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Abstract: Palmitoylethanolamine (PEA) is an endocannabinoid-like compound first encountered
within the lipid fractions of specific foods and has intrigued researchers since the 1950s due to its
therapeutic effects. This survey aims to explore the therapeutic promise held by PEA as an anti-
inflammatory and immunomodulatory agent. The therapeutic impact of PEA reverberates across
diverse physiological systems, such as the central nervous system, gastrointestinal tract, vascular
network, and the digestive and respiratory system. Additionally, it is effective in pain management
and reducing inflammation and immune responses. These attributes have fostered collaborations
targeting conditions such as Alzheimer’s disease, multiple sclerosis, cerebral ischemia, neuroinflam-
mation, general inflammation, pain, coagulopathy, steatohepatitis, and acute lung injury. PEA op-
erates both independently and in synergy with other compounds, like paracetamol, luteolin, and
oxymetazoline. This efficacy stems from its interactions with pivotal targets, including PPAR«,
PPAR-d, PPAR-y, CB1, CB2, GPR55, and TRPV1. Additionally, PEA exerts a direct influence on the
inflammatory cascade, orchestrating precise adjustments in immune responses. Numerous animal
studies have elucidated the inherent potential of PEA. Nevertheless, the imperative of reinforcing
clinical investigation is evident. This review notably underscores the pivotal necessity for method-
ologically rigorous clinical trials to definitively establish the translational efficacy of PEA in amelio-
rating diverse inflammatory pathologies within the human milieu.
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1. Introduction

The endocannabinoid system is typically described as being composed of canna-
binoid receptors, known as CB1 and CB2, of endogenous ligands referred to as endocan-
nabinoids, and the enzymes involved in the biosynthesis and metabolism processes of
these endocannabinoids [1].

The endogenous ligands of cannabinoid receptors are defined as derivatives of pol-
yunsaturated fatty acids, which can be long-chain amides, esters, or ethers capable of
binding to and activating these receptors [1]. Anandamide (AEA) was the first endoge-
nous ligand of cannabinoid receptors, initially described in 1992 [2]. In 1995, 2-arachi-
donoylglycerol (2-AG) was described [3]. Despite the fact that anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) are the best-characterized endocannabinoids, other endoge-
nous compounds, also named endocannabinoids, were recently discovered. As classical
endocannabinoids, they are capable of binding to cannabinoid receptors: N-dihomo-y-
linolenoyl ethanolamine and N-oleoyl dopamine [1], 2-arachidonoylglycerol ether (nola-
din ether, 2-AGE) [4], O-arachidonoylethanolamine (virodhamine) [5], and N-arachi-
donoyldopamine (NADA) [6].

Endocannabinoids are synthesized alongside cannabinoid receptors in a state of in-
activity, and they are composed of mono- or di-unsaturated compounds referred to as
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endocannabinoid analogs. These analogs have been documented for their ability to pro-
duce cannabimimetic effects [7]. Additionally, they can also activate cannabinoid recep-
tors, with mechanisms of action that involve synergistic effects, enhancing the effects of
classic endocannabinoids, or exhibiting unique properties, such as oleoylethanolamine
(OEA) [1], Stearoylethanolamide [7] and palmitoylethanolamine (PEA) [7].

Palmitoylethanolamide (PEA) is an endogenous compound initially identified through
lipid fractions found in soy, egg yolk, and peanuts [8,9]. It is commonly found in food
sources such as soybean sprouts, roasted coffee, black-eyed peas, apples, and potatoes [9],
and also in human milk [10]. In animals, PEA synthesis occurs through the hydrolysis of its
direct phospholipid precursor, N-palmitoyl-phosphatidylethanolamine, via the action of N-
acyl-phosphatidylethanolamine-selective phospholipase D (NAPE-PLD) [11].

The pharmacological activities of PEA were first described in the mid-1950s, when
[9] reported the initial evidence of anti-inflammatory activity and therapeutic properties
in anaphylaxis. In 1971, the first report suggested that this exogenous compound could be
useful in managing arthritis [12]. Currently, there is evidence supporting its use as an
immunomodulator [13], in analgesia [14], in managing hypersensitivity [14], and in alter-
ing the neurological activities of the central nervous system, such as in Alzheimer’s dis-
ease [15] multiple sclerosis [16], and sciatic nerve injuries [17]. Furthermore, PEA has sig-
nificant potential as an anti-inflammatory agent [18]. The mechanism of action of PEA is
not fully understood and is based on three hypotheses: local autacoid anti-inflammatory
antagonism, direct action mediated by a receptor, or the “entourage” effect [19]. The local
autacoid anti-inflammatory antagonism hypothesis suggests that PEA can inhibit mast
cell degranulation locally and reduces negative feedback during inflammation [20]. Re-
garding direct receptor-mediated action, PEA can interact with various receptors, poten-
tially exerting anti-inflammatory and analgesic effects through its interaction with perox-
isome proliferator-activated receptors (PPARs) and transient receptor potential vanilloid
receptor 1 (TRPV1) [21]. It may also interact with G protein-coupled receptor 55 (GPR55),
which has anti-anaphylactic effects by acting on mast cells [22]. Interestingly, PEA does
not bind to cannabinoid receptors, but it can increase the concentration of anandamide
(AEA), enhancing its action [19]. These various therapeutic targets highlight the potential
of PEA as an anti-inflammatory and immunomodulatory tool [18]. Given this context, this
research aims to explore the therapeutic utilization of PEA in inflammatory conditions
and its immunomodulatory role in various diseases, as well as the correlation of its effects
with its pharmacological targets.

2. Materials and Methods

This study was conducted through a specialized search in the PUBMED database
using descriptors and Boolean operators. We included systematic reviews, studies involv-
ing experimental animal or human models, review articles, and case reports, provided
they were freely available in full text in the English language. The search for articles was
conducted using the following descriptors: “endocannabinoid system”, “endocanna-
binoid and inflammation”, “endocannabinoid and immune system”, “endocannabinoid
and receptors”, “Palmitoylethanolamide”, “Palmitoylethanolamide and Inflammation”,
“Palmitoylethanolamide and immunomodulator”, “Palmitoylethanolamide and receptors”,
without considering the publication year. The literature search was conducted between 2022
(October-November) and 2023 (April-May), resulting in a total of 216 studies. For eligibility
criteria, we selected publications that were relevant to the specified descriptors.

3. Endocannabinoid System: A Brief Review

The endocannabinoid system, despite its relatively recent discovery, plays a funda-
mental role in the human body’s functioning. This system was first identified at the end
of the 20th century. Its significance is underscored by its widespread distribution through-
out the body and its involvement in a variety of physiological processes, including the
regulation of pain, appetite, mood, and the immune system [23].
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Pioneering studies conducted by researchers like Raphael Mechoulam [24] have been
instrumental in comprehending this intricate system. Moreover, new components and
processes continue to be documented as integral parts of it. Generally, the components of
the endocannabinoid system (ECS) include G protein-coupled receptors (CB1 and CB2)
[25,26], their endogenous ligands: classical endocannabinoids (e.g., anandamide or N-ar-
achidonoylethanolamine and 2-arachidonoylglycerol) and endocannabinoid-like com-
pounds (e.g., PEA, OEA, SEA) [7], and the metabolic enzymes responsible for synthesizing
and degrading endocannabinoids [27]. Recently, the orphan G-protein-coupled receptor
(GPR55) and two additional classes of receptors have been added to this system, namely
the ligand-sensitive ion channels (e.g., Transient Receptor Potential Vanilloid 1—TRPV1)
and nuclear receptors (e.g., Peroxisome proliferator-activated receptors-PPARs) [28,29], as
targets for cannabinoid ligands.

Matsuda et al., 1990, demonstrated the first cannabinoid receptor in rats, the canna-
binoid receptor type 1 (CB1), primarily locating it in the brain [25]. Later on, the canna-
binoid receptor type 2 (CB2) was identified through homology cloning, mainly found in
the immune system [26,30]. Actually, CB1 receptors are present in the central nervous sys-
tem (CNS), which includes the brain and spinal cord. They are highly abundant in regions
of the brain associated with memory, cognition, motor function, pain perception, and ap-
petite regulation. Some of the brain regions where CB1 receptors are concentrated include
the hippocampus, basal ganglia, and cerebral cortex [27,31]. CB1 receptors are also found
in peripheral tissues, such as adipose (fat) tissue, liver, and skeletal muscles. In these pe-
ripheral tissues, CB1 receptors are involved in regulating metabolic processes, including
lipid metabolism and energy balance. Additionally, CB1 receptors are present in the gas-
trointestinal tract, where they influence digestive processes and appetite control. The dis-
tribution of CB1 receptors in the CNS and peripheral tissues explains their involvement
in a wide range of functions, including mood regulation, pain modulation, and appetite
regulation [27].

CB2 receptors are primarily found in the peripheral tissues of the immune system.
They are highly expressed in immune cells, such as macrophages, T cells, and B cells. CB2
receptors are also present in various tissues, including the spleen, tonsils, and bone mar-
row. Their localization in these tissues suggests a role in regulating immune responses
and inflammation. CB2 receptors play a crucial role in modulating the immune system’s
response to injury, infection, and inflammation. Activating CB2 receptors can have anti-
inflammatory and immunomodulatory effects [32].

In 1986, Howlett et al. identified the signaling mechanism of the CB1 receptor associ-
ated with a G-protein-coupled receptor (GPCR) coupled to Gi/o proteins, which inhibits
adenylate cyclase, thereby reducing cellular levels of cAMP [33]. Most of CB1 in the nerv-
ous system is located presynaptically, where it binds endocannabinoids released from the
postsynaptic neuron (retrograde signaling); however, postsynaptic signaling and astro-
cyte expression have also been described [34].

In the retrograde mechanism, the activation of CB1 receptors inhibits neurotransmit-
ter release at synapses through two main mechanisms. In the short term, CB1 receptors
are activated for a few seconds, involving direct inhibition, dependent on G-protein (likely
through (v subunits), of presynaptic Ca?* influx via voltage-gated Ca?* channels (VGCCs)
[35]. For the long term, the predominant mechanism involves the inhibition of adenylate
cyclase and negative regulation of the cAMP/PKA pathway through the ai/o subunit [36].
For example, 2-AG is produced in response to an increase in intracellular Ca?" concentra-
tion and/or activation of Gq/11-coupled receptors [34,37]. Subsequently, 2-AG is released
and traverses the extracellular space through a mechanism not yet fully elucidated, ulti-
mately reaching the presynaptic terminal where it binds to CB1 receptors. Activated CB1
receptors suppress neurotransmitter release in two ways: first, by inhibiting voltage-gated
Ca? channels, thereby reducing presynaptic Ca?* influx; secondly, by inhibiting adenylate
cyclase (AC) and the subsequent cAMP/PKA pathway [34,37,38]. This ultimately leads to
the degradation of 2-AG by monoacylglycerol lipase (MAGL) [34,37].
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In postsynaptic signaling, endocannabinoids have the ability to influence neural func-
tion and synaptic transmission by interacting with both transient receptor potential TRPV1
(vanilloid receptor type 1) and CB1Rs situated on or inside the postsynaptic cell [34].

In the astrocyte-mediated signaling pathway, postsynaptic neuronal activity leads to
the release of endocannabinoids (ECs) that activate astrocytic CB1 receptors coupled to
Gg/11 proteins. As a result, PLC activity facilitates astrocytic Ca?* signaling. Glutamate
released from astrocytes activates presynaptic mGluR1s to enhance its release and
postsynaptic NMDARs to initiate a slow inward current [34].

Endocannabinoids, in addition to acting on cannabinoid receptors, can exert their
effects through ligand-sensitive ion channels like the TRPV1 receptor, nuclear receptors
like PPARs, and the orphan G-protein-coupled receptor (GPR55). For this reason, they
trigger a series of reactions in multiple signaling pathways involved in both physiological
and pathological processes [39].

Among the receptors targeted by endocannabinoids, TRPV1 has been extensively
characterized and studied [28]. It is predominantly found in primary afferent nerve fibers
[28]. The ion channels associated with transient receptor potential (TRP) receptors, like
TRPV1, exhibit a structural arrangement comprising six transmembrane domains, with a
pore region positioned between the fifth and sixth domains. Additionally, these channels
feature lengthy intracellular N-terminal and C-terminal domains. The N-terminal tail con-
tains six ankyrin repeat domains, facilitating interactions with calmodulin (CaM) and ATP
[35]. Moreover, the C-terminal tail includes a TRP domain and sites for binding with cal-
modulin (CaM) and phosphoinositide 4,5-bisphosphate (PIP2) [35].

TRPV1 assumes a pivotal role in processes related to pain, nociception, and heat per-
ception [40]. Its initial discovery took place in primary afferent nociceptors located in the
dorsal root ganglia (DRGs), trigeminal ganglia, and vagal ganglia [41]. Subsequently,
TRPV1 was identified in various regions of the central nervous system, including dopa-
minergic neurons within the substantia nigra, as well as the hippocampus, hypothalamus,
cortex, cerebellum, dentate gyrus, and nucleus accumbens. Additionally, it is present in
non-neuronal cells such as epidermal keratinocytes, urothelium, hepatocytes, polymor-
phonuclear granulocytes, pancreatic B cells, endothelial cells, mononuclear cells, smooth
muscle cells, mesenteric arteries, pre-adipocytes, and adipose tissue [42,43].

TRPV1 is characterized by being activated by xenobiotics, including pungent com-
pounds like capsaicin and piperine, high temperatures, and low extracellular pH. Addi-
tionally, it is worth noting that TRPV1 undergoes significant regulation and sensitization
in the presence of inflammatory conditions. This heightened sensitivity to stimuli plays a
role in both the initiation and perpetuation of intestinal inflammatory processes [42].

Peroxisome proliferator-activated receptors (PPARs) are transcription factors that be-
come activated when bound to specific ligands. They play a pivotal role in controlling the
expression of genes that are essential for cellular differentiation and a wide range of met-
abolic processes [44]. Following interaction with their specific ligands, a partner receptor,
retinoid X receptor (RXR), forms a complex with a variable set of coactivator proteins. The
receptors are translocated to the nucleus, where they modulate gene expression [44]. The
PPAR family comprises three isoforms, a, d (also known as 3), and y, whose binding re-
cruits additional regulatory proteins involved in transactivation modulation [45].

PPARs play a fundamental role in inflammation [46], mediating the modulation of
the inflammatory response through various mechanisms, such as the inhibition of pro-
inflammatory factors (e.g., leukotrienes and interleukins) [47]. Accordingly, it is known
that the duration of inflammation tends to be longer in mice deficient in PPARs [47].

These receptors have a wide distribution in tissues. PPARa is found in metabolically
active tissues such as the liver and muscle, controlling fatty acid catabolism and partici-
pating in inflammatory processes [45]. PPARY has three subtypes: PPARY1 is found in
brain cells like neurons and glial cells, as well as immune cells derived from the bone
marrow; PPARY2 plays a crucial role in adipocyte differentiation and is restricted to adi-
pose tissue, while PPARY3 is expressed in macrophages [48]. PPAR® is widely distributed
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throughout the body and is directly linked to pathological processes such as obesity, dia-
betes, cancer, neurological disorders, inflammation, dyslipidemia, heart disease, and liver
disease [49]. The activation of these receptors can lead to a reduction in the inflammatory
response; for example, in asthma, PPAR®D activation protects lung tissue by inhibiting leu-
kocyte infiltration and pulmonary fibroblast proliferation [49].

