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Background and Purpose: Devising novel strategies to therapeutically favour inflam-

mation resolution and provide neuroprotection is an unmet clinical need. Enhancing

endocannabinoid tone by inhibiting the catabolic enzyme fatty acid amide hydrolase

(FAAH), or stimulating melatonin receptors has therapeutic potential to treat neuro-

pathological states in which neuroinflammation plays a central role.

Experimental Approach: A rodent hippocampal explant model of inflammatory injury

was used to assess the effects of UCM1341, a dual-acting compound with FAAH

inhibitory action and agonist activity at melatonin receptors, against neuroinflammatory

damage. FAAH activity was measured by a radiometric assay, and N-acylethanolamine

levels were assessed by HPLC–MS/MS methods. FAAH distribution, evolution of

inflammation and the contribution of UCM1341 to the expression of proteins control-

ling macrophage behaviour were investigated by biochemical and confocal analyses.

Key Results: UCM1341 exhibited greater neuroprotection against neuroinflammatory

degeneration, compared with the reference compounds URB597 (FAAH inhibitor) and

melatonin. During neuroinflammation, UCM1341 augmented the levels of anandamide

and N-oleoylethanolamine, but not N-palmitoylethanolamine, up-regulated PPAR-α

levels, attenuated demyelination and prevented the release of TNF-α. UCM1341 mod-

ulated inflammatory responses by contributing to microglia/macrophage polarization,

stimulating formation of lipid-laden macrophages and regulating expression of proteins

controlling cholesterol metabolism and efflux. The neuroprotective effects of

UCM1341 were prevented by PPARα, TRPV1 and melatonin receptor antagonists.

Conclusion and Implications: UCM1341, by enhancing endocannabinoid and melato-

ninergic signalling, benefits neuroprotection and stimulates inflammation resolution

pathways. Our findings provide an encouraging prospect of therapeutically targeting
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endocannabinoid and melatoninergic systems in inflammatory demyelinating states

in the CNS.
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1 | INTRODUCTION

Neuroinflammation is a critical determinant for the pathogenesis of

several neurodegenerative disorders and chronically contributes to

glial dysfunction, neuronal death and remyelination failure in multiple

sclerosis (MS) or Alzheimer's disease (AD) (Franklin & Ffrench-

Constant, 2017). Promoting neuroprotection and modulating the

microglia/macrophage response are important therapeutic goals to

accelerate myelin repair, improve functional recovery and prevent dis-

ease progression (Boscia et al., 2021).

Endocannabinoids are lipid mediators released on demand from

membrane phospholipid precursors exerting their effects via the acti-

vation of cannabinoid CB1/CB2 receptors and non-cannabinoid recep-

tors, including the peroxisome proliferator-activated receptors

(PPARs), transient receptor potential vanilloid type 1 (TRPV1) and

other G protein-coupled receptors (GPCRs), including GPR55, GPR18

and GPR119 (Irving et al., 2017). Inhibition of the endocannabinoid-

hydrolysing enzyme fatty acid amide hydrolase (FAAH) increases the

levels of biologically active endocannabinoid and related ethanola-

mides, including anandamide (AEA), N-oleoylethanolamine (OEA) and

N-palmitoylethanolamine (PEA) (Kathuria et al., 2003). Although AEA

is an endocannabinoid, the other ethanolamides exert their activity

through non-cannabinoid receptors, such as PPAR-α and GPR119,

sustaining the immunomodulatory and neuroprotective activity

(Petrosino & Di Marzo, 2010; Piomelli, 2003). The pharmacological

inhibition of FAAH is considered a valuable therapeutic approach to

treat depression and anxiety disorders, also when they are co-morbid

conditions of chronic inflammatory diseases (Bortolato et al., 2007;

Kathuria et al., 2003; Vecchiarelli et al., 2021). Targeting FAAH also

represents a promising treatment option to enhance anti-nociceptive

and anti-inflammatory effects and provide neuroprotection

(Piomelli & Mabou Tagne, 2022).

The indoleamine melatonin, (N-acetyl-5-methoxytryptamine), the

main neurohormone of the pineal gland, regulates the sleep–wake

cycle and other physiological functions acting via non-receptor and

receptor-dependent signalling pathways (Liu et al., 2019). In the mam-

malian brain, melatonin receptor-dependent effects result from the

activation of two GPCRs, the melatonin receptor type 1 (MT1) and

melatonin receptor type 2 (MT2), that exist as homodimers and/or

heterodimers with themselves or other GPCRs, such as GPR50

(Jockers et al., 2016). Even if the cytoprotective effect of melatonin

has been often related to its free radical scavenging activity, due to

the presence of the indole ring, increasing evidence highlights an

important role of its receptor activity for antioxidant,

immunomodulatory and neuroprotective roles through the activation

of the nuclear erythroid 2-related factor 2 (Nrf2) pathway and sup-

pression of pro-inflammatory NF-κB signalling (Nikolaev et al., 2021).

Recently, our research group has developed dual-acting com-

pounds, with potent and balanced FAAH inhibitory action and agonist

activity on melatonin receptors (Spadoni et al., 2018). Among them,

UCM1341, having nanomolar MT1/MT2 binding affinity and inhibitory

potency on FAAH, was able to reduce intraocular pressure, an effect

exerted by both melatonin and FAAH substrates, including the endo-

cannabinoid AEA, with improved activity compared to single agents.

In the present study, we investigated whether FAAH inhibition

combined with the activation of melatonin receptors may represent a

synergistic drug combination to provide neuroprotection.

What is already known

• Enhancing the endocannabinoid and melatoninergic tone

has therapeutic potential to treat neuroinflammatory

diseases.

• UCM1341 is a dual-acting compound with FAAH inhibi-

tory action and agonist activity on melatonin receptors.

What does this study add

• UCM1341 protected against neuroinflammatory degen-

eration and stimulated inflammation resolution pathways

in neonatal rat hippocampal tissue.

• Activation of PPAR-α, TRPV1 channels and melatonin

receptors contributes to the beneficial effects of

UCM1341.

What is the clinical significance

• FAAH inhibition and activation of melatonin receptors

provide synergistic neuroprotection against the neuroin-

flammatory damage.

• Our findings provide an encouraging prospect of target-

ing endocannabinoid and melatoninergic systems in

inflammatory states.
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To this aim, we tested the effects of UCM1341 and the reference

compounds, melatonin and URB597 (an established FAAH inhibitor),

alone or in combination, against N-methyl-D-aspartate (NMDA)-

induced excitotoxicity or lipopolysaccharide (LPS) + interferon-γ

(IFN-γ)-induced neuroinflammatory damage in rat hippocampal

explant cultures. UCM1341 exerted a greater neuroprotection against

the neuroinflammatory insult, compared with those of the reference

compounds, melatonin and URB597. UCM1341 also modulated the

inflammatory response by contributing to microglia/macrophage

polarization and regulating the expression of proteins controlling cho-

lesterol metabolism and efflux. Collectively, our findings demon-

strated a synergistic contribution of both endocannabinoid and

melatoninergic signalling to the beneficial effects of the bivalent

ligand during neuroinflammation.

2 | METHODS

2.1 | Animals

Animal studies are reported in compliance with the ARRIVE guidelines

(Piercie du Sert., 2020) and with the recommendations made by the

British Journal of Pharmacology (Lilley et al., 2020). All animal experi-

ments and animal handling and care were in accordance with the

Guide for the Care and Use of Laboratory Animals (EU Directive

2010/63/EU), and the experimental protocol was approved by the

Animal Care and Use Committee of ‘Federico II’ University of Naples,

Italy, and Ministry of Health, Italy (#515/2019-PR). Female Wistar rats

(14 days timed pregnant) were obtained from Charles River Laborato-

ries (Calco, Italy) and maintained at a constant temperature (22 ± 1�C)

on a 12 h light/dark cycle (lights on at 7:00 AM) with food and water

ad libitum. Welfare-related assessments were carried out serially dur-

ing the study. All efforts were made to minimize animal suffering and

to reduce the number of animals used. The pregnant dams were

allowed to deliver their pups naturally. At 7–9 days postpartum, litter-

mates weighing 15–20 g were used for the preparation of organotypic

explants. Both male and female animals were used for organotypic

explant preparation.

2.2 | Hippocampal organotypic explants

Organotypic explants were prepared as previously described (Boscia

et al., 2006, 2008). Postnatal P7- to P9-day-old Wistar rat pups were

killed by cervical dislocation, and 400-μm-thick parasagittal slices were

obtained from dissected hippocampi using a McIlwain tissue chopper

(Campden Instruments, Leicester, UK) and placed into ice-cold Hank's

balanced salt solution (HBSS, Gibco, Milan, Italy, Cat# 24020117) sup-

plemented with 5 mg�ml�1 glucose and 1.5% (v/v) fungizone. Cultures

were then transferred to a humidified semiporous membrane (30 mm

Millicell tissue culture plate inserts of 0.4 m pore size from Millipore,

Milan, Italy, Cat# PICM03050) in six-well tissue culture plates (five

slices per membrane). Each well contained 1.2 ml of tissue culture

medium consisting of 50% minimal essential medium (MEM, Gibco,

Milan, Italy, Cat# 11095080), 25% HBSS, 25% heat-inactivated horse

serum (HS, Gibco, Italy, Cat# 26050088), 6.5 mg�ml�1 glucose, 1 mM

glutamine and 1.5% fungizone (Thermo Fisher Scientific, Italy, Cat#

15290018) (normal medium [NM]). Cultures were maintained at a

37�C and 5% CO2-conditioned atmosphere. Experiments were per-

formed on cultures kept in vitro for 7 days (7 DIV) or 10 days (10 DIV).

