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The nutritional benefits generally recognized for the consumption of extra virgin olive oil (EVOO) are

based on a large number of dietary trials of several international populations and intervention

studies. Unfortunately, many authors in this field used questionable analytical methods and

commercial kits that were not validated scientifically to evaluate the complex bioactive constituents

of EVOO and lipid oxidation and decomposition products. Many questionable antiradical methods

were commonly used to evaluate natural polyphenolic antioxidants, including an indirect method to

determine low-density lipoprotein (LDL) cholesterol. Extensive differences were observed in experi-

mental design, diet control, populations of different ages and problems of compliance intervention,

and questionable biomarkers of oxidative stress. Analyses in many nutritional studies were limited

by the use of one-dimensional methods to evaluate multifunctional complex bioactive compounds

and plasma lipid profiles by the common applications of commercial kits. Although EVOO contains

polyphenolic compounds that exhibit significant in vitro antioxidant activity, much more research is

needed to understand the absorption and in vivo activity. Many claims of in vivo human beneficial

effects by the consumption of EVOO may be overstated. No distinctions were apparently made

between in vivo studies based on general health effects in large populations of human subjects and

smaller scale well-controlled feeding trials using either pure or mixtures of known phenolic

constituents of EVOO. More reliable protocols and testing methods are needed to better validate

the complex nutritional properties of EVOO.
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INTRODUCTION

Evidence that the rate of cardiovascular deaths is lower in
Mediterranean countries suggests that the beneficial effects of
olive oil may not be related only to the known quantitative
changes in plasma lipoproteins but also to other antiatherogenic
factors. The chemical composition of extra virgin olive oil
(EVOO) contributes to daily requirements of essential fatty acids
and active antioxidant nutrients in vitamin E deficiency. This
particular and well-balanced composition (oleic acid and minor
components in an ideal ratio) may have significant effects in
human clinical nutrition (1). Wide ranges of fatty acid composi-
tions are reported for olive oils due to diverse environmental and
cultivar characteristics, with the four major fatty acids ranges of
16:0, 7.8-18.8%; 18:1, 58.5-83.2%; 18:2, 2.8-21.1%; and 18:3,
0.42-1.9% (2). Because the level of saturated fatty acid content is
generally below 10%, olive oil meets current dietary advice in
terms of minimal saturated fatty acid intake.

Over the past three decades nutritional and epidemiological
studies have provided accumulating evidence that the consump-
tion of virgin olive oil (VOO) contributes to health benefits that
can be attributed tomanyphenolic antioxidants, includingmainly
tyrosol (TYR) and hydroxytyrosol (HT) and their derivatives

(aglycons of oleuropein and ligstroside, diacetoxy and dialdehy-
dic forms of the aglycons), HT acetate, the lignans pinoresinol
and 1-acetoxypinoresinol, luteolin, apigenin, and phenolic acids
(2; see also ref3, Figure 1). Although commercial virgin olive oils
contained higher levels of phenolic antioxidants than refined olive
oils, their oxidative stability was significantly decreased by high
initial peroxide values (15.6 and 32.5) (see ref4, Table 8.6, p 196).

A review of the extensive literature (3) on EVOO adulteration,
oxidative stability, and antioxidants concluded that more reliable
chemical and instrumental methods are needed to better under-
stand the complex reactions involved in lipid oxidation and
antioxidant chemistry and to detect adulteration with cheaper
vegetable oils and deodorized oils. Themany claims regarding the
nutritional benefits of olive oils in theMediterranean diet may be
exaggerated without a better understanding on absorption and
bioavailability of EVOO with better controlled human studies.

Althoughnatural antioxidants of olive oils aremultifunctional,
many one-dimensional methods have been applied to evaluate
their activity. A large number of protocols have been used tomea-
sure antiradical activity of these antioxidants by using free radical
trappingmethods suchasDPPH(diphenyl-picrylhydrazyl radical),
TEAC (Trolox equivalent antioxidant capacity), ORAC (oxygen
radical absorbance capacity), FRAP (ferric reducing antioxi-
dant power), and ABTS [(2,20-azinobis(3-ethylbenzothiazoline
6-sulfonate)], which are questionable because they are not specific*E-mail enfrankel@ucdavis.edu.
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and do not use suitable substrates to determine the protective
properties of the antioxidants (see ref 4, Table 9.19, p 250, and
ref 5, Table 4.3, p 84).

