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ARTICLE INFO ABSTRACT

Article history Objective To explore the therapeutic effect and mechanism of Bushen Tiansui Decoction (4}
Received 27 July 2024 B-3L4E 77, BSTSD) and its active component icariin on Alzheimer’s disease (AD).

Accepted 07 September 2024 Methods (i) Animal experiments. This study conducted experiments using specific pathogen-
Available online 25 September 2024 free (SPF) grade male C57BL/6] wild-type (WT) mice and APP/PS1 double transgenic mice.

The animals were divided into three groups: WT group (WT mice, n = 5, receiving distilled wa-

Keywords

Alglheimer’s disease (AD) ter daily), APP/PS1 group (APP/PS1 double transgenic mice, n = 5, receiving distilled water
Svnapses daily), and BSTSD group [APP/PS1 double transgenic mice, n = 5, treated with BSTSD suspen-
B}S;hle):n Tiansui Decoction (7} 548 5 sion at a dosage of 27 g/(kg-d) for 90 d]. Cognitive function was assessed using the Morris wa-
BSTSD) TR ter maze (MWM). Post-experiment, hippocampal tissues were collected for analysis of pyra-
Icariin midal cell and synaptic morphology through hematoxylin-eosin (HE) staining and transmis-

sion electron microscopy (TEM). (ii) Cell experiments. The HT-22 cells were divided into con-
trol group (untreated), ABss.55 group (treated with 20 umol/L Af,s.55 for 24 h), icariin group
(pre-treated with 20 pmol/L icariin for 60 min, followed by 20 pumol/L Af,s_35 for an additional
24 h), and icariin + LY294002 group [treated with 20 umol/L icariin and 20 pmol/L LY294002
(an inhibitor of the phosphoinostitide 3-kinases (PI3K) signaling pathway) for 60 min, then
exposed to 20 pmol/L Af,s 35 for 24 h], and cell viability was measured. Western blot was used
to detect the expression levels of synapse-associated proteins [synaptophysin (SYP) and post-
synaptic density-95 (PSD-95)] and PI3K signaling pathway associated proteins [phosphorylat-
ed (p)-PI3K/PI3K, p-protein kinase B (Akt)/Akt, and p-mechanistic target of rapamycin
(mTOR)/mTOR].

Results (i) Animal experiments. Compared with APP/PS1 group, BSTSD group showed that
escape latency was significantly shortened (P < 0.01) and the frequency of crossing the origi-
nal platform was significantly increased (P < 0.01). Morphological observation showed that
pyramidal cells in the hippocampal CA1 region were arranged more regularly, nuclear stain-
ing was uniform, and vacuole-like changes were reduced after BSTSD treatment. TEM
showed that the length of synaptic active zone in BSTSD treatment group was increased com-
pared with APP/PS1 group (P < 0.01), and the width of synaptic gap was decreased (P < 0.01).
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(ii) Cell experiments. Icariin had no obvious toxicity to HT-22 cells when the concentration
was not more than 20 pmol/L (P > 0.05), and alleviated the cell viability decline induced by
APBys.35 (P < 0.01). Western blot results showed that compared with Af,5.55 group, the ratios of
p-PI3K/PI3K, p-Akt/Akt and p-mTOR/mTOR in icariin group were significantly increased (P <
0.01), while the protein expression levels of SYP and PSD-95 were increased (P < 0.01). These
effects were blocked by LY294002 (P < 0.01).

Conclusion BSTSD and icariin enhance cognitive function and synaptic integrity in AD mod-
els and provide potential therapeutic strategies through activation of the PI3K/Akt/mTOR

pathway.

1 Introduction

Alzheimer’s disease (AD), a common neurodegenerative
disorder, is marked by its insidious onset and progressive
deterioration, particularly impairing cognitive functions
and memory . Currently, approximately 55 million indi-
viduals worldwide are affected by AD, with projections
estimating over 150 million cases by 2050, highlighting its
significant burden on global health °I. Pathologically,
AD is characterized by amyloid-g (Af) deposition, lead-
ing to the formation of amyloid plaques, and tau protein
aggregation, resulting in neurofibrillary tangles [*. Synap-
tic dysfunction, manifested as synaptic loss, damage, and
structural changes, often precedes the onset of behav-
ioral symptoms in the early stages of AD © ¢, Identifying
the mechanisms behind synaptic impairment and devel-
oping synapse-targeted therapies could provide more ef-
fective treatment strategies and improve patient out-
comes. However, current pharmacological treatments
yield only limited benefits in decelerating cognitive de-
cline and alleviating behavioral symptoms "/, underscor-
ing the pressing need for innovative therapeutic ap-
proaches to effectively manage AD.

