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Abstract: Many studies demonstrated that olive oil (especially extra virgin olive oil: EVOO) phenolic
compounds are bioactive molecules with anti-cancer, anti-inflammatory, anti-aging and neuropro-
tective activities. These effects have been recently attributed to the ability of these compounds
to induce epigenetics modifications such as miRNAs expression, DNA methylation and histone
modifications. In this study, we systematically review and discuss, following the PRISMA statements,
the epigenetic modifications induced by EVOO and its phenols in different experimental systems.
At the end of literature search through “PubMed”, “Web of Science” and “Scopus”, 43 studies were
selected. Among them, 22 studies reported data on miRNAs, 15 on DNA methylation and 13 on
histone modification. Most of the “epigenomic” changes observed in response to olive oil phenols’
exposure were mechanistically associated with the cancer preventive and anti-inflammatory effects.
In many cases, the epigenetics effects regarding the DNA methylation were demonstrated for olive
oil but without any indication regarding the presence or not of phenols. Overall, the findings of
the present systematic review may have important implications for understanding the epigenetic
mechanisms behind the health effects of olive oil. However, generally no direct evidence was pro-
vided for the causal relationships between epigenetics modification and EVOO health related effects.
Further studies are necessary to demonstrate the real physiological consequences of the epigenetics
modification induced by EVOO and its phenolic compounds.

Keywords: extra virgin olive oil; secoiridoids; phenolic compounds; epigenetics; DNA methylation;
histone modification; miRNA; anti-cancer; anti-inflammatory

1. Introduction

From the first evidence from the early 1960s suggesting a link between the eating habits
of people living around the Mediterranean area and the low cardiovascular mortality, the
Mediterranean diet (MD) has been the subject of countless studies aimed at investigating
its potential preventive properties against different chronic-degenerative diseases [1]. Most
of the epidemiological prospective cohort studies have reported an inverse association
between adherence to MD and risk of cardiovascular disease, type 2 diabetes, cancer, and
cognitive-related disorders [2]. Furthermore, MD adherence was inversely associated with
the risk of all-cause mortality, especially in the Mediterranean regions [3]. Accordingly, in
2013, the UNESCO inscribed MD on the representative list of the Intangible Cultural Her-
itage of Humanity (https:/ /ich.unesco.org/en/RL/mediterranean-diet-00884). Among
other dietary characteristics, the main peculiarity of the MD is that olive oil is the primary
lipids” source. As suggested by many investigators, most of the MD human health pro-
motion effects can be attributed to olive oil, specifically to “extra virgin olive 0il” (EVOO).
In the last few years, the health properties of EVOO have been deeply investigated and
efficiently summarized in many excellent reviews [4-6].

The health promoting properties of EVOO have been correlated to its peculiar chem-
ical composition [7]. EVOO contains both major (more than 98% of the total oil weight)
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and minor components. The major components include triglycerides and other fatty acids
derivatives containing mainly monounsaturated fatty acids, in particular oleic acid (up to
83% of the total fatty acid content). Minor components are represented by more than
230 different chemicals including aliphatic and triterpenic alcohols, phytosterols, hydro-
carbons, tocopherols, volatile compounds and polyphenols [8]. Although in the past the
health effects of EVOO have been mainly attributed to oleic acid, more recently attention
has been paid to phenolic compounds [9]. This class of bioactive compounds includes
phenolic acids, phenolic alcohols, flavonoids, secoiridoids, and lignans. Among the phe-
nolic alcohols, hydroxytyrosol (3,4-dihydroxyphenylethanol: 3,4-DHPEA) and tyrosol
(p-hydroxyphenylethanol: p-HPEA) are of particular interest since they are abundantly
and exclusively present in EVOO. They can be present as both free compounds and linked
to either elenolic acid (EA) or its dialdehydic form (EDA), giving rise to the following
secoiridoid derivatives: 3,4-DHPEA-EA (oleuropein aglycon), p-HPEA-EA (ligstroside
aglycon), 3,4-DHPEA-EDA (oleacein), p-HPEA-EDA (oleocanthal) and oleuropein [10,11].
In addition to their potent anti-oxidant properties, these compounds have shown many
additional biological activities both in vitro and in vivo systems. Indeed, several controlled
human intervention trials have now confirmed that rich-polyphenols EVOO is able to
improve some cardiovascular risk factors and prevent cardiovascular events [12]. Never-
theless, many studies have clearly demonstrated that EVOO phenolic compounds possess
many other biological functions that can be correlated to their anti-cancer [11,13], anti-
inflammatory, anti-aging, and neuroprotective activities [14,15]. Most of these effects have
been related to the ability of phenols to control pathways of cell signaling, to modulate
transcription factors activity, and to influence gene expression. Nutrigenomic properties of
EVOO and its phenolic compounds have been recently reviewed [16].

Epigenetics is defined as reversible heritable changes, occurring without alteration of
DNA sequence, which are able to regulate the gene expression. Three main related epige-
netic mechanisms have been so far described: DNA methylation, histone modifications
(acetylation and methylation), and post transcriptional gene regulation by non-coding mi-
croRNAs (miRNAs) [17]. The accurate regulation of the “epigenome” determines whether,
when, and where a gene is either silenced or expressed. Disruption of epigenetic mecha-
nisms has been correlated to chronic diseases upset, particularly cancer [18]. For instance,
miRNAs may act as both oncogenes and tumor-suppressors, depending upon the inhibition
of target genes [19]. Very interesting, being reversible, these processes may be influenced
by dietary and environmental factors. Indeed, nutrition-induced epigenetic variation may
occur throughout the life course [20].