PPARg, in particular, is more directly involved in inflammation, interfering with the
action of key inflammatory transcription factors. It acts directly on the pro-inflammatory
signaling pathway by affecting NF-«B, activator protein-1 (AP-1), and signal transducers
and activators of transcription (STATs). Additionally, this receptor can act through the ca-
tabolism of lipid mediators, such as leukotriene B4 (LTB4) [50]. In its active form, PPAR«
binds to DNA elements, increasing the transcription of various anti-inflammatory pro-
teins, such as IkB-a [51].

G protein-coupled receptors (GPCRs) feature a long protein with three basic regions:
an extracellular portion (N-terminal), an intracellular portion (C-terminal), and an inter-
mediate segment containing seven transmembrane domains. When a ligand comes into
contact with GPCRs, it induces a conformational change in the transmembrane region,
activating the C-terminal, which then activates the G-protein associated with the GPCR.
The activated G-protein initiates a series of intracellular reactions depending on the ligand
[52]. GPR55 has been identified in various regions, including the brain, specifically in areas
related to memory, learning, and motor functions, as well in the ileum, testicles, amyg-
dala, breast, omental adipose tissue, and some endothelial cell lineages [53]. Homologs of
this receptor have been observed in rats and mice in other brain regions (prefrontal cortex,
hippocampus, thalamic nuclei, brainstem, and mesencephalic regions) and in peripheral
tissues like the spleen, adrenal glands, and jejunum [43,54].

Below is a summary table (Table 1) of non-cannabinoid binding targets of endocan-
nabinoids.

Table 1. Main atypical cannabinoid receptors and endogenous ligands.

Class Target EndogenousComponent
GPR55 AEA; 2-AG,; 2-AGE; Virodhamine
GPCR GPR119 AEA; Oleamide
GPR118 AEA
TRP TRPV1 AEA; 2-AG; 2-AGE
TRPV8 AEA
Nuclear Receptor PPAR«x AEA,; 2-AGE; Virodhamine
PPARYy AEA; AG
Voltage-dependent Calcium channels AEA;
ion channel Potassium channels AEA,; 2-AG; Virodhamine

AEA: anandamide; 2-AG: 2-arachidonoylglycerol; 2-AGE: 2-arachidonoylglycerol ether; GPCR55: G
protein-coupled receptor 55; GPCR119: G protein-coupled receptor 119; GPCR118: G protein-cou-
pled receptor 118; TRPV1: Transient Receptor Potential Vanilloid 1; TRPV8: Transient Receptor Po-
tential Vanilloid 8; PPARa: Peroxisome proliferator-activated receptor alpha; PPARYy: Peroxisome
proliferator-activated receptor gamma. Table is adapted with permission from [1], Pertwee, 2015.

4. Palmitoylethanolamide (PEA): A Promising Therapeutic Lipid

In 1965, Bachur and colleagues identified the presence of PEA in the brains, livers,
and skeletal muscles of rats [55]. Subsequently, a series of studies demonstrated the pres-
ence of this lipid fraction in various animal species and in humans, such as canine heart
extracts, degenerating tissues, testicles, paw skin, and peritoneal macrophages [56].

PEA is an endocannabinoid-like compound belonging to the N-acylethanolamine
(NAE) phospholipid family, isolated from purified lipid fractions of soy, egg yolk, and
peanut bran [9]. The structure of PEA comprises a fatty acid (N-Acyl) linked to an amine
(ethanolamine), or NAE 16:0, where 16 and O refer to the number of carbon atoms and
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double bonds, respectively. The biosynthesis of PEA begins with the transfer of a fatty
acid from membrane-bound phospholipids to phosphatidylethanolamine (PE), catalyzed
by a calcium ion and cyclic AMP-regulated N-acyltransferase [1], to form the precursor N-
acyl-phosphatidylethanolamine (NAPE). The second step of synthesis involves the cleav-
age of membrane-bound NAPE to release free PEA through the action of N-acyl-phospha-
tidylethanolamine-selective phospholipase D (NAPE-PLD) [11]. The degradation of PEA
into palmitic acid and ethanolamine occurs through the action of two different hydrolytic
enzymes, fatty acid amide hydrolase (FAAH) and, more specifically, N-acyl-ethanola-
mine-hydrolyzing acid amidase (NAAH) [57]. Thus, PEA is primarily metabolized to ob-
tain palmitic acid and ethanolamine through the actions of FAAH and NAAH, respec-
tively. Enzymatic activities vary depending on the tissue in which they are located [57].
FAAH expression may be higher in the brain and liver, while NAAH is prevalent in the
intestine and macrophages [56].

4.1. Pharmacokinetic Characteristics

The study of the pharmacokinetic profile of PEA is limited due to its endogenous
occurrence and the processes involved in its synthesis and degradation [11,58]. However,
despite being a molecule produced by our body, PEA can be administered exogenously.
It is known that PEA exhibits a lipophilic character, being practically insoluble in water
and sparingly soluble in most aqueous solvents, with a log partition coefficient (log P)
greater than 5 [56]. Therefore, the oral absorption of PEA is quite complex, limited by the
dissolution rate, showing an inverse relationship with particle size [59].

Most studies concerning the pharmacokinetics of PEA, especially drug absorption,
revolve around micronization, which involves reducing the particle size of PEA to in-
crease its surface area for absorption. This is considered an approach to modulate the lipid
profile of PEA and enhance its absorption [60]. Torino et al., 2016 [61] used nanoparticles
to extend the anti-inflammatory and analgesic effects of PEA in vivo at the epithelial bar-
rier through a complex of solid and liquid lipids, which increased percutaneous diffusion.
In a comparison proposed by Impellizzeri et al. (2014), micronized and ultra-micronized
PEA in an inflammatory pain model in rats yielded significant results in reducing carra-
geenan-induced inflammation compared to non-micronized PEA administration [62]. An-
other interesting study by Petrosino et al. (2018) demonstrated that ultra-micronized PEA
was detectable in the bloodstream within 5 min of administration, with a peak plasma
concentration of 5.4 + 1.87 pmol/mL, whereas non-ultra-micronized PEA did not produce
a significant peak plasma concentration [63]. These studies are intriguing as they show
the potential to modulate the lipophilic characteristics of the compound and achieve better
therapeutic results. In humans, Petrosino et al. (2016) reported plasma levels of PEA after
administering 300 mg of micronized PEA to 10 healthy volunteers at 0, 2, 4, and 6 h [64].
They observed that PEA plasma concentrations doubled within 2 h and returned to base-
line levels after 4 h.

The bioavailability of PEA also lacks extensive research, and there is no clear under-
standing of how the levels of this lipid can vary among individuals. A study conducted by
researchers from Umea University (Sweden) estimated the plasma concentration, volume
of distribution, and half-life of PEA after oral treatment of male Wistar rats with 100 mg/kg
of PEA in a corn oil suspension. The authors demonstrated that the bioavailability of PEA
was low, around 25%, but the volume of distribution exceeded the plasma volume, indicat-
ing that most of the PEA would be outside the blood after oral administration [65,66].

PEA distribution was described in the study by Zhukov et al. (1999) after the intra-
peritoneal administration of radiolabeled PEA in rats [67]. The lipid compound exhibited
distribution, especially in some peripheral organs such as adrenal glands, diaphragm,
spleen, kidney, testis, lung, liver, and heart, with lower concentrations detected in the
brain and plasma. In a more recent study, the administration of PEA emulsified with ster-
ile corn oil injected into male mice showed elevated basal levels in the retina compared to
blood serum, heart, and brain. These data highlight the ability of PEA to cross the blood-
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brain barrier, suggesting its involvement in brain function, particularly in regulating the
response to stress through the hypothalamus—pituitary—adrenal system [68]. Addition-
ally, regarding the distribution of PEA in the body, Svobodova, et al., 20203 [69] analyzed
seven human placentas, amniotic and amniochorionic membranes, placental disc, umbil-
ical cord, umbilical serum, and vernix caseosa collected after cesarean delivery to deter-
mine endogenous PEA concentrations in tissues. The authors found the presence of the
lipid compound in all analyzed tissues, with a higher prevalence of PEA in the amniotic
membrane and lower concentrations in the umbilical cord and vernix.

PEA metabolism involves the formation of palmitic acid and ethanolamine through
the action of the enzymes FAAH and NAAH, and this inactivation process occurs through
lipid hydrolysis [70]. FAAH is an intracellular membrane-bound serine hydrolase, pre-
dominantly identified in mammalian tissues, with higher abundance in the brain and liver
[71]. NAAH is a cysteine hydrolase present in cellular lysosomes or the Golgi apparatus,
activated under acidic pH conditions, showing greater selectivity for PEA [1]. The enzyme
is expressed in various blood cell lineages, macrophages, and various rodent tissues, with
higher prevalence in humans in leukocytes, liver, spleen, kidney, and pancreas [1].

The excretion of PEA remains unclear, and the mechanisms by which the orally or
topically administered compound is hydrolyzed into palmitic acid are unknown [60]. To
date, the only known information is related to its protective role in the kidney in hyper-
tensive injury in rats, involving the reduced expression of the enzyme epoxygenase
CYP2C23 and soluble epoxide hydrolase. This reduction is accompanied by a significant
decrease in renal oxidative and nitrosative stress, along with a decrease in renal expres-
sion of NAD(P)H oxidase and inducible nitric oxide synthase, and an increase in the ex-
pression of Cu/Zn superoxide dismutase, as demonstrated by Mattace et al., 2013 [72].

4.2. Possible Pharmacological Targets and Mechanisms of Action

The action of PEA involves three possible mechanisms. The first suggests that the
lipid compound can negatively regulate mast cell degranulation through an effect called
“Autacoid Local Inflammatory Antagonism” (ALIA). The second proposition states that
this compound can act through the “entourage effect,” enhancing the pharmacological
activities of AEA. Finally, it can stimulate receptors similar to cannabinoids, such as
PPAR-a and GPR55 [73]. PEA acts as a GPR55 agonist (EC values are 4, 19,800 and >30,000
nM at GPR55, CB and CB receptors, respectively) and directly activates PPAR«a (EC =3
uM) [74]. Understanding the multiplicity of targets is the key to PEA, as its therapeutic
effects can be attributed to a single mechanism or several primary targets [60].

The first hypothesis about the action of PEA emerged from studies by Aloe et al.
(1993) [20]. They conducted an animal model study with Sprague Dawley rats treated with
long-chain and short-chain N-acylethanolamines during inflammation induced by the
substance P. The authors observed a local antagonism in inflammation called ALIA, sug-
gesting a local autocrine/paracrine contribution to the control of negative feedback from
mast cell responses to various activation signals. Subsequently, Mazzari et al. (1996)
demonstrated the correlation of anti-inflammatory activity with the negative regulation
of mast cells in an experimental model of male rats and female mice induced by paw
edema and carrageenan-induced hyperalgesia treated with PEA [75]. Scarampella et al.
(2001) obtained similar results when observing an increase in the granular density of cu-
taneous mast cells in a population of cats, including males and females of different ages.
In total, 15 animals with diagnoses of eosinophilic granuloma and eosinophilic plaque
were treated with 120 mg of PEA, and clinical improvement in the lesions was observed,
suggesting that PEA could be an alternative to corticosteroid therapy for these skin con-
ditions [76].

The concept of the entourage effect suggests that PEA enhances the antinociceptive
(pain-relieving) and anti-inflammatory properties of other naturally occurring com-
pounds by either boosting the receptors’ attraction to them or by hindering the breakdown
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of these compounds through metabolic processes [23,77]. One of these endogenous com-
pounds is AEA, whose activity can be potentiated by PEA to increase pharmacological
effects, as demonstrated by Ho, Barrett and Randall (2008) in an experimental model with
male Wistar rats studying the third-order branches of the superior mesenteric artery [78].
The removed vessels were pre-contracted with methoxamine and treated with anan-
damide, PEA, or OEA. To assess the activation of TRPV1, the authors used capsaicin. They
observed the ability of PEA to potentiate vasorelaxation, indicating that pretreatment with
PEA enhanced the vasorelaxant effects of AEA through TRPV1 receptor activity.

The effect of endogenous PEA can also be synergistically stimulated through the ad-
ministration of exogenous compounds when given orally, as proposed by Del Re et al.
(2022) [79]. In an experimental mouse model, after administering Adelmirol, a semi-syn-
thetic analog of PEA, the authors observed an increase in N-acylethanolamide concentra-
tions in the duodenum and colon of the animals, increasing endogenous PEA levels in a
dose/time-dependent manner. This also regulated the enzymatic machinery responsible
for the metabolism and catabolism of this lipid compound.

Lastly, PEA can act on receptors, such as TRPV1, PPARs, and GPR55, which are in-
volved in the mechanism of action of other cannabinoids like AEA, 2-AG, and the ether 2-
arachidonoylglycerol [1].

4.2.1. PEA Interaction with Transient Receptor Potential Vanilloid Type 1 (TRPV1)

The action of PEA through the TRPV1 receptor is well-discussed, and the widespread
distribution of the receptor in tissues may be responsible for its therapeutic effects. De
Petrocellis et al. (2001) conducted an in vitro study that examined PEA and AEA activities
in intracellular Ca? binding assays, TRPV1 receptor binding assays, and AEA hydrolase
activity assays [80]. These authors synthesized these compounds from arachidonic acid or
palmitic acid and ethanolamine. They observed an increase in AEA-mediated TRPV1 ac-
tion in [Ca?]i, suggesting an intensification of AEA actions mediated by TRPV1. PEA ata
concentration of 5 uM (i.e., the same range as seen for its effects upon PPAR-a) potentiated
the ability of AEA to activate TRPV1-mediated calcium influx by reducing its ECso value
from 0.44 to 0.22 pM. Ambrosino et al. (2013) reported similar results from an in vitro
study using F11 and CHO cells in pain inducers like capsaicin or bradykinin. They ob-
served a molecular mechanism for the action of PEA on TRPV1. They proposed that the
activation of TRPV1 channels by ethanolamide triggers membrane depolarization, leading
to a substantial increase in [Ca?]i. PEA elicits calcium transients (ECso 3 uM) in a manner
reduced (but not blocked) by the TRPV1 antagonists capsazepine and SB-366791 (the latter
at a concentration that completely blocked the response to capsaicin) [81].

Petrosino et al. (2016) also identified the action of PEA on TRPV1 channels in vitro,
finding that its mechanism increases 2-AG activation and desensitizes intracellular Ca?*
elevation mediated by TRPV1 [64]. They also observed an increase in 2-AG in human
keratinocytes and dogs. HO et al. (2008) correlated the effect of PEA with its action on
TRPVI. In this study, PEA administration in Wistar rats significantly increased anan-
damide levels, enhancing vessel relaxation [78]. In an experimental model of intestinal
inflammation induced via the intracolonic administration of mustard oil in mice treated
with PEA, Capasso et al. (2014) observed that PEA reduced colon peristalsis. The authors
proposed that this effect could be due to TRPV1 and CB1 receptor activation, as the com-
pound increased anandamide levels [82]. Another link between PEA and intestinal inflam-
mation in rats was proposed by Borrelli et al. (2015), where exogenous lipid compound
reduced neutrophil infiltration, decreased intestinal permeability and stimulated colonic
cell regeneration, also increasing colonic TRPV1 and CB1 receptor expression. These stud-
ies suggest that the effect of PEA may be related to TRPV1 receptor activation [59].
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4.2.2. PEA Interaction with Peroxisome Proliferator-Activated Receptor (PPARs)

PEA has been extensively studied for its interaction with PPARa (peroxisome prolif-
erator-activated receptor alpha), a nuclear receptor that plays a crucial role in regulating
inflammation and various metabolic processes. This interaction is a key mechanism un-
derlying the anti-inflammatory effects of PEA and its potential therapeutic benefits in sev-
eral medical conditions. In a mouse model of carrageenan-induced paw edema, intracer-
ebroventricular administration of PEA led to the control of peripheral inflammation by
activating PPARa. This resulted in a significant reduction in pro-inflammatory enzymes
like cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase [83].

