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Chapter 1 

Introduction 
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in cardiovascular development and disease: Friend or Foe.  
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Wnt/Frizzled/GSK-3β pathway, a novel therapeutic target for cardiac hypertrophy.  
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1.1 General Introduction 
 

Causes of cardiac hypertrophy 

The left ventricle is the main pumping chamber of the heart. Chronic increases in 

hemodynamic load result in an enlargement of the muscle, the so called “left 

ventricular hypertrophy”. Initially, the hypertrophic response is beneficial by 

diminishing wall stress and potential hemodynamic compromise but in the long run, 

left ventricular hypertrophy can be harmful and lead to left ventricular dysfunction, 

dilated cardiomyopathy, ischemic heart disease, heart failure and sudden death1-3. 

The etiology of cardiac hypertrophy is multifactorial and can involve mechanical 

stresses4, 5 such as volume6 or pressure overload7, 8. It can also involve local factors, 

such as neurotransmitters9 and hormones10 directly acting on the cardiomyocytes. This 

leads to the activation of numerous signaling pathways11-14, alterations in calcium 

homeostasis and an increase in the expression of the embryonic genes and genes 

encoding extracellular matrix proteins15. Moreover, genetic factors also appear to play 

a role, as some patients are more likely to develop cardiac hypertrophy than others16, 17. 

 

Hypertrophic remodeling of the heart: physiological and pathological adaptations 

Hypertrophic growth is believed to diminish wall stress and oxygen consumption of the 

heart18. Hypertrophic remodeling leads to a change in geometry, structure, and 

composition of the heart. This dynamic remodeling works well for the physiological 

adaptation. However, when this equilibrium goes out of balance, the result can be 

pathological growth and abnormal physiology19. Two different pathological 

hypertrophy phenotypes can be distinguished20 (see figure 1): the first is concentric 

hypertrophy due to pressure overload in conditions such as aortic stenosis or 

hypertension, which is characterized by parallel addition of sarcomeres and lateral 

growth of individual cardiomyocytes (increase in ratio of wall thickness/chamber 

dimension). A second form of cardiac hypertrophy is eccentric hypertrophy due to 

volume overload in conditions such as chronic aortic regurgitation, mitral regurgitation 
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or prior infarction, characterized by addition of sarcomeres in series and longitudinal 

cell growth (cavity dilatation with a decrease in ratio of wall thickness/chamber 

dimension)10, 21.  

 

Figure 1: The three major patterns of ventricular remodeling. Increased load leads to phenotypically changes in 
the morphology of the myocyte. Concentric cardiomyocyte hypertrophy is a result of pressure load and leads to 
growth in myocyte thickness whereas eccentric cardiomyocyte hypertrophy is the result of volume overload and 
produces myocyte lengthening. Physiological hypertrophy, induced by exercise or pregnancy, is referred as a 
combination of concentric and eccentric hypertrophy whereby there is a growth of the myocyte in length and width. 

 

Myocardial hypertrophy is an early milestone in the clinical course of heart failure 22, a 

major public health problem which is associated with high morbidity and mortality23. 

Until the early 90s, heart failure was viewed as a hemodynamic disorder in which 

impaired pump performance increases pulmonary and systemic venous pressures 

resulting in fluid retention and reduced cardiac output. Nowadays, we know that it is 

more than a hemodynamic disorder because therapy, initially improving the functional 

abnormalities such as high venous pressure and low cardiac output, often fail to 

improve survival24. So, the important target of treatment of cardiac hypertrophy is not 

necessarily the reduction of LV mass itself but more the correction of the molecular 
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pathways that account for the cardiac hypertrophy-related complications and/or the 

enhancement of the activity of cell-mediated cytoprotective mechanisms25. 

A third form of hypertrophy is the so-called “physiological hypertrophy”, caused by 

chronic exercise training which is not associated with contractile dysfunction and is 

morphologically and molecularly distinct from overload-induced hypertrophy26-28. But 

also during pregnancy physiological hypertrophy is observed to compensate for the 

increased cardiac output to match placental blood flow29. The physiological 

hypertrophic growth is characterized by a proportional increase in length and width of 

cardiac myocytes 22 (see figure 1). Physiological hypertrophy can simply be considered 

as cardiac hypertrophy that does not cause or contribute to disease29. 

 

1.2 Signaling pathways in pathological left ventricular hypertrophy 

The identities of signaling pathways that couple the demand for increased contractile 

force to increased myocyte growth and altered gene expression have been actively 

investigated for many years11, 13, 22, 30, 31. None of these signaling pathways operates in 

isolation, but they participate in a more orchestrated response that generates 

interdependent and cross-talking networks32. Nuclear transcription factors are often the 

final target of signal transducing cascades, thereby converting membrane and 

cytoplasmic signaling events into specific changes in gene expression. A cascade of 

successive transduction steps allows signal enhancement and diversification at 

branching points and thus permits combinatorial interactions between multiple 

pathways30, 33. Pathological hypertrophy is the net result of pro-hypertrophic and anti-

hypertrophic signaling pathways, the latter giving rise to deterioration of cardiac 

funtion and heart failure.  

 

Pro-hypertrophic signals 

Different forms of pro-hypertrophic stimuli are mediating the response of the 

cardiomyocytes, such as mechanical stress4, 34, neurohumoral activation35, 36, growth 

factors and cytokines. Mechanical stress leading to mechano-transduction signaling is 
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initiated by integrins and/or associated cytoskeletal/signaling proteins, such as focal 

adhesion kinase (FAK), melusin, vinculin, zyxin (reviewed by Knöll et al.4 and by 

Brancaccio et al.5). A second sensor of mechanical stress has been proposed at the level 

of Z-disc within each sarcomere13. These proteins trigger coordinated downstream 

signaling cascades5.  

 

Stimulation of the hypertrophic response activates a number of neurohumoral systems, 

such as the sympathetic nervous system, the Renin-Angiotension System (RAS) and 

cytokine release37. These systems function to maintain short term haemodynamic 

stability, but may deteriorate cardiac function in the long term8. The majority of these 

molecules operate through activation of transmembrane G-protein coupled receptors 

(GPCRs)37, 38 whereby the most relevant myocardial GPCRs include adrenergic 

(comprised of several subtypes of α22, 39- and β-adrenergic receptors40) and muscarinic 

receptors11, which are coupled to heterotrimeric G-proteins of the Gαq/α11 subclass13. 

The best known factors which mediate cardiac hypertrophy are Angiotensin II 

(AngII)36, Endothelin-1 (ET-1)36, Norepinephrine40, Tumor necrosis factor (TNF)41 and 

Transforming growth factor β (TGF-β)14. 

 

Anti-hypertrophic signals 

A number of endogenous molecules can regulate the hypertrophic response negatively. 

One such group of molecules counteracting the prohypertrophic response are the 

natriuretic peptides. Atrial natriuretic peptide (ANP) and brain natriuretic peptide 

(BNP) negatively regulate cardiac hypertrophy by inhibiting a variety of hypertrophic 

cellular signals42. 

Another extensively studied molecule, known to negatively regulate the hypertrophic 

response, is Glycogen Synthase Kinase-3β (GSK-3β)43. Research over the past years 

has identified GSK-3β as a “nodal point” in many cellular and physiological functions 

and deregulation of GSK-3β activity has been implicated in the development of human 



CHAPTER 1 
 
14  

diseases such as Alzheimer’s disease44, bipolar disorder45, many forms of cancer46, 

diabetes mellitus type II 47, 48 and cardiac diseases49-53. The interest of our research 

group in the mode of action of GSK-3β is based on its participation in canonical Wnt 

signaling. GSK-3β is active in quiescent cells whereas cell stimulation leads to 

inhibition of GSK-3β. Two distinct mechanisms regulate this inhibition53, 54: the 

primary mechanism of regulation involves a variety of stimuli that inhibit GSK-3β by 

triggering its phosphorylation at an N-terminal serine9 (Ser9) residu55, 56 by many 

different kinases, including insulin/insulin-like growth factor signaling, neurotrophic 

factor signaling57, p70 S6 kinase, p90Rsk (also called MAPKAP kinase-1), Protein 

Kinase A (PKA), Akt (Protein Kinase B)51 and certain isoforms of Protein Kinase C 

(reviewed by Doble et al. and by Grimes et al.)49, 54 (Figure 2).  

 
Figure 2. Mechanism of action 
of GSK-3β. The left panel shows 
the phosphorylation on the Ser9 
residu leads to inhibition of 
GSK-3β activity. Some of 
protein kinase proposed to 
phosphorylate this site, are 
depicted. IGF-1, Insulin-like 
growth factor-1; PKA, protein 
kinase A; PKC, protein kinase 
C. The right panel shows the 
effects of GSK-3β on its 
substrates. Phosphorylation of 
the substrates of GSK-3β leads 
to enhanced degradation or to 
nuclear transport of  
transcription factors. 

Another regulatory mechanism of inhibition of GKS-3β is used by the canonical Wnt 

pathway whereby Wnt activation is thought to involve disruption of a complex 

containing GKS-3β, Axin, adenomatous polypolis coli (APC) and also β-catenin47, 58, 59.  

 

In opposition to the inhibitory modulation of GSK-3β, tyrosine216 (Tyr216) 

phosphorylation of GSK-3β increases the enzyme’s activity54, 60, 61. It has been reported 

that there is a role of Dishevelled-1 (Dvl-1), a component of canonical Wnt signaling 
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that will be discussed in more detail below, in the dephosphorylation at Tyr216 of GSK-

3β62.  

 

GSK-3β and cardiac hypertrophy 

The role of GSK-3β in cardiac hypertrophy has been extensively investigated and is 

described in several excellent reviews (Hardt and Sadoshima63, Kerkela et al.53, Sugden 

et al.64). Pro-hypertrophic stimuli consistently lead to phosphorylation and inhibition of 

GSK-3β. Haq et al. showed that the kinase activity of GSK-3β was inhibited by 

hypertrophic stimuli both in vitro and in vivo65. Cardiac-specific expression of a signal-

resistant form of GSK-3β, containing a Ser9 to Ala mutation, diminishes the 

hypertrophic growth response to calcineurin activation, adrenergic stimulation, and 

pressure overload66. In transgenic mice, specific overexpression of GSK-3β in the heart 

resulted in a physiologic concentric hypertrophy (normal growth) of ventricular 

cardiomyocytes, leading to a smaller heart with depressed contractility67.  

 

Phosphorylation of substrates by GSK-3β leads to their enhanced degradation by the 

ubiquitin-proteasome system. This applies to three central regulators of cell cycle 

progression and proliferative growth: cyclin D1, c-myc and β-catenin. On the other 

hand,  inactivation of GSK-3β leads to the release of growth-promoting substances, 

such as c-myc and β-catenin, which are not degraded and stimulate hypertrophic 

growth53. The group of Force found that hypertrophic stress disrupted the GSK-

3β/Frat1 complex, releasing GSK-3β from this inhibitor. The subsequent stabilization 

of β-catenin is achieved via Ser9 phosphorylation of GSK-3β via the recruitment of Akt 

to the Axin complex68. 

 

1.3 Wnt signaling 

Intensive investigation of signal transduction by secreted Wnt proteins over the past 

two decades has revealed a huge, yet still incomplete, cast of gene and protein 

characters. The majority of this research concerns the canonical Wnt pathway, which 
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signals through the stabilization of β-catenin69, 70. An increasing body of research, 

however, focuses on non-canonical, β-catenin-independent Wnt pathways71, 72. Wnt 

signaling controls various cellular and biological processes, ranging from cell 

adhesion73, 74, stem cell self renewal75, and cancer development76-78, to differentiation of 

multiple cell lineages79, cell polarity, cell migration, cell proliferation and development 

of various tissues80, 81. 

 

The Wnts comprise a large class of secreted proteins and as many as 19 mammalian 

Wnt family members are known. Expression of different Wnt proteins can lead to 

vastly different outcomes of signaling82. A more detailed description of the 

complexities of Wnt regulatory activity can be obtained from excellent reviews and 

essays (Cadigan and Liu83, Nelson and Nusse84). Another useful resource is ‘The Wnt 

Homepage’ (http://www.stanford.edu/~rnusse/wntwindow.html).  

 

Canonical Wnt signaling: a brief overview 

The canonical Wnt (also referred as Wnt/β-catenin) pathway is the best understood and 

has been characterized by a combination of genetics and biochemistry. A core set of 

proteins and an ever-growing list of proteins that modify their function have been 

identified in this way, as extensively reviewed elsewere84-86. 

 

When Wnt receptors are not engaged, two scaffolding proteins in the destruction 

complex, the tumor suppressors APC87 and axin88, bind newly synthesized β-catenin89. 

GSK-3β phosphorylates serine/threonine residues 41, 37 and 33 at the amino terminus 

of β-catenin90 and the resulting phosphorylated footprints recruit a β-TrCP-containing 

E3 ubiquitin ligase, which targets β-catenin for proteasomal degradation80, 91.  As a 

result, the levels of free β-catenin in the cells remain low and nuclear TCF/β-catenin 

complex formation is prevented92, 93 (Figure 3). So, in the ‘off state’, GSK-3β is 

constitutively active and cells maintain low cytoplasmic and nuclear levels of β-
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catenin. A detailed description of the β-catenin destruction complex is provided by 

Kimelman and Xu91. 

 
Figure 3: The canonical Wnt signalling pathway. The effects of inactive (left part) and activated (middle part) 
Wnt signaling are depicted. In the absence of Wnt stimulation, the level of free cytosolic β-catenin is kept low by 
GSK-3β phosphorylating β-catenin on serine and threonine residues at the amino-terminal region, thereby targeting 
it for ubiquitination and degradation in proteasomes. The phosphorylation of β-catenin by GSK-3β occurs in a 
complex with Axin and adenomatous polyposis coli (APC) protein as well as many other components (not shown for 
clarity). In the middle of the cartoon, the effect of activation of a Frizzled (Fz) 7 transmembrane receptor by a Wnt 
ligand is shown. In a complex with Lipoprotein related-receptor protein (LRP)-5 or -6, this leads to the activation of 
Dishevelled (Dvl).  The activated Dvl protein inhibits the GSK-3β activity by two distinct mechanisms: first it 
changes the conformation and promotes the dissociation of the GSK-3β/APC/Axin complex and second, it may 
increase Akt activity, resulting in phosphorylation of the Ser9 residue of GSK-3β. The inhibition of GSK-3β leads to 
stabilization and accumulation of β-catenin in the cytoplasm. β-Catenin can shuttle to the nucleus were it interacts 
with a transcription factor complex of the T cell factor (TCF) family.  This can induce the transcription of genes 
involved in the hypertrophic response. Moreover, activated Akt by itself can also induce hypertrophic gene 
transcription. The right part of the scheme shows that β-catenin also regulates cell adhesion in a complex with α-
catenin and cadherins. 

 

Wnt signaling is initiated when Wnt ligands engage their cognate receptor complex, 

consisting of a serpentine receptor of the Frizzled (Fz) family (10 family members in 

the human genome)94, 95 together with LRP-5 and LRP-6 coreceptors, members of the 

low density lipoprotein related-receptor protein family96-98. Receptor occupancy 

inhibits the kinase activity of the destruction complex by an incompletely understood 
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mechanism involving the direct interaction of axin85 and the actions of an axin-binding 

molecule, Dvl99, 100.  

 

Three homologs of Dvl have been described which exhibit overlapping patterns of 

expression and highly conserved domain structure101, 102. Hyperphosphorylation of Dvl 

results in a relocalization to the plasma membrane103, 104 and activated Dvl leads to 

inactivation of GSK-3β resulting in a slower cytoplasmatic turnover of  β-catenin105. As 

a consequence, β-catenin accumulates in the cytoplasm and travels into the nucleus 

where it engages the N-terminus of DNA-binding proteins of the Tcf/Lef family of 

high mobility group (HMG)-box proteins75, 106, 107. These proteins bind DNA and 

require β-catenin to activate transcription of target genes including cyclin D1108, c-

myc109, 110, E-cadherin111, uPA110 and matrix metalloproteinases MMPs, like MMP7112 

and MMP26113 (Figure 3).  

 

The non-canonical Wnt pathways 

Wnt signaling pathways that do not make use of β-catenin are referred to as non-

canonical Wnt signaling pathways. Several signaling branches were described so far 

(Figure 4). The vertebrate Wnt/JNK pathway involves activation of small GTPases like 

rac, rho and cdc42 and more downstream Rho-kinase (ROK) or Jun-N-terminal kinase 

(JNK) and affects planar polarity114.  

 

Another Wnt-mediated signaling pathway stimulates the intracellular increase in Ca2+, 

possibly mediated by G-proteins115. This pathway activates several downstream targets 

including protein kinase C (PKC), Ca-calmodulin kinase II (CaMKII)116. The elevated 

levels of Ca2+ can activate the phosphatase Calcineurin, which leads to 

dephosphorylation of the transcription factor: nuclear factor of activated T-cells (NF-

AT) resulting in an accumulation of NF-AT in the nucleus and an activation of target 

genes92. 
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Which pathway is activated is dictated by the particular Wnt/Fz combination (with or 

without certain coreceptors), and is subsequently controlled by cytoplasmic 

diversification via protein-protein interactions92. 

 
Figure 4. The non-canonical Wnt pathways. In 
the left part of the scheme, the Wnt/Ca2+ pathway 
is shown, and in the right part the Planar Cell 
Polarity pathway (PCP) is depicted. The 
Wnt/Ca2+ signalling pathway involves G-proteins, 
phospholipas C (PLC), protein kinase C (PKC) 
and Ca2+/ calmodulin - dependent protein kinase 
II (CaMKII) and Calcium senstive phosphatase, 
Calcineurin. This leads to activation of NFAT, a 
family of transcription factors. The PCP pathway 
acts via dishevelled (Dvl) and involves Rac, 
RhoA, wich stimulates c-jun kinase (JNK) and 
Rho kinase (ROK). JNK activates AP1, a complex 
of smaller proteins, which can form homo- or 
heterodimers whereby the composition of the AP1 
complex is a decisive factor for target gene 
activation. 

 

 

Antagonists of Wnt signaling 

Wnt-mediated signals can be modulated extracellulary by secreted proteins. There are 

two major classes of Wnt antagonists that function in quite different ways. The two 

classes are the Frizzled Related Protein (FRP) class and the Dickkopf (DKK) class117. 

The interaction between Wnt and Fz receptors is inhibited by members of the FRP 

class, which includes the FRPs, the WIF (Wnt-inhibitory factor)-1 and Cerberus118. The 

DKK class inhibits the LRP5/6 coreceptor activity. The subsequent interaction of 

DKK/LRP complex with Kremen internalizes the complex followed by its degradation, 

thus diminishing the number of Wnt coreceptors available for signaling118. 

 

A closer view on β-catenin, a downstream protein of the canonical Wnt pathway 

β-Catenin has historically been recognized as both a second messenger molecule in the 

canconical Wnt signaling pathway and as a component of adherens junctions119, 120. The 

adherens junctions can be found in the intercalated disks, specialized structures that 

functionally and structurally connect adjacent cardiomyocytes73, 121, 122. It remains 
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unclear how such an odd dual function evolved in one protein87. The interactions of β-

catenin with adhesion, transcription and destruction complexes raise many questions. 

How does β-catenin choose among its possible partners? Do different complexes 

compete for a limiting pool of β-catenin? And can it move from one complex to 

another78, 123-125? 

 

Structurally, β-catenin has a large central region composed of 12 repeats of three 

helices each, a rigid scaffold for the binding of many factors. The N- and C-terminal 

regions are much smaller, and appear to form mostly flexible regions that primarily 

interact with transcriptional activating factors91. Selective targeting of distinct 

molecular forms of β-catenin provides a mechanism by which cells could potentially 

separate the adhesion and signaling functions of β-catenin126. Through its central 

armadillo repeat region, β-catenin forms mutually exclusive complexes with cadherin 

adhesion molecules127, TCF/Lef family of transcription factors and APC128, whereas α-

catenin binds to the N-terminal α-helix123. Wnt signaling generates a closed β-catenin 

conformation that selectively binds TCF. In contrast, the cadherin preferentially binds a 

β-catenin-α-catenin dimer123. The N-terminal cluster of serine and threonine residues of 

β-catenin are putative GSK-3β sites of phosphorylation, which target β-catenin as 

signals for ubiquitin-mediated degradation105, 129. 

 

Gottardi and Gumbiner propose that segregation of these functions of β-catenin may be 

necessary for two reasons. First, selective targeting of β-catenin to transcriptional 

complexes would prevent the cadherin from competing with Wnt signaling activity, 

which may be important during low or transient Wnt activation where signaling may 

need to be especially efficient. Second, such a mechanism would ensure that cell-cell 

adhesion is maintained during Wnt induction throughout development. Thus, 

generation and targeting of distinct molecular forms of β-catenin could ensure that 

adhesion and signaling are not always coupled, and when necessary, can be regulated 

independently of one another126. 
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1.4 Wnt signaling and the diseased  heart 

Wnt signaling and cardiac hypertrophy 

Cardiac hypertrophy: Wnt signaling  

The first indication of the re-expression of Wnt signaling components during the 

hypertrophic response in the heart came from a subtractive hybridization experiment 

performed by our group. In this experiment, it was shown that fz-2 expression was 

upregulated during the hypertrophic development in the rat heart130. Recently, these 

results were confirmed and expanded by Cerutti et al.131, showing a positive correlation 

between left ventricular (LV) mass and fz-2 expression in the rat and a negative 

correlation between LV mass and expression of DKK-3, an antagonist of Wnt 

signaling. Downstream of fz, β-catenin mRNA was expressed in fetal and adult heart 

and lower levels were observed in hypertrophic heart compared to adult heart, as shown 

by Rezvani et al.132, whereas higher levels of β-catenin protein expression was detected 

in the hypertrophic heart132. The findings indicate the involvement of the Wnt/Fz 

signaling pathway in cardiac hypertrophy. 

 

Cardiac hypertrophy: β-catenin as a transcription factor. 

The role of β-catenin in cardiac hypertrophy has been addressed in several studies. 

Stabilization of β-catenin is sufficient for the hypertrophic response in cardiomyocytes, 

as shown by Haq et al.68. The stabilization of β-catenin was achieved via Ser9 

phosphorylation of GSK-3β, through a Wnt-independent mechanism. By using a mouse 

with cardiac-specific deletion of the β-catenin gene, Chen et al.133 demonstrated that 

deletion of β-catenin/TCF/Lef signaling led to a blunted hypertrophic response both in 

physiologic growth and in pathological growth of the heart. Qu et al.134 showed that 

heterozygous β-catenin deleted mice had no structural and functional abnormality in 

normal physiological condition. Importantly, loss of one copy of the β-catenin gene 

significantly inhibited cardiac hypertrophy in response to pressure overload. However, 

Baurand et al.135 observed discrepant results concerning the same molecule by showing 
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that downregulation of β-catenin initiates adaptive cardiomyocyte hypertrophy in adult 

heart whereas expression of a nondegradable mutant results in a phenotype of smaller 

cardiomyocytes. The hypertrophic response was induced by angiotensin II infusion in 

this study and this suggests that the effect of β-catenin on cardiac hypertrophy may be 

dependent on the hypertrophic stimulus that is used. 

Another role of β-catenin as a transcriptional activator in cardiac remodeling is by the 

regulation of Connexin 43 (Cx43) expression. Wnt-1 is a specific inducer of Cx43 

expression in the cardiomyocytes. This effect is mediated through Wnt-dependent 

accumulation of β-catenin. Cx43 is by far the most abundant cardiovascular gap 

junction protein. After stress-induced cardiac hypertrophy, deletion of β-catenin 

resulted in a 33% reduction in expression of Cx43136, which suggests a role for β-

catenin as a transcription factor in cardiac remodeling. 

