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Abstract
Purpose of Review  Cardiovascular diseases are the leading cause of death worldwide, largely due to the limited regenerative 
capacity of the adult human heart. In contrast, teleost zebrafish hearts possess natural regeneration capacity by proliferation 
of pre-existing cardiomyocytes after injury. Hearts of mice can regenerate if injured in a few days after birth, which coin-
cides with the transient capacity for cardiomyocyte proliferation. This review tends to elaborate the roles and mechanisms 
of Wnt/β-catenin signaling in heart development and regeneration in mammals and non-mammalian vertebrates.
Recent Findings  Studies in zebrafish, mice, and human embryonic stem cells demonstrate the binary effect for Wnt/β-catenin 
signaling during heart development. Both Wnts and Wnt antagonists are induced in multiple cell types during cardiac devel-
opment and injury repair. In this review, we summarize composites of the Wnt signaling pathway and their different action 
routes, followed by the discussion of their involvements in cardiac specification, proliferation, and patterning. We provide 
overviews about canonical and non-canonical Wnt activity during heart homeostasis, remodeling, and regeneration.
Summary  Wnt/β-catenin signaling exhibits biphasic and antagonistic effects on cardiac specification and differentiation 
depending on the stage of embryogenesis. Inhibition of Wnt signaling is beneficial for cardiac wound healing and functional 
recovery after injury. Understanding of the roles and mechanisms of Wnt signaling pathway in injured animal hearts will 
contribute to the development of potential therapeutics for human diseased hearts.
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Introduction

The human heart is composed of four morphologically and 
functionally distinct chambers. Cardiomyocytes are the most 
prevalent cells in the heart with higher percentages in ven-
tricles than atria [1]. Large-scale single-cell transcriptomes 
characterize the cellular heterogeneity of cardiomyocytes, 
endocardial cells, fibroblasts, and immune cells. These find-
ings have identified distinct subsets of atrial and ventricu-
lar cells with diverse developmental origins and distinct 

lineage priming gene signatures [2, 3]. The ventricular 
region including apex and interventricular septum in adult 
human heart contains about 49.2% cardiomyocytes, 21.2% 
vascular smooth muscle cells, 15.5% fibroblasts, 7.8% endo-
cardial cells, and 5.3% immune cells [1, 4, 5]. Unlike many 
other tissues, the adult cardiac muscle lacks stem cells and 
fails to meaningfully regenerate after massive cardiomyo-
cyte loss [6–9]. Myocardial infarction (MI) is still a promi-
nent cause of cardiovascular death with rising prevalence 
worldwide. Cardiomyocyte renewal in the injured heart has 
gained more attentions over the last decades. The field has 
reached a consensus on proliferation of pre-existing cardio-
myocytes instead of stem cell as sources for new cardio-
myocytes [10–14]. Neonatal mammals can fully regenerate 
heart following the left ventricular apex resection within 
a critical window period after birth [15–17]. Importantly, 
some lower vertebrates, such as newts and zebrafish, have 
a broad ability to achieve cardiac regeneration after adult 
amputation [18–21]. However, there is only 5% of cycling 
cardiomyocytes per year in adult mouse hearts, and most of 
them localize in the subendocardial muscle [7, 22–24]. In 
human heart, cardiomyocytes turn over at estimate of ~ 1% 
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per year at age of 20, declining to ~ 0.4% per year at age of 
75 [25–27]. The gradual loss of cardiomyocyte prolifera-
tive capacity in mammalian heart correlates with metabolic 
pattern switch from the glycolytic pathway at fetal stages to 
fatty acid β-oxidation at adulthoods [28, 29]. However, the 
limited capacity for cardiomyocyte regeneration is insuffi-
cient to repair injured mammalian hearts when a massive 
loss of cardiomyocytes occurs after MI or other injuries [9, 
19, 22, 30].

Wnt/β-catenin signaling is a highly conserved pathway 
that plays crucial roles in various biological processes in 
mammals and non-mammalian vertebrates, such as embry-
onic development, organogenesis, neurological develop-
ment, inflammation, and regeneration. The Wnt-secreted 
glycoproteins act as ligands and regulate a downstream 
effector β-catenin [31]. In mammals, the pathway is quies-
cent in many organs during adulthoods, which is reactivated 
during tissue injury and cardiac fibrosis [32]. Recent find-
ings in mice and zebrafish, as well as human embryonic 
stem cells (hESCs), emphasize the critical importance of 
the Wnt/β-catenin pathway in the regulation of cardiac 
development, remodeling, injury repair, and regeneration, 
for which we summarize and provide overviews in this 
review.

