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ARTICLE INFO ABSTRACT

Keywords: Many beneficial properties have been attributed to the Mediterranean diet. Over the years, researchers have
Hydroxytyrosol attempted to learn which foods and which food components are responsible for good health. One of these
Olive oil components is hydroxytyrosol, an important phenolic compound present in olive oil.
Chronic diseases Hydroxytyrosol is a molecule of high interest to the pharmaceutical industry due to its anti-inflammatory and
Inflammation L . ce s . . . . .

. . antimicrobial qualities its role against cardiovascular diseases and metabolic syndrome and for its neuropro-
Reactive oxygen species (ROS) . . . . . . . .
Cancer tection, antitumour, and chemo modulation effects. The interest in this molecule has led to wide research on its

biological activities, its beneficial effects in humans and how to synthetize new molecules from hydroxytyrosol.

This review describes the vast range of information about hydroxytyrosol, focusing on its involvement in
biological mechanisms and modulation effects on different pathologies. This review also serves to highlight the
role of hydroxytyrosol as a nutraceutical and as a potential therapeutic agent.

1. Introduction intake of antioxidants and anti-inflammatory elements present in sev-

eral components of this diet, especially with a high adherence to the

The Mediterranean diet (MD) has been widely studied due to its
association with improved human health. This diet is based on a high
intake of cereals, vegetables, fruits, olive oil (OO), nuts, and legumes, a
low quantity of meat and meat products, and a moderate amount of fish
and seafood and moderate drinking of alcohol. It is well established that
the MD is very effective against: cardiovascular disease (Estruch et al.,
2006; Goncalves et al., 2015), diabetes (Salas-Salvado et al., 2014),
inflammation (Martinez-Gonzalez et al., 2015), cancer (Couto et al.,
2011), and aging (Gonzalez-Alonso et al., 2015; Varela-Lopez et al.,
2015).

Many of the benefits associated with the MD are the result of a high

diet (Diamanti et al., 2014; Gonzalez-Alonso et al., 2015; Granados-
Principal et al., 2012).

There is much evidence of the health-beneficial effects of the MD
because of the consumption of olive oil. This product contains large
amounts of monounsaturated fatty acids and also antioxidants like
(poly)phenols, which are responsible for the organoleptic character-
istics, the auto-oxidation stability and all properties of olive oil in re-
lation to health (Buckland & Gonzalez, 2015; Gonzalez-Alonso et al.,
2015; Lopez-Miranda et al., 2010).

This review focuses on one of the most important components of
olive oil's (poly)phenol group: hydroxytyrosol (HT).

Abbreviations: MD, Mediterranean diet; HT, hydroxytyrosol; IUPAC, International Union of Pure and Applied Chemistry; ADME, absorption, distribution, metabolism and excretion
processes; EVOO, extra virgin olive oil; HTA, HT acetate; Tyr, tyrosol; EFSA, European Food Safety Authority; VECs, vascular endothelial cells; ROS, reactive oxygen species; Mn-SOD, Mn-
Superoxide dismutase; GPx, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; CAT, catalase; cAMP, (cyclic adenosine monophosphate); cGMP, (cyclic
guanosine monophosphate); PDE, phosphodiesterase; COX, cyclooxygenase; TxB2, thromboxane B2; TxA2, thromboxane A2; ICAM-1, Intercellular Adhesion Molecule 1; VCAM-1,
vascular cell adhesion molecule 1; HAEC, aortic endothelial cells; TBARS, thiobarbituric acid reactive substances; LDH, lactate dehydrogenase; LDL, low density lipoproteins; NO, nitric
oxide; TNF-a, tumour necrosis factor-alpha; PKC, protein kinase C; PGE2, prostaglandin E2; TGF-B1, transforming growth factor $1; Nrf-2, nuclear transcription factors NF-E2-related
factor 2; HO-1, haem oxygenase-1; NQO-1, quinone oxidoreductase-1; BDNF, brain-derived neurotrophic factor; GAP43, growth associated protein 43; CDKs, cyclin-dependent kinases;
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Fig. 1. Hydroxytyrosol structure.

2. Characteristics of HT

HT is an amphipathic phenol with a molecular weight of 154.16 g/
mol and a phenylethyl-alcohol structure. It is also called 3,4-dihy-
droxyphenylethanol (DOPET) or 3,4-dihydroxyphenolethanol (3,4-
DHPEA) or 4-(2-Hydroxyethyl)-1,2-benzenediol by the International
Union of Pure and Applied Chemistry (IUPAC) system (Fig. 1). This
compound is part of the soluble fraction from minority components of
extra virgin olive oil and it is present at a very high concentration in the
leaves of the olive tree (Olea europaea L.). HT is also one of the main
compounds present in olive oil and it has been described as an anti-
oxidant with many biological activities (Covas, de la Torre, & Fito,
2015; Perez-Bonilla, Salido, van Beek, & Altarejos, 2014). Due to the
phenolic nature of HT, many studies have been carried out with dif-
ferent types of olive oils, enriched or not with this compound, to de-
monstrate its antioxidant, anti-inflammatory and antiatherogenic ef-
fects (Bernini, Merendino, Romani, & Velotti, 2013; Granados-Principal
et al., 2014; Rodriguez-Morato et al., 2015). Additional studies have
also focused on the antimicrobial (Medina, de Castro, Romero, &
Brenes, 2006; Zoric et al., 2013) and dermatological properties
(D'Angelo et al., 2005) of HT, thus showing the wide health-beneficial
properties of this compound. Thanks to all these findings, HT has been
postulated as a nutraceutical for preventing and treating different dis-
eases.

The origin of HT is the hydrolysis of oleuropein which happens
during the ripening of the olives, and during the storage and elabora-
tion of table olives (Charoenprasert & Mitchell, 2012). When olives are
processed to get their oil by crushing them, three different (poly)
phenol-enriched layers are obtained: olive mill wastewater, pomace,
and olive oil. Due to the amphipathic character of HT, it can be found
on these three phases on a free form, as acetate form or as part of more
complex compounds like oleacein, verbascoside, and oleuropein
(Boskou, 2008).

On the other hand, the content of HT in olive oil depends on the
kind of olive tree and olive, the location of the plantation, the oil
quality, and the olive oil elaboration process (Romero et al., 2004).

HT is also present in the leaves of olive trees on a free form and also
taking part in the structure of a complex of different elements. Some
authors have determined that HT in VOO, and by-products of oil me-
chanical extraction process can be found mainly as aglycon derivatives
of oleuropein and demethyoleuropein (3,4-DHPEA-EDA, 3,4-DHPEA-
EA), doing very difficult to find HT as free form (Fabiani et al., 2006;
Servili et al., 2004). Will be during the storage of the OO when the level
of HT increase as a consequence of the hydrolysis of the secoiridoids.
Other authors found that HT only was found in EVOO with a poly-
phenol content greater than 200 ppm (Montedoro, Servili, Baldioli, &
Miniati, 1992). The extraction process of both HT and other (poly)
phenols is commonly carried out in presence of methanol, ethanol or
both, to induce the enzymatic activity of galactosidase to generate HT
from oleuropein (Briante et al., 2002; Briante, La Cara, Febbraio,
Patumi, & Nucci, 2002; Fernandez-Mar, Mateos, Garcia-Parrilla,
Puertas, & Cantos-Villar, 2012).

In the last ten years, it has been found that HT is also present in red
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Table 1
Average concentration of HT in different foods.