 

Cardiac hypertrophy: β-catenin and the adherens junctions 

Besides being a transcription factor, β-catenin is also found in adherens junctions. The 

strength of adherens junctions is enhanced by the binding of a cadherin cytoplasmatic 

domain to β-catenin, which in turn links to the actin cytoskeleton via α-catenin137. The 

role of β-catenin signaling in myocyte shape regulation during cardiac hypertrophy and 

failure is not clearly defined, but some observations suggest a link. In hypertrophic 

cardiomyopathic cardiomyocytes, increased β-catenin was detected in the intercalated 

disks138 whereas specific deletion of β-catenin in cardiomyocytes results in a significant 

increase in γ-catenin to compensate for the absence of β-catenin121. Even though the 

heart endures higher mechanical stress than any other organ, γ-catenin can compensate 

for the absence of β-catenin and maintains the normal structure and function of the 

intercalated disk in the adult heart. β-Catenin and γ-catenin are highly homologous 

proteins so they may share certain common functions121.  
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Wnt signaling in Heart Failure 

The transition from compensated cardiac hypertrophy to decompensated heart failure is 

far from fully understood. Therefore, it is of interest to study the alterations in Wnt 

signaling in this respect. Schumann et al.139 have investigated the expression of sFRPs 

in the failing human heart. They showed that mRNA levels of pro-apoptotic sFRP 3 

and 4 were elevated in the failing ventricles compared to donor hearts, which was not 

the case for sFRP 1 and 2. Moreover, they observed a reduced canonical Wnt signaling 

in the failing heart. 

 

Wnt signaling and other heart diseases 

Myocardial infarction  

Myocardial infarction (MI) is one of the leading causes of morbidity and mortality in 

the world. It is caused by an acute occlusion of a coronary artery, which results in 

cardiac ischemia which leads to cardiomyocyte death. Infarct healing is a dynamic, 

well-controlled process, which includes the migration and proliferation of fibroblast-

like cells into the infarct area140, 141. 

After experimental MI in rats and mice, Fz-2 mRNA expression was upregulated142, 143 

and was localized at the interface between viable myocardium and infarct area as 

detected by in situ hybridization 142. Analysis of the expression of multiple members of 

the Wnt and frizzled families by real-time Poly Chain Reaction (RT-PCR) showed an 

upregulation of Wnt-10b and Fz-1,-2,-5 and -10 and a downregulation of Wnt-7b in the 

infarct area 1 week after infarction in the mouse143. Blocking the Wnt pathway by 

overexpressing FrzA (sFRP1), an antagonist of Wnt signaling, interacted with different 

phases of infarct healing and reduced infarct size with improved cardiac function due to 

reduced apoptosis thereby limiting the scar area143. Dvl, directly downstream of Fz, 

showed high levels of expression 4 days after MI and remained upregulated during the 

first week after MI144. Dvl-1 positive stained cells were not confined to the border zone 
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but also observed in the centre of the infarcted area, suggesting that this gene is also 

expressed by myofibroblasts144.  

Myocardial ischemia plays a critical role in the cardiomyocyte death by mechanism of 

necrosis and apoptosis145 and the damaged heart is limited in its ability to regenerate 

and replace dead myocardium146. Ischemic preconditioning (PC) after MI has been 

shown to significantly reduce infarct size, arrhythmias, and postischemic contractile 

dysfunction145, 147. The group of Duplàa demonstrated that blocking the Wnt pathway 

by FrzA (sFRP1) reverses the cardioprotection afforded by PC and does this by 

decreasing the phosphorylation of GSK-3β148. This demonstrates an important role of 

Wnt signaling after MI in the cardioprotection by PC. β-Catenin has also an important 

role in the healing process after MI and PC. The group of Kaga et al145 showed that 

cytosolic and nuclear accumulations of β-catenin are involved in the angiogenic and 

anti-apoptotic effects of PC by increased TCF/Lef transcriptional activity145. In vivo, β-

catenin overexpression via gene transfer reduced the infarcted area and preserved 

systolic function in a rat MI model through modulating survival, hypertrophy and 

angiogenesis149.   

 

Another novel therapeutic option to prevent ischemic heart failure as a result of MI, is 

cell therapy with adult stem cells150 to improve the cardiac function. Intracardiac 

implantation of Akt-overexpressing mesenchymal stem cell (MSC) showed a dramatic 

diminution of infarct size146 and sFRP2 plays a major role in mediating the survival 

signal of Akt-MSCs on the ischemic myocardium151. The study of Mirotsou 

demonstrated in vitro that sFRP2 increases total as well as nuclear β-catenin within the 

hypoxic cardiomyocyte in a dose-dependent manner. The mechanism by which sFRP2 

increases β-catenin within the cardiomyocytes is not entirely clear151. In conclusion, β-

catenin can protect against apoptosis, can regulate growth of cardiomyocytes, and 

therefore canonical Wnt signaling may play an important role in the healing process 

after MI. 
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Arrhythmogenic right ventricular cardiomyopathy (ARVC) 

Another cardiac disease, Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) 

is a fibro-adipocytic replacement of cardiac myocytes that typically occurs in 

conjunction with myocyte apoptosis and cardiac dysfunction152, 153. Suppression of 

desmoplakin expression leads to nuclear localization of the desmosomal protein γ-

catenin and a 2-fold reduction in canonical Wnt signaling. The resulting phenotype is 

increased expression of adipogenic and fibrogenic genes and accumulation of fat 

droplets. So canonical Wnt signaling is important to prevent the switch from myogenis 

to adipogenesis152. 

In conclusion, activation of Wnt signaling is observed in different adaptations of the 

cardiovascular system under pathological conditions. 

 

1.5 Therapeutic interventions in Wnt signaling 

Compounds that can inhibit Wnt signaling are under development or investigation, 

initially for the treatment of cancer. Candidate approaches include agents that have no 

obvious link to canonical Wnt signaling such as non-steroidal anti-inflammatory drugs 

(NSAIDs), tyrosine-kinase inhibitor Imatinib154, but also small molecule inhibitors or 

antibodies against Wnts have been proposed. A brief overview of some agents targeting 

Wnt signaling is given below (for an excellent review, we refer to Barker and 

Clevers155). 

The NSAIDs, including selective cyclooxygenase (COX)-2 inhibitors, exert their action 

through multifaceted effects on Wnt signaling. Indomethacin and suldinac has a dual 

impact on Wnt signaling: repression of β-catenin transcription and induction of β-

catenin protein degradation156, 157. Aspirin (Acetyl salicylacid) does not affect β-catenin 

protein level but stabilizes β-catenin in its inactive phosphorylated form, thereby 

preventing its function as a co-transcriptional factor157, 158. Imatinib mesylate (a.k.a. 

Gleevec or Glivec) is a small molecule antagonist with activity against tyrosine 

kinases, thereby targeting tyrosine phosphorylation via growth factor receptors in the 

regulation of β-catenin157, 159-161. Tyrosine phosphorylation of β-catenin decreases its 
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binding to E-cadherin and stimulates association of β-catenin with the basal 

transcription machinery160. 

The drugs developed to block aberrant Tcf/β-catenin signaling have great potential as 

effective cancer therapeutics155. But in the hypertrophic response, no mutations in APC, 

Axin or β-catenin have been described so far. Therefore, intervention at the level of 

Tcf/β-catenin signaling does not seem the method of choice for treatment of cardiac 

hypertrophy. Furthermore, both canonical and non-canonical Wnt signaling are 

involved in cardiovascular remodeling, so there is a need for antagonists that intervene 

more upstream in the Wnt pathway. This presents an opportunity to develop small 

molecule ligands or antibodies that inhibit more upstream components in the Wnt 

signaling pathway, such as blocking Fz activation or inhibiting the interaction of Dvl 

with Fz receptors. Antibody-based therapy using a Wnt1 monoclonal antibody is 

effective in a head and neck cancer cell line over-expressing Wnt1. This Wnt1 

monoclonal antibody suppressed Wnt signaling, blocked proliferation and induced 

apoptosis155. Also an anti-Wnt2 monoclonal antibody induced apoptosis in human 

cancer cells162. These are still in vitro results, but to know the therapeutical potential, in 

vivo efficacy as antitumour agents will have to be evaluated in rodent cancer models155.  

 

1.6 Aim of the thesis 

Chronic cardiac hypertrophy is clinically associated with increased morbidity and 

mortality and often a precursor of heart failure. Thus, pathological cardiac hypertrophy 

appears detrimental for the heart, at least in a chronic state. The molecular signals 

underlying the genesis of hypertrophy have been studied over the past decades and the 

hypertrophic response is the net result of activation of pro-hypertrophic and anti-

hypertrophic pathways. 

The overall aim of the studies described in this thesis was to obtain more insight in the 

role of the Wnt signaling pathway in the development of cardiac hypertrophy. 

Furthermore, we investigated the role of β-catenin, a pro-hypertrophic protein and 
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GSK-3β, an anti-hypertrophic protein, and other components of the Wnt signaling 

pathway in hypertension induced cardiac hypertrophy. 

 

In Chapter 2 of this thesis, Wnt signal transduction during the development of cardiac 

hypertrophy in rats is described. In Chapter 3, intervention in the canonical Wnt 

pathway by the deletion of the Dvl-1 gene in mice was studied after induction of 

pressure overload. The cardiac mass index, mRNA of hypertrophic biomarkers as well 

as β-catenin and GSK-3β protein levels were determined. In Chapter 4, the effects of 

treatment with Lithium, an inhibitor of GSK-3β activity, and Acetylic Salicyl Acid 

(ASA), blocking β-catenin/TCF transcription, were studied in the hypertrophic 

response in the heart of mice. 

 

The second part of this thesis will focus on the Renin Angiotensin system and Wnt 

signaling in left ventricular hypertrophy due to hypertension. Given the importance of 

preventing cardiac remodeling next to blood pressure lowering in antihypertensive 

therapy, the study described in Chapter 5 was designed to investigate the effects of 

AT-1 receptor antagonists on early stage cardiac remodeling and we determined the 

effect of the drugs on blood pressure, markers of hypertrophy and components of Wnt 

signaling. A transgenic rat [TGR(Cyp1a1-Ren2)], studied in Chapter 6, allowed the 

induction of Ang II-dependent malignant hypertension. The hypertension can be 

toggled off by withdrawal of the special diet, so the onset and the level of hypertension 

can be controlled and studied as well as the withdrawal of the malignant hypertension. 

We examined the Wnt downstream components β-catenin and GSK-3β in the 

malignant hypertensive state as well as in the state of reversibility of this malignant 

hypertension.  

 

Finally, Chapter 7 contains the discussion of the findings of the experimental chapters 

in relation to the current literature to give direction to future research. 
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Abstract 

The development of cardiac hypertrophy is a primary event in the pathogenesis of heart 

failure. The canonical Wnt pathway (also referred to as the Wnt/β-catenin pathway) 

plays various roles in embryonic, postnatal and oncogenic growth of many tissues. Wnt 

stimulation acts to stabilize β-catenin levels, by binding of a Wnt to a complex of a 

serpentine receptor of the Frizzled family and a LRP-5 or LRP-6 coreceptor. Receptor 

occupancy activates the Dvl protein and this Dvl protein inhibits the action of GSK-3β, 

a potent suppressor of the hypertrophic response. Stabilized β-catenin translocates to 

the nucleus where it can activate Tcf/Lef signaling and upregulate the expression of β-

catenin target genes. 

In the present study, we examined the regulation of the expression of components of 

the canonical Wnt pathway in the first 10 days after induction of pressure overload-

induced cardiac hypertrophy. Rats were subjected to aortic constriction for 1,4,7 and 10 

days or to sham surgery. The expression of components of the canonical Wnt pathway 

in the left ventricle was determined by Real-Time PCR and Western Blotting. Our 

results demonstrate that during the development of cardiac hypertrophy there is a re-

expression of the canonical Wnt pathway with an upregulation of β-catenin protein 

levels, and mRNA transcripts of Fz-2 and Dvl-1. 
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Introduction 

In order to maintain sufficient cardiac output, the heart can respond to a myriad of 

physiologic and pathological stimuli1. The heart reacts to hemodynamic overload by 

undergoing left ventricular hypertrophy, an adaptive response involving many 

alterations in myocardial structure and function. In the long term, left ventricular 

hypertrophy can progress to heart failure2. In the adult heart, the hypertrophic response 

is accompanied by re-expression of many fetal genes. Understanding the molecular 

signaling pathways accompanying these changes in the heart is important to design 

novel therapeutic interventions to interrupt or reverse the hypertrophic growth before 

the heart is going into failure. 

One of the first organs to function in the growing embryo is the heart. The Wnt 

signaling pathway is indispensible for the normal development of the heart3, 4. 

Canonical Wnt signaling is initiated when Wnt ligands engage their cognate receptor 

complex, consisting of a serpentine receptor of the Frizzled (Fz) family and a member 

of the low density Lipoprotein Receptor-related Protein (LRP) family, LRP-5 or LRP-

6. This complex activates the downstream component Dishevelled (Dvl). Activated Dvl 

inhibits the Glycogen Synthase Kinase-3β (GSK-3β) activity, which results in 

stabilization and accumulation of β-catenin in the cell5. Stabilized β-catenin 

translocates to the nucleus where it interacts with transcription factor of the T cell 

factor/lymphoid enhancer factor (Tcf/Lef) family, thereby inducing the transcription of 

target genes6, 7. In the absence of Wnt stimulation, the N-terminal cluster of serine and 

threonine residues of β-catenin are putative GSK-3β phosphorlyation sites, which serve 

as signals for ubiquitin-mediated degradation8. GSK-3β, an ubiquitous serine/threonine 

protein kinase9, 10, by itself has anti-hypertrophic effects but pro-hypertrophic stimuli 

can inactivate GSK-3β by phosphorylation of the serine9 site9, 11, 12. Also canonical 

Wnt signaling results in the inactivation of GSK-3β via destabilization of the β-catenin 

destruction complex rather than via ser9 phosphorylation13. Previously, our group 

reported that Fz-2 mRNA expression was upregulated at 10 days after aortic banding in 

the rat heart14. Cerutti et al.15 confirmed and extented these results by showing that 
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there was a positive correlation between left ventricular mass and Fz-2 expression in 

rat.  

This raises the question what the time frame is in which components of the canonical 

Wnt pathway would be upregulated during the hypertrophic response in the left 

ventricle. The goal of the present study was to examine different components of the 

canonical Wnt signaling pathway during the development of cardiac hypertrophy. This 

was determined by Real-Time PCR and Western blotting. 

 

Materials and methods 

Animals and Surgery.  

Adult male Wistar rats (Winkelmann, Borchen, Germany) of an age of 10 weeks 

(approximately 300g) were used. They were housed under a 12-h light/dark cycle and 

had free access to food and water. Left ventricular hypertrophy was induced by aortic 

banding as described by Willems et al.16 with minor modifications. The rats were 

aneasthetized with pentobarbital (60 mg/kg i.p.). Through a ventromedial incision the 

aorta was ligated between the renal arteries to a diameter of 0.1 mm. This was achieved 

by inserting a 30-gauge needle between the ligature and the aorta, which was removed 

after completing the ligation. Sham surgery was identical with the exception of the 

actual ligation of the aorta. The experiments were performed according to the 

guidelines of the Maastricht University and were approved by the institutional animal 

ethics committee. 

 

Real time PCR.  

The animals were anesthetized with ether, killed by cervical dislocation. The hearts 

were removed, rinsed in ice-cold phosphate-buffered saline. The atria were removed, 

the heart was divided into left ventricular free wall, septum and right ventricle, 

immediately snap-frozen in liquid nitrogen and stored at –80° C. Left ventricular tissue 

was homogenized with a PRO200 tissue homogenizer (PRO Scientific, Monroe, CT, 

USA) and isolated by using UltraspecTM-II RNA isolation system (BioTecx 
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Laboratories, Houston TX, USA) according to the manufacturer’s recommendations. 

RNA was further purified by DNase digestion using the DNA-Free RNA kitTM (Zymo 

Research, Orange, CA, USA) to remove genomic DNA. First strand cDNA was 

synthesized by adding 100 ng of DNase-treated total RNA to Ready-To-Go You Prime 

First-Strand Beads (Amersham Biosciences Europe, Freiburg, Germany). Random 

hexamers were used as primers. The reactions were incubated at 37°C for 1 hour and at 

95°C for 2 minutes. The resulting cDNA was either immediately used as template for 

real-time PCR or stored at −20 °C. Real-time PCR primers were chosen with the 

assistance of the computer program Primer Express (version 1.5; Applied Biosystems, 

Foster City, CA, USA). These primers were used to quantify the mRNA levels of atrial 

natriuretic factor (ANF), brain natriuretic peptide (BNP), α-Myosin heavy chain (α-

MHC), β-Myosin heavy chain (β-MHC), Frizzled 1 (Fz-1), Fz-2, Wnt-5a, Dishevelled-

1 (Dvl-1), β-catenin. Real-time PCR was started with 10 minutes at 95°C, than cycled 

between 95°C/10 s and 57°C -60°C/15sec for 40 cycles in the MyIQ system of Biorad 

(Biorad, Hercules, CA, USA). The expression was determined by measuring the 

binding of the fluorescent dye SYBR Green I, using SYBRGreen PCR Master Mix kit 

(Eurogentec, Seraing, Belgium). Gene expression was normalized to the housekeeping 

gene Cyclophilin. All samples were run in duplicate. Data analyses were performed 

using the MyIQ System software (Biorad, USA). 

 

Western immunoblot analyses.  

Total protein extracts were prepared as follows: left ventricular tissue was added to 1 

ml ice-cold Laemmli buffer (6.6% Glycerol; 1.5%SDS; 41.5mM Tris/HCl pH=8.0) and 

homogenized with a PRO200 tissue homogenizer (PRO Scientific, USA). After 

sonification and centrifugation, the supernatant was collected and stored at - 80° C. The 

protein content of supernatant was measured by using the BCA protein Assay (Pierce 

biotechnology Inc., Rockford IL, USA). For Western blotting, 20 μg of total protein 

was denatured by boiling in Laemmli sample buffer and separated on a 10 % SDS-

PAGE gel, and transferred onto a HybondC nitrocellulose membrane (Amersham 
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Biosciences, Europe). After blocking in 5% nonfat dry milk (Biorad, USA), 0.1% 

Tween 20 in Tris-buffered Saline for 1 hour, membranes were incubated overnight with 

the following primary antibodies at 4°C: β-catenin, GSK-3β (BD Transduction 

Laboratories, Lexington, KY, USA), α-tubulin (Santa Cruz Biotechnology, CA, USA), 

and Phospho-Ser9 GSK-3β (Cell Signaling Technology, Beverly MA, USA). Anti-

rabbit IgG and anti-mouse IgG Horseradish Peroxidase-conjugated antibodies (DAKO, 

Glostrup, Denmark) were used as the secondary antibodies as appropriate. The 

membranes were developed by Supersignal West Pico chemiluminescence kit (Pierce 

biotechnology Inc.,USA). 

 

Statistical Analysis.  

All data are presented as means ± SEM. One-way ANOVA with Dunnett’s Multiple 

Comparison test was used to compare the means. P-values <0.05 were considered to 

indicate statistical significance. 

 

Figure 1 
The heart weigth/body weigth ratio 
in sham operated and aortic banding 
operated wistar rats. Values are 
expressed as means ± S.E.M. and * 
P< 0.05 vs. Sham. All n = 5-6 

 
 

 

 

 

Results 

Induction of hypertrophic markers in time 

Aortic banding induced a significant increase in the HW/BW ratio starting at 4 days 

after surgery (Fig 1). Cardiac hypertrophy was accompanied by re-expression of the 

fetal gene program. The mRNA expression of natriuretic peptides (both ANF and BNP) 
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was measured by Real-Time PCR (Fig 2A and 2B). In fig 2A, a significant 

upregulation of ANF mRNA transcripts is shown 7 and 10 days after induction of 

cardiac hypertrophy. BNP mRNA expression (fig 2B) was significantly upregulated at 

all time points; at day 1 the highest level of BNP mRNA expression was reached. The 

cytoskeletal proteins β-MHC (the fetal type) and α-MHC (the adult type) were also 

determined by real-time PCR (Fig 2C and 2D). As shown in fig. 2C, the rats exhibited 

significant increases in mRNA expression of β-MHC at days 1 and 4 after induction of 

cardiac hypertrophy, compared to sham. The number of α-MHC mRNA transcripts 

(fig. 2D) was also significantly upregulated 1 day after induction of hypertrophy.  

 

 
Figure 2 
Characterization of different markers of cardiac hypertrophy 1,4,7 and 10 days after aortic banding. A: Expression of 
ANF, B: Expression of BNP, C: Expression of β-MHC, D: Expression of α-MHC, all normalized to the 
housekeeping gene Cyclophilin. Values are expressed as means ± S.E.M. and * P< 0.05 vs. Sham. All n = 5-6. 
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Expression of components of the canonical Wnt pathway  in time 

During the development of hypertrophy, we observed 4-fold reduction in mRNA levels 

of Wnt-5a starting at day 1 after aortic banding; this level of mRNA transcripts 

remained significantly reduced at other time points (Fig 3A.). No mRNA of Wnt-3a 

could be detected at any time point (not shown). We did not see a difference in Fz-1 

mRNA expression (Fig. 3B) in time whereas the Fz-2 mRNA expression (Fig. 3C) 

gradually increased in time reaching statistical significance at 10 days after pressure 

overload induction. When Wnt activates a Fz receptor, Dvl is the first known 

intracellular component of the Wnt signal transduction pathway. In fig. 3D, the mRNA 

expression of Dvl-1 is shown in time. There was a significant upregulation at day 10 

compared to sham and day 1 after induction of hypertrophy.  

 
Figure 3 
Expression of mRNA transcripts of components of the Wnt pathway. Expression of mRNA transcripts is determined 
by Real-Time PCR for Wnt-5a (A), Fz-1 (B), Fz-2 (C), Dvl-1 (D) and  after 1,4,7  and 10 days of aortic banding or 
after sham surgery, normalized to the housekeeping gene Cyclophilin. Values are expressed as means ± S.E.M. and 
* P< 0.05 vs. Sham. All n = 5-6  
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Regulation of GSK-3β phosphorylation during the development of cardiac 

hypertrophy 

β-Catenin protein levels are regulated by targeted degradation after GSK-3β-mediated 

phosphorylation. To determine the role of GSK-3β in β-catenin activation, we analyzed 

the amounts of total GSK-3β, as well as its inactive (Ser9-phosphorylated) and active 

(Tyr216- phosphorylated) form by Western Blotting. As shown in Fig. 4A, at days 4 and 

10 after induction of hypertrophy, the pSer9-GSK-3β/total GSK-3β ratio tended to 

increase in both groups, statistical significance was reached at day 4. At day 7, there 

was a dip in pSer9-GSK-3β/total GSK-3β ratio. In contrast, aortic banding induced a 

gradual decrease in the pTyr216-GSK-3β/total GSK-3β ratio which reached statistical 

significance at 10 days after induction of hypertrophy (Fig. 4B).   

 
Figure 4 
GSK-3β activity as determined by Western Blotting. A and 
B: Western blots of pSer9-GSK-3β (inactive form), pTyr216-
GSK-3β (active form) and total GSK-3β protein expression. 
Densitometric analysis of the pSer9-GSK-3β (A) and 
pTyr216-GSK-3β protein (B), expressed relative to total (t) 
GSK-3β protein. Values are expressed as means ± S.E.M. 
and * P< 0.05 vs. Sham. All n = 3-4. 

 

 

 

 

 

 

 

 

 

β-catenin and the hypertrophic response 

Finally, we examined the expression of β-catenin, the second messenger molecule of 

the canonical Wnt pathway, by Real-Time PCR (Fig. 5A) and Western Blotting (Fig. 

5B). The number of β-catenin transcripts was significantly increased 1 day after 



CHAPTER 2 
 
44 

induction of cardiac hypertrophy compared to the other groups and then returned to the 

levels observed in the sham groups (Fig. 5A). In Fig. 5B, a quantitative analysis of the 

amounts of β-catenin protein is shown. There is a significant increase in the amount of 

β-catenin protein 1, 4 and 10 days after induction of aortic banding.  

 

Figure 5 
Expression of β-catenin. mRNA transcripts of β-catenin (A) and protein content (B) after 1,4,7  and 10 days of aortic 
banding or after sham surgery. A: mRNA levels are normalized to the housekeeping gene Cyclophilin. All n = 5-6 
and B: Quantification of the Western Blot signals, expressed as β-catenin/α-tubulin ratios. All n = 3-4. Values are 
expressed as means ± S.E.M. and * P< 0.05 vs. Sham. 

 

Discussion 
 
The present study demonstrates that during the development of cardiac hypertrophy, 

components of the canonical Wnt signaling are upregulated such as mRNA transcripts 

of Fz-2 and Dvl-1. Also an increased GSK-3β phosphorylation and an increase in -

catenin protein levels are observed. 

