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Abstract
Background  Alzheimer’s disease (AD) is the leading cause of dementia in the elderly and poses a significant 
socioeconomic burden due to its progressive nature and lack of effective treatments. Recent studies suggest that 
neural stem cell-derived extracellular vesicles (NSC-EV) hold therapeutic potential against AD by delivering bioactive 
molecules that counteract neuroinflammation, oxidative stress, and protein dysregulation.

Methods  NSC-EV were intranasally administered to both male and female 3×Tg-AD mice from three to twelve 
months of age and cognitive function were evaluated at multiple time points. Moreover, neuroinflammation and 
amyloid-β (Aβ) metabolism markers were studied at 9 months of age.

Results  Intranasal administration of NSC-EV delayed cognitive decline, reduced hippocampal neuroinflammation, 
and decreased Aβ accumulation in both male and female 3×Tg-AD mice. These functional effects were accompanied 
by the downregulation of STAT5 expression, which is a mediator of neuroinflammatory signaling, and the 
upregulation of neuroprotective transcription factor NRF2. Moreover, the changes in STAT5 and NRF2 expression 
caused the epigenetic inhibition of pro-amyloidogenic beta secretase BACE1 transcription and the enhanced 
expression of IDE, which is the main enzyme involved in Aβ clearance. These events were accompanied by the 
reduction of Aβ levels.

Conclusions  Our findings provide new insights into the molecular mechanisms by which NSC-EV modulate AD 
pathology and support their potential as a regenerative therapy for neurodegenerative diseases.
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Background
Alzheimer’s disease (AD) is a neurodegenerative disorder 
characterized by multifactorial pathogenesis, ultimately 
leading to progressive neurodegeneration and cogni-
tive decline [1]. AD has emerged as the leading cause of 
dementia affecting between 60 and 80% of the world’s 
elderly population [2]. This highlights the strong impact 
of the disease on global health and the growing need for 
effective treatment.

Over the years, much effort has been made to under-
stand the pathology of AD and develop therapeutic tools. 
It is now widely accepted that AD is characterized by the 
accumulation of amyloid-beta (Aβ) oligomers and the 
formation of neurofibrillary tangles (NFTs), which are 
neuropathological hallmarks also used as biomarkers or 
tracers in neuroimaging techniques [3–5]. Nevertheless, 
AD has long eluded multiple therapeutic strategies [6].

In recent years, much attention has been paid to the 
impact of inflammatory processes on AD pathogenesis 
and progression [7]. Under physiological conditions glial 
cells, such as astrocytes and microglia, play a key role 
in the maintenance of brain health and homeostasis, 
but excess stimulation may cause an increase in proin-
flammatory cytokine release and aberrant activation of 
immunomodulatory pathways that produce synaptotoxic 
effects and neuronal damage [8, 9]. Interestingly, inflam-
matory cytokines have been shown to regulate the enzy-
matic activity of beta-secretase 1 (BACE1), an enzyme 
involved in the synthesis of Aβ peptides [10]. Elevated 
BACE1 activity leads to increased generation of synapto-
toxic Aβ peptides inside the brain [11, 12]. These findings 
suggest that inflammation is not merely a consequence of 
AD but an active contributor to its progression.

One promising area of research in this regard is stem 
cell (SC)-based therapy, which explores the potential of 
SC and their secretome to counteract the neuroinflam-
matory environment in neurodegenerative disorders [13]. 
Extracellular vesicles (EV) are small membrane-bound 
particles secreted by all cells that carry a variety of bio-
logical molecules modulating the physiology of target 
cells. SC-derived EV have been reported to exhibit regen-
erative and anti-inflammatory properties, making them 
an attractive option for treating AD [14].

Recent studies have demonstrated that the SC secre-
tome modulates inflammatory responses, influence met-
abolic pathways, and counteract cell death, all of which 
are crucial aspects of AD progression [15]. Moreover, 
several reports have shown that mesenchymal stromal 
cell-derived EV inhibit neuroinflammation and exert 
beneficial effects in experimental AD models [16, 17]. 

However, the molecular mechanisms underlying the abil-
ity of SC-derived EV to prevent AD pathogenesis remain 
elusive. In our study, we found that intranasal adminis-
tration of neural stem cell (NSC)-derived EV (NSC-EV) 
counteracted the onset and progression of cognitive 
deficits in both male and female 3×Tg-AD mice. NSC-
EV reduced Aβ deposition and the activation of both 
microglia and astrocytes in the hippocampus. Moreover, 
EV treatment modulated the activation of inflammation- 
and oxidative stress-related transcription factors, STAT5 
and NRF2. Finally, NSC-EV epigenetically regulated the 
expression of BACE1 and insulin-degrading enzyme 
(IDE), which are key elements involved in the genera-
tion and clearance of Aβ. Our findings reveal an epigen-
etic mechanism linking STAT5/NRF2 activation, BACE1/
IDE expression, and Aβ accumulation, and provide novel 
insights into the beneficial effects of SC-derived EV on 
AD onset and progression.