OXIDATIVE STRESS

Several intervention studies supported the cardiovascular pro-
tective effects of theMediterranean diet that includes VOO as the
main fat consumed and related these effects to high levels of oleic
acid and/or antioxidants. Many feeding studies have been pub-
lished to evaluate the effects of olive oil diets on oxidative stress
and susceptibility of human LDL and plasma (Table 1). Favor-
able effects of minor components of VOO were evaluated on fas-
ting and postprandial lipid profiles and onLDL composition and
susceptibility to Cu-catalyzed oxidation in vitro (6). The study
was performed with males having normal lipid profiles, compar-
ing diets of VOO with oleic acid rich sunflower oil, containing
75.53 and 77.87% oleic acid, respectively, and showed no signi-
ficant difference in fasting and postprandial states. Only a few
minor variationswere observed inLDL composition in postpran-
dial lipemia (excess fat in blood), but the VOO diet resulted in a
small but insignificant decrease in conjugated diene formation.

In another study (7) of male subjects with peripheral vascular
disease, the major fatty acid profiles in plasma and LDL were
not different after the consumption of EVOO and refined OO
(ROO) with different antioxidant profiles (300 vs 200 mg/kg
R-tocopherol, 800 vs 60 mg/kg total phenols). However, the rate
of Cu-catalyzed oxidation evaluated by questionable TBARS
(thiobarbituric acid reactive substances) and total LDL taken up
by macrophages were significantly greater after the intake of
ROO compared to EVOO. A further study of healthy men and
women (8) showednodifferences in resistance ofLDLandHDLto
oxidation between two diets of VOO containing different levels
of total phenols (308 vs 43 mg/kg). Unfortunately, questionable
markers of oxidation were used on the basis of expedient com-
mercial kits, the questionable measure of lipid oxidation TBARS,
andantiradical unspecificFRAP test (4,5).An interventiondietary
studyusing youngmen andwomen subjects (9) showed that a high-
carbohydrate diet and a Mediterranean diet decreased LDL-
cholesterol and HDL-cholesterol determined by indirect methods
(Table 1). The authors concluded that both diets can improve
glucose metabolism in these young subjects. A study with healthy
male and female Greek smokers (10) comparing the effect of two
levels of phenol content in EVOO (43 and 308 mg/kg) found no
significant differences in plasma resistance to Cu-mediated oxida-
tion in fasting plasma, concentration of protein carbonyl, lipid
oxidation, and questionable MDA and FRAP tests in plasma.

A study based on the oxidative/antioxidant status of healthy
males (11) compared olive oils with different phenolic contents
(10, 133, and 486 mg/kg total phenols). Dose-dependent changes
included decreased plasma oxidized LDL, oxidizedmitochondria
DNA, and MDA in urine and increased HDL cholesterol and
glutathione peroxidase activity. Like many other studies in
Table 1, the authors used a questionable enzymatic kit tomeasure
oxidized LDL in plasma by ELISA, urinary MDA, and LDL-
cholesterol. A similar study with nonsmoking healthy males (12)
compared the effects of olive oils with different phenol contents
increasing from 0 to 150 mg/kg. Urinary TYR andHT increased,
in vivo plasma oxidized LDL decreased, and ex vivo resistance to
LDL oxidation and HDL cholesterol levels increased with the
phenol content of olive oil administered. Questionable commer-
cial kits were used for oxidized LDL by ELISA and antigen
antibody.

Using mildly dyslipidemic patients to compare the vasoprotec-
tive potential of EVOO with that of refined olive oil (ROO) (13),

no effects were found on plasma lipid and lipoprotein profiles. On
the other hand, the feeding of EVOOdecreased serum thrombox-
ane B2 formation and urinary isoprostane excretion used as mar-
kers of cardioprotective potential and vascular function and
increased questionable antioxidant capacity of plasma based on
the nonspecific reduction of cupric to cuprous ions. A similar
study using stable coronary heart disease patients (14) compared
the antioxidant and antihypertensive effects of VOO and ROO.
Intervention with EVOO resulted in lower plasma oxidized LDL
and lipid peroxide levels (based on sandwich ELISA) and lipid
peroxides (based on questionable TBARS), together with higher
antioxidant activity based on the artificial radical 2,20-azinobis(3-
ethylbenzthiasoline) sulfonate (ABTS) and glutathione peroxidase.

