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Extra-virgin olive oil and the gut-brain axis: influence on
gut microbiota, mucosal immunity, and cardiometabolic
and cognitive health

Jasmine F. Millman, Shiki Okamoto @, Taiki Teruya, Tsugumi Uema, Shinya lkematsu,
Michio Shimabukuro, and Hiroaki Masuzaki

Extra-virgin olive oil (EVOO), a popular functional food and major source of fat in
the Mediterranean diet, pos sesses a variety of healthful components, including
monounsaturated fatty acids and bioactive phenolic compounds that, individually
and collectively, exert beneficial effects on cardiometabolic markers of health and
act as neuroprotective agents through their anti-inflammatory and antioxidant ac-
tivities. The gut microbiota and health of the intestinal environment are now con-
sidered important factors in the development of obesity, metabolic disease, and
even certain neurodegenerative conditions via the gut-brain axis. Recently, data are
emerging which demonstrate that the health-promoting benefits of EVOO may also
extend to the gut microbiota. In this review, we aimed to examine findings from re-
cent studies regarding the impact of EVOO on gut microbiota and intestinal health
and explore how modulations in composition of gut microbiota, production of
microbially produced products, and activity and functioning of the mucosal im-
mune system may lead to favorable outcomes in cardiovascular, metabolic, and
cognitive health.

INTRODUCTION diseases and increased life expectancy, as evidenced

from a number of randomized clinical trials.'> An inte-

The Mediterranean diet, rich in plant-based foods and gral component of the Mediterranean diet, extra-virgin
incorporating moderate intake of fish and wine and low olive oil (EVOO), obtained via the mechanical extrac-
intake of red meat and processed foods, has been associ- tion of the olive fruit, without the use of heat or sol-
ated with a reduced risk of development of chronic vents, and required to possess no greater that 0.8% free
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acidity, is well known for its organoleptic and nutri-
tional properties as well as its beneficial effects on a
number of markers of cardiometabolic health and
chronic disease risk.* The health-promoting properties
of EVOO have been largely attributed to the high con-
centration of monounsaturated fatty acids, as well as
the presence of a variety of phenolic compounds.*” The
mechanisms by which EVOO exerts positive outcomes
on cardiovascular and metabolic health are numerous
and include lipid- and blood glucose-lowering-effects
as well as polyphenol-influenced anti-inflammatory and
antioxidant effects via inhibition of cyclooxygenase-2,
suppression of nitric oxide synthase expression and ac-
tivation of nuclear factor erythroid-2-related factor.®™'°

Extra-virgin olive oil and its phenolic compounds
are promising for prevention and treatment of certain
neurodegenerative diseases, such as Alzheimer disease
(AD).'"'? Studies in humans have indicated that an
EVOO-rich Mediterranean diet can significantly reduce
the risk of AD.">'* Rodent studies also support these
findings, revealing that oral administration of EVOO
and specific EVOO phenolic compounds, in particular,
can reduce the accumulation of f-amyloid (Af) depos-
its and tau neuropathologies in mouse models of AD,
resulting in improved memory and cognition.'>™"?

Accumulating evidence supports the notion that
consumption of an EVOO-rich Mediterranean diet can
also promote favorable outcomes on gut microbiota
and associated microbial metabolites, supporting the
health of the intestinal environment.”*">* In parallel,
positive effects on gut microbiota and intestinal immu-
nity have been observed with consumption of EVOO in
animals and humans.”*">" Extra-virgin olive oil affects
the gut microbiota by reducing the abundance of patho-
genic bacteria, stimulating the growth of beneficial bac-
teria, and increasing the production of microbially
produced short-chain fatty acids (SCFAs), which exert a
wide range of anti-inflammatory effects and can modu-
late the expression of a variety of genes via epigenetic
mechanisms.”>** Administration of EVOO influences
the health of the intestinal mucosa and supports gut
microbiota homeostasis by encouraging intestinal im-
munoglobulin A (IgA) production, as quantified by
enzyme-linked immunosorbent assays using fecal
homogenates; dampening down inflammatory cytokine
production®; supporting production and expression of
cytokines and transcription factors involved in reducing
inflammation and promoting immune tolerance in the
intestine’’; and protecting against intestinal oxidative
injury through the potent antioxidant activity of EVOO
phenolic extracts.*

In this review, we highlight recent scientific prog-
ress in humans and rodents in which the impact of
EVOO consumption on gut microbiota was explored,

as was the possible role EVOO-modulated gut micro-
biota play in regulating intestinal immunity and pre-
venting cardiovascular, metabolic, and cognitive
dysfunction and disease. Most reviews to date summa-
rize the health benefits of EVOO on a particular aspect
of health, namely cardiovascular, metabolic, and cogni-
tive health (with EVOO included as part of the
Mediterranean diet). However, few reviews have been
devoted to exploring the impact of EVOO and its con-
stituents on the gut microbiota. Therefore, unlike other
recent review publications, in this review, we focused
on the impact of EVOO, as well as its constituents, on
the gut microbiota and intestinal immunity, with a spe-
cial emphasis on the role of the gut-brain axis, and ex-
plored the potential mechanisms of how EVOO-
induced modulations in gut microbiota and intestinal
health can lead to therapeutic outcomes in cardiovascu-
lar, metabolic, and cognitive health.

We searched the PubMed database for articles in
English, using the following terms: extra-virgin olive
oil, polyphenols, gut microbiota, immune system, car-
diovascular health, metabolic health and cognition
(from 2010 to April 2020). Figure 1 outlines a summary
of the widespread health benefits of EVOO.

