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ABSTRACT

The evaluation of olive oil antioxidants, hydroxytyrosol and tyrosol,
in vivo biological activities is challenged due to scarce data on their
metabolic disposition and activities of their glucuronides, main
metabolites found in humans in different biological matrices after
olive oil consumption. In addition, the in vivo gene expression
activity of virgin olive oil (VOO) as a dietary component has been
never investigated in humans. Therefore, this thesis was focused
on three main aspects: (i) analysis of bioavailability of
hydroxytyrosol and tyrosol glucuronides in humans; (ii) evaluation
of the impact of glucuronidation on antioxidant activities of olive oil
phenolics; and (iii) identification mechanisms underlying beneficial
action of VOO analysing induced in vivo transcriptome response in
humans. To complete with the objectives, the glucuroconjugated
standards, required for bioavailability and antioxidant activities
studies were synthesized, and the preparative methodological
studies for VOO-transcriptomic experiment were carried out. As a
result of experimental work performed within this dissertation, the
glucuronidation was shown to account for 75% of recuperated in
urine olive oil phenols, and to have negative impact on their
antioxidants activities, diminishing their antiradical and inhibitory
against LDL oxidation activities. The transcriptome studies
revealed 10 genes as potential targets of VOO action against

atherosclerosis.



ABSTRACT (Catala)

La avaluacio in vivo de les activitats biologiques dels polifenols del
oli d’oliva (OVV) hidroxitirosol i tirosol es un repte degut a les
dades molt limitades que tenim de la seva depuracié metabolica i
de les activitats biologiques dels seus principals metabolits en
matrius biologiques: els seus glucuronoconjugats. A més a més
s’ha avaluat I'expressié génica induida en humans per la ingesta
de OOQV. Aixi la present tesi doctoral s’ha focalitzat en els seglients
aspectes: I'avaluacio de la biodisponibilitat del hidroxitirosol i tirosol
en humans; l'impacte de la glucuronoconjugacio sobre les activitats
antioxidants dels polifenols del OOV; i la identificacié dels
mecanismes subjacents a las accions benéfiques per la salut
humana, analitzant la resposta transcriptomica in vivo resultant de
la ingesta OOV. Per complir amb els objectius de la tesi, ha estat
necessari, sintetitzar patrons dels glucuronids i realitzar diversos
estudis metodologics per tal d'estandarditzar l'avaluacié de
I'expressio génica. S’ha demostrat que la glucuronoconjugacio es
un 75% dels polifenols recuperats en orina i que aguesta comporta
la pérdua de la capacitat bescanviadora de radicals i de la seva
capacitat antioxidant (test ex-vivo d’oxidacié de la LDL i DPPH).
Els estudis transcriptomics han detectat 10 gens rellevants pels

efectes antiaterosclerotics induits per OVV.
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PREFACE






HEALTH BENEFITS OF OLIVE OIL:
CONTRIBUTION OF PHENOLIC COMPOUNDS
AND TRANSCRIPTOMIC RESPONSE IN HUMANS.

Oxidative damage of tissue and cellular components is a primary or
secondary causative factor in many different human diseases (e.g.
cardiovascular, cancer, diabetes...) and aging processes (Cutler,
2005a). The oxidative stress status is under tight regulatory control
for most individuals over a wide range of lifestyle variables

including diet and exercise.

It has been shown that the elevated oxidative stress in individuals
could be lowered to a normal level by antioxidant supplements
(Cutler, 2005a). This fact has some clinical implications but also
brings another important message about how the daily food intake,
simply being rich in natural antioxidants, could prevent and defend
our organism against incidence of specific age-dependent

diseases.

There are growing scientific evidences supporting the beneficial
effects of the Mediterranean diet on human fitness. It has been
observed that this type of diet lowers incidence of coronary heart
diseases (Katan, 1995) and of some types of tumours (Willett,
1995) and prevents from development of cardiovascular diseases
(De Logeril, 1999). The health properties of the Mediterranean diet
were attributed to a large amount of plant foods consumption and

to a regular use of olive oil, as the main source of fat.



Olive oil composition includes a large proportion of unsaturated
fatty acids (oleic, linoleic and linolenic acids), micronutrients,
represented mainly by vitamins (A, E and [(-carotene), and
microconstituents (e.g. phenolic compounds or chemicals present
in the unsaponificable fraction). Although the main health beneficial
effects of olive oil have been primarily attributed to well-known
chemicals with antioxidant properties, such as tocopherols and [3-
carotene, and to its unsaturated fatty acids composition, the
phenolic micronutrients may also play a significant role (Covas,
2006b). The total phenol content in virgin olive oil has been

reported to vary from 100 mg/kg to 1 g/kg (Tsimidou, 1998).

A set of intervention experiments on human volunteers has
provided preliminary results showing a significant contribution of
phenols to beneficial effects of olive oil (Fitd, 2002, 2005; Marrugat,
2004; Weinbrenner; 2004a). These studies indicate that they are
actively involved in the modulation of the oxidative/antioxidative
status in humans and that they are able to produce changes in
oxidative stress biomarkers at postprandial state in a dose-
dependent manner in a dose range compatible with their dietary
intake. Therefore, they may account for the protection of the
endogenous antioxidant defences. These findings support the
hypothesis that olive oil consumption could provide benefits in the

prevention of oxidative processes in humans.

The main phenolic compounds in olives are the glycosilated forms
of oleuropein and ligstroside (Bleas, 2002; Brenes, 1999). The

glucose residue is removed by enzymatic hydrolysis giving rise to



the aglycone forms of both compounds. In olive oil under acidic
conditions, both oleuropein and ligstroside give rise to the polar
phenolic compounds hydroxytyrosol (HOTYR) and tyrosol (TYR)
(Brenes, 2001). HOTYR may also be the product of the enzymatic
hydrolysis of its own corresponding glycoside (Rometo, 2002). Free
forms of TYR and HOTYR and their secoroid derivatives have been
described as representing around 30%, and other conjugated
forms such as oleuropein and ligstroside aglycones represent
almost half of the total phenolic content of a virgin olive oil (Owen,
2000).

All olive oil phenolic compounds are expected to have strong
antioxidant activities due to their chemical structures. Their
antioxidant capability is defined by the potent redox properties of
phenolic hydroxyl groups and the structural relationships in the
chemical configuration of molecules (Cheng, 2002). Phenolic
compounds can scavenge free radicals derived from molecular
oxygen and attenuate the oxidative stress (Visioli, 2002).
Therefore, it was believed that the additive and synergistic effects
of these minor antioxidant compounds could significantly contribute
to the human health benefits of the olive oil. Following this
hypothesis the most important acting compounds should be
HOTYR and TYR as the most abundant ones. However, that is not
exactly a case because they are extensively metabolised, and are
detected in blood and urine mainly in the form of HOTYR and TYR
glucuronide, sulfate and methylated conjugates (Caruso, 2001;
Tuck, 2002). More than 95% of the recovery of HOTYR and TYR in
urine is in the form of conjugated metabolites resulting from the

activity of Phase Il metabolic enzymes (Tuck, 2002). Although



concentrations of HOTYR and TYR metabolites in biological fluids
are relatively low (Miré-Casas, 2001a, 2003a), there is a factual
reason to suggest their participation to beneficial effects of olive oil.
However, this still remain questioned, since the metabolism of

HOTYR and TYR has not yet been well characterized.

All previously done in vivo and in vitro investigation was based only
on the intrinsic biological activities of HOTYR and TYR as key
phenolic compounds of olive oil. They are well known as in vitro
scavengers of various free radicals, reactive nitrogen species,
superoxide anions and hypochlorous acid, breaking peroxidative
chain reactions, and preventing metal ion catalyzed production of
reactive oxygen species (Visioli 1998a, 2004). HOTYR and TYR as
well express a set of biochemical and cellular actions, which are
also apparent in vivo, exerting cardioprotective effects such as
inhibition of LDL oxidation and endothelial cells activation (Turner,
2005). The role of their conjugated metabolites, which could
influence either in the same or different way on biological systems
in human body, has not been yet seriously considered (Tuck,
2002). Little is known on their conjugated metabolites, mainly
because there were no studies conducted due to the lack of a good
characterization of their disposition and due to the lack of adequate
reference compounds. At present it can be only guessed about
phenolic compounds behaviour in human body and the role played
by HOTYR and TYR metabolic derivatives. Even taking into
account the extremely poor bioavailability of natural phenols, the
contribution of metabolites to health benefits in humans is a

hypothesis worth being tested. Some preliminary studies support



information that the conjugated forms of olive oil phenols should

also exert certain antioxidant activities (Tuck, 2002).

This hypothesis should promote further investigation directed to the
qualitative identification and quantification HOTYR and TYR
metabolites in biological fluids. This will require the development of
very sensitive analytical methods, based on a direct identification of
conjugated forms using appropriate standards. Unfortunately, due
to the lack of commercially available reference standards, these
developments are quite challenging. The evaluation of the
biological activities of HOTYR and TYR conjugated forms also
requires the availability of pure reference material. Therefore, a
synthetic procedure for the production of metabolite conjugates of
HOTYR and TYR could be of great practical use to follow up with

the research in these areas.

The availability of HOTYR and TYR metabolites should allow
characterizing qualitatively their metabolic disposition and
estimating quantitatively the contribution of each metabolic
pathway. These results should be combined with those obtained in
studies designed at the evaluation of their biological activity. The
confirmation of their biological activity should allow to review past
clinical studies or to design new ones where the contribution of
phenol compounds to biological effects should be revised. At this
stage it is proposed that this evaluation should be performed
applying alternative experimental approaches to those applied until

now.



Recent development of “omics” technologies (genomics,
transcriptomics, proteomics and metabolomics) has brought new
approaches in biomedical investigation conducted on humans. So
far they were based on exploration of physiological (such as
cardiovascular activity) or biochemical (enzyme activities, markers
of bioactivities) levels. Post-genome technologies have revealed
more profound and fundamental levels of biological system
responses to pharmacologic treatments, nutritional interventions
and the development of pathological conditions. An access to the
transcriptome level is expected to give a simultaneous and global
analysis for all functional components in biological system:
oxidative stress, metabolism and specific pathologic processes
markers, which were too difficult to be estimated using only
physiological and biochemical methods. This approach should
contribute to our understanding of mechanisms underlying
beneficial effects of olive oil and to verify its impact on human
health.

The subject matter of this thesis is structured into 2 introduction

chapters according to the objectives defined:

CHAPTER 1: ANTIOXIDANT PROPERTIES OF OLIVE OIL
PHENOLS HOTYR AND TYR AND TRANSCRIPTOME
ACTIVITIES OF OLIVE OIL AS A COMPLEX FOOD COMPONENT

CHAPTER 2: METABOLISM AND DISPOSSITION OF OLIVE OIL
PHENOLIC COMPOUNDS HOTYR AND TYR



Each chapter includes a detailed review of literature, existing
hypothesis and main achievements within the area of investigation,
motivating, therefore, a formation of the goals for given thesis,
which are numerically structured and formulated within the
“Objectives” part. Following it the “Methodological Approaches”
section describes and justifies the technological approaches
applied in this work for accomplishment with the determined tasks.
The “Results and Discussions” part reports on the achieved
outcomes of the investigation within defined objectives. It is
presented in the form of six original publications each one
comprising corresponding parts: materials and methods, results
and discussion on a meaning of the findings in the scope of each
specific research area. The “Concluding Remarks" overviews the
main achievements of the present dissertation and defines their
impact on the state of the investigation in the area of olive oil in
cardiovascular diseases (CVDs) prevention, which at the end are
briefly annotated within the separate section "Conclusions”. Finally,
additional information collected for supporting introductory part and
protocols of clinical studies applied within this thesis are presented

in “Supplementary Material” and “Appendices”, respectively.
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CHAPTER |

ANTIOXIDANT PROPERTIES OF OLIVE OIL
PHENOLS HOTYR AND TYR AND
TRANSCRIPTOME ACTIVITIES OF OLIVE OIL AS
A COMPLEX FOOD COMPONENT

1. Oxidative stress and CVD

Oxidative damage of tissue and cellular components is a primary or
secondary causative factor in many pathological conditions and
aging processes (Cutler, 2005a, b; Kregel, 2007). Many human
diseases are strongly associated with the steady-state level of
oxidative damage in tissues. On an individual level this damage is

defined as the oxidative stress (OS) status.

OS targets principal organs and systems of human organism and is
associated with many of the major age-related diseases: cardio-
vascular diseases (CVDs), different type of cancer, impaired
function of organs and tissues, etc (Kregel, 2007; Valko, 2007). In
general, the greater the OS status of individual, the higher the risk

for disease development (Cutler, 2005a, b).

1.1. Oxidative stress, oxidative damage in aging
related diseases

Oxidative stress




Oxidation* reaction is crucial for life and the generation of reactive
species (RS). These by-products of oxidation reactions are
essential to maintain homeostasis of human organism (Seis, 1997)
(Supplemental Table I). However being in excess, RS can start
chain reactions leading to cell damage and death. Antioxidants
terminate these chain reactions by removing reactive species
intermediates, and inhibit other oxidation reactions. In this way they
interact to oxidant and keep the redox system (the interplaying

activities of oxidant and antioxidant system) in balance (Fig. 1A).

The biological oxidative effects of both endogenously and
exogenously derived RS within organism/cell are controlled by a
wide spectrum of antioxidants that altogether compose the
cell/organism antioxidant defence system (Cutler, 2005a; Sies,
1997). Endogenous antioxidant compounds in cells can be
classified as (i) enzymatic and (i) non-enzymatic antioxidants (Fig.

1A). The major antioxidant enzymes directly involved in the

neutralization of reactive species are: superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GSH-Px) and
glutathione reductase (GS-R).

The non-enzymatic antioxidants, usually low molecular weight

molecules, are divided into (i) metabolic antioxidants and (ii)

nutrient antioxidants (Fig. 1A). Metabolic antioxidants belonging

! Oxidation is a chemical reaction that transfers electrons/protons from a
substance to an oxidizing agent, where an oxidizing agent (oxidant,
oxidizer) is a chemical compound that readily transfers oxygen atoms, or
a substance that gains electrons in a redox chemical reaction, and a
reducing agent (reductant, reducer, antioxidants) readily donates its
electrons/protons to another substance, and is, thus, oxidized itself.
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to endogenous antioxidants are produced by metabolism in the
body, such as lipoic acid, glutathione, L-arginine, coenzyme Q10,
melatonin, uric acid, bilirubin, metal-chelating proteins, transferrin,

etc. While nutrient antioxidants belonging to exogenous

antioxidants, are compounds which cannot be produced in the
body and must be provided through foods or supplements, such as
vitamin E, vitamin C, carotenoids, flavonoids, omega-3 and omega-

6 fatty acids, polyphenols, etc (Fig. 1A).

“Oxidative stress” (OS) refers to a serious imbalance between RS

production and antioxidant defences (Fig. 1B). The balance
between RS production and antioxidant defences determines the

degree of oxidative stress.

Regardless of how or where RS are generated, a rise in
intracellular oxidant concentrations has two potentially important
effects:
(1) damage to various cell components (Finkel, 2000;
Valko, 2007);
(i) triggering of the activation of specific signalling
pathways (Owuor, 2002; Finkel, 2000; Valko, 2007).
Both effects can influence numerous cellular processes linked to

aging and the development of age-related diseases (Fig. 2).

Aging is an inherently complex process that is manifested within an
organism at genetic, molecular, cellular, organ, and system levels.
Although the fundamental mechanisms are still poorly understood,
a growing body of evidence points toward reactive species (RS) as

one of the primary determinants of aging. The “oxidative stress




theory” holds that a progressive and irreversible accumulation of
oxidative damage caused by RS impacts on critical aspects of the
aging process and contributes to impaired physiological function,
increased incidence of disease, and a reduction in life span. While
compelling correlative data have been generated to support the
oxidative stress theory, a direct cause-and-effect relationship
between the accumulation of oxidative mediated damage and

aging has not been strongly established (Kregel, 2007)

Oxidative
Stress

Lipids _ DNA & RNA
Proteins

[ Lipid peroxidation H Protein oxidation H Nucleic acids oxidation J

Membrane Spread Protein Immunoresponse Protein Genome stability/
integrity of free radicals impaired function to altered proteins expression integrity

Tissue/Cellular Oxidative Damage |

| Morphological and Functional Alterations |
!

| Pathology/Disease |
Aging/Death

Figure 2 Levels of oxidative damage and their consequences
to living organism.

OS is an important part of many human diseases and dysfunctions.
However, it is unclear whether OS is the cause or the consequence
of disease. In most cases the association between OS and
pathology is secondary or beyond rather than primary. The most

common OS-linked diseases are the following:



0] heart and cardiovascular disease (CVD);

(i) cancer disease of all tissues;

(iir) nervous and muscle system dysfunctions;

(iv) eye degenerative processes;
and many other tissue and organ dependent pathological
conditions (Cutler, 2005a).

Oxidative damage

OS is defined (Sies, 1997) as a disturbance in the pro-oxidant—
antioxidant balance in favour of the former, leading to potential
damage. Such damage includes modification of molecules and

other cellular components, and is called “oxidative damage” (OD).

Main targets for OD are proteins, lipids and nucleic acids of living
organism (Fig. 2) and some of their oxidation products are often
used as biomarkers® of OS and/or OD related processes (Dalle-
Donne, 2006b; Blumberg, 2004).

Proteins modification caused by oxidative damage

Proteins are major targets for RS due to their high overall
abundance in biological systems and because they are primary
responsible for most functional processes within cell. It has been
estimated that proteins can scavenge the majority (50%-75%) of
RS generated (Davies, 1999). Exposure of proteins to RS may alter
every level of protein structure from primary to quaternary (if
multimeric proteins), causing major physical changes in protein
structure. OD to proteins is induced either directly by RS or

indirectly by reaction of secondary by-products of OS and can

> Biomarkers are defined as characteristics that can be objectively

measured and evaluated as indicators of normal biological processes,
pathogenic processes, or pharmacologic responses to a therapeutic
intervention (Dalle-Donne, 2006b).



occur via different mechanisms, leading to peptide backbone
cleavage, cross-linking, and/or modification of the side chain of
virtually every amino acid (Davies, 1999, 2005; Stadtman, 1997)
(Fig. 3). These oxidative modifications have a wide range of
downstream functional consequences, such as inhibition of
enzymatic and binding activities, increase susceptibility to
aggregation and proteolysis, increased or decreased uptake by
cells, and altered immunogenicity (Dean, 1997) (Fig. 2). In
addition, accumulation of the modified proteins disrupts cellular
function either by loss of catalytic and structural integrity or by

interruption of regulatory pathways.
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Figure 3 Main sites of oxidative damage and relative
modifications caused by RS in proteins. Main biomarkers of
protein oxidative damage.

The most widely studied OS-induced modification to protein is the
formation of carbonyl derivatives (Dalle-Donne, 2006a). Another
broadly acknowledged modifications are formation of O,O-

dityrosine (Di-Tyr), 3-nitrotyrosine (NO,-Tyr), and 3-chlorotyrosine



(CI-Tyr), which provoke protein inactivation (Dalle-Donne, 2006b).
Both types of biomarkers (Fig. 3) are potentially useful indicators of
redox status and have been shown to accumulate during aging and
age-related disease in variety of organisms (Levine, 2001; Dalle-
Donne, 2006b).

DNA oxidative damage

Several studies have shown that aging cells and organisms
accumulate increased levels of oxidant-damage nuclear DNA (Wei,

1998). DNA damage can be caused by RS generated under

] Deoxyribose residues o "
)
N
H,N
q Phosphodiester backbone
HOH.C o
b Nucleotide bases of DNA oH 8-OH-dG
DNA Main targets of OS Principal biomarker
of nucleic acids OD

Figure 4 Main sites of oxidative damage caused by RS in

DNA. Main biomarker of DNA oxidative damage.
different conditions and can result from reactions with nucleic acid
bases, deoxyribose residues, or the phosphodiester backbone, but
the majority of collected information is related to damage on base
or degradation of deoxyribose (Marnett, 2001; Poulsen, 2005) (Fig.
4). Accumulation of mutations from oxidative DNA damage
represents a crucial step in human carcinogenesis (Poulsen, 1998;
Evans, 2004) (Fig. 2). The most extensively studied DNA lesion is
the formation of 8-hydroxy-2"-deoxyguanosine (8-OH-dG), which is

widely used as an index of oxidative DNA damage (Evans, 2004).



Lipids oxidation and modification caused by OS

Lipids are also important targets for oxidation by RS. OS induced
peroxidation of membrane lipids can be very damaging because it
leads to alterations in the biological properties of the membrane,
such as degree of fluidity, and can lead to inactivation of
membrane bound receptors or enzymes, which in turn may impair

normal cellular function and increase tissue permeability.
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Figure 5 Main sites of oxidative damage caused by RS in

phospholipids as an example. Main biomarkers of lipids

oxidative damage.
Moreover, lipid peroxidation may contribute to and amplify cellular
damage resulting from generation of oxidized products (Fig. 2),
some of which are chemically reactive and covalently modify critical
macromolecules. Lipid peroxidation generates a variety of relatively
stable decomposition end products, mainly reactive aldehydes, as
malonaldehyde (MDA), 4-hydroxy-2-nonenal (HNE), 2-propenal
(acrolein), and isoprostanes (Niki, 2009) (Fig. 5). These
compounds could be used as an indirect index of lipid oxidative
stress (Dalle-Donne, 2006D).



1.2. Role of oxidative stress in CVD

1.2.1. The atherogenic origin of CVD. Oxidative
theory of atherosclerosis

Atherosclerosis (AT) is the condition in which an artery wall

thickens as the result of a build-up of fatty materials such as
cholesterol. It is a syndrome affecting arterial blood vessels, a
chronic inflammatory response in the walls of arteries, in large part
due to the accumulation of macrophage white blood cells and
promoted by low-density lipoproteins (LDL) without adequate
removal of fats and cholesterol from the macrophages by functional
high-density lipoproteins (HDL) (Fig. 6).

Cardiovascular disease (CDV) is the class of diseases that involve

the heart or blood vessels (arteries and veins) and includes
coronary heart disease (heart attacks), cerebrovascular disease
(stroke), raised blood pressure (hypertension), peripheral artery
disease, rheumatic heart disease, congenital heart disease and
heart failure. While the term technically refers to any of the
diseases that affect the cardiovascular system, it is usually used to

refer to those related to atherosclerosis (arterial disease).

The “oxidative theory” of atherosclerosis proposes that intimal

oxidation of lipid/lipoproteins generates biologically active products
that are causal in atherosclerosis (Jessup, 2004). The oxidative
modification of LDL and formation of oxidized LDL (oxLDL) in the
sub-endothelial space of the arterial wall is a key initiating step in
AT because it contributes to foam cell generation, endothelial

dysfunction, and inflammatory processes (Fig. 6).
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Figure 6 Oxidative events leading to development and
progression of AT (Hansson, 2005): A — LDL infiltrates the
artery and its oxidative and enzymatic modifications lead to
the release of inflammatory lipids that induce endothelial cells
to express leukocyte adhesion molecules. The modified LDL
particles are taken up by scavenger receptors of
macrophages, which evolve into foam cells. B — Monocytes
recruited through the activated endothelium differentiate into
macrophages. Macrophages are activated by variety of
molecules (e.g. oxLDL) and lead to the release of
inflammatory cytokines, chemokines, oxygen and nitrogen
radicals, and other inflammatory molecules and, ultimately, to
inflammation and tissues damage.

Lipoproteins are susceptible to structural modifications by
oxidation, particularly the small dense LDL patrticles. Little is known
about the molecular mechanisms underlying LDL oxidation in vivo,
but reactions involving transition metals, such as cooper and iron,
free radicals, hypochlorous acid, peroxynitrite, and activity of
selected enzymes, such as myeloperoxidase, lipoxygenase,

xanthine oxidase and NADPH oxidase, released by endothelial



cells from the arterial wall have been claimed to play a role (Burkit,
2009; Steinberg, 1999). It has been shown that the oxidation
targets several sites of LDL (ApoB, cholesterol, cholesterol esters,
triglycerides, fatty acids etc.) among which lipid peroxidation is a
key process of oxidation (Jessup, 2004; Parthasarathy, 2010) (Fig.
7). The oxidation of LDL in physiological fluids is prevented by
proportional concentration of water-soluble antioxidants and by
incorporated within LDL lipid bilayer liposoluble antioxidants (Burkit,
2009).
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Figure 7 LDL particle structure and its main targets for
oxidation.

Oxidation of the lipid part (Steinberg, 1989) or directly of the apoB
of the LDL particle (Hazen, 1997), leads to a change in the
lipoprotein conformation by which the LDL is better able to enter
into the monocyte/macrophage system of the arterial wall, and
develop the atherosclerotic process (Witzum, 1994). The modified
apoB has immunogenic properties prompting the generation of
auto-antibodies against oxidized LDL (Steinberg, 1989). In addition,

chloro- and nitro-tyrosine generation, via myeloperoxidase activity,



in high density lipoproteins (HDL) converts the lipoprotein in a pro-
inflammatory HDL, and reduces its capacity to remove cholesterol
from cells (Fogelman, 2004).

AT, typically asymptomatic for decades, eventually produces two

main health disorders: (i) atheromatous plagques (Fig. 8), an
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Figure 8 Stages of endothelial dysfunction in atherosclerosis.
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accumulation and swelling in artery walls that is made up mostly by
macrophage cells or cell debris, that contain lipids (cholesterol and
fatty acids), calcium and a variable amount of fibrous connective
tissue; and (ii) aneurysm, a localized, blood-filled dilation of a blood
vessel. AT typically begins in early adolescence, and is
asymptomatic up till is causing serious health threatening
cardiovascular problems (Fig. 8), as hard as a heart attack or
sudden cardiac death. Unlike many other chronic medical
conditions, CVD of atherogenic origin is treatable and to some
extent reversible. The treatment, as in case with disease
prevention, is primarily focused on diet (Hu, 2009). Therefore,
much effort is put on preventing atherosclerosis by modifying risk
factors, such as healthy eating, exercise and avoidance of smoking
(Levenson, 2002).
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Figure 9 Distribution of deaths by leading cause groups, in
males and females in the world, by 2004 year (according to
WHO report, 2004)

The prevalence of cardiovascular diseases rises with aging and is

one of the main causes of mortality in western countries. In



general, most countries face high and increasing rates of
cardiovascular disease (WHO report, 2004) (Fig. 9). In view of the
progressively aging population, there is an urge for a better
understanding of age-associated CVDs and their underlying
molecular mechanisms. The major causes of the CVDs are
tobacco use, physical inactivity, and an unhealthy diet (WHO
report, 2004).

1.2.2. CVD and oxidative stress risk factors: role
of antioxidants

CVD is a life course disease that begins with the evolution of risk
factors that in turn contribute to the development of subclinical
atherosclerosis (Levenson, 2002; Hu, 2009). There are a variety of
risk factors that contribute to CVD morbidity and mortality:

® overweight and obesity;

(i) unhealthy eating;

(i) physical inactivity;

(iv) high blood pressure and high blood cholesterol;

(V) diabetes;

(vi) cigarette smoking, etc.
When risk factors are combined, risk for CVD can increase. The
majority of CVD risk factors are preventable or treatable by
applying adequate diet: restriction in caloric intake, substitution
saturated fatty acids by unsaturated, vitamins and antioxidants
intake (Hu, 2002).

Increased production of RS has been directly and indirectly
implicated in the initiation and progression of CVD and, therefore,

OS accounts for an increased risk of developing this disease



(Singh, 2006). OS affects the availability and/or balance of key-
regulators of vascular homeostasis and favours the development of
cardiovascular pathology (De Rosa, 2010). Pharmacological
therapies are continuously being investigated for counteracting
harmful or damaging effects of oxidation in cells or tissues.
Antioxidants are widely used as ingredients in dietary supplements
in the hope of maintaining health and preventing CVD. Although
some studies have suggested antioxidant supplements have health
benefits, other large clinical trials did not detect any benefit for the
formulations tested, and excessive supplementation may be
harmful (Victor, 2009; Singh, 2006). This controversy in results still
remains unexplained. Therefore, hypothesis-driven and rigorous
carefully designed studies in well-defined patient populations are
warranted to provide a definitive answer (Sachidanandam, 2005;
Willcox, 2008).

1.2.3. CVD associated biomarkers of oxidative
stress

In clinical practice, pathology specific parameters, biomarkers, are
employed to demonstrate that a treatment has a beneficial,
unfavourable, or null effect on health promotion and CVD disease
prevention or treatment. In addition, biomarkers can help to identify
high-risk individuals, to diagnose disease conditions and in the
prognosis of treated patients with CVD disease (Dalle-Donne,
2006b). Some of the biomarkers most frequently associated with
CVD are listed in Table 1.

In clinical research studies, some of the biomarkers of oxidative

damage could be employed to reflect environmental pro-oxidant



exposures, status of the endogenous redox system, dietary
antioxidant intake or to serve as a surrogate measure of a process
in oxidative stress related disease. DNA, lipid, and protein oxidation

products provide an extensive and growing array of potential

Table 1 Oxidative status and other biomarkers associated

with CVD.
Status FEDEES _and Biomarkers
Mechanism
Oxidative status Lipid oxidative damage HNE
Acrolein
F2-IsoP (F;-isoprostance)
MDA
Lipoperoxidase activity (LPO)
Antioxidant system Serum/plasma antioxidant
capacity GSH/GSSG ratio
GSH-Px and
GS-R activities
RS production NO production;
Protein oxidative damage | Protein carbonyls;
NOz-TyI’
CI-Tyr
Di-Tyr
DNA oxidative damage 8-HO-dG total (urinary) and
cellular (mitDNA origin)
Plasma lipid hyperlipidemia concentrations of triglycerides
status : hypercholesteremia (TG)
total cholesterol (TC)
HDL/LDL cholesterol ratio
LDL status oxLDL concentration;
LDL fatty acids and antioxidants
composition;
LDL resistance to oxidation
Endothelial Thrombogenic state PAI-1
dysfunction : FVila
Epithelia/immune cell E-selectin
adhesion sICAM-1 and sVCAM-1,
Inflammation: C-reactive protein (CRP)
Cytokines synthesis TXB(2),LTB(4) and IL-6,

oxidative stress biomarkers for CVD and AT. However, the relation
between their status in cells and tissues, and biological matrices
(plasma and urine), and the development of pathology still remain
to be elucidated. Biomarkers of oxidative stress in CVD and AT are

general markers of oxidative damage and correspond poorly to



CVD disease specific processes and its outcome (Valko, 2007,
Dalle-Donne, 2006b), however they are widely used in the CVD
research especially in those areas where oxidative stress theory is

concerned (Stephens, 2009).

2. Olive oil antioxidants and CVD health

2.1. Mediterranean diet and health prevention

The traditional dietary habits of the Mediterranean area have been
consistently associated with lower incidence of cardiovascular
disease (CVD) and cancer (de Lorgeril, 2006) (Trichopoulou, 1997,
2000 & 2003) and perhaps other chronic conditions (de Lorgeril,
2008). On one hand, the involvement of excessive free radical
production involved in development and progression of above-
mentioned diseases points out that dietary antioxidants likely play a
protective role (Seifried, 2007). On the other hand, low content of
saturated vs. high content of monounsaturated fatty acids (mainly
coming from olive oil as a main source of fat) in this diet was been
shown to be associated with the lower risk of certain diseases,
where this food element could be implicated: colon cancer, CVD
and AT, hypertension, etc. (de Lorgeril, 2006). Investigating the
health benefits promoted by this dietary pattern the concept of the

Mediterranean diet was originated (Keys, 1980).

On the whole, the traditional Mediterranean diet is characterized by
eight principal components (Trichopoulou, 2000):
1. high monounsaturated/saturated fat ratio;

2. moderated ethanol consumption;



high consumption of legumes;

high consumption of cereals (particularly bread);
high consumption of fruits;

high consumption of vegetables;

low consumption of meat and meat products;

© N o g ko

moderate consumption of milk and dairy products.

Because of abundant plant foods plenty of vitamins, antioxidants
and high content of monounsaturated fatty acids (olive oil as a
principal source of fat), all of them being potentially active in
protection against the age-related diseases, the diet from the
Mediterranean basin was recognized as “functional diet” with

respect to human health protection (Ortega, 2006).

2.2. Cardiovascular health and olive ol

A substantial body of knowledge demonstrates that the
Mediterranean diet conveys a markedly lower risk of coronary
disease (Trichopoulou, 1997, 2003). In addition, the adherence to
the Mediterranean diet has been shown to be effective in the
secondary prevention of coronary heart disease in intervention
studies (de Lorgeril, 2006).

Olive oil, the primary source of fat in the Mediterranean diet, was
associated with a low mortality for cardiovascular disease
(Trichopoulou, 2001). The data from clinical studies show that
consumption of olive oil can provide heart health benefits such as
favourable effects on cholesterol regulation and LDL oxidation, and

that it exerts anti-inflammatory, antithrombotic, antihypertensive as



well as vasodilator effects both in animals and in humans (Covas,
2007). Additional clinical evidence suggests that the olive olil
phenolic content, may contribute to its cardioprotective benefits.
Which were reasons and which facts supporting this statement will
be reviewed in detail in the following sections after revealing the

complexity of olive oil as a food component.

2.3. Olive oil phenols and CVD

2.3.1. Evidence from intervention studies in
humans

Acute/postprandial studies

Postprandial lipemia® has been recognized as a risk factor for CVD
and especially for AT development on its own, together with
postprandial hyperglycemia®, and associated with oxidative
changes (Roche, 2000; Hyson, 2003) and inflammatory response
(Alipour, 2008). After a high-fat meal an oxidative stress occurs
triggering inflammation, endothelial dysfunction, hypercoagulability,
and a cascade of other atherogenic changes (O'Keefe, 2007).
However, the consumption of fatty meals with suitable sources of
antioxidants can minimize this postprandial oxidative stress (Sies,
2005).

Some randomized and crossover clinical studies, summarized in

Supplementary Table Il, have examined the postprandial effect of

® a physiological effect leading to an excess of lipids in the blood that
occurs between 2 and 12 hours after the ingestion of food.
* a physiological effect leading high concentration of glucose in the blood.
that occurs between first hours after the ingestion of food.



olive oil phenolic compounds on biomarkers of oxidative stress
(see first part of the Table 1). Although they were well planed,
results of postprandial studies are difficult to evaluate and compare
because some of them do not mention whether postprandial
lipemia and/or hyperglycemia occurred (Bogani, 2007; Visioli,
2000a). In addition, the dosages of polyphenols chosen in some
studies were quite dissimilar for representative dietetic levels of
high and low phenolic content olive oil antioxidants (Visioli, 2000ga;
Ruano, 2005); populations were usually small and mainly consisted
in healthy male individuals, only one study was performed in mixed
population (women and man) of hypercholesterolemic patients
(Ruano, 2005).

In clinical trials previously performed in our institution it was shown
that the ingestion of a 25-mL olive oil does not promote
postprandial oxidative stress with independence of the phenolic
content of the olive oil (Weinbrenner, 2004a, b), whereas single
doses of 40 mL (Covas, 2006a) and 50 mL (Fit6, 2002) did.

With olive oil doses at which oxidative stress occu rs, data
from randomized, crossover, controlled postprandial

studies in human show that:

(i) virgin olive oil polyphenols increase serum
antioxidant capacity;

(i) virgin olive oil polyphenols modulate the degr ee of
lipid and LDL oxidation, in a dose dependent

manner.




Sustained doses intervention studies

Most intervention studies with olive oil were made on the basis of
single-dose administration. The argument has been made that
single doses are not representative of the actual dietary situation
with olive oil consumption. There are two main drawbacks:
(i) In most cases consumption of olive oil, as a natural dietary
component, is of sustained character;
(i) the repeated administrations of it could be necessary to

reach to see some of the effects of its actions.

Lipid oxidative damage was investigated in the majority of the
studies with sustained doses intervention. Two studies with a
similar approach in experimental design of study, a short term
intervention study (Weinbrenner, 2004a) with a strict very low-
antioxidant diet in both wash-out and intervention periods and a 3-
weeks intervention study (Marrugat, 2004) with a strictly controlled
low antioxidant consumption diet, reported on the protective effects
of olive oil phenols in vivo on the basis of two lipid oxidative
damage biomarkers: plasma oxLDL and wurinary MDA

concentrations.

The acute and short term intervention studies performed in our
group were able to demonstrate that olive oil phenolic content
modulates the oxidative/antioxidative status of healthy subjects
(Weinbrenner, 2004a). These preliminary results were further
supported by results obtained in a controlled, crossover
international study (EUROLIVE) where participants (n=200) were
randomly assigned to 3 sequences of daily administration of 25 mL
of 3 olive oils for 3 weeks. Olive oils had a low (2.7 mg/kg of olive

oil), medium (164 mg/kg), or high (366 mg/kg) phenolic content but



were otherwise similar in their composition. The phenolic content
provided benefits in a direct dose-dependent manner for plasma
lipids and lipid oxidative damage (Covas, 2006b). In a subset of
subjects it was shown that all three olive oils caused an increase in
plasma and LDL oleic acid content (P < 0.05). In addition, olive oils
rich in phenolic compounds led to an increase in their
concentrations in LDL (P < 0.005) in a direct relationship with the
phenolic content of oils. This can account for the increased
resistance of LDL to oxidation, and the decrease of oxidized LDL,
observed within the frame of this clinical trial (Gimeno, 2007).
Phenolic content of LDL was correlated with concentrations of
HOTYR in plasma (Covas, 2006b) and its presence in LDL has

been demonstrated later (de la Torre-Carbot, 2007).