Therapeutic screens in organotypic explant cultures prepared

from rodent postnatal P7–P9 brains provide a valuable system to

study candidate lead compounds for neuroprotection and their mech-

anism of action in a multicellular CNS context. Brains of postnatal ani-

mals are commonly used for slice cultures because they are more

resistant to mechanical trauma that occurs during the slice prepara-

tion compared to the adult brains. Preparing organotypic brain slice

cultures from adult brains is more challenging and requires to be opti-

mized for long-term culturing such as culturing at lower temperatures,

optimizing culture medium components or reducing the thickness

because the cell survival is very limited and cytoarchitectural organiza-

tion of the tissue is not retained for a long time (Boscia et al., 2008).

2.3 | NMDA-induced neurodegeneration and drug
exposure

Treatment with NMDA was carried out in hippocampal cultures, as

previously described (Boscia et al., 2006). Organotypic hippocampal

slice cultures were removed from NM, washed in SFM and exposed

to 10–30 μM NMDA (with or without test compounds) for 48 h in

fresh SFM. Control hippocampal cultures were kept in SFM. Appropri-

ate concentrations of UCM1341 (0.1–10 μM), URB597 (10 μM), mel-

atonin (10 μM) or vehicle (DMSO ≤ 0.1%) were added to the medium

at the beginning of the treatment and were kept in the culture

medium during the entire duration of the experiment.

2.4 | LPS + IFN-γ-induced neurodegeneration and
drug exposure

Hippocampal explants were removed from normal serum-containing

medium, washed in SFM (consisting of NM with serum replaced with

MEM, plus 1% HS) and exposed to a combined application of

10 μg�ml�1 LPS + 100 ng�ml�1 IFN-γ for 72–96 h in SFM. This model,

by mimicking microglial interaction with infiltrating peripheral immune

T cells, triggers the release of large amounts of pro-inflammatory and

cytotoxic factors and promotes an inflammatory neurodegeneration

(Papageorgiou et al., 2016). Appropriate concentrations of UCM1341

(0.1–10 μM), URB597 (10 μM), melatonin (10 μM) or vehicle

(DMSO ≤ 0.1%) were added to the medium at the beginning of the

treatment and were kept in the culture medium during the entire

duration of the experiment. Luzindole, a melatonin receptor antago-

nist (0.1–10 μM), AM251, a CB1 receptor antagonist (0.1–10 μM),

AM630, a CB2 receptor antagonist (0.1–10 μM), SB3667, a TRPV1

channel antagonist (0.03–10 μM) or GW6471, a PPARα antagonist

1318 CAMMAROTA ET AL.

 14765381, 2023, 10, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16014 by U

niversita D
i Ferrara, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4339
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4268
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5019
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4968
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1363
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3317
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=750
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3440


(10 μM) were added to the cultures for 1 h before treatment with the

LPS/IFN-γ combination and used at concentrations that had no effect

when used alone (Landucci et al., 2021). Control culture explants were

kept in SFM, in the absence or presence of test compounds.

2.4.1 | Assessment of cell death and image analysis

Cell injury was assessed in explants by live incorporation of a marker

of compromised membrane integrity, PI (5 μg�ml�1), that emits a

bright red fluorescence when exposed to blue–green light. For densi-

tometric measurements, the digital pictures were analysed with the

Image-Pro Plus software (Media Cybernetics), after freehand outlining

of the cornu ammonis (CA) neuronal layer, as previously described

(Boscia et al., 2006, 2008).

2.5 | Immunoblotting

Explant extract preparation and immunoblotting were performed as

previously described (Boscia et al., 2015). The slices were lysed in

50 mM Tris–HCl pH 8.0 buffer containing 150 mM NaCl, 1% Nonidet

P-40, 2 μg�ml�1 aprotinin, 1 μg�ml�1 pepstatin, 2 μg�ml�1 leupeptin

and 1 mM Na3VO4. Protein concentration was determined by the

Bradford assay using BSA as the standard, and the crude extracts

were analysed with 8% or 14% SDS–polyacrylamide gel. Then, gels

were electrophoretically transferred onto nitrocellulose membranes,

and filters were probed with the indicated primary antibodies: rabbit

polyclonal anti-FAAH (1:5000, Cayman Chemical, Ann Arbor, MI,

USA, RRID:AB_327842), rabbit polyclonal anti-Iba1 (1:2000, Wako

Chemicals, USA, Cat# 019-19741), mouse monoclonal anti-MEL-1A/

B-R (1:1000, Santa Cruz Biotechnology, Inc., Dallas, TX, USA, RRID:

AB_2833090), rat monoclonal anti-myelin basic protein (MBP,

1:1000, Merck Life Science S.r.l., Milan, Italy, RRID:AB_240845), rab-

bit polyclonal anti-mannose receptor CD206 (1:5000, Abcam, RRID:

AB_10896526), rabbit polyclonal anti-arginase-1 (Arg-1, 1:5000,

Abcam, Cambridge, UK, RRID:AB_10563668), rabbit polyclonal anti-

AMP-activated protein kinase (AMPK) and anti-phospho-AMPK

(1:1000, each, Cell Signaling, Danvers, MA, USA, RRID:AB_310416,

RRID:AB_390759), mouse monoclonal anti-triggering receptor

expressed on myeloid cells-2 (TREM2, 1: 1500, Santa Cruz Biotech-

nology, Inc., Dallas, TX, USA, RRID:AB_1130660), mouse monoclonal

anti-liver X receptor α/β 1:300 (LXRα/β, Santa Cruz Biotechnology,

Inc., Dallas, TX, USA, RRID:AB_2251583), mouse monoclonal anti-

ATP-binding cassette transporter member 1 (ABCA1; 1:1000, Santa

Cruz Biotechnology, Inc., Dallas, TX, USA, RRID:AB_830977), mouse

monoclonal anti-PPARα (1:600, Santa Cruz Biotechnology, Inc., Dallas,

TX, USA, RRID:AB_2165759) and rabbit polyclonal anti-β-actin

(1:1000, Merck Life Science S.r.l., Milan, Italy, RRID:AB_476744). Pro-

teins were visualized with peroxidase-conjugated secondary anti-

bodies, using the enhanced chemiluminescence system (Amersham

Pharmacia Biosciences Ltd, Uppsala, Sweden, Cat# RPN2209). Films

were scanned, and the signal ratio of (protein of interest/

housekeeping protein) was quantified densitometrically. Where indi-

cated, filters were stripped as described (Cammarota et al., 2021). The

immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology (Alexander et al., 2018).

2.6 | Confocal microscopy

Confocal immunofluorescence procedures in organotypic explants

were performed as previously described (Boscia et al., 2013; de Rosa

et al., 2019). Slices were fixed in 4% w/v paraformaldehyde in phos-

phate buffer (PB) for 1 h, blocked with 3% BSA and 0.05% Triton X

(Merck Life Science S.r.l., Milan, Italy, Cat# 9036-19-5) for 40 min and

then incubated with the following primary antibodies: rabbit polyclonal

anti-FAAH (1:1500, Cayman Chemical, Ann Arbor, MI, USA, RRID:AB_

327842), mouse monoclonal anti-glial fibrillary acidic protein (GFAP)

(1:1000, Merck Life Science S.r.l., Milan, Italy, RRID:AB_10013721),

rabbit polyclonal anti-Iba1 (1:2000, Wako Chemicals, USA, Cat#

019-19741), mouse monoclonal anti-CD11b (1:1000, Thermo Fisher

Scientific, Inc., RRID:AB_2536484), mouse monoclonal anti-microtu-

bule-associated proteins MAP2 (1:2000, Merck Life Science S.r.l.,

Milan, Italy, RRID:AB_91939), rabbit polyclonal anti- neurofilament-

200 (anti-NF200; 1:500, Merck Life Science S.r.l., Milan, Italy, RRID:

AB_1842647), rat monoclonal anti-MBP (1:1000, Merck Life Science

S.r.l., Milan, Italy, Cat# MAB386), rabbit polyclonal anti-CD206

(1:13,000, Abcam, Cambridge, UK, RRID:AB_10896526), guinea pig

polyclonal anti-GABA (1:400, Merck Life Science S.r.l., Milan, Italy,

RRID:AB_213533), guinea pig polyclonal anti-perilipin2 (Plin2; 1:3000,

Progen, Heidelberg, Germany, RRID:AB_2895086) and mouse mono-

clonal anti-ABCA1 (1:400, Santa Cruz Biotechnology, Inc., Dallas, TX,

USA, RRID:AB_830977). After 48 h at 4�C, slices were incubated with

the corresponding secondary antibodies for 2 h at room temperature.

Finally, they were mounted on glass slides and imaged with Zeiss LSM

700 laser (Carl Zeiss, Jena, Germany) scanning confocal microscope.

Controls of the methods included replacement of the primary

antisera with normal serum (1:200). To control for a possible cross-

reactivity between IgGs in double immunolabelling experiments, some

sections were processed through the same immunocytochemical

sequence except that primary antisera were replaced with normal

serum, or only one primary antibody was applied, but the full comple-

ment of secondary antibodies was maintained. In addition, the sec-

ondary antibodies utilized were highly pre-adsorbed to the IgGs of

numerous species. Tissue labelling without primary antibodies was

also tested to exclude autofluorescence. No specific staining was

observed under these control conditions, thus confirming the specific-

ity of the immunosignals.

