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Neurodegenerative diseases, such as Alzheimer’s disease (AD), cause progressive neurological decline and major
healthcare challenges. AD is marked by deterioration in learning, memory, and cognition, leading to dementia.
Early-stage AD brains show accumulation of amyloid-beta (Ap) protofibrils and plaques, particularly in the
hippocampus, associated with chronic neuroinflammation and impaired synaptic plasticity that drive cognitive
decline. Current AD treatments primarily relieve symptoms without slowing disease progression, and existing
monoclonal antibodies targeting Ap plaques have controversial side effects. This has driven interest in natural
compounds like polyphenols for their broad biological activities.

Ellagic acid (EA), a natural polyphenol, exhibits antioxidant, anti-inflammatory, and neuroprotective prop-
erties. Experimental models of neurodegenerative diseases have shown EA’s potential to improve memory and
cognition by modulating synaptic plasticity. This study has evaluated EA’s impact on hippocampal synaptic
plasticity and its neuroprotective effects against Afj.4p-mediated impairments using electrophysiological re-
cordings and immunofluorescence analysis, evaluating microglial morphological normalization as well as in-
terleukins expression. It has been found that, in ex vivo brain slices, EA modulated synaptic plasticity at high
concentration, while at the dose that per se does not alter neurotransmission it rescued LTP and basal neuro-
transmission impairment Af;.42 mediated, and normalized neuroinflammation by reducing interleukins
expression released by activated microglia. However, EA’s poor water solubility and extensive first-pass meta-
bolism limit its clinical use. Here, EA has been encapsulated in non-ionic surfactant vesicles (NSVs), and the
formulation (EA-NSVs) has demonstrated a neuroprotective effect at a lower dose compared to free EA, effec-
tively rescuing synaptic impairment induced by Api.42.

1. Introduction

In the field of neuropharmacology, new treatments are urgently
needed as neurodegenerative diseases, including Alzheimer’s disease
(AD), are characterized by progressive neurological decline, posing
significant challenges to healthcare systems (Yap et al., 2019). Notably,
AD, the most prevalent neurodegenerative disorder (Jha et al., 2018; Li
et al., 2025), is characterized by a progressive decline in neurological
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functions and is associated with a gradual deterioration of learning,
memory, and cognitive functions, ultimately leading to dementia
(Nistico et al., 2012). The predominant hypothesis explaining neuro-
degeneration in AD, which is also based on presymptomatic and early
human post-mortem human brain, is the "amyloid cascade hypothesis,"
which posits that the accumulation and aggregation of amyloid-beta
(Ap) protofibrils and plaques in various brain regions, especially the
hippocampus, induce chronic neuroinflammation, resulting in neuronal
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death and loss of synaptic and neuronal functions (Haass and Selkoe,
2022; Mecca et al., 2022). Currently, treatment options for AD are
limited, with most therapies only alleviating symptoms without modi-
fying the disease course, or with monoclonal antibodies targeting Ap
plaques and characterized by different side effects. Consequently,
research efforts are increasingly focused on developing new candidate
drugs, and natural substances, like polyphenol compounds, have
attracted considerable interest due to their pleiotropic activities (Khan
et al., 2020; Zhu et al., 2023).

In this context, Ellagic Acid (EA), a polyphenolic compound abun-
dant in fruits and nuts, has emerged as a promising candidate due to its
anti-inflammatory and neuroprotective properties (Ahmed et al., 2016;
Atta-Ur-Rahman et al., 2001; Kiasalari et al., 2017; Sanadgol et al.,
2017), as it has demonstrated the ability to improve learning and
memory deficits, reduce Af aggregation, and mitigate tau hyper-
phosphorylation (Dionisio et al., 2015; Javaid et al., 2021; Kiasalari
et al., 2017; Li et al., 2025). Specifically, EA decreases the expression of
inflammatory cytokines, including IL-1p and IL-6 (Farbood et al., 2015),
which are directly involved in the alteration of synaptic plasticity
mechanisms (Goshen et al., 2007; Tancredi et al., 2000) that underlie
the cognitive decline characteristic of AD (Mecca et al., 2022; Rowan
etal., 2003; Shankar et al., 2008; Terry et al., 1991). Also, it can mitigate
hippocampal oxidative stress and neuroinflammation by stimulating
IGF-1 signalling (Chen et al., 2024), and reverse alterations in the
expression of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors and their scaffolding proteins in the cerebral cortex,
leading to improvements in memory and cognitive functions (Singh and
Prasad, 2024). However, there is no evidence of the EA’s functional
rescue properties in the AD context, and this study has been evaluated its
impact on hippocampal synaptic plasticity and its neuroprotective ef-
fects against Ap;.4p.mediated impairments and neuroinflammation.

Despite the promising results, the therapeutic potential of EA is
limited by its poor water solubility and extensive first-pass metabolism,
resulting in low bioavailability (Murugan et al., 2009). A valid approach
to get over this limit is represented by delivering EA in drug delivery
systems (Li et al., 2023), as non-ionic surfactant vesicles (NSVs), also
known as niosomes. These are colloidal systems able to encapsulate,
protect, and deliver both hydrophilic and lipophilic compounds
(Bhardwaj et al., 2020). Very similar to liposomes, their structure,
consisting of surfactant components, makes them more stable than
phospholipids-based nanocarriers (Bartelds et al., 2018), and a versatile
drug delivery system adaptable to different kinds of administration
routes (Bhardwaj et al., 2020; Marianecci et al., 2016). For instance, it is
an innovative and useful strategy especially in the neuropharmacology
field (Khalin et al., 2014; Zheng et al., 2024), where brain drug delivery
is characterized by important limitations due to the presence of the
Blood Brain Barrier (Abbott et al., 2010). One of the most promising
strategies is to combine this nanocarrier with intranasal delivery, with
the condition that the drug delivery systems must meet stringent phys-
icochemical requirements, particularly with respect to particle size
(Adnet et al., 2020; Migliore et al., 2010). Indeed, an optimal particle
size is crucial to potentially ensure effective transport across the nasal
mucosa and to reach the brain via the olfactory and trigeminal pathways
(Adnet et al., 2020; Migliore et al., 2010).

Thereby, in this study after evaluating the effects of free EA on
synaptic plasticity and neuroinflammation, EA was loaded into NSVs
(EA-NSVs), formulated and characterized to be potentially administered
by Nose to Brain delivery (Huang et al., 2024; Rinaldi et al., 2019).
Finally, EA-NSVs’ activity has been also evaluated ex vivo on hippo-
campal synaptic plasticity and the neuroprotective effects against
Apy.42-mediated impairments were assessed in in the same model in
comparision with free EA.
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2. Material and methods
2.1. Animals

All animals were handled in compliance with the national (D.Lgs 26/
2014) and international guidelines for animal welfare (European Com-
munities Council Directive, 2010/64/EU). All efforts were made to
minimize the number of animals used and their suffering. C57/Bl6J mice
were housed at the EBRI Rita Levi-Montalcini Foundation (Rome, Italy).

2.2. Materials

Ellagic acid (EA) was bought by CARLO ERBA Reagents S.r.l. (Milan,
Italy). Picrotoxin was purchased from Abcam (Milan, Italy). Ap; 42 and
AP4o.1 were purchased from GenScript (USA). For the electrophysio-
logical recordings drugs were dissolved in DMSO and the final concen-
tration of DMSO did not exceed 0.5 %. For immunofluorescence, goat
anti-Ibal (AB5076) was purchased from Abcam, while rabbit anti-IL-6-
(Invitrogen 701028), rabbit anti-IL-1B (Invitrogen MA5-47038), and all
the Alexa Fluor® from Invitrogen by Thermofisher. Pluronic F-127,
Sorbitan trioleate (Span 85), Cholesterol (Chol), Diphenylhexatriene
(DPH), Ethanol (EtOH), Pyrene, Sodium 2-(4-(2-hydroxyethyl)
piperazine-1-yl (Hepes), Ethanol F.U., Methanol, Chloroform and DMSO
were bought from Sigma-Aldrich (Milan, Italy).

