19.5) and term (born 

at E20.5) mice which survived up to P7, was reported to be 0%. Assessing the body weight 

at 1 hour after birth in term and 30 min after reanimation in preterm (E19.5), revealed 

that the body weight in term-born pups was remarkably greater than the preterm-delivered 

mice. Specifically, while the average body weight in the term group was almost 1.6 g, the 

body weight in survived preterm group was almost 1.3 g and in dead preterm mice was 

1.05 g (Loctin et al., 1983).  

Taken together, the premature birth has been concomitant with multiple structural and 

functional cardiac abnormalities in both humans and animal models. In this context, the 

termination of embryonic development due to an early exposure to an extrauterine 

environment, is associated with developmental defects of the heart and pediatric heart 

disease. Thus, these questions arise, whether birth itself would act as a key terminator of 

cell cycle activity in cardiomyocytes, or whether the birth-induced cell cycle withdrawal 

in CMs would lead to a reduced total CM number in hearts of premature-born humans 

throughout life limiting their heart function. Accordingly, the answer to these 

uncertainties as well as undercovering the mechanism upstream the possible birth-related 

cell cycle arrets in CMs can be beneficial in preterm-delivered humans concerning the 

postnatal cell cycle-reentry in CMs.  

 

 

1.1.6. Hypotheses and aims of the study 
In the course of embryonic developmental, the cardiac growth is primarily regulated by 

cardiomyocyte (CM) proliferation. Indeed, previous studies performed in mice and 

humans showing a reduced rate of proliferation in cardiomyocytes after birth and 

unchanged numbers of CMs during postnatal life, respectively, highlight the involvement 

of birth in proliferation termination of CMs. If the cell cycle withdrawal in CMs would 

be tightly associated to birth, this would mean that the human-delivered preterm might 

have lower total CM numbers than term ones. Since the cardiac function relies on the CM 

contractility, therefore, as a consequence of possible lower CM total numbers (in preterm 

humans), the heart function would be influenced in preterm-delivered individuals. Indeed, 

disturbed fetal growth and development as observed in preterm born humans and animals 
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have been reported to be connected to multiple structural and functional disorders of the 

hearts in adulthoods (Chapter 1.1.5.). Previous findings about premature birth together 

with data concerning the unchanged total CM numbers in humans from birth to the late 

adulthood, revealed a limited heart function later in life. Moreover, this limited heart 

function might be as a consequence of declined CM total number following an early 

separation from the intrauterine environment earlier than term. Thus, a detailed 

understanding about the influence of an exposure to the environment outside the uterus 

on cardiac development might have implications for the life quality of humans-born 

preterm. In this context, initially the aim of this study was to elucidate the exact time point 

after birth at which cell cycle arrest in CMs would be induced, as well as undercovering 

the molecular mechanism upstream of it. Notably, in order to monitor a possible 

association between the sex and the regulation of perinatal cardiac growth pattern, the 

male and female mice were investigated separately. Firstly, we assessed the dynamics of 

the cell cycle activity in CMs using perinatal C57BL6/J mice. It is essential to mention 

that in our study design, the gestational ages of the fetal and neonatal mice were precisely 

monitored, allowing us to avoid any wrong data interpretations. The hearts were isolated 

from seven perinatal stages including two final fetal stages (E17.5 and E18.5), birth 

(NB18.5 or NB19.5), 24 h after delivery (NB18.5+1 or NB19.5+1), and 48 h after birth 

(NB19.5+2). It is noteworthy to point out that comparing the cell cycle activity at E17.5 

and E18.5 allowed us to investigate whether the cell cycle arrest in CMs would follow a 

pre-programmed mechanism or not. Additionally, to assess the influence of birth on CM 

cell cycle exit, we compared heart samples obtained from mice at E18.5 and NB18.5. 

Both E18.5 and NB18.5 mice shared an identical gestational age (18.5), whereas only 

NB18.5 mice were shortly exposed to an extrauterine surrounding. Therefore, comparing 

these two mice allowed us to study the influence of birth on cell cycle activity. Moreover, 

to address this uncertainty, whether the gestational age at delivery would influence the 

CM cell cycle activity, we investigated the NB18.5 and NB19.5 mouse hearts. 

Specifically, NB18.5 and NB19.5 stages determine the samples isolated from mice 

immediately after birth. Nonetheless, the gestational age of mice at birth differed among 

NB18.5 and NB19.5 mice. To monitor the dynamics of perinatal cell cycle activity in 

murine cardiac myocytes, immunofluorescence analyses were performed using 

antibodies against CMs and proliferation markers.  

Later on, our next objective was to unveil the key factors influencing the postnatal cell 

cycle activity in mouse CMs. According to the knowledge which was already described 
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in Chapters 1.1.4.1.3 and 1.1.4.1.4., within the first two weeks after birth, the cell cycle 

arrest in mouse CMs was reported to be associated to the metabolic switch to fatty acid 

oxidation, ROS generation and ROS-induced DNA damage. Nonetheless, it is still 

elusive, whether immediately after birth the cell cycle arrest would be associated to a 

rapid metabolic switch to fatty acid oxidation or not. Accordingly, we next investigated 

the availability of glycolysis-involved enzymes, as well as oxidative stress and ROS-

induced DNA damage in perinatal mouse hearts.  

Figure 5. Drops in activities of various signaling pathways regulating cardiac growth in ventricular 
myocardium obtained from mice. The activity of mTORC1, AKT, p42/44, AMPKa was monitored by 
measuring the phosphorylation intensity of their members using WB experiments using whole hearts at 
E19.5 and NB20.5. A) The activity of mTORC1 downstream targets was reduced in mouse hearts 
immediately after birth compared to fetal stage E19.5. B) and C) The phosphorylation state of Akt at two 
phosphorylation positions as well as p42/44, was declined shortly after birth in mouse hearts compared to 
E19.5. D) In comparison to the E19.5, the phosphorylation of AMPKa was not modified in NB20.5 mouse 
hearts. The sample size was six. The results were illustrated as the fold change mean values ± SEM. Statistical 
significance among groups was assessed by unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: P<0.01, ***: 
P<0.001 (unpublished data).  
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Beside the metabolic pattern together with oxidative stress, the activity of cardiac growth-

mediating signaling pathways are involved in regulation of cardiomyocyte proliferation. 

Indeed, in order to determine the molecular mechanism regulating the cell cycle arrest in 

heart after birth, the activity of various signaling pathways involved in cardiac growth 

and CM proliferation, were already assessed in our team. Accordingly, the 

phosphorylation state of the mTORC1 pathway members such as p70S6K (threonine at 

position 389), S6 (serine at position 235 and 236), as well as 4EBP1 (threonine at position 

37 and 46) were studied in whole hearts isolated from mice at E19.5 and NB20.5 (Figure 

5) via western blot experiments.   

Interestingly, our data concluded that shortly after delivery at NB20.5 compared to E19.5, 

the activity of the mTORC1 pathway declined remarkably (Figure 5A). Moreover, 

assessing the activity of AKT and MAPK-kinase p42/44 in mouse hearts at E19.5 and 

NB20.5, our team concluded significant reductions in phosphorylation levels of Akt 

together with p42/44 at NB20.5 in comparison to E19.5 hearts (Figure 5B and C). 

Collectively, these data suggest that shortly after a separation from an intrauterine 

surrounding, the activity of pathways like mTORC1, AKT, and MAPK-kinase p42/44 

dropped significantly compared to the fetal hearts. Yet it is essential to assess whether 

immediately after a separation from an intrauterine environment, the activity of the 

mentioned pathways would be modified compared to shortly before birth.  

In this context we compared the activity of AKT, Hippo/YAP, mTORC1, and p42/44 in 

hearts obtained from E18.5 and NB18.5, allowing for studying the influence of birth in 

these pathways’ activity.  

Once again, another factor involved in postnatal cell cycle endowment in CMs is a 

metabolic switch to fatty acid oxidation. Indeed, studying the phosphorylation state of the 

APMK as an essential regulator of metabolic switch from glycolysis to fatty acid 

oxidation (Makinde et al., 1997), we revealed no significant alteration in the 

phosphorylation level of AMPKa at NB20.5 versus E19.5 hearts (Figure 5D). With this 

respect, our preliminary findings revealed a birth-associated reduction in activities of 

various signaling pathways. It is essential to highlight that the signaling pathways are 

partially regulated by the activity of cytokines and growth factors. Consequently, we 

hypothesized that immediately after a separation from an intrauterine environment, the 

altered accessibility of neonatal hearts to growth factors and cytokines would influence 

the cell cycle activity in mouse CMs.  
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Therefore, our objective was to identify the growth factors and cytokines with a possible 

involvement in cell cycle regulation. In this context, the factors exhibiting an alteration 

in their levels were investigated in mouse hearts following delivery using multiple in 

silico and proteomic experiments. Due to previous investigations, it has been concluded 

that CMs in humans and mammalian organisms undergo cell cycle arrest after birth. 

Therefore, our final ambition was to induce CM cell cycle re-entry under in vitro 

conditions using the identified growth factors and cytokines. The outcome of this doctoral 

thesis could be beneficial for humans delivered preterm.  
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2. Materials and Methods 
 

2.1. Materials 
 
 

2.1.1. Laboratory devices 
 

Table 1. Laboratory equipment  

Equipment Manufacturer  City, Country Item Number 
Axio Observer 
Fluorescence Microscope: 
Camera Axiocam 503 
mono 
Camera Axiocam 305 color 
HXP 120 V Lamp 
N-Achroplan 10x/0,25 Ph1 
M27  
LD A-Plan 20x/0.35 Ph 1  
Plan-Apochromat 20x/0.8 
M27  
N-Achroplan 40x/0,65 
M27  

Carl Zeiss 
Microscopy 

Jena, Germany - 

CellDrop BF Cell Counter DeNovix Inc. Wilmington, USA - 
Consort Electrophoresis 
Power Supply 

MERCK  Darmstadt, Germany 
 

#E835 

Centrifuge Rotina 38  Hettich  Tuttlingen, Germany #1703 
Centrifuge Universal 320R Hettich  Tuttlingen, Germany #1406 
Cryostat Microm Cryo Star 
HM 560 

Microm 
International 
GmbH  

Walldorf, Germany #M-HM-560 

Disc rotator LLG-
uniLOOPMIX 2 

LLG Labware Meckenheim, 
Germany 

#6.263 665 

Electrophoresis chamber 
(Agarose gel 
electrophoresis) 

Keutz 
Labortechnik 

Reiskirchen, Germany - 

Fusion CCD-Imaging 
System SOLO 6S EDGE 

VILBER Lourmat 
Deutschland GmbH 

Eberhardzell, 
Germany 

#SOLO S 

GeneAmp PCR System 
2700 (Cycler) 

Applied 
Biosystems 

Waltham, USA #S12522 

gentleMACS™ Octo 
Dissociator with Heaters 

Miltenyi Biotec Bergisch Gladbach, 
Germany 

#130-096-427 

HeraFreeze HFU700TV 
(Freezer -80°C) 

Thermo Fisher 
Scientific 

Asheville, USA #3959 

Hera Safe: EN 12469: 
2000, class II, Safety 
Cabinet (cell culture hood) 

Thermo Fisher 
Scientific  

Langenselbold, 
Germany 

#40867914 

IKA® shaker, Rocker 2D 
digital 

IKA®-Werke Staufen, Germany #4003000 

Incubator BD 115 (Cell 
culture) 

Binder GmbH Tuttlingen, Germany #9010-0325 
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Magnetic stirrer MR Hei-
Standard 

Heidolph 
Instrument 

Schwabach, Germany #27230 

Micro Centrifuge 22 R Hettich  Tuttlingen, Germany #24572 
Micro Centrifuge 5418 Eppendorf AG Hamburg, Germany #VB-1866 
Micro Centrifuge 5424 Eppendorf AG Hamburg, Germany #Z722960 
Microm SEC35 Low 
Profile Blades (Microtome 
Paraffin) 

Elektro Med™  Wola Zabierzowska, 
Poland 

#EP-152215 

Microm STS & Cool-Cut 
(Microtome Paraffin) 

Thermo Fisher 
Scientific 

Schwerte, Germany #HM355 

Microwave 700 Severin Sundern, Germany - 
Mini Plate Spinner MPS 
1000 (96-well plates) 

Labnet 
International 

Edison, USA #16058 

Mini-PROTEAN® tetra 
cell system (Western blot) 

Bio-Rad 
Laboratories 

Hercules, USA #1658006FC 

Mini Nutating, 3-D Mixer VWR International Darmstadt, Germany #444-0148 
MS3-Basic Vortexer IKA®-Werke 

GmbH 
Staufen, Germany #0003617000 

MS2 Mini Shaker IKA®-Werke 
GmbH 

Staufen, Germany #510 

Nano Photometer® IMPLEN GmbH Westlake Village, 
USA 

#NP80-Touch 

Olympus SZX7 Light 
microscope (Stereo-
/Dissection Microscope) 

Olympus Tokyo, Japan - 

OTS 40 Slides-stretching 
table 

MEDITE Medical Burgdorf, Germany #OTS 40.1540 

Paraffin incubator INCU-
Line® IL10 

VWR International Darmstadt, Germany #390-0384 

pH meter SevenDirect 
SD20 

Mettler Toledo Columbus, USA #30671550 

Pioneer Precision Scales Ohaus Parsippany, USA  
PowerPac™ Basic 
(Western blot) 

Bio-Rad 
Laboratories 

Hercules, USA #1645050 

Precellys Evolution 
Homogenizer 

Bertin 
Technologies SAS 

Paris, France #P000062-
PEVO0-A 

Rotilabo staining chamber  Carl Roth Karlsruhe, Germany #HA48.1 
Rotilabo Slide Holder Carl Roth  Karlsruhe, Germany #HA49.1 
Rocker 2D digital IKA®-Werke 

GmbH 
Staufen, Germany #0004003000 

Steamer Type 3216 
(Antigen retrival) 

De'Longhi-Braun-
Household GmbH 

Neu-Isenburg, 
Germany 

#FS3000 

StepOnePlus™ Real-Time 
PCR System  

Applied 
Biosystems 

Waltham, USA #4388817 A.1 

4375786 Veriti™ 96-Well 
PCR Thermocycler 

Thermo Fisher 
Scientific 

Vilnius, Lithuania #VAR-9627 

ThermoMixer C (DNA 
isolation) 

Eppendorf Hamburg, Germany #5382000015 

ThermoMixer F1.5 Eppendorf Hamburg, Germany #460-0224 
Thriller Thermomixer PEQLAB 

Biotechnologie,  
Erlangen, Germany - 
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Tissue-TeK® TEC™ 6 
(Cryostat sectioning) 

Sakura Finetek 
Germany  

Umkirch, Germany 
 

#5110 

Trans-Blot® Turbo™ 
Transfer System (Western 
blot) 

Bio-Rad 
Laboratories 

Munich, Germany #1704150EDU 

Tribute Collection Food 
steamer FS 3000 (Antigen 
retrieval) 

Braun GmbH Kronberg, Germany #0X23611001 

Weighing device SAC 62 
(Scales) 

Scaltec Göttingen, Germany - 

ELISA Reader FLUOstar 
(Plate Reader) 

BMG labtech Ortenberg, Germany - 

 
 
2.1.2. Common labware and consumable materials 

 
Table 2. Common laboratory consumables 

Materials Company City, Country Item Number 
Amersham Protran 0.45 
NC Nitrocellulose Blotting 
Membrane 

Merck KGaA Darmstadt, Germany #GE10600002 

Bemis™ Curwood 
Parafilm™  

Bemis  Neenah, USA #11772644 

Cell culture multiwell 
plate, 6-Well  

Greiner Bio-One Kremsmünster, 
Austria 

#657160 

Cell culture multiwell 
plate, 12-Well 

Greiner Bio-One Kremsmünster, 
Austria 

#665180 

Cell culture petri-dish Greiner Bio-One Kremsmünster, 
Austria 

#664160 

Cell Scarper S (Western 
blot) 

TPP Techno Plastic 
Products AG 

Trasadingen, 
Switzerland 

#99002 

Cover slips 24x50 mm R. Langenbrinck  Emmendingen, 
Germany 

- 

Paraffin Embedding 
Cassettes, Macro  

Carl Roth Karlsruhe, Germany #EE16.1 

Feather Disposable Scalpel Feather Safety Razor Osaka, Japan #02.001.30.010 
gentleMACS™ C Tubes 
(Primary CM isolation) 

Miltenyi Biotec Bergisch Gladbach, 
Germany 

#130-096-334 

Kimtech Precision Wipes Kimberly-Clark® Dallas, USA #1559044 
MACS SmartStrainer (70 
µm) (Primary CM 
isolation) 

Miltenyi Biotec Bergisch Gladbach, 
Germany 

#130-098-462 

MicroAmp™ Optical 
Adhesive Films (RT-
qPCR) 

Applied Biosystems Waltham, USA #4311971 

Micro-Amp® 96-Well 
Platten (RT-qPCR) 

Applied Biosystems Waltham, USA #N8010560 

Microvette® 200 Z 
(Serum isolation) 

Sarstedt  Nuembrecht, 
Germany 

#20.1290 

Needle: BD Microlance TM 
3, 27G 3/4 II - Nr.20 (Blood 
sampling) 

Becton, Dickinson 
and Company 
Limited 

Louth, Ireland #302200 
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PAP pen for 
immunostaining 

Sigma-Aldrich St. Louis, USA #Z377821-1EA 

Pipette tips (10, 20, 100, 
200, and 1000 µl) 

Sarstedt Nümbrecht, 
Germany 

- 

Pipette tips 5000 µl Gilson Middleton, USA #F161370 
Pipette tips 10 µl (Filter) nerbe plus GmbH Winsen/Luhe, 

Germany 
#07-602-8300 

Pipette tips 200 µl (Filter) nerbe plus GmbH Winsen/Luhe, 
Germany 

#06-662-5300 

Pipette tips 1000 µl (Filter) nerbe plus GmbH Winsen/Luhe, 
Germany 

#06-693-5300 

SuperFrost Ultra plus® 
microscopic slides 
25x75x1.0 mm 

R. Langenbrinck  Emmendingen, 
Germany 

#03-0062 

Syringe: Injekt®-
FluerSolo, 0.01 ml - 1 ml 
(Blood sampling) 

ALMO-Erzeugnisse 
Erwin Busch  

Bad Arolsen, 
Germany 

#9166017V 

Tissue-TeK® Cryomold® Sakura Finetek 
Germany  

Torrance, USA 
 

#4557 

Whatman™ filter paper 
(Western blot) 

GE Healthcare Life 
science 

Bukinghamshire, UK #3030-335 

0.5-ml, 1.5-ml, and 2-ml 
reaction tubes 

Eppendorf Hamburg, Germany - 

2 ml tubes for Precellys® 
homogenizer  

VWR Interntional Darmstadt, Germany #P000945-
LYSK0-A 

8-well PCR strips Kisker Biotech 
GmbH 

Steinfurt, Germany #G006-TUCA 

8-well cell culture chamber 
slides 

Sarstedt Nümbrecht, 
Germany 

#94.6140.802 

15-ml falcon tube Greiner Bio-One Kremsmünster, 
Austria 

#188261 

1.4 mm Ceramic beads 
(Cell lysate preparation) 

Cole-Parmer GmbH Wertheim, Germany #GZ-04728-56 

2.8 mm Ceramic beads 
(Cell lysate preparation) 

Cole-Parmer GmbH Wertheim, Germany #GZ-04728-66 

50-ml falcon tube Greiner Bio-One Kremsmünster, 
Austria 

#227261 

 

Table 3. Instruments used for tissue dissection 

Instrument Company City, Country Item Number 
Dumont #5 Forceps Fine Science Tools  Foster City, USA #11252-20 
Dumont Tweezers Style 5/45 Emgrid Australia Pty 

Ltd 
Adelaide, 
Australia 

#0208-5/45-
PO 

Fine Scissors - Sharp Fine Science Tools  Foster City, USA #14061-11 
Student Adson Forceps Fine Science Tools  Foster City, USA #91106-12 
Surgical Scissors - Sharp Fine Science Tools  Foster City, USA #14002-12 
Surgical Scissors - Sharp-
Blunt 

Fine Science Tools  Foster City, USA #14001-18 

 
 

https://shop.gbo.com/de/germany/products/bioscience/covid-19/covid-19-zentrifugenroehrchen-15/188261.html
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2.1.3. Chemicals and inhibitors  
 

Table 4. Chemicals, inhibitors, and size standards 

Materials Company City, Country Item Number 
30% Acrylamide 
(Western blot) 

Carl Roth Karlsruhe, Germany #3029.1 

β-mercaptoethanol (β-
ME) 

Carl Roth Karlsruhe, Germany #4227.3 

cOmplete mini (EDTA 
free) Protease Inhibitor 
Cocktail Tablets 

Roche Diagnostics 
GmbH 

Rotkreuz, 
Switzerland 

#04 693 124 001 

DAPI Carl Roth Karlsruhe, Germany #6335.1 
DC ™ Protein Assay Bio-Rad Laboratories Munich, Germany #500-0112 
DMSO (Dimethyl 
Sulfoxide) 

AppliChem GmbH Darmstadt, Germany #A3672,0100 

Dulbecco’s PBS Cell 
culture grade 

Life Technologies 
Limited 

Paisley, UK #14190-094 

dNTPs: ROTI-MIX 
PCR3  

Carl Roth Karlsruhe, Germany #L785.3 

Ethanol Absolut (DNA 
isolation) 

Otto Fishar GmbH Saarbrücken, 
Germany 

#27694 

SuperSignal™ West 
Femto Maximum 
Sensitivity Substrat 
(Western blot) 

Thermo Fisher 
Scientific 

Rockford, USA #34095 

Fibronectin (Cell 
culture) 

Sigma Aldrich St. Louis, USA #F1141-5MG 

GeneRuler 100bp DNA 
Ladder 

Thermo Fisher 
Scientific 

Vilnius, Lithuania #SM0243 

HPLC H2O: 
LiChrosolv®  

Merck KGaA Darmstadt, Germany #1.15333.1000 

37% Hydrochloric Acid 
(HCl) 

Carl Roth Karlsruhe, Germany #9277.1 

Methanol Sigma Aldrich St. Louis, USA #32213-2.5L-M 
Normal Goat Serum Jackson 

ImmunoResearch 
Europe 

Ely, UK #005-000-121 

PageRuler™ Prestained 
Protein Ladder (Western 
blot) 

Thermo Fisher 
Scientific 

Vilnius, Lithuania #26616 

Paraffin: Tissue-Tek® 
Paraffin Wax TEK IV, 4 
x 2.5 kg 54 - 57 °C) 

Sakura Finetek Alphen aan den Rijn, 
Niederlande  

#4523-0113 

PhosStop Phosphatase 
Inhibitor Cocktail 
Tablets 

Roche Diagnostics 
GmbH 

Rotkreuz, 
Switzerland 

#04 906 837 001 

ProLong® Gold 
mounting medium 

Cell Signalling 
Technology 

- #9071 

2-propanol Carl Roth Karlsruhe, Germany #9866.1 
200 U/µl M-MuLV 
reverse transcriptase 
(NEB) (RT-qPCR) 

New England BioLabs Ipswich, USA #M0253L 
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Random hexamer primer 
(RT-qPCR) 

Eurofins Genomics Ebersberg, Germany #24-3139-1/1 

10x reverse transcriptase 
reaction buffer (RT-
qPCR) 

New England BioLabs Ipswich, USA #B0253S 

40 U/µl RibiLock® 
ribonuclease inhibitor 
(RT-qPCR) 

Thermo Fisher 
Scientific 

Vilnius, Lithuania #EO038 

RLT buffer (RT-qPCR) Qiagen Hilden, Germany #1030963 
SsoAdvanced™ 
Universal SYBR®Green 
Supermix (RT-qPCR) 

BioRad Laboratories Hercules, USA #1725272 

Saccharose (Cyrostat 
preparation) 

Carl Roth Karlsruhe, Germany #9286.1 

Tissue-Tek® O.C.T.TM 
Compound (Cryostat 
preparation) 

Sakura Finetek Alphen aan den Rijn, 
Niederlande  

#SA62550-01 

Toluene Carl Roth Karlsruhe, Germany #9558.1 
Trypan Blue (Cell 
culture) 

Sigma Aldrich St. Louis, USA #T8154-100ML 

Xylene  Carl Roth Karlsruhe, Germany #28975.325 
 
 
2.1.4. Buffer and solutions 
 
Table 5. Buffer and chemicals recipes 

Buffer Name: Recipes: Manufacturer: Item Number: 

Organ Isolation: 
1x PBS-Tab 1x PBS Tablet Life Technologies 

Limited  
#18912-014 

  In 500 ml Aqua B. Braun B. Braun Melsungen 
AG 

#82479E-E 

4% PFA  4% (w/v) Paraformaldehyde Carl Roth #0335.3 
  In 1x PBS-Tab  - - 

Genotyping: 
Lysis buffer (DNA 
isolation) 

100 mM TRIS-
Hydrochloride 

Carl Roth  #9090.3 

  0.2% (v/v) SDS Sigma-Aldrich # 74255-250G 
  5 mM EDTA (pH 8.0) Carl Roth #CN06.2 
  200 mM NaCl Carl Roth # 3957.1 
  In ddH2O  -  - 

Proteinase K 
(DNA isolation) 

0,02 % (w/v) Proteinase K  Carl Roth #7528.1 

 In 1× TBS (described later 
in-details) 

- - 

Agarose  2% (w/v) in 1x TBE peQlab #35-1020 
GelRedTM solution 0.03% (v/v) GelRedTM Biotium #41003 
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  In ddH2O  - -  

1x TBE  89 mM Tris-Base Carl Roth  #4855.2 
  89 mM Boric Acid Carl Roth #6943.1 
  2 mM EDTA pH 8.0 Carl Roth #CN06.2 
  In ddH2O  -  - 

Immunohistochemistry Staining (IHC) on Paraffin Sections: 
Antibody solution 
(IHC) 

1% (w/v) Albumin Fraction 
V (BSA) 

Carl Roth  #T844.2 

  0.1% (v/v) Triton X® 100 Carl Roth #3051.3 
  0.05% (v/v) Tween® 20 Carl Roth #9127.2 
  0.05% (w/v) Sodium Azide Carl Roth #4221.1 
  In 1x TBS  -  - 
1x TBS  50 mM Tris-Base Carl Roth  #4855.2 
  150 mM NaCl Carl Roth #3957.1 
  HCl to adjust pH to 7.6 Carl Roth #9277.1 
  In ddH2O  -  - 

1x TBST (IHC and 
Western blot) 

0.05% (v/v) Tween® 20 Carl Roth  #9127.2 

  In 1x TBS  -  - 
1x Tris-EDTA pH 
9.0 (Antigen 
retrieval buffer) 

10 mM Tris-Base Carl Roth  #4855.2 

  1 mM EDTA Carl Roth #CN06.2 
  0.05% (v/v) Tween® 20 Carl Roth #9127.2 
  HCl to adjust pH to 7.6 Carl Roth #9277.1 
  In ddH2O  -  - 

Western Blot (WB): 
RIPA buffer 
(Tissue samples) 

0.1% (w/v) SDS Sigma Aldrich  #74255-250G 

  1% (v/v) IGEPAL® CA-
630 

Sigma Aldrich #13021-50ML 

  0.5% (w/v) Sodium 
Deoxycholate 

Sigma Aldrich #D6750-25G 

  1 mM EDTA pH 8.0 Carl Roth #CN06.2 
  In 1x TBS  -  - 
1x CLB (in vitro) 1:10 CLB (10x 

concentrated) 
Cell Signaling 
Technology 

#9803 

  In ddH2O -  - 

10% APS  10% (w/v) in ddH2O AppliChem #A1142,0250 

5x Laemmli buffer 50 mM Tris/HCl (pH 6.8) Carl Roth #9090.3  
87% (=43.5% v/v) Glycerin Carl Roth #3908.2 

  3% (w/v) SDS in ddH2O Sigma Aldrich #74255-250G 
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  3% (v/v) β-
Mercaptoethanol 

Carl Roth #4227.3 

  0.003% (w/v) Bromophenol 
blue 

Carl Roth #A512.2 

  In 1x TBS  - -  

1x SDS running 
buffer  

25 mM Tris-Base Carl Roth #4855.2 

  192 mM Glycin Carl Roth #3908.2 
  0.1% (w/v) SDS Sigma Aldrich #74255-250G 
  In ddH2O  -  - 

5% BSA 5% (w/v) Albumin Fraction 
V (BSA) in 1x TBST 

Carl Roth #T844.2 

5% milk  5% dry milk (w/v) in 1x 
TBST 

Carl Roth #T145.2 

Transfer buffer 48 mM Tris-base Carl Roth #4855.2 
  39 mM Glycin Carl Roth #3908.2 
  20% (v/v) Methanol Sigma Aldrich #32213-2.5L-M 
  In ddH2O  -  - 

Solution A 0.1 M Tris-base pH 8.5 Carl Roth #4855.2 
  2.5 mM Luminol Sigma Aldrich #123072-5G 
  0.396 mM P-Coumaric Acid Sigma Aldrich #C9008-25G 
  In ddH2O  -  - 
Solution B 0.1 M Tris-base pH 8.5 Carl Roth #4855.2 
  3% (v/v) Hydrogen 

Peroxide (H2O2) 
Carl Roth #9681.4 

  In ddH2O  -  - 
Stripping buffer 62.5 mM Tris-base pH 6.8 Carl Roth #4855.2 
  2% (w/v) SDS Sigma Aldrich #74255-250G 
  0.7% (v/v) β-

Mercaptoethanol 
Carl Roth #4227.3 

  In ddH2O  -  - 

ELISA Experiments:  
2x Lysis buffer  1:1 Lysis buffer (2x 

concentrated) 
RayBiotech #EL-Lysis 

 In ddH2O - - 

In vitro Experiments:  
Neonatal CMs 
culture 

1% (v/v) Penicillin-
Streptomycin 

Biochrom #A2213 

  0.1 mM Ascorbic acid Sigma Aldrich #4544-100G 
  0.5% Insulin-Transferrin-

Selenium 
Fisher Scientific  #12097549 

  5% (v/v) Horse serum Fisher Scientific #11540636 
  In DMEM/F12 PAN-Biotech #P04-04510 
Neonatal CMs 
treatment medium 

1% (v/v) Penicillin-
Streptomycin 

Biochrom #A2213 
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  0.1 mM Ascorbic acid Sigma Aldrich #4544-100G 
  0.5% (v/v) FCS 

(Lot#BCCC6626) 
Sigma Aldrich #F7524 

  In DMEM/F12 PAN-Biotech #P04-04510 
Immunofluorescence Staining (IF) for in vitro Experiments: 
Antibody solution-
IF  

Antibody solution IHC Carl Roth  #T844.2 

  In PBS (pH 7.4) (instead of 
1x TBS) 

 -  - 

Blocking solution 5% (v/v) NGS Jackson 
ImmunoResearch  

#005-000-121 

  In Antibody solution-IF     
PBS (pH 7.4) 0.137 M NaCl Carl Roth #3957.1 
  2.7 mM KCl Carl Roth #6781.3 
  10 mM Na2HPO4 Carl Roth #4984.1 

  1.8 mM KH2PO4 Carl Roth #3904.1 

  In ddH2O  -  - 

 
 
2.1.5. Antibodies 
 
Table 6. Primary antibodies (AB) 

Primary AB  Source Dilution Solution Company Order number 
Immunofluorescence (IF) and Immunohistochemistry-IF (IHC) Experiments 
Anti-Actinin Mouse 1:800 Antibody 

Solution in PBS 
Sigma Aldrich  #A7811 

Anti-BrdU Rat 1:1000 Antibody 
Solution in PBS 

Abcam #ab6326 

Anti-Caveolin 3 Mouse 1:100 Antibody 
Solution in TBS 

Santa Cruz 
Biotechnology 

#SC-5310 

Anti-Cyclin D3 Mouse 1:1000 Antibody 
Solution in TBS 

Cell 
Signalling 
Technology 

#2936 

Anti-pHH3 
(Ser10) 

Rabbit 1:200 Antibody 
Solution in TBS 

Cell 
Signalling 
Technology 

#9701 

Anti-8-
Hydroxyguanosine 

Mouse 1:300 Antibody 
Solution in TBS 

Abcam #ab62623 

Anti-Ki67 Rat 1:500 Antibody 
Solution in 
TBS/PBS 

Invitrogen  #14-5698-82 

Anti-MEF2A/C Rabbit 1:500 Antibody 
Solution in TBS 

Abcam  #ab197070 

WGA-488 
conjugate 

- 1:500 Antibody 
Solution in TBS 

Thermo Fisher 
Scientific 

#W11261 

Western Blot (WB) Experiments 
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Anti-p-Akt 
(Ser473) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#4060 

Anti-Akt (pan) 
total 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#4691 

Anti-Cyclin D1 Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#2978 

Anti-Cyclin D2 Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#3741 

Anti-Cyclin D3 Mouse 1:2000 5% BSA Cell 
Signalling 
Technology 

#2936 

Anti-p-4E-BP1 
(Ser65) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#9451 

Anti-4E-BP1 total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#9644 

Anti-GAPDH Mouse 1:50000 5% milk Thermo 
Fisher 
Scientific 

#MA-16757 

Glycolysis 
Antibody Sampler 
Kit 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#8337 

Glycolysis II 
Antibody Sampler 
Kit 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#12866 

Anti-p-GSK-3ß 
(Ser9) 

Rabbit 1:1000 5% milk Cell 
Signalling 
Technology 

#9336 

Anti-GSK-3ß total Mouse 1:1000 5% BSA Cell 
Signalling 
Technology 

#9832 

Anti-LDHA Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#2012 

Anti-p-MST1/2 
(Thr183/180) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#3681 

Anti-MST1 total Rabbit 1:2000 5% milk Epitomics #1941-1 
Anti-MST2 total Rabbit 1:1000 5% BSA Cell 

Signalling 
Technology 

#3952 

Anti-p21 Rabbit 1:1000 5% milk Santa Cruz 
Biotechnology 

#SC-471 

Anti-p27 Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#3686 

Anti-p-p38 
(Thr180/182) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#4511 
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Anti-p38 total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#8690 

Anti-p-p44/42 
(Thr202/204) 

Rabbit 1:2000 5% BSA Cell 
Signalling 
Technology 

#4370 

Anti-p44/42 total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#4695 

Anti-p-p70S6K 
(Thr389) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#9205 

Anti-p70S6K total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#2708 

Anti-p-S6 
(Ser235/236) 

Rabbit 1:2000 5% BSA Cell 
Signalling 
Technology 

#4858 

Anti-S6 total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#2217 

Anti-Vinculin Mouse 1:5000 5% milk Sigma Aldrich #V9131 
Anti-p-YAP 
(Ser127) 

Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#13008 

Anti-YAP total Rabbit 1:1000 5% BSA Cell 
Signalling 
Technology 

#4912 

 
 
Table 7. Secondary AB 

Secondary AB  Source Dilution Company Order number 
IHC and IF Experiments 
Anti-Mouse 
Alexa-488 

Goat 1:500 Invitrogen  #A-11001 

Anti-Mouse 
Alexa-555 

Goat 1:500 Invitrogen #A-21424 

Anti-Mouse 
Alexa-647 

Goat 1:500 Invitrogen #A-21235 

Anti-Rabbit 
Alexa-plus-555 

Goat 1:1000 Invitrogen #A-32732 

Anti-Rabbit 
Alexa-plus-647 

Goat 1:1000 Invitrogen #A-32733 

Anti-Rat Alexa-
555 

Goat 1:500 Invitrogen #A-21434 

Anti-Rat Alexa-
647 

Goat 1:500 Invitrogen #A-21247 

Western Blot (WB) Experiments 
Anti-mouse IgG 
HRP-linked 

Horse 1:2000 Cell Signalling 
Technology 

#7076 

Anti-rabbit IgG 
HRP-linked 

Goat 1:2000 Cell Signalling 
Technology 

#7074 
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2.1.6. RT-qPCR 
 
Table 8. Primers used for RT-qPCR. The primers were diluted in HPLC H2O as suggested by manufacturers.  

Gene, 
Product 

Primer 
ID/name 
(F/R) 

Sequence (5’ → 3’) Company Product 
size 

Stock, 
PC 
[µM] 

TA 
[°C] 

Cell Cycle Regulators 
Ccnd1, 
Cyclin D1 

F-08969-22 
(F) 

TGACCCCGCACGA
TTTCATT 

BioTez 143-bp 1 62 

R-08970-23 
(R) 

CATGGAGGGCGGA
TTGGAAA 

Ccnd2, 
Cyclin D2 

Cyclin D2-
E4/5_fwd 
(F) 

GATGAAGTGAACA
CACTCACG 

BioTez 178-bp 10 62 

Cyclin D2-
E4/5_bwd 
(R) 

CCGGATCTTCCACA
GACTTG 

Ccnd3, 
Cyclin D3 

05206-22 (F) GGCCTCCAAGCTG
CGCGAAACC 

BioTez 128-bp 1 62 

05207-22 
(R) 

GGTCCCACTTGAGC
TTCCCCAG 

Ccna2, 
Cyclin A2 

28013945 
(F) 

CAGCTGTCTCTTTA
CCCGGAGC 

Eurofins 255-bp 1 62 

28013946 
(R) 

CCACAAGGATGGC
CCTCATGC 

Ccnb1, 
Cyclin B1 

08975-20 (F) GCTGACCCAAACC
TCTGTAG 

BioTez 132-bp 5 62 

08976-21 
(R) 

GAGGATAGCTCTC
ATGTTTCC 

Cdkn1a, 
p21 

08971-23 (F) TCGCTGTCTTGCAC
TCTGG 

BioTez 136-bp 5 60 

08972-23 
(R) 

TCTTGCAGAAGAC
CAATCTG 

Cdkn1b, 
p27 

12714-19 (F) GACTCGTCAGACA
ATCCGG 

BioTez 155-bp 1 60 

12715-19 
(R) 

GTCTGCTCCACAGT
GCCAG 

Cytokines and Growth Factors 
Angptl3, 
Angptl3 

Angptl3-F 
(F) 

GAGCACCAAGAAC
TACTCCCC 

Eurofins 113-bp 2 62 

Angptl3-R 
(R) 

GCCACTTGTATGTT
CGCCTC 

Col18a1, 
Endostatin 

30-3213-
3/12 (F) 

AGGTGAGGATCTG
GGCCAC 

Eurofins 185-bp 5 62 

30-3213-
4/12 (R) 

CAAAGCAGCCACC
TCATTGC 

Igf1, Igf1 Igf1-F (F) TTCAGTTCGTGTGT
GGACCGAG 

Eurofins 94-bp 5 60 

Igf1-R (R) TCCACAATGCCTGT
CTGAGGTG 

Igfbp-6, 
IGFBP6 

Igfbp6-F (F) CCAACCCCGAGAG
AACGAAG 

Eurofins 116-bp 10 62 

Igfbp6-R (R) CTCCTTGGGGTTTG
CTCTCC 
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Pdgfa, 
PDGFA 

Pdgfa-F (F) TACTGAATTTCGCC
GCCACAG 

Eurofins 186-bp 5 62 

Pdgfa-R (R) AGCCGCTCGATCA
ACTCC 

Spp1, 
Osteoponti
n 

SPP1-F-
28.02.2022 
(F) 

GCTTGGCTTATGGA
CTGAGGTC 

Eurofins 114-bp 5 64 

SPP1-R-
28.02.2022 
(R) 

CCTTAGACTCACCG
CTCTTCATG 

Polr2a, 
Polr2a 

m-Polr2a-
cDNA-F (F) 

GAGAAGCTGGTCC
TTCGAATC 

Eurofins 121-bp 5 56-62 

m-Polr2a-
cDNA-R (R) 

GCATGTTGGACTCA
ATGCATC 

Glycolysis-Involved Enzymes 
Aldolase-a, 
ALDOA 

AldoA-F (F) TTAGTCCTTTCGCC
TACCCA 

Eurofins 300-bp 12.5 60 

AldoA-R (R) AATGCGGTGAGCG
ATGTCA 

Enolase I, 
Eno-I 

mEnol-F (F) CCTTAAGGCTCTCC
TCGGTG 

Eurofins 263-bp 10 60 

mEnol-R (R) TGAGACACCCTTCC
CCATGA 

Hexokinas
e II, Hk-II 

mHKII-F (F) ACAAGATGATCGC
CTCGCAT 

Eurofins 226-bp 1.25 61 

mHKII-R 
(R) 

CCATCCGGAGTTG
ACCTCAC 

Lactatedeh
ydrogenase 
A, LDHA 

mLdhA-F 
(F) 

CAGTTGTTGGGGTT
GGTGCT 

Eurofins 196-bp 12.5 63 

mLdhA-R 
(R) 

GAGTTCGCAGTTAC
ACAGTAGT 

Pyruvateki
nase-M, 
PKM1/2 

mPKM-F (F) GTGATGTGGCCAA
TGCAGTC 

Eurofins 153-bp 1.25 60 

mPKM-R 
(R) 

CTTCAAACAGCAG
ACGGTGG 

 
 
2.1.7. ELISA 
 
Table 9. ELISA kits 

Materials Company City, country Order number/ID 
Mouse Adiponectin 
Immunoassay 

R&D Systems Minneapolis, USA #MRP300 

Mouse Angiopoietin-like 
3 Immunoassay 

R&D Systems Minneapolis, USA #MANL30 

Mouse Endostatin ELISA 
Kit 

Abcam Cambridge, UK #ab263894 

Mouse IGF-1 
Immunoassay 

R&D Systems Minneapolis, USA #MG100 

Mouse IGFBP-1 ELISA 
Kit 

Abcam Cambridge, UK #ab213865 

Mouse IGFBP-6 ELISA 
kit 

RayBiotech Norcross, USA #ELM-IGFBP6 

Mouse Osteopontin 
(OPN) ELISA Kit 

R&D Systems Minneapolis, USA #MOST00 
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Mouse PDGF-AA ELISA 
Kit 

RayBiotech Norcross, USA #ELM-PDGFAA 

 
 
2.1.8. Other kits  
 

Table 10. Kits 

Materials Company City, Country Item Number 
Mouse Growth Factor 
Array C3 

RayBiotech Norcross, USA #AAM-GF-3-8 

Neonatal Heart 
Dissociation Kit, 
mouse and rat 

Miltenyi Biotec Bergisch Gladbach, 
Germany 

#130-098-373 

Proteome Profiler 
Mouse XL Cytokine 
Array 

R&D Systems Minneapolis, USA #ARY028 

RNase-Free DNase Set 
(RT-qPCR) 

Qiagen Hilden, Germany #79254 

RNeasy® Plus Mini 
Kit (RT-qPCR) 

Qiagen Hilden, Germany #74134 

Taq DNA polymerase 
kit (PCR) 

Qiagen Hilden, Germany #201205 

 
 
2.1.9. Software and online tools 
 
Table 11. Software and program information 

 
 

 

Software Company City, Country 
Adobe Illustrator CS6 16.0 Adobe Systems San José, USA 
Adobe Photoshop CC 2018 19.1 Adobe Systems San José, USA 
Bio-ID advanced Vilber Lourmat Collégien, Frankreich 
Capture Edge Vilber Lourmat Collégien, Frankreich 
Excel v16.72 Microsoft  Redmond, USA 
FLUOstar OPTIMA v1.30-0 
(ELISA) 

BMG Labtechnologies Ortenberg, Germany 

IBM SPSS Statistics v29.0.0.0 IBM Armonk, USA 
Image J (Open source) National Institutes of Health  Maryland, USA 
Primer-BLAST U.S. National Library of 

Medicine 
Bethesda, USA 

Prism v9.5.1 Graphpad Software San Diego, USA 
StepOne v2.3 Life Technologies Carlsbad, USA 
ZEN 2.3 pro (Image Acquisition) Carl Zeiss Microscopy Jena, Germany 
ZEN 2.3 Image Analysis (ZEN 
3.8 desk with Image analysis 
toolkit) 

Carl Zeiss Microscopy Jena, Germany 



Materials and Methods 

 63 

2.2. Methods 
 
 

2.2.1. Animal housing 
The entire animal procedures were carried out in compliance with the guidelines of the 

“Federation of European Laboratory Animal Science Associations” (FELASA) and have 

previously been approved by institutional (JLU approval numbers: 709_M (this refers to 

killing/euthanasia of postnatal mice for scientific purposes, so all heart preparations after 

birth) and governmental authorities (Regierungspräsidium Gießen, approval number GI 

20/12 Nr. G 49/2017 and G 47/2020 (this refers to preparation of embryos and fetuses in 

the final quarter of gestation, so all heart preparations before birth). In order to minimize 

suffering of the mice, the ARRIVE guidelines were followed (Kilkenny et al., 2010).  

The mouse strains in this study were housed and bred at the Justus-Liebig University in 

Giessen, Germany. Animal welfare, health and housing conditions were monitored by the 

trained staff of the facilities. Thereby, the mice were kept under standard conditions with 

10/14 h dark-light cycle, as well as food and water ad libitum.  

 

2.2.1.1.  Mouse strains and breeding strategy 
 

2.2.1.1.1. C57BL/6J mouse strain 
In this thesis, multiple factors including cell cycle activity and the mechanisms underlying 

its regulation at defined perinatal stages will be analyzed. Therefore, the central key 

player in our study, is a sensitive control over the determination of exact gestational ages 

of mice. In this context, C57BL/6J inbred mouse strain are used, exhibiting averaged 19.5 

gestational days (C57BL/6J mice were purchased from Charles River, i.e., 

#159683//C57BL/6J_1). In the course of our experience concerning C57BL/6J mice, in 

order to estimate the exact animal gestational age, the optimal breeding strategy is to 

allow the mating process occur upon overnight (O/N) housing of a C57BL/6J breeding 

pair. Therefore, a male and a female mouse will be put in a breeding cage in the afternoon. 

The next day in the morning, the breeding pair will be separated to avoid further mating 

and a wrong estimation of gestational ages. 14 days later, the state of mouse pregnancy 

will be monitored and the non-pregnant mice will be used for further mating process. In 

pregnant mice, based on the mating date, the exact gestational age of the fetal or newborn 
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(NB) individuals can be determined. As another breeding strategy monitoring the “vaginal 

plug” can be mentioned. In this method, the housing of breeding pair is conducted for 

several days. Each day in the morning, the animal mating is monitored by checking the 

vaginal plug presence in female mice. However, this method is not sensitive enough while 

determining the exact gestational age of fetal and NB mice.  