2.6.1 | Quantification of confocal studies in
hippocampal explants

Confocal microscopy was used to obtain stacks of photographs of

FAAH/MAP2, FAAH/GFAP, FAAH/CD11b and MBP/NF200

CAMMAROTA ET AL. 1319

 14765381, 2023, 10, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bph.16014 by U

niversita D
i Ferrara, W

iley O
nline L

ibrary on [01/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://scicrunch.org/resolver/RRID:AB_327842
https://scicrunch.org/resolver/RRID:AB_2833090
https://scicrunch.org/resolver/RRID:AB_2833090
https://scicrunch.org/resolver/RRID:AB_240845
https://scicrunch.org/resolver/RRID:AB_10896526
https://scicrunch.org/resolver/RRID:AB_10896526
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1244
https://scicrunch.org/resolver/RRID:AB_10563668
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540
https://scicrunch.org/resolver/RRID:AB_310416
https://scicrunch.org/resolver/RRID:AB_390759
https://scicrunch.org/resolver/RRID:AB_1130660
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=89
https://scicrunch.org/resolver/RRID:AB_2251583
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=756
https://scicrunch.org/resolver/RRID:AB_830977
https://scicrunch.org/resolver/RRID:AB_2165759
https://scicrunch.org/resolver/RRID:AB_476744
https://scicrunch.org/resolver/RRID:AB_327842
https://scicrunch.org/resolver/RRID:AB_327842
https://scicrunch.org/resolver/RRID:AB_10013721
https://scicrunch.org/resolver/RRID:AB_2536484
https://scicrunch.org/resolver/RRID:AB_91939
https://scicrunch.org/resolver/RRID:AB_1842647
https://scicrunch.org/resolver/RRID:AB_1842647
https://scicrunch.org/resolver/RRID:AB_10896526
https://scicrunch.org/resolver/RRID:AB_213533
https://scicrunch.org/resolver/RRID:AB_2895086
https://scicrunch.org/resolver/RRID:AB_830977


immunolabelling at 2 μm intervals in the CA1 area at 40� magnifica-

tion and a resolution of 1024 � 1024, between a depth of 5–20 μm

from the upper surface. Four slices were analysed per condition in

each experimental session. Five images of randomly chosen areas of

each slice were acquired with identical fluorescence intensity. Maxi-

mum intensity projection (MIP) images were created for each stack by

using ZEN imaging software. Then, for each MIP image, the quantifi-

cation of colocalization between FAAH and MAP2, FAAH and GFAP,

FAAH and CD11b, and MBP with NF200 immunostaining was

assessed by using the ‘co-localization highlighter’ plug-in for the Ima-

geJ software (NIH, Bethesda, MD, USA) (de Rosa et al., 2019). Before

co-localization analysis, images were first thresholded to identify the

positive signal. Subsequently, the number of pixels positive for FAAH/

MAP2, FAAH/GFAP, FAAH/CD11b and MBP/NF200 was measured

per microscope field. This value, expressed as percentage of co-locali-

zation, represents the extent of FAAH/MAP2, FAAH/GFAP, FAAH/

CD11b and MBP/NF200 co-expression.

Quantification of immunofluorescence intensities was quantified in

terms of pixel intensity by using the Image J software (NIH, Bethesda,

MA, USA), as described previously (Casamassa et al., 2016). Digital

images were taken with 40� objective, and identical laser power set-

tings and exposure times were applied to all the photographs from each

experimental set.

The number of GABA+ and CD206+ cells as well as double-

labelled Iba1+/Plin2+ or Iba1+/ABCA1+ cells was determined in the

CA1 pyramidal region by manual counting at 40� or 60�magnification.

Only cells with a clearly visible cell body and profiles were counted.

Microglial cell morphology in the CA1 pyramidal layer was evalu-

ated with Iba1 immunostaining (Boscia et al., 2009). Individual Iba1+

cells were scored according to their morphology in four main catego-

ries: (i) surveillant and intermediate, including microglia characterized

by small cell bodies and radial thin processes (surveillant) or larger/

elongated cell body and shorter thick processes (intermediate);

(ii) amoeboid, including spherical cells with or without very short pro-

cesses; (iii) foamy, having a vacuolated bubbly cytoplasm; and

(iv) dystrophic, characterized by twisted and fragmented processes.

Quantification of cell surface area occupied by GFAP protein was per-

formed with ImageJ using the application: threshold from background,

followed by manually defining the area and finally measuring the area

fraction above the threshold.

2.7 | Quantification of IL-6, IL-10 and TNF-α

Levels of IL-6, IL-10 and TNF-α were determined with specific quanti-

tative sandwich ELISA kits following the manufacturers' instructions

(Thermo Fisher Scientific, Inc, Waltham, MA, USA, IL-6 Cat# BMS625,

IL-10, Cat# BMS629; TNFα, Elabscience, Houston, TX, USA, Cat# E-

EL-R2856). The reaction was developed with streptavidin–

horseradish peroxidase, and the optical density was measured spec-

trophotometrically at a wavelength of 450 nm in a PerkinElmer

EnSight Multimode Plate Reader (Vincenzi et al., 2017). Experiments

for TNF-α quantification were performed in duplicate.

2.8 | Quantification of N-acylethanolamines in
hippocampal cultures

The N-acylethanolamines - AEA, OEA and PEA - were extracted from

hippocampal tissue homogenates by protein precipitation via acetoni-

trile addition, as previously reported (Carnevali et al., 2020). Briefly,

five hippocampal tissue slices (100 μm thick) were homogenized in

100 μl of Tris buffer (50 mM, pH 7.5, 4�C) containing 0.32 M sucrose.

Two volumes of acetonitrile, containing 100 nM AEA-d4, OEA-d4 and

PEA-d4 as internal standards, were added, and, after centrifugation

(16,000 g, 10 min, 4�C), levels of N-acylethanolamines were quantified

by HPLC coupled to tandem mass spectrometry (HPLC–MS/MS).

Compound-dependent parameters were optimized by flow injection

analysis of 5 μM standard solutions in methanol. Acquisition occurred

in positive ion (ESI+) and in multiple-reaction monitoring (MRM)

mode. For quantitative analysis, the following parent–product ion

transitions were selected: AEA: m/z 348.2 [M + H]+ ! m/z 90.9

+ m/z 62.1 (tube lens [TL]: 54 V; collision energy [CE]: 42 and 14 eV,

respectively); AEA-d4: m/z 352.2 [M + H]+ ! m/z 202.8 + m/z 66.3

(TL: 76 V; CE: 12 and 17 eV); OEA: m/z 326.3 [M + H]+ ! m/z

309.3 + m/z 93.3 + m/z 62.3 (TL: 115 V; CE: 10, 19 and 28 eV);

OEA-d4: m/z 330.1 [M + H]+ ! m/z 313.4 + m/z 66.2 (TL: 67 V; CE:

14 and 15 eV); PEA: m/z 300.3 [M + H]+ ! m/z 62.3 (TL: 54 V; CE:

14 and 42 eV); and PEA-d4: m/z 304.2 [M + H]+ ! m/z 287.1 + m/z

66.3 (TL: 72 V; CE: 12 and 15 eV). A Waters XSelect HSS T3 column

(100 � 2.1 mm, 3.5 μm particle size; Waters Corp, USA, Cat#

186006465) was employed for gradient separation (eluent A: acet-

onitrile + 0.1% v/v formic acid; eluent B: water + 0.1% v/v formic

acid; t(0 min): 5% A:95% B; t(1 min): 5% A:95% B; t(6 min): 100%

A:0% B; t(11 min): 100% A:0% B; t(12 min): 5% A:95% B, with a 3 min

equilibration time; total run time: 15 min). Solvent flow was

0.22 ml�min�1, and injected volume was 10 μl. Calibration curves

were prepared in the 0.5–500 nM concentration range for AEA and in

the 2.5–500 nM range for OEA and PEA, using 2 μl of a DMSO stock

solution containing the compound mixture in 198 μl of charcoal-

treated rat plasma and processing the calibration standards following

the same procedure described for unknown samples. Calibration

curves showed good linearity with coefficients of correlation (r2)

>0.99. The limit of quantification (LOQ) was equal to 0.5 nM for AEA

and 2.5 nM for OEA and PEA. Total protein content in hippocampal

tissue homogenates was quantified by the bicinchoninic acid (BCA)

protein kit (Pierce Biotechnology, Rockford, IL, USA, Cat# 23225) fol-

lowing the supplier's protocol, and N-acylethanolamine content was

expressed as pmol�mg�1 protein.

2.9 | Determination of GSH and GSSG levels in
hippocampal cultures

GSH and GSSG were measured by HPLC–MS/MS starting from hip-

pocampal tissue homogenates obtained according to the procedure

described in the previous section. Briefly, two volumes of acetonitrile

containing 0.1% HCOOH were added to one volume of hippocampal
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tissue homogenate. After centrifugation (16,000 x g, 10 min, 4�C),

levels of GSH and GSSG were quantified by HPLC–MS/MS. A Waters

XSelect HSS T3 column (100 � 2.1 mm, 3.5 μm particle size, Waters

Corp, USA, Cat# 186006465) was employed for gradient separation

(eluent A: acetonitrile + 0.1% v/v formic acid; eluent B: water + 0.1%

v/v formic acid; gradient conditions: t(0 min): 5% A:95% B; t(3 min):

5% A:95% B; t(4 min): 100% A:0% B; t(5 min): 100% A:0% B; t

(5.5 min): 5% A:95% B, with a 2.5 min equilibration time; total run

time: 8 min). Solvent flow was 0.22 ml�min�1, and injected volume

was 10 μl. For quantitative analysis, the following parent–product

ions transitions were selected: GSH m/z 308.0 [M + H]+ ! m/z

162.0 + m/z 84.2 + m/z 76.2 (TL: 106 V; CE: 14, 23 and 28 eV);

GSSG m/z 613.1 [M + H]+ ! m/z 484.1 + m/z 354.9 + m/z 230.9

(TL: 138 V; CE: 17, 21 and 33 eV). Calibration curves showed good

linearity in the 100 nM to 20 μM concentration range for both GSH

and GSSG. GSH levels were expressed as nmol�mg�1 protein.

2.10 | HPLC–MS/MS system configuration

A Thermo Accela UHPLC gradient system coupled to a Thermo TSQ

Quantum Max triple quadrupole mass spectrometer (Thermo, Madi-

son, WI, USA) equipped with a heated electrospray ionization (H-ESI)

ion source was employed for quantification of N-acylethanolamines,

GSH and GSSG. H-ESI source tune parameters were set as follows:

probe middle (D) position; capillary temperature: 270�C; and spray

voltage: 4.0 kV. Nitrogen was used as nebulizing gas at the following

pressure: sheath gas: 35 psi; auxiliary gas: 15 arbitrary units (a.u.).

