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MEPINHWH

To Baowké cuotatikd s Meooyeakrs Aatpodrig eivat o Egtpa-MapBévo EAatéhaso
(Extra-Virgin Olive Qil, EVOO) 1o omoio nepléxel GpalvoAlkEG EVWOELG TTou oXeTi{ovTal
HLE TLG EVEPYETIKEG LOLOTNTEG TTOU QUIMOKTWVTAL OO TNV KatavaAwon tou EVOO (Garcia-
Martinez et al.,, 2018; Serra-Majem et al.,, 2019). EmONUIOAOYIKEC HEAETEC
katadelkvuouv Twg EVOO mAouola oe dalvollkd €xouv KopSLOTPOOTATEUTIKEG
dLotnTEC Kal avtikapkivikn dpaon (Bartoli et al., 2000; Calza et al., 2001; Levi et al.,

1999; Schwingshackl et al., 2018).

O Kapkivog elval pla moAumapayovtikn aoBévela kat n évapén g Umopel va
anmoboBel TG00 oe yeVeTIKOUC 000 Kal o€ meplPallovtikol¢ mapdayovtec (Baena Ruiz
& Salinas Hernandez, 2014). Ta KOPKLVIKA KUTTOPA OITOKTOUV BEATLWHUEVEG LKAVOTNTEG
TWV GUCLOAOYIKWV KUTTAPWY, OTWG ELvVaL N EMIKPATNON ONUATWY TIOAAATAQCLOOUOU,
amoduyn KATAOTOANG avAMTuEnG, avtiotaon OTov KUTTApPLKO Bdavato, emaywyn
ayyeloyévveonc K.d. (Figure 6) (Hanahan & Weinberg, 2011). Ot neptBaAAovtikoi
TIAPAYOVTEG lval umteUBuvol yla To 95% TwV MEPUMTTWOEWV Kapkivou (lrigaray et al.,
2007). H O&watpodry OSwadpapatilel €vav amod Tou¢ IWTIKOUG TWWAWVEG Twv
TEPLBOANOVTIKWY TIAPAYOVTWY KoL €ivol umelBuvn yla TIC ATMOKAIOELG Twv
TIEPLITTWOEWV KOPKivoU avapeoa oTig SLadopeTikEG YewypadLkeg meploxeg (Willett et

al., 1995).

Itnv mapovoa OSumAwpoatik, BOeAnoape va Siepeuvriooupe TNV Bloloyikn
SpaotikdTnTa SELYUATWY EAALOAASOU UE TNV avaTttuén in vitro SOKLUOOLWV OL OTIOLEG
npooopolalouv TNV in vivo 8paoctikotnta. Ol TEPLOCOTEPEC UEAETEC E£XOUV
npaypatononbel  xpnoluonolwvtag OUYKEKPLUEVES daLVOALKEG ouoieg
QTMOpOVWHEVEG amod to EVOO. Kabwg BAape va EAYOULE LA TILO GALEGN CUCXETLON
HeTall tou EVOO kol TNG €midpaocng Tou OTnV KUTTAPLKA OVATTUEN, EMWACAUE
kOTtopa amneuBeiag pe EVOO. KataAnfapue oto OTL OpemTikO MECO KAAALEPYELAG
gumAoutiopévo pe EVOO aAAd kot n aneuBeiag mpooOnkn ota KUTTOPA, AVOOTEAAEL
€LOIKA TNV AVATITUEN TWV KOPKLVIKWY KUTTAPWY XWwPLg va avaoTEAAEL TNV avartuén
Twv evdoBnAlakwy Kuttapwyv. MNpoobeta, yla mpwtn dpopd avalvdnkav eAAnVIKA

povorolkiltakd EVOO pe yvwoTth TNV MEPLEKTIKOTNTA TOUG 0 ALVOALIKEG EVWOELG,



KATL TTou pog Slvel tnv duvatotnta va SlepeuviooUpe €dv n SpAacn Toug othv
KUTTOPLKN avamntuén odelletal o yWwOoTEG GALVOAKEG EVWOELG 1) OXL. Emiong, pe tnv
napovoa PeAETN Seifape OTL n popdoloyia Kol N HETAVOOTEUTIKA LKOVOTNTA TWV
KOPKLVIKWV KUTTAPWV UETA amo enwaon pe EVOO petafalietal. TEAog n emidpaon
TwV eAaloAddwv Nrav €ldlky oTa KAPKLWIKA KUTTopa KoOwG PBACLKEC ATIOKPLOELG
€v60ONALAKWVY KUTTAPWY, OTIWE AVATTTUEN KL LETAVAOTEUO, SEV EMNPEACTNKAV LETA

ano enwaocn pe dStadopa eAatoAada.



ABSTRACT

A main component of the Mediterranean Diet (MD) is Extra-Virgin Olive Qil (EVOO)
which contains phenolic compounds that are associated with the beneficials effects of
EVOO consumption (Garcia-Martinez et al., 2018; Serra-Majem et al.,, 2019).
Epidemiological studies indicate that EVOO rich in phenols has a cardioprotective
effect (Dimitrios Boskou, 2008; Nocella et al., 2017) and lower cancer incidence

(Bartoli et al., 2000; Calza et al., 2001; Levi et al., 1999; Schwingshackl et al., 2018).

Cancer is a multifactorial disease and its onset can be attributed both to genetic and
environmental factors (Baena Ruiz & Salinas Hernandez, 2014). Cancer cells acquire
deregulated functions of normal cells like enhanced proliferation, evading growth
suppressors, resisting cell death, inducing angiogenesis etc. (Figure 6) (Hanahan &
Weinberg, 2011). Environmental factors account for 95% of cancer incidences (Irigaray
et al., 2007). Diet is one of the pivotal pillars of environmental factors and is
responsible for the variation of cancer incidences among different geographical

regions (Willett et al., 1995).

In this Thesis, we wanted estimate biological activity of olive oil samples by developing
of in vitro assays that reconstitute the in vivo activity. Most of the studies have been
carried out using specific phenolic compounds isolated from EVOO. As we wanted to
exert a more direct correlation of EVOO and its effect on cell growth, we directly
treated cells using EVOO. We concluded that EVOO-enriched culture medium and
direct addition of EVOO on cell culture specifically inhibit cancer cell growth without
inhibiting primary endothelial cell growth. In addition, for the first time EVOOs from
Greece have been analyzed regarding their phenolic concentration, which gives as the
opportunity to investigate whether any effect on cell growth is due to known phenolic
compounds or not. Also, in this Thesis we showed that the morphology and migration
ability of cancer cells is altered. Finally, the effect of EVOO was specific for cancer cells
as basic responses of endothelial cells, like cell growth and migration, were not altered

after treatment using different EVOOs.
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INTRODUCTION

Chapter 1 INTRODUCTION

1.1 Mediterranean Diet

According to United Nations Educational, Scientific and Cultural Organization
(UNESCO), in 2010 the Mediterranean Diet (MD) was recognized as “intangible
cultural heritage of France, Italy, Greece, Spain and Morocco” (Mediterranean Diet -
Intangible Heritage - Culture Sector - UNESCO). MD was considered in 1986 from Ancel
Keys et al. as a diet poor in saturated lipids with positive effects in cardiovascular
system due to low cholesterol levels in blood (Keys et al., 1986). Following on from
this observation, MD was identified as a diet rich in nutrients that have a high

protective role in several diseases (Dinu et al., 2018; Martinez-Gonzalez et al., 2009).

MD, besides being a health and nutritional dietary pattern, is actually a way of life.
This term is based on dietary traditions in around 20 countries throughout the
Mediterranean region. Differences found in culture, economy, ethnicity, and religion
among these countries are addressed for their dietary patterns, but the food
comprising their diet is only partially the same due to reasons like seasonality and local

production, methods of conservation etc. (Serra-Majem et al., 2019)

1.1.1 Components of the Mediterranean Diet

Basic components of the MD are increased consumption of vegetables, legumes, fresh
fruit, non-refined cereals, nuts, and olive oil (especially extra-virgin olive oil),
moderate consumption of fish, dairy products and alcohol (red wine during main

meals) , and low consumption of red meat (Trichopoulou & Critselis, 2004).

