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Alzheimer’s disease (AD) has become a major public health problem affecting the elderly population, and there is
currently no effective treatment. Although the pathogenesis of AD is unclear, neurotoxicity induced by oxidative
stress plays an important role in the progression of AD. Ginseng, the root and rhizome of Panax ginseng C. A.
Meyer, is used not only as an herbal medicine but also as a functional food to support bodily functions. Gin-
senoside Rk3 (Rk3), the main bioactive component in ginseng, has a strong antioxidant effect and has not been
reported in AD. In this study, we showed that Rk3 improved neuronal apoptosis, decreased intracellular reactive
oxygen species (ROS) production and restored mitochondrial membrane potential in PC12 and primary neuronal
cells. In vivo, we found that Rk3 improved spatial learning and memory deficit in precursor protein (APP)/
presenilin 1 (PS1) double transgenic mouse model of AD. Additionally, Rk3 increases glutathione reductase
(GSH) and superoxide dismutase (SOD) levels while inhibits malondialdehyde (MDA) production, apoptosis and
activation of glial cells in APP/PS1 mice. Mechanistically, we found that the protective effect of Rk3 is in cor-
relation with the activation of AMPK/Nrf2 signaling pathway. In conclusion, the findings of this study provide
support for Rk3 as a new strategy for the treatment of AD.

1. Introduction pathological form in AD, impair synaptic function and memory and

cognition, induce tau hyperphosphorylation; and stimulate the pro-

Alzheimer’s disease (AD), the most common form of dementia, has
become one of the most serious society problems globally [1]. AD is
characterized by intracellular neurofibrillary tangles (NFTs) and extra-
cellular senile plaques [2]. Af is produced by cleavage of amyloid pre-
cursor protein (APP) by p-secretase and y-secretase [3]. Studies have
shown that soluble Ap oligomers may be the most neurotoxic and

duction of reactive oxygen species (ROS), which in turn cause oxidative
stress [4].

Oxidative stress, as a key process in the mechanism of AD, is an
important pathophysiological feature in the early stage of AD [5].
Oxidative stress participates in the development of AD by promoting Ap
deposition, tau hyperphosphorylation, and the subsequent loss of
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synapses and neurons [6]. The relationship between oxidative stress and
AD suggests that oxidative stress is an essential part of the pathological
process, and antioxidants may be useful for AD treatment. AMPK is an
evolutionally conserved Ser/Thr kinase that serves a crucial physiolog-
ical function as a cellular energy sensor [7]. Reduced energy metabolism
due to oxidative stress is an early and consistent feature of AD [8]. For
example, AMPK activation can improve brain energy metabolism and
regulate amyloid precursor protein (APP) cleavage by inhibiting the
expression of beta-site amyloid precursor protein cleaving enzyme
protein 1 (BACE1), so as to reduce the production and accumulation of
ApB [9]. Notably, emerging evidence has revealed that boost of the AMPK
signaling pathway could protect cells against oxidative injury by tar-
geting Nrf2 signaling, indicating crosstalk between the AMPK and Nrf2
signaling pathways [10].

Due to the complex pathological features of AD, there is no effective
treatment, so there is an urgent need to develop new therapeutic stra-
tegies. Single drug acting on single mechanism cannot achieve a good
therapeutic effect. Therefore, the search for multi-target traditional
Chinese medicine may be an effective strategy for the treatment of AD.
The need to focus on effective complementary and functional foods to
prevent and delay AD is increasing [11]. Panax ginseng C. A. Meyer is a
natural herbal plant widely distributed in Asian countries, such as China,
Korea, and Japan [12]. Ginseng, the roots and rhizomes of P. ginseng C.
A. Meyer, is used not only in medicine but also as a functional food to
support body functions. Recent studies have shown that ginseng extract,
active ingredients ginsenosides (also called ginseng saponins) can
improve symptoms and inhibit AD progression in AD patients by
reducing AP deposition and tau hyperphosphorylation [13,14]. These
effects may be mediated by mitochondrial function, neuronal conduc-
tion, apoptosis, calcium ions, and reactive oxygen species (ROS)
[15-17]. Rk3 is a natural prebiotic found in ginseng, has excellent
pharmacological efficacy, especially antitumor effects, and can greatly
benefit human health [18]. Previous research has demonstrated that
Rk3 has a strong protective effect on colitis, liver injury, and kidney
injury [18,19], there is little research on the use of ginsenosides in AD or
even neurodegenerative diseases.

In the present study, we explored the preventive and therapeutic
potential and underlying mechanisms of ginsenoside Rk3 in in vitro and
in vivo model of AD. Obtained results showed that ginsenoside Rk3
attenuate oxidative damage and AD-type pathologies via AMPK-Nrf2
signaling pathway. These findings provide a new therapeutic candi-
date for the treatment of AD.

