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ABSTRACT

Current epidemiological data estimate that one in five people suffers from chronic pain with considerable impair-
ment of health-related quality of life. The pharmacological treatment is based on first- and second-line analgesic
drugs, including COX-2 selective and nonselective nonsteroidal anti-inflammatory drugs, paracetamol, antide-
pressants, anti-seizure drugs and opioids, that are characterized by important side effects.
N-palmitoylethanolamine (PEA) is a body's own fatty-acid ethanolamide belonging to the family of autacoid local
injury antagonist amides. The anti-inflammatory and pain-relieving properties of PEA have been recognized for
decades and prompted to depict its role in the endogenous mechanisms of pain control. Together with its relative
abundance in food sources, this opened the way to the use of PEA as a pain-relieving nutritional intervention.
Naive PEA is a large particle size lipid molecule with low solubility and bioavailability. Reducing particle size is a
useful method to increase surface area, thereby improving dissolution rate and bioavailability accordingly.
Micron-size formulations of PEA (e.g., ultramicronized and co-(ultra)micronized) have shown higher oral effi-
cacy compared to naive PEA. In particular, ultramicronized PEA has been shown to efficiently cross the intestinal

Add-on
Preclinical studies
Clinical studies

wall and, more importantly, the blood-brain and blood-spinal cord barrier. Several preclinical and clinical studies
have shown the efficacy, safety and tolerability of ultramicronized PEA.
This narrative review summarizes the available pharmacokinetic/pharmacodynamic data on ultramicronized
PEA and focuses to its contribution to pain control, in particular as ‘add-on’ nutritional intervention. Data showing
the ability of ultramicronized PEA to limit opioid side effects, including the development of tolerance, have also
been reviewed.
© 2024 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

According to the International Association for the Study of Pain
(IASP), chronic pain is defined as pain that persists or recurs for
>3 months (Treede et al., 2019). Overall, the prevalence of chronic
pain is estimated to be about 1 in 5 people (Breivik, Collett,
Ventafridda, Cohen, & Gallacher, 2006).

The associated disease burden represented by functional impair-
ment and disability (Breivik et al., 2006; Froud et al., 2014), emotional
distress (Hduser, Schmutzer, Henningsen, & Brdhler, 2014; Wang, Pu,
Ghose, & Tang, 2018) and direct and indirect societal costs (Hduser,
Marschall, L'Hoest, Komossa, & Henningsen, 2013; James et al., 2018),
relevantly impacts on patients and society. The WHO International Clas-
sification of Diseases (ICD)-11 implemented the classification of chronic
pain (developed by an international task force of IASP) in chronic pri-
mary pain which is conceived as a disease itself and is associated with
significant emotional distress or functional disability, and chronic sec-
ondary pain which is regarded as a symptom of an underlying disease,
like cancer-related pain, chronic postsurgical or post-traumatic pain,
chronic secondary musculoskeletal pain, chronic secondary visceral
pain, chronic neuropathic pain, chronic secondary headache or orofacial
pain (Table 1) (ICD-11 WHO, 2019/2021; Treede et al., 2019). More re-
cently, a third category of pain, i.e., nociplastic pain, has been introduced.
It is different from nociceptive and neuropathic pain being represented
by a chronic non-specific pain related to a central nervous system sensi-
tization (Fitzcharles et al,, 2021). The altered nociception occurs, in fact,
without clear evidence of tissue or nerve damage (IASP, 2023).

Standard treatment of chronic pain is represented by a wide series of
analgesic drugs, including COX-2 selective and nonselective nonsteroi-
dal anti-inflammatory drugs (NSAIDs), paracetamol (also known as
acetaminophen), antidepressants, anti-seizure agents and opioids.
NSAIDs are commonly used to treat mild-to-moderate pain mainly
due to arthritis and muscle sprains, with COX-2 inhibitors being
preferred due to their highly selective targeting and safer toxicological
profile. Paracetamol represents the first-line treatment for mild-
to-moderate pain, although it is sometimes indicated in combination
with opioids to reduce their dosage. Antidepressants (i.e., tricyclic anti-
depressants and serotonin and norepinephrine reuptake inhibitors,
SNRIs) are mainly used to treat neuropathic pain, chronic headaches,
fibromyalgia, while anti-seizure agents, including gabapentin and
pregabalin, are preferred for postherpetic neuralgia, diabetic neuropa-
thy, and fibromyalgia (Cohen, Vase, & Hooten, 2021; Marciano et al.,
2023). Although characterized by the development of tolerance, the
prolonged use of opioids is still widespread due to their potent analgesic
activity, especially in chronic pain due to cancer (Cohen et al., 2021;
Marciano et al,, 2023).

A less neuronocentric view of chronic pain is rapidly evolving as in-
creasing evidence now indicates that non-neuronal cells (e.g., mast cells
and microglia) play key roles in the development of pathological pain
(Vanderwall & Milligan, 2019). Most of the current analgesic drugs do
not address the neuroinflammatory component of chronic pain. Safe in-
terventions targeting the non-neuronal contribution are thus desirable
for a successful management of chronic pain (Skaper, Facci, Zusso, &
Giusti, 2018).

Table 1
International classification of disease - chronic pain.
Classification Description
MG30 Chronic pain Pain that persists or recurs for longer than 3 months.

MG30.0 Chronic primary pain

Chronic pain in one or more anatomical regions that is characterized by significant emotional distress (anxiety, anger/frustration or

depressed mood) or functional disability (interference in daily life activities and reduced participation in social roles). Chronic
primary pain is multifactorial: biological psychological and social factors contribute to the pain syndrome.

MG30.1 Chronic cancer related pain

MG30.2 Chronic postsurgical or post

traumatic pain

MG30.3 Chronic secondary

musculoskeletal pain

MG30.4 Chronic secondary visceral pain
cavities.

MG30.5 Chronic neuropathic pain

MG30.6 Chronic secondary headache or

orofacial pain

Pain caused by the primary cancer itself or metastases (chronic cancer pain) or its treatment (chronic post-cancer treatment pain).
Pain developing or increasing in intensity after a surgical procedure or a tissue injury (involving any trauma including burns) and
persisting beyond the healing process, i.e. at least 3 months after surgery or tissue trauma.

Chronic pain arising from bone(s), joint(s), muscle(s), vertebral column, tendon(s)or related soft tissue(s).

Persistent or recurrent pain originating from internal organs of the head/neck region and of the thoracic, abdominal and pelvic
Chronic pain caused by a lesion or disease of the somatosensory nervous system.

It comprises all headache and orofacial pain disorders that have underlying causes and occur on at least 50% of the days during at least
three months. The duration of pain per day is at least 2 h.

From ICD-11-WHO 2019/2021.
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N-palmitoylethanolamine (PEA) is a naturally occurring fatty acid
ethanolamide (FAE) endowed with several physiological properties
(e.g., anti-inflammatory, neuroprotective, immunomodulating, anti-
hyperalgesic functions), mainly due to its ability to down-modulate hy-
peractive non-neuronal cells (Skaper, Facci, & Giusti, 2013). PEA, that
belongs to the family of autacoid local injury antagonist amides
(ALIAmides), is one of the most studied members of the recently termed
“paracannabinoid system”, i.e., a family of naturally occurring lipid me-
diators known as endocannabinoid-like lipids, that are structurally re-
lated to the endocannabinoids, share similar biosynthetic and
degradative pathways, but exert distinct effects and target different re-
ceptors (Piomelli & Mabou Tagne, 2022). Other endocannabinoid-like
lipids are linoleoylethanolamide (LEA), oleoylethanolamide (OEA),
and stearoylethanolamide (SEA). Similar to PEA, these compounds per-
form ancillary functions with respect to endocannabinoid mediators,
i.e., anandamide (arachidonoylethanolamide, AEA) (Devane et al.,
1992) and 2-arachidonoylglycerol (2-AG) (Mechoulam et al., 1995;
Sugiura et al., 1995), that were discovered about 30 years ago by the
seminal work of Mechoulam's and Sugiura's independent groups. In
contrast to endocannabinoids, the endocannabinoid-like lipids do not
bind directly to the canonical cannabinoid receptors type 1 (CB1) and
type 2 (CB2) (Fezza et al., 2014; Kleberg, Hassing, & Hansen, 2014).

Variable concentrations of PEA have been detected in several tissues
including brain, liver, heart, intestine and adipose tissue (Balvers,
Verhoeckx, Meijerink, Wortelboer, & Witkamp, 2013). Since 1950, sev-
eral physiological properties (e.g., anti-inflammatory, neuroprotective,
immunomodulating, anti-hyperalgesic functions) have been recognized
to PEA and the Nobel Laureate Rita Levi Montalcini importantly contrib-
uted to research advancement in the ALIAmide field (Levi-Montalcini,
Skaper, Dal Toso, Petrelli, & Leon, 1996). Based on its protective proper-
ties, the use of PEA as a nutritional intervention for human and animal
health has been explored, with this being greatly encouraged by the
natural occurrence of this lipid amide not only in the animal and
human body, but also in several food sources, as recently reviewed by
Petrosino and colleagues (Petrosino & Schiano Moriello, 2020).

In order to overcome the bioavailability problems due to the lipid
nature and the large particle size of PEA powder, micron-size formula-
tions (i.e., micronized, ultramicronized and co(ultra)-micronized)
have been developed and shown to have superior oral efficacy com-
pared to unprocessed naive PEA in several preclinical models
(Impellizzeri et al., 2014; Petrosino et al., 2018), as further discussed
in the next paragraphs.

In addition to preclinical studies - in which the analgesic properties
of PEA and its complex mechanism(s) of action have been characterized
-arelevant number of clinical trials have been performed on the efficacy
and tolerability of ultramicronized PEA in humans, as reviewed in re-
cent meta-analyses (Lang-Illievich et al., 2023; Paladini et al., 2016;
Scuteri et al., 2022).

Through the years, several groups, including ours, have widely in-
vestigated the contribution of PEA in the control of pain with particular
reference to its ability in co-adjuvating the action of other analgesics.
This narrative review is aimed at discussing current knowledge on the
pain-relieving properties of PEA with a focus on ultramicronized PEA
as an add-on to the standard analgesic therapy.

2. Search strategy

The literature search was initially performed by PubMed using the
following single terms “N-palmitoylethanolamine AND pharmacokinet-
ics” (i.e. 32 results); “N-palmitoylethanolamine AND pharmacodynam-
ics AND chronic pain” (i.e. 52 results); “N-palmitoylethanolamine AND
preclinical studies” (i.e. 25 results); “N-palmitoylethanolamine
AND animal studies” (i.e. 238 results); “N-palmitoylethanolamine
AND chronic pain” (article type: clinical trials) (i.e. 11 results);
“N-palmitoylethanolamine AND pain” (article type: clinical trials) (i.e.
26 results); “ultramicronized PEA AND pain” (i.e. 41 results);
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“ultramicronized palmitoilethanolamide and pain” (i.e. 26 results);
“ultramicronized PEA AND pain” (article type: clinical trials) (i.e. 41 re-
sults). Due to the narrative approach of this review, the obtained results
have been further investigated with more stringent terms (e.g., by
adding “ultramicronized”) or by allowing a more extensive search
(e.g., “pain” instead of “chronic pain”). All the publications have been
screened for consistence with the topic and for their relevance to the
aims of this review. To cover most of the pertinent available literature,
and better refine relevant information, a direct search on Google and
the consultation of references from published papers have also been
carried out. Paragraphs “History”, “Biosynthesis and chemical synthe-
sis”, “Endogenous PEA: body's own levels and biological roles” and
“Physical/chemical characteristics of PEA formulations” have been writ-
ten by consulting major and fundamental publications on these topics.
The search was performed from May to September 2023. No date or lan-
guage restrictions were selected.

3. The emergence of PEA as an ALIAmide

The pioneering findings by Coburn and Moore (Coburn, Moore, &
York, 1943) in rheumatic children at the Pelham Home of New York,
pointed out the relevant health role played by some essential factors
contained in the egg yolk, thus paving the way for the discovery of the
naturally occurring FAEs. Indeed, it was in the late 1950s that it was
first discovered that the anti-allergic and anti-inflammatory activities
exerted by dietary supplementation with egg yolk, peanut oil or soy-
bean lecithin (Coburn, Grahamt, & Haninger, 1954; Long & Martin,
1956) were due to the PEA content in such foods (Ganley, Graessle, &
Robinson, 1958; Kuehl Jr, Jacob, Ganley, Ormond, & Meisinger, 1957).
In particular, it was shown that PEA low doses were effective in the
guinea pig joint anaphylaxis assay (Ganley et al., 1958), and protected
against fatal anaphylactic shock in mice, with the effect being similar
to 100 mg/kg hydrocortisone (Ganley & Robinson, 1959). Some years
later, a series of studies performed at the Czechoslovak Academy of Sci-
ences in Prague, showed the ability of PEA in increasing the resistance of
mice to bacterial toxins (i.e. Shigella dysenteriae toxin and Streptolysin
0) (Raskova, Masek, & Linét, 1972). In addition, PEA pre-treatment
was also shown to increase the tolerance to traumatic shock induced
by a Noble-Collip drum in mice (Raskova et al., 1972). The same re-
search group also highlighted the immunomodulatory properties of
PEA in guinea pigs (Perlik, Krejci, Elis, Pekarek, & Svejcar, 1973; Perlik,
Raskova, & Elis, 1971).

Then, PEA was shown to exert protective properties in several types
of cells and tissues, initially based on the evidence obtained in liver mi-
tochondria of mice (Obermajerova, Masek, Seifert, Buchar, & Havlik,
1973) and in infarcted myocardium of dogs (Epps, Natarajan, Schmid,
& Schmid, 1980).

Moreover, protective effects against the side effects of cytotoxic che-
motherapy were shown in a rat leukemia model (Svec, Béderova, &
Svec, 1975).

In most recent years, other studies have further shown the protec-
tive role of PEA in animal models, for instance in case of renal ischemia
(Di Paola et al., 2012) or in case of nervous tissues damages (e.g. brain
injury (Ahmad et al.,, 2012); Alzheimer's disease (D'Aloia et al., 2020).
Today, we know that PEA is present not only in mammalians (Bachur,
Masek, R, & Udenfriend, 1965), but also in plants (Kilaru et al., 2007;
Long & Martin, 1956; Schuel et al., 2002) and marine sources (Sepe,
De Petrocellis, Montanaro, Cimino, & Di Marzo, 1998).

From a historical point of view, to get insights on the mechanism of
action of PEA, it was necessary to wait for the 1990s. Based on the stud-
ies by Prof. Rita Levi-Montalcini and her group on the effects of N-
acylated lipids on mast cell activation, PEA was classified as an ALIAmide
and its mechanism of action in inflammation was initially investigated
in the seminal paper published in Agents Action on 1993 (Aloe, Leon,
& Levi-Montalcini, 1993). This study showed that the systematic admin-
istration of particular N-acylethanolamines (including PEA) was able to
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reduce mast cell degranulation induced by substance P injection in the
rat ear pinna, thus contributing to the hypothesis that endogenous N-
acylethanolamines were part of an endogenous/paracrine response for
the negative feedback control of mast cells to agonistic signals.

