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Abstract

Dyslipidemia an d h ypertension are the classical risk factors o f cardiovascular
diseases related to atherosclerosis development. Due to the fact that high-density
lipoprotein ( HDL) ¢ holesterol ha s be en i nversely r elated t o a therogenesis,
therapies h ave f ocused on i ncreasing H DL-cholesterol. Clinical tr ials which
augment HDL have shown an increased mortality risk, however, recent studies
have attributed to side effects. Moreover, it has lately been reported that genetic
variants pr edisposing t o hi gh H DL-C are not asso ciated with al owerrisk of
suffering a coronary event. All of the above has led to HDL functionality being
considered as a more important aspect than its quantity. Olive oil (OO) phenolic
compounds (PC) are protective against risk factors for coronary heart disease by
increasing H DL ¢ holesterol ¢ oncentration, de creasing in vi vo lipid o xidative
damage, enhancing HDL function, and improving endothelial function. W ithin
this context, the enrichment of virgin olive oil (VOO) with PC is a promising
strategy as it does not increase the amount of fat consumed, nevertheless such
enrichment might have a dual action b ecause an ex cess of antioxidants c ould
also revert them to pr o-oxidants. F unctional virgin O Os w ith c omplementary
antioxidants, according to their structure/activity relationship, could be a suitable
option to obtain greater beneficial effects.

The scope of the present work was to investigate, in cardiovascular risk subjects,
whether: (i) a functional virgin OO enriched with its own OOPC (FVOO; 961
ppm) modulates the c holesterol efflux-related gene expression and e ndothelial
function, compared to a virgin OO (VOO; 289 ppm); and whether (ii) functional
virgin O Os, one enriched with its own O OPC (FVOO; 500 ppm ) and another
with its own OOPC (250 ppm) plus additional complementary PC from thyme
(250 ppm) (FVOOT; total: 500 ppm), could improve HDL functionality-related
properties versus a virgin OO control (VOO; 80 ppm).

10



Abstract

Two cross-over, randomized, double blind, control trial were performed: (i) 13
pre-’hypertensive subjects received a single 30 mL dose of VOO (289 ppm) and
FVOO (961 p pm); and (ii) 33 hy percholesterolemic i ndividuals i ngested 25
ml/day during 3 w eeks of VOO (80 ppm), F VOO (500 ppm), F VOOT (500

ppm).

The results indicate that a single d ose o f F VOO increased ch olesterol e fflux
gene e xpression ¢ ompared w ith VOO c onsumption, specifically A TP b inding
cassette t ransporter-Al, scavengerr eceptorc lassB t ypel ,p eroxisome
proliferator-activated r eceptors ( PPARBP, P PARa, PPA Ry, PPA R§),a nd
CD36. Mo reover, t his co nsumption augmented i schemic r eactive h yperemia
versus t he V.OO o ne. I n this r egard, a d ecrease o f ci rculating p lasminogen
activator inhibitor-1 was observed after FVOO compared to VOO. A sustained
intervention of FVOOT increased large HDL subclass percentage versus VOO,
and also augmented esterified cholesterol/free cholesterol and phospholipids/free
cholesterol ratios in HDL compared with the VOO and FVOO interventions. In
addition, F VOOT ¢ onsumption i ncreased lecithin-cholesterol a cyltransferase

mass compared with VOO one.

In c onclusion, a pos tprandial ¢ onsumption of a F VOO i mproves c holesterol
efflux t ranscriptomics, e ndothelial function, a nd i nflammatory bi omarkers.
Furthermore, the benefits achieved with FVOOT sustained consumption on t he
HDL functional profile have been demonstrated. Data from our studies suggest
that FVOO and F VOOT could be a useful dietary tool in the management of

cardiovascular risk patients.
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Abstract

Lad islipémia ila hipertensio s6 n factors classics de r isc car diovascular,
relacionats am b el d esenvolupament de | ’arteriosclerosi. Donata qu ¢e |
colesterol d ela lipoproteina d ’alta d ensitat (HDL) ha estati nversament
relacionat a | aterogenesi, les terapies h an estat focalitzades en incrementar el
colesterol HDL. Assaigs clinics que han fet augmentar el colesterol HDL han
estat associats a un increment de mortalitat, tot i que en estudis recents aquesta
ha estat atribuida a efectes secundaris de la medicacio. A més, Gltimament s’ ha
publicat q ue v ariants g enétiques que predisposen a t enir un ¢ olesterol-HDL
elevat no estan associades a tenir menys risc de patir un event coronari. Tot aixo
ha fet que la funcionalitat de 1 ’HDL s igui ¢ onsiderada c om un aspecte més
important que 1a seva quantitat. Els co mpostos fenolics (CF) de 1’oli d ’oliva
(O0) s6 np rotectors f ront m alalties coronariesd el cor incrementant la
concentraci6 d e co lesterol H DL, di sminuint in vivo el d any oxi datiu a 1ipids,
activant la funcié de I’HDL, i millorant la funcié endotelial. En aquest context,
I’enriquimentd e1” oli d’oliva verge( OOV)a mbC F ésu nae strategia
prometadora que permet no i ncrementar el greix ¢ onsumit, no obs tant a quest
enriquiment podria tenir una doble accid perque un excés d’antioxidants podria
també revertir-los a pro-oxidants. Olis d’oliva verge funcionals amb antioxidants
complementaris, acord amb la seva relacid estructura/activitat, podria s er una
opcio6 adequada per obtenir més efectes beneficiosos.

L’objectiu d’aquest presentt reball vaser investigar,en humans ambr isc
cardiovascular, si: (i) un O O verge enriquit amb el s seus co mpostos fendlics
(OOVF; 961 ppm) modula I’expressié geénica de gens relacionats amb 1’eflux de
colesterol i la funci6 endotelial, comparat amb un OO verge (OOV; 289 ppm); i
si (i) OOs verge funcionals, un enriquit amb els seus CFOO (OOFV; 500 ppm) i
unaltreambelsseus CFOO (250 ppm) més CF dela farigola (250 ppm )
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Abstract

(OOFVT; t otal: 50 0 ppm ), po dria m illorar pr opietats r elacionades a mb 1 a
funcionalitat de 1 ’HDL e n c omparaciéo amb un O O v erge ¢ ontrol (OOV; 80
ppm).

Dos ass aigs cl inics, creuats, a leatoritzats, d oble ce csi controlats h an estat
realitzats: (i) 13 humans pre-/hipertensos van rebre una dosi tnica de 30 mL de
OOV (289 ppm) i OOFV (961 ppm); i (ii) 33 individus hipercolesterolémics van
ingerir 25 mL/dia durant 3 setmanes de OOV (80 ppm), OOVF (500 ppm), i
OOVFT (500 ppm).

Els resultats indiquen que una dosi tnica d’ OOVF va incrementar 1’expressio
genica de gens relacionats amb 1’eflux de colesterol comparat amb el consum de
OOV, concretament d’ ATP binding cassette transporter-Al, scavenger receptor
class B type 1, peroxisome proliferator-activated receptors (PPARBP, PPARa,
PPARy, PPARS),i CD36. A més, aquest consum v a au gmentar | a h iperémia
isquémica reactiva comparat amb el d’OOV. En aquest sentit, una disminucié de
I’inhibidor de D’activador del plasminogen-1 vaser o bservada d esprés de

I’O0OVF comparata mb 1 ’OOV. Unai ntervencio s ostinguda d’OOVFT va
incrementar el p ercentatge d e la subclasse g ran d "HDL en co mparacio a 1a
d’O0V, i també va augmentar els ratios colesterol esterificat/colesterol lliure i
fosfolipids/colesterol lliure en H DL co mparat amb les intervencions d’OOV i
OOVEF. A més amés, el consum d”OOVFT va incrementar la massa de lecitin
colesterol acil transferasa comparat amb el d’OOV.

En conclusio, un consum pos tprandial d ’OOVF millora 1 a transcriptomica de
I’eflux de colesterol, la funcio endotelial, 1 els marcadors de inflamacio. També,
els b eneficis ac onseguits amb el c onsum s ostingut de OOVFT sobre el perfil
funcional d "HDL ha ne statde mostrats. Elsr esultats d’aquestse studis
suggereixen que el OOVF iel OOVFT podrien ser eines dietétiques utils en el

maneig de pacients amb risc cardiovascular.
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Abstract

La dislipemia y la hipertension s on factores clasicos de riesgo cardiovascular,
relacionados con el desarrollo de la arterosclerosis. Dado que el colesterol de la
lipoproteina de alta densidad (HDL) ha estado inversamente relacionado con la
aterogénesis, | as t erapias han es tado focalizadas en incrementar e co lesterol
HDL. Ensayos cl inicos que h an h echo au mentar e1 colesterol HDL han s ido
asociados a un incremento de la mortalidad, aunque en estudios recientes esta ha
sido atribuida a efectos secundarios de la medicacion. A demas, ultimamente se
ha publicado que variantes genéticas que predisponen a tener un colesterol HDL
elevado no estan asociadas a tener menos riesgo de sufrir un evento coronario.
Todo esto ha hecho que la funcionalidad de 1a HDL sea considerada como un
aspecto mas importante que su cantidad. L os compuestos fenolicos ( CF) del
aceite de oliva (AO) son protectores frente enfermedades coronarias del corazon
incrementando la concentracion de colesterol HDL, disminuyendo in vivo el
dafio oxidativo de los lipidos, activando la funcion de la HDL, y mejorando la
funcién endotelial. En este contexto, el enriquecimiento de aceite de oliva virgen
(AOV) con co mpuestos f endlicos (CF) e su na estrategia p rometedora q ue
permite no incrementar la grasa consumida, no obstante este enriquecimiento
podria tener una doble accién porque un exceso de antioxidantes podria también
revertirlos a pro-oxidantes. Aceites de oliva virgen funcionales con antioxidantes
complementarios, a corde con s ur elacion e structura/actividad, pod ria ser u na
opcion adecuada para obtener mas efectos beneficiosos.

El o bjetivo d e est e p resente trabajo f ue investigar, en su jetos co nr iesgo
cardiovascular, si: (i) un AO virgen enriquecido con sus compuestos fenolicos
(AOVF; 961 ppm) modula la expresion génica de genes relacionados con el
eflujo de colesterol y la funcion endotelial, comparado con un AO virgen (AOV;
289 ppm); y si (ii) AOs virgenes funcionales, uno enriquecido con sus CFAO

(AOVF; 500 ppm) y otro con sus CFAO (250 ppm) mas CF del tomillo (250
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ppm) (AOVFT; total: 500 ppm), podria mejorar propiedades relacionadas con la
funcionalidad de la HDL en comparacién con un AO virgen control (AOV; 80
ppm).

Dos ensayos clinicos, cruzados, aleatorizados, d oble ciegos y controlados h an
sido realizados: (i) 13 sujetos pre-/hipertensos recibieron una dosis tnica de 30
mLd e AOV (289 pp m)i A OVF (961 ppm ); y (ii))3 3 individuos
hipercolesterolémicos ingerieron 25 m L/dia d urante 3 semanasde AOV (80
ppm), AOVF (500 ppm), y AOVFT (500 ppm).

Los resultados indican que una dosis unica de AOVF incrementd la expresion
génica d e g enes relacionados c on e 1 e flujo de colesterol comparado c on e |
consumo de AOV , ¢ oncretamente de ATP b inding c assette transporter-Al,
scavenger receptor class B type 1, peroxisome proliferator-activated receptors
(PPARBP, PPARa, PPARY, PPARS), y CD36. Ademas, este consumo aumento
la hiperemia isquémica reactiva comparando con el AOV. En este sentido, una
disminucion de 1 inhibidor-1 d el act ivador d e p lasmindégeno fue observada
después d el AOV F comparado ¢ on el A OV. Una i ntervencion so stenida de
AOVFT  increment6 ¢ 1 por centaje del asu bclase g rande de HDLe n
comparacion alA OV,ita mbiéna umentd losr atiosco lesterol
esterificado/colesterol libre y fosfolipidos/colesterol 1ibre e n H DL ¢ omparado
conl as intervenciones de AOV i A OVF. Ademas, el consumo de A OVFT
incremento6 la masa de lecitina colesterol acil transferasa comparado con el de
AOV.

En conclusion, un consumo postprandial de AOVF mejora la transcriptomica del
eflujo de co lesterol, | a funcidn e ndotelial, y los marcadores d e i nflamacion.
También, 1 os beneficios conseguidos c on el ¢ onsumo s ostenido de AOVF T
sobre el perfil funcional de HDL han sido demostrados. Los resultados de estos
estudios sugieren que el AOVF y el AOVFT podrian ser herramientas dietéticas

utiles en el manejo de pacientes con riesgo cardiovascular.
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Abbreviations

ABC: ATP-binding cassette transporter

Ang: angiotensin

Apo: apolipoprotein

CD-36: thrombospondin receptor

CETP: cholesteryl ester transport protein
COX: cyclooxygenase

CVD: cardiovascular disease

EC: esterified cholesterol

EF: endothelial function

ELISA: enzyme-linked immunosorbent assay
FC: free cholesterol

FVOO: functional virgin olive oil

FVOOT: functional virgin olive oil with thyme
HDL: high density lipoprotein

HDL-C: high density lipoprotein cholesterol
HPC: high phenolic content

hsCRP: high-sensibility C-reactive protein

HT: hydroxytyrosol
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Abbreviations

ICAM: intercelular adhesion molecule
IDL: intermediate density lipoproteins
IHD: ischemic heart disease

IL: interleukin

IRH: ischemic reactive hyperemia

LCAT: lecithin cholesterol acyltransferase
LDL: low density lipoprotein

LDL-C: low density lipoprotein cholesterol
LPL: lipoprotein lipase

LXR: liver X receptor

miR: microRNAs

MPC: moderate phenolic content

MUFA: monounsaturated fatty acids

NO: nitric oxide

NOS: nitric oxide syntase

oxLDL: oxidised LDL

OO0: olive oil

PAF-AH: platelet-activating factor acetylhydrolase

PAI: plasminogen activator inhibitor

PC: phenolic compounds
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Abbreviations

PCR: polymerase chain reaction

PL: phospholipids

PLTP: phospholipid transfer protein

PON: paraoxonase

PPAR: peroxisome proliferator activated receptor
PUFA: polyunsaturated fatty acids

ROS: reactive oxygen species

RT-PCR: reverse transcription polymerase chain reaction
RXR: retinoid X receptor

SFA: saturated fatty acids

SRB1: scavenger receptor class B type 1

SREBP: sterol regulatory element binding protein
TG: triglycerides

VCAM-1: vascular cell adhesion molecule type 1
VLDL: very low density lipoprotein

VOO: virgin olive oil
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Introduction

4.1. CARDIOVASCULAR DISEASES

4.1.1. DEFINITION AND EPIDEMIOLOGY

Cardiovascular diseases (CVDs) are a group of disorders of the heart and blood
vessels, including coronary heart disease, cerebrovascular disease and peripheral
arterial disease. The W orld H ealth O rganization ( WHO, 2013) has identified
CVDs as the leading cause of death worldwide and estimates that 17.3 million
people died from them in 2008, representing 30% of all global deaths. The ratio
of coronary heart disease mortality between low income countries, such as those
from eastern Europe, and high income ones, for instance from western Europe, is
now over four-fold in both sexes. In addition, within western Europe itself there
is s till a n a pproximately t wo-fold d ifference b etween t he h ighest r ates f or
coronary heart disease in northern and central Europe, and the lowest ones in the

Mediterranean countries (1).

4.1.2. CARDIOVASCULAR DISEASE RISK FACTORS
Atherosclerosis and coronary heart diseases are produced by a combination of
different risk factors (TABLE 1). The major classical ones are hy pertension,
dyslipemia, obesity, diabetes, and smoking.

1) Dyslipemia:

Epidemiologic studies have demonstrated a d ose response relationship between
serum t otal ch olesterol co ncentration an d i schemic heart d isease ( IHD) r isk
(2;3). Nevertheless, the greatest atherogenic factor is low density lipoprotein
(LDL). Ah ighp lasma lowde nsityl ipoproteinc holesterol (LDL-C)
concentration implies more substrate to be oxidised, to produce oxidised-LDL

(oxLDL), an d co nsequently t o initiate atherosclerosis p laque. I th asb een
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reported th att he e xtent o ff atty s treaks, th e f irst v isible le sionin the
development of atherosclerosis, occurring even in childhood, is associated with
LDL-C prior to death (4). Moreover, LDL-C level in young adulthood predict
coronary and cardiovascular event occurrence later in life (5-7).

In c ontrast, high density lipoprotein cholesterol (HDL-C), has be en inversely
related t o a therogenesis (8-10). A na nalysis of four prospective st udies
demonstrated a c onsistent protective ef fect o f H DL-C, s uggesting t hat e ach
Img/dl increment was associated with 2-3% decrease in coronary risk (11). In a
primary pr eventiont rial, b aselinel evelso f total ch olesterol, LDL-C,
triglycerides (TG), and non-HDL-C were not predictive of IHD events, whereas
HDL-C level was significantly p redictive at b aseline and a Iso w ith di fferent
ratios (12;13).

2) Hypertension:

Both systolic and diastolic blood pressure have a continuous, independent,
positive association with cardiovascular outcomes (14-16). Each increment of 20
mmHg in s ystolic blood pr essure or 10 mmHg i n di astolic bl ood p ressure
doubles vascular mortality risk across the entire range of blood pressure from
115/75t0 185/115 m mHg, i n subjects aged from40t o 70 years (17). T his
relationship is illustrated by the fact that high blood pressure values have been
associated with an increased risk of CVD (18;19). Nonetheless, the assessment
of h ypertension h as p laced g reater em phasis o n t he sy stolic component (20).
Hypertension has b een s trongly asso ciated w ith the a therosclerosis o f'b rain
vessels as a major risk factor (21), and its association with IHD seems weaker
(22).

3) Smoking:

Some studies have shown a dose-dependent relationship between s moking and
the risk of IHD (23;24). In fact, smoking cessation resulted in a rapid decline in
risk for incident and recurrent IHD events (25) and for sudden cardiac death (26)

in those of any age with and without [HD (25;27). In addition, it has be come
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clear that not only is active smoking associated with increased risk of IHD, but
passive smoking also raises the risk by 30% (28).

4) Obesity:

Obesity is an independent risk factor for all-cause mortality (29) and also for
chronic m etabolic d isorder a ssociated w ith num erous ¢ omorbidities such a s
CVD (30), type 2 diabetes (31), and hypertension (30).

5) Diabetes:

Diabetes is associated with a 2- to 4-fold increase in the likelihood of developing
IHD (32), this increment being higher in women than in men (33;34). However,
determination of cardiovascular risk in type 2 diabetes continues to be a topic for

debate and a moving target.

MODIFIABLE RISK FACTORS NON MODIFIABLE RISK
FACTORS
Dyslipemia Age
Hypertension Sex
Diabetes Family history / Genetics
Smoking

Lifestyle risk factors (obesity,
sedentarism, atherogenic diet)

TABLE 1. Cardiovascular diseases classical risk factors. Adapted from Harrison’s
online 2009.

Some classical cardiovascular risk biomarkers for the general population tend to
lose predictive power in specific popul ations, for instance the elderly (35). In
addition, the systemict otal ch olesterol concentration andi ts fractions
transported b y lipoproteins, t he r ole of LDL a therogenicity, high d ensity
lipoprotein ( HDL) functionality a nd t he lipoprotein pa rticle-count su belasses

play an increasingly major p art (36). In addition, a percentage of individuals
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who develop CVD have only one or none of the traditional C VD risk factors
(37;38) and might e ven prove to have a worse prognosis (39). Thus, thereis
interest i n emerging b iomarkers (40), s uch as se veral cytokines and o ther

markers of inflammation and oxidation, heart failure, renal and heart function.

4.1.3. PATHOPHYSIOLOGY OF ATHEROSCLEROSIS
Atherosclerosis is a chronic inflammatory disease arising from an imbalance in
lipid m etabolisma nda m aladaptivei mmune r esponse d rivenby t he
accumulation of cholesterol-laden macrophages in the artery wall. Furthermore
endothelial d ysfunction takes place parallel to the inflammatory reactions. T he
different phases of atherosclerosis plaque formation are the following:
1) Infiltration and transformation of lipoproteins in the endothelial space
Among t he pr ocesses involved in at herosclerosis, o xidative stress is o f g reat
relevance an d i s as sociated w ith m any o f't he risk f actors involvedin its
pathophysiology. O xidative s tress pr oduces an excess g eneration o f'r eactive
oxygen sp ecies (ROS) w hich can t rigger t he o nset of at herosclerosis p laque
development. The two greatest deleterious effects of ROS include:
(i) Scavenging of e ndothelium-derived ni tric ox ide (NO): ROS reacts
chemically w ith N O, a nd ¢ onsequently N O1 evelsa re reduced.
Endothelial dy sfunction facilitates the infiltration of lipoproteins in the
endothelial space. T here, these p articles are m odified ( for example:
oxidation, ¢ leavage, a nd a ggregation) leading t o their a ctivating pro-
inflammatory reactions of the endothelium.
(ii) Oxidation of LDL: LDL particles can be more or less resistant to
oxidation. This property is related to the composition and content of the
antioxidant compounds which will determine the particles’ density and
size. Smaller and denser LDL particles can be more easily oxidized. The
first step in LDL oxidation is the generation of slightly modified L DL

which activates the e ndothelium and has a strong capacity to induce
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monocyte adhesion (41-43). After that, L DL with a higher oxidation
capacity is generated. The properties of high grade oxidation LDLs are:
a) induction of monocyte quimioatractant protein 1 expression and that
of o ther a dhesion m olecules, such a s interleukin ( IL) 1, intercelular
adhesion molecule (ICAM) 1, and P-selectin in endothelial cells (44), b)
monocyte-to-macrophage di fferentiation, ¢ ) pr omotion of apoptosis in
endothelial ce 1Is (45),d) dy sfunction of N O pr oduction (45), e)
proliferation of smooth muscle cells (46), f) modulation of intracellular
signalling of inflammation i n m acrophages through t he a ctivation o f
nuclear kappa B factor (47), and g) platelet aggregation and thrombosis
(48).
2) Monocyte immune response
OxLDL induces m onocyte qui mioatractant pr otein 1 expression a nd other
adhesion m olecules, su ch as interleuquin 1 ( IL-1), ICAM-1, v ascular cell
adhesion molecule type 1 (VCAM-1), and P -selectin in endothelial cells (49).
The monocytes us e different c hemokine-chemokine receptor p airs to in filtrate
the i ntima, w hich i s facilitated by e ndothelial a dhesion m olecules, i ncluding
ICAM-1, V -CAMI, and s electin. This action]eadst o an i mmune r esponse
mediated by the monocyte recruitment into the subendothelial space.
3) Foam cell formation
The m onocytes are t ransformed t o m acrophages in t he su bendothelial sp ace.
These cells h ave n umerous sc avenger r eceptors - scavengerr eceptor A ,
thrombospondin receptor (CD-36), MARCO, scavenger receptor member class
Btype 1 (SRBI), lectin-type oxLDL 1, scavenger receptor class E member 1
(SREC1),a nds cavenger f or phos phatidylserine a nd oxL. DL. Whent he
monocytes are differentiated into macrophages, they take up oxidised and native
LDL via scavenger receptors, such as CD-36, SR-A, and LDL-R. CD-36 and
SR-A are the principal receptors responsible for the uptake o fm odified low
density 1 ipoprotein leading t o1 ipid loading in m acrophages (50). Firstt he
cholesteryl esters of the lipoproteins are hydrolyzed to free cholesterol (FC) and
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fatty acids in the late endolysomal compartment, and then the FC is re-esterified
to cholesteryl f atty aci d esters int he e ndoplasmic reticulum. F inally, t hese
macrophages ar e c onverted i nto cholesterol-laden m acrophages or foam cel Is
(51). The posterior accumulationin the intima of foam cells produces the
formation of fatty streaks (52). In addition, foam cells secrete pro-inflammatory
cytokines — IL-1, I L-6, tumor ne crosis factor, chemokine ligand 2, c hemokine
ligand 5, and C XC-chemokine ligand 1 —, as w ell as m acrophage r etention
factors (such as netrin 1 and semaphoring 3E), that amplify the i nflammatory

response.

4) Proliferation of smooth muscle cells

Smooth muscle cells in the media, activated by cytokines and growth factors,
migrate to the intima and proliferate, contributing to lesion development (53). A
feared complication o f a therosclerosis i s t he d estruction o f't he e xtracellular
matrix by macrophage enzymes which this fact contributes to destabilising and
future pl aque r upture (53;54). Plaque rupture pe rmits t he ¢ ontact of bl ood
coagulation components with p laque m aterial, i ncluding t issue f actor, w hich

triggers thrombosis, and can lead to myocardial infarction.

Monocyte

Fibrous Plaque

Thrombus
Formation

SMC
Migration and
e, Proliferation

FIGURE 1. Pathophysiology of atherosclerosis (55).
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4.1.4. PATHOPHYSIOLOGY OF HYPERTENSION

Blood pr essure is r egulated by a dy namic e quilibrium of di fferent ¢ omplex
mechanisms. The main factor determining systemic blood pressure is the blood
arterial volume that, in turn, depends on cardiac output and vascular resistances.
In addition to nervous a nd ch emical factors, cardiac out put is a ffectedb y
mechanical features ensuring its adjustment tot he v enous return. Vascular
resistance depends in part on the characteristics of the blood (viscosity) and on
the diameter of the vascular lumen. The smooth muscle cell layer of the arteries
may produce contraction or relaxation resulting in a parallel increase or decrease
of b lood p ressure, respectively. S everal m echanisms r egulate v ascular tone.
Adrenergic s ympathetic s timuli e xert a v asoconstrictory e ffect throught he
activation of alfal-adrenergic receptors of the vascular smooth muscle cells. In
addition, paracrine hormonal and mechanical mechanisms contribute to the fine
regulation of vascular tone to modulate blood pressure (56).

