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ARTICLE INFO ABSTRACT

Keywords:

Reduced docosahexaenoic acid (DHA) concentrations seem to be associated with an increased risk of Alzheimer’s
disease (AD), and DHA accretion to the brain across the blood-brain-barrier (BBB) can be modulated by various
factors. Therefore, there is an urgent need to identify an efficient and non-invasive method to ensure brain DHA
enrichment. In the present study, a safe and stable DHA-enriched nanoemulsion, designed to protect DHA against
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oxidation, was designed and administered intranasally in a transgenic mouse model of AD, the J20 mice.

Intranasal treatment with nanoformulated DHA significantly improved well-being and working spatial
memory in six-months-old J20 mice. These behavioral effects were associated with a reduction of amyloid
deposition, oxidative stress, and neuroinflammation in brain tissues, which may be partially due to DHA-induced
inactivation of the pleiotropic kinase GSK3p.

In conclusion, intranasal DHA administration exhibited strong therapeutic effects and disease-modifying
benefits in the J20 AD model. Given that DHA has already shown safety and tolerability in healthy human
subjects, our results further support the need for clinical trials to assess the potential of this approach in Alz-

heimer’s patients.

1. Introduction

Alzheimer’s disease (AD) is a multifaceted neurodegenerative dis-
order that accounts for 80 % of dementia cases worldwide, with a
prevalence correlated with the aging of the population. The etiology of
AD is complex, and sporadic forms, which represent over 95 % of all
cases, are thought to arise from interactions between aging, environ-
mental factors and genetic determinants (Arvanitakis, 2024; Rahman
et al., 2020). In particular, a number of genes involved in lipid meta-
bolism and transport can modulate the risk of developing AD. The lack of
effective treatments makes AD a major public health issue, as patients
become entirely dependent due to memory loss, disorientation and
motor dysfunction. In addition to amyloid-f (Ap) plaques and
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intraneuronal neurofibrillary tangles which are the two histological
hallmarks of the AD brain, multiple pathological processes contribute to
disease progression including oxidative stress, neuroinflammation,
synaptic loss, and brain atrophy (Rathee et al., 2024).

Polyunsaturated fatty acids (PUFAs) from the omega-3 series are a
class of fatty acids known for their strong antioxidant and anti-
inflammatory properties (Dighriri et al., 2022). The most abundant
PUFA in the brain, docosahexaenoic acid (DHA, C22:6n-3), plays a
crucial role in brain development and in maintaining proper cognitive
functions in adults (Mallick et al., 2019). Several studies have reported
reduced brain DHA levels in AD patients (Prasad et al., 1998), and low
plasma DHA concentrations have been linked to impaired memory,
reduced hippocampal volumes, and increased amyloid deposition (von
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Schacky, 2021).

DHA synthesis through the bioconversion of the essential a-linolenic
acid (ALA, C18:3n-3) in the liver is marginal in humans, making it
necessary to obtain DHA from external sources such as diet or supple-
ments (Plourde and Cunnane, 2007). Modern diets contain low amounts
of DHA, and supplementation is regarded as a promising strategy for the
primary prevention of AD (Gao et al., 2011; Mohajeri et al., 2015; Zhang
et al., 2015).

Several studies have shown that long-term DHA supplementation has
anti-amyloidogenic properties in AD animal models, diminishing
neuronal loss and improving cognitive functions (Cole and Frautschy,
2006; Hooijmans et al., 2009; Oster and Pillot, 2010; Teng et al., 2015;
Lim et al., 2005). In humans, while numerous epidemiological studies
suggest that dietary DHA consumption may protect the elderly from
developing cognitive impairment or dementia including AD, review
articles report an inconclusive association between omega-3 PUFA
intake and cognitive decline (Gillette Guyonnet et al., 2007; Maclean
et al., 2005; Plourde et al., 2007). One possible explanation is that DHA
accretion across the Blood Brain Barrier (BBB) can be modulated by a
variety of factors such as age, nutrition, and genetic polymorphisms (Lo
Van et al., 2016; Pan et al., 2015). In addition, due to DHA structure,
with six double bonds and five methylene carbons, it is more susceptible
to oxidation than linoleic, linolenic, and arachidonic acids (Witting and
Horwitt, 1964). Controlling DHA oxidation is crucial to avoid discrep-
ancies in preclinical and clinical studies. Currently, there is a urgent
need for new strategies to overcome these two limitations and optimize
brain DHA delivery to the brain.

Direct intranasal administration has recently emerged as a promising
alternative to the oral and parenteral routes to target the central nervous
system (CNS). This route of administration bypasses the BBB and enables
molecules to reach the CNS via the olfactory and trigeminal nerves. The
main advantages of the intranasal route include (i) its accessibility, (ii)
its non-invasiveness, and (iii) its very low metabolic activity (compared
to the gastrointestinal tract), resulting in high bioavailability (Erdo
et al., 2018; Kumar et al., 2018). This strategy has recently been vali-
dated in clinical trials for cerebral insulin delivery (Hallschmid, 2021)
and is currently being evaluated for other drugs such as acetylcholin-
esterase inhibitors (Zhao et al., 2021). This study builds on prior work
from our group, showing that intranasal administration of DHA is a
viable alternative to traditional oral supplementation (Zussy et al.,
2022). It introduces an improved DHA formulation, likely with
enhanced stability and protection against oxidation, addressing a key
challenge in DHA supplementation which could significantly improve
the outcomes in clinical and preclinical studies. The research focuses on
assessing its potential to reduce amyloid deposition and neuro-
inflammation in the hippocampus, as well as improving cognitive
functions in a transgenic Alzheimer’s disease (AD) mouse model. In
summary, the study’s novel approach using intranasal DHA aims to
overcome the challenges of DHA delivery and oxidation, offering a
promising strategy to counteract DHA depletion in the aging brain and
prevent neurodegeneration.