It was later discovered that PEA was able to protect cerebellar gran-
ule cells from BALB/c mice against glutamate toxicity (Skaper et al.,
1996) and the acronym ALIA was broadened to Autacoid Local Injury
Antagonism (Levi-Montalcini et al., 1996; Skaper et al., 1996). In partic-
ular, it was speculated that PEA might accumulate in tissues following
injury in order to exert a local, autacoid, anti-injury function, thus re-
ducing tissue inflammation, decreasing hyperalgesia and exerting a
neuroprotective function (Levi-Montalcini et al., 1996). In agreement,
body's own PEA was shown to be involved in the intrinsic control of
pain initiation (Calignano, La Rana, Giuffrida, & Piomelli, 1998) and
the analgesic effects of endogenous and/or exogenous PEA were suc-
cessfully investigated in in vivo pain models (Calignano, La Rana, &
Piomelli, 2001; Re, Barbero, Miolo, & Di Marzo, 2007).

Since then, the functions of endogenous PEA in pain control and the
pain-relieving effects of PEA administration via different routes and for-
mulations have been extensively investigated worldwide by several re-
search groups including ours.

4. Biosynthesis and degradation of PEA

By a reaction catalyzed by the N-acyl-phosphatidyl-ethanolamine-
selective phospholipase D (NAPE-PLD) enzyme, N-palmitoyl-phospha-
tidyl-ethanolamine, the phospholipid precursor of PEA, is hydrolyzed
to PEA (Okamoto, Morishita, Tsuboi, Tonai, & Ueda, 2004). NAPE-PLD in-
dependent pathways have also been identified. An example is repre-
sented by the multi-step reaction from NAPE to NAEs. Two
consecutive O-deacetylation reactions (i.e. from NAPE to N-acyl-lysoPE
(lysoNAPE) and from lysoNAPE to glycerophospho-NAE (GP-NAE) are
followed by a hydrolysis by glycerophosphodiesterase 1 and 4 (GDE1,
GDEA4) that leads to NAEs production (Simon & Cravatt, 2008; Tsuboi
et al,, 2015). The hydrolysis of NAPE to lysoNAPE has been suggested
to be mediated by group IB, IIA, and V secretory phospholipases A2
(SPLA,s) (Sun et al.,, 2004), whereas a serine hydrolase o/p-hydrolase
domain-containing protein 4 (ABHD4) has been shown to catalyze the
hydrolytic reactions in the sequential deacylation of NAPE to GP-NAE
(Simon & Cravatt, 2006). Alternatively, lysoNAPE may be hydrolyzed
to NAEs by other GDEs, such as GDE4 and GDE7 (Rahman et al., 2016;
Tsuboi et al., 2015). A further pathway occurs through the action of
phospholipase C and phosphatase. In particular, tyrosine phosphatase
PTPN22 and inositol 5’-phosphatase SHIP1 have been shown to exert
this phosphatase activity (Liu et al., 2006; Liu et al., 2008).

Two enzymes contribute to the endogenous PEA degradation, i.e., a
PEA selective enzyme, the amidase of N-acylethanolamine-hydrolyzing
acid (NAAA) (Ueda, Yamanaka, & Yamamoto, 2001) and the fatty acid
amide hydrolase (FAAH) that hydrolyzes various NAEs including PEA
(Cravatt et al.,, 1996). Both enzymes hydrolyze PEA to palmitic acid
and ethanolamine. A subsequent study identified a second human
FAAH (i.e., FAAH-2) that shares about 20% sequence identity with the
FAAH and that, however, is less active than FAAH in hydrolyzing PEA
(Wei, Mikkelsen, McKinney, Lander, & Cravatt, 2006).

A marked cross-kingdom evolutionary conservation has been shown
in the biosynthesis and degradation of PEA in mammals and plants
(Kilaru et al,, 2007). In fact, the involvement of the same routes and sim-
ilar enzymes, especially in the degradative metabolism, has been widely
reported (Blancaflor et al., 2014), suggesting the functional importance
of PEA in homeostatic regulation.

5. Endogenous PEA: body's own levels and biological roles
As reviewed by Skaper and colleagues (Skaper, Facci, Giusti et al.,

2014), there is a general consensus that changes in PEA levels are either
suggestive of a loss of protection against inflammation/pain
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(i.e., decreased levels) or a compensatory synthesis in the attempt to
limit the disease severity (i.e., increased levels). Accordingly, the de-
crease of PEA endogenous level is viewed as a contributing factor to
the deleterious effect of a disease condition (Rinne et al., 2018;
Roviezzo et al., 2017; Skaper et al., 2015), while the exogenous admin-
istration of PEA is considered as a promising approach to increase the
body's own supply of this lipid amide (Della Rocca & Re, 2022; Skaper,
Facci, Fusco, et al., 2014; Skaper, Facci, & Giusti, 2014).

Noteworthy, the maintenance of adequate endogenous PEA levels
by the inhibition of PEA degradative enzymes (Alhouayek & Muccioli,
2014; Bottemanne, Muccioli, & Alhouayek, 2018; Piomelli et al., 2020)
or by exogenous administration, allows to mimick and support its
natural analgesic function (Gugliandolo, Peritore, Piras, Cuzzocrea, &
Crupi, 2020; Petrosino & Di Marzo, 2017), thus contributing to
support the hypothesis proposed in the late 1990s by Calignano and col-
leagues (Calignano et al., 1998), i.e. PEA is responsible for innate pain
control.

This complex view is supported by observations reported in preclin-
ical and clinical settings. Petrosino et al., (Petrosino et al., 2007) showed
the decrease of PEA levels in the spinal cord and in dorsal rafe/rostral
ventral medulla after 3 and 7 days, respectively, from chronic constric-
tion injury (CCI) of the sciatic nerve in rats. A subsequent study per-
formed in rats undergoing spinal cord injury, reported an early (i.e.
one day after the lesion) accumulation of PEA in samples obtained by
the adjacent rostral part of the spinal cord and by the epicentre of the
lesion (Garcia-Ovejero et al., 2009). Levels of PEA, substantially compa-
rable to those observed in sham animals, were observed at days 7 and
28 from the injury (Garcia-Ovejero et al., 2009). A further study, per-
formed in a rat model of chronic granulomatous inflammation, showed
that the granuloma formation was associated to a significant decrease in
PEA levels and that the administration of PEA, dose-dependently re-
duced inflammatory hallmarks (De Filippis et al., 2010).

Through the years, several inhibitors of the degradative metabolism
of endogenous ethanolamides, including PEA (i.e. NAAA and FAAH in-
hibitors) have been investigated. Focusing on endogenous PEA, the ex-
pectations from these inhibitors are the increase of PEA levels with a
consequent reduction of inflammation and pain. A number of structur-
ally unrelated selective inhibitors of NAAA (e.g. ARNO77 (Sasso et al.,
2013; Sasso et al., 2018), ARN726 (Ribeiro et al., 2015), F96 (Yang
et al,, 2015), F215 (Zhou et al., 2019), ARN19702 (Fotio et al., 2021;
Fotio, Sasso, Ciccocioppo, & Piomelli, 2021) or FAAH (e.g. URB597
(Danandeh et al., 2018; Nasirinezhad, Jergova, Pearson, & Sagen,
2015), PF-3845 (Nasirinezhad et al., 2015), ASP8477 (Kiso, Watabiki,
& Sekizawa, 2020)) have been tested in inflammation and/or pain ani-
mal models.

Diurnal variations (i.e., 24 h) of endogenous PEA levels have been
detected in the brain of healthy rats, with increasing (cerebrospinal
fluid) or decreasing levels (pons, hippocampus, and hypothalamus)
during the light-on period while the opposite was observed during
the light-off period (Murillo-Rodriguez, Désarnaud, & Prospéro-Garcia,
2006).

To date, several studies accurately measured the endogenous levels
of PEA in human tissues and body fluids, either in case of health or
pain conditions (Aydin et al., 2023; Balvers, Verhoeckx, & Witkamp,
2009; Barry et al., 2018; Correia-Sa et al., 2020; Darmani et al., 2005;
De Icco et al, 2021; Fanelli et al., 2012; Gachet, Rhyn, Bosch,
Quednow, & Gertsch, 2015; Jumpertz, Guijarro, Pratley, Piomelli, &
Krakoff, 2011; Koethe et al., 2019; Lam, Marczylo, & Konje, 2010;
Quercioli et al., 2017; Schreiber et al., 2007; Wood et al., 2008)
(Table 2). As observed in the preclinical setting, increases or decreases
in the tissue or plasma levels of PEA have been found in patients affected
by different pathologies compared to healthy individuals (Fichna et al.,
2013; Richardson et al., 2008; Sarnelli et al., 2021; Stensson et al., 2018).

Based on the current evidence, endogenous PEA level variations re-
lated to the control of pain are being increasingly clarified. Nonetheless,
ad hoc well-designed case-control clinical studies in painful diseases or
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Table 2
Levels of endogenous PEA in cerebrospinal fluid and plasma.
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Reference Subjects Fluid

Method Concentration/amount

Aydin et al., 2023 118 (CNS infections) CSF

Quercioli et al., 2017 30 (healthy volunteers) plasma
Balvers et al., 2009 23 (healthy post-menopausal women) plasma
Jumpertz et al., 2011 27 (healthy volunteers) CSF
plasma
Darmani et al., 2005 10 (chronic low back pain) plasma
De Icco et al., 2021 24 (migraine) plasma
19 (controls) plasma
Koethe et al., 2019 16 (8 healthy twin pairs) plasma
Correia-Sa et al., 2020 50 (patients who underwent routine plasma
body-countoring surgery)
Fanelli et al., 2012 121 (healthy volunteers) plasma
Gachet et al,, 2015 32 (healthy volunteers) plasma
Barry et al., 2018 8 (healthy volunteers) plasma
7 (burning mouth syndrome) plasma
Lam et al., 2010 9 (healthy volunteers) plasma
Schreiber et al., 2007 8 (healthy volunteers) serum
Wood et al., 2008 9 (healthy volunteers) plasma

UHPLC-ESI-MS/MS
5500 QTrap® triple quadrupole/
linear ion trap (QqQLIT) mass spectrometer

0.0927 (0.0556-0.1321) pmol/mL
8.75 (7.88-10.0) pmol/mL

LC-MS/MS 4,64 + 1.2 pmol/mL
LC-MS 2.12 + 0.72 pmol/mL

7.63 4+ 1.91 pmol/mL
LC-MS 14.46 + 1.53 pmol/mL
LC-MS 2.01 + 1.47 pmol/mL
LC-MS 2.74 + 2.02 pmol/mL
LC-MS 2.85 pmol/mL
LC-MS 9566.26 + 500.85 pmol/mL

Two dimensional-LC/MS/MS 7.34-28.0 pmol/mL

LC-MS/MS 23.0 + 5.2 pmol/mL
LC-MS/MS 10.55 4+ 0.63 pmol/mL
12.89 + 0.73 pmol/mL
UPLC-MS/MS 16.91 + 4.23 pmol/mL
LC-ESI-MS/MS 28.44 + 5.91 pmol/mL
LC-MS 6.01-7.01 pmol/mL

CNS, central nervous system; CSF, cerebrospinal fluid; LC-ESI-MS-MS, liquid chromatography coupled to electrospray ionization-tandem mass spectrometry; LC-MS, liquid chromatogra-
phy-mass spectrometry; LC-MS/MS, liquid chromatography with tandem mass spectrometry; UHPLC-ESI-MS/MS, ultrahigh performance liquid chromatography-electrospray ionization
tandem mass spectrometry; UPLC-MS/MS, liquid chromatography-tandem mass spectrometry.

conditions, could contribute to a better understanding of PEA changes
and help to elucidate the best timing of PEA supplementation.

6. Physical/chemical characteristics of PEA formulations

Several synthetic procedures for the preparation of PEA have been
described, with all of them starting from palmitic acid.

Overall, most of the synthetic procedures involve the use of coupling
agents (Dang et al., 2011; Nagao et al., 1980; Ottria, Casati, & Ciuffreda,
2012), ferric and copper chloride (Miyasaka & Noguchi, 1985), or en-
zymes (Gunawan, Suhendra, NuansaWindari, & Kurniawati, 2019).

The major disadvantage of these methods is represented by residual
impurities or by-products (e.g., reagents, catalysts, metals), which im-
pair chemical purity of the final product, represent a potential health
risk for patients, and negatively impact crystallization and subsequent
manufacturing process (Abdin, Yeboah, & Jacob, 2020; Urwin,
Yerdelen, Houson, & ter Horst, 2021). Conversely, a solvent- and
catalyst-free synthetic procedure for PEA has been described (Roe,
Scanlan, & Swern, 1949). It consists in reacting under reflux pure
palmitic acid with ethanolamine under nitrogen atmosphere, as de-
tailed (and completed with a subsequent crystallization technique) in
a patent (Della Valle, Lorenzi, Samson, & Della Valle, 1999). Indeed,
this synthetic procedure was shown to yield a crystalline PEA powder
with greater purity compared to PEA powders obtained with different
chemical synthesis processes (Impellizzeri et al., 2014).

Once PEA has been synthesized, a further issue needs to be consid-
ered, i.e., lipophilicity. In fact, PEA is a lipid compound, highly insoluble
in water and poorly soluble in several other aqueous solvents as indi-
cated by an octanol-water partition coefficient (log P) higher than 5
(Lambert, Vandevoorde, Jonsson, & Fowler, 2002). The partition coeffi-
cient represents the ratio of unionized PEA distributed between the or-
ganic phase (octanol) and aqueous phases (water) at equilibrium.
Accordingly, unprocessed PEA is ~100.000-fold more soluble in octanol
than water. Since aqueous solubility is critical for oral absorption and
subsequent bioavailability (Arnott & Planey, 2012), unprocessed PEA
is expected to have poor oral bioavailability (Clayton, Subah,
Venkatesh, Hill, & Bogoda, 2023). This is a challenging issue, since oral
delivery remains the most common route of administration in clinical
practice for a number of reasons, mainly related to simplicity of admin-
istration, and patient compliance.

Among the formulation strategies to improve solubility of lipophilic
compounds (e.g., inclusion in cyclodextrins, solid dispersion, use of

surfactants), particle size reduction is still considered one of the most
reliable techniques, both in the pharmaceutical and food field
(Dhiman & Prabhakar, 2021; Rasenack & Miiller, 2004). Decreasing par-
ticle size, in fact, allows to increase the surface area, which is directly
proportional to dissolution, thereby increasing absorption and bioavail-
ability of lipophilic compounds (Khadka et al., 2014; Olusanmi et al.,
2014; Rasenack & Miiller, 2004). Nowadays, two main formulations of
PEA powder have been produced, i.e. the micronized and
ultramicronized PEA, with the former being characterized by particles
in the 2-10 um range (80% <6 pm; 96% <10 um) and the latter having
particles ranging from 0.8 to 6 pm (99.9% <6 pum; 59.6% <2 pm). Both
particle size ranges are significantly smaller compared to unprocessed
(naive) PEA (100-700 um or more) (Skaper, Facci, Giusti et al., 2014;
Impellizzeri et al., 2014; Petrosino et al,, 2018).