Food HT average content
White wine 2mg/1

Aged red wine 20 mg/1

Red wine 3 mg/1

Olive tree leaves 12mg/g

and white wines, with higher concentration in the first one. However,
these concentrations are always lower than they usually are in extra
virgin olive oil or extracts from leaves. The average concentration of HT
found in the scientific literature for different type of wines and olive-
leaf extracts (commonly employed as tisanes)(Di Tommaso, Calabrese,
& Rotilio, 1998; Fernandez-Mar et al., 2012; Minuti, Pellegrino, & Tesei,
2006; Quirantes-Pine et al., 2013; Ramirez-Tortosa, Pulido-Moran,
Granados, Gaforio, & Quiles, 2014) are reported in Table 1. In spite of
HT has been directly linked with OO, most of the authors have detected
it in a very low concentration in VOO, reaching an average of 1.8 mg of
HT per kg of 210 different VOO evaluated samples, obtained in in-
dustrial plants (Servili et al., 2004). Similar results to Servili et al.
(2004) were obtained by Ocakoglu, Tokatli, Ozen, and Korel (2009).
Other authors showed that the concentration of free HT on a Picual
variety of OO could only reach values around 200 pol per kg of OO after
seven months of storage (Garcia, Brenes, Romero, Garcia, & Garrido,
2002).In addition, Godoy-Caballero, Acedo-Valenzuela, and Galeano-
Diaz (2012) showed a range of concentration of HT from 9 up to 21 ug
of HT per gram of OO, depending on the variety of them.

In contrast, other authors showed a high that the concentration of
HT can oscillate from 0.5 to 60 mg of HT per kg of OO (Alarcén Flores,
Romero-Gonzalez, Garrido Frenich, & Martinez Vidal, 2012). Similar
results were obtained by Garcia-Villalba et al. (2010), where HT
achieved up to 20 mg per kg of OO. This large discrepancy may be due
in part to differences in extraction procedures and chromatographic
methods employed for the analysis of the phenolic compound from
VOO (Servili et al., 2004). To date, this issue and the development of
methodologies to quantify phenols in EVOO have been extensively
discussed (Garcia-Villalba et al., 2010).

Nowadays, many researchers are looking for new forms of HT to
improve the ADME (absorption, distribution, metabolism and excre-
tion) processes, its stability and its health-biological features. These
studies are focused on changing the solubility of HT in order to increase
its bioavailability and its plasma half-life (Mateos et al., 2011). Almost
all experiments have been carried out in in vitro models. Some of these
new isolated compounds, their biological activities and their synthesis
methods have been reviewed by Bernini et al. (Bernini et al., 2015):

HT Esters: the most important compound of this group is HT acetate
which is found in extra virgin olive oil. HT acetate has demonstrated a
higher antioxidant capacity than HT. In addition, nitro-ester derivatives
have shown beneficial effects in Parkinson's disease associated to their
antioxidant properties (Trujillo et al., 2014).

HT Alkyl Ethers: a new class of lipophilic HT derived with high
cytotoxic activities in A549 lung cancer cells and MRC5 non-malignant
lung fibroblasts (Calderon-Montano et al., 2013).

HT analogues: with similar structure to HT but different sub-
stituents on the aromatic ring and/or a different length of the alcoholic
chain.

HT thioderivatives: containing thioacetate, thiol, and disulphide
groups.

HT derived isochromans: also presents in extra virgin olive oil
methanolic extracts.
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3. How are absorption, distribution, metabolism and excretion
(ADME) processes?

It is well stablished that phenolic compounds are absorbed in a
dose-dependent manner in the bowel and they suffer an important in-
testinal/hepatic metabolism (Granados-Principal, Quiles, Ramirez-
Tortosa, Sanchez-Rovira, & Ramirez-Tortosa, 2010; Rubio et al., 2012;
Visioli et al., 2003). Many studies have been performed in animals and
humans in order to determine how the ADME processes of HT occur.
These studies have shown similar ADME characteristics for HT with
other (poly)phenols. In this sense, HT presents different ways of ab-
sorptions and excretion depending on the vehicle employed (Gonzalez-
Santiago, Fonolla, & Lopez-Huertas, 2010; Tuck, Freeman, Hayball,
Stretch, & Stupans, 2001).

All (poly)phenols suffer the phase I of metabolism (hydrolysis) in
enterocytes and subsequently go through phase II of metabolism, where
they are transformed into glucuronide, methylated and sulphate by-
products (Suarez et al., 2011). For all processes described above, the
98% of HT can be detected in plasma and urine in glucuronide form,
and only 2% as its free form when it is administered in olive oil form
(Miro-Casas et al., 2003).

More recent studies were conducted to determine different specific
(poly)phenolic metabolites that could explain more concisely the bio-
logical activities associated to some components of the MD as well as to
establish some better compliance markers. In this sense, Rubi6 et al.
(2014) observed in hypercholesteraemic volunteers that after the ad-
ministration of two different phenolic-enriched EVOO, the most quan-
tifiable and appropriate biomarker for compliance were the sulphate
forms of HT, measured both in urine and plasma samples.

Finally, a more complex study carried out by Khymenets et al.
(2016) allowed to corroborate that after the administration of a HT
nutraceutical preparation to healthy volunteers, sulphate metabolites of
HT and concretely the HT-sulphate-3’ could be selected as the best
biomarker of compliance of olive oil ingestion.

3.1. Absorption process

The absorption of HT mainly occurs by passive transport in the
small bowel and the colon with an efficiency that oscillate from 75% up
to 100%. The absorption process depends on the vehicle employed,
being more effective in the form of olive oil (Tuck et al., 2001). These
results agrees with Vissers et al. studies (Vissers, Zock, Roodenburg,
Leenen, & Katan, 2002), which reported an absorption of 70% of HT in
patients in whom an ileostomy had been carried out. It is well known
that phenolic bioavailability is influenced by different factors such as
age, hormonal status (Roowi, Mullen, Edwards, & Crozier, 2009), or
gender, as described by de Bock et al. in 2013 when leaf extracts were
administered to determine the perimenopause activity of HT (de Bock
et al., 2013). In addition, Dominguez-Perles, Aunon, Ferreres, & Gil-
Izquierdo in 2017, described that gender is a critical feature for the final
bioavailability of HT derivatives, persisting this compound for a longer
time in the body of female rats after different forms of oral adminis-
tration of HT.

Furthermore, other studies have demonstrated that HT achieves its
highest urinary levels when it is administered as red wine, probably due
to the interaction between ethanol and dopaminergic ways. HT is a
dopamine metabolite (Fig. 2). The increased levels of HT in urine, when
it is administered as red wine, can be consequence of a higher boost to
dopamine metabolism (de la Torre, Covas, Pujadas, Fito, & Farre,
2006). In the light of the results of Perez-Mana et al. (2015) studies,
which demonstrated that if HT is administered with ethanol, dopamine
metabolism varies to produce HT instead of DOPAC (3,4-dihydrox-
yphenylacetic acid). The increasing levels of HT in the body can be
easily comprehended.
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3.2. Distribution of HT

This compound has a swift absorption process and reaches its
maximum plasma concentration around 7 min after the intake (Bai,
Yan, Takenaka, Sekiya, & Nagata, 1998). In spite of this, other authors
have suggested that the highest plasma concentrations of HT are
reached between 0.5 and 1.0h after its oral administration being
practically undetectable after 4 h. In this sense, when HT is adminis-
tered in an acetate form, the highest plasma concentration of HT is
reached between 0.5 and 2 h after oral administration (Dominguez-
Perles, Aunon, Ferreres, & Gil-Izquierdo, 2017). Once absorbed, HT will
quickly start being part of plasmatic high density lipoproteins, acting as
an antioxidant and as a cardiovascular protector (Fernandez-Avila
et al., 2015).

Because of the powerful and quick metabolism of HT, this com-
pound presents a plasma half-life of 1-2 min (D'Angelo et al., 2001;
Granados-Principal et al., 2014). HT and its metabolites have very good
distribution abilities in tissues such as muscle, testis, liver, and brain
(HT is able to cross the blood brain barrier) besides it is accumulated in
kidney and liver (D'Angelo et al., 2001). This widespread distribution is
responsible for the health-beneficial properties of HT (Serra et al.,
2012).

