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* Correspondence: salvatore.cuzzocrea@unime.it (S.C.); rosalia.crupi@unime.it (R.C.)

Dr. Francesco Della Valle made a significant impact in both the business and scientific
domains. Reading for a degree in chemistry, with an emphasis on organic and biological
disciplines, he quickly distinguished himself in the pharmaceutical industry. This distinc-
tion was largely due to the industrial ventures he passionately and adeptly led. His fervor
for science resulted in him receiving three honorary degrees and co-inventing numerous
pharmaceutical patents, including more than 100 in Europe, with broad recognition in
major countries, and as many active patents in the United States.

A quintessential man of science, Dr. Della Valle was simultaneously a visionary
entrepreneur always in search of innovation and a thorough, meticulous manager who
steered his company with determination. Recognizing the importance of open innovation,
he valued the synergistic relationships between academia and industry [1].

A devoted scholar of neuroscience, Dr. Della Valle collaborated with Nobel laureate
Rita Levi Montalcini for many years. He deeply grasped the significance of biological
breakthroughs like the nerve growth factor (NGF), drawing him closer to Professor Mon-
talcini [2]. “Try to understand the strategy that Nature would use to protect itself from
harm”, was the counsel given to him by the Nobel laureate in 1991 [3]. Inspired by this
advice, Della Valle pursued the discovery and development of substances that could emu-
late nature’s protective strategies through the ALIA mechanism [4]. He was profoundly
invested in studying neuroinflammation as the foundation for various ailments, ranging
from neuropathic pain to neurological diseases [5]. His scientific journey was marked by a
relentless “quest for life”, gleaning insights and motivation from nature.

Dr. Francesco Della Valle leaves behind a legacy of pharmaceutical patents, scientific
publications, pharmacological innovations, and concepts of neuroinflammation and neuro-
pathic pain. Yet, his most invaluable legacy is his passion for science, truth, dialogue, and
life itself.

The research presented in this Issue underscores the importance of continuing studies
on PEA and related ALIAmides, using insights from nature to tackle new and increasingly
complex challenges. We would like to express a heartfelt thank you to all the authors,
reviewers, and contributors who have made the publication of this Special Issue possible.
Our hope is that the information shared will inspire further research and exploration.

Here is a List of contributions contained in the Special Issue.

Conflicts of Interest: The authors declare no conflict of interest.
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Ultramicronized N-Palmitoylethanolamine Regulates Mast
Cell-Astrocyte Crosstalk: A New Potential Mechanism
Underlying the Inhibition of Morphine Tolerance
Alessandra Toti 1, Laura Micheli 1, Elena Lucarini 1,*, Valentina Ferrara 1, Clara Ciampi 1, Francesco Margiotta 1,
Paola Failli 1, Chiara Gomiero 2, Marco Pallecchi 3, Gianluca Bartolucci 3, Carla Ghelardini 1

and Lorenzo Di Cesare Mannelli 1

1 Department of Neuroscience, Psychology, Drug Research and Child Health—NEUROFARBA—Pharmacology
and Toxicology Section, University of Florence, Viale Pieraccini 6, 50139 Florence, Italy

2 Epitech Group SpA, Via Luigi Einaudi 13, 35030 Padua, Italy
3 Department of Chemistry, University of Florence, Via Ugo Schiff 6, 50019 Florence, Italy
* Correspondence: elena.lucarini@unifi.it; Tel.: +39-055-2758395

Abstract: Persistent pain can be managed with opioids, but their use is limited by the onset of
tolerance. Ultramicronized N-palmitoylethanolamine (PEA) in vivo delays morphine tolerance
with mechanisms that are still unclear. Since glial cells are involved in opioid tolerance and mast
cells (MCs) are pivotal targets of PEA, we hypothesized that a potential mechanism by which PEA
delays opioid tolerance might depend on the control of the crosstalk between these cells. Morphine
treatment (30 µM, 30 min) significantly increased MC degranulation of RBL-2H3 cells, which was
prevented by pre-treatment with PEA (100 µM, 18 h), as evaluated by β-hexosaminidase assay and
histamine quantification. The impact of RBL-2H3 secretome on glial cells was studied. Six-hour
incubation of astrocytes with control RBL-2H3-conditioned medium, and even more so co-incubation
with morphine, enhanced CCL2, IL-1β, IL-6, Serpina3n, EAAT2 and GFAP mRNA levels. The
response was significantly prevented by the secretome from PEA pre-treated RBL-2H3, except for
GFAP, which was further upregulated, suggesting a selective modulation of glial signaling. In
conclusion, ultramicronized PEA down-modulated both morphine-induced MC degranulation and
the expression of inflammatory and pain-related genes from astrocytes challenged with RBL-2H3
medium, suggesting that PEA may delay morphine tolerance, regulating MC-astrocyte crosstalk.

Keywords: morphine; tolerance; N-palmitoylethanolamine; mast cell; glial cells; cross-talk

1. Introduction

Pain management is still one of the most significant problems that affect patient
quality of life [1]. Pain can result from injury [2], surgery [3] or disease, such as type 1
and 2 diabetes, osteoarthritis as well as cancer [4–6] and it can also arise as a side effect
of anti-cancer chemotherapies [7]. Therapies for pain relief depend on the intensity or
persistence of pain; for mild pain acetaminophen, non-steroidal anti-inflammatory drugs
(NSAIDs) such as aspirin, ibuprofen and naproxen are recommended, while in the case of
severe pain, opioids such as morphine are the first choice [8].

The analgesic effect of morphine is mainly exerted by µ-receptor [9], although mor-
phine also interacts, albeit weakly, with the κ and δ receptors [10]. Morphine receptors
are distributed in the peripheral and central nervous system (PNS and CNS), especially in
the periaqueductal gray matter and posterior horns of the spinal cord, but they are also
present in different peripheral tissues and organs, being responsible for several side effects,
including vomiting, nausea, constipation, pruritus, and respiratory depression. These
effects typically arise within the first weeks of treatment and are likely to become more
severe with time, when cognitive failure, tolerance and addiction may develop [11].

Biomolecules 2023, 13, 233. https://doi.org/10.3390/biom13020233 https://www.mdpi.com/journal/biomolecules
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In particular, tolerance is defined as the necessity to increase the dose of morphine
in order to obtain a good analgesic effect after repeated treatment and can be man-
aged with opioid rotation, as long as the side effects do not lead to treatment with-
drawal [12]. In recent decades, morphine tolerance has been attributed to the desensitiza-
tion/internalization of µ-receptors and the involvement of glial cell overactivation has been
recently suggested [13,14].

Glial cells (i.e., astrocytes and microglia together with oligodendrocytes and Schwann
cells), not only exert supportive functions, but are increasingly considered to play a
pivotal role in the transmission of pain and regulation of numerous pathophysiological
processes [15–17]. In rats daily administered with morphine 10 mg/kg i.p. a significant
increase in the number of glial cells was observed in the dorsal horn of the spinal cord,
once tolerance has developed (i.e., after 6 days) [18]. Accordingly, it has been recently
demonstrated that glial selective inhibitors as fluorocitrate, minocycline, propentofylline,
and pentoxifylline delay morphine tolerance [19–22].

N-palmitoylethanolamine (PEA) is a glia modulator and a pro-homeostatic lipid
mediator, belonging to the family of fatty acid ethanolamines, which are produced on
demand from the lipid bilayer [23]. Recent studies have demonstrated the efficacy of
PEA against persistent pain [24] and neurological disorders [25] with an optimal safety
profile in humans [26]. Increasing information is currently available on the pleiotropic
mechanism of action of PEA, which behaves as a cannabinomimetic compound, stimulating
the effects of endocannabinoids through the so-called entourage effect [27]. Moreover, PEA
is an agonist of the peroxisome proliferator-activated receptor type α (PPAR-α), a nuclear
transcription factor able to inhibit both pro-inflammatory cytokine release [28] and the
activity of enzymes such as cyclooxygenase [29]. In a model of chronic constriction injury,
we have previously demonstrated that pain-relieving effects of PEA depend, at least in
part, on a PPAR-α-mediated mechanism [30].

Notably, treatment with a bioavailable PEA formulation (i.e., ultramicronized PEA)
was shown to delay the onset of morphine tolerance and prevent the increase of glial cells
number in the dorsal horn of the spinal cord [18]. The mechanisms sustaining this effect
of PEA are still unclear. It is known that morphine activates mast cells (MCs) in vivo and
enhances histamine release [31–33], while PEA down-modulates MC degranulation [34]
and astrocyte activity [35].

Based on this background, the aim of the present study was to investigate if a
crosstalk exists between astrocytes and MCs during morphine treatment and if PEA can
regulate it. Despite the well-known limitations of 2D cell cultures, the present study
might provide novel insights in the mechanism(s) underlying PEA-induced delay of mor-
phine tolerance and non-neuronal cell(s) mainly involved in. The results could thus
improve our understanding on the management of opioid tolerance and related neuroin-
flammatory disorders.

2. Materials and Methods
2.1. Materials

Ultramicronized PEA (99.9% powder particle size <6 µm) was kindly provided by
Epitech Group (Saccolongo, Italy) and for simplicity will be referred to as PEA hereafter.
PEA was dissolved in dimethyl sulfoxide (DMSO, Merck, Milan, Italy) at 10 mM, and
100 µM was used with a final concentration of 1% DMSO. Morphine hydrochloride was
purchased from S.A.L.A.R.S. (Como, Italy) and dissolved in sterile water.

2.2. Animals

The Sprague-Dawley rats were purchased from the Envigo company (Varese, Italy)
around the seventeenth day of pregnancy. They were housed in a 26 cm × 41 cm cage at
the Laboratory Animal Housing Center (Ce.SAL) of the University of Florence, fed with
a standard diet and water ad libitum and kept at 23 ± 1 ◦C with a light cycle/12 h dark,
with light at 7 am. The rats were kept alive until delivery and the pups were sacrificed
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between day 1 and day 3 of life to isolate a primary culture of rat cortical astrocytes. All
handling of animals were carried out in accordance with the guidelines of the European
Community for the care of animals (DL 116/92, application of the directives of the Council
of the European Community of 24 November 1986; 86/609/EEC). The ethics policy of the
University of Florence complies with the decree Guide for the Care and Use of Laboratory
Animals of the US National Institutes of Health (NIH Publication number 85-23, revised
1996; University of Florence assurance number: A5278-01). Formal approval to conduct the
experiments described was obtained from the Italian Ministry of Health (No. 333/2020-PR)
and from the Animal Subjects Review Board of the University of Florence. All efforts were
made to minimize animal suffering and reduce the number of animals used.

2.3. Cell Culture

The rat basophilic leukemia cells (RBL)-2H3, purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA), were cultured in Eagle’s Minimum Essential
Medium (EMEM)-High Glucose growth medium (ATCC, Manassas, VA, USA), containing
L-glutamine (2 mM), supplemented with 15% Heat Inactivated Fetal Bovine Serum (FBS,
Euroclone, Milan, Italy), penicillin (100 U/mL) and streptomycin (100 µg/mL; Merck,
Milan, Italy). The RBL-2H3 cell line was used as a commonly accepted model of MCs [36].

Primary cultures of cortical astrocytes were obtained according to the method de-
scribed by McCarthy and de Vellis [37]. Briefly, the cerebral cortex of new-born Sprague-
Dawley rats (Envigo, Varese, Italy) post-natal day 1–3 was dissociated in Hanks balanced
salt solution containing 0.5% trypsin, 0.2% EDTA and 1% DNase (Merck, Milan, Italy) for
30 min at 37 ◦C. The suspension was mechanically homogenized and filtered with 70 µm
filters. Cells were plated in Dulbecco’s Modified Eagle’s Medium (DMEM)-High Glucose
(Merck, Milan, Italy) supplemented with 20% FBS (Euroclone, Milan, Italy), L-glutamine
(2 mM), penicillin (100 U/mL) and streptomycin (100 µg/mL; Merck, Milan, Italy). Con-
fluent primary glial cultures were used to isolate astrocytes, removing microglia and
oligodendrocytes by shaking. After 21 days of culture, astrocytes were plated according
to experimental requirements. Cells were maintained in incubator, at 37 ◦C, and in a
humidified atmosphere of 5% CO2.

2.4. Cell Viability Assay

The RBL-2H3 cells and astrocytes were plated at the density of 4 × 103 and
5 × 103 cells/well respectively in a 96-well plate. After the appropriate treatments at
24 and 48 h, the medium was removed and the cells incubated with a 1 mg/mL solu-
tion of Thiazolyl Blue Tetrazolium Bromide (MTT; Merck, Milan, Italy), at 37 ◦C, for
1 h and a half. The dissolution of the crystals was carried out with 200 µL of DMSO per
well, and the absorbance was read at 590 nm using the EnSight Multimode Plate Reader
(Perkin Elmer) [38].

2.5. Cell Count

The RBL-2H3 cells were plated in 6-well plate, at a density of 4 × 105 cells/well,
sensitized with anti-DNP IgE (50 ng/mL) and concurrently treated with PEA 100 µM. After
24 and 48 h, cells were detached and counted using a Burker’s chamber. A mean of two
counts for condition with 4 replicates were analyzed [39].

2.6. β-hexosaminidase Assay

The RBL-2H3 cells were plated in a 24-well plate, at a density of 5× 104 cells/well, and
the next day cells were sensitized with anti-dinitrophenyl (DNP)-IgE (50 ng/mL) at 37 ◦C
overnight. After 18 h, two washes with modified Tyrode’s (MT) buffer (20 mM HEPES,
135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5.6 mM glucose, and 0.05% BSA,
pH 7.4) were performed and then cells were treated in 250 µL of MT buffer containing
morphine 30 µM, PEA 10–100 µM or morphine 30 µM + PEA 100 µM for 30 min at 37 ◦C.
Cells were then stimulated with DNP-BSA (625 ng/mL) for 5, 10, 15 and 30 min at 37 ◦C.
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After stimulation, the supernatant was collected and the cells lysed with 250 µL of MT buffer
containing 0.1% Triton X-100, and then sonicated for 30 s on ice. Both supernatants and cell
lysates were transferred to a new 96-well plate, 50 µL per sample, and incubated for 1 h at
37 ◦C with 50 µL/well of 1 mM p-nitrophenyl-N-acetyl-d-glucosaminide (NAG; Merck,
Milan, Italy) dissolved in 0.1 M citrate buffer (pH 4.5). The enzymatic reaction was then
stopped by adding 100 µL/well of 0.1 M carbonate buffer (pH 10.0). The absorbance (A)
was read at 405 nm using EnSight Multimode Plate Reader (Perkin Elmer). The percentage
of β-hexosaminidase released was calculated as follows: 100 × [(A supern − A white)/(A
supern − A white) + (A pellet − A white pellet)] [40].

2.7. Histamine Assay

The amount of histamine in RBL-2H3 media was measured by isotopic dilution
(ID) bidimentional high performance liquid chromatography (2D-HPLC) with tandem
mass spectrometry (MS/MS) method. The instrument employed was a Varian (Palo Alto,
CA, USA) triple quadrupole 1200 L system (able to perform MS/MS experiments) cou-
pled with three Prostar 210 pumps (each one can manage one solvent line), a Prostar
410 autosampler and an electro-spray ionization (ESI) source. All the raw data collected
were processed by Varian Workstation (version 6.8) software. The system was equipped
with two 6-port valves. The following columns were used: (1) SeQuant® ZIC-HILIC
20 × 2.1 mm as loading column and (2) SeQuant® ZIC-HILIC 50 × 2.1 mm as analytic
column, both with a particle size of 3.5 µm. The elution was performed with the following
solvents: (1) solvent A, mQ water:acetonitrile 9:1 solution added with 5 mM formic acid
and 15 mM ammonium formate; (2) solvent B, mQ water:acetonitrile 1:9 solution added
with 15 mM formic acid and 5 mM ammonium formate; and (3) solvent C (used for sample
loading), mQ water:acetonitrile 1:9 solution added with 17.5 mM formic acid 2.5 mM
ammonium formate. The loading time was carried out in isocratic elution with the solvent
C for 2 min at flow of 0.5 mL min−1. It was demonstrated that in 2 min the analyte is
completely retained by the loading column. After 2 min the valve changed position and the
gradient of A and solvents started in counter-flow from the loading to the analytic columns.
The gradient started from 90% to 20% of solvent B in 7 min and held for 3 min, then it
returned at 90% of solvent B in 0.1 min and restored the initial condition for 13 min, for a
total run time of 25 min [41]. More details on the method are reported in Supplementary
Materials (Tables S1–S5; Figure S1).

2.8. Collection of Mast Cell-Conditioned Medium

RBL-2H3 media were collected after appropriate treatment and centrifuged two times
for 5 min at 200× g to eliminate floating cells and debris before treating astrocytes.

2.9. Timeline of Astrocytes Treatment with Mast Cell-Conditioned Medium

Primary astrocytes were plated in 6-well plate at a density of 2.5 × 104 cells/well and
subsequently treated for 48 h with 30 µM morphine in DMEM with 1% FBS. In parallel,
RBL-2H3 were plated in 6-well plate at a density of 4 × 105 cells/well and pre-sensitized
the next day with anti DNP-IgE 50 ng/mL ± PEA 100 µM.

The next day, after two washes in phosphate buffer solution (PBS) to eliminate DNP-
IgE and PEA, the RBL-2H3 were incubated in DMEM with 1% heat inactivate FBS and
0.05% BSA and then stimulated for 24 h with DNP-BSA 625 ng/mL. Conditioned media of
RBL-2H3 were collected as previously described. At the end of 48 h of morphine treatment,
astrocytes were incubated for 6 h with media collected from control and PEA pre-treated
RBL-2H3 (see Scheme 1).
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2.10. Protein Extraction, Electrophoresis, and Western Blot

Cells were lysed with 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.5% Triton
X-100 and complete protease inhibitors (Roche, Milan, Italy).

The lysates were collected, sonicated for 3 min in ice, vortexed for 1 min and finally
centrifuged at 12,000× g for 10 min, at 4 ◦C, and the supernatant collected. Total protein
concentrations were quantified by bicinchoninic acid test (Merck, Milan, Italy). An amount
of 40 µg of proteins was resolved with precast polyacrylamide gel (BOLT 4–12% Bis-
Tris Plus gel; Thermo Fisher Scientific, Monza, Italy) before electrophoretic transfer to
nitrocellulose membranes (Bio-Rad, Milan, Italy). The membranes were blocked with 5%
Blotto, non-fat dry milk (Santa Cruz Biotechnology, Dallas, TX, USA) dissolved in PBS-
0.1% Tween (PBST; Merck, Milan, Italy) and then probed overnight at 4 ◦C with primary
antibodies specific for mouse MOR-1 (1:1000; cod. sc-515933, Santa Cruz Biotechnology,
Dallas, TX, USA) and mouse GAPDH (1:5000; cod. sc-32233, Santa Cruz Biotechnology,
Dallas, TX, USA). The membranes were then incubated for 1 h in PBST containing the
anti-mouse secondary antibody HRP conjugated (1:5000; Santa Cruz Biotechnology, Dallas,
TX, USA). ECL (Enhanced Chemiluminescence Pierce, Rockford, IL, USA) was used to
visualize peroxidase-coated bands. Densitometric analysis was performed using the ImageJ
analysis software (ImageJ; NIH, Bethesda, MD, USA). Normalization with housekeeping
gene GAPDH content was performed [42].

2.11. Immunofluorescence

The RBL-2H3 cells and astrocytes were plated at the density of 4 × 105 and
5 × 104 cells/well respectively on 22 × 22 mm cover slides placed in a 6-well plate.
After the appropriate treatments, the cells were fixed with 4% paraformaldehyde for
15 min at room temperature. Permeabilization was performed by incubation for 1 h with
PBS 1X-0.3% Triton and blocking phase with PBS 1X-0.3% Triton+0.5% BSA followed by
overnight incubation at 4 ◦C with rabbit anti-mast cell tryptase (1:200, GeneTex, TX, USA)
or rabbit anti-glial fibrillary acidic protein (GFAP; 1:200, cod. Z0334, Dako Agilent, Santa
Clara, CA, USA) diluted in the blocking solution. The next day, after appropriate wash-
ing in PBS, the slides were incubated for 2 h with the Alexa Fluor ® 568 goat anti-rabbit
conjugated secondary antibody (1:500, Life Milan, Italy) at room temperature, diluted in
the blocking solution. Finally, nuclei were labeled with 4′,6-diamidine-2-phenylindole
(DAPI; Life Technologies, Milan, Italy) for 5 min, diluted in PBS to a final concentration of
500 ng/mL. After washing in double distilled water, the slides were placed on a spec-
imen slide using the FluoromountTM aqueous mounting medium (Life Technologies,
Milan, Italy). The images were acquired using a Leica DM6000 B motorized fluorescence
microscope equipped with a DFC350FX camera (Leica, Mannheim, Germany). The intensity
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was calculated using imageJ and analyzing 10 fields per slide acquired randomly with a
20× objective [42].

2.12. Real Time Polymerase Chain Reaction (RT-PCR)

Total RNA was isolated from cells using NucleoSpin® RNA (Macherey-Nagel,
Düren, Germany) following manufacturer’s instruction. An amount of 500 nanograms
of RNA was retrotranscribed using iScript cDNA Synthesis kit (Bio-Rad, Milan, Italy).
RT-PCR was performed using SsoAdvanced Universal SYBR® Green Supermix (Bio-Rad,
Milan, Italy) following the thermal profile suggested by the kit.

The following primers were used for detection:
rSerpina3n: forward 5′-CTTTCTGCAGTATGTGGGAATCACTTGG-3′ and reverse

5′-GGCTGCATTGCTCTAAGTAGGAGTGC-3′ (Invitrogen);
rCCL2: forward 5′-TCTTCCTCCACCACTATGCAGGTCTC-3′ and reverse 5′-TCTTT-

GGGACACCTGCTGCTGGTG-3′ (Invitrogen);
rGFAP forward 5′-CTGACACACGTTGTGTTCAAGCAGCC-3′ and reverse 5′-CTG-

AAGGTTAGCAGAGGTGACAAGGG-3′ (Invitrogen).
Validated primers to detect rIL-6 (qRnoCID0053166), rIL-1β (qRnoCID0004680),

rEAAT2 (qRnoCED0005967), rTNFα (qRnoCED0009117), and rβ2microglobulin as house-
keeping (qRnoCED0056999), were purchased from Bio-Rad (Bio-Rad, Milan, Italy). The
differential expression of the transcripts was normalized on the housekeeping gene.

2.13. Measurement of Intracellular Ca2+

Dynamic intracellular cytosolic Ca2+ ([Ca2+]i) was evaluated in astrocytes plated
on round glass coverslips (diameter 25 mm) and after the appropriate treatments they
were labeled with 4 µM Fluo-4AM (Life technologies, Milan, Italy) for 45 min, at 37 ◦C.
Cells were washed and kept in Hepes buffer (NaCl 140 mM, NaHCO3 12 mM, Hepes
10 mM, KCl 2.9 mM, NaH2PO4 0.5 mM, CaCl2 1.5 mM, glucose 10 mM, MgCl2 1.2 mM,
pH = 7.4). The coverslips were mounted in a perfusion chamber and placed on the stage of
an inverted reflected light fluorescence microscope (Zeiss Axio Vert. A1 FL-LED) equipped
with fluorescence excitation (475 nm) with LED. Cells were incubated for at least 5 min
in the control solution and then stimulated with 100 µM ATP. The dynamics of calcium
was recorded for at least 3 min after administration of the agonist. The fluorescence of
Fluo-4AM was recorded with a Tucsen Dhyana 400D CMOS camera (Tucsen Photonics
Co., Ltd., Fuzhou, China) with a resolution of 1024× 1020 pixels2. Ca2+ dynamics was mea-
sured by single cell imaging analysis at 35 ◦C. The images were recorded using the Dhyana
SamplePro software, recording 13 frames per second and dynamically analysed with the
open-source community software for bioimaging Icy (Pasteur Institute, Paris, France). A
signal-to-noise ratio of at least 5 arbitrary units of fluorescence (A.U) was considered as
an agonist-induced increase in Ca2+. The following parameters were evaluated: the ratio
between the agonist-induced maximum change in fluorescence and the basal fluorescence
(∆F/F, measured as A.U.), the time to reach the maximum calcium value and the area under
the fluorescence calibrated curve baseline (AUC/F, evaluated as A.U.). The experiments
were repeated in 3 different cell preparations, analysing at least 6 cells per optical field
(using a 40×magnification objective) [43].

2.14. Statistical Analysis

Results were expressed as mean ± S.E.M. and analysis of variance (ANOVA)
was performed.

A Bonferroni significant difference procedure was used as post hoc comparison. Data
were analysed using the “Origin 8.1” software (OriginLab, Northampton, MA, USA).
Differences among groups were considered significant at values of p < 0.05. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001.
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3. Results
3.1. Morphine and PEA, Used Solely or in Combination, Do Not Affect Mast Cell Viability

We first verified by MTT test that none of the investigated concentrations of mor-
phine (0.3–300 µM) was toxic on RBL-2H3 cells at either 24 or 48 h treatment (Figure 1a).
The 30 µM concentration was therefore chosen since it was observed to induce a con-
sistent degranulation without any toxic effects. Then, increasing concentrations of PEA
(10 nM–100 µM) together with 30 µM morphine were tested on RBL-2H3 cells by MMT.
Figure 1b,c show that PEA at the concentration range 10 nM–10 µM, alone or in combina-
tion with 30 µM morphine, does not affect cell viability in a significant manner, either at
24 or 48 h. Although a decrease in RBL-2H3 cell viability was observed with PEA 50 µM
and 100 µM, with the effect being worsened by morphine, PEA 100 µM (24 h treatment)
did not affect the cell count, suggesting that it was not toxic at the higher concentration
(Figure 1d). A decrease in the number of cells was observed at 48 h, probably due to
an impaired proliferation more than a toxic effect of PEA (Figure 1d). For this reason,
24 h treatment was selected for further experiments. The total protein content at 24 h in
control and PEA 100 µM-treated RBL-2H3 cells confirmed the findings from the cell count
assay (Figure 1e).
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  Figure 1. Effect of morphine and N-palmitoylethanolamine (PEA) on MC viability. (a) MTT of
RBL-2H3 cells treated with increasing concentrations of morphine (0.3–300 µM) for 24 and 48 h;
(b,c) MTT of RBL-2H3 treated with increasing concentrations of PEA (10 nM-100 µM) alone or
in combination with 30 µM morphine for 24 and 48 h; control condition was arbitrarily set as
100%; (d) Cell count of RBL-2H3 cells treated with PEA 100 µM and 1% DMSO at 24 and 48 h;
(e) Protein content in RBL-2H3 cells treated for 24 h with PEA 100 µM. Values are expressed as the
mean ± S.E.M. of three experiments. * p < 0.05; ** p < 0.01 vs. control.
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3.2. RBL-2H3 Cells Express the µ-Receptor and Morphine Augments Mast Cell Degranulation

Since opioid treatment is known to activate MCs [33], but no information is available
on the molecular mechanism(s), we first evaluated the expression of morphine receptors
on RBL-2H3 cells. Western blot analysis of MOR-1 demonstrated, for the first time, that
RBL-2H3 cells express morphine µ-receptor (Figure 2a and Figure S2). Given the consis-
tent basal degranulation, the RBL-2H3 cell activation protocol had first to be optimized
(Figure S3) before investigating morphine-induced degranulation. Similar to what reported
by other groups [44,45], RBL-2H3 cells were pre-sensitized with anti-DNP IgE (50 ng/mL)
for 18 h. The next day, cells were incubated with morphine (0.3–300 µM) for 30 min
in a buffer containing 0.05% BSA and then stimulated with DNP-BSA (625 ng/mL) for
10 min [46,47]. In these conditions, a controlled granule release was achieved. As reported
in Figure 2b, morphine induced a concentration dependent decrease of tryptase intensity,
suggesting an increased tryptase release and thus degranulation. To better investigate
morphine-induced degranulation, the release of β-hexosaminidase was also studied and
the percentage of β-hexosaminidase in the medium was compared to that inside the cells.
A significant 15% increase in the release of β-hexosaminidase was observed in sensitized
RBL-2H3 cells challenged with DNP-BSA for 5, 10, 15 and 30 min and treated with 30 µM
morphine for 30 min (Figure 2c). Lengthening morphine incubation time up to 24 h did not
generate any statistically significant increase (Figure 2d), probably due to the very short
time needed by morphine to induce maximum RBL-2H3 cell degranulation.
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degranulation up to 40%, while PEA at 100 μM achieved 80% reduction (Figure S4). The 
ability of 100 μM PEA to counteract morphine-induced RBL-2H3 cell degranulation was 
analysed by β-hexosaminidase assay. RBL-2H3 cells were challenged with DNP-BSA for 
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Figure 2. Effect of morphine on MC degranulation. (a) Western blot of MOR-1 (µ-receptor) on
RBL-2H3 cells. The expression was compared to GAPDH levels. (b) Immunofluorescence for tryptase
on RBL-2H3 cells pre-sensitized with anti-DNP IgE 50 ng/mL, treated the next day with increasing
concentrations of morphine (0.3–300 µM) for 30 min and then stimulated with DNP-BSA for 10 min.
Cell nuclei were labeled with DAPI. Scale bar = 50 µm. (c) β-hexosaminidase assay of RBL-2H3 cells
pre-sensitized with anti DNP-IgE 50 ng/mL, treated for 30 min with morphine 30 µM and stimulated
with DNP-BSA for 5, 10, 15, 30 min; (d) β-hexosaminidase assay of RBL-2H3 cells pre-sensitized with
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anti DNP-IgE 50 ng/mL, treated for 24 h with morphine 30 µM and stimulated with DNP-BSA for 5,
10, 15, 30 min. DNP-BSA was used at a final concentration of 625 ng/mL in all experiments. Values
are expressed as the mean ± S.E.M. of three experiments. * p < 0.05; ** p < 0.01 vs. control.

3.3. PEA Counteracts Morphine-Augmented Mast Cell Degranulation

Since a previous in vivo study in rats demonstrated that one-week pretreatment with
PEA enhanced the analgesic effect of morphine, thus exerting an opioid sparing effect [48],
we choose to pre-treat RBL-2H3 cells with PEA during anti DNP-IgE sensitization (18 h)
and then incubate cells with PEA for 30 min the following day. The incubation time and
doses were based on preliminary experiments (Supplementary Material). Briefly, the β-
hexosaminidase assay revealed that PEA 10 µM was effective in reducing RBL-2H3 cell
degranulation up to 40%, while PEA at 100 µM achieved 80% reduction (Figure S4). The
ability of 100 µM PEA to counteract morphine-induced RBL-2H3 cell degranulation was
analysed by β-hexosaminidase assay. RBL-2H3 cells were challenged with DNP-BSA for 5,
10, 15 and 30 min. Interestingly, the effect of PEA was found to be statistically significant
not only compared to morphine, but also with regard to the DNP-BSA-challenged RBL-2H3
cells (Figure 3a). Moreover, the second pre-treatment period with PEA (100 µM for 30 min,
after the first 18 h pre-treatment) appeared not to be necessary, since the inhibitory activity
was maintained after a single pre-treatment period both in the absence and presence of
morphine 30 µM (Figure 3a). To confirm these data, the level of histamine released in
the medium was also quantified by HPLC with the same experimental setting. The assay
allowed to identify a slight, albeit non-significant, increase in histamine concentrations in
30 µM morphine-treated RBL-2H3 cells compared to controls. Conversely, pre-treatment
with PEA 100 µM significantly decreased histamine release, both in the absence and
presence of morphine 30 µM (Figure 3b).
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3.4. PEA Down-Modulation of Mast Cell Degranulation Is Long-Lasting

To investigate whether down-modulation of RBL-2H3 cells by PEA (100 µM) was
long-lasting, we challenged cells with DNP-BSA for 30 min, 2, 6 and 24 h the day after
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anti DNP-IgE sensitization and measured the content of histamine in the medium at every
timepoint. After each challenge, PEA-treated RBL-2H3 cells released a significantly lower
amount of histamine compared to controls. As shown in Figure 4a, histamine concentration
(µM) in treated and control cells was respectively 2.55 ± 0.1 vs. 10.2 ± 0.13 at 30 min,
6.86 ± 0.71 vs. 15.07 ± 0.5 at 2 h, 24.57 ± 0.1 vs. 39.03 ± 0.7 at 6 h and finally 89.98 ± 0.9 vs.
126.92 ± 0.9 at 24 h. PEA 100 µM significantly increased also tryptase immunofluorescence,
thus indicating a decreased degranulation (Figure 4b). Since MC activation is known to
induce not only the release of pre-formed mediators (e.g., histamine) but also the release of
de-novo synthesized cytokines and chemokines, the effect of PEA on newly synthesized
mediators was also investigated. Using RT-PCR, we found that 18 h pre-treatment with
PEA 100 µM before 6 h DNP-BSA challenge, efficiently counteracted the increase in the
expression of the CCL2 (0.1 ± 0.002 vs. 1 ± 0.02) and TNF-α (0.63 ± 0.015 vs. 1 ± 0.02)
genes, compared to controls (Figure 4c).
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medium of RBL-2H3 cells pre-sensitized and pre-treated with PEA 100 µM for 18 h and stimulated
with DNP-BSA the next day for 30 min, 2, 6 and 24 h. (b) Immunofluorescence of tryptase on
RBL-2H3 cells pre-treated with PEA 100 µM for 18 h together with the pre-sensitization, and the
next day stimulated with DNP-BSA for 24 h. Cell nuclei were labeled with DAPI. Scale bar = 50 µm.
(c) RT-PCR of RBL-2H3 cells pre-sensitized and pre-treated with PEA 100 µM for 18 h and the next
day stimulated with DNP-BSA for 6 h. DNP-BSA was used at a final concentration of 625 ng/mL in
all experiments. Control condition was arbitrarily set at 1, values are expressed as the mean ± S.E.M.
of three experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control.

3.5. PEA Down-Modulates Mast Cell-Induced Astrocyte Expression of Genes Involved in
Inflammation and Pain

First, the effect of morphine and PEA on primary cortical astrocyte viability was
evaluated as better detailed in the Supplementary section. Briefly, cell viability was not
affected by increasing concentrations of morphine (1–30 µM) while PEA (10–30 µM) af-
fected astrocyte viability, either used alone or in combination with morphine (Figure S5).
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Second, the presence and functional expression of µ-receptors was studied, using western
blot and calcium influx respectively, confirming that primary cortical astrocytes express a
functional µ-receptor (Figure S6). The effect of RBL-2H3 cell mediators (with or without
PEA treatment) on astrocyte viability and activity (with or without morphine treatment)
was then studied by incubating the primary cortical astrocytes with RBL-2H3 cell medium.
Briefly, we showed that RBL-2H3 cell-conditioned medium does not affect astrocytes vi-
ability (Figure 5a). Furthermore, by using RT-PCR we showed that morphine treatment
does not alter the astrocyte expression of any of the investigated genes, i.e., GFAP, EAAT2,
Serpina3n, IL-1β, IL-6, CCL2. On the contrary, control astrocytes incubated with control
RBL-2H3 cell medium showed a significant increase in the expression of all the genes
but EAAT2 (Figure 5b,c). Cell medium from PEA pre-treated RBL-2H3 cells significantly
reversed the increased expression for all the investigated genes, except GFAP that was
furtherly increased (Figure 5b,c). The morphine-treated astrocytes incubated with con-
trol RBL-2H3 cell media showed a significant increase in the expression of all the genes
examined, including EAAT2, with values exceeding those in control astrocytes treated
with the same medium. The incubation with cell medium from PEA pre-treated RBL-
2H3 cells significantly reversed the increased expression of all genes, except for GFAP
(Figure 5b,c). In order to better understand the apparently contradictory findings on GFAP
gene expression, immunofluorescence analysis of GFAP was performed. In contrast to
RT-PCR findings, increased GFAP staining was observed in 30 µM morphine-treated astro-
cytes. Similar findings were also seen in control (and even more so in morphine-treated
astrocytes) incubated with control RBL-2H3 cell medium. In line with RT-PCR findings,
the cell medium from PEA pre-treated RBL-2H3 cells further enhanced GFAP staining
compared to control RBL-2H3 cell medium, both in control and morphine-treated astrocytes
(Figure 6). Summarizing, morphine alone did not change the gene expression profile of
astrocytes, while increasing GFAP immunoreactivity. On the contrary, a significant increase
of the investigated genes was evident if mediators from RBL-2H3 cells were added. Finally,
pre-treatment of RBL-2H3 cells with PEA significantly down-modulated the expression of
astrocyte genes involved in neuropathic pain and inflammation.
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Figure 5. Effect of control and PEA pre-treated MC medium on astrocyte viability and gene expression.
(a) MTT of astrocytes treated with 30 µM morphine (48 h) and conditioned medium (c.m.) from
RBL-2H3 (24 h) stimulated with DNP-BSA (24 h) and pre-treated or not (control) with 100 µM PEA.
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Control condition was arbitrarily set at 100, values are expressed as the mean ± S.E.M. of two
experiments. (b,c) RT-PCR of astrocytes treated with 30 µM morphine (48 h) and conditioned
medium (c.m.) from RBL-2H3 (6 h) stimulated with DNP-BSA (24 h) and pre-treated or not (control)
with 100 µM PEA. Control condition was arbitrarily set at 1, values are expressed as the mean± S.E.M.
of three experiments. DNP-BSA was used at a final concentration of 625 ng/mL in all experiments.
** p < 0.01; *** p < 0.001 vs. control astrocytes. $ p < 0.05; $$ p < 0.01; $$$ p < 0.001 vs astrocytes + c.m.
RBL-2H3 CTRL. δ p < 0.05; δδ p < 0.01 morphine astrocytes + c.m. RBL-2H3 CTRL vs. control
astrocytes + c.m. RBL-2H3 CTRL.
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100 µM PEA. Cell nuclei were labeled with DAPI. Values are expressed as the mean ± S.E.M. of
three experiments. Scale bar = 50 µm. * p < 0.05; ** p < 0.01 vs. control astrocytes. $ p< 0.05 vs.
astrocytes + c.m. RBL-2H3 CTRL. δ p < 0.05; morphine astrocytes + c.m. RBL-2H3 CTRL vs. control
astrocytes + c.m. RBL-2H3 CTRL.

4. Discussion

The management of persistent pain is a major challenge for clinicians as well as
patients. Opioids are the treatment of choice, but their use is limited by the occurrence of
side effects such as tolerance. We have recently shown that ultramicronized PEA effectively
delays tolerance to morphine, tramadol and oxycodone [18,41]. Moreover, ultramicronized
PEA was shown to enhance the analgesic effect of opioids, thus limiting their dosage and
side effects, both in naïve and neuropathic animals [48,49]. However, the mechanisms
underlying the ability of PEA to reduce opioid tolerance are still unclear.

In light of the evidence that (i) PEA down-modulates MC degranulation [50] and
(ii) glial cells are involved in the onset of tolerance [19], we hypothesized and proved
that RBL-2H3 mediators activate astrocytes, while PEA counteracts this activation by
down-modulating RBL-2H3 degranulation.

Mast cells are immune cells increasingly recognized to play pivotal roles not only in
allergy, but also in host defense, innate and acquired immunity, homeostatic responses, [51]
and inflammation [52]. Mast cells are located in almost all tissues, particularly around
blood vessels and in proximity of nerve endings [52], with the same distribution being
observed at meningeal level, both in the spinal cord and brain [53,54]. The critical role
of MCs in the generation and maintenance of neuropathic pain has recently been investi-
gated [55]. In particular, MC degranulated mediators, including nerve growth factor [56],
have been shown to activate and sensitize nociceptors [57,58] as well as stimulate particular
pain pathways [59].

Here we used a validated model of rat MCs, i.e., the RBL-2H3 cell line, and confirmed
that sensitization with anti-dinitrophenyl (DNP)-IgE is needed to induce a tunable de-
granulation, as previously reported by other groups [47,60–62]. Although opioids, such as
morphine, are known to activate MCs in vivo [61–64] and codeine was shown to induce
human MC degranulation in vitro [65], the effect of morphine on the RBL-2H3 cell line
was not investigated yet. Here we showed that morphine was able to significantly and
dose-dependently increase degranulation of DNP-BSA-primed RBL-2H3 cells, without
exerting any cytotoxic effect at the 0.3–300 µM dose range. Interestingly, morphine-induced
degranulation was not only monitored by the release of a well-known MC mediator, i.e.,
β-hexosaminidase [66], but also by immunofluorescence for tryptase, a serine protease
stored in MC granules [67] and released upon MC activation [52,68]. Although the presence
of tryptase in RBL-2H3 cells has been questioned [69], our finding is in line with previous
studies confirming tryptase release in RBL-2H3 after appropriate stimulation [47,70].

Moreover, here we showed for the first time that RBL-2H3 cells express the µ-receptor.
This is consistent with what has been previously shown in human MCs (both primary
and cell line LAD2) [65]. Although the exact involvement of µ-receptors in morphine-
induced MC degranulation was out of the scope of the present study and was not further
investigated, it could be assumed that morphine effect depended on µ-receptors, even if
alternative pathways were identified (e.g., Mas-related G protein-coupled receptor) [71].

In the present study, the ability of ultramicronized PEA to down-modulate MC de-
granulation, in response to DNP-BSA challenge, either alone or associated with morphine,
was confirmed. In particular, the effect of ultramicronized PEA was monitored by β-
hexosaminidase assay, tryptase immunofluorescence, histamine quantification and RT-PCR
for newly synthesized mediators (i.e., CCL2 and TNF-α).

Within pre-formed granules, histamine is one of the main molecules produced by
MCs [72], acting as a pro-inflammatory factor [73]. Our results demonstrated a time-
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dependent histamine release in RBL-2H3 cells, counteracted by PEA treatment up to 24 h of
DNP-BSA stimulation. The result parallels with that obtained by another group in which
histamine was measured by ELISA assay [50]. Moreover, the ability of ultramicronized
PEA to decrease histamine levels was also observed by our group in a rat model of chronic
neuropathic pain [49].

Notably, TNF-α may activate MCs as well as microglia and astrocytes, being involved
in neuroinflammation and chronic pain [74], while CCL2 regulates recruitment of inflam-
matory cells [75] and acts as a chemoattractant to MCs [76]. The present results concerning
the effect of PEA on RBL-2H3 are consistent with previous findings showing that this
lipid amide negatively controls releasability of activated MCs, both in vitro [50,77,78], ex
vivo [79] and in vivo [80,81], in accordance with the so-called ALIA mechanism originally
postulated by the Nobel laureate Rita Levi Montalcini [82].

MCs can interact with virtually all cell populations in the CNS, particularly glial
cells [53]. Interestingly, several lines of evidence indicate that chronic morphine treat-
ment may directly or indirectly activate glial cells [13,19,83], resulting in the release of
pro-inflammatory cytokines (such as TNF-α, IL-1β, IL-6 and chemokines), which in turn
further sensitize the NMDA receptors, promoting the onset of morphine tolerance [84].
In particular, astrocytes are emerging as relevant players in the development of opi-
oid tolerance [19,85,86] and morphine repeated treatment was found to significantly
activate astrocytes in the spinal horn [87]. Consistent with previous findings [88,89],
we here showed that primary rat cortical astrocytes express the µ-receptor and release
calcium in response to morphine, thus confirming previous findings on the astrocyte-
activating effect of morphine [90]. Notably, the lack of morphine toxicity towards astrocytes
was also shown.

The existence of a crosstalk between MCs and astrocyte in opioid tolerance develop-
ment is an intriguing hypothesis that has not yet been evaluated. In the CNS, MCs are
located at the meningeal [54] and blood brain barrier levels, in apposition to astrocytes
and neurons and may enter the parenchyma when barrier permeability is increased [53,91].
Moreover, the powerful mediators released by MCs in the periphery can signal to the CNS
compartment including astrocytes [92]. To study this relationship, morphine-activated
cortical astrocytes were incubated with the conditioned medium of control or PEA pre-
treated MCs. First, it was confirmed that MC medium did not alter astrocyte viability.
Untreated MC medium led to a significant increase in gene expression of IL-1β, IL-6, CCL2,
Serpina3n, EAAT2 and GFAP, in control and even more so in morphine-treated astrocytes,
thus confirming the involvement of these non-neuronal cells in neuroinflammation [84].
Interestingly, the increase in the expression of astrocyte neuroinflammatory (but not pro-
liferative, i.e., GFAP) genes was effectively counteracted by pre-treatment of MCs with
ultramicronized PEA.

IL-1β is one of the first cytokines that have been involved in the onset of morphine
tolerance: selective blockade of the signaling associated with IL-1β prevented the devel-
opment of tolerance following chronic administration of morphine [93]. Moreover, once
tolerance was established, intrathecal administration of an IL-1 receptor antagonist reversed
hyperalgesia and prevented the additional development of tolerance and allodynia [53]. In
addition, IL-1β knockout mice showed an increased morphine analgesia and prevention of
morphine tolerance [93]. Accordingly, the decrease of IL-1β gene expression in response
to incubation of morphine-treated astrocytes with PEA-treated MC medium might be
considered as a protective effect of PEA against opioid-associated neuroinflammation.

IL-6, whose production is induced by IL-1β and TNF-α, is also involved in morphine
tolerance, as well as TNF-α itself, whose inhibition suppress the development of morphine
tolerance in rats [94]. High levels of spinal IL-6 have been shown in tolerant rats [95] and
repeated intrathecal administration of melanocortin 4 receptor antagonist reduced IL-6
expression and decreased astrocyte activation in morphine tolerant rats, counteracting
the loss of morphine analgesic effect [96]. The decreased astrocytic gene expression of
IL-6 in response to PEA-treated MC medium might again confirm the protective effect
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of PEA against neuroinflammation. As far as the chemokine CCL2 concerns, similar
considerations could be drawn. Indeed, CCL2 is up-regulated during neuropathic pain
conditions, while its neutralization (through intrathecal antibodies) improved morphine-
induced analgesia [97].

Beside inflammatory cytokines and chemokines, other markers of astrocyte activation
were analyzed here, to evaluate astrocyte phenotype and functions. SERPINA3 is an acute
phase protein [98] belonging to the serpin superfamily of serine protease inhibitors [99].
SERPINA3 is synthesized mainly in the liver, lungs, and brain [100]. Here, activated as-
trocytes represent the main producers of SERPINA3 [101], whose expression is increased
in response to IL-1 and TNF-α [102]. Previous experiments have shown that mice lack-
ing serpina3n gene develop a more severe mechanical allodynia compared to wild-type
mice [103]. Interestingly, Serpina3n was found to be upregulated in postmortem mid
brain tissues from chronic cocaine abusers [104], and the astrogliosis induced by ischemic
stroke-associated neuroinflammation was characterized by increased Serpina3n mRNA
expression [105]. Furthermore, Serpina3n is involved in neuropathic pain [103] and was
actually found to be upregulated in dorsal root ganglia after peripheral nerve injury [106].
With this in mind, the down-regulation of Serpina3n expression in morphine-treated as-
trocytes following incubation with the medium of PEA-treated MCs can be considered a
further proof of the ability of ultramicronized PEA to rebalance the astrocyte-MC crosstalk.
A possible explanation for this finding could be that ultramicronized PEA downmodulated
TNF-α release from MCs, with this cytokine being responsible for the onset of morphine
tolerance in vivo [94]. The hypothesis is supported by the in vivo evidence that TNF-α
levels are lower in rats co-treated with morphine and PEA compared to those treated with
morphine only [18].

Excitatory amino acid transporter 2 (EAAT2) is primarily localized on astrocytes and
responsible for up to 90% of glutamate uptake in the brain [107]. Some evidence correlates
a down-regulation of EAAT2 to chronic morphine treatment and pain-related conditions,
although a defined role of this transporter is still unclear. In our experiments, EAAT2
over-expression on astrocytes may be viewed as an attempt to enhance glutamate up-take
during neuroinflammation.

Finally, the up-regulation of GFAP, i.e., the main intermediate filament protein of
the astrocyte cytoskeletal compartment [108], is a key feature of astrocyte activation [108]
responsible for both pathogenetic and protective roles [109,110]. While in vivo studies have
mainly shown GFAP up-regulation in response to morphine chronic treatment [18,19,111],
in vitro findings have been more inconsistent. In the present study, an up-regulation of
GFAP in morphine-treated astrocytes was observed, with MC conditioned medium further
increasing its expression. Surprisingly, the incubation of astrocytes with the conditioned
medium from PEA-treated MCs resulted in an opposite effect on the expression of GFAP
(i.e., increase) compared to all the other investigated genes, which indeed were decreased.
In the light of the observed down-regulation of inflammatory genes, it might be inferred that
in the evaluated in vitro system, GFAP increase in astrocytes is part of the PEA-mediated
protective response to morphine potential damage.

5. Conclusions

In conclusion, the present study showed that morphine-induced MC degranulation
leads to astrocyte activation, with MC mediators inducing astrocyte over-expression of
genes involved in pain and inflammation. Pre-treatment with ultramicronized PEA de-
creased MC degranulation and reduced the expression of these astrocyte genes accordingly.
Given the known involvement of astrocytes in the development and maintenance of mor-
phine tolerance, our findings highlight one of the pathways through which PEA may
control this phenomenon, balancing the crosstalk between MCs and astrocytes. This
research lays the foundations for a more in-depth study on the molecular mechanisms
sustaining PEA-induced MC down-regulation and modulation of glial cell behavior.
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Abstract: Acute respiratory distress syndrome (ARDS) is a serious inflammatory lung disorder
and a complication of SARS-CoV-2 infection. In patients with severe SARS-CoV-2 infection, the
transition to ARDS is principally due to the occurrence of a cytokine storm and an exacerbated
inflammatory response. The effectiveness of ultra-micronized palmitoylethanolamide (PEA-um)
during the earliest stage of COVID-19 has already been suggested. In this study, we evaluated its
protective effects as well as the effectiveness of its congener, 2-pentadecyl-2-oxazoline (PEA-OXA),
using in vitro models of acute lung injury. In detail, human lung epithelial cells (A549) activated
by polyinosinic–polycytidylic acid (poly-(I:C)) or Transforming Growth Factor-beta (TGF-β) were
treated with PEA-OXA or PEA. The release of IL-6 and the appearance of Epithelial–Mesenchymal
Transition (EMT) were measured by ELISA and immunofluorescence assays, respectively. A possible
mechanism of action for PEA-OXA and PEA was also investigated. Our results showed that both
PEA-OXA and PEA were able to counteract poly-(I:C)-induced IL-6 release, as well as to revert
TGF-β-induced EMT. In addition, PEA was able to produce an “entourage” effect on the levels of the
two endocannabinoids AEA and 2-AG, while PEA-OXA only increased PEA endogenous levels, in
poly-(I:C)-stimulated A549 cells. These results evidence for the first time the superiority of PEA-OXA
over PEA in exerting protective effects and point to PEA-OXA as a new promising candidate in the
management of acute lung injury.

Keywords: acute respiratory distress syndrome; anti-inflammatory; endocannabinoids; fibrosis; lung
epithelial cells; palmitoylethanolamide; 2-pentadecyl-2-oxazoline

1. Introduction

Acute respiratory distress syndrome (ARDS) is the most devastating condition of acute
lung injury, characterized by pulmonary edema, severe hypoxemia and impaired ability to
eliminate CO2, and represents one among the most challenging clinical disorders of critical
care medicine with high mortality [1–3]. A wide spectrum of risk factors associated with
ARDS, such as pneumonia, bacterial or viral infection, transfusion of blood components,
trauma, acute pancreatitis and drug reaction, can cause direct or indirect acute lung in-
jury [2]. Among viral infections the current SARS-CoV-2 pandemic has arisen as a new
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risk factor in as much as it can affect the lower respiratory tract by causing ARDS [4]. In
particular, in the early stage of COVID-19, the first cells infected by SARS-CoV-2 are the
nasal ciliated cells [5]. Successively, if innate or adaptive responses are not able to clear the
virus, the latter can spread from the nasal cavity to the lung via inhalation and thus infect
alveolar cells [6,7], causing a diffuse alveolar damage that might progress to ARDS. Patients
with severe COVID-19 exhibit systemic hyper-inflammation characterized by a cytokine
storm, including an excessive release of pro-inflammatory mediators, such as interleukin
(IL)-1, IL-6, IL-8 and tumor necrosis factor-alpha (TNF-α) [8], which in turn is responsible
for ARDS. In addition, in the lungs of patients with severe COVID-19 the expansion of
fibroblasts, which determines a degree of fibrosis that increases over the course of the
disease [8], was found, causing or worsening lung injury and failure.

