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Saponin of Rhizoma Polygonati inhibits neuronal apoptosis and
ameliorates cognitive deficits in Alzheimer’s disease mice by
modulating c-Abl/MST1 pathway
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Abstract. Saponin of Rhizoma Polygonati (SRP) is a key bioactive component obtained from Rhizoma
Polygonati, has neuroprotection, antioxidant and anticancer effects. This research aimed to explore
whether SRP improves cognitive deficits in Alzheimer’s disease (AD) mice. Behavioral testing was
performed by the Morris water maze test. Histopathological changes and neuronal apoptosis in mouse
hippocampus were observed by Hematoxylin-eosin, Nissl staining, and TUNEL staining. The impact
of SRP on amyloid B-protein (Ap) and neurofibrillary tangles (NFTs) production was determined
by immunofluorescence and Glycine silver staining. Western blot detected c- Abl/Mammalian sterile
20 (STE20)-like kinase 1 (MST1) pathway, apoptosis-related protein, and Tau phosphorylation level.
AD mice exhibit cognitive deficits compared to normal mice, and SRP ameliorates cognitive deficits.
The hippocampal tissues of AD mice showed neuronal damage and apoptosis, with AP deposition,
loss of Nissl bodies and formation of NFTs. SRP attenuated neuronal damage in AD mice, inhibited
AP deposition and NFTs formation. Additionally, SRP blocked the c-Abl/MST1 pathway in AD
mice. c-Abl inhibitor enhanced the neuroprotective effect of SRP in AD mice, while c-Abl agonist
weakened this effect. SRP inhibits hippocampal histopathological damage and enhances cognitive
ability in AD mice through blocking the c-Abl/MST1 pathway.

Key words: Saponin of Rhizoma Polygonati — Alzheimer’s disease — Cognitive defect — Neuron
damage — c-Abl/MST1 pathway

Highlights:

« Saponin of Rhizoma Polygonati Rhizoma Polygonati (SRP) attenuates cognitive deficits and reduces
neurofibrillary tangle formation in brain tissue in AD mice.

o SRP inhibits Tau protein hyperphosphorylation and suppresses amyloid B-protein deposition in
hippocampal tissue of AD mice.

o SRP ameliorates hippocampal histopathological damage and inhibits hippocampal neuronal
apoptosis in AD mice.

« SRP inhibits the c-Abl/MST1 pathway, thereby attenuating cognitive deficits and ameliorating
hippocampal histopathological damage and neuronal apoptosis in AD mice.
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Introduction

As the population continues to age, the morbidity and mor-
tality rates of age-related incapacitating diseases have risen
significantly (Dominguez et al. 2021; Gonzales et al. 2022).
Alzheimer’s disease (AD) stands as the most prevalent type
of dementia in old age, according to statistics, there are ap-
proximately 50 million people with AD globally in 2018, and
it is expected that this number could rise to 150 million in
2050 (Scheltens et al. 2021; Rostagno 2022). As a common
clinical neurodegenerative disease, the primary symptoms
of AD include progressive loss of cognitive function and
behavioral abnormalities (Knopman et al. 2021; Monteiro et
al. 2023). In recent years, scientists have conducted numer-
ous studies and found that the typical pathological changes
in AD are hippocampal atrophy, amyloid p-protein (AP)
deposition, Tau protein hyperphosphorylation, and neurofi-
brillary tangles (NFTs) formation (Huang et al. 2024; Zheng
and Wang 2025). Despite intensive research by scientists,
AD remains an incurable disease in clinical practice, posing
significant challenges to patients and their families, as well
as to society as a whole (Breijyeh and Karaman 2020; Passeri
et al. 2022). As a result, it is crucial to create medications
that are both safe and effective for AD treatment.

In recent years, natural plants have received a surge
of interest from researchers because of their high safety
profile and rich bioactivity with multiple targets of action
(Varshney and Siddique 2021; Wang et al. 2022; Shen et
al. 2024; Liu et al. 2025; Sharma et al. 2025). Plant macro-
molecules such as flavonoids, saponin, polysaccharide, and
phenols have been reported to have therapeutic potential
for AD, and screening for effective drugs against AD from
such natural plant extracts may be a promising new option
(Chen et al. 2022; Varshney and Siddique 2024). Rhizoma
Polygonati is a traditional Chinese medicinal herb used
in anti-aging, immunomodulation, neuroprotection and
anti-cancer applications (Nurtay et al. 2021; Wang et al.
2023). Saponin of Rhizoma Polygonati (SRP), as the main
active ingredient of Rhizoma Polygonati, also has a wide
range of pharmacological effects (Huang et al. 2024; Wu et
al. 2024). SRP has been reported to regulate the intestinal
flora of type 2 diabetic mice and improve glucose tolerance,
activate glucose transporter protein 4, and effectively reduce
blood glucose (Chen et al. 2022). Zhao et al. (2024) found
that SRP improved immune function, declined inflamma-
tory factors levels, and improved the intestinal mucosal
barrier function in immunosuppressed mice. Additionally,
SRP down-regulated the expression of miR-142-3p, which
could protect bone marrow hematopoietic stem cells and
thus improve hematopoiesis in myelosuppressed mice (Gu
etal. 2021). Notably, research indicates that polysaccharides
from Rhizoma Polygonati could attenuate cognitive deficits
in AD model mice by remodeling the gut microbiota (Luo

et al. 2022). However, at present, the influence of SRP on
cognitive impairments in AD mice and the underlying
mechanisms remain unclear.

