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Abstract

Notch signaling is an evolutionarily ancient, highly conserved pathway important for deciding cell fate, cellular development,

differentiation, proliferation, apoptosis, adhesion, and epithelial-to-mesenchymal transition. Notch signaling is also critical in

mammalian cardiogenesis, as mutations in this signaling pathway are linked to human congenital heart disease. Furthermore,

Notch signaling can repair myocardial injury by promoting myocardial regeneration, protecting ischemic myocardium, inducing

angiogenesis, and negatively regulating cardiac fibroblast-myofibroblast transformation. This review provides an update on the

known roles of Notch signaling in the mammalian heart. The goal is to assist in developing strategies to influence Notch

signaling and optimize myocardial injury repair.
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Introduction

The Notch signaling pathway is a phylogenetically

conserved signaling pathway, which was first described by

Morgan approximately 90 years ago (1). Notch signaling is

modulated by glycosylation, differential intracellular traf-

ficking, and ubiquitin-dependent degradation of individual

components of the signaling pathway (2). In mammals, the

Notch pathway consists of four Notch proteins (Notch 1-4)

and five ligands, Jagged 1, Jagged 2, Delta-like 1, Delta-

like 3, and Delta-like 4. Notch homologues of Notch are

present in echinoderms, ascidians, nematodes, insects,

and vertebrates. In all organisms, Notch signaling provides

effective communication between adjacent cells to regulate

cell fate decisions, cellular development, differentiation,

proliferation, apoptosis, adhesion, and epithelial-to-

mesenchymal transformation (EMT) (3). Furthermore,

Notch signaling is involved in the development of the

atrioventricular canal, the aortic valve, the ventricles, and

the outflow tract during mammalian cardiogenesis (4).

Mutations that affect Notch signaling are associated

with several types of congenital heart disease (5). Notch

signaling can promote myocardial regeneration, protect

the myocardium from ischemia, induce angiogenesis, and

inhibit cardiac fibroblast to myofibroblast transformation

(CMT). Each of these events supports cardiac repair

following myocardial injury (6-9). In this review, we

provide an update on the roles of Notch signaling in

the mammalian heart to provide therapeutic insight into

modulation of Notch signaling to optimize myocardial

injury repair.

Notch signaling overview

Notch is a 300-kDa single-chain transmembrane

protein with four homologous isoforms in mammals,

identified as Notch 1-4. Notch is cleaved by proteases,

and this posttranslational modification forms a functional

heterodimer on the cell surface. The Notch extracellular

domain consists of 36 epidermal growth factor-like repeats

(EGFR) and three cysteine-rich LIN12/Notch repeats.

EGFR is responsible for ligand binding to Notch, while

the LIN12/Notch repeats prevent ligand-independent acti-

vation (10). TheNotch intracellular domain (NICD) contains

an RBP-Jk (recombination signal binding protein for

immunoglobulin Jk region) associated molecular domain,

six ankyrin/cdc10 repeats, two nuclear localization signals,

a transcriptional activation domain, as well as a sequence

rich in proline, glutamic acid, serine, and threonine on the

C-terminus. The RBP-Jk-associated molecular domain

and ankyrin/cdc10 repeats interact with RBP-Jk, and the

transcriptional activation domain contains phosphorylation

sites that may allow other intracellular signals to modulate

Notch signaling. The domain with the sequence rich in

proline, glutamic acid, serine, and threonine promotes

protein instability (3).
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Recently, three other functional regions of NICD have

been identified. The first, the potential phosphorylated

domain, located between the ankyrin repeats and the

proline, glutamic acid, serine, and threonine-rich domain,

can enhance binding of the NICD to RBP-Jk. The second,

a downregulation targeting sequence, is required for

endocytic trafficking of Notch. The third, the WSSSSP

motif, a C-terminal phosphorylation site is important for

Notch turnover (Figure 1A) (1).