Methods
Animals and treatments
Male and female 3×Tg-AD mice (B6;129-Tg(APPSwe, 
tauP301L)1Lfa Psen1tm1Mpm/Mmjax) were derived 
from the Animal facility of Università Cattolica del 
Sacro Cuore. Mice were housed in groups (3–5 animals 
per cage) under a 12 h light-dark cycle at constant tem-
perature (22–23 °C), with food and water ad libitum. All 
experiments were designed according to the ARRIVE 
guidelines. Mice derived from the same litter were ran-
domly assigned to the following experimental groups. For 
experiments, 3×Tg-AD mice were intranasally injected 
with (i) NSC-EV (approximately 1 × 108 diluted in 4µL 
PBS 1X per each administration) or (ii) saline starting at 
3- and continuing until 9- months of age, twice a week. 
EV treatment started at 3 months of age because at this 
stage neither male nor female 3×Tg-AD mice still showed 
any cognitive impairment. The number of vesicles was 
selected according to our previous studies [18, 19].

NSC culture and EV isolation
NSCs were isolated from both major adult neurogenic 
niches (i.e., hippocampus and subventricular zone) of 
P0 C57Bl6 mice. NSCs were expanded and cultured in 
serum-free NeurobasalA medium supplemented with 
B27 (minus vitamin A), EGF, and bFGF, under standard-
ized neurosphere conditions as previously described [18]. 
EVs were isolated exclusively from conditioned media 
derived from neurosphere cultures, and EV harvesting 
was restricted to early passages (up to passage 3).
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For EV isolation, the media from different primary 
cultures of murine NSC were collected and pre-cleared 
using a multistep centrifugation protocol. EV were puri-
fied using the exoEasy Maxi Kit (Qiagen) according to the 
manufacturer’s instructions. Isolated EV were subjected 
to phosphate-buffered saline (PBS) buffer exchange using 
Vivaspin 2 columns (Sartorius, Goettingen, Germany, cat 
number VS0232) for in vivo treatment. EV were analyzed 
and quantified performing Nanoparticle Tracking analy-
sis using a Nanosight NS300 particle size analyser (Mal-
vern Panalytical, UK). Once isolated, the EV were stored 
at -80 °C.

Behavioural tests
All behavioural tests were performed as previously 
described [20]. Long-term recognition memory and 
short-term spatial memory were assessed using Novel 
Object Recognition (NOR) and Object Place Recognition 
(OPR) tests, respectively. In the NOR test, on the first 
day (habituation), animals familiarized for 10 min with 
the test arena (45 cm×45 cm). On the second day (train-
ing session), mice were allowed to explore two identical 
objects placed symmetrically at the center of the arena 
for 10 min. On the last day (test session), a new object 
replaced one of the old objects, and the animals were 
allowed to explore for 10 min. For the OPR test, animals 
underwent the same procedure used for the NOR test, 
except that, during the test phase, one of the objects was 
moved into a different position without being substi-
tuted. In the OPR test, different cues were placed on the 
walls of the testing arena to provide spatial points of ref-
erence. Mice showing a total exploration time lower than 
20 s or spending significantly different time between the 
two objects during the training phase were excluded.

Tests were video-recorded, and the analysis was per-
formed by a blinded experimenter. For both tests, a pref-
erence index was calculated in the test phase as the ratio 
between the time spent exploring the novel object and 
the total time of object exploration to quantify recogni-
tion and spatial memory.

Western blot
Samples for western blot analyses were processed as pre-
viously described [21]. Briefly, whole hippocampi were 
lysed in ice-cold lysis buffer (NaCl 150 mM, Tris-HCL 
50mM pH8, EDTA 2mM) containing 1% Triton X-100, 
0.5% SDS, 1X protease inhibitor cocktail, 1 mM sodium 
orthovanadate, 1 mM sodium fluoride and 1 mM phenyl-
methyl sulfonyl fluoride (all reagents from Sigma Aldrich, 
St. Louis MO, USA). The lysate was sonicated with a 
Diagenode Bioruptor Standard water bath sonicator 
and incubated 15 min on ice. At the end of the incuba-
tion, samples were spun down at 13,000 g at 4 °C for 15 
min. The supernatant was quantified for protein content 

using Bradford assay (DC Protein Assay; Bio-Rad, Her-
cules, CA, USA). Equal amounts of proteins were diluted 
in 6× Laemmli Buffer, boiled, and resolved using sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE, Biorad, Hercules, CA, USA). Primary antibod-
ies (listed in Table S1) were diluted 1:1000 in 3% milk in 
TBS-Tween20, incubated overnight and then revealed 
with horse radish peroxidase-conjugated secondary anti-
bodies (1:5000 Cell Signaling Technology Inc. Danvers, 
MA, USA) and different chemiluminescent substrates, 
according to the expected protein concentration (Cyana-
gen, BO, Italy).

Signals were acquired on a UVItec Cambridge Alli-
ance instrument and quantified with Alliance Software. 
The expression levels of the target protein were normal-
ized to the total amount of housekeeping protein (HSP90, 
β-actin or β-tubulin). The phosphorylation levels of the 
target proteins were normalized to the total amount of 
the target protein in each lane and to the total amount of 
housekeeping protein according to the following formula 
(phospho-protein/total protein/housekeeping protein). 
In bar graphs, where relative units were used to show the 
data, the mean value of the control was set to 1. Repre-
sentative images of western blot were cropped for pre-
sentation with no manipulations. Uncropped blot images 
are provided in Supplementary Fig. 4.

