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a b s t r a c t
The lower occurrence of cardiovascular disease and cancer in populations around the Mediterranean basin as detected in the 1950s was correctly attributed to the peculiar dietary habits of those populations. Essentially, until
the mid-20th century, typical Mediterranean diets were rich in fruits, vegetables, legumes, whole-wheat bread,
nuts, ﬁsh, and, as a common culinary trait, the routine use of extra-virgin olive oil. Nowadays, the regular adoption of such dietary patterns is still thought to result in healthful beneﬁts. Such patterns ensure the assumption of
molecules with antioxidant and anti-inﬂammatory actions, among which ω-3 polyunsaturated fatty acids
(PUFAs), ω-9 monounsaturated fatty acids (oleic acid), and phenolic compounds. The aim of this review is to provide an update of the vasculo-protective pathways mediated by ω-3 PUFAs and polyphenols in the context of the
modern Mediterranean dietary habits, including the possible cross-talk and synergy between these typical components. This review complements a parallel one focusing on the role of dietary nitrates and alimentary fats.
© 2014 Elsevier Inc. All rights reserved.
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1. Premise and Introduction
The beneﬁcial effects of Mediterranean diets have been reported as
due to the synergistic interaction of various constituents. Numerous
studies have demonstrated that single components, i.e., inorganic
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nitrates, monounsaturated fatty acids, ω-3 polyunsaturated fatty acids
(PUFAs) and polyphenols, have speciﬁc roles in the prevention of inﬂammatory and degenerative diseases, as well as of cancer. The metabolic roles of inorganic nitrates and monounsaturated fatty acids have
been previously reviewed (Capurso C et al, Vascular Pharmacology in
press). In this review, the biochemical and mechanistic properties of
ω-3 PUFAs and olive oil polyphenols in the context of the Mediterranean
dietary habits are discussed as a basis for a possible interplay between
these nutritional components.
After the striking protective effects reported for a Mediterraneantype diet in the secondary prevention of coronary heart disease [1], the
recently documented beneﬁts of a Mediterranean diet supplemented
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in mixed nuts (as a source of ω-3 PUFAs besides to high-molecularweight polyphenols, including proanthocyanidins and ellagitannins
[2]) or extra-virgin olive oils (as a prominent source of lowmolecular-weight polyphenols hydroxytyrosol and its derivatives, besides to monounsaturated fatty acids) in the primary prevention of
major coronary events [3] also highlight the vasculo-protective potential of polyphenols and ω-3 PUFAs in the context of a Mediterranean dietary pattern. Such evidence, however, raises some questions, which
will be addressed here: ﬁrst, can the spontaneous adherence to a typical
Mediterranean diet provide appreciable and biologically meaningful increases in plasma levels of polyphenols and ω-3 PUFAs? Second, are
plant- and marine-derived polyphenols and ω-3 PUFAs endowed with
shared or complementary vasculo-protective activities?
2. Role of ω-3 PUFAs in the Mediterranean diets
2.1. Structure, source and metabolism of ω-3PUFAs
In the last 50 years many epidemiological evidences have accumulated regarding the role of ω-3 PUFAs, namely α-linolenic acid (ALA),
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), in the
prevention and management of cardiovascular disease [4]. PUFAs are
organic acids present in the diet and containing more than one double
bonds in their aliphatic chain. Biologically relevant families of PUFAs
are the omega-3 (ω-3) and the omega-6 (ω-6) PUFAs. Since the double
bond in the ω-3 or ω-6 position cannot be inserted into FA by animal enzymes, but only by vegetable Δ12- and Δ15-desaturases, LA and ALA
represent “essential fatty acids (EFAs)” for mammals [5]. Mammalian
cells may indeed metabolize them (Fig. 1) through the action of a series
of elongation and desaturation enzymes that insert double bonds into
the molecules, with an additional ﬁnal step for docosatetraenoic acid
and DHA production that requires the translocation to peroxisomes
for a β-oxidation reaction [6]. It is estimated that minimum human requirements are 1 and 0.2% of daily energy intake for ω-6 and ω-3

PUFAs, respectively [7]. Because LA and ALA are synthesized by plants,
vegetables and vegetable oils are good sources of both FAs. Green
plant tissues are especially rich in ALA, which typically comprises 55%
of all FAs present in green vegetables. However such plant tissues are
not rich in fat, and therefore, for most human diets, this source does
not make a sufﬁcient contribution to the minimum intake of ALA. In
contrast, some plant oils, such as soybean, ﬂaxseed, and rapeseed oil,
as well as some kinds of dry fruits as nuts, contribute to a higher degree
to ALA dietary intake, although, the absolute amount of LA is almost always superior to that of ALA [8]. Intervention studies with ALA in ω-3
PUFA-deﬁcient patients have demonstrated marked increases in plasma
concentrations of EPA [9–11]. In addition, vegans on a plant-based diet
with no source of EPA and DHA in their diets have shown low but stable
DHA levels in their blood [12,13]. Together, these ﬁndings preliminarily
demonstrated the convertibility of ALA into EPA and DHA in humans.
