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A B S T R A C T   

Background: The pathogenesis of Alzheimer’s disease (AD) is complex, resulting in unsatisfactory effects of single- 
target therapeutic drugs. Accumulation evidence suggests that low toxicity multi-target drugs may play effective 
roles in AD. Ginseng is the root and rhizome of Panax ginseng Meyer, which can be used not only as herbal 
medicine but also as a functional food to support body functions. Ginsenoside RK1 (RK1), obtained from ginseng 
plants through high-temperature treatment, has antiapoptotic, antioxidant, anti-inflammatory effects and these 
events are involved in the development of AD. So, we believe that RK1 may be an effective drug for the treatment 
of AD. 
Hypothesis/Purpose: We aimed to investigate the potential protective effects and mechanisms of RK1 in AD. 
Methods: Neuronal damage was detected by MTT assay, LDH assay, immunofluorescence and western blotting. 
Oxidative stress was measured by JC-1 staining, reactive oxygen species (ROS) staining, superoxide dismutase 
(SOD) and malonaldehyde (MDA). The cognitive deficit was measured through morris water maze (MWM) and 
novel object recognition (NOR) tests. 
Results: RK1 attenuated Aβ-induced apoptosis, restored mitochondrial membrane potential (ΔΨm), and reduced 
intracellular levels of ROS in both PC12 cells and primary cultured neurons. In vivo, RK1 significantly improved 
cognitive deficits and mitigated AD-like pathological features. Notably, RK1 demonstrated superior efficacy 
compared to the positive control drug, donepezil. Mechanistically, our study elucidates that RK1 modulates the 
phosphorylation of AMP-activated protein kinase (AMPK) and its downstream target, NF-E2-related factor 2 
(Nrf2), leading to the optimization of mitochondrial membrane potential, reduction of ROS levels, and mitigation 
of AD-like pathology. It’s noteworthy that blocking the AMPK signaling pathway attenuated the protective ef
fects of RK1. 
Conclusion: RK1 demonstrates superior efficacy in alleviating cognitive deficits and mitigating pathological 
changes compared to donepezil. These findings suggest the potential utility of RK1-based therapies in the 
development of treatments for AD.   

Abbreviations: Aβ, β-amyloid; AD, Alzheimer’s disease; AMPK, AMP-activated protein kinase; AREs, antioxidant response elements; APP/PS1, APPswe/PSEN1dE9; 
DAPI, 4′,6-Diamidino-2′-phenylindole; DCFH-DA, Dichlorodihydrofluorescein diacetate; DMSO, Dimethyl sulfoxide; FITC, Fluorescein Isothiocyanate; FBS, Fetal 
bovine serum; HRP, horseradish peroxidase; IF, Immunofluorescence; JC-1, 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-imidacarbocyanine; MDA, malonaldehyde; MTT, 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; MWM, Morris water maze; NOR, New Object Recognition; PFA, Paraformaldehyde; PI, propidium 
iodide; PBS, phosphate buffered saline; PVDF, poly vinylidene fluoride; RT-qPCR, Real time quantitative Polymerase Chain Reaction; RIPA, Radio-Immunoprecip
itation Assay; RK1, Ginsenoside RK1; ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEM, standard error of 
mean; SOD, superoxide dismutase; TBST, Tris-buffered saline containing Tween; WT, Wild-type. 
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Introduction 

Alzheimer’s disease (AD) is a complex neurodegenerative disorder 
characterized by memory loss and cognitive decline (Fu et al., 2016; 
Yeung et al., 2015). The global aging population has increase the ur
gency of finding effective drugs in AD. β-amyloid (Aβ) is considered to be 
a core pathogenic component of AD (Gouras et al., 2005). During the 
development of AD, Aβ activates multiple secondary pathological pro
cesses, such as oxidative stress, tau hyperphosphorylation, neuro
inflammation, and choline dysfunction (de Jesus de Paula et al., 2009). 
These second events promote each other and form a vicious circle that 
eventually causes neuronal death and AD symptoms (de Jesus de Paula 
et al., 2009). 

Oxidative stress occurs in the early stages of AD and is directly linked 
to Aβ toxicity (Mota et al., 2015). Studies have shown that oxidative 
stress levels are high in the brains of AD patients (Markesbery, 1997). 
Furthermore, Aβ markedly elevates lipid peroxidation in the brain tissue 
of AD model mice, ultimately resulting in the generation of free radicals 
and consequent deficits in learning and memory (Moneim, 2015; Zhao 
et al., 2019). Therefore, the identification of prospective protective 
agents capable of modulating Aβ neurotoxicity and promoting anti
oxidation could represent a valuable strategy for AD treatment. 

