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Abstract: The Mediterranean diet and olive oil as its quintessential part are almost synonymous with
a healthy way of eating and living nowadays. This kind of diet has been highly appreciated and is
widely recognized for being associated with many favorable effects, such as reduced incidence of
different chronic diseases and prolonged longevity. Although olive oil polyphenols present a minor
fraction in the composition of olive oil, they seem to be of great importance when it comes to the
health benefits, and interest in their biological and potential therapeutic effects is huge. There is a
growing body of in vitro and in vivo studies, as well as intervention-based clinical trials, revealing
new aspects of already known and many new, previously unknown activities and health effects of
these compounds. This review summarizes recent findings regarding biological activities, metabolism
and bioavailability of the major olive oil phenolic compounds—hydroxytyrosol, tyrosol, oleuropein,
oleocanthal and oleacein—the most important being their antiatherogenic, cardioprotective, anticancer,
neuroprotective and endocrine effects. The evidence presented in the review concludes that these
phenolic compounds have great pharmacological potential, however, further studies are still required.

Keywords: hydroxytyrosol; tyrosol; oleuropein; oleocanthal; oleacein; biological activities;
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1. Introduction

The traditional Mediterranean diet (MD), characterized by regular intake of olive oil (OO), has
been associated with many health benefiting effects experienced by Mediterranean populations [1].
Reduced incidence of different chronic degenerative diseases, major cardiovascular events, type 2
diabetes mellitus (DM) and some types of cancer, improved cognitive function and protection against
overall morbidity and mortality are confirmed by a respectable number of trials and epidemiological
studies in humans that adhere to the MD [2,3].

Consumption of virgin olive oil, a key component of the Mediterranean diet, has been
recommended as a protection for high cardiovascular risk individuals [4], may prevent development
of different types of cancer [5], the development of type 2 DM, obesity and metabolic syndrome [6],
but also, it exerts many beneficial effects in healthy individuals [7]. There is emerging evidence
that favourable health effects of MD and OO consumption could be mediated by various molecular
mechanisms, one of them being the effect on the expression of genes involved in pathogenesis of many
diseases and generally in aging process, according to nutrigenomic studies [7,8].

Virgin OO presents a valuable source of highly abundant unsaturated fatty acids and minor
components like fat-soluble vitamins, chlorophylls, phytosterols and polyphenols [7,9]. However,
when it comes to the health promoting properties, the olive oil polyphenols (OOPs) appear to be in
the center of research interest [10–13]. OOPs are shown to possess antioxidant, anti-inflammatory,
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cardioprotective, neuroprotective, anticancer, antidiabetic, antiobesity, antisteatotic, antimicrobial
and many other effects [11,14,15]. According to numerous investigations, these effects are mostly
attributable to the main secoiridoid derivatives such as oleuropein (Ole), oleocanthal (Oc) and oleacein,
and simple phenols hydroxytyrosol (HTyr) and tyrosol (Tyr) [7,11]. Here we review the results of
the studies on biological activities, metabolism and bioavailability of the major olive oil phenolic
compounds: hydroxytyrosol, tyrosol, oleuropein, oleocanthal, and oleacein, particularly regarding the
new insights gained in the most recent studies.

2. Methodology

A systematic literature search through PubMed and Web of Science databases was carried out.
The original articles investigating the biological activities of main OOPs were identified using the
following search keywords: hydroxytyrosol OR tyrosol OR oleuropein OR oleocanthal OR oleacein OR
olive oil phenols AND antioxidant OR anti-inflammatory OR cardioprotective OR neuroprotective OR
osteoprotective OR anticancer OR antidiabetic OR antiobesity OR antimicrobial OR metabolism OR
bioavailability covering the 2010–2019 time span. This large amount of literature was further manually
selected according to the relevance to the topic. The focus was on the new insights regarding biological
activities of named polyphenols, as well as on well established ones. Literature older than 2010 was
carefully chosen and introduced when needed on the basis of its relevance to the topic.

3. Hydroxytyrosol

Hydroxytyrosol (3,4-dihydroxyphenylethanol, HTyr), a phenolic alcohol, has been hypothesized
to exert wide range of biological effects, cardioprotective, anticancer, neuroprotective antimicrobial,
beneficial endocrine and other effects [10,12,16–20]. Although it has been extensively studied, the
exact molecular mechanisms underlying many of these actions are yet to be fully clarified. Initially,
the wide variety of HTyr biological activities was associated with its strong antioxidant activity (see
Figure 1). HTyr acts as free radical-scavenger and metal-chelator [16]. The high antioxidant efficiency
of HTyr is attributed to the presence of the o-dihydroxyphenyl moiety. It mainly acts as chain breaker
by donating a hydrogen atom to peroxyl-radicals (ROO*). In this way fairly reactive ROO* is replaced
with HTyr* radical, unreactive due to the presence of intramolecular hydrogen bond in the phenoxy
radical (Scheme 1).

Scheme 1. Mechanism of free radical scavenging by HTyr.

However, it has been proposed that HTyr may confer additional antioxidant protection by
increasing the endogenous defense systems against an oxidative stress, by activating different cellular
signaling pathways [21] (see Figure 1). One of the proposed mechanisms involves the HTyr-mediated
induction of phase II detoxifying enzymes via nuclear factor E2-related factor 2 (Nrf2) activation in
different tissues. Also, the interaction of HTyr with microRNAs (miRNAs) should be a potential
molecular target for eliciting its biological effects [11,17]. miRNAs exert important regulatory actions
on gene expression not only under physiological circumstances but also in disease. Indeed, miRNAs
often target multiple functionally related genes and extensively interfere with biological processes,
rendering them good candidates for therapeutic and/or nutraceutical interventions. HTyr modulates
the expression of several miRNAs. In addition, HTyr possesses significant anti-inflammatory activity.
In vitro and in vivo evidence show the attenuation of pro-inflammatory agents inducible nitric oxide
synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor-α (TNF-α) and interleukin (IL)-1β
expression, inhibition of granulocytes and monocytes activation by HTyr [12,22,23].
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Figure 1. Signaling pathways and targeted molecules affected by hydroxytyrosol, tyrosol, oleuropein,
oleocanthal and oleacein. ACE: angiotensin converting enzyme; ADAMTS: a disintegrin and
metalloproteinase with thrombospondin motifs (aggrecanase); Akt: Protein kinase B; AMPK: adenosine
monophosphate-activated protein kinase; AR: androgen receptor; CAT: catalase; CBS: cystathionine
β-synthase; CD: cluster of differentiation; COX: cyclooxygenase; CSE: cystathionine γ-lyase; EGFR:
epidermal growth factor receptor; Erk: extracellular regulated mitogen activated protein kinase; FAS:
fatty acid synthase; FMO3: flavin containing monooxygenase 3; FPPS: farnesyl diphosphate synthase;
GPx1: glutathione peroxidase 1; HGF/c-Met: hepatocyte growth factor/tyrosine-protein kinase Met;
HIF-1α: hypoxia-inducible factor-1; HO-1: hem oxygenase 1; hs-CRP: high-sensitive C-reactive protein;
ICAM-1: intracellular cell adhesion molecule 1; IL: interleukin; iNOS: inducible nitric oxide syntase;
JNK: c-Jun N-terminal kinase; LTB4: leukotriene B4; MAPK: mitogen activated protein kinase; MCP-1:
monocyte chemoattractant protein 1; MIP-1α: macrophage inflammatory protein 1α; MMP: matrix
metalloproteinase; MPO: myeloperoxidase; mTOR: mammalian target of rapamycin; NEP: neutral
endopeptidase; NF-κB: nuclear factor kappa B; NO: nitrogen oxide; Nrf2: nuclear factor E2-related
factor 2; p-Akt: phosphorylated Akt; p-Erk: phosphorylated Erk; PI3K/Akt/FOXO3a: phosphoinositide
3-kinase/Akt/Forkhead box O3; PPAR: peroxisome proliferator-activated receptor; ROS: reactive oxygen
species; SIRT: sirtuin; SOD: superoxide dismutase; SREBP-1c: sterol regulatory element binding protein
1c; STAT3: signal transducer and activator of transcription 3; TNF-α: tumor necrosis factor-α; VCAM-1:
vascular cell adhesion molecule 1; VEGF: vascular endothelial growth factor.
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3.1. Antiatherogenic and Cardioprotective Effect