Argon was used as collision gas at a pressure of approximately

1.5 mTorr (1 Torr = 133.3 Pa). The software Xcalibur Version 2.2

(Thermo, Madison, WI, USA, RRID:SCR_014593) was employed for

HPLC–MS/MS data acquisition and processing.

2.11 | FAAH activity assay

Hippocampal tissue homogenates were centrifuged (1000 g, 10 min,

4�C), and total protein content was quantified in the supernatant by

the BCA protein kit. FAAH activity was measured in the samples by

incubating 50 μg of protein from hippocampal homogenates with

[3H]-AEA (10,000 dpm) and 10 μM AEA for 30 min at 37�C in 0.5 ml

Tris buffer (50 mM, pH 7.5) containing fatty acid-free BSA (0.05%,

w/v), as previously reported (Clapper et al., 2009). The enzymatic

reaction was stopped by addition of 1 ml of 1:1 chloroform:methanol

mixture. After centrifugation (2000 x g, 10 min, 4�C), [3H]-

ethanolamine was measured in the aqueous phase by liquid scintilla-

tion counting.

2.12 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Sample sizes for experi-

ments (n = 5) were calculated a priori by using G*Power software in

order to reach a power of 80%.

All the experiments were designed to generate groups of equal

size, using randomization. Experiments were performed on 25–35

organotypic slices from at least three independent litters. From each

pup, we isolated 20–25 hippocampal slices (4–5 data points) that

were randomly assigned to the treatments. Results obtained for each

pup were averaged and used as the experimental unit in the statistical

analyses. Sample sizes are indicated in the figure legends. Group size

(n) is the number of independent values or studied animals, and statis-

tical analysis was undertaken only for studies where each group size

was at least n = 5. Sample processing and quantification in micros-

copy studies were performed in a blinded manner. For pharmacologi-

cal treatments, the investigator was not blinded to the experimental

groups. In some experiments, data were normalized to reduce

unwanted sources of variation. The data are expressed as the mean

± SEM of the values obtained from individual experiments. Statistical

comparisons between two groups were performed by two-tailed Stu-

dent's t test (for parametric data and Gaussian distribution). Statistical

comparisons for multiple groups were performed by one-way ANOVA

followed by Bonferroni post hoc test. GraphPad Prism 6.0 was used

for statistical analysis (GraphPad Software, Inc, La Jolla, CA, USA,

RRID:SCR_002798). Post hoc tests were conducted only if F in

ANOVA achieved P < 0.05 and there was no significant variance in

homogeneity. *P < 0.05 was considered the threshold for statistical

significance.

2.13 | Materials

[1,10-Biphenyl]-3-yl(6-((3-(2-acetamidoethyl)-2-bromo-1H-indol-5-yl)

oxy)hexyl)carbamate (UCM1341) was synthesized according to the

procedure described by Spadoni et al. (2018). Cyclohexylcarbamic acid

30-(aminocarbonyl)-[1,10-biphenyl]-3-yl ester (URB597, Cat#

546141-08-6), N-acetyl-5-methoxytryptamine (melatonin, Cat#

673447), propidium iodide (PI, Cat# P3566), NMDA (Cat# 454575),

LPS extracted from Escherichia coli and serotype O55:B5 (Cat#

L6529, molecular weight of 50 to 100 kDa, when treated with SDS

and heat) were from Merck Life Science S.r.l., Milan, Italy. Recombi-

nant human IFN-γ was from PeproTech, Cat# 300-02. All media and

serum for organotypic cultures were purchased from Gibco (Thermo

Fisher Scientific, Inc., Waltham, MA, USA). UCM1341, URB597, mela-

tonin, 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-piperidin-

1-ylpyrazole-3-carboxamide (AM251, Cayman Chemical, Ann Arbor,

MI, USA, Cat# 71670), [6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-

1H-indol-3-yl](4-methoxyphenyl)-methanone (AM630, Tocris Biosci-

ence, Bristol, UK, Cat# 1120), (3-(4-chlorophenyl)-N-(3-methoxyphe-

nyl)-2-propenamide) (SB366791, Tocris Bioscience, Bristol, UK, Cat#

472981-92-3), N-[(2S)-3-[4-[2-(5-methyl-2-phenyl-1,3-oxazol-4-yl)

ethoxy]phenyl]-2-[[(Z)-4-oxo-4-[4-(trifluoromethyl)phenyl]but-2-en-

2-yl]amino]propyl]propanamide (GW6471, Tocris Bioscience, Bristol,

UK, Cat# 4618) and N-[2-[2-(phenylmethyl)-1H-indol-3-yl]ethyl]
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acetamide (luzindole, Santa Cruz Biotechnology, Inc., Dallas, TX, USA,

Cat# 117946-91-5) were dissolved in dimethyl sulfoxide (DMSO;

stock solutions of 25 mM), aliquoted and kept frozen at �20�C.

NMDA was dissolved in serum-free medium (SFM; stock solution of

10 mM), LPS in pyrogen-free water and IFN-γ in Dulbecco's

phosphate-buffered saline containing 0.1% bovine serum albumin

(BSA). Stock solutions were diluted to achieve the desired drug con-

centration immediately before use. Maximal DMSO concentration

was ≤0.1%; this concentration did not affect cell viability in organoty-

pic cultures (Boscia et al., 2006).

For analytical determinations, the standards for AEA (Cat#

90050), OEA (Cat# 90265), PEA (Cat# 90350), and their correspond-

ing deuterated (d4) internal standards AEA-d4 (Cat# 10011178),

OEA-d4 (Cat# 9000552) and PEA-d4 (Cat# 10007824) were supplied

by Cayman Chemical (Ann Arbor, MI, USA) as stock solutions in

ethanol. Reduced glutathione (GSH, Cat# G6529) and GSH

disulfide (GSSG, Cat# G6654) were purchased from Sigma-Aldrich

S.r.l. (Milan, Italy) as powders. High-performance liquid chromatogra-

phy (HPLC)-grade acetonitrile (Cat# 1.00030.2500) and formic acid

(Cat# 84865.180) were supplied by VWR International (Milan, Italy).

[3H]-AEA (specific activity: 60 Ci�mmol�1, Cat# 0626-250), employed

as a substrate for in vitro FAAH activity assay, was supplied by

American Radiolabeled Chemicals (St. Louis, MO, USA). All other

chemicals not mentioned otherwise were from Merck Life Science

S.r.l., Milan, Italy.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org and are

permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Cidlowski,

et al., 2021; Alexander, Fabbro, et al., 2021; Alexander, Kelly,

et al., 2021; Alexander, Mathie, et al., 2021).

3 | RESULTS

3.1 | Neuroprotective effects of UCM1341 against
NMDA-induced excitotoxicity in organotypic
hippocampal explants

To study the neuroprotective potential of the bivalent ligand

UCM1341, we investigated the effects of 0.1–10 μM UCM1341

against a milder and more severe excitotoxic insult induced by 10 or

30 μM NMDA exposure (Boscia et al., 2006). When hippocampal

explants were exposed to 10 μM NMDA for 48 h, cell death selec-

tively occurred in the CA1 pyramidal cell layer and, to a lesser degree,

in the CA3. By contrast, higher concentrations of 30 μM NMDA

caused more marked neurodegenerative effects that involved both

CA1 and CA3 (Figure 1). When slices were incubated with 10 μM

NMDA, a significant prevention of PI uptake in the CA1 region was

observed with 1–10 μM UCM1341 (about 30%) (Figure 1a–c). Con-

versely, the bivalent ligand was less effective in counteracting CA

degeneration induced by 30 μM NMDA, and a significant neuropro-

tective effect was observed only with 10 μM UCM1341 (Figure 1d–f).

Then, we investigated the synergistic neuroprotective potential

of reference compounds, melatonin and URB597, against NMDA-

induced neurodegeneration. To this aim, hippocampal explants were

exposed to 10 μM NMDA, in the absence or presence of melatonin or

URB597, alone or in combination. As shown in Figure 1g, 10 μM mel-

atonin, but not 10 μM URB597, exerted a significant neuroprotection

in the CA1 against NMDA-induced excitotoxicity (about 35%). When

melatonin and URB597 were applied in combination (both at 10 μM),

a significant neuroprotection was observed in the CA1 region, an

effect that was comparable to that of melatonin and was not statisti-

cally different from that of UCM1341 (Figure 1g–i). Drug treatments

in control slices did not affect cell viability at any of the concentra-

tions used or time points analysed, as revealed by PI uptake.

3.2 | LPS + IFN-γ exposure preferentially induced
inflammatory degeneration in the CA1 region and
modulated FAAH enzyme and melatonin receptor
expression in brain cells

Next, to study the neuroprotective potential of UCM1341 on neu-

roinflammatory damage, hippocampal slice cultures were exposed to a

combined application of 10 μg�ml�1 LPS and 100 ng�ml�1 recombi-

nant IFN-γ for 3–4 days. We show that the cell degeneration, which

abruptly appeared after 72 h (in 7 DIV slices) or 96 h (in 10 DIV slices)

of LPS + IFN-γ exposure, can be monitored by PI uptake in hippo-

campal explant cultures (Figure 2a–d). Quantitative densitometric

analysis showed that when the insult was applied to hippocampal slice

cultures at 7 DIV, a significant up-regulation of PI uptake in the CA1

region was recorded after 72 h, whereas the CA3 and dentate gyrus

(DG) subregions were less affected (Figure 2a,b). When 10 DIV hippo-

campal cultures were exposed to LPS + IFN-γ, PI uptake significantly

and selectively increased in the CA1 region after 96 h (Figure 2c,d).

