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Exosomes derived from olfactory mucosa mesenchymal stem cells 
attenuate cognitive impairment in a mouse model of Alzheimer's 
disease
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1. Introduction

With aging of the global population, Alzheimer's disease 
(AD) has emerged as a major public health challenge 
and a key focus of neurodegenerative disease research 
(1). The pathological hallmarks of AD primarily 
include neurofibrillary tangles (NFTs) formed by 
hyperphosphorylated tau protein and amyloid plaques 
resulting from the deposition of insoluble β-amyloid 
protein (Aβ) (2). These abnormal proteins progressively 
accumulate, triggering neuroinflammatory responses, 
activating microglia and astrocytes, and exacerbating 
neuronal damage and neurodegenerative changes (2).
 The pathogenesis of AD is complex, involving 
multiple cellular and molecular abnormalities, such 
as endoplasmic reticulum (ER) stress, mitochondrial 
dysfunction, oxidative stress, and chronic inflammation 
(2). Studies have shown that several ER stress markers, 
including phosphorylated PERK, phosphorylated 
IRE1α, phosphorylated eIF2α, XBP1, and CHOP, are 
significantly upregulated in the brain tissue of patients 
with AD (3-5). Moreover, ER stress enhances γ-secretase 
activity, promoting Aβ secretion and intensifying the 
accumulation of abnormal proteins, thereby accelerating 

the progression of AD (6,7).
 Despite advances in AD research, the development 
of effective treatments to slow its progression remains 
elusive due to its heterogeneity and multifactorial 
pathogenesis (8). Consequently, the development of 
targeted and innovative therapeutic approaches has 
become a critical priority in AD research. In recent years, 
stem cell therapy has gained considerable attention due 
to its pluripotency and immunomodulatory properties, 
emerging as a promising avenue in neurodegenerative 
disease studies (9,10). Specifically, research has 
demonstrated that transplantation of bone marrow-
derived mesenchymal stem cells (BMSCs), adipose-
derived mesenchymal stem cells (ADMSCs), and neural 
stem cells (NSCs) can potentially have neuroprotective 
and reparative effects on neurodegenerative diseases (8).
 Olfactory mucosa mesenchymal stem cells (OM-
MSCs), a unique type of stem cell derived from the 
ectoderm, retain the immunomodulatory and tissue 
repair capabilities of traditional mesenchymal stem 
cells (MSCs) while exhibiting enhanced neurogenic 
potential. OM-MSCs have displayed distinct advantages 
in neurodegenerative disease research, particularly due to 
their minimally invasive isolation from the nasal cavity, 
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which reduces ethical concerns. Despite the remarkable 
therapeutic potential of stem cell therapy, however, 
direct transplantation faces certain limitations, including 
difficulties in crossing the blood-brain barrier (BBB) and 
potential tumorigenic risks. As a result, recent studies 
have increasingly shifted focus toward the paracrine 
effects of stem cells, and particularly the extracellular 
vesicles (EVs) and exosomes they secrete.
 Exosomes are lipid nanoparticles with diameters 
ranging from approximately 30 to 150 nanometers, that 
are capable of carrying a variety of bioactive molecules, 
such as proteins, nucleic acids, and lipids. Due to their 
favorable biocompatibility and low immunogenicity, 
exosomes can effectively cross the BBB, positioning 
them as an emerging therapeutic s trategy for 
neurodegenerative diseases (11). For instance, a study has 
shown that BMSCs-derived exosomes can significantly 
ameliorate cognitive dysfunction in AD-like mouse 
models (9).
 Nevertheless, the potential role and underlying 
molecular mechanisms of OM-MSCs-Exos in AD 
remain largely unexplored. To address this gap, the 
current study aims to investigate the neuroprotective 
effects and mechanisms of OM-MSCs-Exos in AD 
treatment using a mouse model of Aβ1-42-induced AD 
and an SH-SY5Y cell model. Specifically, this study 
examines whether OM-MSCs-Exos have an effect by 
modulating neuroinflammation and ER stress responses. 
The findings of this study are expected to provide 
theoretical support for stem cell-based therapeutic 
strategies in AD and lay the groundwork for future 
clinical translational research.

2. Materials and Methods

2.1. Isolation and culture of OM-MSCs

Olfactory epithelial tissue was isolated from the 
nasal cavity of C57BL/6 mice, cut into small pieces, 
and cultured in DMEM/F-12 medium (Gibco, USA) 
supplemented with 15% fetal bovine serum (FBS) for 
7 days (12). Non-adherent cells were removed, and the 
remaining cells were digested with trypsin and expanded 
until passage 3.
 Surface markers of OM-MSCs were analyzed using 
flow cytometry. Specifically, 1×10⁶ cells (100 µL) 
were placed in a 1.5 mL EP tube and incubated with 
antibodies against CD29, CD90, CD44, CD34, CD45, 
and CD11b (eBioscience, USA). After incubation at 
room temperature in the dark for 30 minutes, cells were 
washed with 1 mL PBS and centrifuged at 350 g for 5 
minutes. The supernatant was discarded, and the cells 
were resuspended in 350 µL of PBS for flow cytometry 
analysis.
 Osteogenic and adipogenic differentiation of OM-
MSCs was induced under specific culture conditions. 
For osteogenic differentiation, OM-MSCs were cultured 

in an osteogenic induction medium (Abiowell, China) 
for 3 weeks and stained with Alizarin Red to assess 
differentiation. For adipogenic differentiation, cells were 
cultured in an adipogenic induction medium (Abiowell, 
China) for 14 days and stained with Oil Red O to 
evaluate differentiation.

