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Background: Alzheimer's disease (AD) is one of the most prevalent neurodegenerative disorders.
Enhancing hippocampal neurogenesis by promoting proliferation and differentiation of neural stem cells
(NSCs) is a promising therapeutic strategy for AD. 20(S)-protopanaxadiol (PPD) and oleanolic acid (OA)
are small, bioactive compounds found in ginseng that can promote NSC proliferation and neural dif-
ferentiation in vitro. However, it is currently unknownwhether PPD or OA can attenuate cognitive deficits
by enhancing hippocampal neurogenesis in vivo in a transgenic APP/PS1 AD mouse model. Here, we
administered PPD or OA to APP/PS1 mice and monitored the effects on cognition and hippocampal
neurogenesis.
Methods: We used the Morris water maze, Y maze, and open field tests to compare the cognitive ca-
pacities of treated and untreated APP/PS1 mice. We investigated hippocampal neurogenesis using Nissl
staining and BrdU/NeuN double labeling. NSC proliferation was quantified by Sox2 labeling of the hip-
pocampal dentate gyrus. We used western blotting to determine the effects of PPD and OA on Wnt/
GSK3b/b-catenin pathway activation in the hippocampus.
Results: Both PPD and OA significantly ameliorated the cognitive impairments observed in untreated
APP/PS1 mice. Furthermore, PPD and OA significantly promoted hippocampal neurogenesis and NSC
proliferation. At the mechanistic level, PPD and OA treatments resulted in Wnt/GSK-3b/b-catenin
pathway activation in the hippocampus.
Conclusion: PPD and OA ameliorate cognitive deficits in APP/PS1 mice by enhancing hippocampal neu-
rogenesis, achieved by stimulating the Wnt/GSK-3b/b-catenin pathway. As such, PPD and OA are
promising novel therapeutic agents for the treatment of AD and other neurodegenerative diseases.
� 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As a result of the increasingly large aging population, neuro-
degenerative diseases have become one of the primary threats to
human health [1]. Alzheimer's disease (AD) is the most prevalent
neurodegenerative disease, currently affecting over 50 million
people worldwide. However, by 2050, this number is expected to
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rise to over 150 million people [2]. AD is characterized by deficits in
both cognition and memory. Despite the great advances made in
pharmacotherapeutics, there is still no effective strategy to prevent
or treat AD.

AD pathogenesis is predominantly driven by neuronal death or
dysfunction in the brain. A reasonable therapeutic strategy for AD
would, therefore, be to promote hippocampal neurogenesis in situ
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[3]. Adult hippocampal neurogenesis is a recapitulation of onto-
genic processes and involves the generation of new neurons from
neural stem cells (NSCs) located in the subgranular zone, which
migrate to the hippocampus [4]. However, NSCs have a limited
ability to self-renew and differentiate under normal conditions [5]
and must be induced by a stimulus to successfully generate neu-
rons. Neurogenesis in the adult hippocampus is closely associated
with memory and learning [6] and occurs at a substantial rate to
ensure hippocampal plasticity across the entire lifespan [7]. Recent
studies have shown that inducing adult hippocampal neurogenesis
using exogenous genetic or drug methods can markedly improve
cognition in AD models [8].

20(S)-protopanaxadiol (PPD) and oleanolic acid (OA) are two of
the active compounds found in ginseng, which has been exten-
sively used to treat AD in Asia. Previous work conducted in our lab
found that both PPD and OA can enhance NSC proliferation and
neural differentiation in vitro by targeting GSK-3b in the Wnt/GSK-
3b/b-catenin signaling pathway [9,10]. These findings indicate that
PPD and OA have the potential to promote neurogenesis in vivo.
Being small molecules, both PPD and OA can penetrate the blood-
brain barrier (BBB) [11,12], rendering them ideal compounds to
develop as therapeutic agents for treating AD.

