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a b s t r a c t

Atherosclerosis is a disease of the vascular wall that forms the basis for a large spectrum of pathologies of
various organs and tissues. Although massive research efforts in the last decades have yielded valuable
information about its underlying molecular mechanisms, this has not led to a translation into effective
therapeutic interventions that can stop the progression or even can induce regression of atherosclerosis.
This underscores the importance of investigations on the involvement of novel signaling pathways in the
development and progression of this condition. In this review we focus on the role of Wnt signaling in
atherosclerosis. Experimental evidence is presented that Wnt signaling is involved in many aspects of the
development and progression of vascular lesions including endothelial dysfunction, macrophage acti-
vation and the proliferation and migration of vascular smooth muscle cells. Subsequently, we will discuss
the role of Wnt signaling in myocardial infarction and stroke, two common pathologies resulting from
the progression of atherosclerotic lesions towards an unstable phenotype. Despite the fact that the
published data sometimes are ambiguous or even conflicting, a picture is emerging that an attenuation of
Wnt signaling is beneficial for the cardiovascular system that is compromised by atherosclerosis.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Atherosclerosis is a disease of the arterial wall that forms the
pathological basis for a broad array of cardiovascular conditions
such as ischemia, myocardial infarction (MI) and stroke. The vas-
cular lesions start to develop in the second decade of life (Freedman
et al., 1988), but usually become clinically relevant in middle-aged
and elderly persons. The disease is characterized by a progressive
thickening of the intima where inflammatory cells, lipids and ex-
tracellular matrix accumulate. This can either lead to narrowing of
the artery, as e.g. observed in angina pectoris, or to an acute
thrombotic occlusion of the affected artery when the lesion
ruptures.

Several risk factors contribute to the development of
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atherosclerotic plaques. Originally, elevated plasma lipids—more in
particular LDL cholesterol—were considered to be the main risk
factors for atherosclerosis development. Extensive epidemiological
studies have learned that this relationship is far more complex
(McNamara, 2000). Interestingly, this observation is supported by
the ever increasing number of pleiotropic effects that have been
reported for statins, the main class of therapeutic agents for
atherosclerosis. Originally developed as lipid lowering drugs, these
agents turned out to have multiple effects on the vasculature, the
anti-inflammatory effect probably being a prominent contributor
to the therapeutic success of these agents (Liao and Laufs, 2005).
This underscores the importance of a better understanding of the
molecular mechanisms involved in atherosclerosis development
and progression, which can subsequently be translated into im-
proved therapy.

In this review, we will focus on the role of Wnt signaling in
atherosclerosis. After an introduction and a brief description of
this signaling pathway, we will present experimental evidence for
its involvement in many aspects of the development and pro-
gression of an atherosclerotic lesion, including endothelial dys-
function, macrophage differentiation and smooth muscle cell mi-
gration. We will subsequently present data on its involvement in
cardiac ischemia and stroke. We will finish with a discussion on
the potential of this pathway as a therapeutic target in cardio-
vascular diseases.

www.sciencedirect.com/science/journal/00142999
www.elsevier.com/locate/ejphar
http://dx.doi.org/10.1016/j.ejphar.2015.05.023
http://dx.doi.org/10.1016/j.ejphar.2015.05.023
http://dx.doi.org/10.1016/j.ejphar.2015.05.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2015.05.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2015.05.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ejphar.2015.05.023&domain=pdf
mailto:wm.blankesteijn@maastrichtuniversity.nl
http://dx.doi.org/10.1016/j.ejphar.2015.05.023


W. Matthijs Blankesteijn, K.C.M. Hermans / European Journal of Pharmacology 763 (2015) 122–130 123
2. A brief overview of Wnt signaling and its constituents

Wnt proteins form a large family of excreted signaling mole-
cules that are present in virtually all animals. The first Wnt protein
was discovered in developing Drosophila and called ‘wingless’ to
describe the phenotype when the gene was inactive. Around the
same time, a proto-oncogene named Int-1 was identified in mice
that turned out to be a mammalian homologue of Wingless;
therefore the names were combined into Wnt. In the meantime, 19
members of the Wnt family have been identified in mammals,
with an average size of 350–400 amino acids and a strongly con-
served pattern of 22–24 cysteines. Moreover, palmitoylation of a
Serine residue was found to be indispensable for biological activity
of the protein (Miller, 2002).

Wnt proteins can interact with multiple classes of receptors.
Frizzled proteins, a family of seven transmembrane receptors,
were the first to be identified as receptors for Wnt ligands (Schulte
and Bryja, 2007). A general characteristic of frizzled proteins is the
well-conserved extracellular cysteine-rich domain (CRD). The
crystal structure of a Wnt-CRD complex (Janda et al., 2012) re-
vealed that the shape of Wnt proteins mimics the palm of a hand,
grabbing the Fizzled CRD with two extensions referred to as the
thumb and index finger. Lipoprotein receptor-related proteins
5 and 6 (LRP5 and 6) act as co-receptors in the complex (Cong
et al., 2004). Furthermore, the tyrosine kinase receptor families
Ror and Ryk can act as receptors for several Wnts as well (Kikuchi,
2000).

