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ABSTRACT

Introduction: The Notch pathway is involved in determining cell fate during development and post-
natally in continuously renewing tissues, such as the endothelium, the epithelium, and in the stem cells
pool. The dysregulation of the Notch pathway is one of the causes of limited response, or resistance, to
available cancer treatments and novel therapeutic strategies based on Notch inhibition are being
investigated in preclinical and clinical studies in oncology. A large body of evidence now shows that
the dysregulation of the Notch pathway is also involved in the pathophysiology of cardiovascular
diseases (CVDs).

Areas covered: This review discusses the molecular mechanisms involving Notch which underlie heart
failure, aortic valve calcification, and aortic aneurysm.

Expert opinion: Despite the existence of preventive, pharmacological and surgical interventions
approaches, CVDs are the first causes of mortality worldwide. The Notch pathway is becoming increas-
ingly recognized as being involved in heart failure, aortic aneurysm and aortic valve calcification, which
are among the most common global causes of mortality due to CVDs. As already shown in cancer, the
dissection of the biological processes and molecular mechanisms involving Notch should pave the way
for new strategies to prevent and cure these diseases.
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1. Introduction 2. The Notch pathway

1.In mammals, the Notch family comprises four receptors
(Notch 1-4) and five ligands (Delta-like ligand (DIl) 1, 3, 4

The Notch pathway, a mediator of the communication of
molecular signals between adjacent cells, plays a pivotal

role in the cardiovascular system, both during development
and postnatal life. Whereas the role played by Notch during
the development of the cardiovascular system has been
deeply investigated, we are just now beginning to dissect
the role of this signaling pathway in the molecular mechan-
isms involved in the postnatal homeostasis of the vascula-
ture and of the heart and, consequently, in the
pathophysiology of cardiovascular diseases.

The aim of this review is to provide an overview of the
current knowledge on the role of the Notch pathway in the
most common cardiovascular diseases, that is, aortic valve
disease, aortic aneurysm and heart failure and, from
a translational perspective, to focus on those areas of inves-
tigation close to the identification of novel therapeutic
approaches targeting Notch. The challenges in this field,
represented by the multiple, often opposite roles played
by the Notch receptors in the cardiovascular system, and
in general by the complexity of this signaling, will be
discussed.

and Jagged (Serrate) 1, 2). The Notch receptors are type
| single-pass transmembrane proteins with a large extracellular
ligand binding region (Notch extracellular domain, NECD),
a membrane-spanning and an intracellular domain (Notch
intracellular domain, NICD). The NICD consists of
a recombination signal binding protein-1 for J kappa (RBP-Jk)-
associated molecule (RAM) domain, seven ankyrin repeats
(ANK), edged by two nuclear localization signals (NLS),
a transcription factor scaffold domain or transactivation
domain (TAD), present in Notch 1, 2, 3, and a region rich in
proline-glutamate-serine-threonine (PEST) required for degra-
dation of the protein [1]. The Notch ligands are divided into
two general classes, depending on their homology to
Drosophila prototypes Delta and Serrate, and are collectively
referred to as DSL family (Delta/Serrate/LAG-2). They are
type | transmembrane proteins with domain organization
(Figure 1). Even though these Notch ligands are responsible
for the majority of processes regulated by the Notch signaling,
other structurally unrelated, non-canonical ligands, have also
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Article Highlights

¢ The Notch pathway plays pivotal roles in the cardiovascular system,
both during the development and postnatal life

e The role of Notch in congenital cardiovascular diseases is well
established

o Dysregulated Notch pathway is increasingly linked to heart failure,
aortic aneurysm, and aortic valve calcification

o Cardiovascular diseases and cancer share risk factors and underlying
molecular pathways, including the Notch signaling

o The dysregulation of Notch in solid tumors and leukemias has been
long investigated and clinical trials targeting Notch in cancer are
ongoing

e The accumulated experience of almost 30 years on the targeting of
Notch for cancer therapy should expedite the development of novel
Notch-based therapeutic approaches for cardiovascular diseases

This box summarizes key points contained in the article.

been identified [2]. A detailed description of Notch receptors
and ligand and their function is available elsewhere [3].

The interaction between the Notch receptor on one cell and
the ligand on the adjacent cell (trans-interaction) results in
conformational changes of the receptor extracellular domain
exposing a motif that is cleaved by ADAM (A Disintegrin And
Metalloproteinase) (S2 cleavage site) [4]. The S2 cleavage cre-
ates membrane-tethered intermediate called Notch extracellu-
lar truncation (NEXT) that is substrate for y-secretase protease
complex, containing presenilin1, presenilin2, Pen-2, Aph-1 and
nicastrin [5,6]. The y-secretase cleaves the Notch receptors at
the two distinct sites, S3/S4, and releases NICD, which
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translocates to the nucleus to regulate gene transcription [7].
Nuclear Notch signals cause changes in gene expression
mediated by the transcription factor CSL (an acronym for CBF-
1/RBP-Jk in Homo sapiens/Mus musculus, respectively,
Suppressor of Hairless in Drosophila melanogaster, Lag-1 in
Caenorhabditis elegans). In the absence of NICD, CSL is bound
by corepressor proteins, such as SMRT (NcoR) and SHRP (MINT/
SPEN), and inhibits the transcription of target genes by recruit-
ing histone deacetylases [8]. NICD/CSL binding displaces core-
pressor complexes and allows recruitment of the transcriptional
coactivator Mastermind-Like-1 (MAML) and histone acetyltrans-
ferases such as p300 [9]. Formation of CSL/NICD/MAML complex
results in direct transcriptional activation of target genes (Figure
1). Recent data also show a direct implication of NICD in chro-
matin remodeling [10,11]. In cancer and immune system,
a Notch signaling active in the cytoplasm (referred to as ‘non-
canonical’ Notch signaling to distinguish it from the canonical,
nuclear Notch signaling) has been described [12]. Non-
canonical Notch signaling occurs without CSL involvement
and depends on interactions between the NICD and pathways
such as mammalian target of the rapamycin 2 complex
(mTORC2)/Akt, Wnt/B-catenin and Nuclear Factor kappa B (NF-
KB)/AKK-a/AKK-B [12]. Non-canonical Notch signaling has also
been observed in mitochondria where interactions between
Notch and PTEN-induced kinase 1 (PINK1) promote cell survival
by activating the mTORC2/Akt pathway. Notch signaling can be
also triggered by ligands other than Jagged/DII. These alterna-
tive ligands include F3/contactin, Delta-like 1-2 (DLK1-2) and
epidermal growth factor domain 7 (EGFL7) and seem to influ-
ence Notch signaling by competing with Jagged/DIl for Notch
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Figure 1. The Notch signaling. The Notch signaling pathway is mediated by four Notch transmembrane receptors (Notch 1-4 and five transmembrane ligands
(Delta-like 1, Delta-like 3 and Delta-like 4, Jagged1 and Jagged2). Notch receptors are synthesized as single-chain precursors that are cleaved, in the Golgi by a Furin-
like convertase, into an extracellular and a transmembrane subunit and modified by glycosyltransferases Fringe. Notch signaling is triggered after ligand-receptor
interaction which leads to two sequential proteolytic cleavages by A Disintegrin And Metalloproteinases (ADAM) to remove the extracellular subunit, and then, by a
multisubunit protease y-secretase, which catalyzes the second proteolytic cleavage that liberates Notch intracellular domain (NICD). NICD translocates into the
nucleus where it binds to the transcription factor CSL (CBF1 in humans, Suppressor of Hairless in Drosophila and LAG in C. elegans) and coactivators, including
Mastermind-like proteins (MAMLT1). The activated complex upregulates the expression of target genes, such as Hes1 and Hey1/2. This last sequence of events is
defined canonical Notch signaling. For a description of the alternative non-canonical Notch signaling the reader is referred to the main text.



