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ARTICLE INFO ABSTRACT

Keywords: Synaptic loss is a key factor in the cognitive decline observed during aging and in neurodegenerative diseases

NRF2 such as dementia, where synaptopathy plays a central role in hippocampal dysfunction. In this study, we

Isdyn.zpses. investigated the role of NRF2, a master regulator of cellular homeostasis, in maintaining synaptic integrity. We

Eltil olrf“ijs assessed synaptic contacts both in vitro and in vivo and found that NRF2 deficiency leads to a significant reduction
er-lipids : . ’ ‘ -

6-MSITg in vGLUT1 levels, accompanied by a decrease in the number of synaptic contacts. Because synapses are subject to

highly dynamic membrane remodeling processes, we analyzed the lipid composition of hippocampi and syn-
aptosomes from NRF2-deficient and wild-type mouse littermates. Our results revealed an accumulation of ether-
linked phospholipids in NRF2-deficient mice. When primary neuronal and organotypic cultures were exposed to
an ether-lipid precursor, synaptic density decreased. By contrast, the NRF2 activator 6-(methylsulfinyl)hexyl
isothiocyanate (6-MSITC or hexaraphane) prevented synaptic loss. Although ether lipids are abundant compo-
nents of neuronal membranes, their specific role in synaptic function and in age-related loss of homeostatic
balance remains poorly understood. This study is the first to demonstrate that NRF2 plays an essential role in
preserving synaptic homeostasis through lipid metabolism, suggesting its relevance in the context of aging and
neurodegenerative diseases.

1. Introduction alkyl-lipids, which contain a saturated alkyl ether linkage, and

alkenyl-lipids (also called vinyl-lipids or plasmalogens), which have a

While subtle cognitive decline with discrete synaptic loss is a feature
of normal aging, advanced neurodegenerative conditions are charac-
terized by widespread synaptic and neuronal degeneration. Synaptic
loss in the hippocampus is linked to dementia, in which structural and
functional synaptic alterations, collectively known as synaptopathies,
play a key role in the cognitive decline characteristic of these disorders
[1,2].

Glycerophospholipids are the predominant lipid class in neural cell
membranes, with ether lipids particularly abundant [3,4]. Ether lipids
are characterized by the presence of an ether bond at the sn-1 position of
the glycerol backbone, with choline and ethanolamine being the most
represented polar head groups. They are broadly divided into

vinyl-ether bond featuring a double bond adjacent to the ether oxygen.
Alkyl lipids are chemically stable and inert, whereas vinyl lipids are
more reactive due to the presence of the vinyl-ether bond. Both types
contribute to key membrane properties such as fluidity, lipid raft for-
mation and stability, and act as reservoirs for second messengers.
Additionally, they are involved in transmembrane protein function,
cholesterol transport, vesicular trafficking, membrane fusion, and
G-protein-mediated signal transduction [5-7]. Notably, an antioxidant
role has been attributed to plasmalogens, due to their unique structural
feature since the vinyl-ether bond is highly susceptible to oxidation by
reactive species, such as reactive oxygen species (ROS) and hypochlo-
rous acid, allowing them to act as scavengers that protect unsaturated
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membrane lipids and lipoproteins from oxidative damage [8].

Lipidomic analyses indicate an inverse correlation between ether
lipid levels and genetic peroxisomal disorders as well as with prevalent
conditions such as obesity, prediabetes, type 2 diabetes mellitus, car-
diovascular disease, cancer, and Alzheimer’s disease [5,6,9,10]. Inter-
estingly, these pathological conditions are commonly linked to elevated
oxidative stress, suggesting a potential mechanistic role for ether lipids
[11,12]. From an aging perspective, the ether lipid profile appears to be
optimized for exceptional human longevity, since centenarians exhibit
higher plasma levels of alkyl-phosphatidylcholine (PC-O) and reduced
levels of alkenyl-phosphatidylethanolamine (PE-P) [13]. However, the
role of ether lipids in synapses and their connection to age-related loss of
homeostatic responses remains poorly understood.

In this study, we addressed this issue in the context of NRF2 (Nuclear
factor erythroid 2-related factor 2) deficiency, as NRF2 is the master
regulator of homeostatic responses. NRF2-driven gene expression pro-
vides a robust cytoprotective transcriptional program that regulates ROS
signaling, inflammation, and lipid metabolism to maintain physiological
homeostasis [14]. Notably, NRF2 activity declines with age [15] and is
mislocalized to the nuclear periphery in Hutchinson-Gilford progeria
syndrome, characterized by premature aging [16]. Moreover, male mice
treated with an NRF2 activator exhibit an extended lifespan [17].
Importantly, the NRF2-deficient mouse brain recapitulates biological
pathway alterations found in elderly humans [18,19]. Several studies
have linked NRF2 to synaptic function and lipid metabolism, though its
role in lipid composition remains unexplored. It has been shown that
NRF2 deficiency downregulates key synaptic proteins such as PSD95,
synapsin I, and synaptophysin, correlating with learning and memory
deficits. NRF2-null mice display fewer synaptic vesicles, reduced spine
density, and impaired bilateral hippocampal connectivity [19-22].
Consistent with this, we previously demonstrated that NRF2-KO mice
exhibit a decreased electrophysiological response to tetanic stimulation,
concomitant with impairments in the neurogenic niche of stem cells in
the dentate gyrus [24].

This study employs a lipidomic analysis on NRF2-knockout brains
and synapses, introducing a new experimental model of alkyl-lipid
synaptopathy. It establishes an essential role for NRF2 in the regula-
tion of synaptic lipid composition and integrity.

2. Material and methods

Transgenic mice. Colonies of NRF2-KO mice and NRF2-WT litter-
mates were established from founders kindly provided by Dr. Masayuki
Yamamoto (Tohoku University Graduate School of Medicine, Sendai,
Japan) [25]. Animals were housed at room temperature under a 12 h
light-dark cycle. Food and water were provided ad libitum. Animals were
cared for according to a protocol approved by the Ethical Committee for
Research of the Autonomous University of Madrid following institu-
tional, Spanish and European guidelines (Boletin Oficial del Estado
(BOE) of March 18, 1988; and 86/609/EEC, 2003/65/EC European
Council Directives). Once the experimental schedule was completed,
animals were anesthetized with 8 mg/kg ketamine and 1.2 mg/kg
xylazine and perfused with PBS. The brains were divided sagittally, and
the right hemispheres were post-fixed in 4 % paraformaldehyde (Sig-
ma-Aldrich, St. Louis, MO, USA, 158127) for 16 h or 3 % glyoxal (TCI,
Zwijndrecht, Belgium, G0152) for 48 h and cryoprotected by soaking in
30 % sucrose solution in phosphate buffer until they sank. The left
hemispheres were rapidly dissected and frozen for biochemical analysis.

