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ARTICLE INFO ABSTRACT

Keywords: Neuroinflammation is a hallmark of several neurodegenerative disorders that has been extensively studied in
FAAH inhibition recent years. Microglia, the primary immune cells of the central nervous system (CNS), are key players in this
Microglia physiological process, demonstrating a remarkable adaptability in responding to various stimuli in the eye and
Ii';i:sf;;:lz:;?o;yﬁem the brain. Within the complex network of neuroinflammatory signals, the fatty acid N-ethanolamines, in
UVEB particular N-arachidonylethanolamine (anandamide, AEA), emerged as crucial regulators of microglial activity

under both physiological and pathological states. In this study, we interrogated for the first time the impact of the
signaling of these bioactive lipids on microglial cell responses to a sub-lethal acute UVB radiation, a physical
stressor responsible of microglia reactivity in either the retina or the brain. To this end, we developed an in vitro
model using mouse microglial BV-2 cells. Upon 24 h of UVB exposure, BV-2 cells showed elevated oxidative
stress markers and, cyclooxygenase (COX-2) expression, enhanced phagocytic and chemotactic activities, along
with an altered immune profiling. Notably, UVB exposure led to a selective increase in expression and activity of
fatty acid amide hydrolase (FAAH), the main enzyme responsible for degradation of fatty acid ethanolamides.
Pharmacological FAAH inhibition via URB597 counteracted the effects of UVB exposure, decreasing tumor ne-
crosis factor « (TNF-a) and nitric oxide (NO) release and reverting reactive oxidative species (ROS), interleukin-
1B (IL-1p), and interleukin-10 (IL-10) levels to the control levels. Our findings support the potential of enhanced
fatty acid amide signaling in mitigating UVB-induced cellular damage, paving the way to further exploration of
these lipids in light-induced immune responses.
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1. Introduction

The recent scientific debate has focused on neuroinflammation, a key
feature of many neurodegenerative disorders. Neuroinflammation oc-
curs when resident immune cells, primarily microglia, are activated in
response to different triggers such as injury, infection, or exposure to
toxic substances [1]. Physiologically, microglial cells play vital roles in
helping the brain to restore the homeostasis of the nervous tissue and
protecting various cell types, including neurons [2-4] and retinal pho-
toreceptors [5-7] from detrimental and inflammatory insults.

One interesting characteristic of microglia is their ability to adapt.
When exposed to different stimuli, microglial cells can undergo dynamic
changes in their phenotypic and functional activity, demonstrating their
importance in the immune response within the brain. Yet, exposure to
certain (bio)chemicals, such as bacterial lipopolysaccharides (LPS), or
physical factors such as UV light [8], can cause microglia to switch to a
specific phenotype called M1, which leads to the onset of oxidative stress
and the production of pro-inflammatory cytokines. These events are
initially induced as a self-protective mechanism; however, dysfunction
and prolonged microglia activation finally contribute and are associated
with neurodegenerative disorders of the brain and the eye [9-11].

From a molecular perspective, several cellular signal transduction
systems coordinate and control each of these processes, enabling
microglial cells to respond effectively to a range of endogenous and/or
exogenous stressors. Within this defense system, the endocannabinoids
(eCBs) AEA [12] and 2-arachidonoylglycerol (2-AG) [13] have a crucial
role in regulating microglial activity under normal and pathological
conditions [14]. AEA and 2-AG belong to the so called “endocannabi-
noid system” (ECS), that consists of several eCBs, their metabolic en-
zymes and receptor targets [15]. Acylethanolamides other than AEA,
like palmitoylethanolamide (PEA) and oleoylethanolamide (OEA), are
considered eCB-like compounds, as they do not directly activate
cannabinoid receptors but interact with other targets able to influence
the eCB signaling [16]. Briefly, AEA is produced by N-arachidonoyl
phosphatidylethanolamines-specific phospholipase D (NAPE-PLD)
[17,18] and is degraded by FAAH [19]. In relation to the latter, fatty
acid amide hydrolase-2 (FAAH-2) [20,21] and N-acylethanolamine-hy-
drolyzing acid amidase (NAAA) [22,23], are additional enzymes that
may also bind to acylethanolamides with lower affinity and hydrolyze it
[24].

