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Abstract: The endocannabinoid system is a complex lipid signaling network that has evolved to
be a key regulator of pro-homeostatic pathways for the organism. Its involvement in numerous
processes has rendered it a very suitable target for pharmacological studies regarding metabolic
syndrome, obesity and other lifestyle-related diseases. Cannabinomimetic molecules have been
found in a large variety of foods, most of which are normally present in the Mediterranean diet.
The majority of these compounds belong to the terpene and polyphenol classes. While it is known
that they do not necessarily act directly on the cannabinoid receptors CB1 and CB2, their ability to
regulate their expression levels has already been shown in some disease-related models, as well as
their ability to modulate the activity of other components of the system. In this review, evidence was
gathered to support the idea that phytocannabinoid dietary intake may indeed be a viable strategy for
disease prevention and may be helpful in maintaining the health status. In an era where personalized
nutrition is becoming more and more a reality, having new therapeutic targets could become an
important resource.

Keywords: Mediterranean diet; endocannabinoid system; terpenes; polyphenols; personalized
nutrition

1. Introduction

The Endocannabinoid System (ECS) is a complex lipid-signaling network that has
evolved to be a very important regulator of pro-homeostatic pathways for our organ-
ism. Its involvement in pathways such as glucose metabolism, insulin sensitivity and
inflammation in the adipose tissue has rendered it a very suitable target for pharma-
cological studies regarding metabolic syndrome, obesity and other lifestyle-related dis-
eases [1]. ECS activity is based on the interaction between the endocannabinoid molecules
N-arachidonoylethanolamine (Anandamide, AEA) and 2-arachidonoylglycerol (2-AG),
which are Arachidonic Acid (AA) derivates, and the well-known G-protein coupled cannabi-
noid receptors 1 (CB1) and 2 (CB2) [2]. CB1 is primarily expressed in the central nervous
system and it was thought to be present exclusively in this district before the discov-
ery of functionally relevant expression levels in peripheral organs such as liver, adipose
tissue and kidney, among others [3]. CB2 was thought to be absent from the CNS and
only present in peripheral organs and in the immune system, but early discoveries were
able to pinpoint its presence also in the microglia where it apparently participates in the
regulation of neuroinflammation [4,5]. The existence of Ag—tetrahydrocarmabinol (THC)
responsive receptors had to mean that these receptors had endogenous ligands that would
be able to bind them, which led to the discovery of AEA and 2-AG. These endocannabinoid
molecules bind with high affinity to both CB1 and CB2 [1], but are also able to bind other
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non-cannabinoid receptors such as the transient receptor potential vanilloid 1 (TRPV1),
peroxisome proliferator-activated receptors (PPARs) and the orphan GPR55, which are
all candidates for a possible novel CB3 receptor but still require in-depth studies and
CONVINCING results [4,6]. 2-AG is synthesized from membrane phospholipids by phos-
pholipase C3 and diacylglycerol lipase (DAGL) while its degradation is more complex
and consists in the use of at least eight different enzymes, among which we can find
monoacylglycerol lipase (MAGL) as the most represented one [7]. AEA’s synthesis relies
majorly on the activity of the N-acyl-phosphatidylethanolamine-specific phospholipase D
(NAPE-PDL)-like enzyme, while fatty acid amide hydrolase (FAAH) is primarily in charge
of its degradation [8].

Given that the ECS is involved in many lifestyle and non-lifestyle related diseases,
research on cannabinoids and the medical use of cannabis have become a reality in the
scientific community, to the point that some agonists and antagonists of CBRs have already
been developed with the idea to mimic the endogenous ligands and induce a modulation
of the system in favor of more adequate endocannabinoid expression levels. An example
of these is the selective CB1 antagonist Rimonabant, which was able to induce an efficient
weight loss in obese patients by lowering ECS tone through CB1 blockade [9]. This drug,
however, was removed from the market only one year after its release for unprecedented
safety incongruities, such as the high incidence of decreased compliance to the treatment
due to depression and suicidal tendencies [10]. Hence, when dealing with the modulation
of such an intricate and still misunderstood system, scrupulous evaluation of possible
side effects must be accounted for. Novel therapeutic strategies have therefore shifted
towards the study of other active principles that could be Rimonabant analogs but may not
show its deleterious effects on the CNS. Among the various active principles discovered to
have an endocannabinoid effect, we can distinguish distinct classes of molecules: terpenes,
flavonoids and polyphenols. These molecules are largely present in the plant kingdom and
the Mediterranean diet is particularly rich in some foods that contain them. Among these,
Extra-Virgin Olive Oil (EVOO), which is a key element of the Mediterranean diet, is rich
in monounsaturated fatty acid (oleic acid in particular) and polyphenolic compounds. In
this review, the link between all these classes of compounds and the ECS will be discussed,
taking into account the state of the art that is present on the subject. As EVOO is so present
in the Mediterranean diet, it is important to define whether the consumption of its bioactive
molecules could impact health and quality of life in general and if their relationship with
the ECS could contribute to maintaining the health status.

2. Dietary Active principles with ECS-Mediated Effects
2.1. Terpenes

The large interest in the ECS has led to the search for other molecules that can act
on its main modulators in order to achieve therapeutic action and a basis for further
pharmacological studies. Among all the molecules that have been studied, the ones that
attracted the most attention are the terpene compounds, a term also including terpenoids
that are oxygenated forms of terpenes [11]. In Cannabis sativa essential oil alone, more than
400 of these molecules have been discovered but only a few of them have been studied to the
extent that can create a basic understanding of their actual role in therapeutics [12]. Terpenes
are organic volatile compounds that, in the Cannabis plant, are synthesized alongside
phytocannabinoids and accumulated in a resin in glandular trichomes, most of which is
found on female inflorescences [13]. Their functions in the plant are fundamental for insect
and herbivore repellence and pollinator attractance, and their presence is responsible for
the plant’s distinctive smell and flavor [14]. Their chemical structure is characterized by
pairs of isoprene molecules and the amount of isoprene pairs determines if the terpene is
mono, sesqui, di, etc., according to the number of carbons present in the molecule (10, 15
or 20, respectively) [15]. Terpene synthases, which have the ability to synthesize one or
multiple terpenes, are the enzymes responsible for the synthesis of these molecules [16].
The simultaneous presence of one or multiple of these enzymes explains the difference in
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organoleptic properties observed in various varieties of Cannabis sativa. The components
of this large class of molecules are presently used in many industrial sectors, including their
use as flavors and fragrances in perfumery and cosmetics [17], but are also widely used
in medicine for their emerging antioxidant, anti-inflammatory and analgesic properties.
Recent research on the use of Cannabis in the medical field has highlighted the possible
presence of an entourage effect between terpenes and cannabinoids, which could explain
the observation that the administration of whole plant extracts is much more effective than
the administration of the single cannabinoid [18]. Given that these molecules are highly
represented in several spice and vegetable-derived ingredients, the nutritional interest
in these molecules could be quite high. In this section of the review, we will analyze
the most known terpenes (structures of the molecules are highlighted in Figure 1) and
their relationship with the ECS while also elucidating their presence in different spices

commonly used in the Mediterranean area.
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Figure 1. Most represented terpene molecules in literature.