Untargeted lipidomics. Sample preparation and lipidomics analysis
were performed by an external service (oloBion SL, OMICS life lab,
Barcelona, Spain; https://www.olobion.ai/). The samples were ho-
mogenized with cold methanol using a milling ball. Then MTBE was
added, and the samples were shaken and centrifuged. For the lipidomic
profiling, the upper organic phase was collected, evaporated, and
resuspended using methanol with an internal standard, shaken, centri-
fuged, and used for LC-MS analysis. The lipids were separated on a
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Water ACQUITY UPLC BEH C18 column maintained at 65 °C by and
coupled to a ZenoTOF 7600 system (SCIEX). The sample was injected at
5 pL in ESI positive and negative mode. Lipidomic data from positive and
negative ion modes were merged by lipid identity. For lipids detected in
both modes, the most intense signal was kept to avoid redundancy,
ensure consistency and improve data quality for analysis. The peak in-
tensity area was normalized using internal deuterated standards. For
lipid identification, the data was processed by oloMAP 2.0 according to
Ref. [26]. Lipids identification with odd chain carbon numbers should
be considered microbial contamination or present in the media used for
cell growth. The uncorrected p-value threshold is set to 0.05, and the
log2(FC) ranges to (—0.5, 0.5).

In silico analysis of lipid reaction pathway activity. To perform in
silico pathway analysis for lipid species, the metabolites names identified
in the untargeted lipidomics study were converted to BioPAN [27]
compatible names using LipidLynxX [28]. Metabolites whose names
could not be converted to BioPAN-compatible names were discarded for
further analysis. A matrix with individual lipid abundances per sample
was submitted to the BioPAN online tool with default parameters and
Z-scores for the reactions for the different lipids were retrieved at the
lipid subclass and fatty acid levels. Z-scores across different reactions
were calculated using a custom Python script by summing the Z-scores of
individual reactions and dividing the sum by the square root of k-1,
where k is the number of lipids involved in that chain of reactions. This
criterion is identical to the one used in BioPAN. A directed network of
lipid reactions was created using Cytoscape [29].

Culture of primary neurons. As previously, cortical and hippo-
campal pieces were obtained from E16-E18 embryos [30]. Briefly, after
dissection, tissue was incubated in HBSS (Hank’s Balanced Salt Solution,
Gibco, Waltham, MA, USA, 15420614) with 10 % TrypLE Express
(Gibco, Waltham, MA, USA, 11538856) and left for 15 min at 37 °C to
allow for light digestion. After that, pellets were washed with HBSS and
mechanically dissociated with DMEM - high glucose (Dulbecco’s
modified Eagle’s medium with high glucose; Sigma-Aldrich, San Luis,
MO, USA; D5648) supplemented with 10 % fetal bovine serum (FBS;
Biowest, Nuaillé, France, S1400) and 80 pg/mL gentamycin (Normon
Laboratories, Tres Cantos, Spain). Cells were then pelleted at 3000 rpm
for 5 min and resuspended in a supplemented DMEM medium. 3-24 h
after plating, the medium was fully replaced with BrainPhys with 2 %
SM1 (StemCell, Vancouver, BC, Canada, 05792) and 80 pg/mL genta-
mycin. This media allowed for a more physiological differentiation than
the traditional Neurobasal, with minimal glial presence, especially in
coverslips. Neurons were used at 15 DIV and treated the day before with
either 9 pM 6-MSITC, provided by LKT Labs (Minnesota, USA); 9 uM
1-O-hexadecyl-sn-glycerol (HG, Santa Cruz Biotechnology Inc., Califor-
nia, USA, sc-202394) or 9 pyM DL-a-palmitin (DP, Sigma-Aldrich, MO,
USA, M1640). Both lipids were first dissolved in ethanol and further
diluted in cell medium until the ethanol concentration was lower than
0.1 %.

Organotypic slice preparation. Organotypic slices were prepared
as previously described with slight modifications [31]. Briefly, hippo-
campal slices were obtained from adult NRF2-WT mice by extracting the
hippocampus in dissection buffer, consisting of HBSS and 80 pg/mL
gentamycin. Hippocampi were cut into 300 pm-thick slices and cultured
for one week on inserts (Millipore, Merck, Rahway, NJ, USA, PICM050).
Culture media (50 % DMEM, 25 % HBSS, 25 % horse serum, 80 pg/mL
gentamycin and 2 mM 1-glutamine) was changed once every 3-4 days.

Analysis of mRNA levels. Total RNA extraction, reverse transcrip-
tion, and quantitative polymerase chain reaction (QRT-PCR) were done
as detailed in Ref. [32]. Primer sequences are shown in Sup. Table 2. To
ensure that equal amounts of cDNA were added to the PCR reaction,
Actb, Gapdh and Thp housekeeping genes were amplified. Data analyses
were based on the AACT method, normalizing the raw data by the
geometric mean of the housekeeping genes Actb, Gapdh and Tbp
(Applied Biosystems). All PCR amplifications were performed in at least
triplicate experiments.


https://www.olobion.ai/

D. Carnicero-Senabre et al.

Immunoblotting. Cells were washed with cold PBS and homoge-
nized in lysis buffer (50 mM Tris pH 7.6, 400 mM NacCl, 1 mM EDTA, 1
mM EGTA and 1 % SDS). Samples were heated at 95 °C for 15 min and
sonicated (100 % amplitude, 1 cycle, 5 s) (Hielscher Ultrasonics GmbH,
Teltow, Germany, UP100H). Protein quantification was performed with
the DC™ Protein Assay (Bio-Rad, Hercules, CA, USA, 5000112), and
protein loading buffer (50 mM Tris-HCI pH 6.8, 2 % SDS, 0.1 % bro-
mophenol blue, 10 % glycerol, 150 mM p-mercaptoethanol) was added.
Samples were boiled at 95 °C and cellular debris was cleared with
centrifugation. Proteins were resolved using SDS-PAGE and transferred
to 0.45 pm pore size Immobilion-P membranes (Millipore, Burlington,
MA, USA, IPVH00010). For immunoblotting, membranes were hydrated
in methanol, washed in TTBS (20 mM Tris-HCI pH 7.5, 150 mM NaCl
and 0.1 % Tween 20) buffer and blocked with 5 % non-fat dry milk in
TTBS. Membranes were incubated with the appropriate dilution of the
primary antibodies (Sup. Table 1) in 0.4 % BSA or 2.5 % non-fat-dry milk
and 0.02 % azide overnight, washed and incubated with 1:10,000
dilution of secondary antibodies coupled to horseradish peroxidase in
0.4 % BSA TTBS for 1 h. Proteins were detected by enhanced chem-
iluminescence (AmershamTM ECL™ Select Western Blotting Detection
Reagent, GE Healthcare, Chicago, IL, USA, GERPN2235) and quantified
using imaging software ImageJ (Fiji).