AMPK functions as a crucial energy sensor, serving as the primary 
regulator of cellular energy balance and oxidative stress (Daval et al., 
2006; Hardie, 2008; Kemp et al., 2003). Activation of the AMPK cascade 
is associated with neuroprotective effects (Shukitt-Hale et al., 2015). 
AMPK has been suggested to modulate neurodegeneration by upregu
lating β-secretase 1 (BACE1) to increase the intracellular and extracel
lular Aβ production and directly phosphorylating tau (Hoover et al., 
2010). Additionally, AMPK is activated in response to the presence of 
excess cellular ROS in AD (Kornelius et al., 2015). Nrf2 is a key tran
scription factor regulating antioxidant stress (Lu et al., 2022). AMPK 
phosphorylates Nrf2 and promotes its nuclear accumulation, activating 
antioxidant response elements (AREs) to restore cellular antioxidant 
capacity (Joo et al., 2016). Recently, Nrf2 activation by several drugs 
was found to attenuate oxidative stress and toxicity in Aβ1–42-induced 
AD cell models (Eftekharzadeh et al., 2010), suggesting that Nrf2 acti
vation is a potentially effective treatment strategy for AD. Hence, tar
geting the AMPK/Nrf2 oxidative signaling pathways may lead to the 
development of new treatment and intervention strategies against Aβ 
neurotoxicity to further reduce brain damage in AD. 

As the pathogenesis of AD is still unclear, many clinical drugs are 
ineffective or have serious side effects. Therefore, it is an urgent clinical 
need to find practical and effective therapeutic drugs. Currently, there is 
a growing interest in useful functional foods to prevent or delay AD 
(Zhang et al., 2019). Ginseng, sourced from the roots and rhizomes of P. 
ginseng, currently serves as a functional food renowned for enhancing 
bodily functions (Liu et al., 2016). Recent research has substantiated the 
capacity of ginsenosides to mitigate Aβ deposition and tau hyper
phosphorylation, thereby ameliorating AD symptoms and retarding 
disease progression (Wu et al., 2022). RK1, derived from ginseng plants 
through high-temperature processing, possesses robust antioxidant and 
anti-inflammatory properties (Elshafay et al., 2017). Prior research has 
indicated its efficacy in ameliorating other neurodegenerative condi
tions, such as LPS induced depressive behavior (Li et al., 2020). But, its 
therapeutic effect and mechanism in AD remain poorly understood. 

In this study, we employed an Aβ1–42-induced cell injury model and 
transgenic APP/PS1 mice to decipher the therapeutic effect and under
lying mechanism of RK1 in AD. The outcomes demonstrated that RK1 
mitigated oxidative damage and AD-related pathological through 
modulation of the AMPK/Nrf2 signaling pathway, offering novel pros
pects for AD therapy. 

Materials and methods 

Reagents 

RK1 (DR0034) was bought from Chengdu DeSiTe Biological Tech
nology. Donepezil (AB1619) was obtained from Chengdu Alfa Biotech
nology Co., Ltd . Bovine Serum Albumin (BSA, 10,711,454,001), 
Dulbecco’s modified Eagle’s medium (DMEM, D0822) were procured 
from Sigma. Penicillin/Streptomycin was ordered from Gibco (Carlsbad, 
CA, USA). Dimethyl sulfoxide (DMSO, D2650) was procured from 
Sigma. Flow cytometry Apoptosis Detection Kit (556,570) was obtained 
from BD Biosciences (San Diego, CA, USA). PVDF membranes were 
bought from Bio-Rad (1,620,177). Fetal bovine serum (FBS) and 0.25 % 
Trypsin were obtained from Life Technologies (Grand Island, NY, USA). 
TUNEL staining kit (C1088), SOD (S0101S), GSH (S0057S), and MDA 
(S0131S) assay kit, MTT (ST316), JC-1 (C2006), Reactive Oxygen Spe
cies Assay Kit (S0033S), DAPI (P0131), and RIPA lysis buffer (P0013B) 
were bought from Beyotime Institute of Biotechnology (Shanghai, 
China). Aβ 1–42, with a molecular mass of 4514.10 (catalog number 
PA4391), having the sequence NH2-DAEFRHDSGYEVHHQKLVF
FAEDVGSNKGAIIGLMVGGVVIA–COOH, was procured from Ontores 
Biotechnologies located in Zhejiang, China. Table S1 contains the 
comprehensive list of antibodies utilized in this study along with their 
respective sources. The table listing the primers utilized in this study is 
available in Table S2. 

Animal treatment 

APP/PS1 mice (APPswe, PSEN1dE9) were obtained from the Jackson 
Laboratory and accommodated in the animal facility at Hangzhou 
Medical College. They were kept under controlled conditions with a 12- 
hour light/dark cycle at 25 ◦C and had unrestricted access to food and 
water. The experimental protocol was approved by Hangzhou Medical 
College Animal Ethics Committee (2022–001). Female mice of equiva
lent age, body weight (approximately 30 g each), and age (8 months) 
were randomly assigned to one of five groups: WT, APP/PS1, APP/PS1 
+ 1 mg/kg RK1, APP/PS1 + 10 mg/kg RK1, and APP/PS1+ Donepezil. 
The drugs were prepared in a 2 % dimethyl sulfoxide (DMSO) solution in 
PBS. Before administration, mice in each group were individually 
weighed, and drug doses for intraperitoneal injection were adjusted 
according to their body weight. Intraperitoneal injections were admin
istered daily for one month. 