Palmitoylethanolamide (PEA), originally identified in egg yolk and subsequently in a
wide variety of food sources, is highly recognized as an endogenous bioactive lipid, given its
presence in most cells and tissues, from both animals and humans [9]. PEA is synthesized
“on demand” in conditions of current or potential damage and is endowed with anti-
inflammatory, analgesic and neuroprotective properties [10], which are mediated by several
molecular and cellular mechanisms. One of these is the Autacoid Local Inflammation
Antagonism (ALIA), through which PEA downregulates the degranulation of mast cells [11].
PEA is known to directly activate the peroxisome proliferator-activated receptor- (PPAR-
α) [12] and the orphan G-protein-coupled receptor 55 (GPR55) [13] or to indirectly activate
the cannabinoid receptors CB1 and CB2 [14,15] and the transient receptor potential vanilloid
1 (TRPV1) [16–18]. The indirect interaction of PEA with cannabinoid and vanilloid receptors
is known as the “entourage effect”, since it is due to PEA increasing the levels of the
endocannabinoids and endovanilloids, i.e., anandamide (AEA) and 2-arachidonoyl-glycerol
(2-AG). The effect depends upon the inhibition or down-regulation of the AEA-hydrolyzing
enzyme fatty acid amide hydrolase (FAAH) [14] or the stimulation of the activity of the
biosynthesizing enzyme diacylglycerol lipase (DAGL) [15]. PEA tissue concentrations are
altered during different neuro-inflammatory disorders, suggesting that (i) increased levels
might represent a compensatory mechanism to restore homeostasis, while (ii) decreased
levels might contribute to the etiology of the disease [9,10,19]. For these reasons, the
exogenous application of PEA could be required to potentiate the endogenous protective
mechanisms, when the endogenous production of PEA is insufficient o lacking [20,21].

Recently, a natural congener of PEA, 2-pentadecyl-2-oxazoline (PEA-OXA), identified
in both green and roasted coffee beans [22], has been reported to have anti-inflammatory
and anti-nociceptive properties in an experimental model of acute inflammatory pain [23],
to reduce neuroinflammation in an experimental model of Parkinson’s disease [24] and
to exert neuroprotective effects in different neuroinflammatory conditions associated
with spinal and brain trauma in mice [25]. It has been hypothesized that PEA-OXA
could exert its protective role by inhibiting the enzyme responsible for PEA catabolism,
N-acyl-ethanolamine-hydrolyzing acid amidase (NAAA), resulting in an increase in the
endogenous levels of PEA [23].

Therefore, given the ability of PEA and its congener PEA-OXA to exert important anti-
inflammatory and protective effects, the present work aimed to investigate their potential
effectiveness in in vitro models of acute lung injury, reproducing the clinical conditions of
SARS-CoV-2 infection. In particular, this study was based on two currently well-established
facts, i.e., i) IL-6 is a key contributor of the cytokine storm observed in SARS-CoV-2 infection-
associated hyperinflammation and multiorgan failure [8,26], suggesting that this cytokine is a
promising marker and an efficacious therapeutic target for the treatment of COVID-19 [26,27];
and ii) ultramicronized PEA (PEA-um) is a promising adjuvant to be assumed in the earliest
stage of COVID-19, since a reduction in the inflammatory state has been demonstrated both
in cultured murine alveolar macrophages activated by the SARS-CoV-2 Spike Protein [28] and
in a randomized clinical trial [29] carried out with this formulation of PEA.
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To achieve our objectives, here we used the human lung epithelial cell line A549 to repro-
duce: (i) a viral infection resulting in IL-6 cytokine release and (ii) Epithelial–Mesenchymal
Transition (EMT) mechanisms resulting in lung fibrosis.

2. Materials and Methods

All reagents were purchased from Sigma-Aldrich (Milano, Italy) unless otherwise stated.
Pentadecyl-2-oxazoline (PEA-OXA) and palmitoylethanolamide in an ultra-micronized formula-
tion (referred to as PEA hereafter) were obtained from Epitech Group SpA (Saccolongo, Padova,
Italy). Polyinosinic–polycytidylic acid (poly-(I:C)) was purchased from InvivoGen (Aurogene,
Roma, Italy). 5′-Iodoresiniferatoxin (IRTX) and GW6471 were purchased from Tocris Bioscience
(Space Import-Export, Milano, Italy). The deuterated standards—[2H]8-AEA, [2H]5-2-AG and
[2H]4-PEA—were purchased from Cayman Chemical (Cabru, Arcore, Italy). The human lung
epithelial cell line (A549) was purchased from LGC Standards (Milano, Italy). The human IL-6
ELISA Kit and transforming growth factor beta (TGF-β) were purchased from Abcam (Prodotti
Gianni, Milano, Italy). Total mRNA was isolated from A549 cells using Trizol Reagent (Thermo
Fisher, Milano, Italy) following the manufacturer’s instructions. cDNA preparation from RNA
was performed using iScript Reverse Transcription enzyme (Biorad, Milano, Italy). Specific
primer sequences were designed using Primer3 Software (https://primer3.ut.ee/, accessed on
28 November 2022) and synthetized by Eurofin (Milano, Italy).

2.1. Cell Culture

A549 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) complemented
with penicillin (400 U mL−1), streptomycin (50 mg mL−1) and 10% Fetal Bovine Serum (FBS),
in the presence of a 5% CO2 atmosphere at 37 ◦C, plated on 100 mm diameter Petri dishes.

2.2. Poly-(I:C)-Induced Inflammatory Response in A549 Cells

A549 cells were plated into 24-well culture dishes at a cell density of 2 × 105 cells per
well for 1 day at 37 ◦C in a 5% CO2 atmosphere. After 1 day, A549 cells were stimulated
with poly-(I:C) (100 µg mL−1) or vehicle (water) and incubated for 6 h at 37 ◦C in a 5%
CO2 atmosphere. Poly-(I:C)-stimulated A549 cells were treated with PEA-OXA (0.1, 1 and
10 µM), PEA (0.1, 1 and 10 µM) or vehicle (dimethyl sulfoxide or methanol, respectively)
and incubated for the indicated time. Poly-(I:C)-stimulated A549 cells were also treated
with a TRPV1 antagonist, IRTX (0.1 µM), or PPAR-α antagonist, GW6471 (1 µM), in the
presence or absence of PEA-OXA (10 µM) or PEA (10 µM) and incubated for the indicated
time. After 6 h, the supernatants were collected, and the amounts of produced IL-6 were
measured by using a human IL-6 ELISA kit according to the manufacturer’s instructions
(Abcam) and by using a reader Glomax® Explorer (Promega, Milano, Italy). Data are
expressed as picograms per milliliter of IL-6.

2.3. RNA Extraction and Quantitative PCR (qPCR)

Total RNA was isolated from A549 cells using TRIzol Reagent (cat# 15596018, Life
Technologies, Milano, Italy) and reacted with DNase-I (cat# AMPD1, Merk, Milano, Italy)
for 15 min at room temperature, followed by spectrophotometric quantification. Subse-
quently, the RNA integrity number (RIN) for each RNA sample was analyzed on an Agilent
2100 bioanalyzer (Roma, Italy). Purified RNA was reverse-transcribed by the use of the
iScript cDNA Synthesis Kit (cat# 1708841, Bio-Rad, Milano, Italy). Quantitative PCR (qPCR)
was carried out in a real-time PCR system CFX384 (Bio-Rad, Milano, Italy) using the SYBR
Green PCR Kit (Cat# 1725274, Bio-Rad for mRNAs) detection technique and specific primer
sequences (Table 1).

Quantitative PCR was performed on independent biological samples (n = 3). Each
sample was amplified simultaneously in quadruplicate in a one-assay run with a non-
template control blank for each primer pair to control for contamination or primer–dimer
formation, and the cycle threshold (Ct) value for each experimental group was determined.
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The housekeeping gene ribosomal protein S16 was used to normalize the Ct values, using
the 2−∆Ct formula.

Table 1. List of primer sequences used in the qPCR analysis.

gene Forward (5′–3′) Reverse (5′–3′)

CNR2 TAGTGCTGAGAGGACCCA CGCTATCCACCTTCCTACAA
TRPV1 CTGCCCGACCATCACAGTC CTGCGATCATAGAGCCTGAGG
PPARα TTCGCAATCCATCGGCGAG CCACAGGATAAGTCACCGAGG
NAAA TGACAGTGGATGTGCAATTCTT GCCTTTATCTCGTTCATCACCAG

S16 TCGGACGCAAGAAGACAGCGA AGCGTGCGCGGCTCAATCAT

2.4. Quantification by Liquid Chromatography–Atmospheric Pressure Chemical Ionization–Mass
Spectrometry (LC-APCI-MS) of the Endogenous AEA, 2-AG and PEA Levels in A549 Cells

A549 cells, plated in 6-well culture dishes at a cell density of 9× 105 cells per well, were
stimulated with poly-(I:C) (100 µg mL−1) or vehicle (water) and treated in the presence or
absence of PEA-OXA (10 µM), PEA (10 µM) or vehicle (dimethyl sulfoxide and methanol,
respectively) and incubated for 6 h at 37 ◦C in a 5% CO2 atmosphere. After 6 h, cells and
supernatants were collected and homogenized in a solution of chloroform/methanol/Tris-
HCl 50 mM, pH 7.4 (2:1:1 by vol.) containing 10 pmol of [2H]8-AEA and 50 pmol of
[2H]5-2-AG and [2H]4-PEA as internal standards. The lipid-containing organic phase was
dried, weighed and pre-purified by open-bed chromatography on silica gel. Fractions
derived by eluting the column with a solution of chloroform/methanol (90:10 by vol)
were analyzed by LC-APCI-MS by using a Shimadzu (Shimadzu, Kyoto, Japan) High
Performance Liquid Chromatography (HPLC) apparatus (LC-10ADVP) coupled with a
Shimadzu (LCMS-2020) quadrupole MS via a Shimadzu APCI interface. LC-APCI-MS
analyses of AEA, 2-AG and PEA were performed in the selected ion-monitoring (SIM)
mode [30,31], using m/z values of 356 and 348 (molecular ion + 1 for deuterated and
undeuterated AEA), 384.35 and 379.35 (molecular ion + 1 for deuterated and undeuterated
2-AG), and 304 and 300 (molecular ion + 1 for deuterated and undeuterated PEA). The
AEA, 2-AG and PEA levels were determined on the basis of their area ratio with the internal
standard signal areas to provide the amounts in pmol mg–1 of the lipid extract.

2.5. TGF-β-Induced Epithelial–Mesenchymal Transition in A549 Cells

A549 cells, harvested at 80% confluence and plated into 24-well culture dishes, were
stimulated with TGF-β1 (2 ng mL−1) or vehicle (PBS) and incubated for 72 h at 37 ◦C in a 5%
CO2 atmosphere. TGF-β-stimulated A549 cells were treated with PEA-OXA (10 µM), PEA
(10 µM) or vehicle (dimethyl sulfoxide and methanol, respectively) and incubated for the
indicated time. After 72 h, A549 cells were fixed with 70% ethanol/0.1% Triton for 30 min at
4 ◦C, treated with 5% BSA for 60 min at room temperature and then stained with primary
antibodies, rabbit anti-human cytokeratin (clone ab9377, Abcam) and mouse anti-human
vimentin V9 (clone ab8069, Abcam), overnight at 4 ◦C. The secondary antibodies, goat anti-
rabbit Alexa fluor488 (Cell Signaling Technology Danvers, MA, USA) and goat anti-mouse
Alexa fluor594 (Cell Signaling Technology Danvers, MA, USA), were incubated for 60 min at
4 ◦C, and DAPI (Sigma, Milano, Italy), used to stain the nucleus, was incubated for 7 min at
room temperature. Appropriate isotype controls were used. The images were acquired with a
fluorescence microscope (Zeiss, Milano, Italy) and AxionCam MRc5 (Zeiss, Milano, Italy).

2.6. Data Analysis

Each experiment was performed in at least 3–4 independent biological samples for
each group. Data were expressed as means ± standard error of the mean (SEM). Statistical
analyses were performed using GraphPad Prism software version 9.0 (GraphPad Software
Inc., San Diego, CA, USA). One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison test was used for the analysis. p values < 0.05 were considered
statistically significant. Figures were generated in GraphPad Prism software version 9.0.

28



Biomolecules 2023, 13, 33

3. Results
3.1. PEA-OXA and PEA Reduce Poly-(I:C)-Induced Release of Il-6 in Lung Epithelial Cells

A549 cells stimulated with poly-(I:C) (100 µg mL−1 for 6 h) and treated with the vehicle
of PEA-OXA or PEA significantly released IL-6, as compared to vehicle-stimulated A549
cells (Figure 1). PEA-OXA and PEA, at the highest concentration tested (10 µM), reduced the
release of IL-6 from poly-(I:C)-stimulated A549 cells, as compared to poly-(I:C)-stimulated
A549 cells treated with the vehicle of PEA-OXA or PEA (Figure 1). PEA-OXA (10 µM) was
more effective (1.6-fold) than PEA (10 µM) in reducing the release of IL-6 from poly-(I:C)-
stimulated A549 cells (53% and 33% of inhibition, respectively) (Figure 1). No effect on IL-6
release was observed when A549 cells were treated with PEA-OXA or PEA alone (0.1, 1 and
10 µM), i.e., in the absence of poly-(I:C), as compared to vehicle-treated A549 cells (Figure 1).
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Figure 1. PEA-OXA and PEA reduce IL-6 release from poly-(I:C)-stimulated A549 cells. (a) IL-6 release
was measured after stimulation of A549 cells with poly-(I:C) (100 µg mL−1) in the presence or absence
of PEA-OXA (0.1, 1 and 10 µM) for 6 h at 37 ◦C in a 5% CO2 atmosphere; (b) IL-6 release was measured
after stimulation of A549 cells with poly-(I:C) (100 µg mL−1) in the presence or absence of PEA (0.1, 1
and 10 µM) for 6 h at 37 ◦C in a 5% CO2 atmosphere. Each bar shows the mean ± SEM of independent
experiments (n = 4). p-values were determined by ANOVA followed by Tukey’s multiple comparisons
test. **** p < 0.0001 and * p < 0.05.

3.2. The Anti-Inflammatory Effect of PEA-OXA and PEA Is Not Reverted by Antagonism at the
TRPV1 or PPAR-α Receptors in Lung Epithelial Cells

In untreated A549 cells, we a found robust mRNA expression of PPARα and a low
relative mRNA expression of TRPV1 (Figure 2). Instead, no mRNA expression of CB2 was
found in untreated A549 cells (Figure 2). Importantly, the highest mRNA expression levels
in this cell line were found for NAAA (Figure 2).

When A549 cells were stimulated with poly-(I:C) (100 µg mL−1 for 6 h) and treated
with a selective TRPV1 (IRTX, 0.1 µM) or PPAR-α (GW6471, 1 µM) receptor antagonist, IL-6
release was comparable to that observed in poly-(I:C)-stimulated A549 cells treated with the
vehicle (Figure 3a). When poly-(I:C)-stimulated A549 cells were co-treated with PEA-OXA
(10 µM) and IRTX (0.1 µM) or GW6271 (1 µM), IL-6 release was comparable to that observed
in poly-(I:C)-stimulated A549 cells treated with PEA-OXA (10 µM) (Figure 3a). Likewise,
when poly-(I:C)-stimulated A549 cells were co-treated with PEA (10 µM) and IRTX (0.1 µM)
or GW6271 (1 µM), IL-6 release was comparable to that observed in poly-(I:C)-stimulated
A549 cells treated PEA (10 µM) (Figure 3b). No effect was observed on IL-6 release when
A549 cells were treated with the antagonists alone, i.e., in the absence of poly-(I:C), as
compared to vehicle-treated A549 cells (Figure 3a).
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Figure 2. mRNA expression levels of PEA targets (PPARα, TRPV1, CB2) and PEA-catabolizing enzyme
(NAAA) in A549 cells. Bar chart with individual points showing the mRNA expression levels of the
indicated proteins (PPARα, TRPV1, CB2 and NAAA) measured in A549 cells. Each bar shows the
mean ± SEM of 3 independent biological samples. Data are expressed using the 2−∆ct formula.
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Figure 3. TRPV1 and PPAR-α antagonists do not revert the anti-inflammatory effect of PEA-OXA
and PEA in poly-(I:C)-stimulated A549 cells. (a) IL-6 release was measured after that A549 cells were
stimulated with poly-(I:C) (100 µg mL−1) and treated with IRTX (0.1 µM) or GW6471 (1 µM) in the
presence or absence of PEA-OXA (10 µM), for 6 h at 37 ◦C in a 5% CO2 atmosphere; (b) IL-6 release
was measured after A549 cells were stimulated with poly-(I:C) (100 µg mL−1) and treated with IRTX
(0.1 µM) or GW6471 (1 µM) in the presence or absence of PEA (10 µM), for 6 h at 37 ◦C in a 5% CO2

atmosphere. Each bar shows the mean ± SEM of independent experiments (n = 4). The p-values were
determined by ANOVA followed by Tukey’s multiple comparisons test. **** p < 0.0001 and * p < 0.05.

3.3. Effect of PEA and PEA-OXA Treatment on AEA, 2-AG and PEA Endogenous Levels, in
Poly-(I:C)-Stimulated A549 Cells

When A549 cells were stimulated with poly-(I:C) under the same conditions shown
above (100 µg mL−1 for 6 h), the endogenous levels of AEA, 2-AG and PEA did not change,
as compared to those in A549 cells stimulated with vehicle (Figure 4). By contrast, when
poly-(I:C)-stimulated A549 cells were treated with PEA (10 µM), the endogenous levels of
AEA and 2-AG were significantly increased by 4-fold and 1.5-fold, respectively, compared
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to those in poly-(I:C)-stimulated A549 cells treated with the PEA vehicle (Figure 4b,c). In
addition, the levels of PEA were significantly increased by 96-fold when poly-(I:C)-stimulated
A549 cells were treated with PEA (10 µM), as compared to those in poly-(I:C)-stimulated
A549 cells treated with the vehicle of PEA (Figure 4a). The endogenous levels of PEA were
significantly increased by 18-fold when poly-(I:C)-stimulated A549 cells were treated with
PEA-OXA (10 µM), as compared to those in poly-(I:C)-stimulated A549 cells treated with
the vehicle of PEA-OXA (Figure 4a). No statistically significant variation in the endogenous
levels of AEA and 2-AG was observed when poly-(I:C)-stimulated A549 cells were treated
with PEA-OXA (10 µM) (Figure 4a), compared to poly-(I:C)-stimulated A549 cells treated
with the PEA-OXA vehicle, although a trend towards the enhancement of the AEA levels was
observed (Figure 4a).
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with PEA and PEA-OXA. PEA (a), AEA (b) and 2-AG (c) levels were quantified by LC–MS; after that,
A549 cells were stimulated with poly-(I:C) (100 µg mL−1) in the presence or absence of PEA (10 µM)
and PEA-OXA (10 µM) for 6 h at 37 ◦C in a 5% CO2 atmosphere. Each bar shows the mean ± SEM of
independent experiments (n = 3). The p-values were determined by ANOVA followed by Tukey’s
multiple comparisons test. **** p < 0.0001, *** p < 0.001 and * p < 0.05.

3.4. PEA-OXA and PEA Block TGF-β-Induced Epithelial–Mesenchymal Transition in Lung
Epithelial Cells

We previously reported that A549 cells cultured in the absence of TGF-β1 maintain
a classic epithelial morphology appearing short, spindle-shaped and triangle-shaped,
whereas following incubation with TGF-β1 (2 ng mL−1) for 72 h, these cells assume an
elongated shape, with many cells losing contact with their neighboring cells and displaying
a long spindle shape typical of a fibroblast-like morphology, an effect known as Epithelial–
Mesenchymal Transition (EMT) [32]. Consistent with these morphological observations,
alterations in the expression and distribution of cytokeratin and vimentin were evidenced
here by immunofluorescence assays. Indeed, these observations showed that, under
the same experimental conditions, TGF-β1 induced the down-regulation of cytokeratin
(Figure 5a, panels B and T; Figure 5b) and the up-regulation of vimentin (Figure 5a, panels
H and T; Figure 5c), when compared to vehicle-incubated A549 cells (Figure 5a, panels A,
G and S; Figure 5b,c). Treatment of TGF-β1-incubated A549 cells with PEA-OXA (10 µM)
or PEA (10 µM) reverted the down-regulation of cytokeratin (Figure 5a, panels C, U, D and
V; Figure 5b) and the up-regulation of vimentin (Figure 5a, panels I, U, J and V; Figure 5c).
No cell alteration in the expression and distribution of cytokeratin and vimentin was
evidenced by immunofluorescence assay when A549 cells were treated with PEA-OXA
(10 µM) alone (Figure 5a, panels E, K and W; Figure 5b,c), i.e., in the absence of TGF-β1,
as compared to vehicle-treated A549 cells (Figure 5a, panels A, G and S; Figure 5b,c).
Likewise, no cell alteration in the expression and distribution of vimentin was evidenced by
immunofluorescence assay when A549 cells were treated with PEA (10 µM) alone (Figure 5a,
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panels L and X; Figure 5c), as compared to vehicle-treated A549 cells (Figure 5a, panels G
and S; Figure 5c). Instead, PEA (10 µM) alone showed a per se effect on the expression
and distribution of cytokeratin (Figure 5a, panels F and X; Figure 5b), as compared to
vehicle-treated A549 cells (Figure 5a, panels A and S; Figure 5b).
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Figure 5. TGF-β1-induced epithelial–mesenchymal transition in A549 cells as evidenced by im-
munofluorescence approaches is avoided by the treatment with PEA-OXA or PEA. (a) Immunofluo-
rescence staining was examined for the following markers: cytokeratin, an epithelial marker (green
fluorescence, panels A–F), and vimentin, a mesenchymal marker (red fluorescence, panels G–L).
DAPI staining was included to visualize the cell nucleus (blue fluorescence, panels M–R). In the
merged images the co-expression and co-distribution of the markers are visualized (panels S–X).
Quantifications of cytokeratin (b) and vimentin (c). The cells were captured with a 40 ×microscope
objective (Bar = 20 µm). Each bar shows the mean ± SEM of independent experiments (n = 3). The
p-values were determined by ANOVA followed by Tukey’s multiple comparisons test. **** p < 0.0001,
*** p < 0.001, ** p < 0.01 and * p < 0.05.
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4. Discussion

Since the effectiveness of ultra-micronized PEA i) in attenuating acute lung inflam-
mation, reducing immune cell infiltration and cytokine release in an acute lung injury
model induced by lipopolysaccharide (LPS) [33] and ii) in inhibiting the pro-inflammatory
response activated by SARS-CoV-2 spike protein in cultured murine alveolar macrophages
has been already demonstrated [28], in this study we investigated for the first time if
PEA-OXA, a congener of PEA endowed with anti-inflammatory activity [23], could be
as effective as PEA in counteracting the IL-6 production and lung cell failure typical of
COVID-19. For this purpose, we used two different in vitro models of acute lung injury.
In the first in vitro model, we used a human lung epithelial cell line (A549) activated by
a stable synthetic double-stranded RNA (poly-(I:C)) that can bind to toll-like receptor
3 (TLR3) with high affinity [34] to stimulate the pathophysiological viral disease state and
reproduce the cell signaling pathways typical of the cytokine storm in terms of IL-6 overpro-
duction. Our results demonstrated that both PEA-OXA and PEA were able to counteract
IL-6 release induced by poly-(I:C) in A549 cells. Interestingly, PEA-OXA resulted to be
more efficacious than PEA (at the same concentration tested and in terms of percent of the
effect of poly-(I:C) alone) at counteracting poly-(I:C)-induced IL-6 cytokine release. It is
possible that PEA-OXA exerts a stronger protective effect against IL-6 than PEA because it
might act through a dual mechanism of action, both PEA-mediated and PEA-independent.
In fact, we also investigated the mechanism of action through which PEA-OXA and PEA
could exert their anti-inflammatory effects in A549 cells. Our results indicated that the
inhibitory effect of PEA-OXA and PEA on poly-(I:C)-induced IL-6 cytokine release was
not reverted by an antagonism at TRPV1 and PPAR-α receptors, although these receptors,
and particularly the latter one, were strongly expressed in A549 cells. This suggests a non-
TRPV1- and non-PPAR-α-mediated mechanism for the actions of the two molecules. There-
fore, we investigated the ability of PEA-OXA and PEA to modulate the endogenous levels
of endocannabinoids (AEA and 2-AG), as well as, in the case of PEA-OXA, the endogenous
levels of PEA, in poly-(I:C)-stimulated A549 cells. Our results confirmed the existence of
an “entourage” effect of PEA on the endogenous levels of 2-AG [15] and demonstrated
for the first time the ability of PEA to also increase the endogenous levels of AEA in an
inflammatory condition. In addition, we confirmed the ability of PEA-OXA to increase the
endogenous levels of PEA in inflammatory conditions, an effect that might be exerted by
inhibiting the enzyme responsible for PEA degradation (i.e. NAAA) [23]. In line with this
hypothesis, we found a strong mRNA expression of NAAA in untreated A549 cells. This
finding was not surprising, since NAAA is known to be abundantly expressed in lung cells
and tissues [35]. Intriguingly, despite the fact that PEA-OXA significantly (18-fold) elevated
the endogenous levels of PEA, this was not sufficient for this compound to also trigger the
elevation of the endocannabinoid levels, suggesting that the elevation of PEA cellular levels
beyond a certain threshold is necessary to induce an “entourage” effect. Indeed, and not
surprisingly, exogenous PEA administration to the cells caused a much higher elevation of
the cellular PEA levels (96-fold) than PEA-OXA at the same concentration. These results,
taken together, suggest that the anti-inflammatory effects of PEA-OXA and PEA may be
partially mediated by bioactive endogenous lipids (i.e., endocannabinoids in the case of
PEA, and PEA in the case of PEA-OXA). Further studies will be needed to further clarify
the mechanism(s) of the anti-inflammatory actions described for PEA and PEA-OXA in
lung cells.

In the second in vitro model, we used A549 cells activated by TGF-β in order to re-
produce the lung fibrosis that is a critical feature of chronic lung diseases and a serious
complication of SARS-CoV-2 infection. In particular, TGF-β modulates lung tissue mor-
phogenesis and differentiation by inducing the development of EMT, an important cellular
process in chronic respiratory diseases. Our results suggest that following exposure to
TGF-β, A549 cells acquire a fibroblast-like morphology characterized by a decrease of the
epithelial marker expression and an increase of the mesenchymal marker expression. The
immunofluorescence analysis showed the presence of EMT, characterized by a reduction
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in cytokeratin-positive staining and an increase in vimentin-positive staining, which was
inhibited by the treatment with both PEA-OXA and PEA. These results are in agreement
with previous data, in which ultra-micronized PEA inhibited the inflammation response
and lung fibrosis in mice subjected to idiopathic pulmonary fibrosis [36].

5. Conclusions

In summary, in this study we reported for the first time the protective effects of PEA-
OXA and PEA in counteracting the inflammatory response induced by poly-(I:C), as well as
in reverting the fibrosis induced by TGF-β. Our results also evidence a greater effectiveness
of PEA-OXA over PEA and point to PEA-OXA as a new and promising candidate in the
management of acute lung injury caused by conditions induced by a cytokine storm.
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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of several
chemotherapeutic agents, such as Paclitaxel. The main symptoms of CIPN are pain and numbness
in the hands and feet. Paclitaxel is believed to accumulate in the dorsal root ganglia and free nerve
endings. Novel therapeutic agents might help to mitigate or prevent Paclitaxel toxicity on dorsal root
ganglion (DRG) neurons. Thus, we used primary DRG neurons as a model to investigate the potential
neuroprotective effects of the endocannabinoid-like substance, palmitoylethanolamide (PEA). DRG
neurons were isolated from cervical to sacral segments of spinal nerves of Wister rats (6–8 weeks old).
After isolation and purification of neuronal cell populations, different concentrations of Paclitaxel
(0.01–10 µM) or PEA (0.1–10 µM) or their combination were tested on cell viability by MTT assay at
24 h, 48, and 72 h post-treatment. Furthermore, morphometric analyses of neurite length and soma
size for DRG neurons were performed. Adverse Paclitaxel effects on cell viability were apparent at
72 h post-treatment whereas Paclitaxel significantly reduced the neurite length in a concentration-
dependent manner nearly at all investigated time points. However, Paclitaxel significantly increased
the size of neuronal cell bodies at all time windows. These phenotypic effects were significantly
reduced in neurons additionally treated with PEA, indicating the neuroprotective effect of PEA. PEA
alone led to a significant increase in neuron viability regardless of PEA concentrations, apparent
improvements in neurite outgrowth as well as a significant decrease in soma size of neurons at
different investigated time points. Taken together, PEA showed promising protective effects against
Paclitaxel-related toxicity on DRG neurons.

Keywords: peripheral neuropathic pain; neurotoxicity; dorsal root ganglion neurons;
palmitoylethanolamide; paclitaxel; neurite length; soma size; MTT assay

1. Introduction

Chemotherapy-induced neuropathic pain (CINP) is a dose-limiting side effect of some
anticancer drugs, such as bortezomib, cisplatin, oxaliplatin, paclitaxel, thalidomide, and
vincristine [1]. The incidence of CINP in patients ranges from 12.1% to 96.2%, depending
on the chemotherapeutic agent used and the type of cancer treated [2]. Taxanes are a class
of chemotherapy drugs that promote tubulin polymerization into highly stable intracel-
lular microtubules and cause cell death by intermixing with microtubules via normal cell
division [3,4]. Paclitaxel is a Taxane derivative that has been used successfully as a first-line
treatment for a variety of solid tumors, including ovarian cancer, breast cancer, cervical
cancer, lung carcinomas, and other solid tumors [5–7].

Unfortunately, peripheral neuropathic pain (PNP) is a common side effect of Paclitaxel
treatment affecting around 70.8% (95% CI 43.5–98.1) of patients [8]. The incidence ranges
from 30 to 50% after a single dose and rises to more than 50% after a second dose [9].
Hyperalgesia, allodynia, and sporadic burning, shooting, numbness, spasm, and prickling
sensations are some of CINP signs, and these can drastically lower the patient’s quality
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of life [10,11]. Chemotherapy-induced peripheral neuropathy (CIPN) is predominately a
sensory axonopathy and neuronopathy, and the sensory neurons residing in dorsal root
ganglions (DRGs) are the primary targets. Therefore, DRG explants have been shown to
represent a good, simple, and well-accepted model for studying peripheral neuropathy
induced by antineoplastic agents [12]. The ability of DRG explants to outgrow neurites
in vitro when exposed to nerve growth factor (NGF), as well as the interference with
neurite elongation by toxic substances, is the basis for their use in drug neurotoxicity
assessment [12–14].

The neurotoxic effect of Paclitaxel on neurite length of DRG was shown to be dose-
and time-dependent [15,16], and DRG dissociated post-mitotic neurons were observed to
die by necrosis [15]. Paclitaxel also caused the enlargement of neuronal cell bodies, and
suppression of DRGs neuritis [17]. Paclitaxel has shown to demonstrate concentration-
and time-dependent effects on vesicular trafficking and membrane localization of Nav1.7
in sensory axons of DRGs, providing a possible mechanistic explanation for increased
excitability of primary afferents and pain [18]. Paclitaxel was reported to alter intracellular
trafficking in both Drosophila and mouse models of CIPN by inducing recycling defects in
mouse DRG neurons in vitro [19]. Currently, tricyclic antidepressants and analgesic drugs
such as amitriptyline, morphine, gabapentin, and duloxetine display limited efficacy for
preventing and alleviating paclitaxel-induced peripheral neuropathic pain and/or suffering
of patients from serious side effects [20–23]. As a result, finding novel therapeutic agents
that can mitigate or prevent Paclitaxel neurotoxicity on DRG neurons is very crucial.

The endocannabinoid system (ECS) is an important biological system that regulates
and balances a wide range of physiological functions in the body, making it a target for
many drugs and therapies [24]. Modulating the ECS activity showed promising ther-
apeutic effects in a wide range of diseases and pathological conditions, including neu-
rodegenerative, cardiovascular, and inflammatory disorders, obesity/metabolic syndrome,
cachexia, chemotherapy-induced nausea and vomiting, tissue injury, and pain [25]. Palmi-
toylethanolamide (PEA), an endogenous fatty acid amide analogue of the endocannabinoid
anandamide, has an important role in tissue protective mechanisms [26,27]. PEA was
discovered nearly 5 decades ago in lipid extracts of various natural products, and its
anti-inflammatory and antinociceptive properties were later described [28].

There is evidence for PEA synthesis during inflammation and tissue damage. PEA
has a variety of beneficial effects, including the relief of inflammation and pruritus, and is
effective in the control of neurogenic and neuropathic pain [29]. The hypothesized theories
for PEA’s mode of action include modulating endocannabinoid signaling and indirectly
activating cannabinoid receptors via “entourage” effects [30–33].

PEA acts primarily through the direct activation of the nuclear receptor PPAR-α [34].
After the activation of PPAR-α receptor, a chain of events leads to suppression of pain
and inflammatory signals, including the inhibition of the release of pro-inflammatory
cytokines such as IL-1β and IL-6 [35]. Previous studies showed a PEA-mediated protection
of dentate gyrus granule cells during secondary neuronal damage, which was mediated
by PPAR-α activation and influenced by reduction in inflammatory processes [36]. In a
chronic constriction injury model of neuropathic pain, repeated PEA treatment (30 mg/kg)
not only decreased edema and macrophage infiltrates, but also declined the decrease in
axon diameter and myelin thickness [37]. However, research on studying the protective
role of PEA against the toxicity of Paclitaxel on DRG neurons is still lacking.

In the present study, the effects of different Paclitaxel and PEA concentrations were
investigated, either individually or in combination, on the viability, morphology, and
neurite length of primary DRG neurons at various time points. We hypothesized that PEA
might reduce the neurotoxicity induced by Paclitaxel on DRG neurons in a concentration-
or/and time-dependent manner.
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2. Materials and Methods
2.1. Ethics Statement

All animal experiments were carried out in accordance with the policy on ethics and the
policy on the use of animals in neuroscience research, as specified in directive 2010/63/EU
of the European Parliament and of the Council of the European Union on the protection of
animals used for scientific purposes and were approved by local authorities for laboratory
animal care and use (State of Saxony-Anhalt, Germany, permission number: I11M27).

2.2. Materials

Experiments were conducted with Palmitoylethanolamide (PEA, Tocris Bioscience,
cat No. 0879-10 mg, Bristol, UK), Paclitaxel (Taxol equivalent, Invitrogen, cat No. P3456-
5 mg, Schwerte, Germany), Nerve Growth Factor-2.5S from the murine submaxillary gland
(NGF, Sigma Aldrich, Merck, cat No. N6009-4X 25 µg, St. Louis, MO, USA) and glial
cell-derived neurotrophic factor (GDNF, Sigma-Aldrich, cat No. SRP3309-10 µg, St. Louis,
MO, USA), Uridine (Uridin, Sigma-Aldrich, U3003-5 g, Darmstadt, Germany), and 5-
Fluoro-2-deoxyuridine (FudR, Sigma-Aldrich, cat No. F0503-100 mg, Darmstadt, Germany).
PEA and Paclitaxelwere dissolved in DMSO to obtain stock solutions of 10 mM PEA and
1 mM Paclitaxel and stored at −20 ◦C, while NGF and GDNF dissolved in 0.1 % Bovine
Serum Albumin (BSA, Sigma-Aldrich, cat No. A7906-10 g, St. Louis, MO, USA). A total
of 20 mM uridine/5-fluorodeoxyuridine (UFdU) stock solution was prepared by mixing
48.8 mg uridine and 49.2 mg 5-fluorodeoxyuridine in 10 mL distilled water, and 100 µL
aliquots were prepared and frozen at −20 ◦C. Notably, controls contained the similar
highest concentration of DMSO (0.1%) to exclude any effects on investigated parameters.

2.3. Isolation and Preparation of DRG Neurons

DRG tissues isolated from 6–8 weeks of age Wister rats. In brief, rats were deeply
anesthetized with isoflurane (Florene, 100% (V/V), 250 mL, Abcam, cat No. B506, Carros,
France) by inhalation and sacrificed by decapitation with a commercial guillotine. Un-
der aseptic conditions, the vertebral column was isolated and carefully cleared from all
surrounding muscle, fat, and other soft tissue. The spinal cord was then exposed and
scooped out. Following the dorsal roots. DRGs were localized, removed, collected from
intervertebral foramina at both sides, and placed in a 3 mL sterile dish containing Hanks
balanced salt solutions without Mg2+/Ca2+ (HBSS, Invitrogen, REF. 24020-091, Schwerte,
Germany). Dorsal root neuronal culture was prepared according to a previously published
protocol [38] with some modifications. Briefly, isolated DRGs were enzymatically digested
in the first enzymatic solution, which contained 60 U/mL papain solution (Sigma-Aldrich,
cat No. P4762-100 mg, St. Louis, MO, USA), 3 µL of 80 mg/mL saturated sodium hydro-
gen carbonate solution (NaHCO3, Merck, cat No. k22399729, Darmstadt, Germany), and
0.6 mg/mL L-Cysteine (L-Cys, Sigma-Aldrich, Cat No. C7352-25 g, St. Louis, MO, USA)
dissolved in 1.5 mL of HBSS without Mg2+/ Ca2+. Afterwards, DRGs were incubated in a
papain solution for 15 min in a 37 ◦C water bath, then incubated in a second solution which
consisted of 4 mg/mL collagenase type II solution (CLS2, Sigma-Aldrich, Cat No.C6885-1
gm, St. Louis, MO, USA) and 4.6 mg/mL dispase type II (Dispase II, Sigma-Aldrich, Cat
No. D4693-1 gm, St. Louis, MO, USA) solution in 3 mL HBSS without Mg2+/ Ca2+. The
DRGs were mixed gently in collagenase solution and incubated again for 15 min in a water
bath at 37 ◦C.

The resulting cell suspension was centrifuged at 200× g for 1 min. The collagenase
solution was carefully aspirated, and the DRGs were washed with 2ml of titration media
consisting of high glucose Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen, Ref.
41965-039, Schwerte, Germany) containing 10% heat-inactivated Fetal Bovine Serum (FBS,
Invitrogen, REF. 10270-106, Schwerte, Germany). The DRGs were triturated 10–15 times
by using p1000 pipette tips until the cell suspension became cloudy. Bovine serum al-
bumin (BSA) was used for purification (15% (W/V) BSA solution) to obtain nearly pure
neurons without myelin debris. After trituration, single-cell suspensions from DRGs were
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centrifuged through 15% (W/V) BSA solution in DMEM, 3 mL of 15% BSA solution: 1 mL
of cell suspension in a 15 mL conical tube at 300 g for 8 min at room temperature (RT)
to separate sensory neurons in the pellet from non-neuronal cells and debris [39]. The
BSA solution was removed and the pellet containing neurons was re-suspended in 1 mL
of culture medium consisting of 445 mL of F12 medium (1X, Invitrogen, REF.11765-054,
Schwerte, Germany), 50 mL of FBS and 5 mL of 0.1 mg/mL streptomycin/penicillin (Sigma
Aldrich, cat No. P4333/100 mL, Darmstadt, Germany). The cell suspension was filtered by
a 40 µm cell strainer (SARSTEDT, cat No. D-51588, Schwerte, Germany) to obtain single-cell
suspensions and remove undigested tissue debris.

2.4. Seeding and Growth of DRG Neurons

Coverslips 12 mm round were pre-coated with 2 mg/mL Poly-D-lysine (PDL, Sigma
Aldrich, cat No. P6407, St. Louis, MO, USA) and 0.2 mg/mL laminin (Sigma Aldrich, cat
No. L2020-1 mg, St. Louis, MO, USA) for at least 1 h or overnight in 4 ◦C, then washed
one time with distilled H2O directly before seeding the cells in culture medium. DRG
neuronal cells (5000 cells in 50 µL culture medium) were then pre-seeded onto the center
of the coated coverslips for 2 h in an incubator with 37 ◦C and 5% CO2. Then, 1 mL of
warm culture medium adjusted at pH 7.4 containing 50 ng/mL NGF and 20 ng/mL GDNF
(which is essential for growing neuritis of neurons) and 20 µM UFdU (for inhibiting the
growth of any remains of supporting cells in culture) was gently added to the wells, and the
cells were maintained again at 37 ◦C with 5% CO2. The growth and morphology of neurons
were monitored after 2, 24, 48, and 72 h to detect the suitable time of treatment (Figure 1a).

Biomolecules 2022, 12, x FOR PEER REVIEW 4 of 19 
 

times by using p1000 pipette tips until the cell suspension became cloudy. Bovine serum 
albumin (BSA) was used for purification (15% (W/V) BSA solution) to obtain nearly pure 
neurons without myelin debris. After trituration, single-cell suspensions from DRGs 
were centrifuged through 15% (W/V) BSA solution in DMEM, 3 mL of 15% BSA solution: 
1 mL of cell suspension in a 15 mL conical tube at 300 g for 8 min at room temperature 
(RT) to separate sensory neurons in the pellet from non-neuronal cells and debris [39]. 
The BSA solution was removed and the pellet containing neurons was re-suspended in 1 
mL of culture medium consisting of 445 mL of F12 medium (1X, Invitrogen, 
REF.11765-054, Schwerte, Germany), 50 mL of FBS and 5 mL of 0.1 mg/mL streptomy-
cin/penicillin (Sigma Aldrich, cat No. P4333/100 mL, Darmstadt, Germany). The cell 
suspension was filtered by a 40 µm cell strainer (SARSTEDT, cat No. D-51588, Schwerte, 
Germany) to obtain single-cell suspensions and remove undigested tissue debris. 

2.4. Seeding and Growth of DRGs Neurons 
Coverslips 12 mm round were pre-coated with 2 mg/mL Poly-D-lysine (PDL, Sigma 

Aldrich, cat No. P6407, St. Louis, MO, USA) and 0.2 mg/mL laminin (Sigma Aldrich, cat 
No. L2020-1 mg, St. Louis, MO, USA) for at least 1 h or overnight in 4 °C, then washed 
one time with distilled H2O directly before seeding the cells in culture medium. DRGs 
neuronal cells (5000 cells in 50 µL culture medium) were then pre-seeded onto the center 
of the coated coverslips for 2 h in an incubator with 37 °C and 5% CO2. Then, 1 mL of 
warm culture medium adjusted at pH 7.4 containing 50 ng/mL NGF and 20 ng/mL GDNF 
(which is essential for growing neuritis of neurons) and 20 µM UFdU (for inhibiting the 
growth of any remains of supporting cells in culture) was gently added to the wells, and 
the cells were maintained again at 37 °C with 5% CO2. The growth and morphology of 
neurons were monitored after 2, 24, 48, and 72 h to detect the suitable time of treatment 
(Figure 1a). 

 
Figure 1. Morphological features and treatment protocols of DRG neurons. (a) Representative im-
ages show the morphology and growth of DRG neurons at different time points after BSA purifi-
cation. Scale bars = 50 µm. (b,c) treatment protocols for studying the effects of Paclitaxel or /and 
palmitoylethanolamide (PEA) on DRG neurons viability and morphology (Neurite length meas-
urement) respectively, at 24, 48, and 72-h post-treatment. 

Figure 1. Morphological features and treatment protocols of DRG neurons. (a) Representative images
show the morphology and growth of DRG neurons at different time points after BSA purification.
Scale bars = 50 µm. (b,c) treatment protocols for studying the effects of Paclitaxel or /and palmi-
toylethanolamide (PEA) on DRG neurons viability and morphology (Neurite length measurement)
respectively, at 24, 48, and 72-h post-treatment.

2.5. Cell Viability (MTT Assay)

DRG neurons were treated 24 h after seeding. Cells were treated with different
concentrations of Paclitaxel (0.01, 0.1, 1, 10 µM) and PEA (0.1, 1, 10 µM), either individually
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or simultaneously combined to study the effects on cell viability. Paclitaxel concentrations
were selected based on the literature [15–19,40,41] as well as PEA [42–44]. DRG neurons
(4–5 × 104 cells/well) in 96 well plates were treated with different concentrations of
Paclitaxel and PEA alone or in combination for 24, 48, and 72 h. (Figure 1b). Then, cell
viability (%) was measured at the different time points using MTT assay. Four hours
before termination of experiments at different time points, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide solution (MTT, Invitrogen, cat. No M6494, 5 mg/mL,
Eugene, OR, USA) was added. Cells were further incubated for 4 h at 37 ◦C and 5%
CO2. After removing MTT solution, formazan crystals dissolved in 100 µL of dimethyl
sulfoxide (DMSO, Sigma-Aldrich, cat No. D4540-500 mL, Lyon, France) were added
and, after another 20 min absorbance values, were measured at wavelengths (540 nm
and 720 nm) by a microplate reader (SynergyTMMx, BioTek Instruments, Winooski, VT,
USA). DRG neurons cultured in normal media free of Paclitaxel or/and PEA were used as
control groups. Controls contained the similar highest concentration of DMSO (0.1%) to
exclude any solvent effects on cell viability. All experiments were performed three times
independently with 2–3 technical replica for each treatment.

2.6. Immunofluorescence Staining and Microscopy

To investigate the effects of various treatments on the morphology of DRG neurons,
cells (2–4 × 103 cells/well) were seeded on 12 mm sterile coverslips in a 24-well plate
(Greiner Bio-One, Cat No. 662160, Frickenhausen, Germany), cultured for 24 h until most
neurites outgrew, and then treated with different concentrations of Paclitaxel or PEA, either
alone or in combination (Figure 1c). At the end of each time point, the cells were fixed with
4% paraformaldehyde (PFA, AppliChem, cat No.141451.1211, Darmstadt, Germany) for
15 min at RT and immediately subjected to immunofluorescence or stored in 1 × PBS at
4 ◦C until further use. For immunofluorescence staining, fixed cells were washed 3 times
with 0.02 M PBS for 10 min before unspecific bindings were blocked by incubating cells in
normal goat serum (NGS, Sigma Aldrich, cat No. G9023-10 mL, Taufkirchen, Germany, 1:20)
in 0.02 M PBS/0.3% (v/v) Triton) for 30 min. Afterward, cells were incubated with neuronal
marker mouse anti-β-III tubulin antibody (TUBB3, Biolegend, San Diego, cat No: 801201,
CA, USA, 1:1000) overnight for labelling the cytoskeleton of neurons. Coverslips were
thereafter washed thrice for 10 min in PBS, incubated with the secondary antibody goat
anti-mouse Alexa Fluor® 488 conjugated (Life Technologies, cat No. 2066710, Darmstadt,
Germany, 1:200) for 1 h, washed again 3 times with PBS, and stained with DAPI (4′,6-
Diamin-2-phenylindol, Sigma-Aldrich, Munich, Germany, cat No. D9542) for visualization
of nuclei. The stained cells were washed in distilled water and covered with DAKO
fluorescence mounting medium (DAKO, Agilent Technologies, Inc., Santa Clara, CA 95051,
USA). The DRG neurons photomicrographs were captured by using a Leica DMi8 (Wetzlar,
Germany) microscope, and five images were randomly taken from each coverslip. The
experiment was performed 3 times independently.

2.7. Image Analysis and Determination of Neurite Lengths and Soma Sizes

Measurement of neurite length as a marker for investigating the neurotoxicity of DRG
neurons was assessed by using Neurite Tracer, a plugin for ImageJ software version v1.52
used for automated neurite tracing as previously described [45] with some adjustments
(Figure S1). Briefly, a sample image pair from cultures of DRG neurons fluorescently
labelled with TUBB3 as neuronal marker and DAPI as nuclear marker were opened in
Image J (v1.46r (National Institutes of Health, Laboratory for Optical and Computational
Instrumentation, University of Wisconsin, Madison, WI, USA) and converted to 8-bit
grayscale, and then individually opened in neurite tracer plugin. Large bright objects
(somats of neurons) were removed from all images by application of Fiji software version
2.9.0 (accessed 15 January 2022) (https://imagej.net/Fiji/Downloads). Thereafter, the
resulting images were inserted to neurite tracer. Afterwards, the threshold was adjusted
manually before starting the automated tracing of neuritis. Images with the traced neuritis
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were merged with RGB original images to ensure the reliability and accuracy of the tracing
process. Afterwards, the number of neurons was determined by using a multi-point tool of
ImageJ. Finally, traced neuritis lengths were normalized with the numbers of neurons to
calculate the neurite length/cell. To determine the size of neuronal somata, soma areas of
neurons were selected, and soma areas were measured. The results were normalized with
those from the control group.

2.8. Statistical Analysis

Data analysis and visualization were carried out by using GraphPad Prism (GraphPad
Software version 8.0.1 for Windows, La Jolla, CA, USA). The normal distribution of data
was assessed by use of the Kolmogorov–Smirnov test. The effect of treatments on viability
and neurite length of DRG neurons was assessed using one-way ANOVA (analysis of
variance) followed by the Bonferroni multiple comparisons test (p < 0.05). An alpha level
of 0.05 was used for all tests.

3. Results
3.1. Characterization of DRG Neuronal Cells

DRG neurons cultures were examined under a light microscope at various time points
(2, 24, 48, and 72 h) to track their growth and morphology. After 2 hours, neuron somas
appeared round, bright, and refractile, with a large nucleus (Figure 1a). Three distinct
subpopulations (small, medium, and large neurons) based on soma diameter were observed,
(Figure 1a). Most of the DRG neurons extended long thin neuritis after 24 h of cells seeding,
while, after 48 and 72 h of culturing, all sensory neurons had long neuritis which connected
and formed networks together (Figure 1a).

3.2. Effects of Paclitaxel or/and PEA on Cell Viability of DRG Neurons

DRG neurons were treated with different concentrations of Paclitaxel for 24, 48, and 72-
h, and we found a significant reduction in the viability of cells at only 72 h post-treatment,
regardless of Paclitaxel concentrations, compared to the untreated control group (p < 0.001)
(Figure 2). Paclitaxel‘s effects on neuron viability were obviously time-dependent but
not concentration-dependent. PEA, as expected, showed no statistically significant effect
on the viability of cells in comparison to the untreated control group (p > 0.05) at 72 h
post-treatment (Figure S2).
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 Figure 2. Effects of different concentrations of Paclitaxel on viability (%) of DRG neurons at different
time points. Application of different concentrations of Paclitaxel showed no influence on the viability
of neurons at (a) 24 h and (b) 48 h, whereas, at (c) 72 h post-treatment, Paclitaxel significantly reduced
the viability of cells compared to control (*** p < 0.001). The asterisk denotes significant results
regarding the respective measurement indicated with the bar. Values are served as mean ± SEM of
three independent experiments performed in triplicate. SEM: Standard error mean.

The effects of combined treatments (Paclitaxel plus PEA) were compared to the effect of
Paclitaxel alone on viability (%) at 72 h post-treatment. A significant increase was observed
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for almost all combinations of Paclitaxel (0.01–10 µM) plus PEA (0.1–10 µM) compared to
cells treated with Paclitaxel alone. A significant effect was missed only for the combination
(10 µM Paclitaxel + 1 µM PEA vs. 10 µM Paclitaxel) (p < 0.05) (Figure 3). Notably, the effect
of PEA against Paclitaxel was clearly concentration independent.
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Figure 3. Effects of different concentrations of Paclitaxel (a) 0.01 µM, (b) 0.1 µM, (c) 1 µM, and
(d) 10 µM either alone or in combination with different concentrations of PEA on viability (%)
(mean ± SEM) of DRG neurons at 72 h post-treatment by using MTT assay. The asterisk indicates a
significant increase in viability of DRG neurons treated with different Paclitaxel concentrations
in combination with different concentrations of PEA at 72 h post-treatment compared to cells
treated with Paclitaxel only (* p < 0.05, ** p < 0.01, and *** p < 0.001). Data are (mean ± SEM)
of three independent experiments performed in duplicate.