HTyr has been proposed to have therapeutic potential for the treatment of atherosclerosis.
Atherosclerosis is considered an inflammatory disease, and the vascular endothelium is involved in
many of the processes related to the development of atherosclerosis. The factors that influence
endothelial function are the presence of reactive oxygen species (ROS), hypercholesterolemia,
postprandial lipidemia and others [24]. Low-density lipoprotein (LDL) cholesterol oxidation is
one of the key steps in the initiation of atherosclerosis. HTyr is very effective in preventing lipid
peroxidation and protecting LDL from oxidation [25]. The European Food Safety Authority (EFSA)
has published a health claim about the role of OOPs in protecting LDL from oxidation in vivo: “A
daily intake of 20 g of olive oil, which contains at least 5 mg of hydroxytyrosol and its derivatives (e.g.,
oleuropein and tyrosol) provides the expected beneficial effects” [26]. HTyr exerts also beneficial effect
on high-density lipoprotein (HDL) [27]. HDLs play a central role in reverse cholesterol transport, they
remove excess cholesterol from peripheral cells (cholesterol efflux capacity), which predicts coronary
event incidence and is inversely related to the development of early atherosclerosis. An increase in the
HTyr metabolites (HTyr-sulphate, as well as homovanillic acid sulphate and glucuronate) bound to the
HDLs was observed. These compounds could exert a local antioxidant protection in HDL and might
prevent oxidative modifications of the apolipoprotein A-I (ApoA-I), the main HDL protein involved in
cholesterol efflux capacity, and of other HDL proteins. Furtherly, it was shown that HTyr enchances
the expression of cholesterol efflux related genes. HTyr is also a potential mitochondria-targeting
antioxidant in the inflamed endothelium. The pretreatment of endothelial cells with HTyr suppresses
inflammatory angiogenesis, reduces mitochondrial superoxide production and lipid peroxidation and
increases superoxide dismutase (SOD) activity [28]. It also exerts beneficial effects in atherosclerososis
by its anti-inflammatory activity. HTyr can alleviate the inflammatory response of flavin containing
monooxygenase 3, the enzyme that may drive the development of atherosclerosis, in cells treated with
highly toxic air pollutant acrolein [29]. In vivo evidence confirmed that HTyr administration prevented
LPS (lypopolisaccharide)-induced effects and improved the antioxidant power of plasma [30]. Clinical
trial has shown that regular intake of 15 mg/day of HTyr changed body composition parameters and
modulated the antioxidant profile, the expression of inflammation and oxidative stress-related genes
in atherosclerosis [31]. On the other hand, in another trial with healthy volunteers, consumption of
olive mill wastewater extract selectively enriched in two HTyr doses (5 and 25 mg/day) for 1 week
resulted in no significant effects on inflammation markers, such as high-sensitive C-reactive protein
(hs-CRP), interleukin 6 (IL-6), IL-8, IL-10, IL-17, monocyte chemoattractant protein 1 (MCP-1), tumor
necrosis factor alpha (TNF-α) and vascular endothelial growth factor (VEGF) [32]. Furtherly, HTyr
exerted a vascular protective effect through the down-regulation of vascular cell adhesion molecules
involved in early atherogenesis [22]. Feeding ApoE−/−mice with 10 mg/kg/day of HTyr derivatives
for 12 weeks significantly reduced E-selectin, vascular cell adhesion molecule-1 (VCAM-1), MCP-1,
intracellular cell adhesion molecule-1 (ICAM-1) expression and F4/80 macrophage marker expression
compared with the control group, in the isolated aorta [33]. Postprandial lipemia presents a risk factor
for atherosclerosis development and it was reported that HTyr improves blood lipids profile, due to its
ability to lower serum total cholesterol (TC), triglycerides (TG), and LDL levels [34]. Supplementation
of olive mill waste water extract (5 and 25 mg HTyr/day for 1 week) to healthy volunteers [32]
resulted in the absence of significant effects on blood lipid parameters [35]. In the other trail HTyr was
administered at a daily dosage of 45 mg for 8 weeks to volunteers with mild hyperlipidemia. This
dose did not influence blood lipids, but endogenous vitamin C levels were increased [36]. Moreover,
HTyr-nicotinate, HTyr-clofibrate and HTyr-fenofibrate showed the antihyperlipidemic effect [37–39].
HTyr and HTyr-acetate (HTyr-Ac) were proved to prevent platelet aggregation, one of the factors
involved in thrombotic processes, with effects similar to acetylsalicylic acid [40]. It was also shown that
HTyr has cardioprotective activity by down-regulating proteins related to proliferation and migration
of endothelial cells and occlusion of blood vessels in aorta and proteins related to heart failure in heart
tissue [41].
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3.2. Anticancer Effects

Over the last decade, a vast number of in vitro and in vivo studies have shown significant
anticancer effects of HTyr against various types of malignant cells, with different mechanisms of
action being proposed [11,12,42,43]. Much of the research was focused on colon cancer, the third
most common cancer worldwide, with rising incidence and mortality in developing countries. HTyr,
although present in relatively low concentrations in OO, reaches significant levels in large intestine due
to the gastric hydrolysis and colonic fermentation of secoiridoids present in OO [44]. Together with its
active metabolites, HTyr is likely to be a major candidate for the noticed biological activity of OOPs on
human colon adenocarcinoma cells [45,46]. Accumulation of H2O2 probably due to its autooxidation
certainly presents the most common anticancer mechanism of HTyr [42]. However, numerous studies
highlighted different antiproliferative and pro-apoptotic mechanisms of HTyr depending on the cancer
cell type studied [11]. Up till now, the beneficial anticancer effects of HTyr were investigated in
colorectal, breast, bladder, blood, gastric, hepatic, skin, prostate, cervical, brain, lung and thyroid types
of cancer suggesting its possible wide use in cancer prevention and treatment [43].

HTyr had an antiproliferative effect and induced apoptotic cell death through ROS generation
which was followed by activation of PI3K/Akt/FOXO3a pathway and a decrease in the antioxidant
defense capacity in DLD1 human colon cancer cells [47]. Antiproliferative and proapoptotic effect of
the HTyr via activation of caspase signaling was shown in colon cancer cells Caco-2 and HT-29 [46].
Furthermore, it was demonstrated that HTyr significantly down-regulates epidermal growth factor
receptor (EGFR) expression, which was associated with reduced cell proliferation of human colon cancer
cells and decreased tumor growth and EGFR expression levels in HT-29 xenografts [48]. Lipophilized
natural extracts containing HTyr showed an antiproliferative effect on the human colon cancer cells
and the greatest effect was that of HTyr-oleate fraction, probably due to the major lipophilicity of the
oleate chain [49].

The investigation of the effect of HTyr on breast, prostate and colon cancer cell lines revealed
that the antiproliferative activity of HTyr was inversely correlated to the ability of the different cell
lines to remove H2O2 from the culture medium, with the prostate cancer cells being more resistant
to the growth inhibition than the breast and colon cancer cells [50]. Furthermore, the investigation
on androgen-dependent (AR) prostate cancer cells showed that HTyr inhibits AR expression and the
secretion of AR-responsive prostate-specific antigen [51]. The effect of HTyr on the oxidative stress
response of the human breast cancer cell line MCF-7 in hypoxia and normoxia was investigated. It was
shown that HTyr is particularly effective in a hypoxic environment. Although the transcriptional effects
of HTyr were similar in normoxic and hypoxic conditions, its translational action was less prominent
and partially attenuated in hypoxia [52].

The anticancer effects of HTyr in human hepatocellular carcinoma (HCC) cells were explored with
results showing inhibition of proliferation, induction of G2/M cell cycle arrest and apoptosis in vitro.
Inhibition of the tumor growth and angiogenesis was demonstrated in vivo, by suppression of the
activation of protein kinase B (Akt) and nuclear factor-kappa B (NF-κB) pathways [53]. HTyr showed
the antiproliferative and proapoptotic effects by inhibiting the lipogenic enzymes fatty acid synthase
(FAS) and farnesyl diphosphate synthase (FPPS) in human hepatoma cells, whose higher levels may be
related with aggressive behavior of tumor [54]. Furthermore, HTyr inhibited the proliferation of the
human cholangiocarcinoma (CCA) and human gallbladder cancer cell lines, and markedly inhibited
the growth of CCA xenografts in mice [55]. HTyr arrested the cell cycle, increased the Bax/Bcl-2 ratio,
increased activation of caspase 3/7 and induced apoptosis in pancreatic MIA PaCa-2 cancer cells [56].

The first study of anticancer properties of HTyr in human differentiated thyroid carcinoma showed
that HTyr increased apoptosis via activation of mitochondrial apoptotic mechanism in papillary and
follicular cancer cells. Concurrently, the strong resistance of thyroid cancer cells to the HTyr was
shown, with higher doses needed for the similar antiproliferative effect in comparison to some other
types of cancer cells, e.g., colon or breast ones [57].
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3.3. Neuroprotective Effects

The neuroprotective effects of HTyr were studied in a great number of in vitro and ex vivo studies
by different strategies, some of them employed chemically induced neurotoxicity or were based on the
biochemical alterations that take place during the process of hypoxia-reoxygenation [10]. The brain
accumulation of HTyr and HTyr-sulphate suggested their neuroprotective activity by the reduction
of the oxidative stress at neuronal level [58]. One of the main age-associated neurodegenerative
diseases is Alzheimer’s disease (AD), an amyloid disease characterized by the deposition of typically
aggregated protein/peptides in tissues that are associated with brain degeneration and progressive
cognitive impairment. HTyr has been studied in vitro in AD models. It protected neuronal cells against
amyloid-β induced toxicity and prevented tau fibrillization [10]. HTyr was an effective inhibitor of
hen egg white lysozyme aggregation, thus suggesting possible future applications of this natural
compound for prevention or treatment of amyloid diseases [59].

HTyr is a promising compound for Parkinson’s disease (PD) medication, as it inhibits both
enzymatic and spontaneous oxidation of endogenous dopamine, mitigates the increase in spontaneous
oxidation during MAO inhibition, has a protective effect against dopamine and 6-hydroxydopamine
(6-OHDA)-induced dopaminergic cell death and counteract α-synuclein-induced toxicity [60,61].
HTyr-butyrate also inhibits 6-OHDA-induced apoptosis through activation of the Nrf2/HO-1 (heme
oxygenase 1) axis in neuronal cells [62].

In vivo studies have shown that HTyr attenuates the spatio-cognitive deficits, restores learning
capacity and memory performance, and promotes cognitive function as well [63,64]. Also, the
combination of HTyr and oleic acid was shown to inhibit cholesterol and fatty acid synthesis in C6
glioma cells [65]. HTyr may confer protection against ethanol-induced oxidative stress [66].

3.4. Antidiabetic, Lipid-Regulating and Antiobesity Effects

HTyr demonstrates hypoglycemic activity in various diabetic animal models by influencing the
major biochemical processes leading to diabetic vasculopathy [67,68]. An animal model experiments
showed that HTyr could effectively prevent diabetic neuropathy [69,70]. It was shown that HTyr
improves insulin sensitivity and restores proper insulin-signaling [71].