In the last few years, many studies have investigated whether the bioactivity of EVOO
and its phenols could be mediated by epigenetic mechanisms. However, up to now, no
systematic revision has been published focusing on the possible effects of these compounds
on miRNAs expression, modulation of DNA methylation, and histone modification. There-
fore, the aim of this study was to systematically review and discuss the all literature data
in which epigenetic effects have been demonstrated to be induced by both EVOO and its
phenolic compounds. Our findings may have important implications for understanding
the epigenetic mechanisms behind the health effects of olive oil.

2. Results and Discussion

From the primary literature research through PubMed (1 = 88), Web of Science (1 = 69)
and Scopus (n = 93) databases and after removing duplicate (n = 110), 140 records were
identified for title and abstract revision (Figure 1). From them, 66 items were excluded
for the following reasons: 48 were review articles, 15 items considered other iridoid
compounds such as Genipin, Catalpol and Geniposide not present in olive oil, one article
reported only “in silico” data, one was a book, and one was not tracked down. The full
text revision of the 74 remaining articles resulted in a further 33 items excluded as follows:
17 used olive oil as either solvent or control, and 16 items did not show data on either
olive oil or epigenetic effects. In addition, two more articles, found in the references list of
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previous items, were included. Therefore, at the end of the selection process, 43 studies
were included in the systematic review (Figure 1). Among them, 18 reported data on
miRNAs [21-38], 10 on DNA methylation [39-48], 9 on histone modification [49-57], 2 on
histone modification/DNA methylation [58,59], 2 on miRNAs/DNA methylation [60,61]
one each on miRNA /histone modification [62] and on miRNA /histone modification/DNA
methylation [63] (Figure 1).
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v
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Figure 1. Flow diagram of study selection process.

2.1. miRNAs

The characteristics of the 22 selected studies investigating the effects of olive oil and
its phenolic compounds on miRNA expression are shown in Table S1. Sixteen studies
reported data in vitro on different cell systems [21,22,24,26-28,30-32,34-38,60,63], 9 studies
showed results on animal models [23,24,29,30,33,60-62] and 2 studies reported results of
human intervention trials [24,25]. Seven studies investigated the effects of hydroxyty-
rosol [24,27,28,33,35,36,62], 5 articles reported data on oleuropein [26,28,30,31,34], 5 studies
were carried out with olive 0il [23,25,29,60,61] and 2 studies with phenolic extracts obtained
from Olea europaea leaves [21,22]. Two investigations reported data on oleacein [37,63] and
one study each investigated the effect of hydroxytyrosol-oleate [32], hydroxytyrosol-3-O-
sulphate [38] and oleocanthal [37].
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2.1.1. Anti-Cancer Effects

The anti-cancer properties of olive oil and its phenols have been widely investigated
in several in vitro and in vivo systems. Secoiridoids and their derivatives have shown
anti-proliferative, pro-apoptotic and pro-differentiation activities on different tumour cells.
One molecular mechanism involved in these effects could be the modulation of miRNAs
expression. Indeed, “oncomirs” is the name attributed to miRNAs having a role in the
carcinogenic process, which may act as both tumour suppressors and oncogenes [19].
In this systematic review, we found that out of the 22 selected studies, 10 articles have
correlated the up or down expression of different miRNA with an anti-cancer activity of
phenols [21,22,25,26,30,31,34,60,61,63]. The first study, aimed to investigate the effect of
olive oil phenols on miRNAs, was carried out using a phenolic extract obtained from leaves
of Olea europaea (OLE). This phenolic extract, which was particularly rich in oleuropein,
was tested on glioblastoma (GBM) cells [21]. Out of the 40 miRNAs screened, several were
demonstrated to be either up- or down- regulated by OLE on both GBM cell lines [21] and
primary stem-like GBM cells [22]. Interestingly, co-treatment of cells with one the most
commonly used cytostatic drug Temozolomide (TMZ) caused a synergistic effect with OLE
on the reduction of cell proliferation and induction of apoptosis. In addition, co-treatment
changed the expression profile of a subset of the miRNAs. To identify differentially
expressed miRNA target genes related to cell cycle progression and apoptosis pathways,
bioinformatics analysis was used [21]. Some of these important genes, such as TP53 (tumour
protein p53), OCT-4 (POU class 5 homeobox 1), SOX2 (SRY (sex determining region Y)-
box 2), BCL2 (B-cell CLL/lymphoma 2) and c-myc were experimentally demonstrated to
be down regulated by OLE in GBM stem-like cells [22]. The same experimental system
was used to investigate the effect of pure oleuropein on miRNA expression [34]. The
effects were sometime different compared to OLE, in particular regarding the expression of
let-7d which was not significantly affected by OLE (< 2-fold), while it was dramatically
increased by oleuropein (125 and 263-fold at 277.5 and 555 uM oleuropein concentrations,
respectively) [34]. Some differences were also observed when the cells were co-exposed to
oleuropein together with TMZ [34]. These results suggest that the complex olive leaves
phenolic extract contains, in addition to oleuropein, other anticancer compounds acting
with different molecular mechanisms. Further investigations are necessary to clarify this
point, since no other studies have reported the effect of olive oil phenolic extracts on
miRNA expression.