Immunofluorescence. Primary neurons were seeded on sterile
coverslips (35,000 cells per well) pretreated with poly-p-Lysine (0.1 mg/
mL, Sigma-Aldrich, San Luis, MO, USA; P1024). After the indicated
treatments the cells were washed with PBS and fixed in 4 % para-
formaldehyde and 4 % sucrose (Sigma-Aldrich, San Luis, MO, USA;
158127) for 15 min. After PBS washes, cells were permeabilized with
PBS containing 0.3 % Triton X100 (Sigma-Aldrich, San Luis, MO, USA;
ID X100) for 5 min and blocked in PBS containing 0.3 % Triton X100
with 2 % fetal bovine serum and 1 % bovine serum albumin (NZYTech,
Lisboa, Portugal; ID MB046) for 1 h. Primary antibody (Sup. Table 1)
was diluted in blocking buffer and incubated for 1 h. After washing
primary antibody with PBS 1x, corresponding secondary antibodies
conjugated with Alexa Fluor dyes (Invitrogen, Waltham, MA, USA) and
DAPI (4-6-diamino-2-phenylindole, Invitrogen, Waltham, MA, USA,
1306) were incubated for 1 h at room temperature. Coverslips were
mounted using ProLong™ Gold Antifade Mountant (Invitrogen, Wal-
tham, MA, USA; P36930) and dried for 24 h before visualization.

Brain immunohistochemical staining (IHC). Sagittal series of 30-
pm-thick sections were obtained in a freezing microtome and stained as
indicated previously [32]. For organotypic slices, sections were fixed
with 3 % glyoxal, after washing, permeabilized (0.3 % Triton X-100 in
0.1 M phosphate buffer) and blocked (0.3 % Triton X-100/5 % BSA in
0.1 M phosphate buffer) were incubated with the primary antibody for
16h at 4 °C. The primary antibodies used are described in Suppl. Table 1.
The corresponding secondary antibodies used were conjugated to Alexa
Fluor. Coverslips were mounted using ProLong™ Gold Antifade
Mountant (Invitrogen, Waltham, MA, USA; P36930) and dried for 24 h
before visualization. Images from primary, organotypic or brain slices
were acquired using the LSM710 spectral microscope confocal (Zeiss,
Germany), Stellaris 8 Tau STED (Leica, Germany) or AiryScan-LSM 980
confocal microscope (AiryScan 2, Zeiss), respectively.

Synaptosome, synaptic vesicle and synaptosomal membrane
isolation. Samples were homogenized with a pestle in ice-cold buffer 1
(0.32 M sucrose, 10 mM HEPES, 1 mM EDTA, 1 mg/ml leupeptin and 1
mM PMSF) [33]. The homogenate was centrifuged (10 min, 1000g) and
the post-nuclear supernatant (input) was saved and centrifuged (15 min,
10 000g) to generate a pellet that contains crude synaptosomes (Syn).
Syn was resuspended in 500 pL of 4 mM HEPES, 1 mM EDTA, pH 7.4 and
centrifuged (15 min, 10 000g) generating the washed synaptosome
fraction, which was lysed by hypoosmotic shock in ice-cold buffer 2 (20
mM HEPES, 100 mM NaCl, 0.5 % Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride, 1 g/ml leupeptin), homogenized with a pestle
and left in a rotating wheel for 30 min to ensure complete lysis. The
lysate was further centrifuged (30 min, 21 000g) to generate a
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supernatant that contains crude synaptic vesicles (SV) and a pellet that
contains synaptosomal membranes (SM). SM fraction was resuspended
in RIPA buffer. All steps were performed at 4 °C.

Endocytosis analysis by FM4-64 fluorescence probe. Primary
neurons at 14 DIV were incubated with 10 pM of the lipophilic dye FM 4-
64-Fx (Thermo Fisher Scientific, San Jose, CA, USA, F34653) for 90 sin a
high-potassium solution [30]. Neurons were washed twice with a
low-calcium solution for 30 s, fixed for 10 min in 2 % PFA, and mounted
for imaging with ProLong™ Gold Antifade Mountant.

Calcium imaging by Fluo-4 AM fluorescence probe. Primary
neurons at 14 DIV were incubated with 5 pM Fluo-4 AM (Invitrogen,
Waltham, MA, USA F14201) and 0.01 % Pluronic® F-127 (Sigma-
Aldrich) for 30 min in BrainPhys Imaging (BPI) (Stemcell, Vancouver,
BC, Canada, 05796) at 37 °C. After that, cells were washed with BPI
three times and taken to the microscope, where they remained at 37 °C
in a coupled chamber. Images were recorded every 5 s and 65 mM KCl
was used to stimulate calcium waves. Fluorescence levels were quanti-
fied with Fiji, by measuring three same-sized ROIs/conditions, and
statistical analysis was performed by the AF/Fy method [34].

Cell viability. In live cells but not in dead ones, the tetrazolium ring
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich, St. Louis, MO, USA, 475989) can be reduced by active
dehydrogenases to produce a formazan precipitate. At the end of the
experiments, cells were washed three times with phosphate-buffered
saline (PBS) followed by adding MTT (0.125 mg/ml) and incubating
for 1 h at 37 °C. The media was removed and DMSO was added to each
well to dissolve the formazan precipitate for 30 min, thereby deter-
mining the relative number of living cells. An aliquot (100 pl) of the
supernatants was analyzed in 96-well multiwell plates at 550 nm in a
VERSAmax™ microplate reader (Molecular Devices).

Quantitative imaging analysis. Image analysis was carried out
using Fiji (ImageJ 1.53, https://fiji.sc/). For quantification of colocali-
zation of PSD95-vGLUT1/vGAT-gephyrin puncta in primary neurons
and brain tissue (number, size and mean fluorescence), the “ComDet
v.0.5.5” plugin was used for segmentation and colocalization, consid-
ering maximum distance between objects less than 5 pixels. For primary
neurons, neurite ROIs were outlined using the “rotated rectangle” tool.
All parameters were presented as the percentage of the control situation.
The quantification of NR2B puncta and Clq/vGLUT1 colocalization
were also analyzed using the same plugin. For primary neurons, analysis
was carried out on three independent cultures from three different sets
of embryos and an average of 10 neurons/experiment were analyzed.

Statistical analysis. Unless otherwise indicated, all experiments
were performed at least 3 times and all data presented in the graphs are
the mean of at least 3 independent samples. Data are presented as mean
+ SD (standard deviation) or mean + SEM (standard error of the mean)
as stated in the figure legend unless indicated otherwise. Statistical
differences between groups were assessed using GraphPad Prism 8 by
one analysis of variance (ANOVA), using Bonferroni post-hoc test, or
Student’s unpaired t-test (*** indicates p values < 0.001, **p < 0.01 and
*p < 0.05).