18 days after mating, at 8:00 and at 16:00 the cages will be monitored for possible NB 

individuals. Depending on the stage of interest, the animals will be dissected and desired 

organs will be isolated and prepared for various experiments. A key central stage in this 

study is gestational day 18.5. Notably, the birth does not necessary take place at day 18.5. 

On one hand, at this stage some of the female mice have already delivered mice (known 

as NB18.5). On the other hand, some pregnant mice have not delivered yet. Accordingly, 

the fetus will be isolated via cesarean section of the pregnant mice and the desired organs 

will be isolated for further experiments (known as embryonic 18.5 (E18.5) samples). In 

this context, comparing the samples obtained from the NB18.5 (already exposed to an 

extrauterine environment) and the E18.5 mice, the role of birth on multiple factors can be 

investigated. Furthermore, assuming that any modifications observed in the postnatal life 

period, would be initially programed within the final embryonic stages or not, the 

embryonic stages will also be compared to each other. Therefore, in addition to E18.5 

samples, E17.5 samples will be prepared. In some cases, the delivery occurs at gestational 

age 19.5 (NB19.5). Comparing the NB18.5 and NB19.5 allows for studying the 

gestational age. To study further influence of extrauterine environment, the NB animals 

were housed with the mothers for 24 h known as NB18.5+1 and NB19.5+1, or 48 h named 

as NB18.5+2 and NB19.5+2. Taken together, the sampling was performed at the 

following days: E17.5, E18.5, NB18.5, NB18.5+1, NB19.5, NB19.5+1, and NB19.5+2. 

  

2.2.1.2. Isolation of mouse fetal hearts, liver and blood at defined 

gestational stages and blood samples from mother  
As soon as the fetal stage of interest (i.e., E17.5 or E18.5) was reached, pregnant mice 

were euthanized by cervical dislocation. The blood collection was conducted from the 

pregnant mother by a syringe and a needle from the inferior vena cava (Chapter 2.1.2., 

Table 2, 0.4 x 19 mm). Thus, after cervical dislocation and opening the abdominal cavity, 

the inner organs were pushed to a side and 200 µl blood was collected from the inferior 

vena cava and immediately transferred into a 1.5 ml reaction tube. Next, the fetuses were 
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immediately dissected from the uterus and separated from the placenta and surrounding 

membranes. To minimize harm or suffering, the fetuses were euthanized by decapitation. 

Using Microvette® 200 Z capillary collection tubes, about 20 to 50 µl of blood (mixed 

venous and arterial blood from the decapitation site) from each embryo was collected for 

serum isolation. Subsequently, the fetuses were immediately placed in fresh ice-cold 1x 

Phosphate buffered saline (1x PBS-Tab). In order to stop cellular activities, all procedures 

were performed on ice. To determine the gender of the individual fetuses, tails were 

collected and stored at -20°C until DNA preparation. The hearts were prepared by opening 

the thoracic cavities and dissecting the entire organ from the great vessels near the outflow 

tract. Depending on the procedure of interest, the hearts were either fixed in 4% PFA for 

immunohistochemistry studies or snap-frozen in liquid nitrogen for RNA and protein 

analyses. 

After the hearts were collected, the abdominal cavity of fetal pups was opened and the 

whole liver was isolated. The isolated livers were shortly washed in ice-cold 1x PBS-Tab 

and transferred into 1.5 ml-reaction tubes. The tubes were directly snap-frozen in liquid 

N2 and stored at -80°C for future experiments.  

 

2.2.1.3. Heart isolation from newborn mice at defined gestational stages 
After applying the breeding strategy described above (Chapter 2.2.1.1.1.) pups were 

naturally born either at gestational day 18.5 or 19.5 based on a biological variability in 

the delivery date (Murray et al., 2010), and categorized as NB18.5 or NB19.5 

(NB=Newborn), respectively. To analyze a prolonged impact of exposure to the 

extrauterine environment on cardiac growth and cell cycle regulation, some litters were 

kept for further 24 and 48 hours in the cage with the mother. Based on the gestational age 

at birth, these mice were either identified as NB18.5+1 or NB19.5+1 (born at gestational 

age 18.5 or 19.5, and housed for 24 h with mother), and NB18.5+2 or NB19.5+2 (48 h 

after birth). As soon as the age of interest was reached, the newborn mice were sacrificed 

by decapitation. The blood samples were collected using Microvette® 200 Z as described 

before (2.2.1.2.). Tails were collected for gender determination, as well. Moreover, the 

hearts were excised from the thoracic cavity and washed in fresh ice-cold 1x PBS-Tab. 

The non-cardiac tissues were removed and the hearts were either snap-frozen in liquid 

nitrogen or fixed in 4% paraformaldehyde (PFA).  
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After collecting hearts, the whole liver was isolated. The isolated livers were shortly 

washed in ice-cold 1x PBS-Tab and transferred into 1.5 ml-reaction tubes. The tubes were 

directly snap-frozen in liquid N2 and stored at -80°C for future experiments.  

 

2.2.1.4. Blood collection and serum preparation from perinatal and adult 

mice 
Blood collection from fetal and newborn mice was performed using Microvette® 200 Z, 

while blood collection from pregnant and non-pregnant female mice was done by a 

syringe and a needle from the inferior vena cava. Notably, similar to pregnant mice, the 

blood sampling from adult female non-pregnant mice was conducted on the animals that 

had been already sacrificed for other organ isolations, as described previously, using a 

syringe and a needle from the inferior vena cava (Chapter 2.1.2., Table 2, 0.4 x 19 mm). 

The Microvette® 200 Z is composed of a thin capillary and a connected collection tube. 

After the decapitation of perinatal pups, the blood emerging from the thoracic wound 

(originating from carotid and other arteries and veins) is sucked up into the Microvette® 

200 Z capillary. Using gravity force, the collected blood is next guided into the connected 

collector of the Microvette® 200 Z, and used for serum preparation.  

All collected blood samples were incubated for 1 h, at room temperature (RT) in order to 

allow complete coagulation. To get rid of cellular components, blood clots and 

coagulation factors, serum isolation was carried out via centrifugation of coagulated 

blood at 18407 rcf, for 10 min, at RT (Micro Centrifuge 5424, Eppendorf AG). After the 

centrifugation step, the serum supernatant was gently collected for further studies and 

stored at -80°C.  

 

 

2.2.2. Sex determination of perinatal mice 
 

2.2.2.1. Genomic DNA purification from murine tissue 
The gender determination of perinatal mice was carried out by polymerase chain reaction 

(PCR) analyses on genomic DNA isolation from the collected tail tissue (Chapters 2.2.1.2. 

and 2.2.1.3.). The tails were digested in 400 µl lysis buffer supplemented with 1% (v/v) 

proteinase K (from the stock solution) over night at 55°C, by constant shaking at 700 rpm 

using a thermomixer. The next day, the cell debris was spun down for 15 min, at 21910 
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rcf, at RT. Carefully, 100 µl of the supernatant containing genomic DNA was transferred 

into a fresh sterile 1.5 ml reaction tube. Afterwards, DNA precipitation was carried out 

via administration of 100 µl 2-propanol into each tube which were immediately vortexed 

and incubated for 30 min at -20°C. The precipitated DNA was isolated from the remaining 

cellular contents by centrifugation at 21910 rcf for 10 min at RT. The supernatant was 

discarded and the DNA pellet was washed with 200 µl 70% ethanol (EtOH) followed by 

a final centrifugation at 21910 rcf for 10 min at RT. The supernatant was discarded and 

the DNA pellets were dried in a thermomixer at 700 rpm, for 30 min, at 37°C. The 

precipitated DNA was diluted in 100 µl ddH2O by shaking for 1 h, at 700 rpm, at 50°C. 

The isolated DNA was stored at -20°C. 

 

2.2.2.2. Nucleic acid concentration determination via NanoDrop 
In order to determine the concentration and purity of the isolated DNA or RNA, a Nano 

Photometer® (NP80-Touch, IMPLEN GmbH) was used. Using NanoDrop 

spectrophotometer the samples are exposed to ultraviolet (UV) light at a wavelength of 

260 nm. The absorbed light correlates with the nucleic acid concentration. Next, an 

optical density (OD) is calculated. Moreover, using the OD and the Beer Lambert Law, 

the sample concentration is determined. The NanoDrop can measure the absorbance in 

small volume of samples (0.5 to 2.0 µl). The DNA was diluted in ddH2O, therefore 1.5 µl 

ddH2O was used as blank. Next, the OD and concentration of DNA of each sample were 

determined at a wavelength of 260 nm in 1.5 µl of sample. The measurements can be 

affected by different salts, solvents and proteins in the sample. To monitor the degree of 

contamination with other molecules, two ratios are considered such as OD at wavelength 

of 260 nm (OD260, for nucleic acids) divided by OD280 (for proteins) and OD260/OD230 

(OD230 for salt detection) ratio. The DNA samples with OD260/OD280 equal to 2.0±0.1 and 

OD260/OD230 greater than 1.0 had the optimum DNA purity and therefore were used for 

PCR.  

 

2.2.2.3. Determination of sex by polymerase chain reaction (PCR)  
To monitor the possible effect of animal gender on the activity of various cellular 

processes, the mice’s gender was determined by PCR. PCR was performed for 

amplification of the sex determining region of chromosome Y gene (Sry), which is only 

detectable in male mice. Additionally, to assure PCR efficiency the X-chromosomal 
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holocytochrome c synthase (Hccs) gene was amplified as internal PCR control. Since the 

PCR products of both primer pairs differ (250 bp for SRY and 390 bp for HCCS) and can 

be distinguish after electrophoresis, they can be run in the same PCR reaction. 

The reaction mixture for PCR, in addition to DNA template and primer pairs 

complimentary to upstream and downstream parts of the sequences of interest, consists 

of nucleotides (dNTPs) and thermostable DNA-polymerase. PCR relies on thermo-

cycling, which allows for exposure of PCR reaction mixture to repeated cycles of heating 

and cooling events. Each cycle of PCR consists of three steps including denaturation, 

primer annealing and elongation. During the denaturation step, the double-stranded DNA 

is melted into single strands via application of high temperature (usually 95°C). 

Denaturation is followed by annealing to allow for binding of primers to the single-

stranded template DNA. The DNA-polymerase then interacts with the 3’-OH (hydroxyl) 

end of primers and links complimentary nucleotides (dNTPs) to the template DNA and 

thereby elongates the nucleic acid. The Taq DNA polymerase used in this experiment 

originates from thermophilic bacterium Thermus aquaticus, which is stable at high 

temperatures during the denaturation step (95°C) (Taq DNA polymerase kit, Qiagen).  

The PCR reaction mixture was prepared as listed below (Table 12) and added into 0.2 ml 

PCR tubes placed on ice. The PCR tubes were placed in a thermocycler (GeneAmp PCR 

System 2700, Applied Biosystems) and the PCR was run according to the cycling 

program outlined below (Table 13). After the PCR was completed, the products were 

either stored at -20°C or directly used for application on a 2% agarose gel.  

 
Table 12. PCR reaction mixture for gender determination and genotyping. 

components Concentration  Volume [µl] 

ddH2O - 18.4 

10× PCR buffer 1x  2.5 

10 μM Hccs forward primer 0.2 µM 0.5 

10 μM Hccs reverse primer 0.2 µM 0.5 

10 μM Sry forward primer 0.2 µM 0.5 

10 μM Sry reverse primer 0.2 µM 0.5 

2.5 mM dNTPs 0.1 mM 1 

5 U/μl Taq polymerase 0.02 U/µl 0.1 

50 to 70 ng/μl genomic DNA - 1 

Total Volume - 25 
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Table 13. PCR running program. 

Step Temperature [°C] Duration Cycles [x] 

Initialization 95 3 min 1 

Denaturation 95 30 s 40 

Primer annealing 60 45 s 

Elongation 72 1 min 

Final elongation 72 8 min 1 

Storage 4 unlimited  - 

 
Table 14. List of primers used for gender determination and genotyping. TA stands for annealing temperature. 

Gene Primer ID/name Sequence (5’ → 3’) Product size TA [°C] 

Hccs mHccs23-fwd TCATTCAGGCCAGGACTTCT 380-bp 60 

mHccs24-rev GTTACGGAAAGGGTGAGTGA   

Sry  mSRY-fwd AGAGATCAGCAAGCAGCTGG 249-bp 60 

mSRY-bwd TCTTGCCTGTATGTGATGGC   

 

2.2.2.4. Agarose gel electrophoresis 
To separate the PCR products agarose gel electrophoresis is performed. The agarose gel 

serves as a three-dimensional matrix with pores in which biomolecules can be separated 

depending on their size. The PCR products are loaded onto the agarose gel (here 2%) 

which is placed in an electric field. Due to the phosphate backbone, the nucleic acids 

carry a negative charge; thus, within the electric field, they move towards the positively 

charged anode. The gel matrix is responsible for the DNA separation by size during 

electrophoresis. The smaller the molecules are, the faster they move, which allows for 

their separation by size. The agarose gel percentage correlates with the degree of 

separation. In this study, 2% gels are used which give satisfying resolution for small 

fragments (0.1 to 1 kb). Thus, the gel was prepared by dissolving 2% agarose in 1x TBE 

buffer (w/v) via heating in a microwave. The solution was chilled in a gel cast containing 

chamber and a comb for 30 min at RT. Later on, the 2% gel was positioned in an 

electrophoresis chamber, filled with 1x TBE buffer and the comb was removed. 6 µl 

GeneRulerTM 100 bp DNA ladder (as size standard) and 8 µl of PCR products were loaded 

onto each lane of the gel. The 10x PCR buffer provided in the Qiagen kit allows for direct 

loading of the PCR product onto the gel. Additionally, it contains two marker dyes 
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including an orange and a red dye, which facilitate the estimation of the DNA migration 

within the gel.  

After the gel was loaded with PCR products, the electrophoresis was carried out at 100 V 

for 2.5 h in 1x TBE buffer. After the running was terminated, in order to make the DNA 

fragments visible, the gel was incubated in GelRed™ solution for 30 min at RT. GelRed™ 

is a DNA intercalating reagent, which is inserted between the planar base pairs in nucleic 

acids. Upon exposure to UV light at 320 nm, GelRed™ is detectable in its DNA-

conjugated state, which makes the separated DNA fragments within the agarose gel 

visible. After incubation of the gel in GelRed™, it was washed in ddH2O to get rid of 

surplus GelRed™. Finally, the PCR products were imaged in a gel documentation system 

(Fusion CCD-Imaging System SOLO S). Depending on the size of the bands, the gender 

of the pups was determined.   

 

 

2.2.3. Immunofluorescence staining on paraffin sections 
 

2.2.3.1. Preparation of paraffin sections  
For histological analysis isolated fetal and newborn hearts (Chapter 2.2.1.2. and 2.2.1.3.) 

were embedded in paraffin. Prior to paraffin embedding, the hearts must be fixed to avoid 

autolysis of the tissues. As one of the most common fixatives paraformaldehyde 

crosslinks proteins and DNA molecules. Therefore, after heart isolation, fixation was 

conducted by 48 h incubation in 4% PFA at 4°C, under gentle agitation. The fixation was 

followed by dehydration, which facilitates the embedding of tissues in water-insoluble 

paraffin. Accordingly, the hearts were gradually dehydrated by immersion in increasing 

concentrations of ethanol namely 70% for O/N, 80% for 2 h, 90% for 2 h, 96% for 2h, 

and 100% for O/N, under constant agitation. Prior to incubation in paraffin, the remaining 

ethanol needs to be replaced with the substance that is miscible with the liquid paraffin 

embedding medium. Therefore, after the dehydration step, two incubations were 

performed using the clearing agent toluene, for 45 min each at RT. Subsequently, to let 

the paraffin infiltrate the samples, hearts were incubated in three consecutive baths of 

melted paraffin (DMSO free TEK IV Processing and Embedding Wax, Sakura Finetek) 

for 2 h, O/N and 2 h, at 60°C using an incubator (INCU-Line® IL10). The organ 

embedding was performed using a Tissue-Tec Embedding Console system (Tissue-TeK® 
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TEC™). Metal moulds were filled with a small volume of paraffin and hearts were 

positioned as desired. In order to maintain the desired sample position, the moulds were 

shortly placed on a 4°C-plate of the Tissue-Tec station. As soon as the paraffin at the 

bottom of the mould hardened, the moulds were filled up completely with paraffin. The 

paraffin was completely hardened by further incubation on the 4°C-plate (part of the 

Tissue-Tec Embedding Console system), for 1 h. The paraffin blocks were taken out of 

the metal moulds and stored at RT. Per each slide, four to five 5 µm-thin sections were 

prepared from each block by using a microtome (Microm Cool-Cut) equipped with a 

cooled block holder and water slide to transfer sections on water bath. Hence, a SEC35 

Low Profile Blade (Microm) was installed in the microtome and carefully 5 µm-thin heart 

slices were prepared form each paraffin block. The sections were next transferred (via 

water slide) and stretched on the surface of a 48°C water bath for 20 min. Afterwards, 

four to five slices were transferred on a positively charged microscope slide (SuperFrost 

Ultra plus®). Upon O/N incubation at RT, the prepared slides were dried and the day after 

were ready for histological analyses. 

 

2.2.3.2. General immunofluorescence (immunohistochemistry) protocol 

and imaging 
In order to visualize a specific epitope in situ, immunofluorescence (IF) staining is 

performed, which provides information about the spatial localization and expression of 

the epitope. A species-specific primary antibody specifically binds its epitope and 

subsequently is detected using a fluorophore-coupled secondary antibody specific for the 

species of the primary antibody. Prior to staining, the prepared heart sections need to be 

firmly attached to the glass slides by incubation of slides on a stretching plate (OTS 

40.1540) for 20 min, at 60°C. For the IF staining, the sections need to be free of paraffin 

and get rehydrated. Therefore, deparaffinization was carried out by three consecutive 

incubations in three xylene baths for 5 min each at RT. Subsequently, the samples were 

rehydrated by incubation in a decreasing series of ethanol/ddH2O including 100%, 100%, 

96%, 80%, and 70%, each time for 3 min, as well as two final incubations in ddH2O for 

3 min each at RT.  

The fixation step in 4% PFA (after heart isolation) masks epitopes, which prevents the 

epitope-antibody interaction. In order to set the epitopes free, heat-mediated antigen 

retrieval was performed on rehydrated sections, using 1x Tris-EDTA (pH 9.0) buffer. 
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Therefore, the slides were transferred to a chamber supplemented with pre-heated 1x Tris-

EDTA (pH 9.0) buffer and incubated in a steam cooker (Tribute Collection Food steamer 

FS 3000) for 22 min. Subsequently, the slides were cooled for 30 min at RT and washed 

three times for 5 min in 1x TBST washing solution with a slight agitation at RT on a 

shaker (IKA® shaker Rocker 2D digital). Sections were encircled with a hydrophobic 

pen (PAP pen), prior to proceeding with the blocking step. 150 µl of blocking solution 

(5% normal goat serum (v/v) diluted in antibody solution) was applied onto each slide 

and the incubation was performed for 1.5 h in a humidified chamber at RT. After the 

blocking step, the solution was discarded and sections were incubated in antibody 

solution containing primary antibodies (ABs) for O/N at 4°C. The day after, the unbound 

primary antibodies were washed off by rinsing the slides in 1x TBST for three times for 

5 min. The sections were next incubated in fluorophore-conjugated secondary antibodies 

specific to the primary ABs’ host species, together with a nuclear staining dye DAPI, for 

2 h, at RT, in a humidified chamber. Since the fluorophore is sensitive to light, it can get 

bleached. Thus, the upcoming steps were performed in the dark. After the incubation in 

secondary antibodies, the slides were washed in 1x TBST (4x for 5 min) and mounted 

with cover slips and ProLong® Gold mounting medium. The day after the slides were 

used for microscopic imaging using an Axio Observer 7 Fluorescence Microscope (Carl 

Zeiss Microscopy). Accordingly, two sections were selected per slide, from which five 

images from each ventricular part (LV, IVS, and RV) were taken using a N-Achroplan 

40x/0.65 M27 microscope objective. Notably, the samples were blinded prior to 

microscopic imaging, such that the investigators were unaware of animal stages or 

genders. 

 

2.2.3.3. Studying cell cycle activity via Ki67 immunostaining  
To assess the cell cycle activity in the perinatal mouse heart, IF staining for the cell cycle 

marker Ki67 was conducted. Ki67 is a protein expressed in all active phases of cell cycle 

(Kim et al., 2017) and its nuclear detection labels cycling cells. In this study, the aim was 

to determine cell cycle activity in perinatal mouse ventricular cardiac nuclei, via IF 

staining using anti Ki67 antibody and nuclear staining (DAPI) on heart paraffin sections 

(Chapter 2.2.3.2.). After blinded microscopic imaging of the samples, the total number of 

nuclei was determined by counting DAPI signals using the cell-counter-plugin of the 
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Image J software. Additionally, the nuclei showing Ki67 staining were counted. 

Consequently, the data were represented as percentage of cardiac nuclei positive for Ki67. 

 

2.2.3.4. Quantification of mitosis rates in cardiomyocytes 
In addition to Ki67, IF staining for phosphorylated Histone H3 (pHH3) was used to assess 

cell cycle activity specifically in cardiomyocytes (CMs). During late G2 and mitosis 

phases Histone H3 is phosphorylated at serine 10, which is essential for cell cycle 

progression from metaphase to anaphase (Kim et al., 2017). Cardiac tissue is composed 

of diverse cell types, such that for the identification of cardiac myocytes IF detection of 

several antigens has been established, including transcriptional factors, sarcomere 

proteins and membrane proteins. As a membrane protein restricted to myocytes, Caveolin 

3 is observed in straited muscle cell types including skeletal muscle cells and CMs (Fiala 

et al., 2018). Immunostaining against Caveolin 3 in combination with co-staining against 

the general membrane marker wheat germ agglutinin (WGA) allows to discriminate CM 

and non-myocytes. WGA selectively interacts with N-acetylneuraminic acid residues 

found in all mammalian cell membrane, which allows for membrane staining of all 

cardiac cell populations. Therefore, after co-staining of Caveolin-3 and WGA cells which 

are only stained with WGA, are determined as non-myocytes, while cells showing double 

staining are identified as CMs.  

After IF staining of mouse heart paraffin slices using pHH3 antibody in combination with 

Caveolin 3, WGA, nuclei staining, the slides were used for microscopic imaging in a 

blinded fashion (as described in Chapter 2.2.3.2.). Using Image J and Zen 2.3 software, 

CMs (Caveolin 3 and WGA positive cells) and non-myocytes (WGA positive cells) were 

counted manually. Additionally, the number of pHH3 signals in each cell type (CMs or 

non-myocytes) was determined. Finally, mitosis in CMs and non-myocytes was 

calculated as a percentage of the respective pHH3 positive cell population. All 

measurements were conducted in a blinded fashion, such that the investigators were not 

aware of the stage and gender of each sample.  

 

2.2.3.5. Investigation of bone morphogenic protein 7 (BMP7) signaling 

activity birth using p-p38 staining 
It has been reported that the BMP7 signaling is involved in CM proliferation in mice 

during the early postnatal phase (Yang et al., 2023). Following an activation of BMP7 
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signaling pathways, p38 and SMAD1 get phosphorylated, on one hand. On the other 

hand, the YAP becomes dephosphorylated. As a consequence of nuclear localization of 

YAP, as well as phosphorylated p38 and SMAD1, the cell cycle activity in CMs is 

induced. However, a suppression of BMP7 signaling promoted maturation and 

proliferation arrest in cardiac myocytes (Yang et al., 2023). Accordingly, in order to 

monitor BMP7 signaling activity following birth (NB18.5 vs. E18.5), we investigated the 

intensity of p-p38 in CM nuclei using immunofluorescence antibody staining on paraffin 

sections prepared from mouse hearts at E18.5 and NB18.5. In this context, in addition to 

p-p38 immunostaining, the CM nuclei were differentiated from other cardiac cell types, 

using Caveolin 3 and WGA co-staining, as described above (Chapters 2.2.3.2. and 

2.2.3.4.). Using Colour-threshold and ROI-manager plugins, the intensity of p-p38 signals 

in CM nuclei (Caveolin 3 and WGA positive nuclei) was measured. After data decoding, 

the intensity value of each study group was normalized to the mean value of E18.5 

samples, setting the E18.5 mean-value as 1. Consequently, the BMP7 signaling activity 

following birth, was represented as the fold change of p-p38 intensity in CM nuclei 

(Caveolin 3 and WGA double-stained nuclei). 

 

2.2.3.6. Determination of oxidative DNA damage via 8’-Oxo-Guanosine 

staining 
Reactive oxygen species (ROS) causes oxidative DNA damage which can be detected as 

8-hydroxy-2’-deoxyguanosine (8’-Oxo-G). Therefore, to assess the degree of oxidative 

DNA damage in perinatal murine cardiac myocytes, immunofluorescence antibody 

staining for 8’-Oxo-G and MEF2 (a transcription factor found in CMs) was carried out 

using heart paraffin sections. From each heart, the MEF2A/C and 8-Hydroxyguanosine 

images were analyzed in Image J. Via Colour-threshold and ROI-manager plugins, the 

mean intensity of 8-Hydroxyguanosine signals in CM nuclei (MEF2A/C positive nuclei) 

was measured. Following data decoding, the intensity value of each study group was 

related to E18.5 hearts (which were set as 1). Finally, the DNA damage in mouse CMs at 

perinatal stages from E18.5 to NB18.5+1, at LV, IVS, and RV was reported as the fold 

change of 8’-Oxo-G intensity in MEF2A/C positive cells.  
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2.2.4. Western blot analysis 
Using western blot (WB) analyses specific proteins within a tissue or cell extract are 

detected. In this method, proteins are first denatured and then loaded with a negative 

charge. Next, proteins are loaded onto a sodium dodecyl-sulphate- (SDS-) poly 

acrylamide gel, which is placed in an electric field. Within the electric field, negatively 

charged proteins move towards the anode with different speeds due to their size. The 

smaller the proteins, the faster they move within the gel matrix. After electrophoresis, 

proteins are transferred onto a nitro cellulose membrane via blotting. Using antibody 

detection, desired proteins are visualized on the membrane by chemiluminescence 

 

2.2.4.1. Protein preparation from tissues for western blot 
In order to have an access to the intracellular and membrane proteins within a tissue 

sample, cells need to be lysed. The protein lysate from neonatal hearts was prepared 

following homogenization in RIPA buffer which contains a mixture of detergents to 

mobilize proteins from all cellular compartments. Tissues and cells contain large amounts 

of proteases, which are released during lysis, and thereby can degrade proteins. Therefore, 

to avoid proteolytic activities, the RIPA buffer was supplemented with protease inhibitors 

(Roche Diagnostics GmbH). In addition, to preserve the phosphorylation state of proteins, 

a phosphatase inhibitor (Roche Diagnostics GmbH) was added to the RIPA buffer. To 

improve protein extraction mechanical lysis was performed using tissue homogenization. 

Therefore, 2-ml homogenization tubes were supplemented with five 2.8 mm and twelve 

1.4 mm ceramic beads (Cole-Parmer GmbH). Afterwards, 300 µl of RIPA buffer was 

added into each homogenization tube.  The snap-frozen perinatal hearts were shortly 

rinsed in 1x PBS and transferred to the tubes. Two homogenization steps were performed 

at 5500 rpm, for 20 s, with 30 s breaks in between in a Precellys Evolution homogenizer. 

After homogenization, to reduce foam, the tubes were shortly centrifuged at 18407 rcf, 

for 1 min, at 4°C using a Micro Centrifuge 5424 (Eppendorf AG). During the entire cell 

lysate preparation, in order to avoid protein degradation, all experimental steps were 

performed on ice. Moreover, to increase protein yield, the tubes were incubated on a 

rocker at 24 rpm, for 1 h, at 4°C. Tissue debris was then spun down by short centrifugation 

at 21910 rcf, 1 min, 4°C. The entire lysate was transferred into a fresh 1.5 ml-reaction 

tube. Following centrifugation at 21910 rcf, 10 min at 4°C, the proteins were separated 

from cell debris. The protein lysates were collected, and stored at -80°C. 
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2.2.4.1.1. Protein isolation from cultured cells 
In order to isolated proteins from cultured cells used for WB analyses, cells were cultured 

in 6-well plates. Per well, 50 µl of cell lysis buffer (CLB) was prepared and supplemented 

with the protease and phosphatase inhibitors. Subsequently, culture medium was 

discarded and the cells were briefly washed with cold Dulbecco’s PBS cell culture grade 

buffer (Life Technologies Limited). 50 µl of the CLB (containing inhibitors) was added 

to each well, spread over the entire surface and incubated for 5 min, on ice. To detach the 

cells from plates and for mechanical disruption, cell scrapers were used (TPP Techno 

Plastic Products AG). The cell lysates were collected into pre-chilled 1.5 ml reaction tubes 

and centrifuged for 10 min, at 21910 rcf, at 4°C. The protein enriched supernatants were 

collected and stored at -80°C.  

 

 

2.2.4.2. Determination of total protein concentration using Lowry assay 
In order to load identical amount of proteins among different samples for WB analyses, 

protein concentration in lysates is measured. Therefore, a detergent compatible (DC) 

protein assay is performed (Bio-Rad Laboratories), a colorimetric assay to quantify total 

protein concentrations following detergent solubilization. Using a standard curve with 

this assay, it is possible to calculate the concentration of proteins in the range between 0.2 

to 1.5 mg/ml. Therefore, the prepared cell and tissue protein lysates were 5x diluted in 

ddH2O to the final volume of 25 µl. In parallel, duplicates of a standard dilution series 

were prepared using a BSA stock solution (2 mg/ml) (according to manufacturer’s 

instruction). Additionally, a pseudo-blank of RIPA buffer and/or 1x CLB was prepared 

(5x dilution in ddH2O, to the final volume of 25 µl). Moreover, per sample 125 µl working 

reagent composed of 122.5 µl protein assay reagent A and 2.5 µl protein assay reagent S 

(all provided in the kit), was prepared. Next, the working reagent was added to each 

standard, sample, and blank, and the samples were mixed immediately by vortexing. 1 ml 

protein assay reagent B was added to each sample. The samples were vortexed again and 

incubated for 15 min, at RT. Subsequently, the samples were transferred into disposable 

cuvettes and the absorption was measured photometrically at a wavelength of 750 nm in 

a spectrophotometer (NP-80, IMPLEN GmbH). The pseudo-blank absorption was 

subtracted from the sample’s absorption values. Moreover, using Microsoft Excel 
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software, the BSA concentrations were plotted against the mean values of each 

corresponding absorption duplicates. Finally, the samples’ total protein concentrations 

were calculated by applying the linear equation of the standard curve and the dilution 

factor of each sample.  

 

2.2.4.3. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

(SDS-PAGE) 
The proteins are separated using sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). Prior to SDS-PAGE, proteins need to be denatured in 

Laemmli buffer, containing SDS, β-mercaptoethanol (β-ME), glycerol, Tris, and 

bromophenol blue. The combined use of SDS and β-ME allows for optimal linearization 

of proteins (SDS denatures proteins while β-ME is a reducing agent). Additionally, the 

negatively charged SDS binds proteins, and thereby facilitates their movements towards 

a positively charged electrode within an electric field. The glycerol due to its high density 

facilitates loading of protein lysates in the wells of an SDS-gel. As a colour agent 

bromophenol blue supports protein tracking within the gel, as well as progression of 

electrophoresis. Appropriate volumes of protein lysate corresponding to 15 to 30 µg 

proteins was mixed with 5x Laemmli buffer, and protein denaturation was carried out by 

incubation for 10 min, at 95°C. PAA-SDS gels are composed of two gel compartments 

including a low-percentage (4%) stacking gel overlaying a high-percentage (12%) 

separating gel. PAA-SDS gels used in this study were 1.5 mm thick consisting of a 4% 

stacking gel and a 12% separating gel. Gels were prepared using glass plates and a gel 

cast device as part of the Mini-PROTEAN® Tetra System (Bio-Rad Laboratories) using 

the materials listed in Table 15. Briefly, the solution mixture for 12% Separating gel were 

mixed together (as listed in Table 15) and the mixture were transferred between the glass 

plates. In order to remove bubbles, reach the flat gel surface, and keep the gel humid, 2 

ml of isopropanol was gently added onto the separating gel. As soon as the separating gel 

was polymerized, the isopropanol was discarded and the stacking gel mixture was added 

on top of the separating gel. Afterwards, the combs were installed and polymerization of 

the stacking gel was conducted following an incubation for 45 min, at RT. Later on, the 

polymerized gels were positioned in the Mini-PROTEAN® Tetra cell electrophoresis 

chamber (Bio-Rad Laboratories) filled with 1x SDS running buffer. The combs were 

carefully removed and desired volumes of each denatured protein samples were loaded 
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onto the wells of the PAA-SDS gel. In order to estimate molecular weights of proteins 

during WB analyses, a size standard (5 µl of PageRuler™ pre-stained protein ladder 

(Invitrogen)) was loaded onto the gels. The run was initiated for 30 min, at 50 V, at RT. 

As soon as the proteins migrated into the separating gel, the run was proceeded at a higher 

voltage (100 V for ~2 h).  Once the blue running front reached the end of the gels, the run 

was terminated. 
Table 15. PAA-SDS gel composition for the SDS-PAGE experiment 

 ddH2O Acrylamide 

30% 

1 M 

Tris/HCl 

pH 8.8 

1 M 

Tris/HCl 

pH 6.8 

10% 

SDS 

10% 

APS 

TEMED 

4% 

Stacking gel 

7.26 ml 1.33 ml - 1.25 ml 100 µl 50 µl 10 µl 

12% 

Separating 

gel 

3.55 ml 6.8 ml 6.38 ml - 170 µl 85 µl 17 µl 

 

2.2.4.4. Semi-dry blotting and antibody detection 
Following SDS-PAGE, separated proteins are transferred out of the gel onto a solid matrix 

such as a nitrocellulose membrane. Accordingly, after an SDS-PAGE run, stacking gels 

were discarded and the separating gel compartment was carefully removed from glass 

plates. The gel and blotting materials including a nitrocellulose membrane and six 

Whatman® papers were incubated in a Transfer buffer for 10 min, at 24 rpm, at RT. Next, 

the blotting sandwich was prepared composed of three sheets of Whatman® papers, a 

sheet of nitrocellulose membrane (Merck), the gel, and another three sheets of Whatman® 

papers. The sandwich was placed inside a semi-dry blotter Trans-Blot® Turbo cell (Bio-

Rad Laboratories) and the blotting was conducted for 30 min, at 25 V and 1 A. Afterwards, 

to avoid unspecific binding of primary antibodies, a blocking step was performed. Thus, 

the membrane was carefully separated from the sandwich and blocked in 5% dry milk in 

1x TBST for 1 h, 24 rpm, at RT. After blocking, the membrane was incubated with 

primary antibody (in either 5% BSA or 5% milk diluted in 1x TBST), for O/N, 24 rpm, 

at 4°C. The day after, following three times 5 min washing in 1x TBST, the membrane 

was incubated with horseradish peroxidase (HRP-) linked secondary AB for 1.5 h, 24 

rpm, at RT. Subsequently, three washing steps were performed as described above. Next, 

an enhanced chemiluminescence (ECL) reaction was performed by incubating the 
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membrane in a solution composed of ECL reagent A and B (volumes mixed 1:1, Table 5), 

for 1 min. Light emission was detected with the Fusion Solo 6S Imaging system (VILBER 

Lourmat Deutschland). To quantify the density of the protein bands, densitometric 

analyses were performed using Capture Edge software (VILBER Lourmat Deutschland). 

For final quantification, values (i.e., densitometric volumes of the band) of 

phosphorylated proteins were normalized to the respective total protein levels. In 

addition, protein levels were normalized a housekeeping protein (loading control) such 

as ɑ-Tubulin, Vinculin, or GAPDH. Finally, results of postnatal stages were related to the 

fetal stage 18.5 (E18.5), which was set to equal 1.  

 

 

2.2.4.4.1. Stripping membranes for re-probing 
In order to minimize multiple western blot experiments and optimize usage of sparse 

samples, stripping and re-probing of a blotted membrane is performed. Due to stripping 

primary and secondary ABs are removed from the nitrocellulose membrane and the 

membrane can be reused for another AB staining. Therefore, the membrane was washed 

three times in 1x TBST to remove excess chemiluminescent substrate. Next, stripping 

was carried out by incubation of the membrane in stripping buffer for 35 min, at 55°C. 

After stripping, the membrane was washed six times in 1x TBST, each time for 5 min, 24 

rpm, at RT, blocked in 5% dry milk in 1x TBST for 30 min, 24 rpm, at RT and was 

subsequently used for another round of antibody detection  

 

 

2.2.5. Cytokine and growth factor screening 
 

2.2.5.1. In silico analyses 
Prior to proteomic studies using murine hearts, in silico analyses were conducted. Using 

the mouse genome database (reachable under: 

https://www.informatics.jax.org/go/term/GO:0008083) we searched for the genes with 

the gene ontology ID number of 0008083, demonstrating a cell growth and proliferation 

function. Next, the RNA expression patterns of 161 growth factors and cytokines derived 

from mouse and human genome bioinformatic databases were monitored in hearts. A 

database tool provided by Cardoso-Moreira et al., in 2019 reports developmental gene 

https://www.informatics.jax.org/go/term/GO:0008083
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expression pattern in several organs in various mammalian species including humans and 

mice. The study conducted by Cardoso-Moreira and colleagues is publicly available and 

accessible under the following web-address:  https://apps.kaessmannlab.org/evodevoapp/ 

. To start the analysis, the gene name, species (for examples mouse and human), and 

preferred organ (heart) were selected in the online application and the search was 

initiated. The expression level for each gene was represented as Read Per Kilobase of 

transcript per Million mapped reads (RPKM). By using RPKM, the abundancy of 

transcripts from sample sets sharing one common variable is normalized to a standard 

which allows for quantitative comparison within the study groups. Thus, for each mouse 

gene encoding a growth factor and cytokine, a graph was generated showing its RNA 

expression pattern in the heart (RPKM) at different developmental stages starting from 

E10.5 up to postnatal day 63 (P63). In human hearts, the expression data were provided 

from the weeks post conception of 4 (4 WPC) up to 19 WPC, as well as postnatal ages 

including new-born, infant, teenage, young adult, and mid-aged. To assess the possible 

correlation between birth and modifications in expression of growth factors and 

cytokines, E18.5 and new-born, and 19 WPC and new-born stages were monitored, in 

hearts of mice and humans, respectively. Based on the gene expression pattern at birth, 

we scored each gene with unchanged, or up-, or down-regulated. Finally, a percentage of 

genes with modified expression pattern at new-born compared to E18.5 and 19 WPC was 

calculated and represented as a graph. After birth, we noticed that from the entire 

investigated genes 34% were upregulated, and 34% downregulated, whereas 32% 

remained unchanged in human and mouse hearts.  

  

2.2.5.2. Antibody array screening  
In order to evaluate the protein level of cytokines and growth factors within a tissue lysate, 

commercially available antibody arrays were used. In this method, pairs of antibodies 

specific to various target proteins are spotted on a nitrocellulose membrane at defined 

positions. Upon application of sample, membrane bound antibodies capture 

epitopes/proteins of interest out of the protein lysate. Later on, unbound proteins are 

washed away by several wash steps. The membrane is incubated with a cocktail of 

biotinylated detection antibodies against the pulled-down proteins. Finally, using 

streptavidin-HRP, together with a chemiluminescent detection system, the density of 

bound proteins representing their abundance in the lysate is determined.  

https://apps.kaessmannlab.org/evodevoapp/
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In this study, to monitor the protein amount of cytokines and growth factors directly after 

birth compared to shortly before delivery, mouse prenatal hearts at E18.5 and NB18.5 

were collected for antibody array screening. The following arrays were used which 

allowed for studying 129 cytokines and growth factors: proteome profiler TM array 

mouse XL cytokine (R&D systems, #ARY028) and mouse growth factor array 3 

(RayBiotech, #AAM-GF-3-8). 

 

2.2.5.2.1. Cell lysate preparation and protein densitometric analyses for 

mouse cytokine array 
For isolation of total protein extracts from the murine ventricles, snap-frozen perinatal 

hearts were shortly rinsed in PBS buffer and transferred to 2-ml homogenization tubes 

containing 5x 2.8 mm, and 12x 1.4 mm ceramic beads (Cole-Parmer GmbH) (Chapter 

2.2.5.). To each tube, 190 µl PBS supplemented with phosphatase and protease inhibitors 

(same as used for western blot), was added. Mechanical tissue disruption was carried out 

by two homogenization steps at 6300 rpm, for 20 s, with a 30 s break in between 

(Precellys Evolution homogenizer). To avoid protein degradation, all the experimental 

steps were performed on ice. Afterwards, each tube was supplemented with Triton-X-100 

to a final concentration of 1% (v/v). The samples were shortly next snap frozen in liquid 

nitrogen and then thawed again. After thawing, the homogenization was repeated, as 

mentioned above. The generated foam was reduced by short centrifugation at 18407 rcf, 

for 1 min, using a Micro Centrifuge 5424 (Eppendorf AG). The entire tissue lysate was 

collected into a fresh 1.5 ml reaction tube. The proteins were separated from cell derbies 

by centrifugation at 21910 rcf, 5 min, at 4°C. The supernatants and PBS buffer containing 

inhibitors were stored at -80°C for protein concentration determination as well as further 

experiments. The in kit suggested protein amount needed for this experiment ranged 

between 100 to 200 µg (per membrane). Therefore, to use identical protein amounts 

among the experimental groups, the protein concentration of the lysates was determined 

using Lowry method (Chapter 2.2.5.2.). Based on the protein concentration and the 

available lysate volume 170 µg protein per membrane were used for each heart in this 

study. All the experimental procedures were performed according to the user manual 

provided by the manufacturer. Briefly, the membranes were labelled and placed in the 

wells of a provided 4-well multi-dish. The membrane blocking was performed by 

incubation in 2 ml of blocking buffer per well for 1 h, 24 rpm, at RT. The heart protein 
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lysates from E18.5 and NB18.5 male mice containing 170 µg total protein were mixed 

with the provided buffers up to the final volume of 1.5 ml. The blocking buffer was 

aspirated and 1.5 ml of the corresponding samples were added onto each membrane. The 

lid of each 4-well dish was closed and the dishes were sealed with parafilm to avoid 

drying of the membranes. The incubation was proceeded for O/N, at 24 rpm, at 4°C. The 

following day, to discard unbound proteins, membranes were washed three times with the 

provided washing buffer each time for 10 min, 24 rpm. Next, 1.5 ml of detection antibody 

cocktail was prepared and added onto each membrane. After 1 h incubation in biotinylated 

antibody cocktail solution, the unbound antibodies were washed away using washing 

buffer, as described above. Subsequently, 2 ml of streptavidin-HRP solution, was 

incubated on each membrane for 30 min, 24 rpm, at RT. Following three washing steps, 

the excess washing buffer was aspirated and 2 membranes from each gestational stage 

(2x E18.5 and 2x NB18.5) were carefully placed on a plastic sheet. Afterwards, the 

chemiluminescent reaction was performed by pipetting 1 ml of Chemi Reagent mixture 

onto each membrane. 1 min later, all the four membranes (2x E18.5 and 2x NB18.5) were 

wrapped in a plastic bag and the air bubbles were removed. Luminescence was detected 

using a Fusion Solo 6S Imaging system (VILBER Lourmat Deutschland). The 

densitometric analyses of each cytokine was carried out using Bio-1D software (version: 

15.08a, VILBER Lourmat Deutschland). For each cytokine, as well as positive and 

negative controls, two antibody spots were printed as adjacent pairs on each membrane. 

Therefore, for each membrane (heart sample) from the densitometric volume of each 

duplicate a mean value was calculated. Afterwards, the mean value of each cytokine was 

subtracted from the mean value of the negative controls (or vice versa). The results were 

normalized to the mean value of the positive controls. The biological sample size and 

thereby membrane number for each stage was equal to four, meaning that for each 

cytokine four values at E18.5 and four values at NB18.5 were calculated. Afterwards, 

from all four values measured for each cytokine concerning E18.5 heart samples, a mean 

value was calculated. Finally, all eight values (four regarding E18.5, and four concerning 

NB18.5 heart samples), were separately normalized to the calculated mean value, setting 

the mean value of E18.5 stage to 1.  

 



Materials and Methods 

 83 

2.2.5.2.2. Cell lysate preparation and protein densitometric analyses for 

mouse growth factor arrays 
Hearts of E18.5 and NB18.5 mice were prepared as described. After rinsing in PBS, the 

hearts were transferred to 2-ml homogenization tubes containing 5x 2.8 mm, and 12x 1.4 

mm ceramic beads (Cole-Parmer GmbH). The 2x Lysis buffer provided in the mouse 

growth factor array kit (RayBiotech #AAM-GF-3-8) was diluted 1:1 with ddH2O to the 

final volume of 350 µl for each heart and supplemented with protease and phosphatase 

inhibitors. 350 µl of lysis buffer mixture was added to each tube and homogenization was 

carried out using the Precellys Evolution homogenizer (2x 5500 rpm, for 20 s, with 20 s 

break). The foams were reduced by spinning the tubes down at 18407 rcf, for 1min. To 

enhance the protein yield, samples were shortly snap frozen in liquid nitrogen. Following 

thawing at RT, the homogenization step was repeated. Afterwards, the entire solution was 

transferred into fresh 1.5 reaction tubes, and the centrifugation was performed at 21910 

rcf, for 10 min, at 4°C. The supernatant was carefully separated from cell derbies and 

used for the antibody screening array. The total protein quantity per membrane suggested 

by the manufacturer was between 50 to 500 µg. Therefore, the total protein concentration 

was determined using Lowry assay and protein amount for all samples within the 

experiment was 350 µg. All experimental steps were performed according to the provided 

user manual (RayBiotech, #AAM-GF-3-8). Briefly, the antibody spotted membranes 

were labelled with sample IDs and placed in wells of the provided incubation tray. 