Preparation of tissue samples 

After the behavioral assessments, mice from different experimental 
groups were euthanized with 100 mg/Kg Pentobarbital sodium. Subse
quently, decapitation was performed following cardiac perfusion with 
0.9 % saline. The brains of mice from each experimental group were 
carefully extracted, fixed in 4 % paraformaldehyde (PFA) at 4 ◦C for 24 
h. Half of the brain samples were dehydrated by sucrose gradient, OCT 
embedding, and stored at -80 ◦C for subsequent IF analysis. Other brain 
tissue samples were placed in 1.5 ml tubes and preserved at -80 ◦C for 
future western blot analysis. 

Morris water maze (MWM) test 

One day before the experiment, the mice were moved to the behavior 
room and allowed to adjust to the environment. Briefly, mice were 
positioned within a water tank, and we recorded their escape time using 
an overhead video tracking system. If a mouse failed to locate the hidden 
platform within 60 s, the escape time was capped at 60 s (Bromley-Brits 
et al., 2011). On the fifth day, a spatial exploration task was performed 
by removing the hidden platform, allowing mice to swim freely for 60 s. 
The system recorded the number of times each mouse crossed the 
platform’s previous location and the total time spent in each quadrant 
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(Vorhees and Williams, 2006). Data collection and analysis utilized the 
VisuTrack MWM image analysis system, located in Shanghai, China. 

New object recognition (NOR) test 

On the first day of the experiment, two identical objects A were put in 
the experimental setup. After the mice were put in, then the video 
equipment was turned on to record the contact situation of the mouse 
with the two objects, including the times of contact with the object and 
the time of exploration. The test duration is 5 min. After 24 h, replace 
one object A in the experimental device with object B, record the same 
index as the first day, and also record for 5 min with video equipment. 

Cell culture and treatments 

PC12 cells were cultured in 10 % DMEM medium (with 10 % FBS and 
1 % penicillin/streptomycin) in a cell incubator at 37 ◦C and 5 % CO2. 
Change the medium every two to three days of culture and passage the 
cells with 0.25 % trypsin when they reach 90 % confluency. 

Primary neurons were isolated from the brains of newborn C57BL/6 
(C57) mice within 24 h following an established protocol (Giordano and 
Costa, 2011). Newborn mice were immersed in 75 % alcohol for 5 min to 
ensure disinfection before decapitation for euthanasia. The brain was 
meticulously dissected and rinsed with cold 1xHBSS. After careful 
removal of blood vessels and meninges under a microscope, the brain 
tissue was finely minced. Subsequently, enzymatic digestion was carried 
out with 0.1 % trypsin at 37 ◦C for 20 min. After terminating the 
digestion process, the cell suspension obtained was filtered using a de
vice with a 0.45 μm pore size and subsequently centrifuged at 1000 g for 
5 min to remove the supernatant. Following this, the cells were resus
pended and placed on poly-d-lysine-coated plates in Neurobasal Me
dium with the addition of 1 % B27. 

MTT assay 

The effect of RK1 on cell viability was detected using the MTT assay 
(Kumar et al., 2018; Zheng et al., 2016). PC12 cells were subjected to the 
relevant drug treatments within 96-well plates. Following this, the cells 
were incubate with MTT solution (0.5 mg/ml, dissolved in blank me
dium). After 3–4 h incubation, the MTT medium was removed, and 100 
μL of DMSO were added to each well to dissolve the blue formazan 
crystals. Absorbance at 570 nm was quantified using microplate readers. 

ROS staining 

Excess ROS damage cellular proteins, lipids, and DNA, leading to 
cellular damage, thus we used the fluorescent probe DCFH-DA (Beyo
time, S0033S, China) to measure the effect of RK1 on intracellular ROS 
production. PC12 cells were treated with appropriate drugs, then the 
cells were incubated with 10 μM DCFH-DA reagent in blank DMEM 
medium for 60 min in the dark in 37 ◦C, and then fluorescence intensity 
was measured using an Infinite M200 PRO multimode microplate with 
excitation at 488 nm and emission at 525 nm. 

