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Abstract. Human studies indicate that consumption of olive oil is associated with decreased mortality, reduced cardiovascular
risk and improved cognitive function in the elderly. Many of these benefits are thought to be due to the phenolic content of
olive oil. In support of this, intervention studies in humans indicate that olive oil phenols protect blood lipids from oxidation
and improve blood parameters of inflammation, hemostasis and vascular function, all risk factors for cardiovascular disease.
The aim of this review is to evaluate the experimental evidence that olive oil phenols are beneficial to the aging process. Animal
studies suggest that olive oil phenols have preventive actions on age-related cognitive and motor dysfunction, an important
cause of disability in the elderly. Supporting mechanistic in vitro studies indicate that olive oil phenols may inhibit inflammatory
pathways and associated proteins, induce pathways related to cell protection and survival, and modulate pathways related to
energy metabolism similar to anti-aging substances. Furthermore, they can interact with beta-amyloid peptide and Tau protein
to inhibit the formation of protein aggregates, a hallmark of Alzheimer’s disease. However, caution should be expressed in
interpreting these in vitro data are as they are based on experiments carried out mainly using un-physiological concentrations
of native olive phenols rather than phenolic metabolites. In conclusion, while in vivo data for the beneficial effects of olive oil
phenols in aging are growing, a mechanistic explanation for these effects requires much additional research on the effects of
metabolites at relevant concentrations.
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Abbreviations:

A� = beta-amyloid peptide
AMPK = adenosine monophosphante-activated

kinase
AP-1 = activator protein-1
ARE = antioxidant response element
COX = cyclooxygenase
CREB = cAMP response element-binding protein
CRP = C-reactive protein
DSS = dextran sulphate sodium
DPPH = diphenyl-2-picryl hydrazyl free radical

EMT = epithelial-mesenchymal transition
ERK = extracellular regulated protein kinase
EVOO = extra-virgin olive oil
FOXO = forkhead transcription factor
GSH = glutathione
GR = glutathione reductase
�-GCL = gamma-glutamyl cysteine ligase
GPx = glutathione peroxidase
GST = glutathione S-transferase
HDL = high density lipoproteins
HO-1 = heme-oxygenase 1
HT = hydroxytyrosol
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ICAM-1 = intercellular cell adhesion molecule 1
iNOS = inducible nitric oxide synthase
JNK = c-jun amino-terminal kinase
LDL = low density lipoproteins
LPS = lipopolysaccharide
LTB4 = leukotriene B4
MAPK = mitogen-activated protein kinase
MMP = matrix metalloproteinase
NF-κB = nuclear factor kappa B
Nrf2 = nuclear factor E2-related factor 2
OL = oleuropein
OL-A = oleuropein aglycone
OLC = oleocanthal
OMWW = olive mill waste water
PGC1� = peroxisome proliferator-activated recep-
tor gamma co-activator 1-alpha
PI3K = phosphatidylinositol-3-kinase
PMA = phorbol 12-myristate 13-acetate
PPAR� = peroxisome proliferator-activated recep-
tor gamma
ROS = reactive oxygen species
RSV = resveratrol
SASP = senescence-associated secretory pheno-

type
SDS = Sodium dodecyl sulfate
SIRT1 = silent mating type information regulation
2 homolog 1
SOD = superoxide dismutase
TBARs = thiobarbituric acid reactive substances
t-BHP = tert-butyl hydroperoxide
TNF� = tumor necrosis factor alpha
TYR = tyrosol
TXB2 = thromboxane B2
VCAM-1 = vascular cell adhesion molecule-1

1. Introduction

Epidemiological studies indicate that the Mediter-
ranean diet is associated with longevity and improved
health during aging [1]. As olive oil is an important
component of this diet, the association between olive
oil consumption and “healthier aging” has been inves-
tigated. Indeed, olive oil intake has been negatively
associated with cardiovascular risk in a large cohort
of the European Prospective Investigation into Can-
cer and Nutrition (EPIC) study [2]. In the same group,
olive oil intake was associated with decreased overall
mortality [3]. Consumption of olive oil has also been
seen to reduce levels of proinflammatory markers

associated with atherosclerosis development in plasma
and in blood cells [4, 5]. Finally, the high intake of
both total olive oil and virgin olive oil in older individ-
uals with high cardiovascular risk has been associated
with better memory function and global cognition
as assessed by the Mini Mental State Examination
(MMSE) and the Rey Auditory Verbal Learning Test
(RAVLT) [6].

Some of the health benefits of olive oil are related
to the fact that it is the richest source of the mono-
unsaturated fatty acid oleic acid, but it is widely
accepted that many of these benefits are due to its
minor components in the non-saponifiable fraction
(about 2% of total): phenolic compounds, phytos-
terols, tocopherols and pigments [7]. Among these,
phenolic compounds have been studied extensively.
The main phenolics present in olive oil are divided
into three main classes, represented in differing pro-
portions in olives, olive leaves, olive oil, olive cake
(the main by-product of the oil extraction process)
and olive mill waste water (OMWW): simple phe-
nols (phenolic alcohols and acids partly deriving from
the hydrolysis of secoiridoids, such as hydroxytyrosol
and tyrosol), secoiridoids (oleuropein, ligstroside,
their respective aglycone forms and their respective
decarboxylated dialdehyde derivatives) and lignans
[(1)-1-acetoxypinoresinol and pinoresinol] [8]. The
glycosides are more abundant in leaves and olives, and
are hydrolyzed by �-glycosidases during olive crush-
ing to produce oil. In the olive waste waters, the simple
phenols deriving from secoiridoid hydrolysis become
prevalent [9].

The aim of this review is to evaluate the experi-
mental evidence that olive oil phenols are beneficial
to the aging process. To this aim, data describing the
relative effects of olive oil with differing contents of
phenolic compounds, or those using extracts of various
origin (olive leaf, oil and its processing by-products)
standardized for their phenolic content, or pure olive
phenols will be discussed. Studies where the effects
of phenols are not distinguishable from those of oleic
acid or other components of the oil have not been
considered.

