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N-Palmitoylethanolamide (PEA) is a non-endocannabinoid lipid mediator belonging to the
class of the N-acylethanolamine phospolipids and was firstly isolated from soy lecithin, egg
yolk, and peanut meal. Either preclinical or clinical studies indicate that PEA is potentially
useful in a wide range of therapeutic areas, including eczema, pain, and neurodegeneration.
PEA-containing products are already licensed for use in humans as a nutraceutical, a food
supplement, or a food for medical purposes, depending on the country. PEA is especially
used in humans for its analgesic and anti-inflammatory properties and has demonstrated
high safety and tolerability. Several preclinical in vitro and in vivo studies have proven that
PEA can induce its biological effects by acting on several molecular targets in both central
and peripheral nervous systems. These multiple mechanisms of action clearly differentiate
PEA from classic anti-inflammatory drugs and are attributed to the compound that has
quite unique anti(neuro)inflammatory properties. According to this view, preclinical studies
indicate that PEA, especially in micronized or ultramicronized forms (i.e., formulations that
maximize PEA bioavailability and efficacy), could be a potential therapeutic agent for the
effective treatment of different pathologies characterized by neurodegeneration, (neuro)
inflammation, and pain. In particular, the potential neuroprotective effects of PEA have been
demonstrated in several experimental models of Alzheimer’s disease. Interestingly, a single-
photon emission computed tomography (SPECT) case study reported that a mild cognitive
impairment (MCI) patient, treated for 9 months with ultramicronized-PEA/luteolin, presented
an improvement of cognitive performances. In the present review, we summarized the
current preclinical and clinical evidence of PEA as a possible therapeutic agent in Alzheimer’s
disease. The possible PEA neuroprotective mechanism(s) of action is also described.

Keywords: neuroinflammation, preclinical studies, animal models, 3xTg-AD, ultramicronized formulation

INTRODUCTION

Neuroinflammation and synaptic dysfunction in Alzheimer’s disease (AD) have been originally
considered as epiphenomena with inflammation and altered neurotransmission occurring when
damaged neurons provoke glia activation and changes in neuron biology. However, the growth of
knowledge about the molecular mechanisms underlying AD converted this earlier view and points to
a causal role of these events in the pathology (Overk and Masliah, 2014; Heneka et al., 2015; Steardo
et al., 2015; Van Eldik et al., 2016; Gonzalez-Reyes et al., 2017; Ahmad et al., 2019). Specifically, it
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is now well established that the pathogenesis of AD includes
also interactions with immunological mechanisms/responses in
the brain. Neuroinflammation in AD is predominantly linked to
central nervous system (CNS)-resident microglia, astroglia, and
perivascular macrophages, which have been implicated at the
cellularlevel (Zadorietal., 2018). Regional inflammatory responses
characterize the CNS in AD, with deposits of B-amyloid (AB) as
foci, associated with increased expression of pro-inflammatory
cytokines, acute phase proteins, and complement components,
along with signs of activated microglia and reactive astrocytes
(Skaper et al., 2018). According to this scenario, neuropathological
studies in human brains, demonstrating the activation of glial cells,
mainly microglia and astrocytes (Zimmer et al., 2014; Chaney
et al.,, 2018; Edison et al., 2018; Knezevic and Mizrahi, 2018), have
been corroborated by studies in animal models of AD in which
an overproduction of pro-inflammatory signals by glial cells
triggers a neurodegenerative cascade (Birch et al., 2014; Heneka
et al., 2015; Chun et al., 2018; Saito and Saido, 2018). On the other
hand, mounting evidence indicates that also oxidative stress and
synaptic dysfunction are early events in AD (Overk and Masliah,
2014; Wirz et al,, 2014; Kamat et al.,, 2016; Cai and Tammineni,
2017). Changes in neuronal activity/signaling in AD can promote
the B-amyloidogenic pathway of amyloid precursor protein (APP)

processing, leading to increased A levels and thus creating a sort of

a positive feedback or a vicious cycle to accelerate AD pathogenesis
(Herrup, 2010; Wirz et al., 2014; Cai and Tammineni, 2017). These
findings indicate that neuroinflammation, oxidative stress, and
synaptic dysfunction are integral parts of AD pathogenesis, and
not solely consequences of AB-induced CNS damage. Thus, the
relationship between neurodegeneration and neuroinflammation
is strictly interdependent, suggesting that compounds able to
simultaneously target these processes might be effective therapeutic
agents in AD. In this context, endocannabinoid signaling and
endocannabinoid-related compounds have been demonstrated
to modulate the main pathological processes during early AD,
including protein misfolding, neuroinflammation, excitotoxicity,
mitochondrial dysfunction, and oxidative stress (Aso and Ferrer,
2014; Bedse et al., 2015; Fernandez-Ruiz et al., 2015). Among these
compounds, N-palmitoylethanolamide (PEA) has attracted much
attention because it exerts a local anti-injury function through
a down-modulation of mast cells and protects neurons from
excitotoxicity through several mechanisms (Mattace Raso et al.,
2014; Petrosino and Di Marzo, 2017).

PEA is a non-endocannabinoid lipid mediator belonging
to the class of the N-acylethanolamine (NAE) phospolipids,
which also includes the first endocannabinoid to be discovered,
N-arachidonoyl-ethanolamine (anandamide; AEA) and the

anorectic mediator N-oleoyl-ethanolamine (OEA). PEA was
firstly isolated from soy lecithin, egg yolk, and peanut meal
(Ganley et al., 1958; Petrosino and Di Marzo, 2017). Either
preclinical or clinical studies indicate that PEA is potentially
useful in a wide range of therapeutic areas, including eczema,
pain, and neurodegeneration. PEA-containing products
(Normast®, Glialia®, Nevamast®, Adolene®, Visimast®,
Mastocol®, and Pelvilen®) are already licensed for use in humans
(generally 1,200 mg/day) as a nutraceutical, a food supplement,
or a food for medical purposes, depending on the country.
PEA is especially used in humans for its analgesic and anti-
inflammatory properties (Petrosino and Di Marzo, 2017; Tsuboi
et al,, 2018) and has demonstrated high safety and tolerability
(Gabrielsson et al., 2016; Nestmann, 2016; Petrosino and Di
Marzo, 2017). In the last decade, several studies suggested that
PEA might exert protection against neuroinflammation and
neurodegeneration, thus indicating that the compound possesses
exceptional potential as a novel treatment for neurodegenerative
disorders (Hansen, 2010; Skaper et al., 2014; Iannotti et al., 2016;
Brotini et al., 2017; Dorio et al., 2018; Scuderi et al., 2018).