The Wnt/β‑Catenin Signaling Pathway

Nusse and Varmus identified the first member of the Wnt 
family as Wnt1(Int-1) 40 years ago [33, 34]. Since then, 
numerous studies have demonstrated that Wnt proteins are 
secreted signaling molecules present in all metazoans and 
are involved in diverse biological processes, including cell 
proliferation, differentiation, and tissue injury [35–37]. Cur-
rently, 19 different Wnt proteins, 10 frizzled receptors (Fzds), 
5 secreted frizzled-related proteins (sFrps), and 4 Dickkopf 
(Dkk) have been identified, which constitute the highly 
complex signal transduction pathway [38–40]. Canonical 
Wnt signaling is mediated through intracellular β-catenin, 
whereas non-canonical Wnt signals function through the 
planar cell polarity (PCP) pathway and Ca2+ cascades [41, 
42]. Wnt proteins secrete from cells and act as paracrine or 
autocrine manners, influencing target cell behavior by bind-
ing to Fzds, a family of G protein-coupled receptors (GPCRs) 
in the plasma membrane [43, 44] (Fig. 1). Wnts also bind 
the lipoprotein receptor-related5 (Lrp5) and Lrp6, stabiliz-
ing the Wnt/Fzd complex at the cell surface [45]. Wnt-Fzd-
Lrp5/6 complex regulates β-catenin protein levels through 
a dedicated cytoplasmic destruction complex. The core of 
destruction complex contains a central scaffold protein AXIN 
that interacts with adenomatous polyposis coli (APC), glyco-
gen synthase kinase-3β (GSK-3β), and casein kinase 1(CK1) 
[46]. In the absence of Wnt ligands, CK1α and GSK3β 

sequentially phosphorylate β-catenin at the N-terminus. The 
resulting phosphorylated β-catenin is subjected to ubiquitina-
tion by Skp1-Cul1-F-box (SCF) E3 ligase complex includ-
ing β-Transducin repeat containing protein (β-TrCP1) and 
β-TrCP2, leading to subsequent degradation [47, 48].

Following Wnt ligand binding to Fzd and Lrp5/6 co-
receptors, dishevelled (Dvl) is recruited and activated 
to inhibit the destruction complex and dephosphorylate 
β-catenin. Stabilized and dephosphorylated β-catenin 
translocates into the nucleus and binds to the T-cell fac-
tor/lymphoid enhancer factor (Tcf/Lef) transcriptional 
complex and coactivators containing p300, Cbp, Bcl9, 
and Pygo, promoting expressions of target genes Axin2, 
c-Myc, Ccdn1 (Cyclin-D1), Cd44, Mmp2/9, Vegf and others 
(Fig. 1) [49–51]. Axin2 serves as a negative regulator of 
the pathway as part of a protein destruction complex, which 
limits the duration and intensity of Wnt signaling [52–54]. 
CRISPR/Cas9 knockout screens have been used to iden-
tify Wnt signaling regulators, including ubiquitin-specific-
processing protease 7 (Usp7) as a potent negative regulator 
and histone-lysine N-methyltransferase Setdb1 as a potent 
negative regulator. Previously unknown factors affecting 
Wnt signaling, such as DExH-box helicase 29 (Dhx29), 
have been identified to repress Wnt signaling [55].

Studies have shown that the regulatory mechanisms 
regarding Wnt expression, modification, and secretion 
(Fig. 1). Lipidation of Wnts by the acyltransferase porcu-
pine (Porcn) is essential for cellular secretion and biologi-
cal activation. In the endoplasmic reticulum, Wntless (Wls) 
assists the transport and secretion of acylated Wnt proteins. 
Several synthetic Porcn inhibitors of this pathway have been 
developed to reduce Wnt secretion [56, 57]. After Wnt secre-
tion, Dkks are effective antagonists of Wnt/β-catenin signal-
ing, in which Dkks competitively bind to Lrp5/6 receptors 
to antagonize the interaction of Wnts with Lrp5/6 [58, 59]. 
The activity of Wnt signaling can also be modulated by Wnt 
inhibitory factor (Wif) and sFrps. These proteins can directly 
bind Wnts and prevent their interactions with the Fzd/Lrp 
receptor complex [60, 61].

Wnt Signaling in Heart Development

Wnt/β-catenin signaling regulates cardiac development 
during embryogenesis, including cardiac mesoderm speci-
fication, myocardial differentiation, and proliferation. The 
activation of Wnt signaling expands mesodermal cardiac 
progenitor cells (CPCs) and maintains them in an undiffer-
entiated state [62–64]. Inhibition of Wnt signaling induces 
cardiac specification in mesoderm and promotes cardiomy-
ocyte differentiation [65–67]. Wnt/β-catenin restriction by 
non-canonical Wnt11 is necessary for CPCs to differentiate 
into cardiomyocytes through caspase-mediated degradation 
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[68]. sFrp1, sFrp2, and sFrp5 are closely related and play 
similar roles through Wnt signaling inhibition for the differ-
entiation of CPCs into cardiomyocytes [61, 69]. Like sFrps, 
the secreted Wnt inhibitor Dkk1 enhances cardiac specifica-
tion, whereas the addition of Dkk1 before CPC specification 
prevents cardiomyocyte differentiation [61, 70, 71]. Dkk1/
Dkk2 double knockout mice display a variety of cardiac 

developmental defects including smaller hearts, suggesting 
a requirement for Dkks during cardiogenesis [72]. In murine 
embryonic stem cell (mESC) differentiation, activation of 
Wnt/β-catenin signaling after embryoid body formation 
inhibits myocardial differentiation while promoting the dif-
ferentiation of endothelial and hematopoietic lineages [65]. 
During vertebrate embryo development, Wnt activation 

