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Despite the currently available pharmacotherapies, today, thirty percent of worldwide deaths are due to cardiovascular diseases
(CVDs), whose primary cause is atherosclerosis, an inflammatory disorder characterized by the buildup of lipid deposits on the
inside of arteries. Multiple cellular signaling pathways have been shown to be involved in the processes underlying
atherosclerosis, and evidence has been accumulating for the crucial role of Notch receptors in regulating the functions of the
diverse cell types involved in atherosclerosis onset and progression. Several classes of nutraceuticals have potential benefits for
the prevention and treatment of atherosclerosis and CVDs, some of which could in part be due to their ability to modulate the
Notch pathway. In this review, we summarize the current state of knowledge on the role of Notch in vascular health and its

modulation by nutraceuticals for the prevention of atherosclerosis and/or treatment of related CVDs.

1. Introduction

“Prevention is better than cure” is the proverb that better
describes the impact of eating habits in prophylaxis of many
pathologies, including cardiovascular disease (CVD), one of
the leading causes of death in industrialized countries [1].
The causes of CVDs are multifactorial and some of these, such
as modifiable lifestyle (i.e., tobacco smoking and physical
activity) and especially dietary habits, play a major role in this
context. In fact, it has been widely demonstrated that a healthy
diet, with balanced intake of vegetables, fruits, olive oil, and
whole grains, reduces the risk of developing CVDs due to ath-
erosclerosis. Therefore, in the last few years, novel nutritional
strategies have been implemented, including dietary modifi-
cations and consumption of innovative functional foods and

dietary supplements which fall in the category of nutraceutical
products. Coined in the end of the “90s by Dr. Stephen De
Felice, the neologism “nutraceutic” is a combination of the
terms “nutrition” and “pharmaceutic” and indicates a disci-
pline that studies the substances that are “a food or part of a
food” which can provide “medical or health benefits, includ-
ing the prevention and treatment of disease” [2]. More
recently, nutraceuticals have been defined as “a substance
that is cultivated/produced/extracted or synthesized under
optimal and reproducible conditions and, when adminis-
tered orally to normal subjects or patients, would provide
the nutrient(s) required for bringing altered body structure
and function back to normal, thus improving the health
and well-being of the patients” [3]. Consistently, preclini-
cal and clinical studies conducted in the last 20 years have
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shown an effect of nutraceuticals on prevention and progres-
sion of CVDs, specifically on atherosclerosis. Nevertheless,
there are studies that did not confirm the protective effect
of nutraceuticals, and to shed further light on the action
of these compounds, different doses and modality of admin-
istration, taking also under consideration the presence/ab-
sence of other medications, are being investigated, together
with studies of pharmacodynamics and pharmacokinetics.
These contrasting results could be also due to the limited
number of pathways so far investigated. An example in this
context is provided by probiotics, whose supplementation
efficacy has given contrasting results. A recently published
study shows that probiotic supplements promote endothe-
lial functions in humans with coronary artery disease
(CAD) without altering traditional cardiovascular risk fac-
tors or the microbiota population but only their transcrip-
tional activity, as indicated by their plasma metabolites
profile [4]. Thus, by only looking at the different bacteria
population of the microbiota, these effects of probiotics
would have been missed. Additionally, by increasing the
number of biomarkers of vascular function modified by
nutraceuticals, the identification of “super responders”
could be achieved, paving the way for “personalized nutra-
ceutical treatments.”

The Notch pathway, originally studied for its role in pro-
moting the survival of cancer cells, is emerging as a key player
in the maintenance of the vascular wall health and in the reg-
ulation of inflammation [5, 6]. This pathway responds to
agents, such as inflammatory cytokines and lipopolysaccha-
rides, whose effects are contrasted by nutraceuticals. The
aim of this review is to describe existing studies on the regu-
lation of Notch by nutraceuticals, in order to determine
whether the analysis of components of this pathway could
represent novel clinical surrogates providing useful informa-
tion when trying to assess the effect of traditional or emerg-
ing nutraceuticals.

2. The Steps of Atherosclerosis

Atherosclerosis is a complex multifactorial and multistep
chronic inflammatory condition characterized by the pro-
gressive accumulation of lipid-loaded fibrous plaques within
the artery wall. This pathology, arising from a cumulative
damage of the vessel wall, can culminate in atherosclerotic
plaque rupture and subsequent thrombus formation [7],
leading to its most common clinical manifestations, namely,
myocardial infarction (MI) or stroke [8]. The first stage of
atherosclerosis development takes place in the endothelium,
the intima layer of artery walls. The vascular endothelium
is a selective semipermeable continuous monolayer of endo-
thelial cells (ECs) that plays a major role in controlling the
vascular tone and vascular wall thickness by synthesizing a
plethora of autocrine and paracrine substances, such as
nitric oxide (NO), prostacyclin, histamine, prostacyclin,
angiotensin II (Ang II), heparin, tissue plasminogen activa-
tor (t-PA), and plasminogen activator inhibitor-1 (PAI-I),
which affect vascular smooth muscle cell (VSMC) prolifera-
tion, leukocyte migration, platelet aggregation, and adhesion
[9, 10]. Numerous systemic and hemodynamic risk factors
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contribute to the onset of endothelial dysfunction (defined
as reduced levels of NO, increased endothelium permeability,
caused by EC apoptosis and reduction of junctions between
ECs, and increased expression of adhesion molecules) which
is the first step toward plaque formation [11]. Endothelium
discontinuity favors the entry of cholesterol-containing
low-density lipoprotein (LDL) particles in the intima of large
arteries [10], an event mediated by interaction between LDL
apolipoprotein B100 (ApoB100) and matrix proteoglycans.
LDL retention predisposes them to oxidative modification
[12], and the resulting oxidized LDLs (0oxLDL), by binding
to a specific receptor, lectin-like oxLDL receptor-1 (LOX1),
induce the expression of vascular cell adhesion molecule 1
(VCAM-1) and intercellular adhesion molecule 1 (ICAM-1)
by ECs [13, 14]. These adhesion molecules, along with
chemotactic molecules, such as monocyte chemoattractant
protein-1 (MCP-1) secreted by ECs and VSMCs, mediate
the transmigration of monocytes in the subendothelium,
where differentiate into macrophages. These later adopt a
M1 proinflammatory phenotype and encode a wide range
of scavenger receptors (SRs) (i.e., SR-Al and CD36), useful
for facilitating the endocytosis oxLDLs [15]. This oxLDL
overload results in acquisition of the “foam cell” phenotype
by macrophage and fatty streak formation.

Furthermore, mast cells, T cells, and other inflammation
mediators penetrate lesions and, together with foam cells,
contribute to the maladaptive proatherosclerotic inflamma-
tory response. Foam cells secrete chemotactic growth factors
and metallopeptidases which, through degradation of the
extracellular matrix (ECM), support proliferation and migra-
tion of VSMCs and leukocytes into the intima [16]. In the
intima, the VSMCs produce interstitial collagen and elastin
and form a fibrous cap that covers the plaque. This cap over-
lies the macrophage-derived foam cells, some of which die by
apoptosis and release lipids that accumulate extracellularly.
This process leads to the formation of a lipid-rich pool called
the “necrotic core” of the plaque [7]. The stability of the pla-
ques is influenced by the balance between cap and necrotic
core. Stable plaques are characterized by the presence of a
small core rich in lipids covered by a thick fibrous cap rich
in collagen. Instead, unstable plaques have a thin fibrous
cap over a large fatty core [17] and are prone to rupture
which leads to the exposure of tissue factors to blood flow
and the activation of coagulation cascade with consequent
thrombus formation [7, 18]. An intraluminal thrombus
in the coronary arteries may decrease blood flow causing
ischemic cardiomyopathy: a complete vascular occlusion
will cause ML

3. Nutraceutical Supplementation for
Atherosclerosis Prevention

Nutraceuticals are classified into (i) dietary supplements:
products intended to supplement the diet, which contain
one or more dietary ingredients with well-known nutritional
functions (i.e., vitamins, minerals, herbs, or herbal active
compounds) and (ii) functional foods: consumed as part
of a normal diet, they consist in whole foods, along with
“fortified, enriched, or enhanced” foods supplemented with
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FIGURE 1: Beneficial effects of major nutraceuticals on atherogenesis key steps. Highlights of the main findings of in vitro and in vivo studies
which have investigated the mechanisms underlying the benefits of the major nutraceuticals (olive oil derivates, n-3 PUFAs, flavonoids,
SCFAs, and vitamins) at different stages of atherosclerosis development, including endothelial dysfunction, monocyte recruitment, foam

cell formation, VSMC migration and proliferation, and plaque stability.

known biologically active compounds that, in addition to
macro- and micronutrients, provide physiological benefits
and are intended for reducing the risk of developing chronic
diseases [19]. Some examples of functional foods are garlic,
apples, or soybean as remedies for treatment or prevention
of a number of diseases, but also vitamin D-fortified milk,
useful for counteracting osteoporosis [20]. Lastly, functional
food category includes yogurts for their content in probiotics
[21], live microorganisms with positive impact on the host
through a beneficial action on the intestinal tract, and prebi-
otics, organic substances, found in several vegetables and
fruits, which selectively enhance the activity of some groups
of bacteria [22].

This traditional definition of nutraceutical classes
intended that both nutraceutical ingredients and functional
foods derived preferentially from food products. However,
the hodiern nutraceutical includes also non-food-derived
active metabolites, which are safe and useful as novel sources
for modern nutraceuticals and functional foods, such as
medicinal plant-derived compounds [23], marine bioactive
compounds [22], and amino acids derived from bacteria fer-
mentation [24].

Several classes of nutraceuticals have been shown to
have potential benefits in the treatment of atherosclerosis
(reviewed in [25]) (Figure 1) and CVDs, and the ones for
which strong evidence exists for atherosclerosis protection
are described below and summarized in Table 1.

