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Abstract.
Background: Neuronal loss occurs early and is recognized as a hallmark of Alzheimer’s disease (AD). Promoting neuroge-
nesis is an effective treatment strategy for neurodegenerative diseases. Traditional Chinese herbal medicines serve as a rich
pharmaceutical source for modulating hippocampal neurogenesis.
Objective: Gallic acid (GA), a phenolic acid extracted from herbs, possesses anti-inflammatory and antioxidant properties.
Therefore, we aimed to explore whether GA can promote neurogenesis and alleviate AD symptoms.
Methods: Memory in mice was assessed using the Morris water maze, and protein levels were examined via western blotting
and immunohistochemistry. GA’s binding site in the promoter region of transcription regulator nuclear factor erythroid
2-related factor 2 (Nrf2) was calculated using AutoDock Vina and confirmed by a dual luciferase reporter assay.
Results: We found that GA improved spatial memory by promoting neurogenesis in the hippocampal dentate gyrus zone. It
also improved synaptic plasticity, reduced tau phosphorylation and amyloid-� concentration, and increased levels of synaptic
proteins in APP/PS1 mice. Furthermore, GA inhibited the activity of glycogen synthase kinase-3� (GSK-3�). Bioinformatics
tools revealed that GA interacts with several amino acid sites on GSK-3�. Overexpression of GSK-3� was observed to block
the protective effects of GA against AD-like symptoms, while GA promoted neurogenesis via the GSK-3�-Nrf2 signaling
pathway in APP/PS1 mice.
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Conclusions: Based on our collective findings, we hypothesize that GA is a potential pharmaceutical agent for alleviating
the pathological symptoms of AD.
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INTRODUCTION

Neuron loss is a recognized pathologically hall-
mark of Alzheimer’s disease (AD) [1, 2]. The
phenotype manifests during preclinical stages of AD,
in which neuropathological hallmarks are not yet
present [3, 4]. With disease progression, neuron loss
has been detected throughout the cerebral cortex, and
is especially prominent in the CA1 region of the hip-
pocampus [5, 6]. The loss of neurons contributes to a
decrease in neurogenesis, which are required for nor-
mal learning processes to occur [7–9]. Amyloid-�
(A�) plaques, another hallmark of AD, are consid-
ered the initiators of neuron loss.

A decrease in the number of neurons results in an
imbalance between postnatal neurogenesis and neu-
ronal death. Adult hippocampus neurogenesis (AHN)
was first reported in the 1960 s [10]. These mul-
tipotent neural stem cells (NSCs) derived newborn
neurons reside in the subgranular zone (SGZ) of the
hippocampus dentate gyrus (DG) [11, 12]. Numer-
ous studies have suggested that altered hippocampal
neurogenesis contributes to neuronal loss and repre-
sents an early pathological progress in AD [13, 14].
Moreover, existing evidence suggests that repairing
damaged neurogenesis could be a novel approach to
treating AD. Interventions that enhance adult neuro-
genesis are being considered as potential therapeutic
strategies for AD [15, 16].

Traditional Chinese medicine (TCM) refers to
active component mixtures extracted from herbs,
some of which have the potential to activate NSC
proliferation and neurogenesis in neurodegenerative
diseases [17]. The therapeutic effects of TCM on
neurogenesis can be achieved by restoring neural
function, regulating the inflammatory response, pro-
viding nutritional support, and reconstructing neural
circuits and paracrine signaling involving nerve
growth factors [18, 19]. GA, derived from natu-
ral plants, is a traditional Chinese medicine known
for its anti-inflammatory, analgesic, and antitumor
properties [20, 21]. GA can also be used to treat
neurodegenerative diseases because of its antioxi-
dant properties and oxygen free radicals eliminating
ability [22]. GA could traverse the blood-brain bar-
rier, exerting effects on both the central nervous

system and peripheral tissues [23, 24]. GA is also
safe and easy to take for a long time. Moreover,
GA induces NSCs’ the differentiation and prolifer-
ation [25]; however, it remains unclear whether GA
promotes neurogenesis in NSC.

Glycogen synthase kinase-3� (GSK-3�) is one
of the dominant proteins responsible for neurogen-
esis [26], and this protein regulates NSC dynamics
and adult neurogenesis via the Wnt/�-catenin sig-
naling pathway [27]. Moreover, the GSK-3�/Nrf2
signaling pathway is crucial for neuroprotection and
antioxidant activity [28, 29]. Nrf2 is responsible for
regulating the expression of cytoprotective genes
driven by binding to the antioxidant response ele-
ment (ARE), and Nrf2-ARE-related pathways are
implicated in the pathogenesis of AD [30, 31].

Herein, we investigated GA’s the pharmaceutical
effect in an APP/PS1 mouse model and its impact on
spatial memory, neuronal morphological alternation,
synaptic proteins, accumulation of A�, and phos-
phorylation of tau. GA was discovered to promote
neurogenesis through the GSK-3�-Nrf2 signaling
pathway in APP/PS1 mice. Genetic engineering was
also utilized to verify the underlying mechanisms of
improving AD symptoms.

