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Abstract:

Maintaining a good vascular health is a major component in healthy ageing as it reduces the
risk of cardiovascular diseases. Endothelial dysfunction, in particular, is a key mechanism in
the development of major cardiovascular diseases including hypertension, atherosclerosis and
diabetes. Recently, endothelial senescence has emerged as a pivotal early event in the age-
related endothelial dysfunction. Endothelial function is characterized by an imbalance
between the endothelial formation of vasoprotective mechanisms, including the formation of
nitric oxide (NO) and endothelium-dependent hyperpolarization, and an increased level of
oxidative stress involving several pro-oxidant enzymes such as NADPH oxidase and, often
also, the appearance of cyclooxygenase-derived vasoconstrictors. Pre-clinical studies have
indicated that natural products, in particular polyphenol-rich foods, can trigger activating
pathways in endothelial cells promoting an increased formation of NO and endothelium-
dependent hyperpolarization. In addition, some can even exert beneficial effects on the
endothelial senescence. Moreover, some of these products have been associated with the
prevention and/or the improvement of an established endothelial dysfunction in several
experimental models of cardiovascular diseases and in Humans with cardiovascular diseases.
Therefore, intake of certain natural products, such as dietary and plant-derived polyphenol-

rich products, appears to be an attractive approach for a healthy vascular system in ageing.
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1. Introduction

According to the World Health Organization, cardiovascular diseases (CVDs) remain the
first cause of death worldwide, both in developed and developing countries, accounting for
about 18 million deaths per year and 32% of death worldwide !. In addition, CVDs are a
major cause of morbidity and are estimated to cost per year €210 billion to the European
economies and $407.3 billion to the US economy .

Aging is a major independent risk factor for cardiovascular diseases as CVDs incidence
increases exponentially with increasing age *. This is due to the fact that aging leads to
deterioration of cardiac and vascular structure and function °. In particular, aging is associated
with the development of an endothelial dysfunction, which in turn promote the development
of CVDs &7,

Recently, the American Heart Association indicated that amongst the major risk factors
for CVDs, unhealthy diet is the major contributor to CVD in US, with less than 1% of the
population meeting the ideal criteria for Healthy Diet score 8. In 2017, a study indicated that
cardiometabolic deaths in the US were related to several diet-related factors including low
intake of omega-3 rich products (nuts, seeds and seafoods), as well as low intake of fruits and
vegetables °.

Thus, this review will discuss in a non-exhaustive manner the studies indicating that
dietary and plant-derived polyphenol-rich products have the ability to induce the endothelial
function and/or to improve the endothelial dysfunction in vitro and ex vivo. In addition,
experimental and clinical studies evaluating the beneficial effects of natural products on the

endothelial function in vivo will also be discussed.

2. Physiological role of the endothelium



The endothelium is a cellular monolayer at the luminal surface of all blood vessels that
exert a key role in the maintenance of vascular homeostasis due, at least in part, to the
formation and release of potent vasoactive factors !%!! (Figure 1). In physiological situation,
the endothelium induces vasorelaxation of blood vessels mainly through the formation of
nitric oxide (NO), prostacyclin (PGI>) and endothelium-derived hyperpolarization (EDH).
Endothelial cells also exert the control of vascular homeostasis through endothelium-
dependent vasocontractile responses involving mostly endothelin-1 (ET-1), angiotensin II
(Ang II), reactive oxygen species (ROS), thromboxane A, (TXA>) and vasoactive prostanoids
termed ECDF (endothelium-derived contracting factors) !!. The most potent vasoprotective
factor in the body is NO generated by endothelial NO synthase (eNOS) from L-arginine. It is
due to its ability to regulate a great variety of responses contributing to vascular homeostasis
and prevention of cardiovascular diseases such as arterial wall remodeling and atherosclerosis
1213 ‘Indeed, NO can prevent the adherence of monocytes to the endothelial surface, inhibit
the expression of adhesion molecules, inhibit platelet adhesion and aggregation, prevent
vascular smooth muscle cells migration and proliferation, and limit the expression of
extracellular matrix molecules ',

In addition to NO, EDH and PGI; also contributes to the maintenance of vascular
homeostasis. Whereas having a small contribution in large conductance arteries, EDH allows
the transmission of hyperpolarization from the endothelium to the underlying smooth muscle,
thus inhibiting the vascular tones in resistance arteries such as coronary microcirculation and
arterioles. The mechanisms underlying the EDH responses are complex and can involve
different molecules such as arachidonic acid metabolites, H>O>, CO, HS or peptides, all
leading to opening of small and intermediate conductance Ca?"-activated K" channels on

endothelial cells '°. Finally, the endothelial formation and releases of arachidonic acid-derived



prostacyclin PGI> have a role in the vascular homeostasis by regulating the vascular tone, but
also by acting synergically with NO to inhibit platelets activation '!.