TUNEL assay 

TUNEL staining assay (C1090, Beyotime, Shanghai, China) was used 
to examine the effect of RK1 on Aβ1–42-induced cellular apoptosis. 
Following drug treatments, cells were seeded into 96-well plates, fixed 
using 4 % PFA for 15 min, and then exposed to a 0.3 % H2O2 solution 
(dissolved in 1x PBS) for 30 min. Subsequently, cells underwent incu
bation with a TUNEL reaction mixture (consisting of 45 liters of fluo
rescent labeling solution and 5 liters of TdT enzyme) for 1 h at 37 ◦C in 
darkness. TUNEL-positive cells (green fluorescence) were observed 
under a fluorescent microscope and counted. The apoptosis was calcu
lated as a percentage of the total number of cells. 

Test of mitochondrial membrane potential (△ψm) 

To assess the influence of RK1 on mitochondrial membrane poten
tial, we employed the JC-1 kit. PC12 cells were first plated in 96-well 
dishes and subjected to the relevant drug treatments. Afterward, the 
cells underwent incubation with a 1x JC-1 staining solution at a con
centration of 10 μg/ml within a 37 ◦C cell incubator for 30 min. Sub
sequently, the following steps were carried out. 

SOD, MDA, and GSH assay 

We followed the manufacturer’s instructions to conduct the assay. 
Brain tissue samples were briefly collected and processed using RIPA 
lysis buffer. SOD activity was determined using the WST-8 method, in 
which WST-8 reacts with superoxide anions catalyzed by xanthine oxi
dase, resulting in a water-soluble formazan dye that could be quantified 
at 450 nm. To measure MDA content, we carried out a colorimetric re
action involving MDA and thiobarbituric acid (TBA), producing a red 
product measurable at 532 nm. We also assessed glutathione reductase 
activity, which converts oxidized glutathione (GSSG) to reduced gluta
thione (GSH). GSH subsequently reacted with the chromogenic substrate 
DTNB, generating yellow TNB and GSSG, quantified at 412 nm to 
determine TNB production. 

Immunofluorescence (IF) 

Mouse brain tissue embedded in OCT was sliced into 20 μm sections. 
Following a 30-minute drying period at 42 ◦C, the sections were treated 
with 0.1 % Triton X-100 (diluted in 1 × PBS) for 10 min. Subsequently, 
they were rinsed with 1xPBS and blocked in a 10 % BSA blocking buffer 
(diluted in 1 × PBS) for 60 min at room temperature. A drop of primary 
antibody was applied to each section and left to incubate overnight at 
4 ◦C. The following day, the sections were allowed to reach room tem
perature for 40 min, after which the primary antibodies were washed off 
using 1 × PBS. They were then exposed to the appropriate fluorescent 
secondary antibodies for 2 h at room temperature. After washing with 
1xPBS, we mounted the slides using the SlowFade® anti-fade DAPI re
agent and captured images using a Nikon A1 confocal microscope. 

Flow cytometry 

After drug treatment, PC12 cells were collected by centrifuge at 
1000 rpm for 10 min. Following this, cells were washed two times with 
1xPBS, and then resuspended in 185 μl of 1x binding buffer. For each 
treatment group, 5 μl of Annexin V-FITC and 10 μl of propidium iodide 
(PI) were added to the cell suspensions, which were subsequently 
incubated for 30 min in darkness at room temperature. Subsequently, 
PC12 cells with different treatment were collected and analyzed using 
flow cytometry software. 

Western blot 

Protein samples from brain homogenates or cells were lysed with 
RIPA buffer on ice for 30 min, and quantified using a BCA detection kit 
(23,225, Thermo Fisher). The samples were subsequently subjected to 
separation through SDS-PAGE polyacrylamide gel electrophoresis, and 
then the proteins on the gel were transferred to 0.22 μm PVDF mem
brane under the condition of 260 mA for 90 min. PVDF membranes were 
blocked with 5 % BSA for 50 min and incubated the membrane with 
primary antibody (1:1000) overnight at 4 ◦C. Following day, the PVDF 
membrane was washed 3 times with 1 × TBST to remove the primary 
antibody, and then incubated with HRP-conjugated secondary antibody 
for 2 h at room temperature. Immunoreactive bands were visualized 
using the Bio-Rad Gel Doc XR system after addition of ECL, and band 
intensities were quantified using Image J software. 
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Statistical analysis 

The statistical analysis will be carried out with the software, 
GraphPad Prism 8 software (GraphPad Software in San Diego, CA). Error 
bars were included in the figures to represent the mean ± standard error 
of the mean (SEM). To determine statistical significance across multiple 
groups, we utilized either one-way or two-way analysis of variance 
(ANOVA), followed by Tukey’s post-hoc test. p < 0.05 is considered as 
that the result has statistical significance. 