Such seminal evidence have been expanded using stable isotopelabeled ALA as tracer of ALA metabolism in humans [14]. These studies
have shown that dietary ALA is mostly catabolized to carbon dioxide
and ATP for energy production [15]. Only a small proportion of the administered ALA, estimated to be less than 5%, was metabolized to EPA
and DHA [16], with greater capacity for ALA conversion in women than
men [17]. ALA appears therefore to be a modest source of longer-chain
ω-3 PUFAs in humans. In Europe, during the last two decades, the consumption of LA is increased by about 50%, passing from 10 to 15 g/day,
while the consumption of ALA moved from 1 to 1.9 g/day [18]. Since dietary LA competes with ALA for Δ6-desaturase activity [19], the modest
intakes of ALA and the high amounts of LA featuring in most western
diets suggest that ALA cannot reliably replace EPA and DHA in many current diets, and therefore the direct dietary intake of EPA and DHA is by
far the easiest way to increase the concentration of such FAs in human
tissues [7]. Algae are the primary producers of DHA and EPA in the ecosystem, so that DHA and EPA enter the food chain through marine phytoplankton and accumulate in ﬁsh, especially oily ﬁsh (mackerel, trout,
salmon, herring and sardines) [20].

Fig. 1. Chemical structure and conversion pathway of linoleic (LA) and α-linolenic (ALA) acid into longer derivatives. In the omega-6 family, LA can be converted into γ-linolenic acid (GLA)
(18: 3n-6) by Δ6-desaturase and then GLA can be elongated (by elongase) to dihomo-γ-linolenic acid (DGLA) (20: 3n-6). (DGLA) can be desaturated further by Δ5-desaturase to ﬁnally
yield arachidonic acid (AA) (20: 4n-6). Using the same series of enzymes, ALA is converted into eicosapentaenoic acid (EPA) (20: 5n-3). The further conversion of EPA into
docosahexaenoic acid (DHA) (22: 6n-3) involves a ﬁrst addition of two carbon atoms to form docosapentaenoic acid (DPA) (22: 5n-3), of two further carbons to produce 24: 5, and a
desaturation to form 24:6. The removal of two carbons from 24:6, by β-oxidation yields DHA (Sprecher's shunt). ETA, eicosatetraenoic acid; ADRA, adrenic acid.
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2.2. ω-3 PUFAs in Mediterranean diets
Although high olive oil intake continues to be regarded as the main
distinctive feature of Mediterranean dietary patterns, a careful itemization of all Mediterranean diet lipid components identiﬁes at least ﬁve
other “healthy lipid factors” (Table 1), among which a variable, but
non-negligible, intake of ω-3 PUFAs is also a feature. Such evidence,
however, raises an intriguing question: if spontaneous adherence to a
typical Mediterranean diet may provide appreciable increase in plasma
and tissue levels for both plant- and marine-derived ω-3 PUFAs.