PEA interaction with PPARa is not limited to its anti-inflammatory activities. Studies
have demonstrated its involvement in various physiological processes. For instance, PEA
has been shown to restore the plasticity of brown and white adipocytes in mice fed a high-
fat diet, with PPARa activation playing a crucial role in this process. Additionally, PEA
improved mitochondrial bioenergetics and induced metabolic machinery through AMP-
activated protein kinase (AMPK) phosphorylation [84].

The therapeutic potential of PEA extends to conditions such as retinopathy, where it
significantly reduces inflammation, inhibits neovascularization in the retinas, and sup-
presses pro-fibrotic changes and Miiller gliosis. The positive effects of PEA in these con-
texts have been associated with an increase in PPARa expression [85].

Furthermore, PEA has been investigated for its potential use in pain management.
Studies have suggested that PEA, when combined with other drugs like morphine or
gabapentin, may produce synergistic effects in relieving inflammatory pain mediated
through PPARa receptors [83]. Combining PEA with tramadol also reduced sedation
while enhancing its analgesic effect, further highlighting its potential synergistic actions
involving TRPV1 and PPAR-a receptors [86].

Anti-tumor activity of PEA has been linked to PPARa and GPR55 receptors. In stud-
ies conducted on mice, PEA inhibited tumor cell proliferation, induced cell cycle arrest at
the G2/M phase, reduced DNA fragmentation, and suppressed cell migration. These ef-
fects were mediated by PPARa activation and inhibition of the AKT/mTOR cell cycle path-
way [87].

Through the activation of PPARa, PEA has also demonstrated a neuroprotective ef-
fect in animal models of neurodegenerative diseases such as Parkinson’s and Alzheimer’s
disease. Its actions involve anti-inflammatory mechanisms, modulation of pro and anti-
apoptotic markers, and protection against neuronal damage [88]. In addition to its role in
inflammation and neuroprotection, PEA has shown promise in addressing behavioral
symptoms associated with autism spectrum disorder (ASD). In mouse models of ASD,
PEA treatment was found to reverse abnormal behavioral phenotypes by acting on PPAR«a
and reducing overall inflammation and pro-inflammatory cytokine expression [89].

Indirect activation of cannabinoid receptors, mainly (CB2) by PEA has also been linked
to its PPARa-mediated effects. This interaction is relevant in the context of neuroinflamma-
tory disorders, where PEA may modulate microglial activity and migration [90].

Overall, the interaction of PEA with PPAR« is a multifaceted mechanism that under-
lies its diverse therapeutic effects, ranging from anti-inflammatory and analgesic proper-
ties to neuroprotection and metabolic regulation. These findings highlight the potential of
PEA as a valuable compound in various medical applications.

4.2.3. Interaction of PEA with G protein-Coupled Receptors (GPR55)

PEA is a potent and selective agonist at the GPR55 receptor [54]. The authors demon-
strated the expression of the GPR55 receptor in mouse tissues, where receptor mRNA was
found in the adrenal glands, gastrointestinal tract, and the central nervous system (CNS)
of the animals, modulating diverse physiological functions mainly involved with inflam-
matory and immune response.
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Inflammation induced by atherosclerotic plaques was the subject of a study con-
ducted by Rinne et al. (2018) in adult male and female mice deficient in GPR55 treated
with PEA at 3 mg/kg via intraperitoneal injection for 4 weeks [91]. The authors observed
that PEA, upon activating GPR55, increased the expression of the MerTK phagocytosis
receptor (proto-oncogene tyrosine-protein kinase MER), as well as enhancing macrophage
efferocytosis. However, they emphasize that this anti-inflammatory process is multifacto-
rial and may also be mediated by PPAR-a [91].

Marichal-Cancino et al. [92] demonstrated that the intravenous administration of
PEA inhibits vasopressor responses to sympathetic stimulation and exogenous norepi-
nephrine and induces hypotension in Wistar rats, which may be correlated with its effects
on GPR55, in addition to its action on CB1 and TRPV1 receptors.

In an in vitro organ culture model with porcine eyes, Kumar et al. [93] demonstrated
that PEA can increase the aqueous humor outflow through the trabecular meshwork path-
way, and these effects are mediated by GPR55 and PPARa receptors through the activa-
tion of p42/44 MAPK.

5. Therapeutic Opportunities of Palmitoylethanolamide

PEA demonstrates significant therapeutic potential for inflammation, primarily due
to its ability to modulate the immune system. Numerous articles discuss research ap-
proaches and confirm these findings.

5.1. Therapeutic Potential of PEA in Central Nervous System Disorders

The spinal cord injury has been used to assess the therapeutic performance of PEA
to treat injury of the central nervous system, as demonstrated by Genovese et al. (2008)
[94]. The researchers showed that the intraperitoneal administration of PEA in mice ex-
hibited anti-inflammatory and immunomodulatory activity, reducing the severity of spi-
nal cord trauma and significantly improving functional deficits. Furthermore, PEA atten-
uated neutrophil infiltration, decreased levels of TNF-a and IL-1, reduced iNOS expres-
sion, nitrotyrosine, and also prevented IxBa degradation and reduced Ser536 phosphory-
lation of the p65 subunit, NF-kB levels in the p65 subunit, and cell death [94].

Another interesting study involving spinal cord injury was conducted by Crupi et al.
(2016) with the intraperitoneal administration of the PEA with luteolin in an ultrami-
cronized formulation (co-ultraPEALut) in mice. Co-ultraPEALut presented regenerative
capacity and an immunomodulatory profile that promoted functional recovery, stimu-
lated dendritic tree remodeling in the injured area, and restored the regulation of neu-
rotrophic factors, such as, brain-derived neurotrophic factor (BDNF), glial cell-derived
neurotrophic factor (GDNF), nerve growth factor (NGF), and neurotrophin-3 (NT-3) [95].
Co-ultraPEALut can also be used in cerebral ischemia, as proposed by Caltagirone et al.
(2016) [96]. Using an experimental rat model, Co-ultraPEALut reduced cell death in a hip-
pocampal area, decreasing damage-induced GFAP expression, increasing levels of neu-
rotrophic factors such as BDNF and GDNF, and attenuating chymase and tryptase expres-
sion [96]. In Caltagirone et al. (2016), the authors continued the study by testing Co-ul-
traPEALut in humans aged 31 to 100 years after a stroke. The 700 mg of ultramicronized
PEA with 70 mg of luteolin (Glialia®), administered sublingually for 30 days, improved
cognitive function, patient independence and mobility, and overall muscle spasticity. The
authors reported no adverse reactions or deviations in hematological and chemical anal-
yses of the patients. However, a controlled trial is needed to better assess the clinical per-
formance of the compound [96].

Paterniti et al. (2013) also addressed spinal cord injury in mice. PEA administration
showed anti-inflammatory and neuroprotective properties. This action may involve the
activation of PPAR-d, PPAR-a, and PPAR-y, which would also be correlated with the in-
hibitory potential of PEA on neutrophil infiltration. PEA restored physiological levels of
TNF-a and IL-1§3, but the genetic absence of PPAR-a and the use of a PPAR-0 or PPAR-y
antagonist reversed the reduction induced by PEA. The lipid compound also showed the
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potential to attenuate iNOS expression and restore PPAR-y and PPAR-0 levels in the spi-
nal cord Paterniti et al. (2013) [21].

A sciatic nerve injury model was proposed by Gugliandolo et al. (2018) with the oral
administration of PEA with oxazoline (PEA-OXA) to mice [17]. PEA-OXA is a modifica-
tion of PEA, where an oxazoline ring structure is added to the molecule. This modification
may alter its pharmacological properties and could potentially enhance its effects on the
endocannabinoid system or other biological pathways [97]. PEA-OXA displayed anti-in-
flammatory and neuroprotective activity, reduced edema, mast cell infiltration, c-Fos and
NAAA expression as well as restricting the pain threshold and increasing (3-tubulin class
I (B-1II-tubulin) expression. A reduction in IxB-a degradation and Nf-kb translocation
was also observed, along with a reduction in TNF-a, IL-1f3, glial fibrillary acidic protein
(GFAP), and ionized calcium-binding adapter molecule 1 (Iba-1) and the apoptotic pro-
cess, promoting better functional recovery of the sciatic nerve [17]. Di Cesare Mannelli et
al. (2013) also addressed the experimental sciatic nerve injury model in mice, with PEA
administered subcutaneously. The main finding of the study involved the anti-inflamma-
tory and neuroprotective activity of the fatty acid derivative. It was observed that PEA
prevented cellular infiltration and alterations in pain threshold mediated through the
PPAR-« receptor. Additionally, PEA significantly prevented the increase in COX2 [98].

PEA-OXA performance and mechanism were also tested in a rat model of cerebral
ischemia in diabetic rats that were treated intravenously. This study conducted by Fusco
et al. (2019) demonstrated a reduction in tissue damage, mast cell infiltration and degran-
ulation, apoptosis, NF-kB translocation to the nucleus, NF-kB and TGF-f3 expression. Ad-
ditionally, the authors also noted the ability of PEA-OXA to reduce TNF-a and IL-1p and
increase the expression of neurotrophic factors such as BDNF and GDNF. These effects
were correlated with the activation of silent information regulator 1 (SIRT-1) [99].

5.1.1. Neuroinflammation

Neuroinflammation is defined as an inflammatory reaction that impacts the brain or
spinal cord. This response is orchestrated through the generation of cytokines, chemo-
kines, reactive oxygen species, and secondary messengers, which are produced by glial
cells like astrocytes, as well as by endothelial cells and immune cells that originate from
outside the central nervous system [100]. This process leads to changes in the central nerv-
ous system (CNS), such as decreased neurogenesis, increased apoptosis, activation of as-
trocytes and microglia, disruption of the blood-brain barrier (BBB), increased synthesis of
AP, tau phosphorylation, among others, and plays a significant role in the development
of conditions like Alzheimer’s disease (AD) and multiple sclerosis [101].

Hohmann et al. (2019) and Scuderi et al. (2011), in an in vitro model of co-cultured
astrocytes and microglia, showed the performance of PEA in controlling neuroinflamma-
tion. PEA displayed a neuroprotective role, attenuating Af3-induced astrocyte activation
and reducing the expression and release of all detected pro-inflammatory molecules, such
as nitric oxide, IL-18, TNF-a, and prostaglandin Ez (PGE-). It also showed an inhibitory
potential on MAPK phosphorylation and nuclear transcription factors NF-xB and AP-1,
and all of these effects were prevented when a PPAR-a receptor antagonist was used
[102,103]. D’ Aloia et al. (2021) also proposed an in vitro neuroinflammation model using
microglial cells (N9) induced by lipopolysaccharide (LPS). In this model, it was observed
that the fatty acid derivative neutralized the polarization of M1 microglia, antagonized
the stimulation of mRNA production for pro-inflammatory cytokines, increased IL-10, re-
duced TNF-a in the culture medium, and the cellular content of pro-IL-1. Another inter-
esting factor observed was the ability of PEA to inhibit the ATP-induced intracellular Ca?
increase in N9 cells and primary microglial cells [104].

Furthermore, in an experimental rat model, the intraperitoneal administration of
PEA had neuroprotective and anti-inflammatory effects [83]. The fatty acid derivative re-
duced TNF-a expression, p65 transcription factor, inducible nitric oxide synthase [83]
mRNA, and prevented the regulation of prostaglandin E synthase-1 (mPGES-1) and PGE-.
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In addition, the authors observed that PEA prevented the accumulation of malondialde-
hyde, a marker of lipid peroxidation.

Another interesting study addressed the anti-inflammatory effects of PEA when
added to the diet of obese mice in relation to anxiety-related neuroinflammation [105].
The authors observed that PEA neutralized systemic inflammation by reducing serum
TNF-a and IL-1(3 levels as well as improving anxiety behavior by modulating dopamine
renewal and gamma-aminobutyric acid (GABA) levels in the amygdala. The authors also
reported the ability of PEA to neutralize microgliosis and astrogliosis and to restore
blood-brain barrier (BBB) integrity, confirming the role of PPAR-a in the therapeutic ac-
tivity of PEA.

In a mouse model of intracerebral hemorrhage (ICH), PEA administered intraperito-
neally exhibited an anti-inflammatory role, as discussed by Zhou et al. (2022) [106]. PEA
improved neurological and motor function, attenuating NF-«B, IL-13, and TNF-a, a mech-
anism correlated with the PPAR-a receptor. A notable factor in the study was the ability
of PEA to increase the percentage of the anti-inflammatory microglia phenotype to exert
a neuroprotective effect.

Co-ultraPEALut, as evidenced by Paterniti et al. (2013) [107], when injected intraper-
itoneally into mice, exhibited anti-inflammatory activity and the ability to reduce apopto-
sis, decrease cyclooxygenase-2 (COX-2) and nitric oxide (NO) expression, effects that were
concentration-dependent. It also resulted in a significant increase in the expression of
PPARa, PPARB/d, and PPARY.

5.1.2. Alzheimer’s Disease

Alzheimer’s Disease (AD) is recognized by the World Health Organization as a global
public health priority, primarily because there is still no disease-modifying drug available
[108]. PEA can also be useful in Alzheimer’s disease due to its potential to improve learn-
ing and memory deficits, given its anti-inflammatory and neuroprotective properties, as
proposed by Scuderi et al. (2018) [109]. The authors addressed the pathology in an exper-
imental mouse model by subcutaneously administering micronized PEA, demonstrating
its ability to reduce the formation of Beta-amyloid (Ap) plaques and reduce tau phosphor-
ylation, thereby increasing neuronal survival time and restoring astrocyte functions. Im-
provement in learning deficits was also demonstrated by D’Agostino et al. (2012), corre-
lating the neuroprotective effect of PEA with its ability to act on the PPAR-a receptor, in
addition to its capacity to reduce oxidative stress through intracerebroventricular admin-
istration in mice [110]. In vitro studies also demonstrated the therapeutic potential of PEA
in AD. Facchinetti et al. (2022) investigated the compound Co-ultraPEALut in a cellular
model of AP 1-42 toxicity, confirming its anti-inflammatory activity, preventing astrocyte
reactivity and reducing growth factor transcription induced by AP 1-42 exposure, with
these effects being correlated with the activation of PPAR-a receptors [111].

Furthermore, PEA improves intestinal motility dysfunction associated with AD by
neutralizing proteins related to neurodegenerative disorders, A{3, t-tau, and a-synuclein,
as observed by D’ Antongiovanni et al. (2021), in a mouse study through oral administra-
tion of PEA. PEA reduces citrate synthase activity (associated with premature aging) and
neutralizes intestinal inflammation and enteric gliosis associated with cognitive decline
[15]. Additionally, it improves the integrity and permeability of the intestinal epithelial
barrier by reducing the expression of pro-inflammatory cytokines such as calcium-bind-
ing protein B (§100-(), Toll-like receptor 4 (TLR-4), and nuclear factor-«B p65 (NF-xBp65)
[15]. These actions demonstrate that PEA may be useful in the development of symptoms
associated with AD.



Future Pharmacol. 2023, 3

963

5.1.3. Vascular Dementia

Vascular dementia or vascular cognitive impairment is characterized by chronic and
acute cognitive impairment with deficits in memory, aphasia, apraxia, agnosia or execu-
tive dysfunction and impaired ability to perform daily activities [112]. It holds great im-
portance in research and therapy development due to its epidemiology, being the second
most common type of dementia, second only to Alzheimer’s Disease [113]. The develop-
ment of vascular dementia is correlated with obesity, insulin resistance, diabetes, hyper-
homocysteinemia, hypertension, and hyperlipidemia, conditions that promote an inflam-
matory state in the body [113].