Results 

RK1 attenuates PC12 cell toxicity induced by Aβ1–42 

To examine the protective effect of RK1 on PC12 cells, we initially 
evaluated its protective effect on Aβ1–42-induced cell death through 
MTT assay. Result showed that RK1 (Fig. 1A) demonstrated a dose- 
dependent protective effect against Aβ1–42-induced cell death 
(Fig. 1B). The protective effects of RK1 were further confirmed through 
LDH assay (Fig. 1C), DAPI staining (Fig. 1D,1E), and flow cytometry 
(Fig. 1F,1G). These results indicated that Aβ1–42 exposure significantly 
increased LDH release and apoptotic cells in PC12 cells, but pretreat
ment with 1.25 μM ginsenoside RK1 reversed these changes. Caspase-3 
is a key player in the caspase cascade (Slee et al., 2001). Bcl2 acts as an 
anti-apoptotic protein, whereas Bax operates as a pro-apoptotic protein 
(Kale et al., 2018). Western blot results demonstrated that RK1 pre
treatment markedly reduced the protein level of Bax and increased the 
protein level of Bcl2 (Fig. 1H,1I). Similar results were observed at the 
mRNA level for Bax and Bcl-2, as measured by RT-qPCR (Fig. 1J). 
Additionally, RK1 significantly increased the mRNA expression of PARP, 
an important apoptosis indicator (Fig. 1J). Collectively, these findings 
demonstrate that RK1 confers neuroprotection against apoptosis 
induced by Aβ1–42 in PC12 cells. 

RK1 induces AMPK/Nrf2 signaling in correlation with the neuroprotective 
effect against Aβ1–42-induced oxidative damage 

Oxidative stress is a significant mechanism through which Aβ exerts 
neurotoxic effects. Consequently, we assessed intracellular ROS levels 
and mitochondrial membrane potential (△ψm). ROS staining revealed a 
notable increase in intracellular ROS levels induced by Aβ1–42. How
ever, RK1 treatment markedly mitigated this heightened intracellular 
ROS production initiated by Aβ1–42 (Fig. 1K and 1l). Mitochondria are 
the primary sites for ROS generation, and we evaluated △ψm by 
measuring the ratio of red to green fluorescence after JC-1 staining in 
PC12 cells. In healthy cells, the dye forms red fluorescent aggregates 
within mitochondria, while in apoptotic cells, it transitions into green, 
fluorescent monomers located in the cytoplasm. The results demon
strated that RK1 reversed the alteration in mitochondrial membrane 
potential induced by Aβ1–42 (Fig. 1K and 1M). AMPK is a pivotal 
regulator of cellular energy metabolism, highly conserved, and crucial in 
governing oxidative stress and mitochondrial energy metabolism. Thus, 
we examined whether RK1 influenced the expression and signaling of 
this pathway concerning its neuroprotective effect. The results indicated 
that Aβ1–42 decreased the expression levels of p-AMPK and Nrf2, and 
this effect was counteracted by pre-treatment with RK1 (Fig. 1N–1P). 

Blocking the AMPK pathway inhibits the protective effects of RK1 

To further confirm the involvement of AMPK/Nrf2 signaling in the 
protective effects of RK1, we pretreatment PC12 cells with an AMPK 
inhibitor (Compound C) at a concentration of 2 μM for 60 min, aiming to 
inhibit the AMPK pathway. Obtained result showed that the phosphor
ylation of AMPK (P-AMPK) was noticeably blocked following 2 μM 
Compound C pretreatment (Fig. 2A and 2B). Subsequently, we assessed 
oxidative stress using JC-1 and ROS staining (Fig. 2C–2E), evaluated cell 

viability through the MTT assay (Fig. 2F), quantified cell apoptosis by 
flow cytometry (Fig. 2G and 2H) and gauged the expression levels of 
apoptosis-related factors using western blotting (Fig. 2I and 2J). These 
findings consistently indicated that blocking AMPK significantly 
inhibited the protective effect of RK1 against Aβ1–42-induced oxidative 
stress and apoptosis, indicating that the AMPK signaling pathway was 
involved in the protective effect of RK1 against Aβ1–42-induced 
neurotoxicity.. 

RK1 improves the cognitive deficit in APP/PS1 CE mice 

RK1 was administered via intraperitoneal injection once daily for 4 
weeks. The treatment included a low dose of 1 mg/kg and a high dose of 
10 mg/kg. Donepezil, a drug approved for AD clinic treatment, was 
administered at a dose of 5 mg/kg (Adlimoghaddam et al., 2018), and 
was used as a positive control drug in present experiments. Following 
this treatment period, the evaluation of learning and memory capacities 
was conducted through a NOR test (Fig. 3A,3B). The movement trajec
tory (Fig. 3C), number of novel object explorations (Fig. 3D), average 
speed (Fig. 3E), number of approaches (Fig. 3F), and total duration of 
approaches (Fig. 3G) of mice in each group were recorded. The results 
indicated that after treatment with RK1 or donepezil, there was an in
crease in the exploration of novel objects compared to the APP/PS1 
group. We further verified these results using the MWM test. We 
recorded the movement trajectories of each mouse group (Fig. 3H and 
3I). Notably, the average escape latency was substantially increased in 
APP/PS1 mice, indicative of decreased memory. However, after treat
ment with RK1 or donepezil, the average escape latency markedly 
decreased compared to the APP/PS1 group (Fig. 3J). Moreover, upon 
removal of the platform, both the RK1 and donepezil-treated groups 
exhibited a greater amount of time spent crossing the platform and 
remaining in the target quadrant in comparison to the APP/PS1 group 
(Fig. 3K and 3l). Significantly, RK1 demonstrated superior effectiveness 
in ameliorating cognitive impairments in APP/PS1 mice when compared 
to donepezil. 