Legumes are highly consumed due to their long time of preservation, easy
preparation, and high nutritional value (Serra-Majem et al., 2019). Unrefined creals
(wheat, rice etc) are the main source of carbohydrates and calories (Babio et al., 2009;
Wirth et al., 2016). Fruits and vegetables are highly consumed as they are easily grown

due to favorable climate conditions (Carlsson-Kanyama & Gonzalez, 2009). Despite the
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fact that fish are rich in omega 3 fatty acids, their contribution is compromised by
contaminants. Production of dairy products was secondary as mainly sheep and goats
were primarily raised for wool, milk and meat. Due to the price and other factors,
consumption of red meat in the traditional Mediterranean Diet was low. The
Mediterranean Diet is highly linked to a moderate consumption of red wine along with
each meal in the European Mediterranean countries. The main component of
Mediterranean Diet is extra virgin olive oil (EVOO) as it is the essential dietary fat. Its
high consumption is tightly linked to high consumption of vegetables. From ancient
times, longevity of the Mediterraneans is attributed to EVOO (Garcia-Martinez et al.,

2018; Serra-Majem et al., 2019)
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Figure 1: Mediterranean diet pyramid. Source: Fundacion Dieta Mediterranea
MD enclosures characteristics and values related with the preservation of tradition,
habits, and environment (Dernini & Berry, 2015). Since 1960, there is an abundance
of literature concerning the Mediterranean Diet and its positive, healthy, and

nutritional benefits. It is important that the added value of MD is due the combination
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of healthy foods and their nutritional benefits (Alsaffar, 2016; Bach-Faig et al., 2011;

Bonaccio et al., 2012).

1.1.2 Benefits of the Mediterranean Diet

There is evidence that adherence to the Mediterranean Diet might have a protective
effect against diseases concerning the cardiovascular system, cancer, diabetes,
hypertension, Alzheimer and Parkinson’s disease (Fung et al., 2009; Gao et al., 2007;
Lopez-Garcia et al.,, 2014; Martinez-Gonzdlez et al., 2008; Scarmeas et al., 2009;
Tektonidis et al., 2015). According to a number of studies, it is shown that the MD has
been associated with reduced risk for developing various types of cancer, such as
colorectal, liver, pancreas, and selected hormone-related cancers such as endometrial

cancer (Farinetti et al., 2017; La Vecchia, 2009; Pelucchi et al., 2009).
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1.2 Extra-Virgin Olive Oil (EVOO)

Olive oil is a very complex food that is influenced by thousands of years of history and
culture in southern Europe, North Africa, and the Middle East, an area that produces

over 95 % of the world’s olive oil (Aparicio & Harwood, 2013).

Extra-Virgin Olive Oil (EVOO) is the main component of the MD (Piroddi et al., 2017).
EVOO is mechanically extracted and can be consumed without any refining process
(Angerosa et al., 2006). Thus, natural compounds, which are important for their
nutritional value, are preserved and give rise to unique aroma and taste (Angerosa &

Campestre, 2013).

There are 4 different types of olive oil according to their quality (Aparicio & Harwood,

2013):

1. EVOO is the finest Virgin Olive Qil (VOQ), it is produced using mechanical
extraction from the fruit and its free acidity, expressed as oleic acid, is not more
than 0.8% (0.8g per 100g)

2. Virgin Olive Qil (VOO) is also produced using mechanical extraction, but its free
acidity is not more than 2%

3. Olive Oil is a mixture of refined olive oil' and VOO which has a free acidity less
than 1%

4. Olive-pomace oil?> is a mixture of refined olive-pomace oil and VOO with free

acidity less than 1%.

1.2.1 The Olive Plant and Olive Qil: A Brief History

Today the olive plant (Olea europea) is cultured all over the countries of the
Mediterranean basin, particularly in Spain, Italy, Greece, Turkey, Tunisia, and

Morocco. Consequently, a slow but continuous development of the civilizations

! Refined olive oil is the olive oil obtained from VOOs by refining methods which do not lead to
alterations in the initial glyceridic structure

2 Olive-pomace oil is the general term for the oil obtained by treating olive pomace with solvents, to
the exclusion of oils obtained by re-esterification processes and of any mixture with oils of other kinds.
Olive pomace is the residual paste left over from the production of VOO and contains 5-10% of oil
(Aparicio & Harwood, 2013)
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growing various olive plant has been developed in the coastal territories of the
Mediterranean and more inland areas of the Middle East. All ancient civilizations
located around the Mediterranean basin and in the Middle East have left clear
evidence that olive cultivation and oil production were activities that developed with

the flourishing civilizations themselves (Vossen, 2007)

1.2.2 Cultivar Influence on Oil Composition and Properties

The differences in the composition and properties of different olive oils is an
interaction between environment (climate, temperature, rainfall, and soil water
status), agronomic factors (crop load, shading, leaf-to-fruit ratio, pruning, fertility,
irrigation, and fruit maturity stage), and the specific cultivar (genetics) (Vossen, 2007).
These variables influence chemical compounds that explain olive oil color (pigments),
aroma (volatiles), and taste (phenols) and determine olive oil authenticity,
traceability, and characterization (e.g., fatty acids, sterols, and hydrocarbons) through
biochemical pathways and chemical reactions. Olive oil flavor can be altered, for
example, from pest damage or mishandling of fruit during and after harvest that lead
to fermentation but can also occur due to poor oil-processing and storage techniques.
Lower-quality defective oils have a high free fatty acid percentage, peroxide value, or

UV absorbance reading. (Aparicio & Harwood, 2013)

Cultivar characteristics may vary by tree vigor, productivity, precocity, alternate
bearing, cold hardiness, flowering and maturity dates, susceptibility to certain
diseases, fruit size, pit-to-pulp ratio, oil content, profiles of major and minor chemical

compounds, and sensory characteristics (Kalua et al., 2005)

The choice of which cultivar to grow is one of the most important decisions in growing
any horticultural crop, but it is more important for olives that live a long time and take
several years to come into full bearing. There are over 1,200 documented olive
cultivars in the world (Bartolini et al., 2005), but only approximately 30 represent the
vast majority of the production. These cultivars dominate in specific growing areas

due to their superior characteristics (Vossen, 2007).
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1.2.3 Olive Processing

The mechanical extraction of oil from olives involves releasing it from the fruit tissues
in a way that the droplets can merge into larger drops until they form a continuous
liquid phase (Aparicio & Harwood, 2013). Olive oil is mainly located inside the vacuoles
of the mesocarp cells but is also somewhat scattered inside the colloidal system of the

cytoplasm and, in small amounts, in the epicarp and endosperm (Runcio et al., 2008).

OIL FRACTION The Olive

*Fatty Acids

*Waxes

*Sterols & Methyl-Sterols
*Aliphatic Alcohols
*Terpenic Alcohols

Skin - Epicarp

Pulp - Mesocarp

*Hydrocarbons
*Squalene
*Carotenoids — Xanthophylls

Pit - Endocarp

WATER FRACTION
*Phenols
*Tocopherols

*Glucosides - Oleuropein “Water (40 to 60%)
el «0il (10 to 30%)
*Ketones
*Organic Acids (short chain) *Solids — dry (~ 30%)
*Esters (~3%)
*Chlorophyll *Proteins (~2%)

(~2%)

Figure 2:0live parts (https://cordis.europa.eu/project/id/605357, Phenolive, 2016)
Oil enclosed inside the vacuoles can be released by mechanical means, although oil
dispersed inside the cytoplasm is quite difficult to extract and is generally lost with the

pomace or vegetation water.
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Figure 3: Olive mesocarp cells with oil droplets (arrows) by (left) light microscopy and (right) scanning electron
microscopy. Bars = 30 um (Lanza & Ninfali, 2020)

Moreover, when olive paste is prepared by crushing and malaxation operations, an
emulsion may sometimes form, which hinders the subsequent separation of the oil.
This is in part due to the droplets of emulsified oil being surrounded by lipoproteins,

which prevent them from coalescing (Aparicio & Harwood, 2013; Runcio et al., 2008).

Until now, olive fruits for olive oil extraction were processed in mills by the following

mechanical systems only: pressure, percolation, centrifugation.

