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DVL/GSK3/ISL1 pathway signaling: 2

unraveling the mechanism of SIRT3
in neurogenesis and AD therapy
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Abstract

Background The established association between Alzheimer’s disease (AD) and compromised neural regeneration
is well-documented. In addition to the mitigation of apoptosis in neural stem cells (NSCs), the induction of neuro-
genesis has been proposed as a promising therapeutic strategy for AD. Our previous research has demonstrated
the effective inhibition of NSC injury induced by microglial activation through the repression of oxidative stress

and mitochondrial dysfunction by Sirtuin 3 (SIRT3). Nonetheless, the precise role of SIRT3 in neurogenesis remains
incompletely understood.

Methods In vivo, SIRT3 overexpression adenovirus was firstly injected by brain stereotaxic localization to affect

the hippocampal SIRT3 expression in APP/PS1 mice, and then behavioral experiments were performed to investi-
gate the cognitive improvement of SIRT3 in APP/PS1 mice, as well as neurogenic changes in hippocampal region
by immunohistochemistry and immunofluorescence. In vitro, under the transwell co-culture condition of microglia
and neural stem cells, the mechanism of SIRT3 improving neurogenesis of neural stem cells through DVL/GSK3/ISL1
axis was investigated by immunoblotting, immunofluorescence and other experimental methods.

Results Our findings indicate that the overexpression of SIRT3 in APP/PS1 mice led to enhanced cognitive function
and increased neurogenesis. Additionally, SIRT3 was observed to promote the differentiation of NSCs into neurons
during retinoic acid (RA)-induced NSC differentiation in vitro, suggesting a potential role in neurogenesis. Fur-
thermore, we observed the activation of the Wnt/[3-catenin signaling pathway during this process, with Glycogen
Synthase Kinase-3a (GSK3a) primarily governing NSC proliferation and GSK3(3 predominantly regulating NSC differ-
entiation. Moreover, the outcomes of our study demonstrate that SIRT3 exerts a protective effect against microglia-
induced apoptosis in neural stem cells through its interaction with DVLs.

Conclusions Our results show that SIRT3 overexpressing APP/PS1 mice have improved cognition and neurogenesis,
as well as improved neurogenesis of NSC in microglia and NSC transwell co-culture conditions through the DVL/
GSK3/ISL1 axis.
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Introduction
Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disorder characterized by a decline in memory and
cognitive functions among patients [1]. There is a wide-
spread consensus that the observed cognitive decline in
both AD patients and experimental animal models is pri-
marily attributable to the impairment of neural network
integrity [2]. Moreover, the depletion of basal forebrain
cholinergic neurons and synapses in the brains of AD
patients leads to circuit dysfunction, exacerbating the
manifestations of the disease. AD is further character-
ized by a deterioration of cognitive abilities, frequently
accompanied by neuropsychiatric symptoms such as anx-
iety-like behaviors [3]. Comprehending the underlying
mechanisms of these cognitive and non-cognitive symp-
toms is paramount for devising comprehensive thera-
peutic strategies and addressing other neuropsychiatric
manifestations. While traditional approaches to amelio-
rating cognitive decline in AD have focused on preserv-
ing neuronal viability, these treatments have proven less
effective than anticipated [4, 5]. Consequently, fostering
neurogenesis has emerged as a viable strategy to mitigate
cognitive decline and its associated symptoms, including
anxiety. Neurogenesis, an intricate process encompassing
the proliferation, differentiation, migration, maturation,
and functional integration of neural stem cells (NSCs)
[6], presents a promising avenue for revealing novel ther-
apeutic targets and advancing the treatment of AD.

Sirtuin3 (SIRT3), a NAD+-dependent deacetylase,
is closely associated with cell development and has gar-
nered significant attention in recent years for its role
in neurodegenerative diseases, including AD [7-10].
Notably, the neuroprotective effect of PACAP was abol-
ished upon SIRT3 knockdown using shRNA in primary
cultured neurons, highlighting its importance in neu-
ronal health [11]. SIRT3 has also been demonstrated to
mitigate mitochondrial dysfunction and neuronal dam-
age by impeding mito-p53 function [12]. Additionally,
SIRT3 promotes the development of aged NSCs through
its physical interaction with long-chain acyl-CoA dehy-
drogenase (LCAD), further underscoring its potential
therapeutic value [13]. Our previous study indicated that
SIRT3 can ameliorate NSC damage induced by microglial
activation through the mitochondrial apoptosis pathway,
suggesting a mechanism by which SIRT3 may contribute
to the maintenance of neural integrity and, consequently,
the alleviation of AD symptoms, including anxiety [14].
However, the precise molecular mechanism by which
SIRT3 influences NSC development and its role in modu-
lating anxiety in AD remains elusive and warrants further
investigation.

LIM homeodomain (LIM-HD) transcription factor
Islet-1 (ISL-1) is expressed in cholinergic neurons of the
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spinal cord, hindbrain, forebrain, and retina. Deletion
of ISL-1 results in the loss of cholinergic neurons in the
spinal cord and hindbrain [15]. Furthermore, conditional
deletion of ISL-1 using Six3-Cre transgenic mice leads to
a reduction of cholinergic neurons in the forebrain and
retina [15]. These findings collectively underscore the
role of ISL-1 in determining cholinergic neuronal fate in
the central nervous system of vertebrates [16]. Therefore,
this study will observe the expression of ChAT and ISL-1
to determine the differentiation of cholinergic neurons in
each group.

Initially characterized as a pivotal regulator of tumo-
rigenesis, the Wnt/p-catenin signaling pathway is now
widely recognized as an essential modulator of homeo-
stasis in developmental and adult NSCs [17, 18]. It has
become apparent that Wnt/p-catenin signaling is intri-
cately involved in adult neurogenesis [19-21], being
activated during the differentiation of neural stem/pro-
genitor cells [22-24]. Mazemondet et al. underscored the
significance of spatio-temporal modulation of the Wnt/
B-catenin pathway during human neural progenitor cell
differentiation [25]. Given the crucial role of the Wnt/p-
catenin pathway in NSC proliferation and differentia-
tion, we hypothesized that SIRT3 promotes neurogenesis
through Wnt/p-catenin signaling.