RK1 treatment promotes AD-type pathology 

Aβ accumulation, neuroinflammation, and Tau phosphorylation are 
prominent hallmarks of AD. To investigate the impact of RK1 on Aβ 
accumulation, we performed Immunofluorescence. As anticipated, mice 
receiving RK1 or donepezil displayed reduced Aβ deposition (Fig. 4A). 
Neuroinflammation is primarily characterized by glial cell activation. To 
investigate RK1′s effect on neuroinflammation, we conducted IF for 
microglial markers (Iba1) and astrocyte markers (GFAP) in brain tissue, 
comparing it with the APP/PS1 group. Notably, RK1 and donepezil 
administration markedly suppressed microglial and astrocyte activation 
(Fig. 4A). To corroborate these findings, we conducted western blot 
analysis on brain homogenates using the same antibodies to assess levels 
of APP/β-amyloid and phosphorylated tau (P-tau). The results demon
strated a substantial reduction in APP/β-amyloid expression and tau 
phosphorylation following RK1 or donepezil treatment when compared 
to the untreated APP/PS1 group (Figs. 4B-4D). Importantly, it’s note
worthy that RK1, administered at a dose of 10 mg/kg, exhibited superior 
efficacy in ameliorating AD pathology compared to the positive control 
drug, donepezil. Fig. 5 

RK1 attenuates neuronal cell injury and oxidative stress in correlation with 
the activation of the AMPK/Nrf2 pathway 

Reducing neuronal apoptosis is a critical objective in the neuro
protective treatment of AD. To assess the impact of ginsenoside RK1 on 
neuronal apoptosis in the brain, NeuN-labeled neuronal cells were 
initially employed for IF staining. RK1 and donepezil treatment 
ameliorated neuronal apoptosis in the hippocampus and cortex of APP/ 
PS1 mice (Fig. 6A). We observed that RK1 treatment significantly 
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Fig. 1. Ginsenoside Rk1 reduced Aβ1–42-induced neurotoxicity in PC12 cells and activated AMPK/Nrf2 signaling. 
(A) Chemical structure of Ginsenoside Rk1. (B) Cell viability in PC12 cells was measured using the MTT assay. (C) Cell damage was measured by LDH release assay. 
(D)Apoptotic cells were measured by DAPI staining. (E) Quantitation of apoptotic cells in D. (F) Apoptosis was tested by flow cytometry. (G) Quantitative analysis of 
(F). (H)Western blot analysis of cleaved caspase-3, Bax, and Bcl-2 in PC12 cells. (I) Quantitative data of the western blot intensity by Image J software. (J) mRNA 
levels of Bax, Bcl-2, and Parp in the PC12 cells were measured by Q-PCR. (K) The fluorescent images represent the ROS level as determined by the probes DCFH-DA 
and JC-1 dyes. (l) Quantitation of the percentage of the cellular ROS level. (M) Red to green fluorescence intensity ratio in different groups. (N) Expression of p- 
AMPK; T-AMPK and Nrf2 were detected by using Western blot. (O) Quantification of p-AMPK; T-AMPK and Nrf2. (P) RT -qPCR showing mRNA levels of Nrf2, keap1, 
Ho1, and Nqo1 in the PC12 cells. Results are presented as mean ± SEM (n = 3). 
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Fig. 2. The protective Effects of Ginsenoside Rk1 in PC12 Cells were reversed by AMPK inhibitor. 
(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. (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). 
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Fig. 3. Ginsenoside Rk1 improved the cognitive deficits of APP/PS1 mice. 
(A) 8-month-old APP/PS1 mice were administered Ginsenoside Rk1 by intraperitoneal injection once a day. (B) flowchart of novel object recognition experiment. (C) 
The representative curve of novel object recognition experiments. (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) A number of new object approaches of the new object recognition test. (G) The number of new object approaches of 
the new object recognition test. (H) Representative curve of place navigation test. (I) Representative curve of probe test. (J) Time is required to find the hidden 
platform. (K) The average crossing platform times of each group of mice within 60 s. (E) Time spent in the target quadrant where the platform had been located. Data 
are presented as mean ± SEM of n = 7 mice per group. 
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Fig. 4. Ginsenoside Rk1 treatment promoted AD-type pathology. 
(A) Representative images of immunofluorescence in the hippocampus CA1 of 3 groups of mice at 8 months old. Scale bar = 100 μm. (B) Representative Western blot 
analysis of APP, p-Tau, and Tau in the hippocampus. (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). 
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Fig. 5. Ginsenoside Rk1 attenuated neuron damage in APP/PS1 mice via activation of AMPK. 
(A) Representative images of immunofluorescence in the hippocampus and cortex of 3 groups of mice at 8 months old. (B) Representative Western blot analysis of 
Bax, Bcl2, and Cleaved caspase3 in the hippocampus. (C) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software in- 
plane A. (D) Quantitative data of the blot intensity of corresponding proteins were determined by Image J software in-plane A. (E-G) SOD, MDA, and GSH levels in 
the hippocampus were determined using biochemical kits respectively. (H) Representative Western blot analysis of p-AMPK and T-AMPK in the hippocampus. (I) 
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). 
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Fig. 6. Ginsenoside Rk1 conferred neuroprotection against Aβ1–42 induced injury in primary cultured neurons via the AMPK pathway. 
(A) Representative images of primary neurons. (B-C) Cell viability was measured using the MTT assay. (D) The fluorescent images represent the ROS level as 
determined by the probes DCFH-DA, which determined mitochondrial membrane potential by staining the cells with JC-1 dyes and TUNEL staining. (E)Red to green 
fluorescence intensity ratio. (F) Quantitation of the percentage of the cellular ROS level. (G) Quantitation of TUNEL staining data. Results are presented as mean ±
SEM (n = 3). 
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elevated the Bcl2/Bax ratio and reduced cleaved caspase 3 expression 
compared to untreated APP/PS1-AD mice, with a more pronounced ef
fect than donepezil (Fig. 6B–D). 