c-Abl is part of the Abl family of non-receptor tyrosine
kinases in mammals and is extensively present in cells of vari-
ous human tissues (Motaln and Rogelj 2023). c-Abl is able to
interact with other proteins through its own tyrosine kinase
structural domain to mediate cell proliferation, cell cycle,
skeleton remodeling, inflammatory response, apoptosis, cell
signaling, tumorigenesis, and posttranscriptional processing
(Bohio et al. 2020; Gonzalez-Martin et al. 2021). It has been
shown that c-Abl is important in neurodegenerative diseases,
and down-regulation of c-Abl improves memory capacity,
inhibits astrocyte activation, and attenuates neuronal dam-
age in AD mice (Giesert 2021; Feng et al. 2022; Leon et al.
2023). Mammalian sterile 20 (STE20)-like kinase 1 (MST1),
amember of the STE20-like kinase subfamily, is ubiquitously
present in various mammalian tissues (Li et al. 2023; Shao et
al. 2023). MST1 is a core component of the Hippo pathway,
which is crucial for tissue regeneration and tumorigenesis
in the liver, intestine, and heart, and is critical for regulat-
ing apoptosis, cell proliferation, and differentiation (He et
al. 2024; Zhou et al. 2024). It has been demonstrated that
MST1 overexpression induces an AD phenotype in mice,
leading to cognitive deficits and neuronal apoptosis (Wang
et al. 2022). Importantly, c-Abl induces phosphorylation of
MST1 (Xiao et al. 2011), so we hypothesized that inhibition
of the c-Abl/MST1 pathway might be an important strategy
to improve AD. However, whether SRP can inhibit AD
progression by inhibiting the c-Abl/MST1 pathway has not
yet been explored. Therefore, this research investigated the
impacts of SRP on cognitive deficits and neuronal damage in
AD mice and whether it acts by inhibiting the c-Abl/MST1
pathway. This research aims to lay a theoretical basis for the
clinical use of SRP and AD drug development.

Materials and Methods

Laboratory animals and handling

Amyloid precursor protein (APP)/presenilin 1 (PS1) dou-
ble transgenic AD mice (ten months old) and wild-type
(WT) C57BL/6] mice (control) were acquired from Cyagen
Biotechnology (Suzhou, Jiangsu, China). The experimental
mice were kept in a standard indoor clean environment
with the ambient temperature regulated at 20 + 2°C, rela-
tive humidity levels maintained between 50% and 60%,
and a light/dark cycle of 12 h. During the rearing period,
mice can freely ingest feed and drinking water. The rearing
cages used in the experiments need to be regularly replaced
with mats and disinfected to ensure a clean and safe rear-
ing environment.



SRP alleviates cognitive deficits in Alzheimer’s disease

453

Following a week of adaptation to their surroundings,
APP/PS1 double transgenic AD mice were split into AD
group, AD+SRP-L group, AD+SRP-M group, AD+SRP-H
group, AD+SRP+DPH group, and AD+SRP+IKT group in
a random manner (n = 6). Mice in the AD+SRP-L group
received daily intraperitoneal injections of SRP (20 mg/
kg, PHL89810, Sigma-Aldrich, St. Louis, MO, USA), mice
in the AD+SRP-M group were administered SRP (40 mg/
kg), and mice in the AD+SRP-H group were administered
SRP (80 mg/kg) for five weeks (Gu et al. 2021). Mice in the
AD+SRP+DPH group received daily intraperitoneal injec-
tions of SRP (40 mg/kg), along with the c- Abl kinase agonist
30 mg/kg DPH (HY-12070, MedChemExpress, Monmouth
Junction, NJ, USA) every 2 days for 5 consecutive weeks
(Shapiro et al. 2017). Mice in the AD+SRP+IKT group were
intraperitoneally injected with SRP (40 mg/kg) daily, along
with the c-Abl kinase inhibitor IkT-148009 (50 mg/kg,
MedChemExpress) daily for 5 weeks (Karuppagounder et
al. 2023). Mice in the AD group and control mice were in-
jected intraperitoneally with an equal dose of saline daily for
5 weeks. At the conclusion of the drug treatment, behavioral
tests were conducted to assess the cognitive function of the
mice. Mice were executed through sodium pentobarbital
injection at the end of the behavioral test, and intact brain
tissues were isolated by tissue shears for subsequent experi-
ments.