receptor binding [12,13]. Notch activation, by either mechan-
isms described above, influences cell proliferation, apoptosis,
and differentiation [13]. More recently, a role of Notch in the
regulation of autophagy has been reported in cancer [14] and
immune cells [15].

Notch signaling is extremely dose-sensitive, due to the lack of
a signal amplification step or utilization of secondary messengers
to transmit the signal from the cell surface to the nucleus [16].
For this reason, Notch activity is fine tuned by post-translational
regulation [17] and the stability of the active form of Notch is
tightly regulated, mainly by phosphorylation and ubiquitination
[18]. Another peculiarity of this signalling pathway is that, by
altering the profile of ligands and receptors expressed in the cells
and/or the affinity of the receptors for a specific ligand, through
glycosylation mediated by a class of enzymes called Fringe [19]
(Figure 1), numerous scenarios of Notch activation patterns can
be generated in a specific cell or tissue [20]. Of interest in this
context, binding of receptor and ligand in the same cell (cis-
interaction) can lead to the inhibition of signaling [21].
Additionally, interplays with other signaling pathways are of
crucial importance in Notch-mediated regulation of several phy-
siological processes, both during development and postnatally
[13]. Specifically, interactions between Notch and Wnt/B-catenin
control arterial specification of endothelial cells and regulate
epithelial-mesenchymal transition that initiates myogenesis dur-
ing embryogenesis [13]. Notch and Bone Morphogenetic Protein
(BMP) signaling crosstalk is implicated in cardiac valve formation,
regulates blood vessel branching, and controls chondrocytes
proliferation during the formation of the cartilage [13].
Crosstalk between Notch and hypoxia-inducible factors (HIF)
regulates hypoxic responses, in which low oxygen levels result
in the increase of NICD that in turn stabilizes HIF-1a and HIF-2a
[13]. Interactions between Notch and NF-kB pathway are crucial
for the regulation of cellular immune responses and inflamma-
tion [22]. Furthermore, in recent times, it has been shown that
the interactions between estrogen receptors and the Notch
pathway regulate several processes underlying cardiovascular
homeostasis [23].

As a result of all these interactions, the outcome of Notch
activation is cell type- and context- dependent with multiple
combinations of receptors and ligands transducing different
biological effects [10,24].

2.1. Notch in cardiovascular development

The sequential expression of components of the Notch path-
ways and related genes is indispensable during the develop-
ment of heart and vessels. The role of Notch in the
cardiovascular development has been deeply investigated
and its discussion is beyond the scope of this review: we give
here a brief overview of the field, to set the stage for our
discussion of the role of Notch in cardiovascular disease, and
refer the reader to several excellent reviews for details [25-27].
Notch ligands and receptors are sequentially expressed in the
developing heart, thus ensuring proper heart development.
Notch ligand Jagged1 is expressed very early during heart
development, labeling the presumptive valve area of the atrio-
ventricular channel (AVC) and the trabecular myocardium,
while ligand DIlI4 and receptors Notch2 and Notch4 are
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expressed in the endocardium. Then, DIl4 expression decreases
whereas Jagged1 expression is maintained in the endocardium
and is activated in the compacted myocardium [25,28]. This
sequential expression of Notch genes Jaggedl1, DIl4, Notch2
and Notch4 supports myocardial patterning, maturation and
compaction and cardiac trabeculae formation [25,28]. The
Notch pathway plays an important role in the development of
outflow tract (OFT) of the heart which starts with endothelial-to
-mesenchymal transition (EMT) in the endocardial cells leading
to the formation of cardiac valves. The involvement of Notch1
in this context is indicated by the expression of this receptor in
prospective valve endocardium at the beginning of EMT [29].
Consistently with the importance of Notch in the developing
heart, mice lacking Notch target genes Heyl and Hey2 die
during embryogenesis due to severe cardiovascular malforma-
tions, including impaired development of EMT [30].

The Notch pathway is crucial for vasculature development by
determining arterial-venous specification mainly through the
endothelial expression of DIl4 as demonstrated by severe vascu-
lar defects and lack of arterial markers in Dll4-deficient embryos
as well as in Rbpj mutants and Heyl/Hey2 double mutant
embryos [30,31]. Notch gain-of-function mouse embryos also
develop arteriovenous malformations [32] and ectopic Notch4
and Notch1 expression in endothelial cells results in the devel-
opment of arteriovenous malformations and embryonic vascular
remodeling defects [33]. DIl4 expression is required for vascular
stabilization and differentiation of the emerging vascular tree.
Specifically, the decision to either form a new sprout or widen
the original vessel relies on differential expression patterns of
DIl4, BMP and vascular endothelial growth factor (VEGF) between
endothelial cells [34].

Thus, Notch pathway is indispensable for embryonic devel-
opment and postnatal maintenance of cardiac and vascular
tissues (Table1): its role in postnatal life and the consequent
contribution of its dysregulation to cardiovascular disease will
be thoroughly discussed in the next paragraphs.