Modulation of Wnt signaling has been described by several
classes of endogenous proteins, but in the context of this review
the soluble Frizzled-related proteins (sFRP) and proteins from the
Dickkopf family (DKK) are the most relevant. sFRPs contain a CRD
with structural similarity to that of frizzled proteins. Binding of
Fig. 1. Schematic representation of the β-catenin-mediated Wnt signaling pathway, also
the “off” state where the receptor complex, consisting of a frizzled protein and an lipop
condition, the second messenger β-catenin is phosphorylated by the destruction complex
Polyposis Coli protein (APC) and Casein Kinase I (CK1). The phosphorylated β-catenin is
cytoplasmic β-catenin levels low and prevents the migration of b-catenin to the nucleu
complex activates the “on” state, where the dishevelled protein (Dvl) induces a disrup
accumulate in the cytoplasm, where it subsequently translocates to the nucleus where it
(TCF/LEF) family and induces the transcription of Wnt-responsive genes. Inhibitors of W
family (DKK) are also depicted.
Wnt to sFRPs scavenges Wnts in the extracellular space so these
proteins can act as functional Wnt antagonists (Surana et al.,
2014). However, sFRPs have also been shown to have Wnt-in-
dependent mechanisms of action, e.g. via induction of bone mor-
phogenetic proteins (BMPs) (Ostrom, 2014). Proteins from the DKK
family interact with the co-receptors LRP5 and 6, thereby pre-
venting the formation of the ligand–receptor complex and indu-
cing a rapid internalization of the LRP (Cruciat and Niehrs, 2013).

Multiple signaling pathways have been identified for Wnt. The
most extensively studied pathway is the Wnt/β-catenin pathway,
also referred to as ‘canonical’ Wnt signaling (Fig. 1). When this
pathway is inactive, the second messenger β-catenin is con-
tinuously phosphorylated by a so-called destruction complex
consisting of Dishevelled, GSK3β, Axin, APC and Casein kinase-1.
This phosphorylation of β-catenin is the first step towards its de-
gradation. Activation of Wnt signaling causes the destruction
complex to disintegrate, resulting in cytoplasmic accumulation of
β-catenin. This β-catenin can move towards the nucleus to interact
with transcription factors from the T-cell factor / leucocyte en-
hancer factor (TCF/LEF) family to activate transcription of Wnt-
responsive genes.

Non-canonical signaling of Wnt proteins can take place via
multiple pathways, but the best characterized are the planar cell
polarity pathway, involving Rho/c-jun N-terminal kinase (JNK)
signaling, and the Wnt/Ca2þ pathway (Fig. 2). The former pathway
is involved in pattern formation during embryonic development
via a direct activation of the small G-proteins Rac and Rho by di-
shevelled. The Wnt/Ca2þ pathway involves G-protein mediated
activation of phospholipase C, causing Ca2þ release from in-
tracellular stores. This in its turn can activate Ca2þ-dependent
enzymes such as protein kinase C, calcium/calmodulin-dependent
kinase II and calcineurin (Angers and Moon, 2009; Dijksterhuis
referred to as canonical Wnt signaling. In the left panel, the pathway is depicted in
rotein receptor-related protein (LRP) 5/6, is not occupied by a Wnt protein. In this
, consisting of the kinase glycogen synthase kinase 3β (GSK3β), Axin, Adenomatous
targeted for degradation by the ubiquitin proteasome mechanisms. This keeps the
s where it acts as a transcription factor. Binding of a Wnt protein to the receptor
tion of the destruction complex. β-Catenin is no longer phosphorylated and can
interacts with transcription factors from the T-cell factor/lymphoid enhancer factor
nt singaling, soluble frizzled-related protein (sFRP) and proteins from the Dickkopf



Fig. 2. Schematic representation of two non-β-catenin-mediated Wnt signaling pathways. In panel A, the planar cell polarity pathway is shown. In this pathway, binding of
Wnt to Frizzled activates Dishevelled, which in turn can activate the small G-proteins Rho and RAC. These can activate Rho kinase (ROCK) and c-Jun N-terminal Kinase (JNK),
respectively. In panel B, the Wnt/Ca2þ pathway is shown. This pathway uses heterotrimeric G-proteins to transfer the signal from the Wnt/frizzled complex to phospholipase
C (PLC). Activation of PLC causes a rise in intracellular Ca2þ , which results in a wide array of different intracellular effects including the activation of calcineurin, calcium/
calmodulin dependent kinase II (CAMKII) and protein kinase C (PKC).
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et al., 2014).
Wnt signaling plays an essential role in many developmental

processes such as tissue patterning, specification of cell fate and
control of asymmetric cell division. The involvement of Wnt sig-
naling in cardiogenesis and vasculogenesis has been studied ex-
tensively and is described in several excellent reviews (Dejana,
2010; Gessert and Kuhl, 2010). However, it is beyond the scope of
the present review to discuss this topic in detail.
3. Wnt signaling in atherosclerotic plaques

A first step in the pathogenesis of atherosclerosis is dysfunction
of the endothelial cells that form the inner lining of arteries and
arterioles, allowing adhesion of monocytes and their permeation
into the subintimal space. There the monocytes differentiate into
macrophages, which release diverse cytokines. This triggers the
migration of smooth muscle cells from the media to the intima.
Both macrophages and smooth muscle cells accumulate lipids and
an atherosclerotic plaque is formed that has a fibrous cap on the
luminal side of the artery. Rupture of the fibrous cap causes the
contents of the plaque to be released in the lumen, resulting in the
formation of a thrombus that can occlude the artery (Libby, 2002).