2.3. Electrophysiological recordings

2.3.1. Slice preparation and ex vivo drug treatments

Parasagittal hippocampal slices (250-350 pm thick) from C57BL6/J
mice (30-40 days old male and female) were obtained as described
(Maisto et al., 2023; Piccioni et al., 2024). Particularly, were cut with a
vibratome (VT 12008, Leica) in cold (0 °C) artificial cerebrospinal fluid
(aCSF) saturated with 95 % O3, 5 % CO; (pH 7.4; Cold Spring Harbor
Protocols) and left to recover for 1 h in aCSF at room temperature (RT)
(Maisto et al., 2023). Before extracellular recordings, slices were incu-
bated in saturated aCSF for 30 min with Af;.45 (200 nM) at RT, while in
whole-cell patch clamp experiments, Af;.42 (500 nM) was perfused for
10 min during recordings (Mango et al., 2016; Piccioni et al., 2024). Asa
control, AB42.1 was applied for the same time and concentration as AB.42
at RT. In the EA group, the slices were incubated in aCSF with EA
(3-100 pM) for 30 min alone or with Af; 42 (200 nM) at RT. Also, in the
EA-NSVs group, the slices were incubated with EA-NSVs (3-10 pM) for
30 min alone or with Ap1-4o (200 nM) at RT.

2.3.2. Extracellular field recordings

Extracellular field recordings were performed in CA1-CA3 region of
the hippocampus. Field excitatory postsynaptic potential (fEPSP) was
elicited with a stimulating electrode placed in the stratum radiatum close
to the Schaffer collateral pathway and recorded with a glass electrode
placed in CAl. The paired-pulse ratio (PPR) was assessed at inter-
stimulus intervals from 50 to 500 ms and was calculated as the ratio
of the second fEPSP amplitude/first fEPSP amplitude. Before the Long-
Term Potentiation (LTP) induction, a baseline was recorded for 20
min. The LTP protocol was characterized by a theta-burst stimulation
protocol consisting of four pulses at 100 Hz, with the bursts repeated at
5 Hz, and each tetanus including three 10-burst trains separated by 15 s
(Maisto et al., 2023; Piccioni et al., 2024). Responses were recorded for
60 min after tetanization and measured as fEPSP amplitude normalized
on the baseline. All measurements results are reported as a percentage of
the ratio of fEPSP, measured at each time point, and the mean of fEPSP
baseline recorded in the first 20 min. For statistical comparisons, the “n”
indicates the number of brain slices.

2.3.3. Whole-cell voltage-clamp recordings
Whole-cell voltage-clamp recordings were carried out from hippo-
campal pyramidal neurons. The spontaneous excitatory postsynaptic
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currents (SEPSC) were isolated using picrotoxin in the perfusion medium
to block GABAA receptors. For paired-pulse (PP) experiments, paired-
pulse stimuli (50 ms inter-pulse interval) were elicited with a stimu-
lating electrode placed in the stratum radiatum of CAl. PPR was eval-
uated as the ratio of the second EPSC amplitude to the first EPSC
amplitude. a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/N-
methyl-D-aspartate (AMPA/NMDA) ratio was performed considering
the ratio of the peak amplitude of EPSC, holding the cell at —80 mV
(AMPA component), on the peak amplitude of EPSC at +40 mV holding
potential (NMDA component) in a 2 ms window at 60 ms delay from the
stimulation artifact according to previous published (De Jaco et al.,
2017). For statistical comparisons, the “n” indicates the number of
neurons.

2.4. Immunofluorescence staining

After ex vivo pharmacological treatments (Section 2.3.1), para-
sagittal hippocampal slices were fixed in 4 % paraformaldehyde (PFA)
overnight at 4 °C. The following day, slices were washed in 0.1 M
phosphate-buffered saline (PBS) in a separate 24-well plate at RT. Slices
were then prepared for immunofluorescence by permeabilization with
0.3 % Triton X-100 and blocking with 10 % of normal donkey serum for
1h at RT. Slices where then incubate with NH4Cl (50mM) for 30 min at
RT for autofluorescence blocking. For single labeling, slices were incu-
bated overnight at 4 °C with a goat anti-Ibal primary antibody (1:1000
in PBS), followed by 1.30-h incubation at RT with an Alexa Fluor 647-
conjugated anti-goat secondary antibody (1:1000 in PBS). For double
labeling, slices were incubated with a combination of rabbit anti-IL-6 or
anti-IL-1f (1:100 in PBS) and goat anti-Ibal (1:1000 in PBS) primary
antibodies overnight at 4 °C. The next day, after washing in PBS they
were incubated in PBS with a combination of Alexa Fluor 488-conju-
gated anti-rabbit (1:1000) and Alexa Fluor 647-conjugated anti-goat
(1:1000) secondary antibodies at RT for 1.30h. Finally, slices were
incubated in PBS with DAPI (1:1000, 15°) at RT, mounted in anatomical
order with ProLong Diamond Antifade Mountant (P36931; Life Tech-
nologies, Carlsbad, CA, USA) onto SuperFrost Plus glass slides, and
cover-slipped using #1 thickness (0.13-0.16 mm) glass coverslips
(Fisher).

2.4.1. Imaging acquisition and analysis

Brain slice imaging was performed using a Leica SP5 laser-scanning
confocal microscope with a 40 x oil immersion objective (NA = 1.25).
An ultraviolet diode laser (405 nm), an argon laser (488 nm), and a
helium-neon (HeNe) laser (633 nm) were used as excitation sources.
Images were acquired at a resolution of 1024 x 1024 pixels per frame,
with 18-20 frames per z-stack taken at 1.00 pm intervals, using Leica
FAV software.

Image analysis acquisition was carried out in FIJI (ImageJ, NIH) and
the maximum intensity projections were generated from z-stacks using
the Z-project function for further analysis. Morphological analysis was
performed to measure area, perimeter, and circularity index of Ibal-
positive microglial cells, using a Fiji plugin designed for semi-
automated segmentation, tracking, and 2D morphometric analysis of
microglial cells (Martinez et al., 2023). All images were analysed by
setting the following parameters: intensity threshold: 1.50 (relative);
minimum object size: 100 pm?; maximum cell skeleton length: 450 pm;
maximum contact length: 20 pm. Further, by the same original binary
masks, Sholl analysis was conducted to quantify the number of in-
tersections at different radius through the “Neuroanatomy” Fiji plugin
(Arshadi et al., 2021). In both cases for the statistical analysis, the “n”
used represents the number of microglial cells.

Whereas, to assess interleukins expression and localization, images,
relative to interleukins expression, were manually thresholded and
binarized using the Otsu method. Area and perimeter were then
measured for each field of view (FOV), as acquired with a 40x oil-
immersion objective, using the “Analyze Particles” tool, with the
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following setting: particle size set from 10 pm? to infinity, and circu-
larity ranging from 0.01 to 1.00 values. All measurements were
normalized and expressed as percentage of the vehicle-treated control
group. In this case for the statistical analysis, the “n” represents the FOV,
thereby the brain slices; when the expression was analysed within the
Ibal™ cells, the “n” represents the interleukins expression within the
microglial cells.

2.5. Preparation of empty and loaded niosomes (NSVs)

Empty NSVs have been prepared and characterized in a previous
work (Maisto et al., 2023). Loaded niosomes (EA-NSVs, Table 1) were
prepared by the same thin film layer preparation technique followed by
extrusion, as described in the previous paper (Maisto et al., 2023).
Surfactants and/or lipophilic components (DPH/EA) were solubilized in
the organic solvent which was evaporated using the rotary evaporator.
The dried films were hydrated by Hepes buffer (0.01 M, pH 7.4), and the
obtained dispersion was vortexed and then a microtip-sonication
(Vibracell-VCX 500, Sonics, Taunton, MA, USA; amplitude 20 %, tem-
perature 25 °C, 2 min) was employed to obtain unilamellar vesicles
(Giuli et al., 2024). Subsequently, the vesicles were extruded at RT by a
Lipex ExtruderTM (Vancouver, Canada) equipped with polycarbonate
membrane filters extruding the suspensions for 2 cycles through cellu-
lose filters (Millex1 Syringe Filters, Millipore) of 1.2 pm pore size.