Hypertensioni sa complex, m ultifactorial disorder involving m any or gan
systems (57;58). Ke y factors for the de velopment of hy pertension i nclude
activation o ft he sy mpathetic n ervous system, u p-regulation of the r enin-
angiotensin-aldosterone s ystem, a Iltered G protein-coupled r eceptor s ignaling,
inflammation (59;60), and the immune sy stem (61;62). A common feature of
these processes is oxidative stress mainly due to an increased production of
ROS, d ecreased N O levels,a ndr educed antioxidant capacity int he
cardiovascular, renal, and central nervous systems (63;64).

Although R OS affect physiological functions t hrough t heir m odulation o f the
redox state of signalling molecules (65), a imbalanced increment of their levels
can lead to deleterious effects in the human organism. ROS are involved in
controlling endothelial function (EF) and v ascular t one, in a ddition, they can
exert a pathophysiological role in processes underlying endothelial dysfunction,
hyperreactivity, i nflammation, a nd v ascular remodelling in C VDs, i ncluding
hypertension (66-68). N evertheless, a d irect cau sative r ole o f R OS in b lood

pressure e levation ha s y et t o be de monstrated i n h umans. N ADPH oxi dase
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(NOX) is the most relevant enzyme implied in hypertension development. NOX
has ace ntralr ole in the cardiac m echanosensing, endothelium de pendent
relaxation, and t he redox signaling r egulating t one of a ngiotensin-II ( Ang-II)
(56).

Oxidative s tress i nduces acu te an d ch ronic i nflammatory r esponses (69).
Inflammatory c ytokines upr egulate inducible ni tric oxi de s ynthase (NOS)
expression i n m acrophages a nd s mooth ¢ ells. I nducible NOS is in volved in
compensating the downregulation of e ndothelial NOS produced by oxidative
stress, while cytokines al so activate polymorphonuclear lymphocyte NADPH
oxidase which produces 027 (70-72). This excessive amount of 02" reacts with
inducible NOS a ctivity f orming p eroxynitrite. F urthermore, i nducible NOS
activity en hances a rginase w hich reduces NO f ormation. O XxLDL ¢ an a Iso
upregulates arginase activity and in turn reduce NO. Therefore, the combination
of oxi dative s tress and i nflammatory response leads toad ecreasein NO
biovailability causing endothelial dy sfunction and a vasoconstrictive ef fect. A
number of in vivo hypertensive models have shown the association of vascular

inflammation, endothelial dysfunction, and hypertension (73-75).

4.2. OLIVE OIL

Olive o il ( OO) is t he p rimary so urce o f fat in the Med iterranean d iet. I ts
consumption assures an increase in monounsaturated fatty acids (MUFA) intake,
without a significant raise of saturated fatty acids (SFA), and guarantees an

appropriate ingestion of polyunsaturated fatty acids (PUFA).

4.2.1. OLIVE OIL COMPOSITION
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The O O ¢ omposition consists of m ajor a nd m inor ¢ ompounds. The m ajor
compounds or saponificable fraction are the fatty acids which represents 98%.
The m inor ¢ ompounds o r t he u nsaponificable fraction represents 1 -2%, a nd
includes a liphatic a nd t riterpenic a Icohols, s terols, hy drocarbons, v olatile

compounds, and antioxidants (76) (TABLE 2).

TABLE 2. Chemical composition of OO.

SAPONIFIABLE FRACTION
(about 98%)

UNSAPONIFIABLE FRACTION
(about 2%0)

MUFA
Oleic acid (18:1n-9) (55-83%)

Lipophilic phenolics (tocopherols and
tocotrienols)
Hydrophilic phenolics (phenolic acids,

PUFA phenolic alcohols, seicoroids, lignans

Linolenic acid (18:3n-3) (0.0-1.5%)
Palmitoleic acid (18:3n-3) (7.5-20%)
Oleic acid (18:2n-6) (3.5-21%)

SFA
Palmitic acid (16:0) (7.5-20%)
Myristic acid (16:0) (0-0.1%)
Stearic acid (16:0) (0.5-5%)

and flavones)

Volatile compounds
Pigments (chlorophylls)
Hydrocarbons (squalene, -carotene,
lycopene)

Sterols (f-sitosterol, campesterol,
estigmasterol)
Triterpene alcohols
Aliphatic alcohols
Non-glyceride esters (alcoholic and
sterol compounds, waxes)

Adapted from Escrich et al 2007 Molecular Nutrition and Food Research (77).

The minor components of OO are classified into two types:

1) The nonpolar fraction: contains sq ualene, o thert riterpenes, sterols,
tocopherol, a nd p igments. T his pa rt ¢ an be e xtracted w ith s olvents a fter

saponification of the oil.
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2) The polar/soluble fraction: includes the phenolic compounds (PC). The four
major classes of OOPC that can be found in these oils are: flavonoids, lignans,
simple phenols and secoiridoids. The highest concentrations of simple phenols
and secoiridoids are found in OOs and indeed some of them are only present in
these substances. The simple phenols are hy droxytyrosol (HT) (3,4-dihydroxy-
phenyl-ethanol) and tyrosol ( p-hydroxy-phenyl-ethanol), and their secoiridoid
derivatives, such a s ol europein, make up around 90% of the t otal ph enolic
content of a VOO. The chemical composition of the phenolic fraction of OO has

been studied extensively.

The c ontent o f t he m inor ¢ omponents in O O v aries de pending on ¢ ultivar,
climate, olive ripeness at harvesting, and the processing system to produce the

00 (78).

4.2.2. OLIVE OIL PHENOLIC COMPOUNDS
- Phenolic acids: these ¢ ompounds encompass ca ffeic, v anillic, p-coumaric,
protocatechuic, sinapic, p-hydroxybenzoic and gallic acids. Ferulic and cinnamic

acids have also been quantified although in lesser quantities.

- Flavonoids: these ¢ ompounds c ontain two be nzene rings joined by a linear
three c arbon ¢ hain. Luteolin, apigenin andits glycoside forms are found in

VOO.

- Lignans: they include (+)-pinoresinol and (+)-1-acetoxypinoresinol which are
presenti n the olive f ruita nd transferredt o VOO dur ing t he m echanical

extraction process (79).

- Phenolic alcohols: they ha ve a hy droxyl g roup a ttached to an aromatic
hydrocarbon one . The m ain phe nolic a Icohols inV OO a re HT,a ndp -

hydroxyphenyl ethanol or tyrosol. They are at low concentrations in fresh oils,
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but increase during storage (79). As they are released in large amounts in the

stomach and small intestine they can have remarkable effects.

- Seicoroids: the main PC in VOO and present elenolic acid or el enolic acid
derivatives in their structure. The main secoiridoids in VOO are the dialdehydic
form of decarboxymethyl e lenolic a cid linkedto HT or t yrosol termed 3,4 -
DHPEA-EDA and p-HPEA-EDA, oleuropein aglycon, and ligstroside aglycone.
These compounds are intermediate s tructures o f s ecoiridoid g lucosides o f the
olive fruit ol europein a nd 1 igstroside, o riginated d uring t he c rushing pr ocess.
They are r esponsible f or the p articular bitter o rganoleptic a ttribute a nd t he
oxidative stability of VOO (80-82).

4.2.3.OLIVEOIL TYPES

Different processing methods produce virgin, ordinary, or pomace O O. Virgin
00 (VOO) is obtained by direct pressing or centrifugation of the olives and it is
rich in PC (around 150—400 ppm in those generally present on the market). VOO
with a free acidity greater than 3.3 grams for every 100 grams (2.0 in the EU) is
submitted to a refining process in which some components, mainly PC and to a
lesser d egree sq ualene, are lost (83). By mixing virginandrefined O O, an
ordinary O O, w ith al ower ph enolic content ( around 50-150 ppm ) (EU
regulation 2568/1991) is produced and m arketed. A fter VOO pr oduction, t he
rest of the olive drupe and seed is submitted to a refining process, after which a
certain quantity of VOO is added, and the result product is pomace OO, with a
low phenolic content (around 10—70 ppm) (78).
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4.2.4. BENEFICIAL EFFECTS OF OLIVE OIL ON
CARDIOVASCULAR DISEASES

The benefits on health of OO and the Mediterranean diet, rich in OO, have been
extensively st udied. The Mediterranean di eti s a ssociated w ith low CVD
mortality and a decreased incidence of certain cancer typesan d
neurodegenerative d iseases (84;85). The EPIC study demonstrated an inverse
association between O O consumption and CHD mortality (86-88). In addition,
the Three City Study reported an inverse relationship between OO consumption
and s troke r iski n w omen (89). R ecently, a p rimary p revention t rial, the
PREDIMED study, described that VOO consumption, within the framework of
the Mediterranean diet, reduces atrial fibrillation risk (90). Moreover, this study
showed with people at high cardiovascular r isk that an unrestricted-energy
Mediterranean diet, s upplemented with e xtra-VOO or nuts,r educedt he
incidence o f m ajor ¢ ardiovascular ev ents, w ith a relative risk reduction of
approximately 30% and CVD mortality (84).

Many authors have provided evidence of the benefits of OO on secondary end
points for CVD and on secondary risk factors for chronic degenerative diseases,
such as lipid oxidation, lipid disorders, DNA oxidation, inflammation, EF,
thrombotic factors, high blood pressure, and insulin sensitivity (85). Within this
context, in 2004, the Federal Drug Administration of USA permitted a claim on
0O bottle labels stating that two tablespoons (23 g) a day has benefits on CHD
risk due to the OO MUFA content.

Currently, scientific studies have demonstrated that these effects should also be
attributed to the phenolic fraction of OO. The OO with the highest PC content is
the VOO. The main cardiovascular beneficial effects of OOPC demonstrated in

randomized clinical trials included:

1) In post-prandial OO interventions:

35



Introduction

(i) Antioxidant ¢ apacity im provement: a nin crease in thes erum
antioxidant capacity after a VOO ingestion in comparison with ordinary
OO and com oil (91).
(i) Lipid oxidative da mage reduction: the phenolic content of an O O
modulates t he d egree o f lipid and L DL ox idation; the 1ipid ox idative
damage being lower after consumption of high rather than low phenolic
content OO (92).
(iii) Anti-inflammatory a nd v asculoprotective ef fects: a d ecreasein
plasma leukotriene B4 (LTB4) and thromboxane B2 (TBX2) (91), and a
decrease in [CAM-1 and VCAM-1 (93) were observed after a VOO
intervention versus a refined OO one.
(iv) Prothrombotic profile improvement: an improvement in haemostatic
factors w as o bserved a fter a VOO intervention i n ¢c omparison with a
refined O O one, i n h ealthy su bjects (94) and hy percholesterolemic
patients (95).
(v) EF improvement: an enhancement of ischemic reactive hyperaemia
(IRH) in hypercholesterolemic patients was reported following phenol-
rich VOO consumption in comparison with a low phenolic one (96).

2) In sustained OO interventions:
(i) Lipid oxidative da mage r eduction: a de crease in 1 ipid oxi dative
damage b iomarkers su ch as p lasma uninduced co njugated dienes and
hydroxyl fatty acids was observed after a consumption of medium and
high phenolic content OO, within the context of the EUROLIVE study
(97). In a ddition, ina subsample o f the PR EDIMED s tudy, after a
Mediterranean d iet enriched with VOO, a decrease in LDL oxi dation
was observed in a significant manner when compared with the control
group (low-fat diet) (98).
(i) HDL quantity increment: within t he f ramework of EUROLIVE
study, an increase in HDL-C was also observed in a linear relationship

with t he phenolic ¢ ontent of the O O consumed (97). Moreover, a n
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improvement of cholesterol e fflux promoted by the HDL particle
after the VOO consumption was reported (36;99).

(ilf) LDL and LDL atheroginicity reduction: the consumption of
olive oil pol yphenols de creased plasma L DL ¢ oncentrations and
LDL atherogenicity in healthy young men (100).

(iv) DNA oxidation damage reduction: the protective effects of OOPC
oninvivoD NA oxi dation da mage were o bserved i n he althy m ale
volunteers in a short-term study in which participants were submitted to
a very low antioxidant diet (101). A protective effect of DNA was also
found in postmenopausal women after a high-phenol VOO intervention
(102). In the EUROLIVE s tudy, however, all the OO i nterventions
reduced DNA oxidation irrespective of their phenolic content (103).

(v) Anti-inflammatory an d v asculoprotective e ffects: O O w ith h igh
phenolic contentha ve beens hown to reduce thee iconsanoid
inflammatory mediators derived from arachidonic acid, such as
thromboxane B 2 and 6 -ketoprostaglandin Fla (104;105), as w ell as
other inflammatory markers, such as high-sensibility C-reactive protein
(hsCRP) and IL-6 (106;107).

(vi) EF improvement: an enhancement of EF has been observed after 4-
month diet of PC-rich OO in subjects with early atherosclerosis (108).
(vii) Blood pressure reduction: after a VOO intervention, a decrease in
systolic and diastolic blood pressure was reported in young woman with
mild hypertension (107). Nevertheless, in other VOO interventions there
was only observed a reduction in blood pressure effect in systolic blood
pressure ( SBP) in hy pertensive w omen (109), hypertensive st able
patients w ith C HD (110), and inh ealthy s ubjects, a nd di abetic
individuals (111).

In 2011, t he European Food and Safety Authority (EFSA) recognized a h ealth

claim for OO polyphenols contributing to the protection of LDL from oxidation,
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for O O that contains at least 5 m g of HT and its derivatives ( e.g. o leuropein
complex a nd tyrosol)per2 0go fO O (112). T hese qua ntities, i f pr ovided
through moderate amounts of OO, can be easily consumed in the context of a

balanced diet.

4.3. FUNCTIONAL FOOD

4.3.1. FUNCTIONAL FOOD DEFINITION

The concept of functional food was first scientifically promoted in Japan in
1984. In the U SA, e vidence-based health and disease p revention claims h ave
been allowed since 1990 by the Food and Drug Administration (FDA) (113). In
the latter half of the 1990s, the European Commission funded “Functional Food
Science i n Europe” ( FUFOSE) that produced a co nsensus report w hich has
become widely used as a basis for discussion and further evolution of thought on
the t opic (114). The f ollowing definition w as e stablished: “ A foodc anb e
regarded as functional ifit is satisfactorily demonstrated to beneficially affect
one or more target functions in the body beyond adequate nutritional effects in a
way that is relevant to either an improved state of health and well-being or a
reduction of disease risk”. It was al solaid down that functional food m ust
remain food and de monstrate its effects when consumed in normally ex pected
daily quantities. I n2006,i nt he E uropean Union, Regulation ( EC) No.
1924/2006 On nutrition and health claims made on food, appeared. It limited the
use o f nutrition an d h ealth cl aims b y est ablishing t he n eed for an extensive
review of the strong s cientific evidence submitted to the food authority. F our
types o f ¢ laims can b e used b y f ood m anufacturers t o co mmunicate health
effects on food labels: 1) nutrient content, 2) structure/function, 3) health, and 4)

qualified health (115).
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In practice, there is a wide r ange o f p ossibilities related with the concept o f

functional foods. A functional food can be:

(i) an unmodified natural food;

(i) a food in which a component has been enhanced through s pecial growing
conditions, breeding or biotechnological means;

(iii) a food to which a component has been added to provide benefits;

(iv) afood from whicha c omponent has been removed by technological or
biotechnological m eans sot hat the food pr oduces be nefits no t ot herwise
available;

(v) a food in which a component has been replaced by an alternative component
with favourable properties;

(vi) a food in which a component has been modified by enzymatic, chemical or
technological means to provide a benefit;

(vii) a food in which the bioavailability of a component has been modified;

(viii) or a combination of any of the above.

According t o t he va rious definitions, the m ain pu rpose o f a functional f ood
should be clear — to improve human health and well-being.

Within the context of CVD and diabetes mellitus type 2 there currently exists a
long list of conventional foods with bioactive components that have benefits in
the prevention of these diseases, including: whole grains, fruit, vegetables,
legumes, dairy products, fish, green tea, OO, dark chocolate, garlic, cinnamon,
turmeric, fenugreek, and red wine (116).

Moreover, the definition of functional food establishes a clear separation from
nutraceuticals, w hich ¢ an be c onsidered a s d iet s upplements t hat de liver a
concentrated form of a presumed bioactive component from a food, presented in
a nonfood matrix, and used with the purpose of enhancing health in dosages that
exceed those that could be obtained from natural source foods (117).T he
nutraceutical presentations are similar to drugs: pills, ex tracts, tablets, and the

like (118).
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4.3.2. FLAVOURED OLIVE OILS

In recent years, some OOs flavoured with herbs or spices have emerged on the
market. Dry herbs or their extracts are used in oils and lipid-containing foods to
retard o xidative d eterioration. The most commonly e mployed s pices and
aromatic h erbs as flavour enhancers in OO s within the Mediterranean ar ea
encompass garlic, h ot pepper, rosemary, bay leaf, oregano, and thyme. These
oils contain a wide variety of active phytochemicals, including flavonoids,
phenolic terpenes and phenolic acids. A part fr om e nhancing f lavour, these
different bioactive ¢ ompounds can p rovide m any beneficial h ealth effects.
Improvements i n lipid m etabolism (119), efficacy as an tidiabetics (120),
antimicrobial a ction (121), efficacy as d igestive stimulants (122), potential
anticarcinogenic (123), antioxidant and anti-inflammatory properties (Srinivasan

et al 2005) have all been described.

4.3.2.1. HERB AND SPICE PHENOLIC COMPOUNDS

- Phenolic terpenes: the largest class of natural products with > 55,000 known
structurally diversified compounds. They form part of the secondary metabolism
of plants and animals and are widely used in the industrial sector, perfumery,
cosmetic products, and food additives as well as in the pharmaceutical industry
where they are employed as active compounds of drugs. The wide range of their
biological p roperties makes t hem p otentially su itable interesting for clinical
application. T he bi ological a ctivities de scribed f or t erpenoids a re cancer
chemopreventive e ffectsan d  antimicrobial,a  ntifungal,a ntiviral,
antihyperglycemic, analgesic, anti-inflammatory a nd a ntiparasitic a ctivities
(124). The most representative herb monoterpenes are thymol a nd c arvacrol
which are mainly present in thyme and oregano, respectively. They contribute to
the herbs’ characteristic aromas and have been described as potent antioxidants.
A wide r ange of pharmacological p roperties f or t hese ¢ ompounds, such as

analgesic c apacity, has been reported (125). The ma in diterpenes in aromatic
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herbs ar e ¢ arnosic a cid a nd ¢ arnosol, together w ith r osmarinic a cid, a
hydroxycinnamic aci d es ter, are the principal antioxidantc ompoundsi n

rosemary (126).

- Hydroxycinnamates and phenylpropanoids: the secondary plant metabolites
of ph enylalanine and tyrosine. H ydroxycinamic a cids are precursors of m any
other complex phenols. They are found in almost all food groups, and at high
levels in herbs and spices (127). A body of knowledge has demonstrated the in
vitro and inv ivo antioxidant cap acity of hy droxycinnamates, they could,
therefore, exert v arious health b enefits in chronic d isecases with associated
oxidative damage. p-coumaric acidh asam ajor presence in or egano, a nd
eugenol (4-allyl-2 methoxyphenol), the principal component of cloves (128), is
known for its aroma and medicinal values. Rosmarinic acid is typically found in
Lamiaceae plants (basil, rosemary, thyme, mint and oregano) (129). It acid has
two catechol structures, which is the structure with more antioxidant activity in
PC.

- Flavonoids: the majority of flavonoid classes are found in herbs and spices. It
has been reported that long-term administration of flavonoids can decrease, or at

least, tend to decrease, CVD incidence and its consequences (130;131).

4.3.3. ANTIOXIDANT MECHANISMS OF PHENOLIC
COMPOUNDS

ROS are essential for homeostasis in human organism and they appear to play a
major role in the key intracellular signal transduction p athways (inflammation,
proliferation, m igration, d ifferentiation, a ngiogenesis, ag eing, and a poptosis)
(132;133). Nevertheless, ROS are also products of oxidation reactions, and when
they ar e i n e xcess, f ori nstance asa  consequence o f stress, ex posuret o
environmental pollution, and ageing, they can trigger chain reactions leading to
cell damage and death. ROS are free radicals and highly reactive oxidizers of

DNA, lipids and proteins (134).
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The biological oxidative e ffects of ROS in the organism are controlled by the
antioxidant defence system (135). There are two kinds of antioxidant defenses:

- Endogenous antioxidant: in the cells and other structures such as lipoproteins.
They can be classified as (i) enzymatic and (ii) non-enzymatic antioxidants. The
major antioxidant enzymes directly involved in the neutralization of reactive
species a re: su peroxide d ismutase (SOD), ca talase ( CAT), g lutathione
peroxidase, and glutathione reductase. T he non -enzymatic an tioxidants are
produced by body metabolism ( glutathione, L -arginine, coenzyme Q 10,
melatonin, uric a cid, b ilirubin, m etal-chelating pr oteins, transferrin, and t he
like).

- Exogenous antioxidants (or nutrient antioxidants): they cannot be produced
int he bodya ndm ust bep rovidedt hrough foods ors upplements. The
antioxidants of exogen source include tocopherols, retinol, carotenoids and PC
among others. Tocopherols, retinol, and carotenoids play a key role in a number
of functions in the organism and they need to be maintained at normal levels in
the bo dy. Diet PC are t reated as x enobiotics in s pite of exerting i mportant
antioxidant activity. It has been reported that despite their benefits, the intake of
large amounts of nutrient antioxidants can also act as pro-oxidants by increasing
oxidative st ress (136;137). Therefore, overconsumption of  antioxidant

supplements could be harmful (138;139).

4.3.4. DEVELOPMENT OF THESIS FUNCTIONAL OLIVE OILS
1) OLIPA functional olive oils:

- Functional virgin olive oil (FVOO) / High phenolic content olive oil (HPC-
0O0) (961 ppm): prepared by the addition of a phenolic rich extract (oleuropein
complex or secoiridoids: 8 9.4%; hy droxytyrosol, t yrosol and phenyl alcohols:
3.5%; and flavonoids, 6.0%), obtained from the olive cake, to a natural V OO
(140). Briefly, ol ive cake phenolic extract (7 mg/mL oil) and 0.3% (p/v) of
lecithin ( Emulpur; C argill, B arcelona, S pain) w ere dissolved in e thanol-water

(50/50, v/v), and added to VOO /M oderate phenolic ¢ ontent olive oil (MPC-
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0O0), unt il f ully hom ogenised, us inga P olytron ( Kinematica, L ittau,
Switzerland).

2) VOHF functional olive oils:

- Functional virgin olive oil (VOO) (500 ppm): was enriched with its own PC
by the addition of a phenol extract obtained from freeze-dried olive cake.

- Functional virgin olive oil with thyme (FVOOT) (500 ppm): enriched with
its own P C and c omplemented with thyme phenolics using a phenol extract
obtained from a mixture of freeze-dried olive cake (hydroxytyrosol derivates)
and dried thyme (flavonoids, phenolic acids and monoterpenes). The resulting
FVOOT contained 50% olive P C (250 ppm) and 50% thyme phe nolics (250
ppm).

The main difference among the oils is their PC content, their fatty acids and fat-
soluble micronutrients are very similar. The FVOO presents the highest amount
of HT derivatives, whereas the F VOOT has the greatest amount of flavonoids,
and lignans, and is the only OO with detectable monoterpenes. The procedure to
obtain the phenolic extracts and enriched oils has been previously described

(141).

4.4, HDL CHARACTERISTICS

4.4.1. LIPOPROTEIN STRUCTURE

Lipoproteins are p articles with a central hy drophobic core of non -polar lipids
(cholesterol es ters an d TG) a nd a hy drophilic m onolayer which ¢ ontains
phospholipids (PL), FC, and apolipoproteins (Apos). The seven different classes

of plasma lipoproteins are shown in the following table.
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Apo B-48, Apo C,
<0.930 75-1200  Triglycerides  Apo E, Apo A-L, A-
I, A-IV

0.930- Triglycerides

1.006 30-80 Cholesterol Apo B-48, Apo E
0.930- . . Apo B-100, Apo E,
1.006 30-80 Triglycerides Apo C
1.006- 2535 Triglycerides ~ Apo B-100, Apo E,
1.019 Cholesterol Apo C
1.019-

1.063 18- 25 Cholesterol Apo B-100
1.063- 512 Cholesterol Apo A-I, Apo A-II,
1.210 Phospholipids Apo C, Apo E
11.%5855- ~30 Cholesterol ~ Apo B-100, Apo (a)

TABLE 3. Lipoprotein classes. Adapted from Feingold KR 2015 (142).

4.4.2. HDL STRUCTURE

In comparison to other classes, HDL is a small, dense, protein-rich lipoprotein.
Its mean size is 8—10 nm and density 1.063—1.21 g/ml (143). HDL particles are
plurimolecular, quasi-spherical or discoid, pseudomicellar complexes composed
mainly of polar lipids solubilized by apos. HDL also contains numerous other
proteins, such as enzymes and acute-phase proteins, and could have small
amounts of n onpolar] ipids. F urthermore, H DL pa rticlesa reh ighly

heterogeneous in their structural, chemical and biological properties.
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Apo E

ApoA1 \

Phospholipid

Cholesterol Ester

— Apohll

Unesterified
Cholesterol

ApoAd e

FIGURE 2. HDL structure. Reference: http://www.namrata.co/reverse-

cholesterol-transport-and-the-role-of-hdlc/

4.4.3. HDL SUBCLASSES

Differences in HDL subclass distribution were first described by Gofman et al
by using analytic ultracentrifugation (144), the gold standard technique for HDL
isolation. Two HDL subclasses were identified: the less and more dense were
classifieda s HDL2 (1.063-1.125 g/mL), and HDL3 (1.125-1.21 g/mL),
respectively. HDL2 and HDL 3 arer elatively richi nl ipidsa nd protein,
respectively.

