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N-acetylaspartate mitigates pro-inflammatory
responses in microglial cells by intersecting
lipid metabolism and acetylation processes
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Abstract

Background Microglia play a crucial role in brain development and repair by facilitating processes such as

synaptic pruning and debris clearance. They can be activated in response to various stimuli, leading to either pro-
inflammatory or anti-inflammatory responses associated with specific metabolic alterations. The imbalances between
microglia activation states contribute to chronic neuroinflammation, a hallmark of neurodegenerative diseases.
N-acetylaspartate (NAA) is a brain metabolite predominantly produced by neurons and is crucial for central nervous
system health. Alterations in NAA metabolism are observed in disorders such as Multiple Sclerosis and Canavan
disease. While NAA's role in oligodendrocytes and astrocytes has been investigated, its impact on microglial function
remains less understood.

Methods The murine BV2 microglial cell line and primary microglia were used as experimental models. Cells were
treated with exogenous NAA and stimulated with LPS/IFN-y to reproduce the pro-inflammatory phenomenon.

HPLC and immunofluorescence analysis were used to study lipid metabolism following NAA treatment. Automated
fluorescence microscopy was used to analyze phagocytic activity. The effects on the pro-inflammatory response were
evaluated by analysis of protein/mRNA expression and ChIP assay of typical inflammatory markers.

Results NAA treatment promotes an increase in both lipid synthesis and degradation, and enhances the phagocytic
activity of BV2 cells, thus fostering surveillant microglia characteristics. Importantly, NAA decreases the pro-
inflammatory state induced by LPS/IFN-y via the activation of histone deacetylases (HDACs). These findings were
validated in primary microglial cells, highlighting the impact on cellular metabolism and inflammatory responses.

Conclusions The study highlighted the role of NAA in reinforcing the oxidative metabolism of surveillant microglial
cells and, most importantly, in buffering the inflammatory processes characterizing reactive microglia. These results
suggest that the decreased levels of NAA observed in neurodegenerative disorders can contribute to chronic
neuroinflammation.
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Background

Microglia are central nervous system (CNS)-resident
immune cells involved in maintaining brain physiology
and function. Surveillant microglia contribute to brain
development and remodeling by promoting neuronal
plasticity and tissue repair via synaptic pruning, cell
debris scavenging, and trophic factor release [1]. Microg-
lia become reactive upon the recognition of different
stimuli, developing a wide range of different phenotypes
and functions. Upon sensing pathogen- or damage-
associated molecular patterns (PAMPs or DAMPs) they
release pro-inflammatory cytokines (e.g., TNF-a, IL-6)
and nitric oxide (NO) to accomplish CNS immunosur-
veillance. On the other hand, anti-inflammatory stimuli
(e.g. IL-4, IL-10) can allow the resolution of inflammation
and the repair of damaged sites [2]. The different reac-
tive states of microglia are often associated with specific
metabolic traits that influence their functional proper-
ties. Microglia responding to pro-inflammatory stimuli
mainly rely on glucose metabolism boosting glycolysis
for satisfying energetic demands and the pentose phos-
phate pathway for producing NADPH for NO synthesis
by inducible NO synthase (iNOS). Surveillant as well as
immunosuppressive microglia mainly exhibit an oxida-
tive metabolism sustained by fatty acid oxidation and
express arginase 1 (Arg-1) that ultimately contributes to
polyamine synthesis involved in tissue recovery [3, 4].
The imbalance between pro-inflammatory and immuno-
suppressive properties of microglia may lead to chronic
neuroinflammation [5-7], which represents one of the
hallmarks of neurodegenerative diseases [6, 8].

The aberrant communication between neurons and
glial cells, due to altered release of neurotransmitters,
cytokines and metabolites, contributes to metabolic
and inflammatory alterations of microglia in CNS dis-
orders [9, 10]. N-acetylaspartate (NAA) is the second
most abundant metabolite of the brain, where it is almost
exclusively synthesized by neurons and continuously
released in the microenvironment. NAA is selectively
catabolized in acetate and aspartate by cells expressing
the enzyme aspartoacylase (ASPA). Brain NAA con-
centration exhibits a very high intracellular/extracel-
lular ratio reaching 10-15 mM in neurons and 100-200
puM in the extracellular space [11-13]. Along with the
active efflux from neurons or the passive release after cell
death, the extracellular level of NAA largely depends on
the leakage from the blood-brain barrier and the uptake
rate of neighboring cells. The effect of extracellular NAA
in glial cells has been mainly delineated in oligoden-
droglia development and maturation. Oligodendrocytes

catabolize NAA and use acetate as a relevant source of
acetyl-CoA for lipid synthesis and thus myelin formation
[14]. Moreover, NAA is involved in the regulation of pro-
tein acetylation process providing acetyl-CoA for acetyl-
transferases enzymes [15] and regulating the expression
of histone deacetylases [16].

Alteration of NAA metabolism is typical of neurode-
generative disorders, particularly demyelinating diseases
such as Multiple Sclerosis (MS), showing low levels of
brain NAA, or the Canavan disease (CD), a genetic dis-
order with excessive NAA accumulation due to mutation
in the ASPA gene [17-20]. NAA can also be transported
in astrocytes [21], where its relevant role has been dem-
onstrated by a gene therapy approach rescuing astrocyte-
specific ASPA expression that was sufficient to normalize
myelination in the CD mouse model [22]. Although ASPA
expression has been also revealed in microglia [23] and
neurodegenerative disorders are typically associated with
both NAA dysmetabolism and neuroinflammatory pro-
cesses [11, 24], no specific assessment of NAA involve-
ment in microglial functions has been provided so far. In
the present work, we demonstrate that exogenous NAA
administration favors the oxidative metabolism of pri-
mary and immortalized microglia cells and restrains their
reactivity in response to pro-inflammatory insults.