3.1. Olive Oil Derivates. Nutritional intake of olive oil, a key
component of Mediterranean diet, has been associated with
the prevention of CVDs, thanks to its content in monounsat-
urated fatty acids [26]. The 75% of fatty acids in olive oil is
represented by monounsaturated oleic acid which counter-
acts endothelial dysfunction and reduces the tumor necrosis
factor-alpha- (TNF-a-) induced apoptosis in VSMCs [27].
Olive oil is also a source of diverse phenolic compounds,
such as hydroxytyrosol, oleocanthal, oleuropein, lignans,
and pinoresinol, and numerous experimental, clinical, and
epidemiological investigations support the beneficial proper-
ties of these olive derivates in CVDs [28, 29]. For instance,
as for oleic acid, hydroxytyrosol reduces the expression of
cell surface adhesion molecules (VCAM-1, ICAM-1, and
E-selectin) in human umbilical vein endothelial cell line
(HUVEC)[30]. Furthermore, hydroxytyrosol, as well as its
derivates, inhibits the release of superoxide anions, prosta-
glandin E2 (PGE2), and TNF-« and the expression of cyclo-
oxygenase 2 (COX2) in human monocytes [31]. Similarly,
peracetylated hydroxytyrosol, a hydroxytyrosol derivate,
attenuates lipopolysaccharide- (LPS-) induced proinflam-
matory cytokine production in murine peritoneal macro-
phages [32]. Interestingly, a diet rich in polyphenol powder,
obtained from olive mill wastewater, enhanced antioxidant
mechanisms and reduced oxidative stress-induced damage
in chickens [33]. Moreover, in vitro treatment with hydro-
xytyrosol, or polyphenol extracts, from extra virgin olive oil,
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protects against the endothelial dysfunction induced by
hyperglycemia and free fatty acids through modulation of
NO production and endothelin-1 (ET-1) expression [34].
These observations have been confirmed by the NUTRAO-
LEUM study, a randomized double-blind controlled trial,
which supported the hypothesis of beneficial effects of virgin
olive oils on biomarkers of endothelial dysfunction in healthy
adults. This study demonstrated that administration of olive
oil enriched in phenols, especially in hydroxytyrosol, other
than improving plasma high-density lipoprotein (HDL)
levels, ameliorates the systemic ET-1 levels [35]. These data
mirror those obtained in two other clinical trials which tested
the effect of polyphenol-enriched olive oils on HDL- and
endothelial-related markers in hypercholesterolemic sub-
jects. In these studies, these functional olive oils promoted
cardioprotective effects, as indicated by increased levels of
fat-soluble antioxidants and antioxidant enzymes, improved
HDL subclass distribution, reduced the level of DNA oxida-
tion, and ameliorated endothelial function [36, 37]. Very
recently, it has been also demonstrated that hydroxytyrosol
blunts endothelial dysfunction by ameliorating mitochon-
drial function and reducing mitochondrial oxidative stress
[38], suggesting a potential mitochondria-targeting antioxi-
dant activity of hydroxytyrosol in the inflamed endothelium.

3.2. N-3 Polyunsaturated Fatty Acids. Polyunsaturated fatty
acids (PUFAs) are fatty acids that contain two or more bonds
in their carbon chains. Depending on the position of the
carbon-carbon double bond closest to the omega (methyl)
end of the molecule, PUFAs can be classified in omega-6
and omega-3 series of fatty acids which, other than being vital
constituents of cell membranes, constitute the substrates for
synthesis of eicosanoids (i.e., prostaglandins, prostacyclins,
thromboxanes, and leukotrienes), mediators of inflammatory
response and regulators of blood pressure and coagulation
[39]. In the end of the 80’s, an examination of the composi-
tion of Eskimos’ diet revealed an association between the
low mortality rate due to cardiovascular events in this ethnic
group and their diet rich in PUFAs derived from sea fish [40].
This observation prompted the researchers to investigate the
biological functions of these compounds and their role in
human health and pathology prevention. During the past
20 vyears, the research on the role of omega-3 PUFAs in
CVD has flourished, with the majority of scientific research
being focused on eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA), both displaying beneficial cardiovas-
cular effects. In fact, behind the possible cardioprotective
effect of these omega-3 fatty acids, other than the reduction
of triglyceride (TG) levels [39], additional modes of actions
have been proposed, which include hypotensive effect [41],
thrombosis reduction [42], and also decrease in malignant
arrhythmias [43]. Moreover, numerous in vitro and in vivo
investigations have shown that omega-3 PUFAs are able to
modulate diverse key steps involved in atherosclerotic plaque
formation (reviewed in [44]). Specifically, omega-3 PUFAs
exert potent anti-inflammatory properties in polarized mac-
rophages [45, 46] and are able to inhibit the expression of
adhesion molecules by ECs [39, 47], thus decreasing leuko-
cyte infiltration into the vascular wall [48]. In ApoE™" mice,

omega-3 PUFA treatments significantly attenuated the devel-
opment and destabilization of atherosclerotic plaques [49]. In
diabetic mice, supplementation with w-3 fatty acids extracted
from microalgae decreased the percentage of T lymphocyte
CD4"-producing proinflammatory cytokines [45].

Several clinical trials have been conducted to assess the
cardiovascular benefits of EPA and DHA treatments (i.e., diet
and reinfarction trial (DART) [50], Japan EPA Liquid Inter-
vention Study (JELIS) [51], and Gruppo Italiano per lo Stu-
dio della Sopravvivenza nell’infarto (GISSI) [52]). In 2002,
a meta-analysis of eleven randomized clinical trials revealed
that w-3 PUFA supplementation reduced overall mortality,
mortality due to myocardial infarction, and sudden death
in patients with coronary heart disease (CHD) [53]. In the
same year, the American Heart Association (AHA) recom-
mended doses of total EPA and DHA between 2 and
4 g/day, to achieve a TG level reduction by 25-30% in normal
and hyperlipidemic individuals [54]. After the publication of
these guidelines, a large number of observational studies on
omega-3 PUFA intake and CHD risk were conducted. In
2017, in an updated scientific advisory of AHA, the authors
confirmed omega-3 fish oil supplements, in consultation
with a physician, as a secondary—and not primary—preven-
tion of sudden cardiac death in patients with prevalent CHD
and in patients with heart failure [55]. In contrast, a recent
meta-analysis of 10 trials involving 77917 individuals did
not provide support for the AHA recommendations in indi-
viduals with a history of CHD for the prevention of fatal
CHD, nonfatal MI, or any other vascular events [56]. Consis-
tently, in a recent clinical trial, three months of treatment
with PUFAs at a dose of 2 g/die did not improve endothelial
function in patients with type 2 diabetes and high cardiovas-
cular risk [57]. Similarly, in the ASCEND study, after a
follow-up of 7.4 years, patients with diabetes and no evidence
of cardiovascular disease, who received a daily supplement of
w-3 fatty acids, did not show a significantly lower incidence
of serious vascular events than those who received placebo
[58]. Despite the evidence from these last randomized tri-
als that omega-3 has little or no effect on cardiovascular
outcomes, clinical guidelines still recommend the use of
omega-3 fatty acid supplements for the secondary prevention
of CHD [55] and consider the beneficial effect of consuming
fish and seafood, for their content in omega-3 PUFAs [59].
To date omega-3 PUFA effects on cardiovascular endpoints
remain still unclear and might vary based on different type-
s/doses of dietary omega-3 intakes and the presence of other
medications (i.e., statins) in the clinical trials performed so
far. Consistently, the recent results of the REDUCE-IT trial,
which involved 19212 patients with elevated triglyceride
levels at risk for ischemic events, showed that treatment with
4 g/die of EPA, a dose twice and 4-times higher compared to
the dose tested in the Omega-FMD study [57] and ASCEND
study [58], respectively, resulted in decreased risk of primary
and secondary composite cardiovascular end points (i.e., car-
diovascular death, nonfatal myocardial infarction, nonfatal
stroke, coronary revascularization, or unstable angina) of
25 and 26%, respectively [60]. Several ongoing large ran-
domized clinical trials (i.e., EVAPORATE [61], VITamin D
and OmegA-3 Trial, VITAL [62], STatin Residual Risk



Reduction With EpaNova in HiGh CV Risk PatienTs With
Hypertriglyceridemia, and STRENGTH (ClinicalTrials.gov
Identifier NCT02104817)) will shed more light on the possi-
ble associations between omega-3 supplementation and
reduction of risk of major cardiovascular events.

3.3. Flavonoids. Flavonoids, antioxidants present in fruit and
vegetables, represent the most abundant polyphenolic con-
stituents in foods of plant origin [63]. It has been estimated
that the daily dietary intake of flavonoids is at least 1 gram
per person and thus it is higher than that of all other known
dietary antioxidants (e.g., vitamins C and E intake from food
are estimated less than 100 mg/day) [64, 65]. Flavonoids
present a 15-carbon (C6-C3-C6) skeleton, which generally
consists of two phenyl rings and a heterocyclic ring. Approx-
imately 8000 flavonoids have been identified based on C3
structure variations and degree of oxidation, and these
include flavonols, flavones, isoflavones, flavanones, flavan-
3-ols, and anthocyanidins [66]. In the context of atheroscle-
rosis, flavonoids exert various beneficial effects, such as
improvement of endothelial function and reduced oxidative
stress and inflammation, and also antiplatelet, antihyperten-
sive, and vasodilatory actions, inhibition of cholesterol syn-
thesis, alteration of HDL function, and increased insulin
sensitivity (reviewed in [67-69]). Flavanols are the subclass
of flavonoids [70, 71] which have attracted most of the atten-
tion in the cardiovascular research community, since numer-
ous epidemiological and mechanistic studies have supported
the role of flavanols, particularly catechins, contained in
cocoa and green tea, in counteracting endothelial dysfunc-
tion and atherosclerosis development [63, 72-76]. The mech-
anisms underlying the cardiovascular protective effects of
catechins may include the inhibition of endothelial cell
apoptosis by decreasing oxidative stress and ameliorating
mitochondrial injury [77] and attenuation of proliferation
of VSMCs by regulating anti-inflammatory and antioxida-
tive enzyme heme oxygenase-1 (HO-1) [78]. In macrophage
cell lines, catechins also mediate suppression of expression
of metalloproteinase-9 (MMP-9), monocyte chemoattractant
protein-1 MCP-1, and Toll-like receptor 4 (TLR4), which
have a major role in atherosclerosis [79]. Moreover, in
macrophages, epigallocatechin-3-gallate (EGCG) suppresses
oxLDL uptake and foam cell formation [80]. In ApoE ™" mice,
catechin consumption has been associated with reduced
susceptibility of LDL to oxidation and aggregation and thus
to the reduced atherosclerotic lesion area [81]. Recently,
in vivo findings show that catechins reduce circulating LDL
cholesterol and protect HUVECs against oxidative injury
and decrease arterial vasoconstriction through reduction of
H,0, activity and eNOS level restoration [82, 83].