Bushen Tiansui Decoction (4§34 %% 7, BSTSD), also
known as Naoling Decoction, is a widely utilized herbal
remedy in traditional Chinese medicine (TCM). It con-
sists of six primary components: Yinyanghuo (Epimedii
Folium), Heshouwu (Polygoni Multiflori Radix), Guiban
(Carapax Testudinis), Longgu (Os Draconis), Shichangpu
(Acori Tatarinowii Rhizoma), and Yuanzhi (Polygalae
Radix) *“!. Yinyanghuo (Epimedii Folium) and Heshouwu
(Polygoni Multiflori Radix), renowned for their anti-de-
mentia properties, serve as the principal ingredients,
while Guiban (Carapax Testudinis) and Longgu (Os Dra-
conis), which enhance essence and nourish marrow, act
as supplementary agents. Shichangpu (Acori Tatarinowii
Rhizoma) and Yuanzhi (Polygalae Radix), known for reg-
ulating the functions of the nine orifices, provide addi-
tional support. In prior research, BSTSD’s composition
was qualitatively analyzed using ultrahigh-performance
liquid chromatography-tandem mass spectrometry
(UPLC-MS), identifying icariin as a key active component
in the formula [""\. Previous studies evaluated the effects

of three different BSTSD doses [9, 27, and 54 g/(kg-d)] on
memory and learning in AD models, with the 27 g/(kg-d)
dose demonstrating the best therapeutic outcomes and
minimal side effects, making it the preferred dosage for
further studies ', Moreover, our previous findings have
highlighted icariin’s capacity to mitigate Af toxicity and
enhance cognitive function ', Nonetheless, the underly-
ing mechanisms driving BSTSD and icariin’s beneficial
effects in AD therapy remain poorly understood, requir-
ing deeper investigation.

Cognitive decline in AD has been strongly associated
with synaptic loss and impairments ['*. The soluble AS
oligomers have been shown to induce synaptic loss
through the phosphoinostitide 3-kinase (PI3K)/protein
kinase B (Akt) signaling pathway, thereby impairing
synaptic structure and function ¥, A comprehensive in-
vestigation integrating network pharmacology and serum
metabolomics identified the PI3K/Akt pathway as a pos-
sible mechanism for BSTSD’s cognitive benefits in AD ['*),
The mechanistic target of rapamycin (mTOR), a key regu-
lator of cellular growth and proliferation, interacts with
the PI3K/Akt/mTOR signaling pathway to mediate pro-
cesses such as cell survival and metabolism. Presynaptic
proteins like synaptophysin (SYP) and postsynaptic pro-
teins such as postsynaptic density-95 (PSD-95) are inte-
gral to synaptic plasticity and cognitive function ", Yet,
the specific interactions between BSTSD, synaptic plas-
ticity-related proteins, and the PI3K signaling pathway in
the context of AD remain unclear and merit further study.

Therefore, this study aimed to evaluate the potential
of BSTSD in improving memory and cognition using
APP/PS1 mice, a transgenic model of AD, and explore the
molecular mechanisms of icariin within an AD cellular
framework (HT-22 cells).