Impellizzeri et al. (2019) proposed the use of PEA-OXA in mice through oral admin-
istration, observing the neuroprotective effect of increasing endogenous PEA levels in the
brain, reducing the presence of injured neuronal cells in the hippocampus, apoptosis and
immunoreactivity for GFAP and Iba-1 and increasing microtubule-associated protein 2
(MAP-2) expression [114]. Another effect of PEA-OXA administration was the ability to
prevent IkB-a degradation, nuclear translocation of NF-kB and a reduction in iNOS and
COX-2 expression. A very interesting factor, also demonstrated by Impellizzeri et al.
(2019), was the ability of PEA to increase the levels of anti-inflammatory cytokines such
as interleukin-10 (IL-10) and positively regulate the antioxidant response by acting on the
nuclear factor erythroid 2-related factor 2 (Nrf-2) pathway, as well as improving cognitive
deficits [114].

5.1.4. Multiple Sclerosis and Amyotrophic Lateral Sclerosis

Multiple sclerosis is a non-traumatic disabling disease classified as an autoimmune
disease and is common in adults and young individuals [115], exhibiting a heterogeneous
symptomatology with distinct signs due to impairment of the motor, sensory, visual, and
autonomic systems [116].

The inflammatory processes in multiple sclerosis are the main factor contributing to
the development of lesions [115]. In this way, PEA has been studied for its anti-inflamma-
tory characteristics. In an experimental autoimmune encephalomyelitis model, Contarini
et al. (2019) demonstrated that PEA, in combination with ultramicronized luteolin (co-
ultraPEA-LUT) administered intraperitoneally, improved the clinical severity in mice and
reduced the inflammatory response by modulating the activity of serum amyloid A1l
(SAA1), TNF-q, interferon-gamma (IFN-vy), and the NLRP3 inflammasome [16].

PEA was also used as therapy for a neurodegenerative disease, amyotrophic lateral
sclerosis (ALS), characterized by the progressive loss of motor neurons, resulting in mus-
cle atrophy, paralysis, and a typically short life expectancy of 3-5 years from symptom
onset. In ALS, the inflammation of neurons is primarily driven by microglia and mast cells
and there are no effective therapies for this condition. The outcomes of the PEA’s treat-
ment indicated notable improvements in the patient’s clinical condition, as evidenced by
electromyographic analysis and pulmonary function. The text suggests that palmitoyleth-
anolamide’s effectiveness in this context may be attributed, at least in part, to its ability to
reduce the activation of mast cells and microglia [117].

5.1.5. Acute Mania

In a recent clinical trial conducted by Abedini et al. in 2022, the efficacy and safety of
a combined therapy involving PEA in the treatment of acute mania were thoroughly in-
vestigated. This randomized, double-blind, and placebo-controlled study focused on pa-
tients in the acute phase of mania and divided them into two parallel groups. One group
received a combination of lithium (maintaining a blood level of 0.8-1.1 mEq/L) and risper-
idone at a dosage of 3 mg, along with palmitoylethanolamide at 600 mg, administered
twice daily for a duration of 6 weeks. The second group received a placebo under the same
regimen. Throughout the study, all participants were meticulously assessed using the
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Young Mania Rating Scale (YMRS), Hamilton Depression Rating Scale (HDRS), and Ex-
trapyramidal Symptom Rating Scale (ESRS). The results of the trial were compelling, with
the PEA combination therapy demonstrating a significant reduction in YMRS scores, in-
dicating an improvement in manic symptoms. This study affirms that PEA, when used as
an adjunctive medication, effectively enhances the management of manic symptoms and
contributes to an improved overall clinical status during acute episodes of mania [118].

In summary, the therapeutic potential of PEA in the central nervous system encom-
passes various pathologies (Tables 2-4). In all of these conditions, PEA exerts an anti-in-
flammatory effect by modulating inflammatory mediators, reactive oxygen species, and
transcription factors. In most cases, these effects occur via PPAR-type receptors, highlight-
ing the importance of this pathway in the treatment of CNS pathologies. The Table 2 pre-
sented in vivo experimental studies, the Table 3 presented in vitro experimental studies
and the Table 4 presented clinical studies.

Table 2. Main effects of Palmitoylethanolamide in experimental models of nervous system pathologies.

Pathol(.)g.lcal Experimental Strain  Sex Age Formulation A.R. Main Effect Receptor Reference
Condition Model
AD Mice 3xTg-AD M 9m PEAum  sc |europrotectiveand - [109]
anti-inflammatory
AD Mice SAMP8 - 4m PEA p-o. Anti-inflammatory - [15]
Multiple Sclerosis Mice C57BL/6 - - coultraPEA-Lut ip ~ntrinflammatoryand - [16]
immunomodulator
Anxiety associated
with Mice C57Bl/6] M 6w PEA p-o. Anti-inflammatory PPAR-a [105]
neuroinflammation
Neuroinflammation Mice C57BL/6] M 10-12w PEA ip. Anti-inflammatory PPAR-a [106]
Neuroinflammation Mice CD1 - - co-ultraPEALut  ip. Anti-inflammatory PP{:})IXXR%nd [107]
Experlmeﬁt.al spinal Mice cD1 M Adult PEA ip. Arv\tl—mﬂammatory and PPARG [94]
Nervous cord injury immunomodulator
System Vascular dementia Mice CD1 M - PEA-OXA p.o. Neuroprotective - [114]
Spinal Cord Injury Mice D1 M - coulraPEALut ip  esenerativeand - [95]
immunomodulator
. . . . Anti-inflammatory and
Cerebral ischemia Rat Wistar M - Co-ultraPEALut i.v. R - [96]
immunomodulator
Fo.cal cere.bral Rat Wistar M . PEA-OXA iv. Arjnt1—1nﬂammatory and . [99]
ischemia immunomodulator
. . . . Neuroprotective and PPAR-0
Spinal Cord Injury Mice CD1 - - PEA ip. anti-inflammatory PPAR-y [21]
Sciatic nerve injury Mice CD1 M - PEA-OXA p-o. Neu%‘()'protectlve and - [17]
anti-inflammatory
Sciatic nerve injury Mice Mutants - - PEA s.c. Neuroprotective and PPAR-a [98]

anti-inflammatory

AD: Alzheimer’s disease; M: male; W: weeks; M.: months; PEA-um: micronized Palmitoylethanola-
mide; co-ultraPEA-LUT: Ultramicronized Palmitoylethanolamide with Luteolin; PEA-OXA: Pal-
mitoylethanolamine with oxametazoline; A .R.: administration routes; s.c.: subcutaneous; p.o.: oral;
i.c.v.: intracerebroventricular; i.p.: intraperitoneal; i.v.: intravenous.
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Table 3. Main effects of Palmitoylethanolamide in in vitro models of central nervous system pathologies.

Pathological E i 1
atho oslea xperimenta Formulation  Cellular Model Main Effect Receptor  Reference
Condition Model
Anti-
AD In vitro Co-ultra PEALut  Af 1-42toxicity . n PPAR-a [111]
inflammatory
N infl t
eur01.n amma In vitro PEA N9 microglial cells Neuroprotective CB: [104]
Central ion
N infl t Mi lial ast t
ervous Neur01.n amma In vitro PEA leroghat astrocyte Neuroprotective =~ PPAR-a [102]
System ion co-cultures
Neuroinflammat Anti
ion/Neurodegen In vitro PEA Astrocyte culture . PPAR-a [103]
. inflammatory
eration
AD: Alzheimer’s Disease; co-ultraPEA-LUT: Ultramicronized Palmitoylethanolamide with Luteolin.
Table 4. Effect of Palmitoylethanolamide in patients with nervous system disorders.
Pathological .. . . . . .
. Clinical Trial Population Age Formulation Dosage Time Main Effect Reference
Condition
Central Cerebral . Men and 31-100  co-ultraPEA- 700 mg + 70 Clinical
Nervous . . Observational 2m [96]
ischemia women yearsold  LUT (S.L.) mg improvement
System
N Clinical
ervous ALS Case report - . ultra-PEA . .o, ime [117]
System improvement
randomized,
Central double-blind, improvement
M d PEA
Nervous Acute Mania and placebo- enan . 600mg 1.5m in manic [118]
women association
System controlled symptoms

study

S.L.: sublingual route; m: months; co-ultraPEA-LUT: Ultramicronized Palmitoylethanolamide with
Luteolin, ultra-PEA: ultramicronized Palmitoylethanolamide.

5.2. Therapeutic Potential of PEA in Pain, Inflammatory Processes, and Immune System Modulation

In the mid-2000s, Italian researchers demonstrated the anti-inflammatory potential
of PEA. This study conducted by Costa et al. (2002) assessed this effect following oral
administration of PEA in rats. The authors reported a time-dependent reduction in edema,
decreased COX activity, and lowered levels of nitrite/nitrate (NO2-/NO3-) and malondial-
dehyde [119]. LoVerme et al. (2006) also showed a reduction in hyperalgesic responses
due to the anti-inflammatory effect of PEA, when injected in the mice and rats paws after
an experimental model of sciatic nerve injury. The researchers observed that the effects
were closely linked to the PEA action on the PPAR-a receptor [120]. D’ Agostino et al.
(2009) obtained similar results when investigating the therapeutic action of PEA in mice
treated intracerebroventricularly in a paw edema model. PEA inhibited the expression of
COX-2 and iNOS and prevented IkB-a degradation. The anti-hyperalgesic and anti-in-
flammatory actions of the PEA were mediated through the PPAR-a receptor [121].

The antinociceptive potential of PEA has been demonstrated in various experimental
models. Romero and Duarte (2012) showed the antinociceptive effect of PEA, adminis-
tered locally, in a Wistar rat model of hyperalgesia induced by intraplantar injection of
PGE-:. The lipid exerted a local peripheral antinociceptive effect, which the authors at-
tributed to the activation of ATP-sensitive K(+) channels [122]. In another study by Romero
et al. (2012), using the same rat model, local PEA administration resulted in the activation
of the nitric oxide pathway, initiating the nitric oxide/cyclic guanosine monophosphate
(NO/cGMP) signaling pathway, which was associated with its antinociceptive potential
[123]. Additionally, in 2013, the same group observed the antinociceptive therapeutic ef-
fect of PEA through the activation of the CB2 receptor, resulting in the stimulation of en-
dogenous norepinephrine release and the activation of peripheral a2 adrenoceptors [14].
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Another interesting finding was demonstrated by Galdino et al. (2014), where plasma con-
centrations of PEA increased after acute resistance exercise in rats undergoing a weight-
lifting model. This discovery aligns with the antinociceptive action of PEA due to the en-
dogenous activation of the endocannabinoid system following intense exercise [124].
These studies demonstrate the ability of PEA to exert its antinociceptive therapeutic po-
tential on multiple targets.

Siracusa et al. (2020) verified the effect of PEA on post-operative pain in rats using
micronized PEA (PEA-um). After rat paw injury, there was relief in mechanical allodynia,
thermal hyperalgesia, and motor coordination. Pre- and post-injury treatments reduced
mast cell infiltration, NGF levels, p-ERK kinase expression, BDNF, NF-kB, and iNOS. Ad-
ditionally, Siracusa et al. (2020) noted that PEA-um reduced microglial and mast cell acti-
vation [125].

The anti-inflammatory and anti-hyperalgesic activity of PEA was also observed in a
rat paw edema model conducted by Petrosino et al. (2018) when administering PEA-um
orally to the animals. The compound neutralized paw edema and thermal hyperalgesia,
reduced neutrophil and mast cell infiltration, decreased the production of pro-inflamma-
tory and pro-nociceptive cytokines such as TNF-a, IL-6, and IL-1§3, as well as nitrate pro-
teins and iNOS expression. Furthermore, Petrosino et al. (2018) also observed a reduction
in COX-2 expression, degradation of IkB-a, and nuclear translocation of NF-kB p65 [63].
In the same model of rat paw edema, induced by carrageenan, PEA administration via
intracerebroventricular, reduced inflammation and hyperalgesia by interaction with
PPAR-« [126].

Considering the anti-inflammatory and analgesic effects of PEA, Peritore et al. (2020)
evaluated the therapeutic potential of PEA-um in combination with Paracetamol to assess
synergy between the molecules. They administered the compounds to rats in a sciatic
nerve injury model. The authors observed anti-inflammatory and analgesic activities of
the compound, reducing edema and inflammatory infiltrates, including mast cells, and
mechanical pain threshold, along with a significant reduction in the expression of c-Fos
protein, NGF, TNF-a, and IL-1 [127]. The analgesic effect of PEA was correlated with its
anti-inflammatory capacity, as observed by De Filippis et al. (2011) [128]. The authors as-
sessed the analgesic profile in a model of chronic granulomatous inflammation induced
in rats, finding that the compound inhibited mast cell degranulation, reduced NGF pro-
tein and mechanical allodynia, marked by reduced levels of TNF-a, NGF, and COX-2.

Another formulation proposed by Ardizzone et al. (2021) consists of PEA-um in com-
bination with Acetyl-L-carnitine [129]. PEA-um was administered orally to alleviate the
effects on neuropathic pain in an experimental model of inflammatory pain in rats. The
authors observed reduced inflammatory cell infiltration, decreased myeloperoxidase
(MPO) enzyme activity, reduced course of thermal hyperalgesia, as well as mast cell num-
bers and the reduced expression of intercellular adhesion molecule 1 (ICAM-1). Addition-
ally, Ardizzone et al. (2021) noted a reduction in IL-1p3, COX-2 expression, and iNOS [129].
In a similar study, Seol et al. (2017) administered PEA-um intraperitoneally in rats. PEA-
um reduced inflammatory and neuropathic pain, providing relief from chronic inflamma-
tion-induced mechanical hyperalgesia [130].

In the same context, the synergic action of PEA-OXA was investigated by Petrosino
et al. (2017) in the neuropathic and inflammatory pain model. Through oral administra-
tion to rats and mice, PEA-OXA demonstrates anti-inflammatory and immunomodula-
tory properties. These therapeutic activities involve the ability to inhibit NAAA, reduce
the course of edema and hyperalgesia, restore endogenous lipid levels such as 2-AG, AEA,
and OEA, reduce neutrophil and mast cell infiltration, ICAM-1 expression, and the release
of pro-inflammatory cytokines such as TNF-, IL-1f3, and IL-6 [131]. Furthermore, Petro-
sino et al. (2017) also observed a reduction in the expression of IkB-a and nuclear translo-
cation of NF-kBp65, as well as iNOS and COX-2, with therapeutic effects and immune
system modulation linked to the activation of the PPAR-a receptor [131].
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The therapeutic potencial of PEA to treat inflammatory conditions, alleviate pain and
modulate the immune system tested in experimental models were summarized in Table 5.