Methods

Animals and treatments

All animal experiments were approved by the Ethics
Committee of Zhujiang Hospital, Southern Medical Uni-
versity, and conducted in accordance with the ARRIVE
guidelines. Twelve male APP/PS1 transgenic mice
(weighing 30-40 g, aged 6 months) and six age- and sex-
matched wild-type (WT) mice (not littermates but from
the same strain, weighing 30—40 g, aged 6 months) were
obtained from the Animal Experimental Center of Zhu-
jiang Hospital, Southern Medical University. After pur-
chasing the mice, they were allowed to acclimatize to the
environment for one month, meaning experiments would
commence when the mice reached 7 months of age. The
mice were housed in an environment where humidity
and temperature could be controlled, with free access to
food and water, and experienced a 12-h light/dark cycle
each day.

To minimize pain and suffering before and after sur-
gery, we implemented a strict pain management proce-
dure. Prior to surgery, we anesthetized the mice using
tribromoethanol (0.2 ml/10 g, intraperitoneally) to
ensure that they were unconscious and did not feel pain
during the procedure. During surgery, we insisted on the
use of aseptic techniques to minimize infection and asso-
ciated pain. After surgery, we place the mice in a warm
and quiet recovery area and monitor post-surgical pain
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by regularly checking their behavior and appearance. We
are prepared to use analgesics for pain relief if needed.

To examine the effects of SIRT3 on neurogenesis in
APP/PS1 mice, the APP/PS1 and WT mice were assigned
to the following three groups based on their genotype
(n=6 mice per group): WT group, APP/PS1 group, and
APP/PS1+SIRT3 group. As shown in Fig. 1A, the mice
were allowed to acclimate for 4 weeks prior to the experi-
ment and subsequently received intracerebral injections
of AAV. Following the injections, the mice underwent a
recovery period of 4 weeks before behavioral tests were
conducted. Subsequently, a further 4-week interval was
observed before immunohistochemistry and immuno-
fluorescence experiments were performed.

Open field test (OFT)

The anxiety-like behavior of the mice was evaluated using
the open field test (OFT), a widely accepted method for
assessing anxiety in rodents, including those with trans-
genic AD models. The experimental apparatus, con-
structed from 50 cm X 50 cm X 50 cm white high-density,
non-porous plastic, featured a 25 cmXx25 cm central
zone. Prior to the commencement of the experiment,
the mice were allowed to acclimate to the testing envi-
ronment for 3 h. Subsequently, the mice were placed in
the central area and allowed to explore freely for 5 min.
The EthoVision XT 15 software was utilized to record the
total distance traveled and the duration spent in the cen-
tral area during the experiment. Following each trial, the
experimental apparatus was cleaned with 75% alcohol.

Morris water maze test (MWM)

The spatial memory and navigational abilities of the mice
were assessed through a water maze experiment, with
tracking and analysis of the water maze video conducted
using EthoVision XT 15 software. The water reservoir
was partitioned into four equal quadrants, with a plat-
form randomly positioned at the center of one quadrant,
and titanium dioxide added to the water for visibility.
The experimental protocol comprised a 5-day training
phase followed by a 1-day exploration session. Initially,
the platform was placed above the water surface on the
first day, and subsequently elevated 1 cm above the water
level for the next 4 days. Throughout the training phase,
mice were introduced into the water from different quad-
rant edges in a random sequence each day, and allowed
to explore freely for 90 s until they located the platform.
In instances where the mice failed to locate the platform
within 90 s, they were gently guided to it and allowed to
remain there for 10 s. During the exploration session, the
platform was removed, and a 90-s trial was conducted to
observe the mice’s swimming trajectory, residence time
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in the target quadrant, and the frequency of platform
crossings.

Intracerebral injection

SIRT3 was inserted into adeno-associated virus (AAV)
vectors obtained from Genepharma, China. The AAV
solution was transduced via injection into the lateral
ventricles of mice utilizing a brain stereotaxic apparatus
from RWD. Mice were anesthetized using isoflurane gas
(2.0-2.5%), shaved and then fixed in a stereotaxic frame.
Anesthesia was consistently maintained with isoflurane
throughout the entirety of the procedure. The bregma
served as the reference for the origin of the cranial 3D
coordinate system, and bilateral cranial perforations
(AP:—2 mm, LAT:—1.5 mm, DV:+1.75 mm) were cre-
ated with a sterile 0.6 mm drill bit in accordance with
the brain stereotaxic atlas. A microinjection system
from RWD was employed to deliver 2 ul of AAV (viral
titer=2.49x 10" VG/ml) into the bilateral lateral ven-
tricles of the mice at a rate of 100 nl/min. At each coor-
dinate, the needle descended at a rate of 0.32 mm/s and
remained stationary for 10 min. Thirty days post-injec-
tion, the brains underwent perfusion with 0.9% saline fol-
lowed by fixation with 4% paraformaldehyde (PFA).

Immunohistochemical studies

Following behavioral assessment, the animals were anes-
thetized and underwent transcardial perfusion with 0.9%
saline. Subsequently, the brains were swiftly excised and
fixed in 4% paraformaldehyde for 24 h at 4 °C. Following
gradual dehydration in alcohol, the tissue impregnated
with wax was embedded using an embedding machine.
The paraffin block was then sectioned serially at a thick-
ness of 4 pm using a microtome, and the resulting trans-
verse sections were subjected to hematoxylin and eosin
(H&E) (Beyotime, China) as well as Nissl staining (Solar-
bio, China) according to the manufacturer’s guidelines.
Assessment of neuronal damage involved quantifying the
surviving neuron count in the hippocampal regions of
cornu ammonis (CA), CA3, and dentate gyrus (DG) uti-
lizing a microscope from Nikon, Tokyo, Japan. Quantita-
tive analysis was performed on six random fields within
each section using Image-Pro Plus software.