On the other hand, 2-AG is synthetized by diacylglycerol lipases o
and p (DAGLa/p) [25] and is degraded by monoacylglycerol lipase
(MAGL) [26] which was found the primary 2-AG hydrolase in mouse
brain. In addition, a minor activity was attributable to other two en-
zymes, ao/p-hydrolase-6 (ABDH-6) and o/f-hydrolase-12 (ABDH-12)
[27].

Furthermore, distinct lipoxygenase (LOX) isozymes, cytochrome
P450, and COX-2 can oxidize AEA and 2-AG [27,28].

The G protein-coupled cannabinoid 1 and 2 (CB; and CB,) receptors
are the main targets of eCBs, that can also bind to additional non-
cannabinoid receptors like the orphan G-coupled receptor GPR55, the
transient receptor potential vanilloid type-1 (TRPV1) ion channel, and
the peroxisome proliferator-activated nuclear receptors (PPARs) [15].
This biochemical system is expressed by microglia, where it regulates
the immune activity by driving release of pro- and anti-inflammatory
mediators, as well as cell proliferation, migration, and phagocytosis
[14,29]. In particular, AEA, alone or in combination with PEA and OEA,
triggers signaling activity that has been linked to the control of cellular
responses to a variety of stresses and insults, such as inflammation [30],
heat stress [31], excitotoxic stress [32], and exposure to ultraviolet (UV)
radiation [33,34]. Through its key regulatory impact on microglia
physiology [14,35], this lipid signaling appears to be particularly
important in the neuroinflammatory response.

In the present study, for the first time we interrogated the influence
of FAAH activity on cellular responses to UVB radiation, a physical
stressor to which microglial cells are exposed in the retina. To this end,
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we developed and characterized an in vitro model that induces a sub-
lethal acute UVB damage in BV-2 cells, a widely used immortalized
mouse microglial cell line. By pharmacologically inhibiting FAAH we
primarily manipulated endogenous fatty acid amide signaling to explore
its potential in attenuating UVB-induced cellular changes.

2. Materials and methods
2.1. Chemicals

DMEM with and without phenol red was purchased from Euroclone
(Pero, Milan, IT), as well as other cell culture reagents. Non-treated
plasticware was purchased from Starlab (Starlab International GmbH,
Hamburg, DE). The 2,7-dichlorodihydrofluorescein diacetate probe and
the inhibitor URB597 substance were obtained from Molecular Probes,
(Eugene, OR, USA). Nitric oxide was determined using the kit from Enzo
Life Sciences (Enzo Life Sciences, Inc., Farmingdale, NY, USA). ELISA
kits were purchased from: Biolegend Inc. (BioLegend Way, San Diego,
CA, USA) for TNF-a, PeproTech (Rocky Hill, NJ, USA) for IL-6, whereas
the kits for IL-18 and IL-10 were from Invitrogen (Thermo Fisher Sci-
entific, Inc., Waltham, MA, USA). The Ap (1-42) FITC peptide was from
AnaSpec (AnaSpec Inc. & Eurogentec US, Fremont, CA, USA). The
Thincert cell culture system was purchased from Greiner Bio-One Italia
S.r.l. (Milan, IT). The ReliaPrep RNA Miniprep System kit was from
Promega (Milan, IT), whereas the Wonder RT cDNA Synthesis kit was
purchased from Euroclone (Pero, Milan, IT). TagMan Gene Expression
Assays were obtained from ThermoFisher Scientific (Waltham, MA,
USA). Arachidonic 7-amino-4-methyl coumarin amide, anti-CB, and
anti-CB; primary antibodies were purchased from Cayman Chemicals,
whilst the anti-TRPV1 primary antibody was from OriGene (OriGene
Technologies, Inc., Rockville, MD, USA). Anti-GPR55, -PPARq, -PPARY,
-PPARS, -FAAH, -COX-2 and -MAGL primary antibodies were purchased
from Abcam (Cambridge, UK). Anti-DAGLa, -NAPE-PLD and -DAGLJ
primary antibodies, as well as HRP-conjugated secondary antibodies,
were from Thermo Scientific Pierce (Rockford, IL, USA). Anti-Ibal was
from Antibodies (Stockhlom, Sweden). The polyvinylidene fluoride
(PVDF) membrane and the non-fat milk were from Bio-Rad (Bio-Rad
Laboratories S.r.l., Segrate Milano, IT). All the other reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The UVB lamp was
purchased from Ditta Ammirata (Milan, IT).