Methods

Cell lines and treatments

The murine microglia cell line BV2 and the murine mac-
rophage cell line RAW 264.7, from the American Type
Culture Collection (ATCC), were grown in DMEM con-
taining 4.5 g/L of glucose supplemented with 10% fetal
bovine serum, 10 U/ml penicillin/streptomycin and 2
mM l-glutamine. Cells were periodically tested for myco-
plasma according to protocols from our laboratory. Cells
were cultured at 37 °C in an atmosphere of 5% CO, in air.
RAW 264.7 cells were seeded at a density of 3x10° cells/
ml whereas BV2 cells at a density of 1x10° cells/ml for all
the experiments unless otherwise specified. N-Acetyl-L-
aspartic acid was dissolved in de-ionized water, adjusting
pH to 7.0 with NaOH, at a final concentration of 250 mM
and used at concentrations indicated in the text. Lipo-
polysaccharide (LPS) was dissolved in de-ionized water
at a final concentration of 1 mg/ml and used at a con-
centration of 100 ng/ml. IFN-y was dissolved in de-ion-
ized water containing 0.1% BSA at a final concentration
of 0.25 mg/ml and used at a concentration of 20 ng/ml.
The HDAC inhibitor Trichostatin A (TSA) was dissolved
in DMSO at a final concentration of 50 uM and used at
a concentration of 25 nM. The HDAC inhibitor Sodium
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butyrate (NaB) was dissolved in de-ionized water at a
final concentration of 0.5 M and used at a concentration
of 0.5 mM. Atglistatin was dissolved in DMSO at a final
concentration of 25 mM and used at a concentration of
40 uM. N-methyl-D-aspartic acid (NMDA) was dissolved
in de-ionized water at a final concentration of 250 mM
and used at a concentration of 400 pM.

Primary microglia cell culture

Primary microglia cultures from the cortex were pre-
pared as previously described [25]. Briefly, postnatal
C57BL/6 mice (P0O-P1) were sacrificed and, after remov-
ing the meninges, the cortex was digested with 0.01%
trypsin (Sigma Aldrich) and 10 pg /ml DNase I (Sigma
Aldrich). Following the process of dissociation and filtra-
tion through 70 pm filters, the cells were resuspended and
placed in DMEM/F-12 media with GlutaMAX™ (Gibco,
Invitrogen, UK). This media was supplemented with 10%
FBS, 100 Units/ml of gentamicin, and 100 pg/ml of strep-
tomycin/penicillin. The cells were then plated at a den-
sity of 6.25x10* cells/cm?. After approximately 15 days,
mild trypsinization in DMEM/F-12 without FBS (0.08%
trypsin in DMEM/F-12 without FBS) was performed for
40 min at 37 °C to remove non-microglial cells. The resul-
tant adherent microglial cells were cultured in 50% mixed
glial cells conditioned medium at 37 °C in a 5% CO, and
95% air atmosphere for 48 h until use at the density of
5x10* cells/cm?.

Materials

Cell culture medium and supplements are from Euro-
Clone S.p.A. NAA (00920), NMDA (M3262), NaB
(303410), TSA (T1952), LPS (L6529), EDTA (E6758),
MgCl, (A748033 012), nicotinamide adenine dinucleo-
tide hydrate (NAD*) (N7004), fluorescent latex beads
(L4655), oil red O (ORO) (00625), formalin solution
neutral buffered 10% (4% paraformaldehyde contain-
ing) (HT5012), TEMED (1.10732), sodium deoxycho-
late (D6750), sodium chloride (S9888), sodium fluoride
(§7920), sodium orthovanadate (S6508), sodium
pyrophosphate  tetrabasic =~ decahydrate  (30411),
2-B-mercaptoetanol (M6250), blue of bromophenol
(B5525), 2-propanol (33539-M), glycerol (G5516), tri-
chloroacetic acid (TCA) (T6399) and Triton™ X-100
(T9284) were from Sigma-Aldrich. The 0.4% trypan blue
solution (17-942E) was from Lonza. TRIS-base (1610716)
and sodium dodecyl sulfate (SDS) (161-0300) were from
Bio-Rad. Hoechst 33,342 (H3570) and phalloidin eFluor™
570 (cat n. 41-6559-05) were from Thermo Fisher Scien-
tific. L-lactate dehydrogenase (LDH) was obtained from
Roche Applied Science. DTT (281) and protease inhibi-
tors cocktail from AMRESCO. DAF-2DA was from Che-
modex (D0085). Albumin (A1391), sucrose (A3935)
and glycine (A1067) were from PanReac AppliChem.
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Hydrazinium sulphate (24696.186), sodium hydroxide
(28244.295) and methanol (20864.320) were from VWR
Chemicals. IFN-y (cat n 50709) was from Sino Biologi-
cal inc. ATGListatin (cat n. HY-15859) was from Med-
Chem Express. IL-4 (cat n 214—14) (A3122) was from
Preprotech.