The pro-inflammatory insult significantly up-regulated the protein

levels of the microglial Iba1 marker after 48 h of LPS + IFN-γ expo-

sure (Figure 2e,f) and induced demyelination, as revealed by the sig-

nificant reduction of MBP levels (Figure 2i,j) and MBP

immunoreactivity after 72 h (Figure 2m). Next, we investigated the

effects of the inflammatory insult on the expression of the endocan-

nabinoid hydrolysing enzyme FAAH and of melatonin receptors. As

shown in Figure 2g,h, FAAH levels transiently increased at 24 h,

whereas the non-selective anti-MT1/MT2 receptor antibody revealed

that both MT1 and MT2 levels concomitantly and transiently increased

48 h after the insult (Figure 2i,k,l). In line with previous studies (Gulyas

et al., 2004), confocal analysis performed with anti-FAAH antibodies

in hippocampal explants showed the predominant distribution of

FAAH enzyme in somata and dendrites of principal cells (Figure 3a–c).

Quantitative confocal analysis in the CA1 region revealed that the

fluorescence intensity of both FAAH and GFAP, but not of MAP2 and
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the microglial marker CD11b, significantly increased 24 h after LPS

+ IFN-γ exposure, compared with values in untreated controls

(Figure 3a,b,e). At this latter time point, co-expression studies showed

a significant increase of FAAH expression in MAP2+ neurons and

GFAP+ astrocytes (Figure 3a,b,f). After 48 h, FAAH immunofluores-

cence returned to basal level, whereas GFAP and CD11b immunofluo-

rescences were significantly up-regulated (Figure 3c,d,g).

Nevertheless, quantitative confocal analysis revealed a significant

increased co-expression of FAAH with CD11b+ microglia and GFAP+

astrocytes, but not with MAP2+ neurons (Figures 3c,d,h and S1).

3.3 | UCM1341 attenuated LPS + IFN-γ-induced
demyelination and GABAergic interneuron loss and
exerted a greater neuroprotection against the
neuroinflammatory insult, compared with effects of
the reference compounds melatonin and URB597

To investigate the effects of UCM1341 on inflammation-mediated neu-

rodegeneration, 10 DIV slices were exposed to 10 μg�ml�1 LPS

+ 100 ng�ml�1 IFN-γ, in the absence or presence of 0.1–10 μM

UCM1341 for 4 days. Densitometric analysis of PI uptake revealed that

F IGURE 1 Dose-dependent effects of UCM1341 against N-methyl-D-aspartate (NMDA)-induced neurodegeneration in hippocampal
explants. Propidium iodide (PI) fluorescence staining patterns (a) and densitometric quantification of PI uptake in hippocampal CA1 (b) and CA3
(c) subfields measured under control conditions and following 10 μM NMDA exposure in the absence or presence of 0.1–10 μM UCM1341 for
48 h. PI fluorescence staining patterns (d) and densitometric quantification of PI uptake in hippocampal CA1 (e) and CA3 (f) subfields measured
under control conditions and following 30 μM NMDA exposure in the absence or presence of 0.1–10 μM UCM1341 for 48 h. PI fluorescence
staining patterns (g) and densitometric quantification of PI uptake in hippocampal CA1 (h) and CA3 (i) subfields measured under control
conditions and following 10 μM NMDA exposure in the absence or presence of 10 μM melatonin, 10 μM URB597 or 10 μM melatonin + 10 μM
URB597. Data are normalized as percentage of control and are means ± SEM; n = 5. *P < 0.05, significantly different from NMDA; n.s., not
significant; one-way ANOVA with Bonferroni post hoc analysis.
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UCM1341 exerted marked and dose-dependent neuroprotective

actions in the more vulnerable CA1 region. At 10 μM, UCM1341

decreased cell death occurring after LPS + IFN-γ exposure (Figure 4a,b).

To explore the synergistic neuroprotective potential of reference

compounds, hippocampal explants were exposed to LPS + IFN-γ in

the absence or presence of 10 μM melatonin or 10 μM URB597,

alone or in combination. Both melatonin and URB597 exerted a signif-

icant neuroprotection against LPS + IFN-γ-induced neurodegenera-

tion (about 30%), as recorded by PI uptake after 96 h. When drugs

were used in combination (both at 10 μM), they completely prevented

cell death in the CA1 region, thus demonstrating the synergistic neu-

roprotective effect of melatonin and URB597 against LPS + IFN-γ-

induced inflammatory damage (Figure 4c,d). The neuroprotective

effect of combined drugs (each at 10 μM) was not statistically differ-

ent from that of 10 μM UCM1341.

Next, to explore the protective effects of UCM1341 on myelin

and neurons during LPS + IFN-γ exposure, hippocampal explants

were analysed for MBP/NF200 co-localization and GABA distribution

by confocal analysis. UCM1341 significantly prevented the loss of

NF200 immunoreactivity (Figure 4e,f) and inhibitory GABA+ interneu-

rons in the CA1 region (Figure 4h,i). Moreover, treatment with

UCM1341 attenuated axonal demyelination induced by LPS + IFN-γ

exposure, as indicated by the quantification of the myelination index

96 h after the insult (Figure 4g).

F IGURE 2 Time-dependent effects of lipopolysaccharide (LPS) + interferon-γ (IFN-γ) exposure on propidium iodide (PI) uptake, and Iba1,
myelin basic protein (MBP), fatty acid amide hydrolase (FAAH) and melatonin receptor protein levels in rat hippocampal explants. Representative
images and quantitative densitometric analysis of PI fluorescence uptake recorded in the cornu ammonis (CA) and dentate gyrus (DG) subfields of
7 days in vitro (DIV) slices (a, b) or 10 DIV slices (c, d) exposed to LPS + IFN-γ for 72 or 96 h, respectively. Data are expressed as percentage of
the maximal value of PI fluorescence observed in the CA1 subregion upon 72 or 96 h of LPS + IFN-γ exposure, respectively. Each data point is
the mean ± SEM (n = 5). Western blot and quantification of Iba1 (e, f), FAAH (g, h), melatonin MT1/MT2 receptors (i, k, l) and MBP (i, j) protein
levels in hippocampal slices under control conditions and after LPS + IFN-γ exposure for 24–72 h. Data were normalized on the basis of β-actin
and expressed as percentage of controls. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from respective
controls; one-way ANOVA with Bonferroni post hoc analysis. (m) Representative confocal double immunofluorescence images displaying the
distribution of MBP (red) and NF200 (green) immunoreactivities and their co-localization (white) in untreated and LPS + IFN-γ-treated slices
for 72 h.
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F IGURE 3 Legend on next page.
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3.4 | UCM1341 inhibited FAAH activity and
enhanced AEA and OEA in hippocampal explants
during the neuroinflammatory injury

To investigate the mechanism of UCM1341 in counteracting

inflammation-mediated neurodegeneration, FAAH activity was evalu-

ated after drug exposure to a concentration of 10 μM. FAAH

remained completely inhibited at all time points (24–72 h, Figure 5a).

The levels of FAAH substrates AEA, OEA and PEA were also mea-

sured in the same conditions. Although treatment with 10 μg�ml�1

LPS + 100 ng�ml�1 IFN-γ did not alter the concentrations of the three

N-acylethanolamines, UCM1341 produced a significant increase of

AEA and OEA concentrations at all time points, in line with the persis-

tent inhibition of FAAH activity (Figure 5b,c). On the other hand, PEA

levels were not affected by UCM1341 and remained at concentra-

tions comparable to those of untreated samples (Figure 5d). We next

evaluated the changes in GSH and GSSG levels, as markers of cell oxi-

dative stress. Ten DIV slices exposed to LPS + IFN-γ showed a trend

to reduction of GSH availability at all time points. Treatment with

UCM1341 did not alter GSH levels or the GSH/GSSG ratio

(Figure 5e,f).

3.5 | UCM1341 prevented TNFα release,
up-regulated the expression of the anti-inflammatory
markers CD206 and arginase-1, and increased AMPK
phosphorylation in hippocampal explants

To address the effects of drug treatment on inflammatory response,

we analysed the expression of pro-inflammatory cytokines as well as

markers of anti-inflammatory pathways. Quantitative ELISA analysis

showed that LPS + IFN-γ exposure for 24–72 h progressively

increased the release of pro-inflammatory (IL-6) and anti-inflammatory

(IL-10) cytokines (Figure 6a,b). Interestingly, although the levels of

IL-6 and IL-10 were not affected by drug treatment (Figure 6a,b),

UCM1341 prevented the release of TNFα, in both the medium and

tissue lysates after 72 h (Figure 6c). Immunoblotting revealed that the

protein levels of the M2 macrophage markers, the mannose receptor

CD206 and Arg-1, were significantly higher in UCM1341-treated

slices after 72 h of LPS + IFN-γ exposure, compared with untreated

and LPS + IFN-γ-treated slices (Figure 6d,g). Consistent with these

findings, UCM1341 treatment increased the number of CD206+ cells,

suggesting an effect of UCM1341 on microglial polarization

(Figure 6e,f).

Recently, activation of AMPK, a serine/threonine kinase regulat-

ing cellular energy homeostasis, has emerged as a negative regulator

of inflammation and a ‘metabolic master switch’ of macrophage polar-

ization (Trefts & Shaw, 2021). Based on these observations, we

hypothesized that the inflammation suppressive effects of UCM1341

might involve AMPK activation. Immunoblot showed that 10 μM

UCM1341 treatment for 72 h significantly increased phospho-AMPK

levels, compared with those in LPS + IFN-γ-treated explants

(Figure 6h).

3.6 | UCM1341 stimulated the formation of
lipid-laden foamy microglia/macrophages and
cholesterol homeostasis during LPS + IFN-γ-induced
neuroinflammation

UCM1341 prevented the loss of microglia and astrocytes in the CA1

pyramidal layer, 96 h after the inflammatory injury, as revealed by the

significantly higher number of Iba1+ cells and GFAP+ area measured

in the CA1 region compared with untreated cultures (Figure 7a–c).

Morphological assessment of Iba1+ cells showed that dystrophic

microglia dominate the CA1 pyramidal layer of LPS + IFN-γ-exposed

explants after 96 h, whereas the foamy microglia/macrophage pheno-

type was clearly prevalent in slices treated with 10 μM UCM1341

during the inflammatory insult (Figure 7d,e).