Micron-size PEA formulations are obtained through a mechanical
comminution process known as jet mill.

Briefly, a coarse powder of unprocessed PEA is slowly fed into a jet-
mill equipment endowed with a chamber of 300 mm in diameter oper-
ating by pressurized air jet “spiral technology” (compressed air at 10 to
12 bars). As detailed in a patent (Della Valle, Marcolongo, & Della Valle,
2009), the fluid threads generated within the micronization chamber
accelerate the powder particles to high speeds, yielding to a huge num-
ber of collisions with each other and the micronization chamber walls,
finally resulting in micron-sized crystals (Paterniti, Impellizzeri, Di
Paola et al., 2013; Impellizzeri et al., 2014). Depending on grinding con-
ditions, a final particle size range can be selected.

A particular micronization procedure, performed by supercritical
fluid technology (Dhiman & Prabhakar, 2021), has been recently ap-
plied to PEA (Campardelli, Oleandro, Scognamiglio, Della Porta, &
Reverchon, 2017). Briefly, PEA was dissolved in an organic solvent,
added to the dispersing phase (i.e., an antisolvent containing a surfac-
tant) and delivered to a packed column to obtain a continuous
counter-current contact with supercritical carbon dioxide. Finally, the
suspension was washed to remove the surfactant and PEA particles
were recovered by filtration using a 0.1 pm pore size membrane. This
technique allowed to obtain micronized crystals with controlled and
regular dimensions of about 0.1 um (Campardelli et al., 2017). The su-
percritical extraction process has been performed at 120 bar, 44 °C
and at a liquid to gas ratio of 0.05 (Campardelli et al., 2017).

A further technique to increase PEA bioavailability has been devel-
oped by an Australian company and is based on a delivery system
aimed at increasing PEA dispersion in aqueous environments
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(Lipisperse). The system consists in a mixture of coconut oil (fraction-
ated), polyglycerol polyricinoleate, citrus oil, olive oil, lecithin, dI-
alpha tocopheryl acetate, and silicon dioxide (Mallard, Briskey,
Richards, Mills, & Rao, 2020).

While treatment of human patients is usually performed by oral ad-
ministration of a solid dosage form (e.g., tablets, granules), cell exposure
to treatment and oral administration to experimental animals (gener-
ally via gavage) require liquid forms and suitable vehicles accordingly
(Singh, Dwivedi, & Chaturvedi, 2012).

Due to the lipophilic nature of PEA, when added to cell cultures (few
um in size), it is commonly dissolved in ethanol or dimethyl sulfoxide
(DMSO). Both solvents at final concentrations ranging from 0.2% to 1%
have been shown to be suitable for PEA to be added in cell cultures with-
out interfering with cell responses (Facci et al., 1995; Cerrato, Brazis,
della Valle, Miolo, & Puigdemont, 2010; Toti et al., 2023).

In such in vitro conditions, PEA purity rather than particle size is a
critical issue, and PEA produced by the patented solvent- and catalyst-
free synthetic procedure followed by crystallization and micronization
(corresponding to (co)ultramicronized PEA) is one of the used alterna-
tives (Facchinetti et al., 2022; Facci, Barbierato, Fusco, Giusti, & Zusso,
2021; Toti et al., 2023).

A different issue is represented by the oral administration of PEA to
experimental animals that is generally performed through gastric ga-
vage. In these settings, dispersion of PEA in 0.5%-1.5% solutions of car-
boxymethylcellulose (CMC) is the most frequently used method and
allows for an accurate dosing of PEA. Overall, in studies investigating
the antinociceptive and/or anti-inflammatory activities of
ultramicronized PEA, control arms represented (when appropriate) by
sham groups treated with CMC alone showed no interfering activity of
the solvent (Borrelli et al., 2015; Cristiano et al., 2022; Micheli et al.,
2024; Peritore et al., 2020; Petrosino et al., 2018).

7. Pharmacokinetics of PEA

To date few studies investigated PEA pharmacokinetics. Available in-
formation has been mainly obtained in animals. Actually, when dealing
with pharmacokinetics of a body's own compound like PEA, the possible
re-arrangement of exogenously administered and endogenous pool of
PEA, due to the natural occurrence of biosynthetic/degradative enzymes
(see paragraph 4) has to be considered.

This paragraph discusses the major findings on the ADME process of
PEA in animals and humans, in health and in disease settings, by high-
lighting - when available - differences among the three formulations
(i.e. naive, micronized, ultramicronized PEA). To the best of our knowl-
edge, only one pharmacokinetic study compared PEA plasma levels of
ultramicronized and naive PEA (Petrosino et al., 2018). A synthetic
and 99% isotopically pure ['3C],-PEA, suitable to discriminate between
endogenous and orally administered PEA was used. The oral adminis-
tration of ultramicronized ['3C],-PEA (30 mg/kg) to healthy rats re-
sulted in a significant peak plasma concentration of ['3C],-PEA after
5 min (5.4 + 1.87 pmol/mL, p < 0.0001) and a second, although
lower, peak at 60 min (2.7 4 0.6 pmol/mL, p = 0.0006), while no signif-
icant peak was observed after naive ['>C],-PEA administration at the
corresponding time points (i.e., 1.1 4+ 0.35 pmol/mL; p = 0.0078
and < 0.5 pmol/mL, respectively). Thus, plasma levels of
ultramicronized ['>C]4-PEA at 5 and 60 min in healthy rats, resulted in
4.9- and >5-fold variations, respectively, compared to naive ['3C4-
PEA (Petrosino et al., 2018).

Similarly, a high variation in PEA plasma levels was reported in a
previous study (Vacondio et al., 2015) in which a higher oral dose of
PEA (100 mg/kg) was administered via gavage to healthy rats after
being suspended in corn oil and subjected to ultrasonication/vortexing.
This procedure generates a formulation more similar to ultramicronized
than to naive PEA in terms of particle size. The PEA maximum plasma
concentration (Cpax) was observed after 15 min. Compared with the
basal PEA plasma levels a 20-fold variation was achieved. In this case,
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PEA plasma levels decreased to values approximating the basal ones
2 h after the administration (Vacondio et al., 2015).

More recently, blood absorption of ultramicronized PEA was investi-
gated in mice up to 4 h following a single oral dose (100 mg/kg)
(Beggiato, Tomasini, & Ferraro, 2019). PEA Cpax Was detected 1 h after
administration (about 9-fold the baseline), with values decreasing to
basal ones 3 h later (Beggiato et al., 2019).

Interesting findings have been provided in a further study by
Petrosino et al. (Petrosino et al., 2016) who investigated PEA plasma
levels after oral administration of micronized and ultramicronized PEA
to human volunteers and Beagle dogs, respectively. Two hours after a
single oral administration of micronized PEA 300 mg to 10 healthy vol-
unteers, PEA plasma levels were increased up to two-fold compared to
baseline and decreased to the baseline at the fourth hour (Petrosino
et al, 2016). On the other hand, 1 and 2 h after administering
ultramicronized PEA 30 mg/kg to spontaneously Ascaris suum hyper-
sensitive dogs, PEA plasma levels were increased up to five-fold com-
pared to baseline; even in this case, after 4 h from PEA administration,
PEA plasma levels approximated baseline ones (Petrosino et al., 2016).

To the best of our knowledge, only another study on the pharmaco-
kinetics of PEA in humans is available (Briskey, Mallard, & Rao, 2020).
This study compared the bioavailability of a single 300 mg dose of a
property formulation of unprocessed PEA with the same formulation
spiked with a delivery complex (i.e., a mixture of surfactants, polar
lipids and solvents), that was designed to increase the dispersion of
PEA in water, thus preventing the agglomeration of PEA crystals
(Briskey et al., 2020). Although the C,.x of the unprocessed and
spiked formulation was observed at different times (i.e., 125 and
105 min from PEA administration, respectively), no statistically signifi-
cant difference was observed between the two formulations. Thus,
two hours after administration (i.e., the peak time observed in the
study of Petrosino and colleagues (Petrosino et al., 2016)), no difference
was observed between the two formulations, whereas higher plasma
concentrations of PEA were observed after 3 and 4 h in subjects who
consumed the spiked formulation.

Overall, these data suggest that the different formulations of PEA, in
health condition, are characterized by a distinct pharmacokinetic be-
havior. This may be due to differences among species and doses, al-
though a correlation between particle size and extent of absorption
cannot be ruled out (Briskey et al., 2020; Petrosino et al., 2016).

Interestingly, attention has also been paid to investigating whether
the absorption of orally administered PEA could be affected by the dis-
ease state. This is a key issue, since the compound has been developed
as a nutritional intervention for inflammatory and pain conditions, as
it will be discussed in more detail in the next paragraphs. In particular,
Petrosino et al. (Petrosino et al., 2018) compared plasma levels of PEA
after oral administration of '>C labeled PEA, either in naive or
ultramicronized form, to healthy rats and rats subjected to sub-plantar
carrageenin (CAR) injection, i.e., a well-known model of inflammation.
A significantly higher plasma level of ['3C],-PEA was observed after ad-
ministration of ultramicronized compared to naive PEA in CAR-injected
animals. Moreover, the blood absorption of ultramicronized PEA (but
not naive PEA) was significantly higher in CAR-injected compared to
healthy animals, with plasma levels being about 20-fold and 6-fold
higher at 30 and 60 min from the administration, respectively
(Petrosino et al., 2018).

Together with absorption, tissue distribution after oral administra-
tion is a critical issue for treatment outcome, especially when dealing
with chronic pain, that may originate from and radiate to different
areas of the body. The pioneering experiments carried out at the
Palladin Institute of Biochemistry of National Academy of Sciences of
Ukraine in the late nineties revealed the following tissue distribution
of radioactivity after intraperitoneal (i.p.) administration of radiola-
beled PEA in rats: adrenal > > diaphragm > spleen > kidney > testis
> lung > liver > heart > brain > plasma > erythrocytes (Zhukov,
1999). Since radioactivity did not specifically identify the whole
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amide, the possibility that PEA metabolites were actually detected can-
not be ruled out. More recently, increased levels of PEA were observed
in several tissues of mice (including retina, heart, blood serum and
brain), following one subcutaneous (s.c.) depot injection of PEA emulsi-
fied in sterile corn oil (10 mg/kg) (Grillo, Keereetaweep, Grillo,
Chapman, & Koulen, 2013). In terms of particle size this formulation
may be more similar to ultramicronized than naive PEA (i.e., PEA was
grinded and emulsified by vortexing/ultrasonification).

The specific distribution of PEA in the central nervous system was
first studied in rats by the same above-mentioned group of Ukrainian
biochemists. PEA accumulated primarily in the hypothalamus, pituitary
(and adrenal gland) following a single *H-PEA oral dose (Artamonov
et al., 2005). This study represents the first demonstration that PEA
can cross the blood brain barrier as later confirmed by Siracusa et al.
(Siracusa et al., 2017) who detected brain accumulation of [>C],-PEA
15 min after oral administration of ultramicronized ['3C],-PEA to
healthy rats. Similar results were found by Petrosino and colleagues
(Petrosino et al., 2018), with relevant levels of ['>C];-PEA in both the
spinal cord and brain of healthy rats being observed following a single
oral administration of ultramicronized ['3C]4-PEA. The latter study also
investigated whether disease conditions could impact tissue
distribution of PEA after a single oral dose (10 mg/kg) of
ultramicronized ['3C]4-PEA. Healthy and CAR-injected animals were
studied at different time points up to 360 min. Distribution of [*3C]4-
PEA in the paw and spinal cord (but not brain) was significantly higher
in CAR-injected compared to healthy animals at most of the study time
points (Petrosino et al., 2018). Importantly, this finding confirmed that
ultramicronized PEA may reach body sites involved in central sensitiza-
tion, a condition typically occurring during persistent pain.

Since, as mentioned in the paragraph “Biosynthesis and chemical
synthesis”, endogenous PEA is rapidly hydrolysed by FAAH and NAAA
and the metabolism of exogenous PEA mediated by FAAH may be par-
tially responsible for the limited exposure of oral PEA (Desarnaud,
Cadas, & Piomelli, 1995), some efforts have been performed in synthe-
sizing PEA derivatives less prone to hepatic inactivation. For instance,
a series of pro-drugs of PEA (i.e., carbonates, esters and carbamates at
the hydroxyl group) were prepared, but only some ester derivatives -
in particular those obtained by conjugating PEA with L-valine and
D-valine - showed a promising conversion rate to PEA in plasma and
reduced hepatic clearance (Vacondio et al., 2015). However, at the
longest times the levels of PEA released from these prodrugs were com-
parable with those obtained by administering equimolar PEA and no
pharmacokinetic advantage emerged (Vacondio et al., 2015). A further
example came from a study by D'Aloia et al. (D'Aloia et al., 2020), in
which one PEA analogue, named RePEA, was selected from a small
library of PEA analogues as the best PEA prodrug candidate, since in
contrast to PEA, it was not hydrolyzed by FAAH ex vivo.

Finally, no data concerning the excretion of exogenous PEA in ani-
mals or humans are available. It is desirable that further information
on human pharmacokinetics of PEA will come from two ongoing clinical
trials listed in the Cochrane Central Register of Controlled Trials (CCRCT,
2023) and in the UK National Health System (NHS) Health Research Au-
thority (HRA) register (NHS HRA, 2023), respectively. The Cochrane
study will establish the main pharmacokinetic parameters in six cohorts
of healthy volunteers orally treated with ultramicronized PEA in fed or
fasted conditions at single ascending doses ranging from 600 mg to
2400 mg (cohorts 1-4) and multiple ascending doses of 600 mg or
1200 mg (cohorts 5 and 6) vs matching placebo (CCRCT, 2023). Lower
doses will be administered in the study of the NHS HRA through three
treatment periods in which ultramicronized PEA will be administered
as a single dose of 300 mg in the fasted state, as a single dose of
300 mg in the fed state and as a single dose of 600 mg in either the
fed or fasted state (NHS HRA, 2023).

Overall, the limited available pharmacokinetic data of PEA do not
allow to draw conclusive results, especially in relation to potential dif-
ferences among the three oral formulations (i.e. naive, micronized and
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ultramicronized PEA). However, in the presence of comparative data
between naive and/or micronized and/or ultramicronized PEA, the lat-
ter seems to show a more favorable pharmacokinetic profile.