In this review, we initially briefly discuss the main molecular
targets of PEA and its pharmacological properties, including the
available pharmacokinetic data. Successively, we report the in
vivo and in vitro findings, along with clinical results, supporting
the possible role of PEA as a therapeutic agent in AD.

PHARMACOLOGY OF PEA

PEA attracted the interest of the scientific community mainly
after the discovery by an Italian Nobel Prize laureate Rita Levi
Montalcini and co-workers that some acylethanolamides, initially
termed ALIA-amides (autacoid local injury antagonist; ALIA)
are endogenously synthesized lipids exerting interesting anti-
inflammatory properties (Levi-Montalcinietal., 1996). PEA (C16:0
N-acylethanolamine; Figure 1) is a lipid mediator biologically
synthetized in many plants as well as in cells and mammal tissues.
It belongs to the class of non-endocannabinoid NAE, which also
includes stearoylethanolamide (C18:0 N-acylethanolamine),
oleoyl-ethanolamide (OEA, C18:1 N-acylethanolamine), and
linoleoylethanolamide (C18:2 N-acylethanolamine). These
compounds are much more abundant than the endocannabinoid
anandamide in several animal tissues and endowed with important
biological actions. The biosynthesis and metabolism of PEA have
been deeply described elsewhere (Petrosino et al., 2010; Tsuboi
et al., 2013; Petrosino and Di Marzo, 2017; Tsuboi et al., 2018), and
we refer to those reviews for their description.

CH3(CH2)13CH

FIGURE 1 | Chemical structure of palmitoylethanolamide.
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Mechanisms of Action of PEA: Focus

on Neuroinflammation

Several preclinical in vitro and in vivo studies have demonstrated
that PEA can induce its biological effects by acting on several
molecular targets in both central and peripheral nervous systems
(Mattace Raso et al., 2014; Iannotti et al., 2016; Petrosino and
Di Marzo, 2017; Tsuboi et al., 2018). As reported above, it has
been initially suggested that PEA, belonging to the class of
acylethanolamides, exerts its anti(neuro)inflammatory effects
by acting as an “autacoid local injury antagonist” (ALIA) leading
to a down-regulation of mast cell activation (Levi-Montalcini
et al., 1996). However, subsequent preclinical studies strongly
supported the view that PEA can directly activate at least two
different receptors: the peroxisome proliferator-activated receptor-
alpha (PPAR-a; Lo Verme et al., 2005) and the orphan GPCR 55
(GPR55; Pertwee, 2007).

PPAR-aactually seems to be the main molecular targetinvolved
in the anti(neuro)inflammatory effects of PEA. PPAR-a is, in fact,
known for its protective role against (neuro)inflammation, and
PPAR-a ligands are recognized as possible anti-inflammatory
compounds (Devchand et al., 1996; Straus and Glass, 2007).
When activated by a ligand, PPAR-a forms a heterodimer with
9-cis-retinoic acid receptor (RXR) able to interact with specific
DNA sequences in the promoter regions of selective genes,
thus leading to complex anti-inflammatory responses (Daynes
and Jones, 2002). In vitro, PEA is able to activate PPAR-a with
a half-maximal effective concentration (EC,,) of 3.1 + 0.4 uM
(De Gregorio et al., 2018). Numerous studies demonstrated
that PPAR-a antagonist or the genetic ablation of this receptor
counteracts/prevents the protective effects of PEA against
neuroinflammation and neurodegeneration in cellular or animal
models of different pathologies (Scuderi et al., 2011; D’Agostino
etal., 2012; Esposito et al., 2012; Paterniti et al., 2013a; Avagliano
et al,, 2016; Cristiano et al., 2018), thus supporting the relevance
of this target in the mechanism of action of PEA.

PEA has shown agonist activity towards the orphan receptor
GPR55 (Baker et al, 2006), which was proposed as a third
cannabinoid receptor (Pertwee, 2007; Yang et al., 2016). In fact,
cannabinoids are able to interact with GPR55, thus inducing
some behavioral, immunological, and neuroinflammatory activities
(De Gregorio et al, 2018; Balenga et al., 2014). However, the
limited sequence similarity between GPR55 and cannabinoid
receptors does not support this concept (Baker et al., 2006).
At the present, the relevance of this receptor activation in
the anti-inflammatory/neuroprotective PEA-induced effects
remains to be clarified. It has been reported that PEA improves
murine experimental colitis and that this effect is, at least
partially, mediated by GPR55 activation (Borrelli et al., 2015).
Furthermore, PEA protects against atherosclerosis by promoting
an anti-inflammatory and proresolving phenotype of lesional
macrophages, and this effect involves GPR55 activation
(Rinne et al., 2018). The expression of GPR55 was protective
against the insult exerted by MPP* in a cellular model of
Parkinson’s disease, but an agonist of GPR55 did not enhance
neuroprotection in GPR55-expressing cells (Martinez-Pinilla et
al., 2019). However, the GPR55 agonist abnormal-cannabidiol

(Abn-CBD), a synthetic cannabidiol isomer, displayed beneficial
properties when chronically administered (5 weeks) to a murine
model of Parkinson’s disease (Celorrio et al., 2017). Moreover, a
neuroprotective role of GPR55 activation on neural stem cells in
vitro and in vivo has been recently proposed, thus suggesting that
GPR55 could provide a novel therapeutic target against negative
regulation of hippocampal neurogenesis by inflammatory insult
(Hill et al., 2019). Finally, a selective agonist for GPR55 protected
dentate gyrus granule cells and reduced the number of activated
microglia after NMDA induced lesions in an in vitro model of
rat organotypic hippocampal slice cultures (Kallendrusch et al.,
2013). Taken together, these data suggest that the beneficial anti-
neuroinflammatory effects of PEA might be mediated, at least
in part, by GPR55 activation. However, other data suggested
anti-inflammatory properties of GPR55 blockade. For example,
a GPR55 antagonist diminished inflammation in experimental
colitis by reducing the levels of pro-inflammatory cytokines,
tumor necrosis factor-alpha (TNF-a), interleukin (IL)-1f, and
IL-6 and impairing leukocyte activation and migration (Stanci¢ et
al,, 2015). In addition, anti-neuroinflammatory effects have been
observed after the treatment of LPS-activated primary microglial
cells with a GPR55 inverse agonist (Saliba et al., 2018). Thus, the
precise role of GPR55 in the anti-inflammatory/neuroprotective
PEA action remains to be elucidated.