2. Materials and methods
2.1. Reagents

Rk3 (95% purity, CAS: 364779-15-7) was obtained from Chengdu
DeSiTe Biological Technology (DR0036-2), donepezil (95% purity, CAS:
110119-84-1) was obtained from Chengdu Alfa Biotechnology
(AB1619), Ap 1-42 (PA4391), Dulbecco’s minimal essential medium
(DMEM; D1152), 4, 6-diamidino-2-phenylindole (DAPI; C0065), 0.25%
trypsin (BC-CE-005), DMSO (D2650), bovine serum albumin (BSA;
A8020), Triton X-100 (P1080), 3-(4,5-dimethylthiazol-2-yl)— 2,5-
diphenyl tetrazolium bromide (MTT; M2128), Reactive Oxygen Species
Assay Kit(ROS; S0033) , 100 xgreen streptomycin mixture (Double
antibody; 15140-122), JC-1 (C2005), One Step TUNEL Apoptosis Assay
Kit (TUNEL; C1086), a total superoxide dismutase assay kit (SOD;
A001-3-2), and lipid peroxidation malonaldehyde assay kit(MDA;
A00-1-2), Glutathione assay kit(GSH; A006-2-1), Annexin V-FITC/PI
Apoptosis Detection Kit (abs50001), AMPK inhibitor (Compound C, HY-
13418A), ™Neurobasal Medium(21103049), Gibco™ B-27™ Additive
(17504044), PVDF membrane (SEQ00010), Immobilon Western
Chemiluminescent HRP substrate (FD8030), Mouse Ap42 ELISA Kit
(Fine Test, EM0864), Mouse AB40 ELISA Kit (Fine Test, EM0863), Mouse
Soluble Amylase Precursor Protein (SAPPf) ELISA Kit(Shanghai Yanqi
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Biotechnology, YQ-3360), Mouse p-Tau ELISA Kit(Shanghai Yanqi
Biotechnology, YQ-2936) and Mouse Tau ELISA Kit(PYRAM,
PM104488). All antibodies used in this work are listed in Table S1. List
of primer used in this study is presented in Table S2.

2.2. Cell Culture

Rat pheochromocytoma cells (PC12 cells) (SNL-124) culture: PC12
cells were cultured in high-glucose Dulbecco’s modified Eagle’s me-
dium, supplemented with 10% FBS, 100 pg/ml streptomycin, and 100
units/ml penicillin and maintained at 37 °C in a humidified atmosphere
of 5% CO2. The medium was changed every 3-4 days, and the cell
cultures were propagated to new flasks once a week. The cells were
grown up to 70-90% confluency for experimental purposes.

Hippocampal Neurons Culture: Newborn C57BL/6 mice were pro-
cured from the animal facility of Hangzhou Medical College. The whole
body was disinfected with 75% alcohol and the brain was surgically
removed and stored into cold PBS. The whole hippocampus region was
dissected using a glass rod which was bent on both sides. The hippo-
campus was cleared of blood and mixed vessels by washing three times
with DMEM high glucose medium. Then the hippocampus was chopped
into 1 mm pieces using scissors was digested with 0.125% of trypsin at
37 °C for 20 min. Shake gently every five minutes. The enzymatic
digestion was stopped with 10% FBS and DMEM high glucose medium
was added to the digested hippocampus tissue in a 50 ml centrifuge tube.
Pass the turbid tissue supernatant through a 40 pM cell strainer in
another 50 ml centrifuge tube. Centrifuged at 1000 rpm for 10 min. The
resulting cell pellet was resuspended in Neurobasal with B27 and
incubated for growth at 37 °C in 5% CO2 humidified atmosphere.

2.3. Ap oligomer preparation

B-amyloid is the main extracellular component of AD plaques, has
strong neurotoxic effects, and is the main cause of neuronal degenera-
tion and death in senile plaques of AD patients [20,21]. Soluble Ap1-42
oligomers are thought to be the major component and are often used in
in vitro models. In this study, Ap1-42 stock solution was prepared in
sterile Dimethylsulfoxide at a concentration of 10 pM, and the aliquots
were stored at — 20 °C. As previously mentioned, AB1-42 was allowed to
aggregate by incubation at 37 °C for 7 days before use [22-24]. When
performing experiments, Ap1-42 was further diluted to 10 pM in culture
medium.

2.4. Animal and drug administration

APP/PS1 mice (APPswe, PSEN1dE9) were obtained from the Jackson
Laboratory and bred in the animal facility of Hangzhou Medical College.
Mice were housed 3-4 per cage, with free access to food and water,
under standard specific-pathogen-free laboratory conditions. The APP/
PS1 mice (8 months old, male n = 7, weight 30-32 g) were randomly
divided into five groups: Wild-type (WT), APPswe/PS1dE9 double
transgenic mice (APP/PS1), APP/PS1 treated with 1 mg/kg Rk3(APP/
PS1 +1 mg/kg Rk3), APP/PS1 treated with 10 mg/kg Rk3(APP/PS1
+10 mg/kg Rk3) [25] and APP/PS1 treated with 5 mg/kg donepezil
(APP/PS1 + 5 mg/kg donepezil) [26]. All drugs were dissolved in 2%
DMSO in PBS, and the control group was given an equal volume of
1xPBS (containing 2% DMSO). Before administering the drug, the mice
in each group were weighed and administered intraperitoneally ac-
cording to their body weight. All groups were injected intraperitoneally
once a day for one month.

2.5. Novel object recognition (NOR)
To evaluate the recognition memory of the mice, the NOR test was

performed. Briefly, two identical circular objects were placed in the
arena (50 cm long x 50 cm wide x 40 cm high), on the first day, each
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mouse was given 5 min to explore the objects. The next day, a round
object was swapped out for a square one, and each mouse still had 5 min
to explore these square novel object. Exploratory behavior was defined
as when the mice pointed its nose at an object within 2 cm and/or made
direct contact with the object with its nose and/or front paws. The
discrimination index is calculated as the time spent exploring novel
object and the number of explorations. The principle of the NOR test is
that mice have the desire to detect novel objects. If cognitive function is
unobstructed, it takes longer to explore novel objects.