Instead, the anti-cancer properties of oleuropein in relation to the modulation of
miRNA expression were investigated both in vitro on HNE1 and HONE1 nasopharyngeal
carcinoma (NPC) cells [26], Caov3 and Skov3 ovarian cancer cells [30] and MCF-7 breast
cancer cells [32], and in vivo on xenograft mouse models [26,30]. It was found that oleu-
ropein is able to promote radiation sensitivity in NPC and ovarian cancer cells both in vitro
and in vivo through the modulation of miRNA expressions [26,30]. In NPC cells, oleu-
ropein reduced the DNA damage-regulated protein (PDRG1) expression via upregulation
of miRNA-519d. This effect was mediated by downregulation of hypoxia-inducible factor-
1l (HIF1x) expression and inhibition of its binding to the promoter of miRNA-519d [26].
In ovarian cancer cells oleuropein, by upregulation of miRNA-299, suppressed heparanase
(HPSE1) expression leading to an increment of radiation sensitivity in these cells [30]. On
the other hand, in MCF?7 breast cancer cells, oleuropein repressed the expression of master
“oncomirs” miRNA-21 and miRNA-155 [31]. This effect was associated with a reduction of
viability and migration, induction of apoptosis, and upregulation of mRNA of some genes
in cancer cells. However, no causality between miRNA effects and anti-cancer activity
of oleuropein in this cellular system was investigated [31]. Different from oleuropein,
a structurally similar molecule oleacein triggered upregulation of tumour suppressive
miRNAs, including miRNA-29b and miRNA-22 in a human multiple myeloma (MM) cell
line JJN3 [63]. This effect was associated with anti-cancer effects on MM cells (inhibition
of proliferation and cell cycle, induction of apoptosis) and inhibition of the oncogenic
transcription factor Spl. Nevertheless, also in this case, causality between these effects



Molecules 2021, 26, 273

50f17

was not investigated [63]. Another compound of particular relevance in this contest is
hydroxytyrosol, the foremost and most widely investigated phenolic component of EVOO.
It is present in the molecular structure of oleuropein and oleacein, and it is released during
digestion of these secoiridoids. It is curious to note that no study has investigated whether
the chemopreventive properties of hydroxytyrosol on cancer cells could be correlated to
and/or mediated by alteration of miRNA expression.

Three studies have investigated the effect of EVOO on miRNA expression in relation
with its anti-cancer effects. From an in vitro experiment on CaCo-2 colon carcinoma cells, a
phenolic extract obtained from EVOO was found to inhibit the proliferation and upregulate
the expression of the tumour suppressor gene type 1 cannabinoid receptor (CB1) [60].
This effect was confirmed in vivo on rats treated with EVOO (containing a significant
amount of phenols: 320 mg/Kg) both with a single dose and with 10-day administration.
Successively, EVOO was tested to reveal its effect on the expression of four miRNAs known
to be involved in the pathogenesis of colorectal cancer. The expression of two of them,
miRNA23a and miRNA301a, was found to be selectively reduced after either single or
10-day administration of EVOO [60]. Since the control group of rats received water, we do
not know which component of EVOO was responsible for the effects observed. Similarly,
in a colon carcinogenic model of dimethylhydrazine (DMH)-treated rats, an evident anti-
cancer effect of EVOO was found in terms of a reduced tumour incidence, multiplicity
and volume [61]. These effects were associated with a reduction of inflammatory markers
(see below) and to an increment of apoptotic markers (caspase-3 and caspase-9). At the
same time, an upregulation of “tumour suppressors” miRNA-143 and miRNA-145 was
observed together with a heavy hypermethylation of their promoter regions [61]. However,
no causality was demonstrated and no conclusion on the role played by phenols can be
inferred since no appropriate control was available and no data on the content of phenols
present in the EVOO was provided [61]. Further observations of this article on DNA
methylation changes induced by EVOO on Cnr1 gene promoter will be discussed below.
Finally, a human trial was aimed to investigate the effects of EVOO on the miRNome and
transcriptome of healthy subjects and metabolic syndrome (MetS) patients [25]. Subjects
were orally exposed to a single dose of either rich- or low-polyphenols EVOO and after
4 h gene expression microarrays were carried out on peripheral blood mononuclear cells
(PBMCs). In healthy subjects, rich-polyphenols EVOO induced evident changes in many
mRNA expression coding for genes involved in inflammation (see below) and cancer
(upregulation of the DNA Damage Response systems, suppression of different pathways
involved in cell and cancer proliferation such as ERK/MAPK, CXCR4, HGF/EGF HIF1x
signaling cascades). Some of the genes involved in the cancer upset were confirmed by
RTgPCR including retinoid X receptor beta, heat shock 70 kDa protein 1A, cyclin K and
others [25]. At the same time, rich-polyphenols EVOO intake reduced the expression of
two oncogenic miRNAs (miRNA-19a-3p and miR-181b-5p) and upregulate the expression
of a tumour suppressor miRNA (miR-23b-3p). Very importantly, most of these changes
were not observed after low-polyphenol EVOO challenge and were less evident in MetS
patients [25]. Although very interesting, this study showed essentially an association
between miRNA abundance, genes expression and anti-cancer activities. Further studies
are necessary to demonstrate the causal relationships between these effects.

