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Abstract

Background Pro-inflammatory processes triggered by the accumulation of extracellular amyloid beta (AB) peptides
are a well-described pathology in Alzheimer’s disease (AD). Activated astrocytes surrounding A plaques contribute
to inflammation by secreting proinflammatory factors. While astrocytes may phagocytize AR and contribute to AR
clearance, reactive astrocytes may also increase A3 production. Therefore, identifying factors that can attenuate
astrocyte activation and neuroinflammation and how these factors influence pro-inflammatory pathways is important
for developing therapeutic and preventive strategies in AD. Here, we identify the platelet-activating factor receptor
(PTAFR) pathway as a key mediator of astrocyte activation. Intriguingly, several polar lipids (PLs) have exhibited anti-
inflammatory protective properties outside the central nervous system through their inhibitory effect on the PTAFR
pathway. Thus, we additionally investigated whether different PLs also exert inhibitory effects on the PAF pathway

in astrocytes and whether their presence influences astrocytic pro-inflammatory signaling and known AD pathologies
in vitro.

Methods PLs from salmon and yogurt were extracted using novel food-grade techniques and their fatty acid profile
was determined using LC/MS. The effect of PLs on parameters such as astrocyte activation and generation of oxygen
species (ROS) was assessed. Additionally, effects of the secretome of astrocytes treated with these polar lipids on aged
neurons was measured.

Results We show that PLs obtained from salmon and yogurt lower astrocyte activation, the generation of reactive
oxygen species (ROS), and extracellular A accumulation. Cell health of neurons exposed to the secretome of astro-
cytes treated with salmon-derived PLs and AR was less affected than those treated with astrocytes exposed to A3
only.

Conclusion Our results highlight a novel underlying mechanism, why consuming PL-rich foods such as fish and dairy
may reduce the risk of developing dementia and associated disorders.
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Background

Increased concentration and aggregation of the amyloid
beta peptide (AP) and tau hyperphosphorylation result-
ing in neurofibrillary tangles are hallmarks of Alzheimer’s
disease (AD) pathology. Associated with these features
are impaired synaptic function, neuroinflammation, neu-
rodegeneration, and the resulting cognitive and behav-
ioral deficits. Recent research indicates that especially
pro-inflammatory processes play a crucial role as drivers
of AD progression [1, 2]. Besides microglia, astrocytes
seem to be key mediators of the inflammatory response
in AD [3]. Activation of astrocytes is hypothesized to
occur via the Receptor for Advanced Glycation Endprod-
ucts (RAGE; gene name AGER) receptors binding Ap and
leads to further activation of downstream signaling path-
ways such as p38 MAPK and nuclear factor kappa B (NF-
kB) [4, 5]. When AGE-like ligands or AP bind RAGE,
phosphorylation of p38 MAPK occurs that activates
the transcription factor NF-«B. NF-kB then promotes
the transcription and expression of pro-inflammatory
cytokines such as interleukin-1p (IL-1p), tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), and Cyclooxyge-
nase-2 (COX2) [5-7]. AB-RAGE interaction also regu-
lates the protein kinase R-like endoplasmic reticulum
kinase (PERK) pathway. The PERK protein phospho-
rylates the eukaryotic translation initiation factor 2a
(eIF2a) protein kinase. Phosphorylated elF2a induces the
expression of activating transcription factor 4 (ATF4),
which in turn promotes the expression of unfolded pro-
tein response (UPR), resulting in apoptosis [7, 8]. Thus,
AB-RAGE interaction promotes the activation of multi-
ple signaling pathways in astrocytes and the expression of
proteins that encourage a pro-inflammatory state.

These reactive astrocytes have been shown to affect
synapse function and neuronal health in AD [9, 10].
Although the underlying mechanisms are currently not
fully understood, signaling through signal transducer
and activator of transcription 3 (STAT3) and/or NF-kB
likely mediates these effects [11-13]. In particular, the
NF-«kB activation-dependent release of pro-inflamma-
tory cytokines IL-1p and IL-6 from astrocytes [14] may
be a key inflammatory stimulus in AD. Intriguingly, anti-
inflammatory therapies targeting astrocytes have shown
promising effects in AD models [3]. However, it is cur-
rently less known which ligands and receptors activate
the downstream signaling pathways.

One known activator of NF-«B signaling outside the
brain is the platelet-activating factor receptor (PTAFR)
pathway. Its activation produces pro-inflammatory

cytokines and mediators via activation of NF-kB sign-
aling and other cellular signaling pathways [15]. High
platelet-activating factor (PAF) (1-O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) levels may promote inflam-
mation as well as drive many inflammation-related
diseases, including allergies and viral infections [16]. It
is a key signaling molecule in the renal, cardiovascular,
immune, and reproductive systems [17]. Initially, as the
name suggests, PAF was described as a platelet activa-
tor via binding to the PTAFR, which ultimately induces
platelet aggregation [18] However, the PTAFR is
expressed in many cells of organs, such as in the lungs,
spleen, heart, kidneys, skeletal muscle, and, notably, in
the brain [17]. PAF is synthesized by neuronal tissue
[19]. Thus, it has been speculated that PAF may also
play a role in cell signaling in the central nervous sys-
tem (CNS) by activating the NF-kB pathways [16, 20].
Indeed, the PTAFR is highly expressed in microglia
and PAF-induced neuron inflammatory responses in in
vitro experiments [21]. In line with previous research,
we report that PTAFR is also expressed in astrocytes
[22].

Interestingly, it has been shown that polar lipids
(PLs), phospholipids and sphingolipids, can act as PAF
analogs and significantly reduce or prevent PTAFR acti-
vation through competition with PAF for the PTAFR or
via modulation of PAF metabolism [17]. Lipids are a
very diverse group of molecules divided into two major
classes: neutral lipids and polar lipids (PLs) (such as
phospholipids and glycolipids). Recently, PLs have been
highlighted as important inhibitors of the inflamma-
tory response outside of CNS, where PLs were shown
to have anti-inflammatory and antithrombotic effects.
These effects were reached by influencing PAF-depend-
ent pathways [23]. PAF is released in the early stages of
inflammation [24]. For example, the structure of some
marine PLs (e.g., extracted from salmon tissue) share
similarity to the structure of PAF, and, therefore, these
PLs can block the PTAFR. However, whether PLs exert
this activity in the presence of AB-induced astrocyte
activation and AD pathology is currently unknown.

The brain mainly utilizes acylated lipids to generate
phospholipids for cell membranes [25] Although the
prominent role of PLs is to support the formation and
bio-functionality of cell membranes, specific PLs may
also act as mediators of inflammatory responses in the
brain. Marine phospholipids have been shown to pos-
sess many nutritional advantages, including the fact
that they increase the bioavailability of polyunsaturated
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fatty acids (PUFAs), specifically n-3 fatty acids, such
as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA). In addition, recent studies have shown
that DHA can help boost the clearance of AP in the
plasma and aid in preventing AD [26] and PL inges-
tion has been linked to cognitive function [27]. How-
ever, we speculate that the beneficial effects of PLs may
also be realized through their ability to interfere with
PAF signaling in the brain, which ultimately will attenu-
ate astrocyte activation and the associated cytokine
release. Therefore, here, we investigated whether
inflammatory responses of astrocytes triggered by the
presence of AP can be influenced by exposure to PLs in
a PTAFR-dependent mechanism. We evaluate whether
PL-mediated astrocyte modulation is sufficient to alter
AD pathology in vitro. Further, we explore PLs from
different sources to evaluate whether a specific PL pro-
file is more potent in inhibiting the PTFAR pathway.