Overall results of sustained doses olive oil interv ention
studies in humans (summarized in details in Supplementary

Table Il) have provided evidence of:

(i) the in vivo protective role of olive oil phenolic
compounds on lipid cardiovascular risk factors,
including lipid oxidative damage, in humans at real -
life olive oil dosage;

(i) the fact that olive oil phenolics contribute t 0 health

benefits of olive oil and therefore this food canno t

longer be considered only as a source of MUFA fat.

Previous studies have not been able to demonstrate such findings
due to several deficiencies in the design summarized as follows
(Covas, 2007):



(1) the experimental design of studies (present/absent
wash-out®, period of intervention);

(i) control and type of diet applied (diet compliance
biomarkers, the amount of polyphenols consumed, type
of olive oil pattern);

(iir) population sample (size and homogeneity);

(iv) physiological characteristics of the participants (age, sex
and oxidative status, etc.);

(V) the sensitivity and the specificity of the oxidative stress

biomarkers evaluated.

The balance in pro-oxidant and antioxidant reactions is well
regulated in the body and, therefore, the interventions with
antioxidant-rich compounds at dietary doses exert only marginal
effects in healthy volunteers. In addition, the detection of these
effects is challenged due to the current state of the art of the
oxidative biomarkers (Giustarini, 2009). In fact, the protective effect
of olive oil phenolic compounds on oxidative damage in humans
was better displayed in participants with a compromised oxidative
status (males, males submitted to a low antioxidant diet, post-
menopausal females) or in patients with high oxidative stress
status (hyperlypemic, coronary heart disease, hypercholesteromic,

ect) (see Supplemental Table II).

°® Wash-out periods is the minimum number of days between

administrations of olive oil polyphenols needed to avoid influence of the
previous administration on the plasma and urinary concentration levels of
these polyphenols.



3. Bioactive compounds of virgin olive oil:
phenolic compounds

3.1. Diversity of olive oil

Olive oil is graded in six categories: extra virgin olive oil, virgin olive

oil, refined olive olil, olive oil, refined residue oil, and olive residue

oil. They differ in three main aspects:

(i)

(ii)

(iii)

the acidity®: extra virgin olive oil (EVOO) (acidity up to
0.8% as oleic acid), virgin olive oil (acidity up to 2.0%),
olive oil (a mixture of refined and virgin olive oil), and
olive residue oil (a blend of refined residue oil and virgin
olive oil);

the fact that they have been obtained by different
physical or chemical means. Virgin (VOO) means that
the olive oil was produced by the use of physical means
and no chemical treatment. Refined olive oil (ROO)
means that the oil has been chemically treated to
neutralize strong tastes (characterized as defects) and
neutralize the acid content (free fatty acids), but its lipid
composition is the same as for VOO,;

the microconstituents and micronutrients content:
phenols, a-tocopherol and squalene, etc. (Boskou,
2006). Differences in oxidative stability between virgin

and refined olive oils bring to discovery of olive oils

6 Acidity of oil's is defined as the percent, measured by weight, of free
oleic acid it contains. This is a measure of the oil's chemical degradation;
as the oil degrades, more fatty acids are freed from the glycerides,
increasing the level of free acidity and thereby increasing rancidity.
Another measure of the oil's chemical degradation is the organic peroxide
level, which measures the degree to which the oil is oxidized, another
cause of rancidity.



antioxidants about a half a century ago. Later specific
systematic studies show the peculiar composition of
VOO in terms of phenolic antioxidants that cannot be

found in any other vegetable oils (Servili, 2004).

3.2. Olive oil derived phenolic antioxidants

The chemical composition of VOO consists of major and minor

components. The major components, that include glycerols,

represent more than 98% of the total oil weight and non-glycerol or
unsaponifiable fraction consists of 0.4-5 % (Servili, 2004; Tripoli,
2005). Olive oil glycerol content is composed mainly of the mixed
triglyceride esters of oleic acid and palmitic acid and of other fatty
acids (Table 2). Oleic acid, a MUFA (18:1n-9), represents 70—-80%
of the fatty acids present in olive oil (Abia, 1999).

Minor_components, that are present in a very low amount (about

2% of oil weight), include more than 230 chemical compounds such
as aliphatic and triterpenic alcohols, sterols, hydrocarbons, volatile

compounds and antioxidants (Servili, 2004).

The main antioxidants of VOO are carotenes and phenolic
compounds that include lipophilic and hydrophilic phenols (Boskou,

1996). While the lipophilic phenols, among which tocopherols can

be found in other vegetable oils, some hydrophilic phenols of VOO

(including phenolic acids, polyphenols, secoiridoid compounds and
derivatives) are not generally present in other oils and fats.
Moreover, the hydrophilic phenols of VOO constitute a group of
secondary Olea europaea L. plant metabolites (Jensen, 2002) that

show peculiar sensory and healthy properties (Servili, 2004).



Table 2 Chemical composition of olive oil (Escrich, 2007).

Saponifiable fraction Unsaponifiable fraction
(98—99%) (about 2%)
Main fatty acids present in Non-glyceride esters (alcoholic and sterol
triacylglycerols: compounds, waxes)
Aliphatic alcohols
Oleic acid (18:1n-9) Triterpene alcohols
Palmitic acid (16:0) Sterols (B-sitosterol, campesterol,
Linoleic acid (18:2n-6) estigmasterol,...)
Estearic acid (18:0) Hydrocarbons (squalene, B-carotene,
Palmitoleic acid (16:1n-9) lycopene,...)
Linolenic acid (18:3n-3) Pigments (chlorophylls,...)
Miristic acid (14:0) Lipophilic phenolics (tocopherols and

tocotrienols)

Hydrophilic phenolics (phenolic acids,
phenolic alcohols, secoiridoids, lignans
and flavones)

Volatile compounds

There are at least thirty-six structurally distinct olive oil phenolics

that have been identified (Cicerale, 2009). They can be grouped

according to their similar chemical structure in the following groups:

(i)

(ii)

(iii)

(iv)

v)

phenolic acids (three sub-groups: benzoic acid

derivatives, cinnamic acid derivatives and other phenolic
acids and derivatives) (Carrasco-Pancorbo, 2005a);

phenolic _alcohols (compounds with hydroxyl group

attached to an aromatic hydrocarbon group);
secoiridoids (characterized by the presence of either
elenoic acid (EA) or EA derivatives in their molecular
structure) (Carrasco-Pancorbo, 2005a);
hydroxyl-isocromans (3,4-dihydroxy-1H-benzopyran

derivatives) (Bianco, 2001);

flavonoids (compounds containing two benzene rings
joined by a linear three carbon chain, two sub-groups:

flavones and flavanols);



(vi) lignans (compounds which structure based on the
condensation of aromatic aldehydes) (Carrasco-
Pancorbo, 2006).

Among vegetable oils, virgin olive oil (VOO) has nutritional and
sensory characteristics that make it unique and a basic component
of the Mediterranean diet. Sensory properties of VOO are largely

affected by phenolic and volatile compounds. Volatiles are mainly

responsible for the aroma of VOO, especially for the green sensory
notes of high-quality VOO, whereas compounds with a phenolic
structure affect both the taste, in particular the positive bitterness
organoleptic attribute, and the oxidative stability of the VOO
(Gutiérrez-Rosales, 2003; Andrewes, 2003; Busch, 2006).
Phenolics and volatiles are therefore the compounds chiefly

responsible for the flavour of EVOOs.

The qualitative and quantitative composition of VOO hydrophilic
phenols is strongly affected by agronomic and technological
conditions of olives production: cultivar, fruit ripening, climatic
conditions of production, and some agronomic techniques such as
the irrigation (GOmez-Rico, 2006; Soler-Rivas, 2000; Servili, 2003;
Kalua, 2006). Crushing (Soler-Rivas, 2000) and malaxation (Kalua,
2006) are the most important critical points of the oil mechanical
extraction process. Secoiridoid aglycons are originated, during
crushing, by the hydrolysis of their glucosides. Extraction systems,
such as pressure and centrifugation, play an important role in the
oil phenolic composition. Oil obtained by pressure systems that
does not require addition of water shows higher phenolic
concentration in comparison to the one obtained by the traditional

centrifugation (Kaula, 2006).



Due to these and other agronomic and technological aspects of
olive oil production, that strongly affect their occurrence, the
definition of the average concentration of hydrophilic phenols in
VOO is rather difficult (Cicerale, 2009). The effect of storage time
and conditions on the reduction of initial total phenolic content as
well has been noted in a number of studies (Brenes, 2001,
Okogeri, 2002). In general, the concentration of phenols in olive
oils may range between 40 and 900 mg/kg or up to 1000 mg/kg
(Montedoro, 1992).

There are several experimental approaches to report food phenolic
content. It is common to report the total content of polyphenols,
expressed as gallic acic equivalents (GAE) using the Folin-
Ciocalteu reagent (Singleton, 1999). Other phenols are used for
reporting total phenolic content as caffeic acid, and therefore
results are reported as caffeic acid equivalents (CAE).
Alternatively, phenolic compounds can be quantitated separately

by chromatographic methods (Suarez, 2008).

3.3. HOTYR and TYR secoiridoids as main polar
phenolic compounds present in olive oil

As it was mentioned earlier, VOO contains different classes of
phenolic compounds (Carasco-Pancorbo, 2006; Gdmez-Alonso,
2002; Servili, 2002, 2004). The type of phenols in EVOO differs
from those of the olive tree and fruit. Oleuropein (OLE), demethyl-
oleuropein, ligstroside (LGS) and niizhenide are the most abundant
secoiridoid glycosides over all olive tree and fruit (peel, pulp and
seed). Phenolic acids (benzoic acids and cinnamic acids) were also

found in olive fruits by different authors, while the phenolic acids,



phenolic alcohols and flavonoids occur in many fruits and

vegetables belonging to various botanical families. Secoiridoids, on

the contrary, are primary chemotaxons of Oleaceae, which includes

Olea europaea L., Gentianales and Cornales (Jensen, 2002; Soler-
Rivas, 2000). Olives and VOO are the only edible products that

contain secoiridoids obtained from these species extensively used

in the human nutrition;

prevalent phenols of VOO.
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The phenolic compounds classified as secoiridoids are
characterized by the presence of either elenolic acid (EA) or
elenolic acid derivatives in their molecular structure. The most
abundant secoiridoids of VOO are 3,4-DHPEA-EDA and p-HPEA-
EDA, and OLE-aglycon (3,4-DHPEA-EA) (Gomez-Alonso, 2002)
(Fig. 9). These compounds are intermediate structures of the
biochemical transformation of secoiridoid glucosides of olive fruit
(OLE and LGS) in the final aglycon derivatives: 3,4-DHPEA-EDA
and p-HPEA-EDA, respectively (Fig. 9). OLE-aglycon is the ester
of EA with 3,4-dihydroxyphenylethanol (3,4-DHPEA or
hydroxytyrosol), and LGS-aglycon is the ester of EA with 4-

hydroxyphenylethanol (p-HPEA or tyrosol).

The hydroxytyrosol (HOTYR) and tyrosol (TYR) are the main
phenolic alcohols of VOO (Gomez-Alonso, 2002). Their
concentration is very low in fresh oils, but increases during oil
storage due to the hydrolysis of VOO secoiridoids that contain

them in their molecular structures (Brenes, 2001) (Fig. 9).

4. Molecular mechanisms of action of HOTYR
and TYR

4.1. Antioxidant activities of olive oil phenolic
compounds: HOTYR and TYR

There are two main directions in the investigation of antioxidant
activities of olive oil phenols:

(i) the evaluation of the effect of phenols on the stability of the

oil preventing autoxidation that has purely technological

character;



(i) the evaluation of their biological effects and its application in

human health protection.

The antioxidant activity of hydrophilic phenols of VOO has been
extensively studied. The correlation among total phenols, their
antioxidant activity and the shelf life of olive oil, behaviour during
frying and other cooking processes was recently confirmed. The
data showed that the natural antioxidants present in olive oil and
especially HOTYR and its derivatives can extend the olive oil shelf
life and protect it from decomposition occurring during thermal
treatment (Velasco, 2002; Carrasco-Pancorbo, 2007; Hrncirik,
2005).

Phenolic compounds can inhibit oil's oxidation by three main
mechanisms: radical scavenging, hydrogen atom transfer, and
metal chelating. In addition, the antioxidant activity of phenols can
be enhanced by the presence of tocopherols in olive oil (Mateos,
2003). The components which are mainly responsible for the
remarkable resistance of olive oil to oxidation are the HOTYR-
containing compounds (HOTYR, 3,4-DHPEA-EDA, OLE-aglycon);
on the contrary, TYR, lignans and LGS-derivatives seems to exert
much weaker antioxidants activities against olive oil fat oxidation
(Carrasco-Pancorbo, 2005b, 2007).

The biologically relevant activities of olive oil phenols and possible
mechanisms underlying these properties will be discussed in detalil

below, since it takes special place in the scope of this thesis.



4.1.1. Primary and secondary antioxidant
activities of HOTYR and TYR

As it was previously explained, an antioxidant eliminates potential
initiators of oxidation and thus prevents or stops a reaction of

oxidation. Antioxidant activity of any primary antioxidant is

implemented by the donation of an electron or hydrogen atom to a

radical derivative, whereas secondary antioxidants remove the

component initiating and stimulating a free radical chain reaction,

therefore, thus preventing the initiation of oxidation.

A primary antioxidant can be effective if it is able to donate an
electron (or hydrogen atom) rapidly to a radical molecule and itself

becomes more stable then the original radical (Fig. 10).

A secondary antioxidant can prevent reaction from taking place by
absorbing ultraviolet light, scavenging oxygen, chelating transition
metals, or inhibiting enzymes involved in the formation of reactive
oxygen species, for example, NADPH oxidase and xanthine oxidase,

dopamine-B-hydroxylase, lipoxygenases, etc.

Depending on the specific set of conditions, antioxidants being
oxidized can act as pro-oxidants, chemicals that induce oxidative
stress, either through creating reactive species or inhibiting
antioxidant systems (Puglia, 1984). The importance of the
antioxidant and pro-oxidant activities of antioxidants is still under

investigation (Halliwell, 2008).
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Figure 10 Exchange reaction generated between free radical
as an oxidizing agent and antioxidant as reducing agent and
its potential pro-oxidant activity.

Many different substrates, system compositions and analytical
methods are employed in the evaluation of the effectiveness of
antioxidants against biologically relevant reactive species (for their
detailed description refer to Supplemental Table 1). Antioxidant
effectiveness is measured by monitoring the inhibition of the
oxidation of a suitable substrate under standard conditions using
chemical, instrumental or sensory methods. In practice there is no
gold standard for any of the methods, therefore, the interpretation
of the results should be careful, based on the essential features of

the test (according to the suitability of substrate, an oxidation



initiator and an appropriate measure of the end-point) (Sanchez-
Moreno, 2002; Huang, 2005; Frankel, 2000).

There is a plethora of studies with respect to the potential of olive
oil phenols to scavenge synthetic radicals, superperoxide radicals,
and peroxyl radicals or neutralize reactive species and reduced
damages caused by hydrogen peroxide and peroxynitrite ion
(reviewed by Visioli, 2002a, b; Boskou 2009). Some of them will be
underlined in the following paragraphs due to their relevance to the

objectives of this thesis.

4.1.1.1. Chemical properties of HOTYR and TYR
related to their antioxidant activities

The function of antioxidants is to intercept and react with RS at a
faster rate than substrate and, since a variety of RS are able to
attack a variety of targets including lipids, nucleic acids, and
proteins, the chemical and physical properties of antioxidants could
define the success of this protection. There are several chemical
mechanisms for oxidation in which olive oil antioxidants can play a
preventive role and which depend on chemistry and structural
properties of phenolic compounds:

(i) H-atom transfer;

(i) Electron transfer;

(i) Metal chelation;

H-atom transfer (HAT) is one of the principal mechanisms in

oxidation. The role of phenolic antioxidant (ArOH, since it contains
at least one hydroxyl group attached to benzyl ring) is to interrupt

the reaction by donation of an H-atom. To be effective ArO" must



be a relatively stable free radical (FR), so that it reacts slowly with
substrate of oxidation but rapidly with a FR (Fig. 10) oxidizing it
(e.g. peroxyl, alkoxyl, alkyl, and superoxide radicals). The rate of
the reaction for the substrates with a FR depends on the energetic
barrier height for transfer of an H-atom from the substrate (or ArOH
in case with antioxidant). As the reaction with FR and ArOH
becomes more exotermic, the barrier should decrease and the
antioxidant will react faster with the FR, thus preventing reaction

with substrate. Therefore, Bond Dissociation Enthalpy (BDE) in

ArOH will be an important factor in determining the efficacy of an
antioxidant, since the weaker the OH bond the faster will be the

reaction with FR.

|
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Figure 11 HAT and ET mechanism of FR deactivation.
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Electron transfer (ET, e-transfer) is another mechanism by which

an antioxidant can deactivate a FR. In this reaction a radical cation
is formed first followed by a rapid and reversible deprotonation in
solution. The net result is the same as in the HAT mechanism (Fig.
11). However, if the radical cation ArOH* has sufficient lifetime it
can attack suitable substrates: DNA, protein and lipids, etc,

therefore, it can behave as pro-oxidant (Fig. 10). The lonization



Potential (IP) of a molecule define its electron transfer capacity
(Nenandis, 2005).

Metal-chelation is a property of solely catechol containing

compounds. Such compounds can form stable complexes with
various di- and trivalent metal ions, the complexes with trivalent
ions being the most stable. Due to the high stability of catechol-
metal complexes, compounds containing the catechol group can
sequester metals from other complexes, thus preventing metals

from undergoing redox reactions (Schweigert, 2001).

Theoretical investigations

Both the HAT and ET mechanisms must always occur in parallel,
but with different rates. Evaluating antioxidants from a theoretical
perspective, it is desirable to determine accurately both BDE and
IP, the former relevant to the atom-transfer mechanism (ArOH -
ArO’) and the latter relevant to electron transfer (ArOH - ArOH").
The reduction reaction via donation of an electron is typical for
phenolic antioxidants. Antioxidants that are reducing agents can
also act as pro-oxidants. For example, a polyphenol has
antioxidant activity when it reduces oxidizing substances such as
hydrogen peroxide, however, it will also reduce metal ions that
generate free radicals through the Fenton reaction. It is worth
noting that when the BDE or IP become too low, the compound can

act as a pro-oxidant rather than as an antioxidant (Nenadis, 2005).

Theoretical BDE and IP values were applied for a prediction of the
radical scavenging potential of phenolic compounds of olives and
olive leaves (Nenadis, 2005). Thus, catechol-containing

compounds (HOTYR and its secoiridoid derivatives) appeared to



have the lowest BDE values, whereas monophenols such as TYR
had much higher BDE values (a lower potential for radical
scavenging) and HVAlc, a methyl conjugate of HOTYR, being
intermediate. In real systems, however, the activity of these
compounds may vary due to differences in their lipophilicity and the

composition of the system where they act (Nenadis, 2005).

Svynthetic radical scavenging activities

Different synthetic radicals were used not only for evaluating the
total antioxidant activity of olive oil (Valavanidis, 2004; Gorinstein,
2003), olive oil fractions (Lee, 2008, 2009) but also for individual
phenols (Briante, 2003; Carrasco-Pancorbo, 2005b). Scavenging
effects of HOTYR, TYR and other individual olive oil phenols were
evaluated mainly using ABST (Paiva-Martins, 2003), DPPH
(Roche, 2005) and DMPD (Briante, 2003) synthetic radical
decolourization assays’. The reduction of these long-living radicals,
which is recorded spectrophotometrically, requires transfer of
hydrogen form tested compounds to the synthetic radical, which
mimics in vivo radical species. The results of these assays showed
that HOTYR and its derivatives (all sharing o-diphenolic structure)
are the most potent radical scavengers of olive oil origin, whereas
monophenols as TYR are quite weak. Moreover, it was shown that
activities of HOTYR found in these tests are higher than to those
reported for well-known natural antioxidants as a-tocopherol, trolox
(a water soluble analogue of tocopherol) or ascorbic acid (Nenadis,

2002; Visioli, 1998). Few and controversial data are available on

’ The results of radical scavenging assays are usually expressed as ECsg
or Trolox equivalents characterize the ability of compounds to donate
hydrogen, in addition, amount of hydrogen atoms donated to radical could
be evaluated stoichiometrically.



the radical scavenging activities of HVAIc (Tuck, 2002; Grasso,
2007).

Specific radicals scavenging activities

The scavenging capacity of olive oil phenols (HOTYR, TYR and
their secoiridoid derivatives) towards most important biological
reactive species were studied by using a variety of in vitro and ex
vivo methods, and the reports on some of them are summarized in

Supplementary Table Ill.

The reported activities of olive oil phenols in scavenging biological
radicals are very dependent on the methods used in the evaluation.
There are two possible mechanisms of antioxidant behaviour (and
two ways of its detection): indirect by suppression of the radical
generation or other way of interaction on the extent of oxidation
(measuring levels of the damage done by RS), and direct by
scavenging of the generated radicals (measure the levels of the
trapped molecules) (Halliwell, 2004). Independently on the
mechanism, in the majority of cases, olive oil o-diphenolics
(HOTYR and its derivatives) behaved as potent antioxidants,
whereas the monophenolic compound TYR was poorly active. The
HVAIlc was studied in several studies and was shown to be partially
active against reactive species in several detection systems (see

Supplementary Table IlI).

Transition metal chelation and reduction




In the presence of transition metal® ions, both radical scavenging
and metal chelation contribute to the antioxidant effects of phenols.
Transition metals are strongly implicated in the production of highly
reactive hydroxyl radicals by the superoxide driven Fenton
reaction’ as well as in the direct reductive decomposition of lipid
hydroperoxides to provide alkoxyl and lipid peroxyl radicals as
propagation radicals (Haliwell, 1995) (Fig. 12). Catechol containing
phenols may chelate transition metal ions, hence reducing metal-

induced oxidative reaction, but they also reduce transition metals.

One of the potent inhibitory effects of olive oil phenols bearing a
catechol on lipid peroxidation may be related to the formation of
Cu(I-oxygen chelate. Therefore, antioxidant effects of HOTYR
and its secoiridoid derivatives due to the metal chelation were
studied in several studies (Paiva-Martins, 2005; Briante, 2003). The
protonated catechol group is not a particularly good ligand for metal
cations, but once deprotonated can chelate metals at physiological
pH (Hider, 2001; Paiva-Martins, 2005). Thus it was shown that
olive oil 3,4-dihydroxyphenols, including HOTYR, can form
complexes with Cu(ll), however these compounds with catechol
structures were susceptible to oxidation (Briante, 2003). The ability
of HOTYR to chelate transition metals can be related to the high
activity of both hydrogen atoms of its catechol group (Erkog, 2003).

® Metals that have an incomplete inner electron shell and that serve as
transitional links between the most and the least electropositive in a series
of elements.

® Ferrous Iron(ll) is oxidized by hydrogen peroxide to ferric iron(lll), a
hydroxyl radical and a hydroxyl anion. Iron(lll) is then reduced back to
iron(ll), a peroxide radical and a proton by the same hydrogen peroxide:
(1) Fe** + H,0, — Fe** + OH + OH™ and (2) Fe** + H,0, — Fe®* + OOH’
+ H".Then, the generated radicals are engage in secondary reactions.



Metal redaction and chelating

CN
H,0, <—
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Figure 12 Lipid peroxidation involving Cu as a transition
metal and role of the olive oil antioxidants preventing such
reaction.

ArOH — is reduced form of oxidant; ArO" — is oxidized form of
antioxidant; Cu(ll) and Cu(l) — are oxidized and reduced
forms of Cu, respectively; OH* - hydroperoxide radical; O2* -
superoxide radical; LH - lipid molecule; LOOH - lipoperoxide;
LOO* - lipid peroxide radical; LO* - lipid oxide radical; L* -
lipid radical; asterisks — sites where olive oil phenols could
interrupted oxidation process.

Since reduced transition metals are more active that non-reduced
at catalyzing the decomposition of hydroperoxides into free radicals
(Fig. 12), metal-reducing properties of polyphenols can increase
oxidative reactions. Transition metal reductions by olive oil phenols
and phenols bearing structural similarity (methylcatechols,

catechols and monohydroxy compounds) have been recorded in



several experimental studies (Briante, 2003; Paiva-Martins, 2005;
Aguiar, 2007; Manna, 2002; Mazziotti, 2006). It was shown that the
reducing capacity is connected to the presence of a specific ligand
of the reduced ion (Briante, 2003). In general, o-diphenols (as are
olive oil HOTYR and its secoiridoid derivatives) can reduce
substantial amounts of transition ions (Cu®* and Fe®*"), whereas
monohydroxy compounds (as TYR) did not reduce (Manna, 2002),
probably because they cannot form quinones. Although the
methoxyl group does not oxidize during reaction, it is an electron
donor stimulating the reactivity of the vicinal hydroxyl group by
induction, therefore HVAIc can actively reduce transition metals
(Aguiar, 2007). Undergoing redox reactions, catechol (as HOTYR)
(Roche, 2005) and methoxycatechols (Fujisawa, 2005) (which are
structurally similar to HVAIc) can cycle between themselves, often

producing redox active polymers (Hotta, 2002).

Regeneration of other antioxidants via their reduct ion.

Antioxidant synergism

In nature, antioxidants exist in combination and these antioxidants
may act additively or even synergistically against oxidation. A
combination of different antioxidants can be superior to the action
of single antioxidants in protecting LDL lipid and protein moiety

against oxidation (Yeomans, 2005).

Few studies evaluated the interaction of olive oil phenols with other
antioxidants. Some evidence of a higher antioxidant effect of olive
oil phenols in combinations with tocopherol have been provided in
a study with liposomes (Paiva-Martins, 2003). Also mixtures of
biophenols were more active than individual biophenols as

antiproliferative agents, particularly it was observed for a mixture of



hydroxytyrosol/caffeic acid in protecting DNA from oxidative
damage and inhibiting the growth of cancer cells (Obied, 2009).
The mechanisms of such interactions are not clear. Probably, the
regeneration of antioxidants from their electron-oxidized form by
olive oil phenols could take place in analogy to the well-known

synergism between tocopherol and ascorbate (Buettner, 1993).

4.1.1.2. Physical properties of HOTYR and TYR
contributing to their antioxidant activities

Other factors that may contribute to the overall performance of the
compounds in real systems are: (i) the molecule size and (ii) its

lipophilicity.

Olive oil phenol alcohols seem to be quite similar in molecule size,
although do not exhibit close similarity in their structures: HOTYR is
a catechol, TYR is a phenol and HVAIc is a methoxyphenol. The
three-dimensional configuration of compounds is expected to
moderate penetration into membranes and thus affect antioxidant
performance in biological systems (Nenadis, 2003; Paiva-Martins,
2003).

Lipophilicity/polarity plays an important role in cell-uptake, receptor

binding and other properties influencing the biological activity of a
compound. Lipophilicity of molecules is evaluated by measuring the
partitioning coefficient between an organic phase and aqueous
phase. It was reported (Paiva-Martins, 2003) that HOTYR, together
with its acetate, aldehyde of OLE-aglycone cannot penetrate
membranes, as a consequence of their hydrophilic properties and

their non-planar structures defining their conformational mobility.



Therefore, their effectiveness as antioxidants were associated with
their interaction with the surface of the phospholipids bilayer, where
they are supposed to act as scavengers of aqueous peroxyl
radicals but not as scavengers of chain propagation lipid peroxyl
radicals within membrane (Paiva-Martins, 2003). Thus, the high
polarity of HOTYR results in a small concentration of the phenol in
the lipid phase, that also directs the distribution of its activities

within biological systems.

4.1.1.3. CVD related antioxidant properties of
HOTYR and TYR: in vivo and in vitro
studies

The principal antioxidant properties of olive oil phenols described
on chemical and physical models could explain to some extent the
mechanisms underlying their antioxidant activities in more complex
biological models and systems. A set of experiments, reviewed
below, showed that olive oil phenols protect various
macromolecules from their oxidation, and could participate in the
protection of cell and whole organism against oxidative processes

primary involved in CVDs development and progression.

Protection against oxidative damage of macromolecul es

Mixtures of olive phenols are able to reduce hydrogen peroxide
(H.0,)-induced DNA damage in cells (Fabiani, 2008; Nousis, 2005)
as well as individual olive oil phenols as HOTYR and caffeic acid,
and to a lesser extent HVAIc (Grasso, 2007; Fabiani, 2008; Nousis,
2005; Quiles, 2002). The activity of TYR against hydroperoxyde
induced DNA damage remains unclear: it is able to reduce DNA

oxidation only at high doses in oxidative-stress-sensitive cells



(Quiles, 2002), and did not exert any protection activity in hydrogen
peroxide exposed Jurkat cells (Nousis, 2005), nevertheless, in a
study with activated monocytes it was reported to be more effective
than HOTYR (Fabiani, 2008). It is worth noting that complex
mixtures of olive phenols could exert DNA damaging effects by
themselves in the absence of any hydrogen peroxide (Nousis,
2005). HOTYR was also highly protective against the peroxynitrite-
dependent nitration of tyrosine and DNA damage in vitro (Deiana,
1999).

The role of phenolic compounds on in vivo DNA oxidative damage
after olive oil consumption in humans remains unclear. The
protective role was observed against of DNA oxidative damage
taking place in peripheral blood mononuclear cells or lymphocytes
(Weinbrenner, 2004a; Salvini, 2006), but not on the whole body
DNA oxidation (Machowetz, 2007; Hillestram, 2006) measured by
accumulation of DNA oxidative products in urine (Poulsen, 2005),
where it was lowered irrespectively to amount of phenols by any

type of olive oil (Machowetz, 2007).

LDL-oxidation

Among the various substrates which can be oxidized by free-
radical-mediated reactions is LDL. Several in vitro system have
been developed to mimic the reactions occurring in vivo, among
them the susceptibility of isolated LDL and of lipid models
(micelles, vesicles, emulsions and liposomes) to oxidation are the
most common (Cheng, 2003; Frankel, 2000; Paiva-Martins, 2006;
Saija, 1998). The experimental set-up involves either free radicals
or transition metal ions induced lipid oxidation (Esterbauer, 1989),

and the inhibitory effect of variety of lipid-soluble and water soluble



antioxidants, and complex mixtures containing them on LDL
oxidation (Briante, 2004, Bagnati, 1999; Leene, 2002; Fit6, 2000,
Visioli, 1995, Caruso, 1999).

HOTYR and OLE were reported to inhibit the radical induced lipid
peroxidation of fatty acids in lipid model systems (micelles, vesicles
and liposomes), but not TYR (Roche, 2005; Paiva-Martins, 2003;
Saija, 1998). They act rather as retardants, reducing the initiating
hydrophilic peroxyl radicals in aqueous phase, than as chain
breakers like a-tocopherol. The long lasting antioxidant effect was
explained by the residual activity of some of their oxidation
products (Roche, 2005). In addition, their antioxidant activity in lipid
models depended on their location and orientation in the system,
where HOTYR and its secoiridoid derivatives scavenge aqueous
peroxyl radicals near the membrane surface (Saija, 1998; Paiva-
Martins, 2003).

The protective effect of olive oil phenols on oxidation of human LDL
in vivo has been observed in several clinical and intervention
studies, earlier discussed in this chapter. In contrast to their mono-
hydroxy counterparts (TYR and hydroxyphenylacetic acid), the o-
diphenols (HOTYR, dihydroxyphenylacetic acid and OLE-aglycone)
were reported to efficiently increase the in vitro resistance to
oxidation of LDL isolated after being plasma pre-incubated with
tested compounds (Leenen, 2002) (Fig. 13). Both HOTYR and
OLE potently and dose dependently inhibit in vitro peroxyl radical—
dependent and metal-induced oxidation of LDL isolated from
plasma (Fitd, 2000; Visioli, 1995). In addition, OLE together with
TYR were shown to prevent cholesterol oxide formation and the

apoproteic moiety modification formed during LDL photo-oxidation



by UV light (Caruso, 1999). The macrophage-like cell-mediated
oxidation of LDL was inhibited by HOTYR and TYR, although to
different extent (100% HOTYR and 40% TYR), after a pre-
incubating cell lines with the tested compounds (Di Benedetto,
2006).
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Figure 13 Inhibition of Cu-mediated LDL oxidation by olive oil
phenols and other antioxidants (catechol and a-tocopherol)
preincubated with plasma at 1 mM concentration, where
HOTYR — hydroxytyrosol; DOPAC — dihydroxyphenylacetic
acid; OLE-aglycon - oleuropein aglycon; HPAC -
hydroxyphenylacetic acid; TYR - tyrosol; control — no
compound was added (adapted form Leenen, 2002).

The phenolic content of olive oil provided benefits in a direct dose-
dependent manner for plasma lipids and lipid oxidative damage in
humans (Covas, 2006b). In a subset of subjects it was shown that
olive oil caused an increase in plasma and LDL oleic acid content.
In addition, olive oil rich in phenolics led to an increase in their
concentrations in LDL in a direct relationship with the phenolic
content of oils. This can account for the increased resistance of
LDL to oxidation, and the decrease of oxidized LDL, observed

within the frame of this clinical trial (Gimeno, 2007). Phenolic



content of LDL was correlated with plasma concentrations of
HOTYR in plasma (Covas, 2006b) and its presence in LDL has
been demonstrated (de la Torre-Carbot, 2007).

Several studies applying cell culture and animal models reinforce
the data on the protective role of main olive oil phenols (HOTYR,
OLE and to some extent TYR) against differentially induced LDL

oxidation and will be discussed later.

Antioxidant function of olive oil phenols in cell a nd animal

maodels

In parallel to studies with humans, several animal studies have
demonstrated that the degree of oxLDL in vivo decreases as the
phenolic content in the administrated olive oil increases (Ochoa,
2002; Wiseman, 1996). A number of in vitro studies support these
findings (Franconi, 2006; Masella, 2004; Visioli, 1995). Also,
positive changes in the plasma antioxidant activity and lipid
metabolism were attributed to the phenolic content in a study with
rats adapted for cholesterol-free and cholesterol-containing diets
(Gorinstein, 2002; Krzeminski, 2003). The consequences of
smoke-induced oxidative stress were reduced in rats by

administration olive mill waste water rich in HOTYR (Visioli, 2000a).

Supplementation with individual olive oil phenolics also improve the
atherogenic status in animal models via: (i) increasing the ability of
LDL to resists oxidation and at the same time reducing the
plasmatic levels of total, free and esterified cholesterol (Coni,
2000); (ii) a direct protection against the post-ischemic oxidative
burst in the isolated rat heart (Manna, 2004); (iii) improving blood

lipid profile and antioxidant status in hyperlipemic rabbits



(Gonzales-Santiago, 2006); and (iv) significantly lowering serum
total- and LDL-cholesterol levels, whereas increased HDL-
cholesterol levels and retarded the lipid peroxidation processes
(Fki, 2007).

Cell cultures experiments with HOTYR and its secoiridoids (3,4-
DHPEA-EDA, OLE and 3,4-DHPEA-EA) have shown that these
phenolics: (i) positively affect the antioxidant defence system of
hepatic cells, favouring their cell integrity and resistance to
oxidative stress (Goya, 2007); (ii) significantly protect red blood
cells from oxidative damage (Paiva-Martins, 2009) and against
peroxide-induced cytotoxicity (Manna, 1999). HOTYR and its
metabolite HVAIc were able to prevent the lipid peroxidation
process in renal cells (Deiana, 2008) whereas OLE completely
prevented the LDL oxidation mediated macrophage-like cells
(Masella, 2004). The oxidized LDL-induced alterations in Caco-2
cells were almost completely prevented by pre-treatment with TYR
(Giovannini, 1999).

4.2. Non-antioxidant activities of olive oil phenol S

Dietary polyphenols can potentially influence normal and
pathological cellular processes through modulation of intracellular
signaling pathways (Santangelo, 2007). Olive oil dietary phenols
exhibit several biological activities that are not directly related to
their antioxidant properties. The parent compounds and/or their
metabolites:

(i) have impact on cellular signaling pathways;

(i) influence the expression of certain genes;



(i) act as inhibitors/activators of regulatory enzymes.
In these ways they reveal additional biological effects which might
be of importance in the context of CVD prevention related and the

consumption of a diet rich in antioxidants (Giovannini, 2007).

Enzymes inhibition/activation

Olive oil dietary phenols activities on enzymes potentially sensitive
to phenolic compounds have been tested in a variety of cellular

models: platelets, leukocytes, macrophages, etc.