The aim of this study was to determine whether PPD or OA,
extracted from ginseng, can reduce AD-associated pathological
changes and memory deficits by promoting hippocampal neuro-
genesis in an AD mouse model. We found that both PPD and OA
ameliorated cognitive deficits, enhanced neurogenesis and acti-
vated the Wnt/GSK-3b/b-catenin pathway in APP/PS1 mice. Stim-
ulation of hippocampal neurogenesis could, therefore, be a
promising therapeutic strategy for AD and other neurodegenerative
diseases.
2. Materials and methods

2.1. Reagents and antibodies

PPD (purity assayed by HPLC: 98.59%) and OA (purity assayed by
HPLC: 98.33%) were obtained from Must Bio-Technology Co., Ltd
(Chengdu, China). Anti-b-actin antibody, dimethyl sulfoxide
(DMSO) and 5-bromo-20-deoxyuridine (BrdU) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). 4,6-Diamidino-2-phenylindole
(DAPI) was purchased from Roche Ltd. (Basel, Switzerland). Anti-
p-GSK-3b(Ser9), anti-GSK-3b, anti-non-p-b-catenin (active), anti-b-
catenin, and anti-BrdU antibodies were obtained from Cell
Signaling Technology (Beverly, MA, USA). The anti-NeuN and anti-
Sox2 antibodies were obtained from EMD Millipore Corporation
(Temecula, CA, USA).
2.2. Animals and treatments

The experimental animal procedures were officially authorized
by the Department of Health of the Government of the Hong Kong
Special Administrative Region. The animal studies were conducted
in light of the guidelines and security standards of the Committee
on the Use of Human and Animal Subjects in Teaching and
Research. Male APP/PS1 double-transgenic mice were obtained
from the Experimental Animal Center of Guangzhou University of
ChineseMedicine (Guangzhou, China). Age- and sex-matchedwild-
type (WT) littermates were used as controls. The animals were
sustained in a humidity- and climate-controlled environment with
food and water ad libitum and a 12/12 h light/dark cycle. The ge-
notypes of the APP/PS1 transgenic mice were determined by
standard polymerase chain reaction (PCR) analysis (Supplementary
Fig. S1).
To monitor the effects of PPD and OA on neurogenesis, male 6-
month-old APP/PS1 and WT mice were randomly divided into the
following four groups (n ¼ 6 mice per group): WT, APP/PS1, APP/
PS1 þ PPD (10 mg/kg), and APP/PS1 þ OA (10 mg/kg). The doses of
PPD/OAwere selected according to our preliminary findings in vivo
(Supplementary Fig. S2). PPD and OA were dissolved in normal
saline solution supplemented with 2% Tween 80 and then injected
intraperitoneally (IP) once daily for 28 consecutive days. The un-
treated APP/PS1 and WT mice received the equivalent volume of
physiological saline. BrdU (50 mg/kg) was administrated as a single
injection (IP) once daily for 7 consecutive days prior to the
behavioral analyses.
2.3. Morris water maze test

The Morris water maze (MWM) test was carried out as previ-
ously described [13]. Briefly, the water maze pool (120 cm in
diameter) was filled with water (24 � 2�C). The pool was equally
divided into four imaginary quadrants and starting locations were
distributed throughout the pool. The hidden platform (10 cm in
diameter) was in the center of one quadrant and hidden 1 cm under
thewater surface. A video camera, mounted directly above the pool,
was used to record the path taken by eachmouse. In the acquisition
phase, each mouse was trained for 5 days (4 consecutive trials per
daywith 10min intertrial intervals). Here, eachmousewas released
across the four quadrants at random, and allowed to find the hid-
den platform within a maximum of 60 sec. If the mouse failed to
locate the platformwithin 60 sec, it was guided to it and allowed to
stay on the platform for 10 sec.

Spatial memory was then assessed by a probe trial on day 7
whereby the platform was removed, and each mouse was
permitted to explore for 60 sec. A Smart 3.0 digital tracking system
(Panlab, Barcelona, Spain) recorded the time spent in the target
area, the distance traveled, and the number of crossings through
the platform location.
2.4. Y maze test

AYmaze test was performed to assess workingmemory abilities
[14]. The Ymaze consisted of three identical arms (30 cm long, 7 cm
wide, and 15 cm high) that were separated by 120�. During the
training phase, one arm was blocked (“novel arm”) but the mouse
was allowed to freely explore the other two open arms (“start arm”

and “other arm”) for 5min. Themousewas returned to its cage for 1
h and all three arms were opened in the maze. The mouse was then
placed in the start arm again and permitted to explore for a further
3 min. The distance traveled, the time spent, and the number of
times the mouse entered the novel arm were recorded with a
camera and a Smart 3.0 digital tracking system. The apparatus was
cleaned with 75% ethanol after each trial.
2.5. Open field test