HTyr exerts a protective effect on the liver [72], particularly on non-alcoholic fatty liver disease
(NAFLD), a condition characterized by an increment in the liver fat content, with a concomitant
reduction in the content of n-3-long chain polyunsaturated fatty acids (LCPUFA), and the inflammatory
progression to steatohepatitis. Feeding animals with a high fat diet (HFD) is considered adequate
experimental model to study interventions for preventing or treating NAFLD. HTyr significantly
improves metabolic impairments induced by HFD [73,74]. HTyr prevents early inflammatory events
responsible for the onset of insulin resistance and steatosis, by reducing the hepatic inflammation
and nitrosative/oxidative stress and restoring glucose homeostasis and intestinal barrier integrity [73].
It activates transcription factors as peroxisome proliferator-activated receptor (PPAR)-α and Nrf2,
and deactivates NF-κB [74]. Another study has shown that protective effects of HTyr on the liver are
associated with the recovery of the activity of ∆-5 and ∆-6 desaturase enzymes, the most relevant
enzymes in biosynthesis of LCPUFAs (eicosapentaenoic acid, EPA, C20:5n-3, docosahexaenoic acid,
DHA, C22:6n-3 and arachidonic acid, AA, C20:4n-6), downregulation of the lipogenic factor sterol
regulatory element binding protein (SREBP)-1c and the maintenance of the levels of n-3 LCPUFAs in
extrahepatic tissues [75]. The effects of combined EPA (50 mg/kg/day) and HTyr (5 mg/kg/day) were
studied as a potential therapy for NAFLD and it was shown that this combination drastically decreases
NAFLD development, mostly due to the effect of HTyr [76].

HTyr inhibits lipogenesis, both de novo fatty acids and cholesterol syntheses without an effect
on cell viability and the metabolism of linoleic acid, retinol, sphingolipids and arachidonic acid,
whereas glycerolipid metabolism is upregulated [77]. It was shown that HTyr has beneficial effect in
hyperlipidemia as it modifies genes related with adipocyte maturation and differentiation and inhibits
lipid formation [78]. HTyr was shown to be effective towards the mobilization of lipids [79]. Also, HTyr
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has beneficial effect on obesity by suppressing dose-dependently intracellular TG accumulation and the
expression of adipogenesis-stimulating factors during adipocyte differentiation, promotes lipolysis in
human primary visceral adipocytes during differentiation and decreases hepatic steatosis [80,81]. HTyr
supplementation improves the white adipose tissue dysfunction induced by HFD in mice through
the modulation of transcription factors NF-κB, Nrf2, SREBP-1c, and PPAR-γ as well as their target
genes [82].

HTyr acts as caloric restriction (CR) mimicker. The effectiveness of CR to prolong lifespan and to
reduce the risk of age-associated diseases is widely recognized. However, a CR regime can hardly be
sustained for long periods of time; this is why diet integration with factors able to mimic the beneficial
effects of a reduction of caloric intake can be highly appreciated. HTyr induces CR-like effects in muscle,
brain, fat tissue and kidney in several ways, particularly through the activation and increased levels of
sirtuins, whose activity is modulated by the metabolic state of the cells and induced by CR [11].

3.5. Antimicrobial and Antiviral Effects

It was demonstrated that HTyr possesses in vitro antimicrobial properties against infectious
agents of the respiratory and gastrointestinal tracts such as Vibrio parahaemolyticus, Vibrio cholerae,
Salmonella typhi, Haemophilus influenzae, Staphylococcus aureus, or Moraxella catarrhalis, at low inhibitory
concentrations [83], and also against beneficial microorganisms such as Lactobacillus acidophilus and
Bifidobacterium bifidum and foodborne pathogens as Listeria monocytogenes, Staphylococcus aureus,
Salmonella enterica, Yersinia [84]. Antimicrobial activity against Staphylococcus aureus and Staphylococcus
epidermidis was evaluated in HTyr-Ac and HTyr-oleate compounds as well [85,86]. HTyr inhibits
hemolytic activity induced by streptolysin O that is produced by Streptococcus pyogenes [87]. Moreover,
HTyr has an antibacterial effect against Propionibacterium acnes [88]. HTyr is also effective against
mycoplasmas such as Mycoplasma pneumoniae [89]. Contrary, one study indicates that HTyr did not
show any significant antimicrobial activity [90].

HTyr was identified as a unique class of HIV-1 inhibitors that prevent HIV from entering into the
host cell and binding the catalytic site of the HIV-1, with both, viral entry and integration inhibited [91].
Furthermore, it was reported that HTyr inactivated influenza A viruses, suggesting that the mechanism
of the antiviral effect of HTyr might require the presence of a viral envelope [92].

The antifungal activity of a series of chemically synthesized HTyr analogs was investigated. Using
Aspergillus nidulans as an in vivo cellular model system, it was shown that antifungal HTyr analogs
have an unprecedented efficiency in fungal plasma membrane destruction [93]. It was demonstrated
that HTyr has antitrypanosomal and antileishmanial activity [94]. HTyr alkylcarbonate derivatives
were active against Trypanosoma brucei [95]. Trypanosomiasis and leishmaniasis, infectious diseases
caused by protozoan parasites, affect millions of people around the world, especially in tropical and
subtropical area, and present one of the major causes of hunger and poverty in sub-Sahara Africa.

3.6. Other Effects

A beneficial role of HTyr in several inflammatory diseases was proposed [12,96]. HTyr may be
advantageous in rheumatoid arthritis, autoimmune disease characterized by chronic inflammation,
with significant impact not only on chronic inflammation but also on acute inflammatory processes.
Protective effects could be related to the inhibition of mitogen-activated protein kinase (MAPK) and
NF-κB signalling pathways [97]. HTyr has the potential as a chondroprotective compound against
osteoarthritis (OA), as an autophagy and sirtuin-1 (SIRT1) inducer [98]. HTyr and HTyr-Ac reduced
pro-inflammatory cytokines and prevented renal damage with a considerably blockage of different
inflammatory-related pathways suggesting that HTyr and HTyr-Ac supplementation might provide
a basis for developing a new dietary strategy for prevention and management of systemic lupus
erythematosus [99]. It was shown that HTyr-Ac exerts an anti-inflammatory effect on acute ulcerative
colitis [100]. In vivo evidence supported the protective effect of HTyr on lung inflammation, attributed
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to the promotion of autophagy, which is associated with the activation of the SIRT/MAPK signaling
pathway [101].

Furthermore, HTyr shows osteoprotective effects. It has beneficial effects on the formation
and maintenance of bone, as it can stimulate the deposition of calcium, inhibit the formation of
multinucleated osteoclasts in a dose-dependent manner, and suppress the bone loss of spongy bone, as
was observed in femurs of ovariectomized mice [102]. Also, HTyr stimulates human osteoblastic cell
proliferation [103].

HTyr modulated allergen Par j 1-induced IL-10 production by peripheral blood mononuclear
cells in healthy subjects, demonstrating its ability to affect an allergen-specific immune response by
potentiating a suppressive immune response towards an allergen [104].

It was shown that HTyr has protective effect on UV-B irradiated keratinocytes [105,106]. UVB
radiation represents the major cause of serious skin disorders and genotoxic damage. The long-term
exposure to light-emitting-diode-generated blue light (LED-BL) from electronic devices seems to have
a relevant implication in the molecular mechanisms of premature photoaging.

Beneficial effect of HTyr in renal hypoxia was suggested [107]. HTyr treatment decreased both,
posthypoxic ROS and NO levels and consequently, hypoxia-inducible factor-1 (HIF-1) accumulation,
and promoted the expression of angiogenic proteins, suggesting that HTyr activates an adaptive
response to hypoxia in a HIF-1α-independent pathway that could be ascribed to the up-regulation of
estrogen-related receptor α.

3.7. Metabolism

The bioavailability and excretion of HTyr were first determined in humans by Visioli et al. [108].
The poor bioavailability of HTyr observed in different studies related to the low or null concentration
of circulating HTyr is due to the subsequent extensive first-pass phase-I and phase-II metabolism in the
gut and liver [109]. Some studies described that gender is a critical feature for the final bioavailability of
HTyr. It was shown that after oral administration of HTyr and its precursors from OO, this compound
persists for a longer time in the body of female rats [19,110]. Therefore, HTyr precursors (Ole, oleacein
and Ole aglycone) are mainly hydrolysed during gastrointestinal digestion, giving finally HTyr as their
metabolite [110].

The polar character of HTyr hinders its solubility in lipid media and impedes it from passing
across the bilayer membrane at the intestinal level [58]. In recent years, various lipophilic compounds
derived from HTyr have been synthesized to improve its pharmacological activity and new lipophilic
antioxidants for food applications were developed [111]. HTyr-Ac, the most widely studied lipophilic
derivative of HTyr, which can also be found naturally in virgin OO at low concentrations, can
cross the intestinal barrier easily [112]. Other synthetic HTyr ether derivatives with antioxidant and
anti-inflammatory activity have shown an efficient absorption, showing different intestinal transport
rates in accordance with their lipophilicity (butyl > propyl > ethyl > methyl) [113]. The alkyl chain
length influences their bioactivity, in a manner that short to medium length chains possess even higher
antioxidant activity than HTyr, whereas long chains reduce their bioactivity [58,114,115]. HTyr is
normally absorbed in the intestine through bi-directional passive diffusion mechanism [43,116] with an
efficiency that oscillates from 75% up to 100% [19]. The absorption process depends on the composition
of the food matrix through which HTyr is administered. Stability of HTyr under digestion conditions
is higher after its administration as a natural component of OO, especially extra virgin OO [117], than
after its addition to a water vehicle or refined OO [19,109,118–120]. Some studies found that HTyr has
a plasma half-life of 1–2 min [121]. Once absorbed, HTyr quickly incorporates in plasmatic HDLs,
acting as an antioxidant and as a cardiovascular protector [19,122].