MATERIALS AND METHODS

Animals and administration

APP/PS1 mice (male, four month) were pro-
cured from the Institute of Laboratory Animals
Science, Chinese Academy of Medical Sciences.
Housed under a 12-h light-dark cycle at a temper-
ature of 22 ± 2◦C, all mice were kept with ad libitum
access to food and water. Twenty milligrams of GA
(Sigma-Aldrich, MO, USA) were dissolved in 25
microliters of DMSO (100%) and then diluted with
12.5 milliliters of double-distilled water [32]. GA
was administered to the mice via gavage (20 mg/kg)
once a day and lasted for four months. All animal
experiments were conducted in accordance with the
“Policies on the Use of Animals and Humans in
Neuroscience Research” revised and approved by the
Society for Neuroscience in 1995, as well as the Insti-
tutional Animal Care and Use Committee (IACUC
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Number: 3190) at Tongji Medical College, Huazhong
University of Science and Technology approved the
study protocol.

Morris water maze

After four months of GA administration, all mice
were trained in a maze for 6 consecutive days to find
an underwater-hidden platform placed in a quadrant.
Each day, there were three trials, with mice starting
from one of the quadrants. Once the animal found
and climbed on the platform (stayed for 3 s), this trail
end and time would be recorded. If the animal could
not find the platform within 60 s, it was guided to the
underwater platform and rest on for 15–20 s. At day7,
the spatial memory was tested after the underwater
platform removed. The time to platform (latency),
swimming path, duration in the target zone (plat-
form zone), and swimming speed were recorded by
a video camera (Techman, Chengdu, China), which
was placed 2 meters from the water surface.

Stereotaxic brain injection of adeno-associated
virus (AAV)

Recombinant AAV encoding s9-GSK3� (AAV2/9-
CMV-s9-GSK3�-EGFP), and AAV2/9- CMV-EGFP
were products of OBiO (Shanghai, China). The AAV
virus titer was appropriate 5 × 1012 vg/ml. After
anesthesia, APP mice’s heads were fixed in a RWD
stereotaxic instrument (Shenzhen, China). The CA3
region of hippocampus was injected bilaterally with
AAV, location AP ± 2.5, DV –2.0, ML –2.0, at a rate
of 0.1–0.15 �l per minute. The needle was left in hole
for 10 min before withdrawal after injection.

Western blotting

Tissues or cultured cells were harvested on ice and
homogenized with RIPA lysis buffer (1 mM PMSF,
BL507A) containing protease inhibitors. The cen-
trifuged parameter for homogenate is 12,000×g, 4◦C,
and 10 min. The supernatant was retained and mea-
sured for protein concentration using BCA assays.
Equal amounts of protein from each sample were
loaded and run on 8–15% sodium dodecyl sulfate
polyacrylamide gel electrophoresis gels, and then
proteins on gel were electransferred to membranes.
To avoid non-specific binding, the membranes with-
out transferred proteins were blocked with 5% non-fat
milk at room temperature (22–26◦C) for at least 1 h,
and then immersed and incubated with pre-dilution
primary antibodies (1:500–1:1000) overnight at
4◦C. Next day, removed primary antibodies from
membranes and then incubated with horseradish per-
oxidase (HRP) labeled secondary antibodies (A2008
Goat-anti rabbit or A0216 Goat-anti mouse, Bey-
otime, Shanghai, China) for at least 1 h at RT. The
blots were developed by ECL substrate (BL502A)
in a luminometer (ChemiScope 6000, Clinx, China),
and the protein bands on the membranes were quanti-
fied using ImageJ software (NIH, USA). The primary
and secondary antibodies are listed in Table 1.

Immunohistochemistry

Mouse brain sections were incubated in 0.1% Tri-
ton (BS084, Biosharp, Beijing, China) in phosphate
buffer solution for 30 min. After being rinsed, 3%
BSA (BS114) was utilized to avoid non-specific
reaction on mouse sections at RT for 30 min.
A pre-dilution primary antibody (1:50–1:150) was

Table 1
Antibodies employed in the study

Antibody Host Manufacturer Type Cat # Dilution
WB IHC

DCX Goat Santa Cruz Poly sc-8066 1:1000 1:200
NeuroD Goat Santa Cruz Poly sc-1084 1:1000 1:200
pS396 Rabbit Signalway Poly #11102 1:1000
pT231 Rabbit Signalway Poly #11110 1:1000 1:100
Tau5 Mouse Abcam Mono ab80579 1:1000
PSD95 Rabbit Abcam Poly ab18258 1:2000
SYP Mouse Abcam Mono ab8049 1:2000
Synapsin I Rabbit Abcam poly ab64581 1:2000
t-GSK-3� Rabbit Proteintech Poly 22104-1-AP 1:1000
b-catenin Rabbit Proteintech Poly 51067-2-AP 1:1000
GAPDH Rabbit Abcam Poly ab9485 1:1000

WB, western blotting; IHC, immunohistochemistry; SYP, synaptophysin.
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dropped onto the brain sections and kept at 4◦C
overnight. Next day, all the brain sections were
washed with PBS and incubated with second anti-
body (peroxidase-labbed IgG) at 37◦C water bath
for 1 h. A mixture of 0.05% 3,30-diaminobenzidine
(DAB) and 0.01% H2O2 was dropped onto the brain
sections for color reactions. At least 5 fields of the
section were selected and analyzed for quantitative
assessment.