Afterwards, the blocking step was conducted by incubation of membrane in 2 ml of the 

blocking buffer for 30 min, 24 rpm, at RT. Per membrane, one sample (lysate from one 

heart) containing 350 µg total protein was diluted in blocking buffer to a final volume of 

1 ml. The blocking solutions were aspirated and lysate samples were pipetted onto 

corresponding membranes. The trays containing samples and membranes were sealed 

with parafilm and incubation was proceeded for O/N, 24 rpm, at 4°C. The next day, 

following five washing steps, the incubation in biotinylated antibody cocktail was 

performed. Here, 1 ml of antibody cocktail solution was added onto each membrane and 

the incubation was proceeded for 1.5 h, at 24 rpm, at RT. Following five washing steps, 

an incubation in 2 ml (per well) streptavidin-HRP was carried out for 2 h, at 24 rpm, at 

RT. The remaining streptavidin-HRP was washed away, using final five washing steps. 

Afterwards, 4 membranes (2x E18.5 and 2x NB18.5), were placed on a plastic sheet and 

the chemiluminescent reaction was conducted by pipetting 500 ml of a detection mixture 
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composed of 1:1 volume of detection buffer C and detection buffer D, onto each 

membrane. 2 min later, all four membranes (2x E18.5 and 2x NB18.5) were wrapped in 

a plastic bag and air bubbles were removed. Finally, the light emission was detected using 

Fusion CCD-Imaging system (VILBER Lourmat Deutschland). The relative intensity of 

each growth factor was measured as described in the cytokine XL array section (Chapter 

2.2.5.2.1.) using Excel and Bio-1D software (version: 15.08a, VILBER Lourmat 

Deutschland).  

 

 

2.2.6. Enzyme-Linked Immunosorbent Assay (ELISA) 
In order to validate the data of antibody screening arrays, enzyme-linked immunosorbent 

assays (ELISAs) were performed. An ELISA is an immunoassay which is widely used to 

quantify levels of a specific protein in a lysate, solution or body fluid. Commercially 

available ELISAs are usually provided in specific 96-well microplates. Each well of the 

microplate is pre-coated with identical amounts of a particular antibody which captures a 

desired antigen/protein in a mixture of proteins within samples, standards, or controls. 

Next, conjugated detection antibody binds specifically to the captured protein of interest. 

Following addition of a substrate solution, a signal (depending on the ELISA kit, the 

generated signal type varies; here a color is generated) is produced the optical density 

(OD) of which is proportional to the amount of the captured protein in the original sample.  

 

2.2.6.1. Cell lysate preparation for ELISA  
To validate the results of the antibody screening arrays, ELISA experiments were 

performed using mouse hearts at E18.5 and NB18.5 stages. Cytokines and growth factors 

are often generated in and secreted from the liver and transported to other body parts 

throughout the blood circulation. Therefore, in addition to heart samples, E18.5 and 

NB18.5 liver and serum samples were also used to address this question. To prepare 

protein samples from perinatal hearts and livers, tissues were weighted and lysates were 

prepared. Each sample was shortly washed in PBS and transferred into 2-ml 

homogenization tubes supplemented with 5x 2.8 mm, and 12x 1.4 mm ceramic beads 

(Cole-Parmer GmbH). In order to prepare lysate, the commercially available 2x Lysis 

buffer from RayBiotech was purchased, showing a high-yield lysis efficiency. Therefore, 

2x Lysis buffer (RayBiotech) was diluted 1:1 with ddH2O to a final volume of 400 µl per 
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sample and supplemented with protease and phosphatase inhibitors. The lysate 

preparation was proceeded by adding the lysis solution to each homogenization tube and 

a homogenization step using Precellys Evolution homogenizer (2x 5500 rpm, for 20 s, 

with 20 s breaks in between). The foam was reduced by spinning the tubes at 18407 rcf, 

for 1min. To enhance the protein yield, the homogenization was repeated three times. 

After a short centrifugation step (to remove the foam), the tubes were incubated for 2 h, 

at 4°C with gentle agitation at 24 rpm. Afterwards, the lysates were spun down using a 

mini-centrifuge (Spectrafuge Mini-Centrifuge) and the entire lysates were transferred into 

fresh 1.5 ml reaction tubes. Following a final centrifugation at 21910 rcf, for 10 min, at 

4°C, the supernatants were isolated from the pelleted cell derbies. To avoid freezing and 

thawing cycles, 100 µl aliquots were prepared and stored at -80°C. In order to monitor 

the total protein concentration isolated from each heart and liver a Lowry assay was 

conducted. 

 

2.2.6.2. Optimizing the dilution factor of samples for each ELISA 
Prior to an ELISA run, optimal sample dilution must be determined to reveal the most 

sensitive detection range for an ELISA antibody in combination with the amount of target 

protein. For each type of tissue lysate or serum sample a dilution factor must be selected 

such that the sample’s OD lies in the range of the standard curve of the respective ELISA. 

To estimate the starting sample dilution used for optimization, ELISA kit contains a 

booklet representing a standard curve composed of known standard concentrations and 

the corresponding ODs. Additionally, starting amounts are often suggested for serum, 

plasma, or even tissue lysates. To monitor IGF-1 amounts in hearts, livers, and serum 

samples from E18.5 and NB18.5 mice, an ELISA kit from R&D Systems was purchased. 

The standard curve provided by the manufacturer ranges from 31 to 2000 pg/ml. 

Furthermore, the previously determined concentration of IGF-1 in mouse serum using the 

same kit was reported as 742000 pg/ml. Upon 1:500 dilution of samples, the IGF-1 

concentration would be roughly 1484 pg/ml, which is within the standard curve. Thus, 

the 1:500 dilution was used as a starting dilution for serum and two further dilutions of 

1:250 and 1:1000 were also selected for optimization. In addition to serum samples, 

mouse heart lysate was also reported for the IGF-1 ELISA kit which revealed 3158 pg/ml 

concentration for IGF-1. Thus, the dilutions of heart tissue lysates such as 1:2, 1:4, and 

1:8 would likely lead to the detection of ODs within the standard curve. Since cytokines 
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and growth factors are often produced in the liver, the following dilution factors were 

tested for liver lysates: 1:4, 1:8, and 1:16. All procedures were performed according to 

the user manual provided by the manufacturer. Briefly, all sample dilution series were 

prepared using the provided dilution buffer up to the final volume of 50 µl. Additionally, 

standard dilution series were also prepared according to the manual. Into each well 50 µl 

of a calibrator diluent (Diluent RD5-38) was added. Afterwards, 50 µl of samples, 

standards and the negative control (lysis solution only) were added into the corresponding 

wells. The plate was covered with an adhesive strip and incubated for 2 h, at 500 rpm, at 

RT. The unbound proteins were removed from the wells by four washing steps using 400 

µl of washing buffer for each well. Next, the washing solution was removed by inverting 

the plate and blotting it against clean paper towels. Subsequently, 100 µl of Mouse IGF-

1 antibody conjugate was added to each well and the plate was covered by adhesive strip. 

After incubation in the antibody conjugate for 2 h, at 500 rpm, at RT, the washing steps 

were repeated (as described above). Later on, 100 µl of substrate solution was added to 

each well under light protected conditions. After incubation in substrate solution for 30 

min (at 500 rpm, at RT), 100 µl of stop solution was added and the OD of each well at 

450 nm was determined using a FLUOstar optima plate reader (BMG LabTech). Finally, 

for each sample type (heart, liver and serum) the dilution factors with ODs located in the 

middle of the standard curve were selected for further ELISA experiments.  

 

2.2.6.3. ELISA for cytokines and growth factors 
Duplicates were prepared for each standard solution, negative control (lysis solution) and 

samples (i.e., serum and tissue lysates from hearts and livers derived from E18.5 and 

NB18.5 mice). Thus, the samples were mixed with the provided diluent to the selected 

dilution factor up to the final volume of 50 µl. The experimental steps were performed 

according to the manufacturer’s instructions and as described above (Chapter 2.2.6.). The 

measured absorbance (ODs) was imported in an Excel table to calculated the relative 

amount of cytokines and growth factors at NB18.5 compared to E18.5.  Accordingly, the 

mean values of the measured ODs for each sample duplicate were calculated. Next, the 

mean value of the blanks’ ODs (dilution solution) was subtracted from the mean OD value 

of the lysis solutions (negative control), and was used as a correction factor for heart and 

liver sample measures. Additionally, using Excel software, a standard curve was 

generated by plotting the concentrations of standard dilutions against the mean value of 
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their corresponding OD values. Consequently, from the standard curve, a linear equation 

was generated, out of which sample concentrations were calculated based on their OD. 

Upon multiplying the concentration of each sample by the respective dilution factors, the 

final concentration of the protein in each sample was determined. The protein 

concentration from liver and heart samples were normalized to their corresponding total 

protein concentration. Finally, in order to determine the variation in growth factor and 

cytokine levels, the mean value per group was calculated, related to the mean value of the 

E18.5 measures and represented as fold change variations. 

 

 

2.2.7. Transcriptional analysis via Real-time qPCR 
 

2.2.7.1. RNA isolation 
In order to purify total RNA including messenger (mRNA), ribosomal (rRNA) and 

transfer (tRNA) RNA from murine myocardial tissues, the RNeasy® Plus Mini Kit 

(Qiagen, #74134) was used. In this method, a cell lysate containing total RNA is prepared 

using chemical and mechanical disruption simultaneously. The chemical cell disruption 

is carried out using the guanidine-isothiocyanate-containing buffer RLT plus. In addition, 

the RLT buffer allows for denaturation of proteins and DNA. The RLT buffer is 

furthermore supplemented with ß-ME to the final concentration of 1% (v/v). ß-ME is a 

reducing agent which inactivates RNases by irreversible destruction of their native 

conformation ensuring isolation of intact RNA. Furthermore, to optimize the lysate 

preparation, a mechanical disruption was performed via homogenization. Therefore, five 

2.8 mm and twelve 1.4 mm ceramic beads (Cole-Parmer GmbH) were transferred into 

RNase free 2-ml homogenization tubes supplemented with 350 µl RLT/ß-ME solution.  

Snap frozen whole neonatal murine hearts were transferred to each tube followed by 

homogenization (2x 5500 rpm, for 20 s, with a 30 s break in a Precellys® 24 

homogenizer). The entire lysate was transferred into RNase free 1.5-ml reaction tubes and 

the RNA containing solution was separated from cell derbies by centrifugation at 18407 

rcf, for 5 min, at RT. Afterwards, the supernatant was collected and used for RNA isolation 

using the user manual provided by the RNeasy® Mini kit (Qiagen, #74134). Furthermore, 

to get rid of genomic DNA, an RNase-Free DNase Set (Qiagen, #79254) was used, where 

genomic DNA is directly digested on the RNA purification columns. Thus, the DNase I 
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provided by the kit was directly added to the RNeasy column and the incubation was 

carried out for 15 min, at RT. The digested DNA was next removed from the column via 

several washing steps. Purified RNA bound to the RNeasy column was eluted applying 

30 µl of RNase-free HPLC ddH2O followed by centrifugation at 14463 rcf (Eppendorf, 

Centrifuge 5418), for 1 min. The column flow through was collected for RNA 

concentration measurement and stored at -80°C for future use. 

 

2.2.7.2. RNA concentration measurement and cDNA synthesis 
Isolated RNA has to be reverse-transcribed into more stable complementary DNA 

(cDNA), for which 0.9 µg of total RNA was used. Hence, the RNA concentration was 

determined using a NanoDrop spectrophotometer (NP-80, IMPLEN GmbH) according to 

the manufacturer’s instructions. The NanoDrop measures OD at 260 nm and thereby 

calculates the RNA concentration. During the RNA isolation step, the RNA elution from 

the RNeasy column was carried out using RNase-free HPLC ddH2O. Therefore, the same 

water was used as blank. Afterwards, concentrations of isolated RNA samples were 

measured by applying 1.5 µl sample onto the NanoDrop. The RNA samples with 

OD260/OD280 and OD260/OD230 equal to 2.0±0.1 showed the optimum quality and 

therefore were used for cDNA synthesis. Thus, in 8-well PCR strips the RNA volume 

corresponding to 0.9 µg was diluted in RNase-free water up to a total volume of 10 µl. In 

order to denature secondary structures of nucleic acids, the solution was supplemented 

with 2 µl of 50 µM random hexamer primer and 4 µl of 2.5 mM dNTPs stock solutions, 

and incubated for 5 min at 70°C in a thermal cycler. After denaturation, 2 µl of 10x reverse 

transcriptase reaction buffer, 0.5 µl of 40 U/µl RibiLock® ribonuclease inhibitor (Thermo 

Fisher Scientific) and 1 µl of 200 U/µl M-MuLV reverse transcriptase (New England 

BioLabs) were added to each tube to reach the final reaction volume of 20 µl. Samples 

were incubated in a thermocycler (Thermo Fisher 4375786 Veriti™ 96-WellPCR 

Thermocycler) for 10 min at 25°C, and for 60 min at 42°C, for primer annealing and 

cDNA synthesis, respectively. Finally, to inactivate the reverse transcriptase enzyme, the 

tubes were incubated for 10 min, at 90°C. The cDNA was diluted 1:4 in ddH2O and stored 

at -20°C. 
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2.2.7.3. Primer design for quantitative real time PCR 
In order to design primers for transcriptional analysis by quantitative real time PCR (RT-

qPCR), the Primer-BLAST online tool provided by National Center for Biotechnology 

Information (NCBI) was used. The mouse RNA reference sequence for the gene of 

interest was selected using the gene data base provided by the NCBI Pubmed tool. The 

accession number of the gene/transcript was used in the NCBI Primer-BLAST online tool. 

For designing the primers, the following criteria was considered: primer length (from 18 

to 26 bp), PCR product size (between 70-200 bp), primer melting temperature (60°C), 

and GC content (>50%), as well as the lowest probability values for self-annealing and 

hairpin formation (monitored via NCBI Primer-BLAST), no primer binding over an exon-

exon junction, and separation of primer pairs on genomic DNA by at least one intron 

(longer than 1kb). Among the primer pairs displayed by the NCBI Primer-BLAST tool, 

those matching most of the mentioned criteria were selected for RT-qPCR experiments 

and were ordered from Eurofins Genomics.  

 

2.2.7.4. Optimizing primers for RT-qPCR 
In order to determine the optimal annealing temperature, the selected primer pairs were 

used for a gradient PCR experiment. This is a normal PCR (as described before in Chapter 

2.2.2.3. and Table 13), except that 6 different annealing temperatures of 56, 58, 60, 62, 

64, and 66°C were applied. Therefore, either 1 µl of cardiac cDNA template or ddH2O 

(serving as a negative control) was used in the PCR reaction mixture for the gradient PCR 

(Table 16). The PCR products were visualized using agarose gel electrophoresis (Chapter 

2.2.2.4.). Finally, the temperature at which only one single PCR-product (with the 

expected product size) was observed on the gel, was selected as annealing temperature 

for further primer optimization.  

 
Table 16. PCR reaction mixture for gradient PCR 

components Final Concentration  Volume [µl] 

ddH2O - 19.4 

10× PCR buffer 1x  2.5 

5 μM forward primer 0.1 µM 0.5 

5 μM reverse primer 0.1 µM 0.5 

2.5 mM dNTPs 0.1 mM 1 
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5 U/μl Taq polymerase 0.02 U/µl 0.1 

cDNA  - 1 

Total Volume - 25 

 

The selected annealing temperature was used to evaluate the optimal primer concentration 

for RT-qPCR experiments, assessment of which was based on a melt curve and PCR 

efficiency. Therefore, RT-qPCR experiments were performed using SYBR®Green dye 

(BioRad Laboratories, #1725272). After each PCR cycle new PCR products are generated 

to which the SYBR®Green dye binds. The SYBR®Green dye preferentially intercalates 

with double stranded, but not single stranded DNA. In its DNA-intercalated state absorbs 

light at 497 nm wave length and emits a green light at 520 nm. The intensity of the emitted 

light correlates with the DNA amount present in the reaction mixture. Through the 

exponential amplification of cDNA, the measured light intensity after each elongation 

step also increases exponentially. Accordingly, the relative quantification of the 

expression of the target gene is defined by the target gene, normalized to a ubiquitously 

expressed reference gene (the so-called housekeeper). For this purpose, the PCR cycle of 

threshold (CT) is first determined where the measured light intensity enters the 

exponential phase. The CT is proportional to the amount of template cDNA and thereby 

indirectly to the mRNA of interest in the sample. Accordingly, the earlier the cycle 

threshold is reached, the higher are the RNA copies of the desired gene in the sample. To 

find out the optimal primer concentration, three different stock (not final) concentrations 

were prepared from each primer pair: 1 µM, 5 µM and 10 µM. For each primer 

concentration, a RT-qPCR run with a cDNA dilution series including 1:1, 1:2, 1:4, 1:8, 

1:16 (diluted in ddH2O) was performed. Therefore, the RT-qPCR reaction mixture (Table 

18) was prepared using SsoAdvanced™ Universal SYBR®Green Supermix (BioRad 

Laboratories) which contains polymerase, dNTPs, PCR-buffer and SYBR®Green dye. 

After supplementation of each well of a 96-well microplate with 19 µl of the reaction 

mixture, 1 µl of template cDNA was added. The microplate was then sealed with an 

adhesive strip and the solution was mixed by vortexing for 30 s. To spin down the 

solution, the plate was centrifuged for 30 s at 500 xg, at RT using a Mini Plate Spinner 

MPS 1000 centrifuge. The RT-qPCR experiment was run, using a StepOnePlus™ Real-

Time PCR System (Applied Biosystem) and the PCR program shown in Table 17. 
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Table 17. Setup of a RT-qPCR run. 

Step Temperature [°C] Time [s] Cycle number 

Initial denaturation 95  30 1x 

Denaturation 95 10 40x 

Annealing and 

elongation 

Primer dependent 60 

Melting curve 1x 

  

The run was terminated after a melt curve analysis. For each sample a fluorescence 

threshold was set above background signal within the exponential phase of the PCR 

amplification curve. Furthermore, based on the dilution series of the cDNA, the efficiency 

of the RT-qPCR was determined, which is needed for selection of the optimal primer 

concentration. Theoretically, it is expected that within the cDNA dilution series, the CT 

value is increased by 1 with each increasing dilution, which leads to a PCR efficiency of 

100% (i.e., doubling of the PCR product with each cycle). Thus, PCR efficiencies 

between 90% to 110% and a correlation coefficient along the dilution series larger than 

0.99 were accepted. To monitor the primer specificity, the melt curve was analyzed. 

Detection of one single peak determines one single PCR product dissociating during the 

melting event. To sum up, the primer concentrations giving PCR efficiencies between 

90% to 110% and a correlation coefficient of larger than 0.99, with a single-peaked melt 

curve, were selected for further RT-qPCR experiments. 

 
Table 18. The reaction mixture for a RT-qPCR test run for each concentration of primers and the final primer 

concentrations 

Components Volume [µl]  Stock 

Concentration 

[µM] 

Final 

Concentration 

[nM] 

ddH2O 6.2  1   ➝ 70  

forward primer 1.4  5   ➝ 350 

reverse primer 1.4  10 ➝ 700 

2x SYBR®Green 10  

Template (cDNA or 

ddH2O) 

1    

∑ 20    
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2.2.7.5. Gene expression analyses by RT-qPCR 
Following the determination of optimal primer criteria, the relative gene expression 

analyses using RT-qPCR was performed. Thus, RNA was isolated from murine perinatal 

hearts and reverse-transcribed to cDNA (as described in Chapter 2.2.7.2.). Using a 

specific primer pair, a desired gene was amplified from cDNA templates and quantified 

using SYBR®Green RT-qPCR. The sample size was equal to five, meaning five cDNA 

samples obtained from five hearts at E18.5 and five hearts at NB18.5. For each cDNA 

sample triplicates runs were performed using primer pairs for the gene of interest as well 

as for a housekeeping gene (Polr2A). Additionally, as negative controls, instead of cDNA 

sample, ddH2O was used as template (known as none-template control, NTC). Therefore, 

per well of a 96-well plate, 19 µl of RT-qPCR reaction mixture was prepared as described 

before (Table 18), and together with 1 µl cDNA template, it was applied into the 

respective well. After sealing the plate with an adhesive strip, the RT-qPCR experiment 

was run, using a StepOnePlus™ Real-Time PCR System as mentioned before. After the 

run, the CT values were used to quantify the relative gene expression differences among 

groups of E18.5 and NB18.5 hearts via the ∆∆CT method (Rao et al., 2013; Schmittgen 

et al., 2008).  

 

 

2.2.8. In vitro studies using neonatal mouse cardiomyocytes 
In order to assess the possible involvement of cytokines and growth factors in cell cycle 

regulation of neonatal mouse cardiomyocytes (CMs), in vitro experiments were carried 

out. Therefore, neonatal mouse hearts were isolated and dissociated mechanically and 

enzymatically to single cells.  

 

2.2.8.1. Coating the culture flasks and chamber slides with fibronectin 
Primary CMs rely on extracellular matrix proteins to adhere to cell culture dishes and 

survive longer culture periods. Thus, plates, coverslips and chamber slides were coated 

prior to adding cell suspension using fibronectin (Sigma Aldrich, #F1141-5MG) which is 

an important extra-cellular matrix (ECM) protein in the neonatal heart mediating cell-

matrix interaction. Established concentration of fibronectin (i.e., 0.025 mg/ml from 1 

mg/ml stock solution) was prepared by diluting fibronectin in sterile PBS (as listed below 
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in Table 19). Specific volumes of fibronectin solution were added to each growth culture 

flask or well. Following O/N incubation, under gentle agitation at 24 rpm, at 37°C, 

coating was carried out. The next day, plates were sealed with parafilm and stored for up 

to one week, at 4°C. Shortly before seeding cells, the fibronectin solution was discarded 

and the cells were transferred onto the pre-coated surfaces.  

 
Table 19. The fibronectin coating conditions 

Type of culture flask Fibronectin volume per well 

[µl] 

PBS volume per well [µl] 

6-well plate 20 780 

8-well chamber slide 5 195 

12-well plate 7.5 292.5 

 

2.2.8.2. Preparation of primary cardiomyocytes from the new-born mouse 

heart 
In order to isolate primary cardiac myocytes, hearts from newly delivered mice were 

isolated (NB18.5 or NB19.5). Thus, the pups were sacrificed via decapitation, the thoracic 

cavities were opened and the hearts were transferred into a petri dish containing ice cold 

1x PBS. Under an SZX7 stereo microscope (Olympus), the atria were removed, and the 

ventricles were stored on ice in PBS. Two enzyme mixtures were prepared according to 

the Neonatal Heart Dissociation Kit (Miltenyi Biotec, #130-098-373. Shortly before use, 

enzyme solution I and II (as provided by manufacturer) were mixed and the entire 2.5 ml 

enzyme solution was added to a gentleMACS™ C tube (Miltenyi Biotec). The isolated 

ventricles were transferred to the C tube and submerged in the enzyme solution. The 

murine cardiac cells were dissociated using a gentleMACS™ Octo Dissociator with 

Heaters (Miltenyi Biotec). Therefore, the C tube was inverted and installed in the 

Dissociator and after placing a heating cap on the tube the dissociation was performed 

using the preinstalled program for neonatal mouse heart dissociation (i.e., 

37_mr_NHDK1). In the meantime, a culture medium for neonatal CMs were prepared as 

listed below and pre-warmed in a water bath at 37°C. After the run was terminated, cell 

isolation was continued under a laminar flow hood suitable for cell culture experiments. 

In order to remove the undigested cell clumps and tissue debris, the cell suspension needs 

to be passed through a strainer. Accordingly, to the cell suspension 7.5 ml of pre-warmed 
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neonatal CM incubation medium (as described below) was added and the mixture was 

passed through a MACS SmartStrainer (70 µm pore size) placed on a 50-ml falcon tube. 

Another 7.5 ml of medium was added to the C tube to harvest remaining cells and filtered 

through the SmartStrainer. After washing the SmartStrainer with 5 ml of medium, the 

filtered cells were centrifuged at 600 xg, for 5 min, at RT. The supernatant was carefully 

discarded and the cells were resuspended in 5 ml of medium. Cell number per ml of 

medium was counted using a DeNovix CellDrop cell counter. To exclude dead cells, cell 

viability was assessed using Trypan Blue staining. The living cells do not take up the dye, 

while dead cells turn blue. Thus, 20 µl of cell suspension was mixed with 20 µl Trypan 

Blue (1:1) and 10 µl of the mixture was loaded to the cell counter. Next, the program 

Trypan Blue was selected and after focusing onto the appropriate focal plane, the cell 

count was carried out by selection of the count option appeared on the display. The 

counter determines the number of dead and life cells per ml, and the latter is used for 

calculation of cell suspension volumes needed for seeding. The cell suspension volume 

corresponding to the appropriate cell number (living cells per cm2; listed in Table 20) 

was mixed with pre-warmed neonatal CMs culture medium and transferred to fibronectin 

pre-coated culture flasks. Finally, the cells were cultured for O/N, 5% CO2, at 37°C. The 

following day, cultured cells were monitor for several factors including morphology, 

contractility, confluency, dead cells, and contamination.  

 
Table 20. Details about the needed cell number and medium per well of each culture flask type. 

Materials Area per well 

[cm2] 

Living cells per well  Medium volume per 

well 

6-well plate 9.6 7.2 x 105 2 ml 

8-well chamber slide 0.8 0.6 x 105 0.5 ml 

 

2.2.8.3. General culture conditions for neonatal mouse cardiomyocytes 
Neonatal mouse cardiomyocytes were incubated in a specific culture medium to maintain 

their rather immature differentiation state and support their normal physiological 

conditions. To avoid bacterial contamination the medium was supplemented with 

antibiotics like penicillin and streptomycin. Additionally, as an antioxidant molecule, 

ascorbic acid was added to the culture medium. To avoid overgrowth of non-myocytes, 

as well as excessive hypertrophic growth in CMs, the serum added to the culture medium 
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must not contain high amounts of growth factors. Therefore, horse serum was used, which 

contains less growth factors compared to the commonly used fetal calf serum (FCS). 

Accordingly, to enhance cellular viability in the absence of growth factors as well as 

maintain the CMs in their differentiation state, Insulin-Transferrin-Selenium (ITS) was 

added to the culture medium. Additionally, the ITS is shown to reduce the serum 

supplementation requirement in adherent cells. In order to monitor the impact of 

treatment of primary CMs with certain growth factors and cytokines, a Neonatal CMs 

treatment culture medium was used where the horse serum was substituted with a low 

concentration of FCS (0.5%). FCS as a supplement of cells and tissues in culture media, 

is essential for cell attachment, growth, proliferation, and survival. To avoid over-

stimulation of CM hypertrophic growth and non-myocyte proliferative overgrowth, only 

0.5% FCS was used in the culture media upon parallel growth factor and cytokine 

treatment (Engel et al., 2005; Nguyen et al., 2012). 

 

2.2.8.4. Cytokine and growth factor treatment for stimulating 

cardiomyocyte cell cycle activity  
Selected cytokines and growth factors are used to monitor their possible involvement in 

cell cycle regulation of primary neonatal CMs under in vitro conditions. In order to assess 

cell cycle activity following treatments, the percentage of CMs that have completed an S 

phase of the cell cycle was monitored by BrdU incorporation. Additionally, the activation 

of the growth regulating signal transduction pathways upon growth factor and cytokine 

treatment was validated by western blot experiment. The starting concentration of the 

selected cytokines and growth factors was determined by literature review using previous 

studies showing an effect on proliferation in cultured cells. Additionally, one 

concentration lower (1/2) and one higher (2x) than the suggested concentration in the 

literatures, were chosen. For instance, the suggested optimal concentration for the positive 

control FGF1 to enhance cell cycle activity in cardiac myocytes was 50 ng/ml (Engel et 

al., 2005). Therefore, the concentrations for primary CM treatment used in this study were 

25, 50, and 100 ng/ml FGF1. In addition, 10% FCS was used as another positive control 

to apply a maximum growth stimulus. The recombinant proteins Angptl3 (R and D 

system, #136-AN-050) and PDGFAA (Sigma Aldrich, #SRP3228-10UG) were all 

delivered as lyophilized powders and were reconstituted according to the manufacturer 

instructions. The solvent itself was used as a negative control for treating cells. Prior to 
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CMs treatment, depending on the purpose of the experiment cells were seeded on 

fibronectin coated chamber slides or 6-well plates, respectively. The following day, the 

treatment culture media were prepared by adding the recombinant cytokines and growth 

factors as well as controls (positive and negative) to neonatal CMs treatment medium 

(Table 5). Moreover, to assess BrdU incorporation, BrdU was added to the culture media 

at a final concentration of 10 µM. Prior to treatment, culture medium was carefully 

discarded, the seeded primary CMs were rinsed twice with sterile pre-warmed PBS and 

subsequently incubated with the prepared treatment media. The treatment was performed 

by 24 h incubation, with 5% CO2, at 37°C. Subsequently, the 6-well plates were used for 

protein isolation and western blot analyses as described before (Chapter 2.2.4.1.1.). In 

order to detect incorporated BrdU, the chamber slides were used for IF experiments 

(Chapter 2.2.8.4.1.). 

 

2.2.8.4.1. Immunofluorescence antibody staining for incorporated BrdU in 

primary CMs 
Bromodeoxyuridine (BrdU) is added to culture medium as a thymidine analogue. While 

replicating DNA in the S phase of the cell cycle, the BrdU is incorporated into the newly 

synthesized DNA. This integrated BrdU is detected by IF staining using an antibody 

against BrdU. After cell treatment was performed, the medium was aspirated and cells 

were washed twice for 5 min in PBS, at 24 rpm, at RT. Subsequently, fixation was carried 

out by incubation of cells in ice-cold 70% EtOH, for 5 min, at RT. Prior to immuno-

detection, the cells are required to undergo a pre-treatment step using 2 M HCl incubation 

to denature the DNA and unmask the BrdU epitopes. Therefore, cells were washed three 

times for 5 min in PBS, at 24 rpm, at RT and incubated with 2 M HCl, at 24 rpm, for 30 

min, at RT. After another wash step, blocking was performed by RT incubation for 1.5 h 

in 5% (v/v) normal goat serum (NGS) diluted in antibody solution-IF. Afterwards, the 

blocking solution was discarded and 200 µl of the primary AB mixture (i.e., anti-Actinin 

and Anti-BrdU) was added to each well (140 µl for chamber slides). In order to distinguish 

between CMs and non-myocytes a primary AB against ɑ-Actinin (a sarcomeric protein) 

was used which stains CMs. The chamber slides were sealed with parafilm and incubation 

was conducted at 24 rpm, for O/N, at 4°C. The following day, after three steps of washing 

in PBS, incubation in secondary AB was carried out. Therefore, 200 µl of the secondary 

AB mixture (DAPI, Anti-Mouse Alexa-488, and Anti-Rat Alexa-555) was added to each 
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well and the incubation was proceeded for 2 h, at 24 rpm, at RT in the dark. Following 

three wash steps in PBS, the chambered-coverslip attached to the slide was removed 

carefully. The excess liquid was discarded and onto each well area 5 µl of ProLong® 

Gold mounting medium was added. Next, the cells were covered with coverslip and stored 

under light protected conditions, for O/N, at RT. Finally, the next day the slides were used 

for microscopic imaging using IF microscopic analyses (Axio Observer Fluorescence 

Microscope, Carl Zeiss Microscopy), using N-Achroplan 10x/0,25 Ph1 M27, and Zen 2.3 

pro software. Per well, twenty snaps randomly from various parts were taken und used 

for analyses. The rate of CMs that had undergone an S phase was determined for each 

treatment and control by counting the number of nuclei (DAPI) stained for both BrdU 

and ɑ-Actinin (CMs), related to the total CM number (nuclei positive for ɑ-Actinin but 

not BrdU) given in percent. Accordingly, total DAPI counts as well as BrdU exhibiting 

nuclei were counted automatically using Zen 3.8 desk with Image analysis toolkit. 

However, the number of non-myocytes together with BrdU signals in CMs were counted 

manually using Zen 2.3. lite. The row data were transferred in Excel (Excel v16.72) and 

the percentages of CM nuclei and non-myocytes exhibiting BrdU staining were 

calculated, separately.  

 

 

2.2.9. Statistical analyses 
Graphical presentation of data was carried out using mean values ± standard error of the 

mean (SEM) by Microsoft® Excel v16.72 (for bar graphs) and Graphpad Prism v9.5.1. 

software (for scatter plots). Statistical analyses were performed using SPSS v29.0.0.0 

software. Accordingly, normal distribution of data sets was evaluated using Shapiro-Wilk 

test (sample sizes smaller than 50). Homogeneity of variances between groups was 

evaluated by Levene’s test. Depending on the number of study groups, the normally 

distributed data with homogenous variances were either examined with unpaired two-

sided student’s t-test or one-way analysis of variance (ANOVA). Whereas the t-test was 

performed comparing two study groups (E18.5 vs. NB18.5), for more than two study 

groups (E17.5, E18.5, NB18.5 and NB18.5+1), ANOVA was conducted. Based on the 

homogeneity of variances, different post-hoc tests were performed upon ANOVA 

including Tukey’s for homogenous variances and Games-Howell for unequal variances. 

In the case of non-normal data distributions, non-parametric analyses were performed. 
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Therefore, differences between two study groups which were not normally distributed 

were assessed by Mann-Whitney test, while the differences among multiple groups which 

were not normally distributed was evaluated by Kruskal-Wallis test including pairwise 

comparison of groups. p-values less than 0.05 were considered as statistically significant 

and the respective groups were labelled by * (p<0.05), ** (p<0.01), *** (p<0.001), and 

**** (p<0.0001).  

Using t-test while comparing a huge number of proteins (i.e., 111 cytokines studied in 

cytokine arrays) can lead to statistical false positive results. Therefore, in order to avoid 

the false positive results, False Discovery Rates (FDR) were calculated. Accordingly, for 

each cytokine the normalized densitometry values were compared between the E18.5 and 

NB18.5 group and a P-value was generated using the t-test in SPSS. Using Excel, the 

cytokines and their respective measured P-values were inserted. Afterwards, the 

cytokines were arranged based on their P-values from lowest to highest P-values (Figure 

X1). In a new column, to each cytokine a number was given from one to 111 (since 111 

cytokines were studied using cytokine arrays) (Figure X2). In a new Excel column, the 

q-value for each cytokine was calculated. However, prior to q-value calculation for all 

cytokines, the q-value of the cytokine with the highest P-value was defined as 1. Next, in 

the q-value column at the position of penultimate cytokine (here 110), the following 

equation was typed (Figure X3). Consequently, the generated formula was dragged from 

position 110 and dropped to the first cytokine (the one with the lowest P-value) (Figure 

X4).  

q-value = MIN(P-value of the cytokine*total cytokine number/cytokine given number;q-

value of the following cytokine)  
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Finally, following FDR analyses, the cytokines showing q-values less than 0.05, were 

selected for further analyses.

Figure X. Illustration of False Discovery Rate (FDR) measurement using Excel. 1) Cytokines were 
arranged in Excel from the lowest to the highest p-value. 2) The cytokines were ranked based on the p-value (1 to 111). 
3) In new column, we defined a q-value of one (position D113), for the cytokine with the largest p-value. The formula 
represented in the box was generated at the position of the penultimate cytokine (position D112). 4) The generated 
formula was copied in the q-value column for the remaining cytokines and the q-values were generated. q-value < 0.05 
was determined as significant, represented in red. 
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3. Results 
 
3.1. Investigation of cell cycle activity in the mouse myocardium around 

birth  
Previous studies have highlighted that within the first week after birth in mice, the 

proliferation rate in CMs is reduced continuously. Moreover, from the postnatal day 7 

(P7) on, the murine CMs are almost unable to proliferate. If the separation from the 

intrauterine surroundings would promote the CM cell cycle arrest, it would mean that 

humans delivered preterm would have reduced CM number, thereby potentially limited 

heart function compared to the term born individuals. Therefore, a deep understanding 

about the onset of CM cell cycle regulation upon birth, would be beneficial for preterm-

born humans. Moreover, this understanding provides an essential orientation point for 

monitoring factors involved in postnatal cell cycle regulation in cardiac myocytes. In this 

study, we aimed to evaluate the cell cycle activity and proliferation rate in both CMs and 

non-myocytes in the mouse myocardium at two consecutive late embryonic stages (E17.5 

and E18.5), immediately after birth (NB18.5 and NB19.5), one day after delivery 

(NB18.5+1 and NB19.5+1), and 48 h after birth (NB19.5+2). In this context, factors 

including the gestational ages and sex, were strictly controlled. Additionally, all analytical 

steps were performed in a blinded manner, ensuring that the investigator conducting the 

analyses was unaware of the gestational age and sex of studied mice. 

 

 

3.1.1. Declined rate of Ki67 positive cardiac cells immediately after birth 

in male mice 
In order to determine the overall cell cycle activity in cardiac cells, immunofluorescence 

staining was performed on heart paraffin sections using an antibody against Ki67 (Figure 

6). Ki67 is a protein, which is expressed at all stages of the cell cycle except for G0 (where 

cells are inactive with respect to cell cycle progression). Hence, cells that display 

immunofluorescence signals following a Ki67 antibody staining demonstrate an active 

cell cycle (Figure 6A). 
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Our immunofluorescence (IF) findings employing a Ki67 antibody revealed that at 25.8% 

of ventricular cardiac nuclei at left ventricle (LV), 33.2% at interventricular septum (IVS), 

and 22.5% at right ventricle (RV) exhibited cell cycle activity at the fetal E17.5 stage. 

Moreover, comparing two late fetal stages (E17.5 and E18.5), no statistically significant 

modifications in the cardiac nuclei demonstrating a cell cycle activity were recorded. 

Notably, immediately after exposure to an extrauterine environment (at NB18.5), the 

proportion of cardiac nuclei actively engaged in the cell cycle was reduced significantly 

Figure 6. Reduced cell cycle activity immediately after birth in the ventricular myocardium of male 
mice. Investigation of perinatal cell cycle activity in murine ventricular myocardium via immunofluorescence antibody 
staining against Ki67. A) Representative immunofluorescence images of comparable regions of the LV in E18.5 vs. 
NB18.5 heart sections. Ki67 is shown in white, whereas the nuclei are represented in blue (stained with DAPI). The 
scale bar is 50 µm. B-C) Graphs represent the percentage of cardiac nuclei exhibiting cell cycle activity (i.e., positive 
for Ki67) in the left ventricle (LV) (B) and right ventricle (RV) (C) at seven represented consecutive stages around 
birth. In both ventricular compartments, cell cycle activity drops directly after birth (at NB18.5 and NB19.5). However, 
cell cycle activity remained unchanged at one and two days after birth (compared to birth). The numbers shown in red 
(B) represent the sample size n. LV: Left ventricle, RV: Right ventricle, E: Embryonic stage, NB: Newborn, NB18.5+1 
and NB19.5+1: Samples were collected at 24 h after birth, NB19.5+2: Animals were born at day 19.5 and kept for 48 
h with mother and then the samples were collected. The colours of the triangles in the heart animation (top-left) are 
identical to the colours of the graphs corresponding the analysed ventricular regions (B and C). The results are 
illustrated as mean values ± SEM, each data point represents one mouse heart. Statistical significance among groups 
was assessed by one-way ANOVA. *: P<0.05, **: P<0.01, ***: P<0.001.  
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to 11.5% at LV, 16.7% at IVS, and 12.5% at RV, compared to E18.5 (P<0.01). Moreover, 

comparing NB18.5 and NB19.5, the percentage of nuclei exhibiting a cell cycle activity 

remained statistically unchanged in all three investigated ventricular regions. 

Nonetheless, comparing NB18.5 and NB19.5 hearts with one (at NB18.5+1 and 

NB19.5+1) and two further postnatal days, the cell cycle activity demonstrated a steady 

state (in average ~6%) in all three heart compartments (LV, RV, and IVS) of the murine 

ventricular myocardium (Figure 6B-C; Supplementary Figure 1). Consequently, these 

findings revealed an immediate impact of birth on postnatal cell cycle activity in entire 

ventricular cardiac cells irrespective to the animal’s gestational age at delivery. It is 

essential to mention that in this experiment we did not differentiate between myocardial 

cell types. Therefore, we cannot make any conclusions about CM at this stage. 

Additionally, using the Ki67 and DAPI IF analyses, we did not investigate the cardiac 

cells but nuclei, given that CM can be binucleated or polyploid.  

 

 

3.1.2. Reduction of cardiomyocyte mitosis rates within the early postnatal 

period in male and female mice 
Alongside Ki67 staining, to evaluate the proliferation dynamics in the myocardium 

throughout the perinatal lifespan of mice, phosphorylated Histone H3 (pHH3) 

immunostaining can be conducted. In the late G2 phase of cell cycle, the DNA protein 

Histone H3 is phosphorylated at serine-10 residue, which promotes the DNA 

condensation and cell-cycle progression. From the late anaphase to early telophase (parts 

of mitosis), the Histone H3 dephosphorylation occurs. Therefore, via IF staining against 

the pHH3, the mitotically active cells can be stained. Our next objective was to investigate 

the mitosis dynamics in CMs using perinatal mouse heart sections. Notably, in order to 

distinguish between CMs and non-myocytes, in our team we developed an IF method 

using Caveolin3 (Cav3) and Wheat Germ Agglutinin (WGA) staining. Cav3 is a 

membrane protein expressed in CMs and skeletal muscles. Therefore, its immunostaining 

using heart sections, allows for CMs detection. However, factors including signals from 

close focal planes, heart section preparation, and cellular 3-dimensional orientations, limit 

the CMs differentiation from non-myocytes, using Cav3 staining alone. Therefore, to 

overcome this issue, we used Cav3 in a combination with another membrane staining 

called WGA. The WGA stains the cellular membrane of mammals. Accordingly, the 
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entire cardiac cell populations were stained with WGA (in green), whereas only CMs 

displayed an additional staining for Cav3 (in red).  

 

 

In parallel, employing a co-staining against pHH3, the CMs and non-myocytes 

undergoing mitosis were detected. Consequently, the cells exhibiting nuclear pHH3 

signals and green but no red membrane staining corresponded to non-myocytes active in 

mitosis (Figure 7A). Furthermore, the pHH3 positive cells which show green and red 

membrane staining represented CMs engaged in mitosis (Figure 7A). In contrast to the 

Figure 7. Declined mitosis rate immediately after birth in the ventricular CMs of male mice. 
Investigation of perinatal mitosis in murine ventricular myocardium via immunofluorescence antibody staining against 
pHH3 and Caveolin 3. A) Representative IF images of comparable regions of the LV in perinatal heart sections obtained 
from male mice. pHH3 is represented in white, whereas the nuclei are stained in blue (using DAPI), CMs in red and 
green (but dominantly red), and non-myocytes in green. The yellow arrows highlight examples of CMs in mitosis. The 
scale bar is 50 µm. B-C) Graphs represent the percentage of CM nuclei exhibiting mitosis activity (i.e., positive for 
pHH3) in the left ventricle (LV) (B) and right ventricle (RV) (C) at seven represented consecutive stages around birth. 
In both ventricular compartments, mitosis rate is reduced shortly after birth (at NB18.5 and NB19.5). Moreover, mitosis 
rate in CMs is further reduced at one day after birth at NB18.5+1 and NB19.5+1(compared to birth). However, the 
number of mitotically active CM nuclei remained unchanged at NB19.5+2 compared to one day after birth. The 
numbers shown in red (B) represent the sample size n. LV: Left ventricle, RV: Right ventricle, E: Embryonic stage, 
NB: Newborn, NB18.5+1 and NB19.5+1: Samples were collected at 24 h after birth, NB19.5+2: Animals were born at 
day 19.5 and the housing by mother was conducted for 48 h and then the samples were collected. The colours of the 
triangles in the heart animation (top-left) are identical to the colours of the graphs corresponding the analysed 
ventricular regions (B and C). The results are illustrated as mean values ± SEM, each data point represents one mouse 
heart. Statistical significance among groups was assessed by one-way ANOVA. *: P<0.05, **: P<0.01. 
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Ki67 data described above, we investigated the perinatal mitosis dynamics in CMs, in 

particular.  

Our IF findings using pHH3 staining on male mouse heart sections unveiled that at E17.5, 

in all three ventricular regions, including LV, RV and IVS, the percentage of CMs 

exhibiting pHH3 signals was between 3.72% and 4.2% (Figure 7B and 7C, and 

Supplementary Figure 2). Notably, comparing E18.5 to E17.5 heart paraffin slices 

prepared from male individuals, the proportion of mitotically active CM nuclei revealed 

no statistically significant variation. However, shortly after an exposure to the 

extrauterine environment (i.e., at NB18.5), this percentage declined noticeably to 2.3% in 

LV, to 2% in IVS, and 1.4% in RV. Comparing NB18.5 and NB19.5 outcomes, the rate of 

CM exhibiting mitosis followed a steady pattern. It is essential to mention that at NB18.5 

and NB19.5 the samples were collected immediately after delivery, however the 

gestational ages of animals at birth were variable. In this context, comparing these two 

stages, revealed that not the gestational age, but the separation from an intrauterine 

environment promoted the reduced mitotic activity in CMs. Interestingly, following one 

additional day after birth (i.e., at NB18.5+1), the percentage of CMs active in mitosis was 

reduced further to 1.1% in LV, to 0.65% in IVS, and 0.24% in RV of male mice LV, IVS, 

and RV (compared to NB18.5). No changes in proportion of mitotically active CMs at 

NB18.5+1 and NB19.5+1 was noted in male mice LV, IVS, and RV (Figure 7B and 7C, 

and Supplementary Figure 2). Moreover, following 48 h after birth, the mitosis rate in 

CMs remained unchanged at NB19.5+2 compared to NB19.5+1. Taken together, 

comparing our Ki67 and pHH3 data, our analyses concluded following findings for the 

first time:  

1. The cell cycle arrest in CMs and cardiac cells is not a planned mechanism (based on 
our E18.5 vs. E17.5 data). 

2. Immediately after an exposure to an extrauterine surrounding the cell cycle activity is 
remarkably declined (E18.5 vs. NB18.5 and NB19.5).  

3. The birth promotes the cell cycle withdrawal in such an irreversible manner 
(comparing NB18.5 and NB19.5 with NB18.5+1, NB19.5+1, and NB19.5+2 data).  