3.3. Effects of Paclitaxel or/and PEA on Morphology of DRG Neurons

Toxic hallmarks of Paclitaxel were observed on the morphology of neurons such as
suppression in neurite lengths of neurons, swelling of neuronal cell bodies, as well as
retraction and blebbing formation at the distal endings of neurites (Figure 4a). To verify
and quantify the Paclitaxel and PEA effects, two different endpoints were assessed, namely
neurite length and soma size.
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Figure 4. Effects of different Paclitaxel concentrations on morphology, neurite length, and soma size
of DRG neurons. (a) Immunofluorescence staining of DRG neurons treated with different Paclitaxel
concentrations (0.01, 0.1, 1, and 10 µM) labeled with anti-mouse beta III Tubulin antibody after 24, 48,
and 72 h. Different concentrations of Paclitaxel had toxic effects leading to a reduction in neurite length
and an increase in soma area (yellow arrows) at all time points. Additionally, other characteristics of
Paclitaxel toxicity on neuronal morphology are visible, including swellings and blebbing at distal
ends of neuritis (red arrows). Nuclei were counterstained with DAPI. Five to eight regions were
recorded randomly per each coverslip. Scale bars = 75 µm. (b–d) significant suppression in neurite
lengths of DRG neurons treated with different Paclitaxel concentrations in comparison with the
control group (** p < 0.01, *** p < 0.001, **** p < 0.0001) at 24, 48, and 72-h post-treatment, respectively.
Data are (mean ± SEM) of three independent experiments performed with (10–15) replicates.

3.3.1. Neurite Length

The treatment with the four different concentrations of Paclitaxel resulted in a signifi-
cant reduction in neurite length 24 h after treatment when compared to the non-treated
control group (p < 0.05) (Figure 4b). At 48 and 72 h post-treatment, all studied Paclitaxel
groups had an apparent reduction in neurite length except for 0.01 µM Paclitaxel relative
to control group (Figure 4c,d). Interestingly, Paclitaxel effects on neurite length were clearly
time- and concentration-dependent. No alterations in morphology and neurite length
were found in DRG neurons treated with PEA in comparison to the vehicle control group
(p > 0.05) (Figure S3a–c).

The three different concentrations of PEA co-applied with 0.01 µM Paclitaxel had no
significant protective effects on the neurite lengths of neurons at all investigated timelines
compared to the 0.01 µM Paclitaxel group (p > 0.05; Figure S4). All combined groups of
PEA with 0.1 µM Paclitaxel did not cause any significant increase in neurite length at any
time point when compared to the 0.1 µM Paclitaxel group alone (p > 0.05); however, at 72 h
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after application, 1 µM PEA only plus 0.1 µM Paclitaxel resulted in an apparent increase in
neurite length of DRG neurons compared to 0.1 µM Paclitaxel group (p < 0.05; Figure S5).

However, PEA concentrations (0.1, 1, and 10 µM) showed a significant protective effect
on neurite outgrowth of DRG neurons when combined with 1 µM Paclitaxel and compared
with 1 µM Paclitaxel alone at 24 and 72-h post-treatment. A total of 0.1 µM PEA combined
with 1 µM Paclitaxel had a significant protective effect on neurite lengths of DRG neurons
48 h after treatment when compared to Paclitaxel alone (p < 0.05) (Figure 5).
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Figure 5. Showing protective effects of different PEA concentrations (0.1, 1, and 10 µM) co-applied
with 1 µM Paclitaxel on neurite lengths of DRG neurons compared to 1 µM Paclitaxel alone at 24, 48,
and 72 h post-treatment. (a) Representative microphotographs of DRG neurons stained with beta
III Tubulin antibody for soma and neuritis (green) and DAPI for nuclei (blue). Scale bars = 75 µm.
(b) Bar graphs indicated a significant increase in neurite lengths of neurons treated with different
concentrations of PEA at 24 h and 72 h post-treatment compared to cells treated with Paclitaxel only,
while at 48 h post-treatment only 0.1 µM PEA demonstrated a significant increase in neurite length
against 1 µM Paclitaxel (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). Data are (mean ± SEM) of
three independent experiments performed in 10–15 replicates. The asterisk denotes significant results
regarding the respective measurement indicated with bar charts.
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Regarding the protective effects of different PEA concentrations against 10 µM Pacli-
taxel, we found 0.1 or 1 µM PEA combined with 10 µM Paclitaxel showed a significant
increase in neurite lengths of DRG neurons at 24, 48, and 72-h post-treatment compared to
cells treated with 10 µM Paclitaxel only (p < 0.05) (Figure 6). Meanwhile, the 10 µM PEA
plus 10 µM Paclitaxel group revealed a significant increase in neurite lengths only at 24 h
post-treatment in comparison to the 10 µM Paclitaxel group (p < 0.05) (Figure 6).
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Figure 6. Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 10 µM Paclitaxel
at 24, 48, and 72 h post-treatment. (a) Representative immunofluorescence images show DRG
neurons labeled with beta III Tubulin antibody (green) and DAPI for nuclei (blue). Scale bars = 75 µm.
(b) A significant increase in neurite length of neurons was found in groups treated with different
concentrations of PEA at 24 h only compared to cells treated with Paclitaxel only. At 48 and 72-h
post-treatment, 0.1 µM PEA or 1 µM PEA combined with 10 µM Paclitaxel demonstrated a significant
increasing effect on the neurite lengths in comparison with 10 µM Paclitaxel alone (* p < 0.05,
** p < 0.01, *** p < 0.001, **** p < 0.0001). Data represented as (mean ± SEM), and the experiments
were performed at least 3 independent times and 10–15 replicas. The asterisk denotes significant
results regarding the respective measurement indicated with the bar graphs.
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3.3.2. Soma Size

The four different concentrations of Paclitaxel led to an increase in the soma size of
neurons 24 h post-treatment when compared to the control group (p < 0.05) (Figure 7a). At
48 and 72-h, all investigated groups treated with Paclitaxel showed apparent enlargements
in areas of neuronal somata except for 0.01 µM of Paclitaxel when compared to the control
group (p < 0.05) (Figure 7b,c). Effects of Paclitaxel on soma size of neuronal cell bodies were
obviously time- and concentration-dependent. Treatment with PEA alone demonstrated
no significant effects on the size of neuronal bodies at any time point when compared to
control group (p > 0.05) (Figure S3d–f).
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Figure 7. Effects of different Paclitaxel concentrations on soma size of DRG neurons at different
time points. Bar charts show a significant increase in the soma size of DRG neurons after the
application of different Paclitaxel concentrations at (a) 24 h, (b) 48 h, and (c) 72 h post-treatment
compared to the control (** p < 0.01, *** p < 0.001, **** p < 0.0001). Asterisks denote significant results
regarding the respective measurement indicated with the bar. Values are served as mean ± SEM of
three independent experiments, n = 30–45 replicates. SEM: Standard error mean.

The effects of different combined groups of Paclitaxel plus PEA on soma size of DRG
neurons were investigated in comparison to the cells treated with Paclitaxel alone. An
increase in soma size was found for 0.01 µM Paclitaxel only at 24 h after treatment compared
to control group. A total of 10 µM PEA combined with 0.01 µM Paclitaxel was the only
group that demonstrated a significant decrease in neurons soma size in comparison to
Paclitaxel group (p < 0.05) at 24 h after application, while 0.1 and 1 µM PEA did not
show any protective effects against 0.01 µM Paclitaxel group (p > 0.05) at the same time
point (Figure S6).

The 0.1 and 10 µM PEA co-applied with 0.1 µM Paclitaxel revealed an apparent de-
crease in neuronal somata sizes, whereas 1 µM PEA had no effect compared to neurons
treated with Paclitaxel only at 24 h after treatment (p < 0.05) (Figure 8a). At 48 h post-
treatment, 1 and 10 µM of PEA combined with 0.1 µM of Paclitaxel were the only groups
with a significant neuroprotective effect on somata sizes when compared to 0.1 µM Pacli-
taxel (p < 0.05) (Figure 8a). At 72 h after application, all PEA concentrations combined
with 0.1 µM Paclitaxel showed considerable protectant action except for the 10 µM PEA +
0.1 µM Paclitaxel group when compared to Paclitaxel only (Figure 8a).

Treatment of neurons with the three different concentrations of PEA co-applied with
1 µM Paclitaxel demonstrated a significant protective effect on somata sizes when compared
to cells exposed to 1 µM Paclitaxel alone at 24- and 72-h time points (p < 0.05) (Figure 8b).
At 48 h post-treatment, 1 µM of Paclitaxel in combination with 10 µM of PEA was the only
group without any protective effects, whereas the other two combined groups led to a
strong decrease when compared to individual Paclitaxel treated cells (p < 0.05) (Figure 8b).
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The three concentrations of PEA co-applied with 10 µM Paclitaxel showed statistically
significant protective effects on DRG neurons’ cell bodies against the 10 µM Paclitaxel group
at 24 h after treatment (p < 0.05) (Figure 8c). Similarly, both concentrations, 0.1 and 1 µM of
PEA, combined with 10 µM of Paclitaxel showed a significant neuroprotective effect on
soma sizes, while the combination of 10 µM Paclitaxel and 10 µM PEA did not have any
protective effect at 72 h post-treatment compared to Paclitaxel alone (p < 0.05) (Figure 8c).
The 10 µM Paclitaxel plus 1 µM PEA group demonstrated a significant protective effect;
however, 0.1 and 10 µM of PEA combined with 10 µM Paclitaxel groups did not reveal any
protective effect on the size of cell bodies of neurons when compared to neurons treated
only with 10 µM Paclitaxel at 48 h after treatment (p < 0.05) (Figure 8c).

Overall, the neuroprotective actions of PEA against the induced toxicity of Paclitaxel
on soma size of DRG neurons were time and concentration independent (p < 0.05).

4. Discussion

Peripheral neuropathy (PN) is one of the most common side effects of Paclitaxel, affect-
ing up to 97% of all gynecological and urological cancer patients [46,47]. Paclitaxel causes
cell death in cancer cells by interfering with mitosis via microtubule stabilization; how-
ever, Paclitaxel also affects the peripheral nervous system, causing PN [48]. The primary
symptoms are hand and foot numbness besides pain caused by Paclitaxel accumulation
in the DRG. DRG neurons are highly susceptible to Paclitaxel accumulation presumably
due to a more permeable blood nerve barrier [49]. In the current study, the toxicity of
Paclitaxel on viability of neurons was apparent at only 72 h post-treatment in comparison
to the control group, while, at all-time windows studied, different Paclitaxel concentrations
resulted in a significant reduction in neurite length of DRG neurons. These findings were
in line with previous research on Paclitaxel-induced peripheral neuropathy with axonal
sensory neuropathy that was length-dependent [50]. A significant reduction in neurite
length was reported when DRG neurons were exposed to 10 µM Paclitaxel for 24 h [17].
In addition, Paclitaxel’s toxic effects on neurons resulted in the enlargement of neuronal
cell bodies obviously at 24, 48, and 72 h post-treatment. These findings are in agreement
with previous findings, in which Paclitaxel treatment caused a significant increase in DRG
neuron soma size after 24 h of treatment [15,16] and induced a significant enlargement of
DRG nucleolus size [51].

Our data obviously demonstrated that Paclitaxel neurotoxicity on neurite outgrowth
and soma size is time- and dose-dependent. Similar earlier studies reported on a dose- and
infusion time-dependent-induced neurotoxicity that could be exacerbated by underlying
conditions or co-application with other drugs [52,53]. The differences in toxic effects of
Paclitaxel on the viability and morphology of neurons might possibly be due to higher
susceptibility or vulnerability of neurites to toxins than neuronal somata [15,16]. As a result,
the toxic effects of Paclitaxel were more rapid, with a significant reduction in neurite length
of neurons after 24 h post-treatment. The data are in agreement with a previous work
reporting on reduction of axon length after Paclitaxel treatment. Therefore, Paclitaxel seems
to act directly on axons and causes axonal degeneration probably through local mecha-
nisms [54]. Additionally, Paclitaxel disrupted intracellular microtubules and bindings with
beta-tubulin inside cell soma, resulting in accumulation of non-functional beta-tubulin
units of microtubules, vacuolization of mitochondria and cytoplasm in neuronal cell bodies,
and cell enlargement [55]. Paclitaxel increased cell size, and, after 72 h of treatment, neurons
may explode and die due to a non-apoptotic effect. Taken together, Paclitaxel targets the
nerve fibers and causes local axonopathy in still viable neurons with increased soma sizes.

PEA is a bioactive lipid that is used as an anti-nociceptive agent in different animal
models of neuropathic pain, including spinal cord injury [56] and diabetes-induced pe-
ripheral neuropathy [57]. In humans, PEA accumulates in painful tissues, as observed
in the trapezius muscle of women suffering from chronic neck pain [58]. Moreover, PEA
protected nerve tissue in neuropathic conditions [37] and prevented neurotoxicity and
neurodegeneration [59,60]. Furthermore, PEA also alleviated painful diabetic neuropathy,
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chemotherapy neuropathy, idiopathic axonal neuropathy, nonspecific neuropathy, and
sciatic and lumbosacral spine disease pain [61]. Here, we demonstrated that PEA partially
counteracted the toxicity of Paclitaxel on DRG neurons. Regardless of PEA concentration,
combining PEA with Paclitaxel significantly increased neuron cell viability compared to
treatment with Paclitaxel at 72 h after treatment. These results were consistent with a
previous study that showed a reduction of positive propidium iodide (PI) neuronal nuclei
after the application of PEA to N-methyl D-aspartate (NMDA)-treated organotypic hip-
pocampal slice cultures [36]. The positive effects on cell viability seem not to be confined to
neurons. In astrocytes, different PEA concentrations increased the cell viability from 30 min
to 18 h [62]. The data imply for Paclitaxel the need for a longer interaction with damaged
cells. Paclitaxel’s slow action might provide a good opportunity for PEA to exert protective
effects and reverse the toxic effects of Paclitaxel, resulting in increasing the viability of
DRG neurons.

In the present study, PEA plus Paclitaxel groups showed a significant increase in
neurite length and a strongly decreased soma size of DRG neurons at all studied time
points when compared to individual Paclitaxel treatment groups. Interestingly, at 24 h
after treatment, PEA produced a protective effect on neurite length and size of cell bodies
of neurons against toxicity of Paclitaxel, independent of PEA concentration. This phe-
nomenon might be attributed to the short period of exposure of DRG neurons to Paclitaxel
and PEA treatment, allowing PEA to mask and alleviate the toxicity of Paclitaxel. In
line with previous evidence in a rat model of Oxaliplatin-induced neurotoxicity, acute
intraperitoneal administration of PEA (30 mg kg-1) substantially relieved pain 30 min after
administration [63].

Notably, 10 µM PEA did not show any significant protective effect on neurite out-
growth at 48 h post-treatment, although it enhanced neurite extension at 72 h after treatment.
The results might be interpreted as an attempt of damaged neurons to develop a survival
pressure to resist death caused by Paclitaxel toxicity. They retract and aggregate short neu-
rites. Therefore, neurite extension might become a secondary process at 48 h post-treatment
and, as a result, PEA remains unable to express any protective effects. These data are agreed
with previous studies on PEA effects on preserving myelin sheet thickness and axonal
diameter and preventing myelin degeneration [37]. PEA reduced myelin loss caused by
sciatic nerve injury, maintained neuron cell diameters, reduced nerve edema, and restored
nerve function, all of which were associated with decreased hypersensitivity [64].

In summary, PEA induced strong neuroprotective actions against Paclitaxel toxicity in
DRG neurons and improved their viability and morphology.

5. Conclusions

Our findings showed the ability of PEA to attenuate the toxicity of Paclitaxel on DRG
neurons. The effects of Paclitaxel on neuronal viability alone were apparent at 72 h post-
treatment only. Furthermore, treatment with Paclitaxel led to a strong reduction in neurite
length and enlargement of neuronal cell bodies at all investigated time windows. PEA
showed neuroprotective effects by partially reversing the toxic effects of Paclitaxel, includ-
ing increasing cell viability, enhancing DRG neuron neurite outgrowth, and decreasing
swelling of neuronal soma. These findings contribute to our understanding of Paclitaxel’s
site and mode of action on the peripheral nervous system and highlight the critical need
for novel peripheral neuropathy protective strategies. More research will be needed to elu-
cidate the signaling pathways underlying PEA’s neuroprotective effects against Paclitaxel
neurotoxicity. With these results, PEA might be a promising therapeutic option for cancer
patients suffering from CIPN.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom12121873/s1. Figure S1: Representative example for tracing
neurites by ImageJ program; Figure S2: Effects of different PEA concentrations on neuronal cell
viability (%) (mean ± SEM) at 72 h post-treatment; Figure S3: Effects of different concentrations
of PEA on neurite lengths and soma sizes (mean ± SEM) of DRG neurons at 24, 48, and 72-h post-
treatment; Figure S4: Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with
0.01 µM Paclitaxel on neurite length of DRG neurons at 24, 48, and 72-h post-treatment; Figure S5:
Effects of different PEA concentrations (0.1, 1, and 10 µM) combined with 0.1 µM Paclitaxel at 24, 48,
and 72-h post-treatment; Figure S6: The effects of different PEA concentrations (0.1, 1, and 10 µM)
co-applied with 0.01 µM Paclitaxel on soma sizes of DRG neurons at 24, 48, and 72-h post-treatment.
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Abstract: Acute lung injury (ALI) is a common and devastating clinical disorder with a high mor-
tality rate and no specific therapy. The pathophysiology of ALI is characterized by increased alveo-
lar/capillary permeability, lung inflammation, oxidative stress and structural damage to lung tissues,
which can progress to acute respiratory distress syndrome (ARDS). Adelmidrol (ADM), an analogue
of palmitoylethanolamide (PEA), is known for its anti-inflammatory and antioxidant functions,
which are mainly due to down-modulating mast cells (MCs) and promoting endogenous antioxidant
defense. The aim of this study is to evaluate the protective effects of ADM in a mice model of ALI,
induced by intratracheal administration of lipopolysaccharide (LPS) at the dose of 5 mg/kg. ADM 2%
was administered by aerosol 1 and 6 h after LPS instillation. In this study, we clearly demonstrated
that ADM reduced lung damage and airway infiltration induced by LPS instillation. At the same
time, ADM counteracted the increase in MC number and the expression of specific markers of MC
activation, i.e., chymase and tryptase. Moreover, ADM reduced oxidative stress by upregulating
antioxidant enzymes as well as modulating the Nf-kB pathway and the resulting pro-inflammatory
cytokine release. These results suggest that ADM could be a potential candidate in the management
of ALI.

Keywords: acute lung injury; Adelmidrol; mast cells; inflammation; oxidative stress

1. Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), two acute
inflammatory conditions, are a major cause of respiratory failure and one of the most
challenging clinical conditions with significant morbidity and mortality [1]. ALI is char-
acterized by alteration of the endothelium and alveolar epithelial barrier, resulting in
increased microvascular permeability, pulmonary edema, and polymorphonuclear neu-
trophil infiltration, all of which contribute to decreased respiratory function [2]. Evidence
has proposed that several pathophysiological pathways are activated during ALI, especially
during the early phase of the disease [3,4], in which inflammatory response plays a key
role [1]. ALI can be modeled in rodents by the administration of LPS through tracheal
instillation [5–8]. Local administration of LPS causes an acute and vigorous migration of
inflammatory cells into the lung tissue, leading to the overproduction of pro-inflammatory
cytokines, including interleukin (IL)-6, IL-1β and tumor necrosis factor (TNF)-α [9,10].
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Among the inflammatory cells, mast cells (MCs) stand out for their involvement in the
pathophysiology of ALI [11]. In particular, MCs activation induce the release of the contents
of their granules, including specific proteases such as chymase and tryptase that contribute
to the progression of inflammatory diseases on the respiratory system [12,13]. Additionally,
several studies support the role of oxidants and oxidative stress in the pathogenesis of
ALI [14–16]. In the context of ALI/ARDS, there are many potential sources of reactive
oxygen species (ROS), including leukocytes (neutrophils, monocytes, and macrophages),
parenchymal cells (endothelial and epithelial cells, fibroblasts, and myocytes) and circulat-
ing oxidant-generating enzymes [16]. Excessive ROS production generated by the injured
endothelium/epithelium, as well as recruited leukocytes, amplifies the tissue damage
and pulmonary edema [17,18]. Thus, a cross-link between inflammatory response and
oxidative stress is involved in the development of ALI [19,20]. Therefore, new approaches
are needed to improve the clinical outcomes of the patients affected with the disease. In
this regard, we investigated the properties of Adelmidrol (ADM), a palmitoylethanolamide
(PEA) analogue that belongs to the ALIAmide family (Autacoid Local Injury Antagonist
Amides) [21]. It is well known that ADM has important anti-inflammatory properties due
to the regulation of MC activation [22–24]. Recently, it has also been shown that ADM
is able to boost endogenous antioxidant defense [25], indirectly enhancing its protective
function. Therefore, the aim of this study is to evaluate the beneficial effects of ADM in an
LPS-induced ALI model, through the modulation of inflammatory and oxidative pathways.

2. Materials and Methods
2.1. Animals

Male CD1 mice (25–30 g, Envigo, Milan, Italy) were housed in a controlled environ-
ment, with food and water ad libitum. The University of Messina Review Board for animal
care (OPBA) approved the study (ethical protocol code: 266/2021-PR). All in vivo experi-
ments followed the new directives of the USA, Europe, Italy, and the ARRIVE guidelines.

2.2. Induction of Acute Lung Injury

For intratracheal (i.t.) instillation, animals were anesthetized with isoflurane (2%),
and LPS was instilled as previously described [26,27]. Briefly, a 1 cm long ventral midline
cervical incision was used to expose the trachea, and LPS was injected using a bent 27-
gauge tuberculin needle. Escherichia coli LPS (026: B6L3755, Sigma Aldrich, St. Louis,
MO, USA) was administered by a single i.t. instillation at the dose of 5 mg/kg suspended
in saline solution (total volume = 0.05 mL per animal) [1]. Sham animals were subjected
to the same procedure but received saline instead of LPS. ADM 2% in isotonic solution
was administered by aerosol, with a Lovelace nebulizer (In-Tox Products, Albuquerque,
NM, USA) being used to create an atmosphere in an exposure chamber (Research and
Consulting Co., AG, Basel, Switzerland), as previously described by D’Amico et al. [28].

2.3. Experimental Groups

Mice were randomized into the following experimental groups (n = 12/group):

- LPS group: Mice received LPS i.t. and were treated with the vehicle (saline);
- LPS + ADM group: Mice received LPS i.t. and were treated with ADM 2% aerosol 1 h

and 6 h after LPS instillation;
- Sham group: Similar to LPS group, but mice received saline i.t. instead of LPS;
- Sham + ADM: Mice received saline i.t. and were treated with ADM 2% aerosol 1 h

and 6 h after saline instillation (data not shown, as no significant difference was ever
observed between Sham and Sham + ADM).

At 24 h after induction, all animals were sacrificed, and bronchoalveolar lavage fluid
(BALF) as well as lung tissues were collected for further analysis.
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2.4. Proteins Concentration and Cell Counts in BALF

The cell count in BALF was carried out as previously described [1]. Briefly, BALF was
collected by cannulating the trachea and lavaging the lung twice with 0.7 mL of phosphate-
buffered saline (PBS) [1]. The washing solution were removed by aspiration and BALF was
centrifugated at 800 rpm [29]. The supernatant was stored at −20 ◦C, while the pelleted
cells were resuspended in PBS. Then, the total cells in BALF were enumerated by counting
with a hemocytometer in the presence of the trypan blue stain. For differential cell counting,
Wright’s Giemsa stain was performed, and the leukocyte and macrophage populations
present in BALF were counted. After staining, the differential count was carried out by
the standard morphological protocol under a light microscope [30]. To determine the
protein concentration and to measure the pro-inflammatory cytokines, the supernatants
in BALF were analyzed by a BCA Protein Assay Kit (ThermoFisher, 00161, Rome, Italy.
while the levels of IL-6 (#DKW12-2060; Dakewe Biotech Co., Ltd., Bensheim, Germany),
IL-1β (#MBS8800273; Biosource International, Camarillo, CA, USA) and TNF-α (#30907;
BioLegend, San Diego, CA, USA)) were detected using ELISA [1,31].

2.5. Measurement of Lung Edema

At the end of experiment, wet lung weights were recorded. The lungs were subse-
quently dried for 48 h at 80 ◦C and weighed again. The water content in the lung tissues
was calculated as the ratio of wet/dry weight of the lung [32].

2.6. Histological Examination

Lung sections were stained with Hematoxylin and Eosin (H&E) for histological analy-
sis [33–36] and with toluidine blue to determine MC degranulation [37]. Every section was
examined using a Leica DM6 microscope; (Leica Microsystems SpA, Milan, Italy) associ-
ated with Leica LAS X Navigator software (Leica Microsystems SpA, Milan, Italy). Every
slide was viewed at a magnification of 10× and morphological changes were evaluated by
two blinded investigators [38–41]. Lung injury score was measured according to the meth-
ods reported previously [42,43]. The criteria are as follows: 0 = no damage, l = mild damage,
2 = moderate damage, 3 = severe damage, 4 = very severe histologic changes.

2.7. Myeloperoxidase (MPO) Assay

The MPO activity was measured as previously described [44–46] and represented
in units per gram of wet tissue weight, defined as the amount of enzyme capable of
decomposing 1 µmol of peroxide per minute at 37 ◦C.

2.8. Immunohistochemical Localization of Chymase and Tryptase

Immunohistochemical analysis was performed as previously described [47–49]. Pri-
mary antibodies anti-MC chymase (1:100, Santa Cruz Biotechnology (SCB) Heidelberg,
Germany, #sc59586) and anti-MC tryptase (1:100, SCB, #sc59587) were incubated overnight
on the lung tissue sections. Images were collected using a Leica DM6 microscope; a 10×
magnification is shown (Leica Microsystems SpA, Milan, Italy) following a typical proce-
dure [50–53]. The positive pixel intensity value obtained was connected to the histogram
profile [54,55].

2.9. Measurement of Oxidative Stress

The malondialdehyde (MDA; #A003-1-2, Nanjing, China), glutathione (GSH; #A006-2-1,
Nanjing, China) and catalase (CAT; #A007-1-1, Nanjing, China) levels in the lung tissues were
measured using activity assay kits (Nanjing Jiancheng Bioengineering Institute) [52,56–58].

2.10. Analysis of Western Blots

Western blots were performed on lung samples as described in our previous stud-
ies [59–61]. The following antibodies were used: anti-IkBα (1:1000, SCB, #sc1643), anti-NF-
kB p65 (1:1000; SCB, #sc8414), anti-Nrf2 (1:5000; SCB, #sc365949), anti-HO-1 (1:5000; SCB,
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#sc136960), MnSOD (1:5000 SCB #sc137254), anti-β-actin (1:5000; SCB, #sc8432) and anti-
lamin A/C antibody (1:5000; Sigma-Aldrich, St. Louis, MO, USA). The membranes were
then incubated with IgG peroxidase-conjugated secondary antibody-conjugated bovine
mouse IgG or IgG peroxidase-conjugated goat anti-rabbit (1:2000, Jackson ImmunoResearch,
Baltimore, MD, USA) [58,62–64]. Protein expression was quantified by densitometry with
BIORAD ChemiDocTM XRS + software and normalized to housekeeping genes β-actin
and lamin A/C as previously reported [64,65]. Images of blot signals were imported to
analysis software (Image Quant TL, v2003, Rome, Italy.) [41,60].

2.11. Materials

Unless, otherwise stated, all compounds used in this study were purchased from
Sigma-Aldrich Company Ltd. (Milan, Italy). ADM was obtained from Epitech Group SpA.

2.12. Statistical Evaluation

All values are expressed as mean ± standard error of the mean (SEM) of N obser-
vations. The images shown are representative of the last three experiments performed
on diverse experimental days on tissue sections collected from all animals in each group.
For in vivo studies, N represents the number of animals used. The results were analyzed
by one-way ANOVA followed by a Bonferroni post hoc test for multiple comparisons. A
p value less than 0.05 was considered significant.

3. Results
3.1. ADM 2% Aerosol on Histopathological Analysis and Neutrophil Activity

First, we analyzed the ADM effects on histopathological damage, including alveo-
lar congestion, bleeding, neutrophil infiltration and thickness of alveolar wall/hyaline
membrane formation. H&E exhibited extensive tissue damage and extracellular matrix
deposition in the lungs of LPS-treated animals (Figure 1B,D) compared to the sham groups
(Figure 1A,D). Aerosol treatment with ADM 2% significantly minimized lung damage
(Figure 1C,D). We also evaluated the presence of lung edema by the ratio of wet/dry
weight of the lung and neutrophil infiltration by the MPO assay. The ratio of wet/dry
weight of the lung and MPO activity were increased by i.t. injection of LPS, while ADM 2%
significantly reduced both parameters. (Figure 1E,F).

3.2. ADM 2% Aerosol on Inflammatory Cells and Pro-Inflammatory Cytokines in BALF

To determine whether ADM was able to reduce cell infiltration, we measured inflamma-
tory cell counts in the BALF 24 h after LPS i.t. instillation. We found a substantial increase in total
cell counts (Figure 2A), macrophages (Figure 2B) and neutrophils (Figure 2C) in BALF taken
from LPS-treated animals compared to Sham mice. The number of inflammatory cells in BALF
was significantly reduced after ADM 2% aerosol (Figure 2A–C). Additionally, we examined
BALF levels of the pro-inflammatory cytokines. TNF-α (Figure 2D), IL-1β (Figure 2E) and
IL-6 (Figure 2F) levels were significantly increased in the LPS group compared to Sham
mice. On the contrary, cytokines release in BALF was markedly reduced in mice treated
with ADM (Figure 2D–F).

3.3. ADM 2% Aerosol on MC Number

Toluidine blue staining of lung sections was used to assess the MC number. We
detected a higher number of MCs in the LPS group (Figure 3B,B1,D), compared to Sham an-
imals (Figure 3A,A1,D). ADM 2% aerosol reduced in a significant manner MC hyperplasia
in lung tissues (Figure 3C,C1,D).

3.4. ADM 2% Aerosol on Chymase and Tryptase Expression

To confirm the activity of MCs and their activation, we evaluated the chymase and
tryptase expressions by immunohistochemical analysis. LPS instillation enhanced chymase
activity in the lungs (Figure 4B,B1,D), compared to Sham mice (Figure 4A,A1,D). At the
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same way, LPS increased tryptase expression in the lungs (Figure 5B,B1,D) compared
to Sham mice (Figure 5A,A1,D). ADM 2% aerosol was able to reduce both preformed
mediators expression (Figure 4C,C1,D for chymase; Figure 5C,C1,D for tryptase).

Figure 1. Histological analysis: sham (A), LPS (B), LPS + ADM 2% (C). Histological score (D).
Wet/dry lung weight ratio (E). MPO activity (F). A 10× magnification is shown. Data are expressed
as the mean ± SEM of N = 6 mice/group. *** p < 0.001 vs. sham; # p < 0.05 vs. LPS; ## p < 0.01 vs.
LPS; ### p < 0.001 vs. LPS.

Figure 2. Cell infiltration expression in BALF. Total cell number (A), Macrophages (B), Neutrophils
(C). Expression of proinflammatory cytokine: TNF-α (D), IL-1β (E), IL-6 (F). Data are expressed as
the mean ± SEM of N = 6 mice/group. *** p < 0.001 vs. sham; # p < 0.05 vs. LPS; ## p < 0.01 vs. LPS;
### p < 0.001 vs. LPS.
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Figure 3. Mast cells indicated by toluidine blue staining: Sham (A), LPS (B), LPS + ADM 2% (C),
mast cell count (D). A 20× and 100× magnification is shown. Data are expressed as the mean ± SEM
of N = 6 mice/group. *** p < 0.001 vs. sham; # p < 0.05 vs. LPS.

3.5. ADM 2% Aerosol on Oxidative Stress

To evaluate the effect of ADM on oxidative stress, we performed MDA activity as an
indicator of lipid peroxidation. LPS-treated mice showed increased MDA levels, while the
LPS + ADM group showed lower levels of MDA (Figure 6A). Additionally, we investigated
CAT and GSH levels for the oxidative response. LPS induced an important decrease in
CAT (Figure 6B) and GSH (Figure 6C) levels, compared to the Sham groups. Both levels of
antioxidant indicators were markedly increased by ADM 2% aerosol treatment.

Figure 4. Immunohistochemical analysis for chymase: Sham (A,A1), LPS (B,B1), LPS + ADM 2%
(C,C1), graphical quantification (D). A 20× and 100× magnification is shown. Data are expressed as
the mean ± SEM of N = 6 mice/group. *** p < 0.001 vs. sham; ## p < 0.01 vs. LPS.
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Figure 5. Immunohistochemical analysis for tryptase: Sham (A,A1), LPS (B,B1), LPS + ADM 2%
(C,C1), graphical quantification (D). A 20× and 100× magnification is shown. Data are expressed as
the mean ± SEM of N = 6 mice/group. *** p < 0.001 vs. sham; ## p < 0.01 vs. LPS.

Figure 6. Markers of oxidative stress: MDA (A), CAT (B), and GSH (C). Data are expressed as the
mean ± SEM of N = 6 mice/group. *** p < 0.001 vs. sham; # p < 0.05 vs. LPS; ## p < 0.01 vs. LPS;
### p < 0.001 vs. LPS.

3.6. ADM 2% Aerosol on Nrf2 Pathway

To confirm the antioxidant effect of ADM, we evaluated the Nrf2 pathway by Western
blot analysis. Our results showed an important reduction in Nrf2 expression in the vehicle
group compared to the sham group, while ADM was able to upregulate Nrf2 expression
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(Figure 7A). Consequently, we evaluated HO-1 (Figure 7B) and MnSOD (Figure 7C) expres-
sion, which are regulated by the Nrf-2 pathway. Our results showed an important decrease
in HO-1 and MnSOD expression in the LPS group, compared to sham mice; on the contrary,
ADM partially restored the expression of both endogenous enzymes (Figure 7B,C).

3.7. ADM 2% Aerosol on Inflammatory Pathway

Additionally, we investigated one of the key inflammatory pathways involved in LPS-
induced ALI, the NF-κB pathway. Our Western blot analysis showed a basal expression of
IκB-α in Sham mice, while LPS i.t. instillation significantly decreased IκB-α expression in
lung samples (Figure 8A). At the same time, nuclear NF-κB expression was significantly
higher in LPS-treated animals compared to the sham group (Figure 8B). ADM treatment
reduced IKB-α degradation and, consequently, nuclear translocation of NF-κB induced
by LPS (Figure 8A,B). Additionally, to confirm the anti-inflammatory effect of ADM, we
measured the levels of pro-inflammatory cytokines in lung tissues. We found that IL-1β
(Figure 8C), IL-6 (Figure 8D) and TNF-α (Figure 8E) levels were markedly increased in the
LPS group, compared to the sham mice. On the contrary, ADM was able to decrease the
lung levels of these pro-inflammatory cytokines (Figure 8C–E).

Figure 7. Western blot analysis for: Nrf2 (A); HO-1 (B); MnSOD (C). A demonstrative blot of lysates
with a densitometric analysis for all animals is shown. Data are expressed as the mean ± SEM of
N = 6 mice/group. *** p < 0.001 vs. sham; # p < 0.05 vs. LPS; ## p < 0.01 vs. LPS.

62



Biomolecules 2022, 12, 1308

Figure 8. Western blot analysis for NF-κB (B) and IκB-α (A). Levels of inflammatory cytokine in
lung tissues: IL-1β (C) IL-6 (D), TNF-α (E). A demonstrative blot of lysates for NF-kB and IκB-α
with a densitometric analysis for all animals is shown. Data are expressed as the mean ± SEM of
N = 6 mice/group. ** p < 0.01 vs. sham; *** p < 0.001 vs. sham; # p< 0.05 vs. LPS; ## p < 0.01 vs. LPS;
### p < 0.001 vs. LPS.

4. Discussion

ALI is an acute inflammatory illness that can advance to a severe stage known as ARDS,
which is marked by a high death rate. These clinical syndromes are characterized by a loss
of barrier functionality by alveolar epithelial and pulmonary capillary endothelial cells, re-
sulting in respiratory failure in critically ill individuals. To study the molecular mechanisms
underlying ALI, the experimental endotoxin (bacterial LPS) model by intratracheal instilla-
tion in mice was used [7,66]. In experimental ALI, the lung parenchyma is damaged by
the generation of a complex network of inflammatory cytokines and chemokine, including
IL-1β, IL-6, and TNF-α [9]. Moreover, activation of oxidative stress with excessive release of
ROS produced by activated pulmonary macrophages and transmigrated neutrophils in the
interstitial and alveolar compartments has been demonstrated [66,67]. Then, an imbalance
is created between the oxidant/antioxidant system, which, combined with the activated
inflammatory response, causes diffuse alveolar damage with intrapulmonary hemorrhage,
edema and fibrin deposition. Therefore, this study was designed to evaluate the effects of
ADM in controlling the inflammatory and oxidative response in LPS-induced ALI. The anti-
inflammatory and antioxidant properties of ADM, a member of the ALIAmide family, have
been extensively demonstrated in previous studies [23,25,34,50,68,69]. First, histopatho-
logical investigation showed that ADM 2% aerosol administration significantly repaired
the morphological and histological alterations in lung tissue, induced by LPS instillation.
Extensive neutrophil infiltration, the large release of inflammatory mediators, an increase in
capillary permeability, and severe interstitial edema are all thought to play important roles
in the pathogenesis of ALI [70–73]. ADM 2% treatment was able to reduce all these parame-
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ters, as demonstrated by a reduction in MPO activity and levels of cell infiltration in BALF,
as well as significant decrease in pro-inflammatory cytokines and lung edema. ALI and
ARDS are often characterized by inappropriately/chronically activated MCs [74]. Many
proteases, such as chymase and tryptase, are substances secreted by MCs activation, and
contribute to inflammatory cells infiltration, cytokine production, and increased vascular
permeability, exacerbating inflammation [75]. At this regard, the anti-inflammatory proper-
ties of ADM are mainly due to the control of MC activation and, as expected, our results
confirmed a reduced number of MCs after ADM treatment. Consequently, we observed an
important reduction in chymase and tryptase expression after ADM 2% administration,
confirming the control of ADM on MCs activity. Additionally, it has also been demonstrated
that ADM increased endogenous levels of antioxidant enzymes [25], indirectly modulating
the NF-κB pathway. Indeed, ALI is characterized by excessive ROS production, causing
imbalance to antioxidant system, and resulting in the release of substances modulating the
endothelial dysfunction and disruption responsible for the principal clinical manifestations
of the syndrome. ADM 2% aerosol administration also had positive results on endoge-
nous levels of enzymes involved in oxidative stress; in fact, the treatment significantly
counteracted the LPS-induced down-regulation of antioxidant indicators, as shown by the
effect of CAT and GSH levels, as well as HO-1 and MnSOD expressions. These antioxidant
enzymes are regulated by the Nrf2 pathway. Moreover, the functional crosstalk between
Nrf2 and NF-κB is well known. The absence of Nrf2 is associated with increased oxidative
stress, leading to an increase in cytokine production, as NF-κB is more readily activated in
oxidative conditions [76,77]. Our Western blot analysis showed that ADM 2% was able to
upregulate Nrf2 expression, responsible for antioxidant response, as well as to modulate
the NF-κB pathway. To confirm the protective function of ADM, we also investigated the
levels of proinflammatory cytokines in lung tissue. Again, ADM treatment significantly
counteracted the LPS-induced increase in inflammatory mediator levels.

5. Conclusions

In conclusion, our data demonstrated that ADM 2% aerosol was able to reduce lung
damage and cell infiltration, as well as the overexpression of proinflammatory cytokines.
The protective effects of ADM 2% aerosol, probably due to the control of MC degranulation
and the upregulation of endogenous antioxidant enzymes, modulate the inflammatory and
oxidative response. Therefore, we suggest that ADM 2% aerosol can be considered as a
potential candidate in the management of ALI.
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Abstract: Similar to canine inflammatory enteropathy, inflammatory bowel disease (IBD) is a chronic
idiopathic condition characterized by remission periods and recurrent flares in which diarrhea,
visceral pain, rectal bleeding/bloody stools, and weight loss are the main clinical symptoms. Intestinal
barrier function alterations often persist in the remission phase of the disease without ongoing
inflammatory processes. However, current therapies include mainly anti-inflammatory compounds
that fail to promote functional symptoms-free disease remission, urging new drug discoveries to
handle patients during this step of the disease. ALIAmides (ALIA, autacoid local injury antagonism)
are bioactive fatty acid amides that recently gained attention because of their involvement in the
control of inflammatory response, prompting the use of these molecules as plausible therapeutic
strategies in the treatment of several chronic inflammatory conditions. N-palmitoyl-D-glucosamine
(PGA), an under-researched ALIAmide, resulted in being safe and effective in preclinical models
of inflammation and pain, suggesting its potential engagement in the treatment of IBD. In our
study, we demonstrated that micronized PGA significantly and dose-dependently reduces colitis
severity, improves intestinal mucosa integrity by increasing the tight junction proteins expression,
and downregulates the TLR-4/NLRP3/iNOS pathway via PPAR-α receptors signaling in DNBS-
treated mice. The possibility of clinically exploiting micronized PGA as support for the treatment and
prevention of inflammation-related changes in IBD patients would represent an innovative, effective,
and safe strategy.

Keywords: micronized N-palmitoyl-D-glucosamine; ulcerative colitis; IBD; intestinal inflammation;
toll-like receptors; PPARs; NLRP3; intestinal barrier

1. Introduction

Inflammatory Bowel Disease (IBD) is a complex of chronic and relapsing diseases of
the gastrointestinal (GI) tract that converges environmental, microbial, immunological, and
genetic factors both in humans [1] and dogs [2]. In humans, these heterogeneous GI disor-
ders present as two major clinical phenotypes, ulcerative colitis (UC) and Crohn’s disease
(CD), which are characterized by periods of remission and flare-ups of the disease, in which
diarrhea, visceral hypersensitivity, and fever are commonly referred [3]. Acute inflamma-
tion markedly impairs intestinal physiology and function, and persistent alterations are
often observed after the resolution of intestinal inflammation, consistently suggesting a role
for inflammatory effects in generating the symptoms that occur during remission in patients
with IBD. These long-term changes involve motility, abnormal secretion, and altered visceral
sensation, and no effective treatments are currently available to handle this phase of the
disease. In recent decades, IBD has alarming emerged in Western countries, predominantly

Biomolecules 2022, 12, 1163. https://doi.org/10.3390/biom12081163 https://www.mdpi.com/journal/biomolecules
69



Biomolecules 2022, 12, 1163

UC, suggesting that this epidemiological evolution is likely related to the westernization
of lifestyle associated with changes in diet, antibiotic use, hygiene status, and microbial
exposures [4]. UC primarily involves confluent inflammation of the colonic mucosa and im-
pairs the epithelial barrier integrity, and intestinal homeostasis. The consequent abnormal
translocation of luminal microbes and their products across the impaired intestinal barrier
leads to robust activation of resident macrophages and antigen-presenting cells (APCs),
and the massive release of Tumor Necrosis Factor- α (TNF-α), Interleukin-1β (IL-1β), IL-13,
IL-9, IL-23, IL-36, and other pro-inflammatory mediators [5]. This acute inflammation
is responsible for most alterations in intestinal functions that often persist following the
resolution of the acute inflammation process and are frequently observed during remis-
sion in patients with IBD. Currently, there are no effective treatments for UC that prevent
the inflammation-related acute and long-term intestinal dysfunctions, but only combined
pharmacological and nutritional therapies, which encompass assessment of daily caloric
intake and periodic measurement of functional capacities. 5-aminosalicylic acid is the first
therapeutic approach with corticosteroids and thiopurines. However, the high incidence
of side effects, including hypersensitivity reactions, liver toxicity, immunosuppression,
and pancreatitis [5] associated with the increasing number of corticosteroids/thiopurines-
resistant UC led to the development of alternative therapeutical strategies that include
anti-TNF-α, anti-IL-12/23 p40, and anti-integrin or JAK inhibitors [6]. Biological therapies,
such as infliximab and adalimumab, also have limitations mainly related to the reduced
compliance for parenteral administration, immunogenicity, and high costs that reduce their
clinical application. N-palmitoyl-D-glucosamine (PGA) is a natural amide of palmitic acid
and glucosamine that shares the anti-inflammatory properties with its endogenous analog
palmitoylethanolamide (PEA) and those of glucosamine [7]. PGA belongs to the ALIAmide
family (ALIA, autacoid local injury antagonism), a class of both synthetic and endogenous
fatty acid amides that display a wide range of homeostatic effects in response to increased
oxidative stress and cell damage, including anti-inflammatory and pain-relieving effects [8].
In particular, PEA has repeatedly been shown to improve clinical and histological signs
of colitis in different murine models [9,10]. In line, micronized PGA resulted in being safe
(LD50 ≥ 2000 mg/kg) and effective in preclinical models of inflammation and osteoarthritis
(OA) pain, taking advantage of particle size reduction that enhances its anti-inflammatory
activity [7]. To note, the anti-inflammatory action of PGA might derive from both the
amide and monosaccharide portions [11]. In fact, glucosamine improved colitis symptoms
in DSS-treated mice by preventing intestinal epithelial cell activation and tight junction
proteins expression decrease, with a parallel decrease in the nuclear factor-kappa B (NF-kB)
activity and reduced TNF-α and IL-1β release [11,12]. Moreover, oral glucosamine and
chondroitin compositions positively impact microbiota composition in the intestine of
healthy adults, supporting PGA similar acitivity [13]. Iannotta et al. also reported that
micronized PGA acts as a toll-like receptor (TLR)-4 antagonist, thanks to its structural
similarity to the lipid A component of lipopolysaccharide (LPS). TLR-4 is involved in
activating the nucleotide-binding oligomerization domain leucine-rich repeat and pyrin
domain-containing protein 3 (NLRP3) inflammasome complex, which is overactivated in
several inflammatory syndromes, including intestinal inflammation, neurodegenerative,
and metabolic diseases [14]. NLRP3 inflammasome plays a critical role in inflammatory
response as a major component of innate immunity and is involved in exacerbating the
mucosal immune response and intestinal epithelial barrier damage during colitis [15].
ALIAmide-mediated activation of the peroxisome proliferator-activated receptors-α (PPAR-
α) counters the NLRP3 activity [16], although whether PGA exerts its anti-inflammatory
effects via PPAR-α receptors is still unknown.

In this study, we investigated the effectiveness and the mechanisms of action of
micronized PGA in a murine model of colitis induced by the 2,4-dinitrobenzene sulfonic
acid (DNBS) and assessed the in vivo effects of orally administered micronized PGA on
(i) colitis severity, (ii) mucosal inflammation and immune cells infiltration, (iii) release of
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pro-inflammatory cytokines, and (iv) NLRP3 and TLR-4 intestinal activation in a resolution
phase of intestinal inflammation.

2. Materials and Methods
2.1. Animals and Experimental Design

Eight-week-old male C57BL/6J mice (Charles River, Lecco, Italy) (n = 50) have been
used for the experiments. The procedures included in the experimental plan have been
approved by Sapienza University’s Ethics Committee. Animal care followed the (Inter-
national Association for the Study of Pain) IASP and European Community (EC L358/1
18/12/86) guidelines on the use and protection of animals in experimental research. Colitis
groups received a single intracolonic administration of 4 mg DNBS (Sigma Aldrich, St.
Louis, MO, USA) in 100 µL of 50% ethanol (Sigma Aldrich, St. Louis, MO, USA) and saline
(Thermo Fisher Scientific, Waltham, MA, USA), whereas the vehicle group received a single
intracolonic administration of saline and ethanol as described below. Overnight-fasted mice
were treated with DNBS on day 0 through a soft cannula (Hugo-Sachs Elektronik, March,
Germany) quickly inserted around 3cm away from the anus without anesthetization. DNBS
solution was slowly administrated into the colon-rectal tract, and animals were maintained
slightly sloped for the entire procedure. Thus, mice were placed back into their cages and
kept overnight on a heating pad to aid recovery. Disease activity index (DAI) parameters
were daily recorded from day 0 to day 7 to assess colitis severity. Micronized PGA was
suspended in carboxymethylcellulose (CMC) (Thermo Fisher Scientific, Waltham, MA,
USA) and 1X PBS (Sigma Aldrich, St. Louis, MO, USA), and 200 µL of 30 mg/kg and
100 mg/kg PGA suspension were daily given by a single gavage from days 1 to 6 based on
the experimental design [7]. PGA was used in the micronized formulation kindly provided
by Epitech Group S.p.A (Saccolongo, Italy). Micronized formulation of PGA with a smaller
particle size overcomes the low water-solubility issue of this compound, increasing its oral
absorption and bioavailability. In fact, drug solubility is strongly related to particle size and
its reduction leads to an increase in the specific surface area with enhanced solubility and
potentially higher bioavailability. PPAR-α antagonist MK886 (Selleck Chemicals, Houston,
TX) was dissolved in 1X PBS and given daily at the dose of 10 mg/kg by a single intraperi-
toneal (IP) administration (150 µL) from days 1 to Mice were randomly divided into the
following groups (n = 10 each): (1) vehicle group receiving single intracolonic administra-
tion of saline; (2) colitis group; (3) colitis group receiving a daily gavage with 30 mg/kg
micronized PGA; (4) colitis group receiving a daily gavage with 100 mg/kg micronized
PGA; (5) colitis group receiving a daily gavage with 100 mg/kg micronized PGA associated
with daily intraperitoneal administration of 10 mg/kg PPAR-α antagonist MK886. Animals
in the vehicle and colitis groups also received a daily gavage of CMC solution in 1X PBS
(200 µL) and a daily IP with 1X PBS (150 µL) from days 1 to day 6. Mice were euthanized
on day 7 by cervical dislocation; thus, spleen weight and colon length were measured,
and blood samples, as well as colon tissues, were collected to conduct histochemical and
biochemical analyses as described below. Each experimental group included n = 10 mice.
All the experiments were performed in triplicate on the distal colon by randomly using
N = 5 colon for histological staining and N = 5 colon for immunofluorescence analysis.

2.2. Disease Activity Index (DAI)

The DAI score was used to evaluate the colitis severity and progression during the 7
days of the experimental protocol, according to the criteria developed by Cooper et al. [17].
The scored parameters were: (i) changes in body weight; (ii) stool consistency; (iii) rectal
bleeding. DAI score was recorded daily (from day 0 to 7), scores were given depending on
the severity of the symptoms, and the results were expressed as cumulative average scores
in each experimental group.
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2.3. Histopathological Analyses

Colonic tissues were fixed in 4% paraformaldehyde (PFA) (Thermo Fisher Scientific,
Waltham, MA, USA) and cryo-sectioned in 15 µm slices. Slices were stained with hema-
toxylin and eosin (H&E) (Sigma Aldrich, St. Louis, MO, USA) to evaluate the histopatho-
logical damage score according to Li et al. [18]. Criteria included: (i) distortion and loss
of crypt architecture; (ii) inflammatory cells infiltration; (iii) muscle thickening; (iv) goblet
cells depletion; (v) crypts absence.Slices were analyzed with a microscope Nikon Eclipse
80i by Nikon Instruments Europe (Nikon Corporation, Tokyo, Japan), and images were
captured at 10× magnification by a high-resolution digital camera (Nikon Digital Sight DS-
U1). Cumulative damage scores obtained from each experimental group were expressed as
average scores.