Western blot analysis

Cell pellets were resuspended in a lysis buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Tri-
ton™ X-100, 0.5% Sodium Deoxycholate, 0.1% SDS, 10
mM sodium fluoride, 5 mM Sodium Pyrophosphate, 2
mM Sodium Orthovanadate) supplemented with pro-
tease inhibitor cocktail (Sigma-Aldrich, PIC0002). The
homogenates were sonicated and quantified by the
Lowry method [26]. Lysates were added to sample buf-
fer (0.125 M Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 10%
2-B-mercaptoethanol, 0.004% blue of bromophenol),
separated by SDS—PAGE and blotted into a nitrocellulose
membrane (Bio-Rad). The following primary antibodies
(dilution 1:1000) were used: ASPA (Novus, NBP1-31754),
HK2 (Abnova, H00003099-M01), pPKM2 (Tyr105) (Cell
Signaling Technology, #3827), PKM2 (Cell Signaling
Technology, #4053), arginase 1, iNOS (Santa Cruz Bio-
technology, sc-7271), STAT1 (Cell Signaling Technol-
ogy), pNF-kB (Ser536), NF-kB, lamin A/C, tubulin (Santa
Cruz Biotechnology, sc-5286), acetyl lysine (Santa Cruz
Biotechnology, sc-32268), gp91P"* (Santa Cruz Biotech-
nology, sc-130543) and B-actin (Sigma-Aldrich, A3853).
The secondary antibodies used are Goat Anti-Rabbit IgG
(H+L)-HRP Conjugate (Bio-Rad cat. #170-6515) and
Goat Anti-Mouse IgG (H+L)-HRP Conjugate IgG (Bio-
Rad, cat. #1706516). The signals derived from the incuba-
tion with Clarity Max Western ECL Substrate (Bio-Rad)
were acquired using a Fluorchem imaging system (Alpha
Innotech). Image] software was used to perform densi-
tometry analyses.

Nuclear fraction isolation
Nuclear extraction was performed by incubation of cells
for 30 min on ice with nuclei isolation buffer (10 mM
Tris-HCl at pH 7.8, 10 mM MgCl,, 1 mM EDTA, 0.25 M
sucrose, 1% Triton™ X-100, 50 mM sodium fluoride, 2
mM Sodium Pyrophosphate, 1 mM Sodium Orthovana-
date, 0.5 mM DTT supplemented with protease inhibitor
cocktail); after centrifugation at 600xg, the supernatant
containing the cytosolic fraction was stored, while pel-
leted nuclei were washed with isolation buffer without
Triton X-100 and centrifuged three times at 600xg.

Total cell extracts, cytosolic and nuclear fractions were
analyzed by western blot for purity determination.
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Phagocytosis assay

Microglial phagocytosis was evaluated by immunofluo-
rescence analysis. BV2 cells were seeded at a density of
3x10%* cells/ml on coverslips for 24 h before treatment.
Two hours before the end of the treatment 2.25 pl/ml
of fluorescence-labeled latex beads (starting from 2.5%
solid content in the suspension) were added for 2 h at
37 °C. At the end of the time, the cell culture medium
was removed, cells were washed three times with PBS to
remove the non-phagocytized beads and then fixed with
4% paraformaldehyde for 30 min. After that, they were
gently washed with PBS, permeabilized with 0.3% Tri-
ton™ X-100 for 20 min and blocked with 3% BSA for 1 h.
The samples were incubated with Phalloidin (1:500) for
1 h. The coverslips were transferred onto glass slides after
10 min of staining with 1 pg/ml of Hoechst 33,342.

Automatized acquisition was performed using a Leica
DMI6000 B epifluorescence inverted microscope (Leica
Microsystems, Wetzlar, Germany), equipped with Matrix
Screener software (version 3.0) at 20X magnification
(HCX PL FLUOTAR 20 x NA 0.4). ScanR image analyses
software (Ver.3.1; Olympus, Tokyo, Japan) was used to
determine the number of fluorescent latex beads present
inside NAA treated vs. NAA untreated cells. 25 images of
three independent samples were analyzed.

Primary microglia cells were seeded into appropriate
chambers on a standard microscope glass slide (Ibidi,
USA) at the density of 3x10* cells/cm? Fluorescent red
latex beads (2 um diameter, Sigma) were pre-opsonized
in 50% horse serum (HS) at 37 °C for 1 h and incubated
for 3 h to the cells at the final concentration of 1x10°
beads/ml. Subsequently, the cells were washed with
PBS to remove non-phagocytized beads and fixed in 4%
paraformaldehyde for 5 min. Following phalloidin (1:200
Sigma Aldrich) and DAPI (1:1000 Thermo Fisher Scien-
tific) counterstaining the number of beads ingested by
the cells was performed using a Zeiss fluorescence micro-
scope and analysis was done by Image] software.

Oil Red O staining

Oil Red O staining was performed to identify the content
of lipid droplets inside the cells. BV2 cells were seeded at
a density of 3x10* cells/ml and at the end of the treat-
ment, the culture medium was removed and cells were
washed with PBS. Cells were fixed with 4% paraformalde-
hyde for 30 min and then washed three times with PBS.
Cells were incubated for 5 min with 60% isopropanol at
room temperature and, after complete drying, incubated
for 30 min with the Oil Red O working solution (filtered
6:4 dilution of a pre-filtered 0.35% Oil Red-O stock solu-
tion in 100% isopropanol with de-ionized water). Cells
were washed with de-ionized water and incubated with
1 pg/ml of Hoechst 33,342 for 10 min. After Hoechst
staining, cells were washed with PBS and then coverslips
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were transferred onto glass slides. Images were observed
and captured under a Zeiss fluorescence microscope. The
quantification of the red fluorescence was performed
using Image] software.