Immunofluorescent staining

Coronal sections that were selected underwent overnight
incubation at 4 °C with anti-Ap (1:200, CST, USA), anti-
DCX (1:200, CST, USA), and anti-SIRT3 (1:200, CST,
USA). Subsequently, an appropriate secondary antibody
was applied to the cells and left for 2 h at room tem-
perature. The following secondary antibodies were uti-
lized: goat anti-rabbit IgG (1:400, SeraCare, USA) and
goat anti-rat IgG (1:400, SeraCare, USA). DAPI was used
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Fig. 1 Decreased SIRT3 expression in APP/PS1 mice. A Chronological depiction of in vivo experimentation. B-D Alterations in SIRT3 expression
levels. Scale bar: 500 pm. n=6; ***P <0.005; **P <0.005
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to stain the cell nuclei. Imaging was conducted using a
fluorescence microscope from Olympus, Tokyo, Japan.
Image] software was employed to outline the fluores-
cence field and to quantify the fluorescence intensity.

Cell lines and cultures

Mouse Neural stem cells (C17.2 cells) were cultured
in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (GIBCO, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (FBS) (Hyclone,
Logan, UT, USA), 5% horse serum (Hyclone, Logan,
UT, USA), and 1% penicillin/streptomycin (PS) (Invit-
rogen, Carlsbad, CA, USA). Similarly, mouse microglia
(BV2 cells) were maintained in DMEM supplemented
with 10% FBS and 1% PS. Cells were incubated at 37 °C
with 5% CO2 in a humidified incubator to support their
growth.

Cell co-culture

The BV2 cells were cultivated in the upper chambers,
while the C17.2 cells were seeded into the lower cham-
bers of a 6-well transwell culture plate, thereby creating
a separation between the two cell types using a polycar-
bonate membrane (0.4 pm pore size; Corning, USA). Ap
peptide was introduced to the microglia at a final concen-
tration of 10 puM. The transwell membrane facilitated the
passage of cytokines secreted by the cells, while prevent-
ing the free migration of the cells themselves. Following
a 48-h co-culturing period of BV2 and C17.2 cells, the
C17.2 cells were harvested for experimentation.

Differentiation of NSCs

C17.2 cells in logarithmic phase were induced with 10uM
RA (Sigma Aldrich, USA) for 12, 24, 48, 72 and 96 h. The
cells were then collected for subsequent experiments.

CCK-8 assay

The CCK-8 kit (GLPBIO, Montclair, CA, USA) was uti-
lized to assess cell proliferation. NSCs were transfected
with the specified plasmids or siRNA, and co-cultured
with microglia in 6-well plates for 48 h. Subsequently,
NSCs were harvested and seeded into 96-well plates at
a density of 1x10° cells per well. Following this, 100uL
of CCKS8 incubation solution was added to each well and
incubated for 1-4 h, after which the absorbance value at
450 nm was measured using a multifunctional microplate
reader (Biotek, USA).

EdU assay

The Cell-lightTM EdU apollo567 in vitro kit (Ribo-
Bio, Guangzhou, China) was employed for assessing
the proliferation of NSCs. NSCs were isolated from
the co-culture system and seeded into 96-well plates.
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Subsequently, the cells were exposed to EAU (50 uM)
labeling media. Following a 2-h incubation period, the
NSCs were fixed with 4% paraformaldehyde for 30 min,
and then treated with the Apollo reaction cocktail for
an additional 30 min. Nuclei were stained using Hoe-
chst 33342. The cells were imaged and quantified using
a Nikon Eclipse Ti2 microscopy (Nikon, Tokyo, Japan).

Immunocytochemistry

Immunocytochemistry was conducted on C17.2 cells
following slide fixation (4% paraformaldehyde, 15 min).
Subsequently, the cells were permeabilized with 0.1%
Triton X-100 and blocked with 3% bovine serum albu-
min (BSA) (Dako, Germany) for 10 min. The cells
were then incubated overnight at 4°C with the follow-
ing primary antibodies: anti-GFAP (1:1000, Service-
bio, GB11096), anti-Tujl (1:500, Bioss, bsm-33177 M),
anti-Nestin (1:200, ABclonal, A11861). Cell nuclei were
counterstained with DAPI, and fluorescence micros-
copy was used to capture images.

Western blotting

Total proteins were extracted from C17.2 cells using
RIPA lysis buffer (Beyotime, China), and their concen-
trations were determined with the BCA Protein Assay
Kit (Bioworld Technology, Co., Ltd, Nanjing, China).
Each sample was loaded with 30 ug of total protein
and separated on a 10% SDS—polyacrylamide gel, fol-
lowed by transfer onto a polyvinylidene difluoride
membrane (Bio-Rad). Subsequently, the membranes
were blocked with 5% nonfat milk or BSA for 1 h and
incubated overnight at 4°C with specific primary anti-
bodies. After that, secondary antibodies were applied
and incubated for 1 h at room temperature. The pro-
tein signals were visualized using the Uvitec Alliance
system (Uvitec, UK). The primary antibodies used in
this study including anti-SIRT3 antibody (1:1000, Cell
Signaling), anti-GSK3a antibody (1:1000, Cell Signal-
ing), anti-GSK3p antibody (1:1000, Cell Signaling),
anti-p-GSK3a antibody (1:1000, Cell Signaling), anti-p-
GSK3p antibody (1:1000, Cell Signaling), anti-B-catenin
antibody (1:1000, Cell Signaling), anti-p-p-catenin
antibody (1:1000, Cell Signaling), anti-Dvl2 antibody
(1:1000, Cell Signaling), anti-Dvl3 antibody (1:1000,
Cell Signaling), anti-Axin antibody (1:1000, Cell Signal-
ing), anti-Nestin antibody, anti-Tujl antibody (1:1000,
Abcam), anti-GFAP antibody (1:1500, Servicebio), anti-
NeuN antibody (1:1000, Abcam), anti-MAP-2 antibody
(1:1000, Abcam), anti-ISL-1 antibody (1:1000, Abcam),
anti-GAPDH antibody (1:5000, Proteintech), and anti-
HSP90 antibody (1:2000, Proteintech).
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Real-time PCR analysis

