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Abstract: Dietary consumption of olive oil represents a key pillar of the Mediterranean diet, which
has been shown to exert beneficial effects on human health, such as the prevention of chronic non-
communicable diseases like cancers and neurodegenerative diseases, among others. These health
benefits are partly mediated by the high-quality extra virgin olive oil (EVOO), which is produced
mostly in Mediterranean countries and is directly made from olives, the fruit of the olive tree
(Olea europaea L.). Preclinical evidence supports the existence of antioxidant and anti-inflammatory
properties exerted by the polyphenol oleocanthal, which belongs to the EVOO minor polar compound
subclass of secoiridoids (like oleuropein). This narrative review aims to describe the antioxidant and
anti-inflammatory properties of oleocanthal, as well as the potential anticancer and neuroprotective
actions of this polyphenol. Based on recent evidence, we also discuss the reasons underlying the
need to include the concentrations of oleocanthal and other polyphenols in the EVOO’s nutrition
facts label. Finally, we report our personal experience in the production of a certified organic EVOO
with a “Protected Designation of Origin” (PDO), which was obtained from olives of three different
cultivars (Rotondella, Frantoio, and Leccino) harvested in geographical areas located a short distance
from one another (villages’ names: Gorga and Camella) within the Southern Italy “Cilento, Vallo di
Diano and Alburni National Park” of the Campania Region (Province of Salerno, Italy).

Keywords: extra virgin olive oil; EVOO; polyphenols; oleocanthal; cancer; anticancer activity;

neurodegeneration; neuroprotection; inflammation; oxidative stress

1. Introduction: Extra Virgin Olive Oil (EVOO) Polyphenols

The consumption of olive oil represents a key pillar of the Mediterranean diet. A
large body of evidence supports the positive effects of the Mediterranean diet on human
health, spanning from the prevention of cardiometabolic disorders and cancers to neuro-
protective properties [1-4]. In particular, a substantial fraction of such health benefits of the
Mediterranean diet are mediated by the high-quality extra virgin olive oil (EVOO) [5,6],
which is produced directly from olives, the fruit of the olive tree (Olea europaea L.), through
mechanical extraction consisting of crushing and pressing the olives [5]. Indeed, olive oil
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consumption (particularly the extra virgin variety) has been associated with a reduced
risk of cardiovascular disease and mortality in subjects at high cardiovascular risk in
the PREDIMED study [7]. Therefore, EVOO is considered one of the highest-value food
products and is mostly manufactured in Mediterranean countries. In the classic context
of the Mediterranean diet, EVOO has always been one of the main sources of lipid in-
take, with a widespread presence in the traditional diet of all countries bordering the
Mediterranean Basin.

To date, an EVOO that meets specific requirements can be presented to the consumer
with information on the label about its effects on human health. In the European Union
(EU), there is an authorized health claim that “olive oil polyphenols contribute to the
protection of blood lipids from oxidative stress” based on human studies documenting
significantly reduced circulating levels of oxidized low-density lipoprotein (LDL) after
virgin olive oil consumption [8]. This claim and other health claims are regulated by
laws following the evaluations of regulatory agencies such as the European Food Safety
Authority (EFSA) [9]. This claim may be used only for olive oil containing at least 5 mg
of hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) per 20 g of
olive oil [8,9]. This legislation underscores the nutraceutical value attributed to EVOO
by virtue of its high content of polyphenols, which are molecules that exert a series of
beneficial effects on human health going beyond those traditionally attributed to oleic acid,
a monounsaturated omega-9 fatty acid representing the main fatty acid of the olive oil.

To better understand the peculiar individual roles of each and every metabolite, re-
searchers have attributed a leading role among these bioactive molecules to the oleocanthal
in the group of secoiridoids—the same to which oleuropein belongs—due to its promis-
ing beneficial antioxidant and anticancer properties [10]. In an attempt to determine the
degree of dose-dependent effects, attention has also shifted to the extraction methods of
the EVOO since cultivation, harvesting and milling processes are critical factors that affect
the resulting concentration of phenolic compounds in the ultimate product. As a matter of
fact, new points of interest in this path are the molecular precursors in the fruit of the olive
tree, the agronomic and transformation factors alongside the mechanisms of absorption,
bioavailability and bioactivity of molecules such as oleocanthal, which make EVOO a food
with different and multifaceted nutraceutical properties.

Therefore, in this narrative review, we aim to describe the antioxidant and anti-
inflammatory properties of oleocanthal, which underlie its potential anticancer and neuro-
protective actions. Based on recent evidence, we also discuss the reasons underlying the
need to include the concentrations of oleocanthal and other polyphenols in the EVOO’s
nutrition facts label. Moreover, we report our personal experience in the production of
a certified organic EVOO with a “Protected Designation of Origin” (PDO), which was
obtained from olives of three different cultivars in the Southern Italy “Cilento, Vallo di
Diano and Alburni National Park” (Italian name: “Parco Nazionale del Cilento, Vallo di
Diano e Alburni”) of the Campania Region (Province of Salerno, Italy). The PDO label is an
EU quality certification that protects foods, agricultural products and wines made within
specific geographical areas, under specific physical and biological conditions, and using
well-defined production practices [11].

2. Classic EVOO Composition

Functional compounds such as alkaloids or phenolic molecules are widely spread in
plants, and the content profile of such molecules varies across different plant species. In the
case of olive oil, the set of secondary metabolites is generally defined as that of the “minor
compounds,” such as phenolic compounds and lipophilic compounds (like x-tocopherol or
vitamin E), in order to distinguish them (constituting about 1-2% of the EVOO composition)
from the more abundant molecules of the lipid fraction (also called “saponifiable fraction”
or “glyceride fraction”) constituting about 98% of the EVOO composition. The saponifiable
fraction is composed of fatty acids (mainly in the form of triglycerides) [12] such as oleic acid
(monounsaturated omega-9 fatty acid accounting for about 55% and up to 83% of the total
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fatty acid content of the olive oil, depending on the reference cultivar and on the extraction
techniques), linoleic acid (omega-6 polyunsaturated fatty acid accounting for 3-21% of the
total fatty acid content of the olive oil), x-linolenic acid (omega-3 polyunsaturated fatty
acid accounting for less than 1% of the total fatty acid content of the olive oil), and palmitic
acid (long-chain saturated fatty acid accounting for 10-23% of the total fatty acid content of
the olive oil) [13,14].

The definition of “minor polar compounds” [15] was established based on the relative
hydrophilic properties of the molecules included in this class. Minor polar compounds
are divided into different subclasses on the basis of their chemical structure. The most
investigated subclasses are the subclass of phenolic secoiridoids—to which oleuropein
and oleocanthal belong—and the subclass of phenylethanoids, which includes tyrosol and
hydroxytyrosol. As previously mentioned, it is based on the content of hydroxytyrosol and
its derivatives (e.g., oleuropein complex and tyrosol) that the EFSA allows the nutraceutical
designation for an olive oil [9]. The other subclasses of phenolic acids (with trace active
molecules such as gallic acid, protocatechuic acid, p-coumaric acid, and ferulic acid, among
others), lignans (such as pinoresinol) and flavonoids (such as luteolin and apigenin) are
also considered of importance [16,17]. Mention should be made of the numerous recent
investigations conducted on the beneficial properties exerted by the latter three subclasses
of compounds against different disorders, which, however, are not the exclusive trait
of the phytochemical profile of EVOO but are instead found in a large variety of plant
species suitable for human consumption. Table 1 lists the different subclasses of the main
minor polar compounds found in EVOO. Among the main bioactive molecules belonging
to the group of secoiridoids, there are oleuropein and oleocanthal, while the group of
phenylethanoids includes tyrosol and hydroxytyrosol.

Table 1. Subclasses of the main minor polar compounds found in extra virgin olive oil (EVOO).

Subclass Molecule

(a) Oleuropein aglycone
(b) Deacetoxy-oleuropein aglycone
Secoiridoids (c) Oleocanthal
(d) Oleacein
(e) Ligstroside aglycone

(a) Hydroxytyrosol
(b) Tyrosol

(a) Gallic acid
(b) Protocatechuic acid
(c) p-Coumaric acid
(d) Ferulic acid
Phenolic acids (e) p-Hydroxybenzoic acid

(f) Vanillic acid
(g) Caffeic acid

(h) Syringic acid

(i) Cinnamic acid

Phenylethanoids

(a) (+)-Pinoresinol

Lignans (b) (+)-1-Acetoxypinoresinol

(a) Luteolin

Flavonoids (b) Apigenin

3. Oleocanthal Chemical Structure

The oleocanthal molecule, chemically known as the dialdehydic form of decarboxymethyl
ligstroside aglycone (p-HPEA-EDA), was isolated and described in the scientific literature
for the first time in the early 1990s as a phenolic compound [18]. At the molecular level,
oleocanthal is a carboxylic ester, which is the 2-(p-hydroxyphenyl)ethyl ester of (3S)-4-
formyl-3-(2-oxoethyl)hex-4-enoic acid [19]. Oleocanthal is not present (or is present at very
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low concentrations) in Olea europaea L. plants (leaves and fruits), but its production occurs
as a result of multiple enzymatic reactions during EVOO production and processing (crush-
ing and malaxation) [20,21]. Although oleocanthal belongs to the subgroup of secoiridoids,
in the chemical structure of this naturally occurring phenolic secoiridoid (isolated from
EVOO) it is possible to outline the hydroxylated phenethyl alcohol unit of tyrosol and hy-
droxytyrosol molecules, which belong to the subclass of phenylethanoids (Figures 1 and 2).
Oleocanthal was also identified as the main molecule responsible for the typical pungency
that is generally associated with the tasting of EVOOs rich in polyphenols [22,23], which are
cold-pressed extracts obtained (a few hours after olive harvest) solely through mechanical
means from olives that are traditionally at the very beginning of their ripening phase
(the so-called “first veraison”). An interesting aspect to be considered is that the spatial
irritation produced by oleocanthal is specific to the oropharyngeal region, unlike irritants
or pungent compounds that affect the perception of the entire oral cavity. Indeed, the term
“oleocanthal” is composed of “oleo-”, which stands for olive, “-canth-", which stands for
stinging sensation, and “-al”, which stands for the presence of two aldehyde groups in the
chemical structure of the molecule [23,24]. Thus, researchers suspected the existence of a
specific sensory receptor for oleocanthal in the oropharyngeal region [25] and subsequently
identified the Transient Receptor Potential Ankyrin 1 (TRPA1) non-selective cation channel
as the oleocanthal sensory receptor [22]. In particular, oleocanthal and the non-steroidal
anti-inflammatory drug ibuprofen have been identified as restricted throat irritants that se-
lectively activate TRPA1 [22]. The marked interindividual variability of tissue sensitivity to
oleocanthal within the oral cavity may be due to a high interindividual variability of TRPA1
receptor expression (and consequent oleocanthal-mediated TRPA1 activation) within the
oropharyngeal region. Such observations began to validate oleocanthal as the molecule
of choice for evaluating the quality of EVOOs with a high content of polyphenols. In this
regard, the pungent sensation experienced upon EVOO ingestion suggests the presence of
a high concentration of oleocanthal in the finished product rather than a high concentration
of total polyphenols.

Secoiridoids
HOD\/\ i
HO OJ\
/@NO CHO
o HO

HO CHO !
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OH
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(-)-Oleocanthal

Phenylethanoids
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Figure 1. Chemical structure of the main polyphenols found in extra virgin olive oil (EVOO):
secoiridoids and phenylethanoids.
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Figure 2. Chemical structure of oleocanthal.

4. Antioxidant and Anti-Inflammatory Properties of Oleocanthal

Since the EVOO polyphenolic fraction is often tested for its recognized antioxidant
activity as a whole, there is a paucity of studies investigating specifically the antioxidant
capacity and redox potential of oleocanthal. However, preliminary preclinical evidence
supports the antioxidant and anti-inflammatory properties of oleocanthal [24]. A study
published in 2007 documented the total quantity of phenolic compounds in an Italian
EVOO obtained from olives harvested in the production area of the province of Siracusa
(Sicily, Italy). The content of total phenols—expressed as gallic acid equivalents—ranged
from 14.80 to 121.20 mg/100 g (mean value: 53.72 mg/100 g) and was mainly attributable
to deacetoxyligstroside aglycone, oleuropein aglycone, deacetoxyoleuropein aglycone, and
ligstroside aglycone. Trolox equivalent antioxidant capacity (TEAC) and oxidative stabil-
ity were both positively correlated with the phenolic content [26]. A recently published
study conducted by Cuffaro et al. [27] investigated the antioxidant effects of the high-value
polyphenol oleocanthal and its main metabolites (tyrosol and oleocanthalic acid) in terms
of scavenging capacity towards biologically relevant reactive oxygen species (ROS). Re-
markably, authors demonstrated that oleocanthal and tyrosol act as ROS scavengers, with a
pronounced scavenging capacity towards superoxide anion radical (O2°~) and hypochlor-
ous acid (HOCI) [27]. In addition, authors assessed the permeability of oleocanthal, tyrosol
and oleocanthalic acid through the intestine in an intestinal co-culture model composed
of Caco-2 and HT29-MTX cell lines, proving that such molecules exhibit a good intestinal
permeation capacity (>50% of intestinal permeation) [27].

Importantly, oleocanthal has also been shown to exert a natural non-steroidal anti-
inflammatory activity. In this regard, Beauchamp et al. [23] documented that the strong
stinging sensation in the throat induced by oleocanthal contained in newly pressed EVOO
was similar to that caused by solutions of the non-steroidal anti-inflammatory drug ibupro-
fen. These findings indicated a shared pharmacological anti-inflammatory activity between
the two molecules (oleocanthal and ibuprofen) [23]. Oleocanthal and ibuprofen also share
similar substituents at para-position on the central phenyl group, which may result in
a similar steric encumbrance (Figure 3). Ibuprofen is a non-selective inhibitor of the cy-
clooxygenase enzymes COX-1 and COX-2 involved in the prostaglandin-biosynthesis path-
way [28]. Oleocanthal has been shown to act as a natural anti-inflammatory molecule with
a potency markedly similar to that of ibuprofen, causing (like ibuprofen) a dose-dependent
inhibition of COX-1 and COX-2 activity [23]. Oleocanthal has also been shown to inhibit
5-lipoxygenase (5-LOX) [29], the enzyme catalyzing the initial steps of the biosynthesis of
pro-inflammatory leukotrienes, which are lipid mediators of inflammation derived from
arachidonic acid [30]. Moreover, a study aimed to assess the anti-inflammatory activity of
oleocanthal in murine macrophages found that this molecule can inhibit the lipopolysac-
charide (LPS)-induced upregulation of inducible nitric oxide synthase (iNOS) and nitric
oxide (NO) synthesis, as well as the LPS-mediated upregulation of inflammatory media-
tors such as macrophage inflammatory protein-1 alpha (MIP-1«), tumor necrosis factor
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alpha (TNF-«), interleukin-1f (IL-1), interleukin-6 (IL-6) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) [31]. Figure 4 illustrates the molecular mechanisms
underlying the antioxidant and anti-inflammatory actions of oleocanthal.

. | o
\V(\P\CHO

O e}
(@) CHO

(-)-Oleocanthal Ibuprofen

Figure 3. Comparison between the chemical structure of oleocanthal (on the left) and the chemical
structure of the non-steroidal anti-inflammatory drug ibuprofen (on the right).

|
/©/\/O\H/\E\CHO
HO © CHO EVOO

Oleocanthal
Antioxidant activity Anti-inflammatory activity
ROS scavenging capacity Ibuprofen-like non-steroidal Inhibition of 5-LOX
Pronounced scavenging capacity anti-inflammatory activity * Reduced biosynthesis of
towards superoxide anion radical (02*) * Dose-dependent inhibition of COX-1 pro-inflammatory leukotrienes
and hypochlorous acid (HOCI) and COX-2 activity

* Reduced prostaglandin biosynthesis

Inhibition of LLPS-induced upregulation
of iNOS and NO synthesis

Inhibition of LPS-mediated
upregulation of MIP-1a., TNF-a.,
IL-1B. IL-6 and GM-CSF

Figure 4. Molecular mechanisms underlying the antioxidant and anti-inflammatory actions of
oleocanthal contained in extra virgin olive oil (EVOO). Abbreviations: 5-LOX, 5-lipoxygenase; COX-1,
Cyclooxygenase-1; COX-2, Cyclooxygenase-2; EVOO, Extra virgin olive oil; GM-CSF, Granulocyte-
macrophage colony-stimulating factor; IL-13, Interleukin-1p; IL-6, Interleukin-6; iNOS, Inducible
nitric oxide synthase; LPS, Lipopolysaccharide; MIP-1x, Macrophage inflammatory protein-1 alpha;
NO, Nitric oxide; ROS, Reactive oxygen species; TNF-o, Tumor necrosis factor alpha.
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The hypothesis of antioxidant and anti-inflammatory actions exerted by oleocanthal
has been tested in preclinical studies involving chronic degenerative disorders in which
oxidative stress and inflammation play an important pathophysiological role, such as cancer
and neurodegenerative disorders [32,33]. The first results of studies aimed at understanding
the specific actions of oleocanthal—rather than those of the total polyphenolic fraction of
EVOO—have shown a promising picture of efficacy towards the aforementioned conditions,
as we will report later in the text.