3. Results

The density of glutamatergic synapses is reduced in neurons
from NRF2-null mice. To elucidate the role of NRF2 in the maintenance
of synapses, we first established cortical/hippocampal primary neuronal
cultures from NRF2-WT and NRF2-KO. Characterization of the differ-
entiation process and evaluation of NRF2 basal activity are shown in
Supp. Fig. 1. To quantify GABAergic synapses, presynaptic and post-
synaptic compartments were labeled with the vesicular transporter of
GABA (VGAT, green) and the postsynaptic Gephyrin protein (magenta),
respectively, with co-localizing puncta (white) representing inhibitory
synapses (Fig. 1A and Suppl. Fig. 2A). As shown in the immunofluo-
rescence analysis depicted in Fig. 1B, the density (number of co-
localizing puncta/50 prnz) of GABAergic contacts was similar in both
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Fig. 1. The number of glutamatergic contacts is reduced in primary neurons
from NRF2-KO compared to NRF2-WT mice. A, confocal analysis of double
immunofluorescence with anti-vGAT (green) and anti-Gephyrin (magenta) an-
tibodies in primary hippocampal/cortical neurons from NRF2-WT and NRF2-
KO mice maintained for 14 days in vitro (DIV). The scale bar corresponds to
5 pm. Dotted lines represent neurite outlines. B, quantification of colocalization
between vGAT and Gephyrin staining expressed and represented as synaptic
density (number of puncta per 50 pm?) and % of WT. C and D, quantification of
VGAT or Gephyrin density (number of puncta per 50 pm?), respectively. E,
confocal analysis of double immunofluorescence with anti-vGLUT1 (green) and
PSD95 (magenta) antibodies in primary hippocampal/cortical neurons from
NRF2-WT and NRF2-KO mice maintained for 14 DIV. The scale bar corresponds
to 5 pm. Dotted lines represent neurite outlines. F, quantification of colocali-
zation between vGLUT1 and PSD95 staining expressed and represented as
synaptic density and % of WT. G and H, quantification of either vGLUT1 or
PSD95 density (number of puncta per 50 pm?), respectively. The number of
positive puncta was derived from 3 independent experiments with an average
of 30 neurons per genotype and experiment. All data are mean + SEM. Primary
hippocampal/cortical neurons from NRF2-WT and NRF2-KO mice maintained
for 14 DIV, were loaded with the calcium reporter Fluo-4 AM (10 pM) and
submitted to 65 mM KCl treatment. I, quantification of Fluo-4 AM fluorescence
intensity normalized by the basal fluorescence value (AF/F,) analyzed for 60 s.
Data are mean + SD (n = 3/genotype). Statistical analysis was performed by
Esing unpaired t-test. *p < 0.05; **p < 0.01 vs. WT.
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end of the recording (Fig. 1I). These data suggest that NRF2 plays an
important role in maintaining the proper number of glutamatergic
contacts to support neuronal activity.

The lipidic landscape of the hippocampus is dysregulated by
NRF2 deficiency. Since the hippocampus is a key anatomic formation
for synaptic plasticity and encoding of memories, untargeted lipidomics
was performed on hippocampal samples from NRF2-knockout (NRF2-
KO) vs. wild-type (NRF2-WT) mice (Supp. Table 3). An initial principal
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component analysis (PCA) plot was generated with data from hippo-
campi to check trends and to ensure the grouping of all samples (PC1,
33.7 %; PC2, 24.8 %) (Supp. Fig. 4A). Evaluation of the lipidomic pro-
files employing partial least squares discriminant analysis (PLS-DA)
revealed that NRF2-KO and WT mice appear to be separated sample
groups (Fig. 2A and Supp. Table 4). We evaluated 645 distinct lipid
species, grouped into seven categories (Supp. Fig. 4B), through network
analysis of lipid pathway activity using BioPAN [27]. This exploration
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Fig. 2. NRF2-deficiency leads to increased levels of ether-lipid species in hippocampus. Hippocampus from 8-month-old NRF2-null or wild-type background were
extracted and submitted to untargeted lipidomics (n = 5 per genotype). A, PLS-DA representation of NRF2-WT and NRF2-KO hippocampal samples. B, Network
analysis of reactions at the level of lipid subclass in the untargeted lipidomics in the NRF2-KO vs. NRF2-WT comparison. Weights in the edges represent individual Z-
scores for the reactions. Gray edges represent reactions whose change is not significant (p-value >0.05) alone. Green and red edges represent reactions with a Z-score
>1.645 (green, active reactions) or Z-score < —1.645 (red, suppressed reactions), corresponding to a p-value <0.05. Green and red shadows represent pathways of
more than one reaction whose aggregated Z-score >1.645 or Z-score < —1.645, respectively. C, volcano plot shows dysregulated lipidic species in NRF2-KO relative
to WT. The y-axis displays the negative logarithm (base 10) of the p-value, while the x-axis displays the logarithm (base 2) of the fold change. The p-value threshold is
set to 0.05, and the log2(FC) ranges to (—0.5, 0.5). Significantly up- and down-regulated lipids are highlighted in orange and blue, respectively. D, Box-and-whisker
plots showing the median, quartiles, and interquartile range of the indicated lipid intensity (k, means that the indicated values are multiplied by 1000). Statistical
analysis was performed using Welch’s t-test. **p < 0.01 vs. WT. E, mRNA levels of Dhrs7b and VapA genes. All mRNA levels were analyzed by qRT-PCR from brain
samples from NRF2-WT (n = 8) and NRF2-KO (n = 7-8) and normalized by the levels of Gapdh, Actb and Tbp. Data are mean + SEM. Statistical analysis was
performed using the student’s t-test. ***p < 0.001 vs. WT.
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revealed that the conversion of phosphatidylethanolamine (PE) to
phosphatidylserine (PS) was upregulated in the absence of NRF2 activ-
ity. Moreover, the 1-alkyl-2-acylglycerol (DG-O) conversion in 1-alky-
1-2-acyl-sn-glycero-3-phosphorylethanolamine (PE-O) was significantly
activated in NRF2-null mice compared to control mice (Fig. 2B). In the
absence of NRF2, 17 lipid species were significantly altered in the hip-
pocampus of NRF2-KO mice, as shown in the volcano and box plots
(Fig. 2C and D and Suppl. Fig. 4C). Interestingly, 6 alkyl-lipid species
were overrepresented in the hippocampus from NRF2-KO vs. NRF2-WT
animals. The levels of the galactolipid MGDG 0-16:2_3:0 and those of
the alkyl-triglyceride TG O-18:1_16:1_18:1 were respectively down- or
up-regulated by NRF2 absence (Fig. 2C and D). Among the
alkyl-phospholipids upregulated in NRF2-KO vs. NRF2-WT, the three
most abundant species were PE 0-16:1_22:5; PE 0-18:2_22:5 and PE
0-18:1_22:5 characterized by a docosapentaenoic acid in their acyl
chains. Moreover, hippocampi from NRF2-KO mice exhibited a signifi-
cant increase in PE 0-17:1_20:4, although it was less abundant than the
previously mentioned species (Fig. 2C and D). The presence of an
odd-chain alkyl moiety raises the possibility that this lipid may derive
from an exogenous source, such as the gut microbiota or dietary com-
ponents. Accordingly, the mRNA levels of two genes coding for enzymes
involved in ether-lipids biosynthesis, Dhrs7b and VapA, were increased
in brain samples from NRF2-null compared to control mice (Fig. 2E).
Altogether these data support the fact that NRF2 deficiency disrupts the
proportion of several lipid species, including increased alkyl-linked
phospholipids in the hippocampus.

