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Objectives: Early-life inflammatory events like infections and injuries may
predispose the brain to Alzheimer's disease (AD) by disrupting neurodevelopment
and raising vulnerability. The association between early neuroinflammation
and subsequent neurodegeneration leading to dementia remains unclear.
We hypothesize that omega-3 (n-3) fatty acids (FA), especially eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), positively regulate neuro-immune
cells, preserving their cell membrane structure and metabolic homeostasis.
Our study examined whether strategic delivery of n-3 FA via injectable n-3
triglycerides (TG) can influence microglial lipid metabolism to prevent or delay
AD progression.

Methods and results: We characterized n-3 treatment effects on modulating
lipid and metabolic homeostasis in microglia during the critical window of brain
development. Our preliminary studies on determining the effects of early n-3
treatmenton brain cellhomeostasis indicate that perinatal bolus n-3 TGinjections
suppressed activation of gliosis-associated markers in young mice predisposed
to AD (5xFAD) and yielded sustained regulatory effects on the expression of
inflammatory molecules, such as interleukin-6 (/l6) and tumor necrosis factor-
alpha (Tnfa), in adult brains. A significant increase in high-frequency ultrasonic
vocalizations (USV) was observed in P6 5xFAD mice that received perinatal n-3
compared to vehicle control, implicating enhanced active communication
patterns. Improvement in behavior deficits was observed in n-3-treated adult
AD mice. Perinatal n-3 TG treatment modified brain lipid composition in young
offspring, increasing key membrane lipid species, such as phospholipids (PL)
and lysophospholipids (lysoPL). Pro-inflammatory sphingolipids associated with
neurodegeneration, including lactosylceramide, were significantly lower in mice
treated with n-3 than those in saline-treated AD mice.

Conclusion: Our study establishes a proof of principle for targeting brain
immune cell metabolism with injectable n-3 TG to mitigate neuroinflammation
in AD pathogenesis, paving the way for future research into early treatments for
related central nervous system (CNS) disorders.
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1 Introduction

Neuroinflammation is a prevalent feature in the brains of those
with Alzheimer’s disease (AD) (Heneka et al., 2015; Sobue et al., 2023;
Loving and Bruce, 2020; Bachiller et al., 2018), a disease that poses
significant public health and economic challenges not only in America
but also worldwide. The classical hallmarks of AD pathology include
the formation of extracellular amyloid-beta (Af) plaques as well as
neurofibrillary tangles and neuropil threads induced by aggregation
of tau into insoluble fibrils (Gomez-Ramos and Moran, 1998;
Azargoonjahromi, 2024). Familial AD arises from specific mutations.
In contrast, sporadic AD, the more common variant, is linked to a
complex interplay of chronic neuroinflammation and metabolic
dysfunction. Genetic studies on AD risk have identified a considerable
number of genes that play a pivotal role in immune responses; the
expression of these genes is predominantly found in microglia or
infiltrating macrophages (Sobue et al., 2023; Bis et al., 2020; Wightman
etal., 2021).

A continuing buildup of toxic Ap and tau proteins can lead to the
hyperactivation of central nervous system (CNS) innate immune cells,
particularly microglia (Gao and Hong, 2008). This leads to the over-
production of pro-inflammatory cytokines, reactive oxidative species,
and subsequent neuronal death. Sustained neuroinflammation
compromises the integrity of the blood-brain barrier, which allows a
greater influx of circulating immune cells, triggering a vicious cycle of
damage within the CNS (Aktas et al., 2007). Nonetheless, microglia
play a vital role in both brain development and maintaining
homeostatic functions through processes like synaptic pruning and
myelination (Domingues et al., 2016; Maitre et al., 2023; Michell-
Robinson et al., 2015); their metabolism is catered to meet increased
bioenergetic demands involving phagocytosis and cytokine
production. Disease-associated microglia (DAM) that are found in an
AD model have distinct transcriptional signatures with genes
associated with lipid and lipoprotein metabolism (Loving and Bruce,
2020). These DAM-resemble microglia are present in regions
exhibiting active brain cell growth and in several CNS disease models
(Deczkowska et al.,, 2018). Persistent neuroinflammation impairs the
homeostatic and metabolic functions of microglia; however, the exact
link between the decline in microglial function and the extent of
neurodegeneration remains unclear.

Omega-3 (n-3) fatty acids (FA), especially eicosapentaenoic acid
(EPA) and docosahexaenoic acid (DHA), are major structural and
bioactive components of cellular membranes that are crucial for
preserving cell viability and tissue homeostasis during systemic
inflammation (Chang and Deckelbaum, 2013; Siddiqui et al., 2007;
Hou et al., 2016; Calder, 2012). Emerging evidence, including our prior
reports, indicates that bioactive n-3 FAs modulate inflammatory
pathways by altering membrane microstructures, influencing
transcriptional regulation, and promoting the production of anti-
inflammatory mediators (Chang and Deckelbaum, 2013; Calder, 2012;
Serhan, 2009; Manual Kollareth et al., 2020; Serhan, 2010; Calder, 2006;

Abbreviations: AD, Alzheimer's disease; CNS, central nervous system; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; FA, fatty acids; I16, interleukin-6;
lysoPL, lysophospholipids; n-3, omega-3; PL, phospholipids; TG, triglycerides;

Tnfa, tumor necrosis factor-alpha; USV, ultrasonic vocalization.
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Serhan, 2014; Li et al., 2013). DHA contributes a major portion of the
membrane FA acyl chains in the brain (Stillwell et al., 2005), suggesting
its critical role during brain development and repair following injury.
Reduced DHA in AD brains has been linked to cognitive alterations
(Conquer et al., 2000). DHA may be protective against AD through
several mechanisms with some characteristics similar to the favorable
regulation of n-3 FA on systemic inflammatory responses as described
above. In several AD animal models, oral feeding of n-3-rich diet or
supplements decreased expression or levels of pro-inflammatory tumor
necrosis factor-alpha (Tnfar), interleukin-1 beta (I11f), or glial fibrillary
acidic protein (GFAP) (Labrousse et al., 2012). Yet, the benefits of
chronic n-3 supplementation in human AD trials remain controversial
(Burckhardt et al., 2016). Importantly, chronic oral intake of fatty fish
or fish oil supplements does not promptly raise n-3 FA concentrations
in plasma and cell membranes. Oral n-3 triglycerides (TG)
administration incorporates into cell membranes over several days to
weeks, exerting anti-inflammatory benefits (Arterburn et al., 2006).
However, high levels of DHA are not further increased by additional
dietary n-3 FA supplementation (Orr et al, 2013). Membrane
enrichment can be markedly accelerated by infusion of an n-3 TG-rich
particles (TGRP) lipid emulsion (Hu et al., 2021). Few studies have
evaluated the anti-inflammatory action of n-3 DHA or EPA in CNS via
bolus injections. This route represents a feasible tool to uncover
therapeutic potential during the specific window of brain pathogenesis.

Unlike other AD pathologic hallmarks, neuro-inflammatory
alteration can occur and be highly detrimental early in life, leading to
outcomes such as death, encephalitis or cognitive impairment
(Hagberg et al., 2015; Bauman et al., 2014). Early-life events, such as
neonatal hypoxia-ischemia (H/I), have been shown to induce
AD-associated AP deposits and tau protein dysfunction, which can
be further exacerbated by the presence of inflammatory microglia and
macrophages at injury sites (Pluta et al., 2020; Pluta et al., 2018;
Ulamek-Koziol et al, 2017). Additionally, a history of multiple
traumatic brain injuries at early ages has been linked to an increased
AD risk (Van Den Heuvel et al., 2007), suggesting a potential link
between brain insult in the earliest stages of life and the occurrence of
long-lasting genetic and biochemical changes leading to AD-associated
neurodegeneration. Notably, bolus IP injections of n-3 DHA offer
neuroprotection in neonatal mice subjected to H/I injury in the brain
(Williams et al., 2013; Mayurasakorn et al., 2016) and in adult models
who underwent spinal cord injury (Liu et al., 2017; Paterniti et al.,
2014). A recent study shows that maternal dietary n-3 FA deficiency
increased microglia-mediated phagocytosis of synaptic elements and
altered oxylipin signaling in the rodent developing brain, thereby
altering neuronal morphology and affecting the cognitive performance
of the offspring (Madore et al., 2020). However, its long-term effects
later in adulthood have not been characterized extensively in AD
development. Nonetheless, uses of n-3 FA are safe and well-tolerated
during different stages of human life cycles, including fetal and
postnatal periods that are critical for neurogenesis and myelination
(Olsen et al., 1992; Dunstan et al., 2008; Helland et al., 2003; Garcia-So
etal, 2019). We examined the role of neuro-immune responses early
in life in influencing AD-associated risks long before the appearance
of dementia. Our study aimed to define the potential of injectable n-3
TG during the critical window of brain development in influencing
microglial lipid metabolism in response to neuroinflammation that
may affect AD progression later in life.
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2 Methods
2.1 Materials

The following reagents were used: Omegaven® (Fresenius Kabi),
Trizol (Invitrogen). iScript reverse transcriptase (Thermo Cycles
Bio-Rad), SYBR PCR kit (Thermo Fisher Scientific), Phosphate-
buffered saline (PBS) (Fisher Cytiva), Heparin (Sigma),
4/,6-diamidino-2-phenylindole (DAPI) (Invitrogen), GFAP antibody
(Invitrogen), Ionized calcium-binding adapter molecule 1 (Ibal)
antibody (Wako), Triggering receptor expressed on myeloid cells 2
(Trem2) antibody (Invitrogen), Alexa Fluor™ 488 (Invitrogen), Alexa
Fluor™ Plus 647 (Invitrogen), Alexa Fluor™ 594 (Invitrogen), Xylene
(Fisher Scientific), Citrate Buffer (Sigma-Aldrich), VECTASTAIN
Elite ABC Reagent (Vector), DAB Substrate Kit (Vector), Hematoxylin
(Abcam), Hydrochloric acid (Fisher Scientific), Paraformaldehyde
(PFA) (Fisher Scientific).