The open field test (OFT) assesses locomotor activity and
endophenotypes of anxiety [15]. The open field arena (consisting of
a 50 cm � 50 cm � 50 cm box) included a central square of
25 cm� 25 cm, which was defined as the central area. In turn, each
mouse was placed at the center of the arena and permitted to
explore for 5 min to acclimate. Then, the total distance traveled and
the time spent in the central area were recorded using the Smart
3.0 software system over the course of the next 5 min. The test
arena was cleaned with 75% ethanol after each trial.
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2.6. Tissue processing

After behavioral testing, all mice were anesthetized and trans-
cardially perfused with cold saline. The brains were rapidly
removed and divided into two parts, the left and right hemispheres.
The left hemisphere, used for histopathological examinations, was
immersed in fixative for 48 h and then embedded in paraffin and
microsectioned at a thickness of 5 mm. The right hemisphere was
collected for western blot analyses.

2.7. Nissl staining

The left hemisphere coronal sections were stained using 0.5%
Cresyl Violet Acetate (Beyotime, Beijing, China). The severity of
neural damage was assessed by counting the number of surviving
neurons in the CA1, CA3, and dentate gyrus (DG) areas of the hip-
pocampus under a microscope (Nikon, Tokyo, Japan). Cells with
cytoplasmic Nissl staining, loose chromatin, and prominent
nucleoli were considered healthy neurons. The data in Fig. 3BeD
represent the number of cells per field.

2.8. Immunofluorescent staining

Selected coronal sections were incubated with the appropriate
primary antibodies overnight at 4�C, including anti-BrdU to identify
proliferating cells, anti-NeuN to identify neurons, and anti-Sox2 to
identify NSCs. The sections were then incubated with appropriate
secondary antibodies conjugated to fluorescein isothiocyanate
(FITC). DAPI (1 mg/mL) was used to counterstain the nuclei. To allow
Fig. 1. PPD or OA administration enhances performance in the Morris water maze by A
maze test from WT mice and APP/PS1 mice treated or not treated with PPD or OA. (B) Repr
during the test. The red circle represents the platform. (C) The mean escape latency across 5 c
mice. (E) The number of platform location crosses by mice. The total distance traveled (F) a
represent the mean � SD. **p < 0.01, compared with the WT group; #p < 0.05 and ##p < 0.01
intraperitoneal; BrdU, 5-bromo-20-deoxyuridine; WT, wild type; SD, standard deviation.
semi-quantitative analysis of the immunostained cells, an image of
the hippocampal DG region was captured under a confocal micro-
scope (FluoView FV1000, Olympus, Tokyo, Japan). All stained cells
in the image were quantified, including BrdUþ/NeuNþ double-
stained cells and Sox2þ cells. The data in Figs. 4B and 5B repre-
sent the average number of cells per mm3, with 5e6 sections
analyzed per mouse.
2.9. Western blotting

Hippocampal tissue from the right hemisphere was harvested
and homogenized. Proteins were then extracted on ice using a
protein extraction reagent supplemented with a protease inhibitor
(Novagen, Madison, WI, USA). Equal amounts of protein were
separated using 10% SDS-polyacrylamide gel electrophoresis and
then transferred to a PVDF membrane (Bio-Rad Laboratories). The
membranes were blocked in 5% non-fat milk for 1 h and were
subsequently incubated with appropriate concentrations of the
following primary antibodies at 4�C overnight: p-GSK-3b(Ser9)
(1:1000), GSK-3b (1:1000), non-p-b-catenin (active) (1:1000), b-
catenin (1:1000), and b-actin (1:5000, internal loading control).
The membranes were then incubated with the appropriate sec-
ondary antibody conjugated with horseradish peroxidase (HRP) for
1 h. Chemiluminescent detection was performed using a chem-
iluminescence detection kit (AbFrontier, South Korea). Images were
captured using a ChemiDoc Touch imaging system (Bio-Rad Labo-
ratories) and semiquantitative densitometric analysis of the protein
bands was carried out using ImageJ (NIH, USA).
PP/PS1 mice. (A) The timeline for the experimental procedure. (B-G) The Morris water
esentative occupancy plots showing the areas in which the mice spent the most time
onsecutive test days in mice. (D) The percentage of time spent in the target quadrant by
nd velocity (G) of the mice during the test session. n ¼ 5e6 mice per group. Error bars
, compared with the APP/PS1 group. PPD, 20(S)-protopanaxadiol; OA, oleanolic acid; IP,