1.2.4 Chemical Composition of Olive Qil

Olive oil mostly consists of triacylglycerols (TGAs) (98-99%), a diverse group of glycerol
esters with different fatty acids. The predominant fatty acid present in olive oil TGAs
is monounsaturated oleic acid (up to 83% w/w). There is also palmitic acid, linoleic
acid, stearic acid, and palmitoleic acid making up the remainder of olive oil TGAs.
There is a plethora of lipophilic or amphiphilic microconstituents present in VOO,
among them, phytosterols, squalene, tocopherols, phenolic compounds, terpenic acid
derivatives, etc.(Dimitrios Boskou, 2008; Luchetti, 2002; Ramirez-Tortosa et al., 2006).

Phenolic compounds occur in the form of phenolic acids or alcohols, oleuropein
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derivatives, lignans, and flavonoids. The content of polyphenols in EVOO may vary due
to different mechanical processing, as depicted in Figure 4 and it ranges from 50 to
1000 mg/kg. In more detail, it depends on the agronomic factors, the ripeness of
olives, as well as extraction technology, along with storage or packaging processes

(Baldioli et al., 1996; Bianco et al., 2002; Naczk & Shahidi, 2004; Tuck & Hayball, 2002).

%, OLIVES
L]

OLIVE POMACE

VIRGIN OLIVE OIL

.~ High polyphenol content
 (-150-400mg/Kg)

Refination \ ] =
2
Ei COMMON OLIVE OIL
&
- E & Low polyphenol content
POMACE OLIVE OIL (~10-100mg/Kg)
Low polyphenol content . .
(~10-30mg/Kg) REFINED OLIVE OIL

Very low polyphenol content

(-0-5mg/Kg)

Figure 4: Polyphenol content in different kinds of olive oil according on different processes of oil extraction (Types
of Olive Oil)

The flesh of healthy olives contains about 2—3% of phenolic substances in the form of
glucosides and esters. Virgin olive oil contains about 500 mg/L of polyphenols. The
guantity and quality of polyphenols in olive oil is closely related to the process of olive
milling and further processing. Therefore, virgin olive oils have substantially higher
amounts of polyphenols than refined olive oils (Bianco et al., 2002; Naczk & Shahidi,
2004). The phenolic compounds in olive oil are mostly glycides (e.g., oleuropein),
alcohols and phenols (tyrosol, hydroxytyrosol), and also flavonoids (D Boskou, 2015;
Dimitrios Boskou, 2008; Ramirez-Tortosa et al., 2006). Phenolic compounds are mainly
responsible for the characteristic gustatory property of virgin olive oil, namely the
bitter taste. Some micro constituents of olive oil are soluble in water, and thus, the
content of phenolic compounds that are present in olive oil depends to a large extent

on the extraction process (D Boskou, 2015; Tuck & Hayball, 2002).

Among the minor components, the phenolic ones are relevant for the health effects

attributed to EVOO (Figure 5) (Dimitrios Boskou, 2008). Epidemiological studies
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indicate that dietary consumption of phenol enriched EVOO has a cardioprotective
effect in Mediterranean populations (Romani et al., 2019) . The minor polar
compounds include different subclasses among these: secoiridoids such as oleuropein
(OLE) aglycone and oleacein, deacetoxyoleuropein, oleocanthal (OLC), phenolic
alcohols with hydroxytyrosol (HT), and tyrosol (TYR), together with their secoiridoid
precursors and traces of phenolic acids such as gallic acid, protocatechic acid, p-
hydroxybenzoic acid, vanillic acid, caffeic acid, syringic acid, p- and o-coumaric acid,
ferulic acid, and cinnamic acid. The flavonoids class is represented in small amounts;
luteolin and apigenin are the flavones mostly found. The last class is composed of
lignans, and the most representative compounds in EVOO are acetoxypinoresinol and

pinoresinol (CODEXALIMENTARIUS FAO-WHO).

HT and OLE are valuable compounds for their high antioxidant capacity and for metal-
chelating and free radical scavenging activities (Sroka & Cisowski, 2003). The above
described lignans, pinoresinol and acetoxypinoresinol, also show antioxidant capacity
(Lépez-Biedma et al., 2016). HT is a molecule containing an ortho-diphenolic group

that plays a significant role in EVOO.

EVOO Minor Polar Components One hundred grams of EVOQ contains up to

(a) Oleuropein aglycone 25 mg of o-tocopherol and 1-2 mg of

(b) Deacetoxy oleuropein

Secoiridoids .
(c) Oleocanthal and oleacin . .
(d) Ligstroside aglycone carotenoids, which are both potent
(a) Hydroxytyrosol . .

Phenolics (b) Tyrosol antioxidants, as well as 20-500 mg of
(c) Hydroxy tyrosol glycole
(@) Gallic acid oleuropein and 98-185 mg of phytosterols
(b) Protocatechuic acid
() p-Hydroxybenzoic acid (Visioli et al., 2020). Furthermore, it has

(d) Vanillic acid
Phenolic acids (e) Caffeic acid
(f) Syringic acid
(g) p- and o-coumaric acid

been shown that 50 g of extra virgin olive

(h) Ferulic acid oil contains up to 9 mg of oleocanthal, a
(i) Cinnamic acid
. (a) Luteclin phytochemical with ibuprofen-like COX-
Flavonoids . .
(b) Apigenin
Lignans (a) (+) Pinoresinol inhibitory activity (Beauchamp et al., 2005;
1gnan

(b) (+) Acetoxypinoresinol

Elnagar et al., 2011).
Figure 5: Minor compounds found in Extra-Virgin Olive

Oil (Romani et al., 2019)
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1.2.5 Olive oil certification

Certification is a multiplex issue that covers many aspects including characterization,
adulteration, mislabeling, and misleading origin, among many others. Techniques like
high-performance liquid chromatography (HPLC), gas liquid chromatography (GLC),
and nuclear magnetic resonance (NMR) are being used to check and classify olive oil
against international and specifications and legal regulations (Aparicio & Harwood,

2013).

Main parameters for the definition of quality of olive oils are color, taste, and aroma.
These attributes are ascribable to compounds present in olive oil as the result of its
mechanical extraction from the fruit and to the fact that it usually can be consumed
without any refining process. Color is perhaps the most important sensory
characteristic and it depends on the content of chlorophylls and carotenoids. Taste is
probably attributed to secoiridoid compounds. Aroma seems to be related to chemical
factors, such as the volatility and hydrophobic character, and to stereochemical
structure of odorants rather than their concentration. Beside genetic factors, content
in these compounds is affected by ripening degree and to the conditions adopted for

oil extraction (Aparicio & Harwood, 2013).

According to worldwide standards, olive oils are graded upon their chemical
composition (see the four types of olive oils in 1.2 Extra-Virgin Olive Oil (EVOO)) and
their sensory components, as aroma, flavor, pungency and bitterness (International
Olive Council; Olive Oil Quality & Organoleptic Evaluation - Olive Oil Organoleptic
Evaluation Laboratory Rethymno). Sensory assessment is based on the positive and
negative attributes. In positive attributes are included fruity, bitter and pungent, while
negative attributes are fusty, musty, muddy and others. Positive attributes are
determined by the quality of fruit produced on the tree while negative attributes are

caused by human error (Mailer & Beckingham, 2006).
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1.3 Cancer

Cancer is multifactorial disease and its onset can be attributed to genetic and
environmental factors (Baena Ruiz & Salinas Hernandez, 2014). It is the second leading
cause of death globally and is responsible for an estimated 9.6 million deaths in 2018.
Globally, about 1 in 6 deaths is due to cancer (World Health Organization). Exhaustive
studies of these factors determined that genetic factors accounted for only 5% of
cancer incidences, the other 95% is due to environmental factors (Irigaray et al., 2007).
During cancer, normal cells are transformed into malignant cells following a multistep
process. Malignant cells acquire enhanced features that are present in normal cells.
These enhanced features can be illustrated in Figure 6. Tumors are complex tissues
composed of multiple cell types that are organized in such a way to participate in

heterotypic interactions with one another (Hanahan & Weinberg, 2011).