The first part of this review deals with the data relat-
ing to age-related markers in human studies and to in
vivo and in vitro studies in aging models. In the second
part, studies aimed at evaluating the effects of olive oil
phenols on cellular function and molecular pathways
have been analyzed in light of their possible relevancy
to the aging process.
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2. Evidence of beneficial effects of olive oil
phenols on aging

2.1. Human intervention trials

Intervention studies with olive oils or prepara-
tions of phenolic mixtures from olive mill waste
water or other olive sources have been performed
in healthy volunteers, and in subjects with different
degrees of cardiovascular risk. The doses of total phe-
nols employed ranged from a few mg/day to about
30 mg/day, depending on the type of olive oil [10,
11], and reached 100 mg/day in trials using olive oil
enriched with olive extracts [12, 13]. The duration of
the intervention studies has in most cases been around
one month and most were aimed to evaluate antioxidant
and anti-inflammatory effects in vasculature along with
parameters of vascular function, notably LDL oxida-
tion urinary isoprostanes, serum antioxidant capacity,
endothelial-induced vaso-relaxation, blood pressure,
serum lipid levels, blood clotting factors, and inflam-
matory mediators. These data have been repeatedly
reviewed elsewhere [14–17] and will be briefly reca-
pitulated here. The EUROLIVE multicenter study has
shown in a large sample of healthy European sub-
jects that olive oil phenols dose-dependently protect
blood lipids from oxidation, increase HDL cholesterol
and the reduced/oxidized GSH ratio, without changes
in plasma antioxidant capacity and F2-isoprostanes
[14]. The European Food Safety Authority has recently
approved a claim that olive oil polyphenols pro-
tect LDL against oxidation at a minimal dose of
5 mg/kg/day hydroxytyrosol [18]. Studies have also
reported reduced plasma levels of TXB2 and LTB4,
ICAM-1, VCAM-1 and CRP, along with improved
endothelial function [19], reduced expression of pro-
atherogenic genes in blood cells [20] and decreased
blood pressure [21]. Thus, there is evidence that olive
oil phenols may help prevent cardiovascular disease in
humans.

2.2. Effects on aging: Laboratory animal studies

Recent animal aging studies have used extra-virgin
olive oils (EVOO) rich in phenolic compounds (either
naturally or otherwise) compared to control oil with
lower phenolic but identical micro- and macro-nutrient
content. In a rat model of physiological aging olive
oil phenols have been reported to counteract some

of the detrimental effects of age when administered
with a hypercaloric diet [22, 23]. Specifically, these
studies show that the long-term intake of EVOO rich
in phenolic compounds delayed mortality, reduced
the incidence of ulcerative dermatitis, and decreased
oxidative damage in blood, while also inducing a bor-
derline protective effect on motor coordination, and
reduced anxiety associated with decreased glutathione
reductase activity and expression in the brain. A simi-
lar long-term intervention in mice with a lower intake
of EVOO, mimicking the MUFA intake of the Mediter-
ranean diet, indicated that olive oil phenols improved
motor coordination and contextual memory after 6
months of treatment, along with a reduction of some
oxidative stress and inflammation parameters in the
brain, particularly in the cerebellum [24].

SAMP8 mice are a well-characterized model of
accelerated senescence. These animals show high lev-
els of oxidative damage in organs such as heart and
brain, and �-amyloid deposition in the brain along with
cognitive deficits. In SAMP8 mice treated with a diet
rich in olive oil phenols (10% EVOO) for 4.5 months,
the levels of oxidative stress (TBARs and protein car-
bonyls) in the heart were reduced, and an induction
of genes related to antioxidant defenses and longevity
was demonstrated [25]. In the same animal model of
accelerated aging, EVOO as such or enriched with an
extracted phenolic fraction (total phenol doses rang-
ing from 6 mg/kg/day in EVOO to 30 mg/kg/day in
enriched EVOO, for 6 weeks), improved acquisition
and retention in the T-maze test and memory retention
in a one-trial novel object recognition test, as com-
pared to mice receiving iso-caloric coconut oil or butter
[26]. These functional changes were accompanied by
increased GSH levels, enhanced glutathione reductase
(GR) and SOD activity, and reduced lipid and protein
oxidation.

Such effects may be mediated by the potential of
olive oil phenols to pass the blood/brain barrier and
reach the brain [27, 28], although the precise con-
centrations of phenolic compounds reaching the brain
upon repeated administration, such as those used in
the above studies, is unclear. However, ex vivo data on
damage after hypoxia–re-oxygenation in brain slices
indicate that neuroprotective concentrations can be
reached [29]. In fact, these authors showed that the
3-month treatment of diabetic rats with virgin olive
oil (0.125 mg/kg per day total phenols) displayed a
stronger neuroprotective activity than aspirin (2 mg/kg
per day). An antioxidant effect of this treatment was
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also shown in healthy animals using the same experi-
mental protocol [30].

These animal studies indicate that behavioral
improvement of both motor and cognitive functions
is attainable with dietary amounts of olive oil phenols
upon long-term treatment, and point out concomitant
changes in the brain and peripheral organs, mainly a
reduction of oxidative stress and inflammation parame-
ters, and increases in antioxidant/detoxification-related
gene expression. However, none of these studies has
provided a mechanistic explanation for the observed
effects, and the biochemical changes essential to coun-
teract age-related behavioral dysfunctions still need to
be clarified.

