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Abstract

Background: Recent studies have indicated that stem cells could provide therapeutic benefits in several neurological conditions, includ-
ing Alzheimer’s disease (AD). Adipose-derived stem cells (ADSCs) offer many advantages in that they are readily available from indi-
vidual hosts, are robust, and secrete many factors that promote neuronal growth and homeostasis. Methods: We transfected ADSCs with
a viral construct for brain-derived neurotrophic factor (BDNF) and examined the effects of transplanting these cells into the hippocampus
of 7-mo-old APPswe/PS1dE9 mice. After 6 mo, the hippocampus was examined for stem-cell survival, effects on BDNF and neprilysin-2
(NEP-2) levels, dendritic morphology using microtubule associated protein 2 (MAP2) immunohistochemistry, and amyloid plaque load.
Results: We found that transplanted BDNF-ADSCs had survived after 6 mo. BDNF and NEP-2 levels were higher than sham controls,
and dendritic architecture was improved. In addition, amyloid plaque numbers were reduced. Conclusions: BDNF-ADSCs appear to
confer benefits by simultaneously enhancing amyloid clearance and promoting neuronal structural repair. This multifaceted approach
highlights the potential of engineering stem cells to target multiple pathophysiological hallmarks of AD, positioning BDNF-ADSCs as a
powerful and synergistic cell-gene therapy strategy for this devastating disorder.
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1. Introduction tration of ADSCs reduced pathology and memory impair-
ments in mouse models of AD [8—11]. The clinical transla-
tion of ADSCs for neurological disorders is constrained by
critical limitations, including uncertain efficacy, poor long-
term survival after transplantation, and inefficient homing
to target brain areas. These challenges hinder the reliabil-
ity and therapeutic potential of ADSC-based approaches.
Brain-derived neurotrophic factor (BDNF), the predomi-
nant neurotrophin in the adult brain, plays a fundamental
role in regulating hippocampal synaptic plasticity and mem-
ory consolidation [12,13]. Notably, BDNF levels are al-

Alzheimer’s disease (AD) is the predominant neu-
rodegenerative disorder, with a profound impact on mil-
lions of elderly people across the globe [1]. AD is char-
acterized by extracellular S-amyloid plaques and intracel-
lular neurofibrillary tangles. These pathologies collectively
trigger synaptic dysfunction and neuronal loss in the brain
[2]. Despite considerable endeavors, current therapeutic
strategies, focused largely on symptomatic relief and cog-
nitive improvement, have yielded limited and merely tran-

sient benefits [3].

Propelled by recent progress, stem-cell technology
holds significant promise for generating innovative thera-
peutic interventions for neurodegenerative disorders [4—6].
Under appropriate inductive conditions, adipose-derived
stem cells (ADSCs) undergo differentiation into cells that
express established neuronal and glial protein markers, in
addition to their inherent high proliferative potential in vitro
[7]. Further, it has been shown that intracerebral adminis-

tered in both the brain and periphery of AD patients, sug-
gesting its dysfunction in the pathogenesis of the disease
[14,15]. Consequently, restoring physiological BDNF lev-
els represents a promising therapeutic strategy to mitigate
the synaptic and neuronal loss underlying cognitive decline
in AD.

ADSCs do not normally secrete BDNF [16,17], al-
though under certain conditions they may be induced to do
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so [12,18-20]. We therefore reasoned that genetically engi-
neering ADSCs to become a localized, long-term source of
BDNF could constitute a more effective strategy to counter-
act both synaptic failure and pathology progression simulta-
neously. To test this premise, we transfected ADSCs with a
BDNF-expressing lentivirus to explore the possibility that
this manipulation would enhance their therapeutic poten-
tial. The modified ADSCs were transplanted into the dor-
sal hippocampus of APPswe/PS1dE9 (APP/PS1) mice. Six
months after transplantation, we assessed the survival and
spatial distribution of BDNF-ADSCs within the hippocam-
pus, their effects on the expression of BDNF and neprilysin-
2 (NEP-2; a neprilysin homolog and a key -amyloid de-
grading enzyme) [21,22], potential effects on dendritic ar-
chitecture by examining the pattern of microtubule asso-
ciated protein 2 (MAP2) expression, and amyloid plaque
load. NEP-2; a neprilysin homolog and a key S-amyloid
degrading enzyme

