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1 | INTRODUCTION

In addition to providing sensory stimuli, usually taste, smell and sight, olive oil con-
tains a range of minor components, mostly phenolic in nature. These components
are endowed with pharmacological or pharma-nutritional properties that are the sub-
ject of active research worldwide. Based on our more than 25 years of experience in
this field, we critically focus on what we believe are the most pharmacologically
prominent actions of the constituents of olive oil. Most of the effects are due to
the phenolic compounds in extra virgin olive oil, such as hydroxytyrosol and
oleocanthal (which are often mis-categorized as in vivo antioxidants) and concern
the cardiovascular system. Other potentially beneficial activities are still to be
investigated in depth. We conclude that—in the context of a proper diet that includes
high-quality products—the use of high-quality olive oil contributes to achieving and
sustaining overall health.

LINKED ARTICLES:
Nutraceuticals. To view the other articles in this section visit http://onlinelibrary.
wiley.com/doi/10.1111/bph.v177.6/issuetoc

This article is part of a themed section on The Pharmacology of

Gonzalez et al., 2017), but, probably, what really sets the Mediterra-
nean diet apart from other plant-based diets is the use of olive oil as

The term “Mediterranean diet” encompasses the dietary regimens tra-
ditional of the Mediterranean basin (Martinez-Gonzalez, Hershey,
Zazpe, & Trichopoulou, 2017). This diet is considered to be among
the healthiest ones worldwide and inhabitants of the Mediterranean
basin exhibit high longevity and lower incidence of age-related
disease (Capurso, Crepaldi, & Capurso, 2019). The Mediterranean diet's

main features have been described and agreed upon (Martinez-

Abbreviations: 3,4-DHPEA-EDA, dialdehydic form of decarboxymethyl elenolic acid linked to
hydroxytyrosol; CVD, cardiovascular disease; EFSA, European Food Safety Authority; ER,
endoplasmic reticulum; EVOO, extra virgin olive oil; HT, hydroxytyrosol; HVAL,
homovanillyl alcohol; IBD, inflammatory bowel diseases; iNOS, inducible NOS; Nrf2, nuclear
factor (erythroid-derived 2)-like 2; OC, oleocanthal; OLE, oleuropein; OMWW, olive mill
waste waters; OOPC, olive oil phenolic compound; TAG, triacylglycerol; VOO, virgin olive oil

the main source of visible fat (Visioli et al., 2018). Worthy of note, olive
oil is a fruit juice in that it is obtained from drupes by physical means.
Therefore, it retains most of the components originally present in the
olives, including fatty acids, terpenes, chlorophylls, carotenoids, and
(poly)phenols including hydroxytyrosol (HT) and oleocanthal (OC) (vide
infra; Bonvino et al., 2018). This peculiar amalgam grants olive oil its
unique flavour and taste (it is noteworthy that hundreds of olive
cultivars exist worldwide, each of which yields distinct oils). In addition
to providing sensory stimuli (taste, smell and sight), the minor
components of olive oil, most of which phenolic in nature, are endowed
with pharmacological/pharma-nutritional properties (Crespo, Tome-

Carneiro, Davalos, & Visioli, 2018) that we review in this paper.
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Given the large amount of literature published on this topic and
based on our more than 25 years of experience in this field, we criti-
cally focus on what we believe are the most pharmacologically prom-
inent actions of the constituents of olive oil.

2 | OLIVE OIL AND ITS MAJOR
COMPONENTS

2.1 | Fatty acids

Olive oils are—of course—composed of ~98-99% of fatty acids, mainly
triacylglycerol (TAG) esters of oleic acid (55-83%), palmitic acid (7.5-
20%), linoleic acid (3.5-21%), and other fatty acids such as stearic acid
(0.5-5%). In terms of stereospecificity, triolein makes up ~40% of the
TAGs in olive oil, whereas other less frequent esterification possibilities
include (a) one palmitic acid in position sn-3 and two oleic acids in the
sn-1 and sn-2 and (b) one molecule of linoleic acid in position sn-2 bor-
dered by two oleic acids (Karupaiah & Sundram, 2007). The remaining
~1-2% is made of “minor components” such as the (poly)phenols. The
saponifiable fraction can be further, conveniently, subdivided into many
different families, including aliphatic and triterpenic alcohols, sterols,

squalene, volatile compounds, tocopherols, carotenes, and chlorophylls.

2.2 | Oleic acid

The contribution of oleic acid (18:1n-6) to the cardioprotective effect of
a Mediterranean diet is still being debated and no firm conclusion has
been reached (Voelker, 2019). Indeed, the substitution of saturated
fat with monounsaturated and polyunsaturated fatty acids does corre-
late with lower CVD incidence, but whether this effect is due to some
biological activities of oleic acid or to the displacement of saturates is
difficult to ascertain. It should be emphasized that oleic acid is not an
essential fatty acid, as the body can synthesize it and no clinical signs
of deficiency have been described to date. Also, in countries other the
Mediterranean ones, for example, the United States and the UK, dietary
oleic acid is consumed through meat, namely, pork and chicken (Visioli
et al., 2018). Hence, the overall amount of dietary oleic acid consumed
does not differ between olive oil users, such as those in the Mediterra-
nean region and subjects in other countries with lower use of olive oil
(Dougherty, Galli, Ferro-Luzzi, & lacono, 1987). As mentioned, available
human evidence from ecological and clinical trials in which blood fatty
acid composition was associated with disease incidence, actually indi-
cates that high plasma or phospholipid concentrations of 18:1 fatty
acids are associated with higher, not lower, cardiovascular disease
(CVD) risk. A notable example was provided by Wiirtz et al. (2015),
who showed—by using metabolomics—that higher serum monounsatu-
rated fatty acid concentrations are associated with increased CVD risk.
Polyunsaturated fatty acids exhibited the opposite association. Other
data along the same lines have been published by Marangoni et al.
(2014) and Block, Harris, Reid, and Spertus (2008), who reported higher
monounsaturated fatty acid concentrations in myocardial infarction