2 Materials and methods

2.1 Reagents and instruments

We used the following reagents in this study: Milk pow-
der (Biosharp, China); icariin powder (Nanjing Spring &

Autumn Biological Engineering Co., Ltd., China); sodi-
um pentobarbital (Sigma-Aldrich, USA); transmission
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electron microscopy (TEM) fixative (Agar Scientific, UK);
Dulbecco’s modified Eagle medium (DMEM) (Gibco,
USA); fetal bovine serum (FBS) (Gibco, USA); Afs 35
(MedChemExpress, USA); dimethyl sulfoxide (DMSO)
(Sinopharm Chemical Reagent, China); LY294002
(APExBIO, USA); 4% paraformaldehyde, bovine serum al-
bumin (BSA), cell-counting kit-8 assay kit (CCK-8), radio
immunoprecipitation assay (RIPA) lysis buffer, and bicin-
choninic acid (BCA) protein assay kit (Beyotime Biotech-
nology, China); 10% sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE) (Bio-Rad, USA);
polyvinylidene difluoride (PVDF) membranes (Millipore-
Sigma, USA); PI3K antibody, p-PI3K antibody, p-Akt anti-
body, Akt antibody, mTOR antibody and p-mTOR anti-
body (Cell Signaling Technology, USA); PSD-95 antibody,
SYP antibody and pS-actin antibody (ProteinTech, USA);
goat anti-mouse secondary antibody and goat anti-rabbit
secondary antibody (Abiowell, China); and enhanced
chemiluminescence (ECL) solution (Thermo Fisher Sci-
entific, USA).

Instruments used including transmission electron mi-
croscope (Hitachi, HT7800); camera (Canon, XF605);
light microscope (Leica, DM1000); microplate reader
(BioTek, Synergy LX); gel documentation system (Guang-
zhou Biolight Biotechnology Co., Ltd., Gelview 6000 Pro);
morris water maze (MWM) (Xinruan Information Tech-
nology Co., Ltd., XR-XM101); superclean bench (Thermo
Fisher Scientific, HeraSafe 202); high-speed refrigerated
centrifuge (Beckman Coulter, Avanti J-26S).

2.2 BSTSD preparation

The BSTSD extract, composed of six herbs, Yinyanghuo
(Epimedii Folium), Heshouwu (Polygoni Multiflori Rad-
ix), Guiban (Carapax Testudinis), Longgu (Os Draconis),
Shichangpu (Acori Tatarinowii Rhizoma), and Yuanzhi
(Polygalae Radix), is mixed ina3:3:4:4:2: 2 ratio, re-
spectively. The extracts were sourced from Tongrentang
Pharmaceutical Co., Ltd. (Beijing, China) ¥ '%, with plant
names verifiable through http://mpns.kew.org. Voucher
specimens (No. TCM20200369) were archived at the Sec-
ond Xiangya Hospital of Central South University [,
Stringent quality control protocols were applied during
extraction. The process involved treating the herbal mix-
ture with distilled water, followed by boiling and filtra-
tion. Initially, a 10 : 1 water-to-medicine ratio was em-
ployed, and reduced to 8 : 1 in a subsequent decoction.
The filtrate was then concentrated and dried using a vac-
uum freeze-dryer. To maintain BSTSD’s quality, chro-
matographic fingerprinting was conducted via UPLC-MS,
focusing on the primary components. Standard com-
pounds (purity > 98%) were obtained from the National
Standard Center, and a CNW Athena C18-WP column
was utilized at 35 °C with gradient elution. The mobile
phase consisted of water and CH3CN, and icariin was
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identified as a major component, detected at 270 nm with
a flow rate of 0.5 mL/min "),

2.3 Animals grouping and treatment

Specific pathogen-free (SPF) grade male 6-month-old
APP/PS1 double transgenic (n = 10) and C57BL/6] WT
mice (n = 5) were utilized, with a weight range of 25 - 35 g.
The mice were purchased from Sibeifu (Beijing) Biotech-
nology Co., Ltd. [experimental animal license number:
SCXK (Jing) 2019-0010], with facility license number
SYXK (Xiang) 2017-0003. All mice were maintained un-
der SPF conditions, housed in a controlled environment
with a 12 h light-dark cycle, a temperature of 24 - 26 °C,
relative humidity of 40% - 60%, minimal noise, and unre-
stricted access to food and water !'?. The study protocols
adhered to the ethical standards set by the Institutional
Animal Ethics Committee of Hunan Normal University,
China, with the relevant approval (2021-047). Prior re-
search evaluated the efficacy of BSTSD at three distinct
dosages [9, 27, and 54 g/(kg-d)]. Results demonstrated
that the 27 g/(kg-d) dose provided optimal efficacy while
minimizing adverse effects [ ', Based on these data, this
dosage was chosen for subsequent experiments. Prior to
treatment, BSTSD powder was prepared by dissolving it
in distilled water to create a suspension at a concentra-
tion of 27 g/(kg-d). This suspension was prepared fresh
before each administration to ensure optimal efficacy.
The mice were divided into WT group (WT mice, n = 5, re-
ceiving distilled water daily), APP/PS1 group (APP/PS1
double transgenic mice, n = 5, receiving distilled water
daily), and BSTSD group [APP/PS1 double transgenic
mice, n = 5, treated with BSTSD suspension at a dosage of
27 g/(kg-d) for 90 d].