Materials and methods

Materials

DI TNC1 (ATCC® CRL-2005") rat astrocyte cells were
used as the cell culture model. Lipid extraction reagents
(hexane, ethanol, and water) were obtained from Fisher
Scientific (Ireland). Poly-L-lysine (PLL), Dulbecco’s
modified eagle medium (DMEM), dimethyl sulfoxide
(DMSO), sodium pyruvate, trypsin, and penicillin-strep-
tomycin were obtained from Sigma-Aldrich (Ireland).
Hank’s balanced salt solution (HBSS), Fetal bovine serum
(FBS), GlutaMAX (glutamate), and phosphate-buffered
saline (PBS) were obtained from Gibco (BioScience,
Ireland). Human Beta-Amyloid peptide 1-42 (AP) was
obtained from Abcam (ab120301). The SYBR Green PCR
and RNeasy kit were sourced from Qiagen (UK). Unless
otherwise indicated, all chemicals were obtained from
Sigma-Aldrich/Merck (Ireland). CellROX Green Dye was
obtained from Thermofisher. Primary antibodies were
purchased from Biolegend (GFAP, cat. no. 644702: ICC:
1:250, WB: 1:200; B-tubulin, cat. no. 607152: WB: 4 pg/
mL; MAP2, cat. no. 840601, ICC: 1:1000), Abcam (PAFR,
cat. no. ab104162: ICC: 1:25, WB: 1:200), ProteinTech
(B-actin, cat. no. 20536-1 AP: WB 1:1000), and Synaptic
Systems (Shank3, cat. no. 162 304: ICC: 1000). Secondary
AlexaFluor antibodies were purchased from Invitrogen
and HRP-conjugated antibodies for WB were sourced
from Dianova and Dako. Unless otherwise indicated,
all other chemicals were obtained from Sigma-Aldrich
(Merck, Ireland). The Annexin V staining kit was pur-
chased from Leinco Technologies (US).

Polar lipid preparation
Samples of Irish salmon fillet and Irish ovine yogurt were
obtained. A food-grade salmon extract and ovine yogurt
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polar lipid sample was prepared as per Tsoupras et al.
[28]. The yogurt was prepared similarly as in Lordan et al.
[29], with the fermentation performed at 40.5°C for 7h
until the yogurt reached a pH of 4.6. Briefly, samples (n =
3) of fresh salmon fillets and ovine yogurt (100 gm) were
homogenized mechanically in a Waring blender, and
from these, the total lipid content (TL) was extracted.
From the TL fraction, the neutral lipids (NL) and
polar lipid (FGE-PLs) fractions were further isolated
using food-grade solvents, namely water, ethanol, and
hexane (Fisher Scientific), according to EU legislation for
food-grade based extractions of fish oil (consolidated
Directive 2009/32/EC: https://eur-lex.europa.eu/legal-
content/en/ALL/?uri=CELEX:32009L0032). Solvents were
evaporated from the samples using flash rotary evapora-
tion (Buchi Rotavapor, Mason Technology), and lipid
samples were transferred to small glass vials, where all
the remaining solvents were further evaporated under a
stream of nitrogen. Excess solvent was evaporated under
a steady stream of nitrogen from the polar lipid extracts
thus obtained. Samples were stored at -20°C until further
use.

Cell culture

Astrocytes: (Rat DI TNCI cells) were cultured in DMEM
High Glucose medium supplemented with 10% FBS, 2%
glutamate, 1% streptomycin/penicillin, and 1% sodium
pyruvate and seeded on cell culture dishes coated with
PLL until they reached circa 80% confluency for use in
experiments. All cell lines were maintained in a humidi-
fied incubator at 37°C and 5% CO,,.

Primary Neurons: Rat primary hippocampal neurons
from day 18 embryonic rats (Innoprot) were plated at a
density of 52,000 cells per coverslip in 24-well cell cul-
ture dishes coated with PLL. The neurons were grown in
Neurobasal A Medium (Gibco) supplemented with 1%
Glutamax, 1% streptomycin/penicillin and 2% B-27. After
plating on DIVO, the neurons were cultured at 37 °C and
5% CO, for 14 days.

Treatment of cells

A stock solution of 200 uM of human AP, 4, was pre-
pared in DMSO. After vortexing the stock solution
for 30 min at room temperature (RT), the solution was
centrifuged (DLAB D3024R) for 1 h at 4 °C at 15,000 x
g. Resuspension of lyophilized A, 4, usng this method
should result in mostly monomeric A, but may not com-
pletely remove pre-aggregates. However, all treatments
have been performed using the same Af preparation, and
cells in all conditions were exposed to A in the same ini-
tial aggregation state. For treatments, cells were grown to
circa 70% confluency on Petri dishes and treated with a
final concentration of 1 uM A peptide for 24 h. Control
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groups were cultivated without peptides simultaneously.
Treatment with polar lipids: Stock solutions of salmon
fillet polar lipid (SF-Pls) extract and ovine yogurt polar
lipids (YPL) were made in 0.9% NaCl/0.05% mg/ml BSA
buffer in a 100 mg/ml concentration. For treatments,
a working concentration of 150 ug/ml of PLs diluted in
media was used, and cells were incubated for 24 h. To
eastblish this concentration, we exposed astrocytes to
different concentrations (100, 150, 400 and 800 pg/ml)
of PLs. Our results showed that 150 pg/ml has no effect
on cell health or proliferation over 24 hours, measured by
impedance using an xCelligence RTCA instrument, while
higher concentrations reduced cell proliferation/health
(data not shown). After 24 h, old media was discarded,
and new media was added to the cells. For LPS treatment,
a final concentration of 1 pug/ul LPS (lipopolysaccharides
from Escherichia coli O127:B8, Sigma Aldrich) was used.
Cells were incubated for 24 h at 37 °C and 5% CO,,

Neurons on DIV 11 were treated with media collected
from astrocytes treated as described above, in a ratio of
60:40 (neuronal complete media: astrocyte complete
media). The neurons thus treated were left in this ratio
of media until DIV 15, after which they were stained to
assess cell health and synaptic density, as described in
sections below.

Gene expression analysis

The total RNA was isolated using the RNeasy Mini kit
(Qiagen, Manchester, UK) according to the manufac-
turer’s instructions. First-strand synthesis and real-time
qRT-PCR amplification (Roche LightCycler 480 II) were
carried out in a one-step, single-tube format using the
Rotor-Gene SYBR Green RT-PCR kit (Qiagen) and using
validated primer pairs from Qiagen (Quantitect primer
assay). The hydroxymethylbilane synthase (HMBS) gene
was used as an internal standard. All reactions were
run at least in technical triplicates, and mean ct values
were transformed into virtual mRNA levels according
to the formula: virtual mRNA level = 10 X ((ct(target) —
ct(standard))/slope of the standard curve).

Protein expression analysis

Protein extraction for Western blot was carried out by the
addition of lysis buffer A (0.5 M HEPES and 1 M sucrose,
pH 7.5) containing one dissolved cOmplete mini EDTA-
free protease inhibitor cocktail tablet (Roche, Merck)
to cells on ice for 15 minutes. The cell lysate was cen-
trifuged at 3,200 rpm (963 x g) for 15 minutes at 4 °C to
isolate proteins. The resulting supernatant was collected
and stored at -20 °C until further use in SDS-PAGE. The
protein concentration was measured using the Bradford
assay, and 30 pg of protein was loaded into SDS-PAGE
gels with 4X SDS sample-loading buffer.
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Proteins were separated by SDS—-PAGE and blotted
onto nitrocellulose membranes. The blots were probed
with primary antibody at 4 °C overnight. Following
this, the blots were visualized using HRP-conjugated
secondary antibodies and Pierce’ ECL Western Blot-
ting Substrate kit (Thermo Fisher Scientific).Western
blot membranes were then imaged using Alliance Q9
Advanced equipment and software from UVITEC. Evalu-
ation of protein band intensity from WBs was performed
using Image].