Similarly to flavanols, flavonols, and primarily quercetin,
reduce atherosclerosis lesion area in vivo by affecting the oxi-
dative stress status [84, 85]. The mechanism underlying this
protection, which resembles those of flavanols, may involve
attenuation of endothelial dysfunction [86], induction of
HO-1 [87] and sirtuin-1 (SIRT-1) [88], and reduction of
NF-«B activity [89]. It has been also suggested that quercetin
may also inhibit VSMC migration, proliferation, and con-
traction [90, 91] and oxLDL-induced calcification in VSMCs,
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by targeting the ROS/TLR4 signaling pathway [92]. Recently,
it has been also demonstrated that quercetin inhibits ox-
LDL-induced ROS formation in mouse peritoneal macro-
phages by limiting the activation of NADPH-oxidase, which
in turn may lead to the observed attenuation of high-fat diet-
induced atherosclerosis in ApoE”" mice [93, 94]. Addition-
ally, quercetin reduces ROS levels in aortas of hypertensive
rats by interfering with MMP-2 activity, thus limiting vascu-
lar remodeling [95]. Similarly, quercetin metabolites, like
quercetin-3-glucuronide, generally found in onions, broccoli,
and apples, have been shown to exhibit antioxidant, anti-
inflammatory, and also antihyperglycemic properties both
in vitro and in vivo [96-98].

The Zutphen Elderly Study was the first investigation in
805 men (aged 65-84 years, followed up for 5 years) which
assessed the inverse correlation between flavonoid intake
from tea, with a high content in quercetin, and the mortality
from CHD, together with the incidence of MI [99]. Such cor-
relation was confirmed by the Rotterdam Study, in which it
was found that increased intake of tea and flavonoids may
contribute to the primary prevention of ischemic heart dis-
ease [100]. Conversely, the protective effect of consumption
of quercetin-rich tea, against ischemic heart disease, was
not confirmed in other studies, such as the Caerphilly Study
of Welsh men [101] and the Health Professionals Follow-
Up Study [102]. Recently, the FLAVO study, a randomized,
double-blind, placebo-controlled crossover trial performed
in 37 (pre)hypertensive men and women (40-80 years), com-
pared the cardioprotective effects of quercetin and epicate-
chin supplementation, both exerting similar in vitro and
in vivo atheroprotective functions. The study has shown that,
unlike quercetin-3-glucoside, supplementation of pure epi-
catechin improves endothelial function and reduces inflam-
mation, thus reducing CVD risk factors [103].

Together, these data suggest that flavonoids, especially
quercetin and catechins, might exert cardiovascular health
benefits but larger trials are needed to draw conclusive evi-
dence for the cardiovascular protective effects of these natu-
ral antioxidants, in the presence and absence of commonly
used therapies for CVD.

3.4. Short-Chain Fatty Acids. In 1954, Walker and Ardvids-
son [104] and Higginson and Pepler [105] were the first to
suggest that low plasma lipid levels and the absence of ath-
erosclerosis in primitive African populations were mostly
due to their fiber-rich diet. In the 70’s, this hypothesis was
formalized by Burkitt et al. [106] and Trowell [107], pro-
posing that the interaction among the dietary components
can disturb the course of atherosclerosis onset, pointing
out at the pivotal role played by fibers in modulating the
serum lipid level. Since then, diverse epidemiological stud-
ies have reported an inverse relationship between fiber
consumption and cardiovascular risk and that the benefi-
cial effects of fibers would primarily reside in an improve-
ment of the serum lipid profile (reduced total serum and
LDL cholesterol levels) and reduction in blood pressure
and systemic inflammation. In a recent umbrella review
of all published meta-analyses (from January 1, 1980 to Jan-
uary 31, 2017), it emerged that dietary fibers can reduce
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chances of developing CHD and stroke between 7% to 24%
and the overall morbidity and mortality caused by cardiovas-
cular disease from 17% to 28% [108]. These observations
mirror those described in another systematic meta-analysis
review, performed in 2014, which investigated the associa-
tion of fiber consumption and all-cause and cause-specific
mortality in 42 cohorts (from 25 studies). This analysis
showed a 23% reduction of the mortality rate for CVDs and
a concomitant 17% decrease for cancer-related death and a
23% reduction for all-cause mortalities [109]. Based on these
scientific evidences, the Food and Drug Administration
(FDA) strongly recommends consumption of fiber-rich food
for health promotion and disease prevention, suggesting that
an adequate intake of dietary fibers should be at least 25
grams/day for a 2000-calorie diet (https://www.accessdata.
tda.gov/scripts/InteractiveNutritionFactsLabel/factsheets/
Dietary_Fiber.pdf).

The beneficial effects on lowering total serum cholesterol
are attributed to three major mechanisms: (i) prevention of
bile salt reabsorption from the small intestine which leads
to increased fecal excretion of bile acids, (ii) reduced glycemic
index and insulin resistance, which can result in the inhibi-
tion of hydroxymethylglutaryl coenzyme A (HMG-CoA)
reductase activity and hepatic cholesterol synthesis [110,
111], and (iii) production, from anaerobic bacterial fermen-
tation of undigestible fibers, of short chain fatty acids
(SCFAs), mainly acetate, propionate, and butyrate [112].
SCFAs inhibit the production of proinflammatory cytokines
and the recruitment of immune cells to ECs, mechanisms
mediated by binding to the free fatty acid (FFA) receptor
types 2 and 3 and G-protein-coupled receptor 109A
(GPR109A) and by inhibiting intracellular activity of histone
deacetylases (HDACs), enzymes which can regulate multiple
molecular processes involved in atherogenesis [97, 113-115].
Recently, it has emerged that SCFAs inhibit LPS- and TNF-
a-induced endothelial expression of VCAM-1, through acti-
vation of GPR41/43, which are SCFA receptors expressed
in ECs, and inhibition of HDAC activity [116, 117]. The
anti-inflammatory activity of SCFAs has been also evalu-
ated in vivo: in a partially ligated carotid artery (PLCA)
mouse model of atherosclerosis, it has been found that buty-
rate repressed endothelial Nlrp3 (Nlr family pyrin domain-
containing 3) inflammasome activation in ECs, via redox
signaling pathways, and prevented arterial neointima forma-
tion. On the contrary, acetate and propionate exerted mini-
mal inhibitory effects on inflammasome activation and even
seem to augment the arterial neointima formation in the
PLCA model [117]. The antiatherosclerotic activity of SCFAs
was also confirmed by a recent study by Chen and collabora-
tors showing that SCFAs from pectin fermentation are able
to inhibit intestinal cholesterol absorption, to decrease serum
total and low-density lipoprotein cholesterol and to protect
ApoE™”" against diet-induced atherosclerosis [118]. Also, in
this case, the authors showed that the beneficial effects of
SCFAs are mediated only by butyrate through a mechanism
which involves increased expression, in the small intestinal
mucosa, of ATP-binding cassette (ABC) transporters G5
(Abcg5) and G8 (Abcg8), which limit intestinal absorption
and facilitate biliary secretion of cholesterol [118, 119].

3.5. Vitamins. An adequate intake of vitamins, from food or
dietary supplements, is commonly considered as indispens-
able for maintenance of good health, and thus, since their
discovery in the early 1900s, vitamins have been considered
the most promising nutraceuticals for the prevention of
diverse pathologies, including atherosclerosis-derived CVDs.
In this context, vitamins C and E have received the most
attention since, according to the “oxidation hypothesis” of
atherosclerosis onset [120, 121], antioxidant organic com-
pounds, like these two vitamins, could represent the first line
of defense against LDL oxidation, the first step in the forma-
tion of atherosclerotic plaques. Moreover, during the last two
decades, other antiatherogenic mechanisms of action have
been ascribed to vitamins C and E (reviewed in [25, 122,
123]), such as stimulation of endothelial cell proliferation,
thanks to their ability to increase the synthesis of type IV col-
lagen, reduction of apoptosis induced by high glucose condi-
tions, LPS or TNF-«a [122, 123], enhancement of eNOS
activity by stabilization of the eNOS cofactor tetrahydrobiop-
terin (BH4) [124], and tightening of the permeability barrier
of ECs [124]. Similarly, for vitamin E, the antiathero-
sclerotic action has been found, which is independent from
its antioxidant properties, such as reduced cholesterol syn-
thesis by inhibiting HMG-CoA reductase, increased eNOS
activity, reduced NF-xB-dependent synthesis of ICAM-1
and VCAM-1, reduced platelet aggregation, and inhibition
of VSMC proliferation [123, 125].

These in vitro findings were confirmed by studies in
animal models of atherosclerosis (as reviewed in [126]).
For instance, vitamin E, in an age-dependent manner, is able
to inhibit atherosclerosis in ApoE”" mice by decreasing
serum oxLDL and vasculature mRNA expression of genes
involved in cholesterol transportation [127]. Similarly, a-
tocopheryl phosphate (a natural form of vitamin E) limits
atherosclerosis lesions in hypercholesterolemic rabbits [128]
and in ApoE”" mice by limiting aortic superoxide formation
and by reducing circulating plasma levels of proinflamma-
tory markers [129], Similarly, vitamin E deficiency, caused
by disruption of the a-tocopherol transfer protein gene,
increased the severity of atherosclerotic lesions [130].

Likewise, vitamin C limits endothelial dysfunction in
animal models of atherosclerosis: long-term supplementa-
tion (26/28 weeks) of vitamin C restored eNOS activity in
the aorta of ApoE”" mice [131], whereas chronic hypoascor-
bemia has been associated to an elevated lipoprotein(a)
(Lp(a)) accumulation in the vasculature and increased ath-
erosclerotic lesion development in gulonolactone-oxidase-
deficient (Gulo”")/Lp(a)* mice, a model lacking of endoge-
nous ascorbate synthesis and expressing human Lp(a) [132].

In vivo studies have investigated the antiatherosclerotic
effect of a combined vitamin C and vitamin E supplementa-
tion in mouse models of this pathology: vitamin C/vitamin E
cocktail inhibited the development of fatty streak lesions in
the LDLr"" mice [133] and limited aortic Vegf and Vegfr-2
expression in ApoE”" mice [134] compared to nontreated
littermates. In a very recent study, in atherogenic diet-fed
(scavenger receptor class B type 1) SR-BI KO/ApoER61™"
mice, a murine model of dyslipidemia, progressive ath-
erosclerosis, CHD and premature ischemic death,
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combined with administration of vitamins C and E
reduced serum total cholesterol and triglyceride levels,
improved HDL antioxidant function, and lowered serum
TNF-« levels [135].

Other than vitamins C and E, vitamins A and D show
potential antiatherosclerotic properties (as reviewed by
[136]). The wide range of vitamin D beneficial functions
includes reduction of endothelial dysfunction and VSMC
proliferation and migration, as well as downregulation of
the atherosclerosis-related inflammatory and immune pro-
cesses [136]. Less is known about vitamin A (retinol) in this
context: retinoic acid (RA) metabolites, derivatives of vita-
min A, limit VSMC growth, differentiation, and proliferation
[137] and prevent high-fat diet- (HFD-) induced atherogen-
esis in ApoE”" mice via the upregulation of aforementioned
transporters ABC-Al and ABC-G1 [138]. Peculiarly, in the
same animal model, vitamin A deficiency stimulates athero-
genesis, prevented by p-carotene supplementation [139].
All-trans retinoic acid (ATRA), a derivative of vitamin A,
has been recently shown to reduce the plaque size in a rab-
bit model of HFD-induced atherosclerosis by inhibiting
platelet aggregation, by decreasing caveolin-1 expression
and ET-1 secretion and by enhancing eNOS activity and
NO formation [140-143].