3. Congenital heart disease directly associated with
Notch pathway mutations

Mutations in the genes of the Notch family cause a wide range
of congenital defects affecting the heart and vessel develop-
ment. These mutations are often characterized by incomplete
penetrance and variable expression. Mutations in human
NOTCH1 gene were first described in association with bicuspid
aortic valve (BAV), a congenital heart defect (CHD) in which
the aortic valve has two leaflets instead of three, and this state
is most commonly associated with pathologic calcification of
the aortic valve [35] and dilations and aneurysms of the aorta
[35,36]. Recently, we and others have described NOTCHT gene
variants and mutations in aortic stenosis patients with normal
tricuspid valve [37-39]. Besides BAV, Preuss at al. studied
families with a history of left-ventricular OFT obstructions
and revealed protein-altering mutations clustering predomi-
nantly in genes NOTCH1, ARHGAP31, MAML1, SMARCA4, JARID2
and JAGGEDI, all belonging to the Notch signaling cas-
cade [36].

NOTCHT and JAGT mutations have been associated with
Tetralogy of Fallot (TOF), a severe developmental CHD [40],
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characterized by stenosis of right ventricular OFT, ventricular
septal defect, dextraposition of aorta and right ventricular
hypertrophy. A recent study of whole exome sequencing in
829 TOF patients has shown that the NOTCHT locus is the
most frequent site of genetic variants predisposing to nonsyn-
dromic TOF [41]. Mutations in NOTCH1 are also associated with
hypoplastic left heart syndrome, a defect in which the left side
of the heart is underdeveloped [42] and with the Adams-Oliver
syndrome (AOS), a rare congenital disease characterized by
cardiac, vascular and neurological symptoms, including valvu-
lar and ventricular abnormalities, atrial septal defect, and TOF
[43]. In AOS have been also found mutations in RBPJ and DLL4
[43] and in EOGT, encoding an EGF domain-specific O-linked
N-acetylglucosamine transferase which presumably could reg-
ulate Notch receptors [44].

A recent study of a cohort of 428 patients with a spectrum
of diseases affecting aortic development such as aortic valve
stenosis, a bicuspid aortic valve, aortic valve insufficiency
coarctation of the aorta, and hypoplastic left heart syndrome,
subvalvular or supravalvular aortic stenosis, hypoplastic aortic
arch, interruption of the aorta, and mitral valve anomalies
clearly demonstrates that the phenotypic spectrum of
NOTCH1 mutations includes a wide variety of pathologies
affecting the whole conotruncus of the heart [45]. This is in
agreement with the described role of the Notch pathway in
determining the fate of neural crest-derived cells. Alagille
syndrome (ALGS), a congenital disease that mainly affects
liver ducts and heart development, in the vast majority (up
to 96%) of patients, is caused by mutations in JAGGEDT and
NOTCH2 (in 1-2% of the cases) [46].

Lastly, CADASIL (Cerebral Autosomal Dominant Arteriopathy
with Subcortical Infarcts and Leukoencephalopathy), a hereditary
autosomal dominant disease, which affects the small cerebral
arteries, thus causing subcortical infarcts and damages to the
white matter (leukoencephalopathy), is associated with muta-
tions in NOTCH3 [47].

4. Cardiovascular disease not always directly
associated with defined mutations

As Notch is important for cardiovascular development, it is not
surprising that mutations in genes of the Notch family lead to
various types of cardiac and vascular disorders. However, there
is accumulating evidence that a wider spectrum of cardiovas-
cular diseases is associated with dysregulation of the Notch
signaling pathway, even without obvious mutations in Notch-
related genes.

4.1. Calcific aortic valve disease

Calcific aortic valve disease (CAVD) is a frequent heart valve
disease characterized by progressive mineralization of the valv-
ular tissue. Both endothelial and interstitial cells, which form the
aortic valve, contribute to its calcification [48]. To some extent,
mineralization of the aortic valve shares similarities with bone
ossification, for which Notch is considered as one of the most
important pathways. The exact role of Notch in aortic valve
calcification remains unknown and the existing evidence is
controversial. Acharya et al. demonstrated, through chemical
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inhibition of Notch by y-secretase inhibitor DAPT, that inhibi-
tion of Notch1 activity resulted in accelerated calcification while
stimulation of Notch signaling attenuated the calcific process
[49]. Similarly, Nigam et al. showed that Notch1 in aortic valve
cells represses Bmp2 and prevents the progression of osteo-
genic calcification [50]. Furthermore, calcific aortic valve disease
has been associated with higher expression levels of IncRNA
H19, which interferes with the expression of NOTCH1 [51].
Contrary to these findings, Zeng et al. showed that Notch1
actually promotes osteogenic calcification in human valve
interstitial cells (VIC) [52]. Recent in vitro work, using induced
pluripotent stem cell (iPSC)-derived endothelial cells, showed
that NOTCHT1 haploinsufficiency disrupts endothelial cell
response to shear stress and unlocks pro-osteogenic and
inflammatory network [53]. Whether activation of Notch is
pro- or anti-osteogenic is unclear. Most probably, the described
discrepancies arise from different in vitro and in vivo experi-
mental conditions used in different laboratories. Our studies
show that in CAVD patients dysregulated Notch signaling is
associated with pathological mineralization of the valve cells
[54]. Specifically, we report that the profile of Notch-related
gene expression is different in aortic valve interstitial cells of
patients, compared to cells of healthy individuals. This differ-
ence is associated with dysregulated Notch-dependent events
in the cells of the patients, such as NICD-dependent induction
of EMT and calcification [54]. Consistent with the role of Notch
in aortic valve calcification are genetic studies showing that the
only proved candidate gene for BAV, a risk factor of CAVD
development, is NOTCH1 [55].

4.2. Aortic aneurysm

Thoracic aortic aneurysm (TAA) is a dangerous condition, which is
manifested in patients by progressive growth of the thoracic aorta
diameter due to destructive changes in the aortic wall. TAA could
be a consequence of degenerative or hypertensive aortic enlarge-
ment or to less common genetic disorders, such as Marfan syn-
drome, Ehlers-Danlos, or other connective tissue diseases [56].

The aortic wall consists predominantly of endothelial cells and
SMCs. Notch ligands expressed by endothelial cells activate Notch
signaling in the underlying SMCs, which in turn ensures integrin
adhesion to the endothelial basement membrane and induces
maturation and differentiation of these cells [57]. There are several
studies suggesting that lateral induction of Notch signaling within
multiple SMC layers, ensures differentiation induced by an
endothelium signal [58]. Mice with an endothelial deletion of the
Jagged1 gene show poor SMCs differentiation and expression of
SMCs markers [59]. Furthermore, activation of Notch signaling in
SMCs by endothelial-expressed Jagged1 leads to increased expres-
sion of Jagged1 and Notch3 [60] which, together with Notch2,
appears to be the most important Notch receptor for SMCs [61].
The critical role of Notch in blood vessels stabilization has been
elegantly demonstrated by the group of Duarte that showed that
upregulation of Jagged1 in the endothelium mediates the recruit-
ment of pericytes needed for the maturation of the new vessels
[62]. Lastly, we have recently shown that endothelial cells are
capable of driving smooth muscle osteogenic gene expression
via cell-cell contact and activation of Notch signaling [63].
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Balanced expression of Notch genes
(NOTCH 1-4; JAGGED1; DII4)

Dysbalanced expression of Notch genes
(NOTCH 1-4; JAGGED1; DIl4)

| Appropriate differentiation of cardiac tissues ﬂ

!