Immunofluorescence experiments
For immunofluorescence ex vivo experiments, female 
3×Tg-AD mice were used because they show higher levels 
of Aβ deposition at 9 months of age at level of subiculum 
compared to male mice [22, 23]. The animals were deeply 
anesthetized and transcardially perfused with PBS (0.1 M 
pH 7.4), followed by 4% paraformaldehyde (PFA). Once 
perfusion was completed, the brains were collected, incu-
bated overnight at 4 °C in 4% PFA, and then transferred 
to a solution of 30% sucrose in H2O. Brains were then 
cut into slices (40 μm thick) with a vibratome (VT 100 S, 
Leica Microsystem, Gmbh, Wetzar, Germany). Immuno-
fluorescence experiments were performed as previously 
described [20]. Briefly, after 1 h of incubation with block-
ing buffer made by 0,3% Triton X-100 (Sigma St Louis, 
MO, USA) and 5% NGS (Euroclone s.p.a., Milan, Italy), 
tissues were incubated overnight in blocking buffer at 4 
°C with primary unconjugated antibodies (GFAP, IBA-1, 
Aꞵ, MAP2, all diluted 1:400). The next day, the tissues 
were incubated for 90 min at RT with secondary antibod-
ies diluted in PBS 1X: Alexa Fluor 546 (TRITC) or Alexa 
Fluor 488 (FITC) anti-rabbit/mouse according to the pri-
mary antibody host species (1:800, Invitrogen, Carlsbad, 
CA, USA). Finally, the nuclei were counterstained with 
DAPI (0.5 µg/mL; Invitrogen, Carlsbad, CA, USA) for 
10 min, and the slices were coverslipped with Pro-Long 
Gold anti-fade reagent (Invitrogen, Carlsbad, CA, USA).
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Confocal image acquisition and analysis
Images (1024 × 1024 pixels) were acquired using a Nikon 
A1 MP confocal system (Tokyo, Japan) at 4× and 60× 
magnifications with a non–oil-immersion objective (NA 
1.2). The scale bar is shown in the picture and described 
in the figure legends. Image analysis was conducted 
using NIS-Elements AR software version 5.30.01. For ex 
vivo immunofluorescence analyses, DAPI+/IBA-1+ and 
DAPI+/GFAP+ co-immunoreactive cells were counted 
individually in the entire hippocampus of mice. Since 
GFAP and Amyloid-ꞵ are differentially expressed in 
various conditions and cell types, their levels of expres-
sion vary depending on the specific context. Therefore, 
analyses were performed by comparing immunofluo-
rescence intensities in areas of the same extent (fluores-
cence intensity measurement/ROI area) between two 
or more experimental conditions. For biodistribution 
experiments, image analysis was conducted focusing on 
MAP2⁺/Exo-Glow⁺ or IBA-1⁺/Exo-Glow⁺ cells. For 3D 
analyses, the “Slices View” feature of the Nikon NIS Ele-
ments Software has been used. Briefly, after a z-stack 
acquisition of a target image (or ROI) of interest, this 
view displays orthogonal XY, XZ, and YZ projections of 
the image sequence and the actual colocalization of sig-
nals on the same Z slice. For each immunofluorescence 
experiment, each experimental group was composed of 
four animals. For each brain, five slices containing the 
hippocampus were analyzed. The entire analysis was per-
formed using ImageJ/FIJI software.

ELISA assay
Aβ peptide 1–42 levels were analyzed on whole hippo-
campi using an Ultrasensitive Human Amyloid beta42 
ELISA Kit (Thermo Fisher Scientific). Assays were per-
formed according to the manufacturer’s instructions. 
Aβ1–42 levels are indicated as pg of Aβ peptide 1–42 per 
milligram of proteins contained in the total lysate.

Multiplex
Cytokine analysis was performed using Q-Plex Mouse 
HS ArrayTM Technology (Quansys Bio, Logan, Utah, 
USA). Q-Plex is an ELISA assay intended for simultane-
ous and quantitative measurements of multiple cytokines 
in a single sample: GM-CSF (Lower Limit of Quanti-
fication – LLOQ: 0.61 pg/mL), IFNγ (LLOQ: 0.54 pg/
mL), IL-1α (LLOQ: 0.72 pg/mL), IL-1β (LLOQ: 2.51 pg/
mL), IL-2 (LLOQ: 0.38 pg/mL), IL-3 (LLOQ: 0.08 pg/
mL), IL-4 (LLOQ: 0.43 pg/mL), IL-5 (LLOQ: 0.54 pg/
mL), IL-6 (LLOQ: 0.68 pg/mL), IL-10 (LLOQ: 0.70 pg/
mL), IL-12p70 (LLOQ: 0.65 pg/mL), IL-17 (LLOQ: 0.77 
pg/mL), MIP-1α (LLOQ: 1.16 pg/mL), RANTES (LLOQ: 
2.46 pg/mL), and TNFα (LLOQ: 0.67 pg/mL).Whole hip-
pocampi were lysed and the assay was performed accord-
ing to the manufacturer’s instructions. Briefly, samples 

were pipetted into the wells of a 96-well plate with immo-
bilized analyte-specific antibodies. After washing, a 
biotinylated analyte-specific antibody was added. After 
washing, streptavidin-horseradish peroxidase was. added 
to the wells and incubated according to the manufactur-
er’s instructions. The amount of conjugated enzyme in 
each well was measured by adding a chemiluminescent 
substrate and reading the results using Q-View Software.