NUTRITIONAL PROPERTIES OF EVOO

Extra-virgin olive oil mainly comprises fatty acids
(98%-99% by weight)® with monounsaturated fatty
acids such as oleic acid (18:1 ®9) representing be-
tween 55% and 83% of the total fatty acids.”® Other
minor, yet valuable, components like phytosterols,
tocopherols, squalene, and phenolics make up the
remaining (1%-2%) weight of EVOO.* There are
>100 different phenolic compounds in olive-derived
products; the main phenolics are found in EVOO, in-
cluding the simple phenols, hydroxytyrosol and tyro-
sol, and the secoiridoids, oleuropein, oleocanthal, and
ligstroside, all of which possess potent antioxidant ac-
tivity and prolong the shelf life of EVOO.>*” The con-
centration of phenolic compounds in EVOO can
range from 50 to 940 mg/kg, with concentration de-
pendent on a variety of factors, including olive culti-
var, growing conditions, and oil extraction processes
and techniques.”” Tables1 and 2 display the major
fatty acid and major phenolic compositions, respec-
tively, of selected olive varieties used in EVOO.
Italian olive cultivars such as Coratina and Leccino
have moderate amounts of oleic acid (78.8% = 3.9%
and 76.7% = 4.1%, respectively) (expressed as mean =
SD), as well as total phenolic concentration (116 mg/
kg and 125mg/kg, respectively).”® Interestingly, the
Spanish Picual and Greek Koroneiki cultivars possess
higher amounts of oleic acid (80.7% *2.0% and
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Figure 1 Schematic overview of the numerous health benefits of extra-virgin olive oil.

Table 1 Major fatty acid composition of selected varieties of extra-virgin olive oil

Olive cultivar®

Fuentes et al. (2018)®

Montafo et al. (2016)*° Di Lecce et al. (2020)*°

Reference Coratina Leccino Arbequina Picual Kalamata Koroneiki
Fatty acid methyl ester composition (%)

C16:0 13.60 £ 0.6 13707 15314 116*12 15.6+0.1 10.60.0
Palmitic acid

C16:1 1.2+03 1.3+0.2 1.6+0.2 1.0£0.2 2.2 *0.1 0.6+0.0
Palmitoleic acid

C18:0 1.91 £0.30 1.7+0.2 1.3*+05 20£09 22 +0.1 2.5 +0.00
Stearic acid

C18:1 788 *39 76.7 = 4.1 67.3+43 80.7 £2.0 68.7 £0.1 79.2*0.1
Oleic acid

182 48=*03 6.0*04 127 £26 3.1+05 10.0£0.1 53%+0.0
Linoleic acid

c18:3 0.6 =0.1 0.7 *+0.1 0.6 =0.1 0.7*+0.1 0.10 *=0.1 Not detected

o-Linolenic acid

“Data are expressed as mean * SD.

79.2% * 0.1%, respectively) in comparison with other
Spanish commercial varieties such as Arbequina
(67.3% = 4.3%) and Kalamata (68.7% = 0.1%)
(expressed as mean * SD).>**% In contrast, Kalamata
olives contain greater amounts of individual phenolic
compounds as well as total concentration of phenolics
(371.0 mg/kg) compared with varieties such as the
Arbequina (85.0 mg/kg).”®>*® Although there are no
data to date, to our knowledge, comparing the differ-
ent varietals of olives used in EVOO and their associ-
ated impact on the gut microbiota, given the intimate
relationship between polyphenols and the microbiota,
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EVOOs with higher concentrations of phenolic com-
pounds would likely exert the most striking effects on
the gut microbiota.

Accumulating evidence regarding the health bene-
fits of EVOO has also influenced a number of health
and nutrition policies, particularly in Europe.’
Specifically, the European Food Safety Authority rec-
ommends healthy unsaturated fats like EVOO should
be used in place of saturated and trans fats, and the or-
ganization also recognizes the particularly beneficial
effects of EVOO phenolic compounds on blood
low-density lipoprotein cholesterol (LDL-C) and
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Table 2 Major classes of phenolic compounds and total phenolic concentration in selected varieties of Extra virgin olive

oil
Olive cultivar

Arbequina Picual Coratina Leccino Kalamata Koroneiki
Reference Fuentes et al. (2018)
Concentration (mg/kg)?
Simple phenols 62.0 64.0 62.2 428 102.6 97.0
Oleuropein ligstroside derivatives 8.5 156.4 40.0 66.5 216.7 87.0
Lignans 0.0 5.9 6.9 31 144 9.1
Flavanoids 14.1 134 5.06 12.8 32.1 16.6
Total phenols 85.0 240.0 116.0 125.0 371.0 210.0

“Quantification and sum of phenolic compounds was determined by high-performance liquid chromatography.

high-density lipoprotein (HDL) cholesterol and associ-
ated cardiovascular risk.*"*?

METABOLIC HEALTH AND CARDIOVASCULAR DISEASE

Greater than one-third of the world’s adult population
is now classified as overweight or obese and approxi-
mately 25% meets criteria for the metabolic syn-
drome—a  clustering of  different  metabolic
abnormalities including abdominal obesity, dyslipide-
mia, hyperglycemia, and hypertension.*** Obesity and
the metabolic syndrome are associated with an in-
creased risk of cardiovascular disease, diabetes mellitus,
and all-cause mortality and, worldwide, represent a ma-
jor public health burden, with safe and effective thera-
pies urgently required.”’