 

Wnt signaling has been implicated in a vast number of human diseases including 

cancer17, osteoporosis18 and cardiovascular diseases19. Althought Wnts can signal 

through different pathways, the canonical Wnt pathway or the Wnt/β-catenin pathway 

is the best studied of all the pathways. Wnts are secreted proteins and have been 

classified into separate groups. The Wnt-1 group, to which Wnt-3a belongs, appears to 

signal exclusively via the canonical Wnt pathway whereas the Wnt-5a group posses 
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more complex signaling properties: it has been reported to activate non--catenin 

mediated Wnt signaling but it can also act as an inhibitor of canonical Wnt signaling20-

23. Hypertrophy induced by aortic banding resulted in a significant downregulation of 

Wnt-5a mRNA transcripts whereas Wnt-3a mRNA was not detectable in left 

ventricular heart tissue. Futher investigations of the effects of different Wnts in the 

development of cardiac hypertrophy would provide better understanding of the role of 

Wnts in the hypertrophic response. 

 

During cardiac morphogenesis, moderate myocardial expression of Fz-2 was observed 

in the ventricular septum at 12 and 14 days after conception24, as well as during cardiac 

hypertrophic development in rats14, where re-expression of Fz-2 mRNA was showed in 

the left ventricular tissue. The present study confirmed these observation and those 

published by Cerutti et al., showing a positive correlation between Fz-2 expression and 

left ventricular mass. Fz-1 mRNA expression showed no upregulation after induction 

of cardiac hypertrophy. When Wnt is engaged with Fz, the Dvl protein is the most 

upstream component of intracellular signal transduction. Dvl is known to antagonize 

the action of GSK-3β on the β-catenin phosphorylation25. Aortic banding in rats results 

in a significant upregulation of Dvl-1 mRNA expression 10 days after induction of 

cardiac hypertrophy.  

 

Dvl leads to inhibition of GSK-3β, one of the most powerful antihypertrophic entities 

described so far12, 26, but also involved in cardiogenesis27.  The loss of GSK-3α or 

GSK-3β results in the abnormal development of the heart where GSK-3β has an 

important role in modulating the left-right asymmetry and affecting the heart 

positioning, modulated through the Wnt/β-catenin signaling pathway. GSK-3β is active 

in quiescent cells and cell stimulation leads to inhibition of GSK-3β by two distinct 

mechanisms13, 28. One mechanism involves the inhibition of GSK-3β by its 

phosphorylation of the N-terminal Ser9, catalysed by several different protein kinases. 

Another mechanism is Wnt activation where GSK-3β inhibition does not involve 
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phosphorylation but a rather poorly understood mechanism. In our study, after aortic 

banding, Ser9 phosphorylation of GSK-3β was significantly increased at day 4 (and a 

trend day 10) whereas at day 7, a decrease in Ser9 phosphorylation of GSK-3β was 

noticed. Haq. et al29 showed that Ser9 phosphorylation of GSK-3β reached a peak 3 

days after TAC but returned to baseline levels 7 days after TAC in the rat,  they did not 

study later time points. GSK-3β activity is also regulated by Tyr216 kinases and Tyr216 

phosphorylation is a good indication of the GSK-3β activity30. In this study, there was a 

decrease in Tyr216 phosphorylation after 10 days of constriction. It will be important to 

further identify the different effectors regulating the activity of GSK-3β in the 

hypertrophic response. 

 

GSK-3β phosphorylates serine and threonine residues of β-catenin, which serve as 

signals for ubiquitin-mediated degradation8. Wnt inhibition of GSK-3β is essential for 

the stabilization of β-catenin, resulting in transcriptional activation. Haq. et al. showed 

that β-catenin was stabilized by hypertrophic stimuli and overexpression of β-catenin 

could induce hypertrophic growth of cardiomyocytes29. Loss of one copy of the β-

catenin gene significantly inhibits cardiac hypertrophy in response to aortic constriction 

but had no major effect on physiological cardiac hypertrophy during postnatal 

development31. But also targeted deletion of β-catenin in the heart attenuates the 

hypertrophic response in both physiological and pathological condition32. In this paper, 

determination of the β-catenin proteins levels showed a significant increase 1,4 and 10 

days after aortic banding, which appears to support the role of -catenin in cardiac 

hypertrophy development described in the other studies29, 30, 32. 

 

In summary, components of the canonicial Wnt pathway are upregulated in the 

pathological hypertrophic growth of cardiomyocytes. Wnt-induced upregulation of β-

catenin protein was assiociated with an increased Fz-2, Dvl-1 mRNA expression and a 

decrease in GSK-3β activity. Therefore, intervention in the canonical Wnt signaling 

pathway could serve as a novel therapeutic strategy to prevent cardiac hypertrophy. 



CHAPTER 2 
 

47 

 

Reference 

1. Tardiff JC. Cardiac hypertrophy: stressing out the heart. J Clin Invest.2006;116(6):1467-1470. 
2. Selvetella G, Hirsch E, Notte A, et al. Adaptive and maladaptive hypertrophic pathways: points 

of convergence and divergence. Cardiovasc Res.2004;63(3):373-380. 
3. Brade T, Manner J, Kuhl M. The role of Wnt signalling in cardiac development and tissue 

remodelling in the mature heart. Cardiovasc Res.2006;72(2):198-209. 
4. Tzahor E. Wnt/beta-catenin signaling and cardiogenesis: timing does matter. Dev 

Cell.2007;13(1):10-13. 
5. Wong NA, Pignatelli M. Beta-catenin--a linchpin in colorectal carcinogenesis? Am J 

Pathol.2002;160(2):389-401. 
6. Mann B, Gelos M, Siedow A, et al. Target genes of beta-catenin-T cell-factor/lymphoid-

enhancer-factor signaling in human colorectal carcinomas. Proc Natl Acad Sci U S 
A.1999;96(4):1603-1608. 

7. Ben-Ze'ev A, Shtutman M, Zhurinsky J. The integration of cell adhesion with gene expression: 
the role of beta-catenin. Exp Cell Res.2000;261(1):75-82. 

8. Chen RH, Ding WV, McCormick F. Wnt signaling to beta-catenin involves two interactive 
components. Glycogen synthase kinase-3beta inhibition and activation of protein kinase C. J 
Biol Chem.2000;275(23):17894-17899. 

9. Hardt SE, Sadoshima J. Negative regulators of cardiac hypertrophy. Cardiovasc 
Res.2004;63(3):500-509. 

10. Hardt SE, Sadoshima J. Glycogen synthase kinase-3beta: a novel regulator of cardiac 
hypertrophy and development. Circ Res.2002;90(10):1055-1063. 

11. Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly. Annu Rev 
Physiol.2003;65:45-79. 

12. Haq S, Choukroun G, Kang ZB, et al. Glycogen synthase kinase-3beta is a negative regulator 
of cardiomyocyte hypertrophy. J Cell Biol.2000;151(1):117-130. 

13. Kerkela R, Woulfe K, Force T. Glycogen synthase kinase-3beta-actively inhibiting hypertrophy. 
Trends Cardiovasc Med.2007;17(3):91-96. 

14. Blankesteijn WM, Essers-Janssen YP, Ulrich MM, et al. Increased expression of a homologue 
of drosophila tissue polarity gene "frizzled" in left ventricular hypertrophy in the rat, as identified 
by subtractive hybridization. J Mol Cell Cardiol.1996;28(5):1187-1191. 

15. Cerutti C, Kurdi M, Bricca G, et al. Transcriptional alterations in the left ventricle of three 
hypertensive rat models. Physiol Genomics.2006;27(3):295-308. 

16. Willems IE, Havenith MG, Smits JF, et al. Structural alterations in heart valves during left 
ventricular pressure overload in the rat. Lab Invest.1994;71(1):127-133. 

17. Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature.2005;434(7035):843-850. 
18. Krishnan V, Bryant HU, Macdougald OA. Regulation of bone mass by Wnt signaling. J Clin 

Invest.2006;116(5):1202-1209. 
19. van Gijn ME, Daemen MJ, Smits JF, et al. The wnt-frizzled cascade in cardiovascular disease. 

Cardiovasc Res.2002;55(1):16-24. 
20. Pongracz JE, Stockley RA. Wnt signalling in lung development and diseases. Respir 

Res.2006;7:15. 
21. Quaiser T, Anton R, Kuhl M. Kinases and G proteins join the Wnt receptor complex. 

Bioessays.2006;28(4):339-343. 
22. Kremenevskaja N, von Wasielewski R, Rao AS, et al. Wnt-5a has tumor suppressor activity in 

thyroid carcinoma. Oncogene.2005;24(13):2144-2154. 
23. Topol L, Jiang X, Choi H, et al. Wnt-5a inhibits the canonical Wnt pathway by promoting GSK-

3-independent beta-catenin degradation. J Cell Biol.2003;162(5):899-908. 



CHAPTER 2 
 
48 

24. van Gijn ME, Blankesteijn WM, Smits JF, et al. Frizzled 2 is transiently expressed in neural 
crest-containing areas during development of the heart and great arteries in the mouse. Anat 
Embryol (Berl).2001;203(3):185-192. 

25. Wharton KA, Jr. Runnin' with the Dvl: proteins that associate with Dsh/Dvl and their 
significance to Wnt signal transduction. Dev Biol.2003;253(1):1-17. 

26. Antos CL, McKinsey TA, Frey N, et al. Activated glycogen synthase-3 beta suppresses cardiac 
hypertrophy in vivo. Proc Natl Acad Sci U S A.2002;99(2):907-912. 

27. Lee HC, Tsai JN, Liao PY, et al. Glycogen synthase kinase 3 alpha and 3 beta have distinct 
functions during cardiogenesis of zebrafish embryo. BMC Dev Biol.2007;7:93. 

28. Grimes CA, Jope RS. The multifaceted roles of glycogen synthase kinase 3beta in cellular 
signaling. Prog Neurobiol.2001;65(4):391-426. 

29. Haq S, Michael A, Andreucci M, et al. Stabilization of beta-catenin by a Wnt-independent 
mechanism regulates cardiomyocyte growth. Proc Natl Acad Sci U S A.2003;100(8):4610-
4615. 

30. van de Schans VA, van den Borne SW, Strzelecka AE, et al. Interruption of Wnt signaling 
attenuates the onset of pressure overload-induced cardiac hypertrophy. 
Hypertension.2007;49(3):473-480. 

31. Qu J, Zhou J, Ping Yi X, et al. Cardiac-specific haploinsufficiency of beta-catenin attenuates 
cardiac hypertrophy but enhances fetal gene expression in response to aortic constriction. J 
Mol Cell Cardiol.2007;43(3):319-326. 

32. Chen X, Shevtsov SP, Hsich E, et al. The beta-catenin/T-cell factor/lymphocyte enhancer 
factor signaling pathway is required for normal and stress-induced cardiac hypertrophy. Mol 
Cell Biol.2006;26(12):4462-4473. 

 

 
 



CHAPTER 3 
 

49 

 
 

 

 

 

Chapter 3 

Interruption of Wnt signaling attenuates 

the onset of pressure overload-induced 

cardiac hypertrophy 
 

V.A.M. van de Schans; S.W.M. van den Borne; A.E. Strzelecka; B.J.A. Janssen; J.L.J. 

van der Velden; R.C.J. Langen; A. Wynshaw-Boris; J.F.M. Smits; W.M. Blankesteijn 

 

Hypertension 2007;49:473-480 

 

 

 



CHAPTER 3 
 
50  

Abstract 

The hypertrophic response of the heart has recently been recognized as the net result of 

activation of pro- and anti-hypertrophic pathways. Here we report the involvement of 

the Wnt/Frizzled pathway in the onset of cardiac hypertrophy development. 

Stimulation of the Wnt/Frizzled pathway activates the dishevelled (Dvl) protein. 

Dishevelled subsequently can inhibit glycogen synthase kinase-3β, a protein with 

potent anti-hypertrophic actions through diverse molecular mechanisms. In the 

Wnt/Frizzled pathway, inhibition of Glycogen Synthase Kinase-3β leads to an 

increased amount of β-catenin, which can act as a transcription factor for several 

hypertrophy-associated target genes. In this study we subjected mice lacking the Dvl-1 

gene (Dvl-1-/-) and their wildtype littermates to thoracic aortic constriction for 7, 14 and 

35 days. In Dvl-1-/- mice, 7 days of pressure overload-induced increases in left 

ventricular posterior wall thickness and expression of ANF and BNP were attenuated 

compared to their wildtype littermates. β-Catenin protein amount was reduced in the 

Dvl-1-/- group, and an increased glycogen synthase kinase-3β activity was observed. 

Moreover, the increase in the amount of Ser473-phosphorylated Akt, a stimulator of 

cardiac hypertrophy, was lower in the Dvl-1-/- group.  In conclusion, we have 

demonstrated that interruption of Wnt signaling in the Dvl-1-/- mice attenuates the onset 

of pressure overload-induced cardiac hypertrophy through mechanisms involving 

glycogen synthase kinase-3β and Akt. Therefore, the Wnt/Frizzled pathway may 

provide novel therapeutic targets for anti-hypertrophic therapy. 
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Introduction 

Cardiac hypertrophy is an adaptive response of the heart to an increased workload, 

caused by a variety of pathological stimuli including hypertension, myocardial 

infarction and valvular disease. Because cardiomyocytes are terminally differentiated, 

these cells can only respond by hypertrophic growth 1. This growth is initially 

beneficial but a sustained hypertrophic response often leads to heart failure 2. In this 

hypertrophic response, extracellular stimulation is translated into a cellular response, 

leading to changes in the contractile apparatus and to an activation of many signaling 

pathways 3. Several of these signaling pathways transduce prohypertrophic signals, but 

it has been shown that a number of endogenous molecules can regulate the 

hypertrophic response negatively4.  

One of the most powerful negative regulators that can antagonize the hypertrophic 

response is Glycogen Synthase Kinase-3β (GSK-3β), an ubiquitous serine/threonine 

protein kinase4, 5. GSK-3β is a downstream regulatory switch of multiple signaling 

pathways which regulates a wide range of cellular functions6. Dysregulation of GSK-

3β plays a role in many human diseases including diabetes, Alzheimer’s disease, 

bipolar disorder, cancer7 and heart failure8. In cardiomyocytes, inhibition of GSK-3β 

augmented the hypertrophic response9, 10, whereas overexpression of GSK-3β had an 

inhibitory effect on the development of cardiac hypertrophy11.  

The activity of GSK-3β can be modulated by several signaling pathways, including the 

insulin-like growth factor pathway12, β-adrenergic signaling13, 14 and Wnt signaling15. 

In this study we focussed on the role of the Wnt/Frizzled (Fz) pathway in the 

development of cardiac hypertrophy. In this pathway, a Wnt ligand binds to a 

membrane-bound complex consisting of a member of the Fz receptor family and a 

lipoprotein-related protein (LRP) 16. This results in the activation of a member of the 

dishevelled (Dvl) protein family, which in its turn inhibits GSK-3β17. The mechanism 

by which Wnt actually regulates GSK-3β is poorly understood18. The inhibition of 

GSK-3β results in a decreased phosphorylation and subsequent accumulation of β-

catenin, a second messenger of Wnt signaling, in the cytoplasm. 
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To study the effect of interruption of Wnt signaling on the onset of cardiac hypertrophy 

development, mice lacking the Dvl-1 gene (Dvl-1-/-) were used. The development of 

pressure overload-induced cardiac hypertrophy was studied in these mice and their 

wildtype littermates (Dvl-1+/+) by subjecting the mice to thoracic aortic constriction 

(TAC). The effects of pressure overload were monitored by echocardiography and 

histological techniques. Moreover, the amounts of Akt, GSK-3β and β-catenin were 

determined, GSK-3β activity was measured and the expression of the hypertrophy-

associated genes atrial natriuretic factor (ANF), brain natriuretic protein (BNP) and 

proto-oncogenes, was analyzed.  

 

Methods 

An expanded Methods section detailing the techniques and procedures mentioned here 

is available in an online supplement at http://hyper.ahajournals.org. 

 

Animals 

Dvl-1 knockout (Dvl-1-/- ) mice, generated as previously described 19, were inbred (>10 

generations) into a 129/S6 background. Dvl-1-/- mice of both sexes and wildtype (Dvl-

1+/+) littermates were used. All experimental procedures were approved by the 

Committee for Animal Research of Maastricht University and were in accordance with 

the guide for care and use of laboratory animals, published by the National Institutes 

of Health (NIH) Guide for the Care and Use of Laboratory Animals.   

 

Thoracic aortic constriction (TAC) model 

Dvl-1-/- and littermate Dvl-1+/+ mice were randomly distributed over the TAC-group 

and sham-operated control group. Animals were anesthetized by intramuscular 

injection with ketamine (100 mg/kg body weight) and subcutaneous injection with 

xylazine (10 mg/kg body weight), and TAC was induced as described previously20.  
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Two-dimensional guided M-mode echocardiography.  

Animals were anaesthetized and two-dimensional (2D) guided M-mode 

echocardiography on the mouse was performed using a 20-MHz probe connected to an 

AU4 Idea device (Esaote Biomedica, Firenze, Italy).  

 

Histological analysis.  

Hearts from Dvl-1-/- and Dvl-1+/+ mice were arrested in diastole, one half was 

embedded in paraffin and cut in four μm sections and stained with hematoxylin and 

eosin (H&E). Myocyte cross-sectional areas were measured using a computerized 

morphometric system (version Leica Qwin3.1; Leica, Cambridge, England). All 

sections were measured in 5 different areas of the left ventricle of the heart. Myocyte 

cross-sectional area was measured per nucleus; the outline of 100-200 myocytes was 

traced in each section. An examiner blinded to the genotype of the animals performed 

all measurements.  

 

Real-Time PCR. 

Total RNA was isolated from left ventricular (LV) tissue, purified by DNAse digestion 

and transcribed into cDNA using random hexamer primers. The amount of transcripts 

of ANF, BNP, β-catenin, Dvl-1, -2, and -3, Fzd2, c-fos, c-myc, c-jun and cyclin D1 

was determined on an ABI Prism 7700 Sequence Detection System (Applied 

Biosystems Foster City CA, USA), using the SYBRGreen PCR Master Mix kit 

(Eurogentec, Seraing, Belgium). Cardiac gene expression was normalized to the 

housekeeping gene β-actin. All samples were run in duplicate. Data analyses were 

performed using the Sequence Detection System software (Applied Biosystems).  

 

Western immunoblot analyses.   

Total protein extracts (20 μg) were separated on a 10% SDS-PAGE gel and transferred 

to HybondC nitrocellulose membrane (Amersham Biosciences, Little Chalfond, UK). 

The membranes were incubated overnight at 4°C with the following primary 
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antibodies: β-catenin and GSK-3β, (BD Transduction Laboratories, Lexington KY, 

USA); pSer9 GSK-3β, pTyr216-GSK-3β, Akt and pSer473 Akt (Cell Signaling 

Technology, Beverly MA, USA); α-tubulin (Santa Cruz Biotechnology, Santa Cruz 

CA, USA). Anti-rabbit IgG and anti-mouse IgG Horseradish Peroxidase-conjugated 

antibodies (DAKO, Glostrup, Denmark) were used as secondary antibodies as 

appropriate.  

 

GSK-3β kinase activity assay.  

Total GSK-3β was immunoprecipated from 200 μg protein extracts of the heart in lysis 

buffer. The samples were precleared with protein G-Sepharose beads (Amersham 

Biosciences) and subjected to immunoprecipitation with anti-mouse GSK-3β antibody 

(BD Transduction Laboratories) overnight at 4 ºC with gentle agitation, than incubated 

with protein G-Sepharose for 1 hour at 4 ºC with gentle agitation. Kinase activity was 

assayed in 40 μl of total reaction buffer containing GSK-3 Peptide Substrate (Biomol 

P-151, Exeter, UK) and 10 μCi [γ-32P] ATP (Amersham Biosciences). After 30 min of 

incubation at 30ºC, 25 μl aliquots were spotted onto 1.5 cm X 1.5 cm pieces of 

Whatman P81 Phosphocellulose paper (Whatman Nederland B.V., ‘s Hertogenbosch, 

The Netherlands). Quantification of kinase assay was achieved by counting the amount 

of 32P incorporated into the substrate in the scintillation counter. 

 

Statistical Analysis.  

All data are presented as means ± SE. Either Unpaired Student’s t-test or two-way 

ANOVA was used as appropriate.  P-values <0.05 were considered to indicate 

statistical significance. 
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Table 1. Postmortem and Echocardiografic Analysis of Aortic Banded Dvl-1-/- and Dvl-1+/+ Mice 

 SHAM TAC 

  7 days 14 days 

Parameters Dvl-1+/+ (n = 8) Dvl-1-/-  (n = 9) Dvl-1+/+  (n = 7) Dvl-1-/-  (n = 10) Dvl-1+/+  (n = 8) Dvl-1-/-  (n = 8) 

BW (g) 20.5 ± 0.75 20.8 ± 0.72 20.4 ±1.275 20.3 ± 0.97 20.5 ± 0.87 20.5 ± 0.68 

HW/TL (mg/mm) 6.7 ± 0.30 6.7 ± 0.21 8.1 ± 0.39* 7.3 ± 0.45 8.8 ± 0.59* 8.0 ± 0.54 

LVW/TL (mg/mm) 3.04 ± 0.21 2.90 ± 0.09 3.98 ± 0.25* 3.43 ± 0.23† 4.08 ± 0.28* 3.55 ± 0.33 

LuW/TL (mg/mm) 8.6 ± 0.43 8.6 ± 0.31 8.9 ± 0.39 8.8 ± 0.68 10.2 ± 0.91 9.00 ± 0.47 

Pwts (mm) 1.040 ± 0.014 1.029 ± 0.009 1.258 ± 0.064* 1.106 ± 0.049‡ 1.294 ± 0.097* 1.189 ± 0.045† 

Pwtd (mm) 0.832 ± 0.027 0.816 ± 0.013 1.014 ± 0.056* 0.887 ±0.034† ‡ 0.982 ± 0.086 0.911 ± 0.027† 

BW indicates body weight; HW: heart weight; TL: tibia length; LVW: left ventricular weight; LuW: lung weight; 
Pwts: posterior wall thickness in systole; Pwtd: posterior wall thickness in diastole. Values are mean ± SE.  
*P< 0.05 vs. sham Dvl-1+/+; †P<0.05 vs. sham Dvl-1-/-; ‡P<0.05 vs. Dvl-1+/+ 7 days after TAC 

 

Results  

Attenuated development of cardiac hypertrophy in Dvl-1-/- mice in response to 

pressure overload. 

In Table 1, the post-mortem and echocardioagraphic data from Dvl-1-/- mice and Dvl-

1+/+ littermates, sacrificed at 7 and 14 days after TAC or after sham surgery are shown. 

No significant differences were observed in heart weight/tibia length (HW/TL) ratio 

between sham-operated Dvl-1-/- and Dvl-1+/+ mice. Two-way ANOVA analysis showed 

a significant effect of both time after TAC (p<0.001) and genotype (p<0.05) on HW/TL 

ratio (Figure I, available online). In Dvl-1+/+ mice the HW/TL ratio was significantly 

increased at all three time points after TAC (21%, 31% and 72% increase compared to 

sham, respectively), whereas this ratio was only significantly increased at 35 days after 

TAC in the Dvl-1-/- mice. Similar differences in hypertrophic response were observed 

when the left ventricular (LV) weights were compared. The lung weight/tibia length 

ratio showed a tendency towards increase at 35 days after TAC in the both groups, but 

no statistical significance was reached.  
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Interstitial fibrosis, assessed by Sirius Red staining, was increased in both groups after 

TAC, with no significant differences between the genotypes (Figure II, available 

online). 

To determine posterior wall thickness, 2D-directed M-mode echocardiography was 

performed (Table 1). Seven days after TAC, a statistically significant increase was 

observed in both end-systolic and end-diastolic posterior wall thickness in the Dvl-1+/+ 

group (21% and 22%, respectively), which was sustained at 14 days after TAC. In 

contrast, end systolic and end diastolic posterior wall thickness did not increase 

significantly in Dvl-1-/- mice at 7 days after TAC (7% and 9% increase, respectively) 

and were mildly increased at 14 days after TAC (16% and 12%, respectively). 

Conclusively, these findings indicate that the lack of the Dvl-1 gene attenuated the 

onset of pressure overload-induced hypertrophy. 