HPLC

Metabolic analyses were performed after the deprotein-
ization of cell samples according to a protocol suitable
for obtaining protein-free extracts [27]. Briefly, cells were
washed twice with ice-cold buffered PBS pH 7.4 and col-
lected by centrifugation at 1860xg for 5 min at 4 °C. The
cell pellets were deproteinized with the addition of a solu-
tion composed by 250 pl of ice-cold buffered PBS pH 7.40
and 750 pl of ice-cold HPLC-grade CH,CN acetonitrile.
After vigorous vortexing for 60 s, samples were centri-
fuged at 20,690xg for 10 min at 4 °C. Supernatants were
collected and subjected to two chloroform washings to
eliminate the organic solvent. The upper aqueous phase,
obtained by centrifugation under the same conditions,
was then used for the HPLC analysis and injected into the
HPLC to determine concentrations of NAA, acetyl-CoA,
malonyl-CoA. Compounds were analyzed and quantified
according to an ion-pairing HPLC method previously
set up [28]. For the analyses, the HPLC equipment con-
sisted of a Surveyor HPLC system (ThermoFisher Italia,
Rodano, Milan, Italy) equipped with a highly-sensitive
photodiode array detector provided with a 5 cm light
path flow cell, and set up between 200 and 400 nm wave-
length. Data acquisition and analyses were performed
using the ChromQuest® software package provided by
the HPLC manufacturer. Chromatographic separation of
the various compounds was carried out using a Hyper-
sil 250x4.6 mm, 5 um particle-size column, provided
with its own guard column (ThermoElectron Italia). Spe-
cies identification and quantification in cell extracts was
performed by matching retention times, peak areas and
absorption spectra of those of freshly prepared ultrapure
standards. The concentrations of acetyl-CoA and malo-
nyl-CoA were calculated at 260 nm wavelength and those
of NAA at 206 nm wavelength. Concentrations of com-
pounds were normalized for the total cell number and
expressed as nmol/10° cells.

Extracellular lactate assay

Extracellular lactate assay was performed considering
500 pl of cell medium, that was precipitated with 1:2
volume of 30% trichloroacetic acid (TCA) and stored
at —20 °C for at least 1 h. Samples were centrifuged at
14,000xg for 20 min at 4 °C and then 10 pl of superna-
tants were incubated for 30 min at 37 °C in 290 pl of reac-
tion buffer (0.2 M glycine, 0.2 M hydrazinium sulphate
pH 9.2 with freshly added 0.6 mg/ml NAD* and 17 U/
ml LDH enzyme). After 30 min at 37 °C, NADH levels
were evaluated by spectrophotometrically reading at
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340 nm using a multi-plate reader (TECAN infinite 200
pro) and then converted to lactate concentration using
the extinction coefficient of 6220 M~* cm™. Values were
normalized on total proteins and expressed as umol/pg of
proteins.

Quantitative real-time PCR (RT-qPCR)

Cells were homogenized in TRItidy G (PanReact Appli-
Chem, A4051) and then processed for RNA extraction
according to the manufacturer’s instructions. Total RNA
(1 pg) was used to synthesize cDNA using iScript gDNA
Clear cDNA Synthesis Kit (Bio-Rad) and RT-qPCR per-
formed by using iTaq Universal SYBR® Green Supermix
(Bio-Rad) on a QuantStudio 3 Real-Time PCR system
(Thermo Fisher Scientific). Primers used in the study are
as follows: CPT1a forward: 5'-CAGACTCGGTCACCA
CTCAAG-3/, reverse: 5'-GAGATCGATGCCATCAGGG
G-3'; MCAD forward: 5'-AACACTTACTATGCCTCGA
TTGCA-3’, reverse: 5'-CCATAGCCTCCGAAAATCTG
AA-3’; LCADH forward: 5'-GCATCAACATCGCAGAG
AAA-3/, reverse: 5'-ACGCTTGCTCTTCCCAAGTA-3;
IL-6 forward: 5-CTCTGCAAGAGACTTCCATCCA-3,
reverse: 5'-GACAGGTCTGTTGGGAGTGG-3'; TNFa
forward: 5'-CCACCACGCTCTTCTGTCTA-3’, reverse:
5-AGGGTCTGGGCCATAGAACT-3’; IGF-1 forward:
5-CCGAGGGGCTTTTACTTCAACAA-3/, reverse: 5'-
CGGAAGCAACACTCATCCACAA-3’; CD206 forward:
5'-GTTCACCTGGAGTGATGGTTCTC-3/, reverse:
5-AGGACATGCCAGGGTCACCTTT-3; HDAC1 for-
ward: 5'-ACAGCAATAGGAGGCCAGTT-3’, reverse:
5-TCCCTCCTTGCTTTCTCAGG-3'; HDAC3 forward:
5-GCCGTGGTATTGGGAATGTC-3’, reverse: 5-GAG
TGGGCACAAAAGGGAAG-3'; HDAC6 forward: 5'-G
GAGACAACCCAGTACATGAATGAA-3/, reverse: 5'-
CGGAGGACAGAGCCTGTAG-3’; HDACI11 forward:
5'-GGGGGATCTCAGTGATGGTA-3’, reverse: 5-AA
GAGAAGCTGCTGTCCGAT-3’; SIRT1 forward: 5'-G
TAAGCGGCTTGAGGG-3/, reverse: 5-TTCGGGCCT
CTCCGTA-3'; ACTB forward: 5'-CACACCCGCCACC
AGTTCGC-3, reverse: 5-TTGCACATGCCGGAGCC
GTT-3'. Data were normalized to the internal standard
ACTB and analyzed using the 272" method. The fold
changes refer to the control.