2.4. Immunofluorescence Analysis on Colonic Sections

Immunofluorescence analyses were performed on 15 µm colonic slices fixed in ice-cold
4% PFA. Sections were blocked with a solution composed of 1X PBS, 4% Normal Donkey
Serum, 0.4% (Merk Millipore, St. Louis, MO, USA) TRITON-100 (Sigma Aldrich, St. Louis,
MO, USA), and 1% Bovine Serum Albumin (BSA) (Sigma Aldrich, St. Louis, MO, USA) for
45 min and subsequently incubated at +4 ◦C overnight with primary antibody (Table 1).
Slices were then washed with 1X PBS and incubated in the dark at +4 ◦C with fluorescein
isothiocyanate-conjugated anti-rabbit (1:1000 dilution v/v; Abcam, Cambridge, UK) or
Texas Red-conjugated anti-mouse (1:500 dilution v/v, mouse; Abcam, Cambridge, USA).
Sections were analyzed with a microscope Nikon Eclipse 80i, and images were captured
at 20× and 40× magnification by a high-resolution digital camera (Nikon Digital Sight
DS-U1). Results were expressed as relative fluorescence units (RFU) and fluorescence
intensity percentage (FI%).

Table 1. Primary antibodies used in immunofluorescence analyses on cryo-sectioned colon slides.

Antibody Host Clonality Dilution Brand

ZO-1 Mouse Monoclonal 6 microgram w/v Invitrogen, Thermo Fisher, Waltham, MA, USA

Occludin Rabbit Polyclonal 1:100 v/v Bioss Antibodies, Boston, MA, USA

NLRP3 Rabbit Polyclonal 1:1000 v/v Invitrogen, Thermo Fisher, Waltham, MA, USA

TLR-4 Rabbit Polyclonal 1:150 v/v Bioss Antibodies, Boston, MA, USA

iNOS Mouse Monoclonal 1:1000 v/v Novusbio, Centennial, CO, USA

Zonula occludens (ZO-1); nucleotide-binding oligomerization domain leucine-rich repeat and pyrine domain-
containing protein 3 (NLRP3); toll-like receptor (TLR)-4; inducible nitric oxide synthase (iNOS).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA) for IL-1β and PGE2

Enzyme-linked immunosorbent assay (ELISA) for PGE2 and IL-1β (Thermo Fisher Sci-
entific, Waltham, MA, USA) was carried out on mouse plasma isolated from blood samples
according to the manufacturer’s protocol. Absorbance was measured on a microtiter plate
reader. PGE2 and IL-1β levels were determined using standard curve methods.

2.6. Statistical Analyses

Results were expressed as the mean ± SD. Statistical analysis was performed us-
ing parametric one-way analysis of variance (ANOVA) and multiple comparisons were
performed by Bonferroni’s post hoc test. p-values < 0.05 were considered statistically
significant. Data were analyzed by using Graphpad Prism and ImageJ software.
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3. Results
3.1. Micronized PGA Improves the Disease Spectrum and Macroscopic Signs of Colitis in a
Dose-Dependent Manner through PPAR-α Involvement

The DAI score was significantly increased in the colitis group during the 7 days
that followed DNBS administration (7.9 ± 0.141, p < 0.0001; Figure 1A), with a parallel
colonic shortening (3.83 ± 0.543 cm, p < 0.0001; Figure 1B,D) and spleen weight increase
(0.153 ± 0.0269 g, p < 0.05; Figure 1C) in comparison to the vehicle group. PGA resulted
in a dose-dependent improvement of overall colitis hallmarks, leading to a significant
decrease in DAI score (4.65 ± 0.354, p < 0.001 and 3.07 ± 0.305, p < 0.0001 for the 30 mg/kg
and 100 mg/kg dose, respectively; Figure 1A), increase in colon length (5.82 ± 0.676 cm
and 7.55 ± 0.572 cm, p < 0.0001 for 30 mg/kg and 100 mg/kg dose, respectively; Figure 1B),
and reduction of spleen weight (0.0897 ± 0.011 g, p < 0.05 for 100 mg/kg m-PGA, Figure 1C)
as compared to DNBS-treated mice. DAI score, colon length, and spleen weight were com-
parable to those in DNBS mice treated with 100 mg/Kg um-PGA and PPAR-α antagonist
MK886 (10 mg/kg), suggesting that PGA exerts its beneficial effects on colitis through the
selective involvement of PPAR-α receptors.

3.2. Micronized PGA Ameliorates Mucosal Integrity and Prevents Colonic Histological Damage in
DNBS-Treated Mice

DNBS-treated mice maintained a significant impairment of colonic mucosal integrity
on day 7 following colitis induction, as demonstrated by the decreased expression of the
two tight junction proteins, zonula occludens-1 (ZO-1) and occludin, compared to the
vehicle group (25.08 ± 3.196 FI%, p < 0.0001 for ZO-1 and 18.23 ± 1.322 FI%, p < 0.0001
for occludin; Figure 2A–C). The loss of ZO-1 and occludin was partially prevented by
PGA at 30 mg/kg dose (37.4 ± 2.507 FI%, p <0.0001 for ZO-1 and 33.97 ± 2.217 FI%,
p < 0.0001 for occludin; Figure 2A–C), whereas a marked restoration was observed in colitis
mice treated with 100 mg/kg PGA in comparison to the DNBS group (87.8 ± 2.579 FI%
and 94.75 ± 3.988 FI%, p < 0.0001 for ZO-1 and occludin, respectively; Figure 2A–C). The
effects of PGA (100 mg/kg) were reverted by MK886 (10 mg/kg) in colitis mice, further
demonstrating the involvement of PPAR-α receptors. Histopathological scores revealed
extensive damage in the colonic mucosal barrier of DNBS-treated mice with marked
neutrophil infiltration and damaged mucosal integrity compared to vehicle (8.2 ± 0.9189,
p < 0.0001; Figure 2D,E). Micronized PGA (30 mg/kg) preserved mucosal integrity and
counteracted the neutrophil infiltration within the mucosa, although the number of crypts
was lower in comparison to the DNBS group (5.5 ± 0.9718, p < 0.0001; Figure 2D,E).
At the higher dose (100 mg/kg), PGA widely restored mucosal integrity, significantly
reducing the neutrophil infiltration, and preserving the architecture and number of the
crypts in comparison to the DNBS group (2.5 ± 0.8498, p < 0.0001; Figure 2D,E). Co-
administration of PGA and MK886 resulted in colonic histological damage comparable to
DNBS-group, further supporting that PGA preserves the intestinal mucosal integrity by
PPAR-α engagement.
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Figure 1. Micronized PGA significantly improves colitis hallmarks in PPAR-α-dependent manner.
The effects of oral administration of micronized PGA on (A) DAI score, (B,D) colonic length, and (C)
spleen weight in DNBS-treated mice. Results are expressed as the mean ± SD of n = 5 experiments
◦ p < 0.05 vs. vehicle; ◦◦◦◦ p < 0.0001 vs. vehicle; * p < 0.05 vs. DNBS; *** p < 0.001 vs. DNBS;
**** p < 0.0001 vs. DNBS. Peroxisome proliferator-activated receptors-α (PPAR-α); Disease Activity
Index (DAI); 2,4-dinitrobenzene sulfonic acid (DNBS).
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Figure 2. Micronized PGA prevents the loss of tight junction proteins ZO-1 and occludin, and
colonic barrier disruption through PPAR-α involvement. (A) Representative images show double-
label immunohistochemistry for occludin (green) and ZO-1 (red) in the colon with (B,C) relative
quantification. Nuclei were also labeled by DAPI. (E) Representative images of H&E-stained on distal
colon sections, and (D) relative histological damage score. Results are expressed as the mean ± SD of
n = 5 experiments (25 slices for each animal). ◦◦◦◦ p < 0.0001 vs. vehicle; **** p < 0.0001 vs. DNBS.
Scale bar = 100 µm; magnification 20×. Zonula occludens (ZO-1); peroxisome proliferator-activated
receptors-α (PPAR-α); hematoxylin and eosin (H&E), 2,4-dinitrobenzene sulfonic acid (DNBS).

3.3. Micronized PGA Downregulates the TLR-4/NLRP3/iNOS Expression and Decreases the
Release of Inflammatory Mediators in DNBS-Treated Mice via PPAR-α Receptors

Our results show that TLR-4, NLRP3, and inducible nitric oxide synthase (iNOS)
expression was markedly increased within the mucosa following DNBS-induced colitis
compared to the vehicle (31.38 ± 1.169 RFU, 14.54 ± 1.282 RFU, and 33.93 ± 1.665 RFU
for TLR-4, NLRP3 and iNOS, respectively; p < 0.0001 for all comparisons; Figure 3A–D).
In DNBS mice receiving 30 mg/kg PGA, the expression of TLR-4, NLRP3, and iNOS was
significantly reduced (21.08 ± 1.904 RFU, 10.40 ± 1.235 RFU, and 18.26 ± 1.668 RFU for
TLR-4, NLRP3 and iNOS, respectively; p < 0.0001 for all comparisons; Figure 3A–D) and
completely downregulated by PGA 100 mg/kg (14.98 ± 0.712 RFU, 7.54 ± 0.537 RFU,
and 12.56 ± 1.105 RFU for TLR-4, NLRP3, and iNOS, respectively; p < 0.0001 for all
comparisons; Figure 3A–D). According to previous results, 100 mg/kg PGA did not show
any effect in DNBS mice co-administered with PPAR-α antagonist MK866 (10 mg/kg),
supporting that PGA prevents the activation of the TLR4/NLRP3/iNOS pathway through
the PPAR-α-mediated mechanism. Further, the increased plasma levels of IL-1β and
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PGE2 detected in DNBS mice at day 7 after colitis induction (113.1 ± 32.71 pg/mL and
348.5 ± 45.22 pg/mL for IL-1β and PGE2, respectively; p < 0.0001 vs. vehicle for both
comparisons; Figure 3E,F) were significantly and dose-dependently decreased by PGA
(62.1 ± 15.09 pg/mL and 36.7 ± 13.12 pg/mL for IL-1β in the lower and higher dose group,
respectively; 217.5 ± 61.07 pg/mL and 169.7 ± 37.12 pg/mL for PGE2 in the lower and
higher dose group, respectively; p < 0.0001 vs. DNBS for all comparisons; Figure 3E,F).
The anti-inflammatory effect of PGA was significantly inhibited in the presence of PPAR-α
antagonist MK886, displaying comparable plasma cytokines levels with the DNBS group.
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Figure 3. Micronized PGA decreases TLR-4/NLRP3/iNOS expression in mice colon and pro-
inflammatory cytokines release in plasma samples throughout selective PPAR-α involvement in
DNBS-treated mice. (A) Immunofluorescence images display TLR-4 (green), NLRP3 (magenta), and
iNOS (red) staining, and the relative quantification for (B) TLR-4, (C) NLRP3, and (D) iNOS. (E) IL-1β
and (F) PGE2 release in mice plasma. Results are expressed as the mean ± SD of n = 5 experiments
(25 slices for each animal). ◦◦◦◦ p < 0.0001 vs. vehicle; * p < 0.05 vs. DNBS; **** p < 0.0001 vs. DNBS.
Scale bar = 100 µm; magnification 20× 40×. Toll-like receptor (TLR)-4; nucleotide-binding oligomer-
ization domain leucine-rich repeat and pyrine domain-containing protein 3 (NLRP3); inducible
nitric oxide synthase (iNOS); peroxisome proliferator-activated receptors-α (PPAR-α); interleukin-1β
(IL-1β); prostaglandin E2 (PGE2.), 2,4-dinitrobenzene sulfonic acid (DNBS).

4. Discussion

IBD showed an increasing trend of incidence worldwide, and current therapies mainly
consist of the chronic administration of immunosuppressive drugs [19]. However, these
drugs display a short-term efficacy, and they are not suitable as a maintenance therapy due
to related systemic adverse reactions [20]. The possibility of exploiting new compounds to
target different stages and pathways of the inflammatory response represents an outstand-
ing challenge for IBD therapy. In the present study, we provided evidence that micronized
PGA significantly and dose-dependently counteracts the occasional inflammatory-mediated
intestinal functions alteration during the colitis resolution phase that characterizes the re-
mission state of the disease.
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Oral administration of micronized PGA improved the DAI score and resulted in
macroscopic amelioration of intestinal inflammation, as shown by the increased expression
of tight junction proteins (ZO-1 and occludin) in the colonic mucosa and lower histological
damage score. Similar to the homologous ALIAmide PEA, which was successful in several
colitis models treatment in mice and humans [21–25], PGA revealed an anti-inflammatory
effect through a PPAR-α-dependent mechanism since in the presence of PPAR-α antagonist
MK886, PGA-mediated effects were abolished. We demonstrated that PGA caused a signifi-
cant decrease of pro-inflammatory mediators, such as iNOS and NLRP3 protein expression
in colonic tissues as well as PGE2 and IL-1β cytokines release in mice plasma. This anti-
inflammatory effect of PGA might be related to its monosaccharide portion, glucosamine.
In support, glucosamine was able to reduce colitis-associated symptoms in DSS-treated
mice by reducing TNF-α, IL-1β, and NF-kB expression in the colonic mucosa, and increas-
ing the expression of ZO-1 and occludin tight junction proteins [12]. Patients recovering
from an exacerbation of ulcerative/membranous colitis display increased levels of glu-
cosamine synthetase. This enzyme synthesizes N-acetyl-glucosamine (NAG), which was
recently implicated in the tissue regeneration phase in pediatric IBD [26–28]. In addition,
glucosamine and/or chondroitin are used as dietary supplements to reduce colonrectal
cancer risk and systemic inflammation [29–32]. This evidence supports the hypothesis that
glucosamine might be responsible, at least in part, for PGA anti-inflammatory activity once
hydrolyzed by the degradative enzymes (FAAH, NAAA), although further confirmation
is required.

In agreement with previous studies demonstrating that PGA negatively regulates TLR-
4 signaling enhanced by intestinal inflammation and neuropathic pain [8,14], our results
show that micronized PGA dose-dependently reduced TLR-4 expression in the colonic
mucosa of colitis mice, suggesting that this may contribute to its potent anti-inflammatory
activity. The sequel of events triggered by TLR-4 activation, including NF-kB and NLRP3
activation, and the release of IL-1β, IL-6, and TNF-α, are considered the most involved in
persistent intestinal inflammation triggering and maintenance during colitis [8,14], and
HIV-1 Tat-induced diarrhea [33]. In this context, PPAR-α agonists, such as PEA, may
mediate TLR-4 down-regulation and efficiently suppress the inflammatory process similar
to the evidence observed in vitro [15], clinical studies [34], endotoxin induced-uveitis rat
model, and DSS-induced colitis mice model [21,35].

In addition to PPAR-α agonism, PGA displays structural similarity with the lipopolysac-
charide (LPS) component Lipid A, which results in a direct antagonism on TLR-4 [14]. Thus,
the anti-inflammatory properties of PGA might be related to two distinct mechanisms,
although this hypothesis requires further investigation.

Previous studies have shown that PPAR-α activation inhibits immune cell infiltration
in colonic mucosa and decreases the expression and release of pro-inflammatory markers
in mice and humans [36,37]. In line, we have shown that micronized PGA reduces immune
cell infiltration within the colonic mucosa and downregulates NLRP3 inflammasome
expression via PPAR-α activation. This anti-inflammatory activity probably allows PGA
to preserve the intestinal epithelial barrier integrity. Actually, NLRP3 plays a key role in
exacerbating the mucosal immune response and intestinal epithelial barrier damage [38].
The activation of PPAR-α receptors prevents NLRP3 hyper-activation, which is linked
to several inflammatory syndromes, including intestinal inflammation [36]. Here, we
demonstrated the efficient and dose-dependent counteraction of NLRP3 overexpression by
oral administration of micronized PGA. NLRP3 inhibition was associated with reduced
colitis severity and histological damage of colonic mucosa, supporting that PGA exerts
an anti-inflammatory effect by suppressing NLRP3 activity through PPAR-α receptor
involvement.

To gain more mechanistic insights, we evaluated the effect of micronized PGA on
TLR-4 expression, which plays an essential role in innate immunity activation by rec-
ognizing microbial antigens, such as LPS [39]. The increased translocation of luminal
microbe-derived products that follows the epithelial barrier breakdown during intestinal
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inflammation leads to higher TLR-4 activation. The downstream sequel events triggered by
the TLR-4 activation, including NLRP3 overexpression, iNOS upregulation, and increased
release of pro-inflammatory cytokines such as IL-1β and PGE2 [40,41], are strictly related
to mucosa damage expansion [42], and visceral hypersensitivity associated with the in-
flammatory process [43,44]. Oral administration of micronized PGA resulted in decreased
expression of TLR-4 and related downstream pro-inflammatory pathways in DNBS-treated
mice, as demonstrated by the parallel downregulation of iNOS and NLRP3 expression,
as well as by the reduced release of IL-1β and PGE2. This suggests that PGA might act
as a safe “multitarget” modulator of intestinal inflammation and prevents the long-term
intestinal dysfunction that generally follows the acute phase of colitis.

To note, TLR-4 activation is also associated with visceral hypersensitivity and related
behavioral disorders, resulting in episodes of anxiety and recurrent flares of abdominal
pain [45–47]. This latter was also associated with long-term changes in the intestinal
microbiota composition, pointing out that compounds able to restore and maintain micro-
biota homeostasis might provide benefit in IBD patients with recurrent visceral allodynia
and hyperalgesia [48]. Interestingly, a bacteria strain derived from legumes is able to
produce PGA (rhizobium leguminosarum) [49], and successfully colonize the intestinal mi-
croenvironment by acting as a xenobiotic metabolizer [47]. Taking the evidence that oral
glucosamine and chondroitin compositions modulate positively the intestinal microbiota
in healthy adults [13], micronized PGA might have the capability to target distinct patho-
logical aspects of intestinal inflammation by downregulating pro-inflammatory mediators,
decreasing mucosal damage and visceral hypersensitivity, and even restoring microbiota
homeostasis.

In addition, antagonism on TRL-4 could potentially determine the regulation of mu-
cosal blood flow since a reduced expression of TRL-4 and consequent down-regulation
of NF-kB leads to inactivity of iNOS and reduced release of nitric oxide (NO). Adequate
organ blood flow also demonstrates a protective and healing-promoting role in the gas-
trointestinal tract [50–52]. Despite further studies being needed to confirm this hypothesis,
our results provide the first evidence on the ability of micronized PGA to target colitis
through a double mechanism of action: PPAR-α agonism and TLR-4 antagonism [14]. In
consideration of the obtained results and the safety profile of micronized PGA, more studies
are advised to explore the protective effects of micronized PGA in IBD management.
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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a common complication of anti-
neoplastic drugs, particularly paclitaxel (PTX). It can affect the quality of patients’ lives and increase
the risk of developing mood disorders. Although several drugs are recommended, they yielded
inconclusive results in clinical trials. The aim of the present work is to investigate whether the
palmitoylethanolamide (PEA) would reduce PTX-induced CIPN and associated mood disorders.
Moreover, the role PPAR-α and the endocannabinoid system will also be investigated. CIPN was
induced by intraperitoneally injection of PTX (8 mg/kg) every other day for a week. PEA, 30 mg/kg,
was orally administrated in a bioavailable form (i.e., ultramicronized PEA, um-PEA) one hour after
the last PTX injection, for 7 days. In the antagonism experiments, AM281 (1 mg/kg) and GW6471
(2 mg/kg) were administrated 30 min before um-PEA. Our results demonstrated that um-PEA re-
duced the development of hypersensitivity with the effect being associated with the reduction in
spinal and hippocampal pro-inflammatory cytokines, as well as antidepressive and anxiolytic effects.
Moreover, the PPAR-α and CB1 receptor antagonists blocked the behavioral and antinociceptive
effects of um-PEA. Our findings suggest that um-PEA is a promising adjunct in CIPN and associated
mood disorders through the activation of PPAR-α, which influences the endocannabinoid system.

Keywords: paclitaxel; um-PEA; inflammation; neuropathic pain; behavior; cannabinoids; PPAR-α

1. Introduction

Cancer is one of the leading causes of death worldwide. In the last few years, the
survival rates for most cancers have been increasing, probably due, at least in part, to new
and improved treatments [1]. Despite the large interest in new drugs to fight cancer, old
drugs still have an important use due to their high efficacy, despite their marked toxicity.

Paclitaxel (PTX) is a taxane chemotherapeutic agent used in the treatment of several
cancer types. Although it shows beneficial antitumoral effects, it also produces impor-
tant secondary effects both in the central and peripheral nervous system, resulting in
emotional deficits and peripheral neuropathy, respectively [1–3]. Specifically, PTX causes
chemotherapy-induced neuropathic pain (CIPN), a condition characterized by thermal
and mechanical allodynia and hyperalgesia, which often persists for a long time [4,5]. In
this case, the severity of symptoms can greatly increase the risk of developing mood disor-
ders, including anxiety and depression, reinforcing the conception of CIPN as a chronic
disease [6–8].

Unfortunately, there are currently no clinically effective interventions for CIPN, the
efficacy of the existing therapies being only moderate [9].

PTX-induced neuropathy is initially characterized by oxidative stress followed by
mitochondrial dysfunction [1,10–13]. Moreover, chemotherapeutical agents such as PTX
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have been shown to act similarly to LPS, i.e., increasing the production and release of
pro-inflammatory interleukin (IL)-6 and IL-8 [14,15]. Notably, PTX-induced inflamma-
tion often interferes with its typical clinical efficacy, increasing tumor proliferation or
chemoresistance [16–18] and contributing to the development of toxicity. Indeed, inflam-
mation and neuroinflammation are a prominent characteristic of pain [19], as well as mood
disorders [20]. Although acute inflammation can be considered a protective mechanism,
chronic inflammation creates an array of detrimental effects. Despite the increasing under-
stating of these mechanisms, novel analgesic strategies for treating PTX-induced toxicity
are still lacking, and very few studies have investigated new possible effective treatments
for CIPN and associated emotional components.

Palmitoylethanolamide (PEA) is a bioactive lipid mediator [21,22] belonging to the
N-acyl-ethanolamine (NAE) family [23]. Although it is recognized that PEA primarily
targets the nuclear receptor peroxisome proliferator-activated receptor alpha (PPAR-α),
other receptors have been shown to mediate, at least in part, the effects of PEA, including
G protein-coupled receptor 55 (GPR55), G protein-coupled receptor 119 (GPR119), and the
transient receptor potential vanilloid receptor 1 (TRPV1) channels. Additionally, PEA indi-
rectly activates cannabinoid receptors through the increase in the level of endocannabinoid
mediators, such as anandamide (AEA), and 2-arachidonoylglycerol (2-AG) through the
so-called called ‘entourage effect’ [24]. The well-known anti-inflammatory and antinoci-
ceptive effects exerted by PEA are considered to be an important non-pharmacological
strategy in the management of neuropathic pain conditions, shown by several studies
performed in preclinical models of inflammatory [25] and neuropathic pain [26–31], as
well as clinical studies on human patients affected by osteoarthritis [32,33], neuropathic
pain [34–36], fibromyalgia [37], and endometriosis [38]. Importantly, pain insensitivity
in a human patient has been recently shown to be associated to a genetic deficiency in
PEA-degrading enzymes, resulting in significantly higher PEA plasma levels compared to
age-matched control patients [39].

In fact, PEA efficacy in chemotherapy-induced neuropathy has already been evaluated
by previous studies via the oxaliplatin- [40] and PTX-induced CIPN model [41]. In par-
ticular, the last study has shown the effect to be mediated by PPAR-α, whose antagonism
(i.e., through fenofibrate) is indeed known to reduce neuroinflammation in PTX-induced
neuropathy [42].

PEA and its receptors are present in the central nervous system (CNS) [43,44], and
exogenously administrated PEA is known to cross the blood–brain barrier [45], thereby ex-
erting neuroprotective actions and promoting the resolution of neuroinflammation [46], and
the regulation of behavior, mood, and cognition [47]. The therapeutic use of PEA in CNS dis-
orders has produced promising results in several conditions, ranging from depression [48]
to post-traumatic stress disorder [49] and autism spectrum disorders [50]. The ability of
PEA to modulate neuroinflammation and associated symptoms (i.e., pain, depression, and
anxiety) makes it a valid therapeutic tool in the treatment of several disorders.

The goal of our study was to investigate the activity of PEA on two PTX-induced
side effects, i.e., mood disorders and peripheral neuropathy (CIPN), and to understand
whether PPAR-α and the endocannabinoid system play a role. Moreover, we evaluated
central and peripheral inflammatory modulation processes using this bioactive lipid. For
our study, the ultramicronized formulation (um-PEA) was used, due to its higher solubility
and bioavailability after systemic administration [51].

2. Materials and Methods
2.1. Animals

CD1 male mice (3 months old, 25–30 g, Charles Rivers, Calco, Lecco, Italy) were placed
in a controlled area (room maintained at 22 ± 1 ◦C with 12 h light/dark cycle) and supplied
with water and food ad libitum, in the animal care facility at the Department of Pharmacy
of the University of Naples Federico II, Italy.
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2.2. Drug Treatment

Paclitaxel (PTX, Cat#S1150 Selleckchem, Houston, TX, USA) at the dose of 8 mg/kg
was dissolved in a solution made up of 5% DMSO, 40% PEG 300, 5% Tween 80, and ddH2O
according to the manufacture’s guidelines. Ultramicronized palmitoylethanolamide (um-
PEA), kindly provided by Epitech Group SpA (Saccolongo, Italy), was dissolved in 1%
carboxymethylcellulose. The CB1 antagonist, AM281, and the PPAR- α antagonist GW6471,
obtained from Tocris Cookson (Bristol, UK), were dissolved in 4% DMSO and saline.

2.3. Experimental Groups and Procedures

Mice were divided into five groups of n = 8 mice each, as follows:

• Vehicle: mice receiving saline intraperitoneally (IP).
• PTX: mice receiving PTX (8 mg/kg, 100 µL/mouse) IP at day 1, 3, 5, and 7.
• PTX + um - PEA: mice receiving PTX and then um-PEA (30 mg/kg for 7 days) by

oral gavage.
• PTX + um - PEA+AM281: mice receiving PTX, then um-PEA, and on the last day

AM281 (1 mg/kg) IP.
• PTX+um-PEA+GW6471: mice receiving PTX, then um-PEA, and on the last day

GW6471 (2 mg/kg) IP.

Briefly, animals received PTX or vehicle treatments every other day for a week (days 1,
3, 5, and 7), as described previously [42,52]. One hour after the last day of PTX injection,
mice started to receive oral um-PEA administration for 7 days. For antagonism experiments,
on the last day of um-PEA injection, a different set of mice received AM281 or GW6471 IP
1 h before the um-PEA injection. The doses of AM281 and GW6471 selected in this study
were based on the results of published data [41]. On the last day, mice were subjected to
behavioral tests 1 h after um-PEA administration, and after euthanasia, the hippocampus
and spinal cord were collected for ex vivo analysis.

2.4. Behavioral Tests
2.4.1. Depressive-like Behavior

Tail suspension test (TST). Mice were individually suspended by the tail 30–40 cm above
the floor, using adhesive tape. The duration of immobility, recorded in seconds using a timer,
was recorded during the 6-min test. Mice were considered immobile when they did not show
any body movement, hung passively, with the absence of escape-oriented behavior.

Forced swimming test (FST). Mice were gently placed into individual glass cylinders
(30 cm × 45 cm) filled with water maintained at 27 ◦C for 10 min, and their immobility times
were recorded using a timer. Mice were considered immobile when floating in an upright
position and only making small movements to keep their head above water, but without
displacement. After the test, mice were allowed to dry and return to their home cage.

2.4.2. Anxiety-like Behavior

Elevated plus-maze (EPM). The maze was composed of a central square, two open
arms and two closed arms enclosed by vertical walls, placed 50 cm above the floor. Mice
were individually placed on the central area of one of the open arms and allowed to move
freely. The number of entries into the open arms during a 5-min exploration period were
recorded and analyzed by video tracking software (Any-maze, Stoelting, Wood Dale, IL,
USA). An entry was counted only if all four paws were inside the arm. At the end of the
test, the apparatus was wiped with 70% ethanol.

Open field (OF) test. Mice were placed in an OF arena (25 cm × 25 cm), and locomotor
activity (total distance travelled in meters) was recorded for 30 min and analyzed by video
tracking software (Any-maze, Stoelting, Wood Dale, IL, USA). The apparatus was cleaned
before and after each behavioral session with a solution of 70% ethanol.
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2.4.3. Pain Behavior

Mechanical allodynia (von Frey test). To assess changes in sensation or in the devel-
opment of mechanical allodynia, sensitivity to tactile stimulation was measured using
a dynamic plantar aesthesiometer (DPA, Ugo Basile, Italy). Animals were placed in a
chamber with a mesh metal floor covered by a plastic dome that enabled the animals to
walk freely, but not to jump. The mechanical stimulus (paw withdrawal threshold) was
then delivered to the mid-plantar skin of the hind paw. The cutoff was fixed at 5 g, while
the increasing force rate (ramp duration) was settled at 20 s. The DPA automatically records
the force at which the foot is withdrawn and the withdrawal latency. Each paw was tested
twice per session. This test did not require any special pretraining, just an acclimation
period to the environment and testing procedure.

Mechanical hyperalgesia (Randall–Selitto test). Mechanical hyperalgesia was assessed
using a Randall–Selitto algesimeter (Ugo Basile). Before the test, each animal received 5 min
of handling to get used to manipulation; then it was placed into a soft cotton cloth and
carefully immobilized with the same hand used to hold the tested paw. The test consisted of
the application of an increasing mechanical force, in which the tip of the device was applied
onto the medial portion of the plantar surfaces until a withdrawal response resulted. The
maximum force applied was limited to 200 g to avoid skin damage.

Thermal allodynia (cold test). Cold sensitivity was measured as the number of foot
withdrawal responses after application of acetone to the dorsal surface of the paw. A drop
of acetone was applied to the dorsal surface of the paw with a syringe connected to a thin
polyethylene tube while the mice were standing on a metal mesh. A brisk foot withdrawal
response after the spread of acetone over the dorsal surface of the paw was considered as a
sign of cold allodynia (n◦ paw withdrawal).

Thermal hyperalgesia (plantar test). Heat hypersensitivity was assessed using the
mice plantar test apparatus (Ugo Basile, Italy). The plantar test consisted of three Perspex
boxes (22 × 19 × 25 cm) on an elevated glass table. Mice were housed in each box and
left to acclimatize for at least 10 min. A mobile infrared heat source was applied to the
plantar surface of the hind paws. The paw withdrawal latency was defined as the time
(expressed in seconds) taken by the mice to remove its hind paw from the heat source.
The heat source was calibrated to 15 IR intensity, and a cutoff point of 60 s was applied to
prevent tissue damage.

2.5. Ex Vivo Experiments
2.5.1. Determination of Brain and Spinal Cord Markers of Inflammation

The hippocampus and spinal cord samples were collected and TNF-α, IL-1β, IL-6, and
IL-10, COX-2, and iNOS levels were measured using real time (RT)-PCR. For RT-PCR, total
RNA was extracted from brain areas using TRIzol Reagent (Bio-Rad Laboratories, Hercules,
California, USA) according to the manufacturer’s instructions. cDNA from 4 µg total RNA
was retrotranscribed using a reverse transcription kit (NucleoSpin®, MACHEREY-NAGEL
GmbH & Co, Düren, Germany). RT-PCR reactions were performed using Bio-Rad CFX96
PCR System and relative software (Bio-Rad Laboratories). Mouse primers for TNF-α,
IL-1β, IL-6, IL-10, COX-2, and iNOS were purchased from Qiagen (Hilden, Germany).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene
for normalization. Data are expressed using the ∆∆CT method.

2.5.2. Western Blotting

Spinal cord samples were homogenized on ice-cold lysis buffer (20 mM Tris–HCl
(pH 7.5), 10 mM NaF, 150 mM NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride,
1 mM Na3VO4, leupeptin and trypsin inhibitor 10 µg/mL; 0.25/50 mg tissue). After 1 h,
tissue lysates were obtained by centrifugation at 2.0 × 104 g for 15 min at 4 ◦C. Protein
concentrations were estimated with the Bio-Rad protein assay (Bio-Rad Laboratories, Milan,
Italy) using bovine serum albumin as standard. Lysate proteins were dissolved in Laemmli
sample buffer, boiled for 5 min, and separated by SDS-polyacrylamide gel electrophoresis
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and transferred to a nitrocellulose membrane (240 mA for 40 min at room temperature). The
filter was then blocked with 1×phosphate buffer saline (PBS) and 3% non-fat dried milk
for 40 min at room temperature and probed with anti-peroxisome proliferator-activated
receptor (PPAR)-α (dilution 1:1000, cat. no. P0369, Sigma-Aldrich, Milan, Italy), or anti-
cannabinoid (CB) receptor 1 (dilution 1:1000, cat. no. NB120-23703, Novus Biologicals,
Cambridge, UK) in 1×PBS, 3% non-fat dried milk, and 0.1% Tween 20 at 4 ◦C overnight.
The secondary antibodies were incubated for 1 h at room temperature. Subsequently, the
blots were extensively washed with PBS, developed using enhanced chemiluminescence
detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ, USA) according to
the manufacturer’s instructions. The immune complex was visualized by the ChemiDoc
Imaging System (Bio-Rad Laboratories). These blots were loaded with equal amounts of
protein lysates, they were also incubated in the presence of the antibody against β-actin
(cat. no. A5441, Sigma-Aldrich).

2.6. Statistical Analysis

Statistical analyses were performed using Prism 9 GraphPad software (GraphPad
Software Inc., San Diego, CA, USA). All in vivo data are presented as mean ± SEM. For
all experimental data, the significances of the differences between groups were deter-
mined by one-way repeated measures ANOVA, followed by post hoc Bonferroni’s multiple
comparison test. A value of p < 0.05 was considered statistically significant for all tests.

3. Results
3.1. Effect of um-PEA on PTX-Induced Depressive- and Anxiety-like Behaviors

We investigated the possible effect of um-PEA in reducing PTX-induced depressive-
like behaviors as assessed in the TST and FST. As expected, both tests showed that PTX
increased immobility time compared to vehicle-treated mice (** p < 0.01; Figure 1A,B).
Um-PEA administration for 7 days after the last PTX injection significantly reduced the
time of immobility compared to vehicle-treated mice (◦ p < 0.05; Figure 1A,B).
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Figure 1. Effect of um-PEA on depressive- and anxiety-like behavior. (A) Time (in seconds) spent
immobile in the TST; (B) time (in seconds) spent immobile in the FST test; (C) number of entries in
the open arms of EPM test; (D) distance travelled (in cm) in the OF test; ** p < 0.01 versus vehicle
group; ◦ p < 0.05 versus PTX group. Data are presented as mean ± SEM (n = 8). Differences were
evaluated by ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.
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The anxiety-like behavior was assessed in the EPM test. PTX-treated mice showed
a significant decrease in the time spent in the open arms of the apparatus (** p < 0.001;
Figure 1C) compared to vehicle-treated mice, which was significantly counteracted by
repeated oral administration of um-PEA (◦ p < 0.05: Figure 1C). On the contrary, neither
PTX nor- um-PEA had any effect on motor activity in the OF test (Figure 1D).

3.2. CB1 and PPAR-α Are Involved in um-PEA Central Activity

Since it was reported that um-PEA acts as both a CB1 and a PPAR-α receptor
agonist [24], and these receptors are localized in the brain [53,54], we further charac-
terized um-PEA anxiolytic and antidepressant effects by performing behavioral tests in the
presence of CB1 and PPAR-α antagonists, AM281 and GW6471, respectively. Both of the
receptor antagonists significantly inhibited the antidepressant effect of um-PEA (# p < 0.05,
## p < 0.01; Figure 2A–B). Similar results were observed for the um-PEA anxiolytic effect
compared to um-PEA+PTX-treated mice (# p < 0.05, ## p < 0.01; Figure 2C). Additionally, in
this case, neither AM281 nor GW6471 changed the motor activity of the mice (Figure 2D).
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Figure 2. Effect of um-PEA on depressive- and anxiety-like behavior in presence of CB1 or PPAR-α
antagonists. (A) Time (in seconds) spent immobile in the tail suspension test; (B) time (in seconds)
spent immobile in the forced swim test; (C) number of entries in the open arms of elevated plus-maze
test; (D) distance travelled (in cm) in the open field test; ◦ p < 0.05 and ◦◦ p < 0.01 versus PTX group;
# p < 0.05 and ## p < 0.01 versus PTX+ um-PEA. Data are presented as mean ± SEM (n = 8). Differences
were evaluated by ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.

3.3. Effect of um-PEA on Spinal and Sovraspinal Inflammatory Mediators in PTX Mice

The mRNA levels of pro-inflammatory cytokines in hippocampus and spinal cord tis-
sues were analyzed using RT-PCR. A significant (* p < 0.05, ** p < 0.01, and
*** p < 0.001 versus vehicle) induction in the expression of these cytokines was observed in
the PTX-treated group at both the central (Figure 3A–D) and the spinal level (Figure 4A,B).
Um-PEA treatment significantly decreased all of the pro-inflammatory cytokine gene levels
analyzed (TNF-α, IL-1β, and IL-6), while increasing the levels of IL-10 (* p < 0.05 versus
PTX; Figure 3A–D). In the spinal cord, um-PEA treatment significantly decreased pro-
inflammatory cytokine gene levels of TNF-α and IL-1β (◦ p < 0.05 and ◦◦ p < 0.01 versus
PTX; Figure 4A-B). To further determine the inhibitory effect of um-PEA on inflammatory
mediators in the spinal cord, we also evaluated the mRNA expression level of iNOS and
COX-2. There was an upregulation of iNOS and COX-2 mRNA expression after PTX

88



Biomolecules 2022, 12, 1155

treatment, which was significantly (* p < 0.05 and *** p < 0.001 versus vehicle) reduced by
um-PEA treatment (◦ p < 0.05 and ◦◦ p < 0.01 versus PTX; Figure 4C, D).
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Figure 3. Pro-inflammatory cytokine levels in the hippocampi of vehicle- or um-PEA-treated mice
injected with PTX. (A) Fold expression of mRNA for pro-inflammatory TNF-α; (B) fold expression of
mRNA for pro-inflammatory IL-1β; (C) fold expression of mRNA for pro-inflammatory IL-6; (D) fold
expression of mRNA for anti-inflammatory IL-10; * p < 0.05, ** p < 0.01, *** p < 0.001 versus vehicle
group; ◦ p < 0.05 versus PTX group. Data are presented as mean ± SEM (n = 8). Differences were
evaluated by ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.
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Figure 4. Pro-inflammatory cytokine levels in the spinal cords of vehicle- or um-PEA-treated mice
injected with PTX. (A) Fold expression of mRNA for pro-inflammatory TNF-α; (B) fold expression
of mRNA for pro-inflammatory IL-1β; (C) fold expression of mRNA for pro-inflammatory COX-2;
(D) fold expression of mRNA for anti-inflammatory iNOS; * p < 0.05 and *** p < 0.001 versus vehicle
group; ◦ p < 0.05 and ◦◦ p < 0.01 versus PTX group. Results are shown as mean ± SEM. Differences
were analyzed using ANOVA followed by Bonferroni’s post hoc test for multiple comparisons.
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3.4. Effect of um-PEA on PTX-Induced Peripheral Neuropathy

PTX treatment induced neuropathic pain; indeed, PTX-treated mice showed a sig-
nificant reduction in mechanical allodynia (** p < 0.01) and hyperalgesia (*** p < 0.001)
compared to the vehicle group (Figure 5A–B). Um-PEA treatment significantly counter-
acted the effect of PTX in both tests (◦ p < 0.05; Figure 5A-B). PTX treatment also induced
marked cold allodynia and thermal hyperalgesia, resulting in a significant increase in
cold responses (*** p < 0.001) and significant decrease in thermal nociceptive thresholds
(** p < 0.01) compared to vehicle group (Figure 5C,D). In contrast, um-PEA administration
produced a significant reduction in the number of paw withdrawals in the acetone test, and
enhanced the thermal withdrawal thresholds in the Hargreaves test (◦ p < 0.05) compared
to PTX animals (Figure 5C,D).
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Figure 5. Effect of um-PEA on peripheral neuropathy. Results of the (A) von Frey test to evaluate
mechanical allodynia; (B) Randall–Selitto test to assess mechanical hyperalgesia; (C) acetone evap-
oration test to evaluate thermal allodynia; (D) Hargreaves test to evaluate thermal hyperalgesia;
** p < 0.01; *** p < 0.001 versus vehicle group; ◦ p < 0.05 versus PTX group. Data are presented as
mean ± SEM (n = 8). Differences were evaluated by ANOVA followed by Bonferroni’s post hoc test
for multiple comparisons.

3.5. Effect of um-PEA in PTX-Treated Mice Is PPAR-α and CB1 Mediated

The antinociceptive action of um-PEA was investigated in the presence of a selective
CB1 receptor antagonist (AM281) and a selective PPAR-α antagonist (GW6471). As ex-
pected, the increase in paw withdrawal threshold of um-PEA-treated mice was reversed
to a significant extent by AM281 in the Randall–Selitto, von Frey, and Hargreaves tests,
compared to um-PEA-treated mice (## p < 0.01, Figure 6A–C). Additionally, we found
that the analgesic effect of um-PEA was also significantly counteracted in mice treated
with the selective PPAR-α antagonist (GW6471). Indeed, GW6471 administration in the
um-PEA-treated group resulted in significant hyperalgesic and allodynic effects (## p < 0.01,
Figure 6A–C).

Finally, in order to evaluate the roles of CB1 and PPAR-α receptors in PTX-induced
neuropathy, ex vivo experiments were conducted. By Western blot analysis, we confirmed
that PTX was involved in the maintenance of pain hypersensitivity by mechanical stimuli,
since it was able to reduce CB1 receptor expression in the spinal cord compared to the
vehicle group (Figure 7A–B, * p < 0.05). Um-PEA administration increased significantly CB1
receptor expression (Figure 7A,

◦◦
p < 0.01). No significant differences between vehicle and

PTX+um-PEA groups were observed. Moreover, we also evaluated PPAR-α expression in
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the spinal cord, since this receptor has an important and well-known role in inflammation
control. PTX reduced its expression (Figure 7B, * p < 0.05), while um-PEA was able to
restore it by a significant degree (# p < 0.05).
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Figure 6. Effect of um-PEA on peripheral neuropathy in presence of CB1 or PPAR-α antagonists.
Results of the (A) von Frey test to evaluate mechanical allodynia; (B) Randall–Selitto test to assess
mechanical hyperalgesia; (C) Hargreaves test to evaluate thermal hyperalgesia; # p < 0.05 and
## p < 0.01 versus PTX+um-PEA; ◦ p < 0.05 versus PTX-vehicle group. Data are presented as
mean ± SEM (n = 8). Differences were evaluated by ANOVA followed by Bonferroni’s post hoc test
for multiple comparisons.
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are reported: the levels are expressed as the density ratio of target to control protein bands (β-actin).
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for multiple comparisons.

4. Discussion

The use of PTX as a chemotherapeutic agent has become a broadly accepted option in
the treatment of patients with ovarian, breast, non-small-cell lung cancers, malignant brain
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tumors, and a variety of other solid tumors [1]. Significant toxicities in both the brain and
periphery limit the effectiveness of PTX-based treatment regimens; this is a crucial limiting
factor that can lead to a change or reduction in therapy or, in severe cases, to its total
cessation [1]. In this study, we evaluated the efficacy of um-PEA in reducing PTX-related
side effects, i.e., peripheral neuropathy and mood alteration, and we also investigated the
possible mechanisms of action of um-PEA.

It is known that after the first cycle of PTX, it is already possible to observe the
development of neuropathic pain and emotional disorders [55]. Accordingly, here we show
that PTX-treated mice manifested anxiety-like behaviors in the EPM and OF tests, and
depressive-like behaviors in the FST and TST. The possible mechanisms underlying these
behavioral symptoms can be attributed to the development of neuroinflammation through
glial cell activation [52] and/or the induction of central neurotoxicity. It is also possible
that PTX sensitized the immune responses. Indeed, hypersensitivity to stimuli, not only in
neuropathic pain, but also in inflammatory pain, can be explained by both peripheral and
central sensitization of sensory nerve fibers [56].

It has been reported that during chronic inflammation, tissue levels of endogenous
PEA are decreased, either due to reduced production or increased degradation [57] (or
both). We thus hypothesized that treatment with a bioavailable form of PEA (i.e., um-
PEA) could prevent or treat PTX-induced side effects. Our data show that 7 days of
oral administration of um-PEA inhibited affective disorders in PTX mice. In detail, um-
PEA reduced depressive- and anxiety-like behaviors, as shown in the TST, FST, and EPM
test, respectively, while the OF test was not sensitive to PTX-induced changes. This result
suggests that locomotion alterations did not influence the behavioral results. Several studies
have indicated that PPAR signaling is involved in the regulation of anxiety responses.
Indeed, Domi et al. [58] demonstrated that PPAR-γ antagonism induces an anxiogenic effect
in mice, as detected both in the OF and EPM tests. Regarding the depressive-like behaviors
associated with PTX administration, um-PEA treatment normalized the increase in the
immobility time in the TST and FST. Several studies have already reported the potential
antidepressant effects of PEA (either alone or in combination with antidepressants) [59,60],
even in depressive-like behavior associated with neuropathic pain or traumatic injury [61].
Moreover, pharmacological inhibition of PEA degradation, as well as the upregulation of
its biosynthesis, also resulted in antidepressant effects [62,63].

Although several molecular mechanisms have been suggested to explain PEA effects,
its activity is mainly mediated by PPAR-α [59,64,65]. The activation of PPAR-α receptor
initiates a cascade of events that causes the suppression of pain and inflammation, in-
cluding decreases in pro-inflammatory cytokines such as IL-1β and IL-6, and TNF-α [57].
Moreover, low levels of PPAR-α are also responsible of several pathological conditions,
neurodegenerative diseases, and stress-related disorders [66].

Here we found decreased levels of PPAR-α in the spinal cord of PTX mice, which was
normalized by um-PEA. Although PPARs are not canonical endocannabinoid receptors,
they are activated by several endocannabinoid mediators, and thus are considered as
part of the enlarged endocannabinoid system, currently referred to as the endocannabi-
noidome [67]. Interestingly, evidence has shown that PEA, either by reducing anandamide
(AEA) metabolism or binding to PPAR-α, upregulated the expression of CB receptors
and increased TRPV1 activation, suggesting that PEA is able to interact both with the
endocannabinoid and endovanilloid systems [68,69]. The CB1 receptor, which is highly ex-
pressed in the CNS, plays an important role in the regulation of stress and emotions [70,71].
Indeed, several studies have shown that CB1 agonists reduce neuroinflammation and have
anxiolytic as well as antidepressant effects [72,73].

Therefore, one of the objectives of the study was to evaluate the protein expression of
two main receptors involved in the beneficial effects of PEA, PPAR-α, and CB1 receptors.
For instance, PEA exhibits analgesic effects via two different and distinct pathways, direct
activation of PPAR-α or indirect activation of CB1 receptors, both of which relieve pain
in different ways. Our results show that um-PEA counteracts the PTX-induced decrease
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in the expression not only of PPAR-α, but also CB1. Moreover, here we found that the
effects of um-PEA were significantly inhibited by the administration of either AM281 (CB1
antagonist) or GW6471 (PPAR-α antagonist). As already mentioned, the reduction in or the
absence of CB1 and PPAR-α could lead to neuroinflammation [66,74–77].

It is well documented that chronic administration of PEA is able to significantly re-
duce neuroinflammation [23,34,78], protect neurons from death [79,80], reduce oxygen
radicals, and improve behavioral, motor, and cognitive deficits [81,82]. Neuroinflammation
is a localized inflammation occurring in the PNS and CNS in response to trauma, bacte-
rial/viral infection, autoimmunity, and/or toxins [83,84]. In particular, neuroinflammation
is a common feature across different conditions, including neurodegenerative diseases,
fibromyalgia, and chronic pain [83,85,86]. Different studies have reported the effect of PEA
in the management of pain and inflammatory conditions [87–89]. The relationship between
inflammation and pain is bidirectional, since the activation of pain circuits can also regulate
neuroinflammation in the CNS [84]. Although acute neuroinflammation plays a protective
role [90], its chronicization (i.e., non-resolving neuroinflammation) is detrimental, since
the over-release of pro-inflammatory factors and cytokines can alter brain structure and
function [91,92]. Non-resolving neuroinflammation is a key factor in the pathogenesis
of CIPN, as shown by the significant increase in plasma levels of pro-inflammatory cy-
tokines and chemokines involved in hypersensitivity and pain (e.g., IL-1β and TNF-α) in
PTX-treated mice [93].

The decreased hippocampal gene expression of pro-inflammatory cytokines, which
was here observed following 7-day oral administration of um-PEA, clearly shows the
protective role of PEA-um against PTX-induced neuroinflammation. This central protective
effect was also observed at the spinal cord level, since um-PEA treatment significantly
decreased COX-2, iNOS, TNF-α, and IL-1β compared to the vehicle group.

Based on these findings, we also evaluated the efficacy um-PEA in PTX-induced
peripheral neuropathy. In fact, Donvito et al. [41] had already found that PEA reversed PTX-
induced neuropathy in a dose dependent manner. In their study, a single administration of
PEA was able to reverse mechanical allodynia through a PPAR-α-mediated mechanism.
In our study, mice receiving um-PEA treatment beginning at the last PTX injection show
a reduction not only in allodynia signs but also hyperalgesia. In agreement with our
data, Di Cesare Mannelli and coworkers reported analgesic proprieties of um-PEA in
oxaliplatin-induced neuropathy, and showed that this acylethanolamine prevented the
development of mechanical hypersensitivity, with a significant anti-inflammatory effect
also being observed [40]. Recently, we have confirmed that um-PEA exerts its analgesic
and anti-inflammatory effects primarily through direct activation of the transcription factor
PPAR-α [50]. In particular, PEA has been found to switch off the nuclear factor kB signaling
pathway, a crucial element in the transcription of genes, leading to the synthesis of pro-
inflammatory and pro-analgesic mediators [64,94].

Moreover, in a chronic constriction injury model of neuropathic pain, PEA not only
reduced edema and macrophage infiltration, but also counteracted the decrease in axon
diameter and myelin thickness, the effects being lost in PPAR-α-null mice [95]. Recently, it
has also been reported that the activation of PPARs may interfere with the production of
pro-inflammatory cytokines in CIPN, potentially attenuating and preventing the symptoms
of neuropathy [96]. In agreement with all these studies, we here demonstrate that um-PEA
reduces pro-inflammatory cytokines by PPAR-α activation. In fact, repeated um-PEA
administration increased the spinal cord expression of the nuclear receptor, and the PPAR-α
antagonist GW6471 reversed um-PEA analgesic effects.

In addition, it is also interesting to note that the restoration of CB1 receptor levels in
the spinal cord, following um-PEA treatment, seem to be important for pain control and
inflammation reduction. We have also confirmed the correlation between PEA and the en-
docannabinoid system via both in vivo and ex vivo experiments, using AM281, a CB1 antag-
onist able to reverse um-PEA analgesic effects; moreover, repeated um-PEA administration
preserves CB1 receptor expression in the spinal cord. Accordingly, a recent study reported
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that the administration of an analog of PEA, N-(4-methoxy-2-nitrophenyl)hexadecanamide
(HD), produced a dose-dependent antinociceptive effect in rats, which was significantly
counteracted by AM281 administration [97]. Taken together, these findings provide an
overview of the crosstalk between PPARs and cannabinoids, and the importance of their
reciprocal regulation in the control of major physiological and pathophysiological functions.

