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a b s t r a c t

Background: Ginsenoside Rg1 (Rg1), an active ingredient in ginseng, may be a potential agent for the
treatment of Alzheimer’s disease (AD). However, the protective effect of Rg1 on neurodegeneration in AD
and its mechanism of action are still incompletely understood.
Methods: Wild type (WT) and APP/PS1 AD mice, from 6 to 9 months old, were used in the experiment.
The open field test (OFT) and Morris water maze (MWM) were used to detect behavioral changes.
Neuronal damage was assessed by hematoxylin and eosin (H&E) and Nissl staining. Immunofluores-
cence, western blotting, and quantitative real-time polymerase chain reaction (q-PCR) were used to
examine postsynaptic density 95 (PSD95) expression, amyloid beta (Ab) deposition, Tau and phos-
phorylated Tau (p-Tau) expression, reactive oxygen species (ROS) production, and NAPDH oxidase 2
(NOX2) expression.
Results: Rg1 treatment for 12 weeks significantly ameliorated cognitive impairments and neuronal
damage and decreased the p-Tau level, amyloid precursor protein (APP) expression, and Ab generation in
APP/PS1 mice. Meanwhile, Rg1 treatment significantly decreased the ROS level and NOX2 expression in
the hippocampus and cortex of APP/PS1 mice.
Conclusions: Rg1 alleviates cognitive impairments, neuronal damage, and reduce Ab deposition by
inhibiting NOX2 activation in APP/PS1 mice.
© 2021 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

Alzheimer’s disease (AD) is a common neurodegenerative dis-
ease in the elderly population. Clinically, the main pathological
features of AD are extracellular amyloid beta (Ab) deposition,
intracellular neurofibrillary tangles formed by highly phosphory-
lated Tau (p-Tau), and neurodegenerative changes accompanied by
synaptic dysfunction and neuronal damage [1]. Among them, Ab
deposition has been considered to play crucial roles in the pro-
gression of AD. However, the pathogenesis of AD is still
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incompletely understood, and there are currently no effective
agents to prevent the generation and progression of AD.

In recent years, natural medicines with fewer side effects and
safer performance have been widely used to treat many diseases,
including AD [2,3]. Ginseng has been used safely since ancient
times to improve health and delay aging [4]. Ginsenoside Rg1 (Rg1),
an active ingredient in ginseng, is a tetracyclic triterpenoid saponin
[5]. Rg1 is thought to be a potential neuroprotective agent in several
animal models of neurological diseases and cognitive impairments
[6,7]. Our previous study demonstrated that Rg1 alleviated
hydrogen peroxide (H2O2)-induced neuronal damage by inhibiting
NADPH oxidase 2 (NOX2) activation and reactive oxygen species
(ROS) production in hippocampal neurons in vitro [8]. Hence, Rg1
might delay the occurrence and development of AD. However, the
precise effect and mechanism of Rg1 on neurodegeneration in AD
are still unclear.
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Growing evidence suggests that ROS play important roles in the
pathogenesis of many neurodegenerative diseases. Excessive ROS
generation can induce oxidative stress damage, which is considered
to contribute to the progression of AD [9]. NOXs are the main en-
zymes that contribute to ROS elevation in many tissues and are also
involved in the pathological process of AD [10]. NOX2 is constitu-
tively expressed in the brain, particularly in neurons [11]. A recent
study suggested that NOX2 contributes to aging-related neuronal
oxidative stress damage and loss of brain function [12]. Our pre-
vious research indicated that NOX2 expression was significantly
upregulated in prolonged culture of hippocampal neurons [13].
Moreover, treatment with Rg1 significantly reduced the NOX2
expression in H2O2-treated hippocampal neurons [8]. Therefore,
Rg1 might alleviate cognitive impairment and neurodegeneration
by inhibiting NOX2-mediated neuronal oxidative stress in AD.

The APP/PS1 mouse model of AD exhibits remarkable elevation
of Ab production associated with certain behavioral abnormalities.
In this research, we hypothesized that Rg1 treatment alleviates Ab
generation and deposition by inhibiting NOX2 activation in APP/
PS1 mice. Apocynin, a NOX inhibitor, has been reported to possess
antioxidant effects that are beneficial as a treatment for neuro-
logical diseases [14,15]. In this study, we investigated the protective
effects and mechanism of Rg1 and apocynin on locomotor activity,
cognitive ability, neuronal damage, Ab generation, and NOX2
expression in APP/PS1mice.We found that Rg1 shows the potential
to alleviate the cognitive impairments and Ab generation through
inhibiting NOX2 expression and ROS accumulation in APP/PS1
mice.

