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Abstract

Background: Alzheimer’s disease (AD) is a degenerative condition affecting the central nervous system and is the primary cause of
dementia. Current therapies for AD are ineffective. Although brain regeneration via stem cell transplantation has therapeutic potential,
suitable sources are limited. Hair follicle stem cells (HFSCs) are multi-potent cells and can differentiate into mesodermal and ectodermal
lineages, and proliferate for extended periods. Nerve growth factor (NGF) is a neurotrophin that is vital for neuronal development and
survival, and the regulation of apoptosis in neurodegenerative disorders. However, using HFSCs to treat AD has not been extensively
investigated. Herein, we evaluated the therapeutic effects of HFSCs and the synergistic effect of NGF and HFSCs on AD.Methods: A
rat model of AD was established by intrahippocampal injection of amyloid β-protein 1–42 (Aβ1–42). After 14 days, HFSCs and HFSCs
overexpressing NGF were injected into the hippocampus of AD rats for therapy. The cognitive function of the treated AD rats was
tested using the Morris water maze test. Congo red staining, immunohistochemistry, and enzyme-linked immunosorbent assay (ELISA)
were used to detect deposition, as well as soluble Aβ1–40 and Aβ1–42 levels. Additionally, western blotting was used to assess tau
protein, the phosphoinositide-3 kinase (PI3K)/protein kinase B/glycogen synthase kinase-3β (Akt/GSK-3β) pathway, and the levels of
synapse proteins. Results: HFSCs and HFSCs/NGF transplantation not only significantly reduced Aβ deposition but also inhibited
GSK-3β activity and reduced tau protein hyperphosphorylation by stimulating the PI3K/Akt signaling pathway. Moreover, HFSC and
HFSC/NGF transplantation led to significant overexpression of the synaptophysin (SYP) and postsynaptic density protein 95 (PSD95)
in the hippocampus of AD rats. Conclusions: HFSCs and NGF-modified HFSCs may become a promising treatment option for AD.
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1. Introduction
Alzheimer’s disease (AD) is a degenerative neurolog-

ical condition that worsens gradually over time. It is char-
acterized by memory loss and cognitive decline and has
rapidly emerged as one of the most expensive, fatal, and
burdensome diseases [1]. According to Alzheimer’s Dis-
ease International, the worldwide occurrence of dementia
in 2016 was approximately 50 million, with AD accounting
for 60%–80% of the cases [2]. The World Health Organi-
zation has predicted that the global number of individuals
affected by dementia will increase to 139 million by 2050,
from 55 million in 2019, due to the aging of the population
[3,4]. The percentage of deaths attributable to AD in the
United States is increasing, in contrast to declining over-
all mortality rates from stroke and cardiovascular diseases.
AD was officially the 6th most prevalent cause of mortality
in the U.S. in 2019 and the seventh most frequent cause of
death in 2020 and 2021 [5].

AD is distinguished pathologically by senile plaques,
which are clumps of amyloid β-protein (Aβ) peptides out-
side of cells, and neurofibrillary tangles (NFTs) comprising
hyperphosphorylated tau proteins in neurons, which lead
to progressive neurodegeneration [6]. Various types of Aβ

cause cellular toxicity in vivo and in vitro. Mutated or hy-
perphosphorylated tau species are susceptible to aggregate
formation and may be involved in neuronal dysfunction [7].
In addition to these hallmark features, AD is distinguished
by widespread synaptic dysfunction and neuronal death, re-
sulting in cognitive decline and eventual dementia. Chronic
inflammation, neuronal damage, inhibition of neurogene-
sis, and oxidative stress are commonly observed in individ-
uals with AD and contribute to disease progression [8]. The
importance and connections of these phenomena are cur-
rently under intense investigation.

Before lecanemab was approved as a treatment, pa-
tients with AD had access to only two classes ofmedication:
(a) cholinesterase inhibitors, including donepezil, rivastig-
mine, and galantamine, which are used to treat individu-
als with mild, moderate, and severe AD dementia [9]; and
(b) memantine, which is a medication with two activities—
it serves as a noncompetitive antagonist of N-methyl-D-
aspartate receptors and as an agonist of dopamine. Me-
mantine manifests in individuals with moderate to severe
AD [10]. On 7 January 2023, lecanemab was granted rapid
approval by the U.S Food and Drug Administration for
ADmanagement, marking a significant advancement in the
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treatment of this disease [11]. Stem cell transplantation is
one of the most cutting-edge and promising experimental
treatments for AD. Stem cells replace cells and use various
methods to control inflammatory or damaged environments
[12–14]. Hair follicle stem cells (HFSCs) are thought to
be an excellent cell type for the treatment of neurological
illnesses. Mouse hair follicles harbor HFSCs that express
the neural progenitor marker nestin rather than the keratin
cytokeratin [15]. McKenzie et al. [16] demonstrated that
HFSC transplantation contributes to myelin-sheath devel-
opment in the sciatic nerve in mice that have a genetic
myelin basic protein deficit. Moreover, HFSCs first mi-
grate to the brain and then to the fore-head, where they
give rise to various neural phenotypes, including immature
neurons and well-differentiated astrocytes in rodents model
[17–19]. However, additional investigations are necessary
to clarify the functions and mechanisms of HFSCs in AD.

Nerve growth factor (NGF) is categorized as a neu-
rotrophin. Rita Levi-Montalcini first discovered it in
mouse sarcoma in the early 1980s [20]. The peripheral
nervous system, immunological cells, sensory afferents,
sympathetic-efferent-innervated peripheral nerves, and the
central nervous system (CNS) all express NGF [21]. In
the CNS, certain areas, such as the cortex and hippocam-
pus, which are targeted by cholinergic neurons, have an
elevated level of NGF expression [22]. NGF is vital for
neuron development [23], survival [24], and the regulation
of apoptosis in mammals, including humans [25]. NGF
starts signaling by binding to two distinct cell-surface re-
ceptors [26]: tropomyosin receptor kinase A (TrkA) and
p75 neurotrophin receptor (p75 NTR), which are lower-
affinity receptors. TrkA-mediated pathways are key for the
growth and metabolism of neurons [27]. When NGF binds
to the TrkA receptor, its intrinsic tyrosine kinase activ-
ity catalyzes TrkA’s autophosphorylation, which activates
three pathways: phospholipase C-γ (PLC-γ), extracellu-
lar signal-regulated kinase, and phosphoinositide-3 kinase
(PI3K) [28–31]. These pathways have all been involved in
AD treatment.