patients, compared with controls (again, w 6 fatty acids were associated
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with better prognosis). In summary, any purported (yet often touted) car-
diometabolic benefit of total monounsaturated fat, such as oleic acid, is
based on scant data (Voelker, 2019). Limitations in these kinds of studies
include the fact that plasma (or blood) concentrations of 18:1 fatty acids
are a poor proxy of intake because oleate can be synthesized de novo. In
addition, slowly accumulating evidence is suggesting that there might be
considerable health differences depending on the source of oleic acids,
that is, from vegetables and olive oil or from animal products (Zong
et al., 2018). Therefore, even though some authors (Gillingham, Harris-
Janz, & Jones, 2011) do point to the fact that the substitution of satu-
rated fatty acids with oleic acid reduces total and LDL cholesterol and
replacement of carbohydrates with oleic acid lowers TAGs and LDL cho-
lesterol (all effects that lead to a reduction of cardiovascular risk), we
would like to reiterate that available evidence indicates that 18:1 fatty
acids per se are not the olive oil component chiefly responsible for its
cardioprotective potential. Finally, several high-oleic acid seed oils are
available in the market and are mostly employed by the snack industry.
Further ecological data will eventually prove or disprove our contention,
but based on current science, we would like to introduce the reader to

the pivotal biological roles of the (poly)phenols in olive oil.

2.3 | Phenolic compounds

As mentioned above, olive oil phenolic compounds (OOPCs) are now
believed to contribute to the health benefits attributed to extra virgin
olive oil (EVOO; Crespo et al., 2018; Robles-Almazan et al., 2018).
Indeed, the soluble fraction of olive oil is mainly composed of OOPC,
including phenolic acids, phenolic alcohols (HT and tyrosol),
secoiridoids such as oleuropein (OLE), HT linked to the dialdehydic
form of elenolic acid (3,4-EDA), and flavonoids (Rodriguez-Morato
et al.,, 2016). Upon production, when acidity exceeds 0.8%, olive oil
needs to be refined, which dramatically decreases the concentration
of its minor components. This creates two commercial categories of
olive oils, that is, EVOO and olive oil (European Communities, 2002).
As the latter form of olive oil is almost devoid of minor components,
the pharma-nutritional properties generically attributed to olive oil
truly only pertain to EVOO.

The concentration and profile of OOPCs in EVOO depends on many
factors, such as the variety of olive cultivar, degree of ripening, climatic
conditions, soil, irrigation, technical process for oil separation (i.e., tem-
perature, crushing, malaxation, and its water content), and the time and
storage conditions (Boskou, 2015). In addition, the correct quantifica-
tion of OOPCs is extremely complicated by the lack of appropriate
standards and a standardized method to analyse (poly)phenols (Boskou,
2015). In summary, as EVOO is an agricultural product, it cannot be
standardized and it is, therefore, impossible to provide “pharmacologi-
cal” advice to consumers with respect to the type (including brand)
and amount of EVOO to be consumed for optimal health.

Any type of olive oil is produced by mechanical pressure applied to
the olive paste, which is obtained by a process of milling and
malaxation, that is, the continuous addition of water to the olive paste.

This procedure yields considerable amounts of olive mill waste waters
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(OMWW; 800,000 m3year™* in Italy alone) and water-soluble (poly)
phenols, extracted from the olives by malaxation, according to their
partition coefficient, will be found in the OMWW. Several techniques
have been developed over the years to selectively extract (poly)phe-
nols from OMWW (Aissa et al., 2017), and some nutraceuticals are
available in the market. In addition to their commercial exploitation,
OMWW are useful in pharma-nutritional research because they allow
for the administration of well-characterized raw extracts, in which, for
example, OLE or HT is the only bioactive component (Khymenets
et al., 2016). Several studies have been published (Visioli & Bernardini,
2011), from basic mechanisms in vitro to in vivo actions, including in
human subjects (vide infra). The initial studies focused on the antioxi-
dant activities of OMWW, which, after the debacle of antioxidant
therapy, are now being proposed as additives for animal feed, food
and cosmetics, to prolong shelf life (Aissa et al., 2017). The major lim-
itation concerns the strong flavour and bitter taste of OMWW, an
issue that is currently unresolved. Other studies have targeted the
anti-inflammatory properties of OMWW and their ability to increase
GSH concentrations (Visioli, Wolfram, Richard, Abdullah, & Crea,
2009), possibly via nuclear factor (erythroid-derived 2)-like 2 (Nrf2)-
mediated pathways (see Visioli & Bernardini, 2011).