Immunocytochemistry

Cells grown on glass coverslips were washed with 1X PBS
and fixed with 4% PFA for 15 min at room temperature
(RT). After removing the PFA, the cells were washed
with 1X PBS thrice for 5 min each at RT. The cells were
then blocked with blocking solution (BS) (10% FBS/1X
PBS) for 1 h at RT to avoid unspecific binding of anti-
bodies. Following this, cells were incubated with the
primary antibody dissolved in BS overnight at 4 °C, fol-
lowed by three washing steps with 1X PBS to wash off
any unbound primary antibody. The secondary antibody
was diluted in BS and incubated for 1 h at RT. Following
this, the cells were washed with 1X PBS thrice for 5 min
each, and the cell nuclei were counterstained with DAPI.
A final step was performed in which cells were washed
with distilled water to remove salt crystals. Finally, the
cells were mounted onto glass slides with Vectamount
aqueous mounting medium.

Assessment of oxidative stress

Cells were stained with CellROX Green Dye (Ther-
mofisher) to assess intracellular oxidative stress. Astro-
cytes were grown on a PLL-coated Greiner multiwell dish
until circa 70% confluency and then live staining with
CellROX Green (5 uM) for 30 min at 5% CO, and 37 °C.
In the oxidative stress positive control, astrocytes were
treated with CuCl, (2 puM) associated with H,0, (10 pM)
for 3 hours to induce a Fenton reaction before staining
with CellROX Green. Following this, cells were washed
with 1X PBS and fixed with 4% PFA for 15 min at RT. Cell
nuclei were counterstained with DAPI, and cells were left
in 1X PBS for imaging. Cellular imaging was performed
using the ImageXpress Micro Confocal (Molecular
Devices), and images thus acquired were analyzed with
Image].

Assessment of cell health

Assessment of cell health or live-dead cell staining was
performed using Annexin V-FITC. Rat hippocampal
neurons were washed twice with 1X binding buffer con-
taining calcium chloride before staining. The staining
solution was prepared in 1X binding buffer containing
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Annexin V, propidium iodide (red), and Hoechst 3342,
and neurons were incubated for 15 min in the dark at RT.
After this, neurons were washed twice with 1X binding
buffer and fixed in 4% PFA with calcium chloride. After
removing the PFA, neurons were mounted on glass slides
with Vectamount mounting medium.

Statistics

Lipid extractions were completed in triplicates and the
identified fatty acid values are averages of triplicates. Sta-
tistical analysis was performed using Graph Pad Prism
Version 8.4.2 (464) (La Jolla, CA, USA), and values were
tested for significance using one-way ANOVA followed
by Tukey post hoc tests or t-tests for pair-wise com-
parison. All values were normally distributed. Statistical
tests were two-tailed with a significance level of « < 0.05.
Significances are stated with p values <0.05% <0.01**;
<0.001***, Results are shown as mean and SEM.

Results

In the first set of experiments, we investigated whether
the presence of AP results in an activation of astrocytes.
To that end, astrocytes were treated with 1 uM AP for 24
hours. Astrocyte activation was measured through the
assessment of glial fibrillary acidic protein (GFAP) lev-
els (Fig. 1A-C), a known marker for astrocyte reactivity,
and the levels of reactive oxygen species (ROS) (Fig. 1D,
E), given that activated astrocytes are generating higher
levels of ROS [30]. AP significantly increased GFAP levels
assessed by Western blotting (Fig. 1A) and quantitative
fluorescent microscopy (Fig. 1B, C). There was no sig-
nificant difference in activation between untreated con-
trols and vehicle controls (Supplementary Fig. S1), and
untreated controls are shown in the figures in the main
text. Similarly, AP significantly increased astrocytic ROS
levels assessed by quantitative fluorescent microscopy
using a dye reacting to ROS (CellROx®)(Fig. 1D, E). As
a positive control, cells were treated with H,0,. H,0,
interacts with transition metal ions such as copper and
iron in cells and medium in the Fenton reaction, generat-
ing ROS.

Next, we investigated whether PTAEFR is expressed in
astrocytes and whether its signaling contributes to their
observed activation. We could detect PTAFR using gene
expression analysis with ptafr mRNA-specific primers
(Fig. 1F), immunocytochemistry (Fig. 1G), and protein
biochemistry (Fig. 1H).

LPS treatment increased the expression of PTAFR,
hinting at the role in pro-inflammatory responses
of astrocytes (Fig. 2A). Notably, adding AP also sig-
nificantly increased PTAFR expression detected on
mRNA level (Fig. 2A) and protein level (Fig. 2B-D). A
significant increase in PTAFR immunofluorescence
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was observed after AP mediated astrocyte activation
(Fig. 2B,C). This increase was confirmed by protein bio-
chemistry (Western blotting) (Fig. 2D).

Thus, next, we evaluated whether specific inhibi-
tion of PTAFR by PLs can reduce PTAFR expres-
sion and, thereby, potentially reduce or even prevent
astrocyte activation. Therefore, we treated cells again
with AP and measured PTAFR, GFAP, and ROS levels.
However, we included PLs from two different sources
(Fig. 3A): salmon-derived PLs (SPL) and yogurt-derived
PLs (YPL). The fatty acid profiles of SPL and YPL are
shown in Table 1. Astrocytes were treated with 150
pg/ml of PLs for 24 h to saturate the PTAFR with PLs.
Then, 24 h treatment with AP was performed as before.
Our results show that a significant reduction of the
increased PTAFR protein expression induced by A can
be observed for SPL and YPL using Western blotting
(Fig. 3A). Treatment of cells with SPL and YPL alone, in
the absence of AP, showed no effects on PTAFR levels
(Fig. 3B).

To understand whether the effects in PTAFR levels seen
by SPL and YPL application translated into changes in the
general activation of astrocytes, we again analyzed GFAP
expression using Western blotting (Fig. 4A) and quanti-
fied GFAP immunofluorescence (Fig. 4B,C). The results
show that treatment with both SPL and YPL can prevent
an increase in GFAP levels (Fig. 4A-C). Two housekeep-
ing proteins (ACTIN and VINCULIN) were used, and
the conditions normalized to their respective controls.
While a complete block of GFAP increase was meas-
ured by protein biochemistry, the immunofluorescence
results show only partial prevention of the Ap-induced
astrocyte activation measured by GFAP signal intensity.
However, GFAP levels were still significantly lower after
AP exposure with treatment with PLs (Fig. 4B). In addi-
tion, we could observe that AB-induced astrocyte ROS
production was prevented by treatment with SPL and
YPL (Fig. 4D,E). Treatment of cells with SPL and YPL
alone, in the absence of AP, showed no effect on general
astrocyte GFAP levels but also lowered ROS levels in
healthy cells without AP exposure (Supplementary Fig.
S2A-E). Besides, we analyzed the levels of the inflamma-
tory cytokine IL-6 generated in astrocytes (Supplemen-
tary Fig. S3). The accumulation of cytokines characterizes
neuroinflammation in AD. Among these IL-1pB, IL-6,
TNF-«, and TGF-f feature prominently. Their release can
progress AD pathology and activate other glial cells [31]
and is triggered by the presence of certain AP species,
such as AP, 4, [32, 33]. Increased levels of IL-6 activate
astrocytes, in return, will produce further pro-inflam-
matory cytokines [34], possibly by activating NF-kB [35,
36] driving the brain to a neuroinflammatory state. Our
results show that SPL treatment prevents an Ap-induced
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Fig. 1 A-E DITNCI cells were treated with 1 uM AR peptide for 24 h and compared to untreated and positive controls. A Western blotting