2.2 Animal models and treatment

The anti-inflammatory effects of n-3 TG in microglial cells were
assessed using hemizygous mice (5xFAD) [B6SJL-Tg(APPSwFILon,
PSEN1M146L1286V) 6799Vas/Mmjax, Stock number 34840-JAX,
MMRRC] an AD mouse model which expresses human APP and
PSEN1 transgenes with five AD-linked mutations (Oakley et al.,
2006). These mice recapitulate many aspects of AD pathology, such as
amyloid plaques and neuron loss, and display a range of motor and
cognitive deficits. 5XFAD hemizygous mice and their corresponding
wild-type (WT) littermates were generated by crossing 5XFAD mice
with F1 (B6SJLF1/]) mice obtained from the Jackson Laboratory. To
examine the impacts of n-3 supplementation during brain
development, 5XFAD dams were IP injected with a selected high dose
(1.5 g n-3 TG/kg BW) of fish-oil-based lipid emulsion, Omegaven,
based on our previous report that was tested in both male and female
mice and rats, exhibiting no notable adverse effects (Hu et al., 2021),
at gestation (E) day 14, 16, and 18. The gestational days were chosen
because E14 marks the beginning of microglial colonization in the
brain (Matcovitch-Natan et al., 2016), while E18 coincides with the
final stages of neurogenesis and neuronal differentiation in mice,
making this window critical for brain development (Stepien et al.,
2020). The animals were housed in Columbia University’s Animal
Facilities, adhering to a 12-h light/12-h dark cycle at room
temperature. All experimental procedures conducted received
approval from the Institutional Animal Care and Use Committee at
Columbia University.

2.3 Quantitative real-time PCR

Total ribonucleic acid (RNA) was isolated from the whole brain
using Trizol reagent (Invitrogen). Single-stranded complementary
deoxyribonucleic acid (cDNA) was synthesized using iScript reverse
transcriptase (Bio-Rad). Relative quantification of messenger
ribonucleic acid (mRNA) expression was determined by real-time
qPCR with Fast SYBR Green PCR kit (Applied Biosystems) normalized
to a housekeeping gene GAPDH on Thermal Cyclers (Bio-Rad). The
difference between the target gene and the housekeeping gene Ct value
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(AACt) was calculated for all experiments. The expression of the target
gene (linear value) was normalized to the housekeeping gene, which
was determined by 2744 (Livak and Schmittgen, 2001).

2.4 Behavioral and cognitive assessments

Behavioral and cognitive assessments were conducted to assess
the potential cognitive improvement among 5xFAD mice that were
administered bolus n-3 TG treatments during perinatal brain
development at selected ages determined by previous reports (Forner
etal., 2021) and our AD model validation results. All these behavioral
tests were performed at the Mouse NeuroBehavior Core facility at
Columbia University. Wide range of studies confirms that neuronal
loss occurs in 5XFAD mice between 6 and 12 months of age (Jawhar
etal., 2012; Heraud et al., 2014; Eimer and Vassar, 2013; Fiol-deRoque
et al, 2013). More recent studies have revealed that synaptic
degeneration and notable neuronal loss can start as early as
4-5 months (Forner et al., 2021; Kim et al., 2019). We performed the
Open Field (OF) tests to assess the spontaneous exploratory behavior
of n-3-treated mice in a new environment, including locomotion and
anxiety-related behaviors (Yang et al., 2012). Each 4-to 5-month-old
mouse had a 30-min session monitored by Activity Monitor Version
7 software (Med Associates Inc.). It was then placed in the center of a
Plexiglas arena (27.31 x 27.31 x 20.32 cm, Med Associates ENV-510)
under dim light (~5 lux) for free exploration. Infrared beams along the
arena’s axes tracked movement, stereotypies, and time in the center
zone (14.29 x 14.29 cm). Data were analyzed in six 5-min intervals.
Arenas were cleaned with 70% ethanol and dried between trials.
We performed the Y-Maze to assess short-term spatial memory in
4-month-old mice by leveraging their innate exploration behavior
(Sukoff Rizzo et al.,, 2018). In the Y-maze experiment, mice were put
to explore three arms with equal dimensions (35 cm long, 5 cm wide,
10 cm high), each marked with a different sticker (equal sign, bus,
plane) (Cho et al,, 2021). During Trial 1, mice were familiarized with
two arms for 10 min, separated by an opaque door, then placed in a
holding cage for 10 min. In Trial 2, mice explored all three arms for
5 min. The movement was recorded using Ethovision XT 12 software.
The preference score, indicating memory performance, is calculated
as: preference score = [time in novel arm/(time in novel arm + time
in the familiar arm)] x 100.

Neonatal mouse pups emit ultrasonic vocalizations (USV)
(Colombo et al., 2023). This behavior was tested on postnatal days P4,
P6, P8 and P10 aEer perinatal n-3 treatment. Each pup was briefly
isolated in a plastic container (10 cm x 8 cm x 8.5 cm) with fresh
bedding and immediately placed in a soundproof chamber (Med
Associates). After a 3-min recording, pups were marked for
identification and returned to their nest. Ultrasonic calls were
captured using a sensitive microphone and analyzed with Ultrasound
Microphone (Avisoft UltraSoundGate condenser microphone CM16,
Avisoft Bioacoustics).

2.5 Morphological and
immunohistochemistry analysis

Following maternal n-3 TG treatment, whole brains of the young
(7-day-old) or adult (4-5-month-old) 5xFAD mice were isolated for
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histological and biochemical analysis of AD pathology hallmarks.
Mouse brains were extracted and fixed in 4% PFA for 24-48 h at
RT. Fixed brains were then embedded in paraffin. The thickness of the
brain section is 10 pm. The paraffin-embedded section was
deparaffinized by incubating with xylene and rehydrated with 100%
ethanol followed by another incubation with 95% ethanol and 70%
ethanol. The antigen was retrieved in a heated 10 mM Citrate buffer
(Invitrogen). The sections were rinsed in PBS for 10 min, followed by
blocking with serum for 60 min at RT. Samples were incubated
overnight with primary antibodies with a concentration of 1:500 for
Anti-Beta-Amyloid 1-42 antibody (AB5078P, Sigma), and Anti-
Amyloid Antibody,  1-40 (AB5074P, Sigma), and subsequently
incubated with secondary antibodies (biotinylated goat anti-rabbit
IgG) for 60 min at RT. Sections were then incubated with
VECTASTAIN Elite ABC Reagent at RT for 30 min, followed by
incubation with the substrate working solution at RT for 0.5-1.0 min.
As previously described, sections were scanned and imaged using a
Leica SCN400 whole-slide digital imaging system (Chang et al., 2018).
The image analysis was performed using QuPath open-source
software platform (Bankhead et al., 2017). Scanned images were set as
ImageType “BRIGHTFIELD_H_DAB. Three to five ROI regions in
the cortex and hippocampus were highlighted, and the QuPath’s
positive cell count function was used to quantify cells with positive Ap
staining. The results are expressed in the percentage of positive signals
out of the total cells detected by hematoxylin (%).

In a separate study, the sections were incubated overnight at 4°C
in with the primary antibodies for probing Ibal (1:150), GFAP (1:150),
and Trem2 (1:150) and corresponding secondary antibodies (Alexa
Fluor™ 488, concentration 1:200; Alexa Fluor™ 594, concentration
1:200; Alexa Fluor™ 647, concentration 1:200) and DAPI
(concentration 1:1000) for 1 h at RT. The stained slides were imaged
using a Nikon AXR Confocal microscope. The DAPI, Ibal, GFAP, and
Trem?2 positive cell regions in the cortex and hippocampus were
analyzed by Image] (Fiji) software (version 2.14.0/1.54f) available
online from the National Institutes of Health (NIH). Selected areas
were visualized through the “threshold” and quantified with the
“Analyze Particle” functions as previously outlined (Chang et al., 2009;
Chang et al., 2014).

2.6 Lipidomic

The employed lipidomic investigation and analytical workflow
utilized a state-of-the-art LC-MS/MS platform, integrating an Agilent
6,490 Triple Quadrupole (QQQ) MS with an Agilent 1,260 Infinity LC
system at the Columbia Biomarker Core Laboratory (Area-Gomez
etal,, 2021). Briefly, lipid extracts were prepared from cell lysates using
a chloroform-methanol extraction method and spiked with
appropriate internal standards and analyzed on a platform comprising
Agilent 1,260 Infinity HPLC integrated to Agilent 6490A QQQ mass
spectrometer controlled by Masshunter v 7.0 (Agilent Technologies)
as described before (Chan et al., 2012). Tree panels, scanning for either
positive lipids, negative lipids or neutral lipids (under positive mode),
were analyzed. Equal amounts of internal standards with known
concentrations were spiked into each extract. Each standard was later
used to calculate the concentrations of corresponding lipid classes by
first calculating the ratio between the measured intensities of a lipid
species and that of the corresponding internal standard multiplied by

Frontiers in Aging Neuroscience

10.3389/fnagi.2025.1535094

the known concentration of the internal standard. Lipid levels for each
sample were calculated as nmol normalized for protein concentration
(nmol/mg protein). The abbreviations of the names of the different
classes of lipids are summarized in Supplementary Table 1.

2.7 Statistical analyses

All data are expressed as mean + SEM. Statistical differences
between group means were assessed by Student’s ¢-tests to compare
endpoints or ANOVA with post-hoc tests to evaluate potential
interactions between groups using GraphPad Prism 9.5.0. The
variances are considered equal determined by F-tests. All statistical
tests assumed a 95% level of confidence of a normal distribution
(Shapiro-Wilk normality tests). For all tests, differences were
considered significant when p < 0.05 and four significance levels are
indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3 Results

3.1 Early n-3 treatment effects on
neuroinflammation

As initially described by Oakley et al. (2006) 5xFAD mice
exhibited aggressive AD pathological hallmarks, including amyloid
plaques, gliosis, and neuron loss in multiple brain regions as early as
at 2 months of age, and displayed a range of cognitive and motor
deficits (Eimer and Vassar, 2013). Importantly, 5XFAD recapitulates
many neuroinflammation-related phenotypes (Oakley et al., 2006)
such as astrogliosis and microgliosis (Rodriguez-Urgelles et al., 2022)
in AD development. To examine the impacts of n-3 TG during early
brain development in AD, hemizygous 5XFAD dams were injected
with n-3 TGRP at gestation days E14, E16, and E18. We compared the
pro-inflammatory levels following treatment with either saline or n-3
intervention in these 7-day-old 5xFAD mice. In WT mice, there was
no significant difference in the expression of pro-inflammatory
cytokines at an early age (7 days, ns). Perinatal administration of n-3
TG resulted in a notable trend in decreased expression of major
pro-inflammatory cytokines such as interleukin-1 alpha (Il1@) and
11 (ns, Figures 1A,B) in 5XFAD mice, n-3 treatment also reduced
overall expression of 1112, Tnfa, or toll-like receptor 4 (Tlr4), regardless
of the genotype (Figures 1D-F, ns).