3 | THE FOREMOST PHENOLIC
COMPONENT OF OLIVE OIL: HT

3,4-Dihydroxyphenylethanol (HT; Figure 1) is the main OOPC and it is

mostly found in the fruits and leaves of olive trees, enclosed in complex

1 Memory functions

structures, namely, the secoiridoids, OLE and 3,4-EDA. OLE in oils is
present as an aglycone, due to the action of hydrolytic enzymes released
during the preparation of the oil. This hydrolysis also causes partial mod-
ification of the aglycone due to keto-enolic tautomeric equilibrium that
involves the ring opening of secoiridoids: During the mechanical pro-
cess employed to obtain unrefined olive oils, OLE is mostly hydrolysed
into aglycone derivatives such as 3,4-DHPEA-EDA and 3,4-DHPEA-
EA, and a small part undergoes hydrolysis to liberate HT. Upon ingestion
by humans, the main secoiridoid structures (HT precursors) are rapidly
hydrolysed into simple phenolic structures (phenolic acids and alcohols),
leading to an increase in free HT in the small intestine (de Bock et al.,
2013; Lépez de las Hazas et al., 2016). These simple phenols are then
available to be metabolized into Phase | and Phase Il metabolites (Liu
& Hu, 2007) by the activity of sulphotransferases (Dunn & Klaassen,
1998) and UDL-glucuronosyltransferases (Shelby, Cherrington, Vansell,
& Klaassen, 2003). Indeed, the absorption, distribution, metabolism, and
excretion of the phenolics in olive oil have been largely elucidated
(Caruso, Visioli, Patelli, Galli, & Galli, 2001; Rodriguez-Morato et al.,
2016). In fact, after the intake of EVOO, VOO, olive leaf extracts, HT,
or olive byproducts or precursors, HT metabolites (mainly as sulfated
derivatives) are the main compounds found circulating in the blood (de
Bock et al, 2013; Rubio et al., 2012) and recovered in the urine
(Khymenets et al., 2016). The low bioavailability and low plasma con-
centration of native forms of phenols are typical of (poly)phenols and
such findings are stimulating research based on the hypothesis that
the conjugates could be biologically active and produce beneficial
effects (Del Rio et al., 2013). Interestingly, 3-O-methyl-hydroxytyrosol,
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FIGURE 1 Hydroxytyrosol (HT) and its main biological actions. AOX, antioxidant; BAX, BCL2-associated X, apoptosis regulator; BCL2, B cell
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also known as homovanillyl alcohol (HVAL), can be measured in the
urine as a marker of EVOO consumption. High urinary HVAL concentra-
tions have been associated with lower risk of CVD and total mortality in
elderly individuals (De laTorre et al., 2017). We would point out that the
concentrations of HVAL in the urine of rats are much higher than the
humans' ones, questioning the [often unavoidable] use of rats to study
the metabolism of HT (Visioli et al., 2003). Finally, a recent paper by
Terzuoli et al. (2019) demonstrated that HT 3-O sulfate blunts
endothelial-to-mesenchymal transition in the inflamed endothelium,
emphasizing again the need to study (poly)phenols' metabolites and

focus on the root of degenerative diseases, that is, inflammation.

4 | PHARMACOLOGICAL AND
NUTRACEUTICAL PROPERTIES OF HT

In the present context, human pathology can be conveniently classified
in three major areas: CVD, cancer, and neurological disorders. These
macro-areas comprise most diseases affecting people in the Western
world, where the incidence of infection-based pathologies is low
(Afshin et al., 2019). We here summarize the evidence-to-date of the

effects of olive oil and its components—namely HT—on such illnesses.

4.1 | Cardiovascular disease

HT has been first studied in the cardiovascular field, when the
atherosclerosis/oxidative stress hypothesis was suggesting a preven-
tive or therapeutic role for antioxidants. Indeed, HT is a strong contrib-
utor to the stability of olive oil (Papadopoulos & Boskou, 1991) and is a
strong in vitro antioxidant (Visioli, Bellomo, & Galli, 1998). In parallel,
other potentially cardiopreventive activities have been explored,
namely, anti-inflammatory (Richard et al, 2011) and hypoc-
holesterolemic effects (for details, see Pedret et al., 2018). In terms of
atherosclerosis prevention, some contrasting data have been published
following experiments in two different animal models. Whereas HT
slowed atherosclerosis progression in the rabbit (Gonzalez-Santiago
et al., 2006; of note, resveratrol promotes atherosclerosis in the same
model; Wilson, Knight, Beitz, Lewis, & Engen, 1996), Acin et al. (2006)
actually reported increased atherosclerosis in mice-fed HT. We must
highlight how long-term human experiments are nearly impossible to
perform with nutraceuticals (Visioli, 2012). However, the data from
the PREDIMED, the preeminent clinical trial that showed the protective
activities of the Mediterranean diet and of EVOO (Estruch et al., 2018),
are indeed suggestive of a cardioprotective effect of HT, mediated by
still largely unexplored mechanisms (vide infra). Of note, HT is the only
phenolic compound backed by a [quite controversial] European Food
Safety Authority (EFSA) health claim. This states that daily consumption
of around 5 mg of HT and its derivatives, that is, OLE complex and
tyrosol, protect blood lipids from oxidation (EFSA Panel on Dietetic
Products, Nutrition and Allergies (NDA) 2011). It is important to under-
line that this health claim is focused in the protection provided to LDL
against oxidative damage and that effects on normal lipid metabolism

maintenance, blood pressure, or other biological actions are not
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addressed. Given that the true contribution of LDL oxidation to
human pathology is still unclear and that clinical trials of antioxidants
failed to demonstrate their usefulness, the fact that HT is capable of
protecting LDL from oxidation is—as of today—of dubious clinical
relevance.