2.2. Cell culture and treatments

The BV-2 microglial cell line, kindly provided by Dr. Mangino,
Sapienza University of Rome, was grown in DMEM supplemented with
10 % Fetal Bovine Serum, 2 mM i-glutamine, 1 % penicillin-
streptomycin and kept at 37 °C in a humidified atmosphere of 5 %
CO,. Cells were seeded at 4 x 103 cells/cm? density for each experiment
in DMEM without phenol red and 24 h after plating, cells were irradiated
with different UVB light doses (45, 75, 120, 150, 180 and 225 mJ/cm?).
We used the lamp UV-B Narrowband TL 20 W/01 RS SLV/25 (312 nm)
at height 30 cm. The power (W) was measured with an UV radiometer
and the doses were obtained by multiplying the power for the different
irradiation times. We chose the dose of 153 mJ/cm? (ID50) for all ex-
periments; control cells were protected with foil paper to prevent light
exposure. In the FAAH inhibition experiments, cells were treated with:
(i) UVB, (ii) 5 uM URB597, and (iii) UVB with 5 pM URB597. Notably,
the addition of the drug occurred immediately after irradiation.
Consequently, there was no necessity to monitor the chemical stability
of the drug. All the analyses were conducted after 24 h.

2.3. Cell viability assays
Cell viability was assessed with the MTT assay. The cells were plated

onto 96-well plate, at a density of 2.5 x 10° cells/well and exposed to
UVB irradiation as aforementioned. The cell viability was assessed at 24
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h post-irradiation. MTT was added to the wells to a final concentration
of 0.5 mg/mL at 37 °C. The reaction was stopped after 45 min by adding
2-propanol-0.04 N HCI to the wells in a 1:1 ratio and pipetting to
dissolve the crystals. The resulting colorimetric reaction was read in
absorbance by means of a microplate reader (Tecan Infinite® 200 PRO).
The cell viability was calculated by subtracting the 630 nm OD back-
ground from the 570 nm [36]. OD total signal of the cell-free blank of
each sample and was expressed as percentage of the control (100 %).

2.4. Cell cycle distribution and apoptotic cells detection by flow cytometry

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. Control and treated BV-2 cells were collected, washed twice
with ice-cold PBS, and fixed in 70 % ethanol solution at 4 °C for 30 min.
Fixed cells (10° cells/mL) were then washed twice with ice-cold PBS and
stained with a solution containing 50 pg/mL PI, 0.1 % Nonidet-P40, and
RNase A (6 pg/ 10° cell) for 1 h in the dark at 4 °C. Data from 10,000
events per sample were collected and analyzed using a FACS Calibur
instrument (BD Biosciences) equipped with cell cycle analysis software
(Modfit LT for Mac V3.0) to calculate the percentages of cells in the G1,
G2/M, and S phases. The apoptotic cells were determined by their hy-
pochromic subdiploid nuclei staining profiles and analyzed using the
Cell Quest software program (BD Instruments Inc., San José, CA, USA).

2.5. Intracellular ROS production

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. The level of intracellular ROS was measured at 24 h post-UVB
with the probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA).
Briefly, the untreated and the irradiated BV-2 cells were incubated with
10uM DCFH-DA at 37 °C for 30min in darkness. Then, the cells were
washed twice in ice-cold PBS, and then the fluorescence intensity was
measured by spectrofluorometer (Perkin-Elmer LS-50B) setting excita-
tion and emission wavelengths at 502 and 523 nm, respectively [37].
Data are expressed in arbitrary units (a.u.).

2.6. Nitric oxide determination

Cells were seeded in 24-well-plates at 4 x 10° cells/cm? density and
the supernatants were collected from untreated BV-2 cells, as well as
from BV-2 cells exposed to UVB or to URB597 alone and to both UVB and
URB597. NO was quantified by measuring the nitrite concentration
using the nitric oxide (NO2-NO3) detection kit according to the manu-
facturer’s protocols. Standard and samples (80 pL) were added into 96-
well plates and mixed to the nitrate reductase enzyme. The absorbance
was read at 570 nm with a microplate reader (Tecan Infinite® 200 PRO).
The amount of nitrite was calculated from the standard curves and data
are expressed in pM.

2.7. Cytokine assays

Cells were seeded in 24-well-plates at 4 x 10> cells/cm? density and
after treatments, the supernatants were retrieved and centrifuged to
remove cells and debris. The samples (100 pL) were added into 96-well
plates and the production of the cytokines (TNF-a, IL-6, IL-1$ and IL-10)
was assessed by commercial kits according to the manufacturer’s in-
structions. The absorbance at 450 and 405 nm for TNF-a, IL-6, IL-1p and
IL-10, respectively, was read by means of a microplate reader (Tecan
Infinite® 200 PRO).

