
 
 

 
 

Effects of phenol-enriched olive oils on 
HDL and endothelial functions in 

cardiovascular risk individuals 

 
Marta Farràs Mañé 

 

DOCTORAL THESIS 

PhD in Biochemistry, Molecular Biology and Biomedicine. 
Department of Biochemistry and Molecular Biology. Universitat 
Autònoma de Barcelona. 

 

 

Director:  

Montserrat Fitó Colomer  

(Institut Hospital del Mar de Investigacions Mèdiques-IMIM) 

Tutor:  

Francisco Blanco Vaca  

(Hospital de Sant Pau / Universitat Autònoma de Barcelona) 

 

Barcelona, September 2015 

     



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Effects of phenol-enriched olive oils on 
HDL and endothelial functions in 

cardiovascular risk individuals 

 
Marta Farràs Mañé 

 

DOCTORAL THESIS 

PhD in Biochemistry, Molecular Biology and Biomedicine. 
Department of Biochemistry and Molecular Biology. Universitat 
Autònoma de Barcelona. 

 

 

 

 

 

Director:       Tutor: 

Montserrat Fitó Colomer                        Francisco Blanco Vaca 

(Institut Hospital de Mar                      (Hospital de Sant Pau/ UAB)     

d’Investigacions Mèdiques)      

 

Barcelona, September 2015 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 

 

 

Printed in September 2015 
with the support of Fundació IMIM 

 

 

 

This w ork was s upported by  t he Spani sh M inistry of  Economy and  

Competitiveness within the activities of the following projects: AGL2005-

07881-C02-01, A GL2005-07881-C02-02, AGL2009-13517-C03 and 

AGL2012-40144-C03-01. This w ork w as a lso supported by  t he FPI 

fellowship (BES-2010-040766) and CIBEROBN.   

 

 

 

 

 

 

 

 

 



 
 

 
 

 



 
 

 
 

 



 
 

 
 

 



 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

als meus pares 

al meu germà 

 

al Roger 
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2. ABSTRACT 
 

Dyslipidemia an d h ypertension a re t he cl assical r isk f actors o f ca rdiovascular 

diseases related to atherosclerosis development. Due to the fact that high-density 

lipoprotein ( HDL) c 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 a re not asso ciated w ith a l ower r isk o f 

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 c holesterol c oncentration, de creasing in vi vo lipid o xidative 

damage, enhancing HDL function, and improving endothelial function. Within 

this context, the enrichment o f v irgin olive oil (VOO) with PC is a promising 

strategy as i t does not increase the amount of fat consumed, nevertheless such 

enrichment m ight h ave a dual ac tion b ecause an ex cess o f antioxidants c ould 

also r evert them to pr o-oxidants. F unctional v irgin 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 i ts own OOPC (FVOO; 961 

ppm) modulates t he c holesterol efflux-related g ene expression a nd e ndothelial 

function, compared to a virgin OO (VOO; 289 ppm); and whether (ii) functional 

virgin OOs, one  e nriched with i ts own OOPC ( FVOO; 500 ppm ) a nd a nother 

with i ts 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). 
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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 dur ing 3 w eeks of  V OO ( 80 ppm ), F VOO (500 ppm ), F VOOT ( 500 

ppm).  

The results i ndicate t hat a  single d ose o f F VOO increased ch olesterol e fflux 

gene e xpression c ompared w ith VOO c onsumption, specifically A TP b inding 

cassette t ransporter-A1, scavenger r eceptor c lass B  t ype 1 , p eroxisome 

proliferator-activated r eceptors  ( PPARBP, P PARα, PPA Rγ, PPA Rδ), 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 c onsumption i ncreased lecithin-cholesterol a cyltransferase 

mass compared with VOO one. 

In c onclusion, a  pos tprandial c 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 F VOO a nd F VOOT c ould be  a  u seful di etary tool i n t he management of  

cardiovascular risk patients.  



   Abstract 
 

12 
 

RESUM 
 

La d islipèmia i la  hipertensió só n factors clàssics de r isc car diovascular, 

relacionats am b el  d esenvolupament de  l ’arteriosclerosi. Donat a  qu è e l 

colesterol d e la  lipoproteïna d ’alta d ensitat (HDL) ha estat i nversament 

relacionat a l ’aterogènesi, les t eràpies h an e stat f ocalitzades e n i ncrementar el  

colesterol HDL. Assaigs clínics q ue h an f et a ugmentar e l colesterol HDL han 

estat associats a un increment de mortalitat, tot i que en estudis recents aquesta 

ha estat atribuïda a efectes secundaris de la medicació. A més, últimament s’ha 

publicat q ue v ariants g enètiques que predisposen a  t enir un c olesterol-HDL 

elevat no estan associades a tenir menys risc de patir un event coronari. Tot això 

ha f et que  la f uncionalitat de  l ’HDL s igui c onsiderada c om un aspecte més 

important que  l a s eva qua ntitat. Els co mpostos f enòlics ( CF) d e l’oli d ’oliva 

(OO) só n p rotectors f ront m alalties coronàries d el cor incrementant la  

concentració d e co lesterol H DL, di sminuïnt in vi vo el d any oxi datiu a  l ípids, 

activant la funció de l’HDL, i millorant la funció endotelial. En aquest context, 

l’enriquiment d e l’ oli d’oliva verge ( OOV) a mb C F és u na e strategia 

prometadora que pe rmet no i ncrementar el g reix c onsumit, no obs tant a quest 

enriquiment podria tenir una doble acció perquè un excés d’antioxidants podria 

també revertir-los a pro-oxidants. Olis d’oliva verge funcionals amb antioxidants 

complementaris, acord am b la sev a relació estructura/activitat, podria s er u na 

opció adequada per obtenir més efectes beneficiosos. 

L’objectiu d’aquest present t reball va ser  investigar, en  humans amb r isc 

cardiovascular, si : ( i) u n O O verge en riquit am b el s seu s co mpostos f enòlics 

(OOVF; 961 ppm) modula l’expressió gènica de gens relacionats amb l’eflux de 

colesterol i la funció endotelial, comparat amb un OO verge (OOV; 289 ppm); i 

si (ii) OOs verge funcionals, un enriquit amb els seus CFOO (OOFV; 500 ppm) i 

un a ltre a mb e ls s eus C FOO ( 250 p pm) m és C F de l a f arigola (250 ppm ) 



   Abstract 

13 
 

(OOFVT; t otal: 50 0 ppm ), po dria m illorar pr opietats r elacionades a mb l a 

funcionalitat de  l ’HDL e n c omparació a mb un O O v erge c ontrol (OOV; 80 

ppm). 

Dos ass aigs cl ínics, creuats, a leatoritzats, d oble ce cs i  controlats h an estat 

realitzats: (i) 13 humans pre-/hipertensos van rebre una dosi única de 30 mL de 

OOV (289 ppm) i OOFV (961 ppm); i (ii) 33 individus hipercolesterolèmics van 

ingerir 25  m L/dia d urant 3 s etmanes de  OOV (80 p pm), OOVF ( 500 ppm ), i 

OOVFT (500 ppm). 

Els r esultats i ndiquen que una  dosi única d’ OOVF va incrementar l ’expressió 

gènica de gens relacionats amb l’eflux de colesterol comparat amb el consum de 

OOV, concretament d’ATP binding cassette transporter-A1, scavenger receptor 

class B type 1, peroxisome proliferator-activated receptors  (PPARBP, PPARα, 

PPARγ, PPA Rδ), i  CD36. A m és, aq uest consum v a au gmentar l a h iperèmia 

isquèmica reactiva comparat amb el d’OOV. En aquest sentit, una disminució de 

l’inhibidor de l’activador del plasminogen-1 va ser  o bservada d esprés de  

l’OOVF comparat a mb l ’OOV. Una i ntervenció s ostinguda d’OOVFT va 

incrementar el  p ercentatge d e la subclasse g ran d ’HDL en  co mparació a  l a 

d’OOV, i  també va augmentar els ratios colesterol esterificat/colesterol ll iure i 

fosfolípids/colesterol lliure e n H DL co mparat am b les intervencions d ’OOV i 

OOVF. A més a m és, el consum d’OOVFT va incrementar la massa de lecitin 

colesterol acil transferasa comparat amb el d’OOV. 