Sustaining proliferative
signaling

Resisting Evading growth
cell death suppressors

Inducing Activating invasion
angiogenesis and metastasis

Enabling replicative
immortality

Figure 6: The Hallmarks of cancer. In this illustration are depicted the six hallmark capabilities of cancer (Hanahan
& Weinberg, 2011).

Carcinogenesis involves the alterations of a variety of genes called cancer genes and
can be grouped in four broad categories, activation of oncogenes, inactivation of
tumor suppressors, evasion of apoptosis genes and defective DNA repair genes
(Malarkey et al.). During carcinogenesis, each neoplasm arises from an individual cell
that has accumulated at least 80 genetic alterations in cancer genes. In these
alterations there are included some “driver” mutations that end up to cancer’s

uncontrolled growth.
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1.3.1 Sustaining proliferative signaling

It is without doubt that the most fundamental characteristic of cancer cells is their
ability to sustain chronic proliferation. Cancer cells deregulate signals involved in
production and release of growth factors, while in normal cells these signals are
carefully controlled in order to ensure the homeostasis and maintenance of cell
architecture and function (Hanahan & Weinberg, 2011). Growth factors bind to
receptors in the surface of the cells to convey signals concerning the regulated
progression through the cell cycle as well as cell growth. Coupled with cell growth is

cell survival and energy metabolism.

Mitogenic signals are better understood in cancer cells (Hynes & MacDonald, 2009;
Lemmon & Schlessinger, 2010; Perona, 2006; Witsch et al., 2010). Cancer cells built up
alternate ways to sustain proliferative signaling: Through autocrine stimulation they
can produce and secrete growth factor ligands while the respond is conveyed through
receptors they express. Alternatively, stimulation of normal cells of the tumor-
associated stroma from cancer cells can result in the support of cancer cells with
growth factors so they can proliferate (Bhowmick et al., 2004; Cheng et al., 2008).
Besides secretion of growth factors, cancer cells upregulate the expression of growth
factor receptors to respond even in limiting amounts of growth factors, resulting in
hyperresponsiveness. Another way to the extensive proliferation is the constitutive
activation of signaling pathways downstream of growth factor receptors (Hanahan &

Weinberg, 2011).

Normal cells use highly effective negative-feedback loops to ensure homeostatic
regulation of the flux of signals coursing through the intracellular circuitry (Amit et al.,
2007; Cabrita & Christofori, 2008; Mosesson et al., 2008; Wertz & Dixit, 2010).
Proliferative signaling can be enhanced because cancer cells take advantage of them
causing malfunctions, i.e. oncogenic mutation in ras gene (Ras oncoprotein) results in
excessive proliferative signaling through MAPKs. Normal function of this protein is to
operate as an intrinsic negative-feedback loop that ensures that active signal

transmission is transitory.

Early research revealed that excessive expression of proliferative genes and the signals
manifested by their products would result in increased cancer cell proliferation and
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thus tumor growth. More research undermined this notion, revealing that
overexpression of oncoproteins such as RAS, MYC and RAF can provoke counteracting
responses from cells, specifically induction of cell senescence and/or apoptosis.
Senescence is a viable but non-proliferative state. Normal cells oppose to maximal
mitogenic stimulation entering in senescence and/or inducing apoptosis. These
findings indicate that cancer cells adapt to excessive mitogenic signaling overcoming
cell senescence and/or apoptosis (Collado & Serrano, 2010; Evan & d’Adda di Fagagna,

2009; Lowe et al., 2004).

1.3.2 Evading growth suppressors

Besides positively acting growth-stimulatory signals, cancer cells must overcome
powerful circuits that negatively regulate cell proliferation; many of these circuits
depend on the action of tumor suppressor genes (Hanahan & Weinberg, 2011).
Normally, tumor suppressor genes inhibit cell proliferation. Genetic alterations in
these genes combined with alterations in central proteins that participate in cell cycle
checkpoints -like Cyclin-dependent kinases (Cdks), cyclins, p53 and RB
(Retinoblastoma gene protein) proteins, Cdk inhibitors (p16 and p14)- have the ability
to deregulate cell cycle of cancer cells giving them the ability to proliferate
constitutively (Mirzayans et al., 2012). RB and p53 proteins play a pivotal role in two
key complementary cellular regulatory circuits that govern the decisions of cells to
proliferate or to activate senescence and/or apoptotic programs (Sherr & McCormick,
2002). Loss of RB protein results in non-controlled entrance of the cell to the S phase
of the cell cycle (Burkhart & Sage, 2008). Likewise, p53 protein acts as a regulator for
DNA damage. Its central role is to stop cell cycle progression in the presence of DNA
damage (Deshpande et al., 2005). RB protein transduce growth-inhibitory signals that
originate outside of the cell (mostly), while p53 receives inputs from stress and
abnormality sensors within the cell’s intracellular compartment (Hanahan &

Weinberg, 2011).
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1.3.3 Resisting cell death

Evidence support that apoptosis serves as a natural barrier to cancer progression
(Adams & Cory, 2007; Lowe et al., 2004). Programmed cell death or apoptosis is a
tightly regulated mechanism in which changes like reduction of nucleus size due to
chromatin reduction and DNA damage can be observed morphologically (Nagata &
Tanaka, 2017). During apoptosis biochemical alternations, like activation of caspases

and loss of mitochondria function are also observed (Tomek et al., 2012).

Two major signaling pathways that convey apoptosis are the extrinsic pathway
receiving and processing extracellular death inducing signals, like death receptor
pathway, and the intrinsic pathway involving mitochondria sensing intracellular
signals (Hanahan & Weinberg, 2011; Nagata & Tanaka, 2017). These two pathways
have different triggers but share a common executing pathway, activation of caspase
cascade resulting in DNA fragmentation, proteolysis of cytoskeleton and nuclear
proteins, protein crosslinking, formation of apoptotic vesicles, expression of

phagocytic ligands and, in the end, the recruitment of phagocytes (Elmore, 2007).

Cancer cells evolve a variety of strategies to eliminate apoptosis. Among most tumor
cells, most common is the impairment of p53 tumor suppressor gene function,
resulting in termination of the most critical sensor of DNA damage from the apoptosis
signaling pathway. Alternatively, same results are observed from the excessive
expression of antiapoptotic regulators (Bcl-2) or survival signals (Igf1/2), eliminating
the expression of proapoptotic signals (Bim, Bax, Puma), or short-circuiting the

extrinsic ligand-induced death pathway (Hanahan & Weinberg, 2011; Wong, 2011).

1.3.4 Inducing angiogenesis

Angiogenesis is the physiological procedure where new blood vessels are formed from
already formed blood vessels. This procedure includes migration, differentiation and
combination of endothelial progenitor cells to form progenitor blood vessels (Adair &
Montani, 2010; Lapeyre-Prost et al., 2017). Both normal and cancer cells require
sufficient nutrients and oxygen to survive. During embryogenesis, vasculogenesis
results in the generation of endothelial cells and their assembly into tubes.
Vasculogenesis is followed by angiogenesis (Hanahan & Weinberg, 2011). In adults,

angiogenesis is strictly regulated and when activated, is only transient i.e. processes
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of wound healing and female reproductive cycling. It is remarkable that cancer cells
take advantage of this angiogenic switch resulting in continuous sprouting of new
vessels and sustaining nutrients and oxygen delivery in tumor progression (Hanahan

& Folkman, 1996).

Angiogenesis is governed by factors that either induce or oppose the event (Baeriswyl
& Christofori, 2009; Bergers & Benjamin, 2003). Vascular endothelial growth factor
(VEGF) and thrombospondin-1 (TSP-1) are well-known inducer and opposer,
respectively. VEGF orchestrates sprouting of new vessels during embryogenesis and
in adults during wound healing. In malignancies; VEGF is the central molecule for
angiogenesis resulting tumor progression. Besides VEGF, other proangiogenic signals
have the ability to sustain tumor angiogenesis, like fibroblast growth factor (FGF)
(Baeriswyl & Christofori, 2009). Moreover, VEGF-mediated signaling in cancer cells
results in tumorigenesis, combined with autorenewal and survival of cancer stem cells
(Mercurio, 2019). On the contrary, TSP-1 is a opposer of angiogenesis evoking

suppressive signals to counteract proangiogenic stimuli (Kazerounian et al., 2008).