2.1.2. Anti-Inflammatory Effects

As above reported, in addition to the anti-cancer properties two studies, one on
rats [61] and one on humans [25] showed that EVOO was able to modulate miRNAs and
genes with anti-inflammatory properties. In DMH-treated rats, EVOO intake downregu-
lated the mRNA expression of the transcription factor NF-«B and its target genes VEGF
and MMP-9 [61]. In humans, rich-polyphenols EVOO intake suppressed the expression of
interleukin-1 receptor-associated kinase 3, which is involved in the regulation in the NF-kB
and IL-8 signaling, and upregulated the anti-inflammatory miRNA-23b-3p miRNAs [25].
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The anti-inflammatory effect of hydroxytyrosol and oleuropein was investigated
in vitro in a cell line of murine macrophages RAW264.7 and in human granulocytes/
monocytes [28]. At low, nutritionally relevant concentration (10 M), these compounds in-
hibited the PMA-induced activation of granulocytes and monocytes. In murine macrophages,
hydroxytyrosol and oleuropein reduced the LPS induced nitrites and PGE production,
while repressed the LPS induced up regulation of miRNA-146a and induced nuclear translo-
cation of NRf2 ((erythroid-derived 2)-like 2) [28]. Generally, hydroxytyrosol was more
active than oleuropein. In another in vitro system, hydroxytyrosol was able to counteract
adipocytes inflammation induced by TNF-« [35]. Among other effects, hydroxytyrosol
prevented the TNF-induced ROS production, NF-«B activation and upregulation of MCP-1,
CXCL-10, M-CSF, IL-1, VEGFE, COX-2 and MMP-2 both at mRNA and protein levels in
Simpson—Golabi-Behmel Syndrome adipocytes [35]. In parallel, hydroxytyrosol prevented
the TNF-induced upregulation of miRNA-34a and miRNA-155 levels as well as the down-
regulation of let-7c levels in both cells and exosomes. Essentially, similar effects in the same
experimental system of human adipocytes have also been shown for oleocanthal and olea-
cein [37]. Furthermore, an upregulation of let-7 miRNA was observed in human umbilical
and retinal endothelial cells stimulated with IL-1f3 after treatment with hydroxytyrosol-
3-O-sulphate, the major hydroxytyrosol plasma metabolite [38]. In this cellular system,
hydroxytyrosol-3-O-sulphate also prevented IL-1f3 induced endothelial-to-mesenchymal
transition [38].

2.1.3. Other Effects

The ability of olive oil phenolic compounds to modulate the expression of miRNA
in relation to other biological activities has been investigated (Table S1). A possible anti-
osteoarthritis effect of hydroxytyrosol mediated by modulation miRNA was reported on
both human primary and C-28/12 chondrocytes [27]. This phenol prevented the upregula-
tion of miRNA-9 and the downregulation of SIRT-1 induced by treatment of chondrocytes
with HyO,. Very importantly, the causal relationship between the upregulation of miRNA-9
expression and the downregulation of SIRT-1 was clearly demonstrated by both silencing
experiments and luciferase-based gene reporter assay [27]. These experiments allowed to
conclude that the protective action of hydroxytyrosol against the damaging effects of oxida-
tive stress in chondrocytes and osteoarthritis-related effects was mediated by miRNA-9 [27].
The same authors have further demonstrated that the effects of hydroxytyrosol (and ox-
idative stress) on miRNA-9 expression were mediated by interfering with the promoter
methylation [42]. Essentially, these treatments modulated miRNA-9 expression by exerting
opposite effects on the promoter methylation status, with oxidative stress reducing and
HT rescuing and sustaining the hypermethylation of CpG islands [42]. Although very
interesting, these data obtained with pharmacological doses of hydroxytyrosol (100 uM)
make it difficult to predict whether the daily intake of this compound with a diet may
have any physiological relevance in the prevention of osteoarthritis. An anti-oxidant
effect, in terms of reduction of both ROS and malondialdehyde production, has been re-
ported for the hydroxytyrosol-oleate at more physiological concentration (5 pM) on human
keratinocytes [32]. These effects were associated with the upregulation of miRNA-34a,
miRNA-21 and miRNA-29a [32]. Whether a causal relationship exists between these two
phenomena remains to be determined.

In an aging mouse model, it was found that EVOO rich in phenols (H-EVOO:
718.8 mg/kg) was able to counteract the age-related decline in motor coordination, spa-
tial memory and anxiety-related behaviour [29]. These behavioural modifications were
compared with mice fed a diet containing low phenols EVOO (L-EVOO: 9.3 mg/kg) and
were associated with changes in gene and microRNA expression in brain. In particular,
H-EVOO was able to counteract the downregulation of some brain genes that occurs during
aging. Among them, a significant upregulation of genes associated with synaptic plasticity
and with motor and cognitive behaviour including Notch1, BMPs (bone morphogenetic
proteins), NGFR (nerve growth factor receptor), GLPIR (glucagon-like peptide-1receptor)
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and CRTC3 (CREB-regulated transcription coactivator 3) was observed [29]. At the same
time, H-EVOO downregulated sixty-three miRNAs, out of 1203 analysed, resulting in a
mice cortex miRNA expression profiles similar to those observed in young mice [29].

Another study on rats has shown that maternal consumption of different types of fatty
acids during early pregnancy influences miRNA expression in both maternal and offspring
tissues [23]. In particular, olive oil used as a source of n-9 fatty acid, upregulated a series
of miRNA in offspring tissues compared to the soybean oil, including miR-215, miR-10b,
miR-26, miR-377-3p, miR-21, and miR-192. However, the presence and concentration of
phenols in olive oil were not mentioned. In addition, similar effects were also obtained with
other oil such as fish oil, linseed o0il and palm oil leading to excluding a role of phenolic
compounds [23].