Despite the promising in vitro and in vivo findings sup-
porting the antiatherosclerotic properties of vitamins and
their metabolites, at the clinical level, the results obtained
have been contradictory: albeit the vast majority of the liter-
ature have correlated a low level of the above described vita-
mins with early atherosclerosis onset, major risk of a CVD
events, and heart failure in human [144-152], it is undeniable
that the various clinical trials, performed so far, lack con-
sistency. For instance, a few studies have evidenced that sup-
plementation of vitamins C and E, alone or in combination,
may delay the progression of atherosclerosis [153, 154] and
reduce cardiovascular mortality in healthy women [155],
whereas many other trials, like the MRC/BHF Heart Protec-
tion Study Heart Protection Study Collaborative Group
[156], GISSI-Prevenzione [52], VEAPS [157], HOPE [158],
and Supplementation en Vitamines et Mineraux Antioxy-
dants (SU.VLMAX) [159], reported that these vitamins do
not produce any significant difference in the incidence of car-
diovascular events and CVD-related mortality. Contextually,
in 2011, a systematic review of 51 trials showed no significant
reduction in mortality and cardiovascular risk associated
with vitamin D supplementation [160], having conclusions
mirroring those obtained from vitamin C-centered meta-
analysis performed in 2016 [161]. It is expected that new
insights will arise from the ongoing randomized, double-
blind, placebo-controlled VITAL trial, which will evaluate
the long-term effects of high-dose vitamin D supplementa-
tion on CVD events in 25874 U.S. adults [62].

Only a few trials have been performed to assess the
effects of vitamin A on CVDs. In 1996, the beta-carotene
and retinol efficacy trial (CARET) tested the effect of beta
carotene and vitamin A supplementation on the incidence
of lung cancer and cardiovascular death in 18314 high-risk
participants, specifically smokers and workers exposed to
asbestos [162]. This trial was stopped because participants
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randomly assigned to vitamin supplementation, compared
to the placebo group, exhibited a 28% increase in incidence
of lung cancer and a 17% increase of overall mortality rate
and a higher rate (26%) of cardiovascular disease mortality,
which decreased during the 6-year follow-up after the vita-
min integration was stopped [162, 163].

A recent meta-analysis of 18 studies, which involved a
total of 2 million participants, concluded that taking multivi-
tamins does not prevent heart attacks, strokes, or cardiovas-
cular death, even though it seems to be associated with a
lower risk of CHD incidence [164]. In the absence of studies
showing their efficacy in primary prevention of CVDs, the
AHA does not recommend vitamin supplementation for
healthy subjects, and similarly, the U.S. Preventive Services
Task Force (USPSTF) states that the current evidence is
insufficient (I) to assess the balance of benefits and harms
of the use of multivitamins for the prevention of cardio-
vascular disease or cancer (I statement). The USPSTF also
discourages (D) the use of [3-carotene or vitamin E supple-
ments for the prevention of cardiovascular disease or can-
cer (D recommendation) [165].

3.6. Other Emerging Antiatherogenic Nutraceuticals

3.6.1. Berberine. Berberine (BBR), a quaternary ammonium
salt from the protoberberine group of isoquinoline alkaloids
(5,6-dihydrodibenzoquinolizinium derivative) found in Ber-
beris species plants (Berberidaceae), exhibits many different
types of biological activities, including its effectiveness in
lipid disorders and hyperglycemia [166]. The poor intestinal
absorption and bioavailability of BBR are the main drawback
when orally administered even though its metabolites main-
tain higher concentration in plasma, behaving like the phar-
macologically active forms of BBR; its main metabolite
berberrubine (M1) tautomerizes to a highly conjugated, elec-
troneutral quinoid structure [167] reaching a high plasma
concentration as a consequence of a more efficient intestinal
absorption [167].

Several preclinical studies as well as clinical trials suggest
a beneficial role of BBR in endothelial dysfunction and
dyslipidemia [166]; in ECs, BBR attenuates LDL oxidation
induced by ROS and reduces apoptosis modulation, chro-
mosome condensation, cytochrome c release, and caspase-3
activation. It has also been reported that BBR reversed
NOX4-derived ROS production in HUVECs, at least in
part due to the regulation of adenosine monophosphate-
activated protein kinase (AMPK) activation. In both cultured
endothelial cells and blood vessels isolated from rat aorta,
BBR enhanced eNOS and promoted a glutathione peroxidase
(GSH-Px) and superoxide dismutase (SOD) hyperactivation
in the liver of mice, attenuating H,O,-induced ROS [168].
BBR elevates LDL receptor (LDLR) expression in human
liver cells through inhibition of proprotein convertase subti-
lisin/kexin type 9 (PCSK9) transcription, an enzyme that
posttranscriptionally upregulates LDLR [169]. In rat liver, a
combination of BBR with simvastatin increased the LDLR
gene expression to a level significantly higher in comparison
to monotherapies [166]. In human macrophage-derived
foam cells treated with oxLDL, BBR inhibits the expression
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of LOX-1 as well as the oxLDL uptake by macrophages and
reduces foam cell formation in a dose-dependent manner by
activating the AMPK-SIRT1-PPARy pathway [170]. We
recently reported that BBR prevents the oxLDL- and TNF-
a-induced LOXI1 expression and oxidative stress in
HUVECs, key events leading to NOX, MAPK/Erk1/2, and
NF-«B activation linked to endothelial dysfunction [171],
and consistently, Abidi and colleagues had previously shown,
both in vitro and in vivo, that BBR reduces VCAM-1 expres-
sion induced by LPS [172]. We recently observed that M1
inhibited intracellular xanthine oxidase activity, one of the
major sources of ROS in vasculature, and reduced the expres-
sion ICAM-1 [173]. The lipid-lowering activity of BBR,
alone or in association with other nutraceuticals, has been
clearly confirmed in a relatively large number of random-
ized clinical trials which support the safety of a short-term
use of this nutraceutical, especially when used at a lipid-
lowering dose [166].

3.6.2. Carotenoids. Carotenoids represent a group of pig-
ments widely distributed in nature. They contribute to the
red, orange, and yellow colors found in many flowers, fruits,
and vegetables, where they act as photoprotectors and as
attractant for insects and animals for pollination and seed
dispersal. Since animals and humans are unable to synthesize
carotenoids de novo, carotenoids are essential nutrients and
important health beneficial compounds [174, 175]. Caroten-
oid consumption improves the metabolic profile, decreasing
the incidence of diabetes, lowers LDL levels, and improves
blood pressure by ameliorating the bioavailability of NO
[175]. Apart from the well-established function of caroten-
oids as provitamin A, some carotenoids, such as lycopene
and astaxanthin, are strong antioxidants and have a protec-
tive function in reducing the risk of both cancer and cardio-
vascular diseases [175, 176]. Xanthophylls, such as lutein and
zeaxanthin, are essential components of the macular pig-
ments in the eyes and offer protection against macular degen-
eration, the leading cause of age-related blindness [175, 177,
178]. Lutein exhibits strong antioxidant properties in vitro
and in vivo [178], and low serum levels of lutein have been
associated both with increased values of common carotid
intimal medial thickness (CCA-IMT) and myocardial infarc-
tion [179]. An 8-year follow-up study, performed on 43.738
men with no history of cardiovascular disease or diabetes,
showed a significant inverse correlation between lutein
intake and risk for ischemic stroke [179]. A case control
study found that the risk for MI was inversely correlated with
adipose tissue lutein content and inversely proportional to
dietary lutein intake [178].

Due to their antioxidant activity, lycopene, lutein, zea-
xanthin, and astaxanthin are able to attenuate the atheroscle-
rotic process. Lycopene, a fat-soluble carotenoid without
provitamin A activity, is the pigment responsible for the dis-
tinctive red color in tomatoes and watermelon, and it is a
powerful antioxidant and free radical quencher [180]. High
plasma lycopene levels have been associated with reduction
in aortic stiffness in patients with metabolic syndrome
[181]. Conversely, low plasma levels of lycopene were associ-
ated with increased risk of atherosclerotic lesions and with an
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increased risk of acute coronary events or stroke [179]. Sim-
ilarly, in a case control study performed in patients suffering
from heart failure (NYHA class II-III), the left ventricular
ejection fraction was significantly and positively correlated
with plasma lycopene levels: NYHA class II patients showed
significantly higher levels of lycopene than class III patients
[179]. High lycopene consumption has been associated with
a decreased risk of CVD, including atherosclerosis, myocar-
dial infarction, and stroke. In a study performed on healthy
male volunteers, lycopene supplementation improved the
endothelial function, together with a significant decrease
in serum levels of CRP, ICAM-1, and VCAM-1 and an
improvement in the atherosclerotic risk factors (lipid profile
and systolic blood pressure level) [181]. A meta-analysis
using a random effects model of all studies between
1955 and September 2010 investigating the effect of lyco-
pene on blood lipids or blood pressure for a minimum
duration of 2 weeks suggests that lycopene taken in
doses > 25 mg daily is effective in reducing LDL cholesterol
by about 10% which is comparable to the effect of low
doses of statins in patients with slightly elevated choles-
terol levels [180].

Ketocarotenoid astaxanthin is the main carotenoid pres-
ent in aquatic animals (salmon, trout, red seabream, shrimp,
lobster, and fish eggs), contributing to the pinkish-red color
of their flesh, and also in some birds (flamingoes and quails
in particular) [179]. Astaxanthin exhibits a free radical-
quenching potency that is, on an equimolar basis, double
than the potency of 3-carotene [178], about 100-fold greater
than the antioxidant potency of a-tocopherol [178], and
approximately 6000 times the potency of ascorbic acid
[178]. Astaxanthin demonstrated to exert beneficial effects
on the heart, both by reducing inflammation and by modify-
ing blood levels of LDL-C and HDL-C; moreover, it reduces
macrophage infiltration and apoptosis in vascular lesions,
thus improving plaque stability by increasing adiponectin
[179]. Astaxanthin inhibits also the production of oxLDL
[178] and their uptake by activated intravascular macro-
phages [178] and inhibits the release of atherogenic ROS,
NO, and proinflammatory cytokines [178]. 8 weeks of a die-
tary supplementation with 2mg of astaxanthin daily by a
group of healthy postmenopausal women produced a signif-
icantly greater increase in total plasma antioxidant machin-
ery than what was elicited by placebo and a significantly
greater decrease in the plasma concentration of thiobarbitu-
ric acid-reactive substances (the mixed reaction products of
nonenzymatic oxidative lipid peroxidation) [178]. Dietary
astaxanthin also contributes to healthy blood flow through
the vasculature by promoting aortic and coronary artery
vasodilation and increases the flexibility of red blood cell
membranes (with an acceleration of red blood cell flow
through the blood vessels) [178].