2.6. Physicochemical characterization of EA loaded niosomes

2.6.1. Dynamic Light Scattering measurements

Dynamic Light Scattering (DLS, Malvern Zetasizer Nano ZS90, Mal-
vern Instruments Ltd., Worcestershire, United Kingdom) was utilized to
characterize EA-NSVs and NSVs, assessing their hydrodynamic diameter
and {-potential. The results, expressed as means, include the hydrody-
namic diameter (nm) and {-potential (mV) of the surfactant vesicles. The
polydispersity index (PDI) was also determined to measure the size
distribution breadth; a PDI value below 0.3 indicates a homogeneous
and monodisperse population. For statistical analysis, the “n” represents
the mean value from three different samples per group.

2.6.2. Physiochemical stability over time and in biological fluids

The vesicular formulations were stored at 4 °C or 25 °C for 45 days to
evaluate their physical stability, with periodic assessments of hydrody-
namic diameter and {-potential. Aliquots from each batch were taken at
specified intervals (1, 15, 30, and 45 days) and analysed using the DLS
instrument.

Additionally, the physicochemical stability of the vesicular formu-
lations was tested in biological fluids, such as the aCSF (pH 7.4; Cold
Spring Harbor Protocols) (Maisto et al., 2023) or the Simulated Nasal
fluid (SNF) (2.192 g NaCl, 0.145 g CaCl2 and 0.745 g KCl in 250 mL)
containing mucin (0.1 %, w/v). Each sample was incubated in aCSF and
SNF separately. In particular, 0.55 mL of the sample (55 %) was added to
0.45 mL of aCSF or SNF containing mucin (0.1 % w/w) (45 %) and put
into a test tube to mimic the physiological condition. The magnetic
stirring was applied, and the temperature was maintained at 37 °C when
in the presence of aCSF (Anderson et al., 2003), and 34 °C with SNF
containing mucin (0.1 % w/w) (Corsaro et al., 2022). The mean hy-
drodynamic diameter and {-potential of the nanoparticle suspensions
were measured by DLS after 1, 2, and 3 h, from three different samples
per group.

Table 1

Sample composition.
Sample Span 85 (mM) F-127 (mM) Chol (mM) EA (mg/mL)
EA-NSVs 10 5 15 2
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2.6.2.1. Transmission electron microscopy (TEM). The formation of
loaded EA-NSVs vesicles, as well as their morphological aspects in the
biological fluids, was evaluated by using transmission electron micro-
scopy. Samples dispersed in Hepes buffer, aCSF (pH 7.4, Cold Spring
Harbor Protocols) (Maisto et al., 2023) and SNF containing mucin (0.1
%, w/v), were drop-cast onto a formwar carbon-coated grid and stained
with a 1 % aqueous solution of phosphotungstic acid (PTA) adjusted at
pH 7.0. After air drying, the negatively stained samples were imaged at
an accelerating voltage of 100 kV using a FEI 280S transmission electron
microscope (FEI Company, Hillsboro, OR, USA). To optimize image
editing, Adobe Photoshop CS4 software (Adobe Systems, San Jose, CA,
USA) was used.

2.6.3. Bilayer characterization

Fluorometric analysis was conducted to characterize vesicular
bilayer fluidity using DPH, a lipophilic fluorescent probe (as described in
section 2.4), to evaluate the anisotropy value, which is inversely pro-
portional to membrane rigidity (Lentz, 1989). DPH fluorescent mea-
surements were performed using a luminescence spectrometer (LS5013,
PerkinElmer, Waltham, MA, USA) at RT. The excitation and emission
wavelengths were 400 and 425 nm, respectively, and the fluorescence
anisotropy (r) was calculated using Equation (1):

(vwxIvh) x G

(v + 2vh) x G 1)

Fluorescence anisotropy (r) =

where Iy, Iyh, Ihy, and Iy, are fluorescent intensities, subscript v (verti-
cal) and h (horizontal) represent the orientation of polarized light, and
G = Iny/Inn factor is the ratio of sensitivity of the detection system for
vertically and horizontally polarized light. Results are presented as the
mean value from three different samples.

2.7. Determination of drug entrapment and in vitro drug release

2.7.1. Determination of drug entrapment efficiency (E.E.%)

The concentration of EA in loaded EA-NSVs was measured by
UV-visible spectroscopy (Lambda 25, PerkinElmer, Waltham, MA, USA)
equipped with a 1.0 cm path-length quartz cell. The absorbance of EA at
A = 255 nm has been measured by diluting EA-NSVs in Ethanol: Hepes
70:30 (vol: vol), with empty NSVs diluted in Ethanol: Hepes 70:30 as
reference. The E.E. % was calculated by the ratio between the amount of
EA entrapped in the NSVs and the amount of EA added to niosomes
during the preparation procedure, by the following equation (2).

Entrapped drug (mg)
Entrapped drug (mg)

The results are shown as the average of three different batches.

To evaluate the stability in terms of decomposition/degradation of
EA, EA-NSVs loaded were analysed by UV-vis analysis over time at
definite time intervals (1, 15, 30 and 45 days), and at two different
storage temperatures, 4 °C and RT. For statistical analysis, the “n” in-
dicates the mean value from three different sample.

EE %= x 100 2)

2.7.2. Invitro drug release profile

In vitro drug release experiments were carried out by putting the
loaded EA-NSVs in a dialysis bag (molecular weight cut-off: 8000 by
Spectra/Por®). The dialysis bag was immersed in the release medium
pH 7.3 at 37 °C and gently magnetically stirred during the experiment,
composed by Ethanol (70 %) given the lipophilic EA nature, and Hepes
Buffer 10 mM, pH 7.4 or aCSF (30 %). The EA concentration in the
acceptor medium, composed of EtOH:Hepes (70:30) or EtOH:aCSF
(70:30), was detected at different time points (0, 1, 2, 3, 4, 5, 6, 7, 8 and
24h) by ultraviolet (UV) spectrophotometer, with the same settings
described in section 2.7.1. To perform quantification analysis, 1 mL of
external medium was withdrawn, immediately analysed, and then re-
inserted back. The % of released EA was calculated considering the
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ratio between the absorbance detected at a specific time point over the
absorbance maximum of the samples, and both measures were made at
the same dilution. Particularly, the absorbance maximum was measured
by causing the disruption of the vesicular bilayer with methanol. The
data collected represent the mean values over three repeated indepen-
dent experiments, and errors are reported as SD.

2.8. Statistics

For electrophysiology and immunofluorescence experiments, data
were expressed as mean + S.E.M., and the statistical significance was
evaluated by Student’s t-test (paired or unpaired data) for comparisons
between two groups, or with one-way ANOVA by Bonferroni’s or
Tukey’s post hoc test for comparisons across groups. Statistical signifi-
cance was set starting from p < 0.05. In LTP experiments significance
was evaluated considering the mean of LTP magnitude of the last 10 min
between groups. Changes in amplitude or frequency of sEPSC were
compared according to their mean value using the Student’s t-test. For
all statistical comparisons, the “n” used was the number of brain slices or
cells. For immunofluorescence analysis, the statistical comparison has
been made considering the mean value of the different groups and
running one-way ANOVA.

One-way ANOVA was carried out for the statistical analysis of EA-
NSVs characterization studies. Multiple comparisons were performed
according to Tukey’s test for { -potential, hydrodynamic diameter, and
polydispersity index (PDI), respectively. A p-value <0.05 was consid-
ered statistically significant.