We investigated the impact of RK1 on oxidative stress in vivo. To 
assess oxidative stress, we quantified biomolecular damage byproducts, 
which included MDA, a well-established marker of lipid peroxidation. 
Additionally, we assessed the activity of SOD and measured the levels of 
GSH, a critical antioxidant enzyme vital for safeguarding the brain 
against damage caused by free radicals. As illustrated in Fig. 6E–6G, 
APP/PS1-AD mice exhibited significant deviations in MDA levels, SOD 
activity, and GSH levels when compared to their wild-type counterparts, 
indicating an elevated state of oxidative stress. Remarkably, treatment 
with a high dose of ginsenoside RK1 led to a substantial reversal of MDA 
and SOD levels in the brain extracts of APP/PS1-AD mice. These findings 
provide further substantiation of the antioxidative properties of ginse
noside RK1, which effectively impedes brain apoptosis and alleviates 
cognitive deficits in the APP/PS1 mouse model. Additionally, we 
assessed the phosphorylation of AMPK and Nrf2 in brain extracts from 
various experimental groups. P-AMPK and Nrf2 were reduced in the 
brains of APP/PS1-AD mice compared with WT mice, whereas RK1 
treatment increased the expression of these proteins (Fig. 6H,6I). These 
findings confirm the results in vitro. 

RK1 confers neuroprotection against Aβ1–42-induced apoptosis and 
oxidative stress in primary cultured neurons via the AMPK pathway 

To further validate RK1′s protective effects, we isolated primary 
neuronal cells from the brains of newborn C57 mice (within 24 h) 
(Fig. 6A). These neurons were pre-treated with 1.25 μM RK1 for 24 h and 
subsequently exposed to 10 μM Aβ1–42 for an additional 24 h. Our 
findings demonstrate that RK1 significantly improved the reduced cell 
viability induced by Aβ1–42 in primary cultured neurons (Fig. 6B). To 
further substantiate RK1′s protective effect against Aβ1–42-induced 
oxidative stress and apoptosis in primary cultured neurons, we con
ducted a comprehensive evaluation encompassing cell viability, mito
chondrial membrane potential (Δψm), intracellular ROS levels, and 
apoptosis. These evaluations were carried out utilizing the MTT assay 
(Fig. 6C), JC-1 staining, quantification of ROS, and TUNEL staining 
(Fig. 6D). Significantly, the protective influence of RK1 was mitigated 
upon the introduction of AMPK inhibitors in primary neuronal cells. 
Importantly, these findings align consistently with outcomes observed in 
PC12 cells and the APP/PS1 mouse model, collectively reinforcing the 
notion that RK1 shields neuronal cells from oxidative stress through 
AMPK pathway activation. 

Discussion 

In the present research, we demonstrated for the first time that RK1 
exerts effective therapeutic effects against AD, which is better than that 
of the available drug, donepezil. Our research shows that RK1 can 
reduce intracellular ROS levels and restore △ψm and apoptosis caused 
by Aβ1–42 in PC12 cells and primary cultured neurons. Further studies 
have shown that RK1 stimulates the AMPK/Nrf2 pathway. Incubation 
with Compound C weakened the protective effects of RK1. Similarly, the 
APP/PS1 mice model results showed that RK1 improved cognitive def
icits and AD-type pathology in correlation with the activation of AMPK/ 
Nrf2. Taken together, these results suggest a new potential drug candi
date for the treatment of AD. 