In Humans, the endothelial function can be evaluated by flow-mediated vasodilation
(FMD), which has been recognized as a prognostic marker of future cardiovascular events in

patients '°,

3. Age-related endothelial dysfunction/ endothelial senescence

Ageing is a physiological process affecting every system within the body, including the
vascular system. The vascular ageing is a complex process involving multiple mechanisms
and leading to specific features such as arterial wall remodeling, increased arterial stiffness
and pulse wave velocity, increased blood pressure and age-related endothelial dysfunction. In
humans, the endothelium-dependent vasodilation induced by acetylcholine infusion decrease
with increasing age, whereas the endothelium-independent vasodilatation induced by sodium
nitroprusside is not affected by ageing !”. Aging is the key risk factor for cardiovascular
disease with endothelial dysfunction a prime indicator. The age-related endothelial
dysfunction is characterized by a loss of balance with reduced formation of beneficial
vasoprotective factors (NO and EDH) and increased formation of factors favoring the
development of cardiovascular diseases !!. Similarly, an endothelial dysfunction is observed
in major cardiovascular diseases such as atherosclerosis, hypertension, diabetes and obesity,
and is often associated with an increased level of oxidative stress in the arterial wall 1324,

Ageing and age-related endothelial dysfunction also been associated with an increase in
endothelial senescence, especially at arterial site at risk such as curvatures and bifurcation
with turbulent blood flow and low shear stress. Indeed, senescent endothelial cells are found

at site of atherosclerotic plaques in human coronary arteries 2. Cellular senescence is defined

by a permanent state of cell cycle arrest, and is associated with morphological changes such



as enlarged and flattened cell bodies, associated with increased adhesive phenotypes and a
specific senescent-associated secretory phenotype (SASP). The SASP released from vascular
cells includes pro-inflammatory mediators such as IL-1, IL-6, IL-8, TNF-a, chemokines such
as MCP-1, growth factors such as EGF, VEGF and IGFBP, matrix metalloproteinases as well
as reactive oxygen species (ROS) ?%?’. In addition to modify the micro-environment of the
senescent cell, SASP also act as a paracrine factor for the propagation of senescence to
neighboring cells 228,

The accumulation of senescent cells in organs is associated with the development of age-
related diseases »°. Cellular senescence was first described by Hayflick in cell culture, where
cell cultures submitted to continuous division and replication ended with a loss of
proliferation capacity associated with phenotypic modifications *°. This “replicative
senescence” was later associated with the shortening of telomeres during DNA replication
(for review, see®!. In addition, senescence could also be induced by various cellular events
and stressors independently of replication, leading to “premature senescence” *2. While
different types of endothelial cells could be similarly induced in premature senescence, they
can show different responses to senolytic drugs due to different molecular modifications >>.

Oxidative stress plays a central role in the induction of endothelial senescence. Urea
induces senescence in endothelial progenitor cells through oxidative stress **. Replicative
senescence in endothelial cells is associated with decreased eNOS expression and NO
formation through an overexpression of NADPH oxidase and COX2, leading to an increased
oxidative stress and reduced NO bioavailability *°. Similarly, we shown that premature
senescence of coronary endothelial cells induced by two feedforward loops centered on
increased oxidative stress, the first involving the local angiotensin system and the second
involving the sodium-glucose co-transporter (SGLTs) 3°°. Senescent endothelial cells are

also more susceptible to infectious agents such as SARS-CoV-2, and thus to subsequent



endothelial dysfunction *°. Conversely, plasma of COVID-19 patients has been shown to
induce senescence in cultured endothelial cells *!.

Interestingly, removal of senescent cells by genetic or pharmacological approaches have
been associated with extended lifespan in mice, and with improvements in age-related
diseases including cardiovascular outcomes such as atherosclerosis (for review, see *).

Thus, targeting the endothelial dysfunction and underlying premature senescence seems

to be a promising approach for healthy ageing.