3. Results

3.1. High concentration of Ellagic acid modulates synaptic plasticity in
hippocampal slices

To evaluate any potential effect of EA on hippocampal synaptic
plasticity and transmission, ex vivo hippocampal slices were pre-
incubated for 30 min with EA diluted at different EA concentrations
according to studies present in the literature (Feng et al., 2009). Elec-
trophysiological measures were performed recording a stable baseline
and after 20 min a theta-burst protocol to Schaffer collaterals was
delivered to induce Long Term Potentiation (LTP). In slices incubated
with the highest concentration of EA (100 pM), we found an increase in
LTP magnitude compared to the vehicle, suggesting a
concentration-dependent response (Fig. 1A, B). Indeed, EA at the con-
centration from 3 to 30 pM, did not affect LTP magnitude (EA 3 pM,
149.0 +7.61,n =5, vs vehicle 149.52 + 6.21,n =6, p > 0.05; EA 10 pM
147.79 + 9.28 n = 5, vs vehicle 149.52 + 6.21, n = 5, p > 0.05; EA 30
pM 150.86 + 7.11 n = 5, vs vehicle 149.52 + 6.21, n = 5, p > 0.05;
Fig. 1A and B), while treatment with EA 100 uM was able to increase
significantly LTP compared to vehicle (EA 100 pM 169.90 + 8.50,n =5,
vs vehicle 149.52 + 6.21, n = 5 p < 0.001; Fig. 1A and B). Whereas, in
slices treated with EA (3-100 pM) for 30 min, neither change in PPR was
observed compared to vehicle slices. Data indicated that at all
inter-pulse intervals, PPR was indistinguishable between EA groups and
vehicles (p > 0.05; for each experimental group n = 5; Fig. 1C). These
data suggest that, while any synaptic changes are mediated at lower
concentration without effect per se on basal neurotransmission, at higher
concentration EA can affect long-term synaptic plasticity.

3.2. Ellagic acid reverses Af14o-mediated LTP impairment in
hippocampal slices

To investigate a potential neuroprotective effect of EA, the same
concentrations used in the first characterization by extracellular field
recordings have been tested against AP, 42 alterations in ex vivo model.
In previous studies, it was shown that Ap oligomers perturb hippocam-
pal synapses (Chapman et al., 1999; Chen et al., 2000; Varga et al.,
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Fig. 1. Ellagic acid (EA) modulates long-term potentiation (LTP) in the hippocampus. Data are presented as mean value + SEM. ***p < 0.001 vs vehicle. (A)
Above representative traces for the vehicle in each experimental condition of EA (3, 10, 30 and 100 pM) are shown; below summary graph of the averaged time
course of LTP induced by theta-burst stimulation. (B) Histograms illustrate the magnitude of LTP (% of baseline) in each experimental condition. Dots represent the
mean of last 10 min of LTP recorded for each brain slice. (C) PPR is induced by pairs of stimulation delivered at several interstimulus intervals (20, 50, 100, 200, 300,

500 ms).

2015), affecting synaptic plasticity and neurotransmission in ex vivo
model (Mango et al., 2016; Piccioni et al., 2021). In this context, in our
experimental condition, we confirmed that ex vivo hippocampal slices
incubated with AB;.42 (200 nM) for 30 min, were characterized by a
significative reduction of LTP magnitude (vehicle 155.92 + 4.90, vs
APq.42 130.48 + 2.55, for each n = 8, p < 0.001; Fig. 2), and in that
concern it was evaluated the neuroprotective effect of EA co-incubated
with Afj.45, against the LTP impairment induced by Ap;.42. Results
showed that EA was able to restore the LTP magnitude in the range of
concentration 10-100 pM, but not at low concentration of 3 pM (EA 3
UM + AP1.42 133.11 & 1.60, n = 5, vs AP1.42 130.48 + 2,55, n = 8; p >
0.05; Fig. 2A and B). Notably, the LTP restoring effect was evident at 10
pM of EA (EA 10 pM + APi1.42 140.11 + 3.26, n = 6, vs AP;.42 130.48 +
2.55,n =8, p < 0.05, Fig. 2C and D), and the effect was more noticeable
at 30 pM (EA 30 pM + AP1.42 145.59 + 5.48, n = 6, vs AP;.42 130.48 +
2.55, n = 8; p < 0.001; Fig. 2E and F), while the efficacy remained
constantly at 100 uM representing a pharmacological plateau (EA 100
UM + ABy.42 147.30 £ 5.11, n = 6, vs AP.42 130.48 £ 2,55, n = 8; , p <
0.001; Fig. 2G and H).

3.3. EA normalizes Af1.42-mediated changes in synaptic
neurotransmission

To assess the neuroprotective activity of EA against Ap;_4o-mediated
changes at the synaptic level, we performed experiments in whole-cell
patch clamp configuration from CA1l pyramidal neurons, using the
lower concentrations (3 and 10 pM) which don’t alter per se the synaptic
transmission and synaptic plasticity in the control condition. As
described previously (Mango et al., 2016), AB;.42 influences the basal

synaptic transmission when applied in perfusion (10 min) at 500 nM,
determining significant alterations in excitatory neurotransmission and
receptor function (Mango et al., 2016). To evaluate the neuroprotective
effect of EA, it has been analysed the PPR, the AMPA/NMDA ratio, and
the spontaneous excitatory neurotransmission (sEPSC), analysing both
amplitude and frequency.

According to the literature (Mango et al., 2016; Monfort and Felipo,
20105 Piccioni et al., 2024; Puzzo et al., 2005), Apy.42 affects PPR
inducing an increase of this parameter correlated with a reduction in the
neurotransmitter release (Vehicle 1.99 + 0.55,n =9, vs + APq.42 2.87 +
0.69,n =9, p < 0.01; Fig. 3A). In this context, pre-incubation with EA at
3 pM (30 min) was not able to prevent the PPR alteration due to Af.42
perfusion (EA 3 pM, 1.92 + 0.85,n =5, vs + APj.42, 2.94 +1.20, n = 5,
p < 0.01; Fig. 3A), and it didn’t affect the pre-synaptic changes either
(Vehicle 1.99 + 0.55, n =9, vs EA 3 uM, 1.92 + 0.85, n = 5, p > 0.05;
Fig. 3A), according also to LTP experiments. Conversely, treatment with
EA 10 pM has shown the ability to forestall the change induced by Ap;.42
(EA10pM 2.40 +£1.30,n =5, vs + APy.42 2.44 £1.32,n =5, p > 0.05;
Fig. 3A).

Furthermore, it has been investigated the AMPA/NMDA ratio, an
index of AMPA and NMDA receptor presence at the post-synaptic level
which is know to be affected by Af;.42 (Mango et al., 2016). Application
of ApPj.42 induced an increase in AMPA/NMDA ratio compared to the
vehicle (Vehicle 1.23 4+ 0.62,n =5, vs + AP1.42, 1.98 £ 0.51,n =5,p <
0.01; Fig. 3B), which means a reduction of AMPA and NMDA currents at
post-synaptic levels, mediated by receptor internalization fostered by
APq.42 (Shankar et al., 2008; Snyder et al., 2005). This effect is prevented
by pre-treatment with EA at 10 pM (EA 10 pM 1.42 + 1.30,n =5, vs +
APy.42 1.58 £ 1.26, n = 5, p > 0.05; Fig. 3B) but not with EA 3 pM
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Fig. 2. EA reverses A, 4o-mediated LTP impairment. Statistic symbol: ***p < 0.001 vs AB42.1, $p < 0.05 vs Ap,.,,, $$$p < 0.001 vs Ap, ., Data are presented as percentage
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(F), (H) Histograms illustrating the magnitude of LTP (% of baseline). Dots represent the mean of last 10 min of LTP recorded for each brain slice.

pre-treatment (EA 3 pM 1.21 + 0.83, n = 5, vs + Afy.42, 2.21 +£1.25,n
=5, p < 0.01; Fig. 3B). Finally, the rescue of Ap-mediated effects by EA
was also analysed in terms of spontaneous excitatory transmission
recording (SEPSC) from CA1l pyramidal neurons, considering the pa-
rameters of amplitude and frequency (Mango et al., 2016). The ability of
ApP1.42 to suppress both sEPSC amplitude and frequency compared to the
vehicle (amplitude: Vehicle, 100.00 + 9.36, n = 5, vs + Af1.42 83.24 +
5.70, n = 5, p < 0.05; frequency: Vehicle 100.00 + 7.00, n = 5, vs +
AP1.42 54.46 + 5.84, n = 5, p < 0.01; Fig. 3C and D) was hampered by
pre-treatment with EA at 10 pM (amplitude: EA 10 pM 100.00 + 8.17, n
=5, Vs + AP1.42 72.24 + 10.90, n = 5, p > 0.05; frequency: EA 10 pM,
100.00 £ 2.81,n =5, vs + AP1.42, 102.6 £ 5.67,n =5, p > 0.05; Fig. 3C
and D), but not at the concentration of 3 yM (amplitude: EA 3 pM 100.00
+2.29,n=5,vs + AP1.42 74.40 = 8.09, n = 5, p < 0.01; frequency: EA 3
pM 100.00 + 3.99, n = 5, vs + Af;.42, 87.28 £ 3.33,n = 5, p < 0.05;
Fig. 3C and D).