HTyr and its metabolites have very good distribution abilities in tissues such as muscle, testis,
liver, and brain; besides they are accumulated in kidney and liver [121,123]. Due to the fact that
HTyr is found in brain tissue (due to its ability to cross the blood-brain barrier) and because of its
possible interaction with dopaminergic pathways, HTyr is considered to be a dopaminergic neuronal
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protector [124,125]. This widespread distribution is responsible for the health beneficial properties of
HTyr [123].

The first step of its intense and rapid metabolism happens inside enterocytes and subsequently in
the liver [19]. The enzymes involved in HTyr phase-I metabolism, mostly present in the intestinal wall,
are non-microsomal alcohol and aldehyde dehydrogenases (ALDH), both located in the cytosol [126].
HTyr is naturally present in the brain as by-product of dopamine and tyramine metabolism [126,127].
Deamination of dopamine by monoaminoxidase (MAO) produces 3,4-dihydroxy-phenylacetaldehyde
(DOPAL), an unstable and toxic oxidation product that can be easily oxidized by ALDH to the
acidic metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) [109,121]. In a lesser amount, DOPAL is
reduced to HTyr by the aldehyde/aldose reductase (ALR) and HTyr can reversely return to DOPAL
mediated by alcohol dehydrogenase (ADH). Furthermore, DOPAC can be transformed into HTyr by
DOPAC reductase [128]. Some studies also suggest that the metabolization of ethanol might block
enzymes ADH and ALDH, which could increase the levels of HTyr in the circulation [109,129] by
the transformation of DOPAC into HTyr [128,130–133] or reduction DOPAL by ALR into HTyr [129]
(Scheme 2).

Scheme 2. Metabolic pathways of endogenous and exogenous HTyr. HVAlc: homovanillic alcohol;
HVA: homovanillic acid; EtOH: ethanol; TH: tyrosine hydroxylase; DDC: dopa decarboxylase;
MAO: monoaminoxidase; ALDH: aldehyde dehydrogenase; ALR: aldehyde/aldosa reductase; ADH:
alcohol dehydrogenase; DOR: DOPAC reductase; COMT: catechol-O-methyltransferase; UGT: uridine
5′-diphosphoglucuronosyl transferases; SULT: sulphotransferase; ACT: O-acetyltransferase; GGT:
γ-glutamyl transpeptidase; NAT: N-acetyl transferase.
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The enzymes involved in HTyr phase-II reactions, sulphotransferases (SULT), uridine
5′-diphosphoglucuronosyl transferases (UGT) and catechol-O-methyltransferase (COMT), form the
main HTyr metabolites detected in biological samples [119,123,134–137]. The metabolites include
O-methylated forms: homovanillic acid (HVA) and homovanillyl alcohol (HVAlc) which are brought
about by the action of COMT to HTyr and the metabolite DOPAC, respectively [138]. It seems that under
alkaline conditions in the human lumen, HTyr can also be a substrate of enzyme acyltransferase which
catalyses the transfer of acetyl group from acetyl-CoA to HTyr and forms metabolite HTyr 1-acetate.
This metabolite can be biotransformed into HTyr 1-acetate-4′-O-sulphate by enzyme SULT [109,134].
The metabolite N-acetyl-5-S-cysteinyl HTyr starts from the autoxidation of HTyr to HTyr quinone.
In the further reaction with glutathione (GSH), it produces the conjugate, which is cleaved to the
final metabolite with the enzymes γ-glutamyl transpeptidase (GGT) and N-acetyl transferase (NAT).
The mercapturate conjugate of HTyr is formed in a dose-dependent manner [139]. HTyr sulphate is the
main circulating metabolite detected in rat plasma [123,136] whereas in humans, HTyr-sulphate and
HTyr 1-acetate-4′-O-sulphate present the main metabolites detected in plasma after the consumption
of HTyr or HTyr derivatives at normal dietary doses [109,121,134,137,140,141] (Scheme 2). In most
of the in vitro studies the presence of methyl/sulfate/glucuronide functional groups did not seem to
inhibit their biological activity [142].

Over recent years, the behaviour of phenolic compounds in the colon has attracted much
attention as most phenolic compounds pass through the small intestine without being absorbed,
thus encountering the gut microbiota which may have an impact in humans [109]. This has led to
the development of two-way mutual reactions between phenolic compounds and gut microbiota.
First, the non-digested phenolic compounds are biotransformed into their catabolic metabolites by
gut microbiota, and this results in an increase of their bioavailability [109,143]. The microbiota
transforms unmetabolized native phenols from OO into different catabolites mainly by oxidation
and dehydroxylation reactions. In the intestine and cecum, HTyr is thoroughly transformed by
microbiota into phenylacetic acid (PA) and its derivatives; however, the catabolism of HTyr-Ac
produces phenylpropionic (PP) derivatives. Then, these colonic metabolites could be absorbed and
subsequently transformed into a phase-II metabolites [13,46,144,145] (Scheme 3). Secondly, the phenolic
compounds themselves modulate the composition of the gut microbial community, mostly through
the inhibition of pathogenic bacteria and the stimulation of beneficial bacteria such as bifidobacteria
acting as prebiotics [109,146,147].
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Scheme 3. Proposed colonic pathway of hydroxytyrosol (HTyr), tyrosol (Tyr), hydroxytyrosol
acetate (HTyr-Ac) and oleuropein (Ole). HVA: homovanillic acid; PA: phenylacetic acid; PP:
phenylpropionic acid.

Taking into account the structure and hydrophilic properties of HTyr molecule and its intense
metabolism and transformations, its conjugated metabolites are mainly excreted by the kidneys [119].
The time required for the complete elimination from the body, both for HTyr and its metabolites,
is approximately 6 h in humans [126,148] and around 4 h in rats [110]. HTyr is accumulated in the
kidneys until its excretion [121] where it may perform a nephroprotective role due to its antioxidant
properties [149]. The biliary route redirects HTyr metabolites from the liver back into the duodenum
where they can be transformed and reabsorbed. Thus, this enterohepatic recycling may lead to a longer
presence of HTyr and metabolites within the body [109]. Around 5% of total HTyr is excreted by faeces
5 h after an injection of HTyr [19,121]. The future perspectives on the HTyr research will be to study
the effects of the metabolites because the concentrations of HTyr in biological fluids are extremely
low compared to their metabolites [117,120,139,150,151]. At present, very few studies have tested the
bioactivity of HTyr metabolites [142,152–154], but it seems probable to assume they are bioactive and
responsible to a great extent for HTyr biological effects [109].

To corroborate the previous assumption, the antioxidant activities of HTyr glucuronides were
reconsidered within a range of concentrations compatible with their dietary consumption [126,152].
The glucuronide forms of HTyr neutralized the endoplasmic reticulum oxidative stress in the
HepG2 cell line related to the development of cardiovascular diseases [153]. A mixture of HTyr
metabolites biologically obtained by the exposure of HTyr to Caco-2 cells (80% HTyr-sulphate) showed
a significant effect on the decrease of inflammation biomarkers in human aortic endothelial cells
(HAEC) leading to an improvement in the endothelial dysfunction [41]. HTyr-3′-O-glucuronide
and hydroxytyrosol-4′-O-glucuronide also protected against the induced hemolysis by H2O2 in
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red blood cells in a dose-dependent manner [155]. By contrast, in a porcine kidney epithelial cell
line, co-incubation with HTyr-3′-O-glucuronide and HTyr-4′-O-glucuronide did not inhibit oxidative
damage and cell death induced by H2O2. However, pre-incubation with 10 µM of HTyr-glucuronides
protected against tubular membrane oxidative damage like native HTyr did and also diminished the
formation of malondialdehyde, fatty acid hydroperoxides and 7-ketocholesterol [109,156]. A recent
report found that HTyr and Tyr sulphates displayed efficiency in protecting the oxidative damage by
ox-LDL in Caco-2 cells compared to that of the parent compounds [109,126,154].