2.6. Morris water maze (MWM)

To investigate spatial learning and memory in mice, the Morris water
maze (MWM) test was performed. The test involves a 6-day test. Mouse
were allowed to swim in the tank. Mice were previously trained for 1 day
to feel a platform in the tank. The mouse then underwent a navigation
test in which they searched for a hidden platform 1 cm underwater for 5
days. Three tests were performed on the mice, each lasting up to 60 s
with 60-second intervals. Escape latency was recorded using an over-
head video tracking system. Finally on day 7, the platform was removed
from the tank and a probe test was performed to assess the mice’s search
bias.

2.7. Preparation of tissue samples

After the behavioral tests, all mice were euthanized using chloral
hydrate (0.25 mg/ml), After transcranial perfusion with precooled 0.9%
saline, the animals were sacrificed by decapitation. The mice brains
were sagittal cut in half. And the brains were dissected and fixed in 4%
paraformaldehyde (4% PFA) for 24 h at 4 °C. After fixation, some of the
samples were dehydrated and embedded in OCT, and kept at — 80 °C
until further analysis.

2.8. Immunofluorescent staining (IF)

Sections were incubated with the following primary antibody at 4 °C
overnight , followed by appropriate Alexa-Fluor-conjugated secondary
antibody at RT for 1 h. Sections were mounted with slow fade® anti-fade
DAPI reagent. The images were acquired with a Nikon Al confocal
microscope. All studies were performed three times.

2.9. Western blot assays

Protein was extracted from cells or tissue homogenates using RIPA
buffer supplemented with a protease phosphatase inhibitor cocktail. The
protein concentration was measured using a BCA protein assay Kkit.
Twenty-microgram of protein was loaded on sodium dodecyl sulfate
polyacrylamide gels to separate the proteins. The separated proteins
were then transferred onto polyvinylidene fluoride (PVDF) membranes,
which were probed with the primary antibodies listed in Supplementary
Table S1. After being rinsed, the PVDF membranes were incubated with
appropriate HRP-conjugated secondary antibodies. The immunoreactive
bands were visualized with an enhanced chemiluminescence kit. The
intensity of the bands was quantified using Image J software.

2.10. SOD, MDA and GSH assay

The assays were performed according to the instructions provided by
the manufacturer. A total SOD assay Kkit, a lipid peroxidation MDA assay
kit and GSH assay kit (Beyotime Institute of Biotechnology, Shanghai,
China) were used to measure SOD and MDA contents, respectively.
Briefly, SOD activity was determined by WST-8 method. WST-8 can
react with the superoxide anion catalyzed by xanthine oxidase to pro-
duce water-soluble formazan dye which can be measured at a wave-
length of 450 nm. MDA content was determined on a color reaction
based on the reaction of MDA and thiobarbituric acid (TBA) to produce a
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red product which can be measured at a wavelength of 532 nm. Gluta-
thione reductase can reduce oxidized glutathione (GSSG) to GSH, and
GSH can react with the chromogenic substrate DTNB to produce yellow
TNB and GSSG, and can be determined by A412 to detect the production
of TNB. Absorbances were measured using a BIO-RAD680 microplate
reader (Thermo Fisher, MA, USA).

2.11. MTT assay

The cell viability was assessed using MTT assay as previously
described. Cells were seeded in 96-well plates at a density of 1 x 104
cells/well in complete medium. After appropriate the treatment, cells
were further incubated with MTT (0.5 mg/ml) for additional 3 h, and the
medium was replaced with 100 pL. DMSO to dissolve the blue formazan
crystals formed by live cells. The absorbance was measured at 570 nm
using a microplate reader (SpectraMax 250, Molecular Device, Sunny-
vale, CA, USA). Cell viability was calculated as a percentage of the
control group.

2.12. TUNEL assay

TUNEL staining was used to test cellular apoptosis, according to the
instructions provided by the manufacturer (C1090, Beyotime, Shanghai,
China). TUNEL-positive cells (green fluorescence) were observed under
a fluorescent microscope and counted. The apoptosis was calculated as a
percentage of the total number of cells. For tissue samples the same
methodology was used.

2.13. Flow cytometry

PC12 cells (5 x105 cells/well) were seeded into 12-well plates. After
appropriate treatment the cells were harvested and centrifuged at 1000
rpm for 5 min. The cells were rinsed twice with ice-cold PBS and
resuspended in Annexin V-FITC/PI binding buffer (195 pL). Annexin V-
FITC (5 pL) was added and the cells were kept in the dark at room
temperature for 30 min. Cells were then centrifuged at 1000 rpm for 5
min and re-suspended in Annexin V-FITC/PI binding buffer (190 pL).
Propidium iodide (PI) (10 pL) was further added and allowed to incubate
in the dark for 5 mins. The quantification of apoptotic cells was per-
formed using flow cytometry analysis.

2.14. Measurement of reactive oxygen species (ROS)

The levels of intracellular ROS were tested using the fluorescent
probe DCFH-DA (Beyotime, S0033S, China). After appropriate treat-
ment, according to the protocol provided by the manufacturer. The
fluorescence was measured with an Infinite M200 PRO Multimode
Microplate using 488 nm excitation wavelength, 525 nm emission
wavelength.