 

Figure 1. Characterization of different markers of cardiac 
hypertrophy, induced by 7 days of thoracic aortic banding 
(TAC). A: Quantification of the cross-sectional area (CSA) 
of left ventricular cardiomyocytes. B: Expression of ANF, 
normalized to β-actin expression. C: Expression of BNP, 
normalized to β-actin expression. S= Sham, C=TAC. * P< 
0.05 vs. sham Dvl-1+/+; † P<0.05 vs. sham Dvl-1-/-;  ‡ 
P<0.05 vs. Dvl-1+/+, 7 days after TAC; All n = 5-6. 
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Attenuated increase in cardiomyocyte CSA, ANF and BNP expression in Dvl-1 -/- 

LV upon pressure overload 

Histological analysis showed no significant difference in cardiac myocyte cross-

sectional area (CSA) between the two sham groups. At 7 days after TAC, the CSA was 

increased by 35% in Dvl-1+/+ and 18 % in Dvl-1-/- hearts (Fig. 1A). The expression of 

ANF and BNP is generally used as a molecular marker for the development of cardiac 

hypertrophy. Real-Time PCR analysis showed statistically significant increases in ANF 

mRNA levels in both groups at 7 days after TAC when compared to sham (Fig. 1B). 

However, the increase in ANF expression was significantly attenuated in the Dvl-1-/- 

compared to the Dvl-1+/+ LVs. The upregulated expression of BNP was only significant 

in the Dvl-1+/+ mice at 7 days after TAC; although a trend towards an increased BNP 

expression was also observed in the Dvl-1-/- group, no statistical significance was 

reached (Fig. 1C).  

 

Increased Fz2 and unaltered Dvl-1, -2 and -3 expression in Dvl-1 -/- LV after TAC 

Previously, we have shown that the Fz2 expression was upregulated after induction of 

cardiac hypertrophy in rats21. Therefore, we investigated whether the absence of the 

Dvl-1 gene affected the expression of different components of the Wnt/Fz pathway 

upon TAC. Both in Dvl-1-/- and Dvl-1+/+ LVs, a significant increase in Fz2 transcripts 

was observed (Fig. 2A), which did not differ between the two groups. Next, we 

determined the amounts of transcripts of the three Dvl isoforms in the Dvl-1-/- and Dvl-

1+/+ LVs by Real-Time PCR, and studied the effect of 7 days of TAC on their 

expression. As expected, Dvl-1-/- LVs were completely devoid of Dvl-1 transcripts (Fig 

2B), whereas the gene was readily expressed in LVs of the Dvl-1+/+ group. No 

significant differences were observed in Dvl-2 and Dvl-3 expression between the Dvl-

1-/- and Dvl-1+/+ groups (Fig. 2C and 2D). In addition, TAC did not affect the 

expression of any of the three Dvl isoforms. 
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Figure 2. Expression of frizzled-2 (Fz2, A) and the three isoforms of dishevelled, Dvl-1 (B), -2 (C) and –3 (D), after 
7 days of  TAC and sham operated animals, normalized to β-actin expression. For abbreviations and symbols, see 
legend to Figure 1; All n = 5-6. 

 

Effect of TAC on Ser9-, Tyr216-phosphorylated GSK-3β and the activity of GSK-3β 

Because GSK-3β is considered to control β-catenin protein degradation, we analyzed 

the amounts of total GSK-3β, as well as its inactive Ser9-phosphorylated (pSer9-GSK-

3β) and active Tyr216- phosphorylated (pTyr216-GSK-3β) form by Western blotting. As 

shown in Fig. 3B, the pSer9-GSK-3β/total GSK-3β ratio was not significantly different 

in sham-operated Dvl-1-/- and Dvl-1+/+ LVs. At day 7 after TAC, the pSer9-GSK-

3β/total GSK-3β ratio tended to increase in both groups, although no statistical 

significance was reached. In contrast, TAC induced a significant increase in the 

pTyr216-GSK-3β/ total GSK-3β ratio in Dvl-1-/- LVs, but had no effect in the Dvl-1+/+ 

LVs (Fig. 3C).  As shown in Fig. 3D, GSK-3β activity was significantly upregulated in 
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Dvl-1-/- LVs after TAC, whereas in Dvl-1+/+ LVs no significant effect of TAC on GSK-

3β activity was observed. Moreover, in the sham-operated Dvl-1-/- mice the base-line 

activity of GSK-3β was significantly lower than in the sham-operated Dvl-1+/+ mice.  

 
 
 
Figure 3. GSK-3β activity as determined by Western Blotting and Kinase Assay at 7 days after TAC. A: 
Representative Western blots of pSer9-GSK-3β (inactive form), pTyr216-GSK-3β (active form) and total GSK-3β 
protein expression. Densitometric analysis of the pSer9-GSK-3β (B) and pTyr216-GSK-3β protein (C), expressed 
relative to total (t) GSK-3β protein. D: GSK-3β kinase activity assay showed a significantly lower activity in sham-
operated Dvl-1-/- compared to Dvl-1+/+ mice, and a significant increase upon 7 days of TAC exclusively in the Dvl-1-

/- mice. For abbreviations and symbols, see legend to Figure 1; All n = 5-6. 

 

Reduced amounts of β-catenin protein in Dvl-1 -/- LV after pressure overload 

Next, we examined the expression of β-catenin by Real-Time PCR (Fig. 4A) and 

Western Blotting (Fig. 4B and 4C). The amount of β-catenin transcripts did not differ 

significantly between the LVs of sham-operated Dvl-1-/- and Dvl-1+/+ mice. Seven days 

after TAC, a significant decrease in the amount of β-catenin transcripts was observed in 

the Dvl-1+/+ group but not in the Dvl-1-/- group (Fig. 4A). In Fig. 4B, representative 

examples of β-catenin Western Blots are shown. A quantitative analysis of the amounts 

of β-catenin protein, normalized to α-tubulin, is shown in Fig. 4C.  
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Figure 4. Expression of β-catenin, 
determined by real-time PCR (A) and 
Western blotting (B, C) at 7 days after TAC. 
A: TAC induced a significant reduction in 
β-catenin mRNA transcripts in Dvl-1+/+, but 
not in Dvl-1-/- mice. B: Representative 
Western blots of the β-catenin and α-tubulin 
expression. C: Quantification of the Western 
blot signals, expressed as β-catenin/α-
tubulin ratios. The amount of β-catenin was 
lower in the sham-operated Dvl-1-/- 
compared to Dvl-1+/+ mice, consistent with 
an interruption of the Wnt/Fz pathway in the 
Dvl-1-/- mice. TAC resulted in a significant 
increase in β-cateninprotein only in the Dvl-
1+/+ mice. For abbreviations and symbols, 
see legend to Figure 1; All n = 5-6. 

 

 

 

 

 

 

 

 

 

 

 

In sham-operated animals, we observed reduced levels of β-catenin protein in Dvl-1-/- 

LVs compared to the LVs of Dvl-1+/+ littermates. After 7 days of TAC, the amount of 

β-catenin protein increased significantly in the Dvl-1+/+ group, but not in the Dvl-1-/- 

group. We extended our study to TAC-induced changes in the expression of β-catenin 

target genes. After TAC, the c-myc and c-fos showed a tendency to increase, in 

contrast, c-jun and c-fos expression was downregulated after TAC (Figure III, available 

online) 
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Dvl-1 inactivation reduced the amount of Ser473- phosphorylated Akt. 

Akt is one of the kinases that act as upstream regulators of GSK-3β5. However, Akt can 

stimulate the hypertrophic response through other mechanisms too3. Phosphorylation of 

Akt at Ser473 results in its activation. The amount of active p- Ser473 Akt was studied by 

Western Blotting with a phospho-specific antibody (Fig 5B). No significant difference 

was observed in the pSer473-Akt/total Akt ratio between the LVs of sham-operated Dvl-

1-/- and Dvl-1+/+ mice. After induction of hypertrophy, however, the ratio of pSer473-

Akt /total Akt was significantly more increased in Dvl-1+/+ LVs compared to Dvl-1-/- 

LVs. This suggests that Dvl-1 plays a role in the activation of Akt by pressure 

overload. 

 

Figure 5. Western blot analysis of 
Akt and its active form, phospho-
Ser473 Akt, in sham-operated 
animals and after 7 days of TAC. A: 
Representative Western blots of 
total Akt and pSer473-Akt protein 
expression. B: Densitometric 
analysis of pSer473-Akt and Akt 
blots. The pSer473-Akt /total Akt 
ratio is shown. For abbreviations 
and symbols, see legend to Figure 1; 
All n = 5-6.  

 

 

 

 

 

Discussion 

In the present study, we investigated the effect of the deletion of the Dvl-1 gene on the 

development of pressure-overload-induced cardiac hypertrophy in mice. We observed 

an attenuated onset of cardiac hypertrophy in the Dvl-1-/- mice, which was sustained for 

up to 35 days. 
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Proteins from the Dvl family play a key role in the Wnt/Fz signaling pathway22. In the 

present study, expression of all three isoforms of the Dvl protein was observed in the 

mouse LV. Pressure overload did not induce a significant change in the amount of 

transcripts of any of the three Dvl isoforms. Moreover, the inactivation of the Dvl-1 

gene did not result in a compensatory upregulation of the expression of Dvl-2 or-3 in 

the Dvl-1-/- LVs. The upregulation of the Fz2 expression in the TAC mice confirms a 

previous observation from our laboratory, in which the upregulation of the Fz2 

expression was observed after thoracic aortic banding in the rat21. 

 

GSK-3β is a downstream component of the Wnt/Fz pathway15, but has also been 

recognized as a negative regulator of cardiac hypertrophy4. For the inhibition of GSK-

3β activity, two mechanisms have been described: The first mechanism is the 

phosphorylation of GSK-3β at the Ser9 residue by protein kinases such as Akt, as in the 

signaling pathway of insulin6. In the present study, we have determined the effect of 

TAC on the pSer9-GSK-3β/total GSK-3β ratio and observed a similar trend towards 

increase in both groups, despite significantly higher levels of pSer473-Akt , the active 

form of Akt23, in the Dvl-1+/+ group. This suggests that the Akt-mediated Ser9 

phosphorylation of GSK-3β is of minor importance for the hypertrophic response after 

7 days of TAC. This observation is in agreement with a study by Haq et al.24, in which 

Akt-induced Ser9-phosphorylation of GSK-3β was shown to peak at 3 days after TAC, 

but returned to baseline levels at 7 days after TAC in the rat.  

 

The second mechanism of GSK-3β inhibition consists of a destabilization of the so-

called β-catenin destruction complex, which consists of many proteins including Axin, 

the Adenomatous Polyposis Coli protein and GSK-3β. Upon Wnt signaling the 

activated Dvl protein can bind to this complex, which results in a decreased GSK-3β 

activity17. The molecular details of this type of GSK-3β inhibition are poorly 

understood, but this mechanism is generally considered to form the link between 

Wnt/Fz activation and the decreased β-catenin degradation in the canonical Wnt 
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pathway18, 25 . In the present study, we observed an increased GSK-3β kinase activity in 

Dvl-1-/- mice following TAC. This was paralleled by an elevated amount of pTyr216-

GSK-3β, the active form of GSK-3β, in this group. The elevated GSK-3βactivity leads 

to an increased degradation of β-catenin, which explains the lower β-catenin protein 

levels in the Dvl-1-/- TAC group compared to wildtype littermates. Our results 

underscore the concept that β-catenin levels are regulated at the protein level rather 

than through control of its transcription26, because no correlation between β-catenin 

transcript numbers and protein levels was observed. 

 

Stabilization of β-catenin has been shown to be necessary and sufficient for the 

hypertrophic response of cardiomyocytes, both in vitro and in vivo24. The correlation 

between hypertrophic response and β-catenin protein levels could be confirmed in the 

present study. However, in this study hypertrophic stimuli that inactivated GSK-

3βthrough Ser9 phosphorylation mediated by Akt (protein kinase B) were used24. From 

the present study, we conclude that the Wnt/Fz pathway also plays a role in the control 

of GSK-3β kinase activity and in the stabilization of β-catenin in the hypertrophic 

response. Taken together, the two studies underscore the importance of GSK-3 

βactivity in the regulation of cardiac hypertrophy, despite different underlying 

regulatory mechanisms. 

 

As a next step, the transcription of the proto-oncogenes c-myc, c-fos and c-jun as well 

as cyclin D1, known to be controlled by β-catenin27-30, was analyzed. No consistent 

pattern of regulation was observed for these genes. An explanation for this may be that 

the time point (7 days after TAC) is quite late to detect the expression of proto-

oncogenes, which are typically upregulated within several hours after the onset of a 

hypertrophic stimulus31, 32. However, an alternative explanation may be that the 

increased GSK-3β activity in the Dvl-1-/- LV exerts its anti-hypertrophic effect through 

other mediators than β-catenin. As shown in Fig. 6, several mediators involved in the 

regulation of the hypertrophic response have been reported to be phosphorylated by 
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GSK-3β, including GATA414, nuclear factor of activated T-cells (NFAT)33 and 

eukaryotic translation initiation factor 2Bε (eIF2Bε)34.  Although the contribution of 

these mediators to the inhibition of the hypertrophic response observed in the Dvl-1-/- 

mice is beyond the scope of this study, it further underscores the importance of GSK-

3β as a negative regulator of the hypertrophic response. 

 

 

 
Figure 6. Schematic representation of the effect of activation of the Wnt/Fz pathway on the expression of 
hypertrophy-associated genes.  The effects of inactive (left part) and activated (right part) Wnt/Fz signaling are 
depicted. In the absence of Wnt stimulation, the level of free cytosolic β-catenin is kept low by GSK-3β 
phosphorylating β-catenin on serine and threonine residues at the amino-terminal region, thereby targeting it for 
ubiquitination and degradation in proteasomes. The phosphorylation of β-catenin by GSK-3β occurs in a complex 
with Axin, adenomatous polyposis coli (APC) protein and several other proteins (not shown), where Axin is a 
scaffold protein that increases the efficiency and the specificity of the β-catenin phosphorylation. Apart from β-
catenin, other hypertrophy-associated targets, like nuclear factor of activated T-cells (NFAT), GATA4 and 
eukaryotic translation initiation factor 2Bε (eIF2Bε), can be phosphorylated and inactivated by GSK-3β. In the right 
part of the scheme, the effect of activation of a Frizzled (Fz) 7 transmembrane receptor by a Wnt ligand is shown. In 
a complex with LRP 5 or 6, this leads to the activation of Dishevelled (Dvl).  The activated Dvl protein inhibits the 
GSK-3β activity by two distinct mechanisms: first it changes the conformation and promotes the dissociation of the 
GSK-3β/APC/Axin complex and second, it may increase Akt activity, resulting in phosphorylation of the Ser9 
residue of GSK-3β. The inhibition of GSK-3β leads to stabilization and accumulation of β-catenin in the cytoplasm. 
β-Catenin can shuttle to the nucleus were it interacts with a transcription factor complex of the T cell 
factor/lymphoid enhancer factor (TCF/Lef) family.  This can induce the transcription of genes involved in the 
hypertrophic response. Moreover, activated Akt by itself can also induce hypertrophic gene transcription and 
inactive GSK-3β no longer inhibits the hypertrophy-associated proteins NFAT, GATA4 and eIF2Bε, providing 
activation of diverse pro-hypertrophic pathways. 
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In the present study, the fraction of activated, phosphorylated Akt was increased in the 

LVs of the Dvl-1+/+, but not the Dvl-1-/- mice, after 7 days of TAC.  Apart from its role 

in the phosphorylation of GSK-3β at the Ser9 residue, Akt itself has been shown to be a 

modulator of the hypertrophic response as part of the IGF-1 signaling pathway23. 

Interestingly, overexpression of Dvl-1 has been shown to increase the amount of 

activated Akt in vitro35. This suggests a direct link between the Wnt/Fz pathway and 

Akt activation, which may explain the attenuated activation of Akt in the hearts of the 

Dvl-1-/- mice (see Fig. 6). 

 

Perspective  

This study shows that interruption of Wnt signaling through disruption of the Dvl-1 

gene can attenuate the onset of pressure overload-induced cardiac hypertrophy by a 

mechanism involving both GSK-3β and Akt. These observations open a new 

therapeutic perspective for intervention in the hypertrophic process: rather than 

inhibiting pro-hypertrophic pathways, as is today’s clinical practice, augmenting the 

activity of endogenous negative regulators of hypertrophy like GSK-3β may open new 

avenues to control the hypertrophic process. The Wnt/Fz pathway may provide novel 

therapeutic targets for which a new class of anti-hypertrophic drugs can be designed.  
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Data supplement 

Supplemental Figure and Legend 

 

Online figure I. Time course of the development of cardiac hypertrophy in Dvl-1+/+ (continuous line) and Dvl-1-/- 
(Dashed line) mice. Two-way ANOVA analysis showed a significant difference in hypertrophy development for 
both time and genotype. * P< 0.05 
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Online figure II. Interstitial collagen volume calculated in picrosirius red-stained cross-sections of the left ventricle 
in both Dvl-1+/+ and Dvl-1-/- mice after sham and 7 days after TAC. Quantitative analysis of the collagen deposition 
revealed that the fibrosis was significantly higher in Dvl-1+/+ and Dvl-1-/- TAC operated mice compared with sham-
operated animals. S= Sham, C=TAC. * P< 0.05 vs. sham Dvl-1+/+; † P<0.05 vs. sham Dvl-1-/-;  ‡ P<0.05 vs. Dvl-
1+/+, 7 days after TAC; All n = 5-6. 

 

 

Online Figure III. Expression of the proto-oncogenes c-myc (A), c-fos (B) and c-jun (C) and cyclin D1 (D) at 7 
days after TAC, determined by Real-Time PCR. Because stabilized cytosolic β-catenin is able to translocate to the 
nucleus and to initiate the transcription of target genes, like c-myc, c-fos, c-jun and cyclin D1, we extended our 
study to TAC-induced changes in the expression of β-catenin target genes. For c-myc and c-fos, TAC induced a 
trend towards an increased expression, which reached statistical significance for c-myc in the Dvl-1+/+ mice. Both 
c-jun and cyclin D1 showed a decreased expression after TAC in both Dvl-1+/+ and Dvl-1-/- mice (c-jun) and in 
Dvl-1+/+ mice (cyclin D1). S= Sham, C=TAC. * P< 0.05 vs. sham Dvl-1+/+; † P<0.05 vs. sham Dvl-1-/-;  ‡ P<0.05 
vs. Dvl-1+/+, 7 days after TAC; All n = 5-6. 
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Appendix 

 
 
Measurement of the Left Ventricular (LV) systolic pressure 129/S6 mice at 7 days after TAC (C) or sham operation 
(S). Left ventricular systolic pressure was ~ 40% higher in the TAC than in the sham group (* P<0.05, n = 6) 

 
Methods expanded 

Animals: Dvl-1-/- mice, generated as previously described1, were inbred (>10 generations) into a 129/S6 

background. These mice are viable, fertile and structurally normal, but show a reduced social interaction, 

abnormal sensorimotor gating and an atypical sleeping pattern. The wildtype littermates (Dvl-1+/+) were used 

as controls. Animals of both sexes were used at an age of 10-12 weeks and a body weight of 18-28 g; they 

had free access to standard food and tap water. Genotypes were identified by PCR of genomic tail DNA. All 

experimental procedures were approved by the Committee for Animal Research of Maastricht University and 

were in accordance with the guide for care and use of laboratory animals, the published by the National 

Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. 

Thoracic aortic constriction (TAC) model: Dvl-1-/- and littermate Dvl-1+/+ mice were randomly distributed 

over the TAC-group and sham-operated control group. Animals were anesthetized by intramuscular injection 

with ketamine (100 mg/kg body weight) and subcutaneous injection with xylazine (10 mg/kg body weight), 

and TAC was induced as described previously2 and connected to a volume-cycled rodent ventilator (Hugo 

Sachs Electronik rodent ventilator type 845; March-Hugstetten, Germany) after endotracheal intubation. 

Body temperature was maintained at 37°C throughout the experiment using a heating pad. Anaesthesia was 

maintained with 1.5 – 2.5 % isoflurane. The chest cavity was entered at the second intercostal space at the 

left upper sternal border through a small incision. The thymus was gently deflected out of the field of view to 

expose the aortic arch. The thoracic aorta was constricted between the carotid arteries by a 7-0 silk suture 

ligature tied firmly against a 27-gauge needle. The latter was promptly removed to yield a constriction of 0.4 

mm in diameter. Sham operated mice underwent a similar surgical procedure without constriction of the 

aorta. The chest was closed with a 5-0 silk suture, and mice were allowed to recover from anaesthesia with 
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supplemental heat to keep the body temperature at 37 °C. For the effect of TAC on the intraventricular 

systolic blood pressure see Appendix. 

Two-dimensional guided M-mode echocardiography. Animals were anaesthetized with an intramuscular 

injection of ketamine (100 mg/kg) and subcutaneous injection of xylazine (5 mg/kg), the anterior chest was 

shaved, the mice were mechanically ventilated (Hugo Sachs Electronik), body temperature was maintained at 

37°C throughout the experiment using a heating pad and prewarmed ultrasonic gel was applied. Two-

dimensional (2D) guided M-mode echocardiography in the mouse was performed using a 20-MHz probe 

connected to an AU4 Idea device (Esaote Biomedica, Firenze, Italy). The heart was imaged in the 2D mode 

in the short-axis view. From the M-mode echocardiogram, the thickness of the left ventricular posterior wall 

(LVPW) in systole and diastole was measured. 

Histological analysis. Hearts from Dvl-1-/- and littermate Dvl-1+/+ mice were arrested in diastole by perfusion 

with a saturated KCl-solution in PBS for 3 min., cut longitudinally, fixed in 1 % paraformaldehyde, and 

embedded in paraffin. Four μm sections were cut and stained with haematoxylin and eosin (H&E) for 

myocyte cross-sectional area or picrosirius red to identify interstitial fibrosis. Myocyte cross-sectional areas 

were measured from hearts of sham and TAC operated Dvl-1-/- and Dvl-1+/+ animals using a computerized 

morphometric system (version Leica Qwin3.1; Leica, Cambridge, England). All sections were measured at 

the same magnification (20X) in 5 different areas of the left ventricle of the heart. Myocyte cross-sectional 

area was measured per nucleus; the outline of 100-200 myocytes was traced in each section. The picroserius 

red-stained slides were scanned and quantitative evaluation was performed at 3 different sections in the left 

ventricle by using a computerized morphometric system (version Leica Qwin3.1; Leica, England). 

Percentage of collagen was determined in the left ventricle, the ratio of positive Sirius red-stained area to LV 

area was calculated. An examiner blinded to the genotype of the animals obtained all measurements.  

Real-Time PCR. Left ventricular tissue was homogenized with a PRO200 tissue homogenizer (PRO 

Scientific, Monroe CT, USA) and isolated by using UltraspecTM-II RNA isolation system (BioTecx 

Laboratories, Houston TX, USA) according to the manufacturer’s instructions. RNA was further purified by 

DNase digestion using the DNA-Free RNA kitTM (Zymo Research, Orange CA, USA) to remove genomic 

DNA. First strand cDNA was synthesized by adding 100 ng of DNase-treated total RNA to Ready-To-Go 

You Prime First-Strand Beads (Amersham Biosciences Europe, Freiburg, Germany). Random hexamers were 

used as primers. The reactions were incubated at 65°C for 10 minutes, at 37°C for 1 hour and at 95°C for 2 

minutes. The resulting cDNA was either immediately used as template for Real-Time PCR or stored at 

−20 °C. Real-Time PCR primers were chosen with the assistance of the computer program Primer Express 

software (version 1.5; Applied Biosystems, Foster City CA, USA) based on known mouse sequences 

obtained from Genbank. The designed primers were used to quantify the expression of mRNA levels of atrial 

natriuretic factor (ANF), brain natriuretic peptide (BNP), β-catenin, dishevelled-1, -2 and –3 (Dvl-1, -2,-3), 

Frizzled 2 (Fz2), c-fos, c-myc, c-jun and cyclin D1. On the ABI Prism 7700 Sequence Detection System 
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(Applied Biosystems), the expression was determined by measuring the binding of the fluorescence dye 

SYBR Green I to double stranded cDNA, using SYBRGreen PCR Master Mix kit (Eurogentec, Seraing, 

Belgium). Cardiac gene expression was normalized to the housekeeping gene β-actin. All samples were run 

in duplicate. Data analyses were performed using the Sequence Detection System software (Applied 

Biosystems). Primer sets for ANF, BNP, Dvl-1, -2 and –3, Fz2, β-catenin, c-fos, c-myc, c-jun, cyclin D1 and 

β-actin are listed in Appendix Table I.  