Alteration in lipid composition correlates with a reduction of
hippocampal glutamatergic synapses in NRF2 deficient mice. The
number of GABAergic and glutamatergic contacts was evaluated in
hippocampi from NRF2-KO and NRF2-WT brains by immunofluores-
cence employing antibodies against the vGAT and vGLUT1 combined
with Gephyrin and PSD95, respectively. We performed immunohisto-
chemical analysis of three hippocampal areas, Cornu ammonis 1 and 2-3
(CA1 and CA2-3) and dentate gyrus (DG) and quantified synapses. As
shown in Fig. 3A and B, the number of co-localizing puncta positive for
VGAT/Gephyrin staining did not differ between both genotypes. More-
over, the density, intensity, or size of the vGAT or Gephyrin-stained
puncta were also similar (Fig. 3C and D and Supp. Fig. 5A-D). Howev-
er, the analysis of vGLUT1/PSD95 colocalization evidenced a reduction
in the glutamatergic synaptic contacts in CA1 (Fig. 3E and F), which was
concomitant with a reduction in the density of vGLUT1 (Fig. 3G) but not
PSD95 (Fig. 3H). Evaluation of the size and intensity of vGLUT1 or
PSD95 puncta did not retrieve any differences between genotypes (Supp.
Fig. 5E-H). The decrease in synapse density could be due to decreased
synapse formation or increased synapse elimination. Although we
cannot exclude a contribution from synapses not being formed in NRF2
KO mice, the mice used were 6 months old and past the development
phase of high rates of synapse formation. To assess whether NRF2
absence could have led to sustained microglial activation and excessive
synaptic pruning, we evaluated the pattern of Clq, a complement pro-
tein recruited to synapses facilitating their engulfment by microglial
cells [37]. As shown in Supp. Fig. 6A and 6C, while vGLUT1 was reduced
in the hippocampus of NRF2-KO animals, neither the density nor the
intensity of C1q puncta (Supp. Fig. 6B and 6F) or C1q/vGLUT1 coloc-
alization (Supp. Fig. 6D and 6E) was affected by NRF2 expression. These
results suggested that NRF2 modulates the levels of vGLUT1 and,
therefore, participates in the maintenance of synaptic density, without
altering synaptic pruning.

Crucial components of the vesicle machinery are reduced in
presynaptic neurons due to NRF2 deficiency. Synaptosomes were
isolated from the initial homogenate of hippocampal samples from 8-
month-old NRF2-WT and NRF2-KO mice, then fractionated first into
synaptosomal (Syn) and then further divided into synaptic vesicle (SV),
and synaptosomal membrane (SM) fractions. Next, we evaluated syn-
aptophysin (SYP), vGLUT1, and PSD95 protein levels by immunode-
tection. SYP levels, used as a control for total vesicle protein, were
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Fig. 3. The number of glutamatergic contacts is reduced in the hippocampus
from NRF2-KO compared to NRF2-WT mice. A, confocal analysis of double
immunofluorescence with anti-vGAT (green) and anti-Gephyrin (magenta) an-
tibodies in brain slices from 6-month-old mice in a wild-type (NRF2-WT) or
NRF2-null background (NRF2-KO). The scale bar corresponds to 10 pm. B,
quantification of colocalization between vGAT and Gephyrin staining expressed
and represented as synaptic density (number of puncta per 50 um?) and % of
WT, respectively. C and D, quantification of either vGAT or Gephyrin density
(number of puncta per 50 pm?), respectively. E, confocal analysis of double
immunofluorescence with anti-vGLUT1 (green) and PSD95 (magenta) anti-
bodies in brain slices from 6-month-old mice in a wildtype (NRF2-WT) or NRF2-
null background (NRF2-KO). The scale bar corresponds to 10 pm. F, quantifi-
cation of colocalization between vGLUT1 and PSD95 staining expressed and
represented as synaptic density and % of WT, respectively. G and H, quantifi-
cation of either vGLUT1 or PSD95 density (number of puncta per 50 pmz),
respectively. The number of positive puncta was derived from 3 animals per
genotype with an average of 3 fields per mouse. All data are mean =+ SD. Sta-
tistical analysis was performed by using an unpaired t-test. *p < 0.05; **p <
0.01 vs. WT.

significantly enriched by 5-fold in the vesicular fraction (SV) relative to
the initial homogenate (input) in NRF2-WT but only by 2-fold in NRF2-
KO synaptosomes (Fig. 4A and B). Similarly, vGLUT1 levels showed
approximately 60 % enrichment in the SV compared to the input sample
in NRF2-WT, whereas this effect was absent in NRF2-KO mice (Fig. 4A
and C). The reduction of SYP and vGLUT1 in NRF2-deficient samples
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Fig. 4. NRF2 deficiency contributes to impairments in synaptosomal vesicle fractions. Synaptosomes were obtained from the initial homogenate of hippocampal
preparations from 8-month-old NRF2-WT and NRF2-KO samples (Input), followed by fractionation into synaptosomal (Syn), synaptic vesicle (SV), and synaptosomal
membrane (SM) fractions. A, immunoblots with specific antibodies as indicated in the panels. B, C and D, densitometric analysis of SYP, vGLUT1 or PSD95 relative to
ACTB protein levels of representative blots from A. Data are mean + SD (n = 3/genotype). Statistical analysis was performed using student’s t-test to compare the

input and the analyzed vesicular (B, C) or synaptosomal membrane (D) fractions considering *p < 0.05 and ***p < 0.001.

compared to WT suggests impaired synaptic composition, as a lower
number of synapses could account for their decreased levels in the ve-
sicular fraction, further supported by their overall reduction in the
input. On the other hand, PSD95 protein levels were significantly
enriched in the SM relative to input similarly in both genotypes (Fig. 4A
and D). The lack of changes in SYP, vGLUT1, and PSD95 expression
comparing samples from NRF2-KO and WT hippocampi (data not
shown) suggests that NRF2 is unlikely to regulate these genes directly.
We did not detect any changes in bulk glutamate levels in synaptosomal
fractions by HPLC (data not shown). However, we cannot exclude
additional contributions from defects in vesicle formation or trafficking
in which lipids are significantly relevant. Altogether, these findings
highlight the critical role of NRF2 in maintaining the integrity of the
presynaptic vesicular compartment in the hippocampus, potentially
linking the observed lipid alterations to synaptic dysfunction.