Recent evidence has indicated that the expression of nuclear and

plasma membrane receptors coupling lipid metabolism to efficient

cholesterol recycling in foamy macrophages is important for an effi-

cient phagocytosis and cholesterol efflux in response to demyelination

and, consequently, for resolution of inflammation and remyelination in

the CNS (Gouna et al., 2021). Thus, we explored the effect of

UCM1341 treatment on lipid-laden macrophage formation and the

expression of protein regulating cholesterol metabolism and efflux.

UCM1341 treatment up-regulated the protein levels of TREM2

(Figure 8a), a lipid sensor receptor that licenses phagocytosis (Gouna

et al., 2021), the cholesterol-sensing nuclear receptor LXR and the

cholesterol efflux transporter ABCA1 (Figure 8b), compared with

untreated and LPS + IFN-γ-treated slices for 72 h. Also, quantitative

F IGURE 3 Distribution of fatty acid amide hydrolase (FAAH) immunoreactivity in neurons, astrocytes and microglia of hippocampal explants
during lipopolysaccharide (LPS) + interferon-γ (IFN-γ) exposure. Representative confocal images displaying the co-localization of FAAH with
microtubule-associated protein 2 (MAP2) (a) or FAAH with glial fibrillary acidic protein (GFAP) (b) immunoreactivities in the CA1 hippocampal
region, in the absence or presence of LPS + IFN-γ for 24 h. Confocal images displaying co-localization of FAAH with CD11b (c) or FAAH with

GFAP (d) immunoreactivities in the CA1 hippocampal region, in the absence or presence of LPS + IFN-γ for 48 h. In (a)–(d), co-localized points
are shown in white. Arrows in (a) point to co-localizing dendrites. Arrows in (b)–(d) point to co-localizing cells. Quantitative analysis of FAAH,
MAP2, GFAP and CD11b immunofluorescence intensities (e) and FAAH co-localization with MAP2, GFAP or CD11b immune-signals (f) in the
CA1 hippocampal region, in the absence or presence of LPS + IFN-γ for 24 h. Quantitative analysis of FAAH, MAP2, GFAP and CD11b
immunofluorescence intensities (g) and FAAH co-localization with MAP2, GFAP and CD11b immune-signals (h) in the absence or presence of
LPS + IFN-γ for 48 h. Data were obtained from five microscope fields per slice in each group and expressed as percentage of control. The values
shown are the means ± SEM; n = 5. *P < 0.05, significantly different from respective control; unpaired Student's t test. s.p., stratum pyramidale.
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confocal analysis in the CA1 pyramidal layer showed an increased

number of Iba1+ cells coexpressing both the lipid droplet marker Plin2

(Figure 8c,d) and the cholesterol transporter ABCA1 in

UCM1341-treated explants under neuroinflammatory conditions

(Figure 8e,f).

Finally, to explore whether the formation of lipid-laden microglia/

macrophages might also be influenced by the reference compounds,

we investigated the effects of melatonin and URB597 (10 μM), alone

or in combination, on the number of Iba1+/Plin2+ cells after LPS

+ IFN-γ exposure for 72 h. Quantitative confocal analysis revealed

F IGURE 4 Protective effects of UCM1341 against neuroinflammation-induced degeneration. Propidium iodide (PI) fluorescence staining
patterns (a) and quantitative densitometric analysis of PI uptake (b) in the CA1 region following lipopolysaccharide (LPS) + interferon-γ (IFN-γ)
exposure in the absence or presence of 0.1–10 μM UCM1341 for 96 h. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly
different from LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. PI fluorescence staining patterns (c) and quantitative
densitometric analysis of PI uptake (d) in the CA1 region following LPS + IFN-γ exposure in the absence or presence of 10 μM melatonin, 10 μM
URB597, 10 μM melatonin + 10 μM URB597 and 10 μM UCM1341 for 96 h. The values shown are the means ± SEM; n = 5. *P < 0.05,
significantly different from LPS+IFN-γ; n.s., not significant; one-way ANOVA with Bonferroni post hoc analysis. (e) Representative maximum
intensity projection of z-stack confocal images displaying NF200 (green) and myelin basic protein (MBP) (red) immunoreactivities in the CA1
region of 10 days in vitro (DIV) hippocampal slices under control conditions and LPS + IFN-γ exposure, in the absence or presence of 10 μM
UCΜ1341 for 96 h. Colocalized points are shown in white. (f) Quantitative analysis of NF200 immunofluorescence intensity under control
conditions and in the presence of LPS + IFN-γ and LPS + IFN-γ + 10 μM UCΜ1341. The values shown are the means ± SEM; n = 5. *P < 0.05,
significantly different from control; †P < 0.05, significantly different from LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis.
(g) Analysis of the myelination index in the pyramidal/oriens layers of the CA1 region in 10 DIV hippocampal slices under control conditions and
following LPS + IFN-γ exposure in the absence or presence of UCM1341. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly
different from control; one-way ANOVA with Bonferroni post hoc analysis. (h) Representative confocal images and quantitative analysis (i) of
GABA-positive cells in the pyramidal layer of the CA1 hippocampal region, under control conditions or following LPS + IFN-γ in the absence or
presence of 10 μM UCM1341 for 96 h. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from control. †P < 0.05,
significantly different from LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. s.p., stratum pyramidale.
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that the number of Iba1+/Plin2+ cells was significantly higher in cul-

tures treated with LPS + IFN-γ + melatonin+ URB597 compared

with untreated slices or slices treated with LPS + IFN-γ, in the

absence or presence of melatonin or URB597 (Figure 8g,h). These

results suggest a synergistic action of melatonin and URB597 on the

formation of foamy macrophages.

3.7 | PPARα, TRPV1 channels and MT1/MT2

receptors all significantly contributed to the
neuroprotective effect of UCM1341

To investigate the role of endocannabinoid and melatonin receptors

on UCM1341 protective effects against LPS + IFN-γ-induced neu-

roinflammation in hippocampal explants, we examined the possible

interference of specific antagonists of CB1 and CB2 receptors, TRPV1

channels, melatonin receptors and PPARα. Antagonists were used at

concentrations that displayed no effect when used alone. As shown in

Figure 9a,b, quantitative densitometric analysis of PI uptake revealed

that the neuroprotective effect of 10 μM UCM1341 in the CA1

region was significantly prevented by antagonists of PPARα (10 μM

GW6471), TRPV1 channels (30 nM SB366791) and melatonin

receptors (0.1 μM luzindole). Conversely, both the CB1 and CB2

antagonists, that is, 0.1 μM AM251 and 0.1 μM AM630, failed to

antagonize UCM1341-induced neuroprotection in LPS + IFN-γ-

treated cultures. Finally, to investigate the possible cross-talk of the

endocannabinoid and melatoninergic systems, we explored the

expression of PPARα protein levels early after the inflammatory insult,

in the absence or presence of UCM1341 or reference compounds. As

shown in Figure 9c, 10 μM UCM1341 and combined 10 μM URB597

+ 10 μM melatonin significantly increased the expression of PPARα

levels after 8 h of LPS + IFN-γ exposure, compared with untreated

controls. No significant difference was found between 10 μM

UCM1341 and URB597 + melatonin (each at 10 μM). These findings

suggest that a cross-talk between the endocannabinoid and melatoni-

nergic pathways via the activation of PPARα may contribute to the

beneficial effects of the bivalent ligand.

4 | DISCUSSION

The present study shows that the newly synthesized compound

UCM1341, a bivalent ligand exhibiting FAAH inhibitory activity and

melatonin receptor agonism, exerts a greater neuroprotection against

F IGURE 5 Effect of UCM1341 on fatty acid amide hydrolase (FAAH) activity and glutathione (GSH) levels in hippocampal cultures. FAAH
activity (a), anandamide (AEA, b), N-oleoylethanolamine (OEA, c), N-palmitoylethanolamine (PEA, d), reduced GSH (e) levels and (f) GSH/GSH
disulfide (GSSG) ratios in organotypic hippocampal slices under control conditions or after lipopolysaccharide (LPS) + interferon-γ (IFN-γ)
exposure in the absence or presence of 10 μM UCM1341 for 24–72 h (Ctrl), LPS + IFN-γ, Ctrl + 10 μM UCM1341 and LPS + IFN-γ + 10 μM
UCM1341. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from respective control; one-way ANOVA with
Bonferroni post hoc analysis.
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neuroinflammation-induced degeneration in hippocampal explants

than the reference compounds, URB597 and melatonin, and encour-

ages inflammation resolution contributing to the formation of lipid-

laden macrophages and the expression of proteins controlling choles-

terol metabolism and efflux. The activation of PPARα, TRPV1 chan-

nels and melatonin receptors and a cross-talk between the

endocannabinoid and melatoninergic systems contribute to the

beneficial effects of UCM1341 during the neuroinflammatory insult.