Western immunoblot analyses.  Total protein extracts were prepared as follows: left ventricular tissue was 

put into 1 ml ice-cold Laemmli buffer (6.6% Glycerol; 1.5%SDS; 41.5mM Tris/HCl pH=8.0) and 

homogenized with a PRO200 tissue homogenizer (PRO Scientific). After sonification and centrifugation, the 

supernatant was collected and stored at - 80° C. The protein content of supernatant was measured by using 

the BCA protein Assay (Pierce biotechnology Inc., Rockford IL, USA). For Western blotting, 20 μg of total 

protein was denatured by boiling in Laemmli sample buffer and separated on a 10 % SDS-PAGE gel, and 

transferred onto a HybondC nitrocellulose membrane (Amersham Biosciences Europe). Protein loading and 

transfer were confirmed by Ponceau-S Staining (Sigma, St Louis MO, USA). After blocking in 5% non-fat 

dry milk (Biorad, Hercules CA, USA), 0.1% Tween 20 in Tris-buffered Saline for 1 hour, membranes were 

incubated overnight with the following primary antibodies at 4°C: β-catenin and GSK-3β, (BD Transduction 

Laboratories, Lexington KY, USA); pSer9 GSK-3β, pTyr216-GSK-3β, Akt and pSer473 Akt (Cell Signaling 

Technology, Beverly MA, USA); α-tubulin (Santa Cruz Biotechnology, Santa Cruz CA, USA). Anti-rabbit 

IgG and anti-mouse IgG Horseradish Peroxidase-conjugated antibodies (DAKO, Glostrup, Denmark) were 

used as the secondary antibodies as appropriate and the membranes were developed by Supersignal West 

Pico chemiluminescence kit (Pierce biotechnology Inc.) for β-catenin, GSK-3β and Enhanced 

Chemiluminescence (ECL) Plus Western Blotting Detection System (Amersham Biosciences Europe) for 

Phospho GSK-3β, Akt, p-Akt and α-tubulin. 

GSK-3β kinase assay. Total GSK-3β was immunoprecipated from 200 μg protein extracts in lysis buffer ( 

0.5% nonidet P-40, 150 mM NaCl, 50 mM Tris pH 7.4, 10% Glycerol, 1 mM EDTA, 1 mM Na3VO4, 5 mM 

NaF, 1 mM β-glycerophasphate, 1 mM Na-pyro-phosphate, 1 mM dithiothreitol, 10 μg/ml Leupeptin, 1 % 

Apropeptin). The samples were precleared with protein G-Sepharose beads (Amersham Biosciences Europe) 

for 1 hour and then subjected to immunoprecipitation with anti-mouse GSK-3β antibody (BD Transduction 

Laboratories, USA) overnight at 4 ºC with gentle agitation, than incubated with protein G-Sepharose for 1 

hour at 4 ºC with gentle agitation. Immunocomplexes were recovered by centrifugation and washed once 

with lysis buffer and twice in kinase buffer (8 mM pH 7.4 MOPS, 10 mM MgAcetate, 0.2 mM EDTA, 1 mM 

Na3VO4, 1 mM dithiothreitol, 2.5 mM β-glycerophasphate, 10 μg/ml Leupeptin,1 % Apropeptin). Kinase 

activity was assayed in 40 μl of total reaction buffer containing 62.5 μM GSK-3 Peptide Substrate (Biomol 

P-151, Exeter, UK) 20 mM MgCl2, 125 μM ATP and 10 μCi [γ-32P] ATP (Amersham Biosciences Europe). 

After 30 min of incubation at 30ºC, 25 μl aliquots were spotted onto 1.5 cm X 1.5 cm pieces of Whatman 
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P81 Phosphocellulose paper (Whatman Nederland B.V., ‘s Hertogenbosch, Netherlands), and 30 s later, the 

filter papers were washed 5 times in 0.75 % phosphoric acid. The filter papers were counted in a liquid 

scintillation counter. Quantification of kinase assay was achieved by counting the amount of 32P incorporated 

into the substrate. 

Reference Methods Expanded 

1. Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX, Herrup K, Stevens KE, Maccaferri G, 
McBain CJ, Sussman DJ, Wynshaw-Boris A. Social interaction and sensorimotor gating abnormalities in 
mice lacking Dvl1. Cell. 1997;90:895-905. 
2. van Eickels M, Grohe C, Cleutjens JP, Janssen BJ, Wellens HJ, Doevendans PA. 17beta-estradiol 
attenuates the development of pressure-overload hypertrophy. Circulation. 2001;104:1419-1423. 
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Table I: sequences of the primers used in the Real-Time PCR analyses 

Name  Primer sequence Lengt

h 

β-actin forward TGCGTGACATCAAAGAGAAG 20 

β-actin Reverse CGGATGTCAACGTCACACTT 20 

ANF forward CATCATGGGCTCCTTCTCCAT 21 

ANF Reverse TGTACACAGGATTTGGTCCAATATG 25 

BNP Forward AGGACCAAGGCCTCACAAAA 20 

BNP Reverse TTGAGATATGTGTCACCTTGGAATTT 26 

Fz2 Forward CGGCACCAAGACGGAGAA 18 

Fz2 Reverse GTACCGTGTAGAGCACCGAGAA 22 

Dvl1 Forward CCTTCCATCCAAATGTTGC 19  

Dvl1 Reverse GTGACTGACCATAGACTCTGTGC 23 

Dvl2 Forward ACTGTGCGGTCTAGGTTTTGAGTC 24 

Dvl2 Reverse GGAAGACGTGCCCAAGGA 18 

Dvl3 Forward AGGGCCCCTGTCCAGCT 17  

Dvl3 Reverse AAAAGGCCGACTGATGGAGAT 21  

β-catenin Forward GTTAAACTCCTGCACCCACCAT 22 

β-catenin Reverse TAGTCGTGGAATAGCACCCTGTT 23 

c-myc Forward CCGCCGCTGGGAAAC 15 

c-myc Reverse TCCTGGCTCGCAGATTGTAAG 21 

c-fos Forward TGGCCTCCCTGGATTTGAC 19 

c-fos Reverse TCCACGTTGCTGATGCTCTT 20 

c-jun Forward CCCCTATCGACATGGAGTCTCA 22 

c-jun Reverse GAGTTTTGCGCTTTCAAGGTTT 22 

cyclin D1 Forward GGTTCCTGTTCACAATACCTCATG 24 

cyclin D1 Reverse ACAGGACGATCGCCATCAG 19 
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Abstract 

Canonical Wnt signaling is re-activated during the cardiac hypertrophic response. 

Hypertrophic stimuli lead to inactivation of Glycogen Synthase Kinase-3β (GSK-3β) and 

to stabilization of β-catenin, a second messenger protein of the canonical Wnt pathway. 

GSK-3β is a well known anti-hypertrophic kinase that is inactivated by hypertrophic 

stimuli. On the other hand, stabilized β-catenin binds to Tcf/Lef family of transcription 

factors and plays an essential role in the expression of β-catenin/Tcf/Lef-dependent 

genes, involved in the hypertrophic cardiomyocyte response. The aim of the present 

study was to determine the effects of pharmacological modulation of GSK-3β activity 

and the transcriptional β-catenin/Tcf activity on pressure overload-induced cardiac 

hypertrophy in mice. 

To this end, mice were treated with LiCl, a potent inhihitor of GSK-3β, or with ASA 

(Acetyl Salicylic Acid), which blocks the transcriptional β-catenin/Tcf activity. After 4 

weeks of pretreatment, mice were subjected to thoracic aortic constriction (TAC) and the 

hypertrophic response was studied. 

In this study, we demonstrated that treatment with a high dose of LiCl in combination 

with pressure overload is fatal. Furthermore, we showed a reduced GSK-3β activity, an 

upregulation of β-MHC mRNA expression and an increased protein level of β-catenin 

after TAC in LiCl treated animals (600 mg/l). In contrary, ASA treatment resulted in less 

inactivation of GSK-3β activity and an attenuated interstitial fibrosis after pressure 

overload. 
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Introduction 

A functional circulatory system is essential for the survival and growth of the embryo 

and therefore it is the first organ system to become active during development. The 

molecular mechanisms regulating the initiation of the cardiac gene program have gained 

much interest over the last years1, in particular the fetal genes, such as ANF that are re-

expressed during adult cardiac remodeling2. Canonical Wnt signaling is indispensable 

for the normal development of the heart3, 4 and is involved in cardiac hypertrophic 

response5, 6.  

Canonical Wnt signaling inhibits the kinase activity of the β-catenin destruction complex 

involving Axin, adenomatous polyposis coli (APC) and Dishevelled (Dvl)7, resulting in 

a slower cytoplasmic turnover of β-catenin8. As a consequence, β-catenin accumulates in 

the cytoplasm and travels to the nucleus where it engages the DNA-binding proteins of 

the Tcf/Lef family of high mobility group (HMG)-box proteins9, 10 which leads to 

activation of the transcription of target genes11-13. Without Wnt stimulation, GSK-3β 

phosphorylates β-catenin and this phosphorylation targets β-catenin for proteasomal 

degradation14. 

GSK-3β is a central component of the canonical Wnt pathway and is known for its anti-

hypertrophic properties. Active GSK-3β phosphorylates β-catenin, targeting it for 

degradation, thereby inhibiting the transcriptional activity of β-catenin/Tcf signaling. 

Haq et al.15 observed that inhibition of GSK-3β acitvity by LiCl promotes features of the 

hypertrophic response.  

Also the role of β-catenin in the hypertrophic response has been subject of study by 

several groups16-19. Haq et al.20 showed that β-catenin is stabilized by hypertrophic 

stimuli in vitro and in vivo and that the transcriptional activity of β-catenin is necessary 

for the hypertrophic response. Cardiomyocyte-specific deletion of β-catenin resulted in 

an attenuated hypertrophic response upon aortic banding in vivo16, 18. Furthermore, 

cardiac-specific transgenic expression of a dominant inhibitory mutant of Lef-1, which 

blocks expression of β-catenin/Tcf/Lef-dependent genes, resulted in a dramatic reduction 

of cardiomyocyte growth18. This demonstrates the essential role of β-catenin/Tcf 
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signaling in the hypertrophic response. Downregulation of the β-catenin/Tcf signaling in 

colorectal cancer (CRC) cells by Acetyl Salicylic Acid (ASA) resulted in reduced 

transcription of target genes21. ASA stabilizes β-catenin in its transcriptionally inactive, 

serine/threonine-phosphorylated form, thereby preventing its function as a co-

transcription factor21, 22. Because ASA is used as treatment of acute coronary syndromes 

thereby reducing the risk of vascular events like nonfatal myocardial infarction, nonfatal 

stroke or vascular death21. 

Inhibiting the Wnt signaling pathway could serve as a novel therapeutic approach. 

Therefore it is important to study the role of components of Wnt signaling during the 

cardiac hypertrophic response. The present study was designed to explore the effect of 

pharmacological inhibition of GSK-3β and of β-catenin/Tcf signaling on the 

hypertrophic response of the heart induced by pressure overload. Mice received a 4 week 

pretreatment with LiCl because of its well known inhibitory effect on GSK-3β23, before 

aortic banding was performed. As a control, we treated animals with NaCl in the same 

concentration in the drinking water.  Hypertrophic parameters as well as Wnt signaling 

components were analyzed. Furtermore, we explored the effect of a 4 week pretreatment 

with ASA on cardiac adaptations during the hypertrophic response and the influence of 

this treatment on canonical Wnt components.  

 

Methods  

An expanded Methods section detailing some techniques and procedures mentioned here 

is added as a supplement at the end of Chapter 3. 

 

Animals. 

129S6 mice of both sexes were used (10-12 weeks of age at the start of the study, body 

weight 24-30 g). Animals had free access to food and water. The animals were randomly 

divided into five different groups: control, treatment with LithiumChloride (LiCl) (800 

mg/l or 600 mg/l), SodiumChloride (NaCl) (600 mg/l) and Acetyl Salicylic Acid (ASA, 
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180 mg/l). To ensure solubility of ASA, we prepared a fresh solution of 325 mg/l of 

lysine-acetylsalicylate every day, this is equivalent ot 180 mg/l ASA24. The drugs were 

administered by mixing it with the drinking water and given ad libitum for 4 weeks 

before transverse aortic constriction (TAC) operation (see below). The treatment (LiCl, 

NaCl and ASA) regimens continued after the mice had been subjected to TAC, and 14 or 

28 days after TAC surgery mice were sacrificed. All experimental procedures were 

approved by the Committee for Animal Research of Maastricht University. 

 

Thoracic aortic constriction (TAC) model.  

Mice (of the control or the treated groups) were randomly distributed over the TAC-

group and sham-operated control group. Animals were anesthetized by intramuscular 

injection with ketamine (100 mg/kg body weight) and subcutaneous injection with 

xylazine (10 mg/kg body weight), and TAC was induced as described previously 25.  

 

Two-dimensional guided M-mode echocardiography.  

Animals were anaesthetized and two-dimensional (2D) guided M-mode 

echocardiography on the mouse was performed using a 20-MHz probe connected to an 

AU4 Idea device (Esaote Biomedica, Firenze, Italy).  

 

Measurement of cardiac function.  

Haemodynamic measurements were performed at 14 and 28 days after TAC. The 

animals were anaesthetized with urethane (2.5 mg/g body weight i.p.), followed by 

intubation of the trachea (1.1 mm stainless steel) and connected to a volume-cycled 

rodent ventilator (Hugo Sachs). Body temperature was maintained at 37°C throughout 

the experiment using a thermally controlled heating pad and monitored with a rectal 

probe. The mice were then allowed to stablize for 30 minutes prior to hemodynamic 

measurements. A high-fidelity catheter tip micromanometer (Mikro-tip, 1.4F, SPR-671; 

Millar Instruments, Houston, TX, USA) was inserted through the right carotid artery into 

the left ventricular cavity. Ventricular pressure was measured. Maximal positive pressure 
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development (+dp/dt) and heart rate were determined on a beat-to-beat basis and one-

second averages were stored on disk. The heart was then stimulated by an i.v. ramp-

infusion of dobutamine (Sigma, St Louis MO, USA) using a micro-injection pump 

(Model 200 Series, KdScientific, Boston, MA, USA). The infusion rate of dobutamine 

was increased every 2 min by 0.5 ng/g/min (last step = 5 ng/g/min). 

 

Histological analysis. 

Hearts from all groups were fixed in 1 % paraformaldehyde, and embedded in paraffin. 

Four μm sections were cut and stained with haematoxylin and eosin (H&E) for myocyte 

cross-sectional area or picrosirius red to identify interstitial fibrosis. Myocyte cross-

sectional areas were measured using a computerized morphometric system (version 

Leica Qwin3.1; Leica, Cambridge, England). All sections were measured in 5 different 

areas of the left ventricle of the heart. Myocyte cross-sectional area was measured per 

nucleus; the outline of 100-200 myocytes was traced in each section. An examiner 

blinded to the genotype of the animals performed all measurements. Percentage of 

collagen was determined in the left ventricle; the ratio of positive Sirius red-stained area 

to LV area was calculated. An examiner blinded to the groups of the animals obtained all 

measurements.  

 

Real-time PCR.  

Total RNA was isolated from left ventricular (LV) tissue, purified by DNAse digestion 

and transcribed into cDNA using random hexamer primers. The designed primers were 

used to quantify the expression of mRNA levels of atrial natriuretic factor (ANF), β-

Myosin heavy chain (β-MHC), Frizzled 2 (Fz-2) and Dishevelled-1 (Dvl-1). 

Amplification and detection were performed using the MyIQ system of Biorad (Biorad, 

Hercules, CA, USA). Cardiac gene expression was normalized to the housekeeping gene 

β-actin. All samples were run in duplicate. Data analyses were performed using the 

Sequence Detection System software (Applied Biosystems).  
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Western immunoblot analyses.   

Total protein extracts (20 μg) were separated on a 10% SDS-PAGE gel and transferred 

to HybondC nitrocellulose membrane (Amersham Biosciences, Little Chalfond, UK). 

The membranes were incubated overnight at 4°C with the following primary antibodies: 

β-catenin (BD Transduction Laboratories, Lexington KY, USA); Akt and pSer473 Akt 

(Cell Signaling Technology, Beverly MA, USA); α-tubulin (Santa Cruz Biotechnology, 

Santa Cruz CA, USA). Anti-rabbit IgG and anti-mouse IgG Horseradish Peroxidase-

conjugated antibodies (DAKO, Glostrup, Denmark) were used as secondary antibodies 

as appropriate.  

 

GSK-3β kinase assay.  

Total GSK-3β was immunoprecipated from 200 μg protein extracts of the heart in lysis 

buffer. The samples were precleared with protein G-Sepharose beads (Amersham 

Biosciences) and subjected to immunoprecipitation with anti-mouse GSK-3β antibody 

(BD Transduction Laboratories) overnight at 4 ºC with gentle agitation, then incubated 

with protein G-Sepharose for 1 hour at 4 ºC with gentle agitation. Kinase activity was 

assayed in 40 μl of total reaction buffer containing GSK-3 Peptide Substrate (Biomol P-

151, Exeter, UK) and 10 μCi [γ-32P] ATP (Amersham Biosciences). After 30 min of 

incubation at 30ºC, 25 μl aliquots were spotted onto 1.5 cm X 1.5 cm pieces of Whatman 

P81 Phosphocellulose paper (Whatman Nederland B.V., ‘s Hertogenbosch, The 

Netherlands). Quantification of kinase assay was achieved by counting the amount of 32P 

incorporated into the substrate in the scintillation counter. 

 

Statistical Analysis.  

All data are presented as means ± SEM. One-way ANOVA with Tukey’s Multiple 

Comparison test was used to compare the means by group or by time point; if not 

possible, Student’s t-test was performed. P-values <0.05 were considered to indicate 

statistical significance. 
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Results 

Treatment with 800 mg/l vs. 600 mg/l LiCl 

Treatment of mice with 800 mg/l LiCl in tap water was lethal in of 5 out of 6 animals 

during the first hours after TAC (Fig. 1A). The treatment itself (800mg/l LiCl) started 4 

weeks before the TAC surgery, was well tolerated and did not result in any signs of 

intoxication. Because of the high mortality rate after TAC surgery, we reduced LiCl-

concentrations in the water from 800 mg/l to 600mg/l. After TAC surgery, postmortem 

analysis showed no difference in heart weight to tibia length (HW/TL) ratio between the 

800 mg/l treated- and 600 mg/l treated groups (Fig 1B). However, lung weight to tibia 

length (LW/TL) ratio showed a trend towards an increase in the 800 mg/l compared to 

non-treated animals. The trend in increased LW/TL ratio in the 800 mg/l treated group 

was due to pulmonary edema, suggesting acute left-sided heart failure in the 800 mg/l 

treated mice. 

 
Figure 1 A: Kaplan-Meier survival analysis. Percentages of surviving of LiCl 800mg/l+TAC (n = 7) and LiCl 
600mg/l+TAC (n = 9), and non-treated+TAC (n=10) mice were plotted. Panel B showes Heart Weight to tibia length 
ratios (HW to TL) and panel C shows Lung weight to tibia length ratios (LuW to TL) 

 

Morphometric, echocardiographic and hemodynamic measurements 

Table 1 summarizes morphometric and echocardiographic data of the different treated 

groups at different time points in this study. After induction of pressure overload, 

HW/TL ratio increased significantly in all groups at all time points compared to their 

sham operated animals. No differences in HW/TL ratio were observed between the 

groups after TAC operation at 14 and 28 days. In the LiCl treated animals, the LW/TL 

ratio significantly increased after TAC surgery at the two time points compared with 
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their sham. As a control for possible salt-induced effects of LiCL treatment, we treated 

animals with NaCl in the same concentration as LiCl in the drinking water. After 

induction of pressure overload, we observed the same morphometric changes in the 

NaCl treated animals as in the non-treated group. 

 

To study the hypertrophic remodeling, echocardiographic measurements were 

performed. Posterior Wall thickness in diastole (PWthd) was significantly elevated in all 

treated TAC groups compared with their sham operated animals except for the LiCl 

treated group 28 days after TAC operation. The PWth in systole (PWths) was only 

significantly elevated in the LiCl treated group 14 days after TAC and in the untreated 

group 28 days after TAC compared to their corresponding sham group. 

 

Fig 2 contains data on left ventricular function, determined as the rate of LV pressure 

development and dissipation (+dp/dt and –dp/dt) and systolic pressure. Without 

dobutamine stimulation, there was a significant decrease in –dp/dt in the LiCl treated 

group compared to the untreated group at day 28 after TAC surgery (Fig 2C). ASA 

treatment resulted in significant decrease in ventricular contraction during dobutamine 

stimulation after TAC compared to sham (Fig 2B). Ventricular relaxation after 

dobutamine stimulation was significantly increased 28 days after TAC in the LiCl 

treated animals compared to their sham controls (Fig 2D). Systolic pressure was 

significantly increased in untreated and ASA treated operated animals compared to their 

sham-controls (Fig 2E), and this was also observed after dobutamine stimulation (Fig 

2F).  
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Figure 2 Hemodynamic parameters, determined at 14 and 28 days after induction of pressure overload or sham 
operation in non-treated, LiCl- and ASA-treated animals. Panel A: +dP/dt values in unstimulated left ventricles; 
Panel B: Maximal +dP/dt contraction after dobutamine stimulation. Panel C: -dP/dt values in unstimulated left 
ventricles; Panel D: Maximal -dP/dt values after dobutamine stimulation. Panel E and F: Systolic pressure at rest and 
after dobutamine stimulation. Values are expressed as means ± S.E.M. * P< 0.05 vs untreated Sham, † P< 0.05 vs 
LiCl Sham, # P< 0.05 vs ASA Sham, § P< 0.05 vs Untreated 28 days, $ P< 0.05 vs Untreated 14 days, £ P< 0.05 vs 
LiCl 14. All n = 4 to 8 animals/group.  
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Cardiac hypertrophy development and markers 

Growth of the cardiomyocyte can be defined by an increase in the myocyte cross-

sectional area (CSA). A significant increase in CSA was observed in the untreated and 

LiCl-treated groups at day 28 after TAC and in the ASA-treated group at day 14 after 

TAC (Fig 3A). The amount of interstitial fibrosis is illustrated in Fig 3B. All groups 

showed significantly increased levels of interstitial fibrosis, quantified by morphometry 

following Sirius Red staining, compared to their sham groups. At day 14 after TAC, a 

significantly lower level of fibrosis was observed in the ASA treated mice compared to 

untreated and LiCl treated animals (Fig 3B). We also examined the differences in the 

expression of the hypertrophic gene program and found that ANF expression was 

significantly increased in all TAC groups compared to their sham group (Fig 3C). At 

day 14 after TAC surgery, the increase in ANF mRNA levels was significantly greater 

in the LiCl treated group compared with the untreated group (Fig 3C). Fig 3D shows 

the β-MHC mRNA expression. In the LiCl and ASA treated group, there was a 

significant upregulation of β-MHC mRNA transcripts 14 and 28 days after induction of 

pressure overload compared to their shams. LiCl treatment resulted in a significantly 

increased β-MHC expression compared to untreated mice at 28 days after induction of 

TAC. 

 

β-catenin and Akt 

Examination of β-catenin protein levels by Western Blotting is shown in Fig 4A. 

Protein levels of β-catenin were significantly upregulated in the LiCl treated TAC 

operated group compared to the LiCl treated sham group (Fig 4A). There was a trend 

towards an increased amount of β-catenin protein levels in the LiCl treated group 

compared to the untreated group at 28 days after TAC, which just failed to reach 

statistical significance. In Fig 4B, phosphorylation of the Ser473 residue of Akt, which 

results in its activation, is shown. Western blot analysis showed that 28 days after 

induction of TAC, the Ser473 phosphorylation of Akt was significantly increased in the 

LiCl treated mice compared to the LiCl treated sham mice (Fig 4B) 
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Figure 3 Determination of cardiac hypertrophy parameters: cross sectional area, interstitial fibrosis and expression 
of marker genes. Panel A present the Cross sectiona area (CSA); Panel B shows the Interstitial Fibrosis as 
determined by morphometry following picosirius red staining. Expression of mRNA transcripts was determined by 
real-time PCR for ANF (Panel C) and β-MHC (Panel D), both normalized to the housekeeping gene CyclophilinA. 
For abbreviations and symbols, see legend to Figure 2. 