All these results indicate that EA (10 pM) has a neuroprotective effect
against alterations induced by Af;.42 on both synaptic neurotransmis-
sion and plasticity.

3.4. Morphological evidence of microglial normalization in Ellagic
Acid-Mediated neuroinflammation attenuation from Af;.42 ex vivo
application

Previously, we have demonstrated that in our ex vivo experimental
conditions, Afj.42 treatment induces a neuroinflammation response in
microglia with metabolic and morphological shift (Piccioni et al., 2024).
To assess the effect of EA in modulating neuroinflammation in our ex
vivo system, it has been evaluated the microglial activation analysing
Ibalt microglial morphology in the CA1 region of hippocampal slices
incubated ex vivo with Ap;.42. According to electrophysiological results,
EA was only tested at 10 pM, a concentration shown to preserve basal
synaptic transmission and plasticity in our ex vivo model without per se
neuroactive effects.

Microglial morphology is a sensitive readout of functional state,
shifting from a highly ramified, surveillant profile under physiological
conditions to a hypertrophic and amoeboid form during neuro-
inflammatory responses (Godeanu and Catalin, 2025; Harry and Kraft,
2008; Reddaway et al., 2023; Sierra et al., 2024; Vidal-Itriago et al.,
2022). In our analysis focusing on the total cell footprint, AB;_42 expo-
sure induced a significant increase in microglial cell body size, as re-
flected by increased area (Vehicle 102.50 + 5.47, n = 88, vs APj.42
122.23 + 4.91, n = 108, p < 0.01; Fig. 4C) and perimeter per Ibal™ cell
(Vehicle 98.86 + 3.87, n = 88, vs APj.42 124.54 £+ 5.05, n = 108, p <
0.001; Fig. 4D), indicating a pro-inflammatory phenotype. Concomi-
tantly, the circularity index (CI), a morphological parameter used as a
proxy for microglial activation and structural remodelling during neu-
roinflammatory responses (Young and Morrison, 2018), reflects process
complexity and somatic shape, which was significantly reduced in
Apj.4o-treated slices (Vehicle 0.30 & 1.15, n = 25, vs AP1.42 0.34 £ 0.91,
n = 58, p < 0.01; Fig. 4E). EA completely normalized these changes,
restoring area (EA + Afj.42 90.04 £ 3.91, n = 50, vs Afj.42 122.23 +
3.57,n =58, p < 0.05; Fig. 4C), perimeter (EA + Afj.42 88.97 + 3.70, n
=50, vs AP1.42 124.81 £ 2.65, n = 58, p < 0.01; Fig. 4D), and CI (EA +
AB1.42 0.39 £ 0.01, n = 50, vs AP142 APr42 0.34 = 0.91, n = 58, p <
0.05; Fig. 4E).

To further quantify microglial structural complexity, Sholl analysis
was performed to capture the extent and distribution of branching as a
function of radial distance from the soma. Apj.45 significantly reduced
the number of intersections across radii, with a lower peak value
compared to the treatment with EA (EA + APj.426.14 +0.31,n =59, vs
AP1.42 4.8 £ 0.43, n = 79, p < 0.05; Fig. 4F). The radius at which the
maximum branching occurred was also shifted inward following Ap;_42
co-treatment (EA + Afj.42 33.30 & 1.02 pm, n = 104, vs Af;.42 26.50 +
0.87 pm, n = 115, p < 0.01; Fig. 4F), indicating process retraction and
restore of this spatial ramification by EA. Additional morphometric
parameters confirmed this trend: branchiness, representing process
density (Martinez et al., 2023; Young and Morrison, 2018), was reduced
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Fig. 3. EA normalizes ex vivo AB;_4o-mediated change in PP transmission, AMPA/NMDA ratio, and excitatory neurotransmission at 10 pM. Statistic symbol:
*p < 0.05, **p < 0.01. Data are presented as mean value + SEM. (A) Representative traces (top) and corresponding histograms (bottom) showing changes in paired-
pulse ratio (PPR) across experimental conditions. (B) Above representative traces from different experimental conditions are shown; below histograms show the
AMPA/NMDA ratio in each experimental condition. (D) Representative traces for each group (top) and histograms (bottom) displaying the effects on SEPSC
amplitude and frequency (expressed as % of baseline). Each dot represents the value from an individual neuron.

by Api.42 and rescued by EA (EA + Apj.42 0.070 £+ 0.004, n = 104, vs
AB1.42 0.085 + 0.003, n = 115, p < 0.05; Fig. 4G), while straightness,
reflecting directional elongation (Martinez et al., 2023; Young and
Morrison, 2018), was significantly increased with EA (EA + Af;.42 1.98
+ 0.06, n = 104, vs AP1.42 1.36 £ 0.07, n = 115, p < 0.01; Fig. 4H).
These metrics together reinforce the interpretation that EA prevents the
AB-induced morphological shift toward a less ramified phenotype.

Collectively, these results highlight that EA at 10 pM maintains
microglial morphological complexity and prevents inflammatory
remodelling induced by Ap;.42, underscoring its potential as a modulator
of neuroinflammation in early pathological conditions.

3.5. Ellagic acid mitigates Af1_42-mediated neuroinflammation by
reducing IL-6 and IL-1f levels through microglial activation

To investigate the anti-inflammatory effects of EA on Af;.42-induced

neuroinflammation, we analysed also the expression and spatial distri-
bution of pro-inflammatory cytokines, IL-6 and IL-1f, in Ibal™ micro-
glial cells within the hippocampal CAl region using
immunofluorescence analysis. IL-6 and IL-1f are key mediators of neu-
roinflammation, known to be upregulated in activated microglia during
Alzheimer’s disease pathology and they are also linked to promote
synaptic dysfunction and neuronal damage (Goshen et al., 2007; Tan-
credi et al., 2000).

We quantified both vesicular and puncta-like, considering respec-
tively diffuse/clustered integrated density (InDen) of both IL-6 and IL-1p
positive regions per FOV, and within microglial regions of interest
(ROIs) taken by the binary mask created using the morphological plugin
(Martinez et al., 2023), as described in the previous section. We interpret
the puncta density as likely reflects early or regulated cytokine pro-
cessing and trafficking, whereas the larger IL-6-positive area indicates
more advanced or pathological cytokine accumulation (Saed et al.,
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2024). Indeed, application of Af.45 markedly increased IL-6 expression
per FOV, as shown by a significant rise in area and integrated density
compared to vehicle-treated slices (area: vehicle 100.96 + 1.92, n = 6,
vs APy.42 143.12 + 3.12, n = 6, p < 0.001; IntDen: vehicle 102.17 +
2.87,n = 6, vs AP1.42 148.31 + 3.55, n = 6, p < 0.001 Fig. 5B and C).
Importantly, EA pre-treatment significantly reduced both the total IL-6
area and IntDen per FOV (area: EA + Afj.42 101.02 + 1.47, n = 6, vs
AB1.42 143.12 + 3.12, n = 6, p < 0.001; IntDen: EA + Af;.42 98.45 &+
2.08, n = 6, vs AP1.42 143.75 + 3.11, n = 6, p < 0.001; Fig. 5B and C).
This attitude has been found also analysing the IL-1p expression which in
EA + Ap1.42 treatment was significantly lower than Ap;.42 alone (area:
EA + AB1.42 99.94 + 10.21, n = 5, vs APy1.42 136.55 £ 5.62, n =5, p <

0.001; IntDen: EA + AP;.42 98.05 £ 5.41,n =5, vs AP1.42 136.55 £ 5.62,
n=>5n=6,p < 0.001; Fig. 5B1 and C1).