Given the multifaceted and intricate nature of AD pathology, the 
pursuit of traditional Chinese medicine compounds, renowned for their 
diverse pharmacological activities, is poised to yield innovative AD 
therapeutics (Pei et al., 2020). Ginseng, obtained from the root and 
rhizome of P. ginseng, is widely employed both in medicinal applica
tions and as a functional dietary supplement to improve physiological 
functions (Patel and Rauf, 2017). Recent research indicates that ginseng 
extract, specifically its active component ginsenosides (also known as 

ginseng saponins), can ameliorate symptoms and impede the advance
ment of AD in afflicted individuals by diminishing the deposition of Aβ 
and tau (Kim et al., 2018). Ginsenoside Rg3 mitigated cognitive 
impairment in rats with AD by enhancing mitochondrial function 
(Zhang et al., 2019). RK1, derived through high-temperature processing 
of ginseng (Lee, 2014), exhibits a range of pharmacological benefits 
encompassing antioxidative, anti-inflammatory, anti-insulin resistance, 
neuroprotective, antibacterial, and anti-lipid accumulation effects 
(Elshafay et al., 2017). All the results above support the clinical pro
tective effects of RK1 and demonstrate the potential of developing 
RK1-based treatments for the previously mentioned conditions. In this 
study, we discovered a new role for RK1 as a potential drug for the 
treatment of AD. At present, patients primarily rely on tacrine, done
pezil, rivastigmine, and galantamine for cognitive deficit improvement, 
representing the mainstay of treatment. Remarkably, our findings indi
cate that RK1 exhibits a superior therapeutic effect compared to 
donepezil. 

RK1 exhibits antioxidant effects (Pu et al., 2021). In this study, we 
found that Aβ1–42 caused a decrease in △ψm and an increase in 
intracellular ROS levels in vitro, while treatment with RK1 significantly 
inhibited these changes. Similarly, RK1 administration significantly 
increased SOD activity and concurrently decreased MDA activity in the 
brains of APP/PS1-AD mice. These findings strongly suggest that the 
antioxidant properties of RK1 may be the basis for its neuroprotective 
effects, both in vivo and in vitro. Neuronal cells in the brain contain a 
large amount of easily oxidized polyunsaturated fatty acids and have 
high rates of oxygen consumption, making them particularly vulnerable 
to oxidative damage (Halliwell, 2006). Activation of endogenous anti
oxidant defense systems, such as Nrf2, is required to combat oxidative 
stress-induced damage to brain neurons. Under oxidative stress, p-Nrf2 
trans locates into the nucleus, forms a dimer with Maf, and promotes the 
expression of enzymes encoding antioxidant activities like HO-1 and 
SOD (Johnson and Johnson, 2015). In this study, we verified that RK1 
activated Nrf2 and its downstream HO-1 while exerting its antioxidant 
and neuroprotective effects in PC12 cells and APP/PS1-AD mice. Acti
vation of Nrf2 has been reported to prevent Aβ-mediated neurotoxicity 
in neuronal cell cultures (Sandberg et al., 2014). Gracilins A and C 
(sponge-derived diterpenoids) have been reported to significantly 
improve learning and memory in 3 × Tg mice by activating Nrf2 (Leirós 
et al., 2015). 

Reduced AMPK activity has been observed in the brains of AD pa
tients, indicating a corresponding decline in mitochondrial biogenesis 
and function (Dong et al., 2016). Activation of AMPK holds promise for 
ameliorating the brain’s energy metabolism disruptions associated with 
AD pathogenesis and represents a potential therapeutic target (Cai et al., 
2012). It’s worth noting that oxidative stress impacts AMPK phosphor
ylation. Subsequently, AMPK phosphorylates Nrf2, facilitating its nu
clear accumulation and the transactivation of ARE-driven genes (Joo 
et al., 2016). This process empowers cells to restore their antioxidant 
capacity. Our in vitro experiments and investigations in AD transgenic 
mice suggest that RK1 provides neuronal antioxidant protection by 
activating the AMPK/Nrf2 pathway, offering potential benefits for AD 
treatment. This study underscores the therapeutic potential of RK1 in 
AD. Nonetheless, further research is warranted to elucidate the mecha
nism by which RK1 modulates AMPK, as well as its bioavailability and 
pharmacokinetics. 

In conclusion, this study shows that RK1 is more effective than 
donepezil in improving the symptoms of AD. Mechanistically, we found 
that the effect of RK1 was accompanied by activation of the AMPK 
signaling pathway in PC12 cells and APP/PS1 mouse models. Taken 
together, the present results reveal the great potential of RK1 as a new 
therapeutic drug candidate for AD treatment. 
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