This investigation assessed the potential therapeutic
benefits of HFSCs and NGF-modified HFSCs, and ex-
plored the underlying mechanisms, in a rat model of AD,
in order to help develop new approaches for improving AD
treatment.

2. Materials and Methods
2.1 Isolation and Culture of HFSCs

Hair follicles were extracted by mechanical dissec-
tion after enzymatic digestion [15]. To isolate the hair
follicles, hair-follicle pads of male Sprague-Dawley (SD)
rats (21–26 g; purchased from the Animal Experiment
Center of the Second Affiliated Hospital of Harbin Med-
ical University) were dissected and digested with 0.1%
collagenase (17018029, Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) in Dulbecco’s modified Eagle’s

medium (DMEM) (11965092, Gibco, Thermo Fisher Sci-
entific). The hair follicles were then carefully extracted
from the pads and placed into 12-well tissue culture dishes
(Beyotime, Shanghai, China) for cultivation. The hair fol-
licles were cultivated in DMEM/F12 (11320033, Gibco,
Thermo Fisher Scientific) medium with 1% penicillin and
streptomycin (15140122, Gibco, Thermo Fisher Scientific)
and 10% fetal bovine serum (0025, ScienCell Research
Laboratories, Santiago, CA, USA) at 37 °C in a humidi-
fied conditions with 5% CO2. Cell growth was monitored
under a microscope, and half-medium alterations were con-
ducted every 2–3 days. Primary cultures were first passaged
after 14 days of cultivation, followed by subsequent pas-
sages every 3–5 days. Upon reaching 85–90% confluence,
cells were dissociated via Accutase™ (A1110501, Gibco,
Thermo Fisher Scientific), a neural stem-cell-specific cell
dissociation reagent, during passage. The third-generation
HFSCs were cultivated (3 × 104 cells/cm2) in a six-well
tissue-culture-plate medium. Each procedure was carried
out in a sterile setting. In this study, third-generation HF-
SCs were used. All cell lines were authenticated via auto-
somal short tandem repeat (STR) profiling and confirmed
negative for mycoplasma contamination.

2.2 Construction of NGF-Overexpressing Gene-Modified
HFSCs

The lentivirus vector was PLJM1-EGFP-puro
(FH1717, Fenghui Biological Company, Changsha, Hu-
nan, China). The third passage of cultured HFSCs was
co-cultured with either NGF-overexpressing lentivirus
(Gene: Lv-Rat-NGF-OE, NM_001277055) or blank
lentivirus at a multiplicity of infection of 80 for 72 h.
Specifically, 16 µL of virus stock with a titer of 1 × 109
transducing units (TU)/mL was added per mL of culture
medium. Transduced cells were selected with 2.0 µg/mL
puromycin dihydrochloride (58582, Sigma-Aldrich, St.
Louis, MO, USA) and utilized for following trials. The
average transduction efficiency was assessed via a fluores-
cence microscope (Nikon Eclipse Ti2, Tokyo, Japan) and
calculated as (number of EGFP-positive cells/total number
of cells) × 100%, which was approximately 75%.

2.3 Flow Cytometry

Weperformed surface-marker detection of the cell line
using flow cytometry. Single-cell suspensions of third-
passage HFSCs (4-week in vitro culture) were prepared,
counted, and aliquoted (≥1 × 105 cells) into 1.5-mL EP
tubes. After centrifugation (1000 rpm, 5 min) and super-
natant elimination, resuspension of cells was conducted
in 100 µL flow staining buffer (R32816, Yuanye Bio,
Shanghai, China) and incubated with flow cytometry (FC)
blocking reagent (101302, BioLegend, San Diego, CA,
USA) (20 µL/tube) at room temperature for 30 min to re-
duce non-specific binding. Fluorochrome-conjugated pri-
mary antibodies were added at optimized concentrations
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Fig. 1. Results of isolation, culture, and identification of HFSCs from the bulge region of hair follicles and the ability of HFSCs to
poly-differentiate. Optical microscopy of an intact hair follicle, microdissected and extracted from the hair follicle in the bulge region
for primary cell culture. (A) HFSCs in primary, P1, and P3 were under an optical microscope. After 14 days of culture, osteogenic and
adipogenic differentiationwas confirmed by (B) Alizarin red and (C) Oil RedO staining. (D) Flow cytometry detection of HFSCs surfaces
positive markers CD29, CD90, negative markers CD31, CD45. (A,C) scale bar = 25 µm, (B) scale bar = 50 µm. Abbreviations: HFSCs,
hair follicle stem cells; FITC-H, fluorescein isothiocyanate-height; PE-H, phycoerythrin-height; APC-H, allophycocyanin-height; CD,
cluster of differentiation; P, passage.

(20 µL/1× 106 cells): anti-rat cluster of differentiation 45-
allophycocyanin (CD45-APC) (1:100, F3104503, Lianke
Bio, Hangzhou, Zhejiang, China), CD31-PE (1:150, sc-
18916 PE, Santa Cruz Biotechnology, Dallas, TX, USA),
CD90.1 (1:100, HIS51, 14-0900-81, Thermo Fisher Scien-
tific), and CD29-fluorescein isothiocyanate (FITC) (1:100,
eBioHMb1-1, 11-0291-80, Thermo Fisher Scientific). An
incubation of tubes was conducted in the dark at room
temperature for 1 h, then washing was conducted twice
with 1 mL pre-cooled flow-staining buffer (1000 rpm, 5
min centrifugation) to remove unbound antibodies. Cells
were resuspended in 500 µL flow-staining buffer, pro-
tected from light, and analyzed on a BD FACS Canto II
cytometer (BD Biosciences, San Jose, CA, USA) within
2–6 h. Isotype controls (detailed in the Supplemen-
tary Material “Isotype controls.pdf”) were included to
define background fluorescence. Gating excluded de-
bris/aggregates via forward scatter (FSC) and side scat-
ter (SSC) [FSC/SSC], with positive/negative populations
distinguished using isotype control-derived fluorescence
thresholds. Flow cytometry analysis showed that the cell
surface markers CD29 (a well-recognized marker for HF-
SCs) and CD90 (cytokeratin) were highly expressed in our
isolated HFSCs, and CD31 (a marker for vascular endothe-
lial cells) and CD45 (a marker for hematopoietic cells) were
expressed at low levels (Fig. 1D). These results are consis-
tent with the identification criteria.