2. Materials and Methods
2.1 Animals

Male APP/PS1 mice and C57/BL6J wild-type mice
were purchased from Guangdong Medical Laboratory Ani-
mal Center (Foshan, Guangdong, China). Mice were main-
tained under ad libitum feeding conditions with free ac-
cess to a standard laboratory diet and water. Neonatal
C57/BL6J mice, raised at the Hainan Research Institute of
Medicine, were used to obtain ADSCs. The experimental
mice were divided into three groups (12/gp): (a) wild-type
controls (C57/BL6J) and (b) APP/PS1 mice that received
either BDNF-ADSCs or (c) sham surgery. All experimen-
tal procedures were initiated when mice reached 7 mo, and
were conducted in compliance with the ARRIVE guidelines
2.0.

2.2 Isolation and Culture of ADSCs

According to a previously described method [23], AD-
SCs were obtained from the epididymal fat of 2—3-week-
old male C57/BL6J mice. Briefly, the adipose tissue was
digested with 0.1% collagenase type 1 (BS-163, Biosharp,
Shanghai, China) at 37 °C for 1 h, followed by mechani-
cal dissociation and centrifugation at 800 xg for 15 min.
The pellet was then re-suspended, filtered through a 70-
um strainer (BS-70-CS, Biosharp), and cultured in com-
plete Dulbecco’s modified eagle medium nutrient mixture
F-12 (DMEM/F12) (11320033, Thermo Fisher Scientific,
Waltham, MA, USA) medium (supplemented with 10% fe-
tal bovine serum (FBS) (A5669701, Thermo Fisher Scien-
tific) and 1% penicillin/streptomycin [15140122, Thermo
Fisher Scientific]) at 37 °C with 5% CO,. The medium was
replaced after 24 h to remove nonadherent cells, and the ad-
herent ADSCs were subsequently expanded. All primary
cells were validated for their identity by surface marker
analysis and tested negative for mycoplasma.

2.3 Flow Cytometry Assays for Cell Surface Antigens

Third passage (P3) ADSCs were harvested, fixed
in 75% ethanol on ice, and washed. After filtering, 1
x 108 cells were stained with fluorescein isothiocyanate
(FITC)/phycoerythrin (PE)/phycoerythrin-cyanine 7 (PE-
Cy7)-conjugated antibodies against cluster of differentia-
tion (CD)73 (Cat. No. 127205, BioLegend, San Diego,
CA, USA), CD105 (Cat. No. 120407, BioLegend), CD90
(ab33694, Abcam, Cambridge, UK), CD34 (ab323757, Ab-
cam), CD45 (Cat. No. 202207, BioLegend), and human
leukocyte antigen-DR (HLA-DR) (ab1182, Abcam) for
flow cytometry. Phycoerythrin-conjugated immunoglobu-
lin G (PE-IgG) served as an isotype control. The expression
of CD surface antigens was analyzed using flow cytometry
(BD Biosciences, Franklin Lakes, CA, USA). To function-
ally characterize their differentiation capacity, ADSCs were
subjected to induction protocols for osteogenic, adipogenic,
and chondrogenic fates. The resulting phenotypic changes
were detected through standard histological methods, em-
ploying Alizarin Red S (RAXMA-90021, OriCell, Suzhou,
Jiangsu, China), Oil Red O (RAXMA-90031, OriCell), and
Alcian Blue (RAXMA-90041, OriCell) staining for the re-
spective lineages [23].