¥ Normal cardiovascular development

l Defects in cell differentiation of cardiac tissues

2

v Congenital heart defects
v Aortic valve calcification
v Aortic pathology

Figure 2. Fine-tuned expression of Notch component genes is necessary for the proper maintenance of vessel walls and cardiac tissues. Balanced
expression of several Notch components is necessary for the proper development of cardiac tissues. Concerted actions of several Notch components are needed for
the proper vessel function during development and lifetime. The data from various models suggest that dysregulation in expression levels of Notch components is
associated with the pathological state of aorta and aortic valve and congenital heart defects.

Mutations in NOTCH1 have been linked to BAV, which is asso-
ciated with ascendic aorta aneurysm, but a clear involvement of
NOTCH1 mutations has not been described for aortic aneurysm in
patients with the normal tricuspid aortic valve. In support for a role
of Notch1 inactivating mutation in TAA, a recent study has shown
that Notch1* ~ mice develop aortic root dilation [64]. Consistent
with the involvement of Notch in TAA, we have reported
a dysregulation of Notch in aortic endothelial and SMCs cells
from TAA patients, regardless the valve morphology and the
presence of mutations in NOTCH1 gene [65-68]. This was conco-
mitant with decreased expression of contractile markers in aortic
SMCs of TAA patients [69], in line with other observations suggest-
ing that dysregulated Notch in endothelial and SMCs could be
involved in changes in differentiation state of SMCs and subse-
quent disruption of aortic wall integrity. We have also shown that
endothelial cells of TAA patients show dysregulated Notch, BMP
and Wnt/B-catenin related signaling and impairment of DIl4-
mediated Notch activation in response to flow [68]. Aortic wall is
subjected to a constant mechanical stress and Notch, Wnt and
BMP pathways are critical in maintaining endothelial integrity and
proper differentiation state of endothelial cells [70,71].
Furthermore, activation of Notch in response to flow is an impor-
tant differentiation and stress resistance mechanism [72]. Our data
show that these Notch-regulated crucial protective mechanisms
of the vascular wall are impaired in aneurysmal patients [68].

In conclusion, the Notch signaling is involved in the devel-
opment and maintenance of the vessel wall (Figure 2).
Concerted actions of several genes of the Notch family and
Notch target genes are needed for proper vessel function,
thus the dysregulation of the Notch pathway is associated
with the pathological state of aorta and aortic valve.

4.3. Heart failure

Heart failure (HF), the last step of the so-called ‘cardiovascular
disease continuum’, is caused by changes in size and shape of
the ventricle (pathological remodeling) consequent to myo-
cardial infarction (Ml), pressure or volume overload, inflamma-
tion, or cardiomyopathy. All these conditions cause the
dysregulation of common pathways, leading to altered gene
expression, cellular metabolism, protein turnover and, even-
tually, to the impairment of the heart contractile function [73].

There is a limited number of studies in patients showing the
involvement of Notch in HF (reviewed in [74]). This is due to limited
access to myocardium biopsies and to the scarce availability of
circulating markers to assess the status of activation of Notch in the
failing heart. Increased levels of the Notch ligand DIIT were found
in the serum of patients with HF [75] and dilated cardiomyopathy
[76]: in both studies, the levels of DIIT correlated with the number
of adverse cardiovascular events [75,76]. In patients with dilated
cardiomyopathy, the levels of periostin, a non-canonical Notch
ligand, were higher and correlated with the degree of diastolic
dysfunction [76]. The biological role and source of these soluble
mediators in the serum of HF patients need further investigation
[77]. A role for Notch in the pathophysiology of HF has also
emerged in the context of phase 1 clinical studies to assess safety
of Dll4-blocking antibodies to prevent tumor angiogenesis, that
reported HF in some of the patients undergoing this treatment
[78,791.

In contrast with the limited knowledge in patients, there is
a large number of in vitro and in vivo studies showing the
critical role of Notch in the maintenance of the homeostasis of
the heart and arteries and the dysregulation of this pathway in
HF development. In the next paragraphs, we will focus on
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Figure 3. The role of Notch pathway components in regulating the functions of the cells present in the vascular artery wall. Dysregulated expression of
Notch pathway components affects the onset and progression of atherosclerosis by causing endothelial cells dysfunctions, by favoring M1 phenotype in
macrophages, and by enhancing the migration and proliferation of the vascular smooth muscle cells. miRNAs, by targeting specific components of the Notch
pathway, may be used to repristinate the normal physiological functions of the different cells present in the vascular artery wall.

studies relative to the role of Notch in HF caused by athero-
sclerotic coronary artery disease.

4.3.1. Role of Notch in plaque formation and progression
Coronary atherosclerosis, responsible in some patients for
ischemic heart disease and its different clinical manifestations, is
characterized by a long, often silent phase preceding the plaque
formation. The process starts with endothelial dysfunction,
defined as the disruption of endothelium integrity (caused by
increased apoptosis and permeability), impairment of its function
(reduced nitric oxide (NO) production) and increased expression of
surface proteins involved in the recruitment of inflammatory cells
[80,81]. During the last decade, the role of Notch in preventing
endothelial dysfunctions caused by inflammation, turbulent shear
stress, dyslipidemia, and low estrogen levels has been demon-
strated by a plethora of in vitro and in vivo studies (as discussed in
[23,80]) (Figure 3). The first detailed description of molecular
mechanisms underlying the protective role of Notch in the
endothelium came from the work in iPSC (inducible Pluripotent
Stem Cell) by Theodoris et al. showing that Notch1 is required to
transduce the positive effects of shear stress and for the normal
function of the endothelium [53]. More evidence was provided by
the study of Briot et al showing that the downregulation of
endothelial Notch1 is involved in dyslipidemia-induced endothe-
lial dysfunction in regions at risk for plaque formation, such as the
lower aortic arch exposed to pro-atherogenic, turbulent blood
flow [82]. Conversely, ivabradine, a heart rate slowing drug, delays
plaque formation in the endothelium of the lower aortic arch of
dyslipidemic mice by inducing the expression of anti-atherogenic
genes, including Notch1 [83]. Consistent with these observations,
Mack et al. reported that loss of endothelial Notch1 results in
increased inflammation and plaque burden in the aorta of adult
mice unequivocally showing that Notch1 is required to maintain