4. Protective effects of natural products on the endothelial function
a. Dietary phenols: structures and bioavailability

In 2017, a study indicated that some cardiometabolic deaths were related to low intake of
fruits and vegetables °. Similarly, in China, a 4-years follow-up study including more than a
half-million people from 10 localities have shown that daily fresh fruit consumption was
associated with reduced blood pressure, with a risk reduction for cardiovascular death of 37%,
and with a risk reduction for major coronary events or ischemic strokes of 30% #.
The beneficial effects of diet rich in fruits and vegetables have been attributed, at least in part,
to their high content in micronutrients such as phenolic compounds. These phenolic
compounds are secondary metabolites of plants that can be found in various form throughout
the plant kingdom, and can accumulate at high concentration in plants **. These
phytochemicals represent the main non-energetic component in plant-based food #°. Several
thousand of different phenolic structures have been identified in plants, including edible parts,
and new structures are regularly identified. The general structure of phenolic compounds is
characterized by at least a simple phenol ring bearing at least one hydroxyl group, but can
include much larger and complex molecules*. In addition, some phenolic compounds have
the ability to form polymers, and/or can also be conjugated to other molecules such as acids or
sugars, thus further complexifying the number of possible molecules. Thus, phenolic
compounds, also sometime named polyphenols, are classified according to the arrangement of
the carbon atoms and their substituents in several classes including phenolic acids,
hydroxycinnamic acids, coumarins, stilbenes and flavonoids *°. They are traditionally
classified into two groups: flavonoids and non-flavonoids.
Flavonoids are composed of a 15-carbon skeleton (C6-C3-C6) with two aromatic rings linked

by a 3-carbon bridge forming an oxygenated heterocycle. They are subdivided into several



subclasses, mainly flavan-3-ols, anthocyanins, flavonols, flavanones, flavones and
isoflavones. Flavan-3-ols, also known as catechins and condensed tannins, are characterized
by the presence of a saturated carbon in position C3 and are structurally complex. They also
bear two chiral centers (C2 and C3), leading to 4 isomers for the simple monomers. However,
only two of them are widespread in dietary plants, namely (+)-catechin and (-)-epicatechin **.
The monomers of catechin and epicatechin can be hydroxylated into gallocatechins and/or
esterified with gallic acid to form structure such as epigallocatechin-gallate. In addition, the
monomeric structures can be assembled into larger structures such as oligomeric and
polymeric proanthocyanins, also known as condensed tannins. Moreover, in tea processing,
the fermentation of green tea leaves (Camellia sinensis) into black tea will produce dimer-like
structures named theaflavins and thearubigins *’. Flavan-3-ols are abundant in tea, wine and
grapes, cocoa and chocolates, beer and cider.

Anthocyanidins are characterized by the fact that they are cationic structures, thus leading to
pigments responsible for the pink/red to purple/blue colors of fruits, vegetables and flowers *°.
In plants they are always found conjugated to sugars and named anthocyanins, and they can
be further conjugated to hydroxycinnamic acid and/or organic acids.

Flavonols, including quercetin and kaempferol, are widespread throughout the plant kingdom
with the exception of fungi and algae. They are generally found conjugated to sugars with a
large number of possible combination due to the available positions and type of glycosides
(more than 200 described conjugates for kaempferol)*’.

Flavanones are found as O-glycosides mainly in citrus fruits along with polymethoxylated
flavones.

Flavones occur predominantly in some herbs such as parsley or celery, whereas isoflavones
are found in vegetables such as soybean and soy-derived products including soy milk, miso

and tofu *3.



The dietary intake of phenolic compounds is still difficult to assess due to the highly variable
content in phenolic compounds of food items, the lack of systematic standardized dosage and
the variability of dietary pattern. The median energy-adjusted dietary intake of polyphenols
was estimated to be 884.1, 214.5 and 204 mg/day/1000 kcal, respectively in the US, China
and Brazil !, In Europe, the European Prospective Investigation into Cancer and Nutrition
(EPIC) study reported a median intake of 1177 and 1192 mg/d, for men and women,
respectively, with large disparities between the 10 countries, with Greece having the lowest
median intake (744 and 584 mg/d, respectively for men and women) and Aarhus in Denmark
the highest (1786 and 584 mg/d, respectively for men and women) >2. The main sources of
phenolic compounds were coffee, fruits, tea and wine 2.

Another aspect of the difficulty to study phenolic compounds in vivo is their complex
bioavailability. Indeed, they are absorbed to various extent in the digestive tracts as intact
molecules or after deconjugation *’. Contrary to some plant-derived micronutrients that are
readily absorbed, such as minerals and vitamins, phenolic compounds are handled by the
human body as xenobiotics. Thus, absorbed compounds are submitted to phase II metabolism
where they are methylated, sulphated and/or glucuronidated *’. The only compounds that
seem to escape this metabolism are (epi)gallocatechin-3-O-gallate, and to some extend
(epi)catechin-3-O-gallate 3-5°. Moreover, unabsorbed compounds reaching the colon are
submitted to degradation by the microflora, leading to the production of phenolic acids and
ring fission products that in turn can be absorbed and metabolised *’.