Similarly, at the microglial cellular level, the expression area and
intensity of IL-6 within Ibal™ cells was also markedly elevated by Ap;.42
(area: vehicle 99.80 + 10.45, n = 22, vs AB1.42 154.15 +15.14n=37,p
< 0.001; IntDen: vehicle 100.00 + 2.92, n = 22, vs Af1.42: 173.90 +
6.19, n = 37, p < 0.001; 5D and E), which was significantly reversed by
EA (area: EA + AP1.42 74.89 +15.31, n = 19, vs AP1.42: 154.15 + 15.14
n =37, p < 0.01; IntDen: EA + Afj.42 116.40 &+ 5.31, n = 19, vs Af1.42:
173.90 + 6.19, n = 37, p < 0.05; Fig. 5D and E). A similar pattern in the
overall expression and within microglia cells, was observed also for IL-
1B, where treatment with Afi-42 significantly increases the number and
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expression levels of IL-1p* microglia cells (area Vehicle 61.05 + 2.34,
n=22, vs AP1-42: 91.84 + 4.32, n=17, p < 0.01; IntDen: Vehicle 64.99 +
3.97, n=22, vs Af1-s2 89.28 + 2.62, n=17, p < 0.01; Fig. 5B1 and C1).
Hence, this effects were prevented by EA pre-treatment (area: EA +
AP1-22 59.89 £ 3.56, n=22, vs AP1-a2 91.84 + 4.32, n=17, p < 0.01;
IntDen: EA + AP1-42 56.85 £ 3.17, n=22, vs AP1-42: 89.28 + 18.62, n=17,
p < 0.05; Fig. 5D1 and E1). This pattern suggests that EA effectively
attenuates both early vesicular inflammatory signalling and sustained
cytokine overproduction by limiting the spatial spread of both IL-6 and
11-1p expression without diminishing the localized expression intensity.

To better understand the expression of interleukins within Iba™ cells,
colocalization analysis was performed using Manders’ overlap

coefficients (M1 and M2), which quantify the degree of spatial overlap
between two fluorescent signals, independent of signal intensity
(Manders et al., 1993), and this values as been calculated per FOV. In
this context, M1 represents the fraction of IL-6 (or IL-1pB) signal over-
lapping with the Ibal™ microglial signal, while M2 reflects the fraction
of Ibal signal overlapping with the cytokine signal. In our study, EA
pre-treatment significantly reduced both Manders’ M1 (EA + Af;.42 0.10
+ 0.01, n =4, vs AB1.42 0.17 £+ 0.02, n = 4, p < 0.05; Fig. 5F’) and M2
(EA + APi.42 0.67 £ 0.02, n = 4, AP1.42 0.86 = 0.04,n = 5, p < 0.05;
Fig. 5F°). EA also attenuated IL-1p localization, as shown by decreased
both Manders’ coefficients (M1: EA + AP1-42 0.34 + 0.82, n=5, Afi-a2
0.15 £+ 0.10, n=5, p<0.05; M2: EA + Af1-42 0.31 £ 0.76, n=5, AP1-42
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0.35 £ 0.50, n=5, p>0.05 Fig. 5F1°), indicating that, even though IL-6
(or IL-1B) expression is closely associated with Ibal™ microglia across
experimental conditions (Gosselin et al., 2017), it does not show strict
intracellular co-localization with Ibal within the microglial soma, re-
flected in the absence of perfect pixel overlap (Fig. S1, Supplementary
material). Despite this, the consistent proximity supports a model in
which activated microglia serve as a primary source of IL-6 (or IL-1p)
secretion (Erta et al., 2012).

Together, these results demonstrate that EA reduces the number of
cytokine-expressing microglia and their overall inflammatory pheno-
types, while modulating cytokine spatial distribution and intracellular
localization, suggesting its anti-inflammatory effects by regulating
microglial activation and cytokine signalling at both the population and
cellular levels, limiting neuroinflammatory progression.

3.6. Physicochemical characterization of empty and loaded EA-NSVs: an
overview of stability overtime and in biological fluids as well as the in vitro
EA release

To bypass the pharmacokinetic issues herein we purpose an alter-
native drug delivery system as in previous studies of empty NSVs
composed of Pluronic F-127, Span 85, and Cholesterol, and character-
ized in terms of physico-chemical properties to be potentially suitable
for NtB delivery (Maisto et al., 2023). Based on this, EA was loaded into
NSVs, and the resulting EA-NSVs were characterized in terms of hy-
drodynamic diameter, {-potential, PDI, anisotropy, drug entrapment
efficiency (E.E.%), and in-vitro drug release (Table 2).

DLS results indicated an increase in hydrodynamic diameter (nm) for
EA-NSVs compared to empty NSVs (EA-NSVs 223.0 £+ 1.10, vs NSVs
163.4 + 0.097, p < 0.05; Table 2), likely due to EA incorporation into
the nanocarriers. Anisotropy experiments supported this data, showing
an increase in bilayer anisotropy value for EA-NSVs (EA-NSVs 0.23, vs
NSVs 0.15, p < 0.05; Table 2), probably due to the lipophilic nature of
EA. Additionally, the {-potential of EA-NSVs showed a higher absolute
value (EA-NSVs —18.5, vs NSVs —8.45, p < 0.01; Table 2), which might
be attributed to the chemical structure of EA, orienting its hydroxyl
groups near the head polar groups of the surfactant molecules on the
nanocarriers’ surface, thus altering the {-potential (Arulmozhi et al.,
2013). Furthermore, DLS data demonstrated that the inclusion of EA did
not affect the PDI value, which remained around 0.25. Specifically, a
PDI value within the range of 0.1-0.3 indicates a narrow size distribu-
tion, confirming that both EA-NSVs and empty NSVs were monodisperse
samples (Maisto et al., 2023).

Whereas, physicochemical stability over time was evaluated to
determine the storage stability of samples for up to 45 days. Particularly,
loaded EA-NSVs were stored at two temperatures, 4 °C and RT, and then
they were analysed by DLS measurements in terms of hydrodynamic
diameter and (-potential variations over 45 days. Results of physico-
chemical stability over time of empty NSVs are discussed in previous
work (Maisto et al., 2023), in which data showed that empty NSVs were
more stable at 4 °C in terms of hydrodynamic diameter, while RT size
(nm) significantly increased during the experiment. In this case, even
though the hydrodynamic diameter increases up to 45 days in both
temperature cases (4 °C: 1day: 236.00 + 1.10, n = 3, 15 days: 260.21 +
2.11, n = 3, 30 days: 285.33 + 1.33, n = 5, 45 days: 290.66 + 1.45, p <
0.01; Fig. 6A and B), loaded EA-NSVs only at 4 °C can be considered
stable as it still respects the size to be potentially intranasally delivered
(Migliore et al., 2010).

Table 2
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By UV analysis, the entrapment efficiency value of EA-NSVs has been
evaluated and it is possible to observe that the entrapped active com-
pound is around 40 % which corresponds to 0.8 mg/ml (Table 2). The
stability of EA entrapped inside the NSVs has been evaluated by UV
analyses in terms of decomposition/degradation over time, up to 45
days, at two different storage temperatures (4°C and RT). The UV
spectra were recorded immediately after sample preparation and after
15-30-45 days at two different temperatures (RT and 4 °C). By EA
concentration values (0.8 mg/mL, E.E%: 40.66 + 5.43, Table 2) it is
possible to observe that the drug amount remains constant at 4 °C up to
30 days (1 day: 40.66 + 5.43,n = 3, vs 30 days: 37.14 £ 3.57,n=3,p >
0.05; Fig. 6D), suggesting that the nanocarriers component doesn’t
affect the EA chemical stability as well.