cell-cell junctions elongated cell morphology, and endothelial
alignment with blood flow [84]. More details were provided by
Polacheck et al. that showed that shear stress maintains endothe-
lial barrier function by activating non-canonical Notch1 specifically
required for intact adherens junctions [85]. Recent work by Jabs
et al. has shown that lack of endothelial RBP-Jk affects also the
heart, by inhibiting the fatty acid transport to cardiomyocytes and
causing a switch to glycolysis, increased expression of ‘fetal genes’
and, consequently, HF [86]. The studies discussed so far, sugges-
tive of a protective role of Notch1 against inflammation- and/or
dyslipidemia-induced endothelium damages, are in contrast with
the results of a study showing a role for Notch1/Jagged1 in the
interleukin (I)-1B mediated induction of vascular cell adhesion
protein 1 (VCAM-1) in endothelial cells [87]. In line with this
in vitro study, a high cholesterol diet resulted in reduced athero-
sclerosis in the aortic arch in Apolipoprotein E (ApoE)-deficient
mice carrying either endothelial-specific deletion of Rbpj or sys-
temic deletion of Notch1 [88]. Furthermore, mice with endothelial
Notch1 knockdown showed attenuated inflammation, due to
reduced histone H3K27 acetylation at a subset of NF-kB-directed
inflammatory enhancers [89]. The conflicting sets of data from the
in vivo studies could be, at least in part, explained considering that
RBP-Jk deficiency does not impair the Notch non-canonical signal
[90] and that systemic Notch1 deletion will affect the activity and
differentiation of several components of the immune system and
different aspects of inflammatory responses [91,92]. Overall these
discrepancies indicate that the role of Notch in the endothelium
requires more investigations [90].

Vascular SMCs are important for plaque stability [93] and the
Notch signaling is required for their survival [94] and to main-
tain them in a non-proliferative, contractile phenotype [95,96]
(Figure 3). Consistent with these studies, we found that choles-
terol loading of rat aortic vascular SMCs leads to reduction and
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induction of contractility and inflammatory markers, respec-
tively, in association with reduced levels of Jagged1 and Hey2
and increased levels of DIl4 mRNAs [20]. Jagged1/Notch3 axis
seems to be the main player in determining the quiescent
phenotype of vascular SMCs [61] but recent work in endothelial
Notch1 KO mice has found that activation of Notchl by
Jagged1, expressed on the adjacent endothelial cells, is
required for Akt-mediated survival of SMCs in the artery wall
[94]. On the contrary, in the context of vascular wall remodeling
following artery damage, Chen and collaborators found that
miR-34a inhibited neointima formation, that is decreased vas-
cular SMCs proliferation, by reducing Notch1 expression [97].
Similarly, neointimal formation and vascular SMCs proliferation,
following carotid artery ligation, were inhibited by perivascular
injection of Notch1 siRNA [98] and y-secretase inhibitor DAPT
prevented migration and proliferation of SMCs of ductus arter-
iosus induced by angiotensin | through the Notch3-Hes1/2/5
axis [99]. These results were confirmed by a study revealing that
phospholipase C (PLC)y 1, through Akt, specifically activates
Notch1, necessary for intima formation after vessel injury
[100]. These apparently opposite actions of the Notch1 and 3
receptors on vascular SMCs functions highlights once again the
complexity of the Notch system. Based on the studies discussed
so far they could be, at least partially, explained by i) the
different roles played by Notch1 and Notch3 or by ii) their
different expression levels in vascular SMCs and/or by iii) the
different cellular context present in atherosclerotic plaques and
in the damaged artery wall.

Macrophages play a major role in plaque formation and
evolution. The role of Notch receptors, mainly Notch1, in pro-
moting the proinflammatory, M1 phenotype, has been thor-
oughly investigated (as reviewed in [92,101]). Notch1, rather
than Notch2 and Notch3, plays a crucial role in determining the
M1 phenotype through the activation of the NF-kB pathway
[102]. This observation has been confirmed and extended by
Singla and collaborators that have reported the reduction of M1
macrophages and pro-inflammatory cytokines production in
monocytes treated with Notch1 siRNA, followed by the
enhancement of M2 macrophage differentiation, characterized
by the production of anti-inflammatory cytokines [103].
Consistently, miR-148a-3p, a Notch1-induced miRNA, promotes
the differentiation of monocytes into macrophages, inhibits M2
polarization and favors instead a M1 state [104]. In macro-
phages isolated from Notch1 KO mice and in the macrophage
cell line Raw 264.7 treated with Notch1 siRNA, lipopolysacchar-
ides (LPS)-induced NF-kB and hypoxia-inducible factors (HIF)-1a
activation were decreased, confirming that LPS requires Notch1
for the transcriptional upregulation of M1 genes (NO synthase-
2, Nos2, Tumor necrosis factor-alpha, Tnfa, and Interleukin-1p, II-
1B) [105]. Of interest, in this study Notch1 activation was linked
to metabolic upregulation of mitochondrial oxidative phos-
phorylation and reactive oxygen species (ROS) production
[105]. In terms of ligands, both DIlI4 and Jagged1 have been
found involved in macrophages function. DII4, induced by II-13
and LPS, exacerbates the inflammatory response of macro-
phages [106] and interferes with Il-4-induced M2 phenotype,
causing instead macrophages apoptosis [107]. Other groups
have confirmed the role of DIl4, expressed on endothelial
cells, in Notch-mediated promotion of a M1 pro-inflammatory

fate [108] and shown that blockade of Dll4-mediated pro-
inflammatory activation of macrophages interferes with ather-
osclerosis progression [109]. Foldi et al. have reported instead
that LPS strongly induces Jagged1/Notch1 signaling, leading to
the amplification of inflammatory response [110] (Figure 3). In
addition to the studies described so far showing mainly a role
for Notch1 in macrophages activation, other authors have
reported the involvement of other isoforms of Notch receptors
in the regulation of macrophages function. Specifically, Notch3-
activated signaling has been shown to be crucial for inflamma-
tory phenotype of macrophages [106] and canonical Notch2
signaling, together with Notch1, seems to promote macro-
phages function in wound repair [111]. Furthermore in mice
has been shown that DIIT expressed in the endothelium acti-
vates Notch2 signaling in monocytes, promoting the conver-
sion of Ly6Chi monocytes into Ly6Clo monocytes, involved in
repair of ischemic tissues [112].