2.8. Immunophenotype analysis by flow cytometry

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. For surface expression of BV-2 immunophenotype, cells were
incubated with Vio-bright FITC-conjugated anti-CD16/32 (1:50, Milte-
nyi Biotec), PE-conjugated anti-CD86 (1:50, Miltenyi Biotec), APC-

BBA - Molecular and Cell Biology of Lipids 1869 (2024) 159524

Vio770-conjugated anti-CD40 (1:50, Miltenyi Biotec), Vioblue-
conjugated anti-CD68 (1:50, Miltenyi Biotec), Viogreen-conjugated
anti-CD11B (1:50, Miltenyi Biotec), APC-conjugated anti-TREM2 (1:50
RnD System), PE/cyanin7 conjugated anti-CD206 (Biolegend) for 30
min at 4 °C in the dark. The samples were washed twice using PBS with
0.09 % sodium azide and assayed by means of polychromatic flow
cytometry in a Cytoflex analyzer (Beckman Coulter). The samples were
analyzed using Flow Logic analysis software (Inivai Technologies). For
each experiment, a minimum number of 50,000 events were analyzed.

2.9. Phagocytosis assay

For the phagocytosis assay, cells were seeded (3 x 10%/well) into 48-
well plates in DMEM without phenol red and 24 h after plating, cells
were irradiated with 153 mJ/cm? UVB light. After 24 h, the medium was
removed and replaced with DMEM with Ap 1-42 FITC (2.5 pg/mL). The
cells were incubated at 37 °C, 5 % CO», for 30, 60, 90 and 120 min, the
respective negative control for each time was incubate at +4 °C. After
incubation, the samples were placed on ice to halt phagocytosis and then
washed (twice in ice-cold PBS) and resuspended in ice-cold PBS. The BV-
2 were then detached using Trypsin EDTA solution and assayed by
means of polychromatic flow cytometry in a Cytoflex analyzer (Beckman
Coulter) [38]. The samples were analyzed using Flow Logic analysis
software (Inivai Technologies). For each experiment, a minimum num-
ber of 20,000 events were analyzed.

2.10. Cell migration assay

Briefly, BV-2 cells were seeded in 100 x 20 mm Petri Dishes at 4 x
10° cells/cm? density, and they were irradiated with 153 mJ/cm? UVB
light. After 24 h, the cells were detached and counted. To assess UVB
light effect on BV-2 chemotaxis, we used 8.0 pm pore size culture inserts
in 24-well plates. A suspension containing 2.5 x 10* cells for each
condition was added in 0.5 % serum medium on the upper chamber of
the transwell system, whereas medium containing 10 % serum was
added into the lower chamber, as FBS was used as chemoattractant
[39,40]. Cells were allowed to migrate for 24 h prior to quantitation of
chemotaxis. After that time, cells on the upper and lower side of the
thincert were counted by Trypan Blue exclusion test. Then, the thincert
membranes were washed twice with PBS and then fixed with 4 %
paraformaldehyde-PBS. Cells that migrated and attached to the under-
surface of the membrane were stained with crystal violet for 15 min
[41]. After the staining, the transwells were washed twice with PBS and
then the upper membrane was gently dried out by means of cotton swabs
to remove the excess stain [42]. Subsequently, 450 pL of a 33 % acetic
acid solution was added to the upper chambers of the inserts and the
plate was left on slow shaking for 15 min covered in foil to avoid light.
The produced eluates on the lower chambers were transferred to a 96-
well plate in duplicate and the absorbance was read at 590 nm.

2.11. Gene expression: gPCR analysis

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. Total RNA was extracted with a ReliaPrep RNA Miniprep Sys-
tem kit. Wonder RT cDNA Synthesis kit was used for cDNA synthesis.
Transcripts were quantified by real-time quantitative PCR on an 7900HT
Real-Time PCR System sequence detector Applied Biosystems (Life
Technologies, Carlsbad, CA, USA) with Applied Biosystems predesigned
TagMan Gene Expression Assays. The following probes were used (assay
identification numbers in parentheses): Faah (Mm00515684_m1), Actin-
p (MmO04394036_g1), PTGS2 (MmO00478374_m1), Aif-1
(Mm00479862_g1).