In a rat model of senile osteoporosis (ovariec-
tomy + magnesium silicate-induced granulomatosis)
oleuropein (about 10 mg/kg) and olive oil, both added
to the diet for 80 days, were able to counteract bone
loss and reduce �-1-acid glycoprotein plasma concen-
trations [31]. In the same model, both hydroxytyrosol
(HT) and tyrosol (TYR), at doses of about 6 mg/kg, and
an olive mill waste water extract containing mainly
HT and TYR, added to the diet for about 3 months
also counteracted bone loss [32]. Although phenols did
not modify markers of inflammation such as plasma
fibrinogen and spleen weight, a significant reduc-
tion in urinary isoprostanes was seen without changes
in plasma antioxidant capacity. Other mechanisms
besides antioxidant/anti-inflammatory action might be
relevant in this context, including the possibility that
olive oil phenols have estrogenic activity, although this
remains to be confirmed. However, the fact that olive
oil phenols did not protect from bone loss in ovariec-
tomized animals without inflammation seems to indi-
cate that any estrogenic effects were not important, at
least under these experimental conditions. The peroxi-
some proliferator-activated receptor gamma (PPAR�)
has been shown to be involved in the enhanced
osteoblastic differentiation induced in bone marrow
stem cells by oleuropein (1–100 �M) [33], offering
another possible hypothesis on the mechanism of the
preventive activity of oleuropein on osteoporosis.

One important point emerging from all the animal
studies is that beneficial effects on aging are attainable
at low doses, which are realistic in respect to olive oil
intake in the Mediterranean diet, provided that the oil
has a sufficiently high content of polyphenols. Further-
more, no toxicity was observed with such doses, even
in the chronic studies. On the other hand, these stud-
ies do not provide many clues about the attribution

of the observed effects to specific compounds, or to
additive or synergistic interactions among the diverse
compounds in the oils. Finally, the data obtained in
animal models will have to be confirmed in humans.

2.3. Effects on aging: In vitro studies

Much work has been conducted in in vitro aging
models to assess the activity of olive phenols. The
progressive slowing and irreversible arrest of their pro-
liferative capacity, along with an array of typical mor-
phological, functional and biochemical changes, char-
acterizes the aging of cells in culture. The anti-aging
potential of any substance may be described if it mod-
ifies the total number of replications that proliferating
cells can undergo before senescence, thus affecting
the so-called “replicative senescence”. Alternatively,
an anti-aging compound may lengthen “chronological
lifespan”, i.e. the time cells can remain quiescent in cul-
ture before entering replicative arrest; in this case cells
reach senescence without telomere attrition. In nor-
mal human fibroblasts, HT prolonged chronological
lifespan at 1 �M upon 30 days of continuous exposure
[34]. Although these effects were suggested to be medi-
ated by the concomitant induction of MnSOD, they
were observed at non-physiological concentrations (10
and 200 �M), and cell transfection with a dominant-
negative mutant of MnSOD did not completely abolish
HT-induced extension of cell culture chronological
lifespan. Thus, it is possible that other factors besides
MnSOD activity regulate this effect of HT.

A 3-month treatment with Olea europaea leaf
extract or purified oleuropein significantly delayed
replicative senescence and the development of the
senescent morphology in IMR90 and WI38 human
embryonic fibroblasts. Shorter-term treatment with
oleuropein also reduced oxidized proteins and ROS
production in cultures, and improved cell viability
upon treatment with different oxidants [35]. The anti-
aging effects of olive oil phenols have also been
studied in a model of epithelial-mesenchymal tran-
sition (EMT), a critical step in age-related human
diseases involving organ fibrosis. EMT is involved in
kidney fibrosis in chronic renal disease, liver fibrosis
in non-alcoholic steatohepatitis, in myocardial fibrosis
in heart failure, and also in tumor-stem cell transi-
tion [36]. A phenol extract from olive oil (equivalent
to about 0.37 �M oleuropein, for 3 days), consisting
mostly in secoiridoids, prevented EMT in both renal
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MDCK cells (a model of organ fibrosis) and in MCF7
breast cancer cells (a model of oncogenic EMT). It
is interesting that other anti-aging molecules such as
rapamycin and metformin have been shown to coun-
teract EMT [37, 38]. One cellular target that has been
shown to be involved in EMT is AMPK (adenosine
monophosphate kinase), and some data in the litera-
ture indicate that AMPK might indeed be modulated
by olive oil phenols (see below).

In agreement with these data, pre-treatment for 1
month with 5 mg/kg TYR reduced post-infarct fibro-
sis in the rat heart compared with untreated controls
[39]. Thus, EMT modulation might represent a novel
mechanism through which EVOO phenols regulate the
pathophysiology of some age-related human diseases.

3. Pharmacokinetic considerations

Pharmacokinetic studies in humans and labora-
tory animals have shown that HT and TYR are well
absorbed in the gastrointestinal tract and extensively
metabolized through conjugation and methylation,
with peak plasma concentrations detected about 1–2 h
post-consumption [40, 41]. Secoiridoid molecules
such as oleuropein are poorly absorbed in the small
intestine and can reach the large intestine where they
are degraded by the microbiota to yield HT concen-
trations in the high �M range [42, 43], whereas the
aglycones are absorbed and metabolized in the small
intestine, mostly to reduced compounds which are
then conjugated with glucuronic acid [44]. In plasma,
different metabolites have been identified, at concen-
trations generally below the micromolar range [41, 45].
In urine, the free forms are also present [46, 47]. A
recent study investigating the distribution of acutely
administered phenols (extracted from olive cake) in
rats, has shown that relevant amounts of metabolites
can reach organs such as brain, heart, testicle, spleen
and thymus, in addition to the liver and kidney where
they are expected due to metabolism and excretion
[28].

Furthermore, the type of metabolites and their con-
centrations differ from one tissue to another. In plasma,
phenolic alcohols and acids are the most abundant
species (respectively about 70% and 20% of total at
2 h), as a result of secoiridoid hydrolysis taking place
in the gastrointestinal tract. The prevalent metabo-
lites were sulfates of HT, TYR and homovanillic acid,
whereas the glucuronides were present at much lower

concentrations. Unconjugated compounds were also
detected, although in low concentrations, and possi-
bly only due to the high dose of extract administered
(corresponding to 300 mg/kg total phenols, about 50
times higher than the doses used in the in vivo exper-
iments in aging animals) due to the saturation of
intestine/liver conjugation capacity. Free HT was not
recovered in liver and brain, but was detectable in kid-
ney and testicle. Interestingly, HT-sulfate (89 nM in
plasma after 2 h) was detected in the brain, spleen,
heart and testicles at concentrations of 50, 12, 263 and
1005 nmol/g tissue respectively, indicating that some
tissues can concentrate phenolic metabolites. Further-
more, it is feasible that higher amounts can be reached
upon repeated administrations, such as those employed
in most of the in vivo studies outlined in the aging
studies. However, this point has not yet been demon-
strated.