3.1. Clinical observations

A first indication of the involvement of Wnt signaling in
atherosclerosis stems from the description of an Iranian family
with autosomal dominant early coronary artery disease, hy-
pertension, hyperlipidemia and osteoporosis. In this family, a
homozygous mutation that introduces a missense mutation,
R611C, in the LDL receptor-related protein (LRP)6 gene could be
linked to the affected subjects (Mani et al., 2007). In the meantime,
a more common variant of LRP6, I1062V, has been identified that
is related to an increased risk for carotid artery atherosclerosis in
hypertensive patients. In patients with this LRP6 variant, the levels
of LRP6 expression in carotid atherosclerotic plaques were sig-
nificantly reduced, but in contrast to the R611C variant the blood
lipid levels were not affected (Sarzani et al., 2011). Because LRP6
acts as a co-receptor in the canonical Wnt signaling, these findings
are suggestive for a role of this pathway in atherosclerosis.

Several researchers have investigated the relation between
Wnt expression and the severity and stability of atherosclerotic
lesions. Christman et al. (2008) reported predominant Wnt5a
staining of intimal areas of macrophage accumulation in athero-
sclerotic lesions of apolipoprotein-deficient mice and human en-
darterectomy samples. This finding was confirmed in other studies
from this group where a correlation between Wnt5a expression
and severity of the atherosclerotic lesion was demonstrated (Bhatt
et al., 2012; Malgor et al., 2014). In these studies, the expression of
Wnt5a in human monocyte-derived macrophages and THP-1 cells
could be induced by ox-LDL whereas native LDL was inactive. On
the other hand, Wnt5a reduced the accumulation of cholesterol in
lipid-loaded cells by regulating the mRNA expression of Caveolin-1
and ATP binding cassette transporter A1 (ABCA1), both being in-
volved in reverse cholesterol transport. This may present a novel
mechanism of Wnt5a-mediated cholesterol transportation in
macrophages and VSMC (Qin et al., 2014). Antagonists of Wnt
signaling, in particular DKK1, were also detected in advanced and
unstable atherosclerotic lesions. Immunohistochemical staining
revealed platelet aggregates in thrombus material derived from
the site of plaque rupture as an important source of DKK1 (Ueland
et al., 2009). For more information on the role of Wnt5a in
atherosclerosis, we refer to a recent review by Bhatt and Malgor
(2014).

Components of Wnt signaling not only have been detected in
the atherosclerotic lesions, but can also be detected in the circu-
lation. Elevated levels of Wnt5a were reported in about half of the
atherosclerotic subjects, whereas in the other half the levels were
similar to healthy control subjects (Malgor et al., 2014). Similarly,
elevated levels of DKK1 were reported in plasma obtained from
patients with carotid atherosclerosis (Ueland et al., 2009), acute MI
(Perez Castrillon et al., 2010) and acute ischemic stroke (Seifert-
Held et al., 2011). Moreover, DKK1 levels were reported to corre-
late with coronary atherosclerosis and calcification scores (Kim
et al., 2011) and to be an independent predictor of adverse cardiac
events (Wang et al., 2013). In a cohort of young MI patients
(ageo40 years), the levels of Wnt1 and DKK1 were determined at
3 days and one year after the ischemic event. Wnt1 levels were
significantly lower compared to age-matched controls at 3 days
post-MI and stayed stable over time, whereas elevated DKK1 levels
were only detected at the late time point (Goliasch et al., 2012).
These studies indicate that components of activated Wnt signaling
pathways spill over from the diseased tissues into the circulation
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where they can be monitored by minimally invasive procedures.

3.2. Wnt signaling in endothelial dysfunction

ECs form the boundary between the circulating blood and the
underlying tissue. When exposed to laminar blood flow, ECs play
an important role in the hemodynamic regulation by releasing
vasoactive mediators, like e.g. nitric oxide. To this end, ECs can
sense both mechanical and chemical signals. Lesions of the en-
dothelium can occur at sites in the circulation where the blood
flow is disturbed, e.g. at the branching point of arteries. In da-
maged endothelial cells, the expression of inflammatory and pro-
thrombotic genes is induced, resulting in the recruitment of in-
flammatory cells to the subendothelial layer. This process, gen-
erally referred to as endothelial dysfunction, is one of the hall-
marks in the development of atherosclerosis (Heusch et al., 2014).

In several studies, the role of Wnt signaling in endothelial cell
function has been investigated. Working with mouse brain mi-
crovascular ECs and HUVEC, Wright et al. reported the expression
of several members from the Wnt an Fzd families. Moreover, they
observed a Wnt1-induced increase in the free pool of β-catenin
and a concomitant activation of a T-cell factor/leucocyte enhancer
factor (TCF/LEF)-dependent reporter construct, indicative of acti-
vation of β-catenin dependent Wnt signaling. Overexpression of
Wnt1, but not Wnt5a, induced proliferation of the cultured en-
dothelial cells (Goodwin et al., 2007; Wright et al., 1999). However,
later studies yielded opposite results by showing augmented EC
proliferation by Wnt5a/Ca2þ-mediated signaling and inhibition of
EC proliferation by canonical (Wnt1-induced) Wnt signaling
(Cheng et al., 2003, 2008; Masckauchan et al., 2006). A full
screening of the expression of all Wnts, Fzds, LRP5/6, DKKs and
sFRPS was performed by Goodwin et al. (2006) in ECs from dif-
ferent origins. Although some Wnts (Wnt2b, 4 and 5a) and Fzds
(Fzd6 and 8) were detected in all samples, a considerable varia-
bility in expression profiles was reported for the other members,
particularly in HUVEC from different sources. Stabilization of cy-
toplasmic β-catenin and activation of reporter gene expression
was more pronounced in subconfluent than in confluent EC. The
large variation in expression patterns between different sources of
ECs and the effects of cell–cell contact may help to explain the
inconsistent results reported in the literature regarding this
subject.