2. Materials and methods

2.1. Animals and treatment

Male APP/PS1 mice were used in the experiment, and age- and
gender-matched wild type (WT) mice were used as controls. Mice
were housed in standard laboratory conditions. Six-month-old
(6M) WT and APP/PS1 mice were divided into 6 groups: WT-9M
control, APP/PS1-6M control, APP/PS1-9M control, APP/PS1-9M
Apocynin (50 mg/kg body weight), APP/PS1-9M Rg1 (5 mg/kg
body weight), and APP/PS1-9M Rg1 (10 mg/kg body weight).
Apocynin (Merck Millipore) and Rg1 (content > 98%; Chengdu
Desite Biotechnology Co., China) were dissolved in water and were
intragastrically administered (0.1 mL/10 g body weight) from 6 to 9
months. The WT-9M control and the APP/PS1-9M control received
the same amount of water for 12 weeks. After behavioral testing,
the brains were removed for other experiments.

2.2. Open field test (OFT)

The OFT equipment (Shanghai Biotechnology Co., Ltd.) includes
a video-tracked cage (60 � 60 � 50 cm) and a behavior tracking
system (ANY-maze, Stoelting Co., Wood Dale, IL, USA). The test was
performed as described in a previous study [16]. The moving dis-
tance (m), the movement speed (m/s), and the number of lines
crossed and stand up were calculated by the software to indicate
the motor activity behavior.

2.3. Morris water maze (MWM) test

The test includes four training trials (one per day) and explo-
ration trials on day 5 [17]. Themean escape latency (MEL, s) on days
1e4 was used to assess the learning ability. On day 5, each mouse
performed a 60 s swimming probe trial without a platform. The
swimming time in the quadrant of the platform, the latency of first
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entry to the platform, and the number of times crossing the plat-
form were calculated to assess memory.

2.4. Histological examination

Paraffin-embedded brain tissues were sectioned at 5 mm using a
microtome (Leica, Nussloch, Germany). Hematoxylin and eosin
(H&E) and Nissl staining were performed to examine the patho-
logical changes in cortex and hippocampus using a digital slice
scanning and analysis system (Pannoramic MIDI, 3DHISTECH,
Hungary). The density of the Nissl bodies was analyzed double-
blindly with Image-Pro Plus 6.0 automatic analysis mode to
assess the amount of Nissl bodies.

2.5. Determination of ROS production

Dihydropyridine (DHE) staining was used to examine the ROS
production in the brain [4]. Briefly, DHE (Beyotime Biotechnology,
Shanghai, China) was injected via the tail vein (100 mM, 0.1 mL/10 g
body weight). Thirty minutes later, the brains were removed and
then embedded in OCT (Sakura, Torrance, CA, USA), and were
sectioned at 10 mm with a freezing microtome (Leica, Germany).
The slices were washed and stained with DAPI for 5 min and were
observed and photographed with a fluorescence microscope with
an attached camera (Olympus IX71, Japan). The mean fluorescence
density was analyzed double-blindly from the hippocampal CA1
and CA3 and cortex in each section to assess the ROS production.

2.6. Immunofluorescence

Tissue sections were treated with primary antibodies against
postsynaptic density 95 (PSD95; 1:100, Servicebio Technology,
China, GB11277) overnight at 4�C. The next day, the sections were
treated with secondary antibody conjugated to rhodamine (1:200,
ZSGB-BIO, China). The sections were then viewed and photo-
graphed with a fluorescence microscope with an attached camera
(Olympus IX71). The fluorescence density was analyzed double-
blindly from the hippocampal CA1 and CA3 and cortex to eval-
uate PSD95 expression.

2.7. Thioflavin-S staining

The sections were immersed in 1% thioflavin-S (HY-D0972,
MedChemExpress USA) for 5 min, hydrated in 70% ethanol, and
washed 2 � 5 min with phosphate-buffered saline (PBS). After
staining with Hoechst 33258 for 10 min, the sections were sealed
with a fluorescent mounting media. Pannoramic MIDI was used to
scan the images and analyze the data. The percentage of thioflavin-
S-positive areas was determined to evaluate amyloid deposition.