The in vitro studies pose more problems with respect
to kinetics: firstly the concentrations employed in cell
models are in some cases too high to be relevant in vivo.
Secondly, in most cases the original compounds have
been used, without taking into account metabolism.
Based on what we know thus far regarding the kinetics
of these compounds, cells are exposed predominantly
to low concentrations of metabolites in vivo, with
the exception of those in the gastrointestinal tract
mucosa, which are more likely to be exposed to higher
concentrations of unmodified compounds. Actual stud-
ies regarding the biological effects of metabolites
are scarce and results are conflicting. Synthesized
HT glucuronide metabolites do not display signifi-
cant chemical and biological antioxidant activities in
vitro (scavenging activity and Cu-mediated LDL oxi-
dation) at concentrations measured in vivo in humans
(0.01–10 �M) [48], whereas the urinary-isolated 3-
O-glucuronide conjugate shows higher antioxidant
potency than HT in the in vitro DPPH Scavenging Test
[49]. Thus, confirmation of the effects upon exposure
to relevant concentrations of the various metabolites is
urgently needed.

4. Cellular and molecular mechanisms of
action

The possible mechanisms underlying the effects
of olive phenols against aging are varied and thus
have been divided into four groups according to their
function:
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Table 1

Summary of studies on the molecular mechanisms of action of olive oil phenolic compounds

Olive phenolic compound or mixture Experimental model Olive phenol-induced molecular changes Ref. number

Inflammatory pathways and enzymes
HT, TYR Neuroblastoma N2a cells exposed to A� Reduced nuclear NF-κB translocation [56]
Olive oil extract (0.25–7.5 �g/mL)

containing mainly secoiridoids; HT,
TYR, OL-A (0.5–25 �M)

Human gastric adenocarcinoma cells
(AGS)

Reduced NF-κB-induced transcription [57]

HT, OL-A (5–75 �M) Vascular endothelial cells (HUVECs)
exposed to LPS, TNF�, PMA

Inhibition of VCAM-1 expression [58]

HT, RSV (1 �M) Vascular endothelial cells (HUVECs)
exposed to homocysteine

Inhibition of VCAM-1 expression; reduced
monocytoid cell adhesion to
endothelium

[59]

Olive pomace extract rich in TYR and
OL, purified TYR (72 �M) and OL
(92 �M)

Vascular endothelial cells (EAhy926)
exposed to anoxia

Reduced nuclear NF-κB translocation and
expression of iNOS, COX-2, MMP-2
and MMP-9; MAPK and ERK
1/2activation

[60]

Olive oil extract rich in OL-A, OL-A
5–50 �M)

Human monocytic leukemia cells
(THP-1) stimulated with TNF�

Inhibition of NF-κB-mediated gene
expression; reduced MMP-9 secretion

[61]

EVOO extract (total phenols
1 nM-10 �M)

Isolated human monocytes and
monocyte-derived macrophages
treated with PMA

Reduced nuclear NF-κB translocation [62]

Olive leaf extract (dose equivalent to
22 mg/kg HT)

Rabbit model of high lipid-induced
atherosclerosis

Reduced expression of MCP-1, VCAM-1,
NF-κB and TNF�

[63]

OLC (IC50 = 25 �M), HT (IC50 = 3–10),
peracetylated HT derivative
(IC50 = 0.1–1 �M) respectively for
COX-1 and 2

In vitro phenol-protein interaction Inhibition of COX-1 and 2 [64, 65]

EVOO or EVOO enriched with HT (final
HT dose 5 mg/kg)

DSS-induced cholitis in mice Inhibited phosphorylation of p38 MAPK
and down-regulation of COX-2 and
iNOS in colon mucosa

[68]

EVOO-derived extract (phenolic
concentrations in the high �M range)

Human colon adenocarcinoma (CaCo-2)
cells

Inhibited MAPK pathway and COX-2
expression

[69]

EVOO extract (secoiridoid
concentrations around 20 �M)

Breast cancer cells (JIMT-1) Increased MAPK activation [70]

Pathways related to cell protection and survival
HT (50 �M) Porcine vascular endothelial cells Akt and ERK1/2 activation; increased Nrf2

expression and nuclear translocation and
HO-1 induction; increased MAPK
phosphorylation

[71]

HT (0.5–10 �M) HepG2 hepatoma cells Induction of Nrf2 nuclear translocation and
of GPx, GR, GST expression; increased
phosphorylation of Akt and ERK

[76]

HT (100–200 �M) Retinal pigment epithelial cells
(ARPE-19): basal or exposed to
acrolein or t-BHP

Increased Nrf2 expression and nuclear
translocation; GPx, GR, �-GCL
expression and HO-1 induction;
increased AMPK phosphorylation;
increased PGC1� and mitochondrial
protein expression

[77–79]

Phenol-rich EVOO (10% w/w diet) SAMP8 mice Induction of Nrf2, Nrf2-dependent gene
expression and of SIRT-1 in the heart

[25]

HT (25–100 �M) NIH 3T3 murine fibroblasts Nrf2-dependent trans-activation Increased
Nrf2 expression

TYR (5 mg/kg) Rat model of myocardial infarction Increased Akt and FOXO3a
phosphorylation; increased SIRT1
expression in the heart

[39]

Olive leaf extract, OL (0.2–90 �M) Human embryonic fibroblasts (IMR90
and WI38)

Increased proteasomal enzymatic activities [35]
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Table 1

(continued)

Olive phenolic compound or
mixture

Experimental model Olive phenol-induced molecular changes Ref. number

Pathways related to energy metabolism
HT (50 �M) Porcine vascular endothelial cells Increased AMPK phosphorylation;

increased FOXO3a expression
[91]

HT (0.1–10 �M) 3T3-L1 adipocytes Increased AMPK phosphorylation;
increased PGC1� and Complex I protein
level; increased activity of Complexes
I-V

[92]

OLC (0.2–10 �M) HT-29 cells Increased AMPK phosphorylation;
reduced COX-2 expression

[93]

HT 25 mg/kg/day Rats subjected to excessive physical
exercise

Increased mitochondrial Complex I and II
activities; prevented the fall of PGC1� in
muscle; increased autophagy in muscle.