2.1.1. B-Caryophyllene

-Caryophyllene (BCP) is the most represented and promising terpene in the medical
and therapeutical research regarding the ECS. BCP is a dietary sesquiterpene found in the
essential oil of a large variety of food and spice plants, including cinnamon (Cinnamon spp.),
oregano (Oreganum vulgare), clove (Eugenia caryphyllata), thyme (Salvia spp.), rosemary
(Rosmarinus officinalis), hops (Humulus lupulus), chili peppers (Capsicum spp.) and black
pepper (Piper nigrum) [19], in addition to up to 35% of Cannabis sativa essential oil [20], and
has been approved by the FDA as a “generally recognized as safe” dietary additive. The
reason for the incredible attention this molecule is attracting is its ability to bind to the A%-
THC binding site of CB2 as a selective agonist in the nanomolar range, while presenting no
significant activity towards the CB1 receptor [21]. Numerous pieces of evidence have been
gathered over the years regarding the effects that this molecule has as a CB2 agonist and
how these effects can be exploited as a therapeutical approach to various diseases. Gertsch
et al. [21] in 2008 showed that this ligand-receptor interaction is not only occurring, but it
is also active and triggers several pathways, such as cAMP inhibition, MAPK activation,
Erk1/2 and JNK1/2 suppression, while also acting as an inhibitor of LPS-stimulated TNF
and IL-1p expression in an in vitro experimental model. This CB2 activation, therefore,
could imply that BCP modulates inflammatory and other pathophysiological processes by
acting directly on the ECS.

BCP was discovered to have efficient analgesic effects in mice models of inflammatory
and neuropathic pain [22]. In this study, the effects of oral BCP administration were
shown to be CB2 dependent following CB2 blockage by the antagonist SR 144528 and
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were demonstrated to be effectively higher than the ones obtained when using the known
CB2 agonist JWH-133. In fact, the SR 144528 doses required to cancel BCP’s action were
markedly higher than the ones used for JWH-133 and, interestingly, BCP’s effects did not
induce tolerance but instead appear to strengthen over time. In the same study, BCP was
demonstrated to also be effective on carrageenan-induced edema formation, showing CB2-
dependent anti-inflammatory effects, and also against thermal hyperalgesia and mechanical
allodynia. A very recent study has confirmed the role of BCP as a protective agent against
mechanical allodynia in an antiretroviral drug-induced neuropathic pain mice model [23].
The authors suggested that the mechanism through which this effect is achieved is through
the inhibition of pro-inflammatory cytokine expression and phospho-ERK1/2 (both of
which are elevated in models of neuropathic pain), confirming in an in vivo model the
mechanisms earlier proposed by Gertsch et al. The effects of BCP were confirmed by using
a CB2, but not CB1, specific antagonist. Since peripheral CB2s receptors are known to
have an important role in delaying and acting upon neuropathic pain development [24,25],
oral BCP administration could prove to be a useful tool against these types of pain both
pharmaceutically and in a tweaked dietary regimen.

CB2 was thought to only be present in the peripheral nervous system for a long time
but, since the discovery of this receptor’s presence in the central nervous system [26], there
has been a large interest in its role in the modulation of mood disorders, eventually discov-
ering its involvement in anxiety and depression [27]. As a CB2 agonist, BCP was obviously
investigated as a novel therapeutic treatment and was found to be effective in reducing
anxiety through mechanism non-GABA , and non-5-HTj a receptors-dependent [28]. Inter-
estingly, when BCP was administered in combination with flumazenil (GABA antagonist)
and NAN-190 (5-HT o antagonist) its anxiolytic effects were maintained. Given this discov-
ery, Bahi et al. [29] set out to elucidate the role of CB2 in this BCP-mediated anxiolytic and
antidepressant effects. Once again, they were able to prove CB2 involvement by adminis-
tration of a CB2 selective antagonist (AM630). The administration of the antagonist showed
BCP’s anxiolytic and antidepressant potential in an in vivo model in which mice were
challenged through an array of behavioral experiments, such as the elevated plus maze, the
open field test and the marble burying test, among others. The antagonist’s ability to reverse
BCP’s effects was enough to determine its CB2-mediated efficacy. More recently, a study on
BCP-induced alleviation of neurobehavioral changes following a high-fat, high-fructose
diet (HFFD) in rats further elucidated the protective role of this molecule [30]. Among
other detrimental effects, an HFFD is associated with defective insulin signaling, which
causes diet-induced insulin resistance, which in turn is responsible for mood disorders, as
well as memory and cognitive deficits. In this study, BCP was able not only to ameliorate
fasting blood glucose, insulin resistance and insulin level parameters, but was also able
to improve memory and alleviate anxiety and depression in a CB2-dependent manner
(proven through AM630 CB2 antagonist administration). The proposed mechanism is a
CB2-dependent modulation of the peroxisome proliferator-activated receptor-gamma coac-
tivator 1oc (PGC-10r)/Brain-Derived Neurotrophic Factor (BDNF) pathway upregulation.
BNDEF is a neurotrophin essential for neuronal repair, survival and plasticity, which was
previously shown to be downregulated during neurodegenerative diseases and in many
inflammatory conditions [31] as a result of oxidative stress and/or TNF« activation [32,33].
The upregulation of this pathway would have a positive effect on the CNS mediated by
the ECS. An involvement of BCP-mediated activation of CB2 in the amelioration of central
functions has therefore been proven in vivo in animal models, although to which extent
these results are translatable to human models is still debated.