A current study has demonstrated that free hydroxytyrosol in
human plasma is practically undetectable when it is originated from
ordinary olive oil. Conversely, high plasma levels of free HT can be
detected after the administration of extra virgin olive oil (EVOO)
(Pastor et al., 2016).

The fact that HT is also found in brain tissue (thanks to its ability to
cross the blood brain barrier) and its already described possible inter-
action with dopaminergic pathways, suggests a role as a dopaminergic
neuronal protector (Schaffer, Muller, & Eckert, 2010) due to its ability
to increase the antioxidant defences and for its free radicals scavenger
capacity (Hashimoto et al., 2004). both effects demonstrated in in vivo
and ex vivo models.

In summary, differentiating the exogenous and endogenous sources
of HT in the body becomes a difficult task consequence of the wide
distribution of HT, its short plasma half-life and its possible interaction
with different ways such as dopamine pathway (de la Torre et al., 2006;
Mosele et al., 2014).

3.3. Metabolism of HT

HT has an intense and rapid metabolism. Firstly, this compound
suffers the first step of its metabolism inside enterocytes and subse-
quently in the liver. In this sense, gut microbiota has been identified as
a notably modulator of absorption both of HT and its metabolites. This
microflora acts transforming part of HT, HT acetate (HTA), and tyrosol
(Tyr) in different catabolites HT-derived, and releasing free-HT from its
more complex forms. According to Mosele et al. (2014), the metabolism
of HT by microbiota occurs firstly by oxidation and this is followed by a
transformation into hydroxylated phenylacetic acids.

In plasma, free HT can be found in a very low concentration, ortho-
methyl products of HT (homovanillic alcohol and acid). glucuronide
derivatives, glutathionyl conjugates and sulphate derivatives
(Rodriguez-Morat6 et al., 2016). Moreover, the study carried out by
Kotronoulas et al. in 2013 determined, in rat urine samples, a new
metabolite called N-acetyl-5-S-cysteinyl-hydroxytyrosol which derived
from HT mercapturate, resulting from the HT oxidation pathways
(Kotronoulas et al., 2013).

D'Angelo et al. in 2001 established that HT was enzymatically
converted into oxidized and methylated derivatives: 3,4-dihydrox-
yphenylacetaldehyde, 3,4-dihydroxyphenylacetic acid, 4-hydroxy-3-
methoxyphenylacetic acid and 4-hydroxy-3-methoxyphenylethanol
when HT was administered in a single intravenous dose of 1.5 mg/
kg-87.5 uCi/kg. All these transformations can be resumed in two ab-
breviated forms as Fig. 3 shows:
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Fig. 2. Comparison between internal and external metabolism of hydroxytyrosol. Abbreviation: ALR: aldehyde reductase; ADH: alcohol dehydrogenase; MAO: monoamine oxidase;
ALDH: aldehyde dehydrogenase; DOPAL: 34-dihydroxyphenylacetaldehyde; DOPAC: 34-dihydroxyphenylacetic acid.

Oxidation: alcohol and aldehyde dehydrogenases produce 3,4-di-
hydroxyphenylacetaldehyde @ and  subsequently  3,4-dihydrox-
yphenylacetic acid.

Methylation: catechol ortho methyl transferase produces 4-hy-
droxy-3-methoxyphenylethanol also called homovanillic acid.

Finally, all these compounds are transformed into sulfo conjugates
by a sulfotransferase enzyme.

On the other hand, recent studies performed suggest that HT can
derive to tyrosol instead of homovanillic acid as a consequence of the
transformations promoted by gut microflora (Dominguez-Perles et al.,
2017). In the same study, it was also found that the metabolism of HT
depends on the gender, being more efficient the transformation and
utilization of HT by females (Serra et al., 2012).

3.4. Excretion

Taking into account the structure of HT and its intense metabolism
and transformations, conjugated catabolites are mainly excreted by the
kidneys (Visioli et al., 2003). The time required for the complete
elimination from the body, both for HT and its metabolites is ap-
proximately of 6 h in humans (Rodriguez-Moratd et al., 2016; Suarez
et al., 2011) and around 4 h in rats (Dominguez-Perles et al., 2017). In
kidney, HT is accumulated until its excretion (D'Angelo et al., 2001),
where it may perform a nephroprotective role thanks to its antioxidant
properties (Chashmi, Emadi, & Khastar, 2017). D'Angelo et al. in 2001
established that around 5% of total HT is excreted by faeces after 5 h of
an injection of HT (1.5 mg/kg-87.5 uCi/kg).

4. Toxicity and dose establishment

In spite of HT being part of natural and healthy food such as olive
oil, there are several studies which were carried out to demonstrate the
toxicity of HT. This toxicity has been measured in cells and animal
models by assessing the acute toxicity, teratogenicity, mortality, mor-
bidity or mutagenic effects (Aunon-Calles, Canut, & Visioli, 2013;
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Christian et al., 2004; Lee et al., 2016; Soni, Burdock, Christian, Bitler,
& Crea, 2006). Nowadays, there is a great interest in using HT as a
possible nutraceutical compound against different diseases such as
cancer, diabetes or chronical pathologies, although further studies must
be performed to understand the possible toxicological effects of HT in
human. In this sense, we highlight the scarce literature available in this
respect in humans. As consequence of its poor bioavailability, there are
no studies that determine if the final blood concentration could have
toxic effects after the intake of a high concentration of HT, both as pure
extract and as part of enriched foods such as EVOO. In this sense, some
authors could determine null toxicity in the first gastrointestinal tract
with other (poly)phenols (Babich & Visioli, 2003). To date, no toxicity
studies have been carried out to stablish if HT could exert any tox-
icological effect at this level, but if we take into account the descrip-
tions of the toxicity studies carried out and also described above, and
the high similarity between the behaviour of HT and other phenolic
compounds, we have a fairly accurate approximation of its null toxicity
at all levels, although more studies have what to do to conclude this
claim in humans.

In relation to the study of acute and subchronic toxicity, HT has
been studied commonly as olive oil, olive mill wastewater forms, and as
extracts in animals and cells. In this sense, there are numerous studies
performed in rats with different administrations ways to determine the
acute toxicity. Some authors have described that the injection (in-
travenous, subcutaneous or intramuscular) of 2 g/kg in rats provoked
piloerection and local redness in the inoculation area disappearing this
effects before 48 h (D'Angelo et al., 2001).

A very interesting study with HIDROX™ (Hydrolysed Aqueous Olive
Pulp Extract; OPE) an aqueous olive-pulp extract with a high content of
HT (around 70%) administered by oral gavage in Sprague Dawley rats
and CD1 ICR (BR) mice was performed by Christian et al. in 2004. The
dose of HT employed was risen to 2 g/kg (equivalent to around
1400 mg/kg of pure HT) to determine the acute toxicity. These authors
observed a null mortality and morbidity. The only alterations proven
was the presence of diarrheal faeces in rats. This study proposed a LD50
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Homovanillic
acid and
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Fig. 3. Biotransformation pathways of hydroxytyrosol. Abbreviations: COMT: catechol-O-methyltransferase; UGT: UDP-glucuronosyltransferase; SULT: sulfotransferase; ACT: O-acet-

yltransferase.

of 2000 mg/kg for HYDROX™, representing a median lethal dose
(LD50) of around 1400 mg/kg for pure HT. Besides these results,
Christian et al. in 2004 employed a higher dose in rats (raising 5 g/kg)
and they established a LD50 of around 3.5 g/kg of HT.

Furthermore, to evaluate subchronic toxicity, other parameters such
as body weight, food intake, haematology and histopathology from
selected tissues, physical and ophthalmic characteristics were also
analysed. No remarkable changes associated to HT or to the rest of
HIDROX's compounds were observed at the end or during the study.