2.2. Isolation and characterization of OM-MSCs-Exos

OM-MSCs from passages 3–5 were cultured to 90% 
confluence, washed three times with PBS, and then 
incubated in medium containing 10% exosome-depleted 
FBS for 48 hours. The conditioned medium was 
collected and stored at -80°C.
 The collected supernatant was centrifuged at 1500 
rpm for 5 minutes, followed by 3000 rpm for 30 minutes 
to remove cellular debris. The supernatant was then 
filtered through a 0.22-µm membrane and concentrated 
via ultrafiltration. After centrifugation at 3000 rpm for 10 
minutes, exosomes were pelleted by ultracentrifugation 
at 100,000 g for 2 hours.
 The size distribution of exosomes was measured 
using nanoparticle tracking analysis (NTA, Nanosight 
NS300, Malvern, UK). The morphology and size of 
exosomes were observed using transmission electron 
microscopy (TEM, HITACHI, Japan).

2.3. Animal model and experimental design

Eight-week-old male C57BL/6 mice weighing 23–25 g 
were purchased from Hunan SJA Laboratory Animal Co., 
Ltd. All animals met specific pathogen-free standards and 
were housed under controlled conditions (temperature: 
25±1°C; humidity: 60±5%; 12-hour light/dark cycle) 
with free access to food and water. The experiments were 
approved by the Ethics Committee of Haikou Hospital 
Affiliated with Xiangya Medical College, Central South 
University, and conducted in accordance with the Guide 
for the Care and Use of Laboratory Animals published 
by the National Institutes of Health (13).
 The mouse model of AD was established as 
previously described (14). Mice were randomly divided 
into five groups: a sham group, an AD group, an 
AD+OM-MSCs-Exos group, an AD+si-NC-Exos group, 
and an AD+si-LRP1-Exos group, with 6 mice per group. 
To induce AD, mice were anesthetized with sodium 
pentobarbital, and Aβ1-42 (6 µg) was injected bilaterally 
into the hippocampus (anterior-posterior: -2.0 mm; 
medial-lateral: ±1.6 mm; dorsal-ventral: 1.5 mm from 
Bregma) using a stereotaxic apparatus. The control group 
received an equal volume of saline.
 Subsequently, each mouse received tail vein 
injections of 100 µL PBS, OM-MSCs-Exos, si-NC-Exos, 
or si-LRP1-Exos (1 mg/mL) twice weekly for 4 weeks. 
Following the final injection, cognitive function was 
assessed using the Morris water maze (MWM) test (15) 
and the novel object recognition test (NORT) (9).
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Tsingke Biotech Co., Ltd. The RT-qPCR protocol 
included denaturation at 95°C for 10 minutes, followed 
by 40 amplification cycles (95°C for 15 seconds, 60°C 
for 30 seconds) (Supplemental Table S1, https://www.
biosciencetrends.com/action/getSupplementalData.
php?ID=248),

2.9. ELISA

Levels of IL-1β, IL-6, TNF-α, and Aβ1-42 expression in 
brain tissue and cell culture supernatant were measured 
using ELISA kits (Wuhan Fine Biotech, China) 
according to the protocol provided.

2.10. Western blot (WB)

Protein concentrations were quantified using a BCA 
protein assay kit (Abiowell, China). Equal amounts 
of protein were loaded onto SDS-PAGE gels and 
transferred to PVDF membranes for immunoblotting. 
Primary antibodies included Calnexin (Abiowell, China), 
CD9 (Abiowell, China), CD63 (Proteintech, USA), 
BCL-2 (Abiowell, China), BAX (Abiowell, China), 
Cleaved-caspase3 (PTG, USA), CHOP (Abiowell, 
China), GRP78 (Abiowell, China), ATF6 (Abcam, UK), 
LRP1 (Abcam, UK), and β-actin (Abiowell, China). 
Membranes were incubated with primary antibodies at 
4°C overnight, followed by HRP-conjugated secondary 
antibodies. Chemiluminescence was visualized using an 
ECL detection kit, and band intensities were quantified 
with the software ImageJ.

2.11. Statistical analysis

Data were analyzed using the software GraphPad Prism 
8.0 (GraphPad Software, USA). Normally distributed 
data are expressed as the mean ± standard deviation, 
while non-normally distributed data are expressed 
as the median. Between-group comparisons were 
evaluated using the Student's t-test. For comparisons 
involving three or more groups, one-way analysis of 
variance (ANOVA) was used. Qualitative data were 
analyzed using the chi-square test. A P-value < 0.05 was 
considered statistically significant.

3. Results

3.1. Isolation and characterization of OM-MSCs and 
OM-MSCs-Exos

OM-MSCs and OM-MSCs-Exos were successfully 
isolated and characterized. OM-MSCs were extracted 
from the olfactory mucosa of mice and passaged to 
the third generation (P3). Flow cytometry analysis 
revealed that P3 OM-MSCs expressed typical MSC 
surface markers, with positive staining for CD29, 
CD90, and CD44, and negative staining for CD34, 

2.4. Cell experiments

The human neuroblastoma cell line SH-SY5Y (AW-
CCH335, Abiowell, China) was cultured in MEM/F-12 
medium supplemented with 10% FBS and 1% penicillin/
streptomycin at 37°C in a 5% CO₂ incubator. To establish 
an in vitro model of AD, SH-SY5Y cells were treated 
with 20 µM Aβ1-42 for 24 hours (15). For the treatment 
groups, 40 μg/mL of OM-MSCs-Exos, si-NC-Exos, or 
si-LRP1-Exos was added to the culture and incubated for 
12 hours (16).