Fig. 2. PPD or OA administration enhances the performance in the Y maze and open field test by APP/PS1 mice. (A-D) The Y maze test for WT mice, APP/PS1 mice, and APP/PS1
mice treated with PPD or OA. (A) Representative occupancy plots showing the areas in which the mice spent the most time during the Y maze test. (B) The percentage of time spent
in the novel arm of the Y maze. (C) The total distance traveled in the novel arm of the Y maze. (D) The frequency of entries into the novel arm of the Y maze. (E-G) The open field test
for WTmice, APP/PS1 mice, and APP/PS1 mice treated with PPD or OA. (E) Representative occupancy plots showing the areas in which the mice spent the most time during the open
field test. (F) The mean distance traveled within the center of the arena during the open field test. (G) The mean time spent within the center of the arena during the open field test.
n ¼ 5e6 mice per group. Error bars represent the mean � SD. *p < 0.05, compared with the WT group; #p < 0.05, compared with the APP/PS1 group. PPD, 20(S)-protopanaxadiol;
OA, oleanolic acid; WT, wild type; SD, standard deviation.

J Ginseng Res 2021;45:325e333328
2.10. Statistical analyses

The quantitative results are described as mean � standard de-
viation (SD). Datawere statistically analyzed by one-way analysis of
variance (ANOVA), and p < 0.05 was considered as significant.
Image analysis and cell counting were performed in ImageJ. All
graphs were produced using GraphPad Prism 6.0 software (San
Diego, CA, USA).
3. Results

3.1. PPD and OA ameliorate cognitive decline in APP/PS1 mice

APP/PS1 transgenic mice expressing the mutant APPswe and
PSEN1dE9 genes were used as a model for AD. These mice develop
cognitive impairments in an age-dependent manner [16]. The ge-
notypes of the APP/PS1 transgenic mice in this study were
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identified using PCR (Supplementary Fig. S1). Preliminary experi-
ments found that both PPD and OA could ameliorate the cognitive
decline of APP/PS1 mice in a dose-dependent manner. Specifically,
10 or 20 mg/kg of either PPD or OA significantly improved the
cognition in APP/PS1 mice, while 5 mg/kg was not sufficient to
achieve these effects (Supplementary Fig. S2). Additionally, as there
was no obvious significant difference in therapeutic effect between
the 10 and 20 mg/kg groups, a dosage of 10 mg/kg was chosen for
subsequent experiments to reduce the likelihood of any adverse
effects (Supplementary Fig. S2).

After PPD or OA treatment (10mg/kg), themice completed three
behavioral tests (the MWM, the Y maze test, and the OFT) to assess
whether PPD or OA can ameliorate the cognitive deficits seen in
APP/PS1 mice (Fig. 1A). During the MWM tests, the trace of each
mouse was recorded using a camera (Fig. 1B). After training for 5
consecutive days, we found that the untreated APP/PS1 mice dis-
played significantly impaired learning and spatial orientation dur-
ing the submerged platform phase compared with the WT mice.
These deficits were alleviated in PPD- or OA-treated APP/PS1 mice
Fig. 3. PPD or OA administration alleviates neuron loss in the hippocampus of APP/PS1 m
hippocampus in WT mice, APP/PS1 mice, and APP/PS1 mice treated with PPD or OA. The
pocampus; 100 mm in CA1, DG, and CA3 regions. (B-D) Quantification of the Nissl bodies in
APP/PS1 mice treated with PPD or OA. n ¼ 5e6 mice per group. Error bars represent the mea
with the APP/PS1 group. PPD, 20(S)-protopanaxadiol; OA, oleanolic acid; WT, wild type; DG
(Fig. 1C). After removing the platform, the APP/PS1 mice treated
with PPD or OA spent a significantly longer time in the target
quadrant (which originally contained the platform) than the un-
treated APP/PS1 mice (Fig. 1D). The PPD- or OA-treated mice also
crossed the platform location more frequently than the untreated
APP/PS1 mice (Fig. 1E). Interestingly, although not statistically sig-
nificant, the treated APP/PS1 mice showed a tendency to swim
further and at a higher velocity than the untreated APP/PS1 mice
(Fig. 1F and G).