1.3.5 Activating invasion and metastasis

Metastasis is a multistep process where each one step is tightly linked to the previous.
Initiation of metastasis occurs when cancer cells locally invade normal tissue, then
intravasate nearby blood and lymphatic vessels to transit to distant locations,
extravasate into the parenchyma of distant tissues, form small nodules of cancer cells,
and finally growth of small nodules to macroscopic tumors (Scully et al., 2012).
Evidence showed that cancer cells use a developmental reversible regulatory program
called Epithelial-Mesenchymal Transition (EMT) to invade, resist apoptosis, and to
disseminate (Barrallo-Gimeno & Nieto, 2005; Klymkowsky & Savagner, 2009; Polyak &
Weinberg, 2009; Thiery & Sleeman, 2006; Yilmaz & Christofori, 2009). This program
enables cells to convert to a mesenchymal state where cells exhibit increased motility

(Peinado et al., 2011).
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1.4 Diet

Environmental factors can be categorized to pivotal pillars of lifestyle (i.e. tobacco,
alcohol, physical activity), external stimuli (radiation, pollution, infections, etc.) and
diet (Irigaray et al., 2007). They are responsible for the variation of cancer incidences
among different geographical regions. These variations are certainly related to the
human exposure to different modifiable factors which may either increase or decrease

cancer risk (Willett, 1995).

In 1991, nutritional guidelines for cancer prevention were published by the American
Cancer Society (ACS) (Weinhouse et al., 1991). They were last updated in 2012 and are
based on scientific evidence on nutrition in relation to cancer prevention (L.H. et al.,
2012). Decades ago, research started focusing in elucidating the relationship between
diet and cancer. In the past decade there was a high number of well-designed studies
that gave reliable and plausible data. However, approaches using isolated nutrients
have been selected instead of dietary patterns (A.B. & J., 2010). Limiting factors that
influence the ability to determine the association between dietary patterns and cancer
are diverse pathophysiology, study durations, identification of etiologically relevant
time window and measurement error in dietary assessment methods (Harmon et al.,

2015).

As dietary patterns can be defined as the quantities, proportions or combinations of
different types of food and the frequency they are consumed (United States
Department of Agriculture, 2014). Dietary patterns based on regular consumption of
fruit, vegetables and by consequence the intake of aliments rich in selenium, folic acid,
vitamins (B-12 or D) and antioxidants (i.e. carotenoids) play a protective role in cancer

onset (Donaldson, 2004).
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1.5 Cancer and Diet

1.5.1 Extra-Virgin Olive Oil and Cancer

A number of cancers in humans are induced by carcinogenic factors present in our
environment, including our food. Approximately one-third of all cancer deaths are
related to dietary factors and reduced physical activity (Bail et al., 2016). The incidence
of all kinds of cancer in Mediterranean countries is lower than in the rest of Europe
and the USA (Casaburi et al., 2013). This is mostly accounted for by the lower incidence
of large-bowel, breast, endometrial, and prostate cancers, which have been linked to
dietary factors, particularly low consumption of vegetables and fruit and, to a certain
extent, high consumption of meat (Elnagar et al., 2011). Moreover, epidemiological
data suggest an inverse correlation between regular consumption of olive oil and
cancer risk (Calza et al., 2001; Levi et al., 1999; Schwingshackl et al., 2018). That has
been supported by animal studies that showed a protective effect of olive oil against
UV-induced damage of the skin (Budiyanto et al., 2000) and its ability to prevent the

colon crypt aberrant foci growth and colon carcinoma in rats (Bartoli et al., 2000)

The beneficial effect of olive oil against cancer has been attributed to its antioxidant
properties due to the presence of oleic acid and minor components with biological
activity, such as vitamin E, sterols, and polyphenols (Robert W. Owen et al., 2000).
Carcinogens present in our diet can damage DNA directly by forming covalent adducts
with DNA or indirectly after being activated from inactive procarcinogens or via their
induction of ROS production. Other carcinogens are not genotoxic but stimulate cell
proliferation, thereby increasing the probability of spontaneous occurrence of errors
during DNA replication. Phenolic compounds can directly scavenge radical species by
acting as chain-breaking antioxidants and suppress lipid peroxidation by recycling
other antioxidants, such as a-tocopherol, by donating a hydrogen atom to the

tocopherol molecule (Boonstra & Post, 2004; Kouka et al., 2017).
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1.5.2 Phenolics and Cancer

Accumulating evidence showed the favorable properties of minor though highly
bioactive components of EVOOs, particularly the phenolic compounds, which have
shown a broad spectrum of antioxidant, free radical scavenger and anti-inflammatory
effects commonly associated with the origin of the main chronic diseases(Cardeno et
al., 2013). Additional studies have demonstrated the beneficial effects of polyphenols
from olive oil and have been also related with their antiarrhythmic, platelet
antiaggregant and vasodilatory effects (Cardeno et al., 2013; Medina-Remon et al.,
2013) Moreover, it has been described the vasoprotective effects of polyphenol
consumption on blood pressure linked to their ability to increase endothelial synthesis
of nitric oxide (NO) and endothelium-derived hyperpolarizing factor (EDHF)-mediated
responses (Medina-Remon et al., 2013; Moreno-Luna et al., 2012). Among the
endogenously produced genotoxic substances, the reactive oxygen species are the
most important because they are continuously produced in all aerobic organisms
(Boonstra & Post, 2004). For these reasons, oxidative stress has been strongly
correlated to the onset of various degenerative diseases, particularly cancer (Halliwell,
2007). Chemo-preventive ability of olive oil could be attributable to the minor

phenolic compounds that possess these antioxidant properties.

Polyphenols can interact with specific steps and/or proteins regulating the apoptotic
process in different ways depending on their concentration, the cell system, the type
or stage of the pathological process. Because of their ability to modulate cell death,
olive polyphenols have been proposed as chemo-preventive and therapeutic agents
(Giovannini & Masella, 2012; Visioli & Bernardini, 2011). In addition to the ability
acting as a chemo-preventive agent with high antioxidant activity, the antitumor
effects of olive oil phenols has been studied due to their capacity to inhibit
proliferation and promote apoptosis in several tumor cell lines, by diverse

mechanisms (Casaburi et al., 2013)

It is well established that the pathophysiology of common disease like cancer,
cardiovascular disease, arthritis, and neurodegenerative disease are associated with
chronic inflammation (McGeer et al.,, 2009; Solinas et al., 2009). The connection

between inflammation and cancer can be thought of as consisting of two pathways: i)
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an extrinsic mechanism, where a constant inflammatory state contributes to
increased risk of developing cancer at certain anatomical sites (for example, the colon,
prostate and pancreas) and ii) an intrinsic mechanism, where acquired genetic
alterations triggers tumor development (for example an activation of various types of
oncogene by mutation, chromosomal rearrangement or amplification, and the
inactivation of tumor suppressor genes) (Mantovani et al., 2008). Members of the RAS
family are the most frequently mutated dominant oncogenes in human cancer and
activated oncogenic components of the RAS—RAF signaling pathway, in turn, induce
the production of tumor promoting inflammatory chemokines and cytokines. Another
oncogene, MYC, encodes a transcription factor that is over expressed in many human
tumors; deregulated expression of this gene initiates and maintains key aspects of the
tumor phenotype. In addition, MYC instructs the remodeling of the extracellular
microenvironment, with inflammatory cells and mediators having important roles in

this process (Campbell et al., 2002; Sumimoto et al., 2006).

The understanding of the relationship between inflammation and cancer is growing
and the resulting improved knowledge base will undoubtedly allow for development
of approaches to targeting inflammation in cancer that are worthy of clinical

evaluation (Cardeno et al., 2013).

In this sense, it is well-known that a deregulated cell proliferation and suppressed cell
death provide the underlying basis for tumor progression (Evan & Vousden, 2001).
Several studies have reported that the consumption of olive oil has a potential
protective effect against several malignancies (Di Fronzo et al., 2007; R. W. Owen et

al., 2004).
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1.6 Phenolics and Endothelium function

1.6.1 Angiogenesis

Development of the vascular system is one of the earliest events of organogenesis. In
mammals, first blood vessels of the fetus and the yolk sac develop de-novo by
differentiation of endothelial stem cells (angioblasts) in situ resulting in the formation
of an immature plexus, a process known as vasculogenesis. Then, the early vascular
network gradually expands through processes such as germination, maturation and
remodeling of the vessels leading to the development of a strictly organized and
repetitive network, which consists of larger vessels branching into capillaries (Figure
7). Smooth muscle cells overlapping provides stability and regulate vascular tightness.
The process of creating new vessels from pre-existing vessels is called angiogenesis
(Carmeliet, 2005).