Fig. 1   Schematic representation of Wnt/β-catenin signaling pathway. 
In Wnt-producing cells, synthesized WNT protein is palmitoylated 
by the acyltransferase enzyme porcupine in the endoplasmic reticu-
lum. Transport and secretion of the WNT protein is controlled by the 
multipass transmembrane protein WLS in secretory vesicles. After 
Wnt secretion, DKKs competitively bind to LRP5/6 receptors to 
antagonize the interaction of WNTs with LRP5/6. sFRPs and WIF1 
can bind and scavenge extracellular WNT proteins, thereby prevent-
ing their interaction with the receptor complex. In the absence of 
Wnt ligands (Wnt-off), β-catenin is located in the adherent junction 
and the cytoplasm, where it is phosphorylated and targeted for pro-
teasomal degradation by a destruction complex, comprising APC, 
AXIN, CK1α, β-TRCP, and GSK3β. When Wnt signaling is activated 

(Wnt on), Wnt ligands bind to the FZD and LRP5/LRP6 co-receptor 
complex. Subsequently, phosphorylated LRP6 recruits AXIN and 
DVL, which blocks phosphorylation and degradation of β-catenin by 
AXIN-mediated destruction complex. Dephosphorylated β-catenin 
translocates into the nucleus, where it binds to TCF/LEF transcrip-
tional factors and controls the expression of target genes (CyclinD1, 
Axin2, c-Myc, etc.). Abbreviations: WLS, Wntless; DKK, Dickkopf; 
LRP5/6, low-density lipoprotein receptor-related protein 5/6; sFRPs, 
secreted frizzled-related proteins; WIF1, Wnt inhibitory factor1; 
APC, adenomatous polyposis coli; DVL, dishevelled; CK1α, casein 
kinase 1; GSK3β, glycogen synthase kinase-3β; FZD, frizzled; TCF, 
T cell factor; LEF, lymphoid enhancer-binding factor
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induces the specification of ESCs into the anterior and pos-
terior lateral plate mesoderm (LPM) (Fig. 2). In the anterior 
LPM, Wnt inhibitor Dkk, secreting from the endoderm, pre-
vents Wnts from binding to their receptors, leading to the 
induction of the cardiogenic mesoderm and the formation 
of CPCs. The inhibition of Wnt signaling cooperates with 
BMPs and Fgf8 to activate the expression of Mesp1 and 
Nkx2.5, which further induces the differentiation of CPCs 
into cardiomyocytes. In the LPM, Wnt signals that ema-
nate from the neural tube instruct the posterior mesoderm 
to become hemangiogenic mesoderm. Both BMPs and Wnt 
signals operate together to promote the differentiation of 
hemangiogenic mesoderm into the blood and blood vessels 
[73–76]. Studies in zebrafish identify a novel small molecule 
Wnt inhibitor (named as Cardionogen) that enlarges the size 
of embryonic heart by inducting cardiomyocyte formation. 
Administration of Cardionogen during and after gastrulation 
promotes cardiomyogenesis, whereas its treatment before 
gastrulation inhibits heart formation [77]. These findings 
illustrate that Wnt/β-catenin signaling exhibits biphasic and 
antagonistic effects on cardiac differentiaiton, depending on 
the stage of development.

Both in vivo and in vitro studies demonstrate that the 
effects of Wnt signaling oscillate between promoting and 
restricting cardiomyocytes formation during myocardial dif-
ferentiation [62, 65, 66, 78, 79]. hESCs studies show that 
WNT3 and WNT8A via FZD7 regulate Brachyury expres-
sion and cardiac mesoderm induction. Subsequently, non-
canonical WNT5A/5B via tyrosine-protein kinase trans-
membrane receptor (ROR2) controls MESP1 expression and 
CPC specification. During late hESC development, WNT2, 

WNT5A/5B, and WNT11, via FZD4 and FZD6, regulate 
cardiomyocyte differentiation through non-canonical Wnt 
signaling [80]. In human-induced pluripotent stem cell 
(hiPSC), shRNA knockdown of β-catenin during the initial 
differentiation stage fully blocks cardiac mesoderm speci-
fication, whereas GSK-3β inhibition enhances CPC forma-
tion [81]. Furthermore, GSK3β inhibition combined with 
the removal of cell–cell contacts enables the expansion of 
hiPSC-derived cardiomyocytes. Mechanistically, persistent 
cardiomyocyte proliferation requires both serine/threonine 
protein kinase Akt phosphorylation and Lef/Tcf activity that 
are independent of Yes-associated protein (YAP) signaling. 
At embryonic stages, Wnt signals can activate Akt, which in 
turn negatively regulates Gsk3β, thus promoting the expres-
sion of downstream target Cyclin D1. Gsk3β-mediated phos-
phorylation of cyclin D1 appears to be a central regulator of 
cell proliferation and differentiation in the developing heart 
[82].