4.2 | Dyslipidemia and metabolic syndrome

The cumulative effects of olive oil on lipid metabolism are—based on
current data—quite modest (Visioli et al., 2018).

In terms of pharmacology/pharma-nutrition of its minor compo-
nents, most studies performed in humans or animal models, such as
mice, rats, rabbits, and zebrafish, have reported small or positive effect
of HT consumption on circulating lipids and on lipid peroxidation
(Gonzalez-Santiago et al., 2006; Pirozzi et al., 2016; Santos-Lopez
et al,, 2016; Tabernero et al., 2014; Wang, Liu, Ma, & Wen, 2018). Nev-
ertheless, both dyslipidemia and hepatic fat accumulation were
reported in rodents after EVOO consumption (Arbones-Mainar et al.,
2007). In one example, an 8-week supplementation with a dietary
attainable amount of HT resulted in hypertriglyceridemia in mice
(Tome-Carneiro et al., 2016). Moreover, after a 10-week vitamin E-
deficient diet, a 2-week supplementation with 100-mg HT-kg™? diet
led to a rise in plasma TAG in rats (Rowett Hooded Lister strain;
Rodriguez-Gutierrez et al., 2012). In Wistar rats, HT supplementation
(7.5 mg-kg ™%, twice a week, for 30 days) induced elevated TAG and lipid
concentrations in cardiac muscle (Faine et al., 2006). Concerning non-
murine models, HT supplementation (1.5-mg HT-kg l-day™?), from
Day 35 to delivery, resulted in raised TAG in the offspring of Iberian
sows with diet-induced risk of intrauterine growth restriction, com-
pared to controls (Vazquez-Gomez et al., 2017). In humans, the few
available studies reported no effects on the lipid profile after HT con-
sumption. For example, in a study with healthy volunteers, the intake
of 0-, 5-, or 25-mg HT-day %, for 1 week, did not produce any significant
effects on the levels of total cholesterol, LDLc, HDLc, TAG, and body
weight (Crespo et al., 2015). Also, a 3-week supplementation with pla-
cebo or 15-mg HT-day* did not cause any significant change in total
cholesterol, HDLc, and TAG, whereas circulating malondialdehyde con-
centrations were significantly reduced (Colica et al., 2017). Interestingly,
the intake of 5.25 mg of HT (as part of a 30-g biscuit formulation)
decreased the postprandial levels of ox-LDL (Mateos et al., 2016).

The contribution of dyslipidemia to the metabolic syndrome is quite
relevant (Sherling, Perumareddi, & Hennekens, 2017). In this respect,
consumption of olive oil as the principal source of visible fat is associ-
ated with lower incidence of type 2 diabetes (Visioli et al., 2018). Exper-
imental proof was provided by the PREDIMED study (Salas-Salvado
et al., 2014) and the extent to which EVOO (poly)phenols contribute
to this protective effect is being explored by basic science (Hmimed,
Belarbi, & Visioli, 2016; Peroulis et al., 2018; Peyrol, Riva, & Amiot,
2017). Even though a correct lifestyle that includes proper dietary
habits and physical exercise is of preeminent importance (Sherling
et al., 2017), accumulated evidence suggests that EVOO and its minor

components, via multi-targeted actions, might indeed lower the risk
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of metabolic syndrome and, after proper randomized trials, might be
employed as adjunct therapeutic agents (Yubero-Serrano, Lopez-
Moreno, Gomez-Delgado, & Lopez-Miranda, 2018).

4.3 | Chemoprevention

Chemopreventive actions have also been proposed for OOPC (see Ber-
nini, Merendino, Romani, & Velotti, 2013; Zhao et al., 2014), based on
observational data indicating lower incidence of cancer, for example,
breast cancer among olive oil users (Gerber, 1997; Visioli et al., 2018).
The PREDIMED also reported a lower incidence of breast cancer after
a long-term consumption of a (poly)phenol-rich olive oil as part of a
Mediterranean diet compared to the low-fat diet of the control group
(Toledo et al., 2015). Machowetz et al. (2007) and Salvini et al. (2006)
in healthy males and postmenopausal women, respectively, have
reported reduced oxidative DNA damage after short-term ingestion
of phenol-rich olive oil, which might theoretically mitigate cancer risk.

Basic science is investigating the purported chemopreventive
properties of OOPC. The most popular mechanism of action proposed
for (poly)phenols is based on their antioxidant properties. However,
provision of antioxidants actually increases cancer risk (Jenkins et al.,
2018), and the exact role of oxidative stress (now called redox code;
Jones & Sies, 2015; and never fully elucidated in humans) in cancer
aetiology is, to date, still elusive. Conceivably, modulation of the redox
code by (poly)phenols (including OOPC) might play some roles in can-
cer and progression of cancer stem cells, as well as adjunct therapy
(Ritter & Greten, 2019). Such actions are probably not mediated by
direct antioxidant activities. Indeed, if OOPC have chemopreventive
properties, these are due to a variety of molecular, synergistic activi-
ties rather than to a single one. For example, oleocanthal (OC) is cyto-
toxic to human melanoma cells, but not to normal dermal fibroblasts.
This compound inhibits ERK1/2 and Akt phosphorylation and down-
regulates Bcl-2 expression (Fogliano & Sacchi, 2006), independent of
antioxidant actions. HT and two of its colonic metabolites, that is,
phenylacetic acid and hydroxyphenylpropionic acid, can arrest cell
cycle and promote apoptosis in HT-29 and Caco-2 cells (Lopez de
las Hazas, Pinol, Macia, & Motilva, 2017).