A large feeding trial for the EUROLIVE study group with
healthy male subjects (15) compared diets using olive oils of
different phenol contents (2.7, 164, and 366 mg/kg). A linear
increase in HDL cholesterol levels with phenol contents was
observed, accompanied with a linear decrease of markers of
oxidative stress. Statistical changes in conjugated dienes, hydroxy
fatty acids, and oxidized LDL were not significant (p = 0.011,
0.038, and 0.014, respectively). Unfortunately, no references were
provided for any of the methods used for oxidative damage of
lipids or endogenous and exogenous antioxidant status.

Another study led by the same lead author (16) was aimed at
examining the role of the same olive oils on postprandial (after a
big meal) oxidative stress and the antioxidant content of LDL.
The low-phenolic diet resulted in a decrease and oxidation of
LDL phenolics by impairing endothelial functions referred to as
postprandial oxidative stress. The levels of F2-isoprostanes (cyclic
oxidation products of arachidonic acid), oxidized LDL, and anti-
bodies against oxidized LDL decreased directly with the levels of
total phenols in the diets. The degree of LDL oxidation decreased
as the phenolic content of the olive oil administered increased.
The samebeneficial effectswere obtainedby adding suitable sour-
ces of antioxidants such as red wine, vitamin C, or “antioxidant”
drugs. This evidence supports the conclusion that phenolic
antioxidants in olive oil can protect LDL against oxidation and
can modulate the oxidative/antioxidant balance in plasma and
LDL. However, this study, like many others in Table 1, had limi-
tations due to themeasurement of oxidizedLDL in plasmawith a
complex sandwich ELISA procedure using commercial complex
antibodies and that of the plasma lipid profile by another expe-
dient commercial enzymatic kit.

Oxidative DNA damage was evaluated in another trial with
postmenopausal women by comparing high- and low-phenolic
EVOO [592 and 147 mg/kg total phenol (17)]. Oxidative DNA
damagewas 30% lower after the consumption of the high-EVOO
compared to the low-EVOO treatments on the basis of a comet
assay in periperipheral blood lymphocytes. Changes in plasma
antioxidant capacity by the questionable ABTS assay were not
significantly different after consumption of high- and low-EVOO
diets. In another large human study (18), DNA and RNA oxi-
dation was evaluated in northern, central, and southern European
populations consuming olive oils with low, medium, and high
phenolic contents. Urinary excretion of oxidation products of
guanine (8-oxo, -guanine, -guanosine, and deoxyguanosine) were
not different when the different olive oils were compared. A 13%
reduction ofDNAoxidationwas observed on the basis of urinary
8-oxodeoxyguanosine, showing that although ingestion of olive
oil is beneficial in reducing DNA oxidation, this effect is not due
to the phenolic content in the olive oils.

A large clinical trial to assess in vivo lipoprotein oxidation used
subjects of high cardiovascular risk (19). A traditional Mediter-
ranean diet (TMD) was tested for the prevention of coronary
heart disease by comparing a low-fat diet used as control with two
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TMDdiets: TMDþVOOorTMDþ nuts. After a 3month inter-
vention, oxidized LDL decreased significantly in both groups,
without changes in the control low-fat diet. Circulating oxidized
LDL was measured by an enzyme-linked immunosorbent assay
using a commercial antibody with no details. The questionable
MDA test was used in mononuclear cells isolated from fresh
bloodmeasured byHPLC.Amuch smaller study of postprandial
anti-inflammatory and antioxidant effects of EVOO (20) evalu-
ated changes in inflammatory markers thromboxane B2 (TXB2)
and leukotriene B4 (LTB4), and oxidative stress markers (urinary
H2O2 and serum antioxidant capacity). The inflammatory mar-
kers decreased significantly together with a corresponding in-
crease in antioxidant capacity after feeding EVOO, but not plain
olive oil or corn oil consumption.Antioxidant capacitywas based
on the nonspecific and reduction of Cu2þ to Cuþ, and urinary
H2O2was determinedby a nondescript commercial and expedient
FOX reagent.