En c onclusió, un consum pos tprandial d ’OOVF millora l a transcriptòmica d e 

l’eflux de colesterol, la funció endotelial, i els marcadors de inflamació. També, 

els b eneficis ac onseguits amb e l c onsum s ostingut d e OOVFT sobre el  p erfil 

funcional d ’HDL ha n e stat de mostrats. Els r esultats d’aquests e studis 

suggereixen que el  OOVF i el OOVFT podrien ser eines dietètiques útils en el 

maneig de pacients amb risc cardiovascular. 
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RESUMEN 
 

La d islipemia y la h ipertensión s on f actores clásicos de r iesgo cardiovascular, 

relacionados con el desarrollo de la arterosclerosis. Dado que el colesterol de la 

lipoproteína de alta densidad (HDL) ha estado inversamente relacionado con la 

aterogénesis, l as t erapias han es tado focalizadas en  i ncrementar e l co lesterol 

HDL. Ensayos cl ínicos q ue h an h echo au mentar e l 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 medicación. Además, últimamente se 

ha publicado que variantes genéticas que predisponen a tener un colesterol HDL 

elevado no están asociadas a tener menos riesgo de sufrir un evento coronario. 

Todo esto ha  hecho que la f uncionalidad de  l a HDL sea considerada como un  

aspecto más importante que su cantidad. L os compuestos fenólicos ( CF) del 

aceite de oliva (AO) son protectores frente enfermedades coronarias del corazón 

incrementando la concentración de colesterol HDL, disminuyendo in v ivo el 

daño oxidativo de los l ípidos, activando la función de la HDL, y mejorando la 

función endotelial. En este contexto, el enriquecimiento de aceite de oliva virgen 

(AOV) con co mpuestos f enólicos (CF) e s u na estrategia p rometedora q ue 

permite n o incrementar la g rasa co nsumida, n o obstante este en riquecimiento 

podría tener una doble acción porque un exceso de antioxidantes podría también 

revertirlos a pro-oxidantes. Aceites de oliva virgen funcionales con antioxidantes 

complementarios, a corde con s u r elación e structura/actividad, pod ría ser u na 

opción adecuada para obtener más efectos beneficiosos. 

El o bjetivo d e est e p resente trabajo f ue investigar, en  su jetos co n r iesgo 

cardiovascular, s i: ( i) un AO virgen enriquecido con sus compuestos f enólicos  

(AOVF; 961  ppm ) modula l a e xpresión g énica d e genes r elacionados co n el 

eflujo de colesterol y la función endotelial, comparado con un AO virgen (AOV; 

289 ppm); y s i (ii) AOs v írgenes funcionales, uno enriquecido con sus CFAO 

(AOVF; 500 ppm) y ot ro con s us CFAO (250 ppm) más C F del tomillo (250
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ppm) (AOVFT; total: 500 ppm), podría mejorar propiedades relacionadas con la 

funcionalidad de la HDL en comparación con un AO virgen control (AOV; 80 

ppm). 

Dos en sayos cl ínicos, cruzados, aleatorizados, d oble ciegos y  co ntrolados h an 

sido realizados: (i) 13 sujetos pre-/hipertensos recibieron una dosis única de 30 

mL d e AOV  (289 pp m) i  A OVF (961 ppm ); y (ii) 3 3 individuos 

hipercolesterolémicos ingerieron 25 m L/día d urante 3 sem anas d e AOV (80 

ppm), AOVF (500 ppm), y AOVFT (500 ppm). 

Los r esultados indican que una dos is única de AOVF incrementó l a expresión 

génica d e g enes relacionados c on e l e flujo de  colesterol comparado c on e l 

consumo de AOV , c oncretamente de ATP b inding c assette transporter-A1, 

scavenger receptor class B type 1 , peroxisome proliferator-activated receptors  

(PPARBP, PPARα, PPARγ, PPARδ), y CD36. Además, este consumo aumentó 

la hiperemia isquémica reactiva comparando con el AOV. En este sentido, una 

disminución de l inhibidor-1 d el act ivador d e p lasminógeno fue observada 

después d el AOV F comparado c on el A OV. Una i ntervención so stenida de 

AOVFT  incrementó e l por centaje de l a su bclase g rande de HDL e n 

comparación al A OV, i ta mbién a umentó los r atios co lesterol 

esterificado/colesterol lib re y fosfolípidos/colesterol l ibre e n H DL c omparado 

con l as intervenciones de AOV  i A OVF. Además, el  co nsumo de A OVFT 

incrementó l a masa de lecitina co lesterol acil transferasa comparado con el d e 

AOV. 

En conclusión, un consumo postprandial de AOVF mejora la transcriptómica del 

eflujo de co lesterol, l a f unción e ndotelial, y  los marcadores d e i nflamación. 

También, l os beneficios conseguidos c on el c 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 podrían ser herramientas dietéticas 

útiles en el manejo de pacientes con riesgo cardiovascular. 
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4. 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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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 

OO: olive oil 

PAF-AH: platelet-activating factor acetylhydrolase 

PAI: plasminogen activator inhibitor 

PC: phenolic compounds 
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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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4. 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)  ha s 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 d iseases ar e produced b y a combination of 

different r isk f actors (TABLE 1). The major classical o nes a re 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, t he greatest atherogenic f actor is low density lipoprotein 

(LDL). A h igh p lasma low de nsity l ipoprotein c holesterol (LDL-C) 

concentration implies more substrate to be  ox idised, t o pr oduce oxidised-LDL 

(oxLDL), an d co nsequently t o initiate atherosclerosis p laque. I t h as b een 
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reported th at t he e xtent o f f atty s treaks, th e f irst v isible le sion in  the 

development of atherosclerosis, occurring even in childhood, is associated with 

LDL-C prior to death (4). Moreover, LDL-C level i n young adulthood predict 

coronary and cardiovascular event occurrence later in life (5-7).  

In c ontrast, h igh density l ipoprotein cholesterol (HDL-C), ha s be en i nversely 

related t o a therogenesis (8-10). A n a nalysis of  four prospective st udies 

demonstrated a c onsistent protective ef fect o f H DL-C, s uggesting t hat e ach 

1mg/dl increment was associated with 2-3% decrease in coronary risk (11). In a 

primary pr evention t rial, b aseline l evels o 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 a t b aseline and a lso 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 v ascular mortality r isk a cross the e ntire range of  b lood p ressure f rom 

115/75 t o 185 /115 m mHg, i n subjects aged f rom 40 t o 70 y ears (17). T his 

relationship is i llustrated 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 smoking 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 t hose of  a ny a ge w ith and w ithout IHD (25;27). In a ddition, it ha s 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 i s an  i ndependent r isk f actor f or al l-cause mortality (29) and a lso f or 

chronic m etabolic d isorder a ssociated w ith num erous c 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.  

 

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 p redictive p ower i n specific popul ations, f or i nstance t he elderly (35). I n 

addition, the systemic t otal ch olesterol concentration and i 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 bclasses 

play an  i ncreasingly m ajor p art (36). I n a ddition, a  pe rcentage of  individuals 

MODIFIABLE RISK FACTORS NON MODIFIABLE RISK 
FACTORS 

Dyslipemia 
 

Hypertension 
 

Diabetes 
 

Smoking 
 

Lifestyle risk factors (obesity, 
sedentarism, atherogenic diet) 

Age 
 

Sex 
 

Family history / Genetics 
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who de velop C VD ha ve o nly one  or  none  of the traditional C VD r isk f actors 

(37;38) and m ight e ven pr ove t o ha ve a  w orse pr ognosis (39). Thus, t here i s 

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 ch ronic inflammatory disease arising from an imbalance in 

lipid m etabolism a nd a  m aladaptive i mmune r esponse d riven by  t he 

accumulation of cholesterol-laden macrophages in the ar tery wall. Furthermore 

endothelial dysfunction takes p lace parallel to the inflammatory reactions. The 

different phases of atherosclerosis plaque formation are the following: 

1) Infiltration and transformation of lipoproteins in the endothelial space 

Among t he pr ocesses i nvolved i n at herosclerosis, o xidative st ress i s o f g reat 

relevance an d i s as sociated w ith m any o f t he risk f actors involved i n 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 r eacts 

chemically w ith N O, a nd c onsequently N O l evels a re reduced. 

Endothelial dysfunction facilitates the infiltration of lipoproteins in the 

endothelial space. T here, these p articles are m odified ( for example: 

oxidation, c leavage, a nd a ggregation) leading t o their a ctivating pro-

inflammatory reactions of the endothelium.  