During second heart field (SHF) development, Wnt/β-
catenin signaling contributes to SHF expansion and right 
ventricle growth [83, 84]. Cells from SHF give rise to the 
right ventricle (RV), the outflow tract (OFT), and parts of the 
inflow tract (IFT). Wnt signaling is required for Islet1(Isl1)-
expressing cardiac progenitor proliferation for SHF devel-
opment. Conditional deletion of β-catenin using Isl1-Cre 
mice reduces the number of SHF progenitors, resulting in 
right ventricle formation defects. Inversely, constitutive 
expression of β-catenin in non-canonical Wnt5a and Wnt11 
double-mutant mice leads to SHF expansion and OFT mor-
phogenic defects [85–88]. Wnt signaling is negatively regu-
lated by Notch1-mediated β-catenin phosphorylation within 

Fig. 2   Wnt/β-catenin signaling exhibits biphasic effects on cardio-
genesis. During early embryogenesis, Wnt/β-catenin signaling activa-
tion induces the mesoderm specification from embryonic stem (ES) 
cells. In the anterior mesoderm, Wnt inhibitor Dkk, secreting from 
the endoderm, prevents Wnt signaling from functioning and converts 
the anterior LPM into cardiogenic mesoderm. In collaboration with 
BMP and FGF8 signals, Wnt inhibition further induces the differen-

tiation CPCs into cardiomyocytes. In the posterior mesoderm, Wnt 
signals, emanating from the neural tube, instruct the posterior LPM 
to become hemangiogenic mesoderm. The cooperation of BMPs with 
Wnt activation ultimately induces the differentiation of hemangio-
genic mesoderm into the blood and blood vessels. Abbreviations: ES 
cell, embryonic stem cell; LPM, lateral plate mesoderm; BMP, bone 
morphogenetic protein; FGF8, fibroblast growth factor 8
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CPCs. The expression of cardiac transcription factors Isl1, 
Myocd, or Smyd1 is positively regulated by Notch1 but con-
trolled negatively by β-catenin. This restriction by Notch1 
is required for CPC transition from the expansive stage into 
the differentiated state [78]. Isl1 represses the CPC expan-
sion but also induces the differentiation of CPCs, SHF cells, 
or the anterior foregut endodermal cells that are in close 
contact to the heart anlage. Forced activation of β-catenin 
in Isl1+ cells of mouse embryos decreases Isl1 expression 
in CPCs, enabling CPC expansion [78, 87, 89]. These evi-
dence illustrate that Wnt/β-catenin signaling contributes to 
Isl1+ SHF progenitor expansion that is fine-tuned by proper 
differentiation.

Wnt signaling also plays a pivotal role during endocardial 
cushion formation and atrioventricular valve development. 
At E12.5, Wnt2 is expressed in the cushion mesenchyme, 
whereas Wnt4 and Wnt9b are predominantly present in over-
lying endothelial cells. At E17.5, both Wnt3a and Wnt7b are 
expressed in the remodeling atrioventricular (AV) and semi-
lunar valves [90]. The cushion myocardium exhibits high 
Wnt activities during endocardial cushion growth [91, 92]. 
The deletion of β-catenin in myocardium results in hypo-
plastic endocardial cushions with a reduction of mesenchy-
mal cell proliferation. The loss of β-catenin reduces Bmp2 
expression in myocardium and Smad signaling in cushion 
mesenchyme [93, 94]. Studies in zebrafish indicate that an 
application of Wnt8 after gastrulation fails to form the endo-
cardial cushion [66]. Overexpression of Apc or Dkk1 also 
blocks endocardial cushion formation. In Apc-truncated-
hearts, proliferation and epithelial–mesenchymal transition 
(EMT) that is normally restricted to endocardial cushion 
occurs throughout the endocardium [95]. Furthermore, the 
disruption of Tbx20 results in aberrant Wnt/β-catenin signal-
ing in the endocardial cushion, causing a severe valve elon-
gation defect and an impaired cardiac function [96]. Overall, 
these findings demonstrate the crucial regulation of endo-
cardial cushion formation by Wnt/β-catenin signaling during 
heart valve development.

Wnt Signaling in Heart Homeostasis 
and Wound Healing

Recent studies report that Wnt/β-catenin signaling governs 
metabolic regulatory programs and sustains metabolic plas-
ticity during adult heart homeostasis. In the heart of human 
over 45 years old, the expression of β-catenin is stronger 
than younger individuals, implying that Wnt signaling 
involves in the regulation of adult heart homeostasis in the 
process of age-related cardiac function [97]. Myocardial-
specific deletion of exon 3 of the Ctnnb1 gene (β-catenin) 
from P14 to 4 weeks in murine heart by removing GSK3β 
phosphorylation sites stabilizes β-catenin that activates the 

Wnt/β-catenin pathway. Although the post-mitotic cardio-
myocytes overexpressing stabilized β-catenin re-enter the 
cell cycle and express cytokinesis genes, these cardiomyo-
cytes fail to increase in cardiomyocytes numbers. In contrast, 
the deletion of exons 8–13 of Ctnnb1 that expresses the inac-
tive truncated β-catenin causes the increased expression of 
genes involved in oxidative phosphorylation. The short-term 
β-catenin expression from P14 to 4 weeks in these adult car-
diomyocytes emphasizes the potential role for this pathway 
in mitochondrial oxidative phosphorylation during cardiac 
homeostasis [98]. Consistently, activation of Wnt signaling 
in C2C12 myoblasts is reported to stimulate mitochondrial 
proliferation and mitochondrial oxidative phosphorylation 
[99]. Furthermore, active β-catenin restores mitochondrial 
function in the brain of parkinsonian rats, but hepatocyte-
specific expression of constitutively active β-catenin leads 
to early lethality due to mitochondrial dysfunction. Recent 
studies report that cardiac-specific β-catenin ablation in 
1-day-old mice disrupts the energy substrate shift that is 
essential for postnatal heart maturation, leading to perinatal 
lethality of mice [100]. Transcriptomic analyses show that 
β-catenin deficiency at postnatal mice leads to mitochon-
dria dysfunction via the downregulation of Sirt1/Ppargc-1α 
pathway, a master transcriptional activator complex for 
controlling the expression of metabolism regulators and 
mitochondrial biogenesis genes. Further chromatin immu-
noprecipitation sequencing (Chip-seq) analyses in Gsk3 
inhibitor CHIR99021 (CHIR)-treated adult hearts indicate 
that β-catenin fails to re-engage neonatal proliferative gene 
network despite partial transcriptional re-activation of a 
neonatal glycolytic gene program [101•]. Notably, β-catenin 
haplo-insufficient mice subjected to endurance training dis-
turbs the activity of mitochondrial oxidative phosphoryla-
tion complexes and enhances Ampk, PI3K–Akt, and Mapk/
Erk1/2 signaling pathways, leading to attenuation of cardio-
myocytes hypertrophic growth [102].