As indicated above, endothelial dysfunction and inflammation
are essential events in the early development of atherosclerosis.
Interestingly, Wnts not only can modulate the proliferation of ECs
but also play a role in the regulation of endothelial inflammation.
Kim et al. showed that a 1 h incubation of ECs with recombinant
Wnt5a induced the expression of cytokines like IL-1α, IL-6 and IL-
8, and inflammatory genes like COX2 (Kim et al., 2010). Pulsatile
exposure to Wnt5a enhanced this expression even further. The
authors propose a cooperative activation of inflammatory genes by
Tumor necrosis factor-α and Wnt5a, the former activating NFκB
via IKK activation and the latter activating NFκB via the Ca2þ/PKC
signaling route.

In a recent study, the role of the redox regulatory protein p66shc

in β-catenin mediated Wnt signaling was studied in HUVEC.
Wnt3a induced a rapid JNK-mediated phosphorylation of p66shc at
Ser36, which could be inhibited by DKK1. Knockdown of p66shc

attenuated β-catenin mediated gene transcription. Active β-cate-
nin reduced the endothelium-mediated relaxation of mouse aorta
rings via an increase of reactive oxygen species. The authors
concluded that p66shc plays a vital role in the Wnt3a-mediated
endothelial dysfunction (Vikram et al., 2014). These studies un-
derscore that components of Wnt signaling are not only expressed
in vascular endothelial cells, but that activation of Wnt signaling
contributes to endothelial dysfunction.
3.3. Wnt signaling in macrophages

Atherosclerosis is currently regarded as an inflammatory dis-
ease in which macrophages play a crucial role. Monocytes binding
to areas of dysfunctional endothelium subsequently migrate to the
subendothelial space where they differentiate into macrophages.
There they are loaded with lipids to form the foam cells that are
characteristic for atheromatous lesions. Moreover, macrophages
can release matrix-degrading enzymes which can weaken the fi-
brous cap that forms over the lesion, giving rise to plaque rupture
and acute atherotrombotic events (Libby, 2002).

The observation that macrophage-rich areas of atherosclerotic
plaques contain high levels of Wnt 5a (Christman et al., 2008) was
the starting point for research on the role of Wnts in the macro-
phage activation. The expression of Wnt5a in human macrophages
can be induced by bacterial structures, involving TLR4 (Pereira
et al., 2009), but also by oxidized LDL (Bhatt et al., 2012). Via in-
teraction with Fzd5, this Wnt5a can induce the expression of pro-
inflammatory cytokines, thereby contributing to the development
of the inflammatory response. On the other hand, Wnt3a has an
anti-inflammatory effect via suppression of GSK3β, which in turn
can regulate the NFκB-dependent gene transcription (Schaale
et al., 2011).

The role of LRP5 in macrophage differentiation and migration
upon lipid loading was investigated by Borrell–Pages et al. LRP5
transcription was induced by aggregated LDL (agLDL). Silencing of
LRP5 by siRNA treatment reduced the accumulation of lipids in the
macrophages and the motility of macrophages in a wound healing
assay and significantly reduced LDL uptake in the macrophages.
The authors conclude that LRP5 plays a role in the innate in-
flammatory response to lipid infiltration (Borrell-Pages et al.,
2011).

The same authors tested the role of LRP5 in vivo using LRP5-
deficient mice fed a high cholesterol diet. Compared to wildtypes,
these mice had mildly elevated total cholesterol levels and de-
veloped larger atherosclerotic plaques, indicating that LRP5 has a
protective effect on atherosclerosis development (Borrell-Pages
et al., 2014). These results are in agreement with the previously
published observations from (Magoori et al., 2003), who showed
�3-fold greater atherosclerotic lesions with extensive foam cell
accumulation and destruction of the internal elastic lamina in
apoE;LRP5 double knockout mice compared to apoE knockouts at
6 month of age.

3.4. Wnt signaling in vascular smooth muscle cells

Migration of vascular smooth muscle cells (VSMC) from the
media towards the intima is one of the hallmarks in the devel-
opment of an atherosclerotic plaque. Quiescent VSMC are activated
by a complex mechanism, probably involving the inflammatory
mediators released from atherosclerotic lesion, which results in
proliferation and migration. This is accompanied by a switch from
a contractile towards a synthetic phenotype, characterized by in-
creased production of cytokines and extracellular matrix and a
reduction in contractile proteins (Owens et al., 2004).

Several studies have shown a stimulating effect of β-catenin on
VSMC proliferation. This second messenger of Wnt signaling in-
duces the upregulation of pro-proliferative genes like cyclin D1
(Quasnichka et al., 2006; Wang et al., 2002) via the transcription
factor TCF4. The activation of this pathway was observed in bal-
loon denudation of the carotid artery in several studies (Slater
et al., 2004; Uglow et al., 2003). Applying carotid ligation in TOPgal
(Wnt reporter gene) transgenic mice, Tsaousi et al. recently de-
monstrated that β-catenin-mediated signaling was activated both
in the media and intima at 3 and 28 days after the intervention
(Tsaousi et al., 2011b).
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β-Catenin not only resides in a free form in the cytoplasm, but
can also be sequestered at the plasma membrane in a complex
with other catenins and cadherins, where it plays a role in cell–cell
adhesion. Disruption of the cell adhesion complexes liberates β-
catenin that can be transported to the nucleus where it can acti-
vate VSMC proliferation via cyclin D1 expression (Slater et al.,
2004; Uglow et al., 2003). This mechanism may be helpful in ex-
plaining the proliferation of VSMCs when they are liberated from
the media and migrate to the intima.