The Jagged and Delta family members were identified

as Notch ligands in mammals. Both have a DSL (Delta,

Serrate, and Lag 2) domain and an EGFR (Figure 1B). In

addition, the Jagged family has a cysteine-rich domain

(11). Upon ligand binding, Notch is activated and under-

goes a conformational change that releases NICD from

the cell membrane following two successive cleavages, in

the extracellular transmembrane region by TNF-a con-

verting enzyme, and in the cross-membrane area by c-
secretase complex. Following release, NICD translocates

to the nucleus, where it binds to the transcription factor

CSL (C promoter-binding factor L in humans, Suppressor

of Hairless in Drosophila, LAG in Caenorhabditis elegans,
also called RBP-Jk in mice). When Notch signaling is not

stimulated, the CSL protein binds to promoters on its

target genes and recruits histone deacetylases and

co-repressors to curb gene transcription. When Notch

signaling is stimulated, NICD and CSL interact to displace

the co-repressor and form a triple complex with

Mastermind-Like 1. The triple complex stabilizes the

binding of CSL/NICD to DNA, which recruits lipoprotein

acetyltransferase p300 to upregulate target gene tran-

scription. The prototypic target genes of Notch signaling

contain the basic helix-loop-helix transcription factors

Hairy and enhancer of split (Hes) and the Hairy-related

transcription (HRT) factor family (Figure 1C) (12).

Regulatory role of Notch signaling during
cardiac development

Notch signaling oversees pre-patterning of the cardiac

mesoderm. In gastrula-stage embryos, with the assis-

tance of estrogen receptor 9 and GATA 4 transcription

factor, Notch regulates timing of heart field specification

for early cardiogenesis, which is necessary for normal

cardiac development (13). Moreover, in the endocardial

lineage, Delta 4, Notch 1, and Notch 4 transcription

begins at early gastrulation, while HRT 1 and HRT 2 are

expressed in the endocardium or myocardium at various

stages of cardiac development (14). Notch 1, Notch 2,

and Delta-like 1 are required for the determination of the

Figure 1. Schematic representation of Notch

signaling. A, Notch receptor is composed of

extracellular and intracellular domains. The

extracellular domain consists of EGFR and

LNR. The intracellular domain contains RAM23,

DTS, ANK, NLS, PPD, TAD, PEST, and S4. The

red arrows indicate cleavage sites: S1 (Furin), S2

(TACE), and S3/S4 (c-secretase). B, Notch

ligands have DSL and EGFR domains. C,
Notch signaling transduction pathway ligand-

receptor interaction leads to two successive

cleavages at S2 by TACE and S3/4 by c-
secretase to release NICD. NICD translocates

to the nucleus and forms a transcriptional

activation complex after binding to MAML-1 and

CSL. Prototypic target genes include Hes and the

HRT family members. EGFR: epidermal growth-

like repeats; LNR: LIN12/Notch repeats; RAM:

RBP-Jk associated molecule; DTS: downregula-

tion targeting sequence; ANK: ankyrin/cdc10

repeats; NLS: nuclear localization signals; PPD:

potential phosphorylated domain; TAD: transcrip-

tional activation domain; PEST: sequence rich in

proline, glutamic acid, serine, and threonine; S4:

WSSSSP; TACE: TNF-a converting enzyme;

DSL: Delta, Serrate, Lag2; NICD: Notch intracel-

lular domain; MAML-1: Mastermind-like 1; CSL: C

promoter-binding factor in humans, Suppressor of

hairless in Drosophila, LAG in Caenorhabditis
elegans, also called RBP-Jk in mice; Hes: Hairy

and enhancer of split; HRT: Hairy-related tran-

scription; CoR: co-repressor; HDAC: histone

deacetylase.
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embryonic left-right axis and proper looping of the heart

tube. Taken together, the roles of these factors reveal that

Notch signaling is important during the entire process of

cardiac development.