Behavioral tests

The Morris water maze system for mice consists of a cylindri-
cal black pool (diameter of 100 cm) and a circular platform
with a diameter of 10 cm that can be moved in position and
adjusted in height. A computerized tracking system (Noldus,
EthoVision XT 19) was used to automatically record the
swimming time and path of the mice”

The pool is split into four equal parts, 1, 2, 3, and 4 with
the circular hidden platform located in the middle of part 1.
Fresh water was poured into the pool until it was 2 cm above
the platform, and water temperature was controlled between
20 and 25°C. The experimental environment was quiet and
soundproof, and the light was stabilized. The test was carried
out for six consecutive days, with the first 5 days being the
training period, and each mouse was subjected to 4 rounds
of experiments each day. Each mouse was carefully dropped
into the water from four different locations to train its spatial
memory ability, and each round of the experiment lasted
90 s. The experiment was stopped if the mouse found the
platform and stayed on the platform for more than 3 s within
the specified time, and recorded the duration it took to find
the platform (escape latency). If the mouse failed to locate
the platform in 90 s, it was assisted in finding the platform
and remained there for 15 s, with the escape latency noted
as 90 s. The swimming distance of the mouse was recorded.

The interval between two experiments was not less than 30
min, and each time the mice were removed from the water,
and dried. On day 6, the platform was taken away, and the
duration the mice spent in the part 1 within 90 s was re-
corded, as well as the crossovers numbers (She et al. 2024;
Zeng et al. 2024).

Hematoxylin-eosin (HE) staining

Intact mouse brain tissues were removed on ice with tissue
shears, made into coronal sections and transferred to 4%
paraformaldehyde (P885233, Macklin, Shanghai, China) for
overnightimmersion. The brain tissue was dehydrated using
gradient ethanol (100%, 95%, 75%, and 50%), and the dehy-
drated brain tissue was embedded in paraffin and prepared
as 4 um sections. The samples were placed in a 75°C oven
for 30 min, deparaffinized by submersion in xylene (247642,
Sigma-Aldrich) for 20 min, hydrated with gradient ethanol,
and then washed using distilled water. Referring to the study
of Zhai et al. (2023), the histopathological changes in the
CAL1 area of the brain hippocampus were assessed through
HE staining Kit (C0105S, Beyotime, Shanghai, China). The
liquid on the surface of the sections was aspirated, hema-
toxylin stain was added dropwise, and rinsed with tap water
after 8 min, then placed in differentiation solution (C0161s,
Beyotime) for 30 s to differentiate the nuclei color to blue.
Staining was performed by adding appropriate drops of eosin
to the sections (about 1 min), and the staining was stopped
by washing with water to color the cytoplasm. The samples
were rinsed in anhydrous ethanol for 4 min, followed by
a 5-min immersion in xylene to enhance transparency, then
sealed with neutral balsam (C0173, Beyotime), and finally
viewed through an inverted microscope (DM IL LED, Leica,
Heidelberg, Germany).

Nissl staining

Paraffin sections of mouse brain tissue were spread flat in
warm water to fully expand, and then fished out with slides
after the tissue was stretched. The samples were set inside
a drying oven and baked at 65°C for 1.5 h. Xylene depar-
affinization was performed for 20 min, and rehydration was
performed in gradient alcohol for 5 min each time. The liquid
on top of the sections was aspirated, after which Nissl stain-
ing solution (C0117, Beyotime) was gently dripped onto the
surface of the sections, followed by 10-min incubation. After
sufficiently rinsed with tap water, it was immersed in 95%
ethanol and dehydrated for 4 min, and the dehydration was
completed by transparency in xylene, and a neutral balsam
was added to seal the film. Finally, the samples were observed
by inverted microscope and the area of damaged neurons
was assessed with Image] software (v 1.46, Wavne Resband,
National Institute of Mental Health, USA).
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Immunofluorescence

Paraffin sections of mouse brain tissue were placed in PBS
(phosphate-buffered saline) and rinsed three times, and
treated with 0.3% Triton X-100 (X100, Sigma-Aldrich) for
10 min. After shaking off the solution, 5% bovine serum
protein (BSA, A801320, Macklin) was added dropwise
on the surface of sections and closed for 1 h. The block-
ing solution was shaken off and treated with AP primary
antibody (36-6900, 1:50, Invitrogen, Carlsbad, CA, USA)
overnight at 4°C. After that, the sections were rinsed
with PBS and exposed to FITC-labeled goat anti-rabbit
secondary antibody (F-2765, 1:500, Invitrogen) for 1 h.
Sections were sealed with AntiFade Mounting Medium
(HY-K1047, MedChemExpress) containing DAPI, avoid-
ing air bubbles during the sealing process, then observed
under a microscope.

Glycine silver staining

Referring to Xiao et al. (2022), NFTs were assessed by a gly-
cine silver staining kit (R23708, Saintbio, Shanghai, China).
Paraffin sections of mouse brain tissue were deparafhinized,
hydrated, and washed 3 times with distilled water. It was
put into Glycine Silver Stain Solution C and treated for 5
min, then washed with distilled water for 3 times. Then put
it into the preheated silver glycine staining solution B at
37°C for 3 min. The sections were removed, the residual
staining solution on the surface was shaken off, and put
into the preheated silver glycine stain A at 45°C to observe
the reduction effect, and after a few seconds, the sections
were removed and the staining solution was quickly shaken
off and the sections were rinsed with distilled water. The
samples underwent dehydration using anhydrous ethanol,
followed by a 5-min treatment with xylene for transpar-
ency, and were then sealed with neutral balsam prior to
microscopic examination.