In addition, accumulation of polyphenols has been observed in specific cells and thus, the

circulating concentration may not reflect the actual concentration in target tissues >*>°.

b. Effects of dietary phenols using in vitro and ex vivo models
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During the last decades, the potential health benefit of dietary phenolic on the cardiovascular
system has been reported in various studies. These data indicated that the effect is, at least in
part, due to their effects on the vasculature and, especially, on the endothelium %63,

First indication of a direct effect of polyphenol-rich product on the endothelium was reported
for wine and grape-derived extract. Indeed, these extracts were able to induce pronounced
relaxations of pre-contracted arterial rings with an intact endothelium, whereas only small
relaxations are observed in those without endothelium %, In a subsequent study, the same
group reported similar endothelium-dependent relaxations in response to extract derived from
various dietary sources, including vegetables, fruits, teas, herbs and spices ¢°. As the
relaxations were markedly blunted in presence of pharmacological inhibitors of NO pathway,
the authors suggested the involvement of an extract-induced eNOS-derived formation and
release of NO. However, the fact that the relaxation induced by grape-derived polyphenols in
porcine coronary artery rings is only partially inhibited by an inhibitor of eNOS implies that
other pathways could contribute to the vasorelaxant effect of polyphenols. Indeed, a further
inhibition is obtained by the addition of inhibitors of the EDH pathway, indicating that EDH
contributes also to the vasorelaxant effect of grape-derived phenolic compounds 7. In
addition, phenols extracted from extra virgin olive oil are able to induce vasodilation in rat 3™
order mesenteric artery through a direct effect on smooth muscle cells mediated by the
activation of large conductance calcium-activated potassium channels (BKca) 8.

Further investigations demonstrated that the endothelium-dependent relaxation induced by
phenolic extracts due to an intracellular pro-oxidant responses in endothelial cells in a
physiological status, whereas phenolic compounds are still generally described as antioxidants
66,67,69-71

Interestingly, compared to physiological stimulators, such as bradykinin, that induce only

short-lasting (within minutes) endothelial formation of NO, polyphenols are able to induce a
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relatively sustained eNOS activation persisting for several hours, resulting in a long-lasting
formation of NO, which seems optimal for a sustained vascular protection ’?. Indeed, the
vasorelaxation induced by grape-derived phenolic compounds were significantly reduced in
presence of membrane-permeant analogues of superoxide dismutase (SOD) and catalase,
while non-permeant anti-oxidants such as native SOD and catalase were without effect 7!,
In addition, these grape-derived phenolic compounds increased the intracellular formation of
ROS in cultured coronary artery endothelial cells in a time- and concentration-dependent
manner, and also in healthy coronary arteries they induce formation of ROS in the
endothelium but not in the underlying vascular smooth muscle ¢77°,

The increase in ROS formation induced by phenolic compounds in turn activate a redox-
sensitive pathway involving a Src-mediated phosphatidylinositol-3-kinase (PI-3-kinase)-
dependent phosphorylation of Akt, which, in turn, induces the activation of eNOS by
phosphorylation of the activator site Ser1177 to increase the formation of NO in endothelial
cells 8697173775 T addition to this redox-sensitive Src/PI-3-kinase pathway, studies have
reported that the NO formation could be induce by certain phenolic compounds through other
pathway such as estrogen receptor activation 78, AMPK 7> or transient calcium signaling
81

While some polyphenol-rich products such as grape-derived products are able to induce the
endothelial function, some other show lower potency. Indeed, the comparison of several
commercially available fruit juices has indicated that the vasorelaxant activity is dependent on
their concentration of polyphenols 833, Moreover, the vasorelaxing activity is dependent not
only on the quantity but also on the quality of the polyphenolic content, as juices from
cranberry, aronia, blackcurrant and blueberry induced potent relaxations, whereas polyphenol-

rich juices from elderberry and blackberry induced only small effects 3.
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In addition to their effect on the endothelial function, phenolic compound can also exert
beneficial effects through other cellular pathways. Indeed, hytroxytyrosol, a phenolic
compound from olive oil, have been reported to reduce inflammation levels in LPS-induced
human vascular endothelial cells (HUVECS) as well as reduced cholesterol accumulation and
endothelial adhesion in human THP-1 monocytes %°. Similarly, an anthocyanin-rich extract
from red Chinese cabbage suppressed monocyte adhesion to TNFa-stimulated HUVECS
through reduction of NF-kB-mediated expression of endothelial adhesion factors *°.
Moreover, low dose (10 uM) of chlorogenic acid prevented the glucose induced
downregulation of Nrf2 in human endothelial cells, and the associated upregulation of NADP
oxidase, resulting in lower oxidative stress and improved NO bioavailability ¥’.