It needs to be mentioned that in our Ki67 and pHH3 experiments, the heart samples at 

NB18.5+1 and NB19.5+2 were obtained from the littermates of only one litter, which 

could impact any conclusions. Therefore, to overcome this uncertainty and to validate our 

data, we repeated the pHH3 immunostaining. This time we only analysed three key stages 

such as E18.5, NB18.5, and NB18.5+1, and for each stage the investigated littermates 
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were delivered from at least two litters. Additionally, the investigation was conducted 

using samples from both male and female mice (Figure 8, 9, and 10).  

 

Figure 8. Declined rate of CMs exhibiting mitotic activity after birth in ventricular myocardium of 
male mice. Investigation of perinatal mitosis in murine ventricular myocardium via IF antibody staining against pHH3 
and caveolin-3. A) Graphs demonstrate the percentage of CMs active in mitosis in the right ventricle (RV), 
interventricular septum (IVS), and left ventricle (LV), at three consecutive stages around birth. In LV and IVS 
myocardium, the mitosis rate in CMs was reduced directly after birth. Moreover, at NB18.5+1 the mitosis rate was 
reduced further in LV and IVS. In contrast, in RV myocardium the number of CMs active in the mitosis stage, was 
unchanged immediately after birth but decreased between NB18.5 and NB18.5+1. The red numbers represent the 
sample sizes. RV: Right ventricle, LV: Left ventricle, IVS: Interventricular septum. The results show the mean values 
± SEM. Statistical significance among groups was determined by one-way ANOVA. *: P<0.05, **: P<0.01, ****: 
P<0.0001. B) Representative IF images of comparable regions of the RV in perinatal heart sections obtained from male 
mice. pHH3 is represented in white, whereas the nuclei are stained in blue (using DAPI), CMs in red and green (but 
dominantly represented in red), and non-myocytes only in green. The yellow arrows highlight examples of CMs in 
mitosis. The scale bar is 50 µm. The white box in merge image, represents the magnified area illustrated in zoom-in 
part. 
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Our validation IF findings using pHH3 staining on male mouse heart sections unveiled 

that at E18.5, in all three ventricular components including LV, RV and IVS, the 

percentage of CMs exhibiting pHH3 signals was between 6 and 7% (Figure 8A).  

 

Figure 9. Immediate decline in mitosis rates after birth in ventricular CMs of female mice. Investigation 
of perinatal mitosis in murine female ventricular myocardium via IF antibody staining against pHH3 and Caveolin 3. 
A) Graphs represent the percentage of CM nuclei in mitosis in three compartments of the ventricular myocardium, at 
three consecutive stages around birth. In RV, LV and IVS, the mitosis rate in CMs dropped shortly after birth when 
comparing fetal (E18.5) and neonatal (NB18.5) hearts. Moreover, one day after birth the mitosis rate is further reduced 
when comparing stage NB18.5 and NB18.5+1. The numbers shown in red, represent the sample sizes. RV: Right 
ventricle, LV: Left ventricle. IVS: Interventricular septum. The results exhibit the mean values ± SEM. To assess the 
statistical significance among groups one-way ANOVA was performed. *: P<0.05, ***: P<0.001, ****: P<0.0001. 
B) Illustration of comparable regions of the LV within the perinatal heart sections isolated from female mice. The 
pHH3 is represented in white, whereas the nuclei are shown in blue (DAPI), CMs in red and green (dominantly in red), 
and non-myocytes in only green. The yellow arrow highlights the CMs in their mitosis state. The scale bar 
(demonstrated in white) is 50 µm. The white box in merge image, demonstrates the magnified region illustrated in 
zoom-in part. 
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However, similar to our preliminary pHH3 findings, we noticed declined counts of CM 

nuclei exhibiting a mitosis activity immediately after delivery at NB18.5. Briefly, shortly 

after an exposure to the extrauterine environment (i.e., at NB18.5), this percentage 

declined noticeably to ~5% in LV and IVS compared to E18.5. Following one additional 

day after birth (i.e., at NB18.5+1), the percentage of CMs active in mitosis was reduced 

further to ~1.5% in male mouse LV and IVS (Figure 8A). In contrast to LV and IVS, the 

number of CMs stained for pHH3 demonstrated a delayed reduction in the RV 

myocardium of the male murine hearts following birth. Accordingly, the CM mitosis rate 

remained constant (6%) in the RV of male mice immediately after delivery compared to 

the fetal E18.5 stage. A drop in the CM mitosis rate was eventually observed between 

NB18.5 and NB18.5+1 in male mouse RV (Figure 8). In this context, the proportion of 

mitotic CMs at NB18.5+1 decelerated remarkably from 6% (at NB18.5) to 0.5% (Figure 

8A). Consequently, following our validation pHH3 immunostaining, we were able to 

highlight the essential influence of delivery on the reduced mitosis rate in CMs of male 

mice. 

Consistent with the findings in males, in ventricular myocardium of female mice at fetal 

stage E18.5, approximately 7% of CMs exhibited activity in the mitosis stage of the cell 

cycle (Figure 9A). However, in contrast to results in males, in females immediately after 

birth at NB18.5, the number of CMs exhibiting pHH3 signals was significantly reduced 

in all three ventricular compartments (LV, IVS, and RV) compared to fetal stages. In males 

this was only observed in our initial pHH3 findings, as well as in the validation IF staining 

in LV and IVS regions, but not RV (see Figure 7 and 8). Accordingly, comparing NB18.5 

with E18.5 stages in females, the mitosis rate in CMs declined noticeably from ~7% to 

~5% following delivery. One additional day after birth (i.e., at NB18.5+1), the mitosis 

rate was decreased further to 1.8%, 1.4% and 0.4%, in LV, IVS, and RV of murine female 

hearts, respectively (Figure 9A). In conclusion, in the course of our IF outcomes against 

pHH3, we revealed for the first time that an exposure to an extrauterine surrounding is 

involved in induction of immediate decrease in the number of mitotically active CMs in 

the ventricular myocardium of male and female mice.  
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3.1.3. Decreased mitosis rate in non-myocytes in the early postnatal period 

of male and female mouse hearts 
Beside the mitosis rate in CM nuclei, we investigated the proportion of non-myocytes 

exhibiting a mitotic activity in all three compartments of the male and female ventricular 

myocardium at E18.5, NB18.5, and NB18.5+1 stages using the pHH3-validation staining 

snaps.  

 

Our pHH3 analyses concerning non-myocytes unveiled that the proportion of non-

myocytes demonstrating a mitosis activity was 33.1% in LV, 38.1% in IVS, and 27.1% in 

RV of male mice at final embryonic age (i.e., E18.5). In agreement with mitotically active 

Figure 10. Decreased number of non-myocytes active in mitosis shortly after birth in LV and IVS of 
male and female mice. The mitosis rate during the perinatal period was analysed in murine ventricular myocardium 
via IF antibody staining against pHH3. A) Data concerning the representative IF image and graphs related to male 
mice. B) Image and graphs concerning the female mice. A and B-left) Representative images of RV regions with 
identical stages (NB18.5) in perinatal male (A) and female (B) heart sections. The pHH3 is represented in white, while 
the nuclei are shown in blue (DAPI), CMs in red and green (yet dominantly red), and non-myocytes in only green (no 
red staining). The yellow arrows pointing towards the non-myocytes in their mitosis state. The scale bar (demonstrated 
in white) is 50 µm. The graphs corresponding to each sex, were represented with identical colour code as the one in A 
and B (either green or blue). Graphs demonstrate the proportion of non-myocytes with mitosis activity in all three parts 
of male mouse ventricular myocardium, at three consecutive stages around birth. In LV and IVS of male mice, the 
mitosis rate in non-myocytes was decreased directly after birth. Moreover, at NB18.5+1 the mitosis rate was reduced 
further. Nonetheless, in RV the mitosis reduction in non-myocytes was observed primarily between NB18.5 and 
NB18.5+1. The red numbers represent the sample size (A). In female mice, the mitosis rate in non-myocytes in all three 
studied regions, was decreased immediately after birth (at NB18.5 compared to E18.5). Comparing NB18.5+1 and 
NB18.5, this rate was reduced significantly further at NB18.5+1 (B). RV: Right ventricle, LV: Left ventricle. IVS: 
Interventricular septum, Cav3: Caveolin 3. The results exhibit the mean values ± SEM. Statistical significance among 
groups was determined by one-way ANOVA. **: P<0.01, ***: P<0.001, ****: P<0.0001. 
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CM data, this percentage in non-myocytes was significantly reduced in LV and IVS 

region shortly after a separation from an intrauterine surrounding. Specifically, compared 

to E18.5, the rates of mitotically active non-myocyte were reduced significantly to 23.3% 

in LV, and to 25.7% in IVS at NB18.5 (Figure 10A). Furthermore, comparing stages 

NB18.5 and NB18.5+1, we observed a further reduction in the mitosis rate in non-

myocytes in the LV and IVS regions of the male mice. Accordingly, at NB18.5+1 the 

percentage of mitotic non-myocytes located in LV and IVS, was declined to 9.6% and 

9.4%, respectively. Similar to our CM findings, the number of non-myocytes exhibiting 

a staining for pHH3 followed a delayed reduction in RV myocardium. Hence, of non-

myocytes localized in RV of male hearts, 27.1% at E18.5, and 26.2% at NB18.5 

demonstrated mitotic activity. However, following one additional day of exposure to the 

extrauterine environment (NB18.5+1), the proportion of mitotically active non-myocytes 

declined remarkably to 4.6% in RV of male mice, compared to E18.5 and NB18.5 (Figure 

10A).  

Via pHH3 staining on heart slices prepared from female mice, we noticed that at the 

gestational age of E18.5, 35.1% of non-myocytes located in LV, 43.6% in IVS, and 32.1% 

in RV, exhibited a pHH3 staining. Moreover, immediately after birth at NB18.5, this 

percentage was significantly reduced in all three investigated ventricular regions. Briefly, 

at NB18.5 the rate of non-myocytes demonstrating a mitotic activity was reduced to 

21.2% in LV, 22.4% in IVS, and 19.2% in RV, compared to before delivery. Comparing 

NB18.5+1 and NB18.5, this percentage reduced noticeably further to 8.9%, 8.9%, and 

4.3%, in LV, IVS, and RV at NB18.5+1, respectively (Figure 10B).  

In summary, according to our IF findings, cell cycle activity was noticeably reduced 

immediately after delivery in male mouse hearts. Moreover, the with one exception for 

RV, the percentage of CM and non-myocyte nuclei exhibiting an activity in mitosis, 

decelerated remarkably briefly after a separation from the intrauterine environment in 

both male and female mice. 24 h after birth, the mitosis rate in CMs and non-myocytes 

declined noticeably in heart sections obtained from male and female mice at NB18.5+1 

compared to NB18.5. Collectively our data underline the influence of birth on the early 

postnatal cell cycle withdrawal in mouse hearts, irrespective of animal gender. Our next 

objective was to investigate the underlying mechanism behind the immediate postnatal 

proliferation arrest observed in mouse hearts.  
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3.2. Investigation of the activity of cardiac growth-regulating signalling   

pathways and expression of cell cycle regulators following birth 
Cell cycle activity and proliferation in cardiac myocytes is regulated by diverse factors 

including expression of cell cycle regulating genes, metabolic state, and a variety of 

signalling pathways regulating cell growth (Chapter 1.1.4.1.). Since the cardiac cell cycle 

drops immediately after birth in mice (Chapter 3.1.), we primarily aimed at investigating 

potential alterations in the expression of cell cycle regulators in combination with changes 

in the activity of cardiac growth regulating pathways following an exposure to the 

extrauterine environment. Indeed, preliminary unpublished western blot data from our 

group suggested that the activities of mechanistic target of rapamycin (mTOR) and 

mitogen-activated protein kinase (MAPK-Kinase) signalling pathways were significantly 

reduced in mouse ventricular myocardium of neonatal compared to fetal hearts (Chapter 

1.1.6.). In this context, our objective was to study the impact of birth on the expression of 

cell cycle regulators and the activity of growth regulating signalling pathways. Therefore, 

we performed western blot (WB) experiments, IF antibody staining, and gene expression 

analyses (RT-qPCR) using mouse hearts at perinatal stages such as E18.5 and NB18.5. 

  

 

3.2.1. Reduced activity of AKT/mTOR and MAPK-kinase signalling 

directly after birth in male mouse hearts  
As a signalling pathway involved in the regulation of cell growth and proliferation, the 

MAPK-kinase signalling pathway is composed of a series of phosphorylation steps. An 

interaction between extracellular molecules (i.e., growth factors) and tyrosine kinase 

membrane receptors, induces the MAPK-kinase signalling pathway. Following a set of 

serine/threonine phosphorylation the cell growth and proliferation is promoted (Malarkey 

et al., 1995). Accordingly, to monitor a possible effect of birth on the activity of MAPK-

kinase signalling, WB experiments were conducted using proteins isolated from total 

mouse hearts at stage E18.5 and NB18.5, in a gender dependent manner. The activity of 

signalling pathways was primarily monitored by investigating the phosphorylation level 

of downstream targets including MAPK-kinases p38, p44 and p42 (also referred to as 

Erk1 and 2) (Figure 11). Our WB results indicated that directly after birth, the 

phosphorylation of Erk1 (p44) was almost three times lower than this before birth, 
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whereas Erk2 (p42) phosphorylation remained unchanged following delivery compared 

to E18.5 (Figure 11A and 11B). Interestingly, comparing NB18.5 and E18.5 female mouse 

heart samples, no significant changes in the phosphorylation of p44 and p42 were 

observed immediately after birth (Figure 11C and 11D). Moreover, after birth the 

phosphorylation state of p38 MAP-kinase declined to ~50% of its value observed at E18.5 

in both male and female mouse ventricular myocardium (Figure 11). 

Figure 11. Drop in phosphorylation of p38 and p44 in ventricular myocardium of male mice directly 
after birth. The activity of MAPK-kinase was monitored by measuring the phosphorylation intensity using 
WB experiments. A) and C) WB using whole heart protein extracts from E18.5 and NB18.5 male (A) and 
female (C) mice. The phosphorylated form of p44/42 (at threonine 202 and tyrosine 204) and p38 (at 
threonine 180 and tyrosine 182), and their total protein levels were illustrated in blue (male) and green 
(female) boxes. B) (male) and D) (female) WB quantifications were carried out by normalizing the 
phosphorylated to the total protein band intensity. The results were related to the E18.5 data and were 
represented as fold change. Data exhibited a significant reduction in p44, and p38 phosphorylation, shortly 
after delivery in male mouse hearts. However, in female hearts only the p38 phosphorylation state was 
reduced immediately after birth at NB18.5 compared to E18.5. The number shown in red represents the 
sample size. The results were illustrated as the mean values ± SEM. Statistical significance among groups was 
assessed by unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: P<0.01, ***: P<0.001. 
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Another key signalling pathway involved in the regulation of cell growth, proliferation 

and protein synthesis involves the kinase AKT (also known as protein kinase B (PKB)). 

Figure 12. Drop in phosphorylation of S6 and AKT, and YAP total level in ventricular myocardium 
of male mice directly after birth. The activity of AKT, mTORC1 (S6 and 4EBP1) and Hippo (YAP total) 
was monitored by measuring the phosphorylation and total protein intensity using WB experiments. A) and 
C) WB using whole heart protein extracts from E18.5 and NB18.5 male (A) and female (C) mice. The 
phosphorylated form of S6 (at serine 235 and 236), AKT (at serine 473), 4EBP1 (at serine 65), GSK-3β (at 
serine 9), and their total protein levels, together with YAP total and Vinculin (house keeper) were 
represented in blue (male) and green (female) boxes. B) (male) and D) (female) WB quantifications were 
carried out by normalizing the phosphorylated to the total protein band intensity, or total protein to vinculin 
(in case of YAP). The results were normalized to the E18.5 data and were represented as fold change. Data 
exhibited a significant reduction in S6 and AKT phosphorylation, and YAP protein levels shortly after 
delivery in male mouse hearts (B). However, in females only the YAP level was decreased at NB18.5 vs. 
E18.5 (D). The red numbers show the sample size. The results were illustrated as the mean values ± SEM. 
Statistical significance among groups was assessed by unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: 
P<0.01. 
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Various factors such as nutrients, as well as growth factors including insulin, Insulin-like 

growth factor 1 (IGF-1), Platelet-derived growth factor (PDGF) and Epidermal growth 

factor (EGF) promote AKT activation (Li et al., 2011; Reiss et al., 1996). Consequently, 

our next objective was to investigate the potential impact of birth on the activity of AKT 

and its downstream targets including GSK-3β, 4EBP1, and S6 in hearts obtained from 

male and female mice at E18.5 and NB18.5, using WB analyses.  

Via WB analyses we revealed that the phosphorylation of AKT and S6, was decreased by 

the factor of two (0.5-fold change) in the ventricular myocardium of male mice 

immediately after birth, compared to the final fetal stage. However, AKT and S6 

phosphorylation remained unchanged following delivery in comparison to E18.5 stage in 

hearts of females (Figure 12). Furthermore, the phosphorylation state of 4EBP1 in both 

gender and GSK-3β in male mouse hearts was unaltered in the perinatal period (Figure 

12B and 12D). Notably, the p-GSK-3β level in female murine hearts (at NB18.5 vs. 

E18.5) was not assessed due to technical issues; which needs to be elucidated in future. 

Taken together, we noticed that the activity of AKT and S6 dropped remarkably in male 

hearts briefly after a separation from an intrauterine surrounding, whereas in female 

hearts these remained unchanged following birth compared to the E18.5 stage.  

The Hippo signalling pathway is involved in the regulation of size and growth of various 

organs, as well as controlling cellular outcomes such as apoptosis, differentiation, and 

proliferation (reviewed by Mia and Singh, 2019). As a consequence of an activation of 

the Hippo pathway, a downstream target known as the transcriptional coactivator YAP 

undergoes phosphorylation, resulting in its inactivation (reviewed by Mia and Singh, 

2019). YAP knock-out mice have been shown to develop myocardial hypoplasia and 

embryonic lethality, whereas CM-specific YAP overexpression results in CM 

proliferation in adult mice (Xin et al., 2013). Accordingly, YAP is a master regulator of 

CM proliferation in the heart. Thus, performing WB experiments we investigated the 

Hippo signalling pathway by analysing phosphorylation and total protein levels of YAP 

using male and female murine hearts at stage E18.5 and NB18.5. In both female and male 

hearts, the phosphorylation level of YAP exhibited no significant changes after birth 

compared to fetal stages (Supplementary Figure 3). Nonetheless, the total YAP protein 

amount was decreased shortly after birth compared to E18.5, in both sexes. Accordingly, 

the YAP level declined to ~0.5-fold in mouse ventricular myocardium at NB18.5 

compared to E18.5 (Figure 12).  
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Finally, it has been concluded that bone morphogenetic protein 7 (BMP7) signalling 

pathway is involved in regulation of postnatal cardiac growth (Yang et al., 2023). As a 

consequence of BMP7 and its receptor interaction, p38 as well as SMAD1 become 

phosphorylated, whereas YAP get dephosphorylated. This leads to YAP, p-SMAD1, and 

p-p38 nuclear localization, and finally CM proliferation. However, BMP7 signalling 

inhibition attenuates the p38 and SMAD1 phosphorylation, while it promotes YAP 

phosphorylation. Consequently, the nuclear localization of YAP, p38, and SMAD1 is 

suppressed, leading to CM maturation as well as CM proliferation arrest (Yang et al., 

2023).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, using WB analyses we demonstrated that both YAP level and p-p38 degree 

was remarkably declined briefly after delivery in whole heart lysate obtained from male 

and female mice. In this context, in order to monitor the degree of p-p38 nuclear 

Figure 13. Immediate decline in p-p38 level in CM nuclei after birth in ventricular CMs of male mice. 
Investigation of perinatal p-p38 nuclear level in murine male ventricular CMs via IF antibody staining against p-p38, 
WGA, and Caveolin 3. A) Graphs represent the fold changes of CM nuclear intensities for p-p38, at NB18.5 vs. E18.5. 
In all three investigate ventricular regions the p-p38 nuclear intensity in CMs dropped significantly shortly after birth 
compared to E18.5.  The numbers shown in red, represent the sample sizes. RV: Right ventricle, LV: Left ventricle. 
IVS: Interventricular septum. The results exhibit the mean values ± SEM. To assess the statistical significance among 
groups unpaired 2-tailed student t-test using SPSS was performed. **: P<0.01, ***: P<0.001, ****: P<0.0001. B) 
Illustration of comparable regions of the LV within the perinatal heart sections isolated from male mice. The p-p38 is 
represented in white, whereas the nuclei are shown in blue (DAPI), CMs in red and green (dominantly in red), and non-
myocytes in only green. The yellow arrow highlights the CM nuclei exhibiting p-p38 signals. The scale bar 
(demonstrated in white) is 50 µm. The white box in merge image, demonstrates the magnified region illustrated in 
zoom-in part. 
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localization in CMs we performed IF antibody staining against p-p38, Cav3, and WGA 

(Figure 13) using male heart sections, at E18.5 and NB18.5 stages. Using ImageJ, the 

nuclear intensity of p-p38 in CM in particular, were measured and normalized to E18.5 

data.  

Interestingly, in agreement with the study performed by Yang and colleagues and our 

pHH3 and Ki67 outcomes, we observed that concomitant with the birth-dependent 

reduction in cell cycle activity in CMs the nuclear p-p38 signals declined in CMs 

immediately after birth compared to E18.5 (Figure 13). 

Collectively, our WB findings concluded that the activity of p38 and the level of YAP 

were decreased remarkably shortly after delivery, in mouse hearts isolated from both 

sexes. Notably, the activity of BMP7 signalling (YAP level and nuclear p-p38 signals), as 

well as Erk1, AKT, and S6 activities revealed a significant drop in the male mouse hearts 

immediately after birth compared to before delivery. Nonetheless, these factors (except 

for p-p38 and total YAP) exhibited no significant alterations in their activities at NB18.5 

vs. E18.5 in female murine hearts. 

 

 

3.2.2. Protein levels of D-type Cyclins decline immediately after birth in 

male and female mouse hearts  
Cell cycle progression depends on the expression level of cell cycle promoting factors 

(such as various cyclins and cyclin-dependent kinases) and cell cycle inhibitors (such as 

p21/Cip1 and p27/Kip1). In cells revealing no G1 to S activity, the tumour suppressor 

protein retinoblastoma (Rb) interacts and thereby suppresses E2F transcription factors. 

However, in cells exhibiting a G1 to S progression, the Rb is phosphorylated by cyclin-

dependent kinases CDK4 and CDK6. Consequently, the phosphorylated Rb is dissociated 

from E2F, leading to expression of the gene regulated by E2F which are essential for DNA 

replication. Indeed, the CDK4 and CDK6 are activated by their binding partners namely 

D-type Cyclins (Bartek et al., 1996). Nonetheless, CDK/Cyclins are inhibited by various 

proteins among which p21 and p27 can be mentioned (reviewed by Abukhdeir and Park 

2008).  
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Thus, to assess the availability of cell cycle regulators upon birth, WB and RT-qPCR 

experiments were performed using female and male mouse hearts at stage E18.5 and 

NB18.5. Immediately after birth, protein levels of all members of the D-type Cyclin 

family (i.e., Cyclin D1, D2 and D3) were decreased significantly compared to the fetal 

stage in male mouse hearts. Accordingly, our WB results revealed that Cyclin D1 was 

reduced to 0.46 (fold change), Cyclin D2 to 0.32, and Cyclin D3 to 0.37 at NB18.5 

compared to E18.5 in male mouse hearts (Figure 14A). However, no birth-related changes 

in the protein amounts of other examined cell cycle regulators including CDK4 and 

Figure 14. RNA and protein expression of cell cycle regulating genes in male and female mouse hearts 
before and after birth. The perinatal expression of cell cycle regulators was examined by WB and RT-
qPCR experiments. A) and B) Left: Illustration of WB using whole heart protein extracts obtained from 
E18.5 and NB18.5 male (A) and female (B) mice. Right: WB densitometric quantifications: The intensity 
of each analyzed protein band was normalized to a housekeeper (Vinculin) intensity. To analyze protein 
expression after birth compared to fetal stages, the measures were related to the mean value of the E18.5 
hearts. A) WB experiments using heart samples isolated from male mice: Among the studied cell cycle 
regulators, only D-type Cyclins revealed a noticeable reduction directly after birth. B) WB analyses in 
female mouse hearts showed a birth-related reduction in Cyclin D1 and D3. C) RT-qPCR experiments 
using RNA isolated from female murine hearts, showed reduced expression of all studied cell cycle 
regulators after birth, except for Cdkn1b (encoding p27). The red numbers represent the n. The results were 
demonstrated as the mean values ± SEM. In order to determine the sstatistical significance among groups unpaired 2-
tailed student t-test was conducted using SPSS. *: P<0.05, ***: P<0.001. 
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CDK6, as well as p21 and p27 (cyclin dependent kinase inhibitors), were evident in male 

murine hearts (Figure 14A). 

Similar to males, using female mouse hearts our WB analysed showed that protein 

expression of CDK4, CDK6, p21, and p27 was unchanged immediately after birth 

compared to fetal stages (Figure 14B). Moreover, Cyclin D2 levels showed no significant 

variations shortly after birth compared to the fetal heart (E18.5) in female hearts. 

Nonetheless, similar to male mouse hearts, the Cyclin D1 and Cyclin D3 levels dropped 

significantly immediately after birth vs. E18.5 in females. At NB18.5, Cyclin D1 was 

reduced to 0.64 and Cyclin D2 to 0.74 (fold change) compared to E18.5 (Figure 14B).   

In order to analyse the expression pattern of cell cycle regulators following an exposure 

to an extrauterine environment on the transcriptional level, a set of RT-qPCR experiments 

were carried out using RNA isolated from female mouse hearts at E18.5 and NB18.5. 

With the exception of Cdkn1b (encoding p27), all the analysed cell cycle regulators 

revealed noticeable declines in their expression patterns at the RNA level shortly after 

birth (at NB18.5) compared to E18.5, in female murine hearts (Figure 14C). Accordingly, 

immediately after birth the expression of Ccnd1 (Cyclin D1) dropped to 0.61 (fold 

change), Ccnd2 (Cyclin D2) to 0.60, Ccnd3 (Cyclin D3) to 0.55, Ccnb1 (Cyclin B1) to 

0.81, and Cdkn1a (p21) to 0.61 compared to E18.5. Notably, due to lacking heart samples 

isolated from male mice at E18.5 and NB18.5, we did not conduct the RT-qPCR analyses 

studying the mentioned genes; which needs to be investigated in future. Nonetheless, at 

the protein level, we concluded that immediately after an exposure to an extrauterine 

environment the availabilities of D-type Cyclins in hearts isolated from male and female 

mice were decreased, compared to before delivery, revealing the importance of birth on 

activities of cell cycle regulators.  

 

 

3.2.3. Reduced number of cardiomyocytes exhibiting Cyclin D3 expression 

directly after birth in mouse hearts 
To validate the WB findings regarding reduced expression of D-type cyclins in the heart 

immediately after birth, we conducted IF antibody staining experiments on male and 

female hearts at E18.5 vs. NB18.5. Among our type-D Cyclin antibodies, the Cyclin D1 

and Cyclin D3 were suitable for IF staining on paraffin sections. Hence, we initially 

assessed Cyclin D3 expression in the entire myocardial cell population (including CM 
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nuclei) and in cardiac myocyte nuclei in particular. Accordingly, the number of CMs 

nuclei stained positive for MEF2A/C exhibiting co-localization with Cyclin D3 signals 

was quantified and represented as percentage of the total cardiac nuclei (Figure 15).  

 

Our IF staining experiments on mouse heart paraffin sections revealed that regardless of 

murine gender, the percentage of Cyclin D3 signals in CM nuclei and total cardiac nuclei 

were decreased shortly after birth in both LV and RV. Specifically, in the LV myocardium 

of male hearts, the Cyclin D3 proportion at NB18.5 was reduced from 2.5% observed at 

E18.5 to 1% in all cardiac cells, and from 0.9% to 0.4% in CMs. Moreover, immediately 

after delivery in RV myocardium this percentage was significantly decreased from 3.1% 

to 1.5% in all cardiac cells and from 1.2% to 0.7% in CMs compared to E18.5 (Figure 

Figure 15. Reduced proportion of Cyclin D3 expressing cardiac cells and CMs shortly after birth in 
LV and RV of male and female mice. The perinatal Cyclin D3 expression was analysed in LV and RV 
myocardium via IF antibody staining. A) An illustration of IF staining in LV of male mice at E18.5 vs. NB18.5. Cyclin 
D3 was stained in red, CM nuclei in green (MEF2A/C), and all nuclei in blue (DAPI). The yellow arrows point out CM 
nuclei expressing Cyclin D3, whereas the white arrowheads show non-myocytes exhibiting Cyclin D3 signals. B) and 
C) Illustrations of the percentages of Cyclin D3 positive nuclei among all cardiac cells and Cyclin D3 positive CM 
nuclei co-stained with MEF2A/C in both male (B) and female (C) mice in both LV and RV. IF findings showed an 
immediate birth-related significant reduction of Cyclin D3 signals in all cardiac cells and CMs in both genders. The 
sample size was equal to 6. The scale bar was 50 µm. RV: Right ventricle, LV: Left ventricle. The Cyclin D3 
proportions were represented as the mean values ± SEM. Statistical significance among groups was assessed by 
unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: P<0.01, ***: P<0.001. 
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15B). Similarly, in females the Cyclin D3 signals in both ventricular regions were reduced 

shortly after birth compared to before delivery. Accordingly, in LV myocardium of female 

mice at NB18.5, the number of Cyclin D3 signals exhibited a significant drop from 2.5% 

at E18.5 to 1.6% in all cardiac cells, and 1.1% to 0.7% in CMs. Furthermore, in RV 

myocardium of female mice, the number of cells demonstrating Cyclin D3 signals 

declined from 2.9% to 1.6% in all cardiac cells and from 1.3% to 0.8% in cardiac 

myocytes compared to before birth (Figure 15C). Consequently, our IF findings reflected 

the WB outcomes where the Cyclin D3 levels in murine ventricular myocardium 

exhibited noticeable reduction immediately after birth, irrespective of the gender of the 

studied animals. However, alongside Cyclin D3 signals in total cardiac cells (both CMs 

and non-myocytes), using IF experiments we were able to monitor the Cyclin D3 

expression in CM nuclei in particular.  

 

 

 

3.3. Studying the potential role of the metabolic switch from glycolysis 

to fatty acid oxidation in early postnatal cell cycle arrest in the heart 
As a potential factor influencing the proliferative decline in postnatal CMs immediately 

after birth (as observed in our IF findings; see Chapter 3.1.1. and 3.1.2.), the metabolic 

switch from glycolysis to fatty acid oxidation might be involved. In embryonic and fetal 

hearts, the major portion of cellular energy in the form of adenosine triphosphate (ATP) 

is generated by anaerobic glycolysis (Lopaschuk et al., 2010; Makinde et al., 1997). 

Compared to prenatal hearts, the glycolysis rate in rabbit myocardium at postnatal day 7 

is reduced. In murine CMs, the proliferation rate declines continuously at P7 such that the 

adult CMs are almost not capable to proliferate (Lopaschuk et al., 1991; Porrello et al., 

2013). Interestingly, in adult mouse hearts the ectopic expression of pyruvate kinase 

muscle isozyme 2 (PKM2, as a glycolysis enzyme) promoted the cell cycle activity in 

CMs following a myocardial infarction (Magadum et al., 2020). Furthermore, as a 

byproduct of oxidative metabolism, the reactive oxygen species (ROS) can be mentioned, 

which is increased within the first postnatal week in mouse hearts concurrent by postnatal 

cell cycle arrest in CMs (Puente et al., 2014). It has been concluded that ROS inhibition 

leads to enhanced postnatal proliferation ability window in murine CMs (Puente et al., 

2014). Collectively, there is a correlation between the metabolic switch and the postnatal 
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cell cycle withdrawal in mammals. In this context, in order to examine a potential 

involvement of the metabolic switch in the immediate postnatal proliferation decline in 

cardiomyocytes, we conducted WB, RT-qPCR, and IF experiments using perinatal mouse 

hearts.  

 

 

3.3.1. Reduced RNA expression but mainly normal protein levels of 

glycolytic enzymes in the heart immediately after birth 
To monitor whether the immediate postnatal cell cycle arrest observed in CMs and non-

myocytes, might be a consequence of reduced glycolysis, we studied the dynamics of the 

expression patterns of glycolysis-involved enzymes. Thus, RT-qPCR and WB 

experiments were conducted on mouse hearts at E18.5, NB18.5 and NB18.5+1.  

 

 

The RT-qPCR results revealed that shortly after exposure to the extrauterine environment, 

the RNA expression pattern of genes encoding glycolysis enzymes including Hexokinase 

II (Hk-II), Aldolase-a (Aldoa), Enolase I (Eno-I), and Lactatedehydrogenase A (Ldha) 

showed a significant reduction compared to the fetal stage at E18.5. Accordingly, at 

Figure 16. An immediate birth-dependant reduction in expression of glycolysis-involved enzymes in 
ventricular myocardium of female mice. The glycolysis decline upon delivery was assessed via RT-qPCR 
expression analyses of glycolysis-involved enzymes on female mouse hearts at E18.5 to NB18.5+1. Graphs illustrate 
quantifications of fold changes of gene levels in hearts at birth and one day after birth compared to E18.5. Except for 
Pyruvatekinase-M (PKM or Pyruvate kinase muscle), the remaining investigated genes revealed a noticeable birth-
related reduction in their RNA levels compared to before delivery. The sample size was five in E18.5 and NB18.5, and 
four in NB18.5+1. The results represent the mean values ± SEM. Statistical significance between groups was monitored 
by one-way ANOVA. *: P<0.05, **: P<0.01, ***: P<0.001. 
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NB18.5 in female hearts the expression of Hk-II was reduced to 0.2, Aldoa to 0.5, Eno-I 

to 0.6, and LDHA to 0.6 when related to E18.5 hearts. Nonetheless, after one additional 

postnatal day (i.e., at NB18.5+1), no further expression changes in the mentioned genes 

were observed compared to NB18.5. The Pyruvatekinase muscle (Pkm1/2) gene, 

however, followed no birth-related changes in its expression pattern in female murine 

hearts (Figure 16).  

To confirm the RNA expression data at the protein levels, WB analyses with protein 

lysates from perinatal hearts were performed.  

 

 

With the exception of enolase-I (Eno-I), protein expression did not align with the results 

obtained in RT-qPCR experiments. WB results unveiled that among the six evaluated 

proteins engaged in glycolysis such as Hexokinase II (Hk-II), Aldolase-A (ALDOA), 

Pyruvatekinase muscle (PKM1/2), Lactate dehydrogenase A (LDHA), and enolase-II 

(Eno-II), only Eno-I showed a reduction in its protein levels shortly after birth in 

comparison to E18.5. The Eno-I protein level was reduced to 0.26 (fold change) at 

NB18.5 vs. E18.5 in female mouse hearts. Moreover, following one additional postnatal 

day, this value slightly increased to 0.57-fold change compared to NB18.5. However, no 

statistical significance was detected between Eno-I protein levels at NB18.5 and 

Figure 17. An immediate birth-dependant decline in Eno-I level in ventricular myocardium of female 
mice. The glycolysis reduction following birth was assessed via WB experiments against glycolysis-involved proteins 
on female mouse hearts at E18.5 to NB18.5+1. Graphs represent quantifications of fold changes of protein levels in 
hearts at birth and one day after birth compared to E18.5. Only enolase 1 (Eno-I) exhibited a noticeable birth-related 
reduction in its level compared to before delivery. The sample size was equal to four. The results are represented as the 
mean values ± SEM. Statistical significance between groups was monitored by one-way ANOVA. *: P<0.05, **: 
P<0.01. 
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NB18.5+1 female mouse hearts. Unlike Eno-I, the remaining glycolytic enzymes studied 

exhibited no statistically significant variations in their perinatal protein levels (Figure 17).  

Notably, due to limited heart samples, the experiments in this Chapter were only 

conducted using heart sample obtained from female individuals. It still needs to be 

investigated whether in hearts isolated from male mice the same pattern would be 

observed. Nonetheless, comparing our RT-qPCR together with WB we noticed that to a 

huge content, at the protein level the glycolysis-regulating enzymes’ content remained 

unmodified following delivery compared to E18.5, meaning that the observed cell cycle 

reduction in CMs (Chapters 3.1.1. and 3.1.2.) would not be as a consequence of energy 

switch immediately after birth.  

 

 

3.3.2. Examining a potential role of oxidative DNA damage in early 

postnatal cardiomyocyte cell cycle arrest 
In contrast to the prenatal mouse life span, in the oxygen-rich postnatal environment more 

than 95% of ATP is produced by glucose and fatty acid oxidation in mitochondria (Doenst 

et al., 2013). As a consequence of fatty acid oxidation higher amounts of ATP are 

generated which is essential for the elevated postnatal mechanical and contractile 

demands of the heart. However, as a by-product of the mitochondrial respiratory chain, 

ROS is generated which leads to oxidative DNA, lipid and protein damage in cells. 

Indeed, modifications such as ROS inhibition has been linked to elevate the postnatal 

proliferation window of CMs in mice, revealing the impact of ROS on CM cell cycle 

arrest (Puente et al., 2014). Accordingly, it is yet to be uncovered, whether the immediate 

birth-related cell cycle arrest observed in our pHH3 and Ki67 IF experiments (Chapters 

3.1.1. and 3.1.2.) would be due to oxidative DNA damage. Additionally, in order to 

counteract the harmful effects of ROS, cells have developed defence mechanisms such as 

various antioxidant enzymes to maintain redox homeostasis (Tsutsui et al., 2009). 

Consequently, observing changes in antioxidant enzyme expression levels in the perinatal 

heart, can indirectly give hints about potential connections between postnatal oxidative 

stress and the immediate cardiomyocyte cell cycle arrest.  
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3.3.3. Steady levels of DNA damage in cardiomyocytes of perinatal male 

mice 
Following an oxidative damage, proteins, nucleic acids, DNA, or lipids, are harmed. 

Accordingly, as a consequence of oxidized base, single- or even double-strand breaks the 

cell cycle withdrawal is induced (Puente et al., 2014). One of the most common DNA 

damages induced by ROS, is oxidation of guanine base. Consequently, the guanine is 

conversed to 8´-Oxo-7,8-dihydroguanine (Kanvah et al., 2010). Thus, to examine a 

possible birth-related increase in DNA damage leading to the cell cycle exist (Chapters 

3.1.1. and 3.1.2.) in mouse cardiac myocytes, an oxidative DNA modification was 

quantified using IF antibody staining against 8´-Oxo-7,8-dihydroguanine (8-Oxo-G). 

Moreover, in order to study DNA damage specifically in CM nuclei they were stained 

using an antibody against MEF2A/C. Consequently, in LV, IVS, and RV of male mouse 

heart sections, the 8-Oxo-G signal intensities in MEF2A/C positive nuclei were quantified 

and the results were related to the fetal E18.5 mean value. Finally, the changes of 8-Oxo-

G signals in CM nuclei at stage E18.5, NB18.5 and NB18.5+1 were presented (Figure 

18).  

Figure 18. Unaltered oxidative DNA damage within the immediate postnatal period in CM nuclei of 
male mice in LV, IVS, and RV. The oxidative damage of DNA in CMs was quantified via IF antibody staining 
on male mouse paraffin sections at E18.5, NB18.5, and NB18.5+1. A) Representative IF staining images in the LV 
myocardium of male mice at three perinatal stages. The 8-Oxo-G was stained in white, CM nuclei in red (by 
MEF2A/C), and nuclei in blue (DAPI). The scale bar demonstrated in white had a length of 50 µm. B) Quantifications 
of 8-Oxo-G signal intensity in CM nuclei showed no significant variations in the degree of cardiac myocyte DNA 
damage during a period immediately after birth in all three ventricular parts of male mice. The numbers represented in 
red reveal the sample sizes. RV: Right ventricle, LV: Left ventricle, IVS: Interventricular septum. The findings are 
illustrated as the mean values ± SEM. Among the studied groups, the statistical significance was assessed by one-way 
ANOVA.  
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Comparing fetal CMs (E18.5) with postnatal CMs directly (NB18.5) and one day after 

birth (NB18.5+1) revealed that no significant changes in the intensity of 8´-Oxo-G 

nuclear signals (in CM nuclei) were observed at LV, IVS, and RV of male mouse hearts 

(Figure 18B). In conclusion, it can be mentioned that the immediate birth-relevant cell 

cycle withdrawal in CM nuclei cannot be as a result of an oxidative damage to DNA. 

 

 

3.3.4. Unaltered protein expression of antioxidant enzymes and proteins 

immediately after birth in female mouse hearts 
To scavenge reactive oxygen species generated along the mitochondrial respiratory chain 

(such as superoxide anions and hydroxyl radicals) and protect the cell from oxidative 

damage, a variety of antioxidant enzymes and proteins are available (Lei et al., 2016; 

Puente et al., 2014). Based on the study performed by Puente and colleagues, to 

investigate the endogenous antioxidant response during the early postnatal stages from 

P1 to P7, it is suggested to investigate the levels of various antioxidant enzymes. 

Assuming that the oxidative stress would act as the main inducer of the birth-dependant 

cell cycle arrest observed in CMs (Chapters 3.1.1. and 3.1.2.), an increase in the level of 

antioxidant enzymes in a birth-dependent pattern would be expected.  

Here, using antibodies against antioxidant enzymes and proteins such as superoxide 

dismutase 2 (SOD2), and thioredoxin 2 (TRX2), the cellular response to variations in 

oxidative stress during the perinatal period in mouse hearts was indirectly assessed. 

Moreover, a family of antioxidant and redox signalling proteins peroxiredoxins (PRDX) 

can be named. Upon prolonged exposure to oxidative stress, the PRDX proteins are 

hyperoxidized and thereby form PRDX-SO3 (Schröder et al., 2008). Therefore, postnatal 

acceleration in PRDX-SO3 level indicates the increased oxidative stress. Indeed, 

comparing protein levels of antioxidative proteins as well as PRDX-SO3 immediately 

after birth compared to fetal stages at E18.5, we observed no statistically significant 

alterations in their level around birth in female mouse hearts (Figure 19). Due to limited 

heart samples isolated from male mice, we did not investigate these factors in male mouse 

hearts, which needs to be analysed in future. However, taken together, based on our 8-

Oxo-G IF findings, together with SOD2, TRX2, and PRDX-SO3 WB outcomes, the birth-
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relevant cell cycle exit in CM nuclei cannot be as a consequence of the oxidative stress 

immediately after birth.  

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

3.4. Investigation of possible alterations in the availability of cytokines 

and growth factors following an exposure to an extrauterine 

environment in mouse hearts 
According to our IF findings we unveiled for the first time that shortly after a separation 

from an intrauterine surrounding the cell cycle activity in CM nuclei declines remarkably 

in both male and female ventricular myocardium (Chapter 3.1.2.). In order to elucidate 

the mechanism underlying the birth-associated declined proliferation rate, we 

investigated the potential DNA damage in CM nuclei. However, via our IF and WB 

experiments we excluded any oxidative DNA modifications within the very early 

postnatal life period, therefore unlikely to cause the early phase of CM cell cycle arrest 

even though it is certainly relevant at later stages. However, our WB, RT-qPCR and IF 

Figure 19. Unchanged levels of antioxidative enzymes shortly after birth in ventricular myocardium 
of female mice. The oxidative damage was indirectly assessed via WB experiments against antioxidative enzymes 
and the level of hyper-oxidation on female mouse hearts at E18.5 and NB18.5. A) WB membranes at two demonstrated 
perinatal stages are illustrated. The housekeeper was vinculin. The used housekeeper for each screen was highlighted 
with the same colour codes. B) Quantification of a fold change of antioxidative proteins and PRDX-SO3 levels in hearts 
at E18.5 and NB18.5, showed no significant variations in the level of the investigated factors immediately after birth 
compared to before delivery. The red number represents the sample size. The graphs for each membrane were 
demonstrated in an identical colour code. In PRDX-SO3 graphs, the T stands for the top band, whereas the B stands 
for bottom band. The results reveal the mean values ± SEM. Statistical significance among groups was conducted by 
unpaired 2-tailed student t-test using SPSS.  
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outcomes concerning cell cycle regulators and pathways’ activities together with the 

previous studies, highlight the potential involvement of cytokines and growth factors in 

the early-postnatal cell cycle regulation. In this context, we hypothesised that the changes 

in supplementation of cytokines and growth factors to the heart after birth could be 

involved in the immediate postanal cell cycle arrest of CMs and non-myocytes shown 

above (see Chapters 3.1.1., 3.1.2., and 3.1.3.). 

 

 

3.4.1. Birth-related variations in RNA expression of cytokines and growth 

factors in mouse and human hearts via in silico analyses 
Initially, prior to any experimental analysis using hearts isolated from mice, to confirm 

altered growth factor and cytokine expression following birth, an in silico screening was 

performed. A study performed by Cardoso-Moreira and the team serves as a useful tool 

to monitor the genome wide developmental RNA expression profile (reachable under: 

https://apps.kaessmannlab.org/evodevoapp/). Accordingly, developmental gene 

expression profiles can be plotted in seven organs including brain, cerebellum, heart, 

kidney, liver, ovary, and testis in several mammalian species such as human, mouse, rat 

and rabbit. RNA expression patterns of 161 cytokines and growth factors derived from a 

“Mouse Genome Informatics” database with the Gene Ontology ID: 0008083, 

demonstrating a cell growth and proliferation function, were investigated in perinatal 

mouse hearts at E18.5 and P0, as well as human hearts at 19 weeks post-conception (19 

WPC) and at birth. According to the factor expression levels at birth, the factors were 

scored as increased, unchanged, and decreased. Finally, the proportion of factors either 

increased, decreased or unchanged following birth was calculated as percentage. Our in 

silico screening results indicated that among 161 studied growth factors and cytokines, 

68% revealed an alteration in their transcriptome profile after birth compared to E18.5. 

Whereas 34% of analysed genes demonstrated an elevated expression following birth, 

34% of genes exhibited a lower expression rate after birth in the mouse hearts. 

