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1. Introduction 

1.1 Heart failure 

1.1.1 Definition and epidemiology 

Heart failure (HF) is a clinical syndrome characterized by typical symptoms (e.g. 

breathlessness, ankle swelling and fatigue) that may be accompanied by signs 

(e.g. elevated jugular venous pressure, pulmonary crackles and peripheral edema) 

due to an underlying abnormality of cardiac function (Ponikowski et al., 2016). The 

characterization of HF bases on interstitial fibrosis, chamber remodeling, and 

reduced ventricular compliance. It is commonly induced by systemic and 

pulmonary hypertension, coronary artery disease, intrinsic myocardial disease, 

valvular heart disease, congenital heart disease, arrhythmias and cardiac 

conduction disturbances, pericardial disease, and some high-output cardiac 

disease (Cowie and Poole-Wilson, 2013).  

HF is a chief and growing public health problem throughout the world. Worldwide, 

an estimated 23 million adults suffer from HF, and there are approximately 2 

million new cases of HF diagnosed annually. The prevalence of HF will grow 46% 

in the next two decades, leading to more than 8 million adults with HF. 

Furthermore, it is causing a heavy financial burden to the whole world. With 

estimated the costs of HF will increase from US$20.9 billion in 2012 to $53.1 

billion by 2030 in the United States (Mozaffarian et al., 2016; Ziaeian and Fonarow, 

2016) . 

 

1.1.2 Cardiac remodeling in heart failure 

1.1.2.1 Definition of cardiac remodeling in Heart Failure 

Cardiac remodeling is induced by pathophysiological stimuli, including pressure or 

volume overload, chronic inflammation after myocardial infarction, genetic, and 

neuroendocrine activation (Schirone et al., 2017). It generally refers to 

morphological, structural and functional changes of the heart caused by injury or 

stress stimulation (Cohn et al., 2000). Cardiac remodeling includes a group of the 

molecular, cellular, and interstitial changes that contribute to the changes in the 

shape, size, mass and function of the heart (Cohn et al., 2000). It is mediated by 
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cardiomyocytes, fibroblasts, immune cells, and endothelial cells (Frangogiannis et 

al., 2015). The remodeling process may initially promote protection to the heart as 

a compensatory mechanism, preserving normal function, but in the long run often 

leads to the development of HF.  

Pressure overload is a common reason for cardiac remodeling which includes 

cardiac hypertrophy and fibrosis. Fibrosis is caused mainly through fibroblasts 

proliferation and extracellular matrix (ECM) reorganization (Schirone et al., 2017). 

Pressure overload usually results in concentric hypertrophy which is characterized 

by the ventricular wall and septum thickening without increasing ventricular 

chamber size (Kehat and Molkentin, 2010). Remarkably, concentric hypertrophy 

may develop into eccentric hypertrophy with long-term pressure overload stress 

(Kehat and Molkentin, 2010).  

 

1.1.2.2 Signaling pathways of cardiac remodeling 

Signal-transduction pathways which are involved in cardiac remodeling are 

complex. Many of them modulate genes involved in cardiac hypertrophy (Figure 1) 

(Heineke and Molkentin, 2006). One important pathway is MAPK signaling, which 

is composed of multiple levels of kinases, and sub-classified into three main 

branches, i.e. p38, c-Jun N-terminal kinases (JNKs) and ERKs (Garrington and 

Johnson, 1999). MAPKs are involved in proliferation, differentiation, metabolism, 

motility, survival and apoptosis of cells (Wu et al., 2017). In addition, insulin-like 

growth factor-1 (IGF-1) and growth hormone (GH) activate PI3K–AKT signaling to 

mediate cardiac hypertrophy (Heineke and Molkentin, 2006; Kehat and Molkentin, 

2010). PI3K–AKT plays a central role in regulating metabolism, glucose uptake, 

proliferation and protein synthesis, all of which contribute to promote cell survival 

(Yao et al., 2014). Other pathways, like  the transcription factor nuclear factor of 

activated T cells (NFAT) are positively regulated through calmodulin/calcineurin 

and also responsible for cardiac hypertrophy (Heineke and Molkentin, 2006; Kehat 

and Molkentin, 2010). Within the complex downstream network activated by 

hypertrophic stimuli, the class II histone deacetylaseshaves (HDACs) have been 

implicated in playing an important role  in cardiac hypertrophy (Haberland et al., 

2009; Zhang et al., 2002). 
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Angiotensin II seems to be central mediating cardiac fibrosis. AT1 receptor and 

ROS lead to TGFβ activation. Through a SMAD-dependent or -independent 

pathway, TGFβ activates the fibrotic genetic program, which affects fibroblasts 

proliferation, leukocyte infiltration, matrix degradation, collagen deposition, and 

myofibroblastic trans-differentiation (Kehat and Molkentin, 2010; Schirone et al., 

2017).  

 

Figure 1 Integrated schematic of the more extensively characterized intracellular signal-

transduction pathways that coordinate the cardiac hypertrophic response. The signalling that 

occurs at the sarcolemmal membrane is shown at the top (purple bar) and the intermediate 

transduction of signals by various kinases and phosphatases is shown in the middle. The nucleus 

is shown at the bottom and is depicted by the gold bar. ANP, atrial natriuretic peptide; Ang II, 

angiotensin II; BNP, B-type natriuretic peptide; CaMK, calmodulin-dependent kinase; CDK, 

cyclindependent kinase; DAG, diacylglycerol; EGF, epidermal growth factor; Endo-1, endothelin-1; 

ERK, extracellular signalregulated kinase; FGF, fibroblast growth factor; FGFR, FGF receptor; GC-

A, guanyl cyclase-A; GPCR, G-protein-coupled receptors; GSK3β, glycogen synthase kinase-3β; 

HDAC, histone deacetylases; IκB, inhibitor of NF-κB; IGF-I, insulin-like growth factor-I; IKK; 

inhibitor of NF-κB kinase; Ins (1,4,5) P3, inositol-1,4,5-trisphosphate; JNK, c-Jun N-terminal kinase; 

MAPKKK, mitogen-activated protein kinase kinase kinase; MAPKKKK, MAPKKK kinase; MEF, 

myocyte enhancer factor; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target 
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of rapamycin; NFAT, nuclear factor of activated T cells; NF-κB, nuclear factor-κB; NIK, NF-κB-

inducing kinase; PDK, phosphoinositide-dependent kinase; PI3K, phosphatidylinositol 3-kinase; 

PKB, protein kinase B; PKC, protein kinase C; PKD, protein kinase D; PLA2, phospholipase A2; 

PLC, phospholipase C; Pol II, RNA polymerase II; RTK, receptor tyrosine kinase; TAK, TGFβ-

activated kinase; TGFβ, transforming growth factor-β; TGFR, TGF receptor; TNFα, tumour necrosis 

factor-α; TNFR, TNFα receptor (Heineke and Molkentin, 2006，with permission of the author). 

 

1.2 Cardiac cellular composition 

The adult mammalian heart is composed of many cell types. Among them are 

cardiomyocytes, which (in number) constitute approximately 25–35% of all cells 

(Nag, 1980; Pinto et al., 2016). Non-cardiomyocytes include fibroblasts, 

endothelial cells, leukocytes, smooth muscle cells, and pericytes (Banerjee et al., 

2007; Pinto et al., 2016). Although non-myocytes play important roles in regulating 

cardiac function and disease, our knowledge about them remains limited. A study 

on analysis of cardiac cell composition in mice with both histology and flow 

cytometric methods showed endothelial cells constitute over 60%, hematopoietic-

derived cells 5–10%, and fibroblasts under 20% of the non-myocytes in the heart 

(Pinto et al., 2016). Cardiac fibroblasts population is smaller than formerly 

suggested in the adult murine heart (Ali et al., 2014; Pinto et al., 2016). However, 

the ratio between heart myocytes and non-myocytes cells can be significantly 

different depending on species, age, sex, and technical features (Banerjee et al., 

2007; Camelliti et al., 2004) 

 

1.3 Cardiac Fibroblasts 

Cardiac fibroblasts (CFs) are cells of mesenchymal origin, which are characterized 

by their capacity to produce extracellular matrix (ECM) and collagen, participate in 

fibrosis, ECM remodeling, tissue repair, and scar formation (Dostal et al., 2015). 

Although the percentage of fibroblasts in the heart is controversial, the CFs 

contribute to structural, biochemical, mechanical and electrical properties of the 

myocardium, as well as are responsible for cardiac remodeling and fibrosis after 

injury cannot be despised (Camelliti et al., 2005; Porter and Turner, 2009; Souders 

et al., 2009). 
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1.3.1 Origins and development of cardiac fibroblasts 

Resident CFs are predominantly generated during embryonic development from 

the epicardium and endocardium through epithelial-to-mesenchymal transition 

(EMT) (Ali et al., 2014; Moore-Morris et al., 2014) (Figure2). The endothelial line 

and vasculature of heart chambers are formed from the endocardial component 

and undergo EMT to generate fibroblasts during development, while the 

epicardium component formulates the outermost layer of the heart, as well as 

interstitial fibroblasts and smooth muscle cells (Furtado et al., 2016). Recent 

studies showed that endothelial derived fibroblasts are found mainly in the 

interventricular septum in the adult heart, whereas epithelial derived fibroblasts 

occupy the free walls (Ali et al., 2014; Moore-Morris et al., 2014). Additionally, the 

neural crest also contributes a small portion to the fibroblasts pool, which is found 

in the outflow tract region of the heart (Waldo et al., 1998) and right atrium 

myocardium (Ali et al., 2014).  

Compared with resident CFs, fibroblasts in the injured heart are believed to have 

different origins (Figure2) (Tallquist and Molkentin, 2017). The sources of activated 

CFs in response to various pathological insults remain unclear. Studies suggest 

that activated myofibroblasts in injured hearts primarily arise from the proliferation 

and activation of resident fibroblasts of both epicardium and endocardium origin, 

because these cells are extremely sensitive to pathological stimuli (Ali et al., 2014; 

Moore-Morris et al., 2014). Furthermore, a number of non-fibroblast cellular 

sources have been proposed as contributors to myofibroblasts population, 

including endothelial cells, hematopoietic bone marrow–derived cells or immune 

cells, progenitor perivascular cells, and adult epicardium (Reviewed by Tallquist 

and Molkentin, 2017).  
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1.3.2 The role of fibroblasts in the heart 

1.3.2.1 The role of fibroblasts in the healthy heart  

The function of fibroblasts in the adult heart is still poorly understood. In the 

healthy heart, fibroblasts are existing in a quiescent state (Chistiakov et al., 2016). 