The system was also characterized to evaluate the effect of SNF and
aCSF on the stability of EA-NSVs compared with empty ones in terms of
the hydrodynamic diameter variations (by DLS measurements) for 3h as
described in paragraph 2.5.2. Specifically, within the first hour a little
decrease is observed (SNF: Oh 236.00 & 1.10, n = 3, vs 1h 224.9 4+ 2.11,
n =3, p < 0.05; aCSF: 0h 236.00 + 1.10, n = 3, vs 1h 260.1 + 4.24,n =
3, p < 0.05; Fig. 6C) probably for the system assessment in the new
environment, while no significant variation of dimensions, always
considering the intranasal delivery based characterization (Migliore
etal., 2010), affect both samples up to 3h (SNF: 0h 236.00 +1.10,n =3,
vs 3h 250.1 + 1.09, n = 3, p < 0.01; aCSF: Oh 236.00 + 1.10, n = 3, vs
1h 262.9 + 4.02, n = 3, p < 0.01; Fig. 6C). Thereby, it is possible to
affirm that the media didn’t affect the integrity of loaded niosomes, as
well as the empty NSVs (Maisto et al., 2023).

To further support these results, morphology and stability of loaded
EA-NSVs were also evaluated by Transmission Electronic Microscopy
(TEM) analysis. Examination of the ultrastructure by TEM revealed that
all vesicular preparations were non-aggregated almost spherical parti-
cles (Fig. S2). The morphology of niosomes revealed the presence of a
well-identified unilamellar surface structure. Moreover, sizes appeared
comparable to those recorded by DLS with a trend towards smaller sizes
for niosomes dispersed in aCSF but with values within the range of
measurements reported by DLS. A similar pattern of dispersed vesicles
was visualized in all samples, indicating that all biological fluids do not
affect the structure in terms of hydrodynamic diameter and phenomena
degradation (Fig. S2).

In vitro release profile of EA-NSVs have been carried out in both
Hepes (representing the control) and aCSF media, evaluating the effect
of different media on the release capability of the NSVs over a period of
up to 3 h, which corresponds to the potential residency time of nano-
carriers in the nasal cavity (Maisto et al., 2023; Nair et al., 2021). In both
media, the drug release is gradual and does not reach 100 % within 3 h
(Hepes: 3h 19.87 + 2.99, n = 3; aCSF 3h 30.98 + 4.23, n = 3, Fig. S3),
likely due to the lipophilic nature of EA and its interaction with the
lipophilic bilayer structure of the vesicles (Sharma et al., 2015), sug-
gesting that EA-NSVs function as a prolonged-release drug delivery
system. Importantly, the biological activity of EA is not compromised in
aCSF, as demonstrated by the electrophysiological results (paragraph
3.7), demonstrating that after incubation with ex-vivo hippocampal sli-
ces in aCSF, EA-NSVs exhibit a neuroprotective effect at low concen-
trations against Ap;.42 mediated LTP defects. Additionally, the chemical
stability of EA in aCSF is maintained, as confirmed by UV spectropho-
tometer analysis, which still detected EA up to 3 h post-incubation, as-
suring its possible biological activity.

Physicochemical results. Size (hydrodynamic diameter), charge ((-potential), PDI, entrapment efficiency (E.E.% and E.E mg/mL) and bilayer characterization in
terms of anisotropy of loaded samples EA-NSVs. Listed values are determined as the mean value + standard deviation of n = 3 EA-NSVs sample measurements.

Sample Hydrodynamic diameter (nm) + SD {-potential (mV) PDI + SD E.E. (%) E.E (mg/mL) Anisotropy A.U.
+ SD
EA-NSVs 236.0 + 1.10 —18.5 + 0.98 0.256 + 0.002 40.66 + 5.43 0.8 0.23
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Fig. 6. Physicochemical stability of empty and loaded niosomes. Statistical symbols: *p < 0.05 **p < 0.01, and ***p < 0.001 vs 1 day. (A), (B) Results of
investigation on physicochemical stability of loaded niosomes (EA-NSVs) in terms of hydrodynamic diameter (nm) and {-potential (mV) until up to 45 days: (A) at
4 °C; (B) at RT. Each dot represents the mean value of three measurements for each sample. (C) Stability studies following variation of hydrodynamic diameter values
of loaded niosomes EA-NSVs: in the presence of SNF and mucin (0.1 % w/w), and in aCSF. Data are represented as the mean of three different samples + SD. (D)
Stability studies over time of E.E.% of loaded EA-NSVs at 2 different storage temperatures (4 °C and RT) over 45 days. Each dot represents the mean value of three

measurements foreach sample.

3.7. EA-NSVs show neuroprotective effects at low concentrations against
LTP defect Ap1.42 mediated

To verify the neuroprotective effect of EA-NSVs we carried out syn-
aptic plasticity experiments in ex vivo hippocampal slices pre-incubated
with EA-NSVs and A;.42 (30 min). The dilutions of EA at 3 and 10 pM in
10 mL of aCSF were made considering the final concentration of EA in
loaded EA-NSVs detected after UV-spectrophotometric analysis, and
maintaining the concentrations of the NSVs components in the same
surfactant concentration range (30 and 100 pM), that do not alter syn-
aptic plasticity, as studied previously (Maisto et al., 2023). Indeed, as
described in the previous work (Maisto et al., 2023), the degree of
potentiation observed in ex vivo hippocampal slices pre-treated with
empty NSVs was similar to that in the control group treated with the
reverse oligomers Af42.1 (APsz-1 157.04 £ 4.90, n = 7, vs NSVs 150.82
+ 3.04,n =6, p > 0.05; Fig. 7A-B), confirming that the empty NSVs did
not influence synaptic plasticity, either in presence of APi.42 (APaz1
157.04 £ 490, n = 8, vs NSVs 150.82 + 3.04, n = 5, p > 0.05; AP;.42
132.97 £+ 2.56, n = 8, vs NSVs + Afq.42 124.41 + 3.58, n = 5, p > 0.05;
Fig. §3). In contrast, the EA-NSVs formulation demonstrated a signifi-
cant neuroprotective effect at a lower concentration of 3 pM (EA-NSVs 3
UM + AP1.42 156.74 + 4.44, n = 5, vs APy.4p 132.97 + 2.56,n = 8, p <
0.001; Fig. 7A and B), indicating superior efficacy compared to free EA
at the same concentration (EA 3 pM + APj.42 132.97 + 2.56, n = 8, vs
AB1.42132.97 £ 2.56,n =8, p > 0.05; EA-NSVs 3 pM + AP;.42 162.74 £+
8.44,n =5, vs AP1.42 132.97 + 2.56, n = 8, p < 0.001; Fig. 7A and B).
Similarly, the EA-NSVs formulation at 10 pM also effectively restored
LTP magnitude when co-incubated with AB;.42 (EA-NSVs 10 pM + AB;.42

11

163.10 + 2.54,n = 6, vs AP1.42 132.97 + 2.56, n = 8, p < 0.001; Fig. 7C
and D), suggesting also that the pharmacological dose plateau has been
reached.

4. Discussion

The need for new therapies is increasingly urgent, especially for
neurodegenerative diseases like Alzheimer’s disease (AD), and recently
the attention is also focused on phytocompounds, due their pleiotropic
activity, that can represent a source for new chemical structures to
develop new therapeutics more specific. In this context, several studies
have highlighted the neuroprotective effects and cognitive-enhancing
effects of EA, demonstrating its ability to reduce oxidative stress,
neuro-inflammation, and Af plaque formation (Jha et al., 2018; Li et al.,
2025; Singh and Prasad, 2024) as well as its ability to prevent LTP
deficits in brain inflammation (Chen et al., 2024; Farbood et al., 2015).
However, in the literature, no evidence has been reported so far in terms
of the effect of EA at neuronal and functional levels in an AD ex vivo
model.