The therapeutic effects of EVOO consumption on
cardiovascular outcomes and cardiometabolic risk fac-
tors have been demonstrated in a number of random-
ized trials and epidemiological studies.*”* Most
notable of these was the Prevencién con Dieta
Mediterranea (PREDIMED) trial, a large randomized
trial consisting of 7447 participants at high cardiovascu-
lar risk with type 2 diabetes mellitus or > 3 major risk
factors, including smoking, hypertension, elevated
LDL-C level, low HDL cholesterol level, overweight or
obesity, or a family history of premature coronary heart
disease. Results from the trial showed that consumption
of a Mediterranean diet plus either EVOO (participants
were provided 1L/week per household and advised to
consume > 4 tablespoons/day per person) or nuts (30 g/
day) was associated with a 30% lower risk of develop-
ment of major cardiovascular events, including myocar-
dial infarction, stroke, or death from cardiovascular
causes, compared with a group eating a low-fat diet
(participants were provided with professional dietary
advice to reduce dietary fat) after a median of 4.8 years’
follow-up." In a subset of the PREDIMED study, partic-
ipants allocated to a Mediterranean diet supplemented
with EVOO (as defined in the previous sentence) or
nuts (30g/day) had significantly reduced 24-hour

ambulatory blood pressure as well as a total cholesterol
and fasting blood glucose levels compared with the con-
trol participants after 1year.*

In another subset of the PREDIMED study, involv-
ing participants (n = 3541) with the risk factors listed in
the previous paragraph, researchers observed rates of
16.0, 18.7, and 23.6 of new-onset diabetes cases per
1000 person-years for the Mediterranean diet group
supplemented with EVOO, Mediterranean diet group
plus nuts, and the control diet group, respectively.*® A
40% significant relative risk reduction in diabetes risk
for the Mediterranean diet group supplemented with
EVOO and a nonsignificant 18% risk reduction in dia-
betes risk in the Mediterranean diet group supple-
mented with mixed nuts were observed in comparison
with the reduced-fat control diet.*® In addition, in the
ATTICA study, a large, population-based study consist-
ing of 3042 Greek men and women with no history of
cardiovascular disease over 1 year, overweight/obese
participants with a greater adherence (as measured by a
validated food-frequency questionnaire) to the
Mediterranean diet, including EVOO had significantly
greater insulin sensitivity, as assessed by the homeosta-
sis model assessment, 3% lower total cholesterol level,
and a 3mmHg reduction in systolic blood pressure vs
overweight/obese participants with low adherence to
the Mediterranean diet.*”

Acute consumption of EVOO specifically has also
proven beneficial in terms of several cardiometabolic
markers of health. Findings from a randomized control
trial of 30 participants with impaired fasting glucose
levels showed that 10 g of EVOO added to meals was as-
sociated with a reduction in blood glucose, triglyceride,
apolipoprotein B-48, and dipeptidyl peptidase-4 activity
levels and a significant increase in insulin and
glucagon-like peptide 1 (GLP-1) levels in the peripheral
blood.”

Moreover, in another randomized, cross-over study
of 25 participants, the addition of 10g of EVOO to a
Mediterranean-type meal significantly reduced 2-hour
postprandial glucose, LDL-C, and dipeptidyl peptidase-
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4 levels, significantly increased GLP-1 and gastric inhib-
itory peptide (GIP) levels in circulating blood.®
Although high-fat diet (HDF)-induced secretion of GIP
increases lipoprotein lipase activity in adipocytes, lead-
ing to potential fat accumulation and obesity,*® it is un-
likely that GIP secretion induced by EVOO
consumption would cause any significant changes in
adiposity. First, increases in GLP-1, which assist in
body weight reduction and fat accumulation as well as
in delaying gastric emptying and increasing satiety in
humans,**° have been proposed to increase the thera-
peutic efficacy of GIP.”" Interestingly, a feedback loop
has been established between GLP-1 and GIP, with GIP
promoting an increase GLP-1 levels and dipeptidyl
peptidase-4 inhibitors increasing both GLP-1 and GIP
levels.”® In support of this, mice fed an HFD and ad-
ministered both GIP and GLP-1 had greater reductions
in appetite and body weight gain than did mice that re-
ceived individual administration of these incretins.”” In
addition, it has been proposed that GIP may exert some
of its beneficial effects on metabolic health via the cen-
tral nervous system; increased expression of GIP in the
hypothalamus in mice resulted in regulation of food in-
take, and played an important role in memory, with
GIP-receptor—deficient mice exhibiting impairments in
learning, synaptic plasticity, and hippocampal neuro-
genesis.”>>> Unfortunately, little is known about the im-
pact of long-term EVOO consumption on GIP levels in
humans or animals. However, in a couple of studies in
rodents, elevations in GLP-1 and associated therapeutic
effects on glucose homeostasis and adiposity were ob-
served with long-term EVOO consumption.”*””

A variety of molecular mechanisms have been im-
plicated regarding EVOO’s positive effects on cardio-
vascular and metabolic health. In particular, some of
EVOO?’s lipid-lowering effects can be ascribed to the
ability of EVOO to increase the capacity of HDL and
promote cholesterol efflux as well as increase expression
of the ATP-binding cassette transporters ABCA1 and
ABCGI in macrophages.”® In addition, olive oil phe-
nolic compounds demonstrate cholesterol binding ac-
tivity and can impair cholesterol absorption in the
intestine, as well as reduce oxidation of LDL via their
antioxidant effects.>**°" Interestingly, these effects were
demonstrated in a randomized crossover, controlled
trail with polyphenol-rich olive oil exerting superior
effects on LDL oxidation and proatherogenic CD40L
gene expression in comparison to olive oil with low
polyphenol content.®!