ChIP
ChIP assays were performed as previously described 
[24]. Hippocampi were resuspended in 200 µL lysis buf-
fer containing 1% SDS, 50 mM Tris-HCl pH 8.0, and 10 
mM EDTA and sonicated on ice with six 10-s pulses with 
a 20-s interpulse interval. Approximately 2 µg of specific 
antibody or control IgG was added overnight at 4 °C. 
Chromatin fragments were extracted with a PCR DNA 
fragment purification kit (Geneaid). The primers used for 
promoter analysis are listed in Table S2.

Real-time PCR
Quantitative real-time PCR was carried out using Power 
SYBRR Master Mix (Fisher Molecular Biology) on 
AB7500 instrument (Life Technologies) according to the 
manufacturer’s instructions. The thermal cycling profile 
included a pre-incubation step of 94  °C for 10 min, fol-
lowed by 40 cycles of denaturation (94 °C, 15 s), annealing 
(60 °C, 30 s), and elongation (72 °C, 20 s). Then, melting 
curves were generated by heating amplified products 
at 94  °C for 15  s, cooling to 50  °C for 30  s, followed by 
slow heating to 94  °C in increments of 0.5  °C and they 
confirmed that only single products had been amplified. 
ROX was used in the SYBR master mix as reference dye 
and all data were analyzed by comparing to the amplifica-
tion levels of the Actin. The threshold values determined 
by the software were used to calculate gene expression 
levels employing the cycle-at-threshold (Ct) method. The 
data are expressed as fold changes (compared to control) 
for each target, using the 2-ΔΔCt approach. The primer 
list is shown in Table S3.

Statistical analysis
Sample sizes (n = 12 for behavioral tests; n = 5 for immu-
nofluorescence experiments; n = 6 for multiplex and 
ELISA assays, western blotting and ChIP analyses) were 
chosen with adequate power (0.8) according to the results 
of prior pilot datasets or studies, including our own, that 
used similar methods or paradigms. Sample estimation 
and statistical analyses were performed using SigmaPlot 
14 software. The statistical tests employed in the experi-
ments (i.e., Student’s t-test, two-way ANOVA without or 
with multiple comparisons) are mentioned in the corre-
sponding figure legend. The level of significance was set 
at p < 0.05. The results are shown as mean ± SEM.



Page 5 of 14Natale et al. Alzheimer's Research & Therapy          (2026) 18:116 

Results
Intranasal administration of NSC-EV prevents memory 
deficits in 3×Tg-AD mice
To evaluate the efficacy of NSC-EV on the onset and 
progression of cognitive deficits, we isolated EV from in 
vitro NSC cultures as previously described [19] (Supple-
mentary Figs. 1A, B) and intranasally treated both male 
and female 3×Tg-AD mice with vehicle solution (PBS) 
or NSC-EV starting from 3 months of age. Labeled EV 
were detected inside both neurons and microglia in 
the hippocampus 24 h after the intranasal administra-
tion (Supplementary Figs. 1 C, D). We tested the cogni-
tive performance of mice using novel object recognition 
(NOR) and object place recognition (OPR) tasks after 3 
or 6 months from the beginning of the treatment (Fig. 
1A). Administration of NSC-EV ameliorated the prefer-
ence index (PI) in males at each age but no significant 
differences were detectable before 9 months of age (PI in 
NOR: F2.92 = 11.24, 67.3 ± 1.8% for 3×Tg-ADNSC−EV vs. 
61.0 ± 1.6% for 3×Tg-ADVEH and P = 0.074 at 6 months, 
65.3 ± 1.8% for 3×Tg-ADNSC−EV vs. 58.4 ± 1.6% 3xTg-
ADVEH and P = 0.011 at 9 months; PI in OPR: F2.92 = 
10.93, 64.5 ± 1.1% for 3×Tg-ADNSC−EV vs. 60.7 ± 1.7% for 
3×Tg-ADVEH and P = 0.291 at 6 months, 64.2 ± 2.1% for 
3×Tg-ADNSC−EV vs. 58.1 ± 2.3% for 3×Tg-ADVEH and P = 
0.003 at 9 months; Fig. 1B).