2.4 MWM test

A circular stainless steel tank, with a diameter of 120 cm
and a height of 45 cm, was employed for the MWM exper-
iment. The tank was filled with water to a depth of 25 cm,
and the water temperature was maintained at 22 + 2 °C
throughout the experiment to prevent any impact on the
mice due to temperature fluctuations. To enhance visibil-
ity, milk powder was added to the water, creating a white
surface, as the mice with dark fur could obscure visibility.
A cylindrical platform, with a diameter of 12 cm and a
height of 24 cm, was positioned in the center of one quad-
rant. During the 5 d navigation trial period, each mouse
was introduced vertically into the water, consistently ori-
ented toward the pool wall, with each session lasting 60 s.
On the 6th day, the platform was removed to conduct the
spatial probe test, and the number of times the mice
crossed the area corresponding to the former location of
the hidden platform within 60 s was recorded, following
previously described methods F!. Swimming trajectories
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were recorded using an overhead camera, and data anal-
ysis, including trajectory mapping, was performed with
Smart 3.0 software.

2.5 TEM

Mice were anesthetized with sodium pentobarbital ad-
ministered by intraperitoneal injection at a dose of 30 -
60 mg/kg. Following anesthesia, cervical dislocation was
performed to euthanize the mice. The brains were quick-
ly removed on ice, and a 1 mm?® hippocampal tissue sam-
ple containing the CAl region was transferred to an Ep-
pendorf (EP) tube containing fresh TEM fixative and pre-
served at 4 °C. Post-fixation, the sample was immersed in
1% 0OsO, solution in 0.1 mol/L phosphate buffer (pH 7.4)
for 2 h under dark conditions !'?. The tissue was then de-
hydrated through graded ethanol series and embedded in
resin. Ultrathin sections (60 - 80 nm) were cut from the
resin-embedded tissues and placed onto 150-mesh cop-
per grids coated with formvar film. The sections were
stained with 2% uranyl acetate for 10 min, followed by a
5 min lead citrate treatment. Imaging was performed us-
ing a transmission electron microscope, and the result-
ing images were collected for subsequent analysis.

2.6 Hematoxylin-eosin (HE) staining

Mice were anesthetized with sodium pentobarbital via in-
traperitoneal injection at a dose of 30 — 60 mg/kg, after
which cervical dislocation was performed to euthanize
them. Following euthanasia, the brains were quickly re-
moved and rinsed in pre-cooled phosphate-buffered
saline (PBS) to clean the tissue. The brain tissue was then
fixed in 4% paraformaldehyde for at least 24 h. After fixa-
tion, the brain tissue was subjected to graded ethanol de-
hydration (75%, 85%, 95%, and 100%) '), followed by im-
mersion in three successive xylene baths (I, II, and III) for
20 min each. The tissue was then infiltrated with wax (I
and II) for 60 min and sectioned coronally at a thickness
of 4 ym using a microtome. After staining with hema-
toxylin for 5 min, the slides were rinsed with water to re-
move excess stain. A 30 s treatment with 1% hydrochloric
acid in alcohol was applied, followed by color restoration
using 0.6% ammonia. A subsequent water rinse preceded
a 2-min eosin staining. Final dehydration with ethanol
and xylene was performed, and the sections were sealed
with neutral resin. After allowing them to dry naturally,
the sections were placed under a light microscope for ob-
servation.