BCP also has very interesting effects on the amelioration of the lipid profile by acting
on fat deposition and oxidation. In 2013, Zheng et al. [34] showed the involvement of BCP in
the CB2-mediated activation of the PGC-1a/SIRT1 pathway and how this activation leads
to fatty acid oxidation in vitro. In the same year, Harb et al. [19] showed that 30 mg/kg
BCP administration to hypercholesterolemic rats caused an amelioration in the lipid profile
with lower serum total cholesterol and LDL and higher HDL with no detectable difference
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for triglyceride levels. Youssef et al., in their previously cited paper [30], were not only able
to prove mood disorder amelioration in HFFD fed rats, but showed that CB2 activation
by BCP was also responsible for metabolic changes more positive than the ones relative
to the carbohydrate metabolism. BCP treatment was demonstrated to be effective in
decreasing visceral fat (in addition to subcutaneous fat, body weight and inflammation
which were previously described in the literature [35,36]), in modulating the TNF/NF-xB
inflammatory pathway and in upregulating PGC-1¢, thereby decreasing oxidative stress
markers. PGC-1«, which has been earlier mentioned, has been proven to be of great
importance in the crosstalk between CB2 and a protagonist of inflammation and lipid
metabolism, Peroxisome Proliferator-Activated Receptor Gamma (PPARy). In addition to
its role in the maintenance of a correct glucose level, PGC-1x acts on PPARY as a coactivator
and is therefore involved in the control of lipid levels and in the synthesis of antioxidant
enzymes [37]. BCP’s ability to modulate all of these pathways has been attributed to its
agonistic effect on CB2, which in turn activates PGC-1o/SIRT1 and AMPK/CREBI [38].
According to Youssef et al., CB2-mediated upregulation of PGC-1x could represent an
interesting mechanism by which BCP can activate PPARy and all of its effects. The activity
of BCP on PPARYy has been debated since it was initially believed not to have a direct
action [39], but several recent data indicated a functional relationship. For instance, Galaj
et al. [40], by studying cocaine abuse, proved in mice knockout models that PPARx and
v blockade was able to reverse the BCP-induced reduction in cocaine self-administration
while CB2 blockade did not, indicating a direct effects of BCP on PPARs. In addition,
BCP exposition was able to increase PPARYy expression in an in vitro human chondrocytes
model eliciting anti-arthritic effects and this effect was CB2 dependent, since reversed when
the CB2 antagonist AM630 was administered [41]. Similarly, the same effect was observed
on PPARy in U373 glioblastoma cell line following BCP administration, which was once
again reversed by AM630 [42]. Given the large role PPARs have in many lifestyle-related
diseases, such as obesity and diabetes, further studies of the CB2-PPARY crosstalk could
place serious groundwork for a better understanding of the impact that the ECS could have
on these diseases and their complications.

2.1.2. The Terpene “Entourage Effect”

Even though BCP has gained a lot of attention, other types of terpenes are emerging
as ECS mediators. Among the most studied terpenes, we can find «-pinene (parsley,
rosemary, basil and dill), B-pinene (cumin), linalool (lavender, coriander, bay leaves),
Eugenol (clove, cinnamon, oregano, ginger, thyme and pepper), -myrcene (sweet basil,
bay leaves, lemongrass, thyme, parsley), a-humulene (sage, ginseng and myrtaceae) and
limonene (citrus oils such as orange and tangerine, celery) [13,43,44]. While all of these
and many other terpenes have very interesting properties [13,43,45], the scope of this
review is to evaluate them on the basis of their interaction with ECS and its mediators,
so only those most represented in literature will be discussed. The “entourage effect”,
as previously stated, is the hypothesized synergistic effect that terpenes may have with
cannabinoids (“inter-entourage” [46]) following the observation that whole-plant extracts
are more effective than single cannabinoid administration. This hypothesized effect has
led to the belief that these molecules have a regulatory role on the ECS but proving which
mechanisms they activate remains the main issue.

Given the lack of studies, Santiago et al. [47] and Finlay et al. [48] set out to prove
whether these compounds act as cannabinoid modulators by acting on CBRs in vitro.
Santiago et al. tested the effects of six terpenes («- and 3-pinene, 3-caryophyllene, (3-
myrcene, linalool and limonene) on AtT20 cells stably transfected with human CB1 and CB2
and proved that these terpene molecules did not activate CB1 and CB2 when administered
alone, nor interfered with A-THC'’s activity on these receptors. These terpenes also did not
modulate the potassium channel’s response caused by the synthetic cannabinoid CP55,940.
To our and the same author’s surprise, also BCP did not elicit a CBR-mediated response. The
reasons for this are said to be unclear, but they could be justified by the administration of a
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low dose or by an unproductive coupling between hCB2 and endogenous AtT20 potassium
channels, which would require a higher ligand affinity to the receptor. The authors also
exclude a possible terpene modulation of A[9]-THC’s response by allosteric coupling with
CB1, since the negative allosteric modulators used in the study were successful in inhibiting
CP55,940 induced hyperpolarization while the terpenes tested were not. The authors are
very thorough in their limitations list and propose that future research should focus on
multiple pathways and not only the one involving potassium channel activity. Soon after,
Finlay et al. [48] published another paper examining the possible terpene—cannabinoid
entourage effect on CBRs in vitro, evaluating the activity of the same molecules except for
linalool on hCBRs stably transfected HEK cells through a radioligand assay and cAMP
signaling assay. The results obtained are consistent with the ones published by Santiago
et al., proving no modulation of the response following terpene exposure. Similarly, also in
this study, BCP did not show any CB2-dependent activity, although a weak binding to the
receptor was demonstrated. Once again, the authors are not sure what the reasons for this
result may be but acknowledge the consistency with the other article. These two studies
together may present preliminary data showing how terpene direct binding with CBRs is
not the mechanism by which a possible entourage effect is mediated, but mechanisms that
act on other components of the ECS such as the TRP-channels may be possible.

Following this reasoning, the same research group for the Santiago et al. paper
produced another study in which they evaluated the activity of seven terpenoids (BCP,
humulene, linalool, x-pinene, 3-pinene, 3-myrcene and limonene) on human TRPA1 and
TRPV1 channel receptors stably transfected in a HEK293 in vitro model [49]. This investi-
gation was conducted on the basis that TRPA1 and TRPV1 have known phytocannabinoid
agonists such as A°-THC and CBD [50] and the endocannabinoids AEA and 2-AG are
agonists for both channels [51,52]. The main finding of this study is that none of the seven
terpenoids were able to induce a change in internal calcium concentration in either hTRPA1
or hTRPV1 expressing cells. Validation with known agonists proved the reliability of
the results since A’-THC and 2-AG were able to activate TRPA1 expressing cells, while
AEA and capsaicin were able to activate the ones expressing TRPV1. Interestingly, while
CBD is known to be a TRPV1 agonist [53], this study failed to show its TRPV1 activation
ability, and this is explained by the authors as a discrepancy occurring as a result of TRPV1
expression levels or as a result of a difference in testing conditions compared to other
studies. Similarly, 3-myrcene has also been shown to influence calcium influx by binding
to TRPV1 [54] and linalool was able to activate TRPA1 at very high concentrations [55],
evidence that does not agree with the findings of this paper. The gray areas regarding the
complex interactions between terpenoids and TRP channels are still to be discovered and
understood. For example, TRPMS, another TRP channel, is a known target for another
well-known terpenoid, menthol (peppermint), and the resulting ligand—receptor binding is
responsible for cool-induced analgesia of acute, inflammatory and neuropathic pain [56].
This binding was able to balance the nociceptive effects caused by capsaicin on TRPV1
and Acrolein on TRPA1 [57]. Furthermore, menthol binding to human TRPA1 and TRPV1
cannot be excluded since topical application causes epidermal irritation and inhalation
may cause exacerbation of asthma. The majority of terpene compounds are still relatively
unknown and, while present-day literature excludes the existence of an entourage effect,
further research might be able to clear up some uncertainties and bring precious leads for a
better understanding of this complex system.