[100]

Interaction with �-amyloid peptide and Tau protein
OLC (1–10 �M) Primary hippocampal neuronal cultures Inhibition of A� oligomers toxicity

through direct interaction
[101]

OLC (IC50 about 3 �M) In vitro phenol-protein interaction Inhibition of Tau fibrillization [102, 103]
OL In vitro phenol-protein interaction Interaction with A� peptides [104, 105]
OL-A Disruption of A� aggregation and

reduction of cytotoxicity
[106]

OL (12.5–50 �M) Human embryonic kidney cells
(HEK293), human neuroblastoma cells
(SK-N-SH)

Increased APP �-secretase cleavage with
reduced formation of A� oligomers

[107]

1. Inflammatory pathways and enzymes
2. Pathways related to cell protection and survival
3. Pathways related to energy metabolism
4. Interaction with �-amyloid peptide and Tau

protein.

A summary of studies on the molecular mechanisms
of action of olive oil phenolic compounds is shown in
Table 1.

4.1. Inflammatory pathways and enzymes

Chronic inflammation occurs more commonly with
advanced age, and inflammation is tightly entangled
with the aging process [50]. The search for new
anti-inflammatory drugs with minimal adverse effects,
particularly following prolonged use, or nutraceuticals
with anti-inflammatory properties for the treatment of
chronic inflammatory pathologies common in aging,
such as osteoarthritis and neuroinflammation, is gain-
ing in interest [51].

4.1.1. NF-κB/AP-1
The activation of Nuclear Factor κB (Fig. 1) in

cultured, aged cells precedes the expression of the so-
called “senescence-associated secretory phenotype”

(SASP), i.e. the production and release of a number
of inflammatory cytokines, extracellular proteases and
growth factors. The SASP is thought to contribute to
create a low level-inflammation state in aged tissue, and
a tumor-favoring microenvironment [52]. Increased
NF-κB activation has been found in senescent cultured
endothelial cells [53] but its inhibition delays age-
related symptoms and pathologies in progeroid mice,
reduces oxidative DNA damage and stress, and delays
cellular senescence [54]. The administration of blue-
berry decreases NF-κB levels in the brain of aging rats
and improved memory in object recognition tests [55].

As observed with many polyphenols, olive oil phe-
nols have been shown to inhibit NF-κB activation
under various experimental conditions. For example,
the nuclear translocation of the NF-κB subunits after
A� exposure of neuroblastoma cells was attenuated in
the presence of TYR or HT [56]. Furthermore, NF-kB-
induced transcription was inhibited by an olive extract
containing mainly secoiridoids and by single com-
pounds in human gastric adenocarcinoma cells [57].

In the vasculature, NF-κB activation is associated
with a cascade of events leading to endothelial dam-
age, monocyte adhesion to the endothelium and, in
the long run, to atherogenesis. In cultured endothe-
lial cells, HT and oleuropein showed a strong
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anti-inflammatory activity inhibiting VCAM-1 mRNA
expression induced by LPS, TNF� and PMA [58].
The effect was dependent on the presence of the
binding sites for NF-κB and AP-1 in the VCAM-1
promoter region, and both transcription factors were
significantly inhibited by HT and oleuropein. This
work showed that oleuropein was more potent than
HT and resveratrol in reducing endothelial activation,
and pointed out that all these compounds probably act
downstream of surface receptors, modulating intracel-
lular signaling cascades. The same group has shown
that resveratrol and HT, but not folate and vitamin
B6, strongly reduce homocysteine–induced VCAM-
1 expression in endothelial cells and monocytoid cell
adhesion to the endothelium [59].

Similarly, an olive pomace extract rich in TYR and
oleuropein was able to inhibit NF-κB in endothelial
cells subjected to anoxia, together with the expres-
sion of pro-inflammatory enzymes transcriptionally
controlled by NF-κB, such as iNOS, COX-2, MMP-
9 [60]. Furthermore, an olive oil phenolic extract,
rich in oleuropein aglycone, was found to inhibit
NF-κB-mediated gene expression in human mono-
cytes stimulated with TNF� [61] and this effect was
only partially reproduced by oleuropein aglycone. In
freshly isolated human monocyte/macrophage cells, an
extra-virgin olive oil extract was effective in inhibiting
PMA-induced NF-κB translocation in the nucleus [62].
Lastly, an olive leaf extract was found to down-regulate
the expression of MCP-1, VCAM-1, NF-κB and TNF�
at both protein and mRNA level in a rabbit model of
high lipid-induced atherosclerosis [63].

4.1.2. COX inhibition
Oleocanthal, the dialdehydic form of decar-

boxymethyl ligstroside aglycone (p-HPEA-EDA,
OLC) has been found to display ibuprofen-like prop-
erties, inhibiting both COX-1 and 2 in vitro [64]. How-
ever, the IC50 is about 25 �M for both enzymes, so it is
questionable if these effects are of systemic importance
following the consumption of olive oil or other olive
tree products. In addition, HT was shown to inhibit
COX-1 and 2 in vitro, and its peracetylated semisyn-
thetic derivative was more potent than OLC [65].