As endothelial senescence has to be an early event in the induction of cardiovascular diseases,
phenolic compounds able to act on the endothelial senescence are of interest. Amongst
senolytic drugs, quercetin have been shown to kill senescent endothelial cells in vitro .
While showing only a weak senolytic effect, curcumin attenuated premature senescence
induced by H>0: in endothelial cells via the activation of the Sirt1/eNOS pathway 3%,
Similarly, resveratrol prevented endothelial senescence induced by high glucose via the
AMPK/Sirtl and the p300/p53/p21 signaling pathways °!. Moreover, resveratrol can reduce
senescence in primary human endothelial progenitor cells associated with increased
expression of PPARy, hTRET and HO-1 °2. Pterostilbene, another stilbenoid related to
resveratrol, can also prevent endothelial senescence induced either by angiotensin II or H,O»

via Sirtl activation 3.

c. Beneficial cardiovascular effects of dietary phenols reported in experimental in

vivo models
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Whereas cellular models and ex vivo studies are helpful for deciphering the molecular and
cellular mechanism underlying the vasoprotective effect of phenolic compounds, they lack the
interplays between physiological systems and pathological processes involved in the
multifactorial development of cardiovascular diseases. Thus, experimental animal models are
required to take into account the integrated responses involving the vascular tissues, the
neurovascular axis, the hormonal system, the immunity and the interaction if the vascular
tissues with blood flow and blood cells. Moreover, when studying the effect of dietary
compounds, the in vivo models will help to take into account the bioavailability of natural
products following oral absorption and their metabolism. As phenolic compounds are often
metabolized by the tissues and/or catabolized by the microbiota, the net biological effect can
be due not to the initial compounds, but to secondary circulating metabolites or catabolites.
Moreover, recent studies suggest that the beneficial effects of phenolic compounds can be due
to some extent to their effect on the microbiota by acting as prebiotics *.

However, a major point to be kept in mind when using experimental models is to take into
account the fact that, while being mammals, most of the widely used animals have differences
with humans. First of all, their body size and composition are different from human, and it
should be accounted for when extrapolating the dose of phenolic compound by using
metabolic conversion factors *°.

Hypertension is a major risk factor for cardiovascular diseases that is characterized in several
experimental models by an endothelial dysfunction associated with vascular oxidative stress
% Numerous studies have reported the effects of phenolic-rich dietary products or of extract
derived from such products. Several studies reported that red wines, or wine extracts, reduced
systolic blood pressure in the spontaneously hypertensive rat model and improves

endothelium-dependent relaxation in arteries °’~'%. Similar beneficial effect of red wines and
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extracts on blood pressure and endothelial function were also reported in other models of
hypertension such as DOCA-salt rats, L-NAME rats and angiotensin Il-infused rats '°1-1%°,

Anti-hypertensive effects have also been reported for grape seed extract in spontaneously

106,107 109,110

hypertensive rats , in angiotensin II-induced hypertension %, cafeteria-fed rats
Reduced systolic blood pressure was also observed for chronic consumption of other
phenolic-rich products such as grape pomace extract ', grape seed extracts !'?, tea extracts

13 pomegranate juice ''*, cranberry juice !'°, cocoa powder !¢, cinnamon '!7 or blueberry '8
in hypertensive animal models. The antihypertensive effect of cinnamon extract also has been

reported in a model of L-NAME-induced hypertension in rat ''°. Finally, antihypertensive

effects have also been reported after treatment of models of hypertension with isolated

120,121 122-127

compounds, including (-)-epicatechin , quercetin , chlorogenic acid '%, (-
)epigallocatechin-3-O-gallate '*°, genistein '*, and trans-resveratrol '*!,

Ageing is another major risk factor of cardiovascular diseases that have been associated with
an age-related endothelial dysfunction both in animal models and in human. The chronic
intake of a red wine polyphenolic extract by a model of ageing-related endothelial dysfunction
was associated with a delay in the onset of the endothelial dysfunction '8. Subsequent studies
further indicated that a treatment with red wine extract in middle-aged rats with an already
established ageing-related endothelial dysfunction was associated with an improved
endothelial function 2>!32,

Finally, beneficial vascular and endothelial effects of polyphenol-rich products have been
reported in other models of pathologies associated with endothelial dysfunction. In diabetes,
pomegranate juice and extract were able to improve endothelial dysfunction in female Zucker

114

rats ' °, while oral intake of (-)epigallocatechin-3-O-gallate, resveratrol and genistein restored

the endothelial function in streptozotocin-induced diabetic rats 337133,
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Low dose of chlorogenic acid (0.02 % in the diet) given to diabetic db/db mice for 12 weeks
was associated with preserve endothelial function and NO bioavailability, and lower vascular
oxidative stress in the aortic tissues exposed ex vivo to high glucose concentration ®’.