TdT-mediated dUTP Nick-End Labeling (TUNEL) staining

Paraffin sections of mouse brain tissue were deparaffinized,
and subsequently dehydrated with gradient ethanol. Sec-
tions were exposed to 0.1% Triton X-100 for 2 min at room
temperature to increase permeability. Added dropwisly
DNase-free proteinase K (20 pug/ml, HY-108717A, Med-
ChemExpress), and left to incubate for half an hour at room
temperature. After that, the sections were incubated with
TUNEL assay solution (HY-K1078, MedChemExpress) for
1.5 h in a light-protected environment.”

The slices were sealed with AntiFade Mounting Medium
containing DAPI, observed and photographed using fluo-
rescence microscopy.

Western blot

RIPA lysis buffer (P0013B, Beyotime) was mixed well with
the mouse brain tissue samples and the tissues were lysed
sufficiently to extract proteins. After lysis was completed, the
protein levels of the obtained samples were assessed through
the BCA Protein Assay Kit (B917925, Macklin). Next, the
extracted protein supernatant was mixed with SDS-PAGE
protein upsampling buffer, separated by SDS-PAGE elec-
trophoresis, then transferred to polyvinylidene difluoride
membranes (88518, Invitrogen) and closed with 5% BSA for
2 h. Subsequently, the membranes were exposed to primary
antibodies Tau (PA5-27287, 1:3000, Invitrogen), pTau (S396)
(44-752G, 1:1000, Invitrogen), pTau (S404) (44-758G, 1:1000,
Invitrogen), p-Tau (T181) (701530, 1:500, Invitrogen), p-Tau
(T205) (44-738G, 1:1000, Invitrogen), Cytochrome C (Cyto
C) (710627, 1:2500, Invitrogen), Bax (MA5-35342, 1:2000,
Invitrogen), Bcl2 (PA5-27094, 1:500, Invitrogen), caspase3
(700182, 1:1000, Invitrogen), Cleaved-caspase3 (ab32042,
1:500, Abcam, Cambridge, MA, USA), c-Abl (PA5-86077,
1:500, Invitrogen), p-c-Abl (44-250, 1:1000, Invitrogen),
p-Y433-MST1 (PA5-104616, 1:2000, Invitrogen) or MST1
(PA5-119762, 1:1000, Invitrogen) at 4°C overnight. The fol-
lowing day, after rinsing 3 times, the membrane were exposed
to goat anti-rabbit antibody (65-6120, 1:2000, Invitrogen) for
2 h. Developing solution (HY-K2005, MedChemExpress) was
prepared and dropped evenly on the membrane, which was
scanned with a gel imaging system (iBright CL1500, Invitro-
gen). GAPDH (MA5-35235, 1:50,000, Invitrogen) was used
as an internal reference. The relative level was calculated by
obtaining the gray value of each protein band after processing
the image with Image] software.

Statistical analysis

Every experiment was conducted a minimum of 3 times,
and experimental data were presented as mean + standard
deviation. The statistical analysis of all data was utilized using
SPSS version 26.0 (IBM SPSS Statistics 26), while Graphpad
Prism 9 software was utilized to drawn the statistical graphs.
The Shapiro-Wilk test was utilized to evaluate the normal
distribution of the data. When the data followed a normal
distribution, an independent samples ¢-test was employed
to assess the statistical variations between the two groups.
P < 0.05 was considered statistically significant.

Results

SRP treatment improves cognitive deficits in AD mice

Cognitive deficits and memory loss are typical characteris-
tics of AD. Therefore, we conducted the Morris water maze
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Figure 1. SRP attenuates cognitive deficits in AD mice. Morris water maze experiment was conducted to assess cognitive ability of mice, in
which the escape latency (A), swimming speed (B), the duration the mice remained in the target quadrant (C), and the crossovers numbers
the mice traversed the hidden platform in 90 s (D) were recorded (1 = 6). *** p < 0.001 vs. Control; # p<0,05, ## Pp<0,01, ### p<0,001 vs. AD

experiment to evaluate how SRP influences cognitive im-
pairments in mice with AD. AD mice found platforms with
significantly longer escape latencies and longer swimming
distances than other mice. SRP treatment dose-dependently
significantly shortened the escape latency and swimming dis-
tance in AD mice (Fig. 1A,B). Meanwhile, AD mice showed
a marked decrease in the duration spent in the target quad-
rant and number of passes through the platform’s original
location within 90 s, whereas SRP treatment increased the
residence time and number of passes, suggesting significant
recovery of their cognitive deficits and memory capacity
(Fig. 1C,D). These results suggested that AD mice showed
significant cognitive deficits, and that SRP attenuated cogni-
tive deficits in AD mice.