Nonetheless, 32% of the cytokine and growth factor genes revealed no alteration in their 

expression pattern at birth compared to E18.5. In humans, 69% of the investigated factors 

revealed an alteration in their expression pattern at birth. Specifically, 28% of the genes 

demonstrated an elevation in their transcriptome level, while the expression pattern of 

41% exhibited a reduction after delivery compared to 19 WPC. Taken together, via our in 

https://apps.kaessmannlab.org/evodevoapp/
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silico screening we indicated that both in human and mouse hearts, the expression pattern 

of over 60% out of 161 studied cytokines and growth factors revealed a modification 

following birth.  

 

 

3.4.2. Altered availability of 11 cytokines and growth factors immediately 

after compared to shortly before birth in male mouse hearts 
In this part of the study, based on our hypothesis as well as our in silico data, our objective 

was to investigate the protein levels of 129 cytokines and growth factors in the mouse 

heart immediately after birth compared to fetal stage E18.5. Therefore, we performed 

proteomics analyses utilizing two antibody-array screening kits for cytokines (111) and 

growth factors (30), separately. To assess the potential effect of the extrauterine 

environment on growth factors and cytokine availability, tissue lysates were prepared 

from whole male mouse hearts at stage E18.5 and NB18.5. Depending on the kit 4 to 8 

membranes are provided (4 membranes for the cytokine kit and 8 membranes for the 

growth factor kit). On each membrane pairs of antibodies against various cytokines and 

growth factors, as well as negative and positive controls, are spotted. Per each membrane 

one sample consisting of the lysate from one whole heart with specific total protein 

concentration was prepared. Following application of the sample on the membrane, the 

proteins of interest are captured by the membrane-bound antibodies on defined spots. In 

followings, the bound proteins are labelled by biotinylated antibodies. Finally, using 

streptavidin-HRP and a chemiluminescent detection system, the density of the pulled-

down proteins in the protein lysate is determined (Chapter 2.2.5.2., Figure 20). 

 

Unlike the in silico screening outcomes, where 68% of the analysed growth factors and 

cytokines demonstrated birth-related altered RNA expression pattern (Chapter 3.4.1.), our 

antibody-array screening results showed that protein levels of 21% of factors were either 

increased or decreased immediately after birth at NB18.5 compared to E18.5. The 

cytokine-array used in this study, was designed to capture 111 cytokines and growth 

factors originating from mice. Our array screening revealed that the availability of 10 

factors was increased significantly following birth compared to E18.5. In addition, 15 

factors showed a significant reduction in their protein level in male mouse hearts at 

NB18.5 vs. E18.5 (Supplementary Table 1). The growth factor array had a capacity for 
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detecting 30 growth factors, among which 12 factors were also included in the cytokine-

array. Consequently, out of 30 analysed growth factors only two including Insulin-like 

growth factor-1 (IGF-1) and Platelet-derived growth factor AA (PDGFAA) revealed a 

noticeable reduction in their availability shortly after birth compared to E18.5. In this 

instance, the postnatal (NB18.5) IGF-1 level was reduced to 0.5 (fold change) and 

PDGFAA to 0.67 of the values observed in E18.5 male murine hearts (Figure 20B). Both 

kits shared 11 antibody pairs against identical growth factors and cytokines including, 

Amphiregulin, EGF, G-CSF, GM-CSF, HGF, IGFBP3, IGFBP6, IL-2, IL-7, M-CSF, and 

PDGFBB. Notably, except for IGFBP6, all the remaining factor in both kits revealed 

identical patterns in their levels at NB18.5 vs. E18.5. Specifically, the level of all ten 

factors remained intact following birth in male mouse hearts compared to E18.5 stage, 

revealing the sensitivity and reproductivity of both kits.  

To avoid false positive results during statistical analyses by using multiple pairwise 

comparisons on the cytokine array data (111 cytokines and growth factors), a false 

discovery rate (FDR) was calculated. Here, for each cytokine a q-value was generated, as 

described in the materials and methods (Chapter 2.2.9.).  

 

 

Figure 20. Significant alterations in protein levels of 11 cytokines and growth factors immediately 
after birth in hearts obtained from male mice. The proteomics analyses were carried out using male mouse 
whole heart lysate at E18.5 vs. NB18.5, applied on antibody-arrays thereby detecting a total of 129 growth factors and 
cytokines. A) An illustration of antibody-array membranes at stage E18.5 and NB18.5 (cytokine-array). On each 
membrane pairs of antibodies against each growth factor and cytokine were printed on specific spots. The growth 
factors and cytokines are specifically pulled-down via spotted antibodies at specific places. Later on, the attached 
proteins are biotinylated and using streptavidin-HRP and chemiluminescent detection, the signals related to each factor 
are detected and analysed. The duplicate dots represent the signals related to each analysed growth factor. The signal 
intensity correlates with the protein amount within the tissue lysate. B) and C) Fold changes of growth factors and 
cytokines in the heart shortly after birth (red dots) in comparison to E18.5. The sample size for each stage was four, 
which is demonstrated in red. The results reveal the mean values ± SEM. Using SPSS, the statistical significance among 
groups was determined by unpaired 2-tailed student t-test. *: P<0.05, **: P<0.01, ***. 
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The factors with q-values lower than 0.05 were considered as statistically significant and 

used for further analyses. Following FDR, out of the initial 25 factors altered after birth, 

9 revealed significant changes in NB18.5 male hearts compared to E18.5 (Figure 20C). 

Accordingly, shortly after birth in mouse hearts, the protein level of Angiopoietin-like 3 

(Angptl3) was decreased to 0.35, Insulin-like growth factor-binding protein 6 (IGFBP6) 

to 0.68, and Serpin F1 to 0.58 (fold change) of their values observed in E18.5 hearts. In 

contrast, the protein level of Adiponectin was elevated to 1.53, C-Reactive Protein (CRP) 

to 1.36, Endostatin to 1.16, Insulin-like growth factor-binding protein 1 (IGFBP1) to 3.74, 

Osteopontin to 2.09, and Resistin to 1.50 after birth in NB18.5 hearts isolated from male 

mice compared to stage E18.5 (Figure 20C). Collectively, via antibody-array screening 

we revealed that at protein level the availabilities of eleven cytokines and growth factors 

such as Adiponectin, Angptl3, CRP, Endostatin, IGF-1, IGFBP1, IGFBP6, Osteopontin, 

PDGFAA, Serpin-F1, and Resisitin, were modified remarkably in male mouse hearts 

shortly after birth compared to the E18.5 stage.  

 

 

3.4.3. Validation of antibody-array findings via Enzyme-linked 

Immunosorbent Assay (ELISA) experiments 
Using antibody-array screenings together with FDR analyses we identified 9 cytokines 

and 2 additional growth factors that exhibited a noticeable variation in their levels in 

mouse hearts following a brief separation from an intrauterine environment. In parallel, 

we have already revealed that shortly after birth the activity of cell cycle in CMs, together 

with the level of cell cycle regulators, and the activity of MAPK-Kinase, AKT, and S6 

signalling pathways in murine ventricular myocardium were reduced significantly. 

Indeed, except for Serpin F1, all the other growth factors and cytokines were reported to 

be either involved in either positive or negative regulations of MAPK-kinase, AKT, and 

mTOR pathways, cell cycle regulator (i.e., Cyclin D1) expression, cardiac cell 

populations’ proliferation, or angiogenesis. Interestingly, their mode of involvement (i.e., 

positive or negative) in the regulation of pathways or proliferation, correlates with their 

availabilities assessed via our array screenings (Chapter 3.4.2.). For instance, via 

antibody-array screening we reported that IGF-1 level in mouse hearts were reduced to 

0.6-fold compared to E18.5 (Chapter 3.4.2.). It has been mentioned that in mouse hearts 

at P2, exogenous thyroid hormone treatment led to increased levels of IGF-1. Moreover, 
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following an interaction between IGF-1 with the receptor IGF-1R, the Erk1/2 

phosphorylation (T202/Y204) is promoted, leading to stimulation of CM proliferation 

(Bogush et al., 2020). Taken together, concurrent with the previous studies, it seems that 

the availability of the identified cytokines and growth factors following delivery would 

influence the CM cell cycle activity. Accordingly, our initial objective was to verify our 

array screening outcomes using sensitive Enzyme-linked Immunosorbent Assay (ELISA) 

experiments. Moreover, cytokines and growth factors are not necessarily expressed in 

CMs (hearts). Nonetheless, different cell types express various cytokines and growth 

factors. The expressed factors can be transported to the heart through the blood 

circulation. For example, as an essential organ in which the IGF-1 is synthesized, liver 

can be mentioned. The expressed IGF-1 is later transported to the target organs, thereby 

influencing the growth of the organs. Additionally, some growth factors and cytokines are 

synthesized in placenta and via the blood circulations the fetus is supplemented with the 

factors. Therefore, our next aim was to investigate the origin of the identified cytokine 

and growth factors. In this context, we investigated the levels of cytokines and growth 

factors in heart, serum, and liver samples obtained from mice at E18.5 and NB18.5, 

together with the serum samples isolated from pregnant and nonpregnant, as well as E18.5 

and NB18.5 mice.  

 

3.4.3.1. ELISA validation of Adiponectin, Angptl3, IGF-1, IGFBP1, 

IGFBP6, and PDGFAA protein levels in perinatal male mouse 

hearts 
Previously, using the antibody-array screenings for mouse growth factors, we found that 

two factors, including IGF-1 and PDGFAA, showed a birth-related decline in their 

availabilities in male mouse hearts. Accordingly, in order to validate the array data with 

an independent method, we performed a set of sensitive ELISA experiments using heart 

samples at E18.5 and NB18.5. Moreover, in order to monitor whether the cytokine and 

growth factor levels within the perinatal stages (E18.5 and NB18.5) would be regulated 

in hearts, or regulated in other organs and thereby the heart supplementation with the 

factors would be influenced, another ELISA experiments were conducted using liver and 

serum samples obtained from mice at E18.5 and NB18.5.  

Evaluating ELISA results, we noticed that shortly after birth, the level of IGF-1 was 

significantly reduced in heart, liver and serum samples compared to E18.5. Here, the IGF-
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1 level in NB18.5 hearts was reduced to 0.6, in serum to 0.7, and in livers to 0.7 (fold 

change) in comparison with their level at stage E18.5 in male mice (Figure 21B). 

Interestingly, via our independent-antibody-array screening, we noticed that the IGF-1 

level was also declined by almost 0.5-fold directly after birth compared to E18.5 (Figure 

20B). After delivery, ELISA validation using male mouse heart lysates revealed a 

significant reduction of 0.8-fold in the PDGFAA levels compared to the fetal stage. 

However, in contrast to heart samples, in serum of male mice no significant changes in 

the availability of PDGFAA were observed directly after birth in relation to E18.5 (Figure 

21A). Notably, due to pre-experimental ELISA analyses using PDGFAA ELISA kit, we 

had limited free ELISA wells. Therefore, we did not assess the PDGFAA levels in liver 

samples, which needs to be addressed in future studies.  

 

Collectively, using ELISA experiments, we confirmed our antibody-array screening 

outcomes concerning IGF-1 and PDGFAA using perinatal mouse hearts. Moreover, 

comparing E18.5 and NB18.5 stages, we noticed that in agreement with the heart 

outcomes, the IGF-1 level in serum and liver samples was decreased remarkably 

Figure 21. Noticeable reduction in the availability of IGF-1 and PDGFAA immediately after birth in 
heart samples isolated from male mice using ELISA. The ELISA experiments were carried out using heart 
and liver lysates, as well as serum samples isolated from male individuals at E18.5 vs. NB18.5. A) An illustration of a 
complete ELISA set for IGF-1 detection composed of duplicates of standards, NC, and heart, serum and liver samples 
at two mentioned stages. The colour intensity correlates with the epitope concentration within the applied protein pool 
samples. Graphs represented in yellow show protein levels of IGF-1 after birth (NB18.5) compared to E18.5 in male 
mouse hearts, serum and livers, which revealed a significant reduction in IGF-1 level in a birth-dependant fashion. B) 
ELISA detection of PDGFAA in NB18.5 vs. E18.5 heart and serum samples showed a birth-related decline in PDGFAA 
levels only in the mouse hearts. In contrast, the PDGFAA level in serum showed no variations after compared to before 
birth. The numbers shown in red represent the sample size. The results are illustrated as mean values ± SEM. Statistical 
significance among groups was assessed by unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: P<0.01. 
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immediately after birth compared to E18.5. With this regard, one reason for this birth-

relevant reduced cardiac level of IGF-1 would be the declined IGF-1 synthesis in liver 

following birth, and thereby decreased IGF-1 heart supplementation. Another reason 

would be that immediately after a separation of an intrauterine surrounding, the placental 

IGF-1 supplementation of fetus would be removed, leading to reduced levels of IGF-1 in 

hearts and livers. Notably, comparing the serum and heart ELISA findings against 

PDGFAA, we noticed that only in heart samples the birth influenced negatively the 

PDGFAA levels. In this context, this can be speculated that the organ in which PDGFAA 

is synthesized, as well as the PDGFAA target organ would be heart.  

 

 

In order to validate the results of our cytokine antibody-array screening using male mouse 

hearts, we performed ELISA experiments for Angptl3, IGFBP6, Adiponectin, IGFBP1, 

Osteopontin, and Endostatin (Figure 22). Similar to the array data, the Angptl3 ELISA 

analyses revealed a significant decline in postnatal levels (i.e., NB18.5) of Angptl3 

compared to E18.5 in all samples. In detail, shortly after an exposure to the extrauterine 

environment, the Angptl3 level in male mouse hearts was reduced to 0.47-fold compared 

Figure 22. Immediate changes in protein levels of Angptl3, IGFBP6, Adiponectin, and IGFBP1 
shortly after birth in male mouse hearts. ELISA experiments were performed using heart and liver lysates, as 
well as serum samples obtained from male mice at E18.5 and NB18.5. A) Shortly after delivery (i.e., at NB18.5) the 
availability of Angptl3 exhibited significant reduction in heart, serum, and liver samples of male mice compared to the 
fetal stage E18.5. B) At NB18.5, the level of IGFBP6 in heart lysates of male mice was decreased in comparison with 
shortly before delivery. C) ELISA analyses conveyed that Adiponectin and IGFBP1 protein levels exhibited significant 
reductions in hearts obtained from male mice at NB18.5 compared to the fetal stage E18.5. However, Osteopontin and 
Endostatin demonstrated no changes in their levels around birth in male mouse heart samples. The numbers shown in 
red represent the number of mice. The results are represented as the mean values ± SEM. To perform statistical analyses 
SPSS software was utilized and the statistical significance among groups was measured by unpaired 2-tailed student t-
test. *: P<0.05, **: P<0.01, ****: P<0.0001. 
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to before birth at E18.5. Moreover, compared to the E18.5 samples, at NB18.5 the Angptl3 

levels in serum were significantly reduced to 0.4 and in livers to 0.5 (fold change) (Figure 

22A). Using ELISA for IGFBP6, we observed noticeable reductions of IGFBP6 levels in 

NB18.5 heart (0.65-fold) and serum (0.4-fold) samples compared to shortly before birth 

(i.e., E18.5) (Figure 22B, and Supplementary Figure 4A). However, the IGFBP6 level in 

male mouse liver samples followed no birth-related changes when comparing NB18.5 

and E18.5 stages (Supplementary Figure 4).  

Having conducted the antibody-array screening, we also performed ELISA validation for 

cytokines with significantly increased levels in the heart after birth (Figure 22). Therefore, 

we validated the availability of Adiponectin, IGFBP1, Osteopontin, and Endostatin at 

stage E18.5 and NB18.5 in heart, liver and serum. Indeed, comparing the levels of 

Adiponectin and IGFBP1 in male mouse heart, serum and liver samples at NB18.5 vs. 

E18.5 using ELISA analyses, we noticed significant elevations in their postnatal levels in 

all three studied sample types (Figure 22C, and Supplementary Figure 4C and 4D). 

Hence, after a short-term exposure to an extrauterine surrounding the availability of 

Adiponectin in male mouse samples was increased by a factor of 1.5 in heart lysates, 3.1-

fold in serum, and factor of 3.3 in liver samples, compared to shortly before birth (Figure 

22C, and Supplementary Figure 4C). Moreover, shortly after birth (at NB18.5) the 

IGFBP1 levels were significantly increased compared to E18.5, reaching 3.7 (fold 

change) in hearts, 5.1 in serum, and 3.3 in livers of male mice (Figure 22C, and 

Supplementary Figure 4D). Our antibody-array screening results using heart lysates from 

male mice concluded significant elevations in protein amounts of Endostatin and 

Osteopontin by the factors of 1.2 and 2.1, respectively, in the heart after birth (Figure 20). 

Nonetheless, no significant changes in their levels were observed in NB18.5 vs E18.5 

male murine hearts using ELISA experiments (Figure 22C). Furthermore, our ELISA 

findings showed that in the serum of male mice at NB18.5 Endostatin levels declined 

after birth to 0.67 compared to E18.5 (Supplementary Figure 4B). Additionally, similar 

to ELISA results in the heart, in the liver no changes in Endostatin level were detected at 

NB18.5 compared to E18.5 (Supplementary Figure 4B). In contrast to Endostatin, 

Osteopontin availability in serum and liver were increased significantly following birth, 

such that the postnatal Osteopontin levels were increased to 1.39 (fold change) in serum 

and 1.75 in livers compared to the E18.5 stage (Supplementary Figure 4E). In conclusion, 

following ELISA validation with the exception of Endostatin and Osteopontin, we were 

able to validate the proteomics data for all tested cytokines and growth factors derived 
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from the antibody array screen in male mouse hearts. Moreover, in general we concluded 

that the perinatal availability of the factors in hearts, serum, and livers samples followed 

the identical pattern.  

 

3.4.3.2. Similar changes in perinatal serum levels of Angptl3, IGF-1, and 

IGFBP6 in females compared to males  
Previously we noticed that 11 cytokines and growth factors revealed identical availability 

pattern in the heart, serum, and liver samples obtained from male mice at NB18.5 vs. 

E18.5. Accordingly, we arose up with two hypotheses: 

1. The organ supplementation with the factors would be modified after birth compared 

to before birth; which could be as a secondary consequence of the loss of placental 

influence. 

2. The expression pattern of the identified growth factors and cytokines within the organ 

would be modified following delivery.  

It is still elusive, how the levels of the identified factors in heart, serum, and liver samples 

isolated from female mice would be regulated following birth. Assuming that the 

placental supplementation of hearts would be essential in the availability of growth 

factors and cytokines after birth (either placental factor inhibition or placental factor 

synthesis), the level of factors in serum sample isolated from the female perinatal mice 

would have identical pattern, as what observed in male mice. Therefore, our next 

objective was to investigate how the cytokine and growth factor levels in serum isolated 

from female E18.5 and NB18.5 would be. Notably, we investigated the factors that 

revealed a decline in their level following birth. Consistent with findings in males, in 

females at NB18.5 there was a significant drop in serum levels of Angptl3, IGF-1, and 

IGFBP6 compared to E18.5. Specifically, Angptl3 level was reduced to 0.6, IGF-1 level 

decreased to 0.65, and IGFBP6 level dropped to 0.4 of their concentrations at E18.5 in 

ELISA experiments (Figure 23A). However, in contrast to males (Figure 21B), the 

PDGFAA level at NB18.5 was significantly elevated to 1.4 of its level observed at E18.5 

in females (Figure 23A).  
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Moreover, in order to study the expression patterns of growth factors and cytokines at 

RNA level in mouse hearts, we designed primers for all selected 10 cytokines and growth 

factors. However, due to limited RNA samples isolated form female mouse hearts, as well 

as technical issues concerning the primer optimization step, it was not possible to conduct 

RT-qPCR experiment using primer pairs against all cytokines and growth factors. 

Furthermore, due to lack of heart samples from male mice, the RT-qPCR was not carried 

out using male mouse hearts; which has to be performed in future. Unlike proteomics 

results from male mouse hearts using antibody arrays and ELISA analyses, at the RNA 

level the expression of Angptl3, Col18a1 (encoding Endostatin), Igfbp6, and Pdgfa 

remained constant around birth in female mouse hearts (Figure 23B). Nonetheless, 

immediately after an exposure to the extrauterine environment the Igf1 and Spp1 

Figure 23. Birth-dependent changes in protein levels of Angptl3, IGF-1, IGFBP6, and PDGFAA in 
female mouse serum samples. ELISA and RT-qPCR analyses were performed using serum or heart samples, 
respectively, isolated from female mice at E18.5 and NB18.5. A) ELISA analyses showed that levels of Angptl3, IGF-
1, and IGFBP6 in serum obtained from female mice were significantly reduced directly after birth compared to the fetal 
stage, while the PDGFAA availability was elevated immediately after delivery in the female mouse serum. B) RT-
qPCR analyses using RNA from female mouse hearts are represented. Following birth, the expression of Igf1 and Spp1 
(coding for Osteopontin) in hearts of female mice was significantly increased compared to the fetal stage E18.5, 
whereas the expression pattern of the remaining investigated factors was unchanged following birth. The numbers 
shown in red represent the number of studied mice. The results are illustrated as mean values ± SEM. Statistical 
significance among groups was assessed by unpaired 2-tailed student t-test using SPSS. *: P<0.05, **: P<0.01, ****: 
P<0.0001. 
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(encoding Osteopontin) RNA expression was significantly increased in female mouse 

hearts compared to the fetal stage. In particular, at NB18.5 the Igf1 RNA level was 

elevated to 1.4 and Spp1 to 8.0 (with huge variability) of their levels observed at E18.5 

(Figure 23B). Notably, due to post-transcriptional modifications, any conclusions based 

on RT-qPCR experiments without proteomic analyses would not be logical. Nonetheless, 

collectively our RT-qPCR and ELISA findings using the serum samples (male and female) 

of perinatal mice, it is very probable that the placental supplementation of heart would be 

as main factor in the modifications in the factor level, since the level of the studied factors 

(Angptl3, IGF-1, and IGFBP6) in serum of both sexes were identified. Additionally, in 

female mouse hearts, the RNA levels of these factors were almost intact following birth, 

which would emphasize on the ectopic supplementation of heart with the factors.  

 

3.4.3.3. Comparison of selected growth factors and cytokines in the serum 

of pregnant versus non-pregnant female as well as perinatal mice 
After conducting ELISA validation on heart, liver and serum samples obtained from 

perinatal mice, we largely confirmed the antibody-array screening results obtained from 

heart samples of male mice. In general, among the studied growth factors and cytokines 

almost all followed a similar pattern in their postnatal levels in all three sample types (i.e., 

heart, serum, and liver), when comparing NB18.5 to E18.5. Consequently, based on our 

ELISA findings on male and female animals and the RT-qPCR outcomes using female 

heart samples, we hypothesized that the serum availability acts as an essential parameter 

in the factors’ supplementation to peripheral organs including the heart. Therefore, we 

next aimed to address the question whether mice are provided with the growth factors and 

cytokines identified in this study through the blood circulation of their mothers within the 

fetal life span. With this regard, we specifically focused on the factors that exhibited a 

noticeable decline in their levels after birth in the heart compared to shortly before 

delivery. Therefore, we performed a set of ELISA experiments comparing the levels of 

Angptl3, IGF-1, IGFBP6, and PDGFAA in serum samples obtained from pregnant 

(pregnancy days including 13, 14, and 18), and non-pregnant adult females, and perinatal 

male and female mice.  

Our ELISA investigations concluded that the serum levels of all four analysed growth 

factors and cytokines followed a similar pattern between E18.5 and NB18.5 in male and 

female mice (Figure 23 and Figure 24). It is noteworthy that the serum findings 
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concerning female fetal and neonatal mice represented in this chapter, are the same data 

discussed in the previous chapter (3.4.3.2.). In the serum samples isolated from pregnant 

and non-pregnant adult female mice, Angptl3 levels were noticeably lower than in fetal 

and neonatal mice (Figure 24A). Notably, at E18.5 the Angptl3 level in mouse serum 

demonstrated its highest value among the analysed samples, reaching three times higher 

levels than those observed in both pregnant and non-pregnant females. After delivery at 

NB18.5, the Angptl3 serum level declined significantly compared to E18.5. Nonetheless, 

its concentration was still 1.5-fold higher than that detected in serum samples obtained 

from pregnant and non-pregnant adult females (Figure 24A). Nevertheless, comparing 

pregnant with non-pregnant female mice, no significant changes in the Angptl3 level in 

serum was identified. In this regard, it could be possible that the fetus would be able to 

express and synthesize Angptl3 itself to achieve sufficient serum levels. Additionally, it 

is very probable that the heart would not necessarily be supplemented mainly by placental 

Angptl3 level. 

Figure 24. Serum levels of selected growth factors and cytokines in pregnant mice compared to non-
pregnant females as well as fetal and neonatal mice. ELISA experiments were carried out using serum samples 
from pregnant females, E18.5 and NB18.5 mice (both sexes), and adult non-pregnant female mice. A) The graphs 
represent the ELISA data for Angptl3, B) IGF-1, C) IGFBP6, and D) PDGFAA detection. The row on top reveals the 
data corresponding to male perinatal mice, while the bottom row represents the findings related to the serum samples 
isolated from female perinatal mice. The graphs for each factor were illustrated with the identical colour code of the 
frame. For each growth factor and cytokine only one ELISA kit was used using male or female serum samples, as well 
as pregnant and non-pregnant adult female mice, The number illustrated in red is the sample size n for all female 
individuals. However, the n for male perinatal animals was 5. The results show the mean values ± SEM. Statistical 
significance among groups was conveyed by one-way ANOVA. *: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001. 
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Interestingly and in contrast to Angptl3, all other studied factors including IGF-1, 

IGFBP6, and PDGFAA exhibited noticeably higher levels (almost 2- to 5-fold) in the 

serum of pregnant and none-pregnant female mice when compared to fetal and neonatal 

mice. Comparing serum samples isolated from pregnant compared to both E18.5 and 

NB18.5 (male and female) mice, we noticed lower concentrations of IGF-1. Specifically, 

in E18.5 mice the IGF-1 level was reduced by the factor of 0.26 of what was observed in 

pregnant females. A further decline was observed in the IGF-1 levels in NB18.5 mouse 

serum samples to 0.15 in comparison to pregnant mice. However, the non-pregnant 

female mice exhibited 1.8-fold higher concentration of IGF-1 in their serum than pregnant 

females (Figure 24B). In conclusion, lower serum levels of IGF-1 in samples obtained 

from fetal and neonatal mice compared to adult (pregnant or non-pregnant) does not 

necessarily stand for the placental supplementation of hearts with IGF-1 at E18.5. As a 

consequence of a separation from an intrauterine environment, the IGF-1 level in serum 

of neonatal mice declined compared to o E18.5.  

In case of IGFBP6, its level in the serum samples obtained from pregnant animals was 

almost 2.8 times higher than in fetal E18.5 mice (0.4-fold change in female, and 0.34-fold 

change in male E18.5 serum) (Figure 24C). As described before exposure to an 

extrauterine environment led to a further decrease in IGFBP6 levels, reaching 0.16-fold 

change in NB18.5 female and 0.12-fold change in NB18.5 male animals compared to 

pregnant females. Later in life, the concentrations of IGFBP6 revealed a significant 

elevation in the serum of adult female animals (from 0.16- to 0.6-fold) compared to 

neonatal females. In addition, the level of IGFBP6 in the serum of pregnant mice is almost 

twice of that observed in adult non-pregnant females (Figure C). In conclusion, it can be 

pointed out that during pregnancy the IGFBP6 level increases in the serum of the mother 

(comparing pregnant and non-pregnant mice). Following a maternal supplementation and 

through the placenta, the fetal hearts are provided with IGFBP6. Finally, immediately 

after birth and upon the terminated placental supplementation, the IGFBP6 level in 

neonatal mice decreased, and the remaining IGFBP6 level was produced in the hearts or 

livers of the neonates.  

PDGFAA concentrations in the serum samples of E18.5 female and male mice were much 

lower than the values observed in pregnant mice (Figure 24D). In this respect, PDGFAA 

level are reduced to 0.24-fold in E18.5 females and 0.26-fold in E18.5 males in 

comparison to its level detected in pregnant female mouse serum. Although shortly after 

birth the PDGFAA levels in the serum of male mice remained unchanged, in NB18.5 
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females PDGFAA concentrations were slightly elevated by a factor of 1.3 compared to 

E18.5 (with the P<0.05, not mentioned in the graph). Moreover, unlike IGF-1 and 

IGFBP6, the PDGFAA availability in the serum isolated from adult females were not 

influenced by pregnancy (Figure 24D). Consequently, according to our experiments, we 

cannot demonstrate the origin of the factors (i.e., PDGFAA). 

Consequently, having evaluated the antibody-array screening data in combination with 

ELISA and RT-qPCR investigations, we noticed that expression and protein levels of 

certain cytokines and growth factors changed in serum and hearts in the immediate 

perinatal period. Additionally, assessing IGF-1, IGFBP6, and PDGFAA levels in serum 

samples obtained from pregnant females versus perinatal mice, we noticed higher 

concentrations of these factors in pregnant animals compared to fetal and neonatal serum 

samples. In this context, it is very probable that during the prenatal period, the embryo 

and foetus might be supplemented with maternally derived factors by exchange via the 

placenta. Notably, assuming that this maternal supplementation idea would make sense, 

we would expect that the levels of these factors in serum sample obtained from pregnant 

female mice would be higher than in non-pregnant individuals. Accordingly, we only 

observed the mentioned conditions in IGFBP6. Once again, in order to investigate the 

expression patterns of the growth factors such as Angptl3, IGF-1, IGFBP6, and PDGFAA 

following birth in mouse hearts we performed RT-qPCR analyses in female mouse hearts 

(Figure 23B). However due to limited number of heart samples isolated from male mice, 

we did not assess the expression patterns of the mentioned genes in fetal and neonatal 

male mouse hearts. In addition to our RT-qPCR results, we analysed the transcriptome 

levels of the Angptl3, IGF-1, IGFBP6, and PDGFAA proteins in mouse hearts (no gender 

related differentiation) at E18.5 and birth (P0) represented by Cardoso-Moreira and the 

team (reachable under: https://apps.kaessmannlab.org/evodevoapp/) (Figure 25). 

Accordingly, we searched for the Reads Per Kilobase per Million mapped reads (RPKM), 

corresponding to each sequenced transcript for each selected cytokine and growth factor 

in mouse hearts at E18.5 and P0 (represented by Cardoso-Moreira, in silico analyses). For 

each factor, the single RPKM data were normalized to the RPKM data corresponding the 

E18.5 mouse hearts, and thereby the data were represented as a fold change compared to 

the E18.5 (Figure 25). In agreement with our RT-qPCR outcomes using female hearts 

(Figure 23B), our in silico data revealed that the after birth the expression patterns of 

Igfbp6 and Pdgfa remained unchanged in mouse hearts. Moreover, the Igf1 expression 

level was significantly increased in mouse hearts after birth compared to E18.5 (RT-qPCR 

https://apps.kaessmannlab.org/evodevoapp/
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and in silico; Figure 23B and 25). Notably, we did not note any statistically remarkable 

modifications in expression of Angptl3 in female mouse hearts after birth compared to 

E18.5. Nonetheless, the in silico findings revealed a noticeable elevation in the Angptl3 

transcript level by the factor of 4.5-fold change after birth compared to E18.5 (Figure 25). 

Collectively, transcriptome analyses revealed that the mentioned factors were expressed 

in mouse hearts. Furthermore, following delivery the expressions of the Angptl3, Igf1, 

Igfbp6, and Pdgfa in mouse hearts were either enhanced or remained unchanged. 

However, at the protein levels, we noticed that the factors’ levels were reduced 

remarkably briefly after a disconnection from the intrauterine environment in neonatal 

mouse hearts compared to the fetal mice. With these regards, it is very probable that in 

fetal life span, in addition to the maternal supplementation the factors are synthesized in 

mouse heart, liver or any other organs and thereby supplement the heart.  

 

 

Figure 25. Expression levels of selected growth factors and cytokines in fetal and neonatal mouse 
hearts assessed by in silico analyses. In silico investigations based on the row transcription data consisting of 
RPKM (Reads Per Kilobase per Million) provided by Cardoso-Moreira and colleagues. The graph represents the fold 
change of the transcriptomes (RPKM) of the Angptl3, Igf1, Igfbp6, and Pdgfa in mouse hearts at E18.5 and P0 (birth). 
For each stage four RPKM values were represented. Each single data was normalized to the mean value of the E18.5, 
and thereby the data were represented as a fold change of E18.5. Following birth, the expression levels of Angptl3 and 
Igf1were increased in mouse hearts, whereas the Igfbp6 and Pdgfa transcriptome levels remained unchanged in mouse 
hearts at P0 compared to E18.5. The zoom-in represents the distribution of Pdgfa single data. The results show the 
mean values ± SEM. Statistical significance among groups was conveyed by one-way ANOVA. **: P<0.01. 
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3.5. Stimulation of cell cycle activity in neonatal mouse cardiac myocytes 

with selected growth factors and cytokines in vitro 
As outlined in Chapter 3.1., within the first week after birth in mice the cell cycle activity 

in CMs declines in such a way that adult CMs are unable to proliferate. Using Ki67 and 

pHH3 IF experiments this study showed that immediately after a disconnection from an 

intrauterine environment, the cell cycle in cardiac cells including CMs was reduced 

compared to the fetal stage (Chapter 3.1.). Concomitant with the cell cycle arrest, growth 

signalling together with cell cycle regulators (i.e., type-D Cyclins) were reduced 

immediately after birth (Chapter 3.2.). With this respect, following our antibody array 

screen, we identified 11 growth factors with altered levels immediately after birth which 

are possible candidates to be involved in perinatal CM cell cycle regulation. Accordingly, 

for subsequent in vitro studies, we initially focused on those factors which exhibited a 

drop immediately after birth including Angptl3, IGF-1, IGFBP6, and PDGFAA. 

Accordingly, we attempted to induce cell cycle activity by incubating the selected factors 

on neonatal mouse primary CMs under in vitro conditions. Since IGF-1 has already been 

investigated, revealing that enhanced IGF-1 level in mouse hearts following a thyroid 

hormone treatment, promoted cell cycle activity in CMs (Bogush et al., 2020), we 

excluded it from in vitro experiments. A biding partner for Angptl3, is integrin receptors 

ανβ3 (using the GeneCards human gene data base, (reachable under: 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP6) (Camenisch et al., 2002). 

It has been reported that the integrin receptors ανβ3 regulate the cardiac growth by 

regulating the activation of AKT, mTOR, and GSK-3ß in hearts (reviewed by Lal et al., 

2009). Moreover, in adult CMs the ectopic activity of integrins enhanced the mitosis 

incidence after a myocardium infarction (Chen et al., 2017; Kühn et al., 2007). In rat 

corneal assay also, Angptl3/integrin receptors ανβ3 interaction promoted the angiogenesis 

via MAPK and AKT activation (Camenisch et al., 2002). Additionally, concomitant with 

our findings regarding the birth-relevant declined cell cycle activity in CM nuclei, our 

RT-qPCR findings on mouse hearts, as well as ELISA and antibody-array screening 

results demonstrate a significant reduction of Angptl3 levels in various samples 

immediately after birth. In human hearts the single cell data (reachable under: 

https://www.proteinatlas.org/ENSG00000197461-PDGFA/single+cell+type) revealed 

that the PDGFA is expressed in various cardiac cell populations. Moreover, following our 

RT-qPCR and the in silico analyses (Figure 23B and 25), it can be concluded the Pdgfa 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP6
https://www.proteinatlas.org/ENSG00000197461-PDGFA/single+cell+type
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is expressed in fetal and neonatal mouse hearts, as well. In humans, the PDGFAA 

treatment has stablished the proliferation in arterial smooth muscle cells through AKT, 

and p44/p42 activation (Li et al., 2011). Indeed, its levels in male mouse hearts at NB18.5 

were remarkably decreased compared to its level observed in fetal male mouse hearts. 

Moreover, concurrent with the immediate birth-related cell cycle drop in CMs (Figure 12, 

13, and 14), the activity of AKT and Erk1/2 in male hearts at NB18.5 were reduced in a 

birth-related manner when compared to fetal hearts. With these regards, we selected 

Angptl3 and PDGFAA for treatment of primary neonatal mouse CMs to investigate their 

potential to induce cell cycle activity. Notably, the IGFBP6, as well as the remaining 

cytokines and growth factors revealing an elevation in level in neonatal mouse hearts 

compared to E18.5, will be investigated in future.  

 

 

3.5.3. The BrdU-incorporation incidence in primary CM nuclei was 

enhanced following a treatment with 100 ng/ml PDGFAA, whereas 

the 200 ng/ml Angptl3 did not influence the BrdU incorporation in 

CMs 
In this study, we initially unveiled that briefly after delivery the cell cycle activity in 

murine cardiac cells including CM and non-myocytes nuclei reduced remarkably 

compared to fetal stages (E17.5 and E18.5). Moreover, following one day after birth 

compared to shortly after delivery, the cell cycle activity in CM nuclei decelerated further 

(Chapter 3.1.), highlighting the influence of a separation from an intrauterine surrounding 

on the cell cycle withdrawal. Concurrent with the birth-dependant cell cycle decline in 

CM nuclei, we unveiled that 11 cytokines and growth factors exhibited a variation in their 

availability at NB18.5 hearts compared to E18.5. In this context, our final objective was 

to accelerate the cell cycle rate in primary CMs by treating them with the selected factors 

that demonstrated a reduction in their level in mouse hearts briefly after birth (i.e., 

Angptl3 and PDGFAA).  

Initially, we aimed at investigating the optimal concentrations of Angptl3 and PDGFAA 

for the treatment of primary CMs. In this context, we searched for the in vitro studies 

conducted not only on CMs but also on other cell types using the mentioned factors. The 

suggested doses of Angptl3 in various studies, were totally divers, ranging from 50 to 500 

ng/ml, and 2.2 to 60 µg/ml (Camenisch et al., 2002; Dai et al., 2015). However, we 
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primarily selected the 100 and 200 ng/ml (based on the suggested 50-500 ng/ml range) 

concentrations of Angptl3 for our in vitro experiments.  

Figure 26. Increased incidence of BrdU incorporation in CM nuclei after a treatment of primary 
CMs with 100 ng/ml PDGFAA and 10% FCS. The BrdU rate in isolated CM and non-myocyte nuclei was 
measured via IF antibody staining against BrdU and Actinin. A) Graphs represent the proportion of CM (on left) and 
non-myocyte (on right) nuclei exhibiting a BrdU staining after treatment with either NC (10 mM acetic acid), 50 or 
100 ng/ml PDGFAA, and PC (10% FCS). Red numbers in graphs represent the number of repeated experiments. 
Following treatments with 100 ng/ml PGDFAA and 10%FCS, the BrdU rate in CM nuclei enhanced remarkably 
compared to the treatment with NC and 50 ng/ml PDGFAA. NC: Negative control, PC: Positive control. Statistical 
significance among groups was conveyed by one-way ANOVA using SPSS. *: P<0.05, **: P<0.01. B) Illustration of 
comparable regions from wells corresponding the treatments. The nuclei are shown in blue (DAPI). The CMs were 
stained by Actinin and are represented in green. Moreover, the BrdU incorporation was stained in red. The yellow 
arrow highlights the CM nuclei exhibiting BrdU signals. The scale bar (demonstrated in white) is 100 µm. The white 
box in merge image, demonstrates the magnified region illustrated in zoom-in part. 
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The PDGFAA in return, was tested only in ng/ml concentrations. In a study performed on 

human valve endothelial cells, the consumed concentration of PDGFAA to induce 

phosphorylation of AKT was reported to be 50 ng/ml (Moore et al., 2021). With this 

regard, we assessed 50 and 100 ng/ml concentrations of PDGFAA.  

Figure 27. The rate of BrdU incorporation in CM nuclei was increased after a supplementation with 
10% FCS. The BrdU rate in isolated CM and non-myocyte nuclei was measured via IF antibody staining against 
BrdU and Actinin. A) The graphs represent the proportion of CM nuclei (on left), and non-myocytes (on right) 
demonstrating an activity in S-phase after a treatment with either NC (PBS), 100 or 200 ng/ml Angptl3, and PC (10% 
FCS). Numbers in graphs (in red) represent the number of repeated experiments. 24h after a treatment with 10%FCS, 
the BrdU rate in CM nuclei enhanced remarkably compared to the treatment with NC, 100 ng/ml and 200 ng/ml 
Angptl3. NC: Negative control, PC: Positive control. Via one-way ANOVA using SPSS, the statistical significance 
among the groups, was determined. *: P<0.05. B) Illustration of comparable regions from wells belonging toeach 
treatment set-up. The nuclei are stained in blue (DAPI). The CMs were stained by Actinin and shown in green. 
Furthermore, the BrdU incorporation was stained in red. The yellow arrow points to the CM nuclei exhibiting BrdU 
signals. The white scale bar is 100 µm. The white box in merge image, represents the magnified region illustrated in 
zoom-in part. 
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Accordingly, we isolated primary CMs from neonatal mouse hearts, and treated them for 

24 h with the mentioned concentrations of two factors. Moreover, the factors were 

delivered as a lyophilized powder which were reconstituted in the solutions suggested by 

the manufacturers. Therefore, the negative control (NC) proportion of the primary CMs 

were treated with the medium containing only the reconstitution solution. Additionally, 

as a positive control, a group of cells was treated using a medium containing 10% fetal 

calf serum (FCS). 24 h after the incubation in the treatment medium, the IF antibody 

staining was carried out. Accordingly, the proportion of CMs and non-myocytes 

exhibiting an activity in S-phase of the cell cycle were represented as the rate of BrdU 

and Actinin double-stained nuclei (for CMs), as well as the rate of single BrdU-stained 

nuclei (non-myocytes) (Figure 26). Via IF antibody staining, we observed that 1.7% of 

the total primary CM nuclei exhibited a BrdU incorporation following 24 h of the 

treatment with the medium containing reconstitution solvent (10 mM acetic acid), in NC 

group. Moreover, 24 h after the incubation with the medium containing 50 ng/ml 

PDGFAA, the proportion of BrdU stained CM nuclei did not change noticeably compared 

to the NC. Accordingly, 1.5% of the entire investigated CM nuclei exhibited the BrdU 

signals. Interestingly, increased treatment dosage of PDGFAA to 100 ng/ml, enhanced the 

rate of BrdU-positive CM nuclei significantly to 2.7%, compared to NC, and 50 ng/ml 

PDGFAA groups. Moreover, following a treatment in 10% FCS, the rate of S-phase active 

CM nuclei increased remarkably to 4.2%, compared to NC and 50 ng/ml PDGFAA groups 

(Figure 26A). The nonmyocytes in return exhibited no treatment-related modifications in 

their S-phase activity. With this respect, the proportion of non-myocyte nuclei stained for 

the BrdU was 75.7% in NC, 72% in 50 ng/ml PDGFAA, 71.6% in 100 ng/ml PDGFAA, 

and 73.6% in PC (10% FCS) groups (Figure 26A). Consequently, due to our IF staining 

on primary CMs, we noticed that 100 ng/ml PDGFAA enhanced the S-phase activity rate 

in CM nuclei. However, to reach the value observed following a 10% FCS treatment, a 

higher concentration of PDGFAA such as 200 ng/ml would be suggested. 

Since the delivered Angptl3 was suggested to be dissolved in phosphate-buffered saline 

(PBS) (the cell culture grade). Therefore, the NC cellular populations were treated with 

the treatment medium containing PBS. Notably, since the treatments of neonatal CMs 

with PDGFAA and Angptl3, were performed simultaneously, therefore, only one PC 

group (n equal to 4) for both treatment sets, was studied. Our IF findings revealed that 

2.5% of the total CMs nuclei revealed a S-phase activity following 24 h of incubation in 

medium supplemented with PBS, in the NC group. Moreover, following treatments with 
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100 or 200 ng/ml Angptl3 no statistically significant variations were observed in the rate 

of CM nuclei exhibiting BrdU staining, compared to the NC group. Briefly, the proportion 

of CM nuclei stained for incorporated BrdU was 2.1% in 100 ng/ml Angptl3 treatment 

set, and 2.4% in 200 ng/ml Angptl3 group. Furthermore, the rate of CM nuclei with a S-

phase activity was enhanced to 4.2% after 24 of incubation of the cells in the treatment 

medium containing 10% FCS, compared to the other studied groups. Notably, no 

statistically significant changes in BrdU incorporation rate in CM nuclei treated in both 

control groups such as NC and PC were noted (Figure 27A). Similar to PDGFAA 

treatment sets, the Angptl3 treatment, and its corresponding NC (PBS containing 

medium) and PC (10% FCS), did not influence the rate of S-phase active non-myocytes. 

Accordingly, the proportion of non-myocytes exhibiting a staining for the incorporated 

BrdU was 77.8% in NC (PBS), 74% in 100 ng/ml Angptl3, 75.6% in 200 ng/ml Angptl3, 

and 73.6% in PC (10% FCS) groups (Figure 27A). Consequently, following IF staining 

experiments on primary CMs isolated form neonatal mouse hearts, we noticed no 

modifications in BrdU incorporation rate in CM and non-myocytes following treatments 

with 100 ng/ml or 200 ng/ml Angptl3.  

 

 

3.5.4. An incubation of cultured primary mouse CMs with 200 ng/ml 

Angptl3 significantly enhanced the P70S6K1 and S6 activity and 

Cyclin D2 level 
Via our BrdU-incorporation analyses, we revealed that an incubation of cultured primary 

CMs isolated form neonatal mice, did not influence the cell cycle activity in both CMs 

and nonmyocytes (Figure 27). However, in order to monitor the influence of the Angptl3 

on CMs at molecular level, we performed WB analyses using mouse primary CMs. 

Therefore, the CMs were treated for 24 h with PBS (corresponding NC), or 200 ng/ml 

Angptl3, or 10% FCS (PC), and finally the cell lysates were used for WB experiments. 

In this respect, we assessed the influence of Angptl3 on the activity of mTORC1, AKT, 

and MAPK-Kinase, as well as the level of Cyclin D2 in cultured primary CMs. It is 

essential to mention that due to the technical issues, we were not successful visualizing 

and thereby detecting the total protein bands. In this respect, we normalized the intensity 

of the phosphorylated forms to the Vinculin intensity. Single results were normalized to 
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the mean value of the NC and data were represented as the fold change of NC (Figure 

28).  