2.2. Polyphenols and Flavonoids

As it can be clear by now, Cannabis Sativa, as well as other plants, contain a plethora
of active principles that concur in the modulation of the ECS, and the introduction of
these molecules through diet is highly possible. Among these active principles, the class
of polyphenols is surely well represented in the literature and contains some of the most
promising compounds in nutritional research. Polyphenols are compounds that can be
identified by the presence of multiple phenol rings in their structure and this class of
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molecules is composed of several families and subclasses that also include flavonoids,
anthocyanins and stilbenoids [58]. They are largely distributed in plants and their physio-
logical roles include being a fungal and herbivore deterrent and granting UV protection
through pigmentation [59-61]. Their large presence in a very wide range of plants, in-
cluding vegetables and fruits and their well-known antioxidant and anti-inflammatory
properties make them very interesting molecules that could adapt very well to dietary
interventions and personalized nutrition aimed for treatment. Their role as epigenetic
regulators for certain genes’ expression has been emerging in the last decade and there is
some sparse evidence that links these compounds to the ECS. In this chapter, bibliographic
evidence exploring this link will be presented, proving that the involvement of this class
of molecules in the modulation of ECS component levels is plausible and that they could
take part in a functional and human-applicable intervention strategy for a wide range of
diseases. Here, we will examine the literature about the main polyphenols that can be
found in the Mediterranean area (structures of the molecules are highlighted in Figure 2)
and that could, therefore, be very important in a Mediterranean-oriented dietary profile.

OH
on © O ~

OH OH

Hydroxytyrosol Resveratrol

Kaempferol Biochanin A

Figure 2. Most represented polyphenol and flavonoid molecules in the literature.

2.2.1. Quercetin

Quercetin [2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one] is present in
a large variety of food sources characteristic of the Mediterranean area, such as cherries,
apple, red wine, cappers, and red onion [62] and it is the most studied flavonoid. What
makes this polyphenolic compound interesting are its numerous beneficial effects [63]
and its appreciated versatility in various research fields. It has been discovered to be a
potent antioxidant, antibacterial and anti-inflammatory molecule [64-66] and it is also
believed to have anti-cancer properties [67], despite its poor bioavailability (roughly 2%
after a single dose) and complex metabolism [68]. Given all these beneficial effects of this
molecule, some authors have started investigating whether this flavonoid is also involved
in the modulation of the ECS, specifically the modulation of the CBRs expression and
could therefore act on the aforementioned pathways through different routes. While the
relationship between Quercetin and CB2 has never been investigated, some evidence is
present for CB1. The possibility of a direct ligand-receptor interaction between numerous
novel drug candidates and CB1 has been evaluated through homology modeling and
structural analysis [69]. Quercetin has demonstrated to have a high affinity towards CB1,
comparable to the affinity Rimonabant shows towards the same receptor (—6.56 Kcal/mol
with four hydrogen bonds), leading the authors of the study to believe that this specific
compound could be a promising and ideal lead molecule for novel obesity treatment,
even though only a few studies have explored this relationship at the moment. A paper
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published in 2015 by Refolo et al. [70] studied the effects of Quercetin on human colon
cancer cells (Caco-2 and DLD-I), specifically how this polyphenol is supposed to induce
CB1-dependent apoptosis and anti-proliferative effects on tumoral cells. While proving that
CB1 expression increased following Quercetin administration, the incomplete inhibition of
the effects observed from combined administration of CB1 antagonist SR141716 seems to
be a critical point of the study; if CB1 upregulation and Quercetin’s effects on cancer cell
proliferation and apoptosis were entirely due to a direct Quercetin-CB1 interaction, the
administration of an antagonist should have reverted the effects completely and not only
partially. In a follow-up in vivo study conducted by the same research group [71], the same
upregulation of CB1 was also observed in mice after dietary treatment with Quercetin while
also observing an alteration in expression levels of STAT3 and Bax/Bcl2, suggesting a more
protective environment in the intestinal tract of these mice. While criticism could also arise
from the fact that all the effects on cancer cell apoptosis and decreased proliferation may
be only collateral effects and not entirely CB1-dependent [72], the results of these studies
seem to suggest that Quercetin is able to impact the expression of CB1. Since a lower CB1
expression in the intestine seems to be directly correlated with the onset of cancer [73], a
dietary treatment with Quercetin aimed at increasing this receptor’s expression in the colon
could be a viable therapeutic strategy.

2.2.2. Resveratrol

Resveratrol (3,4,5'-trihydroxy-trans-stillbene) is a polyphenolic compound naturally
present in many components of the Mediterranean diet, such as berries, grapes, red wine
and other plants [74]. Among its numerous beneficial activities, this molecule is most
known for its ability to scavenge free radicals and act on antioxidant pathways [75]. Al-
though it is effectively absorbed in the small intestine, its poor bioavailability due to its fast
metabolism in humans has been a big barrier for its possible use as a systemic treatment
for numerous pathologies [76,77]. Despite this, resveratrol remains one of the most studied
polyphenols in biomedical research to this day. In light of this, this compound has found
its place also in ECS-related studies and has produced interesting results. Chen et al. [78]
have explored the role of resveratrol in the prevention and attenuation of diet-induced
non-alcoholic steatohepatitis (NASH) and found that this polyphenol is able to maintain gut
barrier integrity, inhibit gut inflammation and lower LPS-dependent endotoxemia through
direct regulation of the ECS. More specifically, they observed that a high-fat diet (HFD) was
able to increase CB1 and decrease CB2 mRNA levels in rat distal colon and that resveratrol
administration could restore normal expression of the two receptors. Furthermore, they
observed that there was a decrease in AEA and an increase in 2-AG levels. This result
was significant, since AEA is believed to aggravate the HFD induced gut permeability and
inflammation by binding preferentially to CB1, while 2-AG is believed to ameliorate it, since
it mainly binds to CB2 in the intestinal tract resulting in anti-inflammatory effects [79,80].
The effects of resveratrol both on CBR and on endocannabinoid molecules appear to be
aimed at bringing the respective expressions back to physiological levels, counteracting the
detrimental effects that an HFD has on the intestinal environment and, subsequently, on
the whole NASH progression.