 

GSK-3β, the anti-hypertrophic protein 

Measurement of the GSK-3β kinase activity, utilizing phospho-glycogen synthase as 

the substrate, is depicted in Fig 5. The difference in GSK-3β kinase activity at baseline 

between the untreated and LiCl treated sham groups is insignificant. At day 14 after 

induction of pressure overload, the reduced GSK-3β kinase activity is significantly 

different between the groups. We also observed a significant difference in GSK-3β 

kinase activity between the LiCl treated sham group and the ASA treated sham group. 

 

 

 

 



CHAPTER 4  
 
88 

Upstream components of Wnt/β-catenin signaling  

In Fig 6A, the numbers of Fz-2 mRNA transcripts is shown to be significantly elevated 

at 28 days after TAC in the untreated and LiCl treated groups compared with their 

shams. A similar significant upregulation of Fz-2 mRNA transcripts is found in the 

ASA treated group at 14 days after TAC. Dvl-1 mRNA expression is presented in fig 

6B. Significantly increased Dvl-1 mRNA transcripts were found in the LiCl treated 

group between 28 days of pressure overload and sham operated animals (Fig 6B). 

 

 
Figure 4 Protein expression of β-catenin and phospho-Akt.  Quantification of the Western blot signals, expressed as 
β-catenin/α-tubulin ratios (Panel A) and phospho-Akt/Akt ratio (Panel B) after aortic banding or after sham surgery. 
For abbreviations and symbols, see legend of Figure 2. 

 

Discussion 

One of the main findings of this study is that TAC in LiCl treated animals (600 mg/l) 

leads to reduced GSK-3β activity, an upregulation β-MHC and ANF mRNA expression 

and an increased protein level of β-catenin. Furthermore, this study shows that pressure 

overload induced by TAC in combination with ASA treatment resulted in a well 

preserved GSK-3β activity and attenuated interstitial fibrosis.  

 

At the start of this study, we added 800 mg LiCl/l in the tap water of the mice. The 

mice did not show any abnormalities during the 4 week pretreatment, but 5 out of 6 
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mice died shortly after pressure overload (one to tree hours), showing severe shortness 

of breath before death. Autopsy of the mice showed enlarged lungs, filled with fluid, 

representing acute LV failure. The reason for the difference in survival between the 600 

mg/l and 800 mg/l treated mice is not clear but one can speculate that the relationship 

between GSK-3β activity and Li+ has important consequences. Li+ enters the heart cells 

quickly and leaves slowly26.  The direct inhibitory effect of Li+ on GSK-3β is by acting 

as a competitive inhibitor of Mg2+ 27. It seems possible that Li+ induces a rise in Mg2+ 

concentration in the heart cells by displacing Mg2+ from MgATP26. An efflux of Mg2+ 

can induce elevation of intracellular Ca2+ concentration 28, 29.  

 
Figure 5. Measurement of 
the GSK-3β kinase activity in 
non-treated, LiCl- and ASA-
treated animals after aortic 
banding or after sham 
surgery. For abbreviations 
and symbols, see legend of 
Figure 2. 

 

 
 

 

 

 

 

LiCl reduces GSK-3β activity not only by a direct effect but also indirectly27. The 

indirect effect is by increasing the phosphorylation of the inhibitory serine of GSK-3β, 

by the inhibition of a protein phosphatase, that activates GSK-3β by removing a 

phospate from the regulatory serine27. In this study, we showed that induction of 

pressure overload reduced the activity of GSK-3β by 50 % after chronic LiCl 

treatment. Moreover, Chalecka-Franaszek et al. showed that long term treatment with 

LiCl activates Akt by enhancing its phosphorylation, triggered by PI3K signaling, and 

that LiCl induces GSK-3β phosphorylation as a result of this Akt activation30. We also 
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showed that LiCl treatment increased Akt activity 28 days after induction of pressure 

overload, indicating its role in GSK-3β inactivation and thereby leading to the 

stabilization of β-catenin. These data suggest that the stabilization of β-catenin is 

achieved via inactivation of GSK-3β and that this, in turn, occurs via an augmented 

activation of Akt.  

 

The role of β-catenin in cardiomyocyte growth is well established19, β-catenin is 

sufficient to induce hypertrophic growth when expressed in cardiomyocytes in vitro 

and in vivo, as shown by Haq et al.20. The β-catenin-mediated TCF signaling regulate 

myocyte shape and size, especially cross-sectional growth16. Here, we report that after 

induction of pressure overload, β-catenin protein levels were increased in LiCl treated 

mice compared to the untreated group, confirming that inhibition of GSK-3β activity 

results in stabilization of β-catenin. Canonical Wnt signaling also leads to the 

stabilization of β-catenin17. Interruption of the canonical Wnt pathway by Dvl-1 gene 

ablation was shown by our group to lead to an attenuated hypertrophic response, but 

these mice had reduced β-catenin  levels17.  

 
Figure 6. Expression of mRNA transcripts of components of the Wnt/Frizzled pathway. Expression of mRNA 
transcripts is determined by real-time PCR for Fz2 (Panel A) and Dvl-1 (Panel B), normalized to the housekeeping 
gene Cyclophilin A. For abbreviations and symbols, see legend to Figure 2. 

 

Re-expression of canonical Wnt signaling was previously reported during the 

hypertrophic response, as shown by subtractive hybridization experiment in our lab. 
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We identified the upregulation of Fz-2 expression after pressure overload hypertrophy 

in the rat31. In the present study, we showed that after induction of pressure overload, 

there is an upregulation of Fz-2  and Dvl-1 mRNA transcripts in spite of the treatment, 

indicating the involvement of canonical Wnt signaling in the hypertrophic response 

leading to the stabilization of β-catenin. 

 

In this study, we used ASA to downregulate the transcriptional β-catenin/TCF 

signaling activity. The mice were provided a continuous administration of 500μg/day 

of ASA corresponds roughly to 1500 mg/day in humans24. We observed a trend 

towards an attenuated hypertrophic response with an attenuated increase in intertitial 

fibrosis, but no effect on β-catenin protein level was noticed. Dihlmann et al.21  pointed 

out the participation of GSK-3β in the inhibition process of ASA on the transcriptional 

β-catenin/TCF signaling activity and this by the use of LiCl. The mechanism for the 

indirect effect of ASA on GSK-3β still remains to be determined. In the present study, 

we measured GSK-3β activity not via Ser9 phosphorylation but via a kinase-assay, 

which provides information about the actual phosphorylation capacity of GSK-3β. In 

control mice, ASA treatment resulted in increased GSK-3β activity and even after 

induction of pressure overload, the GSK-3β activity was still higher in the ASA-treated 

mice compared to untreated mice. These results suggest that ASA treatment activates 

the phophorylation capacity of  GSK-3β. 

 

Mining the Wnt pathway as target for therapeutic intervention in cardiomyocyte growth 

is a promising strategy for treatment of the cardiac hypertrophic response. 

Accumulating data about drugs blocking aberrant Tcf/β-catenin signaling, such as 

ASA, have great potential as effective cancer therapeutics32. In contrast with cancer, in 

the hypertrophic response no mutations in APC, Axin or β-catenin have been 

described. So, intervention at the level of Tcf/β-catenin signaling does not seem the 

method of choice for treatment of cardiac hypertrophy. Also the role of GSK-3β as an 

antihypertrophic kinase is well established33, 34. Inhibition of GSK-3β is not only 
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oncogenic, but also leads to stabilization of β-catenin, leading to hypertrophic growth 

of the cardiomyocyte, eventually leading to heart failure. 

 

Taken together with the fact that both canonical Wnt as non-canonical Wnt signaling is 

involved in cardiovascular remodeling, there is a need for compounds that intervene 

more upstream in the Wnt pathway, such as compounds blocking Fz activation, 

inhibiting the interaction of Dvl with Fz receptors. 
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Abstract 

Objective: The aim of the present study was to investigate the effect of treatment with 

AT1 receptor blockers (ARBs) on the development of cardiac hypertrophy in 

Spontaneously Hypertensive rats prone to Heart Failure (SHHF) and on the expression 

of components of the Wnt signal transduction cascade. 

Methods: Twelve week-old SHHF were treated with equipotent doses of losartan, 

olmesartan for 4 weeks whereas one group was not treated. The hypertrophy 

development was assessed with echocardiography. The expression of markers for 

cardiac hypertrophy and components of Wnt signaling were determined with real-time 

PCR. 

Results: At the 16 week time point, non-treated SHHF showed an increased heart 

weight and increased wall thickness, compared to normotensive WiF rats. Moreover, 

molecular markers of cardiac hypertrophy, like atrial natriuretic factor (ANF) and the 

proto-oncogenes c-fos and c-jun, were significantly higher expressed in the non-treated 

SHHF. ARB treatment could attenuate the hypertrophic response, but olmesartan had a 

more pronounced anti-hypertrophic effect than losartan. Components of Wnt signaling, 

including Fz-1, Fz-2 and Dvl-1, were upregulated in the non-treated SHHF, whereas 

Wnt-5a expression was downregulated. Interestingly, both ARBs were equipotent in 

preventing these changes in gene expression 

Discussion: From our data we conclude that losartan is less effective in preventing the 

hypertrophic response in SHHR than olmesartan. The similar effects of these two 

ARBs on expression of components of the Wnt signaling suggests that these drugs can 

affect Wnt component expression by a direct effect, and not simply by reducing the 

hypertrophic response. The mechanism behind this direct modulation remains to be 

elucidated.
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Introduction 

Cardiac hypertrophy is a response of the heart to increased workload and is often 

induced by hypertension. It is well accepted that in the long run this adaptive response 

can progress to heart failure1, 2. In chapter 2 of this thesis, we have studied the 

expression patterns of components of Wnt signaling during the development of cardiac 

hypertrophy and observed a re-expression of the frizzled 2 (Fz-2) and dishevelled 1 

(Dvl-1) genes. Moreover, in mice lacking the Dvl-1 gene an attenuated hypertrophic 

response upon pressure overload was observed (chapter 3). From these chapters we 

have concluded that the Wnt pathway actively contributes to the development of 

cardiac hypertrophy and may serve as a novel therapeutic target in the treatment of 

cardiac hypertrophy. 

At present, one of the standard pharmacotherapeutic approaches in cardiac hypertrophy 

is the administration of a drug that inhibits the renin-angiotensin system (RAS). 

Examples of such drugs are angiotensin converting enzyme (ACE) inhibitors and AT-1 

receptor blockers (ARBs). These drugs not only offer an effective and long-term 

reduction in blood pressure but have also been shown in large clinical trials to stop or 

even reverse the cardiac hypertrophy development, thereby prevent the development of 

heart failure3-5. However, the mechanism by which ARBs work is not yet fully 

elucidated and there is still controversy on the question whether ARBs are equally 

effective as ACE inhibitors6-9.  

Recently, cross talk between classical G-protein coupled receptors (like the AT1 

receptor) and canonical Wnt signaling has been described10. This cross talk could be of 

interest to explain the full mechanism of action of RAS inhibitors in the therapy of 

cardiac hypertrophy. However, this cross talk so far mainly has been studied in 

transformed cell lines and no in vivo studies have been presented to data on this 

subject. 

The aim of the present study was to investigate the effect of ARB treatment on Wnt 

signaling during the development of cardiac hypertrophy. To this end, we used lean 

spontaneously hypertensive rats prone to heart failure (SHHF). This model was chosen 
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because it allows to study various stages of cardiac remodeling ultimately leading to 

heart failure11,12. These rats were treated with the ARBs losartan or olmesartan for 4 

weeks, starting at the age of 12 weeks, when these rats start to develop hypertension 

and cardiac hypertrophy13, 14. At the end of the 4-week treatment, we determined the 

effects of the drugs on blood pressure, markers of cardiac hypertrophy and expression 

of components of Wnt signaling. 

 

Materials and methods 

Animals and Surgery. 

 Lean male 12 weeks old SHHF rats (Charles River, Netherlands) were used in this 

study. They were housed under a 12-h light/dark cycle and had free access to food and 

water. After randomization, 40 SHHF rats were equally distributed in 5 different 

groups (n=8/group) and treated s.c. via osmotic minipumps for 4 weeks with either 

olmesartan (50 µg/kg/h) or losartan (500 µg/kg/h). The last group of SHHF and one 

group of normotensive control rats (Wistar Furth (WiF)) received vehicle (NaCl, 130 

mM; KCl, 5.6 mM; CaCl2, 2.2 mM; MgCl2, 1.2 mM and NaH2PO4, 1.2 mM). 

Minipumps were implanted subcutaneously under ketamine (50 mg/kg, i.m.)-xylazine 

(10 mg/kg, s.c.) anesthesia. Olmesartan was a generous gift of Sankyo, Tokyo, JAPAN, 

whereas losartan was donated by Merck Sharp and Dohme. The experiments were 

performed according to the guidelines of the Maastricht University and were approved 

by the institutional animal ethics committee. 

 

Angiotensin II dose-response curves.  

In order to establish whether the doses of olmesartan and losartan used were 

equipotent, 3 groups of spontaneously hypertensive rats (SHR) were added (n=4 per 

group). Briefly, SHR were treated s.c. via osmotic minipumps for 4 weeks with either 

olmesartan (50 μg/kg/h), losartan (500 μg/kg/h) or vehicle (NaCl, 130 mM; KCl, 5.6 

mM; CaCl2, 2.2 mM; MgCl2, 1.2 mM and NaH2PO4, 1.2 mM). On treatment-day 26, 
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under anesthesia with ketamine (50 mg/kg, i.m.)-xylazine (10 mg/kg, s.c.), a femoral 

artery and vein were canulated in order to (1) infuse increasing doses of angiotensin II 

(Ang II) into the femoral vein (0-0.035-0.35-3.5-35-350-3500-35000 ng AII) and (2) 

measure directly the associated pressor response through the femoral artery (HDAS, 

hemodynamic data acquisition system, IDEE, Maastricht University, The Netherlands). 

Dose-response curves were made and EC50 of Ang II response was evaluated to 

compare the efficacy of the AT-1 blockade potency of the chosen doses. 

Table 1: Equipotency of olmesartan (50 μg/kg/h) and losartan (500 μg/kg/h) on AT-1 receptor 
antagonism 

 EC 50 (ng AngII) 

SHR non-treated 10.9 ± 1.3 

SHR-olmesartan 48.3 ± 5.1 * 

SHR-losartan 58.6 ± 6.1 * 

* p<0.001 vs SHR non-treated 

 

Echocardiography.  

Animals were anaesthetized with pentobarbital (60 mg/kg, i.p.). One echocardiogram 

was taken prior to the osmotic minipump implantation and a second after 4 weeks of 

treatment. The in vivo transthoracic echocardiography of the left ventricle was 

performed using a Hewlett-Packard 15 MHz linear array transducer (15-6L) interfaced 

with a Sonos 5500 echocardiography system (Philips, Eindhoven, The Netherlands). 

Two-dimensional B-Mode echocardiograms were recorded (90-120 Hz) from the 

longitudinal axis as well as from the transversal axis in order to measure systolic (s) 

and end-siastolic (d) parameters using EnConcert Software (Agilent Technologies, 

Andover, MA, USA). From the long-axis, we determined left ventricular area (LVA). 

The end-diastolic and end-systolic volumes (EDV and ESV) were calculated using the 

formula: 8 X (LVAd/s)2/(3π X LVLd/s), respectively. Stroke volume was defined as 

the difference EDV-ESV and ejection fraction (EF) as 100 X (EDV – ESV)/EDV. 

From the transversal-axis B-Mode records, we measured the LV wall thickness 

(LVWT), LV internal chamber diameter (LVID). 
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Hemodynamic measurement.  

After echocardiography on treatment day 28, rats were equipped with a catheter 

through the femoral artery in the abdominal aorta for direct blood pressure 

measurement (HDAS, Hemodynamic data acquisition system, IDEE, University of 

Maastricht, The Netherlands)15. 

 

Real time PCR. 

 Left ventricular tissue was homogenized with a PRO200 tissue homogenizer (PRO 

Scientific, Monroe, CT, USA) and isolated by using UltraspecTM-II RNA isolation 

system (BioTecx Laboratories, Houston TX, USA) according to the manufacturer’s 

recommendation. RNA was further purified by DNase digestion using the DNA-Free 

RNA kitTM (Zymo Research, Orange, CA, USA) to remove genomic DNA. First strand 

cDNA was synthesized by adding 100 ng of DNase-treated total RNA to Ready-To-Go 

You Prime First-Strand Beads (Amersham Biosciences Europe, Freiburg, Germany). 

Random hexamers were used as primers. The reactions were incubated at 65°C for 10 

minutes, at 37°C for 1 hour and at 95°C for 2 minutes. The resulting cDNA was either 

immediately used as template for real-time PCR or stored at −20 °C. Real-time PCR 

primers were chosen with the assistance of the computer program Primer Express 

software (version 1.5; Applied Biosystems, Foster City, CA, USA). The designed 

primers were used to quantify the expression of mRNA levels of atrial natriuretic factor 

(ANF), brain natriuretic peptide (BNP), α-Myosin heavy chain (α-MHC), β-Myosin 

heavy chain (β-MHC), Frizzled 1 (Fz-1), Fz-2, Wnt-5a, Dishevelled-1 (Dvl-1), β-

catenin. The expression was determined by measuring the binding of the fluorescence 

dye SYBR Green I, using SYBRGreen PCR Master Mix kit (Eurogentec, Seraing, 

Belgium) and and real-time PCR was started with 10 minutes at 95°C, than cycled 

between 95°C/10 s and 57°C -60°C/15sec for 40 cycles in the MyIQ system of Biorad 

(Biorad, Hercules, CA, USA). Cardiac gene expression was normalized to the 

housekeeping gene Cyclophilin. All samples were run in duplicates. Data analyses 

were performed using the MyIQ System software (Biorad, USA). 
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Statistical Analysis.  

All data are presented as means ± SE. One-way ANOVA with Tukey’s multiple 

comparison test was used to compare the means. Echocardiographic parameters were 

analyzed with two-way ANOVA for repeated measurements versus day 0. P-values 

<0.05 were considered to indicate statistical significance. 

 

Results 

Hemodynamic measurements and organ weights 

In Table 1, the EC50-values for angiotensin II (AII) in animals treated with either 

olmesartan (50 g/kg/h) or losartan (500 g/kg/h) are shown. Administration of both 

ARBs caused a 5-fold increase in the EC50-value for the AII pressor response. This 

experiment shows that the two antagonists were administered in equipotent doses. 

Mean arterial pressures (MAPs), heart rates and relative organ weights are indicated in 

Table 2. Non-treated SHHF rats had a significantly higher MAP that the normotensive 

Wistar Furth (WiF) control rats. These blood pressures were in the same range as those 

observed for spontaneously hypertensive rats (SHR) of the same age12, 16. Treatment 

with either of the two ARBs reduced blood pressure significantly, although the 

reduction was more pronounced during treatment with olmesartan (37% reduction) 

than during losartan (15% reduction). 

 

Myocardial hypertrophy was assessed by comparing the heart weight to body weight 

(HW/BW) or left ventricle weight to body weight (VW/BW) ratios between the treated 

groups and the positive and negative controls. The SHHF rats were significantly 

heavier than their age-matched normotensive WiF controls. Although the increase in 

HW/BW observed in SHHF did not reach significance compared to WiF, the VW/BW 

ratio was significantly higher in the non-treated SHHF rats than in WiF. Lung weight 

and kidney weight to body weight ratios were not affected in the ARB-treated groups 
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but were significantly lower in the untreated SHHF group compared to the WiF group. 

This is possibly due to the significantly increased BW in the untreated SHHF group. 

Table 2: body weigth, relative organ weight data and mean arterial pressure 

 
 Wistar Furth SHHF  

non-treated 
SHHF-losartan SHHF-olmesartan 

MAP 73 ± 4 163 ± 4 *** 138 ± 7 *** ††$$$ 102 ± 4 *** ††† 
HR 282 ± 15 351 ± 9 ** 341 ± 15 ** 365 ± 23 *** 
BW 327 ± 6 421 ± 10 *** 402 ± 14 *** 408 ± 14 *** 
HW/BW 3.22 ± 0.12 3.47 ± 0.12 3.50 ± 0.25 2.87 ± 0.21 † 
LVW/BW 2.86 ± 0.11 3.21 ± 0.10 * 3.15 ± 0.18 2.65 ± 0.18 †† 
LuW/BW 4.05 ± 0.07 3.41 ± 0.13 *** 3.56 ± 0.19 * 3.27 ± 0.04 *** 
KW/BW 3.38 ± 0.09 3.05 ± 0.04 ** 3.30 ± 0.11 † 3.15 ± 0.07 * 
LiW/BW 30 ± 7 30 ± 6 34 ± 7 ** 31 ± 6 

HW/BW: Heart Weight to Body Weight ratio; LV: Left Ventricle; K: Kidney; Lu: Lung; Li: Liver 
†: vs SHHF non-treated, *: vs Wistar Furth, $: vs SHHF-olmesartan 
* p<0.05, ** p<0.01, *** p<0.001 

 

Echocardiographic measurements 

Left ventricular dimensions and cardiac function assessed by echocardiography are 

summarized in Table 3. In 12 week-old SHHF, Left Ventricular Area in diastole 

(LVAd) was significantly smaller than in WiF (data not shown) but 4 weeks later, this 

difference was inverted and a larger LVAd was observed in the untreated SHHF. 

Treatment with the ARBs did not have any effect on this parameter. Similar 

observations were obtained for Left Ventricular Length in diastole (LVLd), which also 

was significantly elevated after the study period of 4 weeks compared to WiF. 

Treatment with the ARBs did not significantly prevent this increase in LVLd, but the 

values remained in the range of those obtained in the WiF. The LV Internal Diameter in 

diastole (LVIDd) was significantly smaller in the 12 week-old SHHF compared to WiF 

(not shown) but at 16 weeks was found to be significantly larger in the untreated SHHF 

compared to the WiF. Olmesartan reduced the LVIDd in SHHF to a dimension 

comparable to that in WiF rats whereas losartan did not have any effect on this 

parameter.  
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A significantly greater LV Wall Thickness in diastole (LVWTd) was observed in the 

untreated SHHF compared to WiF at the end of the study period, indicative for left 

ventricular hypertrophy. Treatment with losartan reduced the LVWTd significantly, but 

this reduction was even more pronounced after treatment with olmesartan, which 

reduced this parameter to values observed in the normotensive WiF rats.  

Table 3: Left ventricular dimensions and cardiac function assessed by echocardiography after 4 
weeks of treatment. 

 
 Wistar Furth SHHF  

non-treated 
SHHF-losartan SHHF-

olmesartan 
LVAd (mm2) 61 ± 2 * 66 ± 2 †† ‡ 62 ± 3 † $$ 63 ± 2 † # 
LVLd (mm) 13.8 ± 0.2 * 14.9 ± 0.4 † ‡ 14.3 ± 0.3 $$ 14.3 ± 0.2 # 
LVIDd (mm) 4.4 ± 0.1 * 5.2 ± 0.2 † 5.1 ± 0.2 † $ 4.8 ± 0.3 
LVWTd 
(mm) 

2.2 ± 0.1 3.3 ± 0.2 †† 2.8 ± 0.1 $$ †† ¶ 2.3 ± 0.1 # ¶ 

EDV (mm3) 230 ± 11 252 ± 14 ‡ 214 ± 23 $$ 239 ± 17 # 
ESV (mm3) 75 ± 6 73 ± 6 ‡ 56 ± 11 $$ 70 ± 3 # 
SV (mm3) 154 ± 11 179 ± 12 ‡ 160 ± 15 $$ 169 ± 16 # 
EF (%) 67 ± 3 71 ± 2 75 ± 3 †  70 ± 2 
* vs Wistar Furth day 0 p<0.01; † vs Wistar Furth day 28 p<0.05; †† vs Wistar Furth day 28 p<0.01; ‡ vs SHHF 
non-treated day 0 p<0.01; ¶ vs SHHF non-treated day 28 p<0.01; $ vs SHHF-losartan day 0 p<0.05; $$ vs SHHF-
losartan day 0 p<0.01; # vs SHHF-olmesartan day 0 p<0.01 

 
At 12 weeks, both end-diastolic and end-systolic volume (EDV and ESV, respectively) 

were significantly smaller in the SHHF group compared to the WiF group (not shown). 