(WB) reveals an increase of GFAP on protein level after exposure to AB (t-test, p=0.0183, n=3). B, C Immunocytochemistry (ICC) labeling of GFAP
after exposure to AB confirms an increase seen by WB (t-test, p<0.0001, n=15) (AFU: Absolute Fluorescence Units). C Exemplary images of GFAP
signals after treatment. D, E CellRox® immunoreactivity significantly increases after AR treatment, indicating higher ROS levels. H,0, was used

as a positive control to confirm the sensitivity of the fluorescent marker. As expected, adding H,0, also significantly increases CellRox® fluorescence
intensity (one-way ANOVA, p=0.0068; Tukey posthoc test: Ctrl vs. H,0, p=0.0067; Ctrl vs. AR p=0.044, n=10). E Exemplary images of CellRox®
fluorescence after treatment. F-H Detection of PTFAR in astrocytes on mRNA level using gRT-PCR (F) and protein levels using ICC (G) and WB (H). F
ptafr mMRNA was detected at a level of 1.62% of the housekeeping gene hmbs in DITNC1 astrocytes. G Anti-PTAFR antibodies show positive labeling

in DITNC1 astrocytes. H The same anti-PTAFR antibodies used in ICC (G) reveal a protein band at the expected size for PTAFR in WB. C, E, G Scale
bar =30 um
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Table 1 Fatty acid profile of salmon (SPL) and yogurt polar lipid (YPL) extract. Results are expressed as a percentage of each fatty acid

of the total fatty acid content of each sample (n = 3)

Fatty Acid Name Mass [M-H] SPL YPL
mean SD mean SD

Caprylic 144.115 143.108 ND ND 6.62 0.13
Pelargonic 158.131 157.123 0.00 0.00 133 0.10
Capric 172.146 171.139 0.00 0.00 7.69 1.65
Undecylic 186.162 185.155 ND ND 1.92 0.22
Lauric 200.178 199.170 ND ND 363 0.31
Tridecylic 214193 213.186 ND ND 223 0.22
Myristic 228.209 227.202 322 0.17 297 0.05
Pentadecylic 242225 241.217 0.15 0.01 6.41 045
Palmitic 256.240 255.233 17.01 0.62 13.95 0.80
Palmitoleic 254.225 253217 392 0.09 4.16 0.12
Margaric 270.256 269.249 0.72 0.09 13.58 0.61
Stearic 284.272 283.264 2.16 0.17 1.83 0.05
Oleic 282.256 281.249 1141 0.05 7.60 0.30
Linoleic 280.241 279.233 42.19 0.67 322 0.29
Linolenic (a +) 278.225 277217 2.50 0.13 3.00 0.13
Stearidonic 276.209 275.202 0.26 0.01 0.23 0.01
Nonadecylic 298.287 297.280 0.00 0.00 0.10 0.01
Arachidic 312303 311.296 ND ND 433 1.26
Gadoleic 310.287 309.280 2.70 0.21 7.96 0.51
Dihomol.inoleic 308272 307.264 1.69 0.27 1.96 0.18
Dihomolinolenic 306.256 305.249 1.27 0.03 1.70 0.18
Arachidonic 304.240 303.233 1.95 0.08 142 0.14
EPA 302.247 301.217 2.51 032 0.19 0.02
Docosadienoic 336.303 335296 0.03 0.00 ND ND
Eranthic 334.287 333.280 0.01 0.00 0.34 0.03
Ardenic 332272 331.264 0.26 0.01 0.57 0.06
DPA 330.256 329.249 2.19 0.16 0.91 0.09
DHA 328.240 327.233 3.82 033 0.14 0.01
SFA 23.27 0.81 66.60 1.17
MUFA (n-9) 18.00 0.09 19.73 0.34
PUFA 58.40 092 12.77 0.77
n-3 (PUFA) 11.30 0.60 4.48 0.12
n-6 (PUFA) 47.10 037 8.30 0.72
n-6/n-3 4.17 0.25 1.85 0.21

Abbreviations: SFA Saturated fatty acids, MUFA Monounsaturated fatty acids, PUFA Polyunsaturated fatty acids, n-6 omega-6, n-3 omega-3, DHA Docosahexaenoic acid,

EPA Eicosapentaenoic acid, DPA Docosapentaenoic acid; and ND Non-detectable

increase in il-6 mRNA expression (Supplementary Fig.
S3).

Overall, the data confirms that SPL and YPL are potent
inhibitors of the PTAFR pathway. Interestingly, their
biological activity results in the attenuation of astrocyte
activation, indicating that PAF signaling is not only con-
tributing but may be a key driver of AB-induced astrocyte
activation.

Next, we investigated the impact of PL-attenuated
PTAFR signaling on AD pathology. A key pathology

of AD is AP aggregation, the loss of synapses, and neu-
ronal death (neurodegeneration), which are linked to the
clinical phenotype of AD. Therefore, we assessed these
features in vitro using primary neuronal cells. We culti-
vated these rat hippocampal neurons for 14 days, which
allowed them to mature into adult neurons [37]. Subse-
quently, we exposed those neurons to the secretome of
astrocytes. To that end, we collected medium from astro-
cytes exposed to the following conditions: Untreated
controls, astrocytes treated with A, astrocytes treated
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with SPLs and YPLs, and astrocytes treated with SPLs
and YPLs followed by Ap.

Based on the results described above, we hypothesized
that media of astrocytes that were activated by AP are
rich in inflammatory cytokines such as IL-6 and ROS,
while the presence of PLs should result in lower cytokine
and ROS levels due to the observed reduction in astro-
cyte activation. From several studies, it is known that A
induces the production of ROS, NO, and cytokines such
as IL-1p, IL-6, TNF-q, and IFN-« in astrocytes [38, 39],
thereby affecting neuronal cell health. This was linked to
the activation of signaling pathways, including the Janus
kinase (JAK)/STAT3, the calcium/calcineurin (CN)/
nuclear factor of activated T-cells (NFAT), NF-kB, and
the MAPK pathway [40]. However, so far, the contribu-
tion of the PTAFR has not been investigated.

It has also been shown that cytokines released by astro-
cytes may influence the accumulation and clearance of
AP, potentially contributing to its buildup and toxicity
in the brain. Besides, factors released by astrocytes can
impact synaptic pruning, leading to the loss of synapses
and cognitive impairment [41]. For example, a correla-
tion was found between the reduced synapse density and
an increase in GFAP-positive astrocytes in AD patients,
supporting a role for astrocytes in synapse elimina-
tion [42]. Primary rat hippocampal neurons exposed to
Ap-treated astrocytes have reduced expression of synap-
tic proteins [43].

In the first step, we analyzed AP clearance in the astro-
cyte cultures treated with Ap and AP plus PLs (Fig. 5A-
D). Using an anti-Af antibody, we detected a significant
decrease of extracellular total AP in cultures treated with
SPL and YPL (Fig. 5A,B). Additionally, while the number
of AP aggregates was not changed (Fig. 5C), the AP aggre-
gates measured by thioflavin had a significantly reduced
size in cultures exposed to SPL (Fig. 5D). The supernatant
of these cells was then transferred to primary mature hip-
pocampal neurons.

We then harvested the medium containing the
secretome of the treated astrocytes and exposed 11-day-
old primary neurons to the astrocyte medium for 4 days.
We measured the density of excitatory synapses using
the synaptic marker SHANK3 (Supplementary Fig. S4).
We evaluated the number of SHANK3 immunoreac-
tive puncta along a MAP2-labeled dendrite. Our results
show that the overall morphology of neurons, measured
by MAP-2 labeling and counting of the mean number of
primary, secondary, and tertiary dendrites, is not affected
by the treatment of neurons with any of the secretomes
of astrocytes exposed to AP, SPL, YPL, and SPL or YPL
plus AP (Supplementary Fig. S4A-C). The average num-
ber of SHANK3 immunoreactive puncta along primary
and secondary dendrites was also not significantly altered
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after treatment of neurons with the secretomes of astro-
cytes exposed to AP, SPL, YPL, and SPL or YPL plus AP
(Supplementary Fig. S4D-F).