3.6.3. Red Yeast Rice. Red yeast rice (RYR) is a Chinese herbal
supplement produced by fermenting white rice with the
yeast, Monascus purpureus, used to flavour, color, and pre-
serve foods and as a traditional medicine for many years.
RYR contains a variety of monacolins, which inhibit HMG-
CoA reductase, the rate-limiting step in cholesterol synthesis.
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Approximately 90% of the total monacolin content of RYR
consists of monacolin K, chemically identical to lovastatin,
and its hydroxy acid form, monacolin KA [182]. Other active
ingredients with the potential to lower cholesterol in
commercially available RYR products include plant sterols
(B-sitosterol, campesterol, and stigmasterol), isoflavones,
and monounsaturated fatty acids [183]. The first prospective,
double-blind, placebo-controlled study evaluating RYR in an
American population was conducted by Heber et al. in 1999
in eighty-three healthy adults with untreated hyperlipidemia
that followed the AHA cardioprotective diet (less than 10%
of calories from saturated fat and less than 300 mg from cho-
lesterol per day). They were randomly assigned to receive
2.4 g per day of RYR or placebo, for 12 weeks. Compared to
baseline, LDL-C levels decreased by 22% in the RYR-
treated group [184]. Other clinical trials have found that a
relatively small dose of RYR (equivalent to a daily lovastatin
dose of 5 to 7mg) is as effective as 20 to 40 mg of pure lova-
statin in lowering cholesterol [185]. Becker et al. compared
the efficacy of an alternative treatment composed by RYR,
fish oil, and therapeutic lifestyle changes with simvastatin
40 mg per day in 74 primary prevention patients with known
or newly diagnosed hypercholesterolemia [186]. Depending
on baseline LDL-C, patients took 1200 mg of RYR (10 mg
lovastatin) or 1800 mg (15 mg lovastatin) twice a day, for 12
weeks. At the end of the study, both groups had a similar
reduction in LDL-C and no significant differences were
found between the two groups. Interestingly, participants in
the RYR-fish oil and life style change group lost more weight
during the study (-4.7 £2.4kg vs —0.3+2.2kg) and had a
significant reduction in triglycerides compared with the sim-
vastatin group. Li et al. published a large meta-analysis,
which examined the effectiveness and safety of RYR as
an alternative approach for treating dyslipidemia. Thirteen
randomized, placebo-controlled trials were included (from
1999 to 2013) with treatment duration of 4 weeks to 6
months and no serious side effects were reported. Overall,
RYR significantly lowered total and LDL-C levels (P < 0.001
) compared with placebo and this effect did not appear to
be related to the dose, duration of therapy, or geographic
location [187]. In another small observational study, 25 dys-
lipidemic patients with a history of intolerance to lipid-
lowering medications were treated with RYR for more than
4 weeks. In accordance with other studies, RYR significantly
lowered LDL-C by 21% in this clinical population during the
period of treatment [188]. The China coronary secondary
prevention study (CCSPS) so far is the only randomized,
double-blinded, placebo-controlled, multicentered study
demonstrating that monacolin K reduces cardiovascular risk
[189]. This trial recruited 4870 Chinese patients with a his-
tory of MI and moderate hypercholesterolemia. Patients were
randomized to receive twice-daily treatment of a capsule of
Xuezhikang (XZK), containing 2.5 to 3.2mg of monacolin
K equivalent to a total daily lovastatin dose of 10 to 12.8 mg
or placebo. After 4.5 years, XZK was associated with a highly
significant reduction in frequency of coronary events (10.4%
in the placebo vs 5.7% in the XZK group) and a relative
risk reduction of 45% [189]. Treatment with XZK also sig-
nificantly decreased total mortality by 33%, cardiovascular
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deaths by 30%, and the need for coronary revascularization
by 33%. Total cholesterol and LDL-C levels decreased by 13
and 20%, respectively, compared to baseline. Adverse effects
were similar in both groups, and the XZK appeared to be well
tolerated. A substudy of elderly hypertensive patients in the
same CCSPS cohort found that monacolin K was effective
in lowering the rates of coronary events and death from
CHD compared with placebo [190].

Several clinical trials have shown RYR to be safe, effective,
and well tolerated both alone or in combination with other
nutraceuticals; however, the studies are small and of short
duration [191]. Even if RYR is perceived as a “natural” prod-
uct providing fewer side effects, it should be taken into
account that monacolin K is identical to lovastatin and there-
fore may present an increased risk of muscular and other side
effects especially in patients with a history of SAM. Myopa-
thy, hepatoxicity, and rhabdomyolysis have all been reported
in patients taking RYR, as one would expect from any statin
therapy [192]. For this reason, RYR should be taken under
the guidance of a physician who will closely monitor its effi-
cacy, safety, and tolerability [193]. In the USA, RYR has been
used as an alternative to statin therapy in treating patients
with mild to moderate hypercholesterolemia, especially
among patients who might be intolerant to standard therapy
due to statin-associated myalgia (SAM). For this reason, the
FDA has prohibited the sale of all RYR products containing
monacolin K, because it is considered an unapproved drug;
however, many RYR supplements are still on the market.

3.6.4. Allicin. Garlic (Allium sativum) has been used as a
spice, food, and medicine for over 5000 years and is one
of the earliest documented herbs utilized for the mainte-
nance of health (as a diuretic and for the immune system
and gastrointestinal health) and for treatment of disease,
including circulatory disorders and infections [194]. Func-
tional sulfur-containing components described in garlic
include alliin, allicin, diallyl sulfide, diallyl disulfide, diallyl
trisulfide, ajoene, and S-allylcysteine. Allicin is a thiosulfinate
and in nature is produced after damage of the plant tissue by
an enzymatic reaction [195].

Aged garlic extract in cell culture prevented endothelial
cell dysfunctions caused by oxidative stress by increasing
cellular concentrations of thiol antioxidants, such as cyste-
ine and glutathione (GSH) [196]. A correlation between
low red blood cell glutathione (GSH), which plays important
roles in cellular redox status and signaling, and increased
plasma homocysteine (HCy) has been linked to an increased
incidence of hypertension [197]; in an animal model
of hyperhomocysteinemia, induced by a severely folate-
depleted diet in rats, aged garlic extract decreased plasma
HCy concentrations by 30% [198]. The potential effect of
garlic on HCy levels has been reported in a small clinical trial
of atherosclerosis patients randomized to aged garlic extract
(P=0.08) [199]. Garlic has been also shown to have blood
pressure- (BP-) lowering properties in hypertensive patients
[200]: allicin, decomposes rapidly to its degradation products
which results in the release of hydrogen sulfide (H,S) [201], a
potent gaseous signaling molecule which lowers blood pres-
sure (BP) by the relaxation of smooth muscle cells
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surrounding the blood vessel [194]. The H,S-dependent BP-
reducing effect is thought to be primarily mediated through
sulthydration of ATP-sensitive potassium (K, p) channels,
which in turn leads to voltage-sensitive channel opening
and relaxation of vascular smooth muscle cells [202]. How-
ever, other potassium channels may also be affected by H,S
and additional mechanisms have been suggested in deter-
mining the opening/closing of K" channels, including a pos-
sible cooperation between H,S and NO [202]. In CVD
models, the administration of H,S prevents myocardial
injury and dysfunction [203] and aged garlic extract was
shown to normalize NO output from endothelial cells by
preventing the decline of BH4 levels [194]. In addition,
garlic, due to the high content of polysulfides, may help in
providing the nutrients needed for maintaining optimum
redox balances for several eNOS-dependent signaling path-
ways important in vascular relaxation [194]. Additionally,
allicin is able to suppress cholesterol biosynthesis [204-206]
and platelet aggregation. So far, five trials have demonstrated
a strong effect of garlic on inhibition of platelet aggregation,
whereas one trial reported no effect [207].

3.6.5. Curcuminoids. Curcuminoids, extracted from the
rhizomes of Curcuma longa, are naturally occurring poly-
phenols used for centuries in indigenous medicine to treat
various diseases, such as common colds, arthritis, diarrhea,
and upper respiratory disorders. The curcuminoids best
characterized are curcumin, demethoxycurcumin (DMC),
and bisdemethoxycurcumin (BDMC), all belonging to the
diarylheptanoid family [208]. A lot of evidence suggests
that curcuminoids have a diverse range of molecular targets;
curcumin, the main component of curcuma extract, has sev-
eral biological and pharmacological properties including
anti-inflammatory, antioxidant, antithrombotic, antiathero-
sclerotic, anticonvulsant, and anticancer properties and car-
dio- and neuroprotective activities (reviewed in [209]).
Curcuminoid treatment improved glycemic factors,
hepatic function, and serum cortisol levels in subjects with
overweight and impaired fasting glucose in a randomized
double-blind placebo-controlled trial involving 80 over-
weight subjects [210]. Among curcuminoids, curcumin is
the best characterized and studied; its antioxidant and anti-
inflammatory properties are therefore considered a multi-
function phytochemical that can interact with multiple
molecular targets, modulating cell growth, inflammation,
and apoptosis signaling pathways (reviewed in [211]). Firstly
studied for its beneficial properties in the gastrointestinal
tract, it has been observed that curcumin has a beneficial role
in chronic conditions such as intestinal dysmotility disorders
and in the prevention and maintenance of remission of
intestinal bowel disease (IBD), requiring long-time treat-
ment [212]. Moreover, curcumin seems to show protective
properties from metabolic syndrome, decreasing insulin
resistance, obesity, hypertriglyceridemia, and hypertension
and preventive properties from complications. It has been
evidenced that curcumin possesses hypolipidemic effects,
which together with its antioxidant and anti-inflammatory
activities can contribute to reducing the incidence of
atherosclerosis [213]. The remarkable antioxidant capacity
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of curcumin reduces lipid peroxidation and the genera-
tion of oxLDL and, consequently, reduces the inflammatory
response and the progression of atherosclerosis [213].