Gatti et al., 2012 evaluated the effectiveness and safety of PEA in alleviating pain se-
verity among patients suffering from various pathological conditions. PEA was adminis-
tered at a dose of 600 mg twice daily for three weeks, followed by a once-daily dose for
four weeks for 610 patients. The primary outcome measure was the assessment of pain
severity using the numeric rating scale. PEA treatment led to a significant reduction in
mean pain severity scores in all patients who completed the study. Remarkably, the effec-
tiveness of PEA was consistent across various pathological conditions contributing to
pain. Importantly, no adverse effects or safety concerns were associated with PEA use
[132], as shown in Table 6

In a randomized, placebo-controlled, double-blinded crossover trial, 14 healthy vol-
unteers took either PEA (3 x 400 mg per day) or a placebo over a 4-week period. They
examined PEA’s mode of action using a well-established pain model known as “Repeti-
tive phasic heat application,” which is adept at assessing analgesic and anti-hyperalgesic
effects in healthy individuals. Peripheral and central sensitization, as well as pain modu-
lation, were evaluated. PEA treatment led to a significant reduction in repetitive heat pain,
an extension of cold pain tolerance, an increase in pressure pain tolerance, and improved
conditioned pain modulation. Furthermore, PEA treatment resulted in a reduction in the
wind-up ratio and the average distance of allodynia while also increasing heat pain toler-
ance. In summary, PEA’s analgesic properties act on both peripheral and central pain
mechanisms, as well as pain modulation [133], as shown in Table 6.

5.2.1. Osteoarthritis and Inflammatory Arthritis

Osteoarthritis is a chronic joint disease with a high prevalence in patients over 65
years of age, characterized by symptoms such as chronic pain, joint instability, stiffness,
joint deformities, and radiographic narrowing of the joint space, affecting the joints in the
knees, hands, hips, and spine [134]. The primary treatment involves the use of analgesics;
however, continuous use can result in adverse reactions such as gastric ulcers and bleed-
ing [135].

A recent study from 2021 conducted by researchers in South Korea [136] demon-
strated the absence of adverse effects of PEA in the treatment of osteoarthritis induced in
rats. PEA not only reduced knee swelling but also improved cartilage degradation, re-
duced the loss of aggrecan proteoglycan, and alleviated inflammation, as evidenced by a
reduction in the mRNA expression of iNOS, 5-Lox, COX-2, TNF-a, and IL-1p3. Moreover,
it modulated the expression of matrix metalloproteinases and tissue inhibitors of metallo-
proteinase (TIMP1).

Another interesting study conducted by Impellizzeri et al. (2013) highlighted the use
of co-ultraPEALut in the treatment of inflammatory arthritis induced in mice [137]. This
compound reduced the development of the inflammatory process, alleviated hyperalge-
sia, attenuated mast cell degranulation and neutrophil infiltration, and reduced levels of
TNF-a, IL-1f, and IL-6, as well as nitrotyrosine formation. It promoted an improvement
in clinical signs and motor activity in the animals, Table 5.

5.2.2. Hypersensitivity

Due to its anti-inflammatory and immunomodulatory potential, PEA can modify the
degree of hypersensitivity in allergic conditions such as asthma. A study conducted by
Roviezzo et al. (2017) demonstrated that PEA prevents hyperreactivity, blocks allergen-
induced eosinophil extravasation, and is associated with its ability to prevent the increase
in pro-inflammatory cytokines such as IL-4 and IL-13. Additionally, PEA attenuated lung
inflammation and mast cell activity, as well as levels of Leukotriene C4 (LTC4), a key in-
flammatory mediator in allergic asthma [13], as shown in Table 5.
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Table 5. Main effects of PEA on pain and inflammatory processes associated with arthritis and hy-
persensitivity reactions.

Pathological E i tal
atho ?glca xperimenta Strain  Formulation A.R. Main Effect Receptor Reference
Condition Model
Post—opgratlve Rat Sprague PEA-um po. Antl-lnﬂammafcory [125]
pain Dawley and analgesic
Sc1eTt1'c nerve Rat Sprague PEAum- po. Ant1—mﬂamma.tory [127]
injury Dawley Paracetamol and analgesic
Sciatic nerve Swiss and Anti-inflammator,
. Mice and Rat ~ Sprague PEA ipl R y PPAR-« [120]
injury and analgesic
Dawley
Hyperalgesia Rat Wistar PEA ipl Antinociception K+ channel — [122]
Hyperalgesia Rat Wistar PEA ipl Antinociception nNOS [123]
Hyperalgesia Rat Wistar PEA ipl Antinociception CB2 [14]
S Anti-h Igesic and
Paw edema Rat prague PEA-um p-o. i . ypera gestc an - [63]
Dawley anti-inflammatory
Sprague PEA-um and Anti-inflammatory
P d Rat .0. - 129
awedema a Dawley LAC p-0 and analgesic [129]
Anti-h Igesi
Paw edema Mice Swiss PEA ey, Antihyperalgesicand oo p (o)
anti-inflammatory
Pain and Inflammatory
Anti-h Igesi
inflammatory and neuropathic Rat Sprague PEA ip. nt . ?Ipera gesic and - [130]
. Dawley anti-inflammatory
processes pain
Sprague
Inflammatory Dawley Anti-inflammatory
and neuropathic Mice and Rat and PEA-OXA  p.o. and PPAR-a. [131]
pain mutant immunomodulatory
mice
Acute . .
. . Rat Wistar PEA p-o. Anti-inflammatory - [119]
inflammation
S Anti-inflammatory
T
Osteoarthritis Rat prague PEA p.o. and - [136]
Dawley .
immunomodulatory
e . co- . ..
Osteoarthritis Mice DBA ultraPEALut P Anti-inflammatory - [137]
Hypersensitivity Mice BALB/c PEA p.o. Immunomodulatory - [13]
Chronic Anti-inflammatory
granulomatous Rat Wistar PEA s.C. and - [128]
inflammation immunomodulatory

PEA-um: Micronized Palmitoylethanolamide; co-ultraPEA-LUT: Ultramicronized Palmitoylethan-
olamide with Luteolin; PEA LAC: Palmitoylethanolamide Acetyl-L-carnitine; PEA-OXA: Pal-
mitoylethanolamide with oxametazoline; A.R.: administration routes; s.c: subcutaneous; p.o.: oral;
i.c.v.: intracerebroventricular; i.p.: intraperitoneal; i.pl: intraplantar.

5.3. Therapeutic Potential of PEA in Vascular System Disorders

PEA has demonstrated therapeutic potential in disseminated intravascular coagula-
tion (DIC), a disorder that promotes multisystem thrombus formation with a tendency for
bleeding and organ dysfunction. D’Amico et al. (2021) addressed the use of micronized
PEA through intravenous administration in rats, observing its anti-inflammatory and neu-
roprotective activity [138]. They found that PEA increased platelet count and fibrin con-
centration while prothrombin time, activated partial thromboplastin time (aPTT), and
plasma levels of D-dimer were significantly reduced. Confirming the data observed in
other discussed studies, the authors stated that the anti-inflammatory activity is correlated
with the modulation of plasma levels of IL-1f3, IL-6, TNF-a, and IFN-y, as well as reducing
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the degradation of IkB-a and, consequently, nuclear translocation of NF-kB. Another in-
teresting aspect observed in the study by D’ Amico et al. (2021) was the ability to reduce
mast cell activation [138], as shown in Table 7.

Mattace et al., 2013, showed a protective role of PEA in the kidneys of spontaneously
hypertensive rats (SHR). The protection of hypertensive injury in rats involved reducing
the expression of the enzyme epoxygenase CYP2C23 and soluble epoxide hydrolase. This
reduction was accompanied by a significant decrease in renal oxidative and nitrosative
stress, along with a decrease in renal expression of NAD(P)H oxidase and inducible nitric
oxide synthase, and an increase in the expression of Cu/Zn superoxide dismutase, [72] as
shown in Table 7.

5.4. Therapeutic Potential of PEA in Gastrointestinal Disorders

Wang et al. (2014) and their research group demonstrated the ability of PEA to exert
anti-inflammatory activity in a radiation-induced intestinal inflammation model. This
study also observed an improvement in the lesion site, including a reduction in overall
radiation-induced structural damage, intestinal wall thickness, collagen deposition, and
neutrophil influx in irradiated intestinal areas. In addition, Wang et al. (2014) observed that
the compound inhibited pathways controlling mast cell-derived cellular immune systems,
anti-inflammatory signaling of IL-6 and IL-10 and activated the prothrombin pathway. It is
interesting to note that in mice with immune system deficiencies, the effect of PEA was con-
trary; it suppressed non-mast cell-derived immune responses, increased anti-inflammatory
signaling of IL-10 and IL-6, and decreased prothrombin pathway activation [139].

Recent studies have also shown positive results in the context of colitis, i.e., intestinal
inflammation. Borrelli et al. (2015) demonstrated the anti-inflammatory potential of PEA
in an experimental mouse model, which resulted in reduced edema and erosion areas,
leukocyte infiltration, intestinal permeability, and stimulated colonic cell regeneration.
According to the authors, these activities involved the action of CB2, GPR55, and PPAR«a
receptors [59].

Another similar study involving colitis was conducted by Peritore et al., 2021, but the
authors used the compound PEA/Pol-co, which combines PEA with polydatin, a deriva-
tive of fatty acid [140]. This molecule was tested in mice, and the authors observed anti-
inflammatory activity, improved clinical signs, reduced pro-inflammatory cytokines IL-
1B and TNF-a, myeloperoxidase (MPO), malondialdehyde (MDA), nitrotyrosine expres-
sion, PARP protein, ICAM-1, and P-selectin, as well as increased levels of SIRT-1, heme
oxygenase 1 (HO-1) expression, and Nrf2 [140].

The anti-inflammatory effect of PEA-OXA was also observed in an experimental
zebrafish model of colitis, as proposed by Di Paola et al. (2022) [141]. The compound was
found to reduce intestinal damage, mucus production, and the expression of inflamma-
tory and endoplasmic reticulum stress-related genes.

The role of PEA in the digestive system was demonstrated by Hu et al. (2021) in a
mouse model of non-alcoholic steatohepatitis (NASH) [142]. Non-alcoholic steatohepatitis
is a chronic liver disease with a wide range of symptoms, including hepatic steatosis, in-
flammation, ballooning, and fibrosis, with a high risk of progressing to hepatocellular car-
cinoma [143].

Hu et al. (2021) observed that PEA significantly attenuated the progression of non-
alcoholic steatohepatitis, relieved oxidative stress, reduced gene expression related to li-
pid metabolism, such as mRNA of acetyl-CoA carboxylase 1 (ACC1) and CD36, and mit-
igated inflammatory mediators such as MPO, iNOS, TNF-a, chemokine ligand 5 (CCL5),
monocyte chemoattractant protein-1 (MCP-1), also inhibiting the activation of the NLRP3
inflammasome. Another interesting aspect observed by the research group was the ability
of PEA to increase PPAR-aa mRNA and protein [142], as shown in Table 7.
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5.5. Therapeutic Potential of PEA in Respiratory Disorders

Studies addressing the role of PEA in the respiratory system are quite recent and
have shown concern regarding exacerbated inflammatory responses, especially in the con-
text of COVID-19, as proposed by Peritore et al. (2021), as shown in Table 7. The authors
investigated the role of micronized PEA (um-PEA) in an animal model of acute lung in-
jury, demonstrating that the compound has the ability to reduce lung injury by decreasing
neutrophil responses, mast cell recruitment to the lungs, and modulation of pro-inflamma-
tory cytokines such as IL-6, TNF-a, IL-1{3, and IL-18 [140]. Another interesting aspect ob-
served in the study by Peritore et al. (2021) was the ability of PEA to act on different inflam-
matory pathways, managing the pERK, pJNK, p38MAPK, and NF-kB pathways [140].

Similar results were observed in a clinical observational case—control study involving
patients with early-stage COVID-19. The study conducted by Albanese et al. (2022) in-
cluded both men and women aged 18 to 80 who were treated with a daily dose of 1880
mg for 28 days. The authors highlight the anti-inflammatory and modulatory effects of
the compound due to its role in reducing the inflammatory state and oxidative stress, as
well as promoting changes in the coagulation cascade [144], as shown in Table 6.

5.6. Therapeutic Potential of PEA in Glaucoma

Costagliola et al., 2014, evaluated the effects of administering PEA orally to patients
with normal-tension glaucoma (NTG). NTG is a form of glaucoma where patients experi-
ence damage to the optic nerve and vision loss even though their intraocular pressure
(IOP) is within the normal range. The study enrolled 32 consecutive NTG patients and
randomly divided them into a treated group or no treated group. The PEA-treated group
received 300 mg ultramicronized-PEA tablets twice a day for six months. After six months,
the PEA-treated group experienced a reduction in IOP, dropping from an average of 14.4
mm Hg to 11.1 mm Hg. Notably, visual field parameters, which are indicative of the pro-
gression of glaucomatous damage, decreased significantly in patients receiving PEA,
while no such changes were seen in the untreated group. This research suggests that PEA
may hold promise as a potential treatment option for NTG by helping to manage IOP and
slowing the progression of glaucomatous visual field damage [145], as shown in Table 6.

5.7. Therapeutic Potential of PEA in Dermatological Conditions

A monocentric, randomized, double-blind, and comparative trial involving 60 pa-
tients with asteatotic eczema, graduated as mild to moderate skin dryness, was conducted
to test PEA and AEA as a topic emollient. The treatment with PEA and AEA was com-
pared to emollients, commonly containing ingredients like urea, lactic acid, or lactate salts.
Over a 28-day period, the subjects’ skin barrier function and sensory perception threshold
were assessed using both clinical scoring and bioengineering technology. While improve-
ments were observed in both emollient groups, the one containing PEA and AEA demon-
strated superior changes in skin surface capacitance. Notably, the most remarkable out-
come was the PEA/AEA emollient’s ability to restore the 5 Hz current perception thresh-
old to a normal level within just 7 days, with a significant difference observed between
the baseline and day 14 values. In the PEA/AEA emollient group, the 5 Hz current per-
ception threshold displayed a positive and significant correlation with skin surface hydra-
tion and a negative correlation with transepidermal water loss. This suggests that the
PEA/AEA emollient has a notable impact on sensory perception and skin barrier function,
making it a promising option for the management of AE [146], as shown in Table 6.
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Table 6. Effect of PEA treatment in humans disorders.
Pathological .. . . . .
P Clinical Trial Sex Age  Formulation A.R. Dosage Time Main Effect Reference
Condition
Anti-
. inflammatory
Respiratory  -uip19  Casecontrol  Menand 1880 o pp s m p.o. 1800 mg 28d and [144]
system women  years old .
immunomodul
ator
Men and Decreased
Optic nerve NTG Randomized women - ultra-PEA p-o. 300 mg 6m glaucoma [145]
damage
randomized,
placebo- .
Neurtvous Allodinya controlled, Men and - PEA p.o 1200 mg 1m ReACHJ C;(m of [133]
system double-blinded women odinya
crossover trial
monocentric,
. randomized, .
Skin astealotic 4 bleblind, "™ PEAAEA  topical . 1m  Reductionof
eczema . women the injury
and comparative
trial
Neurvous Chronic Pain observational ~Men and ) PEA po. 1200 mg om Reduc.tlon F)f [132]
system study women chronic pain
PEA-um: Micronized Palmitoylethanolamide; A.R.: administration routes; p.o.: Oral; ultra-PEA: Ul-
tra-Micronized Palmitoylethanolamide; d: days; m: months.
Table 7. Therapeutic effects of PEA in the management of diseases related to the gastrointestinal
system, vascular system, digestive system and respiratory system.
Pathological Experimental . . .
g P Strain Formulation A.R. Main Effect Receptor Reference
Condition Model
Intestinal Anti-inflammatory
. . Rat Mutants PEA iv. and - [139]
inflammation .
immunomodulator
. . - . .. TRPV1 and
Gastrointestinal Colitis Mice ICR PEA p-o. Anti-inflammatory CB [59]
1
System
.. . PEA-um + ..
Colitis Mice CD1 .0. Anti-inflammatory - [140]
Paracetamol
Inflammatory Zebrafish Wild
. PEA-OXA - Anti-inflammator - 141
bowel disease Larvae (WT) y [141]
S e Anti-infl to
Vascular System Coagulopathy Rat pragu PEA-um p.o. ni-ntammatory - [138]
Dawley and neuroprotective
Anti-infl t
Vascular System Hypertension Rat SRH PEA s.C. nHn efmrvna oty - [72]
and antioxidant
Digestive system Steatohepatitis Mice C57BL/6 PEA p-o. Anti-inflammatory = PPAR-a [142]
Anti-inflammatory
Respirato Acutel
pratory e fung Mice cD1 PEA-um  p.o. and - [140]
system injury .
immunomodulator

PEA-um: Micronized Palmitoylethanolamide; PEA-OXA: Palmitoylethanolamine with oxazoline;
A R.: administration routes; p.o.: oral; i.v.: intravenous; s.c.: subcutaneously.