2. Materials and methods
2.1. DHA-loaded nanoemulsions: Preparation and characterization

2.1.1. Preparation

The nanoemulsions (NEs) were prepared and characterized by Dr.
Béduneau’s team, following a previously published process (Jamoussi
et al., 2021). Their composition consisted of 13.1 % (w/w) Kolliphor®
HS15, 3.7 % (w/w) oil, and 83.2 % (w/w) deionized water. The oil phase
of DHA-NEs comprised 80—100 % (w/w) Omegavie® DHA-rich oil
(Polaris, Quimper, France) and 0-20 % (w/w) Labrafac® Lipophile WL
1349 (Gattefossé, Saint-Priest, France). The incorporation of Labrafac®
was required in some batches of the natural product Omegavie® DHA-
rich oil to achieve the desired particle size of approximately 30 nm.
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Conversely, the oil phase in the vehicle-NEs consisted entirely of Lab-
rafac®. The same formulation process was used for both DHA-NEs and
vehicle-NEs. In brief, the oil phase containing Kolliphor® HS15, and
deionized water were separately heated to 90 °C in a water bath and
degassed under nitrogen. The water phase was then injected into the
lipid phase using a syringe. After mixing at 90 °C under a nitrogen at-
mosphere, the formulation was cooled to room temperature under
magnetic stirring. The NEs were subsequently filtered through a 0.20 ym
cellulose acetate membrane under sterile conditions and transferred into
2-mL amber vials. Finally, the NEs were degassed under nitrogen and
stored at 4 °C.

2.1.2. Particle size and polydispersity measurements

The size and the polydispersity index (PDI) of NEs were measured at
25 °C using a Zetasizer Nano ZS 90, (Malvern Instruments, Orsay,
France). All measurements were performed in triplicate after a 1:10
dilution in deionized water.

2.1.3. DHA content

The DHA concentration in NEs was determined according to previ-
ously described procedures (Acar et al.,, 2021, 2012). Lipids were
extracted according to the Folch method (Folch et al., 1957). Total lipids
were extracted with 5 ml of a chloroform/methanol mixture (2:1, v/v),
then the samples were centrifuged at 1860 x g for 3 min and the lower
organic phase was isolated and evaporated to dryness under a stream of
nitrogen. Finally, total lipids were dissolved in hexane and stored under
nitrogen at — 20 °C until further analyses. The fatty acids were trans-
methylated using boron trifluoride in methanol according to Morrison
and Smith (Morrison and Smith, 1964). The fatty acid methyl esters
formed by transmethylation were extracted with hexane. They were
analyzed on a Trace 1310 gas chromatograph (Thermo-Scientific,
Courtaboeuf, France) equipped with a CPSIL-88 column (100 m x 0.25
mm i.d., film thickness 0.20 um; Varian, Les Ulis, France) and a flame
ionization detector. Hydrogen was used as a carrier gas (inlet pressure
210 kPa). The oven temperature was held at 60 °C for 5 min, increased to
165 °C at 15 °C/min and held for 1 min, then increased to 225 °C (2 °C/
min), and finally held at 225 °C for 7 min. The injector and the flame
ionization detector were maintained at 250 °C. DHA methyl esters were
identified by comparison with commercial and synthetic standards. The
data were computed using the Chromeleon software (version 7.1.10 ES,
Thermo Scientific, Courtaboeuf, France).

2.1.4. Toxicity assessment

Since we use intranasal administration, the toxicity of the nano-
formulations was evaluated in the RPMI 2650 nasal epithelium cell line.
RPMI 2650 cells (passages 5 to 20) were cultured in Eagle’s minimal
essential medium (EMEM) supplemented with 10 % FBS and 1 %
penicillin/streptomycin. They were plated in 96-well plates at a density
comprised between 100,000 and 200,000 cells/well and allowed to
adhere at least overnight in the incubator with 5 % CO; at 37 °C before
the experiment. Cells were then rinsed with DPBS and treated with
various concentrations of vehicle-NEs for 2 h in culture medium. At the
end of the incubation period, cell viability was determined using the
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, Sigma-Aldrich) test. Based on the Prom-
ega protocol, 20 ul MTS reagent were added in each well containing 100
ul culture medium for 1-2 h at 37 °C and 5 % CO». A microplate reader
(Multiskan Sky, Thermoscientific) was used to measure the absorbance
at 490 nm.

2.1.5. Antioxidant capacity

The oxygen radical absorbance capacity (ORAC) assay was per-
formed to assess the antioxidant capacity of NEs, using Trolox as a
positive control (Huang et al., 2002). Briefly, 25 pl of NEs or Trolox were
pipetted in a 96-well white microplate (with clear bottom), whereas
phosphate buffer (25 pl, 75 mM, pH 7.4) was transferred in the negative
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control wells. Fluorescein solution (150 pl, 25 nM) was added in each
well and the plate was incubated in the dark at 37 °C for 30 min. Sub-
sequently, 2,2"-azobis (2-amidinopropane) dihydrochloride (AAPH) so-
lution (25 pl, 0.15 M) was added in the positive control and the
antioxidant wells, whereas phosphate buffer (25 pl) was pipetted in the
negative control, and the fluorescence was measured every 2 min over a
period of 2 h (485/20 nm excitation, 525/20 nm emission) using a
Fluoroskan Ascent microplate reader (ThermoScientific, Waltham, MA,
USA).

2.2. In vivo Evaluation of nanoemulsions

2.2.1. Animals and treatment protocol

Hemizygous hAPPgynq transgenic (J20) mice were purchased from
the Jackson Laboratories. A Material Transfer Agreement (#UM140255-
01) was signed with the Gladstone Institute for their use. J20 mice were
on the C57BL/6J background and backcrossed more than 10 genera-
tions. Wild-type (WT) littermate mice were used as controls. The gen-
otyping of the J20 mice has been described previously (Mansuy et al.,
2018). Six-months-old male and female animals were used throughout
this study. Mice were treated 2 weeks, 5 times/week, by intranasal
administration of either DHA-NEs (DHA dose, 10 mg/kg) or vehicle-NEs,
and behavioral phenotyping was performed at the end of the treatment
period. Deeply anesthesized animals were then sacrificed by cardiac
perfusion.

All mice were housed in a standard animal facility (12L/12D cycle,
21 4 2°C) with free access to water and food (A03 diet, SAFE Diets,
France). All procedures were conducted in strict adherence to the Eu-
ropean Union Directive of September 22, 2010 (2010/63/UE). This
project followed the specific French national guidelines on animal
experimentation and well-being. The national French animal welfare
committee and the local committee at the University of Montpellier
approved all protocols (authorization: CEEA-LR-6914). All efforts were
made to minimize the number of animals used, potential pain, suffering
and distress.