Beneficial resveratrol-dependent effects on the ECS balance are not limited to the
gut environment. Evidence suggests that this polyphenol is also involved in balancing
brain levels of endocannabinoids, increasing both AEA and 2-AG when systemically and
chronically administered in rats [81]. This evidence is of great importance since raising
endocannabinoid levels in the brain has antidepressant and antinociceptive implications
and is essential for the neuroprotective actions of resveratrol. Similarly, another study
proves that resveratrol can protect the brain from oxidative stress by increasing CB1 and
CB2 expression levels in a transient global hypoperfusion rat model [82]. Resveratrol has,
therefore, a potential for neuropsychiatric and other cerebral disorders treatment. Following
this line of thought, da Costa Oliveira et al. [83] proved that resveratrol has antinociception
effects also peripherally in a carrageenan-induced hyperalgesia mouse model and that
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this effect is CB1-dependent. This dependency was proven by administering CB1 and
CB2 antagonists (AM251 and AM630, respectively) and seeing that this administration
dose-dependently blocked the resveratrol-induced antinociceptive effect. While AM251
was able to revert the effect, AM630 failed to do so, proving that the antinociceptive effect
of resveratrol is CB1 but not CB2 dependent. Resveratrol’s effect in blocking peripheral
nociception was enhanced by the administration of MAFP, JZL184 and VDM11 (respec-
tively FAAH, MAGL and endocannabinoid uptake inhibitors), proving once again that
increased endocannabinoid levels are effective in the control of both central and peripheral
nociception mechanisms. This study also proved that the opioid and the endocannabinoid
systems may be connected, and that resveratrol exerts its antinociceptive action through
both these systems. While CB1, CB2 and nOR’s expressions were unaltered in this study,
the authors explain that it may be due to the fact that Resveratrol was administered acutely
and not chronically, and that this type of administration may be unable to act on the recep-
tor’s expression. It may be interesting to evaluate these receptors’ expressions following
chronic Resveratrol administration in the same model. Taken together, these results outline
Resveratrol’s role as a modulator for the expression of many ECS components and could
be used as a drug for numerous other chronic disorders.

2.2.3. Kaempferol and Biochanin A

As we have already seen in this review, the modulation of the expression of CB1 and
CB2 is not the only option through which we can alter the balance of the ECS. Interfering
with the activity of enzymes that are part of the ECS is, in fact, another possible way to
turn the tides. In particular, some polyphenols have shown an inhibiting effect on the
FAAH, the enzyme responsible for AEA degradation, prolonging the duration of AEA
effects [84]. Chronic stress animal models show a significant decrease in AEA levels
in all brain areas [85] and the dysregulation of endocannabinoid levels were associated
with numerous psychiatric disorders [86]; therefore, an enhancement in endocannabinoid
signaling due to FAAH inhibition could be used as a novel phytotherapeutic treatment
for anxiety and stress relief. Polyphenols such as kaempferol and biochanin A have
displayed interesting properties. Kaempferol is a natural flavone present in beans, broccoli
cabbage, grapes, tomatoes and citrus, among other plant sources, while biochanin A is
mostly found in red clover and legumes, such as chickpeas, soy and peanuts. Among
other naturally occurring compounds, kaempferol appears to be the most potent FAAH
inhibitor [87]. In a recent study by Ahmad et al. [88], this effect was confirmed and, in
particular, kaempferol displayed dose-dependent effects on FAAH inhibition in vitro, as
well as reduction in the freezing response in contextual fear-conditioned rats. In the same
study, the treatment with kaempferol also showed anxiolytic effects comparable to those
observed after standard treatment with diazepam, which were reversed by CB1 antagonist
administration. These results confirm previous studies which asserted that ECS modulation
by either FAAH inhibition and CB1 activation could reduce stress and fear-related behavior
in rodents [89,90]. Biochanin A has also shown promising effects as a FAAH inhibitor but,
in a paper published by Thors et al. [91], it also inhibited the binding of a CB receptor
agonist ([PH]CP55,940) to brain CB1 and recombinant CB2 receptors. While the effects of
biochanin A on CBRs were modest, a connection between this molecule and the ECS has
been presented, paving the way for future research. Even though dietary intake of these
two polyphenols is very scarce and would hardly be enough to be pharmacologically active,
they remain a valid option for possible nutraceutical treatments or for supplementation
in general.

2.2.4. The Synergistic and Matrix Effects of Polyphenols

If the administration of single polyphenols is able to elicit changes in ECS components’
expressions, it is reasonable to believe that more molecules combined would be able to
induce more evident changes. Since the bioavailability of these compounds is limited, a
synergistic effect of different molecules with virtually the same function could potentially
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be able to counteract what is lost during physiological metabolic and detoxification mech-
anisms. We also know that the food matrix in which dietary phytochemicals are present
plays an important role in their absorption and availability, and we know this to be true also
for polyphenols [87,92]. Following this line of reasoning, Cocci et al. [93] recently published
a study in which they evaluated the effect of a tart cherry supplement on visceral fat ECS
components’ expression and its impact on adipogenesis-related genes in a rat model for
diet-induced obesity (DIO) following a high-fat diet (HFD). They showed that tart cherry
is a fruit very rich in polyphenols, especially anthocyanins, quercetin, kaempferol and
other flavonoids [94,95] and it is of interest for this review since this fruit is popular in the
Mediterranean area. The results they have obtained are very interesting and promising.
While having no effect on body weight and adipocyte size, the supplement appeared to be
effective in downregulating CB1 (which is upregulated and over-stimulated in the visceral
fat of obese individuals [96]) and adipogenic genes such as PPARy and SREBP-1c, while
also upregulating adipocyte differentiation inhibitor PREF-1. The authors explain that the
anti-adipogenic effect presented by the tart cherry supplement may be due to its ability to
downregulate CB1, which seems to be directly related to the PPARy pathway. This crosstalk
between the ECS and PPARYy could outline, therefore, an interesting potential prophylactic
role of phytochemicals in adipogenesis regulation. Some studies, however, have suggested
that CB1 may be upregulated in response to the pro-inflammatory environment [97,98]
and that, therefore, the subsequent CB1 downregulation after the tart cherry extract may
be due to a change in the inflammation that may be caused by the polyphenols” known
anti-inflammatory properties. Further studies are required to tie all these pieces of evidence
together, thereby making the pathways and crosstalk clearer in order to build enough
plausibility and move towards the human model.