The activation of transcription factors such as NF-kB, STATS3,
MAPK, and the hypoxia-inducible factor 1a contributes to cancer
onset and development (Monkkonen & Debnath, 2018). These tran-
scription factors dictate the production of inflammatory molecules
such as cytokines and chemokines, in addition to activating COX-2.
This leads to further activation and recruitment of leukocytes, triggers
the inflammasome of tumour cells, and stimulates the production of
other inflammatory mediators in a vicious cycle (D'lgnazio, Batie, &
Rocha, 2017). (Poly)phenols including OOPC do modulate signal trans-
duction and might potentially block cellular hyperproliferation.

It is relevant to note that exceedingly high concentrations of (poly)
phenols that are often employed in in vitro studies. (Poly)phenols are
notoriously poorly bioavailable and extrapolation of in vitro data to
human physio-pathology is, therefore, questionable. In this respect,

the most physio-pathologically relevant studies are those carried out

using Gl tract cells. Other reports should be interpreted in light of
these caveats.

To summarize, olive oil and its (poly)phenols are likely to play
important roles in the lower degree of cancer risk observed in the
Mediterranean area (Visioli et al., 2018). Basic science is, indeed, sug-
gestive of such effect, but, because of the inherent difficulties of
studying cancer in humans and in appropriate animal models, the
[causal or casual] association between olive oil consumption and che-

moprevention is worth further investigation.

44 | Neurological disorders and neurodegeneration

The incidence of neurological or neuropsychiatric disorders and age-
related neurodegeneration (dementia, Alzheimer's disease and mild
cognitive impairment) is increasing in the Western world (Feigin
et al., 2017). Active research is addressing this issue, also in light of
its socio-economic consequences. The Mediterranean diet has long
been associated with lower incidence of cognitive disorders, but the
precise role of olive oil and its components is difficult to ascertain
(Casamenti & Stefani, 2017; Crespo et al., 2018; Rodriguez-Morato
et al., 2015). Of note, better vascular function (an area in which stud-
ies on olive oil abound) obviously results in lower neurodegeneration.
In terms of OOPC, the first study of Schaffer et al. (2007) used the
waste product OMWW (vide infra) and reported improved resilience
of mouse brains to external challenge. Indeed, HT accumulates in the
brain after the administration of a nutritionally relevant dose (Lopez
de las Hazas et al., 2015). Mice receiving EVOO exhibit improved
memory and learning as well as a lower rate of Alzheimer's disease
(Farr et al., 2012; Qosa, Mohamed, et al., 2015), mediated by largely
unexplored mechanisms. Observational studies in humans have been
performed in New York City, where olive oil consumption is quite
low, which reported lower dementia risk associated with higher adher-
ence of the Mediterranean diet. However, those studies did not dis-
criminate the individual contribution of EVOO from that of other
unsaturated fatty acids. In vitro studies are, therefore, slowly evaluat-
ing the alleged neuroprotective properties of OOPC, which include
restoration of proper insulin signalling (Crespo et al., 2017). In addi-
tion, HT and their Phase Il metabolites show neuroprotective effects
against oxidative stress at physiological concentrations in neuronal
cells (Lopez de las Hazas et al., 2018).

As mentioned, the incidence of mental and affective disorders such
as depression is rapidly increasing in particular in high- and upper-mid-
dle-income countries (Rehm & Shield, 2019). Adherence to a Mediter-
ranean diet is associated with lower risk of depression and at least one
observational study suggests that higher intake of olive oil is related to
a lower risk of depression (Psaltopoulou et al., 2013). In addition, VOO
consumption seems to protect against loss of age-related cognitive
function (Valls-Pedret et al., 2015). Again, it is difficult to disentangle
the role of EVOO from that of many other contributing factors, most
of which social in nature. Several micronutrients have been studied
in this respect, with inconclusive results (Garcia-Blanco, Davalos, &

Visioli, 2017). More studies are needed to understand the mechanisms
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potentially involved in the inverse associations between olive oil con-
sumption and brain resilience. Some such studies have been published.
In vitro, tyrosol and HT protect N2a neuroblastoma cells against AR-
induced toxicity by preventing, at least in part, the NF-kB activation
induced by AR (St-Laurent-Thibault, Arseneault,

Ramassamy, 2011). In vitro, release of Ca®* from endoplasmic reticu-

Longpre, &

lum (ER) to cytoplasm for activation of calcium/calmodulin-depen-
dent protein kinase kinase 2 occurred after OLE administration in
neuronal SH-SY5Y and RIN-5F cells, which in turn led to increased
AMPK activation and Beclin-1 and LClI-mediated lysosomal autoph-
agy for clearance of AR deposits (Rigacci et al., 2015). In BV-2
microglial cells, OLE administration inhibited the production of pro-
inflammatory cytokines via regulation of ERK, p38 (MAPKs), and
NF-kB activation (Park et al., 2017). In Caenorhabditis elegans strains
expressing human AB3-42 gene, OLE significantly reduced AR plaque
deposition, soluble isomer formation, and ROS levels and improved
SOD levels. Of note, decreased paralysis and increased lifespan with
respect to untreated animals was also seen (Diomede, Rigacci, Romeo,
Stefani, & Salmona, 2013). After supplementation with OLE aglycone,
TgCRNDS8 mice showed improved cognitive performance, presenting
a reduction in AB formation and deposition in brain regions (Luccarini
et al., 2014). This was linked with a reduction of expression levels of
glutaminyl cyclase (Luccarini et al., 2015) and to an up-regulation of
autophagy-related genes, such as Beclin-1, LC3II, p62, and cathepsin
B (Grossi et al., 2013). Although HT mildly benefited cognitive behav-
iour in APP/PS1 mice, it had no effect on brain AB accumulation. In
addition, HT was associated with amended mitochondrial dysfunction,
increased SOD-2 expression, and reduced brain inflammatory markers
(Y. Peng et al.,, 2016).