2.8. Immunoblot analysis

Total protein in the hippocampus and cortex was extracted us-
ing a cryogenic tissue grinder (Shanghai Jingxin Industrial Devel-
opment Co., Ltd., Shanghai, China) at 4�C and 60 Hz for 50s. The
protein concentration was determined using the BCA Protein Assay
Kit (Beyotime Biotechnology). The samples (n ¼ 4 per group) were
separated and transferred onto polyvinylidene fluoride membranes
(Millipore, Bedford, MA, USA). The membranes were incubated
with 5% non-fat milk to block nonspecific protein binding and then
incubated with primary antibodies (Table S1) overnight at 4�C.
Subsequently, the membranes were incubated in horseradish-
peroxidase-conjugated secondary antibody (ZSGB-BIO, ZF-2301,
1:10,000) for 1 h. The bands were visualized by using a mini im-
aging system (Chemi Q4800, Shanghai Bioshine Technology,
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Shanghai, China). The band densities were measured using Image J.
The relative density divided by the WT control was calculated to
show the changes of target proteins.

2.9. Quantitative real-time polymerase chain reaction (q-PCR)
analysis

Total RNA was extracted from the cortex and hippocampus
(n ¼ 4 per group) as previously described [18]. Complementary
DNA (cDNA) was synthesized using PrimeScript™ Reverse Tran-
scriptase Kit (Takara Bio, RR037A, Japan). The SYBR®Premix Ex
Taq™II RTPCR kit (Takara Bio, RR820A) was used for q-PCR of am-
yloid precursor protein (APP), beta-site APP-cleaving enzyme
(BACE), nicastrin (NCSTN), NOX2, p22phox, p47phox, and b-actin.
Primers are listed in Table S2. The transcript levels were assessed
using the 2�DDCT method.

2.10. Statistical analysis

All data are expressed as the mean ± standard deviation (SD).
GraphPad Prism 6.0 was used to perform statistical analysis. Sta-
tistical significance was defined as P < 0.05. Repeated-measures
analysis of variance (ANOVA) was used to analyze the results of
OFT from 6 to 9 months and MWM training from days 1 to 4. Other
data were analyzed by using one-way ANOVA, and Student’s t-test
was performed to compare the difference between groups.

3. Results

3.1. Rg1 treatment ameliorated abnormal behaviors in APP/PS1
mice

The OFT results showed that there were no obvious differences
between the WT-9M and APP/PS1-6M groups before Rg1 and
apocynin treatment. However, the moving distance and mean
moving speed were significantly increased in the APP/PS1-9M
group compared with the WT-9M group, and APP/PS1 mice
treated with 10 mg/kg Rg1 showed a significantly decreased
moving distance and mean moving speed compared with the APP/
PS1-9M group (Fig. 1A and B). Hence, APP/PS1 mice showed sig-
nificant motor hyperactivity as they aged, and Rg1 treatment
reduced this motor hyperactivity.

We also used the MWM to observe the effect of Rg1 on learning
and memory impairments in APP/PS1 mice. Based on the training
trial results, the escape latency was not significantly different on
the first day (D1) among the experimental groups. However,
compared with the escape latency on D1, the escape latency in the
WT-9M group was significantly reduced on D3 and D4 (Fig. 1E); the
APP/PS1-6M group also had a decreasing trend and a significantly
reduced escape latency on D4 (Fig. 1E). However, the APP/PS1-9M
group showed no difference in escape latency (Fig. 1E). Similarly
to the WT-9M group, the escape latency in the APP/PS1 groups
treated with apocynin or Rg1 showed a decreasing trend and was
significantly reduced on D4 (Fig. 1E). However, the escape latency
was significantly increased on D2, D3, and D4 in the APP/PS1-9M
compared with the WT-9M group (Fig. 1E). Compared with the
APP/PS1-9M group, the APP/PS1 groups treated with apocynin or
10 mg/kg Rg1 showed a significantly reduced escape latency on D4
(Fig. 1E). For the probe test (D5), the latency of the first entry to the
platform (LFP, s) was significantly prolonged (Fig. 1F), and the
number of crossing platform(NCP) (Fig. 1G) and swimming time in
the quadrant of the platform (STP, s) (Fig. 1H) were significantly
decreased in the APP/PS1-9M group compared with the WT-9M or
APP/PS1-6M groups. Apocynin or Rg1 (5 and 10 mg/kg) treatment
significantly reduces the LFP and increased the NCP and STP
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compared with the APP/PS1-9M group (Fig. 1FeH). Hence, Rg1
improved the learning and memory impairments in APP/PS1 mice.