Besides its direct action on PPAR-a and GPR55, compelling
evidence indicates that PEA could produce several indirect
receptor-mediated actions, through the so-called entourage
effect (Mattace Raso et al., 2014; Petrosino and Di Marzo, 2017).
Given its weak affinity for CB1 and CB2 receptors, cannabinoid
receptors are not considered direct targets of PEA. However, PEA
can indirectly activate cannabinoid receptors through different
indirect mechanisms. In particular, PEA may indirectly activate
CB1 and CB2 receptors by acting as a false substrate for fatty acid
amide hydrolase (FAAH), the enzyme involved in the degradation
of the endocannabinoid AEA (Petrosino et al., 2016; Petrosino
and Di Marzo, 2017), thus leading to a reduced degradation
of AEA. This action leads to increased levels of AEA and, in
turn, an increased activation of cannabinoid receptor-mediated
signaling. Furthermore, quite recent studies have demonstrated
that PEA increases the levels of CB2 receptor mRNA and protein
as a result of PPAR-a activation, and this effect is involved in
PEA-induced microglia changes associated with increased
migration and phagocytic activity (Guida et al., 2017). Finally,
the discovery that GPR55 forms receptor heteromer with either
CB1 or CB2 receptors (Balenga et al., 2014; Martinez-Pinilla
et al,, 2014; Martinez-Pinilla et al., 2019) raises the exciting
possibility that PEA might modulate CB1- and/or CB2-mediated
intracellular signaling by targeting the GPR55 protomer in these
putative GPR55/CB1 or GPR55/CB2 heterodimers. PEA can also
indirectly activate the transient receptor potential vanilloid type 1
(TRPV1) channel, which is also a target for the endocannabinoids
(Zygmunt et al.,, 2013), via different mechanisms. In particular,
PEA-induced increase of endocannabinoid levels can modulate
inflammation and other immune functions via TRPV1 channel
(Ross, 2003). In addition, putative allosteric properties of PEA
at TRPV1 channels have been proposed to possibly explain
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the ability of the compound to increase the endocannabinoid-
induced activation and desensitization of TRPV1 channels
(Petrosino and Di Marzo, 2017). Finally, as the existence of a
direct biochemical interaction has been proposed, it seems likely
that PEA can also indirectly activate TRPV 1 channels via PPAR-a
activation. The possible relevance of these mechanisms in the
anti-neuroinflammatory/neuroprotective effects of PEA remains
to be clarified. In fact, TRPV1 channel activation has been linked
to either anti-neuroinflammatory or pro-neuroinflammatory
signaling (Kong et al., 2017). Interestingly, it has been recently
reported that TRPV1 activation reduces central inflammation in
multiple sclerosis (Stampanoni Bassi et al., 2019). Accordingly,
neuroprotective effects of TRPV1 activation in animal models
of Parkinsons and Alzheimer’s diseases have been reported (Jiang
et al., 2013; Nam et al., 2015; Jayant et al., 2016; Xu et al., 2017;
Zhao et al., 2017; Balleza-Tapia et al., 2018).

Taken together, the above findings strongly suggest that
PEA by activating multifactorial pharmacological targets
and by mediating several cellular mediators could play
promising protective roles in contrasting neuroinflammation
and neurodegeneration. The ability of PEA to synergistically
interact via several mechanisms is attributed to the compound’s
quite unique properties in respect to the traditional anti-
inflammatory drugs.

Pharmacokinetic
Given its poor water solubility, large particle size in the native state,
and, possibly, short-lived action, PEA might have limitations in terms
of solubility and bioavailability. In fact, PEA is almost insoluble in
water, while its solubility in most other aqueous solvents is very poor
with a partition coefficient (log P) estimated to be > 5 (Lambert et al.,,
2001). Published data on PEA bioavailability are still scarce, but recent
findings are contributing to better understand the pharmacokinetic
of the compound and the possible relevance of new oral formulations.

It was originally reported that in rats, following its intraperitoneal
(i.p.) administration, N-[1-“C]-PEA was mainly distributed in
some peripheral organs, and the lower concentrations were found
in the brain, plasma, and erythrocytes (Zhukov, 1999). Moreover,
orally administered N-[9,10-°H]-PEA (100mg/kg of body
weight) was able to penetrate through the blood-brain barrier
(BBB), but only in small amounts with a brain bioavailability
corresponding to 0.95% of the oral dose (Artamonov et al., 2005;
Gabrielsson et al., 2016). It has also been reported that PEA
administration to humans leads to a two- to nine-fold increase in
plasma baseline concentrations, depending on the dose (Balvers
et al.,, 2013). The poor pharmacokinetic of PEA prompted the
development of different formulation strategies, especially
aimed at ameliorating the compound distribution. For instance,
it has been demonstrated that when PEA was formulated as an
emulsion in corn oil and administered subcutaneously (s.c.) to
young DBA/2 mice (10mg/kg of body weight), the compound
was more extensively distributed in several organs, including the
brain (Grillo et al., 2013).

In addition, a PEA suspension in corn oil administered to
rats by gastric gavage (100 mg/kg of body weight) led to an about
20-fold increase in basal PEA plasma levels (Vacondio et al., 2015).