Another large EUROLIVE study examined the relationship
between changes in fatty acid composition of LDL and lipid
oxidation damage after sustained consumption of olive oil (21).
The oleic acid concentration increased and those of linoleic and
arachidonic acids decreased in LDL after olive oil intake. An
inverse relationshipwas obtained between oleic/linoleic acids and
biomarkers of oxidative stress, including circulating oxidized
LDL measured by an unspecified enzymatic immunoassay. An
intervention study (22) showed that a diet rich in olive oil com-
pared to sunflower oil (75 vs 25% oleic acid and 5 vs 65% linoleic
acid, respectively) protected LDL fromoxidation in elderly type 2
diabetic subjects compared to healthy elderly controls. However,
LDL oxidation in this study was catalyzed by an excessive iron
concentration that, in the presence of ascorbate, is reduced to the
more catalytically active ferrous state.

The effect ofVOOcontaining 629mg/Lphenols was compared
with a similar refined olive oil (ROO) containing no phenols
in another EUROLIVE study of plasma LDL oxidation in
males (23). The dietary intake of the subjects was based on self-
reporting. Oxidation markers including oxidized LDL, conju-
gated dienes, and hydroxyl fatty acids decreased after VOO
ingestion, but they were not affected after the consumption of
ROO. The authors concluded that after sustained consumption,
the phenol concentration of the consumed OO modulates the
phenolic metabolite content of LDL and supports the in vivo
antioxidant role of phenolic compounds.

The effects of consuming VOO were compared with those of
consuming maize oil, cod liver oil, and soy oil in a study of
endothelial function and oxidative stress in healthy young sub-
jects (24). On the basis of measurements of total lipid peroxides,
vascular adhesion molecules, and blood pressure, this investiga-
tion concluded that acute consumption of maize oil blunts
endothelial function in contrast to a slight improved endothelial
function with codfish and soy oil and only neutral effects with
olive oil. Unfortunately, the authors used a questionable com-
mercial kit for total lipid PEROX and ELISA tomeasure vascular
cell adhesion molecules.

NUTRITIONAL ASPECTS

The consumption of olive oils has been associated with many
desirable nutritional properties including lower incidence of
coronary heart disease and cancer. The authors of several studies
of EVOO in the literature often claimed desirable in vivo nutri-
tional benefits of phenolic antioxidant constituents based mainly
on population studies and statistical evaluations of their results.
However, a better mechanistic understanding of the nutritional
effects of olive oils is also required on the basis of absorption and

metabolic studies with pure and known mixtures of olive oil
antioxidants.

In addition to their antioxidant effects, flavonoids in olive oil
and other fruit sources may have a multitude of beneficial acti-
vities that can be attributed to nonantioxidant chemopreventive
activities in the gastrointestinal (GI) tract (Table 2). Other bio-
logical effects of flavonoids have now been recognized after they
are absorbed in vivo and converted into metabolites such as
glucoronides, sulfates, and O-methylated derivatives with re-
duced antioxidant activity (25). Enzymatic degradation occurs
in the colon, where microflora hydrolyze flavonoids into simple
phenolic acids, which are absorbed and furthermetabolized in the
liver. Flavonoids have also been shown to modulate the expres-
sion of γ-glutamylcysteine synthetase, an important enzyme in
cellular antioxidantdefenses anddetoxificationof xenobiotics (26).
This enzyme catalyzes the synthesis of glutathione (GSH), which
is considered to be an important endogenous biological antiox-
idant in cells. Polyphenol-mediated regulation of GSH alters
cellular processes by redox regulation of transcription factors and
enzymes catalyzing signal transduction. Flavonoids in fruits and
vegetables may modulate the intracellular GSH concentration by
regulating redox switching of many protein cellular functions.