The atrioventricular canal is an essential structure for

separating atrial and ventricular blood flow. Alterations in

Notch signaling lead to abnormal development in the

atrioventricular canal. Both bone morphogenetic protein-2

and T-box 2 transcription factor are uniquely expressed

during atrioventricular canal formation. Deficiency of bone

morphogenetic protein-2 in cardiac myocytes results in

atrioventricular canal dysplasia. T-box 2 is a downstream

target of bone morphogenetic protein-2 that helps the

atrioventricular canal to express chamber-specific myo-

cardial genes. Notch signaling coordinates atrioventricular

canal development via Hairy/enhancer of split-related with

YRPW motif (Hey) gene regulating the bone morphoge-

netic protein-2/T-box 2 pathway (15). Following atrioven-

tricular canal formation, a subset of endocardial cells in

the atrioventricular canal undergo EMT, which is a

required step during early valve development. Matrix

metalloproteinase-2 facilitates EMT-generated cell migra-

tion into the cardiac cushion. Inactivation of Notch

signaling prevents EMT by decreasing matrix metallopro-

teinase-2 levels (16). VE-cadherin is an endothelial-

specific adherens junction protein for maintenance of

endothelial cell integrity. Snail is a well-known regulator of

adherens junction protein. Notch signaling initiates EMT

by Snail-mediated VE-cadherin repression (17). More-

over, Notch signaling also induces EMT by suppressing

the vascular endothelial growth factor (VEGF) pathway

via downregulating endothelial growth factor receptor

(VEGFR) 2 (18). In addition, Notch signaling crosstalks

with the PI3K/Akt pathway to phosphorylate endothelial

nitric oxide synthase and initiate EMT in the atrioven-

tricular canal (Figure 2) (19).

The Neuregulin 1-ErbB 2/4, EphrinB 2/EphrinB 4, and

bone morphogenetic protein-10 signaling pathways are

required for ventricular trabecular formation. Notch

mutants show defective expression of Neuregulin 1,

EphrinB 2, and bone morphogenetic protein-10. Notch

signaling promotes myocardial trabecular proliferation,

differentiation, and maturation by inducing bone morpho-

genetic protein-10 and EphrinB 2/EphrinB 4 expression

(20). The outflow tract is an embryonic structure that

connects the ventricles to the ascending aorta and

pulmonary arteries, and gives rise to the aortic and

pulmonary valves, the aortic arch, and the outflow tract

septum. Jagged 1 propagates a wave of smooth muscle

cell differentiation during the development of the aortic arch

artery, contributing to the assembly of the arterial wall (21).

Moreover, Notch 1 and 4 expression is restricted to

endothelial cells, and Notch 2 and 3 are mainly observed

in vascular smooth muscle cells. Their target genes, Hey 1,

Hey 2, and Hey L, are all expressed in vascular smooth

muscle cells and regulate aortic arch formation. Combined,

this indicates that Notch signaling plays multiple, crucial

roles in outflow tract development (Figure 2) (22).

Notch signaling modulates coronary vessel morpho-

genesis, in which the embryonic epicardium actively

Figure 2. Summary of cardiac developmental aspects of Notch signaling. A, Notch signaling affects AVC development via BMP 2/Tbx 2

pathway. B, Notch signaling initiates EMT via MMP-2, snail/VE-cadherin, VEGFR2/VEGF, and PI3K/Akt/eNOS pathways. EMT is a

required step for valve development. C, Notch signaling promotes ventricular trabecular formation dependent on NRG1-ErbB2/4,

Ephrin B2/Eph B4, and BMP-10 signaling pathways. D, Notch signaling stimulates smooth muscle differentiation during OFT

development. E, Notch signaling modulates coronary vessel morphogenesis in which the embryonic epicardium actively participates. F,
Notch signaling regulates cardiac conduction system function via effects on the atrioventricular node. AVC: atrioventricular canal; BMP-

2: bone morphogenetic protein-2; Tbx2: T-box 2; EMT: epithelial-to-mesenchymal transition; MMP-2: matrix metalloproteinase-2;

VEGFR 2: vascular endothelial growth factor receptor 2; VEGF: vascular endothelial growth factor; BMP-10: bone morphogenetic

protein-10; OFT: outflow tract.
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participates. Notch signaling elements are differentially

expressed throughout the proepicardial-epicardial-

coronary transition phases and are required for vessel

wall maturation during coronary vessel development (23).

Deletion of RBP-Jk in the epicardium leads to enlarged

coronary venous and arterial beds. In cooperation with

transforming growth factor-b (TGF-b), Notch signaling

regulates coronary smooth muscle differentiation from

epicardium-derived cells to assist in the formation of a

functional coronary system (Figure 2) (24).