The highest PEA plasma concentration was observed after 15min
(Ciax = 420 + 132nM); PEA plasma levels returned to the baseline
ones ~2h after the compound administration. The formulation
of PEA as micronized or ultramicronized particles (m-PEA and
pum-PEA, respectively) has been more recently proposed as a
strategy to possibly increase PEA bioavailability, also in the CNS,
without affecting the pharmacological efficacy of the compound
(Impellizzeri et al., 2014; Petrosino and Di Marzo, 2017; Petrosino et
al., 2018). It has been firstly reported that the oral administration of
um-PEA (30 mg/kg of body weight) to a beagle dog led to a five-fold
increase in blood PEA concentration. The peak of plasma PEA levels
(~55-60 pmol/ml) was observed 1 and 2h after the administration
of the compound (Cerrato et al, 2012). Subsequently, another
study confirmed this finding (Petrosino et al., 2016). Another
pharmacokinetic profile of m-PEA and pum-PEA after a single oral
administration (15mg/kg of body weight) to beagle dogs is reported
in a US patent (Della Valle et al,, 2013). In this case, blood samples
have been taken at time 0 (immediately before the administration
of PEA) and at times (¢) 1, 2, and 3 h; the administration of m-PEA
and um-PEA leads to similar peak concentration values of PEA
in serum (22.2 and 22.4pmol/ml, respectively; ~2 times higher
than the baseline values) measured in the blood samples taken
1h after the compound administration, with PEA concentrations
returning to basal values at t = 2h. Petrosino et al. (2016) reported
the first preliminary pharmacokinetic data in humans. In particular,
the authors measured blood PEA concentrations after the oral
administration of m-PEA (300mg) to human volunteers. Blood
sample collection was carried out immediately before, and after 2,
4, and 6h after PEA assumption; under this conditions, the peak
of plasma PEA levels (~22pmol/ml) was observed 2h after the
compound assumption, with a drop to baseline levels within the
following 2h. Very recently, Petrosino et al. (2018) demonstrated
by orally administering pum-[**C]4-PEA or a naive ['*C]4-PEA
(30mg/kg of body weight) formulation to healthy and carrageenan-
injected rats, that ultramicronization increases the ability of PEA to
reach peripheral and central tissues under either healthy or local
inflammatory conditions. In particular, the plasma concentrations
of [*C]4-PEA were measured at 5, 15, 30, and 60 min after the oral
administration of the compound in ultramicronized and naive
formulations to healthy rats. Rats receiving pm-['*C]4-PEA showed
higher mean plasma levels of the compound than rats receiving
naive [*C]4-PEA. In rats receiving um-["*C]4-PEA, the peak
concentration of [*C]4-PEA (5.4 + 1.87 pmol/ml) was found after
5min, and it was five times higher than the concentration measured
in rats administered with the naive formulation (1.1 + 0.35 pmol/ml),
in which no significant peak plasma concentrations were found.
Collectively, the above findings suggest that micronized or
ultramicronized formulations of PEA maximize the compound
bioavailability and efficacy, although further studies are necessary
to undoubtedly confirm this hypothesis. Other strategies have
been proposed to improve PEA bioavailability. For instance,
PEA ester derivatives, prepared by conjugating PEA with various
amino acids, have been synthetized as PEA prodrug and allowed
to modulate the kinetics of PEA release in plasma and stability
in liver homogenate (Vacondio et al., 2015). Two derivatives,
L-Val-PEA, with suitable PEA release in plasma, and p-Val-
PEA, with high resistance to hepatic degradation, were orally
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administered to rats, and plasma levels of prodrugs and PEA
were measured at different time points, in comparison with naive
PEA (equimolar doses corresponding to 100 mg/kg of PEA).
Both prodrugs showed significant release of PEA but provided
lower plasma concentrations than those obtained with equimolar
doses of naive PEA. The highest PEA plasma concentrations
were observed after 15 min following PEA, L-Val-PEA, or p-Val-
PEA (420 + 132, 56.4 + 13.5, or 53.9 + 19.7nM, respectively).
It has also been reported that the loading of the compound
in nanostructured lipid carriers (NLCs) enhances the ocular
bioavailability of PEA (Puglia et al., 2018) and that polyethylene
glycol esters of PEA proved to be able to delay and prolong the
pharmacological activity of the compound (Tronino et al., 2015),
thus suggesting that these formulations might also ameliorate
systemic PEA pharmacokinetic.

PEA AND ALZHEIMER’S DISEASE

Several preclinical and some clinical indications support the
view of PEA as a therapeutic tool with high potential for the
effective treatment of different pathologies characterized by
neurodegeneration and neuroinflammation (Calabro et al., 2016;
Brotini et al., 2017; Holubiec et al., 2018; Impellizzeri et al., 2019).
In this context, the potential beneficial effects of PEA have been
demonstrated in several in vitro and in vivo experimental models
of AD.

Preclinical Evidence

In Vitro Studies

To our knowledge, the first experimental indication of PEA as a
possible therapeutic agent in AD has been published by Scuderi
etal. (2011). In their pioneering work, the authors evaluated the
ability of PEA (10-7M) to mitigate AP (AP,_,,; 1 pg/ml)-induced
astrogliosisin primaryculturesofratastrocytes. Theresultsindicate
that PEA treatment attenuated AP-induced astrocyte activation,
as proven by its effects in reducing astrocyte hypertrophied cell
bodies and thickened processes, along with the expression of
glial fibrillary acidic protein (GFAP) and S100 calcium-binding
protein B (S100B), two specific markers of astrocyte activity also
linked to AD pathogenesis. Furthermore, PEA was able to blunt
Ap-induced neuroinflammation by significantly diminishing
either the altered expression of pro-inflammatory molecules,
such as cyclooxygenase-2 (COX-2) and inducible nitric oxide
synthase (iNOS), or the enhanced release of prostaglandin
PGE2, nitric oxide, IL-1f, and TNF-a. Interestingly, the PPAR-a
antagonist MK886 was able to partly blunt the PEA-induced
effects against AB-induced astrogliosis and neuroinflammation,
thus suggesting a significant, but not exclusive, involvement of
the PPAR-a in mediating the above-mentioned PEA actions.
Concerning the possible intracellular signaling involved in
PEA-induced effects, it has also been demonstrated that PEA
critically diminished the AP-induced activation of p38 and Jun
N-terminal kinase (JNK), as well as the subsequent activation
of nuclear transcription factors, such as nuclear factor kappaB
(NF-kB) and activator protein 1 (AP-1) (Scuderi et al., 2011).
Later, the same group demonstrated that PEA treatment exerted