3.2. Rg1 treatment alleviated neuronal damage in APP/PS1 mice

To determine the effect of Rg1 treatment on neuronal damage in
APP/PS1 mice, we further observed the pathological changes using
H&E and Nissl staining. The H&E results indicated no abnormal
changes in the cortex and hippocampus inWT-9Mmice. Compared
withWT-9Mmice, there were a few neuronal pathological changes
in APP/PS1-6M mice, such as unclear nucleoli, karyopyknosis, and
amyloid plaques (shown in the red square), suggesting that there
were slight neuronal injuries in hippocampus and cortex. In APP/
PS1-9M mice, there was obvious neuronal damage and amyloid
plaques in the hippocampus and cortex. When APP/PS1 mice were
treated with apocynin or Rg1, there was markedly less neuronal
damage and amyloid plaque in the hippocampus and cortex
(Fig. 2A). Thus, Rg1 alleviated the neuronal damage in APP/PPS1
mice.

There were abundant Nissl-positive bodies in the hippocampus
and cortex in WT-9M and APP/PS1-6M mice. Compared with WT-
9M mice, the number of Nissl-positive bodies was significantly
reduced in the hippocampal CA3 area and cortex in APP/PS1-9M
mice (Fig. 2B and C). Compared with APP/PS1-9M mice, APP/PS1
mice treated with apocynin or Rg1 showed a significantly increased
number of Nissl-positive bodies in the hippocampal CA3 area and
cortex, particularly in the group treated with 10 mg/kg Rg1 (Fig. 2B
and C). The results indicated that Rg1 treatment had a protective
effect on neuronal damage in APP/PS1 mice.

b-gal activity is oftenmeasured to evaluate age-related neuronal
damage [19]. The results showed that there was little b-gal
expression in WT-9M and APP/PS1-6M mice, but b-gal expression
was significantly increased in APP/PS1-9M mice (Fig. 2D). b-gal
expression was significantly reduced in APP/PS1 mice treated with
apocynin or Rg1 (Fig. 2D). Overall, Rg1 ameliorated aging-
associated neuronal damage in APP/PS1 mice.

3.3. Rg1 treatment increased PSD95 expression in APP/PS1 mice

Behavioral dysfunction is usually accompanied by changes in
synaptic structure and function [20]. The immunofluorescence re-
sults showed that therewas abundant PSD95 expression in theWT-
9M group. Compared with the WT-9M group, PSD95 expression
was reduced, albeit not significantly, in the APP/PS1-6M group. In
the APP/PS1-9M group, the PSD95 expression was significantly
reduced compared with the WT-9M group (Fig. 3AeD). Compared
with the APP/PS1-9M groups, the APP/PS1 groups treated with
apocynin or Rg1 presented significantly increased PSD95 expres-
sion (Fig. 3AeD). The immunoblot results were similar to the
immunofluorescence findings (Fig. 3E and F). The results indicated
that Rg1 treatment might improve the synaptic dysfunction in APP/
PS1 mice.

3.4. Rg1 treatment reduced Ab deposition and p-Tau in APP/PS1
mice

Ab deposition is closely related to the generation and progres-
sion of pathological AD characteristics in APP/PS1 mice [21]. Using
q-PCR, the expression levels of APP, CTF-b, and BACE in the APP/
PS1-6M and WT-9M groups were similar, but the levels were
significantly increased in the APP/PS1-9M group (Fig. 4AeD).
Compared with the APP/PS1-9M group, the APP/PS1 groups treated
with apocynin or Rg1 showed significantly decreased expression of
APP, CTF-b, and BACE (Fig. 4AeD). NCSTN was not significantly
different among the groups (Fig. 4A and E). The changes in APP and