Other m ethods based on si ze, charge, shape, and protein composition of the

lipoprotein have been proposed to isolate them (see TABLE 4).

SEPARATION TECHNIQUES HDL SUBCLASSES
Density HDL2
(ultracentrifugation) HDL3
HDL2a
S HDL2b
HDL3a
(GGE) HDL3b
HDL3c
S Large HDL
Medium HDL
(D4IR) Small HDL
Shape and charge a-HDL (spherical)
(agarose gel) Prep-HDL (discoidal)
Charge and size Prep-HDL (Prep,; and Pref,)
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(2D electrophoresis) a-HDL (0, 0y, a3 and oy)
Prea-HDL (prea,, preas, preas)
Protein composition LpA-I
(electroimmunodiffusion) LpA-L:A-II

TABLE 4. Major HDL subclasses according to different isolation/separation
techniques. Adapted from Kontush et al 2015 Structure of HDL: Particle
Subclasses and Molecular Components (145).

The nomenclature and units of H DL su bclasses vary amongt he di fferent
isolation methodologies. Experts have proposed a classification according to the
physical properties of HDL particles, which integrates terminology from several
methods and defines five HDL subclasses (very large, large, medium, small, and
very small HDL) (146).

A number of studies have been focused on assessing the relationship between
HDL subclasses and CVD, and the beneficial properties of each HDL subclass.
Several population s tudies ha ve s uggested that H DL2 particles may b e m ore
cardioprotective than HDL3 (147;148). Low levels of HDL2 and/or high levels
of HDL3 are presentin CHD (149), i schemic s troke (150), t ype I11d iabetes
mellitus (151), and peripheral arterial disease patients (152). Although there are
also in vitro experiments that show similar effects of HDL3 and HDL2 (153),
increased circulating small HDL could suggest an aberration in the maturation of
HDL and further impaired reverse cholesterol transport (154). Moreover, HDL2
particles bind better to SR-B1 (155), thus they are more effective in promoting
cholesterol efflux via this receptor (156). In addition, HDL2 have three ApoAl
in comparison to HDL3, which only contain two, suggesting better c holesterol
efflux capacity for HDL2 particle also via ATP-binding cassette transporter Al
(ABCA-1). With reference to the antioxidant status, similarities between HDL?2
and HDL3 have been described (157-159).
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4.4.4. MOLECULAR COMPONENTS OF HDL
The composition o f H DL could be related t oits functionality. I t ha s be en

described that H DL w ith a triglyceride-rich co re has A poA-1 m ore | oosely
bound to the HDL surface, and consequently, this particle has less capacity to
enhance cholesterol efflux (160). An HDL surface with a lower cholesterol/PL
ratio is also a characteristic related to a greater cholesterol efflux capacity via an
aqueous d iffusion p athway, be cause the d irection of net cholesterol mass

transport is determined by the cholesterol concentration gradient (161).

4.4.4.1. MAJOR PROTEIN COMPONENTS

Proteins form the major structural and functional component of HDL particles.
HDL p roteins can b ¢ ¢ lassified i nto major s ubgroups which include Apos,
enzymes, | ipid t ransfer proteins, a cute-phase r esponse proteins, complement
components, p roteinase i nhibitors and o ther p rotein components (145).
Proteomic studies have p ermitted the reproducible identification o f more than
100 proteins in hum an H DL (162-166). The m ajor p roteins of H DL a re
described in TABLE 5.

PROTEINS CHARACTERISTICS AND MAJOR FUNCTION

Major structural and functional HDL protein (70% total protein).
Main functions are: interaction with cellular receptors, activation

attes of lecithin cholesterol acyltransferase (LCAT), and multiple anti-
atherogenic activities.

Apo A-lI The second most abpndant HDL protein (20% total protein). It is
structural and functional Apo

Apo A-1V Structural and functional Apo.

Apo C-I Modulator of cholesteryl ester transport protein (CETP) activity,
LCAT activator.

Apo C-II Activator of lipoprotein lipase (LPL).

Apo C-111 Inhil?itor of LPL. Fu'rthermor.e, App C-II'I inhibits the interaction
of triglyceride-rich lipoproteins with their receptors.

Apo C-1V Regulates TG metabolism.

ApoD Binding of small hydrophobic molecules.

ApoE Structural and functional Apo, ligand for LDL receptor and LDL
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ApoF
ApoH
ApoJ
ApoL-I1
ApoM

LCAT

Paraoxonase
(PON) 1

Platelet-
activating factor
acetylhydrolase
(PAF-AH)
Glutathione
peroxidase 3

Phospholipid
transfer protein
(PLTP)

CETP

receptor related protein (LRP).

An inhibitor of CETP.

Binding of negatively charged molecules.

Binding of hydrophobic molecules, interaction with cell receptors
A trypanolytic factor of human serum.

Binding of small hydrophobic molecules

Esterification of cholesterol to cholesteryl esters. In addition,
LCAT is an enzyme related to HDL antioxidant activity and
prevents the oxidation of LDL.

Calcium-dependent lactonase. PONT is associated with HDL and
exerts a protective effect against the oxidative damage of cells
and lipoproteins.

Hydrolysis of short-chain oxidized PL.

Reduction of hydroperoxides by glutathione

Conversion of HDL into larger and smaller particles, transport of
lipopolysaccharide.

Heteroexchange of CE and TG and homoexchange of PL between
HDL and apoB-containing lipoproteins

TABLE 5. Major protein components of HDL. Adapted from Kontush et al 2015
Structure of HDL: Particle Subclasses and Molecular Components. (145)

Moreover, H DL on its surface can also present acute p hase p roteins ( serum

amiloide A 1, s erum a miloide A 4, A Ipha-2-HSglycoprotein, a nd F ibrinogen

alpha c hain), complements ¢ omponents ( C3), p roteinase inhibitors (Alpha-1-

antitrypsin, Hrp), and other proteins ( transthyretin, s erotransferrin, vitamin D-

binding protein, alpha-1Bglycoprotein, hemopexin) (145).
4.4.42. LIPID COMPONENTS

The HDL lipidome (167), sphingolipidome, and phospholipidome were recently
reported (168). The different HDL lipid classes are described in TABLE 6.
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The principal circulating PL that accounts for 32-35
mol % of total lipids in HDL. Phosphatidylcholine is a
structural lipid, consistent with its even distribution
across HDL subpopulations.

A major PL subclass in HDL (1.4-8.1 mol % total
lipids). It is derived from the regulated degradation of
phosphatidylcholine by phospholipases, including
LCAT, due to the preferential association of the latter
with HDL particles.

Moderately abundant in HDL (0.7-0.9 mol % total
lipids), and its content tends to rise with increasing
HDL hydrated density.

Contain a vinyl ether-linked fatty acid essential for
their specific antioxidative properties.
Phosphatidylcholine-plasmalogens are the most
abundant species in HDL (2.2-3.5 mol %) although
they represent less than 10 % of total
phosphatidylcholine.

Well established as biomarkers of oxidative
stress/inflammation and predominantly associated with
HDL.

Negatively charged PL present in HDL which may
significantly impact the net surface charge of HDL.
The content of these lipids can thereby modulate
lipoprotein interactions with lipases, membrane
proteins, extracellular

A structural lipid which enhances surface lipid rigidity,
it is the major sphingolipid in circulating HDL (5.6-6.6
mol % total lipids), and largely originates from
triacylglyceride-rich lipoproteins and to a minor extent
from nascent HDL.

Among them sphingosine 1 phosphate is a bioactive
lipid with key roles in vascular biology. More than 90
% of circulating sphingoid is found in HDL and
albumin-containing fractions.

An intermediate sphingolipid involved in cell
signaling, apoptosis, inflammatory responses,
mitochondrial function and insulin sensitivity. This
lipid is poorly transported by HDL.

Present in the surface lipid monolayer of HDL particles
and regulate fluidity. HDL sterols are dominated by
cholesterol. Other sterols are located in lipoproteins at
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much lower levels.

Largely (up to 80 %) formed in circulating HDL as a
result of transesterification of PL and cholesterol
catalysed by LCAT. These highly hydrophobic lipids
form the lipid core of HDL.

Dominated by species containing oleic, palmitic and
linoleic acid moieties and represent around 3 mol % of

Cholesteryl esters

Triacylglicerides

total HDL lipids.
Diacylglycerides, Minor bioactive lipids present in HDL. The free fatty
monoacylglycerides, and acids that predominant in HDL include palmitic, stearic
free fatty acids and oleic acid-containing species.

TABLE 6. HDL lipid components. Adapted from Kontush et al 2015 Structure of
HDL.: Particle Subclasses and Molecular Components. (145)

4.45.HDL MONOLAYER FLUIDITY

The lipids in the surface monolayer determine its monolayer fluidity and other
physical properties, which in turn influence apo composition, conformation, and
binding. HDL monolayer fluidity could be an indicator of HDL functionality. In
this regard, some studies have reported that the more fluid the monolayer is the
greater t he cholesterol efflux production (36;99). Furthermore, in a ccordance
with that previously described, an HDL monolayer with less FC is more fluid
(169), a nd c onsequently m ore f unctional in c arrying out cholesterol e fflux.
Moreover, the antioxidant content can also modify HDL monolayer fluidity. It
has be en r eported that an increment of antioxidants in bi ological m embranes
could i ncrease f luidity (170), i n c ontrast, ot hers authors have reported t hat
antioxidants ¢ ould r igidify membranes t hus a voiding oxi dation t ransmission
(171). R egarding m onolayer lipoprotein fluidity, Girona J et al. observed that
HDL oxidation produces a decrease in HDL monolayer fluidity and cholesterol

efflux (172).
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4.4.6. BENEFICIAL EFFECTS OF OLIVE OIL ON HDL
CHARACTERISTICS

VOO-based interventions can modify HDL composition. It has been described
that a VOO intervention in humans produces a trygliceride-poor core (36) and an
increase of Apo-Al (173;174) and ApoA-IV (166). This ApoA-IV increment has
also been reported i n apoE-deficient mice after a VOO-rich diet (175). In
addition, it has been shown that VOO can increase HDL monolayer fluidity in
healthy humans (36;99).

VOO consumption leads to changes in HDL subclass distribution and particle
number. A short-term consumption of VOO in healthy individuals was reported
to induce a non -significant i ncreasing trend in H DL particle num ber (36). In
addition, a VOO (36) anda V OO-rich Mediterranean diet (176;177) were
observed to increase large HDL particles. This result was also found in rats after

a supplementation with OOPCs (178).

4.5.HDL METABOLISM

4.5.1. LIPOPROTEIN METABOLISM

a) Exogenous lipoprotein pathway:

The e xogenous pa thway t ransport di et | ipids t o pe ripheral tissues a nd 1 iver.
Firstly, dietary fatty acids and monoacylglicerols are absorbed in the intestine
and usedt o synthetize T G through monoacylglicerol a cyltransferase an d
diacylglycerol transferase. In addition, most dietary cholesterol absorbed by the
intestine is esterified by acyl-CoA cholesterol acyl transferase. The cholesterol
esters an d tryglicerides are p ackaged into chylomicrons in the endoplasmatic
reticulum of e nterocytes. Apo B-48 isrequiredto create chylomicrons, a nd
microsomal t riglyceride transfer p rotein is ne eded to m ove lipids from the

endoplasmic reticulum to the Apo B-48 (179).
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Chylomicrons are secreted into the lymph and delivered to the circulation. The
largest content o f the chylomicrons is delivered to muscle and adipose tissue,
which express high levels of LPL. This enzyme is activated by the Apo C-II of
the chylomicrons and it hydrolyzes the c hylomicron TG into free fatty acids,
which are taken up by the muscle cells and adipocytes. Some free fatty acids

from chylomicrons bind to albumin and can be transported to other tissues (180).

Chylomicrons r emnants are enriched in ch olesteryl esters an d acq uire A poE.
These particles decrease in size and PL and apos (ApoaA and C) on the
chylomicron s urface a re transferred t o o ther 1 ipoproteins, m ainly H DL. The
transfer of Apo C-II from chylomicrons to HDL decreases the ability of LPL to
continue hy drolyzing TG. The chylomicrons are taken up by the he patocytes
through the binding o f the c hylomicron A poE to the L DL receptor and ot her
hepatic receptors. Chylomicron cholesterol, in the liver, can be used for very low
density lipoprotein ( VLDL) formation, bile acids, o rs ecreted b ackt o the
intestine (180).

b) Endogenous lipoprotein pathway:

Endogenous lipoprotein p athway transport liver lipids to peripheral tissues. In
the liver, TG and cholesterol esters are transferred in the endoplasmic reticulum
to newly synthesized ApoB-100. This process, m ediated by microsomal
triglyceride transfer protein, creates the VLDLs. These particles are transported
to p eripheral tissues w here TG are hydrolyzed by LPL a nd fatty acids are
released. T he consequent VLDL r emnants are called I ntermediate D ensity
Lipoproteins (IDL). These I DL p articles are enriched in cholesterol esters and
acquire ApoE from HDL. A part of these IDL (approximately 50%) is cleared in
the liver via binding ApoE to LDL and LRP receptors. The remaining IDL TG
are metabolized by h epatic | ipase an d IDL apos ar et ransferred to o ther

lipoproteins leading to the formation of LDL (181).
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The production rate of LDL from VLDL is partially determined by hepatic LDL
receptor activity. A high LDL receptor level increases LDL production due to an
increase in IDL uptake. The LDL receptor levels in liver are regulated by the cell
cholesterol ¢ ontent. A1 ower cholesterol c ontent signifies th at more L DL

receptor levels are synthetized (181).

4.5.2. HDL METABOLISM

HDL particles are necessarily to transport the cholesterol from peripheral tissues
to the liver in a process called reverse cholesterol transport. To generate mature
HDL the synthesis of the main HDL protein, Apo A-l, is required. Apo A-lis
synthetized and secreted in the liver and intestine where it acquires cholesterol
and P L released f rom he patocytes a nd e nterocytes, a mong ot her c ells. T his
transfer is mediated by ABCA-1. Later, HDL also acquires lipid from other
tissues (muscle cells and adipocytes), lipoproteins (VLDL and trygliceride-rich
lipoproteins), and chylomicrons (182;183).

The cholesterol effluxed from cells to HDL is FC and is situated on the HDL
particle surface. In order to transforms small d iscoidal H DL t o mature 1 arge
spherical HDL particles with a core of cholesterol esters, cholesterol from the
surface is esterified by LCAT and is transferred to the HDL core. ApoAl is an
activator of LCAT (182;183).

CETP extracts EC from the HDL core to T G-rich lipoproteins, returning T Gs
from TG-rich lipoproteins to HDL (143). These EC-poor-TG-rich HDL particles
are substrates for hepatic lipase (HL) that metabolizes the TGs. HL depletes the
particles o f core lipids, generating a r edundancy o f surface. A T G-poor HDL
core may imply better functional properties of the particle since when the HDL
core is TG-rich, ApoA-I is more loosely bound to the HDL surface (160).

HDL cholesterol is mainly delivered to the liver, mediated by SR-B1. A smaller
cholesterol-depleted HDL is returned to the circulation. Apo A-I is metabolized
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independently of H DL-C byt he ki dneys, a nd t he r emainder byt he liver
(182;183).

Another enzyme involved in HDL metabolism is the PLTP. PLTP transfers PL
between HDL and VLDL. Moreover, this enzyme remodels HDL into large and
small particles (FIG. 3).
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FIGURE 3. HDL metabolism. Reference: Kontush A, Pharmacological Reviews
2006 (143).

4.5.3. BENEFICIAL EFFECTS OF OLIVE OIL ON HDL

METABOLISM

A number of studies have reported the effects of VOO on HDL metabolism in
humans. After a sustained intervention of VOO during three weeks in healthy
humans, CETP and LCAT did not show significant differences (36). Neither did
the latter present changes after an OO sustained intervention of 60ml/day during

two weeks in males with mild hypertension (184).
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In animal models, similar effects have been reported. Dietary oleic acid versus
corno il hadnoe ffects onL CAT inm ice (185). Int his regard, aftera
cholesterol-enriched (1 g/kg) semipurified diet containing 200 g/kg of OO for 9
weeks in hamsters, non-differences were observed in LCAT, CETP, and PLTP
(186). After a p ost-prandial 7 mL intervention of VOO in rats, hepatic mR NA
expression of P LTP increased whilst LCAT g ene ex pressiont emained
unchanged (187). Moreover,s qualene,t he m ainhy drocarbon in the
unsaponifiable fraction o f VOO, increased LCAT he patic e xpression after an

administration of 1 g/kg in Apoal- and Apoe- deficient mice (188).

4.6. REVERSE CHOLESTEROL TRANSPORT

4.6.1. REVERSE CHOLESTEROL TRANSPORT DEFINITION

Reverse ch olesterol t ransport i s the global pr ocess i ncluding t he removal of
excess cholesterol from peripheral cells and tissues, the transport of cholesterol
tot hel iver forc atabolism, its transformation into bi le a cids or o ther

components, and elimination from the organism.

The first step in reverse cholesterol transport is cholesterol efflux, which consists
of free-cholesterol e fflux from the c ell membrane to HDL. Cholesterol e fflux
from lip id-loaded c ells forms pa rt of the atheroprotective m echanism. A n
imbalance b etweent hec holesterole ffluxa ndi ts uptake d etermines
atherosclerosis de velopment and pr ogress. The m ain cellst hat perform
cholesterol e fflux are the macrophages in which there are various pathways to

carry out this process (189):

1) Aqueous diffusion: the main p assive p athway (30% efflux) of c holesterol
from the membrane to HDL. HDL particles with high fluid monolayer (shorter

PL length and increased chain unsaturation) accept FC molecules from the cell
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membrane at a faster rate than those containing highly organized lipid surfaces

with restricted PL acyl chain mobility (190).

2) SR-B1: mediates an unspecific, s low, passive, and bidirectional ch olesterol
efflux (191;192). SR-B1 plays a role in the efflux of cholesterol from cells to
mature HDL. At low HDL concentrations, binding of HDL to SR-B1 is critical,
allowing bidirectional FC transit. This is because the FC concentration gradient
between the bound HDL and the cell plasma membrane is contrary to that of CE.
Furthermore, a high FC/PL ratio in cell membrane causes a transport of FC out
of the cell. In this regard, increasing PL in HDL particles enhances FC e fflux
from the cell (193). It has been described that large HDL particles improve FC
efflux more than smaller ones because they bind better to SR-B1 (156).

3) ABCG-1: intervenes in a specific, fast, active, and unidirectional cholesterol
efflux (191;192). ABCG-1 mediates the FC and PL from cells to mature large
spherical HDL2 and HDL 3 particles (194;195), but not to lipid-free apoA-1
(153;196). This transporter is located in en dosomes, thus it can transport F C
fromt he e ndoplasmic r eticulumt ocel | membrane. Moreover, A BCG-1
promotes the e fflux of 7-ketocholesterols and related oxysterols, preventing in

this way the apoptosis of macrophages (197;198).

4) ABCA-1: brings about mediates an specific, fast, active, and unidirectional
cholesterol ef flux (191;192). A BCA-1 isr esponsible f or transporting
intracellular FC and PL to extracellular lipid poor pre-beta Apo Al, providing a
key st epin the f ormation o f m ature an d sp herical HDL. ABCA-1 act ively
transports phosphatidylcholine, phosphatidylserine, and sphingomyelin (199).

In addition, another mechanism that facilitates cholesterol efflux from
macrophages is apoE secretion (200). It has been reported that apoE production
by hum an a nd m ouse m acrophages a ctivates cholesterol e fflux to H DL.

Moreover, another action that e nhances cholesterol efflux is the inhibition of
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acylCoA:cholesterol acy Itransferase. T his enzymei s responsible f or the

esterification for the cholesterol accumulated in macrophages (201).

Furthermore, Luo et al (202) describes that there is a caveolae transport centre.
Caveolae are small in vaginations of th e plasma membrane and arerichin
cholesterol a nd ph osphosphingolipids, t heir formation a nd m aintenance is
primarily due t oc aveolin. Caveolae m ediates t ransmembrane cholesterol
transportation and the endocytosis and transitocytosis of lipoprotein (203;204).
Specifically, the cav eolin-1 co mplex sy stemt ransports ch olesterols from
intracellular compartments into caveolae. After that, the ABCAIl and the SRBI
complex sy stems t ransfer t he ¢ holesterol from cav eolaet o H DL/ApoAl.
Furthermore, it has been reported that caveolaes and caveolin-1 play a part in the

endocytosis and transcytosis of oxLDL in endothelial cells (205).

The final efficiency of serum in accepting cellular cholesterol depends on HDL
particle distribution and cell cholesterol transporter levels. Some pathways need

different HDL subpopulations for an optimal function (189).

Once cholesterol is transferred from cells to HDL there are three pathways for
the uptaken of cholesterol by the liver (142): 1) HDL can interact with hepatic
SR-B1 resulting in the se lective uptake o f cholesterol from HDL particles, 2)
CETP can transfer cholesterol from HDL particles to particles with ApoB which
will then be uptaken by the liver, and 3) HDL can interact with HDL-R in the

liver.

After th at, cholesterol is e liminated by th e liver through different pa thways
(142): 1) cholesterol is converted to bile acids which are then secreted into the

bile; and 2) cholesterol is directly secreted into the bile.

4.6.2. REVERSE CHOLESTEROL TRANSPORT REGULATION

There are many nuclear factors that regulate the RCT-related gene expression:
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- Peroxisome proliferator activated receptors (PPARSs): there ar et hree
subtypes that co nstitute the PPA R f amily: PPARa, PPARB/S, and PPARy.
PPARa and PPARy activators enhance SR-B1 transporter e xpression, and
consequently activate the cholesterol efflux (206). In a mouse model PPARy
have also been reported to up-regulate ABCG-1 expression (207). Furthermore,
PPARy enhance CYP27A1 expressioni n human macrophages. CYP27Al
produces 27-hydroxycholesterol for the alternative bile acid synthesis pathway.
At the same time, 27-hydroxycholesterol also up-regulates ABCA-1 and ABCG-
1 in macrophages, and thus enhances cholesterol efflux (208). An activation of
PPARPBo by i ts ag onist G W501615 was s hown t o bot h up-regulate (induce
ABCA-1 e xpression (209)) and down-regulate (decrease C Y27A1 and A poE,
and increase CD36 and SR-A (210)) cholesterol efflux in Thp-1 macrophages. In
mice, a PPARPS enhancement caused increased ci rculating HDL 1 evels
promoting RCT (211). It has been observed that PPARa inhibits ACAT1 in
primary human macrophages (212) and that PPARy hinders ACAT]I in T hp-1
macrophages (213). Such an inhibition has been reported being able to stimulate

cholesterol efflux (201).

- Liver X receptors (LXRs) and Retinoid X receptors (RXRs): LXRa and
LXR}p are ligands of activated nuclear receptors and their role is the regulation
of lipid metabolism and inflammation (214). These receptors form heterodimers
with RXRs to bind LXR response el ements (215). Oxidized o r hy droxylized
cholesterol m etabolites are en dogenous LXR-ligands,s ucha s22 (R)-
hydroxycholesterol, 24( S)-hydroxycholesterol, 2 5-hydroxycholesterol, 27 -
hydroxycholesterol a nd 2 4(S),25-epoxycholesterol (216). LXRa and LXR}
enhancement induces ABCA1 and ABCGI, and thus an increased ch olesterol
efflux. A ctivation o f LXRs by agonists a nd oxysterols enhances ABCAI1
expression a nd ¢ holesterol e fflux in he althy hum an macrophages (217).
Furthermore, LXRs enhance ApoE expression in macrophages and adipose

tissue but not the liver. ApoE plays a keyrole in the transport of cholesterol
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from the periphery to the liver; it interacts with the LDLR and allows the uptake
of lipoprotein with cholesterol by hepatocytes. In addition, LXRs induce PLTP
and LPL in macrophages (218;219).

- Sterol regulatory element binding proteins (SREBPs): SREBPs, a basic-
helix-loop-helix 1 eucine zipper class of transcription factors, bind to the sterol
regulatory el ement TCACNCCAC (220). T hese nuclear factors upregulate the
expression levels of SR-B1, LDL-R, cholesterol synthesis enzyme, and HMG-
CoA r eductase; ¢ oncomitantly, t hey dow nregulate t he e xpression | evels of
ABCA-1, A BCG-1, AB CG-4, A BCG-5, ABCG-8,and S R-B1 (estaau p-
regulate també, check). Furthermore, SREBPs are regulated by LXR and PPARy
(221).

- Others: Recently, other studies have reported other nuclear receptors involved
in the regulation of macrophage cholesterol homeostasis and the development of
atherosclerosis, i ncluding pregnane X  receptor, f arnesoid X r eceptor,
glucocorticoid receptor, retinoic acid receptors, and the NR4A nuclear receptor

family members.
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4.6.3. NUTRIGENOMIC TOOLS

Nutritional genomics has emerged as a relatively new field of research assessing
the mechanisms by which nutrients and dietary patterns interact with the genome
at different s tages. It e mploys new technical and conceptual developments to
study the interactions among nutrition, and its bioactive dietary components, the
genome and health outcomes. Nutritional genomics embraces a systems biology
approach to assess individual risk factors in the light of genetic diversity at the

transcriptome, genetic, metabolome, and epigenome level.

Human d ietary i ntervention st udies h ave su ccessfully used transcriptomics to
show how diet i nduces al terationsi n gene expression. Transcriptomicsi s
employed f or three d ifferent p urposes i n nutrition r esearch: 1)t o provide
information about the mechanism underlying the effects of a certain nutrient or
diet; 2) to categorize genes, proteins, and metabolites that are altered in the pre-
disease st ate an d m ight a ct a s m olecular b iomarkers; and 3) to identify and
characterize pathways regulated by nutrients.