Macrophages are not the only cells of the immune system
involved in atherosclerosis: CD4 and CD8 T-cells also contri-
bute to plaques formation and the dysregulation of the func-
tions of the regulatory T-cells (Tregs) is involved in the
progression of this disease [92]. Trying to blunt this complex
response, without compromising the immune defenses, repre-
sents a major translational goal of the field of immunology of
atherosclerosis [113,114]. The role of Notch in the regulation
of immunity has been thoroughly investigated in physiological
conditions [92,115], and in cancer [116]. Little is known about
Notch-mediated regulation of acquired immunity in the con-
text of atherosclerosis [92]: this knowledge could provide extra
tools to harness this host defense program in our favor.

4.3.2. Notch in the ischemic heart and post-infarction
remodeling

The role of Notch1 in stimulating the proliferation of immature
cardiomyocytes and of their precursors has been shown by
a large number of studies (reviewed in [74]). Recent work
addressing heart regeneration in neonatal mice has shed
more light on the mechanism by which Notch 1 sustains cardi-
omyocyte proliferation by showing that acetylation extends the
half-life of the Notch1 intracellular domain and enhances its
transcriptional activity [117]. It is widely accepted that Notch1 is
turned off in mature cardiomyocytes [74] because of epigenetic
modifications at Notch-responsive promoters that appear to be
irreversible [118]. There are, nevertheless, numerous studies
showing that the reactivation of Notch1 in the border zone of
the infarct or in overloaded heart prevents cardiomyocytes
apoptosis, reduces the extent of fibrosis and limits the hyper-
trophic response (reviewed in [74]). Both in the developing and
the stressed heart, Notch1 signaling is mainly activated via
expression of Jagged1 on the surface of cardiomyocytes. After
activating Notch1, Jagged1 is endocytosed by the signaling
cells and processed to a Jagged1 intracellular domain which
binds to N1ICD and blunts its activity in the nucleus, thus
contributing to the regulation of Notch signaling [119].

The Notch1 signaling pathway has been widely investigated
in animal models of ischemia/reperfusion (I/R) injury. In the
heart subjected to I/R injury, Notch1 has a protective function
by counteracting oxidative/nitrate  stress, decreasing



expression of inducible NOS (iNOS), increasing endothelial NOS
(eNOS) phosphorylation and increasing the phosphorylation of
Akt [120,121]. In addition to Notch1, Notch3 overexpression is
involved in cardioprotection during I/R injury, by activating Akt
sighaling and by maintaining mitochondrial function [122].
Consistently with the protective role of Notch during I/R injury,
diabetes seems to augment the severity of Ml by downregulat-
ing Notch1 and Jagged1 [123]. Furthermore, inhibition of miR-
363, upregulated during in vitro ischemia, protects cardiomyo-
cytes through the activation of Notch1 and the induction of
Hes1 and Hey1 [124]. Several compounds able to limit the I/R
damage have been shown to activate Notch1 signaling, such as
G1, an agonist of the G protein-coupled estrogen receptor
(GPER30) [125], 2,3,5,4'-Tetrahydroxystilbene-2-O-f3-
D-glucoside, a compound extracted from Polygonum multi-
florum Thunb [126], and the alkaloid berberine [127]. For both
G1 and berberine, the cardioprotective action has been linked
to Notch1-mediated activation of Akt [125,127]. Lastly, the
Notch1 signaling is activated and contributes to the reduction
of cardiomyocyte apoptosis associated with ischemic pre- and
post-conditioning, both approaches being used to limit heart
damages caused by an MI [128,129].

An important question to be answered about the role
played by Notch1 in heart repair is: in which cell types of the
damaged heart Notch1 is reactivated, and according to which
molecular mechanisms? Felician et al. have shown that, due to
the methylation of its promoter [118], it is unlikely that Notch1
is reactivated in mature cardiomyocytes. On the contrary, work
by Boni et al. found that activation of Notch1 in c-kit-positive-
cardiac precursor cells favors their myocytes rather than fibro-
blast lineage, still maintaining them in a highly proliferative
state [130]. This observation is consistent with the study by
Nemir et al. in a mouse model of overloaded myocardium in
which Jagged1 overexpressed in cardiomyocytes stimulates
the expansion of Nkx2.5-positive cardiac precursor cells [131].

The extent of early ventricular remodeling following an Ml is
determined by a delicate balance between timing and intensity
of the inflammatory response, first required to remove the dead
cells debris, and the fibrosis, which will replenish the space left
by the dead cardiomyocytes [74,132]. In adult heart subjected
to pressure overload, Notch1 reduces fibrotic response by
a Jagged1-mediated differentiation of cardiac precursor cells
into cardiomyocytes rather than fibroblasts [131]. Additionally,
Notch1 activation ameliorates cardiac fibrosis by inhibiting
transforming growth factor-f (TGF-B) signaling- induced fibro-
blast-myofibroblast transition [133,134]. Noteworthy, relaxin,
a natural hormone with antifibrotic capacity, reduces aberrant
TGF-B-mediated collagen deposition and fibrosis by activating
Notch1 signaling [133]. In agreement with these data showing
the involvement of Jagged1/Notch1- mediated signaling in the
damaged heart, intra-myocardial delivery of a peptide mimic of
Jagged1 improves cardiac function in rats subjected to Ml by
decreasing myocardial fibrosis [135].

Ml elicited-inflammation leads to activation of interferon
regulatory factor 3 (IRF3) and type | interferons (IFNs) in car-
diac macrophages which, in turn, induces further damages to
the heart. Interruption of IRF3-dependent signaling decreases
cardiac expression of inflammatory cytokines and attenuates
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ventricular dilation, thus improving cardiac function [136].
Based on this evidence, IRF3 and the type | IFN response
could be a potential therapeutic target for cardioprotection.
Given the role played by Notch in the stimulation of inflam-
matory response in macrophages and in the production of
type | IFN by plasmacytoid dendritic cells [137], it would be
interesting to determine if Notch inhibition could reduce heart
damages associated with IRF3/IFN and, in general, with inflam-
matory response during I/R. In agreement with this hypoth-
esis, in an animal model of stroke, treatment with a Notch
inhibitor reduced the size of cerebral damage by interfering
with the recruitment of neutrophils leukocytes [138].

A Notch involvement may be relevant also for arrhythmias.
Inflammation-dominated sympathetic sprouting adjacent to the
necrotic area has been implicated in the etiology of arrhythmias
resulting in sudden cardiac death. At 3 days post-MI, high NICD
levels were observed in the macrophages infiltrating the infarct
area. The administration of DAPT (30 min before MI and then
daily) decreased the number of macrophages and attenuated
the expression of nerve growth factor, thus preventing the pro-
cess of sympathetic hyperinnervation and arrhythmias [139].