The PPD- or OA-treated APP/PS1 mice spent a significantly
longer time in the novel arm of the Y maze than the untreated
APP/PS1 mice (Fig. 2A and B). The PPD- or OA-treated mice also
showed a tendency to move further in the novel arm and enter the
novel arm more times than the untreated mice (Fig. 2C and D). As
anxiety is a clinical symptom of AD, we used the OFT to monitor
anxiety endophenotypes in APP/PS1 mice. The PPD- or OA-treated
APP/PS1 mice displayed a tendency to move further and spend
more time in the central area than the untreated APP/PS1 mice
(Fig. 2EeG).
ice. (A) Representative images of Nissl staining in the CA1, DG, and CA3 regions of the
red rectangles indicate the CA1, DG, and CA3 regions. Scale bars: 400 mm in the hip-
the hippocampal CA1 (B), DG (C), and CA3 (D) regions of WT mice, APP/PS1 mice, and
n � SD. **p < 0.01, compared with the WT group; #p < 0.05 and ##p < 0.01, compared
, dentate gyrus; CA, cornu ammonis; SD, standard deviation.



Fig. 4. PPD or OA administration enhances neurogenesis in the hippocampus of APP/PS1 mice. (A) Representative NeuN (green) and BrdU (red) staining in the dentate gyrus of
brain sections from WT mice, APP/PS1 mice, and APP/PS1 mice treated with PPD or OA. Scale bars: 100 mm in the left panels, 40 mm in the right panels. (B) Quantification of BrdUþ/
NeuNþ cells in A. n ¼ 5e6 mice per group. Error bars represent the mean � SD. **p < 0.01, compared with the WT group; ##p < 0.01, compared with the APP/PS1 group. PPD, 20(S)-
protopanaxadiol; OA, oleanolic acid; BrdU, 5-bromo-20-deoxyuridine; WT, wild type; SD, standard deviation.
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The improvements observed for the treated mice across all
behavioral tests suggest that cognitive impairment and symptoms
of anxiety can be ameliorated in APP/PS1 mice after treatment with
PPD or OA.
3.2. PPD and OA enhance hippocampal neurogenesis in APP/PS1
mice

We next investigated whether PPD and OA confer their benefi-
cial effects on cognition by enhancing hippocampal neurogenesis.
To do so, we performed Nissl staining to highlight any neuropath-
ological changes in the CA1, CA3, and DG regions of the
Fig. 5. PPD or OA administration elevates the number of neural stem cells in the hippoc
of brain sections fromWT mice, APP/PS1 mice, and APP/PS1 mice treated with PPD or OA. Sca
cells as in A. n ¼ 5e6 mice per group. Error bars represent the mean � SD. **p < 0.01, com
protopanaxadiol; OA, oleanolic acid; WT, wild type; DAPI, 4,6-diamidino-2-phenylindole; S
hippocampus in APP/PS1 mice. Compared with the WT mice, the
number of Nissl bodies was significantly decreased in the CA1, DG
and CA3 regions in the APP/PS1 mice. Following 4 weeks of PPD or
OA administration, the PPD- or OA-treated APP/PS1 mice exhibited
a significantly increased number of healthy neurons in these re-
gions compared with their untreated counterparts (Fig. 3AeD).
These results indicate that PPD and OA might promote hippocam-
pal neurogenesis in APP/PS1 mice. We then examined the expres-
sion of the mature neuronal marker NeuN in BrdU-retaining cells.
We found that the untreated APP/PS1 mice had a significantly
lower percentage of BrdUþ/NeuNþ double-positive cells compared
with the WT mice (Fig. 4). A significantly higher proportion of
ampus of APP/PS1 mice. (A) Sox2 (green) and DAPI (blue) staining in the dentate gyrus
le bars: 100 mm in the left panels, 40 mm in the right panels. (B) Quantification of Sox2þ

pared with the WT group; #p < 0.05, compared with the APP/PS1 group. PPD, 20(S)-
D, standard deviation.



Fig. 6. PPD or OA administration activates Wnt/GSK-3b/b-catenin pathway in the hippocampus of APP/PS1 mice. (A, B) Western blot analysis (A) and normalized protein levels
(B) of the indicated protein markers of the Wnt/GSK-3b/b-catenin pathway in the hippocampus of WT mice, APP/PS1 mice, and APP/PS1 mice treated with PPD or OA. PPD and OA
significantly increased the p-GSK-3b(Ser9)/GSK-3b and b-catenin (active)/b-catenin ratios in the hippocampus of APP/PS1 mice. n ¼ 5e6 mice per group. Error bars represent the
mean � SD. **p < 0.01, compared with the WT group; ##p < 0.05, compared with the APP/PS1 group. PPD, 20(S)-protopanaxadiol; OA, oleanolic acid; WT, wild type; SD, standard
deviation.
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BrdUþ/NeuNþ cells was identified in the hippocampal regions of
the PPD- or OA-treated APP/PS1 mice compared with the untreated
APP/PS1 mice (Fig. 4). Together, these results support the hypoth-
esis that both PPD and OA treatment can significantly enhance
hippocampal neurogenesis in APP/PS1 mice.
3.3. PPD and OA promote hippocampal NSC proliferation in APP/PS1
mice