In recent years, the introduction of new computational scores estimating the adherence of individuals to Mediterranean diets has substantiated the protective role of Mediterranean dietary habits in terms
of reduced risk of mortality and incidence of major chronic diseases including cardiovascular disease and cancer [21]. The evaluation of adherence score, as based only on dietary data, may not accurately reﬂect the
bioavailability of computed nutrients. Rather, the evaluation of corresponding nutritional biomarkers (as the speciﬁc nutrient itself or one
or more of its direct end-products in body ﬂuids, e.g., plasma, urine,
milk or saliva) may provide more direct and integrated assessment of
the nutritional status, incorporating the metabolic details of nutrient investigated. However, data on the association between patterns of adherence to Mediterranean diets and plasma ω-3 PUFA status are
scarce. The ﬁrst data addressing this issue date back to 1993, when
Sandker et al. compared blood FA proﬁle of participants of the Greek
and Dutch cohorts of the Seven Countries Study, showing that the
Greeks had 33% more ALA (P b 0.001) and 20% lower LA (P b 0.001)
in their plasma [22]. Curiously, in the report by Sandker et al. there
were no data regarding plasma EPA and DHA levels. Because ALA and
LA are EFAs, this indicates that the traditional Greek Mediterranean
diet was rich in ALA, but poor in LA and ω-6 PUFAs in general. This
was not surprising, since ALA is present in a large number of plantderived foods (including walnuts, purslane and some other green
leafy vegetables) typically consumed by Mediterranean dwellers [23].
Although the total fat content of vegetables and legumes is rather low,
their relative abundance in ALA, associated with the large size of the average portions and the high frequency of consumption, may result in
appreciable levels of ALA intakes [24]. Thus, Mediterranean-type diets
are rich in plant-derived ω-3 PUFAs, and adherence to such dietary
models should guarantee adequate ALA intakes [24]. The consumption
of ﬁsh and ﬁsh-derivatives in the Mediterranean countries is not geographically uniform. In certain countries, such as coastal Spain and
Portugal, the intake of ﬁsh is very high, whereas it is low in other countries (e.g., Italy and Greece) [24,25]. Since the concentrations of EPA and
DHA vary a lot from one ﬁsh species to another [26], ﬁsh consumption
data represent only a crude estimate of the actual intake of marine ω3 PUFAs. However, evaluation of EPA and DHA plasma concentrations
in the same populations was in line with the intakes of ﬁsh, since both
EPA and DHA plasma levels have resulted to be much lower among Italians living in Southern Italy than among British, Belgian or Danes [27,
28]. This suggests that, at the present times, the consumption of marine
ω-3 PUFAs by certain Mediterranean populations may be rather low. In
spite of this, a positive association between spontaneous adherence to
Mediterranean diet, as assessed by a dietary score, and plasma DHA
and EPA have been recently observed in both the ATTICA [29] and the
Three-City [30] studies, which independently evaluated the dietary
habits of a Greek and French cohort in relation to the plasma FA
Table 1
Traditional Mediterranean diet in terms of lipid factors.
1
2
3
4
5
6

Saturated fat intake: low but not very low
Monounsaturated fat intake: very high
ω-6 polyunsaturated fatty acid intake: very low
Plant ω-3 polyunsaturated fat intake: high but not very high
Marine ω-3 polyunsaturated fat intake: variable
Trans fatty acid intake: very low (possibly none at all)
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contents. In particular, in the French cohort, individuals with higher
Mediterranean diet adherence score, showed DHA and total ω-3
PUFAs levels 10% (P b 0.004) higher than individuals in the lowerscore category [30]. Correspondingly, in the small intervention study
by Ambring et al. [31] the administration of a Mediterranean-type diet
to healthy subjects for 4 weeks resulted in a 47% increase in DHA plasma content (P b 0.0001) compared with an ordinary Swedish diet [31].
Although all these studies lack of the absolute quantiﬁcation of plasma
ω-3 PUFA content, they demonstrate that a Mediterranean-type diet
ensures higher ω-3 PUFAs bioavailability than the common Western
diets, and hence at least part of the protective effects exerted by
Mediterranean diets may be attributed to its vegetable- and animal content of ω-3 PUFAs. Thus, both plant- and marine-derived ω-3 PUFAs
may be at the moment considered as valuable mediators of protection
provided by traditional Mediterranean diets.
2.3. Plant- and marine-derived ω-3 PUFAs: mechanisms of action
FAs primarily enter cell via FA protein transporters on the cell surface.