There is increasing evidence that both Wnts and Wnt 
antagonists are induced in multiple cell types during car-
diac injury repair and wound healing process. In mouse MI 
model with left anterior descending artery (LAD) ligation, 
the increased expression of canonical Wnt1, Wnt10b, and 
non-canonical Wnt2, Wnt4, and Wnt11 was observed in 
the epicardium and fibroblasts near-injured areas. Moreo-
ver, the increased expression of Dkk1 and Dkk2, as well 
as Fzd1, Fzd2, Fzd5, and Fzd10, is detectable in injured 
hearts [103–105]. In human dilated cardiomyopathy or 
coronary heart disease (CHD), the mRNA levels of sFRP3 
and sFRP4 but not of sFRP1 and sFRP2 are elevated [106]. 
In the same context, sFRP1 levels are shown to be down-
regulated in patients suffering from heart failure but this 
effect is reversed following left ventricular assist device 
(LVAD) support [107]. Nuclear levels of β-catenin, Lef1, 
and Tcf1/3/4 are shown to be induced in the epicardium 
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at the end-stage pediatric allografts [108]. Studies using 
Axin2 reporter mice and TOPGAL reporter mice reveal 
the expression of Wnt pathway components in endothelial 
cells, fibroblasts, leukocytes, and Sca+ progenitor cells in 
the border zone of the infarct heart. During human right 
ventricular remodeling and failure, the fetal Wnt gene 
program, especially non-canonical pathway, is robustly 
reactivated that upregulates ROR2/Ca2+ responsive pro-
tease calpain-μ and increases cleavage of calpain-target 
cytoskeletal proteins [83]. The accumulation of β-catenin 
in endothelial cells of newly formed blood vessels is also 
observed in the neovascularization of the infarct area 
[109].

Most evidence support that inhibition of Wnt signal-
ing is beneficial for injury repair and recovery of cardiac 
function. Conditional depletion of β-catenin in myocar-
dium using the Myh6-Cre driver line improves left ven-
tricular function and survival rate after ligation of LAD 
in mice. β-catenin-depleted infarct hearts show increased 
numbers of cTnT+ cardiomyocytes in subepicardial and 
subendocardial positions [110]. Further transcriptomic 
analysis of β-catenin-overexpressing hearts shows a strong 
recapitulation of cardiac developmental program and 
cytoskeletal remodeling, in which transcription factor-7 
like 2 (Tcf7L2) co-occupies genomic regions with Nkx2.5 
and Gata4. Conversely, preventing β-catenin activation in 
post-pressure-overload TAC model results in a downregu-
lation of Tcf7L2/Nkx2.5/Gata4 developmental reprogram-
ming, preventing heart failure [111]. Consistently, mice 
with cardiac-specific Dkk3 deficiency increases infarct 
size and exacerbates left ventricular dysfunction after MI. 
Inversely, Dkk3 overexpression in infarct hearts leads to 
the opposite phenotype with improved cardiac function 
recovery [112]. Similarly, the injection of Dkk2 enhances 
the neovascularization of the infarct area with concomi-
tant improved cardiac function [113]. On the other hand, 
myocardium-specific deletion of Gsk3β that elevates 
Wnt/β-catenin activity results in an increase in numbers 
of BrdU+/TnI+ cells and a reduction in infarct sizes after 
LAD ligation, suggesting beneficial for cardiac wound 
healing [114]. These findings contrast to the observation 
that inhibition of Wnt/β-catenin signaling is ameliorative 
for cardiac injury repair and function recovery. It has been 
noted that GSK3β does not exclusively function in Wnt/β-
catenin signaling but is also involved in other signaling 
pathways, such as AMPK-TSC2-mTOR pathway that plays 
an important role in cellular energy homeostasis. Further-
more, GSK3β modulates intracellular signaling molecules 
downstream from Wnts that are independent of β-catenin 
[115]. Therefore, it is likely that the beneficial effect for 
cardiac wound healing by Gsk3β inhibition might be 
caused by its Wnt-independent activities.