4. Tyrosol

Tyrosol (2-(4-hydroxyphenyl)-ethanol, Tyr), was shown to be effective cellular antioxidant,
probably due to intracellular accumulation, in spite of its weak antioxidant activity [157]. Tyr is a
rather stable compound and therefore, when compared with other polyphenols, much less subject
to autooxidation. It maintains antioxidant activity under critical conditions as well. In the presence
of oxidized LDL, when autoxidation phenomena had already started, Tyr maintained an unchanged
antioxidant activity, while other, more active natural flavonoids showed a drastic reduction of their
antioxidant activity and sometimes even became pro-oxidants [24]. It was shown that Tyr is effective in
inhibiting oxidative damage of L6 muscle cells by inhibiting H2O2-induced cell death in part through
regulation of extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinase (JNK), and p38
MAPK and by increasing ATP production [158] (see Figure 1). The effects of Tyr on modulation of
the upstream pathways regulating LPS-induced inflammatory response were investigated. Study
confirmed that Tyr could exert its beneficial effects against hypertension, atherosclerosis, coronary heart
disease, chronic heart failure, insulin resistance and obesity by modulating cluster of differentiation
14 (CD14) up-regulation and inhibiting inflammation [159]. Tyr reduces oxidative modifications to
HDL and by maintaining the physicochemical properties of HDL, improves the functionality of HDL,
especially the capacity to promote cholesterol efflux [27]. It also posseses antiatherogenic activity
due to inhibition of leukotriene B4 production that affects endothelial function [24]. Furtherly, it was
shown that Tyr induces myocardial protection against ischemia related stress and could be considered
as anti-aging therapy [160]. Today it is clear there is a need for new therapeutic strategies in the
treatment of arterial hypertension that should take into account not only the level of blood pressure
(BP), but also other risk factors that lead to the development of cardiovascular complications, as
hyperviscosity syndrome. One such strategy may be the correction of microcirculatory disturbances by
affecting the rheological properties of the blood. Tyr has been evaluated as promising substance that
affects microcirculation, taking into account its hemorheological activity. For example, experiments
in vitro showed that Tyr constrains the increase in blood viscosity and the effect of Tyr was comparable
to that of pentoxyphylline. Also, the effect of Tyr on hemorheological parameters and cerebral
microvascularization in spontaneously hypertensive rats was investigated at the stage of BP rising, and
it was shown that Tyr limits the development of hyperviscosity syndrome, improves oxygen transport
capacity and eliminates microvascular rarefaction in the cerebral cortex [161]. In acute cerebral
ischemia-reperfusion Tyr reduces the blood viscosity and the intensity of oxidative stress in the brain
tissue [162]. Tyr treatment ameliorated hyperglycemia by regulating key enzymes of carbohydrate
metabolism in streptozotocin-induced diabetic rats. Tyr may also play an important role in the treatment
of DM, as it exerts anti-inflammatory effects on the liver and pancreas of streptozotocin-induced diabetic
rats [163], and inhibits endoplasmatic reticulum stress-induced apoptosis in pancreatic β-cell [164];
dysfunction of pancreatic β-cells is a major determinant for the development of type 2-DM. It was
shown that Tyr down-regulated lipid synthesis in primary-cultured rat-hepatocytes [165]. Tyr also
exerts beneficial effect in NAFLD, where oxidative stress is one of the important factors responsible
for the development and progression of disease [166]. Hydrogen sulfide (H2S), a multifaceted
gasotransmitter, has emerged as a potential therapeutic target in NAFLD and cystathionine β-synthase
(CBS) and cystathionine γ-lyase (CSE) are major enzymes responsible for endogenous H2S synthesis.
Tyr supplementation significantly increased hepatic CBS and CSE expression and H2S synthesis in
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HFD-fed mice. Tyr has neuroprotective effect against Aß-induced toxicity in AD [167]. Also, it
possesses potent activity against several strains of bacteria responsible for intestinal and respiratory
infections in vitro [84]. Antibacterial properties of Tyr can be linked to the binding and inhibition
of bacterial ATP synthase [168]. Antitrypanosomal and antileishmanial activities of Tyr were also
observed [94].

Tyr prevented osteopenia by increasing bone formation, probably because of its antioxidant
properties [169]. Furthermore, Tyr showed antigenotoxic activity and could prevent apoptosis in
keratinocyte [105]. The effect of Tyr on metazoan Caenorhabditis elegans longevity was investigated. Tyr
treatment extended mean and maximum lifespan of C. elegans, increased thermal and oxidative stress
resistance and slowed the aging rate. It was proposed that factors of the heat shock response might
mediate the effects of Tyr on longevity [170].

Metabolism

Tyr is exposed to an extensive metabolism in the human body, and its bioavailability is poor with
respect to its metabolites [126,142]. The results of the study in rats indicate that Tyr is rapidly absorbed
and excreted via the kidney within 8 h after oral administration [171]. Secoiridoids which contain Tyr
(ligstroside, Oc) are subject to time-dependent hydrolysis in the acidic gastric environment, leading to
an approximate 3-fold increase in free Tyr after only 30 min [44].

The endogenous Tyr is formed by oxidative metabolism of tyramine which is a monoamine
compound derived from the decarboxylation of the amino acid tyrosine through tyrosine decarboxylase
(TDC). In a similar way to other biogenic amines, tyramine is deaminated by MAO forming an
aldehyde intermediate 4-hydroxyphenylacetaldehyde (4-HPAL), which can be either oxidized by
ALDH generating 4-hydroxyphenylacetic acid (4-HPAA) or reduced by ALR generating Tyr [126], and
Tyr can reversely return to 4-HPAL by enzyme ADH (Scheme 4).

Scheme 4. Metabolic pathways of endogenous and exogenous tyrosol (Tyr): Htyr: hydroxytyrosol;
4-HPAA: 4-hydroxyphenylacetic acid; 4-HPAL: 4-hydroxyphenylacetaldehyde; EtOH: ethanol;
TDC: tyrosine decarboxylase; MAO: monoaminoxidase; ALDH: aldehyde dehydrogenase; ALR:
aldehyde/aldosa reductase; ADH: alcohol dehydrogenase; CYP: cytochrome P450; UGT: uridine
5′-diphosphoglucuronosyl transferases; SULT: sulphotransferase.

In a similar way to that which occurs in dopamine metabolism, ethanol increases the formation of
Tyr from tyramine by subsequent reduction of the previous aldehyde 4-HPAL with ALR to the Tyr and
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decreases its oxidation to the corresponding acid 4-HPAA. An increase in NADH/NAD+ ratio during
ethanol metabolism and a competitive inhibition of ALDH by acetaldehyde have been proposed as
possible mechanisms for the observed shift in tyramine oxidative metabolism [126,129,172,173]. It is
important to mention that despite the lower concentration of Tyr and its precursors in virgin OO
compared to HTyr, it was shown that the absorbed Tyr could be interconverted into HTyr in liver
microsomes by the activity of CYP2A6 and CYP2D6, so Tyr could be a precursor of HTyr [109,174].
Neither tyrosine nor tyramine was found to generate HTyr [173].

The most abundant metabolites of Tyr were from phase-II metabolism: 4′-O-glucuronide and
4′-O-sulphate (Scheme 4). Tyr, lacking an ortho-diphenolic structure, could not be methylated by
COMT [175]. Sulphation in the liver appears to be the major metabolic pathway of Tyr, and its
metabolites may exert various biological activities in tissues. Tyr 4′-O-sulphate could protect from cell
death induced by oxidized cholesterol and the biological effect of parent compounds can be retained in
the metabolites [171,176]. The non-digested Tyr is biotransformed into its catabolic metabolites by gut
microbiota, like HTyr (Scheme 3) [13,46,144,145].

5. Oleuropein

Oleuropein (Ole), the OO polyphenol with a catechol functionality (1,2-dihydroxybenzene moiety),
exerts potent antioxidant activity that is widely recognized and reviewed in the literature [16,177].
Many antioxidant assays performed on Ole presented strong evidence of a free radical-scavenging
activity in vitro and ex vivo [178,179]. The antioxidant and anti-inflammatory effects of Ole are
considered to be in the basis of its pharmacological activities such as anticancer, cardioprotective,
neuroprotective, gastroprotective, hepatoprotective, antidiabetic, antiobesity, radioprotective and other
activities [177].

Many of recognized health-benefiting effects of Ole can be attributed to its anti-inflammatory
activity. Indeed, the inhibition of some important inflammation mediators by Ole was observed (see
Figure 1). Probably the first evidence of its anti-inflammatory effect in human cells was a decrease of
IL-1β concentration in human whole blood culture, upon the addition of Ole [180]. OO extracts and Ole
aglycone separately prevented stimulation of metalloproteinase 9 (MMP-9) expression and secretion in
human THP-1 (monocyte-like) cells treated with TNF-α due to inhibition of NF-κB signaling [181].
An in vivo study on an experimentally induced acute colitis in mice showed decreased production of
IL-1β and IL-6, NO and TNF-α, and expression of iNOS, COX-2, and MMP-9 after oral administration
of Ole, principally through reduction of NF-κB activation [182]. However, in the case of chronic colitis
in mice, the anti-inflammatory molecular mechanism of Ole was associated with the suppression
of p38 MAPK phosphorylation which may be mediated by up-regulation of annexin A1, a protein
able to block the release of inflammatory mediators [183]. The anti-inflammatory activity of Ole was
demonstrated in colonic biopsies from ulcerative colitis patients and the results showed significantly
lower expression of COX-2 and IL-17 in samples treated with Ole [184].

Domitrović et al. [185] demonstrated for the first time the hepatoprotective activity of Ole due to
attenuation of hepatic oxidative/nitrosative stress and suppression of inflammation in CCl4-injured
liver in vivo. The important role in prevention of acute liver damage by Ole was attributed to induction
of HO-1 at least partially by up-regulation of Nrf2 transcription factor, a key regulator of cellular redox
status. Recently, the protective effect of Ole against H2O2-induced apoptosis was confirmed in human
liver cells where the significant increase in expression of SOD1, catalase, and glutathione peroxidase 1
was observed [186]. Ole showed renoprotective effect by attenuating cisplatin-induced acute renal
injury in vivo, which was mediated through the inhibition of ERK signaling [187]. Also, Ole reduced
apoptosis through modulating Bcl-2/Bax ratio and MAPK pathways in human embryonic kidney cells
with H2O2-induced oxidative damage [188]. Investigation of anti-arthritic effects of Ole on synovial
fibroblasts showed that Ole exerts anti-inflammatory and antioxidant effects via down-regulation of
MAPK and NF-κB signaling pathways and induction of Nrf2-linked HO-1, controlling the production
of many inflammatory mediators [189]. Oral supplementation of 10–20 mg/kg Ole reduced the airway
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influx of eosinophils and lymphocytes as well as IL-4 secretion in lung promoted by ovalbumin
inhalation or cigarette smoke in pulmonary inflammation mice model [190].