The possible beneficial effect of hydroxytyrosol on cognitive impulsivity and anxi-
ety, an attribute common to different neurodegenerative diseases including Alzheimer’s
disease (AD), was investigated in a mouse model of 0A42i- (soluble oligomeric amyloid
31—42 plus ibotenic acid) induced AD [39]. Hydroxytyrosol prevented several deleterious
effects induced by 0A42i. It improved the impulsive decision-making and attenuated
the anxiety-like behaviour in the 0cA42i-challenged mice. This effect was associated with
an upregulation in the mice hippocampi of miRNA-124, which was decreased by 0A42i
treatment, and to a downregulation of HDAC6 and HSP90 proteins, which were increased
by 0A42i treatment [39]. Interestingly, hydroxytyrosol induced a transcriptional activation
of CRTC1, an effect similar to that observed for the CRTC3 in the aging-model reported
above [29]. The in vivo findings were confirmed in vitro on organotypic hippocampal slice
cultures (OHSCs) using a dose of hydroxytyrosol of 100 uM. Since the route of admin-
istration and the dose of hydroxytyrosol used in the in vivo experiments have not been
reported, no preventive role on AD in humans can be defined under conditions of normal
dietary intake of this compound.

Two further studies have suggested that the miRNA modulating properties of hy-
droxytyrosol could be, at least in part, involved in the regulation of genes correlated to the
oxidative stress, lipid metabolism and other metabolic processes [24,33]. Several miRNAs
were modulated in different organs of mice fed with hydroxytyrosol. Administration of this
compound increased triglyceride levels [24]. In particular, one-week supplementation with
hydroxytyrosol resulted in an increased expression of miRNA-193a-5p in human healthy
subjects [24]. In a further transcriptomic analysis of mice, two novel potential hydroxyty-
rosol target genes were found, i.e., Fgf21 and Rora [33]. Once again, these studies suggest,
but do not prove, that hydroxytyrosol-modulated miRNAs contribute to the regulation of
genes involved in oxidative stress, lipid metabolism and other metabolic processes. The
most relevant effects exerted by olive oil and its phenols on miRNAs expression in relation
to the different biological and healthy properties are shown in Figure 2.

2.2. DNA Methylation

The characteristics of the 15 selected studies investigating the effects of olive oil
and its phenolic compounds on DNA methylation are shown in Table S2. Five studies
reported data in vitro on cell systems [46,53,59,60,63], 8 studies showed results on animal
models [40-43,48,58,60,61] and 3 studies reported results on human trials [39,45,47]. Eleven
studies were carried out with olive oil [39-43,45,47,58-61], 2 articles reported data on
oleacein [46,63], one study each investigated the effect of hydroxytyrosol [48] and of an
extract obtained from Olea europaea leaves [44].
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Figure 2. Main effects of olive oil and/or its phenolic compounds on miRNAs expression in relation to different biological

and healthy properties. “1+” and “]” indicate increment and decrement of miRNA expression, respectively.

2.2.1. Anti-Cancer Effects

Three studies have investigated the chemopreventive potential of EVOO on the rat
model of carcinogenesis, two of them using DMBA to induce breast cancer [41,58] and one
using DMH to induce colon cancer [61]. Surprisingly, the data on breasts did not show
any cancer preventive activity by EVOO [41] in one case or even a deleterious effect in
the other [58]. In contrast, EVOO was very effective in reducing incidence, multiplicity
and size of colon tumours [61]. Several effects on DNA methylation were observed in
both animal models. In particular, discordant results were obtained regarding the mRNA
expression of DNMT3a in breast cancer cells, which was downregulated in one study [58]
and upregulated in the other [41]. Instead, the preventive effect on colon cancer was
associated with: (i) an increase of methylation of promoter region of NF-«B, VEGF, MMP-9
coupled to a downregulation of relative genes expression; (ii) a decrease of methylation of
promoter region of miR-143, miR-145, caspase-3 and caspase-9 coupled to an upregulation
of caspase-3 and caspase-9 genes expression [61]. The main limit of these studies is that they
focalized the attention on fats (olive oil was used as n-9 monounsaturated fatty acid source)
and did not consider the presence or not of phenolic compounds in EVOO. The phenolic
profile of the EVOO used in these studies may deeply influence its epigenetic effects.
Indeed, a study on human colon cells demonstrated that the ability of phenol rich EVOO to
upregulate the promoter methylation of CNR1 gene and downregulate its expression was
lost after removing phenols (rectified olive oil: ROO) [60]. In addition, oleacein, one of the
most abundant phenols present in EVOO, was able to inhibit tumorigenesis both in vitro
and in vivo (xenograft transplantation) of breast cancer steam cells [46]. Oleacein, acting as
SAM competitive inhibitor, was able to inhibit DNMT1, 3A /3L and 3B/3L enzyme activity
in breast cancer cells nuclear extract [46]. An anti-cancer activity of oleacein was also
reported against multiple myeloma cells, although no effect of global DNA methylation
and mRNA and protein expression of DNMT1, DNMT3A and DNMT3B was observed [63].
In contrast to oleacein, hydroxytyrosol was able to increase the global DNA methylation
of pig fetus after supplementation of the maternal diet [48]. This effect was associated
with an improved fetal antioxidant status and glucose metabolism. Finally, treatment
of human primary GBM tumour cells with an Olea europaea leaf extract inhibited the
proliferation, decreased p53 expression and caused an increment of O6-methylguanine-
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DNA-methyltransferase (MGMT) promoter methylation [44]. All of this evidence suggests
that the chemopreventive activities of EVOO phenols may be correlated to its ability to
modulate the methylation status of important genes involved in the carcinogenesis process.