2.7 Cell culture

HT-22 mouse hippocampal neuronal cells (Wuhan Sunn-
cell, SNL-202, China) were derived from mouse hippo-
campal tissue. They were cultured in DMEM suppleme-
nted with 10% fetal bovine serum and 1% penicillin/
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streptomycin (P/S) under standard conditions of 5% CO,
at 37 °C. Cells were passaged every 1 - 2 d depending on
their confluence, and consistently subcultured 2 - 3 times
prior to experimental use. Af,;s 55 is known for its neuro-
toxic effects and is commonly used to induce cell injury in
vitro models of AD. Icariin powder (= 98% purity) was
dissolved in DMSO !'?. 1Y294002 is a PI3K inhibitor to
block the activity of the PI3K signaling pathway. For ex-
perimentation, cells were plated in six-well plates at a
density of 10° cells/mL and assigned to control group
(untreated), Af,5 35 group (treated with 20 pmol/L Afs 35
for 24 h), icariin group (pre-treated with 20 umol/L icari-
in for 60 min, followed by 20 umol/L Af,5 35 for an addi-
tional 24 h), and icariin + LY294002 group [treated with
20 pmol/L icariin and 20 pmol/L LY294002 !'*! for 60 min,
then exposed to 20 pmol/L AB,5 55 for 24 h].

2.8 Cell viability assay

The cell viability of HT-22 cells was evaluated using the
CCK-8 assay ", HT-22 cells were seeded in 96-well plates
at a density of 1 x 10° cells/mL. After 24 h of exposure to
APBss.35 (0, 5, 10, 20, and 40 pmol/L) or icariin (0, 5, 10, 20,
and 40 pmol/L), CCK-8 solution was introduced into each
well. The plates were incubated for 1 h, after which ab-
sorbance at 450 nm was measured using a microplate
reader. Cell viability was calculated as the percentage of
absorbance at 450 nm compared with the vehicle control.
Each experiment included a blank control, with five par-
allel replicates and repeated three times to ensure repro-
ducibility.

2.9 Western blot assay

Western blot analysis was performed as described previ-
ously l. Total proteins were extracted using cold RIPA ly-
sis buffer supplemented with protease and phosphatase
inhibitors. Protein concentration was determined using
the BCA assay. Equal amounts of protein samples were
loaded and separated by 10% SDS-PAGE. Following elec-
trophoresis, the samples were transferred to PVDF mem-
branes and blocked with 1% BSA. The membranes were
incubated overnight at 4 °C with the respective primary
antibodies, including PI3K (1 : 1 000), p-PI3K (1 : 1 000),
p-Akt (1 : 1 000), Akt (1 : 2 000), mTOR (1 : 1 000), p-
mTOR (1 : 1 000), PSD-95 (1 : 5 000), SYP (1 : 5 000), and
B-actin (1 : 5 000). After three washes with TBST (0.1%
Tween 20 in Tris-HCI buffer), the membranes were incu-
bated with goat anti-mouse (1 : 5 000) or anti-rabbit (1 :
5 000) secondary antibodies for 90 min. Chemilumines-
cent detection was performed using ECL solution, with
excess reagent removed by blotting before wrapping the
membranes in plastic for imaging with a gel documenta-
tion system. Band intensities were quantified using
Image] software.
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2.10 Statistical analysis

The data were represented as mean + standard deviation
(SD) and analyzed using SPSS 27.0. A repeated-measures
analysis of variance (ANOVA) was applied to assess es-
cape latency, while intergroup differences were evaluat-
ed through one-way ANOVA with subsequent least signif-
icant difference (LSD) post hoc testing. P < 0.05 was con-
sidered statistically significant.

3 Results

3.1 Alleviation of memory decline by BSTSD in APP/PS1
mice

The MWM test was utilized to assess spatial learning and
memory. Trajectories recorded over the 5 d navigation
task were analyzed for cognitive function evaluation (Fig-
ure 1A). On the 6th day, a probe trial measured spatial
memory retention within 60 s across different groups
(Figure 1B). During the navigation experiment, escape
latency (the time taken to locate the hidden platform)
was recorded over five consecutive days. The APP/PS1
group exhibited a significantly longer escape latency
compared with the WT group (P < 0.01, Figure 1C).
BSTSD treatment resulted in a significant reduction in es-
cape latency compared with APP/PS1 group (P < 0.01)
(Figure 1C). In the probe trial, the number of crossings
(the frequency of traversing the original platform loca-
tion after its removal) was recorded. APP/PS1 group
showed a significantly reduced number of crossings com-
pared with WT group (P < 0.01, Figure 1D). In contrast,