The major fatty acid in EVOO, oleic acid, assists in
maintaining glucose homeostasis by activating the G
protein-coupled receptors GPR-120 and GPR-40, lead-
ing to intestinal GLP-1 release and widespread ant-
inflammatory effects in a variety of tissues, including
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liver and adipose tissue.®> Also, oleic acid derived from
olive oil can result in increased mRNA expression of
fatty acid transport protein 4 receptor and promote sub-
sequent GLP-1 secretion from intestinal L cells.”’
Moreover, SCFAs, produced by a number of bacteria,
such as Bacteroides and Lactobacillus, which are often
elevated with EVOO consumption, are also potent acti-
vators for GPR43, playing an important role in blood
glucose regulation, with GPR43 knock-out mice exhib-
iting reduced levels of GLP-1, GIP, and peptide YY
secretion.®*

COGNITIVE HEALTH

Alzheimer disease (AD), the most common form of de-
mentia and neurodegenerative disorder, is estimated to
affect between 40 million and 50 million people world-
wide.®® Alzheimer disease is characterized by progres-
sive memory loss and cognitive decline and,
pathologically, by the deposition of Af plaques and ac-
cumulation of hyperphosphorylated tau proteins.®® To
date, there are no effective disease-modifying treat-
ments for AD. However, evidence suggests that early
lifestyle modifications, such healthy dietary changes,
can potentially prevent and reduce the number of peo-
ple living with dementia and AD.®

In the PREDIMED-NAVARRA randomized trial
(n =522 participants) intake of the Mediterranean diet
supplemented with either EVOO (as defined in the pre-
vious section) or nuts (30 g/day) resulted in improved
cognition in comparison to a low-fat diet (as defined in
the previous section) after 6.5years of the interven-
tion.””  Specifically, participants allocated to a
Mediterranean diet supplemented with EVOO or nuts
had significantly higher mean Mini-Mental State
Examination scores (+0.62; 95%CI, +0.18 to +1.05)
and Clock Drawing Test (+0.51; 95%CI, +0.20 to
+0.82) scores compared with participants eating the
low-fat control diet.”” Also, in another PREDIMED
substudy in which several neuropsychological tests were
used to assess cognitive health, researchers found that
after 4.1-years of follow-up, participants who consumed
a Mediterranean diet supplemented with either EVOO
or nuts had improved cognitive function compared
with those that consumed a low-fat diet.°® In addition,
in the Three-City study, a French multicenter cohort
study, researchers followed 6947 participants and moni-
tored their olive oil intake and cognitive health using
the Mini-Mental State Examination, Benton Visual
Retention Test, and Isaacs Set Tests. They found that
participants with moderate or intensive olive oil con-
sumption had reduced odds of cognitive deficit for ver-
bal fluency (odds ratio=0.88; 95%CI, 0.72-1.08) and
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Figure 2 Potential therapeutic effects of extra-virgin olive oil (EVOO) on Alzheimer disease. Extra-virgin olive oil may help prevent and
even halt the progression of Alzheimer disease by reducing f-amyloid (Ap) deposits and tau neuropathologies by enhancing autophagy and
clearance mechanisms across the blood-brain barrier. Extra-virgin olive oil reduces astrocyte and microglial cell activation by reducing inflam-
matory cytokine production. Extra-virgin olive oil's widespread antioxidant effects may also lead to enhancement of brain antioxidant

enzymes and a reduction in reactive oxygen species (ROS).

visual memory (odds ratio = 0.82; 95%CI, 0.68-0.99) vs
those who never used olive oil.*””

In several rodent studies, EVOO, especially the
EVOO secoiridoid oleocanthal, aided the prevention
and halted the progression of AD."™' Researchers
assessing the effect of chronic supplementation of
EVOO on tau metabolism and synaptic function in
transgenic mice overexpressing human tau found an in-
crease in complexin 1, a presynaptic neuronal protein,
and a notable decrease in tau oligomers in mice fed
EVOO, resulting in enhanced short-term plasticity and
memory.'” In an earlier study by the same authors, a 6-
month EVOO diet administered to triple transgenic
mice, which possess 3 mutant disease genes associated
with AD (PSIM146V, tauP301L, and APPSwe) and in
which amyloid plaques and neurofibrillary tangles de-
velop, resulted in a significant reduction in Af peptides
and a decrease in tau neuropathology as a result of acti-
vation of autophagy mechanisms."® In a study of the ef-
fect of 4-week intraperitoneal injection of oleocanthal
in TgSwDI mice (transgenic mice that express the hu-
man amyloid-f§ precursor protein gene under the
mouse Thy-1 promoter, with Swedish (K670N/M671L),
Dutch (E693Q), and Iowa (D694N) mutations that en-
hance Af peptide deposition)” researchers found a sig-
nificant reduction of Af in the hippocampal
parenchyma and microvessels, higher expression of Af8
clearance proteins across a human model of the blood-

brain barrier, and decreased astrocyte activation (likely
as a result of reduced Af burden and inflammatory cy-
tokine production) and IL-1p levels in the brain.'® The
same authors showed in a previous study that 6-month
consumption of EVOO by TgSwDI mice resulted in
lower levels of Af, due to beneficial changes in Af pre-
cursor protein processing.'> Furthermore, oleocanthal-
rich EVOO given to TgSwDI mice at an advanced stage
of AD resulted in significantly reduced NLRP3 inflam-
masome activation and increased Af clearance by stim-
ulating autophagy through the AMPK— Unc-51-like
kinase 1 (ULK1) pathway."® Figure2 mechanistically
outlines the potential therapeutic effects of EVOO in re-
lation to AD.