Aunon-Calles et al. (2013) performed a study to evaluate the tox-
icological effects of pure hydroxytyrosol. This study reported that the
oral administration of HT once a day for 13 weeks at doses of 5, 50, and
500 mg/kg/d did not lead to any micro- and macroscopic alterations or
to death. They observed a gain in body-weigh without interest for
toxicological analysis, and higher kidney weighs in the group with the
highest treatment dose, with no changes in the organ functionality or
structure. Therefore, they came to the conclusion that no adverse effects
were observed at doses of 500 mg/kg/d. Additionally, Aunon-Calles,
Giordano, Bohnenberger, and Visioli (2013) did not observe any sign of
genotoxic and mutagenic effects when HT was employed in in vitro
models at physiological concentration.

One of the last studies performed in animal models to determine the
subchronic toxicity of HT was carried out by Heilman et al. (2015).
These authors used an extract called H35 (35% w/w HT). This extract
was administered to female and male Wistar rats by oral gavage for 90
consecutive days, at doses of 125, 250 and 500 mg HT/kg/day. There
were no toxicologically significant effects found. These researchers did

not observe any adverse effects for 250 mg HT/kg/day. Similar study
conditions were used by Kirkland, Edwards, Woehrle, and Beilstein
(2015). These authors used a H40 extract (with a 40% of HT total
content) and no mortality rate was observed, although a decrease in
body weight and an increase in relative weight of liver, thymus, kidneys
and spleen were found in male rats.

On the other hand, HT presents a pro-apoptotic and antiproliferative
effects in different types of tumour cells when these cells are treated
with pure HT or extract forms. As a result of the pharmacomodulation
that have been performed with HT, its selectivity and efficiency on
tumour cells has been enhanced by preventing or diminishing their
proapoptotic activity on human non-tumour cells (Burattini et al., 2013;
Calderon-Montano et al., 2013). In addition, Anter et al. (2014) de-
monstrated how a simple extraction from olive mill wastewater also
called “alperujo” or using it directly, can exhibit a notable anti-
proliferative and caspase 3-dependent proapoptotic effects against the
human tumour cell line HL60, avoiding its cell toxicity in non-tumour
cells.

Take in a count all data described above and to the health-beneficial
effects in human cardiovascular diseases, the European Food Safety
Authority (EFSA) since 2011, approved health claim on olive oil poly-
phenols and recommended the daily consumption of 5 mg HT and its
derivatives (e.g. oleuropein complex and tyrosol) provided by moderate
amounts of EVOO (20 g) to maintain a balanced diet. This dose is en-
ough to generate health-beneficial properties by decreasing low density
lipoproteins oxidation, increasing high density lipoproteins, main-
taining a normal blood pressure, and avoiding the pro-inflammatory
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processes. In spite of the daily dose of HT seems to be low, we have to
note that, according to the scientific literature described above, the
average concentration of HT in VOO could be so far from the pre-
scription stablished by the EFSA, and a high intake of OO would be
necessary to reach the recommended beneficial levels of HT.

5. Main activities associated to HT
5.1. Antimicrobial effects of HT

Extracts from olive oil and olive tree leaves have been used as soap,
solutions or balms for a long time to palliate several pathologies asso-
ciated with infections caused by microorganisms (Medina et al., 2006).

It is well known that both olive tree leave's extracts and pure HT
have a powerful antimicrobial activity against some microorganisms
such Escherichia coli, Candida albicans, Clostridium perfringens,
Streptococcus mutans, or Salmonella enterica (Medina et al., 2006; Zoric
et al., 2013).

Not only that, some studies have demonstrated in in vitro models a
helpful effect of HT against Vibrio cholerae, Salmonella typhi,
Haemophilus influenza or Staphylococcus aureus even at lower dosages
than some antibiotics such as ampicillin (Bisignano et al., 1999). It has
also been described an antiparasitic activity by HT against several
parasites such as Lesishmania spp. (Kyriazis, Aligiannis,
Polychronopoulos, Skaltsounis, & Dotsika, 2013).

A recent study has determined that HT has an effective anti-
microbial effect against Staphylococcus aureus and a relevant role on
prevention and treatment of biofilm-based infections, and also with
infections related to medical devices or chronic wounds, thanks to the
ability of HT to decrease the production of reactive oxygen species
(ROS) by microbial biofilms, as well as for its ability to avoid microbes
adhesion (Crisante et al., 2015), showing its possible role to avoid no-
socomial diseases in hospitals and other care institutions. Despite of all
these studies, other authors has suggested a microbiocidal limited ca-
pacity of the HT, showing some controversy regarding its antimicrobial
effect (Medina-Martinez, Truchado, Castro-Ibanez, & Allende, 2016) so
that further studies are needed to clarify if its use as an anti-infective in
humans is possible in a few years.

5.2. HT as ROS scavenger

One of the most important activities associated to HT is its role as
ROS scavenger. HT and its metabolites have a high capacity to eradicate
both intracellular and extracellular production of ROS. At an extra-
cellular level, HT and derivatives have shown a ROS scavenger activity
in skin cells by blockading the harmful effects of ROS. This capacity is
important when ROS are generated by UV radiation (Zwane, Parker,
Kudanga, Davids, & Burton, 2012) or by peroxynitrite radical (Deiana
et al., 1999), both able to break DNA strands and to promote geno-
toxicity. Intracellularly, HT has also an extraordinary ROS scavenger
capacity, particularly with free radical molecules such as superoxide,
hydrogen peroxide, and hypochlorous acid, as well as acting as a metal
chelator (Granados-Principal et al., 2012; Granados-Principal et al.,
2014; Manna et al., 1999).

Some studies have proposed different mechanisms of action for HT
related to antioxidant pathways such as ARE, which finally leads to the
modulation of nuclear factor-E2-related factor-2 (Nrf2) and JNK-p62/
SQSTM1 (Bayram et al., 2012; Zou et al., 2012). HT also acts as mi-
tochondrial biogenesis stimulant by increasing PPARGCla (Zhu et al.,
2010). A similar pattern has been observed in vascular endothelial cells
(VECs) where HT protects the cells against the cytotoxic effect of hy-
drogen peroxide by activating Akt and ERK1/2. In addition to this, HT
increases the expression and nuclear translocation of Nrf2 (Zrelli et al.,
2011), then promoting the activation of multiple genes encoding anti-
oxidant response element(s) (ARE) such us DNA-repair proteins or
phase II detoxifying enzymes. Other authors, however, did not find the
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evidence that HT could activate Nrf2 when the study was carried out in
humans, showing the need to carry out further clinical trials to clarify it
(Crespo et al., 2015; Visioli, 2015).

Studies carried out in normal human fibroblasts have demonstrated
the beneficial effects of HT in mitochondria, caused by the increase of
Mn-Superoxide dismutase (Mn-SOD) activity and by the decrease age-
associated of mitochondrial ROS accumulation (Buettner, Ng, Wang,
Rodgers, & Schafer, 2006; Sarsour et al., 2012). These studies con-
firmed the mitochondrial protective role of HT (Fabrizio, Pletcher,
Minois, Vaupel, & Longo, 2004; Sarsour et al., 2012). In addition, HT
influences on sperm motility and viability. The application of HT to
spermatozoa cultures improves sperm viability and decreased both
sperm DNA oxidation and ROS levels (Kedechi et al., 2016), but still
unclear if the employment of HT in vivo could have any beneficial effect
in terms of sperm viability or fertilization techniques.

On the other hand, HT can produce a direct action over the anti-
oxidant system by increasing SOD, glutathione peroxidase (GPx) or
glutathione reductase (GR) activities and also maintaining higher levels
of reduced glutathione (GSH) in cells (Granados-Principal et al., 2014;
Li et al.,, 2012), fact that could be associated with a possible para-
hormetic effect of HT, as described below. Besides, HT heightens cat-
alase (CAT) activity, favouring the removal of peroxides from cells
environment (Hashimoto et al., 2004). In addition, several authors have
associated this antioxidant capacity of HT with its already described
neuroprotective effects (Koo, Kim, Oh, & Kim, 2006; Rodriguez-Morato
et al., 2015; Zheng et al., 2015).