To further characterize the impacts of perinatal n-3 TG treatment
on neuroinflammation in the developing brain, markers for
microgliosis and astrogliosis in the cortical layer (Supplementary
Figure 1) and hippocampus (Figure 2) were examined by
immunofluorescence (IFC). Our data show that the non-treated (NT)
5xFAD mice had increased levels of Ibal, GFAP, and Trem?2 in the
hippocampus and cortex regions when compared to the NT WT
littermates. Perinatal n-3 injections suppressed gliosis-associated
expression of Ibal in the cortex (Figure 2B) and hippocampus
(Figure 2C) compared to saline-injected control mice. A significant
reduction in GFAP levels was observed in the hippocampus region of
WT and 5xFAD mice (Figure 2C). A similar trend in decreased Trem?2
levels was observed in n-3 treated 5xFAD groups.
to monitor the

We  continued development of the

neuroinflammatory phenotypes of these AD 5xFAD through
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adulthood. At the age of 4-5 months, 5XFAD mice exhibited similar
expression levels of pro-inflammatory markers, including 1114, 16,
interleukin-12 (1112), and Tlr4 (Figure 3) when compared with their
WT littermates. Perinatal administration of n-3 TG markedly
decreased  pro-inflammatory  cytokine mRNA  expression
(Figures 3A-F) in both WT and 5xFAD mice. Expression of 116, Il12
and Tnfa were significantly reduced in n-3 treated WT (Figures 3C-E).
Expression of Il6 and Tir4 was significantly reduced in adult 5XFAD
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mice compared to that in the NT 5xFAD mice (Figures 3C,F). Our
findings on the gliosis development and
Supplementary Figure 2) show that NT 5xFAD had higher expression
levels (ns) of gliosis markers than WT littermates, including Ibal,
Trem2 and GFAP in both cortex and hippocampus (Figures 4B,C).
Perinatal n-3 treatment significantly reduced the levels of Ibal, Trem2,
and GFAP in the hippocampus of treated 5XFAD mice compared to
NT 5xFAD mice (Figure 4C). Our findings suggest that bolus n-3

(Figure 4
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treatment at the perinatal period may offer sustainable effects on
influencing brain cellular immune responses.

3.2 N-3 TG effects on cognitive deficits in
AD mice

To further characterize the impacts of perinatal n-3 TG
treatment on the developing brain, high-frequency USV emitted by

10.3389/fnagi.2025.1535094

young offspring was recorded to evaluate social communication,
distress, or emotional states ( ). We first validated
the method by assessing the USV of mouse pups at early
developmental stages, specifically at 4, 6, 8, and 10 days post-natal.
Our analysis revealed that both groups exhibited a peak in the
number of USV at 6days old ( ).
Consequently, we evaluated the USV of the pups at postnatal day
6 in mice with maternal n-3 treatment. With a similar body weight
( ), our data indicate that both male and female NT pups

(A)

Saline WT Saline 5xXFAD

Hippocampus

FIGURE 2 (Continued)

N-3WT

N-3 5xFAD

Trem2 Trem2
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FIGURE 2
Early n-3 treatments reduce gliosis-associated marker levels in the young 5xFAD offspring. WT and 5xFAD dams received saline or n-3 injections at
E14, E16, and E18. Brains of 7-day-old offspring were isolated, fixed, and stained for DAPI, Ibal, GFAP, and Trem2 by IFC. (A) Representative images
(scale bar = 0.5 pm) and quantitation of Ibal-, Trem2-, and GFAP-expressed in the (B) cerebral cortex and (C) hippocampus in the same microscopic
fields (n = 3—-6). Two-way ANOVA, Sidak's multiple comparisons test. Mean + SEM. *p < 0.05, **p < 0.01, ****p < 0.0001.

had fewer call numbers than treated 5xFAD pups. There is a
significant increase in call numbers in n-3 treated pups compared
to saline-treated pups (Figure 5B). Body weight data in
Supplementary Figure 4 show that male saline-treated WT pups
had lower body weight compared to NT WT pups, while no
significant differences were observed in female pups or 5xFAD pups.

We monitored these mice as they matured into adulthood and
evaluated AD-associated cognitive and behavioral impairment by
the Y-maze and OF maze tests on 5xFAD mice from the ages of
3 months. We first validated the methods for Y-maze spontaneous
alternation in F1 mice to evaluate changes in spatial working
memory and exploratory behavior. The results on percent alternation
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and total arms entries reached the expected values at 60% and ~60
entries, respectively (Supplementary Figures 5A,B). A lack of
significant difference in the percentage of time spent between novel
and familiar arms (Figures 6A,B) and total entries (Figures 6C,D)
was observed in the NT and saline-treated WT and 5xFAD groups
across different ages from 4 to 10 months. A significant increase in
time spent exploring the novel arm was observed in WT and 5xFAD
mice receiving perinatal n-3 treatment, suggesting improved spatial
memory and exploration behavior at 4 and 6 months (Figures 6A,B).
At 10 months of age, with no significant changes in total entries, an
increase in time spent exploring the novel arm was observed in WT
mice receiving perinatal n-3 treatment (Supplementary Figure 6).
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N-3 treatments decrease mRNA expression of pro-inflammatory markers in adult 5xFAD mice. Transcriptional expression of (A) ll1a, (B) /153, (C) Il6,
(D) /112, (E) Thfa, and (F) Tir4 in 4-5-month-old WT littermates and 5xFAD mice underwent maternal treatment of saline or n-3 treatment determined
by gPCR as described in the "Methods” (n: NT WT = 6, NT 5xFAD = 7, n-3 WT = 4, n-3 5xFAD = 6). Two-way ANOVA, Sidak’s multiple comparisons test.

We have also performed OF maze test to assess locomotor activity,
exploratory behavior, and anxiety of adult 5XFAD mice. Each mouse
ran one trial for 30 min. The mouse was placed in the center of the
arena and roamed freely in the chamber. Total distance traveled
(Figure 7A), vertical movement (Figure 7B), and center time
(Figure 7C), were recorded. No notable changes were observed for
mouse locomotor activity or exploratory behavior regardless of the
genotype, at 5-6 months of age, or sex (Supplementary Figure 7). NT
5XxFAD mice displayed a significantly higher travel distance and
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increased center time than NT WT only at 10 months (Supplementary
Figures 8A,C).

Although that lack of consistent cognitive deficits has been
observed in these 5XFAD mice, pathological amyloid deposition has
been detected in 5XFAD mice at the age of 5 months when compared
to the WT littermates, indicated by the notable Ap plaque deposition
detected by AP 40 and AP 42 (Figures 8A,B). Quantification on Ap 40
and AP 42 confirms no significant distinctions were observed between
the NT and n-3-treated mice.

frontiersin.org



https://doi.org/10.3389/fnagi.2025.1535094
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Chen et al.

3.3 N-3 TG rapidly and sustainably alter
CNS lipid composition

To determine whether changes in FA and specific membrane
lipid species are responsible for initiating inflammatory signaling
pathways, 32 major lipid species in whole brain lysates, including
TG, phospholipid (PL), free cholesterol (FC), cholesteryl esters

10.3389/fnagi.2025.1535094

(CE), and sphingolipids, were extracted and analyzed using LC-
MS/MS platform ( and

). Our data demonstrate compositional changes in cellular
lipid species in 5xFAD-P7 offspring who received perinatal
injectable n-3 treatment when compared to NT and saline-treated
WT and 5xFAD mice. Major membrane lipid species, i.e., PL (PA,
PS, PE, PEp) ( ) and lysophospholipids (lysoPL) (LPE,

(A)

NTWT NT 5xFAD

Hippocampus

Trem2

FIGURE 4 (Continued)

N-3 WT N-3 5xFAD
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Early n-3 treatments decrease the expression of gliosis-associated markers in adult 5xFAD mice. WT and 5xFAD dam received saline or n-3 injections at
E14, E16, and E18. Brains of 4-5-month-old offspring underwent maternal treatment of saline or n-3 treatment determined were isolated, fixed and
stained for DAPI, Ibal, GFAP, and Trem2 by IFC. (A) Representative images (scale bar = 0.5 pm) and quantitation of Ibal-, Trem2-, and GFAP-expressed
cells in the (B) cerebral cortex and (C) hippocampus in the same microscopic fields (n = 3—6). Two-way ANOVA, Sidak's multiple comparisons test.

WT SxFAD

LPEp) (Figure 9B) were increased after n-3 treatment. Analysis of
sphingolipids reveals that the total lactosylceramide (LacCer)
content of mice treated with n-3 was significantly lower than that in
mice treated with saline (Figure 9C). LacCer, a complex membrane-
associated proinflammatory glycosphingolipid (Yu et al., 2021), has
been shown to induce neurodegeneration by activating astrocytes
and neuroinflammation that perturb neuron survival. We speculate
that the potential beneficial effects of n-3 TG in ameliorating brain
inflammatory challenges could result from suppressing the
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production of pro-inflammatory lipid species while simultaneously
increasing anti-inflammatory and pro-resolution lipid mediators.