Moreover, the beneficial effects of NSC-EV in both 
hippocampus-dependent tests were even more evident 
in female 3×Tg-AD mice at each stage (PI in NOR: F2.92 
= 29.68, 65.2 ± 3.1% for 3×Tg-ADNSC−EV vs. 56.2 ± 1.8% 
for 3×Tg-ADVEH and P = 0.0027 at 6 months, 62.6 ± 1.1% 
for 3×Tg-ADNSC−EV vs. 54.6 ± 1.8% 3xTg-ADVEH and 
P = 0.0005 at 9 months; PI in OPR: F2.92 = 20.21, 
64,9 ± 3.9% for 3×Tg-ADNSC−EV vs. 56.0 ± 3.2% for 3×Tg-
ADVEH and P = 0.0244 at 6 months, 62.6 ± 3.7% for 3×Tg-
ADNSC−EV vs. 54.9 ± 2.1% for 3×Tg-ADVEH and P = 0.0036 
at 9 months; Fig. 1C).

NSC-EV reduced neuroinflammation in the hippocampus 
of 3×Tg-AD mice
To evaluate the effects of EV treatment on AD-related 
neuroinflammation, we investigated immunoreactivity 
for ionized calcium-binding adaptor molecule 1 (IBA1), a 
marker of microglial activation, and glial fibrillary acidic 
protein (GFAP), a well-established cytoskeletal marker 
of astrogliosis, in the hippocampus of 3×Tg-AD mice. 
Immunofluorescence analyses revealed a reduction of 
IBA1 immunopositive cell number upon NSC-EV admin-
istration in both female and male mice (IBA1+ cell num-
ber: F3.49 = 47.206, 315.4 ± 16.3 vs. 437.4 ± 41.1, P = 0.0192 
for females; 127.4 ± 17.9 vs. 230.9 ± 20.9, P = 0.0036 for 
males; Figs.  2A, B, E). Similar effects were observed for 
GFAP immunoreactivity in the hippocampus of 3×Tg-
ADNSC−EV mice (GFAP fluorescence intensity: F3.49 = 

7.795, -29.6% and P = 0.0036 for females; -23.8% and 
P = 0.0418 for males; Figs. 2C, D, F). Accordingly, analysis 
of either immunoreactivity or expression of CD68, which 
is a highly selective marker for monocytes and macro-
phages, also showed a significant reduction in the hippo-
campi of 3×Tg-AD mice after NSC-EV treatment (CD68+ 
cell number: 20.6 ± 1.4 vs. 57.8 ± 8.3, P = 0.0023; CD68 
expression: -60%, P = 0.0056; Supplementary Figs. 2A, B). 
We also analyzed the levels of both proinflammatory and 
anti-inflammatory cytokines in the hippocampal tissue. 
We found decreased levels of several proinflammatory 
cytokines in 3×Tg-ADNSC−EV (GM-CSF − 67%, P = 0.011; 
IFNɣ -59% P = 0.028; IL-1ɑ -178% P = 0.0004; IL-1ꞵ -53% 
P = 0.032; IL-10 -59%, P = 0.04; IL-17 -64%, P = 0.018; 
MIP-1ɑ -200%, P = 0.027; RANTES − 58%, P = 0.020; 
TNFα -54%, P = 0.030; Fig.  2G). No changes were 
detected in the levels of other cytokines, including anti-
inflammatory ones (IL-3, IL-4, IL-5, and IL-6; Fig. 2G).

NSC-EV influenced the expression of enzymes regulating 
Aβ metabolism
First, we assessed Aβ levels in the hippocampus of 3×Tg-
ADVEH and 3×Tg-ADNSC−EV mice. Immunofluorescence 
analysis revealed a decrease in hippocampal Aβ depo-
sition upon NSC-EV administration in 9-month-old 
female mice (-35.5%, P = 0.027; Fig. 3A).

Moreover, we found reduced levels of Aβ1–42 in 
the hippocampus of both male and female 3×Tg-AD 
animals treated with NSC-EV (males: 168.8 ± 17.9 
for 3×Tg-ADNSC−EV vs. 216.3 ± 12.9 for 3×Tg-ADVEH, 
P = 0.0403; females: 2979.9 ± 412.4 for 3×Tg-ADNSC−EV 
vs. 4614.9 ± 560.6 for 3×Tg-ADVEH, P = 0.0273; Fig.  3B) 
as measured by ELISA. Based on these results, we 
wondered whether the reduction in hippocampal Aβ 
load was driven by altered expression or activity of 
enzymes involved in Aβ metabolism. Immunoblot 
analysis revealed changes in the expression of key pro-
teins regulating Aβ genesis and clearance. In particular, 
we observed a significant decrease in BACE1 and an 
enhancement of IDE expression in the hippocampus of 
3×Tg-AD mice upon NSC-EV administration (BACE1 
-34%, P = 0.037; IDE + 49%, P = 0.006; Fig. 3C). No signifi-
cant changes in both APP and Tau phosphorylation, and 
Neprilysin expression were detected (Fig.  3C). Accord-
ingly, NSC-EV treatment did not alter the activation lev-
els of GSK3β, which is the main kinase regulating Tau 
phosphorylation (Fig. 3C).