5.1. Antiatherogenic and Cardioprotective Effect

Antiatherogenic effect of OOP components is well documented and confirmed by many
studies [191]. Among all of them, Ole is considered to have the greatest potency as an anti-atherosclerotic
agent [178]. Ole and HTyr were shown to inhibit the endothelial activation and monocytoid cell adhesion
within the concentration range expected after nutritional intake from MD [192,193]. Those effects are
due to their prominent antioxidant and anti-inflammatory activity, and represent possible molecular
mechanisms by which Ole and other natural polyphenols may prevent early atherogenesis. The acute
intervention trial on healthy volunteers who consumed olive leaf extract (51 mg Ole; 10 mg HTyr)
on a single occasion demonstrated positive modulation of vascular function and IL-8 production in
humans [194]. Placebo controlled randomized trial has shown that supplementation with olive leaf
polyphenols (51 mg Ole and 9.7 mg HTyr daily) for 2 weeks led to increased fasting interlukin IL-6 in
middle-aged over-weight men, but had no effects on IL-8, TNF-α, ultra-sensitive-CRP (us-CRP) and
on carotid artery intima-media thickness [195]. A randomized, controlled trial on pre-hypertensive
male who consumed a phenolic-rich olive leaf extract for 6 weeks (136 mg Ole; 6 mg HTyr) showed
significantly lower BP, plasma TC, LDL cholesterol and TG relative to the control [196]. Another trial
on subjects with stage-1 hypertension showed that olive leaf extract at the dosage regimen of 500 mg
twice daily effectively lowered systolic and diastolic BP, with effect comparable to that of Captopril
given at its effective dose (12.5–25 mg twice daily) [197]. Platelet aggregation is shown to be one
of the underlying mechanisms in coronary artery disease pathogenesis. Olive phenol extracts, and
especially Ole aglycone inhibited cAMP-phosphodiesterase, one of the target enzymes included in
platelet aggregation [198].

Cardioprotective effect of Ole was investigated in many in vivo models. Ole reduced the release
of oxidized glutathione, a sensitive marker of oxidative stress, in post-ischemic oxidative burst [199].
Rabbits treated with Ole for 3 or 6 weeks had a reduced myocardial injury after the onset of ischemia,
lower cholesterol and TG levels, reduced protein carbonyl content and enhanced SOD activity [200].
Recent study suggested protective effect of Ole on myocardial ischemia/reperfusion in neonatal rat
cardiomyocytes due to inhibition of apoptosis [201]. Also, Ole inhibited myocardial infarction size
and decreased creatinine kinase-MB and LDH serum levels in a myocardial ischemia/reperfusion rat
model [202]. Furthermore, it was shown that Ole exerts cardioprotection in cholesterol-fed animals
through activation of intracellular signaling, reduces the circulating cholesterol and LDL levels and
increases myocardial ATP content [203]. Ole prevented the development of myocarditis in rat model
by inhibiting the cardiac MAPK and NF-κB mediated inflammatory responses [204].

5.2. Anticancer Effects

The anticancer effects of Ole are associated with its ability to modulate gene expression and
activity of a variety of different signaling proteins that play a role in proliferation and apoptosis of
cancer cells [11,43,205]. The anti-breast cancer properties of Ole have been repeatedly confirmed by
vast number of studies on both estrogen receptor (ER)-positive and ER-negative breast cancer cells,
demonstrating the antiproliferative and proapoptotic effects of this secoiridoid compound [205,206].
The ability of Ole to induce antimetastatic effect on human breast cancer cells due to regulation of
certain genes was also confirmed [207]. Furthermore, in vitro studies sugest the significant anticancer
effects of Ole on colon, liver, prostate, cervical, pancreatic, thyroid, lung, leukemia and neuroblastoma
cancer cells [43,205]. In vivo study on animal model showed the inhibition of growth of MCF-7
human breast tumor xenografts and significant reduction of their invasiveness into the lung [208].
Some beneficial effects were noticed in vivo in colon, tongue, sarcoma and skin cancer animal models
pointing to strong anticancer potential of Ole [205]. The recent study showed that Ole could potentiate
the antitumor activity of cisplatin in human hepatocellular carcinoma (HCC) and ameliorate the side
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effects of cisplatin through reducing the dose required in treatment [209]. Other investigation showed
protective effect of high doses of Ole (200 mg/kg) on cisplatin-induced pancreas toxicity, suggesting
that Ole combined with cisplatin may improve chemotherapy efficiency in the near future [210].
Moreover, Ole demonstrated cytotoxic effect in BRAF melanoma cells and increased the cytotoxic effect
of Dacarbazine and Everolimus, conventional drugs used in treatment of melanoma [211]. Overall,
Ole can be used as a nutraceutical to improve the anticancer effects of current chemotherapeutics but
its full therapeutic potential still remains to be determined by future animal and human studies [205].

5.3. Antidiabetic, Lipid-Regulating and Antiobesity Effects

Many in vivo studies on diabetic animal models already confirmed the beneficial effect of Ole or
olive leaf extract rich in Ole in type 2 DM disease. Decrease in serum glucose and cholesterol levels and
reduction of oxidative stress were observed in diabetic animals treated with Ole [67,212,213]. Increased
glucose uptake induced by Ole, mediated through activation of AMP-activated protein kinase (AMPK)
and the subsequent increase in glucose transporter (GLUT4) translocation in rat skeletal muscles was
observed [214]. Furthermore, it was shown that Ole promotes glucose-stimulated insulin secretion
in β-cells by stimulating the ERK/MAPK signaling pathway and inhibits the cytotoxicity induced
by amylin amyloids, a hallmark feature of type 2 DM [215]. Ole was able to interfere with amylin
aggregation and to prevent the cytotoxicity of amylin in pancreatic β-cells in vitro [11]. This mechanism
could present a molecular basis for the beneficial effects of Ole and OOP in type 2 DM. In vivo studies
suggested that olive leaf extract may attenuate insulin resistance by suppressing mRNA expression
of pro-inflammatory cytokines and elevating mRNA expression of insulin receptor substrate 1 [216].
In clinical trial on patients diagnosed with type 2 DM, the treatment with olive leaf extract 500 mg
daily for 14 weeks exhibited significantly lower HbA1c and fasting plasma insulin levels [217]. Also,
another trial on the middle-aged overweight men showed that a 12-week supplementation with an
olive leaf extract (51 mg Ole and 9.7 mg HTyr daily) was associated with an improvement in insulin
sensitivity and in pancreatic β-cell responsiveness [195]. Recent trial on 20 healthy subjects revealed
that Ole improves postprandial glycaemic profile via hampering NADPH oxidase 2 (Nox2)-derived
oxidative stress [218].

Olive leaf extract rich in Ole, Ole aglycone and HTyr lowered serum TC, TG and LDL cholesterol
levels, and increased HDL cholesterol levels, slowed down the lipid peroxidation process and enhanced
antioxidant enzyme activity in Wistar rats [219]. The study on pigs treated with olive leaf supplement
showed a significant decrease in plasmatic TG, lower body mass and fat storage with no significant
reductions in LDL cholesterol and oxidized LDL levels [220]. In vitro studies on rat-liver cells revealed
that possible lipid-lowering mechanism of olive polyphenols from OO extracts (Ole and ligstroside
being most abundant) may include synergistic, rapid and direct inhibitory effect on the key regulatory
enzymes involved in synthesis of fatty acid, cholesterol and TG in liver [165]. Ole exerted protective
effect on progression of the nonalcoholic steatohepatitis (NASH) to fibrosis in mouse model [221].
Also, the ability of Ole to induce autophagy, a safeguard mechanism involved in intracellular protein
degradation, in liver of NAFLD mice model was reported [222].

One of the major health problems nowadays is obesity, a complex disorder characterized by
an increase in the number and size of adipocytes in adipose tissue, and if left untreated leads to
the development of type 2 DM, cardiovascular disease and hyperlipidemia. In vitro Ole exerts
anti-adipogenic effect through inhibition of both expression and activity of PPARγ, essential for the
formation and function of adipocytes [223,224]. Ole was shown to be a ligand of PPARα by molecular
docking simulations and the effect of Ole was associated with a significant reduction of serum TG
and cholesterol levels in mice [225]. In vivo experiments suggested that Ole exerts anti-obesity effects
by regulating the expression of genes involved in adipogenesis in the visceral adipose tissue of
HFD-fed mice [226]. It was proposed that effect of Ole on adiposity in mice might involve a short-term
mechanism, affecting the intestines and energy uptake, and a long-term homeostatic adaptation,
resulting in a higher satiety [227]. Ole aglycone was shown to be an agonist of some transient receptor
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potential channels important for maintenance of whole body metabolism and enhanced uncoupling
protein 1, a key regulator of thermogenesis in brown adipose tissue of HFD-induced obese rats [228].
Furthermore, the results of the study on Wistar rats with developed signs of metabolic syndrome
suggest that an olive leaf extract containing polyphenols such as Ole and HTyr may reverse the chronic
inflammation and oxidative stress and improve or normalize cardiovascular, hepatic, and metabolic
signs with the exception of elevated BP [229].

5.4. Neuroprotective Effect

Neuroprotecive effect of Ole and other OOPs in neurodegenerative diseases was intensively
investigated during the past decade and subsequently reviewed [10,11,230]. Ole was shown to have
neuroprotective effects against cerebral ishemia and reperfusion injury by reducing infarct volume
and neuronal apoptosis in mouse model [231]. Ole showed beneficial effects in the paraventricular
nucleus of the hypothalamus in spontaneously hypertensive rats where inhibited ROS and increased
the antioxidant defense system [232]. The neuroprotecive effect of Ole due to its antioxidant properties
was also demonstrated in the case of cognitive dysfunction and oxidative stress induced by some
anesthetic drugs in the hippocampal area of rats [233]. Also, the Ole treatment before anesthesia
reduced the number of inflammatory cells and prevented degranulation in rabbits [234].

Ole aglycone hinders amyloid aggregation of Aβ(1–42) and its cytotoxicity, favoring the formation
of stable harmless protofibrils, structurally different from the typical Aβ(1–42) fibrils [11]. Study
on mice model of amyloid-β deposition showed the improvement of the cognitive performance in
young/middle-aged mice and remarkably reduced β-amyloid levels and plaque deposits in cerebral
tissue after administration of Ole aglycone. Also, brain of Ole-treated mice displayed very intense
autophagic reaction, the same as in healthy wild-type mice. In vitro study confirmed the earlier
hypothesis that autophagy activation by Ole proceeds via the AMPK/mTOR signaling pathway [11].