2.2.2. Behavioral tests

A series of behavioral tests was performed to evaluate and compare
the cognitive performances of WT, vehicle-NEs-treated J20 mice and
DHA-NEs-treated J20 mice. Behavioral experiments were all performed
between 08:00 am and 01:00 pm.

2.2.2.1. Nesting test. To evaluate their organizational skills and well-
being, mice were placed individually in polysulfone cages with
bedding about 1 h before the dark phase. Cotton nestlets (Plexx® The
Netherlands) were provided as nesting material (1/cage), and nesting
behavior was assessed the next morning. The nests were scored by two
independent observers blind to the group identity, according to the
following scale: 0 = undisturbed; 1 = disturbed; 2 = flat nest; 3 = cup-
shaped nest; 4 = incomplete dome; 5 = complete dome (Hess et al.,
2008). Mean nesting scores were compared between groups.

2.2.2.2. Spatial working memory assessment (Y-Maze Test). Spontaneous
alternation behavior, which is a measure of spatial working memory, is
driven by an innate curiosity of rodents to explore previously unvisited
areas and was tested using a Y-maze following a previously described
protocol (Desrumaux et al., 2013; Mansuy et al., 2018). Each animal was
placed in the center of the maze and allowed to freely explore the three
arms during 8 min. The number of arm entries and the number of triads
(alternations) was evaluated to calculate the percentage of alternations
((actual alternations/maximum alternations) x 100) using the EthoVi-
sonXT14 (Noldus, Wageningen, The Netherlands) video-tracking
system.

The apparatus was cleaned with diluted ethanol (50 %) between
each session.
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2.2.2.3. Splash test. This test was performed to evaluate the depressive-
like behavior of the mice. Briefly, the dorsal coat of mice was squirted
with a 10 % sucrose solution (w/v). Due to its viscosity, the sucrose
solution dirties the coat and initiates a grooming behavior. The latency
to the first grooming and the total grooming duration (over a 5-min
period) were recorded by a blinded observer, as indexes of self-care
and motivational behavior (Kong et al., 2023; Moretti et al., 2012;
Willner, 2005).

2.2.3. Tissue preparation for histological and biochemical analyses

Mice were anesthetized with a ketamine (100 mg/kg)/xylazine (10
mg/kg) mixture and euthanized by cardiac perfusion with PBS. The
brains were carefully removed and sagittally divided; the left hemi-
sphere was snap frozen and stored at —80 °C; on the right hemisphere,
the prefrontal cortex was harvested, snap frozen and stored at —80 °C;
then the rest of the right hemisphere was post-fixed in 4 % para-
formaldehyde (AntigenFix®, Diapath France) for 48 h at 4 °C, and
transferred into a 30 % sucrose solution for 3 days. Tissues were then
included in a block of OCT compound (Tissue-Tek®, Sakura Finetek,
USA) and quickly frozen in acetone chilled on dry ice. Frozen blocks
were mounted on a cryostat (Leica, France) and 25 pm-thick coronal
sections were collected and stored at —20 °C in anti-freeze solution.
Frozen, left hemi-brains were homogenized using an ultrasound probe in
phosphate buffer containing protease and phosphatase inhibitors
(Complete Ultra, Roche, Switzerland — Phostop, Sigma-Aldrich). Ho-
mogenates were centrifuged at 20,000 x g for 30 min at 4 °C and the
supernatants protein concentrations were measured using the bicin-
choninic acid method (Pierce BCA kit/ Thermofisher Scientific, France).
They were then stored in aliquots at —80 °C until use for Western Blot
analyses.

2.2.4. Oxidative stress markers quantification

Non-enzymatic oxygenated polyunsaturated fatty acid metabolites
(NEO-PUFAs) were extracted from prefrontal cortex tissue, and the
qualitative and quantitative profile of these lipid mediators was deter-
mined by micro-LC-MS/MS as previously described (Roy et al., 2020).
Their concentration was established by calibration curves calculated
from the area ratio of analytes and the internal standards. Data pro-
cessing was performed using a MultiQuant 3.0 software (Sciex Applied
Biosystems, Framingham, USA).

2.2.5. Immunohistochemical analysis of neuro-inflammatory markers

Analysis of the astrocytic activation marker GFAP and of the
microglial marker Iba-1 was conducted by fluorescence immunohisto-
chemistry. Free-floating coronal sections (taken from the anterior hip-
pocampus level with intervals of 100 um) were rinsed with PBS to
remove cryoprotectants, mounted on Superfrost® Plus glass slides, and
dried overnight at room temperature. They were then blocked 1 h at
room temperature with 3 % goat serum and incubated overnight at 4 °C
with a mouse anti-GFAP antibody (1:1000, Sigma-Aldrich, France) and a
rabbit anti-Iba-1 antibody (1:500; Wako Chemicals, Japan). Sections
were then incubated for 2 h with goat anti-mouse fluorescent (Cy3)
(Jackson Immunoresearch, USA) and goat anti-rabbit fluorescent
(AlexaFluor 488) (Thermo Fisher Scientific, France) secondary anti-
bodies. Nuclei were counterstained with 4',6'-diamino-2-phenylindole
(DAPI) (Molecular Probes/Thermo Fisher Scientific, France). The im-
munostaining specificity was determined with the same protocol but by
incubating control sections with the secondary antibody alone.

The Iba-1 and GFAP slides were captured using the 20x magnifica-
tion lens of the Leica THUNDER Imager Tissue Microscope. Four to six
sections per animal were used for the cell counting. Three fields per
section (1 in dentate gyrus, 1 in CA1, 1 in CA3) were used to manually
count GFAP-positive and Iba-1 positive cells. All measurements were
performed by an investigator that was blinded to the identity of the
mouse brains.
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2.2.6. Quantification of amyloid plaques in hemibrain tissue sections

Amyloid deposits were stained using the fluorescent dye Thioflavin T
(ThT) (Sigma-Aldrich). Briefly, free-floating coronal sections (taken
from the anterior hippocampus level with intervals of 100 pm) were
rinsed with PBS to remove cryoprotectants, mounted on Superfrost®
Plus glass slides, dried overnight at room temperature, incubated with a
ThT solution at 0.01 % (31 pM) for 10 min, dehydrated with 70 % and
80 % ethanol solutions and counterstained with DAPI (1:50,000) (Mo-
lecular Probes). All sections were visualized under a Leica DM2500
microscope (Leica Microsystems) (magnifications: x20 and x 40 for
enlargements). Images were analyzed with Fiji software (version 2.0;
National Institutes of Health). Hemi-brain tissue sections were used to
quantify the number and the surface area of amyloid plaques in the
hippocampus. Eight to 10 sections were used per animal, and all the
values obtained were pooled to get the total number and total surface
area of aggregates. These data were then normalized to the surface area
of the half-hippocampus of the quantified section.