NSC-EV epigenetically regulated BACE1 and IDE expression 
by modulating transcription factors STAT5 and NRF2
Several inflammation- and oxidative stress-related tran-
scription factors have been reported to regulate the 
expression of BACE1 in the brain [25, 26]. We analysed 
the levels of a set of transcription factors (i.e., STAT5, 
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Fig. 1  NSC-EV counteracted the onset and progression of memory deficits in 3×Tg-AD mice. A Schematic representation of 3×Tg-AD mice treatment 
and timeline of experimental procedures (NOR; OPR; IHC, immunohistochemistry; IF, immunofluorescence). Bar graphs showing preference indices of 
6- and 9-month-old (B) male and (C) female 3×Tg-AD mice in NOR (left) and OPR (right) behavioral tests (n = 10–11 males and 9–12 females per group; sta-
tistics by repeated measures ANOVA and Sidak’s multiple comparisons post-hoc test). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; 
n.s. not significant
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Fig. 2  Intranasal administration of NSC-EV inhibited neuroinflammation in 3×Tg-AD hippocampal tissues. Representative immunostaining of (A, B) IBA1 
(red) and (C, D) GFAP (green) in the hippocampus of female and male 3×Tg-ADVEH and 3×Tg-ADNSC−EV animals. Scale bar: 50 μm. Bar graphs showing (E) 
IBA1 and (F) GFAP immunoreactivity in the hippocampus of female (left) and male (right) 3×Tg-ADVEH and 3×Tg-ADNSC−EV animals (n = 4–5 mice per group, 
5 brain slices were analyzed for each animal; statistics by two-way ANOVA and Bonferroni post-hoc tests). G Bar graphs showing the levels of IL-2, IL-3, 
IL-4, IL-5, IL-10, IL-6, GM-CSF, IFNγ, IL-1α, IL-1β, IL-12p70, IL-17 A, MIP-1α, RANTES, and TNFα in hippocampal tissues of 3×Tg-ADVEH and 3×Tg-ADNSC−EV mice 
(n = 6 female mice per group; statistics by unpaired Student’s t-test). Multiplex analyses were performed in triplicate. Data are expressed as mean ± SEM. 
*P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant
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Fig. 3  NSC-EV decreased Aβ peptide levels in the hippocampus of 3×Tg-AD mice by modulating the expression of BACE1 and IDE. A Bar graph showing 
fluorescence intensity of immunoreactive Aβ peptides and oligomers in hippocampal tissue of 3×Tg-ADVEH and 3×Tg-ADNSC−EV mice (n = 4 female mice 
per each group, 5 brain slices have been analyzed for each animal; statistics by unpaired Student’s t-test). B Bar graphs showing the levels of Aβ1–42 
peptide in the hippocampus of male (left) and female (right) 3×Tg-ADVEH and 3×Tg-ADNSC−EV mice. ELISA assays were performed in triplicate (n = 6 mice 
per group; statistical analysis using unpaired Student’s t-test). C Representative immunoblots (left) and bar graphs (right and bottom) showing the ex-
pression of BACE1, IDE and Neprilysin and the phosphorylation levels of APP and Tau in the hippocampus of 3×Tg-ADVEH and 3×Tg-ADNSC−EV mice (n = 6 
mice for each group composed of males and females; statistics by unpaired Student’s t-test). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; n.s. 
not significant
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STAT3, NF-kB, PPARγ, NRF1, NRF2, and PGC-1α) that 
are regulated by neuroinflammatory signals and may trig-
ger AD-related neurodegeneration. Immunoblot analysis 
of hippocampal lysates showed lower levels of STAT5 
and increased NRF2 expression in 3×Tg-AD mice after 
NSC-EV treatment (STAT5: -29%, P = 1.18 × 10− 6; NRF2: 

+71%, P = 0.016; Fig. 4A). Conversely, the expression of 
STAT3, NF-kB, PPARγ, NRF1, and PGC-1α did not sig-
nificantly change compared to the controls (Fig. 4A).

To investigate a potential link among neuroinflam-
mation inhibition, altered expression of the transcrip-
tion factors STAT5 and NRF2, and changes of BACE1 