4 Discussion

Our studies aimed to determine the effects of n-3 FA treatment
in AD mice on modulating brain inflammatory markers, cognitive
function, and lipid composition during development and later in
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Assessment of ultrasonic vocalizations (USV) in 6-day-old WT and 5xFAD mice. (A) Body weight of WT and 5xFAD pups at postpartum (P) 6. (B) Total
USV calls per 3 min in NT, prenatal saline-, and n-3-treated offspring at P6 (n: NT WT = 23, NT 5xFAD = 17, Saline WT = 7, Saline 5xFAD = 11, n-3
WT =19, n-3 5xFAD = 25). Two-way ANOVA, Sidak’s multiple comparisons test. Mean + SEM. *p < 0.05.
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FIGURE 6

N-3 effects on mouse cognitive and spatial memory capacities. WT and 5xFAD mice at 4 and 6 months of age were tested using the Y-maze test. A
comparison of the percentage of time spent between the novel and familiar arms in (A) 4-month and (B) 6-month NT, saline-and n-3-treated WT and
5xFAD mice was recorded. The total frequency of entrances to the novel arm in (C) 4-month and (D) 6-month WT and 5xFAD mice with perinatal
saline or n-3 treatment (n: NT WT = 13, NT 5xFAD = 16, Saline WT = 4, Saline 5xFAD = 4, n-3 WT = 10, n-3 5xFAD = 12). Two-way ANOVA and Sidak’s
multiple comparisons test. Mean + SEM. *p < 0.05.
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Assessment of locomotor activity and exploratory behavior in WT
and 5xFAD mice. (A) Distance traveled across 40-min time bins in the
OF test was recorded for NT, saline-and n-3-treated 5xFAD and WT
mice. (B) Vertical movement across 40-min time bins in the OF in
NT, saline-and n-3-treated 5xFAD and WT mice at 5-6 months old.
(C) The time spent in the center of the OF across 40-min time bins in
the OF was recorded for NT, saline-and n-3-treated 5xFAD and WT
mice (n: NT WT = 24, NT 5xFAD = 36, Saline WT = 4, Saline

5xFAD =2, n-3 WT = 8, n-3 5xFAD = 12). Unpaired t-test.

Mean + SEM.

adulthood. Our results indicate that bolus injections of n-3 during
gestation in mice reduced several major pro-inflammatory cytokines
in the offspring. In addition, n-3 treatment significantly suppressed
gliosis markers, such as Ibal and GFAP, in the cortical and
hippocampal regions of the mouse brain. n-3-treated mice
demonstrated partial improvements in spatial memory and
behavioral activity in cognitive tests compared to the untreated
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group. N-3 treatment also altered the lipid composition of the brain,
reducing the levels of pro-inflammatory lipids such as LacCer,
which may have a protective effect on the brain by inhibiting
inflammatory signaling pathways. Notably, perinatal n-3 treatment
also exhibits effects on modulating levels of several inflammatory
genes, gliosis markers, and spatial memory in WT adult offspring.
This indicates that n-3 FA may serve as a potential therapeutic agent
by modulating both neuroinflammation and lipid composition,
which are critical factors in the brain development and progression
of AD pathology.

Transgenic 5XxFAD mice have been widely utilized in the
investigation of AD-related pathologies. Although the original report
indicates that a pro-inflammatory response can be detected as early as
2-3 months in 5xFAD mice (Oakley et al., 2006; Manji et al., 2019),
our research revealed that the disparities between the WT and 5xFAD
groups were observed only at the age of 4-5 months with the increased
expression of pro-inflammatory markers in these transgenic mice.
We were able to observe the dysregulation of pro-inflammatory
markers and the progression of Af plaque accumulation at a similar
age of AD mice, which is consistent with several previous reports
(Oakley et al., 2006).

In the present study, n-3 treatment showed a trend of reducing
pro-inflammatory cytokine expression in 7-day-old 5xFAD offspring,
although statistical significance was not observed for some markers.
Previous studies have reported the beneficial effects of n-3 FA in
reducing inflammation and promoting neuroprotection by feeding or
oral supplements in adult mice (Lim et al., 2005; Green et al., 2007).
However, no study has shown the effects on influencing expression of
pro-inflammatory cytokines in 7-day-old 5xFAD mice after maternal
n-3 treatment by IP injections. It has been postulated that the
administration of n-3 DHA emulsion via injection initially targets the
liver for uptake. Subsequently, the liver metabolizes the emulsion,
resulting in its secretion into the plasma where it contributes to pools
of lysophosphatidylcholine and non-esterified FA (Nguyen et al,
2014). This process ultimately facilitates the transport of DHA to the
brain (Nguyen et al., 2014). Future studies will include the optimal
dose and timing of injections in adult animal models to pioneer
innovative delivery systems for bioactive lipids to ameliorate
neuroinflammation related to CNS disorders. Notably, previous
studies have investigated the long-term impact of prenatal n-3
supplementation in a Parkinson’s disease model, where it was shown
to influence neuroinflammation and dopaminergic neuronal integrity
in offspring (Delattre et al., 2017). This suggests that the effects of
prenatal n-3 supplementation may not only depend on the disease
context but also involve shared lipid metabolic and neuroinflammatory
mechanisms. Future comparative studies across neurodegenerative
disease models could provide valuable insights into the systemic
effects of n-3 FA on brain health. Nonetheless, as we emphasize the
importance of bolus n-3 treatment in preventing CNS disorders, a
combined regimen of bolus n-3 injections followed by oral
supplements may offer complementary mechanisms for brain
inflammatory and metabolic homeostasis, providing synergistic
protection after inflammatory insult.

Our findings suggest that n-3-associated beneficial effects in
reducing neuroinflammation may be mediated by lowering GFAP
levels in the hippocampus. We found the reduction in GFAP levels
following n-3 treatment indicates its potential effectiveness in
reducing neuroinflammation and maintaining nervous system health.
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Deposition of amyloid plaques in 5-month-old 5xFAD mice. (A) Representative images and (B) quantitation of AB40 and Ap42 plaque formation from
5-month-old WT and 5xFAD mouse with or without n-3 treatment by immunohistochemical analysis. The brown-red dots represent plague deposition
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GFAP, a key marker of astrocyte activation in the inflammatory state
that causes neuronal damage (Han et al., 2019). Consistently, previous
studies have demonstrated that the number of GFAP-positive cells in
the hippocampus of 5xFAD mice was significantly decreased by oral
administration of n-3 (Park et al., 2020). These studies further support
effect
neuroinflammation by reducing GFAP expression in the

the potential therapeutic of n-3 in addressing
hippocampus. In addition, although we have not observed sex

differences in  our AD model validation studies
(Supplementary Figures 3, 4, 7), it has been reported that female mice
are prone to a higher number of plaques than male mice in AP
accumulation (Forner et al, 2021). 5xFAD mice may display
sex-dependent inflammatory responses at a later age; it is an ongoing
interest to explore the sex difference that may interfere with immune
cell phenotypes and response in CNS.

Previous studies have demonstrated that n-3 FA have a positive
effect on the improvements of spatial learning and memory

performance (Su, 2010). It seems probable that during the
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development of mice, the synthesis and absorption of DHA by cell
membrane PL could facilitate the growth and formation of synapses
and the development of nerve cells (Su, 2010). Our results from the
Y-maze tests demonstrated improved spatial memory and learning
abilities following perinatal n-3 treatment in 5XxFAD mice, as indicated
by increased exploration of the novel arm. Additionally, n-3 treatment
increased USV levels in mouse pups at postpartum day 6, potentially
associated with enhanced social interactions, an effect not previously
reported for 5xFAD mice. However, our Y-maze and OF assessments
did not differentiate the phenotypes between the AD mutants and WT
littermates. Nonetheless, the results on the Y-maze could
be confounded by issues related to motivation and spontaneous
activity. It was reported that 5XFAD mice develop distinct phenotypes
at different ages. For example, early studies have shown that 5xFAD
mice exhibit amyloid deposition as early as 2-4 months (Oakley et al.,
2006; Eimer and Vassar, 2013), which is commonly associated with
impairments in cognitive function and locomotion. However, other

research suggests that certain behavioral deficits, such as learning and
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memory impairments, become more evident only at later ages, such ~ (Yang et al., 2018), these deficits are further confounded by motor
as >12 months (O’'Leary and Brown, 2022). While impaired learning ~ impairments at 12-15 months (O’Leary and Brown, 2022; O'Leary
performance can be observed in 5XFAD mice as early as 6-9 months et al., 2018). Spatial learning and memory deficits have also been
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documented in 9-10-month-old 5xFAD mice using tasks like the
active place avoidance test (Merlini et al., 2019). These findings suggest
that 5xFAD mice display early pathological features such as amyloid
deposition but experience progressive and age-dependent behavioral
impairments. Our data (Supplementary Figure 8) from 10-month-old
5XxFAD NT mice who exhibited a pattern for longer travel distance in
the OF test may also be associated with the phenotype of hyperactivity
in the 5xFAD mouse model that has been reported earlier (Oblak
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etal, 2021). The inconsistency between different reports represents a
significant obstacle in defining mechanistic insights into AD
pathogenesis for therapeutic development. Furthermore, the
age-dependent nature of the observed pathologies complicates results
in modeling early-stage AD and developing therapeutic interventions
targeting initial pathology.