Of interest, Notch signaling regulates cardiac conduc-

tion system function, in particular the atrioventricular

node. Inhibition of Notch signaling impedes the normal

development of the atrioventricular node. This results in

selective loss of slow-conducting cells. Activation of Notch

signaling can induce ventricular pre-excitation, and this is

observed in Wolff-Parkinson-White syndrome, a disease

consisting of a fatal arrhythmia (25). Therefore, atrioven-

tricular conduction disorders are closely related to dys-

function in the Notch signaling pathway (Figure 2).

Mutations in Notch signaling associated
with congenital heart disease

Notch signaling impacts various aspects of heart

development to such a degree that abnormal Notch

signaling can induce a series of heart malformations. The

most common malformations include bicuspid aortic valve

disease and aortic valve calcification. Bicuspid aortic

valve disease is caused by abnormal EMT due to Notch 1

mutations. There is a negative correlation between the

longevity gene Sirt1 and Notch signaling, and Sirtuin1 is

also an important factor for bicuspid aortic valve devel-

opment (26). Runt-related transcription factor 2 is closely

linked to the development of valvular calcification and

regulates several osteogenic genes. Notch 1, Hey 1, and

Hey 2 repress the function of runt-related transcription

factor 2, and this effect describes aortic valve calcification

observed when Notch is mutated (27). SRY-box, contain-

ing gene 9, prevents calcification occurring with Notch

inhibition, suggesting that loss of Notch 1 signaling

contributes to aortic valve calcification by an SRY-box

containing gene 9-dependent mechanism (28). RBP-Jk is

essential for maintenance of valve homeostasis, and

RBP-Jk deletion in the aortic valve endothelium can

trigger valve degenerative disease by upregulation of

VEGFR2 and TGF-b1 (Table 1) (29).

Alagille syndrome is an autosomal dominant genetic

disorder. The most frequent Alagille syndrome cardiovas-

cular defect is peripheral pulmonary stenosis, and 13% of

Alagille syndrome expresses as tetralogy of Fallot.

Mutations in Notch 2, Jagged 1, HRT 2, and Hey 2 loci

are associated with Alagille syndrome (Table 1) (30).

In addition, Notch 1 and RBP-Jk mutations lead to

severe pericardial distension. HRT 2 mutations induce

tricuspid valve stenosis and regurgitation, mitral valve

regurgitation, ventricular septal defect, and secundum

atrial septal defect. Notch 1 missense alleles are asso-

ciated with left ventricular outflow tract defects (31). Jagged

1mutations result in tetralogy of Fallot or pulmonic stenosis

(Table 1).

Facilitating role of Notch signaling in
myocardial regeneration

Notch signaling influences tissue formation and mor-

phogenesis by fine-tuning the balance between the pro-

genitor cell pool and the number of differentiating progeny

(32). Notch is activated upon co-culture of endothelial

progenitor cells with neonatal rat cardiomyocytes, amplifying

endothelial progenitor cell differentiation into cardiomyo-

cytes. When c-secretase is inhibited, the cardiac marker

Table 1. Relationship between Notch signaling and congenital heart disease.

Congenital heart disease Gene mutation

Aortic valve degenerative disease RBP-Jk

Left ventricular outflow tract defects Notch 1

Bicuspid aortic valve disease Notch 1-4, Jagged 1, Hes 1, Hey 1, Hey 2

Aortic valve calcification Notch 1, Hey 1, Hey 2

Pulmonic stenosis Jagged 1

Tetralogy of Fallot Jagged 1

Mitral valve disease HRT 2

Tricuspid valve disease HRT 2

Ventricular septal defect HRT 2

Atrial septal defect HRT 2

Pericardial distension Notch 1, RBP-Jk

Alagille syndrome Notch 2, Jagged 1, HRT 2, Hey 2

RBP-Jk: recombination signal binding protein for immunoglobulin Jk region; Hes: hairy and enhancer of

split: Hey: hairy/enhancer of split-related with YRPW motif; HRT: hairy-related transcription.
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proteins a-sarcomeric actin and troponin T are significantly

suppressed in endothelial progenitor cells (33). Simul-

taneously, cardiomyocyte proliferative capacity is enhanced

when immature cardiomyocytes are co-cultured with

mesenchymal stromal cells. The mechanism of enhanced

proliferative capacity involves Notch 1 activation by Jagged

1 expressed in adjacent mesenchymal stromal cells. The

proliferative capability is significantly attenuated when

Jagged 1 is silenced (34). Moreover, Notch 1 also regulates

cardiac progenitor cells fate. N1ICD and RBP-Jk form a

complex that initiates and upregulates NK2 homeobox 5 in

cardiac progenitor cells to promote the formation of cycling

myocytes (Figure 3) (6).