2.12. Western blotting

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
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Fig. 1. Cell number and viability of BV-2 cells exposed to UVB light and tested after 24 h. (A) Cells were counted, and the number of trypan blue-negative cells was
determined at the indicated UVB doses. (B) Cell viability and metabolic efficiency was tested by MTT assay. Results are expressed as mean values + standard error of
the mean (SEM) of three-five independent experiments. Significance is shown as p value, achieved by unpaired Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001

vs. control.

density. BV-2 cells were collected after UVB treatment, washed with
PBS, and lysed for 30 min at 4 °C in ice-cold RIPA buffer (50 mM Trizma
base, 150 mM NacCl, 1 % Igepal, 1 mM EDTA, 1 mM EGTA, 0.1 % SDS-10
% and 0.5 % sodium deoxycholate) containing a suitable cocktail of
protease and phosphatase. Equal amounts of proteins of each sample
(60 pg) were separated on a 12 % SDS-polyacrylamide gel and trans-
ferred onto a polyvinylidene fluoride (PVDF) membrane. The mem-
branes were then blocked in 5 % non-fat milk (w/v) and incubated with
suitably diluted primary antibodies [43]. All the primary antibodies are
summarized in Table S1 in the Supplementary Materials. The respective
HRP-conjugated secondary antibodies were added according to the in-
structions. Protein bands were visualized using chemiluminescent
detection system and quantified using Molecular Imager® Gel Chem-
iDocTM XRS+ System (Bio-Rad Laboratories). Signal intensities were
normalized to the corresponding f-actin and GAPDH levels.

2.13. FAAH activity assay

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. BV-2 cells were collected after UVB treatment, washed with ice-
cold PBS. Enzymatic activity of FAAH, was assayed by measuring the
release of arachidonic acid and of the highly fluorescent 7-amino-4-
methyl coumarin (AMC) product from the non-fluorescent arachidonic
7-amino-4-methyl coumarin amide (AAMCA) [44]. All enzymatic assays
were carried out at 37 °C using a pre-incubation time of 30 min. Enzyme
activity was calculated as relative fluorescence units (RFU) using 15-20
g of total protein and saturating substrate concentrations of 4 pM in a
final volume of 100 pL. The cells were resuspended in Assay Buffer (50
mM Hepes pH 7.4 containing 1 mM EDTA) and subsequently sonicated
for 2 s at 40 powers, this cycle was repeated 3 times. Proteins were
determined according to the Bradford method. The measurements were
performed with the Hitachi F-2710 Fluorescence Spectrophotometer
connected to the thermostat. Adjust excitation and emission slits to 4
and 10 nm respectively, with a scanning speed of 1500 nm/min. Set the
excitation wavelength at 355 nm and record fluorescence emission
spectra between 350 and 600 nm (emission maximum at 460 nm) for a
time interval of 60 min. A blank spectrum must be recorded and sub-
tracted from all other spectra.

2.14. AEA, PEA, OEA 2-AG measurements

Cells were seeded in 100 x 20 mm Petri Dishes at 4 x 10° cells/cm?
density. AEA, OEA, PEA and 2-AG were evaluated in BV-2 cell by ultra-
high-performance liquid chromatography-tandem mass spectrometry

[45]. Briefly, the lipid fraction from BV-2 was extracted using chlor-
oform-methanol-water (2:1:1 v/v) in the presence of internal standards
at following concentration: AEA-d4 1 ng/mL, OEA-d4 10 ng/mL, 2-AG-
d8 200 ng/mL, PEA-d4 10 ng/mL. The chloroform partition was dried
under a gentle nitrogen stream and then subjected to a micro-solid phase
extraction (SPE) procedure for a rapid clean-up using OMIX C18 tips
from Agilent Technologies (Santa Clara, CA, USA). All analyses were
performed using a Nexera XR LC 20 AD UHPLC system (Shimadzu Sci-
entific Instruments, Columbia, MD, USA) that was equipped with
Kinetex XB-C18 1.7 pm, 100 2.1 mm from Phenomenex (Torrance, CA,
USA) and coupled with a 4500 Qtrap Mass spectrometry from Sciex
(Toronto, ON, Canada) that was equipped with a Turbo V electrospray
ionization source. The levels of the target molecules were then calcu-
lated as pmoles/10° cells.

