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Wnt/frizzled signaling in the adult heart is quiescent under normal conditions; however

it is reactivated after myocardial infarction (MI). Any intervention at the various levels of

this pathway can modulate its signaling. Several studies have targeted Wnt/frizzled

signaling after MI with the majority of them indicating that the inhibition of the pathway

is beneficial since it improves infarct healing and prevents heart failure. This suggests that

blocking the Wnt/frizzled signaling pathway could be a potential novel therapeutic target

to prevent the adverse cardiac remodeling after MI.

& 2012 Published by Elsevier Inc.
Introduction

Myocardial infarction (MI) occurs when a coronary artery is

partially or completely occluded due to the presence of a

thrombus, stenosis (due to atherosclerosis), or coronary

spasm. If blood flow to the myocardium is not restored

promptly then myocyte death is initiated, followed by a

complex and long-lasting wound healing process that aims

to compensate for the lost cardiomyocytes and sustain the

pumping function of the heart (Cleutjens et al., 1999).

Early after the onset of MI, immune cells invade the injured

myocardium, followed by a fibrotic process that occurs not

only in the infarcted area, but also in remote areas (Cleutjens

et al., 1999; Daskalopoulos et al., 2012). Remaining cardio-

myocytes become hypertrophic and the infarct area becomes

thin and dilates excessively. Consequently, the size and

shape of the heart changes. Usually this adverse remodeling
ed by Elsevier Inc.
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of the heart develops slowly and eventually may lead to heart

failure (HF), especially when optimal pharmacologic treat-

ment is lacking (Cleutjens et al., 1999; Gajarsa and Kloner,

2011). Approximately 1 in 5 people that suffer MI after 65

years of age, develop HF (Roger et al., 2012). The number of

HF patients worldwide is estimated to be more than 23

million people (Bui et al., 2011) and about 6–10 % of people

over 65 years of age suffer from it (McMurray and Pfeffer,

2005), establishing it as a major health problem.

Current pharmacotherapy of HF is targeting the b-adrenergic

system, the renin–angiotensin–aldosterone system (RAAS) and

the reduction of fluid overload (diuretics). Despite the avail-

ability of this toolbox, treatment of HF is not curative but

mainly symptomatic and it can only delay the adverse cardiac

remodeling and the progression of HF but not fully prevent

them. Many drug discovery programs in the molecular signal-

ing pathways that lead to HF have been initiated to find new
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targets for treatment. While some of these pathways – such as

the PI3K/Akt, the cAMP/PKA, the Ca2þ, the JNK, the Jak/STAT,

the NFkB pathways – have been extensively studied (Gajarsa

and Kloner, 2011; Katz and Konstam, 2009), no major break-

throughs have been reported regarding their therapeutic value.

The focus of this article is to review the potential of interven-

tions in the Wnt/frizzled signaling pathway in the wound

healing process after MI and their efficacy in the prevention

of HF following MI.
The Wnt/frizzled signaling pathway

The first Wnt gene (int-1, later renamed to Wnt1) was

discovered in 1982 in tumor studies (Nusse and Varmus,

1982). Since then, many reports have unmasked an essential

role for Wnt/frizzled signaling in developmental processes.

In normal healthy conditions, activity of Wnt/frizzled signal-

ing is silent (Koval et al., 2011); however, after injury and in

various pathologic states, repair processes are initiated,

which comprise mainly developmental signaling pathways,

including Wnt/frizzled (Clevers and Nusse, 2012).

The Wnt/frizzled pathway is subdivided into 2 branches.