2.4 BDNF-Expressing Lentivirus Preparation and
Transduction

A BDNF-encoding lentivirus was produced by co-
transfecting 293 T cells with plasmids pSPAX2 and pMD2G
using LipoFiter™ (KS-TRLF-200/1000, LipoFiter, Shang-
hai, China). The viral supernatant was collected, filtered,
and concentrated by ultracentrifugation. ADSCs were
transduced with the lentivirus (Genomeditech, Shanghai,
China) at a multiplicity of infection (MOI) of 40 in the pres-
ence of 5 pg/mL polybrene (40804ES76, Yeasen, Shang-
hai, China), and stable clones were selected with puromycin
(ST551, Beyotime, Shanghai, China) over 3 weeks. BDNF
expression was confirmed by western blot and immuno-
cytochemistry. The 293T cell line used in this study was
obtained from Wanwu Biotechnology (Delf-10618, Hefei,
Anhui, China). All cell lines were validated by routine PCR
assay and tested negative for mycoplasma.

2.5 BDNF-ADSC Transplantation

APP/PS1 mice were anesthetized using isoflurane
(PHR2874, Merck KGaA, Darmstadt, Germany) (3—4% in-
duction, 1.5-2% maintenance) and placed in a stereotaxic
frame (RWD Life Science, Shanghai, China). The skull sur-
face was exposed and either 2 pL of the DMEM/F12 vehicle
or 1 x 105 BDNF-ADSCs suspended in 2 uL. DMEM/F12
were injected bilaterally into the anterior hippocampus us-
ing the following coordinates: 1.0 mm posterior to the
bregma, +1.0 mm from midline, and 2.0 mm ventral to
skull surface. To prevent backflow, the injection needle was
left in place for 5 min post-injection, facilitating adequate
diffusion of the solution into the local tissue. The injection
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needle was then removed and the wound was closed. After
surgery, the mice were maintained under thermal support
until full recovery from anesthesia, after which they were
returned to their home cages.

2.6 Tissue Preparation

After a survival interval of 180 days, mice were deeply
anesthetized with 5% isoflurane and euthanized by cer-
vical dislocation. For immunohistochemical studies, 6
mice from each of the three groups (C57/BL6J control,
APP/PS1 sham, APP/PS1 ADSC) were perfused intracar-
dially with phosphate buffered saline (PBS) (pH 7.4), fol-
lowed by perfusion with 4% paraformaldehyde (12352100,
SigmaAldrich, St. Louis, MO, USA) in PBS at 4 °C. Af-
ter overnight post-fixation at 4 °C, the harvested brains
were cryoprotected by immersion in a 30% sucrose-PBS
solution. After equilibration, serial 40-um coronal sections
were obtained using a Leica CM1900 freezing microtome
(Leica Biosystems, Nussloch, Germany) and stored in a
cryoprotectant solution (CO171A, Beyotime) [24] at 4 °C
for subsequent processing.

For western blot analysis, the remaining 6 mice/gp
were transcardially perfused with ice-cold PBS. Following
rapid extraction, the brains were placed on a pre-chilled
plate for immediate hippocampal dissection. The isolated
hippocampal tissue was snap-frozen and maintained at —80
°C until subsequent protein analysis.

2.7 Immunohistochemistry

Tissue sections were treated with 1% HyOo/PBS
for 30 min, followed by 1 h blocking with 5% nor-
mal goat serum containing 0.3% triton X-100 (ST1723,
Beyotime). Sections were then co-incubated overnight
at 4 °C with primary antibodies against BDNF (1:1000,
ab108319, Abcam), Flag-Tag (1:1000, ab205606, Ab-
cam), MAP2 (1:50,000, ab5392, Abcam), and S-amyloid
(6E10, 1:200, MA5-51794, Thermo Fisher Scientific). Af-
ter PBS washes, sections were incubated for 2 h at 26
°C with a mixture of fluorescent secondary antibodies
(Cy3- [1:500, 771412ES60, Yeasen], Alexa Fluor 647-
[1:500, 96500ES25, Yeasen], and Alexa Fluor 488-[1:200,
GB25303, Servicebio, Wuhan, Hubei, China]), followed
by 4,6-diamidino-2-phenylindole (DAPI) (G1012, Service-
bio) counterstaining. Finally, sections were mounted and
imaged using an Olympus FV1000 (Olympus Corporation,
Tokyo, Japan) confocal microscope. 6E10-positive plaques
in hippocampal regions were quantified per section for each
animal.