Golgi-cox staining

The Golgi-cox staining kit was a product of
FD Neuro Technologies, and the staining procedure
was performed according to the provided proto-
col. Briefly, after anesthetized by 2% pentobarbital
sodium, the mice brains were removed and fixed in
a mix solution (Solution A: B = 1:1) for at least two
weeks in dark environment at RT. The detailed pro-
cess has been described previously [31].

ELISA

GSK-3� (RX202270M, Ruixin Biotech, China),
A�1-40/1-42 (E-EL-M3009/E-EL-M3010, Elab-
science, Wuhan, China) in the rat brain were
measured using ELISA kit and, and 6-7 hippocampus
per group were used for assay. To assess the con-
centration of A�, hippocampus was homogenized in
buffer PBS (1% PMSF), and centrifuged at 12,000 g
for 10 min. Then the supernatant was collected and
stored until analyze, GSK-3� and A�1-40/1-42 con-
centrations were determined by comparison with
standard curves.

Electrophysiological analysis

Electrophysiological activity was analyzed accord-
ing to previous literature [33]. Briefly, the brains
of mice were horizontally sectioned into 300 �m
thick slices using a vibration microtome. Then the
sections were transferred to an interface chamber
and incubated within artificial cerebrospinal fluid for
30 min. After incubation, the slices were put over pla-
nar microelectrodes (8 × 8 array) for examination.
MED64 System (Alpha MED Sciences) was used
for recording voltage signals in response to stimula-
tion, and in this study, field excitatory postsynaptic
potentials (fEPSPs). To evoke fEPSP amplitudes,
adjustment of the stimulation intensity is need.
Additionally, the induction of long-term potentiation
(LTP) was stimulated by theta-burst stimulation.

Cell counting kit (CCK8)

The cells with density of 5 × 103 cells per well
were plated in a 96-well plate. After 24 h of cul-
ture, the cells were treated with or treated without
GA at concentrations of 10, 20, 40, 80, 160, 240,
320, 480, or 640 �M for another 24 h. Following this,
CCK-8 solution (10 �l) was added into each well, and
5-6 wells per group. The absorbance was measured
at 450 nm using an EnSpire Multimode plate reader
(PerkinElmer, Inc., Waltham, MA, USA). The CCK8
kit (C0038) was purchased from Beyotime (Shang-
hai, China).

Reverse transcription and real-time quantitative
PCR

After isolation, RNA was reverse transcript
and analyzed by real-time quantitative PCR (RT-
PCR) according to the manufacturer’s instructions
(Takara, Japan). The RT-PCR system consisted of
SYBR Green PCR master mixes (10 �l), MgCl2
(3 mM), forward and reverse primers (0.5 �M,
respectively), and cDNA template (1 �l). ABI Step
One Plus QPCR system (Thermo Fisher, USA)
was applied to analyze RT-PCR mixture. The
targeted genes expression level was normalized
by the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH, housekeeping gene). PCR primers are as
follows: doublecortin (DCX) forward and reverse
primers, 5’-ACAAGGCACACGGCTTTCTT-3’ and
5’-TGGAACCACAGCAACTTTTCCAA-3’; Neu-
roD forward and reverse primers, 5’-AGGAATT
CGCCCACGCAG-3’ and 5’-GGTCATGTTTCCA
CTTCCTGTTG-3’; GAPDH forward and reverse
primers, 5’- CAAGCTCATTTCCTGGTATGACA-
3’ and 5’-TATGGGGGTCTGGGATGGAA-3’.

Dual Luciferase reporter assay

In short, HEK293T cells were transfected with the
psicheck2.0-DCX or NEUROD1-luc reporter con-
structs by helping with a DNA transfection reagent
(Neofect, Beijing). Then, �-Amyloid (A�1-42,
obtained from ChinaPeptides Co., Ltd. (QYAOBIO))
and GA (120 �M) were added into the medium. After
24-h treatment, the cells were collected and rinsed
using pre-cool PBS three times, followed by lysis
with detection buffer (100 �l firefly luciferase). A
dual-Lumi dual luciferase reporter (DLR) gene assay
kit (RG027) was applied for the luciferase activ-
ity assay of the cell extracts, which was purchased
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from Beyotime (Shanghai, China). The predicted
ARE fragments (NRF2 binding site) on the pro-
moter region of the gene DCX and NEUROD1 were
cloned into the psicheck2.0 luciferase reporter vec-
tor (Promega, WI, USA). And the mutation site of
ARE in luciferase plasmids was designed and con-
structed using the Gene Tailor system (Invitrogen,
USA). Ahead of treatment with GA and A�, the
cells were cultured in plates and transfected with
constructs [31].

Molecular docking

AutoDock Vina and the standardized dock-
ing data was analyzed by molecular docking
[34]. The 3D structure of GSK-3� was retrieved
from the Protein Data Bank (PDB) database
(https://www.rcsb.org/search). The grid box center
in present study was set to (22.22, 1.76, 20.53) Å
for (center x, center y, center z). And the grid box
the size was defined as (20, 20, 20) Å for (size x,
size y, size z). The 3D structure of the grid box for
GSK3� in Fig. 4C. Figure 4D displays the structure
of GA. To get more different binding modes, the num-
modes was set to 9, and the energy range was set to
7 kcal/mol.