Fig. 1. Rg1 treatment ameliorated abnormal behaviors in APP/PS1 mice. OFT: (A) The total moving distance (m); (B) The mean moving speed (m/s); (C-D) The number of stand up
and lines crossing. MWM: (E) The mean escape latency (MEL, s); (F) The latency of first entry to the platform (LFP, s); (G) The number of crossing the platform (NCP); (H) The
swimming time in the quadrant of platform (STP, s). Results are expressed as mean ± SD. APP/PS1-6M group, n ¼ 9; orther groups, n ¼ 12. *P < 0.05, **P < 0.01 vs WT-9M group;
#P < 0.05, ##P < 0.01 vs APP/PS1-6M group; DP<0.05, DDP<0.01 vs APP/PS1-9M group; &P < 0.05, &&P < 0.01 vs 6M group in OFT and D1 in MWM.
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BACE mRNA expression were similar to the changes in protein
expression (Fig. 4FeH). Treatment with Rg1 decreased the
expression of APP and BACE but did not affect NCSTN expression.

We further examined the Ab deposition by thioflavin-S staining
and Ab1e42 expression by immunoblot. Compared with the WT-9M
group, Ab deposition was slightly increased in the APP/PS1-6M
group, while in the APP/PS1-9M group, the Ab deposition was
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markedly increased in the hippocampus and cortex (Fig. 4I and J).
Compared with the APP/PS1-9M group, the APP/PS1 groups treated
with apocynin or Rg1 had significantly decreased Ab deposition
both in the hippocampus and cortex (Fig. 4I and J). The expression
of Ab1e42 was similar to the thioflavin-S staining (Fig. 4K and L).
Thus, Rg1 inhibited Ab generation and deposition and reduced the
formation of amyloid plaque.



Fig. 2. Rg1 treatment alleviated neuronal damage in cortex and hippocamppus in APP/PS1 mice. (A) The results of H&E staining (Hippocampus 100 � , the bar ¼ 100 mm; Cortex
400 � , the bar ¼ 20 mm, n ¼ 5). The red boxes indicate Ab deposition areas. (B) The results of Nissl staining in the cortex, hippocampus CA1 and CA3 (400 � , the bar ¼ 20 mm,
n ¼ 5); (C) The mean density of Nissl bodies in the cortex, hippocampus CA1 and CA3. (D) The bands and relative expression of b-Gal over WT-9M (Western blot, n ¼ 4). Results are
expressed as mean ± SD. *P < 0.05, **P < 0.01 vs WT-9M group; #P < 0.05, ##P < 0.01 vs APP/PS1-6M group; DP<0.05, DDP<0.01 vs APP/PS1-9M group.
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Fig. 3. Rg1 treatment increased the expression of PSD95 in APP/PS1 mice. (A) The expression of PSD95 in the cortex, hippocampus CA1 and CA3 (immunofluorescence, 400 � , the
bar ¼ 20 mm. n ¼ 4); (B-D) The mean density of PSD95 in cortex, hippocampus CA1 and CA3; (E) The bands of PSD95 and b-actin (Western blot, n ¼ 4); (F) The relative expression of
PSD95 over WT-9M. Results are expressed as mean ± SD. *P < 0.05, **P < 0.01 vs WT-9M group; #P < 0.05, ##P < 0.01 vs APP/PS1-6M group; DP<0.05, DDP<0.01 vs APP/PS1-9M
group.
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Fig. 4. Rg1 treatment reduced Ab deposition in APP/PS1 mice. (A) The bands of APP, CTF-b, BACE, NCSTN and b-actin (Western blot); (B-E) The relative expression of APP, CTF-b,
BACE and NCSTN over WT-9M; (FeH) The relative mRNA expressions of APP, BACE and NCSTN (q-PCR); (I) The Ab deposition in cortex and hippocamus (Thioflavin-S staining, 20 � ,
the bar ¼ 500 mm, yellow arrows indicate Ab deposition); (J) The ratio of Ab plaque load (%) in cortex and hippocampus; (K) The bands of Ab1-42 and b-actin (Western blot); (L) The
relative expression of Ab1-42 over WT-9M. (M) The bands of TAU and p-TAU (Western blot); (N) The relative expression of p-TAU/TAU over WT-9M. Results are expressed as
mean ± SD, Thioflavin-S staining, n ¼ 5; other experiments, n ¼ 4. *P < 0.05, **P < 0.01 vsWT-9M group; #P < 0.05, ##P < 0.01 vs APP/PS1-6M group; DP<0.05, DDP<0.01 vs APP/PS1-
9M group.
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We also observed the effect of Rg1 treatment on the levels of Tau
and p-Tau. Tau expression was not different among the groups.
Compared with the WT-9M group, the level of p-Tau was obviously
increased in the APP/PS1-9M group (Fig. 4M and N). Compared
with the APP/PS1-9M group, the APP/PS1 groups treated with
apocynin or Rg1 presented a significantly reduced level of p-Tau
(Fig. 4M and N). The results suggest that Rg1 treatment might
alleviate the neurofilament tangle induced by hyper-
phosphorylation of Tau.