Olive extract strongly inhibited lipoxygenase activities of rat
platelets and polymorphonuclear leukocytes and HOTYR was
identified as a potent specific inhibitor of arachidonate
lipoxygenase activities (Kohyama, 1997). HOTYR is able to
modulate several enzymatic activities linked to CVD: inhibit the pro-
inflammatory 5-lipoxygenase activity in leukocytes (de la Puerta,
1999) and the expression of the inducible nitric oxide synthase
(INOS) and cyclooxygenase-2 (COX-2) in cells treated with
lipopolysaccharide (Zhang, 2009). However in human endothelial
cells under non-inflammatory conditions, HOTYR was not able to
modulate the eNOS enzyme neither at the level of its expression
nor its activity (Schmitt, 2007). OLE also was suspected to cause
some increase in expression of INOS cellular expression (de la
Puerta, 2001). An inhibition of cAMP-phosphodiesterase was
proposed to be one of the mechanisms through which olive oil
phenols inhibit platelet aggregation (Dell'Agli, 2008). OLE was able
to restore glutathione reductase (GS-R) and peroxidase (GSH-Px)
activities in LDL-challenged macrophage-like cells (Masella, 2004)
and, in contrast to HOTYR, was found to strongly inhibit CYP3A

following an mechanism based inhibition and weakly CYP1A2



(Stupans, 2001), which could partially explain its in vivo protective
effect against LDL oxidation (Coni, 2000).

Modulation of signaling pathways and gene expressio n

The response of cells to oxidative stress is very complex and
modulated by a variety of regulators, some of the main signaling
pathways involved in cellular response to OS are present in Fig. 14
(Selfried, 2007; Valko, 2007). Increasing evidences demonstrate
that oxidants and antioxidants can influence important signal
cascades, such as mitogen-activated protein kinases (MAPKS),
which control proliferation and apoptosis; protein tyrosine
phosphatases (PTPs) and tyrosine kinases which regulate the
phosphorylation state of many important signalling molecules
implicated in regulation of many cellular processes, kinase protein
kinase C (PKC-a), involved in signal transduction to various
effector pathways that regulate transcription and cell cycle control,
and nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB), a multiprotein complex known to activate genes involved

in the early cellular defence reaction (Genestra, 2007).

The interaction of olive oil phenols with cell signaling systems and
their influence on gene expression is on the preliminary stages of
investigation. Many of these studies are dedicated to the analysis
of their interaction with well characterized signaling pathways
mainly involved in carcinogenesis (Menendez, 2009; Corona,
2007). Nevertheless, some interesting data has been also obtained
on their interaction with cellular processes involved in development

and progression of CVD.



Recently it was shown, that protective action of HOTYR and HVAIlc
against peroxide-induced injury in renal epithelium was linked to
their potential to modulate the activation of ERK, Akt and JNK and
interaction with some of the apoptosis-related signalling pathways
(Incani, 2009). Concerning the influence of olive oil phenols on the
expression of CVD inflammatory related proteins, it has been
described that some phenolic compounds may inhibit cytokine and
eicosanoid production by inhibiting IL-18 mRNA and protein
expression and COX-2 activity and transcription (Carluccio, 2003;
Petroni, 1997; de la Puerta, 1999). These interactions may
contribute to the anti-atherogenic properties ascribed to EVOO.
OLE-glycoside inhibits the production of IL-6 or TNF-a (Miles,
2005a), but both OLE and TYR were unable to decrease IFN-
gamma production or IL-2 or IL-4 concentrations in stimulated

human whole blood cultures (Miles, 2005b).
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Figure 14 Main routes of cellular response to oxidative stress
(adapted form Seifried, 2007).



Monocyte adhesion to endothelial cells can also be modulated by
VOO phenolic compounds. Already at physiologically relevant
concentrations of phenolics, an extract from EVOO was reported to
strongly reduce cell surface expression of ICAM-1 and VCAM-1,
adhesion molecules involved in early steps of atherosclerosis,
linked to a reduction in mMRNA levels. OLE and HOTYR appeared
to be the main components responsible for these effects (Dell”Agli,
2006). Furthermore, olive oil individual phenols as OLE, TYR,
HOTYR, and HVAIc were reported to significantly reduce the
secretion of these adhesion molecules, in addition to protect
against cytotoxic effects of hydrogen peroxide and oxidized LDL on
cells (Turner, 2005). The involvement of transcription factors NF-kB
and AP-1 in mediating VCAM-1 transcriptional inhibition by
phenolic compounds, among which were present OLE-aglycon and
HOTYR, was reported (Carluccio, 2003).

HOTYR in a concentration-dependent manner could inhibit the
expression of INOS and COX-2 and also significantly attenuate the
LPS-induced transcription of TNF-alpha in THP-1 cells (Zhang,
2009). HOTYR inhibits in vitro the formation of thromboxane B2
(TXB(2)) by stimulated platelets and the accumulation of TXB(2)
and eicosatetraenoid production in serum (Petroni, 1995). In
addition, HOTYR in a dose-related manner inhibits the production
of leukotriene B4 (LTB(4)), the main arachidonic acid metabolite
synthesized by stimulated polymorphonuclear leukocytes
responsible for chemotaxis, aggregation and degranulation of these
cells (Petroni, 1997).

Relationship between expression of redox-homeostasis related

proteins and olive oil phenols was investigated in few studies,



mainly concentrated in glutathione system functioning. Thus, it was
shown that at low concentrations HOTYR can decrease mRNA
levels of GSH-Px and phospholipid hydroperoxide, whereas TYR
increased these levels at high concentration (Quiles, 2002). OLE
was able to restore the expression of several genes of GSH-related
enzymes in LDL challenged macrophage-like cells, as a result, it
was suggested that an activation of mRNA transcription of these
enzymes represents an important mechanism in olive oil phenolic

antioxidant action (Masella, 2008).

4.3. Biological activities of olive oil phenolic
compounds HOTYR and TYR

Antioxidant and non-antioxidant biological actions of olive oil
phenolic compounds have been intensively studied regarding their
relevance to human health. Some of the mechanisms underlying
the health beneficial properties of olive oil phenols (OOPh) have
been reported based on the conducted in vivo and in vitro and ex

Vivo experiments summarized in Table 3:

Table 3 Biological activities of HOTYR and TYR which might
underline health beneficial properties of olive oil.

Targets | Main mechanisms | Ref
Antiatherogenic properties
LDL Inhibition of LDL oxidation: Visioli, 1995,
- preserving the endogenous LDL 2000a;
antioxidant pool; Masella,
- scavenging lipid radicals; 1999 ;
chelating metals inducing oxidation;
Cholesterol | Decrease in blood levels of cholesterol: Benkhalti,
- inhibition of HMG-Co0A reductase, a 2002;
principal enzyme in cholesterol
synthesis

Anti-thrombotic activities

Platelets | Inhibition of platelets aggregation: | Lopez-




Cells
interactions

decrease in platelet thromboxane
synthesis;

increase in leukocyte nitric oxide
production;

Inhibition of monocytes adhesion to

endothelial cells:

alteration in expressions of adhesion
molecules (ICAM-1 and VCAM-1);

Miranda 2007;
Gonzélez-
Correa, 2008;

Carluccio,
2003;

Turner, 2005;
Manna, 2009;

Anti-tumorogenic activities

Cell death - modulation of signal transduction Corona, 2009;
and pathway, enzymes activities and Han, 2009;
proliferation protein expression; Fabiani, 2002;
- inhibition of cell cycle progression;
- _induction of apoptosis;
Neuroprotective action
Neuronal Neurons cytoprotective effect: Gonzalez-
cells - modification of thrombogenic Correa, 2007,
processes; 2008;
- diminishing platelet aggregation; Schaffer,
- reducing oxidative stress; 2007;
- cytoprotection; Young, 2008;
- enhance resistance to oxidative Hashimoto,
stress; 2004,
- protecting from hypoxia-
reoxygenation effects
Anti-inflammatory effects
Inflammatio | Immunomodulation: de la Puerta,
n - inhibitory action on pro-inflammatory | 2000;
enzymes (COX, lipoxygenase, Petroni, 1997,
myeloperoxidase); Martinez-
- reduce formation of pro-inflammatory | Dominguez,
molecules: TXB(2) and LTB(4); 2001;
Anti-microbial, anti-fungal and anti-viral activity
Pathogen Inhibition of viral and bacterial growth Kubo, 1985 ;
and activity: Konno, 1999;
- protein denaturants; Lee-Huang,

inhibitors of principal pathways;
modulators of oxidative stress.

2007a, 2007b

5. Olive oil as functional food modifying
transcriptome of genes related to CVD

It is recognized that understanding the effect of diet on health

requires the study of the mechanisms of nutrients and other



bioactive food constituents at the molecular level (Scalbert, 2008;
Hocquette, 2009; Garcia-Cafas, 2010). It has been demonstrated
in studies with humans, animals and cell cultures studies that
different food components can modulate gene expression (GE) in
diverse ways. These observations are in the basis of a new field
that focuses on the study of the interaction between nutrition and

human genome: Nutritional Genomics (Nutrigenomics).

There is a dynamic, two-way interaction between nutrition and the
human genome. This interaction determines gene expression and
the metabolic response, which ultimately affects an individual's
health status and/or predisposition to disease (Fig. 15) (Roche,
2004).
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Figure 15 Interaction between nutrition and the human
genome (adapted from Roche, 2004).

Olive oil is composed by diverse constituents, many of which have
specific biological activities, altogether contributing to health
benefits of this dietary product. Therefore, pioneering nutrigenomic
research was focused mainly in two principal olive oil features: its

intrinsic monounsaturated fatty acids composition (Escrich 20086,



2007; Menendez, 2006) and its specific microconstituents content
(Acin, 2007; Carluccio, 2003; Menendez, 2008), where a central
place was dedicated to the redox-active phenolic compounds. Until
now few studies have studied the interaction of these olive oll
components with the expression of genes, and all of them followed
a hypothesis driven approach. The majority of olive oil nutrigenomic
studies were conducted in cancer research (Escrich, 2007, 2008;
Menendez, 2006, 2008) and very few of them, discussed below,

are concerned with that interaction in respect to CVD.

5.1. Olive ail lipids and gene expression

Dietary fatty acids interact with multiple nutrient-sensitive
transcription factors. Some of them can explain the molecular basis
of several health effects associated with altered dietary fatty acid
composition (Roche, 2004). The effect of dietary lipids on GE can
be indirect, via changes in cell membranes and signal transduction
pathways to the nucleus, and direct, when effects of fatty acids or
their metabolites may be directly mediated by binding to various
nuclear receptors and activating their transcription factor action
(Escrich, 2007). It has been shown, that dietary lipids and their
metabolites modify the expression of genes which can be
potentially involved in development and progression of AT
processes or CVD, and related to them metabolic pathologies as
diabetes and obesity (Li, 2005; Raclot, 1997; Landschulz, 1994;
Ren, 1997). Recent experimental evidences show that exist
specific receptors for fatty acids or their metabolites that are able to

regulate gene expression and co-ordinately affect metabolic or



signalling pathways associated with CVD (Vanden Heuvel, 2009;
Weaver, 2009).

There are a few experimental studies addressing the role of olive
oil fatty acids transcriptome activity with respect to CVD related
genes. Thus, it was described that some of the monounsaturated
fatty acids typical for olive oil (mainly oleic, linoleic and linolenic
fatty acids) can interact with AT-related genes (Toborek, 2002).
Such studies have been mainly conducted in cell cultures or animal
models (Osada, 1991), and to a lesser extent in humans (Bellido,
2004).

Nutrigenomic experiments, focusing in more specific and close to
real in vivo situation, started to be performed just recently,
promoted by methodological developments, as high-throughput
technologies. Recently it has been demonstrated in an in vitro
model that different fatty acid composition of triglyceride-rich
lipoproteins (TRL) is capable of differentially modifying gene
expression in human coronary artery smooth muscle cells
(Bermudez, 2008). In this study the ingestion of meals enriched
with different sources of fatty acids (refined olive oil, butter and or a
mixture of vegetable and fish oils), was studied and results show
that TRL-refined olive oil promoted a less atherogenic gene profile

than the other two treatments.

5.2. Olive oil phenolics and gene expression

For many years, dietary polyphenols were thought to protect cell

constituents against oxidative damage through scavenging of free



radicals. However, nowadays this concept appears to be an
oversimplified view of their mode of action (Scalbert, 2005). It was
shown that the expression of various genes can be effected by a
variety of phytochemicals, especially those exhibiting antioxidants
properties (de Kok, 2009; Nair, 2007). Genes involved in the
physiopathological processes leading to the CVDs as well can be
affected as it has been shown in different experimental studies
(Yeh, 2009; Nicholson, 2008).

Olive oil phenols have been acknowledged for their array of
biological activities, where anti-atherogenic activities play a central
role, as discussed earlier in this chapter. Although, the antioxidant
properties of olive oil phenols have been extensively studied, it is
still unclear whether and how dietary antioxidants contribute to the
in vivo cellular antioxidant defense. In addition, there are many
uncertainties regarding the bioavailability of olive oil phenols and,
therefore, their access to intracellular processes and signaling
pathways (in this regard see chapter Il). Nowadays, we are starting
to acknowledge that olive oil phenolics may influence human
physiology through cell-mediated effects (e.g. via induction of
transcription factors), rather than by directly interacting with free
radicals or with some key enzymes as often thought, as it has been
shown in several cell cultures and animal models studies, (see
Non-antioxidant activities of olive oil phenols), however, no data

are available about their in vivo transcriptome activities in humans.



5.3. Olive oil as a complex trascriptome active
food

In nutrigenomic sense, olive oil bioactive constituents can be
referred to as signals that are detected by cellular sensor systems
and affect the expression of the genome at several levels (MRNA
and proteins) and subsequently, the production of metabolites (Fig.
16). Being composed by a number of different chemical molecules,
olive oil behaves as a complex dietary product, wherein all
bioactive compounds interact each other, altogether making their
impact on biological system even more diverse. Olive oil as a
complex food can have a number of direct (interaction with a
number of transcription factors responsible for up- and down-
regulation of gene expression) and indirect effects (via metabolism
related interaction with cell signaling cascades which then alter
gene transcription) on gene expression (Roche, 2004; Mduller,
2003; Santangelo, 2007).

The development of nhew methodological approaches in the field of
genomics facilitates the study of nutritional-genomic interactions on
all impacted by nutrition factor levels, among which transcription is
recognized as a principal one. New high-throughput technologies in
transcriptome analysis make possible to assess the effect of a
specific diet or nutrient on the expression of a large proportion of
the whole genome (Garcia-Cafias, 2010). The monitored gene-
expression profiling can facilitates the information about the
mechanism underlying the beneficial or adverse effects of a certain
nutrient or diet, help to identify important genes, proteins or

metabolites that might, act as ‘molecular biomarkers’, and help to



characterize the basic molecular pathways of gene regulation by
nutrients at a more basic level (Fig. 16).
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Thus, nutrigenomic effects of olive oil on the development of AT
were analyzed in series of experiments on genetically modified
mice that spontaneously develop atherosclerosis (Acin, 2007,
Alemany, 2009; Arbones-Mainar, 2007). Despite limitations of this
animal model associated with morphological and physiological
differences with humans, partially minimized by the similarity of the
two genomes, several genes have been identified as responders to
olive oil consumption (Guillén, 2009).

No data on in vivo olive oil -genome interaction are

available in humans.




5.4. Olive oil nutrigenomics: limitations and
perspectives

The use of cell culture or animal models is relevant in terms of
understanding the interactions of olive oil components and gene
expression. However, these experimental models are limited either
by the use of doses/concentrations higher than those encountered
in the diet or the use of simulated to real life dietary interventions
conditions. This originates difficulties in extrapolating data to
humans and clinical practice. The direct, definitive information on
the effects of olive oil, whether they are nutritional or non-nutritional
components, on human health can only be obtained through
investigation in human subjects. An interaction between olive oll
and human genome is essential in gaining the mechanistic insights

on its health beneficial actions.

The application of gene expression profiling technologies in
nutrition studies has the potential of providing highly detailed
qualitative and quantitative descriptions of the molecular alterations
in biological processes taking place in the human organism.
Nevertheless, gene transcription analyses in studies involving
human subjects are challenged due to a humber of specific ethical
and practical limitations:
0] restriction in biological samples volume that can be
collected (blood, saliva, body fluids, etc.);
(i) wide genetic diversity between individuals;
(i) high physiologic variability within the subjects
participating in the study;
(iv) environmental conditions could be only partially

controlled;



(v) weak influence of dietary factors, especially when the
dose corresponds to the real-life applied doses, on the
genome  (e.g. transcriptome, protecome  and
metabolome);

(vi) only early or short-lasting effects could be monitored
precisely;

(vii)  uncontrolled confounding factors;

(viii)  particular technical/methodological limitations, etc.

To achieve reliable results in nutrigenomic studies in humans, it is
critical to define the main factors influencing gene expression
variations and keep them minimized. This will reduce the influence
of multifactorial system, defined by subject-environmental

interaction, on the variability of gene expression system.

Two different, but complementary, strategies are settled in
molecular nutrition research (Muller, 2003) (Fig. 17), which could
be successfully applied to olive oil nutrigenomics research:

() the traditional hypothesis driven approach;

Using this approach, the specific genes and proteins, the
expression of which is suspected to be influenced by olive oil could
be identified using genomics tools - such as transcriptomics,
proteomics and metabolomics. Subsequently, this allows
identification of the regulatory pathways through which olive oil
influences human homeostasis.

(i) the system biology approach;

The signature of gene, protein and metabolites associated with
olive oil intake could be catalogued, and might provide ‘early
warning’ molecular biomarkers for nutrient-induced changes to

homeostasis.
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Figure 17 Strategies in nutrigenomics analysis (adapted from
Mdller, 2003).

Since no studies have been done o n the in vivo olive oil
gene-nutrition interaction in humans, one of the fi rst

steps should be to investigate:

()  whether olive oil as a complex foodstuff consum ed

at  real-life  dietary doses can alter human

transcriptome;
(i) whether this interaction could be quantitative ly
monitored and analyzed, and, subsequently, used

in extrapolation to some of the olive oil human

health beneficial activities.




CHAPTER Il

METABOLISM AND DISPOSITION OF OLIVE OIL
PHENOLIC COMPOUNDS HOTYR AND TYR

1. Intake of HOTYR and TYR according to the
dietary ingestion of olive oil

Intake of olive oil in the Mediterranean countries is estimated to be
30-50 g/day per capita (Boskou, 2000). Wide ranges (50-1000
mg/kg) have been reported for the amounts of total polar phenols in
olive oils (Montedoro, 1992). Usual values range between 100 and
300 mg/kg (Boskou, 2006). Due to natural variability and many
other factors (climate, area of growth, index of maturation,
extraction, processing, storage etc. discussed in previous chapter),
it is difficult to establish concentration levels of individual phenols.
Despite of that, phenolic alcohols, phenolic acids, and secoiridoids
were reported to be the most prevalent classes of hydrophilic
phenols found in VOO (Servili, 2002, 2004) among which the most
abundant are secoiridoid aglycons (Selvaggini, 2006; Gomez-
Alonso, 2002), free HOTYR and TYR were found only in trace
amounts (less than 10 mg/kg oil) (Servili, 2002; Christophoridou,
2009; Gémez-Alonso, 2002).

Based on a 50 g daily consumption of olive oil with an average
concentration of polyphenols of 180 mg/kg, dietary intake of olive
oil polyphenols has been estimated to be around 9 mg/day

(Vissers, 2004). It was supposed that around 1 mg of these



polyphenols, which is equivalent to 6 pmol', is derived from free
HOTYR and TYR, and 8 mg (23 pmol) is related to their EA esters:
OLE- and LGS-aglycons (Vissers, 2004) (Fig. 18). The ingestion of
HOTYR and TYR as EA-linked derivatives is probably the highest,
given that they are broken down in gastrointestinal (Gl) tract into
HOTYR, TYR and EA, as will be discussed later in this chapter.
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EA derivatives HOTYR & TYR

Figure 18 Olive oil polyphenols dietary consumption.

Several clinical and animal studies have provided evidence that
HOTYR and TYR compounds are absorbed and exert their
biological effects in a dose-dependent manner (Visioli, 2001;
Weinbrenner, 2004a, b). However, some authors caution that the

attained concentrations after their ingestion are too low to explain

% The amount of dietary intake in moles gets more insights into the
potential of the antioxidants rather than milligrams, because the
antioxidant activity depends on the number of reactive OH groups
(Vissers, 2004).



the observed biological activities in in vitro and in vivo models at
higher doses/concentrations (Vissers, 2004). In addition, the effect
of any dietary compound is influenced by the active bioavailable
dose rather than the dose ingested. Depending on the individual
predisposition, including genetics and medication, a bioavailable
dose may cause different magnitudes of effects in different people
(Holst, 2008).

Beside being reported to be VOO polyphenols, HOTYR and TYR
have been detected also in various food stuffs and beverages
(Duncan, 1984; Rodriguez Madrera, 2006; Cartoni, 1997; Romero,
2004). In addition, they were reported to be present in red and
white wines (di Tommaso, 1998; de la Torre, 2006).

2. HOTYR and TYR bioavailability studies

The data collected in a number of clinical intervention studies on
the effects of olive oil phenols rise up a lot of questions, among
which the most intriguing ones are:

(1) how these compounds behave within human body?

(i) what are their mechanisms of action?
The answers to these and some other questions are directly related
to the rate and extent to which the active olive oil polyphenols are
absorbed from dietary and supplementary products and become

available at the site of their action. In other words, to their

bioavailability.

After oral consumption, the uptake of olive oil phenolic compounds

into the body is not absolute, and a certain percentage is not
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absorbed. According to the classical pharmacological approach
(Holst, 2008), the bioavailability of HOTYR and TYR (Fig. 19),

specifically,
» their absorption (the diffusion or transport of a compound
from the site of administration into the systemic circulation),

80



including their liberation (processes involved in the release
of a compound from the site of administration),

» distribution (the diffusion or transportation of a compound
from the systemic circulation to the body tissue),

* metabolism (the biochemical conversion or
biotransformation of a compound) and

e excretion (the elimination of a compound, or its metabolite,
from the body via renal, biliary or pulmonary processes)

was studied in different experimental models and linked to the data

collected in clinical studies.

2.1. Analysis of olive oil polyphenols in
biological samples

All evidence on bioavailability of olive oil phenolic compounds has
been obtained by measuring the concentration of olive oil specific
phenols and their metabolites in different samples (biofluids and
tissue extracts). Such measurements require controlled dosing of
olive oil or supplements with known content of polyphenols and
sensitive analytical techniques for their analysis in biological
samples. Different separation and detection systems have been
applied to the analysis of olive oil polyphenols. These
determinations refer mainly to the key olive oil polyphenols TYR,
HOTYR and HVAIc as its main metabolite, and to lesser extend to
other important olive oil related phenols as OLE aglycon and
glycoside, HOTYR glycoside, HOTYR acetate (HOTYRAc) and
metabolites, as HVA. Altogether, methodological approaches in
olive oil phenolic compounds analysis in biological fluids could be
divided into two main groups according to their objectives:

® methods for their quantification (a quantitative analysis);



(i) exploratory methods (a descriptive analysis).
Short description of main methodological achievements in analysis
of olive oil phenols bioavailability are presented in Supplementary
Table IV.

Quantitative methods in analysis of olive oil polyp henols

bioavailability

The first reported analysis of HOTYR plasma concentration was
done in rats by Japanese investigators using synthetic HOTYR for
oral intervention in rats (Bai, 1998). To determine HOTYR plasma
concentrations, they applied a liquid-liquid extraction (LLE) and
used BSTFA for the derivatization of alcohol groups in order to
make such polar compound suitable for gas-chromatographic
separation™. Finally mass-detection was used in selective ion
monitoring mode (SIM) for identification of derivatized compounds.
As a result, for the first time plasma kinetics parameters of free
HOTYR were reported. After the administration of 10 mg per rat of
synthetic HOTYR, a fast and short onset of relatively low HOTYR
plasmatic concentrations were noticed with a high variability

between animals suggesting a quite poor bioavailability.

' GC is a technique for separation of volatile compounds which are
thermally stable. Unfortunately, not always compounds of biomedical and
environmental interest, particularly for those of containing polar functional
groups, as in case with HOTYR, are suitable for it. These groups are
difficult to analyze by GC either because they are not sufficiently volatile,
tail badly, are too strongly attracted to the stationary phase, thermally
unstable or even decomposed. Therefore, chemical derivatization prior to
analysis is generally done. Therefore this increase their volatility and
decrease the polarity of compounds, reduce thermal degradation of
samples by increasing their thermal stability, increase detector response
by incorporating functional groups which lead to higher detector signals,
and improve separation.



Italian investigators developed a GC-MS approach for the detection
of two main olive oil polyphenols HOTYR and TYR in postprandial
urine of volunteers administered with different amounts of olive oil
phenolic extracts (OOPhEXx) (Visioli, 2000b). The method was
based on Bai's methodological approach, they analyzed however,
both free and glucuroconjugated HOTYR and TYR. The
glucuronides were identified indirectly using an enzymatic digestion
of the sample with B-glucuronidase'®. This GC-MS methodology
was afterwards used for the identification of HVAIc and HVA as
putative HOTYR methyl-conjugated metabolites (Caruso, 2001).
Later it was adapted for the quantification of HVAIc, as a principal
methyl conjugated metabolite of HOTYR (Visioli, 2003). Although
previously used in studies with high dosage of OOPhEx (Visioli,
2000b; Caruso, 2001), this method was sensitive enough to
analyse urine samples collected in human volunteers after
interventions with dietary dose of EVOO (Visioli, 2003).

Another GC-MS method, combining LLE sample preparation and
alcohol groups derivatization was developed by Miro-Casas and
colleagues (Mir6-Casas, 2001a, b) and was successfully applied
for analysis of urinary concentrations and excretion rates of
HOTYR and TYR after a dietary dose of VOO. In theses studies, to
control the amount of administered polyphenols, the VOO was

subjected to experimental hydrolytic conditions imitating gastro-

2 The phase Il conjugates of olive oil phenols, as a rule, are more polar
than their precursor and they are even less suitable for GC analysis.
Therefore, these metabolites should be deconjugated prior to GC analysis
using different hydrolytic techniques. The most widely used are chemical
and enzymatic hydrolysis. Two possible chemical deconjugation
techniques could be applied: alkaline and acidic hydrolyses; and, usually,
they are unspecific to the type of conjugation. Enzymatic deconjugation is
more specific and requires particular type of hydrolysing enzyme to
deconjugate the corresponding metabolite: glucuronase, sulfatase, etc.



intestinal digestion (pH, temperature and incubation time) and
characterized using analogous GC-MS analysis for determining the
content of free forms of phenols. In this way, it was discovered that
in olive oil there are many other then secoiridoid precursors of
HOTYR and TYR which might significantly contribute to their
bioavailability. Acidic hydrolysis'® applied to postprandial urine
samples showed that HOTYR and TYR are excreted in urine
mainly as conjugated metabolite and just a small amount of them
(about 6% for HOTYR and about 12% for TYR) was present as
intact polyphenols. Good recovery and a high sensitivity of the
developed method allowed them for the first time to detect HOTYR
and TYR basal urinary concentrations after wash-out periods low in
polyphenols, therefore, confirming that there are other than VOO
sources of HOTYR and maybe for TYR as well. Using this method
it was estimated that 24-h urinary levels of both phenols,
regardless of high inter-individual variability in their excretion rates,
were good biomarkers of VOO intake, both for a single and for
sustained moderate dietary doses (Mir6-Casas, 2003b). Therefore,
this methodology was successfully applied and is currently in use in
several VOO intervention studies (Covas, 2006b; Fit4, 2007, 2008)

in order to supervise the diet compliance of participating subjects.

The developed methodology by Mir6-Casas and colleagues was
further adjusted for the simultaneous identification of HOTYR and
its methyl-conjugated metabolite HVAIc (Mir6-Casas, 2003a).
Adequate selectivity and sensitivity of the analytical method
allowed to determine HOTYR and HVAIc concentrations in
postprandial plasma, and, therefore, for the first time the disposition
of one of the main olive oil antioxidant HOTYR in humans after

dietary dosage intervention with VOO was reported (Miré-Casas,



2003a). In contrast to urine, phenolics in their free forms could not
be detected in plasma samples due to their very low
concentrations. Using two different approaches for indirect
identification of HOTYR and HVAIc metabolites, enzymatic (with -
glucuronidase) and acidic (HCI) hydrolysis, the authors tried to
identify types of conjugation involved in their metabolism.
According to the type of hydrolysis, liberated HOTYR and HVAlc
would come either from their glucuronoconjugates (specific
enzymatic hydrolysis with B-glucuronidase) or from a pool of
different conjugates (unspecific chemical hydrolysis with acid).
Overall results obtained by this group demonstrated that following
dietary ingestion olive oil polyphenols are available within human
body mainly as phase Il metabolites. In view of these results, it was
proposed that the biological activity of HOTYR most probably
derives from its metabolites rather than from intact HOTYR even
not-detectable in plasma. This concept was supported by an
Australian group (Tuck, 2002), where one of the HOTYR
metabolites, 3"-O-glucuronide, isolated from rat urine, was reported

to be more active as scavenger of radicals than HOTYR itself.

While the main evidence of olive oil polyphenols bioavailability in
humans was obtained using GC-MS methodologies, there were
several attempts to develop LC methods for their analysis. HPLC

coupled to spectrophotometric*® detectors were the first choice in

* Due to the presence of phenol ring in the structure of the olive oil
polyphenols, they could be easily detected by the spectophotometry.
Phenols absorb in the ultraviolet (UV) region, the presence of aromatic
ring results in effective absorbance of the UV between 240 and 315 nm.
Nevertheless, this type of absorption is unspecific one, generating certain
low selectivity in UV analysis of complex mixture where olive oil
polyphenols could be present along with other numerous aromatic ring
containing compounds.



olive oil phenols analysis due to their wide spread accessibility and
simplicity in application. In addition, there was no need for specific
sample derivatization prior to analysis, as it was in case with GC.
These LC methods were mainly oriented to the direct detection of
the free forms of the polyphenolic compounds (Ruiz-Gutierrez,
2000; Tsarbopoulos, 2003; Tan, 2003; Grizis, 2003). None of them
allowed the detection of conjugated metabolites. As a result they
were mainly used in intervention studies where high dosage of
olive oil polyphenols should be administrated to subjects in order to
reach a suitable limit of detection (LOD) for the plasmatic and
urinary concentrations of intact olive oil polyphenols (HOTYR, TYR,
OLE, etc.)

Although certain HPLC-UV/FP methodologies appears to be more
sensitive than others, and despite the advantages of the low cost of
the analysis and ease of operation, these techniques suffer from
low sensitivity and poor selectivity. In this regard, HPLC separation
techniques were coupled to mass spectrometry detector and
adjusted for the analysis of olive oil phenols in urine and plasma
from both human and animal studies. Thus, Del Boccio and
colleagues (Del Boccio, 2003) reported a HPLC-MS method
optimized for the simultaneous examination of OLE and HOTYR in
biological fluids. This MS method had superior sensitivity compared
to UV methods and was able to detect both compounds in urine
and plasma in the nanogram range. The method was used for
analysis of plasma and urine of rats fed with a single oral dose of
oleuropein (100 mg/kg). Enzymatic treatment of plasma did not
revealed glucuronides of OLE, whereas in 24-h urine more than

90% of both OLE and HOTYR were present as glucuronides.



A novel approach using GC-MS for the simultaneous detection of
HOTYR, TYR and EA in rat urine was proposed by Bazoti and
colleges (Bazoti, 2005). In order to increase method sensitivity and
selectivity, they applied tandem mass spectrometry (MS-MS) for
detection of derivatized compounds instead of previously used
selective ion monitoring (SIM mode). Therefore, they planed to
detect and quantify EA along with TYR and HOTYR in urine
samples of rats fed with OLE and EVOO. Although, the LOD and
LOQ (limit of quantification) of this method were extremely low
(picogram concentrations) for all compounds, they could not detect
EA in rat urines after sustained oral intake of OLE or EVOO as a
dietary supplement. Regarding phenol metabolites, the method
discriminated only glucuronides of HOTYR and TYR using enzyme-
mediated hydrolysis. Neither sulfate- no methyl-conjugates were

taken into consideration within this study.

Recently, the olive oil phenols and their phase Il conjugated
metabolites were reported to be detected in human LDL particles
using specific SPE-UPLC method for their isolation and separation.
The metabolites recognition was based on theoretically predicted
MS-MS fragmentations of conjugates (de la Torre-Carbot, 2006,
2007). Thus, TYR, HOTYR and HVA monosulfates and
monoglucuronidates were detected in human LDL samples.
Nonetheless, the HOTYR glucuronide isomers could not be well
separated and properly identified due to the identical mass-
spectrophotometric behavior. Using as standards principal phenols
HOTYR and HVA, the method was validated for qualitative and
guantitative analysis of the olive oil phenols phase Il metabolites in
human LDL particles for routine analysis in clinical and intervention

studies, however, its application has not been reported yet.



A similar methodological approach (UPLC with a selective reaction
monitoring using theoretically predicted MS-fragmentation) was
applied for identification and quantification of various olive oil
phenolics (including HOTYR, TYR, HVA, 3,4-DHPEA-EDA and p-
HPEA-EDA) and their phase Il metabolites in plasma (Suarez,
2009). The developed SPE-UPLC-ESI-MS/MS method was
validated at UM range using parent compounds. The metabolites
were tentatively quantified by using the calibration curves
corresponding to their phenolic compounds. Its applicability was
tested on several samples of plasma from human subjects
intervened with VOO at dietary doses (30 mL), however no clinical

application was reported.

Exploratory methods in studying olive oil phenols

bioavailability

In parallel to human studies, Australian researchers (Tuck, 2001,
2002) were studying different aspects of bioavailability of main olive
oil polyphenols using in vivo animal models. To estimate the
absorption and excretion of tritum labeled HOTYR and TYR
administrated to rats they applied HPLC-UV coupled to radiometric
analyzer for their separation and identification in urines of animals.
In addition to the demonstration that the vehicle and the route of
administration of polyphenols could have impact on their
bioavailability, the authors for the first time have identified via
specific enzyme-mediated hydrolysis (Tuck, 2001) their main
urinary phase Il metabolites in rats: sulfates and glucuronides.
Lately, using the same exploratory methodology, plus applying
MS/MS and NMR spectra analysis to chromatographically isolated

compounds, they structurally characterized main phase |l



metabolites of HOTYR: its 3°-O-glucuronide, O-sulfate and,
although incompletely, its methyl-conjugate (Tuck, 2002).

A similar methodological approaches (intervention with radiolabel
HOTYR, following HPLC-UV-radioactivity detection in biological
samples and enzymatic hydrolysis metabolites identification) were
used in another in vivo study investigating HOTYR tissue
distribution and metabolism in rats (D"Angelo, 2001). In this way,
by means of radioactivity and correspondence to reference
standard, MOPET, DOPAL, DOPAC and HVA were identified as
dopamine related metabolites of endogenously administrated
HOTYR. The formation of their sulfoconjugated but not

glucuronidated derivatives was acknowledged.

Using enzymatic hydrolysis and HPLC-UV methodology, the
presence of only glucuro- and methyl-conjugated metabolites of
HOTYR were identified in experiments as with intestine epithelia
(Caco2) so with hepatic (HepG2) cells cultures models (Mateo,
2005; Corona, 2006).

The prevalent presence of olive oil phenols in the form of
phase Il metabolites within the organism following olive all
phenolics ingestion (e.g. as olive oil, OOPhEx and pure
olive oil phenols) was acknowledged in many studies ,
however no direct methods for their identification and
quantification in biological fluids was reported. T he main
drawback for that was the absence of corresponding

standards. Therefore, olive oil phenol metabolites have not

been quantified accurately as well as their metabol ic rates.




2.2. Absorption in gastrointestinal tract

A prerequisite for the bioavailability of any compound is it
bioaccessibility in the gut, defined as the amount that is potentially
absorbable from the lumen. Olive oil antioxidants are by nature and
function subject to oxidation (this issue was discussed in chapter I),
which limits their stability in the product during storage, food
processing and digestion, and thus their bioaccessibility. Many
factors affect the bioavailability of HOTYR and TYR. These factors
can be defined into two main groups (Holst, 2008): (i) exogenous (a
complexity of the food matrix, the chemical form, structure and
amount of ingested antioxidant) and (ii) endogenous (mucosal
mass, intestinal transit time, rate of emptying, metabolism and

extent of conjugation, and protein binding in blood and tissue, etc.).

The majority of HOTYR and TYR is present in the food as
precursors, some of these precursors are glycosides, but are
predominantly absorbed as aglycones. Although the gastro-
intestinal conditions in vivo are complex with the food matrix
affecting the precise pH, the incubation of polyphenols at gastric
and intestinal pH can give us information about the stability of
polyphenols in the gastro-intestinal tract environment. After
ingestion, olive ail polyphenols pass through some kind of gastro-
intestinal dissolution, where their absorption could be affected by
pH, presence of enzymes, motility and interaction with substances,
microbiome, etc. Some in vitro studies mimic gastric and intestinal
conditions, using appropriate pH solutions (Miré-Casas, 2001a, b,
2003a; Corona, 2006). Others, incubate polyphenols in gastric and
duodenal juices collected from human volunteers (Vissers, 2002).