Once inside the cell, they may undergo two metabolic fates: they contribute to the ATP production [32], or become substrate for the synthesis of
neutral and polar lipids, thus exerting structural and signaling activities
[33]. Both ω-6 and ω-3 PUFAs may be released from phospholipids
through the action of cellular phospholipase-A2 (cPLA2). The released
FAs may be converted through both orthodox and novel pathways to a
wide array of signaling molecules. The orthodox pathways involve reactions catalyzed by cyclooxygenases (COXs) and lipoxygenases (LOXs) to
biologically active eicosanoids, including prostaglandins, thromboxanes,
and leukotrienes. EPA compete with arachidonic acid (AA) for COX and
LOX activities, thus favoring the synthesis of 3-series prostanoids (PGE3,
PGI3 and TXA3), and of the 5-series LTs, comprehensively endowed with
weaker pro-inﬂammatory and vasoconstrictive activities than those obtained from AA [34]. In addition to these classical metabolic pathways,
the existence and the beneﬁcial contribution of an “unorthodox” generation of alternative eicosanoid derivatives have been more recently appreciated. Discovered as speciﬁcally produced in the resolving exudate of a
mouse dorsal air pouch using lipidomic and bioinformatic analyses [35],
such alternative eicosanoids are now regarded as promising therapeutic
tools for the treatment of many inﬂammatory-mediated disorders. From
a biosynthetic point of view, such novel molecules are oxygenated metabolites derived from EPA and DHA through transcellular biosynthesis pathways that counteract excessive inﬂammatory responses stimulating proresolving mechanisms of leukocyte trafﬁcking and non-inﬂammatory
phagocytosis of apoptotic neutrophils by macrophages [36].
In addition, the formation of another set of compounds formed by
the nitration of unsaturated FAs, called nitrolipids, has been shown to
occur in vivo and to have potent biological actions. Such derivatives
are known as nitro-fatty acids (NO2-FA), and recent data indicate that
they may act via electrophilic and receptor-mediated reactions to stimulate smooth muscle relaxation, block platelet activation, and inhibit
human neutrophil function, superoxide generation, integrin and immunoglobulin expression, thus globally suppressing inﬂammation [37]. As
evidenced in Part I of this review, Mediterranean diets are rich in nitrates, which, upon reduction to nitrites, appear to support the NO2-FA
formation under acidic gastric digestive conditions [38]. Such biochemical interaction may contribute to the healthful properties of both these
components in a typical Mediterranean context.
But long-chain ω-3 PUFAs EPA and DHA may exert their effects also
without undergoing metabolism [39]. Incorporation of DHA, EPA and to
a lesser extend ALA into cell membranes has been shown to decrease
the generation of intracellular reactive oxygen species and the following
activation of redox-sensitive transcription factors, such as nuclear
factor(NF)-κB, involved in the expression of a series of proinﬂammatory genes in vascular endothelial cells [39,40] and monocytes
[41]. Other known signaling systems affected by ω-3 PUFAs include the
toll-like receptors [42,43] and the sarcoma(Src)-family kinases [44]
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overall involved in the regulation of cell growth, differentiation, cell
shape, migration and survival, and specialized cell signals [45].
A recently discovered attractive ω-3 PUFA receptor is the G-protein
coupled receptor 120 (GRP120) [46]. Its direct activation by EPA, DHA
and ALA binding inhibits inﬂammatory cascades in macrophages and
reverses insulin resistance in obese mice [47].
Finally, ω-3 PUFAs are also known as direct regulators of transcriptional activities that control the expression of proteins (some of which
enzymes) responsible for both triglyceride assembly and FA oxidation,
including sterol regulatory element-binding proteins (SREBP) and peroxisome proliferator-activated receptor (PPAR)α [20], as well as of ion
channel activities that regulate cardiac rhythm [48]. Of note, the list of
the mechanisms of action classically ascribed to ω-3 PUFAs has further
grown in recent years by the applications of high-throughput genomic
tools that allow the simultaneous comparison of thousands of genes
and gene-products in a fashion not biased or restricted by a priori hypotheses [49]. Besides conﬁrming the down-regulation of proinﬂammatory genes by ω-3 PUFAs [50], this approach has disclosed positive modulatory activities for previously unsuspected genes and gene
products involved in the regulation of lipid metabolism and antioxidant enzyme systems [51–53].