The canonical (b-catenin dependent) pathway has been most

extensively studied and is depicted in Fig. 1. The stimulation

of the Wnt/frizzled signaling pathway via b-catenin leads to

the activation of a plethora of Wnt target genes (http://ww

w.stanford.edu/group/nusselab/cgi-bin/wnt/target_genes),

the majority of which are tissue- or cell-specific (Clevers and

Nusse, 2012). On the other hand, the non-canonical Wnt/

frizzled pathways are b-catenin independent. While the 2

pathways have distinct functions, they share 3 fundamental

components: the Wnt ligands, the frizzled receptors, and the

low-density lipoprotein receptor-related proteins (LRP). Wnts

are highly conserved glycoproteins that are expressed in

nearly all cell types (MacDonald et al., 2009). To date, 19

different Wnt members have been identified in mammals

(Mikels and Nusse, 2006). Frizzleds are the corresponding

receptors of Wnts. They are 7-transmembrane receptors and

currently 10 different frizzled receptors have been identified

in mammals (Povelones and Nusse, 2005). Lastly, LRPs are

co-receptors essential for functional signaling activity of the

pathway (mostly the b-catenin dependent) and the main LRP

family members are LRP5 and LRP6 (He et al., 2004). For more

details on the various components of the canonical and non-

canonical Wnt/frizzled signaling pathways, the reader is

referred to recent reviews of Rao and Kuhl (2010) and

Clevers and Nusse (2012).
The Wnt/frizzled signaling pathway as a target
to prevent HF post-MI

It is well established that Wnt signaling plays a crucial role in

cardiogenesis and especially in the formation of the myo-

cardium (Eisenberg and Eisenberg, 2006). Almost all frizzled

members have been identified in the healthy heart tissue but

the signaling in the adults is silent (Koval et al., 2011).

However, the Wnt/frizzled cascade is reactivated (Frizzled-1

and Frizzled-2 receptors) in various pathologic conditions,
such as in wound healing after MI (Blankesteijn et al., 1997),

in cardiac hypertrophy and HF, in atherosclerosis etc (van de

Schans et al., 2008), where fetal genes are reexpressed

(Kuwahara and Nakao, 2011). Hence, lately more and more

attention is drawn to the Wnt/frizzled signaling and whether

it can be of interest in the search for novel pharmacologic

treatments following MI, in order to prevent adverse cardiac

remodeling and HF. Potential levels of intervention on the

Wnt signaling pathway are outside the cell (cell membrane,

in order to prevent/promote the formation of the Wnt/

frizzled/LRP complex), in the cell cytoplasm (affecting the

destruction complex), or within the nucleus (modulating the

effect of b-catenin on the gene transcription) and have been

discussed in this order. For an overview of the studies

included in this review, the reader is referred to Table 1 and

Fig. 2.
Interventions in Wnt signaling after MI: Outside the cell
membrane

Secreted frizzled related proteins (sFRPs) are molecules that

directly bind to Wnts, preventing Wnt/frizzled interaction

and hence the activation of Wnt signaling in the cell

(Bovolenta et al., 2008). The group of Duplaa investigated

the role of sFRPs in the post-MI healing process in FzdA (or

sFRP-1) overexpressing transgenic mice. They observed a

reduction in the infarct size (days 2, 15 and 30 post-MI) and

of the cardiac rupture incidence (days 4–5 post-MI), while

cardiac function was improved (Barandon et al., 2003). A later

study of Barandon et al. suggested that the beneficial effects

of sFRP-1 were mediated via the Wnt/Ca2þ pathway, leading

to an inhibition of IL-6, IL-1b, and IL-8 (all pro-inflammatory

genes) expression in neutrophils. In a follow-up study, in

which sFRP-1-overexpressing bone marrow-derived cells

(BMCs) were transplanted into the infarcted myocardium,

the infiltration of neutrophils in the scar was decreased.

Neutrophil infiltration is associated not only with a reduced

expression of IL-6 (pro-inflammatory cytokine) and boosted

expression of IL-10 (anti-inflammatory cytokine), but also

with a reduced incidence of cardiac rupture (Barandon et al.,

2011).

Alfaro et al. studied genetically modified mesenchymal

stem cells (MSCs) that are shown to overexpress sFRP-2.