They are called “sentinel cells” due to their ability to detect and respond to a 

variety of different stimuli such as chemical signals (including autocrine or 

paracrine fashion of growth factors, cytokines, and hormones), mechanical signals 

(including changes in contraction, stretch, and pressure), and electrical signals 

(involving the opening and closing of ion channels, as well as the connexins) 

(Souders et al., 2009).  

Apart from this, fibroblasts play a crucial role in synthesis and deposition of 

extracellular matrix (ECM) to help keep normal cardiac function. The ECM consist 

of collagens (type 1 and type 3), glycoproteins, proteoglycans, cytokines, growth 

factors, and proteases (Bowers et al., 2010; Fan et al., 2012). Homeostasis of the 

ECM contributes to structural scaffold for cardiomyocytes and other cells. They 

exert mechanical forces through the cardiac tissue, and communicate mechanical 

signals to cells through cell surface ECM receptors (Bowers et al., 2010). For 

normal cardiac function, fibroblasts are continually subjected to mechanical stretch. 

Appropriate regulation of these mechanical signals is important to preserving 

normal cardiac function (Catalucci et al., 2008). The ECM synthesis, degradation, 

and composition interplay with chemical, electrical, and mechanical signals, which 

play a key role in sustaining normal cardiac output (Dostal et al., 2015). 

CFs are also involved in cell-cell communication, secreting growth factors, 

cytokines, electrical conduction and promoting blood vessel formation (Souders et 

al., 2009). With these roles in the heart, CFs are not only keeping proper cardiac 

function, but also play a critical role in the injured heart. 

 

1.3.2.2 The role of fibroblasts in the injured heart 

CFs respond to pathological insults by differentiation into myofibroblasts. Following 

cardiac injury, chemical signals (i.e. TGFβ, Angiotensin II , FGF2, the IL-6 Family, 

IL-33 etc.) are activated and affect fibroblasts function in an autocrine and/or 

paracrine manner (Kakkar and Lee, 2010; Souders et al., 2009). These signals 
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can change gene and protein expression, cell proliferation, and cell migration of 

fibroblasts, to promote wound healing and scar formation (Souders et al., 2009). 

During myocardial injury, CFs become activated and undergo phenotypic 

conversion through the overexpression of cytoskeletal smooth muscle actin,       

secretion of various pro-inflammatory cytokines (IL-1β, IL-6 and TNF-α) and pro-

fibrotic cytokines (TGF-β) (Kawaguchi et al., 2011; Lajiness and Conway, 2014; 

Segura et al., 2014). 

To respond to the various stimuli, myofibroblasts start to proliferate, migrate and 

refit the cardiac interstitium through increasing secretion of matrix 

metalloproteinases (MMPs) and collagen (Brown et al., 2005; Sun and Weber, 

2000). Meanwhile, CFs secrete quantities of growth factors and cytokines, 

especially IL-1β, IL-6 and tumor necrosis factor-α (TNF-α), which conversely 

activates MMPs leading to excessive ECM degradation, further contribute to 

cardiac remodeling and have profound effects on cardiac function (Brown et al., 

2005; Corda et al., 2000; Souders et al., 2009). Myofibroblasts do not exist in 

normal, healthy cardiac tissue, with the exception of heart valve leaflets. Their 

location is limited to injury areas where the collagen synthesis and deposition 

boosting scar formation take place (Sun and Weber, 2000). In addition, 

myofibroblasts play an important role in fibrosis and wound healing through 

secretion of cytokines, matrikines, ECM, and growth factors in the injured heart 

(Brown et al., 2005). Myofibroblasts is a part of the hallmark of pathophysiological 

cardiac remodeling (Humphries and Reynolds, 2009; Kong et al., 2014). 

Furthermore, CFs also participate in blood vessel formation during development 

and potential disease, but the precise role of these cells in the angiogenic process 

remains unclear (Bowers et al., 2012). Fibroblasts are closely related to 

endothelial cells which are known to express pro-angiogenic (FGF and VEGF) and 

anti-angiogenic cytokines (PDGF and CTGF) (Murakami and Simons, 2008; Zhao 

and Eghbali-Webb, 2001). Moreover, fibroblasts also express and secrete other 

factors, such as MMPs and tissue inhibitors of metalloproteinases (TIMPs), 

leading to activation or inhibition of angiogenesis (Liu et al., 2008; Powell et al., 

1999). Taken together, fibroblasts contribute to vascular remodeling after injury by 

expression of angiogenic and anti-angiogenic factors. 
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1.4 GATA Factors  

GATAs constitute a family of transcription factors which is involved and play an 

important role in heart development, normal homeostasis and disease. Although 

previous studies showed that the GATA transcription factors regulate 

differentiation, growth and survival of extensive range of cell types, the precise role 

of GATA transcription factors in the heart, especially in CFs remains unknown. 

The GATA family members are a group of double zinc finger transcription factors, 

which bind specifically to the consensus DNA sequence (A/T) GATA (A/G) motifs 

through their highly conserved zinc-finger DNA-binding domains in vertebrates 

(Patient and McGhee, 2002). The family of GATA transcription factors consists of 

six members (GATA1-6), which can be subdivided into two subfamilies according 

to sequence homology and expression forms. One subgroup is composed of 

GATA-1, -2 and -3, which regulate the hematopoietic system and their derivatives 

(Patient and McGhee, 2002). Another group, GATA-4, -5 and -6 are expressed in 

mesoderm- and endoderm-derived tissues such as the heart, liver, lung, and gut 

(Molkentin, 2000; Patient and McGhee, 2002). 

 

1.4.1 GATA family in the heart 

In the heart, GATA5 is limited to the endocardium, while GATA4 and GATA6 are 

maintained in the developing and postnatal myocardium (Peterkin et al., 2005). 

Due to the fact that both GATA4 and GATA6 bind to a similar DNA sequence 

element and colocalize in postnatal cardiomyocytes as well as interact functionally 

and physically, it is suggested that GATA4/6 compensate for one another in the 

heart (Charron et al., 1999; Van Berlo et al., 2010; Xin et al., 2006). Furthermore, 

deletion of either GATA4 or GATA6 alone during heart development still allowed 

myocyte formation, however, deletion of both together resulted in a complete loss 

of the lineage. This implies GATA4 and GATA6 seem to be totally redundant in 

programming cardiomyocyte formation (Zhao et al., 2008). GATA4 and GATA6 not 

only regulates expression of structural genes during cardiogenesis, but also 

regulates gene expression in cardiac remodeling (Heineke and Molkentin, 2006; 

Kohli et al., 2011; Pikkarainen et al., 2004). 
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1.4.2 Function of GATA4 and GATA6 in heart 

1.4.2.1 Function of GATA4 and GATA6 in cardiomyocytes 

GATA4 and GATA6 are expressed in both fetal and adult cardiomyocytes. GATA4 

and GATA6 proteins physically interact and synergistically activate target gene 

expression to regulate cardiac morphogenesis and cardiomyocyte differentiation. 

GATA4 plays an indispensable role in promoting cardiac development and 

differentiation of the myocardium, as well as in regulating survival and hypertrophic 

growth of the adult heart (Molkentin, 2000; Pikkarainen et al., 2004). GATA4 is 

highly expressed in both embryonic and adult cardiomyocytes. It is thought to work 

as an essential transcriptional regulator of multiple cardiac genes including atrial 

natriuretic factor (ANF), b-type natriuretic peptide (BNP), α-myosin heavy chain (α-

MHC), β-MHC, and many other factors (Molkentin, 2000; Pikkarainen et al., 2004). 

GATA4 regulates gene expression in response to hypertrophic stimuli, including 

pressure overload, isoproterenol, phenylephrine, and endothelin-1 (Herzig et al., 

1997; Liang et al., 2001; Morimoto et al., 2000). Similar to GATA4, GATA6 is 

necessary for cardiac hypertrophy and regulates apoptosis of cardiomyocytes 

(Van Berlo et al., 2010). GATA4 and GATA6 are necessary and sufficient to 

regulate pathological cardiac hypertrophy undergoing pressure overload (Liang et 

al., 2001; Van Berlo et al., 2010). Furthermore, GATA6 is similar in effectiveness to 

GATA4 as a trans-activator of cardiac genes such as cardiac troponin C, ANF, and 

BNP (Charron et al., 1999). GATA6 also physically interacts with GATA4 resulting 

in cooperative activation of the ANF and BNP promoters (Charron et al., 1999; 

Molkentin et al., 1998). 

 

1.4.2.2 GATA4 and GATA6 in fibroblasts 

CFs play an important role for cardiac remodeling during pressure overload. Many 

transcription factors are involved in this process (Kohli et al., 2011). However, the 

function of the transcription factor GATA4 and GATA6 in CFs during cardiac 

pressure overload is mysterious. 

Furtado MB and colleagues have shown that comparing with the whole heart, 

expression of GATA4 and GATA6 were upregulated in CFs (Furtado et al., 2014). 

The similar result was also proved by our group. It was shown that within GATA 
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factors, GATA4 and GATA6 are highly expressed in adult CFs (Figure3) (Honghui 

Wang’s Doctor thesis). All of these data may imply that GATA4 and GATA6 have a 

critical role for cardiac fibroblasts function. Currently, existing evidences are not 

able to clarify the role of GATA4 and GATA6 activation or inhibition in CFs. The 

effect of GATA4 and GATA6 on CFs following pressure overload is poorly 

understood. It is also unknown which aspects GATA4 and GATA6 influence on 

CFs function, such as the response to mechanical stimuli, ECM production, cell-

cell communication, growth factors and cytokines secretion, and blood vessel 

formation. Thus, it is important to understand the role of GATA4 and GATA6 in 

CFs for heart function during pathological overload. For therapeutic targeting of 

CFs or myofibroblasts, GATA4 and GATA6 activation or inhibition might be a 

therapeutic target in the future. 