We also assessed the cell health of neurons by fluores-
cent Annexin V labeling (Fig. 5E-G). Our results show a
trend towards an increase in apoptotic cells after expo-
sure to the secretome of astrocytes treated with A
(Fig. 5E). A significant reduction of the number of apop-
totic cells in the neuronal culture treated with SPL and
AP was seen compared to neuronal cultures exposed to
the secretome of astrocytes treated with Af only (Fig. 5E,
G). Treatment with YPL showed no significant effect.
However, treatment with YPL also did not result in a sig-
nificant reduction in AP aggregation size in the astrocyte
culture (Fig. 5D). The secretome of astrocytes treated
with SPL and YPL in the absence of AP did not affect
neuronal cell health (Fig. 5F, G). Thus, SPL may pre-
vent neurodegenerative effects caused by chronic astro-
cyte activation by reducing PTAFR-mediated astrocyte
activation.

Discussion

Neuroinflammation plays a pivotal role in the progres-
sion of Alzheimer’s disease. The activation of immune
cells in the brain, particularly microglia and astrocytes,
is a key factor driving neuroinflammation. This pro-
cess is associated with the release of pro-inflammatory
cytokines, such as IL-1p, TNF-a, and IL-6, leading to
chronic inflammation and neuronal damage [44]. Sev-
eral studies have highlighted the involvement of various
signaling pathways and molecules in neuroinflammation
within AD [45, 46]. Therefore, astrocytes have emerged
as key contributors to the disease process. In AD, astro-
cytes undergo functional and morphological changes,
and release pro-inflammatory cytokines, which exacer-
bate the inflammatory response in the brain. Research
has shed light on various mechanisms through which
astrocytes impact AD. Notably, the dysregulation of cal-
cium signaling, altered lipid metabolism, and impaired
AB clearance by astrocytes have been identified as signifi-
cant contributors to disease progression [47, 48].

In this study, we report a key role of PTAFR-induced
signaling for the pathomechanisms of chronically active
astrocytes in AD. This pathway is activated by PAF and
can be modulated by the presence of polar lipids. There
are two main biosynthetic pathways of PAF in the brain.
These include the remodeling and de novo pathways [16].
In addition, a third pathway exists under increased oxi-
dative stress, known as the oxidative fragmentation path-
way. The enzymatic remodeling pathway is thought to be
associated with the biosynthesis of PAF in pro-inflamma-
tory cells such as astrocytes. PAF subsequently binds to
the PTAFR, initiating intracellular signaling cascades.
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Fig. 5 A-C) DITNCI cells were treated with 1 uM AR peptide for 24 h, and AP with SPL and YPL, and compared to untreated controls. A, B
Immunolabeling of AB peptides using anti-AB antibodies reveals a reduction in the number of AR positive signals after treatment with PLs (one-way
ANOVA, p=0.0037; Tukey post-hoc test: AR vs. AB+SPL p=0.044; AR vs. AB+YPL p=0.0247, n=10). B Exemplary images of AB signals after treatments.
C, D Thioflavin labeling of AB shows no significant reduction in the number of AB aggregates (C) (one-way ANOVA), but a reduction in the AR
aggregate size after SPL treatment (one-way ANOVA, p= 0.0141; Tukey post-hoc test: AR vs. ARB+SPL p=0.0138, n=10) A reduction in AR aggregate
size was also observed after YPL treatment, although not statistically significant (Tukey post-hoc test: AR vs. AB+YPL p= 0.0568, n=10) (D). E-G
Primary hippocampal neurons were grown for 11 days and exposed to the media (secretomes) of astrocytes (untreated, treated with A, treated
with SPL or YPL plus AR, and treated with SPL or YPL only). After 4 days, the percentage of apoptotic cells per total cells in the culture was calculated.
E The secretome of astrocytes exposed to SPL and A caused significantly less effect on cell health compared to the secretome of astrocytes
exposed to AB-only treatment (one-way ANOVA, p=0.012; Tukey post-hoc test: AR vs. AB+SPL p=0.00682, n=6-8 optic fields of view). F No effect

on cell health was observed after exposure of neurons to the secretomes of astrocytes treated with SPL or YPL only. G Exemplary images of Annexin
V FITC signals after treatments. White arrows indicate apoptotic cells. B, G Scale bar = 30 um

Our data show the presence of the PTAFR signaling
pathway in astrocytes and that AP, ,, triggers PTAFR
signaling. The levels of PTFAR significantly increase in
astrocytes after exposure to AP, similar to levels reached
by the induction of inflammatory signaling using the
known and widely used stimulant LPS. Moreover, Af,
as LPS, leads to an overall change in astrocyte reactivity.
Notably, the application of PLs known to be PTAFR sign-
aling inhibitors prevented increased PTAFR expression
and overall astrocyte activation.

It has been shown that the AB peptide may activate
astrocytes through its similarity with pro-inflamma-
tory cytokines and anti-microbial peptides [49, 50]. For
example, RAGE can bind A. Activation of RAGE by
Ap leads to further activation of downstream signaling
pathways such as p38 MAPK and NF-«B [4, 5]. Nota-
bly, the PTAFR signaling pathway also intersects with
the NF-kB pathway. Thus, here, Ap via RAGE and the
PTAFR have a common downstream target (NF-«kB).
Prevention of NF-«kB activation by blocking the PTAFR
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may thereby influence the ability of AP to activate
NEF-«B via RAGE.

Blocking RAGE signaling was shown to prevent tox-
icity mediated by oligomeric and aggregate forms of
AP, but not fibrillar AB [51], suggesting that different
AB conformations interact with distinct RAGE sites.
However, RAGE is also able to bind Ap fibrils [52]. Our
method for preparing AB should result in mostly, but not
entirely, monomeric AB. However, AP} aggregates as soon
as it is in the cell culture medium and during the rela-
tively long exposure period with AP (24 h) used in this
study, aggregation of AP occurs (evidenced by the pres-
ence of Thioflavin positive signals). Unfortunately, the
approach makes it impossible to determine what form of
AP activates the astrocytes, and whether PTAFR inhibi-
tion by PLs is specific for this type of activation. Besides,
the production of pro-inflammatory molecules such as
cytokines, and potentially PAF, can further activate astro-
cytes, leading to production of cytokines [52]. PTAFR
signaling may also intersect with, or be, a signalling path-
way not directly involved with the cellular process acti-
vated by AP, but secondarily by the AP induced release of
cytokines.

Understanding the intricate involvement of neuroin-
flammation in AD opens avenues for potential therapeu-
tic interventions targeting neuroinflammation to alleviate
disease progression. In the past, multiple studies showed
improved cognitive performance in both middle-aged
and older individuals who regularly consumed fish [53,
54].

Omega-3 fatty acids, particularly eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA) have been inves-
tigated for their potential role in the prevention of AD.
Cross-sectional studies indicated a lower risk of demen-
tia-related diseases, such as AD, through DHA intake,
which is typically directly related to fish consumption
[55, 56]. Studies suggest that omega-3 fatty acids possess
neuroprotective properties, influencing various aspects
of AD pathophysiology. DHA, in particular, is believed
to help reduce inflammation, oxidative stress, and the
aggregation of A [57]. Clinical and epidemiological evi-
dence has indicated that higher consumption of omega-3
fatty acids through fish or supplements is associated with
a reduced risk of cognitive decline and AD. However, the
outcomes from intervention studies exploring the direct
impact of omega-3 supplementation on AD prevention
have been somewhat inconclusive [58-60].

Dairy products such as milk and yogurt are rich sources
of polar lipids that possess significant health benefits,
such as improvement of cognitive health, antiplatelet and
anti-inflammatory properties [29, 61, 62]. Clinical stud-
ies have demonstrated that supplementation with polar
lipids derived from dairy improve cognitive functioning

Page 12 of 15

and neurodevelopmental outcomes [27, 63]. Fatty acids
derived from milk, yogurt and other dairy products have
established protective effects of polar lipids and other
fatty acid substances against inflammatory pathways [29,
64—66)].