Gene expression was analyzed through quantitative PCR.
Total RNAs were extracted using TRIzol reagent (Eco-
top Scientific, China) and quantified with a NanoDrop
Spectrophotometer (NanoDrop Technologies, USA).
Reverse transcription was carried out using a Color
Reverse Transcription Kit (EZBioscience, China). Real-
time quantitative PCR reactions were conducted with
an ABI Quant Studio3 (Applied Biosystems, US) using
the 2XSYBR Green qPCR Master Mix (EZBioscience,
China). GAPDH was utilized as the internal control.
Primers used were as follows: GSK3«, forward 5" -GGT
AGGATGTTTGGGAGATGAG, reverse 5 -ACCACG
GCCACACATAAA; GSK3B, forward 5'-GCTGTGTTG
GCTGAATTGT, reverse 5 -CTGCTCCTGGTGAGT
CCTTT; GAPDH, forward 5 -CATGTTCCAGTATGA
CTCCACT, reverse 5 -GTAGACTCCACGACATAC
TCAG; Nestin, forward 5 -GGAGAGTCGCTTAGA
GGTG, reverse 5 -TCAGGAAAGCCAAGAGAAGCG;
NeuN, forward 5 -GGGTTTTGGGTTTGTAACTAA
CTTTTGAA, reverse 5 -AGACTGCTCCTACCACAG
GGTTTAG; MAP-2 forward 5 -AAGGCCAAGAAC
ACACGATTG, reverse 5'-GTGTCAGATCGTCCTTAT
TC; GFAP forward 5'-AACAACCTGGCTGCGTATAG,
reverse 5 -CTGCAAACTTAGACCGATACC.

Flow cytometry

For the assessment of cell apoptosis, the FITC Annexin
V and PI Apoptosis Kit (KeyGEN BioTECH, China) was
employed following the manufacturer’s instructions.
C17.2 cells were gathered and incubated with binding
buffer, subsequently stained with fluorochrome-conju-
gated Annexin V-FITC and propidium iodide. The fluo-
rescence imaging was analyzed using a flow cytometer
(Beckman Coulter, USA).

Transfection of cells

The full-length GSK3a (NM_001031667) was synthesized
and cloned into the expression vector pc-DNA3.1 (Fen-
ghui Biology Co., Ltd, China). Similarly, the full-length
GSK3p (NM_019827) was synthesized and cloned into
the expression vector pc-DNA3.1-3xFlag-C (Fenghui
Biology Co., Ltd, China). GSK3«a, GSK3p3, Dvl-1, Dvl-
2, and Dvl-3 siRNAs were synthesized by GenePharma
(China), with all siRNA sequences detailed in Additional
file 1: Table S1. Lipofectamine 3000 (Invitrogen) was uti-
lized for plasmid/siRNA transfection and co-transfection
according to the manufacturer’s protocol.

Adenovirus infection

Recombinant adenovirus vectors for both overexpres-
sion and short hairpin RNA-mediated SIRT3 silenc-
ing were constructed and transfected as previously
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described. Cells in the logarithmic growth phase were
seeded one day prior to transfection, with a cell density of
approximately 50%. Subsequently, the culture media was
replaced with serum-free DMEM medium, and the cells
were infected with adenovirus at a multiplicity of infec-
tion (MOI) of 100:1.

Immunoprecipitation and immunoblot analysis

Cells were lysed and collected using RIPA lysis buffer
(Beyotime, China) as previously outlined. The lysates
were immunoprecipitated overnight at 4 °C with the
appropriate antibodies, followed by the addition of pro-
tein A/G beads for 12 h. Subsequently, the immunopre-
cipitates underwent three washes, and an immunoblot
analysis was conducted as previously described.

Statistical analysis

All statistical analyses were conducted using SPSS
20.0 statistical software. The data were presented as
mean + standard deviation, and a one-way analysis of
variance (ANOVA) was employed to compare the dif-
ferent groups. In instances where ANOVA yielded sig-
nificance, post hoc testing of group differences was
carried out utilizing the least significant difference (LSD)
test. A p-value<0.05 was deemed to indicate statistical
significance.