(ii) Oxidation o f L DL: LDL p articles c an be m ore or less r esistant t o 

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 o f s lightly modified LDL 

which activates the e ndothelium a nd 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, c ) pr omotion of  apoptosis in 

endothelial ce lls (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), a nd P -selectin in  e ndothelial c ells (49). 

The m onocytes us e d ifferent c hemokine-chemokine r eceptor p airs to  in filtrate 

the i ntima, w hich i s f acilitated by  e ndothelial a dhesion m olecules, i ncluding 

ICAM-1, V -CAM1, and s electin. This action l eads t 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 - scavenger r eceptor A , 

thrombospondin receptor (CD-36), MARCO, scavenger r eceptor member class 

B t ype 1 (SRB1), l ectin-type oxLDL 1, s cavenger receptor c lass E  member 1  

(SREC1), a nd s cavenger f or phos phatidylserine a nd oxL DL. When t he 

monocytes are differentiated into macrophages, they take up oxidised and native 

LDL v ia scavenger r eceptors, su ch as CD-36, S R-A, a nd L DL-R. CD -36 a nd 

SR-A are the principal receptors responsible for the uptake o f m odified low 

density l ipoprotein leading t o l ipid loading in m acrophages (50). First t 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 in t he e ndoplasmic reticulum. F inally, t hese 

macrophages ar e c onverted i nto cholesterol-laden m acrophages or foam cel ls 

(51). The posterior accumulation i n the intima of foam cells produces the 

formation of fatty streaks (52). In addition, foam cells secrete pro-inflammatory 

cytokines – IL-1, IL-6, t umor ne crosis factor, chemokine l igand 2 , c hemokine 

ligand 5, and C XC-chemokine l igand 1 –, a s w ell as m acrophage r etention 

factors ( such a s n etrin 1 and s emaphoring 3E ), that a mplify t he i nflammatory 

response. 

4) Proliferation of smooth muscle cells  

Smooth muscle cel ls in the media, a ctivated by  cytokines a nd g rowth f actors, 

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 c 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.  

 
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 c 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 ffected b y 

mechanical features ensuring its adjustment to t 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 through t he 

activation of alfa1-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). 

Hypertension i s a  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 f t he sy mpathetic n ervous system, u p-regulation of  the r enin-

angiotensin-aldosterone s ystem, a ltered G  protein-coupled r eceptor s ignaling, 

inflammation (59;60), a nd 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 nd r educed antioxidant capacity in t he 

cardiovascular, renal, and central nervous systems (63;64). 

Although R OS a ffect 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 t o deleterious effects in the h uman organism. ROS are involved in 

controlling endothelial f unction (EF) and v ascular t one, i n a ddition, t hey 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 i n 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 a ce ntral r ole in the cardiac m echanosensing, endothelium de pendent 

relaxation, a nd t he r edox 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 c 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 O2.- (70-72). This excessive amount of O2.- 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 xLDL c an a lso 

upregulates arginase activity and in turn reduce NO. Therefore, the combination 

of oxi dative s tress and i nflammatory response leads to a d ecrease i n NO 

biovailability cau sing endothelial dy sfunction a nd 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 f at in the Med iterranean d iet. I ts 

consumption assures an increase in monounsaturated fatty acids (MUFA) intake, 

without a significant raise of saturated f atty aci ds (SFA), a nd guarantees a n 

appropriate ingestion of polyunsaturated fatty acids (PUFA).   

 

4.2.1. OLIVE OIL COMPOSITION 
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The O O c omposition consists of  m ajor a nd m inor c ompounds. The m ajor 

compounds or saponificable f raction are the f atty acids which represents 98%. 

The m inor c ompounds o r t he u nsaponificable f raction represents 1 -2%, a nd 

includes a liphatic a nd t riterpenic a lcohols, 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%) 

 
MUFA 

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

PUFA 
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%) 

 

 
Lipophilic phenolics (tocopherols and 

tocotrienols) 
Hydrophilic phenolics (phenolic acids, 
phenolic alcohols, seicoroids, lignans 

and flavones) 
Volatile compounds 

Pigments (chlorophylls) 
Hydrocarbons (squalene, β-carotene, 

lycopene) 
Sterols (β-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 ther t riterpenes, sterols, 

tocopherol, a nd p igments. T his pa rt c 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 s imple phenols are hydroxytyrosol (HT) (3,4-dihydroxy-

phenyl-ethanol) and tyrosol ( p-hydroxy-phenyl-ethanol), a nd 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 c omponents in O O v aries de pending on c ultivar, 

climate, o live r ipeness at  harvesting, and the processing system to produce the 

OO (78).  

 

4.2.2. OLIVE OIL PHENOLIC COMPOUNDS 
- Phenolic acids: these c 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 c ompounds c ontain t wo be nzene r ings joined by  a  l inear 

three c arbon c hain. Luteolin, apigenin a nd i ts glycoside forms a re found in 

VOO. 

- Lignans: they include (+)-pinoresinol and (+)-1-acetoxypinoresinol which are 

present i n the olive f ruit a nd transferred t 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 lcohols in V OO a re HT, a nd p -

hydroxyphenyl e thanol or tyrosol. They are at  low concentrations in fresh oils, 
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but i ncrease during s torage (79). As t hey ar e r eleased i n l arge amounts i n t he 

stomach and small intestine they can have remarkable effects. 

- Seicoroids: the main P C i n V OO a nd present e lenolic aci d o r el enolic ac id 

derivatives in their structure. The main secoiridoids in VOO are the dialdehydic 

form of  decarboxymethyl e lenolic a cid linked t o H T or t yrosol termed 3,4 -

DHPEA-EDA and p-HPEA-EDA, oleuropein aglycon, and ligstroside aglycone. 

These compounds a re intermediate s tructures o f s ecoiridoid g lucosides o f the 

olive f ruit ol europein a nd l 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. OLIVE OIL TYPES 
Different processing methods p roduce virgin, o rdinary, o r po mace O O. V irgin 

OO (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, ar e lost (83). B y m ixing virgin a nd r efined O O, a n 

ordinary O O, w ith a l ower ph enolic content ( around 50–150 ppm ) (EU 

regulation 2568/1991) i s p roduced a nd 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 et i s a ssociated w ith low CVD 

mortality and a decreased incidence of certain cancer types an d 

neurodegenerative d iseases (84;85). The EPIC s tudy demonstrated an i nverse 

association between OO consumption and CHD mortality (86-88). In addition, 

the Three City Study reported an inverse relationship between OO consumption 

and s troke r isk i 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 educed t he 

incidence o f m ajor c 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 

OO 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: 
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(i) Antioxidant c apacity im provement: a n in crease in  the s erum 

antioxidant capacity after a VOO ingestion in comparison with ordinary 

OO and corn oil (91). 

(ii) Lipid oxidative da mage r eduction: t he phenolic content of  a n O O 

modulates t he d egree o f lipid and L DL ox idation; the l ipid 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 ecrease i n 

plasma leukotriene B4 (LTB4) and thromboxane B2 (TBX2) (91), and a 

decrease in I 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 i ntervention i n c omparison w ith 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 l ipid oxi dative 

damage b iomarkers su ch as p lasma uninduced co njugated dienes an d 

hydroxyl fatty acids was observed after a  consumption of  medium and 

high phenolic content OO, within the context of the EUROLIVE study 

(97). I n a ddition, in a  subsample o f the PR EDIMED s tudy, after a 

Mediterranean d iet enriched w ith VOO, a  de crease i n LDL oxi dation 

was observed i n a  s ignificant manner when compared with the control 

group (low-fat diet) (98). 

(ii) 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 c ontent of the O O consumed (97). Moreover, a n 
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improvement of cholesterol efflux promoted by the HDL particle 

after the VOO consumption was reported (36;99). 

(iii) LDL a nd LDL atheroginicity r eduction: the c onsumption of  

olive oi l pol yphenols de creased plasma L DL c oncentrations a nd 

LDL atherogenicity in healthy young men (100). 

(iv) DNA oxidation damage reduction: the protective ef fects of OOPC 

on i n v ivo D 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 wa s also 

found in postmenopausal women after a high-phenol VOO intervention 

(102). I n 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 content ha ve been s hown to reduce the e iconsanoid 

inflammatory mediators derived from arachidonic acid, such as 

thromboxane B 2 and 6 -ketoprostaglandin F1α (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 in h 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 t hat c ontains at least 5 m g of  H T and i ts d erivatives ( e.g. o leuropein 

complex a nd tyrosol) pe r 2 0 g o f O 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. I n t he U SA, e vidence-based health a nd 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 f ood c an b e 

regarded as f unctional i f i t is satisfactorily demonstrated t o beneficially affect 

one or more target functions in the body beyond adequate nutritional effects in a 

way t hat is relevant t o e ither a n i mproved st ate of  health a nd w ell-being or a  

reduction of  disease r isk”. It was al so l aid down that f unctional food m ust 

remain food and de monstrate i ts effects when consumed i n n ormally ex pected 

daily quantities. I n 2006, i n t he E uropean Union, Regulation ( EC) No. 