Adult hippocampal neurogenesis is the generation of new
neurons from NSCs in the adult brain [4]. The subgranular zone of
the hippocampal DG is the most important and well-characterized
stem cell-containing region in the adult mammalian brain [17]. We
next monitored NSC proliferation in the hippocampal DG by
quantifying the number of Sox2þ cells. As expected, the number of
Sox2þ cells was markedly reduced in the hippocampal DG of the
APP/PS1mice comparedwith theWTmice. In contrast, the number
of Sox2þ cells was significantly increased in the hippocampal DG in
both the PPD- and OA-treated APP/PS1 mice compared with their
untreated counterparts. This indicates that exposure to PPD or OA
can promote hippocampal NSC proliferation (Fig. 5).
3.4. PPD and OA activate the Wnt/GSK-3b/b-catenin pathway in the
hippocampus of APP/PS1 mice

The Wnt/GSK-3b/b-catenin pathway regulates the proliferation
and differentiation of NSCs [18]. Inactivation of GSK-3b by phos-
phorylation at serine 9 [p-GSK-3b(Ser9)] leads to an accumulation
of unphosphorylated active b-catenin; this accumulation activates
the Wnt pathway [19]. We have previously confirmed that both
PPD and OA can activate the Wnt/GSK-3b/b-catenin pathway in
NSCs in vitro [9,10]. In the present study, we monitored the activity
of this pathway in vivo, in the hippocampus of APP/PS1 mice.
Consistent with the previous study [20], we confirmed that the
activation of the Wnt/GSK-3b/b-catenin pathway was suppressed
in the hippocampus of APP/PS1 mice compared with that of WT
mice (Fig. 6). PPD and OA administration significantly upregulated
the p-GSK-3b(Ser9)/GSK-3b and b-catenin (active)/b-catenin
expression ratios in the hippocampus of the APP/PS1 mice (Fig. 6).
This significant increase in the activity of the Wnt/GSK-3b/b-cat-
enin pathway in the PPD- and OA-treated APP/PS1 mice, together
with enhanced NSC proliferation (Section 3.3), suggests that PPD-
and OA-mediated hippocampal neurogenesis in APP/PS1 mice is
dependent on Wnt/GSK-3b/b-catenin pathway activation.
4. Discussion

Alzheimer's disease, the most prevalent neurodegenerative
disorder worldwide, is considered to pose a significant threat to
human health. The incidence of AD is expected to dramatically
increase in the coming decades, in line with the rapidly increasing
aging population [21]. Current pharmacotherapeutics for AD can
only alleviate the symptoms and do not offer a permanent cure
[22], and there are no effective strategies to prevent or treat AD.

Many factors are associated with the onset and the progression
of AD. Dysregulation of amyloid-b (Ab) levels leading to the for-
mation of senile plaques, which contain deposits of Ab, has long
been considered the most core pathological cause of AD. Most of
the highly anticipated clinical trials of drugs that target Ab have,
however, failed, suggesting that the pathogenesis of AD is more
complex and is not limited to Ab deposition alone. The clinical
manifestation of AD is predominantly driven by neuronal loss in the
hippocampus [23]. It has been reported that Ab induces neuronal
cell death, inhibits the proliferation of NSCs and suppresses the
formation of new neurons in the hippocampus [24]. Therefore, Ab
deposition is thought to be one of the main causes of impaired
hippocampal neurogenesis, making it an important neuropatho-
logical hallmark in patients with AD [25].

Another important pathological cause of AD is hyper-
phosphorylated tau. Autopsies and neuroimaging studies in AD
patients indicate that Ab deposition precedes tau pathology [26]. In
AD, tau becomes abnormally phosphorylated and forms inclusions
in the brain, leading to synapse loss and neuronal cell death [26].
Tau plays a critical role in regulation of hippocampal neurogenesis
in the adult brain [27].