2.15. Measurement of mitochondrial membrane potential (/\ym)

The mitochondrial membrane potential (/\ym) was measured by
mitochondrial membrane potential assay kit with JC-1(Beyotime,
C2006, China), according to the protocol provided by the manufac-
turer. After appropriate treatment, the cells were incubated with 1x JC-1
(10 pg/ml in medium without FBS) at 37 °C for 30 min and washed two
times with PBS solution. The intensities of red fluorescence (excitation
560 nm, emission 595 nm) and green fluorescence (excitation 485 nm,
emission 535 nm) were measured using an Infinite M200 PRO Multi-
mode Microplate. The ratio of JC-1 red/green fluorescence intensity was
used to calculate the Awym. All the values were normalized to the
control group.
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Fig. 1. Rk3 decreased Ap-induced apoptosis in PC12 Cells. (A) Chemical structure of Ginsenoside Rk3. (B) Rk3 attenuated the decrease in cell viability caused by
AP1-42 in PC12 cells. PC12 cells were grown in 96-well plates and pretreated with Ginsenoside Rk3 at indicated concentrations and then induced with or without
10 uM AB for a further 24 h and cell viability was measured using the MTT assay. (C-J) Cells were pretreated with 10 pM Rk3 for 24 h and then induced with or
without 10 pM AB1-42 for a further 24 h. (C) Cell viability was measured by LDH release assay. (D)Apoptotic cells were observed by DAPI staining as shown in
fluorescence images taken with a fluorescence microscope. The apoptotic cells with condensed chromatin are indicated by an arrowhead. (E) Quantitation of (D)
apoptotic cell’s nuclei. (F) Apoptosis was determined by flow cytometry. Photographs of representative cultures measured. (G) Quantitative analysis of (F). (H)
Western blot analysis of Bax, cleaved caspase-3 and Bcl-2 in PC12 cells. GAPDH was used as the loading control. (I) Quantitative data of the blot intensity of
corresponding proteins were determined by Image J software in-plane A. (J) RT-qPCR showing mRNA levels of Bax, Bcl-2, and Parp in the PC12 cells. Results are
presented as mean + SEM (n = 3). *P < 0.05 or * *P < 0.01, or * **P < 0.001, CTL vs Ap1-42; “P < 0.05 or **P < 0.01 Ap vs Ap+ Rk3'

2.16. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software.
All results are expressed as the mean + SEM from three experiments.
The statistical significance between multiple groups was determined
using one or two-way ANOVA followed by Tukey’s post-hoc test. p <
0.05 was considered statistically significant.

3. Results
3.1. Rk3 decreased Ap-induced apoptosis in PC12 Cells

To test the protective effects of Rk3(Fig. 1 A), PC12 cells were pre-
treated with Rk3 for 24 h before being exposed to Ap for another 24 h.
This result showed that pre-treatment with Rk3 significantly reduced
Ap-induced cell death (Fig. 1B). Similarly, Rk3 treatment reduced Ap-
induced LDH release (Fig. 1 C). To further investigate the
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neuroprotective effect of Rk3 on Ap-induced apoptosis. Nuclei conden-
sation was observed in PC12 cells after exposure to 10 pM A while pre-
treatment with 10 pM Rk3 significantly improved these changes
(Fig. 1D-1E) (arrowheads). The result was further confirmed using flow
cytometry for Annexin V-FITC/PI-positive cells and data from these
experiments indicated that Ap exposure markedly increased apoptosis in
PC12 cells, while 10 pM Rk3 pretreatment significantly reduced the
apoptosis caused by Ap (Fig. 1F-1 G). In addition, our data showed that
Ap-induced PC12 cells significantly increased the level of pro-apoptotic
Bax and suppressed the level of anti-apoptotic Bcl-2 in the PC12 cell,
whereas Rk3 pretreatment for 24 h reversed these changes (Fig. 1H-11I).
The mRNA levels of Bax and Bcl-2 measured by RT-qPCR were consis-
tent with the protein levels (Fig. 1 J). Apoptotic data was also confirmed
by immunoblotting for cleaved caspase-3, which showed that Rk3
significantly reduced the Ap-induced increase in cleaved caspase-3 in
PC12 cells (Fig. 1H-1I). PARP, a substrate of caspase-3, is considered to
be an important indicator of apoptosis. According to the results of RT-

gPCR experiments, Rk3 significantly increased the A-induced
decrease in the mRNA expression level of PARP in PC12 cells.

3.2. Rk3 reduced Ap-induced intracellular ROS level and restored
mitochondrial membrane potential via AMPK activation in PC12 cells

The above result demonstrated that Rk3 can protect Ap-induced
apoptosis, whereas oxidative stress has been thought to trigger and
sustain the pathogenesis of Ap-induced damage. We examined the ef-
fects of Rk3 on oxidative stress by determining the contents of ROS. We
investigated whether Rk3 blocked Ap-induced oxidative stress in PC12
cells. Cellular oxidative stress was determined by the fluorescence
probes DCFH-DA. As expected, (Fig. 2A-2B), Ap-induced an increase in
intracellular ROS content compared to the control cells. The pretreat-
ment with Rk3 attenuated the high ROS level induced by Af. Thus, Rk3
was capable of attenuating intracellular ROS production, suggesting that
Rk3 may be a potent scavenger of free radicals. The mitochondria could
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Fig. 3. Protective effects of Ginsenoside Rk3 in PC12 cells was reversed by AMPK inhibitor. PC12 cells were pretreated with or without the presence of 2 pM
compound C. After 30 min, PC12 cells are used 10 pM Rk3 for 24 h. Then, cells were exposed to 10 pM Ap for 24 h. (A) Western blot analysis of p-AMPK and T-AMPK
in PC12 cells. (B) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software in-plane A. (C) The fluorescent images
represent the ROS level as determined by the probes DCFH-DA and by staining the cells with JC-1 dyes. (D) Quantitation of the percentage of the cellular ROS level.
(E) Red to green fluorescence intensity ratio (increase of mitochondrial membrane potential). (F) Cell viability was measured using the MTT. (G) Representative flow
cytometry images. (H) Quantitation of the percentage of cell apoptosis. (I) Western blot analysis of Bax, Cleaved caspase-3 and Bcl2 in PC12 cells. GAPDH was used as
the loading control. (J) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software in-plane A. Results are presented as
mean + SEM (n = 3). Results are presented as mean + SEM (n = 3). * P < 0.05 or * *P < 0.01, or * **P < 0.001, CTL vs AB1-42; #P < 0.05 or **P < 0.01 Ap