The results of such studies indicate that once olive oil was



ingested, HOTYR, TYR and their OLE and LST aglycones,
underwent rapid non-enzymatic hydrolysis under gastric conditions,
resulting in liberation and significant increases in the amount of free
HOTYR and TYR entering the small intestine (Corona, 2006). After
HOTYR and TYR are readily absorbed in small intestine while non
modified previously in the Gl tract EA derivatives (OLE and LGS)
are likely to reach colon and, therefore, to be exposed to metabolic
activities of intestinal microflora. As a result, their bioavailability and
bioavailability of the derived HOTYR and TYR will be to some
extent regulated through their degradation by colonic microflora.
This assumption was investigated using an in vitro colonic
microflora incubation approach (Corona, 2006). In general, studies
performed in rats suggest that the absorption of HOTYR is almost
complete while TYR is absorbed to bit lesser extend (about 75%)
(Tuck, 2001). It is worth noting, that there are many variables which
can affect olive oil polyphenols bioavailability at different levels,

contributing to its high intra- and inter-individual variability.

In a pioneering experiment on the bioavailability and disposition of
olive oil phenolic compounds in humans (Visioli, 2000b), HOTYR
and TYR were spiked to a poor-phenolic content olive oil and
administered to healthy volunteers. Preliminary conclusions were
that phenolic compounds, namely HOTYR and TYR, are dose-
dependently (at least at the doses employed in this study)
absorbed in humans after ingestion and that their bioavailability is
extremely poor, most compounds being recovered in biological

fluids as conjugates.

In vitro models have shown that both HOTYR and TYR are able to

cross human Caco-2 cell monolayers via a bidirectional passive



diffusion mechanism (Manna, 2000; Corona, 2006). The
occurrence of a passive basolateral-apical intestinal transport of
small olive oil phenols was confirmed in vivo, where some of the
radioactivity of HOTYR and/or its metabolites was detected in
faeces and intestinal tracts after intravenous injection of
radiolabelled HOTYR to rats (D"Angelo, 2001). Absorption studies
on the isolated rat small intestine model showed that the bulk of
administered HOTYR and TYR is absorbed, and undergoes phase-
II (HOTYR conversion to HVAIc, and TYR, HVAIc and HOTYR
glucuronidation) biotransformation in small intestine (Corona, 2006)
which was in agreement with in vivo data showing the presence of
glucuronides in urine following the ingestion of olive oil polyphenols
(Visioli, 2000; Caruso, 2001; Miro-Casas, 2001a, 2003). A study
involving ileostomy subjects (Vissers, 2002) confirmed conclusively
that the main site of absorption for free forms of HOTYR and TYR

in humans is the small intestine.

The absorption of OLE was studied in situ using an intestinal
perfusion technique (Edgecombe, 2000). Although it was shown
that OLE can be absorbed, albeit poorly, from isolated perfused rat
intestin, the mechanisms remains to be unclear. Therefore, it is
possible that OLE exerts its biological activities through its
conversion to HOTYR because a poor absorption at the Gl tract
(Edgecombe, 2000). Bioavailability studies in rats support this
notion as peak plasma concentrations reached after high doses of
OLE (100 mg/kg) are in the nanogram range suggesting its
conversion to HOTYR at the Gl tract and a poor absorption of OLE
itself (Del Boccio, 2003; Bazoti, 2005). These observations have
been further confirmed in rat models and humans (Vissers, 2002;

Visioli, 2003) where high, but not related to ingestion of its free



form, levels of total HOTYR excretion in urine were detected and
related to OLE administered. Additionally, in contrast to HOTYR
and TYR, OLE was not absorbed through isolated segments of rat
small intestine neither was able to cross human Caco-2 cell
monolayers (Corona, 2006). Being stable under acidic conditions in
stomach and relatively stable in duodenal fluid (Vissers, 2002) it is
likely that OLE can reach the large intestine, where it may be
subjected to a rapid degradation by the colonic microflora.
Furthermore it was shown that one of the major OLE degradation
products by colonic microflora during in vitro incubation was
identified as being HOTYR (Corona, 2006). Therefore, as
previously demonstrated for various phenolic acids (Rechner,
2004), the microflora-dependent hydrolysis of OLE may
consequently increase the bioavailability of OLE-derived HOTYR
via the uptake of HOTYR through the large intestine (Corona,
2006). No such experiments were reported for LGS-derived TYR.

Several authors have performed experiments where polyphenols
were administered in different vehicles (oil-, water- and food-
component based matrices) and via different routes (oral vs.
intravenous) (Tuck, 2001; Visioli, 2003). The purpose of these
studies was to have a better understanding of the relevance of the
biological matrix surrounding phenol compounds in terms of
favouring/disfavouring its absorption. Oral bioavailability estimates
of HOTYR and TYR were 25% higher when administered in an
olive oil solution compared to an aqueous solution. For both
compounds intravenously and orally administrated oil-based dosing
resulted in significantly greater absorption and elimination of the
phenolics in urine within 24 h than the oral, aqueous dosing

method. There were no significant differences in the amount of



phenolic compounds eliminated in urine between the intravenous
and the oral oil-based dosing methods for either TYR or HOTYR
(Tuck, 2003). These results were further confirmed in humans
where HOTYR bioavailability was compared by administering this
compound in different matrices (olive oil, spiked refined oil, or low-
fat yogurt). It was found that HOTYR recovery (measured as
urinary HOTYR) was much higher after its administration as a
natural component of VOO (44.2% of HOTYR administered) than
after its addition to refined olive oil (23% of HOTYR administered),
or yogurt (5.8% of dose or approximately 13% of that recorded
after VOO intake) (Visioli, 2003a). Factors leading to an improved
absorption of HOTYR and TYR in these cases can be modified by
the presence of fat, proteins, carbohydrates, an aqueous
components, and/or emulsifiers in food matrices. Although olive oil
polyphenols were shown to have relatively weak phenol—protein
binding for the different food proteins and low oil-water partition
coefficients (Pripp, 2005), food matrices co-ingested with
polyphenols may have a significant impact on HOTYR and TYR
bioaccesibility as it was seen for other phenolics (Scholz, 2007).
The lack of systematic information on the effects of other
components on the bioavailability of olive oil polyphenols needs to
be addressed, and more human studies should be conducted in
this field to establish general principles affecting HOTYR and TYR
absorption in vivo. Information derived from such experiments

could be useful for the optimal design of future bioefficacy studies.



2.3. HOTYR and TYR metabolism and distribution

2.3.1. Metabolic pathways and metabolic
disposition of phenolic compounds

During absorption, phenols bioavailability is decreased by
extensive phase |l biotransformation reactions that produce
conjugates and metabolites. Once absorbed, olive oil polyphenols
are subject to 3 main types of conjugation: methylation, sulfation,
and glucuronidation. The resulting water soluble and stable

conjugates are rapidly excreted by the body (Holst, 2008).

Methylation
Catechol-O-methyl transferase (COMT) catalyzes the transfer of a

methyl group from S-adenosyl-L-methionine to polyphenols having
an o-diphenolic (catechol) moiety such as for HOTYR (Fig. 20).
The methylation generally occurs predominantly in the 3"-position
of the catechol, but a minor proportion of 4"-O-methylated product
might be also formed. COMT is present in a wide range of tissues.
Its activity is the highest in the liver and the kidneys although
significant methylation can occurs in the small intestine as it was
reported for HOTYR in rat intestine (Corona, 2006).

HO. Catechol-O-methyl

transferase HO,
(COMT)
OH OH
HO ﬁ’
S-Adenosyl S-Adenosyl methoxy conjugate
methionine homocystein
(SAM) (SAH)

Figure 20 Mechanism of HOTYR methylation by COMT and
its conversion to HVAIc.



Sulfate conjugation

Sulfotransferases (SULTSs) catalyze the transfer of a sulfate moiety

from 3"-phosphoadenosine-5"-phosphosulfate (PAPS) to a hydroxyl
group on various substrates, including polyphenols (Fig. 21).

Neither the isoforms that are specifically involved in the

R
Sulfo-transferase
OH (SULT)
HO
3’-phosphoadenosine-  3’-phosphoadenosine- i
5"-phosphosulfate 5'-phosphate O-sulfate conjugate
(PAPS) (PAP)

Figure 21 Mechanism of sulfation by SULT.

conjugation of polyphenols nor the position of sulfation for the
various polyphenols have yet been clearly identified, but sulfation
clearly occurs mainly in the liver (Falany, 1997). In most cases, the
addition of a sulfate moiety to a compound increases its water
solubility and decreases its biological activity. However, many of
these enzymes are also capable of bioactivating procarcinogens to

reactive electrophiles.

Glucuronide conjugation

UDP-glucuronosyl transferases (UDPGT) are membrane-bound

enzymes that are located in the endoplasmic reticulum in many
tissues and that catalyze the transfer of a glucuronic acid moiety
from UDP-glucuronic acid to many drugs and dietary derived
compounds (Fig. 22). The presence of glucuronoconjugated
metabolites after HOTYR perfusion in the small intestine of rats
shows that glucuronidation of polyphenols first occurs in the

enterocytes (Corona, 2006) before passing through the liver. This



IS probably the case in humans as well, because in humans the in
vitro glucuronidation of polyphenols by microsomes from the
intestine is as much intensive as by microsomes from the liver
(Antonio, 2003). About 15 isoforms of UDPGT have been identified
in humans, and these isoforms have broad and overlapping
substrate specificities and different tissue distribution (Fisher,
2001). The subfamily of UDPGT called UGT1A that is localized in
the intestine probably plays a major role in the first-pass
metabolism of simple polyphenols, especially catechols (Antonio,
2003). The specificity of the active isoenzyme of the 1A class
seems to differ according to the polyphenol considered (Antonio,
2002). UDPGT isoenzymes have a wide polymorphic expression
pattern that could results in a high interindividual variability in

polyphenol glucuronidation.

R UDP-glucuronosyl

transferase (UGT)
ort gl AR

Uridine Diphosphate Uridine .
Glucuronic Acid Diposphate O-B-glucuronide
(UDPGA) (UDP)

Figure 22 Mechanism of glucuronidation by UGTs.

HOTYR and TYR were shown to be dose-dependently absorbed in
humans after olive oil ingestion and recovered in biological fluids as
glucuronoconjugates (Visioli, 2000b). An increase in the dose of
administered phenolics increased the proportion of their conjugation
with glucuronic acid. Several human and animal studies have
confirmed that over 90% of urinary metabolites of HOTYR and TYR

were mainly glucuronide metabolites (Visioli, 2000, 2003; Caruso,



2001; Vissers, 2002; Mir6-Casas, 2001b, 2003a, b), yet free phenols
and methylconjugates, not glucuronoconjugated, were also excreted
in urine. Sulfoconjugates of HOTYR, TYR, or their metabolites
(methyl or glucuronide conjugates) have been detected in animal
experiments (Tuck, 2002; D"Angelo, 2001) and recently indirectly in
humans (Gonzalez-Santiago, 2010).

The relative importance of the 3 types of conjugation (methylation,
sulfation, and glucuronidation) appears to vary according to the
nature of the substrate and the dose ingested. Sulfation is
generally a higher-affinity, lower-capacity pathway than is
glucuronidation, so that when the ingested dose increases, a shift
from sulfation toward glucuronidation occurs (Koster, 1981). In
general the capacity of all three conjugation reactions is high,
resulting in very low concentrations of free aglycones in plasma
and urine after the intake of a nutritional dose. Saturation of the
conjugation processes for both HOTYR and TYR were not studied
in neither experimental nor human studies. Competitive inhibition of
conjugation could occur in the presence of various polyphenols and
xenobiotics in the intestine, but it has never been studied. In these
conditions, significant amounts of free aglycones could circulate in
blood.

Most bioavailability studies on olive oil phenols have measured
total HOTYR and TYR concentrations in blood and/or urine after

acidic or enzymatic treatment of the samples.



There is a lack of studies in which glucuronide and sul fates,
as well as other possible conjugates, of HOTYR and TYR in
biological samples were measured directly. This

identification must include not only the nature and number
of the conjugating group but also the position of t hese

groups on the polyphenol chemical structure because these

positions can affect the biological activities of ¢ onjugates.

2.3.2. First pass metabolism

The liver was originally considered to be the major site of
xenobiotic metabolism, however, small intestine enterocytes
express a significant capacity for phase | and phase Il metabolism
and drug transport. Therefore, small intestine metabolism can
significantly limit the uptake of compounds. Because of the difficulty
in accessing the small intestine as a site of absorption and first
pass metabolism (only human in situ perfusion or studies in
ileostomized subjects allow in vivo data to be obtained), the
pathways are mainly studied on cell cultures and in animal models
(Ferrec, 2001). In the process of crossing epithelial cells of the Gl
tract, polyphenolic compounds from olive oil are subject to a classic
phase I/l biotransformation, and therefore, subjected to an

important first pass metabolism.

It was shown that at the end of transepithelial transport through
Caco-2 cell about 10% of HOTYR was converted to HVAIc, the
metabolic product of COMT (Manna, 2000). Further on, in a

number of animal and human studies it was confirmed that HVAIc,



together with HVA (a further oxidized form of the aliphatic hydroxyl
residue HVAIc), were the main methylated metabolites of HOTYR
detected in plasma and in urine (D"Angelo, 2001; Caruso, 2001).
Corona and co-workers (Corona, 2006) in Caco-cell, an
enterocytes transport model, in addition to the O-methylated
derivatives of HOTYR found a novel glutathionylated conjugate of
HOTYR as its main first pass metabolite, no further reported in
other HOTYR bioavailability studies both in vivo and in vitro.
Although Caco-2 cell cultures are widely used in absorption,
passage and transport studies as the model system of the human
intestinal epithelium, they have a number of limitations related to
the first pass metabolism (Ferrec, 2001). Therefore, an
extrapolation of the data from first pass metabolism obtained on
this model should be made carefully, since these cell lines are
originated from tumours and lack several important phase | and Il
enzymes, and, therefore, could give an inaccurate representation

of the first pass metabolism of a given compound.

HOTYR, TYR, HVAIc and their glucuronides were detected in rat
small intestine model, which partially confirm findings in Caco-2
cells, as no glucuronides were detected in the cellular model
(Corona, 2006). This is presumably because this cell culture do not
posses UDPGT activity due to their colonic origin (Ferrec, 2001).
The rat small intestine model shows no HVA and no sulfate-
conjugated metabolites, earlier reported to be found in rat urine
after HOTYR intake (Tuck, 2002) suggesting that these metabolites
are formed after transport across the small intestine, most probably
in the liver (Corona, 2006). Unfortunately, the most relevant to in
vivo first pass metabolism experiment involving ileostomy human

subjects (Vissers, 2002), could not distinguish between free and



conjugated forms of HOTYR and TYR to describe their

biotransformation at the level of small intestine.

2.3.3. Hepatic metabolism

The hepatic metabolism of olive oil phenols (HOTYR, HOTYRAC -
hydroxytyrosol acetate, and TYR), has been studied in human
hepatoma HepG2 cells as a model system of the human liver
(Mateos, 2005). The main metabolites produced by these cells
were O-glucuronides, O-methyl-O-glucuronides, and O-methyl
conjugates, whereas no sulfate conjugates of any of the assayed
phenols could be detected. HOTYR metabolites exceeded 75% of
the analyzed phenols (32% glucuronoconjugated, 26% methylated
and 18% methylated and glucuronoconjugated ), with 25% of free,
non-metabolized HOTYR, whereas TYR was poorly metabolized,
with less than 10% of the phenol glucuronidated. These results
suggest that extensive phase Il metabolism of olive oil phenols also

takes place in the liver.

Sulfate conjugates of HOTYR and TYR, as products of hepatic
metabolism, were detected and identified in urine only in animal
models (rats) after both intravenous and oral olive oil phenols
administration (Tuck, 2002, 2001). The pharmacokinetics of
HOTYR intravenously administered to rats indicates a fast and
extensive uptake of the molecule by the organs and tissues, with a
preferential renal uptake (D"Angelo, 2001). HOTYR is metabolized
to four oxidized and/or methylated derivatives. A significant fraction
of total HOTYR recovered is associated with the sulfoconjugated

forms, which also represent the major urinary excretion products.



The recovery of HOTYR in urine is about 6% of the dose
administered, 0.3% is recovered as HVAIc, 12.3% as DOPAC (3,4-
dihydroxyphenylacetic acid), 23.6% as HVA (3-methyl-4-
hydroxyphenylacetic acid) and 26% as DOPAL (3,4-
dihydroxyphenylacetaldehyde) (D'Angelo, 2001). On the basis of
reported data, an intracellular metabolic pathway of exogenously
administrated HOTYR implies the involvement of COMT, alcohol
dehydrogenase (ADH), aldehyde dehydrogenase (ALDH), and
SULT (D’Angelo, 2001). On the contrary, in majority of in vivo
studies involving human subjects  only  methylated,
glucuronoconjugated (Mir6-Casas, 2003a) and just to some extent
oxidized methyl metabolites (HVA) (Caruso, 2001) have been
reported in plasma and urine samples, claiming that phase Il
methyl- and glucuro-conjugating pathways are the principal

metabolic pathways for olive oil phenols in humans.

Some authors (Visioli, 2003) question the rat model as a good one
for this type of studies as it displays an extremely high HOTYR
basal metabolism (30 folds over humans). Investigators suggest
that differences might be due to the absence of a gall bladder in
rats, which results in the presentation of lipid-soluble or amphiphilic
molecules such as HOTYR to the intestinal flora. In addition, the
disposition of exogenous HOTYR maybe be cross contaminated
with catecholamines disposition pathways (Visioli, 2003). The
absence of the glucuronides of HOTYR and its oxidized and/or
methylated metabolites reported by others (D"Angelo, 2001) is
probably due to the administration route used. As stated earlier, the
HOTYR administered by the oral route is the subject of an
extensive first-pass metabolism where the contribution of intestinal

metabolism is quite relevant while when HOTYR is administered



intravenously, only the hepatic contribution to its disposition is seen
(Tuck, 2002).

2.3.4. Plasma transport, binding to lipoproteins
and tissue uptake/distribution

The degree of binding to albumin, a primary protein responsible for
the binding in plasma, may have consequences for the rate of
clearance of both olive oil phenols and their metabolites, and for
their delivery to cells and tissues. The conventional view is that
cellular uptake is proportional to the unbound concentration of
metabolites. No data is available for HOTYR and TYR and other

olive oil phenols.

The partitioning of polyphenols and their metabolites between
aqueous and lipid phases is largely in favour of the aqueous phase
because of their hydrophilicity (discussed in the previous chapter).
At physiologic pH most polyphenols interact with the polar head
groups of phospholipids at the membrane surface via the formation
of hydrogen bonds that involve the hydroxyl group of the
polyphenols (Manach, 2004). This adsorption of polyphenols
probably limits the access of aqueous oxidants to the membrane

surface and their initial interaction on that surface.

LDL is made up of lipophilic structures that, once oxidized,
participate in the aetiology of atherosclerosis (discussed in chapter
). Several studies have shown that olive oil polyphenols have the
ability to protect LDL from oxidation (Wiseman, 1996; Stupans,
2002). TYR and HOTYR were recovered in all lipoprotein

structures, except in VLDL, with concentrations peaking between 1



and 2 h after olive oil ingestion (Bonanome, 2000). In recent
studies not only TYR and HOTYR, but also several metabolites
were identified in LDL: HOTYR glucuronide and sulfate, TYR
glucuronide and sulfate, and homovanillic acid sulfate (de la Torre-
Carbot, 2006, 2007). In addition, the concentration of total phenolic
compounds in LDL has been shown to be directly correlated with
the phenolic concentration of olive oils and with the resistance of
LDL to their in vitro oxidation (Gimeno, 2007). At postprandial state,
after ingestion of VOO with a high phenolic content (366 mg/kg of
olive ail), the phenolic content of LDL directly correlates with the
plasma concentration of TYR and HOTYR (Covas, 2006a). The
nature of the bond between LDL and phenolic compounds,
including olive oil phenolic compounds and their metabolites
deserves further investigation due to the physiopathological
implications involved. Only a small proportion of plasma
polyphenols are in fact associated with the LDL fraction, and, most
probably, due to ionic interactions with charged residues on the
surface of the particles. Therefore, protection probably occurs at

the interface between lipophilic and hydrophilic phases.

Determination of the actual bioavailability of olive oil derived
HOTYR and TYR and their metabolites in tissues may be much
more important than their plasma concentrations. Data are still very
scarce, even in animals. It is still difficult to say whether some
polyphenols accumulate in specific target organs. The nature of the
tissular metabolites may be different from that of blood metabolites
because of the specific uptake or elimination of some of the tissular

metabolites or because of intracellular metabolism.



When single dose of the radiolabelled HOTYR was intravenously
injected, the pharmacokinetic analysis indicates a fast and
extensive uptake of the molecule by the organs and tissues
investigated, with a preferential renal uptake. The time-course
analysis indicates that the highest radioactivity was monitored at
first 2 minutes in blood, associated with both plasma and blood
cells, and at first 5 min in different organs/tissues, mainly in skeletal
muscles, in kidney, in liver, in heart and lung, and to some extent in
brain (D"Angelo, 2001). The intracellular metabolic pathway of
exogenously administered HOTYR, implying the involvement of
COMT, alcohol dehydrogenase, aldehyde dehydrogenase, and
SULT, has been proposed.
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Figure 23 Schematic representation of Gl absorption and
metabolism of olive oil phenols (Corona, 2009b).

Following ingestion, modified and unmodified (by acidic hydrolysis

in stomach) olive oil phenols and their metabolites (excreted into



gut lumen via basolateral transport after first path metabolism) are
principally concentrated in gastrointestinal tract (Fig. 23). Although
afterwards, small phenols undergo rapid absorption in small
intestine, some poorely absorbed forms such as secoiridoids and
glycosides proceed to large intestine, where they can undergo
rapid degradation by the colonic microflora to smaller functional
phenolic compounds (Corona, 2006). As results of dietary
consumption of olive oil, the phenolics and their intestinal derived
metabolites are distributed within gastrointestinal tract at higher
levels then compared to other organs and tissues. Therefore, the
gastrointestinal tract is considered one of the organ/tissue target
where olive oil phenols can exert their biological activities (Corona,
2009Db).

2.4. Excretion

Parent olive oil phenols and metabolites may follow 2 pathways of

excretion: (i) the biliary and (ii) the urinary.

Large, extensively conjugated metabolite are more likely to be
eliminated in the bile, whereas small conjugates such as sulfates

are preferentially excreted in urine. Biliary excretion of polyphenols

in humans may differ greatly from that in rats because of the
existence of the gall bladder in humans. Intestinal bacteria possess
B-glucuronidases that are able to release free aglycones from
conjugated metabolites secreted in bile. Aglycones can be re-

absorbed which results in the enterohepatic cycling (Fig. 24).
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Figure 24 Route of enterohepatic cycling of olive oil phenols
(see second peak in plasma concentrations marked with grey
arrows)

TYR, HOTYR, and HVAIc after ingestion of 40 mL of olive oil with
high (HPC), medium (MPC), and low (LPC) phenolic content
(Covas, 2006b).

A second plasma peak for HOTYR, TYR and HVAIc was observed
in plasma in humans volunteers between the 1* and 4™ hour after
ingestion of olive oil rich in phenolic compounds (Fig. 24) (Covas,
2006b), indicating that some of the phase Il metabolites, most
probably glucuronides due to their molecular mass, of HOTYR and

HVAIc undergoes enterohepatic cycling.

Urinary excretion studies. The total amount of metabolites excreted

in urine is roughly correlated with maximum plasma concentrations



(Fig. 25), however a high inter-individual variability in the rates of
excretion are always observed (Mir6-Casas 2001a, b, 2003a, b).

90% of an intravenous dose of HOTYR administrated to rats was
recovered in urine (rat models) indicating that renal excretion
represents the preferential elimination route of HOTYR and/or its
metabolites. Less than 9% is excreted via intestine, where a
basolateral-apical intestinal transport of HOTYR and/or its

metabolites can take place (D"Angelo, 2001).
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Figure 25 Urinary recovery
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Total excretion of olive oil phenols orally administered to humans is
quite modest, mainly due to their incomplete absorption. The
specific structural characteristics of olive oil phenols (small polar
planar molecules) influence not only their absorption, but also on
their extensive metabolism and distribution within the human
organism. It is worth noting that the estimated values for olive oil

phenol recoveries do not account for certain metabolites which



cannot be identified as a results of analytical difficulties. So far,
glucuronides were acknowledged as the major metabolites
recovered in urine of humans after consumption of olive oil rich in
phenols, as for HOTYR so for TYR and HVAIc (Mir6-Casas, 2003a,
b), whereas in animals, significant amounts of sulfated metabolites

were detected in urine along with glucuronides (D"Angelo, 2001).

According to the experimental data, the rate of excretion of olive oil
phenols via urine is quite fast: almost total elimination of
compounds from the body could be achieved within 24 hours, with
predominant excretion within first 4-6 hours after ingestion (Miré-
Casas, 2001a, b, 2003a, b). This suggests that maintenance of
high concentrations of olive oil metabolites in plasma, which is
equal to their distribution within human body, could be achieved
only with regular and very frequent consumption of olive oil rich in
phenolics. The repeated intakes of these compounds must be very
close together in time to obtain an accumulation of metabolites in
plasma; otherwise, plasma concentrations regularly fluctuate after
repeated ingestions, and accumulation/steady state concentration

can occur only at very low concentration

3. Bioavailability and metabolic disposition in
humans

In a pioneering experiment on the bioavailability and disposition of
olive oil phenolic compounds in humans (Visioli, 2000b), HOTYR
and TYR were spiked to a poor-phenolic content olive oil and
administered to healthy volunteers. Preliminary conclusions, later
confirmed, were that phenolic compounds are dose-dependently

absorbed in humans after olive oil ingestion and that their



bioavailability is extremely poor, most phenolic compounds being
recovered in biological fluids as conjugates. An increase in the
dose of administered phenolics increases the proportion of their

conjugation with glucuronic acid.

Further studies on olive oil phenolic compounds bioavailability were
performed with EVOO (Mir6-Casas, 2001a, b, 2003a, b). After
administration of 25 mL of EVOO (with an estimated content of
HOTYR of 49.3 mg/L or 1.2 mg administrated), HOTYR plasma
concentrations peaked at 30 min and those of HVAIc at 50 min,
with concentrations about 25 ng/mL and 4 ng/mL for HOTYR and
HVAIc, respectively. The estimated half-life for HOTYR was 3 h
after fitting plasma concentration with a mono-compartimental
model. Plasma concentrations declined, most probably following a
bi-compartimental model (some missing data points prevented the
application of this model), and at 8 h HOTYR concentrations could
not be distinguished from background (Fig. 26). It cannot be
discarded, as discussed earlier, that there is a partial enterohepatic

recirculation of HOTYR conjugates.

HOTYR and HVAIc were analyzed in their free and conjugated
forms (both in plasma and urine), and it was estimated that more
than 98% of each compound were in their conjugated forms, mainly
glucuronides, confirming previous findings. In urine, HOTYR and
HVAIc concentrations peaked in the collection period 0-2 h (Miré-
Casa, 2003a). In a second experiment, EVOO (25 mL) with three
increasing concentrations of polyphenols — high (486 mg/kg of olive
oil), moderate (133 mg/kg), and low (10 mg/kg) - were

administrated on 4 consecutive days. Plasma and urinary
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Figure 26 HOTYR and HVAlc

concentration in plasma (A) and

redose 02 24 46 68 81 urine (B) after acute olive oil
Thoe clleion pritedu ingestion (Mir6-Casas, 2003a).

concentrations of HOTYR, TYR and HVAIc increased significantly
in a dose-dependent manner. An increase in plasma
concentrations of HOTYR and TYR was observed from day 1 and
4, mainly at postprandial state, which could reflect an increased
“pool” of phenolic compounds (Weinbrenner, 2004b). This
observation was reproduced in a clinical trail where healthy
volunteers were administrated with a single dose of 50 mL EVOO,
and later with repeated doses of 25 mL of the same oil during a 1-
week period. The mean recovery values for HOTYR after sustained
doses were 1.5-fold higher than those obtained after a single 50-
mL dose (Mir6-Casas, 2003b).

Most bioavailability studies on olive oil phenols h ave
measured total HOTYR and TYR concentrations in bloo  d or
urine after acidic or enzymatic treatment of the sa  mples.
There is a lack of studies in which glucuronide and sulfate
conjugates of HOTYR and TYR in biological samples w  ere

measured .




4. Biomarkers of olive oil ingestion

The fact that HOTYR and TYR urinary recoveries are dependent
on the phenolic content of olive oil administrated, after doses
compatible with dietary habits, confirms the usefulness of these
compounds as biomarkers in clinical trials. With regards to the
dose-effect relationship, 24-h urinary TYR seems to be a better
biomarker of sustained and moderate doses of VOO consumption
than HOTYR (Mir6-Casas, 2003b). This is mainly due to the cross-
metabolism between HOTYR and dopamine. Both HOTYR and
TYR urinary concentrations have been used, and are currently in
use, in nutritional intervention studies as biomarkers of treatment
compliance (Covas, 2006a, b; Fito, 2007) (Fig. 27).
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5. Endogenous HOTYR

The recovery of radiolabelled HOTYR in rat urine after its

intravenous ingestion was reported to be about 6% of the dose



administered. Other radiolabelled metabolites of HOTYR detected
in urine were identified as: HVAIc (MOPET, 3-hydroxy-4-
methoxyphenylethanol), DOPAC (3,4-dihydroxyphenylacetic acid),
HVA (3-methyl-4-hydroxyphenylacetic acid) and DOPAL (3,4-
dihydroxyphenylacetaldehyde) (D'Angelo, 2001). Interestingly, all of
the reported metabolites of HOTYR are common to dopamine
metabolism (DOPAC, HVA, DOPAL, MOPET), which is not
surprising as HOTYR itself can be renamed as DOPET, a well
known dopamine metabolite (de la Torre, 2006) (Fig. 28).

dopamine 3-methoxytyramine

ALR

dihydroxyphenylethanol homovanillyl alcohol
DOPET HVAIc

Figure 28 HOTYR (DOPET) as a minor product of dopamine
oxidative degradation (adapted from de la Torre, 2008).
COMT -  catechol methyltransferase; MAO -
monoaminoxidase; ALDH — aldehyde dehydrogenase; ALR —
aldehyde/aldose reductase.



INTRODUCTION

CHAPTER I

114



OBJECTIVES






On the basis of the background information provided, the main

research objectives were defined as follows:

A) To evaluate the disposition and bioavailability of
glucuronoconjugated metabolites of HOTYR, TYR and H  VAlc
(as methylconjugate of HOTYR) in humans after consu  mption

of olive oil rich in phenolic compounds.

To achieve this goal, the next series of experimental steps have

been planed:

1 Synthesis of reference compounds of metabolites of
HOTYR, TYR and HVAIc, and HOPhPr as an appropriate
internal standard for use in analytical, chemical and

biological methods;

2 Development and validation of a HPLC-MS detection
method for direct quantification of the mentioned

conjugated metabolites in urine;

3  Analysis and assessment of HOTYR and TYR metabolism
and excretion in human urine after olive oil consumption

in samples belonging to a pilot intervention study.

B) To evaluate the antioxidant properties of HOTYR and TYR
glucuronoconjugated metabolites vs. their parent co mpounds

against oxidative stress.



To achieve the aim we have planned the following tests to be

performed:

1 A chemical test to evaluate the antioxidant potential of
conjugated metabolites in comparison to parent

compounds;

2 An in vitro experiment for the evaluation of their

antioxidant activities in biological systems.

C) To evaluate biological activities of olive oil i n human
organism mediated by transcriptome response to diet ary
intervention and to estimate its possible impact on human
health.

To accomplish this objective we have planned the following

experiments:

1 Evaluation of methods for the total RNA isolation from

human total blood and mononuclear cells;

2 Estimation of the variables that might influence gene

expression in human subjects;

3 Selection of gene-responders to dietary administration of
phenol rich olive oil (mid term intervention) in human

subjects.



METODOLOGICAL APPROACHES






1. Experimental design

To achieve the objectives of the thesis the experimental work was

presented in two blocks: preparative and experimental studies (Fig.

29).
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Figure 29 Scheme representing experimental studies and
methodological approaches and corresponding publication in
this dissertation.

The argumentations of choice and the explanations of principles for
the methods used in this thesis are grouped by the area of

investigation according to the enclosed scheme and are



summarized in this section. Some parts of the work were
performed in collaboration with different research groups belonging
to different institutions, which are specified in the text. More
detailed descriptions of methods (chemicals, procedures,
instrumentation, analysis, etc.) can be found in the original

publications (P-l — P-VI) (see Results and Discussions).

2. Glucuronidated metabolites of olive oil
phenols analysis

2.1. Preparative studies

Phase Il metabolites are needed as reference substances for
analytical studies on the bioavailability of olive oil phenols and in
general in olive oil research. However, they are not commercially
available. Despite of being the major metabolites, only small
amounts of glucuronide conjugates can be isolated from urine or
tissues after administration of the olive oil to humans or laboratory
animals. In addition, this method is very laborious given the small
amount of purified compound obtained, and the purity could be
doubtful.

Therefore, to achieve the main objectives of this thesis, the
preparation of glucuronidated metabolites of olive oil phenols
(HOTYR, TYR and HVAIc) was planned in collaboration with
laboratory of Instituto de Quimica Avanzada de Catalufia, Consejo
Superior de Investigaciones Cientificas (IQAC-CSIC), Barcelona
under the supervision of Dr. Jesus Joglar. The workflow of

preparative experiment is present on the Fig. 30.
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Figure 30 A workflow for the preparation of glucuronidated
standards of olive oil phenols (HOTYR, TYR and HVAIv) and
the corresponding putative internal standard (HOPhPr
glucuronide)

2.1.1. Biocatalized synthesis of glucuronidated
metabolites

The standards of glucuronide conjugated metabolites of olive oil
phenols, in particular of HOTYR, TYR and HVAIc, as well as their
corresponding internal standards for use in analytical method, were
planed to be enzymatically synthesized. Different kinds of enzyme
preparations have been used, such as rat, porcine and human liver
the

biotransformations taking place in humans (Fig. 30). Enzyme-

microsomes', to adjust synthesis close to real

% Microsomes are vesicle-like artifacts formed from the endoplasmic
reticulum (ER) when eukaryotic cells are broken-up in the laboratory.
Being of ER origin, they content variety of ER membrane bound enzymes,
between them UGTSs, therefore can be used as a source of different
enzymes in the compounds transformation.



assisted synthesis produces mainly (-anomers of mono-
glucuronides with a proper regio- or stereoselectivity, the latest one
IS an important advantage for HOTYR glucuronidated isoforms

synthesis.

The comparison of different sources of microsomes and the
detailed description of the established method of biocatalized
synthesis of glucuronidated metabolites of mentioned olive oil

phenols is described in following original publications: P-1 and P-II.

2.1.2. Preparative synthesis of
glucuronoconjugates

The reaction of biotransformation was scaled up for preparative
synthesis of glucuroconjugates in a milligram range using porcine
liver microsomes, as easily accessible and plentiful source of UGT-
rich microsomes, able to transform the olive oil phenols in the
biologically relevant glucuronidated metabolites. A simple and
straightforward HPLC method with UV detection has been
successfully developed for products isolation and purification.
Glucuronides were lyophilized, weighted and their purity was also
evaluated by HPLC-UV. The total workflow in preparation of
glucuronidated metabolites of olive oil phenols is presented in Fig.
30.

The detailed description of the products purification and output
analysis of the established preparative synthesis are described in

the original publications P-1 and P-II.



2.1.3. Structural characterization of synthesized
glucuronidated metabolites

Two complementary methods were used in the structural
identification and characterization of synthesized glucuronidated
metabolites of olive oil phenols: mass spectrometry (MS) and
nuclear magnetic resonance (NMR) (Fig. 31). First, MS was used
to identify glucuronides already on the stage of method
establishment. The advantage of the MS technique is that only a
very small quantity of compound is required to obtain accurate
tandem mass (MS/MS)™ spectra. Using negative MS/MS, the
typical fragmentation pattern for the metabolites has been
searched: characteristic fragment ions from the glucuronide moiety
at m/z 175 [C¢H;O¢] and m/z° 113 [C¢H;0—~CO,—H,0] (Levsen,
2005) and for core compound fragment ions of relevance were m/z
153, 137, 167 and 151 for HOTYR, TYR, HVAIc and HOPhPT,

respectively.

The determination of the conjugation site in HOTYR was not
possible because the glucuronide isomers are similar in MS/MS
spectra. Therefore, NMR'® analysis was required for a detailed
structural characterization of HOTYR glucuronides. The site of

glucuronidation can be identified by comparing the chemical shifts

* Tandem mass spectrometry, also known as MS/MS, involves multiple
steps of mass spectrometry selection, with some form of fragmentation
occurring in between the stages.