Results
SIRT3 ameliorates cognitive impairment in APP/PS1 mice
Mice were divided into four groups: wild-type mice as
the control group (WT group), untreated APP/PS1 mice
group (APP/PS1 group), APP/PS1 mice treated with ade-
noviral SIRT3 negative control group (APP/PS1+ SIRT3
NC group), and APP/PS1 mice treated with overex-
pressed adenoviral SIRT3 group (APP/PS1+SIRT3
group). Preliminary evaluation of SIRT3 expression in
each group revealed no difference in SIRT3 expression
between the APP/PS1 group and the APP/PS1+ SIRT3
NC group; SIRT3 expression was significantly reduced
in the APP/PS1 group compared with the WT group;
and SIRT3 expression was significantly increased in the
APP/PS1 group compared with the APP/PS1+SIRT3
group (Fig. 1B-D). Subsequently, the Morris Water Maze
(MWM) and Open Field Test (OFT) were performed on
the WT group, APP/PS1 group, and APP/PS1+ SIRT3
NC group to assess the potential improvement of SIRT3
overexpression on cognitive deficits in APP/PS1 mice.
The OFT was performed first to assess the inherent
anxiety-like state of the mice, given anxiety as a fun-
damental feature of AD. The results illustrated that
the WT group displayed higher mobility and spent
more time in the central area compared to the APP/
PS1+SIRT3 group, whereas the APP/PS1+SIRT3
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group exhibited increased mobility and spent more
time in the central area compared to the APP/PS1
group (Fig. 2A—-C). Subsequently, the MWM task was
utilized to evaluate spatial learning and memory abili-
ties. The results from the training phase indicated a
noteworthy decrease in escape latency as the training
progressed (Fig. 2D). During the probe trial, the APP/
PS1+SIRT3 group displayed a substantial increase in
the percentage of time spent in the quadrant where
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the original platform was located and the frequency of
crossing the platform (Fig. 2F, G). Although swimming
speed and distance did not exhibit significant differ-
ences among the groups, the APP/PS1+ SIRT3 group
swam a greater distance and at a higher speed com-
pared to the APP/PS1 group (Fig. 2H, I). Overall, the
behavioral experiments demonstrated that SIRT3 over-
expression in APP/PS1 mice enhanced cognitive func-
tion and alleviated anxiety symptoms.
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To enhance the reliability of the experiment, we added
a control group (without behavioral experiments) and an
intervention group (water maze and open field tests) to
detect the expression of SIRT3, CHAT, and GFAP pro-
teins, aiming to evaluate the impact of behavioral train-
ing on molecules. The results showed that behavioral
training alone did not significantly affect the expression
of these proteins. The new data reinforced the conclusion
that the observed molecular changes were more likely
directly related to our intervention measures (see Fig. 1
in Supplementary Information 2).

SIRT3 promotes hippocampal neurogenesis in APP/PS1
mice

Following the completion of MWM and OFT assess-
ments, our subsequent investigation aimed to determine
the potential of SIRT3 in enhancing cognitive function by
promoting hippocampal neurogenesis. Comprehensive
evaluations of morphology and pathological alterations
in the CAl, CA3, and DG regions of the hippocampal
tissue were conducted using HE and Nissl staining tech-
niques. The results from HE staining revealed that, com-
pared to the WT group, the neuronal nuclei in the APP/
PS1 group displayed shrinkage and irregular morphol-
ogy, along with a reduced number of pyramidal cells in
the hippocampus, indicating pathological changes in the
APP/PS1 group. Importantly, the upregulation of SIRT3
effectively prevented neuronal loss in the hippocampal
region (Fig. 3C, F), suggesting a supportive role of SIRT3
in promoting hippocampal neurogenesis in APP/PS1
mice. Similarly, Nissl staining identified neuronal impair-
ment in the hippocampal CA1, CA3, and DG regions.
The hippocampal tissue of mice in the WT group exhib-
ited an abundance of Nissl bodies in the cytoplasm and
normal nucleoli. In contrast, the hippocampus of APP/
PS1 mice showed significant reductions in Nissl bod-
ies and nucleoli, indicative of neuronal damage. Notably,
intervention with SIRT3 resulted in varying degrees of
restoration in the neuronal status of the mice hippocam-
pus (Fig. 3D, G).

Furthermore, double-cortin (DCX) immunofluores-
cence staining was employed to identify immature neu-
rons. Our observations revealed a significant reduction
in the number of DCX-positive (DCX+) cells within the

(See figure on next page.)
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hippocampus of APP/PS1 mice compared to their WT
counterparts. Interestingly, the overexpression of SIRT3
in the cohort of APP/PS1 mice resulted in a restoration
of the number of DCX + cells in the hippocampal region
(Fig. 3E, H). These findings provide compelling evidence
supporting the significant enhancement of hippocampal
neurogenesis in APP/PS1 mice facilitated by SIRT3.

Overexpression of SIRT3 attenuates the deposition of Ap

in the hippocampus of APP/PS1 mice

To investigate the impact of SIRT3 on amyloid plaque
burdens, immunofluorescence staining for Af plaques
was conducted on brain tissue sections. The results
revealed a significant decrease in the numbers of Af3 dep-
osition and the total area of plaques in the CA1, CA3, and
DG regions of the hippocampus in the APP/PS1 + SIRT3
group compared to the APP/PS1 group (Fig. 4B, C). This
indicates that SIRT3 may alleviate A} deposition.

SIRT3 regulates the activation of neural stem cells

and the activation of the Wnt/B-catenin pathway

We proved SIRT3-mediated NSC proliferation through
EdU experiments (Fig. 5), and the results showed that the
EdU level was significantly increased after overexpres-
sion of SIRT3, while it was decreased after knockdown of
SIRT3.

To elucidate the underlying mechanisms of SIRT3-
mediated NSC differentiation, we investigated the pro-
tein expression of ChAT and GFAP in NSCs under RA
induction (10 pM), along with the protein expression
of P-catenin, DVL, GSK-3a, and GSK-3p within the
Wnt/B-catenin pathway. Our findings reveal that upon
SIRT3 overexpression, there was a significant decrease
in the levels of GFAP, phosphorylated p-catenin (p--
catenin; Ser33/37/Thr41), GSK3a, and GSK3[, whereas
the levels of ChAT, DVL, p-catenin, phosphorylated
GSK3a (p-GSK3a; Ser21), and phosphorylated GSK3p3
(p-GSK3p; Ser9) were markedly elevated (Fig. 5). Con-
versely, SIRT3 knockout in C17.2 cells produced opposite
effects. These results suggest that SIRT3-induced NSC
differentiation may be contingent upon the activation of
the Wnt/p-catenin pathway.