2.4 Osteogenic and Adipogenic Induction of
Differentiation of HFSCs

As directed by the manufacturer [32], the growth
mediumwas exchanged for an osteogenic or adipogenic dif-
ferentiation medium after a 24-h incubation. Three days
were given for a shift in the osteogenic and adipogenic dif-
ferentiation media while the cells were cultivated in an ap-
propriate environment at 37 °C with 5% CO2. Alizarin red
(Y027377, Beyotime) and Oil Red O (Y264669, Beyotime)
were used to confirm osteogenic and adipogenic differenti-
ation after 14 days of culture.

Flow cytometry was applied in order to detect cell-
surface markers. The 3rd-generation HFSCs cell sus-
pension was made by digesting the cells with trypsin
(0.25%, 25200056, Thermo Fisher Scientific), then rins-
ing two times with phosphate buffered saline (PBS),
and finally adjusting to 1 × 105 cells/mL. Afterward,
the cells were incubated with an antibody against CD29
(0.5 mg/mL; 11-0291-82; Thermo Fisher Scientific) cou-
pled with fluorescein isothiocyanate isoform, isophyco-
cyanin conjugated antibody against CD90 (0.5 mg/mL;
14-0900-81; Thermo Fisher Scientific), phycoerythrin-
conjugated antibody against CD31 (2 mg/mL; sc-18916;
Santa Cruz Biotechnology), or phycoerythrin-conjugated
antibody against CD45 (5 µL/test; F3104503; Multi-
sciences, Hangzhou, Zhejiang, China) for 1 h at room tem-
perature. Staining was stopped with 1% bovine serum al-
bumin, after which loading the cells onto a flow cytometer
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was conducted (NovoCyte Advanteon, ACEA Biosciences,
California, CA, USA). The same procedure was used for
isotype controls.

2.5 Animals

The Animal Experiment Center of the Second Af-
filiated Hospital of Harbin Medical University provided
clean-grade, male, SD rats (6–8 weeks old, 200–210 g)
[License No. SCXK (Hei) 2023-001]. All rat experi-
ments were conducted as per the principles outlined in
the “Guide for the Care and Use of Laboratory Ani-
mals” published by the Ministry of Science and Technol-
ogy of the People’s Republic of China. Sixty were ran-
domly allocated into four groups (n = 15/gp): Sham+PBS,
Aβ+PBS (AD+PBS), Aβ+HFSCs (AD+HFSCs), and
Aβ+HFSCs/NGF (AD+HFSCs/NGF) groups (designated
depending on the substance injected into the hippocampus).
The experimental design for this hippocampus-targeted AD
study was based on previous literature [33]. Experimen-
tal AD was established by stereotaxically injecting human
Aβ1–42 (ab82795, Abcam, Cambridge, UK) diluted to 1
mg/mL, bilaterally, into the hippocampal cornu ammonis 1
(CA1) region (coordinates: A/P = +3.0 mm; M/L = +2.0
mm; D/V = +3.0 mm). Rats were anesthetized with 0.3%
pentobarbital sodium (40 mg/kg, P3761, Shanghai Pharma,
Shanghai, China) by i.p. injection and fixed in a stereotac-
tic apparatus (RWD Life Sciences, Shenzhen, Guangdong,
China). A microinjector (RWD Life Sciences) injected 10
µL Aβ1–42 solution into each side of the hippocampus (in-
jection speed: 1 µL/min). In the Sham group, 10 µL of PBS
was administered using the same method. After 14 days,
rats were chosen randomly from Sham and Aβ groups to
run in the Morris water maze test, then anesthetized with
0.3% pentobarbital sodium (150 mg/kg) i.p. for euthanasia
and then exposed to Congo red (MS4060-25G, Maokang
Biotechnology, Shanghai, China) staining (n = 3). The re-
maining rats in the Sham and Aβ groups were injected with
10 µL of PBS. Aβ+HFSCs and Aβ+HFSCs/NGF groups
were subjected to 10 µL modified or unmodified HFSCs
suspension (5 × 105 third-generation) through the same
needle track as the Aβ1–42 injection. On day 29, all rats un-
derwent Morris water maze training and testing. Six days
later, the rats were euthanized under intraperitoneal anes-
thesia with 0.3% pentobarbital sodium (150 mg/kg) and rat
brains were harvested for analysis.

2.6 Congo Red Staining

After being anesthetized, rats were subjected to tran-
scardial perfusion with 0.9% physiological saline via tho-
racic cavity exposure. Brains were subsequently dissected,
immersed in 4% paraformaldehyde (70-F0001; Multi-
Sciences) for fixation, then PBS was utilized for rinsing.
After that, the tissues were processed through gradient de-
hydration, paraffin-embedded, and sliced at a thickness of
40 µm. Then, slices were deparaffinized, followed by gra-

dient rehydration and stained with Congo red dye for 10–
20 min, then differentiated with alkaline ethanol differen-
tiation solution for several seconds, and washed with wa-
ter, then counterstained with hematoxylin (H3136; Sigma-
Aldrich) for 2 min and rinsed with running water for 1–2
min. After that, the slices were dipped in ascending grades
of ethanol. Finally, they were cleared with xylene (214736;
Sigma-Aldrich) and sealed with neutral resin (G8590; So-
larbio, Beijing, China). The slides were photographed un-
der an optical microscope (ECLIPSE Ti2-U, Nikon).

2.7 Immunohistochemical Staining

The immersion of paraffin slices was conducted in
0.3% H2O2 for 30 min. Next, normal goat serum (c0265,
Beyotime) was utilized to block the slices for 30 min at
25 °C, then an overnight incubation with primary mouse
anti-β-Amyloid antibodies (6E10, 1:500 dilution; 803001,
Biolegend) was conducted at 4 °C. The next day, they
were rinsed 3 times with PBS, incubated at 37 °C for 1 h
with the second antibody (1:500, ab205718, Abcam), and
then washed with PBS. They were then visualized with a
3,3’-Diaminobenzidine (DAB) substrate kit (ab64238, Ab-
cam). Sections were PBS-washed, counterstained with
hematoxylin, and then hyalinized and dehydrated. An opti-
cal microscope was used to observe the staining effect and
take photos.