2.5. TUNEL fluorescence assay

Cell apoptosis was detected using a TUNEL apoptosis 
detection kit (FITC). Tissue sections were deparaffinized 
with xylene, dehydrated through a graded ethanol 
series, and processed using a TUNEL kit (Shanghai 
Yeasen Biotech, China) according to the manufacturer's 
instructions. Sections were incubated with 100 μL of 
proteinase K working solution at 37°C for 20 minutes, 
followed by 100 μL 1× equilibration buffer at room 
temperature for 10–30 minutes. Subsequently, 50 μL 
of TdT incubation buffer was added, and sections were 
incubated at 37°C in the dark for 60 minutes. Nuclei 
were stained with DAPI working solution at 37°C in 
the dark for 10 minutes. After mounting, sections were 
observed under a fluorescence microscope.

2.6. Nissl staining

Tissue sections were deparaffinized with xylene and 
dehydrated through a graded ethanol series before Nissl 
staining. Differentiation was performed using a specific 
differentiation solution. Sections were mounted with 
glycerol and observed under a microscope.

2.7. Immunohistochemistry (IHC)

Brain tissue was dehydrated through a graded ethanol 
series, embedded in paraffin, and sectioned. Sections 
were deparaffinized, rehydrated, and subjected to 
antigen retrieval by heating. They were then incubated 
at 4°C with primary antibodies against GFAP (PTG, 
USA) and IBA1 (Abiowell, China) overnight. After 
they were washed three times with PBS, sections were 
incubated with HRP-conjugated secondary antibodies. 
Color development was achieved using a DAB substrate, 
followed by counterstaining with hematoxylin. Sections 
were subsequently observed under a microscope.

2.8. RT-qPCR

Total RNA was extracted using a Trizol reagent (Thermo, 
USA) and reverse-transcribed into cDNA. RT-qPCR 
was performed using the UltraSYBR Mixture (Beijing 
CWBio, China). Primers were synthesized by Beijing 
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CD45, and CD11b (Figure 1A). These results align with 
established MSC identification standards. Moreover, the 
multilineage differentiation potential of OM-MSCs was 
confirmed through Alizarin Red S staining (to assess 
osteogenic differentiation) and Oil Red O staining (to 
assess adipogenic differentiation) (Figure 1B, C).
 OM-MSCs-Exos were isolated from the conditioned 
medium of P3–P5 OM-MSCs. NTA showed that the 
particle size of OM-MSCs-Exos ranged from 80–180 
nm, with a peak at 136 nm (Figure 1D). TEM images 
revealed a characteristic double-membrane spherical 
structure, consistent with exosome morphology (Figure 
1E). Additionally, WB analysis confirmed positive 
expression of exosome markers CD9 and CD63 in OM-
MSCs-Exos, while these markers were undetectable 
in OM-MSCs. Calnexin, an endoplasmic reticulum 
marker, was not detected in OM-MSCs-Exos (Figure 
1F). Collectively, these results validated the successful 
isolation and characterization of OM-MSCs and OM-
MSCs-Exos, meeting the established criteria for MSCs 
and exosomes.

3.2. OM-MSCs-Exos improve spatial learning and 
memory in vivo

To investigate the effects of OM-MSCs-Exos on 
cognitive function in mice with AD, behavioral 
experiments were conducted one month after OM-
MSCs-Exos transplantation. These included the MWM 

and NORT to assess spatial learning and memory 
(Figure 2). In the NORT (Figure 2A), mice with AD that 
were treated with Aβ1-42 spent significantly less time 
exploring novel objects, indicating memory impairment 
induced by Aβ1-42. In contrast, OM-MSCs-Exos 
treatment enhanced object recognition ability compared 
to the AD group.
 In the MWM experiment, mice with AD displayed 
longer escape latencies on days 4 and 5 compared to 
the sham and OM-MSCs-Exos groups (Figure 2B), 
suggesting impaired spatial learning ability in the AD 
group, which improved following OM-MSCs-Exos 
treatment. In a probe test conducted on day 7 of the 
spatial learning experiment, after removing the hidden 
platform, the number of crossings over the original 
platform location and the distance traveled within 90 
seconds were used as indicators of spatial memory. 
Results showed that the OM-MSCs-Exos group 
traveled less distance than the AD group (Figure 2C), 
while the OM-MSCs-Exos group made more platform 
crossings compared to the AD group (Figure 2D), further 
substantiating the contention that OM-MSCs-Exos 
treatment enhances spatial memory.
 Moreover, the time spent in the target quadrant (Figure 
2E) was significantly longer in the OM-MSCs-Exos 
group than in the AD group, substantiating the cognitive 
improvement induced by OM-MSCs-Exos. To explore 
the underlying mechanism for that, ELISA was used to 
measure Aβ1-42 levels in hippocampal tissue (Figure 

Figure 1. Characterization of OM-MSCs and OM-MSCs-Exos. (A) Flow cytometry analysis of surface markers on OM-MSCs. (B) Alizarin 
Red S staining. (C) Oil Red O staining. (D) Nanoparticle tracking analysis. (E) Transmission electron microscopy. (F) Western blot analysis of 
exosome marker expression.