The m olecular s tructure of each nut rient de termines the s pecific signaling
pathways that are affected. S mall s tructural ch anges (e.g. SFA vs MUFA or
cholesterol vs plant sterols) have a r emarkable influence on the activation of a
signaling pa thway (222). Dietary c omponents c an r egulate the expression o f
genes i nt he transcription ( acting as transcriptor f actors or in teracting with
them), m RNA pr ocessing, m RNA s tability a nd t rans- and pos t-translational
modification stage. The effect of different nutrient metabolites acting as ligands
of nuclear receptor transcription factors is well es tablished. N uclear r eceptors
include: a) PPARa which binds to fatty acids; b) LXRa and RXR which bind
oxidative sterols; and ¢) RXR which is mainly enhanced by retinoids (202). As
previously mentioned, these nuclear factors play a key role in the regulation of
atherosclerosis thus through nutrigenomics we can analyse the potential effect of

nutrients in CVD.
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The main genomic tools to study nutrigenomics are:

1) Microarray: Microarrays are high d ensity arrays designed for quantitative
and h ighly p arallel m easurements o f g ene ex pression (223). They consist of
different n ucleic acid p robes that a re chemically a ttached ( hybridized) t o a

substrate, which can be a microchip, a glass slide or a microsphere-sized bead.

2) Quantitative Real-Time Reverse Transcription (RT) Polymerase Chain
Reaction (PCR): PCR is a broadly used tool applied in parallel with microarray
analysis in nutrigenomic studies. R eal-time PCR approach follows the general
principle of PCR but its key feature is that the amplified product is detected as
the reaction progresses in real time, whereas in the traditional PCR, the product
of the reaction is detected at the end. RT followed by quantitative PCR (qRT-
PCR)isan extremely se nsitive, co st-effective m ethod f or qu antifying g ene
transcripts from cells. It combines the nucleic acid amplification and d etection
steps into one homogeneous assay and obviates the need for gel electrophoresis
to d etect am plification p roducts. I ts si mplicity, sp ecificity an d sen sitivity,
together with its potential for high throughput analysis have made real-time RT-
PCR the be nchmark t echnology for the d etection and/or comparison of R NA
levels (224).

Epigenetics st udies the h eritable D NA m odifications ablet or egulate
chromosome architecture and modulate gene e xpression w ithout ¢ hanging t he
underlying s equence. N utritional epigenetics is a novel mechanism underlying
gene-diet interactions (225). E pigenetic p henomena are critical for the ageing
process, from embryonic development to later adult life, and the complexity of

integrating all these data is a huge multidisciplinary challenge for scientists.

Nutrimiromics ha s e merged a s a s ubsidiary f ield of nutritional g enomics
assessing how nutrients affect microRNAs (miRs) and their function. MiRs are
small non -coding R NA seq uences of single seq uences of 1 9-24 nuc leotides

located in intra- or inter- regions of protein coding genes (226). They are the
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principal regulators of a g reat num ber of p hysiological processes i ncluding
epigenetic regulators in CVD. To study miRNA target site p olymorphisms as
functional v ariants ¢ ould contribute t o a better understanding o ft he physio-

pathology mechanisms of CVD, amongst others.

4.6.4. NUTRIGENOMIC BENEFICIAL EFFECTS OF OLIVE OIL ON
REVERSE CHOLESTEROL TRANSPORT

There are few studies concerning the direct effect of OO compounds on reverse
cholesterol transport gene expression. Nevertheless, HT, the main PC from OO,
has be en shown to be able to upregulate the gene e xpression of PPARa and
PPARy (227). In humans, an acute p olyphenol-rich OO intervention increases
the PPARBP,a nda Iso CD36¢ xpression (228),a nda sustained V OO
intervention enhanced ABCA-1 and ABCG-1 expression, and reduced the SR-
B1 one. Nevertheless, in a postprandial study performed by our group with VOO
consumption and a Mediterranean diet no ABCA-1 differences were observed,
and neither after a Mediterranean diet (229).

A large b ody of kn owledge e xists r elated w ith P C an d r everse ch olesterol
transport. PC, and also fatty acids, are potent ligands of the PPARs family and
other nuclear factors. Hydroxycinnamic acid derivatives, compounds present in
0O, have been shown to be potent agonists of PPAR o/y (230). In this regard,
incubation o f m acrophages w ith a nthocyanines i nduced, in a dos e-dependent
manner, ¢ holesterol ¢ fflux, a nd also PPARy and mRNA expression (231).
Furthermore, resveratrol has been reported to up -regulate PPA Ra, PPARy and
PPARS expression in macrophages (232). In agreement with this, both quercetin
and r esveratrol aIso attenuated the suppression of PPARy mediated by tumor
necrosis factor-o in human adipocytes (233). In addition, it has been described
that chlorogenic acid, one of the polyphenols most present in the diet, increased

PPARg and LXR expression in RAW264.7 cells (234).
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It has be en observed that P C can also m odify d irectly or in directly, th rough
PPARSs or other mechanisms, the expression o f other genes involved in RCT.
Phenolic-rich b everages, s uch as co ffee, h ave been r eported to enhance t he
cholesterol efflux from human macrophages to HDL, increasing the mRNA and
protein levels of ABCGI1 and SR-B1 (235). These effects were also found to be
produced by caffeic and ferulic acid in experimental models (235). In addition,
chlorogenic acid, one o f the most common polyphenols in the diet, has been
shown to increase ABCA-1 and ABCG-1 gene expression in RAW264.7 cells
(234). The expression of ABCA-1 was also enhanced by anthocyanines in an in
vitro model with macrophages (231). It has been reported that p olyphenol-rich
black ch okeberry ex tract reduced t he ex pression o f NPC1L1 and S R-BI, and
increased t he expressiono fA BCA-1a nd A BCG-8 (236). Furthermore,
Tamarindus indica fruit pulp extract, with a high phenolic content, increased the

expression of ApoA-1, ABCG-5, and LDL receptor gene expression (237).

4.7. HDL FUNCTIONALITY

HDL-C concentrationi s inversely an d independently asso ciated with C VD
(238). Consequently, p harmacological o r natural ag ents, w hich c an i ncrease
HDL-C levels, have been considered as key factors for future therapies (239). In
the pa st, clinical tr ials which showed a n increment of HDL-C with C ETP
antagonists reported an increased m ortality r isk (240-242), recents tudies,
however, have attributed such a risk to side effects (243). The fact that current
evidences has shown that genetic variants predisposing to high HDL-C are not
always associated with lower risk of suffering a coronary event (244), has again
highlighted HDL function instead of quantity (143).

HDL plays a cen tral role in the first and key step of RCT, cholesterol ef flux

from peripheral cells. HDL cholesterol efflux capacity has been inversely related
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to e arly at herosclerosis d evelopment an d to the prediction o fe xperiencing a
coronary € vent, i n human s tudies (245;246). Ina ddition, HDL h as o ther
atheroprotective functions such as antioxidant pr operties t owards LDL (247),

anti-inflammatory properties, and vasoprotective capacity (248).

4.7.1. HDL CHOLESTEROL EFFLUX CAPACITY

The m ain f unction o f H DL i s i ts ¢ holesterol e fflux c apacity. Asthe most
clinically atheroprotective property of HDL, a disrupted cholesterol efflux rate
from m acrophages m ay r eflect t he p resence o f subclinical CVD better t han
HDL-C levels (245;249). Firstly, HDL crosses the endothelium to gain access to
arterial i ntimal c ells. E ndothelial c ells b ind, internalise, an d t ranslocate H DL
from the apical to the baso-lateral compartment by a mechanism involving SR-
Bla nd A BCG1 (250;251). Transcytosis o f1 ipid-free apoA-la Iso occurs
involving ABCA1 and resulting in apoA-I lipidation (252;253). After that, HDL
interacts with sp ecific receptors on the cell surface, and with c ellular surface
lipids t o activate the cholesterol efflux process (191). The active cholesterol
efflux is mediated by ABCA-1 and ABCG-1, while the passive one is mediated
by SR-B1 (191;192).

4.7.2. HDL ANTIOXIDANT ACTIVITY

Cholesterol-rich lipoproteins, mainly LDL, are retained in the arterial wall and
oxidatively modified under the action of resident cells (254). Oxidation in the
arterial intima results from local oxidative status, which represents an imbalance
between p rooxidants and antioxidants. C ellular o xidative systems involved in
vivo include myeloperoxidase (MPO), NADPH oxidase, NOS and lipoxygenase.

They produce a variety of reactive chlorine, nitrogen and oxygen species (255).

HDL can protect LDL and other lipoproteins from this oxidative stress. This fact

has been reported in vitro on their co-incubation (256) and in vivo upon HDL
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supplementation (257). The first step of HDL antioxidant capacity is to remove
oxidised lipids from cells and LDL. PL hydroperoxides are rapidly transferred
from ox LDL to HDL (258). The se cond s tep, is the inactivation o f ox idized
lipids in HDL. Depending on their structure, oxidized lipids can be reduced by
apoA-I and other redox-active HDL components (258) or hydrolyzed by HDL
hydrolytic enzymes (259). When this HDL capacity is overwhelmed, cholesteryl
ester hydroperoxides can be removed from HDL via SR-B1 (260).

4.7.3. HDL ANTINFLAMMATORY CAPACITY

HDL p articles h ave an ti-inflammatory a ctions w hich m ay ¢ ontribute t o the
suppression of chronic i nflammatory response in the arterial w all w hich will
later facilitate LDL-C deposition (261). Moreover, H DL p articles reduce
monocyte a ctivation a nd adhesioni n the endothelium de creasing a dhesion

molecule expression, chemokines, and chemokine receptors (262).

HDL particles also inhibit T-cell stimulation and the subsequent monocyte
activation (263;264). F urthermore, H DL de creases neutrophil enhancement in
vitro and in vivo (265). The HDL capacity to remove cholesterol from cel ls
down-regulates the i nflammatory macrophage p henotype expression, and thus

decreases signaling via Toll-like receptors (266).

4.7.4. HDL VASOPROTECTIVE CAPACITY

HDLs is also considered a relevant vasoprotective agent. The endothelium has
physiological activites involved in atheroprotection: it controls m onocyte
adhesion, regulates VSMC pr oliferation, m aintains n onthrombogenic s urfaces,
and v asomotor t one (267). NO production is necessary for many o ft hese

functions. Thus, endothelial dysfunction, due to limited NO production, is a key

65



Introduction

factor for the pe rpetuation of atherosclerosis (268). F urthermore,t his

endothelium dysfunction can be counteracted by HDL (248).

HDL particles have vasodilatory activity by stimulating the release of NO and
prostacyclin in endothelial cells (269). Activation of NO production is initiated
by the binding of HDL to SR-B1. The vasodilatory effects promoted by HDL are
also du e t o ¢ holesterol e fflux via A BCG-1 of ¢ holesterol a nd 7 -oxysterols,
which i mproves t he f ormation of e NOS di mers a nd ¢ onsequently, R OS
production decreases (198). ROS inhibits NO, thus ROS decrement increase NO
bioavailability, and improves vasodilation. HDL also reduces NADPH oxidase

activity in endothelial cells (270).

4.7.5.0THER CAPACITIES OF HDL

Other HDL functions have been described and included:

1) Cytoprotective actions: HDL protects macrophages and endothelial cells from
apoptosis induced by 1oading with FC or oxL DL (198;271). In addition, HDL
defends endothelial cells against cell death induced by chylomicrons remnants
(272), TNF-alpha (273), complement system proteins (274), and growth factor
withdrawal (275).

2) Modulation o f glucose m etabolism: H DL p articles i mprove glucose
metabolism through activatingi nsulin secretion by pa ncreatic be ta-cells,

improving insulin sensitivity, and controlling cholesterol homeostasis (276).

3) Protection front infections: H DL b inds ¢ irculating lipopolysaccharides and
contributest o itsh epaticcl earancet ot hebi le, and thusi nhibits
lipopolysaccharides-induced cellular a ctivation (277) and p rotects against

endotoxic shock in animal models (278).
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4) Anti-thrombotic functions: HDLs ex erts a reduction o f p latelet a ctivity ex
vivo in intervention trials (279;280). M oreover, in vivo anti-thrombotic H DL
functions are the inhibitory actions in a gonist-stimulated platelet ag gregation,
fibrinogen b inding, g ranule s ecretion, and thromboxane A 2 and 1 2-hydroxy-

eicosatetraenoic acid production (280;281).

5) Regulation of gene expression by miRs: HDL transports small non -coding

miRs which are key intracellular regulators of gene expression (282).

4.7.6. BENEFICIAL EFFECTS OF OLIVE OIL ON HDL
FUNCTIONALITY

The ¢ onsumption of different PCs activates cholesterol ef flux in hum ans
(235;237;283). Regarding, OOPC, some studies have demonstrated that they can
enhance HDL ch olesterol efflux capacity. Ina 4 7-male subsample oft he
EUROLIVE study, we provided for the first-time, first-level evidence that 25
mL V OO during 3 -weeks en hances the HDL cholesterol ef flux capacity in
healthy hum ans. This VOO i ntervention al so improved H DL ch aracteristics:
incorporation of O OPC b iological m etabolites to HDL, hi gher 1 arge H DL
(HDL,) 1 evels, decreased small HDL (HDL;) 1 evels, triglyceride poorer HDL
core, and increased HDL monolayer fluidity (36). According to our findings, a
better antioxidant protection, conferred by a higher content of OOPC metabolites
in HDL, could h ave en hanced the H DL ch olesterol e fflux ¢ apacity. This
antioxidant pr otectionc an avoid twoi mportant issues: 1) oxidative
modifications of the ApoA-1, the main H DL protein involved in cholesterol
efflux ¢ apacity,a nd ot her HDL p rotein structures; and 2) oxidative
modifications of HDL lipids, making the lipoprotein more fluid and, thus, more
functional (284). In this regard, Helal et al. showed similar results in a linear,

non-randomised, and non-controlled trial. Specifically, VOO ingestion increased
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the capacity of HDL to mediate cholesterol efflux and HDL monolayer fluidity
(99).

Regarding a ntioxidant H DL f unction, it has b een de monstrated thatt he
consumption of OOPC was dose-dependently associated with a decrease in LDL
oxidation s tatus (97), and part of this protection c ould take place through an
induction o f HDL an tioxidant cap acities. A n en hancement in this antioxidant
activity h asb eenr eported ina poE-deficient m ice with spontaneous
atherosclerosis d evelopment, a fter the ¢ onsumption of a V OO-rich diet (175).
The main proteins involved in antioxidant function of HDL are ApoA-Iand
PONI1. Some VOO-interventions in humans have increased PON1 activity (285)
and ApoA-I concentrations (173;174). Two indirect mechanisms might explain
this A poA-I increment: 1) O OPC pr oduces t rygliceride-poor c ore H DL, t his
composition has been associated with a more s table conformation of ApoAl
(160), and 2) OOPC metabolites in HDL could improve HDL antioxidant status
(285;286) and reduce ApoA-I oxi dative m odifications. LCAT a nd P AF-AH
enzymes ar e al so relatedt o H DL a ntioxidant capacity; nevertheless, n o

significant changes have been reported after OO consumptions.

Withr espectt o antiinflammatory-vasoprotective HDL pr operties, VOO
consumption has been shown to be highly protective for vascular response and
endothelial integrity, as observed in several OOPC-rich interventions in humans
(107;108;287). HDLs could act as a transporter of several OOPC derivatives to
the endothelial cells, where they may provide protection from oxidative damage
in mitochondria or ¢ onserve N O pr oduction, as de scribed in vitro (107;288).
Furthermore, in healthy humans, an OOPC intervention enhanced HDL capacity
to reduce ICAM-1 secretion and monocyte adhesion to endothelial cells (286). It
has been also reported that different OOPCs and a VOO-rich Mediterranean diet
can reduce acute-phase p roteins in H DL, pr omoting a 1 ess pr o-inflamatory

lipoprotein status.
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4.8. ENDOTHELIAL FUNCTION

4.8.1. ENDOTHELIAL FUNCTION DEFINITION

The endotheliumis a m onolayer o f cells lining the [ umen of bl ood c ells, its
dysfunction is one of the initial factors of atherosclerosis. The endothelium has a
protective effect on the vasculature by the release of NO, which derives from the
transformation of L-arginine into citrulline through NOS. NO is produced under
the s timulus o fa gonists acting o n sp ecific en dothelial r eceptors, an d o f
mechanical f orces, su chas stress (289;290). Inpa thological ¢ onditions,
endothelium-derived co ntracting f actors ( such as  thromboxane A 2 a nd
prostaglandin H2) and ROS, which decreases NO availability (290), produces a
proatherosclerotic vascular phe notype, causing vasoconstriction and promoting
platelet ag gregation, v ascular sm ooth muscle ¢ ell p roliferation an d migration,

and monocyte adhesion (291).

4.8.2. METHODS TO ASSESS ENDOTHELIAL FUNCTION

Currently, there are different methods to evaluate EF:

1) Laser doppler flowmetry: atechnique that m onitors sk in m icrovascular
blood flow (292). The assumption is that the response observed in the cutaneous
circulation is a window for the responses that may be observed in other vascular
beds (293). O ther techniques such as post-occlusive h yperaemia or 1 ocal skin
heating can also be em ployed. T he m ajor ad vantages ar e t hat laser d oopler
flowmetry i s a non -invasive t echnique an d m easures t he d irect d elivery o

acetylcholine to the tissues.

2) Ischemic reactive hyperemia (IRH): is the method used in this thesis, and is
measured by Laser doppler flowmetry technique. Measurements are performed

with the patient lying in the supine position in a room at a stable temperature
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(20-22 °C). Patients are required to rest 15-20 min before the test. The blood
pressure cuff is placed above the dominant arm elbow and the laser probe in the
palmar surface of the second finger. Capillary flow is measured for 1 min. Then,
the cuffis inflated to suprasystolic pressure (200 to 220 mmHg) and 4 min of
distal ischemia is recorded. After that, the cuffis deflated and 30 secs later, the
flow is recorded for 1 min. The system monitor show how the perfusion units
(PU) fall regularly to reach a behaviour equal or similar to baseline. Results are
expressed as arbitrary units (AU). Calculations are performed using the formula:

IRH = (PUdistal-PU basal) / PUbasal x 100 (294).

3) Flow-mediated dilatation: measures changes in conduit artery diameter by
ultrasound. T his response reflects local bio-activity of endothelial-derived N O.
The b rachial ar tery i s u sually imaged. F MD is carried out ina quiet room.
Subjects are asked to maintain a lying supine position for >10 min prior to image
acquisition. A straight, non-branching segment of the brachial artery above the
antecubital fossa is imaged in the longitudinal plane with the ultrasound probe
securely fixed using a stereotactic clamp. A blood pressure cuff is placed 1-2 cm
below the antecubital fossa and inflated t o su pra-systolic p ressure. A fter cuff
release, reactive h yperaemia results are quantified using D oppler. The arterial
diameter isr ecorded a tt he final diastole u sing el ectrocardiographic g ating
during image acquisition, to determine the response of the conduit artery to rise
in flow (295). Flow-mediated dilatation is expressed as a p ercentage change of

the arterial diameter from the baseline vessel size.

4) Coronary EF: aninvasive technique; nevertheless it remains a very used
technique for evaluating EF of e picardial ¢ oronary arteries in routine clinical
situations. It is applied a pharmacological stimuli to assess epicardial coronary
vasodilation. For epicardial coronary vessels, quantitative coronary angiography
measures ¢ hanges in their d iameter. C hanges are u sually co mpared w ith bo th

baseline and vasodilation induced by endothelium independent drugs. Recently,
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non-invasive qua ntitative coronary a ngiography has be en de veloped by u sing

computed tomography (296) and magnetic resonance imaging (297).

5) Venous occlusion plethysmography: it is b ased o n t he m easurement of
tissue blood flow by the assessment of the tissue volume change, induced by the
inflation of a cuff proximally to the under evaluation tissue. The cuff is inflated
up to that pressure which occludes venous out flow but allows arterial inflow.
Consequently, the rate of the volume change is proportional to the rate of arterial
inflow. A low-invasive, modifieds train-gauge venous oc clusion
plethysmography method has been applied to research in vivo EF in human

microcirculation (298).

6) Peripheral arterial tonometry: measurement of p eripheral v asodilator
response with fingertip peripheral arterial tonometry technology is appearing as
a useful method for ass essing v ascular function (299). D espite the peripheral
arterial tonometry signal being modulated by several factors, this parameter is
also affected by the bioavailability of NO and, therefore, also depends on EF. In
response to hy peraemic f low, di gital pu Ise a mplitude ( and he nce pe ripheral
arterial tonometry signal amplitude) increases, a response that has been shown to

depend in part on NO synthesis (300).

7) Pulse wave analysis: the arterial waveform contains key information about
the s tiffness o ft he large arteries an d am ount o f wave r eflection w ithin t he
arterial sy stem. Wave reflection o ccurs at sites o f i mpedance mismatch, o ften
branch points, and is usually quantified by measuring the augmentation index,
which r epresents t he d ifference b etween t he first a nd seco nd sy stolic peaks.
Although t he i mpedance o ft hel arge, e lastic a rteries i s r elatively st atic,
impedance of the small ar teries an d ar terioles i s m uch more dynamic and
depends to a large extent on smooth muscle tone and vessel size. Thus, changes
insm all ar teryt one af fect w aver eflection: v asodilatation r educes the

augmentation index, whereas vasoconstriction increases it (301).
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8) Biochemical markers and bioassays:

- Asymmetric dimethyl arginine: a product of arginine methylation, it acts as an
endogenous 1 nhibitor o f e ndothelial NOS. Asymmetric d imethyl a rginine is,
however, not a s pecific e ndothelial NOS inhibitor, but also inhibits the ot her

NOSs (302).

- OxLDL: contributes to endothelial dysfunction and atherosclerosis. Endothelial
activation in response to oxLDL is possibly mediated by the lectin-like oxLDL
receptor type 1 present in endothelial cells. OxLDL levels are not easy to assess
invivo,an d1inp lasmat here are p robably only m inimal oxLDLs p resent.
Monoclonal antibodies have been used to characterize circulating oxLDL levels

(303).

- Endothelial microparticles: a re v esicles shed fromp lasma m embranes
following ¢ ell activation or a poptosis. Inhe althy pl asma, 76 ¢ ndothelial
microparticles of d ifferent cel lular origins have b een d escribed a nd i nclude,
platelets, leukocytes, red blood cells, and endothelial cells. Elevated circulating
levels h ave beenr eported inp atients w ith atherothrombotic d iseases an d
nowadays t hese m icroparticles constitute an emerging su rrogate m arker o

endothelial dysfunction (302).

- Endothelial pr ogenitor c ells: the reconstitution of t he d amaged e ndothelial
monolayer may be a prerequisite for the prevention of endothelial dysfunction
and a therosclerotic 1 esion formation. A growing body of k nowledge s uggests
that circulating, bone marrow derived from endothelial progenitor cells plays a
key role in endothelial c ell r egeneration. Endothelial pr ogenitor cells can be
measured from peripheral blood either by quantification using flow ¢ ytometry

(304) or after cultivation of mononuclear cells (305).

- Endothelial glycocalyx: the glycocalyx forms a layer covering the endothelial

lining, protecting e ndothelial cells from contact w ith ¢ irculating bl ood c ells.
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Endothelial glycocalyx has a major role in several crucial balances at the level of
the v essel w all, includingt he v asoconstrictor—vasodilator, t he pr o- and
anticoagulant, t he pr o- and anti-inflammatory,a sw ella s thepr o- and

antioxidative balance (302).

48.3. BENEFICIAL EFFECTS OF OLIVE OIL ON
ENDOTHELIAL FUNCTION

Nutrients could play a key role in modulating EF. Dietary bioactive compounds
have been found to have beneficial effects on EF through multiple complex
mechanisms i ncluding: i nhibition o f m onocyte a dhesion, p latelet a ctivation,
increased NO production and improvement of vasodilatation (306).

Several in vitro studies and in vivo animal models have shown the beneficial
effects of OOPC on EF and related biomarkers. It has been reported that HT and
polyphenol extract from VOO has a protective effect on endothelial dysfunction
induced by hyperglycemia and free fatty acids in an in vitro model. Specifically,
OOPC r eversed s uch deleterious ef fects as the reduction of NO a nd the
increment of endothelin-1 levels (307). Furthermore, in a study with rats, a long-
term in gestion o fa dietr ich ine xtra-VOO pr oduced obesity and i nsulin
resistance b ut p rotected EF (308). The ef fects o f pomace oil ha ve also b een
tested in hypertensive rats and have demonstrated a reduction in blood pressure,
an improvement in endothelium-dependent relaxation, an activation of vascular
expression of endothelial NOS, and a reduction of tumor necrosis factor alpha,
transforming growth factor beta, and collagen I (309).

In vivo and in humans, the consumption of a VOO with a high phenolic content
has be en r elated w ith a n i mprovement of e ndothelial-dependent v asomotor
function measured as IRH in both acute (96) and sustained clinical trials (107).
Furthermore, a long-term OO treatment also enhanced EF and i nflammatory

biomarkers (soluble ICAM, white blood cells, monocytes, and lymphocytes) in
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patients w ith e arly at herosclerosis (108). Ina ddition, an O O1i ntervention
attenuated flow-mediated d ilatation reduction c aused by an e nvironment with
particulate matter,t he m ost dangerousi nhaled pollutant which causes
endothelial dy sfunction (310). Nevertheless, in ar ecent cl inical trial with
overweight and obese men, within the context of a high protein meal, neither the
0O intervention nor the palmolein one modified post-prandrial EF (311).