Recently, it has been observed that curcumin can inhibit
hypoxia-inducible factor la (HIF-1a) thus repressing the
total cholesterol and lipid level in macrophage under hypoxic
condition [214]. The benefit of curcumin in patients at risk of
atherosclerosis has also been described; after 6 months of
curcumin dietary supplementation, patients with type 2 dia-
betes had lower pulse wave velocity which improved the met-
abolic profile [215]. Furthermore, the use of curcumin for 8
weeks improved flow-mediated dilatation in 32 postmeno-
pausal women [216]. A major limitation to using curcumi-
noids as a nutraceutical is its poor bioavailability, owing to
inadequate absorption in the gut and as it is rapidly broken
down and quickly excreted from the body. Several strategies
are being pursued in an attempt to increase their bioavailabil-
ity, including the use of liposomal curcumin, nanoparticles,
and a curcumin phospholipid complex.

4. Notch Signaling Modulation by a
Nutraceutical Approach

The Notch signaling is a highly conserved short-intercellular
communication system deeply investigated for the possible
role as a novel therapeutic target in cancer [217], which is
becoming more and more recognized as a key player in the
maintenance of vascular homeostasis. In the next para-
graphs, we will discuss the basics of this pathway, the role
played by its dysregulation in atherosclerosis and what is cur-
rently known about the effects of nutraceuticals on Notch.

4.1. The Basics of Notch Signaling. In mammals, there are four
highly homologous receptors (Notch-1-4) and five ligands
belonging to Delta-like (DII-1, 3, and 4) or Jagged (Jagged-1
and 2) families. Notch receptors are synthesized as single-
chain precursors and are cleaved by Furin (S1 cleavage) into
an extracellular domain (NECD, rich in epidermal growth
factor- (EGF-) like repeats) and a transmembrane subunit
in the Golgi apparatus, generating the functional heterodi-
meric receptor, linked by Ca®'-dependent noncovalent
bonds. Here, the EGF-like domains can be modified by the
adding of O-fucose glycans by the Glycosil transferase Fringe
[218], thus determining which ligands can be bound by the
Notch receptors. Similarly, the ligands are also single-pass
type I transmembrane proteins and present an extracellular
domain formed by EGF-like repeats [219]. The canonical
activation of Notch signaling arises from the interaction
between the Notch receptors and their ligands on adjacent
cells (Figure 2).

Accordingly to the “pulling force” theory, the Notch sig-
naling is activated when the E3 ubiquitin-protein ligase
(MIB1) modifies the Notch ligands, when bound to NECD,
allowing the ligand endocytosis and generating the mechan-
ical force necessary for exposing the second cleavage site of
Notch receptors, thus driving the successive proteolytic
cleavages mediated by A disintegrin and metalloprotease
(ADAM) surface protease (S2 cleavage) [220]. A second
intramembranous cut by y-secretase (S3 cleavage) mediates
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F1GURE 2: Canonical and noncanonical Notch signaling pathway. In the canonical Notch pathway, precursor of Notch receptors undergoes
Furin-mediated cleavage (S1) in the Golgi apparatus, which is necessary to form the functional heterodimeric receptor. Upon Notch
glycosylation by the Fringe family of glycosyltransferases, the Notch receptor translocates to the plasma membrane, where it interacts with
a Delta/Jagged ligand, present on the surface of an adjacent cell. Notch signaling is activated when the ligand, bound to the receptor, is
ubiquitylated by MIBI, an event that generates the mechanical force necessary for exposing the second cleavage site of Notch receptors.
This event leads ADAM to perform the second cleavage (S2). The third cleavage (S3), by the y-secretase complex, promotes the release of
the intracellular domain of the receptor (NICD). NICD translocates into the nucleus where it promotes the transcription of canonical
Notch target genes, such as Heyl and 2 and HESI. The noncanonical Notch signaling pathway may be y-secretase dependent or
independent. This later may also occur either in the presence or in the absence of its ligand. Noncanonical Notch signaling is also
independent of CSL, and it is mediated by the interaction with PI3K, mTORC2, AKT, Wnt, NF-«B, YY1, or HIF-1a pathways at either

the cytoplasmic and/or nuclear levels.

the release of the Notch intracellular domain (NICD), the
active form of the receptor. NICD translocates into the
nucleus where it binds the transcription factor CSL (CBF-1,
suppressor of Hairless and Lag-1) also known as RBP-Jx
(recombinant signal-binding protein 1 for Jx) transcription
factor, thus promoting the transcription of Notch target
genes. The most characterized direct Notch target genes
are the negative regulator of transcription and belong to
the Hairy and Enhancer of Split (HES) and Hairy and
Enhancer of Split with YRPW motif (HEY) gene families
[221] although several other targets have been described
[222]. Under pathological conditions, like cancer and activa-
tion of the immune system, Notch signaling can also act in a
RPB-Jx-independent manner (“noncanonical” fashion) sig-
naling [223]. In the noncanonical pathway, NICD interacts
with other transcription factors, such as SMAD3 (small
mother against decapentaplegic 3), YY1 (Yin Yang 1),
HIF-1a, and NF-xB (nuclear factor kappa-light-chain-
enhancer of activated B cells), into the nucleus, whereas, in

the cytoplasm, this signaling may occur via the uncleaved
Notch receptor, still bound to membrane, or via the NICD,
through interaction with PI3K (phosphoinositide 3-kina-
se)/Akt/Wnt/f-catenin pathways [224]. Recently, it has been
also reported that Notch, by interacting with PTEN-induced
kinase 1 (PINKI1), can activate the mTORC2/Akt pathway,
thus influencing the mitochondrial function and cell sur-
vival [225]. Posttranslational modifications (methylation,
hydroxylation, acetylation, ubiquitylation, and phosphory-
lation) and the interplay with other signaling pathways,
such as NF-«B, estrogen receptor- (ER-) alpha, G protein-
coupled ER (GPER), ErbB2, and vascular endothelium
growth factor receptors (VEGFRs) [226-231], increase the
complexity of this signaling pathways which, in a cell type-
and context-dependent manner, can influence a plethora of
biological processes.

4.2. Notch in the Endothelium. A large number of in vitro and
in vivo studies have convincingly established the critical
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role of Notch signaling during development of the vascular
system in which Notch is indispensable for a correct arterio-
venous specification [232] and its malfunctioning has been
correlated to vascular abnormalities, not compatible with life.
Briefly, Notch-1 homozygous mutant and Notch-1/Notch-4
double homozygous mutant embryos displayed severe
defects in angiogenic vascular remodeling [5, 233, 234]. Sim-
ilarly, expression of active Notch-4 in vasculature leads to an
anomalous vessel structure and embryonic lethality at
embryonic day 10 (E10) [235]. Furthermore, the vascular
defects of Notch transcriptional regulators (RBP-Jx or
Mibl) on homozygous mutant mice embryos are similar to
defects developed by mutant embryos for Notch receptors
and died prior to E11.5 [236, 237]. Likewise, Heyl or Hey2
and DII-4 or Jagged-1 mutant mice exhibit defects in their
vasculature during embryogenesis and died from massive
hemorrhage [238-241].

Given the pivotal role played by Notch signaling in vas-
cular embryogenesis, it is not surprising that Notch is also
essential in maintaining the homeostasis of the adult vascu-
lature. In ECs, all Notch receptors, DII-1 and 4 and Jagged-
1 and 2 ligands, are expressed [242] and it is well-known
that Notch, by intricate crosstalk with VEGEF-A, controls
arterial angiogenesis, also under proinflammatory condi-
tions [243], by affecting the balance between tip cells and
stalk cell [244].

During the last decade, Notch has been under the spot-
light of the atherosclerosis research field since, except for a
few studies [116, 245-247], numerous studies demonstrated
that Notch may counteract endothelial dysfunction and ath-
erosclerotic plaque development. Quillard et al. provided the
first in vitro evidence that proinflammatory conditions (i.e.,
TNF-a) dysregulate Notch signaling leading to increased
levels of ICAM-1 and VCAM-1 and to NF-«B-mediated apo-
ptosis [248, 249]. These data were corroborated by Briot et al.
showing that in human aortic ECs, siRNA-mediated reduc-
tion of Notch-1 is sufficient to increase the expression of
inflammatory markers and adhesion molecules and that
treatment of ECs with oxidized lipids and proinflammatory
cytokines (TNF-« and interleukin-1-beta (IL1p)) decreased
Notch-1 expression [250]. In agreement with this study, we
have recently demonstrated that 17-estradiol is able to limit
TNEF-a-induced apoptosis in ECs by activating Notch-1
[226]. In support of the protective role of Notch in the
endothelium, Wang and collaborators reported that in bone
marrow ECs, RBP-Jx inhibits miR-155/NF-xB axis acti-
vation [251], data being reinforced by the Nus et al. study
which showed that RBP-Jx heterozygous inactivation
results in aortic valve calcification under dyslipidemic con-
dition [252]. Similarly, in human-induced pluripotent stem
cell- (iPSC-) derived ECs, Notch-1 haploinsufficiency inter-
feres with EC response to shear stress, causing the unlock
of proosteogenic and inflammatory networks [253]. The
interplay between Notch and shear stress is an emerging
relevant topic in the context of vascular biology [6]. Diverse
Notch signaling components in the endothelium respond to
shear stress [254], and Notch-1 is essential for preserving
EC tight junctions and their normal transcriptional/epige-
netic response to shear stress [253, 255]. Polacheck et al.
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suggested that Notch-1 may be activated by shear stress
through a DII-4-dependent mechanism, triggering a nonca-
nonical Notch pathway [256]. Schober et al. showed instead
that in aorta regions exposed to turbulent flow, thus prone
to plaque formation, disturbed shear stress may lead to
expression of the Notch inhibitor Delta-like 1 homolog
(DIk1), through the downregulation of miR126-5p, leading
to reduced expression of HES5, a Notch-1 target gene essen-
tial for restoring the dyslipidemia-injured endothelium
[257]. Noteworthy, we have recently demonstrated that heart
rate reduction by ivabradine treatment induces an atheropro-
tective gene profile and HES5 expression in the aortic arch
endothelium of apolipoprotein E-deficient (ApoE™") mice,
which was linked to maintenance of endothelial integrity
and reduction in the plaque area in their aortic root [258].

4.3. Notch in Vascular Smooth Muscle Cells. The correct mor-
phology and functionality of VSMCs are also indispensable
for guaranteeing the stability and function of adult vascula-
ture, and in the first stages of atherosclerosis, VSMCs, switch-
ing from a contractile/quiescent to a secretory/inflammatory/
migratory state, play a role in plaque formation. Many
studies suggest that Notch is necessary for maintaining
VSMCs in a contractile/quiescent phenotype. In rat VSMCs,
the IL-1-induced secretory/migrating phenotype is blunted
by Notch-3 overexpression and enhanced by treatment with
DAPT, a y-secretase inhibitor [259] but, contrary to this
finding, DAPT also seems to prevent SMC migration and
proliferation induced by AnglI [260].