2.15. Statistical analysis

Data reported in this study are the means + standard error of the
mean (SEM) of at least three independent experiments. The GraphPad
Prism 8 program (GraphPad Software, La Jolla, CA, USA) was used to
assess the statistical significance of differences between group means.
The comparison between control and treated groups was performed by
unpaired Student’s t-test, whereas comparisons between multiple
groups were performed using the one-way analysis of variance ANOVA
test, followed by a Bonferroni post-hoc test. Level of p < 0.05 was
regarded as statistically significant.

3. Results

3.1. Development and characterization of an in vitro model of sub-lethal
acute UVB-induced damage in microglia

Firstly, an in vitro model of sub-lethal acute UVB injury on BV-2 cells
was established. Specifically, we evaluated the effects of increasing
doses of UVB exposure (i.e., 0, 45, 75, 120, 150, 180, and 225 mJ/cm?)
on cell viability and toxicity. Our findings revealed a reduction in
cellular proliferation as the UVB dose increased, demonstrating a clear
and direct correlation between UVB exposure and cell damage. The half-
maximal inhibitory dose (ID50) for UVB irradiation was estimated at
153 mJ/cm?, thereby serving as the benchmark dose for all successive
experimental procedures (Fig. 1).

Moreover, flow cytometry analysis found that, at this dosage, UVB
caused transitory alterations in BV-2 cell cycle distribution and
apoptosis.
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Fig. 2. ROS, nitric oxide, cytokines production and COX-2 expression in BV-2 cells. BV-2 cells were exposed to 153 mJ/cm? UVB dose and retrieved after 24 h. (A)
Intracellular ROS were determined using 10 pM DCFH-DA at 37 °C for 30min in darkness. Data are shown as fluorescence intensity in arbitrary units (a.u.). (B) NO
content was detected using a Griess assay. (C) Released cytokines content was assessed by ELISA. (D) Expression of COX-2 was quantified for mRNA content by
quantitative real-time polymerase chain reaction (QRT-PCR). (E) Expression of COX-2 was quantified for protein content by Western blotting. Equal amount of
proteins (60 pg) was loaded for each sample. The blot representative image is shown below the respective graph and band density was performed by using Image-J
software, normalized to B-actin. Values are expressed in arbitrary units (a.u.). Results are expressed as mean values + standard error of the mean (SEM) of three-four
independent experiments. Significance is shown as p value, achieved by unpaired Student’s t-test. *p < 0.05, **p < 0.01 vs. control.

UVB irradiation induced a significant increase of the percentage of apoptosis was increased by 8 times because of the treatment (Fig. S1B).
cells in G1 phase compared to control cells, indicating a cell cycle arrest. Notably, after 48 h of post-irradiation, cell proliferation and apoptosis
Thereby, a delay in S phase was observed in UVB-irradiated cells levels were reported to those of control cells (Fig. SIC—D), indicating

compared to the untreated cells(Fig. S1A). Moreover, the rate of that microglial cells can heal the acute damage brought on by UVB
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exposure.

To obtain more information and better characterize the role of UVB
rays in modifying relevant aspects of microglial physiology, we also
evaluated ROS, NO, cytokine generation along with COX-2, ionized
calcium binding adapter molecule 1 (Iba-1) and immunophenotypic
marker expression, as well as phagocytosis and chemotaxis.

Here, we observed that following the radiation, ROS, NO, COX -2,
TNF-a and IL-1f levels all increased compared to the untreated cells. In
contrast, UVB exposure markedly reduced IL-10 production, whereas no
effect was obtained on IL-6 levels (Fig. 2) or Iba-1 protein expression
(Fig. S2).

To ascertain whether UVB exposure also causes a change in the
phenotype of cells, we evaluated by cytofluorimetry several surface
markers typically associated with cells in the activated state. We
observed that most of the markers tested such as CD68, CD11b, CD86,
CD40, TREM2 were not affected by UVB exposure, while CD206 and
CD16/32 showed a slight but significant increase in treated samples
compared to unirradiated cells (Fig. S3).

Lastly, our findings indicated that irradiation increased the micro-
glial migratory capability (Fig. 3A).

Furthermore, given the ability of microglia cells to carry out
phagocytosis, we investigated whether UVB exposure would affect their
ability to phagocytose FITC-conjugated AfB1/42 peptide. Interestingly
we observed an increase in phagocytosis compared to control cells
(Fig. 3B) which was consistent with cell activation.