Minor components of VOO (about 1-2%) have been asso-
ciated with beneficial cardiovascular effects (27). These constitu-
ents in olive oil include phenolic compounds (TYR, HT, caffeic
acid, and oleuropein), tocopherols, sterols (β-sitosterol, campes-
terols, Δ7-stigmasterol, brassicasterol), and hydrocarbons (squa-
lene, β-carotene, and polycyclic aromatic hydrocarbons). Many
of these compounds have been shown to have anti-inflammatory
and hypolipidemic properties in addition to their antioxidant
activities. Endothelial function measured by low-mediated dila-
tion was found to decrease after the consumption of olive-oil rich
meals compared to canola oil and salmon. Olive oil consumption
was inversely associated with blood pressure and contributed to
the reduction of the oxidativemodification of LDL and uptake of
LDL by macrophages that initiate the formation of fatty streaks
leading to atherosclerosis. The protective roles of olive oil phenolic
compounds against LDL oxidation in vitro were found to be
equivalent to that of vitamin E.

In addition to their antioxidant activities, most of these
phenolic compounds in EVOO have anti-inflammatory and
hypolipidemic properties. The mechanism of action for modulat-
ing their endothelial activity involves the release of nitric oxide,
prostaglandins, leukotrienes, and adhesion molecules as well
as activation of nuclear factor κB by reactive oxygen species.
Although the relative absorption of polyphenols of VOO is
controversial, it is mostly converted into conjugated derivatives
of glucuronic acid in plasma, but intervention studies reported
reduced oxidative stress in healthy and dyslipidemic subjects.

In a study of the gastrointestinal fate of olive oil polyphe-
nols (28), model studies were carried out with cell cultures under
gastric juice conditions (pH 2, 37 �C, up to 4 h) simulating the
stomach. HPLC analyses showed a time-dependent hydrolysis of
conjugated olive oil polyphenols and the formation of the main
componentsHTandTYR.Transport andmetabolic experiments
with a perfused rat intestinal model showed that oleuropein was
not transferred across small intestinal segments, whereas HT and
TYR were rapidly absorbed. After perfusion, free HT, methy-
lated HT, and the respective glucuronides were detected. Under
more complex in vivo conditions than used in this model, the
presence of food enzymatic degradation of food protein may also
occur. The authors concluded that the small intestine is another
major site of absorption of olive oil phenols that results in
increasing concentration of HT and TYR in plasma initially
and in urinemetabolized after a few hours intoO-methylatedHT,
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glucuronidated HT and TYR, and glutathionylated HT in the
small intestine.

A large number of biological and nutritional effects of olive oil
have been reviewed for lipoprotein metabolism, oxidative da-
mage, inflammation, endothelial dysfunction, blood pressure,
and thrombosis. In a previous review regarding the effects of
OO on the cardiovascular system (29), a majority of 11 references
reported no effects on lipid and DNA damages. However, ques-
tionable methods were used in many of these papers including
antioxidant capacity based on undefined and expedient commer-
cial kits for lipid hydroperoxides, MDA, and FRAP. Most of
these commercial kits have not been validated scientifically.

The biological effects of OO consumption are mainly linked to
the direct or indirect antioxidant activity of the phenolic consti-
tuents and their metabolites that become concentrated in the GI
tract (30). Olive oil phenolics can be partially hydrolyzed after
ingestion under the acidic conditions of the stomach. Free HT
and TYR are produced from the aglycone secoiridoids, but
glucosides of oleuropein are absorbed intact without hydrolysis.
The secoiridoids absorbed intact in the small intestine are degra-
ded mainly into HT by colonic microflora. Other phenolic com-
pounds and their metabolites are considered to be largely re-
sponsible for the anticancer activity of EVOO. Corresponding
effects in modulating colon cancer are also attributed to the
influence of olive polyphenolics to cell proliferation, apoptosis,
and arachidonic acid metabolism in cancer cells. Although phe-
nolic compounds from OO, grapes, and other fruits are recog-
nized to exercise important protective antioxidant effects by
directly reacting with reactive oxygen species in the GI tract (31),
notmuch is knownyet on the nutritional effects of themetabolites
derived from flavonoids.

Many studies have reported the neuroprotective, cardiopro-
tective, and chemopreventive actions of dietary flavonoids (25). It
is now becoming apparent that flavonoids, and in vivo metabo-
lites, not only act as conventional hydrogen-donating antioxi-
dants but may also exert “non-antioxidant” activities in cells
through actions at protein kinases and lipid signaling pathways.
Inhibitory or stimulatory actions at these pathways may affect
cellular function by altering the phosphorylation of proteins and
modulating gene expression. The influence of flavonoid metabo-
lites on these properties may be keys to their activities as anti-
cancer agents, cardioprotecting agents, and inhibitors of neurode-
generation.