5. Conclusions

In summary, our results demonstrate that 7-day oral administration of um-PEA signifi-
cantly reduced PTX side effects. Due to its anti-inflammatory activity and marked analgesic
proprieties, as well as its ability to activate PPAR-α and influence the endocannabinoid
system, um-PEA is a good candidate for the management of neuropathic pain and mood
disorders produced by chemotherapy.
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Abstract: Neuroinflammation is an emerging therapeutic target in chronic degenerative and autoim-
mune diseases, such as osteoarthritis (OA) and rheumatoid arthritis. Mast cells (MCs) play a key role
in the homeostasis of joints and the activation of MCs induces the release of a huge number of media-
tors, which fuel the fire of neuroinflammation. Particularly, synovial MCs release substances which
accelerate the degradation of the extra-cellular matrix causing morphological joint changes and carti-
lage damage and inducing the proliferation of synovial fibroblasts, angiogenesis, and the sprouting of
sensory nerve fibers, which mediate chronic pain. Palmitoylethanolamide (PEA) is a well-known MCs
modulator, but in osteoarthritic joints, its levels are significantly reduced. Adelmidrol, a synthetic
derivate of azelaic acid belonging to the ALIAmides family, is a PEA enhancer. Preclinical and clinical
investigations showed that the intra-articular administration of Adelmidrol significantly reduced
MC infiltration, pro-inflammatory cytokine release, and cartilage degeneration. The combination of
1% high molecular weight hyaluronic acid and 2% Adelmidrol has been effectively used for knee
osteoarthritis and, a significant improvement in analgesia and functionality has been recorded.

Keywords: palmitoylethanolamide; adelmidrol; hyaluronic acid; visco-induction; osteoarthritis;
neuroinflammation; mast cells; joint degeneration and pain

1. Introduction

Osteoarthritis (OA) is a leading cause of musculoskeletal chronic pain, affecting nearly
16% of the population, characterized by cartilage degeneration and stiffness. A mechanism-
based approach to OA should include at least three targets: the peripheral mechanisms of
inflammation, the central mechanisms of pain hypersensitivity, and the prevention of joint
destruction [1]. In the last few years, mast cells (MCs) have been widely investigated as
a possible target to be modulated for controlling peripheral and central nervous system
inflammation [2,3].

Joints are a target of neuroinflammation in chronic degenerative and autoimmune
diseases, such as OA and rheumatoid arthritis, and MC activation has been recognized as a
prominent feature of the synovial tissue in patients with OA [4]. The aim of this review is
to present preclinical and clinical evidence of a new intra-articular formulation containing
Adelmidrol for targeting neuroinflammation in OA diseases.
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2. Neuro-Immune Mechanisms Underlying OA

The pathogenesis of OA is correlated with different interrelated mechanisms including
inflammation, neuroplasticity, cartilage disruption, and bone damage. Neuro-immune
signaling may occur when innate immune cells produce algogenic factors that act on the
pain pathway [5]. Indeed, during OA progression, the nociceptors innervating joints can be
sensitized by locally generated mediators, such as inflammatory cytokines and chemokines,
nerve growth factor (NGF) [6], and disease-associated molecular patterns (DAMPs) [7,8]
(Figure 1).
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Figure 1. Schematic representation of the main contribution of MCs to degenerative joint diseases.
Hyperactivated synovial MCs trigger the inflammatory process increasing vascular permeability and
angiogenesis, recalling circulating PMN cells at the lesion site and activating synovial fibroblasts.
Moreover, synovial MCs degranulation releases a massive amount of pro-inflammatory cytokines
and chemokines, MMPs, and aggrecanases responsible for ECM protein degradation and, cartilage
and bone remodeling.

The pathogenesis of OA is largely determined by the disrupted balance of pro- and anti-
inflammatory mediators leading to a chronic low-grade inflammation which contributes to
the associated pain condition.

The enhancement of proinflammatory cytokines causes the secretion of enzymes and
other inflammatory factors involved in the pathogenesis of OA responsible for morphologi-
cal joint changes, such as cartilage degeneration, osteophyte formation, and synovitis. One
of the most important inflammatory mediators involved in this process is the interleukin
(IL)-1β, a member of the IL-1 superfamily implicated in the pathogenesis of numerous
neuroinflammatory diseases [9].

In OA, through the activation of the IL-1 receptor I (IL-1RI), IL-1β mediates cartilage
destruction by inhibiting new formations of proteoglycans and degrading existing proteo-
glycans by stimulating degradative enzyme production. Widely distributed in different
cells in the knee joint, IL-1RI has been shown to be upregulated in isolated human OA chon-
drocytes in vitro [10,11]. In OA synovium, a relative deficit in the production of natural
antagonists of the IL-1 receptor (IL-1Ra) has been detected and it could possibly be related
to the additional production of nitric oxide in OA tissues [12]. IL-1β activates several sig-
naling pathways which overall contribute to the progression of OA. In particular, through
mitogen-activated protein kinase (MAPK) signaling, IL-1β induces catabolic events includ-
ing the cartilage extracellular matrix (ECM) degradation mediated by metalloproteinases
(MMPs), such as MMP-1, MMP-3, and MMP-13, and aggrecanases such as ADAMTS-4
and ADAMTS-5. Additionally, the IL-1β-mediated NF-κB pathway activation leads to
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the synthesis and secretion of proinflammatory cytokines [IL-6 and tumor necrosis factor
(TNF)-α], and chemokines [IL-8, monocyte chemoattractant protein-1 (MCP-1 or CCL2),
CCL5 (RANTES), and macrophage inflammatory protein-1a (MIP-1a)] [13]. In OA, higher
concentrations of IL-6 in synovial fluid have been correlated with the pain experience of
OA patients [14] and in an experimental study, de Hooge et al. [15] showed that IL-6 gene
knock out mice developed more advanced OA, compared to control animals.

High concentrations of TNF-α have been observed in structures such as synovial fluid,
synovial membrane, cartilage, and subchondral bone layer [16]. As with IL-1β, TNF-α, via
its conjugate receptors (TNFR-1 and TNFR-2), promotes the activation of the JNK kinase
and the transcription factor NF-κB [16], by leading to the degeneration of cartilage and
morphological joint changes.

Chemokines contribute to the inflammatory processes, stimulating the chemotaxis
of inflammatory cells that, in turn, secrete proinflammatory cytokines, by representing
thus the major challenge in treating and slowing the progression of osteoarthritis [11].
Increased levels of CCL2 have been detected in the synovial fluid of patients with knee
OA [17]. Borzi et al. [18] demonstrated that CCL2 induces MMP-3 expression enhance-
ment, contributing to proteoglycan loss and the degradation of cartilaginous tissue. In an
experimental study, Miller et al., [19] showed that both CCL2 and CCR2 were upregulated
in the innervating dorsal root ganglia (DRG) of the knee 8 weeks after the surgical model
of OA while the absence of CCL2 or CCR2 suppresses selective inflammatory genes in
joints 6 h post-de-stabilization of the medial meniscus (DMM) model, including arginase
1, prostaglandin synthase 2, nitric oxide synthase 2, IL-6, MMP-3, and the tissue inhibitor
of metalloproteinase (TIMP)-1, by delaying pain development. CCL3 and CCL5 levels
have been shown to be elevated in OA synovial fluid when compared with controls [17,20].
IL-1β-incubated human chondrocytes showed a significant upregulation of CCL3, CCL4,
and CCL5 [21].

Chemokines from the CXC family also participate in the pathogenesis of OA. CXCL8
(IL-8) has been shown to be upregulated in the serum and in the synovial fluid of OA
patients [22], and the study conducted by Guo et al. [23] reported that CXCL12 levels in
the synovial fluid were closely related to the radiographic severity of OA. Interestingly,
experimental evidence suggests a role for fractalkine (CX3CL1) and its receptor (CX3CR1)
in the development of chronic pain in OA. Indeed, after DMM surgery, fractalkine release
by DRG neurons is upregulated in the late phase of the model and this timing correlates
with the development of microgliosis in the dorsal horn, where microglial cells express
CX3CR1 [24]. The involvement of fractalkine and its receptor CX3CR1 in several pre-
clinical models of chronic and neuropathic pain has been previously described [25,26].
In particular, this pathway has been highlighted as one of the most important cross-talk
pathways involved in neuron-microglia communication [27].

As a member of the neurotrophin family, NGF is essential for the development of
nociceptive primary neurons. NGF can bind the general neurotrophin receptor p75, as
well its high-affinity cognate receptor, tropomyosin-related kinase (Trk)-A [28], which
are expressed by joint cells, including chondrocytes, and increased in OA cartilage [29].
Triggered by a proinflammatory environment, the NGF synthesis is highly correlated with
the degree of OA cartilage degradation in humans [29]. The NGF/TrkA signaling activation
induces the release of a variety of inflammatory mediators such as serotonin, histamine,
and NGF itself, which are known to cause sensitization of nociceptors. The injection of an
anti-NGF monoclonal antibody shortly after model induction (day 2) was able to reverse
the deficits in burrowing one day later compared to saline [30]. Moreover, the effects
of a long-term NGF blockade in rat meniscal surgery models have been reported [31].
The authors showed that therapeutic treatment (day 14–day 21) reversed weight-bearing
asymmetry and mechanical allodynia of the hind paw, while no short-term effects on
histologic cartilage degeneration were observed. Similar findings were reported using
Tanuzemab in a 28-day rat medial meniscal tear (MMT) model [32], where the authors
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described a significant increase in tibial cartilage degeneration, subchondral bone sclerosis,
and tibial osteophytes induced by the treatment.

Damage-associated molecular patterns (DAMPs) are a group of molecules released
from ECM to the joint cavity during cartilage degradation. Together with so-called
pathogen-associated molecular patterns (PAMPs), DAMPs signal to the immune system
a “dangerous state” requiring a protective response to a pathological state. Indeed, joint
trauma results in the production of DAMPs and intracellular alarmins that signal through
pattern recognition receptors (PRRs), which include Toll-like receptors (TLRs) on syn-
ovial macrophages, fibroblast-like synoviocytes (FLS), or chondrocytes to induce the local
production of inflammatory mediators of various factors, like catabolic factors [matrix
metalloproteinase, cytokines, chemokines cathepsins (B, K, and L)], and the complement
cascade [7,33].

High levels of NGF, released by MCs, influence sensory nerve activity and its interac-
tion with the high-affinity TrkA receptor (NGF/TrkA), and amplify inflammatory processes
contributing to the development of a nerve sprouting of sensory pain fibers which mediate
chronic pain maintenance.

3. Role of Mast Cells in OA

The important role of MCs in allergic reactions is well-known. Moreover, the involve-
ment of MCs in physiological bone turnover and bone disorders has been described in
detail [34,35]. MCs usually reside quietly within tissues throughout the body, whereas when
they become activated, they secrete granules containing histamine and other inflammatory
substances. The hyperactivation of MCs is often accompanied by pain syndromes [36].
Indeed, pain-like behaviors have been found to be MC-associated in several experimental
models of pain [37].

In healthy joints, synovial tissue macrophages (STM) or MCs represent nearly 3% of
the cellular population of the synovia and act as sentinels, monitoring possible pathogens
and mediating the immune response [38]. In chronically inflamed joints, the synovial mem-
brane becomes hypertrophic and the MC density significantly increases, as a result of the
recruitment of circulating progenitors, the maturation of local MC precursors, the differen-
tiation of local mesenchymal stem cells (MSCs) into MCs, and the release of neurotrophins
as NGF that stimulate further MC proliferation. Farinelli et al. have recently shown, in
hip and knee tissue from OA patients undergoing arthroplasty, a significant increase in the
MCs and the vessel number, which significantly correlated with the synovitis score and
disease severity [39]. The synovial MC infiltration has been associated with a variety of
inflammatory changes which may play a role in the pathophysiology of OA [40,41]. The
increased vascular permeability mediated by the histamine and prostaglandin D2 released
by MCs, the recruitment of other circulating polymorphonuclear cells (PMN), such as
leukocytes, and macrophage activation induced by cytokines and chemokines, contribute
to the early phases of inflammatory arthritis [42]. Additionally, MCs may participate in
joint destruction by the induction of MMPs from fibroblast-like synoviocytes, chondrocytes,
and other cell types in the arthritic cartilage [42,43]. MCs have been detected even in
osteophytes, where they play a role in accentuating the inflammatory pathology of OA [44].
Similarly, in the rheumatoid-arthritis (RA) joint, activated MCs release pro-inflammatory
and immunomodulatory mediators (TNF-A, IL-6, IL-8, VEGF, histamine, heparin, tryptase)
that induce angiogenesis, promote cartilage erosions, synoviocyte proliferation, and pain
sensitization. Synovial MC concentration has been shown to correlate with the different
stages of RA, particularly with the maintenance or lack thereof of the remission phase,
suggesting a possible role as a biomarker to predict the severity and progression of the
disease [45]. Cytokines and growth factors released during inflammation are the main
mediators of the cross-talk between the subchondral bone, cartilage, and synovia. In vitro
studies reveal that MCs synthesize and release NGF in response to antigen/IgE stimulation
and it is involved in MCs maturation and degranulation [46]. High levels of NGF, released
by MCs, induce the sprouting of sensory pain fibers and contribute to peripheral and central
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sensitization, which are the cornerstone of chronic pain maintenance [47]. The injection
of complete Freund’s adjuvant (CFA) induces inflammation of the joint and sprouting of
CGRP+ nerve fibers in the synovium. This sprouting is significantly attenuated by anti-
NGF therapy [48]. NGF binds TrkA receptors on inflammatory cells inducing the release of
inflammatory mediators, such as serotonin, histamine, and even further NGF [49]. A more
recent study suggested that NGF released from MCs may be implicated in osteoarthritis
pain [50]. The authors have indicated the NGF responsible for MCs-PGD2-mediated in-
creased nociceptive signaling, suggesting the TrkA blockade in MCs as a potential target for
OA pain. Finally, MCs seem to play a role in the metabolism of hyaluronic acid (HA), which
is the main component of the ECM and play a key role in joint lubrification during move-
ment. MCs influence HA synthesis and degradation through two mechanisms of action.
Firstly, MCs release tryptases, which may accelerate HA destruction. Secondly, granules of
synovial MCs contain heparin, which represents the preliminary stage in the synthesis of
HA. In vitro studies showed that MC chymase and tryptase accelerated the degradation of
HA in the synovial fluid [51]. Moreover, MCs express the hyaluronic-acid-binding isoform
of CD44 [52]. These observations could explain why the modulation of MCs could be a key
factor for reducing intra-articular inflammation and ensuring the physiological metabolism
of HA, filling the unmet needs of the currently available intra-articular therapies.

4. Intra-Articular Adelmidrol: A New Therapeutic Option for OA

Intra-articular treatments in OA management are warranted as their effects are limited
to damaged joints, without significant systemic adverse events. The most commonly
used intra-articular treatments are high-molecular-weight HA, corticosteroids, leukocyte-
poor platelet-rich plasma (LP-PRP), leukocyte-rich platelet-rich plasma (LR-PRP), bone
marrow mesenchymal stem cells (BM-MSCs), and adipose mesenchymal stem cells (AD-
MSCs) [53]. Intra-articular steroids are widely used for their anti-inflammatory effect.
However, they have a mild to moderate effect on pain severity [54] and their chronic use has
been associated with a number of clinical concerns, the most relevant being the alteration of
gene expression and immunomodulatory effects, which are associated with additional joint
damage [55]. Furth more, corticosteroids may inhibit the anabolic activity of chondrocytes,
decrease collagen expression, and, when chronically used, be chondrotoxic [56].

Recent evidence showed that in symptomatic patients with knee OA, a combination of
PRP and HA induces a significantly greater improvement of pain and function compared
with HA injections only [57]. PRP infiltration in OA allows for the modulation of inflamma-
tion and the induction of cartilage regeneration, while HA is a pure visco-supplementation
therapy, and is thus prone to degradation by proinflammatory cytokines, free radicals, and
proteinases [58]. Although commonly used, this treatment presents extreme variability
during the preparations, often influenced by donor-specific factors or by processing meth-
ods. As conventional treatments provide limited therapeutic benefits, novel strategies for
managing OA are required.

Adelmidrol has been recently investigated as a possible innovative intra-articular
therapy for OA. Adelmidrol is a synthetic derivate of azelaic acid which works as a palmi-
toylethanolamide (PEA) enhancer increasing endogenous PEA levels [59]. Recently, it
has been demonstrated that Adelmidrol is able to significantly increase the endogenous
PEA level in the duodenum and colon of healthy mice in a dose/time-dependent and
PPAR-γ-independent manner [60]. As with PEA, Adelmidrol belongs to the family of Au-
tacoid Local Injury Antagonist Amides (ALIAmides) and its amphiphilic and amphipathic
characteristics make Adelmidrol particularly soluble and suitable for topical [61,62] and
intra-articular administration. In healthy synovia, an elevated amount of PEA is present,
while its levels are significantly reduced in the synovial fluid of patients with OA and
rheumatoid arthritis [63]. In OA joints, the reduction of endogenous PEA levels is responsi-
ble for MC hyperactivation, which, by triggering a cascade of neuroinflammatory events,
alters the physiological functionality of nerve endings, chondrocytes, and joint synvioblasts.
Hypertrophic synvioblasts become unable to produce basic components of cartilage, lead-
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ing to the progression of joint damage [42,64,65]. Therefore, the restoration of normal
endogenous PEA levels, necessary to ensure MC normo-reactivity, becomes essential for
the maintenance of normal joint function. These findings suggest that Adelmidrol, due to
its properties, could represent a valid therapeutic approach for all diseases characterized
by a significant reduction in endogenous PEA levels.

5. Adelmidrol in OA: Preclinical Evidence

The anti-inflammatory and immunomodulatory properties of both PEA and Adelmidrol
have been shown in numerous experimental studies [66,67]. Particularly, Adelmidrol has
been shown to reduce acute inflammation in the carrageenan (CAR) model, when systemi-
cally injected [68]. In the same study, the beneficial effect of Adelmidrol was also proved in
collagen-induced arthritis (CIA), an animal model of rheumatoid arthritis. Adelmidrol was
shown to reduce clinical signs of OA, such as periarticular erythema and paw edema. X-ray
examinations have shown that Adelmidrol reduced bone erosions in the femoral growth
plate, as well as in the tibiotarsal joints with a consequent reduction of pain and proinflam-
matory cytokines (TNF-α, IL-6, and IL-1β). Interestingly, the significant presence of MCs,
with an increased chymase and tryptase expression in the joint tissues after CIA induction,
was also reduced [68]. Preclinical observations of the combination of Adelmidrol and HA
are available in a rat model injected with monosodium-iodoacetate (MIA) to induce OA.
Di Paola et al. demonstrated that the combination of Adelmidrol with HA in a dose/time-
dependent manner reduced the plasma levels of pro-inflammatory cytokines (TNF-a and
IL-1b), MMPs, and NGF production in the osteoarthritic knee of the rats. Moreover, the
combination significantly reduced MC infiltration and histological alterations induced by
intra-articular MIA injection [69]. Among animal models developed for the examination
of OA pathophysiology [70], MIA represents the most used model to study chronic pain
associated with OA [71]. Along with joint damage, MIA injections induce mechanical
sensitivity in the ipsilateral hind paw and weight-bearing deficits. Di Paola et al. observed
that mechanical allodynia and motor functioning along with the degeneration of articular
cartilage were reduced by the combination of HA and Adelmidrol [69].

6. Intra-Articular Adelmidrol: Clinical Evidence

A new intra-articular medical device containing Adelmidrol has been recently intro-
duced onto the market (Hyadrol®, 2 mL pre-loaded syringe for intra-articular injection,
Epitech Group SpA, Milano, Italy). In this product, 2% Adelmidrol is administered together
with 1% high-molecular-weight (from 1.3 to 2.0 × 106 dalton) HA, which physiologically
binds the CD44+ receptor [72]. Intra-articular Adelmidrol is supposed to be a valid ther-
apeutic option for normalizing MC function and ensuring the visco-induction of HA,
through a dual mechanism of action. Firstly, Adelmidrol, by increasing PEA levels in the
OA joint, might switch MCs from the hyperactivated to the physiological status; thus, it
may reduce the HA degradation, by inhibiting the release by MCs of lytic enzymes, such as
tryptases, hyaluronidases, and β-hexosaminidases. Secondly, Adelmidrol, by normalizing
the MCs’ release of heparin, which is a precursor of HA, induces HA production, leading
to a visco-inductive effect in the OA joint (Figure 2).

A multi-center clinical trial has been published on the use of this combination of
Adelmidrol and HA for intra-articular injection in patients suffering from Kellgren and
Lawrence grade II-III osteoarthritis of the knee [73]. Eligible patients were ≥40-year-old
subjects suffering from pain for more than 6 months, with an average pain score > 20
on the Western Ontario and McMaster Universities (WOMAC) Osteoarthritis Index pain
sub-scale, and must have performed a washout of at least 2 weeks from other analgesics
and/or non-steroidal anti-inflammatory drugs (NSAIDs). The principal exclusion criteria
were: (a) the presence of concomitant severe systemic inflammatory joint diseases; (b) the
use of corticosteroids in the previous 3 months; (c) the use of chondroprotective drugs,
visco-supplementation injections, or arthroscopies within 6 months. The Italian WOMAC
version was used in its VAS format: all 24 items were rated by the subject on a 10 cm VAS
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ranging from 0 (indicating no pain, stiffness, or functional limitation) to 10 (indicating
extreme pain, stiffness, or functional limitation). Ranges of the WOMAC scores were: pain
(0–50); stiffness (0–20), and functional limitation (0–170) [74]. The enrolled patients received
4 weekly intra-articular injections of 1% high-molecular-weight hyaluronic acid and 2%
Adelmidrol in a 2 mL pre-loaded syringe. Patients were assessed using the WOMAC
Osteoarthritis Index, the 12-Item Short Form Health Survey (SF-12) for the quality of life,
and the Likert Patient Global Impression of Change (PGIC). In total, 102 patients (female n
60, 58.8%), with a mean age of 63.2 ± 0.6 years were recruited in this study, and follow-ups
were conducted for 4 weeks after the last intra-articular injection. Only 7 patients withdrew
prematurely from the trial: 3 for accidental trauma not related to the treatment, 3 due to
knee pain and/or swelling after infiltration, and 1 was lost at the follow-up stage.
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Figure 2. Visco-supplementation vs. Visco-induction. (A) Visco-supplementation: Exogenous
HA is injected in the OA joints where activated MCs release tryptases, hyaluronidases, and
β-hexosaminidases which in turn may accelerate HA degradation; (B) Visco-induction: Adelmidrol,
by increasing endogenous PEA levels, downregulates MCs activation and shift them towards a
physiological condition. Adelmidrol reduces the MCs degranulation, the release of lytic enzymes,
and therefore the HA degradation, normalizing the physiological release of heparin, a HA precursor.

The 95 patients included in the final evaluation 4 weeks after treatment showed a
significant improvement in all 3 elements of the WOMAC subscale (pain, stiffness, and
functional limitation) (Table 1). Furthermore, a significant improvement in the quality of
life was recorded in both the mental and physical components of the SF-12 (Figure 3).

Table 1. Changes in the WOMAC Osteoarthritis Index. Adapted from [73].

T0 T1 T2 T3 T4 T5
Basal

(before 1st
infiltration)

1st w 2nd ws 3rd ws 1st w after 4th
infiltration

4th w after 4th
infiltration

N patients 102 102 101 98 97 95
Pain 22.5 ± 0.76 16.8 ± 0.87 12.2 ± 0.81 9.4 ± 0.82 7.0 ± 0.76 5.2 ± 0.63

Stiffness 7.8 ± 0.49 6.3 ± 0.48 4.7 ± 0.43 3.6 ± 0.39 2.5 ± 0.33 1.9 ± 0.29
Articular function 67.3 ± 3.24 58.4 ± 3.10 46.3 ± 2.84 36.0 ± 2.83 28.1 ± 2.66 21.4 ± 2.13

Total WOMAC score 97.6 ± 4.11 81.5 ± 4.08 63.3 ± 3.78 49.1 ± 3.77 37.6 ± 3.53 28.5 ± 2.85
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Figure 3. Changes in the SF12. Adapted from [73].

Over 90% of the treated subjects reported a clinical improvement according to the
PGIC subjective evaluation, among which 76.4% felt “very much” or “much” improved
(Figure 4). Intra-articular injections of 1% high-molecular-weight hyaluronic acid and 2%
Adelmidrol were well tolerated. No severe adverse events were observed. Seven patients
(7.4%) reported local pain at the site of injection, accompanied by swelling in 2 patients
(2.1%), regarded as related to the infiltrative procedure. Other adverse events, such as
diarrhea, headache, abdominal cramps, and trauma were observed in 10 patients judged
by the investigators as not related to the treatment [73].
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Vulpiani et al. recently published the follow-up of the described clinical trial, limited
to a group of patients enrolled in a single hospital (Sant’Andrea University Hospital,
Rome, Italy), available for re-evaluation at 6 months, 1 year, and 2 years following the
last intra-articular infiltration [75]. Forty-seven patients (77% of those enrolled in the
first trial in a single center) were evaluated using both the WOMAC scale and the SF-12
questionnaire. The results obtained after 4 infiltrations, as measured with the WOMAC
score, have been maintained for the whole follow-up period, including the effects on
functional limitation. Similarly, no statistically significant modifications of both the physical
and mental components of SF-12 have been observed in the 2-year follow-up period. These
results suggest a long-term effect of Adelmidrol infiltration, which is not common for other
intra-articular therapies.
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7. Conclusions

OA is a complex degenerative disease, which requires a multimodal approach [1].
Systemic analgesia plays a role in targeting recurrent episodes of acute inflammation,
which, by definition, lasts only a few days. NSAIDs may be useful for mitigating the
dangerous effects of the destructive enzymes, cytokines, and prostaglandins released in
the inflamed synovial membrane, after leukocyte infiltration [76,77]. Central analgesics,
such as acetaminophen, opioids, and adjuvants, may be used for targeting maladaptive
neuronal plasticity [78,79] and central mechanisms of pain [80]. Intra-articular therapies
may support systemic analgesia by affecting the progression of joint destruction. In the
real-world experience, however, there are still many unmet needs in the currently available
intra-articular treatments for OA, in terms of analgesic efficacy, duration, tolerability, anti-
inflammatory effect, and the modulation of cartilage degeneration.

Adelmidrol represents an innovative intra-articular treatment, which targets neuroin-
flammation and provides “visco-induction” to OA joints. It is time to “think outside the
box”: we can prevent endogenous HA degradation, rather than merely provide HA through
exogenous administration. Traditional exogenous HA is intra-articularly administered in
order to provide “visco-supplementation” and to improve joint lubrification. However,
when considering the inflammatory environment where the HA is injected, it is not surpris-
ing that its efficacy can be invalidated by the huge number of substances locally released,
including MC-released tryptases and chymase, hyaluronidases, and β-hexosaminidases.
Furthermore, MCs have played a key role in joint homeostasis, and their degranulation
induces neuroinflammation.

MC-released pro-inflammatory cytokines fuel the fire of inflammation, promoting
cartilage damage, angiogenesis, nerve sprouting, and pain sensitization.

PEA is a well-known substance that physiologically down-regulates MC activation
and in OA joints, its endogenous levels are significantly reduced. Therefore, one of the
targets of OA treatment, alongside the prevention of the progression of cartilage damage,
should be to extinguish the fire of joint neuroinflammation.

Adelmidrol, by increasing and normalizing PEA levels in the joints, could be the first
innovative molecule for “visco-induction”, through two mechanisms of action: (a) by reduc-
ing degranulation of MCs and therefore improving the efficacy of HA; (b) by normalizing
MC function and restoring the physiological production of heparin, a HA precursor.

Preclinical and clinical data available on Adelmidrol administered together with HA
support these hypotheses, by showing a significant reduction in cartilage degeneration,
MC infiltration, and pro-inflammatory cytokine and chemokine plasma levels, and by
improving analgesia and the functionality of OA patients.

Unfortunately, there are still many limitations to this emerging evidence. Firstly,
further studies are needed to address the exact molecular mechanisms underlying the
effects of Adelmidrol in the inflamed joint, despite the expected results demonstrated both
in animal and clinical studies. Secondly, nowadays, clinical experience is still limited to
the reported multicenter clinical trial by Vulpiani et al. [73] and the subsequent follow-up
study [75], which confirmed the long-term results of this treatment. Therefore, further
studies are warranted to confirm these interesting preliminary results.

In conclusion, in the context of a multimodal approach to OA, where systemic anal-
gesia plays a role in targeting recurrent acute inflammation and central neuroplasticity
leading to chronic pain [1], intra-articular treatment with Adelmidrol can be considered
a promising treatment for preventing the progression of joint degeneration and neuro-
inflammatory processes.
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Abstract: Palmitoylethanolamide (PEA), the naturally occurring amide of ethanolamine and palmitic
acid, is an endogenous lipid compound endowed with a plethora of pharmacological functions,
including analgesic, neuroprotective, immune-modulating, and anti-inflammatory effects. Although
the properties of PEA were first characterized nearly 65 years ago, the identity of the receptor
mediating these actions has long remained elusive, causing a period of research stasis. In the last two
decades, a renewal of interest in PEA occurred, and a series of interesting studies have demonstrated
the pharmacological properties of PEA and clarified its mechanisms of action. Recent findings showed
the ability of formulations containing PEA in promoting oligodendrocyte differentiation, which
represents the first step for the proper formation of myelin. This evidence opens new and promising
research opportunities. White matter defects have been detected in a vast and heterogeneous group
of diseases, including age-related neurodegenerative disorders. Here, we summarize the history and
pharmacology of PEA and discuss its therapeutic potential in restoring white matter defects.

Keywords: palmitoylethanolamide; luteolin; oligodendrocyte; astrocyte; myelin; demyelinating
diseases; multiple sclerosis; Alzheimer’s disease

1. How Nature Provides Therapeutic Molecules: The History of Palmitoylethanolamide

The discovery of palmitoylethanolamide (PEA) arises from an interesting clinical
observation in the early 1940s, when some clinicians reported that adding dried chicken
egg yolk to the diets of underprivileged children reduced recurrences of rheumatic fever,
despite the presence of streptococcal infections [1]. Later on, anti-allergic effects of the
lipid fractions purified from egg yolk [2,3], peanut oil, and soybean lecithin [4] were
demonstrated in guinea pigs. The agent responsible for these properties was definitively
recognized as PEA [3], which was also identified in mammalian tissues fifteen years
later [5].

The following years witnessed a series of interesting clinical studies on this molecule
with good results. During the late 1970s, PEA clinical use was approved in former
Czechoslovakia for acute respiratory diseases. For unknown reasons, not related to its
toxicity, PEA was withdrawn from clinical use after several years on the market. In fact,
the molecule remained largely unnoticed by the rest of the world for more than 20 years.
Indeed, the market withdrawal and the failure to identify PEA molecular targets caused a
period of research stasis. In the 1990s, Nobel laureate Prof. Rita Levi-Montalcini demon-
strated that PEA is an endogenously produced regulator of inflammation [6]. This evidence,
together with the discovery of the endocannabinoid system, caused a renewal of interest
in PEA. In particular, during the last two decades, formulations containing PEA have
received increasing attention as drugs and dietary supplements to be used in chronic pain,
inflammation, and certain brain diseases.
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2. The Pharmacology of Palmitoylethanolamide

PEA exhibits a rather complex biological and pharmacological profile. Despite some
structural and metabolic similarities with the endocannabinoid signaling molecules, PEA is
not a classical cannabinoid. It is occasionally called a “promiscuous” molecule, as it binds
several receptors and also interacts with non-receptor targets (Figure 1). This alleged lack
of selectivity is, however, increasingly regarded as an advantage in certain diseases, where
“multiple-target” molecules may exert more beneficial effects than classical “single-target”
drugs [7].
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2.1. Biosynthesis, Degradation, and Pharmacokinetics of PEA

PEA is an endogenous compound belonging to the family of N-acylethanolamines
(NAEs) which include the endogenous cannabinoid receptor ligand anandamide (AEA,
arachidonoylethanolamide) and the satiety agent oleoylethanolamide (OEA) [8,9].

Biosynthesis of PEA occurs on-demand within the lipid bilayer in two steps [10]. The
first is the calcium- and cAMP-dependent transfer of palmitic acid from phosphatidyl-
choline to phosphatidylethanolamine to form N-acylphosphatidylethanolamine (NAPE);
the second step is the cleavage of NAPE to release PEA, mediated by a NAPE-specific
phospholipase D. The inactivation of PEA occurs via fatty acid amide amidohydrolase
(FAAH) or PEA-preferring acid amidase (PAA) to form palmitic acid and ethanolamine.

All tissues, including the brain, have been found to contain PEA [11]. The physiological
regulation of PEA levels in mammalian tissues is still under investigation. Different studies
suggest that this compound accumulates after tissue injury, causing cellular stress; this
supports the hypothesis that PEA is an endogenous mediator whose levels increase to exert
a local reparative action [12].

Exogenous PEA administration presents some issues regarding its bioavailability. Given
its lipid nature, PEA solubility in most aqueous solvents is indeed very low. It was shown that
after intraperitoneal administration of radio-labeled-PEA to rats, the molecule was distributed
mainly in some peripheral organs, whereas only low concentrations were detected in the
brain and plasma [13]. Other groups demonstrated the ability of PEA to cross the blood–brain
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barrier (BBB) after oral administration, but only in very small amounts [14,15]. Of note, one
clinical study reported that, in a dose-dependent manner, PEA administration leads to a two-
to nine-fold increase in PEA plasma baseline concentrations [16].

To overcome the poor pharmacokinetics of PEA, different formulations containing
PEA as micronized or ultra-micronized particles, or as ester derivatives (prepared by conju-
gating PEA with various amino acids), have been recently developed. These formulations
improve PEA bioavailability in the central nervous system (CNS), without affecting its
pharmacological efficacy [8].

2.2. The Search for the Palmitoylethanolamide Receptor

Between the 1950s and the 1980s, the mechanism(s) of action of PEA remained uniden-
tified. This probably caused the lack of interest of the scientific community in PEA, despite
its potential clinical significance. The renaissance of PEA originates from the work of Prof.
Levi-Montalcini, who suggested that this endogenous compound exerts anti-inflammatory
effects by serving as an autacoid local injury antagonist (ALIA) leading to a down-regulation
of mast cell activation [6]. Moreover, the concurrent discovery of the endocannabinoid
AEA and the cannabinoid receptors CB1 and CB2 shed new interest in PEA. Indeed, the
similarity in chemical structure between AEA and PEA first suggested that these two
endogenous mediators might share the same receptor. Several preclinical studies have defi-
nitely clarified that PEA does not bind the CB receptors and identified other mechanisms
of action. The main molecular target of PEA seems to be the peroxisome proliferator-
activated receptor-alpha (PPAR-α), through which PEA exerts its strong anti-inflammatory
effects. Supporting this evidence, PEA effects vanished in mutant PPAR-α-null mice [10].
In particular, PPAR-α emerged as the key factor in mediating the ability of PEA to control
neuroinflammation in different brain diseases [17–24].

Additionally, PEA can directly activate the G protein-coupled receptor 55 (GPR55) [25]
and G protein-coupled receptor 119 (GPR119) [11]. Furthermore, it has been proposed
that PEA indirectly potentiates the CB1 signal by inhibiting the degradation of AEA, a
phenomenon known as the “entourage effect” [26,27]. Additionally, several studies have
demonstrated the involvement of the transient receptor potential vanilloid 1 (TRPV1) in
the actions of PEA [28–31]. The main PEA targets are schematized in Figure 1.

The pharmacological properties of PEA are numerous and widely acknowledged by
the scientific community. However, among PEA properties, its therapeutic potential in
pathologies characterized by myelin defects is scantly investigated. In this review, we
summarize the most recent findings obtained with different formulations containing PEA
in heterogeneous disease conditions, all of which are characterized by white matter defects.

3. Myelin Sheath Organization and Functions

The term myelin was coined by Rudolf Virchow in 1864 and derives from the Greek
word “myeloid” (marrow). Myelin provides the structural basis for fast impulse prop-
agation along neuronal axons, a process required for the proper performance of motor,
sensory, and cognitive functions in the CNS [32]. The myelin sheath is an extension of
the plasma membrane of mature oligodendrocytes, cells belonging to the family of glial
cells [33]. Oligodendrocytes originate from oligodendrocyte precursor cells (OPCs). During
development, OPCs migrate from the ventricular/subventricular zones of the CNS to the
whole brain, where they proliferate [33]. Differentiation into oligodendrocytes was the first
acknowledged function of OPCs [34]. However, a rather large percentage of OPCs never
differentiate and live throughout adulthood, suggesting that OPCs may play additional
important roles [35]. For instance, in adulthood, when a myelin lesion occurs (e.g., in
cases of brain damage), local OPCs begin to proliferate and differentiate into myelinating
oligodendrocytes [34,36].

The maturation of OPCs requires several stages, each characterized by distinctive
morphological and functional aspects and by the expression of specific proteins (Figure 2).
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Figure 2. Schematic illustration of the various stages of OPC maturation and corresponding markers.
Olig2 is expressed in all stages of the lineage; OPCs and pre-oligodendrocytes are characterized by
PDGFR-α expression; CNPase, O1, and O4 are expressed during transition from pre-oligodendrocytes
to differentiated oligodendrocytes (which also express GalC); axon-myelinating oligodendrocytes are
characterized by myelin protein expression (MBP, MAG, MOG, and PLP). Created with BioRender.com
(accessed on 19 August 2022).

Early OPCs are bipolar cells characterized mainly by the expression of the platelet-
derived growth factor receptor-α (PDGFR-α). This receptor mediates the signal of the
neuronal and astrocytic PDGF-α, which regulates the proliferation, migration, survival,
and maturation of OPCs [37]. Once these cells keep contact with a target axon, they lose
their bipolarity and start to develop filamentous myelin outgrowths, developing a complex
shape. At this differentiation stage, pre-oligodendrocytes express 2′, 3′-cyclic-nucleotide
3′-phosphodiesterase (CNPase) and the cell surface markers O4 and O1. Finally, once fully
mature, oligodendrocytes show a complex and ramified structure and form myelin sheaths.
Myelinating oligodendrocytes can be identified by the expression of several markers
including the myelin basic protein (MBP), the proteolipid protein (PLP), and the myelin-
associated glycoprotein (MAG), as well as by the membrane marker galactocerebroside
(GalC) and the surface marker myelin-oligodendrocyte glycoprotein (MOG) [38]. Olig2 is
a transcription factor that drives oligodendrocyte-lineage cells to express myelin-related
genes. It appears to be constantly expressed by oligodendrocytes regardless of the degree
of differentiation, but progressively decreases at maturity [39].

The myelin structure consists of a multilayered battery of membranes organized
in alternating electron-dense and electron-light layers [40]. The electron-dense layers
represent the zone of adhesion between the tightly condensed cytoplasmic membranes,
while the electron-light layers consist of extracellularly arranged myelin membranes [40].
The myelinated portions along axons are separated by the nodes of Ranvier, small myelin-
free areas that promote rapid saltatory transmission of the nerve impulse by concentrating
voltage-dependent sodium channels [41]. Myelin structure is stabilized by a multitude
of adhesion mechanisms and proteins. The compaction of myelin is primarily performed
by MBP, which condensates two adjacent cytoplasmic membrane surfaces into a major
dense line of myelin [42,43]. The compaction begins in the very outer layers, close to the
cell soma, and proceeds to the inner side in parallel with the growth of the membrane. In
order to ensure the success of this process, MBP mRNA is trafficked from the nucleus to the
myelin compartment where it is locally translated [44]. The integral membrane protein PLP
allows the extracellular and cytoplasmic membranes to adhere to each other, enhancing the
compaction of myelin [45]. The presence of the cytoplasm-rich compartments within myelin
is ensured by CNPase which, by directly associating with cytoskeletal actin, antagonizes
the adhesive forces exerted by polymerizing MBP [46]. Cytoplasmic channels allow the
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bidirectional movement of macromolecules under the myelin sheath maintaining vital such
a compacted structure.

Through such channels, oligodendrocytes provide neurons with trophic and metabolic
support. For example, oligodendrocytes use monocarboxylate transporters to deliver
energy metabolites, like pyruvate and lactate, to neurons that use them to produce ATP [47].

4. The Role of the Astrocyte-Oligodendrocyte Cross-Talk in Myelination

The proliferation and differentiation of OPCs need the support of other glial cells,
mainly microglia and astrocytes that release distinct patterns of secreted molecules to
drive these processes. Microglia involvement in OPC differentiation, as well as in the
context of myelin repair, is acknowledged, and the data in the literature highlight a dual
role of these cells, providing evidence for both trophic and detrimental roles of microglia
on oligodendrocytes and myelin (for a comprehensive review see [48]). Likewise, the
role of astrocytes in the proliferation of OPCs and the formation and repair of myelin
has long been recognized. It is believed that impairments of these star-shaped cells are
implicated in the development of demyelinating diseases. This was first hypothesized by
Müller in 1904, who was convinced that multiple sclerosis (MS), a demyelinating disease,
was characterized by astrocytic dysfunction [49]. Research findings collected so far have
confirmed this hypothesis, with various studies highlighting the key role of the cross-talk
between astrocytes and oligodendrocytes in myelination, in both health and disease [50,51].

Astrocytes are the most abundant glial cell type of the CNS, found in both white and
grey matter [52]. They were long considered secondary to neurons and were defined, from
the Greek term glia, as “brain glue”. However, research studies over the past two decades
have demonstrated that astrocytes exert a plethora of different functions to maintain
CNS homeostasis at molecular, cellular, organ, and system levels of organization [53].
Astrocytes provide both physical and metabolic support to neurons [50] and modulate
synaptic transmission and information processing by neural circuits [54]. Astrocytes
are key components of the BBB; in this way, they regulate cerebral blood flow and the
communication between the CNS and the periphery [54]. Furthermore, they are involved
in several processes, such as ion and water transport, pH buffering, neuroplasticity, and
synapse pruning. They also release approximately 200 molecules, including neurotrophic
factors and energy substrates, thus, providing trophic and metabolic support to all cells in
the CNS [55].

Astrocytes and oligodendrocytes originate from a common lineage of neural progenitor
cells within the neuroectoderm [56] and, after development, communicate in physical and
functional ways. Physically, astrocytes are coupled to oligodendrocytes through gap
junctions at the cell body level and the paranodes, directly connecting the outer layer
of the myelin sheath with an astrocytic process [57,58]. Such intercellular channels are
heterologous, since oligodendrocytes express connexin (Cx) 32, Cx47, and Cx29, whereas
astrocytes have Cx26, Cx30, and Cx43 [59]. A large number of reports underscore the
importance of gap junctions in myelination. For instance, mutations or genetic ablation of
specific connexins could lead to myelin defects, demyelinating diseases, encephalopathies,
and peripheral neuropathies [60].

Besides direct physical interaction, astrocytes can communicate with oligodendrocytes
by releasing a variety of soluble factors, including PDGF, brain-derived neurotrophic factor
(BDNF), ciliary neurotrophic factor (CNTF), transforming growth factor (TGF)-β, and basic
fibroblast growth factor (FGF2). All of these are considered promoters of OPC proliferation
and survival [48], despite some contrasting evidence suggesting that PDGF and FGF2 could
also act as inhibitors [61,62]. Moreover, the tissue inhibitor of metalloproteinase-1 (TIMP-1),
an endogenous regulator of matrix metalloproteinases, promotes oligodendrogenesis [63].
In addition, astrocytes maintain and support myelin sheath formation by synthesizing and
delivering cholesterol to oligodendrocytes [64,65].

As astrocytes are critical for maintaining brain homeostasis [50], they promptly react
to any CNS insult or damage by undergoing morphofunctional changes that are context-,
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time-, and disease-specific [66–69]. Astrocyte reactivity could have either beneficial or
detrimental consequences for myelination, and the difference seems to be related to the
severity of astrogliosis [70]. Mild astrogliosis leads to the release of CNTF, FGF2, and the
proinflammatory interleukin (IL)-6, all associated with OPC survival, proliferation, and
maturation [71,72]. During severe astrogliosis, astrocytes secrete tumor necrosis factor
(TNF)-α, which correlates with the extent of demyelination in MS and with myelin and
oligodendrocytes damage in vitro [73,74]. Additionally, in an animal model of experimental
autoimmune encephalomyelitis (EAE) the release of interferon (IFN)-γ was shown to
suppress remyelination and delay recovery [75].

The relevance of astrocyte contribution to oligodendrocyte function is also evident
in several astrocytopathies, such as Alexander disease, vanishing white matter, megalen-
cephalic leukoencephalopathy with subcortical cysts, Aicardi–Goutières syndrome, and
oculodentodigital dysplasia [76]. All these diseases are characterized by genetic mutations
that cause defective astrocyte function, with major consequences for oligodendrocyte phys-
iology as low oligodendrocyte survival, impaired myelination, and absence of myelin with
or without concurrent development of astrogliosis [77,78].

Based on this evidence, astrocytes appear as the major cells orchestrating cell-to-cell
communication relevant for myelination. Thus, alterations in this cross-talk could lead to
myelin defects (Figure 3).
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Figure 3. Schematic illustration of the coupling of oligodendrocytes, astrocytes, and neurons in
physiological (left) and pathological (right) conditions. Astrocytes (blue) communicate with oligoden-
drocytes (green) through gap junctions and several released factors (colored circles), such as PDGF,
BDNF, CNTF, TGF-β, FGF2, TIMP-1, ILs, TNF-α, and IFN-γ. This cross-talk allows the proper matu-
ration of oligodendrocytes and their ability to form the myelin sheath. This, in turn, impacts neuronal
activity. When brain damage occurs (see text for details), astrocytes (red) react promptly, affecting
oligodendrocytes (grey) activity and ultimately the myelin sheath. Created with BioRender.com
(accessed on 22 July 2022).

5. White Matter Defects in Demyelinating Diseases and the Therapeutic Potential
of Palmitoylethanolamide

A vast and heterogeneous group of diseases are characterized by white matter ab-
normalities. Furthermore, any disorder that weakens or alters the myelin sheath, which
surrounds the nerve fibers in the brain, optic nerves, and spinal cord, is referred to as a
demyelinating disease. Several hereditary or acquired conditions can be distinguished,
with the most common having inflammatory, infectious, toxic, and metabolic origins [36,79].
Myelination defects in humans typically result in substantial neurological symptoms, as
would be predicted given its crucial involvement in the physiology of the mammalian
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nervous system. Indeed, when the myelin sheath is compromised, nerve impulses slow or
even cease, leading to neurological issues. The most common symptoms of demyelinating
disorders are vision loss, muscle weakness or stiffness, muscle spasms, and alteration in
the bladder and/or bowel movements [80].

As mentioned above, a growing number of reports demonstrated the anti-inflammatory
and neuroprotective effects of PEA in various models of brain diseases. This evidence
opened up the possibility that PEA could be beneficial even in demyelinating diseases
characterized by strong neuroinflammatory components. Among them, MS is the most
common acquired demyelinating disease of the CNS [79,81]. Its etiology is not yet fully
understood, but its inflammatory basis is known. The current therapeutic approach is based
on the lifelong administration of immunosuppressive and immunomodulatory agents, in
addition to corticosteroids to treat acute relapses [79,82]. Unfortunately, all these therapies
have limited efficacy and many adverse effects. Moreover, they do not address all MS
symptoms. There is, therefore, an urgent medical need for innovative therapies. In light
of this, promising results were obtained in a small double-blind, randomized, placebo-
controlled study in which relapsing–remitting MS patients took oral ultra-micronized
PEA (um-PEA; NORMAST® 600 mg/day for up to one year), or placebo, in addition to
subcutaneous IFNβ1a (Rebif® 132 µg/week). The um-PEA reduced pain sensation at the
IFN-β1a injection site, improved results of a questionnaire assessing cognition, reduced
IL-17 and TNF-α serum concentration, and increased AEA and OEA plasma levels. Overall,
such chronic um-PEA supplementation did not show negative effects and the quality of life
of patients seemed to improve [83].

Besides the neuroinflammatory component, oxidative stress also contributes to tissue
injury in MS, and it promotes the inflammatory response [82]. For this reason, formulations
containing PEA together with an antioxidant compound could be of advantage. Some
in vitro studies indeed show that co-ultra-micronized palmitoylethanolamide/luteolin
composite (co-ultra PEALut, 10:1 by mass) exerts beneficial effects that could be relevant
for MS. For instance, pre-treatment of primary OPCs with co-ultra PEALut prevented the
increase in gene expression of serum amyloid A protein (SSA) induced by challenging
cells with the pro-inflammatory stimuli TNF-α [84]. This co-ultra PEALut effect is in line
with the well-known anti-inflammatory effects of PEA and is relevant in both MS and
Alzheimer’s disease (AD) in which an elevation in SSA has been detected [85,86].

Of note, treatment of differentiating OPCs with co-ultra PEALut increases the tran-
scription of major myelin proteins genes, as well as genes for enzymes involved in lipid
biosynthesis, in a time-dependent manner. Neither PEA nor Lut was able to produce
such effects on its own [87]. Co-ultra PEALut promotes MBP and PLP expression in
primary OPCs cultured either in a medium favoring cell differentiation or in a medium
favoring cell proliferation, and it does so in a rapamycin-dependent manner [88]. Co-ultra
PEALut time-dependently increases gene expression of the myelin-associated proteins MBP,
CNPase, and the tyrosine kinase TAM receptor Tyro3 in primary OPCs cultured in a pro-
differentiating medium, while it induces a reduction in the gene expression level of other
two TAM receptors (Axl and Mertk) compared to control cells [89]. All these effects were
blunted by concurrent treatment with rapamycin, again supporting the hypothesis that an
mTOR-dependent molecular pathway is involved in the co-ultra PEALut mechanism of
action [87,89,90].

Two different research groups showed in vivo the potential benefit of administering
formulations of PEA. In a model of EAE, commonly used to study features of MS in mice,
daily systemic co-ultra PEALut administration, initiated at the first signs of sickness, pro-
gressively improved scores for neurological assessment compared to vehicle. Lower doses
of co-ultra PEALut were less efficacious. Such behavioral improvement was accompanied
by a co-ultra PEALut-mediated reduction in the disease-induced gene expression level of
pro-inflammatory mediators and receptors [91]. These effects were likely driven by PEA
since its administration alone showed similar beneficial effects in a separate and precedent
study. Indeed, PEA ameliorated histological signs of the disease in spinal cord specimens

119



Biomolecules 2022, 12, 1191

from AEA mice compared to control animals. It also reduced the AEA-increased mRNA
level of proinflammatory markers in spinal cord samples [92]. Chronic administration of
PEA also showed a protective effect on lesioned peripheral nerves in a murine model of
neuropathic pain, as the chronic constriction injury of the sciatic nerve (CCI). Furthermore,
PEA, by engaging the PPAR-α, prevented the CCI-induced thinning of the myelin sheath
and reduction in axonal diameter, as well as edema and macrophage infiltration [93]. Some
authors have suggested that PEA exerts its antinociceptive activity at the spinal level by
inhibiting responses of dorsal horn wide dynamic range neurons [94].

Of note, in a small group of patients with chemotherapy-induced painful neuropathy,
a two-month treatment with PEA produced substantial pain relief and restored myelinated-
fiber function in patients [95].

Taken together, these results highlight the beneficial effects of administering PEA in
various conditions which share alteration or loss of myelin, acting at various levels and
through different mechanisms.