NO measurement

For nitric oxide detection DAF-2DA (4,5-diaminofluores-
cein diacetate) was used. DAF-2DA is a non-fluorescent
cell permeable reagent that can measure intracellular
NO. Once inside cells, it is deacetylated by intracellular
esterases to become DAF-2. Production of NO in the cell,
if any, converts the non-fluorescent dye, DAEF-2, to its
fluorescent triazole derivative, DAF-2 T. BV2 cells were
seeded in 12-well plates. 30 min before the end of the
treatment, cells were incubated with 10 uM DAF-2DA
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dissolved in DMEM at 37 °C. Cells were then washed
with PBS and lysed in lysis buffer. Cell lysates were trans-
ferred in a 96 Well Black/Clear Bottom Plate (Greiner
Black, 655090) and the fluorescence emission from each
well was measured (Aex 495 nm; Aem 515 nm) with a
multi-plate reader (TECAN infinite 200 pro). Results
were expressed as DAF-2T fluorescent intensity.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation assay was performed
on BV2 cells lysates. Briefly, cells were cross-linked for
12 min at room temperature with 1% final concentration
of 37% formaldehyde and the reaction was stopped by
5 min incubation in 125 mM glycine. Cell monolayer was
harvested by scraping in ice-cold PBS containing protease
inhibitors and collected by centrifugation. Cell lysis was
performed in 1% SDS, 10 mM EDTA, 50 mM Tris-HCI
pH 8.0, protease inhibitors and chromatin was sonicated
using BRAISON SONIFIER 250 to High Power, 30 cycles
for 10 s ON, 10 s OFF. Average size of sonicated DNA was
around 500 bp, as measured by agarose gel electrophore-
sis. Soluble fraction of cells was isolated by centrifugation
at 13.000xg for 15 min at 4 °C. Lysate - 300 pul per assay
- was pre-cleared by addition of 2.7 ml of dilution buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM
Tris-HC1 pH 8.0, 167 mM NaCl, protease inhibitors)
and 70 pl of protein G Plus/Protein A Agarose suspen-
sion (Calbiochem) pre-blocked with salmon sperm DNA.
Pre-cleared lysates were then incubated overnight with
3 pg of anti-acetyl-Histone H3 (Active Motif) antibody.
Control immunoprecipitations with normal IgG were
also performed. Immunocomplexes were recovered from
lysates by incubation at 4 °C for 2 h with 65 pl of pro-
tein G Plus/Protein A Agarose suspension pre-blocked
with salmon sperm DNA. Precipitates were successively
washed (10 min each wash) with 1.0 ml of the follow-
ing buffers: low salt (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris-HCI pH 8.0, 150 mM NacCl), high
salt (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM
Tris-HCI pH 8.0, 500 mM NaCl), LiCl (250 mM LiCl,
1% Nonidet P-40, 1% Na-deoxycholate, 1 mM EDTA,
10 mM Tris-HCI pH 8.0). All wash buffers had protease
inhibitors added. Following two final washes in TE (10
mM Tris-HCl pH 8.0, 1 mM EDTA), the immunocom-
plexes were finally eluted in 150 pl of TE/1% SDS buffer
(10 mM Tris-HCI pH 8.0, 5 mM EDTA, 1% SDS) by incu-
bation at 65 °C for 15 min. The formaldehyde cross-link
was reversed by incubating the sample at 65 °C overnight.
DNA fraction was recovered by proteinase K (Bioline)
digestion followed by phenol-chloroform extraction and
ethanol precipitation in the presence of glycogen. DNA
pellets were resuspended in 40 pl of water. DNA amplifi-
cation was performed using iTaq Universal SYBR® Green
Supermix (Bio-Rad) on a QuantStudio 3 Real-Time PCR
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system (Thermo Fisher Scientific). All reactions were run
as triplicates. Results were expressed as fold enrichment
with respect to IgG controls. Primers used were the fol-
lowing: NOS2 forward: 5'-TAGTGGGGAAATGCTGG
TCA-3/, reverse: 5'-ATATTCCAACACGCCCAGGA-3'.

Data analysis

Data analysis derived from at least 3 independent experi-
ments. The results are presented as means+SD. Statisti-
cal analysis was carried out through GraphPad Prism 7
software using Student’s t-test for comparisons of only
two variables, one-way ANOVA with Tukey post hoc for
multiple comparisons. Results were considered statisti-
cally significant at p<0.05.

Results

NAA promotes lipid turnover and phagocytic activity in
BV2 cells

Considering the physiological release of NAA by neu-
rons into the extracellular environment, where microg-
lial cells are continuously exposed to this metabolite, we
treated the BV2 microglial cell line for a period of 1 week
with 200 pM NAA, a concentration comparable to the
one present in brain extracellular fluid. We investigated
neutral lipid content as a downstream product of acetate
availability. The analysis of Oil Red O staining revealed
that NAA-treated cells exhibit a higher number of intra-
cellular lipid droplets (LDs) than control cells (Fig. 1A).
The increase in LD content was more evident upon the
addition of ATGListatin (ATGLi), an inhibitor of ATGL,
the first and rate-limiting lipase of triacylglycerols degra-
dation [29], by proving that NAA can boost lipogenesis
and suggesting increased lipid turnover. The enhanced
lipid catabolism was confirmed by the upregulation of
[-oxidation genes - carnitine palmitoyltransferase la
(CPT-1a), medium-chain acyl-coenzyme A dehydroge-
nase (MCAD) and long-chain 3-hydroxyacyl-CoA dehy-
drogenase (LCADH) (Fig. 1B).

Moreover, the detection of intracellular accumula-
tion of NAA (Fig. 1C) by HPLC analysis, the presence of
ASPA enzyme (Fig. 1D) and the increased concentration
of NAA-derivative lipogenic precursors acetyl-CoA and
malonyl-CoA (Fig. 1E-F) following NAA treatment indi-
cate that the metabolite is internalized and catabolized by
BV2 cells.