Subsequently, we delved into the investigation of how
SIRT3 modulates NSC proliferation and RA-induced

Fig. 3 SIRT3 mitigates neuronal impairment in APP/PS1 mice. A-B Schematic diagram of the CA1, CA3, and DG regions of the hippocampus

in mice. C HE staining of neurons in CA1, CA3 and DG regions of mice hippocampus. D Nissl staining of the CA1, CA3, and DG regions in the mice
hippocampus. E Representative areas displaying DCX-positive cells in the dentate gyrus of the hippocampus. The red rectangles outline the CA1,
CA3, and DG regions. Scale bar: 500 um. Quantitative assessment of HE staining (F) and Nissl bodies (G) in the hippocampal CA1, CA3, and DG
regions. H Quantification of DCX-positive cells (green) in each group. n=6; *P < 0.05, **P <0.01, **P < 0.005 and ****P <0.001; *P <0.05, P <0.01

and *P < 0.005. WT wild-type, DG dentate gyrus, SD standard deviation
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NSC differentiation through factors within the Wnt/p-
catenin pathway.

GSK3a and GSK3p negatively regulates the proliferation

of NSCs in co-culture model

Quantitative analysis of hippocampal cell counts in vivo,
performed through HE staining and Nissl staining, dem-
onstrated that SIRT3 promotes cellular proliferation in
the hippocampal region (Fig. 3A-D, F, G). In vitro, Edu
assays revealed that SIRT3 enhances the proliferation of
NSCs and inhibits the expression of GSK3 isoenzymes
within the Wnt/B-catenin pathway in NSCs induced by
RA. To investigate whether GSK3 isoenzymes impact
NSC proliferation independently, this study utilized co-
culture models to explore the roles of GSK3a and GSK3f
in NSC proliferation. Plasmid-mediated overexpression
and siRNA-mediated gene knockdown were employed
to manipulate the expression of GSK3a/p in C17.2 cells,
with the effectiveness of transduction validated by WB
and RT-PCR (Fig. 6A-F). Subsequent CCK-8 and EdU
assays indicated that overexpression of GSK3a/p sig-
nificantly diminished NSC proliferation, whereas knock-
down of GSK3a/p promoted NSC proliferation. Notably,
GSK3a played a more prominent role than GSK3 in reg-
ulating NSC proliferation (Fig. 7C-E). In summary, these
findings suggest that GSK3a/p exerts inhibitory effects
on NSC proliferation in co-culture models, with GSK3«
being the primary contributor to this process. This study

provides valuable insights into the distinct functions
of GSK3a and GSK3p in NSC proliferation, uncovering
their potential as therapeutic targets for modulating NSC
proliferation.

SIRT3 modulates neural stem cell differentiation
through regulation of the GSK3B/f-catenin pathway
WB analysis revealed that SIRT3 inhibits the expression
of GSK3 isoenzymes within the Wnt/p-catenin pathway
in NSCs induced by RA (Fig. 5). Subsequently, the study
on the effect of GSK3a/ on NSC differentiation induced
by RA was conducted by detecting three neuronal mark-
ers (Nestin, Tujl, and GFAP) (Fig. 8A-D). Immunocyto-
chemical staining showed that the presence of GSK3a/p
reduced Tujl-positive cells and increased Nestin-pos-
itive cells, while having no significant impact on GFAP-
positive cells. Conversely, siRNA-mediated knockdown
of GSK3a/p significantly increased the differentiation
of NSCs into neurons (Tujl- and Nestin-positive cells)
while decreasing GFAP-positive cells. WB results indi-
cated that overexpression of GSK3a/p led to reduced
Tujl expression with no notable change in GFAP levels,
whereas knockdown had the opposite effect. Notably,
GSK3p exhibited a more pronounced influence on NSC
differentiation compared to GSK3a.

Further research was conducted to explore whether
SIRT3 regulates NSC differentiation by inhibiting
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GSK3p and subsequently suppressing downstream
[-Catenin expression.

The results demonstrated (Figs. 5A—B and 8E-F) that
overexpression of SIRT3 promoted neuronal differ-
entiation of NSCs and expression of p-GSK3[(ser6),
p-P-Catenin, and ChAT, while inhibiting astrocytic dif-
ferentiation and expression of GSK3p, p-pf-Catenin, and
GFAP. The reverse was observed upon SIRT3 down-
regulation. WB analysis (Fig. 8E, F) showed that when
a GSK3p inhibitor (CHIR-99021) was used in combi-
nation with SIRT3 knockdown, f-Catenin expression
was significantly reduced compared to CHIR-99021
treatment alone. Although no significant difference was
observed in p-p-Catenin expression, there was a trend
towards increased levels in the si SIRT3/CHIR-99021
group compared to the CHIR-99021 group alone. Based
on these findings, we hypothesize that under RA induc-
tion, SIRT3 may promote NSC differentiation towards
neurons by inhibiting GSK3p expression, thereby
enhancing downstream p-Catenin expression.

Cholinergic neurogenesis is associated with GSK3
downregulation

In the context of AD, it is widely acknowledged that the
loss of basal forebrain cholinergic neurons contributes to
deficits in memory and attention. ISL1, a pivotal home-
obox transcription factor, holds a crucial role in regu-
lating the ontogeny of cholinergic neurons. To further
elucidate the function of GSK3a/ in cholinergic neuro-
genesis, we utilized immunofluorescence and Western
blot techniques to assess the protein levels of ISL1 and
ChAT (Fig. 9). Western blot analysis revealed that the si
GSK3a/p group exhibited significantly higher ISL1 pro-
tein levels compared to the model group. Conversely,
in NSCs overexpressing GSK3a/p, ISL1 expression was
markedly reduced. Immunofluorescence staining cor-
roborated these findings, with the si GSK3a/p group
displaying an increased number of ISL1-positive cells,
predominantly due to GSK3p downregulation, and the
inverse pattern observed in the overexpression group.
These results are in line with our previous findings in
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section"GSK3a and GSK3p negatively regulates the pro-
liferation of NSCs in co-culture model", indicating that
intervening in the SIRT3/GSK3/ISL1 pathway appears
to be a promising strategy for enhancing cholinergic
neurogenesis.