In several studies the question was addressed which Wnts are
involved in VSMC proliferation. Both Wnt 1 and Wnt3a have been
shown to induce canonical Wnt signaling and cyclin D expression
in VSMCs (Marchand et al., 2011). Inhibition of Wnt signaling using
a dominant negative form of LRP6 was shown to attenuate VSMC
proliferation (Wang et al., 2004). Interestingly, Wnt4 has recently
been identified as an endogenous activator of VSMC proliferation.
Platelet-derived growth factor BB-induced VSMC proliferation
could be inhibited by specific knockdown of Wnt4 and intimal
thickening after carotid artery ligation was inhibited in mice het-
erozygous for Wnt4 or by adding Wnt inhibitory factor (WIF1)
(Tsaousi et al., 2011a). Inhibition of Wnt signaling via the over-
expression of sFPR1 also resulted in inhibition of VSMC prolifera-
tion both in vitro and in vivo (Ezan et al., 2004). The combined
results underscore the importance of a functional Wnt receptor
complex in the regulation of VSMC proliferation.

As indicated in the description of the signaling pathways in this
review, a crucial step in the canonical Wnt signaling is the in-
activation of the kinase activity of GSK3β by disassembly of the β-
catenin destruction complex. However, phosphorylation of GSK3β
at the Ser9 residue by Akt can also inactivate the enzyme, leading
to nuclear β-catenin accumulation (van de Schans et al., 2008).
This mechanism was found to be responsible for the IL-18- in-
duced proliferation of human saphenous vein VSMCs. This effect
was attributed to IL-18-mediated signaling via PI3kinase, Akt,
GSk3β, β-catenin, TCF/LEF and Wnt inducible signaling protein
(WISP)-1 (Reddy et al., 2011).

Apart from its role in β-catenin phosphorylation, GSK3β also
plays a role in the control of Nuclear Factor of activated T-Cells
(NFAT) signaling. In inactive cells, NFAT resides in the cytoplasm in
a hyperphosphorylated form; GSK3β is one of the kinases re-
sponsible for its phosphorylation. An increased intracellular Ca2þ

concentration activates the phosphatase calcineurin. This enzyme
dephosphorylates NFAT and promotes its nuclear translocation,
resulting in an induction of proliferation and migration of VSMCs
(Chow et al., 2008).
3.5. Wnt signaling in vascular calcification

Wnt signaling plays an important role in bone development
and remodeling (Wang et al., 2014). Because bone formation has
similarities with vascular calcification, a role for Wnt signaling in
this process can be anticipated. The expression of Wnt ligands can
be activated in vascular endothelial cells and myofibroblasts,
where oxidized LDL and Tumor necrosis factor-α can induce the
expression of Bone Morphogenetic Protein-2 which in turn acti-
vates the transcription factor MSX2 (Marinou et al., 2012). In
conclusion, there is growing evidence that Wnt signaling is in-
volved in multiple aspects of the formation of atherosclerotic le-
sions. Up till now, studies tend to focus on a single component of
Wnt signaling rather than adopting a more integrated approach.
This may help to explain some of the inconsistencies between the
different studies.
4. Wnt signaling in pathologies resulting from atherosclerosis

4.1. Wnt signaling in the response to myocardial infarction

MI is the result of an acute thrombotic occlusion of a coronary
artery, affecting the cardiac muscle that depends on this artery for
its supply of oxygen and nutrients. Although it is current medical
practice to reduce the damage by reopening the affected coronary
artery by Percutaneous Coronary Intervention (PCI), there is still a
fair amount of patients with significant injury of the heart for
different reasons: patients report to their doctor too late or with
atypical symptoms, a particular problem in women (Maas et al.,
2011); The PCI procedure is not entirely successful, e.g. due to the
no-reflow phenomenon (Galasso et al., 2014); on a global scale,
only a minority of MI patients has access to this technologically
advanced and costly procedure. Therefore it is important to study
the process of infarct healing and to identify new therapeutic
targets that can be exploited in the treatment of this condition.

4.1.1. The different phases of infarct healing
The process of infarct healing has been extensively described in

reviews from our group (Cleutjens et al., 1999; Daskalopoulos
et al., 2012; van den Borne et al., 2010) and others (Shinde and
Frangogiannis, 2014; Sun et al., 2002). Briefly, the wound healing
after MI takes several months to complete and consists of 4 pha-
ses. The first phase is characterized by the cardiomyocyte death
resulting from the ischemia. This cell death typically peaks at 6–
8 h after the onset of the ischemia and can either be the result of
necrosis or apoptosis. The death of the cardiomyocyte evokes an
inflammatory response starting at 12–16 h post-infarction, re-
presenting the second phase of infarct healing. This phase is
characterized by the initial invasion of the infarct area with
polymorphonuclear neutrophils (PMNs). These cells can clear the
cellular debris from the infarct area by phagocytosis and degrade
the pre-existing matrix by releasing MMPs. The invasion of PMNs
is followed by a second wave of invading monocytes that differ-
entiate into macrophages, typically peaking at 3–4 days after in-
farction. The inflammatory cells release a broad spectrum of che-
mokines and cytokines, initiating the formation of granulation
tissue which forms the third phase of the wound healing. This
phase typically starts at around 1 week post-MI and is complete
after 1–2 months. In this phase new blood vessels are formed and
fibroblasts enter the infarct area where they can differentiate into
myofibroblasts. The latter cell type not only can produce and de-
posit extracellular matrix but also has contractile properties, al-
lowing the granulation tissue to stay compact by continuous
contraction. The fourth phase of infarct healing is characterized
by the maturation of the granulation tissue into a scar. This process
is characterized by a reorganization of the blood vessels, an in-
creased deposition of extracellular matrix and a gradual reduction
in the number of myofibroblasts. However, as cardiac scars are
exposed to repetitive stretching due to the cardiac cycle, the pre-
sence of myofibroblasts in the infarct are appears to be beneficial
as these cells can play a role in the replacement of damaged ex-
tracellular matrix fibers.