5. Anticancer Properties of Oleocanthal

Oleocanthal has been shown to exert promising anticancer actions on different cancer
cell lines through a multitude of mechanisms, such as the modulation of signaling pathways
like the apoptotic pathway, the HGF (Hepatocyte growth factor)/c-Met (Mesenchymal-
epithelial transition factor) pathway, and the signal transducer and activator of transcription
3 (STAT3) pathway, among others [10]. The anti-inflammatory actions of oleocanthal may
also partly account for its anticancer properties since chronic inflammation and COX-2
activity have been suggested to contribute to the so-called “inflammogenesis of cancer” by
favoring carcinogenesis and tumor growth, angiogenesis, invasion and metastasis [34-36].
Furthermore, oleocanthal has been shown to exert synergistic effects with anticancer
drugs [10]. Evidence for oleocanthal anticancer activity regards various cancer types
associated with high mortality rates in humans. Herein, we summarize the emerging
evidence for oleocanthal anticancer actions targeting melanoma, breast cancer, prostate
cancer, pancreatic cancer, hepatocellular carcinoma, colorectal cancer, lung cancer, and
hematologic malignancies such as multiple myeloma, acute promyelocytic leukemia, and
chronic lymphocytic leukemia.

5.1. Melanoma

Oleocanthal has been shown to exert cytotoxic effects against human malignant
melanoma cells [37]. Of note, Fogli et al. [37] documented that oleocanthal (at a con-
centration of 10 uM) exhibits a remarkable and selective in vitro antiproliferative activity
against human melanoma cells (A375 and 501Mel cell lines), an effect that was accompanied
by the inhibition of extracellular signal-regulated kinase 1/2 (ERK 1/2) and AKT (Protein
kinase B) phosphorylation, and by the downregulation of the anti-apoptotic protein Bcl-2
(B-cell lymphoma 2) expression. Subsequently, an in vitro and in vivo study conducted by
Gu et al. [38] demonstrated that oleocanthal (at concentrations up to 60 uM) suppressed
proliferation, migration and invasion of A375 and A2058 melanoma cells, induced apop-
tosis of A375 and A2058 melanoma cells in a caspase-dependent manner, and inhibited
metastasis of melanoma in a murine model of lung metastasis treated with 15 mg of oleocan-
thal/kg/day (administered intraperitoneally for 6 weeks). At a molecular level, oleocanthal
suppressed the phosphorylation of the transcription factor STAT3, reduced STAT3 nuclear
localization, and curbed STAT3 transcriptional activity, thereby downregulating STAT3-
regulated gene products, including invasion-related proteins [matrix metalloproteinase
(MMP)-2 and MMP-9], anti-apoptotic proteins (Bcl-xL and Mcl-1) and the angiogenic factor
VEGEF (Vascular endothelial growth factor), which are involved in invasion, apoptosis and
angiogenesis of melanoma [38].

5.2. Breast Cancer, Prostate Cancer and Pancreatic Cancer

It has been documented that oleocanthal has marked antiproliferative effects against
breast cancer cells. Akl et al. [39] conducted a study aimed at defining the intracellular
mechanisms underlying the anticancer effects of oleocanthal in breast cancer. The authors
found that oleocanthal treatment (at concentrations up to 25 pM) was able to inhibit the
in vitro growth of human breast cancer cell lines MDA-MB-231, BT-474 and MCEF-7. Addi-
tionally, oleocanthal caused a dose-dependent inhibition of HGF-induced cell migration,
invasion and G1/S cell cycle progression in breast cancer cell lines. Notably, oleocanthal
effects were driven by the inhibition of HGF-induced activation of c-Met and its down-
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stream mitogenic signaling pathways. The aforementioned growth inhibitory effect was
associated with the blockade of epithelial-mesenchymal transition (EMT) and with de-
creased cellular motility. Noteworthy, oleocanthal (administered intraperitoneally at a dose
of 5 mg/kg/day; 3X/week) also suppressed tumor cell growth in an orthotopic model of
breast cancer in athymic nude mice, without causing adverse effects on mice body weight
or other clinical symptoms. These findings suggested that oleocanthal lacks potential sys-
temic toxicity in athymic nude mice [39]. In keeping with these findings, Elnagar et al. [40]
showed that oleocanthal inhibited the in vitro proliferation, migration and invasion of the
epithelial human breast cancer cell lines MCF7 and MDA-MB-231, with a half-maximal
inhibitory concentration (ICsg) range of 10-20 uM. Similar effects have also been observed
in prostate cancer cell lines PC-3 [40]. Khanfar et al. [41] documented that oleocanthal was
able to inhibit the mTOR (mammalian target of rapamycin) signaling pathway in the breast
adenocarcinoma cell line MCF-7 and in the human ductal breast epithelial tumor cell line
T47D, with an ICsg value of 28.0 pM and 20.0 uM, respectively. Authors also found that
oleocanthal (at a concentration of 10 uM) downregulated the expression of phosphorylated
mTOR in the metastatic breast adenocarcinoma cell line MDA-MB-231 [41]. Moreover,
LeGendre et al. [42] investigated the in vitro effects of oleocanthal on human cancer cell
lines in culture [MDA-MB-231 (breast), PC3 (prostate), and BxPC3 (pancreatic) cancer cells],
showing that oleocanthal treatment (at concentrations of 20 uM, in the absence of serum)
induced a loss of cell adhesion within 30 min and resulted in 100% non-viability in all
cancer cell lines after 24 h of treatment. Oleocanthal caused primary necrotic and apoptotic
cell death by inducing lysosomal membrane permeabilization. Specifically, oleocanthal pro-
moted lysosomal membrane permeabilization through inhibition of acid sphingomyelinase
activity, which disrupts the interaction between proteins essential for lysosomal membrane
stability. These findings support the role of oleocanthal as a potential lysosomotropic agent
aimed to induce cancer-specific cell death. Importantly, oleocanthal treatment did not
induce cell death in non-cancerous B] human fibroblasts, 3Y1 rat fibroblasts and IMR90
human lung fibroblasts, but rather induced a reversible cell cycle arrest in these cells via
suppression of Rb (retinoblastoma protein) phosphorylation, which is a mechanism thought
to protect healthy cells against oleocanthal-mediated cell death [42].

In the context of breast cancer, oleocanthal has also been shown to exert synergistic
effects with anticancer drugs. Siddique et al. [43] investigated the in vitro and in vivo
synergistic antiproliferative effects of oleocanthal and lapatinib (a dual EGFR and HER2
tyrosine kinase inhibitor approved for treatment of advanced HER2-positive breast cancer)
in BT-474 and SK-BR-3 human breast cancer cell lines and in an orthotopic xenograft
tumor model of BT-474 cells in nude mice. Combination therapy with oleocanthal (at
concentrations of 12-15 uM) and lapatinib (at doses of 30-60 nM) resulted in synergistic
antiproliferative effects against the HER2 (Human epidermal growth factor receptor 2)-
positive BT-474 and SK-BR-3 human breast cancer cell lines and significantly inhibited EGFR
(Epidermal growth factor receptor), HER2 and c-Met receptor activation, as compared
to oleocanthal monotherapy or lapatinib monotherapy. Combination oleocanthal and
lapatinib therapy also significantly inhibited the invasion and migration of breast cancer
cells by reducing the activation of focal adhesion kinase (FAK) and paxillin. Moreover,
oleocanthal showed minimal effects on the viability of the non-tumorigenic mammary
epithelial MCF-12A cells. In an orthotopic xenograft tumor model of BT-474 cells in nude
mice, 60-day co-administration of 12.5 mg/kg lapatinib (oral, 5X/week) plus 10 mg/kg
oleocanthal (intraperitoneal, 3X/week) resulted in the greatest tumor growth inhibition
(suppression of more than 90% of BT-474 tumor cell growth), as compared to the vehicle
and monotherapy controls. Western blot analysis of isolated mouse tumors collected at
the end of the study revealed reduced total levels and activation of HER2, EGFR and
c-Met in the combination-treated group. Importantly, the combination therapy lacked
systemic toxicity, as documented by the absence of gross changes in the body weight
of treated mice [43]. These results indicate that oleocanthal, as a c-Met inhibitor, could
represent a safe and effective adjuvant agent in anticancer combination therapies aimed
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to selectively sensitize HER2-overexpressing breast cancer cells (without affecting the
proliferation of non-cancerous cells), enhance the activity of HER2-targeted therapies (like
lapatinib) and consequently reduce the required doses and toxicity of such therapies, as
well as the possible emergence of HER2-targeted therapy resistance. Moreover, the same
research group documented that oral oleocanthal treatment (at a dose of 10 mg/kg/day)
for 40 days was effective in preventing breast cancer locoregional recurrence in a nude
mouse xenograft model generated through orthotopic inoculation of BT-474 breast cancer
cells (which represent the luminal B cancer subtype expressing hormone receptors and
HER?) [44]. Authors also reported the inhibition of tumor recurrence by oleocanthal after
the completion of neoadjuvant treatment with lapatinib (50 mg/kg; oral, 5X/week, for
19 days). There was no significant difference in the mean animal body weight between the
vehicle-control and oleocanthal-treated groups throughout the study duration [44].

Siddique et al. [45] also demonstrated that a daily oral oleocanthal dose of 10 mg/kg
for 11 days effectively suppressed the progression of the metastatic castration-resistant
prostate cancer (mCRPC) CWR-Rl1ca cells engrafted into orthotopic athymic nude mice.
Authors did not observe gross adverse and/or behavioral responses in male athymic nude
mice treated with oleocanthal, and the mice’s mean body weight was not significantly
different over the experiment course in placebo control- and oleocanthal-treated groups.
Mice underwent primary tumor surgical excisions and continued to receive daily oral
oleocanthal treatment for an additional 30 days. Daily oral oleocanthal administration
for 30 days suppressed tumor locoregional and distant recurrences after primary tumor
surgical excision. Western blot analysis of collected primary tumor lysates confirmed the
reduction of the expression level of the histone methyltransferase SMYD2 (SET and MYND
domain-containing protein 2) in oleocanthal-treated primary tumors, as compared to that
observed in the placebo control-treated group. Moreover, a significant 15.9% reduction in
the serum levels of the prostate cancer recurrence marker PSA (Prostate-specific antigen)
was observed in the oleocanthal-treated mice, as compared to the placebo control-treated
group. Thus, this study suggested SMYD2 as a novel molecular target in mCRPC and
oleocanthal as a specific SMYD?2 inhibitor [45].

5.3. Hepatocellular Carcinoma (HCC) and Colorectal Cancer (CRC)

Some studies showed promising antiproliferative effects exerted by oleocanthal against
hepatocellular carcinoma (HCC) and colorectal cancer (CRC). Pei et al. [46] showed that
oleocanthal (administered at increasing doses up to 80 pM for 24-72 h) inhibited prolif-
eration, cell cycle progression, migration and invasion, and induced apoptosis in HCC
cells in vitro. The same oleocanthal doses had no effect on the viability of normal human
liver cells (LO2 cells), suggesting that this molecule specifically inhibits HCC progression.
Oleocanthal also suppressed tumor growth in an in vivo orthotopic HCC murine model
and counteracted HCC metastasis in an in vivo lung metastasis murine model. In the
in vivo experiments, mice were treated with oleocanthal administered intraperitoneally
(at a dose of 5 mg/kg/day or 10 mg/kg/day) for 5 weeks. Mechanistically, oleocanthal
inhibited EMT by downregulating the expression of the transcription factor Twist (a di-
rect target of STAT3) and by decreasing STAT3 nuclear translocation and DNA binding
activity, ultimately downregulating the cell cycle protein cyclin D1, the anti-apoptotic
proteins survivin and Bcl-2, as well as the invasion-related protein MMP-2 [46]. Cusi-
mano et al. [47] demonstrated that oleocanthal, as compared to classical commercially
available COX inhibitors (ibuprofen, nimesulide and indomethacin), was more effective in
inducing inhibition of in vitro cell growth in a series of human HCC (HepG2, Huh7, Hep3B
and PLC/PRF/5) and CRC (HT29 and SW480) cell lines. Oleocanthal treatment showed the
strongest inhibition of cell viability in Hep3B cells with an ICsy value of 26.6 uM, followed
by an ICs value of 41.9 uM in HepG2 cells. Authors also documented that oleocanthal
inhibited colony formation, induced apoptosis (confirmed by PARP [Poly (ADP-ribose)
polymerase] cleavage, activation of caspases 3/7 and chromatin condensation), induced
the expression of YH2AX histone (a well-known molecular marker of DNA damage), and
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led to mitochondrial depolarization [47]. Importantly, oleocanthal did not show toxicity
in primary normal human hepatocytes even when administered at high doses (100 uM)
for 72 h, indicating that this molecule exerts cytotoxic effects on liver cancer cells but
has no effect on the cell viability of normal hepatocytes [47]. Finally, Khanal et al. [48]
demonstrated that the dialdehydic form of decarboxymethyl ligstroside aglycone (p-HPEA-
EDA)—administered at doses up to 10 ng/mL—suppressed COX-2 and tumorigenicity
by activation of adenosine monophosphate-activated protein kinase (AMPK) in a human
colorectal adenocarcinoma cell line (HT-29 cell line). These findings suggest that p-HPEA-
EDA-mediated COX-2 inhibition and targeted activation of AMPK may contribute to the
chemotherapeutic potential of EVOO against CRC.

5.4. Lung Cancer

Siddique et al. [49] conducted in vitro and in vivo experiments to investigate the oleo-
canthal’s ability to suppress lung cancer progression, migration and metastasis. Authors
demonstrated that oleocanthal (at concentrations ranging between 10 and 30 uM) inhib-
ited the HGF-mediated growth and migration in lung adenocarcinoma cells A549 and
NCI-H322M through dual targeting of c-Met and COX-1/COX-2, reducing the total and
activated c-Met levels and inhibiting COX-1/COX-2 activity (with a higher preference
towards COX-2). On the other hand, oleocanthal treatment at a dose of 40 uM had little
effect on the viability of immortalized non-tumorigenic human microvascular endothelial
cells (HMVEC) versus vehicle-treated control groups. Moreover, 8-week oral treatment
with oleocanthal (at a dose of 10 mg/kg/day) significantly suppressed the human non-
small cell lung cancer cell (A549-Luc cells) progression and metastasis to the brain, heart,
kidneys and spleen in a lung cancer nude mouse tail vein injection model. Notably, authors
monitored the mice’s body weight over the course of the study without detecting any
change between oleocanthal and vehicle control treatments. Human microarray analysis
revealed that oleocanthal-treated A549-Luc lung cancer tissues had a distinct gene signature
that confirmed the dual targeting of c-Met and COX-2, thus supporting the potential role of
oleocanthal as a valid adjuvant agent for the prevention and treatment of lung cancer [49].

5.5. Multiple Myeloma, Acute Promyelocytic Leukemia and Chronic Lymphocytic Leukemia

An in vitro study conducted on the human multiple myeloma cell line ARH-77 by
Scotece et al. [50] showed that oleocanthal (at doses ranging between 10 and 50 uM)
exerts an antiproliferative activity by promoting apoptosis and by downregulating ERK1/2
and AKT signal transduction pathways in a dose-dependent manner. In the same study,
oleocanthal (used at concentrations ranging between 10 and 50 uM) also caused a dose-
dependent inhibition of MIP-1x expression in ARH-77 cells [50]. This finding is highly
relevant since MIP-1o seems to be involved in the development of osteolytic lesions related
to multiple myeloma [51].