 

 

Figure 3 Quantitative RT-PCR of GATA factors in adult cardiac fibroblasts revealed 

predominant expression of GATA4 and GATA6 in the heart. (Data from Dr. med. Honghui 

Wang of our group) 
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2. Aim of the Study  

In this study, we explored the influence of GATA4 and GATA6 in CFs for heart 

function during mechanical overload in mice. Especially, we studied whether 

GATA4 and GATA6 in CFs play a role in the regulation of cardiac hypertrophy, 

fibrosis or angiogenesis, and as a result influence heart function. Additionally, we 

studied the impact of GATA4 and GATA6 on CFs gene expression. We aimed to 

identify the target genes of GATA4 and GATA6 in CFs and to determine which 

genes contribute to the regulation of cardiac systolic function. 
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3. Materials and Methods                              

3.1 Materials  

3.1.1 Equipment 

Table 3.1: List of the devices  

Device Type Company 

Agarose gel electrophoresis 
chamber  

Eigenbau Medical Technology, 
MHH 

Agarose gel image InGenius 3 Syngene, England 

Autoclave   Systec VX-150 Omnilab, Germany   

Bacterial incubator  MIR-153 SANYO Electric Co. 
England 

Cell Culture Hood  Hera Safe KS Thermo Scientific, USA 

Centrifuge  Heraeus multifuge 
3SR+ 

Thermo Scientific, USA 

Centrifuge 3-16K Sigma GmbH, Germany 

Centrifuge  Heraeus Fresco 17 Thermo Scientific, USA 

CO2 incubators CB 220 Binder, Germany 

Cryostat LEILA CM 1900 Techno-Med GmbH, 
Germany 

Dissection instruments   KLS Martin, Germany 

Electrophoresis chamber SDS-
Page  

Mini-PROTEAN Bio-Rad, USA 

Electrophoresis chamber 
Western blot 

Mini Trans-Blot Bio-Rad, USA 

Electrophoresis power supply  EV231 Peqlab，Germany 
Fluorescence microscope Axio observer Z1 ZEISS, Germany 

Freezer -20 °C  Premium NoFrost   LIEBHERR ,Germany 

Freezer -80 °C  VIP Freezer MDF-
U73-V 

SANYO Electric Co. 
England 

Fridge 4 °C Premium BioFresh LIEBHERR Germany 

Heating block Thermomixer 
Compact 

Eppendorf, USA 

Homogenizer  Power Gen 125 Fisher Scientific, 
England 

Ice machine  ZBE 30-10 ZIEGRA, Germany 

Magnetic stirrer RCT basic IKA-Werke GmbH & CO. 
KG, Germany 

Microscope  CKX31 Olympus, Japan 

Microwave  MW 7809 Severin, Germany 

Mini centrifuge Galaxy Mini VWR, USA 

Mini centrifuge perfectSpin Mini Peqlab, VWR 

Multi-Plate Reader Synergy HT BioTek, USA 

Nitrogen tank   CBS-V-5000AB Ewald 
Innovationstechnik 
GmbH, Germany 

PCR Cycler  
 

Peqstar 2x 
Thermocycler 

Peqlab,Germany 
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pH-Meter  766 Calimatic Knick, Germany 

Pipette controllers Micro-classic Brand, Germany 

Pipette controllers Accu-jet Brand, Germany 

Pipettes  0.5-10μl Sartorius, Germany 

Pipettes  2-20 μl, 20-200 μl, 
100-1000 μl 

GILSON, France 

Realtime-PCR machine Mx3005P Agilent Technologies, 
USA 

Roll mixer 3025 GFL, Germany 

Rotator  SB3 Stuart, England 

scale (fine) Atilon  Acculab GmbH,Germany 

scale (rough) CP3202S Sartorius, Germany 

Spectrophotometer Nanodrop ND-1000 Thermo Scientific, USA  

Stereomicroscope Stemi 2000-C ZEISS, Germany 

Tilting Table WTI6 Biometra, Germany 

Tilting Table Titramax 101 Heidolph, Germany 

Ultrasonic homogenizer OmniRuptor 250  OMNI International,USA 

Ultrasound diagnosis-System  Vevo LAB 2.1.0 Visualsonics, Canada 

Vortex Mixer peqWIST Peqlab,Germany 

Water Bath  GFL 1083 GFL, Germany  

Western Blot-Imager  Image Quant LAS 
4000 

GE Healthcare,England  

3.1.2 Consumables 

Table 3.2: Consumables 

Product Company 
Cell culture plate (6cm,10cm) Thermo Fisher Scientific, USA 
Cell culture plate 96-well Thermo Fisher Scientific, USA 
Cell culture plate 24-well TPP, Switzerland 
Cell Scraper  Sarstedt, Germany 
Cryopure tubes  Sarstedt, Germany 

Disposables syringes and needles B. Braun Melsungen AG, Germany 
Eppendorf tubes Sarstedt, Germany 

Falcons tube  Sarstedt, Germany 
Glassware DURAN Group GmbH, Germany 
Gloves Hartmann, Germany 

Microtest plate 96 well  Sarstedt, Germany 
Optical cap, 8x strip Agilent Technologies, USA 

Optical tube, 8x strip Agilent Technologies, USA 
Osmotic pumps Alzet, USA 
Parafilm Bemis, USA 

Pipette tip (10ul, 200ul, 1000ul) Sarstedt, Germany  
Serological pipette (5ml, 10ml, 25ml) Sarstedt, Germany 

Slides and coverslips Thermo Scientific, USA 

Stainless sted Blade with plastic 
handle 

FEATHER, Ptmmedical, Germany 

Sterican needles 27G  B. Braun Melsungen AG, Germany 
Tissue-Tek® Cryomold® Biopsy  Sakura Finetek, USA 
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3.1.3 Chemicals 

Table 3.3: List of chemicals  

Chemical  Catalog Nr. Company 
2-Mercaptoethanol 4227.3 Roth, Germany 
Aceton  CP40.3 Roth, Germany 
Agarose BIO-41025 Bioline, Germany 
Ammoniumperoxydisulphate (APS) 9592.3 Roth, Germany 

Angiotensin II 05-23-0101 Merck Millipore, Germany 
Aqua ad iniectabilia Braun 133011 B.Braun Melsungen AG, 

Germany 
Boric acid 6943.1 Roth, Germany 
Bovine Serum Albumin (BSA) P06-

1391100 
PANTM Biotech, Germany 

Bromophenol 15090-046  Thermo Scientific, USA  
Chloroform 6340.1 Roth, Germany 
Coomassie Brilliant Blue G250 17524  Serva, Germany  
Direct Red 80(Sirius-Red) 365548 Sigma-Aldrich,USA 
Distilled water (dH2O) 13LAP061 Fresenius Kabi ,Germany  
DMSO A994.1 Germany 
DPBS(10x) P04-53500 PANTM Biotech, Germany 
DTT  1508-013 Thermo Scientific, USA 
Dulbecco’s Modified Eagle Medium  P04-03500 PANTM Biotech, Germany 

Ethanol  K928.4 Roth, Germany 
Ethylenediaminetetraacetic acid (EDTA) 8040.3 Roth, Germany 

Fetal Bovine Serum (FBS) SH30079.03 Hyclone , USA 
Fluorescein labeled GSL I – isolectin B4  FL-1201  Vector Laboratories, USA  

Formaldehyde 37% CP10.1 Carl Roth, Karlsruhe 
Formaldehyde 4% P087.5 Roth, Germany 
Formaldehyde solution 16% 28908 Thermo Scientific, USA 
Gelatin  4582.1 Roth, Germany 
Glucose HN06.1 Roth, Germany 
Glycin 3790.2 Roth, Germany 
HCl 4625.1 Roth, Germany 
Heparin N68542.03  Ratiopharm, Germany  
HEPES 9105.4 Roth, Germany 
Horse serum S9135  Merck Millipore, Germany 
Isofluran  HDG9632 Baxter, USA 
Isopropanol  9866.5 Roth, Germany 
KCl 6781.3 Roth, Germany 
L-Glutamine (L-G) 25030-024 Gibco, USA  
Liberase TH Research Grade 5401135001 Roche, Germany 
Luminol 4203.1  Roche, Germany 
Methanol 4627.3 Roth, Germany 
MgSO4 P027.1 Roth, Germany 
Midori Green Advance DNA stain  MG04 Nippon Genetics, Europe  
NaDeoxycholate D6750 Sigma-Aldrich, USA 
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3.1.4 Kits 

Table 3.4: Kits used in this study 

Product Catalog Nr. Company 

Cell proliferation ELISA, 
BrdU(colorimetric) 

11647229001 Roche, Germany 

Complete™ Protease Inhibitor Cocktail 11697498001 Roche, Schweiz 
Generuler 100 bp DNA ladder SM0242 Thermo Scientific, USA 

GoTaq® G2 Flexi DNA Polymerase M7805 Promega, USA 
Maxima H Minus First strand cDNA 
synthesis kit 

K1652 Thermo Scientific, EU 

Maxima SYBR green qPCRMasterMix K0253 Thermo Scientific, EU 

NucleoSpin® RNA II 740955.250 Macherey-NAGEL, 
Germany 

Pageruler Plus Prestained protein 
ladder 

26620 Thermo Scientific, USA 

peqGOLDTriFast  30-2020  peqlab, Germany  

Phosphatase Inhibitors cocktail Set V 524629 Merck Millipore, Germany  
PierceTM BCA protein Assay kit 23235 Thermo Scientific, USA 
Tissue-Tek® O.C.T. Compound  4583  Sakura, Netherlands 

VECTASHIELD HardSetAntifade 
Mounting Medium with DAPI  

H-1500  Vector Laboratories, USA  

 

 

NaH2PO4 K300.1 Roth, Germany 
NaMetabisulfite 255556  Sigma-Aldrich, USA 
Natriumhydroxid NaOH 9356.1 Roth, Germany 
Pankreatin  P3292  Sigma Aldrich, USA  
Paraformaldehyde 4% P087.5 Roth, Germany 
PBS Dulbecco L182-50 Biochrom GmbH, 