Angiogenesis
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Figure 7: Development of the vascular systems (Carmeliet, 2005)
Members of the vascular endothelial growth factor (VEGF) family and their receptors
(Vascular Endothelial Growth Factor Receptor-1/2/3, VEGFR-1/2/3) are the most
important factors in vascular differentiation and angiogenesis, as they are necessary
in the formation of early vessels during vascular differentiation and in the

angiogenesis of the fetus and in the adult (Carmeliet et al., 1996).

VEGF signal transduction represents a critical step in controlling the rate of normal
angiogenesis, while its overexpression plays an important role in the development of

abnormal angiogenesis by deregulating the balance of its activators and inhibitors.
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VEGF is an endothelial cell survival factor both in in vitro and in vivo models (Alon et
al., 1995; Gerber et al., 1998). In vitro, VEGF inhibits serum-starved apoptosis through
PI3K-dependent activation of the anti-apoptotic kinase Akt/PKB (Gerber et al., 1998).
VEGF also induces the expression of the anti-apoptotic proteins Bcl-2 and A1, which
inhibit activation of caspases and in turn increase the expression of two members of
the IAP (Inhibitors of Apoptosis) family, survivin and XIAP (Tran et al., 1999) . In vivo,
inhibition of VEGF results in extensive apoptotic changes in the vascular organs of the
neonatal, but not adult, mouse (Gerber et al., 1999). In addition, it is observed that
endothelial cells of newly formed vessels are dependent on VEGF. In contrast,
endothelial cells of mature vessels, which are overlapped from pericytes, are

independent from VEGF (Benjamin et al., 1999).

Vascular endothelium is essential to maintain a proper vasodilatation and regulates
the metabolism of different molecules. Among these, molecules that are involved in
coagulation system, platelets or circulating inflammatory mediators can lead to a
dysfunction of the vascular endothelium (Borissoff et al., 2011). The binding of
platelets each other and between platelets and circulating leukocytes produces co-
aggregates which trigger leukocyte recruitment, and is important for plaque

progression (Gleissner et al., 2008; Lievens et al., 2009).

1.6.1.1 VEGF family and its receptors

In mammals, the VEGF family consists of 5 members, VEGF-A, VEGF-B, VEGF-C, VEGF-
D, and PLGF (Placental Growth Factor) (Olsson et al., 2006a). Alternative splicing of
several of the VEGF family members gives rise to isoforms with different biological

activities (Bellou et al., 2009)

VEGF receptors, VEGF Receptor 1-3, share common regulatory mechanisms with other
well-studied tyrosine kinase receptors (RTKs), such as PDGFR and EGFR (Epidermal
Growth Factor Receptor). These mechanisms include dimerization and activation of
tyrosine kinase, as well as the creation of a docking site for signal molecules. In
addition, VEGFRs induce cellular responses like migration, survival, and proliferation
of endothelial cells (Bellou et al., 2009; Olsson et al., 2006b; Donald R. Senger et al.,
1983). Depending on the properties of the different ligands, VEGFRs form homodimers
or heterodimers (Olsson et al., 2006a). Receptor dimerization is followed by kinase
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receptor activity leading to receptor autophosphorylation. Phosphorylated receptors
recruit interfering proteins and induce activation of signaling pathways comprising a

set of messenger molecules.

1.6.1.2 VEGFR-2 signaling

VEGFR-2 is the major mediator of mitogenic and angiogenic effects, as well as the
enhancement of vascular permeability induced by VEGF (Ferrara et al., 2003). Unlike

VEGFR-1, the autophosphorylation of VEGFR-2 by VEGF is immediately detectable.

Only few molecules have been shown to interact directly with VEGFR-2. PLC-y binds
to the phosphorylated residue Tyr1175 and triggers the activation of a cascade of
mitogen-activated protein kinases (MAPKs) / extracellular-regulated kinases 1/2,
(ERK1/2) and endothelial cell proliferation (Takahashi et al., 2001). PLC-y in turn
activates PKC through the production of diacylglycerol and increased concentrations

of intracellular calcium (Figure 8)
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Figure 8:VEGFR-2 signaling and its phosphorylation sites (Olsson et al., 2006a)

Downstream activation of AKT / PKB (Serine / threonine kinase) by PI3K determines
endothelial cell survival (Bagli et al., 2004; Fujio & Walsh, 1999). AKT / PKB kinase also
regulates nitric oxide (NO) production through direct phosphorylation and activation
of endothelial nitric oxide synthetase (eNOS).
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VEGF does not appear to induce strong mitogenic signals in endothelial cells and the
importance of Ras-Raf-MEK-MAPK pathway downstream of VEGFR-2 is unclear.
However, VEGF induces Ras activation in human umbilical vein endothelial cells
(HUVECs) and Ras has been implicated in the angiogenetic phenotype of endothelial
cells (Meadows et al., 2001).

1.6.1.3 Macroscopic overview of VEGF expression in cancer

To sustain self-sufficiency or autonomy, tumor cells express VEGF and VEGFRs acting
in an autocrine manner mostly (Cao et al., 2012; Hamerlik et al., 2012; Mak et al., 2010;
D R Senger & Van De Water, 2000). VEGF is also secreted by stromal cells, including
macrophages, endothelial cells, and fibroblasts. Autocrine VEGF signaling is generally
characteristic of more aggressive types of cancer, including poorly differentiated
carcinomas (Cao et al., 2012; Hamerlik et al.,, 2012; Mak et al., 2010). These
carcinomas as characterized by embryonic gene expression pattern and activation of
key developmental pathways, like angiogenesis an epithelial-to-mesenchymal
transition (EMT) (Ben-Porath et al., 2008; Goel & Mercurio, 2013). T regulatory cells
are attracted by VEGF in order to inhibit an immune response against tumor cells. It is
likely that autocrine VEGF signaling in tumor cells is driven by hypoxia-inducing factor

(HIF) (Mimeault & Batra, 2013).
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Figure 9: VEGF functions in tumors (Goel & Mercurio, 2013)
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1.6.2 Role of phenolic compounds on the endothelium

Some environmental factors have been associated with impairments in vascular
endothelium function, which produce an imbalance of the redox system, due to the
increase of oxidative stress, and a decrease of nitric oxide availability at the vascular
site (Ambrose & Barua, 2004; Brunner et al., 2005). Meals rich in EVOO have been
described to have a favorable effect on the postprandial vasomotor function of the
endothelium, enhancing the vasodilator capacity during this phase, in comparison to
meals rich in saturated fatty acids (SFA). Thus, a 4-weeks period of consumption of
Mediterranean diet rich in EVOO was associated with an improvement in endothelial
function versus a SFA-rich diet in hypercholesterolemic patients (Fuentes et al., 2001).
The same improvement was observed in elderly subjects who adhered to a
Mediterranean diet, where the main source of monounsaturated fatty acids (MUFA)
was provided by EVOO, and supplemented or not with the antioxidant coenzyme Q10
(Yubero-Serrano et al., 2012), mediated by a lower inflammation and oxidative stress,
with a higher bioavailability of nitric oxide (Yubero-Serrano et al., 2012, 2013). An in
vitro study analyzed the effect of the phenolic fraction from EVOO on the vascular
endothelial growth factor (VEGF)-induced angiogenic responses of human endothelial
cells. Human cultured endothelial cells with the EVOO phenolic fraction significantly
reduced the VEGF-induced cell migration, inhibited the expression of MMP-2 and
MMP-9, and reduced VEGF-induced intracellular ROS by modulating NADPH oxidase
activity, compared with fasting control serum (Calabriso et al., 2016). Specifically,
hydroxytyrosol (HT) was reported to increase nitric oxide production in endothelial
cell culture (Storniolo et al., 2014). In a randomized controlled trial it was shown that
healthy individuals who consumed oleuropein extracts showed a decrease in systolic

and diastolic blood pressure (Lockyer et al., 2017).