Fabiani et al. [52] examined the in vitro effect of a complex phenol extract obtained
from virgin olive oil on proliferation, cell cycle distribution profile, apoptosis and differenti-
ation of the human promyelocytic HL60 leukemia cells. In addition, authors quantified the
contribution to the response obtained with the whole phenol extract that was attributable
to the single purified compounds 3,4-DHPEA-EDA and p-HPEA-EDA. Interestingly, p-
HPEA-EDA was more potent than 3,4-DHPEA-EDA in suppressing cell growth, as the
concentrations at which the aforementioned compounds caused 50% inhibition of cell
proliferation were 7-8 pmol/L and 30-35 umol/L, respectively. Similarly, p-HPEA-EDA
was more potent than 3,4-DHPEA-EDA in causing apoptosis of HL60 cells 24 h after treat-
ment, inducing apoptosis in 90% of the cells at a concentration of 60 umol/L, while a
concentration of 256 umol/L of 3,4-DHPEA-EDA was needed to observe the same effect.
At the highest concentrations, both p-HPEA-EDA and 3,4-DHPEA-EDA were cytotoxic, as
documented by the increased percentage of necrotic cells [52].
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With regard to clinical evidence, a pilot study conducted by Rojas Gil et al. [53] on
22 patients with early-stage chronic lymphocytic leukemia (CLL)—who did not meet the
criteria for starting chemotherapy—tested the tolerability and the anticancer potential of a
dietary intervention consisting in the daily consumption of 40 mL of an oleocanthal- and
oleacein-rich EVOO (containing 416 mg/kg of oleocanthal and 284 mg/kg of oleacein)
for 6 months. During the dietary intervention, authors observed a statistically significant
decrease in the white blood cell (WBC) and lymphocyte count, as compared to the val-
ues observed 3 months before the intervention and 6 months after the beginning of the
intervention. At 6 months from the beginning of the dietary intervention, authors also ob-
served a significant increase in the serum expression levels of the apoptotic markers ccK18
and Apol-Fas, a significant decrease in the serum expression levels of the anti-apoptotic
protein survivin, a significant decrease in the peripheral blood mononuclear cells (PBMC)
protein expression levels of survivin and cyclin D (a cell proliferation marker), as well as
a significant increase in the PBMC protein expression levels of p21 (a negative regulator
of the cell cycle). A significant increase in the percentage (40%) of apoptotic cells was also
observed in PBMCs isolated from CLL patients at 3 and 6 months after the initiation of
dietary intervention. Interestingly, authors also documented that patients who initially
had higher WBC count values and higher protein expression levels of ccK18 and survivin
exhibited a greater reduction of WBC count values, a greater increase of ccK18 levels, and a
greater decrease of survivin levels after dietary intervention, as compared to those with
lower initial WBC count values and lower initial protein expression levels of ccK18 and
survivin, respectively. A significant negative correlation was also observed between the
WBC count at the end of the dietary intervention, the initial ccK18 values, and the fluctua-
tion in the protein expression of ccK18. These findings indicate the possible existence of
circulating biomarkers able to predict the anticancer efficacy of oleocanthal in patients with
CLL. Importantly, the consumption of the oleocanthal- and oleacein-rich EVOO was well
tolerated and was not associated with side effects. Thus, this pilot study suggested that
the daily consumption of 40 mL of an oleocanthal- and oleacein-rich EVOO (providing
approximately 15 mg of oleocanthal and 10 mg of oleacein) may represent a safe adjuvant
dietary intervention aimed to promote cancer cell apoptosis in patients with early-stage
CLL [53].

Taken together, the abovementioned studies mostly provide preclinical evidence
of the chemotherapeutic potential of oleocanthal in different cancer types. Remarkably,
such studies documented that oleocanthal exhibits selective antiproliferative effects on
different cancerous cells without substantially affecting the proliferation of normal cells
and without causing adverse effects in vivo. The selective oleocanthal antiproliferative
effects on cancerous cells may partly rely on the previously reported oleocanthal ability
to inhibit the heat shock protein 90 (Hsp90) [54], a highly conserved molecular chaperone
fulfilling a housekeeping function in contributing to the folding, maintenance of structural
integrity and homeostatic regulation of a number of proteins [55], including some proteins
required for tumor growth [56]. These findings are highly promising since there is a great
need for novel targeted anticancer therapies causing selective cytotoxic effects on cancerous
cells without influencing the cell cycle of non-cancerous cells. Nonetheless, future animal
and human studies are needed to ascertain whether (and at which doses) oleocanthal has
anticancer properties in vivo. Figure 5 illustrates the anticancer actions (mostly inferred
from preclinical studies) exerted by oleocanthal against different cancer types.
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Figure 5. Anticancer actions exerted by oleocanthal (contained in extra virgin olive oil) against differ-
ent cancer types. These actions have mostly been inferred from preclinical studies conducted in vitro
and in vivo. Abbreviations: AKT, Protein kinase B; AMPK, Adenosine monophosphate-activated
protein kinase; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra large; c-Met, Mesenchymal-
epithelial transition factor; CLL, Chronic lymphocytic leukemia; COX-1, Cyclooxygenase-1; COX-2,
Cyclooxygenase-2; EGFR, Epidermal growth factor receptor; EMT, Epithelial-mesenchymal transition;
ERK 1/2, Extracellular signal-regulated kinase 1/2; EVOO, Extra virgin olive oil; HCC, Hepatocellular
carcinoma; HER2, Human epidermal growth factor receptor 2; HGF, Hepatocyte growth factor; Mcl-1,
Myeloid cell leukemia-1 protein; mCRPC, Metastatic castration-resistant prostate cancer; MIP-1«,
Macrophage inflammatory protein-1 alpha; MMP-2, Matrix metalloproteinase-2; MMP-9, Matrix
metalloproteinase-9; mTOR, Mammalian target of rapamycin; SMYD2, SET and MYND domain-
containing protein 2; STAT3, Signal transducer and activator of transcription 3; VEGF, Vascular
endothelial growth factor; WBC, White blood cell. * Synergistic effects of oleocanthal and lapatinib (a
dual EGFR and HER? tyrosine kinase inhibitor). ** Anticancer actions inferred from a pilot clinical
study conducted in patients with early-stage CLL.
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6. Neuroprotective Properties of Oleocanthal

Neurodegenerative disorders represent a heterogeneous group of conditions charac-
terized by the progressive dysfunction of selected populations of neurons [57]. Neuronal
loss is accompanied by extracellular and intracellular accumulation of misfolded proteins
(the hallmarks of different neurodegenerative proteinopathies such as tauopathies), which
ultimately leads to programmed cell death [57]. Alzheimer’s disease is one of the most com-
mon neurodegenerative disorders [58] and is pathologically defined by the accumulation of
fibrillar amyloid beta (A) peptide in extracellular amyloid plaques and by the abnormal
deposition of tau filaments in the form of intracellular neurofibrillary tangles [59]. Tau is a
microtubule-associated protein that is abundant in the axons of neurons, where it regulates
the microtubule assembly and the maintenance of microtubule structural stability [60]. In
Alzheimer’s disease and related tauopathies, tau forms insoluble filaments that accumulate
as neurofibrillary tangles (comprised of abnormal hyperphosphorylated tau aggregates)
and contribute to the pathophysiology of such diseases [61]. Microglia and astrocytes
also play an important role in the pathophysiology of Alzheimer’s disease, as these cells
become activated around the A3 plaques and neurofibrillary tangles in the brain and drive
neuroinflammatory responses that, in turn, exacerbate the neurodegeneration and further
increase the Af3 and tau overproduction, thus triggering a vicious cycle [62,63].

A growing body of preclinical evidence suggests that polyphenols (such as oleocanthal,
hydroxytyrosol, tyrosol and resveratrol, among others) and their derivatives (e.g., tyrosol
phosphodiester derivatives containing a catechol moiety) exert neuroprotective properties
by counteracting the growth and neurotoxicity of AB plaques [64-73]. Therefore, these
molecules may contribute to preventing cognitive decline related to neurodegenerative
disorders such as Alzheimer’s disease.

With regard to oleocanthal, Li et al. [74] demonstrated that this molecule (at concentra-
tions ranging between 1 uM and 100 uM) prevents the fibrillization of tau by locking tau
into a naturally unfolded state. Since oleocanthal contains two aldehyde groups, authors
assumed that tau protein may be covalently modified, specifically at the lysine residues.
Indeed, authors revealed that oleocanthal forms an adduct with the lysine residues through
initial Schiff base formation and subsequently inhibits tau fibrillization [74], which is one of
the main causes of neurodegeneration in Alzheimer’s disease and related tauopathies [61].
Afterwards, Monti et al. [75] conducted a mass spectrometric investigation of the oleo-
canthal reactive profile with tau protein fibrillogenic fragment K18 and propylamine,
documenting that K18 was prone to be covalently modified by oleocanthal via Schiff base
formation between the oleocanthal aldehyde carbonyls and the e-amino group of lysine
residues. The same research group subsequently showed that oleocanthal interacts with
tau-441 isoform, causing stable conformational changes in the protein secondary structure
and counteracting tau aggregation [76].

Additional evidence supports a neuroprotective role of oleocanthal in Alzheimer’s dis-
ease based on its ability to enhance A3 clearance from the brain. Abuznait et al. [64] showed
that C57BL/6 wild-type mice treated with oleocanthal (administered intraperitoneally at
a dose of 10 mg/kg twice daily for 2 weeks) exhibited an enhanced '2°I-A B clearance
from the brain and a significantly higher brain efflux index as compared to control mice.
Interestingly, authors also demonstrated that oleocanthal significantly upregulated the
Ap degrading enzyme insulin-degrading enzyme (IDE) in C57BL/6 mice brain microves-
sels. Moreover, oleocanthal treatment (at increasing doses within the range of 0.5-50 uM
for 72 h) increased P-glycoprotein (P-gp) and Low-density lipoprotein receptor-related
protein 1 (LRP1) expression and activity in cultured mouse brain endothelial cells [64].
It is worth reminding that P-gp and LRP1 have been reported as major Af3 transport
proteins mediating the A removal from the brain across the blood-brain barrier [77,78].
Qosa et al. [65] investigated the effect of oleocanthal in TgSwDI mice, an animal model of
Alzheimer’s disease. Mice treated with oleocanthal for 4 weeks (at a dose of 5 mg/kg/day,
administered intraperitoneally) showed significantly decreased amyloid load in the hip-
pocampal parenchyma and microvessels, as well as enhanced cerebral clearance of A3
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across the blood-brain barrier. Furthermore, oleocanthal enhanced the apolipoprotein
E (ApoE)-dependent clearance pathway of Af3 via the activation of PPARy (Peroxisome
proliferator-activated receptor gamma) expression in mouse brain tissue. Authors also
confirmed that oleocanthal treatment increased the expression of P-gp and LRP1 at the
blood-brain barrier [65]. Batarseh et al. [79] tested the oleocanthal ability to alter the toxic
effect of AP on cultures of human neurons and astrocytes. Authors demonstrated that
oleocanthal (at a dose of 5 uM) prevented Af oligomers (Apo)-induced neuronal down-
regulation of synaptic proteins SNAP-25 (Synaptosomal-associated protein of 25 kDa) and
PSD-95 (Postsynaptic density protein 95), and mitigated Apo-induced inflammation and
downregulation of glutamate transporter-1 (GLT1) and glucose transporter-1 (GLUT1) in as-
trocytes [79]. Finally, a study conducted by Abdallah et al. [80] in homozygous 5xFAD mice
(a preclinical model of Alzheimer’s disease characterized by an accelerated formation of
amyloid plaques) demonstrated that a 3-month oleocanthal-enriched diet (with oleocanthal
added at a dose of 0.5 mg/kg/day) decreased the brain Af3 levels and the neuroinflamma-
tion by suppressing the nuclear factor-xB (NF-«B) pathway and reducing the activation of
the NLRP3 inflammasome. Moreover, oleocanthal suppressed the receptor for advanced
glycation end products/high mobility group box 1 (RAGE/HMGB1) pathway [80], which
is also involved in the activation of the NF-«kB pathway and related neuroinflammation in
Alzheimer’s disease [81].

The neuroprotective potential of oleocanthal may also rely on its antioxidant prop-
erties. Indeed, Giusti et al. [82] showed that oleocanthal treatment (at a concentration of
10 uM) counteracted oxidative stress in neuron-like SH-SY5Y cells exposed to hydrogen
peroxide (H,O,) by increasing cell viability, reducing ROS production and increasing in-
tracellular levels of reduced glutathione (GSH) [82]. Notably, the brain’s vulnerability to
oxidative stress is an important contributor to the pathophysiology of Alzheimer’s disease.
Indeed, AP accumulation induces oxidative stress, and oxidative stress increases the A
deposition [83].

It is also interesting to note that the anti-amyloidogenic properties of oleocanthal are
similar to some of those exerted by resveratrol (3,5,4'-trihydroxy-trans-stilbene), a naturally
occurring polyphenolic phytoalexin mainly found in grape skin, raspberries, mulberries
and wine [84]. Indeed, in vitro and in vivo (animal) studies documented that resveratrol
inhibits A-mediated microglial activation, increases total brain LRP1 levels, decreases the
levels of insoluble AB1-42 in the hippocampus, and attenuates Ap-induced cytotoxicity,
apoptosis and intracellular reactive oxygen intermediate (ROI) accumulation [71,85-89].
Interestingly, resveratrol has also been shown to interfere with the aggregation of human
islet amyloid polypeptide (hIAPP) [72], a highly amyloidogenic polypeptide forming intra-
cellular aggregates and amyloid deposits within the pancreatic islets that are associated
with pancreatic beta-cell death [90]. Evidence suggests that IAPP may contribute to the
pathophysiology of diabetes mellitus-related cognitive dysfunction and dementia by im-
pairing the blood-brain barrier and interacting with A3 peptide and with tau within the
brain (cross-amyloid interactions) [90].

Altogether, these findings suggest that dietary consumption of oleocanthal-rich EVOO
may theoretically represent a promising nutritional tool for the prevention of neurodegen-
erative disorders such as Alzheimer’s disease. However, future animal and human studies
are required to establish the potential of oleocanthal for the prevention and treatment
of neurodegenerative disorders. Figure 6 illustrates the potential oleocanthal neuropro-
tective actions that may be particularly beneficial for the prevention and treatment of
Alzheimer’s disease.
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Figure 6. Potential neuroprotective actions exerted by oleocanthal (contained in extra virgin olive
oil) that may be particularly beneficial for prevention and treatment of Alzheimer’s disease. The
neuroprotective actions of oleocanthal have mainly been inferred from preclinical studies conducted
in vitro and in vivo, where this molecule has been shown to exert protective properties against the
pathological hallmarks of Alzheimer’s disease, such as accumulation of fibrillar amyloid beta (A3)
peptide in extracellular amyloid plaques and abnormal deposition of tau filaments in the form of
intracellular neurofibrillary tangles. Abbreviations: ApoE, Apolipoprotein E; A3, Amyloid beta
peptide; ABo, AP oligomers; EVOO, Extra virgin olive oil; GLT1, Glutamate transporter-1; GLUT1,
Glucose transporter-1; IDE, Insulin-degrading enzyme; LRP1, Low-density lipoprotein receptor-
related protein 1; NF-«kB, Nuclear factor-«B; P-gp, P-glycoprotein; PPARy, Peroxisome proliferator-
activated receptor gamma; PSD-95, Postsynaptic density protein 95; RAGE/HMGB1, Receptor for
advanced glycation end products/high mobility group box 1; SNAP-25, Synaptosomal-associated
protein of 25 kDa.

7. Oleocanthal as a Nutraceutical

Based on the aforementioned studies, it appears plausible that the consumption of
oleocanthal-rich EVOO on a regular basis—even in dietary protocols outside of a traditional
Mediterranean dietary regimen—may contribute to counteracting the onset and progres-
sion of several chronic non-communicable diseases, such as various cancer types and
neurodegenerative disorders. Since the concentrations of different polyphenols (including
oleocanthal) in olive fruits are variable based on distinct factors (cultivars, oil extraction
methods, climatic conditions, etc.), several polyphenol supplements have been developed
through novel technologies (e.g., encapsulation and nano-delivery systems) to enhance
their oral bioavailability and to ensure an adequate daily intake of the aforementioned com-
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pounds [91]. Yet, even if the total polyphenol concentration in olive oil can be made more
abundant with appropriate agricultural and extraction techniques, it cannot be excluded
that the greater biological activity in this family is exerted by one or more specific isolable
compounds. It was precisely on the basis of these premises that, in the first decade of the
2000s, the EFSA was asked to express an opinion on the nutritional properties of EVOO
and its benefits for human health. In this regard, the European Parliament approved the
Regulation No. 1924 /2006, which governs the use of health claims on food products based
on EFSA reports [92].

Nutraceutical EVOO polyphenols (increasingly widespread, especially on the Eu-
ropean market) are generally purified starting from water waste resulting from milling
procedures. In this regard, it is worth reminding that a substantial quantity of polyphenols
is found in the olive vegetation water (OVW) [93], which constitutes a by-product of olive
processing whose final objective is to remove the maximum amount of water from the fruit
in order to increase the oil yield. Interestingly, hydrolyzed OVW has been shown to exert
anti-inflammatory actions in mice [94]. The olive vegetation waters (OVWs) produced in
the oil mill are made up of olive washing water, process water and the aqueous fraction
of the drupe juices. Even though they have long been considered a waste product to be
disposed of as a special residue, OVWs have now become part of the olive tree cycle as
a valid resource in all respects. They are, in fact, rich in organic matter and contribute to
combating the desertification of the soil. OVW spillage is appropriately regulated since
the most significant limit to the spreading of OVWs on soils is primarily due to the OVW'’s
acidic character (with a pH value around 5). Moreover, the high level of total polyphenols
contained in OVWs can slow down the transformation and biodegradation processes due
to the polyphenols” antimicrobial properties [93].