Germany 
Penicillin-Streptomycin (PlS) P06-07100  Pan-Biotech, Germany  
Picric acid P6744 Sigma-Aldrich, USA 
Roti®-Mount FluorCare DAPI  HP20.1 Roth, Germany 
Roticlear A538.5 Roth, Germany 
Rotiphorese® Gel 30 3029.1 Roth, Germany 
SDS 2326.3 Roth, Germany 
Sodium chloride (NaCl)  9265.2 Roth, Germany 
TEMED A1148 Applichem, Germany 
TGFβ1 GF111 Merck Millipore, Germany 
TRIS 0188.4 Roth, Germany 
Triton X-100 3051.3 Roth, Germany 
Trypsin 15090046 Gibco, USA 
Tween® 20  9127.1 Roth, Germany 
Water, nuclease-free R0582 Thermo Scientific, USA 
wheat germ agglutinin (WGA) L5266 Sigma-Aldrich, USA 
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3.1.5 Antibodies 

Table 3.5: Primary antibodies 

Antibody (Application)   Catalog Nr. Company 

Actin(WB) A2066 Sigma 
Akt(WB) 9272 CellSignaling, USA 

Angpt2 (WB) Ab18518 Abcam  
CD45 (IF) 550539 BD Pharmingen 
GAPDH (WB) 10R-G109a Fitzgerald 

GAPDH (WB) Sc-20358 Santa cruze 
GATA4 (IF,WB) sc-1237 Santa Cruz  
GATA6 (IF WB) AF1700 R&D systems 

p38 MAPK (WB) 9212 CellSignaling, USA 
p44/42 MAPK(Erk1/2) (WB) 9102 CellSignaling, USA  
PDGFRα(IF) AF1062 R&D systems  

Phospho- p44/42 MAPK (T202/Y204) (WB) 9101 CellSignaling, USA 
Phospho-Akt (Ser473) (WB) 9271 CellSignaling, USA 
Phospho-Akt (Thr308) (WB) 2965 CellSignaling, USA 

Phospho-p38 MAPK (T180/Y182) (WB) 9211 CellSignaling, USA  
VEGF (WB) M808 ThermoScientific,USA 

 

Table 3.6: List of secondary antibodies  

Antibody  Catalog Nr. Company 

Anti-Goat IgG, Alexa Fluor 488 A11055 Invitrogen 
Anti-Goat IgG, Alexa Fluor 555 A21432 Invitrogen 

Anti-Goat IgG, HRP conjugate HAF005 R&D systems 
Anti-Mouse IgG, Alexa Fluor 488 4408 Cell Signaling 
Anti-Mouse IgG, HRP conjugate NXA931 GE Healthcare 

Anti-Rabbit IgG, Alexa Fluor 488 4412S Cell Signaling  
Anti-Rabbit IgG, Alexa Fluor 555 4413S Cell Signaling 
Anti-Rabbit IgG, HRP conjugate NA934 GE Healthcare 
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3.1.6 Solutions and buffers  

3.1.6.1 SDS Page and Western Blot 

Table 3.7: Western-blot lysis buffer 

Component Final concentration 

Tris-HCl pH 7.5  10 mM  

NaCl  150 mM  
Glycerol  4 %  
Natriumdisulfit  0.5 mM  

TritonX  1 %  
Natriumdeoxycholat  0.10 %  
SDS  0.05 %  

 

Table 3.8: Separating gel (SDS Page) 1 Gel 

Component  6 %  10 %  12 %  15 %  

dH2O  5.3 ml  4.0 ml  3.3 ml  2.3 ml  

Rotiphorese Gel 30  2.0 ml  3.3 ml  4.0 ml  5.0 ml  
1.5M Tris (pH 8.8)  2.5 ml  2.5 ml  2.5 ml  2.5 ml  
10 % (w/v) SDS  0.1 ml  0.1 ml  0.1 ml  0.1 ml  

10 % APS  0.1 ml  0.1 ml  0.1 ml  0.1 ml  
TEMED  0.008 ml  0.004 ml  0.004 ml  0.004 ml  

 

Table 3.9: Stacking gel (SDS Page) 1 Gel 

Component Volume 

dH2O  1.4 ml  

Rotiphorese Gel 30  0.33 ml  
1.5M Tris (pH 8.8)  0.25 ml  
10 % (w/v) SDS  0.02 ml  

10 % APS  0.02 ml  
TEMED  0.002 ml  

 

Table 3.10: 5X loading buffer (SDS Page) 

Component Volume 
1M Tris (pH 7.0)  4.0 ml  
Glycerol  6.4 ml  
SDS  1.28 g  
2-Mercaptoethanol  3.2 ml  
Bromophenol 0.016 ml  
Add dH2O up to 16 ml 
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Table 3.11: SDS-page electrophoresis buffer 

Component Quantity / L Final concentration 
(10X)  

Final concentration 
(1X)  

Tris  30.3 g  250 mM  0.25 mM  
Glycin  144.0 g  1.92 M  192 mM  
SDS  10 g  1 % (w/v)  0.1 % (w/v)  
Add dH2O up to 1000 ml 
 

Table 3.12: Western Blot transfer buffer 

Component Quantity / L Final concentration 
(10X)  

Final concentration 
(1X)  

Tris  30.3 g  250 mM  0.25 mM  
Glycin  144.0 g  1.92 M  192 mM  
Methanol  200 ml   20 %  
Add dH2O up to 1000 ml 

 

Table 3.13: Western Blot wash buffer (TBS-T) 

Component Quantity / L Final concentration 
(10X)  

Final concentration 
(1X)  

Tris  60.5 g  499 mM  0.25 mM  
NaCl  87.6 g  1.5 M  192 mM  
Tween20  10 ml  1 %  
Add dH2O up to 1000 ml; Adjust pH 8.0 with HCl 
 

Table 3.14: ECL Solution A for Western Blot  

Component Volume Final concentration 
1 M Tris pH 8.5  2 ml  100 mM  
250 mM Luminol in DMSO  200 μl  2.5 mM  
90 mM Kumaric acid in 
DMSO  

88 μl  0.4 mM  

dH2O  17.7 ml  
 

Table 3.15: ECL Solution B for Western Blot  

Component Volume Final concentration 
1 M Tris pH 8.5  2 ml  100 mM  
35 % H2O2  12 μl  0.02 %  
dH2O  18 ml  
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3.1.6.2 Genotyping 

Table 3.16: Solution A 

Component Volume Final concentration 
1 M NaOH  1.25 ml  25 mM  
H2O  48.75 ml  

Table 3.17: Solution B 

Component Volume Final concentration 
1 M Tris pH5  2 ml  40 mM  
0.5 M EDTA  20 μl  0.2 mM  
H2O  48 ml  

 

3.1.6.3 Cell culture  

Table 3.18: Solutions for fibroblasts isolation: SADO mix solution 

Component Volume Final concentration 

200mM HEPES-NaOH (pH 7.6)   50ml 20mM 

1.3M NaCl 50ml 130mM 

300mM KCl   5ml 3mM 
100mM NaH2PO4 5ml 1mM 

2M Glucose    1ml 4mM 

ddH2O 390ml  

1.5mM MgSO4   0.185g  

 

Table 3.19: Medium for cell culture 

DMEM (+ serum) DMEM (- serum) 
500 ml DMEM 
5.5 ml PlS 
5.5 ml L-G 
50 ml FBS 

500 ml DMEM 
5 ml PlS 
5 ml L-G 
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3.1.7 Primers 

Table 3.20: Primers for qRT-PCR 

Mouse Genes Sequence Company 
GATA4 5’- CTACCTGTGCAATGCCTGTG -3’ Sigma-Aldrich 

5’- GGTGGTGGTAGTCTGGCAGT -3’ 
GATA6 5’- AGTTTTCCGGCAGAGCAGTA -3’ Sigma-Aldrich 

5’- AGTCAAGGCCATCCACTGTC -3’ 
GAPDH 5’- ACCCAGAAGACTGTGGATGG -3’ Sigma-Aldrich 

5’- CACATTGGGGGTAGGAACAC -3’ 
Angpt4 5’- TTCAGCACCAAAGACATGGA -3’ Sigma-Aldrich 

5’- ATGCCATTGAGGTTGGAGAG-3’ 
IGF2 5’- TCATTTCCCGATACCTTTTCC -3’ Sigma-Aldrich 

5’- AAGCACCAACATCGACTTCC -3’ 
PENK 5’- CTACAGGCGCGTTCTTCTCT -3’ Sigma-Aldrich 

5’- AGGCAGCTGTCCTTCACATT -3’ 
Col3a1 5’- AAGGCTGAAGGAAACAGCAA -3’ Sigma-Aldrich 

5’- TGGGGTTTCAGAGAGTTTGG -3’ 
GLI1 5’- CTGGAGAACCTTAGGCTGGA -3’ Sigma-Aldrich 

5’- AGGTGTGAGGCCAGGTAGTG -3’ 
FST 5’- CCTCCTGCTGCTGCTACTCT -3’ Sigma-Aldrich 

5’- CCCGTTGAAAATCATCCACT -3’ 
Cebpa 5’- GCAGTGTGCACGTCTATGCT -3’ Sigma-Aldrich 

5’- AGCCCACTTCATTTCATTGG -3’ 
BNP 5’- CTCAAGCTGCTTTGGGCACAAGAT -3’ Sigma-Aldrich 

5’- AGCCAGGAGGTCTTCCTACAACAA -3’ 
Ihh 5’- GAGCTCACCCCCAACTACAA -3’ Sigma-Aldrich 

5’- TGACAGAGATGGCCAGTGAG -3’  
C1qtnf3 5’- CTTATGCACAACGGCAACAC -3’ Sigma-Aldrich 

5’- TGCCCATTCTTAGCCAGACT -3’  

 
 
3.1.8 Softwares 

Table 3.21: Softwares were used in this project 

Software Company 
Adobe Photoshop CS6 San Jose, CA 
AxioVision Rel.4.8.2 SP3 Carl Zeiss, Oberkochen, Germany 
AxioVision Rel.4.6.3  Carl Zeiss, Oberkochen, Germany 
Genesys v1.4.6.0 Syngene, Frederick, MD 
ImageJ 1.50b National Institute of Health, USA 
Image Quant LAS 4000 GE Healthcare 
MxPro –Mx3005p v4.10 Stratagene, La Jolla, CA 
NanoDrop® ND-1000 v3.5.2 Nanodrop Technology ® , Cambridge, UK 
Gen5 1.11 BioTek Instruments, Inc, Winooski,Vermont 
Vevo LAB 2.1.0 FujiFilm VisualSonics Inc. 
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3.1.9 Mice 

Mice were bred and kept under specific pathogen free condition in the animal 

facility of Hannover Medical School. For this experiment, 8 to 12 weeks old male 

and female mice were used. All animal experiments were approved by the Animal 

Research Committee of Hannover Medical School. All animal experiments were 

carried out in accordance with the German animal protection law (TierSchG BGBl. 