8. Pharmacodynamics of PEA

A great deal of evidence shows that PEA may control the behavior of
mast cells, but also several other non-neuronal cells (including but not
limited to microglia) (Bettoni, Comelli, Colombo, Bonfanti, & Costa,
2013; Petrosino et al., 2019; Skaper et al., 2013). Even neurons them-
selves have been shown to be cellular targets of PEA, since PEA may con-
trol the spontaneous GABAergic synaptic activity in striatal neurons
(Musella et al., 2017), modulate dorsal root ganglion neurons
(Khasabova, Xiong, Coicou, Piomelli, & Seybold, 2012) and desensitize
neuronal pain receptor channels (Ambrosino, Soldovieri, Russo, &
Taglialatela, 2013). In particular, the neuronal and non-neuronal cell
modulation depends on the ability of PEA to interact with a number of
receptors and ion channels, through multitarget and highly redundant
mechanisms. Indeed, several direct and indirect molecular targets of
PEA have been described, such as the transcription factor peroxisome
proliferator-activated receptor alpha (PPARat) (Lo Verme, Astarita, La
Rana et al.,, 2005; Lo Verme, La Rana, Russo, Calignano, & Piomelli,
2005), other members of the PPAR family (Costa, Comelli, Bettoni,
Colleoni, & Giagnoni, 2008; Paterniti, Impellizzeri, Di Paola et al.,
2013) and the orphan receptor GPR55 (Pertwee, 2007). In addition, it
is today well recognized that PEA exerts indirect receptor-mediated ac-
tions on CB1 and CB2 (reviewed in Petrosino & Di Marzo, 2017) as well
as on the Transient Receptor Potential cation channel subfamily V mem-
ber 1 (TRPV1) (Ambrosino et al., 2013; Costa et al., 2008) by the
so-called “entourage” effect, i.e., the ability to increase the level or the
receptor affinity of the endocannabinoids anandamide (AEA) and
2-arachidonoyl-glycerol (2-AG) (De Petrocellis, Davis, & Di Marzo,
2001; Ho, Barrett, & Randall, 2008; Petrosino et al., 2019; Smart,
Jonsson, Vandevoorde, Lambert, & Fowler, 2002) (Fig. 1).

8.1. Direct molecular targets

PPAR family that belongs to the steroid hormone receptor superfam-
ily, includes various PPAR isoforms that have been suggested to mediate
the anti-inflammatory and analgesic effects of PEA. PPARx gene codifies
for the nuclear transcription factor PPAR« subtype that modulates the
expression of target genes involved in immune and inflammatory re-
sponses. PPAR« is highly expressed in kidney, gastro-intestinal tract,
heart but also in liver and brain (Fagerberg et al., 2014) as well as in im-
mune cells (Glass & Ogawa, 2006). PPARa activation results in repressing
pro-inflammatory transcription factors such as NF«<B, responsible for up-
regulating inflammatory cytokines (e.g., tumor necrosis factor c, inter-
leukin 1, interleukin 6), cyclooxygenase 2 (D'Agostino et al., 2009).

PEA is a PPARa agonist (ECsg 3.1 4= — 0.4 microM) as elegantly shown
by Lo Verme et al. (Lo Verme, Astarita, La Rana et al.,, 2005) about twenty
years ago. These authors showed that PEA administration was able to
decrease inflammation in PPAR« wild-type mice whereas no effect was
observed in PPAR« deficient mice (Lo Verme, Astarita, La Rana et al.,
2005). Several studies, including ours, have later confirmed that the ben-
eficial effects of PEA are counteracted by antagonism or genetic blockade
of PPARa (Di Cesare Mannelli et al., 2013; Paterniti, Impellizzeri, Crupi,
et al., 2013; Paterniti, Impellizzeri, Di Paola, et al., 2013).

Although knockout studies can present false phenotypes because of
genetic compensation (El-Brolosy & Stainier, 2017), results from differ-
ent experiments using PPARa antagonists (e.g., MK886, GW6471) have
also provided supportive evidence to the need of this receptor in order
for PEA to exert pain relief (Alsalem et al., 2019; Cristiano et al., 2022;
Déciga-Campos et al., 2023).

In addition to PPARq, other PPAR isoforms such as PPARy and PPARS
have been shown to contribute to the anti-inflammatory and neuropro-
tective effects of PEA (Paterniti, Impellizzeri, Crupi et al., 2005). PPARy
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Fig. 1. Pharmacodynamics of PEA. Main established mechanisms of action are shown.

and PPARS are widely expressed in adipose tissue and nervous system,
respectively, and both exert anti-inflammatory effects in various tissues
and organs (lannotti & Vitale, 2021). Paterniti et al. (Paterniti et al.,
2013) evaluated the involvement of PPARY and PPARS in mediating
the anti-inflammatory and neuroprotective activities of PEA in a
mouse model of spinal cord trauma. In this animal model, the anti-
inflammatory activity of PEA was reduced either in PPARa knockout
mice or in the presence of PPARy or PPARS antagonists (i.e. GW9662
and GSKO0660, respectively), in PPARoc WT mice. Overall, these results
confirm the role of PPAR« in the mechanism of action of PEA and sug-
gest a compensatory mechanism exerted by PPARy and PPARS, as well
evidenced in PPARa knockout mice treated with PEA. However, if
PPAR« is considered a direct target of PEA, current evidence suggests
that the action of PEA related to PPAR7 or PPARS is substantially medi-
ated by CB1-dependent changes in PPAR expression (Paterniti et al.,
2013) (see paragraph 8.2).

G protein-coupled receptor 55 (GPR55) was cloned in 1999
(Sawzdargo et al., 1999) and belongs to the G-protein-coupled receptor
superfamily. Formerly considered to be a cannabinoid receptor
(Moriconi, Cerbara, Maccarrone, & Topai, 2010; Ryberg et al., 2007;
Sharir et al., 2012; Yang, Zhou, & Lehmann, 2016), it is now known
that GPR55 and cannabinoid receptors share limited similarities in
their sequences (Baker, Pryce, Davies, & Hiley, 2006) and GPR55 does
not possess the classical endocannabinoid binding pocket (Moriconi
et al, 2010). PEA has been suggested to be an in vitro agonist of
GPR55 at low concentrations (ECsg 4 nM) (Cantarella et al., 2011;
Ryberg et al., 2007) and several effects of PEA are supposed to depend
on GPR55 binding (Borrelli et al., 2015; Rinne et al., 2018), although fur-
ther investigation is warranted.

In addition to GPR55, PEA showed affinity for a further orphan re-
ceptor, i.e.,, GPR119 (Overton et al., 2006), that codifies for a member
of the rhodopsin subfamily of G-protein-coupled receptors, mainly
expressed in pancreas and in the gastrointestinal tract. However, the
role of GPR119 in the action of PEA has still to be clarified.

8.2. Indirect molecular targets

It is today well recognized that PEA has no affinity for CB1 or CB2 re-
ceptors, although it can indirectly activate them by the entourage effect.

In fact, PEA may act as a false substrate for AEA hydrolytic enzyme lead-
ing to an increased cannabinoid receptor-mediated signaling (Petrosino
et al,, 2016; Petrosino & Di Marzo, 2017). Indeed, the administration to
mice of the CB1 receptor antagonist, SR141716, partially counteracted
the anti-hyperalgesic effects of PEA in a chronic constriction injury
model of neuropathic pain (Costa et al.,, 2008).

PEA may also increase CB2 receptor mRNA and protein levels follow-
ing PPAR« activation (Guida et al., 2017), and modulate CB1- and/or
CB2-mediated signaling by targeting the GPR55 protomer in the
GPR55/CB1 or GPR55/CB2 heterodimers (Balenga et al., 2014;
Martinez-Pinilla et al., 2014; Martinez-Pinilla et al., 2019).

Finally, PEA may indirectly activate the TRPV1 channel, as shown by
its ability to potentiate the AEA-induced TRPV1-mediated calcium in-
flux in the HEK293 cell line (De Petrocellis et al., 2001) and by the ability
of the specific TRPV1 antagonist capsazepine to partially counteract the
anti-hyperalgesic effects of PEA in a murine model of neuropathic pain
(Costa et al., 2008).

9. Preclinical studies on pain control

To date, several preclinical studies have been performed in different
animal models, in order to investigate the protective effects of PEA, with
special reference to pain control. Three main formulations have been in-
vestigated, i.e., naive, micronized and ultramicronized PEA.

In this setting, PEA has been widely investigated in combination
with other drugs (mainly analgesics) since this represents the most
reliable clinical strategy to be exploited in chronic pain. However, a
relevant number of studies in which PEA has been investigated as single
agent is also available. This approach is instrumental to explore the
protective effects of PEA net of the effects of other drugs, as well as
to identify dosages and schedules to be modulated in the drug
combination studies.

With a focus on ultramicronized PEA, the main studies are summa-
rized in Table 3 and briefly discussed in the following paragraphs.

9.1. Ultramicronized PEA as a single agent

The study of Impellizzeri et al. (Impellizzeri et al., 2014) pointed out
the ability of oral micronized or ultramicronized PEA (10 mg/kg for both
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Table 3
Ultramicronized PEA (umPEA) in preclinical studies.
Authors Model Treatment” PEA effects
PEA single
agent
Impellizzeri CAR-induced paw edema rats. Non micronized, micronized, umPEA: 10 mg/kg p.o.ori.  p.o. administration: reduction of the accumulation of
etal, 2014 p., single dose 30 min before CAR injection. infiltrating inflammatory cells and reduction of the
increased myeloperoxidase activity in micronized and
umPEA treated animals.
i.p administration: all the formulations were able to
improve both parameters.
Petrosino CAR-induced paw edema rats. umPEA (10 mg/kg p.o., single dose 30 min before CAR Improvement of paw inflammation, thermal hyperalgesia
etal, 2018 injection) vs no treatment. and tissue damage in umPEA treated animals.
Fusco etal., Distal tibia fractured CD-1 mice (i.e. Micronized (300 mg/kg) and umPEA (600 mg/kg) p.o. Improved healing process, fracture recovery and fibrosis
2017 CRPS-I). daily, 1 h after surgery for 28 days. score, decreased mast cell density, nerve growth factor,

PEA in association with standard analgesic drugs

Di Cesare
Mannelli
etal, 2018

Micheli
etal,, 2024

Micheli
etal., 2022

Peritore
etal,, 2020

Healthy male Sprague-Dawley rats.

Chronic constriction injury (CCI) model
of neuropathic pain in rats.

Health male Sprague-Dawley rats.

Sciatic Nerve Injury (SNI) model.

Morphine tolerance study: Pre-emptive umPEA (30 mg/kg
p.o. daily (in the evening) from day —8 to day 0 and from
day 1 to the end of the experiment. Morphine (10 mg/kg,
s.c.) from day 1 until the development of tolerance) in the
morning, 16 h after PEA.

Potentiation of morphine analgesia: Pre-emptive umPEA as
in the Morphine tolerance study. Increasing dose of
morphine (5-100 mg/kg s.c.) and variable doses of
umPEA (30-120 mg/kg p.o.) from day 1 to the end of the
experiment.

Morphine tolerance study: pre-emptive umPEA 30 mg/kg
p.o. (day —8 to day 15) + morphine 10 mg/kg s.c. (day
1-15).

Potentiation of morphine analgesia: pre-emptive umPEA
30 mg/kg p.o. (from day —8 to day 23); increasing
morphine 5-7 mg/kg s.c. (day 1-23); increasing acute
PEA 30-60 mg/kg p.o. (day 8-23).

Reduction of CCl-induced hyperalgesia: pre-emptive
umPEA 30 mg/kg p.o. (from day —8 to day 4) and

60 mg kg-1 p.o. (days 5-23) + increasing acute PEA
30-120 mg/kg p.o. (day 3-23).

Morphine tolerance study: pre-emptive umPEA (30 mg/kg
p.o. daily (in the evening) from day —8 to day 29;
increasing acute PEA 60-120 mg/kg p.o. (day 6-29);
tramadol 20 mg/kg s.c. (day 1-29) or oxycodone

0.5 mg/kg s.c. (day 1-29).

Potentiation of morphine analgesia: Pre-emptive umPEA
(30 mg/kg p.o. daily (in the evening) from day —8 to day
31; increasing acute PEA 39-90 mg/kg (day 16-31);
increasing tramadol 15-50 mg/kg s.c. (day 1-31);
increasing oxycodone 0.3-1 mg/kg s.c. (day 1-31);
increasing acute PEA 30-90 mg/kg p.o. (day —8-31 or
day 16-31).

umPEA 5 mg/kg p.o. (day 1-14); paracetamol 30 mg/kg
p.o. (day 1-14).

PEA as revertant of neuropathy induced by anticancer agents

Di Cesare
Mannelli,
Pacini, et al.,
2015

Cristiano
etal,, 2022

OHP-induced CIPN (male
Sprague-Dawley rats, 2.4 mg kg-1 OHP
administered i.p. for 5 consecutive days
q week for 3 weeks).

PTX-induced CIPN (CD1 male mice,

8 mg/kg PTX administered i.p. days 1,3,5

and 7 for one week).

umPEA 10 or 30 mg/kg acutely i.p. on day 21 or daily
starting from the first day of OHP administration up to
day 20.

umPEA 30 mg/kg p.o. for 7 days from one hour after the
last administration of PTX.

matrix metalloproteinase 9 and cytokine expression in
umPEA treated animals.

Increase of the responsiveness to morphine by
pretreatment with umPEA. On day 7, rats pretreated with
PEA and morphine showed a delay in the onset of
tolerance until day 12. The extension of morphine
response was promoted by umPEA also in the absence of
the pretreatment although pretreatment was needed to
increase the efficacy of morphine during the first days.
The same pain threshold increase was achieved when
preemptive PEA was associated to a combinatorial acute
treatment with morphine and PEA. As a representative
data: day 17: the magnitude of analgesia induced by

100 mg/kg morphine was obtained by combining

13 mg/kg of morphine with 120 mg/kg of PEA.

Rats showed a delayed onset of tolerance till day 11.

At, day 8, rats treated with the PEA and morphine showed
a higher pain threshold compared to rats treated with
morphine alone, despite the 30% lower dose of morphine
used in combination treatment). The oral administration
of PEA, according to the different schedules used, was
able to reduce both GFAP and Iba-1 immunoreactivity
observed when animals were untreated or treated with
morphine alone. The number of mast cells was
significantly reduced in animals treated with PEA alone
(high dose) or in combination with morphine.
Preemptive PEA improved the weight tolerated by the
animals on the ipsilateral paw compared with untreated
animals from day 1 to the end of the experiment.

Pre-emptive and continuative treatment with umPEA
delayed the onset of opioid tolerance and enhanced
opioid analgesia when it was acutely administered in
association with tramadol or oxycodone. A decrease in
astrocyte activation in the dorsal horn of the spinal cord
and a modulation of IL-6 and serpin-A3 mRNA expression
levels were also observed.