2.2.7. Western blotting

After adjustment to the same protein concentration (3 pg/pl), hemi-
brain homogenates were diluted (1:1) in Laemmli buffer, boiled for 5
min, loaded and separated on a 12 % polyacrylamide gel (sixty micro-
grams protein/lane), then transferred to a polyvinylidene difluoride
membrane (Whatman, Versailles, France). After protein transfer, the
membrane was blocked in 5 % non-fat dry milk, incubated overnight
(4 °C) with the primary antibody, rinsed, and incubated for 2 h with the
appropriate horseradish peroxidase-conjugated secondary antibody
(Sigma-Aldrich, Saint Quentin Fallavier, France). Peroxidase activity
was revealed using enhanced chemiluminescence (ECL) reagents
(Luminata Crescendo, Millipore, Molsheim, France). The intensity of
peroxidase activity was quantified using Image Lab Software 6.1 (Bio-
Rad, Hercules, USA). Total GSK3p was used as loading control.

Primary antibodies used were the following: mouse anti-GSK3p
(1:2000, #610202, BD Biosciences, France), mouse anti-GSK3p pTyr216
(1:2000, #612313, BD Biosciences, France), rabbit anti-GSK3p pSer9
(1:1000, #9336, Cell Signalling Technology/Ozyme, France).

2.3. Statistical analysis

The data are presented as mean + SEM. Before each analysis of
variance, the Gaussian distribution was systematically evaluated and
validated by a Kolmogorov-Smirnov test (GraphPad Prism 9.5.1, San
Diego, USA). Data sets were analyzed using parametric (ANOVA) or non-
parametric (Mann-Whitney) analysis of variance, followed by a Tukey’s
or Dunn’s multiple comparison test, respectively (GraphPad Prism
9.5.1). A p value of less than 0.05 was considered significant.

3. Results
3.1. Characterization, DHA stability and antioxidant capacity of NEs

The size and polydispersity index (PDI) of freshly prepared DHA-NEs
and vehicle-NEs are presented in Table 1. The mean hydrodynamic
diameter of the DHA-NEs was 28.8 nm. DHA slightly increased the size
of the droplets compared to vehicle-NEs prepared with Labrafac alone,
which were characterized by a hydrodynamic diameter of 22 nm. The
polydispersity index of DHA-NEs and vehicle-NEs was 0.09 and 0.072,
respectively, indicating a monomodal size distribution for both
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formulations.

Since DHA is highly susceptible to oxidation, we evaluated its sta-
bility in NEs. This analysis revealed that the amount of DHA in DHA-NEs
was constant upon storage at 4 °C under nitrogen over a 5 months period
(Table 2).

We next evaluated the antioxidant potential of DHA-NEs and
Vehicle-NEs using the ORAC assay. As shown in Fig. 1, we observed that
DHA-NEs, but not vehicle-NEs, display a strong antioxidant potential,
that remained stable after 3 months of storage at 4 °C (data not shown).

3.2. Effect of DHA-NEs treatment on cell viability in RPMI 2650 cells

The impact of vehicle-NEs and DHA-NEs on cell viability was
assessed in the nasal epithelium cell model RPMI 2650 by using the MTS
assay. As shown in Fig. 2, incubation of RPMI 2650 cells with up to 10 %
of either vehicle-NEs or DHA-NEs in the culture medium did not induce
significant changes in cell viability.

3.3. Effect of intranasal DHA-NEs treatment on cognitive impairment in
the J20 murine AD model

We next addressed the impact of intranasal administration of DHA-
NEs on cognitive performances in the J20 mouse model. For this pur-
pose, mice were treated intranasally with either a saline solution (WT
group), vehicle-NEs (J20 control group), or DHA-NEs (J20 experimental
group), 5 days/week for 2 weeks. Then, behavioral tests were conducted
in parallel in WT mice, vehicle-NEs treated J20 mice and DHA-NEs
treated J20 mice. As shown in Fig. 3A, altered performances in the
nesting test were observed in vehicle-NEs treated mice compared to WT
mice, indicating reduced well-being and organizational skills (nesting
score: 1.2 + 0.3 vs 2.4 £ 0.3 in vehicle-NEs treated J20 mice and WT
mice, respectively, p < 0.05). In addition, spatial working memory
—assessed using the Y-maze test by measuring the mouse ability to
spontaneously alternate during maze exploration- was reduced by 20 %
in vehicle-NEs treated J20 mice compared to WT mice (alternation %:
47.6 + 2.8 vs 63.7 £ 2.9, p < 0.01) (Fig. 3B). The splash test, performed
to assess depressive-like behavior, revealed a significant difference in
grooming time and latency to the first grooming between vehicle-NEs
treated J20 mice and WT mice (grooming time, 40.9 + 5.3 s vs 86.1
+ 5.1 s, p < 0.001; latency, 20.2 + 3.5 s vs 6.1 + 1.9 s, p < 0.0001)
(Fig. 3C), indicating a strong apathetic behavior in J20 mice. Intranasal
administration of DHA-NEs to J20 mice resulted in a significant
improvement of their well-being (nesting score: 2.4 £+ 0.3, p < 0.05 vs
vehicle-NEs treated J20 mice), and fully restored spatial memory deficits
(alternation %: 63.7 + 3.9, p < 0.05 vs vehicle-NEs treated J20 mice).
Regarding depressive behavior, tendencies were observed. Notably, no
differences in total mobility in the Y-maze were measured between J20
mice treated with Vehicle-NEs or DHA-NEs.

3.4. Effect of intranasal DHA-NEs treatment on oxidative stress and
neuroinflammation in the J20 murine AD model

As shown in Table 3, biochemical assays performed on prefrontal
cortex homogenates revealed that cerebral levels of the oxidative stress
markers 5-Fy.-Isoprostanes and 10(S)-10-F4-Neuroprostanes were
significantly decreased in DHA-NEs-treated J20 mice, but not vehicle-
NEs-treated J20 mice, compared to WT mice.