After a single administration of these MSCs to the infarct

area of mice, infarct size was reduced and cardiac function

was substantially improved 30 days post-MI (Alfaro et al.,

2008). Furthermore, the same group showed that sFRP-2

reduces MSCs apoptosis and this might also be implicated

in the sFRP-2 mediated beneficial effects after MI. The

authors suggest that this effect on apoptosis is mediated

via two separate systems that do not seem to crosstalk,

the Wnt/b-catenin and the bone morphogenic protein

(BMP)-mediated pathways (Alfaro et al., 2010). He et al. also

demonstrated a positive effect of sFRP-2 in rats after MI.

Recombinant sFRP-2 protein was injected as a single dose

(4 mg of protein) directly into the infarcted area of rats, 2 days

post-MI . Recombinant sFRP-2 affected collagen I deposition

and substantially reduced the fibrosis 14 days after MI

induction, while it improved cardiac function 4 weeks after



Fig. 1 – Overview of the Wnt signaling pathway. When the ligand (Wnt) is absent, glycogen synthase kinase 3b (GSK-3b) is

stabilized by several factors, including the adenomatous polyposis coli (APC), casein kinase 1 (CK1) and Axin, which form

together the so called ‘‘destructive complex’’. Activated GSK-3b phosphorylates b-catenin and initiates its degradation. In

this way, b-catenin is prevented from entering the nucleus and gene transcription is hindered (A—‘‘OFF mode’’). sFRPs

(soluble frizzled related proteins) can also act as inhibitors, by binding Wnt and hence not allowing it to act on the frizzled

receptor. In contrast, if Wnt binds to the frizzled receptor and the low-density lipoprotein receptor-related proteins (LRP)

co-receptor, the Wnt-frizzled-LRP complex activates the Dishevelled (Dvl) protein which dissolutes the ‘‘destructive complex’’,

allowing the translocation of b-catenin into the nucleus. In this cell compartment, b-catenin binds to T-cell factor/Lymphoid

enhancer factor (TCF/LEF) proteins and activates the transcription of Wnt target genes (B—‘‘ON mode’’; Kikuchi et al., 2007;

Kimelman and Xu, 2006).

T R E N D S I N C A R D I O V A S C U L A R M E D I C I N E 2 3 ( 2 0 1 3 ) 1 2 1 – 1 2 7 123
MI, compared with controls. Nevertheless, this antifibrotic

effect of sFRP-2 does not seem to be mediated via Wnt

signaling pathway but via BMP1 (a tolloid-like metalloprotei-

nase; He et al., 2010). On the other hand, a study by

Kobayashi et al. demonstrated exactly opposite effects of

sFRP-2. sFRP-2 knockout (KO) mice had less matured col-

lagen, substantially increased ejection fraction (EF; almost

equal to that of sham animals) and improved cardiac func-

tion, compared with sFRP-2 wild type (WT) animals 14 days

post-MI. Again, these anti-fibrotic effects do not appear to be

directly connected to a Wnt/frizzled activation, but rather are

the result of an indirect BMP1 effect (Kobayashi et al., 2009).

Nevertheless, the majority of the studies on sFRPs indicate a

beneficial effect of the blockade of Wnt/frizzled signaling

in cardiac remodeling post-MI.

In vitro studies conducted by our group showed that Wnt/

frizzled signaling manipulations have direct effects on (myo)-

fibroblast migration and differentiation, the presence of

which in the infarct area is crucial for the wound healing
post-MI . Different combinations of Wnts (Wnt3a or Wnt5a)