 

 

Figure 28. The P70S6K1, S6, and AKT activity and Cyclin D2 was enhanced primary CMs following 
a supplementation with 200 ng/ml Angptl3. The activity of AKT, mTORC1 (S6 and P70S6K1) and MAPK-
kinase (p44/42) was monitored by measuring the phosphorylation and Vinculin (housekeeper) intensity using WB 
experiments. A), B), and C) WB using whole protein extracts obtained from cultured primary mouse neonatal CMs 
following 24-hours of incubation with either PBC (NC), or 200 ng/ml Angptl3, or 10% FCS (PC). A) The 
phosphorylated form of S6 (at serine 235 and 236), P70S6K1 (at threonine 389), and Cyclin D2 with Vinculin levels 
were represented (labelled in green). B) The phosphorylated stated of p44/42 (at Thr202/204), and the related Vinculin 
level were demonstrated in yellow. C) AKT phosphorylation (at serine 473), and Vinculin (house keeper) levels were 
represented in blue. Each blot was demonstrated and the corresponding graphs, were demonstrated in identical colour 
codes. WB quantifications were carried out by normalizing the phosphorylated or total protein to the vinculin band 
intensity. The results were normalized to the NC data and were represented as fold change. Data exhibited a significant 
elevation in S6, P70S6K1, and AKT phosphorylation, as well as Cyclin D2 level as a consequence of a treatment of 
the primary CMs with 200 ng/ml Angptl3, and 10% FCS compared to NC (A and C). Notably, the Angptl3 treatment 
did not influenced the p44/42 activity, whereas the 10% FCS treatment accelerated the activity of p44/42 (B). The red 
numbers show the sample size. The results were illustrated as the mean values ± SEM. Statistical significance among 
groups was conveyed by one-way ANOVA. *: P<0.05, **: P<0.01, ***: P<0.001. 
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Our WB data revealed that following a treatment of primary CMs with 200 ng/ml of 

Angptl3, the activity of P70S6K1 enhanced remarkably to 1.5-fold compared to what 

observed in NC (Figure 28A). Moreover, in PC the phosphorylated state of P70S6K1 was 

twice of that observed in NC. In addition, both Angptl3 and 10% FCS treatments 

significantly increased the S6 activity and the Cyclin D2 level in primary mouse CMs in 

comparison to the NC. Accordingly, S6 activity was significantly enhanced 1.6-fold and 

the Cyclin D2 level was noticeably increased 4.5-fold in CMs as a consequence of an 

incubation in Angptl3. Moreover, the S6 activity was 1.7-fold and the Cyclin D2 level 

was 12.6-fold greater in PC than in NC. It is essential to mention that since the p-AKT-

corresponding band (the lower in Figure 28C) was too close to p-P70S6K1 band, we were 

not able to measure the intensity of the p-AKT. Nonetheless, only by considering the blot, 

it seems that both Angptl3 and 10%FCS treatments increased the p-AKT level in primary 

CMs. Additionally, our data revealed that although the Angptl3 incubation did not 

influence the p44/42 activity, an 10% FCS treatment enhanced the p44/42 

phosphorylation degree to almost 1.5-fold compared to NC and 200 ng/ml Angptl3 

(Figure 28B).  

Consequently, our data revealed that following a treatment with 200 ng/ml Angptl3, the 

activity of mTORC1 (S6 and P70S6K1) and AKT, as well as level of Cyclin D2 in 

cultured primary CMs were increased significantly. However, the Angptl3 treatment did 

not show any impact on the activity of MAPK-kinase (p44/42). Collectively, these data 

suggest that the investigated Angptl3 doses might be too low to induce any cell cycle 

activity, however, at molecular levels this low dose promoted the activity of cardiac 

growth-regulating pathways.  
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4. Discussion  
 
4.1. Preterm birth and the role of the extrauterine environment for 

cardiomyocyte proliferation in mammalian organisms 
During the embryonic life period, cardiac growth is mainly regulated by cardiomyocyte 

(CM) proliferation. In the course of the early postnatal stage, following the gradual 

transition from hyperplastic to hypertrophic growth, the proliferation rate is continuously 

decelerated in mice (Chapter 1.1.4.1.; Hirai et al., 2016; Porrello et al., 2011; Soonpaa et 

al., 1996). Interestingly, 14C dating and stereology analyses in human hearts provided 

evidences for a constant CM number from birth until the age of 80 years, as well as a 

continuous reduction of CM turnover throughout life (Bergmann et al., 2015), all together 

emphasizing the role of birth for the postnatal proliferation exit in CMs. The latter raises 

attention about the hearts of humans delivered preterm. Assuming that birth and exposure 

to an extrauterine environment might act as the main inducer of the postnatal cell cycle 

arrest in CMs, individuals delivered preterm might exhibit reduced CM numbers, and 

thereby impaired heart functions compared to humans born at term. The estimation of 

CM numbers in pre-mature delivered humans is almost impossible due to the limiting 

factors, such as ethical reasons as well as lack of materials. Notably, there is almost no 

complete set of materials from identical cardiac regions obtained from healthy term-born 

and preterm-delivered humans with no signs of complications or various congenital 

diseases. However, to investigate the impact of premature birth on factors like CM 

maturation, cardiac function and structure, multiple follow-up studies have been 

conducted on adult human hearts (Bensley et al., 2018; Carr et al., 2017; Crump et al., 

2019; Lewanddowski et al., 2013; Ueda et al., 2014). 

Bensley et al. (2018) used hearts samples obtained at prenatal autopsies of 16 preterm 

infants (delivered 23 to 36 gestation weeks) to investigate the influence of preterm 

delivery on structure of myocardium and development of CMs in humans, who died after 

birth. The control group in return, was composed of tissue samples collected from 37 

stillborn infants with identical gestational age (20 to 40 gestation weeks) to preterm-

delivered infants. Via immunohistochemical staining for Ki67, they reported that in 

almost all preterm hearts, the proportion of cardiac cells exhibiting a Ki67 staining was 

reported to be lower than 0.5%. Notably, the cardiac proliferation rate at the identical 

gestational age was greater in control compared to preterm infants. For instance, while 
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the proportion of cardiac cells with a cell cycle activity at gestational week 27 was 

reported to be almost 2% in control group, in preterm hearts this rate was almost 0.4% 

(Bensley et al.,2018). Furthermore, the factors such as nucleation and polyploidy states 

of the CMs within the entire investigated stages was reported to be identical. Collectively, 

Bensley and team (2018) noted a reduced cell cycle activity in preterm-born human 

infants compared to the stillborn infants with similar gestational age. Notably, the major 

limitations concerning the control group, was that they analyzed post-mortem 

myocardium from stillborn infants which might influence the results. Nonetheless, the 

reduced cardiac cell proliferation rate observed in human premature-delivered cardiac 

tissue, would indirectly hint to possible reduced total numbers of CMs in preterm group 

(Bensley et al., 2018). 

Lewanddowski et al. (2013), studied the influence of preterm delivery on left ventricular 

structure and function in humans. They noted that following a preterm birth, the left 

ventricular mass was enhanced in young adults delivered preterm in comparison to 

preterm-born adults. Furthermore, they observed a significant drop in systolic and 

diastolic cardiac function parameters as a consequence of preterm birth in young adults 

compared to the term-delivered group (Chapter 1.1.5.1.). In addition, Lewanddowski et 

al., Huckstep and team (2018), compared the cardiac function in preterm and term-

delivered humans. Indeed, their findings revealed that following increased sport intensity 

the ejection fraction and the peak systolic longitudinal strain declined significantly in 

preterm groups compared to term individuals. Therefore, they concluded a preterm-

delivery associated reduction in exercise capacity in human hearts (Chapter 1.1.5.1.).  

In 2017 Carr et al., investigated a correlation between a preterm delivery and increased 

incidence of heart failure in early adulthood. They reported a negative correlation between 

gestational age and the risks for heart failure. Specifically, while no risk of heart failure 

was noted in young adults delivered between 32 to 36 weeks, the incidence rate ratio in 

extremely preterm born group (<28 weeks) was 17.0, and in very preterm delivered 

humans (28 to 31 weeks) was 3.58 (Chapter 1.1.5.1.). In another study conducted by 

Crump et al. (2019), an association between premature delivery and a possible enhanced 

risk of ischemic heart disease in adult humans, was investigated. Indeed, their findings 

suggested a reverse correlation between gestational age and the relative risk of ischemic 

heart disease. Accordingly, compared to full-term birth, the preterm delivery (<37 weeks) 

was associated with 53% increased relative risks, whereas the relative risk of ischemic 

heart disease in the early-term birth (37-38 weeks) was 19% (Chapter 1.1.5.1.). 
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Collectively, the findings of the Carr et al. (2017) and Crump et al. (2019), suggest an 

association between preterm delivery and increased risks of heart failure and ischemic 

heart disease later in adulthood.  

As a leading cause of neonatal death globally in children (<5-year-old), 5% to 14% of all 

live births qualify as pre-term birth (<37 weeks of gestation) yearly (Blencowe et al., 

2013; Lee et al., 2013). Moreover, according to WHO (2023), in 2020 13.4 million infants 

were delivered premature, accounting for 10% of all born babies. In this context, a deep 

insight into the relationship between premature birth and the molecular mechanism 

regulating postnatal cardiomyocyte proliferation can be highly beneficial for individuals 

born preterm.  

Unfortunately, ethical reasons limit studies of preterm delivery and its direct 

consequences for the human heart. Additionally, biobanks provide biopsies or cardiac 

tissue samples of individuals with multiple disorders which restrict any conclusions 

concerning the regulation of birth-related cell cycle activity in CMs. Moreover, the 

biobank samples include the autopsies of infants died as a result of premature delivery 

(Bensley et al., 2018). In addition, it is not possible to get access to cardiac biopsies from 

healthy infants with identical gestational age to the premature-delivered humans, limiting 

the control group. In this context, the access to the autopsies of stillborn infants is only 

possible, which might influence the study outcomes. Moreover, utilizing an appropriate 

animal model to assess the impact of preterm delivery on CM number is challenging as 

well. Various factors including gestational time, the intrauterine environment, litter size, 

precociality or atriciality at birth, and growth rates after delivery, might considerably 

influence postnatal cardiac growth and development (Velayutham et al., 2019).  

Moreover, in large mammalian organisms the understanding about the time point, at 

which the CM proliferation capacity is lost, is not well-established yet. In sheep, the cell 

cycle withdrawal seems to take place before delivery. For example, it has been 

demonstrated that in sheep prior to birth, the myocyte number was decreased (Jonker et 

al., 2015). In premature-born lambs (at 128 gestational day) the CM number, cross-

sectional area and proliferation rate were reported to be unchanged in comparison to term-

delivered lambs (150 gestational age) (Lê et al., 2020). According to the previous 

investigations conducted in sheep, the premature delivery was associated with unchanged 

CM total number in left ventricle and intraventricular septum, elevated deposition of 

collagen, reduced right ventricular wall thickness, and decreased peak systolic blood flow 

in the pulmonary artery comparted to term-born group (Bensley et al., 2010; Mrocki et 
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al., 2018) (Chapter 1.1.5.2.). Interestingly, due to the findings of Jonker and colleagues 

(2015), the binucleation in sheep CMs initiated at gestational age 95, and proceeds to 

increase continuously. Furthermore, at E125, 20% of entire CMs were reported to be 

binucleated. Paralleled by increased nucleation, the proliferation rate in CMs reported to 

be reduced in sheep. Briefly, the proportion of CMs active in cell cycle dropped from 8% 

at E95 in LV, to 2.5% at E135 in LV. Collectively, the sheep seem to be an appropriate 

model to study preterm delivery. However, to study the influence of premature-birth on 

CM cell cycle activity, it seems to be more appealing to investigate the infants at E95 

(before the nucleation is developed). Notably, due to huge gestational age (95 to 150 

gestational age), the animal housing condition (need more space than small mammals), 

animal size, sexual maturity (4 to 8 months), number of offspring per pregnancy (1 to 2), 

frequency of pregnancy (1 per year), it was not possible to study preterm conditions using 

sheep hearts in the short doctoral investigation period. In addition, using sheep to 

investigate the upstream factors influencing the birth-related cell cycle regulation in CMs, 

does not seem to be meaningful; since the CM maturation and cell cycle withdrawal 

initiates earlier than term.   

It has been concluded that across species the timing and patterns of nucleation and ploidy 

are not identical (Velayutham et al., 2019). In contrast to large mammals, in mice the 

developmental proliferation dynamics have been studied extensively. Due to the short 

sexual maturity (6-8 weeks), gestational duration (3 weeks), and large litter size (7 to 10 

offspring), as well as well-established animal housing conditions and options for genetical 

manipulation, Mus musculus is widely used as model to study heart development and the 

pathogenesis of congenital heart disease (Finn, 1963; Velayutham et al., 2019). However, 

studying preterm birth using mice is limited. The gestational time of mice lasts between 

18 and 20 days (Murray et al., 2010). Additionally, similar to other rodents, mice are 

altricial organism (Loctin et al., 1983; Velayutham et al., 2019). Consequently, following 

cesarean section, a delivery before term birth in mice will reduce the offspring survival 

(Loctin et al., 1983; McCarthy et al., 2018). In this regard, our main objective was to 

study the influence of birth on postnatal cardiomyocyte cell cycle regulation in mouse 

hearts, rather than studying the impact of preterm delivery.  
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4.1.1. Shortly after exposure to an extrauterine environment cell cycle 

activity significantly declined in mouse hearts 
Previously, studies conducted on mice have reported a significant reduction in the number 

of CMs in S-phase within the early postnatal life period. Briefly, from P1 to P14, the 

proportion of CMs with an activity in cell cycle was noted to be continuously reduced 

such that from P14 on almost no new CMs are generated (Alkass et al., 2015; Soonpaa et 

al., 1996). Remarkably, beginning from P1 the incidence of binucleation in murine CMs 

was enhanced gradually which led to the binucleation of 60-70% of mouse CMs at P14 

(Alkass et al., 2015). Indeed, CMs exhibiting a proliferation capability are dominantly 

mononucleated and diploid (Windmueller et al., 2020). Following an isolation and 

characterization of mononucleated and binucleated CMs at E18.5, P7 and adult mice, 

Windmueller et al. (2020) revealed that the genes essential for G1/S phase transition were 

turned off in binucleated CMs at P7 compared to E18.5 mono- and binucleated CMs as 

well as P7 mononucleated CMs. Notably, their outcomes suggested an E2F/Rb network 

as a central regulator of binucleation induction in P7 CMs. Collectively, their data 

suggested a correlation between nucleation state and declined cell cycle activity in CMs. 

In another study performed by Patterson and team (2017), it was concluded that 

concomitant with increased nucleation or ploidy during the first week after birth in mouse 

CMs, the Tnni3k protein was enhanced. Moreover, a transgenic mouse lacking Tnni3k 

revealed the accelerated EdU incorporation leading to CM proliferation. In addition, the 

Tnni3k knock-down accelerated the number of mononucleated diploid CMs. Taken 

together, these findings suggest the reverse correlation between nucleation and ploidy 

state and cell cycle activity.  

Stereological analyses performed on mice, revealed that from P11 on, the total number of 

murine CMs, remained unchanged (2.6 x 106 cells) (Chapter 1.1.4.1.; Alkass et al., 2015). 

Moreover, in humans, from birth to the age of 80-year-old, the total number of CMs were 

reported to remain constant (i.e., approximately 3 x 109) (Bergmann et al., 2015). 

Collectively, the studies performed in mice and humans (Chapter 1.1.4.1. and 1.1.4.3.) 

highlighted the influence of delivery on proliferation arrest in CMs as well as total CM 

number. In this thesis our main objective was to elucidate the immediate impact of a 

separation from an intrauterine environment on the cell cycle activity in CMs. Therefore, 

an understanding about exact time point at which the cell cycle withdrawal in CMs 

initiates facilitates us to unveil the molecular mechanism underlying this arrest. In this 
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context, we initially investigated the dynamics of cell cycle activity at the precisely-

defined perinatal stages starting from two final embryonic stages, birth and early postnatal 

age in mouse hearts. It is essential to mention that in the entire experimental analyses, we 

investigated the influence of animal sex in cell cycle activity and regulation. Moreover, 

to address the immediate influence of a separation from an intrauterine surrounding, we 

studied hearts from mice at fetal stage E18.5 (isolation by cesarean section) and neonatal 

stage NB18.5 (directly after birth), sharing identical gestational ages. However, only 

NB18.5 individuals were shortly exposed to the extrauterine surroundings. In this regard, 

comparing E18.5 and NB18.5 hearts, facilitates studying the immediate influence of birth 

on postnatal CM proliferation and cell cycle regulation. Moreover, in order to investigate 

whether the cell cycle arrest in CMs would be programmed and might be dependent on 

the gestational age of the animal rather than any environmental impacts, we compared the 

cell cycle activity in CMs at E17.5 and E18.5. Interestingly, comparing E17.5 and E18.5 

stages, we observed no changes in the mitotic rates in CMs or non-myocytes (pHH3 

staining, Chapter 3.1., Figures 7 to 10), as well as cell cycle activity in cardiac cells (Ki67 

results, Chapter 3.1., Figure 6) of male mouse hearts. These data revealed that the cell 

cycle arrest in CMs did not initiate before birth. Notably, we observed a decline in cell 

cycle activity in cardiac cells (Ki67 staining), as well as a significant reduction in mitosis 

rates in CMs and non-myocytes (pHH3 staining) in LV, IVS and RV myocardium of male 

mice immediately after birth (i.e., E18.5 compared to NB18.5; Figure 7). The mitosis rate 

in CMs and non-myocytes exhibited a further noticeable decline following one additional 

day after birth (i.e., NB18.5 compared to NB18.5+1; Figure 7). It is essential to mention 

that in order to validate our IF data, we repeated the IF staining in male mouse hearts. 

Accordingly, with an exception for RV we observed the similar findings concerning the 

dynamics of perinatal mitosis activity in LV and IVS of the male mouse hearts. However, 

the percentage of CMs and non-myocytes exhibiting a mitosis activity in the RV of male 

mice declined initially only at NB18.5+1 compared to E18.5 and NB18.5. Interestingly, 

in contrast to male mice, in female murine hearts, the mitosis rate in CMs and non-

myocytes revealed similar reduction dynamics in all three ventricular parts (LV, IVS, and 

RV). Notably, according to multiple reasons such as unreliable IF staining in RV as well 

as lower total cardiac cell numbers in the RV than the remaining ventricular parts, any 

small variations might lead to huge differences in percentage of cardiac cells showing an 

activity in cell cycle. In this context, it is very likely that there is no difference between 

the sexes concerning the prenatal cell cycle activity in CMs. Taken together, we unveiled 
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that immediately after an exposure to an extrauterine environment, the cell cycle activity 

in mouse CMs and non-myocytes reduced significantly compared to the fetal stage with 

the identical gestational age. In a study conducted by Hirai and colleagues (Hirai et al., 

2016), the dynamic of cell cycle activity in CMs during mouse development from E10.5 

to E18.5, at birth (P0) and at postnatal days P1, P5, and P10 was assessed. Accordingly, 

they used a special transgenic mouse line. In these mice, under a CM-specific promoter 

the Cyclin A2 was expressed in a combination with green fluorescence protein (GFP). 

Accordingly, using an IF antibody staining for GFP, the Cyclin A2 exhibiting CMs will 

be detected and studied. Interestingly, in agreement to our pHH3 results, they noticed that 

compared to E18.5 the percentage of Cyclin A2 exhibiting CMs was reduced significantly 

in LV, IVS, and RV after birth. In brief, at P0 compared to E18.5 CM cell cycle activity 

dropped from 12.5% to 9% in LV, from 11% to 7% in IVS, and from 11% to 4.5% in RV. 

However, unlike in our study, the animal gender was not considered. Hence, a gender-

related difference in cell cycle activity in RV myocardium following birth was not 

reported. In addition, it is not clear whether the gestational age at P0 would stand for birth 

on day 18.5,19.5, or 20.5, since natural birth can occur over a period of three gestational 

days in mice (Murray et al., 2010). Moreover, in their study as well as previous studies 

the gestational age was only related to monitoring the vaginal plague. However, in our 

team we tightly controlled the gestational age, by only an overnight mating procedure 

(Chapter 2.2.1.). Yet, it is noteworthy that consistent with our pHH3 findings, Hirai and 

colleagues noticed a declined rate of CMs exhibiting a progression from G1 to M after 

birth. Indeed, comparing P1 with P0, they also observed a further decline at P1 (Hirai et 

al., 2016).   

In addition to determine cell cycle activity with Ki67 and pHH3, we performed IF 

experiments on perinatal heart sections using an antibody against Cyclin D3 which is 

involved in positive regulation of G1 to S transition. In order to identify CMs, we used 

an antibody against myocyte enhancer factor 2 (MEF2) which is a transcription factor 

expressed in CMs. It has been reported that MEF2 is also expressed in vascular smooth 

muscle cells. Nonetheless, in neonatal smooth muscle cells, the MEF2 level is relatively 

lower compared to CMs (Paddock et al., 2021). Prior to experiments using MEF2, we 

conducted multiple IF test analyses and observed no staining for MEF2 in other cardiac 

cell types including endothelial cells, fibroblasts, and smooth muscle cells. This reveals 

the specificity of our MEF2 antibody in detection of CMs. Therefore, following double 

staining of MEF2 and Cyclin D3, we quantified the proportion of Cyclin D3 expressing 
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CMs and cardiac cells. We indeed observed a noticeable decline in Cyclin D3 signals in 

CM nuclei and cardiac cells in LV and RV regions of male and female mice immediately 

after delivery (Figure 15). Collectively, our Cyclin D3-IF outcomes revealed that briefly 

after birth, the rate of cardiac cells as well as CMs demonstrating a Cyclin D3 staining 

declined remarkably in male and female mouse hearts.  

In summary, our data emphasize an immediate influence of the separation from the 

intrauterine surroundings on cardiomyocyte cell cycle withdrawal in murine hearts. 

Whether our results utilizing mouse hearts could be transferred to humans needs to be 

discussed. As previously mentioned, in sheep and humans as large mammalian organisms 

binucleation and polyploidy, respectively, take place in late gestation (Burrell et al., 2003; 

Jonker et al., 2015; Mollova et al., 2013). Therefore, investigating a potential birth-

associated cell cycle arrest in CMs using humans and sheep, might not be supportive. 

Moreover, the consequence of a termination of fetal development close to the term time 

might not have the identical outcomes on cardiomyocyte cell cycle activity compared to 

mice (Chapter 1.1.5.2.).  

Respective to our IF data, we were next eager to identify the molecular mechanism 

underlying the rapid birth-related cell cycle arrest in murine cardiomyocytes. In general, 

multiple factors have been concluded to be involved in the regulation of proliferation in 

CMs including cell cycle regulators and signaling pathways, as well as energy metabolism 

(glycolysis vs. fatty acid oxidation) and oxygen availability (hypoxia vs. hyperoxia) 

(Chapter 1.1.4.1.).  

 

 

4.1.2. Immediately after delivery the expression of Cyclin D1 and D3 

decreased in the ventricular myocardium of male and female mice 
To determine the molecular mechanism underlying the rapid cell-cycle arrest immediately 

after birth, we initially investigated the expression of cell cycle regulators and the activity 

of various signaling pathways associated with cardiac growth and proliferation in 

perinatal hearts of male and female mice.  

The proliferation withdrawal in CMs is accompanied by increased levels of cell cycle 

inhibitors and a reduction in positive cell cycle regulators after birth. Briefly, while the 

negative cell cycle regulators such as p21Cip1, p27Kip1, and Retinoblastoma (RB) are 

upregulated, the cell cycle promoting factors including Cyclins, Cyclin-dependent 
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kinases, and E2F are downregulated in the mouse heart after birth (Ikenishi et al., 2012; 

Yuan et al., 2017). Indeed, in the study performed by Soonpaa and coworkers, WB 

analyses for diverse cell cycle regulators were performed using mouse hearts isolated 

from various developmental stages starting from E12.5 to adulthood. Their results show 

that expression of Cyclin D1 and D3, as well as phosphorylated RB (indicating Rb 

inactivation and therefore cell cycle progression) at neonatal stages (P1 to P10) were 

reduced compared to embryonic samples. However, CDK4 protein levels remained 

unchanged in neonatal P1 to P10 hearts compared to embryonic hearts (Soonpaa et al., 

1996). Notably, when interpreting the WB findings performed by Soonpaa and colleagues 

some uncertainties arise. In brief, the biological sample size in WB experiment, was not 

mentioned; however, considering the represented blots the samples size seemed to be 

equal to 1. Moreover, no housekeeping proteins or loading controls on the membrane 

were shown. In this context, any meaningful conclusions about the data concerning 

closely related or consecutive developmental stages might be limited, as the 

normalization to housekeeping or any total protein intensity is essential. In our study, to 

explore the rapid effect of the extrauterine environment on expression of cell cycle 

regulators in murine myocardium, we performed multiple WB experiments according to 

the following standards: the exact gestation of mice was determined, the sample size was 

set to 4 mice per stage and/or gender, the signal intensity of detected bands was measured 

and normalized to a housekeeper or loading control, the experiments were validated at 

least twice (technical replicate), and a potential influence of animal gender was 

considered. Notably, our WB findings demonstrated that the protein level of the analyzed 

cell cycle inhibitors p21 and p27, as well as the level of cyclin dependent kinases CDK4 

and CDK6 irrespective of gender remained unchanged shortly after birth (i.e., NB18.5) 

compared to fetal stages (i.e., E18.5) (Figure 14). Interestingly, according to the WB 

analyses performed by Soonpaa et al. (1996) the CDK4 level remained unchanged 

between E18.5 and P1. However, unlike the study performed by Soonpaa and colleagues 

where a postnatal reduction in Cyclin D1 and Cyclin D3 expression was first noticeable 

at P7, we were able to show a statistically significant reduction immediately after birth in 

heart samples obtained from both genders (Figure 14). In addition to our WB findings, 

our IF staining for MEF2 and Cyclin D3, confirmed a birth-related reduction in Cyclin 

D3 level in cardiac cells. Additionally, in CMs the Cyclin D3 level was reduced 

immediately after a separation from an intrauterine surrounding (Figure 15). Paralleled 

by our IF and WB findings, via our RT-qPCR studies using female mouse hearts, we 
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observed at the RNA level the expression of Ccnd1, Ccnd2, and Ccnd3 together with 

Cdkn1a (p21) was remarkably reduced in mouse hearts shortly after birth compared to 

E18.5. Nonetheless, at protein level only the Cyclin D1 and Cyclin D3 levels were 

decreased in a birth-dependent manner. These variations between RT-qPCR and WB 

outcomes could be as a consequence of post-transcriptional modification. In 1997, 

Soonpaa and colleagues investigating the influence of CM-specific overexpression of 

Cyclin D1 on myocardial development in mice, initially reported that in non-transgenic 

mouse hearts the Cyclin D1, Cyclin D3, CDK4, and PCNA demonstrated their highest 

levels in E15.5 hearts (WB analyses). Furthermore, at P1 the protein levels of these 

proteins were remarkably declined compared to E15.5 hearts. Indeed, the lowest protein 

levels were reported in adult mouse hearts. Moreover, the CM-specific overexpression of 

Cyclin D1, in addition to Cyclin D1 protein level, accelerated the CDK4, and PCNA 

protein levels in adult murine hearts. Additionally, DNA synthesis as well as, the number 

of CM nuclei and the ratio of heart weight to body weight in adult hearts were enhanced 

(Soonpaa et al., 1997). Collectively, their outcomes highlight the influence of Cyclin D1 

overexpression in cell cycle progression together with a possible hypertrophy, ploidy and 

multinucleation in adult transgenic hearts. Furthermore, according to their results, the 

Cyclin D1 overexpression in CMs did not influence the Cyclin D3 level in mouse hearts 

in adulthood. In this context, it seems that the Cyclin tape-D functions promoting the 

DNA synthesis, might be independent from each other.  

Remarkably, in contrast to the other D-type Cyclins, our WB findings unveiled an 

immediate change in the postnatal protein levels of Cyclin D2 in a gender-specific 

fashion. Although the Cyclin D2 level in male mouse hearts revealed a noticeable decline 

immediately after birth, in females this level was unchanged in the perinatal period 

(Figure 14). In a study conducted by Pasumarthi and coworkers (2005), CM-specific 

overexpression of Ccnd2 (coding for Cyclin D2) was reported to induce a persisted cell 

cycle activity (DNA synthesis) and infarct regression in injured hearts of adult mice 

(Pasumarthi et al., 2005). In human induced pluripotent stem cell (hiPSC) derived CMs, 

Cyclin D2 overexpression has been proven to trigger cell cycle progression and 

telomerase activity. As a result, there was a noticeable increase in the number of engrafted 

cells following transplantation in murine infarcts (Zhu * et al., 2018). Comparing our 

pHH3 IF results and Cyclin D2 (WB) data in female mice with the mentioned studies, it 

can be speculated that in female individuals the unchanged Cyclin D2 level shortly after 

birth might be associated with an increase in polyploidy in CMs of females (compared to 
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males) but not complete proliferation including cell division. In a study performed by 

Busk et al. (2005), the viral overexpression of Cyclin D2 was induced in rat CMs under 

in vitro conditions. They revealed that the Cyclin D2 overexpression promoted DNA 

synthesis and CM proliferation. Furthermore, they noticed that the Cyclin D2 mechanism 

of action was as a consequence of activation of CDK4/6, phosphorylation of retina 

blastoma, and downregulation of P21 and P27. Accordingly, they concluded that the 

Cyclin D2 inhibited hypertrophy by downregulation of p27 (Busk et al., 2005). Notably, 

in our WB findings, we concluded no alteration in p21 and p27 level following birth 

(NB18.5 vs E18.5) in both male and female hearts, on one hand. On the other hand, the 

pHH3 rate in CMs of male and female mice was dropped noticeably after birth compared 

to E18.5. However, the Cyclin D2 level remained unchanged in female heart following 

birth. Collectively, this unchanged Cyclin D2 level in female hearts, does not seem to 

influence the proliferation rate in CMs of female mice. Importantly, the Cyclin tape-D 

activity has been concluded to be involved in left ventricular hypertrophy in rat hearts 

(Busk et al., 2002). Taken together, comparing the Soonpaa et al. (1997) findings 

(concerning independent function of Cyclin Type-Ds) and the knowledge of involvement 

of Cyclin type-D in hypertrophy promotion, would mean that the unchanged Cyclin D2 

level (NB18.5 vs. E18.5) in female mouse hearts would lead to cardiac hypertrophy in 

female mouse hearts compared to male heats. In this context, it needs to be elucidated 

whether the unchanged Cyclin D2 level female hearts following birth, would promote 

CM hypertrophy or not.  

It is essential to point out that in this study we mainly looked at D-type cyclins. However, 

there are many more cyclins and cell cycle regulators that are needed to be investigated. 

Therefore, an “omics-approach” or single cell RNA Seq using E18.5 and NB18.5 hearts 

might be helpful in the future to get an overview of changes in the perinatal cell cycle 

transcriptome 

 

 

4.1.3. Activities of AKT/mTOR and MAP-kinase signaling were reduced 

in hearts of male but not female mice shortly after delivery 
The cell cycle in CMs is orchestrated by a variety of signal transduction pathways 

including, among others, MAPK-kinase, PI3K/AKT, mTORC1, Wnt/ß-catenin, and 

Hippo/YAP (Witman et al., 2020; Chapter 1.1.4.1.2.). We aimed to investigate any 
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modifications in the activity of these pathways following birth. Usually, following an 

interaction between an extracellular signaling molecule (such as growth factors or 

cytokines) and a membrane integral receptor the signaling pathways get activated. This 

activity is associated with multiple consecutive phosphorylation steps of the intracellular 

pathway components. Finally, as a result of a nuclear localization of a pathway’s member, 

the expression pattern of a set of genes is altered. Commonly, the activity of signaling 

pathways is determined by multiple experiments: WB analyses to determine the activity 

(phosphorylation state) of their components, RT-qPCR experiments to assess the RNA 

expression level of their target genes, and IF analyses to monitor the intensity or/and 

localization of the active form of their members in specific cell populations.  

Following an activity of the insulin-like growth factor 1(IGF-1), the core signaling protein 

AKT is activated, which was concluded to enhance the heart size following CM 

proliferation (Reiss et al., 1996). As a target of AKT, glycogen synthase kinase 3β (GSK-

3β) can be pointed out. AKT-induced GSK-3β deactivation, leads to the β-Catenin nuclear 

localization promoting the expression of genes essential for cell cycle progression. 

Collectively this leads to CM proliferation in mice during development (Xin et al., 2011). 

Another target for AKT activity is mechanistic target of rapamycin (mTORC1) signaling 

pathway. Sufficient availabilities of nutrients and growth factors activate mTOR signaling 

pathway. As a result, protein biosynthesis takes place which is essential for cell growth 

or proliferation (Ma and Blenis, 2009; Paltzer et al., 2023; Chapter 1.1.4.1.2.). Prenatal 

inhibition of mTORC1 in mice has been reported to cause a significant reduction in heart 

weight, in left ventricular dimension, and in cardiac output at birth. Additionally, prenatal 

mTORC1 inhibition reduces the number of CMs in adulthood compared to controls 

(Hennig et al., 2017). In another investigation conveyed by Zhang et al. (2014), a muscle-

specific mTOR knockout in mice was analyzed, in which the transgenic mice survived 

both fetal and perinatal development. However, they investigators observed that the 

transgenic mice exhibited the phenotypes such as severe postnatal growth retardation, 

cardio myopathy, and premature death. Interestingly, at cellular level the number of CMs 

in transgenic mice was lower than control group. Moreover, the mTOR knockout 

remarkably decreased the activity (phosphorylation degree) of S6 and AKT (Zhang et al., 

2014). Collectively, these studies reveal the essential role of mTOR in CM function and 

heart development. In agreement with our IF findings concerning reduced rate of Ki67 

and pHH3 immediately after birth (compared to E18.5) in mouse CMs and cardiac cells, 

unpublished WB experiments conducted by Drenckhahn and colleagues revealed that the 
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activities of all studied members of mTORC1 including p70S6K, S6, and 4EBP1, as well 

as AKT were declined significantly after birth (Figure 1.1.6.). Accordingly, these findings 

emphasize the impact of the postnatal environment on AKT and mTORC1 signaling 

pathways as well as CMs cell cycle activity. We further elucidated a possible correlation 

between birth and the activity of AKT in male and female perinatal hearts. As a result of 

a growth stimulus, the kinase AKT is activated, leading to regulation of multiple cellular 

functions including growth, proliferation, metabolism and survival (Liang and 

Slingerland, 2003). Multiple studies have shown a role for AKT in CM cell cycle 

regulation (e.g., G1/S transition), among which activation of Cyclin D1 and CDK2, 

inhibition of p27, and regulation of mTOR activity, as well as inhibition of GSK-3ß, can 

be pointed out (Liang and Slingerland, 2003). Studying the activity of mTORC1 and AKT 

in perinatal hearts, we noticed a remarkable drop in the phosphorylation of S6 and AKT 

(phosphorylation site Ser473) rapidly after birth in the hearts isolated from male mice. In 

contrast, our WB data in females demonstrated that the S6 and AKT activities were 

unchanged immediately after birth (Figures 12). Although the cell cycle in female CMs 

was decreased in briefly after birth in comparison to shortly after birth, the activity of 

AKT and S6 remained unchanged in mouse hearts. Whether this unchanged AKT and S6 

activity in female hearts would lead to increased ploidy or hypertrophic growth needs to 

be addressed in future studies.  

As another cardiac growth-mediating pathway, MAP-kinase activity was assessed. While 

p38 MAP-kinase acts mainly as a negative regulator of CM proliferation (Engel et al., 

2005), the p42 and p44 MAP-kinases (Erk1/2) promote proliferation and growth 

(Carrasco et al., 2014; Cohen, 1965; Ek et al., 1982; Kasuga et al., 1982). In murine 

myocardium, 70% of total p42/p44 amount devotes to p42 (Lips et al., 2004). CM-

specific knock-out of p42 in adult mouse hearts has been proven not to affect heart 

development. Moreover, it has been concluded that p42 is essential for adaptive 

hypertrophic remodeling in the adult heart as a response to pathological conditions (Ulm 

et al., 2014). Deletion of p44 in mouse embryonic fibroblasts has proven to decelerate the 

proliferation rate (Voisin et al., 2010). It has been shown that the constitutive knockout 

of p42 is embryonic lethaldue to multiple disorders including craniofacial (lack of tongue 

and shortened maxilla) and cardiovascular (ventricular septal defects and persistent 

truncus arteriosus) malformations (Frémin et al., 2015). However, over-expression of 

p44, in turn, has been reported to fully reverse the embryonic and placental mouse defects 

associated with complete absence of p42 (Frémin et al., 2015). The studies performed by 
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Voisin et al. and Frémin et al. could indicate a specific role of p44 in the regulation of 

CM proliferation. In addition to the mentioned findings, due to a study performed by 

Strash et al. (2021), a lentiviral-induced constitutively active expression of Erbb2 in 

hiPSC-CMs and neonatal rat ventricular myocytes (NRVMs), was reported to promote 

the CM proliferation under in vitro conditions. However, this Erbb2-promoted CM 

proliferation was suppressed as a consequence of treatment of cells with Erk1/2 

inhibitors. In this respect, they highlighted the essential role of Erbb2/Erk(1/2) activity in 

CM proliferation, acting as a potential mechanism for cardiac regeneration. In our study, 

using WB analyses we noticed that in hearts of male mice immediately after birth, the 

phosphorylation of p44 was noticeably reduced compared to the fetal stage E18.5. 

However, in hearts obtained from female mice, p44 and p42 activity followed no birth-

related changes compared to fetal stage (E18.5). Moreover, since the Erk1/2 is 

predominantly reported to promote the CM hypertrophy in mammalian hearts. Therefore, 

it seemed that the unchanged Erk1/2 level following birth in female observed in our WB 

experiments, could lead to CM hypertrophy rather than unchanged CMs proliferation in 

females (Gilbert et al., 2021; Wang, 2007). Collectively, concomitant the reduced cell 

cycle activity briefly after birth, our WB data revealed that briefly after a separation from 

an intrauterine surrounding, the levels of cell cycle positive regulators (Cyclin type-D) as 

well as the activity of AKT, S6, and Erk signaling pathways in mouse hearts declined 

remarkably at NB18.5 in comparison to E18.5.  

Conversely to p42/p44, the p38 mitogen-activated protein kinase (p38) is associated with 

proliferation arrest in various cell types (Engel et al., 2005). The expression of genes 

involved in mitosis such as Cyclin A and Cyclin B is regulated by p38 (Engel et al., 2005; 

Pasumarthi and Field 2002). In brief, using SB203580, a particular p38α and p38β 

inhibitor, on neonatal rat CMs was concluded to coincide with increased expression 

pattern of Cyclin A2, cdc2a, and Cyclin B. Therefore, it was concluded that the p38 is 

involved in regulation of genes essential for mitosis in CMs (Engel et al., 2005). In 

contrast, the over-expression as well as activation of p38 have been associated with 

declined proliferation and BrdU incorporation in fetal CMs (Engel et al., 2005). 

Furthermore, the CM-specific conditional knockout of p38α in neonatal rat CMs and its 

pharmacological inhibition in adult CMs have promoted mitosis rate and increased 

cytokinesis, respectively (Engel et al., 2005). Accordingly, we aimed to address the 

question, whether p38 might play a role in the immediate postnatal cell cycle arrest in 

murine CMs. Moreover, Engel and co-workers using rat hearts, assessed the 
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developmental dynamics of p38 activity from E12.5 to E21.5, as well as at P2 and 

adulthood. In this context, the level of phosphorylated p38 at P2 was slightly higher than 

at E21.5 (Engel et al., 2005). Yet based on their study, it is elusive which pattern the 

activity of p38 immediately after birth would follow. Regarding the perinatal proliferation 

analyses conducted in this study, and the previously reported role of p38 in CMs cell cycle 

arrest, it would be expected to observe higher activity of p38 after birth compared to fetal 

hearts. Surprisingly, WB analyses on ventricular myocardium isolated from male and 

female mice revealed a reduction in phosphorylation of p38 within a few hours after birth 

compared with E18.5 (Figure 11). Additionally, we performed IF experiments using 

phospho-p38 and Cav3 antibodies in combination with WGA and DAPI staining on heart 

paraffin sections obtained from perinatal male animals. Indeed, directly after birth (i.e., 

NB18.5) we observed a significant decline in the intensity of p-p38 signals in CMs in LV, 

IVS, and RV myocardium compared with E18.5 (Figure 13). Consequently, based on our 

WB and IF results, it can be speculated that the postnatal CM cell cycle arrest cannot be 

explained by increased p38 activity, on one hand. On the other hand, the immediate 

reduction in p38 activity shortly after birth could be involved in sustaining a certain level 

of proliferative ability in mouse hearts at NB18.5, which would otherwise be more 

drastically reduced. In another study performed by Yokota and team (2020), a CM-

specific p38α/β double knockout was induced in mice. Interestingly, their findings 

demonstrated that the postnatal level of p-p38 (active form) was greater in RV than LV 

obtained from non-transgenic mice at P1, P3 and P7. Moreover, in the transgenic mice as 

a consequence of CM-specific p38α/β knockout, the RV-specific enlargement initiating 

from P1 to 1-month-old age. In addition, only in RV, the p38α/β knockout enhanced the 

rate of CM nuclei exhibiting pHH3 staining compared to the control group with identical 

gestational age. Nonetheless, the p38α/β knockout was concluded to induce no cell cycle 

activity in murine left ventricular CMs. Accordingly, these data show that p38-mediated 

cardiac growth and CM proliferation are chamber-specific (i.e., RV) and p-p38 is induced 

in RV but not LV shortly after birth at P1. In this context, the birth-dependent reduced in 

activity of p38 (our data) might mainly sustain the CM proliferation ability in RV.  
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4.1.4. Levels of YAP a member of Hippo signaling were decreased in 

mouse hearts directly after birth 
The Hippo signaling pathway is involved in regulation of organ size, apoptosis, 

differentiation, and proliferation in several tissues and organs (Guo et al., 2020; Heallen 

et al, 2011; Heallen et al, 2013; Lin et al., 2016; Wang et al., 2018; Chapter 1.1.4.1.2.). 

Various studies on Hippo signaling pathway activity and its role on cardiac regeneration 

and CM proliferation have been performed. In 2012, Von Gise and colleagues to assess 

the role of the transcriptional co-activator YAP1in regulation of cardiac hypertrophy and 

proliferation, used two transgenic mouse models in which the YAP1 gain or loss of 

function was induced in CMs, in particular. In the CMs isolated from the WT mice, the 

YAP1 level was higher at E17.5 than in P3 and 1.5-month-old mice. The CM-specific 

YAP1deletion in mice was reported to cause myocardial hypoplasia as well as embryonic 

lethality. In this context, although the cell cycle activity (conducted by pHH3 IF and EdU 

incorporation) was reduced following YAP1 knockout compared to control mice at E16.5, 

the apoptosis rate in CMs was not influenced by CM-specific YAP1 loss of function (Von 

Gise et al., 2012). Moreover, assessing the CM number, they concluded a declined total 

CM number due to YAP1 knockout. Notably, they reported no association between YAP1 

loss of function and the CM hypertrophic growth. The YAP1 gain of function induced in 

primary rat CMs (isolated at E16.5) in return, accelerated the CM cell cycle activity 

compared to the control CMs. In addition to the fetal CMs, the rat CMs isolated from 

hearts at P4 were investigated. Accordingly, the YAP1 overexpression in P4 cultured 

CMs, enhanced the cell cycle activity under in vitro conditions. Specifically, in contrast 

to control group exhibiting rare cell cycle activity, in the P4 CMs with YAP1 gain of 

function, 31% of CMs revealed a BrdU labeling, 2.7% stained for pHH3, and 2.1% 

exhibited AuroraB signals (Von Gise et al., 2012). It is noteworthy to mention that 

following a CM-specific overexpression of YAP under in vivo conditions in mice, they 

noted cardiomegaly in transgenic mice at E15.5, which was as a consequence of enhance 

cell cycle activity in CMs. Importantly, the postnatal YAP1 overexpression in CMs, 

stimulated the CM proliferation in transgenic mice at P15 (Von Gise et al., 2012). 

Collectively, these data highlight the influence of YAP1 on stimulation of cell cycle 

activity in CMs. In 2011, Heallen et al. in order to investigate the possible involvement 

of Hippo pathway in mammalian heart size, studied a transgenic mouse model in which 

the upstream activator of LATS1/2 called Salvador (Salv), was knocked out in CMs. In 
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this regard, they reported that following CM-specific Salv knockout, the phosphorylation 

state of YAP was dropped compared to control mouse hearts at E9.5. Moreover, the 

transgenic mice at P2, survived, but they revealed cardiomegaly, as a result of CM 

proliferation (Heallen et al., 2011). YAP is reported to regulate the activity of several 

cardiac growth mediating pathways. For instance, the YAP/TEAD1 complex associates 

with nuclear ß-catenin, a downstream effector of the Wnt pathway (Heallen et al., 2011). 

In addition, one of the YAP target genes is Pik3cb whose expression leads to activation 

of the PI3K/AKT pathway in heart (Lin et al., 2015). In order to unveil a possible role of 

the Hippo pathway in the postnatal CM cell cycle arrest we performed WB analyses on 

YAP in perinatal mouse hearts. Interestingly, in agreement with our proliferation analyses, 

WB results revealed a significant reduction in YAP protein levels rapidly after delivery in 

hearts isolated from male and female mice (Figure 12). In this context, it is possible that 

increased Hippo activity resulting in reduced YAP levels after birth, might be involved in 

the immediate postnatal cell cycle reduction in murine hearts. Apart from YAP we 

attempted to monitor the activity of MST1/2 as well as the level of LATS1/2 in perinatal 

mouse hearts. Nonetheless, our experiments were not successful, due to weak or 

unspecific bands. Therefore, in future studies, following WB and IF experiments the 

activity and level of other Hippo members need to be investigated. Notably, as a YAP 

transcriptional target gene, Ccnb1 can be mentioned (Di Agostino et al., 2016). 

Interestingly, via RT-qPCR experiments using RNA isolated from mouse hearts at E18.5 

and NB18.5, our data demonstrated that coincidence with reduced YAP total level, the 

expression of Ccnb1 was declined in mouse hearts shortly after birth compared to E18.5 

(Figure 14). Taken together, these findings together with the previous studies’ outcomes 

might hint to the possible association of YAP in the birth-dependent cell cycle drop in 

mouse CMs and cardiac cells.  