We recently demonstrated that cholesterol-induced
VSMC transdifferentiation is associated with reduced levels
of Jagl and Hey2 and increased levels of DIl-4 mRNAs
[261]. In human aortic VSMCs, Notch-3 also promotes tran-
scription of prosurvival genes, which resulted to be signifi-
cantly decreased in the aortas of Notch-3"" mice [262].
Similarly, Notch-3 knockdown by RNA interference caused
VSMC to have higher proliferation, migration, and apoptosis
rates, with a concomitant abnormal morphology configura-
tion [263]. Consistently, Ragot et al. showed that the loss of
the Notch-3-RBP-J« pathway in VSMCs led to cardiac vascu-
lature alterations in response to AnglI-induced hypertension,
thus to the development of cardiac hypertrophy [264].
Reduced expression of Notch-1 and DIl-4 has been also
found in the aortic wall of patients with abdominal aortic
aneurysm, which was correlated to decreased VSMC content
in the vessels [265]. Chen and collaborators found that
Notch-1 repression is required for miR-34a-mediated VSMC
proliferation and migration [266]. Redmond et al. also
reported that Notch-1 activation may guide the neointimal
formation and VSMC proliferation in the carotid artery liga-
tion mouse model, phenomenon prevented by Notch-1
siRNA injected following carotid ligation [267]. In conclu-
sion, based on the existing data, which seem to indicate an
opposite effect of Notch-1 and Notch-3 in controlling VSMC
activity and phenotype, the role played by Notch in this con-
text still needs to be clarified.

4.4. Notch in Macrophages. During atherosclerotic plaque
formation, intraintima macrophages respond to extracellular
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and intracellular signals which regulate their phenotypes,
resulting in high levels of heterogeneity and plasticity among
macrophage subtypes [268]. The “classical” model of macro-
phage activation indicates that the predominant phenotypes
are characterized by a proinflammatory M1 and alternative
M2 profiles [268]. Many studies in vitro clearly indicate
that the DII-4/Notch-1 axis is involved in promoting a
M1 phenotype in macrophages [269-272]. Outtz et al.
demonstrated that macrophages from Notch-1*" mice
displayed decreased LPS/IFNy-mediated induction of pro-
inflammatory IL-6, IL-12, and TNF-a compared with
wild-type mice [273]. These data have been confirmed by
Xu and collaborators that showed in macrophages isolated
from Notch-17" mice a decreased basal and LPS-induced
NF-«B and HIF-1« activation, indicative that induction of
the M1 pathway is dependent on Notch signaling [274].
Defects in NF-xB p50 nuclear localization were observed
in DAPT-treated macrophages and in RBP-Jx-deficent
macrophages, indicative of crosstalk between Notch and
NF-«B pathways [275]. Lastly, DAPT treatment during
MI diminished the number of macrophages in the infarcted
area and significantly increased the M2 macrophage polar-
ization [276], data resembling those obtained by Singla
et al. that confirmed reduction of the proinflammatory
M1 phenotype following monocyte treatment with DAPT
or Notch-1 siRNA [277].

Pabois et al., by using an EC/monocyte coculture system,
demonstrated that endothelial DIl-4 induces M1 polarization
[278], and consistently, Koga et al. showed that DIl-4 anti-
body administration resulted in reduced vein graft lesion
development in LDLr”" mice and concomitantly decreased
macrophage accumulation and expression of proinflamma-
tory M1 genes [279]. Recently, the Pagie et al. study showed
that DII-4, other than promoting LPS/IFNy-mediated M1
polarization, interferes with IL-4-mediated M2 macrophage
polarization [280]. In elucidating the mechanism underlying
the Notch signaling-mediated M1/M2 polarization, Lin et al.
suggested that activation of Notch signaling might down-
regulate, through HES family corepressors, the signal regula-
tory protein « (SIRPa), a M2 phenotype inducer, which
conversely resulted to be upregulated in RBP-Jx-deficient
bone marrow-derived macrophages [281]. Consistently,
bone marrow-derived macrophages from RBP-Jx”~ mice
displayed, under LPS/IFNy stimulation, a M2 phenotype
(reduced expression of TNF-a, IL-6, and inducible-nitric
oxide synthase (iNOS)), which can be reversed by transfec-
tion with miR-148a-3p mimic, a Notch-1-target miRNA
which promotes M1 polarization [282]. Similarly, Miranda
and collaborators, in an attempt to identify the link between
the macrophage subtype and the resistance to insulin in
HFD-induced obesity mouse models, found that miR-30, tar-
geting DII-4, is associated with obesity-induced inflammation
and proinflammatory cytokine production in adipose tissue
macrophages isolated from visceral fat of obese mice [283].
Specifically, they demonstrated that miR-30 inhibition is
sufficient to promote the DII-4/Notch-1 axis and proinflam-
matory cytokine (TNF-a and CCL2) production, this later
is blunted by using anti-DII-4 antibody. Conversely, lentiviral
overexpression of miR-30 in RAW264.7 cells resulted in
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reduced M1 polarization and TNF-«/CCL2 production
[283]. Taken together, with the previously published studies
[269], these studies indicate that DIl-4/Notch-1 assume in
macrophage a central function in determining the balance
of M1/M2 subpopulations; thus, it could represent a valid
anti-inflammatory target for limiting excessive activation of
proinflammatory programs during atherosclerosis onset.

4.5. Nutraceuticals Acting through the Notch Pathway.
Several authors reported that natural extracts can be used
in cancer prevention; few of them focused the studies on
Notch signaling, obtaining interesting results. EGCG is able
to inhibit Notch signaling in BALB/c nude mice, previously
injected with cancer stem cells (CSC), inhibiting tumor for-
mation [284]. Honokiol, a phenolic compound isolated from
the bark of Magnolia officinalis Rehder (Magnoliaceae), is
able to counteract the growth of melanospheres formed by
CSC isolated from two melanoma cell lines downregulating
Notch-2 receptor, HES1, and cyclin D1 expression [285].
Withaferin-A (WA), a bioactive compound derived from
Withania somnifera, inhibits Notch-1 signaling and cell pro-
liferation in three colon cancer cell lines [286]. Two bioactive
compounds (tricin and p-coumaric acid) present in leaf
extract of Sasa quelpaertensis Nakai (Poaceae) are able to
inhibit the growth of CSCs deriving from different colon
cancer cell lines through DII-1 and Notch-1 inhibition and
downregulation of biomarkers related to tumor vasculariza-
tion (VEGF and HIF-1«) [287]. Curcumin inhibits the acti-
vation of Notch-1 and the expression of Jagged-1 as well as
HES] in esophageal cancer cell lines [288]. It has also been
shown that curcumin inhibits the expression of Notch-1-
specific microRNAs including miR-2land miR-34a and
upregulates the cancer suppressor let-7a miRNA. Moreover,
Notch downstream genes are overexpressed in pancreatic
cancer and curcumin induces apoptosis through reduction
of the Notch-1 signaling pathway and downregulation of
cyclin D1 and Bcl-xL. Curcumin downregulated the expres-
sion of Notch-1 leading to increased apoptosis and cell cycle
arrest in hepatic and oral cancer cells, activating NF-«xB and
its target genes (Bcl-2, cyclin D1, VEGF, and MMP-9)
[289]. Curcumin inhibits the DNA-binding ability of NICD
in prostate cancer cells [290] and decreases also CSC markers
in lymphoma/leukemia cells, at least in part through inhi-
biting their self-renewal [291]. Resveratrol, a natural phenol
present in grape skin with known anticancer effects [292], is
able to suppress proliferation and to induce a p53-mediated
apoptosis in acute lymphoblastic leukemia cell via inhibition
of the Notch signaling pathway [293]. These studies suggest
that curcumin treatment is an attractive new strategy for sev-
eral types of cancers at least in part thanks to its capability to
downregulate Notch-1 signaling.

In human epidermal growth factor receptor 2- (HER-2-)
positive breast cancer cells, characterized by HER2 gene
amplification [294], all-trans retinoic acid (ATRA) inhibited
y-secretase and Notch-1 processing, involved in cell migra-
tion and proliferation [295]. Oroxylin A, a natural com-
pound extracted from the root of Scutellaria baicalensis,
inhibited the hypoxia-induced invasion and migration of
ERa-positive breast cancer cells by suppressing the Notch
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TaBLE 2: List of nutraceuticals acting through Notch signaling modulation.
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Major findings

Role of Notch

References

Nutraceutical Disease

Cardiovascular
Epigallocatechin-3-
gallate (EGCG)

Cancer

Norisoboldine Cardiovascular
Docosahexaenoic Cardiovascular
acid (DHA)
Diosgenin Cardiovascular
Berberine (BBR) Cardiovascular
Polydatin Cardiovascular

EGCG inhibits macrophage
accumulation and inflammation
response in the skin wounds of
STZ-induced diabetes mellitus

In RAW 264.7, EGCG limits
LPS-mediated release of
proinflammatory IL-1p

In HUVECs, EGCG induces
expression of iNOS and eNOS
and inhibits oxLDL-mediated

apoptosis

EGCG attenuates the HFD-induced
accumulation of atherosclerotic
plaque in ApoE-deficient mice

EGCG inhibits the self-renewal
capacity of head and neck squamous
carcinoma (HNSC) cancer stem
cells (CSCs) by suppressing their
sphere forming capacity and
attenuates the expression of
stem cell markers. EGCG augments
cisplatin-mediated chemosensitivity

Norisoboldine suppresses
VEGF-induced HUVEC migration

DHA significantly decreases VSMC
migration/proliferation induced by
IL-1p3 as well as fibrinolytic/MMP
activity

Diosgenin reduces the HFD-induced
atherogenesis in rat aorta

BBR significantly improves cardiac
function recovery and decreases
myocardial apoptosis, infarct size,
serum creatine kinase, and lactate
dehydrogenase levels in rats following
myocardial IRI

In H9C2, BBR attenuates simulated
IRI-induced myocardial apoptosis

Following myocardial IRI, polydatin
preserves cardiac function, ameliorates
myocardial oxidative/nitrative stress
damage, and reduces myocardial infarct
size in STZ-induced diabetic rats

EGCG reduces expression of
Notch-1 and 2 in wound tissues
of diabetic mice

EGCG reduces expression of
Notch-1 and 2 and of Notch
target gene HES1. EGCG binds
Notch-1 and limits its activity

EGCG restores the expression
of Jagged-1 and of target proteins
(MATHI1, HES1, and HES5)