The preemptive and co-administration of umPEA with
oxycodone or tramadol significantly reduced the doses of
both drugs useful to maintain the planned pain threshold
(i.e. 90 +/— 10 g). As a representative data: day 4:
oxycodone 0,3 mg/kg when associated to PEA vs

0.5 mg/kg when single agent; tramadol 15 mg/kg when
associated to PEA vs 18 mg/kg when single agent.
umPEA + paracetamol significantly reduced thermal
hyperalgesia compared with both drugs administered as
single agents. Reduction in mast cell activation, c-Fos and
NGF expression, neural histological damage, cytokine
release, and apoptosis was also observed with the
combination treatment.

umPEA 30 mg/ kg, single administration, reduced OHP-
dependent pain. umPEA 30 mg/kg daily i.p. for 21 days
prevented lowering of pain threshold and increased pain
on suprathreshold stimulation. The normalization of the
electrophysiological activity of the spinal nociceptive
neurons was reported.

umPEA reduced the development of hypersensitivity by
reduction of levels of spinal and hippocampal
pro-inflammatory cytokines.

CAR, carrageenan; CIPN, chemotherapy-induced peripheral neurotoxicity; CRPS-1, Complex regional pain syndrome type 1; i.p., intraperitoneal; NGF, nerve growtelh factor; MPO, mye-
loperoxidase; p.o., per os; s.c., subcutaneous; OHP, oxaliplatin; PTX, paclitaxel.
* Only doses and posology of investigated agents are reported. For detailed information on controls and specific treatment groups, refer to the text and/or to the original articles.
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formulations) to significantly down-modulate inflammation in re-
sponse to subplantar CAR injection into the rat paw. No significant effect
was observed following oral administration of naive PEA (10 mg/kg).
On the contrary, the three formulations showed the substantial same
efficacy in decreasing the effect of subplantar CAR injection when the
intraperitoneal route was used. Overall, the findings highlighted
the advantage provided by smaller particle size with regard to oral
administration.

A subsequent study (Petrosino et al., 2018) confirmed and further
investigated the effect of oral ultramicronized PEA in the paw CAR-
injected rat model. Ultramicronized PEA (10 mg/kg) was shown to
counteract CAR-induced signs of inflammation (paw edema) and pain
(thermal hyperalgesia) within the first two hours from PEA administra-
tion. The histological damage and the neutrophil/mast cell infiltration in
the paw were also reduced. In addition, ultramicronized PEA decreased
the CAR-induced increase in cytokine release, nitrotyrosine formation,
iNOS and COX-2 expression, IkBa degradation and NF<B p65 nuclear
translocation in paw tissues. COX-2, manganese superoxide dismutase
(MnSOD) and iNOS expression were also evaluated in the spinal cord.
Ultramicronized PEA significantly counteracted both the CAR-induced
decrease of MnSOD and upregulation of COX-2 and iNOS expression at
the spinal level. Moreover, the decrease of spinal IkBa and the nuclear
translocation of the NF<B p65 at L4/L6 level were prevented by the
oral administration of ultramicronized PEA.

In a murine model of post-fracture complex regional pain syndrome
type 1, a four-week daily oral administration of micronized or
ultramicronized PEA (10 mg/kg) was shown to control pain (as mea-
sured by mechanical allodynia and thermal hyperalgesia), decrease
early inflammatory responses (i.e., mast cell hyperplasia and NGF ex-
pression in the inflamed tissues) and improve fracture healing as well
as bone remodeling during the late phase (Fusco et al., 2017).

The ability of ultramicronized PEA (10 mg/kg/day, i.p. for 15 days) to
mitigate pain-induced sensory and cognitive impairments was recently
investigated in a mouse model of neuropathic pain obtained by spared
nerve injury (Boccella, Cristiano, Romano et al., 2019). Improvement
of pain behavior (as measured by mechanical allodynia and thermal hy-
peralgesia) and pain-related memory deficit was observed and found to
rely on PPARa-mediated restoration of glutamatergic transmission ho-
meostasis. Interestingly, the analgesic effect of PEA was obtained even
when it was administered 15 days after the spared nerve injury, thus
in a condition that may be comparable to an advanced stage of human
neuropathy.

Indeed, a further study by the same group investigated and con-
firmed the role of metabotropic glutamate receptors 5 and 8 in mediat-
ing the effects of ultramicronized PEA on pain-associated cognitive
decline (Boccella, Morabese, lannotta et al., 2019) in the neuropathic
rat model previously described and treated accordingly (Boccella,
Cristiano, Romano et al., 2019). Despite their opposite roles
(i.e., excitatory/inhibitory) these receptor subtypes were found to be re-
quired in order to promote the neuroprotective effect of
ultramicronized PEA in neuropathic pain (Boccella, Marabese, et al.,
2019).

Overall, these studies provide relevant information on the in vivo ef-
ficacy of ultramicronized PEA monotherapy in counteracting inflamma-
tion and pain in animal models. In addition, these studies are also highly
informative about the dynamic events following the PEA administra-
tion. Altogether, these findings represent an important and solid basis
for more complex and advanced preclinical as well as clinical studies.

9.2. Ultramicronized PEA in association with standard analgesic drugs

As it will be more deeply discussed in the clinical section of this re-
view, first- and second-line treatment of chronic pain is based on a va-
riety of analgesic drugs. Although belonging to different classes, all of
them are characterized by relevant side effects, ranging from sedation
and somnolence (typical of antidepressants or anticonvulsants) to
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tolerance and dependance (mainly associated to opioid overdose). A
nutritional intervention based on bioavailable PEA formulations to be
used in conjunction with these drugs holds the promise to reduce dos-
ages and consequently side effects of standard analgesics, while main-
taining their efficacy. Several studies addressed this issue in the
preclinical setting and will be briefly discussed below.

The long-term use of opioids in the treatment of chronic pain leads
to the decrease of the analgesic effects due to the development of toler-
ance. Therefore, increasing doses are needed to maintain the antinoci-
ceptive efficacy. Our group widely investigated the potential role of
PEA micron-size formulations in increasing the antinociceptive effect
of morphine while reducing the development of tolerance by lowering
the effective dose.

We have initially shown that the daily subcutaneous administration
of micronized PEA (30 mg/kg) in healthy rats combined with intraperi-
toneal morphine (10 mg/kg) successfully delayed the onset of mor-
phine tolerance compared to controls (Di Cesare Mannelli, Corti,
Micheli, Zanardelli, & Ghelardini, 2015). Subsequently, the preemptive
(i.e., from day -8 to day 0) and concomitant (from day O to the end of
the experiments) oral administration of 30 mg/kg ultramicronized
PEA increased the acute antinociceptive efficacy of subcutaneously ad-
ministered morphine (10 mg/kg) and delayed the development of mor-
phine tolerance in healthy male Sprague-Dawley rats (Di Cesare
Mannelli, Micheli, Lucarini, & Ghelardini, 2018). In fact, rats treated
with morphine alone, needed increasing doses of morphine (from 5 to
100 mg/kg over 17 days of daily treatment) to maintain a significant an-
algesia, while rats treated with ultramicronized PEA and morphine
achieved the same extent of analgesia when preemptive PEA
(30 mg/kg, daily) and subsequent acute treatment with morphine
(5-20 mg/kg, s.c.) together with PEA (30-120 mg/kg, p.o.) was used
(Di Cesare Mannelli et al., 2018).

The above data were obtained in healthy rats. Interestingly, the pre-
emptive and morphine concomitant administration of ultramicronized
PEA decreased the effective dose of morphine, delayed the onset of mor-
phine tolerance and improved the analgesic efficacy of the opioid in a
chronic constriction injury (CCI) model of neuropathic pain in rats
(Micheli et al., 2024). Morphine and ultramicronized PEA were admin-
istered according to fixed (i.e., 10 mg/kg s.c. and 30 mg/kg p.o., respec-
tively) or increasing doses (i.e., 5-35 mg/kg s.c. and 30-120 mg/kg p.o.),
in relation to the different schedules. To characterize the underlying
mechanisms, a series of biomolecular investigations were performed.
GFAP and Iba-1 were studied by immunofluorescence to evaluate the
activation of spinal microglia and astrocytes. Both markers were in-
creased in CCI untreated or morphine treated animals in a PEA-
sensitive manner. Also, the observed increased density of endoneural
mast cells within the sciatic nerve of morphine-treated and untreated
CCI rats was significantly reduced by the administration of
ultramicronized PEA. The decrease of mast cell degranulation, evaluated
by studying plasma levels of histamine and N-methylhistamine metab-
olite, was mainly observed at intermediate-high doses of
ultramicronized PEA, with or without morphine (Micheli et al., 2024).

Based on these findings, we investigated the mechanism(s) by
which ultramicronized PEA could delay the opioid tolerance in vitro
(Toti et al., 2023). The hypothesis was that PEA could control the
crosstalk between mast cells and glial cells, the latter known to be in-
volved in opioid tolerance. Using a validated model of mast cells
(i.e., the rat basophilic leukemia cells RBL—2H3), the pre-treatment
with PEA (100 pM, 18 h) was shown to prevent the increase in mast
cell degranulation induced by morphine (30 uM for 30 min). The non-
toxic concentrations of PEA and morphine (100 pM and 30 LV, respec-
tively) were selected according to preliminary tests. Results showed
that ultramicronized PEA was able to long-lasting down-modulate
mast cell degranulation, leading to a significant decrease in released his-
tamine, as well as a reduction in the expression of cytokines (such as
CCL2) and chemokines (such as TNF-a) mRNA when compared to the
control group. A number of genes expressed by astrocytes (i.e., GFAP,
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EAAT2, Serpina3n, IL-1P, IL-6, CCL2) were studied to evaluate the effect
(s) of ultramicronized PEA pre-treated mast-cell secretome. Morphine
treatment did not alter the expression of these genes on astrocytes,
whereas control astrocytes incubated with control mast cell medium
showed a significant increase in the expression levels of the study
genes, with the exception of EAAT2. However, pre-treatment of mast
cells with ultramicronized PEA reversed the increased expression levels
of all the investigated genes, with the exception of GFAP that instead
further increased. When astrocytes were treated with morphine and in-
cubated with control mast cell media, a significant increase in the ex-
pression of all the study genes was observed. The incubation of
astrocytes with cell medium from PEA pre-treated mast cells signifi-
cantly reversed gene expression except for GFAP. Overall, this study
showed that ultramicronized PEA was able to significantly down-
modulate both morphine-induced mast cell degranulation and the ex-
pression of inflammatory and pain-related genes from astrocytes chal-
lenged with mast cell medium, suggesting that PEA may delay
morphine tolerance through the regulation of mast cell-astrocyte
crosstalk (Toti et al., 2023).

The possible beneficial effect of co-administering PEA with other opi-
oids was also evaluated. In particular, the ability of ultramicronized PEA
in controlling analgesia and tolerance induced by oxycodone and tram-
adol was investigated in healthy male Sprague-Dawley rats (Micheli
et al,, 2022). The treatment schedule was similar to that performed
with the ultramicronized PEA and morphine combination described in
Micheli et al. (Micheli et al,, 2024). The oral daily preemptive and contin-
uative treatment with ultramicronized PEA (30 mg/kg) delayed the
onset of opioid tolerance and enhanced opioid analgesia when it was
acutely administered in association with daily subcutaneous tramadol
(20 mg/kg) or oxycodone (0.5 mg/kg) (Micheli et al., 2022). In addition,
ultramicronized PEA showed antinociceptive effects on tolerant rats,
thus suggesting the potential association of PEA with opioids to obtain
a stable and long-lasting analgesia. Interestingly, in the groups treated
with oxycodone or tramadol alone, it was necessary to increase the
dose from 0.3 mg/kg up to 1 mg/kg and from 15 mg/kg up to
50 mg/kg, respectively, from day 1 to day 31. On the contrary, the
acute oral co-treatment with ultramicronized PEA (120 mg/kg) allowed
to obtain the same degree of analgesia without the need to increase the
dose of oxycodone or tramadol (Micheli et al., 2022). A biomolecular in-
vestigation performed at the end of the behavioral experiments and
when tolerance to the antinociceptive effect of opioids was still present
(i.e., day 29), showed that the combined use of ultramicronized PEA and
opioids led to a decreased astrocyte activation in the dorsal horn of the
spinal cord (i.e., an index of the development of opioid tolerance), as in-
dicated by the reduced GFAP fluorescence (Micheli et al., 2022). More-
over, ultramicronized PEA administration was able to reduce the
tramadol- and oxycodone-induced increase of mRNA expression level
for IL-6 and Serpin-A3, respectively (Micheli et al., 2022). A study by
the group of Cuzzocrea (Peritore et al., 2020) investigated the effects
of ultramicronized PEA in combination with paracetamol in a rat
model of sciatic nerve injury. Daily low doses of ultramicronized PEA
and paracetamol (i.e., 5 mg/kg and 30 mg/kg, respectively), were orally
administered for 14 days after the sciatic nerve injury surgery. The drug
combination showed promising results by reducing hyperalgesia, mast
cell number, c-Fos and NGF expression, degree of histological nerve
damage, proinflammatory cytokine level, and apoptosis. The authors
also suggested that ultramicronized PEA exerted a synergistic effect
with regard to the paracetamol-induced reduction of two markers of as-
trocyte and microglial activation, i.e., GFAP and Iba-1 (Peritore et al.,
2020). Moreover, the mechanisms of the anti-inflammatory effects of
this drug combination were also investigated through the effect on the
NFKB pathway. The degradation of IkBa and the nuclear translocation
of NF<B were counteracted only when ultramicronized PEA was added
to paracetamol. In addition, the drug combination led to a decrease of
COX-2-dependent prostaglandin E2 (COX-2/PGE2) release (Peritore
et al., 2020).
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Overall, these data suggest an additive and stable antinociceptive ef-
fect of combining ultramicronized PEA with opioids or paracetamol. In-
terestingly, when combined with the studied opioids (i.e. morphine,
tramadol, oxycodone), ultramicronized PEA also allow for tolerance
delay. The preemptive administration of ultramicronized PEA (i.e.
8 days starting from the day of the CCI surgery or from the first day of
the paw pressure test in health rats) followed by the acute association
of opioids and ultramicronized PEA, emerged as a key factor and
might suggest the clinical advantage of pretreatment (and combined)
administration regimen in the clinical setting.

9.3. Ultramicronized PEA protects against anticancer drug-induced neuro-
pathic pain

A number of anticancer agents, traditionally coordination complexes
of platinum, taxanes, Vinca alkaloids, bortezomib, but also more re-
cently approved drugs, such as immune checkpoint inhibitors (Farina,
Villagran-Garcia, & Honnorat, 2023), the anti-CD30 antibody-drug
conjugate brentuximab vedotin (Velasco, Domingo-Domenech, &
Sureda, 2021), or the anti-GD2 monoclonal antibody dinutuximab
(Mastrangelo et al., 2021), induce chronic peripheral neuropathy as a
side effect. This occurrence strongly impairs the quality of life of pa-
tients, especially of those who are substantially cured by anticancer
treatment and whose expectation of life is similar to that of the healthy
population (Burgess et al., 2021). To date, despite many efforts, no ther-
apeutic strategy has been shown to successfully reverse this side effect
and thus no drug has been approved by international drug regulatory
agencies. Due to the neuroprotective and pain-relieving functions of
PEA, some research groups, including ours, have investigated the poten-
tial ability of ultramicronized PEA to counteract this side effect (Table 3).