SRP ameliorates pathological damage to neurons in AD mice

The hippocampus plays an essential role in memory and
learning, prompting us to explore how SRP treatment im-
pacts the pathological damage observed in the hippocampus
of mice with AD. HE staining revealed that the hippocampal
neurons of control mice were tightly arranged, with clear
boundaries between nucleus and cytoplasm and obvious
nucleoli. In contrast, hippocampal neuronal cells of AD
mice showed deepened staining, neurons showed crumpled
state, and nuclei and cytoplasm were blurred, whereas SRP
treatment caused a marked rise in the number and density
of neurons, and the morphology of neuronal cells tended
to be normalized (Fig. 2A). Nissl staining labels neurons
with a basic dye for Nissl bodies, a characteristic neuronal
structure that reflects cellular protein synthesis; normal
Nissl bodies are abundant and clearly stained (Piavchenko
et al. 2022). Nissl staining showed that hippocampal neu-
rons in AD mice were loose and disorganized, with severe
loss of Nissl bodies and severe neuronal vacuolization. The
morphology and arrangement of hippocampal neurons in
mice were improved after administration of SRP, suggesting
that SRP is beneficial in increasing neuronal survival and

reducing neuronal damage (Fig. 2B,C). The accumulation
of AP plaques and the excessive phosphorylation of Tau
protein are the most typical pathological features of AD
(Scheltens et al. 2021). Immunofluorescence findings in-
dicated that AP fluorescence intensity in the hippocampal
tissue of AD mice was markedly increased, whereas SRP
treatment notably reduced A level (Fig. 2D,E). The exces-
sive phosphorylation of Tau proteins can also lead to NFTs
formation, and Glycine silver staining is a common way to
detect the formation of NFTs (Xiao et al. 2022). NFTs were
notably increased in the hippocampal tissue of AD mice, but
SRP treatment inhibited the formation of NFTs (Fig. 2F).
In addition, Western blot results indicated a notable rise in
Tau phosphorylation levels in AD mice, and SRP treatment
effectively ameliorated the aberrant phosphorylation of Tau
(Fig. 2G-K). These results confirmed that SRP was effective
in improving the pathological manifestations of hippocampal
tissue in AD mice and attenuating Ap plaque deposition and
Tau hyperphosphorylation.

SRP inhibits hippocampal neuronal apoptosis in AD mice

It has been shown that the degree of neuronal apoptosis is
directly related to the level of cognitive impairment and is
one of the diagnostic criteria for AD (Zang et al. 2018; Guo
et al. 2023). As a result, we explored the impacts of SRP on
neuronal apoptosis in AD mice. TUNEL staining specifically
labels cells undergoing apoptosis by detecting breaks in nuclear
DNA during apoptosis (Giridharan et al. 2020). We found that
alarge quantity of apoptotic neurons appeared in AD mice, and
SRP caused a decline in TUNEL-positive cells, suggesting that
SRP ameliorated neuronal apoptosis in AD mice (Fig. 3A,B).
Additionally, the apoptotic proteins Cyto C, Bax and Cleaved-
caspase3/caspase3 levels were elevated, and the anti-apoptotic
protein Bcl-2 level was decreased in brain tissues of AD mice,
while SRP treatment ameliorated the abnormal expression of
these proteins (Fig. 3C-G). This further confirmed that SRP
attenuates neuronal apoptosis in AD mice.
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SRP modulates the c-Abl/MST1 pathway and inhibits
hippocampal neuronal apoptosis in AD mice

c-ADbl is crucial in the process of neuronal death, and
it facilitates the phosphorylation of MST1, blocking

the c-Abl/MST1 pathway attenuates neuronal cell death
(Xiao et al. 2011). We therefore evaluated the impact of
SRP on the c-Abl/MST1 pathway. In the brain tissues of AD
mice, the phosphorylation levels for both c-Abl and MST1
were notably elevated, and SRP treatment dose-dependently
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Figure 2. SRP ameliorates pathological damage to neurons in AD mice. A. HE staining showed that hippocampal neurons in AD mice
were wrinkled and the nuclei and cytoplasm were blurred, and SRP treatment led to normalization of neuronal morphology (40x, 50 um).
B,C. Nissl staining showed loose and disorganized hippocampal neurons with severe loss of Nissl bodies in AD mice, and the morphol-
ogy and arrangement of neurons improved after SRP treatment (40x, 50 um). D,E. The fluorescence intensity of Ap in the hippocampal
tissue of AD mice was elevated as measured through immunofluorescence, and SRP treatment decreased the fluorescence intensity of
AP (40x, 50 um). F. Glycine silver staining results showed an increase in NFTs in AD mice, and SRP treatment inhibited the formation of
NFTs (40x, 50 um). G-K. Tau phosphorylation level in AD mice was elevated as measured by Western blot, and SRP treatment declined
Tau phosphorylation level (# = 6). *** p < 0.001 vs. Control; * p < 0.05, ** p < 0.001 vs. AD.
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Figure 3. SRP inhibits hippocampal neuronal apoptosis in AD mice. A,B. TUNEL staining revealed elevated TUNEL-positive cells in
the brain tissue of AD mice, and SRP caused a decrease in TUNEL-positive cells (40x, 50 um). C-G. Western blot measured elevated
Cyto C, Bax and Cleaved-caspase3/caspase3 levels, and decreased Bcl-2 protein levels in brain tissue of AD mice, which was reversed by
SRP treatment (1 = 6). *** p < 0.001 vs. Control; * p < 0.05, *** p < 0.001 vs. AD.