Ether lipids are enriched in synaptosomes from NRF2-deficient
mice. To focus specifically on lipids within synapses, untargeted lip-
idomics was performed on synaptosome fractions from NRF2-KO vs.
NRF2-WT mice. Although a relatively crude fractionation method was
used, the synaptosome preparations are expected to be highly enriched
in synaptic membranes. Nevertheless, contribution from other mem-
branes sources, including mitochondrial and endoplasmic reticulum
(Sup. Fig. 7A), should be considered. PCA plot was generated to check
trends, and to ensure the grouping of all samples (PC1, 48.35 %; PC2,
25.36 %) (Sup. Fig. 7B). We detected 357 distinct lipid species detailed
in Supp. Table 5. These categories were divided into six lipid classes
(Suppl. Fig. 7C) containing 17 lipid species that were dysregulated upon
NRF2 absence. Similarly to the whole hippocampus samples, PLS-DA
revealed ether-PE among the top 25 contributing species to differenti-
ating NRF2-WT and -KO synaptosomes (Suppl. Fig. 7D and Supp.
Table 6). As shown in Fig. 5A, only the levels of PC-60:10 are reduced in
NRF2-KO synaptosomes compared to WT. On the contrary, those of SM
18:1; 02/17:0 and Cer 17:1; 02/18:0 were up-regulated in the synap-
tosomes from NRF2-KO mice vs. control. Fourteen phospholipids species
that appear up-regulated in NRF2-KO vs. WT synapses belong to PG
(PG_17:0_17:0 and PG 22:5_22:6), PE (DMPE 18:0_22:6; PE 17:0_20:4;
PE O 17:1_22:6; PE O 18:1_.22:5 and PE P 18:0_22:5) and 5 PC (PC

15:0_16:0; PC 16:0_17:0; PC 16:0_.17:1; PC 17:0_18:1 and PC 17:0_20:4)
and PS (PS 17:0_22:6 and PS 18:0_22:5) families. The levels of four lipid
species (PG 22:522:6, PE 0-17:1.22:6, DMPE 18:0_22:6 and PS
17:0_22:6) which contain an acyl chain of docosahexaenoic acid (DHA,
22:6), are increased in the samples from NRF2-null mice (Fig. 5B and
Suppl. Fig. 7E). Notably, two of the up-regulated lipids by NRF2 absence
belong to the alkyl-PE family (PE O-18:1_22:5 and PE 0-17:1_22:6) and
one to the vinyl-PE group (PE P-18:0_22:5) (Fig. 5B). These results
suggest that NRF2 deficiency disrupts the proportion of several lipid
species, including 2 alkyl- and 1 vinyl-phospholipid species in hippo-
campal synapses.

Ether lipid precursor modifies the lipid composition of synap-
ses. To investigate whether the high content of alkyl-lipids contributes
to the reduction of glutamatergic contacts observed in NRF2-null mice,
we established a neuronal model that modifies the lipid composition of
synapses. This was achieved by treating primary neurons with the ether
lipid precursor 1-O-hexadecyl-sn-glycerol (9 pM HG, 16 h) which in-
tegrates into the biosynthetic pathway upon phosphorylation by alkyl-
glycerol kinase [38]. We treated neurons with a control compound,
DL-a-palmitin (9 pM DP, 16 h), the fatty acyl analog of HG, to distin-
guish ether lipid-specific effects from those related to general lipid
exposure. While HG is an ether lipid precursor, palmitin lacks the ether
bond and serves as a structurally similar but functionally distinct lipid.
Treatment with HG or DP at 9 pM did not reveal any toxic effects in
neurons as measured by the MTT assay (data not shown). We performed
lipidomics analyses of HG- and DP-synaptosome fractions from treated
neurons to test if HG modifies the lipid composition of synapses. We
quantified over 537 lipid species detailed in Supp. Table 7 and Supp.
Fig. 8. As shown in Fig. 6A and B, one alkyl-linked glycer-
ophosphoethanolamine (PE O-18:1_16:0) showed lower levels, while
significantly higher levels were observed for six alkyl-linked glycer-
ophosphocholines (PC 0-30:0, PC 0-31:0, PC 0-32:0, PC 0-16:0_16:0,
PC 0-15:2.18:2, and LPC 0-16:0) and two alkyl-linked glycer-
ophosphoethanolamines (PE O-16:1_20:4 and LPE O-16:0) in neurons
treated with HG compared to those treated with DP. Furthermore, HG
treatment also modifies the levels of some lipid species harboring the
ether-bond and belonging to glycerophosphoinositols, diradylglycerols
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Fig. 5. NRF2 deficiency leads to ether-lipids accumulation in synaptosomes. Synaptosomes were obtained from the initial homogenate of hippocampal preparations
from 8-month-old NRF2-WT or NRF2-KO samples followed by fractionation into synaptosomal fraction and subjected to untargeted lipidomics (n = 4 per genotype).
A, Volcano plot shows dysregulated lipid species in a synaptosomal fraction from NRF2-KO relative to WT. The y-axis displays the negative logarithm (base 10) of the
p-value, while the x-axis displays the logarithm (base 2) of the fold change. The p-value threshold is set to 0.05, and the log2(FC) ranges of (—0.5, 0.5). Significantly
up- and down-regulated lipids are highlighted in orange and blue, respectively. B, Box-and-whisker plots showing the median lipid intensity, quartiles, and inter-
quartile range. Statistical analysis was performed using Welch’s t-test. *p < 0.05; **p < 0.01 vs. WT.

and triaradylglycerols families. Moreover, half of the most contributing
species to PLS-DA were alkyl-linked (Supp. Fig. 8C and Supp. Table 8),
confirming that synapses from neurons treated with HG were enriched
in alkyl-lipids but not in vinyl-lipids (plasmalogens) compared to
DP-treated cells.

HG reduced the density of vGLUT1/PSD95 positive contacts.
Next, we determined the number of vGLUT1/PSD95 contacts in
cortical/hippocampal primary neurons subjected to either 9 uM of DP or
HG for 16h. Fig. 7A and B shows that the number of vGLUT1/PSD95-
positive puncta was reduced by approximately 20 % in neurons
treated with HG compared to DP-treated neurons. The reduction in
synapse density in HG-treated neurons was accompanied by a decrease
in the density and fluorescence intensity of vGLUT1 puncta (Fig. 7C), as
well as a reduction in the intensity and size of PSD95 puncta compared
to DP-treated neurons (Fig. 7D).

The HG effect on synaptic density was then analyzed in organotypic
cultures, which preserve key aspects of the original tissue’s structural
and synaptic organization. Therefore, 300 pm-thick hippocampal slices
were treated with either DP or HG (9 pM for 16h) and vGLUT1/PSD95

positive contacts were quantified. According to the previous results, the
number of excitatory contacts in CA1 was reduced in HG-treated orga-
notypic cultures compared to DP-treated slices (Fig. 7E and F). Inter-
estingly, the HG effect reached a reduction in the number of excitatory
contacts of approximately 80 % compared to DP-treated slices. More-
over, the alkyl-lipid precursor led to a profound reduction of both
vGLUT1 and PSD95 density and intensity (Fig. 7G and H). These findings
demonstrate a causal relationship between elevated alkyl-lipid levels
and decreased glutamatergic contacts, potentially observed in NRF2-
null mice. By employing a novel neuronal model to alter synaptic lipid
composition, our findings bolster this connection, indicating that
changes in lipids correlate with synapse loss.