Although many of the studies described above showed an anti-
oxidant beneficial effect of HT, other authors concluded that the ad-
ministration of HT in its OO form in healthy humans did not exert any
significant antioxidant effects associated to its glucuronide metabolites
(Khymenets et al., 2010), thus proposing that the concentration of HT
present in OO could be insufficient to promote an antioxidant effect.
This fact demonstrate the imperious need to conduct more in vivo stu-
dies that allow to determine what is the optimal intake of HT to reach a
physiological concentration that promote health-beneficial effects of
HT in humans.

Even though all mentioned studies have been focusing on the role of
HT as ROS scavenger, this compound can also increase oxidative stress
levels in colon cancer cells (DLD1 cells) but not in normal colon epi-
thelial cells (CRL1807 cells). This may help to understand the two main
activities of HT: antioxidant and selective antitumour capacity. So there
is a certain dichotomy in how HT affects cells, based on how HT runs its
action (Atzeri et al., 2016; Maalej, Bouallagui, Hadrich, Isoda, & Sayadi,
2017; Nogueira et al., 2008). In the study performed by Sun, Luo, and
Liu (2014), they reported that HT treatment increased Akt activity,
which later sensitizes cells to get a selective killed by oxidative stress-
induced apoptosis. Another similar study performed in cells by Luo
et al. (2013) demonstrated an identical mechanism of action of HT
during ROS formation, only against the human prostate cancer cells
(PC-3, DU145) and not in an immortalized non-malignant prostate
epithelial cell line (RWPE-1). Moreover, an extra input of extracellular
superoxide and hydrogen peroxide facilitated the anti-proliferation ef-
fect of HT in prostate cancer cells.

Similar results were obtained by Rosignoli, Fuccelli, Sepporta, &
Fabiani in 2016 who observed, in different types of cancer cell lines:
MDA and MCF-7 (breast). LNCap and PC3 (prostate), SW480 and
HCT116 (colon), how HT performed its antitumour activity by accu-
mulating hydrogen peroxide in the culture medium, acting in this case
as a prooxidant-antitumour compound in cancer cells.

To date, there is a certain trend, increasingly questioned, that the
antioxidants supplements directly generate an antioxidant effect and
are therefore beneficial for the body. This fact has been discussed for
years and there seems to exist some contradiction in this respect
(Bjelakovic, Nikolova, & Gluud, 2014). The current trend focuses on
investigating the possible effects of para-hormesis of dietary anti-
oxidants and how they use the antioxidant enzymatic system to exert
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their health-beneficial effects in the organism, thus acting in an indirect
way, in contradiction with the postulate to the present (Forman, Davies,
& Ursini, 2014).

Multiple studies have been discussed in this review demonstrating
the antioxidant functions of HT. Nevertheless, the doses used have not
been standardized and there are not many studies in humans to clearly
state the HT antioxidant pattern. In this sense, the only study performed
in humans with pure HT to date did not show any remarkable effects of
this compound at high doses (Lopez-Huertas & Fonolla, 2017). There-
fore, we must be cautious to affirm categorically that the supple-
mentation of antioxidants and particularly of HT propitiates per se an
antioxidant beneficial effect in the organism. In addition, we also de-
scribe in this work a certain dichotomy between the antioxidant and
pro-oxidant effect of HT when used as an antitumor compound.

5.3. Role of HT in cardiovascular system

Thanks to its already described antioxidant effect, HT avoids the
oxidation of low density lipoprotein (LDL). In consequence, it decreases
the formation of atherosclerotic plaques (Gonzalez-Santiago et al.,
2006; Granados-Principal et al., 2012; Warleta et al., 2011). Some HT-
enriched extracts have also reduced plasmatic levels of total cholesterol
and lipids (Jemai, Bouaziz, Fki, El Feki, & Sayadi, 2008; Poudyal,
Campbell, & Brown, 2010) and blood pressure (Khayyal et al., 2002)
decreasing cardiovascular risk factors. This is the main reason why the
EFSA recommends a daily ingestion of at least 5 mg of HT (usually in
olive oil form).

In addition to all, HT can be considered as an antithrombotic and
anti-inflammatory molecule (Cicerale, Conlan, Sinclair, & Keast, 2009)
due to its ability to impede the platelet synthesis through cAMP- (cyclic
adenosine monophosphate) and ¢cGMP- (cyclic guanosine monopho-
sphate) phosphodiesterase (PDE) inhibition (Medina-Martinez et al.,
2016). Besides, HT can inhibit the cyclooxygenase (COX) (Richard
et al., 2011; Zhang, Cao, & Zhong, 2009) decreasing thromboxane B2
(TxB2) and thromboxane A2 (TxA2) production (de Roos et al., 2011;
Leger et al., 2005).

HT and its metabolites have also the ability to decrease the secretion
of different adhesion molecules such as E-selectin, P-selectin,
Intercellular Adhesion Molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) in human aortic endothelial cells (HAEC)
(Catalan et al., 2015) being both HT and its synthetized metabolites
responsible for protection against endothelial dysfunction, thus de-
creasing, at least in part, the risk in the early stages of atherosclerosis. A
recent study showed that HT and secoiridoids regulate the expression of
several proteins both in aorta and heart tissues, which are involved in
the proliferation and migration of endothelial cells, the occlusion of
blood vessels, and cardiac functions, having both components of EVOO
a pivotal protective role in the cardiovascular system (Catalan et al.,
2016).

Several cardiovascular disorders are consequence of drugs admin-
istration such as doxorubicin in cancer treatment. In this sense,
Granados-Principal et al. in 2014 showed for the first time in a rat in
vivo model that HT could improve the cardiac disorders generated by a
ROS imbalance production and mitochondria damage caused by dox-
orubicin-based therapy. Therefore, HT could be used as an adjuvant
molecule in antitumor therapies that cause an increase in cardiovas-
cular risk by themselves, also facilitating an improvement in the anti-
tumor response and a lower number of adverse effects associated with
the treatment.

Some nutrigenomics studies have been performed to determine
what genes involved in cardiovascular disorders such as atherosclerosis
or insulin sensitivity mechanisms could be altered after the adminis-
tration of OO and HT. In this sense, Khymenets et al. (2009) observed in
peripheral blood mononuclear cells of healthy volunteers after the ad-
ministration of 25 ml of VOO for three weeks, the upregulation of ten
genes (ADAM17, ALDHI1A1l, BIRC1, ERCC5, LIAS, OGT, PPARBP,
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TNFSF10, USP48, and XRCC5) related to the development and pro-
gression atherosclerosis processes. A further study also performed in
peripheral blood mononuclear cells of healthy volunteers, revelled the
modulation of seven genes related to insulin sensitivity mechanisms
(ADAM17, ADRB2, ALOX5AP, CD36, LIAS, OGT and PPARBP), after the
administration of 50 ml of VOO (Konstantinidou et al., 2009).
Although these studies did not directly relate the administration of
HT to the results obtained, it must be noted that HT is one of the main
components of olive oil causing many of these health-beneficial effects.
In addition, it should be taken into account that the modulation of gene
expression does not imply a direct variation in the biochemical para-
meters, but is conditioned by multiple adjacent factors. Therefore, a
greater number of studies should be carried out to determine if these
gene modifications are reproducible and associable to the HT per se, as
well as to deepen the knowledge of how this modulation is produced.

5.4. How acts HT in metabolic syndrome?

Metabolic syndrome is described as a combination of different ab-
normalities that includes obesity, dyslipidaemia, impaired glucose tol-
erance, insulin resistance, diabetes, and hypertension (Catalan et al.,
2016; Cornier et al., 2008; Dandona, Aljada, Chaudhuri, Mohanty, &
Garg, 2005).