2.2.5. Olive Oil, Hydroxytyrosol and the ECS

The Mediterranean diet is one of the most known diets in the world for its cultural and
territorial value and has been recognized as an intangible cultural heritage of humanity by
UNESCO in 2010 (https:/ /ich.unesco.org/, accessed on 5 February 2021). Since the publica-
tion of Ancel Keys’ Seven Country Study in the 1960s, in which for the first time he was able
to prove the strong protective effects this diet has towards cardiovascular events despite its
high-fat content, the Mediterranean diet entered the nutritional guidelines worldwide as
part of a healthy lifestyle. In 2019, it was recognized by the EAT-Lancet Commission as a
possibly universal model of a healthy diet (https://eatforum.org/eat-lancet-commission/,
accessed on 5 February 2021). During the second “Ancel Keys” International Seminar [99],
which took place in 2021, this diet was discussed in detail and its relevance as an effective
and preventive dietary approach is still highly considered in the scientific community.
What makes the Mediterranean diet special is its positive impact on several metabolic dis-
orders and cardiovascular risk factors, such as hypercholesterolemia, metabolic syndrome
and diabetes, and other important pathologies such as cancer [100-102], despite being a
diet highly reliant on fat. This diet is rich in monounsaturated fatty acids, which should
account for the majority of total daily energy derived from lipids, as opposed to saturated
fatty acids, which should be kept <10% of the total daily energy intake. This high energy
intake deriving from monounsaturated fatty acids is explained by the consumption of large
quantities of olive oil, which over the years has always been described as one of the key
components of the Mediterranean diet, along with vegetables and fruits, whole grain cere-
als, nuts and legumes [103]. Extra-virgin olive oil (EVOO) is naturally rich in polyphenolic
compounds, which we recognize from previous sections as a family of molecules known for
their antioxidant, anti-inflammatory, neuroprotective and anti-obesity properties [104-106].
Among these molecules, we can find Hydroxytyrosol (OHT), which has displayed similar
properties [107]. With the rising interest in dietary ECS modulation within the scientific
community, olive oil and OHT have also been candidates for research on this topic. While
EVOO and OHT are fairly unrepresented in the literature, there is some sparse evidence
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that links these molecules to the modulation of the main ECS components, mainly the
expression of CB1 and CB2.

For what concerns CB1, there are two main papers that focus on the role of OHT and
EVOO in the modulation of this receptor. Di Francesco et al. [108] in 2014 demonstrated
that EVOO, Oil Phenolic Extract (OPE) and OHT taken singularly were able to upregulate
CB1 gene expression both in in vitro and in vivo models by acting through epigenetic
mechanisms. In the in vitro studies, EVOO extract, OHT and OPE were administered to
human colon cancer cells (Caco-2) and CNR1 gene expression was evaluated by quantifying
both CB1 mRNA and protein. They found a significant upregulation of CNRI at 24 h,
confirmed by Western-blot analysis; however, no short-term (4 h) effects were noticed
and at 48 h, the expression values went back to baseline, suggesting EVOO, OHT and
OPE exposure caused a transient upregulation of the gene. To confirm these data, an
evaluation of CNR1 gene methylation was carried out, demonstrating a significant reduction
in methylation levels of the CNR1 promoter caused by EVOO, more specifically by its
phenolic components. In fact, treatment with EVOO deprived of the phenolic fraction
produced no methylation changes and no CB1 upregulation. CB1 upregulation in this
cellular model is particularly interesting since the CNR1I gene is silenced in colorectal cancer
cells compared to normal colon mucosa cells (NCM460) and this gene has already been
demonstrated to act as a tumor suppressor in vivo [73]. The trend observed in vitro on
Caco-2 cells was confirmed by the analysis of colon samples of rats subjected to 10-day
treatment with EVOQO, with administrations repeated daily. On the contrary, no significant
upregulation in any of the other ECS components tested (CB2, TRPV1, GPR55, MAGL
and NAPE-PLD, among others) was noticed. Taken together, these results demonstrate
that the phenolic fraction of EVOO is responsible for the epigenetic changes observed for
CNRI1 in Caco-2 and in rat colon in a transient manner at 24 h. Furthermore, the observed
CNRI1 silencing in colorectal cancer is an interesting starting point for investigation on other
cancer types.

Opposite evidence comes from a study published by Tutino et al. [109] in which they
proved that OHT down-regulated CNR1 expression in a 3T3-L1 preadipocyte cell model.
The role of CB1 in adipocytes has been proven to be opposite to the one observed in the
previous study, since it has been previously seen that CB1 is overexpressed in visceral
adipose tissue of obese individuals and can also produce and release endocannabinoids,
thereby increasing AEA and 2-AG serum levels [110,111]. The results of this study are,
therefore, not contradictory compared with the previous paper, but highlight a possible
tissue-specific role of this receptor. The authors were also able to observe a down-regulation
in PPARy, which is involved in preadipocyte differentiation and in lipid storage. Together,
these results suggest that OHT administration may be an effective treatment for obesity,
helping weight loss either through a direct action on CB1 or through an alternative path-
way involving PPARYy that results in CB1 inhibition. A reduction in weight leads to an
amelioration of obesity and the resulting constitutive low-grade inflammation, thereby
improving the quality of life and exerting an indirect protection against tumors. These two
studies outline a clear role of EVOO in the tissue-specific modulation of CB1 expression
levels through epigenetic and possibly direct mechanisms.

Proof that CB2 expression can be modulated by EVOO or by its polyphenolic compo-
nents is lacking in the literature. The previously cited study by Di Francesco et al. [108]
also did not find a significant impact of EVOO, OHT and OPE on CB2 expression. The
only evidence of EVOO-dependent CB2 expression modulation comes from a single in vivo
study, published in 2016 by Notarnicola et al. [112]. Researchers treated C57BL/6] ApcMin/*
mice (a model for experimental colorectal carcinogenesis; mice with this mutation are pre-
disposed to the development of multiple intestinal adenomas) with different FA-enriched
diets for a period of 10 weeks. One group was administered with an AIN-93M standard
diet in which soy oil was replaced with olive oil and all groups were fed an isocaloric diet.
Through gene expression and Western-blot analysis the authors were able to conclude that
all diets (olive oil, omega-3 and omega-6) exhibited anti-inflammatory effects in the adipose
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tissue by inducing CB2 and upregulating nitric oxide synthase 1 (NOS1), both participating
in the prevention of diet-induced obesity. What makes these results even more interesting
is that CB2 expression seems to be NOS1 dependent [113]. Among all the different diets,
the EVOO diet was the one that had the greatest effects on CB2 and NOS1 expression. The
authors explain how this effect may be due to the high MUFA content, while polyphenols
such as OHT were not mentioned. Evaluating the impact these components may have on
CB2 expression could represent an interesting future research topic.