This study firstly investigated the EA’s effect on synaptic plasticity at
different concentration demonstrating that EA affects per se synaptic
mechanisms at higher concentration, which was excluded in the further
investigations. Consequently, it was evaluated the neuroprotective ac-
tivity of EA on ex vivo synaptic plasticity function showing the rescue of
Ap.42-mediated alterations at the synaptic level in CA1 hippocampal
pyramidal neurons in a dose-dependent manner, suggesting a restora-
tion of synaptic defects associated with cognitive abilities consistent
with behavioural data from previous studies (Jha et al., 2018; Li et al.,
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Fig. 7. Loaded EA-NSVs reverse Af;_4o-mediated LTP impairment. Statistic symbol: ***p < 0.001 vs AP4z.1,$p < 0.05, $$$p < 0.001 vs APy .42, Data are presented
as mean + SEM (A), (C) Above representative traces in respective experimental group: ABy.42, APso.1, EA (3 and 10 pM) + AB;.42, EA-NSVs EA (3 and 10 pM) + A4
and NSVs are shown; below summary graph of the averaged time course of LTP induced by theta-burst stimulation. (B), (D) Histograms illustrating the magnitude of
LTP (% of baseline) in the respective experimental conditions. Dots represent the mean of last 10 min of LTP recorded for each brain slice.

2025; Singh and Prasad, 2024). Integrately, it is well known that accu-
mulation of AP affects microglia by different mechanisms (Lau et al.,
2021; Tiwari et al., 2019), and that microglial dysfunction results in
synaptic alterations, LTP deficits and inadequate regenerative response
(Neumann et al., 2008). In this context, we have previously demon-
strated that microglia has internalized Ap;.42 continues to prune gluta-
matergic synapse, resulting in amyloid accumulation within
glutamatergic synapses and contributing to the observed impairments in
LTP and excitatory neurotransmission (Piccioni et al., 2024). Herein, EA
was able to rescue the morphological alterations induced by ex vivo
ApPj.42 incubation, all changes which are useful markers of inflammation
and severity of damage (Green and Rowe, 2024). Specifically, Ap
exposure promoted a hypertrophic microglial phenotype, evidenced by
increased soma area and perimeter alongside a reduced circularity
index, features reminiscent of an inflammatory state (Godeanu and
Catalin, 2025; Murray et al., 2025; Vidal-Itriago et al., 2022). This was
also confirmed by the number of intersections which, at larger radii,
were higher with EA treatment, suggesting that EA restores microglia
toward a more homeostatic state, characterized by reduced elongation
and more homogeneous branching (Godeanu and Catalin, 2025).

Such a phenotype is consistent with the concomitant cytokine profile
observed, since activated inflammatory microglia typically engage NF-
kB signalling and upregulate downstream pro-synthetic enzymes driving
interleukins production (Kaltschmidt et al., 1994; Lau et al., 2021, p.
202; Streit et al.,, 2014). Indeed, to deeply investigate these
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morphological changes in correlation to the changes observed in
neurotransmission, we have evaluated the interleukins expression, as
IL-6 and IL-1f, which are involved in synaptic plasticity impairments
(Del Rey et al., 2013; Gruol, 2015). Importantly, microglial morphology
was paralleled by increased pro-inflammatory factors, whose labelling
was often observed in close proximity to microglial processes rather
than strictly localized to the soma, consistent with vesicular trafficking
and secretion pathways (Erta et al., 2012; Gosselin et al., 2017). Excess
of these interleukins may promote NMDA receptor internalization,
thereby explaining the reduction of NMDA currents and LTP impairment
observed (Tong et al., 2018; Viviani et al., 2003). EA treatment
normalized microglial morphology, restored ramification, and reduced
pro-inflammatory cytokine levels, maintaining the supportive micro-
environment required for synaptic plasticity and supporting the view
that EA’s synaptic rescue deeply rely on its modulation of neuroimmune
function.

Despite these promising results, the clinical translation of EA is
constrained by its limited bioavailability (Murugan et al., 2009), as it
exhibits poor systemic absorption and rapid metabolism, with the
highest tissue concentrations found in the liver and kidneys rather than
the brain (Murugan et al., 2009). Notably, gut-microbial conversion of
EA leads to the formation of urolithins, metabolites reported to exert
biological activity, including cognitive and synaptic neuroprotection
(Gonzalez-Barrio et al., 2010; Gonzalez-Garrido et al., 2015; Merten-
s-Talcott et al., 2006; Seeram et al., 2006; Stoner et al., 2005; Yan et al.,
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2014). Although, these metabolites could represent additional candi-
dates for testing in our formulation, in this work we chose to focus on EA
itself, investigating strategies to overcome its bioavailability issues and
to explore its potential for targeted brain delivery, in light of in vitro
studies using EA alone or in phytocomplexes on neuronal cells, or
through non-oral administration routes that bypass gut microbiome
metabolism (Abroumand Gholami et al., 2025; Banu and Das, 2025;
Dessi et al., 2025). Specifically, we included EA in non-vesicular nio-
somes, and we characterized EA-NSVs formulation from a physico-
chemical perspective with a focus on intranasal delivery. In particular,
we evaluated the hydrodynamic diameter, a key parameter for efficient
transport across the nasal mucosa and subsequent delivery to the brain
via the olfactory and trigeminal pathways (Adnet et al., 2020; Migliore
et al., 2010), along with other parameters relevant to formulation sta-
bility. Consistent with previous findings (Rinaldi et al., 2019), the car-
rier exhibited properties well suited for intranasal delivery. The particle
size, in particular, falls within the optimal range for passage through the
nasal epithelium and potential uptake via olfactory pathways. While our
ex vivo system does not allow assessment of blood-brain barrier pene-
tration, pharmacokinetics, or in vivo intranasal delivery, this encapsu-
lation significantly improved the efficacy of EA compared with the free
compound. The activity of EA-NSVs observed at concentrations to whom
free EA wasn’t effective is likely attributable to improved solubility,
membrane interaction, and sustained release (Bhardwaj et al., 2020), as
also supported by our release profiling in aCSF or TEM analysis, without
compromising the integrity of EA-NSVs either. These effects explain the
greater neuroprotection without invoking BBB penetration, which re-
mains to be further investigated in vivo.

Collectively, our findings, based on a well-known ex vivo model
(Chen et al., 2006; Mango et al., 2016; Piccioni et al., 2021; Varga et al.,
2015; Wang et al., 2004; Yao et al., 2013), support the neuroprotective
effect of EA counters Afj.4s-induced cognitive impairment through
stabilization of glutamatergic synapse and attenuation of
microglia-derived cytokine signaling. Encapsulation into nanovesicles
enhances these protective actions by improving drug stability and
releasing kinetics. Nevertheless, while the characterization of NSVs was
based on the intranasal delivery, future prospectives will include in vivo
studies to validate EA-NSVs distribution, pharmacokinetics, and thera-
peutic efficiency following nose to brain delivery.

5. Conclusions

In this study, EA demonstrated robust effects on synaptic plasticity
and neuroinflammatory markers in an ex vivo model of Af;.42-induced
impairment, highlighting a protective mechanism closely linked to
modulation of microglial activity and cytokine signaling. These results
provide strong evidence that EA can pharmacologically rescue synaptic
dysfunction under neuroinflammatory conditions.

Despite these promising effects, the clinical translation of EA is
limited by its poor bioavailability and metabolic instability. To address
these challenges, we developed EA-NSVs, a biocompatible formulation
that enhances EA stability, solubility, and sustained release. Impor-
tantly, EA-NSVs produced neuroprotective effects at lower concentra-
tions than free EA in the ex vivo system, supporting their potential to
improve therapeutic efficacy.

While the present findings are confined to an ex vivo model, they
establish a rationale for future in vivo investigations. Subsequent studies
will aim to validate the pharmacokinetic, brain distribution, and func-
tional efficacy of EA-NSVs, including also comparisons with EA metab-
olites, such as urolithins, given the versatility of our drug delivery
system. Collectively, these results position EA, particularly in niosomal
form, as a promising candidate for strategies aimed at mitigating syn-
aptic and cognitive deficits associated with neurodegenerative diseases.
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