3.5. Rg1 treatment reduced ROS generation and NOX2 expression in
APP/PS1 mice

ROS accumulation plays vital roles in promoting the pathogen-
esis of AD [22,23]. Our results showed that there was slight ROS
accumulation in the cortex and hippocampus in the WT-9M and
APP/PS1-6M groups. There was marked ROS production in the
cortex and hippocampus in the APP/PS1-9M compared with the
WT-9M group (Fig. 5AeD). Compared with the APP/PS1-9M group,
the APP/PS1 groups treated with apocynin or Rg1 showed signifi-
cantly reduced ROS production in the cortex and hippocampal CA1
and CA3 areas (Fig. 5AeD). The results suggest that ROS accumu-
lation might exacerbate the pathogenesis of AD and Rg1 reduced
ROS production in the APP/PS1 mice.

We further detected the expression of NOX2-related proteins
and mRNAs. Regarding protein expression, compared with theWT-
9M group, NOX2, p47phox, and p22phox were similar to the levels
in the APP/PS1-6M group, while they were significantly upregu-
lated in the APP/PS1-9M group (Fig. 5EeH). Compared with the
APP/PS1-9M group, the APP/PS1 groups treated with apocynin or
Rg1 had significantly decreased levels of NOX2, p22phox, and
p47phox (Fig. 5EeH). Similarly to their proteins, the expression of
NOX2, p22phox, and p47phox mRNA was also significantly
increased in the APP/PS1-9M compared with the WT-9M group
(Fig. 5IeK), and apocynin or Rg1 treatment significantly reduced
their levels (Fig. 5IeK). The results suggest that Rg1 treatment
might reduce ROS generation by inhibiting the expression of NOX2
in APP/PS1 AD mice.

4. Discussion

AD is characterized by progressive cognitive dysfunction, Ab
deposition, Tau hyperphosphorylation, and neurodegeneration in
the hippocampus and cortex. The pathogenesis of AD is still not
completely understood, but growing evidence has focused on ROS-
mediated oxidative stress. There are currently no completely
effective medicines for the treatment of AD. Since ancient times,
ginsenoside Rg1 (Rg1), a bioactive component in ginseng, has been
used to delay senescence. Our previous studies demonstrated that
Rg1 ameliorates H2O2-induced hippocampal neuron damage
in vitro [8]. In this study, we hypothesized that Rg1 treatment
improves learning and memory and alleviates Ab deposition and
neuronal damage by inhibiting NOX2 activation and reducing ROS-
mediated oxidative stress in APP/PS1 mice. We found that Rg1
treatment alleviated the learning and memory impairments and
neuronal damage; reduced the expression of APP, BACE, and
Ab1e42; decreased Ab deposition and p-Tau; and reduced ROS
accumulation and NOX2 expression in APP/PS1 mice. Hence, Rg1
treatment might be a potential therapeutic agent for preventing the
progression of AD.

The APP/PS1 transgenic mouse model is the most commonly
used AD model. These mice develop spatial memory dysfunction
and show Ab deposition, synapse loss, and neuronal death similar
to the pathological features in AD [24,25]. It has been reported that
amyloid plaque can occur in the neocortex at 6e8 weeks and
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significantly increases at 8 months of age [26], the synaptic
dysfunction appears at about 3 months of age [27], and the
cognitive disability starts to show at about 6 months of age [28].
Therefore, we observed the effect of Rg1 treatment on APP/PS1
mice from 6 to 9 months in this study. The behavioral results
indicated that the APP/PS1-6M mice showed an increase of hy-
peractivity in the OFT, which is consistent with other studies [29],
and slight learning and memory impairments in the MWM test. Of
note, APP/PS1-9M mice showed significant hyperactivity and
learning and memory impairments compared with the WT-9M
mice. A recent study suggests that hyperactivity is an anxiety
symptom, resulting in a more rapid decline in several cognitive
functions [30]. We speculate that excessive Ab generation in the
APP/PS1 mice might overexcite the brain and thus induce hyper-
activity and neuronal damage. In addition, Rg1 treatment signifi-
cantly decreased the hyperactivity and alleviated learning and
memory impairments, suggesting a protective effect of Rg1 on
abnormal behavior in APP/PS1-9M mice.