If we intend to explore the potential of polyphenols primarily in the food industry,
we must return to the importance of all agricultural and transformative processes that are
studied with the precise aim of producing EVOOs with a high concentration of bioactive
compounds. In recent decades, such processes have seen an ever-increasing impetus in the
wake of a renewed awareness towards healthy and nutrient-dense foods. Nowadays, the
indications on the label for high-quality EVOO have become more familiar, as they inform
consumers about the exclusive employment of mechanical processes or about the oil having
been obtained solely from cold-pressed olives, just to give a few examples. Yet, the practice
of cold olive oil extraction is certainly an important contributor to the total polyphenol
yield. Cold-pressed or cold-extracted EVOO claims apply only to EVOOs obtained at a
temperature lower than 27 °C [95,96]. Polyphenols are regarded as heat-labile compounds,
and thermal degradation represents the most common explanation for the degradation of
such compounds [97].

It is worth noting that the concentration of phenolic compounds in EVOOs usually
ranges between 100 and 300 mg/kg, with oleocanthal representing approximately 10% of
the total EVOO phenolic compounds [18,98]. The aforementioned total phenolic content
(TPC) of EVOO amounts to 10-30 mg/100 g oil, which is substantially higher than that
reported in other edible vegetable oils such as groundnut oil (3.09 mg/100 g oil), coconut
oil (1.8 mg/100 g oil), rice bran oil (0.89 mg/100 g oil), mustard oil (0.56 mg/100 g oil),
sunflower oil (0.49 mg/100 g oil) and sesame 0il (0.33 mg/100 g oil) [99]. Thus, the high TPC
makes EVOO an ideal edible vegetable oil whose dietary consumption can be exploited to
successfully achieve the human health benefits of polyphenols (including oleocanthal).

In the multicenter, randomized controlled trial PREDIMED, including 7216 men
and women at high cardiovascular risk (aged 55 to 80 years), study participants were
randomized to one of three different interventions: Mediterranean diets supplemented
with nuts or EVOO, or a control low-fat diet [7]. The mean intake of total olive oil was
56.9 g/day in participants allocated to the highest tertile, compared to 21.4 g/day in
participants allocated to the lowest tertile [7]. Each increase of 10 g/day in EVOO intake
was associated with a 10% decrease in the risk of cardiovascular events [7]. It has been
postulated that the reasonable daily intake of 25-50 mL olive oil provides no more than
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0.9 mg of oleocanthal (corresponding to about 5-10 teaspoons) [24,98]. Consequently, the
concentrations of oleocanthal found within an usual amount of EVOO consumed on a
daily basis (25-50 mL) are likely insufficient for the occurrence of the antioxidant and
anti-inflammatory oleocanthal effects in vivo [98].

Nevertheless, in recent years, functional olive oils with a high concentration of selected
polyphenols have become increasingly available on the market. These are polyphenol-rich
EVOOs that have benefited from the correct application of the best practices in agriculture
that go hand in hand with better optimized machinery for delicate processing in complete
automation. Yet, even before the milling of olives, the fine regulation of the production
yield is influenced by the organoleptic profile of the many varieties of this botanical
species, by the orographic characteristics of the land where Olea europaea L. plants grow,
and by the climatic conditions of the year. Moreover, the ability to activate biochemical
defenses against the frequent attacks from olive tree pests is also an important factor for
obtaining an optimal EVOO polyphenolic profile. Therefore, we decided to add to our
discussion the recent results regarding the extraction processes and the variability of the
active metabolites between different cultivars. Later in the text, we will also provide the
example of a typical quality certification of an Italian nutraceutical EVOO, with laboratory
results regarding the concentrations of distinct polyphenols. This type of analysis is
generally considered routinary for the issuance of the PDO (“Protected Designation of
Origin”) quality mark certification (Italian acronym: DOP, “Denominazione di Origine
Protetta”), which is assigned on the basis of specific laboratory tests coupled with the
assessment of the olive oil organoleptic characteristics (sensory analysis score) conducted
by a panel of experts. This is the human component that establishes the assignment of the
EVOO designation. At the end of the evaluation, scores are assigned for possible defects
and for fruity, bitter and spicy sensations evoked by EVOO ingestion, which are precious
tools in the EVOQ’s quality appraisal. Traditionally, the sensation of spiciness has always
been associated with a high polyphenol content during panel evaluations. Unusual oral
pungency from EVOO has been attributed to restricted spatial expression of TRPA1, which
mediates the tissue sensitivity to oleocanthal within the oral cavity [22], as we previously
mentioned. If further investigations confirm that the oral pungency sensation evoked upon
EVOO ingestion is mainly due to oleocanthal, new evaluation scores could also be modified
accordingly to the point where an oil with a high median spiciness would be highly suitable
for being defined as an oleocanthal-rich EVOO prior to its thorough chemical analysis.

7.1. Oleocanthal-Rich EVOO

In order to understand the factors determining the final yield of olive oil, we previously
mentioned the meteorological conditions and the characteristics of the territory on which
the different cultivars thrive. Some agricultural research works have highlighted how
the various stages of growth and oil content for different varieties of olives are strongly
influenced by climate and by the ability of the botanical species in question to adapt
to it. In a study conducted from 2003 to 2009 in the Southern Italy Campania Region,
which is characterized by favorable climatic conditions and by a robust varietal heritage,
20 cultivars belonging to Campania’s olive germplasm were thoroughly examined in
terms of vegetative and production aspects and oil quality characteristics [100]. Authors
examined various cultivar aspects such as entry into production, vigor, ripening and drupe
oil content. Agronomic results showed an early entry into production for cultivars such
as Biancolilla and Carpellese (from the Province of Salerno), as compared to others located
both in distant and nearby territories, such as Ortice (from the Province of Benevento)
and Rotondella (from the Province of Salerno). Asprinia (from the Province of Caserta),
Pisciottana and Carpellese (from the Province of Salerno) were the most vigorous cultivars.
Thus, researchers emphasized the strong and diverse typicality of olive tree varieties even
within a single Italian region [100].

In parallel with the final oil yield, the EVOO’s TPC is strongly influenced by various
factors such as climate, soil characteristics, extraction techniques, quantification method-
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ologies, malaxation conditions and harvest period [21,101,102]. This aspect has relevant
implications, since it is possible to increase the content of specific polyphenols (such as
oleocanthal) in the final olive extract thanks to specific methods of harvesting and process-
ing the fruit of the olive tree. A recent study by Diamantakos et al. [21] analyzed the impact
of harvest time, malaxation duration and malaxation temperature on the concentration
of specific phenols in EVOO prepared in a lab-scale olive mill from different varieties in
Greece. Authors observed different trends for the concentration of various phenols (includ-
ing oleocanthal) during the malaxation process and at different malaxation temperatures.
Of note, both oleocanthal and oleacein increased their concentration in parallel with the
increase in malaxation temperature, indicating that enzymatic activity favors the formation
of these individual phenols at higher temperatures [21].

Another important variable influencing the TPC of EVOO is the potential olive tree
pest infestation, particularly from Bactrocera oleae (the olive fruit fly) [103]. This insect
still has the ability to affect an entire harvest if the climatic conditions of the year are
particularly favorable to its spread, and its attack on the olive drupes frequently causes
serious quantitative and qualitative damage to the milled product. Notario et al. [104]
conducted a study to examine the changes induced by Bactrocera oleae infestation in the
biosynthesis of volatile and phenolic compounds in olives (cvs. Picual, Manzanilla, and
Hojiblanca). Oils obtained from infested fruits exhibited a significant increase in the content
of some volatile compounds such as (E)-hex-2-enal, ethyl acetate, ethanol, and 3-ocimene,
along with a marked decrease in the phenolic contents. Authors also examined the impact
of the changes induced by the attack of Bactrocera oleae on the expression of some genes
that play a key role in the biosynthesis of volatile and phenolic compounds, such as
lipoxygenase, polyphenol oxidase and 3-glucosidase. The substantial reduction of phenolic
content in the oils obtained from infested fruits was explained through the strong induction
of a new olive polyphenol oxidase gene (OePPO?2), suggesting the existence of a polyphenol
oxidase (PPO)-mediated oxidative defense mechanism in olives [104].

Taking into account the aforementioned factors, which often preclude the possibility of
complete control over the olive drupe ripening processes, we have shifted our attention to
the variability of EVOO content of the polyphenol oleocanthal based on different cultivars
and production methodologies. Monitoring the variations in oleocanthal levels in different
monovarietal oils was the objective of scientific work conducted on Italian cultivars. Since
there is a great variability in the phenolic composition of EVOOs due to origin, production
technique and genotype, Negro et al. [105] conducted a study to assess the different phenolic
profiles and antioxidant activity of monovarietal EVOOs. Authors confirmed the existence
of such variability, as the overall content of oleuropein varied up to four times between
eight distinct genotypes (from 33.80 to 152.32 mg/kg oil), whereas oleocanthal content was
significant only in two olive oils. The antioxidant activity of olive oils was determined
through 2,2-Diphenyl-1-picrylhydrazyl (DPPH) and oxygen radical absorbance capacity
(ORAC) assays and was correlated with the content of total phenolic substances. ICsg
values for the DPPH test ranged from 160 to 91 mg of oil, whereas the ORAC test showed
values ranging between 5.45 and 8.03 umol Trolox equivalent (TE)/g oil [105]. These results
confirmed a high degree of variability in the content of phenolic compounds among EVOOs
and attested that the antioxidant activity and nutraceutical value of EVOOs also depend on
the biodiversity that characterizes the olive groves of the Mediterranean Region, especially
those from the Italian territory.

In the production of high-quality EVOOs, olive storage conditions should also be
taken into account. Indeed, in a study conducted by Hachicha Hbaieb et al. [106], contents
of secoiridoid compounds—assessed through high-resolution mass spectrometry—and
their oxygenated, deacetoxylated and deacetoxy-oxygenated derivatives differed between
the cultivars based on olive ripening degree and storage conditions. Such differences have
been suggested to be caused by (3-glucosidase, peroxydase and polyphenol oxidase activity
changes during olive ripening and storage [106].
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7.2. Oleocanthal-Rich EVOO Obtained from Olives Harvested in the Southern Italy “Cilento, Vallo
di Diano and Alburni National Park” of the Campania Region (Province of Salerno)

In keeping with the abovementioned evidence, we have hereby reported our personal
experience in the production of a certified organic EVOO (Lavanghe®) with a “Protected
Designation of Origin” (PDO). This EVOO was obtained from olives of three different
cultivars (Rotondella, Frantoio, and Leccino) harvested within the Southern Italy “Cilento,
Vallo di Diano and Alburni National Park” of the Campania Region (Province of Salerno,
Italy). These cultivars are included in the Cilento PDO production regulation. In this
regard, it is important to highlight that the olive tree has found an ideal environment in
the Campania Region thanks to the Mediterranean climate and the volcanic soils of this
geographical area [107]. In the Campania Region, more than 85,000 olive oil farms spread
over almost 75,000 hectares of utilized agricultural area, corresponding to almost 8% of the
Italian olive oil utilized agricultural area. In particular, the Province of Salerno includes
more than 38,000 olive farms thanks to ideal olive growing conditions determined by the
climate and by the peculiar soils of its territory (including the “Cilento, Vallo di Diano and
Alburni National Park”) [107].

In our experience, olives from Olea europaea L. plants of the Rotondella, Frantoio and
Leccino cultivars were harvested at the beginning of maturation (so-called “first veraison”)
and pressed within 6 h of harvest. These olive drupes came from olive trees at different
heights in geographical areas located a short distance from one another (39.1 km) within
the same National Park (villages of Gorga and Camella). Harvesting was organized
gradually over 15 days (in the month of October 2020), keeping the harvesting criteria
and extraction times stable for each day of harvest. The objective was to carry out the
milling in the period of greatest theoretical polyphenol content within fresh olives, so they
could be processed in the shortest time possible after harvesting. Table 2 summarizes the
analytical report of the saponifiable and unsaponifiable fractions of the aforementioned
certified organic EVOO (Lavanghe®), with the total polyphenol content (TPC) expressed as
tyrosol complex. The aforementioned EVOO analytical report was issued by Chemiservice
Srl (Monopoli, Italy), a laboratory specialized in chemical and microbiological analysis
in the food, environmental, industrial and cosmetic sectors [laboratory recognized by
the Italian Accreditation Body for Testing Laboratories ACCREDIA (appointed by the
Italian government) and by the IOC (International Olive Council) for the performance of
laboratory tests on olive oil and olive pomace oil]. The report shows the phenylethanoids
(hydroxytyrosol and tyrosol) and the secoiridoids oleuropein aglycone, ligstroside aglycone
and oleocanthal (indicated as “Decarboxymethyl ligstroside aglycone in open dialdehyde
form”). As highlighted by the analytical report results, the detected concentrations of
polyphenols reached substantially high values. Of note, the EVOO’s TPC amounted to
677 mg/kg, which is far above the usual EVOO’s concentration of phenolic compounds, that
generally ranges between 100 and 300 mg/kg [18,98]. The high detected concentrations
of hydroxytyrosol and derivatives (total polyphenols expressed as tyrosol complex) are
also of notable interest, since such molecules are traditionally considered for defining the
nutraceutical score based on the EFSA regulation. In this case, the concentration of total
polyphenols (677 mg/kg, expressed as tyrosol complex) fully meets the EFSA requirement
of 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein complex and tyrosol) per 20 g
of olive oil [8,9]. In particular, 5 mg of hydroxytyrosol and its derivatives (e.g., oleuropein
complex and tyrosol) per 20 g of olive oil corresponds to 250 mg of hydroxytyrosol and
its derivatives (e.g., oleuropein complex and tyrosol) per kg of EVOO, a polyphenol
concentration more than two times lower than the TPC found in the aforementioned
analyzed polyphenol-rich EVOO (677 mg/kg).
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Table 2. Analytical report of the saponifiable and unsaponifiable fractions of a certified organic

polyphenol- and oleocanthal-rich extra virgin olive oil (EVOO) with a “Protected Designation of

Origin” (PDO) and obtained from olives of three different cultivars (Rotondella, Frantoio, and Leccino)

harvested in geographical areas located at a short distance from one another (villages” name: Gorga
and Camella) within the Southern Italy “Cilento, Vallo di Diano and Alburni National Park” of the
Campania Region (Province of Salerno, Italy). The method listed as “NGD C89-2010" refers to the
analysis and characterization of EVOO’s polyphenols performed through high-performance liquid

chromatography (HPLC). Abbreviations: meq O,, milliequivalents of active oxygen. * With regard to

EVOO polyphenols, an established limit is only available for total polyphenols (expressed as tyrosol

complex).
Value Unit of Method Limit
Measurement
Organoleptic characteristics
Aspect Limpid
Color From green to straw
yellow
Odor Fruity (medium)
Flavor Fruity, with medium
bitter and spicy sensation
Defects Absent
According to Commission
Percentage (%) of Regulation (EEC) No. 2568/91
Free fatty acids 0.20 age Lo on the characteristics of olive oil 0.7
_ oleic acid . .
and olive pomace oil and on the
relevant methods of analysis
According to Commission
Regulation (EEC) No. 2568/91
Peroxide value 7.7 meq O, /kg oil on the characteristics of olive oil 12
and olive pomace oil and on the
relevant methods of analysis
Biophenols
(Polyphenols)
Total
Polyphenols 677 mg/kg NGD €89-2010 >80 *
(expressed as tyrosol
complex)
Hydroxytyrosol "
(3,4 DHPEA) 14 mg/kg NGD (C89-2010
Tyrosol (p, HPEA) 11 mg/kg NGD (C89-2010 *
Decarboxy
methyl-oleuropein
aglycone in open 147 mg/kg NGD (C89-2010 *
dialdehyde form
(3,4 DHPEA-EDA)
Decarboxy
methyl-ligstroside aglycone 141 mg/kg NGD C89-2010 .

in open dialdehyde form

(p, HPEA-EDA)
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Table 2. Cont.