Furthermore, Ole may prevent neuronal degeneration in a cellular dopaminergic model of PD,
with significant decrease in neuronal death and reduced mitochondrial production of ROS [235]. Ole
aglycone exhibited anti-amyloidogenic effect in vitro by interacting with and stabilizing α-synuclein
monomers, the key proteins in the pathogenesis of PD. Also, Ole aglycone reduced the cytotoxicity of
α-synuclein aggregates by hindering their binding to cell membrane components and preventing the
resulting oxidative damage to cells [236]. Recent study confirmed that Ole aglycone has protective
effect against the protein aggregation and cytotoxicity in the case of systemic amyloidosis [237].

Ole treatment showed alleviation of neurological deficit and brain edema associated with
intracerebral haemorrhage (ICH) in rat model. In addition, it preserved the blood-brain barrier structure
and attenuated oxidative stress as well as ICH-induced MAPK activation in brain tissue [238]. Also,
Ole improved neurological and cognitive outcomes, alleviated brain edema, increased neurotrophic
factors, and reduced apoptosis of neural cells after ischemia/reperfusion injury in rat model of cerebral
ischemia [239].

Ole attenuated single prolonged stress-induced cognitive impairment significantly by inhibiting
the expression of pro-inflammatory mediators in the rat brain and had an anxiolytic-like effect on
behavioral and biochemical symptoms in post-traumatic stress disorder rat model [240,241]. Ole was
found to exhibit significant antidepressant effects in mice, probably by reducing the parameters of
oxidative and nitrosative stress, but further studies are needed to investigate the precise mechanism of
action [242].

5.5. Antimicrobial and Antiviral Effect

Ole was shown to have the high antimicrobial activity against both Gram-negative and
Gram-positive bacteria, although Ole was significantly less toxic to bacterial cells than HTyr, possibly
because of its glycosidic group that might render the drug unable to penetrate cell membranes or to
reach the target site [83]. Ole individually exerted a strong growth inhibition effect against Salmonella
enteritidis, but in general, better effects were reached with combination of phenols from olive leaf
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extract [243]. Indeed, the extracts of olive mill waste rich in phenols demonstrated broad spectrum of
antibacterial activity against Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Pseudomonas
aeruginosa [244]. Another investigation on the activity of olive leaf extract showed specific antimicrobial
activity against Helicobacter pylori and Campylobacter jejuni but did not supported the claim of a broad
spectrum of antibacterial activity of this extract [245]. Ole was shown to exhibit antiviral effect on
HIV-1 infection and replication by inhibiting cell-to-cell HIV-1 transmission and viral core antigen p24
production [246].

5.6. Osteoprotective Effect

Although the beneficial effect of olive fruit and oil consumption on bone health is well known, the
underlying mechanisms are still elusive. Many cellular, animal and human studies are conducted in
attempt to clarify this question, and the focus is on the activities of OOPs [247]. Ole was able to elicit
protective effects on bone loss in animal model of osteopenia, probably by modulating parameters
of inflammation [248]. In vitro study of the osteoblastogenesis and adipogenesis in mesenchymal
stem cells (MSCs) from human bone marrow showed that Ole could prevent age-related bone loss
and osteoporosis directly by enhancing the differentiation of MSCs into osteoblasts and hindering
the differentiation into adipocytes and indirectly by modulating osteoclast differentiation [249].
The formation of osteoblasts in bone marrow seems to be closely associated with adipogenesis, and
age-related changes in this relationship could be responsible for the progressive adiposity of bone
marrow which occurs with osteoporosis. A very recent transcriptomic analysis showed that Ole could
up-regulate expression of 60% of adipogenesis-repressed genes which makes Ole a potential candidate
for the prevention and treatment of diseases such as obesity and osteoporosis [250]. Ole inhibited
the IL-1β-induced expression of inflammatory mediators by suppressing the activation of NF-κB and
MAPK signaling pathways in human OA chondrocytes indicating that Ole may serve as a potential
anti-inflammatory agent in the treatment of OA [251].

5.7. Other Effects

The study of skin wound healing in animal model showed that Ole accelerated the reepithelization
process, enhanced collagen fiber generation, and increased the blood supply to the wounded area
by up-regulation of VEGF protein expression [252]. Ole was shown to inhibit the self-assembly of
collagen into fibrils, presenting a new possibility in the treatment of fibrotic diseases [253]. Results
from the study on MSCs, used for transplantation after ischemic vascular events, suggested that
short-term priming of human MSCs with Ole before transplantation might be a promising therapeutic
strategy against ischemic vascular diseases [254]. The very recent study showed that Ole can modulate
angiogenesis indirectly, acting on local senescent fibroblasts by reducing NF-κB signaling and the
expression of several senescence-associated secretory phenotype factors [255].

5.8. Metabolism

Ole diffuses in the stomach and is stable at the gastric level during digestion (2 and 4 h after
incubation in the gastric juices) [256,257]. Consequently, the bioavailability of its main metabolite HTyr
is higher [44,136]. Formation of different metabolites of Ole and their distribution and concentration
are strictly related to the pH of the medium and the time of permanence of the molecule in the
stomach. The acid-catalyzed hydrolysis cleaves the β-glycosidic bond with the release of the aglycone
moiety (3,4-DHPEA-EA) and glucose [109,258]. The Ole-aglycone formed by hydrolysis of Ole and
native Ole-aglycone present in OO, together with the most abundant secoiridoid in OO oleacein, are
hydrolysed into HTyr and elenolic acid and further metabolized [136] (Scheme 5). All of them are less
resistant to the gastric acidic hydrolysis compared to Ole and it was shown they are more sensitive to
temperature, pH and enzyme activity [136,259]. During acidic hydrolysis treatment, HTyr is released
from Ole with a mean HTyr recovery of approximately 33% compared with the initial amount of
Ole [151]. In the large intestine, Ole is degraded by the microflora which produces the HTyr that
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expresses biological activity toward large intestinal cells [43,136]. The catabolism of the Ole produces
both PA and PP families of catabolites [46,144,145] (Scheme 3).

Scheme 5. Metabolic pathways of oleuropein (Ole) and oleacein (3,4-DHPEA-EDA). 3,4-DHPEA-EA:
oleuropein aglycone monoaldehyde. The catabolism of the Ole produces both PA and PP families of
catabolites [46,144,145] (Scheme III).

6. Oleocanthal

Oleocanthal (Oc), a dialdehydic derivative of decarboxymethyl elenolic acid bound to Tyr,
(p-HPEA-EDA) was shown in vitro to inhibit both COX-1 and COX-2, inflammatory enzymes involved
in the biosynthesis of inflammatory prostaglandins in a dose-dependent manner, and to be more
effective than ibuprofen in inhibiting these enzymes at equimolar concentrations [260] (see Figure 1).
It was also shown that Oc attenuates inflammatory mediators such as iNOS which plays a role in the
pathogenesis of joint degenerative disease [261]. Oc blocks LPS-mediated inflammatory response and
inhibits MMP-13 and ADAMTS-5 aggrecanase, enzyme that mediates cartilage aggrecan degradation
in human primary OA chondrocytes, suggesting that Oc may be a promising agent for the treatment of
inflammation in cartilage and a potential molecule to prevent disease progression [262]. The topical
application of an oily fluid enriched with Oc achieves a greater reduction in post-photodynamic
therapy cutaneous inflammation and a better treatment response, in comparison with the application
of a conventional oily fluid [263]. Also, inhibiton of platelet aggregation by extra virgin OO was shown
to be in correlation with amount of Oc [264].

Oc has been recognized as a potent pharmacological agent in the treatment of neurodegenerative
disease [265,266]. Studies conducted both in vivo and in vitro have revealed the great potential of Oc in
counteracting amyloid aggregation and toxicity. Protective effect of Oc against AD has been related to its
ability to prevent amyloid-β (Aβ) and tau aggregation in vitro, and enhance Aβ clearance from the brain
of wild-type mice in vivo. Moreover, Oc attenuated amiloid-β oligomers (Aβo)-induced inflammation,
restored astrocyte neuro-supportive function by preventing Aβo-down-regulation effects on glutamine
(GLT1) and glucose (GLUT1) transporters in astrocytes, and attenuated Aβo-induced synaptic protein
down-regulation in neurons [267]. The neuroprotective effect of Oc against H2O2-induced oxidative
stress in neuron-like SH-SY5Y cells was characterized. Oc up-regulates proteins related to the
proteasome, the chaperone heat shock protein 90, the glycolytic enzyme pyruvate kinase, and the
antioxidant enzyme peroxiredoxin 1 [268]. In addition to neuroprotective properties, this compound
attenuates markers of inflammation implicated in AD [265,269].
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Oc became a compound of interest in cancer research because of its inhibiting effect on inflammatory
enzyme COX-2 that is implicated in the pathogenesis of several cancers [266]. The suppression of
COX-2 and activation of AMPK in HT-29 colon cancer cells by Oc was shown [270]. Oc inhibited the
proliferation, migration, and invasion of non metastatic and highly metastatic human breast and prostate
cancer cell lines, mediated via inhibition of HGF-c-Met pathway, and inhibited the tumor growth in
an orthotopic model of breast cancer in vivo [271,272]. c-Met inhibitory activity of Oc as well as its
antimetastatic activity encouraged the development of semisynthetic bioisostere analogues possibly
with even better properties [273]. Recently, a novel Oc-based c-Met inhibitor named homovanillyl
sinapate was characterized [274]. Apart from c-Met inhibition, the strong antiproliferative effect of
Oc against several breast cancer cell lines and downregulation of the expression of phosphorylated
mTOR in metastatic breast cancer cell line was reported [275]. Oc showed a beneficial effect in
suppressing growth of estrogen-dependent breast cancer cells alone and synergistically with tamoxifen,
and inhibited tumor growth in animal model of estrogen-dependent breast cancer [276]. A very
recent study demonstrated that Oc inhibited proliferation and migration of triple negative breast
cancer cells by modulating Ca2+ entry through transient receptor potential channel TRPC6 while
had no effect on non-tumoral breast cells [277]. In vitro antiproliferative assay on human malignant
melanoma cells revealed selective activity of Oc in melanoma cells versus normal dermal fibroblasts in
the low micromolar range of concentrations [278]. Oc could inhibit signal transducer and activator
of transcription 3 (STAT3) signaling pathway, involved in apoptosis, invasion and angiogenesis of
melanoma cells, and also the tumor growth and metastasis of melanoma in vivo [279]. Oc and oleacein
from OO extract reduced non-melanoma skin cancer cells viability and migration, prevented colony
and spheroid formation, and inhibited proliferation of atypical keratinocytes stimulated with epidermal
growth factor, through the inhibition of Erk and Akt phosphorylation and the suppression of B-Raf
expression [280].