® NMR, nuclear magnetic resonance spectroscopy is a technique which
exploits the magnetic properties of certain nuclei. When placed in a
magnetic field, NMR active nuclei (such as 'H or *C) absorb at a
frequency characteristic of the isotope. The resonant frequency, energy of
the absorption and the intensity of the signal are proportional to the
strength of the magnetic field, and, therefore, could be monitored, giving
information (chemical shift and J-coupling) about the structural disposition
of NMR active nuclei in the molecule.
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Figure 31 Identification and structural characterization of
glucuronidated metabolites (as an example 4°-O-
HOTYRGIuc for illustration) of olive oil phenols using MS/MS
fragmentation in combination with NMR analysis.

and spin-to-spin coupling (J-coupling) of the glucuronide to those of
the aglycone. The largest changes in these parameters upon
glucuronidation are in the atoms located near the conjugation site.
Therefore, carbon (**C) and proton (‘*H) NMR studies were
performed in the Instituto de Quimica Avanzada de Catalufia,
Consejo Superior de Investigaciones Cientificas (IQAC-CSIC),
Barcelona under the supervision of Dr. Jesus Joglar, Dr. Pere

Clapés and in collaboration with Dr. Teodor Parella (Servei de



Ressonancia Magnética Nuclear, Universitat Autonoma de
Barcelona). Although these studies required a sufficient amount of
compound, in the milligram range, they could be successfully
carried out, since the developed semi-preparative synthesis could

cover this range.

The MS/MS fragmentation pattern and NMR spectra of parent
compounds were established using commercially available
standards of HOTYR, TYR, HVAlc and HOPhPr. For detailed
description of MS/MS and NMR instrumentation and analysis of
synthesized mono-glucuronidated metabolites of live oil phenols

should be referred to original publication P-I.

2.2. Glucuronidated metabolites study

Direct analysis of glucuroconjugated metabolites is not
straightforward. Glucuronides are thermolabile, highly polar and
non-volatile compounds present in different type of biological
matrices. Due to the complexity of biological samples the
compounds should be well resolved from matrix background using
separation techniques such as chromatography. Techniques, such
as gas chromatography (GC) in which high temperatures are used
are inappropriate for their direct analysis because glucuronides are
thermolabile and non-volatile. The primary technique for the direct
determination of non-volatile, polar and water-soluble compounds,
as are olive oil phenols and their phase Il metabolites (glucuronides

and sulfates) is liquid chromatography (LC).



2.2.1. Analytical methods for qualitative
determination and preparative separation
of olive oil phenols glucuronidated
metabolites

LC with ultraviolet (UV) detection is the first choice in analysis of
olive oil phenols in biological fluids (for detailed review of methods
see chapter Il). However, the lack of standards for the olive oil
phenol metabolites and low sensitivity to this type of compounds
limited their direct analysis in biological fluids using this detection
system (UV). Nonetheless, this approach is often applied in

analysis of olive oil phenols metabolism (see chapter II).

The main challenge in chromatographic analysis of glucuronides of
olive oil phenols studied in this thesis was related to the separation
of two isomers of HOTYR: 3"-O-glucuronide and 4"-O-glucuronide.
Being very similar in their structure (Fig. 32), these two isomers
were suspected to have identical UV absorption spectrum and very
similar chromatographic behaviour. To carry out a preparative
study of both standards, a well resolved chromatographic
separation of both isomers was needed. In general, separation of
highly polar compounds (as are phase |l metabolite, e.g.
glucuronides) is challenging due to their weak retention by any type
of chromatographic column, and even more complicated if they are
structurally similar as are isomers. Therefore, three types of
chromatographic columns of various parameters (diameter and
particle size) and different in filing chemistry specialized in
retention of polar compounds were tested (see Table 4) at

chromatographic elution conditions reported for HPLC-MS analysis



of nitrocatechol glucuronides (Keski-Hynnild, 2000) but compatible
with preparative chromatography'’ UV-detection (at 215 nm®®).

The column which separates both products of HOTYR
glucuronidation, and resolves it from other biosynthetic reaction
components, was Atlantis dC18 5 pm 150 x 4.6 mm (Waters). This
column and its prototype for semi-preparative chromatographic
separation (Atlantis C18, 5 um, 150 x 10 mm) were used in
biosynthesis analysis and preparation of all glucuronide
metabolites presented in this thesis. A detailed description of the
HPLC-UV chromatographic conditions for each type of
glucuronides in the biosynthetic reaction and its analysis is

available in the publication P-I.

MS provides both qualitative and quantitative information on the
analytes and has been widely used for the identification of
metabolites. In combination with liquid chromatographic retention
parameters, tandem mass spectra (MS/MS) additionally offers a
possibility of structural identification of metabolites (Levsen, 2005),
providing additional sensitivity and increased selectivity for the
analysis of olive oil phenols conjugates. Therefore, LC-MS is
routinely applied in metabolic studies for identification and/or
characterisation of metabolites. The HPLC-MS method, applied in

MS-identification and confirmation of glucuronidation products of

" The microsomal glucuronidation reaction (on the stage of method
setup) was used for testing and adjusting the chromatographic separation
conditions for both glucuronidated forms of HOTYR.

215 nm represents absorption wavelength for the majority of
components of the biosynthetic reaction: proteins of microsomal fraction,
UDPGA, UDP, benzoic ring of phenols (HOTYR, TYR, HVAlc and
HOPHPTr) and corresponding products of glucuronidation



microsomal biosynthesis in this study, make use of parameters
established in the analytical HPLC-UV method.

Table 4 Column tested in the study for the separation of
HOTYR glucuronidated isomers.

Column Parameters Filling & Mode Specific
application
Synergy 80 A Ether-linked For extreme
POLAR-RP 150 x 2.0 mm  phenyl with polar  retention of polar
4 pm endcapping; and aromatic
Reverse Phase compounds and
(RP)*® mode operation in 100%
aqueous mobile
phases®.
Atlantis T3 100A N For retention of
silica-based C18
3um 150 x 2.1 mm line: polar compounds
Atlantis® dC,s 100A, ' and operation in

Reverse Phase

0,
(Rp)lg mode 100% aqueous

5pum 150 x 4.6 mm
mobile phaseszo.

Theoretically predicted MS and MS/MS spectra for olive oil phenols
glucuronidated metabolites were used for identification and
confirmation of products formation in microsomal glucuronidation

reactions (Fig. 31).

Both, HPLC-UV and HPLC-MS (MS/MS) approaches were used for

detection of the products of glucuronidation in biocatalized

' Reversed-phase (RP) chromatography uses a non-polar stationary

phase (the most popular column is a octadecyl carbon chain (C18)
bonded silica) for compounds separation. Mixtures of water or aqueous
buffers and organic solvents are used to elute analytes from a RP column.
where polar compounds are eluted first while non-polar compounds are
retained

% Mobile phase is a carrier for solutes through the stationary phase and
used to adjust the chromatographic separation and retention of analytes.
In RP-LC the combination of organic and aqueous solvents are used.
Polar compounds are less retained on the column and, therefore, less
organic solvents needed for their elution. Sometimes for highly polar
compounds (as are phase Il metabolites) up to that totally 100% aqueous
mobile phase could be required



synthesis. In addition, on the basis of HPLC-UV method, a semi-
preparative HPLC-UV methodology was developed. For detailed
description of all these methodological approaches refer to the

publication P-I.

2.2.2. Direct quantification of glucuronidated
metabolites

To evaluate the contribution of glucuronidation to the metabolic
disposition of olive oil phenols (HOTYR, TYR and HVAIc) in
humans, a direct LC-MS detection method was developed and
validated for their quantification in human urine using synthesized

standards for glucuronidated metabolites.

Four basic points were essential in the development of a direct LC-
MS analysis of olive oil phenolic glucuronides and their parent
compounds:

® the selection of appropriated internals standards;

(i) the development of a sample preparation procedure;

(i) the optimization of chromatographic separation;

(iv) the optimization of mass spectral analysis.

To minimize major sources of inaccuracy starting from sample
manipulation and ending by instrumental analysis, and also to
improve precision of detection for both groups of compounds of
interest, two types of internal standards were used: 1.S.1, a newly
synthesised glucuronide of HOPhPr (4"-O-HOPhPrGluc) and 1.S.2,
HOPhPr for the analysis of glucuronides and their parent
compounds, respectively (Fig. 32). Both compounds have fulfilled

all criteria required for I.S. (refer to original publication P-Ill): these



compounds are not normally present in the biological samples
(based on the screening of a number of samples); they are
chemically related analytes (based on preliminary structure
analysis); they are chromatographically eluted similarly to analytes
under investigation (based on preliminary studies); and, finally, they
have an analogous MS/MS behaviour to the analyzed compounds

(based on previously done MS fragmentation analysis).

Urine, as a biological matrix in which glucuronides will be analysed,
contains interfering compounds at high concentrations, which may
alter the chromatographic separation or suppress the ionisation
process in mass spectrometry. Disturbing matrix compounds must
be removed in sample pre-treatment to improve the selectivity,
accuracy, reliability, and repeatability of analyses. In addition,
glucuronides should be concentrated in the pre-treatment
procedure in order to improve method sensitivity. SPE** has
achieved the widest acceptance among pre-treatment methods,
owing to the easy manipulation, high analyte recovery, extraction
reproducibility, capacity for increasing selectively the analyte
concentration. For the pre-treatment of urines, Oasis HLB
cartridges (Waters), containing a polymeric water-wettable
reversed-phase sorbent, were chosen due to their capacity to
retain a wide range of polar compounds using a simple generic
extraction procedure. The clean up of samples, elution and filtering

were optimized for the simultaneous extraction from urine of three

! SPE, a solid phase extraction, is a separation process by which
compounds that are dissolved or suspended in a liquid mixture are
separated from other compounds in the mixture according to their physical
and chemical properties. SPE uses the affinity of solutes dissolved or
suspended in a liquid (known as the mobile phase) for a solid through
which the sample is passed (known as the stationary phase) to separate a
mixture into desired and undesired components.



types of polar compounds: extremely polar glucuronidated
metabolites (all glucuroconjugates, including 4"-O-HOPhPrGluc as
[.S.1), highly polar catechol-containing HOTYR and compounds
with relatively lower polarity (TYR, HVAIc and HOPhPr as |.S.2).
The final protocol of SPE urine extraction for the aforementioned

compounds is presented in the publication P-III.

A preliminary developed HPLC-MS assay for the analysis of
glucuronides from the biocatalytic reaction of synthesis (P-lll) was
optimized for a simultaneous detection of all compounds of interest
(Fig. 32) and transferred to a Waters ACQUITY UPLC™ system.
Theoretically, the time of chromatographic analysis was reduced
almost 7 times (from 45 min in conventional HPLC-MS analysis to
6.5 min in UPLC-MS analysis), therefore, higher sample analysis
throughput, lower consumption of mobile phase, better assay
reproducibility and sensitivity could be achieved. UPLC provides
faster analyses through the use of a novel separation material with
a very small particle size (ACQUITY BEH columns 1.7 pm, 100 mm
x 2.1 mm) and unique core chemistry (Bridged Ethyl Hybrid
particles), which should be operated at higher pressures (up to
15,000 psi), injects samples into a smaller system dwell volume,
and captures detector signals at high data rates for fast eluting
peaks. During the course of optimization of the UPLC method for
simultaneous detection of all types of analytes, glucuronides and
their parent compounds in human urine samples, the following fine-
tunings were made: flow rate vs. percentage of organic solvent in
mobile phase, gradient elution, strength and pH of aqueous phase.
The final chromatographic method for analysis of the
aforementioned compounds in human urine is presented in the
publication P-III.
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Figure 32 Compounds analyzed in this study: olive oil
phenols parent compounds and their glucuronides, and their
corresponding internal standards

In this work, the SPE-UPLC-MRM method was developed for the
identification and quantification of olive oil phenols metabolites,
using synthesized and well characterized standards of glucuronide

conjugates. This direct method was optimized for detection and



quantification of both glucuronides and their parent compounds in
human urine. Method was validated according to FDA/ICH
requirements. Detailed description of the developed method and its

validation parameters are presented in original publication P-III.

2.2.3. Determination of glucuronide metabolites
excretion rates

Urinary excretion studies measure the cumulative amount of olive
oil polyphenols excreted in the urine. These studies are base on
the premise that urinary excretion of the polyphenols is directly
proportional to the plasma concentration of total compound. Thus,
the total quantity of olive oil polyphenols excreted in the urine is a
reflection of the quantity of polyphenols absorbed from the

gastrointestinal tract.

The contribution of glucuronide conjugation reactions to human
disposition of olive oil phenols was investigated by analysing the
urinary recovery of HOTYR, TYR and HVAIc glucuronides. Urine
samples were generated in a pilot intervention study with VOO in

human healthy volunteers (Apendix B, GEpilot study) (Fig. 33).

The concentration of metabolites was planned to be estimated in
urines collected at three time points: prior to intervention after
wash-out period (basal concentration of conjugates), 6 h after
acute ingestion of 50 mL of VOO and 24 h after ingestion. The
calculation of excretion rates was related to those amounts of
compounds (HOTYR and TYR) detected after acidic hydrolysis,
trying to mimic gastrointestinal hydrolysis, of VOO. Detailed

description of analysis (UPLC-MRM) and calculation of excretion



rates for olive oil phenols glucuronides and also of their parent

compounds are presented in the original publication P-III.

Acute Consumption (at once):

50 mL VOO
Wash Out: Sustained Consumption (each day):
Poor in phenolic compounds diet 25 mL VOO + phenolic compounds poor diet
r N
| | |
VOO 50 mL D-7 “_,—"' Dl\\ D7 D14 D21
LN
<

v v v
oh 1h 24h

Collection compliance test

Blood —»| Dietary
(GC-MS analysis)

y v
6h
l\ 0-6h jK 6-24h } :
3 v Urine Glucuronides
E E E Collection excretion studies
(UPLC-MS analysis)
7

Figure 33 Study design for the evaluation of the metabolic
disposition of olive oil phenols following the GEpilot study
protocol (Appendix B).

2.3. Assessing antioxidant efficiency of olive oill
phenols and their glucuronidated
metabolites

Several studies (reviewed in chapter 1) have shown that olive oil
phenolics may act as inhibitors of in vitro and in vivo LDL oxidation.
A number of different mechanisms, including scavenging of free
radicals and reactive species, metal chelation, protecting or
regenerating a-tocopherol present in LDL, and binding with

proteins, could be involved (Burkit, 2001). Following ingestion of



olive oil, phenols are distributed within the body and can be
detected not only in plasma and urine, but also in LDL particles
(this is discussed in details in chapter Il), confirming the hypothesis
that LD particle can be target of their action. Nevertheless, due to
the extend metabolism of phenols, within LD particle they were
detected as phase Il metabolites (de la Torre-Carbot, 2006, 2007).
Therefore, it is of great interest to know whether the phase I
metabolites exert the same antioxidant activities as their parent

compounds.

The oxidation targets several sites of LDL (ApoB, cholesterol,
triglycerides, fatty acids etc.) among which lipid peroxidation is a
key process of oxidation (see chapter I). The oxidation of LDL (its
polyunsaturated fatty acids) is prevented by proportional
concentration of water-soluble antioxidants surrounding them and
liposoluble antioxidants incorporated within the LDL lipid bilayer.
Peroxidation of polyunsaturated fatty acids, once initiated, involves
a free radical chain reaction and, as a result, a variety of
degradation products is generated, among which conjugated
dienes (CD) are primary products (Fig. 34). The formation of
conjugated dienes occurs when free radicals attack the hydrogen
atoms of methylene groups between double bonds, leading to the
rearrangement of bonds (Recknagel, 1984). The properties of cell-
oxidized LDLs are very similar if not identical to LDL oxidized in
cell-free medium (Steinbrecher, 1985). Therefore, the in vitro and
ex vivo LDL oxidation models are of special interest for researchers
due to their relatively straightforward experimental performance

and convenient extrapolation of results to in vivo data.



Basic reaction sequence of lipid peroxidation

Unesterified

ApoB-100 A s /  Fatty acid with three double bonds
Cholesterols v L W
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/\ /\ A/ Unstable carbon radical
\— —f Nt
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Spectrophotometric monitoring (A 53,)

etc.

Figure 34 LDL particle composition and phospholipids as a
main site for monitoring of LDL oxidation.

The scavenging of free radicals by hydrogen-atom donation is
considered to be a basic mechanism of action of olive oil phenolic
antioxidants against LDL oxidation, although other mechanisms
may be involved (see chapter ). Therefore, those methodologies
which estimate the scavenging of free radicals by the phenolic
antioxidants are quite useful. Among the different published
methodologies (Huang, 2005) for determining the antiradical
activity of both isolated compounds and complex mixtures of
antiradicals, the DPPH assay, initially developed by Blois (Blois,
1958) and more recently adapted by Brand-Wiliams (Brand-
Williams, 1995) is the most widely used because its simplicity. This
test has been used for many decades to study the mechanism of
H-atom donation to free radical from certain substrates. DPPH
does not dimerize®, exhibit a stable absorbance over a wide range
of pH, resist oxidation, reaction conditions are mild and, as
discussed earlier, provides basic information on the reactivity of
compounds with regard to their structure (Son, 2002). All these

characteristics explain the increasing popularity of DPPH test for

%2 |n solutions this radical remain in its monomeric form.



applying in screening of antioxidant potency or to show up the

mechanism of reaction with the ArOH.

To compare the antioxidant activities of glucuronidated metabolites
to their parent compounds, olive oil phenols, the LDL resistance to
oxidation test and the DPPH test were carried out. Modifications
were made in both methods in order to adjust the methodologies
to:
® a specific concentration range (close to that recorded in
pharmacological studies);
(ii) minimize the amounts of standards (since just limited
amounts of synthesized compounds could be available);
(i) perform measurements in a small reaction volume (to
reduce amount of material used in the analysis, e.g.
isolated LDL and DPPH solution);
(iv) test simultaneously all compounds (to reduce batch-to-
batch differences);
(v) introducing a probe compound, Trolox (to check the
success of the experiment and for comparison

purposes).

2.3.1. LDL resistance to oxidation test

Formation of conjugated dienes in the LDL particle can be
measured directly by monitoring an absorbance at a wavelength of
234 nm (Esterbauer, 1989). The kinetics of the diene formation i.e.
the change of the absorbance vs. time can be clearly divided into
three phases (Fig. 35):

(i) Lag-phase during which the dienes formation is very slow;



(i) Propagation phase when the dienes are very rapidly

formed to a maximal value;

(i) Decomposition phase during which the dienes decrease

again.

During the lag-phase (or induction) phase, the lipophilic
antioxidants protect the polyunsaturated fatty acids against
oxidation and thus prevent the lipid peroxidation process entering
into the propagation chain reaction. The oxidation of LDL starts
after consumption and/or inactivation of its antioxidants, among

which a-tocopherol is one of the most abundant.
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Figure 35 Kinetics of LDL oxidation by monitoring the
change in the absorbance at 234 nm

If the LDL particle is depleted of its antioxidants, the lipid
peroxidation process enters the propagation phase in which the
polyunsaturated fatty acids are rapidly converted to conjugated lipid
hydroperoxides as indicated by the increase of the 234 nm

absorbance. The transition from lag-phase to propagation is



continuous, nevertheless, the rate of the diene formation during the
two phases differ widely enough to obtain from the curve the length
of the lag-phase. The end of the lag-phase is defined as the
intersection of the two straight lines as shown on the picture (Fig.
35). In addition to the length of the lag-phase the curve also allows

to determine the maximum rate of oxidation and the maximum

amount of conjugated dienes formed in the LDL. After reaching its
maximum value, the 234 nm absorbance slowly decreases again.
This is because lipid peroxides are labile and decompose in a
number of consecutive reactions to a variety of products
(Esterbauer, 1989).

The vulnerability to oxidative modification has traditionally been
estimated ex vivo by challenging LDL particles with strong pro-
oxidants: either metal ion-dependent (iron and copper ions) or
independent (for example, AAPH-induced) oxidation processe.
Some studies indicate that both types of pro-oxidants generate
different mechanism of oxidation in LDL particles (Frei, 1993).
Although it is debated whether copper is a suitable initiator for LDL
oxidation in vivo, copper accelerated oxidation of human LDL is the
most extensively studied in vitro mechanism. This exudation
requires both binding of Cu®* ions by apolipoprotein B (ApoB) and
reduction of cooper by LDL (Kuzuya, 1992). Some compounds can
prolong lag-phase in LDL oxidation and therefore retard its
oxidation most likely via reactivation of vitamin E (Niki, 1987).
Therefore, the measurement of the lag-phase by monitoring LDL
oxidation offers the possibility to study the complex antioxidant
effects of olive oil phenols metabolites and to compare them to

those of their parent compounds.



The specific protocol of the in vitro analysis on the LDL resistance
to oxidation was developed to test the activities of olive oil phenols
(HOTYR, Tyr and HVAIc) and their glucuronides (3°- and 4°-O-
GlucHOTYR, 4°-O-GlucTYR and 4°-O-GlucHVAIc). The analysis
was performed in the laboratory of the Oxidative Stress and
Nutrition Research Group at IMIM-Hospital del Mar under the
supervision of Dr. Montserrat Fitd. Detailed description of the
methodology is provided within Material and Methods part of P-IlI

publication.

2.3.2. DPPH assay

This method is based on the reduction of free stable radical 1,1-
diphenyl-2-picrylhydrazyl (DPPH), which strongly absorbs at 515
nm, to the corresponding hydrazine, which is almost transparent at
this wavelength, by the transfer of hydrogen atoms from the
antiradical (Fig. 36). Hence, the time evolution of the absorbance,
subsequently converted to DPPH concentration, is the parameter
monitored. The overall stoichiometry®® of the reaction is the number
of molecules of DPPH reduced (decolourized) by one molecule of
the reductant (antioxidant). This reaction is intended to provide the
link with the reactions taking place in an oxidizing system, such as
the autoxidation of a lipid or other unsaturated substances. The
DPPH radical is thus intended to represent the free radicals formed
in the system whose activity is to be suppressed by the substance
ArOH.

2 Stoichiometry is the calculation of quantitative (measurable)

relationships of the reactants and products in a balanced chemical
reaction. It can be used to calculate quantities such as the amount of
products that can be produced with the given reactants and percent yield.



The reaction between the DPPH and the substrate may be
expected to be stoichiometric; the end-point may then be
represented in terms of npppy, the number of DPPH molecules
reduced by one molecule of the substrate. The overall
stoichiometry is not necessarily a whole number such as 1 or 2,
due to the complexity of the reaction between DPPH and the

reductant. An ECs,_value (otherwise called the IC50 value) has

been introduced for the interpretation of the results of the DPPH
method. It is defined as the concentration of substrate that causes
50% loss of the DPPH activity (colour). In the original method a
reaction time of 30 minutes was recommended, however, in view of
the fact that the rate of reaction varies widely among substrates the
best practice seems to be to follow the reaction until it has gone to

completion (“plateau”) (Fig. 36).

Violet color (A 5,7) Yellowish color (A 5;;-transparent)
1,1-Diphenyl-2-picrylhydrazyl 1,1-Diphenyl-2-picrylhydrazine
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Spectrophotometric monitoring (517 nm)

EDs, = (umol ArOH)/( umol DPPH)

Antioxidant Reaction Capacity:
ARC = (1/ED50) x 103;

Stoichiometry of reaction
B e I ny, = 1/(ED50 x 2),

Figure 36 DPPH reduction mechanism and it monitoring.



The analysis of radical scavenging activities using the DPPH test
was performed for the same compounds tested for LDL resistance
to oxidation test. The method development and validation was
performed in collaboration with the group of Instituto de Quimica
Avanzada de Cataluia, Consejo Superior de Investigaciones
Cientificas (IQAC-CSIC), Barcelona (Dr. José Lluis Torres) under
the supervision of Dr. Sonia Tourifio. Due to the chemical variety of
tested in our study compounds, the DPPH scavenging activities

were estimated by both end point reading (at different time

intervals) and kinetic behaviour (see original publication P-III for

details).

3. Gene expression studies on olive oll
transcriptome activity

3.1. Preparative methodology studies for gene
expression analysis

Due to the high sensitivity of the techniques studying gene
expression, researchers must take into account all sources of
variation not attributable to the experimental design and
interventions. Sources of variation frequently observed in any
experiment, including gene expression studies, can be split into two
main groups: biological variability and technical variability (Bustin,
2010). Technical variability refers to a noise introduced into the
measurement system. Biological variability refers to natural
heterogeneity among individuals, due to differences in their genetic
background, developmental or physiological stages, environmental

factors and gender, among others. No matter the cause, high



variability often prevents the detection of true differential
expression patterns, as it decreases the power of the statistical test
translating to relatively high false-negative rates (Steibel, 2005).
Therefore, prior to conduct any experiment on gene expression,
especially those on such complex subjects as humans, both types
of factors should be acknowledged and their influence should be

either well controlled or reduced to a minimum.

Because the procurement of tissues is invasive and not justified on
ethical grounds, gene expression studies in humans are performed
in a surrogate peripheral tissue such as blood (Burczynski, 2006).
Two type of blood samples are commonly used in clinical
intervention and epidemiologic studies: total blood (the whole blood
as it is plus anticoagulant to preserve cellular integrity) and cellular
fractions (buffy coat*® and mononuclear cell fraction, etc).
Subsequently, these samples constitute a source of RNA in
nutrigenomics experiments. While total blood is the most frequent
sample collected in these studies, this type of sample brings many
challenges into RNA extraction and later on in gene expression
analysis due to the “dirtiness” and the complexity of this tissue
(Feezor, 2004). Previous extraction of RNA-informative” blood
cells can overcome some of these problems in both sample
preparation and gene expression analysis (Debey, 2004).
Although, specific blood cells can be used for RNA extraction and
gene expression analysis, the outcomes of the gene-nutrition

interactions may depend upon the type of cell used. Therefore, it

!t is an enriched leukocyte blood fraction obtained by the sedimental separation
of leukoid cells from erytroid cells and plasma.

® Within whole spectra of blood cells, only 0.1%, mainly represented by
leukocytes, are carrier of RNA and, therefore, are transcriptome active cells. Other
cells as erythrocytes do not have RNA.



was of our interest to evaluate whether the differences in cell
specific genomic behaviour could have impact on the experiments,

planed for our olive oil nutrigenomics studies.

Working with low-quality RNA may strongly compromise the
experimental results of downstream applications which are often
labour-intensive, time-consuming, and highly expensive. Pure and
integral RNA is a key element for the successful application of
modern molecular biological methods, like quantitative RT-PCR
and microarray analysis (Rainen, 2002; Fleige, 2006; Kiewe, 2009).
Therefore, several total RNA®* extraction procedures were
evaluated in order to select the most appropriate for their

application in future nutrigenomics studies.

Because the study design and the organization of the collection of
samples could have a strong impact on the gene expression
variability, we looked at several physiological parameters, which
could be to some extent modified within or controlled over clinical
nutrigenomic studies: gender status, diurnal variation, menstrual

cycle (women).

3.1.1. Evaluation of RNA extraction procedure

In the evaluation of the total RNA extraction procedures two group
of parameters influencing gene expression analysis in variety of

downstream applications (Bustin, 2009) should be considered:

%6 Total RNA refer to the whole pool of RNA molecules obtained by corresponding
extraction procedure from samples, and can combine different classes of RNA
molecules, including tRNA (transport RNA), rRNA (ribsosomal RNA), mRNA
(messenger RNA), etc. From this pool only mRNA molecules are used in gene
expression analysis, since they represent the transcriptome activity of genome.



qualitative (purity and integrity) and guantitative (concentration and

recovery):

(i) Total RNA purity, is evaluated by the presence of protein and

salts and other impurities (e.g. ethanol) in the extract of total RNA.
The commonly used method for the evaluation of RNA purity is
based on the spectrophometric estimation of absorbance at three
wavelengths: 230 nm (specific for ethanol and salts), 260 nm
(specific for nucleic acid) and 280 nm (specific for proteins). Ratios
Azl Azgo and AngolAsgo, represents the relative abundance of some
impurities and proteins in the RNA sample. Elevated
concentrations of these impurities in the RNA samples can interfere
with the downstream application and also can challenge the
stability of samples. Commonly accepted ranges (of ratios) are
within 1.6-2.0, but sometime it is strictly dictated by the following
application, as in case with microarrays where it should be
relatively pure — above 1.9. In addition, it should be insured that
there are no significant DNA traces in the isolated RNA sample,
since it can interfere with both estimation of RNA concentration and

with downstream applications (Naderi, 2004).

(i) Total RNA concentration is calculated on the basis of the

absorbance at 260 nm by nucleic acids using the Lambert-Beer
law, which predicts a linear change in absorbance vs.
concentration. There could be special requirements on the
concentration of RNA in samples for downstream application. For
examples, microarray experiments require quite concentrated
samples, whereas quantitative PCR can be performed with quite

diluted ones. In addition, qualitative and quantitative analysis of



extracted RNA can be restricted to the specific concentration

ranges of the samples.

(i) Total RNA recovery refers to how much of total RNA could be

extracted form the unit of samples by the mean of different
techniques. It is important since the amount of RNA in blood
samples is very limited. The higher recovery of the RNA increases
the efficiency of an application (for sometimes a unique and very

precious clinical sample).

(iv) Total RNA integrity assessment is a critical step in obtaining

meaningful gene expression data. Typically total RNA integrity is
estimated by the evaluation of the integrity of ribosomal RNA sub-
units bands (ration between 28s and 18s rRNA) co-extracted and
co-existing in the sample of total RNA along with mRNA, the target
of gene expression studies. To verify RNA integrity a commercially
available automated capillary-electrophoresis system, for example
2100 Bioanalyzer (Agilent Technologies), could be applied. The
electrophoretic profiles allow a visual inspection of RNA integrity,
and estimate an approximate ratio between the mass of ribosomal
sub-units, however this value was claimed to be imprecise
regarding to the integrity of mRNA in the samples of total RNA
(Imbeaud, 2005; Schroeder, 2006). In addition to this visual
estimation of the RNA integrity (ribosomal RNA ratio), the 2100
Bioanalyzer software estimates the RNA quality by calculating the
RNA integrity number (RIN). Using this software tool, sample
integrity is determined for the entire electrophoretic trace of the
RNA sample. In this way, interpretation of an electropherogram is
facilitated, comparison of samples is enabled and repeatability of

experiments is ensured. The assigned RIN is claimed to be



independent of sample concentration, instrument and analyst

therefore becoming a de facto standard parameter for RNA
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Figure 37 Scheme of evaluation of several methods for total
RNA extraction procedures from whole blood (WB) and

isolated mononuclear

nutrigenomics studies.

cells (MNCs) for

application in

Two different blood sample types were evaluated for total RNA

extraction: whole blood (WB) and mononuclear cells (MNCs)

extracts. The collection of samples was performed within the

RNACLIN study protocol (Appendix A). Four different extraction

procedures: two using WB samples (QIAgene and RiboPure) and

two extracted MNCs samples (Ultraspec and QIAgene) were

evaluated as presented on the Fig. 37.



A detailed evaluation protocol procedure as well as analysis
performed in the study can be found in original publication P-IV

(presented within Results and Discussions section of this thesis).

3.1.2. Estimation of factors influencing gene
expression profile stability

The simplest gene expression experiment looks for changes in
expression of genes across a single factor of interest, as could be
intervention with VOO. Often human nutrigenomics experiments
are conducted in heterogeneous groups of individuals and these
studies are extended over the time according to the type of
intervention applied and/or to the outcomes researchers are
interested in. As a result a number of factors influencing gene
expression could have an impact on the final results. Therefore, we
were interested in determining several factors we thought may
contribute significantly to variability in human nutrigenomics

studies.

Two types of factors we felt may modify the experimental design of
nutrigenomic studies: (i) gender and in particular the impact of the
menstrual cycle in gene expression; and (ii) time-dependent gene
expression variation. To evaluate the role of these variables, a
controlled clinical study was conducted according to the RNACLIN
protocol (Appendix A) (Fig. 38). One of the objectives of the study
was to evaluate the stability of SOD1 and SOD2 expression, a pair
of genes which expression is directly related to the stability of the
redox system of total blood and, in particular, white blood cells. In

addition, these genes were supposed to be direct and indirect



targets of future nutrigenomics studies such as those planned with
VOO.

Month period

o]
‘2
Blood sampling

J

Figure 38 Study design on gene expression stability.
Asterisk represents the phases of female menstrual cycle: * -
follicular phase; ** - ovulation; *** - luteal phase; **** -
menses week.

A detailed description of the study is presented in original
publication P-V. The RNACLIN study protocol should be found in
Appendix A. A summary of study is shown in the following scheme
(Fig. 38).

3.2. Gene expression experimental studies

The analysis of changes in mRNA expression induced by nutrients
and bioactive food constituents is often the first step to study the
flow of molecular information from the genome to the proteome and
metabolome and one of the main goals in nutrigenomics research
(Maller, 2003). Different approaches are used in gene expression
analysis (Garcia-Cafias, 2010; Knasmiller, 2008). There are two

main applications of them: screening of a global gene expression



profile and a targeted analysis of the expression level of genes of

interest.

The microarray analysis of changes induced by VOO ingestion at
global gene expression level offers opportunities to identify the
effect of this food component on metabolic pathways and
homeostatic control. A DNA microarray is a collection of
oligonucleotides or probes, representing thousands of genes,
attached to a solid surface, at predefined locations within a grid
pattern. This technique is based on complementary nucleic acids
hybridization and it can be used to measure the relative quantities
of specific mMRNAs in samples for thousands of genes
simultaneously. There are many different microarray platforms
available for gene expression analysis. They mainly differ in the
procedure and the chemistry of the labelling and hybridization
processes, which to some extend could have an influence on gene

expression changes detection (Garcia-Canas, 2010; Muyal, 2008).

The final output of generated results is a long list of differentially
expressed genes pending of a further biological interpretation.
Public databases are used for the systematic analysis of results in
order to assemble a summary of the most enriched and significant

biological aspects. The principle behind enrichment analysis is that

if a certain biological process is occurring in a given study, the co-
functioning genes involved should have a higher (enriched)
potential to be selected as a relevant group by high-throughput
screening technologies. This approach increases the probability to
identify the correct biological processes most pertinent to the
biological mechanism under study (Huang, 2009). There is a

variety of bioinformatics resources (DAVID, Onto-Express, FatiGO,



GOminer, etc.) for the biological interpretation of gene expression
microarrays data. They help in identifying the enriched biological
processes, functions and components represented in the lists of
differentially expressed genes statistically comparing them to the
annotations in control samples. Enrichment analysis is possible
thanks to appropriately structured databases such as Gene
Ontology  (http://www.geneontology.org), which  provide a
systematic and controlled language, or ontology, for the consistent
description of attributes of genes and gene products, in three key
biological domains that are shared by all organisms: molecular

function, biological process and cellular component.

In addition to GO pattern analysis of differentially expressed genes,
the selection could be performed according to particular research
interests in the differentially expressed genes: for example, their
relation to the specific biological processes or their involvement in
any type of pathology. Therefore, after identification of a profile of
differentially expressed genes, the selection of individual genes
could be done by looking at their application in and/or relevance to

specific process based on reported data.

Although microarray platforms are claimed to be highly sensitive
and reproducible the results on differential gene expression should
be confirmed by more precise and sensitive methodologies
(Rockett, 2004). Quantitative PCR (qPCR) is a commonly used
validation tool for confirming gene expression results obtained from
microarray analysis. In addition to microarray confirmation analysis,
gPCR is widely used in direct gene expression analysis. It enables
both detection and quantification (as absolute number of copies or

relative amount when normalized to additional reference genes) of



one or more specific sequences in a sample. This technology may
be used in determining how expression of a particular gene
changes over time, such as in the response of tissue and cells to
the exposure to environmental conditions and xenobiotics,

including dietary food components such as VOO.

In gPCR analysis, mMRNA previously converted into its cDNA in a
reverse transcription (RT)?’ reaction (first strength cDNA synthesis)
is amplified in a PCR by specific primers. The amounts of amplified
products are visualized (fluorescent dye or any type of probes).
The expression level of the target gene is computed relative to the
expression level of one or more reference genes®, often named as

housekeeping genes (Nolan, 2006). Real-time gPCR monitors the

amount of amplicon generated as the reaction occurs. The amount
of product is directly related to the fluorescence of a reporter dye.
Because it detects the amount of product as the reaction
progresses, Real-Time PCR provides a wide linear dynamic range,
demonstrates high sensitivity, and allows quantification (Kubista,
2006).

3.2.1. Microarray experiment

In the present study the microarray experiment was applied to

evaluate in vivo MNCs gene response to the nutritional intervention

7RT (reverse transcription) reaction replicate single stranded DNA from an RNA
template by a reverse transcriptase, also known as RNA-dependent DNA
polymerase. It is used to apply the polymerase chain reaction technique to RNA
The classical PCR technique can be applied only to DNA strands, but, with the
help of RT, RNA can be transcribed into DNA, thus making PCR analysis of RNA
molecules possible.