2.8 Western Blot Analysis

Protein extracts from ADSCs and hippocampal tis-
sues were prepared using radioimmunoprecipitation assay
(RIPA) lysis buffer (G2002, Servicebio) supplemented with
protease and phosphatase inhibitors (Roche; 04906845001,
Roche Diagnostics, Rotkreuz, Switzerland). Hippocampal
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samples from 6 mice/gp were pooled before homogeniza-
tion. Lysates were centrifuged at 14,000 rpm for 15 min at 4
°C, and supernatants were collected for protein concentra-
tion determination with a bicinchoninic acid (BCA) (P0010,
Beyotime) assay. Proteins (50 pg per lane) were separated
on 10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gels (P0012AC, Beyotime) and
transferred to poly vinylidene fluoride (PVDF) membranes
(IPVH00010, Merck Millipore, Darmstadt, Germany). Af-
ter blocking, membranes were incubated overnight at 4
°C with the following primary antibodies in tris-buffered
saline with tween-20 (TBST) (G0004, Servicebio): BDNF
(1:1000, ab108319, Abcam), NEP-2 (1:400, BS-11102R,
Bioss Antibodies, Beijing, China). [$-Actin (GB15003,
Servicebio) served as the loading control. Horseradish per-
oxidase (HRP)-conjugated secondary antibodies (1:10,000,
GB23303, Servicebio) were applied, and band signals were
detected using a tanon 5500 imaging system (Shanghai
Tanon Science & Technology, Shanghai, China). Densit-
ometric data were normalized to (3-actin, with the control
group set as 1. All experiments were performed in tripli-
cate, and results are presented as mean =+ standard error of
the mean (SEM).

2.9 Statistical Analyses

All data are presented as mean = SEM. Data analy-
ses were performed using Prism 9.5 software (GraphPad
Software, La Jolla, CA, USA). The normality of the data
distribution for each group was assessed using the Shapiro-
Wilk test. Homogeneity of variances was confirmed us-
ing the Brown-Forsythe test. After confirming that the data
met the assumptions of normality and homogeneity of vari-
ances, differences between multiple means were analyzed
by analysis of variance (ANOVA) with subsequent post-hoc
tests where appropriate. Differences between two means
were analyzed using two-tailed #-tests. Statistical signifi-
cance was defined as p < 0.05. Where applicable, greater
levels of significance are denoted as **p < 0.01 and ***p
< 0.001.

3. Results
3.1 Cell Surface Antigens on ADSCs

Flow cytometric analysis of P3 ADSCs confirmed a
characteristic mesenchymal surface phenotype. Surface-
marker profiling revealed that the cells exhibited strong
positivity for the characteristic mesenchymal markers
(CD73, CD90, CD105) and were negative for hematopoi-
etic markers (CD34, CD45, HLA-DR) (Fig. 1A). This
marker profile, consistent with published data [14], veri-
fied the successful isolation of a homogeneous population
of mesenchymal stem cells, with minimal contamination
from endothelial cells or other non-mesenchymal stromal
cells (MSC) types. To assess their multipotency, ADSCs
were subjected to specific induction protocols to promote
their commitment to osteogenic, adipogenic, and chondro-
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Fig. 1. Cell-surface antigens of ADSCs detected by flow cytometry. (A) Representative results of flow cytometry analysis showed
that ADSCs expressed CD73, CD90 and CD105. Bottom: in contrast, almost no expression of the hematopoietic lineage markers CD34,
CD45 and HLA-DR was detected. (B) After induction of adipogenic differentiation, the cells showed positive staining for Oil Red O.
Scale bar = 50 um. (C) After induction of osteogenic differentiation, the cells showed positive staining for Alizarin red. Scale bar = 100

um. (D) After induction of chondrogenic differentiation, the cells showed positive staining for Alcian Blue. Scale bar = 500 um. (n
=3). ADSCs, adipose-derived stem cells; HLA-DR, human leukocyte antigen-DR; CD, cluster of differentiation; FL1-H, fluorescence
channel 1- height; FL2-H, fluorescence channel 2- height; POS, positive.

genic lineages. Successful differentiation was confirmed
by lineage-specific staining: Alizarin Red S for calcium
deposits in osteocytes, Oil Red O for lipid vacuoles in
adipocytes, and Alcian Blue for sulfated proteoglycans in
chondrocytes (Fig. 1B-D).