In other in vitro studies, HT impeded the induction of cell death in
dopaminergic neurons due to the Parkinson's disease-related neuro-
toxin, 6-hydroxydopamine, and this was linked, at least in part, to
the induction of Phase Il enzymes (Yu et al., 2016) and to the inhibi-
tion of apoptosis via activation of the Nrf2/HO1 axis (Funakohi-Tago
et al., 2018). Furthermore, HT mitigated the increase in spontaneous
oxidation of dopamine during MAOQ inhibition in rat pheochromocy-
toma PC12 cells (Goldstein et al., 2016).

4.5 | Inflammatory bowel diseases

The aetiology of inflammatory bowel diseases (IBD), the second most
common inflammatory disease whose incidence is rapidly growing (Ye,
Pang, Chen, Ju, & Zhou, 2015), is multi-component and the precise
mechanisms of initiation and progression have not yet been fully
unraveled (Balmus, Ciobica, Trifan, & Stanciu, 2016). Albeit poorly
characterized, oxidative stress is now regarded as a potential patho-
genic and critical factor in the initiation, progression, and severity of
IBD (Guan & Lan, 2018). Production of large quantities of NO via
up-regulation of inducible NOS (iNOS) can have a variety of effects,
which may be detrimental or beneficial depending on the amount,
duration, and anatomical site of synthesis (Kolios, Valatas, & Ward,

2004). iNOS-mediated NO production may occasionally become part
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of a dysregulated immune response, resulting in chronic inflammatory
disorders such as IBD (Guan & Lan, 2018). Transcription factors like
NF-kB mediate the expression of iNOS and other inducible genes such
as those for COX-2, IL-6 and IL-8 in immune and inflammatory
responses (Xia, Liu, Zhong, & Geng, 2001). A protective effect for
EVOO polyphenols against IBD pathogenesis and progression has
been suggested at the intestinal level. In a study by Serra and col-
leagues, a phenolic extract of olive oil polyphenols was able to inhibit
H,0, and NO production triggered by oxysterols and preserve cellular
GSH levels (Serra et al., 2018). Furthermore, olive oil's phenolics
blocked key inflammatory processes driven by oxysterols such as
NF-kB activation (by hampering the activation of JNK and p38 and
the resulting IkB phosphorylation), iNOS induction, and IL-8 and IL-6
production (Serra et al., 2018). Other in vitro studies showed the abil-
ity of HT to block NF-kB activation and iNOS and COX-2 expression
(Zhang, Cao, Jiang, & Zhong, 2009; Zhang, Cao, & Zhong, 2009). In
vivo studies also indicate an anti-inflammatory effect of HT and OLE
exerted through the modulation of MAPKs signalling (Aparicio-Soto,
Sanchez-Hidalgo, Rosillo, Castejon, & Alarcon-de-la-Lastra, 2016).

4.6 | Cellular and mechanisms of action: A critical
overview

The true mechanism(s) of action of (poly)phenols are still elusive as no
receptor has been found. The most popular mechanism of action pro-
posed over the years for HT is its antioxidant activity, namely, a direct
one. However, accumulated evidence (not limited to HT, but involving
all phenolic compounds) is questioning the extent and true nature of
free radical scavenging and direct antioxidant activity (Forman, Davies,
& Ursini, 2014; Visioli, 2015). This is due to several factors that are
emerging along with (poly)phenol research. The most relevant one is
the low bioavailability of (poly)phenols in general, including HT. For
example, Pastor et al. (2016) recorded a C,,,.x of HT of 2.8 uM, follow-
ing ingestion of EVOO, which—albeit low—is even higher than those
of most (poly)phenols. The consequence of this low bioavailability is
that (poly)phenols and their metabolites contribute little to the endog-
enous antioxidant pool (Lotito & Frei, 2006), which has been calcu-
lated to be in the millimolar range.

If (poly)phenols such as HT act as antioxidants, it might be via indi-
rect mechanisms, namely, the increasingly popular Nrf2 pathway.
Some data in support of this hypothesis have, indeed, been published
(S. Peng, Zhang, Yao, Duan, & Fang, 2015; Zrelli et al., 2011; Zrelli,
Kusunoki, & Miyazaki, 2015), but it should be noted that the authors
performed such experiments with supra-physiological, unattainable
concentrations. The human relevance of those data is, therefore, likely
to be low. In an attempt to prove the Nrf2 hypothesis in humans,
Crespo et al. (2015) administered HT to healthy volunteers and failed
to observe any activation of Phase Il enzymes. We have to emphasize
that the Nrf2 pathway has never been confirmed for any polyphenol,
in humans, possibly because of methodological problems, such as the

difficulty in obtaining liver biopsies.
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Other mechanisms of action have been proposed for HT and olive
phenolics (de Pablos, Espinosa-Oliva, Hornedo-Ortega, Cano, &
Arguelles, 2019). Probably, the most important one concerns inflam-
mation. As first put forward by the late Dr Russel Ross (1999) and
recently confirmed by the CANTOS study (Aday & Ridker, 2018),
low-grade, chronic inflammation is at the heart of several degenerative
diseases including inflammation, neurodegeneration, and cancer (Cal-
der et al., 2017; see above).