GUT MICROBIOTA AND MUCOSAL IMMUNITY

To analyze the composition and structure of the gut
microbiota, its associated functions, and, in turn, its re-
lationship with diet, culture-independent methods, us-
ing high-throughput and rapid computation, are
becoming increasingly popular and widely available.
Briefly, some of the most common approaches for
studying the microbiota include polymerase chain reac-
tion-based DNA profiling techniques, DNA microar-
ray, and next-generation DNA sequencing using 16S
rRNA genes as the target.”' In addition, the omics tech-
nologies, including metagenomics,
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metatranscriptomics, metaproteomics, and metabolo-
mics, use analysis of DNA, messenger RNA, proteins,
and metabolites to ascertain biological functions of the
gut microbiota.”!

The crucial role the gut microbiota play in shaping
the mucosal immune system and its influence on overall
inflammatory status and cardiovascular, metabolic, and
brain health are becoming increasingly apparent.
Western-style diets, low in dietary fiber and high in
high pro-inflammatory fats, are associated with gut dys-
biosis, increased gut permeability, systemic inflamma-
tion, and a variety of chronic diseases.”> Conversely,
healthier dietary patterns like the Mediterranean diet,
which is rich in dietary fiber, beneficial fatty acids, and
polyphenolic compounds, are associated with greater
gut microbial diversity, increased abundance of benefi-
cial bacteria, and reduced levels of inflammation and
risk of chronic diseases.”” >’ Notably, Ghosh et al* in-
vestigated the effect of a Mediterranean diet on gut
microbiota in 612 elderly European people over
12 months and found that adherence to the diet caused
an increased abundance in several bacteria associated
with improved cognition and was inversely associated
with pro-inflammatory markers including C-reactive
protein and IL-17.* Interestingly, using 16S recombi-
nant DNA operational taxonomic unit baseline data to
generate principle coordinate analysis plots, a specific
pattern of clustering was seen across different ethnici-
ties, with Italian people possessing a distinct microbiota
composition from that of people from the United
Kingdom and France and from Poland and the
Netherlands, which showed more similarities.*
Moreover, Procrustes analyses also showed country-
specific patterns in dietary habits, which were reflected
in the microbiota composition of the people studied.*’

Consumption of EVOO has exhibited positive
effects on gut microbiota and intestinal health in hu-
man and rodent studies (Table3). Specifically, in
humans, EVOO has prebiotic effects, promoting the
growth of beneficial bacteria such as Lactobacillus and
Bifidobacterium. Specifically, a Mediterranean diet sup-
plemented with 40 g/day EVOO for 3 months adminis-
tered to 18 overweight/obese participants resulted in
significantly increased levels of lactic acid bacteria com-
pared to baseline.”> Moreover, a study of 32 patients
with HIV, aged >50years with undetectable viral load,
who consumed 50 g/day EVOO for 12 weeks indicated a
significant elevation in abundance of Bifidobacteriaceae
species in patients without antiretroviral treatment.*® In
addition, in a randomized, controlled, double-blind,
cross-over trial including 12 patients with hypercholes-
terolemia, researchers found that 25 mL/day virgin olive
oil for 3weeks containing 500 mg of phenolic com-
pounds/kg (from a mixture of virgin olive oil and

Nutrition Reviews® Vol. 00(0):1-13

thyme) significantly increased levels of Bifidobacteria
compared to levels in study participants who consumed
only 80mg phenolic compounds/kg from virgin olive
oil.>!

In rodents, consumption of EVOO increased o-di-
versity, a measure of species richness, as well as f-diver-
sity, a measure of the differences in composition
between samples, compared with controls.***” These
results are associated with favorable effects on metabolic
health, because reduced microbial diversity is associated
with increased chronic inflammation and subsequent
development of metabolic diseases.”” Extra-virgin olive
oil ingestion in rodents also can promote the growth of
certain types of beneficial bacteria including species of
Lactobacillus,  Bifidobacterium,  Bacteroides,  and
Clostridium, and members of the Erysipelotrichaeae.”* '
In additionally, EVOO has demonstrated antibacterial
and bacteriostatic effects against bacteria such as those in
the Desulfovibrionaceae,”****" a family of opportunistic
pathogens associated with obesity and inflammation,”*
and Blautia spp.,>* which positively correlates with vis-
ceral fat accumulation in Japanese men and women.””

The ability of EVOO to act as both a prebiotic,
stimulating the growth of beneficial bacteria, and an
antibacterial, suppressing the growth of pathogenic bac-
teria, is likely attributable to the array of phenolic com-
pounds EVOO contains. Approximately 90%-95% of
ingested phenolic compounds escape digestion in the
small intestine and reach the colon, where they are ca-
tabolized into bioactive secondary structures—metabo-
lites of their respective parent phenolic compounds that
have been transformed by resident microbiota and can
modify the composition of the gut microbiota.”
Specifically, Martinez et al*® showed that administration
of a diet high in EVOO (vs refined olive oil, which is de-
void of polyphenols) to Swiss Webster mice resulted in
reduced levels of species in the Desulfovibrionaceae.
The authors concluded the observed antibacterial effects
against these pathogenic species likely were involve-
ment of phenolic compounds in the EVOO. In support
of this, C57BL6/] mice that were administered a gavage
of hydroxytyrosol at 50 mg/kg/day were rescued from
HFD-induced gut microbiota dysbiosis, showing re-
duced levels of pathogenic Proteobacteria and
Ferribacter as well as restored bacterial diversity and in-
testinal barrier integrity, as exhibited by the reduction
in lipopolysaccharide-binding protein in the plasma.”’
In another study examining the bactericidal effects of
selected Turkish EVOOs on cultured bacterial strains,
notable antibacterial activity was found against the
foodborne pathogens Escherichia coli O157: H7, Listeria
monocytogenes, and Salmonella enteritidis, with refined
olive, canola, and hazelnut oils (all with similar fatty
acid composition), by comparison, unable to
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Table 3 Effect of extra-virgin olive oil on gut microbiota