According to literature, as described above, it is known that EVOO has beneficial
effects on reducing the risk of diseases like these concerning the cardiovascular
system and cancer (Casaburi et al., 2013; Fuentes et al., 2001). Most of the studies
have been carried out using specific phenolic compounds isolated from EVOO (Elnagar
et al., 2011; Fogli et al., 2016b). In Greece, very few studies have assessed the chemical

profile of monovarietal origin EVOOs (Karkoula et al., 2012, 2014) while another study
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assessed the chemical profile of olive-leaf extracts and their anti-proliferative effect
on cancer and endothelial cells (Goulas et al., 2009). However, different EVOOs from
different places have not been examined in order to investigate the effect of place of

origin.

In our study, we examined the effect of 11 different Greek EVOOs of monovarietal
origin on proliferation, migration, and survival of different cell line. In addition, for the
first time EVOOs from Greece have been analyzed regarding their concentration in
phenolic compounds, which gives us the opportunity to investigate whether any effect
on non- or cancer cells is due to known phenolic compounds that are characterized

and analyzed.
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THESIS AIMS

THESIS AIMS

Plant-derived dietary components contain high concentrations of phytochemicals,
compounds devoid of any nutritional or energy-generating value that are responsible
for the protective effects of plant-based diets. An abundance of different
phytochemical classes, composed of many metabolites, have been identified in plant-
based diets and shown to have biological activity in vitro and in experimental animal
models. Olive oil as one of the components of the MD diet does contain several classes
of phytoestrogens that have been shown to exert certain biological activities (see
above). Several assays have been developed to monitor the quality of the olive oil and
related products, which are based on chemical analysis by measuring the level of the
main metabolites of certain classes of phytochemicals. Then, depending on the
concentration levels of certain metabolites an indirect estimation of the potential
health benefit of the said olive oil is deduced. Whereas this methodological approach
at present represents probably the best solution to tackle the issue of the potential

health benefits of olive oil, it still has several drawbacks.

The chemical analysis does not include measurement of all the phytochemical classes
and certainly not all the metabolites. Therefore, any estimation regarding the health
benefits of the olive oil under testing will have to rely only on the value of 1-2
metabolites (probably the most abundant) of selected phytochemical classes. Any
conclusions based on such partial values will not provide an accurate picture of the
health benefits of olive oil samples. For instance, some combinations of
phytochemicals might be synergistic on certain enzymes (or other targets) and
inhibitory on others. Considering that most probably there are many metabolites that
remain to be identified and that metabolites of lower concentration might be more
active than the abundant metabolites, then predicting biological activity by measuring
the level of few phytochemical metabolites of ingested with olive oil, is not an accurate

process.

The best approach, at present, towards estimating biological activity of olive oil

samples is the development of in vitro assays that reconstitute the in vivo activity.
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These assays should be in principle easy, reliable and scientifically sound. If possible,
these assays should be amenable to automation to increase the sample throughput
and reduce the time. Finally, the availability of a relevant mouse model for validation

would be advantageous.

Phytochemicals protect against cancer, degenerative (Alzheimer’s) and heart disease,
lower blood pressure, reduce risk of diabetes, and exhibit antioxidant as well as anti-
inflammatory activity. For most of these diseases or states in vitro assays can be

developed.

Aim of this Thesis is to investigate the protective effect of Greek EVOO against cancer

focusing on developing a certification approach that is based

i On several in vitro assays that reconstitute the hallmarks of cancer, and
ii. On sampling that does not discriminate between the different

phytochemical classes and their metabolites
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Chapter 2 MATERIALS AND METHODS

2.1 Cell Culture

2.1.1 DLD-1 cells

DLD-1 cells were cultured in 10cm dishes at 37°C, 5% CO, using McCoy’s 5A (HyClone)
medium supplemented with 10% FBS (Gibco), 100U/mL Penicillin and 100mg/mL
Streptomycin (Gibco). Cells were passaged every 2 days in a ratio of 1 to 4. During
passaging, cells were washed with 10mL PBS (PAN-biotech) and incubated with
Trypsin (Gibco) for 2-3 minutes at 37°C. Thereafter, cells were dissociated,

resuspended in 10mL fresh medium, and transferred to new dishes.

2.1.2. HCT-116 cells

HCT-116 cells were cultured in 10cm dishes at 37°C, 5% CO2 using DMEM high glucose
(PAN-biotech) medium supplemented with 10% FBS, 100U/mL Penicillin and
100mg/mL Streptomycin. Cells were passaged every 2 days in a ratio of 1 to 4. During
passaging, cells were washed with 10mL PBS and incubated with Trypsin for 1-2
minutes at 37°C. Thereafter, cells were dissociated, resuspended in 10mL fresh

medium, and transferred to new dishes.

2.1.3 Differences between DLD-1 & HCT-116 cells

Both cancer cell lines are colorectal, DLD-1 (Duke’s type C colorectal adenocarcinoma)
cells harbour the mutation E545K in PI3KCA and the mutation S421F in TP53, while
HCT-116 (colorectal carcinoma) cells harbour the mutation H1047R in PI3KCA and they
have wild type TP53 (Ahmed et al., 2013; Samuels et al., 2005). Both cell lines are

diploid and heterozygous for each mutation.
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2.1.4 MCF-7 cells

MCF-7 cells were cultured in 60mm dishes at 37°C, 5% CO, using DMEM high glucose
medium supplemented with 10% FBS, 100U/mL Penicillin and 100mg/mL
Streptomycin. Cells were passaged every 2 days in a ratio of 1 to 3. During passaging,
cells were washed with 5mL of PBS and incubated with Trypsin for 2-3 minutes.
Thereafter, cells were dissociated, resuspended in 5mL fresh medium, and transferred

to new dishes.

2.1.5 Isolation of Human endothelial cells from neonatal umbilical cord vein

HUVECs (Human Umbilical Vein Endothelial Cells) are isolated from the umbilical cord
vein of neonates according to the protocol described by Jaffe and colleagues (Jaffe et
al. 1973). Until processed, the umbilical cord is maintained in phosphate buffer (PBS)
on ice. Initially, the cords are washed externally with PBS. The vein of the cord is then
palpated and opened on both sides. Three-way stop cocks are attached, which are tied
with surgical thread. Subsequently, the vein in the cord is washed with PBS until the
blood is removed and the solution is clear. The vein is filled using a syringe on one side
with collagenase solution in PBS (0.1%, Collagenase type IA, Sigma), then incubated at
37 °C for 12 minutes in a jar with preheated PBS. 12 minutes later, this solution is
collected along with detached cells, after applying 2 syringes at both ends of the cord.
One of them contains 5% FBS M199 (Gibco), which inactivates the collagenase while
the other is empty. By applying pressure, the medium is transported along the strand,
from side to side, pulling the detached cells. The procedure is repeated twice, and the
cell suspension is collected in a centrifuge tube. Then, the suspension is centrifuged
for 5 minutes at 1400 rpm at room temperature. The supernatant is removed, and the
cell pellet is resuspended in M199 supplemented with FBS, ECGS, Pen/Strep, and
Heparin (Sigma). Cells are then plated on 10 cm plates which are pre-coated with 4ml

rat type | collagen (BD Biosciences Collagen Type | RatTail).
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2.1.6 HUVEGs

Cells were cultured in 10cm dishes using M199 medium supplemented with 20% FBS,
100U/mL Penicillin, 100mg/mL Streptomycin, 0.05mg/ml Endothelial Cell Growth
Extract (ECGS) and 0.05U/ml heparin. Dishes were preincubated with 4mL of collagen
rat type | for 20 minutes in 37°C. Thereafter, these dishes were washed 2 times with
10mL of PBS. Passaging of the cells was conducted every 3 days in a ratio of 1 to 3.
During passaging, cells were washed with 10mL PBS, incubated with Trypsin for less
than 1 minute. Subsequently, they were dissociated, resuspended in 10mL fresh
medium, and transferred to new dishes. All nutrients were filtered for retention of

insoluble particles. Cells were used up to passage 5.