Through one or more of the above mechanisms, also modest consumptions of ﬁsh or ﬁsh oils are recognized to positively affect several
intermediate determinants of cardiovascular risk [4,54], as well the development of atheromatous lesions in humans [55,56] and animal
models of atherosclerosis [57–61]. Less evidence however exists for a
protective effect of ALA against cardiovascular disease [62]. In animal
models of atherosclerosis, ALA-rich oils have been shown to confer
atheroprotection, improving endothelial function and reducing plaque
inﬂammation [63,64], although this anti-atherosclerotic effect was
modest compared to DHA [65]. A recent meta-analysis of all observational studies evaluating the association between ALA intake and cardiovascular events has highlighted only a modestly lower risk of
cardiovascular disease [66]. Whether ALA has beneﬁcial effects beyond
its conversion to EPA and DHA remains a matter of debate [67], given
also that only limited evidence suggests that ALA may have per se an independent role in cardiovascular protection [68]. Further studies are
therefore warranted to investigate whether ALA has independent effects on cardiovascular health and whether such effects may be modiﬁed or overcome by the intake of DHA and EPA, as suggested by
recent ﬁndings [69].

3. Mediterranean diets polyphenols and vascular health
The impressive protective effects of the Mediterranean diets against
cardiovascular morbidity and mortality [70,71] have long been attributed to their peculiar plant-derived foods and beverages. In particular,
during the last 10 years special attention has been paid to polyphenols,
a large and heterogeneous family of naturally occurring phytochemicals
that are the most abundant antioxidants in our diet. Human, animal and
in vitro studies have demonstrated that, in addition to their antioxidant
properties, Mediterranean diet polyphenols possess anti-microbial,
anti-inﬂammatory, anti-angiogenic and anti-proliferative activity, improve vascular function, and reduce intermediate clinical markers of
cardiovascular diseases [72]. Special research efforts have focused on
the bioactivity of polyphenols peculiar to extra-virgin olive oil. Olive
oil is indeed the hallmark of the Mediterranean dietary pattern, with
daily consumption between 25 and 50 mL and its main source of culinary (especially dressing) fat [72]. Nowadays, olive oil polyphenols
have emerged as substantially contributing to the complex metabolic
and vascular protection afforded by Mediterranean diets [72], thus becoming an area of intense current research at the crossroad of preclinical and clinical studies, with potential exploitation as functional foods,
supplements or preservatives in the nutraceutical, cosmetic and food
industries.

3.1. Polyphenols from olives and olive oils
Olives and olive oils, in particular virgin and extra-virgin olive oils
obtained from the fruit of the olive tree (Olea europaea) solely by mechanical or other physical means, with a free acidity expressed as oleic
acid, of not more than 0.8 and 2 g per 100 g respectively, are particularly
rich sources of phenolic compounds with antioxidant and biological
properties in plants as well as in animals and humans [73]. The nonglycerol or unsaponiﬁable fraction of olive oil (around 2% of the total
weight of the oil) contains more than 230 chemical compounds, including hydrocarbons, tocopherols, fatty alcohols, 4-methylesterols, sterols,
triterpenic dialcohols, polar-colored pigments and the polar phenolic
compounds. The phenolic composition of olive oils varies in quantity
(40–1000 mg/kg) and quality, depending on the cultivar, climate, soil
composition, degree of ripeness of the fruit at harvest, agricultural and
processing techniques, storage and also cooking methods [73].