6. White Matter Defects in Age-Related Neurodegenerative Diseases and the
Therapeutic Potential of Palmitoylethanolamide

Aging is the main risk factor for most neurodegenerative diseases. Aging occurs at
different rates in diverse species, while inter-individual variations exist within a species
and in the different organs and tissues of a subject. The brain is primarily composed
of postmitotic cells, so it is especially sensitive to the effects of aging. The cause of the
cognitive decline exhibited by human and non-human primates during normal aging
has long been considered the consequence of a loss of cortical neurons. Advances in
brain imaging techniques have shown that a significant number of cortical neurons are
not lost [96]. Therefore, other reasons for the cognitive decline have been sought. One
of the putative contributing factors could be the age-related degenerative change in the
morphology of myelinated nerve fibers [97]. It has been well established that white matter
volume starts to decrease gradually from 50 years of age onwards [98]. Myelin sheaths
exhibit degenerative changes with age. These include the formation of splits at the major
dense line with electron-dense cytoplasm inclusions and balloons [99]. These balloons
appear as holes, but electron microscopy reveals that they are spherical cavities causing
the myelin sheaths to swell. Moreover, increased formation of sheaths with redundant
myelin and circumferential splits in thick sheaths are considered as other age-related
changes. Some of these multilamellar myelin fragments represent myelin outfolding,
while others are engulfed by microglia, suggesting that microglia may actively strip off
damaged myelin [100]. In the aged mouse brain, microglia display an expanded lysosomal
compartment and accumulate autofluorescent material which may consist of remnants of
indigestible myelin. Hence, the increased burden of myelin clearance in the aging brain
may also contribute to age-associated microglial dysfunction.

Structural abnormalities in the white matter have been observed also in neurode-
generative diseases, including AD and Parkinson’s disease (PD), which share symptoms,
such as locomotor disorders and cognitive decline [101]. Evidence is accumulating that
white matter lesions independently contribute to postural and gait disturbances typical
of PD, as well as increase the risk of dementia in such patients [102–106]. Despite some
data indicating that increased lesions of myelin are associated with worsening cognitive
performance in PD, further studies are needed to examine the relationship between myelin
lesions and PD-specific cognitive domains.

For a long time, AD has been considered a disease of grey matter. However, advance-
ments in brain imaging techniques have now highlighted evident lesions to the white
matter. Postmortem and in vivo imaging studies have demonstrated that AD brains show
both reduced volume and microstructure alterations of the white matter, including defects
in the physical organization of the myelin lipid bilayers, as reviewed in [107]. Studies have
linked myelin damage and concurrent impairments in the maturation of oligodendrocytes
with AD pathogenesis, appointing the cerebral deposition of beta-amyloid (Aβ) as a pos-
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sible etiological factor [108–110]. Thus, myelin loss and the inability of oligodendrocytes
to repair myelin damage have been suggested as additional central features of AD [111],
besides the accumulation of toxic species of Aβ and the development of neurofibrillary tan-
gles [112]. Biochemical analysis of total myelin fraction in AD patients revealed increased
Aβ levels accompanied by a significant reduction in MBP, PLP, and CNPase, as well as
alterations in myelin lipid content [113].

Despite this compelling evidence, very little is known about AD-related changes in
oligodendrocytes maturation and myelin formation.

Counterintuitive effects of Aβ on oligodendrocyte differentiation have been reported.
Some researchers showed that a direct treatment of oligodendrocytes with oligomeric
Aβ1-42 promoted MBP upregulation in cultures of primary rat oligodendrocytes [114].
Furthermore, an accelerated differentiation of oligodendrocytes was found in different
brain areas of transgenic models of AD (i.e., 3xTg-AD and APP/PS1 mice), compared
with wild-type animals [115]. Very recently, we provided the very first data showing
that, in a trans-well system (rat primary astrocytes and OPCs co-cultured separated by
0.4 µm pores), challenging astrocytes with Aβ1-42 increased the number of MBP+ oligoden-
drocytes [116]. However, through an in-depth morphological analysis, we revealed that
this push to the maturation operated by Aβ1-42 actually induces aberrant morphological
changes in oligodendrocytes. Indeed, we noted a significant reduction in the cell surface
area as well as in the number of intersections, suggesting that MBP+ oligodendrocytes lose
their proper dimension and complexity. These results agree with recent findings obtained
in 3xTg-AD mice, showing that oligodendrocytes of six-month-old transgenic mice were
atrophic compared with non-transgenic age-matched mice [117]. A conceivable explanation
of the effects of Aβ on oligodendrocyte MBP expression could be related to the reaction
of these cells to the toxic challenge [118] in an attempt to repair the damage and restore
brain homeostasis [119]. To do so, oligodendrocytes must integrate a multitude of regu-
latory signals sent by neurons and other neuroglia cells, mainly astrocytes [120,121]. The
communication between oligodendrocytes and neurons has been studied quite extensively,
while their cross-talk with astrocytes has been scantly investigated in AD. As discussed
in paragraph 4, growing evidence indicates that, during some pathological conditions,
astrocytes modify their duties, hampering important physiological functions, including
OPC differentiation and myelin sheath formation [122,123]. Thus, it is conceivable that
exposure to Aβ alters the maturation of OPCs and the morphology of mature oligoden-
drocytes by impairing proper communication between oligodendrocytes and astrocytes.
In support of such a hypothesis, we found a significant reactivity of astrocytes with the
elevation of several pro-inflammatory mediators and the reduction in the production of
astrocytic factors strictly implicated in OPC maturation, including FGF2 and TGF-β [116].
Our data support the hypothesis that in cases of brain damage, such as in AD, astrocytes
react promptly by affecting oligodendrocytes maturation and, ultimately, myelin formation.
Although the therapeutic potential of PEA in modulating different AD features has already
been reported [124–129], no evidence is available so far on its effect on white matter defects.

Recent evidence, summarized in paragraph 5, shows the ability of co-ultra PEALut,
but not of PEA alone, in promoting the morphological development of OPCs into mature
oligodendrocytes [83,85]. In our model, we tested the effects of co-ultra PEALut. Obtained
results indicate that co-ultra PEALut treatment almost completely restores the impair-
ments caused by the exposure of cells to Aβ1-42 [116]. Moreover, we demonstrated that
some of the effects of co-ultra PEAlut depend on the activation of the PPAR-α. This new
and never explored ability of co-ultra PEALut in counteracting the Aβ-induced effect on
oligodendrocyte homeostasis opens new and promising research opportunities.

7. Conclusions

Here, we discussed the potential benefits of administering PEA in white matter de-
fects. Although still few and in some cases limited to preclinical evidence, the findings
available thus far are promising. They broaden the therapeutic indications of PEA, a terrific
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endogenous molecule endowed with numerous pharmacological activities. Considering
the safety profile of PEA, the opportunity to rapidly proceed to clinical use is reasonable.
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Abstract: ALIAmides are a family of fatty acid amides whose name comes from their mechanism of
action, i.e., the Autacoid Local Injury Antagonism (ALIA). Actually, the ALIAmide parent molecule,
palmitoylethanolamide (PEA), is locally produced on demand from a cell membrane precursor in
order to control immune-inflammatory cell responses, avert chronic non-resolving inflammation,
and limit the resulting clinical signs. ALIAmide sister compounds, such as Adelmidrol and palmi-
toylglucosamine, share mechanisms of action with PEA and may also increase endogenous levels of
PEA. Provided that their respective bioavailability is properly addressed (e.g., through decreasing the
particle size through micronization), exogenously administered ALIAmides thus mimic or sustain
the prohomeostatic functions of endogenous PEA. The aim of the present paper is to review the
main findings on the use of ALIAmides in small animals as a tribute to the man of vision who
first believed in this “according-to-nature” approach, namely Francesco della Valle. After briefly
presenting some key issues on the molecular targets, metabolism, and pharmacokinetics of PEA and
related ALIAmides, here we will focus on the preclinical and clinical studies performed in dogs
and cats. Although more data are still needed, ALIAmides may represent a novel and promising
approach to small animal health.

Keywords: ALIAmides; dogs; cats; atopic dermatitis; osteoarthritis; mast cells; palmitoylethanolamide;
Adelmidrol; palmitoylglucosamine

1. Introduction

ALIAmides are a family of fatty acid amides sharing a common mechanism of action,
i.e., the autacoid local injury antagonism (ALIA), originally proposed in the mid-1990s by
the late Nobel prize winner Rita Levi Montalcini [1]. The term “autacoid” comes from the
Greek “autos” (self) and “acos” (healing or remedy) and refers to cell-produced factors
that act locally near their site of synthesis [2]. In particular, the autacoid mechanism of
ALIAmides serves auto-protective purposes through the down-modulation of cell hy-
peractivity (mainly immune cells), thus controlling inflammatory responses and limiting
tissue damage [3]. It was originally observed that the ALIAmide parent molecule, palmi-
toylethanolamide (PEA), down-modulates rat mast cell behavior after challenge [1,4], as
later confirmed in companion animals [5–7]. Different cell populations were also shown
to be targets of PEA, with macrophages, keratinocytes, T and B cells, and glial cells being
negatively controlled by PEA once overactivated [8–18].

Palmitoylethanolamide is a body’s own (endogenous) N-acylethanolamine, produced
“on demand” by several cell types, including mast cells, astrocytes, and microglia [19–21].
Interestingly, the autoprotective function of PEA was first suggested in dogs. It was indeed
found that (i) the canine myocardium produces PEA in response to ischemic injury [22,23],
and (ii) the canine brain possesses the biosynthetic and degradative machinery for PEA [24].
Since the 1980s, knowledge has advanced considerably in the field of ALIAmides, mainly
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due to the renewed interest in these molecules driven by the discovery of the PEA congener
and the endocannabinoid mediator anandamide arachidonoylethanolamide (AEA) [25].

In those days, an enlightened man, Francesco della Valle (to whom the present special
issue is dedicated), was launching his own science-driven entrepreneurial activity in the
field of human and animal health, focused on innovation and networking [26]. During his
previous experience in managing a pharmaceutical firm, he had been actively cooperating
with two eminent scientists, Rita Levi Montalcini [27] and Erminio Costa [28,29] (Figure 1).
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Figure 1. Francesco della Valle in the 1990s during brainstorming with his main scientific mentors,
namely Rita Levi Montalcini (left) and Erminio Costa (right).

Both of them repeatedly invited della Valle to orientate the focus and efforts toward
biological modulation mechanisms while learning from nature how to design a strat-
egy of modulation [30,31]. Accordingly, della Valle based his strategic business plan on
a “hypothetical-deductive” approach to inflammation and pain, according to regulatory
pathways laid down by nature and intended to maintain a homeostatic balance in the
body when challenged by stress or injury. This was the ALIAmide project. Although
the historical view of ALIAmides is beyond the scope of the present review, it must be
acknowledged that the ALIAmide story began in this particular framework, and most of
the research data that will be reviewed here were born within it.

Besides PEA, ALIAmides currently comprise several lipid compounds, ranging from
Adelmidrol (the diethanolamide derivative of azelaic acid) to palmitoylglucosamine (PGA),
oleoylethanolamide, and many others (Figure 2).

Their respective mechanisms of action have been (and still are being) investigated and
appear to be profoundly interconnected to the parent compound PEA, which is by far the
most studied ALIAmide [3,32,33]. A brief overview of their molecular mechanisms will be
given in the following paragraphs.

A large body of evidence has been accumulating on the prohomeostatic functions
of ALIAmides in several diseases sustained by non-resolving inflammatory and neuroin-
flammatory responses. The findings have been reviewed by several excellent papers, to
which the reader is encouraged to refer [3,32–37]. After addressing a few general key
points on ALIAmides, here we will focus exclusively on the main studies performed on
small animals.
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2. Mimicking and Supporting the Healing Power of Nature

Palmitoylethanolamide is produced starting from a glycerophospholipid precursor
in the cell membrane and degraded by two amidases located in the cell membrane and
lysosome, respectively, i.e., the fatty acid amide amidase (FAAH) and N-acylethanolamine
acid amidase (NAAA) [38–41]. Although the endogenous levels of PEA are strictly reg-
ulated by these biosynthetic and degradative metabolic pathways [38], great deals of
evidence suggest that PEA metabolism may be disturbed under certain conditions, such as
chronic inflammatory disorders [42]. Indeed, the local levels of PEA change during disease
states, and decreased levels are considered to contribute to disease development [8,43,44].
For example, a significant decrease in the local level of PEA has been found in different
chronic pain models [45–47] as well as in human patients affected by visceral and somatic
pain [48–50]. Interestingly, it was also shown that normalizing PEA levels through the
inhibition of PEA degradative pathways resulted in reduced inflammation and pain relief
in a rat model of osteoarthritis pain [47].

On the other side, PEA levels may increase in response to cell damage, as shown
in epidermal cells subjected to UV irradiation [51] and the lesional skin of privately-
owned dogs affected with atopic dermatitis [52] as well as the colons of dogs with chronic
enteropathy [53].

It is currently accepted that changes in PEA levels are either suggestive of a loss of
protection against inflammation/pain (i.e., decreased levels) or a compensatory synthesis
in the attempt to limit disease severity (i.e., increased levels). Accordingly, the exoge-
nous administration of PEA to effectively ‘top up’ the body’s own supply is regarded as
a promising approach [54]. Interestingly, other ALIAmides, such as Adelmidrol and PGA,
have recently been found to increase the endogenous levels of PEA [55–57].
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3. A Brief Insight into PEA Metabolism and Molecular Targets

As mentioned above, the biosynthesis of PEA occurs “on demand” in the cell mem-
brane through the enzymatic hydrolysis of its glycerophospholipid precursor N-acyl-
phosphatidylethanolamine [39,40]. Although early studies suggested the existence of
a facilitated membrane transport [19,58], PEA can flip between the inner and outer leaflets
of the plasma membrane thanks to its lipophilic nature [59]. Indeed intracellular binding
proteins (i.e., fatty acid binding proteins and heat-shock proteins) are required for PEA
trafficking within the cytosol [60]. Binding proteins transport PEA to catabolic enzymes
(e.g., FAAH and NAAA) [41] and effector proteins [61–63].

Among the latter, the nuclear peroxisome proliferator-activated receptor alpha
(PPARα) is of particular interest because it negatively interferes with inflammatory
gene expression by regulating the IκBα/NF-κB pathway [64]. PPARα is not the only
molecular target responsible for the prohomeostatic properties of PEA [65–69], as many
other receptors are being increasingly recognized as mediating PEA functions, such as the
GPR55 (G-protein-coupled receptor 55) [70,71], cannabinoid receptors type 1 and 2 (CB1
and CB2) [33,57,72,73] as well as the so-called “pain receptor” [74], i.e., the transient
receptor potential vanilloid 1 (TRPV1) [75–78].

Interestingly, this heterogeneous family of PEA molecular targets is being extensively
studied in companion animals, with their distribution being confirmed in several canine
and feline cell types [79–92], as recently reviewed [3,32,93].

Notably, while PEA is a direct agonist of PPARα [66], its action on CB1, CB2, and
even TRPV1 is indirect [73,76–78]. In particular, PEA can activate these latter three re-
ceptors thanks to its ability to (i) elevate their levels, (ii) reduce their degradation, or
(iii) increase the receptor affinity of endocannabinoids, like AEA and 2-arachidonoylglycerol
(2-AG) [35,57,72,73,76,78]. The mechanism has been termed the “entourage effect” [73,76,78]
(Figure 3) and has been specifically shown in dogs [72]. In Beagle dogs, orally administered
bioavailable micro-PEA (i.e., ultra-micronized, see below) resulted in a significant and up
to ~20-fold increase in the plasma levels of 2-AG [72] (Figure 3B).
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entourage effect of bioavailable formulations of PEA (i.e., micro-PEA, please see next paragraph for
further details) through increasing the levels of the endocannabinoid 2-AG. (A) Indirect agonism
of micro-PEA on CB2 underlies the inhibitory effects on SP-induced mast cell degranulation, medi-
ated by the stimulation of 2-AG biosynthesis [57]. (B) Following a single dietary supplementation
with micro-PEA to hypersensitive Beagle dogs, not only plasma levels of PEA but also plasma
levels of 2-AG significantly increase (* p < 0.05 and ** p < 0.001 versus the basal levels, time 0) [3].
(B) is slightly modified from [3]. 2-AG = 2-arachidonoylglycerol, CB2 = cannabinoid receptor type 2,
micro-PEA = micronized or ultramicronized palmitoylethanolamide, SP = substance P.

To date, the molecular mechanisms of other ALIAmides are much less investigated
than PEA’s. Besides increasing PEA levels, as previously mentioned, these fatty acid amides
are suggested to interact with different receptors. PGA, for example, is considered to exert
its protective function through a toll-like receptor 4 antagonism [94], while the precise
molecular targets of Adelmidrol are still debated [55,95].

4. Key Pharmacokinetic Issues

A key aspect that has to be taken into account when dealing with the use of ALIAmides
for health purposes is their respective physicochemical features. Some ALIAmides are
more appropriate for oral use, while others are particularly suitable for topical applications
thanks to their amphipathic nature (e.g., Adelmidrol) [95,96].

PEA and PGA are both highly lipophilic compounds (log p > 5) [97,98], with their
oral use being limited by their intrinsic low dissolution rate, absorption, and bioavailabil-
ity [98,99]. Particle size reduction is one of the most compelling and practical strategies for
improving pharmacokinetics and boosting functional properties following oral administra-
tion [100,101]. Provided the route of administration is oral, most of the studies presented
below investigated “micro-PEA” and “micro-PGA” accordingly. Micro-ALIAmides result
from micro-grinding a particular ALIAmide—either alone or together with adjuvants
(typically antioxidants)—in order to downsize the particles to diameters in the range of
0.6–10 µm. Indeed, after the administration of micro-PEA, the plasma concentration of PEA
was significantly higher compared to unprocessed (naïve) PEA [98]. Accordingly, superior
effects have been shown for micro-PEA and micro -PGA compared to naïve PEA and PGA,
respectively, in different inflammatory disease models [97,102,103].

Specifically, in dogs, a single oral administration of micro-PEA resulted in a five-fold
increase in PEA plasma levels, with a peak between 1 and 2 h [72,104]. Interestingly, plasma
levels correlated well with the clinical effects at different timepoints, although the latter
lasted longer than the plasma elevation of PEA [104]. This was considered to depend on
the ability of PEA to up-regulate the levels or enhance the action of other related bioactive
endocannabinoids [104], according to the so-called “entourage hypothesis” briefly outlined
in Figure 3.

5. Preclinical and Clinical Results in Small Animals
5.1. Dermatological Field

So far, most of the veterinary research on ALIAmides has been focused on the derma-
tological field [105]. Ex vivo and in vitro studies, performed on feline and canine skin mast
cells, respectively, have confirmed that micro-PEA down-modulates allergic hyperactivity,
prominently decreasing mediator release (i.e., degranulation) [5,7]. The ability of micro-
PEA to down-modulate mast cell degranulation was also recently shown in canine skin
organ cultures challenged with different concentrations of compound 48/80 (a well-known
secretagogue which triggers mast cell degranulation) [6]. Not only did micro-PEA signifi-
cantly counteract the increase of degranulating mast cells, but it also lowered the histamine
content within the culture medium and the diameter of epidermal blood capillaries [6].

Moreover, down-modulation of skin mast cell releasability was observed in canine
skin wounds (punch biopsies) topically treated with the ALIAmide Adelmidrol (2%) [106],
with a parallel improvement in wound healing being detected [107].
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Moving to in vivo studies, a growing body of evidence confirms that ALIAmides
can efficiently benefit veterinary patients with hypersensitive skin disorders. In a double-
blinded placebo-controlled cross-over study performed on dogs with experimental allergic
dermatitis, the dietetic supplementation with micro-PEA at 15 mg/kg/day for 7 days
delayed the development of clinical signs (i.e., pruritus and skin lesions) compared to the
placebo-treated group [108]. Moreover, in a canine model of skin allergy, a single oral ad-
ministration of micro-PEA (3, 10, and 30 mg/kg) significantly reduced the antigen-induced
wheal area, with a maximum inhibitory effect at a 10 mg/kg dose [104]. Interestingly,
topical application of Adelmidrol (2%) for 3 and 6 consecutive days gave similar results in
terms of allergic wheal inhibition [96].

On the clinical side, two studies were performed on allergic cats. The first one investi-
gated feline patients with eosinophilic plaques and eosinophilic granuloma, orally given
micro-PEA (10 mg/kg daily) for 1 month as the sole intervention. Clinical improvement of
pruritus, erythema, alopecia, and eosinophilic lesions was observed in 67% of them, with no
side effects or adverse reactions being reported [7]. The second was conducted in 60 allergic
cats with the aim of evaluating whether micro-PEA (15 mg/kg) could delay the relapse
of clinical signs after steroid withdrawal [109]. A significant difference in the mean time-
to-flare between the treated and placebo group was observed (40.5 days in the micro-PEA
group vs. 22.2 days in the placebo group), suggesting that the ALIAmide exerts an excellent
proactive function in preventing feline allergic flares after steroid withdrawal [109].

Some interesting clinical trials were also performed on allergic dogs. A double-
blinded randomized placebo-controlled cross-over study in privately-owned dogs with
either food-induced or non-food-induced atopic dermatitis showed that dietary integration
with micro-PEA (15 mg/kg daily for 45 days) significantly decreased the severity of clinical
signs (as assessed by the Canine Atopic Dermatitis Extension and Severity Index) [110].

An open multicentric study performed in 160 client-owned dogs with non-seasonal
atopic dermatitis orally administered micro-PEA (10 mg/kg daily for 56 days) confirmed
the ability of the ALIAmide to benefit allergic patients [111]. Pruritus (as measured on
a Visual Analogue Scale) and clinically assessed skin lesions (Canine Atopic Dermatitis
Lesion Index) were significantly reduced by the study end. Moreover, 45% of dogs reached
the quality of life values described for healthy animals [111].

Finally, an open-label observational study was performed in privately-owned dogs
with atopic dermatitis and pruritus lasting longer than 4 weeks, topically treated with
Adelmidrol (2%) twice daily for 30 days. Not only a significant decrease in pruritus and
erythema (both on owner and veterinarian assessment) was observed, but body odor and
quality of life markedly improved by the study’s end [112].

5.2. Other Health Needs

Although studies in small animals are still scarce, there is growing evidence that
endocannabinoid-like ALIAmides play key roles in the health of different body organs,
such as the gastrointestinal tract [113,114] and the nervous system [32,34,37], as well as the
upper and lower urinary tract [115–118] and the musculoskeletal system [97,119,120]. In
addition, the deep involvement of ALIAmides in obesity-induced metainflammation is
becoming increasingly evident [69,113,121–123].

Actually, a preliminary study in dogs affected with chronic diarrhea demonstrated
that dietetic supplementation with micro-PEA (10 mg/kg for 30 days) reduced the Canine
Inflammatory Bowel Disease Activity Index (CIBDAI) score [53], in line with recent findings
from animals with experimentally-induced colitis [124]. According to the experimental
studies, the enteroprotective effect of PEA may depend upon the direct and indirect activa-
tion of PPAR-α and CB2 receptors [124–130], whose expression has been recently confirmed
in the canine and feline gastrointestinal tract [86,87].

Interestingly, a dietetic supplement containing micro-PEA was also described to
benefit a Syrian hamster with urolithiasis and diminish the disease recurrence after surgical
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treatment [131]. Moreover, micro-PGA has recently been shown to decrease inflammation
and pain in a murine model of feline interstitial cystitis [132].

In the musculoskeletal field, an open-field trial on client-owned adult dogs with
chronic osteoarthritis and persistent lameness has recently been performed. Dogs were
supplemented for 4 weeks with a complementary feed containing PEA co-ultramicronized
with the natural antioxidant quercetin (i.e., PEA-q, 24 mg/kg body weight). The severity of
chronic pain and its interference with the dog’s normal functioning significantly decreased
as assessed with the Canine Brief Pain Inventory (CBPI) questionnaire. Moreover, lameness
(either assessed on a 0–4 clinical scale or through a dynamic gait analysis) significantly
improved [133].

Dogs with osteoarthritis also benefited from a long-term dietary integration with the
ALIAmide PGA co-micronized with curcumin, administered as an add-on to conservative
measures. One trial has been performed [134], where micro-PGA was added for 2 months
to the individual management plan of 181 dogs with osteoarthritis. A significant decrease
in lameness and pain as assessed by the veterinarian was observed. Moreover, owner-
evaluated mobility impairment and pain behaviors also improved [134].

It is finally noteworthy that the topical administration of an Adelmidrol (2%) mucoad-
hesive gel in combination with dental prophylaxis resulted in less gingival inflammation
and longer duration of dental scaling benefits in treated dogs compared to match untreated
group [135].

Taken together, the data from preclinical and clinical trials point towards the promising
role of ALIAmides in small animal health (Figure 4). Moreover, the presence of PEA
and OEA, as well as other ALIAmides in food sources [136], in addition to their robust
safety profile [36,97,137], are the foundation for their dietary use. Accordingly, several
complementary feeds for dogs and cats have been developed and are being marketed in
Europe and North America.
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the risk, autoprotective mechanisms are activated. The local production of PEA starting from
a glycerophospholipid precursor (dark green circle) represents one of them. Once produced, PEA
(light green circle) serves as a signaling molecule through its direct and indirect interactions with
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multiple receptor targets resulting in cell down-modulation. Local homeostasis and body health are
maintained accordingly. Exogenously administered ALIAmides mimic or sustain the autoprotective
mechanism described above, mainly through restoring endogenous PEA levels. The main organs and
body tissues purportedly benefiting from the aforementioned mechanism are listed in the colored
circles on the bottom. GI = gastrointestinal, MS = musculoskeletal, PEA-um = ultramicronized
palmitoylethanolamide, PGA-m = micronized palmitoylglucosamine.

6. Conclusions

Although the field is still in its infancy, the studies presented in this review highlight
the promise that ALIAmides might play a broad role in small animal health. Their phys-
iological prohomeostatic functions represent a key rationale for their use in promoting
animals’ health through an “according-to-nature” approach, i.e., mimicking or supporting
the physiological mechanisms to maintain homeostasis.

Although further clinical studies are needed, ALIAmide-based products—either used
as a sole intervention or associated with standard drugs—are emerging as a new and
promising approach to veterinary patients.
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Abstract: Increasing evidence strongly supports the key role of neuroinflammation in the patho-
physiology of neurodegenerative diseases, such as Alzheimer’s disease, frontotemporal dementia,
and amyotrophic lateral sclerosis. Neuroinflammation may alter synaptic transmission contributing
to the progression of neurodegeneration, as largely documented in animal models and in patients’
studies. In the last few years, palmitoylethanolamide (PEA), an endogenous lipid mediator, and
its new composite, which is a formulation constituted of PEA and the well-recognized antioxidant
flavonoid luteolin (Lut) subjected to an ultra-micronization process (co-ultraPEALut), has been iden-
tified as a potential therapeutic agent in different disorders by exerting potential beneficial effects
on neurodegeneration and neuroinflammation by modulating synaptic transmission. In this review,
we will show the potential therapeutic effects of PEA in animal models and in patients affected by
neurodegenerative disorders.

Keywords: PEA; neuroinflammation; neurodegeneration; synaptic plasticity; frontotemporal dementia;
Alzheimer’s disease; amyotrophic lateral sclerosis; transcranial magnetic stimulation; endocannabinoids

1. Introduction

As life expectancy is continuously rising, the global economic effect of neurodegenera-
tive disorders, such as Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD) is increasing significantly [1]. The pathogenic mechanisms
driving neurodegenerative illnesses, however, are still unknown. Several factors are involved,
including genetic, environmental, and endogenous influences. Pathophysiological causes in-
clude abnormal protein dynamics, oxidative stress with reactive oxygen species, mitochondrial
dysfunction, DNA damage, synaptic deficits, and neuroinflammatory processes [2].

Neuroinflammation is a complex process mediated by cytokines, which are primarily
generated by microglia and astrocytes and whose activation can be harmful or protective
to neurons. When implicated in the induction and control of neuronal development, cell
survival, and synaptic plasticity pathways, beneficial pro-inflammatory cytokines are
protective. Prolonged and abnormal pro-inflammatory signaling, however, is responsible
for tissue neurodegeneration [3].

From a neuropathological point of view, neurodegenerative diseases are characterized
by the deposition of misfolded proteins, such as amyloid beta (Aβ) and tau aggregates
for AD and TAR DNA-binding protein 43 (TDP-43) in ALS and FTD. The progressive
accumulation of these proteins triggers various pathological phenomena that contribute
to the pathophysiological cascade of events that lead to the onset of clinical symptoms.
Especially the impairment of the synaptic efficacy and the trigger and sustenance of neu-
roinflammation processes are increasingly being studied in neurodegenerative disorders
as it has been shown their pivotal role in the progression of neurodegeneration and their
potential modulation as therapeutic target in neurodegenerative diseases.
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The aim of this review is to give insights into the interplay between synaptic ma-
chinery and neuroinflammation processes in neurodegenerative disorders and to clarify
how palmitoylethanolamide (PEA)—an endogenous lipid mediator with high affinity for
endocannabinoid receptor—and its new composite—which is a formulation constituted
of PEA and the well-recognized antioxidant flavonoid luteolin (Lut) subjected to an ultra-
micronization process (co-ultraPEAlut)—might be able to modulate this relationship in
animal models and in patients.

1.1. Synaptic Impairment and Neuroinflammation in Neurodegenerative Disorders
1.1.1. Alzheimer’s Disease
Synaptic Impairment

AD is macroscopically characterized by brain atrophy while microscopic hallmarks
are the deposition of amyloid plaques and neurofibrillary tangles. Recently, with the intro-
duction of biomarkers able to reflect in vivo the neuropathological alterations occurring
in the disease, substantial modifications have been posed to AD definition; however, the
clinical course of the disease remains unpredictable due to the scarce comprehension of
pathophysiological mechanisms.

At this regard, there is strong evidence that synaptic density loss occurs before neu-
ronal death, implying that impaired synaptic plasticity processes play a major role in
AD etiology [4,5]. The loss of synaptic density has been reported to have the strongest
statistical link with the degree of cognitive impairment in AD, rather than Aβ plaques,
tangle formation, or neuronal death [6].

As a result, synaptic transmission impairment caused by toxic oligomeric species [7]
can predict disease severity more accurately than gross neuronal death—a later occurrence—
establishing synaptic dysfunction as a fundamental driver of AD-related cognitive decline
rather than a byproduct [8]. Indeed, experimental studies in AD animal models have shown
that Aβ peptides and tau proteins interact with physiological mechanisms of neuronal
synaptic plasticity [9,10].

Moreover, N-methyl-d-aspartate receptor (NMDAr) mediated glutamatergic neu-
rotransmission is crucial for synaptic plasticity and survival of neurons. Nevertheless,
excessive NMDAr activity, mediated by excessive Ca2+ influx, may result in excitotoxicity
and promotes cell death underlying a potential mechanism of neurodegeneration [11]. In
humans, neurophysiological techniques, such as transcranial magnetic stimulation (TMS),
can help in differentiating different neurodegenerative diseases [12] and forecast AD disease
progression by estimating cortical functioning at a specific time [13].

TMS can be used to examine cortical plasticity mechanisms, such as long-term poten-
tiation (LTP), one of the most important neurophysiological correlates for learning and
memory [14]. We previously demonstrated that AD patients had a consistent deficit of
LTP-like cortical plasticity in motor function [15,16] and the cerebellar cortex [17], with a
sparing of mechanisms of long-term depression (LTD), evident also in early mild cognitive
impairment (MCI) patients [18].

Moreover, in AD animal models, the synaptic dysfunction has been linked to a dis-
order of high-frequency neuronal oscillatory activity, in particular in the gamma range
(40 Hz) [19,20]. Accordingly, in a recent work, TMS combined with EEG (TMS-EEG) record-
ings have shown that AD patients had more prominent decrease in gamma activity in the
prefrontal cortex with a stronger impairment of LTP-like plasticity mechanisms and more
prominent cognitive decline [21]. Interestingly, the optogenetic entrainment of fast-spiking
parvalbumin-positive interneurons of AD animal model at gamma frequencies was able to
reduce the total amyloid levels, probably acting on both neurons and microglia [22].

Similarly, intranasal administration of pro-resolving lipid mediator in a mouse model
of AD was able to improve memory dysfunction and restore gamma oscillation impairment,
accompanied by a modulation of microglial activation [23].
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Neuroinflammation in AD

Microglial cells are a primary target of neurodegenerative disease research because
they play a vital part in the inflammatory process of the central nervous system. Depending
on the specific stimulus the microglia have been exposed to, it could maintain a balance
between a pro-inflammatory status (M1 phenotype), characterized by the synthesis of in-
flammatory cytokines, such as interleukin 1 (IL-1), interleukin 6 (IL-6), and tumor necrosis
factor (TNF), and the synthesis and release of anti-inflammatory cytokines (IL-4, IL-8, and
IL-10) and neurotrophic factors (M2 phenotype) [24]. Thus, the complex involvement of
inflammatory cytokines in both neurodegeneration and neuroprotection is far from com-
plete in such a complex environment. Amyloid peptides, comprising both oligomeric and
senile plaque forms, are thought to be the key inflammatory trigger in AD. A prolonged
pro-inflammatory signaling caused by amyloid mis-metabolism, in particular, can result in
an overproduction of pro-inflammatory cytokines involved in neurodegenerative pathways
signaling [3]. While there is evidence that persistent neuroinflammation causes an increase
in amyloid synthesis [25], a clear relationship between tau pathology and neuroinflamma-
tion is still unclear. We recently showed that human astrocytes cultures incubated with
cerebrospinal fluid (CSF) samples from AD patients were vulnerable in terms of increased
apoptosis only in the presence of high levels of tau protein and APOE4 genotype [26].

As a result of these observations, we hypothesized that tau proteins play a substantial
role in astrocyte degradation and a proinflammatory role in APOE4 patients [27]. Surpris-
ingly, APOE4 carriers have been found to have an imbalanced flipping of the microglial
phenotype M1–M2 [28]. Furthermore, microglial apolipoprotein E (ApoE) regulates microglial
homeostatic gene expression downstream, resulting in a neurodegenerative phenotypic switch
that could exacerbate AD pathogenesis [29]. Consistent with this framework, we showed that
during early phases of AD, in APOE4 carriers, amyloid pathology likely induces a specific
cytokines pattern synthesis associated to cognitive preservation [30] (Figure 1).
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Figure 1. Neuroinflammation and synaptic impairment in AD: Panel (A) displays the interplay
among the neuron and the glial cells involved in AD pathology, such as astrocyte, microglia, and
oligodendrocyte. In the dotted square, the particular of synaptic transmission impairment induced by
Aβ and p-Tau activation; panel (B) shows the probable mechanisms of action of the activated microglia
and astrocyte induced by amyloid beta deposition and the pro-inflammatory cytokines cascade in the
pathophysiology of AD. AD: Alzheimer’s disease; Aβ: amyloid beta; p-Tau: phosphorylated tau.
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1.1.2. Frontotemporal Lobar Degeneration
Synaptic Impairment in FTLD

Similar to AD, synaptic disruption appears to precede neuronal death also in fron-
totemporal lobar degeneration (FTLD). Indeed, FTLD abnormal brain connectivity (con-
nectopathy) or synaptopathy has been described [31,32]. In the affected cortex, extensive
synaptic loss and a reduction in the number of spines have been shown post-mortem [33,34].
In some [35], but not all, studies [36], a significant decrease in synaptic density evaluated with
synaptophysin in the superficial layers of the prefrontal cortex of FTLD individuals compared
to normal controls was described. In Pick’s illness, synaptophysin immunoreactivity was
likewise diminished in the hippocampus dentate gyrus’ outer molecular layer [37].

Recently, in a sample of behavioral variant of FTD (bvFTD), synaptic loss was mea-
sured in vivo with synaptic vesicle glycoprotein 2A (SV2A)-PET, a metabolic marker of
synaptopathy, in the anterior parahippocampal gyrus of a sample of bvFTD patients [38].

Interestingly, in a TMS study, altered mechanisms of plasticity were observed also
in pre-symptomatic FTD carriers of progranulin (GRN) and C9orf72 genes mutation in
comparison to age-matched healthy controls, reinforcing the notion that alteration of
synaptic machinery begins years before the onset of clinical symptoms [39].

Neuroinflammation in FTLD

Neuroinflammation and immune-mediated processes have been identified as key
contributors to the degenerative process of FTD [40–42]. Neuroinflammation is a hotly
contested topic [43], whether it is a main or secondary event in the neurodegeneration
associated with FTD or has an overall helpful or negative effect. Alternatively, the initial
pathological insult (that is, aggregation and/or accumulation of amyloid-, tau-, or TDP43)
induces an ongoing cytotoxic response that results in secondary chronic neuroinflammation
and altered neuronal function in brain regions specific to the disease phenotype [44,45].
The buildup of aberrant conformations of tau or TDP43 signals generated by injured
neurons [46] or deregulation of the systems for clearing misfolded or damaged neuronal
proteins are likely to stimulate immune activation in FTD. These mechanisms eventually
result in neurodegeneration [47,48].

Depending on the stage and severity of the disease, many immunological mechanisms,
both innate and adaptive, are likely to be engaged. As a result, looking into neuroinflam-
matory and immune-mediated pathways for diagnostic biomarkers, innovative therapy
targets, and disease-modifying medicines for FTD is a potential line of research.

1.1.3. Amyotrophic Lateral Sclerosis
Synaptic Impairment in ALS

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative illness characterized by
motor neurons loss (MNs). Misfolded proteins, glutamate excitotoxicity, mitochondrial
dysfunction at distal axon terminals, and alterations in the neuronal cytoskeleton are
all pathogenic characteristics of ALS. C9orf72 gene-mediated pathogenesis is aided by
synergies between the loss in C9orf72 functions and the gain in function caused by toxic
consequences of repeat expansions [49]. Neuropathological hallmarks of ALS are dendritic
and synaptic degeneration in the cortex and corticospinal (CS) motor neurons [50].

Braak and colleagues classified ALS as a disease of big axon neurons with different
stages of trans-synaptic dissemination based on the cortical synaptic degeneration hall-
mark [51]. According to this classification, the disease begins in corticospinal motor neurons
(CSMNs), develops to MNs, and then to extra-motor regions [51,52]. Cortical hyperex-
citability is an early clinical characteristic of ALS, and this pathological insight is consistent
with it [53]. Furthermore, the trans-synaptic spread theory implies a prion-like mechanism
for spreading misfolded protein aggregates to distant populations of neurons [51]. This
supports the theory that ALS is caused by a synaptopathy [54].

Synaptopathy is a general term for disorders characterized by synaptic dysfunction,
independent of the underlying causes [55]. Synaptopathy, in its broadest sense, refers to

146



Biomolecules 2022, 12, 1161

a collection of symptoms that, over time, contribute to synaptic failure. Changes in Ca2+

levels at synapses, glutamate excitotoxicity, structural changes in pre- and postsynaptic
anchoring proteins, altered synaptic structure and function, which is frequently associated
with dendritic spine loss, dysfunctional neurotransmitter release, impaired maintenance
and regeneration of axons by Schwann cells, and cognitive deficits are among these char-
acteristics [54,55]. Neuronal loss, mitochondrial dysfunction, accumulation of misfolded
proteins associated with faulty proteostasis, and dysfunctional neuromuscular junctions
are all symptoms of synaptopathies [55,56].

Several studies have shown aberrant synapses’ shape and function in ALS, with the
nature of the abnormalities varying depending on the disease’s progression [54,57]. In
addition, neuronal loss, alterations in dendritic spine density, and morphology in excitatory
neurotransmission locations, particularly in pyramidal cells, such as CSMNs, have been
documented in ALS post-mortem samples [54,57]. This trait has also been seen in many
ALS animal models [58]. We will examine how alterations in multiple pathways can
contribute to synaptic dysfunction in the C9orf72-ALS pathogenesis in this review.

Neuroinflammation ALS

Neuroinflammation is a pathogenic process defined by the invasion of activated
microglia and astrocytes in ALS patients with and without genetic abnormalities. In
post-mortem tissues of ALS patients, activated microglia and astrocytes that produce pro-
inflammatory cytokines are increased [59–61]. In living ALS patients, a PET investigation
revealed increases in activated microglia [11C-(R)PK11195 PET] and astrocytes (11C-DED
PET) [62,63]. Furthermore, sporadic ALS patients with varied degrees of disease severity
have considerably greater CSF soluble triggering receptor expressed on myeloid cells
2 (sTREM2) levels than controls [64]. CSF sTREM2 levels are highest in early-stage ALS, and
higher levels of CSF sTREM2 are associated with slower disease development in late-stage
ALS. High levels of sTREM2 in the CSF for a long time could indicate a neuroprotective
phenotype [64].

2. PEA and PEA Combined with Luteolin Mechanisms of Action
2.1. PEA Synaptic Mechanisms of Action

PEA is an endogenous lipid mediator, which belongs to the class of acylethanolamides
(AEs), produced “on demand” from phospholipids membranes with a well-recognized
anti-inflammatory, analgesic, and neuroprotective function in various conditions in both
central and peripheral nervous system [65–68]. The biological effect of PEA has been
extensively investigated by preclinical studies, and it seems to be mediated by the direct
activation of the orphan GPCR 55 receptor (GPR55), while the affinity for type-1 and type-2
cannabinoid receptors (CB1 and CB2) and for the transient receptor potential vanilloid 1
(TRPV1) channels is lower. Moreover, PEA plays a central role in the modulation of pain
and inflammation pathways by the activation of peroxisome proliferator-activated receptor-
alpha receptor (PPAR-α) [69,70]. In particular, the activation of PPAR-α induced by PEA,
through the interaction with transcriptions factors is involved in the reduction in NF-κB
activation and pro-inflammatory enzyme synthesis, thus promoting anti-inflammatory
and analgesic effects [71,72]. Moreover, the protective effects of PEA in neurodegeneration
and neuroinflammation preclinical models of different pathologies are reversed by the
pharmacological modulation of PPAR-α with antagonists or its genetic silencing [73–76].
GPR55 receptors are broadly expressed in several brain areas, and they were identified
as cannabinoid receptors with a different signaling pathway from CB1 and CB2 recep-
tors [77]. The PEA-induced anti-inflammatory effects seems in part to be mediated by the
activation of GPR55 in an experimental murine model of colitis [78], in a murine model of
Parkinson’s disease [79], and in chronic arterial inflammation [80]. While the immunomod-
ulatory function of GPR55 is widely recognized, their effect on neuronal cells and their
localization is still elusive [81]. A recent work from Musella et al., [82] investigated the
involvement of PEA in both excitatory and inhibitory transmission in the striatum of a ro-
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dent model. The authors found for the first time that PEA can enhance GABA transmission
and modulate the synthesis of 2-Arachidonoylglycerol (2-AG), which acts as inhibiting
in a retrograde manner at a presynaptic site the CB1R and GABA release. Furthermore,
PEA can modulate and enhance indirectly the levels of other endocannabinoids, through
the so-called entourage effect [65,67]. Despite the low affinity for CB1 and CB2 receptors
exerted by PEA, they can be activated indirectly in different ways. Indeed, PEA can reduce
the degradation of anandamide (AEA), acting on the fatty acid amide hydrolase (FAAH),
the enzyme responsible for endocannabinoids degradation, leading to an increase in the
cannabinoid receptor mediated transmission. More recently, PEA exposure was found to
induce changes in microglia morphology and activation through the PPAR-α activation,
including increased migration and phagocytosis due to a reactive microglial phenotypes
mediated by its indirect regulation of CBR2 receptors [83]. In addition, in a recent study
from D’Aloia et al., the treatment with PEA inhibited the M1 microglial polarization in-
duced by lipopolysaccharide (LPS), while the anti-inflammatory markers in microglial cells
were upregulated, highlighting a possible role for PEA in inducing the anti-inflammatory
M2a phenotype and as a potential therapeutic tool in neurodegenerative disorders with
chronic microglial hyperactivity [84]. Finally, PEA can also indirectly modulate other
endocannabinoids targets, such us the TRPV1 channel [85,86]. Interestingly, it has been
recently reported that TRPV1 activation in animal models of Parkinson’s and AD can
exert neuroprotective effects [87–90]. Accordingly, the role of the TRVP1 activation by
the endocannabinoid anandamide was found to be effective in reversing memory deficits
and hippocampal function from Aβ-induced cytotoxicity, in rodents, in particular through
the effect of rescues of gamma oscillations [90], which an alteration is emerging as a key
mechanism for the pathophysiology of AD [91]. The administration of the TRPV1-receptor
agonist capsaicin was able to restore hippocampal damage and gamma oscillations by
reversing both the desynchronization of action potential firing in CA3 pyramidal cells and
the shift in excitatory/inhibitory current balance, thus suggesting the pathway as a possible
therapeutic target for AD [90].

Noteworthy, PEA seems to exert neuroprotective effects also through the modulation
of the glutamatergic transmission and synaptic plasticity. Indeed, Lin and colleagues
showed that in rat cerebrocortical nerve terminals, PEA could act on glutamate pathways
exerting a presynaptic inhibition of glutamate, likely through a reduction in the Ca2+ influx,
which might be linked to the activation of presynaptic cannabinoid CB1 receptors [92]; the
inhibition of aberrant glutamatergic activity might thus result in an anti-excitotoxic effect,
which could counteract the neurodegenerative process.

All these findings strongly support that PEA could be considered as a promising
molecule to counteract neuroinflammation and neurodegeneration through its multiple
synaptic targets.

2.2. PEA Combined with Luteolin Effects

Several studies have been shown a role of flavonoids, in particular luteolin, in dis-
playing many neuroprotective and anti-inflammatory properties in chronic conditions
and neurodegenerative disorders [93]. Moreover, luteolin has been shown to exert anti-
oxidant activity and to improve glucose metabolism by potentiating insulin sensitivity and
modulating Aβ deposition by the activation of the gut-microbiota-liver-brain axis in AD
models [94]. The combination of the pharmacodynamic properties of PEA and those of
luteolin was found to be more effective in counteracting both inflammation and oxidative
stress. Accordingly, many studies have shown that using PEALut can provide better effects
by stimulating both hippocampal neurogenesis and dendritic spine maturation [95,96] and
that the two molecules potentiate their synergic effect when simultaneously submitted
to the micronization process [67]. Additionally, the association with flavones seems to
stabilize the two molecules and enhance their pharmacological activities [97], even in
experimental models of AD and other neurodegenerative disorders [76,98], mainly through
the modulation of the neuroinflammatory and apoptotic pathways, the cytokines release,
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the activation of astrocytes and microglia, and the ability to modulate the autophagic
process [95,99].

3. Synaptic Effects of PEA and PEALut in Neurodegenerative Disorders

In the last few years, PEA has been identified as a potential therapeutic agent in differ-
ent neurodegenerative disorders [100,101]. Based on several preclinical and clinical studies,
PEA can exert potential beneficial effects on neurodegeneration and neuroinflammation by
modulating synaptic transmission.

3.1. Preclinical Models

The first in vitro study of the mechanism of PEA in AD model from Scuderi et al.
in 2011 demonstrated the ability of PEA to reduce Aβ-induced astrocyte activation and
proinflammatory molecules and cytokine release in primary rat astrocytes through a PPAR-
α-dependent mechanism [72]. In line with the same observations, a later study of the same
authors showed that PEA reduced reactive gliosis and attenuated neuronal damage in rat
models of Aβ-induced neurotoxicity, with a mechanism strictly depending on PPAR-α
activation [102,103].

Accordingly, the neuroprotective effect of PEA was demonstrated in mice injected
with amyloid-β 25–35 (Aβ 25–35) peptide intracerebroventricularly, evaluated for learning
and memory deficits [73]. Surprisingly, PEA was able to reduce or prevent, in a dose-
dependent manner, the Aβ induced behavioral deficits, while it failed to rescue memory
impairment in peroxisome proliferator-activated receptor-α (PPAR-α) null mice, thus
further highlighting the importance of PPAR-α modulation for neuroprotection and PEA
efficacy against amyloid neuronal damage [73].

A following study from Scuderi et al. in 2014 investigated the systemic administration
of PEA in murine models given an injection of beta-amyloid 1–42 (Aβ 1–42) in the hippocam-
pal cortex, to further elucidate its therapeutic potential and the mechanisms underlying the
behavioral effects. The authors reported significant modifications in biomarkers related
to astrogliosis and amyloidogenesis, finding new evidence that PEA can restore behav-
ioral deficits and impaired molecular pathways similar to early traits of AD by activating
PPAR-α [104].

The anti-inflammatory properties of the co-ultraPEALut, a composite of PEA and the
antioxidant flavonoid luteolin, has been investigated in organotypic model of AD by incu-
bating with Aβ1-42 peptide differentiated human neuroblastoma cells and hippocampal
slice cultures [75]. The authors showed that the compound exerted a protective effect on
glial cells by reducing significantly apoptosis and glial fibrillary acidic protein expression
and restoring neuronal nitric oxide synthase and brain-derived neurotrophic factor [75].

Accordingly, the incubation with co-ultraPEALut significantly reduced the TNF-α-
induced serum amyloid A (SAA) mRNA expression in oligodendrocyte precursor cells,
which is relevant since SAA has been demonstrated to localize immunohistochemically
with aβ deposits in AD brain [105].

Moreover, co-ultra PEALut was able to counteract the Aβ1–42-mediated inflammation
and astrocyte reactivity in an in vitro model of AD and to restore oligodendrocytes home-
ostasis through a mechanism that could involve PPAR-α activation [106]. Interestingly,
PEA effects in neuroinflammation and AD angiogenesis were demonstrated in Aβ-treated
C6 rat astroglioma cells and human umbilical vein endothelial cells (HUVEC) [107]. As
expected, PEA was able to induce a dose-dependent reduction in pro-inflammatory and
pro-angiogenic biomarker in the cells stimulated with Aβ, and the effect was blocked in
the model by the treatment with the PPAR-α antagonist GW6471, further suggesting the
mechanism on astroglial cells is proliferator-activated receptor alpha-dependent [107].

Similarly, PEA was tested for its neuroprotective effects against Aβ-induced toxicity on
cell vitality and glutamatergic transmission in AD mice, particularly in primary cultures of
cortical neurons and astrocytes from mice with the triple-transgenic AD model (3×Tg-AD)
and the wild type mice [108]. As expected, PEA reversed the effects of the Aβ1-42 fragment
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on glutamatergic transmission and cell viability in cultured neurons and astrocytes isolated
from wild type mice. On the contrary, PEA did not prevent the formation of Aβ-plaques
and neurofibrillary tangles or early synaptic dysfunction or cognitive decline in 3×Tg-AD
mice, thus suggesting a possible efficacy only in early AD [108].

Another study investigated the reactive astrogliosis process in 3×Tg-AD mice treated
with PEA; the authors found that the astrocytes’ reactive state and neurons’ viability were
improved by PEA revealing its beneficial neuro-supportive function [109].

Interestingly, PEA also has been shown to exert immunomodulatory, analgesic, and
neuroprotective effects and restore cognitive dysfunction in different chronic pain condi-
tions by restoring glutamatergic synapses’ functioning deficits [110–112].

In particular, the involvement of metabotropic glutamate receptor (mGluR) 5 and
8 in ultra-micronized (um-PEA) effects on cognition and long-term potentiation (LTP)
mechanisms was investigated in the entorhinal cortex (LEC)-dentate gyrus (DG) pathway
in mouse models of spare nerve injury (SNI) [113].

The chronic treatment with this compound rescued discriminative memory and LTP
deficits at the LEC-DG pathway in SNI mice. The authors, based on the physiological role
exerted from glutamate in memory formation processes in the hippocampus hypothesized
that the modulation of glutamatergic activity might be at the base of the PEA-induced
restoration of LTP and cognitive behavior in SNI models of chronic pain, thus reducing
glutamate excitotoxicity [111]. In particular, the administration of mGluR5 antagonist
facilitated memory and plasticity mechanisms while the mGluR8 blockage prevented the
protective action of the PEA on LTP, thus displaying different roles but both necessary to
mediate the efficacy of PEA in neuropathic pain [111].

In a recent work from Beggiato et al. from 2020, the authors investigated the effects of
ultra-micronized PEA (um-PEA) treatment in 3×Tg-AD mice, and they found that it was
able to reduce the typical increase in hippocampal glutamate levels observed in the AD
mouse model [114].

Accordingly, chronic treatment with PEA reversed memory deficit and LTP impair-
ment in SNI wild type mouse models, but not in PPARα null mice, and restored glutamater-
gic transmission deficits, the loss in synaptic density, and the expression of phosphorylated
GluR1 subunits, as well as an increase in neuroblasts [111]. Moreover, the increase in
synaptogenesis induced by PEA in SNI mice was correlated to the improvement in episodic
memory and LTP. Taken together, these results open new perspectives for the use of PEA for
the translation of the same result in AD pathology for which an impaired or a same synaptic
transmission deficit and impairment of LTP mechanisms have been demonstrated [12].