1924/2006 On nutrition and health claims made on food, appeared. It limited the 

use o f n utrition an d h ealth cl aims b y est ablishing t he n eed for an extensive 

review of  the s trong s cientific evidence s ubmitted t o t he f ood a uthority. F our 

types o f c laims can  b e u sed 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 p ractice, t here is a w ide r ange o f p ossibilities related w ith the concept o f 

functional foods. A functional food can be: 

(i) an unmodified natural food; 

(ii) a food i n w hich a  component ha s be en enhanced t hrough s pecial g rowing 

conditions, breeding or biotechnological means; 

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

(iv) a f ood from which a  c omponent ha s been removed by technological or 

biotechnological m eans so t 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, f ish, green tea, OO, dark chocolate, garlic, cinnamon, 

turmeric, fenugreek, and red wine (116). 

Moreover, the definition of functional food es tablishes a  clear separation from 

nutraceuticals, w hich c 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 p resentations ar e s imilar to drugs: pills, ex tracts, t ablets, and t he 

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 t he 

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, ba y l eaf, 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 c 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 an imals and are widely used i n t he industrial s ector, perfumery, 

cosmetic products, and food additives as well as i n 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 ffects an 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 c ompounds, such as 

analgesic c apacity, h as b een r eported (125). The ma in d iterpenes in a romatic 
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herbs ar e c arnosic a cid a nd c arnosol, together w ith r osmarinic a cid, a 

hydroxycinnamic aci d es ter, are the principal antioxidant c ompounds i n 

rosemary (126).  

- Hydroxycinnamates and phenylpropanoids: the secondary plant metabolites 

of ph enylalanine a nd tyrosine. H ydroxycinamic a cids ar e precursors of m any 

other complex phenols. They are found in a lmost a ll food groups, and a t high 

levels in herbs and spices (127). A body of knowledge has demonstrated the in 

vitro and in v ivo antioxidant cap acity of hy droxycinnamates, they could, 

therefore, exert v arious health b enefits in chronic d iseases with associated 

oxidative damage. p-coumaric acid h as a m 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 pathways ( 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 or i nstance as a consequence o f stress, ex posure t o 

environmental pollution, and ageing, they can trigger chain reactions leading to 

cell d amage an d death. ROS are free r adicals and h ighly r eactive o xidizers of 

DNA, lipids and proteins (134).  
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The b iological oxidative e ffects of  R OS in the organism are controlled b y 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 di rectly involved in th e 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 

in t he body a nd m ust be p rovided t hrough foods or s 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-

OO) (961 ppm):  prepared by the addition of a phenolic rich extract (oleuropein 

complex or  secoiridoids: 8 9.4%; hy droxytyrosol, t yrosol a nd ph enyl alcohols: 

3.5%; a nd f lavonoids, 6. 0%), obt ained from t he ol ive c ake, to a  na tural 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 d issolved in  e thanol-water 

(50/50, v /v), a nd a dded t o VOO / M oderate phe nolic c ontent ol ive o il (MPC-
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OO), unt il f ully hom ogenised, us ing a  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  m ixture o f f reeze-dried o live cak e (hydroxytyrosol de rivates) 

and dr ied t hyme (flavonoids, phe nolic acids a nd monoterpenes). The r esulting 

FVOOT c ontained 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 FVOOT 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 a re p articles with a c entral hy drophobic core of  non -polar l ipids 

(cholesterol es ters an d TG) a nd a hy drophilic m onolayer which c ontains 

phospholipids (PL), FC, and apolipoproteins (Apos). The seven different classes 

of plasma lipoproteins are shown in the following table. 
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LIPOPROTEINS DENSITY 
(g/ml) 

SIZE 
(nm) 

MAJOR 
LIPIDS 

MAJOR 
APOPROTEINS 

Chylomicrons <0.930 75-1200 Triglycerides 
Apo B-48, Apo C, 

Apo E, Apo A-I, A-
II, A-IV 

Chylomicron 
Remnants 

0.930- 
1.006 

30-80 
Triglycerides 
Cholesterol 

Apo B-48, Apo E 

VLDL 0.930- 
1.006 

30-80 Triglycerides 
Apo B-100, Apo E, 

Apo C 

IDL 1.006- 
1.019 

25-35 
Triglycerides 
Cholesterol 

Apo B-100, Apo E, 
Apo C 

LDL 1.019- 
1.063 

18- 25 Cholesterol Apo B-100 

HDL 1.063- 
1.210 

5- 12 
Cholesterol 

Phospholipids 
Apo A-I, Apo A-II, 

Apo C, Apo E 

Lp (a) 1.055- 
1.085 

~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 sm all, 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 pol ar l ipids solubilized by  apos. HDL a lso contains numerous other 

proteins, such as enzymes and acute-phase proteins, and could have small 

amounts of  n onpolar l ipids. F urthermore, H DL pa rticles a re h ighly 

heterogeneous in their structural, chemical and biological properties. 
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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 f irst described by Gofman et  al  

by using analytic ultracentrifugation (144), the gold standard technique for HDL 

isolation. T wo HDL subclasses were i dentified: the less and more d ense were 

classified a s HDL2 (1.063–1.125 g/mL), and HDL3 (1.125–1.21 g/mL), 

respectively. HDL2 and HDL 3 are r elatively rich i n l ipids a nd protein, 

respectively. 

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

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

 

SEPARATION TECHNIQUES HDL SUBCLASSES 
Density  

(ultracentrifugation) 
HDL2 
HDL3 

Size  
(GGE) 

HDL2a 
HDL2b 
HDL3a 
HDL3b 
HDL3c 

Size  
(NMR) 

Large HDL 
Medium HDL 
Small HDL 

Shape and charge  
(agarose gel) 

α-HDL (spherical) 
Preβ-HDL (discoidal) 

Charge and size  Preβ-HDL (Preβ1 and Preβ2)  
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(2D electrophoresis) α-HDL (α1, α2, α3 and α4) 
Preα-HDL (preα1, preα2, preα3) 

Protein composition 
(electroimmunodiffusion) 

LpA-I 
LpA-I: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 among t 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 o n assessing t he r elationship between 

HDL subclasses and CVD, and the beneficial properties of each HDL subclass. 

Several population s tudies ha ve s uggested t hat H DL2 particles m ay b e m ore 

cardioprotective than HDL3 (147;148). Low levels of HDL2 and/or high levels 

of HDL3 are p resent i n CHD (149), i schemic s troke (150), t ype I I d iabetes 

mellitus (151), and peripheral arterial disease patients (152). Although there are 

also in v itro experiments that show s imilar effects o f 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 ApoA1 

in comparison to HDL3, which only contain two, suggesting better cholesterol 

efflux capacity for HDL2 particle also via ATP-binding cassette transporter A1 

(ABCA-1). With reference to the antioxidant status, similarities between HDL2 

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 o i ts functionality. I t ha s be en 

described that H DL w ith a triglyceride-rich co re has A poA-1 m ore l 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 e c lassified i nto major s ubgroups which include Apos, 

enzymes, l 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 h ave p ermitted the reproducible identification o f m ore th an 

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 
APOs  

 
Apo A-I 
 

Major structural and functional HDL protein (70% total protein). 
Main functions are: interaction with cellular receptors, activation 
of lecithin cholesterol acyltransferase (LCAT), and multiple anti-
atherogenic activities. 

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

Apo A-IV 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-III Inhibitor of LPL. Furthermore, Apo C-III inhibits the interaction 
of triglyceride-rich lipoproteins with their receptors. 

Apo C-IV Regulates TG metabolism. 
ApoD Binding of small hydrophobic molecules. 
ApoE Structural and functional Apo, ligand for LDL receptor and LDL 
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receptor related protein (LRP). 
ApoF An inhibitor of CETP. 
ApoH Binding of negatively charged molecules. 
ApoJ Binding of hydrophobic molecules, interaction with cell receptors 
ApoL-I A trypanolytic factor of human serum. 
ApoM Binding of small hydrophobic molecules 
ENZYMES  

LCAT 
 

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

Paraoxonase 
(PON) 1 
 

Calcium-dependent lactonase. PON1 is associated with HDL and 
exerts a protective effect against the oxidative damage of cells 
and lipoproteins. 