Fig. 4  NSC-EV epigenetically regulated BACE1 and IDE through the transcription factors STAT5 and NRF2. A Representative immunoblots (left) and bar 
graphs (right) showing the expression levels of the transcriptional factors STAT5, STAT3, NF-kB, PPARγ, NRF1, NRF2, and PGC-1α in the hippocampus of 
3×Tg-ADVEH and 3×Tg-ADNSC−EV mice (n = 6 mice per group, comprising males and females; statistics by unpaired Student’s t-test). B ChIP assays show-
ing the binding of STAT5, NRF2, and histone 3 lysine 9 acetylation (H3K9ac) on the selected regulatory sequences (RS) of BACE1 (upper panel) and IDE 
(bottom panel) genes in the hippocampus of 3×Tg-ADVEH and 3×Tg-ADNSC−EV mice (n = 6 mice per group composed of males and females; statistics by 
two-way ANOVA and Bonferroni post-hoc test). Data are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; n.s. not significant
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and IDE levels, we analyzed the regulatory sequences 
of BACE1 and IDE genes. Bioinformatic analysis of the 
mouse BACE1 (NC_000075.7) and IDE (NC_000085.7) 
loci revealed the presence of several putative antioxidant- 
or STAT-responsive elements (ARE or SRE, respectively) 
upstream of the starting codon of both genes (BACE1 
regulatory sequences, RS: RS1 -941, RS2 -1261, RS3 
-2175; IDE RS: RS1 -138, RS2 -577, RS3 -1762). Chroma-
tin immunoprecipitation (ChIP) experiments performed 
on hippocampal lysates showed that both STAT5 and 
NRF2 were able to bind several sequences on BACE1 and 
IDE promoters. Moreover, NSC-EV administration dif-
ferentially modulated the recruitment of transcription 
factors and epigenetic activation of the same regulatory 
sequences. In particular, NSC-EV reduced the binding 
of STAT5 and increased the recruitment of NRF2 on 
BACE1 promoter regions (BACE1 RS1: F2.603 = 41.189; 
STAT5 -85.3% and P = 1.43 × 10− 5, NRF2, + 9600% and 
P = 0.00313; BACE1 RS2: F2.603 = 22.642; STAT5 -90% 
and P = 0.00143, NRF2 + 2238% and P = 0.00026; Fig. 4B). 
In addition, lysine 9 acetylation of histone 3 (H3K9ac) 
on the same regulatory sequences was significantly 
reduced in 3×Tg-ADNSC−EV mice (BACE1 RS1: F2.603 
= 41.189, -86.5% and P = 0.00025; BACE1 RS2: F2.603 = 
22.642, -86.5% and P = 0.00609; Fig.  4B). NSC-EV treat-
ment also altered the binding of both STAT5 and NRF2, 
and modified the epigenetic marker H3K9ac on the pro-
moters of IDE (IDE RS1: F2.603 = 30.299; NRF2 + 280% 
and P = 0.00683, H3K9ac + 250% and P = 0.00274; IDE 
RS2: F2.603 = 22.316; STAT5 + 247% and P = 0.00608, 
NRF2 + 310% and P = 0.00041; H3K9ac + 405% and 
P = 1.38 × 10− 5; IDE RS3: F2.603 = 99.899; H3K9ac + 282% 
and P = 3.24 × 10− 5; Fig.  4B). We also investigated the 
expression of some NRF2 targets in the hippocam-
pus of 3×Tg-AD mice and we found elevated levels of 
both Heme oxigenase-1 (HO1) and Glutamate-Cysteine 
Ligase Catalytic subunit (GCLC) upon NSC-EV treat-
ment (HO1, + 93.5% and p = 0.0098; GCLC, + 109.9% and 
p = 0.0171; Supplementary Fig.  4A). Finally, ChIP assays 
showed elevated levels of both NRF2 binding and H3K9 
acetylation on the promoters of HO1 and GCLC genes 
in the hippocampus of 3×Tg-ADNSC−EV mice (HO1 pro-
moter: F3.287 = 31.275, NRF2 + 1366% and P = 0.00061, 
H3K9ac + 966% and P = 0.00129;.GCLC promoter: F3.287 
= 73.814, NRF2 + 320% and P = 0.00219, H3K9ac + 673% 
and P = 8.94 × 10− 5; Supplementary Fig. 4B).

Discussion
AD is the primary cause of dementia in the elderly popu-
lation [27, 28]. The progressively more disabling course 
of the pathology, the impact of the disease on the lives 
of both patients and their families, and the lack of effec-
tive treatments make AD one of the most serious threats 
to the health system from a socio-economic perspective 