Several fish, such as salmon, are excellent sources of
marine PLs with strong preventative bioactivities against
PTAEFR as competitive inhibitors of the PAF ligand. The
Irish organic farmed salmon used in this study is rich
in w3 PUFA, which included the most plentiful w3 fatty
acids EPA and DHA (Table. 1). The presence of these
w3 fatty acids in salmon coupled with anti-PTAFR polar
lipids appear to exert the anti-inflammatory effects
observed in vitro. Indeed, we could measure that treating
astrocytes with SPL before activation with AP, ,, results
in fewer effects on cell health, and thus likely neurode-
generation, in our neuronal model. It is important to
mention that these neurons were not directly exposed
to AP, 4, Therefore, we only measure the effects of the
over-activation of astrocytes on neurons through their
release of molecules (the secretome), likely consisting of
relevant factors such as inflammatory cytokines or ROS.
Therefore, we may not have observed the often-reported
effects of direct exposure to AP, 4, such as a reduction
in synapse numbers [67]. In addition, it is important to
highlight that the astrocytes in our study were activated
for 48 hours in total. Thus, while their activation may ini-
tially be a protective mechanism, the experimental design
here leads to an extended and chronic accumulation of
released molecules in the astrocyte medium. This may be
more reflective of situations of chronic neuroinflamma-
tory signaling.

The interplay of different cell types with AP in AD is
more complex than modelled here, with direct effects
of AP, 4, on neurons and also microglia, plus indirect
effects of their secretomes. For example, IL-6 released
by astrocytes may activate microglia that in turn release
a plethora of cytokines acting on neurons [68, 69]. How-
ever, the study reveals that the PTAFR receptor pathway
activates astrocytes and its attenuation may protect brain
cells from the adverse effects mediated by the secretome
of chronically activated astrocytes in AD. The study also
proposes one mechanism by which PLs may exert their
reported protective effects. More research is needed to
explore this mechanism as a new potential drug target in
AD.

Treatment with YPL seemed less effective on neu-
rons despite astrocytes reacting to both SPL and YPL
similarly. A comparison of the lipid profiles of each
PL extract reveals that YPL extracts have different PL
compositions with less DHA and EPA than SPL. In
our studies, we have analyzed selected end-points. It is
possible that YPL and SPL extracts are both effective,
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but the temporal dynamics may be different. The treat-
ments may both reduce astrocyte activation, but at dif-
ferent times, which will influence the accumulation of
molecules in the medium, and thus, may generate dif-
ferent effects on neurons. For example, if SPL is more
potent in reducing astrocyte activation, the threshold
of released molecules to act detrimentally on neurons
may not have been reached in contrast to the less effec-
tive YPLs that deactivate astrocytes, but potentially
later, resulting in higher levels of released molecules.

Conclusions

Here, we show that the decrease in astrocyte activation
is at least partly based on the inhibitory activity PLs
exert on PTAEFR signaling. Therefore, increased dietary
levels of PLs may reduce the activation of astrocytes,
thereby decreasing cytokine release within the brain
and, ultimately, neuroinflammation. Our results high-
light a novel underlying mechanism and why consum-
ing PL-rich foods such as fish and dairy may reduce
the risk of developing dementia and associated dis-
orders. Moreover, enriching foods with PLs to render
them functional, PLs’ use as nutraceuticals, and the use
of different sources with optimal PL profiles should be
further explored as preventive and therapeutic strate-
gies in AD. Overall, identifying the PTAFR as a criti-
cal cellular signaling component outside the commonly
associated platelet activation mediated by PTAFR
allows exploring PTAFR signaling as a drug target in
AD.

Abbreviations

AD Alzheimer’s disease

DHA Docosahexaenoic acid

EPA Eicosapentaenoic acid

DPA Docosapentaenoic acid

HMBS Hydroxymethylbilane synthase

LC-MS Liquid chromatography-mass spectrometry
MAP2 Microtubule associated protein 2

Shank3 SH3 and multiple ankyrin repeat domains 3
MUFA Monounsaturated fatty acids

n-6 Omega-6

n-3 Omega-3

ND Non-detectable

PL Polar lipids

PTAFR Platelet-activating factor receptor

PUFA Polyunsaturated fatty acids

gRT-PCR  Quantitative reverse-transcriptase polymerase chain reaction
ROS Reactive oxygen species

SPL Salmon polar lipids

SFA Saturated fatty acids

WB Western blot

YPL Yogurt polar lipids

Page 13 of 15

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512944-024-02106-z.

[ Supplementary Material 1. }

Acknowledgments
Not applicable.

Authors’ contributions

Conceptualization, AM.G,, AT, 1.Z; Data curation, SH., AM.G,; Formal analysis,
SH. AKS, JES, RL.KS; Investigation, S.H., AKS, JES.; Methodology, S.H., AKS.,
JES, AT, SKS.KS.; Resources, AM.G,, SH., 1.Z, SKS; Supervision, AM.G,, SH.,
AT, 1.Z; Writing—original draft, AM.G.; Writing—review & editing, S.H., 1.Z.

Funding
This research received no external funding.

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Biological Sciences, University of Limerick, Limerick V94PH61,
Ireland. Bernal Institute, University of Limerick, Analog Devices Building
AD3-018, Castletroy, Limerick V94PH61, Ireland. *Health Research Institute
(HRI), University of Limerick, Limerick V94PH61, Ireland. 4Shannon Applied
Biotechnology Centre, Technological University of the Shannon, Moylish Park,
Limerick VO4E8YF, Ireland. °Institute for Translational Medicine and Therapeu-
tics, Perelman School of Medicine, University of Pennsylvania, Philadelphia,
PA, USA. 6Deparm'wem of Medicine, Perelman School of Medicine, University
of Pennsylvania, Philadelphia, PA, USA. ’Department of Systems Pharmacology
and Therapeutics, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA, USA. ®Hephaestus Laboratory, Department of Chemistry,
School of Science, Democritus University of Thrace, Kavala University Campus,
Kavala GR65404, Greece.

Received: 22 November 2023 Accepted: 11 April 2024
Published online: 20 April 2024

References

1. Severini C, Barbato C, Di Certo MG, Gabanella F, Petrella C, Di Stadio A,
de Vincentiis M, Polimeni A, Ralli M, Greco A. Alzheimer’s Disease: New
Concepts on the Role of Autoimmunity and NLRP3 Inflammasome in the
Pathogenesis of the Disease. Curr Neuropharmacol. 2021;19:498-512.

2. Siddiqui A, Akhtar S, Shah Z, Othman |, Kumari Y. Inflammation Drives
Alzheimer's Disease: Emphasis on 5-lipoxygenase Pathways. Curr Neurop-
harmacol. 2021;19:885-95.


https://doi.org/10.1186/s12944-024-02106-z
https://doi.org/10.1186/s12944-024-02106-z

Hans et al. Lipids in Health and Disease

20.

21.

22.

23.

24.

(2024) 23:113

Phillips EC, Croft CL, Kurbatskaya K, O'Neill MJ, Hutton ML, Hanger DP,
Garwood CJ, Noble W. Astrocytes and neuroinflammation in Alzheimer’s
disease. Biochem Soc Trans. 2014;42:1321-5.

Chen F, Ghosh A, Hu M, Long Y, Sun H, Kong L, Hong H, Tang S. RAGE-NF-
kappaB-PPARgamma Signaling is Involved in AGEs-Induced Upregulation
of Amyloid-beta Influx Transport in an In Vitro BBB Model. Neurotox Res.
2018;33:284-99.

Takuma K, Fang F, Zhang W, Yan S, Fukuzaki E, Du H, Sosunov A, McKhann
G, Funatsu'Y, Nakamichi N, et al. RAGE-mediated signaling contributes to
intraneuronal transport of amyloid-beta and neuronal dysfunction. Proc
Natl Acad Sci U S A. 2009;106:20021-6.