SIRT3-DVLs interactions in regulating NSC apoptosis
within a co-culture model

The study confirmed that SIRT3 inhibits NSC apopto-
sis induced by microglia activation, with concurrent up-
regulation of DVLs protein expression. Analysis using
Annexin V-FITC/PI staining revealed that co-transfection
of DVL siRNA and SIRT3 overexpression adenovirus
increased NSC apoptosis, while co-transfection of SIRT3
shRNA and DVL plasmid reduced apoptosis compared

to SIRT3 shRNA alone, indicating DVLs role in mitigat-
ing NSC apoptosis resulting from SIRT3 knockdown
(Fig. 10A, B). Furthermore, investigations showed that
SIRT3 overexpression increased mRNA and protein lev-
els of DVL, while SIRT3 inhibition led to decreased DVL
expression (Fig. 10C-F). Co-immunoprecipitation assays
demonstrated a direct interaction between DVL1/2/3 and
SIRT3 in HEK293T cells, as well as a potential interaction
between SIRT3 and DVL2/3 in C17.2 cells, highlighting the
mechanistic role of SIRT3-DVL collaboration in regulating
NSC apoptosis (Fig. 10G, H).
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Discussion

Alzheimer’s disease (AD) is characterized by progres-
sive memory loss and overall cognitive decline. How-
ever, current Ap-targeting methods can only slow down
the progression of AD but cannot reverse or even stop
the disease process. The rescue of cells or cell therapy
in both early and late stages of AD is crucial for improv-
ing patients’ quality of life. Therefore, we will focus our
research attention on improving cell function and how
to prevent or even reverse cognitive decline [26, 27]. Our
study has elucidated the role and potential mechanisms
of SIRT3 in NSCs neurogenesis and its impact on learn-
ing and cognitive functions in APP/PS1 mice. The results
demonstrated that cognitive deficits were significantly
mitigated by SIRT3, accompanied by a reduction in hip-
pocampal AP deposition and enhanced neurogenesis in
the hippocampal region of APP/PS1 mice. Concurrently,
SIRT3 facilitated neurogenesis through the activation
of the DVL/GSK3/ISL1 signaling pathway. Within this
pathway, GSK3a plays a crucial role in NSCs prolifera-
tion, GSK3p predominantly influences NSCs differentia-
tion, and DVLs mitigate the increase in NSCs apoptosis
triggered by AP-mediated microglia activation. These

findings suggest that SIRT3 may confer potential neuro-
protective effects via the DVL/GSK3/ISL1 pathway.
Studies have uncovered the intricate role of the sirtuins
family, particularly SIRT3, in promoting neurogenesis
and reducing AP deposition [28]. The sirtuins family uti-
lizes NAD +as a substrate to facilitate the binding and
deacetylation of proteins involved in DNA damage repair,
inflammation regulation, and antioxidant defense mecha-
nisms [29]. SIRT3’s neuroprotective effects are evident
in its ability to promote neurogenesis, as demonstrated
in a recent study showing SIRT1’s significant role in
enhancing the differentiation potential of NSCs [30]. Our
current findings indicate that SIRT3 not only boosts neu-
rogenesis but also reduces AP deposition, consistent with
previous research showing SIRT3’s ability to mitigate
cellular damage caused by microglia activation in NSCs.
However, the underlying mechanism of SIRT3’s neuro-
genic effects remains largely unexplored. The mecha-
nisms involved in SIRT3’s reduction of AB deposition in
the hippocampus are multifaceted. SIRT3 can promote
autophagy to reduce neuronal damage, enhance micro-
glia’s recognition and removal of AP, and regulate energy
metabolism, mitochondrial function, and oxidative stress
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Fig. 8 GSK3a/B inhibited the proliferation and differentiation of NSCs in co-culture model. Immunofluorescence (A) and quantification
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n=3;"P<005,"P <001 and.*P<0.001;*P <005, *P <001,
blots are presented in Supplementary Fig. 1

processes, thereby reducing AP production and promot-
ing its clearance. SIRT3 may also influence AB metabo-
lism through other signaling pathways or molecules.
These mechanisms are anticipated to safeguard neurons
and decelerate the progression of neurodegenerative
diseases.

Through our research, we have discovered that SIRT3
can significantly improve neurogenesis in AD by regulat-
ing the WNT/p-catenin pathway. The WNT/B-catenin

**¥P <0.005 and ****P <0.001; ns: no significance. Data are mean + SEM. Full-length

pathway plays a pivotal role in the neurogenesis mecha-
nism of AD, regulating the proliferation and differen-
tiation of NSCs and affecting neuronal survival, synaptic
function, and neural network remodeling. By activating
this pathway, p-catenin accumulates in the cytoplasm
and enters the nucleus, activating downstream transcrip-
tion factors, which promote the differentiation of NSCs
into neurons [31]. This process is particularly crucial in
AD models, as the loss of neurons and the degeneration
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of neural functions are the main causes of cognitive
decline in AD patients. The activation of the WNT/j3-
catenin pathway can not only increase the number of
neurons, but also regulate synaptic plasticity and main-
tain the integrity of the blood—brain barrier [32, 33].
Moreover, it participates in the learning and memory
mechanisms through the normal phosphorylation of tau,
while alleviating the production and aggregation of Ap
caused by WNT/B-catenin dysfunction. In addition, the
WNT/B-catenin pathway can also regulate neurogen-
esis processes through interactions with other signaling
pathways, making WNT/B-catenin signaling disorders
of certain importance in AD-related research [31-34].
However, the specific roles of the various factors in the
WNT/B-catenin pathway remain to be further explored.
Neurogenesis, the process by which NSCs proliferate
and differentiate to generate new functional neurons,
is essential for the proper development and functional
connectivity of the mammalian brain [35, 36]. The
microenvironment plays a crucial role in influencing
neurogenesis [37, 38]. Recent work by Lu has highlighted

the significant impact of the aberrant AD microenvi-
ronment on microglial behavior, thereby hastening the
progression of AD [39]. In our previous study, we dem-
onstrated that AP-induced activation of microglia can
directly trigger oxidative stress injury and elevate the rate
of cell apoptosis, a phenomenon that can be mitigated by
SIRT3 [14]. Moreover, SIRT3 has been shown to allevi-
ate cognitive impairment by suppressing hippocampal
neuroinflammation [40]. More recently, SIRT3 has been
found to safeguard GABAergic neurons from degenera-
tion induced by AP [41].