Wnt/β‑Catenin Pathway in Cardiac Fibrosis

Cardiac fibroblasts (CF) comprise approximately two-
thirds of cells in the healthy adult heart but only a minor 
fraction of the heart volume [116]. CFs are interstitial 
mesenchymal like cells with intermediate filaments and 
highly heterogeneous, embedding in extracellular matrix 
of connective tissue [117]. During development, most CFs 
are of epicardial origin and some of them are endocardial 
[118, 119]. CFs transform into cardiac myofibroblasts and 
secrete excessive extracellular matrix (ECM) in response 
to cardiac stress such as MI and inflammation. ECM and 
growth factors (FGF23, FGF21, PDGFα, and TNFα) 
secreted from CFs are essential for cardiac remodeling and 
fibrotic scar formation [120–124]. Wnt-dependent interac-
tions between CFs and cardiomyocytes play crucial roles 
during cardiac injury and regeneration. Epicardial cells 
that express Wnt1 undergo EMT to adopt fibroblast fates in 
a β-catenin-dependent manner following injury [104, 125]. 
Wnt trafficking gene Wntless (Wls) regulates noncanoni-
cal Wnt signaling between CFs and cardiomyocytes. Wls 
deletion decreases the secretion of noncanonical Wnt5a 
and Wnt9a from cardiomyocytes to CFs, leading to CF 
activation and the impairment of neonatal heart regenera-
tion [126••]. On the other hand, noncanonical Wnt5a can 
stimulate fibroblasts to secrete pro-inflammatory cytokine 
interleukin-6 (IL-6) and tissue inhibitor of metalloprotein-
ase-1 (TIMP-1), promoting myocardial inflammation and 
fibrosis [127]. In cultured endothelial cells, treatment with 
GSK3β inhibitor BIO that activates β-catenin transcription 
is sufficient to induce EndMT and CF formation [119]. 
In human hearts, the loss of cardiac endogenous Klotho, 
an antiaging substance with pleiotropic actions includ-
ing regulation of mineral metabolism, facilitates TGF-β1 
signaling and enables vigorous cardiac fibrosis through 
upregulating Wnt signaling [128].

sFrps have emerged as key regulators by antagonizing 
Wnt signaling during cardiac fibrosis [60]. CFs lacking 
sFrp-1 increase α-smooth muscle actin and collagen depo-
sition [129]. Injection of sFrp1, sFrp2, and sFrp4 into the 
rat MI models inhibits injury-induced collagen and left 
ventricular fibrosis. Bmp1 is a key enzyme involved in 
regulating collagen biosynthesis and maturation, which 
can be inhibited by high concentrations of sFrp2 [126••]. 
Although the anti-fibrotic effect of sFrp2 on cardiac 
remodeling has been reported, many studies report a pro-
fibrotic role for sFrp2. Kobayashi et al. found that sFrp2 
is primarily expressed on CFs in the region of injury, 
which enhances pro-collagen C-proteinase activity and 
promotes the conversion of collagen from pro-collagen. 
Mice deficient in sFrp2 exhibit a reduction in fibrosis after 
MI, leading to marked preservation in post-injury cardiac 
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function [130]. Similarly, a sFrp2-neutralizing antibody by 
the intraperitoneal delivery in cardiomyopathy hamsters is 
beneficial to reducing fibrosis and improving cardiac func-
tion [131]. The exact reason for the differential effect of 
sFrp2 on myocardial infarct is unclear. It could be related 
to the concentration of sFrp2 in the infarcted heart and the 
degree of sFrp2-mediated Wnt antagonism [126••].

Inhibition of Wnt/β-catenin signaling is capable of reduc-
ing cardiac fibrosis. Cardiac pressure overload resulting from 
TAC in mice leads to increased Wnt/β-catenin signaling in 
CFs and cardiac fibrosis. β-catenin is specifically required in 
resident CFs for ECM gene expression after cardiac injury. 
CFs lacking β-catenin after TAC significantly reduces inter-
stitial fibrosis and preserves cardiac function but does not 
alter the number of activated CFs [132]. Interruption of Wnt 
signaling in mice lacking Dvl-1 attenuates the onset of pres-
sure overload-induced cardiac hypertrophy and interstitial 
fibrosis [133]. Together, these findings illustrate that Wnt/β-
catenin signaling promotes cardiac fibrosis by transition to 
the mesenchymal state from epicardial and endothelial cell 
fates in response to injury.

Intervention of Wnt Signaling in Cardiac 
Repair and Regeneration

Intervention in Wnt signaling has been employed as potential 
therapeutic strategies following cardiac injury at different 
levels or steps in Wnt signaling pathway, including the posi-
tion at Wnt secretion, ligand, receptor, destruction complex, 
or the nucleus (Table 1). A large number of studies focus 
on the roles of sFrp family proteins in cardiac injury treat-
ment. Genetic overexpression of sFrp1 is shown to reduce 
Mmp2/Mmp9 activity, collagen deposition, and infarct size, 
improving cardiac function [105]. Injection of sFrp2 protein 
into the infarct area of rat ventricle inhibits MI-induced car-
diac fibrosis, prevents anterior wall thinning, and improves 
cardiac function recovery [134]. Intramuscular injection of 
recombinant sFrp4 reduces fibrosis scar size and amelio-
rates cardiac function after ischemic/reperfusion (I/R) injury 
[135]. In the same direction, the deletion of sFrp5 results 
in a significant increase in infarct size. sFrp5 limits the 
magnitude of the inflammatory response, thereby reducing 
infarct size following I/R injury [136, 137]. Wif-1, a secreted 
antagonist of Wnt signaling, has been shown to significantly 
attenuate the monocyte response and improve cardiac func-
tion through AAV9-mediated overexpression. In contrast, 
Wif1 knockout mice develops severe and unwanted cardiac 
remodeling 4 weeks after MI, manifesting the increased scar 
size and decreased ejection fraction [138]. Non-canonical 
Wnt11 administration via rAAV9 confers cardioprotective 
effects in Coxsackievirus B3 (CVB3)-induced myocarditis 
model by reducing cardiomyocyte necrosis, infiltration of  