A B

C

D E F

0 100 200 300 400 500 600 700 800 900 1000

Size (nm)

C
on

ce
nt

ra
tio

n 
(p

ar
tic

le
s 

/ m
l)

136

353

0

0.5

1.0

1.5

2.0

2.5

3.0

E7

H~11-11-24

N
eg

at
iv

e
Po

si
tiv

e

Calnexin

CD9

CD63

90KDa

25KDa

28-35KDa

OM-MSCs Exos



BioScience Trends. 2025; 19(2):189-201.                                                  www.biosciencetrends.comBioScience Trends. 2025; 19(2):189-201.                                                  www.biosciencetrends.com

(193)

2F). Results indicated that Aβ1-42 levels were lower in 
the OM-MSCs-Exos group compared to the AD group, 
suggesting that OM-MSCs-Exos treatment reduces Aβ1-
42 deposition.
 In summary, compared to mice with AD that were 
treated with PBS, OM-MSCs-Exos transplantation 
significantly improved spatial learning and memory, 
an effect likely associated with reduced Aβ1-42 
accumulation.

3.3. OM-MSCs-Exos suppress neuroinflammation, ER 
stress, and neuronal loss

To examine the effects of OM-MSCs-Exos on 
neuroinflammation, ER stress, and neuronal loss in mice 
with AD, the morphology and number of Nissl bodies 
in brain tissue was first assessed using Nissl staining. 
Results revealed a significant reduction in the number 
and size of Nissl bodies in mice with AD. However, 
in mice with AD that were treated with OM-MSCs-
Exos, the number of Nissl bodies markedly increased, 

indicating that exosomes effectively improve neuronal 
health (Figure 3A).
 Activated microglia and astrocytes are key markers 
of neuroinflammation. IHC was used to detect the levels 
of expression of GFAP (an astrocyte marker) and Iba1 
(a microglial marker) in the hippocampal region of 
mice with AD. Findings showed a significant increase 
in GFAP- and Iba1-positive cells in mice with AD. 
Following OM-MSCs-Exos treatment, however, the 
activation of these cells decreased substantially (Figure 
3B-E). This suggests that OM-MSCs-Exos may mitigate 
neuroinflammation and protect neurons by suppressing 
astrocyte and microglial activation.
 Next, TUNEL staining was used to detect apoptosis 
in mouse brain tissue. Results indicated that OM-MSCs-
Exos treatment significantly reduced the number of 
apoptotic cells in the brains of mice with AD (Figure 
3F, G). WB analysis further revealed that OM-MSCs-
Exos treatment upregulated the expression of the anti-
apoptotic protein Bcl-2 while downregulating the pro-
apoptotic proteins Bax and cleaved caspase-3 (Figure 
3H-J). These findings indicate that OM-MSCs-Exos may 
inhibit apoptosis via the Bcl-2/Bax signaling pathway, 
thereby reducing neuronal damage in the mouse model 
of AD.
 To further validate the anti-inflammatory effects of 
OM-MSCs-Exos, ELISA was used to measure the levels 
of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 
in the brain tissue of mice with AD. Results showed that 
OM-MSCs-Exos treatment significantly reduced the 
concentrations of these cytokines (Figure 3K), suggesting 
that OM-MSCs-Exos may alleviate neuroinflammation 
by suppressing inflammatory cytokine release.
 ER stress plays a critical role in the progression 
of AD. WB analysis was used to assess the levels of 
expression of the key ER stress-related proteins CHOP, 
GRP78, and ATF6. Results indicated that OM-MSCs-
Exos treatment downregulated the expression of GRP78, 
ATF6, and CHOP (Figure 3L, M). This appropriate 
downregulation of GRP78, ATF6, and CHOP likely 
contributes to alleviating neuronal damage caused by 
excessive ER stress.

3.4. OM-MSCs-Exos ameliorate Aβ1-42-induced ER 
stress, neuroinflammation, and apoptosis in vitro

Aβ1-42 is a key pathogenic factor in AD, and 
its aggregation triggers cellular stress responses, 
including ER stress, neuroinflammation, and apoptosis. 
To validate the bioactivity of OM-MSCs-Exos, 
their protective effects on cell viability, apoptosis, 
inflammation, and ER stress was further evaluated in a 
cellular model of AD.
 First, the uptake of OM-MSCs-Exos by SH-SY5Y 
cells was observed using fluorescence microscopy. After 
co-incubating PKH67-labeled OM-MSCs-Exos with SH-
SY5Y cells for 6 hours, clear green fluorescence signals 

Figure 2. OM-MSCs-Exos improve spatial learning and memory 
in mice with AD. (A) Novel object recognition test. (B) Escape 
latency in the Morris Water Maze (MWM) (*: Sham vs AD; #: AD 
vs AD+Exos). (C) Distance traveled in the platform quadrant during 
the spatial exploration test. (D) Number of platform crossings during 
the spatial exploration test. (E) Time spent in the platform quadrant 
during the spatial exploration test. (F) ELISA analysis of changes in 
Aβ1-42 levels in the hippocampal tissue of mice with AD. *P < 0.05, 
**P < 0.01 and  ##P < 0.01.
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were detected around the cell nuclei, confirming effective 
internalization of the exosomes (Figure 4A). Cell 
viability and proliferation were then assessed using the 
CCK-8 assay. Compared to the Aβ1-42-treated group, the 
OM-MSCs-Exos-treated group had significantly higher 
SH-SY5Y cell survival rates (Figure 4B), indicating that 
OM-MSCs-Exos effectively mitigate Aβ1-42-induced 
cell damage and promote cell survival.
 To further evaluate apoptosis, Annexin V/PI dual 
staining flow cytometry was performed. The results 
showed that the total apoptosis rate in the OM-MSCs-