[29]. Recently, SC-derived EV have been proposed as a 
new tool against the progression of neurodegenerative 
disease-related brain function impairment and cognitive 
decline [30, 31]. Indeed, SC-derived EV cargo contains a 
plethora of bioactive molecules exerting immunomodu-
latory and neurotrophic activity and potentially coun-
teracting age- and neuroinflammation-dependent brain 
disorders [32]. We previously demonstrated that intrana-
sal administration of NSC-EV delivered EV into the hip-
pocampus and prevented brain insulin resistance-related 
cognitive decline in experimental models of metabolic 
diseases [18, 19]. Considering the common molecular 
determinants underlying the impact of metabolic disor-
ders and AD on brain function, which include neuroin-
flammation, oxidative stress, alteration of brain insulin 
signaling, and protein homeostasis [33–35], we decided 
to test the same therapeutic approach in an experimental 
model of AD. We found that NSC-EV treatment delayed 
the onset and slowed the progression of cognitive deficits 
in both male and female 3×Tg-AD mice (Fig. 1). NSC-EV 
administration also dampened the neuroinflammatory 
environment and reduced Aβ deposition in the hippo-
campus of both sexes (Figs. 2 and 3A and B). To date, 
the accumulation of Aβ oligomers and hyperphosphory-
lation of Tau remain the two primary pathological hall-
marks of AD [36, 37]. SC-derived EV have been reported 
to reduce Aβ accumulation and protect against Aβ42-
induced neuronal toxicity in AD experimental models 
[38, 39]. However, the molecular mechanisms underly-
ing the effects of EV on Aβ-related neurodegeneration 
are still poorly understood. We analysed the expression 
of the main enzymes involved in Aβ metabolism and 
found a reduction in BACE1 and an increase in IDE lev-
els in the hippocampus of 3×Tg-AD mice after NSC-EV 
administration (Fig. 3C). Conversely, no alterations of 
Tau phosphorylation were detectable upon NSC-EV 
administration. Several studies showed that some thera-
peutic approaches may efficiently reduce Aβ load with-
out affecting Tau hyper-phosphorylation and vice versa 
[40–42]. Interestingly, it has been reported that intrave-
nous administration of mesenchymal stem cells reduces 
Tau phosphorylation in 3×Tg-AD mice without altering 
Aβ levels [43], suggesting that stem cell-derived secre-
tome may differentially impact on either Aβ or Tau path-
ways. Accordingly, the phosphorylation levels of GSK3β 
were not significantly changed upon NSC-EV treatment. 
BACE1 is an amyloid precursor protein-cleaving enzyme 
that plays a crucial role in the generation of neurotoxic 
Aβ [44]. Expectedly, BACE1 is a key drug target for slow-
ing Aβ production in early AD [45, 46]. IDE is a protease 
that plays a pivotal role in the degradation of Aβ oligo-
mers at the cell surface and in the extracellular space [47]. 
It is also involved in insulin clearance and has been pro-
posed as a molecular link between metabolic disease and 
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AD pathophysiology [48–50]. Several inflammation- and 
oxidative stress-responsive transcription factors have 
been implicated in the regulation of both BACE1 and 
IDE genes [51–53]. Thus, we tested the hypothesis that 
NSC-EV ameliorated the AD phenotype in 3×Tg-AD 
mice by modulating the activity of transcriptional regula-
tors of BACE1 and IDE expression. Immunoblot analysis 
revealed a reduction in STAT5 expression and higher lev-
els of NRF2 in the hippocampus of 3×Tg-ADNSC−EV mice 
(Fig. 4A). Signaling through the JAK2-STAT5 pathway has 
been reported to play a crucial role in cytokine-induced 
microglial activation [54]. In addition, upregulation of 
STAT5 has been associated with experimental models 
of AD [55]. Moreover, NRF2 has been described as a 
promising therapeutic target for AD because of its abil-
ity to counteract neurodegeneration by stimulating anti-
oxidative defense, improving mitochondrial function, 
promoting proteostasis, and inhibiting neuroinflam-
mation [56, 57]. Alterations in epigenetic mechanisms 
regulating transcription have been widely accepted as 
key mechanisms underlying the onset and progression of 
neurodegeneration [58–61]. After NSC-EV treatment, we 
observed changes in the H3K9ac epigenetic marker on 
the regulatory sequences of BACE1 and IDE genes that 
were coherent with the alteration of their expression lev-
els (Fig. 4B). The recruitment of both NRF2 and STAT5 
to the promoters of the same genes was in line with the 
modification of expression levels observed for both tran-
scription factors (Fig. 4B). We also found epigenetic acti-
vation and higher expression of NRF2 target genes in 
the hippocampus of 3×Tg-AD mice after NSC-EV treat-
ment (Supplementary Fig. 4). Accordingly, NRF2 has 
been reported to negatively regulate BACE1 expression 
in human and mouse AD experimental models, whereas 
it enhances the transcriptional expression of IDE in the 
liver [62, 63]. Moreover, JAK/STAT transcription fac-
tors have been demonstrated to promote the transcrip-
tion of BACE1 in response to neuroinflammatory stimuli 
[64, 65]. Microglial and astrocytic activation play central 
roles in sustaining the neuroinflammatory milieu in AD 
[66, 67]. Our data indicate that intranasal administration 
of NSC-EV reduced both hippocampal neuroinflamma-
tion and Aβ accumulation and ameliorated the AD phe-
notype in 3×Tg-AD mice by modulating the STAT5- and 
NRF2-mediated epigenetic regulation of BACE1 and IDE 
expression. However, the molecular players in the NSC-
EV cargo responsible for their therapeutic effects remain 
unclear. miRNome analysis performed on the cargo of EV 
derived from human NSC revealed promising candidates 
targeting neuroinflammation and synaptic function, such 
as miR-124-3p, miR-125b-5p, and miR-125a-5p [68]. 
Accordingly, several miRNAs have been characterized 
for their post-transcriptional regulation of NRF2 and 
IDE [69, 70]. We previously reported higher levels of the 

neurotrophic factor BDNF in NSC-EV [19]. Moreover, 
NSC-EV have been shown to reduce apoptosis and neu-
roinflammation by activating autophagy in the central 
nervous system [71].

Limitations
The exact impact of each bioactive molecule in the milieu 
of NSC-EV cargo is difficult to delineate, considering 
the heterogeneous effects of SC-derived EV on multiple 
pathways and the potential synergistic effects of the com-
bined action of different molecules on several targets [32, 
72].

Conclusions
Our findings highlight a novel mechanism underlying 
the impact of NSC-EV on Aβ deposition, neurodegen-
eration, and cognitive decline. Regenerative medicine 
has emerged as a potential field offering innovative and 
adjuvant therapeutic tools for neurological disorders, 
and SC-derived EV represent the most promising and 
translational avenue. Recently, fibroblast-derived induced 
NSC have been reported to ameliorate the AD pheno-
type in 5×FAD mice [73]. Ongoing and future studies are 
necessary to unveil their usefulness and efficacy on AD 
patients.
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