Value Unit of Method Limit
Measurement
Lignans 72 mg/kg NGD (C89-2010 *
Oleuropein aglycone "
(3,4 DHPEA-EA) 107 mg/kg NGD C89-2010
Ligstroside aglycone 31 mg/kg NGD C89-2010 "

(p, HPEA-EA)

With regard to oleocanthal, this molecule usually represents about 10% of the total
EVOO phenolic compounds (corresponding to about 10-30 mg/kg of EVOO) [18,98].
In the aforementioned analyzed EVOO, we detected a high oleocanthal concentration
amounting to 141 mg per kg of EVOO [corresponding to 20.8% of the total EVOO phenolic
compounds (677 mg/kg)]. It is important to note that, in the context of a regular intake of
EVOO (25-50 mL), an oil like the one in question would provide between 3.23 and 6.46 mg
of oleocanthal for each oil portion. Such oleocanthal concentrations are substantially
higher than those previously estimated at 0.9 mg per 25-50 mL of EVOO [24,98]. These
concentrations were calculated considering that one liter of oil weighs approximately 920 g,
since the density of olive oil is 0.917 kg /L at 20 °C [108]. Therefore, 141 mg of oleocanthal
per kg of EVOO is equivalent to 141 mg of oleocanthal per 1.09 L of EVOO.

Given the numerous and promising conclusions on the therapeutic potential of oleo-
canthal, the lack of specific reference for this polyphenol in the current legislation may
be outdated. Indeed, the oleocanthal content of EVOO should be specified together with
the mentioned “Hydroxytyrosol” and “Oleuropein Complex”. Currently, there is a large
scientific consensus on the fact that the beneficial potential of EVOO on human health is
due to the synergistic actions of its different fractions (saponifiable fraction and unsaponifi-
able fraction), and the ever-increasing number of studies on the anti-inflammatory and
antioxidant properties of oleocanthal could soon push for greater recognition of the ther-
apeutic potential of this molecule. However, the positive long-term effects of the regular
consumption of nutraceutical EVOO have not been completely assessed yet. This could be
partly due to an approach that has often overlooked the single EVOO compounds’ potential.
Nevertheless, it is also worth noting that it has only been a few years since studies on
polyphenol-rich olive oils or oleocanthal-rich olive oils have been conducted. If, in the past,
olive oil was mostly extracted with rudimentary methods that could scarcely preserve the
freshness of the olive fruit and, consequently, the active phenolic compounds, nowadays
it is indeed possible to standardize a step-by-step production method that allows us to
maximize the final yield of beneficial compounds, including selected polyphenols like
oleocanthal. In terms of environmental sustainability, novel EVOO extraction methods (e.g.,
two-phase extraction process) also aim to reduce the negative environmental effects arising
from the production of this product, such as those related to the agricultural phase and
waste management [109]. Notably, Proietti et al. conducted a study aimed at evaluating
the carbon footprint associated with the production of one liter of EVOO (chosen as a
functional unit) through a life-cycle assessment approach to improve the environmental
sustainability of the olive oil chain [110]. The studied olive groves were located in PDO
areas of Umbria, a region of Central Italy. Authors concluded that: (a) olive groves are
agricultural systems able to counteract climate change by mitigating the carbon dioxide
emissions into the atmosphere associated with the oil production chain; and (b) EVOO can
represent a potential carbon-negative product under specific conditions, mainly if it is of
local origin (“zero-km-product”) and if it is produced through traditional practices [110].

8. Discussion

Research applied to food and its effect on human health and diseases has undoubtedly
seen a sustained boost in recent decades, particularly because verifying previous evidence
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using new methodologies has made it possible to identify an ever-increasing number of
new metabolites in known functional foods. In this context, a few examples can be used to
describe this trend in scientific research, such as that of EVOO, a plant product that has
been processed for thousands of years and whose properties have often been mistakenly
believed to be sufficiently known. The progressive investigations, starting from the studies
of the American physiologist Ancel Benjamin Keys [111], have somehow segmented the
research work, evaluating the effects on human health of the two main fractions of olive
oil, the saponifiable fraction and the unsaponifiable fraction. Given the assumption that
obesity and heart disease rates negatively affected life expectancy, the Mediterranean diet
was identified by Keys as a primary characteristic among groups of individuals who were
largely immune to these trends. Following research on the impact of food quality on human
health, in 1958 Keys launched the first major epidemiological longitudinal study of dietary
habits across different countries and their effects on heart disease and longevity (known
as the “Seven Countries Study”) [111]. In an article containing personal reflections on the
Mediterranean diet, Keys stated that his concern about diet as a public health problem
began in the early 1950s in the Italian city of Naples (located in the Campania Region),
where there was a very low incidence of coronary heart disease associated with the so-called
“good Mediterranean diet,” whose composition was described as “mainly vegetarian: pasta
in many forms, leaves sprinkled with olive oil, all kinds of vegetables in season, and often
cheese, all finished off with fruit, and frequently washed down with wine” [112]. In 2010,
the Mediterranean diet was awarded the UNESCO (United Nations Educational, Scientific
and Cultural Organization) recognition as an Intangible Cultural Heritage of Humanity due
to its complex interplay between distinct factors, including knowledge, skills, processing,
cooking and especially the sharing and consumption of food [113]. Since then, several
studies have confirmed the human health benefits of EVOO [7,114], which is one of the
most important ingredients of the Mediterranean diet that is consistently consumed as the
main source of fat across Mediterranean countries [115]. Current research is being focused
on deciphering the exact effects of EVOO’s bioactive compounds (including polyphenols)
on processes such as inflammation, coagulation, platelet aggregation, fibrinolysis, oxidative
stress, endothelial function and lipid homeostasis, whose dysregulation can contribute to
the development of several chronic non-communicable diseases (including cancers and
neurodegenerative disorders) [115,116].

The saponifiable fraction of EVOO mainly expresses the nutraceutical value of the
well-known monounsaturated omega-9 fatty acid oleic acid, while current knowledge of
the unsaponifiable fraction has shed new light on the promising activities of an entire
family of molecules such as the minor polar compounds. For this last large group of
bioactive molecules, research has long hypothesized an indiscriminate beneficial effect
on human health as it was first considered a simple grouping of natural antioxidants.
Indeed, the literature on olive oil polyphenols has traditionally maintained this character
of investigation “by group,” essentially testing the collective potential of such molecules,
as a group, on cardiometabolic parameters (e.g., lipid profile and endothelial dysfunction).
The most evident mechanism of action on cellular free radicals was thus considered to
be the main factor responsible for the biological activity of polyphenolic compounds.
Yet, subsequent evidence of polyphenols’ efficacy against different inflammatory diseases
gradually suggested that the mechanisms of action involved were multiple and very distinct
from the single antioxidant capacity [117].

Over the last few years, evidence kept accumulating regarding the selective activities
of specific compounds such as hydroxytyrosol, tyrosol and oleuropein, and it laid the foun-
dations for regulating the optional information on the label of olive oil products. This is also
reflected in the previously used terminology, which aggregated these molecules mentioned
under “Hydroxytyrosol and derivatives”. Oleocanthal ultimately represents an excellent
example of the relatively new molecules tested in EVOO. What can be observed when con-
sulting the scientific evidence is indeed a marked change of pace around the first decade of
the 2000s, when the studies on polyphenols contained in EVOOs of different geographical
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origins substantially moved from general investigations of the polyphenol molecule class
to more detailed investigations of individual compounds such as tyrosol, hydroxytyrosol,
oleacein, oleuropein and oleocanthal, among others. Over the last decades, the shift of
research focus towards the investigation of individual EVOO compounds has certainly
favored a better understanding of the peculiar biologic actions of different polyphenols. In
this regard, secoiridoids—like oleocanthal—have demonstrated an interesting joint activity
on human diseases. It is likely that by continuing on this research path, new molecules
will be identified, allowing for a better understanding of the pleiotropic human health
benefits of different secoiridoids [118]. Intriguingly, a study analyzing the phenolic profile
of Italian monovarietal and multivarietal EVOO samples (including PDO oils) from dif-
ferent Italian regions (Sicily, Puglia, Lazio and Tuscany) through high-performance liquid
chromatography—using photodiode arrays and mass spectrometry detectors—found three
unknown compounds that were tentatively attributed to the phenolic compounds class
based on their ultraviolet (UV) spectra [119]. Furthermore, if we include in the reasoning
the concomitant attention of nutrition research for lignans and o-tocopherol (vitamin E)
contained in EVOO, we can quickly realize how the EVOO therapeutic potential is even
wider than previously thought.

These remarks represent the key to understanding the rationale for our literature
review, since this innovative way of considering EVOOs represents the main difference from
the past. Until recently, what was considered the exclusive trait of new good agricultural
practices actually had even more important implications for human health. The traditional
consumption of EVOO by Mediterranean people documented in early observational studies
and its effects on human health should be further investigated in studies examining the
health effects of EVOOs obtained through novel methodologies aimed at increasing the
final content of bioactive molecules (like oleocanthal). In fact, if we talk about the ancestral
past of this food, we are referring to a plant extract that often originated from olives left
to fall on the ground at an advanced stage of maturation, worsening the fermentation
processes already established in the olive drupe due to uncontrolled insect pest infestation.
Such olives underwent milling in the open environments of ancient oil mills, with the olive
paste exposed to the atmosphere’s oxidative action and uncontrolled temperatures during
malaxation. Although the evidence on the health effects of the habitual consumption of
such a food product was still visible and measurable at that time, this now only attests to the
enormous but still unexpressed therapeutic potential for nutraceutical EVOOs. Molecules
such as oleocanthal are important indicators of this therapeutic potential, and their high
concentrations in the finished food product (EVOO) are strictly correlated with the time and
methods of harvesting and processing of fresh olives, with the inevitable variability found
between the different cultivars coming from numerous areas of the Mediterranean Region.

New technologies will also undoubtedly represent a precious ally for controlling the
health of the olive tree in territories where the marked climate variability and socioeconomic
transformations expose olive crops to ever-increasing biosafety risks, such as infestation
by newly emerging pests. Novel and sustainable olive crop management and protection
methods may provide olive farmers with the required capacity to respond to present and
future agricultural challenges. For instance, tree endo-therapy is a precision agriculture
method consisting of systemic delivery of active ingredients into the plant vascular system
performed in a precise manner via physical trunk injections, without risks of off-target
drifts [120]. Innovative formulation technologies allowing for controlled release of active
ingredients represent another promising tool for more targeted and sustainable olive crop
management and protection [120]. Furthermore, the EVOO extraction process assisted
through novel and emerging technologies (e.g., pulsed electric fields, high-pressure pro-
cessing, high-power ultrasound and microwave heating technologies) has proven to be
very efficient on olive paste, resulting in a significant increase in the oil yield [121]. With
regard to the content of bioactive compounds (such as phenols, phytosterols and vitamin
E, among others), the oil quality parameters (oxidative stability and peroxide value) and
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sensory attributes are improved after the extraction process assisted through such emerging
technologies [121].

In view of the above, the emerging recognition of oleocanthal as a potential antineo-
plastic and neuroprotective agent warrants a future expansion of label indications required
by EFSA to claim that an EVOO has nutraceutical properties. In particular, EVOO’s nutri-
tion facts label should contain information on the content of specific polyphenols (including
oleocanthal) in order to increase consumer awareness about EVOO composition and its re-
lated implications for human health. Italian EVOO production accounts for approximately
15% of the global EVOO market, and population surveys indicate that Italian consumers
are attracted to the high EVOO quality since they appreciate the recognized human health
benefits of this food product, as well as its unique organoleptic properties [122]. Possible
strategies aimed to spread the scientific knowledge of EVOO’s health benefits and to raise
people awareness about EVOO quality choices are currently under investigation [123].

With specific regard to oleocanthal, the oral pungency sensation evoked by EVOO
ingestion is currently one of the few organoleptic characteristics of olive oil that consumers
can empirically exploit to identify oleocanthal-rich EVOOs. Therefore, based on the current
evidence for human health benefits of oleocanthal and other EVOO polyphenols, the update
of regulation on EVOO’s nutrition facts label will certainly give greater prominence to such
polyphenols (including oleocanthal) as bioactive metabolites.

Regarding the relationship between oleocanthal chemical structure and oleocanthal
biologic activities, the two aldehyde groups of oleocanthal have been proven to be essential
for the prevention of tau fibrillogenesis [74]. However, the structure-activity relationship of
oleocanthal and other EVOO polyphenols needs to be further investigated in future studies
that may pave the way for the development of novel anticancer and neuroprotective drugs
starting from the molecular scaffolds of such naturally occurring compounds [124].

The translation of the promising findings regarding oleocanthal use in animal models
into clinical applications remains difficult for a number of reasons, such as the interspecies
differences in pharmacokinetics and pharmacodynamics [24]. On the other hand, it is
commonly believed that the oleocanthal doses associated with health benefits in animal
studies (between 5 mg and 30 mg/kg/day) [24] may not be physiologically achievable in
humans through olive oil intake, since the reasonable daily intake of 25-50 mL of EVOO
is thought to provide not more than 0.9 mg of oleocanthal, as it has previously been
postulated [24,98]. Yet, this issue can be easily overcome nowadays thanks to the current
availability of oleocanthal-rich EVOOs, whose consumption has proven to be safe and
associated with beneficial health effects in preliminary clinical studies [53].

In order to provide a better understanding of the composition of an oleocanthal-rich
EVOO, in this review we also reported the example of an analytical report of a certified
oleocanthal-rich EVOO with a protected designation of origin resulting from laboratory
tests and from the judgment of a panel of certified experts, which currently constitutes
the best guarantee of compliance with rigorous quality parameters. The values shown in
this report regard a Mediterranean (Italian) EVOO from Southern Italy’s “Cilento, Vallo
di Diano and Alburni National Park” of the Campania Region (Province of Salerno, Italy)
and result from our direct experience in the advanced techniques of olive oil production
employed today, which allow for the production of polyphenol- and oleocanthal-rich
EVOOs with a high nutraceutical value.

9. Conclusions

In conclusion, particularly in the field of plant-based foods consumed as health supple-
ments, the potential of beneficial bioactive molecules, like oleocanthal, is unequivocally and
closely linked with the appropriateness of agricultural procedures during the production
of the food (e.g., EVOO), either fresh or processed. The current evidence on anticancer
and neuroprotective effects of oleocanthal mainly derives from in vitro and animal studies.
Therefore, large prospective clinical studies are needed to confirm the beneficial effects
of oleocanthal in humans, particularly at physiologically achievable doses. Such studies
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may be based on the dietary consumption of oleocanthal-rich EVOOs and/or on the use of
pure oleocanthal administered as a supplement. The safety profile of oleocanthal treatment
(at different doses) also needs to be confirmed in clinical studies, although preclinical
studies investigating the oleocanthal anticancer properties showed that this molecule exerts
selective antiproliferative effects on cancer cells without influencing the cell cycle of normal
cells. Another important aspect that needs to be ascertained is whether oleocanthal can
effectively exert synergistic effects with conventional anticancer drugs in clinical settings, as
it has been suggested in preclinical studies. Finally, mechanistic studies are also warranted
in order to better define the exact biologic activities of oleocanthal in humans, as well
as its pharmacokinetics, pharmacodynamics and dose-response relationship in different
clinical settings.

Author Contributions: Conceptualization, R.I.; methodology and data curation, R.I., M.I. and D.P;
writing—original draft preparation, R.I. and M.I,; writing—review and editing, M.I., D.P. and FP;
creation of tables and figures, R.I. and M.L; visualization, F.C., G.M. and G.D.; supervision, D.P,, M.T.
and D.D.-M.; project administration, M.I. and D.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original analytical report of the certified organic polyphenol- and
oleocanthal-rich extra virgin olive oil (Lavanghe® EVOO) summarized in Table 2 is not included in this
manuscript but is available from the corresponding author (M.I.) upon reasonable request (original
analytical report in Italian). The EVOO analytical report and quality certification were issued by
Chemiservice Srl (Monopoli, Italy), a laboratory specialized in chemical and microbiological analysis
in the food, environmental, industrial and cosmetic sectors [laboratory recognized by the Italian
Accreditation Body for Testing Laboratories ACCREDIA—appointed by the Italian government—and
by the IOC (International Olive Council) for the performance of laboratory tests on olive oil and olive
pomace oil; URL: www.chemiservice.com/en/—accessed on 29 October 2023.

Acknowledgments: Figures 4—6 were partly created with images adapted from Servier Medical Art
licensed under a Creative Commons Attribution 3.0 (https://smart.servier.com). Figures 4-6 were
partly created by using images obtained from BioRender.com.

Conflicts of Interest: Raffaele Infante (Pharm.D.) is the owner of Azienda Agricola Infante (village
of Camella, Perdifumo, Province of Salerno, 84060, Italy), an agricultural company focused on the
local production of an organic polyphenol-rich extra virgin olive oil (EVOO) (Lavanghe®, a certified
organic and certified PDO EVOO) obtained from olives harvested in the Southern Italy “Cilento,
Vallo di Diano and Alburni National Park” (villages of Gorga and Camella, Province of Salerno,
Campania Region, Italy). The other authors declare no conflict of interest.