The therapeutic potential of three-months subcutaneously administration of ultra-
micronized PEA (um-PEA) was investigated in 3×Tg-AD mice, and mitochondrial bioen-
ergetics alterations, which can lead to glutamatergic neurotransmission alterations and
excitotoxicity, were evaluated in the frontal cortex (FC) and hippocampus (HIPP), with
the results showing that um-PEA was able to counteract mitochondrial dysfunctions and
rescue brain energy metabolism in the FC but not in the HIPP [115].

Local synaptic effects of PEA on GPR 55 transmission in ventral-hippocampus (vHipp),
a key region to memory function, and the consequent modulation of mesolimbic activity
were investigated in in vivo rat brains from Kramar et al., 2017 [116].

As hypothesized, vHipp GPR55 activation was found to increase glutamatergic levels
in the hippocampus, potentiating excitatory transmission from the vHipp to the mesolimbic
cortex, including the ventral tegmental area (VTA).

According to the result of this study, PEA administration was found to increase VTA
dopaminergic frequency and bursting rates through a local NMDA-receptor dependent
mechanism [116].

Finally, the pharmacological properties of co-ultra PEALut were investigated in an
in vivo mouse model of prodromal AD. In Aβ infused rats, the early administration of
PEA reduced the astrogliosis and microgliosis and prevent the over-expression of pro-
inflammatory cytokine genes and the reduction in mRNA levels BDNF and GDNF, which
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are fundamental neurotrophins regulating synaptic plasticity mechanisms and neuronal
growth and branching [117].

3.2. Clinical Studies

Thus far, several studies reported the protective effects of PEA in neuropathic pain
and peripheral conditions sustained by neuroinflammation, while there are few works
aimed at investigating the efficacy of PEA administration in neurodegenerative disorders
in humans.

The first case report on um-PEA oral administration in a patient with ALS showed
an improvement of the clinical picture, as measured by electromyographic analysis and
respiratory capacity, due probably to the ability to modulate neuroinflammation [118].
According to this previous finding, a larger study on ALS tested the clinical and molecular
effects of 600 mg um-PEA administration (in 28 patients) twice daily as an addition to
standard therapy alone (50 mg riluzole, 36 patients) for six months [119].

Surprisingly, the trial showed that PEA-treated ALS patients had a slower decline in
respiratory function as measured by a lower decrease in their forced vital capacity (FVC)
and later need for a tracheotomy, compared to the untreated patients.

Moreover, the authors, by micro-transplanting human muscle membranes from muscle
biopsies of ALS patients into Xenopus oocytes, showed that PEA can reduce the desensiti-
zation of AChRs-evoked currents in both ALS and non-ALS human samples after repetitive
neurotransmitter application, which is selectively effective on human e-AChRs subtype,
thus providing molecular basis for PEA efficacy on muscle excitability and evidences on
acetylcholine modulation exerted by the compound [119].

Until now, there are no clinical data published on the possible beneficial effects of PEA
in AD patients. Only one study investigated the efficacy of nine months PEALut high-dose
administration in amnestic MCI in a patient [120].

The patient at baseline underwent a neuropsychological examination, which included
attentive matrices, Babcock Story recall test, Mini-Mental State examination (MMSE),
Montreal Cognitive Assessment, Rey Auditory-Verbal Learning Test, Trail Making Test, and
verbal fluency tests as well as a perfusion single-photon emission computed tomography,
which documented a significant hypoperfusion in the parietal, inferior-temporal, and
temporo-occipital areas. At the nine-months follow-up, the neuropsychological evaluation
was almost normal, and the SPECT hypometabolism was normalized [120], thus opening
to the design of larger clinical trials in this population.

A recent study published by our group [121] investigated, for the first time, the cogni-
tive and neurophysiological effects of four weeks of PEALut administration in seventeen
patients with FTD. For the purpose of this study, patients underwent an extensive cognitive
and behavioral assessment, which included neuropsychiatric inventory (NPI), MMSE,
frontal assessment battery (FAB), screening for aphasia in neurodegeneration (SAND),
FTLD-modified clinical dementia rating scale sum of boxes (FTLD-SOB.) To further investi-
gate in vivo neurophysiological synaptic effects of the compound administration, we used
paired-pulse and repetitive TMS protocols assessing LTP mechanisms and long-interval
intracortical inhibition. Moreover, TMS-EEG recordings were collected to evaluate changes
in frontal oscillatory activity.

Surprisingly, the results showed that PEALut can improve frontal lobe function and
behavioral disturbances, mainly through the modulation of GABAergic activity and high-
frequency cortical oscillatory activity, which is impaired in FTD patients [121] (Figures 2 and 3).
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iTBS after effects (adapted from [121]): Panel (A) provides a schematic illustration of TMS protocols
investigating synaptic transmission and cortical plasticity; panel (B) shows corticospinal measures.
After one month of treatment with PEALut, we observed a significant restoration of LICI and LTP,
suggesting a restoration of GABA(B) activity and cortical plasticity. No effects were found in protocols
measuring cholinergic neurotransmission (SAI) and GABA(A) activity (SICI). (blue line represents
the pre-treatment results, red line post-treatment). FTD: frontotemporal dementia; TMS: transcranial
magnetic stimulation; PEALut: palmithoylethanolamide combined with luteolin; LICI: long-interval
intracortical inhibition; LTP: long-term potentiation; SICI: short-interval intracortical inhibition;
SAI: short-latency afferent inhibition; iTBS: intermittent theta burst stimulation.
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ambiguous results and minimal therapeutic benefit [123]. 

Based on this premise, a conceptual shift in the approach to neurodegenerative 
dementias treatment is needed urgently. In this context, new therapies focusing on 
synaptic dysfunction [124,125] and neurotransmitters deficits, as well as new recognized 
pathogenetic mechanisms, such as neuroinflammation, might be considered as a 
promising therapeutic agent to counteract neurodegeneration. 

In this scenario and based on the results presented in this review, new compounds 
such as PEA, and new formulations, such as PEAlut, with its multiple pharmacological 
targets and mechanisms of action, fulfill the criteria for a potential promising key role in 
modulating neuroinflammation and synaptic neurotransmission, especially at early 
stages, thus modifying disease progression. 

While preclinical studies data are promising, the lack of larger clinical trials is 
necessary to further elucidate the role of PEA and PEAlut in neurodegenerative diseases 
treatment. 

Author Contributions: All authors designed the review, critically reviewed the contents, and 
contributed to manuscript preparation. All authors have read and agreed to the published version 
of the manuscript. 

Funding: This research received no external funding. 

Figure 3. Effects of PEALut on cortical oscillations in FTD patients (adapted from [121]):
Panel (A) provides a schematic illustration of TMS-EEG protocols investigating cortical reactiv-
ity, oscillatory activity, and connectivity on left DLPFC; panel (B) displays cortical measures results.
After one month of treatment with PEALut, we observed a significant increase in high-frequency
oscillations (black line represents the gamma power pre-treatment, red line post-treatment). FTD:
frontotemporal dementia; TMS: transcranial magnetic stimulation; PEALut: palmithoylethanolamide
combined with luteolin; DLPFC: dorsolateral prefrontal cortex.
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4. Conclusions

So far, the pharmacological treatment for AD and other neurodegenerative dementias
has been mostly based on symptomatic drugs enhancing cognition and reducing behav-
ioral alterations (antipsychotic drugs, acetylcholinesterase inhibitors, and NMDA receptor
antagonist) with contrasting results and no efficacy in modifying disease progression [122].

Passive immunotherapies based on the administration of exogenous antibodies tar-
geting the two hallmarks in AD pathology, which are Aβ and tau protein, have given
ambiguous results and minimal therapeutic benefit [123].

Based on this premise, a conceptual shift in the approach to neurodegenerative de-
mentias treatment is needed urgently. In this context, new therapies focusing on synaptic
dysfunction [124,125] and neurotransmitters deficits, as well as new recognized patho-
genetic mechanisms, such as neuroinflammation, might be considered as a promising
therapeutic agent to counteract neurodegeneration.

In this scenario and based on the results presented in this review, new compounds
such as PEA, and new formulations, such as PEAlut, with its multiple pharmacological
targets and mechanisms of action, fulfill the criteria for a potential promising key role in
modulating neuroinflammation and synaptic neurotransmission, especially at early stages,
thus modifying disease progression.

While preclinical studies data are promising, the lack of larger clinical trials is necessary
to further elucidate the role of PEA and PEAlut in neurodegenerative diseases treatment.
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Abstract: Recently, the endocannabinoid system has attracted growing attention from the scientific
community for its involvement in homeostatic and pathological processes as they pertains to hu-
man physiology. Among the constituents of the endocannabinoid system, the molecule palmitoyl
ethanolamide has particularly been studied for its ability to reduce several inflammatory processes
involving the central nervous system. Here, we reviewed published literature and summarized the
main targets of the palmitoyl ethanolamide, along with its unique possible mechanisms for restoring
correct functioning of the central nervous system. Moreover, we have highlighted a less-known char-
acteristic of palmitoyl ethanolamide, namely its ability to modulate the function of the neuromuscular
junction by binding to acetylcholine receptors in different experimental conditions. Indeed, there are
several studies that have highlighted how ultra-micronized palmitoyl ethanolamide is an interesting
nutraceutical support for the treatment of pathological neuromuscular conditions, specifically when
the normal activity of the acetylcholine receptor is altered. Although further multicentric clinical
trials are needed to confirm the efficacy of ultra-micronized palmitoyl ethanolamide in improving
symptoms of neuromuscular diseases, all the literature reviewed here strongly supports the ability of
this endocannabinoid-like molecule to modulate the acetylcholine receptors thus resulting as a valid
support for the treatment of human neuromuscular diseases.

Keywords: palmitoyl ethanolamide; neuromuscular junction; neurophysiology

1. Introduction

Palmitoyl ethanolamide [PEA] represents the best-known endocannabinoid-like molecule
of the “autacoid local injury antagonist amide” [ALIAmide] family. ALIAmides are endoge-
nous N-acyl ethanol amines [NAEs] with homeostatic functions able to modulate different
physiological pathways involved in inflammation, pain, and metabolism [1]. Among the dif-
ferent ALIAmides, discovered up to now, PEA, oleoyl ethanol amide (OEA), stearoyl ethanol
amide (SEA), and anandamide (ANA) represent the most-studied compounds, while others
such as eicosatrienoyl ethanol amide (ETEA) still need to be investigated further. In this review
we will highlight the different mechanisms of action of PEA, an endocannabinoid [eCB]-like
bioactive lipid mediator, and its involvement in different human pathologies. Finally, we will
place under the spotlight PEA’s ability to modulate the synaptic function in the neuromuscular
system and at neuromuscular junction [NMJ].

2. What, Where and Why?

NAEs are endogenous bioactive lipids characterized by common precursors, namely
the N-acylated ethanolaminephospholipids such as N-acylphosphatidylethanolamines
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(NAPEs) and N-acylplasmenylethanolamines (pNAPEs). The biological targets and the
specific functions of the different NAEs depend upon the origin of the N-acyl group,
which can arise from a variety of different fatty acids [2]. The endogenous levels of
NAEs in different tissues are mainly regulated by enzymatic reactions responsible for
both their biosynthesis and degradation. Two main enzyme reactions are involved in
NAEs biosynthesis. The first is the process of N-acylation of ethanolamine phospholipids
mediated by a Ca2+-dependent N-acyltransferase, while the second is represented by the
release of the different NAEs from NAPEs, mediated by NAPE-hydrolyzing phospholipase
(NAPE-PLD) [3]. Catabolism of NAEs is rapidly put in effect by the action of the free acid
amide hydroxylase [FAAH], an integral membrane enzyme able to hydrolyze them in their
corresponding fatty acids and ethanolamine [4].

Among NAEs, PEA was first identified in mammalian tissues in 1965 [5]. In central
nervous system [CNS] it is produced and released both from neurons and glial cells as an
“on-demand molecule” to promote endogenous neuroprotection following tissue damage
and the subsequent processes of neuroinflammation. PEA is part of the endocannabinoid
system (ECS), a regulatory signaling network made up of lipidic molecules, the endo-
cannabinoids (eCBs), their receptors, and different enzymes involved in the metabolism
and catabolism of the lipidic signals. The ECS is strongly involved in different homeostatic
processes of our body, both in physiological and pathological conditions [6]. Indeed, the
ECS is implicated in the regulation of several functions, such as the cycle of sleep, the
regulation of food intake, and the perception of painful stimuli and in high cognitive
functions such as mood regulation, memory, and reward [7].

As mentioned, PEA can carry out a plethora of actions, and its tissue levels are often
up regulated in several pathological conditions [8]. Its capacity to modulate divergent path-
ways is largely due to its ability to interact, directly or indirectly, with different targets [9].
The main target of PEA is represented by the nuclear peroxisome proliferator-activated
receptor-α (PPAR-α) [10]. This receptor, part of the larger family of nuclear receptor
proteins, has the capability, when activated, to modulate and regulate the expression of
different genes involved in inflammation [11]. Indeed, the activation of PPAR-α receptors
induces and promotes a cascade of events leading to inhibition and suppression of the
release of pro-inflammatory cytokines, such as Interleukin-1β (IL-1β), Interleukin 6 (IL6),
and the tumor-necrosis factor (TNF-α) [12]. All these actions were further confirmed in
several pre-clinical studies, where the anti-inflammatory effect of PEA was totally abolished
when applied on PPAR-α knockout models of disease [12]. Another target activated by
PEA is represented by GPR55 and GPR119, two orphan receptors [13], considered up to
now as novel cannabinoid receptors [14]. PEA is also able to activate and modulate the
transient receptor potential vanilloid receptor 1 (TRPV1) channels, accounting thus, at least
in part, for its anti-nociceptive effect [15]. Furthermore, PEA can indirectly activate the
canonical cannabinoid receptors, namely CB1 and CB2, increasing the level of anandamide
(AEA) by inhibiting its enzymatic-mediated hydrolysis carried out by fatty acid amide
hydrolase (FAAH) [16].

One of the main targets of PEA is represented by the resident immune cells of CNS,
namely microglial cells. These latter are responsible for CNS homeostasis, being able to
modify their function following CNS injuries [17]. Indeed, after multiple insults, [e.g.,
inflammation, tumors, and traumas], they can switch their phenotype between the M1,
considered unanimously the pro-inflammatory, and the M2, considered instead as anti-
inflammatory [18]. The imbalance between the two states is considered as one of the main
events underlying many neurogenerative diseases, where M1 phenotypes are found in a
condition of continuous activation [19]. In this state, M1-activated microglia releases many
inflammatory cytokines, such as t TNF-α, IL-1β, and inducible reactive oxygen species
(iROS), which lead the neuronal population to death [19]. Recent studies demonstrated
that PEA can modulate microglia polarization, reducing the release of pro-inflammatory
cytokines and promoting migration and phagocytic activity [20]. In detail, PEA can reduce
the lipopolysaccharide (LPS)-induced microglial activation by switching their phenotypic
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constructs from M1 to M2, thus inhibiting the release of pro-inflammatory elements in the
extracellular milieu and reducing the hyperexcitability of cultured primary cortical cells
together with LPS-activated microglial cells [21]. Notably, these effects were all mediated
by cannabinoid receptor type 2 (CB2), thus confirming the strong involvement of the ECS
during inflammatory processes [22].

3. Pharmacology of PEA

PEA is a lipophilic molecule with low solubility rate. Hence, specific formulations,
such as micronized and ultra-micronized PEA, have been used to increase its solubility and
enhance its bioavailability. Indeed, with these techniques PEA particles became smaller,
thus increasing surface areas to improve absorption [23]. Different studies highlight that
ultra-micronized PEA has greater absorbability than micronized and non-micronized PEA,
also showing better results in terms of reducing pain perception [24–26] Another issue
about PEA is that its bioavailability is related to its possible pre-systemic metabolism. Since
enzymes involved in its metabolism are expressed both in the small intestine and in the
liver [27], it is quite difficult to calculate its range of distribution and how this parameter
may change in disparate individuals.

Due to its partially unclear mechanisms of absorption and pre-systemic metabolism,
the distribution mechanism of PEA is still far from being elucidated. However, due to its
lipophilic nature, several studies demonstrated that, even with its low level of bioavailabil-
ity, PEA its able to reach tissues to target its receptors effectively [28,29]. Currently, the only
way to characterise its absorption is by measuring its blood levels after administration [28].

Once PEA reaches the tissues, there is a fast cellular uptake in order to expose PEA
to its intracellular PPAR-α receptors. This crucial step needs to be further deciphered, as
research pertaining to its mechanism is still lacking. It appears that the intracellular process
of uptake is strictly regulated by PEA hydrolysis, to balance its extracellular/intracellular
ratio [30]. In contrast with data about absorption and availability, studies about PEA
metabolism are abundant in literature. Indeed, PEA is hydrolysed in two compounds,
namely palmitic acid and ethanolamine by the fatty acid amide hydrolase [FAAH] enzyme,
located on endoplasmic reticulum membranes [31,32]. Subsequently, another enzyme
involved in PEA hydrolysis was found and described: the FAAH-2 [33]. Notably, both
FAAH and FAAH-2 are able to hydrolase AEA faster than PEA, while the third enzyme
involved in PEA catabolism, namely N-acylethanolamine acid amidase (NAAA), is able to
hydrolase more efficiently PEA than AEA [34,35].

The reason why three distinct enzymes are involved in PEA catabolism is still obscure.
Nevertheless, recent works have highlighted the possibility that it may depend on the
source of PEA, with differences between endogenous and exogenous PEA. Endogenous
PEA is hydrolysed by means of both FAAH and NAAA, but several studies indicate that the
prevalence of one or the other is strongly tissue-specific and may change also in different
pathological conditions [36].

Alterations were described when catabolism of exogenous PEA was scrutinized;
indeed, the fatty acid binding proteins do not deliver exogenous PEA to lysosomal NAAA,
thus suggesting a prevalent role of FAAH for exogenous PEA metabolism [37].

The catabolism of the main metabolite of PEA, palmitic acid, was fully described by
Carta et al. in 2017 [38]. However, data describing the excretion of unmetabolized PEA is
still lacking, even though the kidney route seems to be prominent [5].

4. PEA, a Multi Target Drug for Different Clinical Applications

Since, as mentioned above, PEA can bind different receptor targets and is thus able to
modulate different signalling pathways, its rationale for clinical uses embraces a wide vari-
ety of pathological conditions, from chronic inflammations to perseverant pain conditions.
Here we will address the main applications in routinely clinical practice with a particular
focus on neurological conditions.

161



Biomolecules 2022, 12, 758

5. PEA and Neuroinflammation

Nowadays, neuroinflammation is considered a key element in the pathogenesis of
a broad spectrum of neurological diseases, from neurodegenerative conditions, such as
Alzheimer’s disease [39–43] and Parkinson’s disease [44], to traumatic diseases, such as
traumatic brain injuries [TBI] [45–49], strokes [50], and other conditions where neuronal
excitability is increased, such as epilepsy [51]. Moreover, recently, attention has been called
to the significant effect of PEA in clinical conditions involving the higher functions of
CNS, such as cognitive impairment [52] and mood disorders [53]. In all these conditions,
microglial cells, together with mast cells and astrocytes, play a crucial role in inducing
and maintaining the inflammatory processes, leading to neuronal cell death, and thus
impairing the CNS functions. PEA capacity to dampen neuroinflammation could represent
a viable tool to preserve neuronal populations and to retain physiological brain func-
tions [54,55]. Most of PEA’s effects are due, as already mentioned, to its ability to modulate
and modify microglial, astrocyte and mast cells activation [56,57]. Indeed, PEA can enhance
microglial migration without switching their phenotype towards the pro-inflammatory
M1 state, thus increasing the resistance to infections without activation of inflammatory
cascade [57]. PEA is able to carry out its neuroprotective effects on CNS also with other
mechanisms, like for example, inhibiting the apoptosis processes and modulating different
pathways, such as the bax/bcl-2 and Akt/mTOR/p70S6K pathways [58]. PEA is also able
to target and modulate NMDA receptors, thus protecting cells for glutamate toxicity [59].
PEA neuroprotective actions are also carried out by promoting and modulating synaptic
homeostasis and favouring neurogenesis [60–62]. Notably, all these PEA-mediated actions
were confirmed using different animal models of disease characterized by neuroinflam-
mation. Chronic administration of PEA at different concentrations (ranging from 10 to
100 mg/Kg/day) was able to significantly reduce neuroinflammation [63–65], to protect
neurons from death [21,66], to reduce iROS productions [66], and to improve behavioural,
motor and cognitive deficits [67–69].

6. PEA in Central Nervous System Diseases

It is well known that both ECS and NAEs are strongly involved in regulation and
modulation of behaviour, cognition and in mood regulation [70]. Plasmatic PEA levels
are significantly altered in conditions as post-traumatic stress disease (PTSD) [71], depres-
sion [72,73], and in autism spectrum disorders (ASD) [74]. The mechanisms by which PEA
can improve these conditions are different and include increased hippocampal neurogene-
sis [59–61] and increased maturation of oligodendrocyte precursor cells [59]. PEA was able
to prevent the plasmatic reduction of the brain-derived neurotrophic factor (BDNF) and
glial cell line-derived neurotrophic factor (GDNF) in a murine model of stroke [75], thus
explaining, at least in part, its neuroprotective effects. Interestingly, PEA is also strongly
involved in the neuromodulation of GABAergic transmission. As a matter of fact, PEA
by binding GPR55 receptors is able to enhance GABAergic transmission in the corpus
striatum and to increase the synthesis of the endocannabinoid 2-AG at postsynaptic level
thus modulating GABA release through the stimulation of presynaptic CB1Rs [76]. These
biological effects may partially explain the neuroprotective action of PEA and its potential
use to treat these patients in clinical activities. To confirm the pre-clinical results obtained
by using PEA, human studies were performed on different pathological diseases. In a
yearlong study, PD patients used ultra-micronized PEA as add-on therapy along with
levodopa, showing a significant improvement on both motor- and non-motor-symptoms,
ameliorating the typical mood deficits of Parkinsonian patients as well as reducing fatigue
and improving sleep-cycle coupled with improved responses to different mental tasks [77].
Notably, in a double-blind, randomized, placebo-controlled study performed on patients
with major depressive disorder [MDD], 600 mg of ultra-micronized PEA used as add-on
therapy with typical selective serotonin reuptake inhibitors [SSRI] for 6 weeks was able to
significantly improve the depressive scores, ameliorating symptoms when compared to
SSRI plus placebo group [78]. It is important to note that, also if further clinical studies are
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required in all the human studies performed to date, PEA was well tolerated and displayed
only few and minor adverse effects [79].

7. Analgesic Properties of PEA

The direct link between inflammation and pain kicked off a series of studies with the
aim to emphasize PEA analgesic properties. Taking advantage of pre-clinical models of
inflammation and neuropathic pain, it was possible to demonstrate the strong analgesic
properties of PEA [80–82]. When inflammation processes persist, PEA levels increase as
a protective mechanism to inhibit inflammatory pathways leading to tissue damage and
loss of functions. If the stimulus is protracted, PEA levels start to decrease, thus indicating
that PEA’s increased concentration is not enough to restore the physiological conditions
when inflammation becomes chronic [83]. The PEA’s analgesic properties are guaranteed
by several mechanisms. For instance, its ability to directly bind to PPAR-α and GPR55
receptors or to indirectly bind to CB1, CB2, and TRPV1 receptors may partially account
for its properties [15]. The analgesic properties of PEA also take into account its capacity
to suppress inflammation by reducing mast cells activation and to reduce the production
and the release of different inflammatory mediators such as nerve growth factor (NGF),
cyclo-oxygenase-2 (COX-2), TNF-α, and iROS [84]. All these pathways are responsible for
the preservation of peripheral nerve morphology and for reducing inflammation-coupled
oedema and microglial activation [85,86]. In addition, several preclinical and clinical
studies confirm the anti-nociceptive properties of PEA in neuropathic pain [87,88]. PEA
treatment was also able to preserve Langerhans islets’ morphology in the pancreatic gland
of diabetic mice [89]. Orefice et al., in a randomized, double-blind, placebo-controlled
study, demonstrated that ultra-micronized PEA as add-on therapy in patients afflicted by
multiple sclerosis was able to significantly reduce the pain sensation and to improve their
quality of life [90].

Notably, currently available drugs used to treat inflammation and pain-related con-
ditions often display several adverse effects, especially when used chronically, such gas-
trointestinal, hepatic, renal, and cardiovascular disorders. PEA thus represents a promising
alternative treatment, since it shows a high profile of safety and tolerability [78].

8. PEA in Neuromuscular Alterations and Diseases

The first study that hypothesized a potential use of ultra-micronized PEA in patholog-
ical conditions involving neuromuscular transmission was published in 2012 by Clemente
who described the improvement of different vital parameters in a single case of a patient af-
fected by amyotrophic lateral sclerosis (ALS), a neurodegenerative disorder able to disrupt
the physiological function of the neuromuscular junction leading, in a few years, to muscle
paralysis and death of the patients [85]. Up to now, there are several studies that highlight
some of the possible mechanisms involved in this pathology, but unfortunately, ALS is still
a disease with a poor prognosis lacking effective therapies and treatments in spite of recent
efforts to develop new therapeutic strategies [91,92]. The degeneration of the second motor
neuron is considered a hallmark of this disease, but different studies performed on animal
models of ALS highlighted that the first alterations are localized at the neuromuscular
junction (NMJ) [93,94]. Indeed, it was described that, even during the pre-symptomatic
period, changes in NMJ function and muscular functions are present, thus leading to the
“dying-back” theory [95]. According to this hypothesis, the first pathogenic step in ALS
is represented by strong functional alterations at the NMJ level leading subsequently to
the progression of the disease involving motor neuron degeneration [96], muscle atrophy,
mitochondrial dysfunction, microgliosis, and neuronal degeneration [97]. To strengthen
this hypothesis, it was demonstrated that muscular acetylcholine receptors (AChRs) ob-
tained from muscle biopsy of ALS patients are functionally impaired when compared with
AChRs obtained from non-ALS denervated muscle, showing also a reduction of sensitivity
to ACh 98]. In detail, it is well known that after denervation, muscular AChRs subunits’
composition undergoes modification, with a wide up-regulation of the α1β1γδ (γ-AChR)
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on the muscular sarcolemma. Indeed, in ALS muscles where both denervation and aberrant
reinnervation are present, both the γ-AChR and the ε-AChRs are expressed. It was demon-
strated that PEA can significantly reduce the rate of AChR desensitization of receptors
obtained from ALS patients, during repetitive application of ACh [98]. In detail PEA was
able to reduce this functional property predominantly on the ε-AChRs form, while this
effect was to a lesser extent on γ-AChR [98]. To further strengthen this observation in the
same study, an observational double-blind clinical test was performed on a cohort of ALS
patients recruited by the neurological unit at the Policlinico Umberto I in Rome headed
by Inghilleri. In detail, 28 patients were co-treated with riluzole (at the time of the study,
the only officially approved treatment) [99] plus ultra-micronized PEA twice a day (50 mg
and 600 mg, respectively) and compared with 36 patients receiving only riluzole. The two
groups of patients were monitored, and clinical and electrophysiological test were assessed.
Interestingly, ultra-micronized PEA-treated patients showed a slow respiratory impairment
and a delayed need of tracheotomy. This clinical improvement was associated with a
reduced decay of the forced vital capacity (FVC) in comparison with patients treated only
with riluzole [100]. Therefore, the authors suggested that the PEA’s effect on FVC is due to
its ability to reduce the muscle AChRs desensitization induced by repetitive stimulation, as
in respiratory muscles. Taken together, data obtained from this study showed that PEA
add-on therapy slows the disease progression, suggesting that PEA could represent a valid
aid to slow respiratory impairment in these patients, thus increasing their life expectancy.
In another open-label pilot study, also carried out by Inghilleri’s group at the Policlinico
Umberto I in Rome, oral ultra-micronized PEA was administered to a cohort of patients
afflicted by myasthenia gravis (MG) [101]. This autoimmune disease is characterized by the
presence of auto-antibodies able to disrupt the physiological function of NMJ. Symptoms
are often variable, from mild deficits limited to single muscle groups to generalized weak-
ness involving vital functions. However, the main symptom is muscular fatigue, which
causes characteristic fluctuations in symptoms that worsen in the evening and improve
after periods of rest. The progression of the disease can be sneaky, with long periods
of spontaneous remission or rapid progression [102]. In the aforementioned study [101],
after only one week of treatment, patients displayed a significant improvement of all the
neurophysiological parameters taken in account. In detail, ultra-micronized PEA induced
a statistically significant improvement of the quantitative myasthenia gravis score (QMG),
thus reducing the level of disability of the treated patients, and also a significant effect
in improving the pathological muscle responses (measured as “decremental muscle re-
sponses”, RNS). Since these positive effects appeared after only one week of treatment, it is
not surprising that they disappeared one week after the withdrawal of the ultra-micronized
PEA. Notably, the antibody titre did not significantly change following PEA treatment [101],
suggesting a possible direct effect of ultra-micronized PEA on nAChRs as already shown
in ALS patients. The capacity of PEA to reduce the release of pro-inflammatory cytokines
could also be exploited to treat diseases such as sarcopenia, a condition characterized by
progressive and generalized loss of skeletal muscle mass and strength combined with low
physical performance [103]. Recently, new efforts have been made to improve PEA bioavail-
ability, in order to better reach peripheral cells such as muscle cells [104], opening thus
new scenarios in the treatments of diseases characterized by strong inflammation. On the
other hand, new insights on the use of ultra-micronized PEA on inflammatory pathways
modulation came from studies using PEA in association with antioxidant agents, such as
phycocyanin extract (PC) from spirulina algae [66], that further enhanced PEA’s beneficial
properties. Indeed, a multi-center, double-blinded, randomized placebo-controlled clinical
trial showed that co-administration of PEA plus Luteolin was able to significantly improve
the recovery of olfactory function in patients after SARS-CoV-2 infection [105].
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9. Conclusions

PEA signifies a valid support in different pathological conditions, since it displays a
wide range of positive effects without noteworthy side effects. Until now, PEA has been
extensively used to treat and ameliorate conditions characterized by neuroinflammation
and to treat and reduce the perception of neuropathic pain. It is possible to find separate
commercially available PEA formulations, (micronized, ultra-micronized), which increase
its solubility and bioavailability, and in doses ranging from 200 mg to up to 1000 mg. While
its neuroprotective effect is well known, its capacity to interact with the NMJs deserves
further consideration, as it could pave the way for novel therapeutic implications. In detail,
the ability to modulate the AChR function could open up new perspectives for its use in
different pathological conditions characterized by alterations of NMJ, such as ALS, but also
in other diseases such as MG where AChRs function is strongly altered. Further studies
including larger double-blind multicentre clinical studies are required in order to find the
best medical approach for any condition taken into consideration.
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Abstract: Palmitoylethanolamide (PEA) stands out among endogenous lipid mediators for its neuro-
protective, anti-inflammatory, and analgesic functions. PEA belonging to the N-acetylanolamine class
of phospholipids was first isolated from soy lecithin, egg yolk, and peanut flour. It is currently used
for the treatment of different types of neuropathic pain, such as fibromyalgia, osteoarthritis, carpal
tunnel syndrome, and many other conditions. The properties of PEA, especially of its micronized or
ultra-micronized forms maximizing bioavailability and efficacy, have sparked a series of innovative
research to evaluate its possible application as therapeutic agent for neurodegenerative diseases.
Neurodegenerative diseases are widespread throughout the world, and although they are numerous
and different, they share common patterns of conditions that result from progressive damage to the
brain areas involved in mobility, muscle coordination and strength, mood, and cognition. The present
review is aimed at illustrating in vitro and in vivo research, as well as human studies, using PEA
treatment, alone or in combination with other compounds, in the presence of neurodegeneration.
Namely, attention has been paid to the effects of PEA in counteracting neuroinflammatory conditions
and in slowing down the progression of diseases, such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, Frontotemporal dementia, Amyotrophic Lateral Sclerosis, and Multiple Sclero-
sis. Literature research demonstrated the efficacy of PEA in addressing the damage typical of major
neurodegenerative diseases.

Keywords: PEA; ALIAmides; Alzheimer’s disease; Parkinson’s disease; Huntington’s disease;
Frontotemporal dementia; Amyotrophic Lateral Sclerosis; Multiple Sclerosis; neuroinflammation

1. Introduction
1.1. PEA, an Anti-Inflammatory and Neuroprotective Substance

Lipid molecules may play a primary role essential to fight, or at least delay, chronic
neuroinflammation, a phenomenon underlying many neurodegenerative diseases. A class
of anti-inflammatory molecules are the Autacoid Local Injury Antagonist (ALIA) amides [1].
This acronym, coined by the research group of Rita Levi Montalcini, describes a group of
endogenous bioactive acyl ethanolamides with anti-inflammatory properties [2], generally
referred to as N-acylethanolamines (NAEs). NAEs include PEA, an anti-inflammatory and
analgesic substance, oleoylethanolamide (OEA), an anorectic substance, and anandamide
(AEA), an endocannabinoid (eCB) substance with autocrine and paracrine signaling prop-
erties [3]. PEA cannot strictly be considered a classic eCB, because it has a low affinity for
the cannabinoid receptors CB1 and CB2 [4,5]. However, the presence of PEA enhances
the AEA activity, likely through an “entourage effect”. PEA is endowed with important
anti-inflammatory, neuroprotective, and analgesic actions, and some of its effects are medi-
ated by the peroxisome proliferator-activated receptor (PPAR)-α. PEA anti-inflammatory
and neuroprotective functions have been attributed in particular to eCBs belonging to
the acyl ethanolamide family, as well as to their congeners, since their production is sig-
nificantly increased in the sites of neuronal damage [6]. PEA is naturally found in some

Biomolecules 2022, 12, 667. https://doi.org/10.3390/biom12050667 https://www.mdpi.com/journal/biomolecules
171



Biomolecules 2022, 12, 667

foods, such as egg yolk, peanut flour, soybean oil, and corn [1,7]. In animal cells, PEA
is synthesized from palmitic acid, the most common fatty acid present in many foods
including palm oil, meats, cheeses, butter, and other dairy products [8]. Because of its high
safety and tolerability [9–12], PEA is often used as an analgesic, anti-inflammatory, and
neuroprotective mediator in the treatment of acute and chronic inflammatory diseases,
alone or combined with antioxidant or analgesic molecules acting on molecular targets of
central and peripheral nervous system and immune cells [11,13,14]. In the brain, PEA is
produced “on demand” by neurons, microglia, and astrocytes, and thus plays a pleiotropic
and pro-homeostatic role, when faced with external stressors provoking inflammation. PEA
exerts a local anti-injury function by down-modulating mast cell activation and protecting
neurons from excitotoxicity [15–17]. The synthesis of PEA takes place in the membranes of
various cell populations and mainly involves the class of N-acylphosphatidylethanolamines
(NAPEs). Similar to its eCB congeners, PEA acts as local neuroprotective mediator and its
physiological tone depends on the finely regulated balance between biosynthesis (mainly
catalyzed by NAPE-selective phospholipase D) and degradation (mainly catalyzed by fatty
acid amide hydrolase (FAAH) and N-acylethanolamine-hydrolyzing acid amidase) [18–20].

It was proposed that PEA exerts its effects through three mechanisms, which are not
mutually exclusive. The first mechanism advances that PEA acts by down-regulating
mast-cell degranulation, via an ALIA effect [21–23]; the second one, the entourage effect,
postulates that PEA acts by enhancing the anti-inflammatory and anti-nociceptive effects
exerted by AEA [4,24,25]; and finally, the third one, the “receptor mechanism”, is based
on PEA’s capability to directly stimulate either PPAR-α or the orphan receptor G-protein
coupling, GPR55, which mediates many anti-inflammatory effects [26,27].

PEA lacks a direct antioxidant capacity to prevent the formation of free radicals and
counteract the damage of DNA, lipids, and proteins [1]. With its lipid structure and the large
size of heterogeneous particles in the naïve state, PEA has limitations in terms of solubility
and bioavailability. To overcome these problems, PEA has been micronized (m-PEA) or
ultra-micronized (um-PEA) [28]. Several in vitro and in vivo preclinical studies attest that
PEA, especially in its micrometer-sized crystalline forms, may be a therapeutic agent for
the effective treatment of neuroinflammatory pathologies [29]. m-PEA and um-PEA show
enhanced rate of dissolution and absorption [30], better bioavailability, pharmacokinetics,
and efficacy when compared to its naïve form [31,32]. Since, as already mentioned, PEA
has no antioxidant effects per se, the combination of PEA’s ultra-micronized forms with
an antioxidant agent, such as a flavonoid, results in more efficacious forms than either
molecule alone, potentiating the pharmacological effects of both compounds [33]. In fact,
among the natural molecules with excellent antioxidant and antimicrobial functions there
are flavonoids, as firstly luteolin, and also polydatin, quercetin, and silymarin. These
compounds possess marked antioxidant and neuroprotective pharmacological actions,
by modulating apoptosis and release of cytokines and free radicals (reactive oxygen and
nitrogen species), suppressing the production of tumor necrosis factor alpha, inhibiting
autophagy, and controlling signal transduction pathways [1,34]. In particular, luteolin is
able to improve the PEA morphology: while naïve PEA has a morphology featured by
large flat crystals, very small quantities of luteolin stabilize the microparticles by inhibiting
the PEA crystallization process [35]. The combination of PEA and luteolin makes co-
um-PEALut a product able to tackle several neuroinflammatory conditions, and to have
protective effects [33].

1.2. PEA Action in the Presence of Aging and Neurodegeneration

Aging is the result of a continuous interaction between biological mechanisms and
environmental factors, such as life events, health conditions, and lifestyle habits. Although
aging is not necessarily synonymous with disease, the deterioration in cell function that
increases with advancing age progressively increments the risk of developing disease and
disability, because bodily and brain cellular responses become less and less efficient [36].
Namely, aging is characterized by gradual and permanent accumulation of cellular and
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molecular damage (such as abnormal protein dynamics, mitochondrial dysfunction, DNA
damage, oxidative stress, neurotrophin dysfunction), progressive structural changes of
neurons (deregulation of neurotransmitters and neuro-signals), loss of tissue and organ
function, and neuroinflammatory processes [37–39]. Unlike the normally beneficial acute
inflammatory response, chronic neuroinflammation can lead to damage and destruction
of tissues, and often results from inappropriate immune responses [40]. A fundamental
principle behind neuroinflammation is the existence of numerous signaling pathways
between glial cells and immune system. Notably, despite different triggering events, a
common feature of several central and peripheral neuropathologies is chronic immune
activation, particularly of the microglia, the resident macrophages of the central nervous
system [41]. Individual neurodegenerative disorders are heterogeneous in etiopathogenesis
and symptomatology, but biomedical research has revealed many similarities among them
at the subcellular level. These similarities suggest that therapeutic advances against one
neurodegenerative disease might ameliorate other diseases as well [42].

The most common neurodegenerative diseases encompass a wide range of conditions
which impair mobility, muscle coordination and strength, mood, and cognition. They are
amyloidosis, tauopathies, α-synucleinopathies, proteopathies (TAR DNA-binding protein
43, TDP-43), and include Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s
Disease (HD), Frontotemporal Dementia (FTD), Amyotrophic Lateral Sclerosis (ALS), and
Multiple Sclerosis (MS) (Figure 1) [43].
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Figure 1. Neurodegenerative diseases share common pathological hallmarks leading to cell dysfunc-
tion and death.

Up to now, the treatment of most of these neurodegenerative diseases was mainly
symptomatic (dopaminergic treatment for PD, inhibitors of acetylcholinesterase for cog-
nitive disorders, antipsychotics for dementia), despite significant attempts to find drugs
reducing or rescuing the debilitating symptoms [44–46]. In this context, integrative treat-
ments of these neurodegenerative diseases have been investigated through a number of
in vitro and in vivo animal models of disease, and, when combined with classical drug
therapies, are in the frontline of research in an attempt to protect against neuroinflamma-
tion and oxidative stress, and thereby improve symptomatology of the neurodegenera-
tive patients [45]. Since most clinical studies on PEA are related to neuropathic pain or
inflammation-related peripheral conditions, and there are fewer studies evaluating the
possible beneficial effects of PEA on neurodegenerative diseases, we were interested to
offer a general overview of the effects of PEA on different symptoms of neurodegeneration,
taking into account both human (Table 1) and rodent (Table 2) studies.

173



Biomolecules 2022, 12, 667

Table 1. Summary of human studies using PEA in the presence of neurodegeneration.

Study Disease Sample
um PEA

(Alone or
In Combination)

Dosage Duration Main Outcomes of PEA
Treatment

[47] MCI 1 patient co-um-PEALut 700/70 mg
daily

T3: 3 months
treatment T9:

9 months
follow-up

T3: mild (though not
significant) cognitive

improvement;
T9: near-normal

neuropsychological
assessment; improvement in

test scores; brain SPECT
near-normal.

[48] PD 30 patients PEA added to
regular levodopa 600 mg daily 12 months

Progressive reduction in the
total MDS-UPDRS score;

reduction in most nonmotor
and motor symptoms.

[49] PD 1 patient

co-um-PEALut
added to regular

car-
bidopa/levodopa

700/70 mg
daily 4 months

Complete resolution of leg and
trunk dyskinesia and marked

reduction in the onset of
camptocormia during the “off”

state.

[50] FTD 17 patients co-um-PEALut 700 mg/2 daily 4 weeks

Improvement in test scores
and neurophysiological
evaluation; increase in

TMS-evoked frontal lobe
activity and of high-frequency

oscillations in the
beta/gamma range.

[51] ALS 1 patient PEA 600 mg/2 daily ∼40 days Improvement in clinical
picture.

[52] ALS
28 treated and
36 untreated

patients

PEA + 50 mg
riluzole

or 50 mg riluzole
only

600 mg/2 daily 6 months

Lower decrease in forced vital
capacity over time as

compared with untreated ALS
patients.

[53] MS
24 patients
17 healthy

controls

eCBs levels in
blood _ _ eCB system is altered in MS.

[54] MS 1 patient PEA 600 mg/2 daily ∼9 months
Pain reduction; increased

interval between acupuncture
sessions.

[55] MS 29 patients PEA added to
IFN-β1a or placebo 600 mg daily 12 months

Improvement in pain
sensation, no reduction of

erythema at the injection site,
improved evaluation of

quality of life, increase in PEA,
AEA and OEA plasma levels,

reduction of interferon-γ,
tumor necrosis factor-α, and
interleukin-17 serum profile.

[56] Myasthenia
gravis 22 patients PEA 600 mg/2 daily 1 week

Reduced level of disability and
decremental muscle

response.

AEA-Anandamide; ALS-Amyotrophic Lateral Sclerosis; co-um-PEALut-combined ultra-micronized PEA/Lutein;
eCB-endocannabinoid; FTD-Frontotemporal Dementia; IFN-β1-Interferon-beta-1; MCI-Mild Cognitive Impair-
ment; MDS-UPDRS-Movement Disorder Society-Unified Parkinson’s Disease Rating Scale; MS-Multiple Sclerosis;
OEA-Oleoylethanolamide; PD-Parkinson Disease; um-ultra-micronized.
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Table 2. Summary of experimental studies using PEA in the presence of neurodegeneration.

Study Disease Sample
um PEA

(Alone or In
Combination)

Dosage Duration Main Outcomes of PEA
Treatment

[57]

AD model
(Aβ 1–42

intra-
hippocampal

injection)

Male adult
Sprague-

Dawley rats
(9–12/group)

i.p.
PEA

PEA added to
GW6471

PEA:10 mg/kg;
GW647:
2 mg/kg

7 days
Restoration of Aβ

1–42-induced alterations;
reduced mnestic deficits.

[58]

AD model
(Aβ 25–35

i.c.v.
injection)

Male PPAR-
α/(B6.129S4-

SvJaePparatm
1Gonz) and WT

mice
(9–10/group)

s.c.
PEA and GW7647

PEA: 3–30
mg/kg daily,
GW7647: 5

mg/kg daily

1–2 weeks
or a single

dose

Reduction (10 mg/kg) or
prevention (30 mg/kg) of

behavioral impairments. No
rescue of memory deficits.
PEA acute treatment was

ineffective.

[59] AD model

3-month-old
male 3 ×
Tg-AD

and WT mice
(9–10/group)

s.c.
PEA

or vehicle
10 mg/kg daily 90 days

Counteraction of disease
progression, improvement of
trophic support to neurons, in
the absence of astrocytes and

neuronal toxicity.

[60] AD model

3-month-old or
9-month-old

male 3 ×
Tg-AD or WT

mice
(7–11/group)

s.c.
PEA

or vehicle
10 mg/kg daily 90 days

Improvement of learning and
memory, amelioration of

depressive and anhedonia-like
symptoms, reduced Aβ

formation, tau protein
phosphorylation, promotion of

hippocampal neuronal
survival and astrocytic

function,
rebalancing of glutamatergic

transmission, restraint of
neuroinflammation.

[61] AD model

2-month-old
male 3 ×

Tg-AD or WT
mice

(7–11/group)

oral
PEA

or vehicle

single
dose/sub-

chronic/chronic:
100 mg/kg

daily

1–8–90 days

Rescue of cognitive deficit,
restraint of neuroinflammation
and oxidative stress, reduced

increase in hippocampal
glutamate levels.

[62] PD model
(MPTP)

6–7-week-old
male

PPAR-αKO
PPAR-αWT

mice
(10/group)

i.p.
PEA 10 mg/kg 8 days

Reduction of MPTP-induced
microglial activation, glial

fibrillary acidic protein
positive expression astrocyte
numbers, overexpression of

S100b; protection against
alterations in

microtubule-associated
protein 2a,b, dopamine

transporter, nNOS-positive
cells in the substantia nigra.
Reversal of motor deficits.

[63] PD model
(MPTP)

3/21-month-
old male CD1

mice
(10/group)

oral
PEA 10 mg/kg 60 days

Amelioration of behavioral
deficits and of reduction of
tyrosine hydroxylase and
dopamine transporter in

substantia nigra. Reduction of
hippocampal proinflammatory
cytokines and pro-neurogenic

effects.
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Table 2. Cont.

Study Disease Sample
um PEA

(Alone or In
Combination)

Dosage Duration Main Outcomes of PEA
Treatment

[64] PD model
(6-OHDA)

Ten-week-old
male Swiss CD1

mice (6 ×
group)

s.c.
PEA

or GW7647

PEA
3–30

mg/kg/day;
GW7647 5

mg/kg/day

28 days

Improvement of behavioral
impairment. Increased
tyrosine hydroxylase

expression at striatal level.
Reduction in the expression of

pro-inflammatory enzymes,
protective scavenging effect.

[65] PD model
(MPTP)

8-week-old
male C57BL/6

(10/group)

i.p.
co-um-PEALut 1 mg/kg daily 8 days

Reduction of motor
impairment, cataleptic

response, immobility and
anxiety levels. Reduction of

neuronal degeneration and of
specific PD markers,

attenuation of
inflammatory processes
(activation of astrocytes,

pro-inflammatory cytokines,
and nitric oxide synthase),
stimulation of autophagy.

[66] PD model
(MPTP)

8-week-old
male C57BL/6

(10/group)

oral
PEA-OXA
or vehicle

10 mg/kg daily 8 days

Prevention of MPTP-induced
bradykinesia and anxiety, and
neuronal degeneration of the

dopaminergic tract, prevention
of dopamine depletion,

modulation of microglia and
astrocyte activation.

[67] HD model

∼32-day-old-
R6/2

10-week-old
R6/2

mice and WT
mice (4/group)

Measurement of
PEA, AEA and

2-AG
endogenous

levels

_ _
Alteration of the eCB system,

decreased levels of PEA in the
striatum

[68] MS model
(EAE)

12-week-old
female

C57BL/6
(8/group)

i.p.
PEA

or CBD
or in

combination

PEA 5 mg/kg
CBD 5 mg/kg 3 days

Reduced severity of EAE
neurobehavioral scores,

diminished inflammation,
demyelination, axonal damage

and inflammatory cytokine
expression.

[69]

MS model
(chronic
relapsing

EAE)

Biozzi ADH
mice

(>6/group)

i.v. or i.p.
PEA 1–10 mg/kg Single

injection Amelioration of spasticity

[70] MS model
(EAE)

C57BL/6 mice
(8/group)

i.p.
co-um-PEALut or

vehicle

0.1, 1, and
5 mg/kg 16 days

Dose-dependent improvement
of clinical signs through

anti-inflammatory signals and
pro-resolving circuits.

[71]
MS model

(TMEV-
IDD)

Four-week
female SJL/J

mice

i.p.
PEA

or vehicle
5 mg/kg 10 days Reduction of motor disability,

anti-inflammatory effect.
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Table 2. Cont.

Study Disease Sample
um PEA

(Alone or In
Combination)

Dosage Duration Main Outcomes of PEA
Treatment

[72] Vascular
dementia CD1 mice

Oral
PEA-OXA
or vehicle

10 mg/kg daily 15 days

Improvement of behavioral
deficits, reduction of

histological alterations,
decrease of markers of
astrocyte and microglia

activation and oxidative stress,
modulation of antioxidant

response, inhibition of
apoptotic process.

2-AG-2-Arachidonoylglycerol; 6-OHDA-6-hydroxydopamine; Aβ-amyloid beta; CBD-cannabidiol; EAE-
Experimental Autoimmune Encephalomyelitis; i.c.v.-intracerebroventricular; i.p.-intraperitoneal; KO-knockout;
MPTP-1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; nNOS-neuronal Nitric Oxide Synthase; PEA-OXA-2-
pentadecyl-2-oxazoline; PPAR-α-peroxisome proliferator-activated receptor-α; s.c.-subcutaneous; TMEV-IDD-
Theiler’s Murine Encephalomyelitis Virus-Induced Demyelinating Disease; WT-Wild Type.

2. Mild Cognitive Impairment (MCI)

MCI, a neurocognitive disorder often prodromic to dementia, is a cognitive impairment
beyond that expected for individual’s age and education, but which does not significantly
interfere with activities of daily living [73,74]. There are several subtypes of MCI, which
differ based on the type and number of impaired cognitive abilities. When only memory is
affected, MCI is defined “amnestic” (a-MCI). When one or more cognitive domains other
than memory are affected, MCI is defined “non-amnestic” [75,76].

Only one study evaluated PEA’s effects on MCI symptomatology, describing the
efficacy of a 9-month supplementation of co-um-PEALut in an a-MCI patient. While, after
3-months of supplementation, a mild (although non-significant) cognitive amelioration
was recorded, at the end of treatment the neuropsychological evaluation reached values
almost typical for age and education level, and even the brain SPECT was almost within
the normal range [47]. The findings of this case report allow hypothesizing that the
use of co-um-PEALut may be a valuable option in the management of MCI-associated
neuroinflammation.

3. Alzheimer’s Disease (AD)

AD is characterized by progressive and irreversible brain atrophy that spreads un-
evenly throughout the brain, encompassing particularly vulnerable regions, such as entorhi-
nal cortex, hippocampus, frontal cortex, temporal lobe, and forebrain basal nuclei [77–79].
The clinical manifestations are memory loss, cognitive decline, behavioral dysfunction, and
inability to carry out the activities of daily living, and seem to be related to the impairment
of cholinergic transmission [79,80]. Histopathologically, the main features of AD include
extracellular accumulation of amyloid beta (Aβ) fibrils in senile plaques and intraneuronal
neurofibrillary tangles (aggregates of the microtubule-associated hyperphosphorylated
protein tau) [77].