Indeed, olive (poly)phenols have been tested in a variety of in vitro
and in vivo models where they exhibited anti-inflammatory actions,
namely, via inhibition of cycloxygenases and lipoxygenases (Visioli &
Bernardini, 2011). This might be important in, for example, cancer
patients (Diakos, Charles, McMillan, & Clarke, 2014), who exhibit higher
inflammatory status. In addition, as inflammation is the major player in
age-related pathologies (a phenomenon termed “inflammaging”; Calder
et al., 2017), inhibition of cycloxygenases and lipoxygenases is likely to
be the mechanisms of action chiefly responsible for the health benefits
of OOPC.

Protein misfolding and ER stress have a central role in several
human diseases (Walter & Ron, 2011), including insulin resistance, Type
2 diabetes (Ozcan et al., 2004), inflammatory disease, cancer (Cubillos-
Ruiz et al., 2015), or neurodegeneration (Uehara et al., 2006). As redox
status or excessive oxidative stress may contribute to or accompany,
ER stress (Kim et al., 2018; Liu et al., 2019), the use of HT or other olive
phenolics may influence the unfolded protein response pathway.
Indeed, recent evidence suggest that HT (Giordano, Davalos, Nicod, &
Visioli, 2014; Wang et al., 2018) or its metabolites (Giordano, Dangles,
Rakotomanomana, Baracchini, & Visioli, 2015) reduce ER stress. In
short, modulation of ER stress might be an underappreciated yet very
relevant mechanism of action of HT and other OOPCs.

A more recent research topic is the role of microRNAs as potential
targets of drugs and food components (Davalos & Suarez, 2013;
Tome-Carneiro et al., 2016). There is some in vitro evidence that olive
(poly)phenols alter microRNAs in cancer cells. Tomé-Carneiro et al.
also reported modulation of microRNAs, namely, miR-193a-5p in
rodents and humans after the administration of nutritionally relevant
amounts of HT (Tome-Carneiro et al., 2016), whereas miR-802-5p
was found to be consistently modulated in mouse liver and intestine
after dietary supplementation (Lopez de las Hazas et al., 2019). These
observations could in part explain (at the molecular level) some of the
biological effects of HT. Yet, although microRNAs are increasingly
being indicated as potentially relevant targets for drugs and/or food
components (Tome-Carneiro et al., 2016), we would like to reiterate

the need for further ad hoc research.

4.7 | Safety

Of course, consumption of phenol-rich EVOO is deemed as safe
except when in surplus (Tomé-Carneiro et al., unpublished experi-
ments). When testing defined compounds or raw mixtures in a nutra-
ceutical setting, we need to make sure that untoward side effects are

minimal. Any pharmacological or pharma-nutritional intervention

should in fact follow safety and toxicity protocols, even though the
lay public's perception is that “natural equals “safe”. D'Angelo et al.
(2001), in the first acute toxicity test in experimental animals, showed
that a single dose of 2 g-kg™* HT did not produce any relevant adverse
effect. Subsequent studies evaluating acute toxicity in rats, such as the
90-day chronic toxicity test, confirmed the absence of toxic effects at
doses of 2 gkg t-day™?, as well as the absence of teratogenic and
mutagenic actions (Christian et al., 2004). In a later study, a no
observed adverse effect level of 500-mg HT-kg™* day™* was proposed,
which would represent 5-mg HT-kg™* day™ for humans (considering a
safety factor of 100) or 300 mg-day* for a 60-kg person (Aunon-Cal-
les, Canut, & Visioli, 2013). Further, HT was tested for its potential
genotoxicity, and the results indicate that it is non-genotoxic and
non-mutagenic at concentrations that far exceed those attainable
after intake (Aunon-Calles, Giordano, Bohnenberger, & Visioli, 2013).
In addition, renal and hepatic function parameters remain unaltered
after HT administration, further confirming its safety (Kotronoulas
et al., 2013).

A phospholipid conjugate of HT has also been tested for toxicity
with no apparent adverse effects (Cornelio et al., 2019). All of these
publications led to HT being awarded a Novel Food status by the
EFSA (EFSA Panel on Dietetic Products, Nutrition and Allergies
(NDA) et al.,, 2017).

5 | HUMAN STUDIES

The only two human studies of HT available thus far have been per-
formed by Lopez-Huertas and collaborators (Gonzalez-Santiago,
Fonolla, & Lopez-Huertas, 2010; Lopez-Huertas & Fonolla, 2017). In
the former, the authors confirmed human absorption of HT and
recorded its transient association with LDL, confirming data by
Bonanome et al. (2000), who administered EVOO rather than pure
HT. In the latter (not placebo controlled), the authors explored the
effects of HT (5 mg-day ™! for 8 weeks to volunteers with mild hyperlip-
idaemia) on markers of CVD, blood lipids, inflammatory markers, liver or
kidney functions, and the electrolyte balance. No significant differences
were reported, but plasma concentrations of vitamin C increased two-
fold after 4 and 8 weeks treatment, compared with levels at baseline.
The authors propose a physiologically relevant antioxidant function
for HT through increasing endogenous vitamin C levels (Afshin et al.,
2019). As discussed above, the true contribution of higher antioxidant
status to human physio-pathology is far from being elucidated.