%8 Reference gene is typically a constitutive gene that is transcribed at a relatively
constant level, therefore, are used as internal standards in gPCR since it is
generally assumed that their expression is unaffected by experimental conditions



with VOO. The intervention study, and samples collection and
preparation were performed at IMIM-Hospital del Mar, whereas the
microarray experiment was performed using a microarray Service
(National Centre of Cardiovascular Investigation, CNIC,
www.cnic.es) and data processing was supported by Integromics

(www.integromics.com). Final data analysis and data mining were

carried out at IMIM-Hospital del Mar (Fig. 39). Detailed description
of the work performed at IMIM-Hospital del Mar is described in the
Materials and Methods section of original paper P-VI. Samples

were originated within the GEpilot study protocol (see Appendix B).
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Figure 39 Workflow on microarray experiment applied in this
study

The microarray platform used in the present study was Human

Genome_Survey Microarray V2.0, of Applied Biosystems, which

interrogates about 30,000 genes including 8,000 that are not
available in public databases and are derived from the non-public
Celera database. This platform corresponds to single-channel

microarray*® and based on specifically long oligonucleotide probes

° In a single-channel microarrays or one-color microarrays, the arrays
provide intensity data for each probe or probe set indicating a relative
level of hybridization with the labelled target. However, they do not truly
indicate abundance levels of a gene but rather relative abundance when



attached to a nylon surface, and on using chemiluminescence for
the labelling and detection. The strengths of the single-dye system
lie in the fact that an aberrant sample cannot affect the raw data
derived from other samples, because each array chip is exposed to
only one sample and that data are more easily compared to arrays
from different experiments. In addition, a high specificity of
hybridization and a low detection limit of the system allows the data
analysis be more sensitive compared to other detection systems
(Grewal, 2007). Therefore, the AB Human Genome Survey
Microarray platform was found to be very advantageous for the
nutrigenomics pilot experiment (GEpilot, for detailed study protocol
see Appendix B). Two conditions were planed to be compared:
mid/long term effects after virgin olive oil ingestion and baseline
(after a wash-out period with controlled diet). The response of
biological systems was expected to be very weak, almost close to
the “normal” variability, especially in healthy volunteers, since the
intervention with virgin olive oil was at doses compatible with its

dietary intake in the context of the Mediterranean diet.

The probes of Human Genome Survey Microarray are identified
following an Applied Biosystems codification system, which can link
them to the corresponding gene expression assay, provided by the
same company and used in microarry validation: TagMan® Gene
Expression Assays. In addition, integration with the Applied
Biosystems PANTHER™ Classification System provides valuable
information on molecular function and biological process of

microarrays probes, allowing direct online (PANTHER Software:

compared to other samples or conditions when processed in the same
experiment.



http://www.pantherdb.org/) GO enrichment analysis of microarray
experimental data.
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Figure 40 Gene expression experiment using AB Human
Genome Survey Microarray platform: RNA was extracted
from two different samples of MNCs (baseline vs.
intervention with VOO), converted into cDNA and labelled.
Samples were hybridized to the two arrays, further washed
and scanned. Differences in gene expression were revealed
by comparison of chemiluminescent patterns of both arrays.



Details on sample preparation, the protocol on microarray
experiments, data analysis and the algorithm for gene selection are
described within Material and Methods in original paper P-VI (see
also Results and Discussions section of this dissertation) and also
on Fig. 40.

3.2.2. Real-Time gPCR

For confirmation of microarray results and for validation of the
stability of gene expression either during the RNA extraction
procedure or in the analysis of physiological factors influencing the
gene expression, TagMan Real Time PCR, assays based on 5’
nuclease chemistry using TagMan® MGB (minor groove binder),
probes was applied. This technology was selected as a Gold
Standard in the MicroArray Quality Control (MAQC) Project, due to
its high specificity, high sensitivity and large dynamic range of any

gene expression technology (Canales, 2006).

Two TagMan Real Time PCR approaches were applied in this work
(Fig. 41): (i) individual TagMan® Gene Expression Assay and (ii) a
TagMan® Custom Array using Micro Fluidity Cards®. The choice of
the approach depended on the amounts of the genes to be
analyzed according to the driven objectives. Thus in evaluation
studies, where only 2 target genes (SOD1 and SOD2) and one

housekeeping/reference gene (B-actin) were chosen, the individual

% The TagMan® Custom Array is a 384-well Micro Fluidic Card that
enables performing of 384 simultaneous real-time PCR reactions without
the need to use liquid-handling robots or multi-channel pipettors to fill the
card. Thus, this medium-throughput array allows for 8 samples to be run
in parallel against 24 TagMan® Gene Expression Assay targets that were
pre-loaded into each of the wells on the card.
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Figure 41 Real Time gPCR: principles of TagMan gPCR
chemistry, analysis and its applications in the present study
using either individual Gene Expression Arrays for two SOD
genes or a Custom Micro Fluidic Cards for microarray
confirmation analysis for a group of 23 genes.

gPCR gene assay was applied to oligo-dT reverse-transcribed*
cDNA samples. In the microarrays confirmation study, the Micro
Fluidity Cards were used, because of their advantages in sample
manipulation and the simultaneous analysis of expression for 24
genes (23 of interest and 1 housekeeping gene, GAPDH). Prior to
PCR quantification, total RNA of samples corresponding to
microarray study were converted to cDNA using random primers®

as it was required by manufacturer” established protocol.

%1 Oligo dT primer is used as a primer for first strand cDNA synthesis with
reverse transcriptase. The primer hybridizes to the poly(A) tail of mMRNA,
therefore, poly(A) containing mRNAs are reverse transcribed.

Random Primers consist of a mixture of short oligonucleotides
representing all possible short sequences on RNA molecules, therefore,
virtually all types of RNA molecules are reverse transcribed.



The corresponding RT reactions (first strength cDNA synthesis)
and Real Time PCR were performed according to the manufacturer
instructions and are described in detail within the Material and
Methods section of corresponding papers: for single gene Real
Time PCR see original publication P-1V and P-V; and for microarray
confirmation original publication P-VI (see Results and Discussions

of this thesis, respectively).
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Abstract

Hydroxytyrosol (HOTYR) and tyrosol (TYR), main phenolic compounds of olive oil
have been reported to contribute to the prevention of age-related diseases due to
their antioxidant activities. Their bioavailability in humans is poor and they are
found in biological fluids mainly as conjugated metabolites. Free phenols
concentrations are low and unlikely to explain biological activities seen in humans
after olive oil intake. In this context antioxidant activities of conjugated metabolites
in a range of concentrations compatible with their dietary consumption were
evaluated. A high performance liquid chromatography coupled to mass
spectrometry (UPLC-ESI-MS) method was developed for the simultaneous
analysis of 3- and 4-O-HOTYR-glucuronides, and 4-O-glucuronides of TYR and
HValc (homovanillyl alcohol) in human urine. Concentrations of metabolites and
their core compounds were estimated in an intervention study with 11 healthy
volunteers supplemented with 50 mL virgin olive oil. After 24 hours about 10% of
the dose was recovered as free phenols (less than 5% of the total recovery) and
as glucuronides. Glucuronides and core compounds were tested for their chemical
(hydrogen donation by DPPH test, range 0.06-1mM) and in vitro biological
(inhibition of Cu-mediated LDL oxidation, range 0.01-10 uM) antioxidant activities.

None of the glucuronides displayed significant antioxidant activities.



1. Introduction

A number of epidemiological studies have provided evidence of the health
benefits derived from the Mediterranean diet against cancer and cardiovascular
diseases [1, 2]. The main characteristics of such a diet are its richness in natural
vitamins and antioxidants, from vegetables and fruits, and a high content of
monounsaturated fatty acids, olive oil being the main source of fat (Trichopolou et
al., 2003).

The biological benefits of olive oil consumption are not only limited to its high
content of monounsaturated fat, olive oil minor components also display bioactive
properties (Covas et al., 2006). Phenolic compounds, the most studied olive oil
minor components, belong to the hydrosoluble fraction of olive oil. Some of the
most representative phenolic compounds in olive oil are hydroxytyrosol (HOTYR)
and tyrosol (TYR) and their respective secoiridoid derivatives, oleuropein and
ligstroside (Servili and Montedoro, 2002). They have been shown to exhibit strong
antioxidant properties that contribute to the protection of olive oil against lipid
rancidity (Servili and Montedoro, 2002). Recent intervention clinical trials have
provided evidence that the phenolic content of an olive oil contributes to the
protection in humans against lipid oxidative damage in a dose dependent manner
(Covas et al., 2002).

One of the first steps in linking the biological activities of phenol compounds
of dietary origin to health benefits in humans is to demonstrate their bioavailability
from diet. Several intervention studies in human and animal models have reported
that phenolic compounds are rapidly absorbed in a dose dependent manner with
the phenolic content of the olive oil administered (Weinbrenner et al.,2004; Visioli

et al.,2000). Olive oil phenolics are extensively metabolized in the gut and liver



and, thus, in biological fluids they are found mainly as phase Il metabolites (e.g.
glucuronides and sulfates) of HOTYR, TYR and O-methylconjugate of HOTYR
(homovanillyl alcohol, HVAIc) (Miro-Casas et al., 2003). In rats administered with
HOTYR, either orally or intravenously, both glucuronide and sulfate conjugates of
HOTYR and its O-methylated metabolite HVAIc were detected in different
biological matrices and tissues (D'Angelo et al., 2001; Tuck et al., 2002). Despite
inter-species differences (Visioli et al., 2003), the first pass intestinal and hepatic
metabolism plays an important role in the bioavailability and disposition of olive oil
phenolics, to such an extent that their free forms are present only at very low
concentrations in biological fluids (Miro-Casas et al., 2003). In this context, the
study of the bioactivity of the biological metabolites of olive oil phenolic
compounds is a crucial step in order to understand the beneficial health effects
observed after the administration of olive oil with different amounts of phenols
(Covas et al., 2006; Weinbrenner et al., 2004).

The transformation of HOTYR and TYR into their phase Il metabolites was
predicted to negatively influence their activities as antioxidants (Nenadis et al.,
2005). Phase Il metabolites are generally considered to be pharmacologically
inactive and targets for excretion. However, some phase Il metabolites (e.g.
glucuronides) of food derived antioxidants, such as catechins, have been reported
to be biologically active (Lu et al., 2003). Moreover, in a study in rats (Tuck et al.,
2002) it was reported that the urinary excreted 3"-O-HOTYR-glucuronide, but not
its 3’-O-sulfate conjugate, was a more potent antioxidant (by DPPH test) than its
parent compound HOTYR.

In the majority of the studies, the concentrations of phenolic compounds

used in in vitro and in vivo experiments to obtain biological effects have a greater



disparity than those which are present in the human body after real-life doses of
phenolic-rich foods. It is, therefore, mandatory to have a proper estimation of the
expected concentrations of phenols, and their main metabolites, in humans after
phenolic-rich food consumption. These data are required in order to establish the
range of concentrations to be tested in vitro and in vivo in the evaluation of their
biological activities.

The aim of the present study was to assess the antioxidant capacity of the
hydroxytyrosol glucuronides, within a range of biologically relevant concentrations.
The range of concentrations tested was derived from those detected in human

urine after a dietary dose of virgin olive oil.

2. Methods and Materials
2.1. Reagents and chemicals

Hydroxytyrosol (2-(3,4-dihydroxyphenyljethanol) (HOTYR) and tyrosol (4-
hydroxyphenylethanol) (TYR) were purchased from Extrasynthese (Extrasynthése,
Lyon, France). Homovanillyl alcohol (HVAIc), 3-(4-hydroxyphenyl)propanol
(HOPhPr) (used as internal standard, 1.S.2), 1,1-diphenyl-2-picrylhydrazyl free
radical (DPPH) (95%), and 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic
acid (Trolox) (97%) were supplied by Sigma-Aldrich (Sigma-Aldrich Inc., St. Louis,
MO). Synthetic urine UriSub® (CST Technologies Inc., Great Neck, NY) was used
for UPLC-MRM assay validation. Methanol (MeOH) and acetonitrile (ACN) were
of analytical grade from Scharlau (Scharlau Chemie, Barcelona, Spain). Mobile
phase was filtered with 0.22 ym nylon filter (Whatman, England). Sodium bisulfite,

acetic acid, ammonium hydroxide, hypochloric and phosphoric acid were supplied



by Merck (LiChrosolv®, Barcelona, Spain). Ultrapure water was obtained using a
Milli-Q purification system (Millipore, Molsheim, France).

Glucuronides:  4°-O-hydroxytyrosol  (4’-O-Gluc-HOTYR) and 3"-O-
hydroxytyrysol (3"-O-Gluc-HOTYR) glucuronides, 4°-O-tyrosol glucuronide (4-O-
Gluc-TYR),  4’-O-homovanillyl  alcohol  (4-O-Gluc-HVAIc), and 4’-O-
hydroxyphenylpropanol (4-O-Gluc-HOPhPr) (used as internal standard, 1.S.1) (Fig
1) glucuronides were synthesized according to the method described by

Khymenets et al. (Khymenets et al., 2006).

2.2. Study design, diet, and sample collection

2.2.1. Human subjects

Six healthy male (aged 22 to 28) and five female (aged 20 to 44) volunteers
were recruited. The institutional ethics' committee (CEIC-IMAS) approved the
protocol and the participants signed an informed consent. The study was
performed in accordance with ethical standards formulated in the Helsinki
Declaration of 1975 (revised 1999). All volunteers were healthy on the basis of a
physical and medical examination and standard biochemical and hematological
tests.

2.2.2. Characteristic of virgin olive oil (VOO) used for intervention

The VOO used in this investigation was of Spanish origin and had been
utilized in former studies (Cicero et al., 2008). The amount of total HOTYR, HVAIc,
and TYR in VOO was determined as previously described (Miro-Casas et al.,
2003b).

2.2.3. General procedure



Prior to the dietary intervention, volunteers followed a one week washout
period in which sunflower oil was provided as a source of fat for all purposes.
During the first four days of the washout period, participants were asked to follow
an antioxidant-controlled diet consisting of no more than 2 pieces of fruit, 2
servings of vegetables or legumes, 2 cups of tea or coffee per day, and the total
avoidance of wine, beer, and olive oil. During the last 3 days of the washout
period, and on the intervention day, the volunteers followed a strict low-phenolic
compound diet. Phenolic-rich foods (vegetables, legumes, fruit, juice, wine, coffee,
tea, caffeine-containing soft drinks, beer, cocoa, marmalade, olive oil, and olives)
were totally excluded from the participants” diet. On the intervention day, at fasting
state, 50 mL (44 g) of VOO were administered in a single dose with bread (200 g).

Spot urine was collected at 8 a.m. at fasting state prior to VOO
administration and from 0-6 h and 6-24 h after VOO consumption on the
intervention day. Urine samples were preserved with sodium bisulfite (1 mM final
concentration) at acidic conditions (0.24 M HCI final concentration) and stored at -
20°C prior to use.

Blood samples were collected in EDTA-containing tubes immediately before
(Oh) and 1h, 6h, and 24h after VOO intervention. Plasma samples were obtained
by centrifugation of whole blood directly after being drawn and were preserved at -

20°C prior to use.

2.3. Analysis of free and glucuroconjugated HOTYR, TYR, and HVAIc in urine
samples by SPE-UPLC-MRM

2.3.1. Sample preparation
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Prior to analysis a mix of internal standards was added to each tube (final
concentration of 500 ng/mL 1.S.-1 and 1000 ng/mL 1.S.-2.) and dried under
nitrogen (25°C, 10-15 psi, 1 min). After thawing at room temperature, aliquots of 1
mL of urine were distributed to tubes. Samples were diluted 1:1 with 4% Hz;PO.
and applied to pre-conditioned with 2mL of methanol and equilibrated with 2 mL of
water Oasis® HLB 3cc (60 mg) cartridges (Waters Corporation, Ireland). Samples
were washed with 2 mL of water, extracted with 3 mL of methanol which was
evaporated under nitrogen (25°C, 10-15 psi), and the extracts were reconstituted
in 200 pL either of 0.5% acetic acid (for synthetic urine) or of solvent [A] of mobile
phase (real urine samples). This generic method of extraction demonstrated
optimum recovery values for the simultaneous extraction of glucuronides and their
parent compounds in both synthetic and real urine samples (data not shown).
Finally, samples were filtered using Spin-X® Centrifuge 2-mL polypropylene tubes
with 0.22 ym nylon filter (Corning®, Corning Incorporated, NY, USA) and analyzed
by UPLC-MS as described below.

2.3.2. LC-MS conditions

Analysis was performed using a Waters Acquity Ultra Performance LC
system (Waters, Milford, MA, USA) coupled to a triple quadrupole (Quattro
Premier XE) mass spectrometer provided with an orthogonal Z-spray—electrospray
interface (ESI) (Waters Associates, Milford, MA, USA). Gradient chromatographic
separation of HOTYR, TYR, HVAIc and their glucuronides was performed on an
Acquity UPLC™ BEH C1s column (100 mm x 2.1 mm, i.d., 1.7 um particle size)
(Waters Corporation®, Ireland). For gradient elution, mobile phase [A] 1 mM
ammonium acetate at pH 5, and phase [B] 100% ACN, were applied. The

following elution conditions were used: 0 — 2 min linear gradient at 3% [B]; 2 - 2.2
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min gradient to 10 % [B]; 2.2 — 3.0 min linear; 3.0 — 3.2 min gradient to 20 % [B];
3.2 — 4.8 min linear; 4.8 — 5.2 gradient to 3 % [B]; 5.2 — 6.5 linear at 3 % [B] for
column equilibration. UPLC operating conditions were as follows: column
temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 10 uL.

lonization was performed in the negative mode. The following inlet conditions
were applied: drying gas, nitrogen (1000 L/h, 400°C); capillary voltage, 3.0 kV;
cone voltage, 25.0 V. All compounds were monitored in the multiple reaction
monitoring (MRM) mode. Based on the characteristic spectrum of collision energy
induced fragmentations, identified using reference standards, the specific MS
transmission pairs (under optimum collision energy, eV) were chosen for their
discriminatory identification (see Supplemental Table 1). All transitions were
monitored within 0.04 sec dwell time with 0.02 sec of delay in three consecutive
MS segments: 1) 0 — 2.4 min for all glucuronides and 1.S.-1; 2) 2.4 — 3.2 for
HOTYR only; and 3) 3.2 -6.5 for TYR, HVAIc and I.S.-2.
2.3.3. Quantification procedure

Analytes were quantified by comparison of their peak area ratios (analyte
versus the corresponding 1.S.) with calibration curves in which the peak area ratios
of spiked calibration standards had been plotted versus their concentrations using
a weighted (1/?) calibration model. Integrated peak area ratios of HOTYR, TYR,
and HVAIc were compared with 1.S.-2 (HOPhPr) and their glucuronides with 1.S.-1
(4°-O-Gluc-HOPhPT), respectively.
2.3.4. SPE-UPLC-MRM assay validation

Within the framework of the development and validation of the analytical
method, we should take into consideration that all the tested compounds were

either endogenous (HOTYR and HVAlc are dopamine metabolites) or
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contaminants from unknown components of diet (HOTYR- and TYR-related
compounds). As a result, there were no biological fluids (urine and plasma)
completely free from these substances. For this reason synthetic urine (UriSub)
was used as a surrogate matrix for method validation. Prior to the application of
the method to real urine samples, an intra- and inter-assay validation protocol was
carried out in synthetic urine.

Standard stock solutions of the analytes (HOTYR, 4"-O-Gluc-HOTYR, 3"-O-
Gluc-HOTYR, TYR, 4’-O-Gluc-TYR, HVAlc, and 4’-O-Gluc-HVAIc) and [.S.s
(HOPhPr and 4’-O-Gluc-HOPhPr) were prepared in MeOH at a concentration of 1
mg/mL each. Mixtures of the analytes (glucuronides and parent compounds) at
concentrations of 1, 10, and 100 pg/mL and of the 1.S.s containing 100 pg/mL of
1.8.-2 (HOPhPr) and 50 pg/mL of 1.S8.-1 (HOPhPr-Gluc4) were prepared by
dilution/combination of the aforementioned stock solutions in MeOH for the UPLC-
MS/MS analysis. All methanol solutions of compounds were kept in dark-colored,
well-sealed vials at -20°C and were seen to be stable for more than a 1 year
period.

Calibration curves were prepared in synthetic urine at concentrations of 20,
100, 500, 1000, and 2000 ng/mL for all analytes. Internal standards I.S.-1 and |.S .-
2 were prepared at concentrations of 500 and 1000 ng/mL. Control samples
containing appropriate amounts of analytes at three different concentrations: low
(40 ng/mL), medium (250 ng/mL), and high (1500 ng/mL) were used. Four
replicate analyses were performed with synthetic urine samples corresponding to
the first level of concentrations (20 ng/mL) of the calibration curve. Additionally, 3
and 10 standard deviations (SD) of the calculated concentrations at this calibration

level were used in order to estimate the limits of detection (LODs) and
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quantification (LOQs), respectively. Precision was calculated as the relative
standard deviation (RSD) of the quality control sample concentrations. Accuracy
was expressed as the relative error of the calculated concentrations.

Recovery was determined by comparing the absolute peak areas of
standards and .S spiked into synthetic urine and extracted by SPE with those
spiked post extractions at three different concentrations: 20, 500, and 2000 ng/mL
(the lowest, the medium, and the highest curve points). The extraction yield
compared between synthetic and real urines was shown to be similar for all tested
compounds and |.S.s (data not shown). A standard curve prepared in 5 different
basal urines (collected in the study) was used in the quantitative analysis of

analytes in the urine samples of the study.

2.4. GC-MS plasma and urine sample analysis
The urine and plasma samples collected in this study were analyzed in
parallel for total and free HOTYR, TYR, and HVAIc as previously described

(Miro-Casas et al., 2003; Miro-Casas et al., 2003b).

2.5. Evaluation of antioxidant activities
2.5.1. LDL resistance to oxidation assay

LDL isolation was performed by sequential flotation ultracentrifugation (Havel
et al, 1955). Native LDL was dialyzed by molecular size exclusion
chromatography in a G25 Sephadex column (Pharmacia, Uppsala, Sweden), with
2.7 mL phosphate buffered saline (PBS) 10 mM pH 7.4, under gravity feed at 4° C.
Apolipoprotein-B was determined by immunoturbidimetry (ABX Diagnostics,

Montpellier, France). Conjugated diene formation after copper-mediated LDL
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oxidation was assessed as previously described (Fito et al., 2000) with some
modification for testing in small samples. Briefly, dialyzed LDL (final concentration
0.05 g of Apo-B/L) in PBS at a final volume of 160 pl was incubated with 10 uL of
methanol in the presence or absence (control) of the analytes. In continuation, 10

ML of a 100 uM cupric sulfate (final concentration 0.625 pmol) solution was added

to a 96-well half-area flat bottom UV-transparent microplate (Corning®). To
minimize evaporation during prolonged incubation time, 10 pl of mineral oil
(Sigma-Aldrich) was layered over the reaction mixture and the plate was covered
with an adhesive optical transparent film. Absorbance at 234 nm was continuously
monitored at 15 min intervals for 24 h at 36°C in an Infinite M200 lector (TECAN
IBERICA, Ménnedorf, Switzerland). Controls and samples with the concentration
of all tested compounds at 0.01, 0.1, 1, 5, and 10 yM were evaluated in the same
run in duplicate and each experiment was repeated three times. For data
presentation, the x-axis value corresponding to the intercept of the propagation
phase tangent with the extrapolated line for the slow propagation reaction was
calculated (Lag time). The diene versus time profile can be divided into three
consecutive phases: slow phase, propagation phase, and decomposition phase.
The length of the lag phase was determined as the intercept of the propagation
phase tangent with the extrapolated line for the slow reaction. In addition,
oxidation rate (OR) and maximum diene formation were calculated from the slope
of the propagation phase tangent and by the maximum increase of the
absorbance at 234 nm, respectively, using the molar absorbance €234nm for
conjugated dienes (29,500 L-mol™"cm™). All variables (Lag-time, OR and
Maximum diene formation) were calculated as ratios between values observed for

each compounds vs. those corresponding to the control LDL oxidation reaction.
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The interseries CV(%) were 9.4, 6.7, and 10.4 for the lag time, maximal rate, and
maximal amount of dienes, respectively.
2.5.2. DPPH assay

The antiradical capacity of all the tested compounds was evaluated by the
DPPH stable radical method as described earlier (Tourifio et al., 2005) with some
modifications for testing in small reaction volumes. Briefly, the compounds (MeOH
solutions, 5 pL) were added to aliquots (250 pL) of a 60 pM DPPH solution made
up in degassed MeOH, in a 96-well transparent flat-bottom microplate (Greiner
Bio-One GmbH, Frickenhausen, Germany), covered by an adhesive ViewSeal
transparent film (Greiner Bio One). The mixture was analyzed for absorbance at
517 nm spectrophotometrically (Infinite 200™ Multi-mode Microplate Reader,
TECAN IBERICA, Mannedorf, Switzerland) every 2 min starting at minute 3 (plate
preparation time) up to 1h and subsequentially every 30 min over the following 23
h at 25°C in the dark. Each calibration curve and the five different concentrations
of the tested compounds (0.062, 0.125, 0.25, 0.5, and 1 mM) had been previously
freshly prepared and acquired in duplicate. The experiments were repeated three
times. The percentage of remaining DPPH was calculated according to the
calibration curves made separately for each experiment and read within the same
plate and same time points of incubation together with the analyzed samples. The
method was validated by confirming that within plate and between plate CV% of
slopes for calibration curves, as well as intraday and interday performance, did not
exceed 10% for the 24-h period of kinetic measurements (data not shown). The
experiments were performed with an excess of DPPH radical in order to exhaust
the H-donating capacity of the polyphenols. The compounds were characterized

by their capacity to reduce DPPH as monitored by the decrease of its absorbance
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at 517 nm. The radical scavenging activities of the tested compounds were
compared on the basis of their EDso (the concentration able to consume half the
initial amount of free radical, expressed as the molar ratio compound to radical).
The results were expressed as antiradical capacity (ARC), which is the inverse of
EDso. The total stoichiometry of the reaction was evaluated from the
spectrophotometric data with different antioxidant concentrations at three points:
30min, 4h, and 24h. It was expressed as amount of hydrogen atoms transferred
from the analyte to the DPPH radical according to the following formula: ny =

1/(EDso x 2).

2.6. Data evaluation, quantification, and statistical analysis

Normality of continuous variables was assessed by Kolmogorov-Levene
test. For data comparison a paired Student t-test was employed. A least-squares
(1/%3) regression analysis was used to obtain correlation coefficients and slopes.
Linear regression test was applied for correlation estimations. The data from LDL
resistance to oxidation test were treated using one-way ANOVA where
concentration and compounds were defined as factors. To check for a type of
trend in response across the concentration, the polynomial contrast was applied.

Statistical analyses were performed with SPSS for Windows (version 12.0)
and significance was defined as P < 0.05. Data expressed are either Mean (SD),

Mean (CV%), or Mean (Clgse) as specified.

3. Results

3.1. HOTYR and TYR content in VOO and volunteer dietary compliance.
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The concentrations of HOTYR and TYR, estimated as a fraction combining
free forms of HOTYR and TYR and those resulting from the acidic hydrolysis of
their secoiridoid derivatives present in olive oil, were 67.6 yg/mL and 42.0 pg/mL,
respectively. Therefore, the total amounts of HOTYR and TYR consumed with 50
mL of VOO were 22.0 + 1.4 pmoles (3.38 + 0.22 mg) and 15.2 + 0.9 ymoles (2.10

+ 0.12 mg), respectively (Table 1).

The compliance with the dietary recommendations during the wash-out
period was controlled by analyzing the plasma and urine concentrations of TYR,
HOTYR, and HVAIc (Miro-Casas et al., 2003; Miro-Casas et al., 2003b) prior to
the nutritional intervention. The same analytical methodology was applied over 24
h after VOO intervention (Fig 2 (A) and (B)). The volunteers’ urinary and plasma
concentrations of HOTYR, TYR, and HVAIc, which were monitored during the

study, are shown in Fig 2 (B).

3.2. UPLC-MRM method development and validation

To understand the impact of glucuronidation (a presumed bioactivation
pathway of one of the predominant metabolic pathways of olive oil phenols) a
direct SPE-UPLC-MRM method for the simultaneous determination of TYR,
HOTYR, and HVAIc and their corresponding O-glucuronides (Khymenets et al.,
2006) (Fig 1) was developed.

HOPhPr was used as an internal standard (1.S.-2) for parent compound
(HOTYR, TYR and HVAIc) quantification since they share structural similarities. It
was also used in GC-MS sample analysis as previously reported (Miro-Casas et

al., 2003; Miro-Casas et al., 2003b)]. With regard to glucuronides, the 4°-O-
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glucuronide of HOPhPr was predicted to be the most appropriate 1.S. for such a
type of metabolite and was, therefore, synthesized according to the earlier
established methodology (Khymenets et al., 2006). Both 1.S.s exhibited analogous
extraction recoveries (94.8 + 7.1 % (7.5%) for 1.5.-2,93.6 + 7.2 (7.7%) for 1.S.-1) in
a similar manner to analytes, chromatographic behavior, and fragmentation
pattern (see Supplemental Table 1). The optimal resolution of the tested
compounds, in particular the glucuronides of HOTYR, was obtained in synthetic
urine samples under reported chromatographic conditions within 4.5 min (total
analysis run time of 6.5 min). Analysis of basal and post-prandrial urines revealed
that there were no co-eluting compounds with the proposed 1.S.s and that they
were well separated from other peaks with identical MS fragmentation (see Fig 3).
Basal urine samples, despite being collected after a wash out period, still
contained visible traces of almost all the tested compounds (data not shown).
Good linearity for the developed assay (> > 0.99) was found within the
investigated calibration range of 20 — 2000 ng/mL in synthetic urine, for all
compounds. Recoveries within 89 % - 94 % and 92 % - 97 % were observed for
glucuronides and parent compounds tested, respectively (Supplemental Table 2).
LODs and LOQs for all compounds were not higher than the lower calibrator (20
ng/mL), except for HOTYR. Intra- and inter-day precision and accuracy results
reported for all compounds were according to the requirements for method
validation criteria (RSD % and ERR% were = 20 % for Cl and <15 % for CM and
CS for both intra- and inter-day experiments), except those of HOTYR particularly

at the lowest concentration tested (Supplemental Table 2).
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3.3. Identification of parents and their glucuronide metabolites in urine samples
from the intervention study. Agreement between GC-MS and UPLC-MRM
methods.

Because of a prominent matrix effect from the biological samples, a final
quantification of compounds in urines from the intervention study was performed
with average curves built in real urines. The achieved chromatographic separation
in synthetic urine for the analytes (especially for the glucuronidated isoforms of
HOTYR) was reproduced in real urine. The elution time of the analytes was
slightly delayed in urine matrix compared to synthetic urine (data not shown) due

to the extra load of co-extracted compounds.

Fig 3 represents the MRM extracted chromatograms of urine samples
collected from a healthy subject: baseline, from 0 to 6 h, and from 6 to 24 h after a
single dose of VOO (50 mL). Urinary concentrations for all tested compounds
were calculated before and after olive oil consumption. Some analyte traces were
identified in the basal urines of all the study participants. The intact TYR and
HOTYR, as well as the methylated metabolite of the later, HVAIc, were detected at
significant concentrations (328.1 + 157.9 ng/mL, 282.0 £ 172.7 ng/mL and 269.6
160.9 ng/mL, respectively) in all urines collected 6h after VOO acute intake.
Concentrations of O-glucuronide metabolites were substantially higher in 6h
postprandial urines when compared to their parent compounds (2087.8 + 914.6
ng/mL, 876.7 £ 390.2 ng/mL, 1255.3 + 554.1 ng/mL and 797.7 + 451.0 ng/mL for
4’-0O-GlucTYR, 4-O-GlucHOTYR, 3’-O-GlucHOTYR, and 4’-O-GlucHVAlc,

respectively).
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The recently developed UPLC-MRM method was compared with the earlier
GC-MS method routinely used in our laboratory for the identification of free forms
of HOTYR, TYR, and HVAIlc within the working range of the LC method (20 - 2000
ng/mL). Despite the fact that HOTYR was unstable in synthetic urine and only
slightly stable in real urine samples (data not shown), its quantification correlated
well between methods (r = 0.902, p < 0.000). Both free HVAIc and TYR
quantifications correlated strongly between methods (r = 0.975 and r = 0.954 with
p < 0.001 for both analytes, respectively). Therefore, in spite of some concern
regarding the stability of HOTYR at low concentrations, the quantification of free
forms of olive oil phenols by the new LC/MS/MS method could be suitably used for

the estimation of their urinary excretion rates.

3.4. Postprandial 24-h urinary excretion studies

The excretion rates of phenols and their glucuronides were evaluated in 24-h
postprandial urines of healthy volunteers (n = 11) administered with a single dose
of 50 mL virgin olive oil.
3.4.1. Excretion of free and glucuronconjugated HOTYR, TYR, and HVAIc

Table 1 shows the excretion rates of the parent phenols (TYR, HOTYR, and
HVAIc) and their glucuronides in the collected fractions of urines: at 0 - 6 h and at
6 - 24 h. A maximum excretion for both free and glucuronides forms of phenols
was detected in urine within the first 6 hours after VOO ingestion.

After VOO intake, 3.3 % of TYR and 1.8 % of HOTYR were excreted in urine
in its free form (see Fig 4). About 4.5% of ingested HOTYR was excreted as the
O-methylated metabolite HVAIc, two thirds of which (approximately 70% of the

total excreted) was 4’-O-Glucuronidated. It is noteworthy that the recovery of
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phenols as glucuronides accounts for about 10% of the dose consumed (10.5%
for HOTYR and HVAIlc glucuronides together, and 9.6% for TYR glucuronide).
Therefore, for both HOTYR and TYR around 13% of the dose consumed was
recovered (free forms + glucuronides) 24 h after VOO ingestion.

After VOO ingestion HOTYR, TYR, and HVAIc and their glucuronides were
rapidly eliminated in urine. In the first 6 h post intake, 10.9 % of the consumed
HOTYR (7.5 % as HOTYR free and glucuronides and 3.4% for HVAIc and
glucuronide) and 8.4 % of the TYR consumed were excreted. These recoveries
correspond to 83 % (HOTYR), 75 % (HValc), and 91 % (TYR) of the total phenols
excreted within 24 h. In the time period from 6 to 24 h, the rate of phenols
excreted was low, with only 1 - 2 % of the compounds consumed being eliminated
in urine. A figure that corresponds to 10 - 25 % of the total excreted in urine within

24 h.

3.4. Assessment of the antioxidant activities of phenolic compounds and their
glucuronides

The antioxidant activities of the major phase Il metabolites, O-glucuronides
of olive oil polyphenols TYR, HOTYR, and HVAIlc were compared with those of
their parent compounds using LDL resistance to oxidation and standard DPPH
radical scavenging tests. Both tests were adjusted for small reaction volumes and
validated for continuous use during a 24-h period in order to monitor the kinetics of
the reactions simultaneously for study compounds. Trolox was evaluated in both
tests as a reference antioxidant.
3.4.1. LDL oxidation test

The LDL oxidation test was performed at different compound concentrations,

covering all biologically relevant ranges: 0.01 — 0.1 (mainly referring to plasmatic
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levels reported earlier) and 1 — 5 — 10 uM (urinary levels estimated within this
study) ranges. As in the case of DPPH radical scavenging, the main protagonists
concerning the protection of LDL against Cu-induced oxidation were HOTYR,
trolox, and HVAIc (Fig 5). No data could be generated for HVAIc at concentrations
of 5 and 10 pM due to a regular deterioration in the monitored diene conjugate
formation, the cause of which was unknown to us. As a result, HVAIc was only
evaluated at three concentrations: 0.01, 0.1, and 1 uM. Both HOTYR and its
methylated metabolite HVAIc expressed much stronger protective effects than
trolox against LD oxidation by prolonging almost twice the lag time of diene
formation at the concentration of 1 uM (Fig 5).In contrast to HOTYR and HVAIc,
TYR appeared to demonstrate only some minute inhibition effect on LDL oxidation
at the highest concentration tested (10 uM) (Fig 5). Neither HVAIc nor TYR
glucuronides exhibited antioxidant activity in this test.

According to our data, however, glucuronides of HOTYR appeared to
maintain some residual activity in protecting LDL from Cu-mediated oxidation (Fig
5), in particular at the highest concentration tested (5 and 10 uM). The 4-O-
glucuronide of HOTYR appeared to retain more activity against LDL oxidation than
the 3’-O-glucuronide. In addition to delaying (Lag time) the formation of
conjugated dienes, HOTYR, TYR, and HVAIlc and both glucuronides of HOTYR
appeared to alter the maximal rate of reaction in a dose dependent manner. The
maximum rate of reaction was decreased with increasing compound
concentrations (linear trend at p < 0.001), although with different amplitude (data
not shown). In contrast, and in agreement with earlier reported data (Albertini et
al,, 1999), the rate of reaction was not affected by the increase of trolox

concentrations in the reaction. No dose-dependent changes were observed in the
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maximum amount of dienes formed during Cu-mediated LDL oxidation for all the
compounds at the concentrations tested.
3.4.2. DPPH test

The kinetics of DPPH radical scavenging (% of remaining DPPH) of parent
compounds and glucuronides are shown in Fig 6 (A) and (B). In comparison with
the other tested compounds HOTYR and trolox reacted rapidly with DPPH. After
the first minutes of reaction, HOTYR appeared to be a stronger antiradical
scavenger than trolox at the same concentrations (Fig 6 (A)). The trolox reaction
reached its plateau within the first 5 minutes of incubation whilst HOTYR induced
a first decay in absorbance within the first 3 minutes, followed by a slower slope
(up to 60 min) and only afterwards did the reaction reach its plateau. This biphasic
kinetic behavior is well known for catechol antioxidants (Goupyi et al., 2003),
including HOTYR (Gordon et al., 2001), and can be explained by the degradation
products of HOTYR which are involved in the reaction until equilibrium is reached.
In comparison to HOTYR, the reaction of HVAIc with DPPH was slower and the
equilibrium could be reached only at a time closer to the end of the 24-h
incubation period. Nevertheless, at 2 h a more reduced DPPH could be detected
in the reaction with HVAIc than with trolox, and at 24 h it was close to the amount
reduced by HOTYR (Fig 6). Some long term residual activities in DPPH radical
scavenging were observed for both HOTYR glucuronides, but not for HVAlc
glucuronide. TYR and its glucuronide, 4’-O-GlucTYR, exhibited no radical
scavenging activities against DPPH over the whole 24-h period of reaction. Due to
the variation in the kinetic behavior of the tested compounds, their total
stoichiometry of reaction was estimated at three points of readings: 30 min, 4 h,

and 8 h (data shown in Table 2).