Reference

Study characteristics

Methodology

Effect of EVOO gut microbiota

Zhao et al (2019)**

Luisi et al (2019)%

Olalla et al (2019)%

Millman et al (2020)%

Martinez et al (2019)%®

Hidalgo et al (2018)*°

Prieto et al (2018)*°

Martin-Pelaez (2017)*

Male, SD rats (n =48)

Normal chow diet with ordinary
drinking water, high-fat diet
with fructose drinking water,
diet high in oleic peanut oil
with fructose drinking water
or EVOO diet with fructose
drinking water for 12 weeks

Overweight and obese adults
(n=18) and normal-weight
control participants (n=18)

Mediterranean diet enriched
with 40 g/day EVOO for
3 months

Patients with HIV, aged
>50years with undetectable
viral load (n=32)

50 g/day EVOO for 12 weeks

Male, C57BL/6 J mice (n = 20)

Low-fat purified diet, lard puri-
fied diet, high-fat EVOO diet
or high-fat flaxseed oil diet
for 10 weeks

Male, Swiss Webster ICR (CD-1)
mice (n = 35)

Standard diet, high-fat diet
enriched with EVOO, high-fat
diet enriched with refined ol-
ive oil, or high-fat diet
enriched with butter for
12 weeks

Male, spontaneously hyperten-
sive rats (n = 16)

Standard diet or diet enriched
with EVOO for 12 weeks

Male, Swiss Webster ICR (CD-1)
mice (n = 26)

Standard diet, high-fat diet
enriched with butter or high-
fat diet enriched with EVOO
for 12 weeks

Randomized, controlled, dou-
ble-blind, cross-over trial with
adults with hypercholesterol-
emia (n=12)

25 mL/day virgin olive oil con-
taining either 80 mg PCs/kg,
or 500 mg PCs/kg from virgin
olive oil and thyme for
3 weeks

16S rRNA sequencing

gPCR

16S rRNA sequencing

16S rRNA sequencing

16S rRNA sequencing

PCR-denaturing gradient gel
electrophoresis analysis

16S rRNA sequencing

Fluorescence in situ hybridiza-
tion combined with flow
cytometry

1 p-diversity index (compared
to high-fat diet with fruc-
tose drinking water)

1 Bifidobacterium (compared to
high-fat diet with fructose
drinking water)

| Blautia (compared to high-fat
diet with fructose drinking
water)

1 in lactic acid bacteria (com-
pared to baseline)

T a-diversity (males)

1 Lachnospiraceae,
Ruminococcus, and
Akkermansia (females)

1 Bifidobacteriaceae (in patients
without antiretroviral
treatment)

1 Gardnerella (compared to
baseline)

| Dethiosulfovibrionaceae (com-
pared to baseline)

1 a-diversity (compared to
lard, purified diet)

1 Mucispirillum, T
Lachnospiraceae, T
Bacteroides (compared with
low-fat, purified diet)

1 Erysipelotrichaeae, T
Sutterellaceae (compared to
standard diet)

| Desulfovibrionaceae (com-
pared to high-fat diet
enriched with refined olive
oil)

1 Lactobacillus, T Clostridium
in cluster XIV (compared to
standard diet)

1 Erysipelotrichaeae, 1
Sutterellaceae (compared to
standard diet)

| Desulfovibrionaceae (com-
pared to high-fat diet
enriched with butter)

1 Bifidobacterium (virgin olive
oil containing 500 mg PCs/
kg compared to 80 mg PCs/
kg from virgin olive oil and
thyme)

Abbreviations: EVOO, extra-virgin olive oil; PC, polyphenolic compound; PCR, polymerase chain reaction; gPCR, quantitative polymerase
chain reaction; SD, Sprague-Dawley.
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significantly reduce microbial growth.”® Moreover, in
the same study, individual phenolic compounds in the
EVOO, including tyrosol, vanillin, vanillic, and cin-
namic acids, also exhibited slight antimicrobial activity.
Authors Karaosmanoglu et al”® pointed out a synergistic
interaction between the phenolic compounds and, in
turn, an enhanced antimicrobial effect when they were
combined. Importantly, it should be highlighted that in
humans, phenolic compounds in EVOO are not con-
sumed in isolation; they are eaten as part of a food ma-
trix and can synergistically function together, as well as
with other components in EVOO, such as fatty acids,
which can enhance the availability of a variety of
polyphenols.”