In an oxaliplatin-induced neuropathic pain rat model,
ultramicronized PEA (10 mg/kg or 30 mg/kg) was administered acutely
i.p. on day 21 or daily for 20 days starting from the oxaliplatin first ad-
ministration (Di Cesare Mannelli, Pacini, Corti et al., 2019). The neuro-
pathic pain model was obtained by administering oxaliplatin 2.4 mg/kg
daily for 5 consecutive days a week for 3 weeks. This dose corresponds
to the human dosage, based on the Km factor 37 for the conversion of
animal doses to the Human Equivalent Dose (Freireich, Gehan, Rall,
Schmidt, & Skipper, 1966). After daily administration, oxaliplatin
reached a cumulative dose of 36 mg/kg, i.e., 1332 mg/m?, that corre-
sponds to the clinical cumulative oxaliplatin dose causing chronic neu-
ropathy. On day 21, a single administration of 30 mg/kg
ultramicronized PEA reduced pain induced by mechanical and thermal
stimuli. Moreover, the repeated treatment with PEA for 20 days signif-
icantly reduced oxaliplatin-induced hypersensitivity and significantly
relieved motor alterations. The neuroprotective effects of PEA were ev-
idenced by the ex vivo evaluations of dorsal root ganglia, peripheral
nerves and spinal cord. The prevention of glia-activation was also ob-
served after repeated administrations of ultramicronized PEA (Di
Cesare Mannelli, Pacini, et al., 2015).

More recently, Cristiano et al. (Cristiano et al., 2022) investigated the
ability of ultramicronized PEA to reduce paclitaxel-induced peripheral
neuropathy (8 mg/kg i.p. daily for 7 days) and associated mood disor-
ders in rats. Ultramicronized PEA (30 mg/kg) was administered p.o.
one hour after the last paclitaxel administration. Results showed that
PEA was able to reduce the development of pain hypersensitivity and
this effect was associated with the reduction of pro-inflammatory cyto-
kines in spinal and hippocampal regions as well as antidepressive and
anxiolytic effects.

The mitigation by PEA of the painful and quality of life limiting
neuropathy due to neurotoxic anticancer agents is also supported
by mechanistic data that have been collected with naive PEA
(Donvito, Wilkerson, Damaj, & Lichtman, 2016; Elfarnawany &
Dehghani, 2022). Although data on this potential use of PEA are still
preliminary, the rationale appears solid, and it can be reasonably
considered successful.
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10. Clinical studies

Due to the growing number of preclinical studies demonstrating the
pain-relieving properties of PEA, interest in the clinical application of
micron-sized PEA formulations has grown accordingly. Several
double-blind, open label and N-of-1 randomized trials have been
performed in the last 10-15 years, with different formulations of
PEA being administered either as a single or an add-on nutritional
intervention.

However, no clinical trial has been designed to investigate if one for-
mulation (i.e. naive, micronized, ultramicronized) is clinically superior
on the other. Although pharmacokinetic findings argue in favor of the
superior bioavailability of micron-size formulations, the current lack of
comparative clinical studies does not provide a solid base to assess dif-
ferences in terms of efficacy and/or side effects among the available
PEA formulations.

An interesting piece of information about the clinical effect of PEA
emerged from the post-hoc analysis performed by Cruccu et al.
(Cruccu, Stefano, Marchettini, & Truini, 2019) on a previously published
placebo-controlled study (Guida et al., 2010). The analysis allowed to
estimate the “number needed to treat” (NNT), i.e., a measure depicting
the effectiveness of an intervention. The percentage of patients who
manifested at least 50% pain relief in response to the daily supplemen-
tation with micronized PEA was calculated and NNT was found to be
1.7 (Cruccu et al., 2019). Interestingly, higher NNTs, i.e., 3.6, 6.3, 6.4
and 7.7 for tricyclic antidepressants, gabapentin, serotonin-
norepinephrine reuptake inhibitors and pregabalin, respectively have
been calculated (Finnerup et al., 2015).

In the available clinical trials, pain intensity was most commonly
evaluated by the 10 cm Visual Analogue Scale (VAS) and 0-10 Numeric
Rating Scale for Pain (NRS Pain) (Hawker, Mian, Kendzerska, & French,
2011), with other evaluation tools being also used, like the Neuropathic
Pain Symptom Inventory (NPSI) (Padua et al., 2009), the Health ques-
tionnaire five dimensions (EQ-5D) (Rabin, Gudex, Selai, & Herdman,
2014) and the 12-Item Short-Form Health Survey (SF-12) (Ware,
Kosinski, & Keller, 1996).

The most representative clinical trials investigating the clinical ben-
efit and safety profile of dietary interventions with ultramicronized PEA,
even by meta-analyses, are presented below.

10.1. Efficacy

Overall, the available clinical studies have been mainly designed to
evaluate if supplementing PEA improved the efficacy of standard anal-
gesics or otherwise allowed for the reduction of their frequency, dura-
tion or dose of administration. In the following sections, the main
uncontrolled and controlled trials, as well as meta-analyses investigat-
ing the effect of ultramicronized PEA on chronic pain, mainly as an
add-on regimen, will be briefly reviewed (Tables 4 and 5).

10.1.1. Uncontrolled clinical trials

A relevant number of uncontrolled, observational, retrospective or
prospective clinical trials have been performed with ultramicronized
PEA being administered as a supplementation to different analgesics.
Overall, three of the reviewed studies were retrospective trials
(Chirchiglia, Chirchiglia, & Signorelli, 2018; Marini et al., 2018;
Schweiger et al,, 2019) (Table 4).

The first studies that investigated the effect of ultramicronized PEA
as a co-adjuvant to analgesic therapies date back to 2010-2011 and
were performed in patients with chronic pain of different etiology
(Desio, 2010; Desio, 2011; Desio, Bonadiman, Fusco, & Cenacchi,
2010). Ultramicronized PEA 1200 mg/day in two doses was adminis-
tered for 30 days in combination with increasing doses of oxycodone
(i.e., 5 mg daily, days 1-5 and 5 mg twice daily, days 6-30) in 20 pa-
tients with low back pain (Desio, 2011). The same daily fixed dose
was administered for 45 days, either in combination with increasing
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doses of pregabalin (from 150 mg/die to 400 mg/day) in 30 patients af-
fected by diabetic neuropathy or post-herpetic neuralgia (Desio,
2010) or in combination with carbamazepine (3 x 100 mg days 1-5,
3 x 200 mg days 6-10, 3 x 400 mg days 11-40) in 31 patients affected
by trigeminal neuralgia (Desio et al., 2010). A significant reduction of
disability and pain intensity as scored on VAS, together with an im-
provement in quality of life were shown. Importantly, the effects were
observed even if the analgesic drugs were used at lower than effective
doses, suggesting that ultramicronized PEA helped controlling pain
and associated symptoms. Although these trials did not include mecha-
nistic studies, the authors suggested that such potential additive or syn-
ergistic effect could be due to the activity of PEA on mast cells and
microglia.

A large cohort of patients (n = 610) suffering from uncontrolled
chronic pain of different etiology was enrolled in an observational
prospective study evaluating the effects of ultramicronized PEA used
in addition to standard analgesic treatment (i.e., anticonvulsants plus
opioids or anticonvulsants plus rescue drugs) (84% of cases) or as single
agent (the remaining 16% of patients) (Gatti et al., 2012). The adminis-
tration of ultramicronized PEA alone in this small percentage of patients
was due to the discontinuation of standard therapy because of impor-
tant side effects or treatment refusal. Ultramicronized PEA 1200 mg/
day was administered for 3 weeks followed by 600 mg/day for
4 weeks. Results showed a marked decrease in the mean score of pain
intensity from baseline to the end of treatment. No relationship was
found between the effects of ultramicronized PEA and associated anal-
gesic treatments. Interestingly, ultramicronized PEA used as a single
agent was shown to be as effective as its combined use with analgesics.

A relevant number of studies was performed in patients with
chronic back pain due to different pathological causes (Chirchiglia,
Paventi, et al., 2018; Scaturro et al.,, 2020) including failed back surgery
(Paladini et al., 2017).

Ultramicronized PEA has been evaluated in a prospective single-
blind trial performed in patients with low back pain related to nonsur-
gical lumbar radiculopathy (Chirchiglia, Paventi, et al., 2018). Patients
received a daily fixed combination of paracetamol/codeine
(500 mg + 30 mg) for 7 days, followed by ultramicronized PEA
(1200 mg/day) alone for 30 days. Patients who did not experience an
improvement in pain or disability started a second 30-day cycle with
ultramicronized PEA (600 mg/day) followed by a further 30-day treat-
ment with paracetamol/codeine. A follow-up of 24 months was per-
formed. Overall, 155 patients were evaluated, and results showed an
improvement in pain and disability in those with mild to moderate
pain. At the end of treatment, 74 % of those who underwent the second
cycle of ultramicronized PEA and standard analgesic treatment experi-
enced an improvement of disability even in case of severe pain
(VAS > 7). These effects were maintained also at the two planned
follow-up visits (12 and 24 months).

A prospective (n = 30)/retrospective (n = 25) trial investigated the
effect of 6-month administration of ultramicronized PEA (600 mg twice
daily) as an add-on nutritional intervention to tapentadol (100-500 mg
according to the patient needs; prospective arm), compared to
tapentadol alone (retrospective arm) in patients suffering from chronic
low back pain (Passavanti et al., 2017). Paracetamol 1000 mg was used
as rescue drug in case of pain exacerbation. Tapentadol is a centrally-
acting synthetic analgesic whose exact mechanism of action is still
partially unknown. Preclinical studies indicate tapentadol as a p-opioid
receptor agonist and a norepinephrine reuptake inhibitor (Tzschentke
et al.,, 2007) and its analgesic effects in animal models are due to both
these mechanisms. Results of the study by Passavanti (Passavanti
et al., 2017) showed that combining ultramicronized PEA with
tapentadol allowed for a superior effect on pain relief and improvement
of disability. Interestingly, a reduction of the needed tapentadol dose,
compared to tapentadol alone, was also observed.

Patients with chronic low back pain caused by intervertebral disc
herniation were enrolled in a prospective observational study
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Table 4
Efficacy of oral ultramicronized PEA (umPEA) in uncontrolled clinical trials.
Authors Study design Pain etiology No.of  Treatment arm PEA effects Side effects
patients
Desio et al, Open label Trigeminal neuralgia 31 umPEA 1200 mg/day for 45 days in  Significant reduction in pain Not reported
2010 add-on to carbamazepine intensity, improvement of
functional ability and quality of the
sleep
Desio, 2010 Open label Diabetic neuropathy/ 30 umPEA 1200 mg/day for 45 days in  Significant reduction of pain Not reported
Postherpetic add-on to pregabalin intensity, improvement of the
neuralgia functional ability, with a better
quality of the sleep
Desio, 2011 Open-label Low back pain 20 umPEA 1200 mg/day for 30 days in  Significant reduction of pain Not reported
add-on to increasing doses of intensity and improvement of
oxycodone (5 mg/day for 5 days functional ability. A better quality of
and 10 mg/day for 25 days) sleep was reported by 80% of
patients
Gatti et al,  Open-label Chronic pain of 610 umPEA 1200 mg/day for 3 weeks, Significant decrease of pain Patients who completed the
2012 different etiology then 600 mg/day for 4 weeks in intensity, maintained 6 months study did not report any
add-on to eventual standard after discontinuation of umPEA treatment-related adverse
analgesic treatment treatment events or serious adverse
(antidepressants, anticonvulsants, events.

opioids, non-steroidal
anti-inflammatory drugs)

Cocito Prospective, Diabetic neuropathy/ 30 umPEA 1200 mg/day for 40 days in  Significant improvement of pain, Not reported
etal, 2014 Open-label Traumatic add-on to pregabalin, gabapentin neuropathic pain intensity and
neuropathy and/or tramadol quality of life
Del Giorno ~ Observational Fibromyalgia 80 Prospective arm: umPEA Significant improvement of pain None of the patients
etal, 2015 (prospective vs 1200 mg/day for 1-month, followed symptoms, with a further reduction experienced side effects
retrospective) by mPEA 600 mg/day for 2 months, in the number of positive tender
in add-on to the existing therapeutic points compared to patients treated
regimen with duloxetine and with duloxetine/pregabalin

pregabalin (n = 35)
Retrospective arm: duloxetine and
pregabalin for 6 months (n = 45)

Putzu, 2016 Open-label Charcot-Marie-Tooth 22 umPEA 1200 mg/die for 80 days umPEA significantly improved the There were no adverse events
Neuropathy (20 days sublingual microgranules  clinical symptoms of CMT related to treatment at any
and 60 days tablets) neuropathy (pain, fatigue and time during the course of the
painful cramps) study
Dalla Volta, Open-label Migraine with aura 50 umPEA 1200 mg/day for 3 months  Significant reduction in frequency, 1 woman withdrew after
2016 in add-on to analgesic treatment duration and intensity of migraine 1 month of treatment due to

attacks and analgesics consumption. migraine worsening. None of
Thermographic patterns showed a the other patients reported
reduction of hypothermia as well as  treatment-related adverse

of the response to trigger factors events
Paladini Prospective, Failed Back Surgery 35 umPEA 1200 mg/day for 1 month Further and significant decrease of ~ None of the patients
etal, 2017 Observational Syndrome followed by umPEA 600 mg/day for pain intensity after umPEA experienced adverse events
another month, in add-on to treatment introduction after um-PEA add-on to the
tapentadol (150 mg/day) and standard treatment
pregabalin (300 mg/day) therapy
(started one month before umPEA
introduction)
Passavanti  Pilot, Low back pain 55 Prospective arm: umPEA Significantly higher reduction in Episodes of diarrhoea in 15%
etal,2017 Observational 1200 mg/day in add-on to pain intensity, in its neuropathic of patients in the prospective
tapentadol (100-500 mg/day) for component and the degree of arm
6 months, plus paracetamol disability in umPEA group. umPEA
1000 mg in case of pain allowed a reduction in tapentadol
exacerbation (n = 30) dose
Retrospective arm: tapentadol
(100-500 mg/day) for 6 months,
plus paracetamol 1000 mg in case of
pain exacerbation (n = 25)
Marini Retrospective, Temporo-Mandibular 12 umPEA 600 mg/day in add-on to Pain progressively decreased over None of the participants
etal,2018 Open-label Joint (TM]) arthralgia Celecoxib 200 mg 2/day (morning  time, with a significant reduction reported any side effects
(in osteoarthritis and evening) for 4 days, followed by after the first 4 days and no related to treatment
patients) umPEA 600 mg/day as single agent  significant pain at the end of
for 2 weeks treatment. Maximum mouth
opening also improved
Chirchiglia, Retrospective, Nonsurgical lumbar 100 I cycle: umPEA microgranules Significant decrease of average pain  During the two cycles of
Chirchiglia, Observational radiculopathies 1200 mg/day for 10 days, followed intensity after one month of therapy therapy nobody reported any
& by umPEA tablets 1200 mg/day for ~ with a further improvement after adverse events
Signorelli, 20 days in add-on to paracetamol the second cycle. Total success
2018 500 mg plus codeine 30 mg/day for percentage was of about 80%, with a
4 days, and then as needed for greater effect on patients with mild
1 month total; and moderate grade of pain