Lastly, in recent decades neuroinflammation has been increas-
ingly regarded as the third core neuropathological feature of AD.
Neuroinflammation plays an important role in the pathogenesis of
AD. The neuroinflammatory process is responsive to neuronal loss
and declining hippocampal neurogenesis, leading to dysregulation
of hippocampus-dependent behaviors [28].

In addition to the pathologic factors discussed above, age is the
greatest risk factor for developing AD, with most cases of AD
occurring in those over 65 years of age [29]. Hippocampal neuro-
genesis is thought to persist throughout the course of life; however,
a remarkable decline in neurogenesis occurs with age [30].
Enhancing adult hippocampal neurogenesis may, thus, be able to
prevent or limit age-related neurodegenerative diseases, such as
AD.

The above studies suggest that a decrease in hippocampal
neurogenesis is a pathogenic mechanism brought about by various
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contributing factors (Ab plaques, tau hyperphosphorylation, neu-
roinflammation, age etc.) in AD. As a result, enhancing adult hip-
pocampal neurogenesis itself directly, rather than targeting one of
these contributing factors alone, may be a promising therapeutic
strategy to treat AD. In this study, we demonstrated that promoting
hippocampal neurogenesis with PPD or OA treatment significantly
ameliorates cognitive deficits in an AD mouse model. However, as
the underlying molecular pathologies of AD, such as Ab deposition,
are not fully eliminated with this approach, further research is
needed to explore whether the cognitive deficits associated with
AD will recur after cessation of the medication (PPD/OA).

Vascular dementia is the second most common cause of de-
mentia, behind AD. Both AD and vascular dementia have emerged
as the leading causes of age-related cognitive impairment [31].
Vascular dementia occurs as a result of an inability of cerebral blood
vessels to dilate and match blood flow with the metabolic needs of
the brain, causing hypoperfusion, neuronal death, and dementia
[32].

Several factors contribute to the development of vascular de-
mentia, including Ab deposition and cerebral amyloid angiopathy
(CAA). Elevated Ab is known to increase vulnerability to ischemic
brain injury [33]. CAA itself is also characterized by Ab deposition in
the leptomeningeal and cortical blood vessels, and is an age-
dependent risk factor for ischemic injury and contributes to cere-
brovascular dysfunction leading to cognitive impairment [34]. The
process of Ab accumulation in CAA is still not fully understood. A
recent study reported that overexpressing Ab in neurons in the
brain can lead to the development of CAA, suggesting that the Ab is
likely derived from the brain during the development of CAA,
rather than from the blood [35]. Although the pathological mech-
anisms underlying the development of CAA and vascular dementia
are not fully understood, the associated neuronal death and
impaired neurogenesis play a crucial role in the development and
progression of dementia. The ability to enhance neurogenesis may
thus have important implications for the treatment of CAA and
vascular dementia. It has been reported that neuronal progenitors
can migrate to areas of infarction and differentiate into neurons in
patients with vascular dementia, indicating that enhancing neu-
rogenesis might be a novel treatment approach [36]. Unlike the
hippocampal neurogenesis generated from NSCs located in the
subgranular zone seen in AD, the NSCs contributing to neuro-
genesis during vascular dementia mostly originate from the sub-
ventricular zone [36]. Previous studies in our lab show that that
both PPD and OA can promote NSC proliferation and neuronal
differentiation by targeting GSK-3b in vitro [9,10], suggesting that
these compounds might also have the ability to promote neuro-
genesis originating from the subventricular zone in the treatment
of vascular dementia. However, extensive research evidence
relating to neurogenesis in vascular dementia is still lacking.

In conclusion, we have demonstrated that both PPD and OA
administration can significantly ameliorate cognitive decline in
APP/PS1 mice. We propose that these improvements in cognition
might be due, at least in part, to an elevated level of hippocampal
neurogenesis driven by Wnt/GSK-3b/b-catenin pathway activation.
Additionally, the dose of PPD and OA (10mg/kg) used in our study is
lower than the doses of ginsenosides required for anti-AD effects
reported in previous studies [37,38]. The reason for this greater
therapeutic efficiency might be because PPD and OA, which are
both aglycones of ginsenosides, are small molecules and can cross
the BBB more efficiency than larger ginsenosides. These findings
can inform future work to identify novel therapeutics based on PPD
and OA that can enhance hippocampal neurogenesis in patients
with AD and other hippocampus-dependent neurodegenerative
behavioral disorders.
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