6. Conclusions

The endocannabinoid system has a widespread distribution in the human body, and

its multitude of actions, targets, and ligands can be useful in the treatment of various dis-
eases and the development of new therapies. PEA is an endocannabinoid-like compound
that has been the subject of numerous studies involving its role in various systems and
diseases, such as the central nervous system, immune system, vascular system, digestive
system, and respiratory system. This literature review identified a diversity of studies on
the properties of PEA with approaches in clinical studies, animal and human experimental
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models, and in vitro studies. PEA was used either alone or in combination with other
active compounds, such as luteolin, paracetamol, or oxazoline, to potentiate its effects,
leading to interesting synergistic effects, such as enhanced analgesic effects in post-surgi-
cal pain. PEA demonstrated effectiveness in Alzheimer’s disease, multiple sclerosis, neu-
roinflammation, cerebral ischemia, vascular dementia, and inflammatory conditions such
as arthritis, neuropathic pain, hypersensitivity, colitis, inflammatory bowel disease, acute
lung injury, coagulopathy, and non-alcoholic steatohepatitis. Its action is particularly
prominent on PPARa receptors, but there are also reports of its activity mediated by
PPAR-0 and PPAR-y, CB1, CB2, GPR55, and TRPV1 receptors. Furthermore, the studies
reviewed in this article show a significant potential for PEA to modulate events in the
inflammatory cascade and have a direct impact on immune response modulation. How-
ever, clinical findings in humans are limited, leaving a gap in knowledge regarding ad-
verse events, safety profiles, and effectiveness. Therefore, despite PEA showing promising
results in animal experimental models, it is premature to conclude that similar outcomes
would be observed in humans. Clinical studies are needed to evaluate the therapeutic po-
tential of PEA, mainly to treat inflammatory and immune disorders.

Author Contributions: Conceptualization, M.C.I.d.S. and M.G.M.C.; methodology M.G.M.C; for-
mal analysis, M.G.M.C.; writing—original draft preparation, M.C.I.d.S. and M.G.M.C.; writing—
review and editing, M.C.I1.d.S. and M.G.M.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by FAPEMIG APQ-03067-18 and UFMG 2023.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Pertwee, R.G. Endocannabinoids and Their Pharmacological Actions. Handb. Exp. Pharmacol. 2015, 231, 1-37.

2. Devane, W.A,; Hanus, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A.;
Mechoulam, R. Isolation and structure of a brain constituent that binds to the cannabinoid receptor. Science 1992, 258, 1946—
1949.

3. Mechoulam, R.; Ben-Shabat, S.; Hanus, L.; Ligumsky, M.; Kaminski, N.E.; Schatz, A.R.; Gopher, A.; Almog, S.; Martin, B.R.;
Compton, D.R.; et al. Identification of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid
receptors. Biochem. Pharmacol. 1995, 50, 83-90.

4. Hanus, L.; Abu-Lafi, S.; Fride, E.; Breuer, A.; Vogel, Z.; Shalev, D.E.; Kustanovich, I.; Mechoulam, R. 2-arachidonyl glyceryl
ether, an endogenous agonist of the cannabinoid CB1 receptor. Proc. Natl. Acad. Sci. USA 2001, 98, 3662-3665.

5. Porter, A.C,; Sauer, ].M.; Knierman, M.D.; Becker, G.W.; Berna, M.].; Bao, J.; Nomikos, G.G.; Carter, P.; Bymaster, F.P.; Leese,
A.B; et al. Characterization of a novel endocannabinoid, virodhamine, with antagonist activity at the CB1 receptor. J. Pharmacol.
Exp. Ther. 2002, 301, 1020-1024.

6. Huang, S.M.; Bisogno, T.; Trevisani, M.; Al-Hayani, A.; De Petrocellis, L.; Fezza, F.; Tognetto, M.; Petros, T.].; Krey, J.F.; Chu,
C.J.; et al. An endogenous capsaicin-like substance with high potency at recombinant and native vanilloid VR1 receptors. Proc.
Natl. Acad. Sci. USA 2002, 99, 8400-8405.

7.  Cascio, M.G. PUFA-derived endocannabinoids: An overview. Proc. Nutr. Soc. 2013, 72, 451-459.

8.  Maccarrone, M.; Finazzi-Agro, A. Endocannabinoids and their actions. Vitam. Horm. 2002, 65, 225-255.

9. Ganley, O.H.; Graessle, O.E.; Robinson, H.J. Anti-inflammatory activity on compounds obtained from egg yolk, peanut oil, and
soybean lecithin. J. Lab. Clin. Med. 1958, 51, 709-714.

10. Bruun, S.; Gouveia-Figueira, S.; Domellof, M.; Husby, S.; Neergaard Jacobsen, L.; Michaelsen, K.F.; Fowler, C.J.; Zachariassen,
G. Satiety Factors Oleoylethanolamide, Stearoylethanolamide, and Palmitoylethanolamide in Mother’s Milk Are Strongly
Associated with Infant Weight at Four Months of Age-Data from the Odense Child Cohort. Nutrients 2018, 10, 1747.

11. Okamoto, Y.; Morishita, J.; Tsuboi, K.; Tonai, T.; Ueda, N. Molecular characterization of a phospholipase D generating
anandamide and its congeners. . Biol. Chem. 2004, 279, 5298-5305.

12.  Perlik, F.; Raskova, H.; Elis, ]J. Anti-inflammatory properties of N(2-hydroxyethyl) palmitamide. Acta Physiol. Acad. Sci. Hung.

1971, 39, 395-400.



Future Pharmacol. 2023, 3 973

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Roviezzo, F.; Rossi, A.; Caiazzo, E.; Orlando, P.; Riemma, M.A.; Iacono, V.M.; Guarino, A.; Ialenti, A.; Cicala, C.; Peritore, A.; et
al. Palmitoylethanolamide Supplementation during Sensitization Prevents Airway Allergic Symptoms in the Mouse. Front.
Pharmacol. 2017, 8, 857.

Romero, T.R.;; Resende, L.C.; Guzzo, L.S.; Duarte, L.D. CB1 and CB2 cannabinoid receptor agonists induce peripheral
antinociception by activation of the endogenous noradrenergic system. Anesth. Analg. 2013, 116, 463-472.

D’Antongiovanni, V.; Pellegrini, C.; Antonioli, L.; Benvenuti, L.; Di Salvo, C.; Flori, L.; Piccarducci, R.; Daniele, S.; Martelli, A.;
Calderone, V.; et al. Palmitoylethanolamide Counteracts Enteric Inflammation and Bowel Motor Dysfunctions in a Mouse
Model of Alzheimer’s Disease. Front. Pharmacol. 2021, 12, 748021.

Contarini, G.; Franceschini, D.; Facci, L., Barbierato, M., Giusti, P, Zusso, M. A co-ultramicronized
palmitoylethanolamide/luteolin composite mitigates clinical score and disease-relevant molecular markers in a mouse model
of experimental autoimmune encephalomyelitis. ]. Neuroinflammation 2019, 16, 126.

Gugliandolo, E.; D’Amico, R.; Cordaro, M.; Fusco, R.; Siracusa, R.; Crupi, R.; Impellizzeri, D.; Cuzzocrea, S.; Di Paola, R. Effect
of PEA-OXA on neuropathic pain and functional recovery after sciatic nerve crush. J. Neuroinflammation 2018, 15, 264.

Clayton, P.; Hill, M.; Bogoda, N.; Subah, S.; Venkatesh, R. Palmitoylethanolamide: A Natural Compound for Health
Management. Int. ]. Mol. Sci. 2021, 22, 5305.

Iannotti, F.A.; Di Marzo, V.; Petrosino, S. Endocannabinoids and endocannabinoid-related mediators: Targets, metabolism and
role in neurological disorders. Prog. Lipid Res. 2016, 62, 107-128.

Aloe, L.; Leon, A.; Levi-Montalcini, R. A proposed autacoid mechanism controlling mastocyte behaviour. Agents Actions 1993,
39, C145-C147.

Paterniti, I.; Impellizzeri, D.; Crupi, R.; Morabito, R.; Campolo, M.; Esposito, E.; Cuzzocrea, S. Molecular evidence for the
involvement of PPAR-delta and PPAR-gamma in anti-inflammatory and neuroprotective activities of palmitoylethanolamide
after spinal cord trauma. ]. Neuroinflammation 2013, 10, 20.

Im, D.S. GPR119 and GPR55 as Receptors for Fatty Acid Ethanolamides, Oleoylethanolamide and Palmitoylethanolamide. Int.
J. Mol. Sci. 2021, 22, 1034.

Mechoulam, R.; Fride, E.; Di Marzo, V. Endocannabinoids. Eur. |. Pharmacol. 1998, 359, 1-18.

Mechoulam, R.; Gaoni, Y. A Total Synthesis of DI-Delta-1-Tetrahydrocannabinol, the Active Constituent of Hashish. J. Am.
Chem. Soc. 1965, 87, 3273-3275.

Matsuda, L.A.; Lolait, S.J.; Brownstein, M.].; Young, A.C.; Bonner, T.I. Structure of a cannabinoid receptor and functional
expression of the cloned cDNA. Nature 1990, 346, 561-564.

Munro, S.; Thomas, K.L.; Abu-Shaar, M. Molecular characterization of a peripheral receptor for cannabinoids. Nature 1993, 365,
61-65.

Di Marzo, V.; Bifulco, M.; De Petrocellis, L. The endocannabinoid system and its therapeutic exploitation. Nat. Rev. Drug Discov.
2004, 3, 771-784.

Yang, F.; Zheng, ]. Understand spiciness: Mechanism of TRPV1 channel activation by capsaicin. Protein Cell 2017, 8, 169-177.
O’Sullivan, S.E. An update on PPAR activation by cannabinoids. Br. |. Pharmacol. 2016, 173, 1899-1910.

Galiegue, S.; Mary, S.; Marchand, J.; Dussossoy, D.; Carriere, D.; Carayon, P.; Bouaboula, M.; Shire, D.; Le Fur, G.; Casellas, P.
Expression of central and peripheral cannabinoid receptors in human immune tissues and leukocyte subpopulations. Eur. J.
Biochem. 1995, 232, 54-61.

Howlett, A.C.; Barth, F.; Bonner, T.I.; Cabral, G.; Casellas, P.; Devane, W.A.; Felder, C.C.; Herkenham, M.; Mackie, K.; Martin,
B.R; et al. International Union of Pharmacology. XXVII. Classification of cannabinoid receptors. Pharmacol. Rev. 2002, 54, 161—
202.

Kaminski, N.E.; Abood, M.E.; Kessler, F.K.; Martin, B.R.; Schatz, A.R. Identification of a functionally relevant cannabinoid
receptor on mouse spleen cells that is involved in cannabinoid-mediated immune modulation. Mol. Pharmacol. 1992, 42, 736~
742.

Howlett, S.K. A set of proteins showing cell cycle dependent modification in the early mouse embryo. Cell 1986, 45, 387-396.
Castillo, P.E.; Younts, T.J.; Chavez, A.E.; Hashimotodani, Y. Endocannabinoid signaling and synaptic function. Neuron 2012, 76,
70-81.

Brown, S.P.; Brenowitz, S.D.; Regehr, W.G. Brief presynaptic bursts evoke synapse-specific retrograde inhibition mediated by
endogenous cannabinoids. Nat. Neurosci. 2003, 6, 1048-1057.

Chevaleyre, V.; Takahashi, K.A.; Castillo, P.E. Endocannabinoid-mediated synaptic plasticity in the CNS. Annu. Rev. Neurosci.
2006, 29, 37-76.

Kano, M.; Ohno-Shosaku, T.; Hashimotodani, Y.; Uchigashima, M.; Watanabe, M. Endocannabinoid-mediated control of
synaptic transmission. Physiol. Rev. 2009, 89, 309-380.

Ohno-Shosaku, T.; Kano, M. Endocannabinoid-mediated retrograde modulation of synaptic transmission. Curr. Opin. Neurobiol.
2014, 29, 1-8.

Di Marzo, V.; Piscitelli, F. The Endocannabinoid System and its Modulation by Phytocannabinoids. Neurother. ]. Am. Soc. Exp.
Neurother. 2015, 12, 692-698.

Montell, C. Physiology, phylogeny, and functions of the TRP superfamily of cation channels. Sci. STKE Signal Transduct. Knowl.
Environ. 2001, 2001, rel.



Future Pharmacol. 2023, 3 974

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Gunthorpe, M.].; Benham, C.D.; Randall, A.; Davis, ].B. The diversity in the vanilloid (TRPV) receptor family of ion channels.
Trends Pharmacol. Sci. 2002, 23, 183-191.

Holzer, P. TRPV1 and the gut: From a tasty receptor for a painful vanilloid to a key player in hyperalgesia. Eur. |. Pharmacol.
2004, 500, 231-241.

Brown, A.J. Novel cannabinoid receptors. Br. J. Pharmacol. 2007, 152, 567-575.

Grygiel-Gorniak, B. Peroxisome proliferator-activated receptors and their ligands: Nutritional and clinical implications—A
review. Nutr. |. 2014, 13, 17.

O’Sullivan, S.E.; Kendall, D.A. Cannabinoid activation of peroxisome proliferator-activated receptors: Potential for modulation
of inflammatory disease. Immunobiology 2010, 215, 611-616.

Delerive, P.; Fruchart, J.C.; Staels, B. Peroxisome proliferator-activated receptors in inflammation control. J. Endocrinol. 2001,
169, 453-459.

Devchand, P.R;; Keller, H.; Peters, ].M.; Vazquez, M.; Gonzalez, F.J.; Wahli, W. The PPARalpha-leukotriene B4 pathway to
inflammation control. Nature 1996, 384, 39-43.

Cai, W,; Yang, T.; Liu, H.; Han, L.; Zhang, K.; Hu, X.; Zhang, X.; Yin, K.J.; Gao, Y.; Bennett, M.V.L,; et al. Peroxisome proliferator-
activated receptor gamma (PPARgamma): A master gatekeeper in CNS injury and repair. Prog. Neurobiol. 2018, 163164, 27-58.
Kadayat, T.M.; Shrestha, A_; Jeon, Y.H.; An, H.; Kim, J.; Cho, S.J.; Chin, J. Targeting Peroxisome Proliferator-Activated Receptor
Delta (PPARdelta): A Medicinal Chemistry Perspective. |. Med. Chem. 2020, 63, 10109-10134.

Grabacka, M.; Pierzchalska, M.; Plonka, P.M.; Pierzchalski, P. The Role of PPAR Alpha in the Modulation of Innate Immunity.
Int. |. Mol. Sci. 2021, 22, 10545.

Delerive, P.; Gervois, P.; Fruchart, J.C.; Staels, B. Induction of IkappaBalpha expression as a mechanism contributing to the anti-
inflammatory activities of peroxisome proliferator-activated receptor-alpha activators. J. Biol. Chem. 2000, 275, 36703-36707.
Calebiro, D.; Godbole, A. Internalization of G-protein-coupled receptors: Implication in receptor function, physiology and
diseases. Best Pract. Res. Clin. Endocrinol. Metab. 2018, 32, 83-91.