4.1.2. Expression of Wnt components in the infarcted heart
It is now almost two decades ago that our group reported the

upregulated expression of Fzd1 and -2 proteins during the wound
healing process after MI. Using in situ hybridization, we could
demonstrate the migration of Frizzled-expressing cells from the
border zone to the center of the infarct during the course of the
wound healing. This was suggestive for an expression of these
receptors on (myo)fibroblasts, which could be confirmed by
staining of adjacent sections with α-smooth muscle actin (αSMA)
immunohistochemistry (Blankesteijn et al., 1997).
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In the meantime, the time course of the expression of different
components of the Wnt/frizzled signaling cascade has been stu-
died quite extensively by different research groups. The general
pattern that emerges is that the expression gradually increases
during the first week after MI, reaching a plateau at �1 week and
then gradually decreases towards levels observed in sham animals.
Barandon et al. determined the expression levels of most of the
Wnt and Frizzled proteins in 1 week-old mouse infarcts. From all
the Wnts tested Wnt10B expression was elevated and Wnt7B ex-
pression reduced. These authors observed the upregulation of
Fzd1, 2, 5 and 10 and the downregulation of Fzd8 in the infarct
area, whereas Fzd3, 4, 6 and 7 were not altered. This was ac-
companied by an abundant expression of sFRP1 at day 7, whereas
the expression levels of this gene returned to baseline at day 15
post-MI (Barandon et al., 2003). The elevated expression of
Wnt10B was confirmed by Aisagbonhi et al. at 5 days post-MI,
although these authors also report the upregulation of Wnt2, –4
and –11 (Aisagbonhi et al., 2011). The expression pattern of Dvl1,
studied in male rats, showed a gradual increase until 7 days post-
MI, followed by a decline to baseline values at 28 days post-MI. In
this study, in situ hybridization and immunohistochemical tech-
niques were used to demonstrate that Dvl1 was expressed in
migrating myofibroblasts and endothelial and smooth muscle cells
of newly formed blood vessels in and around the infarct area at
4 and 7 days post-MI (Chen et al., 2004).

4.1.3. Activation of Wnt signaling after myocardial infarction studied
by using reporter mice

An alternative way of demonstrating activation of canonical Wnt
signaling is the use of reporter mice. Using the Axin2-LacZ reporter
mouse, Oerlemans et al. observed an activation of canonical Wnt
signaling in Scaþ progenitor cells, endothelial cells, c-Kitþ cells,
monocytes and fibroblasts in both the border zone and areas remote
from the infarct, starting at 1 week after infarction and gradually
increasing at 2 and 3 weeks post-MI. The authors conclude that ca-
nonical Wnt signaling is activated upon cardiac ischemia in a wide
variety of cell types throughout the heart (Oerlemans et al., 2010).
These observations were mostly confirmed using TOPGAL mice,
harboring a LacZ gene under the control of three tandem β-catenin
responsive consensus TCF/LEF binding motifs. In non-infarcted con-
trol mice, canonical Wnt signaling was only observed in the valves
and the walls of the large blood vessels at the base of the heart.
Permanent coronary artery occlusion, however, induced a massive
increase in LacZ expression starting at day 4 post-MI and reaching its
maximum during the formation of granulation tissue at 7 days post-
MI. The activated canonical Wnt signaling was mainly observed in
endothelial cells and α-SMA positive mesenchymal cells. Cell lineage
tracing experiments revealed that the latter cell type was formed as a
result of endothelial-to-mesenchymal transition. In vitro experiments
confirmed that activation of canonical Wnt signaling in endothelial
cells induces mesenchymal transition, suggesting that the myofi-
broblasts in the infarct area are from endothelial origin (Aisagbonhi
et al., 2011). This endothelial-to-mesenchymal transitionwas recently
confirmed by Duan et al., who observed Wnt1-dependent canonical
Wnt signaling in the epicardial cells at 5 days after ischemia/re-
perfusion in mice. This activation of canonical Wnt signaling was
found to be crucial for epicardial expansion and endothelial-to-me-
senchymal transition in the epicardium, as demonstrated by epi-
cardial-specific deletion of β-catenin (Duan et al., 2012).