However, in the SHHF group both EDV and ESV increased significantly between 12 

and 16 weeks of age so they became similar to the WiF values at the end of the study. 

A similar pattern was observed for stroke volume (SV). The Ejection Fraction (EF) was 

comparable between SHHF and WiF groups. At the end of the study, a significantly 

greater EF was observed in the losartan group whereas in the other groups, it did not 

significantly differ from the WiF controls. 

 

Markers of cardiac hypertrophy 

To assess the cardiac hypertrophy of the SHHF rats at a molecular level, we determined 

the expression of LV hypertrophy-associated genes by Real-Time PCR (Fig 1). 
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Compared with the normotensive WiF rats, the ANF mRNA levels (Fig. 1A) were 15-

fold higher in the untreated SHHF group. Treatment with losartan and olmesartan 

caused a significant reduction in ANF mRNA levels, albeit that only olmesartan could 

reduce the ANF levels almost to those observed in the WiF control group. A similar 

pattern was observed for the expression of BNP (Fig. 1B), a parameter that is used 

clinically as a predictor for morbidity and mortality. The expression patterns of the 

cytoskeletal proteins MHC and MHC are shown in Fig 1C and D, respectively.  

 

 
Figure 1. Expression of markers of cardiac hypertrophy. The expression was determined in 16-week old rats which 
were treated with and ARBs or placebo between week 12 and 16. The data are expressed relative to the 
normotensive WiF control hearts. In panel A, the marked increase in atrial natriuretic factor (ANF) expression in the 
untreated SHHF is shown, which could partially be reversed by losartan treatment and almost completely by 
olmesartan treatment. The expression of brain natriuretic peptide (BNP) and -myosin heavy chain (-MHC), shown 
in panel B and C respectively, follows a similar pattern. No difference in expression of -MHC was observed 
between the groups (panel D). 
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There was a significant upregulation of MHC expression in the untreated SHHF 

group, which was slightly reduced after losartan treatment and completely reversed to 

control levels in the olmesartan group. No significant differences in MHC 

expression were observed. 

 

Expression of components of the Wnt pathway 

In the 16-week old untreated SHHR a ~3-fold upregulation of the amounts of Fz-1 and 

Fz-2 mRNA was observed, compared to age-matched WiF control rats (Fig 2A and B). 

Interestingly, treatment with either losartan or olmesartan reduced the mRNA levels of 

Fz-1 and Fz-2 to levels that did not differ significantly from the control WiF group. A 

similar pattern was observed for the expression of the Dvl-1 gene (Fig 2C). The 

expression of the Wnt-5a gene showed the opposite pattern, with a reduction of the 

expression in the untreated SHHF group, which could partially be reversed in both 

ARB-treated groups (Fig 2D). 

 
Figure 2. Expression of 
components of the Wnt 
signaling pathway. 
Significant increases in 
Frizzled -1 (Fz-1), Fz-2 
and dishevelled-1 (Dvl-1) 
expression were observed 
in the non-treated SHHF 
rats compared to 
normotensive WiF rats 
(Panel 2A-C). Both 
losartan and olmesartan 
treatment resulted in a 
similar regression of the 
expression of these genes. 
On the other hand, Wnt-5a 
expression was decreased 
in the non-treated SHHF, 
but this could also be 
normalized to the same 
extent by treatment with 
either of the ARBs. 
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Expression of collagen I and III 

Collagen type I mRNA transcripts (Fig 3A) were similar in all 4 groups, whereas 

Collagen type III mRNA expression (Fig. 3B) was significantly upregulated in non-

treated SHHF rats compared to the normotensive WiF rats. Treatment with either 

losartan or olmesartan reduced Collagen type III mRNA expression to the same levels 

observed in the normotensive WiF animals. 

 

Figure 3. Expression patterns of 
collagen I and III. No significant 
differences in collagen I 
expression were observed in the 
four groups (Panel A), whereas 
collagen III expression was 
significantly upregulated in the 
non-treated SHHF rats compared 
to normotensive WiF controls. 
However, treatment with either 
losartan or olmesartan could 
reduce the expression of 
collagen III to levels not 
significantly different from the 
control values (Panel B). 

 

 

Expression of the proto-oncogenes c-fos and c-jun 

One of the hallmarks of cardiac hypertrophy is the re-expression of fetal genes like c-

fos and c-jun (Fig 4). There was a significant upregulation of c-fos (Fig 4A) and c-jun 

(Fig 4B) mRNA expression in non-treated SHHF animals compared to normotensive 

WiF rats. After treatment with ARBs, a significant decrease in the mRNA expression 

of c-fos and c-jun was observed. There was no difference in the reduction of c-fos and 

c-jun mRNA expression between losartan and olmesartan. 

 

Discussion 

The aim of the present study was to investigate the effect of ARB treatment on Wnt 

signaling during the development of cardiac hypertrophy in SHHF rats. To this end, 
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treatment of these animals was started at the age of 12 weeks, when hypertension starts 

to become manifest in these animals. The main finding of the present study was that, 

although losartan was less effective in counteracting the hypertrophic response than 

olmesartan, both ARBs showed marked and similar effects on the expression of 

components of the Wnt signal transduction pathway. 

 

This study shows clear beneficial effects of ARB treatment in the regression of cardiac 

hypertrophy since wall thickness detected by echocardiography was reduced. 

Nevertheless, despite the use of equipotent doses, treatment with olmesartan was found 

to have additional advantages: (1) its efficacy to lower blood pressure in the SHHF is 

better than losartan, (2) it decreases ventricular hypertrophy assessed by LVW to BW 

ratio whereas losartan does not. This might be due to a difference in tissue absorption 

or clearance of the two ARBs. Schwocho et al.17 showed that the absolute 

bioavailability of olmesartan is similar to that of losartan but the terminal elimination 

half-life of olmesartan is somewhat longer than the half-lives of most drugs in the class 
18-20. However, it is not clear whether this can fully explain the lower efficacy of 

losartan, observed in this study. 

 

SHHF rats are known to display extensive cardiac remodeling and heart failure later in 

life. Clearly, in the 16 weeks old rats that have been used in this study only an early 

stage of (compensatory) cardiac remodeling has occurred. First, echocardiographic data 

did not prove any increase of ESV and EDV, or decrease in SV or FS in SHHF rats 

compared to WiF rats. These results are in accordance with previous study that showed 

no depression of cardiac function in male SHHF before the age of 12 months12, 21. 

Second, gene expression of collagen type I (representing around 80 % of the total 

collagen) in SHHF rats was not elevated. Heyen et al. showed that there was no sign of 

myocardial fibrosis (interstitial and perivascular) before 9 months of age in SHHF and 

that expression of collagen type I was not different than control Lewis rats before the 

onset of HF12. On the other hand, even in 16 week old SHHF rats, the expression of 
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collagen type III, more reticulate than type I, which form thick bundles, is clearly 

upregulated in the SHHF. Angiotensin II receptor blocade by either losartan or 

olmesartan reverses this upregulation completely. Furthermore, expression of BNP, an 

established marker of heart failure is more than 4-fold  higher in the SHHF model and 

similar results were observed by Heyen et al.12. This upregulation was reversed to 

control levels by olmesartan whereas losartan only reduced it partially. The switch 

form α-MHC to β-MHC represents a change from myosin species with fast enzymatic 

kinetics to one with slower kinetics. The slower enzyme effects energy transduction for 

contraction with higher economy and this is considered to be adaptive for a heart 

subjected to increased load22. In our study, we observed a significant reduction in β-

MHC mRNA transcripts after treatment with olmesartan compared to non-treated 

SHHF animals whereas the α-MHC mRNA levels were not different among the 4 

groups. 

 

Figure 4. Expression of the 
proto-oncogenes c-fos and c-
jun. The expression of both 
oncogenes was found to be 
significantly upregulated in 
the untreated SHHF, 
compared to normotensive 
WiF controls. Treatment with 
either of the two ARBs 
significantly reduced the 
levels of c-fos and c-jun 
expression to levels not 
significantly different from 
contol. 

 

 

The proto-oncogenes c-fos and c-jun may play a critical role in mediating the 

mechanical signals that initiate protein synthesis and cell growth in the hypertrophic 

heart23. The c-jun and c-fos proteins form dimers, named “the activator protein 1” (AP-

1) complex that bind DNA through specific response elements to transactivate or 

transrepress transcription of genes24. The expression of the proto-oncogenes c-fos and 

c-jun were upregulated in non-treated hypertensive SHHF and both the ARBs reduced 
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the mRNA transcript levels of c-fos and c-jun almost to the level of the normotensive 

WiF rats. 

 

The aim of this study was to investigate whether changes in gene expression of 

components of Wnt signaling pathway correlate with ARB-elicited reversal of cardiac 

hypertrophy in SHHF rats. In the untreated SHHF Fz-1, Fz-2 and Dvl-1 expression 

were significantly upregulated, which is in agreement with earlier observations in other 

models of cardiac hypertrophy 25-27  Here, we showed that treatment with either of the 

two ARBs reduced the expression of Fz-1, Fz-2 and Dvl-1 mRNA transcripts, whereas 

the expression of Wnt-5a was upregulated. Despite the fact that olmesartan appears to 

be more effective in reducing the cardiac hypertrophic response, the effect of both 

olmesartan and losartan on the regulation of the expression of components of Wnt 

signaling were the same. This suggests that the response of Wnt signaling to ARB 

treatment is not secondary to the regression of cardiac hypertrophy, but that ARBs can 

act in a more direct fashion on the expression of Wnt signaling components. The 

mechanism behind this proposed direct link between angiotensin signaling and 

expression of Wnt signaling components is unclear and will need further investigation. 

 

In conclusion, AT-1 blockade by olmesartan can reduce the development of cardiac 

hypertrophy in SHHR, as characterized by increased heart weight, ANF, BNP and β-

MHC, collagen III mRNA levels. Losartan appeared to be less effective than 

olmesartan in this respect, despite the fact that both ARBs were administered in an 

equipotent dose. The effect of the ARBs on expression of ANF, BNP and Collagen III 

mRNA transcripts was clearly dependent on the reduction in cardiac hypertrophy 

whereas the changes in expression of mRNA transcripts of the Wnt-signaling 

components appeared to make use of a different, hypertrophy-independent mechanism 

that awaits further investigation. 
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Abstract  

Background. When the aryl hydrocarbon, indole-3-carbinol (I3C), is added to the food 

(6 g/kg) of male transgenic rats TGR(Cyp1a1-mRen2), the additional mouse renin-2 

gene is activated and fulminant hypertension develops (systolic blood pressure >250 

mmHg). The hypertension can be toggled off by withdrawal of I3C. We studied 

hypertrophic cardiac remodeling 6 weeks after induction of hypertension (n=5) and 5 

weeks after withdrawal of I3C when blood pressure (measured by the tail cuff method) 

had returned to control levels (n=4). Left ventricular (LV) functional 

(echocardiography), histological (collagen) and molecular data were compared to those 

obtained in TGR(Cyp1a1-mRen2) rats not treated with I3C (n=5).  

Results. In TGR(Cyp1a1-mRen2) rats I3C-induced hypertension was associated with 

concentric cardiac hypertrophic remodeling without fibrosis. LV end-diastolic and 

stroke volumes were decreased and LV wall thickness increased significantly from 

0.15±0.01 to 0.20±0.01 cm. Relative to controls, mRNA expression levels of the 

hypertrophic markers Atrial natriuretic factor (ANF) and β-myosin heavy chain (β-

MHC) were significantly increased by 10 and 2.5 times, respectively, whereas the 

mRNA level of a marker for LV dilatation (Thrombospondin 2) was not altered. The 

enzyme activity of Glycogen Synthase Kinase-3 (GSK-3β), a negative regulator of 

LV hypertrophy, was significantly lowered (74±2 % of control). Five weeks after I3C 

was withdrawn in induced rats, blood pressure and LV wall thickness returned to 

values observed in non-treated rats and was associated with a normalization of ANF 

and β-MHC expression, and GSK-3β enzyme activity.  

Conclusion. Despite a 6 weeks period of malignant hypertension and the development 

of concentric cardiac hypertrophy, reversal of hypertrophic remodeling of the heart is 

fully preserved in TGR(Cyp1a1-mRen2) rats. 
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Introduction 

Cardiac hypertrophy is a compensatory enlargement of the heart when its workload is 

exceeding the normal capacity. Physiological hypertrophy (e.g.. exercise-induced) is 

characterized by increases in left ventricular (LV) chamber size, wall thickness and 

mass, and acts to enhance cardiac function during exercise1. This type of hypertrophy is 

not associated with increased risk for cardiac malfunction. In contrast, pathological 

hypertrophy (in most cases due to increased afterload) predisposes to a significant 

increase in risk of adverse consequences, such as myocardial ischemia, systolic and 

diastolic dysfunction and involves many alterations in myocardial structure and 

function2, 3. Accordingly, myocardial hypertrophy is an early milestone during the 

clinical course of hypertension and heart failure and an important risk factor for 

subsequent cardiac morbidity and mortality4.  

Malignant hypertension is a severe form of hypertension. In patients, this is 

characterized by extremely high blood pressures, pressure diuresis and natriuresis, 

severe renal vasoconstriction and ischemia, activation of the renin-angiotension system 

(RAS), micro-angiopathy, hemolytic anemie and development of retinopathy5. 

The first transgenic rat in hypertension research was the transgenic TGR(mRen2)27 

created by Mullins et al.6. One of the drawbacks of this animal model is that the 

development of hypertension can not be controlled in time. Already at a very young 

age (5 weeks) these rats develop an agiotensin II-dependent fulminant hypertension 

(systolic blood pressures >230 mmHg). Therefore Mullins et al. subsequently created a 

transgenic rat strain: TGR(Cyp1a1-mRen2) that allowed a time-controllable induction 

of malignant hypertension. This was achieved by inserting the mouse Ren2 renin gene, 

fused to an 11.5-Kb fragment of the cytochrome P-450 1a1 (Cyp1a1) promotor, into 

the genome of the Fisher 344 rat7. In this transgenic model, activation of the Cyp1a1 

promoter by dietary administration of indole-3-carbinol (I3C) results in induction of the 

expression of the mRen2 renin gene and the development of ANG II-dependent 

hypertension7. The height of the blood pressure can be titrated by the dose of I3C8. 

When I3C is mixed through the regular rat chow at 3 g/kg or higher, rats develop 
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malignant hypertension that is characterized by loss of body weight, polyuria, 

polydypsia as a result of salt and water depletion7, 9, 10. The hypertension can be toggled 

off by withdrawing I3C from the food. This has been demonstrated by the return of 

blood pressure to control levels after single bolus injections of I3C7. Previously we 

have shown that non-inducible homozygous TGR(mRen2)27 rats invariably develop 

cardiac hypertrophy at young age. However, with advancing age dilated 

cardiomyopathy and heart failure developed only in a subset (about 50%) of these rats. 

This could be predicted by the early activation of the matricellular tromospondin-2 

gene (TSP2).  To date, it is unknown if prolonged exposure to I3C does induce dilated 

cardiomyopathy and heart failure in the inducible TGR(Cyp1a1-mRen2) strain too. 

Moreover, it is also not known if the heart is able to regress after a period of adaptation 

to fulminant hypertension.  

Recently, the protein kinase Gycogen Synthase Kinase-3 (GSK-3β) has been 

identified as a negative regulator of cardiac hypertrophy. Its role has been studied in 

several hypertrophic animal models but not in this inducible transgenic rat model11-17. 

GSK-3β is known as a nodal point that integrates various inputs from multiple 

signaling pathways and conducts signals downstream to multiple effectors18. One of 

these effectors is β-catenin. Phosphorylation of β-catenin by GSK-3β makes it a target 

for proteasomal degradation19. β-catenin is a central component of the canonical Wnt-

pathway, and Wnt stimulation leads to increased cytosolic β-catenin levels and 

activation of transcription of target genes20-22. In the hypertrophic response, β-catenin is 

both necessary and sufficient to induce hypertrophic growth when expressed in 

cardiomyocytes in vitro and in vivo, as shown by Haq et al.23. 

We studied cardiac remodeling in this TGR(Cyp1a1-mRen2) rat model during 

prolonged treatment with I3C and questioned if dilated cardiomyopathy could be 

induced similarly as in the related non-inducible TGR(mRen2)27 rat strain. We also 

studied cardiac remodeling following withdrawal of the I3C diet and examined if 

cardiac changes in GSK-3β activity are related to the induction and regression phase of 

hypertension. To this end, three groups of TGR(Cyp1a1-mRen2) animals were studied 
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at adult age (30 weeks), one control group with normal rat chow, one I3C group (rat 

chow with 0.6% I3C for 6 weeks) and one regression group (5 weeks after withdrawal 

of a 6-week I3C treatment). In previous studies with this model, rats were given I3C at 

a maximum does of 0.3%. In order to stress the heart maximally we used the highest 

dose of I3C that could be mixed trough the food. Because several animals studies have 

shown that hearts of adult animals are more susceptible to damage than hearts of young 

animals24,  we chose to include adult animals (>3 month) only.  

Methods 

Animals.  

TGR(Cyp1a1-mRen2) transgenic rats were bred from a single breeding pair originally 

obtained from the Molecular Physiology Laboratory of the University of Edinburgh. 

The breeding, maintenance and study of the TGR(Cyp1a1-mRen2) transgenic rats was 

approved by the animal ethics committee of Maastricht University (The Netherlands). 

The experimental protocols were performed according to institutional guidelines. 

Animals were housed in pairs in standard cages on a 12/12 h light/dark cycle. All rats 

had free access to tap water and standard commerical rodent chow containing 0.25% 

sodium (Ssniff, Soest,  Germany) prior to experimental procedures and TGR (Cyp1a1-

mRen2) transgenic rats were fed ad libitum either normal chow with (I3C group, n = 5) 

or without (control group, n = 5) 0.6% indole-3-carbinol (I3C) for 6 weeks. The third 

group of rats was fed normal chow with 0.6% I3C for 6 weeks after which I3C was 

withdrawn for 5 weeks. To mask the flavour of the inducer (I3C), peanut oil added to 

the chow mixture with some water, resulting in a  thick paste.  

 

Blood pressure and heart rate.  

Systolic Blood Pressure (SBP) was measured in conscious restrained animals by an 

indirect method using a tail cuff inflating unit linked to a blood pressure transducer 

(IICT Life Science, USA). The animals were trained for one week prior to the start of 
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the experiments. Training consisted of placing the animals in the heated (30°C) 

measuring chamber for 15 minutes and then inflating the cuff to take 3 – 5 mock 

measurements. SBP was then measured on weekly intervals. Three to five SBP 

measurements were taken for each animal on each recording day and then averaged.   

 
Figure 1. Body weight and Systolic Blood Pressure (SBP) in the control (n= 4-12), I3C treated (n= 4-8) and 
regression (withdrawal) group (n= 4). Values are expressed as means ± S.E.M. and * P< 0.05 vs. control. 

 

Food consumption, water and urine volume. 

 Four weeks after I3C treatment rats were individually housed in metabolic cages for 

24 hours for monitoring of water and food intake and urine collection. Food 

consumption, water intake and urine volume were determined gravimetrically. This 

procedure was repeated in the withdrawal group, 4 weeks after I3C was withdrawn.  

 

Echocardiography.  

The in vivo transthoracic echocardiography of the rat left ventricle was performed 

using a Hewlett-Packard 15-MHz linear array transducer interfaced with a Sonos 5500 

echocardiography system (Philips, Eindhoven, The Netherlands). Two-dimensional B-

Mode echocardiograms were captured at a rate of 90-120 Hz from parasternal long-axis 

views as well as from mid-papillary short-axis views of the left ventricle. Digital 

recordings were analysed off-line during three cardiac cycles to obtain measurements 
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taken in end-systole and diastole per animal per time point using Enconcert Software 

(Agilent Technologies, Andover, MA, USA). Echocardiographic measurements were 

performed under light isoflurane anaesthesia at 3 time points being a) before 

administration of I3C, b) 4-5 weeks after administration of I3C, and c) 4-5 weeks after 

I3C was withdrawn. During alle measurements body temperature was maintained at 

37°C, by placing the rats on a heating pad. At the end of the study rats were deeply 

anesthetized with isoflurane and organs were harvested.  Hearts were divided into 2 

pieces; one part was used for histology, the other part for RNA and protein isolation. 

 

Sirius Red staining.  

One part of the hearts wes fixed with 1% formalin overnight, and then embedded in 

paraffin. Four μm sections were cut and stained with Picrosirius Red to quantify 

interstitial fibrosis. A computerized morphometric system (Quantimet, version Leica 

Qwin3.1; Leica, England) was utilized to analyse the ratio of interstitial fibrosis to the 

total left ventricular area from randomly selected microscope fields of left ventricular 

sections. 

 

Real-Time PCR. 

 LV-RNA was isolated using the Rneasy Mini Kit (Quiagen, Hilden, Germany). The 

RNA was transcribed into cDNA with Superscript III reverse-transcriptase, using 250 

mg of random primers (Invitrogen Life Technologies, Breda, The Netherlands). RT-

PCR primers were designed from rat sequences available in GenBank using Primer 

Express (PE Applied Biosystems, Foster City CA, USA), the designed primers were 

used to quantify the expression of mRNA levels of atrial natriuretic factor (ANF), β-

Myosin heavy chain (β-MHC), Thrombospondin-1 and -2 (TSP1 and TSP2). 

Amplification and detection were performed using the MyIQ system of Biorad (Biorad, 

Hercules, CA, USA). Cardiac gene expression was normalized to the housekeeping 

gene Cyclophilin A. All samples were run in duplicates. Data analyses were performed 

using the MyIQ System software (Biorad).  
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Western immunoblot analyses.  

Total protein extracts were prepared as follows: left ventricular tissue was added to 1 

ml ice-cold Laemmli buffer and homogenized with a PRO200 tissue homogenizer 

(PRO Scientific, Monroe CT, USA). After sonification and centrifugation, the 

supernatant was collected and stored at - 80° C. The protein content of supernatant was 

measured by using the BCA protein Assay (Pierce Biotechnology Inc., Rockford IL, 

USA). For Western blotting, 20 μg of total protein was denatured by boiling in 

Laemmli sample buffer and separated on a 10 % SDS-PAGE gel, and transferred onto a 

HybondC nitrocellulose membrane (Amersham Biosciences Europe, Freiburg, 

Germany). After blocking in 5% non-fat dry milk (Biorad), 0.1% Tween 20 in Tris-

buffered saline for 1 hour, membranes were incubated overnight with the following 

primary antibodies at 4°C: β-catenin, GSK-3β and pTyr216-GSK-3β, (BD Transduction 

Laboratories, Lexington KY, USA); pSer9 GSK-3β (Cell Signaling Technology, 

Beverly MA, USA); α-tubulin (Santa Cruz Biotechnology, Santa Cruz CA, USA). 

Anti-rabbit IgG and anti-mouse IgG Horseradish Peroxidase-conjugated antibodies 

(DAKO, Glostrup, Denmark) were used as the secondary antibodies as appropriate and 

the membranes were developed by Supersignal West Pico chemiluminescence kit 

(Pierce Biotechnology Inc.). 

 

GSK-3β kinase assay.  

Total GSK-3β was immunoprecipated from 200 μg protein extracts in lysis buffer as 

previously described (see ref.25). Briefly, the samples were precleared with protein G-

Sepharose beads (Amersham Biosciences) for 1 hour and then subjected to 

immunoprecipitation with anti-mouse GSK-3β antibody (BD Transduction 

Laboratories, plaats USA) overnight at 4 ºC with gentle agitation, protein G-Sepharose 

was added and agitated for 1 hour at 4 ºC. Immunocomplexes were recovered by 

centrifugation and washed once with lysis buffer and twice in kinase buffer. Kinase 

activity was assayed in 40 μl of total reaction buffer containing 62.5 μM GSK-3 

Peptide Substrate (Biomol P-151, Exeter, UK) 20 mM MgCl2, 125 μM ATP and 10 μCi 
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[γ-32P] ATP (Amersham Biosciences). After 30 min of incubation at 30ºC, 25 μl 

aliquots were spotted onto 1.5 cm X 1.5 cm pieces of Whatman P81 Phosphocellulose 

paper (Whatman Nederland B.V., ‘s Hertogenbosch, Netherlands), and 30 s later, the 

filter papers were washed 5 times in 0.75 % phosphoric acid. The filter papers were 

counted in a liquid scintillation counter. Quantification of kinase was achieved by 

counting the amount of 32P incorporated into the substrate. 