Il cycle: umPEA tablets 600 mg/day
in add-on to paracetamol 500 mg

(continued on next page)
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Table 4 (continued)
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Authors Study design Pain etiology No.of  Treatment arm PEA effects Side effects
patients
plus codeine 30 mg/day for 4 days,
and then as needed, for 30 days
Chirchiglia, Prospective, Nonsurgical lumbar 155 I cycle: paracetamol/codeine umPEA treatment administered Authors did not record any
Paventi, Single-blind radiculopathies 500/30 mg/day (1000-60 mg/day  after paracetamol/codeine at low side effects or drug-drug
Seminara, for patients with severe pain) for dosage was able to reduce pain and interactions.
Cione and 7 days followed by umPEA disability in all treated patients,
Gallelli, 1200 mg/day for 30 days. albeit patients with severe pain
2018 Il cycle: patients who experienced a showed an incomplete resolution of
persistence of pain or disability the latter. These effects were
started again umPEA 600 mg/day maintained at each follow 12 and
for 30 days followed by 24 months after the beginning of
paracetamol/codeine for further the study.
30 days
Schweiger  Retrospective, Fibromyalgia 407 umPEA 1800 mg/day for 10 days, Significant improvement of pain Mainly gastrointestinal side
etal, 2019 Observational 1200 mg/day for 20 days and intensity and quality of life effects in 13.7% of patients
600 mg/day for 15 months as (diarrhoea, dyspepsia,
maintenance therapy, in add-on to bloating, constipation,
concomitant pharmacological vomiting)
therapy
Stochino Pilot, Open-label, Endometriosis 30 umPEA microgranules 1200 mg/day Significant improvement in chronic ~ Only 2 patients withdrew
Loi et al., Single-arm, for 10 days, followed by PEAPol pelvic pain, deep dyspareunia, from the study, 1 due to
2019 non-Randomized 400 mg + 40 mg 2/day for 80 days. dysmenorrhea, dyschezia, as well as  pelvic inflammatory disease
Ketoprofen lysine salt sachet 80 mg in quality of life and psychological and 1 to non-compliance.
2/day was the only NSAID allowed  well-being; significant reduction in ~ Treatment was well
the use of ketoprofen; chronic pelvic tolerated and adverse events
pain and dysmenorrhea maintained were not observed
a statistically significant difference
compared to baseline 30 days after
treatment discontinuation
Papetti Pilot, Open-label Migraine without 70 umPEA 600 mg/day for 12 weeks. Significant reduction in the number  One patient developed
etal, 2020 aura (pediatric NSAIDs (i.e. ibuprofen, paracetamol, and intensity of monthly attacks nausea and bloating
population) diclofenac sodium, ketorolac) were  after 12 weeks of umPEA treatment
used as needed, during acute attack  and significant reduction of monthly
assumption of rescue drugs
Scaturro Prospective, Low back pain 120 umPEA 1200 mg/day in add-on to Significant decrease in pain Not reported
etal, 2020 Observational daily functional rehabilitation intensity; improvement of the

session and a decontracting massage
for 20 days, followed by umPEA
600 mg/day for 40 days in add-on to
standard therapy performed (e.g.
gabapentinoids or opioids)

quality of life (i.e., increased physical
and mental components); decreased
pain-dependent disability

investigating the effect of ultramicronized PEA in combination with a
rehabilitative therapy (Scaturro et al., 2020). Ultramicronized PEA
600 mg twice a day plus standard analgesic therapy (mainly
gabapentinoids or opioids) was associated to a daily functional rehabil-
itation session for 20 days, followed by ultramicronized PEA 600 mg/day
for 40 days. Overall, 120 patients were evaluated, and their average pain
intensity scores decreased significantly with a concomitant improve-
ment in both physical and mental components of the quality of life as
well as decreased pain-dependent disability.

An observational study further evaluated the efficacy of
ultramicronized PEA, used as an add-on therapy for the management
of chronic pain in pain-resistant patients affected by failed back sur-
gery syndrome (Paladini et al., 2017). After an interval from surgery
in which pain persisted, patients were treated with tapentadol
(150 mg/day) and pregabalin (300 mg/day). One month after standard
treatment had started, ultramicronized PEA was added (1200 mg/day
subdivided in two doses during the first month and 600 mg/day in
the following month). The 35 patients enrolled had already been
treated with tapentadol and pregabalin in the month before surgery.
Pain was evaluated by VAS at baseline and monthly during the three
months of treatment. Results showed that after one month of treat-
ment with standard analgesics only, VAS score decreased significantly
although no significant subjective improvement in pain symptoms was
recorded. The addition of ultramicronized PEA in the subsequent
two months contributed to a further and significant decrease in pain
intensity.

14

A prospective open-label clinical trial investigated the efficacy of
ultramicronized PEA as an add-on treatment in patients with diabetic
or traumatic neuropathic pain (Cocito, Peci, Ciaramitaro, Merola, &
Lopiano, 2014). Overall, 30 patients were orally administered with
1200 mg/day ultramicronized PEA as a supplementation to other anal-
gesic drugs (pregabalin, gabapentin, and/or tramadol), whose dose
was maintained stable during the whole study period. The mean pain
score on VAS significantly improved within the first 10 days of treat-
ment and further decreased after 40 days of PEA dietary intervention.
In addition, NPSI total score and EQ-5D improved from baseline to the
end of treatment.

Ultramicronized PEA was also investigated in two trials performed
in adult (Dalla Volta, 2016) and pediatric (Papetti et al., 2020) patients
affected by migraine without aura.

A total of 50 patients were included in an open label pilot study and
received sublingual ultramicronized PEA 600 mg, twice daily for
3 months (Dalla Volta, 2016). A significant reduction of the monthly fre-
quency of migraine attacks was observed in 69.3% of patients. Moreover,
a reduction of migraine intensity and intake of analgesics was observed
in 71.4% and 59.1% of patients, respectively. Also, 72.3% of patients expe-
rienced a less severe complexity of the migraine accompanying symp-
toms as well as a reduction of the response to trigger factors.

Similarly, 70 pediatric patients were recently included in a prospec-
tive trial to evaluate the efficacy and tolerability of ultramicronized PEA
(600 mg/day in two doses for three months) as a prophylactic nutri-
tional intervention for migraine without aura (Papetti et al., 2020). In
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Table 5
Efficacy of oral ultramicronized PEA (umPEA) in controlled clinical trials.
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Authors Study design ~ Pain No.of  Treatment arm Comparator arm PEA effects Side effects / Adverse events
etiology  patients
Andresen et al,  Double-blind, Spinal 73 umPEA 1200 mg/day for Placebo No difference between Adverse events in 9.6% of
2016 randomized cord 12 weeks in add-on to twice/daily for treatment arms patients (paralytic ileus,
injury standard therapy (n = 36). 12 weeks in cholecystolithiasis, and
add-on to standard erysipelas, fungus infection);
therapy (n = 37) umPEA was not associated
with more adverse effects than
placebo
Chirchiglia, Prospective, Migraine 40 umPEA 1200 mg/day for NSAIDs as needed  Significant and time-dependent No side effects or drug
Cione, Caroleo Single-blind  with aura 90 days and NSAIDs as (ibuprofen, pain relief evident at 60 days interaction adverse events
etal, 2018 needed (ibuprofen, diclofenac sodium, and until the end of the study
diclofenac sodium, or or nimesulide)
nimesulide) during acute during acute attack
attack (n = 20) for 90 days
(n = 20)
Evangelista Open-label, Carpal 42 Pre-operative phase: umPEA No treatment, At the end of the pre-surgery All patients completed the
etal, 2018 Randomized  Tunnel microgranules 1200 mg/day apart from surgery, period there was a highly observational pre- and
Syndrome for 10 days, followed by plus rescue drug as  significant improvement in post-surgery periods without
umPEA tablets 1200 mg/day needed (n = 20)  overall sleep quality with an reporting any
for 50 days; increase of continuous sleep treatment-associated side
Post-operative phase: time and a reduction of sleep effects
umPEA tablets 1200 mg/day latency and disturbances, as
for 60 days, followed by well as a significant mitigation
umPEA 600 mg/day for of painful symptoms in favor of
30 days. Rescue drug were the treated group
permitted (n = 22)
Ottaviani et al,  Double blind, Burning 35 umPEA 1200 mg/day for Placebo 2/day for  Statistically significant No side effects
2019 Randomized = mouth 60 days (n = 17). 60 days (n = 18)  reduction of burning mouth
syndrome (Concomitant medications sensation at the end of

allowed)

treatment in the umPEA group

this case, the headache frequency was reduced by >50% per month in
63.9% of patients and a significant reduction in the number of monthly
attacks was reported. Also, the mean intensity of the attacks and the
percentage of patients with severe attacks significantly decreased. Inter-
estingly, the monthly use of drugs for the attacks, was also significantly
reduced. Overall, the authors found that patients who had at least a 50%
of attack frequency reduction after treatment were supplemented with
ultramicronized PEA at 40 mg/kg dose (Papetti et al., 2020).

An observational retrospective/prospective trial was performed to
evaluate the efficacy of the add-on supplementation of micronized
and ultramicronized PEA to duloxetine (i.e., a selective serotonin and
norepinephrine reuptake inhibitor antidepressant) combined with the
anticonvulsant pregabalin in patients with fibromyalgia syndrome
(Del Giorno, Skaper, Paladini, Varrassi, & Coaccioli, 2015). Patients
treated with duloxetine and pregabalin for 6 months (n = 45) were ret-
rospectively selected, while patients in the PEA group (n = 35) were
prospectively enrolled and treated for 3 months with a mean daily
dose of duloxetine and pregabalin of 36 mg and 49.2 mg, respectively,
followed by ultramicronized PEA 600 mg/twice a day for one month
and micronized PEA 300 mg/twice a day for two further months. The
add-on administration of ultramicronized and micronized PEA resulted
in a significant decrease of pain and number of tender points compared
to duloxetine and pregabalin only.

A different approach was used in patients with chronic pelvic pain
associated with endometriosis, a well-known estrogen-dependent
chronic benign inflammatory disease with difficult management. In an
open-label pilot study, ultramicronized PEA (600 mg/twice a day for
10 days) followed by co-micronized PEA/polydatin (400 mg + 40 mg
twice a day for 80 days) was administered in 30 symptomatic women
(Stochino Loi et al., 2019). Ketoprofen 80 mg was allowed maximum
twice a day. A statistically significant decrease between baseline and
the end of treatment was observed in the mean score of chronic pelvic
pain, as well as in the severity of dysmenorrhea, dyspareunia, and
dyschezia. Interestingly, it emerged that although one month after the
end of ultramicronized/co-micronized PEA supplementation the mean

scores of the study parameters slightly increased, chronic pelvic pain
and dysmenorrhea mean scores were still significantly lower compared
to baseline. A significant reduction in the use of ketoprofen at the end of
the study was also reported.

Finally, an open label trial was performed in 22 patients affected by
Charcot-Marie-Tooth disease (Putzu, 2016). Overall, patients belong-
ing to four families, received sublingual ultramicronized PEA 600 mg
twice daily (20 days) followed by ultramicronized PEA tablets 600 mg
twice daily (2 months). A reduction of pain, fatigue and painful cramps
was observed already after the first 20 days and a further improvement
was reported at the end of treatment according to VAS score.

Although informative, these studies did not provide adequate evi-
dence on the activity of ultramicronized PEA alone or as add-on to
standard analgesic treatments. The main factor relates to their uncon-
trolled design. In fact, the lack of a control group (only two studies in-
cluded a retrospective control group) does not allow to establish the
real contribution of PEA in the reduction of pain intensity. In addition,
some of these studies are retrospective and this further decreases
their level of evidence (Oxford Centre for Evidence Based Medicine,
2024).

A further aspect that has to be taken into consideration is the hetero-
geneity of pain conditions and treatment duration. In fact, although all
the discussed studies concern diseases that are recognized to cause per-
sistent pathological pain (i.e. nociplastic, e.g. fibromyalgia, back pain,
temporomandibular disorder; neuropathic, e.g. radiculopathies, dia-
betic neuropathy; nociceptive, e.g. spinal pain), such diseases may not
provoke the same pain intensity as well as patients may not be affected
by chronic pain equally (Cohen et al., 2021). These aspects may find an
explanation in the variable duration of PEA treatment among these
studies (range 19-180 days, mean 66.6 days) at the substantially same
dose (i.e. 1200 mg/day in 14 out of 17 described studies).

However, it cannot be disregarded the high number of patients who
have been enrolled in the above-mentioned studies (about 1800)
that allow to consider PEA widely safe waiting for more rigorous efficacy
trials.
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10.1.2. Controlled clinical trials

Ultramicronized PEA has been investigated in a limited number of
randomized or non-randomized controlled trials, most of which have
been conducted in chronic pain of different etiology (Table 5).

Interestingly, one study is represented by N-of-1 randomized trial in
a geriatric population affected by chronic pain of different etiology
(i.e., degenerative due to osteoarthritis/spondylosis/radiculopathy; dia-
betic neuropathy; post-herpetic neuralgia; restless leg syndrome; post-
trauma) (Germini et al., 2017). Patients were randomized to receive
ultramicronized PEA (1200 mg daily, two periods of 3 weeks each
with a 2-week washout interval) or placebo. The concomitant use of an-
algesics, when needed, was allowed. Seven out of the 11 patients com-
pleted the study. Overall, a statistically significant effect on pain
intensity and functional impairment was observed in 3 out of 7 patients
who completed the study.

Chirchiglia and colleagues (Chirchiglia, Cione, Caroleo et al., 2018)
performed a single blind, controlled study in patients suffering from mi-
graine with aura who experienced >2 attacks/month in the past year,
according to ICHD-3 criteria. Forty patients were enrolled in two groups
(20 patients each) and studied for up to 90 days. The treatment group
received daily supplementation with ultramicronized PEA (1200 mg)
in combination with NSAIDs (e.g., ibuprofen, diclofenac, nimesulide),
while the control group received NSAIDs alone. Regardless the treat-
ment group, the NSAID administration was limited to the acute attacks.
The add-on supplementation with ultramicronized PEA resulted in a
statistically significant and time-dependent pain relief, mainly observed
at 60 days and until the end of the study. A decrease in the number of
migraine attacks was also observed. Conversely, the treatment with
NSAIDs alone, although able to induce a significant decrease in pain se-
verity during the attacks, failed to modify pain intensity during the re-
currence or the number of attacks per month (Chirchiglia, Cione,
Caroleo et al., 2018).