4.1.4. Effect of interventions at the level of the receptor complex on
infarct healing

In several studies, the role of Wnt signaling in infarct healing
has been assessed by targeting the pathway at different levels. The
administration of compounds that target components of the friz-
zled receptor complex has been shown to be effective in
modulating the wound healing response. Oikonomopoulos et al.
injected recombinant Wnt3a protein into the border zone of the
infarct area immediately after induction of MI. At 1 week post-MI,
they observed an increased infarct size, reduced LV septal thick-
ness, increased LV diastolic volume and attenuated fractional
shortening. The authors conclude that this adverse effect of Wnt3a
on cardiac remodeling was due to a reduction in the number of
cardiac side population cells via an insulin-like growth factor
binding protein 3 (IGFBP3)-mediated mechanism, leading to an
attenuated generation of new cardiomyocytes around the infarct
area (Oikonomopoulos et al., 2011). Applying a similar intracardial
injection strategy, Min et al. (2011) reported a beneficial effect of
DKK2 administration on infarct healing in a rat cardiac ischemia/
reperfusion model, reflected by a higher fractional shortening over
controls. This treatment resulted in a reduced infarct size and fi-
brosis, less apoptosis and an increased microvessel count in the
infarct area. The pro-angiogenic effect of DKK2 was confirmed in in
vitro angiogenesis experiments. Interestingly, DKK1 showed op-
posing effects in these experiments, but injections of DKK1 in the
infarct area were not reported. Results from our research group
confirm the beneficial effects of interventions at the level of the
receptor complex. Systemic administration of a peptide fragment
of Wnt5a, named UM206, for 2 and 5 weeks via osmotic mini-
pumps reduced infarct size and improved cardiac function in a
mouse model of MI as determined by echocardiography and dP/dt
measurements. This could be attributed to a reduction in infarct
size and increased myofibroblast numbers in the infarct area
(Laeremans et al., 2011). Taken together, these studies suggest that
inhibition of Wnt signaling is beneficial after MI, although the
underlying molecular mechanisms that were reported are diverse
and probably reflect the involvement of Wnt signaling in many
different aspects of infarct healing.

4.1.5. Targeting Wnt signaling by modulating sFRPs
Modulation of sFRP levels, a family of 5 endogenous Wnt

scavenging proteins, has been employed in several studies. Over-
expression of FrzA, the bovine equivalent of sFRP1, was shown to
have a beneficial effect on cardiac function after permanent cor-
onary artery ligation and cryoinjury and to prevent infarct rupture.
This was the result of a reduction in infarct size and a thickening of
the infarct area in the FrzA transgenic animals. These beneficial
effects could be attributed to an attenuation of the apoptotic re-
sponse and increased angiogenesis and collagen deposition in the
infarct area (Barandon et al., 2003). The authors could demon-
strate that the beneficial effect of FrzA overexpression was the
result of a reduced neutrophil activation and recruitment to the
scar, using a model of bone marrow transplantation from trans-
genic mice overexpressing FrzA (Barandon et al., 2011). Similar
results have been reported for sFRP4. Injection of this protein into
the cardiac muscle showed a reduced scar size, accompanied with
a thicker wall and less deterioration of cardiac function compared
to control (Matsushima et al., 2010). From these studies, it can be
concluded that an attenuation of the activation of Wnt signaling in
the infarcted myocardium proves to be beneficial for the wound
healing process and for cardiac function post-MI.

Regarding sFRP2, the results are more ambiguous. On the one
hand, Kobayashi et al. (2009) reported an increase in sFRP2 ex-
pression till 7 days after MI followed by a decline at day 14 post-
MI. In sFRP2-null mice subjected to MI, the authors showed re-
duced fibrosis and a significantly improved cardiac function. On
the other hand, overexpression of sFRP2 has also been shown to
have beneficial effects on infarct healing. Building on a previous
study where they observed beneficial effects of injecting me-
senchymal stem cells overexpressing Akt, Mirotsou et al. (2007)
injected conditioned medium from these stem cells, shown to
overexpress sFRP2 up to 100-fold, into the border zone of the
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infarct. This exogenously administered sFRP2 could antagonize the
pro-apoptotic Wnt3a produced by ischemic cardiomyocytes, re-
sulting in smaller infarcts and subsequently improved cardiac
function. Administration of recombinant sFRP2 protein, but not
sFRP1 or -3, yielded similar results (He et al., 2010). The ambiguous
results for sFRP2 may be explained by non-Wnt mediated inhibi-
tion of Bone Morphogenetic Protein (BMP)-1 and on collagen
processing (Mastri et al., 2014).

4.1.6. Interventions at the level of the β-catenin degradation complex
Another intervention more downstream in the Wnt signaling

pathway that has frequently been employed is targeting the β-
catenin destruction complex, more in particular GSK3β. Woulfe
et al. (2010) reported a reduced LV dilatation and an improved
cardiac function in mice with an inducible cardiomyocyte-specific
deletion of GSK3β at 8 weeks post-MI. This could be attributed to
augmented hypertrophy and increased proliferation of cardio-
myocytes around the infarct area GSK3β-deficient mice. Improved
infarct healing was also observed after injection of mesenchymal
stem cells that overexpress GSK3β in the border zone just after
coronary artery ligation. Overexpression of GSK3β not only in-
creased the survival of these stem cells but also had positive ef-
fects on cardiomyocyte differentiation, an upregulation of cardiac
progenitor cells in the infarct area and increased angiogenesis
(Cho et al., 2011). The apparent discrepancy between these two
studies may be attributed to the different cell types that were
targeted, underscoring once more the involvement of Wnt sig-
naling in many pathways, sometimes with opposite effects.

A drug-mediated intervention at the level of the destruction
complex was reported by Saraswati et al. (2010). In this study
Pyrvinium was used, an anti-helminthic agent with potent in-
hibitory effects on canonical Wnt signaling that acts via Casein
Kinase Iα. Injecting this compound in the border zone at the time
of infarction was shown to attenuate LV dilatation at 30 days post-
MI. However, this did not result in reduced infarct size or im-
proved cardiac function.