Olive oil polyphenols in turn constitute a complex mixture of compounds that include phenolic acids of the benzoic (gallic, vanillic,
benzoic, syringic acids) and cinnamic (cinnamic, cumaric, caffeic
acids) series; phenolic alcohols, including hydroxytyrosol (HT, 3,4dihydroxyphenylethanol), tyrosol (4-hydroxyphenylethanol), and HT
glucoside; secoiridoids, which contain elenolic acid in their structure
and include oleuropein and ligstroside (the ester of elenolic acid with
HT or with tyrosol, respectively); lignans, such as (+)-pinoresinol and
(+)-1-acetoxypinoresinol; and ﬂavonoids (apigenin and luteolin). Notably, the olive fruit contains mainly the polar glycosides oleuropein
and ligstroside. The less polar oleuropein- and ligstroside-aglycones
are formed by removal of the glucose moiety from the oleuropein and
ligstroside glycosides by β-glucosidase during ripening. Those aglycones and their derivatives are the most abundant phenols in olive oil.
The polar compounds HT and tyrosol are the end products of hydrolysis
of oleuropein- and ligstroside-aglycones or their derivatives in olives
and olive oil. HT concentrations in olive oil have been reported to greatly
vary from 1.55–14.42 mg/kg to 113.7–381.2 mg/kg [74].
Of the various phenolic constituents of olive oil, HT and its parent
compound oleuropein seem to be the most important, and feature powerful antioxidant properties in vitro and in vivo due to their orthodiphenolic structure (Fig. 2) [75,76].
3.2. Dietary intake and bioavailability of olive oil polyphenols
Using the recent development of a new database on the content of
polyphenols in foods (fruits, vegetables, beverages, cereals, oils, nuts
and seeds, cocoa, and legumes), the dietary intake and the major
Mediterranean food sources of polyphenols have been determined in
a Spanish population at high cardiovascular risk, in the PREDIMED cohort [77]. The PREDIMED study is an ongoing cardiovascular primary
prevention trial conducted in Spain in a high-risk population, comparing two energy-unrestricted Mediterranean diets enriched with extravirgin olive oil (1 L/week) or mixed nuts (30 g/die) with a low-fat control diet on a composite endpoint of cardiovascular death, myocardial

Fig. 2. Chemical structures of oleuropein glucoside and its derivative hydroxytyrosol.
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infarction and stroke (‘primary endpoint’) [78]. The estimated mean
total polyphenol intake in the PREDIMED Mediterranean diets
was 820 ± 323 mg/day, with olives and olive oils providing 11%
(90.4 mg/day) of total polyphenol intake. The speciﬁc contribution of
olives and olive oil to the total polyphenol intake gives the Spanish population a particular phenolic proﬁle that is also likely to be characteristic
in other Mediterranean countries.
Regarding bioavailability, previous human studies have provided evidence that olive oil polyphenols are readily and dose-dependently
absorbed (55–66% of the total ingested amount) and excreted in urine
after consumption of real-life doses of virgin olive oils, with phenol
compounds reaching the maximal concentration in plasma and urine
(0.1–1 μmol/L) between 1 and 2 h after olive oil ingestion [79].
Oleuropein glycoside and oleuropein- and ligstroside-aglicones are converted to HT and tyrosol, so that substantially more free HT and tyrosol
enter the small intestine. The ingested olive oil phenols are present in
plasma and urine in the free form and predominantly in conjugated
forms (glucuronide and sulfate conjugates) and in the O-methylated
form, suggesting an extensive ﬁrst pass intestinal/hepatic metabolism
[80]. As a consequence, olive oil polyphenol bioactivity is likely to be derived mainly from its biological metabolites, but studies in this ﬁeld are
still scarce and have so far shown contrasting results [81]. Importantly,
urinary or plasma tyrosol, HT and their metabolites have been used as
reliable biomarkers of olive oil intake in human intervention studies
[82,3].