I S. 1105; 25.05.1998), and were performed under the permission by the Lower 

Saxony Committee on the Ethics of Animal Experiments as well as the responsible 

state office (Lower Saxony State Office of Consumer Protection and Food Safety) 

with the permit numbers 33.14-42502-04-13/1159. 

We generated fibroblasts specific GATA4 and GATA6 knock-out mice by crossing 

mice containing floxed GATA4 and GATA6 alleles with fibroblasts specific 

periostin-Cre-recombinase expressing mice to generate GATA4 and GATA6 

flox/flox x Periostin-Cre (=GATA4-FB-KO and GATA6-FB-KO) mice. Age- and sex-

matched GATA4 and GATA6 flox/flox mice were used as a control. 

 

3.2 Methods 

3.2.1 Transverse aortic constriction (TAC) 

In order to initiate a model of cardiac pressure overload, 8 weeks old mice were 

subjected to TAC or a sham operation. After anesthesia initiation, shaving, local 

disinfection and intercostal nerve blockade, a left-sternal thoracotomy was 

performed. With the aid of the binocular stereomicroscope (Olympus), the chest 

was opened via minithoracotomy to expose the aortic arch. TAC was performed by 

tying a 7–0 silk suture around a 27-gauge needle overlying the arch at the point 

between the brachiocephalic trunk and left common carotid artery. The needle was 

removed immediately after ligation. The skin was finally sealed with single button 

seams (Ethicon, Ethibond Excel 5-0) and subsequently treated with the tissue 

adhesive Histoacryl. After cessation of anesthesia and when the spontaneous 

breathing was started, the mouse was separated from the ventilator and 

extubated. The total duration of the operation was approximately 15 minutes. For 

sham operations, the arch was exposed and a suture was passed around the back 
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of the aorta before removal without tying. The procedure for operated animals is 

identical.  

For an evaluation of mouse survival after TAC, mice were followed up and 

checked daily for 21 days. Echocardiography was performed on TAC and sham 

mice after 3 weeks. Heart tissues were collected at the end of experiments for 

histology and molecular analysis. 

 

3.2.2 Echocardiography 

Cardiac function was assessed by the Vevo 770 high-resolution microimaging 

system (Visualsonic, Toronto, Canada). For echocardiography, mice were 

anaesthetized by a mask (Isofluran 1-1.5%, Airflow 0.8 L / Min). After anesthesia, 

the ventral thorax was shaved and ultrasonicated. During the operation, cooling of 

the mouse was prevented by a heating pad (37 °C). The heart was viewed from 

long- and short-axis in 2D mode. In order to get exact measurements, the heart 

rate of the mouse was examined and kept above 500 BPM. The left ventricular 

function, chamber dimension and the cardiac mass were then measured.   

               

3.2.3 Genotyping 

3.2.3.1. DNA isolation from tail tip for genotyping 

For the genotyping of the mouse strains, the genomic DNA was obtained as 

follows, First, tail tip from each mouse was cut and stored at -20 °C for genomic 

DNA isolation. Then tail tips were incubated in 100 μl of solution A (Table 3.16) for 

20 min at 95 °C. After incubation, the samples were mixed with 100 μl of solution B 

(Table 3.17), vortexed and centrifuged at 13000 rpm at 4 °C for 15 min. 1 μl of 

DNA was used for genotyping PCR.  

 

3.2.3.2. Polymerase chain reaction (PCR) for Cre genotyping  

The genotyping PCRs was performed with the GoTaq G2 Flexi DNA polymerase 

kit (Promega). Primer sequences are listed in Table 3.22. The conditions of the 

PCR were as follows: denaturation at 94 °C, annealing at 55 °C for 30 sec, and 

elongation at 68 °C for 1 min.  
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Table 3.22 Primers for PCR 

Primer Sequence Company 

Cre-fwd 5’- GGCGTTTTCTGAGCATACCT- 3’ Sigma-Aldrich 

Cre-rev 5’- CTACACCAGAGACGGAAATCC- 3’ Sigma-Aldrich 

 

3.2.3.3 Agarose gel electrophoresis 

To determine the size of PCR products, agarose gel electrophoresis was 

performed. 1.5% agarose gel was prepared with 1X TBE and 0.002% Midori 

Green Advance DNA stain (Nippon Genetics Europe). The separation was carried 

out at 120V for 45 min and 100 bp DNA ladder was used to detect the Cre band 

with a size of 550 bp.  

The gel was visible under UV light and developed with InGenius LHR Image 

(SYNGENE) and analyzed with Genesys v1.4.6.0 software.  

 

3.2.4 Cell culture and cell assay 

The cardiac fibroblasts were cultured in a humidified incubator at 37 °C and 5% 

CO2. 

 

3.2.4.1 Cardiac fibroblasts isolation from adult mice  

Adult GATA4 flox /GATA6 flox mice at the age of 6-10 weeks old were used for 

cardiac fibroblasts isolation. Mice were executed and their hearts were rapidly 

removed. The ventricles were chopped into small pieces in the ice-cold PBS. 

Following digestion with Liberase TH (Roche) in SADO mix solution (250 μg/ml 

Liberase TH/SADO mix). The harvested fibroblasts were centrifuged. The cell 

pellet was resuspended in 10 ml DMEM with serum (Table 3.19). After 3 hours 

incubation, the medium was changed. Culture medium was changed every day 

and upon reaching confluence, the cells were subsequently passaged. Cell 

passage was performed with a trypsin-based solution in 1:10 dilution.  
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3.2.4.2 Adenoviral infection 

The cardiac fibroblasts from passage 1 were infected with either adenovirus Cre 

(Ad.Cre) or a control adenovirus ßgal (Ad.ßgal). After incubation at 37C for 2 

hours, the cells were washed two times with PBS and further cultured in DMEM 

without serum (Table 3.19). After incubation for 48 h, cells were used for cell 

assay or RNA isolation. 

 

3.2.5 RNA isolation from the heart cells / tissue 

The isolation of RNA from cells was performed with NucleoSpin® RNA II Kit 

(Macherey Nagel) according to the manufacturer's instructions.  

Tissues were transferred into 1ml TriFast and mechanically homogenized. After an 

incubation of 5 min at room temperature, 200 μl Chloroform/1 ml Trizol was added. 

After centrifugation, the RNA-containing phase was transferred into new 

Eppendorf tubes and isopropanol were added. After precipitation and 

centrifugation of the RNA, the pellet was washed 2 times with 75% ethanol. At last, 

the pellet was dissolved in 10-30 μl DEPC water. The concentration was 

determined by means of nanodrop. 

 

3.2.6 cDNA-Synthesis 

For mRNA expression analysis, cDNA was synthesized with the Maxima H 

Minusfirst Strand cDNA Synthesis Kit (Thermo Scientific) from RNA samples 

according to the manufacturer's instructions. 1.5 μg of RNA was reverse 

transcribed with oligo (dT) as well as random primer. cDNA samples were diluted 

and stored at -20 °C quantitative real-time PCR. 

 

3.2.7 Quantitative Realtime-PCR (qRT-PCR)  

In order to measure the expression of anticipated genes, quantitative real-time 

PCR was performed with the Stratagene Mx3005P (Agilent Technologies) and the 

Maxima SYBR Green qPCR Master Mix (Thermo Scientific). The evaluation was 
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carried out with the MxPro software. Gene expression levels were normalized to 

GAPDH. 

3.2.8 Protein Biochemistry 

3.2.8.1 Protein isolation for Western Blot Analysis 

For protein extraction, cultured cells or heart tissue were mechanically 

homogenized in lysis buffer (Table3.7). Lysis buffer was mixed with protease 

inhibitors (1:50), phosphatase inhibitors (1:50) and DTT (1:1000). Then the 

samples were sonicated for 10 sec and incubated on ice for 30 min. After lysis, the 

homogenate was centrifuged at 13,000 rpm and 4 °C for 20min and the 

supernatant was transferred to a new Eppendorf tube. The samples were stored at 

-20 °C. 

The protein concentration was measured using the Micro BCA Protein Assay Kit 

(Thermo Fisher Scientific) according to the manufacturer's instructions. 

 

3.2.8.2 SDS polyacrylamide gel electrophoresis (SDS page) 

Protein lysates were electrophoresed by SDS Page method. For this, the proteins 

of equal concentration were loaded. The percentage of the polyacrylamide gels 

was dependent on the size of the proteins to be detected (Table 3.8). The SDS 

page was performed in an electrophoresis chamber at initial 20 mA for 20 min and 

then at 40-50 mA per gel in 1X SDS-page electrophoresis buffer (Table3.11). 

 

3.2.8.3 Western Blot 

The proteins were blotted from the SDS page to a PVDF transfer membrane in a 

Western tank for 1 h at 100 V in 1X transfer buffer (Table3.12).  

To block nonspecific binding, the membrane was incubated at room temperature 

in 5% BSA / TBS-T (Table3.13) for 1 h. Subsequent incubation with primary 

antibody (1: 1000 diluted in 5% BSA / TBS-T) (Listed in Table3.5) took place 

overnight at 4 °C. After washing the membrane, the secondary antibody (1: 3500 

diluted in 1X TBS-T) (Listed in Table3.6) was applied to the membrane for 1 h at 

room temperature. After rinsing, the membrane was overlaid with 1:1 mixture of 

ECL solution A (Table3.14) and B (Table3.15) for 1 min. The signal was detected 

with the ImageQuant LAS4000 (GE Healthcare).  
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3.2.9 Immunohistochemistry 

3.2.9.1 Immunostaining 

Cryosections were cut into 7 micrometer thickness with a Leica CM cryotome. 

Sections were stored at -20 °C. 