References

1. Widmer, R].,; Flammer, A.J.; Lerman, L.O.; Lerman, A. The Mediterranean diet, its components, and cardiovascular disease. Am.
J. Med. 2015, 128, 229-238. [CrossRef]

2. McEvoy, C.T.; Guyer, H.; Langa, K.M.; Yaffe, K. Neuroprotective Diets Are Associated with Better Cognitive Function: The Health
and Retirement Study. |. Am. Geriatr. Soc. 2017, 65, 1857-1862. [CrossRef] [PubMed]

3.  DiDaniele, N.; Noce, A.; Vidiri, M.E,; Moriconi, E.; Marrone, G.; Annicchiarico-Petruzzelli, M.; D'Urso, G.; Tesauro, M.; Rovella, V,;
De Lorenzo, A. Impact of Mediterranean diet on metabolic syndrome, cancer and longevity. Oncotarget 2017, 8, 8947-8979.
[CrossRef] [PubMed]

4. Franco, G.A.; Interdonato, L.; Cordaro, M.; Cuzzocrea, S.; Di Paola, R. Bioactive Compounds of the Mediterranean Diet as
Nutritional Support to Fight Neurodegenerative Disease. Int. J. Mol. Sci. 2023, 24, 7318. [CrossRef] [PubMed]

5. Riolo, R.; De Rosa, R.; Simonetta, I.; Tuttolomondo, A. Olive Oil in the Mediterranean Diet and Its Biochemical and Molecular
Effects on Cardiovascular Health through an Analysis of Genetics and Epigenetics. Int. J. Mol. Sci. 2022, 23, 16002. [CrossRef]

6. Mazzocchi, A.; Leone, L.; Agostoni, C.; Pali-Scholl, I. The Secrets of the Mediterranean Diet. Does [Only] Olive Oil Matter?

Nutrients 2019, 11, 2941. [CrossRef]


www.chemiservice.com/en/
https://smart.servier.com
https://doi.org/10.1016/j.amjmed.2014.10.014
https://doi.org/10.1111/jgs.14922
https://www.ncbi.nlm.nih.gov/pubmed/28440854
https://doi.org/10.18632/oncotarget.13553
https://www.ncbi.nlm.nih.gov/pubmed/27894098
https://doi.org/10.3390/ijms24087318
https://www.ncbi.nlm.nih.gov/pubmed/37108480
https://doi.org/10.3390/ijms232416002
https://doi.org/10.3390/nu11122941

Int. . Mol. Sci. 2023, 24, 17323 26 of 30

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Guasch-Ferre, M.; Hu, EB.; Martinez-Gonzalez, M.A.; Fito, M.; Bullo, M.; Estruch, R.; Ros, E.; Corella, D.; Recondo, J.;
Gomez-Gracia, E.; et al. Olive oil intake and risk of cardiovascular disease and mortality in the PREDIMED Study. BMC
Med. 2014, 12, 78. [CrossRef]

Lockyer, S.; Rowland, I. 10-Authorised EU health claims for polyphenols in olive oil. In Foods, Nutrients and Food Ingredients with
Authorised EU Health Claims; Sadler, M.]., Ed.; Woodhead Publishing: Sawston, UK, 2014; pp. 212-228.

EFSA. Available online: https://www.efsa.europa.eu/en/efsajournal /pub /2033 (accessed on 27 October 2023).

El Haouari, M.; Quintero, J.E.; Rosado, ].A. Anticancer molecular mechanisms of oleocanthal. Phytother. Res. 2020, 34, 2820-2834.
[CrossRef]

European Commission - Agriculture and Rural Development. Geographical Indications and Quality Schemes Explained. Available
online: https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-
and-quality-schemes-explained_en#pdo (accessed on 24 November 2023).

Jimenez-Lopez, C.; Carpena, M.; Lourenco-Lopes, C.; Gallardo-Gomez, M.; Lorenzo, ].M.; Barba, F]J.; Prieto, M.A_; Simal-Gandara,
J. Bioactive Compounds and Quality of Extra Virgin Olive Oil. Foods 2020, 9, 1014. [CrossRef]

Beltran, G.; Del Rio, C.; Sanchez, S.; Martinez, L. Influence of harvest date and crop yield on the fatty acid composition of virgin
olive oils from cv. Picual. J. Agric. Food Chem. 2004, 52, 3434-3440. [CrossRef]

Hernandez, M.L.; Sicardo, M.D.; Belaj, A.; Martinez-Rivas, ].M. The Oleic/Linoleic Acid Ratio in Olive (Olea europaea L.) Fruit
Mesocarp Is Mainly Controlled by OeFAD2-2 and OeFAD2-5 Genes Together with the Different Specificity of Extraplastidial
Acyltransferase Enzymes. Front. Plant Sci. 2021, 12, 653997. [CrossRef] [PubMed]

Alessandri, S.; Ieri, F.; Romani, A. Minor polar compounds in extra virgin olive oil: Correlation between HPLC-DAD-MS and the
Folin-Ciocalteu spectrophotometric method. J. Agric. Food Chem. 2014, 62, 826-835. [CrossRef] [PubMed]

Rozanska, A.; Russo, M.; Cacciola, F.; Salafia, F.; Polkowska, Z.; Dugo, P.; Mondello, L. Concentration of Potentially Bioactive
Compounds in Italian Extra Virgin Olive Oils from Various Sources by Using LC-MS and Multivariate Data Analysis. Foods 2020,
9, 1120. [CrossRef] [PubMed]

Senesi, R.; Andreani, C.; Baglioni, P.; Batista de Carvalho, L.A E.; Licoccia, S.; Marques, M.P.M.; Moretti, G.; Noce, A.; Paolesse, R.;
Parker, S.F.; et al. Looking for Minor Phenolic Compounds in Extra Virgin Olive Oils Using Neutron and Raman Spectroscopies.
Antioxidants 2021, 10, 643. [CrossRef] [PubMed]

Montedoro, G.M.; Servili, M.; Baldioli, M.; Selvaggini, R.; Miniati, E.; Macchioni, A. Simple and hydrolyzable compounds in virgin
olive oil. 3. Spectroscopic characterizations of the secoiridoid derivatives. J. Agric. Food Chem. 1993, 41, 2228-2234. [CrossRef]
National Center for Biotechnology Information. “PubChem Compound Summary for CID 11652416, Oleocanthal” PubChem.
Available online: https:/ /pubchem.ncbi.nlm.nih.gov/compound/Oleocanthal (accessed on 25 November 2023).

Francioso, A.; Federico, R.; Maggiore, A.; Fontana, M.; Boffi, A.; D’Erme, M.; Mosca, L. Green Route for the Isolation and
Purification of Hyrdoxytyrosol, Tyrosol, Oleacein and Oleocanthal from Extra Virgin Olive Oil. Molecules 2020, 25, 3654.
[CrossRef] [PubMed]

Diamantakos, P.; Giannara, T.; Skarkou, M.; Melliou, E.; Magiatis, P. Influence of Harvest Time and Malaxation Conditions on
the Concentration of Individual Phenols in Extra Virgin Olive Oil Related to Its Healthy Properties. Molecules 2020, 25, 2449.
[CrossRef] [PubMed]

Peyrot des Gachons, C.; Uchida, K; Bryant, B.; Shima, A.; Sperry, ].B.; Dankulich-Nagrudny, L.; Tominaga, M.; Smith, A.B., 3rd;
Beauchamp, G.K.; Breslin, P.A. Unusual pungency from extra-virgin olive oil is attributable to restricted spatial expression of the
receptor of oleocanthal. J. Neurosci. 2011, 31, 999-1009. [CrossRef]

Beauchamp, G.K,; Keast, R.S.; Morel, D.; Lin, J.; Pika, J.; Han, Q.; Lee, C.H.; Smith, A.B.; Breslin, P.A. Phytochemistry: Ibuprofen-
like activity in extra-virgin olive oil. Nature 2005, 437, 45-46. [CrossRef]

Pang, K.L.; Chin, K.Y. The Biological Activities of Oleocanthal from a Molecular Perspective. Nutrients 2018, 10, 570. [CrossRef]
Cicerale, S.; Breslin, P.A.; Beauchamp, G.K.; Keast, R.S. Sensory characterization of the irritant properties of oleocanthal, a natural
anti-inflammatory agent in extra virgin olive oils. Chem. Senses 2009, 34, 333-339. [CrossRef] [PubMed]

Galvano, F.; La Fauci, L.; Graziani, G.; Ferracane, R.; Masella, R.; Di Giacomo, C.; Scacco, A.; D’Archivio, M.; Vanella, L.;
Galvano, G. Phenolic compounds and antioxidant activity of Italian extra virgin olive oil Monti Iblei. J. Med. Food 2007, 10,
650-656. [CrossRef] [PubMed]

Cuffaro, D.; Pinto, D.; Silva, A.M.; Bertolini, A.; Bertini, S.; Saba, A.; Macchia, M.; Rodrigues, F.; Digiacomo, M. Insights into the
Antioxidant/ Antiradical Effects and In Vitro Intestinal Permeation of Oleocanthal and Its Metabolites Tyrosol and Oleocanthalic
Acid. Molecules 2023, 28, 5150. [CrossRef]

Qureshi, O.; Dua, A. COX Inhibitors. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023. Available online:
https:/ /www.ncbi.nlm.nih.gov/books/NBK549795/ (accessed on 27 October 2023).

Vougogiannopoulou, K.; Lemus, C.; Halabalaki, M.; Pergola, C.; Werz, O.; Smith, A.B., 3rd; Michel, S.; Skaltsounis, L.; Deguin, B.
One-step semisynthesis of oleacein and the determination as a 5-lipoxygenase inhibitor. J. Nat. Prod. 2014, 77, 441-445. [CrossRef]
[PubMed]

Radmark, O.; Werz, O.; Steinhilber, D.; Samuelsson, B. 5-Lipoxygenase, a key enzyme for leukotriene biosynthesis in health and
disease. Biochim. Biophys. Acta 2015, 1851, 331-339. [CrossRef] [PubMed]


https://doi.org/10.1186/1741-7015-12-78
https://www.efsa.europa.eu/en/efsajournal/pub/2033
https://doi.org/10.1002/ptr.6722
https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-and-quality-schemes-explained_en#pdo
https://agriculture.ec.europa.eu/farming/geographical-indications-and-quality-schemes/geographical-indications-and-quality-schemes-explained_en#pdo
https://doi.org/10.3390/foods9081014
https://doi.org/10.1021/jf049894n
https://doi.org/10.3389/fpls.2021.653997
https://www.ncbi.nlm.nih.gov/pubmed/33763103
https://doi.org/10.1021/jf403104a
https://www.ncbi.nlm.nih.gov/pubmed/24405086
https://doi.org/10.3390/foods9081120
https://www.ncbi.nlm.nih.gov/pubmed/32823794
https://doi.org/10.3390/antiox10050643
https://www.ncbi.nlm.nih.gov/pubmed/33922163
https://doi.org/10.1021/jf00035a076
https://pubchem.ncbi.nlm.nih.gov/compound/Oleocanthal
https://doi.org/10.3390/molecules25163654
https://www.ncbi.nlm.nih.gov/pubmed/32796621
https://doi.org/10.3390/molecules25102449
https://www.ncbi.nlm.nih.gov/pubmed/32456326
https://doi.org/10.1523/JNEUROSCI.1374-10.2011
https://doi.org/10.1038/437045a
https://doi.org/10.3390/nu10050570
https://doi.org/10.1093/chemse/bjp006
https://www.ncbi.nlm.nih.gov/pubmed/19273462
https://doi.org/10.1089/jmf.2007.409
https://www.ncbi.nlm.nih.gov/pubmed/18158836
https://doi.org/10.3390/molecules28135150
https://www.ncbi.nlm.nih.gov/books/NBK549795/
https://doi.org/10.1021/np401010x
https://www.ncbi.nlm.nih.gov/pubmed/24568174
https://doi.org/10.1016/j.bbalip.2014.08.012
https://www.ncbi.nlm.nih.gov/pubmed/25152163

Int. . Mol. Sci. 2023, 24, 17323 27 of 30

31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Scotece, M.; Gomez, R.; Conde, J.; Lopez, V.; Gomez-Reino, ].J.; Lago, F.; Smith, A.B., 3rd; Gualillo, O. Further evidence for the
anti-inflammatory activity of oleocanthal: Inhibition of MIP-1alpha and IL-6 in J774 macrophages and in ATDC5 chondrocytes.
Life Sci. 2012, 91, 1229-1235. [CrossRef]

Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How are they linked? Free
Radic. Biol. Med. 2010, 49, 1603-1616. [CrossRef]

Fischer, R.; Maier, O. Interrelation of oxidative stress and inflammation in neurodegenerative disease: Role of TNF. Oxid. Med.
Cell. Longev. 2015, 2015, 610813. [CrossRef]

Multhoff, G.; Molls, M.; Radons, J. Chronic inflammation in cancer development. Front. Immunol. 2011, 2, 98. [CrossRef]

Liu, B.; Qu, L.; Yan, S. Cyclooxygenase-2 promotes tumor growth and suppresses tumor immunity. Cancer Cell Int. 2015, 15, 106.
[CrossRef]

Harris, R.E. Cyclooxygenase-2 (cox-2) and the inflammogenesis of cancer. Subcell. Biochem. 2007, 42, 93-126. [CrossRef]

Fogli, S.; Arena, C.; Carpi, S.; Polini, B.; Bertini, S.; Digiacomo, M.; Gado, F.; Saba, A.; Saccomanni, G.; Breschi, M.C.; et al.
Cytotoxic Activity of Oleocanthal Isolated from Virgin Olive Oil on Human Melanoma Cells. Nutr. Cancer 2016, 68, 873-877.
[CrossRef] [PubMed]

Gu, Y.; Wang, J.; Peng, L. (-)-Oleocanthal exerts anti-melanoma activities and inhibits STAT3 signaling pathway. Oncol. Rep. 2017,
37,483-491. [CrossRef]

Akl M.R.; Ayoub, N.M.; Mohyeldin, M.M.; Busnena, B.A.; Foudah, A.L; Liu, Y.Y.; Sayed, K.A. Olive phenolics as c-Met inhibitors:
(-)-Oleocanthal attenuates cell proliferation, invasiveness, and tumor growth in breast cancer models. PLoS ONE 2014, 9, €97622.
[CrossRef]

Elnagar, A.Y.; Sylvester, PW.; El Sayed, K.A. (-)-Oleocanthal as a c-Met inhibitor for the control of metastatic breast and prostate
cancers. Planta Med. 2011, 77,1013-1019. [CrossRef]

Khanfar, M.A.; Bardaweel, S.K.; Akl, M.R;; El Sayed, K.A. Olive Oil-derived Oleocanthal as Potent Inhibitor of Mammalian Target
of Rapamycin: Biological Evaluation and Molecular Modeling Studies. Phytother. Res. 2015, 29, 1776-1782. [CrossRef] [PubMed]
LeGendre, O.; Breslin, P.A.; Foster, D.A. (-)-Oleocanthal rapidly and selectively induces cancer cell death via lysosomal membrane
permeabilization. Mol. Cell. Oncol. 2015, 2, €1006077. [CrossRef]

Siddique, A.B.; Ebrahim, H.Y.; Akl, M.R.; Ayoub, N.M.; Goda, A.A.; Mohyeldin, M.M.; Nagumalli, S.K.; Hananeh, W.M.; Liu, Y.Y,;
Meyer, S.A.; et al. (-)-Oleocanthal Combined with Lapatinib Treatment Synergized against HER-2 Positive Breast Cancer In Vitro
and In Vivo. Nutrients 2019, 11, 412. [CrossRef]

Siddique, A.B.; Ayoub, N.M.; Tajmim, A.; Meyer, S.A.; Hill, R.A.; El Sayed, K.A. (-)-Oleocanthal Prevents Breast Cancer
Locoregional Recurrence After Primary Tumor Surgical Excision and Neoadjuvant Targeted Therapy in Orthotopic Nude Mouse
Models. Cancers 2019, 11, 637. [CrossRef] [PubMed]

Siddique, A.B.; Ebrahim, H.Y.; Tajmim, A.; King, J.A.; Abdelwahed, K.S.; Abd Elmageed, Z.Y.; El Sayed, K.A. Oleocanthal
Attenuates Metastatic Castration-Resistant Prostate Cancer Progression and Recurrence by Targeting SMYD?2. Cancers 2022,
14, 3542. [CrossRef] [PubMed]

Pei, T.; Meng, Q.; Han, ].; Sun, H.; Li, L.; Song, R.; Sun, B.; Pan, S.; Liang, D.; Liu, L. (-)-Oleocanthal inhibits growth and metastasis
by blocking activation of STAT3 in human hepatocellular carcinoma. Oncotarget 2016, 7, 43475-43491. [CrossRef]