and frizzleds (Fzd-1 or Fzd-2) can have opposite effects on the

(myo)fibroblast. The combinations of Fzd-2/Wnt3a and Fzd-1/

Wnt5a inhibited the differentiation of cardiac fibroblasts

immortalized with telomerase (CFIT), whereas the opposite

effect was demonstrated for the combinations of Fzd-2/

Wnt5a and Fzd-1/Wnt3a. In addition, CFIT migration was

inhibited with all possible Fzd/Wnt combinations (Laeremans

et al., 2010). When UM206 (a peptide fragment of Wnt5a) was

used in the same cells, it was shown to possess antagonistic

properties for the Fzd-2 receptor and to completely block the

inhibitory effects of Wnt3a in the CFIT differentiation and

migration. This formed the basis for the in vivo studies in a

mouse MI model. Treatment with UM206 for 5 weeks imme-

diately after MI lead to suppression of the infarct area, an

increase of the wall thickness, a substantial improvement

of the cardiac function parameters, and the complete pre-

vention of HF-related mortality in the UM206-treated mice,

compared with a 30% mortality of the saline-treated controls.



Table 1 – Overview of the latest studies targeting the Wnt-signaling pathway after MI.

Species and strain of animals Age of

animals

Part of Wnt signaling affected Initiation of

treatment

Duration of

treatment

Intervention

needed for

improvement of

remodeling

Reference

post-MI post-MI

(days)

post-MI

Mouse (male sFRP-1 transgenic in

C57BL/6J background)

10–12 weeks

old

Overexpression of sFRP-1 n/a 0–30 Inhibition of Wnt

signaling

Barandon et al. (2003) (1)

Mouse (male CD1) 7–12 weeks

old

sFRP-2 KO n/a 0–14 Activation of Wnt

signaling (?)

Kobayashi et al. (2009) (2)

Rat (male Sprague–Dawley) 6 weeks old Recombinant sFRP-2 addition 2 days post-MI 0–28 Inhibition of Wnt

signaling

He et al. (2010) (3)

Mouse (male Swiss) 10–12 weeks

old

Fzd-1 and Fzd-2 blockade Immediately

after MI

0–35 Inhibition of Wnt

signaling

Laeremans et al. (2011) (4)

Mouse (C57BL/6J) 8–12 weeks

old

Wnt3a addition to CSP

progenitor cells

Immediately

after MI

0–7 Inhibition of Wnt

signaling

Oikonomopoulos et al.

(2011) (5)

Mouse (male C57BL/6J) 10–12 weeks

old

BMCs overexpressing sFRP-1 n/a 0–7 Inhibition of Wnt

signaling

Barandon et al. (2011) (6)

Mouse (C57BL/6) n/a MSCs overexpressing sFRP-2 Immediately

after MI

0–30 Inhibition of Wnt

signaling

Alfaro et al. (2008) (7)

Rat (female Sprague–Dawley) 8–12 weeks

old

MSCs releasing Wnt11 Immediately

after MI

0–28 Activation of Wnt

signaling

Zuo et al. (2012) (8)

Mouse (transgenic in C57Bl6

background)

n/a Cardiomyocyte-specific

GSK-3b KO

n/a 0–56 Activation of Wnt

signaling

Woulfe et al. (2010) (9)

Mouse (C57BL/6) 12 weeks old MSCs overexpressing GSK-3b Immediately

after MI

0–84 Inhibition of Wnt

signaling

Cho et al. (2011) (10)

Mouse (C56BL6) n/a Inhibition of Axin degradation

and increased breakdown of

b-catenin

Immediately

after MI

0–30 Inhibition of Wnt

signaling

Saraswati et al. (2010) (11)

Mouse (b-catDex transgenic in

C57BL/6

and FVB background)

12 weeks old b-catenin depletion n/a 0–28 Inhibition of Wnt

signaling

Zelarayan et al. (2008) (12)

Rat (female Sprague–Dawley) 12 weeks old b-catenin overexpression (gene

transfer)

Immediately

after MI

0–14 Activation of Wnt

signaling

Hahn et al. (2006) (13)

Abbreviations: BMCs, bone marrow-derived cells; CSP, cardiac side population cells; GSK-3b, glycogen synthase kinase-3b; KO, knockout; MI, myocardial infarction; MSCs, mesenchymal stem cells;

sFRP, soluble frizzled related proteins.
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Fig. 2 – Site of action of the several approaches targeting the Wnt/frizzled signaling pathway after MI. Factors acting as

inhibitors of the Wnt/frizzled signaling pathway (A—‘‘OFF mode’’) and factors acting as inducers, activating the pathway