Statistical analysis

All data in present study are showed as the
mean ± SEM and were analyzed by other researchers
in a blinded manner. Prism 8.0 (GraphPad Software)
was applied to analyze and plot data. Unpaired Stu-
dent’s t-test for two-group comparisons, two-way
analysis of variance (ANOVA) followed by Bon-
ferroni’s post-hoc test was applied for statistical
analysis. Statistical significance was considered if a
p value less than 0.05 for all experiments.

RESULTS

GA ameliorates cognitive deficits and promotes
neurogenesis in APP/PS1 mice

GA is typically functioned as an inflammatory
scavenging agent in the treatment of neurodegen-
erative diseases. To explore its capacity to enhance
neurogenesis, 4-month-old APP/PS1 mice were
administered GA for four months, and their cogni-
tive capacity was assessed using the MWM. During
six consecutive days of training, APP/PS1 mice
treated with GA showed markedly lower latency

than vehicle-treated mice from days three to six
(Fig. 1A, B). During the spatial memory test (day 7)
after the underwater platform was removed, escape
latency decreased, while platform crossing times
(Fig. 1C) and duration in the target quadrant (Fig. 1D)
decreased in comparison between the APP/PS1-GA
group and APP/PS1-V group. There is no signifi-
cant difference in swimming speed among the groups
(data not shown). Furthermore, DCX and NeuroD,
two markers of neurogenesis, were markedly upregu-
lated after the administration of GA in APP/PS1 mice,
compared to vehicle-treated mice, as detected by
western blotting and qPCR (Fig. 1E–H). Immunohis-
tochemical staining also confirmed the upregulation
of DCX and NeuroD in the DG subregion of the
hippocampus in APP/PS1 mice (Fig. 1I, J). These
results indicate that GA promotes neurogenesis and
improves cognitive ability in APP/PS1 mice.

GA reduces Aβ protein levels and tau
hyperphosphorylation

A� level and tau hyperphosphorylation are closely
related to reduced neurogenesis, impairments of LTP,
and synaptic plasticity [35]. We detected tau phos-
phorylation levels in the mouse brain after GA
treatment and observed that the concentrations of
A�1-40 and A�1-42 were markedly reduced, com-
pared to their respective levels in vehicle-treated mice
(Fig. 2A). The levels of hyperphosphorylated tau at
pS396 and pT231 were also reduced after GA treat-
ment (Fig. 2B, C). Immunohistochemical staining
revealed reduced pT231 expression in the cortex and
hippocampus following GA treatment (Fig. 2D, E).

GA improves synaptic proteins, synaptic
plasticity, and neuron morphological complexity
in APP/PS1 mice

Neurogenesis refers to the formation of large
numbers of mature neurons. We examined the synap-
tic proteins in the brains of APP/PS1 mice. As
expected, GA increased the levels of synaptic pro-
teins (PSD95, Syn I, and synaptophysin) in APP/PS1
mice, as examined by western blotting (Fig. 3A, B).
Spine density (Fig. 2C, D) and mature spines (mush-
rooms) (Fig. 3E) increased after GA administration.
Moreover, synaptic plasticity, as measured by LTP
(Fig. 3F, G), was ameliorated by GA administration
in APP/PS1 mice.

https://www.rcsb.org/search
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Fig. 1. GA improved spatial memory and promoted neurogenesis. A) The learning ability of APP/PS1 mice was analyzed by 6 consecutive
days of training with the MWM test after 4-month administration with GA. Two-way ANOVA, F (5, 90) = 3.124, p = 0.012, n = 10 in each
group. B-D) Memory was assessed at day 7, and escape latency (B), times of platform crossing (C), and time in target quadrant (D) were
recorded. [B] Unpaired t-test, t = 3.90 df = 18, p = 0.012; [C] Unpaired t-test, t = 3.24 df = 18, p = 0.021; [D] Unpaired t-test, t = 4.34 df = 18,
p = 0.036, n = 10 in each group. E-H) Immature neurons generated by neurogenesis were examined by western blotting using antibodies
against DCX and NeuroD (E, F) and qPCR (G, H) in the brains of APP/PS1 mice with subsequent quantitative analysis. [NeuroD] Unpaired
t-test, t = 3.051 df = 8, p = 0.023; [DCX] Unpaired t-test, t = 3.019 df = 8, p = 0.036; [G] Unpaired t-test, t = 4.039 df = 8, p = 0.017; [H]
Unpaired t-test, t = 3.359 df = 8, p = 0.013, n = 5 in each group. I, L) Immature neurons generated from neurogenesis were examined by
immunochemistry using antibodies DCX and NeuroD in the DG of hippocampus of APP/PS1 mice with quantitative analysis. [NeuroD]
Unpaired t-test, t = 3.783 df = 8, p = 0.017; [DCX] Unpaired t-test, t = 4.032 df = 8, p = 0.026, n = 5 in each group. Bar = 20 �m, ∗p < 0.05.
Data are presented as mean ± SD.