Our results demonstrate the necessity of considering lipid
metabolism and inflammation together with the amyloid
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hypothesis when studying the pathology of AD. The conventional
“Ap hypothesis,” which posits Ap accumulation as the principal
driving factor behind AD pathology. Expanding the amyloid
hypothesis with factors related to lipid metabolism and
inflammation is crucial for understanding AD pathogenesis. Our
data show that 5xFAD mice exhibited Ap accumulation as early as
the age of 4 months. No significant differences in Ap staining have
been found between the NT and n-3 treated 5-month-old 5xFAD
mice. However, maternal treatment of n-3 effectively influenced
pro-inflammatory marker levels and improved some cognitive
deficits in AD mice. It is conceivable that more prolonged
treatment regimens or alternative approaches may be required to
unveil substantial disparities in AP levels. While current
therapeutic strategies, such as anti-amyloid therapies, have shown
promise, their limitations underscore the need for complementary
approaches that address other pathological mechanisms, such as
neuroinflammation, oxidative stress, and synaptic dysfunction. In
fact, in other studies with a 3-week short-term fish oil intake,
in PL
composition but with no effects on plaque accumulation within
the 5xFAD mouse brain (Milanovic et al., 2018). It has been shown

that increased Af in the brain of AD patients is accompanied by

research has demonstrated notable enhancements

a decrease in phosphatidylethanolamine (PE) (Han et al., 2001).
PE and phosphatidylinositol (PI) influence AP aggregation and
processing by affecting cell membrane properties and signaling
pathways. PE enhances AP toxicity and impacts its clearance,
while PL regulates A uptake and degradation (Nesic et al., 2012).
The interplay between these two PL may play a crucial role in the
pathogenesis of AD. Alterations observed in specific PL species
within the 5xFAD mice following n-3 intake, including PA, PS, PE
and PEp, may have an impact on the membrane fluidity and
protein-lipid interactions of these cells, both of which are crucial
for the maintenance of cellular function and integrity (Lee, 2003).
Lastly, our investigation of lysoPL revealed significant differences
in LPE and LPEp between n-3 treated 5xFAD mice and their
saline-treated counterparts. These modifications have the
potential to influence cellular membrane properties and lipid-
protein interactions (Guan et al., 1999). Additionally, our results
indicate that changes in FA and specific membrane lipid species
may be responsible for initiating inflammatory signaling pathways
in the CNS. We have found that total LacCer content in mice
treated with n-3 was significantly lower than that of mice treated
with saline. LacCer is a type of glycosphingolipid, which is a
complex molecule found in cell membranes. The increased level
of LacCer has been associated with the induction of inflammation
in mice (Chatterjee et al., 2021; Yu et al., 2021). Previous studies
have shown that LacCer could induce neurodegeneration by
activating astrocytes that leads to neuroinflammation and affect
neuron survival (Colombo and Farina, 2016). Additionally,
increased Tnfa could stimulate the release of LacCer and the
expression of GFAP in astrocytes (Pannu et al., 2005). The
expression of Tnfa and levels of GFAP were found to be reduced
in n-3 treated 5xFAD mice in comparison to saline-control mice.
It is important to note that these alterations represent enduring
effects resulting from three IP injections. This underscores the
necessity for a comprehensive investigation into the mechanistic
connections between lipid metabolism, cell signaling pathways
and AD pathogenesis.
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The 5xFAD mouse model for AD was used to examine the effects
of n-3 fatty acids on inflammation and biomarkers. Although some
AD phenotypes were not present in our studies, the administration
of n-3 treatment influenced the expression of pro-inflammatory
cytokines and gliosis markers, suggesting a potential anti-
inflammatory role. Early bolus n-3 treatments were also linked to
cognitive improvements in adult mice, even without affecting Af
accumulation, which challenges the conventional AP hypothesis.
Lipid analysis revealed complex changes in lipid classes that might
have affected the role of n-3 fatty acids on cellular function.
Importantly, although clinical trials have shown mixed results, they
suggest that n-3 supplementation may be most beneficial in early-
stage AD or among individuals with specific genetic profiles, such as
APOE4 non-carriers (Yassine et al., 2017). These findings highlight
the significance of personalized therapeutic strategies and the
necessity for further exploration into biomarkers that can predict
responsiveness to n-3 interventions. By integrating our findings with
these insights, we propose that combining n-3 treatment with
current AD therapies could produce synergistic benefits that
enhance the effectiveness of amyloid-related therapies by addressing
concurrent neuroinflammatory processes. Furthermore, our results
regarding early CNS inflammation response and lipid composition
could guide the development of n-3-based interventions tailored to
particular AD subtypes or stages (Cunnane et al., 2013). In
conclusion, n-3 FA demonstrated the possibility of reducing
inflammation, modulating behavior, and influencing lipid profiles in
the context of AD, providing valuable insight into potential
therapeutic pathways. Future studies investigating these mechanisms
could provide a deeper understanding of how prenatal n-3 FA
administration affects the long-term trajectory of AD pathology and
guide the creation of innovative therapeutic strategies that target
lipid and inflammatory pathways.

Data availability statement

The data presented in this study has been deposited in the Dryad
repository, DOI: 10.5061/dryad.sn02v6xg7.

Ethics statement

The animal study was approved by Institutional Animal Care
and Use Committee at Columbia University. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

YiC: Formal analysis, Investigation, Methodology, Writing -
original draft, Writing - review & editing. RT: Investigation,
Methodology, Validation, Writing — review & editing. YaC: Data
curation, Formal analysis, Investigation, Methodology, Project
administration, Writing - review & editing, Validation. CC:
Conceptualization, Funding acquisition, Investigation, Project
administration, Supervision, Writing - original draft, Writing - review
& editing.

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1535094
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.doi.org/10.5061/dryad.sn02v6xg7

Chen et al.

Funding

The author(s) declare financial support was received for the research
and/or publication of this article. This work was supported by the
National Institutes of Health (NIH RO1DK119389, CC).

Acknowledgments

We thank Dr. Mu Yang, Director of the Mouse Neurobehavior
Core, Institute for Genomic Medicine, Columbia University
Medical Center, for her expertise in training our staff, assisting
with behavioral tests, and providing valuable feedback on
data analysis.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Aktas, O., Ullrich, O., Infante-Duarte, C., Nitsch, R., and Zipp, F. (2007). Neuronal
damage in brain inflammation. Arch. Neurol. 64, 185-189. doi: 10.1001/archneur.
64.2.185

Area-Gomez, E., Larrea, D., Yun, T., Xu, Y., Hupf, J., Zandkarimi, F, et al. (2021).
Lipidomics study of plasma from patients suggest that ALS and PLS are part of a
continuum of motor neuron disorders. Sci. Rep. 11:13562. doi: 10.1038/s41598-
021-92112-3

Arterburn, L. M., Hall, E. B., and Oken, H. (2006). Distribution, interconversion, and
dose response of n-3 fatty acids in humans. Am. J. Clin. Nutr. 83, 14675-1476S. doi:
10.1093/ajcn/83.6.1467S

Azargoonjahromi, A. (2024). The duality of amyloid-beta: its role in
normal and Alzheimer’s disease states. Mol. Brain 17:44. doi: 10.1186/s13041-024-
01118-1

Bachiller, S., Jimenez-Ferrer, 1., Paulus, A., Yang, Y., Swanberg, M., Deierborg, T.,
et al. (2018). Microglia in neurological diseases: a road map to brain-disease
dependent-inflammatory response. Front. Cell. Neurosci. 12:488. doi: 10.3389/fncel.
2018.00488

Bankhead, P,, Loughrey, M. B., Fernandez, J. A., Dombrowski, Y., McArt, D. G.,
Dunne, P. D, et al. (2017). QuPath: open source software for digital pathology image
analysis. Sci. Rep. 7:16878. doi: 10.1038/s41598-017-17204-5

Bauman, M. D., Josif, A. M., Smith, S. E., Bregere, C., Amaral, D. G., and
Patterson, P. H. (2014). Activation of the maternal immune system during pregnancy
alters behavioral development of rhesus monkey offspring. Biol. Psychiatry 75, 332-341.
doi: 10.1016/j.biopsych.2013.06.025

Bis, J. C., Jian, X., Kunkle, B. W,, Chen, Y., Hamilton-Nelson, K. L., Bush, W. S, et al.
(2020). Whole exome sequencing study identifies novel rare and common Alzheimer’s-
associated variants involved in immune response and transcriptional regulation. Mol.
Psychiatry 25, 1859-1875. doi: 10.1038/541380-018-0112-7

Burckhardt, M., Herke, M., Wustmann, T., Watzke, S., Langer, G., and Fink, A. (2016).
Omega-3 fatty acids for the treatment of dementia. Cochrane Database Syst. Rev.
2016:CD009002. doi: 10.1002/14651858.CD009002.pub3

Calder, P. C. (2006). N-3 polyunsaturated fatty acids, inflammation, and inflammatory
diseases. Am. J. Clin. Nutr. 83, 15055-1519S. doi: 10.1093/ajcn/83.6.1505S

Calder, P. C. (2012). The role of marine omega-3 (n-3) fatty acids in inflammatory
processes, atherosclerosis and plaque stability. Mol. Nutr. Food Res. 56, 1073-1080. doi:
10.1002/mnfr.201100710

Chan, R. B,, Oliveira, T. G., Cortes, E. P, Honig, L. S., Duff, K. E., Small, S. A, et al.
(2012). Comparative lipidomic analysis of mouse and human brain with Alzheimer
disease. J. Biol. Chem. 287, 2678-2688. doi: 10.1074/jbc.M111.274142

Chang, C. L., and Deckelbaum, R. J. (2013). Omega-3 fatty acids: mechanisms
underlying ‘protective effects’ in atherosclerosis. Curr. Opin. Lipidol. 24, 345-350. doi:
10.1097/MOL.0b013e3283616364

Frontiers in Aging Neuroscience

17

10.3389/fnagi.2025.1535094

Generative Al statement

The author(s) declare that no Gen Al was used in the creation of
this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2025.1535094/
full#supplementary-material

Chang, C. L., Garcia-Arcos, I, Nyren, R., Olivecrona, G., Kim, J. Y., Hu, Y,, et al.
(2018). Lipoprotein lipase deficiency impairs bone marrow Myelopoiesis and reduces
circulating monocyte levels. Arterioscler. Thromb. Vasc. Biol. 38, 509-519. doi:
10.1161/ATVBAHA.117.310607

Chang, C. L, Seo, T., Matsuzaki, M., Worgall, T. S., and Deckelbaum, R. J. (2009). N-3
fatty acids reduce arterial LDL-cholesterol delivery and arterial lipoprotein lipase levels
and lipase distribution. Arterioscler. Thromb. Vasc. Biol. 29, 555-561. doi:
10.1161/ATVBAHA.108.182287

Chang, C. L., Torrejon, C., Jung, U. J., Graf, K., and Deckelbaum, R. J. (2014).
Incremental replacement of saturated fats by n-3 fatty acids in high-fat, high-cholesterol
diets reduces elevated plasma lipid levels and arterial lipoprotein lipase, macrophages
and atherosclerosis in LDLR—/— mice. Atherosclerosis 234, 401-409. doi:
10.1016/j.atherosclerosis.2014.03.022

Chatterjee, S., Balram, A., and Li, W. (2021). Convergence: Lactosylceramide-centric
signaling pathways induce inflammation, oxidative stress, and other phenotypic
outcomes. Int. J. Mol. Sci. 22:1816. doi: 10.3390/ijms22041816