Exos-treated group was lower than that in the Aβ1-42 
group, with a notable reduction in early apoptotic cells 
(Figure 4C, D). WB analysis of levels of Bcl-2, Bax, and 
cleaved caspase-3 expression revealed that OM-MSCs-
Exos treatment upregulated Bcl-2 while downregulating 
Bax and cleaved caspase-3 (Figure 4E-G). These findings 
further support the hypothesis that OM-MSCs-Exos 
inhibit apoptosis via the Bcl-2/Bax signaling pathway, 
exerting a neuroprotective effect.
 Additionally, to investigate the suppression of Aβ1-
42-induced neuroinflammatory cytokine release by OM-

Figure 3. Neuroprotective effects of OM-MSCs-Exos in mice with AD. (A) Nissl staining of mouse brain tissue. (B, C) Immunohistochemical 
(IHC) staining and analysis of GFAP expression in the hippocampal region of mice. (D, E) IHC staining and analysis of Iba1 expression in the 
hippocampal region of mice. (F, G) TUNEL staining of mouse brain tissue. (H-J) Western blot analysis of levels of Bcl-2, Bax, and cleaved 
caspase-3 expression in mouse brain tissue. (K) ELISA analysis of TNF-α, IL-1β, and IL-6 levels in mouse brain tissue. (L, M) Western blot 
analysis of levels of CHOP, GRP78, and ATF6 expression in mouse brain tissue. *P < 0.05 and **P < 0.01.
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MSCs-Exos, ELISA was used to measure TNF-α, IL-1β, 
and IL-6 levels in SH-SY5Y cell culture medium. Results 
indicated that OM-MSCs-Exos treatment inhibited the 
release of these inflammatory cytokines compared to the 
Aβ1-42 group (Figure 4H), indicating that OM-MSCs-
Exos suppress Aβ1-42-induced neuroinflammation.
 To further assess the regulation of ER stress by OM-
MSCs-Exos, WB analysis was used to measure the 
levels of expression of the key ER stress-related proteins 
GRP78, ATF6, and CHOP. Results showed that OM-
MSCs-Exos treatment downregulated GRP78, ATF6, and 
CHOP expression (Figure 4I, J). These findings suggest 
that OM-MSCs-Exos may alleviate Aβ1-42-induced ER 
stress by modulating the ER stress response, thereby 
protecting cells from stress-induced damage.

3.5. OM-MSCs-Exos mitigate Aβ1-42-induced ER 
stress, neuroinflammation, and apoptosis via LRP1

Although the above experiments confirmed the 
neuroprotective effects of OM-MSCs-Exos in models of 
AD, the precise molecular mechanisms remain unclear. 
This study further explored the role of key proteins 
in OM-MSCs-Exos in neuronal repair and cognitive 
recovery. Proteomic analysis revealed that OM-MSCs-
Exos are enriched in exosome-related proteins. Xun 
et al. (17) identified 304 proteins secreted by OM-
MSCs that are closely associated with neurotrophy, 
cell growth, differentiation, apoptosis, inflammation, 
and neuronal repair. Notably, OM-MSCs-Exos express 
LRP1. Previous studies have shown that LRP1 can 
suppress neuroinflammation and ER stress (18-20). 

Thus, the hypothesis was that OM-MSCs-Exos have a 
neuroprotective effect in the cellular model of AD via 
LRP1.
 First, WB analysis revealed that LRP1 expression was 
downregulated in the cellular model of AD, while OM-
MSCs-Exos treatment partially restored LRP1 expression 
(Figure 5A-B). These findings suggest that LRP1 may be 
involved in the neuroprotective effects mediated by OM-
MSCs-Exos. To further validate this, LRP1 expression 
in OM-MSCs was silenced using siRNA, which reduced 
LRP1 mRNA expression in OM-MSCs-Exos (Figure 
5C), confirming the efficacy of siRNA silencing. In 
the cellular model of AD, OM-MSCs-Exos treatment 
increased cell viability (Figure 5D), whereas the si-
LRP1 intervention group exhibited reduced cell viability, 
indicating that LRP1 is linked to the neuroprotective 
effects of OM-MSCs-Exos. Furthermore, Annexin V/
PI flow cytometry analysis showed that OM-MSCs-
Exos treatment reduced apoptosis, while the si-LRP1 
intervention group exhibited a significantly higher 
apoptosis rate (Figure 5E, F), corroborating LRP1's role 
in apoptosis regulation.
 Additional WB analysis demonstrated that OM-
MSCs-Exos treatment upregulated the anti-apoptotic 
protein Bcl-2 and downregulated the pro-apoptotic 
proteins Bax and cleaved caspase-3. However, si-LRP1 
intervention reversed these protective effects, as evinced 
by increased Bax and cleaved caspase-3 expression and 
decreased Bcl-2 expression (Figure 5G-I). Moreover, 
ELISA results showed that OM-MSCs-Exos treatment 
significantly inhibited the release of the Aβ1-42-induced 
pro-inflammatory cytokines TNF-α, IL-1β, and IL-