protective effects against APB-induced toxicity also in primary
rat mixed neuroglial co-cultures and organotypic hippocampal
slices (Scuderi et al., 2012; Scuderi and Steardo, 2013). In
particular, in mixed neuroglial co-cultures PEA prevented the
increase in astrocyte number and the quantity of apoptotic nuclei
in microtubule-associated protein 2 (MAP2)-positive neurons
induced by AP challenge. Under these experimental conditions,
the PEA antigliosis and neuroprotective effects were completely
ascribed to PPARa activation, since MK886, the selective PPARa
antagonist, almost completely abolished the PEA-induced
effects. On the contrary, GW9662, a selective PPARY antagonist,
did not exert any significant influence. Furthermore, PEA
decreased Ap-induced astrocyte and microglia activation in
organotypic cultures of rat hippocampi, an effect associated with
a rescue of neuronal CA3 damage caused by Ap challenge. PEA
treatment also rescued neuron integrity and reduced the levels
of neuroinflammation markers in this preparation. Once more,
these effects were completely abolished by the pretreatment with
a PPARa antagonist (Scuderi and Steardo, 2013). Finally, PEA
was also evaluated for its possible effects in AD angiogenesis
and neuroinflammation by using AP-treated C6 rat astroglioma
cells and human umbelical vein endothelial cells (HUVEC)
(Cipriano et al., 2015). In line with the previous findings, under
these experimental conditions, PEA concentration-dependently
reduced the expression of pro-inflammatory and pro-angiogenic
markers in AP (1 pg/ml)-stimulated C6 cells. Interestingly, the
medium aspired from PEA-treated C6 cells was able to reduce
the HUVEC proliferation induced by their exposure to the
conditioned medium from Ap-treated C6 cells. The possible
anti-angiogenic properties of PEA were also supported by the
demonstration that the compound inhibited the nuclear levels
of mitogen-activated protein kinase 1, which is associated with
the main pro-angiogenic pathway, as well as the cytoplasmic
vascular endothelial growth factor in HUVEC exposed to the
medium from ApB-treated C6 rat astroglioma cells. Once again,
these effects were blocked by the treatment with the PPAR-a
antagonist GW6471. As the release of proangiogenic factors
during astrogliosis has been suggested as a key step in controlling
AD progression, these findings further support the role of PEA as
therapeutic agents for AD (Cipriano et al., 2015).

During the last years, other groups confirmed the protective
action of PEA against the in vitro toxic effects of AP. For instance,
in a very elegant study, it has been demonstrated that in wild-type
(WT) mice, the addition of several acylethanolamides (including
PEA) partially reverted AP-induced inflammation. However,
the genetic deletion of FAAH (i.e., the enzyme involved in the
degradation of the endocannabinoid AEA) in astrocytes induced
an increased sensitivity to the pro-inflammatory AP-induced
action, and this effect involved PPAR-a, PPAR-y, and TRPV1
receptors, but not CB, or CB, receptors (Benito et al., 2012).
Based on these findings, the authors raised the possibility that
an excessively prolonged enhancement of the endocannabinoid
tone may have harmful consequences, instead of the beneficial
effects exerted by an acute increased tone.

Moving from the above data, we evaluated the protective
role of PEA against AB-induced toxicity on cell viability and
glutamatergic transmission in primary cultures of cerebral cortex
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neurons and astrocytes from the triple-transgenic murine model
of AD (3xTg-AD) and their WT littermates (non-Tg mice;
Tomasini et al., 2015). 3xTg-AD mice were selected because
these animals harbor three mutant human genes (APPg,,,
PS1,46y» and taupsy,;) and closely mimic many aspects of AD
in humans. In fact, these animals are characterized by age-
dependent build-up of both plaques and tangles in the cerebral
cortex, hippocampus, and amygdala regions, along with early
synaptic dysfunction and cognitive decline, thus constituting a
widely used and validated AD model. The results indicated that
AB,.p, fragment (0.5 pM; 24h) treatment induced a reduction
of cell viability and an increase in glutamate levels in cultured
cortical neurons and astrocytes from non-Tg mice, but not in
those from the genetic model of AD. The AB-induced effects in
non-Tg cell cultures were counteracted by a pretreatment with
PEA (0.1 uM). Based on these findings, it has been hypothesized
that exogenous AP treatment failed to induce deleterious effects
in 3xTg-AD mice-derived cortical neurons, as these cells at
8 days in vitro were already exposed to a quite high concentration
of endogenous peptide fragment. In fact, AP levels were observed
in these cell cultures after 6 days in vitro (Vale et al., 2010), and
we demonstrated that control cultured cortical neurons obtained
from 3xTg-AD mice displayed morphological alterations similar
to those observed in Ap-exposed cultured cortical neurons
obtained from non-Tg mice (Tomasini et al., 2015). However, the
treatment with PEA prevented the effects of AB in cultured cortical
neurons and astrocytes from non-Tg mice but failed to affect
the morphological alterations and glutamate levels in 3xTg-AD
mice-derived cell cultures. This suggests that the compound may
be effective in the early AD or when AP is accumulating, thus
initiating to damage the CNS. Later, Bronzuoli et al. (2018), by
using a different in vitro protocol, demonstrated that PEA did
not display toxic effects in both astrocytes and neurons from
3xTg-AD mice, at the tested concentrations (0.01, 0.1, and 1 pM),
but it promoted neuron viability and counteracted reactive
astrogliosis in mature 3xTg-AD primary astrocytes.

In a further study, we evaluated whether astrocytes could
participate in regulating the AP-induced neuronal damage,
by using primary mouse astrocyte cell cultures and mixed
astrocyte-neuron cultures (Beggiato et al., 2018). The results
indicated that in the presence of astrocytes pre-exposed to AP, ,,
fragment (0.5 pM; 24h), there was a reduction of neuronal
viability, an increase in the number of neuronal apoptotic
nuclei, a decrease in the number of MAP-2-positive neurons,
and an increase in the number of neurite aggregations/100 pm
as compared with control (i.e., untreated) astrocyte-neuron
co-cultures. Taken together, these data indicate that astrocytes
contribute to AB-induced neurotoxicity and neuroinflammation.
Interestingly, these effects were not observed when neurons
were cultured in the presence of astrocytes pre-exposed to
PEA (0.1 uM), applied 1h before and maintained during Ap
treatment. Thus, it has been concluded that PEA, by blunting
Ap-induced astrocyte activation, improved neuronal survival in
mouse astrocyte—neuron co-cultures.