3.2. Acute UVB irradiation selectively increased the expression and
activity of fatty acid amide hydrolase in microglial cells

To investigate the possible alterations in the microglial eCB signaling
in UVB exposed BV-2 cells, we assessed the expression levels of the main
components of the ECS by Western blotting.

No significant differences were found in the expression of the ele-
ments of the ECS (Fig. 4). On the other hand, the CB;, GPR55, PPARq,
PPARy, NAPE-PLD and MAGL protein expression was not detectable.

Next, to assess the potential involvement of FAAH in the responses

observed after irradiation we measured mRNA, protein expression and
enzymatic activity. As shown in Fig. 5, UVB-irradiated microglia showed
a significant increase in FAAH, the primary enzyme responsible for AEA
breakdown, which was ~30 % more expressed than in untreated
microglia (Ctrl: 0.646 + 0.086 a.u.; UVB: 0.842 + 0.023 a.u.; p =
0.049).

These findings imply that acute UVB irradiation selectively elevated
FAAH protein expression and activity in microglial cells, potentially
lowering AEA-mediated signaling. Consistently, we found that UVB-
irradiated microglia showed a significant decrease in the levels of
AEA, as well as of its congeners PEA and OEA, but not of 2-AG (Table 1).

3.3. Effects of pharmacological inhibition of fatty acid amide hydrolase
on the UVB-induced damage in microglial cells

To examine the possible contribution of AEA to counterbalancing
UVB-induced cellular changes in BV-2 cells, we increased endogenous
AEA signaling by employing URB597, a highly effective and selective
FAAH inhibitor which is largely employed both in vivo and in vitro
experiments [46,47]. Immediately after irradiation, the cells were
treated with 5 pM URB597. This treatment fully reverted the UVB-
induced reduction in the AEA levels, as well as in the levels of PEA
and OEA (Table 1). With respect to UVB treated cells, the presence of
URB597 significantly enhanced cell viability as showed in Fig. S4.

Moreover, URB597 significantly decreased ROS levels compared to
UVB alone (Fig. 6A), reaching values comparable to the control and
attenuated NO release.

FAAH inhibition also attenuated the release of TNF-a and IL-1p, with
respect to the irradiated cells, while URB treatment increased the IL-10
production compared to the UVB-treated BV-2 cells (Fig. 6C). Remark-
ably, URB597 treatment fully reversed the effect of UVB on the changes
in IL-1p and IL-10, which returned to the levels of untreated cells.
URB597 addition after irradiation certainly tends to decrease COX-2
gene and protein expression, but these values did not reach statistical
significance compared to irradiated cells (Fig. 6D-E). As for the Iba-1
protein expression, FAAH inhibition did not have any effect (Fig. S5).
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Lastly, URB597 treatment reduced the migratory rate of UVB-
exposed microglia cells (Fig. 7A), but had no effect on their phago-
cytic activity (Fig. 7B).

4. Discussion

We established and characterized an in vitro model of sub-lethal
acute UVB-induced damage in BV-2 cells, an immortalized mouse
microglial cell line. Following 24 h upon UVB exposure, these cells
showed: (i) elevated oxidative stress markers (ROS and NO), (ii)
enhanced phagocytic and chemotactic activities, and (iii) altered im-
mune profiling. Additionally, changes were observed in the expression
of some components of the ECS within irradiated cells. Notably, UVB
exposure led to significant upregulation of FAAH enzymatic activity, the
main catabolic enzyme for fatty acid ethanolamides, along with

downregulation of AEA, PEA and OEA. Critically, FAAH inhibition via
URB597 administration partially counteracted these effects, implying
the potential for enhanced fatty acid amides signaling in mitigating sub-
lethal UVB-induced cellular damage.

In this study, the relatively low dose of UVB induced damages that
BV-2 cells successfully repaired within 48 h post-exposure. Alterations
observed at 24 h post-UVB exposure, namely the elevated levels of ROS
and NO, displayed an increment in COX-2, TNF-a and IL-1f expression,
coupled with diminished IL-10 levels, moderately mirroring the micro-
glial cells activation towards an M1-like or pro-inflammatory phenotype
[14,48-50]. The absence of a rise in IL-6 levels in the irradiated cells and
the findings on the phenotype investigation demonstrate that our cell
model lacks a dominant phenotype.