We showed that the neurodegeneration occurring in the CA1 hippo-

campal region after exposure of explants to LPS + IFN-γ, a model of

inflammatory degeneration, can be monitored by PI uptake. This

model of damage replicates the main markers of inflammatory demye-

linating CNS diseases, including glial activation, axonal demyelination

and neuronal loss (Boscia et al., 2020, 2021), and can be used to study

F IGURE 6 Effect of UCM1341 on IL-6 and IL-10 production, TNFα release, CD206 and Arg-1 levels, and AMPK phosphorylation. Time-

dependent production of IL-6 (a) and IL-10 (b) in the medium of explants cultures under control conditions or lipopolysaccharide (LPS)
+ interferon-γ (IFN-γ) exposure in the absence or presence of 10 μM UCM1341 for 24–72 h. The values shown are the means ± SEM; n = 3.
(c) TNFα determination in the medium (left) and tissue lysates (right) of hippocampal cultures under control conditions, and LPS + IFN-γ exposure
in the absence or presence of 10 μM UCM1341 for 72 h. Experiments were performed in duplicate. (d) Western blot and densitometric analysis
of CD206 protein levels in hippocampal lysates under control conditions and after LPS + IFN-γ exposure in the absence or presence of 10 μM
UCΜ1341 for 72 h. Data were normalized on the basis of β-actin levels and expressed as percentage of control. The values shown are the means
± SEM; n = 5. *P < 0.05, significantly different from LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. (e) Representative
confocal microscopic images showing CD206 and CD11b immunoreactivities in the CA1 hippocampal region under control conditions, LPS
+ IFN-γ exposure and LPS + IFN-γ + 10 μM UCΜ1341. (f) Quantitative analysis of CD206+ cells in slices under control conditions, LPS + IFN-γ
and LPS + IFN-γ + 10 μM UCΜ1341 exposure for 72 h. Data are expressed as percentage of control. The values shown are the means ± SEM;
n = 5. *P < 0.05, significantly different from control, †P < 0.05, significantly different from LPS + IFN-γ; one-way ANOVA with Bonferroni post
hoc analysis. (g) Western blot and densitometric analysis of arginase-1 in hippocampal slices under control conditions and LPS + IFN-γ exposure
in the absence or presence of 10 μM UCM1341 for 72 h. The values represent the mean ± SEM (n = 5). *P < 0.05, significantly different from
control and LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. (h) Western blot and densitometric analysis of pAMPK levels in
hippocampal slices under control conditions and LPS + IFN-γ exposure in the presence of 10 μM UCΜ1341 for 72 h. Data were normalized on
the basis of AMPK levels and expressed as percentage of control. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different
from control and LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis.
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the effects of pharmacological agents against the neuroinflammatory

damage.

Dysregulation of the levels of endocannabinoids, melatonin

release and alteration of melatonin receptor expression can be found

in many chronic inflammatory conditions of the CNS and contribute

to cell dysfunction and disease progression (Chiurchiù et al., 2018;

Reiter et al., 2013). We showed that FAAH levels increased in hippo-

campal CA1 pyramidal neurons and astrocytes, soon after the neu-

roinflammatory insult and also emerged in microglia at later time

points. Consistent with these findings, FAAH mRNA and protein

levels were increased in astrocytes at asymptomatic and acute experi-

mental autoimmune encephalomyelitis (EAE) stage and in glial cells

surrounding Aβ plaques in AD and Down syndrome brain tissue

(Benito et al., 2003, 2007; Moreno-García et al., 2020; Núñez

et al., 2008). Under neuroinflammatory conditions, the enhanced

FAAH expression and activity contribute to the ‘sickness behaviour’,
a core symptom of mood disorders. Stress-related disorders and nerve

injury also up-regulate FAAH levels, contributing to the dis-inhibition

F IGURE 7 Effect of UCM1341 on microglia and astrocyte immunoreactivities following lipopolysaccharide (LPS) + interferon-γ (IFN-γ)
exposure. (a) Representative confocal microscopic images showing Iba1 (green) and glial fibrillary acidic protein (GFAP) (red) immunoreactivities in
the stratum pyramidale (s.p.) of the CA1 hippocampal region of cultures under control conditions and after LPS + IFN-γ exposure in the absence
or presence of 10 μM UCΜ1341 for 96 h. Lower panels show higher magnification images of squared areas. Arrows point to atrophic microglia.
Arrowheads point to foamy microglia/macrophages. The yellow arrowhead points to a foamy macrophage that is showed at higher magnification
in the lateral box. Quantitative analysis of Iba1+ cells (b) and GFAP+ area (c) in control and LPS + IFN-γ-treated cultures, in the absence or
presence of 10 μM UCM1341. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from control; †P < 0.05,
significantly different from LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. (d) Quantitative analysis of surveillant

+ intermediate, amoeboid, foamy and dystrophic microglial phenotypes, in control and LPS + IFN-γ-treated cultures, in the absence or presence
of 10 μM UCM1341. Data were normalized to the total number of Iba+ cells. The schematic diagram of microglial phenotypes is shown next to
the graph. (e) Quantitative analysis of foamy microglia/macrophages in control and LPS + IFN-γ-treated cultures, in the absence or presence of
10 μM UCM1341. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from control and LPS + IFN-γ; one-way
ANOVA with Bonferroni post hoc analysis.
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of the hypothalamic–pituitary–adrenal axis and the development of

chronic pain, respectively (Piomelli & Mabou Tagne, 2022).

Conversely, melatonin deficiency and a decline of melatonin

receptor levels have been described in Parkinson's disease, AD and

amyotrophic lateral sclerosis brains (Adi et al., 2010; Savaskan

et al., 2005; Zhang et al., 2013). Interestingly, in AD brain, MT1 den-

sity increased in hippocampal pyramidal neurons, whereas MT2 levels

decreased (Savaskan et al., 2002). Our biochemical studies showed a

transient increase of melatonin receptor levels following LPS + IFN-γ

exposure and a tendency for MT2 protein to decline at later times. To

what extent changes in melatonin receptor levels are associated with

signalling differences in neurons and glia under neuroinflammatory

conditions remains to be investigated.

Our studies showed that UCM1341 exerted a greater neuropro-

tection against the neuroinflammatory damage than against the

NMDA insult, and attenuated axonal demyelination and GABAergic

loss. In support of the greater benefit provided by FAAH inhibition to

the inflammatory component of damage, previous studies showed

that URB597 significantly attenuated excitotoxic neurodegeneration

when only a mild insult was applied (Mikheeva et al., 2017). This latter

observation may support our results showing the predominant contri-

bution of the melatoninergic component to the protective action of

UCM1341 under excitotoxic conditions. In fact, melatonin was effec-

tive as UCM1341 against NMDA-induced neurodegeneration, and no

synergistic neuroprotective action was observed with combined mela-

tonin+ URB597, indicating that dual-acting compounds do not appear

a promising approach in the case of excitotoxic damage. The protec-

tive effects of endocannabinoids and melatonin have been largely

documented in a range of pathological states, particularly in disorders

in which the neuroinflammatory component plays a central role, such

as MS and AD. FAAH inhibition or melatonin treatment, via pharma-

cological modulation or genetic ablation, attenuated Aβ accumulation,

neuroinflammation and cognitive decline in experimental models of

AD and ameliorated EAE severity and remission in mice (Corpas

et al., 2018; Ghareghani et al., 2019; Piro et al., 2012; Rossi

et al., 2011; Wen et al., 2016). A relevant result of our study is the

finding that UCM1341 was more effective than melatonin or URB597

against the neuroinflammatory insult, and combination of both drugs

(each at 10 μM) synergistically halted neurodegeneration with an

effect comparable to UCM1341. This suggests that dual-acting com-

pounds may represent a promising approach to treat neuroinflamma-

tory disease states and supports the interplay between the

endocannabinoid and melatoninergic systems as an important driver

for their beneficial effect. In support, we found that the blockade of

PPARα, TRPV1 channels and melatonin receptors, but not of CB1 and

CB2 receptors, prevented the neuroprotective actions of UCM1341.

The fact that the protective effects of UCM1341 were not influenced

by the activation of CB receptors is consistent with the observed

increase of OEA and AEA levels. OEA exerts a predominant activity

through PPARα and TRPV1 channels (Muller et al., 2019). AEA is

nearly inactive on CB2 receptors (Sugiura et al., 2000), a subtype

expressed by activated microglia and mediating neuroprotection

under neuroinflammation (L�opez et al., 2018). On the other hand, AEA

is a partial agonist at CB1 receptors, but its effect in this model

appears to be mediated by TRPV1 channels (Ross, 2003). In support

of our findings, the anti-inflammatory response deriving from FAAH

inhibition or its knockdown on LPS-stimulated microglia was not

reversed by CB1 or CB2 receptor antagonists (Tanaka et al., 2019;

Tham et al., 2007).

The reason why we were unable to detect an increase in PEA

levels is unknown. Previous studies suggested a region-specific alter-

ation in brain NAE levels following inhibition of endocannabinoid

degrading enzymes, or it can be possibly due to a time- and spatial-

restricted distribution (Bortolato et al., 2007; Henry et al., 2014). On

the other hand, PEA hydrolysis is catalysed not only by FAAH but also

by the enzyme N-acylethanolamine acid amidase (NAAA), whose

F IGURE 8 Effect of UCM1341 on the expression of proteins controlling cholesterol metabolism and efflux. Western blot and quantitative
densitometric analysis of triggering receptor expressed on myeloid cells-2 (TREM2) (a), liver X receptor (LXR) (b, left) and ATP-binding cassette
transporter member 1 (ABCA1) (b, right) levels in tissue lysates from control and lipopolysaccharide (LPS) + interferon-γ (IFN-γ)-treated explants
for 72 h, in the absence or presence of 10 μM UCM1341. Data were normalized on the basis of β-actin levels and expressed as percentage of
control. The values shown are the means ± SEM; n = 5. *P < 0.05, significantly different from control and LPS + IFN-γ; one-way ANOVA with
Bonferroni post hoc analysis. (c) Representative confocal microscopic images showing Iba1 and Plin2 immunoreactivities in the CA1 pyramidal
layer under control conditions and LPS + IFN-γ exposure, in the absence or presence of 10 μM UCΜ1341 for 72 h. Squared areas are shown at
higher magnification on the adjacent panel. Arrows point to Iba1+/Plin2+ double-labelled cells under UCM1341 exposure. (d) Quantitative
analysis of Iba1+/Plin2+ cells in control and LPS + IFN-γ-treated cultures, in the absence or presence of 10 μM UCM1341. Data are expressed as
the mean number of double-labelled Iba1+/Plin2+ cells ± SEM per unit area (mm2) (n = 5). *P < 0.05, significantly different from controls and LPS
+ IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. (e) Representative confocal microscopic images showing Iba1 and ABCA1
immunoreactivities in the CA1 pyramidal region under control conditions and LPS + IFN-γ exposure, in the absence or presence of 10 μM
UCΜ1341 for 72 h. Arrows point to double-labelled Iba1+/ABCA1+ cells. (f) Quantitative analysis of Iba1+/ABCA1+ cells in control and LPS
+ IFN-γ-treated cultures, in the absence or presence of 10 μM UCM1341. Data are expressed as the mean number of double-labelled cells

± SEM per unit area (mm2) (n = 5). *P < 0.05, significantly different from controls and LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc
analysis. (g) Representative confocal microscopic images showing Iba1 and Plin2 immunoreactivities in the CA1 pyramidal region under control
conditions, LPS + IFN-γ exposure, LPS + IFN-γ + 10 μM URB597, LPS + IFN-γ + 10 μM melatonin and LPS + IFN-γ + 10 μM URB597
+ 10 μM melatonin, for 72 h. Arrows point to double-labelled Iba1+/Plin2+ cells. (h) Quantitative analysis of Iba1+/Plin2+ cells in control and
LPS + IFN-γ-treated cultures, in the absence or presence of 10 μM URB597, 10 μM melatonin and 10 μM URB597 + 10 μM melatonin. Data
are expressed as the mean number of double-labelled Iba+/Plin2+ cells ± SEM per unit area (mm2) (n = 5). *P < 0.05, significantly different from
controls and LPS + IFN-γ; one-way ANOVA with Bonferroni post hoc analysis. s.p., stratum pyramidale
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inhibition in activated inflammatory cells leads to a normalization of

PEA levels (Piomelli et al., 2020; Solorzano et al., 2009).