inflammatory cells, and inflammatory cytokine expression 
[139]. In contrast, cardiac injection of recombinant canonical 
Wnt3a (rWnt3a) leads to a substantial enhancement in infarct 
size and cardiac remodeling after the induction of MI [140]. On 
the other hand, canonical Wnt10b gain-of-function improves 
cardiac repair by arteriole formation and attenuation of fibro-
sis through stimulating NF-kB signaling in endothelial cells 
and vascular smooth muscle cells (VSMCs) [141]. Notably, 
insulin-like growth factor binding protein 4 (Igfbp4) prevents 
MI-induced cardiomyocyte death and improves the recovery 
of heart function by inhibiting β-catenin stability, providing 
a molecular link between IGF signaling and Wnt signaling 
in heart repair [142]. Similarly, when infarct mice expose to 
Gata4, Mef2c, Tbx5 (GMT) and TGF-β inhibitor, together with 
Tankyrase inhibitor XAV939 that stimulates β-catenin degrada-
tion by stabilizing Axin, manifest significantly improved car-
diac reprogramming of fibroblasts and cardiac function com-
pared to those exposed to only GMT [143, 144]. In cultured 
adult mouse CFs, XAV939 administration abrogates CF activa-
tion and ECM production in response to angiotensin II [132].

Porcupine, an acyltransferase capable of secreting Wnt 
ligands, has been shown to be a highly druggable target 
for inhibiting Wnt signaling pathway (Table 1). Wnt974, 
a chemical Porcn inhibitor, improves the recovery of heart 
function by reducing collagen production and fibrotic scar-
ring [145]. The treatment of infarct hearts with CGX1321, 
another Porcn inhibitor, also causes suppression of fibrotic 
depositions [146]. Notably, the administration of CGX1321 
enhances cardiomyocyte generation in the border zone of 
infarct heart [146, 147]. Myocardial injection of pyrvinium, 
a CK1α agonist that is known to block Wnt signaling, can 
also increase cell proliferation in the injured myocardium 
and mitigates adverse cardiac remodeling [148]. Cardio-
mogen (CDMG), a novel Wnt inhibitor, was identified to 
promote cardiomyocyte formation during zebrafish embryo-
genesis. Administration of CDMG in mice following LAD 
ligation reduces fibrotic scar tissue and enhances cardio-
myocyte generation in the infarct border zone [149]. These 
studies suggest that the development of Wnt inhibitors may 
ultimately aid in the design of therapeutic approaches to pro-
mote cardiac repair and regeneration in response to injury.

Zebrafish heart possesses innate repair and regeneration 
capacity after cardiac injury. Recent studies report that 
cardiac apex resection induces the expression and secre-
tion of Wnt inhibitors Dkk3/sFrp1 from the epicardium 
and fibroblasts, Notumb1/Wif1 from the endocardium, and 
Dkk1/sFrp2 in the myocardium [150, 151••]. Inversely, 
expressions of Wnt ligands, including Wnt4a, Wnt6b, 
and Wnt8a, are reduced in injured zebrafish hearts. How-
ever, the expression of non-canonical Wnt2bb is increased 
after cardiac injury [150, 152], suggesting that canoni-
cal Wnt signaling needs to be restrained to enable innate 
heart regeneration. Importantly, blocking Wnt signaling 
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via heat-shock induced Dkk1 or non-canonical Wnt2bb 
overexpression enhances cardiomyocyte generation and 
reduces fibrotic scarring following cardiac resection 
[150, 152]. On the contrary, ectopic activation of canoni-
cal Wnt8 blunts injury-induced cardiomyocyte dediffer-
entiation and proliferation and increases fibrotic scarring 
[151••]. Consistently, dampen myocardial Wnt signaling 
by the endocardial Notch signaling promotes cardiomyo-
cyte formation and zebrafish heart regeneration [150]. On 
the other hand, it has been shown that myocardial overex-
pression of Axin1 that negatively regulates Wnt signaling 
perturbs cardiomyocyte proliferation and heart regenera-
tion [153]. This impairment of cardiac regeneration by 

Axin might be due to its involvement in non-canonical 
Wnt signaling or Wnt-independent molecular events [154]. 
For example, Axin1 scaffolding protein bridges Daxx to 
activate P53-dependent cell death [155]. Axin family 
members also cooperate with other signaling proteins 
including JNK, TGF-β, and AMPK to regulate diverse cel-
lular processes [156]. Alternatively, current studies sug-
gest that cardiac regeneration undergoes dedifferentiation 
of existing-cardiomyocytes, following by proliferation and 
re-differentiation of these cells [19]. It is likely that Wnt 
activation and inhibition are needed respectively for heart 
regeneration at different stages, analogous to its biphasic 
signaling during heart development.