4.3.3. Notch and post-infarction angiogenesis

Targeting angiogenesis could restore the microcirculation in
the reperfused MI, reducing adverse clinical outcome [140].
The role of DIll4/Notch1 in regulating angiogenesis during
development and after birth, both under physiological condi-
tions or tumor angiogenesis, has been thoroughly investi-
gated [80,141]. In the heart, DIl4 is expressed mainly in the
endothelium, which also expresses Notch1, nevertheless little
is known about the role of DIl4/Notch1 in the ischemic heart
and in the progression to HF. Kratsios et al. were the first to
show that overexpression of Notch1 in the infarcted myocar-
dium leads to increased angiogenesis and improved cardiac
function [142]. Consistent with an active role of DIl4/Notch1 in
regulating heart angiogenesis, Jabs et al. reported reduced
fractional shortening and ejection fraction following injection
of an anti-Dll4 antibody in wild type C57BL/6 mice and
increased blood vessels density, without defects in blood
perfusion, in the heart of mice lacking endothelial RBP-Jk
[86]. It should be noted that in the context of myocardial
angiogenesis, RBP-Jk may also act, independently of Notch1,
by binding and inhibiting HIF-1a and HIF-2a [143]. In agree-
ment with these observations suggesting a role for Notch in
angiogenesis in the context of HF, we showed that treatment
with serum of HF patients promotes sprouting angiogenesis
and regulates Notch signaling in human umbilical vein
endothelial cells [144].

4.3.4. Notch in stem cells for heart repair

The role of Notch in the regulation of stemness is well defined,
both in embryonic and adult organs. In some tissues, as in the
myocardium, Notch1 maintains cells in an undifferentiated,
high proliferative state and its downregulation is required for
the acquisition of the differentiated state [130]. In other tis-
sues, such as the skin, Notch1 is turned off in the stem cells
and its expression and activation is required for cells differ-
entiation [145]. Depending on its role as an inhibitor or
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promoter of stemness, Notch1 will behave as an oncogene or
tumor suppressor gene, respectively, within a specific cell
type [146].

In the last 20 years, a large body of data has been accumu-
lated on the existence of cancer stem cells (CSCs), derived from
the transformation of tissue stem cells or from the acquisition of
progressive mutations of cancer cells [147]. These cells, charac-
terized by tissue-specific surface markers [148], grow very slowly,
compared to the bulk tumor cells, and therefore do not respond
to classical chemotherapy, thus causing tumor recurrence [149].
Of interest, CSCs in tumors rely on Notch signaling for their
survival, thus inhibition of Notch in these cells seems to be
a promising attempt to prevent cancer growth and recur-
rence [150].

After an MI there is increased recruitment from the bone
marrow of endothelial progenitor and mesenchymal stem cells
(EPCs and MSCs, respectively) that may contribute to the
repair of the damaged myocardium [74]. This observation
provided the basis for the use of intracoronary injection of
patients stem cells for heart regeneration following an MI.
However and unfortunately, so far there has been no clinical
benefit from these treatments [151]. It should be noted, how-
ever, that this approach is relatively new, thus, more knowl-
edge of the molecular mechanisms regulating the function of
these stem cells, together with more studies to identify the
best cell types to be used and/or new modalities to enhance
engraftment and cells function, should help to achieve heart
regeneration by using patients stem cells [151]. Of relevance
in this context, Notch1 modulates the recruitment and func-
tions of EPCs and MSCs (as reviewed in [74,80]). Noteworthy,
hypoxic preconditioning enhances proliferation, migration of
EPCs and the secretion of NO and VEGF by activating the
Notch-Jagged1 axis [152]. Targeting Notch could, therefore,
help to obtain more ‘performing’ stem cells to be used for
myocardium repair.

One of the mechanisms by which stem cell injection may favor
heart repair is the formation of new cardiomyocytes from resident
cardiac progenitor cells (CPCs) [153]. According to several studies
the myocardium has the potential to heal itself: cardiomyocytes
renewal in human has been documented, with a gradual decrease
from 1% turning over annually at the age of 20% to 0.3% at the
age of 75 [154] and CPCs have been identified in human explanted
hearts [155]. Targeting Notch1 could enhance this intrinsic ability
of the heart to repair itself since, as already discussed, Notch1
maintains CPCs in a high proliferative state [130]. Consistent with
this observation, Adeno-associated virus- based gene transfer of
activated Notch1-intracellular or soluble-Jagged1 increases num-
ber and size of cardiospheres originated from a heterogeneous
population of poorly differentiated cells outgrowing from in vitro
cultured cardiac explants [156]. Interestingly, CPCs isolated from
human heart differentiate predominantly in smooth muscle cells
but can be redirected to the cardiomyocyte fate by transient
activation, followed by inhibition, of Notch1 signaling [157].
However, future studies aimed to promote myocardium repair
by targeting CPCs should consider a recent work using single
cell mRNA sequencing that found no evidence for the existence
of a quiescent cardiac stem cell population, further quenching the
enthusiasm toward the promotion of heart repair by activation of
resident cardiac stem cells [158].

5. Conclusions

In summary, the Notch pathway plays a crucial role during the
development and postnatally, for the maintenance of the
homeostasis of many tissues and organs, including the heart,
arteries, and immune cells. Today, a large body of evidence
shows that the dysregulation of Notch, as already shown in
cancer, is involved in congenital and not congenital cardiovas-
cular diseases (Table 1).

6. Expert opinion: Notch a novel therapeutic target
for cardiovascular disease?

Accumulating evidence shows that cancer and cardiovascular
disease share risk factors and numerous underlying molecular
pathways. One of the most recent examples of the overlap-
ping between these deadly diseases is the discovery that
mutations in hematopoietic blood cells, known to increase
the risk of hematological malignancies, are also associated
with nearly a doubling in the risk of coronary heart disease
in humans and with accelerated atherosclerosis in mice [159].
Additionally, the work by Meijers et al. has shown that a heart
damaged by MI releases soluble factors that promote cancer
progression [160] shedding light on the possible mechanisms
underlying the increased risk of cancer observed in HF
patients [161]. This connection between HF and cancer has
also emerged from a study showing a 14% increase of risk of
lung cancer in patients under angiotensin converting enzyme
(ACE) inhibitors [162]. Statins, which are widely used as
3-hydroxy-3-methyl-glutaryl-coenzyme A (HMG-CoA) reduc-
tase inhibitors for LDL lowering therapies, have been recently
under investigation for possible effects on cancer incidence
and progression (as reviewed in [163]).