Within the c ontext o f the Mediterranean diet, in the PREDIMED s tudy, both
Mediterranean diets, one enriched with VOO and other with nuts, increased NO
and total po lyphenol e xcretion after a 0 ne-year intervention, the increment in
NO being associated with a reduction in systolic and di astolic bl ood p ressure
levels (312). It has also been observed that the consumption of a Mediterranean
diet rich in VOO increases the plasma concentrations of fat-soluble vitamins and
decreases en dothelial d amage b y mechanisms p ossibly asso ciated w ith t he
protective synergistic e ffects o f't he an tioxidant co mponents o ft his d ietary
pattern (313).

The beneficial effects of other components of OO, such as tocopherols, which
have been related to a protective role against vascular dy sfunction both in in

vitro studies, have been reported (314).
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Hypothesis

1)

2)

A single dose of functional virgin olive oil enriched with its own
phenolic compounds beyond a natural virgin olive oil, at a post-prandrial
state, in pre- and hypertensive subjects, can produce:

- A modulation of the cholesterol efflux transcriptome.

- An improvement of the endothelial function.

A sustained consumption of a functional virgin olive oil enriched with
its own phenolic compounds plus additional complementary ones from
thyme could have more b enefit e ffects on HDL ch aracteristics-related
with itsf unctionalityth an an aturalv irgino liveo ili n

hypercholesterolemic subjects.
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Objectives

1)

2)

To assess w hether a single d ose of 30 mL functional virgin olive oil,
enriched with its own phenolic compounds (961 ppm) beyond a parental
virgin olive oil with moderate phenolic compounds content (289 ppm),
inpr e- and hy pertensive v olunteers, c an produce a t5 -hour po st-
prandrial state in a randomized, cross-over, double-blind, and controlled
trial:

- A modulation of t he e xpression o fg enesr elated w ith

cholesterol efflux on momonuclear cells.
- Ani mprovementof t hee ndothelial-dependent

microvascular dilatation.

To test whether enriched functional virgin olive oils (FVOOs; 500 ppm),
one enriched with its own PC (FVOO) and another enriched with them
plus c omplementary ones from thyme (FVOOT), ¢ ould improve HDL
characteristics related with H DL functionality, versus a n atural virgin
olive oil. The HDL size, HDL m etabolism-antioxidant enzymes, and
HDL co mposition w ill b e es tablished ina r andomised, cr oss-over,

double-blind, and controlled trial.
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Methods

This thesis en compasses two different projects. In both of them F VOOs were

tested in cardiovascular risk subjects and a n umber o f at herosclerosis-related

biomarkers analyzed.

OLIPA Study:

Post-prandial interventions (30 mL):
- Functional VOO enriched with OOPC (FVOO; 961 ppm)
- Parental VOO (289 ppm)

13 pre-/hypertensive volunteers

5-hour cholesterol efflux gene expression
1. Farras M, Valls RM et al, J Nutr Biochem 2013

5-hour endothelial function and related biomarkers
2. Valls RM, Farras M et al, Food Chem 2015

4 2

VOHF dose-response Study:

Post-prandial interventions (30 mL):

- Functional VOO enriched with
OOPC (FVOO; 250 ppm)

- Functional VOO enriched with
OOPC (FVOO; 500 ppm)

- Functional VOO enriched with
OOPC (FVOO; 750 ppm)

12 healthy volunteers

VOHF Study:

Sustained and moderate interventions (25 mL/day):
- Functional VOO enriched with OOPC (FVOO; 500 ppm)
- Functional VOO enriched with OOPC + thyme PC (FVOOT; 500 ppm)
- Parental VOO (80 ppm)

33 hypercholesterolemic volunteers

3-week HDL characteristics related with its functionality
3. Farras M, Rubid L, MNFR 2015

. ~
( 3-week HOL functions, Farrds M*, Ferndndez- )
Castillejo $* et al, Submitted (ANNEX 1)
~ -

- =~
" 3-week endothelial endothelial function and
( related markers. Valls RM*, Farras M* et al, )
~ _ Submitted (ANNEX 2) -
<

~ - -

PC, phenolic compounds; VOO, virgin olive oil

FIGURE 5. Flowchart of thesis studies.

P =~
" S-hour endothelial endothelial function and ~
related markers. Valls RM*, Farras M* et al, )
~ _ Submitted (ANNEX 2) -
~ -~

~

1) OO0 and hypertension study (The OLIPA study):

A cross-over, randomized, doubl e blind, c ontrolled trial w as pe rformed in 13

pre-hypertensive [ systolic blood p ressure ( SBP) >120 m mHg t o 139 m mHg

and/or d iastolic b lood pr essure (DBP) >80 m mHg to 8 9 m mHg] or stage 1
hypertensive (SBP >140 mmHg to 159 mmHg and/or D BP >90 mmHg to 99

mmHg) subjects, without hypertensive treatment. Exclusion criteria included the

following: L DL-C >4.9 mmol/L, TG >3.97 mmol/L or current hy polipidemic

treatment, d iabetes mellitus, any chronic disease and b ody mass index ( BMI)
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>30 kg/m”. Volunteers received a single 30 mL dose of VOO (289 ppm) and a
functional VOO e nriched wi thits o wn OOP C (FVOO; 961 ppm ). W ashout
periods w ere o f 2 w eeks i n w hich pa rticipants w ere i nstructed to follow a
stabilization diet with 10% SFA during the week prior to the postprandial test.
The day before the intervention, participants followed a polyphenol-free diet.
The analyzed biomarkers included:

- EF, measured as I RH, was performed using a laser-doppler linear Periflux
flowmeter 5000.

- Glycaemia and lipid p rofile sy stemic b iomarkers: total ch olesterol, H DL-C,
TG, an d g lucose w ere measured b y st andardised m ethodsi na B eckman
autoanalyzer. L DL-C w as cal culated b y m eans o ft he F riedewald formula
whenever TG were <300 mg/dl.

- Inflammation sy stemic biomarkers: hsCRP was analysed by a standardised
method in a B eckman autoanalyzer; and plasminogen activator inhibitor type 1
(PAI-1), VCAM-1, and intercellular adhesion molecule type 1 (ICAM-1) were
evaluated with enzyme-linked immunosorbent assay (ELISA) kits.

- Oxidation s ystemic bi omarkers: oxidized L DL (oxLDL) and plasma oxy gen
radical ab sorbance capacity ( ORAC) were m easured b y E LISA, an d f erric
reducing ability of plasma (FRAP) was determined by spectrophotometry.

- Cholesterol e fflux-related g enes: ABCA-1, A BCG-1, SRB1, PPARBP,
PPARa, PPA Ry, PPA RS, cyclooxygenase (COX) 1, COX-2,and CD36 gene
expression were determined by real time RT-PCR.

- Bioavailability of PC: kinetic curves of the PC and their metabolites in urine
were r egistered b y ultra-performance liquid ¢ romatography—tandem m ass
spectrometry.

- Questionnaires o f p hysical activity an d d iet: t he Mi nnesota leisure tim e
physical activity questionnaire and a 3-day dietary record were administered to
volunteers.

- Anthropometric measures: body mass index (BMI), blood pressure, and waist

circumference were measured.
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2-wk 2-wk
—> —>
Order 1
nep) | WO VOO (MPC-00)
Order 2
=7 | wo VOO (MPC-00)
Time points of measurement ~ Oh 1h 2h 4h 5h Oh 1h 2h 4h 5h
IRH X X X X X X X X
Transcriptomics X X X X
Systemic biomarkers X X X X X X X X X X
OOPC metabolites X X X X X X X X X X

FIGURE 6. Experimental protocol of OLIPA study.

2) VOO and HDL Functionality study (The VOHF study):

A cross-over, r andomized, doubl e b lind, c ontrolled trial w as pe rformed in 33
hypercholesterolemic individuals (total ¢ holesterol > 200 mg/dL), a ged 35 -80.
Exclusion criteria included the following: BMI > 35 kg/m2, s mokers, athletes
with high p hysical activity (PA >3000 k cal/day), d iabetes, m ultiple allergies,
intestinal diseases, or other disease or condition that would worsen adherence to
the measurements or treatment.

Volunteers ingested 25 m L/day during meals for 3 weeks of VOO (VOO; 80
ppm), functional V OO e nriched w ith its own O OPC (FVOQO; 500 ppm ), and
functional v irgin o live oil e nriched w ithi ts ow n OOPC ( 250 p pm) plus
additional P C f romt hyme ( 250 ppm ) ( FVOOT;t otal: 500 ppm ). T he

interventions were preceded by 2 week wash-out periods with a common O O
(00).

*The ¢ oncentration o £ 50 0 ppm f or t he F VOOs w as ch osen

according i ts b ioavailability, sen sory, an d b iomarkersi n a
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previous dose-response clinical trial (Rubio L, Farras M 2014)

(Valls RM*, Farras M*, Submitted).

The analyzed biomarkers included:

- HDL characteristics related to its functionality:
- HDL subclass distribution was analysed by Lipoprint HDL system in
which f ollowing e lectrophoresis, lower d ensity I ipoproteins ( VLDL,
LDL) remain at the beginning of the band (Rf'=0.0) and the albumin
moves to the front (Rf =1.0). Between these two points, the first three
bands corresponded to a large H DL s ubclass ( HDL2), and fourth t o
ninth bands correspond to a small HDL one (HDL3).
- HDL composition: composition was determined in HDLs isolated by a
density gradient ultracentrifugation method [30] using preparation
solutions of 1.006 and 1.21 density. Total cholesterol, PL, FC, and TG
were quantified by enzymatic methods in a PENTRA-400 autoanalyser.
Esterified ch olesterol (EC) w as ca lculated subtracting F C f rom TC.
ApoAl, apoA2, apo-B100, and albumin w ere quantified by automatic
immunoturbidimetric technique in a PENTRA-400 autoanalyser.
- HDL metabolism-related enzymes: lecithin-cholesterol acyl transferase
mass was measured by ELISA kit, PAF-AH by s pectrophotometric
assay, and CETP activity was analysed by fluorimetric kit.
-HDL  antioxidant st atus: p araoxonase/arylesterase act ivity was
determined by m easurement of the c apacity f or ¢ leavage of phe nyl
acetate r esulting in ph enol formation,a nd dihydrorhodamine 1 23
oxidation rate by a fluorimetric method.

- Oxidative status sy stemic bi omarkers: activity of glutathione peroxidase was

measured by a P agliaa nd V alentine m ethod m odification us ing ¢ umene

hydroperoxide as oxidant of glutathione.

- Glycaemia an d lipid p rofile sy stemic b iomarkers: total ch olesterol, g lucose,

and TG were m easured using st andard en zymatic au tomated m ethods, a nd
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apoAl and apoB-100 w ere a nalysed by i mmunoturbidimetric t echnique, in a
PENTRA-400 a utoanalyser. H DL-C w as measured asaso luble H DL-C
determined b y an acc elerator se lective d etergent m ethodina P ENTRA-400
autoanalyser. L DL-C was cal culated b y means o ft he F riedewald f ormula
whenever TG were <300 mg/dl.

- Bioavailability of PC: urinary HT sulfate and thymol sulfate were measured in
urine by ultra-high performance liquid chromatography-electrospray ionization-
tandem mass spectrometry.

- Questionnaires o f p hysical a ctivity ( PA) an d d iet: t he Minnesota p hysical
activity s hort-questionnaire a nd a 3 -day d ietary r ecord w ere a dministered t o
volunteers.

- ApoE haplotypes: allelic discrimination A poE gene variants were p erformed

with TagMan PCR technology (QuantStudioTM 12K Instrument).

2-wk  3-wk 2-wk  3-wk 2-wk 3-wk

PP

VISITS 1 2 3 4 5 6 7

HDL characteristics X X X X X X X

Systemic biomarkers X X X X X X X

OOPC metabolites X X X X X X X
ApoE genotype X

Anthropometrics X X X X X X X

PA questionaire X X

3-day dietary record X X X X X X X

FIGURE 7. Experimental protocol of VOHF sustained study.
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In brief, after an acute load of FVOO (961 ppm), we observed an enhancement
of cholesterol e fflux-related gene ex pressions in vivo at a5 -hour pos tprandial
state, in pre-/hypertensive humans, in a r andomized, double-blind, c rossover,
and controlled trial. We o bserved an increase in ABCA-1, SR -B1, PPARBP,
PPARa, PPARy, PPARS, and CD-36 gene expression in white blood cells after
an i ngestion o f F VOO compared w ith VOO (289 ppm ) one . I n a ddition a
borderline increase of COX-1 was also observed after FVOO intervention versus
VOO one . C ross-linked co rrelations am ong g ene expression ch anges w ere
observed after F VOOT c onsumption. Circulating ox LDL de creased after bo th
interventions, and HT sulphate and HT sulphate acetate plasma concentrations
increased in a dose-dependent manner with the OOPC content. Linear regression
analyses showed that changes in gene expression were related to an
improvement on oxidative s tress-related markers such as oxLDL, ORAC, and

OOPC metabolites.
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Abstract

Both oleic acid and polyphenols have been shown to increase high-density lipoprotein (HDL] cholesterol and to protect HOL from oxidation, a phenomenon
associated with a low cholesterol efflux from cells Our goal was to determine whether polyphenols from olive oil could exert an in vive nutrigenomic effect on
genes related to cholesterol efflux in humans. In a randemized, controlled, cross-over trial, 13 pre/hypertensive patients were assigned 30 ml of two similar olive
oils with high (961 mg/kg) and moderate (289 mg/kg) polyphenol content. We found an increase in ATP hinding cassette transporter-Al, scavenger receptor
class B type 1, peroxisome proliferator-activated receptor (PPAR)BP, PPARce, PPARY, PPARG and (D36 gene expression in white blood cells at postprandial after
high polyphenol olive oil when compared with moderate polyphenol olive oil intervention (P<.017 ), with COX-1 reaching borderline significance (P=1024),
Linear regression analyses showed that changes in gene expression were related to a decrease in oxidized |ow-density lipoproteins and with an increase in
oxygen radical absorbance capacity and olive oil polyphenols (P<.05). Our results indicate a significant role of olive oil polyphenols in the up-regulation of genes
involved in the cholesterol efflux from cells to HDL in vivo in humans. These results are in agreement with previous ones conceming the fact that benefits
associated with polyp I-rich olive oil co ular risk could be through an in vivo nutrigenomic effect in humans.
© 2013 Elsevier Inc. All rights reserved,

ion on ca

Keywards: ATP binding cassette transporter-A1 (ABCA1): Olive oil polyphenols, gene expression: Peroxisome proliferator-activated receptor (PPAR): Scavenger

receptor class B member-1{SR-B1); CD36 molecule {thrombospondin receptor) (CD36)

1. Intreduction

Data from human studies show that olive oil polyphenols are
protective against risk factors for coronary heart disease (CHD) [1],
particularly in individuals submitted to an oxidative stress situation
(Le., hypertensive, CHD patients) [23]. A crucial event for the
development of the atherosclerosis plague is the accumulation of
cholesterol in macrophages that leads to the formation of foam cells,

Several mechanisms are involved including passive diffusion and
protein transmembrane transporters such as sterol 27-hydroxylase,
the ATP-bind ing membrane cassette systemor the scavenger receptor
class B type 1 (SR-B1) [4,5], Results of the European EUROLIVE study,
performed in 200 healthy individuals, showed that olive oil
consumption promotes an increase in plasma HDL cholesterol and a
decrease in low-density lipoprotein (LDL) oxidative damage in a
direct relationship with the polyphenol content of the olive oil

In response to a lipid loading, macrophages activate a cc ry
pathway for cholesterol efflux from cells to the high-density
lipoprotein (HDL): the reverse cholesterol transport (RCT), in which
accumulated cholesterol is removed from macrophages in the
subintima of the vessel wall and collected by HDL and Apoé-1 [4,5].

® Corresponding author. Cardiovascular Risk and Nutrition Research
Group, IMIM- Research Institut Hospital del Mar. Parc de Recerca Biomédica
de Barcelona (PRBB), Carrer Dr. Aiguader, 88.08003, Barcelona, Spain.
Fax: +34 933160796,

E-mail addresses: mcovas@imim.es (M.-1. Covas), mfito@imim.es (M. Fitd).

! These authors contributed equally to this work.

095528638 - see front matter © 2013 Elsevier nc. All rights reserved.
http//dx doi.arg/10.101 6/ jnutbio 2012, 10.008

admini d [6].

‘We have previously reported that oxidation of HDL reduces the
HDL functionality by impairing cholesterol efflux from macrophages
[7] and that oleic acdd consumption reduces HDL oxidation in vivo in
humans [B]. In experimental studies, polyphenols from red wine have
been shown to protect HDL and LDL from oxidation [9]. Polyphenols,
however, canexert protective effects not only through the scavenging
of free radicals but also by modulating signal transduction, cell
signaling, gene expression and cellular communications in various
pathways [10]. From our data and others, olive oil polyphenols
modulate, towards a protective mode, the expression of inflamma-
tion-related genes [11-13], a common target of dietary intervention
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Table 1 lecithin addition to ensure a similarity with HPC. Total polyphencd content of the olive
Characterigtics of the olive oils oils was 280 and 961 mgkg oil for MPC and HPC, respectively, measured by
Type of olive oil liquid coupled to a tandem mass detector as
by described [18] Fatty acid type contend of olive ok was measuned by g
MPC HPC mm:mpl\y Table 1 shows the composition of the olive oils used in the study.
Quality parameders
Free acidity (% of alsic acid) 01g 0.26 22 Snudy design
Pevoxide vahae {mFg 0ykg) 1676 B0
Faty acids (% of total) 22.1. Participants
Monounsamrated rrd sl Berween January and July 2009, 22 participants, aged 20 to 75, were recruited
Polyunsaturated 1 1 through a voluneeer center database. Pamicipants were community dwelling with
Saturated 17 17 prehypentension [syswlic blood pressure (SBF) 2120 mmHg 1w 139 mmHg and/or
Total polyphenals™ {mgkg of olive oil| 2ERG 9612 diastnbc blood pressuse (DEP) =80 mmHy (o 89 mmBg] o dage 1 hypertemsion (SEP
Free hydraxytyrosol 037 (1] =140 mmHg w 159 mmHg and/or DBP >890 mmHg to 99 mmHg) without
Free tyrosal 1.03 B.7 artihypertensive treatment. We selected this type of patients because they are
Secoraid derivatives 123 GE0 submitted to a hlﬂu! oxidative stress than healthy individuals | 19). Due to this, pre-
Vanillic acid 037 304 and could be more to receiving bencfits from
p-Coumaric acid 008 084 polyphenol-rich olive oil. Exchasion criveria included the following: LDL cholesterol
Vamillin 016 1.44 4.0 mmoll, irgglycende (10 7 mmall or aseent hypolgemic freatment;
Pinoresinol 1158 1731 dubetes mellitus, any chriome disease and body mass mdex (B} =30 kg,
Lutealin 144 G628 FParticipants provided written informed consent prior to enroliment in the rial. After a
Apigenin 027 0.80 screening vist, eligibility or exclusion was assessed by the artending physician based

studies [14]. Concerming cholesterol efflux related genes, hydrocn-
namic acid denvatives have proven to be potent dual peroxisome
proliferator-activated receptor [ PPAR) w/~y agonists [15]. Ingestion of
a phenolic-rich beverage, such as colfee, has been shown to enhance
the cholesterol efflux from human macrophages to HDL, while
increasing the messenger ribonucleic acid (mRNA) and protein levels
of ATP binding cassette transporter G1 (ABCG1) and SR-B1 [ 16]. These
effects were also observed to be mediated by caffeic and ferulic acid in
experimental models | 16]. Therefore, we assessed the in vivo human
transcriptome 1 related with chol | efflux after
consumption of similar olive oils, but with differences in their
phenolic content, in a pre/hypertensive population.

2. Methods and materials
2.1, Olive oil prepararion and characteristics

Avirgin alive oil with a high phenolic content (HPC) was prepared, as previously
described [17], by the addition of 2 phenolcach extract [oleuopein complex o
secoiridoids (§9.4%); hydroxytyrosal tyrosol or phenil alcohols (3.5%); and flavencids
(G} | obtained from the olive cake, to a natural virgin olive oil with a moderate
content of phenalic compound (MIFC). Briefly, olive cake phenolic exract (7 mg/ml oil}
and 035 (piv) of lecithin (Emulpur; Cugill, Barcelona, Spain) were dissolved in
el water (5050, v/v] and added to the MPC using 3 Polytron (Kaematics, Lt
i }until full ization The MPC was also submitted o the process of

1" Washout

—» 1M week a——» 2% greek «—

on & review of the clinical records, The study was approved by the Clinical Research
Ethical Committee of the Hospital Universitari Sant Joan de Reus, Spain. Prowcels were
according to the Helsinki Dy fon This wial is regi with the

Standard Ranbomized Controlked Trial Number [identifier: ISRUTNOZA50053)

222 Rendomization and infervention
The trial was randamissd, controlled, double blind ard cresover (Fg, 1) The
randamization scheme was generated hy using a Wb ite ( hrm:/ s randamization
o). Participants pecenved 30 mi of one of the twe types of olive of, MPC or HIC, with
bread (80 gl Washout periods were 2 weeks in which partidpants were nstructed to
follow a swbilizaton diet with 10% of saturated fanty acids during the week before the
postprandial test. The day before the inte free
diet, avouling alve oil, olives, fresh Tt or juices, wegetables, lgguame, oy, chocelate,
collee, tea, wine and beer, apliance was assesed using o 3cday dictary recand (2
working days and a holiday or weekend one) before the intervention days Trained
dieticians explained to partidpants how to complete these questionnaines. Faricipants
were instructed 1o avoid intense physical activity 3 days prior to the intervention day.
Physical activity was evaluared by the Minnesota Leisure Time Physical Activity
uetomaare valedated Tor % wie m S]mmh mren and wormen [2021], Venous ikood
s culbected al i ach I andlat wveral perdsalter olive
i nd pl ined b ifugation of blood at | 500g at
4°C for 20 min at —=B0°Cin th 's bicbank Whole blood wag
collected at bascline and at 5 h after olive oil intake in PAXgene rubes for gene expression
analyses and swred at — 80°C aker 2 h at room temperature.

23, Systemic biomarkers

Anth: pielnic data were obtained by standardized methods. After 15 men ol
mestmg, blood pressure wos measured in triphicate (1-min intervals) using an

automatic sphygmomanometer (OMRON HEM-907; Peroxfarma, Barcelona, Spain).

20 Washout

Tk 4 — 2 yeek +—

Days 1-7

Days 1-6

[ Habitual diet

[ Stabilization diet, habitual far

[ Antioxidant-fres diet

27 Tntervention

I ciecvention day, ingestion of 30 mL of olive oil with moderate (natural viegin
olive oil, MPC) or high (functional virgin olive oil, HPC) phenolic content
depending on the order in which the participant was randomized

Fig. 1. Design of the crossover study.
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Table 2

Baseline characteristics of the participants

Gender (male/female) 76

Age, years 511541667
BMI, kg/m’ 25744189
Waist circumference, cm 87.8116.11
Systolic blood pressure, mmHg 136.46:419.76
Diastolic blood pressure, mmHg 81.77£10.19
Glucose, mmol/L 5544048
Total cholesterol, mmol/L 5004079
TG, mmol/L. 0.86 (0.72 to 1.23)
HDL-C, mmol/L 170040
LDL-C, mmol/L 2884068
Oxidized LDL, U/L 745+17.9
ORAC, pmol TE/ml 0594026
FRAP, pmol TE/ml 516464
F,-isoprostanes, pg/ml 8234604

Results are expressed as mean+S.D. or median (25th to 75th percentile) (n=13).

Serum total and HDL ¢

TG and glucose were using
methods in an (Beckman Coulter-Synchron,
Galway, Ireland). Low-density lipaprotein cholesterol (LDL-C) was calculated by
means of the Friedewald formula whenever TG were <300 mg/dl. Plasma circulating
oxidized LDL (Mercodia AB, Uppsala, Sweden) was measured by immunoassay. Olive
oil polyphenols and their biological metabolites were measured in plasma, as markers
of compliance, as previously described [18] Ferric reducing ability of plasma (FRAP)
was i by 24,6-tripyridyl-s-triazine chelation at 593 nm in a UV-VIS
spectrophotometer (Lambda 25, Perkin Elmer, Beaconsfield, UK). Plasma oxygen
radical absorbance capacity (ORAC) was measured by peroxyl radical generation by
2,2"-azobis(2-amidinopropane) dihydrochloride using fluorescein as a fluorescence
probe in a Fluoroskan Ascent fluorescence plate reader {Labsystems, Helsinki,
Finland). F.-isoprostanes were measured by enzyme-linked immunosorbent assay
(Cayman Chemical, Ann Arbor, MI, USA).

2.4. Gene expression analyses

Total RNA was obtained from white blood cells (WBC) by using the PAXgene
extraction kit (PreAnalytiX GmbH, Hombrechtikon, Switzerland). FormRNA expression
analyses, isolation of total RNA (tRNA) was performed by a liquid-liquid method. RNA
purity and integrity were assessed by Agilent (Agilent Technologies, Santa Clara, CA,
USA]. After cDNA ion, gene was by real-time

chain reaction with TagMan® Low Density Microfluidic cards in triplicate and analyzed
by the Sequence Detection System 2.1 software according to the manufacturer's
instructions (Applied Bi Life Tec ies Ce ion, Carlsbad, CA, USA).
Changes in gene expression were calculated using the relative quantification method
(RQ) and applying the 2722 formula. The selection of candidate genes was performed
on the basis of their relationship with cholesterol efflux.

2.5. Sampie size and power analyses

Atotal sample size of 16 participants allows for a more than 80% power to detect a
significant difference between olive oil groups of 1 U of RQ in the gene expression of
ABCA] measurement with consideration of a two-sided type | error of 0.05. This
sample size takes into account a 20% dropout rate, Calculations were made from our
previous data concerning the standard deviation of ABCA1 gene expression in healthy
volunteers [13].