Along with the stimulation of lipid turnover, NAA
treatment affects the glycolytic pathway as demonstrated
by lower expression of two regulatory glycolytic enzymes,
hexokinase 2 (HK2) and pyruvate kinase M2 (PKM2), and
the reduced release of extracellular lactate (Fig. 1G-H).
This metabolic setting was associated with an increased
phagocytic capacity of cells as demonstrated by quantita-
tive assessment of fluorescent latex beads uptake through
automated fluorescence microscopy (Fig. 1I).
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NAA treatment impacts the pro-inflammatory response of

BV2 cells

As the metabolic cell asset is fundamental for proper
microglial function in inflammation [30], the results we
obtained suggest that NAA could impact BV2 reactive
phenotype. We challenged BV2 cells with pro- or anti-
inflammatory stimuli in the presence of NAA, by using
LPS/IEN-y or IL-4, respectively. Time course experi-
ments demonstrated that both the pro-inflammatory
marker iNOS and the alternative activation marker Arg-1
were significantly upregulated starting from 6 h of LPS/
IFN-y or IL-4 treatment (Fig. 2A; Fig. S1A). The proper
activation state of BV2 cells was confirmed by the upreg-
ulation of TNF-a and IL-6 genes following LPS/IFN-y
stimulation (Fig. S1B), and CD206 and IGF-1 following
IL-4 treatment (Fig. S1C).

When BV2 cells pre-treated with NAA were sub-
jected to LPS/IFN-y stimulation (Fig. 2B), iNOS levels
were significantly decreased (Fig. 2C). This result was
also observed upon extensive washout of NAA from the
medium before LPS/INF-y stimulation (Fig. S1D). The
NAA effect on pro-inflammatory markers was corrobo-
rated by lower intracellular NO levels and the decreased
expression of TNF-a and IL-6 genes (Fig. 2D; Fig. S1E-F).
Moreover, NAA was able to reduce gp91P"* levels, the
plasma membrane subunit of NADPH oxidase (NOX),
involved in the production of reactive oxygen species
(ROS) during inflammation (Fig. S1G).

NAA also abrogated the increase in extracellular lactate
levels typically elicited by pro-inflammatory stimuli (Fig.
S2A). Notably, the application of a NAA concentration
10-fold higher (2 mM) than 200 pM treatment resulted
in a comparable iNOS downregulation, whereas a 10-fold
lower concentration (20 uM) was largely ineffective (Fig.
S2B). On the other hand, no modulation in iNOS levels
was observed after LPS/IEN-y stimulation in cells treated
with different NAA concentrations for only 24 h (Fig.
S2C). Remarkably, when cells pre-treated for a long-term
period with NAA were stimulated with IL-4 (Fig. S2D),
no significant modulation of Arg-1 and IGF-1 expression
was observed (Fig. S2E-F).

To dissect the effect of NAA on cell signaling events
following LPS/IFN-y stimulation we monitored the
expression and nuclear translocation of NF-kB and
STAT]1, key transcriptional factors downstream of LPS/
Toll-like receptor 4 (TLR4) and INF-y receptor (IFNGR)
signal transduction pathways, respectively. By analyzing
total cell lysates, we observed a reduction in STAT1 lev-
els following NAA treatment (Fig. S2G), while no signifi-
cant alteration in NF-kB levels was detected (Fig. S2H).
However, nuclear/cytosolic fractionation in NAA-treated
cells highlighted the reduction in NF-kB nuclear accumu-
lation following LPS/IFN-y activation and confirmed the
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decreased levels of STAT1 protein in both compartments
(Fig. 2E).

NAA effect on pro-inflammatory markers is not dependent
on NMDA receptor in BV2 cells

N-methyl-D-aspartate receptor (NMDAR) activity
is known to promote pro-inflammatory response in
microglia and it was recently shown to be affected by
NAA in macrophages [31]. To test the reliance of NAA
on this receptor, we used the selective agonist NMDA.

In particular, we monitored pro-inflammatory effects
elicited by LPS/INF-y stimulation in presence of 400 uM
NMDA in BV2 cells exposed to short-term and prolonged
NAA pre-treatment. The short-term pre-incubation of
BV2 cells with 2 mM NAA (a five-fold higher concentra-
tion than NMDA) for only one hour was used to test the
direct effect of NAA on pro-inflammatory receptors. In
this condition, NAA did not abrogate the iNOS upregu-
lation elicited by LPS/INF-y with/without NMDA (Fig.
S3A). Nevertheless, when murine macrophages RAW
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264.7 were pre-treated with different doses of NAA for
one hour before LPS stimulation, we observed that NAA
efficiently inhibited iNOS expression in this cell type (Fig.
S3B). On the other hand, prolonged NAA pre-treatment
of BV2 cells inhibits iNOS upregulation also in the pres-
ence of NMDA (Fig. S3C). These results suggest that
NAA exerts its effect in microglia independently of the
inhibition of pro-inflammatory receptors (e.g. NMDAR).