The bioavailability and bioefficacy of phytochemicals can be
improved significantly by new delivery systems using nanoemul-
sions consisting of extremely small droplets ranging between 1
and 100 μm (32). Improved in vitro and anticancer activities of
phytochemicals are claimed to be achieved by the use of biopo-
lymer micelles that are more soluble and dispersible than con-
ventional emulsions. Liposome-encapsulated antioxidants have
also been used to study in vitro and in vivo effects on cell growth
and apoptosis in cancer. This novel approach may be promising
in future research using polyphenolic compounds of EVOO.

The authors of several references in Table 1 used questionable
and expedient methods to evaluate lipid oxidation and antiox-
idants. Commercial kits without detailed validation were used in
many studies to determine enzyme activity (6, 13, 19, 24), cho-
lesterol (6,7), plasma lipid hydroperoxides (8,10), oxidized LDL
in plasma by ELISA (11, 12, 14, 16), and total lipid peroxides
PEROX (26). Determinations of TBARS are notoriously un-
specific (4, 5) and unsuitable to determine complex LDL oxida-
tion (7, 8, 14). LDL cholesterol was determined in many studies
byan indirectmethodwithout isolatingLDLbyusing apreparative
ultracentrifuge according to accepted methods (9,11,15,19,21).
A large number of authors in many papers listed in this tableT
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performed in collaboration with many medical and pharmaceu-
tical investigators from various European Union countries and
contributors to large trials and feeding study groups: SO-
LOS (11, 12, 14), VOLOS (13), EUROLIVE (15, 16, 18, 21),
and PREDIMED (16, 19). Extensive differences were noted in
experimental design, diet control, populations of different age
and problems of compliance intervention, and questionable bio-
markers of oxidative stress. Many studies in Table 1 were also
limited by using undefined sandwich ELISA procedures, com-
mercial complex bioactive compounds, and plasma lipid profiles
by commercial kits. Unfortunately, some of the feeding studies
provided excessive details on the questionnaire used for the parti-
cipants and the statistical analyses but fewer details on the
chemical analyses used. Many claims in the literature of in vivo
human effects by consuming EVOOmay be exaggerated. In vivo
human studies that are based on general health effects in large
populations should be distinguished with feeding trials of pure
concentrates of phenolic constituents followed by testing plasma
or tissue samples taken shortly after the consumption of different
amounts of EVOO.

Many nutritional studies listed in Table 2 dealing with the
relative absorption of polyphenols of VOO may be controversial
because they used model systems. Under more complex in vivo
conditions, the presence of food enzymatic degradation of food
protein may also occur. Unfortunately, only little information is
available on the nutritional effects of the metabolites of flavonoid
compounds. Many studies on the effects of OO on the cardio-
vascular system reported no effects on lipid and DNA damages,
using nonspecific one-dimensional methods for “antioxidant
capacity”, questionable markers of oxidation, and commercial
kits that have not been validated scientifically. Several more
specific and reliable methods should be used to obtain chemical
information that can be directly related to oxidative damage of
biological systems.

More research is needed to better understand the bioavail-
ability of dietary phenolic antioxidants and other minor consti-
tuents of EVOO, their interactions with other food components
and metabolism, and other factors affecting their absorption in
vivo (33). More valid protocols and testing methodology in
feeding human studies are required to better establish the health
and nutritional benefits of olive oils with more valid chemical
methods and less reliance on expedient commercial kits to eval-
uate their complex nutritional properties.
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Salvadó, J.; Fiol, M.; Solá, R.; Covas, M.-I. Effect of traditional
Mediterranean diet on lipoprotein oxidation. Arch. Intern. Med.
2007, 167, 1195-1203.

(20) Bogani, P.; Galli, C.; Villa, M.; Visioli, F. Postprandial anti-
inflammatory and antioxidant effects of extra virgin olive oil.
Atherosclerosis 2007, 190, 181-186.

(21) Cicero, A. F. G.; Nascetti, S.; López-Sabater,M.; del, C.; Elosua, R.;
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