Table 3
Changes in cardiovascular risk systemic biomarkersat 5h

M. Farrds et al / Journal of Nutritional Biochemistry 24 (2013) 1334-1339

2.6. Statistical methods

Normality of continuous variables was assessed by normal probability plots.
Nonnormally distributed variables were lo; and values were as
antilogarithm, Pearsan correlation analyses were used to evaluate relationships among
variables, A general lineal model was performed to assess the effect of each intervention
compared to ifs baseline and toassess the effect between interventions for systemic and
gene expression variables. No interactions with age and gender were observed. Due to
this, models were performed without covariates. Multiple regression analyses were
performed, adjusted by gender and age, in order to explore the relationship among
systemic and gene expression variables. A value of P<.05 was considered significant. For
gene comparison adjustment, a P<.017 was considered significant due to the fact that
we explored three gene families (cholesterol transporters, PPAR nuclear receptor
factors and prostaglandins). Statistical analyses were performed by SPSS 13.0 software.

3. Results
3.1. Participants and baseline characteristics

From the 22 participants recruited, 16 were eligible. Three
participants dropped out before starting the study, two due to an
incompatible work timetable and one for problems with blood
collection. Finally, 13 participants (7 men and 6 women) entered
the study. We could not identify any adverse effects related to olive oil
intake, Participants’ baseline characteristics are shown in Table 2. No
changes were observed in dietary patterns throughout the study. No
changes in daily energy expenditure in leisure-time physical activity
were observed from the beginning to the end of the study.

3.2. Systemic biomarkers

Changes in cardiovascular risk biomarkers from baseline to 5 h
postprandial are shown in Table 3. As expected, a postprandial
hypertriglyceridemia occurred after olive oil ingestions. A significant
decrease in oxidized LDL was observed after both interventions.
Plasma concentration of hydroxytyrosol sulphate and that of hydro-
xytyrosol acetate sulphate, the main biological metabolite of hydro-
xytyrosol, increased in a dose-dependent manner with the
polyphenol content of the olive oil (P<05), reaching a peak at 120
min after ingestion of the oils. Areas under the curve from 0 to 5 h
(AUCy.sy) for hydroxytyrosol sulphate were (mean+standard devi-
ation, pmol x min/L) 46437 and 1394+ 33, and those for hydro-
xytyrosol acetate sulphate were 335165 and 727+ 352, for MPC
and HPC, respectively (P<.005). No changes were observed in blood
pressure, weight or waist circumference throughout the study.

3.3. Gene expression

The expressions of ABCA1, SR-B1, PPARBP, PPARa, PPARY, PPARG
and CD36 genes increased significantly after the HPC intervention

after olive oil ingestion

Olive oil interventions

MPC HPC
Postintervention Change Postintervention Change
Glucose, mmol/L 5084035 03620344 5074031 —~030540.464"
TG, mmol/L 1.23(0.75 to 1.53) 022(0.03 t0 030)* 124 (099 to 1.77) 0.40(0.16 10 0.69)
Cholesteral, mmol/L

Total 0.029:0218 4991085 0031£0.192

HDL 0.0044:0.094 1654036 00140071

LDL ~0.023+0078 2704070 0.02640.175
Oxidized LDL U/L 633141 -598+852" 6544164 5184537
ORAC, umol TE/ml 50.146.1 134+7.38 5014702 1914895
FRAP, pmol TE/m! 05740.25 ~0.010£0.107 0594024 00130099
Fo-isoprostanes, pg/ml 60.6+383 -15.6-6420 6494380 ~20.14402

Values expressed as mean (S.D.) or median (25th to 75th percentile) (n=13).
* P<.05 versus its corresponding baseline.
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ABCA-1 — %
ABCG-f +H—B——
SR.Bf —.,
PPARG —a—ix
w PPARY %
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PPARBP %
CcD36 —.
COX-1 —a—
CcOox-2 O —
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Ratio (HPC/MPC) of RQ changes

Fig. 2. Geometric mean (95% confidence interval) of the ratio (HPC olive 0il/MPC olive oil )
of RQ changes in gene expression afier interventions. Dot axis displays the significance
between olive oils at P<.05 level. *P<.017 significance after HPC versus MPC intervention.

when compared to the MCP one (P<.017), with changes in COX-1
reaching a borderline significance (P=.024). Fig. 2 shows the ratio of
changes between the two interventions considering the dot axis at
P=.05 to be of significance.

Analyses of gene expression changes after HPC showed cross-
linked correlations among genes related with the cholesterol efflux
cascade. The increase in the expression of ABCA1 directly correlated
with that of PPARq. Changes in the expression of the PPARs gene
family directly correlated among them, and those of PPAR« with the
increase in its coactivator, the PPARBP. The increase in SR-B1
expression directly correlated with that of CD36, COX-1 and COX-2,
whose changes were also directly correlated (P<.01).

Multiple regression analyses showed that, after HPC intervention,
values of ABCA1, PPARx and PPARYy gene expression increased with
the decrease in oxidized LDL (P<.05). For each decrease in 1 U/L of
oxidized LDL, there was a decrease of 18.2%, 5.2% and 13.8% in the
gene expression of ABCAT, PPARa and PPARYy, respectively. Values of
ORAC postprandial were directly related with the increase in PPARBP
and PPARs gene expression (P<.025). For each increase of 1 pmol/L of
ORAC, there was an increase of 9.6%, 7.2%, 18.8% and 41.3% in the gene
expression of PPARBP, PPAR«, PPARG and PPARG, respectively. A
direct relationship was observed between the concentrations of
hydroxytyrosol acetate sulphate at postprandial and changes in
ABCA1 expression (P=.036). For each increase in 1 pmol/L of
hydroxytyrosol acetate sulphate at 5 h postprandial, there was an
increase of 43.2% in ABCA1 expression. These associations were not
found after MPC ingestion.

4. Discussion

These outcomes showed that a randomized, crossover, controlled
intervention with HPC olive oil increased the gene expression of

ABCA1 and SR-B1, the main transmembrane transporters of choles-
terol efflux, in WBC of pre- and stage 1 hypertensive individuals in
comparison with MPC olive oil. Other related genes involved in the
cholesterol efflux such as PPARc, PPARY, their activator PPARBP,
PPAR®/P3, CD36 and COX-1 showed an increase in their expression
when comparing HPC versus MPC intervention. To our knowledge,
this is the first time changes in cholesterol efflux related genes linked
to the polyphenol content of the olive oil have been reported in vivo in
humans after a randomized trial. Our data also provide further first-
level evidence that atheroprotective molecular mechanisms can be
promoted by a polyphenol-rich olive oil intervention.

HDL-mediated cholesterol efflux is the natural rate-limiting step
of reverse cholesterol transport [4,5]. Two main transmembrane
transport systems are responsible for the removal of cholesterol from
cells to the HDL lipoprotein: the ABC complex and the SR-B1 complex.
ABCA1 and ABCG1 are responsible for cholesterol efflux. ABCA1
transports intracellular free unesterified cholesterol and phospho-
lipids to the extracellular Apo-A1in nascent HDL. ABCA1 mediates the
efflux of cellular cholesterol to lipid poor apolipoproteins, but not to
full HDL particles, a task performed by ABCG1. HDL presents or
accepts cholesterol while anchored to plasma membranes via its
receptor SR-B1 [4,5]. The density gradient of cholesterol between HDL
and the cell surface determines whether HDL gives or accepts
cholesterol. In perithelial cells, the main direction is the cholesterol
efflux from cells [4]. In experimental models, high-fat-high-choles-
terol diets decreased SR-BI expression [22], the posttranslational
down-regulation of SR-BI occurring via the PDZ domain PDZK1 [23].
Genetic variants at the PDZK1-interacting domain of SR-BI interact
with diet to influence the risk of metabolic syndrome in obese
individuals with high polyunsaturated fatty acid and carbohydrate
intakes [24]. The up-regulation of ABCA1 observed after HPC versus
MPC intervention could be related to the unsaturated fatty acids/
polyphenaols ratio present in the olive oils tested. In fact, a repression
of ABCA1 expression in macrophages by unsaturated fatty acids,
including oleic acid [25], has been reported in experimental studies.
The transcriptional repression of ABCA1 induced by unsaturated fatty
acids has been shown to be abrogated by histone deacetylase (HDAC)
inhibitors, which promote an increase in ABCA1 expression [25].
Polyphenols, such as those of green tea or quercetin, are HDAC
inhibitors [26,27], a mechanism proposed as anticarcinogenic. Thus,
we can hypothesize that, in HPC treatment, polyphenols present in
the olive oil were able to counteract the repression induced by the
oleic acid and other unsaturated fatty acids present in olive oil. This
fact promoted an enhancement of ABCA1 gene expression linked to
the polyphenol content of the olive oil. The direct relationship
observed between plasma levels of hydroxytyrosol acetate sulphate
and ABCA1 expression after HPC intervention would support this
hypothesis. In a previous work with healthy volunteers [13], we did
not detect significant differences in ABCA1 expression associated with
a Mediterranean diet or virgin olive oil consumption. The fact that the
virgin olive oil provided to participants had similar characteristics to
those of the MPC reinforces the results obtained in the present study.

Many nuclear receptor factors are involved in regulating the
expression of RCT-related genes. In this paper, we have focused on the
PPAR family, comprising three homeotypic isomerides, PPARa, PPARyY
and PPARS, because fatty acids and also polyphenols are natural
PPARs ligands [4,28]. PPARBP, also referred to as MEDI, is a
coactivator for PPARy and PPARw [29]. The results obtained in this
study are in agreement with our previous ones in which we observed
an increase in both the expression of PPARBP and that of the lipoic
acid synthase at 6 h after polyphenol-rich olive oil ingestion [30].
Lipoic acid is a powerful antioxidant that can activate PPARa and
PPARy [31]. Ligand-activated PPARs decrease inflammatory re-
sponses [32]. PPARy and PPAR « ligands have been shown to induce
a decrease in CD40, monocyte chemotactic protein MCP1 and vascular
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endothelial growth factor (VEGF) secretion and to inhibit interferon y
(IFN<y) and intracellular cell adhesion molecule-1 (ICAM-1) expres-
sion in cultured cells [33]. In animal models, PPARG agonists inhibit
inflammatory gene expression including those of IFNy, MCP1 and
ICAM-1[33]. In agreement with this, and with the increase in the
PPARs expression observed in our study, we have recently reported a
down-regulation of CD40-ligand expression and its downstream and
related products, such as VEGF, ICAM-1, IFNvy and MCP1, in vivo in
humans linked to the polyphenol content of the olive oil [12]. APPARS
agonist has been shown to increase HDL cholesterol in vivo in humans
[34]. Thus, the fact that polyphenols from olive oil can increase PPARG
expression could explain the higher increase in HDL cholesterol (HDL-
C) levels observed after polyphenol-rich olive oil sustained consump-
tion in human studies [6]. PPARc, PPARY and PPARS ligands have
been shown to stimulate cholesterol efflux in cultured macrophages
by inducing the expression of ABCA1 [32,33]. PPAR« has also been
reported to up-regulate the expression of SR-B1 [4]. The olive oil
polyphenol effect on ABCA1 and SR-B1 up-regulation observed in our
study could be mediated through the enhancement of PPARs
expression. In this sense, incubation of mouse peritoneal macro-
phages and macrophage-derived foam cells with anthocyanines led to
dose-dependent induction in cholesterol efflux and in PPARYy and
ABCA1 mRNA expression [35]. Resveratrol has been shown to up-
regulate PPARc, PPARY and PPARG expression in macrophages [36].
Both quercetin and resveratrol attenuated the suppression of PPARY
mediated by tumor necrosis factor & in human adipocytes [37]. In
some experimental studies, but not all [38], hydroxytyrosol, the main
phenolic compound from olive oil, has been shown to be able to up-
regulate the gene expression of PPARc and PPARY [39]. In agreement
with that referred to above, we observed an increase in PPARs,
PPARBP, ABCA1 and SR-B1 expression after HPC olive oil ingestion.
(D36 is a scavenger receptor that promotes uptake of oxidized
LDL. PPARy promotes lipid uptake by up-regulating CD36 expres-
sion [32]. We observed an increase in CD36 expression after HPC
versus MPC olive oil. This fact is in agreement with our previous
results in which a single oral load of polyphenol-rich olive oil, besides
an increase in the PPARy co-activator, the PPARBP, promoted an
increase in CD36 expression [30]. Oxidized LDL has been shown to
increase monocyte CD36 expression [40]. This activation in turn
promotes that of PPARYy via a MAPK-dependent COX-2 pathway [41].
In our setting, oxidized LDL was decreased after both treatments. This
fact, together with a lack of COX-2 activation, supports the idea of an
oxidized-LDL-independent PPARy activation. Oxidized HDL decreases
CD36 expression via PPARYy [40]. Whether a higher decrease in HDL
oxidation after HPC versus MPC could enhance the PPARY expression
leading to an increase in that of CD36 is unknown. The direct
relationship between the increase in PPARy expression with an
increase in the antioxidant capacity (ORAC) and the decrease in
oxidized LDL would support this hypothesis. An increase in CD36 has
been associated with atherosclerosis in experimental models [32].
However, recent data show that CD36 deficiency is associated with
enhanced atherosclerotic cardiovascular diseases in humans [42].
Although ABC-dependent RCT is the primary mechanism of
cholesterol removal, the 27-hydroxylase pathway provides an
alternative to the apoA-I-dependent process [5]. At gene expression
level, 27-hydroxycholesterol up-regulates ABCA1 expression via LXR
receptor [43]. Selective COX-2 inhibition reduced the mRNA expres-
sion of cholesterol 27-hydroxylase and ABCA1, whereas selective
COX-1 inhibition down-regulated the expression of 27-hydroxylase
mRNA [44]. This interference with RCT has been proposed as an
explanation for the fact that COX-2 inhibition elevates cardiovascular
risk [45]. In experimental studies, olive oil polyphenols differed from
an inhibition of COX-1 and COX-2 activity [46] to a noneffect [47] and
also to a repression of the anoxia-induced COX-2 expression [48]. A
PPARa and PPARy control of COX1 and COX-2 expression in

macrophages and platelet cultures has been reported, whereas
PPARG appears to be a target of COX-1[49]. Thus, one explanation
for the increase in COX-1 expression observed in our study could be
via the increase in PPAR expression.

In summary, an up-regulation of the expression of cholesterol
efflux related genes — ABCA1, SR-B1, PPARBP, PPARw, PPARY, PPARS,
(D-36 and COX-1 — in human white blood cells occurs after a
polyphenol-rich olive oil ingestion versus a moderate one. Our results
point out a significant role of olive oil polyphenols in the up-
regulation of genes involved in an enhancement of the cholesterol
efflux from cells. Changes in the gene expression were related to a
decrease in oxidized LDL and an increase in ORAC and antioxidant
polyphenols. Olive oil, a recognized healthy food, cannot be
consumed in large quantities. Thus, the enrichment of olive oil with
its phenolic compounds is a way of increasing its healthy properties
whilst consuming the same amount of fat. Our results are in
agreement with previous ones concerning the fact that benefits
associated with polyphenol-rich olive oil consumption on cardiovas-
cular risk could be mediated through a nutrigenomic effect. Long-
term randomized intervention trials examining the effects of high-
polyphenol olive oil diets on HDL functionality are warranted.
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Briefly, in arandomized, crossover, dou ble-bind, controlled trial, after a
postpandrial intervention of a FVOO enriched with its own PC (FVOOQO; 961
ppm), an improvement in EF, measured as ischemia r eactive h yperaemia,
was observed at 5 hours compared to its baseline and the parental VOO (289
ppm) t reatment, in pr e-/hypertensive s ubjects. A ni nverse relationship
between EF and oxidised LDL, was observed after the F VOO intervention.
Furthermore, a decreasing linear trend was d etected in P Al-1 and hs CRP
after VOO consumption and FVOO one. P Al-1 decreased at 4 hours after
both interventions versus its baselines, and the decrement was significative
after the F VOO c onsumption v ersus a fter t he VOO one . I n a ddition, a
decrease of V CAM-1 was de tected at2 h ours a fter F VOO i ntervention
compared with its baseline. A reduction in both oxidative stress (decreased
oxidative damage to LDL) and resulting inflammation could account for the

improvement in the EF observed after FVOO.

Moreover, plasma HT sulphate concentration, the main biological metabolite
of hy droxytyrosol, increased ina dose-dependent manner with the O OPC
content, w itha C max at2hou rs reached. The pr otection a gainst L DL
oxidation linked to FVOO consumption in this study could be mediated by

the increase in OOPC metabolites (i.e. HT sulphate) observed in plasma.
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The additional health-promoting properties of functional virgin olive oil (FVOO) enriched with its own
phenolic compounds (OOPC) versus the parental virgin olive oil (VOO) must be tested in appropriate
human clinical trials. Our aim was to assess the effects of FVOO on endothelial function in hypertensive
patients. Thirteen pre- and stage-1 hypertensive patients received a single dose of 30 mL of FVOO
(00PC=961 mg/kg) or VOO (OOPC =289 mg/kg) in a postprandial randomised, double blind, crossover
trial. Endothelial function, measured as ischemic reactive hyperemia (IRH) and related biomarkers, were
followed for 5 h after consumption. Compared with VOO, FVOO increased IRH (P < 0.05) and plasma Cmax
of hydroxytyrosol sulphate, a metabolite of OOPC 2 h postprandial (P=0.05). After FVOO ingestion,
oxidised LDL decreased (P=0.010) in an inverse relationship with IRH AUC values (P=0.01). FVOO
provided more benefits on endothelial function than a standard natural virgin olive oil in pre- and
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1. Introduction

The Mediterranean diet, in which olive oil (00) is the main
source of fat, has been shown to be protective against cardiovascu-
lar diseases (Lopez-Miranda et al., 2010). Apart from oleic acid,
olive oil contains many bioactive components including polyphe-
nols. In human studies, olive oil rich in polyphenols has been
shown to improve antioxidant and anti-inflammatory effects, and
to reduce the proliferation of cell adhesion molecules, compared
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http://dx.doi.org/10.1016/j.foodchem.2014.06.107
0308-8146/@ 2014 Published by Elsevier Ltd.

with low-polyphenol olive oils (Covas, 2007: Fité, De la Torre &
Covas, 2007; Lopez-Miranda et al, 2010). In 2011, the European
Food Safety Authority (EFSA) endorsed a claim regarding the effec-
tiveness olive oil polyphenols (5 mg/day) in protecting low-density
lipoprotein (LDL) from oxidation (EFSA Panel, 2011).

Oxidative stress-mediated endothelial dysfunction is one of the
characteristic features of essential hypertension (Ghiadoni, Taddei,
& Virdis, 2012) and is one of the first pathological signs of athero-
sclerosis (Celermajer, Sorensen, Bull, Robinson, & Deanfield, 1994).
In human studies, an improvement in endothelial function has
been observed after the consumption of dietary flavanols (Balzer
et al., 2008; Heiss et al, 2010) or natural virgin 00 (VOO) versus
a very low-polyphenol content oil (Ruano et al,, 2005). The concen-
tration of PC (PC) in an OO depends on factors such as the cultivar,
climate, and ripeness of the olives at harvesting as well as agro-
nomic and technologic aspects of oil preparation. A good strategy
to ensure an optimal intake of polyphenols through the habitual
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diet is to enrich VOO with their own polyphenols (Suarez, Romero,
Ramo, Macia, & Motilva, 2009). Also, although a recognised healthy
food, 00 cannot and should not be consumed in large quantities.
Thus, enrichment of 00 with its PC is a way of increasing its
health-promoting properties whilst consuming the same or less
fat. Currently, functional foods are developed to improve the prop-
erties of natural food components. However, functional foods must
be tested in human clinical intervention trials with an appropriate
design.

Endothelial-dependent vasodilatation is impaired during the
postprandial state (Ghiadoni et al, 2012). Our aim was to test
whether a high-polyphenol content functional virgin olive oil
(FV0O0) enriched with its own polyphenols, improved endothelial
function in pre- and hypertensive subjects beyond the effects
observed after the intake of a standard virgin olive oil (VOO) with
moderate polyphenol content, in a postprandial randomised, cross-
over, controlled trial.

2. Materials and methods
2.1. 00 characteristics

FVOO was prepared by the addition of a phenolic-rich extract
(oleuropein complex or secoiridoids: 89.4%; hydroxytyrosol, tyro-
sol and phenyl alcohols: 3.5%; and flavonoids, 6.0%), obtained from
the olive cake, to a natural VOO as previously described (Suarez
et al., 2011). Briefly, olive cake phenolic extract (7 mg/mL oil)
and 0.3% (p/v) of lecithin (Emulpur; Cargill, Barcelona, Spain) were
dissolved in ethanol-water (50/50, v/v), and added to VOO, until
fully homogenised, using a Polytron (Kinematica, Littau, Switzer-
land). To ensure the oils were as close as possible in composition,
lecithin was added to VOO at the same concentration. Total poly-
phenol content of the 00s was 289 and 961 mg/kg oil for VOO
and FVOO, respectively, measured by ultraperformance liquid
chromatography coupled to a tandem mass detector (UPLC-ESI-
MS/MS) as previously described by Sudrez et al. (2011), Fatty acids
were measured by gas chromatography. Table 1 shows the compo-
sition of the O0s used in the study.

2.2. Participants

Between January and July 2009, 22 participants (aged
20-75 years old) were recruited through a volunteer center

Table 1
Characteristics of the olive oils administered.
Voo OO

Quality parameters
Free acidity, % of oleic acid 019 026
Perexide value, mEqO,/kg 16.76 610

Fatty acids, % of total
Monounsaturated 72 72
Polyunsaturated 1n n
Saturated 17 17

Total polyphenols, mgfkg of alive oil 289 961
Free hydroxytyrosol 037 6.64
Free tyrosol 1.03 87
Secoroid derivatives 123 680
Vanillic acid 037 394
p-Coum 0.08 084
Vanillin 016 144
Pinoresinal 16 173
Luteolin 1.44 628
Apigenin 027 0.80

Abbreviations: VOO, natural virgin olive oil: FVOO, polyphenal enriched virgin olive
oil.

database. Participants were community dwelling with pre-hyper-
tension (systolic blood pressure (SBP) >120-139 mmHg, and/or
diastolic blood pressure (DBP) >80-89 mmHg) or stage 1 hyper-
tension (SBP >140-159 mmHg and/or DBP >90-99 mmHg
(Chobanian et al., 2003), but not receiving anti-hypertensive treat-
ment. This population was chosen because hypertensive patients
have been shown to have a high degree of oxidative stress, which
plays a key role in endothelial functionality (Fatehi-Hassanabad,
Chan, & Furman, 2010). Exclusion criteria included: LDL cholesterol
>4.9 mmol/L, triglycerides (TG) >3.97 mmol/L, or current hypolipe-
mic treatment; diabetes mellitus; any chronic disease; and body
mass index (BMI) >30kg/m? Participants provided written
informed consent prior to their enrollment in the trial. After a
screening visit, eligibility or exclusion was assessed by the attend-
ing physician on the basis of the clinical records. The study was
approved by the Clinical Research Ethical Committee of the Hospi-
tal Universitari Sant Joan de Reus (Ref 08-04-24/4praj5), Spain.
Protocols were according to the Helsinki Declaration.

2.3. Study design

The trial was randomised, controlled, double-blind and cross-
over. The washout period between interventions was of two
weeks. The randomization plan was generated by using a web site
(http://www.randomization.com) February 11th 2009 at
12:26:02 pm. Participants consumed 30 mL of each olive oil, VOO
or FV0O, with bread (80 g; Fig. 1). The day before the intervention
participants followed a polyphenol-free diet avoiding 00, olives,
fresh fruit or juices, vegetables, legumes, soya, chocolate, coffee,
tea, wine, and beer. One day polyphenol-free diet washout is
enough, as our group has already demonstrated that after 5 h of
ingestion of VOO, phenolic compounds in plasma reached basal
concentration (Suarez et al, 2011). The peak of hydroxytyrosol in
plasma after 25 mL VOO ingestion is 53 min, the half-life being
around 2.4 h (Miré-Casas et al., 2003). During the week before
the first test and the washout period (two weeks), the percentage
of saturated fatty acids (SFA) in the diet was 10% within an isoca-
loric diet calculated using the Harris-Benedict equation and
according the guidelines on cardiovascular disease prevention
(Graham er al., 2007; Grundy et al., 2004). Compliance with the
stabilization diet was assessed using a 3-day dietary record (2
working days and a holiday or weekend one) before the interven-
tion day. Dieticians explained how these questionnaires should be
completed. Participants were instructed to avoid intense physical
activity three days prior to the intervention day. Physical activity
was evaluated by the Minnesota Leisure Time Physical Activity
Questionnaire validated for use in Spanish men and women
(Elosua, Marrugat, Molina, Pons, & Pujol, 1994; Elosua et al.,
2000). Anthropometric data were obtained by standardised meth-
ods, After 15 min of rest, three times at one-minute intervals using
an automatic sphygmomanometer (OMRON HEM-907; Peroxfar-
ma, Barcelona, Spain). Venous blood was collected at the baseline
(0h) and ar several time points after olive oil administration
(Fig. 1). Serum and plasma were obtained by centrifugation of
blood at 1500g at 4 °C for 20 min and stored at —80 °C.