3.2 Exogenous BDNF DNA in ADSCs After Lentiviral
Transfection

Successful transduction was confirmed by detecting
ZsGreen fluorescence in ADSCs under an inverted mi-
croscope at 72 h, indicating expression of the respective
exogenous genes (human B-lymphotropic virus [HBLV]-
ZsGreen or HBLV-BDNF-flag-ZsGreen). ZsGreen was
highly expressed in both cases (Fig. 2A—C). The expression
of BDNF protein was confirmed by western blot analysis

using total protein extracts from ADSCs transduced with
HBLV-BDNF-flag-ZsGreen, with controls including both
untransduced cells and HBLV-ZsGreen-transduced cells.
The BDNF-flag-ZsGreen fusion protein was specifically
detected at its predicted size via anti-flag western blot in the
relevant group, confirming successful expression, whereas
control groups showed no signal (Fig. 2D). Immunocy-
tochemistry studies verified that BDNF was expressed in
HBLV-BDNF-flag-ZsGreen transfected ADSCs (Fig. 2E).

3.3 Survival and Distribution of BDNF-ADSCs

BDNF-ADSCs were transplanted bilaterally into the
anterior hippocampus of 7-mo-old APP/PS1 mice, and
analysis was performed 6 mo after transplantation. To
investigate the survival and distribution of transplanted
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Fig. 2. Expression of exogenous DNA in ADSCs after lentiviral transduction. (A) Representative images of ADSCs. Scale bar =
200 um. (B) HBLV-ZsGreen-transfected ADSCs were observed under fluorescence microscope. Transfection success was estimated at
>90% (n = 3). (C) Similar results were seen for HBLV-BDNF-flag-ZsGreen-transfected ADSCs observed under fluorescence (n = 3).
Scale bars for (B,C): 100 um. (D) Western blot demonstrating that BDNF and Flag proteins were not present in non-transfected cells, but
were seen in or HBLV-ZsGreen-transfected ADSCs HBLV-BDNF-flag-ZsGreen-transfected ADSCs. All western blot experiments were
repeated three times with consistent results. Full-length blots/gels are presented in Supplementary Fig. 1. (E) Immunohistochemistry
showing an example of the expression of BDNF in HBLV-BDNF-flag-ZsGreen-transfected ADSCs (n = 3). Red = BDNF; green =

ZsGreen. Scale bar: 100 pm. BDNF, brain-derived neurotrophic factor; HBLV, human B-lymphotropic virus.

BDNF-ADSCs the mice were euthanized and coronal sec-
tions containing the anterior—posterior axis of the hip-
pocampus were examined using a confocal microscope.
As expected, no BDNF-ADSCs were detected in the AD
sham group and the wild type (WT) control group (data not
shown). Engrafted BDNF-ADSCs were found within and
surrounding the retrosplenial cortex, but most cells were
seen in stratum oriens and filed CA1 hippcampus (CAl)
stratum pyramidale in the hippocampus. Notably, BDNF-
ADSCs were seen well caudal to the injection site, indi-
cating that they had migrated during the survival period
(Fig. 3).

3.4 BDNF-ADSC Transplantation Increased BDNF and
NEP-2 Levels in the Hippocampus

Previous study has shown that the neurotrophin BDNF
plays a key role in synaptic plasticity [18]. NEP-2 is an
important AfS-degrading enzyme. Therefore, we exam-
ined BDNF and NEP-2 expression in the hippocampus of
APP/PS1 mice 6 mo after BDNF-ADSC transplantation.
BDNF and NEP-2 protein expression levels were assessed
by western blot (Fig. 4). At 13 months of age, APP/PS1
mice (vehicle-injected Shams) exhibited lower hippocam-
pal protein levels of both BDNF and NEP-2 compared
with C57/BL6J controls. All mice were euthanized under
5% isoflurane anesthesia followed by cervical dislocation.
However, reduced levels of the two proteins were not seen
in APP/PS1 mice that had received BDNF-ADSC cell in-
jections.
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3.5 Engrafted BDNF-ADSCs Alter Patterning of Dendritic
MAP?2 Expression in the Hippocampus