Platelet-
activating factor 
acetylhydrolase 
(PAF-AH) 

Hydrolysis of short-chain oxidized PL. 

Glutathione 
peroxidase 3 Reduction of hydroperoxides by glutathione 

LIPID 
TRANSFER 
PROTEINS 

 

Phospholipid 
transfer protein 
(PLTP) 

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

CETP 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 lpha-2-HSglycoprotein, a nd F ibrinogen 

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

antitrypsin, H rp), and other proteins ( transthyretin, s erotransferrin, v itamin D-

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

4.4.4.2. 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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LIPIDS CHARACTERISTICS AND MAJOR FUNCTION 
PLs  

Phosphatidylcholine 
 

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. 

Lysophosphatidylcholine 

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. 

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

Plasmalogens 

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. 

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

Phosphatidylinositol, 
phosphatidylserine, 
phosphatidylglycerol, 
phosphatidic acid, and 
cardiolipin 

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 

SPHINGOLIPIDS  

Sphingomyelin 

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. 

Lysosphingolipids 
 

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. 

Ceramide 

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

NEUTRAL LIPIDS  

Unesterified (free) sterols 
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. 

Cholesteryl esters 

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. 

Triacylglicerides 
 

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

Diacylglycerides, 
monoacylglycerides, and 
free fatty acids 

Minor bioactive lipids present in HDL. The free fatty 
acids that predominant in HDL include palmitic, stearic 
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) 

 
4.4.5. HDL MONOLAYER FLUIDITY 
The lipids in the surface monolayer determine i ts 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 t hat previously described, an HDL monolayer with l ess 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 f luidity. It 

has be en r eported that a n i ncrement of  a ntioxidants i n bi ological m embranes 

could i ncrease f luidity (170), i n c ontrast, ot hers authors have reported t hat 

antioxidants c ould r igidify membranes t hus a voiding oxi dation t ransmission 

(171). R egarding m onolayer l ipoprotein fluidity, G irona J e t a l. ob served t hat 

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 i nterventions can modify HDL composition. I t has been described 

that a VOO intervention in humans produces a trygliceride-poor core (36) and an 

increase of Apo-A1 (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, i t has been shown that VOO can increase HDL monolayer f luidity in 

healthy humans (36;99). 

VOO consumption leads to changes i n HDL s ubclass di stribution a nd particle 

number. A short-term consumption of VOO in healthy individuals was reported 

to i nduce a non -significant i ncreasing t rend i n H DL pa rticle num ber (36). In 

addition, a VOO (36) and a  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 l ipids t o pe ripheral tissues a nd l iver. 

Firstly, d ietary f atty aci ds and monoacylglicerols are absorbed i n t he i ntestine 

and used t 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 t ransferase. The cholesterol 

esters an d t ryglicerides a re p ackaged into chylomicrons in t he endoplasmatic 

reticulum of  e nterocytes. Apo B-48 is r equired t o create chylomicrons, a nd 

microsomal t riglyceride transfer p rotein is ne eded to m ove lipids f rom the 

endoplasmic reticulum to the Apo B-48 (179).  



   Introduction 
 

52 
 

Chylomicrons are secreted into the lymph and delivered to the circulation. The 

largest content o f the chylomicrons i s delivered to muscle an d ad ipose t issue, 

which express high levels of LPL. This enzyme is activated by the Apo C-II of 

the chylomicrons a nd it h ydrolyzes t he c hylomicron T G into free f atty aci ds, 

which are t aken u p b y t he muscle c ells and a dipocytes. Some free fatty a cids 

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

Chylomicrons r emnants a re en riched 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 l 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 a re t aken up by  t he he patocytes 

through the bi nding o f t he c hylomicron A poE to the L DL r eceptor a nd ot her 

hepatic receptors. Chylomicron cholesterol, in the liver, can be used for very low 

density lipoprotein ( VLDL) formation, bile acids, o r s ecreted b ack t o the 

intestine (180). 

b) Endogenous lipoprotein pathway:  

Endogenous l ipoprotein p athway t ransport l iver l ipids t o pe ripheral t issues. 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 f atty aci ds ar e 

released. T he consequent VLDL r emnants are called I ntermediate D ensity 

Lipoproteins ( IDL). T hese IDL p articles are en riched i n cholesterol es ters 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 l ipase an d IDL apos ar e t 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 c ontent. A l 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-I, i s required. Apo A-I i s 

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 m ediated b y ABCA-1. Later, HDL also acquires lipid f rom 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 i s s ituated on the HDL 

particle su rface. In o rder t o t ransforms sm all d iscoidal H DL t o mature l arge 

spherical HDL particles with a core o f cholesterol esters, cholesterol from the 

surface is esterified by LCAT and is transferred to the HDL core. ApoA1 is an 

activator of LCAT (182;183). 

CETP extracts E C f rom t he H DL core t o T G-rich l ipoproteins, r eturning 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 co re l ipids, g enerating a r edundancy o f su rface. 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 



   Introduction 
 

54 
 

independently of  H DL-C by t he ki dneys, a nd t he r emainder by t 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). 

 

 

 

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  su stained intervention o f VOO d uring t hree weeks i n h ealthy 

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 

corn o il had no e ffects on L CAT in m ice (185). In t his regard, after a  

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 mRNA 

expression of  P LTP increased whilst LCAT g ene ex pression r emained 

unchanged (187). Moreover, s qualene, t he m ain hy drocarbon in the 

unsaponifiable f raction o f VOO, i ncreased LCAT he patic e xpression after a n 

administration of 1 g/kg in Apoa1- 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 

to t he l iver for c 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 f rom t he c ell m embrane t o H DL. Cholesterol e fflux 

from lip id-loaded c ells forms pa rt of the atheroprotective m echanism. A n 

imbalance b etween t he c holesterol e fflux a nd i ts uptake d etermines 

atherosclerosis de velopment and pr ogress. The m ain cells t hat perform 

cholesterol e fflux are the macrophages in w hich 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 l ipid surfaces 

with restricted PL acyl chain mobility (190). 

2) SR-B1: mediates an  u nspecific, s low, p assive, an d b idirectional ch olesterol 

efflux (191;192). S R-B1 plays a  r ole in  the efflux o f c holesterol f rom c ells 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 t his r egard, 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 cel ls to mature large 

spherical HDL2 and HDL 3 particles (194;195), but not to lipid-free apoA-1 

(153;196). This t ransporter is located i n en dosomes, t hus it can t ransport F C 

from t he e ndoplasmic r eticulum t o cel l membrane. Moreover, A BCG-1 

promotes the e fflux o f 7 -ketocholesterols an d r elated oxysterols, p reventing i n 

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

4) ABCA-1: brings a bout mediates an specific, f ast, active, and unidirectional 

cholesterol ef flux (191;192). A BCA-1 is r esponsible f or transporting 

intracellular FC and PL to extracellular lipid poor pre-beta Apo A1, providing a 

key st ep i n 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 a ction that e nhances cholesterol efflux i s t he inhibition of  
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acylCoA:cholesterol acy ltransferase. T his enzyme i 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 are r ich i n 

cholesterol a nd ph osphosphingolipids, t heir formation a nd m aintenance is 

primarily due  t o c aveolin. Caveolae m ediates t ransmembrane cholesterol 

transportation and the endocytosis and t ransitocytosis of  l ipoprotein (203;204). 

Specifically, the cav eolin-1 co mplex sy stem t ransports ch olesterols from 

intracellular compartments into caveolae. After that, the ABCA1 and the SRB1 

complex sy stems t ransfer t he c holesterol from cav eolae t o H DL/ApoA1. 

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 r esulting i n the se lective u ptake o f cholesterol from H DL pa rticles, 2) 

CETP can transfer cholesterol from HDL particles to particles with ApoB which 

will then be uptaken by the l iver, and 3)  HDL can interact with HDL-R in the 

liver. 

After th at, cholesterol i s e liminated b y th e liv er 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 (PPARs):  there ar e t hree 

subtypes that co nstitute the PPA R f amily: PPARα, PPARβ/δ, and PPARγ. 