In pregnant mice without functional eNOS (eNOS™ mice), chronic intake of grape-seed
extract decreased the systolic blood pressure and improved the endothelium-dependent
relaxation of mesenteric and uterine arteries, whereas no effect was seen in aorta 3.

In most experimental models of cardiovascular risk factors, the endothelial dysfunction is
associated with an increased vascular level of oxidative stress throughout the vascular wall.
This oxidative stress is mainly associated with the formation of superoxide anions by several
sources including NADPH oxidase, COXs, xanthine oxidase, cytochrome P450, the
mitochondrial respiratory chain and, last but not least, uncoupled eNOS 22193132137 Chronic
treatment of middle-aged rats or angiotensin II-induced hypertensive rats with red wine
phenolic extract imporved the endothelial function in association with a reduced level of
vascular oxidative stress and expression of NADPH sub-units !$2%105132 Other studies
suggest that dietary phenolic compounds can also decrease the level of vascular oxidative
stress by inducing the expression of antioxidant enzymes !'!%!3%

Altogether, these studies indicate that dietary phenolic compounds can exert a beneficial
effect on the cardiovascular system through several mechanisms including an improved

endothelial function and decreased oxidative stress.

d. Clinical studies
Several epidemiological studies and meat-analysis have indicated a link between consumption
of diet rich in phenolic compounds, or diet rich in fruits and vegetables such as the
Mediterranean diet, and beneficial health effects **~'47. For example, a study indicated that in

the USA diet-related cardiometabolic deaths are predominantly observed in a population
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characterized by a low intake of vegetables and fruits °. Conversely, a reduced cardiovascular

140,141,144,148
5

mortality was observed with an increased consumption of fruits and vegetables or

with increased adherence of the Mediterranean diet '#®. The effect of increased fruit and

vegetables consumption was effective on both the relative risk of stroke 41143

and of coronary
heart death %142, the two major causes of cardiovascular death. The beneficial effect of fruits

and vegetable consumption is due, at least in part, to their high content in phenolic

compounds.

In the NIH-AARP study, a statistically significant relationship was found between mortality
due to cardiovascular death of older people and intake level of total flavonoids, and this
relationship was also found for flavonols, anthocyanidins and flavones '#°.

Besides consumption of general fruits and vegetables, epidemiological studies indicated
associations between reduced risk of cardiovascular morbi-mortality and consumption of
specific dietary products rich in phenolic compounds. Such beneficial effects have been
reported for chronic and moderate consumption of red wine '*°, cocoa products '*!, tea '32 or,

to some extent, coffee 3.

Besides the cardiovascular mortality, the effects of treatments on the vascular health in
Humans is generally assessed through a hypertensive effect, whereas the endothelial function
can be assessed using flow-mediated dilatation (FMD) measurement. FMD uses non-invasive
ultrasound to measure the percentage of dilatation of the brachial artery in response to the re-
establishment of a blood flow after the temporary occlusion of the artery with a cuff, and is
due to an increased endothelial formation of NO in response to shear stress. A blunted FMD
has been observed in Humans presenting major cardiovascular risk factors, and is known to be

an independent predictor of the cardiovascular risk '°.

In agreement with the studies reporting decreased cardiovascular mortality associated with

increasing consumption of phenolic compounds, several clinical studies indicate that products
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rich in phenolic compounds, and in some instance isolated compounds, are able to improve
the vascular function in Humans.

Following the proposition by Serge Renaud that red wine could be involved in the lower
prevalence of cardiovascular diseases in the French population, termed as the French paradox,
several studies evaluated the effect of wine consumption on the vascular health '>*. The
chronic consumption of moderate dose of red wine (272 ml/day for 4 weeks) by normotensive
subjects or patients with grade 1 hypertension was associated with a decreased blood pressure
(2.3 and 5.8 mmHg, respectively), whether the red wine was with or without alcohol '*°.
Conversely, another study reported no effect on the blood pressure of chronic consumption of
red wine (200 ml/day for up to 20 weeks) in normotensive subjects with documented carotid
atherosclerosis . The beneficial effect could be due, at least in part, to the increased FMD
observed after consumption of low dose of red wine '*’'>°. Similar increase in FMD were
observed in healthy volunteers following the ingestion during meal of red grape juice during