4.1.3. p38MAPK signaling pathway
Mammalian p38 mitogen-activated protein kinase

(p38MAPK) is the signaling target of a wide variety of
cellular stresses, including oxidative stress and inflam-
matory signals (Fig. 1), and is an important regulator

Fig. 1. Schematic representation of pathways involved in inflamma-
tory signaling: MAPK and NFκB pathways.

of the inflammatory process [66]. Senescence induc-
tion in vitro is associated with MAPK induction, and
MAPK inhibition reduces the secretion of SASP fac-
tors in senescent cells [67]. In DSS-induced cholitis,
a mouse model of chronic inflammation, the phos-
phorylation of p38MAPK was inhibited in mouse
colon mucosa upon treatment with EVOO or EVOO
enriched with HT [68]. Inhibition of this pathway was
also reported in human colon adenocarcinoma (CaCo-
2) cells exposed to an EVOO-derived polyphenolic
extract, concomitantly with reduced proliferation,
CREB phosphorylation and COX-2 expression [69].

Other studies report instead activation of MAPK
upon treatment with olive phenols. For example, in
breast cancer cells the anti-proliferative effects of
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phenolic mixtures extracted from extra-virgin olive
oil were associated with MAPK activation [70].
Increased MAPK phosphorylation was also reported
in vascular endothelial cells treated with 50 �M HT,
although MAPK was not involved in HT-mediated
cell protection against H2O2 [71]. Furthermore, an
olive pomace containing mainly oleuropein and TYR
has been shown to activate p38MAPK in endothelial
cells subjected to anoxia, but the two main phenols
were only partly responsible for the observed effects
of pomace in these cells [60]. Indeed, a non-phenolic
component of olive oil, the triterpenoid oleanolic
acid, has been shown to rapidly induce p38MAPK
in human coronary smooth muscle cells and this
induction appears to be essential for the up-regulation
of COX-2 and consequent prostaglandin release
induced by oleanolic acid [72].

On the whole, these data do not provide univo-
cal conclusions on the effects of olive oil phenols on
MAPK pathway, as specific effects might depend on
cell type, on cell phosphorylation status, and/or on the
presence and activity of other minor components in
olive extracts.

4.2. Pathways related to cell protection and
survival

Among the many factors involved in the temporal
development and quality of aging, the accumulation

of cellular and molecular damage is one of the most
studied. Oxidative damage, along with impaired mito-
chondrial electron transport [73], and impaired protein
turnover lead to progressive cellular dysfunction and
death, and are considered possible targets for preven-
tive and therapeutic strategies. It has been questioned
whether natural polyphenols can exert direct scaveng-
ing effects in vivo, mainly due to the low concentrations
achieved in blood compared to the active concentra-
tions in vitro [74]. Recently, the prevalent interest is
in evaluating indirect pathways, such as the modula-
tion of the expression of antioxidant and detoxifying
enzymes.

4.2.1. Nrf2 pathway
Several reports indicate that olive oil phenols are

able to activate the nuclear factor E2-related fac-
tor 2 (Nrf2) pathway, similarly to other antioxidant
compounds [75], promoting its nuclear transloca-
tion (Fig. 2) and, in some cases, increasing its
expression. Induction of the Nrf2-dependent anti-
oxidant/detoxifying enzymes glutathione peroxidase
(GPx), glutathione reductase (GR) and glutathione
S-transferase (GST), along with Nrf2 nuclear translo-
cation has been reported in vitro in HepG2 hepatoma
cells exposed to HT [76]. In vascular endothelial cul-
tured cells, silencing experiments have shown that Nrf2
was essential for both the cytoprotective activity of HT
towards H2O2 and the increased endothelial prolifer-

Fig. 2. Schematic representation of pathways involved in cell protection and survival: PI3K/Akt, ERK and Nfr2 pathways. Dotted line: interaction
between the two pathways.
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ation induced by HT [71]. These experiments showed
increased Nrf2 expression besides translocation from
the cytosol into the nucleus, and heme-oxygenase
induction was found to be necessary for the protective
activity of HT in this model.

ARPE-19 cells represent a model of age-related
macular degeneration, a process in which involves
retinal pigment epithelial degeneration. HT protected
these cells from acrolein-induced necrosis, decrease
in total Nrf2 level, GSH loss and oxidative damage
[77, 78]. These data were confirmed using tert-butyl
hydroperoxide (t-BHP) to induce apoptosis in the same
cells and it was shown that Nrf2 activation by HT was
necessary to maintain GSH levels, which is in turn criti-
cal for mitochondrial membrane potential stability and
protection from apoptosis [79]. HT-mediated induction
of Nrf2 target genes, including heme-oxygenase 1, was
shown also in this experimental setting.

However, an artifactual production of biologically
relevant amounts of H2O2 (up to 100 �M) has been
demonstrated in DMEM culture media supplemented
with 10–100 �M concentrations of HT in the absence
of pyruvate, arising from either the interaction of HT
with unknown culture media constituents or its autox-
idation, or both [80]. Although HT and H2O2 show
opposite effects in most of the experiments, this find-
ing underlines a possible confounding factor to be
taken into account in in vitro experiments with HT,
particularly when using high doses.

In a mice model of accelerated aging, Bayram and
co-workers have shown increased expression of Nfr2
mRNA and Nrf2-dependent gene expression and a con-
comitant decrease of lipid and protein oxidation in
the heart upon long-term feeding with a phenol-rich
olive oil compared to animals treated with an olive
oil with lower phenolic content [25]. In vitro experi-
ments in NIH-3T3 murine fibroblasts have shown that
HT, but not other phenols such as TYR, oleuropein,
pinoresinol, caffeic acid, p-coumaric acid or vanillic
acid, is able to induce Nrf2-dependent transactiva-
tion, and that exposure to high concentrations of HT
increases Nrf2 expression [25].