In addition to phenolic compounds and their well-
established interaction and influence on the microbiota,
other minor components in EVOO such as sterols and
tocopherols may influence gut microbiota composition,
although studies are limited. In a study of dietary intake
of 28 nutrients, assessed by food frequency question-
naires completed by 60 pregnant women in the
Norwegian Microbiota Study cohort, dietary intake of
the tocopherol, vitamin E, was associated with a de-
crease in pathogenic Proteobacteria.** Moreover, high-
dose phytosterol esters intragastrically administered to
rats daily for 12 weeks restored HFD-induced dysbiosis,
modulating levels of Firmicutes, Proteobacteria,
Actinobacteria, and Verrucomicrobia similar to levels
of the control group.®’ In addition, the study also
showed that administration of high-dose phytosterol
esters significantly increased mRNA expression level of
Claudin-1 and Occludin in the colon, in comparison to
the HFD group, likely enhancing intestinal barrier
integrity.®!

Regarding the possible impact on gut microbiotia
of oleic acid in EVOO, results of several rodent studies
point to a positive effect. A study comparing the effects
of diets enriched with peanut oil high in oleic acid,
EVOO, and chow supplemented with drinking water
containing high levels of fructose drinking water in
Swiss Webster rats, researchers found that both the pea-
nut oil and EVOO significantly increased the relative
abundance of Bifidobacterium and reduced Blautia lev-
els and also had favorable effects on body weight, cho-
lesterol levels, and insulin sensitivity.24 Moreover, when
researchers exposed ICR outbred mice to HFD or a
HFD supplemented with either an oleic acid-derived
compound (1500 mg/kg/day) or a combination of n-3
fatty acids (EPA and DHA, 3000 mg/kg/day), they
found that mice supplemented with the oleic acid com-
pound had greater gut microbial diversity as well as
lower body weight compared with HFD-fed mice.*”
Moreover, a similar study showed that diets high in
oleic acid-rich olive oil fed to C57BL6/] mice were
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associated with significantly greater abundance of mem-
bers of the Bacteroidaceae in comparison to mice fed
diets high in palm oil, flaxseed or fish oil, and high lev-
els of sucrose.®

Short-chain fatty acids such as acetate, butyrate,
and propionate, produced by bacteria, not only exert
therapeutic effects on colonic cells and are an important
source of energy but also have a profound impact and
influence on the mucosal immune system.**** Short-
chain fatty acids can increase anti-inflammatory and
immunotolerogenic T-regulatory cells (Tregs) via in-
duction of dendritic cells, activating innate lymphoid
cells to produce Treg-inducing cytokines such as IL-10
and TGF-f, and can promote the development of Tregs
by inhibiting histone deacetylases at the FoxP3 lo-
cus.*>¥ Moreover, SCFAs can assist in strengthening
the gut barrier and preventing bacterial and lipopoly-
saccharide (LPS) infiltration and subsequent inflamma-
tion by upregulating the expression of tight-junction
proteins.*>®” Extra-virgin olive oil phenolics can also
provide barrier protection and prevent pathogen inva-
sion via effects on mucosal immunity. In a randomized
control trial including 10 patients with hypercholester-
olemia (total cholesterol, >200 mg/dL), ingestion of a
500 mg/kg polyphenol-rich EVOO increased intestinal
IgA, which has an important role in the homeostasis of
the microbiota community and provides protection
against pathogenic bacteria.”® In addition, in another
study of the effects of EVOO and EVOO phenolics for
30 days in mice with dextran sodium sulphate-induced
colitis, EVOO and EVOO polyphenols significantly re-
duced inflammation by lowering MCP-1, TNF-q,
cyclooxygenase-2, and nitric oxide synthase expression
levels.”® Figure 3 summarizes the impact of EVOO on
microbiota observed in studies and the potential effects
on the mucosal immune system.

IMPACT ON GUT-BRAIN AXIS AND MODULATION OF
METABOLIC HEALTH

A number of EVOQ’s favorable effects on cardiometa-
bolic and cognitive health as well as mucosal immunity
can be linked to the gut microbiota. Presence of the ge-
nus Bacteroides, which has been found to be elevated
with EVOO consumption, correlates negatively with
plasma triglyceride levels in mice and humans.””*" In
addition, presence of members of the Lachnospiraceae,
known to increase with EVOO consumption,”>*” posi-
tively correlated with plasma HDL cholesterol in
humans.”' Lactobacillus, also elevated with EVOO con-
sumptionzs’29 when administered in probiotic form,
promoted a significant reduction in plasma total choles-
terol levels in mice as well as human patients with hy-
percholesterolemia (LDL-C, 3.35-4.91mmol/L and total
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Figure 3 Impact of extra-virgin olive oil (EVOO) on gut microbiota and mucosal immunity. Extra-virgin olive oil modulates the gut
microbiota by acting as both a prebiotic (encouraging the growth of beneficial bacteria) and antibacterial (reducing the growth of pathogenic
bacteria). Extra-virgin olive oil promotes the growth of certain bacteria that are capable of producing microbial metabolites such as short-
chain fatty acids (SCFAs). Short-chain fatty acids and other gut microbiota-generated metabolites can positively influence the mucosal im-
mune system by increasing T-regulatory (Treg) cells as well as the production of anti-inflammatory cytokines such as IL-10 and TGF-, which
assist in reducing local inflammation and promoting immune tolerance to commensals and other harmless dietary antigens. Extra-virgin olive
oil may also promote an increase in intestinal IgA, providing further protection against pathogenic bacteria and promoting homeostasis of

the gut microbiota.