PPARα and PPARγ activators enhance SR-B1 transporter e xpression, and 

consequently act ivate the c holesterol efflux (206).  In a  mouse model PPARγ 

have also been reported to up-regulate ABCG-1 expression (207). Furthermore, 

PPARγ enhance CYP27A1 expression i n human macrophages. CYP27A1 

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 

PPARβδ 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 a nd A poE, 

and increase CD36 and SR-A (210)) cholesterol efflux in Thp-1 macrophages. In 

mice, a PPARβδ enhancement caused increased ci rculating HDL l evels 

promoting RCT (211). It has been observed that PPARα inhibits ACAT1 i n 

primary human macrophages (212) and that PPARγ hinders ACAT1 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): LXRα and 

LXRβ 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 r esponse el ements (215). Oxidized o r hy droxylized 

cholesterol m etabolites are en dogenous LXR-ligands, s uch a s 22 (R)-

hydroxycholesterol, 24( S)-hydroxycholesterol, 2 5-hydroxycholesterol, 27 -

hydroxycholesterol a nd 2 4(S),25-epoxycholesterol (216). LXRα and LXRβ 

enhancement i nduces A BCA1 a nd A BCG1, a nd t hus an i ncreased ch olesterol 

efflux. A ctivation o f LXRs by agonists a nd oxysterols enhances ABCA1 

expression a nd c holesterol e fflux in he althy hum an macrophages (217). 

Furthermore, LXRs enhance ApoE expression in macrophages and adipose 

tissue b ut n ot th e liv er. ApoE pl ays a key r ole i n the t ransport of  c holesterol 
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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 l eucine z ipper c lass of  t ranscription f actors, bi nd to t he s terol 

regulatory el ement T CACNCCAC (220). T hese n uclear f actors u pregulate t he 

expression levels of SR-B1, LDL-R, cholesterol synthesis enzyme, and HMG-

CoA r eductase; c oncomitantly, t hey dow nregulate t he e xpression l evels of 

ABCA-1, A BCG-1, AB CG-4, A BCG-5, ABCG-8, a nd S R-B1 (està a u p-

regulate també, check). Furthermore, SREBPs are regulated by LXR and PPARγ 

(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.  

 

 

FIGURE 4. Cholesterol efflux nuclear receptor factors. Ref. (202) Luo Dx et al. 
Acta Pharmacol Sin. 2010 (10): 1243-57.  
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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 d ifferent s tages. It e mploys new technical an d co nceptual 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 u sed transcriptomics t o 

show how  diet i nduces al terations i n gene expression. Transcriptomics i 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; a nd 3 ) to identify an d 

characterize pathways regulated by nutrients.  

The m olecular s tructure of each nut rient de termines the s pecific signaling 

pathways t hat are affected. S mall s tructural ch anges (e.g. S FA vs M UFA o r 

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 n t 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 r eceptor transcription factors is w ell es tablished. N uclear r eceptors 

include: a)  PPARα which binds to fatty acids; b)  LXRα and RXR which bi nd 

oxidative sterols; and c) 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 a re h igh d ensity ar rays designed for q uantitative 

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 i n nutrigenomic s tudies. Real-time PCR ap proach f ollows t he 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 i s detected at the end. RT followed by quantitative PCR (qRT-

PCR) i s an  extremely se nsitive, co st-effective m ethod f or qu antifying g ene 

transcripts from cel ls. I t combines the nucleic acid amplification and detection 

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 t he be nchmark t echnology f or t he d etection and/or comparison of  R NA 

levels (224).  

 

Epigenetics st udies the h eritable D NA m odifications able t o r egulate 

chromosome a rchitecture a nd m odulate g ene e xpression w ithout c hanging t he 

underlying s equence. Nutritional epigenetics is a  novel mechanism unde rlying 

gene-diet in teractions (225). E pigenetic p henomena a re cr itical f or t he ag eing 

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 i n intra- or i nter- regions of  p rotein coding ge nes (226). They are the 
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principal regulators of a g reat num ber of p hysiological processes i ncluding 

epigenetic r egulators i n C VD. To s tudy miRNA t arget si te p olymorphisms as  

functional v ariants c ould contribute t o a better understanding o f t 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 s hown t o b e a ble t o upr egulate t he g ene e xpression of  P PARα and 

PPARγ (227). In hu mans, an acute p olyphenol-rich OO intervention increases 

the PPARBP, a nd a lso CD36 e xpression (228), a nd a  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 

OO, have been shown to be  potent agonists of  PPAR α/γ (230). In this regard, 

incubation o f m acrophages w ith a nthocyanines i nduced, in a  dos e-dependent 

manner, c holesterol e fflux, a nd also PPARγ and mRNA expression (231). 

Furthermore, r esveratrol has b een reported to up -regulate PPA Rα, PPA Rγ and 

PPARδ expression in macrophages (232). In agreement with this, both quercetin 

and r esveratrol a lso a ttenuated the suppression of P PARγ mediated by  t umor 

necrosis factor-α in human adipocytes (233). In addition, i t 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 ha s be en observed t hat P C can also m odify d irectly o r in directly, th rough 

PPARs or  ot her mechanisms, t he e xpression o f ot her g enes i nvolved 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 ABCG1 and SR-B1 (235). These effects were also found to be 

produced by caffeic and ferulic acid in experimental models (235). In addition, 

chlorogenic a cid, one  o f the m ost common polyphenols i n the diet, has b een 

shown to i ncrease ABCA-1 and A BCG-1 gene ex pression in RAW264.7 cells 

(234). The expression of ABCA-1 was also enhanced by anthocyanines in an in 

vitro model with macrophages (231). I t has been reported that polyphenol-rich 

black ch okeberry ex tract reduced t he ex pression o f NPC1L1 and S R-BI, a nd 

increased t he expression o f A BCA-1 a 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 concentration i 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), recent s 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 p lays a cen tral r ole in the f irst an d k ey st ep o f RCT, cholesterol ef flux 

from peripheral cells. HDL cholesterol efflux capacity has been inversely related 



   Introduction 
 

64 
 

to e arly at herosclerosis d evelopment an d to the prediction o f e xperiencing a 

coronary e vent, i n human s tudies (245;246). In a ddition, HDL h as o ther 

atheroprotective f unctions such a s 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 c holesterol e fflux c apacity. As t he most 

clinically atheroprotective property of HDL, a di srupted cholesterol ef flux 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-

BI a nd A BCG1 (250;251). Transcytosis o f l ipid-free apoA-I a lso occurs 

involving ABCA1 and resulting in apoA-I lipidation (252;253). After that, HDL 

interacts with sp ecific receptors o n the ce ll su rface, an d w ith c ellular su rface 

lipids t o activate the cholesterol efflux process (191). The ac tive 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 l ipoproteins, mainly LDL, are retained in the arterial wall and 

oxidatively modified under t he action of  r esident c ells (254). Oxidation i n t he 

arterial intima results from local oxidative status, which represents an imbalance 

between p rooxidants a nd antioxidants. C ellular o xidative systems i nvolved 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 vi tro on t heir co-incubation (256) and in v ivo 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 a re r apidly t ransferred 

from ox LDL t o HDL  (258). The se cond s tep, is t he inactivation o f ox idized 

lipids in HDL. Depending on their structure, oxidized l ipids 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 c ontribute t o the 

suppression of chronic i nflammatory response in the a rterial w all w hich will 

later facilitate LDL-C deposition (261). Moreover, H DL p articles reduce 

monocyte a ctivation a nd adhesion i 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 vi vo (265). The HDL  capacity t o r emove cholesterol f rom cel ls 

down-regulates the i nflammatory macrophage p henotype expression, a nd t hus 

decreases signaling via Toll-like receptors (266).  

 

4.7.4. HDL VASOPROTECTIVE CAPACITY 
HDLs i s also considered a relevant vasoprotective agent. The endothelium has 

physiological activites involved in  atheroprotection: it controls m onocyte 

adhesion, r egulates VSMC pr oliferation, m aintains n onthrombogenic s urfaces, 

and v asomotor t one (267). NO production is necessary for many o f t hese 

functions. Thus, endothelial dysfunction, due to limited NO production, is a key 
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factor for the pe rpetuation of  atherosclerosis (268). F urthermore, t his 

endothelium dysfunction can be counteracted by HDL (248).  

HDL particles have vasodilatory act ivity 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 c holesterol e fflux v ia A BCG-1 of  c holesterol a nd 7 -oxysterols, 

which i mproves t he f ormation of  e NOS di mers a nd c onsequently, R OS 

production decreases (198). ROS inhibits NO, thus ROS decrement increase NO 

bioavailability, and improves vasodilation. HDL a lso reduces NADPH o xidase 

activity in endothelial cells (270). 