Jagged-1 is the key effector of
EGCG-protective effect against
oxLDL-induced endothelial
dysfunction

EGCG protects ApoE-KO mice
from atherosclerosis through the
Jagged-1/Notch-1 pathway

EGCG decreases HNSC CSC traits
by inhibiting the Notch-1 pathway

Norisoboldine induces VEGF-mediated
migration through activation of Notch-1

DHA increases Notch-3 expression
and HESI transcription and enhances
y-secretase complex activity

Diosgenin prevents nuclear
translocation of NICD in aorta
and in differentiated macrophage
cells

Both in vitro and in vivo, BBR
upregulates NICD translocation
and HESI1 expression

In vitro, antiapoptotic effect
of BBR is blocked by Notch-1
or HES1 siRNA

Polydatin exerts cardioprotection
against diabetic myocardial
IRI by activating myocardial
Notch-1/HES] signaling. DAPT
blunts the beneficial effects
of polydatin

[299]

[276]

[225]

(301]

[300]

[302]

[304]

(305]
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TasLE 2: Continued.
Nutraceutical Disease Major findings Role of Notch References
TSG significantly improves cardiac Both in vitro and in vivo, TSG
2,354’ - function and suppresses IRI-induced upregulates NICD and HES1
i . myocardial apoptosis expression
Tetrahydroxystll'bene Cardiovascular 4 Pop P [306]
2-O-p-D-glucoside In H9C2, TSG pretreatment ; . . .
. In vitro, antiapoptotic effect of TSG is
(TSG) dose-dependently decreases simulated blocked by DAPT
IRI-induced apoptosis Y
S In vitro, Honokiol downregulates
Honokiol Cancer Honokiol inhibits the growth of Notch-2, HES1, and cyclin D1 [285]
melanospheres formed by CSC .
expression
In three colon cancer cell lines, Withaferin-A inhibits Notch-1
Withaferin-A Cancer Withaferin-A mediates c-Jun-NH(2)- sienalin [286]
kinase-mediated apoptosis 8 8
. Tricin and p-coumaric acid inhibits . P,
Tricin a.nd p- Cancer the growth of CSCs and VEGF and Tricin and p-coumaric acid 1r}h1b1ts [287]
coumaric acid HIF1a expression DIl-1 and Notch-1 expression
Curcumin inhibits hepatocellular cancer
cell (HCC) proliferation C ind NICD
rcumin decreases
Curcumin treatment results in a 40% . eip ression in HCC [289]
decrease in tumor growth in a nude
mouse xenograft model
Curcumin reduces Notch-1 activation
1 inhibi liferati d and expression of Jagged-1 and HES1
Curcumin Cancer Curcumin Imniifs proweration an Curcumin reduces expression of
colony formation in esophageal cancer h ifi P [288]
cell lines and upregulates expression NOt,c -1-speci < microRNAs
of let-7a miRNA (miR-21 and miR-34a) and
upregulates tumor suppressor
let-7a miRNA
Curcumin decreases markers associated Curcumin reduces expression of
with CSCs in Burkitt lymphoma and Notch-1 and ¢ cﬁn D1 [93]
acute myeloid leukemia cells 4
Resveratrol increases apoptosis and Resveratrol reduces NICD levels
Cancer suppresses proliferation in MOLT-4 in a dose-dependent manner and [293]
R trol acute lymphoblastic leukemia cells inhibits the expression of HES1
esveratro
Resveratrol inhibits phenotypic Resveratrol decreases Notch-1,
Cardiovascular switching of neointimal VSMCs Jagged-1, Heyl, and Hey2 mRNA in [303]
after balloon injury in rats balloon-injured arteries at 7 days
All-trans retinoic ATRA exerts a strong antimigratory
acid (ATRA) Cancer action in the HER2-positive SKBR3 ATRA inhibits Notch-1 pathway [295]
cell line
Oroxylin A inhibits the hypoxia-induced e
Oroxylin A Cancer invasion and migration of ERa-positive Oroxyhr} A ¥nh1b1ts NICD [296]
breast cancer cells translocation into the nucleus
Alpinetin suppresses the proliferation Alpﬁg&i iiiggiiggcgluii?wty’
Alpinetin Cancer and invasiveness of glioma stem cells . Y J [297]
(GSCs) and induces their apoptosis recombinant Jagged-1, rescues the
pPoP effect of alpinetin on GSCs
. .. Cowanin degrades nicastrin, a
Cowanin Cancer Cowanin shows potent cytotoxicity component of y-secretase, thus [298]

against human leukemic HPB-ALL cells

hampering Notch-1 activation

processing [296]. Alpinetin can suppress the proliferation
and invasiveness of gastric stem cells (GSCs) and induce apo-
ptosis through Notch inhibition in glioma stem cells [297].
Cowanin has a strong inhibitory activity of the Notch signal-
ing target proteins, HES1 and HES5, affecting the activity of
the y-secretase complex on several cancer cells [298].

Still, little is known about the modulation of Notch sig-
naling by natural bioactive compounds and the consequent
control of many features that characterize endothelial dys-
function. EGCG prevents the oxLDL decrease of Jagged-1
and Notch pathway-related proteins (MATHI, HESI, and
HES5) and inhibits apoptosis in vitro in human vascular
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ECs and in ApoE’/ " mice [276]. Furthermore, EGCG inhibits
macrophage accumulation and inflammation response in the
skin wounds of streptozotocin- (STZ-) induced DM mice at
least in part through Notch signaling modulation [299].
DHA, an omega-3 fatty acid, increases Notch-3 and HES1
transcription and enhances y-secretase complex activity, thus
reducing fibrinolytic/MMP activity in transdifferentiated
VSMCs toward a migrative/proliferative phenotype [300].
Norisoboldine, an alkaloid compound isolated from Radix
Linderae, suppresses synovial angiogenesis, thanks to its
inhibition of VEGF-induced endothelial cell migration via a
cAMP-PKA-NF-«B/Notch-1 signaling pathway [301]. Both
in rat aortic subintimal macrophages and in in vitro-differen-
tiated macrophage cell diosgenin, a phytosteroid sapogenin
extracted from the tubers of Dioscorea wild yam suppresses
the nuclear translocation of NICD [302]. Resveratrol can
attenuate neointimal VSMC hyperplasia in rats, following
balloon injury, through a mechanism that involves inhibition
of the Notch signaling [303]. Activation of Notch signaling
reduces myocardial ischemia reperfusion injury (MI/RI), by
activating key components of survival pathways, namely,
PI3K-Akt, NOS, and mitochondrial K"-ATP (mitoKATP)
channels [231]; BBR, polydatin, and 2,3,5,4' -tetrahydroxys-
tilbene-2-O- 3-D-glucoside upregulate Notch-1/HES] signal-
ing attenuating myocardial apoptosis both in cultured
cardiomyocytes and in rats subjected to MI/RI [304-306].

Nutraceuticals have been studied also in the context of
age-related diseases [307] and few studies reported an
involvement of Notch in the effect of natural extract treat-
ment on Alzheimer disease. Dihydroergocristine (DHEC), a
component of ergoloid mesylates approved by the FDA for
the treatment of hypertension and dementia, suppresses
the production of Af peptides by inhibiting the y-secretase
complex in neurons [308]. Also, (20S)-Rg3, a triterpene nat-
ural compound known as ginsenoside and one compound
(SPI-014) isolated from Actaea racemosa reduced Af peptide
levels in neurons in vitro and in a mouse model of Alzheimer
disease, at least in part decreasing the association of prese-
nilin 1 (PS1) fragments with catalytic components of the
y-secretase complex localized in lipid rafts [309].

Indeed, the modulation of Notch signaling in several age-
related diseases is an emerging approach in clinical practice
and the correct use of plants could help to decrease the inci-
dence as well as the healthcare costs of these pathologies.

5. Conclusions

The increased understanding of how diet affects disease,
together with high healthcare costs and the aging population,
has generated interest in food as a tool for disease prevention
and health enhancement. There is growing evidence that
components of food may play an integral role in the link
between food and health; thus, a diet, mainly based on plant
and plant-derived nutraceuticals, can contribute to reduce
health care costs, while supporting economic development
in rural communities.

Preclinical investigations have consistently shown that
bioactive compounds, present in plants and certain foods,
inhibit those biological processes linked to atherosclerosis
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onset. In the clinical settings, while a large number of studies
have shown a close association between an imbalanced diet,
with low consumption of fruits, vegetables, fibers, vitamins,
and fish, and the increase risk of incidence of CVDs, other
studies have failed to show results in primary, or secondary,
prevention of atherosclerosis-related coronary artery disease,
stroke, and heart failure trough consumption of nutraceuti-
cals. This suggests that there is still much left to be under-
stood about the stability of these compounds in vivo, the
best route and dose of administration, and differences in
response related to gender and age. Moreover, more investi-
gations are needed to fully understand how nutraceuticals'
effect varies in the presence of those medications commonly
used by the subjects involved in this type of studies. This gap
could be filled by a wider characterization of the molecular
pathways regulated by these compounds. The Notch signal-
ing is a well-known master regulator of embryogenesis and
postnatal maintenance of self-renewing tissues, and its detri-
mental role when trying to achieve cancer cell apoptosis is
unquestioned. To date, y-secretase inhibitors (GSIs) are the
most studied Notch-inhibiting agents which increase
response to chemotherapy [310]. Furthermore, the modula-
tion of Notch signaling by nutraceuticals to interfere with
cancer progression (Table 2) is a research field that has been
steadily growing in the last ten years.

As discussed in this review, the implications of Notch in
atherogenesis are wide ranging, from protection against
endothelial dysfunction to the modulation of VSMCs and
macrophage phenotypes, but a detailed analysis of the signal-
ing upstream and downstream of Notch, in each cell context,
has not been performed yet. Additionally, due to the distinct
roles played in the above cited cell type (anti-inflammatory in
endothelial cells vs proinflammatory in macrophages), tar-
geting Notch in the context of atherosclerosis could result
to be particularly challenging. There is a limited number
of studies showing that some classes of nutraceutical com-
pounds exert antiatherosclerotic activity, at least partially,
through modulation of Notch signaling (Table 2). Given
the important role of Notch in atherosclerosis, it could
be of interest to investigate the effect on vascular Notch
of widely investigated and used nutraceutical compounds,
in order to gain a better understanding of their biological
effects. Additionally, high-throughput analyses could be
applied to investigate the effects on Notch of novel, still
uncharacterized plant compounds. Based on the established
role of Notch as anticancer therapy and on the emerging
role of this pathway in atherosclerosis, it is not implausible
to imagine a combination of specific tissue-targeted nutra-
ceutical Notch modulators as a novel therapeutic strategy
in this context.
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