meal, with or without alcohol '°°

. Moreover, ingestion of red wine was able to prevent the
smoke-induced decrease in FMD !®!. To avoid the deleterious effects of alcohol consumption
associated with red wine, several studies have focused on other grape-derived products. For
instance, the chronic consumption of purple grape juice (about 2 glasses/day for 8 weeks) was
associated with a decreased blood pressure in Korean hypertensive patients in a study by Park
et al., whereas no such effect was found in the study by Dohadwala et al. in prehypertensive
patients 19193 The chronic intake of grape seed extract (300 mg/day for 6 weeks) by patients
with mild hypertension was associated with a reduced blood pressure, and the effect was
greater in patients with the highest initial blood pressure '*. The chronic consumption of
Concord purple grape juice (4 or 8 ml/kg/day for 8 weeks) by patients with coronary heart

disease was associated with an increased in FMD !9, Similar effects were reported following

the intake of a single dose (600 mg) of a red grape extract by patients with coronary heart
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diseases '%°,

Other fruit-derived products rich in phenolic compounds have shown beneficial effect on the
vascular health. Indeed, chronic intake of pomegranate juice (50 ml for 2 weeks) by
hypertensive patients was associated with a reduction of the systolic blood pressure by 5% '¢”.
Similarly, a reduction about 6% of systolic blood pressure was reported after chronic intake of
150 ml/day for 2 weeks of pomegranate juice '®%. The chronic consumption of pomegranate
juice (50 ml/day for up to 3 years) by patients with carotid artery stenosis was also associated
with a 12% reduction of systolic pressure at 1 year, with no modification further seems at 3
years '®. The chronic consumption of fruit juices rich in phenolic compounds (500 ml/day for
12 weeks) was associated with reduced blood pressure both in normotensive subjects and
hypertensive patients, with a greater effect observed for hypertensive patients !’°. Chronic
treatment of hypercholesterolemic patients with anthocyanin isolated from berries (320
mg/day for 12 weeks) resulted in increased FMD !”!. Also, chronic moderate consumption of
berries for 8 weeks by middle-aged subjects with cardiovascular risk factors was associated
with reduced systolic blood pressure 2. Finally, blueberries consumption also improved
FMD in healthy volunteers in a time- and dose-dependent manner, and this was associated

with an increased levels of circulating metabolites 7.

Cocoa, another dietary product rich in phenolic compounds, and dark chocolate also have
been reported to exert beneficial effects on the vasculature and the endothelium, and these
effects seem to be related to its content in (-)-epicatechin and to the activation of the
endothelial NO formation '"*. Indeed, the consumption by healthy volunteers of a single dose
of a flavonol-rich cocoa drink increased FMD and was associated with a peak in plasma
concentration of flavanols and (-)-epicatechin metabolites, as well as of plasma nitroso
species indicating an increased formation of NO ', In healthy volunteers, 1 week treatment

with cocoa dose-dependently increase FMD and reduce office blood pressure !°. In addition,
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chronic consumption of a flavonoid-rich chocolate bar (46 g/day for 2 weeks), but not of
flavonoid-poor placebo, by healthy volunteers was also associated with an improved FMD
and an increased plasma catechins concentration 7. An increased FMD was also observed
after a single intake of 22 g of dark chocolate in overweight subjects !”’. Moreover, chronic
ingestion of dark chocolate (100 g/day for 2 weeks) was associated with reduced systolic
blood pressure in elderly patients with mild hypertension !’ In type 2 diabetic patients,
chronic chocolate consumption (25 g/day for 8 weeks) reduced systolic and diastolic blood
pressure !”?. Moreover, chronic consumption of cocoa by elderly patients for 8 weeks
significantly reduced blood pressure '3°.

Chronic consumption of black tea (3 cups/day for 6 months) by normotensive subjects, was
associated with lower (about 2 to 3 mmHg) systolic and diastolic blood pressure '*!. In
healthy volunteers, 1 week chronic ingestion of black tea was associated with an dose-
dependent increase in FMD and decrease in blood pressure '*2. Increased FMD was also
reported after acute consumption of either green or black tea in healthy volunteers '831%4,

In patients with coronary artery disease, the consumption of black tea, either as a single dose
(450 ml) or as a chronic treatment (900 ml/day for 2 weeks), improved significantly the FMD
185 The chronic consumption of black tea (5 cup/day for 4 weeks) by patients with mild
dyslipidemia was associated with an improved FMD 86, Meta-analysis also indicated that

both green and black tea consumption are associated with reduced systolic and diastolic blood

pressure 87188 and improved FMD '¥°.