Pharmacological activation of NRF2 prevented synaptic loss
induced by HG. Next, we evaluated whether reinforcing NRF2 activity
could be a potential strategy to prevent synaptic loss induced by the
accumulation of alkyl-lipids in synapses. Both cortical/hippocampal
neurons and organotypic cultures were treated with 6-(methylsulfinyl)
hexyl isothiocyanate (6-MSITC or hexaraphane) (3 uM of 6 M for 4h) and
then subjected to either HG or DP (9 pM for 16h). The strength of NRF2
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Fig. 6. HG treatment increased the levels of alkyl-lipids in synapses from primary neurons. Primary hippocampal/cortical neurons from mice maintained for 14
DIV were treated with either DL-a-palmitin (DP) or 1-sn-O-hexadecylglycerol (HG) (9 pM for 16h). Synaptosomes were obtained from the initial homogenate fol-
lowed by fractionation into synaptosomal fraction and submitted to untargeted lipidomics (n = 5 per treatment). A, volcano plot shows dysregulated lipidic species in
synaptosomal fraction from HG-relative to DP-treated neurons. The y-axis displays the negative logarithm (base 10) of the p-value, while the x-axis displays the
logarithm (base 2) of the fold change. The p-value threshold is set to 0.05, and the log2(FC) ranges of (—0.5, 0.5). Significantly up- and down-regulated lipids are
highlighted in orange and blue, respectively. B, Box-and-whisker plots showing the median lipid intensity, quartiles, and interquartile range. Statistical analysis was

performed using Welch’s t-test. *p < 0.05; **p < 0.01 vs. DP.

activation is evidenced by the increased levels of NRF2-protein detected
in 6-MSITC-treated cultures compared to the control (Fig. 8A) [39]. In
line with the previous results, HG treatment reduced the density of
vGLUT1/PSD95-positive contacts in both systems, with a ~20 %

reduction in primary neurons (Fig. 8B and C) and an 80 % reduction in
hippocampal slices (Fig. 8D and E). Remarkably, cultures pretreated
with 6-MSITC showed a complete restoration of synaptic contacts, even
in hippocampal slices with a profound loss of vGLUT1/PSD95
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Fig. 7. Glutamatergic contacts are reduced in primary neurons and organotypic cultures submitted to an ether-lipid precursor. Primary hippocampal/cortical
neurons (panels A-D) or 300 pm-thick hippocampal slices (panels E-H) from mice maintained for 14 DIV or 7 DIV, respectively, were treated with either DP or HG (9
pM for 16h). A and E, confocal analysis of double immunofluorescence with anti-vGLUT1 (green or blue) and PSD95 (magenta) antibodies in primary hippocampal/
cortical neurons or organotypic cultures, respectively. The scale bar corresponds to 5 pm. B and F, quantification of colocalization between vGLUT1 and PSD95
staining expressed and represented as synaptic density and % of DP in primary hippocampal/cortical neurons or organotypic cultures, respectively. C and G,
quantification of vGLUT1 puncta density (number of puncta per 50 pm?), intensity and size represented as % of DP in primary hippocampal/cortical neurons or
organotypic cultures, respectively. D and H, quantification of PSD95 puncta density (number of puncta per 50 pm?), intensity and size represented as % of DP in
primary hippocampal/cortical neurons or organotypic cultures, respectively. The number of positive puncta was derived from 3 independent experiments with an
average of 30 neurons per treatment (A-D) or 3 images (E-H) and experiment. The data are mean + SEM (A-D) or mean + SD (E-H). Statistical analysis was
performed using an unpaired t-test. *p < 0.05; **p < 0.01; ***p < 0.001 vs. DP.

colocalizing puncta (Fig. 8D and E). While the molecular mechanisms
behind the observed synaptic restoration require further investigation,
we can now, for the first time, connect the enhancement of endogenous
defenses to the prevention of synaptic loss caused by disrupted lipid
homeostasis.

4. Discussion

The involvement of NRF2 in synaptic function has long been pro-
posed but never dissected before. In this work, we have sought to un-
derstand how NRF2 regulates synapses, describing its connection to
alkyl-lipids and the effects these exert on synapses.

Previous studies have shown that the absence of NRF2 leads to
reduced PSD95 levels in both primary neurons [23] and mouse models
[21]. In contrast, our study only revealed decreased vGLUT1 expression,
with no changes in PSD95. This discrepancy may be attributed to several
experimental differences, such as the use of knockout versus CRISPR/-
Cas9 approaches to suppress NRF2 expression [40], variations in the age
or sex of the mice, or differences in the neuronal culture protocols. In
agreement, we observed a decreased PSD95 density and intensity in
organotypic cultures from NRF2-KO compared to NRF2-WT mice.

The number of glutamatergic contacts was reduced in the hippo-
campus of NRF2-KO mice compared to their wild-type counterparts.
Additionally, vGLUT1 protein levels were also downregulated. This
neurotransmitter transporter is essential for correct synaptic function
and alterations in its levels are implicated in a variety of disorders,
including schizophrenia [41], the age-related Parkinson’s, or Alz-
heimer’s diseases [42], where its downregulation has been correlated
with cognitive decline [43,44]. vGLUT1 heterozygous animals show
depressive-like behavior [45,46], which is a common feature shared by
NRF2-deficient animals [47]. Interestingly, although mRNA levels of
Slc17a7 (coding gene of vGLUT1) were similar in both genotypes (data
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not shown), protein levels of presynaptic vGLUT1 were reduced in
NRF2-deficient mice, suggesting the implication of post-translational
modulation of vGLUT1 protein, which is still unknown, or as a result
of an overall reduction of the number of synaptic vesicles. In line with
this, electron microscopy of NRF2-KO mice presented reduced synaptic
vesicles in CA1 [35], where we detected a reduction in vGLUT1 levels.

The timing of synaptic loss in the NRF2-deficient hippocampus is not
directly addressed in this study. However, we selected 6-month-old-mice
in which we previously showed to exhibit impaired LTP [18,24], indi-
cating that synaptic dysfunction is already present. While this does not
clarify whether deficits stem from impaired synapse formation or later
degeneration, both are consistent with NRF2’s role in maintaining
neurogenic homeostasis. Supporting this, NRF2 regulates neural stem
progenitor cell (NSPC) proliferation and neuronal differentiation,
particularly during early postnatal stages and middle age [24,48].
Although our in vitro models link alkyl-lipids to synaptic density, they
cannot resolve the developmental versus degenerative origin of the
deficits. Still, our findings highlight the importance of NRF2-regulated
lipid homeostasis in preserving synaptic integrity.

Synaptic refinement is necessary for the creation of new neuronal
networks [37,49,50]. In the case of microglia, this interaction involves
the complement proteins, such as C1q, and becomes aberrant in AD [37,
51]. NRF2 activity prevents LPS- and TAUP" L induced neuro-
inflammation [52,53], and its absence is responsible for microgliosis
after cerebral hypoperfusion [54]. Therefore, we hypothesized that
NRF2 absence could be responsible for an aberrant microglial over-
activation and subsequent synaptic engulfment. Nonetheless, the
amount of C1q found in glutamatergic synapses was not different in the
presence or absence of NRF2.