APP/PS1

C D
—~ 80 4
< % ##
560 By o 523
5 e o ?:0
£ Ty, %2
= -
o WT S HH# = Q9
S 50 b = APP/PSI i 25, *x
Q
2 BSTSD =
o L A . . . 0
1 2 3 4 5 WT  APP/PSI  BSTSD
Day Group

Figure 1 Effects of BSTSD on spatial learning and mem-
ory deficits in APP/PS1 mice in MWM test (n = 5)

A, representative swim trajectories on day 5 of the navigation
training. B, representative swim trajectories during the probe
trial. C, escape latency. D, the number of crossings. Data were
represented as mean * SD. P < 0.01, compared with WT
group. P < 0.01, compared with APP/PSI group.
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BSTSD treatment significantly increased the number of
crossings in APP/PS1 mice (P < 0.01). These findings indi-
cate that BSTSD treatment improves spatial learning and
memory retention in an AD model.

3.2 Mitigation of pyramidal cell and synaptic ultrastruc-
tural degradation by BSTSD in APP/PS1 mice

In WT mice, pyramidal cells in the CA1 region of the hip-
pocampus exhibited a normal orientation and typical his-
tological characteristics. In contrast, APP/PS1 mice dis-
played disorganized neuronal arrangements, along with
darkly stained, vacuolated nuclei. Following 90 d of
BSTSD treatment, the APP/PS1 mice showed improved
cellular organization and a reduction in darkly stained,
vacuolated nuclei (Figure 2A), indicating that BSTSD
treatment alleviates histopathological alterations associ-
ated with AD.

To assess the impact of BSTSD on synaptic ultrastruc-
ture, TEM analysis was performed. APP/PS1 mice, com-
pared with WT, demonstrated hippocampal synaptic
swelling, a reduction in synaptic vesicles (Figure 2B), de-
creased synaptic active zone (SAZ) (P < 0.01, Figure 2C),
and widening of the synaptic cleft (P < 0.01, Figure 2D). In
contrast, BSTSD group exhibited a more preserved
synaptic architecture, with increased SAZ length (P <
0.01, Figure 2C) and a narrower synaptic cleft compared
with APP/PS1 group (P < 0.01, Figure 2D).

@}
w A
S o
S S

Synaptic cleft o
width (nm)

=)
S

SAZ length (nm)
[33
S

=)

WT APP/PS1  BSTSD
Group Group

WT APP/PS1 BSTSD

Figure 2 Neuroprotective effects of BSTSD in the hip-
pocampus (n =5)

A, representative HE-stained images of the hippocampus, with
red arrows highlighting pyramidal cells displaying irregular
neuronal arrangement, intensely stained, and vacuolated nu-
clei. B, representative TEM images of hippocampal synaptic
structures (10 000 x). Red lines mark the SAZ. C, quantitative
analysis of SAZ length in hippocampal synapses. D, quantita-
tive analysis of synaptic cleft width. Data were represented as
mean = SD. P < 0.01, compared with WT group. **P < 0.01,
compared with APP/PS1 group.
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3.3 Effects of icariin and Af,5 35 on HT-22 cell viability

Icariin has no toxic effect on HT22 cells at concentra-
tions up to 20 umol/L for 24 h (P > 0.05), but at a concen-
tration of 40 umol/L, cell viability is significantly reduced
(P < 0.01, Figure 3A). In contrast, Afy; 35 exposure at
20 pmol/L or higher significantly impaired HT-22 cell
viability (P < 0.01, Figure 3B). Icariin demonstrated a pro-
tective role, mitigating the cytotoxic effects induced by
ApPys. 35 in HT-22 cells (P < 0.01, Figure 3C). Additionally,
Af,5.45 treatment inhibited HT-22 cell proliferation,
whereas icariin administration restored cell viability, with
a notable improvement (P < 0.01).