It has been demonstrated in middle-aged overweight men that a
phenolic-enriched supplementation with oleuropein and HT for
12 weeks, improves the glucose regulation and f-cell secretion capacity
of insulin (de Bock et al., 2013).

Furthermore, it is well established that diabetes promotes an in-
crease in lipid peroxidation (Gumieniczek, 2005), the alteration of the
glutathione redox state, a decrease in plasmatic levels of antioxidants,
and a reduction in the antioxidant enzyme activities. All these changes
could produce oxidative stress caused by hyperglycaemia (Chaudhry,
Ghosh, Roy, & Chandra, 2007). Some studies have demonstrated that a
HT supplementation given to diabetic rats provoked a significant de-
crease in intestinal maltase, lactase, sucrose, and lipase activities and an
enhancement of the SOD, CAT and GPx activities, as well as an incre-
ment in reduced glutathione levels, then reducing the oxidative stress
status (Hamden et al., 2010). What is more, thiobarbituric acid reactive
substances (TBARS) levels and the activity of lactate dehydrogenase
(LDH) also decrease after HT administration (Hamden et al., 2010).

Moreover, HT improves plasma triacylglycerol and cholesterol le-
vels and can decrease plasma low density lipoproteins (LDL), choles-
terol and triacylglycerols, and it also increases HDL-cholesterol content
(Hu, He, Jiang, & Xu, 2014).

Other authors (Hmimeda, Belarbia, & Visioli, 2016) observed that
HT be able to decrease plasma hydroperoxides and augment the anti-
oxidant status in rats with high-fat diet, but it could not decrease other
oxidative markers as protein carbonyl. In addition, these authors dis-
cussed about the possibility that this antioxidant effect could be exerted
as a consequence of the up-regulation of endogenous antioxidants
mediated by Nrf-2 in response to harmful stimuli.

Further studies showed that HT could normalize obesity, diabetes,
dyslipidaemia, inflammation, fatty liver, and insulin resistance induced
by high fat diet in C57BL/6 mice (Cao et al., 2014) through down-
regulating SREBP-1c/FAS pathway, decreasing oxidative stress, weak-
ening mitochondrial anomalies, and suppressing apoptosis. In addition
HT could decrease glucose levels and lipid metabolism present in db/db
mice, as a confirmation the relevant effects of HT on metabolic syn-
drome (Cao et al., 2014). In this sense, HT also prevents of high glucose-
induced generation of ROS and glucose-toxicity in SH-HY-5Y neuro-
blastoma cells (Zheng et al., 2015).

Altogether, these findings suggest that HT might be an effective
agent for the prevention and treatment of diabetes and metabolic syn-
drome, but more clinical trial should be performed to determine by
which mechanisms the HT can act against metabolic syndrome.
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5.5. Anti-inflammatory effects of HT

HT is well established as a powerful phenolic antioxidant with po-
tent anti-platelet, anti-inflammatory, and anti-atherogenic properties
(Granados-Principal et al., 2010). A nutrigenomic study concluded that
a high intake of phenol-enriched olive oils can repress the expression of
several pro-inflammatory and pro-atherosclerotic genes, promoting a
lower inflammatory profile in peripheral blood mononuclear cells
(Camargo et al., 2010).

Studies carried out in vitro with human monocytic THP-1 cells
treated with lipopolysaccharides to induce an inflammatory response,
demonstrated that HT prevents from cytokines formation, nitric oxide
(NO) generation, tumour necrosis factor-alpha (TNF-a) secretion and
mRNA expression, as well as it inhibited iNOS and COX-2 expression
(Zhang et al., 2009), showing a clear anti-inflammatory character of HT
at cell level. On the other hand, in human monocytes the anti-in-
flammatory potential of HT was evaluated by assessing its effects on
matrix metallopeptidase-9 (MMP-9) expression and its relation with
COX-2/PGE2 pathway. HT inhibited MMP-9 gene and protein expres-
sion with a direct effect over the MMP-9 signalling pathway. The in-
hibitory effects of HT on MMP-9, COX-2, as well as on other pro-in-
flammatory genes depend on its inhibition of the protein kinase C (PKC)
activation process (Scoditti et al., 2014).

Several studies performed (Carluccio et al., 2003; Killeen, Linder,
Pontoniere, & Crea, 2014) showed that HT is able to modulate the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
transcription factor, related to more than 150 genes, including cyto-
kines such as TNF-q, interleukin 1 (IL-1), IL-6 and IL-17, chemokines,
and cell adhesion molecules, involved in inflammatory responses, thus
contributing to explain in part the attenuation of vascular inflammation
promoted by MD.

Some in vivo studies (Procopio et al., 2009) showed the capacity of
HT to inhibit cyclooxygenase, COX-1 and COX-2 at the same level as in
most consumed drugs such as ibuprofen and celecoxib. In patients with
stabilized coronary disease, HT demonstrated its great ability to pro-
mote health-beneficial activities as an additional intervention to the
pharmacological treatment, this fact was reached by decreasing IL6 and
protein reactive C levels (Fito et al., 2008).

Richard et al. in 2011 described that HT is the most powerful anti-
inflammatory (poly)phenol of olive oil. In this study, they observed a
remarkable inhibition in the production of NO and prostaglandin E2
(PGE2), as well as a decrease in the secretion of cytokines such as IL-1a,
IL-1pB, IL-6, IL-12, TNF-a, and chemokines (CXCL10/IP-10, CCL2/MPC-
1). The iNOS, IL-1a, CXCL10/IP-10, MIP-13, MMP-9, and PGE2 syn-
thase (PGES) gene expressions were also reduced by HT action.

All these findings indicate the great anti-inflammatory capacity of
HT and how a daily intake of HT could modulate the inflammatory
process and provides a health profit.

5.6. HT and respiratory diseases

Respiratory diseases are a complex group of different disorders that
occur along the whole respiratory system, which comprises from the
upper tract down to the pleural cavity, including both muscles and the
nervous systems which modulates them. Due to this complexity, re-
spiratory disorders can be derived from multiple causal agents such as
pathogens, inflammation, air pollutants or our own individual genetics.

Visioli, Bellomo, and Galli (1998) demonstrated that HT and
oleuropein can decrease the oxidative stress associated to neutrophils
respiratory burst. Braga et al. (1997) also observed that HT could de-
crease the levels of superoxide anion in in vitro and in vivo models, and
O'Dowd et al. (2004) determined that HT can scavenge hydrogen per-
oxide in a dose dependent manner during the respiratory burst when
human neutrophils were stimulated. In addition, HT can inhibit the
growth of several Gram-positive and Gram-negative bacteria related to
respiratory tract infections (Bisignano et al., 1999). These finding
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contribute to consider to HT as a promising antimicrobial agent for
treatment of respiratory tract infections.

A recent study of Liu, Fan, and Chen (2015) has showed that HT has
some effect against pulmonary fibrosis in an induced-fibrosis model in
rats. Adult Sprague Dawley rats were exposed to 22 Gy doses of ra-
diations at a rate of 290 cGy/min to induce fibrosis. The mortality as-
sociated to HT was lower than then one with corticoid employed, and
no congested oedema signs were observed. Not only that but HT also
improved irradiation-induced regional fibrotic foci and collagen de-
positions of the lung, as well as it decreased the serum malondialdehyde
concentration, increased the SOD activity, decreased the transforming
growth factor 1 (TGF-B1), IL-6, IL-10, and TNF-a and activated nu-
clear transcription factors NF-E2-related factor 2 (Nrf-2). haem oxyge-
nase-1 (HO-1) and NAD(P)H: quinone oxidoreductase-1 (NQO-1) pro-
tein. Besides, HT generated an inhibition of Alpha-actin-2 (marker of
myofibroblast formation) expression and the promotion of surfactant-
associated protein B expression (indispensable for lung function). All
these results suggest that HT can decrease inflammation, fibrosis, and
oxidative stress associated to pulmonary fibrosis with beneficial prop-
erties against respiratory pathologies.