Table 1   Effects of intervention on Wnt signaling after cardiac injury

Abbreviations: CM, cardiomyocyte; CF, cardiac fibroblast; CPCs, cardiac progenitor cells; Porcn, porcupine

Signal transduction level Compound/molecule Target Intervention on 
Wnt signaling

Effects on injury repair Reference

Secretion WNT974 Porcn Wnt inhibition Cardiac function↑ Infarct size↓
CM apoptosis↓ Fibrosis↓

[145, 156]

CGX1321 Porcn Wnt inhibition Cardiac function↑ Infarct size↓
CM proliferation↑ Fibrosis↓

[147]

GNF6231 Porcn Wnt inhibition Cardiac function↑ Infarct Size↓
CM proliferation↑ Fibrosis↓

[32]

C59 Porcn Wnt inhibition Cardiac function↑
Cardiac hypertrophy↓

[157]

Ligand Wif-1 Wnts Wnt inhibition Infarct size↓ Cardiac function↑
Monocyte activation↑

[138]

IWP2 Wnts Wnt inhibition CM differentiation↑ [158]
sFrp1 Wnts Wnt inhibition Cardiac function↑ Fibrosis↓

CM apoptosis↓
[159]

sFrp2 Wnts Wnt inhibition Fibrosis↑ Infarct size↓ [160]
sFrp4 Wnts Wnt inhibition Cardiac function↑Fibrosis↓

CF proliferation↓
[135]

sFrp5 Wnts Wnt inhibition Cardiac function↑ Fibrosis↓
Inflammation↓CM apoptosis↓

[136, 137]

Receptor Curcumin Dkk3 Wnt inhibition Cardiac function↑Fibrosis↓ Inflammation↓ [112, 161]
UM206 Fzd1/2 Wnt inhibition Infarct size↓ [162, 163]
IGFBP4 Lrp5/6 Wnt inhibition Cardiac function↑ [142]
Lcz696 sFrp1 Wnt inhibition Cardiac function↑ Fibrosis↓ [164]

Destruction complex XAV939 Axin Wnt inhibition Cardiac function↑ Infarct size↓
CF activation↓

[132, 143]

IWR-1 Axin Wnt inhibition Cardiomyocyte differentiation↑ Cardiomyo-
cyte hypertrophy↓

[165, 166]

CHIR99021 Gsk3β Wnt activation CPC viability↓
Infarct size↑

[167, 168]

Pyrvinium Ck1α Wnt inhibition CM proliferation↑ Adverse cardiac remod-
eling↓

[148]

Nucleus ICG001 β-catenin
/Cbp

Wnt inhibition Cardiac function↑ Infarct Size↓
CM Apoptosis↓

[169]

CDMG1/2 β-catenin-Lef/Tcf Wnt inhibition Cardiac function↑ Infarct size↓ CM prolif-
eration↑ Fibrosis↓

[149]
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Conclusion

Wnt/β-catenin signaling plays highly conserved roles in vari-
ous biological processes in mammals and non-mammalian 
vertebrates. Studies in mice, zebrafish, and human embry-
onic stem cells demonstrate an elegant and binary role for 
Wnt/β-catenin signaling during heart development. Recent 
studies illustrate the critical importance of canonical and 
non-canonical Wnt activities in the regulation of cardiac 
homeostasis, fibrosis, injury repair, and regeneration. A 
general picture has emerged that inhibition of Wnt signal-
ing is advantageous for wound healing and cardiac repair. 
A couple of remarks need to be presented, since the effects 
of Wnt signaling on infarct healing are sometimes variable 
and inconsistent. Cardiac healing is a complex and dynamic 
process and many factors can affect the outcomes of repair, 
including diverse injury manipulations and different wound 
stages. Genetic intervention and deletion of a specific genes 
have been also used in many cardiac injury studies. This may 
lead to redundancy and adaptation of organisms to specific 
gene deletions, considering Wnt pathway has many different 
levels of homologues in signaling cascades. Many cross-
regulatory mechanisms (e.g., Notch, ROS, NF-κB, TGFβ, 
YAP/TAZ, RAS, and VEGF signaling) can modulate Wnt 
signaling transduction activities that can further influence 
the outcomes. Moreover, many key components in the Wnt 
pathway have non-canonical Wnt activities or participate in 
Wnt-independent molecular pathways. For example, Gsk3β, 
β-catenin, Axin, and sFrp are involved in a plethora of Wnt-
independent cellular processes. These non-canonical or 
Wnt-independent activities may add to the effects on car-
diac repair and wound healing. It is intriguing to note, in the 
most recent publications, that cardiac regeneration has been 
implicated as the strength underlying the beneficial effects of 
the Wnt inhibition on cardiac wound healing. In the future, 
new experimental technology, such as spatial transcriptome, 
metabolomics, and combined multi-omics, will be required 
for a higher-level systematic analysis for complex cellu-
lar processes such as injury repair and heart regeneration. 
Highly selective Wnt antagonists without affecting other 
molecular pathways will be imperative to develop and opti-
mize. Hopefully, the multi-cellular level experimental strate-
gies in different animal models combined with higher-level 
systems analysis will transform the outcome of basic studies 
into clinical medicine, ultimately allowing the evaluation of 
Wnt-dependent therapeutic intervention in human cardio-
vascular diseases.
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