vs Ap+ Rk3'

be the origin of the observed ROS production and Mitochondrial damage
can directly cause formation of oxidative stress, as well as mechanism of
apoptosis. To evaluate the mitochondrial function, mitochondrial
membrane potential (/\y m) was detected using JC-1 probe. Compared
with the control, after Ap-induced red/green fluorescence ratio was
reduced to 50%. However, this reduction was reversed by pretreatment
with Rk3 (Fig. 2C-2D). Next, to explore the molecular mechanism un-
derlying the effects of Rk3 against Af, the redox-related signaling
pathways were analyzed. AMPK is a major regulator of mitochondria
energy homeostasis, plays an important role in oxidative stress, and
involves in the pathogenesis of AD [27]. Studies have shown that gin-
senosides can mediated the activation of AMPK [28]. Therefore, we
tested whether Rk3 is involved in Af-induced neurotoxicity through
AMPK. As expected, the phosphorylation of AMPK was decreased by
30-60% after Ap treatment, compared with the control. Rk3 pretreat-
ment 24 h of Ap-Induced treated PC12 cell cultures changed the phos-
phorylation of AMPK which were significantly increased, closed to
phosphorylation values in control untreated cultures (Fig. 2E-2 F). Nrf2
has been identified as one of the main transcription factors associated
with the oxidative stress response [29]. Several previous studies have
testified that Nrf2 and its downstream protein like heme oxygenase 1
(HO-1) and NAD(P)H:quinone oxidoreductase 1 (NQO1) could be
enhanced by the activation of upstream AMPK [30]. Western blotting
results showed that the levels of Nrf2 were reduced by treatment with
Ap. Remarkably, pretreatment with Rk3 increased Nrf2 compared to
Ap-Induced cells (Fig. 2E-2 F). The mRNA levels of Nrf2; HO-1 and
NQO1 measured by RT-qPCR were consistent with the protein levels
(Fig. 2G). Nrf2 activity 1is precisely regulated by Kel-
ch-like-ECH-associated protein 1 (Keapl). Therefore, we tested the
mRNA expression level of Keapl. Results showed that keapl was
reduced by treatment with AB. Whereas pretreatment with Rk3
increased keapl compared to Af-Induced cells (Fig. 2E-2 F).

3.3. Protective Effects of Rk3 in PC12 Cells were reversed by AMPK
inhibitor

Compound C (also called dorsomorphin), a cell-permeable, potent,
relative selective, and reversible ATP-competitive inhibitor of AMPK,
has been widely used in cell-based, biochemical, and in vivo assays as an
AMPK inhibitor. To further evaluate whether AMPK was responsible for
the anti-oxidative stress effect of Rk3 on Af-induced PC12 cells, PC12
cells were pretreated with or without Compound C, before the addition
of Rk3 and Ap. Pretreatment with Compound C exhibited obvious con-
version effects of Rk3 on p-AMPK (Fig. 3A-3B). Subsequent JC-1 and
ROS experiments showed that Compound C pretreatment reversed the
protective effect of Rk3 against oxidative stress (Fig. 3C-3E). Next cell
viability was measured by MTT assay (Fig. 3 F), cell apoptosis was
measured by Annexin-V-FITC FACS assay (Fig. 3G-3 H) in parallel with
measurements of apoptosis indicator Bax; Bcl-2 and cleaved caspase3
expression level (Fig. 31-3 J). These results indicated that Compound C
reversed the protective effect of Rk3 on apoptosis. Together, these data
suggest that Rk3 inhibits Af-induced neurotoxicity via the AMPK
signaling pathway in PC12 cells.

3.4. Rk3 improved learning and memory in APP/PS1 mice

APP/PS1 is a particularly aggressive transgenic mouse model
generated by mutant transgenes of APP (APPswe: KM594/5NL) and PS1
(dE9: exon 9 deletion). Both mutations are associated with early-onset
AD. Widely used to study the biochemical and pathological mecha-
nisms of AD and to explore therapeutic approaches [31]. The way of
drug administration is shown in (Fig. 4 A), and the experimental flow of
novel object recognition is shown in Fig. 4B. The desire to explore things
on the first day of APP/PS1 was significantly lower than that of the WT
group, but it was significantly improved after administration (Fig. 4C-E).
It shows that the cognitive function of mice is significantly improved
after administration with Rk3. After changing to a new object on the
second day, it can be seen from the number of touches and the explo-
ration time of the new object that the short-term memory ability of the
mice in the APP/PS1 group was significantly decreased, and the
short-term memory ability of the mice was improved after administra-
tion, and the number of touches significantly higher than that in the
donepezil group (Fig. 4 C and Fig. 4F-4 G). RK3 treatment significantly
improved spatial learning in APP/PS1 mice by shortening escape latency
during hidden platform testing, and this improvement was significantly
better than donepezil group at day 5 (Fig. 4H and Fig. 4 J). Rk3 also
increased the frequency without altering total distances during the
probe trial (Fig. 4I and Fig. 4K-4 L) in the MWM test.