HDAC activity mediates NAA effects on pro-inflammatory
markers

NAA was recently demonstrated to foster the expres-
sion of histone deacetylase (HDAC) in other glial cells
[16] and can provide acetyl moieties not only for lipid
biosynthesis but also for protein acetylation processes.
Based on this, the inhibition of BV2 pro-inflammatory
response achieved by protracted NAA treatment may be
mediated by long-term epigenetic effects. Consistently,
NAA-treated BV2 cells exhibit a significant upregulation
of HDACI, an HDAC class I enzyme (Fig. 3A-B). Since
we observed no significant change in the total lysine acet-
ylation levels after NAA treatment (Fig. 3C), we focused
on the locus-specific epigenetic analysis of the NOS2
gene (i.e. iNOS) by ChIP assay. In this context, we dem-
onstrated that the upregulation of iNOS after LPS/INF-y
stimulation is coupled with increased occupancy of acet-
ylated histone H3 at the promoter region (Fig. 3D). Inter-
estingly, NAA was able to counteract that increase in
H3 acetylation levels (Fig. 3D), which is consistent with
the upregulation of HDAC expression/activity in NAA-
treated samples (Fig. 3A-B). To verify the actual involve-
ment of HDAC enzymes downstream of NAA treatment,
we utilized the class I/II HDAC inhibitor Trichostatin A
(TSA) (Fig. 3E). After validation of TSA efficacy by moni-
toring the increase in histone 3 and 4 acetylation levels
(Fig. S4A), we focused on its effects on pro-inflammatory
markers in combination with NAA. We demonstrated
that TSA treatment abrogated NAA inhibitory action on
LPS/INE-y mediated upregulation of iNOS and STAT1
(Fig. 3F-G). The same effect on iNOS and STAT1 lev-
els was elicited when we treated BV2 cells with Sodium
butyrate (NaB), another class I/Ila HDAC inhibitor, (Fig.
S4B-C) implying an active role of HDACs in the NAA-
mediated effects.

NAA dampens pro-inflammatory activation in primary
microglia

To corroborate the role of NAA in the regulation of
microglia reactivity upon pro-inflammatory stimuli, we
replicated key experiments on primary microglial cells
exposed to NAA treatment. After confirmation that pri-
mary microglia express ASPA enzyme and upregulate
HDACI1 expression upon NAA treatment (Fig. 4A-B), we
assessed whether the metabolic and functional features
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induced by NAA in BV2 cells also occurred in primary
microglial cells. We observed an increase in lipid turn-
over in primary microglia treated with NAA as demon-
strated by the accumulation of Oil Red O staining with/
without ATGLi and the upregulation of p-oxidation
genes (Fig. 4C-D). This metabolic trait was associated
with an enhanced ability to engulf fluorescent latex beads
(Fig. 4E).

Regarding the response of primary microglia to LPS/
IEN-y activation (Fig. 5A), we observed that NAA
impeded the efflux of lactate triggered by the pro-inflam-
matory stimuli (Fig. 5B). Moreover, we confirmed that
NAA dampens the upregulation of STAT1 and phosphor-
ylated active form of NF-kB (p-NF-«kB) as well as their
targets iNOS, TNF-a and IL-6 (Fig. 5C-E). Finally, NAA
impeded the LPS/IFN-y-mediated increased phagocytic
activity in primary microglia (Fig. 5F).

Discussion

In this study we demonstrated that NAA promotes oxida-
tive metabolism in microglial cells and negatively impacts
pro-inflammatory stimulation. The main metabolic
change is the increase in lipid turnover characterized
by augmentation of both triacylglycerol synthesis and
degradation. The same phenomenon has been already
described in brown adipocytes producing high levels of
NAA following NATS8L overexpression [32]. The increase
in lipogenesis can be ascribed to ASPA-mediated produc-
tion of acetate from NAA, as suggested by the increase in
intracellular NAA content and consequently acetyl-CoA
and malonyl-CoA levels. Consistently, acetate adminis-
tration alone was previously shown to promote fatty acid
synthesis in BV2 cells [33]. The concomitant activation
of lipid catabolism may represent an adaptive response
of microglia to harmful LD overaccumulation. In fact,
excessive LD content is a trait of microglial cells during
aging and leads to reduced phagocytosis, oxidative stress
and inflammation [34]. The enhanced utilization of lip-
ids as energetic sources following NAA treatment was
coupled with a reduction of glycolytic flux. Thus, NAA
favors an oxidative phenotype in microglial cells, which is
the typical metabolic setting of surveillant microglia. The
increase in the phagocytic activity without the activation
of proinflammatory markers further indicates that NAA
treatment supports microglial homeostatic functions
such as debris clearance. These results are in agreement
with the physiological role of a metabolite like NAA that
is highly produced by neurons and released in the extra-
cellular space.

Based on this, the ability of NAA to mitigate the inflam-
matory response following LPS/IFN-y stimulation may
represent a way to limit the harmful effects of protracted
inflammatory events on neurons. This possibility is sup-
ported by the fact that even when NAA concentrations
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higher than 200 uM were used, the effects were main-
tained but not intensified, while at low concentrations (20
uM), no anti-inflammatory response can be appreciated.
Interestingly, a decrease in brain NAA content is typical of
neurodegenerative disorders and thus conditions associ-
ated with chronic neuroinflammation [35]. Since no effect
was obtained treating cells for a few hours even at high

concentrations, the role of NAA in the modulation of the
inflammatory response is unlikely due to any inhibition of
pro-inflammatory receptors. This behavior is opposed to
what was observed in macrophages suggesting that microg-
lia do not respond to acute fluctuations in the concentration
of the metabolite but rather they are physiologically primed
to adapt to NAA presence in the brain extracellular milieu.
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As NAA exerts anti-inflammatory activity also on astroglia
cells [36] and it was shown to promote the differentiation
process of oligodendrocytes [16], a more general contri-
bution of NAA in preserving glial functions in the brain is
conceivable.