4.2.2. PI3K/Akt and ERK signaling pathways
PI3K (phosphatidylinositol-3-kinase)/Akt and ERK

(extracellular regulated protein kinase) pathways are
involved in cell function maintenance and survival
(Fig. 2). In HepG2 hepatic cells the treatment with
HT increased phosphorylation of PI3K and ERK and
not of p38MAPK or JNK [76]. The activation of

these two signaling proteins was necessary to initiate
Nrf2 nuclear translocation and Nrf2-dependent gene
expression. Furthermore, inhibition of PI3K and ERK
blocked the cytoprotective activity of HT on ROS gen-
eration induced by exposure to t-BHP [76]. In vascular
endothelial cultured cells, Akt and ERK1/2 activation
were involved in the protective effects of HT towards
H2O2-induced cytotoxity [71]. Akt phosphorylation
was also found in vivo in a rat model of myocardial
infarction upon pre-treatment with TYR, along with
increased phosphorylation of the transcription factor
FOXO3a [39]. This treatment concomitantly reduced
myocardial infarct size and improved left ventricular
function.

Although many reports have shown that PI3/Akt
pathway activation can in turn induce Nrf2 activation
and regulate antioxidant functions in cells, PI3K inhi-
bition did not prevent HT-induced Nrf2 activation in
ARPE cells [79], even if the PI3K/Akt pathway was
activated by HT treatment. In addition, PI3K activation
was not necessary to protect t-BHP-treated ARPE cells
from mitochondrial damage and apoptosis. Instead, the
effects of HT on GSH and cell survival were mediated
by JNK activation and JNK-mediated expression of
p62, a protein related to autophagy [81]. That HT treat-
ment might be associated with increased autophagy
has also been reported in muscle of rats subjected to
excessive physical exercise [59].

On the whole, these data indicate that HT can protect
cells from oxidative stress through activation of sur-
vival pathways associated with growth factor receptor
signaling. The role of autophagy in this context, if any,
needs to be elucidated.

4.2.3. Proteasome
The functionality of proteasomes tends to decrease

with age in tissues and in senescent cell cultures [82],
leading to protein turnover derangement and accumu-
lation of damaged proteins. Inhibition of proteasome
activity can accelerate senescence [83] whereas genetic
manipulations leading to proteasome overexpression
are associated with prolonged survival in culture [84].
An olive leaf extract increased all three proteasomal
enzymatic activities in cultured human fibroblasts, and
oleuropein was identified as the phenolic compound
mainly responsible for this effect [35]. Treatment with
purified oleuropein prolonged the proliferative span
of fibroblasts, counteracted the senescence-related
decrease in proteasome activity, thereby increasing
protein turnover and reducing the level of cellular
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carbonylated proteins. The authors hypothesize that
these effects might be due to an oleuropein-induced
conformational change in the 20 S proteasome � ring,
favoring the channel open state, similarly to the action
of SDS.

In in vitro tumor models, a proteasome-dependent
decrease of HER-2 protein in HER-2-positive breast
cancer cells has been shown upon exposure to
EVOO extracts, and the two most active components
were identified as acetoxypinoresinol and deacetoxy-
oleuropein aglycone [85]. However, in this work
proteasome activity was not assayed and the increased
HER-2 proteasomal degradation might have been
related to other mechanisms than proteasome stimu-
lation. Furthermore, many natural polyphenols exhibit
inhibitory rather than stimulatory proteasome activity
in cancer cells [86].

Although the possibility of stimulating proteasome
activity with olive oil phenols is appealing in the con-
text of aging, no further in vitro experiments have been
published which shed light on this mechanism. Only
one report has addressed the issue of proteasome activ-
ity upon olive oil phenol treatment in vivo, showing no
difference in the hearts of SAMP8 mice treated with
a phenol-rich olive oil compared to a low-phenol oil
[25].

4.3. Pathways related to energy metabolism

The fine-tuning of energy metabolism in relation
to nutrient availability is thought to be an important
mechanism for maintaining cell viability and func-
tion. IGF-1 and mTOR pathways, and the regulatory
enzymes AMPK and SIRT1, all involved in energy
metabolism (Fig. 3), have been implicated in the aging
process [87]. Substances able to modulate these mech-
anisms are thought to have the potential to affect
health-span and, as a consequence, lifespan.

4.3.1. AMPK
AMP-activated protein kinase (AMPK) is a sen-

sor of cellular energy status, which phosphorylates a
number of targets, resulting in increases in glucose
transport, fatty acid oxidation, mitochondrial biogen-
esis and gene transcription, and is also thought to
play a role in the expression of various antioxidant
enzymes. Studies in mammals indicate that AMPK
controls autophagy through mTOR, stimulates path-
ways related to stress resistance, such as FOXO,

Fig. 3. Schematic representation of pathways involved in energy
metabolism.

Nrf2, and SIRT1 signaling pathways, and inhibits NF-
κB signaling [88]. Recent studies indicate that the
responsiveness of AMPK declines with aging. Fur-
thermore, this enzyme is activated by the treatment
with anti-aging compounds such as resveratrol [89]
and metformin [90].

HT at high concentrations has been shown to induce
AMPK phosphorylation in ARPE-19 cells treated with
acrolein [78] and in vascular endothelial cells, with
subsequent FOXO3a increased expression and nuclear
translocation [91]. This in turn increases catalase
expression and ROS protection upon treatment of the
cells with H2O2. A low concentration of HT was also
effective in inducing a time-dependent increase in the
phosphorylation of AMPK in 3T3-L1 adipocytes [92].
In a tumor cell line, HT-29, OLC inhibited cell viabil-
ity, colony formation ability and COX-2 expression by
activation of AMPK [93].

4.3.2. SIRT1
The class III histone deacetylase SIRT1 is asso-

ciated with survival and longevity [94]. It activates
PGC1� (peroxisome proliferator-activated receptor
gamma co-activator 1-alpha), a central factor in mito-
chondrial biogenesis, thus improving mitochondrial
function [95], and modulates FOXO transcription fac-
tors [96]. The levels of SIRT1 protein have been shown
to decrease with aging in brain, blood cells and plasma
of C57Bl/6 mice [97]. Treatment with TYR increased
SIRT1 protein expression in the heart of healthy rats
as well as of rats subjected to myocardial infarction
[39]. Increased SIRT1 mRNA has been reported in the
heart of SAMP8 mice treated with EVOO, concomi-
tantly with increased antioxidant/detoxifying cellular
defenses [25].
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4.3.3. Mitochondrial biogenesis and PGC1α

Mitochondrial dysfunctions have been associated
with aging and age-related diseases [98]. Mito-
chondrial biogenesis induced by resveratrol through
PGC1� has been associated with improved aerobic
capacity and motor coordination in adult and aged mice
on a high-calorie diet [95, 99].