24

4. Discussion

The aim of this study was to study olive oil simple phenols metabolic
disposition and to assess the antioxidant potential of their glucuronides. To the
best of our knowledge this is the first time that both, an analytical method for the
direct HOTYR glucuronides determination and their antioxidant capacity at
concentrations relevant to real-life doses of olive oil, are reported.

Previous data in animal models suggested that the radical scavenging
capacity of HOTYR glucuronides was even superior than the one displayed by
HOTYR (Tuck et al., 2002). Because the lack of reference standards and
analytical methodology to quantify HOTYR glucuronides (and related compounds),
the first step was to develop an analytical method for their direct detection and
quantification in human urine, using well characterized standards (Khymenets et
al., 2006). This allowed us to estimate the role of glucuronidation in the disposition
of phenols (HOTYR and TYR) in humans following a dietary consumption of olive
oil. The in vitro LDL resistance to oxidation test was applied to all glucuronides in
order to estimate to what extent metabolism could modify the antioxidant capacity
of the main olive oil phenols in this model of lipid oxidation. In addition, the radical
scavenging activities of the parent compounds and their glucuronides were
compared in the standard DPPH test.

The proposed UPLC-MRM method involves the direct measurement of TYR,
HOTYR, its methylated metabolite HVAIc and their glucuronides. This method is a
step forward in our understanding of the metabolic fate of phenols as compared

with previous reports where indirect approaches were used (Visioli et al., 2000;
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Miro-Casas et al., 2003; Visioli et al., 2003; Miro-Casas et al., 2003b; Caruso et
al., 2001).

Studies performed with radiolabeled HOTYR administered intravenously
(D’Angelo et al., 2001) and orally to rats (Tuck et al., 2002) have shown that
HVAIlc and HVA are methylated metabolites of exogenous HOTYR. An
observation supported by a number of studies in cell cultures (Manna et al., 2000;
Mateos et al., 2005), animal models (Tuck et al., 2002), and in humans (Miro-
Casas et al., 2003; Visioli et al., 2003). The olive oil phenol, HOTYR is also an
endogenous compound, one of the oxidative by-products of dopamine oxidative
metabolism, known as DOPET (de la Torre et al., 2006). DOPET and its
metabolites (methylated, phase Il conjugated, etc.) are present in virtually all
biological matrices of human and animal origin. Concentrations of HOTYR and
TYR can be lowered after strict dietary restrictions (e.g. one week wash-out
period) such as those applied in the present study. In spite of this, practically all
basal urines collected contained detectable concentrations of phenolic
metabolites. In humans, HVA detected in biological fluids combines the
exogenous HOTYR contribution and endogenous dopamine metabolism (Caruso
et al.,, 2001). Therefore HVA was not included in our analyses because the
difficulty in discriminating both sources, although the contribution of olive oil to
HVA body concentrations should not be ignored. As a result of the crossed
metabolism between dopamine and HOTYR, our analytical methodology had to be
validated in synthetic urine.

In the present study the maximum rates of HOTYR and TYR excretion
correspond to the first 6 hours after VOO administration, which is in agreement

with earlier reported data (Miro-Casas et al., 2003). This indicates that the olive oil
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phenols undergo rapid absorption and quick metabolic and renal clearance. Only a
small fraction of the free form of phenols is recovered in urine.

Glucuronides are present in the small intestine of rats after HOTYR
perfusion suggesting that glucuronidation first occurs in the enterocytes (Corona et
al., 2006) before further conjugation in the liver. This may also be the case in
humans as the in vitro glucuronidation of polyphenols by microsomes from the
intestine is as extensive as the hepatic one (Antonio et al., 2003). In the present
study, sulfate conjugates were not analyzed due to the absence of specific
standards (they were detected but not quantified).

LDL oxidation is one of the key steps in the initiation and progression of
atherosclerosis and its inhibition by olive oil polyphenols has been reported in
several intervention studies (Marrugat et al., 2004; Covas et al., 2006)] and in vitro
studies (Fito et al., 2000; Visioli et al., 1995). A dose-dependent decrease of
oxidized LDL was associated with the phenol content of the administered olive oil,

in a randomized crossover controlled trial in humans (Gimeno et al., 2007).

The impact of glucuronidation on the antioxidant activity of olive oil phenols
was evaluated by determining their protective effect against Cu-induced oxidation
of LDL. Oxidation was potently inhibited by HOTYR to a similar extent as the
reference compound trolox, in agreement with previous reports (Stupans et al.,
2002; Rietijens et al., 2007). HVAIc also inhibited lipid oxidation at low
concentrations (0.01, 0.1 and 1 uM) in agreement with previous reports (Turner et
al., 2005; Deiana et al., 2008). The glucuronidation of HVAIc entails the loss of
activity against lipid oxidation, whereas some residual activities could be observed
for both HOTYR glucuronides. In contrast to HOTYR, TYR has very weak activity

in this model even at the highest concentration, in agreement with an earlier report
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(Briante al., 2003) and not surprisingly, the glucuronide was totally inactive.
Overall glucuronidation of phenols greatly lessen the protective activities of olive

oil phenols against Cu-mediated LDL oxidation.

The radical scavenging activities of phenols and glucuronides using, the
DPPH assay was also assessed. Among the parent olive oil phenols HOTYR
possessed excellent radical scavenging activities, in agreement with previous
reports (Briante al., 2003; Roche al., 2005; Carrasco-Pancorbo et al., 2005; Erko¢
et al., 2003) while TYR was found to be totally inactive. HVAIc displays some
scavenging activity, but lower than for HOTYR with respect to kinetics and
stoichiometry of reaction.

Overall results demonstrate that HOTYR and HVAIlc glucuronides do not
display the antiradical activities present in their parent compounds. Nonetheless,
glucuronides of HOTYR, unlike that of HVAIc, appear to have some scavenging
capacity over extended time periods (up to 24h). The fact that the phenolic group
is free in the glucuronide while it is methylated in HVAIc may explain such
observation. Previous observations suggesting a radical scavenging activity of
glucuronides higher than for HOTYR itself do not agree with present results (Tuck
et al., 2002). The fact that all our studies were performed using well characterized,
pure compounds (Khymenets et al., 2006), instead of being extracted from urine is
a strength of our work. In addition, our results confirm previously theoretically
studies where bond dissociation enthalpy of phenolic hydroxyl groups was used to
predict the H-atom-donating of HOTYR and its phase |l metabolites glucuronides
and sulfates (Nenadis et al., 2005).

According to our data, the isomeric conjugation with glucuronic acid displays

dissimilar effects on the residual hydrogen-donating activities of HOTYR
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glucuronides regarding the inhibition of Cu-mediated LDL oxidation. It appears that
the 3’-O-GlucHOTYR retains more residual proton donating activities than the 4'-
O-GlucHOTYR. Theoretical calculations on HOTYR radical activities (Erkog et al.,
2003) estimated that from all the carbon atoms the upper (4’-located) oxygen on
the ring of HOTYR has the largest positive excess charge and is, therefore, the
first to be donated, primarily during the radical scavenging reaction. This reactivity
moderately persists in the methylated metabolite HVAIc, supported by the
presence of a strong electron-donating methoxy group. The extremely slow, but
significant DPPH antiradical activites of HOTYR glucuronidated metabolites
(stoichiometric number less than 1) could be explained only by the remaining
hydrogen donation activities on the left hydroxyl group. Therefore, the 3'-O-
glucuronide (free 4’-hydroxyl group) appeared to be more active than the 4°-O-
conjugate (free 3’-O-hydroxyl group). The 4’-glucuronide of HVAIc did not show
residual activities since its hydrogen donating hydroxyl group on the benzyl ring
was substituted by a glucuronic residue. In the case of TYR, the energy of the
single benzyl-ring hydroxyl group is not sufficient for hydrogen donation (Nenadis
et al., 2005). Free radicals have short half-lives in vivo, and that the fast period of
reaction with the DPPH radical might be crucial in antiradical protection.
Nevertheless, both fast and slow mechanisms of scavenging could be involved in
the biological activities of polyphenols against free radicals, as was seen in the
LDL oxidation test.

In summary, HOTYR and TYR, the main simple phenols derived from olive
oil, are extensively metabolized in gut and liver. Because low concentrations of
free phenols are recovered in biological fluids, the antioxidant activity of their

glucuronides was examined as an alternative hypothesis that could explain the
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beneficial health effects derived from its consumption from olive oil (Covas et al
2006). Two glucuronides of HOTYR and one for TYR and HVAIc, were detected in
human urine after a single dose of 50 mL virgin olive oil. Whilst olive oil
polyphenols display a different magnitude in protective activity against Cu-induced
LDL oxidation and DPPH test (from the most potent HOTYR and HVAIc, to the low
activity of TYR), their glucuronides do not. Overall, the lack of antioxidant activity
of glucuronides, compared with that of the parent compounds suggest that they
are not chief contributors for explaining the antioxidant effects provided by olive
oils rich in phenolic compounds seen in humans. Further mechanisms should be

examined to solve this enigma.
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Figure Legends

Fig 1: Structures of core compounds and their glucuronoconjugated metabolites

and internal standards, 1.S.-1 and |.S.-2, used in the UPLC-SPE-MRM method.

Fig 2: Plasma concentrations vs. time curve (A) and urinary concentrations (B) of
total TYR, HOTYR and HVAIc for 24 h after single dose (50 mL) ingestion of VOO
measured by GC-MS method (see section Materials and Methods). Values are

present as Mean (SD).

Fig 3 : Extracted ion chromatograms of the identified phenolic (HOTYR, TYR and
HVAIc) compounds and their glucuronides by SPE-UPLC-MS/MS in following
samples: Basal - urine after wash out period prior VOO administration; 0 — 6 h —
urine collected over first 6 h after 50 mL of VOO ingestion; 6 — 24 h — urine
collected after 6 till 24 h after intervention with VOO. In all cases 500 ng/mL and
1000 ng/mL of .S.-1 (4’-O-GlucHOPhPr) and of I.S.-2 (HOPhPr), respectively,

were added to samples.

Fig 4: 24-hour urine recoveries of TYR, HOTYR and HVAlc, as a main
methylconjugated metabolite of HOTYR, in their free (white part of bar) and
glucuroconjugated (3'-O-Glucuronides (present only in HOTYR) as a dark grey
part of bar and 4’-O-Glucuronides as a light grey part of bar) forms in healthy
volunteers after ingestion of VOO. Circles represent total amount (as 100%) of

compounds (HOTYR and TYR) consumed with 50 mL of VOO, where as black
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segments represent a % of excreted in respect to the amount of compound

consumed. HVAIc* - the % of HVAIc generated from HOTYR.

Fig 5 The 24-h (A) and 1-h (B) kinetics of remaining DPPH" (%) in reaction
between 60 yM DPPH radical and tested compounds at concentration 0.025

mM/rxn (see Materials and Methods section for explanations).

Fig 6: Changes in Lag time ratio of in vitro Cu-induced LDL oxidation in the
presence of different HOTYR, TYR, HVAIc and their glucuronides in comparison to
trolox as a reference compound. Changes are expressed as a ratio between Lag
time generated in the presence of compounds to the Lag time of the control LDL
oxidation reaction (see Material and Methods). * - significance at p < 0.0001 level

for linear trend in response.



Table 1.
Dose fed Excreted ymol
Compound
pmol? in0-6h" in6-24h in0-24h°

HOTYR total® 2196 (1.41) 167 (1.20-2.90) 0.34(0.17-0.83) 2.01(31.26%)
HOTYR free 0.36(0.06—-0.74)  0.03(0-0.12) 0.39 (48.83%)
4’-O-GlucHOTYR 0.53(0.33-0.81) 0.15(0.05-0.33) 0.67 (28.99%)
3’-O-GlucHOTYR 0.77(0.55-1.34) 0.17(0.07-0.37) 0.95(29.45%)
TYR total 15.20 (0.86) 1.79(11-3.04) 0.19(0.01-0.36) 1.96 (31.12%)
TYR free 0.47 (0.3 - 0.85) 0.03 (0-0.1) 0.50 (33.41%)
4’-O-GlucTYR 1.32(0.71-219) 0.16(0.02-0.29) 1.49 (32.28%)
HVAIc total 0.27 (0.01) 0.75(0.54-1.26) 0.24(0-0.76) 0.99 (22.85%)
HVAIc free 0.31(0.2-0.6) 0.004(0-0.02)  0.31(37.35%)
4°-O-GlucHVAlc 0.44(0.24-0.67) 0.24(0-0.76) 0.63 (17.97%)

38

? The amounts of HOTYR, TYR and HVAIc administrated with 50 mL of VOO as a single dose (for
a dietary intervention see Materials and Methods) are presented as Mean (SD).

Data are presented as Mean (Min - Max) measured in 11 volunteers participating study.
¢ Data are presented as Mean (CV%) measured in 11 volunteers participating study.

4 Here “total” refers to the amount of core compound detected both in free and conjugated with

glucuronic acid.
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Table 2.
DPPH radical scavenging
30 min 4h 24h
Compound ,
ED5_° " ARC'  ny ED_W’ ARC  n/® ED.W' ARC  ny
min min min
HOTYR 0.20 5.12 2.56 0.14 7.7 3.58 0.12 8.28 4.14
(0.02) (052 (0.26) (0.01) (0.51) (0.26) (0.02) (1.52) (0.76)
4-O-GlucHOTYR 4.81 0.22 0.11 219 0.47 0.23 1.58 0.64 0.32
(1.4) (0.08) (0.04) (0.39) (0.09) (0.05) (0.24) (0.11) (0.05)
3-O-GlucHOTYR  2.00 0.3 0.59 1.04 0.55 1.10 0.72 0.69 1.39
(0.31) (005 (0.10) (0.1) (0.08) (0.15) (0.06) (0.06) (0.11)
TYR 7.02 0.15 0.07 5.76 0.18 0.09 3.89 0.26 0.13
(1.41)  (003) (0.01) (0.95) (0.03) (0.01) (0.25) (0.02) (0.01)
4-O-GlucTYR NA NA 0 NA NA 0 NA NA 0
HVAIc 0.4 254 1.27 0.25 4.02 2.01 0.22 4.55 2.28
(0.05) (029) (0.14) (0.02) (0.32) (0.16) (0.01) (0.21) (0.10)
4’-O-GlucHVAIc NA NA 0 NA NA 0 NA NA 0
Trolox 0.26 3.8 1.9 0.28 3.57 1.79 0.32 3.15 1.58
(0.01) (0.17) (0.09) (0.01) (0.13) (0.06) (0.06) (0.51) (0.26)

€ - EDso = (umol of compound)/( umol of DPPH)
- ARC = (1/EDs,) x 10° - Antioxidant Reaction Capacity;

9 - ny — number of hydrogen atoms donated to DPPH radical by compounds, calculated as n =

1/(EDso x 2),
NA — no activity
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Supplemental Table 1: Fragmentation pattern of studied compounds and MRM

transitions selected for qualitative analysis performed in negative mode.

Compounds Mol-ecular Main fragment fons Characteristic MS pair
(MW) [M-H]If):; - m/z  Fragment description (at its optimum CE, eV)

HOTYR 153 1237 [M-H-H,CO(30)] 1535123 (15)
(154)
4’-O-GlucHOTYR 329 153" [M-H-Gluc(176)] 329—-1537(20)
(330) 175 [Gluc-HT®

118 [Gluc-H-CO-H,Ol¢
3’-O-GlucHOTYR 329 153" [M-H-Gluc(176)] 329—-1537(20)
(330) 175 [Gluc-H]®

118 [Gluc-H-CO-H,OT*
TYR 137 106 [M-H-CH:O (31 137106 (15)
(138) 93 [M-H- C,H,OH(44)T
4-O-GlucTYR 313 137" [M-H-Gluc(176)] 313—-1377(25)
(314 175 [Gluc-H]®

118 [Gluc-H-CO-H,OT*
HVAIc 168 1527 [M-H-CHs(15)] 167152 (15)
(168) 122" [M-H- CH;(15)-

H.COB0)T

4’-O-GlucHVAlc 343 167" [M-H-Gluc(176)] 343—167 (20)
(344) 175 [Gluc-H]®

113" [Gluc-H-CO»-H,O
HOPhPr, 1517 1217 [M-H-H,CO30)T 151-106(15)
1.S.-2 (152) 106" [M-H-CoHsO'(45)]
4’-O-GlucHOPhPT 327 151" [M-H-Gluc(176)] 327—-1517(25)
1.S.-1 (328) 175 [Gluc-H]®

113" [Gluc-H-COx»-H,OT ¢

@ [M-HT - deprotonated molecular ion
e [Gluc-HT - anhydroglucuronic acid residue, m/z 175
¢ [Gluc-H-CO,-H,OJ - secondary fragment ion at m/z 113 (loss of CO, and water from m/z 175)



Supplemental Table 2. Summary for the UPLC-SPE-MRM assay pre-validation for
simultaneous determination and quantification of free HOTYR, TYR and HVAIc and

their glucuronidated conjugates in SU as surrogate matrix.

LOD, LOQ, Recovery, Intra-day’ Inter-day®
Compound
ng/mL  ng/mL %’ RSD %' ERR%’° RSD% ERR%
4"-O-GlucTYR 72 20 89.3 8.1 20.1 87 20.0
(13.6) 127 19.4 10.9 18.9
46 18.1 56 14.0
4-0-GlucHOTYR 45 136 93.7 8.2 76 6.8 6.4
(11.5) 11.0 10.1 11.2 96
25 9.3 5.4 12.6
3-O-GlucHOTYR 25 7.6 945 12.4 20.5 10.3 8.6
(1) 4.4 37 9.9 7.9
36 10.5 6.4 6.5
4-0-GlucHVAIc 41 123 927 71 6.4 103 86
(1) 31 2.9 9.9 7.9
3.0 36 6.4 6.5
HOTYR 247 7506 928 57.9 59.8 68.4 50.6
(252 239 24.9 21.5 19.7
127 9.4 97 7.4
TYR 0.62 1.87 97.1 11.9 96 11.4 11.0
(13.7) 9.9 8.21 125 12.4
39 6.6 8.2 7.2
HVAlc 2.87 8.7 94.1 6.9 9.0 14.9 12.8
(15.7) 97 7.4 9.4 6.9
05 10.6 8.7 97

! Mean (CV%), n = 12 (quadruplicates per each of three concentrations: 20, 500 and 2000 ng/mL)
2 Intra-day: n=3 per each control quality samples: Cl, CM, and CS, respectively;

® Inter-day: n=9, 3 days per each control quality sample: CI, CM, and CS, respectively;

* RSD: relative standard deviation of the control samples concentrations (imprecision)

® ERR: relative error of the estimated concentrations (bias)
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CONCLUDING REMARKS






In vitro as well as in vivo experiments have provided convincing
results regarding the potential health benefits of olive oil derived
compounds (MUFA, tocopherols, polyphenols as HOTYR and TYR,
etc.) commonly called as “bioactive compounds”. They are
considered contributory factors for various health-maintaining
properties, which altogether give a reason for defining olive oil as a
“functional food”. A general theory is emerging that the olive oil
“bioactive components” like polyphenols induce metabolic effects
functioning as antioxidants and/or being regulators of genome

activities, and, thus, deliver a health benefit beyond basic nutrition.

In recent years, olive oil phenols, where the most abundant are
HOTYR and TYR and their seicoiroid derivatives, were thoroughly
investigated for their human health-maintaining properties at
different stages. Results confirmed the potency of these bioactive
compounds. They have been subjected to investigation on their
potential antioxidant, anticancer, and anti-inflammatory activities
using different in vitro and in vivo models as well as in clinical trials,
in order to establish their role in protection against various age-
related disease, including cardiovascular diseases (CVDs).
Although these secondary plant metabolites were considered to be
non-nutritional, they were recognized to be very important

ingredients for the maintenance of human cardio-vascular health.

Traditionally, the antioxidant properties of olive oil phenols were
considered to be important contributors in CVDs prevention.
However, all studies supporting this statement take into account
only antioxidant activities of unaltered phenolic compounds without
considering the role of metabolic biotransformations they undergo

within human organism.



The impact of metabolism on the biological activities of olive oil
phenols was not adequately considered until now. The main reason
for that was the unavailability of proper standards of metabolic
compounds. The only study, where metabolites (HOTYR and
HVAIlc sulfates and glucuronides) basic antioxidant activities (by
the means of DPPH antiradical test) were compared to their parent
compounds (HOTYR and HVAIc), was performed on extracted
compounds form rat urine (Tuck, 2002). Surprisingly, in this study
the glucuroconjugation, but not sulfatation, was shown to enhance
significantly the DPPH antiradical activity of parent compounds
HOTYR (a quite potent antiradical itself). This observation was,
however, in disagreement with the predicted theoretically values
pointing out to a loss of antiradical activity (Nenandis, 2005).
Despite this inconsistency between theoretical and experimental
results, the majority of papers on olive oil phenols research
referenced this experimental work in the justification of results and
used it as starting point of many hypotheses. Therefore, the
investigation of the impact of metabolic transformation (e.g.
glucuronidation of HOTYR as a probe example) on the antioxidant
activity of the olive oil phenols was one of the goals of this thesis.
In addition, studies on the bioavailability of olive oil phenols and
their metabolic disposition as glucuronides in humans were planed
to re-evaluate biological activities of polyphenols and their

metabolites in a range of concentrations biologically meaningful.

To accomplish with these tasks, standards of metabolites were
required. Since these standards were not commercially available,
their synthesis was undertaken. A methodology has been
developed for the biocatalyzed syntheses of O-B-D-
monoglucuronide conjugates of HOTYR, TYR, HVAIc, and HOPhPr



with a single-step product isolation and in high yield. Glucuronides
were synthesized using porcine liver microsomes, analyzed and
separated by HPLC-UV, identified by HPLC-MS, and their
structures unequivocally established by NMR techniques. The
outcome of the glucuronidation reaction depends on the structure
of the phenolic compounds. Thus, the glucuronidation of HOTYR,
biocatalyzed with liver microsomes, proceeded exclusively on the
phenol groups. The regioselectivity was similar to that observed for
human and rat liver microsomes, the 4°-hydroxy position being
more favored than the 3"-hydroxy one. In the case of TYR, HVAIc,
and HOPhPr, two products were formed during microsomal
glucuronidation: a major one, the phenolic O-B-D-glucuronidated
derivative and, a minor one, the O-8-D-glucuronidated of the
aliphatic alcohol. The results of this work were presented in
following publications: original paper P-I and methodological

publication P-Il. This _method has provided, for the first time,

glucuronide metabolites of the antioxidant phenolic compounds

present in olive oil in a ratio close to the in vivo phase Il metabolism

in humans.

The purified well characterized standards were applied in the
development of a direct analytical method for the quantitative
determination of glucuronides in urine. This method allowed us to
evaluate the olive oil phenols bioavailability in humans and their
metabolic disposition as glucuronides. A high performance liquid
chromatography coupled to mass spectrometry (UPLC-ESI-MS)
method was developed for the simultaneous analysis of 3'- and 4°-
O-HOTYR-glucuronides, and 4"-O-glucuronides of TYR and HVAIc

(homovany!l alcohol) in human urine. This is the first time that a

direct method for the quantitative analysis of glucuronidated




metabolites of olive oil phenols HOTYR and TYR in human urines

was reported and successfully applied in a human intervention

study with VOO administered at dietary doses.

Using this method, concentrations of metabolites and their core
compounds were estimated in an intervention study with 11 healthy
volunteers supplemented with 50 mL VOO. Thus, after 24 hours
about 13% of the dose was recovered. Free phenols were less
than 5% of the total recovery. The phenols were mainly recovered
as glucuronides. Our results confirm previously reported data about
very low bioavailability of OOPh (HOTYR, TYR, HVac).

According to earlier reported data and in agreement with our
records (using the newly developed direct method of analysis) free
phenols concentrations in biological fluids are low, due to the
extensive phase Il metabolism (where glucuronidation take primary
place). Therefore, on the one hand, the concentrations of free
forms of olive oil polyphenols are unlikely to explain biological
activities (Vissers, 2006) seen in humans after olive oil intake
(Weinbrenner, 2004). On the other hand, an enhanced antiradical
activity of glucuronidated metabolite in comparison to the parent
compound HOTYR (Tuck, 2002), although contradictory to
theoretical predictions (Nenandis, 2005), has been reported and
broadly acknowledged. In this context antioxidant activities of
conjugated metabolites in a range of concentrations compatible
with their dietary consumption (combining previously reported
plasmatic  concentrations and newly reported urinary
concentrations by the direct quantitative method) were evaluated.
Previously synthesized and well characterized glucuronides and

corresponding to them parent compounds were tested for their



chemical (hydrogen donation by DPPH test) and in vitro biological
(inhibition of Cu-mediated LDL oxidation) antioxidant activities. The

results of these comparative analyses, presented within original

publication P-11l (under submission), showed that none of the olive

oil phenols glucuronides displayed relevant antioxidant activities

when compared to their parent compounds.

However antioxidant properties of OOPh traditionally recognized as
basic in CVDs prevention still are an area under discussion,
emerging experimental data suggest that these phenols can also
act as potential signals, which influence sensor systems that
modify gene expression and subsequently are in charge of
maintenance organism homeostasis. In this context just a few
investigations were performed both in vitro and in vivo and fewer in
humans. It is believed that the overall effect of olive oil, especially
on the entire human organism, cannot be accounted for phenolics
or other compounds taken separately from other components of the
oil matrix. Therefore, strategies looking into the synergistic effect of

the olive oil components could be more appropriate.

Direct, definitive information about the effects of olive oil and its
principal components on human cardiovascular health can only be
obtained through investigation in human subjects. However,
because of ethical and practical limitations, intervention trials in
healthy subjects and patients often provide information only on
early or short-lasting biological effects of the intervention, typically
measured as clinico-chemical and, due to the existing antioxidant
theory of atheriosclerosis (AT), chiefly oxidative stress related
biomarkers. These and other biomarkers associated with CVDs

were explored in a large number of human studies with olive oil.



However, no well-defined mechanisms of the olive oil action,
declared to be health beneficial, could be derived from these
studies. Therefore, new additional markers of olive oil effects need
to be identified and this require a re-examination of their

mechanism of action.

Nutrigenomics provides a high throughput genomics tools in
nutrition research, which allow increasingly detailed molecular
studies of nutrient-genome interaction and, thus, have helped to
change the focus of the field (Muller, 2003). These tools are
expected to extend understanding of how olive oil as a foodstuff
influences metabolic pathways and homeostatic control, and how
this regulation could be distributed in the early phase of diet-related
CVDs.

Looking for new molecular mechanisms of olive oil action against
CVDs development and progression and, therefore, possibly for
new molecular biomarkers, a main attention is directed to gene
expression activities (transcriptome) as to a principal event in
genome response to any factor, including dietary intervention. In
search of explanations for a protective role of olive oil in CVDs
development and progression, we were interested in events
provoked by VOO ingestion on transcriptome level in human
MNCs, cells playing a crucial role in AT development and
progression. As a result, a design for study investigating gene-VOO
interaction in human healthy volunteers was developed. However
performance of transcriptome studies in humans is very
challenging due to the permanent interaction of such complex

organism with environmental variables.



To ensure a high quality of extracted total RNA, a protocol for
evaluation of different extraction methods from human blood
sample was carried out. The overall results of this validation were
presented in original publication P-IV. Two main physiological
parameters influencing on gene expression, sex and time of
sampling, were as well evaluated in our preparative studies. Our
results, presented in original publication P-V, on the basis of SOD1

and SOD2 expressions demonstrate how sex and daytime, and to

some extend the period of menstrual cycle in women, deserve

being controlled when human gene expression analyses are

evaluated, particularly within the framework of clinical trials or

cohort_studies. The outcomes of these preparative studies: (i) a

validated total RNA extraction procedure from MNCs using
Ultraspec reagent, (ii) an optimized by time (during day and over
month) samples collection and (iii) the know-how on gender
contribution to gene expression, were applied in the design of the
GEpilot study protocol (a study on VOO-gene expression

interaction in human MNCs, see Appendix B).

The objective of the GEpilot exploratory study was to identify the
MNC genes that respond to VOO consumption in order to ascertain
the molecular mechanisms underlying the beneficial action of VOO
in the prevention of AT. Gene expression profiles of MNCs from
healthy individuals were examined after 3 weeks of moderate and
regular consumption of VOO, as the main fat source in a diet
controlled for antioxidant content. The response to VOO
consumption was confirmed for 10 up-regulated genes (ADAM17,
ALDH1A1, BIRC1, ERCCS5, LIAS, OGT, PPARBP, TNFSF10,
USP48, and XRCC5). Their putative role in the molecular

mechanisms involved in AT development and progression was



discussed within original publication P-VI, focusing on a possible

relationship with VOO consumption. Our data support the

hypothesis that 3 weeks of nutritional intervention with VOO

supplementation, at doses common in the Mediterranean diet, can

alter the expression of genes, among which are genes related to

development and progression of atherogenic events. The

presented work suggests that VOO may be involved in several
molecular pathways involved in antiatherogenic protection in
humans in vivo. The findings of the GEpilot exploratory study
collectively support future longer-term prospective studies in larger
cohorts of subjects to discern the molecular genetic signatures
underlying the beneficial effects of VOO on atherosclerosis risk. In
fact, several presently ongoing research projects, as PREDIMED
and PREDIGEN carried out in the Oxidative Stress and Nutrition
Research Group of IMIM-Hospital del Mar, were structured on the

basis of the mentioned exploratory nutrigenomics study.



CONCLUSIONS






Main achievements of the present research project, obtained
according to the determined objectives of the study, are

summarized below:

1. The synthesis of reference compounds for HOTYR, TYR and
HVAlIc glucuronidated metabolites and corresponding to them
internal standard (HOPhPr glucuronide) was developed using
microsomal synthesis as the most appropriate method to
produce standards equivalent to in vivo phase Il olive oil

phenols metabolites.

2. The preparative production of glucuronidated standards was
established in milligram range. The synthesized products
were successfully separated and purified by semi-preparative
chromatography, allowing to obtain a reference standards of
grade purity (>95%) and in amounts suitable for application in

majority of analytical, biochemical and biological studies.

3.  The structure of synthesized metabolites was successfully
established and well characterized using MS and NMR
techniques. Their correspondence to in vivo olive oil derived
HOTYR, TYR and HVAlc glucuronidated metabolites in
humans was corroborated and, therefore, they were
effectively applied in development of a direct LC-MS method

for their analysis in human biological fluids.

4. Developed UPLC-MS methodology was successfully
validated and applied for direct detection and quantification of
HOTYR, TYR and HVAlc glucuronides and their parent

compounds in 24-h postprandial urines of volunteers



intervened with single 50 mL dose of VOO. Therefore, for the
first time glucuronidated metabolites of HOTYR, TYR and
HVAIc were directly identified and their concentration were
estimated in human urine samples corresponding to

intervention studies with VOO at real life doses.

Assessing the concentrations and rates of excretion for
HOTYR, TYR and HVAIlc glucuronides in 24-h postprandial
urine samples belonging to VOO intervention study, the role
of glucuronidation in metabolism and excretion of olive oil
phenols was estimated. The very low bioavailablity of
unconjugated forms of olive oil phenols (accounting only for
3% of totally consumed) was confirmed. The rate of
glucuronoconjugation was estimated to be higher than 75%
(other Phase Il metaboites not measured, not considered)
and the recovery as glucuronides was a 10% of consumed

olive oil phenols.

The antioxidant activities of olive oil phenol derived
glucuronides were compared with their parent compounds
using in vitro Cu-mediated LDL oxidation test at their relevant
for in vivo concentration ranges (10 yM - 1mM). Therefore, for
the first time experimentally was shown that the phase I
metabolic transformation (e.g. glucuronoconjugation) of the
most important olive oil antioxidants highly reduce their well
known inhibition activities against LDL oxidation, a principal

process involved in atherogenesis.

Basic for antioxidants hydrogen donation properties were

assessed by traditional DPPH test using pure in vivo-



10.

equivalent metabolites standards. Therefore, for the first time
hydrogen donating activities of olive oil derived HOTYR, TYR
and HVAIc glucuronides were accurately estimated and the
lost of antiradical activities characteristic for their parent

compounds was stated.

Result from bioavailability and antioxidant properties studies
point out that the antioxidant activities could not be chiefly
responsible for the beneficial action of olive oil phenolics on
human health in vivo, mainly due to their extensive phase I
biotransformation. There should be other mechanisms which
might explain the reported health assistance of olive oil
phenols, and nutrigenomics studies (transcriptomics as a

principal one), therefore, could facilitate their identification.

The protocol for samples collection, accounting for the
principal fators influencing on gene expression variability in
humans (e.g. sex, diurnal and moth variations, the later one
for women), and the protocol for total RNA extraction from
blood samples were established according to the performed
preparative evaluation studies. They were advantageously
applied in the design of a pilot VOO nutrigenomic study

involving human subjects.

The analysis of transcriptome response to VOO
administration was performed using microarray experiments
involving pooled samples of MNCs total RNA corresponding
to the wash-out and 3-week intervention periods in male
subjects. Therefore, for the first time in vivo transcriptome

response of MNCs, cells involved in primary atherogenic



11.

events, to VOO supplemented at real life dietary doses was

reported in humans.

23 genes related to CVDs were selected on the basis of
microarray results and their response was revalidated by
Real-Time gPCR in individual total RNA samples. Results
revealed that 10 atherogenesis related genes could be
potential targeted by ingested VOO. Therefore, for the first
time several putative sites for the VOO-genome interaction
were reported on the base of in vivo transcriptome study in

human.
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Supplemental Table |

Main reactive species (RS), their role in biological processes and potential targets of their oxidative activity.

Nomenclature of RS

Free Radicals ‘

Non-Radicals (Oxidants)

Biological processes

Potential targets

Reactive Oxygen Species (ROS)

Superoxide, O,
Hydroxyl, OH"
Hydroperoxyl, HO,'
Carbonate, CO3™~
Peroxyl, ROy’
Alkoxyl, RO
Carbon dioxide
radical, CO,~
Singlet 0,'Eg *

H,0,
Hypobromous acid, HOBr
Hypochlorous acid, HOCI
Ozone, O;
Singlet oxygen (O,'Ag)
Crganic peroxides, ROOH
Peroxynitrite, ONOO™
Peroxynitrate, O,.NOO™
Peroxynitrous acid, ONOCH
Peroxomonocarbonate,
HOOCO,”

(i) roles in apoptosis

(programmed cell death);

(i) induction of  host
defence genes;
(i) mobilisation of ion

transport systems;
(iv) roles in redox signaling
or oxidative signaling

Oxidative damage to:
(i) DNA and RNA;

(i) poly-unsaturated fatty
acids (lipids);

(iii) amino acids;

(iv) inactivation of specific
enzymes by  co-factors
oxidation;

They are species causing

oxidative stress

Reactive Chlorine Species (RCIS)

Atomic chlorine, CI’

Hypochlorous acid, HOCI
Nitryl chloride, NO,CI

(i) is generated during
neutrophils activation;

React with

(i) nucleic acids;

Chloramines (i) contributes to the | (ii) fatty acid groups;
Chlorine gas (Cly) destruction of bacteria (i) cholesterol;
Bromine chloride (BrCl) (iv) proteins, etc
Chlorine dioxide (CIO,)
Reactive Nitrogen Species (RNS)
Nitric oxide, NO Nitrous acid, HNO, (i) produced via the | Nitrosative damage to:
Nitrogen dioxide, | Nitrosyl cation, NO* enzymatic activity of | (i) proteins;
NOy Nitroxyl anion, NO~ inducible nitric oxide | (ii) fatty acid of lipids;
Nitrate radical, NO; Dinitrogen tetroxide, N2O4 synthase; (iii) thiol moedification;
Dinitrogen trioxide, NoO3 (i) are cellular or | (iv) enzymes inhibition , etc.
Peroxynitrite, ONOO™ intracellular signaling | They are species causing
Peroxynitrate, O,NOO~ molecule; nitrosative stress;

Peroxynitrous acid, ONOOH
Alkyl peroxy-nitrites and
nitrates, ROONO RO,ONO

(iii) in vasodilation;

(iv) immune response;
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Supplemental Table lil
Biologically relevant reactive species and activities of olive oil phenols in respect to them.