Degradation of dendritic cytoarchitecture is a hall-
mark of AD, and is reflected in reductions in MAP2 pro-
tein levels and patterning in mouse models of the disease
[25,26]. Compared to the control group (Fig. 5A), MAP2
staining in hippocampal area CA1 dendrites in 13-mo-old
APP/PS1 mice revealed a shortened dystrophic pattern, in-
dicating that microtubule structure was disrupted (Fig. 5B).
In contrast, in mice that had received BDNF-ADSC injec-
tions, MAP2-stained dendrites were elongated and more
densely distributed, similar to what was seen in control
C57/BL6J mice (Fig. 5C).

3.6 Transplanted BDNF-ADSCs Reduce Af Plaque
Burden in Hippocampus

Immunofluorescence staining was performed on
brain sections using the 6E10 anti-AS primary antibody.
Amyloid-positive plaques were counted in sections through
the hippocampus. Average plaque counts per section
were significantly lower in mice that had received BDNF-
ADSC:s than in vehicle-injected sham mice (Fig. 6).

4. Discussion

This study investigated whether transplantation of
BDNF-ADSCs would attenuate hippocampal neuronal
pathology in APP/PS1 mice, an established model of AD.
We used a novel combinatorial strategy by genetically en-


https://www.imrpress.com

Fig. 3. Representative distribution of transplanted BDNF-ADSCs in the hippocampus of mice. ZsGreen (Green) was used to label

the BDNF-ADSCs, Cy3 (Red) was used to label the Flag expression. Each panel displays, from left to right: low-magnification image

with higher power area shown in subsequent panels. On the far right are illustrations of the coronal section at which the image was taken.

In (A), labeled cells are present in the retrosplenial cortex as well as in the hippocampus. In (B,C), labeled cells are seen in the medial

CA1 pyramidal cell layer. Coronal sections shown are, from bregma: —0.94 mm (A); —1.46 mm (B); —1.70 (C); scale bar = 100 pm; n =

6.

gineering ADSCs to overexpress BDNF through lentivi-
ral transduction. We found that BDNF-ADSCs survived
in the hippocampus for 6 mo after transplantation, and ap-
peared to migrate a substantial distance from the injection
site. BDNF-ADSC transplantation significantly increased
BDNF and NEP-2 expression in treated mice. Moreover,
the dendrites of hippocampal neurons, as illustrated by
MAP2 staining, were longer and more densely distributed
than in sham mice.

Postmortem histopathological analyses of AD patients
have demonstrated significant neuronal loss in key brain re-
gions, including the cortex and hippocampus [27,28]. By
repopulating lost cells and exerting protective effects, cell-
based therapies may mitigate the progression of neurode-
generative diseases [6]. Stem cells have been reported to
be short-lived in the brain, in some cases surviving less
than one month after transplantation [29]. Therefore, the
therapeutic benefits of stem-cell transplantation may be me-

&% IMR Press


https://www.imrpress.com

e
@
)

1.04 BDNF NEP-2

BDNF M 15KD
NEP-2 - - - - 89KD

B-actin | e M _— oKD

b=l
o
I

o
»
1

0.2

Relative expression of protein BONF/B-actin
Relative oxpression of protein NEP2/B-actin

=4
o
I

Control Sham Treatment Control Sham Treatment

Control Sham Treatment

Fig. 4. BDNF-ADSC transplantation normalized BDNF and NEP-2 protein levels in the hippocampus of 13-month-old APP/PS1
mice. Levels of the two proteins were significantly lower in Sham mice than in comparably aged C57/BL6J controls, but treated mice
had protein levels that were not different from controls. Data are presented as mean == SEM (standard error of the mean, n = 6/gp; results
in bar graph are the average of three replicates). Control: C57/BL6J mice; Sham: APP/PS1 mice that received vehicle; Treatment:
APP/PS1 mice that received BDNF-ADSCs. Sample western blots are shown on the left side of the figure. Full-length blots/gels are
presented in Supplementary Fig. 2. Quantified measurements (normalized to actin) are shown on the right. **p < 0.01 vs. control or

treatment groups. NEP-2, neprilysin-2.