2.2.2. Anti-Inflammatory Effects

As reported above, EVOO exerted anti-inflammatory activity in the colon of DMH
treated rat favoring the hypermethylation of promoter region of NF-«B and silencing its
mRNA and protein expression [61]. Similarly, Sprague-Dawley rats fed a diet containing
10% fat derived from different oils (coconut, sunflower and olive) showed both an increment
of TNFo promoter methylation and a decrease of TNFx both mRNA expression and release
in adipocytes of olive oil fed animals compared to coconut oil [42]. In the same experimental
system, it was also found that olive oil reduced the VEGFB (vascular endothelium grown
factor b) promoter methylation levels in rat visceral and subcutaneous adipose tissue
and increased the VEGFB gene and protein expressions [43]. However, these effects were
small and no evidence was provided about their possible real functional consequences
on obesity, inflammation and other associated metabolic diseases. Further evidence on
anti-inflammatory properties of EVOO was provided by an in vitro study showing a
preventive activity toward lipopolysaccharides (LPS)-induced inflammation on human
macrophages (THP-1 cells) [59]. EVOO was particularly efficient in restoring a normal
level of some inflammatory genes such as IL-6, IL-13 and MCP-1. At the same time, EVOO
caused a reduction of both DNMT3A and DNMT3B mRNA expression. In addition, it
prevented the increase of TET2 expression and the reduction of global DNA methylation
induced by inflammation in macrophages [59]. Unfortunately, these in vitro results on
IL-6 were not reproduced in a human intervention trial with EVOO on cyclists in which a
pro-inflammatory state was induced by acute aerobic exercise [47]. In this case, although
EVOO significantly reduced the IL6 CpG3 DNA methylation in comparison with n-3
PUFA supplementation, no significant effect was observed regarding the IL-6 mRNA
expression [47]. Furthermore, no significant effects by EVOO were also observed on global
DNA methylation and mRNA expression of DNMT3a and DNMT3b, while a reduction of
mRNA expression of DNMT1 was evident [47]. It is important to underline that all these
studies that have tried to correlate the anti-inflammatory activities with the modulation of
DNA methylation status were carried out with EVOO for which the phenolic composition
was not reported. This makes it impossible to hypothesize the involvement of phenols in
these effects. Further studies comparing the effect of high- or low- phenol EVOO will shed
some light on this question.

2.2.3. Other Effects

Two additional human trials were performed with olive oil [39] or EVOO within a
Mediterranean diet [45] to reveal their potential effect on DNA methylation. In the first
case, the effects of olive oil on DNA methylation of genes involved in PUFA biosynthesis
in peripheral blood mononuclear cells of chronic kidney disease patients were compared
with n-3 LC-PUFA. It was found that the olive oil induced methylation increased of
CpGs in some 5’ regulatory regions of specific genes was associated with a repression of
FADS2, FADS1, ELOVLS (only female) and ELOVL2 mRNA expression [39]. These data
are important for understanding the effect of fatty acids on PUFA metabolism and cell
function. The other human intervention trial was aimed to study the influence of two
Mediterranean diets, one rich in EVOO and the other one in nuts on the methylation status
of peripheral white blood cell genes [45]. A low-fat diet was used as control. The results
indicated that, after five years of intervention, the EVOO rich Mediterranean diet prevented
diabetes, hypercholesterolemia and arterial hypertension. Among the 223 CpGs screened,
a decrease in DNA methylation of cg17071192-GNAS/GNASAS was found in subjects
following the EVOO rich Mediterranean diet compared to both nut rich diet and control
diet [45]. GNASAS encodes for an antisense RNA transcript that regulates GNAS, which
has been involved in glucose and energy regulation. Although these findings may have
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implications for understanding the epigenetic mechanisms behind the health effects of
olive oil, no direct evidence was provided for their real physiological consequences. In
addition, once again, the role of phenols on these effects was not considered. The most
relevant effects exerted by olive oil and its phenols on DNA methylation in relation to the
different biological and healthy properties are shown in Figure 3.
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Figure 3. Main effects of olive oil and/or its phenolic compounds on DNA methylation in relation to different biological

and healthy properties. “1” and “]” indicate increment and decrement of DNA methylation, respectively.

2.3. Histone Modification

The characteristics of the 13 selected studies investigating the effects of olive oil and its
phenolic compounds on histone modification are shown in Table S3. Eight studies reported
data in vitro on different cell systems [49,53-57,59,63], 3 studies showed results on animal
models [50,58,62] and 2 studies reported results ex vivo on freshly isolated cells from human
tissue [51,52]. Two studies investigated the effects of hydroxytyrosol [51,62], 3 articles
reported data on oleuropein [50,54,57], 3 studies were carried out with olive oil [52,58,59],
and one study with phenolic extract obtained from olive oil [49]. Four investigations
reported data on oleacein [53,55,56,63].