GA directly interacts with and inhibits the
activity of GSK-3β: The mechanism of the
GSK3β-NRF2 signaling pathway

Overactivation of GSK-3� in transgenic mice
(Tet/GSK3�) depletes the neurogenic niche in adults
[36]. Moreover, tau phosphorylation and synaptic

toxicity closely relate to GSK3� activity [37, 38];
thus, we explored its alterations after treatment with
GA. As shown below, we observed an increase in
GSK-3� Ser9 (the unactive form of GSK-3�) after
four-month treatment with GA (Fig. 4A, B). Further-
more, the activity of GSK-3�, as measured by ELISA,
indicated that GA administration greatly inhibited
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Fig. 2. GA decreased the concentration of A� and phosphorylation of tau in APP/PS1 mouse brains. A) The concentrations of A�1-40
and A�1-42 in the mouse brains of APP/PS1mice were detected by ELISA after 4-month administration of GA. [NeuroD] Unpaired t-test,
t = 3.954 df = 18, p = 0.013; [DCX] Unpaired t-test, t = 3.287 df = 18, p = 0.019, n = 10 in each group. B, C) The phosphorylation of tau at
pS396 and pT231 was assayed by western blotting in the mouse brains of APP/PS1 after GA administration with subsequent quantitative
analysis. [pS396] Unpaired t-test, t = 5.56 df = 8, p = 0.015; [pT231] Unpaired t-test, t = 4.2351 df = 8, p = 0.013, n = 5 in each group. D, E)
The protein level of tau at pT231 was assayed by immunohistochemical staining in the mouse brains of APP/PS1 after GA administration
with quantitative analysis. [Cortex] Unpaired t-test, t = 3.051 df = 8, p = 0.023; [DCX] Unpaired t-test, t = 3.019 df = 8, p = 0.036, n = 5 in
each group. Bar = 20 �m. Unpaired t-test, ∗p < 0.05. Data are presented as mean ± SD.

GSK-3� activity in the mouse brain (Fig. 4C), which
suggests that GA exerts its protective effect via
GSK-3�. To verify this hypothesis, we performed
a bioinformatic analysis to investigate interaction
between GSK-3� and GA. VINA 1.1.2 software
was applied for docking studies between proteins
and compounds. The binding energy for this dock-
ing was –7.2 kcal/mol, indicating that GA could
spontaneously bind strongly to the protein GSK-3�.
Subsequently, PYMOL and Discovery Studio were
used for analyses, and GA was able to stably bind to
the cavity of the GSK-3� and interact with its sur-
rounding amino acids. As shown in Fig. 4D and 4E,
GA interacted with GSK-3� mainly through hydro-
gen bonds and salt bridges. The functional groups in
the compounds were able to form hydrogen bonds

with amino acids GLN265 and ASP260 in the A
chain of GSK-3� and with amino acids ARG220,
ARG223, ASP260, GLY262, and GLN265 in the B
chain of GSK-3�. The carboxyl functional group of
the compound formed a salt-bridge interaction with
amino acid ARG223 in the protein A chain, and these
were the main forces contributing to the binding of
the compound to the active site.

The results showed that GA enhanced Nrf2 protein
level, and the overexpression of GSK-3� attenuated
the nuclear translation of Nrf2 (Fig. 4F, G). These
results indicate that GSK-3� influence Nrf2 pro-
tein level during GA treatment. The relative viability
of HEK293T cells was then evaluated using CCK8
after treatment with a concentration gradient of GA
(Fig. 4 H).
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Fig. 3. GA ameliorated synaptic impairment and improved synaptic plasticity. A, B) The protein levels of synapse were assayed by western
blotting in the mouse brains of APP/PS1 after GA administration with quantitative analysis. [PSD95] Unpaired t-test, t = 3.221 df = 8,
p = 0.0218; [SYP] Unpaired t-test, t = 3.904 df = 8, p = 0.0101; [Synapsin I] Unpaired t-test, t = 3.352 df = 8, p = 0.0213, n = 5 in each group.
C-E) The spine number (D) and shape (E) were examined by Golgi-cox staining in the mouse brains of APP/PS1 mice after GA administration
with quantitative analysis. [D] Unpaired t-test, t = 2.700 df = 8, p = 0.0356; [E] Unpaired t-test, t = 2.904 df = 8, p = 0.0204, n = 5 in each group.
F, G) Synaptic plasticity was detected in the brain slice of APP/PS1 after GA administration. Unpaired t-test, t = 4.353 df = 8, p = 0.0102,
n = 5 in each group. ∗p < 0.05. Data are presented as mean ± SD.
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Fig. 4. (Continued)
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To verify this assumption that Nrf2 transcrip-
tion function, a DLR assay was performed using
constructs with specific ARE promoter elements
of neurogenesis-related proteins. After transfecting
DCX/NEUROD1-ARE-plasmid constructs, a sig-
nificant increase in luciferase activity in the GA
group was observed compared to the control group
(Fig. 6I–L). And this increase was completely block
when the cells were transfected with the mutated ARE
plasmid (Fig. 6I–L). Taken together, these data sug-
gest that in response to GA, Nrf2 binds to specific
ARE promoter elements in DCX/NEUROND1 and
increases genes transcription.