Sham

Treatment

Fig. 5. Engrafted BDNF-ADSCs changed dendritic morphology in the hippocampus of APP/PS1 mice. (A) Immunohistochemical
analysis of MAP2 staining in control group. (B) In the sham group, MAP2 stained CA1 dendrites were shortened and dystrophic. (C)
In the BDNF-ADSC treatment group, MAP2-stained dendrites appeared elongated and parallel to each other, similar to those seen in the
control group. Red: MAP2; blue: 4,6-diamidino-2-phenylindole (DAPI). Scale bar = 50 um (n = 6). MAP2, microtubule associated
protein 2.
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Fig. 6. BDNF-ADSCs diminish A3 plaques in the brains of APP/PS1 mice. Plaques were visualized by fluorescence microscopy

using a 6E10 antibody. (A) Representative image of the hippocampus from a sham mouse. (B) Representative image from a mouse

that received BDNF-ADSC transplants. (C) Average plaque number per section in the two groups. Counts are the mean = SEM of all

sections containing the hippocampus from three mice in each group. Scale bar =200 um, *p < 0.05 (n = 6/gp, 3 slices per mouse).

diated primarily by indirect mechanisms activated by the
grafted cells, rather than by the direct actions of the cells
themselves. For example, the repair mechanisms observed
after cell transplantation are primarily mediated by the se-
cretion of paracrine factors from the grafted cells [14,29—
32]. The paracrine function of ADSCs involves the re-
lease of a broad spectrum of bioactive molecules, includ-
ing growth factors and exosomes. These secretions enable
them to contribute significantly to key biological processes:
including the inhibition of apoptosis and inflammation, pro-
motion of angiogenesis, and modulation of immune re-
sponses [33—35]. We confirmed that BDNF-ADSCs sur-
vive for at least six months after transplantation in the
mouse brain. These cells exhibited distribution within the
hippocampus and were associated with the amelioration of
key pathological features in the APP/PS1 mice. Consis-
tent with this concept, Yu ef al. [36] demonstrated that
genetic modification of ADSCs with vascular endothelial
growth factor (VEGF) modified messenger RNA (mod-
RNA) transfection enhanced the survival of the transplanted
cells. Those engineered ADSCs, when co-transplanted with
human fat into a murine model, exhibited elevated proan-

giogenic capacity, which in turn ensured long-term survival
of the fat graft [36]. We do not know whether BDNF trans-
fection itself contributed to the longevity of the transplanted
cells because we did not do a direct comparison between
transfected and nontransfected ADSCs. This is an impor-
tant topic for future studies.

BDNF is critically involved in key neuronal processes,
including promoting neuronal survival, facilitating differ-
entiation, regulating synaptic transmission, and guiding
structural plasticity through dendritic remodeling and axon
growth [37,38]. Consistently reported low levels of BDNF,
at both the mRNA and protein levels, are a hallmark of post-
mortem AD brains, particularly affecting the hippocampus
and frontal, parietal, and temporal cortices [39,40]. Exten-
sive research has demonstrated that BDNF administration
mitigates multiple Alzheimer’s-related pathologies in APP
transgenic mice, including reducing AfS-mediated neuro-
toxicity, ameliorating synaptic deficits, and consequently
improving cognitive function [15,41-43]. Kim et al. [9]
showed that transplanted ADSCs did not significantly af-
fect levels of BDNF. However, we successfully elevated
hippocampal BDNF protein levels, as intended, by using
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our BDNF-transfected ADSC transplantation strategy. The
elevated BDNF very likely enhanced the effects of ADSC
transplantation. Similar results have been reported by Wu
et al. [44], who showed that neural stem cells modified to
overexpress BDNF showed enhanced efficacy for relieving
morphological and behavioral impairments in the Tg2576
mouse model of AD.