Notch 1 signaling is a critical determinant of cardiac

stem cell proliferation and differentiation. N1ICD over-

expression in neonatal cardiac progenitor cells signifi-

cantly expands the proportion of transit-amplifying

myocytes. Blocking Notch signaling with a c-secretase

inhibitor results in a 62% reduction in amplifying myocytes

and a 54% decrease in myocyte numbers, resulting in life-

threatening dilated cardiomyopathy (35). The high levels

of Notch 1 and Jagged 1 in immature cardiomyocytes not

only protect immature cardiomyocytes from apoptosis, but

also markedly stimulate the proliferation of immature

cardiomyocytes (36). Cyclin D1 is induced in quiescent

cardiomyocytes by the ectopic expression of Notch 2,

which translocates to the nucleus and interacts with

cyclin-dependent kinases 4 and 6 to phosphorylate

retinoblastoma protein and activates cell cycle reentry

and progression (37). The upregulation of Notch 1 in

the hypertrophic heart controls the adaptive response of

the heart to stress, not only limiting the extent of the

hypertrophic response but also contributing to cell survival

in cardiomyocytes (Figure 3) (38).

Notch signaling is cardioprotective in the
ischemic myocardium

Activation of Notch signaling following tissue injury has

been documented in various tissues. Notch 1 controls the

response to injury in the adult heart by limiting myocyte

hypertrophy, enhancing myocyte survival, promoting pre-

cursor proliferation, controlling cardiogenic differentiation,

and reducing interstitial fibrosis (38). A dynamic Notch 1

signaling response is required to activate the adult

epicardium and produce a multipotent cell population that

stimulates fibrosis for cardiac injury repair (39). Based on

the Akt-mTOR-Stat 3-Notch 1 cascade, Notch 1 signaling

Figure 3. Regulatory role of Notch signaling for myocardial regeneration. A, Notch signaling amplifies EPC differentiation into

cardiomyocytes through Jagged 1, NICD and Wnts. B, MSCs enhance cardiomyocyte proliferative capacity through Jagged 1 and

NICD. C, Notch signaling promotes the differentiation of CPCs into cardiomyocytes through Jagged 1, NICD, RBP-Jk, and Nkx2.5. D,
Notch signaling expands the proportion of CSCs differentiating into cardiomyocytes through Jagged 1, NICD, and Nkx2.5. E, Notch 1

signaling stimulates proliferation of immature cardiomyocytes through Jagged 1, NICD, and cyclin D1. F, Notch signaling activates cell

cycle reentry of quiescent cardiomyocytes through NICD, RBP-Jk, and cyclin D1. EPCs: endothelial progenitor cells; NICD: Notch

intracellular domain; Wnts: Wnt signaling; MSCs: mesenchymal stromal cells; CPCs: cardiac progenitor cells; RBP-Jk: recombination

signal binding protein for immunoglobulin Jk region; Nkx2.5: NK2 homeobox 5; CSCs: cardiac stem cells.
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elicits cardioprotection against chronic myocardial ische-

mia (40). The level of hypoxia-inducible factor-1a is

upregulated in ischemic or hypoxic myocardium, reducing

the damage induced by myocardial ischemia reperfusion

injury through inhibition of opening of the mitochondrial

permeability transition pore. This effect depends on

decreasing reactive oxygen species levels. Notch signaling

activates the hypoxia pathway through the Hes 1/signal

transducers and activators of transcription 3 (Stat 3)

pathway, inducing the transcriptional activation of the

hypoxia-inducible factor-1a gene (41). The gradual accu-

mulation of hypoxia-inducible factor-1a in ischemic tissue

not only initiates Hes 1 transcription (42), but also interacts

with and stabilizes NICD (43). The canonical Notch

signaling pathway protects hepatocytes from ischemia

reperfusion injury by repressing reactive oxygen species

production through Janus kinase 2/Stat 3 signaling (44).