Figure 4. Neuroprotective effects of OM-MSCs-Exos in an Aβ1-42-induced SH-SY5Y cell model. (A) Fluorescence images of PKH67-
labeled OM-MSCs-Exos co-cultured with SH-SY5Y cells. (B) CCK-8 assay to examine cell viability. (C, D) Annexin V/PI double staining flow 
cytometry to detect apoptosis. (E-G) Western blot analysis of Bcl-2, Bax, and cleaved caspase-3 levels. (H) ELISA assessment of TNF-α, IL-1β, 
and IL-6 levels in cell supernatant. (I, J) Western blot analysis of levels of CHOP, GRP78, and ATF6 expression. *P < 0.05 and **P < 0.01.
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6, whereas the si-LRP1 intervention group exhibited 
increased cytokine release (Figure 5J).
 Finally, to explore LRP1's role in ER stress, the levels 
of expression of the ER stress-related proteins CHOP, 
GRP78, and ATF6 were examined. OM-MSCs-Exos 
treatment downregulated GRP78, ATF6, and CHOP 
expression, indicating that OM-MSCs-Exos mitigate 
cellular damage by regulating ER stress. In contrast, the 
si-LRP1 intervention group showed an increased ER 
stress response compared to the OM-MSCs-Exos-treated 
group (Figure 5K, L).

3.6. Downregulation of LRP1 attenuates OM-MSCs-
Exos-mediated improvements in spatial learning and 
memory in mice with AD

To further investigate whether LRP1 is a key molecule 

in OM-MSCs-Exos-mediated cognitive improvement 
in vivo, C57BL/6 mice were randomly divided into five 
groups: a sham group, an AD group, an AD+OM-MSCs-
Exos group, an AD+si-NC-Exos group, and an AD+si-
LRP1-Exos group. After 4 weeks of treatment, cognitive 
behavioral tests, including the NORT and MWM, were 
performed (Figure 6A-E).
 In the NORT, mice with AD spent less time exploring 
novel objects, indicating memory impairment due to 
Aβ1-42 treatment. OM-MSCs-Exos treatment enhanced 
object recognition ability compared to the AD group. 
However, the si-LRP1-Exos group spent less time 
exploring, suggesting that LRP1 suppression diminished 
the memory-enhancing effects of OM-MSCs-Exos 
(Figure 6A).
 In the MWM test, differences in escape latency 
were observed on days 4 and 5. Compared to the AD 

Figure 5. OM-MSCs-Exos alleviate Aβ1-42-induced SH-SY5Y cell damage by regulating LRP1 expression. (A, B) Western blot analysis of 
changes in LRP1 expression. (C) qPCR quantification of LRP1 mRNA expression. (D) CCK-8 assay for cell viability. (E, F) Annexin V/PI flow 
cytometry analysis of cell apoptosis. (G-I) Western blot analysis of levels of Bcl-2, Bax, and cleaved caspase-3 expression. (J) ELISA assessment 
of TNF-α, IL-1β, and IL-6 levels. (K, L) Western blot analysis of GRP78, ATF6, and CHOP expression. *P < 0.05 and **P < 0.01.
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Figure 6. Downregulation of LRP1 attenuates the cognitive enhancement brought about by OM-MSCs-Exos in mice with AD. (A) Novel 
object recognition test. (B) Escape latency in the MWM (*: Sham vs AD; #: AD vs AD+Exos; s:AD+si-NC-Exos vs AD+si-LRP1-Exos). (C) 
Distance traveled in the platform quadrant during the spatial exploration test. (D) Number of platform crossings during the spatial exploration 
test. (E) Time spent in the platform quadrant during the spatial exploration test. (F, G) IHC analysis of GFAP expression in the hippocampal 
region of mice. (H, I) IHC analysis of Iba1 expression in the hippocampal region of mice. (J, K) TUNEL detection of apoptosis in brain tissue. 
(L-N) Western blot analysis of Bcl-2, Bax, and cleaved caspase-3 expression. (O) ELISA analysis of TNF-α, IL-1β, and IL-6 levels in mouse 
brain tissue. (P-Q) Western blot analysis of GRP78, ATF6, and CHOP expression in mouse brain tissue. *P < 0.05, **P < 0.01, #P < 0.01, ##P < 0.05, 
and ssP < 0.01.
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group, OM-MSCs-Exos-treated mice had shorter escape 
latencies, indicating improved spatial learning ability. 
However, the si-LRP1-Exos group had slightly longer 
escape latencies, suggesting that LRP1 suppression 
diminished the ability of OM-MSCs-Exos to enhance 
spatial learning (Figure 6B). The number of crossings 
over the original platform location (Figure 6D) and 
distance traveled (Figure 6C) within 90 seconds revealed 
that the OM-MSCs-Exos group crossed the platform 
more frequently and traveled less distance than the AD 
group, confirming the efficacy of OM-MSCs-Exos in 
enhancing spatial memory. In contrast, the si-LRP1-
Exos group made fewer crossings and traveled a longer 
distance compared to the si-NC-Exos group, indicating 
that LRP1 suppression attenuated the spatial memory 
improvements mediated by OM-MSCs-Exos.
 Furthermore, OM-MSCs-Exos-treated mice 
spent more time in the target quadrant than the AD 
group, reflecting enhanced spatial memory and target 
recognition ability. Compared to the si-NC-Exos group, 
the si-LRP1-Exos group spent less time in the target 
quadrant, further corroborating the critical role of LRP1 
in OM-MSCs-Exos-mediated cognitive protection 
(Figure 6E).