To determine the impact of DHA-NEs treatment on astrogliosis and

Table 1 Table 2
Average size and polydispersity index (PDI) of at least 3 batches of DHA-NEs and DHA content of nanoemulsions upon storage.
Vehicle-NEs. Months after 0 1 2 3 4 5
DHA-NEs Vehicle-NEs formulation
Size (nm) 28.8 £5.3 22.0+0.3 DHA content, 18.7 19.1 18.4 19.5 18.9 17.1
PDI 0.090 + 0.018 0.072 + 0.040 mg/ml +0.2 +0.3 +0.7 +0.5 +0.5 + 0.6
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Tested product Net AUC
Trolox 50 uM 153.5
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Fig. 1. Comparison of the antioxidant potential of vehicle-NEs (Veh-NEs) and DHA-NEs. The ORAC assay was performed and fluorescence decay curves for the
negative control (PBS), vehicle-NEs, DHA-NEs and the positive control (Trolox) are presented. In the Table, the net AUCs were calculated by subtracting the blank

(PBS) AUC value.
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Fig. 2. Impact of Vehicle-NEs and DHA-NEs on cell survival. Nasal epithelium RPMI 2650 cells were seeded in 96-well culture plates at 4 x 10 cells per well and
cultured for 24h. The cells were then incubated the absence (Control) or presence of varying concentrations of vehicle-NEs or DHA-NEs for 2h. Triton X-100 (1%) was
used as a control for maximal toxicity. Cell viability was assessed by measuring MTS reduction. Values represent the mean + SEM of 5-8 assays and are expressed as a

percentage of the control. * p < 0.05; ** p < 0.01; “ p < 0.0001 vs control conditions (Mann-Whitney non-parametric test).

microgliosis, the numbers of GFAP- (Fig. 4) and Ibal- (Fig. 5) positive
cells were determined in the hippocampal region of brain sections by
immunohistochemistry. As shown in Fig. 4B, a significant increase in the
number of GFAP-positive cells was measured only in the dentate gyrus
and CA3 areas of brain sections from vehicle-NEs treated J20 mice
compared to WT mice. In DHA-NEs treated J20 mice, the number of
GFAP-positive cells was significantly reduced in the dentate gyrus area,
and not significantly different from that measured in WT mice. In the
CAl area, no differences were observed between groups. Representative
pictures of GFAP immunostaining in the different areas and groups are
presented in Fig. 4A.

The numbers of microglial cells were quantified in the hippocampus
of WT, vehicle-NEs treated J20 mice and DHA-NEs treated J20 mice
(Fig. 5). Our immunohistochemical analysis revealed a significant

increase in the number of microglial cells (Ibal-positive) in the dentate
gyrus and CA3 areas of brain sections from vehicle-NEs treated J20 mice
compared to WT mice (p < 0.01). In DHA-NEs treated J20 mice, the
number of Ibal-positive cells was significantly reduced in both areas (p
< 0.01), and not different from that measured in WT mice (Fig. 5B). In
the CA1 area, no differences were measured between groups. Repre-
sentative pictures of Ibal immunostaining in the different areas and
groups are presented in Fig. 5A.

3.5. Effect of intranasal DHA-NE:s treatment on amyloid deposition in the
J20 murine AD model

The impact of DHA-NEs treatment on amyloid deposition was carried
out by histological analyses using ThT staining. The number and size of
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Fig. 3. Behavioral assessment. The nesting (A), Y-maze (B) and splash (C) tests were performed to assess general welfare behavior, working spatial memory, and
depressive state, respectively. (A) The nesting score (scale 0-5) was established by two independent observers blind to the group identity. (B) The number of arm
entries (left panel) and the number of alternations were recorded to calculate the percentage of alternations (right panel). (C) The latency to the first grooming (left
panel) and total grooming time (right panel) are presented. Results are presented as mean + SEM. Statistical analysis of variance was performed using the Mann-
Whitney (A and B) or ANOVA (C) tests, as appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001.



L. Otaegui et al.

Table 3
Oxidative stress markers assessment in prefrontal cortex homogenates.
WT Vehicle-NEs- DHA-NEs-
treated J20 treated J20
5-F2c-Isoprostanes (pg/mg) 14.35 + 11.95 &+ 2.85 9.22 £+ 2.00
2.26
10(S)-10-F4t- 1.55 + 1.35 +£0.33 0.98 + 0.29
Neuroprostanes (pg/mg) 0.24

p < 0.01 vs WT.

aggregates were quantified in the hippocampus since it has been pre-
viously reported that amyloid plaques are 5-10 times more abundant in
the hippocampus than in the cortex in J20 mice (Lafon et al., 2020;
Mansuy et al., 2018). As shown in Fig. 6A, the number of hippocampal
ThT-positive plaques was significantly lower in DHA-NEs treated ani-
mals compared to vehicle-NEs treated animals (2.9 + 1.1/cm? vs 9.5 +
2.4/cm2, p < 0.05). Although a decrease in the total surface area of
amyloid plaques was observed in DHA-NEs treated compared to vehicle-
NEs treated animals (x1000 values, hippocampus: 4.0 + 1.0 % vs 4.9 +
0.7 %), the difference was not significant (Fig. 6B). In Fig. 6 (C-D) are
displayed representative pictures of ThT-stained brain sections from
vehicle-NEs treated animals and DHA-NEs treated J20 mice.

3.6. Effect of intranasal DHA-NEs treatment on GSK3-f kinase activation
in the hippocampus

We further assessed the phosphorylation state of GSK3-f, a multi-
functional kinase which activity is strongly related to several patho-
logical features of AD, in the brain tissue of WT mice and J20 mice
treated with vehicle-NEs or DHA-NEs. As shown in Fig. 7 (A-B), a

J20 vehicle-NE

CAl

CA3
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significant increase of GSK3-p phosphorylation at the Ser9 residue (i.e.,
inactive GSK3-p) (p < 0.01) and a tendency towards decreased phos-
phorylation at the Tyr216 residue (i.e., active GSK3-3) were observed in
DHA-NEs treated J20 mice compared to vehicle-NEs treated J20 mice,
suggesting reduced activity.

4. Discussion

PUFAs are a class of substances with numerous beneficial effects on
human health. Among them, DHA, an omega-3 fatty acid, is the most
abundant PUFA in the brain and is a key regulator of cognitive functions
(Mallick et al., 2019).