AD-induced behavioral dysfunction is thought to be related to
the structural and functional impairments of specific brain regions
[31]. The hippocampus and cortex are especially vulnerable regions
that are affected by Ab [32]. In this study, APP/PS1-6Mmice showed
slight Ab deposition and neuronal damage in the hippocampus and
cortex, while APP/PS1-9Mmice presented neuronal damage and Ab
deposition, and there were fewer Nissl bodies in the hippocampus
and cortex. However, Rg1 treatment alleviated neuronal damage
and Ab deposition. To confirm the protective effect of Rg1 treat-
ment on APP/PS1 mice, we detected the expression of senescence-
associated b-gal, which is a critical biomarker of cell aging. The
results showed that Rg1 treatment also reduced b-gal expression,
which was also significantly increased in the APP/PS1-9M mice.
PSD95 is crucial for synaptic plasticity and is widely accepted as a
protein that can regulate synapse function [33]. It has been re-
ported that PSD95 is significantly decreased in the hippocampus
and cortex of AD patients and negatively correlated with the
severity of cognitive deficits [34]. The present study showed that
PSD95 expression was significantly decreased in the hippocampus
and cortex of APP/PS1-9M mice, but these changes were reversed
after Rg1 treatment for 12 weeks, suggesting that Rg1 treatment
might reverse the synaptic dysfunction of AD mice. These data
indicate that the changes in neuronal damage and Ab deposition
are associated with behavioral disorders in APP/PS1 mice, and Rg1
treatment could alleviate the Ab deposition and neuronal damage
in APP/PS1 mice.

Amyloid plaques are important pathological characteristics of
AD. Ab plays a crucial role in the progression of AD pathologies [35].
A recent study reported that excessive Ab generation and deposi-
tion could change cell metabolism and trigger Tau hyper-
phosphorylation, synaptic dysfunction, oxidative stress, and
neuroinflammation, further leading to progressive recognition
dysfunction [1]. APP plays an important role during the occurrence
of AD [35]. APP can be cleaved by b/g-secretase into SAPPb frag-
ments and pernicious Ab peptides [36]. APP can also be cleaved to
produce a nonamyloidogenic peptide and a neuroprotective frag-
ment of SAPPa by a/g-secretase [37]. BACE is reported to possess b-
secretase activity. BACE overexpression accelerates APP cleavage
into CTF-b. NCSTN, one protein component of g-secretase, report-
edly possesses g-secretase activity, which further cleaves CTF-b
into Ab. In the present study, Rg1 treatment decreased the
expression of APP, BACE, and CTF-b, which were significantly
increased in APP/PS1-9M mice, but had no effect on NCSTN
expression. Our results also indicated that Rg1 treatment signifi-
cantly reduced the expression of Ab1e42 and the formation of am-
yloid plaque in APP/PS1 mice. The q-PCR results demonstrated that
Rg1 treatment decreased the levels of APP and BACE mRNA in APP/



Fig. 5. Rg1 treatment decreased the level of ROS and the expressions of NADPH oxidase 2 in APP/PS1 mice. (A) The ROS production in the cortex, hippocampus CA1 and CA3 (DHE
fluorescence staining, 400 � , the bar ¼ 50 mm); (B-D) The mean density of ROS production in the cortex and hippocampus CA1, CA3. (E) The bands of NOX2, p22phox, p47phox and
b-actin (Western blot); (FeH) The relative expression of NOX2, p22phox and p47phox over WT-9M; (IeK) The relative mRNA expression of NOX2, p22phox and p47phox (q-PCR).
Results are expressed as mean ± SD, n ¼ 4. *P < 0.05, **P < 0.01 vs WT-9M group; #P < 0.05, ##P < 0.01 vs APP/PS1-6M group; DP<0.05, DDP<0.01 vs APP/PS1-9M group.
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PS1 mice. Rg1 treatment also reduced the levels of p-Tau and
senescence-associated b-gal, which were increased in the APP/PS1-
9M mice. These data suggest that Rg1 may not only decrease APP
expression but also inhibit the b-secretase pathway to hinder
pernicious Ab formation and deposition. Moreover, Ab degradation
also plays an important role in ameliorating pathological charac-
teristics of AD. A recent study indicated that treatment with
transcrocetin, an active constituent of Crocus sativus L., significantly
increased Ab1-42 degradation in CD14þ monocytes of AD patients
through the upregulation of the lysosomal protease cathepsin B
[38]. From the current results, it is unclear whether Rg1 can pro-
mote the degradation of Ab. This topic requires further study.