Finally, other researchers investigated the possible anti-AD
action of co-ultraPEALut, a co-ultramicronized formulation of
PEA in combination with the vegetable flavonoid luteolin (Lut),

which demonstrated antioxidant properties. Previous studies,
in fact, indicated that the association of these two molecules, in
a fixed ratio of 10:1 in mass, induced a strong neuroprotective
activity (Paterniti et al., 2013b). The exposure of human neuronal
cells obtained by differentiating SH-SY5Y neuroblastoma cells
to AB,,, (1uM; 24h) induced a reduction of cell viability and
neuroinflammatory responses. These effects were counteracted by
the pre-treatment with co-ultraPEALut (reference concentrations:
27, 2.7, and 0.27uM OF PEA) for 2h (Paterniti et al., 2014).
Similar results were obtained from an ex vivo organotypic model
of AD. In particular, hippocampal slice cultures were prepared
from mice at postnatal day 6, and after 21 days of culturing, the
slices were pre-treated with co-ultraPEALut and then incubated
with AP, ,, fragment (1pM; 24h). Under these experimental
conditions, the pre-treatment with co-ultraPEALut significantly
reduced iNOS and GFAP expression, restored neuronal iNOS
and brain-derived neurotrophic factor (BDNF), and reduced
the apoptosis (Paterniti et al., 2014). In line with these data,
co-ultraPEALut reduced the expression of mRNA codifying
serum amyloid A (SAA) in oligodendrocyte precursor cells
subjected to TNF-a treatment. The relevance of this finding is
supported by the evidence that SAA immunoreactivity is found
in axonal myelin sheaths of cortex in AD (Barbierato et al., 2017).

In Vivo Studies

The promising in vitro results prompted the development of in
vivo studies aimed at evaluating the neuroprotective properties
of PEA in animal models of AD. Firstly, D’Agostino et al. (2012)
tested PEA against the learning and memory dysfunctions
induced in mice by the intracerebroventricular injection of
AP,s_ 55 peptide (9 nmol). To this purpose, PEA was administered
once a day (3-30mg/kg, s.c.), starting 3h after AB,; ;;, for 1 or
2 weeks, while water-maze, water-maze working memory, and
novel object recognition tests were used to assess cognitive
performances. The authors demonstrated that, depending on
the dose, PEA reduced (10 mg/kg of body weight) or prevented
(30 mg/kg of body weight) the cognitive impairments induced by
AP,s_55 peptide injection. In line with previous in vitro findings,
the beneficial effects of PEA appear mediated by PPAR-q, as the
compound failed to rescue memory deficits induced by AP,s 55
peptide injection in PPAR-a null mice, and GW7647 (a synthetic
PPAR-a agonist) mirrored the effects of PEA. These encouraging
behavioral results were corroborated by the evidence that in
the same animals used for cognitive tests, PEA reduced brain
lipid peroxidation, protein nitrosylation, iNOS induction, and
caspase3 activation (D’Agostino et al., 2012). Comparable results
have been obtained following the intrahippocampal injection of
ApB,_,, combined with PEA treatment in adult male rats (Scuderi
et al,, 2014). Immunofluorescence analysis of the hippocampal
CA3 area ipsilateral to the injection site revealed that injection of
AP,_,, induced astrocyte activation, as demonstrated by the fact
that these cells showed a stellate shape and multiple branched
processes. An increased expression of GFAP and S100B mRNA
and protein, as well as increased densities of S100B-positive
astrocytes, was also observed. Finally, intrahippocampal
injection of AP, ,, was also associated with an upregulation of
inflammatory markers, such as iNOS, COX-2, IL-1p, and TNF-a

Frontiers in Pharmacology | www.frontiersin.org

July 2019 | Volume 10 | Article 821


https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology/
www.frontiersin.org

Beggiato et al.

PEA and Alzheimer’s Disease

in homogenates of hippocampi ipsilateral to the injection site.
When PEA (10mg/kg of body weight) was intraperitoneally
administered once a day for seven consecutive days, starting from
the day of AB,_,, injection, it was able to partially or completely
antagonize AP, ,-induced toxic effects. Again, the effects of
PEA were prevented by the treatment with GW6471 (2mg/kg),
thus demonstrating the involvement of PPAR-a. Moreover, the
authors demonstrated the PPAR-a-dependent ability of PEA to
restore the alteration in the Wnt signaling pathway caused by
AP, _y, hippocampal infusion. This is relevant since Wnt signaling
pathway plays different roles in the development of neuronal
circuits and also in the adult brain, where it regulates synaptic
transmission and plasticity and has been also implicated in
various diseases including neurodegenerative diseases (Inestrosa
and Varela-Nallar, 2014). Finally, PEA reduced phosphorylated
tau protein overexpression and rescued cognitive functioning,
further strengthening the potential properties of the compound
as a therapeutic agent in AD (Scuderi et al., 2014).