Reduced DHA levels are a major AD risk factor, and DHA accretion to
the brain across the blood-brain-barrier (BBB) is a tightly regulated
process. Therefore, there is a need to develop an efficient and non-
invasive method to ensure brain DHA enrichment.

A previous study from our group was designed to explore for the first
time a route of administration for DHA that bypasses the gastro-
intestinal tract and the BBB, namely the intranasal administration
route. We demonstrated, using two complementary AD mouse models,
that intranasal administration of a DHA microemulsion containing
Curcumin as a co-antioxidant can efficiently prevent cognitive decline
and block tau hyperphosphorylation by acting on JNK signaling. The
non-transgenic model was used to screen and select the most efficient
microemulsion, while the transgenic model allowed us to demonstrate
that the curcumin/DHA microemulsion can counteract endogenous Af-
induced toxicity (Zussy et al., 2022).

The present study had two main objectives: first, to evaluate the
efficacy of a new type of nanovector for DHA that provides protection
against oxidative stress; secondly, to determine the impact of intranasal

J20 DHA-NE °
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Fig. 4. Quantification of astrocytes in brain sections. (A) Representative images of astrocytes labelling (GFAP immunostaining) in the hippocampus region of
brain sections of WT (n = 7) and J20 mice, treated with vehicle-NEs (n = 6) or DHA-NEs (n = 7) for 2 weeks. (B) The number of astrocyte cells was quantified in the
dentate gyrus (DG), CA1, and CA3 areas. Six to eight brain tissue sections per animal were analyzed. Values are expressed as mean + SEM and statistical analysis was
performed using a two-way ANOVA followed by a Tukey’s multiple comparisons post hoc test (*p < 0.05, **p < 0.01). Scale bar: 100 um (magnification x 20). Inserts
show representative images of astrocyte cells status in the different groups (scale bar: 25 um, magnification x 20).
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Fig. 5. Quantification of microglia in brain sections. (A) Representative images of microglia labelling (Iba-1 immunostaining) in the hippocampus region of brain
sections from WT (n = 7) and J20 mice, treated with vehicle-NEs (n = 6) or DHA-NEs (n = 7) for 2 weeks. (B) The number of microglial cells was quantified in the
dentate gyrus (DG), CA1, and CA3 areas. Six to eight brain tissue sections per animal were analyzed. Values are expressed as mean + SEM and statistical analysis was
performed using a two-way ANOVA followed by a Tukey’s multiple comparisons post hoc test (**p < 0.01). Scale bar: 100 um (magnification x 20). Inserts show
representative images of microglial cells status in the different groups (scale bar: 25 um, magnification x 20).

DHA administration on cognitive functions, oxidative stress, neuro-
inflammation, amyloid deposition, and the activity of the kinase GSK3p
in a transgenic AD model.

4.1. Stability of DHA in nanoemulsions

There is currently a strong interest in the utilization of colloidal
delivery systems to encapsulate bioactive lipophilic compounds,
enabling their solubilization in aqueous media and delivery to target
organs (Liu et al., 2024). Among the numerous systems that have been
developed —including microemulsions, nanoemulsions, emulsions, mi-
celles, solid lipid nanoparticles, liposomes, polymeric nanoparticles,
SNEDDS, microgels...-, nanoemulsions have received a lot of attention
for several reasons. For instance, microemulsions such as those used in
our previous study are pseudo-ternary formulations comprising oil,
aqueous media, a surfactant and a co-surfactant (ethanol) forming
spontaneously and remaining thermodynamically stable, while nano-
emulsions are a specialized drug delivery system composed of two non-
miscible phases held together by surfactants, resulting in a stable and
uniform solution. Moreover, nanoemulsions are composed of small
particles (around 20 nm), which has the advantage to confer them low
aggregability and gravitational separation, while allowing a marked
increase in the bioavailability of lipophilic components (Mishra et al.,
2024). Therefore, the aim of the present work was to develop DHA-
loaded nanoemulsions to be used as a safe and stable formulation for
intranasal administration. Because there is evidence that low-energy
methods can produce droplets that are more uniform and smaller than
those generated by high energy methods (Izquierdo et al., 2004; Ren
et al., 2019), DHA was integrated into lipid nanocapsules using a low-
energy, Phase Inversion Temperature (PIT) protocol (Izquierdo et al.,
2004; Komaiko and McClements, 2016; Ren et al., 2019). Although there
is evidence that metabolites formed through enzymatic or non-

enzymatic DHA oxidation may play a role in modulating oxidative ho-
meostasis in cells (Dyall et al., 2022), our previous observations indi-
cated a gradual loss of efficiency between fresh microemulsions and
those stored for several weeks at 4 °C (Zussy et al., 2022). This finding
indicated that DHA oxidation may well contribute to the unpredictable
effects of DHA supplementation and the frequent discrepancies observed
in clinical studies. The stability of DHA in NEs was then assayed over a 5-
months-period, with no loss being observed.

Moreover, as for microemulsions, a significant antioxidant capacity
of NEs containing DHA was observed in vitro, with no decrease noted
during storage at 4 °C. This stability was likely due to the presence of
antioxidant agents such as tocopherol and rosemary extract titrated to 4
% carnosic acid in the DHA-rich Omegavie® batches. In addition, the
presence of a dense and broad interfacial corona of Kolliphor® HS15
may also protect the DHA from oxidation. Kolliphor® HS15 was used at
a high surfactant-oil ratio and its molecular weight is greater than some
surfactants such as Tween® 80, classically used in the preparation of
NEs (Nejadmansouri et al., 2016; Zhang et al., 2020a).