The protective activity of UCM1341 was also counteracted by

luzindole, an MT1/MT2 receptor antagonist, implying a receptor-

dependent mechanism for the melatoninergic component. Melatonin

and related indole derivatives are widely reported as direct antioxi-

dant agents conferring cellular protection from free radical species

and pro-oxidant mediators (Reiter et al., 2013). Nevertheless, in hip-

pocampal slices, we observed no effect of UCM1341 on GSH levels

and on the balance between the reduced and oxidized species. Recent

experimental evidence supports the involvement of melatonin mem-

brane receptors, and in particular of the MT1 subtype, in mediating its

neuroprotective activity. Indeed, melatonin receptor activation modu-

lates the activity of transcription factors that in turn decrease the

expression of pro-inflammatory mediators, induce antioxidant genes

and promote a shift of microglia towards an M2 phenotype (Zhou

et al., 2021). A further support for the receptor-mediated neuropro-

tective activity of melatoninergic agents comes from the improvement

of LPS-induced neuroinflammation exerted by the receptor agonist

ramelteon, devoid of the indole nucleus and counteracted by luzin-

dole (Gu et al., 2021).

The synthetic dual agent UCM1341 represents a unique pharma-

cological tool to investigate the effect of simultaneous activation of

melatonin receptors and FAAH inhibition. Dual-acting agents offer

potential advantages over drug combinations in terms of higher effi-

cacy, improved tolerance and lower side effects. Additionally, issues

related to the different pharmacokinetic profiles of combined drugs,

with consequent unbalanced drug exposure, and to drug–drug inter-

actions could be avoided (Proschak et al., 2019). Nevertheless, our

results demonstrate the advantage brought by the combined

F IGURE 9 Effect of UCM1341 on PPARα levels and of CB1, CB2, TRPV1, PPARα, and melatonin receptor antagonists on drug-induced
neuroprotection. (a) Propidium iodide (PI) fluorescence staining patterns observed in hippocampal slice cultures 96 h following lipopolysaccharide
(LPS) + interferon-γ (IFN-γ) exposure in the presence of 0.1 μM AM251–CB1 receptor antagonist, 0.1 μM AM630–CB2 receptor antagonist,
30 nM SB3667–TRPV1 channel antagonist, 10 μM GW6471–PPARα antagonist and 0.1 μM luzindole–melatonin receptor antagonist, alone
(upper panels) or in combination with 10 μM UCM1341 (lower panels). (b) Quantitative densitometric analysis of PI fluorescence uptake recorded
in slices under control conditions, and after LPS + IFN-γ, in the presence of 0.1 μM AM251, 0.1 μM AM630, 30 nM SB3667, 10 μM GW6471
and 0.1 μM luzindole, alone or in combination with 10 μM UCM1341. Data are expressed as percentage of control. The values shown are the
means ± SEM; n = 5. *P < 0.05, significantly different from UCM1341; one-way ANOVA with Bonferroni post hoc analysis. (c) Protein expression
and quantitative densitometric analysis of PPARα in tissue lysates from control and LPS + IFN-γ-treated slices, in the absence or presence of

10 μM melatonin, 10 μM URB597, 10 μM UCM1341 and 10 μM melatonin + 10 μM URB597. Data were normalized on the basis of β-actin
levels and expressed as percentage of control. *P < 0.05, significantly different from control; n.s., not significant; one-way ANOVA with
Bonferroni post hoc analysis.
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approach, in which an FAAH inhibitor (URB597) and melatonin are

co-administered, implying that the neuroprotective effects of melato-

nin can be exerted by both receptor- and non-receptor-related mech-

anisms. A comparison between the therapeutic potential of the

combination and of the dual agent would require dose-dependence

and in vivo studies. However, in the present study, in all analyses

where the comparison was possible, we did not find significant differ-

ences between the effects of 10 μM UCM1341 and those of melato-

nin + URB597 (each at 10 μM).

In support of the synergistic action between the endocannabinoid

and melatoninergic systems, we showed that exposure of explants to

both UCM1341 and the combined melatonin+ URB597, increased

the expression of PPARα levels during the neuroinflammatory insult

and favoured the formation of lipid-laden microglia/macrophages. The

up-regulation and activation of PPARα contribute to the neuroprotec-

tive and anti-inflammatory actions, not only of its endogenous ligand

OEA (Sun et al., 2007) but also of melatonin. For instance, Paterniti

et al. (2017) showed that the beneficial effects of melatonin on spinal

cord tissue injury and pro-inflammatory cytokine release were signifi-

cantly reduced in PPARα knockout mice.

The central role of TRPV1 channels in glia-to-neuron communica-

tion during neuroinflammation has been amply documented (Marrone

et al., 2017). Although the consequence of its modulation under neu-

roinflammatory conditions remains controversial (Boscia et al., 2021),

our data support the anti-inflammatory effects of activating TRPV1

channels. Moreover, previous studies showed that PPARα

receptors and TRPV1 channels functionally and biochemically interact

(Ambrosino et al., 2014), thus suggesting that the cross-talk between

these two receptors may also contribute to UCM1341 effects.

PPARα is a ligand-dependent transcription factor that mediates

the trans-repression of the main inflammatory transcription factors

and acts as a master regulator of lipid metabolism and cholesterol

homeostasis (Chinetti et al., 2001). Previous studies have shown that

endocannabinoids and some N-acylethanolamines, particularly OEA,

and melatonin, act as immunomodulators controlling innate immune

activation and cytokine release (Chiurchiù et al., 2018). In line, our

findings suggest that UCM1341 sustains a pro-resolving macrophage

behaviour during neuroinflammation, as reported for both URB597

and melatonin (Grieco et al., 2021; Hardeland, 2021; Mecha

et al., 2015; Tanaka et al., 2019). Indeed, in response to the pro-

inflammatory insult, the bivalent ligand prevented the release of

TNFα, a cytokine mediating the pro-inflammatory activation of micro-

glia, and up-regulated anti-inflammatory macrophage M2 markers.

Consistent with the UCM1341-induced synergistic activation of pro-

tective endocannabinoid and melatoninergic signalling pathways, we

showed that during neuroinflammation, UCM1341 up-regulated the

levels of phosphorylated AMP kinase, an important cellular energy

sensor that represses pro-inflammatory responses and favours micro-

glia M2 polarization (Trefts & Shaw, 2021).

Recent studies highlighted the complexity of microglia–

macrophage subsets during neuroinflammation and revealed an up-

regulation of genes involved in phagocytic and lipid metabolism

(including TREM2), as well as protective pathways in both disease-

associated microglia (DAM) and developmental associated microglia

(PAM) (Hammond et al., 2019; Li et al., 2019). Although the character-

ization of microglial phenotype(s) driven by UCM1341 exposure

under neuroinflammation requires further investigation, a recent

study revealed that FAAH deletion promoted a DAM-like phenotype

in a mouse model of AD (Ruiz-Pérez et al., 2021). On the other hand,

the possibility that the use of neonatal animals could have influenced

our results appears less likely, as an increased expression of homeo-

static microglial genes occurred by 7 DIV in slice cultures, and the

exposure to LPS showed prominent similarities with the in vivo

response, supporting the emerging consensus that microglial identity

in 10–14 DIV slice cultures may model the adult in vivo state

(Delbridge et al., 2020; Papageorgiou et al., 2016).

It is now clear that in the absence of proper cholesterol metabo-

lism under conditions of myelin phagocytic activity, macrophages

exhibit dysregulated inflammatory responses, phagocyte dysfunction

and altered immune functions and tissue regeneration (Berghoff

et al., 2021). Our findings, by showing that UCM1341 polarized mac-

rophages to a lipid-laden Plin2+ foamy phenotype and up-regulated

the phagocytic receptor TREM2, the lipid-sensing nuclear receptor

LXR and the cholesterol efflux transporter ABCA1, suggest a role of

the bivalent ligand in providing a restorative response against a neu-

roinflammatory demyelinating insult through the modulation of cho-

lesterol metabolism. In support, the up-regulation of ABCA1

contributes to the protective and anti-atherosclerotic properties of

both OEA and melatonin (Chinetti et al., 2001; Kim et al., 2021).

Collectively, our findings showed that UCM1341, by inhibiting

FAAH enzyme and stimulating PPARα, TRPV1 channels and melatonin

receptors, modulated the expression of receptors and intracellular sig-

nalling pathways governing protective and inflammation resolution

responses in the CNS. Further work is needed to determine the

effects of joint targeting of the endocannabinoid and melatoninergic

systems in models of neurodegenerative disease-associated inflamma-

tory states.
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