NEP and NEP-2 are AS-degrading enzymes, which
are important regulators of AS metabolism [21,45-47].
NEP is dramatically decreased in high-plaque areas in AD
brains, and the deficient degradation of AS due to NEP
deficiency likely contributes to AD pathogenesis [48,49].
ADSC transplantation has recently been shown to exert a
neuroprotective effect by mediating AS clearance [50,51].
Those authors showed that ADSCs secrete enzymatically
active NEP via exosomes, leading to reduced A3 levels in
neuroblastoma cultures. In our study, BDNF-ADSC trans-
plantation dramatically increased the protein expression of
NEP-2 in the hippocampus of APP/PS1 mice, and also sig-
nificantly reduced Aj plaque load. It is not clear whether
elevated levels of BDNF played a role in increasing NEP-
2 expression. Kakiya ef al. [52] reported that, in primary
neuronal cultures, BDNF reduced neprilysin activity. How-
ever, Safar et al. [40] reported that intracranial transplan-
tation of bone-marrow-derived endothelial progenitor cells
elevated hippocampal mRNA levels of both BDNF' and
NEP in a rat model of AD.

Dendrites, which are crucial for neuronal signal pro-
cessing, are structurally and functionally impaired by
key AD pathogenic agents, including AS and tau [53].
Widespread dendritic abnormalities, which emerge early in
AD, significantly disrupt neuronal computation by altering
dendritic signal integration and spike timing [54]. Our ob-
servation of improved dendritic morphology in APP/PS1
mice 6 months after BDNF-ADSC transplantation sug-
gests that hippocampal signal processing should also be im-
proved. In future studies, it will be important to test this idea
by evaluating behavioural measures of hippocampal func-
tion.

The presence of amyloid plaques, a defining neu-
ropathological hallmark of AD, is a requisite feature of any
valid animal model for this condition. Reducing plaque for-
mation or eliminating existing plaques has long been a goal
of the development of therapies aimed at forestalling or re-
lieving cognitive symptoms. However, the relationship be-
tween amyloid plaques and AD is complex, as it appears
that plaque accumulation in the brain occurs many years
prior to the appearance of cognitive deficits [55]. Neverthe-
less, brain amyloid reduction remains a major focus, and is a
particular target of new antibody agents [56]. Among other
potential benefits, we found that transplantation of BDNF-
ADSC:s elicited a sustained reduction in hippocampal amy-
loid plaque load in APP/PS1 mice.

Despite the promising findings, this study had several
limitations. First, the absence of a control group involving
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wild-type mice transplanted with ADSCs limits our abil-
ity to fully dissect the contribution of the disease environ-
ment to the observed effects and to rule out non-specific
outcomes of the transplantation procedure itself. Further-
more, the most significant functional limitation is the ab-
sence of cognitive behavioral assays, which leaves the func-
tional impact of the structural improvements on learning
and memory unconfirmed. In addition, although MAP2
immunohistochemistry revealed enhanced dendritic archi-
tecture, direct evidence for functional synaptic plasticity,
such as from electrophysiological recordings, is lacking.
Finally, the observed increases in BDNF and NEP-2, al-
though correlated with reduced plaque load, did not estab-
lish a definitive causal mechanism, and future studies using
specific pathway inhibitors are needed to elucidate the pre-
cise molecular interplay.

5. Conclusions

Our study demonstrated that intra-hippocampal trans-
plantation of BDNF-ADSCs achieved long-term (6 mo) en-
graftment, elevated expression of BDNF and the amyloid-
degrading enzyme NEP, ameliorated dendritic pathology,
and reduced A plaque burden. Although these find-
ings position BDNF-ADSC therapy as a promising multi-
faceted strategy for Alzheimer’s disease, clinical translation
necessitates future studies that: (1) delineate the precise
molecular mechanisms and relative contributions of BDNF
versus NEP-2 to the observed neuroprotection; (2) confirm
functional rescue through comprehensive behavioural test-
ing; and (3) establish standardized, scalable protocols for
cell manufacturing and delivery that meet regulatory stan-
dards for clinical trials.
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