(B—‘‘ON mode’’). For the numbering of each study involved in the targeting of the Wnt/frizzled signaling pathway, please

refer to Table 1 (far right column). Abbreviations: APC, adenomatous polyposis coli; CK1, casein kinase 1; Dvl, dishevelled;

GSK-3b, glycogen synthase kinase 3b; LRP, low-density lipoprotein receptor-related proteins; sFRP, soluble frizzled related

proteins; TCF/LEF, T-cell factor/Lymphoid enhancer factor.
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Myofibroblast counts in the UM206-treated group were

greatly increased, which showed that targeting myofibro-

blasts via the Wnt/frizzled signaling can be a promising

therapeutic approach in the prevention of HF post-MI

(Laeremans et al., 2011).

A recent study by Oikonomopoulos et al. established a

direct inhibitory effect of Wnt3a in cardiac side population

(CSP) cell proliferation in vitro, which appears to be mediated

via cell cycle regulation and involves insulin growth factor

binding protein 3 (IGFBP3). Moreover, when Wnt3a or IGFBP3

was injected into the injured MI area, Wnt-related genes

were up-regulated and CSP numbers in the infarcted area

were suppressed, leading to increased LV remodeling and

a worsened cardiac function (Oikonomopoulos et al., 2011).

Lastly, the group of Zuo developed MSCs that overexpress

Wnt11. Female rats were subjected to MI and immediately

afterwards the MSCWnt11 were transplanted in the peri-

infarct area of the rats. It was demonstrated that the infarct

size and the LV anterior wall thickness were substantially

reduced 4 weeks post-MI in the animals that were trans-

planted with MSCWnt11 compared to the controls. The

authors suggest that this beneficial effect of the MSCWnt11
could be due to increased transdifferentiation of cardiomyo-

cytes or due to an effect of Wnt11 during the acute ischemic

attack phase; however they could not rule out paracrine

factors (that are also released by the MSCWnt11) also playing

an important role in the cardioprotective effect (Zuo et al.,

2012). It has to be noted that interventions targeting compo-

nents on the outside of the cell membrane (frizzled, LRP) are

probably more easily accessible, offering a pharmacokinetic

advantage over interventions on intracellular targets.

Interventions in Wnt signaling after MI: In the cytoplasm

Glycogen synthase kinase 3b (GSK-3b) is the most important

cytoplasmic component of the canonical Wnt pathway.

Woulfe et al. studied cardiomyocyte-specific GSK-3b KO mice

that were subjected to MI. In these KO mice ventricular

dilatation was substantially decreased and cardiac function

significantly restored at 4 and 8 weeks post-MI, implying a

protective effect of the deletion of GSK-3b (Woulfe et al.,

2010). Because of the fact that GSK-3b KO affected only the

cardiomyocytes, potential effects of Wnt signaling on (myo)-

fibroblasts cannot be ruled out. This is illustrated by the
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observation that transplantation of MSCs that overexpress

GSK-3b beneficially modified cardiac function and survival

post-MI. Nevertheless, this effect might be a result of the

actions of GSK-3b on the Akt pathway and – possibly – not on

the Wnt signaling cascade (Cho et al., 2011).It has to be noted

here that a number of GSK-3 inhibitors have been identified

(Meijer et al., 2004) and hence it would be challenging to

investigate their potential effects after MI.

In addition, Saraswati et al. (2010) studied pyrvinium, a

potent molecule known to prevent Axin degradation and to

promote the breakdown of b-catenin (hence acting as a Wnt

signaling inhibitor). After a single administration of the

molecule (since its repeated administration increased mor-

tality) in the border zone of the infarct, the treated mice

demonstrated an improved LV remodeling 30 days after MI.