Other human studies have been performed with OMWW (see
above). The results include increased GSH plasma concentrations
(Visioli et al., 2009), decreased TxB, production (Leger et al., 2005),
amelioration of psoriasis (Herrera Acosta, Alonso Suarez Pérez,
Aguilera Arjona, & Visioli, 2016), and reduction of inflammation
markers and reported pain in women after breast cancer (Martinez
et al., 2019). There are many patents to protect different methods of
purification and concentrations of (poly)phenols in OMWW, including
ion-exchange chromatography and reverse osmosis (Visioli &
Bernardini, 2011). As mentioned, commercial applications range from

nutraceuticals and functional foods to animal feed and cosmetics.
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6 | OLEOCANTHAL
2-(4-Hydroxyphenyl)ethyl(3S,4E)-4-formyl-3-(2-oxoethyl)hex-4-
enoate (OC) is a secoiridoid which is being increasingly investigated
(Francisco et al., 2019; Pang & Chin, 2018). It strongly contributes
to the sensory properties of olive oils, including bitterness, pun-
gency, and astringency (Francisco et al., 2019). Indeed, intake of
OC irritates the upper airways and is often accompanied by throat
clearing and coughing. This feature is very similar to that of ibupro-
fen, and Beauchamp et al. (2005) proposed OC as an anti-
inflammatory compound based on this observation. Because low-
grade, chronic inflammation is being proposed as a major
etiopathological trigger of degenerative diseases (Calder et al,
2017), daily consumption of OC in doses lower and, hence, less det-

rimental to the Gl tract, than those of ibuprofen might contribute to

the health benefits of EVOO. Basic science data in support of this
notion include the ability of OC to lessen some in vitro features of
Alzheimer's disease (Pitt et al., 2009), similar to that described for
HT (Crespo et al., 2017). The available research on OC is very prom-
ising, even though evidence of its metabolism in humans is missing
(Fogliano & Sacchi, 2006). However, given the ibuprofen-like proper-
ties of OC, it is conceivable that the frequent intake of OC-rich
EVOOs would lessen the risk of inflammation-based degenerative
conditions such as CVD, cancer (Francisco et al., 2019), and
Alzheimer's disease. Concerning the last, in brain endothelial cells,
OC significantly increased the levels of transport proteins involved
in AB load clearance from brain tissues, P-glycoprotein (P-gp), and
LDL receptor-related protein-1 (Abuznait, Qosa, Busnena, El Sayed,
& Kaddoumi, 2013; Qosa, Batarseh, et al.,, 2015). In addition, OC-

treated mouse models showed increased levels of P-gp and LDL
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receptor-related protein-1, as well as PPAR-y, ApoE, and ATP-bind-
ing cassette transporter-A1l (Qosa, Batarseh, et al., 2015) and AR
degrading proteins, IDE, and neprilysin (Abuznait et al., 2013). In
murine astrocytes, OC ameliorated toxicity of amyloid-B oligomers,
reducing astrocyte activation and IL-6 and glial fibrillary acidic pro-
tein levels, and on neuronal cells increasing the levels of main regu-
latory proteins in synaptic functions, PSD-95, and synaptosomal
nerve-associated protein-25 (Batarseh et al., 2017). It is important
to note that there are no human studies with OC, which would be

mandatory before pharmacological activities could be claimed.

7 | CONCLUSIONS

The accumulated epidemiological observations from the Mediterra-
nean basin consistently correlate consumption of olive oil as the prefer-
ential source of visible fat with lower incidence of degenerative
diseases and greater longevity. There are very many other factors that
could contribute to these correlations from moderate yet constant
physical activity by, for example, shepherds and peasants, proper vita-
min D synthesis from sunlight exposure, strong family bonds and social
interactions, reduced exposure to air pollution, and slower work pace.
For over 25 years, however, researchers have been using isolated olive
oil components—most of which are (poly)phenolic in nature—in phar-
macological rather than nutritional settings (Figure 2). Due to the inher-
ent difficulties of pharma-nutritional research (small effects; ethical
issues from the use of healthy volunteers or patients; choice of appro-
priate biomarkers, etc.; Andrew & 1zzo, 2017; Visioli, 2012), research is
progressing less rapidly than in the case of synthetic drugs. However,
the data we have critically reviewed in this article allow us to infer that
there is indeed a direct correlation between the consumption of high-
quality olive oil and [primary or secondary] cardioprotection, as
observed (Rees et al., 2019) and shown (Martinez et al., 2019) in the
Mediterranean diet. Many studies with (poly)phenols from OMWW
or synthesis are unveiling their manifold mechanisms of actions, which
need to be confirmed in humans. Chemoprevention of cancer and
avoidance of neurodegeneration by OOPC are yet to be proven and
are only suggested by the observational studies.

We would like to conclude that—in the context of a proper diet
that includes high-quality products—the use of high-quality olive oil
contributes to achieving and sustaining better overall health.

7.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the [UPHAR/BPS Guide to PHARMACOL-
OGY (Harding et al., 2018), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander, Cidlowski et al.,
2017; Alexander, Fabbro et al., 2017; Alexander, Kelly et al., 2017a, b).
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