Cho, J. D, Kim, Y. A, Rafikian, E. E., Yang, M., and Santa-Maria, I. (2021). Marked
mild cognitive deficits in humanized mouse model of Alzheimer’s-type tau pathology.
Front. Behav. Neurosci. 15:634157. doi: 10.3389/fnbeh.2021.634157

Colombo, E., and Farina, C. (2016). Astrocytes: key regulators of neuroinflammation.
Trends Immunol. 37, 608-620. doi: 10.1016/j.it.2016.06.006

Colombo, S., Reddy, H. P, Petri, S., Williams, D. J., Shalomov, B., Dhindsa, R. S., et al.
(2023). Epilepsy in a mouse model of GNB1 encephalopathy arises from altered
potassium (GIRK) channel signaling and is alleviated by a GIRK inhibitor. Front. Cell.
Neurosci. 17:1175895. doi: 10.3389/fncel.2023.1175895

Congquer, J. A, Tierney, M. C., Zecevic, J., Bettger, W. ., and Fisher, R. H. (2000). Fatty
acid analysis of blood plasma of patients with Alzheimer’s disease, other types of
dementia, and cognitive impairment. Lipids 35, 1305-1312. doi: 10.1007/s11745-
000-0646-3

Cunnane, S. C., Chouinard-Watkins, R., Castellano, C. A., and Barberger-Gateau, P.
(2013). Docosahexaenoic acid homeostasis, brain aging and Alzheimer’s disease: can
we reconcile the evidence? Prostaglandins Leukot. Essent. Fatty Acids 88, 61-70. doi:
10.1016/j.plefa.2012.04.006

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, I.
(2018). Disease-associated microglia: a universal immune sensor of neurodegeneration.
Cell 173, 1073-1081. doi: 10.1016/j.cell.2018.05.003

Delattre, A. M., Carabelli, B., Mori, M. A., Kempe, P. G, Rizzo de Souza, L. E.,
Zanata, S. M., et al. (2017). Maternal Omega-3 supplement improves dopaminergic
system in pre-and postnatal inflammation-induced neurotoxicity in Parkinson’s disease
model. Mol. Neurobiol. 54, 2090-2106. doi: 10.1007/s12035-016-9803-8

Domingues, H. S., Portugal, C. C., Socodato, R., and Relvas, J. B. (2016).

Oligodendrocyte, astrocyte, and microglia crosstalk in myelin development, damage,
and repair. Front. Cell Dev. Biol. 4:71. doi: 10.3389/fcell.2016.00071

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1535094
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1535094/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2025.1535094/full#supplementary-material
https://doi.org/10.1001/archneur.64.2.185
https://doi.org/10.1001/archneur.64.2.185
https://doi.org/10.1038/s41598-021-92112-3
https://doi.org/10.1038/s41598-021-92112-3
https://doi.org/10.1093/ajcn/83.6.1467S
https://doi.org/10.1186/s13041-024-01118-1
https://doi.org/10.1186/s13041-024-01118-1
https://doi.org/10.3389/fncel.2018.00488
https://doi.org/10.3389/fncel.2018.00488
https://doi.org/10.1038/s41598-017-17204-5
https://doi.org/10.1016/j.biopsych.2013.06.025
https://doi.org/10.1038/s41380-018-0112-7
https://doi.org/10.1002/14651858.CD009002.pub3
https://doi.org/10.1093/ajcn/83.6.1505S
https://doi.org/10.1002/mnfr.201100710
https://doi.org/10.1074/jbc.M111.274142
https://doi.org/10.1097/MOL.0b013e3283616364
https://doi.org/10.1161/ATVBAHA.117.310607
https://doi.org/10.1161/ATVBAHA.108.182287
https://doi.org/10.1016/j.atherosclerosis.2014.03.022
https://doi.org/10.3390/ijms22041816
https://doi.org/10.3389/fnbeh.2021.634157
https://doi.org/10.1016/j.it.2016.06.006
https://doi.org/10.3389/fncel.2023.1175895
https://doi.org/10.1007/s11745-000-0646-3
https://doi.org/10.1007/s11745-000-0646-3
https://doi.org/10.1016/j.plefa.2012.04.006
https://doi.org/10.1016/j.cell.2018.05.003
https://doi.org/10.1007/s12035-016-9803-8
https://doi.org/10.3389/fcell.2016.00071

Chen et al.

Dunstan, J. A., Simmer, K., Dixon, G., and Prescott, S. L. (2008). Cognitive assessment
of children at age 2(1/2) years after maternal fish oil supplementation in pregnancy: a
randomised controlled trial. Arch. Dis. Child. Fetal Neonatal Ed. 93, F45-F50. doi:
10.1136/adc.2006.099085

Eimer, W. A., and Vassar, R. (2013). Neuron loss in the 5XFAD mouse model of
Alzheimer’s disease correlates with intraneuronal Abeta42 accumulation and Caspase-3
activation. Mol. Neurodegener. 8:2. doi: 10.1186/1750-1326-8-2

Fiol-deRoque, M. A., Gutierrez-Lanza, R., Teres, S., Torres, M., Barcelo, P, Rial, R. V.,
et al. (2013). Cognitive recovery and restoration of cell proliferation in the dentate
gyrus in the 5XFAD transgenic mice model of Alzheimer’s disease following
2-hydroxy-DHA treatment. Biogerontology 14, 763-775. doi:
10.1007/s10522-013-9461-4

Forner, S., Kawauchi, S., Balderrama-Gutierrez, G., Kramar, E. A., Matheos, D. P,
Phan, J., et al. (2021). Systematic phenotyping and characterization of the 5xFAD mouse
model of Alzheimer’s disease. Sci Data 8:270. doi: 10.1038/s41597-021-01054-y

Gao, H. M., and Hong, J. S. (2008). Why neurodegenerative diseases are progressive:
uncontrolled inflammation drives disease progression. Trends Immunol. 29, 357-365.
doi: 10.1016/j.it.2008.05.002

Garcia-So, J., Zhang, X., Yang, X., Rubinstein, M. R., Mao, Y., Kitajewski, J., et al.
(2019). Omega-3 fatty acids suppress Fusobacterium nucleatum-induced placental
inflammation originating from maternal endothelial cells. JCI. Insight 4:125436. doi:
10.1172/jci.insight.125436

Gomez-Ramos, P, and Moran, M. A. (1998). Ultrastructural aspects of neurofibrillary
tangle formation in aging and Alzheimer’s disease. Microsc. Res. Tech. 43, 49-58. doi:
10.1002/(SICI)1097-0029(19981001)43:1<49::AID-JEMT8>3.0.CO;2-2

Green, K. N., Martinez-Coria, H., Khashwji, H., Hall, E. B., Yurko-Mauro, K. A.,
Ellis, L., et al. (2007). Dietary docosahexaenoic acid and docosapentaenoic acid
ameliorate amyloid-beta and tau pathology via a mechanism involving presenilin 1
levels. J. Neurosci. 27, 4385-4395. doi: 10.1523/JNEUROSCI.0055-07.2007

Guan, Z., Wang, Y., Cairns, N. ], Lantos, P. L., Dallner, G., and Sindelar, P. J. (1999).
Decrease and structural modifications of phosphatidylethanolamine plasmalogen in the
brain with Alzheimer disease. J. Neuropathol. Exp. Neurol. 58, 740-747. doi:
10.1097/00005072-199907000-00008

Hagberg, H., Mallard, C., Ferriero, D. M., Vannucdi, S. J., Levison, S. W,, Vexler, Z. S.,
et al. (2015). The role of inflammation in perinatal brain injury. Nat. Rev. Neurol. 11,
192-208. doi: 10.1038/nrneurol.2015.13

Han, X., Holtzman, D. M., and McKeel, D. W. Jr. (2001). Plasmalogen deficiency in
early Alzheimer’s disease subjects and in animal models: molecular characterization
using electrospray ionization mass spectrometry. J. Neurochem. 77, 1168-1180. doi:
10.1046/j.1471-4159.2001.00332.x

Han, E, Perrin, R. ]., Wang, Q., Wang, Y., Perlmutter, J. S., Morris, J. C,, et al. (2019).
Neuroinflammation and myelin status in Alzheimer’s disease, Parkinson’s disease, and
Normal aging brains: a Small sample study. Parkinsons Dis. 2019:7975407. doi:
10.1155/2019/7975407

Helland, 1. B., Smith, L., Saarem, K., Saugstad, O. D., and Drevon, C. A. (2003).
Maternal supplementation with very-long-chain n-3 fatty acids during pregnancy and
lactation augments children’s IQ at 4 years of age. Pediatrics 111, e39-e44. doi:
10.1542/peds.111.1.e39

Heneka, M. T., Carson, M. J,, El Khoury, J., Landreth, G. E., Brosseron, E,
Feinstein, D. L., et al. (2015). Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
14, 388-405. doi: 10.1016/S1474-4422(15)70016-5

Heraud, C., Goufak, D., Ando, K., Leroy, K., Suain, V., Yilmaz, Z., et al. (2014).
Increased misfolding and truncation of tau in APP/PS1/tau transgenic mice compared
to mutant tau mice. Neurobiol. Dis. 62, 100-112. doi: 10.1016/j.nbd.2013.09.010

Hou, T. Y., McMurray, D. N., and Chapkin, R. S. (2016). Omega-3 fatty acids, lipid
rafts, and T cell signaling. Eur. J. Pharmacol. 785, 2-9. doi: 10.1016/j.ejphar.2015.03.091

Hu, C., Ding, H., Zhuang, Q,, Llanos, P, Pillay, T., Hernandez, C., et al. (2021). Blood
clearance kinetics and organ delivery of medium-chain triglyceride and fish oil-
containing lipid emulsions: comparing different animal species. Clin. Nutr. 40, 987-996.
doi: 10.1016/j.cInu.2020.07.002

Jawhar, S., Trawicka, A., Jenneckens, C., Bayer, T. A., and Wirths, O. (2012). Motor
deficits, neuron loss, and reduced anxiety coinciding with axonal degeneration and
intraneuronal Abeta aggregation in the 5XFAD mouse model of Alzheimer’s disease.
Neurobiol. Aging 33:196. doi: 10.1016/j.neurobiolaging.2010.05.027