Therefore, effective regulation of Notch signaling would be

expected to reducemyocardial ischemia reperfusion injury.

The levels of Notch 1 and Hes 1 decline in cardiomyocytes

during postnatal cardiac development and are activated

and restored in the injured adult myocardium. With the

stimulation by hepatocyte growth factor, Hes 1 levels

stimulate proliferation, providing cardioprotection under the

action of the Hepatocyte growth factor/Notch 1/c-Met/Akt

network (45). Almost all of the Notch receptors and ligands

are present at varying levels in the injured myocardium

during post-infarction remodeling, indicating a regulatory

role for Notch signaling in the functional recovery of the

ischemic myocardium (46). Notch 1 activated bone

marrow-derived cells also mediate cardiac repair, which

not only stimulates bone marrow-derived cell recruitment

into myocardial infarcts, but also promotes neovascular-

ization into the infarct border area. Transplanted mesen-

chymal stem cells that overexpress NICD decrease infarct

size and improve cardiac function, demonstrating that

activated Notch 1 signaling accelerates the cardiac

functional recovery following myocardial infarction (47).

Dual role of Notch signaling in the induction
of angiogenesis

Several components of Notch signaling, including

Notch 1, Notch 4, Jagged 1, and Delta-like 4, are

expressed in vascular endothelial cells (48). During early

embryogenesis, Notch signaling modulates the migration

of angioblasts from the lateral mesoderm towards the

dorsal aorta, inducing their endothelial cell specification.

During later stages, Notch signaling controls endothelial

cell specification into arterial or venous identities.

Moreover, Notch 1 is required for arterial endothelium

differentiation and vessel wall maturation during coronary

vessel development (23). Activated Notch 1 mediates

vascular smooth muscle proliferation and neointimal

formation through Hey 2 expression following vascular

injury (49). The increased secretion of VEGF from

vascular endothelial cells induces angiogenesis to meet

the increasing needs of ischemic tissue perfusion during

ischemia or hypoxia. Delta-like 4/Notch is essential for the

proper angiogenic response by regulating sprouting

angiogenesis and coordinating the interaction between

inflammation and angiogenesis (50). Delta-like 4 and

Jagged 1 serve opposing functions in the regulation of

neovascularization. With the stimulation of VEGF, high

levels of Delta-like 4 are expressed in endothelial cells to

inhibit excessive angiogenesis by downregulating

VEGFRs (51). Alternatively, Jagged 1 antagonizes

Delta-like 4-mediated restraint during neovascularization

to promote new vessel growth (52). Notch signaling, there-

fore, serves dual roles in the induction of angiogenesis.

N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine

t-butyl ester (DAPT), a c-secretase inhibitor, promotes

angiogenesis by enhancing the responsiveness of endothe-

lial cells to VEGF (53). Influenced by diabetes, the sprouting

capability of aortic endothelial cells is reduced. While DAPT

permits enhanced proliferation, migration, and sprouting

of aortic endothelial cells, combining VEGF and DAPT

treatment for ischemic tissue damage can increase blood

vessel density and improve tissue perfusion. This indicates

that modulating Notch signaling enhances neovasculariza-

tion and perfusion recovery for ischemic disease (54). In

contrast to these results, DAPT has also been shown to

inhibit VEGF-induced endothelial cell proliferation, migra-

tion, and survival, resulting in reduced neovascularization.

N1ICD overexpression reverses DAPT inhibition by stimu-

lating crosstalk with the PI3K/Akt signaling pathway (55).

Therefore, an in-depth understanding of the regulatory

mechanisms of Notch signaling in neovascularization has

great significance for the functional repair of the injured

myocardium.

Inhibitory effect of Notch signaling on CMT

Cardiac fibroblasts are a major cell type in the heart,

accounting for 60-70% of the total number of heart cells.

Under physiological conditions, cardiac fibroblasts pro-

duce an appropriate amount of extracellular matrix

proteins, such as collagen, to maintain structural integrity

and normal functioning of the heart. The myocardium

responds to injury by depositing excessive collagen to

form a myocardial fibrous scar. This fibrotic response not

only impedes ventricular contraction and relaxation, but

also causes non-synchronous contraction due to myo-

cardial electrical uncoupling. All of these responses are

important in heart failure and can cause malignant

arrhythmias, resulting in sudden cardiac death. There-

fore, limiting the myocardial fibrotic response may prove

to be an important therapeutic approach for heart failure.