3. Microbiota and ECS

The involvement of the intestinal microbiota in the progression and onset of several
diseases has been one of the most studied topics in the last decade. Many links between
the composition of this delicate ecosystem and a number of diseases have already been
found and this led researchers to investigate it further. It is now highly recognized that
the diet plays a crucial role in the selection of bacterial species in the gut, with different
dietary profiles acting differently on the microbiota composition and affecting human
health positively or negatively as a consequence [114-116]. The Mediterranean diet is no
exception to this rule, as it has been demonstrated to positively modulate the gut microbiota
composition in humans, primates and rodents [117]. These effects have been linked to
dietary fiber, mono- and poly-unsaturated fatty acids and antioxidants, which are highly
represented in this dietary profile [118]. Being rich in cannabinomimetic molecules, the
next big step in the study of the endocannabidiome was to see if the gut microbiota can be
influenced by the modulation of the system possibly elicited by these compounds or if the
observed benefits of a Mediterranean diet on this complex ecosystem are independent of
them. In the next section, we describe a two-way relationship between the modulation of
the ECS and the gut microbiota composition and how by altering one’s activity, we could
positively influence the other, leading to positive outcomes on lifestyle-related pathologies.

3.1. Modulation of the ECS Alters the Microbiota Composition

Recent studies have proven that targeting the ECS directly can lead to an alteration
in the composition of the gut microbiota in favor of species with a positive impact on
health. It was seen that the microbiota and the endocannabidiome cooperate in a series
of intertwined pathways, which, when disrupted, can worsen preexisting low-grade in-
flammation and insulin resistance in obese patients [119]. The involvement of CB1 in
intestinal and metabolic homeostasis has been studied in detail, identifying its antago-
nism as a possible way to improve gut barrier function. A higher ECS tone has been
associated with an increase in gut permeability and treatment with a CB1 agonist HU-210
induced, as a consequence, severe metabolic disturbances such as glucose intolerance, lipid
accumulation in the muscle and endotoxemia [79]. Bahrami et al. [120] have proven for
the first time that CB1 blockade improves colonic inflammation, systemic inflammation
and insulin resistance in diet-induced obesity (DIO) mice fed with a high-fat diet and
treated with Rimonabant (SR141716A), a CB1 antagonist. Interestingly, CB1 antagonist
administration also altered the gut microbiota composition in favor of more protective
species such as Akkermansia muciniphila, which is known to ameliorate DIO and diabetes
parameters such as endotoxemia, adiposity, glucose metabolism and insulin resistance
when transferred live in mouse models [121]. This species’ abundance was suggested to be
restored as a consequence of increased expression of MUC?2, a transcription factor in charge
of host mucin production regulation. Mucin is the main nutrient source for A. muciniphila
and is essential for its growth. These outcomes were demonstrated to be rimonabant
administration-dependent in obese mice and were also proven to be independent from
caloric restriction and weight loss. In addition to increased abundance in A. muciniphila, the
authors observed a decrease in the Lachnospiraceae and Erysipelotrichaceae families. This is a
significant finding, as these two bacterial families belonging to the Firmicutes phylum are
thought to be involved in weight gain and metabolic syndrome induction [122], but also in
diabetes [123] and inflammation-related GI disorders [124]. What appears to make the link
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between CB1 antagonism and gut microbiota even stronger is the increased production of
butyric and propionic acid evaluated by Bahrami et al. by conducting gas chromatography
on the mice’s cecal material. This increased production of short chain fatty acids can be
explained by an increased abundance of beneficial butyrogenic and propionogenic species
following the administration of Rimonabant. A. muciniphila is a prominent example of this
statement, as propionic acid is its main metabolite. This interpretation, however, remains a
hypothesis, as the authors believe the effects that Rimonabant had on the composition of
the gut microbial community in toto could be secondary to its effect on the inflammatory
state, which then led to a change in the environmental characteristics of the intestine.

If targeting CB1 directly by using synthetic or natural molecules is a viable strategy
for tweaking both its activation levels and the gut microbial community composition, it
can be hypothesized that targeting other receptors of the endocannabidiome can also have
positive effects. N-Acylethanolamines (NAEs) are fatty acid amides that share synthesis
and degradation enzymes with endocannabinoid molecules and, even though they do
not act on the cannabinoid receptors, they are active on TRPV1, PPARs and GPR119 and
GPR55, which have been associated with the same effects as CB2 (improvement of glucose
intolerance, perturbed intestinal permeability, insulin resistance and obesity) and are part
of the endocannabidiome receptors [125,126]. NAPE-PLD is the most important NAE-
synthesizing enzyme and its active presence in the adipose tissue has been proven [127].
Geurts et al. [128] have demonstrated that NAEs synthesized in the adipose tissue by
NAPE-PLD interfere with the microbiota, since the knock-out (KO) of adipose tissue-
specific NAPE-PLD gene in obese mice greatly shifted the composition of gut microbiota,
independently from diet diversity (high-fat diet and control diet). The probiotic Lacto-
bacillus and Allobaculum genera were decreased in control diet-fed KO mice in respect
to WT mice fed with the same diet, underlying the crucial role of NAPE-PLD in a healthy
microbiota selection. Moreover, when transferring microbiota from NAPE-PLD KO mice to
germ-free recipients, the whole phenotype was replicated, thus indicating that the changes
in the microbiota have a key role in the phenotype definition. This study demonstrates that
NAESs have an impact on the gut microbial community that may or may not be mediated by
the previously mentioned non-cannabinoid receptors. By analyzing these articles, we can
therefore assume that a selection of a healthier microbiota could be achieved by modulating
both CRs and non-CRs ECS inputs. It is still unclear, however, how these changes in ECS
levels directly affect the microbiota and which pathways and receptors are activated in
order to achieve the observed results. Hence, even if further investigation is required, these
studies lay robust groundworks for mechanistic studies aimed at shining more light on
the topic.