The heart tissue cryosections were fixed in 4% PFA for 10 min, washed three 

times in 1xPBS for 5 min each time. Then permeabilized by 0.3% Triton X-100 in 

1x PBS for 20 min. After rinsing, unspecific binding sites were blocked by 

incubation with 3% BSA / PBS at room temperature for 30 min. Subsequently, 

samples were incubated with diluted primary antibodies (1:50) (Listed in Table3.5) 

in BSA. Parafilm was used to cover the samples and incubated in a wet chamber 

overnight at 4°C. Next day, the samples were washed 3 times with 1xPBS and 

incubated with secondary antibody diluted (1:200) (Listed in Table3.6) and wheat 

germ agglutinin (WGA) (1:100) in 1X PBS, covered with parafilm and incubated in 

a wet chamber for 2 hours at room temperature. After rinsing, samples were 

stained with DAPI (Roche) and covered with coverslip. 

 

3.2.9.2 Isolectin B4/WGA staining 

7 μm cryosections of the heart tissue were fixed in 100% ethanol for 5 min, 

followed by washing and permeabilized with 0.3% Triton X-100/ PBS for 20 min. 

Then the slides were incubated with diluted isolectin B4 (1:50, Vector) and WGA 

(1:50 Sigma-Aldrich) in 1X PBS in a wet chamber at room temperature for 1h in 

dark. After rinsing, the samples were covered with coverslip with Roti®-Mount 

Fluor Care DAPI (Carl Roth).  

Images were taken by using a fluorescent microscope (Axio observer Z1; ZEISS) 

and Axiovision software. 

 

3.2.9.3 Sirius red staining 

In order to detect possible increased collagen deposits in the heart according to 

experimental stress (TAC), 12 μm thick tissue sections were prepared from hearts 

embedded in OCT with a cryo microtome and analyzed with a Sirius red stain. For 
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this purpose, the tissue sections defrosted to room temperature in -20 °C cold 

acetone and then dried for at least 10 minutes. Then the following staining protocol 

followed.  

 

Table 3.23: Coloring protocol of the Sirius red staining 

 
 

Photos were taken under microscope (Stemi 2000-C; ZEISS, AxioVision 4.6). The 

microscope images were evaluated with the software Adobe Photoshop CS3. The 

number of pixels of fibrotic areas (red) was compared with the total pixel number, 

and the percentage was calculated. 

 

3.2.10 Analysis 

Data were shown as mean ± SEM. Differences were evaluated with unpaired 

Student t test between two groups. P-values of <0.05 were considered statistically 

significant, and all the tests were performed 2 sided. Statistical analysis and 

figures were made by using GraphPad Prism 6.0. 

 

Step 
Dyeing time 

(min) 
Reagent 

1 30 
Picric acid solution with formaldehyde (150 ml saturated picric 

acid+ 50ml 37% formaldehyde) 

2 1 70% ethanol 

3 60 Direct red in picric acid (200 ml picric acid+ 0.2g Direct Red) 

4 2 10 mM HCl 

5 2 70% ethanol 

6 2 99,6 %Ethanol absolut 

7 2 99,6 %Ethanol absolut 

8 2 100 % Isopropanol  

9 5 Roticlear  

10 5 Roticlear  

11  Mounted with coverslip with Roti®-Mount (Carl Roth) 

12  Under the hood 
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4. Results 

4.1 Fibroblasts specific GATA4/GATA6 double knockout mice 

were more susceptible to heart failure during pressure overload 

Fibroblasts specific GATA4/6 knockout (FB-GATA4/6-KO) mice were generated by 

crossing mice containing floxed GATA4 and GATA6 alleles with fibroblasts specific 

periostin-Cre-recombinase expressing mice. GATA4/6 flox/flox mice were used as 

control. In order to evaluate the influence of GATA4/GATA6 in cardiac fibroblasts 

on the heart response to mechanical pressure overload, 8 weeks old mice were 

subjected to transverse aortic constrictions (TAC), which induces pressure 

overload. This process led to cardiac hypertrophy (30-60% increase in heart 

weight) within 3 weeks after surgery. Subjected with sham or TAC operation, all 

mice were analyzed after 3 weeks. 

We further studied whether genetic deletion of GATA4/GATA6 in cardiac 

fibroblasts affects heart function induced by pressure overload. Thus, cardiac 

function and left ventricular dimensions were analyzed by echocardiography. It 

showed that cardiac systolic function was remarkably deteriorated in FB-GATA4/6-

KO mice compared with control mice (GATA4/6 flox/flox) 3 weeks after TAC 

(p<0.05), although the left ventricular end-diastolic area (LVEDA) has no 

difference between two groups (p=0.7343) (Figure 4 A-C). 

Additionally, myocardial hypertrophy is an important pathological feature induced 

by pressure overload. Therefore, the ratio of heart weight to body weight (HW/BW) 

and the ratio of lung weight to body weight (LW/BW) were analyzed. These two 

parameters are important to assess cardiac hypertrophy and pulmonary 

congestion. The ratio of HW/BW and LW/BW slightly increased in FB-GATA4/6-

KO mice, but there was no significant difference versus control 3 weeks after TAC 

surgery (HW/BW p=0.0668, LW/BW p=0.2012) (Figure 4E-F). Furthermore, the left 

ventricular wall thickness was analyzed by echocardiography, but there was no 

difference between the FB-GATA4/6-KO and control mice 3 weeks after TAC 

surgery (p=0.5609) (Figure 4D). 
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The specific deletion of GATA4/GATA6 in cardiac fibroblasts slightly increased 

cardiac hypertrophy 3 weeks after induction of pressure overload. Nevertheless, 

cardiac systolic function was remarkably reduced in FB-GATA4/6 mice. It implied 

that GATA4/GATA6 in fibroblasts is necessary to maintain heart function during 

pressure overload. 

 

Figure 4 Cardiac fibroblasts specific GATA4/6 knock-out (FB-GATA4/6-KO) in mice reduced 

heart function induced by pressure overload. Echocardiography of (A) cardiac EF% and (B) 

FAC% from control and FB-GATA4/6-KO mice 3 weeks after sham or TAC-surgery. (*p<0.05 vs. 

TAC CON). (C) Left ventricular end-diastolic area (LVEDA), and (D) left ventricular wall thickness. 
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4.3 GATA4/GATA6 specific deletion in fibroblasts led to less 

capillary density during pressure overload 

Angiogenesis is an adaptive response to heart hypertrophy induced by pressure 

overload and plays a protective role in functional compensation of the heart. 

Interestingly, this compensatory protection is attenuated in FB-GATA4/6-KO mice. 

The cryosections of heart tissue were stained with Isolectin B4 (endothelial cell 

marker, green), WGA (cell membrane marker, red) and DAPI (nuclei marker, blue) 

(Figure 6A). Capillaries (positive of Isolectin B4/total cardiomyocytes) were 

reduced in FB-GATA4/6-KO mice compared with the control mice 3 weeks after 

TAC (p<0.05) (Figure 6B). For quantitative analysis, cardiomyocyte surface area 

was assessed by WGA staining. The cardiomyocytes cross-sectional area in FB-

GATA4/6-KO mice was not different from those of the control group 3 weeks after 

TAC surgery. (p= 0.1896) (Figure 6C). 

 

Figure 6 Fibroblasts specific deletion of GATA4/GATA6 attenuates capillary density during 

pressure overload. (A) Representative photomicrographs of Isolectin B4/WGA staining of cardiac 

transverse sections (Magnification 40x, Scale bar: 20 μm) and (B) a quantitative analysis of 

capillaries of control and FB-GATA4/6-KO mice 3 weeks after sham or TAC-surgery (*p<0.05). IB4 

labels endothelial cells. (C) Cardiomyocyte cross-sectional areas were quantified in wheatgerm 

agglutinin (WGA)-stained hearts. Data are mean ± SEM. Number of mice analyzed is shown in the 

bars. 
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4.4 Specific deletion of GATA4/GATA6 in fibroblasts did not affect 

the number of CFs during pressure overload 

To analyze the number of fibroblasts in FB-GATA4/6-KO mice during pressure 

overload in vivo, the heart cryosections were stained with PDGF-α (green) for 

fibroblasts, WGA (red) for cell membrane, and DAPI for nuclei (blue). PDGF-α 

positive cells were observed as green shades surrounding blue (DAPI) nuclei. By 

quantitative analysis of the number of cardiac fibroblasts (PDGF-α positive /total 

cardiomyocytes), it was found that the number of fibroblasts slightly increased in 

FB-GATA4/6-KO mice compared to control mice 3weeks after TAC surgery, but 

had no significant statistical difference (p=0.0967) (Figure 7).  

 

 

Figure 7 Fibroblasts specific deletion of GATA4/GATA6 did not affect fibroblasts number 

during pressure overload. (A) Representative photomicrographs of PDGF-α/WGA staining of 

cardiac transverse sections (Magnification 40x, Scale bar: 20 μm) and (B) a quantitative analysis of 

fibroblasts number of control and FB-GATA4/6-KO mice 3 weeks after sham or TAC-surgery. Data 

are mean ± SEM. Number of mice analyzed is shown in the bars. 
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4.5 GATA4/GATA6 deletion in fibroblasts did not affect leukocyte 

infiltrations in the heart 

To evaluate the inflammation infiltrations induced by TAC surgery, the heart 

cryosections were stained with CD45 (pan-leukocyte marker, green), and co-

stained with WGA (red) and DAPI (blue). Through quantitative analysis of the 

number of leukocyte (CD45 positive/HPF), we found no difference of leukocyte 

(CD45 positive) between two groups 3 weeks after TAC surgery (p=0.8790) 

(Figure 8).  

 

Figure 8 Fibroblasts specific deletion of GATA4/GATA6 did not affect leukocyte infiltrations 

during pressure overload. (A) Representative images of leukocyte infiltrations as detected with 

CD45 (green fluorescence), co-stained with DAPI (blue fluorescence) and WGA (red fluorescence). 