Reactivation of GSK-3β blocks GA’s protective
effects on spatial memory and neurogenesis

To further determine whether the activity of GSK-
3� mediates GA’s protective effects against A� in
APP/PS1 mice, we explored whether reactivating
GSK-3� could block the protective effects of GA.
As revealed by the spatial memory test, the six-day
training in the MWM test indicated that APP/PS1
mice that received GA and GSK-3� had a longer
latency in finding the platform on days three through
five (Fig. 5A). On day seven, when the platform was
removed, APP/PS1 mice with GSK-3� overexpres-
sion took more time to reach the platform location,
spend less time crossing the platform location, and
spent less time in the target quadrant (Fig. 5B-D).
Western botting and qPCR analysis indicated that
both DCX and NeuroD decreased after overexpress-
ing GSK-3� (Fig. 5E-H). Immunohistochemical
staining confirmed that the DCX and NeuroD levels
were markedly reduced in the DG of the hippocam-
pus (Fig. 5I, J). Moreover, �-catenin also markedly
decreased after overexpressing GSK-3� (Fig. 5K, L),
indicating an impairment of neurogenesis.

Reactivation of GSK-3β blocked GA’s protective
effects on the production of Aβ, tau
phosphorylation, and synaptic toxicity

Furthermore, we explored the effect of over-
expressing GSK-3� on the production of A�,
tau hyperphosphorylation, and synaptic toxicity in
APP/PS1 mice. We observed that overexpressing
GSK-3� increased the concentration of A�1-40/1-42
in APP/PS1 mice with GA, compared to those treated
with only GA (Fig. 6A). Moreover, overexpress-
ing GSK-3� also increased tau hyperphosphorylated
at pT231 and pS396 (Fig. 6B, C). The synaptic
protein (PSD95, SYP, and synapsin I) levels also
decreased (Fig. 6D, E) after overexpressing GSK-3�.
Golgi-cox staining indicated a marked reduction in
spine density (Fig. 6F-H) along with impaired LTP
after overexpressing GSK3� (Fig. 6I, J). The above
results indicates that GA protects against the toxicity
induced by A� via the deactivation of GSK-3�.

DISCUSSION

Numerous studies have provided experimen-
tal evidence supporting the antioxidation, anti-
inflammatory, and antimicrobial activities of GA [39,
40]. In addition to the neuronal compartment, the
brain’s immunological system is closely related to
AD pathogenesis [41], and neuronal loss contributes
to the pathogenesis of AD [42]. In this study, GA
was proved to effectively promote neurogenesis and
synaptic proteins and reduce tau hyperphosphoryla-
tion and the concentration of A�, thus improving
spatial memory. Molecular docking analysis revealed
that GA directly binds to GSK-3� and inhibits
its activity. Furthermore, overexpressing GSK-3�
blocked GA’s protective effect against A� accu-
mulation, increased tau phosphorylation, impaired
synaptic protein expression, and impaired spatial
memory. Therefore, GA appears to exert protective