Cusimano, A.; Balasus, D.; Azzolina, A.; Augello, G.; Emma, M.R.; Di Sano, C.; Gramignoli, R.; Strom, S.C.; McCubrey, J.A;
Montalto, G.; et al. Oleocanthal exerts antitumor effects on human liver and colon cancer cells through ROS generation. Int. J.
Oncol. 2017, 51, 533-544. [CrossRef]

Khanal, P; Oh, WK,; Yun, H.J.; Namgoong, G.M.; Ahn, S5.G.; Kwon, S.M.; Choi, HK.; Choi, H.S. p-HPEA-EDA, a phenolic
compound of virgin olive oil, activates AMP-activated protein kinase to inhibit carcinogenesis. Carcinogenesis 2011, 32, 545-553.
[CrossRef] [PubMed]

Siddique, A.B.; Kilgore, P; Tajmim, A.; Singh, S.S.; Meyer, S.A; Jois, S.D.; Cvek, U.; Trutschl, M.; Sayed, K.A.E. (-)-Oleocanthal as
a Dual c-MET-COX2 Inhibitor for the Control of Lung Cancer. Nutrients 2020, 12, 1749. [CrossRef] [PubMed]

Scotece, M.; Gomez, R.; Conde, J.; Lopez, V.; Gomez-Reino, J.J.; Lago, F.; Smith, A.B., 3rd; Gualillo, O. Oleocanthal inhibits
proliferation and MIP-1alpha expression in human multiple myeloma cells. Curr. Med. Chem. 2013, 20, 2467-2475. [CrossRef]
[PubMed]

Abe, M.; Hiura, K.; Wilde, J.; Moriyama, K.; Hashimoto, T.; Ozaki, S.; Wakatsuki, S.; Kosaka, M.; Kido, S.; Inoue, D.; et al. Role for
macrophage inflammatory protein (MIP)-1lalpha and MIP-1beta in the development of osteolytic lesions in multiple myeloma.
Blood 2002, 100, 2195-2202. [CrossRef] [PubMed]

Fabiani, R.; De Bartolomeo, A.; Rosignoli, P.; Servili, M.; Selvaggini, R.; Montedoro, G.E,; Di Saverio, C.; Morozzi, G. Virgin olive
oil phenols inhibit proliferation of human promyelocytic leukemia cells (HL60) by inducing apoptosis and differentiation. J. Nutr.
2006, 136, 614-619. [CrossRef] [PubMed]

Rojas Gil, A.P.; Kodonis, I.; Ioannidis, A.; Nomikos, T.; Dimopoulos, I.; Kosmidis, G.; Katsa, M.E.; Melliou, E.; Magiatis, P. The
Effect of Dietary Intervention With High-Oleocanthal and Oleacein Olive Oil in Patients With Early-Stage Chronic Lymphocytic
Leukemia: A Pilot Randomized Trial. Front. Oncol. 2021, 11, 810249. [CrossRef] [PubMed]

Margarucci, L.; Monti, M.C.; Cassiano, C.; Mozzicafreddo, M.; Angeletti, M.; Riccio, R.; Tosco, A.; Casapullo, A. Chemical
proteomics-driven discovery of oleocanthal as an Hsp90 inhibitor. Chem. Commun. 2013, 49, 5844-5846. [CrossRef]

Picard, D. Heat-shock protein 90, a chaperone for folding and regulation. Cell. Mol. Life Sci. 2002, 59, 1640-1648. [CrossRef]


https://doi.org/10.1016/j.lfs.2012.09.012
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://doi.org/10.1155/2015/610813
https://doi.org/10.3389/fimmu.2011.00098
https://doi.org/10.1186/s12935-015-0260-7
https://doi.org/10.1007/1-4020-5688-5_4
https://doi.org/10.1080/01635581.2016.1180407
https://www.ncbi.nlm.nih.gov/pubmed/27266366
https://doi.org/10.3892/or.2016.5270
https://doi.org/10.1371/journal.pone.0097622
https://doi.org/10.1055/s-0030-1270724
https://doi.org/10.1002/ptr.5434
https://www.ncbi.nlm.nih.gov/pubmed/26248874
https://doi.org/10.1080/23723556.2015.1006077
https://doi.org/10.3390/nu11020412
https://doi.org/10.3390/cancers11050637
https://www.ncbi.nlm.nih.gov/pubmed/31072015
https://doi.org/10.3390/cancers14143542
https://www.ncbi.nlm.nih.gov/pubmed/35884603
https://doi.org/10.18632/oncotarget.9782
https://doi.org/10.3892/ijo.2017.4049
https://doi.org/10.1093/carcin/bgr001
https://www.ncbi.nlm.nih.gov/pubmed/21216846
https://doi.org/10.3390/nu12061749
https://www.ncbi.nlm.nih.gov/pubmed/32545325
https://doi.org/10.2174/0929867311320190006
https://www.ncbi.nlm.nih.gov/pubmed/23521677
https://doi.org/10.1182/blood.V100.6.2195
https://www.ncbi.nlm.nih.gov/pubmed/12200385
https://doi.org/10.1093/jn/136.3.614
https://www.ncbi.nlm.nih.gov/pubmed/16484533
https://doi.org/10.3389/fonc.2021.810249
https://www.ncbi.nlm.nih.gov/pubmed/35127522
https://doi.org/10.1039/c3cc41858h
https://doi.org/10.1007/PL00012491

Int. . Mol. Sci. 2023, 24, 17323 28 of 30

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Lacey, T.; Lacey, H. Linking hsp90’s role as an evolutionary capacitator to the development of cancer. Cancer Treat. Res. Commun.
2021, 28, 100400. [CrossRef]

Jellinger, K.A. Basic mechanisms of neurodegeneration: A critical update. J. Cell. Mol. Med. 2010, 14, 457-487. [CrossRef]
[PubMed]

Selkoe, D.J.; Lansbury, PJ., Jr. Alzheimer’s Disease Is the Most Common Neurodegenerative Disorder. In Basic Neurochemistry:
Molecular, Cellular and Medical Aspects, 6th ed.; Siegel, G.J., Agranoff, B.W., Albers, R.W., Fisher, S.K., Uhler, M.D., Eds.; Lippincott-
Raven: Philadelphia, PA, USA, 1999. Available online: https://www.ncbi.nlm.nih.gov/books/NBK27944/ (accessed on 29
October 2023).

Rahman, M.M.; Lendel, C. Extracellular protein components of amyloid plaques and their roles in Alzheimer’s disease pathology.
Mol. Neurodegener. 2021, 16, 59. [CrossRef] [PubMed]

Barbier, P; Zejneli, O.; Martinho, M.; Lasorsa, A.; Belle, V.; Smet-Nocca, C.; Tsvetkov, P.O.; Devred, F; Landrieu, I. Role of Tau as a
Microtubule-Associated Protein: Structural and Functional Aspects. Front. Aging Neurosci. 2019, 11, 204. [CrossRef] [PubMed]
Medeiros, R.; Baglietto-Vargas, D.; LaFerla, EM. The role of tau in Alzheimer’s disease and related disorders. CNS Neurosci. Ther.
2011, 17, 514-524. [CrossRef]

Di Benedetto, G.; Burgaletto, C.; Bellanca, C.M.; Munafo, A.; Bernardini, R.; Cantarella, G. Role of Microglia and Astrocytes in
Alzheimer’s Disease: From Neuroinflammation to Ca(2+) Homeostasis Dysregulation. Cells 2022, 11, 2728. [CrossRef] [PubMed]
Novoa, C.; Salazar, P,; Cisternas, P.; Gherardelli, C.; Vera-Salazar, R.; Zolezzi, ].M.; Inestrosa, N.C. Inflammation context in
Alzheimer’s disease, a relationship intricate to define. Biol. Res. 2022, 55, 39. [CrossRef]

Abuznait, A.H.; Qosa, H.; Busnena, B.A.; El Sayed, K.A.; Kaddoumi, A. Olive-oil-derived oleocanthal enhances 3-amyloid
clearance as a potential neuroprotective mechanism against Alzheimer’s disease: In vitro and in vivo studies. ACS Chem. Neurosci.
2013, 4, 973-982. [CrossRef] [PubMed]

Qosa, H.; Batarseh, Y.S.; Mohyeldin, M.M.; El Sayed, K.A.; Keller, ].N.; Kaddoumi, A. Oleocanthal enhances amyloid-f3 clearance
from the brains of TgSwDI mice and in vitro across a human blood-brain barrier model. ACS Chem. Neurosci. 2015, 6, 1849-1859.
[CrossRef]

Karkovic Markovic, A.; Toric, J.; Barbaric, M.; Jakobusic Brala, C. Hydroxytyrosol, Tyrosol and Derivatives and Their Potential
Effects on Human Health. Molecules 2019, 24, 2001. [CrossRef]

Plotnikov, M.B.; Plotnikova, T.M. Tyrosol as a Neuroprotector: Strong Effects of a “Weak” Antioxidant. Curr. Neuropharmacol.
2021, 19, 434-448. [CrossRef]

St-Laurent-Thibault, C.; Arseneault, M.; Longpre, F.; Ramassamy, C. Tyrosol and hydroxytyrosol, two main components of olive
oil, protect N2a cells against amyloid-p-induced toxicity. Involvement of the NF-«B signaling. Curr. Alzheimer Res. 2011, 8,
543-551. [CrossRef] [PubMed]

Romanucci, V.; Garcia-Vinuales, S.; Tempra, C.; Bernini, R.; Zarrelli, A.; Lolicato, F.; Milardi, D.; Di Fabio, G. Modulating A3
aggregation by tyrosol-based ligands: The crucial role of the catechol moiety. Biophys. Chem. 2020, 265, 106434. [CrossRef]
[PubMed]

Taniguchi, K.; Yamamoto, F; Arai, T.; Yang, ].; Sakai, Y.; Itoh, M.; Mamada, N.; Sekiguchi, M.; Yamada, D.; Saitoh, A.; et al. Tyrosol
Reduces Amyloid-p Oligomer Neurotoxicity and Alleviates Synaptic, Oxidative, and Cognitive Disturbances in Alzheimer’s
Disease Model Mice. |. Alzheimers Dis. 2019, 70, 937-952. [CrossRef] [PubMed]

Jia, Y.; Wang, N.; Liu, X. Resveratrol and Amyloid-Beta: Mechanistic Insights. Nutrients 2017, 9, 1122. [CrossRef] [PubMed]
Lolicato, F; Raudino, A.; Milardi, D.; La Rosa, C. Resveratrol interferes with the aggregation of membrane-bound human-IAPP: A
molecular dynamics study. Eur. . Med. Chem. 2015, 92, 876-881. [CrossRef] [PubMed]

Romanucci, V.; Giordano, M.; De Tommaso, G.; Iuliano, M.; Bernini, R.; Clemente, M.; Garcia-Vinuales, S.; Milardi, D.; Zarrelli, A.;
Di Fabio, G. Synthesis of New Tyrosol-Based Phosphodiester Derivatives: Effect on Amyloid 3 Aggregation and Metal Chelation
Ability. ChemMedChem 2021, 16, 1172-1183. [CrossRef] [PubMed]

Li, W,; Sperry, ].B.; Crowe, A.; Trojanowski, J.Q.; Smith, A.B., 3rd; Lee, V.M. Inhibition of tau fibrillization by oleocanthal via
reaction with the amino groups of tau. J. Neurochem. 2009, 110, 1339-1351. [CrossRef]

Monti, M.C.; Margarucci, L.; Tosco, A.; Riccio, R.; Casapullo, A. New insights on the interaction mechanism between tau protein
and oleocanthal, an extra-virgin olive-oil bioactive component. Food Funct. 2011, 2, 423-428. [CrossRef]

Monti, M.C.; Margarucci, L.; Riccio, R.; Casapullo, A. Modulation of tau protein fibrillization by oleocanthal. J. Nat. Prod. 2012, 75,
1584-1588. [CrossRef]

Shibata, M.; Yamada, S.; Kumar, S.R.; Calero, M.; Bading, J.; Frangione, B.; Holtzman, D.M.; Miller, C.A.; Strickland, D.K,;
Ghiso, J.; et al. Clearance of Alzheimer’s amyloid-ss(1-40) peptide from brain by LDL receptor-related protein-1 at the blood-brain
barrier. J. Clin. Investig. 2000, 106, 1489-1499. [CrossRef] [PubMed]

Cirrito, J.R.; Deane, R.; Fagan, A.M.; Spinner, M.L.; Parsadanian, M.; Finn, M.B.; Jiang, H.; Prior, ].L.; Sagare, A.; Bales, K.R,; et al.
P-glycoprotein deficiency at the blood-brain barrier increases amyloid-beta deposition in an Alzheimer disease mouse model.
J. Clin. Investig. 2005, 115, 3285-3290. [CrossRef] [PubMed]

Batarseh, Y.S.; Mohamed, L.A.; Al Rihani, S.B.; Mousa, Y.M.; Siddique, A.B.; El Sayed, K.A.; Kaddoumi, A. Oleocanthal ameliorates
amyloid-f oligomers’ toxicity on astrocytes and neuronal cells: In vitro studies. Neuroscience 2017, 352, 204-215. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.ctarc.2021.100400
https://doi.org/10.1111/j.1582-4934.2010.01010.x
https://www.ncbi.nlm.nih.gov/pubmed/20070435
https://www.ncbi.nlm.nih.gov/books/NBK27944/
https://doi.org/10.1186/s13024-021-00465-0
https://www.ncbi.nlm.nih.gov/pubmed/34454574
https://doi.org/10.3389/fnagi.2019.00204
https://www.ncbi.nlm.nih.gov/pubmed/31447664
https://doi.org/10.1111/j.1755-5949.2010.00177.x
https://doi.org/10.3390/cells11172728
https://www.ncbi.nlm.nih.gov/pubmed/36078138
https://doi.org/10.1186/s40659-022-00404-3
https://doi.org/10.1021/cn400024q
https://www.ncbi.nlm.nih.gov/pubmed/23414128
https://doi.org/10.1021/acschemneuro.5b00190
https://doi.org/10.3390/molecules24102001
https://doi.org/10.2174/1570159X18666200507082311
https://doi.org/10.2174/156720511796391845
https://www.ncbi.nlm.nih.gov/pubmed/21605049
https://doi.org/10.1016/j.bpc.2020.106434
https://www.ncbi.nlm.nih.gov/pubmed/32707474
https://doi.org/10.3233/JAD-190098
https://www.ncbi.nlm.nih.gov/pubmed/31227651
https://doi.org/10.3390/nu9101122
https://www.ncbi.nlm.nih.gov/pubmed/29036903
https://doi.org/10.1016/j.ejmech.2015.01.047
https://www.ncbi.nlm.nih.gov/pubmed/25638571
https://doi.org/10.1002/cmdc.202000807
https://www.ncbi.nlm.nih.gov/pubmed/33326184
https://doi.org/10.1111/j.1471-4159.2009.06224.x
https://doi.org/10.1039/c1fo10064e
https://doi.org/10.1021/np300384h
https://doi.org/10.1172/JCI10498
https://www.ncbi.nlm.nih.gov/pubmed/11120756
https://doi.org/10.1172/JCI25247
https://www.ncbi.nlm.nih.gov/pubmed/16239972
https://doi.org/10.1016/j.neuroscience.2017.03.059
https://www.ncbi.nlm.nih.gov/pubmed/28392295

Int. . Mol. Sci. 2023, 24, 17323 29 of 30

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

Abdallah, I.M.; Al-Shami, K.M.; Alkhalifa, A.E.; Al-Ghraiybah, N.F.; Guillaume, C.; Kaddoumi, A. Comparison of Oleocanthal-
Low EVOO and Oleocanthal against Amyloid-3 and Related Pathology in a Mouse Model of Alzheimer’s Disease. Molecules
2023, 28, 1249. [CrossRef] [PubMed]

Paudel, Y.N.; Angelopoulou, E.; Piperi, C.; Othman, I.; Aamir, K.; Shaikh, M.F. Impact of HMGB1, RAGE, and TLR4 in Alzheimer’s
Disease (AD): From Risk Factors to Therapeutic Targeting. Cells 2020, 9, 383. [CrossRef]

Giusti, L.; Angeloni, C.; Barbalace, M.C.; Lacerenza, S.; Ciregia, F; Ronci, M.; Urbani, A.; Manera, C.; Digiacomo, M,;
Macchia, M.; et al. A Proteomic Approach to Uncover Neuroprotective Mechanisms of Oleocanthal against Oxidative Stress. Int.
J. Mol. Sci. 2018, 19, 2329. [CrossRef] [PubMed]