2.4. Endothelial function

Endothelial-dependent vasomotor function was measured as
ischemic reactive hyperemia (IRH) using a Laser-Doppler linear
Periflux 5000 flowmeter (Perimed AB, Jarfilla, Stockholm, Sweden).
Measurements were performed with the patient lying in the
supine position in a room with stable temperature (20-22 °C).
Patients were at rest for 15-20 min before the test. The blood pres-
sure cuff (Big Ben floor desing, Riester GmbH, Jungingen, Germany)
was placed above the elbow of the dominant arm, while the laser

108



Results

32 Rosa-M. Valls et al. /Food Chemistry 167 (2015) 30-35

Washout period: 2 weeks

Very High (FVOO)

High (CVOQ) | Cross-over design
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Fig. 1. Study design. 00 PC, olive ail phenolic compounds; FVOO, functional virgin olive oil; VOO, virgin olive oil; [RH, ischemic reactive hyperemia.

probe was attached to the palmar surface of the second finger.
After a 5min resting period, basal capillary flow was measured
for 1 min (tp). Thereafter, 4 min distal ischemia was induced by
inflating the cuff to suprasystolic pressure (220 mmHg). Subse-
quently, the cuff was deflated and, after 30 s, the flow was recorded
during 1 min (t,). Data were recorded and stored using the PeriSoft
2.5 software for Windows. The system monitor showed how the
perfusion units (PU) fell regularly to reach comportment equal or
similar to the basal situation. Results were expressed as arbitrary
units (AU). Measurements were performed at baseline and at 2 h,
4 h, and 5 h after OO intake (Fig. 1). Calculations were performed
using the formula: IRH =((PUty— PUtp)/PUty) = 100). The IRH
value of the area under the curve (AUC) was calculated using
Microsoft Excel for pharmacokinetic functions.

A reproducibility assay in a preliminary study, performed in ten
healthy subjects with measurements two weeks apart, showed an
inter-study variability of 9.05%. A total of 10 measurements within
the same day in a healthy volunteer rendered an intra-study vari-
ability of 8.5%.

2.5. Systemic biomarkers

Cardiovascular risk biomarkers were measured at baseline (0 h)
and at2 h, 4 h, and 5 h after OO0 intake (Fig. 1). Serum total choles-
terol, TG, HDL cholesterol, high sensitivity C-reactive protein
(hsCRP), insulin, and glucose were measured by standardised
methods using a Beckman autoanalyzer (Beckman Coulter-Syn-
chron, Galway, Ireland). LDL cholesterol was calculated by the
Friedewald formula (Friedewald, Levy, & Fredrickson 1972),
Plasma EDTA circulating oxidised LDL (oxLDL; Mercodia AB, Upp-
sala, Sweden), vascular cell adhesion molecule type 1 (VCAM-1)
and intercellular adhesion molecule type 1 (ICAM-1) (R&D Sys-
tems, Minneapolis, USA) were measured by ELISA. Plasminogen
activator inhibitor type 1 (PAI-1) (Technoclone GmbH, Vienna,
Austria) was measured in citrate plasma using ELISA kits.

Plasma 00 polyphenols and their biological metabolites were
measured by UPLC-MS/MS (Sudrez et al, 2011) at baseline (0 h)
and after 1h, 2h, 4h,and 5 h.

2.6. Sample size and power analysis

A sample size of 13 participants allows at least greater than or
equal to 80% power to detect a statistically significant difference
between groups of 10 Units of IRH, assuming a dropout rate of

15% and a type I error of 0.05 (two-sided). The common standard
deviation of the method is 11 Units (Ruano et al., 2005).

2.7. Statistical analyses

The test for normality of continuous variables, Pearson’s corre-
lation analyses, general linear models and paired Student t-test
were performed using SPSS 17.0 software (SPSS Inc, Chicago, IL,
USA). Mixed models were performed using SAS software (version
9.1.3; SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. Study population

From the 22 participants recruited, 16 were eligible. Three par-
ticipants dropped out before starting the study due to an incom-
patible work timetable, and 13 participants (7 men and 6
women) completed the study. Participants’ baseline characteristics
are shown in Table 2. No differences in baseline characteristics
were observed between the two sequences of 00 administration.
No changes in blood pressure, weight, dietary habits, and physical
activity were registered throughout the study.

3.2. Endothelial function

The postprandial time-course changes in IRH after ingestion of
the OOs is shown in Fig. 2. IRH time-course increased in a linear

Table 2

Baseline characteristics of the participants.
Variable Mean (SD)
Gender, male/female 716
Age (years) 50.6 (16.9)
Body mass index (kg/m*) 257 (1.7)
Waist circumference (cm) 79.0 (6.0)
SBP (mmHg) 139 (13.6)
DBP (mmHg) 84 (102)
Total cholesterol (mmol/L) 5.06 (0.75)
LDL cholesterol (mmol/L) 2.84 (0.69)
HDL cholesterol {(mmol/L) 1.70 (0.40)

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood
pressure; LDL, low density lipoprotein; HDL, high density
lipoprotein.
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Fig. 2. Ischemic reactive hyperemia (IRH) at postprandial, after the intake of virgin olive il (VOO) and functional olive oil enriched with its own phenolic compounds (FVOQ).

*P< 0.05 versus baseline; 'P < 0.05) versus VOO at the same time-point.

trend after FVOO ingestion from baseline to 5h postprandial
(P=0.022). In this case, IRH increased more than three- and four-
fold at 4 h and 5h respectively compared to 2 h postprandial.
‘When comparing both interventions, IRH values at 4h postpran-
dial after FVOO were significantly higher than those after VOO.
An inverse relationship was observed only for IRH AUC and oxLDL
plasma concentrations at 5 h after FVOO intake (P=0.014).

3.3. Systemic biomarkers

The time-course of the systemic cardiovascular risk biomarkers
is shown in Table 3. No carryover effect between the two interven-
tion periods was detected. The postprandial increase in glucose
and TG at 2 h was less following consumption of FVOO than VOO
ingestion. Plasma oxidised LDL decreased in a linear trend after
FVOO intervention (P=0.010). Moreover, oxLDL concentrations
after FVOO intake were significantly lower than baseline values
in each time-point. Regarding VOO, only at 5 h after the intake,
oxLDL values resulted statistically lower than its baseline. A
decreasing linear trend was observed in PAI-1 and hsCPR concen-
trations after VOO (P < 0.05) and FVOO (P <0.01). At 4 h postpran-
dial, PAl concentration was lower after FVOO versus VOO
treatment (P<0.05). As shown in Table 3, no changes were
observed in VCAM and ICAM. Also, no changes were observed in
LDLc, HDLc or total cholesterol (data not shown). Hydroxytyrosol
sulphate levels, the main biological metabolite of hydroxytyrosol,
increased in a dose-dependent manner with the polyphenol con-
tent of the 00 administered (FVOO or VOO). Similar kinetic trend
was observed after both oils intake, as Hydroxytyrosol sulphate
detected in plasma reached maximal levels at 2 h (P<0.05) and
these levels decreased to basal values at 5 h after oils intake. Nev-
ertheless, FVOO produced higher Hydroxytyrosol sulphate levels
than VOO at 1 and 2 h after the intake (P <0.05) (Fig. 3).

4. Discussion

Our study shows that virgin OO enriched with its own PC
(FV0O0) can offer additional health benefits, as determined by
human endothelial function, during the postprandial phase com-
pared with a standard VOO with moderate polyphenol content.
Postprandial values for glucose, TG and PAI-I were lower after
FVOO in comparison with VOO ingestion. FVOO consumption
improved the postprandial endothelium-dependent microvascular
dilatation in patients with pre- and stage-1 hypertensive status in
comparison with VOO.

Several studies have addressed the relationship between high
versus low polyphenol intake and endothelial function assessment.
Flavonoid consumption has been shown to improve the endothe-
lial function, after both acute and sustained consumption in dia-
betic (Balzer et al., 2008) and coronary heart disease patients
(Heiss et al., 2010). 00 polyphenols have been shown to improve
endothelial function in hyperlipemic (Ruano et al, 2005) and
hypertensive (Moreno-Luna er al.,, 2012) patients. We performed
a study comparing the benefits of a functional versus a natural
VOO on endothelial function. We tested the effect of a FVOO versus
anatural VOO. A meal containing high-phenolic VOO improves IRH
during the postprandial state. This phenomenon might be medi-
ared via reduction in oxidative stress and the increase of nitric
oxide metabolites (Ruano et al. 2005).

In Western populations, we spend most of the time in a non-
fasting state, with continuous fluctuations in plasma lipids
throughout the day. Postprandial state is an active field of research
in cardiovascular disease due to evidence indicating it influences
on cardiovascular risk. Postprandial lipemia has been recognised
as a risk factor for atherosclerosis development as it is associated
with oxidative changes (Lopez-Miranda et al., 2006: Roche &
Gibney, 2000). After a high-fat meal, oxidative stress occurs that
has been linked with concomitant impairment in the endothelial
function (Ceriello et al., 2002). However, the consumption of fatty
meals with sources of antioxidants, such as red wine (Natella,
Ghiselli, Guidi, Ursini, & Scaccini, 2001) or vitamin C (Ling et al.,
2002), has been shown to minimise postprandial oxidative stress.

In our pre-and hypertensive patients, consumption of FVOO
reduced the postprandial hyperglycemia and hypertriglyceridemia
peak in comparison with VOO. In agreement with this, a reduction
of the LDL oxidation and inflammatory biomarkers was observed
after FVOO versus VOO. Circulating oxLDL, one of the recognised
methods for measuring oxidative damage mediated by reactive
oxygen species, has been reported to be a predictor for develop-
ment of cardiovascular disease (Meisinger, Baumert,
Khuseyinova, Loewel, & Koenig, 2005). OxLDL produces pro-ath-
erogenic effects in endothelial cells by inducing the expression of
adhesion molecules, stimulating apoptosis, inducing superoxide
anion formation, and impairing protective endothelial nitric oxide
formation (Yu, Wong, Lau, Huang, & Yu, 2011). As we have previ-
ously reported, acute and sustained OO consumption, decrease
oxLDL and hsCRP, linked to the polyphenol content of the 0O, in
healthy volunteers (Covas et al.,, 2006a, 2006b) and in stable coro-
nary heart disease patients (Fito et al., 2005, 2008). The protection
against LDL oxidation linked to FVOO consumption in this study
could be mediated by the increase in 00 PC metabolites (i.e.
hydroxytyrosol sulphate) observed in plasma. In previous studies,
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Table 3

Postprandial time-course of systemic biomarkers after virgin olive oil (VOO) and polyphenol-enriched virgin olive oil (FV0O).

Variable Intervention Baseline 2h 4h 5h P linear trend
Glucose (mmoljL) voo 5.44(0.51) 6.31(1.57)' 5.19 (0.58) 5.07 (0.35)' 0.006
FVOO 5.37(0.34) 6.08 (1.07)"* 5.04 (041)' 5.07 (0.31) 0.001
Insulin (pmoL/L) Voo 36.7 (1.41) 99.4 (1.83)' 35.4 (2.09) 24.0 (1.80)' <0.001
FVoo 362 (141) 1029 (1.89) 30.2 (1.41) 23.1(1.55) <0.001
Triglycerides (mmol/L)" voo 1.03(1.61) 1.39 (1.62)' 1.29 (1.76) 1.17 (1.63) 0.008
FV0O 0.98 (1.69) 129 (1.82)"* 1.32(L77) 1.40 (1.71)' 0.002
Oxidised LDL (UJL) Voo 6929 (18.37) 67.27 (11.61) 69.01 (22.59) 63.30 (14.09) 0.057
FVoo 70.59 (15.51) 67.71 (17.31) 66.75 (15.49)' 65.41 (16.39) 0.010
ICAM-1 (ng/mL)" Voo 170.51 (1.25) 167.83 (1.25) 165.87 (1.35) 164.47(1.29) 0.192
FVoo 165.40 (1.25) 16139 (1.32) 17030(1.37) 170.61 (1.31) 0,135
VCAM-1 (ngjmL) voo 612.29 (97.68) 609.56 (107.77) 62627 (123.69) 635.71(129.95) 0.180
FVOO 633.28 (112.85) 589.70 (118.49)' 609.65 (107.58) 601.32 (97.29) 0270
PA1-1 (ng/mL)’ Voo 13.18 (2.31) 14.40 (2.55) 6.56 (1.79) 7.40 (1.59) 0022
FVoo 1294 (2.34) 9.19 (1.55) 6.05 (2.09)"* 6.95 (1.81)' 0.002
hsCRP (ng/mL)’ Voo 0.71(2.31) 0.66 (2.27)' 065 (2.30)' 066 (2.25) 0.029
[a%e]e) 0.72(1.85) 0.66 (1.84)' 0.64(1.87) 0.64(1.84)' 0.006

Abbreviations: ICAM, inter-cellular adhesion molecule-1; VCAM-1, vascular cell adhesion molecule-1; PAI-l, plasminogen activator inhibitor-1; hsCRP, high sensitive

C-reactive protein.
Values expressed as mean (SD).

* Non normal variables are expressed by Geometric mean (logSD). General linear mixed model.

! P<0.05 versus baseline.
* P<0.05 between treatments at the same time point.

==k VOO ——FVOOD

Hydroxytrosol sulphate (p

o 50 100 150 200 250 300

Time at postprandial (min)

Fig. 3. Time-course of plasma concentrations of hydroxytyrosol sulphate (umol/L)
in human plasma after the intake of virgin olive oil (VOO) and functional olive oil
enriched with its own phenalic compounds (FVOO0). *P <0.05 versus baseline; "
P<0.05 versus VOO at the same time-point.

we have observed a direct relationship between an increase in
tyrosol and hydroxytyrosol concentrations in human plasma, after
VOO ingestion, and LDL polyphenol content (Covas et al., 2006b),
which has been shown to be inversely related to the degree of
LDL oxidation (de la Torre-Carbot et al., 2010).

The term endothelial dysfunction implies the loss of homeosta-
sis resulting from the complex interaction of vasodilatory and
vasoconstrictive factors, on which diet exerts a crucial influence
(Nettleton et al., 2006; Turner, Belch, & Khan, 2008). Generally,
the literature is consistent with oxidative stress contributing to
the five characteristic microvascular responses to inflammation,
namely vasomotor dysfunction (impaired vessel dilation and con-
striction), leukocyte recruitment, increased vascular permeability,
angiogenesis, and thrombosis (Nettleton et al., 2006). In the pres-
ent study, improvement in endothelial function, reflected in an
increase in IRH after FV0O, was inversely related to LDL oxidative
damage. Thus, a reduction in both oxidative stress (decreased oxi-
dative damage to LDL) and resulting inflammation could account
for the improvement in the endothelial function observed after
FVOO ingestion. Our results point to a key role for polyphenols in
the improvement of the endothelial function in the pre- and hyper-
tensive patients.

One strength of the study is its design. Randomised, controlled,
clinical trials are able to provide first hand scientific evidence. The

crossover design, in which each subject acts as their own control,
minimises interferences from possible confounding factors unique
to the individual. Our design, however, did not allow modelling of
any first- and second-order carryover effects. One potential limita-
tion of the study was that, despite the blinding, some participants
might have identified the type of OO ingested because of their
organoleptic characteristics. Another limitation is the inability to
assess potential interactions between the oils and other diet com-
ponents, although the controlled diet followed during the washout
period should have limited the scope of these interactions.

In summary, the FVOO enriched with its own PC improved
human endothelial function compared with VOO. The observed
increase in biological metabolites of 00 PC in plasma, hydroxytyro-
sol sulphate, together with decreased oxLDL, suggest possible
mechanisms explaining the improved endothelial function after
ingestion of the polyphenol-enriched FV0O. Based on these results,
FVOO could be a useful tool for improving endothelial function in
hypertensive individuals.
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In summary, after a sustained consumption of a FVOO enriched with its own PC
(FVOO:; 500 ppm) and plus additional complementary PC from thyme (FVOOT;
500 ppm) versus a natural VOO (80 ppm), improved HDL characteristics related
to H DL f unctionality, i nhi percholesterolemic s ubjects. A r andomized,
crossover, doub le-blind, ¢ ontrolled t rial w as de signed. A rise in E C/FC and
PL/FC in HDL were observed after FVOOT intervention versus VOO ingestion
and FVOO one. Whereas HDL,-subclass increased after FVOOT consumption
versus its baseline and versus VOO one, HDL;-subclass decreased after FVOOT
intervention compared with its baseline. In accordance, L CAT mass increased
also a fter F VOOT ingestion. F urthermore, an i mprovement in H DL oxi dative
status was reflected in an increment of PON activity after FVOOT intervention
compared withits baseline. HDL subclass di stribution s howed ¢ ross-linked
correlations w ith H DL ¢ omposition and w ith H DL metabolism e nzymes a fter
OO in terventions. I n a ddition, H DL-C concentration i ncreased a fter F VOOT

intervention in the volunteers without hipolipidemic medication.
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Complementary phenol-enriched olive oil improves HDL
characteristics in hypercholesterolemic subjects.

A randomized, double-blind, crossover, controlled trial.
The VOHF study
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Scope: Consumption of olive oil (O0O) phenolic compounds (PCs) has beneficial effects on Received: January 15, 2015
lipid profile. HDL functionality is currently considered to be a more important issue than its Revised: March 31, 2015
circulating quantity. Our aim was to assess whether functional virgin olive oils (FVOOs), one Accepted: May 6, 2015

enriched with its own PC (500 ppm; FVOO) and another with OOPC (250 ppm) plus additional
complementary PCs from thyme (250 ppm) (total: 500 ppm; FVOOT (functional virgin olive oil
with thyme}), could improve HDL functionality related properties versus a virgin OO control
(80 ppm; VOO).

Methods and results: In a randomized, double-blind, crossover, controlled trial, 33 hyperc-
holesterolemic volunteers received 25 mL/day of VOO, FVOO, and FVOOT during 3 wk. HDL
cholesterol increased 5.74% (p < 0.05) versus its baseline after the FVOOT consumption in
the participants without hypolipidemic medication. We detected, after FVOOT consumption,
an increase in HDL,-subclass (34.45, SD = 6.38) versus VOO intake (32.73, SD = 6.71). An
increment in esterified cholesterol/free cholesterol and phospholipids/free cholesterol in HDL
was observed after FVOOT consumption (1.73, SD = 0.56; 5.44, SD = 1.39) compared with
VOO intervention (1.53, SD = 0.35; 497, SD = 0.81) and FVOO intervention (1.50, SD = 0.33;
4.97, 8D = 0.81). Accordingly, lecithin-cholesterol acyltransferase mass increased after FVOOT
consumption (1228 pg/mL, SD = 130), compared with VOO consumption (1160 pg/mL, SD=

terol; FVOO, functional virgin olive oil; FVOOT, functional vir-

Correspondence: Montserrat Fito Colomer gin olive oil with thyme; HDL-C, HDL-cholesteral; LCAT, lecithin-
E-mail: mfito@imim.es cholesterol acyltransferase; 00, olive oil; PA, physical activity;
Abbreviations: ApoA-l, apolipoprotein A-l; CETP, cholesteryl- PAF-AH, platelet-activating factor acetylhydrolase; PC, phenolic
ester transfer protein; CHD, coronary hearh disease; DHR, di- compound; PL, phospholipids; PON, paraoxonase/arylesterase;
hydrorhodamine 123; EC, esterified cholesterol; FC, free choles- TC, total cholesterol; TG, triglyceride; VOO, virgin olive oil
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144). Animprovement in HDL oxidative-status was reflected after FVOOT consumption versus
its baseline, given an increment in the paraoxonase activity (118 x 10° U/L, SD = 24).

Conclusion:

FVOOT improves HDL-subclass distribution and composition, and

metabolism/antioxidant enzyme activities. FVOOT could be a useful dietary tool in the man-

agement of high cardiovascular risk patients.

Keywords:

Functional virgin olive oil / HDL composition / HDL subclass / Lecithin-cholesterol

acyltransferase (LCAT) / Paraoxonase/arylesterase (PON)

1 Introduction

Olive oil (O00) phenolic compounds (PCs) exert antioxidant,
anti-inflammatory properties, and chemoprotective activity
in experimental studies [1]. Moreover, OOPCs induce favor-
able changes in lipid profile, improve endothelial function,
modify the hemostasis, and have antithrombotic properties
in humans [2-4]. Data from human studies show that OOPCs
are protective against risk factors for coronary heart disease
(CHD), particularly in individuals with oxidative stress [5-7].
HDL cholesterol (HDL-C) levels are inversely and indepen-
dently related with cardiovascular disease [8]. Low levels of
HDL-C are the most characteristic lipid feature in individu-
als with premature CHD [9]. Currently, pharmacological or
natural agents, which can increase HDL-C levels, are being
considered as key factors for future therapies [10]. Despite sig-
nificant increases in HDL-C concentration through nicotinic
acid, and cholesteryl-ester transport protein (CETP) inhibitor,
these studies have been discontinued due to ineffectiveness
or increased risk of mortality [11-13]. The unexpected associa-
tion of torcetrapib, an agent that increases plasma HDL-C and
also cardiovascular mortality, has led not only to the discon-
tinuation of further trials involving this drug [13], but also to
considering the functional quality of HDL as being a more im-
portant issue than its circulating quantity. In addition, Voight
et al. recently reported in a Mendelian randomization study
that an increase in HDL-C concentration does not imply a
reduction in the risk of suffering a myocardial infarction [14].

Results from the EUROLIVE study showed an increase in
HDL-Clevels, and a decrease in in vivo lipid oxidative damage,
in a dose-dependent manner with the phenolic content of the
OO0 administered [15]. Furthermore, we provided for the first
time a first-level evidence of an HDL function enhancement
by a virgin olive oil (VOO) in healthy humans [16]. In addition,
our group recently reported that OOPCs enhance cholesterol
efflux related genes in pre/hypertensive subjects [17]. In this
sense, Helal et al. reported in a linear, nonrandomized, and
noncontrolled trial that VOO consumption improved the ca-
pacity of HDL to mediate cholesterol efflux [18]. Moreover,
some animal and humans studies have reported that OO has
effects on some parameters related to HDL functionality [19].

PC-rich foods, without increasing the amount of fat con-
sumed, could have a dual action because antioxidants could
also revert to pro-oxidants [20-22]. Functional food with com-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

plementary antioxidants, according to their structure/activity
relationship, could be a suitable option to obtain beneficial
effects avoiding these harmful ones. Our aim was to test
whether enriched VOOs (FVOOs (functional virgin olive oils);
500 ppm), one enriched with its own PC (FVOO) and another
with them plus additional complementary PCs from thyme
(FVOOT (functional virgin olive oil with thyme)), could im-
prove properties related with a better low cardiovascular risk
HDL profile, such as HDL size, metabolism, antioxidant sta-
tus, and composition.

2 Materials and methods
2.1 0O preparation and characteristics

VOO with a low phenolic content (80 ppm) was used as a
control condition and as a matrix of enrichment to prepare
two FVOOs (500 ppm). FVOO (500 ppm) was enriched with
its own PCs by addition of a phenol extract obtained from
freeze-dried olive cake. FVOOT (500 ppm) was enriched with
its own PC and complemented with thyme phenolics us-
ing a phenol extract obtained from a mixture of freeze-dried
olive cake and dried thyme. Hence, FVOOT contained 50% of
olive PC and 50% of thyme phenolics (Fig. 1). The PCs con-
tent is the main difference among the three 0Os, being the
fatty acids and fat-soluble micronutrients very similar among
them. The FVOO presents the highest amount of hydroxyty-
rosol derivatives, whereas the FVOOT presents the highest
amount of flavonoids, lignans, and it is the only OO with de-
tectable monoterpenes. The procedure to obtain the phenolic
extracts and enriched oils has been published [23]. For the
wash-out period, a common QO kindly provided by Borges
Mediterranean Group was used. The total phenolic content
of 00s was determined by Folin-Ciocalteu method [24]. The
phenolic profile of the 0Os was analyzed by ultraperformance
LC-MS/MS [25].

2.2 Study design
The VOHF (Virgin olive Oil and HDL Functional-
ity) study was randomized, double-blind, crossover, con-

trolled trial with 33 hypercholesterolemic volunteers
{total cholesterol (TC) = 200 mg/dL); (19 men), aged 35-80.
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Voo FVoO FVOoOT
e 3
COMPOUNDS (mg/25 mLiday
hydroxytyrosol | 0.01.£0.00 0212002 012£000
34-DHPEA-AC nd. 0842008 0392004

34-DHPEA-EDA | 004 £0.00 8731037 3432029
J4DHPEA-EA| 0262004 0712008 | 0382003

Total HT derivates 0.30 [ 430
s-hydroxybenzoic acid nd 002:000 | 0002000
vanilic acd nd. 0072000 | 0132001
‘cafteic acid nd. 0002000 | 0062000
rosmannic acd nd nd. 0412003
Total phenelic acids - 0.08 e
hymol nd na. 0842008
carvacrol nd. nd. 0232002
Total monoterpenes | - . 0.88
luteoin| 0042000 | 0182002 | 0212002
apsgenin 0022000 0.06 £0.00 0102000
narngenin | nd nd. 0202002
snodictyol nd na. 0172001
thymusin nd nd 1222000
xanthomicrol nd nd 05320068
7. nd nd 0532008
Total o.08 023 2.95
___pinovesnol] 0652000 | 0124000 | 010005
acoto inol| 2472019 | 366031 | 3242028

Total lignans 52 178 1

3200 3402002 3442001

lutein | 0.0520.00 0.08 £ 0.00 008000
0.02.£0.00 0.03 £0.00 0.02 £ 0.00

pearotene|  0.0120.00 0022000 | 002£000

Paimitec acd 1121 1120 1.21
‘Steanc acd 182 19 [
Araquidic acid 038 [E] 0.4

Behenic acd (X1 011 [E
Total saturated 1175 13.74 1375
Paimviolec acid 070 o7 088
Oteic acid TET4 7883 7875
Gadoiewe acid [¥i] [Fi] 0ar
Tota ns 771 77.80 fiA7]
Lincisic acid 743 7% 743
Timnodonic acid @38 038 035
Linglenic acid 043 043 043
Total polyunsaturated | 822 815 822

Figure 1. Chemical characterization of VOHF study olive oils. Val-
ues are expressed as means + SD of mg/25 mL oil/day. The acidic
composition is expressed as relative area percentage.
Abbreviations: VOO, virgin olive oil; FVOO, functional VOO en-
riched with its own phenolic compounds; FVOOT, functional VOO
enriched with its own phenolic compounds plus additional com-
plementary ones from thyme; 3,4-DHPEA-AC, 4-(acetoxyethyl}-
1,2-dihydroxybenzene; 3,4-DHPEA-EDA, dialdehydic form of
elenolic acid linked to hydroxytyrosol; 3,4-DHPEA-EA, oleuropein
aglycone.
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Exclusion criteria included the following: BMI = 35 kg/m?,
smokers, athletes with high physical activity (PA;
=3000 kecal{day), diabetes, multiple allergies, intestinal dis-
eases, or other disease or condition that would worsen the
adherence to the measurements or treatment. The study was
conducted at IMIM-Hospital del Mar Medical Research Insti-
tute (Spain) from April to September 2012.