5.7. Neuroprotection associated to HT

It is well know how high levels of oxidative and nitrosative stress
can hurt the integrity and functioning of brain tissue, especially in
aging. It is remarkable that HT presents a powerful capacity to scavenge
radical species (Goya, Mateos, & Bravo, 2007) and to induce anti-
oxidant enzymes (Martin et al., 2010) that could improve some neu-
rodegenerative disorders such as Parkinson's disease (Dexter & Jenner,
2013).

In this sense, Schaffer et al. in 2007 founded that HT-rich extracts
were able to attenuate the cytotoxic effects of Fe2 + and NOin murine-
dissociated brain cells. Additionally, Schaffer et al. (2007) found that
the oral administration of 100 mg of HT for 12 days in mice, improved
the resistance of dissociated brain cells to oxidative stress, proved by
reducing basal and stress-induced lipid peroxidation. Besides, these
authors observed that basal mitochondrial membrane potential was
also moderately hyperpolarized, showing for the first time in an ex vivo
model that HT could exert a cytoprotectionat brain cells level.

Other studies in a hypoxia-reoxygenation model in brain slices from
rats, showed that HT and HT-acetate had a neuroprotective effect
(Gonzalez-Correa et al., 2008; Munoz-Marin et al., 2012). Lactate de-
hydrogenase efflux in rat brain slices subjected to hypoxia and reox-
ygenation was significantly reduced under all experimental conditions
and by a cytoprotective effect of HT, mediated by a reduction of oxi-
dative and nitrosative stress, also in a hypoxia-reoxygention model.

Further studies (Tasset, Pontes, Hinojosa, de la Torre, & Tunez,
2011) showed that oral administration of EVOO and HT presented
important effects on brain oxidative stress in a Huntington disease-like
model performed on Wistar rats. Lipid peroxidation significantly de-
creased and cellular GSH increased as a mechanism of protection
against oxidative damage by acting as brain antioxidants.

Some authors had determined that the neuroprotective role of HT
was associated to its capacity to offset the oxidative damage, but more
recently, Arunsundar, Shanmugarajan, and Ravichandran (2015) stu-
died the potential effects of HT in C57BL/6 mice injected with oligo-
meric AB1-42 plus ibotenic acid to induce neuro-behavioural dys-
function. This injection produced an impairment of visuospatial and
working memories skills. Spatio-cognitive performances significantly
improved after 14 days of HT administration. These authors suggested
that HT could down-regulate the expression of p38 and JNK, both
closely linked to an impairment of the neuronal and memory functions
(Sclip et al., 2011)

Finally, it has been described that maternal administration of HT to
rats could restore the impaired neurogenesis and cognitive function
caused by prenatal stress. In the study performed by Zheng et al. (Zheng
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et al., 2015), rat's hippocampus showed that stress induced a down-
regulation of neural proteins such as brain-derived neurotrophic factor
(BDNF), growth associated protein 43 (GAP43), and synaptophysin, a
low expression of glucocorticoid receptor, and a decrease in the anti-
oxidant defence system (including Nrf2, SOD, and haem oxygenase 1
(HO-1)). All these changes finally lead to a detriment in the mi-
tochondria content as well as in the ability to generate a proper anti-
oxidant response in the hippocampus of offspring. The maternal sup-
plementation with HT enhanced the mitochondrial content and
modulated the activation of phase II enzymes, thus preventing from a
cognitive impairment and biochemical alterations (Zheng et al., 2015).

5.8. HT and skin protection

Currently, dermatological conditions are taking great relevance due
to the constant exposure to sunlight without protection factors, pollu-
tion or factors intrinsic to life itself as aging factors.

For a couple of decades, several studies have determined how the
MD, and particularly the OO, can reduce the incidence of skin tumours
among other health-beneficial aspects (Owen et al., 2000). Some au-
thors have employed different olive (poly)phenol-based nutraceuticals
to determine that part of the skin protector effects associated to the MD
can be attributable to (poly)-phenols from MD and particularly from
OO. In this sense, Herrera Acosta, Alonso Sudrez Pérez, Aguilera Arjona,
and Visioli (2016) showed the antipsoriasic-beneficial properties of a
(poly)phenol-based cosmeceutical (Alyvium®) in humans. They specu-
lated about the possibility that the positive skin effects of Alyvium®
could be determined as consequence of its role in the normalization of
the redox code, improving the cutaneous manifestation.

It is well known that ultraviolet (UV) radiation promotes skin da-
mage by generating ROS, a depletion of endogenous antioxidant system
(Park, Kim, Hong, Kim, & Oh, 2014) and double-stranded DNA
breakage. The increment in oxidative stress produces damage to skin
cells, provoking dermatological disorders (Cooke, Evans, Dizdaroglu, &
Lunec, 2003). Some studies have demonstrated that HT and its me-
thylated metabolites can decrease, in a dose dependent manner, the
oxidative stress associated to UV radiation and can also provoke a cy-
totoxic effect in melanoma cells (M14) exposed to UVA radiation
(D'Angelo et al., 2005). Similar skin-protective results were obtained in
a human skin immortalized keratinocyte cell line (HaCaT) where HT
had a significant shielding capacity against UVB negative effects (Guo,
An, Jiang, Geng, & Zhong, 2010; Salucci et al., 2014). In addition, a
novel HT dimeric derivative also showed a high capacity against UV-
derived oxidative stress in HaCaT cells (Zwane et al., 2012) due to its
radical scavenging activity. This dimeric-HT also showed the role in
apoptosis by modulation of Bcl-2 and Bax proteins.

5.9. HT as antitumour compound

Firstly, it should be noted that ROS are directly linked to tumour
formation, mainly due to their key role in the initiation, promotion and
progression stages of cancer development. For that reason, the anti-
tumour properties of HT will be mostly associated to its activity as ROS
scavenger or its antioxidant system modulation capacity (Fabiani,
2016; Lopez de Las Hazas, Pinol, Macia, & Motilva, 2017). However, in
the last decade, a wide number of studies have been performed in order
to demonstrate exclusively the antitumour effect of HT.

In human hepatoma cell line (HepG2) acrylamide-induced geno-
toxicity model, HT can have a chemo modulator effect against geno-
toxicity by decreasing the ROS production provoked by acrylamide
(Zhang, Jiang, Geng, Yoshimura, & Zhong, 2008). Thanks to pre-
liminary studies, a dose around 10-17 mg/g of HT has been established
to start showing antitumour effects (Quirantes-Pine et al., 2013).

In addition, numerous studies have tried to explain how HT can act
as an antitumour compound and tried to elucidate its antiproliferative
action on certain types of tumours, independently of its modulating
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ability over the antioxidant system (Terzuoli, Giachetti, Ziche, &
Donnini, 2016).

HT may promote apoptosis and it inhibits proliferation and growth
in different types of tumour cells, such as HL60 (promyelocytic leu-
kemia), HT29 and HT29 clone 19A (colon adenocarcinoma) by ar-
resting GO/G1 phase of cell cycle, with a consequent decrease in the cell
percentage in the S and G2/M phases (Fabiani et al., 2002). A study
carried out by Fabiani, Rosignoli, De Bartolomeo, Fuccelli, and Morozzi
(2008), corroborated the effects of HT on these cells, suggesting a
possible mechanism through an increment of cyclin D3, CDKi
P21WAF1/Cipl and p27Kipl, and a decrease of CDK6. All these
changes would be involved in the inhibition of the G1-S transition and
in the regulation of differentiation and apoptosis processes of HL60
cells.