Fig. 4. GA directly binds to the GSK-3� amino acid sequence. The mechanism of GSK-3�-Nrf2 signaling pathway. A, B) Phosphorylation
of GSK-3� at Ser9 was assayed by western blotting in the mouse brains of APP/PS1 mice after GA administration with quantitative analysis.
Two-way ANOVA, F (2, 8) = 18.983, p = 0.0335, n = 5 in each group. C) GSK-3� activity was assayed by ELISA in the mouse brains of
APP/PS1 mice after GA administration with quantitative analysis. Two-way ANOVA, F (2, 8) = 23.143, p = 0.0244, n = 5 in each group. D)
The triadic interaction of GA with GSK-3� was estimated based on their 3D-structures in molecular DOCK Server. The key binding residues
of GSK-3� are labeled. E) Molecular structure of GA. F, G) The protein level of Nrf2 was assayed by western blotting in the mouse brains of
APP/PS1 mice after GA administration and the overexpression of GSK-3� was assessed by quantitative analysis. Two-way ANOVA, F (2,
8) = 13.534, p = 0.0401, n = 5 in each group. H) CCK8 analyzed cell viability after GA treatment with different concentration of GA in 293T
cell. I-L) Diagrams showing the predicted anti-oxidative response element (ARE) for Nrf2 binding in the promoter (–2000 ± 200 bp) of DCX
(I) and NEUROD1 (K) genes. The AREs or the mutated (MUT) AREs plasmids of DCX (J) and NEUROD1 (L) genes were co-treated with
Abeta, with or without GA into HEK293 cells for 24 h, and then the luciferase activity was measured. [J] Unpaired t-test, [DCX] t = 5.322
df = 4, p = 0.0204; [ARE1] t = 4.784 df = 4, p = 0.0174. [L] Unpaired t-test, [NEUROD1] t = 4.532 df = 4, p = 0.0308; [ARE1] t = 5.523 df = 4,
p = 0.0294. ∗p < 0.05 versus APP/PS1-V, #p < 0.05 versus APP/PS1-GA. Data are presented as mean ± SD.
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Fig. 5. Overexpressing GSK-3� blocked GA’s improvement on spatial memory and neurogenesis. A) The learning ability of APP/PS1 mice was analyzed by 6 consecutive days of training with
the MWM test after overexpressing GSK-3� along with GA. Two-way ANOVA, F (10, 135) = 2.542, p = 0.0324, n = 10 in each group. B-D) Memory was assessed at day 7, and escape latency (B),
times of platform crossing (C), and time in target quadrant (D) were recorded. [B] Two-way ANOVA, F (2, 18) = 33.423, p = 0.0104; [C] Two-way ANOVA, F (2, 18) = 45.294, p = 0.0110; [D]
Two-way ANOVA, F (2, 18) = 49.423, p = 0.0201, n = 10 in each group. E-H) Immature neurons generated from neurogenesis were examined by western blot using antibodies DCX and NeuroD
(E, F) and qPCR (G, H) in the brains of APP/PS1 mice after overexpressing GSK-3� and GA administration with quantitative analysis. [DCX] Two-way ANOVA, F (2, 8) = 16.675, p = 0.0132;
[NeuroD] Two-way ANOVA, F (2, 8) = 15.313, p = 0.0138; [G] Two-way ANOVA, F (2, 8) = 12.324, p = 0.0129; [H] Two-way ANOVA, F (2, 8) = 18.973, p = 0.0164, n = 5 in each group. I, J)
Immature neurons generated from neurogenesis were examined by immunochemistry using antibodies DCX and NeuroD in the DG of hippocampus of APP/PS1 mice overexpressing GSK-3�
and GA administration with quantitative analysis. [DCX] Two-way ANOVA, F (2, 18) = 35.535, p = 0.0104; [NeuroD] Two-way ANOVA, F (2, 18) = 32.546, p = 0.0104, n = 10 in each group.
K, L) �-catenin also markedly decreased after overexpressing GSK-3� and GA administration with quantitative analysis. Two-way ANOVA, F (2, 8) = 35.113, p = 0.001, n = 5 in each group.
Bar = 20 �m. ∗p < 0.05 versus APP/PS1-V, #p < 0.05 versus APP/PS1-GA. Data are presented as mean ± SD.
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Fig. 6. GSK-3� overexpression increases the concentration A�, tau phosphorylation, and impaired synaptic protein. A) The concentration
of A�1−40 and A�1−42 was detected by ELISA after overexpressing GSK-3� and GA treatment in the mouse brains of APP/PS1 mice.
[A�1-40] Two-way ANOVA, F (2, 18) = 43.435, p = 0.0123; [A�1-42] Two-way ANOVA, F (2, 18) = 46.342, p = 0.0108, n = 10 in each
group. B, C) The phosphorylation of tau at pS396 and pT231 was assayed by western blotting in the mouse brains of APP/PS1 mice
after overexpressing GSK-3� and GA administration with quantitative analysis. [pS396] Two-way ANOVA, F (2, 8) = 25.944, p = 0.0156;
[pT231] Two-way ANOVA, F (2, 8) = 24.535, p = 0.0236, n = 5 in each group. D, E) The protein levels of synapse were assayed by western
blotting in the mouse brains of APP/PS1 mice with quantitative analysis. [PSD95] Two-way ANOVA, F (2, 8) = 32.255, p = 0.0108; [SYP]
Two-way ANOVA, F (2, 8) = 26.435, p = 0.0208, [Synapsin I] Two-way ANOVA, F (2, 8) = 32.542, p = 0.0194, n = 5 in each group. F-H) The
spine number and shape were examined by Golgi-cox staining in the mouse brains of APP/PS1 mice, with quantitative analysis. Two-way
ANOVA, F (2, 8) = 29.4235, p = 0.0324, n = 5 in each group. I, J) Synaptic plasticity was detected in brain slices of APP/PS1 mice. Two-way
ANOVA, F (2, 8) = 19.432, p = 0.0321, n = 5 in each group. ∗p < 0.05 versus APP/PS1-V, #p < 0.05 versus APP/PS1-GA. Data are presented
as mean ± SD.

effects against AD progression. GA also alleviates
cognitive impairment by promoting neurogenesis
via the GSK3�-Nrf2 signaling pathway in APP/PS1
mice. The mechanisms are illustrated in Fig. 7.

GA, a member of the hydrolyzable tannin fam-
ily, has been studied in several animal models
where it displays anti-anxiety, antidepressant, and
anti-dementia effects [43–46]. By the enhancement
of mitogen-activated protein kinase/extracellular-
regulated kinase (MAPK/ERK) pathway, NSCs

proliferation could be promoted by GA and differen-
tiate into immature neurons [25]. AHN occurs in the
SGZ of the hippocampus and contributes to various
hippocampus-related work, i.e., learning and memory
[47, 48]. Mature granular cells in the SGZ undergo
four developmental stages. In stage one, they origi-
nate from NSCs and express nestin, Sox2, and glial
fibrillary acidic protein. Stage two mainly comprises
intermediate progenitor cells that express DCX. Stage
three comprises neuroblasts that express NeuroD,
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Fig. 7. Proposed mechanisms of GA in promoting neurogenesis and alleviating AD symptoms. GA binds to and inhibits GSK-3� activity,
reducing the phosphorylation level of Nrf2 and degrading its ubiquitination. Nrf2 transcriptionally regulates the expression of NEUROD1 and
DCX genes in the nucleus, promoting an increase in the number of neural synapses in the dentate gyrus of the hippocampus and improving
spatial memory in APP/PS1 mice.

DCX, and PSA-NCAM. Axonal and dendritic target-
ing (Stage four) is characterized by mature neurons
that express NeuroN, and synaptic integration (stage
five) is neuron expressed calbindin [49]. Consistent
with these results, we found that GA promoted neu-
rogenesis in the DG of hippocampus, as shown by
increased levels of DCX+ and NeuroD+, two mark-
ers of new-born neurons in the DG and improved
spatial memory in APP/PS1 mice. Furthermore, more
mushroom spines, which are considered substrates of
long-term memory due to their longevity and struc-
tural and functional characteristics [50, 51], appear
after GA administration. Such spinogenesis repre-
sents the basis of the GA protective effects against
A�-induced amnesia in APP/PS1 mice. Postsynaptic
proteins, such as PSD95, Syn1, and synaptophysin,
were upregulated after GA administration in the

synapse, indicating the presence of more mature neu-
rons in the brains of APP/PS1 mice.