4.2. Toxicity of nanoemulsions

A pressing need exists for a delivery system that can bring bioactive
molecules to the brain without disrupting the physiology and structure
of the nasal epithelium or the BBB. DHA-NEs and vehicle-NEs did not
significantly affect the viability of nasal epithelial cells at concentrations
ranging from 0.01 % to 10 %. The loss of viability observed only at
concentrations of 25 % and 50 % may be attributed to the high level of
Kolliphor® HS15 in the culture medium. Cytotoxicity of Solutol® HS 15
in free form or in lipid nanocapsules was reported by Maupas et al. in
HaCat cells (Maupas et al., 2011). A disruption of the cell membrane due
to the amphiphilic properties of the non-ionic surfactant released from
the nanocapsules was hypothesized.
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Fig. 6. Quantification of amyloid deposits in the hippocampus. Thioflavin T (ThT) staining was performed to quantify amyloid deposits in the hippocampus of
brain sections from J20 mice treated with vehicle-NEs (n = 6) or DHA-NEs (n = 7) for 2 weeks. The number of ThT-positive aggregates is expressed as mean + SEM/
cm2 (A) and their surface area as mean + SEM in percentage of the analyzed surface x 1,000 (B). (C-D) Representative images of amyloid plaques stained with ThT
(in green) in the hippocampus of J20 mice treated with vehicle-NEs (left) or DHA-NEs (right). Aggregates were quantified using the Fiji software with 8-10 sections
per animal. Statistical analysis was performed using an unpaired Student’s t test, * p < 0.05.

4.3. Intranasal DHA and cognitive functions

We evaluated the effects of intranasal DHA-NEs treatment on
cognitive loss in 6-months-old J20 mice, a model characterized by an
early impairment of spatial memory and a depressive-like behavior
(Mansuy et al., 2018; Quartey et al., 2019; Zussy et al., 2022). After a 2-
week-treatment (5 days/week), the nesting, splash and Y-maze tests
were performed. DHA-NEs treatment remarkably improved perfor-
mance in all paradigms, indicating enhanced well-being and spatial
working memory, as well as normalized depressive symptoms. This
finding is in accordance with several studies in which dietary DHA
supplementation was shown to counteract AD pathology in animal
models (Badesso et al., 2022; Bie et al., 2021; Lim et al., 2005; Xiao et al.,

2022), as well as cohort studies in which high DHA intakes were asso-
ciated with a reduced risk of cognitive decline in middle-aged or older
populations (Zhang et al., 2020b; Zhang et al., 2015). It is interesting to
note that the dose of DHA used for the treatment in the present study was
around 10 mg/kg, which is much lower than the doses typically tested
for dietary supplementation. This lower dosage is important since it has
been reported that high doses of antioxidants can lead to pro-oxidant
effects (Véricel et al., 2003). In contrast to supplementation trials con-
ducted in animal models, clinical studies did not allow to firmly
conclude about the therapeutic potential of DHA for the prevention or
treatment of AD. Our hypothesis is that this inconsistency can been
explained by the long metabolic pathway DHA has to undergo before
reaching the brain when administered by the oral dietary route
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Fig. 7. Western Blot assessment of GSK3f phosphorylation. GSK3p phospho-epitope Tyr216 levels, which reflect its activation (A), and Ser9 levels, which reflect
its inactivation (B) were quantified by immunoblot analysis of hippocampal lysates from WT and J20 mice. All results were normalized to total GSK3p protein levels
and expressed as a percentage of the control (WT mice). Statistical analysis was performed using a one-way ANOVA followed by a Tukey post-hoc test, ** p < 0.01.

(Burckhardt et al., 2016). In particular, the BBB transport of DHA across
the BBB is governed by several transporters, including fatty acid bind-
ing/transport proteins and Mfsd2a, whose activity seems to be modu-
lated in animal models of AD. Indeed, Pan et al. demonstrated that the
BBB transport of DHA is reduced in APP/PS1 mice, due to reduced
expression of fatty acid binding protein. These mice are more vulnerable
to DHA deficit, with reduced DHA access to the CNS that would
contribute to impair both short-term spatial and recognition memory
(Pan et al., 2015). Although there are no data available on the expres-
sion of these receptors in AD patients, it is noteworthy that the brain
uptake of DHA has been reported to be inefficient in carriers of the E4
allele of apolipoprotein E, a known risk factor for sporadic AD
(Tomaszewski et al., 2020). Therefore, we believe that using the intra-
nasal route of administration, which allows to bypass of the BBB and
provides direct access to the brain, is a very promising strategy that
could make the difference to firmly demonstrate the potential of DHA to
prevent cognitive loss in human subjects.

4.4. Intranasal DHA, oxidative stress markers and neuroinflammation

Isoprostanes (IsoPs) and neuroprostanes (NeuroPs) are unique series
of prostaglandin-like compounds formed in vivo through a nonenzymatic
mechanism involving the free radical-initiated peroxidation of arach-
idonic acid and DHA, respectively. These compounds are considered as
markers of oxidative stress (Ahmed et al., 2020; Galano et al., 2017). It
has been shown that Ap aggregation generates reactive oxygen species
(Hensley et al., 1994) and induces membrane lipid peroxidation (Mark
et al., 1997). Moreover, previous studies have shown that lipid peroxi-
dation can alter the proteolytic processing of the Af precursor protein
(APP) in a manner that increases the production of Af, thereby initiating
a vicious cycle. Specifically, oxidative lipid modification of the y-sec-
retase complex protein nicastrin enhances y-secretase activity, resulting
in increased Ap production (Gwon et al., 2012). In 6-months-old vehicle-
NEs-treated J20 mice, cerebral levels of 5-Fy.-isoprostanes and 10(S)-10-
F4-neuroprostanes were not significantly different from those in WT

10

mice, which may reflect compensatory overactivation of antioxidant
defense mechanisms following AB peptide-induced toxicity. In DHA-
NEs-treated J20 mice, cerebral levels of both markers were signifi-
cantly lower than those measured in WT mice, suggesting an inhibitory
effect of the treatment on lipid peroxidation and a potential for this
therapeutic approach in protecting neurons against Ap-induced degen-
eration. Thus, DHA-NEs would be expected to reduce the levels of Ap,
which represents a hypothesis that is consistent with our finding that
amyloid deposits were significantly reduced in the hippocampus of
DHA-NE:s treated J20 mice.

Neuroinflammation plays an important role in the progression of AD,
and omega-3 PUFAs are known to be involved in both the reduction and
resolution of inflammation (Joffre et al., 2020). In the present study, an
immunohistochemical analysis was conducted in the hippocampal re-
gion of brain tissue to characterize the effect of intranasal DHA-NEs
treatment on astrogliosis and microgliosis. Although in our previous
work no increase in GFAP, a marker of astrocyte activation, was
observed in 3-months-old J20 mice, we here evidenced, in 6-months-old
J20 mice compared to WT mice, that both astrocytes and microglia cell
numbers were significantly increased in the dentate gyrus and CA3 re-
gions of the hippocampus. Moreover, DHA-NEs treatment restored both
neuroinflammatory markers to normal (WT) values. These results are in
accordance with the well-documented anti-inflammatory properties of
DHA, which may rely at least in part on the enzymatic generation of pro-
resolving factors such as neuroprotectins and resolvins (Ponce et al.,
2022). The pro-resolving and anti-inflammatory potential of resolvins in
sporadic AD has been highlighted in recent studies (Anand et al., 2022).