3.5. Rk3 treatment reduced AD pathology in APP/PS1 mice brains

There is a good consensus that synaptic function is a pathological
feature closely related to the learning and memory abilities of AD. To
examine whether synaptic plasticity impairment is attenuated after rk3
administration, we analyzed the protein levels of PSD95 (a postsynaptic
density protein) and MAP2 (microtubule-binding protein 2). As the
picture shows (Fig. 5,A-5 C), Rk3 treatment alleviated the decrease in
the levels of these proteins in APP/PS1 mice better than donepezil
group. In addition, Rk3 administration rescued the impaired synaptic
plasticity in APP/PS1 transgenic mice, and the effect was better than
that of donepezil.

Extracellular amyloid plaques and intracellular NFTs are known to
be hallmarks of AD [32]. To further evaluate the therapeutic effect of
Rk3 on these pathological hall markers, we performed immunofluores-
cence. As shown in Fig. 5D, Rk3 or donepezil treatment significantly
reduced Ap plaques in the brains of APP/PS1 mice. We next analyzed the
levels of Ap42, AB40 and soluble APPJ (sAPPf) in mouse hippocampal
lysates by ELISA and found that RK3 administration significantly
reduced the levels of AB42, AB40 and sAPPB in APP/PS1 mice, sug-
gesting that RK3 can reduce the production of toxic Ap by affecting the
cleavage of APP (Fig. 5E-5G). Quantitative analysis of western blot
confirmed the qualitative histological findings (Fig. 5I-5 J). Then, we
linked the AB1-42 used in this manuscript to the FITC label and found
that the fluorescence intensity of the Rk3 treatment group significantly
decreased, indicating that Rk3 has an inhibitory effect on the aggrega-
tion of Ap (Fig. S1). Similarly, tau hyperphosphorylation was increased
in APP/PS1 mice, and tau hyperphosphorylation was decreased after
RKk3 treatment. To further confirm our result, the amount of total tau and
p-Tau has been measured by ELISA, and the quantification of P-Tau and
Tau showed that Rk3 treatment significantly reduced tau
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Fig. 4. Rk3 improved learning and memory in APP/PS1 mice 8-month-old APP/PS1 mice were administered Ginsenoside Rk3 by intraperitoneal injection once a
day. (B) Flow chart of novel NOR test. (C) Representative novel object recognition experiment images. (D) Preference for things on the first day of the new object
recognition test. (E) Average speed on the first day of the new object recognition test. (F) Number of new object approaches of the new object recognition test. (G)
Number of new object approaches of the new object recognition test. (H) The representative swimming trace in probe trial of morris water maze test on day 5. (I) The
representative swimming trace in probe trial without hidden platform of morris water maze test on day 6. (J) The escape latency results from the Morris water maze
test on days 1-5. (K) The average crossing platform times of each group mice within 60 s in day 6. (E) Time spent in the target quadrant where the platform had been

located in day 6. Data are presented as mean + SEM of n = 7 mice per group. *P < 0.05 or * *P < 0.01, or *

##p < 0.01 versus the APP’PS1 group.

<
<

“*P < 0.001 versus the WT group; #P < 0.05 or

hyperphosphorylation (Fig. 5H). To further confirm our result, we
checked phosphorylation of tau using western blot. As expected, Rk3
also decreased the expression of P-Tau (Fig. 5H-5 K).

Inflammation is another important pathophysiological feature of AD,
accompanied by the activation of glial cells and the release of inflam-
matory factors. Glial fibrillary acidic protein (GFAP) is the major in-
termediate filament protein that constitutes the astrocytic cytoskeleton
[33]. Increased GFAP expression induces reactive gliosis and brain
injury and deterioration [34]. Microglia are critical in the progression of
AD by mediating neuroinflammatory responses [35]. To further deter-
mine the effect of Rk3 on inflammation, we analyzed the expression of
microglia and astrocytes by immunofluorescence staining and western
blot. Obtained results showed that Rk3 administration significantly
reduced the activation of microglia and astrocytes in mice hippocampus
and cortex. (Fig. 6 A). Similar results were obtained by western blot
analysis of Ibal and GFAP (Fig. 6B-6 C).

3.6. Rk3 attenuated the histopathological changes and decreased
neuronal apoptosis in App/PS1 mice by activation of AMPK

In order to verify the effect of Rk3 on apoptosis in the mouse hip-
pocampus, the protein expressions of Bax, Bcl-2 and cleaved caspase3
were analyzed by western blotting (Figure7A-7 C). The Rk3 high-dose
group significantly increased the expression of Bcl-2/Bax in the APP/
PS1 group, and the effect was better than that in the donepezil group. In
addition, Rk3 treatment significantly inhibited the increase in the
expression of cleaved caspase3 in the hippocampus of APP/PS1 mice,
suggesting Rk3 have a good anti-apoptosis effect. To further confirm
this, we used immunofluorescence to label neurons in the CA1, DG, and
cortex of the hippocampus with a NeuN antibody, and analyzed the
number of neurons. Results found that compared with the WT group,
neurons in the APP/PS1 group were significantly reduced, and the Rk3
high-dose group reversed this reduction in different brain regions
(Fig. 7D-7 G).