ameliorated the aberrant expression of these proteins (Fig.
4A-C). SRP at 40 mg/kg already had a significant inhibitory
impact on the c-Abl/MST1 pathway, so we chose this dose
for further experiments. Next, we explored the impacts of
the c-Abl kinase agonist DPH and the inhibitor IkT on the
effects of SRP action. We found that intraperitoneal injec-
tion of DPH weakened the inhibitory effect of SRP on the
c-Abl/MST1 pathway, causing a notable rise in c-Abl and
MST1 phosphorylation levels in mouse brain tissues, but
intraperitoneal injection of IkT increased the inhibitory
effect of SRP on the c-Abl/MST1 pathway (Fig. 4D-F). In
addition, DPH attenuated the suppressive impact of SRP on
neuronal apoptosis, resulting in a notably higher number
of TUNEL-positive cells, whereas IkKT markedly declined

TUNEL-positive cells in AD mice (Fig. 4G,H). Not only
that, DPH also increased apoptotic proteins Cyto C, Bax,
and Cleaved-caspase3/caspase3 levels and declined Bcl-2
level in the AD+SRP group, and IkT had the opposite effect
(Fig. 4I-M). The above results confirmed that SRP treat-
ment suppressed the c-Abl/MST1 pathway activation in
AD mice, which in turn inhibited hippocampal neuronal
apoptosis.

SRP ameliorates pathological neuronal damage in hippocam-
pus of AD mice through c-Abl/MST]1 signaling pathway

Next, we explored whether SRP ameliorates pathological
damage in hippocampal tissue of AD mice by modulating
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the c-Abl/MST1 pathway. The c-Abl kinase agonist DPH
exacerbated the pathological damage to hippocampal
tissues with severe loss of Nissl bodies in the AD+SRP
group of mice, whereas the c-Abl kinase inhibitor IkT
increased the protective effect of SRP on hippocampal tis-
sues, resulting in a normalization of neuronal morphology
and a significant reduction in the area of neuronal dam-
age (Fig. 5A-C). SRP treatment significantly reduced the
fluorescence intensity of Ap in the hippocampal tissues of
AD mice and inhibited the formation of NFTs, whereas
DPH intervention attenuated the effect of SRP, resulting in
anotable rise in AP level and leading to a marked increase
in NFTs, and IKT further enhanced the effect of SRP (Fig.
5D-F). In addition, SRP significantly reduced the aberrant
phosphorylation of Tau in hippocampal tissues of AD mice,
whereas DPH intervention attenuated the effect of SRP, re-
sulting in a marked elevation in Tau phosphorylation, and
IkT ameliorated the aberrant phosphorylation of Tau (Fig.
5G-K). This confirmed that SRP ameliorated pathological
damage in hippocampal tissue of AD mice by inhibiting
c-Abl/MST1 pathway.

SRP ameliorates cognitive deficits in AD mice through
c-Abl/MST1 signaling pathway

Finally, we explored whether SRP mitigates cognitive deficits
in AD mice through regulating the c-Abl/MST1 pathway.
SRP treatment significantly shortened the escape latency
and swimming distance in AD mice, but DPH reduced the
effects of SRP and prolonged the escape latency and swim-
ming distance, whereas the effects of IKT were opposite
to those of DPH (Fig. 6A,B). Meanwhile, SRP treatment
increased the residence time in the target quadrant and the
number of crossings by the AD mice in the quadrant where
the platform was originally located within 90 s. However,
DPH reduced the effect of SRP, whereas IkT treatment
further increased the residence time and the crossovers
number (Fig. 6C,D). The above results indicated that the
c-Abl kinase agonist DPH impaired the ameliorative impact
of SRP on cognitive deficits in AD mice, whereas the c-Abl
kinase inhibitor IkT did the opposite, suggesting that SRP
ameliorates cognitive deficits in AD mice through inhibiting
the c-Abl/MST1 pathway.

Discussion

AD is one of the global public health priorities for pre-
vention and control. The number of existing dementia
in China is 13,140,400 accounting for about 25.5% of
the world. Age-standardized prevalence rate of 788.3 per
100,000 and age-standardized case-fatality rate of 23.3 per
100,000, which is slightly elevated compared to the global
level (Ren et al. 2022). The pathogenesis of AD have not
yet been fully clarified, and many factors may be involved,
including but not limited to genetic factors, neurotransmit-
ter imbalance, traumatic brain injury, and immune factors,
etc. There is no specific drug treatment, and the clinical
practice is mostly based on symptomatic treatment and
improvement of symptoms, making the development of new
treatment strategies especially crucial (Breijyeh and Kara-
man 2020; Passeri et al. 2022). APP/PS1 double transgenic
mice are mice overexpressing APP and PS1 with typical
AD symptoms, including neurological impairments and
learning memory deficits, and are commonly used as AD
models (Park et al. 2021; Cheng et al. 2024). In the present
study, APP/PS1 double transgenic mice showed significant
cognitive deficits with pathological damage and neuronal
apoptosis in the hippocampal tissue, which is consistent with
AD symptoms and allows for subsequent experiments. In
recent years, natural herbs have become a research hotspot
due to their unique biological activities. Rhizoma Polygonati,
a traditional Chinese herb, is also gaining attention for its
possible benefits in enhancing cognitive impairment. It has
been shown that polysaccharides extracted from Rhizoma
Polygonati can protect the integrity of the intestinal bar-
rier, effectively alleviate neurological disorders caused by
intestinal inflammation and improve cognitive impairment
(Jiang et al. 2024). Existing studies have provided reference
evidence for the safety of SRP: treatment with 40 uM SRP
for 48 h shows no adverse effects on the viability of bone
marrow hematopoietic stem cells, after daily intraperitoneal
injection of SRP (40 mg/kg) for two consecutive weeks, the
thymus index of mice increases and their hematopoietic
function improves, at this dose, SRP exhibits therapeutic
potential for cyclophosphamide-induced myelosuppression,
and no adverse reactions in mice during SRP injection were
reported in that study (Gu et al. 2021). Based on the above