3.7. Downregulation of LRP1 attenuates the effects 
of OM-MSCs-Exos on cognitive improvement and 
amelioration of ER stress, neuroinflammation, and 
apoptosis in vivo

To investigate the neuroprotective role of LRP1 in 
AD pathogenesis, IHC was used to analyze the levels 
of expression of the microglial marker Iba1 and the 
astrocytic marker GFAP in the hippocampal tissue 
of mice with AD (Figure 6F-I). Results showed that 
the OM-MSCs-Exos group had significantly reduced 
Iba1 and GFAP expression compared to the AD group, 
indicating that OM-MSCs-Exos effectively suppress 
neuroinflammatory responses. However, Iba1 and 
GFAP expression increased in the si-LRP1-Exos group 
compared to the si-NC-Exos group, suggesting that 
LRP1 suppression diminished the anti-inflammatory 
effects of OM-MSCs-Exos.
 TUNEL staining was used to detect apoptosis in 
mouse brain tissue (Figure 6J, K). Results revealed 
that the OM-MSCs-Exos group had significantly 
fewer apoptotic cells than the AD group, indicating 
that OM-MSCs-Exos effectively inhibit neuronal 
apoptosis in mice with AD. However, the number of 
apoptotic cells increased significantly in the si-LRP1-
Exos group compared to the si-NC-Exos group, further 
demonstrating that LRP1 suppression diminished the 
neuroprotective effects of OM-MSCs-Exos.
 To further evaluate changes in the apoptosis 
signaling pathway, WB analysis was performed to 
assess the levels of Bcl-2, Bax, and cleaved caspase-3 
expression. Compared to the AD group, the OM-MSCs-

Exos group displayed upregulated Bcl-2 expression and 
downregulated Bax and cleaved caspase-3 expression, 
indicating that OM-MSCs-Exos effectively suppress the 
activation of the apoptosis signaling pathway (Figure 
6L-N). However, levels of Bax and cleaved caspase-3 
expression significantly increased in the si-LRP1-Exos 
group while Bcl-2 expression decreased. These findings 
further suggest that LRP1 suppression diminishes the 
inhibitory effect of OM-MSCs-Exos on the apoptosis 
signaling pathway.
 ELISA was used to measure the levels of pro-
inflammatory cytokines TNF-α, IL-1β, and IL-6 in mouse 
brain tissue. Results showed that the OM-MSCs-Exos 
group had significantly lower levels of these cytokines 
compared to the AD group (Figure 6O), indicating that 
OM-MSCs-Exos effectively suppress inflammation. 
However, the levels of these inflammatory cytokines 
increased in the si-LRP1-Exos group compared to the 
OM-MSCs-Exos group, further demonstrating that LRP1 
suppression diminished the anti-inflammatory effects of 
exosomes.
 Finally, to investigate changes in ER stress, WB 
analysis was used to assess the levels of expression of 
the ER stress-related proteins CHOP, GRP78, and ATF6. 
The OM-MSCs-Exos group had significantly reduced 
CHOP, GRP78, and ATF6 expression compared to the 
AD group (Figure 6P, Q), indicating that OM-MSCs-
Exos effectively alleviate ER stress in mice with AD. 
However, levels of CHOP, GRP78, and ATF6 expression 
increased again in the si-LRP1-Exos group, suggesting 
that LRP1 suppression diminished the protective effects 
of OM-MSCs-Exos on ER stress alleviation.

4. Discussion

AD is a complex neurodegenerative disorder typically 
characterized by a progressive decline in cognitive 
function and neuronal dysfunction (21). The pathological 
progression of AD is driven by multiple factors, with 
neuroinflammation and ER stress being considered 
key contributors (22,23). The hallmark pathological 
features of AD are the deposition of Aβ and the abnormal 
phosphorylation of tau protein. These aberrant changes 
not only directly impair neurons but also exacerbate 
disease progression by triggering neuroinflammatory 
responses (24). In the brains of patients with AD, 
persistent low-level neuroinflammation is commonly 
observed, with the activation of microglia and astrocytes 
being considered the primary sources of inflammation 
(25). Elevated levels of pro-inflammatory cytokines, 
such as TNF-α, IL-6, and IL-1β, contribute to 
neuronal damage and dysfunction, thereby promoting 
neurodegeneration (26).
 ER stress also plays an important role in the 
pathological development of AD (27). When misfolded 
proteins accumulate in the ER, the unfolded protein 
response (UPR) is activated to restore ER homeostasis. 
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However, prolonged or severe ER stress can trigger pro-
apoptotic signaling pathways, particularly in neurons, 
making it a significant contributor to cell death in AD 
(28). Aβ deposition is recognized as a key inducer of ER 
stress, disrupting ER function and thereby amplifying 
neuronal damage (29). In the current study, levels of the 
pro-inflammatory cytokines IL-1β, IL-6, and TNF-α 
were significantly elevated in a mouse model of AD, 
and ER-associated proteins such as CHOP, GRP78, and 
ATF6 were markedly upregulated. Immunofluorescence 
staining further revealed a significant increase in 
the activation of Iba1-positive microglia and GFAP-
positive astrocytes in the hippocampal region. These 
findings suggest that suppressing neuroinflammation and 
excessive ER stress may offer potential benefits in terms 
of alleviating AD-related neurological deficits.
 In recent years, MSCs have shown considerable 
promise in the treatment of various neurodegenerative 
diseases (30). Traditionally, MSCs are derived from 
mesodermal tissues such as bone marrow and adipose 
tissue. These MSCs display some neuroprotective effects 
in terms of neural repair, but there are several with their 
clinical use, including limited neurogenic differentiation 
potential, ethical concerns, and difficulties in crossing 
the BBB (31). In contrast, OM-MSCs, which originate 
from ectodermal tissue, demonstrate greater neurogenic 
differentiation potential, positioning them as a more 
promising candidate for neural repair. Moreover, OM-
MSCs can be isolated from human nasal mucosa via 
minimally invasive procedures, offering excellent 
biosafety and circumventing the ethical controversies 
associated with other stem cell sources. However, there 
are obstacles to the direct transplantation of OM-MSCs, 
such as challenges in crossing the BBB and potential 
tumorigenic risks. Unlike stem cells, exosomes derived 
from stem cells cannot self-replicate, eliminating the 
risk of tumor formation associated with stem cell 
transplantation (21). Consequently, exosomes have 
emerged as a safer and more effective therapeutic 
strategy. Exosomes are vesicles enclosed by a lipid 
bilayer, distinguished by the presence of tetraspanins 
(CD9, CD81, and CD63), ALG-2-interacting protein 
X (Alix), and tumor susceptibility gene 101 protein 
(TSG101) on their membrane surface (32). They can 
carry a variety of bioactive molecules, including proteins, 
nucleic acids, and lipids, and are capable of crossing the 
BBB to deliver therapeutic agents, making them a focal 
point in research on neurodegenerative diseases such as 
AD, stroke, and traumatic brain injury (33,34).
 The current study successfully isolated and 
characterized OM-MSCs-Exos. TEM, NTA, and 
WB confirmed that these exosomes exhibit a typical 
lipid bilayer structure and express exosome markers. 
Further immunofluorescence staining demonstrated 
that PKH67-labeled OM-MSCs-Exos were effectively 
internalized by cells. These results indicate that OM-
MSCs-Exos significantly inhibited the activation of 