Based on all these links, it is not surprising that drugs that
are successfully used for cancer therapy are now being used to
treat cardiovascular disease, and vice versa. One of these drugs
is teniposide, a topo Il (DNA topoisomerase Il) inhibitor used
for cancer treatment which recently has been shown to reduce
vascular calcification [134]. Additionally, inhibitors of the EGFR
(Epidermal Growth Factor Receptor), such as erlotinib, used for
targeted therapy of lung cancer, also reduces atherosclerosis
by inducing anergy in CD4 T cells [113,164]. Exploratory ana-
lyses have found that anti-inflammatory therapy with canaki-
numab, a monoclonal antibody that neutralizes II-1B, not only
reduces cardiovascular events in patients with cardiovascular
disease [165] and the development of chronic viral myocarditis
[166] but also the incidence of mortality attributable to lung
cancer [114].

The Notch pathway represents another link between cancer
and cardiovascular diseases. Since Notch activation promotes
the survival of cancer cells in solid tumors and leukemias, large
effort is being put into the inhibition of Notch to render cancer
more responsive to existing chemotherapeutic agents
[150,167]. Clinical trials are currently investigating small mole-
cules inhibitors of y-secretase, but, in parallel, antibodies against
the different isoforms of Notch receptors and/or ligands
together with decoy ligands, are also being tested in preclinical
[150,167] and pilot clinical [168] studies. The clinical trials con-
ducted so far, targeting Notch alone or in combination with
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Figure 4. Notch in cardiac remodeling following myocardial infarction. Myocardial Notch1 modulation, by miRNAs or antagomiRNAs, in the infarcted heart may
limit pathological remodeling by reducing cardiomyocytes apoptosis and cardiac fibrosis, by enhancing the proliferation of cardiac stem cells, by promoting
angiogenesis and by reducing the ratio M1/M2 macrophages. Fine-tuned Notch1 activity in the damaged myocardium may thus lead to improved hemodynamic

functions by reducing scar formation and ventricle remodeling.

other agents, have shown little, not extraordinary response
[169]. A recent case study has reported total remission in
a patient with early T-cell progenitor acute lymphoblastic leu-
kemia treated with y-secretase inhibitor BMS-906,024. Next
Generation Sequencing analyses have shown the presence of
Notch mutations in leukemic blasts possibly driving this tumor
[170] suggesting the need for genomic analyses to identify
super-responders to anti-Notch treatment. When taking under
consideration the challenges of targeting Notch in cancer, it
should be also considered that Notch is a suppressor gene in
some tissues, such as the skin [171] and not surprising skin
tumors have been observed following treatment with Notch
inhibitors [167]. Additionally, since Notch is a major player in
the modulation of the immune system [92,172] long-term stu-
dies should evaluate the effects on the immunity of Notch
inhibitors. Also, based on the discussed crucial role of Notch in
the cardiovascular system, the potential cardiotoxicity of these
Notch-targeting cancer drugs should be evaluated in long-term
studies [173].

Conversely, Notch1 could be targeted to reduce the cardi-
otoxicity caused by some anti-cancer agents. It is widely
recognized that lack of estrogens causes endothelial dysfunc-
tion [23] and our data show that estrogens protects the
endothelium by activating Notch1 [174]. Hence, the cardio-
toxicity observed in association with anti-estrogen treatment
for breast cancer could be due to endothelial Notch1 inhibi-
tion, and thus, it could be reduced by restablishing Notch1
signaling in this tissue [23]. Similarly, given the pivotal role of
Notch1 in the stressed heart, studies aimed to investigate the
involvement of this receptor in cardiomyocytes death, caused
by doxorubicin, trastuzumab, and lapatinib treatments, could
lead to novel, Notch-based, therapeutic approaches to prevent
cardiotoxicity linked to the treatment with these drugs
[74,173].

Due to the complexity of the Notch signaling, thoroughly
discussed in the previous paragraphs, the dissection of the

mechanism of actions of the different Notch receptors and their
ligands, similarly to cancer, should be a crucial step for the target-
ing of this pathway for cardiovascular diseases. Specifically, studies
aimed to identify upstream or downstream regulators and effec-
tors of Notch signaling could facilitate the targeting of Notch in
this context. For example, it is known that Notch1 inhibition could
prevent intima thickening, but given the divergent effects of
Notch receptors on vascular remodeling and in the endothelium,
the use of a y-secretase inhibitor (GSI) to inhibit Notch1 may give
undesired effects to other Notch receptors. To overcome this
problem Jiang et al, based on data showing that PLCy1-Akt-
mediated Notch1 signaling is crucial for intima formation, found
that specific inhibition of the PLCy1 and Akt interaction could be
a promising therapeutic strategy for preventing vascular remodel-
ing [100]. Another issue, given the multiple and opposite roles
played by Notch in multiple tissues, is the modality of administra-
tion of novel pharmacological agents. Activation of Notchl to
reduce ischemia-caused damages in cardiomyocytes and to pre-
vent endothelial dysfunction, should be accomplished locally to
avoid general activation of inflammatory pathways. Nanoparticles,
successfully utilized to reduce the MI damage by delivering drugs
targeting infiltrating cells [175], could be used to deliver miRNAs
that regulate Notch1 [124,176,177]. These miRNAs could be also
administrated systemically [178] or locally, by intracardiac injection
[179] or by hydrogels-functionalized with a peptide mimic of
Jagged1 [135] (Figures 3 and 4). At this purpose hydrogels-
functionalized with miRNAs, similarly to those with a peptide
mimic of Jagged1 [135] could be used. Similar approaches could
be exploited to inhibit Notch1 in leucocytes, to diminish inflam-
matory response, or to reduce DIl4-mediated Notch signaling in
plaques. In the context of atherosclerosis, GSI-eluting stent could
also be developed to prevent vascular SMCs proliferation and
intima thickening.

To the best of our knowledge, probably due to the many
challenges to be overcome discussed in this review, no clinical
trials targeting Notch for cardiovascular disease have been
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conducted so far. Based on our discussion, it emerges that
effective strategies for the targeting of Notch in cardiovascular
diseases should benefit from the interaction between basic
and clinical researchers involved in cancer or cardiovascular
diseases. This collaboration, aimed to further understand the
pathological role of Notch pathway and to identify novel
therapeutic interventions targeting both cancer and heart
and vessels disease, will expand the established field of the
cardio-oncology, which today aims mainly to reduce the nega-
tive effect of cancer drugs on the cardiovascular system.
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