3.3. Olive oil polyphenols and cardiovascular protection: effects on
atherothrombotic risk factors
A great number of studies has been devoted to characterizing the effects of olive oil polyphenols on atherothrombotic risk factors, such as
plasma lipid proﬁle, oxidative stress, endothelial dysfunction, hypertension, platelet aggregation, diabetes, and inﬂammation [83]. In November
2004, the US Food and Drug Administration approved a health claim for
olive oil consumption (23 g/day) on the basis of its MUFA content [84],
that had consistently demonstrated to beneﬁt plasma lipid proﬁle in clinical trials. More recently, the European Food Safety Authority (EFSA)
has released a health claim about the role of olive oil polyphenols
(5 mg/day), i.e. HT, tyrosol, and their conjugated forms, in protecting
low-density lipoprotein (LDL) from oxidation in vivo [85]. LDL oxidation
is considered a key pathogenetic event in atherosclerosis and subsequent
coronary heart disease development. A key supportive study was the Effect of Olive Oil on Oxidative Damage in European Populations
(EUROLIVE) study, a randomized clinical intervention trial assessing
the effect of sustained daily doses of olive oil, evaluated as a function of
its phenolic content, on the lipid proﬁle and markers of oxidative damage, as cardiovascular risk factors [76]. In this trial, 200 healthy volunteers were randomized to three-week consecutive intervention periods
of olive oil administration (25 mL/day) with high (366 mg/kg of olive
oil), medium (164 mg/kg), and low (2.7 mg/kg) polyphenol content.
The results have shown that olive oil phenols, which are able to bind
human LDL, are signiﬁcantly associated with lower circulating concentrations of oxidative stress markers, including cholesterol-conjugated dienes, hydroxy-fatty acids and products of DNA oxidative damage, and
with an improvement of the lipid proﬁle, including an increase of highdensity lipoprotein (HDL) levels, a decrease of total cholesterol/HDL
ratio, and a decrease of triglyceride levels [76], providing a convincing evidence for greater beneﬁts of olive oil polyphenols on these cardiovascular risk factors than that provided by MUFA and other minor components
of olive oil. Decreased levels of oxidized LDL were also shown after threeweek supplementation of healthy subjects with HT-enriched sunﬂower
oil (45–50 mg/day of HT), pointing to a signiﬁcant contribution by HT
to the observed cardiovascular beneﬁts of olive oil polyphenols [86].
Similar results were obtained in patients with stable coronary heart
disease [87].
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Other recent lines of evidence in humans indicate that olive oil with
a high polyphenol content improves endothelial dysfunction in different
clinical settings [88], with consequent improvement in endothelialdependent vasodilatation and blood pressure [87,89]. Oxidative stress,
through superoxide anion generation, decreases NO availability causing
endothelial dysfunction. The observed beneﬁt of olive oil polyphenols
on ischemic reactive hyperemia was accompanied by a decrease in oxidative stress markers and an increase in NO metabolites, indicating that
the antioxidant effect could account for the protective effect of olive oil
polyphenols on vascular endothelial function [88,89].
One of the main properties of olive oil polyphenols contributing to
their beneﬁcial vascular effects is their anti-inﬂammatory activities.
Early reports showed that oleocanthal, a virgin olive oil phenol, possesses a strong anti-inﬂammatory effect, comparable to that of ibuprofen
and mediated by inhibition of cycooxygenase (COX)-1 and -2 activities
[90]. Other in vitro studies demonstrated that HT and oleuropein, at nutritionally relevant concentrations, inhibited endothelial activation and
endothelium–monocyte adhesion as well as monocyte/macrophage
function [91–93]. The anti-inﬂammatory action has been conﬁrmed in
humans, in whom a decrease in inﬂammatory markers such as thromboxanes, leukotrienes, cytokines, C-reactive protein, and soluble adhesion molecules has been observed after the intake of phenol-rich olive
oil [94–96].
Olive oil polyphenols, in particular HT, have also been shown to beneﬁcially impact the hemostatic proﬁle, showing anti-platelet and antithrombotic properties both in vitro [97] and in vivo [82], and to possess
some anti-diabetic and anti-obesity effects [98].
Overall, these protective properties by olive oil polyphenols, through
favorable modiﬁcations of atherothrombotic risk factors and direct effects on inﬂammatory and vascular cells, support the clinically proven
cardioprotection provided by Mediterranean diets and virgin olive oil.