microglia and astrocytes in the hippocampus, reduced 
the release of pro-inflammatory cytokines in brain 
tissue, and lowered the levels of expression of ER 
stress-related proteins. These effects were closely 
associated with significant improvements in cognitive 
function and reduced neuronal apoptosis in mice with 
AD. Conventional ultracentrifugation was used during 
the isolation of OM-MSCs-Exos. However, the purity 
and yield of exosomes may be influenced by factors 
such as cell culture conditions and centrifugation 
parameters, which could potentially interfere with 
subsequent results (35,36). Moreover, fluorescence 
labeling experiments have demonstrated that OM-
MSCs-Exos can be taken up by cells, but their specific 
sites of action and underlying mechanisms within the 
cells remain unclear. To address this, more in-depth 
studies, possibly utilizing techniques such as confocal 
microscopy, may need to be conducted.
 To further elucidate the neuroprotective mechanisms 
of OM-MSCs-Exos, the proteomic profile of OM-
MSCs-Exos as reported by Xun et al. (17) was 
analyzed, and enrichment of LRP1 in these exosomes 
was noted. Previous studies have demonstrated that 
LRP1 plays a critical role in regulating the activation 
of microglia and astrocytes as well as modulating 
inflammatory responses (18,37,38). Additionally, 
LRP1 influences ER stress-related signaling pathways, 
impacting cell survival and function (39). The current 
findings revealed that LRP1 expression decreased 
significantly in a mouse model of AD, while ER 
stress and pro-inflammatory cytokine levels increased 
markedly. Following OM-MSCs-Exos treatment, 
however, LRP1 expression in mouse brain tissue 
increased, accompanied by an alleviation of both ER 
stress and inflammatory responses. Further experiments 
that used siRNA to silence LRP1 expression in 
OM-MSCs demonstrated that the neuroprotective 
effects of OM-MSCs-Exos in suppressing ER stress 
and neuroinflammation significantly diminished, 
underscoring the central  role  of  LRP1 in the 
neuroprotective mechanisms of OM-MSCs-Exos 
treatment. However, the pathogenesis of AD is highly 
complex, involving the interplay of multiple cell types 
and signaling pathways (40). In addition to the known 
mechanisms, OM-MSCs-Exos may have an effect 
through other as yet unidentified pathways.
 From a clinical translation perspective, the long-
term stability, dose-dependency, and immunogenicity 
of exosomes warrant further evaluation. Although this 
study has demonstrated that OM-MSCs-Exos improve 
cognitive function in AD, their therapeutic efficacy 
across different stages of AD remains unclear. Future 
research could utilize multi-omics approaches, such as 
single-cell transcriptomics and protein interactomics, 
to further clarify the mechanisms of OM-MSCs-
Exos and optimize their therapeutic potential through 
pharmacological enhancement.
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5. Conclusion

This study provides the first evidence that OM-MSCs-
Exos can significantly enhance cognitive function in mice 
with AD. The neuroprotective effects of OM-MSCs-
Exos appear to be mediated through the suppression of 
neuroinflammatory responses, attenuation of microglial 
and astrocytic activation, and reduction in the expression 
of pro-inflammatory cytokines and ER stress markers, 
thereby mitigating neuronal damage. Furthermore, LRP1 
may play a key role in these protective mechanisms. 
These findings provide novel insights into the molecular 
pathways underlying the therapeutic potential of OM-
MSCs-Exos in the treatment of AD. However, despite 
these promising results, further research is required 
to evaluate the long-term stability, dose dependency, 
and immunogenicity of OM-MSCs-Exos, as well as to 
validate their clinical applicability and safety.
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