The LIM homeodomain transcription factor ISL-1
is expressed in multiple organs and plays a crucial role
during embryonic development. ISL-1 coordinates the
generation of cholinergic neurons in the spinal cord and
forebrain, making it a promising candidate for determin-
ing the fate of different types of cholinergic cells in the
central nervous system [42]. During early development,
ISL-1 is expressed in both cholinergic and non-choliner-
gic striatal neurons. As differentiation progresses, ISL-1
expression becomes restricted to cholinergic neurons
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and is suppressed in non-cholinergic neurons [43]. This
study investigated the regulatory role of GSK3 on neu-
ronal subtype-specific markers ChAT and ISL-1 pro-
teins. The results indicate that GSK3 negatively regulates
the expression of ChAT and ISL-1 proteins. Inhibition
of GSK3 was found to promote differentiation of neural
stem cells into cholinergic neurons in co-culture systems,
suggesting a potential therapeutic effect on memory
impairments. Building upon these findings, our data sug-
gest that SIRT3 exerts a neuroprotective effect by pro-
moting neurogenesis.

GSK3, highly expressed in the brain and spinal cord,
is implicated in the pathogenesis of AD [44—46]. Glyco-
gen synthase kinase 3 (GSK-3) comprises two isoforms,
GSK3a and GSK3p, each with similar yet distinct roles
[47-49]. Variations in the expression of GSK3a and
GSK3p have been observed in prostate tumors, with
GSK3p exerting a more significant influence than GSK3a
on androgen receptor transcriptional activity reduction
[47]. Furthermore, inhibition of GSK3p, but not GSK3a,
has been shown to reduce AP deposition and neuritic
plaque formation [50]. Notably, the majority of stud-
ies have focused on GSK3p rather than GSK3a. In our
investigation, we compared the effects of GSK3a and
GSK3p on NSCs proliferation and differentiation. Our

findings revealed that GSK3a plays a more pivotal role
than GSK3p in NSCs proliferation, whereas GSK3p pre-
dominates in NSCs differentiation. Thus, our study indi-
cates that the two GSK3 isoforms play distinct roles in
regulating NSCs behavior.

SIRT1 has been identified as a key regulator of Wnt
signaling. Deletion of SIRT1 has been shown to decrease
the protein levels of all three DVLs and enhance Wnt-
stimulated cell migration. Moreover, immunoprecipi-
tation experiments have revealed the in vivo complex
formation between SIRT1 and DVLs [51]. This discov-
ery directly establishes a connection between Sirtuins
and DVLs, shedding light on the multiple physiological
responses mediated by SIRT1. Saxena et al. demonstrated
the essential role of SIRT1 activity in modulating DVL1
and TIAMI levels in cancer cells [52]. In our investiga-
tion, we unveiled, for the first time, a direct association
between SIRT3 and DVLs, providing further insights
into the interplay between the Sirtuin family and the Wnt
signaling pathway. Furthermore, SIRT3 demonstrates
protective and anti-apoptotic effects on NSCs, likely
through its interaction with DVLs and the regulation
of its expression. Nevertheless, our study faces several
limitations. Our smaller sample size may constrain the
broader applicability of our findings. The western blotting
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experiments targeting DVL1 could not be completed due
to the unavailability of specific antibodies in the market.
Future research is warranted to validate the interaction
between SIRT3 and DVLs, as well as to explore the pre-
cise structural domains involved in the binding between
SIRT3 and DVLs.

To summarize, the current understanding of SIRT3’s
influence on neurogenesis in NSCs remains limited, and
the potential link to the Wnt/B-catenin pathway’s regu-
lation remains elusive. In this study, we propose a novel
hypothesis wherein SIRT3 promotes neurogenesis via the
Wnt/B-catenin pathway, thereby safeguarding NSCs from
microglial activation-induced damage. Leveraging an
NSC-microglia transwell co-culture model, we intend to
elucidate the functional role and underlying mechanism
of SIRT3 in neurogenesis. Our anticipated findings will
not only establish SIRT3 as a positive regulator of neu-
ral differentiation, accompanied by Wnt/B-catenin sign-
aling activation, but also provide novel insights into the
distinct roles of GSK3a and GSK3p in NSC proliferation
and differentiation. Moreover, SIRT3’s capacity to miti-
gate NSC apoptosis in the context of microglial activa-
tion, primarily through its interaction with DVLs, offers
promising implications for the development of innovative
therapeutic strategies for NSC-related disorders.

Conclusion

To the best of our knowledge, this represents the
inaugural report delineating the involvement of the
Wnt/B-catenin signaling pathway in SIRT3-mediated
neuroprotection. Our study demonstrates that SIRT3
prompts NSCs differentiation, with an accompanying
activation of the Wnt/[B-catenin signaling pathway during
this process. Mechanistically, we have discerned distinct
roles for the two isoforms of GSK3 in NSCs proliferation
and differentiation. Furthermore, we have illustrated that
SIRT3 confers protective and anti-apoptotic effects on
NSCs, potentially through its binding to DVLs and regu-
lation of their expression. These findings unveil a novel
mechanism of neurogenesis, thereby offering potential
insights into therapeutic strategies for neurodegenerative
diseases such as AD.
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