<Figure 4. SRP modulates the c-Abl/MST1 pathway and inhibits hippocampal neuronal apoptosis in AD mice. A-C. Western blot
measured elevated phosphorylation levels of c-Abl and MST1 in AD mice, while SRP treatment decreased the phosphorylation levels
of c-Abl and MST1. D-F. Western blot measured that the c-Abl agonist DPH attenuated the effect of SRP, while the c-Abl inhibitor IkT
increased the impact of SRP. G,H. TUNEL staining showed that SRP caused a decline in TUNEL-positive cells in AD mice, whereas
DPH attenuated the effect of SRP, and IKT further decreased TUNEL-positive cells (40x, 50 um). I-M. Western blot measured that
SRP decreased Cyto C, Bax and Cleaved-caspase3/caspase3 levels, and raised Bcl-2 levels in AD mice, which was reversed by DPH
treatment, and IKT increased the effect of SRP (1 = 6). *** p < 0.001 vs. Control; # p <0.05, ###p < 0.001 vs. AD; &p < 0.05, &&&p <

0.001 vs. AD+SRP.
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research, in this experiment, we referred to a similar dose ~ damage, as well as neuronal apoptosis in AD mice, which
range, and found that SRP was effective in ameliorating cog-  confirms that SRP could serve as a promising therapeutic
nitive deficits and alleviating hippocampal histopathological ~ option for AD.
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Figure 5. SRP ameliorates pathological neuronal damage in hippocampus of AD mice through c-Abl/MST1 signaling pathway. A. HE
staining showed that SRP treatment attenuated neuronal damage in the hippocampal tissue of AD mice, whereas DPH attenuated the
effect of SRP, and IKT increased the effect of SRP and further reduced neuronal damage (40x, 50 pm). B,C. Nissl staining showed that SRP
treatment improved hippocampal neuron morphology and arrangement in AD mice, whereas DPH attenuated the effect of SRP and IkT
had the opposite effect of DPH (40x, 50 um). D,E. Inmunofluorescence measured that SRP treatment decreased the fluorescence intensity
of AP in hippocampal tissues of AD mice, DPH caused a rise in AP fluorescence intensity, and IKT decreased AP fluorescence intensity
(40x, 50 um). F. Glycine silver staining revealed that SRP inhibited the formation of NFTs in the hippocampal tissues of AD mice, DPH
intervention caused a rise in the number of NFTs, and IKT further inhibited the formation of NFTs (40x, 50 um). G-K. Western blot
measured that SRP treatment decreased Tau phosphorylation level in AD mice, while DPH intervention elevated Tau phosphorylation
level, and the effect of IKT was opposite to that of DPH (1 = 6). *** p < 0.001 vs. Control; ** p < 0.001 vs. AD; %% p < 0.001 vs. AD+SRP.
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Figure 6. SRP ameliorates cognitive deficits in AD mice through c-Abl/MST1 pathway. The cognitive abilities of mice in different groups
were tested by the Morris water maze experiment, in which the escape latency (A), swimming speed (B), the duration the mice remained
in the target quadrant (C), and the crossovers numbers the mice traversed the hidden platform within 90 s (D) were recorded (n = 6).
% p < 0.001 vs. Control; ** p < 0.001 vs. AD; € p < 0.05, & p < 0.01, ¥&& p < 0,001 vs. AD+SRP.

The amyloid hypothesis suggests that APP can produce
multiple biologically active fragments via amyloidogenic
and non-amyloidogenic pathways (Orobets and Karamy-
shev 2023). In the amyloidogenic process, APP undergoes
sequential cleavage by -secretase and y-secretase, ultimately
generating AP, which can aggregate to form oligomers,
protofibrils, and plaques after its release, interfering with
signaling between neurons, which in turn triggers neuro-
inflammation, ultimately leading to neuronal death (Cho
et al. 2022). Increased Tau kinase activity leads to aberrant
phosphorylation of Tau, which in turn impacts the transport
of APP to the cell membrane; therefore, aberrantly phospho-
rylated Tau is also considered a pathological feature of AD
(Congdon etal. 2023). Not only that, excessive accumulation
of phosphorylated Tau induces synaptic damage, subse-
quently causing neuronal dysfunction and the NFTs forma-
tion (Drummond et al. 2020). Xu et al. (2023) reported that
AP plaque deposition was present in AD model mice and that
Tau showed aberrant phosphorylation at several sites (T181,
$396, T205, and S404). In the present study, AP fluorescence
intensity and phosphorylation levels of Tau were elevated in
the hippocampal tissues of AD mice, and a large number of
NFTs were formed. SRP treatment significantly reduced these
indicators, improved AP plaque deposition and Tau hyper-
phosphorylation, and inhibited NFTs formation. This result
confirmed that SRP can effectively inhibit the pathological
manifestations of AD and provides an important scientific
basis for creating new therapeutic approaches for AD.