As far as randomized trials are concerned, the effect of
ultramicronized PEA on chronic pain was also compared to placebo
(Andresen et al., 2016; Ottaviani et al, 2019) or no treatment
(Evangelista, Cilli De Vitis, Militerno, & Fanfani, 2018).

Andresen et al. (Andresen et al., 2016) performed a randomized,
double-blind, controlled multicentric study to investigate the effect of
ultramicronized PEA (sublingual 600 mg twice a day for 12 weeks) as
an add-on therapy vs placebo in patients with neuropathic pain due to
spinal cord injury. Concomitant treatment with spasmolytics and anal-
gesic drugs was allowed. The primary outcome was the change in mean
neuropathic pain intensity from baseline to the study end on NRS. Over-
all, 68 patients were included in the primary analysis. No difference in
the mean pain intensity between the experimental and placebo arms
was observed and no effect of the add-on intervention was either
shown on spasticity, insomnia, or psychological functioning. The study
by Ottaviani et al. (Ottaviani et al., 2019) evaluated the effect of
administering sublingual ultramicronized PEA in patients suffering
from burning mouth syndrome with symptom intensity score >4 on
NRS. Thirty-five out of 40 enrolled patients were eligible and thus
randomized to receive ultramicronized PEA or placebo 600 mg twice
daily for 60 days. Concomitant medications, including analgesic drugs,
were allowed. A significant reduction of burning mouth sensation was
reported at the end of the treatment in the supplemented group
compared to the placebo.

Finally, the study by Evangelista et al. (Evangelista et al., 2018) com-
pared the effect of ultramicronized PEA 600 mg twice daily adminis-
tered peri-operatively (n = 22) vs no treatment (n = 20) in patients
with carpal tunnel syndrome. Results showed a significant mitigation
of pain and a significant improvement in the quality of sleep in patients
treated with ultramicronized PEA compared to no treatment.

Three out of 4 of the above-described controlled trials were random-
ized and the design appear rigorous. Except for the study of Evangelista
et al. (Evangelista et al., 2018) in which the administration of analgesic
rescue drugs was permitted but not planned, the PEA treatment was
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always associated with standard analgesics in the experimental arm.
As observed for the uncontrolled trials, also in this case, the source of
pain was different among the studies, including spinal cord injury, mi-
graine with aura, burning mouth syndrome and carpal tunnel syndrome
surgery. Overall, PEA treatment lasted from 60 to 150 days with a mean
0f 97.5 days and the dose was 1200 mg/day. Andresen et al. (Andresen
et al., 2016) did not show an advantage in the experimental arm com-
pared with the control arm, although in the other three studies, im-
provements in terms of reduction of pain intensity and/or symptoms
in relation to the different pain conditions was reported. Although in-
cluding a substantial low number of patients, these trials suggest that
ultramicronized PEA may represent a conceivable strategy as add-on
to analgesics in the control of chronic pain.

10.1.3. Meta-analyses

Four meta-analyses focusing on trials evaluating the effect of PEA on
chronic pain, regardless the exact nature of PEA formulations being used
(Artukoglu, Beyer, Zuloff-Shani, Brener, & Bloch, 2017; Lang-Illievich
et al., 2023; Paladini et al., 2016; Scuteri et al., 2022) were identified
by the PubMed search. Overall, the results confirmed that oral supple-
mentation with PEA exerted pain-relieving effects. Only a small overlap
between the clinical studies included in the four meta-analyses was ob-
served (Fig. 2) with this probably being due both to the different years
in which the meta-analyses were performed and the different search
strategies used by each meta-analysis. In agreement with the aim of
this review, the meta-analysis of Artukoglu et al. (Artukoglu et al.,
2017) will not be discussed since it does not include clinical trials per-
formed with ultramicronized PEA.

Paladini and colleagues (Paladini et al., 2016) originally identified 26
studies, including some unpublished trials, and meta-analyzed the
pooled raw data of 12 of them. Dietary supplementation with micron-
ized and ultramicronized PEA to patients with chronic pain of different
origin (e.g., lumbosciatalgia, carpal tunnel syndrome, radiculopathy, os-
teoarthritis, Herpes Zoster, as well as diabetic, post-traumatic and
chemotherapy-induced neuropathies) was commonly associated with
NSAIDs, opioids, or anticonvulsants. Three out of 12 studies were
double-blinded, however, only one was published as a full paper

Paladini et al., 2016
(12 trials)

ang-Illievich et al., 2023
(11 trials)

Scuteri et al., 2022
(8 trials)

5 9

Fig. 2. Venn diagram displaying the number of overlapping clinical trials among three
meta-analyses evaluating the contribution of PEA in chronic pain control. Overall, num-
bers take into account only the meta-analyzed trials.
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(Guida et al., 2010), with the others being either published as abstract
(Montella, Carotenuto, Orefice, & Orefice, 2014) or unpublished at the
time of the analysis. The design of three further studies was open-
label controlled randomized versus no treatment (an abstract by
Assini et al., 2010 and an unpublished study) or physiotherapy (an
abstract by Parabita et al., 2011). The remaining 6 studies were
open-label trials, with two being unpublished and four published as
full-papers (reviewed in the previous paragraphs: Gatti et al., 2012;
Desio, 2011; Desio, 2010; Cocito et al,, 2014). Ten out of twelve studies
were performed with ultramicronized PEA, with the remaining investi-
gating micronized PEA. Overall, PEA dose ranged from 300 mg/day to
1200 mg/day and duration of treatment varied from 21 to 365 days.
The presence of abstracts and unpublished data represents a relevant
limitation of this meta-analysis, despite the statistical approach
(i.e., analysis of the whole pooled raw data with Generalized Linear
Mixed Model) was adequate. Moreover, to take into account the different
contribution of PEA in studies with different design, “double-blind” was
included as a covariate in the model, thus pain reduction was net of the
placebo effect. Overall, 1484 patients were included, 80% treated with
micron-sized PEA formulations and 20% controls. PEA treatment led to
a significantly greater reduction in pain severity compared to control pa-
tients (1.04 points every 2 weeks with a 35% response variance explained
by the linear model in the PEA group vs 0.20 points every 2 weeks with
1% response variance in the control group). Also, a pain score < 3 was
reported in 81% and 40.9% of patients after 2 months with or without
PEA supplementation, respectively. Finally, the benefit of micron-size
PEA supplementation was shown to be independent from either
demographical feature (i.e., age and gender) or type of chronic pain.

A subsequent meta-analysis performed by Scuteri et al. (Scuteri
et al., 2022) considered clinical trials on nociceptive, musculoskeletal
and neuropathic pain. Ten trials were identified among the 2022 origi-
nally retrieved results and only 8 were eligible for quantitative analysis
(Andresen et al., 2016; Cocito et al., 2014; Faig-Marti & Martinez-
Catassts, 2017; Gatti et al., 2012; Paladini et al., 2017; Parisi, Ditto,
Borrelli, & Fusaro, 2021; Passavanti et al., 2017; Scaturro et al., 2020).
Two trials had been included in the meta-analysis by Paladini
(Paladini et al., 2016) (Cocito et al., 2014; Gatti et al., 2012). Overall, a
total of 933 patients were evaluated and the primary outcome was
pain reduction on NRS and VAS. Two out of 8 studies (Andresen et al.,
2016; Faig-Marti & Martinez-Catassds, 2017) were randomized
double-blind trials and compared ultramicronized and unprocessed
PEA, respectively, with placebo. The others were open label (Cocito
et al.,, 2014) or observational (Gatti et al., 2012; Paladini et al., 2017;
Parisi et al., 2021; Passavanti et al., 2017; Scaturro et al., 2020) trials.
PEA (daily dose range 600 mg - 1200 mg) was administered as a
stand-alone nutritional intervention or add-on to standard analgesics.
In 6 out of 8 studies, ultramicronized PEA was administered
(Andresen et al., 2016; Cocito et al., 2014; Gatti et al., 2012; Paladini
etal,, 2017; Passavanti et al., 2017; Scaturro et al., 2020). Overall, results
showed a significantly superior effect of PEA over the control, although
the high heterogeneity of the studies (I> = 99%) and asymmetry of the
funnel plot were indicative of publication bias. No data stratification and
therefore no analysis on different PEA formulations were performed.

The meta-analysis by Lang-Illievich and collaborators (Lang-Illievich
et al, 2023) has been very recently published and is the most compre-
hensive in terms of analysis and stratification of data. It included only
double-blind randomized controlled trials performed in patients with
chronic pain of several origins. The accurate screening of a total of 316
papers, allowed to select 11 studies (Andresen et al., 2016; Cobellis
et al., 2011; Cremon et al., 2017; Faig-Marti & Martinez-Catasss,
2017; Marini, Bartolucci, Bortolotti, Gatto, & Bonetti, 2012; Murina,
Graziottin, Felice, Radici, & Tognocchi, 2013; Orefice et al., 2016;
Ottaviani et al., 2019; Pickering, Steels, Steadman, Rao, & Vitetta, 2022;
Steels, Venkatesh, Steels, Vitetta, & Vitetta, 2019; Tartaglia et al,,
2015). The control arm was represented by placebo in 9 out of 11 stud-
ies (Andresen et al., 2016; Cremon et al., 2017; Faig-Marti & Martinez-
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Catassus, 2017; Murina et al., 2013; Orefice et al., 2016; Ottaviani
et al., 2019; Pickering et al., 2022; Steels et al., 2019; Tartaglia et al.,
2015), while the remaining two studies used either ibuprofen (Marini
et al.,, 2012) or placebo and celecoxib (i.e., three arms (Cobellis et al.,
2011)) as control. The primary outcome of this meta-analysis was
pain reduction on quantitative pain scales. The overall sample size was
774 patients. The authors rigorously took into consideration a series of
critical issues due to differences among the 11 selected studies, mainly
in terms of the (i) origin of chronic pain, (ii) daily doses of PEA
(i.e., from 300 mg to 1200 mg, although >600 mg was the most
preferred dose), (iii) duration of treatment (i.e., from 10 days to
12 months, although 2-3 month-duration was most represented) and
(iv) formulations of PEA. Three out of the 11 trials were performed
with ultramicronized (Andresen et al., 2016; Orefice et al., 2016;
Ottaviani et al., 2019), one with micronized PEA (Marini et al., 2012),
four with PEA co-micronized with polydatin (Cobellis et al., 2011;
Cremon et al., 2017; Murina et al., 2013; Tartaglia et al., 2015), one
with PEA obtained according to Briskey et al. (2020) (Pickering et al.,
2022) and the remaining two with unprocessed (i.e., naive) PEA
formulations (Faig-Marti & Martinez-Catassts, 2017; Steels et al.,
2019). The available information did not allow the authors to establish
if one formulation showed greater benefit than the other. Nonetheless,
the effect of PEA resulted to be superior to placebo in 8 studies and a
statistically significant reduction of pain intensity in a pooled estimate
emerged with a standard mean difference of 1.68 (Lang-Illievich et al.,
2023).

Data obtained by the meta-analytic approach are characterized by
the highest level of evidence in medicine. Thus, the results of the three
described meta-analyses suggest that PEA treatment improves chronic
pain. However, as affirmed by the authors themselves, these publica-
tions present some bias (e.g. different trial design, chronic pain of differ-
ent origin, variable PEA doses and treatment duration, different
analgesic treatment in the control arms, when present). Also, results
were not stratified according to the different PEA formulations, thus
preventing from a definitive answer on the superiority of one formula-
tion over the other(s).

10.2. Safety

Based on the available data, tolerability of ultramicronized PEA ap-
pears to be good, as very few side effects and adverse events were
ever observed, as detailed in Tables 4 and 5. In particular, only one pa-
tient developed mild side effects (nausea and bloating) in the study of
Papetti et al. (Papetti et al., 2020). Similar gastrointestinal side effects
were observed in 13.7% of patients administered ultramicronized PEA
together with analgesics (Schweiger et al., 2019) and 15% of patients
combinedly treated with ultramicronized PEA and tapentadol
(Passavanti et al., 2017). No side effects were reported by Desio
(2010), Paladini et al. (2017) and Del Giorno et al. (2015) in patients ad-
ministered ultramicronized PEA, respectively associated with
pregabalin, carbamazepine, oxycodone, tapentadol and pregabalin, or
duloxetine and pregabalin.

Among the controlled trials, only Andresen and colleagues
(Andresen et al., 2016), reported that a small percentage of patients (7
out of 73, 9.6%) developed adverse events, with 5 being serious, irre-
spective from treatment group (urinary tract infection, paralytic ileus,
cholecystolithiasis, and erysipelas, fungus infection causing hospitaliza-
tion in 3 patients treated with ultramicronized PEA and 1 treated with
placebo). In the ultramicronized PEA supplemented group, one patient
committed suicide, but no relationship was found with the study inter-
vention. One further patient in the ultramicronized PEA group experi-
enced a fungus infection and 1 in the placebo group experienced
blurred vision. All adverse events were consistent with the disease con-
dition of the study population (i.e., spinal cord injury) and
ultramicronized PEA was not associated with more adverse effects
than placebo.
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Altogether, these studies provide a very promising safety profile of
ultramicronized PEA. In fact, data reported in the many discussed trials,
may be considered adequately reliable, independently from the design
of the study.

11. Conclusions

Chronic pain seriously affects the quality of life of patients. The avail-
able pharmacological interventions may be inadequate to reduce pain or
may induce important side effects that further impair the life of patients,
especially the frailest and oldest ones. The most analgesic drugs address
the neuronal component of pain, generally neglecting the neuroinflam-
matory one. Thus, the search for substances targeting non-neuronal cells
and thereby able to co-adjuvate standard analgesics (i.e., improving
efficacy and reducing side effects) is of pivotal importance. The physio-
logical protective functions of endogenous PEA - mainly in terms of pain
control through non-neuronal cell downregulation - are mimicked or
sustained by the exogenous administration of PEA, provided that
bioavailable formulations are used, in particular for oral delivery.
Accordingly, orally administered ultramicronized PEA has been investi-
gated in the preclinical setting and the available data, although limited,
have shown superior pharmacokinetic profile compared with unpro-
cessed formulations. To date, a direct comparison in terms of efficacy
between ultramicronized and naive or micronized PEA formulations is
still missing both at the preclinical and clinical level.

Results from the available controlled clinical trials suggest that pa-
tients combinedly treated with analgesics and ultramicronized PEA gen-
erally experienced superior benefits in terms of pain relief compared to
those without PEA supplementation. In addition, the good tolerability
profile of ultramicronized PEA allows it to be used safely, even in frail
patients (i.e., aged, multidiseased or on polypharmacy patients). How-
ever, only the implementation of controlled clinical trials comparing
the three PEA formulations in terms of efficacy and tolerability will def-
initely establish the clinical superiority of a formulation on the others.
Finally, in vitro and in vivo studies characterizing the complex and mul-
tiple mechanisms sustaining the effects of PEA in pain control are also
warranted.
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