Oxidative stress is an early event in AD pathogenesis and can precede
the formation of Ap deposits [36]. Therefore, by-products of oxidative
biomolecular damage such as MDA, SOD and GSH were quantitatively
analyzed, is widely used to assess oxidative stress. The results shown in
Fig. 8A-8 C indicate that MDA levels, SOD and GSH activity were
significantly affected in APP/PS1 mice compared to previously reported
wild-type mice. These changes were significantly altered by high-dose
RK3 treatment, and these findings further support the proposal that
the antioxidant effect of Rk3 is associated with inhibition of cerebral
cortical apoptosis and attenuated cognitive deficits in the 3xTg mouse
model. Next, since the protective effect of Rk3 on PC12 cells is through
the activation of AMPK, we explored whether the activation of the
AMPK/Nrf2 pathway could be detected in the hippocampus of
Rk3-treated APP/PS1 mice. Consistent (Fig. 8D-8E), Rk3 treatment
activated the AMPK/Nrf2 pathway. Therefore, it is concluded that the
antioxidant effect of Rk3 is through the AMPK/Nrf2 pathway.

3.7. Rk3 protected primary cultured hippocampal neurons against Af-
induced injury via AMPK kinase

To further verify the protective effect of Rk3, whether through
AMPK, we also tested whether the protective effect of Rk3 on Ap-

induced primary neurons was reversed by Compound C, Mitochondrial
membrane potential (Aym) and intracellular ROS were both obtained
and PC12 cells The results were consistent with those above (Fig. 9A-
9 C). TdT-mediated dUTP nick end labeling (TUNEL) staining showed
(Fig. 9A-9D) that Rk3 treatment reduced Af-induced apoptosis in pri-
mary neurons, which protected the effect was reversed by Compound C,
which was further confirmed by MTT experiments (Fig. 9E). Therefore,
the above experiments can indicate that Rk3 has a protective effect on
Ap-induced primary neuron damage through the AMPK pathway.

2. Discussion

In the present work, we demonstrated for the first time that RK3 has
an effective therapeutic effect on AD. Suggest that Rk3 is a potential AD
therapeutic. Our research shows that Rk3 can reduce Af-induced
apoptosis, intracellular ROS levels, restore mitochondrial membrane
potential in PC12 and primary cultured neurons. We further explored
the protective effects of Rk3 by activating the AMPK/Nrf2 pathway, and
these protective effects were reversed by AMPK inhibitor (Compound C).
Similarly, APP/PS1 mice model results showed that Rk3 improved
cognitive deficits and AD-type pathology in correlation with the acti-
vation of AMPK/Nrf2, and Rk3 was significantly higher than donepezil
in improvement of pathological features of cognition and apoptosis.
Taken together, these studies have identified a new potential drug
candidate for the treatment of AD.

AD is a chronic, multifaceted and multifactorial neurodegenerative
disease [37]. Due to the multiple pathological characteristics of AD, the
current one-molecule-one-target strategy therapy fails to address the
problem of AD. Traditional Chinese medicine (TCM) synergism often
found in TCM preparation were found effective to combat disease het-
erogeneity as found in complex pathogenesis of AD [38]. Ginseng is a
typical medicinal and edible herb, and studies have shown that ginseng
can be supplied by medicinal materials and dietary sources [39].
Different bases, multi-targets alleviate AD and AD complications. Gin-
senosides are mainly classified into protopanaxadiol (PPD) and proto-
panaxatriol (PPT), and according to their sapogenins, can significantly
improve AD symptoms. As the main ginsenosides in ginseng, Rb1, Rb2,
Re, Rd and Rc inhibit the activity of p-secretase [17]. It will eventually
reduce the production of Ap [40,41]. Ginsenosides Rgl, Rh2 are also
involved in the APP regulatory pathway [42-44]. The indirect regula-
tion of tau hyperphosphorylation by ginsenoside Rd has also been re-
ported [45]. Ginsenoside Rk3, as one of the major rare saponins in
heat-treated ginseng, plays a variety of biological roles, including anti-
apoptotic, inhibition of inflammation, oxidative stress [46]. Previous
studies have found that Rk3 has strong AChE inhibitory activity [47],
but its real therapeutic effect on AD remains unclear. In this study, we
found that RK3 can reduce the neurotoxicity of Ap to neuronal cells and
improve the learning and memory ability of AD.

Excessive accumulation of ROS has been recognized as an important
marker of Af neurotoxicity, and Ap exposure resulted in increased ROS
release in cultured PC12 cells which leads to cell necrosis and apoptosis
[5]. To combat oxidative stress, activation of endogenous antioxidant
defense systems is required, the antioxidant defense system includes
several enzymes and small molecules, such as heme oxygenase-1(HO-1),
superoxide dismutase (SOD) enzymes, glutathione (GSH), catalase
(CAT), thioredoxin (Trx) proteins, thioredoxin reductase (TrxR)
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Fig. 5. Rk3 treatment reduced AD pathology of APP/PS1 mice. (A) Representative Western blot analysis of MAP2 and PSD95 in the hippocampus. GAPDH was used
as the loading control. (B-C) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software in-plane A. (D) Representative
images of immunofluorescence in the hippocampus of 3 groups mice at 8 months old. Scale bar 100 ym. (E-H) Ap42, AB40, sAPP, p-tau and tau levels in the
hippocampus were determined using ELISA kits respectively. (I) Representative western blot analysis of APP, p-Tau (Ser199), p-Tau (Ser202/Thr205) and Tau in the
hippocampus. GAPDH was used as the loading control. (J-K) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software
in-plane A. Results are presented as mean + SEM (n = 3). *P < 0.05 or * *P < 0.01, or * **P < 0.001 versus the WT group; *P < 0.05 or **P < 0.01 versus the
APP/PS1 group.
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Fig. 6. Rk3 treatment reduced glia cell activation of APP/PS1 mice. (A) Representative images of Ibal and GFAP staining in different brain regions. Scale bar 200 um
and 100 ym. (B) Representative western blot analysis of Ibal and GFAP in the hippocampus. GAPDH was used as the loading control. (C-D) Quantitative data of the
blot intensity of corresponding proteins were determined by Image J software in-plane A. Results are presented as mean + SEM (n = 3). *P < 0.05 or * *P < 0.01, or
* %P < (0.001 versus the WT group; #P < 0.05 or *#P < 0.01 versus the APP/PS1 group.