Ag B g
= z
£ 2
g g
0 5 10 20 40 0 5 10 20 40
Icariin, pmol/L Apys45, pmol/L
CE 100 e
= 80
% 60
= 40
= 20
O

0 ;
Icariin, pmol/L 0 0 5 10 20
Afsss, pmol/L 0 20 20 20 20

Figure 3 Effects of varying concentrations of icariin and
ApPys.35in HT-22 cells (n=5)

A, cell viability of HT-22 cells treated with icariin. B, cell viabili-
ty of HT-22 cells treated with Af,5_35. C, the protective effects of
icariin against Af,5 35-induced cytotoxicity in HT-22 cells. Data
were represented as mean + SD. P < 0.01, compared with
0 pmol/L group. *P < 0.01, compared with AB,s_35 (20 pmol/L) +
icariin (0 pmol/L) group.

3.4 Regulation of the PI3K/Akt/mTOR pathway by icari-
in in HT-22 cells

The study revealed significant decreases in the p-PI3K/
PI3K, p-Akt/Akt, and p-mTOR/mTOR ratios in Af,s.35
group compared with control group (P < 0.01), confirm-
ing the involvement of the PI3K/Akt/mTOR signaling
pathway in Apf,s.3s-induced effects on HT-22 cells. No-
tably, icariin treatment led to a marked increase in the ex-
pression levels of these ratios in the HT-22 cells (P <
0.01). However, co-treatment with LY294002 effectively
nullified icariin’s protective effects (P < 0.01), further cor-
roborating the role of the PI3K/Akt/mTOR pathway in
icariin-mediated protection of HT-22 cells (Figure 4).

3.5 Enhancement of PI3K/Akt/mTOR-mediated synapse-
associated protein expression by icariin in Af,535-stimu-
lated HT-22 cells

Icariin upregulated synapse-associated protein expres-
sion through the PI3K/Akt/mTOR pathway in Apf,s.s5-
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Figure 4 Effects of icariin on the PI3K/Akt/mTOR signal-
ing pathway (n = 3)

A, Western blot images of phosphorylated and total PI3K, Akt,
mTOR, and fS-actin proteins. B — D, ratios of the p-PI3K/PI3K, p-
Akt/Akt, and p-mTOR/mTOR ratios, respectively. Data were
represented as mean + SD. *P < 0.01, compared with control
group. P < 0.01, compared with Af,5_ 55 group. **P < 0.01, com-
pared with icariin group.

stimulated HT-22 cells. Although Af,5 35 caused a reduc-
tion in SYP and PSD-95 protein levels (P < 0.01), pre-
treatment with icariin effectively prevented this decline
(P < 0.01). Furthermore, the protective role of icariin was
negated by LY294002 (P < 0.01, Figure 5).
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Figure 5 Effects of icariinon synaptic proteins damaged
by Apys.35 in HT-22 cells (n = 3)

A, Western blot images of SYP and PSD-95 proteins. B and C, ra-
tios of SYP and PSD-95, respectively. Data were represented as
mean + SD. P < 0.01, compared with control group. *P < 0.01,
compared with AB,5 35 group. **P < 0.01, compared with icariin
group.

4 Discussion

TCM provides distinctive therapeutic benefits for treating
AD. Among these, BSTSD has demonstrated potential an-
ti-dementia effects ", However, the specific mechanisms
of action remain largely unexplored. This study em-
ployed the MWM test to assess the impact of BSTSD on
spatial learning and memory impairments. The results
indicated a significant enhancement in spatial cognition
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in APP/PS1 mice following BSTSD administration, under-
scoring its potential as an effective TCM treatment for
AD. The current findings contribute novel insights into
the effects of BSTSD on spatial learning and memory im-
pairments in AD models. Icariin, the principal active
component of Yinyanghuo (Epimedii Folium), is consid-
ered a promising therapeutic agent for neurological dis-
orders. Icariin has been shown to inhibit phosphodi-
esterase-5 activity and mitigate the formation of both in-
tracellular and extracellular neurofibrillary tangles .
The current findings also support the neuroprotective
role of icariin, highlighting its potential as a multitarget
therapeutic agent for slowing AD progression ", Study
has identified icariin as the main bioactive compound in
BSTSD that reaches the brain "\ This research aims to
establish experimental and theoretical foundations for
the anti-dementia efficacy of BSTSD and to explore the
mechanisms by which BSTSD exerts neuroprotective ef-
fects against synaptic damage and memory impairment,
particularly focusing on the mechanisms of action of
icariin.