 
4.1.4.1. Bone morphogenetic protein 7 role in CM cell cycle regulation 
In addition to the already mentioned signaling pathways, bone morphogenetic protein 7 

(BMP7) is involved in regulating CM proliferation and cell cycle activity (Yang et al., 

2023). The Yang et al. (2023), assessing the postnatal levels of an adipokine called 

omentin-1 revealed that concomitant with cell cycle arrest in CMs, the omentin-1 protein 

level elevated significantly at P14 mouse hearts compared to P1, P4 and P7 hearts. Thus, 

in order to investigate the role of omentin-1 in the mouse hearts, the global omentin-1 

knockout was investigated. They noticed that compared to the wild type mice, the 
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omentin-1 knockout in P14 mouse CMs promoted a reduction in the area and width, 

whereas this knockout accelerated CM total number and cell cycle activity (Yang et al., 

2023). Moreover, following a treatment of primary rat neonatal CMs with omentin-1, they 

noticed that the CMs became rod-shaped and matured. Furthermore, the omentin-1 

induced cell cycle arrest in primary neonatal rat CMs. Next, they investigated the 

molecular mechanism underling the omentin-1-promoted CM cell cycle arrest and 

maturation. In this context, they noticed that the omentin-1 by blocking the BMP7 

signaling pathway, promoted CM cell cycle withdrawal, as well as maturation. 

Accordingly, they described the BMP7 signaling in CMs in absent and present of 

omentin-1. In the absent of omentin-1, BMP7 (extracellular factor) binds to an integral 

membrane receptor ACTRIIB and Type I receptor, and then activates intracellular signal 

transduction. Accordingly, this interaction promotes activation of SMAD1 and p38 MAP-

Kinase, on one hand. On the other hand, inactivates the YAP. Consequently, as a result of 

nuclear translocation of inactivated YAP, and activated SMAD and p38 CM proliferation 

is induced (Yang et al., 2023). However, in P14 mice, the enhanced level of Omentin-1 

in heart and serum, inhibits BMP7. Moreover, inhibition of BMP7 leads to the 

suppression of p38 and SMAD1 phosphorylation, and promotion of YAP phosphorylation 

(thereby leading to YAP degradation). Consequently, cell cycle activity in CMs is 

disturbed (Yang et al., 2023). Interestingly, in agreement with the data of Yang and 

colleagues, using IF staining we noticed a remarkable drop in nuclear localization of p-

p38 in male murine CMs immediately after birth vs. E18.5 (Figure 13). Additionally, 

rapidly after birth compared to fetal stages, our WB findings concluded a noticeable 

declined of p-p38 and total YAP levels in the hearts of male and female mice. Accordingly, 

it is possible that the suppression of the BMP7 signal transduction pathways might 

contribute to the early postnatal cell cycle withdrawal in CMs. In this regard, in order to 

investigate whether an inhibition in BMP7 signaling pathway would lead to the birth-

dependent cell cycle regulation in CMs, the co-immunofluorescence antibody staining 

with YAP, p-SMAD1, and p-p38 can be used to monitor their simultaneous nuclear 

localization in E18.5 mouse CMs. Moreover, in vivo experiments can be performed 

administrating omentin-1 in pregnant mice at various embryonic stages and thereby 

assess the activity of BMP7 signaling concerning the fetal CM cell cycle activity. On the 

other hand, the omentin-1 inhibitors can be administrated in adult mice (in vivo) to 

monitor the possible induction of a CM cell cycle activity. 
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4.1.4.2. The association of the regulation of signaling pathways with 

mouse sex 
Previously, our results concerning the activity of AKT/mTOR, and MAPK-kinase 

signaling highlighted a possible involvement of gender in the regulation of cardiac growth 

in mice during the perinatal period. The possible involvement of female sex hormones in 

regulating the activity of growth promoting signaling pathway has previously been 

proposed (Haynes et al., 2003). Following a diffusion with the plasma membrane, the 

estrogen is able to form complexes with cytosolic and nuclear estrogen receptor (ER), 

interacting with chromatin and thereby regulating gene expression. In addition, the 

estrogen is also able to bind to ER located on the plasma membrane (reviewed by dos 

Santos et al., 2014). In previous studies, it has been noted that the estrogen regulated the 

activation of tyrosine kinase c-Src in breast cancer cells (MCF-7) (Migliaccio et al., 1993; 

Migliaccio et al., 1996). Moreover, a treatment of human endothelial cells (in vitro) was 

concluded to induce PI3K and AKT activation in a c-Src-dependent manner (Haynes et 

al., 2003). Additionally, the estrogen/ER interaction in vascular cells was reported to 

promote signal transduction cascades such as PI3K/AKT, Erk1/2, c-Jun NH2-terminal 

kinase (JNK), and p38 (Haynes et al., 2000; Wu et al., 2011). It is essential to mention 

that the postnatal estradiol concentrations are initially detectable at P7 in female mice 

(Bell, 2018; Dutta et al., 2014; Mannan and O'Shaughnessy, 1988). In this respect, the 

unchanged birth-relevant cardiac growth mediating signaling pathways’ activity in female 

mouse hearts would not be as a result of estrogen activity. Nonetheless, estrogen receptor 

activation even in the absence of estrogens or other agonists has been proposed (Bennesch 

& Picard, 2015; Maggi, 2011; Vrtačnik et al., 2014). Interestingly, genes that are regulated 

by the activation of estrogen receptor 𝛼 include insulin-like growth factor-1 (IGF-1), IGF-

1-receptor, and Cyclin D1 (Fujimoto et al., 2004; Marino et al., 2002). Using ELISA 

experiments we revealed that in the serum obtained from female perinatal mice, the IGF-

1 concentration was reduced immediately after birth. At the protein level, unfortunately 

due to lack of samples, we were not able to investigate the IGF-1 level in the female 

mouse hearts at E18.5 and NB18.5. Nonetheless, using RT-qPCR experiments on mouse 

hearts, we noticed that briefly after birth compared to the fetal stage E18.5, the Igf1 RNA 

expression was increased noticeably in female mice (Figure 23). Notably, this uncertainty 

arises whether the enhanced transcriptome level would lead to increased protein level of 

IGF-1 in hearts of female mice at NB18.5 vs. E18.5; which needs to be addressed in future 
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studies.  Furthermore, Igf1 RNA expression is probably regulated by a multitude of 

transcription factors such that estrogen receptor activation might not be involved at all. 

However, to monitor the possible influence of ER on IGF-1 induced AKT/mTOR and 

MAP-kinase activity, the conditional knockout mice can be generated. With this regard, 

the expression of IGF-1, as well as activity of IGF-1-promoted mentioned signaling 

pathway, and rate of cell cycle activity in mouse CMs immediately after birth can be 

monitored.  

In 2020, an investigation carried out by Sakamoto a team highlighted a role for estrogen-

related receptor (ERR) signaling in the cardiac maturation. In their investigations, they 

generated a mouse model in which the expression level of ERRα and γ in murine hearts 

were reduced after birth. Accordingly, they noted that at five weeks after birth, compared 

to the control groups, the ERRα/γ knockdown was associated with cardiac dysfunction, 

mitochondrial structural abnormalities, decreased left ventricular (LV) fractional 

shortening, and accelerated LV end-diastolic and end-systolic volume measurements 

(Sakamoto et al., 2020). Moreover, they revealed that during the postnatal life, ERRγ 

inhibited the expression of the genes involved in the early developmental stages and non-

cardiac lineages. The CM-specific ERRα/γ knockout during the fetal stages, revealed that 

at E17.5 the left ventricular wall was thinner in transgene groups than in control mouse 

hearts. Furthermore, the ventricular wall of the ERRα/γ knockout mice exhibited a non-

compaction phenotype. The mitochondria were smaller and less developed following 

fetal ERRα/γ knockout compared to control hearts. Collectively, their data point out the 

influence of ERR signaling in the postnatal cardiac maturation (Sakamoto et al., 2020). 

Nonetheless, it yet needs to be assessed whether the ERR signaling in female and male 

mice would induce identical outcomes in cardiac maturation or not. Moreover, since the 

ERR knockout was coincidence with thinner ventricular wall, therefore, to investigate the 

mechanism underling it the cell cycle activity and apoptosis experiments in CMs 

following ERRα/γ knockout needs to be performed.  

In male mice, within hours after delivery, the testosterone level was reported to be 

relatively high, which was comparable to almost 50% of its level in adults. However, 24 

after birth serum testosterone level decreased remarkably to 20% of its concentration in 

adult mice. (Corbier et al., 1992; Poling and Kauffman, 2012). It is essential to mention 

that the exogenous elevation in testosterone level was concomitant with enhanced cardiac 

hypertrophy. Investigating the molecular mechanism underling the testosterone action, 

Altamirano and team (2009), noticed that following treatment of cultured neonatal rat 
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CMs, the phosphorylation degree of mTORC1 members such as mTOR (Ser2448), S6K1 

(Thr389), and 4EBP1 (Ser65), was accelerated compared to untreated condition 

(Altamirano et al., 2009). It has been concluded that the mTORC1 is regulated by Erk1/2 

and AKT (reviewed by Proud, 2004). Therefore, to assess the influence of testosterone on 

Erk1/2 and AKT, Altamirano et al. (2009) treated the rat neonatal CMs with testosterone. 

Accordingly, they demonstrated that the testosterone treatment elevated the 

phosphorylation of Erk1/2 and AKT. Next, using inhibitors for Erk1/2 and AKT prior to 

the testosterone treatment, they noticed that the although the AKT inhibition revealed no 

specific effect. The testosterone-promoted S6K1 phosphorylation was suppressed 

following Erk1/2 inhibition (Altamirano et al., 2009). In this context, they concluded that 

Erk1/2 was the upstream factor of testosterone-induced mTORC1 activation. 

Additionally, assessing the CM size, they revealed that following a testosterone treatment 

the CM size was enhanced, demonstrating the testosterone-promoted cardiac 

hypertrophy. Concerning the high serum concentration of testosterone level in male mice 

within the 24 hours after birth, we would expect that activity of Erk1/2, and 4EBP1 would 

be elevated in male mouse heart at NB18.5 compared to E18.5. Notably, our data 

suggested that the activity of p42 (Erk2) and 4EBP1 in male mouse heart remained 

unchanged following birth compared to E18.5 (Figure 11 and 12). Yet, we cannot 

conclude that the unchanged activity of Erk1/2, and 4EBP1 would be a result of high 

testosterone levels in serum of male mice. Moreover, in female mouse hearts at NB18.5, 

the activity of Erk1/2, and 4EBP1 was not noticeably changed compared to E18.5 hearts 

(Figure 11 and 12). Collectively, it is not likely that testosterone might influence the 

activity of all investigated cardiac growth mediating pathways following birth.  

Taken together, our data revealed that immediately after a separation from an intrauterine 

environment, the cell cycle activity in mouse CMs declined dramatically compared to 

E18.5. Indeed, investigating the upstream regulators of this declined-cell cycle activity, 

we observed a drop in the activity of MAP-kinase, AKT, and YAP, together with a 

decrease in levels of positive cell cycle regulators such as Cyclin type-D. In this respect, 

it seems that the postnatal CM cell cycle exit might be a result of variation in activity of 

cardiac growth-regulating signaling pathways and the levels of cell cycle positive 

regulators. However, it is noteworthy that cell cycle activity and proliferation in CMs, are 

not regulated by only one factor or one specific pathway. Instead, the orchestrated 

cooperation and interaction of multiple signaling molecules and intracellular signaling 

pathways together regulate cell cycle activity in CMs. This also involves multiple 
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environmental players and other endogenous factors such as metabolism (glucose versus 

fatty acids), nutrients, oxygen levels (hypoxia versus hyperoxia), mechanical load, 

hormones (thyroid hormones or glucocorticoids), innervation (sympathetic/ß-adrenergic 

stimulation), the immune system (macrophage and monocyte invasion) (Chapter 

1.1.4.1.). In this context, it is essential to investigate, whether within the hours after birth, 

the factors such as metabolic switch, oxidative stress, as well as oxidative DNA damage 

would promote the cell cycle arrest in CMs or not.  

 

 

4.1.5. No correlation between the perinatal CM cell cycle arrest and 

expression of glycolytic enzymes, oxidative DNA damage and 

antioxidant enzyme levels 
Another possible factor promoting postnatal proliferation exit in CMs is the transition 

from glycolysis to fatty acid oxidation. As already pointed out (Chapter 1.1.4.1.3.), 

concurrent with the proliferation-arrest at P7 in mouse CMs, the glycolysis rate in the 

heart at this stage was reported to decrease remarkably such that less than 10% of cardiac 

ATP was produced following glycolysis (Lopaschuk et al., 1991; Postic et al., 1994). 

Moreover, comparing P1 and P7 mouse hearts, Puente et al. (2014) reported a noticeable 

drop in 68.7% of glycolysis-relevant enzymes and remarkable acceleration in over 80% 

of mitochondrial Krebs cycle and fatty acid β oxidation-associated enzymes at P7. In 

another study, it has been noted that as a consequence of metabolic switch to 

mitochondrial fatty acid oxidation, the CMs switched from proliferative to non-

proliferative and terminally differentiated types (Chung et al., 2007). Additionally, in cells 

exhibiting a proliferation ability such as hematopoietic cells as well as CM progenitor, 

the glycolysis rate together with lactate production was reported to be considerably high 

(Bauer et al., 2004; Chung et al., 2007). Collectively, these studies suggest an association 

between glycolysis and the proliferation ability in various cells (i.e., CMs). It is crucial to 

mention that in contrast to mammalian organisms, the adult zebrafish has already revealed 

a regeneration ability following amputation of 20% of the apex (Poss et al., 2002). In this 

regard, the regeneration was promoted by CM proliferation coincident with no scar 

formations (Poss et al., 2002). Using zebrafish, Honkoop and colleagues (2019), 

investigated the processes orchestrating the CM proliferation following an injury. 

Therefore, after cryoinjury in adult zebrafish hearts, they collected the border zone CMs 
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which possess a proliferation ability, as well as the non-proliferative remote CMs. 

Interestingly, following a single-cell RNA sequencing, they noticed a very distinct gene 

expression pattern in proliferative CMs obtained from the border zone, compared to the 

non-proliferative remote ones (Honkoop et al., 2019). The border zone CMs exhibited a 

remarkable drop in mitochondrial genes and activity, on one hand. On the other hand, the 

glycolysis genes as well as the glucose uptake were enhanced in the proliferative border 

zone CMs compared to non-proliferative remote ones. Collectively, they suggested that 

the proliferation ability of CMs would be promoted by the glycolysis pattern during the 

cardiac regeneration (Honkoop et al., 2019). One of the glycolysis enzymes is pyruvate 

kinase isoenzyme 2 (PKM2). Administration of PKM2 mRNA in the infarcted region of 

adult mouse hearts promoted CM division, improved cardiac function and reduced scar 

size (Magadum et al., 2020). Notably, whether shortly after birth a possible modification 

in glycolysis rate parallels the birth-related cell cycle exit in the heart is still not clear. 

Using RT-qPCR on hearts obtained from mice at E18.5, NB18.5, and NB18.5+1, we 

noticed that immediately after birth the expression pattern of genes encoding for 

glycolysis-involved enzymes including Hexokinase II, Aldolase-a, Enolase I, and 

Lactatedehydrogenase A, was remarkably decreased compared to E18.5. Moreover, 24 

hours after birth (i.e., NB18.5+1), we noticed no significant changes in expression pattern 

of the glycolysis-associated enzymes compared to NB18.5 mouse hearts (Figure 16). 

However, at protein level via WB experiments, except for Enolase I, we detected no 

significant changes in the protein levels of all studied glycolysis enzymes after birth 

compared to fetal stages (Figure 17). Our data, suggest only an indirect indication that 

glycolysis might not change in the immediate perinatal period. Nonetheless, we did not 

prove any functional activity of glycolysis-involved enzymes. This requires more 

experimental approaches. 

In the oxygen-rich postnatal surroundings, as a consequence of mitochondrial oxidative 

phosphorylation, reactive oxygen species (ROS) are produced (Cadenas and Davies, 

2000; Turrens, 2003). ROS causes oxidative damage to DNA and other macromolecules 

such as lipids and proteins, suppressing cellular proliferation (Puente et al., 2014). In 

human-induced pluripotent stem cell-derived CMs, the DNA damage was concluded to 

promote a DNA-damage response. Moreover, following single cell screening and 

chromatin stat analyses, Pettianto and team (2021) concluded that the polyploidization in 

CMs (hiPSC-CMs) was promoted by factors including accelerated the fatty acid oxidative 

metabolism, DNA-damage response, and p53 activation. Comparing RNA-seq data 
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obtained from the CM nuclei obtained from fetal and adult human hearts, the Pettianto et 

al. (2021) observed that only the expression of Cyclins involved in G2/M transition such 

as CCNB1 and CCNB2 was decreased in adult hearts, whereas the CCND1 and CCND2 

(G1/S) expressions did not change among adult and fetal hearts. Their data were in 

agreement with the understanding that human CMs possess a DNA synthesis ability, and 

not mitosis (Bergmann et al., 2009). Moreover, comparing the Cyclin B1-adundant CMs 

with polyploid-abundant CMs, they reported that in Cyclin B1-abundant group, the levels 

of genes involved in regulation of mitosis, cell cycle, and proliferation was significantly 

high. Nevertheless, the genes involved in p53 signaling and myofibril assembly were 

accelerated in polyploid-abundant CMs. Indeed, using gene set enrichment analysis 

(GSEA) using polyploid-abundant clusters, they identified GADD45B and CDKN1A 

which were upregulated by ROS and p53 activation, together with the genes related to 

p53-regulated DNA damage-induction. Finally, they concluded that the CM polyploidy 

was associated with p53-dependent DNA damage response (Pettinato et al., 2021). In 

adult and neonatal CMs ROS inhibition was concluded to stimulate proliferation (Bae et 

al., 2021). Indeed, Puente and colleagues unveiled that at P4, and P7, the ROS level in 

murine CMs was gradually increased compared to P1 mouse hearts. Furthermore, 

paralleled by cell cycle arrest in CMs at P7, they noticed detectable nuclear signals for 

oxidative DNA modification using 8-oxo-7,8-dihydroguanine (8´-Oxo-G) IF staining 

(detecting the oxidative damage to DNA; Chapter 1.1.4.1.3.), demonstrating the influence 

of DNA oxidative modification on proliferation arrest (Puente et al., 2014). Additionally, 

postnatal hypoxia or pharmacological ROS neutralization was reported to enhance the 

postnatal CM proliferation ability and extend the postnatal window of hyperplastic 

growth in mice (Puente et al., 2014). In contrast, hyperoxia reduces CM proliferation after 

birth and shortens the hyperplastic time window (Puente et al., 2014). Taken together, 

there is a correlation between ROS generation and the postnatal cell cycle arrest in CMs. 

Nevertheless, it is not clear whether ROS mediated oxidative DNA damage would induce 

the birth-dependent proliferation arrest in CMs already on the first postnatal day. To assess 

this, we performed IF experiments studying nuclear 8-Oxo-G signals in CMs of perinatal 

hearts. Assuming that oxidative stress would promote cell cycle withdrawal, we would 

expect that the degree of oxidative DNA damage increases immediately after birth in 

murine hearts compared to fetal stages. Nonetheless, based on 8-Oxo-G IF findings we 

observed no changes in oxidative DNA damage in CMs between E18.5 and NB18.5 hearts 

(Figure 18).  
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Notably, in order to protect the cells from the oxidative damages induced by ROS and 

maintain redox homeostasis, antioxidant proteins and enzymes are expressed to scavenge 

ROS. The imbalance between ROS and the antioxidant system leads to oxidative stress, 

causing DNA, lipid and protein damages (reviewed by Lei et al., 2016). In order to 

measure a potential involvement of oxidative stress in the induction of immediate 

postnatal cell cycle arrest in CMs, the expression of antioxidant enzymes can be 

measured. Examples for antioxidant enzymes include superoxide dismutase (SOD), 

catalase, peroxiredoxin (PRDX), and thioredoxin (TRX). The SOD enzymes catalyze the 

dismutation of O−2 (a ROS molecule) into O2 and H2O2 (Halliwell and Gutteridge, 1986).  

Furthermore, as a mechanism of catalase and PRDX action, the H2O2 is converted to 

harmless H2O and O2. The ectopic SOD and PRDX overexpression in rabbit and mice, 

respectively, was demonstrated to reduce infarct size, and suppress maladaptive left 

ventricular remodeling and heart failure in infarcted hearts (Li et al., 2001; Matsushima 

et al., 2006). To investigate the consequences of oxidative stress indirectly, we analyzed 

the expression of antioxidant enzymes and proteins at NB18.5 vs. E18.5 in mouse hearts. 

Notably, in agreement with our 8-Oxo-G IF findings, we observed no altered levels of 

antioxidant enzymes, as well as the hyperoxidized form of PRDX (PRDX-SO3) in heart 

samples immediately after birth (Figure 19). Collectively, we concluded no correlation 

between the immediate cell cycle withdrawal observed shortly after birth, and both the 

oxidative stress and the metabolic switch. Notably, to further assess the possible role of 

ROS in immediate CM cell cycle arrest after birth, the directly ROS levels can be detected 

in perinatal hearts. Furthermore, oxidative protein or lipid damage must be investigated 

in the perinatal heart.   

Taken together, among the possible factors promoting the cell cycle withdrawal in 

postnatal CM, the cell cycle regulators and the cardiac growth-mediating signaling 

pathways seem to be the most appealing candidates; since their level and activity were 

remarkably reduced in mouse hearts at NB18.5 compared to E18.5. Therefore, our next 

objective was to uncover the upstream factors regulating the signaling pathways 

following birth in mouse hearts.  
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4.1.6. The availabilities of eleven growth factors and cytokines were 

significantly altered in mouse hearts after birth  
In contrast to oxidative stress, findings regarding growth promoting signaling pathways 

and cell cycle regulators exhibited declines in activities of cardiac growth regulating 

pathways together with D-type Cyclin expression in a birth-related manner (Figure 14 

and 15). To some extents, the activity of these pathways and the cell cycle regulators is 

mediated by cytokines and growth factors. If cytokines and growth factors would regulate 

the rapid postnatal cell cycle arrest in CMs following birth, it would be expected that they 

exhibit an alteration in their availability shortly after delivery. Indeed, via in silico 

analyses we reported changes in expression patterns of 68% of 161 studied growth factors 

and cytokines in murine hearts at birth compared to E18.5 (Chapter 3.4.1.). Consequently, 

we hypothesized that shortly after a separation from the intrauterine environment the early 

cell cycle arrest in CMs might be promoted due to altered cytokine and growth factors 

availability. The identification of the respective factors involved could offer beneficial 

applications for preterm-born humans as well as heart regeneration. 

It is crucial to emphasize that transcriptomic data underlying the in silico findings do not 

necessarily give any hints about the protein levels of the respective cytokines and growth 

factors. Therefore, we aimed at uncovering the availability of 129 cytokines and growth 

factors at the protein level at NB18.5 vs. E18.5 mouse hearts. In order to evaluate the in 

silico findings, we performed antibody-array screening experiments using whole heart 

samples obtained from male mice at E18.5 and NB18.5. Interestingly, we observed 

noticeable changes in availabilities of 27 cytokines and growth factors at the protein level 

directly after birth in mouse hearts. Following FDR, 11 cytokines exhibited a significant 

change in their protein level in the heart directly after compared to before birth. For the 

ELISA validation we selected the factors which aligned with our findings regarding 

expression of cell cycle regulators, activity of signaling pathways, and cell cycle activity 

obtained from WB and IF experiments. The selected factors have been reported to exhibit 

involvement in AKT, MAPK-Kinase, and mTOR pathway activity, as well as regulation 

of proliferation and angiogenesis. According to the literature research together with 

ELISA experiments using serum, heart, and liver samples obtained from mouse hearts 

we, selected 10 growth factors and cytokines. In mouse heart samples the level of 

Angptl3, IGF-1, IGFBP-6, and PDGFAA was decreased, whereas the level of 
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Adiponectin, CPR, Endostatin, IGFBP-1, Osteopontin, and Resistin was increased 

significantly (Figure 20).  

IGF-1 

Searching for potential binding of the identified factors using the GeneCards human gene 

database, we noticed that Angptl3, Osteopontin, and IGF-1 shared common binding 

partners interacting with integrin receptors. Interestingly, the integrin receptors have been 

reported to be involved in activation of AKT, mTOR, and GSK-3ß in hearts, thereby 

regulating cardiac growth (reviewed by Lal et al., 2009). In injured adult myocardium, 

the activity of integrins and PI3K have been reported to promote mitosis in CMs after 

myocardial infarction (Chen et al., 2017; Kühn et al., 2007). Immediately after birth, we 

noticed that the level of the growth factor IGF-1 was reduced in mouse hearts compared 

to E18.5 hearts. Cardiac overexpression of IGF-1 in mice has been proven to induce 

proliferation, on one hand. On the other hand, the IGF-1 overexpression inhibited cell 

death, ventricular dilation remodeling, and cardiac hypertrophy after infarction in mice 

(Li et al., 1997). Using a transgenic mouse model, in which the CM-specific expression 

of IGF-1 was initiated at P1, Reiss and team (1996), revealed that, from P75, the heart 

weight to body weight ratio in transgenic mice was greater than in the control group. 

Moreover, at P45, P75, and P210 days the CM number in transgenic mice were reported 

to be significantly higher than in control mice. In addition, although the mouse CM 

numbers in control groups remained unchanged. However, in transgenic mice the CM 

number increased from P45 to P210 day (Reiss et al., 1996). Collectively, it seems that 

the birth-relevant reduced level of IGF-1 might act as one of the factors influencing the 

postnatal cardiac cell cycle arrest in mouse hearts. Another growth factor exhibiting a 

significant reduction in its level following delivery is IGFBP6. Interestingly, our ELISA 

outcomes investigating the serum samples obtained from neonatal (female and male) 

mice, as well as adult pregnant and non-pregnant female mice, we noticed that among all 

investigated factors such as Angptl3, IGF-1, IGFBP6, and PDGFAA, only IGFBP6 

seemed to supply the fetal mice through the maternal serum (Figure 24). In this context, 

it is essential to investigate the potential involvement of the IGFBP6 in cell cycle activity 

in any cardiac cell types.  
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IGFBP6 

The mechanism of IGFBP6 action in heart, is still elusive. However, GeneCards data 

reveal that it interacts with IGF2 (GeneCards; reachable under: 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP6). As a consequence of 

ligand (i.e., IGF-1 or IGF2) binding, IGF-1R can activate MAPK-kinase and AKT/PI3K 

signaling pathways leading to proliferation induction in CMs (Bogush et al., 2020; Díaz 

Del Moral et al., 2021). It has been reported that there was a correlation between IGF-1, 

IGF-2, and IGF-binding proteins (IGFBPs) with vascular smooth muscle cells (VSMCs) 

(Wang et al., 2012; Wu et al., 2020). In a study performed by Wang, Z. and colleagues 

(2020), IGFBP6 knockdown in primary cultured human VSMCs, resulted in declined 

proliferation rate compared to the control group. Moreover, they noted that the IGFBP6 

knockdown promoted downregulation in Cyclin E/CDK2, and inhibition in centrosome 

replication. Furthermore, comparing the humans’ normal great saphenous vein (NV) and 

varicose great saphenous vein (VV) samples, they unveiled that the both IGFBP6 and the 

Ki67 were remarkably greater in VV compared to NV. Collectively, they concluded that 

the IGFBP6 was involved in promotion of VSMC proliferation and varicosity progression 

in humans (Wang, Z. et al., 2020). In our study, in comparison to E18.5, we noticed that 

immediately after birth concomitant with declined birth-dependent cell cycle activity in 

CMs and non-myocytes, the IGFBP6 level in mouse heart and serum samples reduced 

significantly (Figure 23 and Supplementary Figure 4). Therefore, it is essential to 

investigate the possible involvement of IGFBP6 in promotion of cell cycle activity in 

mouse heart.  

Angptl3 

One of the identified growth factors and cytokines exhibiting a declined availability in 

mouse heart, serum, and liver samples shortly after birth, was Angiopoietin-like 3 

(Angptl3) (Figure 22), which has been reported to promote angiogenesis (Camenisch et 

al., 2002; Luo et al., 2018). According to the bioinformatics data using “The Human 

Protein Atlas”, in humans, the ANGPTL3 is largely expressed in hepatocytes, hinting that 

it might originate from liver rather than expressed in hearts (reachable under: 

https://www.proteinatlas.org/ENSG00000132855-ANGPTL3/single+cell+type). 

Camenisch et al. (2002), revealed that the ANGPTL3 interacted with integrin receptor 

αvβ3 on human microvascular vein endothelial cells (HMVECs) (in vitro). As a 

consequence of ANGPTL3/integrin activity, they noticed enhanced activity of MAPK and 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=IGFBP6
https://www.proteinatlas.org/ENSG00000132855-ANGPTL3/single+cell+type
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AKT in HMVECs. Moreover, they observed that the ANGPTL3 interaction promoted the 

migration of HMVECs. Under in vivo situations, following ANGPTL3 treatment of rat 

corneas via hydron pellet implantation, they concluded promotion of angiogenesis 

(Camenisch et al., 2002). Multiple studies have concluded an association of ANGPTL3 

with occurrence and development of cancers (Jiang et al., 2019; Koyama et al., 2015; 

Zhao et al., 2019). In 2022, Zhong and team, investigated the role ANGPTL3 in cervical 

cancer (CC). They indeed revealed that the ANGPTL3 expression level was greater in 

cultured human CC cells than the control normal cervical cells. Moreover, ANGPTL3 

knockdown in cultured HeLa cells was reported to reduce the cell proliferation, invasion 

and migration. In addition, they reported a reduction in levels of integrin receptors αvβ3 

paralleled by ANGPTL3 knockdown. Taken together, they concluded that the ANGPTL3 

promotes the proliferation in CC cells by regulating integrin receptors αvβ3 (Zhong et al., 

2022). It is not clear whether the reduced cardiac cell cycle activity briefly after birth, 

might be as a result of reduced accessibility of postnatal mouse hearts to the Angptl3; 

which needs to be studies in future. In a study performed by Wu et al. (2023), via single 

cell approaches using cardiac cells isolated from neonatal and adult zebrafish together 

with regeneration studies, a role for Angptl4 to induce the proliferation in CMs and 

cardiac regeneration was reported. They reported that during the heart regeneration in 

zebrafish at the site of cryoinjury, the Angptl4 was detectable in Epicardium-derived cells 

(EPDC) (Wu et al., 2023). In adult zebrafish, the CM-specific upregulation of Angptl4 

was reported to reduce the scar size noticeably compared to control group at 30 days after 

cryoinjury. Moreover, they reported that the Angptl4-associated heart regeneration in 

zebrafish was promoted by activation of Tie2 and Erk1/2 signaling. Moreover, increasing 

doses of Angptl4 was reported to enhance the cell cycle activity in cultured primary rat 

neonatal CMs through activation of Erk1/2. In addition, using viral infection they induced 

the Angptl4 upregulation in adult mouse hearts, and two weeks after induction of MI, they 

reported an enhanced cell cycle activity (investigated by Ki67 and Aurora B IF staining) 

in CMs and improved cardiac function in adult mouse hearts induced by Angptl4 

treatment compared to the control group. Collectively, they concluded an ability of adult 

mammalian heart to regenerate following an Angptl4-induced MAPK-kinase signaling, 

coincided with the promotion in CM proliferation.  
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PDGFAA 

Our ELISA and antibody array screening approaches, revealed that briefly after birth the 

level of PDGFAA was significantly lower in the hearts obtained from mice at NB18.5 

than in E18.5 (Figure 21). The human heart single cell data 

(https://www.proteinatlas.org/ENSG00000197461-PDGFA/single+cell+type),  

demonstrated that the PDGFA in humans was expressed in the cardiac cell populations 

such as CMs, endothelial cells, smooth muscle cells and fibroblast. PDGFAA has been 

concluded to bind to the PDGFRA receptor (again a classical receptor tyrosine kinase) 

(Heldin et al., 1998), and thereby induces the activations of AKT and MAPK-kinase 

pathways (Li et al., 2011). The influence of PDGF on human arterial smooth muscle cells 

(SMCs), was studied by Li et al. (2011). Following an incubation of cultured SMCs with 

PDGFAA, they reported a significant increase in the rate of BrdU incorporation in arterial 

SMCs. Moreover, in the arterial SMCs, they revealed that as a consequence of 

phosphorylation of PDGFRA by PDGFAA, the PDGFRA became activated. 

Consequently, the PDGFAA treatment enhanced the activity of Erk1/2 and AKT in arterial 

SMCs, on one hand. On the other hand, it reduced the level of p27 in arterial SMCs 

compared to the control groups. Collectively, their data suggested an PDGFAA-promoted 

cell cycle activity in human arterial SMCs (Li et al., 2011). In 2016, Gallini and 

colleagues, assessing the in-situ localization of PDGFRA, revealed that the PDGFRA was 

localized in the interstitium of the ventricular myocardium. Moreover, comparing the 

mouse fetal hearts with postnatal and adult hearts, they revealed that the PDGFRA was 

highly expressed at E17.5 and reduced in ventricular myocardium of mice at P0. 

Furthermore, they reported that the CM-specific overexpression of short and long forms 

of Pdgfa (initiating from P0), promoted an increase in the heart size at P27. Additionally, 

within two months after delivery all transgenic mice did not survive. The CM-specific 

overexpression of Pdgfa caused reduced capillary density and enhanced fibrosis and 

collagen accumulation in adult mouse hearts. They concluded that PDGFAA promoted 

the cardiac fibrosis in the adult mice (Gallini et al., 2016). In their experiments a long-

term Pdgfa overexpression was investigated. It would be interesting to monitor how the 

influence of a short-term CM-specific Pdgfa overexpression on CMs would be. In 

addition, it would be interesting to elucidate, whether an overexpression of Pdgfa in other 

cardiac cell types (rather than CMs) would influence the CM growth and proliferation or 

not.  

https://www.proteinatlas.org/ENSG00000197461-PDGFA/single+cell+type
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In order to address our hypothesis regarding the maternal supplementation of factors 

through placenta, we investigated the origin of PDGFAA via ELISA experiments using 

serum samples of female adult mice (pregnant or non-pregnant) and perinatal mice. 

However, we were not able to demonstrate the origin of PDGFAA (Figure 24). We 

observed that the serum levels of PDGFAA were higher in samples obtained from 

pregnant mice than this in perinatal individuals. Additionally, the PDGFAA levels 

between the fetal and neonatal murine serum did not change (following birth). 

Consequently, two scenarios could be speculated: 

1. Comparing the PDGFAA level in mouse hearts (decreased in a birth-related pattern), 
and its level in serum of pregnant vs. E18.5, it is possible that in additional to placental 
supplementation of fetal hearts with PDGFAA, the PDGFAA is locally produced in 
hearts. However, after the loss of maternal supplementation of hearts with PDGFAA, 
the neonatal hearts rely only on their own PDGFAA expression.  

2. Comparing heart and perinatal serum patterns of PDGFAA, it is very probable that the 
placental PDGFAA supplementation would not directly influence its level in hearts. 
However, it could be probable that an upstream placental cytokine or growth factor 
would promote the local PDGFAA upregulation in the heart of fetal mice. Therefore, 
after birth, the loss of that factor reduced the cardiac levels of PDGFAA in E18.5 
mouse hearts. 

Which of the two scenarios may be close to the reality, need to be addressed in future 

studies.  

It is noteworthy to mention that in this doctoral thesis we mainly focused on the factors 

exhibiting a reduction in their availability in mouse hearts after birth.  

Taken together, according to the previous studies, it is very likely that the factor exhibiting 

a drop in their availability in a birth-dependent manner in mouse hearts, might be involved 

in regulation of AKT, Erk1/2, and mTORC1 signaling pathway in mouse perinatal hearts. 

Moreover, these studies as well as our proteomics approaches, the identified growth 

factors and cytokines seem to be involved in the regulation of cell cycle activity in mouse 

hearts following birth.  

 

4.1.6.1. Association of the growth factors and cytokines exhibiting an 

increased level in mouse hearts following birth in cell cycle 

regulation 
In contrast to Angptl3, IGF-1, IGFBP6, and PDGFAA, following ELISA and antibody-

array screening approaches, we revealed that the growth factors and cytokines including 
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Adiponectin, IGFBP1, CRP, Osteopontin, and Resistin demonstrated a remarkable 

increase in their cardiac level in mouse heart and serum samples at NB18.5 compared to 

E18.5 (Figure 20). Due to lacking time in this doctoral thesis, we mainly focused on only 

Angptl3, IGF-1, IGFBP6, and PDGFAA. However, it is essential to investigate the 

possible involvement of the remaining identified factors in cell cycle regulation. 

According to our ELISA data, we noticed identical perinatal patterns in the level of the 

factors (specifically those with elevated postnatal levels) in heart, serum, and liver 

samples. In this regard, we speculated it is very possible that These factors would be 

synthesized in liver, and transported to the heart after birth. As a consequence of the heart 

supplementation by these factors either have positive or negative influence on the cell 

cycle activity summarized in two following scenarios: 

1. The cardiac cells would be able to conserve their minimal proliferation ability. 

2. The increased levels of these factors, would be a main reason for the birth-associated 

declined cell cycle activity in cardiac cell types. 

With this regard, this uncertainty about the positive or negative involvement of the factors 

such as Adiponectin, IGFBP1, CRP, Osteopontin, and Resistin in proliferation regulation 

in CMs, needs to be investigated.  

Adiponectin 

Adiponectin was one of the identified factors exhibiting an increase in its level following 

birth in mouse hearts. Dadson et al. (2015), investigated influence of adiponectin 

knockout in mouse hearts following an increase in pressure overload at P0. Initially, they 

observed that in the control group, the established pressure overload induced at P0 by 

transverse aortic banding, promoted increased CM hypertrophy, and heart weight to tibia 

length ratio at P7 to P28. However, the CM hypertrophy in Adiponectin-null mice were 

initially observed at P28. An incubation of primary CMs with adiponectin, enhanced p38 

activity, as well as increased the activation of the transcription factor MEF2. Collectively, 

they reported that as a consequence of increased pressure overload, the adiponectin-

induced activation of MEF2 was associated with CMs hypertrophy and thereby enhanced 

heart size (Dadson et al., 2015). In this context, it seems that the birth-relevant 

acceleration in adiponectin level in mouse heart (observed in our study), might promote 

the CM hypertrophy immediately after birth. In vascular smooth muscle cells (VSMCs), 

the influence of Adiponectin in cell proliferation has been studied by Zhang et al. (2015). 

Following treatment of VSMCs with adiponectin, they concluded a decrease in 
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proliferation rate of cultured VSMCs compared to the control group. Moreover, 

investigating the molecular mechanism underling the Adiponectin-induced cell cycle 

arrest in VSMCs, they concluded that the Adiponectin treatment reduced the proliferation 

rate by suppressing the activity of Ras, Raf and Erk1/2 signaling pathway.  

IGFBP1 

According to the human-single cell data 

(https://www.proteinatlas.org/ENSG00000146678-IGFBP1/single+cell+type) the 

IGFBP1 is mainly expressed in liver (hepatocytes). As member of IGF-binding proteins, 

the IGFBP1 interacts with IGF-1 or IGF-2 and thereby modulates the activity of IGFs. In 

2007, Sun studied the role of IGFBP-1 overexpression in mouse cardiac structure at the 

perinatal ages. He reported that the in both transgenic and wild type mice, the ventricular 

wall thickness in LV, IVS, and RV was elevated from E14.5 to E17.5. After birth, while 

in the wild type group the wall thickness was reported to be elevated until 24 weeks, in 

the transgenic mice the ventricular wall thickness postnatally was accelerated only until 

4 weeks. Consequently, he reported that by 24 weeks, the wall of LV was remarkably 

thinner in the mice overexpressing IGFBP1 compared to the control group. Prenatally, he 

reported that the ratio of LV weight to body weight was remarkably higher in transgenic 

mice than this in wild type mice. Nonetheless, postnatally, the LV weight to body weight 

ratio was reported to drop in transgenic mice. However, this ratio remained unchanged in 

wild type mice from E17.5 and P7. Additionally, having investigated the CM size, he 

revealed that the CM size in transgenic mice was 29% larger compared to wild type mice. 

At E17.5 the proliferation rate in CMs of the transgenic mice was 25% lower than the 

wild type group. He concluded that the upregulation of IGFBP1 in mice coincided with 

the enhanced heart weight to body weight rate which was caused by cardiac hypertrophy 

rather than the cardiac hyperplasia (University of Toronto, 2007). In agreement with the 

Sun’s findings, it is very likely that immediately after delivery the enhanced IGFBP1 level 

in mouse hearts observed in our experiments, might be associated with reduced CM 

proliferation and increased cardiac hypertrophy. This needs to be investigated in future.  

CRP 

As another identified factors demonstrating enhanced level in mouse heart, C-reactive 

protein (CRP)  can be pointed out, which in humans is mainly expressed in hepatocytes 

(liver) (https://www.proteinatlas.org/ENSG00000132693-CRP/single+cell+type). The 

https://www.proteinatlas.org/ENSG00000146678-IGFBP1/single+cell+type
https://www.proteinatlas.org/ENSG00000132693-CRP/single+cell+type
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CRP has been associated with cardiovascular diseases (Gortney and Sanders, 2007). In 

2011, in a study conducted by Choi and colleagues to assess the influence of CRP on 

cardiac cell cycle regulation, using H9C2 cardiac myocytes originated from embryonic 

rat hearts. Initially, following a flow cytometry analysis, they concluded that the CRP 

treatment enhanced the rate of cells active in G1, whereas it reduced the rate of cells 

exhibiting an activity in S and M phases compared to the control group. They concluded 

that the CRP promoted the G0/G1 arrest H9C2 cells. Furthermore, the H9C2 cells were 

incubated with different concentrations of CRP for 24 h, and the protein levels of cell 

cycle regulators were assessed. Accordingly, they revealed that as a consequence of a 

treatment of H9C2 cells with 50 µg/ml of CRP, the levels of CDK2, CDK4, CDK6, and 

Cyclin D1 was noticeably reduced compared to the control group. In addition, assessing 

the activity of p53 as a main regulation of cell cycle withdrawal, they reported that the 

CRP treatment enhanced the phosphorylation state of p53 and elevated the level of p21. 

To undercover the upstream factor regulating p53, they mentioned that the CRP treatment 

elevated the activity of Erk1/2. Interestingly, as a consequence of pharmacological Erk1/2 

inhibition, the CRP-promoted p53 activation and p21 accumulation were suppressed. 

Collectively, they reported that the CRP protein promoted cell cycle exit in H9C2 cells 

by activating p53 (Choi et al., 2011).  

Osteopontin 

In the course of our ELISA and antibody-array approaches, we concluded a remarkable 

elevation in the level of Osteopontin (OPN) in mouse heart shortly after birth in 

comparison to E18.5 (Figure 20). In humans, the major source of OPN is reported to be 

macrophages (Shirakawa and Sano, 2021; Trueblood et al., 2001). In 2001, the role of 

OPN in left ventricular remodeling following a LAD ligation, was investigated by 

Trueblood and team using OPN-knockout (OPN-KO) mice. In control and OPN-KO and 

control adult mouse hearts after a myocardial infarction (induced by LAD ligation), the 

OPN expression was shown to be elevated at the infarct zone. They reported that the LV 

volume to heart weight ratio was larger in OPN-KO mice than in wild type, whereas the 

myocyte length in OPN-KO mice was remarkably lower than in the wild type group 

following LAD ligation. They reported a compensatory hypertrophy in the wild type 

mouse hearts after MI. Interestingly, one month after LAD ligation, at the remote and 

infarct areas the collagen level was significantly lower (almost undetectable) in the OPN-

lacking mice compared to the control group.  
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Collectively, they concluded an exaggerated LV dilation and declined collagen level in 

the adult mouse heart after LAD promoted by OPN knockout (Trueblood et al., 2001). In 

adult rat cardiac endothelial cells, the OPN was reported to be upregulated following an 

Ang II-promoted activity of Erk1/2 pathway (Xie et al., 2001).  

Resistin 

According to the data represented by human single cell databank 

(https://www.proteinatlas.org/ENSG00000104918-RETN/single+cell+type ),in human 

the RETN (Resistin) is highly expressed in macrophages. Kim et al. (2008), revealed that 

the Resistin was expressed in heart and caused the cardiac hypertrophy. A viral Retn-

upregulation in the cultured neonatal rat ventricular myocytes (NRVM), was reported to 

increase the surface area of NRVM compared to the control NRVM. Furthermore, the 

Resistin upregulation in NRVM, enhanced the activity of Erk1/2 and p38. They concluded 

that the Resistin upregulation in CMs, promoted the cardiac hypertrophy via activation of 

MAPK-kinase signaling pathway. Notably, via our proteomics outcomes we revealed a 

birth-relevant increase in the cardiac level of Resistin compared to E18.5 hearts (Figure 

20). It seems that this postnatally elevated Resistin level might promote cardiac 

hypertrophy immediately after birth.  

Taken together, it is very likely that the identified factors exhibiting an increased level in 

NB18.5 mouse hearts, might dominantly be associated with reduced postnatal cell cycle 

activity and increased cardiac hypertrophy. Since the investigation time during this 

doctoral thesis was limited, we concentrated mainly on the factors with reduced 

availability in the mouse hearts at NB18.5 compared to E18.5 such as Angptl3, IGF-1, 

IGFBP6, and PDGFAA. Our objective was to assess the source of these four factors using 

serum and liver samples obtained from perinatal mice, as well as serum samples isolated 

from perinatal (male and female) together with female adult pregnant and non-pregnant 

mice. Based on quantitative analyses, it is not possible to make any conclusion about the 

origin of the factors, since the factors are not only expressed in heart or liver. However, 

concerning our data, it seems that during the fetal life span the heart would be 

supplemented by maternal IGFBP6, since the serum level of IGFBP6 was larger in 

pregnant mice than in adult female and fetal mice. Moreover, following a maternal 

separation, the IGFBP6 in the serum samples obtained from NB18.5 mice decrease 

compared to E18.5. Yet, we need more detailed-experiments to navigate the origin of 

these identified factor, which will be described in the Outlook chapter (Chapter 4.2.). Our 

https://www.proteinatlas.org/ENSG00000104918-RETN/single+cell+type
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final aim was to incubate the cultured primary CMs with the identified factors in order to 

promote the cell cycle activity. Since the IGF-1 is well-investigated (Bogush et al., 2020), 

we focused on the remaining three factors: Angptl3, IGFBP6, and PDGFAA.  