Godlewski, G.; Offertaler, L.; Wagner, J.A_; Kunos, G. Receptors for acylethanolamides-GPR55 and GPR119. Prostaglandins Other
Lipid Mediat. 2009, 89, 105-111.

Ryberg, E.; Larsson, N.; Sjogren, S.; Hjorth, S.; Hermansson, N.O.; Leonova, J.; Elebring, T.; Nilsson, K.; Drmota, T.; Greasley,
P.J. The orphan receptor GPR55 is a novel cannabinoid receptor. Br. J. Pharmacol. 2007, 152, 1092-1101.

Bachur, N.R.; Masek, K.; Melmon, K.L.; Udenfriend, S. Fatty Acid Amides of Ethanolamine in Mammalian Tissues. ]. Biol. Chem.
1965, 240, 1019-1024.

Lambert, D.M.; Vandevoorde, S.; Jonsson, K.O.; Fowler, C.J. The palmitoylethanolamide family: A new class of anti-
inflammatory agents? Curr. Med. Chem. 2002, 9, 663-674.

Cravatt, B.F.; Giang, D.K.; Mayfield, S.P.; Boger, D.L.; Lerner, R.A.; Gilula, N.B. Molecular characterization of an enzyme that
degrades neuromodulatory fatty-acid amides. Nature 1996, 384, 83-87.

Tsuboi, K.; Uyama, T.; Okamoto, Y.; Ueda, N. Endocannabinoids and related N-acylethanolamines: Biological activities and
metabolism. Inflamm. Regen. 2018, 38, 28.

Borrelli, F.; Romano, B.; Petrosino, S.; Pagano, E.; Capasso, R.; Coppola, D.; Battista, G.; Orlando, P.; Di Marzo, V.; 1zzo, A.A.
Palmitoylethanolamide, a naturally occurring lipid, is an orally effective intestinal anti-inflammatory agent. Br. J. Pharmacol.
2015, 172, 142-158.

Rankin, L.; Fowler, C.J. The Basal Pharmacology of Palmitoylethanolamide. Int. ]. Mol. Sci. 2020, 21, 7942.

Tronino, D.; Offerta, A.; Ostacolo, C.; Russo, R.; De Caro, C.; Calignano, A.; Puglia, C.; Blasi, P. Nanoparticles prolong N-
palmitoylethanolamide anti-inflammatory and analgesic effects in vivo. Colloids Surf. B Biointerfaces 2016, 141, 311-317.
Impellizzeri, D.; Bruschetta, G.; Cordaro, M.; Crupi, R.; Siracusa, R.; Esposito, E.; Cuzzocrea, S. Micronized/ultramicronized
palmitoylethanolamide displays superior oral efficacy compared to nonmicronized palmitoylethanolamide in a rat model of
inflammatory pain. J. Neuroinflammation 2014, 11, 136.

Petrosino, S.; Cordaro, M.; Verde, R.; Schiano Moriello, A.; Marcolongo, G.; Schievano, C.; Siracusa, R.; Piscitelli, F.; Peritore,
AF,; Crupi, R;; et al. Oral Ultramicronized Palmitoylethanolamide: Plasma and Tissue Levels and Spinal Anti-hyperalgesic
Effect. Front. Pharmacol. 2018, 9, 249.

Petrosino, S.; Schiano Moriello, A.; Cerrato, S.; Fusco, M.; Puigdemont, A.; De Petrocellis, L.; Di Marzo, V. The anti-inflammatory
mediator palmitoylethanolamide enhances the levels of 2-arachidonoyl-glycerol and potentiates its actions at TRPV1 cation
channels. Br. |. Pharmacol. 2016, 173, 1154-1162.

Gabrielsson, L.; Mattsson, S.; Fowler, C.J. Palmitoylethanolamide for the treatment of pain: Pharmacokinetics, safety and
efficacy. Br. J. Clin. Pharmacol. 2016, 82, 932-942.

Clayton, P.; Subah, S.; Venkatesh, R.; Hill, M.; Bogoda, N. Palmitoylethanolamide: A Potential Alternative to Cannabidiol. J.
Diet. Suppl. 2023, 20, 505-530.

Zhukov, O.D. [Distribution of N-([1-14C]-palmitoyl)ethanolamine in rat tissues]. Ukr. Biokhimichnyi Zhurnal 1999, 71, 124-125.
Artamonov, M.; Zhukov, O.; Shuba, I; Storozhuk, L.; Khmel, T.; Klimashevsky, V.; Mikosha, A.; Gula, N. Incorporation of
labelled N-acylethanolamine (NAE) into rat brain regions in vivo and adaptive properties of saturated NAE under X-ray
irradiation. Ukr. Biokhimichnyi Zhurnal 2005, 77, 51-62.

Svobodova, A.; Vrkoslav, V.; Smeringaiova, L; Jirsova, K. Distribution of an analgesic palmitoylethanolamide and other N-
acylethanolamines in human placental membranes. PLoS ONE 2023, 18, e0279863.



Future Pharmacol. 2023, 3 975

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Schmid, P.C.; Zuzarte-Augustin, M.L.; Schmid, H.H. Properties of rat liver N-acylethanolamine amidohydrolase. J. Biol. Chem.
1985, 260, 14145-14149.

Cravatt, B.F.; Lichtman, A.H. The enzymatic inactivation of the fatty acid amide class of signaling lipids. Chem. Phys. Lipids 2002,
121, 135-148.

Mattace Raso, G.; Simeoli, R.; Russo, R.; Santoro, A.; Pirozzi, C.; d’Emmanuele di Villa Bianca, R.; Mitidieri, E.; Paciello, O.;
Pagano, T.B.; Orefice, N.S.; et al. N-Palmitoylethanolamide protects the kidney from hypertensive injury in spontaneously
hypertensive rats via inhibition of oxidative stress. Pharmacol. Res. 2013, 76, 67-76.

Petrosino, S.; Iuvone, T.; Di Marzo, V. N-palmitoyl-ethanolamine: Biochemistry and new therapeutic opportunities. Biochimie
2010, 92, 724-727.

Lo Verme, J.; Fu, J.; Astarita, G.; La Rana, G.; Russo, R.; Calignano, A.; Piomelli, D. The nuclear receptor peroxisome proliferator-
activated receptor-alpha mediates the anti-inflammatory actions of palmitoylethanolamide. Mol. Pharmacol. 2005, 67, 15-19.
Mazzari, S.; Canella, R.; Petrelli, L.; Marcolongo, G.; Leon, A. N-(2-hydroxyethyl)hexadecanamide is orally active in reducing
edema formation and inflammatory hyperalgesia by down-modulating mast cell activation. Eur. J. Pharmacol. 1996, 300, 227
236.

Scarampella, F.; Abramo, F.; Noli, C. Clinical and histological evaluation of an analogue of palmitoylethanolamide, PLR 120
(comicronized Palmidrol INN) in cats with eosinophilic granuloma and eosinophilic plaque: A pilot study. Vet. Dermatol. 2001,
12, 29-39.

Lambert, D.M.; Di Marzo, V. The palmitoylethanolamide and oleamide enigmas: Are these two fatty acid amides
cannabimimetic? Curr. Med. Chem. 1999, 6, 757-773.

Ho, W.S,; Barrett, D.A.,; Randall, M.D. “Entourage’ effects of N-palmitoylethanolamide and N-oleoylethanolamide on
vasorelaxation to anandamide occur through TRPV1 receptors. Br. |. Pharmacol. 2008, 155, 837-846.

Del Re, A.; Palenca, I.; Seguella, L.; Pesce, M.; Corpetti, C.; Steardo, L.; Rurgo, S.; Sarnelli, G.; Esposito, G. Oral Adelmidrol
Administration Up-Regulates Palmitoylethanolamide Production in Mice Colon and Duodenum through a PPAR-gamma
Independent Action. Metabolites 2022, 12, 457.

De Petrocellis, L.; Davis, ].B.; Di Marzo, V. Palmitoylethanolamide enhances anandamide stimulation of human vanilloid VR1
receptors. FEBS Lett. 2001, 506, 253-256.

Ambrosino, P.; Soldovieri, M.V.; Russo, C.; Taglialatela, M. Activation and desensitization of TRPV1 channels in sensory
neurons by the PPARalpha agonist palmitoylethanolamide. Br. ]. Pharmacol. 2013, 168, 1430-1444.

Capasso, R.; Orlando, P.; Pagano, E.; Aveta, T.; Buono, L.; Borrelli, F.; Di Marzo, V.; Izzo, A.A. Palmitoylethanolamide
normalizes intestinal motility in a model of post-inflammatory accelerated transit: Involvement of CB(1) receptors and TRPV1
channels. Br. |. Pharmacol. 2014, 171, 4026—4037.

Deciga-Campos, M.; Jaramillo-Morales, O.A.; Espinosa-Juarez, ].V.; Aguilera-Martinez, M.E.; Ventura-Martinez, R.; Lopez-
Munoz, F.J. N-palmitoylethanolamide synergizes the antinociception of morphine and gabapentin in the formalin test in mice.
J. Pharm. Pharmacol. 2023, 75, 1154-1162.

Annunziata, C.; Pirozzi, C.; Lama, A.; Senzacqua, M.; Comella, F.; Bordin, A.; Monnolo, A.; Pelagalli, A.; Ferrante, M.C.; Mollica,
M.P.; et al. Palmitoylethanolamide Promotes White-to-Beige Conversion and Metabolic Reprogramming of Adipocytes:
Contribution of PPAR-alpha. Pharmaceutics 2022, 14, 338.

Ye, S.; Chen, Q; Jiang, N.; Liang, X,; Li, J.; Zong, R.; Huang, C.; Qiu, Y.; Ma, J.X,; Liu, Z. PPARalpha-Dependent Effects of
Palmitoylethanolamide Against Retinal Neovascularization and Fibrosis. Investig. Ophthalmol. Vis. Sci. 2020, 61, 15.
Deciga-Campos, M.; Ramirez-Marin, P.M.; Lopez-Munoz, F.]J. Synergistic antinociceptive interaction between
palmitoylethanolamide and tramadol in the mouse formalin test. Eur. J. Pharmacol. 2015, 765, 68-74.

Pagano, E.; Venneri, T.; Lucariello, G.; Cicia, D.; Brancaleone, V.; Nani, M.F.; Cacciola, N.A.; Capasso, R.; Izzo, A.A ; Borrelli, F.;
et al. Palmitoylethanolamide Reduces Colon Cancer Cell Proliferation and Migration, Influences Tumor Cell Cycle and Exerts
In Vivo Chemopreventive Effects. Cancers 2021, 13, 1923.

Avagliano, C.; Russo, R.; De Caro, C.; Cristiano, C.; La Rana, G.; Piegari, G.; Paciello, O.; Citraro, R.; Russo, E.; De Sarro, G.; et
al. Palmitoylethanolamide protects mice against 6-OHDA-induced neurotoxicity and endoplasmic reticulum stress: In vivo and
in vitro evidence. Pharmacol. Res. 2016, 113 Pt A, 276-289.

Cristiano, C.; Pirozzi, C.; Coretti, L.; Cavaliere, G.; Lama, A.; Russo, R.; Lembo, F.; Mollica, M.P.; Meli, R.; Calignano, A.; et al.
Palmitoylethanolamide counteracts autistic-like behaviours in BTBR T+tf/] mice: Contribution of central and peripheral
mechanisms. Brain Behav. Immun. 2018, 74, 166—175.

Guida, F.; Luongo, L.; Boccella, S.; Giordano, M.E.; Romano, R.; Bellini, G.; Manzo, I; Furiano, A.; Rizzo, A.; Imperatore, R.; et
al. Palmitoylethanolamide induces microglia changes associated with increased migration and phagocytic activity: Involvement
of the CB2 receptor. Sci. Rep. 2017, 7, 375.

Rinne, P.; Guillamat-Prats, R.; Rami, M.; Bindila, L.; Ring, L.; Lyytikainen, L.P.; Raitoharju, E.; Oksala, N.; Lehtimaki, T.; Weber,
C.; et al. Palmitoylethanolamide Promotes a Proresolving Macrophage Phenotype and Attenuates Atherosclerotic Plaque
Formation. Arterioscler. Thromb. Vasc. Biol. 2018, 38, 2562-2575.

Marichal-Cancino, B.A.; Gonzalez-Hernandez, A.; MaassenVanDenBrink, A.; Ramirez-San Juan, E.; Villalon, C.M. Potential
Mechanisms Involved in Palmitoylethanolamide-Induced Vasodepressor Effects in Rats. |. Vasc. Res. 2020, 57, 152-163.

Kumar, A; Qiao, Z.; Kumar, P.; Song, Z.H. Effects of palmitoylethanolamide on aqueous humor outflow. Investig. Ophthalmol.
Vis. Sci. 2012, 53, 4416-4425.



Future Pharmacol. 2023, 3 976

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

Genovese, T.; Esposito, E.; Mazzon, E.; Di Paola, R.; Meli, R.; Bramanti, P.; Piomelli, D.; Calignano, A.; Cuzzocrea, S. Effects of
palmitoylethanolamide on signaling pathways implicated in the development of spinal cord injury. ]. Pharmacol. Exp. Ther. 2008,
326, 12-23.

Crupi, R.; Impellizzeri, D.; Bruschetta, G.; Cordaro, M.; Paterniti, I.; Siracusa, R.; Cuzzocrea, S.; Esposito, E. Co-Ultramicronized
Palmitoylethanolamide/Luteolin Promotes Neuronal Regeneration after Spinal Cord Injury. Front. Pharmacol. 2016, 7, 47.
Caltagirone, C.; Cisari, C.; Schievano, C.; Di Paola, R.; Cordaro, M.; Bruschetta, G.; Esposito, E.; Cuzzocrea, S.; Stroke Study, G.
Co-Ultramicronized Palmitoylethanolamide/Luteolin in the Treatment of Cerebral Ischemia: From Rodent to Man. Transl. Stroke
Res. 2016, 7, 54-69.

Impellizzeri, D.; Cordaro, M.; Bruschetta, G.; Crupi, R.; Pascali, J.; Alfonsi, D.; Marcolongo, G.; Cuzzocrea, S. 2-pentadecyl-2-
oxazoline: Identification in coffee, synthesis and activity in a rat model of carrageenan-induced hindpaw inflammation.
Pharmacol. Res. 2016, 108, 23-30.

Di Cesare Mannelli, L. D’Agostino, G.; Pacini, A.; Russo, R, Zanardelli M.; Ghelardini, C.; Calignano, A.
Palmitoylethanolamide is a disease-modifying agent in peripheral neuropathy: Pain relief and neuroprotection share a PPAR-
alpha-mediated mechanism. Mediat. Inflamm. 2013, 2013, 328797.

Fusco, R.; Scuto, M.; Cordaro, M.; D’Amico, R.; Gugliandolo, E.; Siracusa, R.; Peritore, A.F.; Crupi, R.; Impellizzeri, D.;
Cuzzocrea, S.; et al. N-Palmitoylethanolamide-Oxazoline Protects against Middle Cerebral Artery Occlusion Injury in Diabetic
Rats by Regulating the SIRT1 Pathway. Int. J. Mol. Sci. 2019, 20, 4845.

DiSabato, D.J.; Quan, N.; Godbout, ].P. Neuroinflammation: The devil is in the details. ]. Neurochem. 2016, 139 (Suppl. 2), 136—
153.