The core pathological process of AD is closely related
to neuronal apoptosis, which is not only a key mechanism
for neuronal loss and synaptic function impairment in AD
brain, but also a central hub connecting pathological events
such as AP deposition, Tau protein hyperphosphorylation,
and neuroinflammation (Kumari et al. 2023). Cyto C is
a carrier for transferring electrons in the respiratory chain
of mitochondria, which is vital in apoptosis, and the release
of Cyto C from the mitochondria to the cytoplasmic cells is
an essential step in initiating apoptosis (Zhou et al. 2024).

The caspases are the major family of proteases that perform
apoptosis in mammalian cells, and at least 15 family mem-
bers have been identified. Normally exists as an inactive
zymogen in living cells, which is activated upon apoptotic
stimulation by protein hydrolysis of its Aspartate residue
sites, of which caspase-3 is the most important (Eskandari

Cognitive deficit

Figure 7. Mechanism diagram. SRP hinders c-Abl/MST1 pathway
in the brain tissue of AD mice, thereby inhibiting hippocampal
histopathological damage and neuronal apoptosis, and improving
cognitive deficits.
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and Eaves 2022). Aggregated A activates caspase-3, disrupts
mitochondrial membrane potential and releases Cyto C,
which is neurotoxic to brain cells in the hippocampus, pro-
motes neuroinflammation, and ultimately leads to apoptosis
of neuronal cells (Mangalmurti and Lukens 2022; Rajesh and
Kanneganti 2022). Our analysis revealed a higher count of
TUNEL-positive cells, elevated expression of the apoptotic
proteins Cyto C, Bax, and Cleaved-caspase3/caspase3, and
declined Bcl-2 level in AD mice, confirming apoptosis of
neurons in the brain tissues of AD mice. In contrast, SRP
reversed the aberrant levels of these proteins and decreased
TUNEL-positive cells numbers, suggesting that SRP can
effectively inhibit neuronal apoptosis.

To further elucidate how SRP functions to alleviate AD
progression, we evaluated the relevant signaling pathways.
Research suggests that c- Abl has a crucial function in various
neurodegenerative diseases, like AD and Parkinson’s disease
(Feng et al. 2022; Gutiérrez et al. 2023). Notably, down-
regulation of c- Abl effectively inhibited AD progression and
improved memory deficits and spatial learning in AD mice
(Zhong et al. 2024). MST1 is also crucial in the advancement
of AD, and inhibition of MST1 rescued astrocyte senescence
in the brain tissue of AD mice and improved cognitive
function (Xu et al. 2021). c-Abl mediates the phosphoryla-
tion of MST1, and inhibition of the c-Abl/MST1 pathway
attenuates neuronal cell death caused by oxidative stress
(Xiao etal. 2011). These studies reveal the important role of
the c-Abl/MST1 pathway in the physiopathology process of
AD. In the present study, c-Abl and MST1 phosphorylation
levels of were increased in the brain tissues of AD mice. SRP
treatment decreased the phosphorylation levels of c-Abl
and MST]I, suggesting that SRP inhibits the c-Abl/MST1
pathway activation. Importantly, treatment with the c-Abl
agonist DPH attenuated the ameliorative impacts of SRP on
neuronal apoptosis and cognitive deficits in AD mice and
elevated AP and p-Tau levels. The c-Abl inhibitor IkT, on
the other hand, improved the therapeutic efficacy of SRP,
and these results confirm that SRP may ameliorate cognitive
deficits and neuronal apoptosis in AD mice by blocking the
c-Abl/MST1 pathway, thereby inhibiting AD progression.

In summary, SRP can ameliorate cognitive deficits, al-
leviate neuronal pathological damage, and inhibit neuronal
apoptosis in AD mice through modulating the c-Abl/MST1
signaling pathway (Fig. 7). This research elucidates the
potential mechanism of action of SRP in inhibiting AD
progression, expands the pharmacological role of SRP,
and provides a novel approach for AD clinical treatment.
Nonetheless, this investigation has its limitations; the cur-
rent study is based only on the APP/PS1 mouse model, and
the difference in efficacy of SRP has not yet been validated
in models with multiple genetic backgrounds or differ-
ent pathological stages. Subsequent studies could further
validate the effect of SRP in different AD models. Addi-

tionally, we did not find any significant adverse reactions
in mice during the experimental period. In the future, we
will supplement the systematic toxicological evaluation of
SRP to more comprehensively verify its safety and clinical
translational potential.
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