While the Ab cascade has been considered the most important
factor for AD pathogenesis, there are still no clinically effective
drugs acting on Ab that prevent AD. Hence, other mechanisms are
likely involved in AD. Growing evidence suggests that ROS accu-
mulation plays an important role in the progression of AD [39,40]
and may even be the initial pathogenic event of AD [41]. NOX is the
only enzyme family known to produce ROS as its sole function [42].
The NOX complex is composed of several isoforms such as NOX1e5.
NOX2 is composed of the gp91phox (NOX2) and p22phox (mem-
brane heterodimers) and p47phox, p40phox, p67phox, and RAC
(cytosolic subunits) [43]. In the brain, NOX2 is mainly expressed in
neurons and is closely involved in the progression of AD [44].
However, it is still unknownwhether NOX2 activation is involved in
regulation of Ab generation and deposition in the progression of
AD. Growing evidence suggests that Rg1 exerts significant antiox-
idant and protective effects in in vivo and in vitro neurological
disease models [45,46]. Our previous study indicated that Rg1
treatment could reduce oxidative stress and neuroinflammation
and delay neuronal senescence in primary cultured hippocampal
neurons in vitro [13]. The present results demonstrated that Rg1
treatment decreased the levels of ROS in cortex and hippocampus.
In addition, Rg1 treatment significantly reduced the protein and
mRNA expression of NOX2-related factors, namely NOX2, p22phox,
and p47phox. These data suggest that the protective effects of Rg1
on APP/PS1 mice might be closely related to NOX2 inhibition.

Rg1 is not the only drug that can effectively inhibit oxidative
stress. The latest research suggests that green tea catechins can also
inhibit the generation of ROS, improve spatial memory, and accel-
erate Ab degradation [47,48]. However, the expected therapeutic
effect has not been achieved in clinical trials. In fact, there is a big
difference between murine and human microglial cells. Murine
microglial cells promote inflammation in AD mice, which is closely
related to ROS. However, human microglial cells do not express
inducible nitric oxide synthase (iNOS), an enzyme that produces
nitric oxide (NO), but do express neuroprotective and neuro-
regenerative growth/neurotrophic factors (GF/NF) [49]. In the
present study, we found that Rg1 treatment significantly alleviated
the neurodegenerotion in APP/PS1 mice. While there are few
clinical studies of Rg1 on AD patients, and it is still unknown
whether Rg1 can improve the occurrence and development of AD
in humans.

In summary, we have demonstrated that Rg1 treatment allevi-
ated learning and memory impairments, synaptic dysfunction, and
neuronal damage, and reduced Ab generation and deposition in
APP/PS1 mice. Rg1 significantly decreased ROS production and
inhibited NOX2 expression in the hippocampus and cortex of APP/
PS1 mice. These data suggest that Ab deposition may increase
NOX2 expression and ROS generation, which further upregulate the
expression of APP and BACE, resulting in a vicious circle in APP/PS1
mice. Rg1 treatment significantly decreases NOX2 expression and
ROS production and thus breaks the vicious circle in APP/PS1 mice.
However, we only evaluated the basic effects of Rg1 on preventing
the progression of AD in vivo, and the precise mechanisms of Rg1
674
on the regulation of NOX2 and Ab generation warrant further
investigation. Furthermore, a therapeutic experiment may be
needed to examine the effect of Rg1 treatment on Ab degradation in
APP/PS1 mice from 9 to 12 months of age. In conclusion, despite its
limitations, the study provides valuable preclinical data for the use
of Rg1 in AD.
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