2.8 Morris Water Maze Test

The rats underwent a navigation test in a water maze
(the water temperature was controlled at 25 ± 1 °C) for
5 consecutive days. The experimental environment was
strictly standardized: Four fixed visual cues (30 × 30 cm;
red circle, blue square, yellow triangle, green bar) were
placed on the maze walls. Room conditions (light inten-
sity: 200 lux; noise level: <40 dB) and the experimenter’s
position were controlled to ensure reliable use of spatial
cues by rats. The maze water was made opaque with 0.1%
(w/v) food-grade titanium dioxide solution (Jianghu Tita-
nium White Chemical Products Co., Shanghai, China) to
hide the underwater platform. Prior to formal testing, all
rats underwent habituation for 2 days before training: each
was individually placed in the maze (without the platform)
for 120 s of free swimming to become familiar with the
pool, water temperature, and space. They were also adapted
to the experimental room for 30 min daily to reduce envi-
ronmental stress interference with behavior. For the 5-day
navigation training, the rats were required to enter the wa-
ter from four different quadrants with their heads facing the
pool wall, and their movement trajectory and escape latency
were recorded four times daily. Each training trial was lim-
ited to 60 s: if a rat reached the platform within 60 s, it was
permitted to stay on the platform for 15 s to consolidate
memory; if not, the experimenter guided it to the platform,
where it stayed for 15 s. Escape latency is described as the
time spent by the rat to first locate the underwater platform
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after entering the water. The spatial-probe test was con-
ducted on the sixth day after the start of the water maze
training. Rats were set into the water from the quadrant op-
posite to the original location of the platform, after the plat-
form was eliminated, and the count of platform crossings
was recorded.

Behavioral testing and image quantification were con-
ducted blindly. All animals were ear-tagged for identifica-
tion. Group allocation was done by a different person; both
the operators performing behavioral tests and the personnel
collating data were unaware of the groupings, thus reducing
bias.

2.9 Enzyme-Linked Immunosorbent Assay (ELISA)

Rats from every group were euthanized and the hip-
pocampus was dissected for measurement of the protein
levels of Aβ1–40 and Aβ1–42. This was achieved by
using Aβ40 ELISA kits (ER0754, Wuhan Fine Biotech
Company, Wuhan, Hubei, China) and Aβ42 ELISA kits
(ER0755, Wuhan Fine Biotech Company), as per the man-
ufacturer’s guidelines. The quantified amounts of soluble
Aβ, measured in picomolar units, were normalized to the
total protein content of the cell lysate. The signal was
identified via a Varioskan Flash multimode reader (Thermo
Fisher Scientific).

2.10 Western Blotting (WB) Assay

The hippocampus was homogenized with a tissue
extraction buffer that included protease inhibitors. This
was accompanied by centrifugation at 12,000 rpm at a
temperature of 4 °C for 10 min. The resulting super-
natants were gathered and assessed for protein concen-
tration with BCA protein assay kits (ab102536, Abcam).
The protein samples, weighing 40 µg, were separated us-
ing 10% or 12.5% SDS-polyacrylamide gel electrophoresis
(P0012A, Beyotime) at 100 V for 90–120 min. Then they
were moved to a polyvinylidene fluoride (PVDF) mem-
brane (88520, Thermo Fisher Scientific) using a current
of 200 mA at 4 °C for 120 min. The PVDF membrane
was preincubated with 3% nonfat milk in Tris-buffered
saline with 0.1% Tween-20 (TBS-T) at 25 °C for 60
min to block nonspecific binding sites. The incubation
of PVDF membranes was conducted overnight at 4 °C
with primary antibodies targeting protein kinase B (Akt)
(1:1000; 4685, Cell Signaling Technology, Danvers, MA,
USA), phospho-Akt (Thr308) (1:1000; 13038, Cell Sig-
naling Technology), glycogen synthase kinase (GSK)-3β
(1:1000; 9315, Cell Signaling Technology), phospho-GSK-
3β (ser9) (1:1000; 9336, Cell Signaling Technology), tau 5
(1:1000; ab80579, Abcam), p-tau (S396) (1:1000; CY5657,
Abways, Shanghai, China), p-tau (S404) (1:1000; CY9003,
Abways), p-tau (Thr231) (1:1000; CY6535, Abways), p-
tau (Ser202/Thr205) (1:5000; 82568-1-RR, Proteintech,
Rosemont, IL, USA), β-site amyloid precursor protein
cleaving enzyme 1 (BACE1) (1:1000; CY6880, Abways),

postsynaptic density protein 95 (PSD95) (1:1000; CY5407,
Abways), synaptophysin (SYP) (1:1000; CY5273, Ab-
ways), PI3K (1:1000; 4292, Cell Signaling Technology),
phosphorylated-PI3K (p-PI3K, 1:1000; 4228, Cell Sig-
naling Technology) and loading control protein anti-β-
Actin (1:3000; AF7018, Affinity, Changzhou, Jiangsu,
China), anti-β-tubulin (1:1000; 2128, Cell Signaling Tech-
nology) and anti-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) (1:1000; 2118, Cell Signaling Technology).
After being rinsed 3 times with TBS-T, the PVDF mem-
branes were incubated with secondary antibodies conju-
gated with horseradish peroxidase (P2369; Beyotime) and
exposed to the enhanced chemiluminescence Plus Western
Blotting Detection Kit (35050, Thermo Fisher Scientific).
Three replications were performed. The immunoblot pic-
tures were obtained via the Omega-Lum G imaging sys-
tem (ChemiScope 6300, Clinx Science Instruments, Shang-
hai, China). Image-Pro 11.1 (Media Cybernetics, Inc.,
Rockville, MD, USA) was used to calculate bands for semi-
quantification. All values were standardized based on an
equal loading control.

2.11 Quantitative Real-Time Reverse Transcription PCR
(qRT-PCR)

NGF levels in the untreated HFSCs, the HF-
SCs/Vector, and the HFSCs/NGF groups were quantified
by qRT-PCR assay. In brief, total RNA isolation from
the respective HFSCs was conducted via TriZol reagent
(15596026CN, Invitrogen, Carlsbad, CA, USA). Reverse
transcription was conducted via the PrimeScript RT reagent
kit (RR037A, TaKaRa, Dalian, Shandong, China). Quanti-
tative PCR was conducted via the SYBR PrimeScript RT-
PCR Kit II (RR820A, Merck KGaA, Darmstadt, Germany)
on an LC480 real-time PCR system (Influence Bio, Shang-
hai, China). The sequence of each primer is shown in Ta-
ble 1.