In Oc treatment of human hepatocellularcarcinoma (HCC) cells the inhibition of proliferation,
migration and invasion and induction of apoptosis of HCC cells were observed. In addition, suppression
of tumor growth and reduction of lung metastases in an orthotopic HCC model was observed as
well [281]. Oc inhibited colony formation and induced apoptosis via activation of caspases 3/7
and chromatin condensation in HCC and colorectal carcinoma cell lines. Moreover, Oc treatment
induced γH2AX histone, a marker of DNA damage, increased intracellular ROS production and
caused mitochondrial depolarization [282]. Oc was investigated in multiple myeloma cells with
remarkable inhibition of macrophage inflammatory protein 1α, a protein crucially involved in the
multiple myeloma pathogenesis [283].

Oc exerts antimicrobial activity against Escherichia coli, Salmonella enterica, Listeria monocytogenes,
Helicobacter pylori, Staphylococcus aureus and Enterococcus faecalis [284].

Ligstroside and its aglycones, p-HPEA-EA and Oc, are subject to time-dependent hydrolysis in
the acidic gastric environment in the stomach, leading to an approximately 3-fold increase in free Tyr,
after only 30 min. In this case, higher amounts of Tyr may be present for absorption in the jejunum and
ileum than would be expected [44]. Information on the pharmacokinetics of Oc in human is scarce
– only one study has found Oc and several secoiridoid metabolites in human urine 2–6 h after the
ingestion of extra virgin OO. Oc is mostly metabolized via phase I metabolism, namely hydrogenation,
hydroxylation, and hydration. Some of the hydrogenated Oc metabolites are further metabolized via
phase II metabolism, i.e., glucuronidation. No study was conducted to examine the bioavailability
and blood–brain barrier permeability of Oc in humans [284,285]. However further studies of the
metabolism in the human body are required to achieve an in-depth understanding of the metabolism
and bioavailability of this compound.

7. Oleacein

Oleacein, dialdehydic form of decarboxymethyl elenolic acid linked to HTyr (3,4-DHPEA-EDA),
has been proven to possess antioxidant and anti-inflammatory activity. Firstly, it was recognized
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that oleacein acts as free radical scavenger [286,287] (see Figure 1). Later it was shown that its
antioxidant activity is associated with effect on the function of human neutrophils [288]. In vitro
studies showed that oleacein reduces ROS production by formyl-met-leu-phenylalanine (f-MLP) and
4β-phorbol-12β-myristate-α13-acetate (PMA)-stimulated neutrophils. Stimulated neutrophils also
release myeloperoxidase (MPO), which is the enzyme capable of catalyzing the formation of HOCl,
a highly reactive species responsible for oxidation and chlorination reactions. Oleacein significantly
reduced MPO release from neutrophils comparably with anti-inflammatory drug indomethacin. Apart
from antioxidant activity, however to a lesser extent, oleacein exhibited some effects on inflammatory
mediators. Oleacein enhanced the anti-inflammatory activity of human macrophages by increasing
CD163 receptor expression [289]. Also it reduces the release of elastase, MMP-9 and interleukin IL-8.
Moreover, it prevents the increase of CD11b/18 expression on the surface of neutrophils as well as inhibits
adhesion molecules expression of VCAM-1, ICAM-1 and E-selectin, and consequently diminishes
monocyte adhesion to human vascular endothelial cells [288]. It has an endothelium-dependent
vasorelaxant effect mediated by an enhanced NO production, probably through a redox mechanism
within endothelial cells and, at higher concentrations, an endothelium-independent vasorelaxant effect.
At plasmatic concentrations, it could modulate vascular tone in vivo [290]. Oleacein possess ability
to attenuate the destabilization of carotid plaque and could be potentially useful in the reduction of
ischemic stroke risk. It decreases secretion of high mobility group protein-1, MMP-9, MMP-9/neutrophil
gelatinase-associated lipocalin complex and tissue factor TF from the treated plaque. At the same time
IL-10 and HO-1 release is increased [291]. Oleacein inhibited angiotensin converting enzyme (ACE)
when tested on rabbit lungs in vitro. It is likely that oleacein inhibits ACE in an irreversible manner or
acts as a tight binding inhibitor. Furthermore, it inhibits neutral endopeptidase (NEP) activity by 50%.
NEP protects natriuretic peptides which are involved in the inhibition of renin-angiotensin-aldosterone
system and for this reason inhibition of enzyme activity might play a role in some cardiovascular
diseases [292]. It was shown that oleacein is more effective inhibitor of enzyme 5-lipoxygenase than
HTyr and Oc. This might indicate the involvement of hydroxyl groups and open secoiridoid moiety of
oleacein in this process. It also reduced COX-2 mRNA level in human monocytes [288].

Oleacein indicates a protective action against abdominal fat accumulation, weight gain, and liver
steatosis, with improvement of insulin-dependent glucose and lipid metabolism. Protein levels of FAS,
SREBP-1 and p-ERK in liver are positively modulated, indicating an improvement in liver insulin
sensitivity. HFD-related hepatic insulin resistance may be partially prevented by oral administration
of oleacein [293].

Oleacein exerts antimicrobial effect and the statistical correlation between oleacein concentration
and Gram-positive and Gram-negative bacteria survival was found [84].

After the consumption of OO, oleacein is hydrolysed into HTyr and elenolic acid in the digestive
system and further biotransformed by the enzymatic system [136]. The metabolic pathways of oleacein
are shown in the Scheme 5.

8. Potential Clinical Applications

According to the reviewed data, HTyr and its precursors (Ole and other secoiridoid derivatives)
could have the potential clinical applications in cardiovascular and neurodegenerative diseases as well
as in the prevention of cancer. However, more epidemiological data are needed to support their use for
this purpose [58].

The cardioprotective effects of HTyr and its precursors have been researched in numerous human
intervention studies. The results of human clinical trial European Study of the Antioxidant Effects
of Olive Oil and its Phenolic Compounds on lipid oxidation (EUROLIVE) [294] were one of the key
reports that led the EFSA to release a claim concerning the benefits of a daily ingestion of virgin OO
rich in phenolic compounds [295]. More recent clinical trials have confirmed these results, observing
that plasma ox-LDL was reduced after the acute consumption of HTyr-enriched biscuits [121] or virgin
OO enriched with HTyr and derivatives [32,296,297].
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A large cohort of studies, such as the European Prospective Investigation into Cancer and
Nutrition (EPIC) [298] and the PREvención con DIetaMEDiterránea (Prevencion con Dieta Mediterranea,
PREDIMED) trials [299,300] have provided evidence that the regular consumption of OO, within the
context of MD, significantly decreases the incidence of several chronic diseases such as cardiovascular,
cancer, metabolic, and immune-inflammatory disorders. The results of PREDIMED trial [300] reveals a
reduction of 68% in the incidence of breast cancer in women who received a diet supplemented with
virgin OO. However, the observed effects in these studies cannot be attributed exclusively to HTyr and
its precursors, as virgin OO contains many other phenolics and bioactive compounds [58].

The randomized clinical trial (PREDIMED) investigated HTyr or its precursors as a therapeutic
tool in the prevention of neurodegenerative diseases. Results indicate that supplementation of the
MedDiet with virgin OO improved the cognitive composites: frontal function (attention and executive
function) and global cognition [301,302].

HTyr has been subjected to several clinical randomized trials. For example, Phase 3 of interventional
study which evaluates the efficacy and tolerability of HTyr and Vitamin E in the treatment of children
with biopsy-proven NASH is completed. (Trials.gov Identifier: NCT02842567) [303]. HTyr is also
found in Phase 2 and 3 of trials which evaluate the effect of HTyr (25 mg orally, once daily for 1 year)
on mammographic density in women at high risk of developing breast cancer (ClinicalTrials.gov
Identifier: NCT02068092) [304].

Therefore, further applied research in humans is needed to verify that the discoveries generated
in animal and in in vitro studies regarding the cancer prevention and neuroprotective effects of HTyr
and other phenolics in OO can be translated into practical clinical recommendations [58].

9. Conclusions

The evidence presented in this review concerns major olive oil phenolic compounds,
hydroxytyrosol, tyrosol, oleuropein, oleocanthal and oleacein, and demonstrates wide spectrum
of their biological effects on physiological processes related to health and disease, as antiatherogenic,
cardioprotective, anticancer, neuroprotective, antidiabetic, anti-obesity, as well as their metabolism
and bioavailability. Recent research supports earlier evidence but also reveals some new aspects and
therapeutic potentials. Further clinical intervention studies, as well as studies of the mechanism of
their activity on molecular level, should be greatly encouraged.
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