(Magnification 20×, Scale bar: 50 μm) (B) Quantification of CD45
 
positive cells/HPF of control and 

FB-GATA4/6-KO mice after 3 weeks of sham or TAC-surgery. Data are mean + SEM. Number of 

mice analyzed is shown in the bars. 
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4.6 The protective Protein kinase B/AKT signaling was 

suppressed in the hearts of FB-GATA4/6-KO mice  

In order to investigate the molecular mechanisms underlying reduced cardiac 

function in FB-GATA4/6-KO mice in response to pressure overload, multiple 

different hypertrophy-related, angiogenesis-related and fibrosis-related signaling 

pathways were analyzed. As demonstrated in Figure 9, P-AKT437 (Ser 473) was 

downregulated in double KO mice 3 weeks after TAC. These results suggested 

that GATA4/GATA6 specific deletion in CFs suppressed a protective signaling 

pathway to affect heart function during pressure overload. 

 

 

Figure 9 P-AKT437 signaling was suppressed in the hearts of FB-GATA4/6-KO mice during 

pressure overload. Western blot shows the expression of indicated proteins of the heart for 

control and FB-GATA4/6-KO mice 3 weeks after sham or TAC-surgery. 
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4.7 The role of GATA4/GATA6 in cardiac fibroblasts on 

transcriptional regulation  

To understand the transcriptional regulatory mechanisms, we analyzed fibroblasts 

gene expression in hearts from 6-10 weeks old GATA4/GATA6 flox/flox mice. 

Fibroblasts were isolated from GATA4/GATA6 flox/flox and wild type (WT) adult 

mice. Fibroblasts were separated into two groups. One group was infected with 

adenovirus Cre (Ad.Cre) to delete GATA4/GATA6 in the floxed background, while 

the other group was infected with adenovirus β-galactosidase (Ad.ßgal) as control. 

After 48h infection, RNA was collected from the cells and analyzed by qRT-PCR. 

The result of qRT-PCR confirmed the deletion of GATA4/GATA6 in fibroblasts 

infected with Ad.Cre (Figure 10A). 

To further examine the role of GATA4 and GATA6 on gene expression in 

fibroblasts, a global RNA-deep sequencing analysis was performed with GATA4/6 

deleted and control fibroblasts. Heatmap showed differences of global gene 

expression patterns between FB-GATA4/6 deleted group and the control group 

(Figure10B). Among 26 regulated genes which are probably involved in cardiac 

hypertrophy, fibrosis, angiogenesis, cell growth, migration, proliferation and cell 

survival, 3 of them (Angpt4, IGF2, PENK) were analyzed and confirmed by qRT-

PCR (Figure10C). Consistently, CPM (Counts per Million) results also indicated 

that Angpt4, IGF2, PENK and CD36 were dramatically upregulated in the FB-

GATA4/6 deleted group (Figure10 D). 
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Figure 10 Deletion of GATA4/GATA6 in 

cardiac fibroblasts changes gene 

expression. (A) qRT-PCR analysis shows 

the expression of GATA4/GATA6 in adult 

cardiac fibroblasts after treatment with 

Ad.Cre and Ad.ßgal. (B) Heat map of 

differentially expressed genes between FB-

GATA4/6-KO group and the control group. 

(C) Analysis of Angpt4, IGF2 and PENK 

expression in adult cardiac fibroblasts by 

qRT-PCR. (D) The log2 transformed CPM 

values of Angpt4, IGF2, PENK and CD36 

identified in RNA-deep sequencing. Data 

are shown as mean ± SEM. (* p<0.05, ** 

p<0.01, *** p<0.001, ****p<0.0001)  



 38 

4.8 Proteomic profiling of ECM revealed a de novo expression of 

CD36 in FB-GATA4/6-KO mice  

In order to determine the effect of GATA4 and GATA6 in fibroblasts during 

pressure overload on the variety of ECM, we purified the ECM from mice 3 weeks 

after TAC. The global protein expression in the purified ECM was analyzed by 

mass spectrometry. We found CD36 (platelet glycoprotein 4) was not detectable in 

the TAC control group. However, the protein expression of CD36 was highly 

increased in FB-GATA4/6-KO mice after TAC-surgery, suggesting a de novo 

induction of CD36 by TAC in FB-GATA4/6-KO mice. (Figure11). This might be of 

interest for the molecular mechanism of reduced angiogenesis (and consequently 

reduced heart function) because of the known anti-angiogenic role of CD36. 

Others main ECM components were not significantly changed. (Table4.1) 

 

Figure 11 CD36 protein expression was induced by TAC in FB-GATA4/6-KO mice. Normalized 

total spectra of CD36 in cardiac ECM by protein profiling (n=4). 
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5. Discussion 

In this study, we provide evidence that the transcription factors GATA4 and 

GATA6 in cardiac fibroblasts play an important role under pressure overload in 

mice. On the model of fibroblasts specific GATA4/GATA6 knockout mice, we 

demonstrated that cardiac fibroblasts specific GATA4/GATA6 deletions promotes 

heart failure during pressure overload. Although no dramatic differences in 

myocardial hypertrophy and fibrosis were observed, we found a significant 

decrease in heart function and angiogenesis in FB-GATA4/6-KO mice 3 weeks 

after TAC surgery. In addition, the number of fibroblasts and leukocyte infiltrations 

was not different between FB-GATA4/6-KO mice and control mice after TAC 

surgery. Furthermore, analysis of different genes and signaling pathways showed 

that the protective AKT signaling was suppressed in the hearts of FB-GATA4/6-KO 

mice 3 weeks after TAC. In addition, the gene expression was altered in 

GATA4/GATA6 depleted fibroblasts. Angpt4, IGF2, PENK and CD36 were higher 

expressed in GATA4/GATA6 depleted fibroblasts. By mass spectrometry of ECM, 

CD36 was found highly upregulated in cardiac ECM of FB-GATA4/6-KO mice 3 

weeks after TAC. Together, our data suggest that GATA4/GATA6 deletion in 

cardiac fibroblasts promote cardiac dysfunction during pressure overload. 

 

5.1 The role of GATA4/GATA6 in cardiac fibroblasts 

Fibroblasts were considered to play a subordinate role in heart function for a long 

time. However, recent studies showed that fibroblasts not only play an important 

role in tissue homeostasis and scaffolding support, but also regulate organ 

development, wound healing and fibrosis, as well as immunomodulation of 

inflammation and self-tolerance (Chistiakov et al., 2016; Furtado et al., 2016; 

Kawaguchi et al., 2011). Particularly noteworthy is that cardiac fibroblasts play 

crucial roles in cardioprotection and cardiomyocyte hypertrophy and are absolutely 

required for protection of cardiac function in severe pressure overload (Takeda et 

al., 2010). 

Previous studies have shown that GATA4 and GATA6 are highly expressed in 

cardiac fibroblasts compared with the whole heart and dermal fibroblasts (Furtado 

et al., 2014). Similarly, our group also proved that among GATA factors, GATA4 
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and GATA6 are highly expressed in adult cardiac fibroblasts (Honghui Wang’s 

doctor thesis). Deletion of GATA transcription factors in CMs indicates that they 

are the vital regulator of cardiac gene expression, hypertrophy, stress-

compensation, myocyte viability, and heart failure (Liang et al., 2001; Oka et al., 

2006; Van Berlo et al., 2010). GATA4 and GATA6 in CMs acted in an semi-

redundant manner in regulating cardiac gene expression and hypertrophy 

transcriptional responsiveness (Charron et al., 1999; Van Berlo et al., 2013; Xin et 

al., 2006; Zhao et al., 2008).  Hence, we hypothesized that GATA4 and GATA6 act 

redundantly in response to mechanical stress stimulation in adult cardiac 

fibroblasts. In this study, we found that cardiac systolic function was remarkably 

deteriorated in FB-GATA4/6-KO mice during pressure overload. Specific deletion 

of GATA4/GATA6 in fibroblasts impaired the cardioprotective function of cardiac 

fibroblasts in severe pressure overload. It revealed that GATA4 and GATA6 in 

fibroblasts are necessary to keep heart function during pressure overload. 

 

5.2. Cardiovascular phenotypes of FB-GATA4/6 KO mice 

5.2.1 Cardiac hypertrophy and fibrosis 

Deletion of both GATA4 and GATA6 specifically in the CFs resulted in more 

severe heart failure without dramatically increased myocardial hypertrophy and 

fibrosis. It might be indicating that deleted GATA4/6 in cardiac fibroblasts may 

mainly affect the heart function, rather than structural changes of the heart during 

pressure overload. Previous studies have provided evidence regarding the role of 

GATA4 and GATA6 in mediating cardiac hypertrophy during pressure overload 

(Van Berlo et al., 2013, 2010). But the role of GATA4 and GATA6 in fibroblasts on 

hypertrophy is unknown. In our study, HW/BW and cross-sectional areas of 

cardiomyocytes were used to evaluate the cardiac hypertrophy. However, there 

was no significant difference between FB-GATA4/6-KO mice and control mice. It 

implied that GATA4 and GATA6 in fibroblasts may not influence cardiac 

hypertrophy after short term mechanical overload. 

We also assessed cardiac fibrosis, and found that GATA4 and GATA6 deletion in 

cardiac fibroblasts did not affect the fibrosis after TAC surgery. Consistently, the 

number of CFs and leukocyte infiltrations between two groups were not different 
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during pressure overload. As we know, CFs act as an essential cell type in the 

heart that is responsible for the homeostasis of the ECM. However, these cells 

transform to a myofibroblast phenotype and contribute to cardiac fibrosis during 

injury (Travers et al., 2016). We found GATA4 and GATA6 in fibroblasts do not 

contribute to fibrosis after pressure overload. 

This was also confirmed by a global analysis of ECM by proteomics. A study about 

cardiac fibroblasts from Mohamed et al. subjected the mice to TAC for 5 or 

12weeks. They observed a dramatic reduction in heart function after 12 weeks of 

TAC instead of 5 weeks of TAC (Mohamed et al., 2016). In our study, we found 

dramatic decrease in heart function and a trend towards increased cardiac 

hypertrophy and fibrosis in FB-GATA4/6-KO mice heart after 3weeks of TAC. It 

might indicate that GATA4/GATA6 in fibroblasts may affect cardiac hypertrophy 

and fibrosis in the long-time pressure overload, but further study is needed in this 

regard. 

 

5.2.2 Decrease angiogenesis 

Interestingly, we found that capillary density was decreased in the myocardium of 

FB-GATA4/6-KO mice three weeks after TAC, suggesting that CFs might affect 

heart function by the regulation of angiogenesis during pressure overload. 