4.5. Intranasal DHA and amyloid deposition

Cerebral amyloidosis results from several dynamic regulatory
mechanisms. These mechanisms involve on the one hand the synthesis
of AP peptides, with a competition between the non-amyloidogenic and
amyloidogenic pathways governed by the enzymes ADAM10 and
BACE], respectively. On the other hand, A peptide clearance that
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mobilizes both peptidases (such as NEP and IDE) and removal trans-
porters located at the BBB (LRP1, ABCB1, and RAGE). Amyloid depo-
sition in the brain parenchyma can thus result from a disruption of the
equilibrium between these pathways. In our previous work, we used
young, 3-months-old J20 mice to focus on the impact of intranasal DHA
administration on amyloid toxicity that occurs before amyloid deposi-
tion. Here, intranasal treatment with DHA-NEs was performed in 6-
months-old J20 mice, which are known to exhibit amyloid deposits in
the hippocampus (Masliah et al., 1996). A significant reduction in the
number of amyloid plaques was observed following DHA-NEs treatment,
with only a tendency towards reduced plaque surface, suggesting the
treatment may inhibit the formation of new amyloid plaques. This is
coherent with earlier findings showing that DHA-enriched diets can
reduce amyloid burden in several murine AD models (Mett, 2021; Perez
et al., 2010; Xiao et al., 2022).

DHA plays a crucial role as a modulator of gene expression via
transcription factors, particularly peroxisome proliferator-activated re-
ceptors (PPARs) (Calder, 2015) and retinoid X receptors (RXRs)
(Lengqvist et al., 2004; Urquiza et al., 2000). It has been shown that the
PPARa-RXRa heterodimer can shift APP processing towards the non-
amyloidogenic pathway in vivo by activating ADAM10 transcription
(Corbett et al., 2015). Moreover, the activation of the PPARy-RXRa
heterodimer reduces f-secretase expression (Cao et al., 2016; Heneka
et al., 2005; Sastre et al., 2006). This is consistent with the fact that DHA
significantly increases the non-amyloidogenic APP processing pathway
in cellular models (Eckert et al., 2011; Sahlin et al., 2007; Yang et al.,
2011). Conversely, in the presence of oxidized lipids, a shift from the
non-amyloidogenic to the amyloidogenic APP processing pathway oc-
curs, leading to increased AP production. Indeed, it was reported that
oxidized lipids elevate p-secretase activity both by upregulating BACE1
gene expression and by directly enhancing p-secretase activity (Grimm
et al., 2016a; Tamagno et al., 2002).

Beyond APP processing and Af generation, omega-3 PUFAs are also
clearly involved in brain A clearance. Indeed, it has been reported that
DHA up-regulates IDE levels (Du et al., 2010; Grimm et al., 2016b), and
increases LRP1 expression and Ap plasma levels through the activation
of PPARy-RXRa (Wang et al., 2016; Yan et al., 2020). Finally, the impact
of DHA on amyloid deposition may be explained in part by its ability to
destabilize Ap fibrils, as recently reported by Gupta et al. (Gupta and
Dasmahapatra, 2023).

In all cases, DHA levels are directly involved in the competition be-
tween the two APP processing pathways and in AP clearance. Our
observation that amyloid deposition is reduced in DHA-NE-treated an-
imals supports these findings.

4.6. Intranasal DHA and GSK3-beta activity

The GSK3p kinase plays a pivotal role in the pathology of AD, with
abnormalities in its expression and activity have been reported in AD-
related cell models, AD animal models and in AD/MCI patients
(Hooper et al., 2008). Here, we observed a marked increase in GSK3f
phosphorylation at Ser9 in DHA-NEs-treated J20 mice, suggesting a
strong inhibition of its activity. Therefore, the beneficial effects of DHA-
NEs observed in this study could be partially attributed to reduced GSK-
3B activity. This assumption is supported by evidence that GSK-3p,
which is abundantly expressed and highly active in AD, plays a number
of negative roles in disease progression: while its role in tau phosphor-
ylation is largely documented (Rankin et al., 2007), GSK-3p is also
involved in Ap formation from APP through various mechanisms, as well
as in oxidative stress and neuroinflammation via its involvement in the
Nrf2 and NF-xB signaling pathways (Hooper et al., 2008). Thus, it has
been shown that GSK-3p can phosphorylate Nrf2 leading to its ubiq-
uitination and degradation (Farr et al., 2014; Silva-Palacios et al., 2018),
while its effects on NF-kB would be a consequence of Nrf2 inhibition and
a subsequent increase in oxidative stress (Sun et al., 2021).

Interestingly, in the Fat-1 mouse model, which exhibits increased
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endogenous production of omega-3 fatty acids, an increase of GSK-3f
phosphorylation at Ser9 was observed. This increase was shown to
inhibit the Nrf2/Trx1 antioxidant pathway, which itself leads to acti-
vation of NF-kB and the inflammatory reaction (Zhu et al., 2022). In
contrast, animals with global GSK-3p gene deletion have been reported
to display a phenotype similar to those with decreased NF-kB activation
(Patel and Woodgett, 2017). Furthermore, Moreira et al. demonstrated
that omega-3 fatty acids deprivation is associated with increased GSK-3p
activity, resulting in exacerbated cellular damage in a rat model of
hippocampal ischemic insult (Moreira et al., 2010). The exact implica-
tion of reduced GSK-3p activity in the beneficial effect of DHA-NEs
treatment will deserve further investigation.

5. Conclusion

In conclusion, we have demonstrated that intranasal administration
of nanoformulated DHA protects it from oxidation and serves as an
effective strategy to counteract oxidative stress, neuroinflammation, and
amyloid plaque formation in a transgenic Alzheimer’s disease model
(J20 mice). These findings open the door to developing a novel approach
for delivering DHA to the brain, offering potential for the prevention or
treatment of this devastating disease.
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