3.4. Nutrigenomic effects of olive oil polyphenols
Up to now, the evidence for the contribution of olive oil polyphenols to
the nutrigenomic effects of Mediterranean diet or olive oil is provided by
human nutritional intervention studies comparing similar olive oils with
different polyphenol contents in real-life conditions. Current evidence indicates that, besides reducing oxidative stress markers, inﬂammation and
atherosclerotic risk factors (ox-LDL, diabetes, hypertension), olive oil
polyphenols induce speciﬁc favorable changes in the expression proﬁle
of genes involved in atherosclerosis, inﬂammation, and oxidative stress
[99–101]. For example, recent human nutrigenomic studies have shown
that a sustained consumption of a Mediterranean diet enriched with virgin olive oil reduces the pro-inﬂammatory and pro-atherogenic responses
of peripheral blood mononuclear cells in comparison with a Western diet
rich in saturated fat [93,94], or with a traditional Mediterranean diet supplemented with a low-fat diet [95]. In a transcriptomic study, 90 healthy
volunteers were randomized to a three-month intervention consisting of
either a traditional Mediterranean diet with virgin olive oil (1 L/week), a
traditional Mediterranean diet with washed olive oil containing a lower
polyphenol content (55 and 328 mg/kg), or a habitual diet [99]. The traditional Mediterranean diets signiﬁcantly downregulated several genes
related to inﬂammation and oxidative stress in peripheral blood mononuclear cells, with concomitant decreases in markers of lipid oxidative damage and systemic inﬂammation. Interestingly, these effects were
particularly observed when a traditional Mediterranean diet was supplemented with virgin olive oil, thus pointing out to the role of olive oil polyphenols in decreasing the expression of atherosclerosis-related genes in
the context of a Mediterranean diet [99]. With a less-restricted, nonhypothesis driven scope, Camargo et al. [100] performed a post-prandial
gene expression microarray analysis on peripheral blood mononuclear
cells from 20 patients with the metabolic syndrome after the intake of virgin olive oil-based breakfasts with a high (398 mg/kg of olive oil) and low
(70 mg/kg of olive oil) phenolic content. The intake of a high polyphenol
content olive oil (40 mL) modiﬁed the expression of pro-inﬂammatory
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genes linked to atherosclerosis, obesity, dyslipidemia and type 2 diabetes
mellitus, thereby promoting a lesser inﬂammatory proﬁle in peripheral
blood mononuclear cells [100].
In accordance with results from human intervention trials, studies in
cell model systems relevant to cardiovascular disease, such as vascular endothelial cells and monocytes/macrophages, reinforce the nutrigenomic
effects of olive oil polyphenols as a mechanism for their vasculoprotective
role. Olive oil polyphenols, including HT and oleuropein at nutritionally
relevant concentrations, downregulate the gene expression of adhesion
molecules, chemoattractants, matrix metalloproteinase, and proinﬂammatory enzymes [92,93,101]. Other studies have shown that HT
upregulates the gene expression of antioxidant/detoxifying enzymes in
endothelial cells [102], as well as of the histone deacetylase sirtuin
(SIRT) 1, an epigenetic modiﬁer, in the heart tissue of a mouse model of
accelerated senescence [103].
4. Conclusions
The high dietary intake of inorganic nitrates and MUFA (as described
in the ﬁrst part of this review), as well as ω-3PUFAs and olive oil polyphenols (as described here above) substantially contributes to the protection provided by the traditional Mediterranean diets against chronic
degenerative diseases, including cancer and cardiovascular diseases.
Omega-3PUFAs and olive oil polyphenols can exert protective effects
not only through the scavenging of reactive oxygen species, but also
by modulating signal transduction pathways and gene expression.
However, foods or nutrients are not eaten in isolation but consumed
in combination, in the form of a global dietary approach, where additive/synergistic interactions among nutrients and foods occur. As an example, mutual interactions between polyphenols and ω-3 PUFAs have
recently been observed. The addition of polyphenols during the active
digestion of fatty ﬁsh may limit the formation of ω-3 PUFAs oxidation
products in the small intestine and therefore promote the intestinal uptake of beneﬁcial unoxidized ω-3 PUFAs [104]. Mediterranean diets
should be regarded as a combination of healthful individual components promoting overall health.
Therefore, nutritional research and health policy should focus
their attention to the preservation and promotion of traditional
Mediterranean-style diets, also in light of their recent progressive
deviation from the initially identiﬁed compositions in the 1960s, deviations that may in turn negatively inﬂuence the health status of
Mediterranean populations [105].
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