Protection from mitochondrial dysfunction by HT
has been reported in retinal pigment epithelial cells
exposed to acrolein-induced oxidative stress [77]. In
the same experimental model, HT at high concen-
trations induced PGC1� and increased mitochondrial
protein expression [78]. PGC1� induction was also
found in 3T3-L1 adipocytes exposed to low concen-
trations of HT [92]. The effects on mitochondrial
DNA and on mitochondrial mass were modest and
only observed at 1 �M, but a conspicuous increase
was found in mitochondrial surface area and den-
sity. Furthermore, an increase in oxygen consumption,
Complex I protein level and in the activity of Com-
plexes I–V was shown [92]. Increased mitochondrial
complex I and II activities were also shown in vivo
in rats subjected to an excessive physical exercise
program: the concomitant treatment with an extract
enriched in HT (calculated dose 25 mg/kg) increased
animal physical endurance and prevented the decrease
of PGC1� in muscle [100].

All these data indicate that olive oil phenols stimu-
late energy metabolism pathways whose activation has
been associated with anti-aging effects.

4.4. Interaction with β-amyloid peptides and Tau
protein

Besides anti-inflammatory and antioxidant activity,
both in principle beneficial in Alzheimer’s disease,
olive oil phenols have been shown to be capable of
interacting directly with two main actors in this neu-
ropathology, i.e. �-amyloid peptides (A�) and Tau
protein. In primary hippocampal neuronal cultures low
doses of OLC were able to interact with Alzheimer’s-
associated A� oligomers, altering their structure and
reducing their synaptotoxicity [101]. OLC has also
been shown to inhibit Tau fibrillization, a process
responsible for the formation of paired helical fil-
aments through the formation of different types of
chemical bonds with Tau peptides [102, 103]. Some
reports have shown interactions between oleuropein
and �-amyloid: oleuropein interacts in solution with

the 28-amino acid residue N-terminal fragment of
the �-amyloid peptide [104] and with the A� (1–40)
peptide [105], and oleuropein aglycone disrupts A�
aggregation and reduces early A� oligomer toxicity in
cell cultures [106].

A further extension of the spectrum of the benefi-
cial properties of oleuropein in AD has been provided
in transfected neuroblastoma cells, where oleuropein
favors Amyloid Precursor Protein �-Secretase cleav-
age with reduced formation of A� oligomers [107].
Thus, olive oil phenolic compounds can alter A�
aggregation and Tau fibrillization and provide neuro-
protective benefits. There is mounting interest in the
search for inhibitors of the formation of protein aggre-
gates in Alzheimer’s disease, and olive oil phenols may
be useful molecules for the design of future drugs to
prevent neurotoxicity.

5. Conclusions

In vivo studies support the epidemiological evidence
that olive oil has beneficial effects on the aging process,
and indicate that they are partially due to the activ-
ity of phenolic compounds. The human intervention
studies point to preventive effects from cardiovascu-
lar diseases, shown by the reduction of risk factors
such as circulating inflammatory mediators and oxida-
tive damage markers both in healthy volunteers and
subjects at various degrees of risk. Considering that
cardiovascular diseases are the leading cause of death
in the human population, these effects can make
an important contribution to enhanced health-span
and lifespan. In addition, animal studies suggest that
treatment with olive oil phenols can help prevent age-
related cognitive and motor dysfunctions, which are an
important cause of disability in the elderly. In general,
these data support the nutritional benefits of the dietary
consumption of good-quality olive oil, and indicate the
possibility of further enhancing these effects by using
“functional” olive oils enriched with added phenolic
fractions.

The studies on the mechanisms of action involved
have been mainly conducted in vitro, and show that
olive oil phenols are able to modulate many cellular
functions related to survival, ability to cope with differ-
ent types of stress and energy metabolism, apparently
acting on intracellular signaling cascades downstream
of membrane receptors. The studies performed with
extracts do not allow attribution of the observed effects
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to one molecule or another, and studies with single
components have used mostly HT, followed by oleu-
ropein and OLC. As it has been repeatedly shown,
olive oil phenols are rapidly and extensively metab-
olized, so these molecules cannot reach most tissues
in significant amounts unless packaged in appropriate
pharmaceutical preparations designed to deliver them
to their target sites. Upon ingestion of olive oil or other
phenolic complex mixtures, the molecules reaching tis-
sues and organs are mainly derivatives of secoiridoid
hydrolysis followed by further phase II metabolism,
and too few data have been collected on the biological
activity of these metabolites.

It can be hypothesized that this repertoire of dif-
ferent chemical entities deriving from the original
polyphenols can act together on multiple targets rather
than modifying a single molecular target. The experi-
ments showing direct interactions with A�, Tau protein
and COX indicate that the secoiridoids have the abil-
ity to modulate directly protein aggregation state and
enzyme functions: whether the smaller metabolites of
phenolic alcohols and acids also have this ability will
have to be demonstrated. All in all, it appears that much
work is still needed before the cellular and molecular
mechanisms involved in the beneficial effects of olive
oil phenols can be clarified. Furthermore, controlled
trials with olive oil, olive derivatives or pure phenolic
compounds in elderly humans might clarify whether
the beneficial effects on cognitive and motor function
reported in animals are attainable in humans.

In conclusion, there is growing in vivo evidence of
the beneficial effects of olive oil phenols on aging
but it is still confined to animal experiments. Further
extensive research is needed to clarify the mechanistic
explanation for these effects.
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