2.1.7 Freezing cells

All cell lines were frozen the same way. Cells were passaged as described above and
cultured at a confluency of 60-70%. They were dissociated and resuspended in 900uL
heat-inactivated FBS with the addition of 100uL DMSO (Sigma). The cryovials were

quickly transferred in -80°C freezer for 24hrs before transferred to liquid nitrogen.

2.1.8 Thawing cells

All cell lines were thawed the same way. 20mL of fresh medium was added in the 10cm
dish (collagen pre-coated dishes for HUVE cells). Cells were incubated in a 37°C
waterbath for 30sec and platted in 10cm dish. Medium was changed the day after

thawing and cells were cultured as described above.

2.2 Biochemical Methods

2.2.1 Staining using Phalloidin

All cells were treated the same way except for HUVECs. Coverslips for HUVECs were

coated with collagen rat type | so the cells can attach on the glass surface.

After cell treatment, cells were washed 2 times using PBS, fixed in 3.7% PFA (Merck)

for 15 minutes and quenched with 50mM NHaClI (in PBS) for 15 minutes. Subsequently,
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cells were permeabilized with 0.1% Triton X-100 (Sigma) (in PBS) for 5 minutes.
Phalloidin (stock 2mM) was added in a ratio 1:100 (in PBS) for 20 minutes. The samples
were mounted in Mowiol (EMD Millipore) mounting medium. Imaging was carried out

using a Leica SP5 Confocal Microscope.

Phalloidin (Sigma) is a highly selective bicyclic peptide that is used for staining actin
filaments (also known as F-actin). It binds to all variants of actin filaments in many
different species of animals and plants. Typically, it is used conjugated to a fluorescent
dye, such as Rhodamine. The tetramethyl rhodamine dye can be easily detected with

a fluorescent microscope at Ex/Em = 546/575 nm.

2.3 Live imaging using IncuCyte® system

The IncuCyte® Live Imaging System was used. IncuCyte® is a live imaging system which
can be used for a variety of techniques as it can monitor cells while growing in an

incubator. Parameters and analysis can be controlled through its dedicated software.

2.3.1 Cell Growth

For the growth capability of the cells, the IncuCyte® live imaging system (Sartorius)
was used. 10,000 cells were seeded in a 96-well plate in duplicates or triplicates for
each condition. For HUVECs, 96-well plates were coated with collagen rat type |,
incubated in 37°C, 5% CO; for 20 minutes and washed 2 times with PBS. After an
overnight incubation of the cells, each treatment was performed, and the plate was

placed in the IncuCyte®. Pictures were obtained every 2-4 hrs for 48 hrs using 10x lens.

2.3.2 Wound healing assay for migration

The test migration, cells were seeded in a 24-well plate and incubated in a 37°C, 5%
CO; incubator (collagen rat type | coated plates for 20 minutes for HUVECs with 2
washes using PBS). Once cells were confluent, a scratch was made in each well using

a 200p tip in a cross-shape manner. After 1 PBS wash, cells were treated with each
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condition and the plate was placed in IncuCyte® for 16-24hrs using 4x lens and an

interval of 2hrs.

Analysis of the images was performed using the first and the last picture (Oh and 16h

or 24h after) using Fiji-lmageJ.

2.3.3 Apoptosis-Necrosis assay using Propidium lodide (Pl)

Cells were seeded in a 96-well plate. After an overnight incubation in 37°C, 5% CO,
medium was replaced with serum free medium and cells were treated with EVOO
(Extra-Virgin Olive Qil)-enriched medium or directly with EVOO. The plate was placed
in IncuCyte for 72h taking images every 4h using 10x lens and red filter. After 24h, 48h
and 72h, Propidium lodide (PI, Propidium lodide, ThermoFischer Scientific) was added
in each well at a final concentration of 2ug/mL. As positive control H,0; was used

which causes necrosis at a concentration of 10mM.

2.3.4 Apoptosis assay

Cells were seeded in a 96-well plate. After an overnight incubation in 37°C, 5% CO,
medium was replaced with serum free medium and the addition of IncuCyte® Green
Caspase Reagent (Sartorius) in a ratio of 1 to 1000 for a final concentration of 5uM.
Each EVOO was added in a ratio 1:50. As positive control TRAIL (ImmunoTools) was
used (ligand capable of initiating apoptosis in cancer and transformed cells (Wang &
El-Deiry, 2003) at a concentration of 35ng/mL dissolved in 0.1%HSA plus IncuCyte®
Green Caspase Reagent. As negative controls we used 1) HSA 0.1% plus IncuCyte®
Green Caspase Reagent, 2) IncuCyte® Green Caspase Reagent alone in plain culture
medium, and 3) cells in full medium without IncuCyte® Green Caspase Reagent since
seeding. The plate was placed in the IncuCyte® for 48hrs with an interval of 2hrs using

10x lens and green filter.

The Caspase-3/7 Green Reagent is specially formulated for use in the Incucyte® Live-
Cell Analysis System and can be added directly to tissue culture wells using a no wash,
mix and read protocol to acquire live cell images of cells undergoing caspase-3/7

mediated apoptosis (Figure 10). In addition, the Caspase-3/7 Green Reagent is non-
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perturbing to cell growth and morphology. When added to tissue culture medium, this

inert, non- fluorescent substrate crosses the cell membrane where it is cleaved by

activated caspase-3/7 resulting in the release of the DNA dye and green fluorescent

staining of nuclear DNA (Figure 11). Kinetic activation of caspase-3/7 can be

monitored morphologically using live cell imaging, and quantified using the Incucyte®

Basic Analyzer (Incucyte® Caspase-3/7 Green Reagent for Apoptosis).

Seed cells (100 pLiwell, 1,000
- 5,000)intoa 96-well plate
and incubate overnight.

. KEAGEN | AND | KEAI CELLS

Prepare the desired treatments at
1xin medium containing IncuCyte
Caspase-3/7 or Annexin V Reagents.
Aspirate media from wells and add
treatment (100 pl/well).

 ANALYSID

Capture images every 2-3
hours (20x or 10x) in the
IncuCyte® System. Analyze
using integrated software.

Figure 10: IncuCyte caspase-3/7 Green Reagent for apoptosis protocol for non-adherent cell lines

IncuCyte® Caspase-3/7 Green Reagent Overview Schematic

IncuCyte® Caspase-3/7

Healthy
cell

i < —DNA binding dye
2 —plasma membrane
#—Caspaseaﬁ (activated)

Green Reagent
2
—DEVD peptide .

— DEVD recognition motif

—T1— Cytoplasm

DNA binding dye
— Nuclear DNA
— Nucleus

IncuCyte™ Caspase-3/7 Green Reagent
Added to Media
No fluorescence in the presence of

healthy cells. The Caspase-3/7 Reagent
freely crosses the cell membrane and is
non-fluorescent and non-DNA binding.

Apoptotic Cell Death and
Caspase-3/7 Cleavage

Apoptotic
cell

&

Activated caspase-3/7 cleaves the Caspase-3/7
Green Reagent at the DEVD recognition motif,
releasing a DNA binding dye that fluorescently

labels the nuclear DNA of apoptotic cells.

Figure 11: IncuCyte Caspase-3/7 Green Reagent for apoptosis schematic overview of DEVD recognition motif
coupled to NucView 488, a DNA intercalating dye.
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2.4 Treatment using Extra-Virgin Olive Oil (EVOO)

2.4.1 Extra Virgin Olive Oil (EVOO) enriched medium

EVOO was added in serum free medium (Plain medium) in a ratio EVOO:medium 1:25.
The mixture was vortexed for 20sec and an incubation at room temperature for 5
minutes. Cells were treated with each supernatant (Sup) carefully avoiding the oily
phase on top of the mixture. 1:50 ratio was prepared from 1:25 by diluting 1:2. 1:100
ratio was prepared from 1:50 by diluting 1:2.
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Figure 12: Schematic overview of production of EVOO (or Corn oil)-enriched culture medium and every dilution
used in experiments.

EVOO enriched medium contains the more hydrophilic components of EVOO,

including the phenolic compounds.

2.4.2 Direct use of EVOO

EVOO was added directly in culture medium in a ratio of 1:25, 1:50 or 1:100