 

4.7.5. OTHER CAPACITIES OF HDL 
Other HDL functions have been described and included: 

1) Cytoprotective actions: HDL protects macrophages and endothelial cells from 

apoptosis induced by  l oading w ith F C or  oxL DL (198;271). In a ddition, HDL 

defends endothelial cells against ce ll death i nduced by chylomicrons remnants 

(272), TNF-alpha (273), complement system proteins (274), a nd gr owth factor 

withdrawal (275).  

2) Modulation o f glucose m etabolism: H DL p articles i mprove glucose 

metabolism through activating i nsulin secretion by pa ncreatic be ta-cells, 

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

3) P rotection front infections: H DL b inds c irculating lipopolysaccharides and 

contributes t o its h epatic cl earance t o t he bi le, and thus i nhibits 

lipopolysaccharides-induced cellular a ctivation (277) and p rotects against 

endotoxic shock in animal models (278). 
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4) Anti-thrombotic f unctions: HDLs ex erts a reduction o f p latelet a ctivity ex 

vivo i n i ntervention t rials (279;280). M oreover, i n v ivo a nti-thrombotic H DL 

functions a re the inhibitory actions i n a gonist-stimulated platelet ag gregation, 

fibrinogen b inding, g ranule s ecretion, and thromboxane A 2 a nd 1 2-hydroxy-

eicosatetraenoic acid production (280;281).  

5) R egulation of  gene expression by  miRs: HDL  t ransports 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 c 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. In a  4 7-male subsample of t he 

EUROLIVE s tudy, w e pr ovided f or the f irst-time, f irst-level ev idence that 2 5 

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 l arge H DL 

(HDL2) l evels, decreased small H DL ( HDL3) l evels, t riglyceride poorer HDL  

core, and increased HDL monolayer f luidity (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 c apacity. This 

antioxidant pr otection c an avoid two i mportant issues: 1) oxidative 

modifications of  the ApoA-1, the main H DL protein involved i n cholesterol 

efflux c 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 l inear, 

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 that t he 

consumption of OOPC was dose-dependently associated with a decrease in LDL 

oxidation s tatus (97), a nd part of t his pr otection c ould take p lace through a n 

induction o f HDL an tioxidant cap acities. A n en hancement in th is antioxidant 

activity h as b een r eported in a poE-deficient m ice with spontaneous 

atherosclerosis d evelopment, a fter t he c onsumption of a  V OO-rich d iet (175). 

The m ain p roteins involved i n antioxidant f unction of HDL  are ApoA-I a nd 

PON1. 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 i ncrement: 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  ApoA1 

(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 related t o H DL a ntioxidant capacity; nevertheless, n o 

significant changes have been reported after OO consumptions. 

With r espect t 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 m itochondria o r c onserve N O pr oduction, as de scribed in vi tro (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  l ess pr o-inflamatory 

lipoprotein status. 
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4.8. ENDOTHELIAL FUNCTION 
 

4.8.1. ENDOTHELIAL FUNCTION DEFINITION 
The endothelium i s a m onolayer o f ce lls lining the l 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 f a gonists acting o n sp ecific en dothelial r eceptors, an d o f 

mechanical f orces, su ch as stress (289;290). In pa thological c 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, c ausing vasoconstriction a nd promoting 

platelet ag gregation, v ascular sm ooth m uscle c ell p roliferation an d m igration, 

and monocyte adhesion (291). 

 

4.8.2. METHODS TO ASSESS ENDOTHELIAL FUNCTION 
Currently, there are different methods to evaluate EF: 

1) Laser doppler flowmetry: a t echnique 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 t echniques such as post-occlusive h yperaemia o r l ocal sk in 

heating can a lso 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 f 

acetylcholine to the tissues.  

2) Ischemic reactive hyperemia (IRH): is the method used in this thesis, and is 

measured by Laser doppler flowmetry t echnique. Measurements are performed 

with the patient ly ing in  the supine position i n a  r oom at a stable temperature 
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(20–22 ºC). Patients are required to rest 15–20 min be fore the t est. The b lood 

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 cuff is  inflated to suprasystolic pressure (200 to 220 mmHg) and 4 mi n of 

distal ischemia is recorded. After that, the cuff is deflated and 30 secs later, the 

flow is  recorded for 1 mi n. The system monitor show how the perfusion uni ts 

(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. This response reflects local bio-activity of endothelial-derived N O. 

The b rachial ar tery i s u sually imaged. F MD i s car ried o ut in a  qui et 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 f ossa an d inflated t o su pra-systolic p ressure. A fter cuff 

release, r eactive h yperaemia r esults a re quantified u sing D oppler. The a rterial 

diameter is r ecorded a t t he f inal 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: an i nvasive technique; nevertheless it remains a  very u sed 

technique f or ev aluating E F of e picardial c oronary a rteries in routine clinical 

situations. I t i s applied a  pharmacological s timuli to assess epicardial coronary 

vasodilation. For epicardial coronary vessels, quantitative coronary angiography 

measures c 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 t o t hat pr essure w hich oc cludes venous out flow but a llows a rterial inflow. 

Consequently, the rate of the volume change is proportional to the rate of arterial 

inflow. A low-invasive, modified s train-gauge venous oc clusion 

plethysmography method ha s been applied to research in v ivo 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 u seful m ethod f or ass essing v ascular f unction (299). D espite the peripheral 

arterial t onometry signal be ing modulated by  several factors, t his parameter i s 

also affected by the bioavailability of NO and, therefore, also depends on EF. In 

response to hy peraemic f low, di gital pu lse 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 ar terial waveform contains key information about 

the s tiffness o f t he large arteries an d am ount o f wave r eflection w ithin t he 

arterial sy stem. Wave r eflection o ccurs a t s ites o f i mpedance m ismatch, 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 f t he l 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 

in sm all ar tery t one af fect w ave r 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 i nhibitor o f e ndothelial NOS. Asymmetric d imethyl a rginine is, 

however, no t a  s pecific e ndothelial NOS inhibitor, bu t also in hibits 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 

in vi vo, an d i n p lasma t 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 from p lasma m embranes 

following c ell activation or  a poptosis. In he althy pl asma, 76 e 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 been r eported in p atients w ith atherothrombotic d iseases an d 

nowadays t hese m icroparticles constitute an emerging su rrogate m arker o f 

endothelial dysfunction (302). 

· Endothelial pr ogenitor c ells: the reconstitution of t he d amaged e ndothelial 

monolayer may be a pr erequisite f or the prevention of endothelial dysfunction 

and a therosclerotic l esion formation. A g rowing bod y 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 f rom peripheral blood e ither by  qua ntification using f low c ytometry 

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

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

lining, protecting e ndothelial cells f rom contact w ith c 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, including t he v asoconstrictor–vasodilator, t he pr o- and 

anticoagulant, t he pr o- and anti-inflammatory, a s w ell a s the pr o- and 

antioxidative balance (302). 

 

4.8.3. 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 v itro studies an d in vi vo animal m odels h ave sh own t he 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 f a  d iet r ich in e 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). In a ddition, an O O i ntervention 

attenuated f low-mediated d ilatation reduction c aused by  a n e nvironment with 

particulate matter, t he m ost dangerous i nhaled pollutant which causes 

endothelial dy sfunction (310). Nevertheless, in a r ecent cl inical trial with 

overweight and obese men, within the context of a high protein meal, neither the 

OO intervention nor the palmolein one modified post-prandrial EF (311).  

Within the c ontext o f t he Mediterranean di et, i n the PREDIMED s tudy, bot h 

Mediterranean diets, one enriched with VOO and other with nuts, increased NO 

and total po lyphenol e xcretion after a o ne-year intervention, the i ncrement i n 

NO being associated with a reduction i n s ystolic 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 f t his d ietary 

pattern (313). 

The beneficial e ffects of other c omponents of OO, such as tocopherols, w hich 

have b een r elated to a protective role ag ainst v ascular dy sfunction bo th i n in 

vitro studies, have been reported (314). 
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5. HYPOTHESIS 

 

1) 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. 