Altogether, our findings reinforce the idea of a no longer quiescent
microglia, but an activated one [51]. Collectively, our results imply that
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Table 1
Levels of AEA, PEA, OEA and 2-AG measured in BV-2 cells.
Lipid (pmol/ Treatment
6
107 cells) Ctrl UVB URB597 UVB + URB597
AEA 0.019 + 0.005 + 0.037 + 0.032 +
0.004 0.002* 0.009** 0.0077777"
PEA 2.3+£04 1.0 £ 0.3%% 4.2 +0.4** 3.9+ 1177
OEA 45+1.1 1.2 £ 0.5 8.0 + 2.5 7.5+23777
2-AG 34+15 35+13 30+17 32+9

Values are expressed as mean + standard deviation (SD) of four-five samples per
group. Significance is shown as p value, calculated using One-way ANOVA fol-
lowed by Bonferroni post-hoc test for multiple comparisons.

" p<0.05

™ p < 0.01 vs. control

### p < 0.001

#### b < 0.0001 vs. UVB

a sub-lethal dose of UVB radiation represents a physical stressor that
elicits a unique cellular response in microglia leading to increased levels
of specific inflammatory mediators, albeit preserving the cellular func-
tionality. We believe these characteristics warrant further and more
targeted investigations in future studies.

Regarding the UV-induced changes within the microglial ECS, we
found a selective increment in FAAH protein expression, and an even
more substantial rise in its enzymatic activity. This was accompanied by
a robust reduction in the basal levels of fatty acid N-ethanolamines, of
which AEA is the prototypical member. Notably, our findings indicate
that, despite a modest increase in protein expression, UVB irradiation
strongly stimulates FAAH enzymatic activity, resulting in a 2.7-fold in-
crease (Fig. 5). This variation suggests the involvement of allosteric and/
or covalent mechanisms induced by UVB irradiation. In support of this
possibility, FAAH has been described as a dimeric enzyme with allosteric
properties [52]. Additionally, UVB irradiation significantly stimulated
the expression of COX-2, increasing it by approximately 2-fold
compared to untreated cells (Fig. 2). Given that COX-2 may oxidize
AEA as a substrate [27,28], this upregulation could contribute to the

pronounced reduction in AEA levels that we observed in our cell model.

To assess the potential involvement of signaling mediated by these
bioactive lipids in microglial response to UVB stress, we inhibited FAAH,
their main degrading enzyme, by URB597. Remarkably, we observed
that the rise in AEA, PEA, and OEA levels induced by URB597 was
associated to counteracting the effects of UV irradiation. Our findings
suggest that these lipids may contribute to mitigate several changes
induced by UV irradiation, implying that enhancing of fatty acid amide-
mediated signaling could improve, at least in part, the cell response to
sub-lethal UVB-induced damage.

Of note, the capability of URB597 to reduce the production of ROS
and NO following irradiation aligns with earlier findings on FAAH in-
hibition in Ap-challenged BV-2 cells [47], primary microglia [53] and
brain endothelial cells [54]. In this context, the enhancement in AEA
signaling alleviated neuroinflammation through the CB,-activated
pathway [53], suppressed the production of TNF-a, IL-1p, and IL-6
[55,56], and increased IL-10 in activated microglia [57]. Here, we
demonstrated that FAAH inhibition produced a protective effect by
increasing IL-10 levels, while reducing all inflammatory mediators
including COX-2, by bringing IL-1p and ROS back to the levels of unir-
radiated cells. These findings support those previously reported in LPS-
stimulated BV-2 cells [30], positioning URB597 as a promising antiox-
idant and anti-inflammatory drug for protecting retinal microglia from
the negative effects of UV radiation.

In conclusion, our findings indicate that the inhibition of FAAH ac-
tivity via URB597 treatment could alter the cellular responses induced
by UVB irradiation in microglial cells. Although additional research is
needed to fully understand the molecular and cellular mechanisms at
play and the potential therapeutic benefits of targeting FAAH in UVB-
induced responses in microglia, our data indicate that enhancing fatty
acid ethanolamides signaling through pharmacological measures might
provide a protective effect, potentially assisting microglial cells in
mitigating the harmful effects of sub-lethal UVB exposure. Recent
studies on the skin and eyes have shifted the research focus towards
examining the impact of light on brain cells [58,59], as well as its in-
fluence on microglia’s role in modulating immune response [60-62]. In
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this regard, our investigation on immortalized microglia provides an
initial step towards understanding the role of certain ECS components in
UV light-associated neurodegenerative diseases with important impli-
cations from a translational perspective.
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