In several studies the effect of targeting of the downstream
second messenger of canonical Wnt signaling, β-catenin, on infarct
healing has been addressed. Hahn et al. showed that over-
expression of a constitutively active variant of β-catenin in cardi-
omyocytes and cardiac fibroblasts decreased apoptosis of these
cells, induced hypertrophy of cardiomyocytes and increased the
cell number of fibroblasts and their differentiation into myofi-
broblasts. When injected into the border zone of the infarct in rats,
infarct size was significantly reduced, apoptosis was diminished
and the cell cycle was activated in both cell types (Hahn et al.,
2006). Using αMHC-dependent overexpression or depletion of the
β-catenin expression, the opposite effect of β-catenin on infarct
healing was reported by (Zelarayan et al., 2008). Interestingly,
these authors report the presence of increased numbers of small
cardiomyocytes in the subepi- and subendocardial layer of the β-
catenin depleted mice and demonstrated that these cardiomyo-
cytes were derived from cardiac progenitor cells. Inhibition of the
transcription activation of β-catenin by administering the com-
pound ICG-001 also showed an improved infarct healing by pro-
moting epithelial-to-mesenchymal transition in epicardial cells
(Sasaki et al., 2013). This is again in contrast with the previously
mentioned study by Duan et al., showing that activation of β-ca-
tenin mediated Wnt signaling augments the epithelial-to-me-
senchymal transition in epicardial cells (Duan et al., 2012). These
contradictive results may be explained by the differences in ex-
perimental approach and the different cell types that were
targeted.

Taken together, Wnt signaling has been shown to be involved
in many aspects of infarct healing. The discrepancies between the
outcomes some of the studies may point to the importance of
correct timing and targeting of the interventions in order to
achieve beneficial effects.

4.2. Wnt signaling in stroke

Over the last years, experimental evidence has accumulated
that Wnt signaling is involved in ischemic brain injury. By per-
manent endothelin-1 induced occlusion of the middle cerebral
artery in rats, Mastroiacovo et al. (2009) observed the rapid in-
duction of the Wnt antagonist DKK1 in the ischemic regions of the
brain, whereas β-catenin levels were found to be increased. In the
Doubleridge mouse model, characterized by lower levels of DKK1
expression, the same procedure resulted in reduced cerebral da-
mage compared to wildtypes during the follow-up of 1 week. In-
hibition of GSK3β with LiCl rescued the phenotype of the Dou-
bleridge mice. Using transient occlusion of the middle cerebral
artery, the ischemic brain damage in mice haploinsufficient for
LRP6 was investigated (Abe et al., 2013). These authors observed
larger infarct volumes and more severe motor deficits in the
LRP6þ /- group compared to wildtype at 3 days after ischemia.
Although LRP6 is part of the canonical Wnt signaling pathway,
these effects could be attributed to an alteration in the balance
between activating and inhibitory phosphorylation of GSK3β,
leading to an increased GSK3β activity and mitochondrial dys-
function, rather than an accumulation of β-catenin. The mi-
tochondrial dysfunction could be reversed by administration of a
GSK3β inhibitor. Interestingly, a similar role of GSK3β has been
described in cardiac ischemic preconditioning, suggesting a com-
mon mechanism (Juhaszova et al., 2004).

Although activation of Wnt signaling appears to be detrimental
in the first days after brain ischemia, activation of Wnt signaling
may be beneficial on the long run. Overexpression of Wnt3a in the
striatum by lentiviral injection, 5 days before endothelin-1 in-
duced ischemic brain damage of that area significantly enhanced
functional recovery after ischemic injury after a follow-up of
4 weeks. This was accompanied by an increased number of BrdU-
positive cells that differentiated into mature neurons in the is-
chemic striatum by day 28. These data indicate that activation of
Wnt signaling can induce neurogenesis from neural stem cells.
Interestingly, in a recent study from Sun et al. (2014), intragastric
administration of morroniside, extracted from the fruits of Cornis
officinalis, was shown to promote neurogenesis via activation of
Wnt/ β-catenin signaling in a rat model of focal brain ischemia via
transient occlusion of the middle cerebral artery. Taken together,
these results underscore that Wnt signaling is involved in both
beneficial and detrimental processes in brain ischemia. Therefore,
potential interventions will need to be tailored and timed to
augment the former and inhibit the latter processes.
5. Conclusions

In the last decades, our knowledge on Wnt signaling has
broadened from its involvement in development towards its role
in multiple disease processes. Mutations in components of Wnt
signaling are tightly associated with the development and pro-
gression of different forms of cancer, but in cardiovascular diseases
such associations are rare. In contrast, cardiovascular diseases,
including atherosclerosis and its consequences, are mostly char-
acterized by an upregulation of Wnt signaling due to an increased
production and interaction of its components. As described in this
review, a frequently observed pattern is that the body—in an at-
tempt to control its cardiovascular physiology— responds to an
insult by an overshoot in Wnt signaling activation. Therefore, in-
terventions aiming at an inhibition of Wnt signaling are in most
cases beneficial for cardiovascular function, although this is not a
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general finding and the results are ambiguous in some cases. Be-
cause Wnt signaling, with its multiple components and signaling
pathways, is very complex it is too early to tell whether it will be
applicable as a therapeutic target for cardiovascular diseases in the
future. Its involvement in multiple cellular and pathological pro-
cesses of atherosclerosis and its consequences, however, makes it a
promising and fascinating subject of further study to better un-
derstand the critical control mechanisms of cardiovascular
homeostasis in health and disease.
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