cholesterol, 5.16-7.64mmol/L).**** Demonstrated abil-
ities of Lactobacillus to lower plasma cholesterol levels
may be due partly to the enhanced bile salt hydrolase
activity this genus exhibits, as well as the ability to con-
vert cholesterol to coprostanol, both leading to an im-
pairment of cholesterol absorption in the intestine.”>*°
Short-chain fatty acids, produced by a number of
bacteria whose populations are often elevated with
EVOO consumption, can exert therapeutic effects on
blood glucose homeostasis. Specifically, the SCFA ace-
tate activates GPR43, promoting GLP-1 release from co-
lonic L cells.”” In addition, activation of GPR41 by
propionate or butyrate can induce both GLP-1 and pep-
tide YY secretion from L cells in the small intestine.”®
In regards to gut microbiota-mediated effects on
cognitive health via EVOO, certain commensals, in-
cluding Lactobacilli and Bifidobacterium are often
greatly reduced in patients with AD.”>'* Both of these
bacterial types, populations of which are elevated with
EVOO consumption, can produce y-aminobutyric acid
(GABA), the main inhibitory neurotransmitter, likely
influencing GABAergic firing in the brain via the en-
teric and vagal nervous systems.” Specifically, oral ad-
ministration of a strain of Lactobacillus to mice
modulated GABA 5,5, GABA 4,1, and GABAg;}, receptor
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mRNA expression in the brain of mice, reducing anxi-
ety and depressive-like symptoms and behaviors, with
the same effects not observed in vagotomized mice.'"!
However, the exact mechanisms of how “gut GABA”
may modulate the central nervous system and elicit spe-
cific regulatory effects in the brain remain largely un-
known.'> In addition, EVOO may exert protective
effects on cognitive health via its antibacterial activity
toward certain pathogenic species of bacteria that have
been considered a risk factor for AD in the pathogens
interaction hypothesis.'®® This hypothesis suggests that
Ap originally functioned as an antimicrobial peptide,
controlling the population of pathogenic microbes.'**
However, chronic infection by microbial pathogens
may act as a trigger for development of sporadic AD by
causing increased and prolonged levels of inflamma-
tion, microglial senescence, and microbial biofilm for-
mation, all of which may potentially aggregate with Af,
leading to plaque formation.'**'%°

Short-chain fatty acids may also assist in reducing
inflammation in the intestine by upregulating tight-
junction protein expression in the intestine, reinforcing
barrier integrity, and preventing infiltration of bacterial
products like lipopolysaccharide and subsequent in-
flammatory signaling. In a study of the impact of
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butyrate  on  barrier  integrity = using an
lipopolysaccharide-treated IPEC-J2 cell model, from
porcine jejunal cells, researchers found that butyrate
significantly restored the impairment of intestinal bar-
rier integrity and increased expression of tight-junction
proteins such as claudins-3 and 4, and activated the
Akt/mTOR pathway, promoting the synthesis of tight-
junction proteins.'*®

Extra-virgin olive oil-induced microbiota may pos-
sibly exert beneficial effects on the mucosal immune
system, in addition to SCFA-induced Treg induction,
and IgA production, through the ability of phenolics
and other gut microbiota-generated compounds to act
as aryl hydrocarbon receptor ligands. Aryl hydrocarbon
receptor is expressed by a number of immune cells and
involves transcription of several genes.'"’” Aryl hydro-
carbon receptor activation induces Foxp3* Treg differ-
entiation, possibly via epigenetic mechanisms at the
Foxp3 locus.'”®'% Aryl hydrocarbon receptor signaling
in dendritic cells can also promote an increase in
Foxp3™ Tregs by increasing the expression of enzymes
involved in retinoic acid production, an enhancer of
Foxp3™ Treg induction.'”” Furthermore, aryl hydrocar-
bon receptor activation in IL-22-producing innate lym-
phoid cells is required for defense against pathogens
and modulation of the composition of gut microbiota
by antimicrobial peptide expression and produc-
tion."'"'! In addition, the population of certain bacte-
rial species (eg, the Lactobacilli) increase with EVOO
consumption and produce aryl hydrocarbon receptor
ligands from tryptophan, thus affecting mucosal immu-
nity status.''?

From all the experimental evidence regarding rec-
ommendations of the optimal amount of EVOO to be
consumed to reap health benefits on cardiovascular and
brain health from large scale epidemiological studies
such as the PREDIMED and associated substudies,
researchers have observed that consumption of at least
4 tablespoons (59 mL) per day is associated with a 30%
lower risk of occurrence of cardiovascular events and
improved cognitive function compared with a low-fat
diet."*”%® In addition to using EVOO in replace of satu-
rated fats, the European Food Safety Authority also sug-
gests a minimum daily intake of 20 g of EVOO to assist
in obtaining optimal cholesterol levels and protection of
LDL from oxidative damage.*"** Although evidence in
relation to the optimal amount of EVOO required to
modulate the gut microbiota is still in its infancy, bene-
ficial effects on the microbiota have been observed in 2
intervention studies at doses of 40 and 50 g/day, (~3
and 4 tablespoons, respectively).>>*® It is likely that a
daily dose of EVOO, rich in phenolic compounds, is re-
quired to obtain sufficient levels in body tissues, includ-
ing the brain, because plasma half-life and the level of

Nutrition Reviews® Vol. 00(0):1-13

excretion via the kidneys vary greatly depending on the
type of phenolic compound.”’

CONCLUSION

Consumption of EVOO clearly demonstrates wide-
spread beneficial effects on a variety of aspects of health
and disease and also shows great therapeutic potential
in positively modifying the gut microbiota as well as the
activity and functioning of the mucosal immune system.
Investigation of the mechanisms whereby EVOO-
induced modulations in gut microbiota and microbially
produced products influence cardiovascular, metabolic,
mucosal, and cognitive health outcomes still remains a
relatively unexplored area of research with exciting
prospects.
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