The function of NAA on microglia reactivity entails the
regulation of the acetylation/deacetylation machinery. Ace-
tate may be a driver of the observed response as its adminis-
tration in rat models of neuroinflammation and in BV2 cells
leads to histone acetylation changes diminishing inflam-
mation [37, 38]. Nevertheless, the increase in acetylation
levels upon NAA administration is not significantly consis-
tent; this event can be ascribed to the upregulation of the
HDACI enzyme aimed at preventing excessive acetylation.

In fact, histone hyperacetylation at gene promoters is asso-
ciated with high basal/LPS-mediated activation of inflam-
matory genes [39] and the acetylation of mitochondrial
proteins generally causes enzyme activity inhibition and
mitochondrial dysfunction [40]. In our context, HDACs
attenuate microglia response since their activity is required
for NAA anti-inflammatory effects. However, HDAC inhib-
itors have been largely demonstrated to abrogate neuroin-
flammation in different disease states [41-43], where the
protracted inflammatory conditions and the complexity of
pathogenic events may largely subvert homeostatic metabo-
lism affecting, among others, NAA concentration and func-
tions. Overall, NAA emerges as a key neuronal metabolite
that is released in the extracellular space to fine-tune basal



Felice et al. Cell Communication and Signaling (2024) 22:564 Page 12 of 15

A C
LPS/IFN-
LPS/IFN-y 8 STAT1
23456 8 16 24
NAA L 1 11 W ] | |
: days hours | 65| B ®® 8 | ONFKB (Ser536)
65 mm - & | NFkB
— 150+ o
2
2
£ 100+ .
s 130 4 e w=w | INOS
s
2 so
8 43| W s g w8 [ poactin
b
Yoo + + NAA
. + - + NAA - -
- - + + LPS/IFNy - - + o+ LPS/IFN-y
41
D £33 - -
£ 1001 EE
%g e &0 31
25 80+ — g g
282
52w 55
g8 $5,
o © 4 = -
g5 “ ic
32 201 0=
‘é&_ -+ -+ - + - + NAA
ol NAA - -+ 4 - - + + LPS/IFNy
- -+ LPS/IFN-y STATA pNF-kB(Ser536)/NF-kB
E e
40000+ %—' 8 — DS
5 2 35000 i u L8
mE c:.ﬁ
g G 300004 £5 o
§ 2 25000 a2
o 200004 = S o
2 57 SE
€z 3] §z
@5 e
a€ 1 G
0- $ o
- + - + NAA [=] - + - + NAA
- -+ o+ LPS/IFN-y - -+ o+ LPS/IFN-y
F
— 80 2.5
LPS/IFN-y NAA + LPS/IFN-y = =
® 8 201
3 801 N 35
= 2 151
S 40- -
=
S 2 1.0
> 3
$ 2 E 0.-
=) S 0.
s 2
& o 0.0-
Phalloidin Hoechst Scale bar 25 pm - +  NAA - + NAA
+ 4+  LPS/IFNy + +  LPS/IFNy

Fig. 5 NAA modulates pro-inflammatory response in primary microglial cells. (A) Schematic of primary microglial cells pre-treated with 200 uM NAA for
1 week and then treated with LPS/IFN-y for 8 h. (B) Evaluation of extracellular lactate content (n=6; ***p <0.001 as indicated). (C) Representative Western
blot of STAT1, p-NF-kB, NF-kB and iNOS levels. 3-Actin was used as loading control. Bar graphs (below) refer to the densitometry analysis (n=3; *p <0.05;
**p<0.01; ***p<0.001 as indicated). RT-gPCR analysis of TNF-a (D) and IL-6 (E) mRNA. ACTB was used as reference gene. Data are shown as fold change
vs. CTRL (n=3; *p < 0.05; ***p<0.001 as indicated). (F) Representative images and quantification (right) of phagocytic activitytested by using fluorescent
latex beads (n=3; *p<0.05 vs. LPS/IFN-y)



Felice et al. Cell Communication and Signaling

(2024) 22:564

™~

-~

Pro-inflammatory stimulatior? ~o

NAA
&l .
| Aspa (Lo
Acetate catabolism A
/o ‘\\
i (&)
2
Acetyl-CoA I
i Fatty Acids
Malonyl-CoA f
\A Lipolysis
LDs
formation | X

Increased phagocytosis

HDAC1
upregulation

AA LPS/IFN-y

| e
T (=

-

iNOS
TNF-a
L IL6

S

Reduced
inflammation

Page 13 of 15

Fig.6 Schematic modelillustrating the effects of NAA on microglial cell metabolism and inflammation. This figure illustrates the role of NAA in regulating
microglial functions in both surveillant (left panel) and inflammatory (right panel) states. Once inside the cell, NAA is converted to acetate by ASPA en-
zyme. Acetate is activated to Acetyl-CoA and then undergoes carboxylation to Malonyl-CoA leading to fatty acids synthesis and storage in lipid droplets
(LDs). This phenomenon is coupled with enhanced lipolysis fueling lipid catabolism in the mitochondria. Functionally, this condition is associated with
increased phagocytic activity in microglial cells. NAA also upregulates HDAC1 expression, which inhibits inflammatory signaling pathways and mediators

induced by LPS/IFN-y

and adaptive responses to inflammation in microglial cells
exerting epigenetic and metabolic effects.

Conclusions

Our data demonstrated that NAA promotes oxidative
metabolism in microglial cells and reduces inflamma-
tion (Fig. 6). It enhances lipid turnover and phagocytic
activity while decreasing glycolysis and inflammatory
responses. NAA’s effects are likely mediated through
epigenetic mechanisms involving histone deacetylation.
These findings suggest NAA regulates microglial func-
tions and mitigates chronic neuroinflammation, playing a
crucial role in maintaining brain health.
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