 

Statistical analyses.  

Results are reported as mean ± SEM. Differences between the 3 groups were tested 

using a one-way ANOVA With Tukey’s multiple comparison test to identify the 

individual between-group differences. P < 0.05 was considered statistically significant. 

 
Table 1: Morphological data relative to tibia length and Organ weights at the end of the 

study. 

 Control (n=7) I3C-treated (n=6) Regression (n=4) 
Absolute values    
Body weight (g) 409±4 217±9* 393±9 
Heart weight (g) 0.97±0.02 0.87±0.03* 1.09±0.04* † 
Right kidney weight (g) 1.08±0.02 1.19±0.05* 1.16±0.01 
Left kidney weight (g) 1.11±0.02 1.21±0.05 1.23±0.06* 
Liver weight (g) 12.0±0.35 12.6±0.66 14.4±0.34* 
Lung weight (g) 1.26±0.02 1.10±0.06 1.36±0.06 
Tibia length (mm) 58.2±0.3 55.9±0.8* 57.6±0.9 
    
Ratio's relative to BW    
Heart (g/kg) 2.37±0.05 4.04±0.13* 2.77±0.11* † 
Right Kidney (g/kg) 2.64±0.36 5.49±0.28* 2.96±0.08 † 
Left Kidney (g/kg) 2.73±0.33 5.60±0.33* 3.14±0.18 † 
    
Ratio's relative to Tibia    
Heart (g/mm) 1.67±0.02 1.56±0.03* 1.89±0.05* † 
Right kidney (g/mm) 1.85±0.02 2.11±0.07* 2.02±0.03 
Left kidney (g/mm) 1.91±0.02 2.16±0.08* 2.14±0.09* 
    
p<0.05 different from control, † p<0.05 different between the I3C-treated and Regression group.  
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Results 

Blood pressure and heart rate 

Following 0.6% I3C treatment, TGR(Cyp1a1-mRen2) developed within 2 weeks a 

significant and sustained increase in systolic blood pressure (SBP > 250 mm Hg), 

whereas in control rats SBP remained rather stable throughout the observation period 

(see Fig 1A). After withdrawal of I3C, SBP returned to control levels within 5 weeks. 

Heart rates were not different between groups (Control: 349.8 ± 17.6; I3C treated: 

323.1 ± 29.3 and Regression group: 377.2 ± 15.4).  

Table 1 shows the weights of the organs collected at the end of the study. Data are 

given in absolute and relative terms because of the differences in body weight between 

the 3 groups.  

The increased blood pressure was accompanied by a gradual and significant loss of 

body weight averaging ~37 % after 6 weeks of I3C treatment (fig 1B and Table 2). 

Thereafter, rats maintained BW at about 250g. After withdrawal of the I3C, the 

TGR(Cyp1a1-mRen2) regained their body weight rapidly (fig 1B and Table 2). The 

data indicate that, both in absolute terms and relative to tibia length, heart weight was 

slightly but significantly reduced in I3C-treated rats, but was increased relative to 

bodyweight. Control animals gained approximately 50g over the experimental period. 

In rats in which I3C was withdrawn, heart weights were higher than those observed in 

I3C-treated rats and control rats, suggesting additional growth.  

 

Food Consumption, Water intake and Urine Volume 

The TGR(Cyp1a1-mRen2) food intake was higher when treated with I3C than when 

normal rat chow was provided (Fig. 2A). Fluid intake (Fig. 2B) was also significantly 

higher in 0.6% I3C-treated TGR(Cyp1a1-mRen2) than in control animals. SBP rose 

within 3 weeks to levels above 250 mmHg (see Figure 1a). This was associated with a 

significant pressure-diuresis. Urine volume was about 7-fold higher in transgenic rats 

on I3C than in non-treated controls. Differential effects on changes in organ weight 
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following induction and withdrawal of I3C were also found for liver and lungs, 

suggesting I3C related specific activation of katabolic and anabolic pathways (Table 2). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Food intake (A), Water intake (B) and urine 
volume (C) in control and I3C treated TGR(cyp1a1-Ren2). 
Measurements were performed over 24h in metablic cages. 
Values are expressed as means ± S.E.M. and * P< 0.05 vs. 
control. 

 

 

Echocardiographic measurements 

Echocardiographic data showed an increase in left ventricular (LV) wall thickness in 

diastole 4 weeks after treatment with 0.6% I3C (Fig 3A and 3B), whereas the LV outer 

diameter and LV length were not altered. Consequently end-diastolic LV Volume 

(EDV) was significantly reduced 4 weeks after 0.6% I3C treatment (Fig 3C and 3D). 

I3C treatment was also associated with a markedly reduced stroke volume (SV), which 

may be suggestive for diastolic heart failure (Fig 3E and 3F), no signs of congestion 

were observed. After cessation of the 0.6% I3C diet EDV and SV returned to levels 

observed in control animals (Fig 3B, 3D and 3F).  
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Figure 3. Echocardiographic measurements of TGR(cyp1a1-Ren2). Panel A, C and E presents echocardiographic 
data in time of I3C treated rats, whereas Panel B, D and F shows the control (dark grey bars), I3C treated (black 
bars) and regression (Withdrawal) (light grey bars) group at week 0, week 6 and week 11. A and B) Left Ventriclar 
Wall thickness in Diastole; C and D) End diastolid Left Ventricle Volume (EDV); and E and F) Stroke Volume 
(SV). Values are expressed as means ± S.E.M. and * P< 0.05 vs. control. 
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Fibrosis of the left ventricular heart 

Histopathological investigation of interstitial fibrosis in picrosirius red-stained cross-

sections of the left ventricle showed no difference in interstitial fibrosis between all the 

groups, 10 %, 9.5% and 12,4 % for Controle, I3C and the regression group. (Fig 4).  

 
 
Figure 4. Sirius Red stained 
sections for collagen staining 
in the left ventricle of the 
heart of TGR(cyp1a1-Ren2). 
A shows the bar-graph of 
amount of Interstitial Fibrosis 
as determined by picosirius 
red staining, B) Control 
TGR(cyp1a1-Ren2), C) 
Treated I3C TGR(cyp1a1-
Ren2) and D) regression 
(withdrawal) of I3C treatment 
in TGR(cyp1a1-Ren2). 
Values are expressed as 
means ± S.E.M. and * P< 
0.05 vs. controle. All n = 4-8. 

 

 

Molecular markers of cardiac hypertrophy 

Real-Time PCR analysis demonstrated a significant increase in ANF and β-MHC 

mRNA levels in left ventricular tissue of 0.6% I3C treated TGR(Cyp1a1-mRen2) (Fig 

5A and 5B). Withdrawal of the I3C diet was associated with a normalization of ANF 

and β-MHC mRNA levels. There was no difference in TSP1 and TSP2 mRNA 

transcript expression between the 3 groups. 

 

GSK-3β, a negative regulator of cardiac hypertrophy 

In TGR(Cyp1a1-mRen2), 0.6%-I3C induced hypertension was associated with a 

significant increase of the Serine9 (Ser9) phosphorylation of GSK-3β, the inactive form 

of GSK-3β (Fig 6A). Following 4 weeks of withdrawal of I3C, there was a trend (p = 

0.16) toward a decrease in Ser9 phosphorylation of GSK-3β in the regression group 

compared to the I3C-treated TGR(Cyp1a1-mRen2). Compared to control animals, the 

active form of GSK-3β, the phosphorylated Tyrosine216 (Tyr216)-GSK-3β, was 
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significantly decreased in 0.6% I3C-treated TGR(Cyp1a1-mRen2) (Fig 6B). After 

termination of the I3C diet, the Tyr216-GSK-3β phosphorylation levels were still lower 

in the regression group than in the control group. In concordance with these afore-

mentioned changes in protein density, the actual GSK-3β kinase activity was 

significantly lower in I3C-treated TGR(Cyp1a1-mRen2) than control rats (Fig 6C). β–

Catenin, a transcription cofactor under the control of GSK-3β, was significantly 

increased in the I3C treated TGR(Cyp1a1-mRen2) compared to controls animals (Fig 

6D). The regression group showed a borderline significant decrease in β–catenin 

protein compared to the 0.6% I3C-treated rats.  

Discussion 

The main finding of this study is that prolonged activation of the mREN2 gene in 

TGR(Cyp1a1-mRen2) resulted in concentric remodeling of the heart. Furhtermore, this 

study showed that this type of cardiac hypertrophy was fully reversible and associated 

with  a reduction in the expression of the hypertrophic markers such as ANF and β-

MHC, a re-activation of the anti-hypertrophic protein GSK-3β. 

Both in homozygous and inducible TGR, malignant hypertension develops as the result 

of overactivity of the RAS and is characterized by a rapid increase in BP and an 

intensive pressure diuresis associated with a profound loss of body weight7. Our data 

confirm these data and extend them to a longer observation period. The loss of body 

weight may be a consequence of the accentuated pressure diuresis accompanying the 

development of malignant hypertension. It is not expected that I3C has a direct 

influence since feeding of I3C in similar amounts to non-inducible rats did not lead to 

weight loss26. Therefore the catabolic state is probably directly related to activation of 

the RAS system. Indeed, chronic administration of candesartan, a AT1-receptor 

antagonist, prevented the development of hypertension and the loss of body weight in 

0.3% I3C-treated TGR(Cyp1a1-mRen2)27.  
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Figure 5. Characterization of different markers of cardiac hypertrophy in TGR(cyp1a1-Ren2): control (dark grey 
bars), I3C treated (black bars) and regression (light grey bars) group  A: Expression of ANF, B: Expression of β-
MHC, C: Expression of Thrombosponsin-1 (TSP-1), D: Expression of Trombo-spondin-2 (TSP-2), all normalized to 
the house-keeping gene Cyclophilin. Values are expressed as means ± S.E.M. and * P< 0.05 vs. controle. All  n = 4-
8. 

 

A continuous dietary administration of 0.6% I3C for 6 weeks in TGR(Cyp1a1-mRen2) 

resulted in concentric hypertrophy, a diminished heart size with increased wall 

thickness and a decreased lumen. We did not see an increased left ventricular weight, 

whereas Vanourkova et al.28 showed that the hypertension in TGR(Cyp1a1-mRen2) 

was accompanied by a marked left ventricular hypertrophy reaching its maximum at 

day 8 after induction. The explanation for this difference is most likely that in the 

present study the period that the rats were on I3C diet was 3 weeks longer, allowing the 

heart and circulation to adapt to the total loss of bodyweight. In absolute terms, the 

heart retained its normal weight. In terms of HW/BW, there was a significant increase 
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(see Table 1). Echocardiographic data showed a decreased EDV and SV in 0.6% I3C 

animals which may be an adaptive response to increased blood pressure (and also 

weight loss) and can lead to diastolic dysfunction29. Diastolic dysfunction refers to 

mechanical and functional abnormalities present during relaxation and filling, and the 

RAS may contribute to alterations in active relaxation and increased myocardial 

stiffness30. But this is not likely in the present study since collagen levels were not 

altered. Angiotensin II (Ang II), the primary effector peptide of the RAS system, is 

present in the heart31 and promotes myocyte cell growth via the Angiotensin type I 

(AT1) receptor32. Cessation of the I3C resulted in a return of the left ventricular Ang II 

levels to control values observed in non-induced rats28. The great advantage of this 

inducible model is that the trigger of hypertension can be controlled whereas in other 

transgenic models, the TGR(mRen2)27, the trigger of hypertension is induced since 

fetal and neonatal programming and this may play a critical role in the pathogenesis. 

So, despite similar degrees of hypertension, cardiac phenotypes differ between strains 

(TGR(mRen2)27 vs TGR(Cyp1a1-mRen2)). And even within the strain, phenotypic 

differences can occur as shown by Schroen et al33, where she showed that TSP-2 was 

selectively overexpressed in TGR(mRen2)27 prone to progress to heart failure. In the 

present study, we did not see a difference in TSP-1 and -2 mRNA expression whereas 

the hypertrophic markers, ANF and β-MHC mRNA transcripts, were upregulated 

during malignant hypertension and returned to baseline levels in the regression phase, 

reflecting the hypertrophic response of the heart to the induction of the malignant 

hypertension. We used 30-week-old TGR(Cyp1a1-mRen2) rats because we presumed 

that old animals treated with I3C were more prone to develop heart failure than young 

rats. However, l’Huiller showed that young 6-10 week old TGR(Cyp1a1-mRen2) rats 

treated with 0.3% I3C exhibited the same cardiac phenotype (personal communication).  

Surprisingly, no difference in cardiac fibrosis was observed. One could argue that this 

could be related to the age of the rats since treatment was started when rats were 30 

weeks old. However, the same observation was made by l’Huiller (Thesis, personal 

communication) in young (6 weeks) rats treated with 0.3% I3C, suggesting that age-
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related differences in the capacity of collagen syntheses can be ruled out. In our study, 

all groups showed a 10% of interstitial fibrosis in the heart. Changes in properties of 

the myocyte (structures of the sarcormere or the cytoskelet) can contribute but it is also 

possible that there was a greater degradation (possibly also related to the catabolic 

state).  

The mechanisms leading to cardiac hypertrophy have been intensively investigated. In 

these studies GSK-3β emerged as a negative regulator of cardiac hypertrophy12-15, 34. In 

I3C-induced hypertensive TGR(Cyp1A1-mRen2), phosphorylation of the Ser9 residu 

was significantly upregulated whereas in the regression group, there was a trend 

towards a significant decrease. This observation suggests the involvement of AngII 

binding to the AT1receptor in the regulation of GSK-3 activity. This leads to the 

activation of phosphoinositide 3-kinase and its target Akt, which than inactivates GSK-

3β35. In mice, treatment with losartan, an AT1receptor antagonist, leads to an 

attenuation of the inactivation of GSK-3β36. In contrast to the inhibitory modulation, 

Tyr216 phosphorylation of GSK-3β increased the enzyme activity. In this study, we 

observed the dephosphorylation of the Tyr216 residues whereas regression of cardiac 

remodeling led to a trend of phosphorylation of the Tyr216 residues of GSK-3β. 

Increasing the GSK-3β activity is sufficient to suppress cardiac hypertrophy in vivo12. 

Transgenic mice expressing a cardiac-specific signal-resistant form of GSK-3β 

(containing a serine-9 to alanine mutation) showed a diminished hypertrophic growth 

response12 after chronic β-adrenergic stimulation and pressure overload. In the 

hypertrophic response, stabillization of β-catenin is sufficient to induce hypertrophic 

growth23, and inactivation of GSK-3β leads to stalibilization of β-catenin. Supporting 

the role for β-catenin in regulating cardiomyocyte growth, a conditional, cardiac-

specific deletion of β-catenin in the adult mouse significantly reduced the hypertrophic 

response to pressure overload37. 
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Figure 6. Panel A shows the β-catenin protein content in TGR(cyp1a1-Ren2): control (dark grey bars), I3C treated 
(black bars) and regression (light grey bars) group. Quantification of the Western blot signals, expressed as β-
catenin/α-tubulin ratios. Panel B, C and D: GSK-3β forms determined by Western Blotting and GSK-3β kinase 
activity in TGR(cyp1a1-Ren2). B and D: Western blots of pSer9-GSK-3β (inactive form), pTyr216-GSK-3β (active 
form) and total GSK-3β protein expression. Densitometric analysis of the pSer9-GSK-3β (B) and pTyr216-GSK-3β 
protein (D), expressed relative to total (t) GSK-3β protein.. Panel C shows the GSK-3β kinase activity in all groups. 
Values are expressed as means ± S.E.M. and * P< 0.05 vs. Controle. All n = 4-6 

 

In the present study, we observed a significant upregulation of β-catenin protein in the 

I3C-treated group whereas regression has a trend toward a decrease in β-catenin protein 

level. Thus, induction of malignant hypertension leads to inhibition of GSK-3β activity 

and stabilization of β-catenin protein whereas restoration of the blood pressure leads to 

enhanced activation of GSK-3β and reduced β-catenin protein. 
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The inducible hypertensive transgenetic rat allows to study the regression of cardiac 

remodeling after induction of malignant hypertension. This study shows that 

withdrawal of the I3C dietary administration markedly restored cardiac functions and 

molecular markers of cardiac hypertrophy following transient induction of AngII-

dependent hypertension, and therefore, indicates the importance of treatment of 

hypertension. It also allows especially the stepwise assessment of the role of BP and 

Ang II in the development and/or the regression of hypertension-induced end-organ 

damage. 

 

In conclusion, our data demonstrate that the concentric remodeling in TGR(Cyp1A1-

mRen2) is able to regress to near control values. At the molecular level, regression 

leads to increased GSK3β activity, resulting in a lower β-catenin content, confirming 

the potential role as mediators in the process.  
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Summary and Conclusions: 

Wnt signaling and cardiac hypertrophy 
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Cardiac hypertrophy has recently been recognized as the net result of the activity of pro- 

and anti-hypertrophic signaling. Because current pharmacotherapy of hypertrophy 

primarily focuses on the pro-hypertrophic signaling, it is worthwhile to explore anti-

hypertrophic mechanisms for novel therapeutic targets of cardiac hypertrophy.  The aim 

of the studies described in this thesis was to explore the role of the Wnt signaling 

pathway in the development of cardiac hypertrophy. To this end, we focused on the 

levels of the second messenger β-catenin, a pro-hypertrophic protein, and the activity of 

the kinase GSK-3β, an anti-hypertrophic protein, in the development of cardiac 

hypertrophy. 

 

During the hypertrophic response, there is a re-expression of a fetal gene expression 

pattern in the cardiomyocytes1. An example of such pathway involved in fetal 

development is the Wnt signaling pathway2, 3. Until now, suggestive data for a re-

expression of the canonical Wnt signaling in cardiac hypertrophic remodeling was 

described4, 5. In Chapter 2 of this thesis, the time course of the expression of 

components of the Wnt pathway in Wistar rats subjected to aortic banding is described. 

In the canonical Wnt pathway, only Wnt-3a, but not Wnt-5a, has been shown to be 

capable of an efficient stabilization of β-catenin protein level6, 7, which acts as a signal 

transduction molecule in this pathway. Most Fz receptors have been reported to signal 

through the canonical Wnt pathway, whereas some Fz receptors signal independent of 

the canonical Wnt pathway however, all pathways are thought to use Dvl as a 

transduction component8, 9. A re-expression of components of the canonical Wnt 

pathway was observed, with a gradual increase in mRNA levels of Fz-2 and Dvl-1 at 10 

days after aortic banding. On the other hand, the expression of Wnt-5a was markedly and 

persistently downregulated at all time points tested. The relative amount of the active 

form of GSK-3β gradually decreased over time, whereas the amount of the inactive form 

showed a less consistent pattern.  Protein levels of β-cateninwere up-regulated as early 

as 1 day after aortic banding. These findings are indicative for an upregulation of the 
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canonical, -catenin-mediated Wnt signaling during the development of pressure 

overload-induced cardiac hypertrophy in the rat. 

Because no pharmacological tools are available to specifically inhibit Wnt signaling at 

the level of the Wnt/frizzled interaction, we used a genetically modified mouse, a 

‘conventional knockout mouse’, with germline loss of the Dishevelled-1 gene to explore 

the functional role of Wnt signaling in the hypertrophic response (Chapter 3). To this 

end, mice lacking the Dishevelled-1 gene were subjected to aortic banding, and the 

development of cardiac hypertrophy was compared to wildtype littermates. The lack of 

the Dishevelled-1 gene attenuated the hypertrophic response up to 14 days after aortic 

banding, as determined by increases in heart weight and expression of ANF and BNP. 

Interestingly, the activity of GSK-3βwas found to be elevated in the hypertrophic Dvl-1-

/- mice compared to sham, whereas in wildtypes GSK-3β showed a tendency towards a 

decrease. This difference in GSK-3β activity was also reflected in considerably lower β-

cateninlevels in the Dvl-1-/- mice. This study showed that interruption of Wnt signaling 

leads to an attenuated hypertrophic response upon pressure overload. This attenuated 

hypertrophic response may be explained by an elevated activity of the anti-hypertrophic 

kinase GSK-3βand/or a reduction in the pro-hypertrophic protein β-catenin. This 

indicates that the stabilization of β-catenin occurs not only by a Wnt-independent 

mechanism10 but also by canonical Wnt signaling. In both chapters (2 and 3), we also 

determined the mRNA levels of β-catenin together with the protein levels of β-catenin. 

The results, however, did not show any correlation between mRNA levels and protein 

content of β-catenin, which can be explained by the fact that the cell controls its β-

catenincontent by regulating its degradation rather than its production11. So, 

determination of the β-catenin protein content is the method to examine the role of β-

catenin in the hypertrophic response. 

 

The effect of inactivation of GSK-3βon the development of cardiac hypertrophy, 

induced by pressure overload, was the subject of the study described in Chapter 4. In 

this study, we used LiCl, a well-known GSK-3βinhibitor, at two different doses. 
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Animals were pre-treated for 4 weeks which did not induce any noticeable effects; then 

cardiac hypertrophy was induced by aortic banding. The low LiCl dose (600 mg/l) 

induced elevated ANF levels compared to the untreated group, but no significant 

difference in heart weight or cardiomyocyte cross sectional area were observed. This 

suggests that the hypertrophic response upon aortic banding is already maximal and can 

not further be aggravated by LiCl treatmentBut aortic banding turned out to be fatal in 

animals that received the high LiCl dose (800 mg/l in drinking water). Death occurred 

within 12 hours after aortic banding in most animals and these animals showed 

pulmonary edema, a sign of acute heart failure. The mechanism behind this observation 

requires futher investigation.  

 

The aim of the study described in Chapter 5 was to investigate the effect of treatment of 

cardiac hypertrophy with Angiotensin receptor type I blockers on the expression of 

components of the Wnt signaling pathway. Losartan and olmesartan, although 

administered in equipotent doses, induced different degrees of regression of cardiac 

hypertrophy regression in spontaneously hypertensive heart failure-prone (SHHF) rats. 

However, the effect on the re-expression of the components of the Wnt pathway was 

similar for the two AT1 receptor blockers. This suggests that AT1 receptor blockers do 

not affect the expression of Wnt components indirectly by reducing cardiac hypertrophy, 

but that there is a more direct link between AT1 receptor blockers and Wnt component 

expression. The mechanism behind this direct modulation remains to be elucidated. 

 

In Chapter 6 of this thesis we studied the effect of induction and regression of cardiac 

hypertrophy in TGR(cyp1a1-mRen2) rats. In these rats, severe hypertension can be 

induced by adding indole-3-carbinole to the food, whereas blood pressure normalizes 

upon withdrawal of this compound. This hypertension caused concentric cardiac 

hypertrophy without fibrosis, which returned to values observed in non-treated animals 

at 5 weeks after discontinuation of the treatment. GSK-3β activity was lower and β-

cateninlevels were elevated in the hypertrophic phase, but were normalized after 
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withdrawal of indole-3-carbinole. The data show that regression of cardiac hypertrophy 

is accompanied by a return of the activated Wnt signaling towards baseline values. 

 

In conclusion, Wnt signaling is consistently activated during the development of cardiac 

hypertrophy in our studies. This was characterized by an increase in the expression of 

Fz-2 and Dvl-1, a decrease in active (P-Tyr216) and an increase in the inactive (P-Ser9) 

form of GSK-3β and increased levels of β-cateninprotein. Interruption of Wnt signaling 

attenuates the hypertrophic response upon pressure overload, indicating a functional role 

for this pathway in cardiac remodeling. On the other hand, additional inhibition of GSK-

3β did not further aggravate the hypertrophic response but could induce lethal heart 

failure.  

 

All these experimental results point to GSK-3βas a central regulator of the hypertrophic 

response. From a therapeutic point of view it seems beneficial to increase the GSK-3β 

activity12, 13 in the hypertrophic heart, thereby activating an anti-hypertrophic pathway, 

but recent data indicate that systemic activation of GSK-3β leads to heart failure14-16. 

From this perspective, the best way to intervene in Wnt signaling is at the level upstream 

of GSK-3βe.g. by applying antagonists for the binding of Wnt to Frizzled receptors, 

which therefore could serve as a novel therapeutic approach for cardiac hypertrophy. 

Also inhibiting the interaction of Dvl with Fz receptors could be a promising 

intervention to treat cardiac hypertrophy. The next challenge in this field will be to 

develop these specific Wnt antagonists and test their effect on cardiac remodeling. 
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