2.3.1. Anti-Cancer Effects

In addition to the epigenetic effects above reported, the histone modifications have
also been considered hallmarks of cancer [64]. These reversible epigenetic effects may
be induced by nutritional factors, including EVOO and its phenolic compounds. Indeed,
out of 13 selected studies, 8 articles have correlated the histone modifications with an
anti-cancer activity of the phenols [49,53-58,63]. Two of these articles were already dis-
cussed above [58,63]. The first was the only study to investigate the ability of EVOO to
modify histone proteins on an animal model. In the DMBA induced breast cancer in rats,
EVOO reduced the H4K16ac levels in mammary gland and in tumour tissue while the
H4K20me3 was decreased only in tumour tissue [58]. Instead, H3K27me3 and H3K4me2
were not significantly affected [58]. Since lysine acetylation and methylation of histones,
such as H4K16ac, H4K20me3, H3K27me3 and H3K4me2, have been frequently associated
with breast cancer, these results support the possible preventive effect of EVOO on this
disease. In the second study, the anti-cancer effects of oleacein on several myeloma multiple
cell lines were associated with a reduced expression levels of both mRNA and protein of
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class I/1I histone deacetylases, and with an increased acetylated histones H3 and H4 [63].
These effects were not due to an inhibition of HDAC activity but were associated with a
downregulation of Sp1, the major Caspase 8 dependent trans-activator of HDACs promoter.
Interestingly, oleacein synergistically enhanced the anti-cancer activity of the clinically
relevant proteasome inhibitor carfilzomib. This combination reduced the viability and in-
creased apoptosis in NCI-H929-treated cells [63]. Further in vitro studies demonstrated that
oleacein was able to suppress the overproduction of oncometabolite R-2-hydroxyglutaratye
(2HG) in both MCF10A and HCT116 (both wild type and heterozygous IDH1-R132H
mutation expressing cells) by inhibiting the enzymatic activity of the recombinant mu-
tant isocitrate dehydrogenase 1 (R132HIDH1) [53]. These effects were associated with a
reduction of both the H3K9me3 levels and the number and size of colonies of MCF10A
and HCT116 cells [53]. Cuyas et al. further confirmed the epigenetics-mediated anticancer
effects of oleacein [55,56]. By using a systematic chemoinformatics approach coupled
to laboratory-based confirmatory testing, the authors showed that, in a low-micromolar
physiological concentration range (<20 umol/L), oleacein was able to inhibit the activity
of lysine-specific demethylase 6A and N-methyltransferase 4, together with the suppres-
sion of acetyl-CoA-synthesizing enzyme (ACLY) and nicotinamide N-methyltransferase
(NNMT), two metabolic enzymes associated with many types of tumours [55,56]. More-
over, oleacein was able to suppress the demethylase activity of LSD1 (KDM1A) (IC50 of
~2.5 umol/L). This phenomenon can be explained in terms of the ability of oleacein to
inhibit transcriptional factor SOX2 in breast cancer stem cells, at protein and mRNA level,
via LSD1 inhibition [55,56].

In MCF7 breast cancer cells, oleuropein exerted anti-cancer effects by reducing the
cell viability and migration, and inducing apoptosis. These effects were associated with
a downregulation of HDAC2 and HDAC3 expression, two genes highly expressed in the
more aggressive subgroups of breast cancer [54]. In the same cellular model, oleuropein
was also able to reduce the mRNA expression of HDAC4. Similarly, this epigenetic effect
was associated with a cytotoxicity on MCF7 cells, and to a pro-apoptotic and anti-migration
ability [57]. Although further studies are need, these data suggest that oleuropein can be a
safe cancer preventive and therapeutic agent acting on epigenetic mechanisms including
HDAC inhibition.

In addition to the single compounds, the epigenetic effects of complex phenolic
mixtures isolated from EVOO were also studied. In particular, Oliveras-Ferraros et al.
investigated in vitro epigenetic effects of a crude phenolic extracts (EVOO-PE) obtained
from 14 monovarietals of Spanish EVOO on JIMT-1 breast cancer cell line [49]. They
observed that EVOO-PE treatment incremented the H3K18ac levels. The anti-cancer effects
of crude extracts were associated with the inhibition of cell growth and the arrest at the
G2/M phase of the cell cycle. These activities were positively correlated with total phenolic
indexes and secoiridoids content, while they were inversely correlated with the content of
lignans [49]. The EVOO-PE induced effects on the JIMT-1 transcriptome and the consequent
key pathways/functions potentially associated with the degree of anti-tumour activity were
further analysed. It was found that the enriched gene set responsible for the differential
efficacy of secoiridoids-rich versus secoiridoids-low /null EVOO-PE was the cell cycle and
p53 signaling pathway, in particular CREBBP, CDKNI1A (p21, Cip1), CDKN1C (p57, Kip2)
and PMAIP-1 (Noxa, APR) and GADD45 genes. Moreover, the ability of EVOO-PE to
inhibit JIMT-1 cell growth and to activate GADD45 genes was closely related to their ability
to activate MEK1, p38 MAPK, Stat3, and NF-«B p65. As reported above, these effects were
correlated with the secoiridoids content in the EVOO-PE [49].

2.3.2. Anti-Inflammatory Effects

Out of the 13 selected studies, just one study investigated the EVOO induced histone
modifications in association with the anti-inflammatory activity [59]. In addition to the
epigenetics effects described above regarding the miRNA and DNA methylation, EVOO
was able to restore the overexpression levels of HDAC1 and HDACS3 induced by low-
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level inflammation in the THP-1 cell line. This effect was associated with a restoration of
membrane fluidity, which resulted in being altered by inflammatory stimuli [34]. Various
studies showed the ability of olive oil polyphenols, such as oleuropein and oleacein, to
decrease the HDACSs, but these results have been discussed in terms of anti-cancer effects
in the previous section.

2.3.3. Other Effects

Recently, histone acetylation is emerging as an important element in the pathogen-
esis of neurologic disorders such as Alzheimer’s disease (AD) [65]. Histone acetylation
ameliorated cognitive deficits in AD animal models, and its targeting is considered a novel
promising therapeutic strategy to treat AD [66]. Based on the experimental and epidemio-
logical evidence of health benefits on neurodegenerative diseases via epigenetic actions
exerted by many plant polyphenols [67], olive oil polyphenols have been investigated
for their potential histone acetylation activity on AD [50]. In this regard, hydroxytyrosol
and oleuropein were studied. As previously mentioned, it was found that hydroxyty-
rosol in vivo, in a mouse model of 0A42i (soluble oligomeric amyloid 31—42plus ibotenic
acid)-induced AD, increased miRNA124, which was decreased by 0A42i treatment. This
effect seems to be correlated with the decrease of HDACS, increased by 0A42i treatment,
assuming that HDAC is the downstream target of miRNA-124 [62]. Oleuropein increased
the levels of H3K9ac and H4K5ac in the brain of TgCRNDS8 mice; moreover, it decreased the
HDAC2 levels [50]. In the same AD mouse model, oleuropein reduced functional deficit,
decreased the glutamynil cyclase expression and induced autophagy. The anti-AD effect
of oleuropein was also demonstrated by a reduction of pE3-Af and A342 plaques in the
cortex and hippocampus of AD mouse model and in vitro modifying the aggregation path
of pE3-Afs and skipping or reducing the presence of toxic intermediates [50].