RS Assay Olive oil Effect Ref
phenols
Superoxide radicals | /n vitro xantine oxidase | HOTYR, Potent direct scavenger Visioli, 1998
(©27) system; OLE Potent direct scavenger
In vitro xantine oxidase | HOTYR, Potent direct scavenger Rietjens, 2007
system; CLE, Potent direct scavenger
HVAlc, Poor scavenger
TYR Poor scavenger
Nitric oxide (NO) decomposition of sodium | HOTYR, Potent scavenger De la Puerta, 2001
nitroprusside; OLE, Potent scavenger
CA, Potent scavenger
TYR Poor scavenger
Peroxinitrile protection against ONOOH | HOTYR, Potent direct scavenger Rietjens, 2007
(ONOOH) induced DHR-123 | OLE, Potent direct scavenger
oxidation; HVAIc, Good scavenger
TYR Poor scavenger
a-antiproteinase HOTYR, Potent scavenger De la Puerta, 2001
inactivation assay; OLE, Potent scavenger
CA Potent scavenger
TYR Good scavenger
Hypochlorous acid | HOCl-mediated = catalase | HOTYR, Potent direct scavenger Visioli, 1998
(HOCIy inactivation; OLE Potent direct scavenger
inhibition of 5-thio-2- | HOTYR, Very poor scavenger Rietjens, 2007
nitrobenzoic acid oxidation; | OLE, Very poor scavenger
HVAlc, Very poor scavenger
TYR Very poor scavenger
Hydroxyl radical | deoxyribose method, HOTYR, Potent direct scavenger Rietjens, 2007
(CH") OLE, Potent direct scavenger
HVAIc, Good scavenger
TYR Poor scavenger
ESR spin trapping; HOTYR, Limited and most probably | Hashimoto, 2004
indirect scavenging activity
H,0, UV spectra monitoring; HOTYR, Very poor scavenger Rietjens, 2007
OLE, Very poor scavenger
HVAlc, Very poor scavenger
TYR Very poor scavenger
Hx02-HRPO cell free | HOTYR, Potent direct scavenger O’Dowd, 2004

chemilumi-niscence;
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APPENDIX A: RNACLIN study protocol

€SB Consori Sanitari de Barcelona

& IMAS
+'|-+ Institut Municipal

d'Investigacié Médica. IMIM

Titulo del estudio

Protocolo para la evaluacion de las técnicas de obtencion de RNA a partir de muestras
biologicas en estudios clinicos. (Estudio RNACLIN)

Investigadores del estudio

Unidad de Farmacologia (R. de la Torre, I. Ortuiio, M. Pujadas, 1. Sanchez, O. Khymenets)
Unidad de Lipidos y Epidemiologia Cardiovascular (M.I Covas, M. Fito, T. Weinbrenner,
M Alcantara)

Antecedentes

El desarrollo de las tecnologias denominadas “-Omicas™ (genomica, transcriptomica,
protedmica, metabondmica) han tenido un gran crecimiento en los 1lltimos afios. En el
contexto de estudios clinicos, hasta ahora se han podido hacer exploraciones a nivel
fisiologico (p.e. actividad cardiovascular) y bioquimico (p.e. actividades enzimaticos,
marcadores de determinadas actividades bioldgicas...). El desarrollo de las tecnologias del
post-genoma abre las puertas para poder conocer cada vez a niveles mas basicos las
respuestas de los sistemas biologicos ante tratamientos farmacologicos, intervenciones
nutricionales o bien condiciones fisiopatologicas. El tener acceso a la expresion génica se
considera de interés para que podamos de forma simmiltinea y global abarcar sistemas
biologicos completos (p.e. estrés oxidativo, metabolismo de farmacos, marcadores del
proceso aterogénico) cosa muy dificil de abordar con la aproximacion metodologica actual.
La realizacion de estudios de expresion génica en humanos todavia padece de problemas
metodolégicos inherentes a la novedad de la aproximacion. De alli €l interds de realizar una
serie de estudios disefiados para estandardizar las condiciones experimentales de como se
debe abordar ese tipo de estudios en humanos.

Objetivos

El estudio RNACLIN pretende evaluar diferentes aproximaciones metodoldgicas para la
obtencion de RNA a partir de muestras biologicas de voluntarios sanos vy pacientes para
utilizar la expresion génica (también conocido como transcriptomica) como herramienta en
estudios clinicos para evaluar los efectos de tratamientos farmacoldgicos, intervenciones a
nivel nutricional, y/o condiciones fisiopatologicas.
En conereto, se quiere evaluar:
- Puesta a punto de la metodologia para realizar analisis cuantitativos de
expresion gémea
- Evaluar la variabilidad intra-individual en la expresion de genes seleccionados
durante un periodo de tiempo dado
- Evaluar los perfiles de expresion de genes seleccionados en voluntarios sanos.



Seleccion de los sujetos

En el estudio RNACLIN se incluiran voluntarios sanos no fumadores de ambos sexos. En
total se seleccionaran hasta 20 sujetos (10 por género). Los sujetos del sexo femenino, sélo
se incorporaran en la tercera condicion experimental. La dimension de la poblacion que
participa en los estudios no se ha hecho teniendo en cuenta ningun variable que podria
prometer hacer una estimacion de la misma. Teniendo en cuenta el objetivo metodologico
del estudio, sélo se pretende disponer de un nimero minimo de sujetos para poder
determinar determinados estadigrafos.

Desarrollo del estudio

Durante la visita inicial se realizaran los controles siguientes:

- Revision médica general de su estado de salud. Incluye un andlisis de sangre y de orina
y un electrocardiograma.

- Los sujetos participaran en tres experimentos diferentes que es realizaran de forma
consecutiva en diferentes periodos de tiempo.

- Las extracciones de sangre se realizaran mediante venopuncion por personal de
enfermeria de la URAF y/o ULEC.

Primer experimento

- Extraccion de sangre de 35 mL para tal de evaluar la calidad del RNA obtenido
aplicando diferentes protocolos de aislamiento (en total 7 técnicas de extraccion de
RNA). La distribucion de la sangre sera como sigue: 4,5ml en tubo Vacuntainer por
estudios hematolégicos, 2,5ml en tubos PAXgene™ (Blood RNA Tube), 8 ml en tubo
Vacuntainer® CPT Cell Preparation Tube (aislamiento de monocitos y procedimiento
Ultraspec), 8 ml en tubo Vacuntainer® CPT Cell Preparation Tube, (aislamiento
monocitos y aplicacion del QIAamp RNA Isolation Mini Kit i ABI Prism 6700
Workstation for RNA isolation). 10 ml en tubo BD Vacuntainer™ (ABI Prism 6700
Workstation for RNA Isolation, QIAamp RNA Mini Isolation Kit). 8ml (RNA by Ribo-
Pure Kit).

- Todas las muestras de sangre seran procesadas segun los procedimientos tal como estan
definidos en los protocolos propuestos en cada caso.

- Para determinar la calidad y la cantidad de RNA extraido, se utilizara el Agilent 2100

Bioanalyzer. Los resultados se referiran a la cantidad aislada de acido nucleico por
volumen de sangre total o bien por nimero de leucocitos o monocitos.

Segundo experimento

- Extraccion de sangre de 35 mL para evaluar la estabilidad del RNA obtenido segtn dos
de las técnicas empleadas en el primer dia experimental

Tercer experimento

Se trata de evaluar la estabilidad de la expresion génica durante un mismo dia y durante tres
semanas consecutivas para cada uno de los sujetos participantes del estudio, para evaluar la
variabilidad intra-diaria e inter-diaria en la expresion génica en los sujetos que participan en



el estudio. En total se extraeran 153 mL de sangre (volumen total) obtenidos en un periodo
de 3 semanas

- 1% semana 51 mL repartidos en tres extracciones (Oh, 3h y 6 h) con una comida ligera a
partir de las 3 horas.

- 2*semana 51 mL repartidos en tres extracciones (Oh, 3h y 6 h) con una comida ligera a
partir de las 3 horas.

- 3" semana 51 ml repartidos en tres extracciones (Oh, 3h y 6 h) con una comida ligera a
partir de les 3 horas.

Stepl
Comparing RNA isolation procedures
(7different methods)

2 RNA quality/quantity analysis

}

Step2
Comparing quality of RNA isolated by different methods
(max for 5 RNA samples from different methods)

‘ 1. RNA isolation ‘

1. RT reaction
2. ¢DNA quality/quantity control
3. Real Time PCR

Step3
Comparing samples RNA stability
( the best 1-2 methods )

RNA isolation

RNA quality/quantity analysis
RT reaction

¢DNA quality/quantity control
Real Time PCR

RN

~

Stepd
Stability gene expression over the time
(3 times per day, 3 repetitions)

RNA isolation

RNA quality/quantity analysis
RT reaction

¢DNA quality/quantity control
Real Time PCR

Biochemical analysis for proteins

el ol 2 o




En el caso de las mujeres estas semanas coincidiran con el periodo menstrual (fases luteas y
foliculares). Para participar en este estudio no debe cambiar ni sus actividades habituales ni
su estilo de vida.

‘ 1. Comparing RNA isolation procedures

Blood drawing
/ (35mi whlo
PAXgene Blood Vacuntainer CPT Vacuntainer CPT [ EDTA Vacuntainer Tubes (10 ml) | Blood count
RNA Tubes (2,5ml) Cell preparation Cell preparation (erythrocytes,
(incubation Tube With Sodium Tube With Sodium . -
atRT for2 h) Citrate (8 ml) Citrate (8 ml) ABIPrsm 6700 | | Qlaamp Ribo-Pure-WBC | SRR
Workstation for Mini RNA RNA Isolation cells)
‘ ‘ RNA Isolation Isolation (8ml) + 4,5ml
| MNCs isolation ‘ | MNCs isolation | (0,5ml) (1,5ml) et
MNCs ABI Prism 6700 l
G Workstation for
RNA Isolation
Ultraspec RNA (0,5ml) \
isolation procedure G | RNA |
amy
RNA PAXgene Blood Mini RI[\)I A Samples freezing
i o
RNA isolation Isolation (-80°C)
(0,5ml)

Agilent Bioanalyzer (to check quality and quantity of isolated RNA)




Comparing quality of RNA isolated by different
methods
(max 5 RNA samples)

Agilent analysis in step1:
- high purity,
- good concentration
- integral RNA

‘ c¢DNA synthesis in RT reaction ‘

‘ PCR control of cDNA ‘

‘ Real Time PCR reaction ‘

Target genes:

- SOD3

- GPX3

- ApoAl

- VCAMI

- ICAMI
Housekeeping gene:

- B-actin




Beneficios y riesgos

La salud de los voluntarios, no se beneficiara directamente por su participacion en este estudio. Por
el otro lado los riesgos que incurren son los propios de que sean objeto de extracciones sanguineas.
Las muestras biologicas una vez recogidas seran analizadas y sus residuos eliminadas. En ningun
caso se aprovechara estas muestras para crear un banco con datos genéticos de los individuos
participantes.

Voluntariedad

La participacién en el estudio es voluntaria y por lo tanto el sujeto se puede retirar en cualquier
momento del mismo. También puede solicitar por escrito que sus muestras tanto si han estado
analizadas como pendientes de analisis sean eliminadas del estudio. También puede ser retirado del
estudio por el investigador en casos de enfermedades que podrian aumentar el riesgo o bien invalidar
los resultados.

Confidencialidad

Totdos los datos recogidos sobre la participacion en este estudio son considerados como
confidenciales y tan solo seran utilizados por los investigadores para finalidades cientificas. En los
cuadernos de recogida de datos, que pueden ser inspeccionados por el investigador principal (o
personas autorizadas por él, por ejemplo auditores), miembros del Comité Etico de Investigacion
Clinica, la Unidad de Garantia de Calidad del IMIM o bien las autoridades sanitarias, solo constaran
sus iniciales o un codigo, de esta manera su identidad no sera conocida durante las inspecciones. En el
informe final del estudio o en caso de comunicar estos resultados a la comunidad cientifica, su
personalidad se mantendra en el anonimato.

Este protocolo respetard la legislacion vigente respecto a la proteccion de datos personales (Ley
Organica 15/1999 del 13 de Diciembre de Proteccion de Datos de Caracter Personal - LOPD). La
realizacion del estudio respetard la Guia Tripartita y armonizada por las buenas practicas clinicas
(ICH Ginebra 1996) y, la Declaracion de Helsinki (rev. Edimburg 2000).

Compensacion Economica. Seguro.

Por su participacion en el estudio los sujetos recibirdn una compensaciéon econdémica. En caso de
retirada, percibiran una compensacion proporcional a su participacion.

Consentimiento
Los voluntarios firmaran un consentimiento informativo (adjunto)
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Titulo del estudio

Protocolo para la evaluacion de las técnicas de obtencién de RNA a partir de muestras biologicas en
estudios clinicos. (Estudio RNACLIN)

Investigadores del estudio

Unidad de Farmacologia (R. de la Torre, J. Ortufio, M. Pujadas, . Sanchez, O. Khymenets)
Unidad de Lipidos y Epidemiologia Cardiovascular (M.I Covas, M. Fit6, T. Weinbrenner, M
Alcantara)

Antecedentes

El desarrollo de las tecnologias denominadas “-dmicas™ (genomica, transcriptémica, protedmica,
metabondmica) han tenido un gran crecimiento en los ultimos afios. En el contexto de estudios
clinicos, hasta ahora se han podido hacer exploraciones a nivel fisiolégico (p.e. actividad
cardiovascular) y bioquimico (p.e. actividades enzimaticos, marcadores de determinadas actividades
biologicas...). El desarrollo de las tecnologias del post-genoma abre las puertas para poder conocer
cada vez a miveles mas basicos las respuestas de los sistemas biologicos ante tratamientos
farmacologicos, intervenciones nutricionales o bien condiciones fisiopatologicas. El tener acceso a
la expresion génica se considera de interés para que podamos de forma simultanea y global abarcar
sistemas bioldgicos completos (p.e. estrés oxidativo, metabolismo de farmacos, marcadores del
proceso aterogénico) cosa muy dificil de abordar con la aproximacién metodologica actual. La
realizacion de estudios de expresion génica en humanos todavia padece de problemas
metodoldgicos inherentes a la novedad de la aproximacion. De alli el interés de realizar una serie de
estudios disefiados para estandardizar las condiciones experimentales de cémo se debe abordar ese
tipo de estudios en humanos.

Objetives

El estudio RNACLIN pretende evaluar diferentes aproximaciones metodologicas para la obtencion
de RNA a partir de muestras bioldgicas de voluntarios sanos y pacientes para utilizar la expresion
génica (también conocido como transcriptomica) como herramienta en estudios clinicos futuros
disefiados para evaluar los efectos de: tratamientos farmacologicos, intervenciones a mivel
nutricional y/o condiciones fisiopatologicas.
El objetivo es evaluar cual es el mejor método de manipulacién de las mustras bioldgicas para poder
determinar el RNA.
En conereto, se quiere evaluar:
- Puesta a punto de la metodologia para realizar analisis cuantitativos de expresion génica
- Evaluar la variabilidad intra-individual en la expresion de genes seleccionados durante
un periodo de tiempo dado
- Evaluar los perfiles de expresion de genes seleccionados en voluntarios sanos.
Seleccion de los sujetos

En el estudio RNACLIN se incluiran voluntarios sanos de ambos sexos.



Desarrollo del estudio

Durante la visita inicial se realizaran los controles siguientes:

- Revision médica general de su estado de salud. Incluye un andlisis de sangre y de orina y un
electrocardiograma.

Primer experimento

- Extraccion de sangre de 35 mL para evaluar la calidad del RNA obtenido aplicando diferentes
protocolos de aislamiento.

Segundo experimento
- Extraccion de sangre de 35 mL para evaluar la estabilidad del RNA obtenido segiin dos de las
técnicas empleadas en el primer dia experimental

Tercer experimento

Se trata de evaluar la estabilidad de la expresion génica durante un mismo dia y durante 3 semanas
consecutivas para dada uno de los sujetos participantes del estudio. En total se extraeran 153 mL de
sangre (volumen total) obtenidos en un periodo de 3 semanas

- 1*semana 51 mL repartidos en tres extracciones (Oh, 3h 'y 6 h) con una comida ligera a partir de
las 3 horas.

- 2*semana 51 mL repartidos en tres extracciones (Oh, 3h y 6 h) con una comida ligera a partid de
las 3 horas.

- 3% semana 51 ml repartidos en tres extracciones (Oh, 3h y 6 h) con una comida ligera a partir de
las 3 horas.

En ¢l caso de que las mujeres durante estas semana coincidieran con ¢l periodo menstrual ( fases
luteas y foliculares). Para participar en este estudio no debe cambiar sus actividades habituales ni su
estilo de vida.



Beneficios y riesgos

Su salud, no se beneficiara directamente por su participacion en este estudio.

Incomodidades y riesgos

En total usted vendra a nuestro centro en diversas ocasiones para realizar los controles. En
principio, el principal riesgo de su participacion es el echo de que hay que realizar extracciones de
sangre. Para extraer la sangre se requiere hacer una extraccion venosa que requiere una puncién con
aguja que puede provocar dolor, hematoma y cambios en el color de la piel (morados).

Las extracciones de sangre seran realizadas por personal de enfermeria con experiencia con este
procedimiento.

Voluntariedad

La participacién en el estudio es voluntaria y por lo tanto el sujeto se puede retirar en cualquier
momento del mismo. También puede solicitar por escrito que sus muestras tanto si han estado
analizadas como pendientes de analisis sean eliminadas del estudio. También puede ser retirado del
estudio por el investigador en casos de enfermedades que podrian aumentar el riesgo o bien invalidar
los resultados.

Compensacion Econéomica. Seguro.

Por su participacion en el estudio recibird una compensacion econdmica. En caso de retirada,
percibira una compensacion proporcional a su participacion.

Confidencialidad

Todos los datos recogidos sobre su participacion en este estudio serdn considerados como
confidenciales y tan solo seran utilizados por los investigadores para finalidades cientificas. En los
cuadernos de recogida de datos, que pueden ser inspeccionados por el investigador principal (o
personas autorizadas por él, por ejemplo auditores), miembros del Comité Etico de Investigacion
Clinica, la Unidad de Garantia de Calidad del IMIM o bien las autoridades sanitarias, solo constaran
sus iniciales o un codigo, de esta manera su identidad no sera conocida durante las inspecciones. En el
informe final del estudio o en caso de comunicar estos resultados a la comunidad cientifica, su
personalidad se mantendra en el anonimato.

Este protocolo respetard la legislacion vigente respecto a la proteccion de datos personales (Ley
Orgéanica 15/1999 del 13 de Diciembre de Proteccion de Datos de Caracter Personal - LOPD). La
realizacion del estudio respetard la Guia Tripartita y armonizada por las buenas practicas clinicas
(ICH Ginebra 1996) y, la Declaracion de Helsinki (rev. Edimburg 2000).



Investigadores responsables. Como ponerse en contacto.

Si tiene alguna duda sobre aspectos del estudio o le gustaria comentar algiin aspecto de esta
informacion, por favor deje de hacerlo saber a los miembros del equipo investigador. Se puede poner
en contacto con ellos (laborables de 8:00 a 17:00) de forma personal en la Unidad de Farmacologia
del IMIM (Doctor Aiguader 80, 08003 Barcelona) o por teléfono (93 221 10 09; 93 225 75 97).

Consentimiento

En el caso de que una vez leido la informacién y aclarados las dudas que puedan surgir decide
participar en el estudio tendra que firmar al final de este documento en los apartados adecuados.

Este estudio fue aprobado por el Comité Etico de Investigacion Clinica del Institut Municipal
d'Assistencia Sanitaria de Barcelona (CEIC-IMAS) y esta financiado en parte por el proyecto
EUROLIVE (EU V Programa Marc) y por el Plan Nacional sobre Drogas (Ministerio del Interior)

Yo (nombre y apellidos) DNIn°
He leido la hoja de informacion que se me ha entregado

He podido hacer preguntas sobre el estudio.

He recibido suficiente informacién sobre el estudio.

He hablado con:

Investigador (Nombre y apellidos)

Entiendo que mi participacion es voluntaria.
Entiendo que puedo retirar me del estudio:
1° Cuando quiera.
2° Sin que sea preciso dar explicaciones.
Doy libremente mi conformidad de participar en el estudio.

Fecha Firma del participante

Fecha Firma del investigador
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Titulo del Estudio

Expresion génica tras una intervencion nutricional consistente en la administracién de dosis repetidas de
aceite de oliva virgen: seleccion de genes candidatos. Estudio Piloto

Investigadores del Estudio:

Unitat de Farmacologia (R. de la Torre, M. Farré, O. Khymenets, J. Ortufio, M. Pujadas, |. Sanchez)
Unitat de Lipids i Epidemiologia Cardiovascular (M.I Covas, M. Fitd, D. Mufioz, M Alcantara)

Antecedentes

Las tecnologias “dmicas” (genomica, transcriptomica, proteémica, metabonomica) han tenido un gran
desarrollo en los Gltimos afios. En el contexto de estudios clinicos, hasta la fecha se han podido realizar
exploraciones a nivel fisiologico (p.e. actividad cardiovascular) y bioquimico (p.e. actividades enzimaticas,
biomarcadores de estrés oxidativo...). El desarrollo de las tecnologias del post-genoma abre las puertas a
poder estudiar a niveles mas basicos las respuestas de los sistemas bioldgices frente a tratamientos
farmacologicos, intervenciones nutricionales o condiciones fisiopatolégicas. Se considera de interés tener
acceso a la expresion génica por que se puede de forma simultanea y global evaluar sistemas bioldgicos
completos (p.e. estrés oxidativo, metabolismo de farmacos, marcadores del proceso aterogénico) algo
muy dificil de abordar con las aproximaciones metodoldgicas actuales.

El presente protocolo est relacionado con otros dos protocolos de investigacion aprobados por el CEIC-
IMAS:

(i) Efecto del consumo de aceite de oliva sobre el dafio oxidativo en la poblaciones europeas
(Proyecto EUROLIVE). El estudio en la actualidad ya ha sido materializado. Fue aprobado
por el Comité Etico de Instituto Municipal de Asistencia Sanitaria (CEIC-IMAS : 2002/1326/1).

()] Protocol per a l'avaluacio de les técniques d’obtencié de RNA a partir de mostres
bioldgiques en estudis clinics. (Estudi RNACLIN). El estudio en la actualidad ya ha sido
materializado.Fue aprobado por el Comité Etico de Instituto Municipal de Asistencia
Sanitaria (CEIC-IMAS : 2003/1574/1).

El primer protocolo se interesaba al efecto sobre biomarcadores de dafio oxidativo de la administracion
aleatorizada y cruzada a varias poblaciones europeas de tres aceites de oliva con distintos contenidos en
sustancias fendlicas con actividad antioxidante: a) refinado (ausencia de compuestos fenélicos, by
comercial (mezcla de aceite de oliva refinado y extra virgen con un contenido global medio de
compuestos fendlicos y c) aceite de oliva extra virgen con el mayor contenido en compuestos fendlicos.
En dos de los centros participantes en el estudio, se extrajeron muestras para posteriormente poder aislar
el RNAy poder realizar estudios de expresién génica.

El segundo protocoloe se interesaba a los distintos procedimientos de aislamiento de RNA a partir de
sangre total y distintas subpoblaciones celulares sanguineas (monocitos y leucocitos) procedentes de
muestras clinicas (en este protocolo se obtuvieron de voluntarios sanos). Se evaluaron distintas técnicas
de aislamiento de RNA, la estabilidad de las muestras plasmaticas y de la expresion génica, y la
influencia del género de los sujetos y del momento del dia en que se obtenian las muestras en la



expresion génica. La expresion génica de Sod?y Sod2 aplicando técnicas de RTPCR fue escogida para
evaluar los distintos apartados del proyecto.

Es decir que en la actualidad se dispone de los protocolos experimentales para la realizacion de
experimentos de expresion génica asi como muestras procedentes de un estudio multicéntrico en las que
realizar los mismos. Dados los costes asociados a la realizacion de los experimentos de expresion
génica, se considera oportuno realizar un estudio piloto que permita seleccionar genes candidatos cuya
expresion es modificada por la administracion de aceite de oliva.

Objetivos:

a) seleccion de genes candidatos cuya expresion se vea alterada por la administracion de aceite de
oliva

b) evaluar los cambios temporales en la expresion génica de genes candidatos inducidos por la
intervencion nutricional durante un periodo de 3 semanas

Seleccion de los sujetos

En este estudio piloto participaran voluntarios sanos (6 fumadores y 6 no fumadores de ambos sexos) con
edades comprendidas entre 18 y 60 afios. En total es seleccionaran 12 sujetos. No se ha realizado una
estimacion exacta del tamafio de la muestra ya que teniendo en cuenta el caracter de estudio piloto del
protocolo, solo se pretende disponer de un minimo de sujetos para poder determinar ciertos descriptotes
estadisticos.

Desarrollo del estudio

En la visita inicial se realizaran los controles siguientes:

- Revision médica general de su estado de salud. Incluye un analisis de sangre y de orina y un
electrocardiograma.

- Las extracciones de sangre se realizaran por venopuncion por personal de enfermeria de la URAF
ylo ULEC

Intervencion nutricional:

a) En el inicio del protocolo, se extraeran 20 ml de sangre para aislamiento de RNA. Durante una
semana previa a la intervencion dietética, los voluntarios se someteran a una dieta pobre en
compuestos fendlicos (los voluntarios recibiran una serie de recomendaciones dietéticas y
registrara la dieta diaria)

b) Intervencion dietética
El 1er dia se administraran 50 mL de aceite de oliva virgen, durante tres semanas, los
voluntarios ingeriran 25 mL al dia de aceite de oliva virgen repartidos durante las comidas.

1er dia:

i. enlas instalaciones de la URF (laboratorio de ensayos clinicos) los voluntarios
vendran en ayunas y antes de la ingesta de aceite de oliva extra virgen se
extraeran 30 ml de sangre para aislamiento de sangre

ii. los voluntarios ingeriran de forma aguda 50 mL de aceite de oliva virgen con
100-200 g de pan

iii. se extraeran muestras de sangre (30 mL) al cabo de 1, 6 y 24 horas tras la
administracion del aceite de oliva
iv. serecogera orina de 24 horas (0-2h, 2-4h , 4-6 h y 6-24 h)

dias7, 14y 21
V. se extraeran muestras de sangre (30 mL) a primera hora de la mafiana en
ayunas



D7 D1 D7 D14 D21

v 4 v A\

Pre-basal Basal

Dieta pobre en compuestos fendlicos

Administracion aguda 50 mL aceite de oliva virgen +
Dieta pobre en compuestos fenélicos

Administracién de 25 mL aceite de oliva virgen repartida en las comidas +
Dieta pobre en compuestos fendlicos

0 0

Determinaciones

Sangre
Volumen total 30 mL
20 mL se utilizaran para aislar plasma y leucocitos
(i) compuestos fendlicos en plasma
(i) aislamiento de LDL
(iii) 4cidos grasos en plasma
(iv) extraccion de RNA de leucocitos

10 mL se utilizaran para aislar monocitos
(v) extraccion de RNA de monocitos

Orina
Recogida de 0-6 horas y de 6-24 horas, se utilizara para determinacion de compuestos fendlicos

Dias 1

Administracién aceite
de oliva virgen

v

Oh 1h 6h 24h

Sangre Sangre

Sangre Sangre Orina Orina



Experimentos de expresion génica

Se hara un pool de RNA de los 12 sujetos obtenido a las 0, 1, 6 y 24 horas del dia 1 del estudio y se
determinaré la expresion génica mediante microarrays (GENEchip, Affymetrix)

Se seleccionaran los genes candidatos, y mediante RTPCR sobre Microfluidic cards (Applied Biosystems)
se analizaran la muestras del presente ensayo y las del estudio EUROLIVE

Estadistica
Al tratarse de un estudio piloto solo se realizara estadistica descriptiva de los resultados.

Beneficios y riesgos

La salud de los voluntarios, no es beneficiara directamente por su participacion en este estudio. Por ofra
parte, los riesgos en que incurren son los propios del hecho de ser objeto de extracciones sanguineas.
Las muestras biolégicas un vez recogidas seran analizadas y eliminados sus residuos. En ninglin caso se
aprovecharan estas muestras para crear un banco con datos genéticos de los individuos participantes.

Voluntariedad

La participacion en el estudio es voluntaria y por tanto el sujeto se puede retirar en cualquier momento del
mismo. También puede solicitar por escrito que sus muestras tanto si han sido analizadas como pendientes
de andlisis sean eliminadas del estudio. También puede ser retirado del estudio por el investigador en casos
de enfermedades que pudiesen aumentar el riesgo o bien invalidar los resultados.

Confidencialidad

Todos los datos recogidos sobre la participacion en este estudio son consideradas como confidenciales y
solo seran utilizadas por los investigadores con finalidades cientificas. En los cuadernos de recogida de
datos, que poden ser inspeccionados por l'nvestigador principal (o persones autorizadas por el, por ejemplo
auditores), miembros del Comité Etic d'Investigacio Clinica, la Unidad de Garantia de la Calidad del IMIM o
bien las autoridades sanitarias, solo constaran sus iniciales o un codigo, asi su identidad no sera conocida
durante las inspecciones. En el informe final del estudio o en caso de comunicar estos resultados a la
comunidad cientifica, se mantendra su personalidad en el anonimato.

Este protocolo respetara la legislacion vigente respecto a la proteccion de datos personales (Ley Organica
16/1999 de 13 de Diciembre de Proteccion de Datos de Caracter Personal - LOPD). La realizacién del
estudio respetara la Guia Tripartita y harmonizada para las buenas practicas clinicas (ICH Ginebra 1996) y,
la Declaracion de Helsinki (rev. Edimburgo 2000).

Compensacion Economica. Seguro.

Por su participacion en el estudio, los sujetos recibiran una compensacion econémica. En caso de retirada,
percibiran una compensacion proporcional a su participacion. No existe una poliza especifica de seguro
para este estudio al no fratarse de un ensayo clinico con medicamentos. La investigacion debera estar
cubierta por la pdliza general del centro.

Consentimiento
Los voluntarios recibirén copia de la hoja de informacion y firmaran un consentimiento informado (adjunto)
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HOJA DE INFORMACION A LOS POSIBLES PARTICIPANTES
Titulo del Estudio

Expresion génica tras una intervencion nutricional consistente en la administracion de dosis repetidas de
aceite de oliva virgen: seleccion de genes candidatos.

Investigadores del Estudio:

Unitat de Farmacologia (R. de la Torre, M. Farré, O. Khymenets, J. Ortufio, M. Pujadas, E. Menoyo)
Unitat de Lipids i Epidemiologia Cardiovascular (M.I Covas, M. Fitd, D. Mufioz, M Alcantara)

Antecedentes

Las tecnologias “omicas” (genomica, transcriptomica, proteémica, metabondmica) han tenido un gran
desarrollo en los Gltimos afios. En el contexto de estudios clinicos, hasta la fecha se han podido realizar
exploraciones a nivel fisiologico (p.e. actividad cardiovascular) y bioquimico (p.e. actividades enzimaticas,
biomarcadores de estrés oxidativo...). El desarrollo de las tecnologias del post-genoma abre las puertas a
poder estudiar a niveles mas basicos las respuestas de los sistemas bioldgicos frente a tratamientos
farmacologicos, intervenciones nutricionales o condiciones fisiopatolégicas. Se considera de interés tener
acceso a la expresion génica por que se puede de forma simultanea y global evaluar sistemas bioldgicos
completos (p.e. estrés oxidativo, metabolismo de farmacos, marcadores del proceso aterogénico) algo
muy dificil de abordar con las aproximaciones metodologicas actuales.

Objetivos:

a. seleccion de genes candidatos cuya expresion se vea alterada por la administracion de aceite de
oliva

b. evaluar los cambios temporales en la expresion génica de genes candidatos inducidos porla

intervencion nutricional durante un periodo de 3 semanas
Seleccion de los sujetos

En el estudio participaran voluntarios sanos (6 fumadores y 6 no fumaderes de ambos sexos) con edades
comprendidas entre 18 y 60 afios. En total es seleccionaran 12 sujetos. El tamafio de la poblacion que
participa en ¢l estudio no se ha realizado teniendo en cuenta que permitiera hacer una estimacion de la
misma. Teniendo en cuenta el caracter de estudio piloto del protocolo, sole se pretende disponer de un
minimo de sujetos para poder determinar ciertos descriptotes estadisticos.

Desarrollo del estudic
En la visita inicial se realizaran los controles siguientes:

- Revision médica general de su estado de salud. Incluye un andlisis de sangre y de orina y un
electrocardiograma.



- Las extracciones de sangre se realizaran por venopuncion por personal de enfermeria de la URAF
ylo ULEC.

Intervencién nutricional:

a. En el inicio del protocolo, se extraeran 20 ml de sangre para aislamiento de RNA. Durante una
semana previa a la intervencion dietética, los voluntarios se someteran a una dieta pobre en
compuestos fenélicos (los voluntarios recibiran una serie de recomendaciones dietéticas y
registrara la dieta diaria)

b. Intervencion dietética: El 1er dia se administraran 50 mL de aceite de oliva virgen, durante tres
semanas, los voluntarios ingeriran 25 mL al dia de aceite de oliva virgen repartidos durante las
comidas.

1er dia:

en las instalaciones de la URF (laboratorio de ensayos clinicos) los voluntarios

vendran en ayunas y antes de la ingesta de aceite de oliva extra virgen se extraeran

30 ml de sangre para aislamiento de sangre

ii. los voluntarios ingeriran de forma aguda 50 mL de aceite de oliva virgen con 100-200

gdepan

se extraeran muestras de sangre (30 mL) al cabo de 1, 6 y 24 horas tras la

administracion del aceite de oliva

vi. serecogerd orina de 24 horas (0-2h, 2-4h , 4-6 h y 6-24 h)

dias7, 14y 21
iv. se extraeran muestras de sangre (30 mL)

Beneficios y riesgos

La salud de los voluntarios, no es beneficiara directamente por su participacion en este estudio. Por otra
parte, los riesgos en que incurren son los propios del hecho de ser objeto de extracciones sanguineas
Las muestras bioldgicas un vez recogidas seran analizadas y eliminados sus residuos. En ningin caso se
aprovecharan estas muestras para crear un banco con datos genéticos de los individuos participantes

Voluntariedad

La participacion en el estudio es voluntaria y por tanto el sujeto se puede retirar en cualquier momento del
mismo. También puede solicitar por escrito que sus muestras tanto si han sido analizadas como pendientes
de analisis sean eliminadas del estudio. También puede ser retirado del estudio por el investigador en casos
de enfermedades que pudiesen aumentar el riesgo o bien invalidar los resultados.

Confidencialidad

Todos los datos recogidos sobre la participacion en este estudio son consideradas como confidenciales y
solo seran utilizadas por los investigadores con finalidades cientificas. En los cuadernos de recogida de
datos, que poden ser inspeccionados por l'nvestigador principal (0 persones autorizadas por el, por ejemplo
auditores), miembros del Comiteé Etic d'lnvestigacio Clinica, la Unidad de Garantia de la Calidad del IMIM o
bien las autoridades sanitarias, solo constaran sus iniciales o un codigo, asi su identidad no sera conocida
durante las inspecciones. En el informe final del estudio o en caso de comunicar estos resultados a la
comunidad cientifica, se mantendra su personalidad en el anonimato.

Este protocolo respetaré la legislacion vigente respecto a la proteccién de datos personales (Ley Orgénica
15/1999 de 13 de Diciembre de Proteccion de Datos de Carécter Personal - LOPD). La realizacién del
estudio respetara la Guia Tripartita y harmonizada para las buenas practicas clinicas (ICH Ginebra 1996) y,
la Declaracion de Helsinki (rev. Edimburgo 2000).



Compensacion Economica. Seguro.

Por su participacion en el estudio, los sujetos recibiran una compensacion econdmica. En caso de retirada,
percibiran una compensacion proporcional a su participacion

1 PR Wi PRy

Como p en

Si tiene alguna duda sobre algun aspecto del estudio o le desearia comentar algin aspecto de esta
informacion, por favor no deje de hacerse lo saber a los miembros del equipo investigador (M. Farré o E.
Menoyo). Puede comunicarse con ellos (laborables de 8:00 a 17:00) de forma personal en la Unitat de
Farmacologia de TMIM (Doctor Aiguader 80, 08003 Barcelona) o por teléfono (93 221 10 09; 93 225 75 97).
Fuera de este horario puede llamar al IMIM y le atendera el personal de seguridad que le pondra en contacto
con los investigadores.

Consentimiento

En el caso de que una vez leida la informacion y aclaradas las dudas que pudiesen surgir decidiese
participar en el estudio, tendré que firmar al final de este documento en los apartados que corresponda.

Este estudio fue aprobado por el Comité Etic de Investigacio Clinica del Institut Municipal dAssisténcia
Sanitaria de Barcelona (CEIC-IMAS) y esté financiado en parte por el proyecto EUROLIVE (EU V Programa
Marc) y por la Red de Excelencia del ISCIII: PREDIMED

Yo (nombre y apellidos) DNIn®
He leido la hoja de informacion que se me ha dado

He podido hacer preguntas sobre el estudio.

He recibido suficiente informacion sobre el estudio.

He hablado con:

Investigador (nombre y apellidos)

Entiendo que mi participacion es voluntaria.
Entiendo que puedo retirarme del estudio:

1° Cuando quiera.

2° Sin que sea preciso dar explicaciones

Doy mi conformidad a participar en el estudio.

Fecha Firma del participante

Fecha Firma del investigador
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