 

 

4.1.7. Primary neonatal mouse CM treatment with Angptl3 and PDGFAA  
Concurrent with postnatal cell cycle arrest, we identified four cytokines and growth 

factors whose levels significantly declined immediately after birth, Angptl3, IGF-1, 

IGFBP6, and PDGFAA. Indeed, all these factors have been concluded to regulate cell 

growth or proliferation through activation of MAPK-kinase and AKT/PI3K pathways. 

Our objective was to induce cell cycle activity and possibly proliferation in murine 

neonatal CMs under in vitro conditions by treatment with IGF-1, IGFBP6, Angptl3, and 

PDGFAA. 

 

4.1.7.1. Angptl3 incubation 
Little is known about Angptl3 and its role in CMs. However, it has been speculated about 

a potential role of Angptl3 to improve the proangiogenic ability of endothelial progenitor 

cells (following an interaction with integrin receptors ανβ3 (Luo et al., 2018). Previous 

studies mentioned the involvement of Angptl3 in activation of integrin receptors ανβ3, and 

thereby the angiogenesis via MAPK and AKT activation (Camenisch et al., 2002). In 

agreement to our findings concerning the reduced cell cycle activity in CMs and declined 

activity of AKT and Erk1/2 immediately after birth, our proteomics analyses revealed that 

the Angptl3 level in the mouse heart, serum and liver samples reduced following birth 

compared to E18.5. In order to investigate the influence of Angptl3 in the promotion of 

cell cycle activity in CMs, we selected Angptl3 for our in vitro analyses.  

It has been demonstrated that primary CMs obtained from neonatal mice exhibit a 

relatively low cell activity (<3.5%) (Jiang et al., 2022). Following Angptl3 treatment (100 

ng/ml and 200 ng/ml), we observed no variations in the percentage of BrdU positive CM 

nuclei compared to the negative control (0.5% FCS). However, an incubation of the CMs 

with 10% FCS (as positive control or PC), noticeably enhanced the cell cycle activity in 

CMs (almost 4%), compared to the treated groups. It is essential to mention that in our 

experiments, the CM confluency was relatively high, which might lead to contact-

inhibition and reduced or unchanged cell cycle activity in CMs. A study conducted by 



Discussion 

 185 

Camenisch and colleagues has demonstrated that increasing the Angptl3 concentration 

when treating human microvascular vein endothelial cells (HMVEC), promoted cell 

migration through integrin receptors ανβ activity (Camenisch et al., 2002). However, in 

our investigations, we did not find any modifications in the rate of non-myocytes 

exhibiting an activity in S-phase of the cell cycle following Angptl3 treatment. In contrast 

to Camenisch and colleagues, we did not specifically distinguish between non-myocyte 

cell types, which might explain this variation between our outcomes. The Angptl3 

concentration inducing integrin signaling was reported 6.6 µg/ml (Camenisch et al., 

2002), being 33 times higher than the concentration we used in our experimental setup. 

Our ELISA experiments revealed that the Angptl3 concentration in serum isolated from 

NB18.5 mice was almost ∼224 ng/ml, whereas in E18.5 this value was ∼558 ng/ml. 

Therefore, in order to induce cell cycle activity in CMs, higher concentrations of the 

Angptl3 could be tested in future studies. Using WB experiments, we noticed a 

significantly increased expression of Cyclin D2, as well as enhanced phosphorylation 

degrees of AKT and mTORC1 levels in primary CMs following treatment with 200 ng/ml 

Angptl3 compared to NC (Figure 28A and C). However, the MAPK-kinase (p44/42) 

activity was not influenced by Angptl3 treatment (Figure 28B). It is not very likely that 

potential influence of the Angptl3 in CM growth regulation would be as a consequence 

of MAPK-kinase activity. Nonetheless, it seems that the Angptl3 influenced the AKT and 

mTORC1 activity and Cyclin D2 level in primary CMs. Moreover, it has been already 

concluded that following an overexpression of type-D Cyclins in injured adult mouse 

hearts, increased CM cell cycle activity (S-phase activity) and reduced the infarct size 

(Pasumarthi et al., 2005; Soonpaa et al, 1997). It seems that the investigated level of 

Angptl3 in our study was too low to induce the cell cycle activity in CMs, whereas at 

molecular levels even low levels of it enhanced the expression level of Cyclin D. In future 

studies in vitro experiments with higher Angptl3 doses need to be performed.  

 

4.1.7.2. PDGFAA treatment 
According to the single cell data, the PDGFAA is expressed in CMs, SMCs, FBs, and 

ECs (Chapter 4.1.5.). Moreover, paralleled by the birth-associated cell cycle arrest in 

mouse CMs and non-myocytes, our ELISA experiments unveiled that PDGFAA level in 

mouse heart was lower in NB18.5 hearts than in E18.5. Notably, PDGFAA was reported 

to be associated in cellular proliferation by activating AKT and Erk1/2 signaling (Li et 
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al., 2011). We selected PDGFAA for our in vitro experiments. PDGFAA has demonstrated 

high affinity to PDGFR𝛼. The receptor PDGFR𝛼 is expressed in cardiomyocyte 

progenitors. It is elusive whether it would be involved in myocardial repair after an injury 

in adult hearts (reviewed by Kalra et al., 2021).  

Taken together, it seems that the PDGFAA can potentially serve as promising candidates 

to enhance proliferation rates in primary neonatal CMs. After 24 h treatment with 50 

ng/ml PDGFAA we observed that the BrdU incorporation rate in neonatal CM nuclei was 

reduced from 2.2% to 1.6% (compared to the negative control), without reaching 

statistical significance. A higher concentration of PDGFAA (100 ng/ml) significantly 

increased the rate of BrdU exhibiting CM nuclei to 2.74% (compared to both NC and the 

50 ng/ml PDGFAA-treated cells). Stimulating arterial smooth muscle cells in human 

arterial SMCs by PDGFAA, Li et al. (2011) reported that the BrdU incorporation in these 

cells increased significantly by the factor of 10 after treatment with 50 ng/ml PDGFAA 

for 48 h (Li et al., 2011). In our in vitro experiments, we noticed no noticeable variations 

in BrdU incorporation using this concentration in non-myocytes (Figure 26) in 

comparison to the NC. One reason for this reduction is that in contrast to the study 

performed by Li et al., our PDGFAA incubation time was shorter (24 h instead of 48 h) 

(Li et al., 2011). In our study we only investigated the total cardiac non-myocyte cell 

populations, irrespective to their type (including all cardiac SMCs, ECs, and FBs), which 

might explain this variation. Whether increasing the PDGFAA treatment period to 48 h 

would lead to an elevation in CM and non-myocyte proliferation rates needs to be 

examined. In future the cell-specific response to the PDGFAA can be assessed. In addition 

to the already mentioned factors, the confluency of the cultured cells was relatively high 

(more than 90%), which can highlight the influence of contact inhibition on cell cycle 

activity.  

Taken together, PDGFAA seems to be able to promote CM proliferation. We revealed that 

PDGFAA treatment promoted the cell cycle activity in CMs. However, it needs to be 

investigated whether this cell cycle activity might lead to proliferation, or hypertrophy, 

multinucleation or even polyploidy.  
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4.2. Outlook and conclusion 
 
 
4.2.1. Determination of cardiac hypertrophy, polyploidy, and nucleation 
Following our WB findings, we noticed that the activity of AKT, S6, Erk1/2 in female 

mouse hearts remained unchanged at NB18.5 compared to E18.5, whereas in male mouse 

hearts these reduced significantly immediately after birth. In both sexes the cell cycle 

activity following birth was reduced in a birth-associated manner. Therefore, we 

hypothesize that the unchanged activity of signaling pathways in hearts obtained from 

female mice, would promote the cardiac hypertrophy. Male and female hearts will be 

isolated, fixed in 4% PFA (for 2 hours at RT) and dissociated to single cells, separately 

Neonatal Heart Dissociation Kit (#130-098-373) and the gentleMACS™ Octo 

Dissociator with Heaters (Chapter 2.2.8.2.). Following IF staining and microscopic 

imaging, the surface area of dissociated CMs will be determined using ZEN 2.3 pro 

(Image Acquisition) software. Additionally, the size, ploidy and binucleation states of 

CMs can be determined using fluorescence activated cell sorting (FACS) (Bak et al., 

2023). Moreover, the cross-sectional area of CMs in tissue sections of perinatal male and 

female mice will be determined using IF microscopic analyses (Ocsan et al., 2013). The 

WGA co-staining with Caveolin 3, and DAPI staining will be performed and following 

imaging, the area of CMs with identical orientation will be measured.  

 

 

4.2.2. Investigation of the influence of sex hormones on CM cell cycle 

activity 
Concerning our AKT, MAPK-Kinase, and mTORC1 findings, together with ELISA 

experiments for serum levels of cytokines and growth factors, we noticed that although 

the hearts of both male and female mice are supplemented with similar levels of certain 

cytokines and growth factors, the activity of the mentioned signaling pathways in the two 

sexes was not identical. This underlines the potential involvement of the female sex 

hormone estrogen or the male hormone testosterone. However, according to previous 

studies, the estrogen level in serum of male and female mice briefly after birth is identical 

(reviewed by Leffler et al., 2018). Whether the estrogen receptors in female animals 

would exhibit higher affinity to estrogen compared to receptors in males, or the receptor 



Discussion 

 188 

proportion would be different in each gender needs to be addressed. Moreover, the 

estrogen receptor 𝛼 has been reported to exhibit an activity in the absence of estrogen 

(Bennesch & Picard, 2015; Maggi, 2011; Vrtačnik et al., 2014). Considering the previous 

findings and our pathway activity analyses, we speculate that in female mice an intrinsic 

activity of estrogen receptor 𝛼 would influence the unchanged AKT, MAP-Kinase, and 

mTORC1 activity immediately after birth compared to fetal stages. Therefore, to 

investigate a potential participation of estrogen receptor 𝛼 in CMs, in vitro experiments 

can be performed on primary CMs isolated from male and female mice, separately using 

Neonatal Heart Dissociation Kit (#130-098-373) and the gentleMACS™ Octo 

Dissociator with Heaters (Chapter 2.2.8.2.). The primary mouse neonatal CMs can be 

tittered with various concentrations of sex hormones and thereby the proliferation 

analyses will be conducted in cellular levels using single cell analysis as well as IF 

staining using Caveolin 3 (Chapter 2.2.3.4.) (Bak et al., 2023). In addition, using siRNAs 

or CRISPR cas9 method, the estrogen or testosterone receptors can be downregulated in 

the primary mouse neonatal CMs and the outcomes on the cell cycle activity will be 

monitored (reviewed by Boettcher and McManus, 2015; Carroll et al., 2016). 

Consequently, based on the results of in vitro experiments, the in vivo experiments can 

be designed, treating the neonatal mice with the selected sex hormones to promote the 

cell cycle activity. The neonatal mice can be treated with the estrogen or testosterone and 

their antagonists to investigate their involvement in promotion or inhibition of postnatal 

cell cycle activity.  

 

 

4.2.3. Assessment of the influence of BMP7 and Omentin-1on CM 

proliferation 
Based on our p-p38 and YAP findings via IF and WB experiments (Figure 11, 12, and 13; 

Chapter 3.2.1.), we noticed a decreased nuclear localization of p-p38 in CMs, together 

with reduced protein levels of p-p38 and YAP in hearts of mice at NB18.5 vs. E18.5. 

These outcomes were in agreement with the study conveyed by Yang and colleagues, 

revealing the influence of BMP7 on induction of CM proliferation in mice (Yang et al., 

2023). Whether a reduction in the activity of the BMP7 signaling pathway after birth 

would be concomitant with the early cell cycle withdrawal in CMs needs to be 

investigated. The reduction of BMP7 pathway activity is promoted by reduced BMP7 
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level and/or increased amounts of its inhibitor called Omentin-1. Therefore, ELISA 

experiments will be performed measuring the level of BMP7 and Omentin-1 in serum and 

hearts of male and female individuals at E18.5 and NB18.5 (Mouse BMP7 kit ELISA, 

#A76214; Mouse Omentin-1 kit ELISA, #NBP2-81145). Moreover, multiple approaches 

can be performed to investigate the influence of BMP7 and Omentin-1 on CM cell cycle 

activity. For instance, the pregnant mice can be injected with Omentin-1 or even another 

adipokine (i.e., Adiponectin), which might lead to reduced fetal CM proliferation. Fetal 

hearts will be isolated and following IF and WB approaches the proliferation and the 

activity of cardiac growth-promoting signaling pathways, will be assessed. In addition, 

CM-specific Omentin-1 conditional knockdown mouse models can be investigated, in 

which the Omentin-1 is inhibited in the postnatal hearts. Therefore, Cre/LoxP transgenic 

mice can be generated in which the Cre-recombinase is expressed under the activity of 

alpha-myosin heavy chain (alpha-MHC) promoter, and the Intelectin-1a (encoding for 

Omentin-1) gene is found within the LoxP sequences, which leads to postnatal knockout 

of Intelectin-1a in CMs (Jones et al., 1996; Kim et al., 2018). Accordingly, the CM cell 

cycle activity will be measured. As another approach, using siRNA against Omentin-1, 

under in vitro conditions the cell cycle activity of primary mouse CMs can be 

investigated.  

 

 

4.2.4. Navigation of cytokine and growth factor exchange between fetal 

and maternal blood circulation 
Studies have concluded the importance of bidirectional maternal and fetal interaction on 

the mouse physiology (Cleaton et al., 2016; Lopez-Tello et al., 2023). Due to our data 

concerning the birth-related modifications in the availability of the identified factors in 

NB18.5 mouse hearts, we hypothesized that a separation from maternal supplementations 

with the factors, would cause the change in the factors’ levels in neonatal mouse hearts. 

According to our experimental setups, it was not possible to reveal the origin of the factors 

as well as the possible maternal factors’ supplementation of the embryonic hearts. 

Therefore, the multiple experiments need to conducted to address these uncertainties. The 

GFP-tagged factors can be injected to the mother blood circulation (tail vein), and their 

possible presence in blood of the fetus can be investigated by ELISA against GFP, or IF 

staining for GFP using fetal or neonatal mouse heart sections. The possible maternal 
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factors supplementation of fetus can be assessed. On the other hand, in order to monitor 

whether the fetal factors might be involved in the maternal blood circulation through 

placenta, the GFP-tagged factors can be injected to the fetus and the presence in the 

mother blood circulation can be monitored using ELISA and co-immunoprecipitations 

(Cleaton et al., 2016; Lopez-Tello et al., 2023).  

The single cell proteomics can be conducted using mouse hearts and organ samples from 

mice at E18.5 and NB18.5 to monitor the expression level of the factors in a cell-specific 

manner. Moreover, in the neonatal mice, to investigate whether the liver or heart would 

be the main organ expressing the factors, the tagged-factors can be expressed under cell-

specific promoters (CM-specific or hepatocyte-specific promotors such as alpha-MHC 

via Cre/LoxP) and their localization and expression level will be assessed later. Assuming 

that the hepatocytes would be the origin of the factors (i.e., Angptl3, and IGFBP1), the 

hepatocyte-specific knockout or even hepatocyte-specific expression of the GFP or any 

tagged forms of the factor can be generated. Assessing the factor’s (with or without tag) 

availability in serum, heart, and even liver, can help to navigate the main source of the 

factors.  

 

 

4.2.5. Promotion of CM proliferation by application of PDGFAA in mice 
Investigating the growth factors and cytokines exhibiting reduction in their protein levels 

after birth including Angptl3 and PDGFAA, our data revealed that treatment of neonatal 

CMs with 100 ng/ml of PDGFAA, significantly enhanced the BrdU incorporation in 

primary mouse neonatal CMs, compared to the NC. It needs to be assessed whether, this 

PDGFAA-induced cell cycle activity might lead to CM proliferation or only hypertrophy, 

nucleation, or polyploidy. Having addressed this uncertainty, the in vivo experiments can 

be performed to induce the CM proliferation following an injury in adult mouse hearts. 

Initially the role of postnatal overexpression or administration of PDGFAA on 

proliferation induction in mouse CMs will be assessed. Therefore, concomitant by cell 

cycle exit in CM at P14, PDGFAA will be applied to mice peritoneally or intravenous 

injection at P14, P28, P56, and 1-year-old (Alkass et al., 2015; Gombash Lampe et al., 

2014; Soonpaa et al., 1996). Moreover, 24 h, 48 h, and 72 h later, the hearts will be 

isolated and the proliferation analyses in CMs will be carried out. Assuming that the 

PDGFAA administration would promote the CM proliferation in postnatal mice, it will 
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next be used to enhance the regeneration ability of postnatal mouse hearts. Sham and 

cryoinjury will be induced (size of the injury will be correlated to the body size) in mouse 

hearts at P0, P4, P7, P14, and adulthood and the mice will be injected with PDGFAA 

(treated groups), or only DMSO or PBS (negative control) (intravenous injections). 7, 14, 

21 and 30 days later, the heart function and structure, as well as the CM morphology and 

proliferation at the side of injury will be assessed.  

 

 

4.2.6. In vitro experiments using Angptl3 
Coincident with declined cell cycle activity in mouse CMs, we observed that the level of 

Angptl3 was remarkably declined in mouse serum, heart, and liver samples at NB18.5 

compared to E18.5. Moreover, it has been reported that Angptl4 and Angptl3 promoted 

proliferation and angiogenesis (refer to Chapter 4.1.5.). Therefore, we assessed the 

potential influence of Angptl3 in CM proliferation using in vitro experiment performed 

on cultured primary mouse neonatal CMs. According to our IF and WB outcomes using 

200 ng/ml concentration of Angptl3, we revealed that while the Angptl3 did not influence 

the BrdU-incorporation rate in CMs. However, at molecular levels it enhanced the level 

of Cyclin D2 and activity of AKT, S6, and P70S6K1. We speculated that the selected 

Angptl3 concentration might be too low to promote the cell cycle activity in CMs. In 

future study higher doses of the Angptl3 will be used to induce the cell cycle activity. 

Assuming that the Angptl3 would induce proliferation in mouse primary CMs, we will 

later conduct in vivo experiments. The P1, P4, P7, and P14 mice can be injected with the 

identified doses of Angptl3 (through in vitro experiments), and thereby the CM 

proliferation will be investigated as previously mentioned. Next, using LAD ligation in 

adult mice, and the injection of Angptl3, the cardiac structure and function, as well as CM 

proliferation, CM total number, and scar size will be assessed at 7, 14, 21, and 30 days 

after LAD ligation.  

 

 

4.2.7. In vitro experiments using IGFBP6 
IGFBP6 was a common factor detected in both the cytokine and the growth factor 

antibody-array. However, using the growth factor array we noted no change in early 

postnatal levels, whereas our ELISA and cytokine array data revealed a birth-related drop 
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in IGFBP6 levels. Interestingly, studies have demonstrated that IGFBP6 is related to cell 

proliferation. Specifically, an Igfbp-6 knockdown in vascular smooth muscle cells 

(VSMCs) inhibits cell proliferation through Cyclin E degradation, causing S-phase arrest 

(Wang, Z. et al., 2020). Another study has concluded that IGFBP6 inhibited proliferation 

in fibroblasts obtained from palmar fascia by interacting with and suppressing IGF-2 

(Raykha et al., 2013). IGF-2 exhibits a high affinity to the receptor IGF-1R and thereby 

promotes cardiomyocyte proliferation via MAPK-Kinase and AKT signaling pathways 

(Bogush et al., 2020; Díaz Del Moral et al., 2021). However, it is unknown whether 

IGFBP6 in the heart would positively regulate CM proliferation or not. Therefore, in vitro 

experiments will be performed on primary CMs in the future. The CMs will be treated 

with IGFBP6 for 48 h, and cell cycle and pathway activity will be investigated.  

 

 

Conclusion 

Collectively, in this doctoral thesis we concluded for the first time that the immediate 

postnatal cell cycle arrest in CMs is not dependent on gestational age, developmental 

programming or gender. Our data demonstrated a reduced cell cycle activity in CMs 

rapidly after a separation from the intrauterine environment. Concurrent with this birth-

related cell cycle withdrawal, the expression of cell cycle regulating proteins and the 

activity of growth promoting signaling pathway were declined noticeably in a gender-

dependent fashion. We speculated that CMs in female mice might differ in the timing of 

the perinatal switch from hyperplastic to hypertrophic growth and would initiate 

hypertrophy earlier compared to males with the same gestational age. The cell cycle 

regulators and signaling pathways might partially be regulated by cytokines and growth 

factors whose availability changes in the perinatal heart. Interestingly, we reported that 

directly after birth the level of 10 cytokines and growth factors was altered in mouse 

hearts and serum. It is essential to mention that the identified factors are mainly involved 

in the regulation of MAP-Kinase, AKT, and mTORC1 pathways, supporting their 

possible involvement in regulation of postnatal cell cycle arrest in CMs. Preliminary in 

vitro results revealed that out of the 10 factors with perinatal changes in the heart, 

treatment of primary neonatal CMs with PDGFAA might moderately induce cell cycle 

activity. Future studies need to be conducted to validate our findings and characterize the 

various growth factors and cytokines in more detail with respect to their potential to 
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modulate CM cell cycle activity. Assuming that the PDGFAA might indeed promote the 

proliferation in CMs, it is potential to induce the CMs proliferation in adult mice and 

humans following an injury. Moreover, since the cardiac function and structure were 

reported to be influenced in preterm-delivered humans. It is tempting to speculate whether 

a treatment with PDGFAA would be able to improve the CM total numbers in premature-

delivered humans. Thus, our findings could potentially have essential clinical 

implications for the improvement of life quality of preterm-born humans.  



Abstract 
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5. Abstract 
 
During the embryonic development, the cardiac growth is mainly promoted by 

cardiomyocyte proliferation. In mice the cardiomyocyte proliferation declines 

continuously after birth, such that in adults cardiac myocytes are largely unable to divide. 

If an exposure to an extrauterine environment induces postanal cell cycle arrest, 

cardiomyocyte numbers per heart might be reduced following preterm birth compared to 

term deliveries. This might affect cardiovascular health later in life. Thus, in this thesis, 

we evaluated the onset of cell cycle withdrawal in mouse hearts in the period immediately 

after birth. We performed independent immunofluorescence (IF) staining for Ki67, and 

phospho-Histone H3 together with Caveolin 3 as a cardiomyocyte marker in murine 

ventricular myocardium at two latest fetal stages (E17.5 and E18.5), shortly after birth 

(NB18.5 and NB19.5), a day after delivery (NB18.5+1 and NB19.5+1), and two days 

after birth (NB19.5+2). Both E18.5 and NB18.5 mice share an identical gestational age, 

however, only the NB18.5 mice were briefly exposed to the extrauterine environment. 

Thus, comparing E18.5 and NB18.5 hearts allows for the evaluation of the birth influence 

on cardiac growth regulation. Moreover, in the entire analytical steps, the mouse 

gestational age and sex were precisely monitored. Our IF data revealed no remarkable 

variations in the cardiac cell cycle activity between E17.5 and E18.5 stages. Nonetheless, 

shortly after birth, the cell cycle activity rate (Ki67) in cardiac cells, as well as mitosis 

rate in cardiomyocyte and non-myocyte (phospho-Histone H3 and Caveolin 3) were 

noticeably reduced in mouse ventricular myocardium at NB18.5 and NB19.5 compared 

to E18.5 (p<0.05). Comparing the cardiac proliferation rate in NB18.5 and NB19.5 hearts, 

out data suggested that the cell cycle activity was gender and gestational age-independent. 

Furthermore, at one day after birth compared to immediately after delivery, the mitosis 

rate in cardiomyocytes and non-myocytes dropped significantly, whereas the cardiac cell 

cycle activity remained unchanged during the early postnatal stages. Notably, within the 

first week after birth factors such as the metabolic switch, oxidative stress and DNA 

damage, as well as the activity of the cardiac growth regulating signalling pathways and 

the availability of cell cycle regulators influence the murine postnatal cardiac cell cycle 

arrest. However, assessing the availability of glycolysis-involved enzymes (HK-II, 

ALDOA, PKM1/2, LDHA, and Eno-II), levels of antioxidative enzymes (SOD2, TRX2 

and hyperoxidized PRDX-SO3), and the degree of oxidative DNA-damage (using IF 
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staining for 8´-Oxo-7,8-dihydroguanine and MEF2A/C) in perinatal mouse ventricular 

myocardium, we observed no noticeable modifications in the level of these factor at 

NB18.5 compared to E18.5. Thus, it is very unlikely that these factors would be 

associated in the cell cycle arrest in CMs shortly after birth. Interestingly, via western blot 

and IF approaches, we revealed that coincidence with the birth-associated cell cycle arrest 

in CMs, the levels of type-D Cyclins and activity of MAP-kinase, AKT, and mTORC1 

were significantly reduced in mouse ventricular myocardium at NB18.5 compared to 

E18.5. These pathways are partially regulated by growth factors and cytokines. 

Accordingly, we hypothesized that immediately after a separation from an intrauterine 

environment, an alteration in the availability of growth factors and cytokines promote the 

postnatal cardiac cell cycle arrest. Indeed, our in silico approaches revealed that out of 

161 studied growth factors and cytokines, 68% exhibited an altered RNA expression level 

in neonatal compared to fetal mouse and human hearts. Via proteomics analyses 

(antibody-array screenings and ELISA experiments), we unveiled that concomitant with 

the birth-associated cardiac cell cycle arrest, the level of the growth factors and cytokines 

including Angptl3, IGF-1, IGFBP6, and PDGFAA declined remarkably, whereas 

Adiponectin, CRP, IGFBP1, Osteopontin, and Resistin levels were noticeably accelerated 

in mouse hearts at NB18.5 compared to shortly before delivery (at E18.5). Consequently, 

to promote the cell cycle activity in cultured primary cardiomyocytes isolated from 

neonatal mouse hearts, the cells were incubated with either medium (negative control), 

or Angptl3, or PDGFAA, and thereby the BrdU incorporation rates were assessed. While 

the Angptl3 treatment did not influence the cell cycle activity in cardiomyocytes, an 

incubation of primary cardiomyocytes with PDGFAA enhanced the rate of 

cardiomyocytes exhibiting a BrdU-incorporation to twice its value observed in negative 

controls. Collectively, it seems that PDGFAA might promote proliferation in 

cardiomyocyte, which needs to be elucidated in future. In this context, the outcome of 

this thesis can have beneficial clinical implications in preterm-born humans as well as 

cardiac regeneration studies in humans.  
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6. Zusammenfassung 
 
Die Proliferation von Kardiomyozyten während der embryonalen Entwicklung ist ein 

wesentlicher Bestandteil des kardialen Wachstums. Die Proliferation von 

Kardiomyozyten nimmt bei Mäusen nach der Geburt kontinuierlich ab, sodass adulte 

Herzmuskelzellen größtenteils unfähig sind, sich zu teilen. Der genaue Zeitpunkt an dem 

es zum post-natalen Zellzyklusarrestes der Kardiomyozyten kommt ist bisher nicht 

bekannt. Außerdem ist unklar wie groß der Einfluss des Gestationsalters und der 

extrauterinen Umgebung auf den Zellzyklus der Kardiomyozyten ist. Sollte der 

Zellzyklusarrest unmittelbar nach der Geburt erfolgen, könnte die Kardiomyozyten-

Anzahl pro Herz bei Frühgeburtlichkeit im Vergleich zu termingerecht geborenen 

Säuglingen reduziert sein. Dies könnt zur Folge haben, dass Frühgeborene im Vergleich 

zu Reifgeborenen im Verlauf ihres Lebens ein erhöhtes Risiko für kardiovaskuläre 

Erkrankungen haben. Um den genauen Zeitpunkt zu ermitteln, an dem die 

Kardiomyozyten postnatal aus dem Zellzyklus austreten haben wir murines ventrikuläres 

Myokard von den zwei letzten fetalen Entwicklungsstadien (E17.5 und E18.5), kurz nach 

der Geburt (NB18.5 und NB19.5), einen Tag nach der Geburt (NB18.5+1 und NB19.5+1) 

und zwei Tage nach der Geburt (NB19.5+2) mittels Immunfluoreszenz-Färbungen (IF) 

für Ki67 und phospho-Histon H3 zusammen mit dem Kardiomyozyten-Marker Caveolin 

3 untersucht. E18.5 und NB18.5-Mäuse haben das gleiche Gestationsalter, jedoch waren 

die NB18.5-Mäuse kurzzeitig der extrauterinen Umgebung ausgesetzt. Daher ermöglicht 

der Vergleich von E18.5- und NB18.5-Herzen die Bewertung des Einflusses der Geburt 

auf die Regulation des Herz-Wachstums. Unsere IF-Daten zeigten keine signifikanten 

Unterschiede in der gesamt zellulären kardialen Zyklusaktivität zwischen den Stadien 

E17.5 und E18.5. Direkt nach der Geburt verringerte sich die Rate der Zellzyklusaktivität 

(Ki67) aller kardialer Zellen sowie die Mitoserate der Kardiomyozyten und Nicht-

Kardiomyozyten (phospho-Histon H3) signifikant (NB18.5 und NB19.5 im Vergleich zu 

E18.5: p<0,05). Das Geschlecht der Mäuse hatte hierbei keinen Einfluss auf die 

Zellzyklusaktivität. Des Weiteren verringerte sich die Mitoserate (phospho-Histon H3) 

der Kardiomyozyten und Nicht-Kardiomyozyten bereits einen Tag nach der Geburt. Die 

Zellzyklusaktivität (Ki67) blieb während dieses perinatalen Zeitraums unverändert. Es ist 

bekannt, dass Faktoren wie die Umstellung des Stoffwechsels von Glykolyse zur 

oxidativen Phosphorylierung, oxidativer Stress, DNA-Schäden, die Aktivität von 
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Wachstumssignalwegen und die Verfügbarkeit von Zellzyklusregulatoren den postnatalen 

Kardialen-Zellzyklusarrest bei Mäusen innerhalb der ersten Lebenswoche beeinflussen. 

Weder die an der Glykolyse beteiligten Enzyme (HK-II, ALDOA, PKM1/2, LDHA und 

Eno-II) noch Marker für oxidativen Stress (SOD2, TRX2 und hyperoxidierter PRDX-

SO3) oder oxidativen DNA-Schaden (8´-Oxo-7,8-Dihydroguanin und MEF2A/C) waren 

im perinatalen ventrikulären Myokard im Vergleich zu E18.5 Herzen verändert. Diese 

Faktoren scheinen somit nicht mit dem unmittelbar postnatalen Zellzyklusarrest der 

Kardiomyozyten in Verbindung zustehen. Wir konnten jedoch beobachten, dass parallel 

zum perinatalen Zellzyklusarrest die Mengen an Typ-D-Zyklinen, so wie die Aktivität des 

MAP-Kinase-, AKT- und mTORC1-Signalweges im ventrikulären Myokard signifikant 

abnahmen. Da Wachstumsfaktoren und Zytokine an der Regulation all dieser Signalwege 

beteiligt sind, stellten wir die Hypothese auf, dass durch Trennung des maternalen und 

fetalen Organismus durch die Geburt die Verfügbarkeit von Wachstumsfaktoren und 

Zytokinen im neonatalen Organismus sinkt und somit der Zellzyklusarrest der 

Kardiomyozyten ausgelöst wird. Tatsächlich zeigten unsere In-silico-Ansätze, dass von 

161 untersuchten Wachstumsfaktoren und Zytokinen 68% eine veränderte RNA-

Expressionsrate zwischen den neonatalen und fetalen Herzen (human und murin) 

aufwiesen. Auf Proteinebene konnten wir in einem Antikörper-Array-Screening und 

mittels ELISA-Experimenten zeigen, dass gleichzeitig mit dem geburtsbedingten 

Kardiomyozyten-Zellzyklusarrest die Menge an Angptl3, IGF-1, IGFBP6 und PDGFAA, 

signifikant abnahm, während die Menge an Adiponectin, CRP, IGFBP1, Osteopontin und 

Resistin in NB18.5 Herzen im Vergleich zu E18.5 deutlich zunahm. Um den Effekt von 

Angptl3 und PDGFAA auf die Proliferation von Kardiomyozyten zu untersuchen, wurden 

primäre neonatale murine Kardiomyozyten isoliert, mit Angptl3 oder PDGFAA behandelt 

und die BrdU-Inkorporationsraten gemessen. Dabei hatte die Angptl3-Behandlung keinen 

Einfluss auf die Inkorporation von BrdU und somit die Zellzyklusaktivität. PDGFAA 

hingegen verdoppelte die Rate der Kardiomyozyten, die eine BrdU-Inkorporation 

aufwiesen, im Vergleich zur Kontrolle.  

Zusammenfassend konnte in dieser Arbeit gezeigt werden, dass die Zellzyklusaktivität 

muriner Kardiomyozyten unmittelbar post-natal abnimmt. Als Ursache hierfür konnten 

post-natal veränderte Spiegel von Wachstumsfaktoren und Zytokinen, wie beispielsweise 

die Abnahme von PDGFAA, identifiziert werden
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7. List of Abbreviations 
 
A 
A  Anterior 
AB  Antibody 
ALDOA Aldolase-A 
a.m.  Before midday 
AMPK  5´-adenosine monophosphate-activated protein kinase 
Angptl3 Angiopoietin-like 3 
ATP  Adenosine triphosphate  
AV  Atrioventricular  
B 
BMP  Bone morphogenetic protein 
bp  Base pair 
bpm  beats per minute 
BrdU  Bromodeoxyuridine  
BVG  Balboventricular groove 
C 
CANS  Cardiac autonomic nervous system  
Cav3  Caveolin 3 
CDK  Cyclin-dependent kinase 
cDNA  Complementary DNA 
CDKI  CDK-inhibitors 
CHD  Congenital heart disease 
CLB  Cell lysis buffer 
CM  Cardiomyocyte 
CRP  C-Reactive Protein 
CT   Cycle of threshold 
CVDs  Cardiovascular diseases 
14C  Carbon-14 
D 
DC  Detergent compatible 
DMSO  Dimethyl Sulfoxide 
DNA  Deoxyribonucleic acid 
Dpc  Days post coitus 
E 
E  Embryonic day (E18.5 stands for embryonic day 18.5) 
4EBP1  Eukaryotic translation initiation factor 4E 
EC  Endothelial cell 
ECCs  Endothelial cushion cells  
ECL  Enhanced chemiluminescence 
ECM  Extracellular matrix 
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EdU  3[H] thymidine incorporation 
EF  Ejection fraction 
EGF  Epidermal growth factor 
EIF4E  Eukaryotic translation initiation factor 4E 
ELISA  Enzyme-Linked Immunosorbent Assay 
Eno  Enolase 
EPDC  Epicardium-derived cells 
ER  Estrogen receptor 
ERR  Estrogen-related receptor 
EtOH  Ethanol 
F 
F  Forward (primer) 
FACS   Fluorescence-activated cell sorting 
FB  Fibroblast 
FCS  Fetal calf serum 
FDR  False Discovery Rates 
FELASA Federation of European Laboratory Animal Science Associations 
FGF  Fibroblast growth factor 
FHF  First heart field 
G 
G1  Gap1 
G2  Gap2 
GFP  Green fluorescence protein 
GLUT  Glucose transporter 
GO  Gene Ontology 
GPCRs  G-protein-coupled receptors 
GSEA  Gene set enrichment analysis 
GSK-3β  Glycogen synthase kinase-3β 
H 
h  hour 
Hccs  X-chromosomal holocytochrome c synthase gene 
HF  Heart failure 
HFs  Head folds 
HIF-1α  Hypoxia-inducible factor 1α 
hiPSCs  Human induced pluripotent stem cell 
HK  Hexokinase 
HMVECs Human microvascular vein endothelial cells 
H2O2  Hydrogen peroxide 
HRE  Hypoxia response elements 
HRP  Horseradish peroxidase 
I 
IF  Immunofluorescence 
IGF  Insulin-like growth factor 
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IGFBP  Insulin-like growth factor binding protein 
ITS  Insulin-Transferrin-Selenium 
IVS  Interventricular septum 
J 
JNK  c-Jun NH2-terminal kinase 
K 
KO  Knockout 
KD  Knockdown 
L 
L  Left 
LA  Left atrium 
LAD  Left anterior descending coronary artery 
LATS1/2 Large-tumor suppressors 
LDH  Lactate dehydrogenase 
LV  Left ventricle 
LVNC  Left ventricular non-compaction 
M 
M  Mitosis phase  
MAPK  Mitogen-activated protein kinases 
Β-ME   β-mercaptoethanol 
MEF2  Myocyte enhancer factor 2 
MeVS  Membranous interventricular septum 
MHC  Myosin heavy chain 
MI  Myocardial infarction 
min  Minute 
ML  Midline 
mmHg   Millimeter mercury 
mRNA  Messenger ribonucleic acid 
MST1  Mammalian sterile 20-related 1 
MST2  Mammalian sterile 20-related 2 
mtDNA Mitochondrial DNA 
mTOR  Mammalian/Mechanistic target of rapamycin 
MuVS  Muscular interventricular septum 
N 
NB  New born or age at birth (NB18.5: Birth occurrence at day 18.5) 
NC  Negative control 
NCBI  National Center for Biotechnology Information 
NGS  Normal goat serum 
NPAT  Nuclear protein coactivator of histone transcription 
NPM  Nucleophosmin 
NRVMs Neonatal rat ventricular myocytes 
NTC  None-template control 
NV  Normal great saphenous vein 
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O 
1O2  Singlet oxygen 
O2•−  Superoxide anion 
O3  Ozone 
OD  Optical density 
3’-OH  Hydroxyl 
OH•  Hydroxyl ion 
O/N  Over night 
OPN  Osteopontin 
8´-Oxo-G 8-hydroxyguanine 
P 
P  Posterior 
P  Postnatal day 
PAA  Poly acrylamide 
PBS  Phosphate buffered saline 
PC  Positive control 
PCR  Polymerase chain reaction 
PDGF  Platelet-derived growth factor 
PDGFRA  Platelet-derived growth factor receptor A 
PDK  Pyruvate dehydrogenase kinase 
PFA  Paraformaldehyde 
PFK  Phosphofructokinase 
PFs  Purkinje fibers 
pHH3  Phosphorylated Histone H3 
PKM1/2 Pyruvatekinase muscle 
p.m.  Past midday 
PRDX  Peroxiredoxin 
PS  Primitive streak 
PTYA  Preterm-delivered young adults 
R 
R  Right 
(R)  Reverse (primer) 
RA  Right atrium 
Rb  Retinoblastoma 
rcf  Relative centrifugal force 
RNA  Ribonucleic acid 
rRNA  Ribosomal ribonucleic acid 
RO•  Alkoxyl 
ROS  Reactive oxygen species 
RPKM  Read Per Kilobase of transcript per Million mapped reads 
rpm  Rate per minute 
RT  Room temperature 
RT-qPCR Quantitative real-time PCR 
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RV  Right ventricle 
S 
Salv  Salvador 
S phase Synthesis phase 
SDS  Sodium dodecyl sulphate 
SDS-PAGE Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 
SEM  Standard error of the mean 
SHF  Second heart field 
S6K1  Ribosomal protein S6 kinase 
SMC  Smooth muscle cell 
SOD  Superoxide dismutase 
SR  Sarcoplasmic reticulum 
Sry   Sex determining region of chromosome Y gene 
T 
TA   Annealing temperature  
TAZ  Transcriptional coactivator with PDZ-binding motif 
TEAD  TEA domain family member 
TnT  Troponin T 
tRNA  Transfer ribonucleic acid 
TRX  Thioredoxin 
TYA  Term-born young adults 
U 
UV  Ultraviolet 
V 
VSMCs Vascular smooth muscle cells 
VV  Varicose great saphenous vein 
W 
WB  Western blot 
WGA  Wheat germ agglutinin 
WHO  World health organization 
wk  Gestational week 
WPC  Weeks post conception 
Y 
YAP  Yes-associated protein 1
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Supplementary Figure 1. Reduced cell cycle activity immediately after birth in the IVS of male mice. 
Studying the perinatal cell cycle activity in murine ventricular myocardium via immunofluorescence antibody staining 
against Ki67. The graph represents the percentage of cardiac nuclei demonstrating cell cycle activity (i.e., positive for 
Ki67) in the interventricular septum (IVS) region at seven represented consecutive stages around birth. The counts of 
nuclei active in cell cycle shows a steady state between E17.5 and E18.5. At IVS, cell cycle activity drops directly after 
birth (at NB18.5 and NB19.5). However, cell cycle activity remained unmodified at one and two days after birth 
(compared to birth). The numbers shown in red represent the sample size n. IVS: Interventricular septum, E: Embryonic 
stage, NB: Newborn, NB18.5+1 and NB19.5+1: Samples were collected at 24 h after birth, NB19.5+2: Animals were 
born at day 19.5 and kept for 48 h with mother and then the samples were collected. The results are illustrated as mean 
values ± SEM, each data point represents one mouse heart. Statistical significance among groups was assessed by one-
way ANOVA. ***: P<0.001. 
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Supplementary Figure 2. Decreased pHH3 rates immediately after birth in CMs located in IVS of 
male mice. Investigation of the perinatal mitosis rates in CMs at IVS via immunofluorescence antibody staining 
against pHH3 and Caveolin 3. The graph represents the percentage of CM nuclei showing a mitotic activity (i.e., 
positive for pHH3) in the interventricular septum (IVS) region at seven demonstrated consecutive stages around birth. 
Comparing E17.5 and E18.5, the number of mitotically active CM nuclei remained unchanged. At IVS, mitosis 
incidence reduces directly after birth (at NB18.5 and NB19.5). However, the mitosis rate in CMs reduced further at 
one day after birth at NB18.5+1 and NB19.5+1, as well as two days after birth compared to birth. The numbers shown 
in red represent the sample size n. IVS: Interventricular septum, E: Embryonic stage, NB: Newborn, NB18.5+1 and 
NB19.5+1: Samples were collected at 24 h after birth, NB19.5+2: Animals were born at day 19.5 and kept for 48 h 
with mother and then the samples were collected. The results are illustrated as mean values ± SEM, each data point 
represents one mouse heart. Statistical significance among groups was assessed by one-way ANOVA. ***: P<0.001. 
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Supplementary Table 1. List of cytokines and growth factors showing a significant modification in their 
availability in male mouse hearts at NB18.5 compared to E18.5 using the cytokine-array kit. 

Gene Protein Fold change 
at NB18.5 

P-Value 

Angptl3 Angiopoietin-like 3 0.36 0.003 
Cd93 C1q R1/CD93 0.76 0.016 
Ccl11 CCL11/Eotaxin 0.73 0.033 
RARRES2 Chemerin 0.71 0.01 
Chi3l1 Chitinase 3-like 1 0.70 0.047 
F9 Coagulation Factor III/Tissue Factor 0.73 0.026 
Cxcl16 CXCL16 0.69 0.017 
Igfbp3 IGFBP3 0.73 0.029 
Igfbp6 IGFBP6 0.68 0.004 
Il10 IL-10 0.84 0.032 
Il12B IL-12 p40 0.80 0.021 
Il27 IL-27 p28 0.55 0.014 
Il33 IL-33 0.87 0.027 
Pcsk9 Proprotein Convertase 9/PCSK9 0.39 0.006 
Serpinf1 Serpin F1/PEDF 0.58 0.003 

Supplementary Figure 3. Unchanged phosphorylation of YAP in ventricular myocardium of male 
and female mice directly after birth. The activity of Hippo was monitored by measuring the 
phosphorylation of YAP using WB experiments. A) and B) Top, WB using whole heart protein extracts 
from E18.5 and NB18.5 male (A) and female (B) mice. The phosphorylated form of YAP (at serine 127), 
and its total protein levels, together with YAP total, were illustrated in yellow (male) and green (female) 
boxes. B) (male) and D) (female) WB quantifications were carried out by normalizing the phosphorylated 
to the total protein band intensity. The results were normalized to the E18.5 data and were represented as 
fold change. Data exhibited no modifications in YAP phosphorylation shortly after delivery in male and 
female mouse hearts. The red numbers reveal the sample size. The results were illustrated as the mean values ± 
SEM. Statistical significance among groups was assessed by unpaired 2-tailed student t-test using SPSS.  
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Acrp30 Adiponectin/Acrp30 1.53 0.002 
Crp C-Reactive Protein/CRP 1.36 0.003 
Col18a1 Endostatin 1.16 0.00026 
Igfbp1 IGFBP1 3.74 0.000388 
Il6r IL-6 1.47 0.043 
Mmp9 MMP-9 1.36 0.025 
Spp1 Osteopontin (OPN) 2.09 0.004 
Ptx2 Pentraxin 2/SAP 1.20 0.043 
Postn Periostin/OSF-2 1.42 0.014 
Retn Resistin 1.50 0.000189 
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Supplementary Figure 4. Immediate changes in protein levels of IGFBP6, Endostatin, Adiponectin, 
IGFBP1, and Osteopontin shortly after birth in male mouse serum samples. ELISA experiments were 
performed using whole liver lysates, as well as serum samples obtained from male mice at E18.5 and NB18.5. A) 
Shortly after delivery (i.e., at NB18.5) the availability of IGFBP6 exhibited significant reduction in serum samples of 
male mice compared to the fetal stage E18.5, whereas IGFBP6 level in liver remained unchanged. B) At NB18.5, the 
level of Endostatin in serum lysates of male mice was decreased in comparison with shortly before delivery, while this 
remained unchanged in liver samples at NB18.5 vs. E18.5. C) to E) ELISA analyses conveyed that Adiponectin, 
GFBP1, and Osteopontin protein levels exhibited significant reductions in both liver and serum samples obtained from 
male mice at NB18.5 compared to the fetal stage E18.5. The numbers shown in red represent the sample size. The 
results are represented as the mean values ± SEM. To perform statistical analyses SPSS software was utilized and the 
statistical significance among groups was measured by unpaired 2-tailed student t-test. *: P<0.05, **: P<0.01, ***: 
P<0.001, ****: P<0.0001. 
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