Several in vitro studies have demonstrated that PEA is able to reduce Aβ-evoked
neuroinflammation and attenuate its neurodegenerative consequences. To this purpose, rat
primary astrocytes, rat primary mixed neuroglial co-cultures, and organotypic hippocampal
slices were challenged with Aβ1-42, and then treated with PEA [81–83]. PEA was able to
dampen Aβ-induced astrocyte activation and improve neuronal survival through selective
PPAR-α activation. Data from organotypic cultures confirmed PEA’s anti-inflammatory
properties, implicating PPAR-α mediation, and revealing that the reduction of reactive
gliosis induced a marked rebound neuroprotective effect on neurons [82]. Subsequently, the
anti-inflammatory and neuroprotective activities of systemically administered PEA were
analyzed in adult rats given inflammatory Aβ1-42 intrahippocampal injections mimicking
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some early traits of AD. By activating PPAR-α, PEA rescued altered molecular pathways
and behavioral impairment [57]. Such a capacity of PEA to modulate the protective re-
sponses during inflammation suggests that endogenous PEA may be part of the complex
homeostatic apparatus controlling the basal threshold of inflammatory processes. More-
over, by blunting Aβ42-induced astrocyte activation, PEA improved neuronal survival [84],
cell viability, and glutamatergic transmission in mouse astrocyte-neuron co-cultures [85].
Neuroprotective activities of PEA were studied in mice intracerebroventricularly injected
with Aβ25-35, and tested on spatial and non-spatial memory tasks [58]. PEA reduced or
even prevented, in a dose-dependent manner, learning, and memory dysfunction. Fur-
thermore, PEA treatment reduced molecular and biochemical inflammatory markers (lipid
peroxidation, protein nitrosylation, induction of inducible nitric oxide synthase, and cas-
pase3 activation) [58], counteracted neurodegeneration, and enhanced neuronal viability
by dampening reactive astrogliosis and promoting the glial neuro-support function [59].
An additional study provided evidence that subcutaneous treatment with um-PEA is able
to exert anti-inflammatory and neuroprotective effects in AD-like mice. Specifically, um-
PEA improved learning and memory functions, ameliorated depression and anhedonia,
reduced Aβ formation and tau protein phosphorylation, promoted neuronal survival in
CA1 hippocampal subregion, normalized astrocytic functions, rebalanced glutamatergic
transmission, and restrained neuroinflammation. The um-PEA efficacy was particularly
evident in younger mice (6- vs. 12-month-old), suggesting its potential as an early treatment
of AD [60]. In the same AD-like model, um-PEA chronic oral administration was capable
of rescuing cognitive deficit and decreasing hippocampal level of extracellular glutamate.
Once again, the significant neuroinflammatory effect of PEA was found, as shown by the
almost complete inhibition of an increase in IL-6 in the hippocampus, by the reduced oxida-
tive stress, and by lower signs of neuronal distress [61,86]. The use of co-ultra-PEALut in an
in vitro study also showed interesting results. Pre-treatment significantly reduced inducible
nitric oxide synthase and glial fibrillary acidic protein expression, restored neuronal nitric
oxide synthase and brain-derived neurotrophic factor, and reduced apoptosis [87]. These
results suggest that PEA alone and in combination with lutein may provide an effective
strategy for AD.

4. Parkinson’s Disease (PD)

PD is a common neurodegenerative disorder primarily characterized by shaking,
stiffness, difficulties with balance, walking, and coordination due to the impairment of
the dopaminergic nigrostriatal system [88]. Specifically, the loss of dopaminergic neurons
projecting from the substantia nigra pars compacta to the caudate-putamen in the stria-
tum results in the loss of dopaminergic neurotransmission, causing the primary motor
symptoms [89,90]. Although PD was initially described as a movement disorder with-
out dementia, it is now accepted that the progression of PD affects other dopaminergic,
cholinergic, or serotonergic extra-nigral traits, leading to the appearance of cognitive and
psychiatric symptoms (i.e., depression and dementia) as well as other non-motor symptoms
(i.e., anosmia, sleep disturbances, and constipation) [91]. The ultimate underlying cause(s)
of dopaminergic impairment remain(s) unknown [92]. While 5–10% of PD cases are of
genetic origin, leading to early PD onset, most cases remain idiopathic and are associated
with aging [93], and consequently with neuroinflammation [94]. However, PD must be
differentiated from other parkinsonian disorders, including vascular (i.e., striatal infarction),
drug-induced (i.e., neuroleptics), metabolic (i.e., Wilson’s disease), infectious (i.e., HIV),
toxic (i.e., carbon monoxide), normal pressure hydrocephalus, essential tremor, and other
forms of neurodegenerative disease [95].

Given its anti-inflammatory effect, the efficacy of PEA in controlling neurodegen-
eration associated with neuroinflammation has been evaluated in the animal model of
PD induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) injections. In this
model, that exhibits biochemical and cellular changes similar to those observed in idio-
pathic PD [96], PEA treatment protected against MPTP-induced neurotoxicity. Namely,
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PEA reduced microglial and astrocyte activation as well as oxidative stress, protected
against alterations in protein dynamics in the substantia nigra, and reversed motor deficits.
Interestingly, in PPAR-αKO mice treated with MPTP, the lack of PPAR-α exacerbated
toxicity of MPTP, indicating that PEA neuroprotection was, at least partially, dependent
on PPAR-α [62]. In a more recent study, m-PEA pre-treatment in the MPTP model im-
proved behavioral deficits (measured in open field, pole test, and elevated plus maze),
improved tyrosine hydroxylase and dopamine transporter expression (index of PEA protec-
tive effect on dopaminergic neurons), reduced pro-inflammatory cytokines, and enhanced
hippocampal neurogenesis [63]. These studies reveal that PEA may represent a potential
therapeutic candidate to prevent neurodegeneration in the pathogenesis of PD, and propose
PEA as a valuable nutraceutical approach to prevent neurodegenerative diseases associ-
ated with age. Furthermore, PEA treatment improved the motor disturbances induced
by unilateral intra-striatal 6-hydroxydopamine (6-OHDA) injections, increased tyrosine
hydroxylase expression at striatal level, reduced expression of pro-inflammatory enzymes,
and modulated pro- and anti-apoptotic markers (a valuable index of PEA’s ability to con-
trol neuroinflammation and cell death). In addition, PEA provoked a marked protective
scavenging and dampened unfolding protein response. Similar data were found in the
in vitro studies, where PEA inhibited the damaging stress response of the endoplasmic
reticulum [64]. As previously pinpointed, the association of um-PEA and lutein has a
strong neuroprotective activity. In fact, co-um-PEALut reduced the specific PD markers
(immune-positive tyrosine hydroxylase) and the increased levels in activated astrocytes
and pro-inflammatory cytokines, as well as inducible nitric oxide synthase, and modulated
the autophagy pathway [65]. More recently, Cordaro and colleagues explored a novel
neuroprotective approach based on the use of 2-pentadecyl-2-oxazoline (PEA-OXA). In
the MPTP-induced PD model, daily oral PEA-OXA supplementation reduced the behav-
ioral disturbances and neurodegeneration of the dopaminergic tract. Namely, PEA-OXA
prevented dopamine depletion, increased tyrosine hydroxylase and dopamine transporter
activity, decreased α-synuclein neuronal aggregation, expression of pro-inflammatory en-
zymes, and inducible expression of nitric oxide synthase. Furthermore, treatment with
PEA-OXA significantly limited MPTP-induced microtubule-associated protein-2 alteration,
and strongly reduced the increased activation of astrocytes and microglia [66].These pre-
clinical studies on experimental models of PD indicate that m-PEA and um-PEA (alone
or in association with luteolin or oxazoline) are effective in improving motor functionality
through mechanisms aimed at controlling neuroinflammation and neuroprotection, based
on an increase in tyrosine hydroxylase and dopamine activity, as well as on the reduction
of reactive glia.

As for the human studies, two recent studies highlighted the neuroprotective PEA
effect in subjects affected by PD. In particular, in an observational study, Brotini and
colleagues demonstrated that oral supplementation with um-PEA slowed disease and dis-
ability score progression, significantly reducing most motor and non-motor symptoms [48].
Recently, Brotini has reported the potential efficacy of co-um-PEALut treatment as adjuvant
therapy for patients with PD receiving carbidopa/levodopa in treating camptocormia, a
postural deformity common in PD in which the spine bends forward while walking or
standing. In particular, a 4-month treatment program resulted in complete resolution of the
legs and trunk dyskinesia, and marked reduction in camptocormia onset [49]. Therefore,
PEA, alone or co-administered and possibly integrating classical treatments, shows thera-
peutic potential in PD, by correcting dopaminergic deficits and motor dysfunctions, and
contrasting pathogenetic aspects involved in the development of the disease.

5. Huntington’s Disease (HD)

HD is a rare devastating autosomal dominant disorder, caused by a CAG trinucleotide
repeat expansion in the huntingtin gene on chromosome 4, which leads to the production of
the mutant huntingtin (m-Htt) protein. The degree of symptom severity, disease stage, and
markers of neuronal damage correlate with levels of the m-Htt protein in the cerebrospinal
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fluid in patients with HD [97]. HD is characterized by loss of medium spiny neurons and
astrogliosis. The first region to be substantially affected is the striatum, followed by frontal
and temporal cortices. The reduced signals from the striatum to the subthalamic nucleus
(which sends signals to the globus pallidus) provoke a reduced modulation of movement
that results in the characteristic HD movements, called chorea. Besides motor disturbances,
HD is characterized by dementia, psychiatric symptoms, and early death. The average age
of HD diagnosis is about 40 years, even if the timing of onset is partially determined by
the CAG repeats number [98]. Despite its well-defined genetic origin, its molecular and
cellular mechanisms are still unclear [99]. There is evidence for a strong correlation between
HD and the eCB system, given that the dramatic reduction in cannabinoid receptors in all
regions of the basal ganglia is one of the earliest and severe alterations in HD [100].

In R6/2 mice, the transgenic model of HD exhibiting 150 CAG repeats and severe signs
of HD, a progressive decline in CB1 receptor expression and abnormal sensitivity to CB1
receptor stimulation are reported. In this model, the relationship was determined between
HD symptoms and changes in eCB signaling, measuring eCB levels in brain areas involved
in HD (striatum, cortex, and hippocampus) at pre-symptomatic and symptomatic disease
stages. Only in symptomatic R6/2 mice were the AEA, 2-Arachidonoylglycerol (2-AG)
and PEA levels significantly reduced in the striatum, where cell bodies and dendrites
of CB1 receptor-containing neurons are located, indicating that the eCB levels changed
according to disease stages and brain regions. Thus, the impairment of the eCB system
may represent a hallmark of symptomatic HD. Taking into account its anti-inflammatory
and neuroprotective effects, the decreased PEA levels in the striatum of symptomatic R6/2
mice may contribute to the progression of the disease [67]. As mentioned before, with PEA
being a substrate for FAAH, it was expected that the use of FAAH blockers could improve
HD symptoms in R6/2 mice, suggesting that drugs that inhibit eCB degradation could be
used to treat HD.

6. Frontotemporal Dementia (FTD)

FTD is a term used for a group of brain disorders characterized by atrophy of the
frontal and temporal lobes, and by subsequent behavioral and language disturbances [101].
FTD patients have a characteristic histopathology with cytoplasmic inclusions containing
aggregated TDP-43 or tau protein in neurons and glial cells. Signs and symptoms vary
depending on which part of the brain is affected. FTD often begins between the ages of 40
and 65 [102].

The only study present in literature on PEA-treated FTD patients reported that a
4-week-treatment with co-um-PEALut reduced behavioral disturbances and improved
frontal lobe function in FTD patients through modulation of cortical oscillatory activity and
GABAergic transmission [50].

7. Amyotrophic Lateral Sclerosis (ALS)

ALS is a fatal neurodegenerative disease characterized by the degeneration of both
upper and lower motoneurons and spinal cord which leads to muscle weakness, progressive
paralysis, and death within 3–5 years of diagnosis [103,104]. ALS is accompanied by
remarkable spinal inflammation mediated in particular by microglia and mast cells. ALS
may share some pathological features with FTD, given that ALS patients often show
widespread atrophy of the frontotemporal cortices, including premotor cortex [105,106].
ALS is associated with TDP-43 mutations that are observed in more than 90% of ALS
patients.

Oral supplementation with um-PEA, in a patient affected by ALS, led to improvement
in the clinical picture, muscle tone, respiratory, and motor functions, due to PEA-control of
neuroinflammation [51]. More recently, a large clinical trial on ALS patients demonstrated
that 6-month-administration of um-PEA, in addition to standard therapy (riluzole), signifi-
cantly slowed the decline in lung functionality and the worsening of ALS symptoms. This
selective PEA effect on diaphragmatic muscle is probably determined by a direct action on
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the neuromuscular junctions, rather than a nerve-mediated effect leading to regeneration
and sprouting of peripheral nerve fibers [52].

8. Multiple Sclerosis (MS)

MS is a demyelinating disease with a prominent neurodegenerative component,
caused by an autoimmune attack provoking the progressive loss of myelin sheath of
neuronal axons [107]. Such a damage decreases the speed of signal transduction, resulting
in cognitive and motor impairment depending on lesion’s location. MS progression is
caused by episodes of increasing inflammation due to the release of antigens (i.e., myelin
oligodendrocyte glycoprotein) [108–110]. These antigens elicit a clear autoimmune re-
sponse that, in turn, sets off a cascade of signaling molecules which result in T cells, B cells,
and macrophages crossing the blood–brain barrier and attacking axonal myelin. The attack
on myelin starts inflammatory processes that trigger other immune cells and the release
of soluble factors, such as pro-inflammatory cytokines. Further release of antigens drives
subsequent degeneration, causing further inflammation contributing to the loss of the grey
matter. Apart from grey matter and white matter lesions, another distinguishing feature
of MS is the presence of undifferentiated oligodendrocyte progenitor cells (OPCs), as a
consequence of their inability to progress to a myelin-producing phenotype [111]. Thus, an
attractive therapeutic strategy may be to replace lost oligodendrocytes and/or promote
their maturation.

Studies indicate that co-um-PEALut may improve the symptoms induced by experi-
mental autoimmune encephalomyelitis (EAE), a MS model. Treatment with co-um-PEALut
facilitated the development of undifferentiated and differentiating OPCs, as indicated by
the increase in myelin basic protein, proposing this co-compound as a novel approach
in the treatment of inflammatory demyelinating disorders, such as MS [40,112,113]. In-
creasing evidence from animal studies suggests that cannabinoids could efficiently fight
demyelination, inflammation, and autoimmune processes occurring in pathologies such
as MS [68]. In connection with this, it is reported that in MS the human plasma levels
of ECs are altered, the EC system is dynamically modulated depending on the disease
subtype [53], and the exogenous administration of eCBs, PEA, and selective inhibitors of
eCB re-uptake and hydrolysis improves spasticity, through the enhancement of AEA and
possibly 2-AG levels [69]. These studies provide definitive evidence of the tonic control
of spasticity exerted by the eCB system, and open new horizons for MS therapy. In the
same EAE model of MS, the non-psychoactive effects of cannabidiol (CBD) and PEA, in
combination or separately, have been evaluated. Results showed that, whereas CBD-PEA
concurrent administration was not as effective as treatment, each drug per se, i.e., single
PEA (or CBD) intraperitoneal administration, reduced the severity of neurobehavioral
impairment, decreased inflammation, demyelination, cytokine expression, and axonal dam-
age, thus suggesting the effectiveness of PEA as no-psychotropic CB against MS [68]. In the
same animal model, intraperitoneal administration of co-um-PEALut significantly reduced
the severity of clinical signs. The dose-dependent clinical improvement was associated
with the reduced expression of genes coding for inflammatory proteins and the receptors
involved in inflammation in the brainstem and cerebellum [70]. In another MS model, the
Theiler’s Murine Encephalomyelitis Virus-Induced Demyelinating Disease (TMEV-IDD),
PEA administration counteracted motor deficits and exerted an anti-neuroinflammatory
effect by reducing the expression of pro-inflammatory cytokines and decreasing microglial
activation [71].

As for human studies, a case report described a MS patient with chronic central
neuropathic pain who, after adding PEA to their acupuncture treatment, was able to
increase the intervals between acupuncture sessions [54]. In a clinical trial on 29 patients
with MS, um-PEA oral supplementation relieved pain at the interferon injection site and
significantly reduced plasma concentrations of cytokines. Quality of life of the treated
patients also improved, when compared with the placebo-treated group [55]. These findings
propose that PEA and co-um-PEALut may be the starting point in a novel approach in the
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treatment of inflammatory demyelinating disorders, as well as in other CNS pathologies
classically viewed as primarily neuronal diseases but where myelin and oligodendrocyte
loss are relevant.

9. Other Diseases (Vascular Dementia, Myasthenia Gravis)

Recent studies revealed that PEA-OXA co-treatment reduced histological changes
and neuronal death in vascular dementia induced by bilateral carotid artery occlusion. In
particular, this treatment decreased astrocyte markers and microglia activation, increased
neuronal development markers, reduced oxidative stress, modulated antioxidant response,
and inhibited the apoptotic process [72]. One-week of um-PEA supplementation improved
the severity of disability and muscle response to fatigue in patients with myasthenia
gravis [56].

10. Conclusions

Taken together, the results reported here strongly suggest that by activating multifacto-
rial pharmacological targets and different cellular mediators, PEA could play a promising
protective role in counteracting neuroinflammation related to major neurodegenerative
diseases. Despite the fact that a simplistic extrapolation of data from the animal model to
human condition should be avoided, the results of both preclinical and clinical studies pro-
pose PEA as a potential therapeutic agent against neurodegeneration. Mentioned studies
emphasize that PEA, especially in its ultra-micronized form, significantly impacts on the
progression of some neurodegenerative diseases, acting on specific symptoms and when
the pathology is at an early stage. In the final analysis, there is still much to be investigated
regarding the effect of PEA, alone or in combination with other compounds, both at the
preclinical level and, especially, on subjects with PD, MS, ALS, and FTD. More controversial
and less clear is its role in HD. Given the numerous preclinical results regarding the efficacy
of PEA in in vitro studies of AD, it would be very interesting to investigate how effective
this compound really could be in AD and MCI patients.

In conclusion, through the activation of specific receptors PEA plays a protective role
against neuroinflammation related to neurodegeneration, but it is necessary to continue
to study the properties of this extraordinary ALIAmide to have a clearer picture on its
possible use, also because, to date, no side effects have been reported.
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Abstract: Many chronic inflammatory processes are linked with the continuous release of inflamma-
tory mediators and the activation of harmful signal-transduction pathways that are able to facilitate
disease progression. In this context atherosclerosis represents the most common pathological substrate
of coronary heart disease, and the characterization of the disease as a chronic low-grade inflammatory
condition is now validated. The biomarkers of inflammation associated with clinical cardiovascu-
lar risk support the theory that targeted anti-inflammatory treatment appears to be a promising
strategy in reducing residual cardiovascular risk. Several literature data highlight cardioprotective
effects of the long-chain omega-3 polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic acid
(EPA). This PUFA lowers plasma triglyceride levels and has potential beneficial effects on atheroscle-
rotic plaques. Preclinical studies reported that EPA reduces both pro-inflammatory cytokines and
chemokines levels. Clinical studies in patients with coronary artery disease that receive pharmacolog-
ical statin therapy suggest that EPA may decrease plaque vulnerability preventing plaque progression.
This review aims to provide an overview of the links between inflammation and cardiovascular risk
factors, importantly focusing on the role of diet, in particular examining the proposed role of EPA as
well as the success or failure of standard pharmacological therapy for cardiovascular diseases.

Keywords: inflammation; eicosapentaenoic acid; atherosclerosis

1. Overview of Inflammation

Inflammation is classified as “normal defense mechanism” able to preserve the host
from both infections and insults; the involvement of the inflammatory process helps to
restore homeostasis at damaged or infected sites. Cardinal signs of inflammation are
redness, swelling, heat, pain, and loss of function, and it sees the presence and interaction
of different cell types with recruitment of several chemical mediators. If the inflammatory
response is well regulated it resolves quickly and without causing damage to the organism,
which overall involve the activation of negative feedback mechanisms such as the secretion
of anti-inflammatory mediators, the inhibition of pro-inflammatory signaling cascades,
shedding of receptors for inflammatory mediators, and activation of regulatory cells [1];
otherwise damage to organs and tissues can occur. Inflammatory mediators normally play a
defensive role in the defense of the host; however, if the production of these mediators is not
regulated, tissue damage can be caused, inducing the development of different pathologies.
Literature data have reported, in fact, that several chronic inflammatory processes are
linked with the continuous release of inflammatory mediators and the activation of harmful
signal-transduction pathway that facilitate disease progression. In these cases, there are
high concentrations of inflammatory markers and cells both at the primary site of damage
and at the systemic level, as occurs in cardiovascular disease or rheumatoid arthritis. Recent
studies have shown that the condition of low-grade chronic inflammation is decisive in the
obesity state, metabolic syndrome, and cardiovascular diseases [2].
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For the aforementioned concepts, inflammation is classified as the lowest common
denominator of numerous pathologies (Figure 1).

Figure 1. Representative image of inflammatory diseases in which marine n-3 fatty acids
might be of benefit.

Classical events that characterized the inflammatory response include the following:

• An increased blood supply to the site of inflammation.
• Elevated capillary permeability due to retraction of endothelial cells.
• Leukocyte migration from the capillaries into the surrounding tissue. This process is

facilitated by the release of chemotactic factors from the site of inflammation and from
the upregulation of adhesion molecules on the endothelium.

• Release of mediators from leukocytes at the site of inflammation.

Lipid Mediators

There are different lipid mediators (e.g., leukotrienes (LTs), prostaglandins (PGs),
peptide mediators (e.g., cytokines), amino acid derivatives (e.g., histamine), reactive oxy-
gen species (e.g., superoxide), and enzymes (e.g., matrix proteases) in relationship to the
anatomical site involved, cell type involved, nature of the inflammatory stimulus, and the
stage during the inflammatory response. Among the mediators involved in the develop-
ment of inflammatory processes, the first group is represented by toll-like receptors (TLRs),
membrane proteins located on macrophages, and dendritic cells. The receptors have the
specificity to recognize the molecular patterns that are associated with pathogens (PAMP)
and can also identify the endogenous signals that are activated during tissue or cellular
damage related to danger (DAMPS). The second group of mediators is represented by the
arachidonic acid (AA) mediators. The phosphorylase enzyme is able to act on membrane
phospholipids releasing arachidonic acid. The arachidonic acid can metabolize either
through the cyclooxygenase pathway or the 5-lipoxygenase pathway. Through the action
of cyclooxygenase, the mediators of PGs are formed, which are prostaglandin D2 (PGD2)
and thromboxane, which are bronchoconstrictor prostaglandins, and bronchoprotective or
inhibitory prostaglandin E2 (PGE2) and prostacyclin. LT is formed from the 5-lipoxygenase
pathway [3]. The third group of mediators is represented by mast cells, cells distributed
throughout the body.

Mast cells are immune cells of the myeloid lineage and are present in connective
tissues throughout the body. The activation and degranulation of mast cells significantly
modulates many aspects of physiological and pathological conditions in various settings.
With respect to normal physiological functions, mast cells are known to regulate vasodi-
lation, vascular homeostasis, innate and adaptive immune responses, angiogenesis, and
venom detoxification. On the other hand, mast cells have also been implicated in the
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pathophysiology of many diseases, including allergy, asthma, anaphylaxis, gastrointestinal
disorders, many types of malignancies, and cardiovascular diseases. The characteristic of
these cells is to undergo a degranulation process when activated by tissue damage; pro-
inflammatory molecules are released from the granules such as histamine, tumor necrosis
factor (TNF), kinin, and leukotrienes [4].

2. Inflammation in Cardiovascular Diseases: Focus on Atherosclerosis

All cardiovascular diseases are characterized by the presence of an inflammatory envi-
ronment often resulting from comorbid pathologies such as diabetes mellitus and arterial
hypertension. These are then associated with additional risk factors which are represented
by the emotional component and lifestyle. Atherosclerotic cardiovascular disease (ASCVD)
is the leading cause of morbidity and mortality globally. In the United States, nearly
808,000 people died from ASCVD in 2014, translating to about 1 in every 3 deaths [5],
and the death rate from ASCVD increased by 1% in 2015, the first since 1999 [6]. ASCVD
is defined as acute coronary syndrome, stable angina, history of myocardial infarction,
coronary or other revascularization, ischemic stroke, transient ischemic attack, or peripheral
arterial disease presumably of atherosclerotic origin. Atherosclerosis can also be considered
a chronic, immuno-inflammatory, fibroproliferative disease of large and medium-sized
arteries fueled by lipids. The study carried out by Anichkov, on rabbits who were fed a diet
rich in fatty acids, highlighted the importance and involvement of dyslipidemic phenomena
in the development of cardiovascular diseases [7]. Arteriosclerosis is a composite disease in
which the inflammatory process is found on the one hand, but on the other, it is also a lipid
disorder. Indeed, the Framingham Heart Study in the 1950s demonstrated that hypercholes-
terolemia accelerates atherosclerosis in humans [3]. In the study of cardiovascular diseases,
great importance was given to the thrombotic aspect, which still represents the greatest risk
in the management of low-grade systemic inflammation; in fact, there are numerous studies
that underline the link between the mediators of inflammation and platelet activation [8].

Formation and rupture of atherosclerotic plaque are closely connected with the de-
velopment of the inflammatory process. In particular, the lipoprotein stimulates both
chemokines and endothelial cells that facilitate the recruitment of lymphocytes and ad-
herent monocytes to the forming lesion site; growth factors and cytokines formed by
the inflammatory intima stimulate the differentiation of monocytes into macrophages
linked by the upregulation of the TLRs, in particular TLR4 and scavenger receptors; the
macrophages activated form foam-like cells or stimulate an inflammatory cascade that lead
to atherosclerotic plaque formation [9].

3. Fatty Acids: Composition and Role in Inflammatory Processes

Fatty acids are long-chain hydrocarbons and important components of lipids in plants,
animals, and microorganisms. Among several role of fatty acids, it was demonstrated
that they are able to influence inflammatory processes through several mechanisms by
acting, for example, via the cell surface and intracellular receptors/sensors that regulate
both gene expression patterns and inflammatory cell signaling. Alterations in fatty acid
compositions of cell membranes modulates membrane fluidity, lipid raft formation, and
cell signaling leading to altered gene expression. A fatty acid consists of a straight chain
of an even number of carbon atoms, with hydrogen atoms along the length of the chain
and at one end of the chain and a carboxyl group (—COOH) at the other end. They can be
separated into four categories: saturated, mono-unsaturated, polyunsaturated, and trans
fats. In particular, if the carbon-to-carbon bonds are all single, the acid is saturated; if any
of the bonds is double or triple, the acid is unsaturated and is more reactive.

A fatty acid containing two or more double bonds is called a polyunsaturated fatty
acid (PUFA). Saturated fatty acids do not contain double bonds in the acyl chain. A few
fatty acids have branched chains; others contain ring structures (e.g., prostaglandins). Fatty
acids are not found in a free state in nature; commonly, they exist in combination with
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glycerol in the form of triglycerides. Two principal families of PUFAs are known, namely
the n-6 (or omega-6) and the n-3 (or omega-3) (Table 1).

Table 1. PUFAs n-6 (or omega-3) family.

Sources of Dietary
n-3 PUFA

Sources of Dietary
n-3 PUFA

ALA
(α-Linolenic Acid)

EPA
(Eicosapentaenoic

Acid)

DHA
(Docosahexaenoic

Acid)
Ref.

Fish oil

Menhaden (oil)
Salmon (oil)
Herring (oil)
Sardine (oil)

-
-
-
-

13.18
13.3
6.28

10.15

8.56
18.23
4.21

10.66

[10,11]

Fish raw

Salmon (raw)
Sardine (raw)
Cod (dried)
Trout (raw)

Herring (raw)

0.09
-
-

0.1
0.19

0.89
0.51
0.02
0.15
1.09

1.19
1.16
0.62
0.5

1.01

[11]

Beef

New Zealand, liver
(raw)

New Zealand, kidney
(cooked)

0.05
0.08

0.11
0.15

0.04
0.03 [10]

Oils

Soybean (oil)
Wheat germ (oil)
Sunflower (oil)
Flaxseed (oil)
Safflower (oil)

Corn (oil)
Canola (oil)

7.3
5.3
0.33
53.37

0.1
0.6
9.15

-
-
-
-
-
-
-

-
-
-
-
-
-
-

[10,11]

Seed and nuts

Chia (dried/ground)
Hazelnut

(dried/ground)
Almond

(dried/ground)
Hemp seed (hulled)
Brazil nuts (dried)

Walnut
(dried/ground)

17.83
0.11
0.3
8.68
0.02
6.64

-
-
-
-
-
-

-
-
-
-
-
-

[10,11]

Linoleic acid (18: 2n-6) and α-linolenic acid (18: 3n-3) belong to these families, which
have the particularity of not being able to be synthesized by mammals. Vegetable oils
contain high amounts of linoleic acid. Green plants and some vegetable oils, on the other
hand, contain α-linolenic acid.

Importantly, although linoleic and α-linolenic acids cannot be synthesized by hu-
mans, they can still be metabolized into other fatty acids. In particular, linoleic acid can
be converted via γ-linolenic acid (18: 3n-6) and dihomo gamma-linoleic acid (20: 3n-6)
into arachidonic acid (20: 4n-6); it is also possible to convert α-linolenic acid in eicosapen-
taenoic acid (20: 5n-3; EPA). The specific chemical structure of EPA reflects important
biological characteristics. EPA can modify the physical properties of cellular membranes
by substituting the omega-6 fatty acid arachidonic acid (AA; 20:4, n-6) in membrane phos-
pholipids. Moreover, from the metabolism of EPA, antithrombotic and anti-inflammatory
lipid mediators can be generated, which are in stark contrast to the prothrombotic and
pro-inflammatory factors that are produced by arachidonic acid (AA) [12,13]. EPA can be
further metabolized, giving rise to docosapentaenoic acid (22: 5n-3; DPA) and docosahex-
aenoic acid (22: 6n-3; DHA).
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Fatty Acid Sources

Sources of fatty acids include fruits, vegetable oils, seeds, nuts, animal fats, and fish oils.
Essential fatty acids, such as omega-3 fatty acids, serve important cellular functions. They
are a necessary part of the human diet because the body has no biochemical pathway to
produce these molecules on its own. Particular linoleic and α-linolenic acids are introduced
through diet. Arachidonic acid is found in meats, and intake is estimated to be between
50 and 500 mg/day. Fish, especially fatty fish, are rich in EPA, DPA, and DHA. Mem-
brane phospholipids consist of basic units of polyunsaturated fatty acids. Preclinical
studies, conducted on laboratory guinea pigs fed according to standard feeding, showed
a high content of arachidonic acid (20: 4n-6) and a low content of eicosapentaenoic acid
(20: 5n-3; EPA) and docosahexaenoic acid (22: 6n-3; DHA) in the phospholipid composition
of tissue lymphocytes [14], peritoneal macrophages [15,16], alveolar macrophages [17],
Kupffer cells, and alveolar neutrophils [18]. If the diet of animals was enriched with fish oil,
rich in EPA and DHA, there is an accumulation of these in membrane phospholipids both
in lymphocytes [14] and in macrophages [19,20], and in Kupffer cells [17]. The even more
interesting data that emerges is represented by the decrease in the content of arachidonic
acid. Studies conducted on membrane phospholipids of cells such as neutrophils, lympho-
cytes, and monocytes of patients who consume typical Western diets contain about 10–20%
of fatty acids such as arachidonic acid, with about 0.5–1% EPA and about 24% DHA [21–23].
The fatty acid composition of these cells can vary by increasing the intake of marine n-3
fatty acids [23,24]. This occurs in a dose–response mode [23] and over a period of days to
weeks, with a new steady-state composition achieved within approximately 4 weeks. There
are several mechanisms through which fatty acids can influence inflammatory processes,
in particular the following:

• By taking fatty acids we can alter the intracellular concentrations of lipoproteins,
metabolites, complex lipids, and hormones, which in turn are modulators
of inflammation;

• Fatty acids can undergo oxidation processes and the compounds obtained can act on
inflammatory cells by binding to specific receptors;

• Fatty acids can be incorporated into cell membranes where they keep the fluidity of
the membranes intact; membrane phospholipids are also substrates for diacylglycerol,
and fatty acids can act as transcription factors or precursors for the biosynthesis of
lipid mediators.

4. Fatty Acid: Preclinical Studies

Several animal models were used to study the effects of EPA. As reported in a study
conducted on a mouse model of hyperlipidemia, represented by ApoE- and LDL-receptor-
deficient mice, the administration of EPA reduced the development of atherosclerotic lesions
and increased the cell content of omega-3 PUFAs, without changing the total cholesterol
or HDL content [25]. The analysis carried out on the atherosclerotic plaques of mice
administered with EPA showed a stable morphology associated with a lower deposition of
lipids and a reduced accumulation of macrophages accompanied by an increase in smooth
muscle cells and collagen content. An anti-inflammatory effect of EPA was also highlighted
due to the inhibition of the expression of adhesion molecules and monocyte chemoattractant
protein 1 (MCP-1) and inhibition of the production of metalloproteinases by macrophages.
The atherosclerotic plaques of mice treated with EPA had a stable morphology, including
less lipid deposition, decreased accumulation of macrophages, increased smooth muscle
cells, and greater collagen content. In addition, EPA had an anti-inflammatory effect
on endothelial cells, inhibiting the expression of adhesion molecules and MCP-1 and by
inhibiting production of matrix metalloproteinase by macrophages.

EPA is converted to 18R-hydroxyheicosapentaenoic acid (18R-HEPE) by COX-2-
expressing vascular endothelial cells, which is acetylated in the presence of aspirin during
inflammation. Endothelial cells expressing COX-2 convert EPA into 18R-HEPE, which is
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subsequently released by endothelial cells and converted via neutrophil-derived 5-LOX
through a common epoxy intermediate in Resolvin E1 (RvE1) and Resolvin E2 (RvE2).

Data from a study in which they were used have recently been acquired. ApoE 3 Leiden
transgenic mice transgenic (known as mice able to develop hyperlipidemia and susceptible
to diet-induced atherosclerosis) were used to study RvE1 obtained by the EPA on the
development of arteriosclerotic lesion. The animals were given a hypercholesterolemic diet
for 9 weeks after which they received the administration of RvE1 (low or high dose) for
16 weeks. A group treated with atorvastatin and one with low-dose RvE1 were also added
to the study atorvastatin. Compared to the control group, the group treated with RvE1
(low or high dose) and with atorvastatin reduced the arteriosclerotic lesion from 35% to
27%; the combination of RvE1 and atorvastatin reduced the atherosclerotic lesion area by
51% [26]. Data collected from another study conducted on LDL-receptor-deficient mice
showed that EPA significantly reduces the size of atherosclerotic plaques as well as total
cholesterol levels [27]. Levels of proinflammatory cytokines and chemokines (TNF alpha;
interferon gamma) were lower than in the control group. Another target on which EPA acts
is represented by dendritic cells whose phenotype is reorganized after administration of
EPA; the number of T cells is reduced in the spleen and lymph nodes [28].

5. Fatty Acids: Clinical Studies

The importance of the use of omega-3 fatty acids in general, and of EPA in particular,
is also linked to the numerous guidelines on their use; for the National Lipid Association
(NLA) omega-3 fatty acids represent the first option for the treatment of patients with
high triglyceride (TG) levels (≥500 mg/dL) and as an add-on option to statin therapy for
those with high TG levels (200–499 mg/dL) [29]. For the Japan Atherosclerosis Society
(JAS) the addition of EPA to a statin therapy represents an added value for the treatment
of high-risk patients with LDL-C levels ≥140 mg/dL [30]. Numerous clinical studies
have reported data on the importance assumed by omega-3 PUFAs on the prevention of
ASCVD; in particular, on the international scene, four studies stand out: Gruppo Italiano
per Io Studio della Sopravvivenza nell’Infarto Miocardico (GISSI)-Prevention study [3], the
Japan Eicosapentaenoic Acid Lipid Intervention (JELIS trial) [31], the GISSI-Heart Failure
study [32], and the Reduction of Cardiovascular Events with Icosapent Ethyl-Intervention
Trial (REDUCE-IT) [33] (see Table 2). Moreover, other studies were also formulated in which
a low dose of omega-3 PUFA was used (in a range of 840 mg/d of EPA + DHA) but which
did not produce positive results. In particular, we can count the ORIGIN trial [34], the
Risk and Prevention Study [35], the ALPHA OMEGA trial [36], A Study of Cardiovascular
Events in Diabetes (ASCEND) trial [37], and the Vitamin D and Omega-3 Trial (VITAL) [38].

Table 2. Clinical studies showed data on the relevance of omega-3 PUFAs on the prevention of ASCVD.

Clinical Trial Patient Characteristics Dose PUFA Outcomes Ref

(GISSI)-Prevention
study

Men and women (15%)
after myocardial infarction 850 mg EPA/DHA

The group treated with omega-3
PUFAs were shown to have a 20%
reduction in major CV events, a

30% reduction of CV death, and a
45% reduction in SCD

[3]

JELIS trial

Hypercholesterolemic men
and women (69%), with

and without CHD, already
receiving statin therapy

1800 mg EPA Treatment was associated with a
19% reduction in major CV events [29]
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Table 2. Cont.

Clinical Trial Patient Characteristics Dose PUFA Outcomes Ref

GISSI-Heart Failure
study

Men and women (22%)
with congestive heart

failure
850 mg EPA/DHA

Treatment was associated with a
6% reduction in CV death or

hospitalization
[30]

REDUCE-IT

Middle-aged,
history of CVD or DM;

TG 135–499 mg/dL;
LDL-C 40–100 mg/dL with

statin

4000 mg EPA Treatment was associated with a
reduction risk of ischemic events [31]

EPA: Outcomes Studies

In the Outcomes to Assess Statin Residual Risk Reduction with Epanova in High
CV Risk Patients with Hypertriglyceridemia (STRENGTH) study, the effects of a 4 g/day
administration of EPA and DHA in a carboxylic acid formulation were analyzed [39].
A meta-analysis conducted on 20 studies that enrolled 68,680 patients showed that the
administration of omega-3 PUFAs led to a reduction in the risk of cardiac death (RR
0.91, 95% CI: 0.85–0.98) in secondary prevention [40]. Data obtained from this survey led
the American Heart Association (AHA) of 2017 to express a scientific opinion in which
it is reported that the low-dose supplementation of omega-3 PUFA was conceivable to
prevent the secondary manifestations of coronary diseases in patients with overt coronary
heart disease. [41] A recent meta-analysis formulated by expanding the data with those
obtained from three recent large-scale RCTs of omega-3 PUFAs (REDUCE-IT, ASCEND,
and VITAL) clearly highlighted the beneficial properties of omega-3 PUFAs in limiting the
risk of developing cardiovascular events. These reductions appear to be associated with the
supplemental omega-3 PUFA dose [42]. In the analysis carried out by the REDUCE-IT study,
the effects obtained from the use of the ethyl ester EPA (icosapent ethyl 4 g/day) on the
development of high-risk cardiovascular events in patients on drug treatment with statins
were examined [33]. The clinical condition of the patients was subsequently assessed with
4.9-year follow-up, which demonstrated a positive effect of using EPA [33]. Data obtained
from REDUCE-IT led the National Lipid Association to recommend the administration of
icosapent ethyl for patients aged ≥45 years with clinical ASCVD, or aged ≥50 years with
diabetes mellitus requiring drugs plus ≥1 factor of additional risk, with fasting triglycerides
135 to 499 mg/dL on high-intensity or maximally tolerated statin therapy to reduce the risk
of ASCVD [43]. The FDA has approved the administration of icosapent ethyl to both treat
patients with triglyceride levels ≥500 mg/dL, and to reduce the risk of ASCVD in people
with diabetes mellitus and two or more additional risk factors for cardiovascular disease in
drug therapy with statins [43]. The difference between the positive effect of icosapent ethyl
reported in the REDUCE-IT [33] study and the lack of an effect of the mixed carboxylic
acids EPA and DHA in the STRENGTH [39] study is still questionable. The studies cited
used omega-3 PUFAs at high doses but in different formulations, so comparisons should
be made with caution. The studies were designed differently in at least three aspects.
First, the omega-3 PUFAs were administered as an ethyl ester formula in the REDUCE-IT
study and as non-esterified fatty acids, rapidly ionized transforming into molecules with
detergent properties (soaps), in the STRENGTH study. Second, unlike the corn oil used in
the STRENGTH study, the placebo mineral oil used in the REDUCE-IT study may have
influenced expectations. Third, the DHA component of omega-3 PUFAs may be ineffective
or even harmful, although there are currently no studies on the ASCVD outcomes of
DHA monotherapy. The significant therapeutic efficacy of EPA in combination with statin
on ASCVD was not found in other triglyceride-lowering agents, including fenofibrate
and niacin, which failed to reduce cardiovascular events as compared to statin treatment
alone [44,45]. With the withdrawal of recommendations by the FDA on the combination of
statins with fibrates or niacin in the prevention or treatment of ASCVD, icosapent ethyl
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remains a viable non-LDL target therapy for patients with increased ASCVD risk and
hyper-triglyceridemia. Pemafibrate to Reduce Cardiovascular Outcomes by Reducing
Triglycerides in Patients with Diabetes (PROMINENT; NCT03071692), an ongoing trial
of pemafibrate (a selective PPAR α modulator that significantly lowers triglyceride) in
patients with type 2 diabetes mellitus, mild-to-moderate hypertriglyceridemia, and low
HDL-cholesterol might further shed light on the mechanism of triglyceride-lowering agents
on ASCVD [46].

6. Role of EPA on Athero-Inflammatory-Thrombotic Processes

The scientific literature demonstrates how EPA plays a beneficial function in the regu-
lation of endothelial tone. The endothelial cells, in fact, release nitric oxide (NO), which has
the ability to modulate the vasomotor tone in response to acetylcholine and other vasoac-
tive agonists [47]. Under physiological conditions, there is, in the body, an endothelium-
dependent vasodilation due to the release of NO. If one has endothelial dysfunction, then
NO release is reduced or absent. In this case, we are witnessing the appearance of toxic
effects due to reactive oxygen costs, including peroxynitrite (ONOO_1) [47,48]. EPA is able
to significantly reduce the formation of reactive oxygen species, as well as the expression of
adhesion molecules, the release of pro-inflammatory cytokines, and the apoptotic cascade,
as demonstrated by the Din in vitro studies conducted on HUVEC cells [49]. EPA was also
found to be able to reduce or inhibit lipid peroxidation in membrane vesicles with even
high cholesterol levels. The highlighted effect is also easy due to the presence of statins [44].
It is known that glucose contributes to the development of lipid peroxidation, the direct
consequence of which is the appearance of high cholesterol levels. In this process, EPA
also plays a key role, since it inhibits the formation of lipids [50]. The antioxidant effect of
EPA seems to be due to its ability to intercalate in the lipid bilayer of the membrane while
preserving its structural component (Figure 2) [50].

Figure 2. Possible effect of EPA on the endothelial membrane: inhibition of the propagation of free
radicals. According to this model, it is hypothesized that EPA is able to intercalate between membrane
phospholipids, in the central region, inhibiting the propagation of free radicals and thus preserving a
more homogeneous distribution of cholesterol.

EPA and Atherosclerotic Plaque

Recent studies show how EPA is able to reduce the neo vasculogenic process in human
endothelial cells by acting on the modulation of the expression of the c-lit protein on the
PI3-K/Akt/eNOS pathway, thus preventing ischemic injury [51]. Two studies in particular
demonstrate these EPA actions; in the ANCHOR study, the administration of EPA at a dose
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of 4 g/day for 12 weeks reduced the oxidation of LDL by 13.3% compared to the placebo
group in patients treated with statins and high triglycerides (from 200 to <500 mg/dL). In the
MARINE study, there was a reduction of 6.6% (P = 0.055) in patients with higher levels of
triglycerides (500 to <2000 mg/dL) [52]. In patients with type 2 diabetes mellitus and on drug
therapy with statins, the addition of EPA at a dose of 1.8 g/day for 6 months) improved the en-
dothelial function, as well as the conditions of CHD patients [53]. Similarly, in hyperlipidemic
patients, the administration of EPA at a dose of 1.8 g/day for 3 months restored endothelium-
dependent vasodilation at a superimposable level compared to that found in the group of
normolipidemic patients [54]. Co-administration of EPA at a dose of 1.8 g/day for 48 weeks)
with statins compared to statin monotherapy significantly inhibited the progression of arterial
stiffness as observed in the analysis of the b-index stiffness parameter of the carotid artery in
CHD patients (p = 0.02) [55]. EPA at a dose of 4 g/day for 12 weeks was shown to be effective
in significantly reducing RLP-C by 25.8% in statin-treated patients who exhibited high levels
of triglycerides (p = 0.0001) and 29.8%, respectively, in patients with even higher triglyceride
levels (p = 0.0041) than in the placebo group [56]. Analyzing the ANCHOR study even more
selectively, it was found that EPA significantly reduces RLP-C by 25.0% (p <0.0001) and VLDL
triglycerides by 28.9% (p < 0.01) compared to the placebo group in the subgroup of patients
with type 2 diabetes mellitus and on drug treatment with statins and elevated triglycerides [57].
In another study, in patients with type 2 diabetes mellitus and metabolic syndrome, EPA
administered at a dose of 1.8 g/day for 3 months significantly reduced the volume of dense
LDL particles (p < 0.01) and RLP triglycerides (p < 0.05) compared to baseline [58]. Numerous
studies have shown that EPA is able to significantly reduce the volume of lipid plaque. By
adding EPA at a dose of 1.8 g/day to background drug therapy with high-intensity statins,
it significantly reduces the volume of lipid plaque and that of fibrotic plaque after 6 months
(both p < 0.05) as measured by ultrasound intravascular [59]. Similarly, EPA at a dose of
1.8 g/day in co-administration with pitavastatin significantly reduced coronary plaque vol-
ume after 8 months of treatment compared to pitavastatin alone (−24% vs. −2%, p < 0.01) in
patients with impaired glucose tolerance and angina pectoris [60]. In patients treated with EPA
for 1 year, the tomography reported an important reduction in volume of soft plaque, contrary
to what was seen in patients undergoing pharmacological treatment with ezetimibe [61]. The
aforementioned studies have shown that the EPA, in general, exerts protective effects on the
development of arteriosclerosis processes; in particular, it is clear in its involvement in the
protection of endothelial function, in the reduction of oxidative stress levels, and in the mainte-
nance of low inflammatory levels, which see the release of cytokines, platelet aggregation, and
thrombus formation. Furthermore, EPA is also able to act on the reduction of atherogenic dys-
lipidemia levels with numerous benefits given by the ability to intercalate in the lipid bilayer of
the plasma membrane. Of considerable pharmacological interest is the data that demonstrate
how the beneficial effects of EPA are still maintained if administered together with statins. A
clinical trial, randomized and controlled, called REDUCE-IT (NCT01492361), is now available,
developed to evaluate the administration of EPA in a highly purified formulation [62]. The
drug currently under study is called icosapent ethyl and represents a high purity formulation
containing the ethyl ester of EPA. The recommended therapeutic dose in the trial is 4 g/day
to be taken as two 1 g capsules twice daily with food. Therapeutic results were also achieved
in the MARINE and ANCHOR studies. In particular, in the MARINE study, conducted in pa-
tients with elevated triglyceride levels, treatment with icosapent ethyl at a dose of 4 g/day for
12 weeks significantly reduced their levels by 33.1% (p < 0.0001), VLDL triglycerides by
25.8% (p = 0.0023), VLDL cholesterol (VLDL-C) by 28.6% (p = 0.0002), non-high density
lipoprotein cholesterol (not HDL-C) by 17.7% (p < 0.0001), and Apo B by 8.5% (p = 0.0019)
compared to the placebo values [63]. In the ANCHOR study conducted in patients on
drug treatment with statins and elevated triglycerides, treatment with icosapent ethyl at a
dose of 4 g/day for 12 weeks significantly reduced triglyceride levels by 21.5% (p < 0.0001),
LDL-C by 6.2% (p = 0.0067), VLDL triglycerides by 26.5% (p < 0.0001), C-VLDL by 24.4%
(p < 0.0001), C-non-HDL by 13.6% (p < 0.0001), and Apo B by 9.3% (p < 0.0001) compared
to placebo [63]. On the basis of the data obtained from the analysis of the different clinical
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trials, a new pharmacoeconomic model was prepared that highlighted how the combination
of EPA and statin for the secondary prevention of cardiovascular diseases is now associated
with important economic savings and utility therapeutics when compared with single statin
treatment [64].

7. Conclusions

Numerous studies have now shown that the inflammatory process is the basis of
various diseases; in this context, it is now recognized that the role of fatty acids is to control
inflammation by changing their composition in cell membranes, for example making it
more fluid or altering its gene expression. The key cells of the inflammatory process are rich
in arachidonic acid n-6 fatty acid, but their content can vary through oral administration
of EPA and DHA. The increase in the membrane content of EPA and DHA causes a
change in the production pattern of eicosanoids and probably also of resolvins. Given
the involvement that n-3 marine PUFAs have in modulating inflammatory responses, it
is understood how these can be decisive in inflammatory process and resolution. The
clinical data obtained from the anti-inflammatory evaluations obtained thanks to the role
of EPA have raised the awareness that an increase in the diet could bring a clinical benefit.
There have been numerous studies that have provided encouraging data in patients with
rheumatoid arthritis [65], though fewer in patients suffering from inflammatory bowel
diseases [2]. With regard to these diseases, the data between adults and children are
conflicting; in the latter, there are greater therapeutic successes [66]. A very interesting
study was conducted in pregnant women where the administration of EPA determined
beneficial effects on both the maternal and fetal immune systems [67,68], so as to reduce
the risk of onset of allergic diseases during early childhood [69]. These first evidences
opened the field to study the effects of EPA on the immune system [70]. In the plethora of
inflammatory diseases, an exception is represented by cardiovascular disease, of which, to
date, studies on EPA have been most concentrated [71,72], whose effects are particularly
evident in the stabilization of atherosclerotic plaques [73]. A univocal and clear dose of
EPA to be used has not yet been identified, although it is clear that the therapeutic effects
are strictly dose-dependent [23]. Studies conducted on volunteers have highlighted that an
intake of >2 g EPA + DHA/day is required to modulate inflammatory processes. Studies
in patients with rheumatoid arthritis used 1.5 to 7 g EPA + DHA/day (average about
3.5 g/day) and were long-lasting (3 to 12 months), with effects which appear after several
months [74]. One study compared two different doses [75], showing that the greatest
benefits were obtained with the higher dose. Reading data clearly demonstrate that fatty
acids modulate inflammatory phenomena through various motive mechanisms related to
changes in the fatty acid composition of cell membranes. Inflammatory cells are rich in
n-6 arachidonic acid, but the content of arachidonic acid and n-3 fatty acids EPA and DHA
may vary after oral administration of EPA and DHA. The EPA in itself can be a source of
eicosanoids with characteristics different from those deriving from arachidonic acid. In fact,
both EPA and DHA are sources of recently discovered resolvins with anti-inflammatory
properties. The altered fatty acid composition of inflammatory cells also alters the synthesis
of peptide mediators of inflammation such as adhesion molecules or cytokines.

Summarizing, data related to clinical investigation reported the following:

• EPA lowers both triglyceride and cholesterol levels [7,8];
• Unlike DHA, EPA does not cause the increase of low-density lipoprotein cholesterol

(LDL-C) levels [63,76];
• EPA protects against oxidative damage and improves endothelium formation [77];
• EPA inhibits monocyte movement into early lesions and subsequent conversion to

macrophages and foam cells [78];
• EPA supports anti-oxidant and anti-inflammatory functions of high- density lipopro-

tein (HDL) [79];
• EPA promotes HDL-mediated cholesterol efflux from macrophages [79];
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• EPA reduces atherosclerotic plaque formation, progression, and vulnerability to rup-
ture [80];

• EPA decreases platelet-mediated thrombus formation [81];
• EPA reduces blood pressure, likely attributable to improvement of endothelial func-

tion [82]; importantly, many of these effects have been observed with EPA alone or are
additive to those of statins.
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