Lyman, M.; Lloyd, D.G.; Ji, X.; Vizcaychipi, M.P.; Ma, D. Neuroinflammation: The role and consequences. Neurosci. Res. 2014,
79, 1-12.

Hohmann, U.; Pelzer, M.; Kleine, J.; Hohmann, T.; Ghadban, C.; Dehghani, F. Opposite Effects of Neuroprotective
Cannabinoids, Palmitoylethanolamide, and 2-Arachidonoylglycerol on Function and Morphology of Microglia. Front. Neurosci.
2019, 13, 1180.

Scuderi, C.; Esposito, G.; Blasio, A.; Valenza, M.; Arietti, P.; Steardo, L., Jr.; Carnuccio, R.; De Filippis, D.; Petrosino, S.; luvone,
T.; et al. Palmitoylethanolamide counteracts reactive astrogliosis induced by beta-amyloid peptide. J. Cell. Mol. Med. 2011, 15,
2664-2674.

D’Aloia, A.; Molteni, L.; Gullo, F.; Bresciani, E.; Artusa, V.; Rizzi, L.; Ceriani, M.; Meanti, R.; Lecchi, M.; Coco, S.; et al.
Palmitoylethanolamide Modulation of Microglia Activation: Characterization of Mechanisms of Action and Implication for Its
Neuroprotective Effects. Int. ]. Mol. Sci. 2021, 22, 3054.

Lama, A.; Pirozzi, C.; Severi, I.; Morgese, M.G.; Senzacqua, M.; Annunziata, C.; Comella, F.; Del Piano, F.; Schiavone, S.;
Petrosino, S.; et al. Palmitoylethanolamide dampens neuroinflammation and anxiety-like behavior in obese mice. Brain Behav.
Immun. 2022, 102, 110-123.

Zhou, G; Fu, X;; Wang, L.; Cao, Y.; Zhuang, J.; Hu, J.; Li, Y.; Xu, C.; Gao, S.; Shao, A.; et al. Palmitoylethanolamide ameliorates
neuroinflammation via modulating PPAR-alpha to promote the functional outcome after intracerebral hemorrhage. Neurosci.
Lett. 2022, 781, 136648.

Paterniti, I.; Impellizzeri, D.; Di Paola, R.; Navarra, M.; Cuzzocrea, S.; Esposito, E. A new co-ultramicronized composite
including palmitoylethanolamide and luteolin to prevent neuroinflammation in spinal cord injury. J. Neuroinflammation 2013,
10, 91.

Lane, C.A.; Hardy, J.; Schott, ].M. Alzheimer’s disease. Eur. J. Neurol. 2018, 25, 59-70.

Scuderi, C.; Bronzuoli, M.R.; Facchinetti, R.; Pace, L.; Ferraro, L.; Broad, K.D.; Serviddio, G.; Bellanti, F.; Palombelli, G.;
Carpinelli, G.; et al. Ultramicronized palmitoylethanolamide rescues learning and memory impairments in a triple transgenic
mouse model of Alzheimer’s disease by exerting anti-inflammatory and neuroprotective effects. Transl. Psychiatry 2018, 8, 32.
D’Agostino, G.; Russo, R.; Avagliano, C.; Cristiano, C.; Meli, R.; Calignano, A. Palmitoylethanolamide protects against the
amyloid-beta25-35-induced learning and memory impairment in mice, an experimental model of Alzheimer disease.
Neuropsychopharmacol. Off. Publ. Am. Coll. Neuropsychopharmacol. 2012, 37, 1784-1792.

Facchinetti, R.; Valenza, M.; Gomiero, C.; Mancini, G.F.; Steardo, L.; Campolongo, P.; Scuderi, C. Co-Ultramicronized
Palmitoylethanolamide/Luteolin Restores Oligodendrocyte Homeostasis via Peroxisome Proliferator-Activated Receptor-
Alpha in an In Vitro Model of Alzheimer’s Disease. Biomedicines 2022, 10, 1236.

Engelhardt, E.; Tocquer, C.; Andre, C.; Moreira, D.M.; Okamoto, I.H.; Cavalcanti, J.L.S.; Working Group on Alzheimer’s Disease;
Vascular Dementia of the Brazilian Academy of Neurology. Vascular dementia: Diagnostic criteria and supplementary exams.
Recommendations of the Scientific Department of Cognitive Neurology and Aging of the Brazilian Academy of Neurology.
Part I. Dement. Neuropsychol. 2011, 5, 251-263.

Craft, S. The role of metabolic disorders in Alzheimer disease and vascular dementia: Two roads converged. Arch. Neurol. 2009,
66, 300-305.

Impellizzeri, D.; Siracusa, R.; Cordaro, M.; Crupi, R.; Peritore, A.F.; Gugliandolo, E.; D’Amico, R.; Petrosino, S.; Evangelista, M.;
Di Paola, R.; et al. N-Palmitoylethanolamine-oxazoline (PEA-OXA): A new therapeutic strategy to reduce neuroinflammation,
oxidative stress associated to vascular dementia in an experimental model of repeated bilateral common carotid arteries
occlusion. Neurobiol. Dis. 2019, 125, 77-91.

Dobson, R.; Giovannoni, G. Multiple sclerosis—A review. Eur. J. Neurol. 2019, 26, 27-40.



Future Pharmacol. 2023, 3 977

116.
117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Doshi, A.; Chataway, ]. Multiple sclerosis, a treatable disease. Clin. Med. 2017, 17, 530-536.

Clemente, S. Amyotrophic lateral sclerosis treatment with ultramicronized palmitoylethanolamide: A case report. CNS Neurol.
Disord. Drug Targets 2012, 11, 933-936.

Abedini, T.; Hosseyni, R.; Ghannadi, F.; Moghaddam, H.S.; Ardakani, M.K.; Talaei, A.; Akhondzadeh, S. Efficacy and safety of
palmitoylethanolamide as an adjunctive treatment for acute mania: A randomized, double-blind, placebo-controlled trial.
Psychiatry Clin. Neurosci. 2022, 76, 505-511.

Costa, B.; Conti, S.; Giagnoni, G.; Colleoni, M. Therapeutic effect of the endogenous fatty acid amide, palmitoylethanolamide,
in rat acute inflammation: Inhibition of nitric oxide and cyclo-oxygenase systems. Br. ]. Pharmacol. 2002, 137, 413-420.
LoVerme, J.; Russo, R.; La Rana, G.; Fu, J.; Farthing, J.; Mattace-Raso, G.; Meli, R.; Hohmann, A.; Calignano, A.; Piomelli, D.
Rapid broad-spectrum analgesia through activation of peroxisome proliferator-activated receptor-alpha. . Pharmacol. Exp. Ther.
2006, 319, 1051-1061.

D’Agostino, G.; La Rana, G.; Russo, R.; Sasso, O.; Iacono, A.; Esposito, E.; Mattace Raso, G.; Cuzzocrea, S.; Loverme, J.; Piomelli,
D.; et al. Central administration of palmitoylethanolamide reduces hyperalgesia in mice via inhibition of NF-kappaB nuclear
signalling in dorsal root ganglia. Eur. ]. Pharmacol. 2009, 613, 54-59.

Romero, T.R.; Duarte, LD. N-palmitoyl-ethanolamine (PEA) induces peripheral antinociceptive effect by ATP-sensitive K+-
channel activation. J. Pharmacol. Sci. 2012, 118, 156-160.

Romero, T.R.; Galdino, G.S,; Silva, G.C.; Resende, L.C.; Perez, A.C.; Cortes, S.F.; Duarte, I.D. Involvement of the L-arginine/nitric
oxide/cyclic guanosine monophosphate pathway in peripheral antinociception induced by N-palmitoyl-ethanolamine in rats.
J. Neurosci. Res. 2012, 90, 1474-1479.

Galdino, G.; Romero, T.; Pinho da Silva, ].F.; Aguiar, D.; de Paula, A.M.; Cruz, |.; Parrella, C.; Piscitelli, F.; Duarte, I.; Di Marzo,
V.; et al. Acute resistance exercise induces antinociception by activation of the endocannabinoid system in rats. Anesth. Analg.
2014, 119, 702-715.

Siracusa, R.; Fusco, R.; Cordaro, M.; Peritore, A.F.; D’Amico, R.; Gugliandolo, E.; Crupi, R.; Genovese, T.; Evangelista, M.; Di
Paola, R.; et al. The Protective Effects of Pre- and Post-Administration of Micronized Palmitoylethanolamide Formulation on
Postoperative Pain in Rats. Int. ]. Mol. Sci. 2020, 21, 7700.

D’Agostino, G.; La Rana, G.; Russo, R.; Sasso, O.; Iacono, A.; Esposito, E.; Raso, G.M.; Cuzzocrea, S.; Lo Verme, J.; Piomelli, D.;
et al. Acute intracerebroventricular administration of palmitoylethanolamide, an endogenous peroxisome proliferator-activated
receptor-alpha agonist, modulates carrageenan-induced paw edema in mice. J. Pharmacol. Exp. Ther. 2007, 322, 1137-1143.
Peritore, A.F.; Siracusa, R.; Fusco, R.; Gugliandolo, E.; D’Amico, R.; Cordaro, M.; Crupi, R.; Genovese, T.; Impellizzeri, D.;
Cuzzocrea, S.; et al. Ultramicronized Palmitoylethanolamide and Paracetamol, a New Association to Relieve Hyperalgesia and
Pain in a Sciatic Nerve Injury Model in Rat. Int. ]. Mol. Sci. 2020, 21, 3509.

De Filippis, D.; Luongo, L.; Cipriano, M.; Palazzo, E.; Cinelli, M.P.; de Novellis, V.; Maione, S.; Iuvone, T. Palmitoylethanolamide
reduces granuloma-induced hyperalgesia by modulation of mast cell activation in rats. Mol. Pain 2011, 7, 3.

Ardizzone, A.; Fusco, R.; Casili, G.; Lanza, M.; Impellizzeri, D.; Esposito, E.; Cuzzocrea, S. Effect of Ultra-Micronized-
Palmitoylethanolamide and Acetyl-l-Carnitine on Experimental Model of Inflammatory Pain. Int. . Mol. Sci. 2021, 22, 1967.
Seol, T.K.; Lee, W.; Park, S.; Kim, K.N.; Kim, T.Y.; Oh, Y.N.; Jun, ]J.H. Effect of palmitoylethanolamide on inflammatory and
neuropathic pain in rats. Korean ]. Anesthesiol. 2017, 70, 561-566.

Petrosino, S.; Di Marzo, V. The pharmacology of palmitoylethanolamide and first data on the therapeutic efficacy of some of its
new formulations. Br. ]. Pharmacol. 2017, 174, 1349-1365.

Gatti, A.; Lazzari, M.; Gianfelice, V.; Di Paolo, A.; Sabato, E.; Sabato, A.F. Palmitoylethanolamide in the treatment of chronic
pain caused by different etiopathogenesis. Pain Med. 2012, 13, 1121-1130.

Lang-Illievich, K.; Klivinyi, C.; Rumpold-Seitlinger, G.; Dorn, C.; Bornemann-Cimenti, H. The Effect of Palmitoylethanolamide
on Pain Intensity, Central and Peripheral Sensitization, and Pain Modulation in Healthy Volunteers-A Randomized, Double-
Blinded, Placebo-Controlled Crossover Trial. Nutrients 2022, 14, 4084.

Xia, B.; Di, C.; Zhang, J.; Hu, S.; Jin, H.; Tong, P. Osteoarthritis pathogenesis: A review of molecular mechanisms. Calcif. Tissue
Int. 2014, 95, 495-505.

Hinz, B.; Brune, K. Pain and osteoarthritis: New drugs and mechanisms. Curr. Opin. Rheumatol. 2004, 16, 628-633.

Jung, J.I; Lee, H.S; Jeon, Y.E.; Kim, SM.; Hong, S.H.; Moon, ].M,; Lim, C.Y.; Kim, Y.H.; Kim, E.J. Anti-inflammatory activity of
palmitoylethanolamide ameliorates osteoarthritis induced by monosodium iodoacetate in Sprague-Dawley rats.
Inflammopharmacology 2021, 29, 1475-1486.

Impellizzeri, D.; Esposito, E.; Di Paola, R;; Ahmad, A.; Campolo, M.; Peli, A.; Morittu, V.M.; Britti, D.; Cuzzocrea, S.
Palmitoylethanolamide and luteolin ameliorate development of arthritis caused by injection of collagen type II in mice. Arthritis
Res. Ther. 2013, 15, R192.

D’Amico, R.; Monaco, F.; Siracusa, R.; Cordaro, M.; Fusco, R.; Peritore, A.F.; Gugliandolo, E.; Crupi, R.; Cuzzocrea, S.; Di Paola,
R.; et al. Ultramicronized Palmitoylethanolamide in the Management of Sepsis-Induced Coagulopathy and Disseminated
Intravascular Coagulation. Int. ]. Mol. Sci. 2021, 22, 11388.

Wang, J.; Zheng, J.; Kulkarni, A.; Wang, W.; Garg, S.; Prather, P.L.; Hauer-Jensen, M. Palmitoylethanolamide regulates
development of intestinal radiation injury in a mast cell-dependent manner. Dig. Dis. Sci. 2014, 59, 2693-2703.



Future Pharmacol. 2023, 3 978

140.

141.

142.

143.

144.

145.

146.

Peritore, A.F.; D’Amico, R.; Siracusa, R.; Cordaro, M.; Fusco, R.; Gugliandolo, E.; Genovese, T.; Crupi, R,; Di Paola, R;
Cuzzocrea, S.; et al. Management of Acute Lung Injury: Palmitoylethanolamide as a New Approach. Int. ]. Mol. Sci. 2021, 22,
5533.

Di Paola, D.; Natale, S.; Iaria, C.; Cordaro, M.; Crupi, R.; Siracusa, R.; D’Amico, R.; Fusco, R.; Impellizzeri, D.; Cuzzocrea, S.; et
al. Intestinal Disorder in Zebrafish Larvae (Danio rerio): The Protective Action of N-Palmitoylethanolamide-oxazoline. Life 2022,
12,125.

Hu, J.; Ying, H.; Yao, J.; Yang, L; Jin, W.; Ma, H.; Li, L.; Zhao, Y. Micronized Palmitoylethanolamide Ameliorates Methionine-
and Choline-Deficient Diet-Induced Nonalcoholic Steatohepatitis via Inhibiting Inflammation and Restoring Autophagy. Front.
Pharmacol. 2021, 12, 744483.

Loomba, R.; Friedman, S.L.; Shulman, G.I. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell 2021,
184, 2537-2564.

Albanese, M.; Marrone, G.; Paolino, A.; Di Lauro, M.; Di Daniele, F.; Chiaramonte, C.; D’Agostini, C.; Romani, A.; Cavaliere, A.;
Guerriero, C.; et al. Effects of Ultramicronized Palmitoylethanolamide (um-PEA) in COVID-19 Early Stages: A Case-Control
Study. Pharmaceuticals 2022, 15, 253.

Costagliola, C.; Romano, M.R; dell’'Omo, R.; Russo, A.; Mastropasqua, R.; Semeraro, F. Effect of palmitoylethanolamide on
visual field damage progression in normal tension glaucoma patients: Results of an open-label six-month follow-up. J. Med.
Food 2014, 17, 949-954.

Yuan, C; Wang, X.M.,; Guichard, A.; Tan, Y.M.; Qian, C.Y,; Yang, L], Humbert, P. N-palmitoylethanolamine and N-
acetylethanolamine are effective in asteatotic eczema: Results of a randomized, double-blind, controlled study in 60 patients.
Clin. Interv. Aging 2014, 9, 1163-1169.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