Tamagno, E.; Guglielmotto, M.; Vasciaveo, V.; Tabaton, M. Oxidative Stress and Beta Amyloid in Alzheimer’s Disease. Which
Comes First: The Chicken or the Egg? Antioxidants 2021, 10, 1479. [CrossRef]

Rocha-Gonzalez, H.I.; Ambriz-Tututi, M.; Granados-Soto, V. Resveratrol: A natural compound with pharmacological potential in
neurodegenerative diseases. CNS Neurosci. Ther. 2008, 14, 234-247. [CrossRef]

Capiralla, H.; Vingtdeux, V.; Zhao, H.; Sankowski, R.; Al-Abed, Y.; Davies, P; Marambaud, P. Resveratrol mitigates
lipopolysaccharide- and Ap-mediated microglial inflammation by inhibiting the TLR4/NF-kB/STAT signaling cascade.
J. Neurochem. 2012, 120, 461-472. [CrossRef]

Santos, L.M.; Rodrigues, D.; Alemi, M,; Silva, S.C.; Ribeiro, C.A.; Cardoso, I. Resveratrol administration increases Transthyretin
protein levels ameliorating AD features- importance of transthyretin tetrameric stability. Mol. Med. 2016, 22, 597-607. [CrossRef]
Zhao, H.F; Li, N.; Wang, Q.; Cheng, X.J.; Li, X.M,; Liu, T.T. Resveratrol decreases the insoluble A31-42 level in hippocampus and
protects the integrity of the blood-brain barrier in AD rats. Neuroscience 2015, 310, 641-649. [CrossRef]

Jang, J.H.; Surh, Y. Protective effect of resveratrol on beta-amyloid-induced oxidative PC12 cell death. Free Radic. Biol. Med. 2003,
34, 1100-1110. [CrossRef]

Drygalski, K.; Fereniec, E.; Korycinski, K.; Chomentowski, A.; Kielczewska, A.; Odrzygozdz, C.; Modzelewska, B. Resveratrol
and Alzheimer’s disease. From molecular pathophysiology to clinical trials. Exp. Gerontol. 2018, 113, 36-47. [CrossRef] [PubMed]
Raimundo, A.F,; Ferreira, S.; Martins, 1.C.; Menezes, R. Islet Amyloid Polypeptide: A Partner in Crime With A in the Pathology
of Alzheimer’s Disease. Front Mol. Neurosci. 2020, 13, 35. [CrossRef] [PubMed]

Zhang, Z.; Li, X.; Sang, S.; McClements, D.].; Chen, L.; Long, J.; Jiao, A.; Jin, Z.; Qiu, C. Polyphenols as Plant-Based Nutraceuticals:
Health Effects, Encapsulation, Nano-Delivery, and Application. Foods 2022, 11, 2189. [CrossRef] [PubMed]

Mancebo-Campos, V.; Salvador, M.D.; Fregapane, G. EFSA Health Claims-Based Virgin Olive Oil Shelf-Life. Antioxidants 2023,
12,1563. [CrossRef] [PubMed]

De Luca, P; Sicilia, V.; Candamano, S.; Macario, A. Olive vegetation waters (OVWs): Characteristics, treatments and environmental
problems. IOP Conf. Ser. Mater. Sci. Eng. 2022, 1251, 012011. [CrossRef]

Bitler, C.M.; Viale, T.M.; Damaj, B.; Crea, R. Hydrolyzed olive vegetation water in mice has anti-inflammatory activity. J. Nutr.
2005, 135, 1475-1479. [CrossRef]

Kalogeropoulos, N.; Tsimidou, M.Z. Antioxidants in Greek Virgin Olive Oils. Antioxidants 2014, 3, 387—413. [CrossRef]
Commission Regulation (EC) n. 1019/2002 on marketing standards for olive oil. Off. J. Eur. Communities 2002, 155, 27-31.
Antony, A.; Farid, M. Effect of Temperatures on Polyphenols during Extraction. Appl. Sci. 2022, 12, 2107. [CrossRef]

Fogliano, V.; Sacchi, R. Oleocanthal in olive oil: Between myth and reality. Mol. Nutr. Food Res. 2006, 50, 5-6. [CrossRef] [PubMed]
Janu, C.; Kumar, D.R.S.; Reshma, M.V,; Jayamurthy, P.; Sundaresan, A.; Nisha, P. Comparative Study on the Total Phenolic Content
and Radical Scavenging Activity of Common Edible Vegetable Oils. . Food Biochem. 2014, 38, 38—49. [CrossRef]

Di Vaio, C.; Nocerino, S.; Paduano, A.; Sacchi, R. Characterization and evaluation of olive germplasm in southern Italy. J. Sci.
Food Agric. 2013, 93, 2458-2462. [CrossRef] [PubMed]

Ozcan, M.M.; Findik, S.; AlJuhaimi, E.; Ghafoor, K.; Babiker, E.E.; Adiamo, O.Q. The effect of harvest time and varieties on
total phenolics, antioxidant activity and phenolic compounds of olive fruit and leaves. |. Food Sci. Technol. 2019, 56, 2373-2385.
[CrossRef] [PubMed]

Deiana, P,; Santona, M.; Dettori, S.; Culeddu, N.; Dore, A.; Molinu, M.G. Multivariate approach to assess the chemical composition
of Italian virgin olive oils as a function of variety and harvest period. Food Chem. 2019, 300, 125243. [CrossRef]
Medjkouh-Rezzak, L.; Tamendjari, A.; Mettouchi, S.; Bouarroudj-Hamici, K.; Oliveira, M.B. Influence of olive fly (Bactrocera
oleae) on the phenolic composition and antioxidant activity of four Algerian olive cultivars. La Riv. Ital. Delle Sostanze Grasse 2023,
100, 19-28.

Notario, A.; Sanchez, R.; Luaces, P; Sanz, C.; Perez, A.G. The Infestation of Olive Fruits by Bactrocera oleae (Rossi) Modifies the
Expression of Key Genes in the Biosynthesis of Volatile and Phenolic Compounds and Alters the Composition of Virgin Olive Oil.
Molecules 2022, 27, 1650. [CrossRef]

Negro, C.; Aprile, A.; Luvisi, A.; Nicoli, F; Nutricati, E.; Vergine, M.; Miceli, A.; Blando, F,; Sabella, E.; De Bellis, L. Phenolic
Profile and Antioxidant Activity of Italian Monovarietal Extra Virgin Olive Oils. Antioxidants 2019, 8, 161. [CrossRef]

Hachicha Hbaieb, R.; Kotti, F.; Cortes-Francisco, N.; Caixach, J.; Gargouri, M.; Vichi, S. Ripening and storage conditions of Chetoui
and Arbequina olives: Part II. Effect on olive endogenous enzymes and virgin olive oil secoiridoid profile determined by high
resolution mass spectrometry. Food Chem. 2016, 210, 631-639. [CrossRef]

Maffia, A.; Pergola, M.; Palese, A.M.; Celano, G. Environmental Impact Assessment of Organic vs. Integrated Olive-Oil Systems
in Mediterranean Context. Agronomy 2020, 10, 416. [CrossRef]


https://doi.org/10.3390/molecules28031249
https://www.ncbi.nlm.nih.gov/pubmed/36770920
https://doi.org/10.3390/cells9020383
https://doi.org/10.3390/ijms19082329
https://www.ncbi.nlm.nih.gov/pubmed/30096819
https://doi.org/10.3390/antiox10091479
https://doi.org/10.1111/j.1755-5949.2008.00045.x
https://doi.org/10.1111/j.1471-4159.2011.07594.x
https://doi.org/10.2119/molmed.2016.00124
https://doi.org/10.1016/j.neuroscience.2015.10.006
https://doi.org/10.1016/S0891-5849(03)00062-5
https://doi.org/10.1016/j.exger.2018.09.019
https://www.ncbi.nlm.nih.gov/pubmed/30266470
https://doi.org/10.3389/fnmol.2020.00035
https://www.ncbi.nlm.nih.gov/pubmed/32265649
https://doi.org/10.3390/foods11152189
https://www.ncbi.nlm.nih.gov/pubmed/35892774
https://doi.org/10.3390/antiox12081563
https://www.ncbi.nlm.nih.gov/pubmed/37627558
https://doi.org/10.1088/1757-899X/1251/1/012011
https://doi.org/10.1093/jn/135.6.1475
https://doi.org/10.3390/antiox3020387
https://doi.org/10.3390/app12042107
https://doi.org/10.1002/mnfr.200690002
https://www.ncbi.nlm.nih.gov/pubmed/16397870
https://doi.org/10.1111/jfbc.12023
https://doi.org/10.1002/jsfa.6057
https://www.ncbi.nlm.nih.gov/pubmed/23440921
https://doi.org/10.1007/s13197-019-03650-8
https://www.ncbi.nlm.nih.gov/pubmed/31168120
https://doi.org/10.1016/j.foodchem.2019.125243
https://doi.org/10.3390/molecules27051650
https://doi.org/10.3390/antiox8060161
https://doi.org/10.1016/j.foodchem.2016.05.026
https://doi.org/10.3390/agronomy10030416

Int. . Mol. Sci. 2023, 24, 17323 30 of 30

108.

109.

110.

111.

112.
113.
114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Peri, C. (Ed.) The Extra-Virgin Olive Oil Handbook, 1st ed.; John Wiley & Sons, Ltd.: Hoboken, NJ, USA, 2014; Available online:
https:/ /onlinelibrary.wiley.com/doi/pdf/10.1002/9781118460412.app1 (accessed on 29 October 2023).

Restuccia, D.; Prencipe, S.A.; Ruggeri, M.; Spizzirri, U.G. Sustainability Assessment of Different Extra Virgin Olive Oil Extraction
Methods through a Life Cycle Thinking Approach: Challenges and Opportunities in the Elaio-Technical Sector. Sustainability
2022, 14, 15674. [CrossRef]

Proietti, S.; Sdringola, P.; Regni, L.; Evangelisti, N.; Brunori, A.; Ilarioni, L.; Nasini, L.; Proietti, P. Extra Virgin Olive oil as carbon
negative product: Experimental analysis and validation of results. J. Clean. Prod. 2017, 166, 550-562. [CrossRef]

Aboul-Enein, B.H.; Puddy, W.C.; Bernstein, J. Ancel Benjamin Keys (1904-2004): His early works and the legacy of the modern
Mediterranean diet. ]. Med. Biogr. 2020, 28, 139-147. [CrossRef] [PubMed]

Keys, A. Mediterranean diet and public health: Personal reflections. Am. J. Clin. Nutr. 1995, 61, 13215-1323S. [CrossRef]
Bonaccio, M.; Iacoviello, L.; Donati, M.B.; de Gaetano, G. The tenth anniversary as a UNESCO world cultural heritage: An
unmissable opportunity to get back to the cultural roots of the Mediterranean diet. Eur. J. Clin. Nutr. 2022, 76, 179-183. [CrossRef]
Estruch, R.; Ros, E.; Salas-Salvado, J.; Covas, M.I,; Corella, D.; Aros, F.; Gomez-Gracia, E.; Ruiz-Gutierrez, V.; Fiol, M.;
Lapetra, J.; et al. Primary Prevention of Cardiovascular Disease with a Mediterranean Diet Supplemented with Extra-Virgin Olive
Oil or Nuts. N. Engl. . Med. 2018, 378, e34. [CrossRef]

Flynn, M.M.; Tierney, A.; Itsiopoulos, C. Is Extra Virgin Olive Oil the Critical Ingredient Driving the Health Benefits of a
Mediterranean Diet? A Narrative Review. Nutrients 2023, 15. [CrossRef] [PubMed]

Yubero-Serrano, E.M.; Lopez-Moreno, J.; Gomez-Delgado, F.; Lopez-Miranda, J. Extra virgin olive oil: More than a healthy fat.
Eur. J. Clin. Nutr. 2019, 72, 8-17. [CrossRef]

Villegas-Aguilar, M.D.C.; Fernandez-Ochoa, A.; Cadiz-Gurrea, M.L.; Pimentel-Moral, S.; Lozano-Sanchez, J.; Arraez-Roman, D.;
Segura-Carretero, A. Pleiotropic Biological Effects of Dietary Phenolic Compounds and their Metabolites on Energy Metabolism,
Inflammation and Aging. Molecules 2020, 25, 596. [CrossRef]

Menendez, ].A ; Joven, J.; Aragones, G.; Barrajon-Catalan, E.; Beltran-Debon, R.; Borras-Linares, I.; Camps, J.; Corominas-Faja, B.;
Cufi, S.; Fernandez-Arroyo, S.; et al. Xenohormetic and anti-aging activity of secoiridoid polyphenols present in extra virgin olive
oil: A new family of gerosuppressant agents. Cell Cycle 2013, 12, 555-578. [CrossRef] [PubMed]

Fanali, C.; Della Posta, S.; Vilmercati, A.; Dugo, L.; Russo, M.; Petitti, T.; Mondello, L.; de Gara, L. Extraction, Analysis, and
Antioxidant Activity Evaluation of Phenolic Compounds in Different Italian Extra-Virgin Olive Oils. Molecules 2018, 23, 3249.
[CrossRef] [PubMed]

Grandi, L.; Oehl, M.; Lombardi, T.; de Michele, V.R.; Schmitt, N.; Verweire, D.; Balmer, D. Innovations towards sustainable olive
crop management: A new dawn by precision agriculture including endo-therapy. Front. Plant Sci. 2023, 14, 1180632. [CrossRef]
[PubMed]

Perez, M.; Lopez-Yerena, A.; Lozano-Castellon, J.; Olmo-Cunillera, A.; Lamuela-Raventos, R.M.; Martin-Belloso, O.; Vallverdu-
Queralt, A. Impact of Emerging Technologies on Virgin Olive Oil Processing, Consumer Acceptance, and the Valorization of
Olive Mill Wastes. Antioxidants 2021, 10, 417. [CrossRef]

Lanza, B.; Ninfali, P. Antioxidants in Extra Virgin Olive Oil and Table Olives: Connections between Agriculture and Processing
for Health Choices. Antioxidants 2020, 9, 41. [CrossRef]

Salazar-Ordéfiez, M.; Rodriguez-Entrena, M.; Cabrera, E.R.; Henseler, ]. Understanding product differentiation failures: The role
of product knowledge and brand credence in olive oil markets. Food Qual. Prefer. 2018, 68, 146-155. [CrossRef]

Rigacci, S.; Stefani, M. Nutraceutical Properties of Olive Oil Polyphenols. An Itinerary from Cultured Cells through Animal
Models to Humans. Int. J. Mol. Sci. 2016, 17, 843. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://onlinelibrary.wiley.com/doi/pdf/10.1002/9781118460412.app1
https://doi.org/10.3390/su142315674
https://doi.org/10.1016/j.jclepro.2017.07.230
https://doi.org/10.1177/0967772017727696
https://www.ncbi.nlm.nih.gov/pubmed/29134858
https://doi.org/10.1093/ajcn/61.6.1321S
https://doi.org/10.1038/s41430-021-00924-3
https://doi.org/10.1056/NEJMoa1800389
https://doi.org/10.3390/nu15132916
https://www.ncbi.nlm.nih.gov/pubmed/37447242
https://doi.org/10.1038/s41430-018-0304-x
https://doi.org/10.3390/molecules25030596
https://doi.org/10.4161/cc.23756
https://www.ncbi.nlm.nih.gov/pubmed/23370395
https://doi.org/10.3390/molecules23123249
https://www.ncbi.nlm.nih.gov/pubmed/30544789
https://doi.org/10.3389/fpls.2023.1180632
https://www.ncbi.nlm.nih.gov/pubmed/37351220
https://doi.org/10.3390/antiox10030417
https://doi.org/10.3390/antiox9010041
https://doi.org/10.1016/j.foodqual.2018.02.010
https://doi.org/10.3390/ijms17060843

	Introduction: Extra Virgin Olive Oil (EVOO) Polyphenols 
	Classic EVOO Composition 
	Oleocanthal Chemical Structure 
	Antioxidant and Anti-Inflammatory Properties of Oleocanthal 
	Anticancer Properties of Oleocanthal 
	Melanoma 
	Breast Cancer, Prostate Cancer and Pancreatic Cancer 
	Hepatocellular Carcinoma (HCC) and Colorectal Cancer (CRC) 
	Lung Cancer 
	Multiple Myeloma, Acute Promyelocytic Leukemia and Chronic Lymphocytic Leukemia 

	Neuroprotective Properties of Oleocanthal 
	Oleocanthal as a Nutraceutical 
	Oleocanthal-Rich EVOO 
	Oleocanthal-Rich EVOO Obtained from Olives Harvested in the Southern Italy “Cilento, Vallo di Diano and Alburni National Park” of the Campania Region (Province of Salerno) 

	Discussion 
	Conclusions 
	References