Medeiros R, LaFerla FM. Astrocytes: conductors of the Alzheimer disease
neuroinflammatory symphony. Exp Neurol. 2013;239:133-8.

Yue Q, Song Y, Liu Z, Zhang L, Yang L, Li J: Receptor for Advanced Glyca-
tion End Products (RAGE): A Pivotal Hub in Immune Diseases. Molecules.
2022,27.

Bettigole SE, Glimcher LH. Endoplasmic reticulum stress in immunity.
Annu Rev Immunol. 2015;33:107-38.

Li K, LiJ, Zheng J, Qin S. Reactive astrocytes in neurodegenerative dis-
eases. Aging Dis. 2019;10:664-75.

Phatnani H, Maniatis T: Astrocytes in neurodegenerative disease. Cold
Spring Harb Perspect Biol. 2015, 7.

. Brambilla R, Persaud T, Hu X, Karmally S, Shestopalov VI, Dvoriantchikova

G, Ivanov D, Nathanson L, Barnum SR, Bethea JR. Transgenic inhibition

of astroglial NF-kappa B improves functional outcome in experimental
autoimmune encephalomyelitis by suppressing chronic central nervous
system inflammation. J Immunol. 2009;182:2628-40.

Crosio C, Valle C, Casciati A, laccarino C, Carri MT. Astroglial inhibition

of NF-kappaB does not ameliorate disease onset and progression

in a mouse model for amyotrophic lateral sclerosis (ALS). PLoS One.
2011,6:¢17187.

Dvoriantchikova G, Barakat D, Brambilla R, Agudelo C, Hernandez E,
Bethea JR, Shestopalov VI, Ivanov D. Inactivation of astroglial NF-kappa

B promotes survival of retinal neurons following ischemic injury. Eur J
Neurosci. 2009;30:175-85.

Jones SV, Kounatidis I. Nuclear Factor-Kappa B and Alzheimer Disease,
Unifying Genetic and Environmental Risk Factors from Cell to Humans.
Front Immunol. 1805;2017:8.

Kravchenko WV, Pan Z, Han J, Herbert JM, Ulevitch RJ, Ye RD. Platelet-acti-
vating factor induces NF-kappa B activation through a G protein-coupled
pathway. J Biol Chem. 1995,270:14928-34.

Lordan R, Tsoupras A, Zabetakis I, Demopoulos CA: Forty Years Since the
Structural Elucidation of Platelet-Activating Factor (PAF): Historical, Cur-
rent, and Future Research Perspectives. Molecules. 2019, 24.
Harishkumar R, Hans S, Stanton JE, Grabrucker AM, Lordan R, Zabetakis I:
Targeting the Platelet-Activating Factor Receptor (PAF-R): Antithrombotic
and Anti-Atherosclerotic Nutrients. Nutrients. 2022, 14.

Chignard M, Le Couedic JP, Tence M, Vargaftig BB, Benveniste J. The

role of platelet-activating factor in platelet aggregation. Nature.
1979;279:799-800.

Farooqui FAFTH, LA. : Roles of Platelet-Activating Factor in Brain. In
Metabolism and Functions of Bioactive Ether Lipids in the Brain. 2008:
171-195

Hans S, Karadimou A, Mulvihill JJE, Grabrucker AM, Zabetakis I: The Role
of Dietary Lipids in Cognitive Health: Implications for Neurodegenerative
Disease. Biomedicines. 2022, 10.

Liu J, Jiao L, Zhong X, Yao W, Du K, Lu S, Wu Y, MaT, Tong J, Xu M, et al.
Platelet activating factor receptor exaggerates microglia-mediated micro-
environment by IL10-STAT3 signaling: a novel potential biomarker and
target for diagnosis and treatment of Alzheimer’s Disease. Front Aging
Neurosci. 2022;14:856628.

Meng-Ru Z, Ruo-Xuan S, Ming-Yang Y, Tong T, Lei Z, Ying-Bo Y, Bao-Guo
X. Antagonizing astrocytic platelet activating factor receptor-neuroin-
flammation for total flavone of epimedium in response to cuprizone
demyelination. Int Immunopharmacol. 2021;101:108181.

Lordan R, Nasopoulou C, Tsoupras A, Zabetakis |: The Anti-inflammatory
Properties of Food Polar Lipids. In Bioactive Molecules in Food. 2018: 1-34:
Reference Series in Phytochemistry].

Edwards LJ, Constantinescu CS. Platelet activating factor/platelet activat-
ing factor receptor pathway as a potential therapeutic target in autoim-
mune diseases. Inflamm Allergy Drug Targets. 2009;8:182-90.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 14 of 15

Bruce KD, Zsombok A, Eckel RH. Lipid processing in the brain: a key regu-
lator of systemic metabolism. Front Endocrinol (Lausanne). 2017;8:60.
Xiao M, Xiang W, ChenY, Peng N, Du X, Lu S, Zuo'Y, Li B, Hu Y, Li X. DHA
ameliorates cognitive ability, reduces amyloid deposition, and nerve fiber
production in Alzheimer’s disease. Front Nutr. 2022,9:852433.

Xia'Y, Jiang B, Zhou L, Ma J, Yang L, Wang F, Liu H, Zhang N, Li X, Petocz

P, Wang B. Neurodevelopmental outcomes of healthy Chinese term
infants fed infant formula enriched in bovine milk fat globule mem-
brane for 12 months - a randomized controlled trial. Asia Pac J Clin Nutr.
2021;30:401-14.

Tsoupras A, Lordan R, Shiels K, Saha SK, Nasopoulou C, Zabetakis I: In Vitro
Antithrombotic Properties of Salmon (Salmo salar) Phospholipids in a
Novel Food-Grade Extract. Mar Drugs. 2019, 17.

Lordan R, Vidal NP, Huong Pham T, Tsoupras A, Thomas RH, Zabetakis I.
Yoghurt fermentation alters the composition and antiplatelet properties
of milk polar lipids. Food Chem. 2020;332:127384.

Sheng WS, Hu S, Feng A, Rock RB. Reactive oxygen species from human
astrocytes induced functional impairment and oxidative damage. Neuro-
chem Res. 2013;38:2148-59.

Esler WP, Wolfe MS. A portrait of Alzheimer secretases—new features and
familiar faces. Science. 2001;293:1449-54.

Hou L, LiuY, Wang X, Ma H, He J, Zhang Y, Yu C, Guan W, Ma Y. The effects
of amyloid-beta42 oligomer on the proliferation and activation of astro-
cytes in vitro. In Vitro Cell Dev Biol Anim. 2011;47:573-80.

Lindberg C, Selenica ML, Westlind-Danielsson A, Schultzberg M. Beta-
amyloid protein structure determines the nature of cytokine release from
rat microglia. J Mol Neurosci. 2005;27:1-12.

Da Mesquita S, Ferreira AC, Sousa JC, Correia-Neves M, Sousa N, Marques
F. Insights on the pathophysiology of Alzheimer's disease: the crosstalk
between amyloid pathology, neuroinflammation and the peripheral
immune system. Neurosci Biobehav Rev. 2016,68:547-62.

Akama KT, Van Eldik LJ. B-amyloid stimulation of inducible nitric-oxide
synthase in astrocytes is interleukin-1B3- and tumor necrosis factor-a
(TNFa)-dependent, and involves a TNFa receptor-associated factor- and
NFkB-inducing kinase-dependent signaling mechanism. Journal of
Biological Chemistry. 2000,275:7918-24.

Bales KR, Du Y, Dodel RC, Yan GM, Hamilton-Byrd E, Paul SM. The NF-
kappaB/Rel family of proteins mediates Abeta-induced neurotoxicity and
glial activation. Brain Res Mol Brain Res. 1998;57:63-72.