Table 1. Target gene primer sequences for qRT-PCR.
Gene Primer sequence

rat NGF F ACTCTGTCCCTGAAGCCCACTG
rat NGF R TGTTGCGGGTCTGCCCTGTC
rat β-actin F GGAGATTACTGCCCTGGCTCCTAGC
rat β-actin R GGCCGGACTCATCGTACTCCTGCTT
qRT-PCR, quantitative real-time reverse transcription PCR;
NGF, nerve growth factor.

2.12 Statistical Analysis

Data are reported as the mean ± standard error of the
mean (SEM). The density was measured via ImageJ soft-
ware (Version 1.53t, Wayne Rasband, National Institutes
of Health, Bethesda, MD, USA) . The statistical analysis
and generation of statistical graphics were conducted using
GraphPad Prism 9.5 software (GraphPad Software, LLC,
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Fig. 2. Successful construction of NGF over-expressed HFSCs. (A) The structure of the lentivirus vector with NGF over-expressing.
(B) The NGF mRNA level was quantified with Real-time PCR. (C,D) The NGF expression levels were estimated through western
blot analysis. Data analysis was conducted by one-way ANOVA with Tukey’s post-hoc test (B,D), *p < 0.05, ****p < 0.0001; ns, not
significant, n = 3. Abbreviations: GAP, GTPase activating protein; RRE, rev response element; CMV, cytomegalovirus; EGFP, enhanced
green fluorescent protein; CPPT, central polypurine tract; CTS, central termination sequence; hPGK, human phosphoglycerate kinase
promoter; LTR, long terminal repeat; SV40, simian virus 40; AmpR, ampicillin resistance gene; RSV, rous sarcoma virus; HIV, human
immunodeficiency virus; PLJMI-EGFP-Puro, PLJM1-enhanced green fluorescent protein-puromycin resistance gene.

San Diego, CA, USA). Data analysis was conducted with
a 1-way analysis of variance and Tukey’s test for several
comparisons. p ≤ 0.05 were deemed to be significant.

3. Results
3.1 Successful Isolation of HFSCs

HFSCs’ isolation from the upper lips of male SD rats
was conducted; hair-follicle pads were cultivated until the
3rd generation (Fig. 1A). After inducing the osteogenic
differentiation, HFSCs differentiated into osteoblasts, con-
firmed by positive Alizarin red staining (Fig. 1B). More-
over, HFSCs differentiated into adipocytes, as manifested
by the presence of lipid droplets with orange coloration
upon staining with Oil Red O dye (Fig. 1C). These steps
illustrated the multidirectional differentiation capability of

HFSCs. Flow-cytometry analysis revealed that the cell sur-
face markers of HFSCs, such as CD29 and CD90, were
overexpressed, while the endothelial cell-surface marker
CD31 and the hematopoietic cell-surface marker CD45
were suppressed (Fig. 1D).

3.2 Successful Construction of NGF Over-Expressed
HFSCs

Fig. 2A illustrates the viral vector utilized in this in-
vestigation. The level ofNGFmRNAexpressionwas quan-
tified by using PCR in the control, the HFSCs/Vector, and
the HFSCs/NGF groups (Fig. 2B). The expression levels
of NGF in these groups were assessed with WB analysis
(Fig. 2C,D, the original WB images can be found in the
Supplementary Material). These outcomes verified the
HFSCs/NGF’s successful construction.
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Fig. 3. AD rat model results. (A) The latency for all groups to escape in the location-navigation exam. (B,C) In the spatial probe test, the
number of platform crossings and the time in the target section in each group. (D) Aβ deposition was detected in the rats’ hippocampus
CA1 of the sham and Aβ groups by Congo red, scale bars: 50 µm. (E) Quantitative assessment of Congo red stained plaque number in
2 groups. Data were analyzed by two-way ANOVA (A), and analyzed by one-way ANOVA (B,C,E), *p < 0.05, **p < 0.01, ***p <

0.001; ns, not significant, n = 3. Abbreviations: AD, Alzheimer’s disease; CA1, cornu ammonis 1; Aβ, amyloid plaques.

3.3 Establishment of a Rat AD Model
Aβ1–42 or PBS was injected into the hippocampal

CA1 region in multiple groups. Fourteen days later, three
rats were randomly selected from the sham and Aβ groups
for the Morris water maze test and Congo red staining. The
water maze test results indicated that rats in the Aβ group
wasted more time finding the platform than did those in the
Sham group (Fig. 3A). In the spatial probe test, frequency of
crossing the removed platform was lower (Fig. 3B), and the
duration in the target quadrant was shorter for rats in the Aβ
group than for those in the sham group (Fig. 3C). To elimi-
nate the possibility thatMorris water maze performance dif-
ferences were confounded by motor or visual impairments,
additional assessments were conducted before the formal
test. These confirm that the water maze differences reflect
cognitive, not motor or visual impairment. Congo red stain-
ing of the hippocampus revealed that Aβ deposition was
found in the Aβ group and almost no Aβ deposition in the
Sham group (Fig. 3D,E).

3.4 Transplanting HFSCs and HFSCs/NGF Improved the
Cognitive and Behavioral Ability of AD Rats

To investigate the potential of transplanted HFSCs to
restore behavioral deficits in AD rats, Morris water maze
tests were performed 14 days post-cell transplantation.
During the five-day training period, HFSC-transplanted rats
exhibited a gradual increase in their ability to find a con-
cealed platform (Fig. 4). Rats in the HFSCs/NGF trans-
planted group exhibited significantly better performance
than did those in the HFSCs transplanted group (Fig. 4A).
Throughout the spatial probe test, the frequency of crossing
the eliminated platform was higher (Fig. 4B), and the dura-
tion in the target quadrant was longer in the HFSCs group
and HFSCs/NGF group than in the AD group (Fig. 4C).
Moreover, a significant difference in tracks of the spatial
probe test on the 6th day was observed among the four
groups (Fig. 4D); the rats transplanted with HFSCs and HF-
SCs/NGF improved their approaches for reaching the plat-
form. In summary, these results indicated that transplan-
tation of HFSCs and HFSCs/NGF reduced cognitive dys-
function in AD rats.
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Fig. 4. HFSCs and HFSCs/NGF transplantation improved the learning and memory impairment. (A) The latency for each group
to escape in the location-navigation test, in the spatial-probe test, (B) the number of platform crossing and (C) time in the target section.
(D) Illustrative tracks of the spatial probe test on day 6. When comparing with the AD rats, the rats transplanted with HFSCs and
HFSCs/NGF showed significantly improved learning and memory. Data were assessed by two-way ANOVA (A), and analyzed by one-
way ANOVA (B,C), AD+PBS group vs. AD+HFSCs group, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001; AD+PBS group vs.
AD+HFSCs/NGF group, ##p < 0.01, ####p < 0.0001; AD+HFSCs group vs. AD+HFSCs/NGF group, ∆p < 0.05, n = 6. Abbreviations:
NW, northwest; SW, southwest; NE, northeast; SE, southeast.