Recent studies have shown that Notch participates in the

occurrence and progression of tissue fibrosis, as Notch

gene induction can stimulate fibrosis by activating alpha-

smooth muscle actin (a-SMA) transcription and promoting
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myofibroblast transformation (56). Inhibition of Notch

signaling by DAPT can significantly reduce profibrotic

factor expression, including interleukin (IL)-4, IL-6, and

connective tissue growth factor. It can also reduce the

number of myofibroblasts, decrease hydroxyproline con-

tent, and prevent or even regress fibrosis (57). Blocking

Notch signaling has been shown to inhibit fibrosis in the

skin, liver, and kidney, indicating that these effects cross

organ systems (58,59).

Excessive collagen deposition is regulated by myofi-

broblasts, which are a specialized fibroblast type with a

high capacity for collagen synthesis and sustained

expression of a-SMA. CMT is a critical event in the

initiation of myocardial fibrosis that can further impair

cardiac function following myocardial injury. Notch signal-

ing regulates myofibroblast transformation. NICD over-

expression can induce the differentiation of lung

fibroblasts into myofibroblasts (60). Activated Notch

signaling also facilitates myofibroblast differentiation from

alveolar epithelial cells via the TGF-b/Smad3 pathway

(59). However, Notch 3 overexpression causes repres-

sion of TGF-b1, facilitating fibroblast differentiation into

myofibroblasts. Notch signaling is also involved in CMT.

Notch receptors 1, 2, 3, and 4 are all expressed in cardiac

fibroblasts, and the expression of Notch 1, 3, and 4 is

decreased in TGF-b1-induced CMT. DAPT promotes

CMT in a time-dependent manner, leading to an increase

in a-SMA expression and collagen synthesis (8). Thus,

Notch signaling may reduce myocardial fibrosis following

myocardial injury by negatively regulating the degree of

CMT. However, the specific mechanisms of CMT warrant

further investigation.

Conclusions and perspectives

Notch signaling is highly relevant for proper myocar-

dial function and response to injury. Through a complex

regulatory network (Figure 2), Notch signaling is involved

in almost every aspect of cardiac development. However,

the mechanisms whereby Notch signaling functions in

cardiac cardiogenesis have not been fully elucidated, and

warrant further study.

Congenital heart disease is the most common of

human birth defects, and abnormal Notch signaling is a

major contributor (Table 1). Therefore, developing prenatal

diagnostic techniques targeted at detecting Notch signaling

deficits will advance our ability to detect impaired fetal

development. This ability to identify and reduce the

occurrence of congenital heart disease at a very early

stage will increase the number of viable deliveries.

Cardiovascular disease is a significant threat to human

health, andmyocardial repair capacity is currently extremely

limited. Enhancing our ability to repair the injured myocar-

dium and improve cardiac function following infarction

remains a major clinical challenge. Notch signaling reg-

ulates stem cell differentiation into cardiomyocytes (Figure

Figure 4. Cardiac repair mediated through Notch signaling. A, Notch signaling promotes stem cell differentiation into cardiomyocytes.

B, Notch signaling has protective effects on the ischemic myocardium. C, Notch signaling negatively regulates CMT. D, Notch signaling

induces angiogenesis. CMT: cardiac fibroblast to myofibroblast transformation; CPC: cardiac progenitor cell; EPC: endothelial

progenitor cell; MSC: mesenchymal stromal cell; CSC: cardiac stem cell.
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3), providing a new opportunity for the regeneration and

repair of the myocardium. In addition, Notch signaling

interacts with other signaling pathways to ameliorate

myocardial dysfunction, inducing angiogenesis to enhance

myocardial perfusion, and inhibiting CMT to reduce addi-

tional damage resulting from cardiac repair (Figure 4).

Overall, the combined functions of Notch signaling mediate

functional repair of the myocardium during injury, although

the specific molecular mechanisms remain to be clarified.

Developing new drugs based on Notch signaling would be

expected to create novel options for the treatment of

cardiovascular disease.
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