 

2) A sustained consumption of a  functional virgin ol ive oi l enriched with 

its own phenolic compounds plus additional complementary ones f rom 

thyme co uld h ave m ore b enefit e ffects o n H DL ch aracteristics-related 

with its f unctionality th an a n atural v irgin o live o il i n 

hypercholesterolemic subjects. 
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6. OBJECTIVES 
 

1) To a ssess w hether a  s ingle d ose of  30  m L f unctional vi rgin o live oi l, 

enriched with its own phenolic compounds (961 ppm) beyond a parental 

virgin olive oil with moderate phenolic compounds content (289 ppm),  

in pr e- and hy pertensive v olunteers, c an produce a t 5 -hour po st-

prandrial state in a randomized, cross-over, double-blind, and controlled 

trial:  

- A modulation of  t he e xpression o f g enes r elated w ith 

cholesterol efflux on momonuclear cells. 

- An i mprovement of  t he e ndothelial-dependent 

microvascular dilatation. 

 

2) 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 one s from t hyme ( FVOOT), c ould i mprove H DL 

characteristics r elated w ith H DL f unctionality, versus a  n atural vi rgin 

olive o il. The H DL s ize, HDL m etabolism-antioxidant enzymes, and 

HDL co mposition w ill b e es tablished in a  r andomised, cr oss-over, 

double-blind, and controlled trial.  
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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. Farràs M, Valls RM et al, J Nutr Biochem 2013

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

PC, phenolic compounds; VOO, virgin olive oil

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. Farràs M, Rubió L, MNFR 2015

3-week endothelial endothelial function and 
related markers. Valls RM*, Farràs M* et al, 
Submitted (ANNEX 2)

3-week HDL functions. Farràs M*, Fernández-
Castillejo S* et al, Submitted (ANNEX 1)

5-hour endothelial endothelial function and 
related markers. Valls RM*, Farràs M* et al, 
Submitted (ANNEX 2) 

7. METHODS 
 

This t hesis en compasses two d ifferent p rojects. I n b oth of  them F VOOs w ere 

tested in  cardiovascular risk su bjects an d a n umber o f at herosclerosis-related 

biomarkers analyzed. 

 

 

FIGURE 5. Flowchart of thesis studies.  

 

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

A cr oss-over, r andomized, doubl e b lind, c ontrolled t rial w as pe rformed i n 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] o r stage 1 

hypertensive ( SBP ≥140 mmHg t o 159 mmHg a nd/or D BP ≥90 m mHg t o 99 

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

following: L DL-C >4.9 mmol/L, T G >3.97 m mol/L or  c urrent hy polipidemic 

treatment, d iabetes m ellitus, an y ch ronic d isease an d b ody mass i ndex ( BMI) 
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>30 kg/m2. Volunteers received a si ngle 30 mL dose of VOO (289 ppm) and a 

functional VOO e nriched wi th i ts 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 pr ior to the postprandial test. 

The day before the intervention, participants followed a polyphenol-free diet. 

The analyzed biomarkers included: 

- EF, measured a s I RH, was performed using a laser-doppler l inear Periflux 

flowmeter 5000. 

- Glycaemia an d l ipid 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 ethods i n a B eckman 

autoanalyzer. L DL-C w as cal culated b y m eans o f t he F riedewald formula 

whenever TG were <300 mg/dl. 

- Inflammation sy stemic biomarkers: hsCRP was a nalysed b y 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: oxi dized L DL ( oxLDL) a nd pl asma 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, 

PPARα, PPA Rγ, PPA Rδ, cyclooxygenase ( COX) 1, C OX-2, a nd C D36 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 c 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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Order 1
(n= 6) WO FVOO (HPC-OO) WO VOO (MPC-OO)

Order 2
(n= 7) WO VOO (MPC-OO) WO FVOO (HPC-OO)

2-wk 2-wk

Time points of measurement 0h        1h      2h              4h         5h   0h        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 cr oss-over, r andomized, doubl e b lind, c ontrolled t rial w as pe rformed i n 33  

hypercholesterolemic individuals (total c holesterol >  200 m g/dL), a ged 35 -80. 

Exclusion c riteria included the following: BMI > 35 kg/m2, s mokers, a thletes 

with h igh p hysical a ctivity ( 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 i ngested 25 m L/day dur ing meals f or 3 weeks of  V OO ( VOO; 8 0 

ppm), f unctional V OO e nriched w ith its ow n O OPC ( FVOO; 50 0 ppm ), a nd 

functional v irgin o live oil e nriched w ith i ts ow n OOPC ( 250 p pm) plus 

additional P C f rom t hyme ( 250 ppm ) ( FVOOT; t otal: 500 ppm ). T he 

interventions were preceded b y 2  w eek w ash-out periods w ith a c ommon O O 

(OO). 

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

according i ts b ioavailability, sen sory, an d b iomarkers i n a 
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previous dose-response cl inical t rial (Rubió L , Farràs M 2014) 

(Valls RM*, Farràs 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 l ipoproteins ( VLDL, 

LDL) r emain a t the beginning of  the band (Rf = 0.0 ) a nd the a lbumin 

moves t o t he f ront (Rf =1.0). Between t hese two points, the f irst t hree 

bands corresponded t o a  large H DL s ubclass ( HDL2), a nd f ourth 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. 

ApoA1, apoA2, apo-B100, a nd albumin w ere qua ntified by a utomatic 

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 c leavage of  phe nyl 

acetate r esulting in ph enol formation, a nd dihydrorhodamine 1 23 

oxidation rate by a fluorimetric method. 

- Oxidative st atus systemic bi omarkers: a ctivity of  g lutathione pe roxidase was 

measured by  a  P aglia a nd V alentine m ethod m odification us ing c umene 

hydroperoxide as oxidant of glutathione. 

- Glycaemia an d l ipid 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 



   Methods 
 

90 
 

Order 1
(n=11) WO FVOO WO FVOOT WO VOO

Order 2
(n=11) WO FVOOT WO VOO WO FVOO

Order 3
(n=11) WO VOO WO FVOO WO FVOOT

OOPC metabolites X      X X X X X X

Systemic biomarkers X      X X X X X X

HDL characteristics X      X X X X X X

VISITS           1        2                   3       4                      5       6                      7

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

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

apoA1 a nd a poB-100 w ere a nalysed by  i mmunoturbidimetric t echnique, i n a 

PENTRA-400 a utoanalyser. H DL-C w as measured as a so luble H DL-C 

determined b y an  acc elerator se lective d etergent m ethod i n a P ENTRA-400 

autoanalyser. L DL-C was cal culated b y means o f t 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 d iscrimination ApoE gene variants were performed 

with TaqMan PCR technology (QuantStudioTM 12K Instrument).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

FIGURE 7. Experimental protocol of VOHF sustained study. 
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8. RESULTS 
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In brief, after an acute load of FVOO (961 ppm), we observed an enhancement 

of cholesterol e fflux-related g ene ex pressions in v ivo at a 5 -hour pos tprandial 

state, in pre-/hypertensive humans, i n a  r andomized, double-blind, c rossover, 

and controlled t rial. We o bserved an increase i n A BCA-1, SR -B1, PPARBP, 

PPARα, PPARγ, PPARδ, 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. C irculating ox LDL de creased after bo th 

interventions, and HT sulphate and HT sulphate acetate p lasma 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 m arkers su ch as  o xLDL, O RAC, and 

OOPC metabolites. 
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compounds on endothelial function in hypertensive patients. A 
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Briefly, i n a r andomized, crossover, dou ble-bind, controlled trial, after a 

postpandrial intervention of a FVOO enriched with its own PC (FVOO; 961 

ppm), a n i mprovement i n EF, m easured 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 n i nverse relationship 

between EF and oxidised LDL, was observed after the FVOO intervention. 

Furthermore, a d ecreasing l inear trend w as d etected i n P AI-1 and hs CRP 

after V OO consumption and FVOO one . P AI-1 d ecreased a t 4  h ours af ter 

both interventions versus i ts 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 a t 2 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 i n a  dose-dependent m anner w ith the O OPC 

content, w ith a  C max a t 2 hou 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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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 n hi percholesterolemic s ubjects. A  r andomized, 

crossover, doub le-blind, c ontrolled t rial w as de signed. A r ise in E C/FC and 

PL/FC in HDL were observed after FVOOT intervention versus VOO ingestion 

and FVOO one. Whereas HDL2-subclass increased after FVOOT consumption 

versus its baseline and versus VOO one, HDL3-subclass decreased after FVOOT 

intervention co mpared w ith i ts b aseline. In acco rdance, L CAT mass i ncreased 

also a fter F VOOT i ngestion. F urthermore, a n i mprovement i n H DL oxi dative 

status was reflected in an increment of PON activity after FVOOT intervention 

compared with i ts baseline. HDL subclass di stribution s howed c ross-linked 

correlations w ith H DL c omposition a nd 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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