Kim, S., Nam, Y., Jeong, Y. O., Park, H. H,, Lee, S. K., Shin, S. ], et al. (2019).
Topographical visualization of the reciprocal projection between the medial septum and
the Hippocampus in the 5XFAD mouse model of Alzheimer’s disease. Int. J. Mol. Sci.
20:992. doi: 10.3390/ijms20163992

Labrousse, V. E, Nadjar, A., Joffre, C., Costes, L., Aubert, A., Gregoire, S., et al. (2012).
Short-term long chain omega3 diet protects from neuroinflammatory processes and
memory  impairment in aged mice. PLoS One 7:¢36861. doi:
10.1371/journal.pone.0036861

Lee, A. G. (2003). Lipid-protein interactions in biological membranes: a structural
perspective. Biochim. Biophys. Acta 1612, 1-40. doi: 10.1016/s0005-2736(03)00056-7

Li, D., Hodges, R. R,, Jiao, J., Carozza, R. B., Shatos, M. A., Chiang, N., et al. (2013).
Resolvin D1 and aspirin-triggered resolvin D1 regulate histamine-stimulated

Frontiers in Aging Neuroscience

10.3389/fnagi.2025.1535094

conjunctival goblet cell secretion. Mucosal Immunol. 6, 1119-1130. doi:

10.1038/mi.2013.7

Lim, G. P, Calon, E, Morihara, T, Yang, E, Teter, B., Ubeda, O., et al. (2005). A diet
enriched with the omega-3 fatty acid docosahexaenoic acid reduces amyloid burden in
an aged Alzheimer mouse model. J Neurosci. 25, 3032-3040. doi:
10.1523/JNEUROSCI.4225-04.2005

Liu, Z. H., Yip, P. K,, Priestley, J. V., and Michael-Titus, A. T. (2017). A single dose of
docosahexaenoic acid increases the functional recovery promoted by rehabilitation after
cervical spinal cord injury in the rat. J. Neurotrauma 34, 1766-1777. doi:
10.1089/neu.2016.4556

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods 25,
402-408. doi: 10.1006/meth.2001.1262

Loving, B. A., and Bruce, K. D. (2020). Lipid and lipoprotein metabolism in microglia.
Front. Physiol. 11:393. doi: 10.3389/fphys.2020.00393

Madore, C., Leyrolle, Q., Morel, L., Rossitto, M., Greenhalgh, A. D., Delpech, J. C.,
et al. (2020). Essential omega-3 fatty acids tune microglial phagocytosis of synaptic
elements in the mouse developing brain. Nat. Commun. 11:6133. doi:
10.1038/541467-020-19861-z

Maitre, M., Jeltsch-David, H., Okechukwu, N. G., Klein, C., Patte-Mensah, C., and
Mensah-Nyagan, A. G. (2023). Myelin in Alzheimer’s disease: culprit or bystander? Acta
Neuropathol. Commun. 11:56. doi: 10.1186/s40478-023-01554-5

Manyji, Z., Rojas, A., Wang, W,, Dingledine, R., Varvel, N. H., and Ganesh, T. (2019).
5xFAD mice display sex-dependent inflammatory gene induction during the prodromal
stage of Alzheimer’s disease. J. Alzheimers Dis. 70, 1259-1274. doi: 10.3233/JAD-180678

Manual Kollareth, D. J., Deckelbaum, R. J., Liu, Z., Ramakrishnan, R., Jouvene, C.,
Serhan, C. N,, et al. (2020). Acute injection of a DHA triglyceride emulsion after
hypoxic-ischemic brain injury in mice increases both DHA and EPA levels in blood and
brain(¥¥). Prostaglandins Leukot. Essent. Fatty Acids 162:102176. doi: 10.1016/j.
plefa.2020.102176

Matcovitch-Natan, O., Winter, D. R., Giladi, A., Vargas Aguilar, S., Spinrad, A.,
Sarrazin, S., et al. (2016). Microglia development follows a stepwise program to regulate
brain homeostasis. Science 353:aad8670. doi: 10.1126/science.aad8670

Mayurasakorn, K., Niatsetskaya, Z. V., Sosunov, S. A., Williams, J. J., Zirpoli, H.,
Vlasakov, I, et al. (2016). DHA but not EPA emulsions preserve neurological and
mitochondrial function after brain hypoxia-ischemia in neonatal mice. PLoS One
11:¢0160870. doi: 10.1371/journal.pone.0160870

Merlini, M., Rafalski, V. A., Rios Coronado, P. E,, Gill, T. M., Ellisman, M.,
Muthukumar, G., et al. (2019). Fibrinogen induces microglia-mediated spine elimination
and cognitive impairment in an Alzheimer’s disease model. Neuron 101, 1099-1108.e6.
doi: 10.1016/j.neuron.2019.01.014

Michell-Robinson, M. A., Touil, H., Healy, L. M., Owen, D. R, Durafourt, B. A.,
Bar-Or, A, et al. (2015). Roles of microglia in brain development, tissue maintenance
and repair. Brain 138, 1138-1159. doi: 10.1093/brain/awv066

Milanovic, D., Petrovic, S., Brkic, M., Avramovic, V., Perovic, M., Ivkovic, S., et al.
(2018). Short-term fish oil treatment changes the composition of phospholipids while
not affecting the expression of Mfsd2a Omega-3 transporter in the brain and liver
of the 5xFAD mouse model of Alzheimer’s disease. Nutrients 10:1250. doi:
10.3390/nu10091250

Nesic, I., Guix, F X., Vennekens, K., Michaki, V., Van Veldhoven, P. P, Feiguin, F, et al.
(2012). Alterations in phosphatidylethanolamine levels affect the generation of Abeta.
Aging Cell 11, 63-72. doi: 10.1111/§.1474-9726.2011.00760.x

Nguyen, L. N, Ma, D., Shui, G., Wong, P, Cazenave-Gassiot, A., Zhang, X., et al.
(2014). Mfsd2a is a transporter for the essential omega-3 fatty acid docosahexaenoic
acid. Nature 509, 503-506. doi: 10.1038/nature13241

Oakley, H., Cole, S. L., Logan, S., Maus, E., Shao, P, Craft, J., et al. (2006). Intraneuronal
beta-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with
five familial Alzheimer’s disease mutations: potential factors in amyloid plaque
formation. J. Neurosci. 26, 10129-10140. doi: 10.1523/J]NEUROSCI.1202-06.2006

Oblak, A. L, Lin, P. B,, Kotredes, K. P, Pandey, R. S., Garceau, D., Williams, H. M.,
et al. (2021). Comprehensive evaluation of the 5XFAD mouse model for preclinical
testing applications: a MODEL-AD study. Front. Aging Neurosci. 13:713726. doi:
10.3389/fnagi.2021.713726

O’Leary, T. P, and Brown, R. E. (2022). Visuo-spatial learning and memory
impairments in the 5XFAD mouse model of Alzheimer’s disease: effects of age, sex,
albinism, and motor impairments. Genes Brain Behav. 21:¢12794. doi: 10.1111/gbb.12794

O’Leary, T. P,, Robertson, A., Chipman, P. H,, Rafuse, V. F, and Brown, R. E. (2018).
Motor function deficits in the 12 month-old female 5XFAD mouse model of Alzheimer’s
disease. Behav. Brain Res. 337, 256-263. doi: 10.1016/j.bbr.2017.09.009

Olsen, S. E, Sorensen, J. D., Secher, N. J., Hedegaard, M., Henriksen, T. B.,
Hansen, H. S., et al. (1992). Randomised controlled trial of effect of fish-oil
supplementation on pregnancy duration. Lancet 339, 1003-1007. doi:
10.1016/0140-6736(92)90533-9

Orr, S. K., Palumbo, S., Bosetti, E, Mount, H. T., Kang, J. X., Greenwood, C. E., et al.
(2013). Unesterified docosahexaenoic acid is protective in neuroinflammation. J.
Neurochem. 127, 378-393. doi: 10.1111/jnc.12392

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1535094
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1136/adc.2006.099085
https://doi.org/10.1186/1750-1326-8-2
https://doi.org/10.1007/s10522-013-9461-4
https://doi.org/10.1038/s41597-021-01054-y
https://doi.org/10.1016/j.it.2008.05.002
https://doi.org/10.1172/jci.insight.125436
https://doi.org/10.1002/(SICI)1097-0029(19981001)43:1<49::AID-JEMT8>3.0.CO;2-2
https://doi.org/10.1523/JNEUROSCI.0055-07.2007
https://doi.org/10.1097/00005072-199907000-00008
https://doi.org/10.1038/nrneurol.2015.13
https://doi.org/10.1046/j.1471-4159.2001.00332.x
https://doi.org/10.1155/2019/7975407
https://doi.org/10.1542/peds.111.1.e39
https://doi.org/10.1016/S1474-4422(15)70016-5
https://doi.org/10.1016/j.nbd.2013.09.010
https://doi.org/10.1016/j.ejphar.2015.03.091
https://doi.org/10.1016/j.clnu.2020.07.002
https://doi.org/10.1016/j.neurobiolaging.2010.05.027
https://doi.org/10.3390/ijms20163992
https://doi.org/10.1371/journal.pone.0036861
https://doi.org/10.1016/s0005-2736(03)00056-7
https://doi.org/10.1038/mi.2013.7
https://doi.org/10.1523/JNEUROSCI.4225-04.2005
https://doi.org/10.1089/neu.2016.4556
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.3389/fphys.2020.00393
https://doi.org/10.1038/s41467-020-19861-z
https://doi.org/10.1186/s40478-023-01554-5
https://doi.org/10.3233/JAD-180678
https://doi.org/10.1016/j.plefa.2020.102176
https://doi.org/10.1016/j.plefa.2020.102176
https://doi.org/10.1126/science.aad8670
https://doi.org/10.1371/journal.pone.0160870
https://doi.org/10.1016/j.neuron.2019.01.014
https://doi.org/10.1093/brain/awv066
https://doi.org/10.3390/nu10091250
https://doi.org/10.1111/j.1474-9726.2011.00760.x
https://doi.org/10.1038/nature13241
https://doi.org/10.1523/JNEUROSCI.1202-06.2006
https://doi.org/10.3389/fnagi.2021.713726
https://doi.org/10.1111/gbb.12794
https://doi.org/10.1016/j.bbr.2017.09.009
https://doi.org/10.1016/0140-6736(92)90533-9
https://doi.org/10.1111/jnc.12392

Chen et al.