Subjects were randomized to one of three orders of
administration of raw 0Os (1-VOO, 2-FVOO, 3-FVOOT):
Sequence 1-FVOO, FVOOT, VOO: Sequence 2-FVOOT,
VOO, FVOO; Sequence 3-VOO, FVOO, FVOOT. In the
crossover design, intervention periods were of 3 wk with an
ingestion of 25 mlL/day raw OO distributed along meals and
preceded by 2-wk wash-out periods with a common QO.

To avoid an excessive intake of antioxidants and PCs dur-
ing the clinical trial period, participants were advised to limit
the consumption of polyphenol-rich food. PA was evaluated
by a PA-Questionnaire at the baseline and at the end of the
study. A set of portable containers with the corresponding
25 mL of OO for each day of consumption were delivered to
the participants at the beginning of each OO administration
period. The participants were instructed to return the con-
tainers to the center after the corresponding 00O consump-
tion period in order to register the amount of 0O consumed
in the period. Subjects with less than 80% of treatment ad-
herence (=5 full 0O containers returned) were considered
noncompliant volunteers for this treatment.

The present clinical trial was conducted in accordance
with the Helsinki Declaration and the Good Clinical Practice
for Trials on Medical Products in the Furopean Community.
All participants provided written informed consent, and the
local institutional ethics committees approved the protocol
(CEIC-IMAS 2009/3347 [1). The protocol is registered with the
International Standard Randomized Controlled Trial Register
(www.controlled-trials.com; ISRCTN77500181) and followed
CONSORT guidelines.

2.3 Dietary adherence

Twenty-four-hour urine was collected at the start of the study
and before and after each treatment. Urine samples were
stored at—80°C prior to use. We measured urinary hydroxyty-
rosol sulfate and thymol sulfate as biomarkers of adherence to
the type of OO0 ingested in urine by ultra-HPLC-ESI-MS/MS
[26]. A 3-day dietary record was administered to the partici-
pants at baseline and before and after each intervention pe-
riod. A nutritionist personally advised participants to replace
all types of habitually consumed raw fats with the OOs, and
to limit their polyphenol-rich food consumption.

2.4 Systemic hiomarkers analyses
Blood samples were collected in fasting state at least of
10 h at the start of the study and before and after each

treatment. Plasma samples were obtained by centrifugation
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of whole blood directly after being drawn and were pre-
served at —80°C until use. EDTA-plasma glucose, TC,
and triglyceride (TG) levels were measured using stan-
dard enzymatic automated methods and, apolipoprotein A-1
(ApoA-l) and apolipoprotein-B100 by immunoturbidimetry,
in a PENTRA-400 autoanalyzer (ABX-Horiba Diagnostics,
Montpellier, France). HDL-C was measured as a soluble
HDL-C determined by an accelerator selective detergent
method (ABX-Horiba Diagnostics). LDL-C was calculated
by the Friedewald equation whenever TGs were less than
300 mg/dL. EDTA-plasma glutathione peroxidase activity
was assessed through glutathione oxidation-reduction mea-
sured by a Paglia and Valentine method modification using
cumene hydroperoxide as oxidant of glutathione (Ransel RS
505, Randox Laboratories, Crumlin, UK) [27]. Enzymatic ac-
tivity of CETP (MBL, Woburn, MA, USA) and mass concen-
tration of lecithin-cholesterol acyltransferase (LCAT) (Amer-
ican Diagnostica GmbH, Pfungstadt, Germany) were ana-
lyzed in serum by fluorimetric kits. Platelet-activating factor
acetylhydrolase (PAF-AH) activity was measured in serum
(Cayman Chemical, Ann Arbor, MI, USA). Finally, paraox-
onase/arylesterase (PON) activity was determined in serum
through the measurement of the capacity for cleavage of
phenyl acetate resulting in phenol formation (Zeptometrix
Corporation, Buffalo, NY, USA). A fluorimetric methodology
based on the oxidation of HDL particle in the presence of
dihydrorhodamine 123 (DHR) by measuring increasing flu-
orescence due to the production of reactive oxygen species
over time was performed according to previous work [28].
The products of redox cycling are detected as time-dependent
oxidation of the flucrogenic probe DHR to fluorescent rho-
damine 123. The rate of DHR oxidation in the presence of
HDL reflects the antioxidant activity of the particle.

2.5 HDL subclass distribution and composition
analyses

HDL-subclass distribution was measured in plasma by the
Lipoprint-HDL System (Quantimetrix, Manhattan Beach,
CA, USA), in which following electrophoresis, lower den-
sity lipoproteins (VLDL, LDL) remain at the beginning of
the band (Rf = 0.0) and the albumin moves to the front (Rf=
1.0). Between these two points, we were able to find up to nine
HDL bands with intermediate Rf values. The first three bands
corresponded to a large HDL subclass (HDL;), and fourth to
ninth bands corresponded to a small HDL subclass (HDLs).
Taking all this into account, we calculated both proportions
of HDL; and HDL; subtypes, as previously described [29].
HDLs were isolated by a density gradient ultracentrifugation
methed [30] using preparation solutions of 1.006 and 1.21
density. TC, free cholesterol (FC), and phospholipids (PL) in
HDL were quantified by using automatic enzymatic methods
(Spinreact, Barcelona, Spain). Esterified cholesterol (EC) was
calculated subtracting FC from TC. TGs were determined in
these samples by automatic enzymatic methods (ABX-Horiba

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Diagnostics). Apo-Al and Apo-All were determined by auto-
matic immuneoturbidimetric methods (ABX-Hariba Diagnos-
tics, and Spinreact, respectively). For assuring the purity of
HDL fractions, apolipoprotein-B100 and albumin levels were
also determined in these samples by automatic immunotur-
bidimetric methods (ABX-Horiba Diagnostics).

2.6 APOE genotyping

DNA was isolated from the buffy coat of blood collected
into EDTA tubes using a standardized method (FlexiGene
DNA Kit; Qiagen). Allelic discrimination of the APOE
gene variants was performed with TagMan PCR technology
(QuantStudio™ 12K Instrument; Applied Biosystems) and
Assay-on-Demand single-nucleotide polymorphism genotyp-
ing assays (Applied Biosystems). The APOE haplotypes
(E2/E2, E2/E3, E2/E4, E3/E3, E3/E4, and E4/E4) were de-
termined from the alleles for the APOE single-nucleotide
polymorphisms rs7412 and rs429358.

2.7 Sample size and power analyses

The sample size of 30 individuals allows at least 80% power
to detect a statistically significant difference among groups
of 3 mg/dL of HDL-C and an SD of 1.9, assuming a dropout
rate of 159 and a Type I error of 0.05 (two-sided).

2.8 Statistical analyses

Normality of continuous variables was assessed by normal
probability plots. Non-normally distributed variables were
log-transformed if it was necessary. Noncompliance volun-
teers were excluded from the analysis. To compare means
(for normal distributed variables) or medians (for non-normal
distributed variables) among groups, ANOVA or Kruskal-
Wallis test were performed, respectively; whereas y* and
exact F-test, as appropriate, were computed to compare pro-
portions, Pearson and Spearman correlation analyses were
used to evaluate relationships among variables. Linear re-
gression models were used to adjust postintervention val-
ues for preintervention values. A general linear model for
repeated measurements was used to assess the effect of
intra- and inter-interventions. To check whether APOE4
carrier genotype modified the results, we tested the inter-
action of this variable (as between individual factor) with
the treatment effect defined as the postireatment value ad-
justed with its pretreatment value (as within individual fac-
tor) in a general lineal model (GLM) for repeated mea-
surements. When interaction p-value was borderline or sig-
nificant with a study variable, this variable was analyzed
without APOE4 carrier participants in GLM for repeated
measurements. A value of p < 0.05 was considered sig-
nificant. Carry-over effect was discarded in all variables.
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Table 1. Baseline characteristics of the participants

Mol. Nutr. Food Res. 2015, 58, 1768-1770

Order 12 (n=11) Order 23 (n=11) Order 38 (n=11) Total® (n = 33) p-Value

General

Sex: man 5 (45.6%) 7 (63.6%) 7 (63.6%) 19 (57.6%) 0.742

Age (years) 54.91 +12.57 5527 +11.88 55.45 +7.84 556.21 + 10.62 0.856

BMI (kg/m?) 25.63 £ 3.68 26.31£5.25 2785+ 4M 26.64 + 454 0.529

Hypolipidemic 7 (63.6%) 91{81.8%) 31(27.3%) 19 (57.6%) 0.047
medication: no

Physical activity 3498.75 1188.75 3322.50 2423.25 0.094
(kcal/wk) (1755.00;8092.50) (742.50;1687.50) (861.25;3663.75) (897.38;4543.75)

Diastolic blood 68.09 +13.63 72.27 +£9.31 71.91 4+ 13.43 70.76 +12.01 0.678
pressure (mmHg)

Systolic blood 125.09 = 18.70 128.27 £ 16.69 130.45 £+ 17.93 127.94 £ 17.37 0.778
pressure {mmHg)

Systemic lipid profile and glycaemia

Total-cholesterol 228 £ 43 232433 219+ 31 226 4+ 35 0.680
(mg/dL)

Triglycerides (mg/dL) 94 (75;149) 119 (95;168) 117 (81;126) 114 (85;145) 0.517

Glucose (mg/dL) 89+ 12 93+13 91+ 11 91+ 12 0.683

HDL-cholesterol 53+ 13 53+13 53+ 20 53+ 11 0.992
(mg/dL)

LDL-cholesteral 150 &+ 32 152 + 28 142 + 26 148 + 28 0.700
(mg/dL)

ApoA-l (g/L) 1.4+02 14+0.2 1.6+0.2 1.4+0.2 0.458

Apolipoprotein-B100 1.2+ 02 1.2+02 1.1+£02 11102 0.529
(gl)

a) Values expressed as mean + SD or median (25th to 75th percentile).

Statistical analyses were performed by SPSS13.0 software
(IBN Corp.) and R2.12.0 software (R Development Core
Team).

3 Results
3.1 Participant characteristics and dietary adherence

From 62 subjects who were assessed for eligibility, 29 were
excluded. Finally, 33 eligible participants (19 men, 14 women)
entered the study. A discontinued single intervention was oc-
curred in three volunteers for the investigator decision. We
could net identify any adverse effects related to OO intake.
Participants’ baseline characteristics are shown in Table 1,
no significant differences exist between orders. No changes
in daily energy expenditure in leisure-time PA were observed
from the beginning to the end of the study. No changes were
observed in the main nutrients (Table 2) and medication in-
take throughout the study, and participants’ compliance was
good as reflected in the urinary phenols after OO interven-
tons (Table 3).

3.2 Systemic biomarkers
No changes were observed in blood pressure and BMI
throughout the study. Although no changes were observed

in lipid profile in the entire sample, when the analyses

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were performed in the participants without hypolipidemic
medication, HDL-C increased 5.74% (p < 0.05) after FVOOT
consumption versus its baseline.

Changes in enzymes related with HDL metabolism and
antioxidant status are shown in Table 4. An improvement of
LCAT activity was observed after FVOOT intervention com-
pared with VOO (p = 0.020), while a borderline decrement
was observed after VOO intake versus its baseline (p < 0.09).
A rise in PON was observed after FVOOT consumption ver-
sus its baseline (p < 0.05), while a decrement reaching a
borderline significance (p < 0.09) was observed after VOO in-
take versus its baseline. A borderline improvement of CETP
activity was observed after FVOO intervention compared with
VOO (p = 0.089). No changes were observed in PAF-AH ac-
tivity. With regard to the DHR test, there were no significant
changes in the intra- and intertreatment analysis. In addition,
an inverse correlation between the induced oxidation rate of
DHR and the activity of the glutathione peroxidase was ob-
served after VOO and FVOOT treatments (r'VOO = —0.49,
rFVOOT =—0.57; p < 0.05).

3.3 HDL subclass distribution and composition

After the FVOOT intervention, a rise in the HDL;-subclass
was observed (p < 0.05). This increase was significant ver-
sus changes in VOO (p = 0.047). HDLs-subclass decreased
after FVOOT intervention (p < 0.05; Fig. 2). Moreover,
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after FVOOT intervention an increment in HDLz/HDL; was
observed (p < 0.05).

An increment in HDL EC/FC was observed after FVOOT
consumption compared with VOO (p = 0.029) and FVOO
(p=0.007). Also, an increment in HDL PL/FC was observed
after the FVOOT consumption compared with VOO (p =
0.028) and FVOO (p = 0.027). No changes were observed
in TC, TG, Apo-Al, Apo-All, FC, EC, and PL in HDL after
interventions. Nevertheless, a borderline decrease in HDL
FC/TC after FVOOT consumption versus VOO (p = 0.056)
and FVOO (p = 0.067) was observed. Moreover, a border-
line increase in HDL EC/TC after FVOOT consumption ver-
sus VOO (p = 0.056) and FVOO (p = 0.067) was observed
(Table 5).

Analyses after OOs intake of HDL-subclass distribu-
tion showed cross-linked correlations with HDL composi-
tion and with HDL metabolism enzymes. The increase in
HDI;/HDL; directly correlated with ApoA-1 after OOs in-
take (r'VOO = 0.41, rfFVOO = 048, rFVOOT = 0.44; p <
0.05). The increase in HD1,/HDL; directly correlated with
the decrease in CETP after VOO intake (r =-0.39; p < 0.05)
and borderline correlated with the decrease in CETP after
FVOO intake (r=-0.30; p < 0.09).

3.4 APOE genotype

A total of 66.67% of the participants have APOE3/E3 geno-
type, 15.15% have APOE2/E3 genotype, 15.15% of volunteers
have APOE3/E4 genotype, and 3.03% have APOE4/E4 geno-
type. In the analyses of possible interaction among the studied
variables and APOE4 carrier variable, only a borderline inter-
action with HDL EC/FC, HDL PL/FC, and PAF-AH activity
was observed (p < 0.09). When these variables were analyzed
without APOE4 carrier volunteers, similar results as entire
sample were obtained, except for HDL PL/FC increment af-
ter FVOOT consumption versus FVOO, which did not reach
significance (p = 0.053).

4 Discussion

We performed a randomized, double-blind, crossover, con-
trolled trial with a VOO, an OO enriched with its own PCs,
and another with them plus complementary PCs from thyme.
From our results, VOO enriched with its PC plus those of
thyme improved parameters related with HDL functional pro-
file, such as HDL-subclass distribution, HDL composition,
and enzymes related with HDL metabolism and antioxidant
status. For the first time, the additional benefits achieved
with complementary phenol-enriched OO consumption on
the HDL functional profile in hypercholesterolemic volun-
teers have been demonstrated with the highest degree of
evidence. Moreover, such benefits can be obtained without
increasing the individual’s fat intake.
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Table 4. Catalytic activities and concentration of enzymes related with HDL metabolism and antioxidant status after interventions

Baseline® Post-VOO Post-FVOO Post-FVOOT Inter-intervention
intervention2)-t) intervention®®  intervention®®  pwvalue
Paraoxonase- 119 £+ 30 116 + 26 116 + 25 118 + 249 0.287 (VOO-FVOOT)
arylesterase 0.174 (FVOO-FVOOT)
(10° UL 0.587 (VOO-FVOO)
Platelet-activating 15 264 + 3498 15321 = 2874 15345 £+ 3030 15239 + 2374 0.861 (VOO-FVOOT)
factor 0.821 (FVOO-FVOOT)
acetylhydrolase 0.932 (VOO-FVOO)
(102 UL
Lecithin-cholesterol 1161 = 210 1160 = 144 1202 £ 195 1228 + 130 0.020 (VOO-FvOQT)d!
acyltransferase 0.341 (FVOO-FVOOT)
(pg/mL) 0.098 (VOO-FVOO)
Cholesteryl-ester 26 117 L 5983 25617 £ 3333 26 717 £+ 5350 26 667 L 4767 0.159 (VOO-FVOOT)
transfer protein 0.955 (FVOO-FVOOT)
{108 UNL) 0.089 (VOO-FVOO)
Glutathione 723 + 105 703 + 77 709 £ 79 717 + 94 0.151 (VOO-FVOQT)
peroxidase (U/L) 0.513 (FVOO-FVOOT)
0.584 (VOO-FVOQ)
DHR oxidation rate 4.07 + 1.47 4.07 + 1.34 3.95 + 1.37 421 + 1.26 0.228 (VOO-FVOQOT)

(Fluorescence
units/s)

0.104 (FVOO-FVOQT)
0.494 (VOO-FVOO)

a) Values expressed as postintervention mean -+ SD.

b) Postintervention was adjusted by its preintervention.
¢} p-Value for intra-intervention: p < 0.05.

d) p-Value for inter-intervention: p = 0.05.

Abbreviations: VOO, virgin olive oil; FVOO, functional VOO enriched with its own phenolic compounds; FVOQOT, functional VOO enriched
with its own phenolic compounds plus additional complementary ones from thyme; DHR, dihydrorhodamine 123.

LCAT is an enzyme that mediates the esterification of
the FC of nascent HDL monolayers to EC. As a result, this
hydrophobic EC move into the center of the particles [31].
The cholesterol esterification by LCAT mediates the grad-
ual conversion of nascent discoidal HDL into small spherical
HDL (HDL;) with two ApoA-I molecules/ particle and, finally,
into large spherical HDL particles (HDL;) that contain three
ApoaA-I molecules [32, 33]. Another enzyme intimately re-
lated with the HDL metabolism is CETP that extracts EC
from the HDL core to TG-rich lipoproteins, returning TCs
from TG-rich lipoproteins to HDL [34]. These EC-poor-TG-
rich particles are substrates for hepatic lipase that hydrol-
yses the TGs. Hepatic lipase depletes the particles of core
lipids, generating a redundancy of surface constituents. A
TG-poor HDL core may imply better functional properties
of the particle. When the HDL core is TG-rich, ApoA-l is
more loosely bound to the HDL surface [35]. Accordingly,
after the intervention with FVOOT, which increases LCAT
activity, we observed an increase in HDL,-particle subclass
percentage and a decrease in the HDL; one, while after VOO
intervention we detected a decrease in LCAT activity and in
HD1;-particle subclass percentage. Moreover, the increase
in HDL;/HDL; directly correlated with the increase in ApoA-
[ after the three interventions. In addition, an increase in
CETP activity inversely correlated HDL;/HDL; after VOO
and FVOO intake. Numerous population studies have sug-
gested that HDL,-particles may be more cardioprotective than
HDL; [36,37]. Low levels of HDL; and for high levels of HDLy

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

are present in CHD [38], ischemic stroke [39], type II dia-
betes mellitus [40], and peripheral arterial disease patients
[41]. Although there are also a number of in vitro studies that
reveal that HDL; has some similar effects to HDL; [42], in-
creased small HDL in serum may indicate an aberration in
the maturation of HDL and further impaired reverse choles-
terol transport [43, 44]. HDL;-particles moreover bind bet-
ter to SR-B1 [45], thus they are more effective in promoting
cholesterol efflux via this receptor [46]. A similar antioxidant
status between HDL, and HDL; has been described [47-49],
nevertheless in our study, an increase in HDL;-subclass and
in antioxidant enzyme activities was observed after FVOOT
intake.

An HDL with an increase in EC/FC, and an HDL mono-
layer with more PL/FC were observed after FVOOT consump-
tion, which also augmented LCAT activity. Herndez et al.
reported that VOO improves the fluidity of the HDL mono-
layer and the cholesterol efflux in a randomized, crossover,
double-blind, controlled trial with healthy individuals [16].
Cholesterol efflux from lipid-loaded cells is a key atheropro-
tective event that counteracts cholesterol uptake. The imbal-
ance between cholesterol efflux and uptake determines the
prevention or development of atherosclerosis. Four pathways
for cholesterol efflux from cells to plasma are described:
(i) aqueous diffusion mediated, (i) SR-Bl mediated, (iii)
ABCA1 mediated, and (iv) ABCG1 mediated [50-53]. The
aqueous diffusion-mediated pathway mediates the bidirec-
tional flux between the cell plasma membrane and HDLin the
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extracellular medium; the direction of net cholesterol mass
transport is determined by the cholesterol concentration gra-
dient as reflected by the proportion of FC and PL content in
the monolayer of donor and acceptor particles [50]. Accord-
ing to this, particles with more PL/FC, such as that which we
obtained after FVOOT consumption, could be more efficient
in enhancing aqueous diffusion cholesterol efflux. Further-
more, other mechanisms can increase the cholesterol efflux
mediated by other transporters. Viksdet R et al. described that
the active form of PLTP can increase the cholesterol efflux
from macrophage foam cells and that underlying mechanism
involves PLTP-mediated HDL conversion into pre-HDL and
large fused HDL particles, both of which are efficient accep-
tors for cellular cholesteral. These results suggested that an
active form of PLTP could enhance ABCA1- and ABCG1-
mediated efflux [54].

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The antioxidant properties of OOPC in vivo are well
known. The EUROLIVE study showed a decrease in in vivo
lipid oxidative damage in a dose-dependent manner with the
phenclic content of the OO administered [2]. Since an in-
crement in HDL-C after a high polyphencl-O0 intake was
reported in healthy volunteers, a rise in HDL-C was expected.
Accordingly an increment in the HDL-C was observed in
the subsample of volunteers without hypolipidemic medi-
cation, although no changes in lipid profile were appreci-
ated when all volunteers were included in the analysis. In
2011, the European Food Safety Authority recognized the
PC-rich OO effects on protecting LDL from oxidation [55].
The PC acquired through diet can also directly or indirectly
protect the HDL antioxidative status. An improvement of
antioxidant status, reflected in an increase in PON and LCAT
activities after the FVOOT intervention, was observed in the
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present study. In contrast, PON decreased after the FVOO
intervention. PON1, which is associated with HDL, exerts
a protective effect against the oxidative damage of cells and
lipoproteins. It alse modulates the susceptibility of HDL and
LDL to atherogenic modifications such as homocysteinyla-
tion [56]. A less proinflamatory and oxidized HDL could be
more efficient in its pleotropic function. In addition, LCAT
is an enzyme related to HDL antioxidant activity and pre-
vents the oxidation of LDL [57]. Hydroxytyrosol and the main
phenols of the VOO, the secoiridoid group, have been de-
scribed as acting in a similar manner to phenolic acids, in-
hibiting the lipid oxidation by trapping free and peroxy rad-
icals. Moreover flavonoids, the main antioxidants of thyme,
also help to control the extent of lipid peroxidation by chelat-
ing metal ions [58]. Furthermore, the enrichment of VOOs
with hydroxytyrosol derivatives combined with complemen-
tary phenols from aromatic herbs, such as thyme used for
oil flavoring, might be a good strategy to provide the opti-
mum balance among the different kinds of OOPC such as
flavonoids, monoterpenes, and phenolic acids [23] (Fig. 1). In
this sense, some non-human studies with Havonoid-enriched
0O have been performed. Rosenblat et al. published that
an extra VOO enriched with green tea polyphenols (mostly
epicatechin gallate) attenuates atherosclerosis development
enhancing macrophage cholesterol efflux in Apo-E-deficient
mice more than an extra VOO. These OOs also showed a de-
crease in the serum oxidative stress in Apo-E-deficient mice
compared with placebo treatment [59]. Recently, a study has
reported that an OO-pomegranate sauce prolongs lipid oxi-
dation and can retard undesirable quality changes in anchovy
[60].

One strength of our study is its crossover and random-
ized design, which permitted the participants to consume all
0O types and thus eliminated the interindividual variability.
Moreover, the laboratory analyses were centralized and all the
time-series samples from the same volunteer were measured
in the same run. It lacks a related-HDL oxidative status pa-
rameter to stand up the association between the PC-enriched
0O and the functionality HDL-related characteristics. A limi-
tation of the study was its sample size, which could be respon-
sible for reduced statistical power in some biomarkers with
high interindividual variability. A synergistic effect on HDL
parameters between PC and other OO components is as yet
unknown. Another limitation is the inability to assess poten-
tial interactions among the OOs and other diet components
and medication, although the controlled diet and medication
followed during all clinical trial should have limited the scope
of these interactions.

In conclusion, long-term consumption of complementary
phenol-enriched OO induced changes in the HDL profile as-
sociated with low cardiovascular risk, such as higher levels
of large HDLs, lower levels of small ones, increased HDL
EC/FC content, increased HDL monolayer PL{FC, and in-
creased HDL antioxidant enzymes. OO, a recognized healthy
food, cannot be consumed in large quantities. Thus, the en-
richment of OO with its PCs is a way of increasing its healthy

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhaim
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properties while the same amount of fat is consumed. More-
over, these results show that an enrichment of 0O with com-
plementary antioxidants, according to their structure/activity
relationship, promotes more benefits than an enrichment
of OO with only its own phenolics. Our data suggest that
a complementary phenol-enriched OO could be a good nu-
traceutical to enhance the functionality of HDL particles, and
thus a complementary tool for the management of high car-
diovascular risk individuals.

In conclusion, for the first time, the additional bene-
fits achieved with complementary phenol-enriched OO con-
sumption on the HDL functional profile in hypercholes-
terolemic volunteers have been demonstrated with the high-
est degree of evidence. Moreover, such benefits can be ob-
tained without increasing the individual's fat intake. These
findings suggest that FVOOT could be a useful dietary tool
in the management of high cardiovascular risk patients.
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