More recently, in vivo studies demonstrated that PEA displays
beneficial effects also in a genetic model of the pathology. In
a first study, the effects of chronic administration (3-month
treatment) of pm-PEA in 3xTg-AD mice, at two different stages
of the pathology, were evaluated by administering the compound
via a subcutaneous delivery system to groups of 3-month-old
and 9-month-old animals (Scuderi et al., 2018). The animals were
then tested at the end of the 3-month treatment and thereafter at
the age of 6 months (i.e., early-symptomatic stage) and 12 months
(i.e., clearly symptomatic stage), respectively. A battery of
cognitive and non-cognitive tasks, followed by biochemical
assessments of neuropathology, have been performed. Under
these experimental conditions, pm-PEA rescued cognitive
functions in 6-month-old 3xTg-AD mice as evaluated by
means of novel object recognition test (short- and long-term
memory), inhibitory passive avoidance task (contextual learning
and memory), and Morris water maze (spatial learning). In
12-month-old animals, um-PEA significantly improved the
short-term memory in 3xTg-AD mice, with no significant effects
on long-term memory. Furthermore, the compound did not exert
significant effects on learning or memory in aged non-Tg mice.
Interestingly, um-PEA also reduced depressive-like behaviors,
measured by the tail suspension test and forced swim test, in
early-symptomatic, but not in clearly symptomatic, 3xTg-AD
mice, while it counteracted anhedonia-like phenotype of both
young (6-month-old) and aging (12-month-old) 3xTg-AD mice.
Overall, these findings indicate that um-PEA induces either
beneficial cognitive or other non-cognitive effects that might be
relevant to AD. Moreover, biochemical data also demonstrated
that chronic pm-PEA treatment reduced AP formation and
phosphorylation of tau protein and promoted neuronal survival
in the CA1 subregion of the hippocampus. These effects were
associated with a normalization of the astrocytic function,
a rebalancing of glutamatergic transmission, and a general
reduction of neuroinflammatory conditions. The evidence that
these biochemical/neurochemical effects were particularly
manifest when the treatment was performed at a precocious
stage of the pathology suggests the therapeutic potential of um-
PEA as an early treatment in AD.

In a recent study (Bronzuoli et al., 2018), the same treatment
protocol as utilized in the above research was used to evaluate the
effects of the chronic um-PEA treatment on reactive astrogliosis
and neuronal function in the frontal cortex of 6-month-old
3xTg-AD mice, compared with their age-matched non-Tg
littermates. Once again, um-PEA demonstrated beneficial
effects in reducing pathology-related biochemical alterations in
this animal model of AD. In fact, 3-month pm-PEA treatment
markedly reduced astrocytic activation in 3xTg-AD mice, as
demonstrated by the decrease in GFAP mRNA and protein
expression and the trend toward a decrease of S100B protein
expression levels. Furthermore, chronic treatment reduced iNOS
levels, slightly dampened the expression of AP, and increased
the expression of BDNF in 3xTg-AD mice. Taken together, these
findings indicate that early-symptomatic 3xTg-AD mice display
signs of reactive gliosis in the frontal cortex and that the chronic
pum-PEA may counteract such phenomenon, also improving
the trophic support to neurons, in the absence of astrocytes and
neuronal toxicity.

CLINICAL EVIDENCE

To the best of our knowledge, current clinical studies of PEA
are mostly related to pain or peripheral inflammatory-related
conditions, while there are very few studies aimed at evaluating
the possible beneficial effects of PEA on CNS-related pathologies
in human beings. This could be due to the fact that very little is
known about the pharmacokinetics of PEA in humans (please
see Pharmacokinetic). In fact, the bioavailability and apparent
volume of distribution have not been clearly evaluated; and blood
PEA levels, at least in animals, do not accurately reflect levels in
the CNS (Davis et al., 2019). The micronized or ultramicronized
forms of PEA increased bioavailability in animals compared
with naive forms, but there are very few and very recent clinical
data to confirm that this is true for humans. Thus, while it seems
likely that the new PEA formulations improve the compound
bioavailability, complete pharmacokinetics data are urgently
necessary to assess the precise tissue distribution and site of
metabolism of PEA. These data will possibly allow to overcome
the major difficulties in setting up clinical studies focused at
evaluating the possible therapeutic role of PEA against CNS
disorders.

In line with the above information, there are no clinical
data concerning the possible beneficial effects of PEA in AD
patients. However, Calabro and colleagues (2016) in a case
report described the case of a patient affected by mild cognitive
impairment (MCI) who was treated for 9 months with high-
dose PEALut. As MCI may be symptomatic of normal aging or
of a transition to early AD, the results of this observation are
here reported. A 67-year-old patient presented, at the onset
of the observational period, a mild memory impairment, as
demonstrated by the specific neuropsychological assessment,
including attentive matrices (AM), Babcock Story Recall Test
(BSRT), Mini-Mental State Examination (MMSE), Montreal
Cognitive Assessment (MoCA), Rey Auditory Verbal
Learning Test (RAVLT), Trail Making Test (TMT), and verbal
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fluency tests (VFTs). After a 3-month treatment with PEALut,
the patient reported a non-significant cognitive amelioration,
whereas her neuropsychological evaluation was almost
normal after a 9-month treatment (significant improvement
of RAVLT, AM, and TMT in comparison with those in the
pre-treatment period).

To support the possible beneficial effect of PEA in
neurodegenerative disorders, a study involving 30 Parkinson’s
disease patients receiving levodopa demonstrated that up-PEA
(600mg for lyear) slowed down disease progression and
disability (Brotini et al., 2017).

CONCLUSIONS

To summarize, preclinical either in vitro or in vivo data
(Tables 1 and 2) strongly suggest that PEA, especially in its
ultramicronized formulation, exerts quite robust therapeutic
effects in several animal models of AD. In particular, published
findings indicate that um-PEA treatment ameliorates both
cognitive deficits and a range of neuropathological features

of AD. A correlation between PEA anti-inflammatory,
neuroprotective, neurobehavioral, and neurovascular effects
might be suggested from the results in animal AD models,
thus attributing to the compounds’ unique properties,
especially compared with those of classic anti-inflammatory
drugs. Despite the obvious limits of the mentioned preclinical
studies and by avoiding any simplistic extrapolation of data
from the animal model to the human condition, the results
of these intensive preclinical experiments propose pm-PEA
as a potential therapeutic agent, which could have an impact
on the progression of AD, especially when the pathology is
at an early stage. This hypothesis is also supported by studies
demonstrating the PEA treatment efficacy in ameliorating the
symptomatology of other neurodegenerative conditions such as
Parkinson’s disease (Esposito et al., 2012; Avagliano et al., 2016;
Brotini et al., 2017; Crupi et al., 2018) and multiple sclerosis
(Loria et al., 2008; Orefice et al., 2016).

Based on the available results and for translational purposes,
it becomes now urgent to evaluate the possible beneficial effects
of orally administered um-PEA in animal models of AD. In the
event of positive results, these studies would help to rapidly define

TABLE 1 | Summary of in vitro preclinical studies supporting the role of palmitoylethanolamide (PEA) as a possible therapeutic agent in Alzheimer’s disease (AD).