3.2. Alteration of the Microbiota Can Modulate the ECS

If ECS targeting can cause changes in the microbiota, can the modulation of the micro-
bial community positively affect the ECS and its levels of activation? The gut microbiota’s
influence on the ECS has been proven to take place on several occasions, with certain species
that are able to modulate endocannabinoid plasma levels both positively and negatively.
We have previously seen how the introduction of live A. muciniphila in mice models has
positive effects on DIO and diabetes. What is also interesting about an increased abundance
of this microorganism is that the plasma levels of endocannabinoid 2-AG and two of its
congeners 2-OG and 2-PG were also increased concomitantly. 2-AG is known to have
positive effects on intestinal homeostasis by reducing metabolic endotoxemia, peripheral
and brain inflammation and circulating levels of pro-inflammatory cytokines and has been
demonstrated to protect against trinitrobenzene sulfonic acid-induced colitis in mice [129].
This evidence suggests, therefore, its role as a “gate keeper”, meaning that it has a protective
function against the exacerbation of gut permeability, opposite to the one of AEA, which
is thought to be a “gate opener” [121]. While a lot is known about 2-AG, little can be
said about the role of the other two species in the maintenance of gut homeostasis. There
are authors that suggest a link between 2-OG and the orphan GPR119 [126], and others
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that suggest that these 2-AG congeners may serve as functional CB1 antagonists [130].
Either way, the observed increase in these molecules proves a close relationship between A.
muciniphila and the ECS and lays an important foundation for future therapeutic strategies.

In the previously discussed paper, Bahrami et al. showed an increase in butyrate
and propionate following the administration of Rimonabant and suggested it to be a
consequence of increased butyrogenic and propionogenic microorganism abundance. Other
authors set out to prove the opposite relationship, specifically if an increased butyrate
and propionate production could affect ECS-related expression levels. In 2017, Kang
et al. [131] tested the effect of dietary capsaicin on the gut microbiota of high-fat diet-fed
obese mice. A beneficial effect of this molecule was observed on the mice microbiota
composition, changing its profile in favor of butyrogenic species such as Clostridium
clusters IV (Ruminococcaceae) and XIV (Lachnospiraceae, including Roseburia spp.) and against
LPS-synthesizing Gram-negatives. Butyric acid is known to be beneficial for gut health,
diminishing low-grade inflammation and positively modulating gut permeability. Lower
gut permeability hampers LPS translocation in plasma, thereby lowering endotoxemia
and diminishing adipose tissue endocannabinoid production. As a consequence of this
ECS tone cut, CB1 is downregulated, feeding into a cycle of positivity for gut health.
Capsaicin seems to have protective properties in the high-fat diet-fed obese mice, since the
administration of this molecule in association with HU-210 (CB1 agonist) mitigated the
disruptive effects of the single administration of the agonist. To prove that these effects
were associated with microbiota composition, fecal transplantation was carried out on
germ-free mice and, following the procedure, the anti-metabolic endotoxemia effects were
replicated. As for capsaicin, there are other compounds able to positively modulate the
gut microbiota towards a more butyrsogenic profile, among which we can find multiple
prebiotic fibers [132-134]. If further investigations are able to confirm this trend, the
enhancement of these species could also be a potential strategy for ECS tone correction
in obesity.

Whether one or multiple species are responsible for the impact on the ECS is still a very
debated topic but, as time proceeds, numerous links are being discovered. A recent article
by Markey et al. [135] explored the impact of Candida albicans on the gut-brain axis and its
ability to dysregulate the balance of the ECS. It has been seen that C. albicans colonization,
while protecting the gut’s health against pathobionts, induces an AEA-CB1 deficit which
increases both stress-induced and basal corticosterone production related to anxiety-like
behavior. By administering a FAAH blocker (URB597) to C. albicans colonized mice, the
trend was reversed, while no effect was noted in mock-colonized mice. K-means cluster
analysis supported the hypothesis that the AEA deficit was responsible for the changes
in behavior, which was further proven by the increased abundance of two other NAEs
(linoleoyl and linoleoyl ethanolamine) in the cecum of C. albicans colonized mice. The
authors explain that the change in precursor abundance in the GI tract noticed through
feeding studies could contribute to the alterations in AEA levels that were observed in this
study. Despite not being involved in the lifestyle-related diseases that are in study in this
review, this is an example of how there could be undiscovered links between certain species
of the microbial community and a healthier ECS equilibrium. While Markey et al. showed
that Candida albicans alone seems to have the ability to modulate the ECS, Lacroix et al. [136]
showed that there is a strong time-dependent association between the abundance of several
bacterial genera of the intestinal microbiota and the concentration of AEA and 2-AG in the
ileum and plasma of high-fat high sugar (HFHS) diet-fed mice. This study also showed a
decrease in CB2 expression in the early stages of the HFHS diet, which could have shifted
the ECS mediator profile to preferential binding to CB1, which then increased intestinal
permeability, inflammation, insulin resistance and may have led to a subsequent change in
the composition of the microbiota. It is undeniable that there are numerous undiscovered
details that need to be clarified by future studies, but these observations confirm that there
is some kind of cooperation between single microorganism species that, each with its own
metabolism, can contribute to a healthy gut environment by acting on the ECS.
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4. Conclusions

The ECS has been rightfully gaining attention as a pharmaceutical target for numerous
diseases. Literature links this complex lipid signaling system to a diverse array of conditions
affecting human health and the modulation of said system has been proven to be possible.
Nature provides us with a large number of molecules that are either able to bind these
receptors directly or modulate their expression by acting on other ECS components. We
have discussed the most well-known molecules that have demonstrated to possess some
affinity for the system. Interestingly, many other phytocannabinoids share structures
with endocannabinoids and theoretically could be active in eliciting an ECS-mediated
response, but the absorption and metabolism add a degree of complexity that has to
be taken into account when talking about dietary intervention. The goal of a specific
dietary regimen or a functional food is far from a pharmaceutical treatment, but this
does not exclude the possibility of a combined approach with a therapeutic regime from a
prevention standpoint. By taking some edge off the collateral effects that some therapeutical
approaches inevitably lead to and by potentially raising compliance, a combined approach
involving phytocannabinoids may be an option in the future. What also makes research
on the ECS challenging is the fact that the role of its activation in every tissue has not yet
been fully understood: while there are some diseases such as obesity and dyslipidemia
that may benefit from a reduction in the ECS tone, neuropsychiatric diseases and mood
disorders may arise from a reduction in ECS activation in certain brain areas such as the
hypothalamus or the hippocampus, and the Rimonabant case has taught us to be weary of
this double-faced coin. Despite this, ECS research seems promising all around and, in the
nephrological field, CB2 activation has been proven to potentially prevent or ameliorate
diabetic nephropathy [137,138]. For these reasons, the presence of cannabinomimetic
molecules in the diet cannot be overlooked and new discoveries are needed to shine a
light onto this mysterious system, to better comprehend its role and its potential. In an era
where personalized nutrition is becoming more and more a reality, having new therapeutic
targets could become a large resource and would help us to define new strategies to tackle
unresolved issues.
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