In thyroid cancer cell lines [papillary (TPC-1, FB-2) and follicular
(WRO)], HT has also demonstrated its abilities to decrease cell viability
and also to activate apoptosis through mitochondria path (Toteda et al.,
2017).

On the other hand, there are many studies carried out in several
types of healthy and normal cells which have demonstrated non-toxi-
city and chemo protective effects of HT in non-tumour cell cultures
(Fabiani et al., 2002; Rosignoli, Fuccelli, Sepporta, & Fabiani, 2016;
Warleta et al., 2011). One of the mechanisms of HT over the apoptotic
process is related to the activation of c-jun by NH2-cjun-kinase which
provoke cellular death and inactivation of Bcl-2 (B-cell lymphoma 2)
protein (Della Ragione et al., 2002; Granados-Principal et al., 2014).

Related to a UV-A irradiated human melanoma cells (M14).
D'Angelo et al. in 2005 demonstrated that HT could protect these in-
jured cells in a dose dependent manner and could also act as a cell cycle
inhibitor at dosages upper to 400 uM.

To sum up, two different mechanisms of action have been proposed
by Granados-Principal et al. (2010) for HT's antitumour effect:

Blockade of Cyclin-dependent kinases (CDKs). This activity can be
performed by exerting both a direct blockade of CDKs and by an in-
duction of CDKs inhibitors.

Blocking messengers involved in cell proliferation, such as ROS.

Moreover, the study carried out by Guichard et al. (2006), showed
that HT induced cell death by apoptosis and promoting a prolonged
endoplasmic reticulum (ER) stress in human colon carcinoma HT-29
cells, disrupting ER homeostasis and activating “unfolded protein re-
sponse” signalling pathways. HT also promoted S and G2/M phases
arrest preventing cells from entering into mitosis, reaching around 65%
of cell death, and triggered proteolytic cleavage of the pro-caspase 3.
Finally, in the same study, HT prevented the activation of TNF-a-de-
pendent NF-k by inhibiting the pro-survival pathway phosphoinositol
3 kinase/v-akt murine thymoma viral oncogene/PKB. Besides what is
mentioned above, Sun et al. in 2014 demonstrated that HT presents a
selective anti-proliferative effect on human colon cancer cells (DLD1
cells) by promoting oxidative stress. According to Sun et al. (2014), HT
is able to activate the phosphoinositide 3-kinase/Akt pathway, phos-
phorylates FOX0O3a and then downregulates FOXO3a's target genes
with no cytotoxic effects in normal colon epithelial cells.

Thanks to the intense first phase of metabolism that HT supports in
the bowel by microflora, several studies tried to determine if HT's
catabolites microbiota-derived had also the antitumour activity asso-
ciated to HT alone (Bernini et al., 2017). In this sense, Lopez de las
Hazas et al. in 2017 could observed the antiproliferative and pro-
apoptotic properties of both HT and its derivatives in colonic cancer
cells (HT-29 and Caco2 cell lines).

Likewise, Cardeno, Sanchez-Hidalgo, Rosillo, & Alarcon de la Lastra
in 2013, proposed that HT can also lead to a growth inhibition in HT-29
by decreasing HIF-1a protein levels and upregulating p53 protein ex-
pressions.

In addition, HT has also shown an antiproliferative effect in human
colon adenocarcinoma cells (Caco-2) because of its powerful inhibition
of extracellular signal-regulated kinase (ERK)1/2 phosphorylation and
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because of the reduction of cyclin D1 expression (Corona et al., 2009).

On the other hand, fatty acid synthase (FASN) catalyses the for-
mation of fatty acids from acetyl-CoA, malonyl-CoA, and NADPH with a
key role in lipid biosynthesis. Many types of human tumours [colorectal
cancer (Rashid et al., 1997), breast cancer (Menendez & Lupu, 2006) or
prostate and ovarian cancers (Wang, Kuhajda, Sokoll, & Chan, 2001)]
present increased levels of FASN type I. The FASN role is still unclear
although inhibitors of FASN have been employed for its high ability to
promote cell proliferation reduction (Mullen & Yet, 2015). Notarnicola
et al. (2011), performed a study with HT and human colorectal cancer
cells (SW620). In this study, they observed that HT inhibited FANS in
SW620 cells, but no in HT-29, suggesting that a lower grade of cell
differentiation makes some cells more sensitive to apoptosis induced by
HT. This mechanism of FASN inhibition is also shared with human
hepatoma HepG2 and Hep3B cell lines (Tutino, Caruso, Messa, Perri, &
Notarnicola, 2012).

In relation to breast cancer, HT is able to inhibit Human epidermal
growth factor receptor 2 (HER2) in breast cancer cells trastuzumab
resistant with an overexpressed HER2 oncogene (SkBr3). Besides HT
promotes cytotoxicity in MCF7 cells which naturally express HER2
(Menendez et al., 2007).

Another proposed mechanisms of action of HT in MCF-7 is the in-
hibition of cell proliferation rate and the induction of cell apoptosis, as
well as the blockage of G(1) to S phase transition, increasing the
number of cells in G(0)/G(1) phase at 50 ug/ml (Han, Talorete,
Yamada, & Isoda, 2009). A further study determined that MCF-7 cells
subjected to the action of a HT enrich-extract, suffered a cell cycle ar-
rest in GO/G1 phase, due to a down-expression of the peptidyl-prolyl
cis-trans isomerase Pinl, which decrease Cyclin D1 (over-expressed in
50% of breast cancer patients) and to an overexpression of c-jun
(Bouallagui, Han, Isoda, & Sayadi, 2011). The study carried out by
Corona et al. with CaCo2 cells (Corona et al., 2009), observed how HT
altered the phosphorylation status of the extracellular signal-related
kinase 1 and 2 (ERK1/2), inhibiting the activation of ERK1/2 with the
subsequent decrease in Cyclin D1. Like what happened in the study
performed by Chimento et al. in 2010. These authors determined that
HT also inhibits the activation of ERK1/2-estrogen-dependent pro-
liferation pathway in MCF7 cells, performing its chemo-protective and
antiproliferative roles through non-traditional estrogen-dependent
rapid signals.

Further studies showed that HT decreased tumour volume and
growth, and cell proliferation in Sprague-Dawley rats with breast tu-
mours induced by DMBA. Another possible mechanism of action was
then proposed via Wnt pathway. HT promotes an induction in the
synthesis of Sfrp4 (Secreted frizzled-related protein 4), which in turn
acts as a soluble modulator of Wnt pathway, facilitating apoptosis and
blocking cell proliferation in breast cancer (Granados-Principal et al.,
2011).

Finally, several epidemiological studies have shown that both HT
and its derivatives present in olive oil may have protective effects
against multiple types of cancer such as pancreas, oral cavity, oeso-
phagus, colon-rectum, prostate or lung (Rafehi et al., 2012; Vilaplana-
Perez, Aunon, Garcia-Flores, & Gil-Izquierdo, 2014).

6. Conclusions

According to all data revised in this review we can elucidate why a
compound from olive oil has gained over the years such great im-
portance in terms of health protection. Different processes suffered by
HT which are related to the bioavailability along the body and its re-
lationship with different endogenous pathways have been also been
described in details. At this point, it should be noted how the discovery
of these modifications have served to the industry to redirect the ap-
plication of this compound, generating new derived molecules from HT
allowing to improve the bioavailability, activity and power.

We also reviewed a wide variety of health-beneficial effects
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attributable to HT such as a health protector and in many cases as a
result of applying novel dosage forms that improved the characteristics
of this molecule and its derivatives.

Finally, we must emphasize the antioxidant/prooxidant duality of
HT, being the first its most important role and for which it is capable of
performing most of its healthy activities. It is also noticeable its selec-
tive effect as prooxidant in certain tumour cells, exercising an anti-
tumour action as a set of two perfectly coordinated effects.
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