In vitro preclinical studies

Preparation

Treatment

Main findings

Reference

Primary cultures of rat astrocytes
Primary rat mixed neuroglial co-cultures

Rat organotypic hippocampal slices

Primary cultures of mouse astrocytes

C6 rat astroglioma cells; HUVEC human
endothelial cells

Primary cultures of cerebral cortex
neurons and astrocytes from WT
(non-Tg) and 3xTg-AD mice

Primary mouse astrocytes cell cultures
and mixed astrocytes-neurons cultures

Primary cortical 3xTg-AD mouse
astrocytes and neurons

Human neurons from differentiated
SH-SY5Y neuroblastoma cells

Mouse organotypic hippocampal slices

PEA (10-"M) against AB,_4,
(1 pg/mi)
PEA (10-"M) against AB;_y,
(1 pg/mi)
PEA (10-"M) against AB;_y,
(1 pg/mi)

PEA (10-°M) against AB;_y,
(1 pg/ml)

PEA (10-8-10-%M) against
APz (1 pg/mi)

PEA (10-"M) against AB;_y,
(0.5 uM; 24h)

PEA (10-"M) against AB_y,»
(0.5 uM; 24h)

PEA (10106 M)

Co-ultraPEALuUt (2.7 and
0.27 pM) against AB,_,;
(1 uM; 24h)
Co-ultraPEALut (2.7 and
0.27 uM) against AB,_,o;
(1 uM; 24h)

PEA counteracts A-induced reactive astrogliosis,
partially through PPARa activation

PEA blunts Ap-induced astrocyte activation and improves
neuronal survival through PPARa activation

PEA decreases AB-induced astrocyte and microglia
activation, rescues neuronal CA3 damage, and reduces
neuroinflammation through selective PPAR«a activation
PEA partially reverted the AB-induced inflammation

PEA decreases pro-inflammatory and pro-angiogenic
marker expression in Ap-treated C6 rat astroglioma
cells and in HUVEC cells exposed to the medium from
ApB-treated C6 rat astroglioma cells through PPARa
activation

PEA prevents Ap-induced toxicity in cultured cortical
neurons and astrocytes from non-Tg mice but fails to
affect the morphological alterations and glutamate levels
in 3xTg-AD mouse cell cultures

PEA prevents Ap-induced reduction of neuronal viability,
increase of neuronal apoptotic nuclei, and decrease

of MAP-2-positive neurons in astrocytes/neurons
co-cultures

PEA reduces astrogliosis and improves neuronal viability

Co-ultraPEALut prevents AB-induced reduction of cell
viability and neuroinflammation

Co-ultraPEALut reduces Ap-induced INOS, GFAP, and
apoptosis and restored BDNF levels

Scuderi et al., 2011
Scuderi et al., 2012; Scuderi
and Steardo, 2013
Scuderi et al., 2012; Scuderi
and Steardo, 2013
Benito et al., 2012

Cipriano et al., 2015

Tomasini et al., 2015

Beggiato et al., 2018

Bronzuoli et al., 2018

Paterniti et al., 2014

Paterniti et al., 2014

ABi_ P amyloid 1-42 peptide; BDNF, brain-derived neurotrophic factor; co-ultraPEALut, ultramicronized formulation of PEA/luteolin combination; GFAR, glial fibrillary acidic

protein; iINOS, inducible nitric oxide synthase; MAP-2, microtubule-associated protein 2; PPARa, peroxisome proliferator-activated receptor-alpha.
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TABLE 2 | Summary of the available in vivo preclinical studies supporting the role of PEA as a possible therapeutic agent in AD.

In vivo preclinical studies

Animal model

Treatment

Main findings

Reference

Mice receiving an i.c.v.
injection of AB,s_s5 (9NmMol)

Adult male rats receiving an
intrahippocampal injection of
AB142 (5HQ)

Young (6-month-old) and
adult (12-month-old) 3xTg-AD
mice

PEA (3-30mg/kg, s.c.; starting

3h after Ap,s_s5, Once daily for 1 or
2 weeks)

PEA (10mg/kg; i.p., starting the day
of AB,_4, injection, once daily for
1week)

pum-PEA for 3months (s.c.
implantation of a 90-day-release
pellet containing 28 mg of pm-PEA)

PEA, through PPARa activation, reduces/prevents AB,s_s5-
induced behavioral impairments neuroinflammation

PEA prevents Ap,_,,—induced reactive gliosis, amyloidogenesis,
tau protein hyperphosphorylation, and cognitive deficit, through
PPARa activation

pum-PEA improves learning and memory, ameliorates depressive
and anhedonia-like phenotype, reduces Ap formation and
phosphorylation of tau proteins, promotes neuronal survival in
the CA1 subregion of the hippocampus, normalizes astrocytic
function, rebalances glutamatergic transmission, and restrains
neuroinflammation, especially in young early-symptomatic
3xTg-AD mice

D’Agostino et al., 2012

Scuderi et al., 2014

Scuderi et al., 2018

Young (6-month-old) and um-PEA for 3months (s.c.
adult (12-month-old) 3xTg-AD implantation of a 90-day-release
mice pellet containing 28 mg of pm-PEA)

pum-PEA reduces astrocytic activation in 3xTg-AD mice and
increases the expression of BDNF in 3xTg-AD mice

Bronzuoli et al., 2018

Api_4» = pamyloid 1-42 peptide; Ap.s 5 = p amyloid 25-35 peptide; BDNF, brain-derived neurotrophic factor; um-PEA, ultramicronized PEA formulation; PPARa, peroxisome

proliferator-activated receptor-alpha.

adaptive clinical trials and will hopefully allow to speed up the
development of an innovative therapy for AD. In this context, it is
worth noting that PEA-containing products (Normast®, Glialia®,
Nevamast®, Adolene®, Visimast®, Mastocol®, and Pelvilen®)
are actually used for certain medical indications, especially
inflammatory pain. Moreover, as an endogenous compound,
PEA has a safely profile at pharmacological doses. Relevant PEA-
induced side effects were not seen in humans at oral doses up
to 1,800 mg/day. Finally, PEA has proven efficacious in humans
in a number of clinical settings, and none of the clinical trials
with PEA to date have reported treatment-related adverse events
(Skaper et al., 2018).
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