Grabrucker A, Vaida B, Bockmann J, Boeckers TM. Synaptogen-

esis of hippocampal neurons in primary cell culture. Cell Tissue Res.
2009;338:333-41.

Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, Cooper NR,
Eikelenboom P, Emmerling M, Fiebich BL, et al. Inflammation and Alzhei-
mer’s disease. Neurobiol Aging. 2000;21:383-421.

Liu C, Cui G, Zhu M, Kang X, Guo H. Neuroinflammation in Alzheimer’s
disease: chemokines produced by astrocytes and chemokine receptors.
Int J Clin Exp Pathol. 2014;7:8342-55.

Perez-Nievas BG, Serrano-Pozo A. Deciphering the astrocyte reaction in
Alzheimer's disease. Front Aging Neurosci. 2018;10:114.

Hulshof LA, van Nuijs D, Hol EM, Middeldorp J. The Role of astrocytes in
synapse loss in Alzheimer’s disease: a systematic review. Front Cell Neuro-
sci. 2022;16:899251.

Brun A, Liu X, Erikson C. Synapse loss and gliosis in the molecular layer of
the cerebral cortex in Alzheimer’s disease and in frontal lobe degenera-
tion. Neurodegeneration. 1995;4:171-7.

Paradisi S, Sacchetti B, Balduzzi M, Gaudi S, Malchiodi-Albedi F. Astrocyte
modulation of in vitro beta-amyloid neurotoxicity. Glia. 2004,46:252-60.
Heneka MT, Carson MJ, Khoury JE, Landreth GE, Brosseron F, Feinstein DL,
Jacobs AH, Wyss-Coray T, Vitorica J, Ransohoff RM, et al. Neuroinflamma-
tion in Alzheimer’s disease. Lancet Neurol. 2015;14:388-405.

Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker A,
Griep A, Axt D, Remus A, Tzeng TC, et al. NLRP3 is activated in Alzhei-
mer’s disease and contributes to pathology in APP/PS1 mice. Nature.
2013;493:674-8.

Jay TR, von Saucken VE, Landreth GE. TREM2 in neurodegenerative
diseases. Mol Neurodegener. 2017;12:56.

Liddelow SA, Barres BA. Reactive astrocytes: production, function, and
therapeutic potential. Immunity. 2017,46:957-67.

Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuro-
pathol. 2010;119:7-35.



Hans et al. Lipids in Health and Disease (2024) 23:113

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Denver P, McClean PL. Distinguishing normal brain aging from the
development of Alzheimer's disease: inflammation, insulin signaling and
cognition. Neural Regen Res. 2018;13:1719-30.

Di Scala C, Yahi N, Boutemeur S, Flores A, Rodriguez L, Chahinian H,
Fantini J. Common molecular mechanism of amyloid pore formation

by Alzheimer’s beta-amyloid peptide and alpha-synuclein. Sci Rep.
2016;6:28781.

Sturchler E, Galichet A, Weibel M, Leclerc E, Heizmann CW. Site-specific
blockade of RAGE-Vd prevents amyloid-beta oligomer neurotoxicity.

J Neurosci. 2008;28:5149-58.

Yan SD, Bierhaus A, Nawroth PP, Stern DM. RAGE and Alzheimer’s disease:
a progression factor for amyloid-beta-induced cellular perturbation?

J Alzheimers Dis. 2009;16:833-43.

Cunnane SC, Plourde M, Pifferi F, Begin M, Feart C, Barberger-Gateau

P. Fish, docosahexaenoic acid and Alzheimer’s disease. Prog Lipid Res.
2009;48:239-56.

Power R, Nolan JM, Prado-Cabrero A, Roche W, Coen R, Power T, Mulcahy
R. Omega-3 fatty acid, carotenoid and vitamin E supplementation
improves working memory in older adults: a randomised clinical trial. Clin
Nutr. 2022;41:405-14.

Kalmijn S, van Boxtel MP, Ocke M, Verschuren WM, Kromhout D, Launer LJ.
Dietary intake of fatty acids and fish in relation to cognitive performance
at middle age. Neurology. 2004;62:275-80.

Nurk E, Drevon CA, Refsum H, Solvoll K, Vollset SE, Nygard O, Nygaard HA,
Engedal K, Tell GS, Smith AD. Cognitive performance among the elderly
and dietary fish intake: the Hordaland Health Study. Am J Clin Nutr.
2007,86:1470-8.

Dyall SC. Long-chain omega-3 fatty acids and the brain: a review of the
independent and shared effects of EPA DPA and DHA. Front Aging Neuro-
sci. 2015;7:52.

Barberger-Gateau P, Letenneur L, Deschamps V, Peres K, Dartigues

JF, Renaud S. Fish, meat, and risk of dementia: cohort study. BMJ.
2002;325:932-3.

Canhada S, Castro K, Perry IS, Luft VC. Omega-3 fatty acids' supple-
mentation in Alzheimer’s disease: a systematic review. Nutr Neurosci.
2018;21:529-38.

Freund-LeviY, Eriksdotter-Jonhagen M, Cederholm T, Basun H, Faxen-
Irving G, Garlind A, Vedin |, Vessby B, Wahlund LO, Palmblad J. Omega-3
fatty acid treatment in 174 patients with mild to moderate Alzheimer
disease: OmegAD study: a randomized double-blind trial. Arch Neurol.
2006;63:1402-8.

Bruno RS, Pokala A, Torres-Gonzalez M, Blesso CN. Cardiometabolic health
benefits of dairy-milk polar lipids. Nutr Rev. 2021;79:16-35.

Pawar A, Zabetakis |, Gavankar T, Lordan R: Milk polar lipids: Untapped
potential for pharmaceuticals and nutraceuticals. Pharmanutrition. 2023, 24.
Timby N, Domellof E, Hernell O, Lonnerdal B, Domellof M. Neurodevel-
opment, nutrition, and growth until 12 mo of age in infants fed a low-
energy, low-protein formula supplemented with bovine milk fat globule
membranes: a randomized controlled trial. Am J Clin Nutr. 2014;99:860-8.
Lordan R, Tsoupras A, Zabetakis I: Phospholipids of Animal and Marine
Origin: Structure, Function, and Anti-Inflammatory Properties. Molecules.
2017,22.

Palmano KP, MacGibbon AKH, Gunn CA, Schollum LM: In Vitro and In Vivo
Anti-inflammatory Activity of Bovine Milkfat Globule (MFGM)-derived
Complex Lipid Fractions. Nutrients. 2020, 12.

Lordan R, Zabetakis I. Invited review: The anti-inflammatory properties of
dairy lipids. J Dairy Sci. 2017;100:4197-212.

Meftah S, Gan J. Alzheimer's disease as a synaptopathy: Evidence for dys-
function of synapses during disease progression. Front Synaptic Neurosci.
2023;15:1129036.

Krady JK, Lin HW, Liberto CM, Basu A, Kremlev SG, Levison SW. Ciliary
neurotrophic factor and interleukin-6 differentially activate microglia.

J Neurosci Res. 2008;86:1538-47.

Recasens M, Almolda B, Perez-Clausell J, Campbell IL, Gonzalez B,
Castellano B. Chronic exposure to IL-6 induces a desensitized phenotype
of the microglia. J Neuroinflammation. 2021;18:31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 15 of 15



	Polar lipids modify Alzheimer’s Disease pathology by reducing astrocyte pro-inflammatory signaling through platelet-activating factor receptor (PTAFR) modulation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Materials
	Polar lipid preparation
	Cell culture
	Treatment of cells
	Gene expression analysis
	Protein expression analysis
	Immunocytochemistry
	Assessment of oxidative stress
	Assessment of cell health
	Statistics

	Results
	Discussion
	Conclusions
	Acknowledgments
	References