Furthermore, the authors suggest that the beneficial effects

of pyrvinium after MI are attributed to the inhibition of Wnt/

frizzled signaling in cardiomyocytes.
Interventions in Wnt signaling after MI: In the nucleus

Various groups have focused on the modulation of more

downstream parts of the canonical Wnt signaling pathway

and have targeted b-catenin in MI animal models. A multi-

center team examined infarct healing in b-catenin depleted

and b-catenin stabilized transgenic mice. In b-catenin

depleted mice, mortality was reduced at 2 and 4 weeks

post-MI, and infarct size was suppressed 4 weeks after MI,

whereas mortality of the b-catenin stabilized mice was

increased. The authors suggest that the b-catenin deletion

increases the differentiation of resident cardiac progenitor

cells, which in turn exhibit a beneficial effect on LV remodel-

ing after the infarction (Zelarayan et al., 2008).

Contrasting data were reported by the group of Hahn. They

constructed an adenoviral vector expressing triple mutant

b-catenin which was injected in the infarcted area of a rat

MI model. This b-catenin gene transfer lead to improved LV

end diastolic/end systolic measurements, as well as a sup-

pression of the infarcted area compared to control rats – 7

and 14 days post-MI– with apoptosis suppression and

increased myofibroblast differentiation being the potential

mechanisms. Nevertheless, the authors reported an increase

in the cardiomyocyte hypertrophy (which can lead to nega-

tive outcomes, especially in the early stages post-MI; Hahn

et al., 2006), although it included only female rats which are

known to react differently from males after MI (Jain et al.,

2002).

Lastly, Hippo is a signaling pathway playing an important

role in apoptosis as well as cell proliferation and its most

downstream effector is Yap. The group of Martin proved

that the Hippo pathway can interact inside the nucleus with

the canonical Wnt/b-catenin pathway. Furthermore, they

demonstrated in vitro that Hippo signaling can suppress the

b-catenin/Yap interaction in differentiating cardiomyocytes,

thus leading to decreased proliferation of cardiomyocytes and

so a decreased heart size. This preliminary finding could form

the basis of more research on how a Hippo-blocking agent

could induce the proliferation of cardiomyocytes following MI

(Heallen et al., 2011).
Conclusions

The therapeutic options for treatment of patients that have

suffered from MI have improved substantially over the last 3

decades. However, current pharmacologic therapy cannot

stop cardiac remodeling and its progression to HF, but mainly

suppresses the symptoms. Hence, it is apparent that novel

agents are urgently required in order to develop more

efficient strategies against the development of HF, post-MI.

The Wnt/frizzled signaling cascade has a crucial role in the

remodeling after MI and the latest research suggests an

exciting field that we have only begun to explore. Never-

theless, several discrepancies are demonstrated between the

different studies, most of them implying a beneficial effect

after inhibition of the Wnt signaling, while others support

the activation of the cascade. The reasons for these conflict-

ing data are not fully clear but the use of different species

(mice or rats) and strains and the utilization of variable

treatment regimens (starting at various points post-MI and

continuing for different lengths of time) are likely to con-

tribute. Moreover, several of the aforementioned studies use

diverse genetically expressed stem cell types, which are

known to have different properties and sometimes disap-

pointing yields of cellular reprogramming (Murry and Pu,

2011). Furthermore – to the knowledge of the authors – no

clinical trials have been conducted thus far, making it more

difficult to extrapolate the results of the experimental animal

studies. The majority of the current research studies sup-

ports the inhibition of Wnt signaling theory to be the most

prevalent (possibly in the same context that b-adrenoceptor

blockade and RAAS blockade is also beneficial), however

more research is required in order to elucidate the actual

mechanisms by which Wnt, frizzled and their downstream

molecules are involved in the remodeling process. We believe

that the Wnt/frizzled signaling pathway may offer a novel

therapeutic approach for modulating cardiac repair after MI

and in prevention of HF.
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