3.5 HFSCs and HFSCs/NGF Transplantation Decreased
Aβ Deposition

To investigate the effects of HFSCs and HFSCs/NGF
transplantation on the production of toxic amyloid plaques,
immunohistochemistry was conducted using 6E10 antibod-
ies in the brains of AD rats (Fig. 5A). Quantification of
stained plaques in the hippocampus revealed significant
variations between the HFSCs and the HFSCs/NGF groups
(Fig. 5B). Protein levels were measured in four rat groups
using Aβ1–40 and Aβ1–42 ELISA kits (Fig. 5C,D). Com-
pared to PBS-treated AD rats, levels of Aβ1–40 and Aβ1–
42 had significantly declined in both the HFSCs group and
HFSCs/NGF group rats, as measured by ELISA. These
findings led to the conclusion that HFSCs and HFSCs/NGF
transplantation inAD rats could decrease the levels of Aβ1–
40 and Aβ1–42. To elucidate the mechanisms underlying
the reduction of Aβ depositions in HFSCs and HFSCs/NGF
group AD rats, the BACE1 levels were quantified by west-
ern blot analysis (Fig. 5E,F, the original WB images can
be found in the Supplementary Material). The levels of
BACE1 in the hippocampus of the HFSCs group and HF-

SCs/NGF group rats were significantly lower than those in
the AD group rats. These data provide evidence that the
level of BACE1 declined in the hippocampus during the
HFSCs or HFSCs/NGF transplantation, thereby inhibiting
the AβPP amyloid hydrolysis pathway.

3.6 HFSCs and HFSCs/NGF Transplantation Reduced
Tau Hyperphosphorylation

Another important pathology of AD is tau hyperphos-
phorylation. To verify the consequences of HFSCs and HF-
SCs/NGF on tau hyperphosphorylation, the phosphoryla-
tion levels of tau 5 and other tau sites were quantified by
using western blot analysis. The outcomes illustrated that
HFSCs and HFSCs/NGF transplantation inhibited tau 5 and
tau phosphorylation at Ser202/Thr205, Thr231, S396, and
S404 sites in the AD rat hippocampus (Fig. 6, the original
WB images can be found in the SupplementaryMaterial).
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Fig. 5. HFSCs and HFSCs/NGF transplantation declined the level of Aβ40 and Aβ42. (A) Amyloid plaques were quantified by
immunohistochemistry via 6E10 antibody. (B) Quantitative assessment of 6E10 stained plaque number in CA1 area. (C,D) Compared
with PBS-treated AD rats, Aβ1–40 and Aβ1–42 levels were markedly decreased in HFSCs and HFSCs/NGF group rats as measured by
ELISA. (E) The BACE1 protein level was assessed by western blot in the hippocampus of rats. (F) The relative quantification of BACE1
protein expression. Scale bars: 100 µm. One-way ANOVA with Tukey’s post-hoc test was utilized to analyze data (B–D,F), *p < 0.05,
**p< 0.01, ***p< 0.001, ****p< 0.0001; ns, not significant, n = 3. Abbreviations: BACE1, β-site amyloid precursor protein cleaving
enzyme 1; ELISA, enzyme-linked immunosorbent assay.

3.7 HFSCs and HFSCs/NGF Transplantation Inhibited
GSK-3β by Activating PI3K/Akt Signaling

Proteins of the PI3K/Akt/GSK3β pathway were ex-
amined with western blot analysis (Fig. 7, the original WB
images can be found in the Supplementary Material),
which revealed significantly higher levels of phosphory-

lated PI3K and phosphorylated Akt after transplantation
of HFSCs and HFSCs/NGF than in both the Sham group
and the AD group. Additionally, the levels of phosphory-
lated GSK3β at the Ser9 site to suppress GSK3β activity
were significantly raised in the HFSCs and the HFSCs/NGF
groups. Total PI3K, Akt, and GSK3β were investigated as

9

https://www.imrpress.com


Fig. 6. HFSCs and HFSCs/NGF transplantation reduced tau hyperphosphorylation. (A) The tau phosphorylation site lev-
els were quantified by western blot analysis, showing that HFSCs and HFSCs/NGF transplantation inhibited tau phosphorylation at
Ser202/Thr205, Thr231, S396, and S404 sites in the hippocampus of AD rats. (B) The relative quantification of Ser202/Thr205, Thr231,
S396, and S404 sites protein expression. (C) The tau 5 concentration was assessed by western blot analysis in the hippocampus. (D) The
relative quantification of tau5 protein expression. One-way ANOVA with Tukey’s post-hoc test was utilized to analyze the data (B,D),
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, n = 3. GAPDH, anti-glyceraldehyde- 3-phosphate dehydrogenase.

loading controls. These results revealed that HFSCs and
HFSCs/NGF transplantation could reduce tau hyperphos-
phorylation by the PI3K/Akt pathway activation to suppress
GSK3β activity.

3.8 HFSCs and HFSCs/NGF Transplantation Reduced
Synaptic Protein Damage

Of all the pathological changes that occur in the brains
of individuals with AD, synaptic loss is most strictly re-
lated to cognitive decline [34]. Therefore, we analyzed
the SYP and PSD-95 levels in the hippocampus of the
four groups by immunohistochemical staining and western
blotting (Fig. 8). The SYP and PSD-95 levels were sig-
nificantly lower in AD+PBS rats than in Sham+PBS rats.
However, after HFSCs and HFSCs/NGF transplantation,
the level of SYP rose significantly (Fig. 8A,B, the origi-
nal WB images can be found in the Supplementary Mate-
rial). The PSD-95 level displayed a significant elevation in
the HFSCs/NGF group, but no significant difference was
shown between the AD+PBS and the AD+HFSCs groups
(Fig. 8C,D).