Pannu, R, Singh, A. K., and Singh, I. (2005). A novel role of lactosylceramide in the
regulation of tumor necrosis factor alpha-mediated proliferation of rat primary
astrocytes. Implications for astrogliosis following neurotrauma. J. Biol. Chem. 280,
13742-13751. doi: 10.1074/jbc.M411959200

Park, Y. H,, Shin, S. ], Kim, H. S., Hong, S. B., Kim, S., Nam, Y,, et al. (2020). Omega-3
fatty acid-type docosahexaenoic acid protects against Abeta-mediated mitochondrial
deficits and Pathomechanisms in Alzheimer’s disease-related animal model. Int. J. Mol.
Sci. 21:3879. doi: 10.3390/ijms21113879

Paterniti, I., Impellizzeri, D., Di Paola, R., Esposito, E., Gladman, S., Yip, P, et al.
(2014). Docosahexaenoic acid attenuates the early inflammatory response following
spinal cord injury in mice: in-vivo and in-vitro studies. J. Neuroinflammation 11:6. doi:
10.1186/1742-2094-11-6

Pluta, R., Bogucka-Kocka, A., Ulamek-Koziol, M., Bogucki, J., Januszewski, S.,
Kocki, J., et al. (2018). Ischemic tau protein gene induction as an additional key factor
driving development of Alzheimer’s phenotype changes in CA1 area of hippocampus in
an ischemic model of Alzheimers disease. Pharmacol. Rep. 70, 881-884. doi:
10.1016/j.pharep.2018.03.004

Pluta, R., Ulamek-Koziol, M., Kocki, J., Bogucki, J., Januszewski, S., Bogucka-Kocka, A.,
et al. (2020). Expression of the tau protein and amyloid protein precursor processing
genes in the CA3 Area of the Hippocampus in the ischemic model of Alzheimer’s disease
in the rat. Mol. Neurobiol. 57, 1281-1290. doi: 10.1007/s12035-019-01799-z

Premoli, M., Memo, M., and Bonini, S. A. (2021). Ultrasonic vocalizations in mice:
relevance for ethologic and neurodevelopmental disorders studies. Neural Regen. Res.
16, 1158-1167. doi: 10.4103/1673-5374.300340

Rodriguez-Urgelles, E., Sancho-Balsells, A., Chen, W., Lopez-Molina, L., Ballasch, I.,
Del Castillo, L, et al. (2022). Meridianins rescue cognitive deficits, spine density and
Neuroinflammation in the 5xFAD model of Alzheimer’s disease. Front. Pharmacol.
13:791666. doi: 10.3389/fphar.2022.791666

Serhan, C. N. (2009). Systems approach to inflammation resolution: identification of
novel anti-inflammatory and pro-resolving mediators. J. Thromb. Haemost. 7, 44-48.
doi: 10.1111/§.1538-7836.2009.03396.x

Serhan, C. N. (2010). Novel lipid mediators and resolution mechanisms in acute
inflammation: to resolve or not? Am. J. Pathol. 177,1576-1591. doi: 10.2353/ajpath.2010.100322

Serhan, C. N. (2014). Pro-resolving lipid mediators are leads for resolution physiology.
Nature 510, 92-101. doi: 10.1038/nature13479

Siddiqui, R. A., Harvey, K. A., Zaloga, G. P, and Stillwell, W. (2007). Modulation of lipid
rafts by Omega-3 fatty acids in inflammation and cancer: implications for use of lipids during
nutrition support. Nutr. Clin. Pract. 22, 74-88. doi: 10.1177/011542650702200174

Sobue, A., Komine, O., and Yamanaka, K. (2023). Neuroinflammation in Alzheimer’s
disease: microglial signature and their relevance to disease. Inflamm. Regen. 43:26. doi:
10.1186/541232-023-00277-3

Frontiers in Aging Neuroscience

19

10.3389/fnagi.2025.1535094

Stepien, B. K., Naumann, R., Holtz, A., Helppi, J., Huttner, W. B., and Vaid, S. (2020).
Lengthening neurogenic period during neocortical development causes a Hallmark of
neocortex expansion. Curt. Biol. 30, 4227-4237. doi: 10.1016/j.cub.2020.08.046

Stillwell, W., Shaikh, S. R., Zerouga, M., Siddiqui, R., and Wassall, S. R. (2005).
Docosahexaenoic acid affects cell signaling by altering lipid rafts. Reprod. Nutr. Dev. 45,
559-579. doi: 10.1051/rnd:2005046

Su, H. M. (2010). Mechanisms of n-3 fatty acid-mediated development and
maintenance of learning memory performance. J. Nutr. Biochem. 21, 364-373. doi:
10.1016/j.jnutbio.2009.11.003

Sukoff Rizzo, S. J., Anderson, L. C., Green, T. L., McGarr, T., Wells, G., and Winter, S. S.
(2018). Assessing Healthspan and lifespan measures in aging mice: optimization of
testing protocols, replicability, and rater reliability. Curr. Protoc. Mouse Biol. 8:e45. doi:
10.1002/cpmo.45

Ulamek-Koziol, M., Kocki, J., Bogucka-Kocka, A., Januszewski, S., Bogucki, J.,
Czuczwar, S. ], et al. (2017). Autophagy, mitophagy and apoptotic gene changes in the
hippocampal CA1 area in a rat ischemic model of Alzheimer’s disease. Pharmacol. Rep.
69, 1289-1294. doi: 10.1016/j.pharep.2017.07.015

Van Den Heuvel, C., Thornton, E,, and Vink, R. (2007). Traumatic brain injury and
Alzheimer’s disease: a review. Prog. Brain Res. 161,303-316. doi: 10.1016/S0079-6123(06)61021-2

Wightman, D. P, Jansen, I. E,, Savage, J. E., Shadrin, A. A., Bahrami, S., Holland, D, et al.
(2021). A genome-wide association study with 1,126,563 individuals identifies new risk loci for
Alzheimer’s disease. Nat. Genet. 53, 1276-1282. doi: 10.1038/541588-021-00921-z

Williams, J. J., Mayurasakorn, K., Vannucci, S. J., Mastropietro, C., Bazan, N. G,
Ten, V. S., et al. (2013). N-3 fatty acid rich triglyceride emulsions are neuroprotective
after cerebral hypoxic-ischemic injury in neonatal mice. PLoS One 8:€56233. doi:
10.1371/journal.pone.0056233

Yang, M., Bozdagi, O., Scattoni, M. L., Wohr, M., Roullet, F. I, Katz, A. M., et al.
(2012). Reduced excitatory neurotransmission and mild autism-relevant phenotypes in
adolescent Shank3 null mutant mice. J. Neurosci. 32, 6525-6541. doi:
10.1523/JNEUROSCI.6107-11.2012

Yang, E. J., Mahmood, U, Kim, H., Choi, M., Choi, Y., Lee, J. P, et al. (2018).
Phloroglucinol ameliorates cognitive impairments by reducing the amyloid beta peptide
burden and pro-inflammatory cytokines in the hippocampus of 5XFAD mice. Free
Radic. Biol. Med. 126, 221-234. doi: 10.1016/j.freeradbiomed.2018.08.016

Yassine, H. N., Braskie, M. N., Mack, W. J., Castor, K. J., Fonteh, A. N., Schneider, L. S.,
et al. (2017). Association of Docosahexaenoic Acid Supplementation with Alzheimer
Disease Stage in apolipoprotein E epsilon4 carriers: a review. JAMA Neurol. 74, 339-347.
doi: 10.1001/jamaneurol.2016.4899

Yu, W,, Ying, J., Wang, X., Liu, X., Zhao, T., Yoon, S., et al. (2021). The involvement of
Lactosylceramide in central nervous system inflammation related to neurodegenerative
disease. Front. Aging Neurosci. 13:691230. doi: 10.3389/fnagi.2021.691230

frontiersin.org


https://doi.org/10.3389/fnagi.2025.1535094
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1074/jbc.M411959200
https://doi.org/10.3390/ijms21113879
https://doi.org/10.1186/1742-2094-11-6
https://doi.org/10.1016/j.pharep.2018.03.004
https://doi.org/10.1007/s12035-019-01799-z
https://doi.org/10.4103/1673-5374.300340
https://doi.org/10.3389/fphar.2022.791666
https://doi.org/10.1111/j.1538-7836.2009.03396.x
https://doi.org/10.2353/ajpath.2010.100322
https://doi.org/10.1038/nature13479
https://doi.org/10.1177/011542650702200174
https://doi.org/10.1186/s41232-023-00277-3
https://doi.org/10.1016/j.cub.2020.08.046
https://doi.org/10.1051/rnd:2005046
https://doi.org/10.1016/j.jnutbio.2009.11.003
https://doi.org/10.1002/cpmo.45
https://doi.org/10.1016/j.pharep.2017.07.015
https://doi.org/10.1016/S0079-6123(06)61021-2
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.1371/journal.pone.0056233
https://doi.org/10.1523/JNEUROSCI.6107-11.2012
https://doi.org/10.1016/j.freeradbiomed.2018.08.016
https://doi.org/10.1001/jamaneurol.2016.4899
https://doi.org/10.3389/fnagi.2021.691230

	Strategic delivery of omega-3 fatty acids for modulating inflammatory neurodegenerative diseases
	1 Introduction
	2 Methods
	2.1 Materials
	2.2 Animal models and treatment
	2.3 Quantitative real-time PCR
	2.4 Behavioral and cognitive assessments
	2.5 Morphological and immunohistochemistry analysis
	2.6 Lipidomic
	2.7 Statistical analyses

	3 Results
	3.1 Early n-3 treatment effects on neuroinflammation
	3.2 N-3 TG effects on cognitive deficits in AD mice
	3.3 N-3 TG rapidly and sustainably alter CNS lipid composition

	4 Discussion

	References