The brain has the second-highest lipid content in the human body,
second only to adipose tissue. Brain lipids mainly consist of cholesterol,
phospholipids, such as PC and PE, and sphingolipids [55]. Most sterols
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Fig. 8. Reinforcement of NRF2 activity prevents synaptic loss induced by the ether-lipids precursor. Primary hippocampal/cortical neurons (panels A, B and C) or
300 pm-thick hippocampal slices (panels A, D and E) from mice maintained for 14 DIV or 7 DIV, respectively, were pretreated with 6-MSITC (abbreviated here as 6
M) during 4h and then submitted to either DP or HG (9 pM for additional 16h). A, immunoblots with specific antibodies, as indicated in the panels. The arrowhead
marks the band specific for NRF2 protein. VCL levels are used to control protein load per lane. B and D, confocal analysis of double immunofluorescence with anti-
VvGLUT1 (green or blue) and PSD95 (magenta) antibodies in primary hippocampal/cortical neurons or organotypic cultures, respectively. The scale bar corresponds
to 5 pm. C and E, quantification of colocalization between vGLUT1 and PSD95 staining expressed and represented as synaptic density and % of DP in primary
hippocampal/cortical neurons or organotypic cultures, respectively. The number of positive puncta was derived from 3 independent experiments with an average of
30 neurons per treatment (B and C) or 3 images (D and E) and experiment. The data are mean + SEM (C) or mean =+ SD (E). Statistical analysis was performed by

using an unpaired t-test. *p < 0.05 vs. DP or #p < 0.05 vs. HG.

are synthesized within the brain mainly by astrocytes but also by neu-
rons and are unable to cross the blood-brain barrier [56]. Although
NRF2 has been linked to its metabolism through transcriptional acti-
vation of SREBP1c in hepatocytes [57], we did not detect significant
changes in sterol species in the hippocampus or synaptosomes. Most
saturated fatty acids (FA) are produced in the brain, still most of the
polyunsaturated fatty acids (PUFAs) come from peripheral blood, with
small amounts being synthesized by endothelial and astroglial cells
[58-60]. The role of NRF2 in controlling the expression of genes related
to FA metabolism, such as Fas, Accl, Scd-1c and Cd36, has already been
described in the context of the liver [61,62], but in the brain its role is
still unknown. Evaluation of the lipid composition in NRF2-KO and WT
brains revealed that over half of the dysregulated lipid species were
phospholipids and that NRF2-deficiency was associated with the over-
representation of four alkyl-lipid species in hippocampal samples, and
with two alkyl- and one vinyl-lipid species in synaptosome fractions,
respectively. Although a minor contribution from contaminating mem-
branes, such as glial, mitochondrial, or other subcellular components,
cannot be entirely ruled out due to the crude fractionation method used,
the synaptic membranes might be the most represented membranes in
the synaptosome samples [63]. Accordingly, the mRNA levels of two
genes coding for enzymes involved in ether-lipid biosynthesis, Dhrs7b
and VapA, were increased in brains from NRF2-null compared to control
mice although protein levels or enzymatic activity are not addressed in
this study. Mutations in other enzymes of the synthesis route, such as
Gnpat or Farl, induce neurological disorders and neurotransmitter
imbalance [64,65], hinting at the need for tight regulation of the levels
of alkyl lipids in the brain. Altogether, these results emphasized the role
of NRF2 modulating their levels in synapses in the hippocampus.

The specific function of the ether-lipid species up-regulated in syn-
apses by NRF2 deficiency is currently unknown. Still the presence of
either an alkyl- or an vinyl-bond and long-chain PUFAs at the sn-1 and
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sn-2 positions, respectively, allows us to hypothesize that they could
share a structural role in membrane dynamics while contributing to
oxidative stress regulation [66,67]. For instance, the up-regulation of
the vinyl-PE (plasmalogen PE P-18:0_22:5) observed in NRF2-deficient
animals may serve as a compensatory mechanism to counteract their
increased susceptibility to oxidative stress [68]. Relevantly here, a study
searching into the lipid composition of plasma from centenarians
revealed an upregulation of alkyl-bonded and a downregulation of
vinyl-bonded lipids, suggesting differences between these two similar
lipids linked to healthier brain function [13].

Because ether-lipids have been described as either beneficial or toxic
depending on their concentration and cellular context [69-72], we hy-
pothesize that in contrast to the proposed antioxidant properties of
vinyl-lipids (plasmalogens), some species of alkyl-lipids may contribute
to the synaptic damage observed in NRF2-null animals. To test it, we
employed the ether-lipid precursor 1-O-Hexadecyl-sn-glycerol (HG),
which can enter the ether-lipid biosynthetic pathway [58,60,61]. We
observed a deep modification of the lipid composition of synapses from
HG vs. control-treated neurons consistent in an increase of alkyl lipids
belonging to different lipid families, except for PE 0-18:1_16:0,
remarkably we were not able to detect any changes in vinyl-lipids
(plasmalogens) species. Accordingly, HepG2 cells treated with 20 pM
HG showed increased levels of ether-linked phospholipids (PE-O and
PC-0) and a reduction in diacylglycerol (DG), consistent with ether
lipid-driven remodeling. However, DP treatment also led to increases in
ceramides and phosphatidylinositols, indicating that some lipidomic
changes were not specific to ether lipids. This supports the use of DP as a
relevant lipid control to parse out HG-specific effects from broader
lipid-induced responses. However, differences in lipid classes may be
due to tissue differences (neural vs. hepatic), differences in the doses, or
even the species. The human and mouse lipidome are similar but not
identical [73]. In our experiments, primary neurons subjected to HG
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evidenced an up-regulation of two species of alkyl-PE (PE O-16:1_20:4
and LPE 0O-16:0) and three alkyl-PC (PC O-15:2_18:2; PC 0-16:0_16:0
and PC 0-16:0_14:0) that correlates with a reduction in the number of
positive puncta for vGLUT1/PSD95. Although we are not able to spe-
cifically identify the same dysregulated lipidic species in synapses from
both NRF2-null mice and HG-treated neurons, at least we can establish a
correlation between higher alkyl-phospholipids levels and reduced
vGLUT1/PSD95 positive contacts. Here, synapse density decreased by
~30 % in primary neurons treated with HG, with a greater reduction in
organotypic cultures, likely due to the high astrocyte content and the
involvement of other cell-specific metabolic routes. Astrocytes supply
fatty acids and lipid precursors to neurons for membrane formation and
synaptic function [74,75]. Therefore, they may fuel ether-lipid biosyn-
thesis while also attempting to clear and degrade excess lipids from
neurons. For instance, upon oxidative stress, peroxidized fatty acids are
transported from neurons to astrocytes, via an ApoE-dependent mech-
anism to form lipid droplets and prevent neurodegeneration [75,76].
Although the molecular mechanism remains unexplored (e.g.,
NRF2-target genes involved, evaluation of possible off-target effects,
analysis of ether-lipid enrichment in synapses), NRF2 activation by
6-MSITC restores the number of synaptic contacts lost due to HG, even in
organotypic cultures, suggesting a crucial role for NRF2 in this process.
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