4. Discussion

AD is characterized by the presence of amyloid
plaques and fibrillary tangles, along with massive neu-
ronal death and synaptic disruption in various brain re-
gions. Stem cell transplantation is one approach for treat-
ing AD. However, the present study is the first attempt to
treat AD model rats using HFSCs. Due to advancements
in genetic engineering, transplantation of transgenic stem
cells overexpressing specific factors can significantly en-
hance the reparative potential of native stem cells. This po-
tential restoration is attributed to several mechanisms, in-
cluding improved survival and differentiation capabilities
of the transplanted cells, apoptosis suppression, reduction
in infarct volume, and enhancement of neovascularization
or functional recovery [35]. Herein, we explored the po-
tential mechanism of HFSCs and NGF-modified HFSCs on
AD-like behaviors in an Aβ-injected rat model. The results
revealed that hippocampus stereotaxic injection of HFSCs
or NGF-modified HFSCs could ameliorate AD-like behav-
iors, as indicated by the progressive improvement of the
performance of the treated rats in the Morris water maze
test. Moreover, Aβ deposition and tau hyperphosphoryla-
tion in the AD rats were significantly improved after stereo-
taxic injection of HFSCs or NGF-modified HFSCs, with a

10

https://www.imrpress.com


Fig. 7. HFSCs and HFSCs/NGF transplantation inhibited the activity of GSK3β through PI3K/Akt pathways activation. (A) The
levels of GSK3β, p-GSK-3β, PI3K, p-PI3K, Akt, and p-Akt were quantified by immunoblots and (B) the relative quantification of protein
expression in each group. One-way ANOVA with Tukey’s post-hoc test was utilized to analyze data (B), *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001; ns, not significant, n = 3. Abbreviations: GSK3β, glycogen synthase kinase 3β; PI3K, phosphoinositide-3
kinase; Akt, protein kinase B; p-PI3K, phosphorylated PI3K; p-Akt, phosphorylated Akt; p-GSK3β, phosphorylated GSK3β.

reduction in protein expression of BACE1, Aβ1–40, and
Aβ1–42. These results suggested that HFSCs and NGF-
modified HFSCs can improve AD-like memory deficits by
activating the PI3K/Akt/GSK3β pathway.

Aβ overproduction and amyloid plaque buildup in the
AD brain reduce the long-term survival of recently pro-
duced neurons and hinder adult hippocampal neurogene-
sis [36]. After treatment with HFSCs and NGF-modified
HFSCs, levels of Aβ deposition declined significantly in
the HFSCs and HFSCs/NGF groups. Moreover, the west-
ern blot results for BACE1 showed a decline in these two
groups, suggesting that HFSCs and NGF-modified HFSCs
inhibited the process of Aβ production. The significant sup-
pression in Aβ1–40 and Aβ1–42 levels also demonstrated
that HFSCs and HFSCs/NGF could decrease neurotoxic
proteins and the resulting damage. Earlier investigations
have illustrated that stem cells can enhance cognitive func-
tion in AD rats through similar mechanisms [37].

Another common pathological change associated with
AD is excessive tau protein phosphorylation of NFTs in
neurons. Notably, both Aβ and tau protein oligomers ex-
hibit neural toxicity independently; their pathology is in-
terconnected. Many investigations have found that Aβ
oligomers disrupt the normal activity of wingless-related

integration site (Wnt) pathways, resulting in an elevation
in the activity of GSK3β [38], subsequently promoting tau
phosphorylation [39]. Therefore, after HFSCs and HF-
SCs/NGF transplantation, we examined whether the ex-
pression of phosphorylated tau and GSK3β. GSK3β was
inhibited by phosphorylation at Ser9. We found that, com-
pared to the Sham+PBS group, there was a significant de-
cline in phosphorylated-GSK3β in the AD+PBS group.
The GSK-3β phosphorylation at Ser9 was significantly
higher in HFSCs-treated AD rats than in PBS-treated AD
rats, indicating an inhibitory effect on GSK-3β signaling.
GSK-3β excessively phosphorylates tau at the Thr231 site,
causing it to accumulate within cells. This buildup leads
to the formation of NFTs and the inability of microtubules
to bind and assemble properly. The accumulation of hy-
perphosphorylated tau disrupts synaptic function, impedes
axonal transport, impacts neurotrophic function, and leads
to the death of neurons by initiating apoptotic signals.

Phosphorylation of GSK3β also affects long-term
memory in tasks [40]. Activated GSK-3β upregulates the
NF-κB pathway to generate inflammatory factors (IL-6,
TNF-α, and IL-1β) and reduces the anti-inflammatory fac-
tors, synthesis containing IL-10. This imbalance between
GSK-3β-related inflammatory and anti-inflammatory re-
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Fig. 8. HFSCs transplantation increased the level of synaptophysin and PSD-95 expression. (A) The SYP protein level was assessed
bywestern blot analysis in the hippocampus of three groups. (B) The relative quantification of protein expression. (C) The PSD-95 protein
level was assessed by western blot analysis in the hippocampus of three groups. (D) The relative quantification of protein expression.
Data were analyzed by one-way ANOVA with Tukey’s post-hoc test (B,D), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,
not significant, n = 3. Abbreviations: PSD-95, postsynaptic density-95; SYP, synaptophysin.

sults continues to exacerbate the pathological processes.
Activation of GSK-3β exerts a detrimental effect on mi-
tochondrial function, elevating the expression of caspase-
3 and caspase-9 and ultimately inducing neuronal apopto-
sis. Conversely, inhibiting GSK-3β lowers the production
of caspase and caspase cytokines, which helps to prevent
neuronal apoptosis [41]. Therefore, the effects of HFSCs
and HFSCs/NGF on reducing AD-like manifestations are
closely linked to the suppression of GSK-3β activity.