In a previous literature, a cellular cascade that
involved phosphoinositide 3-kinase /mammalian tar-
get of rapamycin/GSK3�/�-catenin signaling was
verified as a key contributor to neurogenesis in the
hippocampus of adult brain [52–54]. A� oligomers
accumulated in NSCs impaired the neurogenesis of
Tg2576 progenitors at a presymptomatic stage of
AD [55]. We therefore examined tau’s phospho-
rylation level and A� concentration in APP/PS1
mice brains. The phosphorylation level of tau at
two sites (pS396 and pT231) and the concentration
of A�1−40/1−42 were greatly enhanced in APP/PS1
mice and decreased after treatment with GA, which
indicates GA owns a protective effect against tau and
A�’s toxicity.
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Apart from being as a kinase involved in tau
phosphorylation and the production of A� [56,
57], GSK-3� has a role in keeping homeostasis of
neural progenitor in the rodent brains during the
early developmental period [58]. In our preceding
scholarly publication, the impact of GSK-3 activa-
tion or inhibition on neurogenesis was examined
[59, 60]. If deletion by genetic engineering, GSK-
3� causes neural progenitors’ hyperproliferation;
however, GSK-3�’s activation during prenatal neu-
rogenesis reduces neural progenitors’ number and
inhibits axon formation [61, 62]. In the present study,
GSK-3� in APP/PS1 mouse brain was deactivated
after the administration of GA, and there was a cor-
responding increase in �-catenin, which promoted
neurogenesis. Further analysis by molecular docking
revealed that GA could directly interact with several
amino acids of GSK-3�. Moreover, the reactivation
of GSK-3� by overexpression blocked its protective
effect, indicating that GA exerted its pharmaceutical
effect on neurogenesis via deactivation of GSK-3�.
However, although we hypothesize that GA directly
binds to GSK-3� via molecular docking, there is no
direct experimental evidence that proves the direct
interaction between GSK-3� and GA.

The transcription factor Nrf2 was identified
to undergo posttranscriptional modification by an
upstream protein, such as KEAP1 and p62, and bond
to the ARE region of phase II detoxifying and antiox-
idant enzymes [31, 63]. Two serines of Nrf2 are
phosphorylated by GSK-3� and targeted by the E3
ligase substrate adaptor �-TrCP, which marks the pro-
tein for ubiquitination and proteasomal degradation
[64]. Nrf2 transcriptionally regulates PSD93, PSD95,
SYN1 [31], BACE1, and BACE1 mRNA-stabilizing
antisense RNA [65]. In this study, we observed that
DCX and NEUROD1 were transcriptionally regu-
lated by Nrf2, as evidenced by a dual luciferase
reporter assay. Thus, we proposed that inhibition of
GSK-3� by GA reversed the transcriptional activity
of Nrf2 and enhanced the protein levels of DCX and
NeuroD.

In conclusion, we report that the administration
of GA promotes hippocampal neurogenesis to partly
remediated behavioral deficits and reduced the abun-
dance of hyperphosphorylated tau and deposited A�
in an APP/PS1 mouse model. Mechanically, GA
treatment exerted anti-neuroinflammation and bal-
anced oxidative stress ability via binding to GSK-3�
and activation of Nrf2. Our experimental evidence
suggests GA is a promising therapeutic agent for
delaying AD symptoms.

AUTHOR CONTRIBUTIONS

Yu Ding (Validation; Investigation); Jinrong He
(Validation; Investigation); Fanli Kong (Methodol-
ogy; Formal analysis; Resources; Software; Writing
- Original Draft); Dongsheng Sun (Methodol-
ogy; Formal analysis; Resources); Weiqun Chen
(Visualization; Supervision); Bo Luo (Visualization;
Supervision); Jia Wu (Visualization; Supervision);
Shaoying Zhang (Visualization; Supervision); Peiyan
Zhan (Conceptualization; Funding acquisition);
Caixia Peng (Conceptualization; Funding acquisi-
tion; Project administration; Writing – original draft;
Writing – review & editing).

ACKNOWLEDGMENTS

We would like to thank Editage (www.editage.cn)
for English language editing.

FUNDING

This work was supported, in whole or in part, by
grants from the National Natural Science Founda-
tion of China (grant number 81301084), the Medical
Scientific Research Foundation of Wuhan Munici-
pal Health Commission (No. WZ22C47, WX21A08,
WX20Q35).

CONFLICT OF INTEREST

The authors have no conflict of interest to report.

DATA AVAILABILITY

The data supporting the findings of this study are
available on request from the corresponding author.
The data are not publicly available due to privacy or
ethical restrictions.

REFERENCES

[1] Henstridge CM, Hyman BT, Spires-Jones TL (2019)
Beyond the neuron-cellular interactions early in Alzheimer
disease pathogenesis. Nat Rev Neurosci 20, 94-108.

[2] Jurado-Arjona J, Llorens-Martı́n M, Ávila J, Hernández
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