Angiogenesis plays a protective role in functional compensation of the heart in 

response to pressure overload (Heineke et al., 2007; Izumiya et al., 2006). This 

compensatory protection was attenuated in FB-GATA4/6-KO mice. CMs GATA4 

was found to support normal and pressure-overload stimulated increases in 

myocardial capillary density by upregulating proangiogenic factors including 

VEGFA and inhibiting anti-angiogenic gene expression (Heineke et al., 2007). Van 

Berlo et al also found cardiac-specific deletion of GATA4, but not GATA6 prevents 

compensatory angiogenesis in the hearts of mice after TAC stimulation (Van Berlo 

et al., 2013). However, GATA6 was demonstrated to promote the angiogenic 

function and survival in endothelial cells (Froese et al., 2011). GATA4 and GATA6 

exert different effects on angiogenesis in different cell types. Moreover, it was 

shown that fibroblasts are able to secrete pro-angiogenic cytokines such as FGF 

and VEGF (Murakami and Simons, 2008; Zhao and Eghbali-Webb, 2001).  
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However, Olsen et al. showed negative regulation of VEGF and bFGF by Angpt4 

(Olsen et al., 2006). Because we found that Angpt4 were highly expressed in FB-

GATA4/6-KO mice, this could explain that angiogenesis was reduced in FB-

GATA4/6-KO mice in response to pressure overload. CFs may play an important 

role in the regulation of pathological angiogenesis through GATA4 and GATA6 by 

expressing Angpt4. Similarly, CD36 was found highly expressed in cardiac ECM of 

FB-GATA4/6-KO mice during pressure overload. CD36 was described as a 

thrombospondin membrane receptor (TSP-1) (Asch et al., 1991) which can initiate 

an antiangiogenic response by interaction with TSP-1 and other anti-angiogenic 

proteins containing TSR domains (Chu et al., 2013; Jiménez et al., 2000; Ren et 

al., 2006). TSP-1-CD36 signaling might mediate crosstalk with VEGF signaling to 

inhibit angiogenesis (Chu et al., 2013). CD36 was also regulated by PKD-1-FoxO1 

signaling axis to affect angiogenesis, arterial differentiation and morphogenesis 

(Ren et al., 2016). So, GATA4 and GATA6 in CFs regulate angiogenesis through 

an autocrine and /or paracrine manner. Hence, we identify a new function of the 

transcription factor GATA4 and GATA6 as a regulator of angiogenesis in cardiac 

fibroblasts during pressure overload. 

 

5.3 Signaling pathway 

Furthermore, we found the protective AKT signaling was suppressed in the hearts 

of FB-GATA4/6-KO mice 3 weeks after TAC. AKT is a chief positive regulator of 

normal postnatal cardiac growth (Shiojima et al., 2005) and is activated by 

pressure overload. AKT/PKB signaling seems to be beneficial to the heart when it 

is activated under physiological conditions in an acute manner, or when it 

functions in the nucleus (Heineke and Molkentin, 2006). Heart Akt1/PKB can also 

enhance transcriptional reprogramming of fibroblasts to functional cardiomyocytes 

(Zhou et al., 2015). Thus, we supposed that inhibition of AKT/PKB Signaling in FB- 

GATA4/6-KO mice reduces transcriptional reprogramming of fibroblasts to 

functional cardiomyocytes after pressure overload. These findings suggest that 

GATA4 and GATA6 deletion in cardiac fibroblasts decrease the heart function 

through suppression of AKT/PKB signaling during cardiac mechanical overload, 

although the full mechanisms are complicated and remain elusive.  
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5.4 GATA4 and GATA6 regulate gene expression in cardiac 

fibroblasts 

In order to understand the transcriptional regulatory mechanisms whereby loss of 

GATA4 and GATA6 in cardiac fibroblasts leads to heart failure, we performed a 

RNA-deep sequencing analysis of fibroblasts. We identified 26 regulated genes 

which are probably involved in cardiac hypertrophy, fibrosis, angiogenesis, cell 

growth, migration, proliferation and cell survival, and 4 of them (Angpt4, IGF2, 

PENK CD36) were analyzed and confirmed to be dramatically upregulated in 

GATA4/GATA6 depleted fibroblasts. 

First, we found Insulin-like growth factor 2 (IGF2) upregulated in GATA4/GATA6 

depleted fibroblasts. IGF2 is a critical regulator of cell proliferation, growth, 

migration, differentiation and survival (Bergman et al., 2013). IGF2 has been 

proposed to be involved in the development of a variety of malignant tumors and 

particularly promote tumor growth in an autocrine or paracrine fashion (Cerrato et 

al., 2008; Samani et al., 2007). Within the cardiovascular system, IGF-2 can act on 

the IGF-2R (Insulin-like growth factor 2 Receptor), which couples with Gαq, 

leading to cardiac remodeling, hypertrophy and apoptosis (Wang et al., 2012). A 

lot of evidences have shown that the IGF2 is involved in metabolic syndrome, type 

2 diabetes and coronary heart disease (Rodriguez, 2004). Zaina et al indicated 

that overexpression of IGF2 will cause serious abnormalities in the cardiac 

construction including heart hypertrophy, dilatation of left ventricle, bradycardia 

and hypotension (Zaina et al., 2003). While in our study, we did not find significant 

differences in hypertrophy and fibrosis when IGF-2 was upregulated in the deletion 

of GATA4 and GATA6 in cardiac fibroblasts. It seemed that other factors but not 

GATA4 and GATA6 in cardiac fibroblasts may regulate hypertrophic and fibrotic 

response during cardiac pressure overload. 

Similarly, PENK is unregulated in GATA4/GATA6 depleted fibroblasts. PENK 

(Proenkephalin) was considered as a stable and reliable surrogate marker for 

endogenous enkephalins (Ernst et al., 2006), which has been suggested to have a 

negative effect on the cardiovascular system(van den Brink et al., 2003). An early 

study from Imai et al. showed that increased endogenous opioids during heart 

failure act on δ-opioid receptors to decrease myocardial mechanical performance 
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and alter regional blood flow distribution (Imai et al., 1994). Matsue et al. found 

that the levels of PENK were higher in patients with both acute and chronic heart 

failure compared with healthy subjects (Matsue et al., 2016). Increased PENK has 

also been related to a worse prognosis after acute myocardial infarction, and it 

was considered as an independent predictor of heart failure and death in patients 

who had an acute myocardial infarction (Ng et al., 2014).  The high expression of 

IGF-2 and PENK in FB-GATA4/6-KO mice may affect heart function in response to 

pressure overload, but further study is needed. 

 

5.5 Conclusion 

While single deletion of GATA4 or GATA6 in fibroblasts does not alter cardiac 

function after TAC (data is not shown), combined deletion of GATA4 and GATA6 

triggers cardiac dysfunction. Therefore, in conclusion, the transcription factor 

GATA4 and GATA6 act redundantly in cardiac fibroblats to protect heart function 

during pressure overload. GATA4 and GATA6 in CFs plays essential role in 

cardiac remodeling during pressure overload, possibly by regulating angiogenesis 

through Angpt4 and CD36. The protective AKT signaling was suppressed in FB-

GATA4/6-KO mice. IGF2, PENK are regulated by GATA4 and GATA6 in CFs, 

indicating that these factors may be involved in damaging heart function during 

pressure overload.  

Although we found deterioration of heart function in FB-GATA4/6-KO mice during 

pressure overload and partially investigated the mechanisms, the reason why 

there is no difference in hypertrophy and fibrosis is still unknown. GATA4/GATA6 

in fibroblasts may affect cardiac hypertrophy and fibrosis in the long-time pressure 

overload, but further study is needed. Furthermore, because GATA4 and GATA6 

specific deletion in CFs impair heart functions after pressure overload, it will also 

be of great interest to explicate the role of over-expression of GATA4 and GATA6 

in CFs in the future, to investigate whether this enhances cardiac function during 

pressure overload. 

Finally, our results suggest that GATA4 and GATA6 in CFs might be a novel 

therapeutic target for the treatment of heart failure produced by pressure overload. 
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6. Summary 

CFs are involved in cardiac remodeling induced by pressure overload. They play 

an essential role in cardio-protection and CMs hypertrophy and are absolutely 

required for preservation of cardiac function in severe pressure overload. We 

hypothesized that the transcription factors GATA4 and GATA6 redundantly affect 

gene expression in fibroblasts and thereby influence cardiac function during 

pressure overload. Hence, we analyzed the function of the transcription factor 

GATA4 and GATA6 in CFs for cardiac remodeling during mechanical overload.  

In this study, fibroblasts specific GATA4 and GATA6 double knock-out (FB- 

GATA4/6-KO) mice and GATA4/6 flox/flox (Control) mice were subjected to 

transverse aortic constriction (TAC) or sham surgery. Although no dramatic 

difference in myocardial hypertrophy and fibrosis were observed, we found a 

significant decrease in heart function and angiogenesis in FB-GATA4/6-KO mice 3 

weeks after TAC surgery.  In addition, the number of fibroblasts and leukocyte 

infiltrations were not different between the two genotypes after TAC surgery. 

Moreover, protective AKT signaling was suppressed in the hearts of FB-GATA4/6-

KO mice 3 weeks after TAC.  

In order to explore the mechanisms of the GATA4/GATA6 deletion in CFs that 

trigger the deterioration of heart function, we isolated fibroblasts from adult 

GATA4/6 flox/flox mice, in which GATA4 and GATA6 was depleted in vitro by Cre-

expressing adenovirus. We found some genes associated with anti-angiogenesis, 

CMs hypertrophy, apoptosis, and enkephalins were regulated by GATA4 and 

GATA6, such as Angpt4, PENK and IGF2. Furthermore, by mass spectrometry of 

ECM, anti-angiogenic CD36 was found highly upregulated in cardiac ECM of FB-

GATA4/6-KO mice 3 weeks after TAC. 

Our data suggest that the transcription factors GATA4 and GATA6 in cardiac 

fibroblasts play an essential protective role in cardiac remodeling during pressure 

overload by promoting angiogenesis. These effects are at least in partially 

mediated by GATA4 and GATA6 depending on suppression of anti-angiogenic 

Angpt4 and CD36. 
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