Synaptic proteins are crucial molecules that consti-
tute the synaptic structure and are closely related to neu-
rotransmitter secretion and synaptic plasticity [42]. There-
fore, the expression levels of synaptic proteins can serve
as molecular markers of synaptic plasticity, particularly
long-term-potentiation capacity. Synaptic proteins include
presynaptic and postsynaptic-membrane proteins. A study

has shown that soluble Aβ and tau proteins have a direct
toxic effect on synapses, which can damage synaptic pro-
teins and result in cognitive deficits [43]. Our results were
in line with reports that mesenchymal stem cell transplanta-
tion into the brains of AD rats reduces synapse-related pro-
tein damage and alleviates cognitive impairment [44,45].
The beneficial effects of HFSCs andNGF/HFSCs on synap-
tic protein damage in AD rats might be mediated by two
mechanisms. The first mechanism might involve the re-
duction of excessive phosphorylation of soluble Aβ and
tau within the brain, reducing their detrimental effects on
synapse proteins and ameliorating long-term-potentiation
impairment. The second mechanism might involve the HF-
SCs’ amelioration of synaptic plasticity and cognitive dys-
function by activating the PI3K/Akt/Wnt/beta-catenin path-
way [46].
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Fig. 9. Overview diagram of the mechanism of HFSCs and HFSCs/NGF treatment in AD rats. Dots: Signaling molecules (e.g.,
neurotrophic/inflammatory factors). Arrows: Regulatory direction; “↑”/“↓”: Substance upregulation/downregulation; “(+)”/“(-)”: Bi-
ological effect enhancement/inhibition. Abbreviations: Aβ, Amyloid-β; RTK, receptor tyrosine kinase; LTP, long-term potentiation;
NFTs, neurofibrillary tangles; PHFs, paired helical filaments.

NGF is necessary for neuronal growth, survival, in-
hibition of apoptosis, supporting stem cell survival, mul-
tiplication, differentiation, and enhancing memory in AD
rat models [47]. Furthermore, PI3K is important for
NGF-stimulated TrkA internalization [27]. Owing to
NGF stimulation, the PI3K/Akt pathway participates in
enhancing cholinergic gene expression, neurite elonga-
tion [48], and cell survival [49]. The activated Akt en-
zyme phosphorylates and inhibits its downstream target,
GSK3β, leading to a mitigated accumulation of hyper-
phosphorylated tau protein [50]. Moreover, exogenous
NGF administered to cholinergic neurons in the basal
forebrain counteracted the reduced retrograde transport of
NGF, thereby reducing the synthesis and expression of
amyloid precursor proteins, alleviating cholinergic neu-
ron degeneration, and inhibiting the hyperphosphorylation
of tau [41]. NGF possesses a crucial function in the
PI3K/Akt signaling pathway by indirectly influencing tran-
scription factors, including calcium/calcineurin-dependent
nuclear factor of activated T cells (NFAT). Activating
NFAT is critical for synaptic plasticity during development
[51] and is attributed to synaptotoxicity in AD [52,53].
Through the Akt/GSK3β/NFAT pathway, NGF also pre-

vents mitochondria-mediated apoptosis-induced cytotoxic-
ity by inhibiting GSK3β and preserving NFAT expression
levels [54]. Conversely, NFAT can promote neurite out-
growth triggered by NGF [54]. These mechanisms are im-
portant for treating AD.

HFSCs have drawn much attention because of their
convenient accessibility, strong proliferation, and wide-
ranging potential for differentiation [55,56]. Consequently,
they have excellent neural differentiation and neurotrophic
abilities [18,57]. In spinal-cord-injury rat models, trans-
planted HFSCs survive and proliferate within the injured rat
spinal cord. These cells can differentiate into glial cell lin-
eages (including astrocytes and oligodendrocytes) and neu-
rons. Oligodendrocytes contribute to myelin repair around
intact and demyelinated axons. Furthermore, hair-follicle
stem cells express neurotrophic factors and other nutritional
substances that collectively facilitate nerve repair and pro-
mote functional recovery [58]. In rats with ischemic stroke,
transplantation of HFSCs significantly inhibited the activa-
tion of microglia to suppress inflammatory responses, en-
hanced the integrity of the blood-brain barrier, and reduced
cerebral edema [59].
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Recent investigations have indicated that HFSCs
could secrete various neuroprotective agents [60], which
may explain the progressive improvement in the perfor-
mance of rats treated with HFSCs. Moreover, Tang [59]
has shown that HFSCs could regulate astrocyte stimulation
through paracrine cytokines (transforming growth factor-
β (TGF-β) and IL-4). Neuroinflammation is widely rec-
ognized to have an essential involvement in AD [61–64].
Microglial cells and astrocytes are frequently activated in
the CNS in neurodegenerative diseases. Therefore, we will
elucidate the effect of transplanted HFSCs on the neuroin-
flammation of AD rats in further studies.

Overall, our data have indicated that HFSCs and
NGF/HFSCs injections are a promising therapy for restor-
ing the behavioral decline that is a characteristic symptom
of AD. Our research results supported the concept that neu-
roprotection of HFSCs and NGF/HFSCs is exerted by their
capacity to reduce Aβ deposition, tau hyperphosphoryla-
tion and synaptic protein injury (Fig. 9). In addition, HFSCs
overexpressing NGF displayed a greater ability to amelio-
rate cognitive dysfunction in AD rats than did HFSCs alone.
Each adult has over five million hair follicles, which are
a common skin appendage and a plentiful and convenient
source of HFSCs, making them an excellent option for stem
cell therapy for AD [56].

Although our investigation offers proof for the appli-
cation of HFSCs in the therapy of AD rats, we acknowledge
that further research about HFSCs in the treatment of AD is
necessary. The present study had some limitations, includ-
ing the need to clarify the in vivo expression, localization,
and differentiation of NGF-overexpressing HFSCs in the
brain; the need to evaluate the neuroinflammatory response
induced during Aβ modeling; and the need to set up a NGF-
free protein control group, to rule out confounding factors
such as the dilution effect of transplanted cells that may in-
terfere with the results. These limitations will serve as im-
portant guides for our subsequent research, prompting us
to conduct more in-depth investigations into the therapeutic
value and underlyingmechanisms of HFSCs in AD, thereby
enhancing the robustness and translational relevance of our
findings.

5. Conclusions
In this study, we discovered a new therapeutic effect of

HFSCs that could serve as a new treatment for AD. The uti-
lization of HFSCs decreased Aβ deposition and tau hyper-
phosphorylation in AD rats, with the therapeutic effect be-
ingmediated through activating PI3K/Akt signaling. More-
over, the combination of HFSCs and NGF was verified to
be more effective than translated HFSCs alone in the AD
model. Overall, HFSCs and NGF-modified HFSCs show
significant promise as a viable and secure therapeutic ap-
proach for AD, with the possibility for future use in clinical
settings.
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