One ex vivo study investigated the histone modification induced by hydroxytyrosol
in correlation with diabetes, in particular on wound formation and healing [51]. This study
was carried out in tissue sections obtained from the peri wound of a diabetic ulcer treated
with a commercial topical product, containing the Olivamine 10® formulation, which
includes a hydroxytyrosol containing olive extract. It was found an increment of HDAC6
level, a a-tubulin deacetylase, without any quantitative change in the acetylated a-tubulin
levels, suggesting the ability to promote chemotactic cell movement [51]. Moreover, it
was demonstrated in vitro the ability of hydroxytyrosol to inhibit the LSD1 demethylase
(IC50 of 3.57 uM), a key histone modifier involved in the maintenance of gene expression
in human embryonic stem cells [68]. LSD1 demethylase is overexpressed in many cancer
types [69], and its inhibition has been shown to mitigate cellular proliferation and invasion
of neoplastic cells. Certainly, more investigations are needed to know both the effect of
HDACS6 expression on wound healing and, in particular, whether the expressional increase
in HDAC6 within the tissue was due to hydroxytyrosol specifically or to the synergistic
effect of the Olivamine 10® compounds [51].

To support the evidence that maternal diet modifies epigenetic programming in off-
spring, with consequences on the regulation of the immune system, an interesting study
investigated the role of maternal intake of EVOO on placental histone acetylation in im-
mune regulatory genes [52]. Authors found that H3 acetylation levels at the promoters of
FOXP3, interleukin 10 receptor subunit alpha (IL10RA) and interleukin 7 receptor (IL7R)
genes were significantly increased in the placenta specimens from antroposophic mothers
who regularly used EVOO respect non-antroposophic mothers [52]. These data suggest
that compounds in olive oil may have particularly important effects on the histone marks in
placenta. These effects were not associated with demographic variables that could influence
placenta acetylation (maternal age at birth, parity, birth weight gestational age, or parental
smoking). Although this study did not investigate the way in which H3 and H4 acetylation
differences are reflected at the gene expression level, the authors speculate that acetylation
may lead to elevated transcriptional activities of these genes that could promote the acces-
sibility of FOXP3, ILI0RA and IL7R promoters to the transcriptional machinery. This may
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affect early innate immune responses, anti-inflammatory mechanisms [70,71], generation of
regulatory T-cells and tolerance [72]. As previously discussed, some polyphenols present
in EVOO showed the H3 acetylation ability by downregulating HDAC2, HDAC6 and the
lysine-specific histone demethylase 1 (LSD1) such as oleuropein [50] and hydroxytyrosol,
respectively [51,52]. The most relevant effects exerted by olive oil and its phenols on histone
modification in relation to the different biological and healthy properties are shown in
Figure 4.
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Figure 4. Main effects of olive oil and/or its phenolic compounds on histone modification in relation to different biological

and healthy properties. “1” and “]” indicate increment and decrement of histone modification, respectively.

3. Methods

In this study, the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) statements were followed [73]. In order to find out articles investigat-
ing the epigenetic effects of EVOO and olive oil secoiridoid phenols, we carried out a
systematic electronic literature search in April 2020, without restrictions, on PubMed
(http:/ /www.ncbi.nlm.nih.gov/pubmed /), Web of Science (http://wokinfo.com/) and
Scopus (https://www.scopus.com/home.uri) databases. The following key words were
used: (“olive oil” OR hydroxytyrosol OR oleuropein OR oleocanthal OR oleacein OR
secoiridoids) AND (“DNA methylation” OR “histone modifications” OR miRNA OR epi-
genetic). In addition, the reference lists of included articles and recent significant reviews
were manually examined to identify additional relevant publications. Potential identified
articles were included if they reported data on the epigenetic effects of olive oil phenols
on different models both in vivo and in vitro. Only data from experimental studies were
considered, the “in silico” and “bioinformatics” data were not considered. The epigenetic
modifications considered were: DNA methylation, post-translational histone modifications
(acetylation and methylation) and miRNA expression. These effects may be correlated to
each other; for instance, the expression of miRNAs may be regulated by other epigenetic
mechanisms such as DNA methylation and histone modifications. Indeed, some studies
investigated more than one single epigenetic modification. From the selected studies, we ex-
tracted the following information: first author’s last name, year of publication, compound
tested, study model adopted, epigenetic effect and other relevant effects.

4. Conclusions

Several studies have investigated the possible correlation between the biological
activities of olive oil and its phenolic compounds with epigenetic modifications. The
findings summarized in the present systematic review may help to understand the role
played by epigenetic mechanisms behind the health properties of olive oil. The effects of
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phenols on miRNAs expression have received the majority of attention. However, as the
studies were conducted in very different ways in terms of cell systems, compounds tested
and miRNAs measured, it is difficult to suggest a single shared effect. It is remarkable to
note that most of the studies on DNA methylation were done with EVOO, the phenolic
composition of which was not reported. In addition, no direct evidence was provided
for the causal relationships between epigenetics modification and health related effects.
Therefore, further studies are necessary to demonstrate the real physiological consequences
of the epigenetics modification induced by EVOO and its phenolic compounds.
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