enzymes, glutathione peroxidase (Gpx) family and NAD(P)H: quinone
oxidoreductase 1 (NQO1). The Nrf2-driven free radical detoxification
pathways are important endogenous homeostatic mechanisms [48]. In
addition, it was reported that the cellular antioxidant system relies on
the Nrf2 dissociation from Keap1 and its subsequent translocation to the
nucleus, where the activation of antioxidant genes occurs [49], In the
present study, we found that Rk3 activates Nrf2 in AB-induced PC12
neuronal cultures and APP/PS1 mice, which is associated with antioxi-
dant and neurotherapeutic effects. It illustrates that Rk3 is a good

11

antioxidant, mitochondria is the main site of ROS production, and
mitochondrial dysfunction caused by oxidative stress plays a key role in
the pathogenesis of aging-related neurodegenerative diseases [50].
Mitochondria are the main site of ROS production, and mitochon-
drial dysfunction caused by oxidative stress plays a key role in the
pathogenesis of aging-related neurodegenerative diseases [50]. We
further found a protective effect of Rk3 on Aym, mitochondria acting as
energy factories in cells, producing most of the cellular ATP. Several
studies have shown that ginsenosides protect neurons by reducing
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Fig. 7. Rk3 treatment reduced decreased neuron apoptosis of APP/PS1 mice. (A) Representative Western blot analysis of Bax, Bcl2 and Cleaved caspase3 in the
hippocampus. GAPDH was used as the loading control. (B-C) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software
in-plane A. (D) Representative images of NeuN staining in different brain regions. (E-F) Quantification of NeuN cells in hippocampus CA1, DG and cortex with a NeuN
antibody. Results are presented as mean + SEM (n = 3). *P < 0.05 or * *P < 0.01, or * **P < 0.001 versus the WT group; *P < 0.05 or *#P < 0.01 versus the
APP’/PS1 group.
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Fig. 8. Rk3 attenuated the histopathological changes in APP/PS1 mice by activation of AMPK. (A-C) MDA, SOD and GSH levels in the hippocampus were determined
using biochemical kits respectively. (D) Representative Western blot analysis of p-AMPK and T-AMPK in the hippocampus. (E) Quantitative data of the blot intensity
of corresponding proteins were determined by Image J software in-plane A. Results are presented as mean + SEM (n = 3). *P < 0.05 or * *P < 0.01, or * **P < 0.001

versus the WT group; *P < 0.05 or *#P < 0.01 versus the APP’PS1 group.

mitochondrial-mediated cell death [22]. AMPK constitutes another
main metabolic supervisor in almost all cell lineages, and governs the
energy status of the cell through sensing AMP/ATP, amino acid and
glucose levels, and tracking mitochondrial conditions [51]. AMPK is
known to phosphorylate Nrf2 at Ser550 residues and promote the nu-
clear accumulation of Nrf2 for ARE-driven gene transactivation that
promotes cellular antioxidant capacity [52]. The role of AMPK in AD is
not fully understood. Numerous studies have shown that Ap impairs
mitochondrial respiratory complex function and induces AMPK activity
in AD [53]. Conversely, one study showed that oligomeric Af42
impaired AMPK phosphorylation to activate GSK3p and induce tau
hyperphosphorylation in a fly model of AD [54]. The current findings
suggest that Rk3 can activate the AMPK-Nrf2 pathway in vitro and in
vivo. And found that compound C blocked the effect of Rk3 on AMPK
activation in Af-induced PC12 and primary neuronal cells, thereby
blocking the protective effect of Rk3, further proved that Rk3 produces
antioxidant effect and neuroprotection through AMPK-Nrf2 effect.

The current research on Rk3 is still limited, the bioavailability and
pharmacokinetics of Rk3 are less studied. And our study was limited to
explain how Rk3 activate AMPK signaling pathway. However, at least
our findings provide preliminary evidence for the positive effects of
AMPK activation on Af and related pathologies in APP/PS1 mice.

In conclusion, Rk3 attenuates Af-induced neuronal injury accom-
panied by activating the AMPK pathway and promoting the expression
of Nrf2 and its target genes Ho-1, Nqol and keapl. Inhibition of the
AMPK pathway reduces the protective effect of RK3. Similarly, Rk3
effectively attenuated cognitive impairment and pathology in APP/PS1
mice. Importantly, the therapeutic effect of Rk3 was better than the
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positive drug donepezil. Taken together, the results of this study support
ginsenoside Rk3 as a new strategy for AD treatment.
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