Furthermore, a meta-analysis of randomized controlled trials indicated that polyphenol-rich
food, but not purified food phenolic extract, were significantly associated with reduced
systolic and diastolic blood pressure (-3.69 and -1.44 mmHg, respectively) and increased
FMD (+1.44%) '*°. In addition, when both polyphenol-rich food and purified extract were

considered, a significant reduction in triglyceridemia and total cholesterol was observed '*°.
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5. Conclusion
Over the last decades, increasing studies have reported beneficial effects of the consumption
of products rich in phenolic compounds. These products are able to improve the endothelial
function, and thus the cardiovascular health, in both experimental models of cardiovascular
diseases and also in patients with major cardiovascular risk factors. While the information
regarding the exact nature of the active compounds or their metabolites/catabolites, these
findings suggest that products rich in phenolic compounds are an important part of healthy

diets to reduce the burden of cardiovascular diseases.
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Figures legends

Figure 1: Schematic showing endothelium-derived vasorelaxing mechanisms controlling the
vascular tone in physiological context. Endothelial nitric oxide synthase (eNOS) generates
nitric oxide (NO) from L-arginine (L-Arg) after its activation by shear stress via the Src/PI3-
kinase/Akt pathway, and by a variety of agonists (Ach, acetylcholine; -HT, serotonin; BK,
bradykinin; ADP, adenosine diphosphate) via the calcium/calmodulin pathway (Ca?*/CaM).
NO induces relaxation of the vascular smooth muscle by the activation of soluble guanylyl
cyclase (sGC). Endothelium-dependent hyperpolarization (EDH) often involves the activation
of endothelial SKca and IKc, channels (small and intermediate conductance Ca?*-activated K*
channels, respectively) inducing hyperpolarization (") of the endothelium, which is,
thereafter, transmitted, in part, to the underlying vascular smooth cells via myo-endothelial
gap junctions with subsequent relaxation. Prostacyclin (PGI») is also a vasodilator, which has
also potent platelet inhibitory effects. In addition, endothelial cells release vasocontracting
factors such as endothelin-1 (ET-1) and vasoactive prostanoids termed ECDF (endothelium-
derived contracting factors), that include thromboxane A2, acting through their respective
receptors, the endothelin receptors (ETRs) and the thromboxane receptor (TPR).
Abbreviations: COX, cyclooxygenases; CaM, calmodulin; Src, Src family kinase; PI3K,
phosphatidylinositol 3-kinase; ATP, adenosine triphosphate; cAMP, 3°,5° cyclic adenosine
monophosphate; GTP, guanosine triphosphate; sGC, soluble guanylyl cyclase; cGMP, 3°,5°

cyclic guanosine monophosphate; AC, adenylyl cyclase; AA, arachidonic acid.

Figure 2: Schematic showing mechanisms involved in the endothelium senescence and
dysfunction. Endothelial dysfunction is characterized by a loss of balance between the
formation of vasorelaxing and vasoconstricting factors. Endothelial senescence is associated

with cell cycle arrest and a senescence-associated secretory phenotype (SASP) leading to pro-
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adhesive, pro-inflammatory, pro-thrombotic and pro-remodelling phenotype in the endothelial
cells.

Abbreviations: NO, nitric oxide; EDH, endothelium-dependent hyperpolarization; COX,
cyclooxygenases; PGI,, Prostacyclin; EDCF, endothelium-derived contracting factors; SASP,
senescence-associated secretory phenotype; MMPs, matrix-metalloproteinases; TF, Tissu
factor; SGLT1/2, sodium-glucose co-transporter 1 and 2; ATIR, Angiotensin II type I

receptor; Ang II, angiotensin II; ACE, angiotensin converting enzyme;

Figure 3: Effects of phenolic compounds on the endothelium reported using in vitro and ex
vivo studies. The stimulation of the endothelial formation of NO and EDH is mainly due to
the redox-sensitive activation of the PI3-kinase/Akt pathway, the Ca®"/CaM signaling
pathway, and several other additional pathways as indicated. Abbreviations: Ca?"/CaM,
calcium/calmodulin complex; [Ca?']i, free intracellular calcium concentration; D3G,
Delphinidin-3-O-glucoside; EDH, endothelium-dependent hyperpolarization; eNOS,
endothelial NO synthase; sGC, soluble guanylyl cyclase; cGMP, cyclic guanosine 3°,5’
monophosphate; GTP, guanosine triphosphate; NO, nitric oxide; ROS, reactive oxygen

species; ER, estrogen receptor; AMPK, AMP-activated protein kinase; Sirtl, sirtuin 1.
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