Synaptic loss is a hallmark of the early stages of AD
and is closely linked to cognitive decline. A key player in
the pathological mechanisms underlying AD is Af5, partic-
ularly through its interactions with neuronal synapses.
Research has demonstrated that soluble Af oligomers
bind to synaptic proteins, leading to synaptic dysfunction
and degeneration %!, This process is critical, as the redis-
tribution of these key synaptic proteins in response to Af
binding contributes significantly to synaptic impairment.
Targeting toxic Af or disrupted synaptic pathways repre-
sents a promising early intervention strategy that may
halt or even reverse the progression of AD ], The impact
of soluble Af oligomers on synaptic proteins further em-
phasizes the importance of addressing these pathological
changes, as this redistribution is a key factor in synaptic
dysfunction and degeneration . The present study
shows that BSTSD treatment, demonstrated in APP/PS1
mice significantly enhances synaptic structure. Notable
observations in BSTSD group included elongated synap-
tic vesicles, an enlarged SAZ, and a reduced synaptic cleft
width compared with controls. Additionally, pyramidal
cells in BSTSD group displayed improved structural in-
tegrity, evidenced by enhanced organization, intensified
staining, and diminished nuclear vacuolization, as re-
vealed by HE staining. These findings suggest that BSTSD
mitigates synaptic damage and may exert anti-dementia
effects by modulating synaptic architecture. Key synaptic
proteins, such as SYP and PSD-95, play crucial roles in
regulating hippocampal synaptic plasticity, directly im-
pacting cognitive function and memory. PSD-95, in par-
ticular, binds to the C-terminal domain (CTD) of N-
methyl-D-aspartate (NMDA) receptors, thereby modulat-
ing synaptic plasticity and neurotransmission. In AD
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transgenic models, Af oligomers have been observed to
co-localize with PSD-95 at postsynaptic terminals, indi-
cating significant alterations in synaptic structure and
function . Furthermore, Af has been shown to reduce
endogenous PSD-95 levels in the NMDA receptor CID,
exacerbating synaptic dysfunction **, Synaptic dysfunc-
tion, along with decreased expression levels of SYP and
PSD-95 and the loss of hippocampal neurons, has also
been associated with tau hyperphosphorylation in rat
models ?”, Notably, both SYP and PSD-95, critical markers
of synaptic density, show significant reductions preced-
ing amyloid plaque formation in AD mouse models %2,
These insights underline the pivotal role of Af in synaptic
pathology and highlight the potential of targeting AS-me-
diated synaptic alterations for the development of thera-
peutic strategies for AD.

The PI3K/Akt signaling pathway is integral to various
cellular functions, including survival, growth, differentia-
tion, motility, intracellular transport, and neurite out-
growth %% It also modulates neurotransmission and
synaptic plasticity . PI3K/Akt expression has been
found to be reduced in AD brain tissue *?. mTOR, which
intersects with the PI3K/Akt pathway, is involved in four
major signaling cascades and plays a key role in central
nervous system function *l, Study suggests that upregu-
lation of PI3K/Akt/mTOR signaling can elevate synaptic
protein levels in the prefrontal cortex, thereby strength-
ening synaptic connections via related mechanisms "),
Similarly, enhancement of this pathway may facilitate
synaptic protein synthesis and myelin protein expression,
contributing to neuroprotection P> *l. Targeting the
PI3K/Akt/mTOR signaling pathway, therefore, presents a
promising therapeutic approach for addressing neurode-
generative diseases like AD. In the context of an AD cellu-
lar model using HT-22 cells, exposure to Af,5 55 resulted
in a significant reduction in key synaptic proteins, includ-
ing SYP and PSD-95. Additionally, there was a notable de-
crease in the ratios of phosphorylated PI3K (p-PI3K), Akt
(p-Akt), and mTOR (p-mTOR) compared with their re-
spective total protein levels. This indicates a disruption in
the signaling pathways crucial for synaptic integrity and
function, further implicating Af,s.35 in the pathophysiolo-
gy of AD. To further elucidate the involvement of the
PI3K/Akt/mTOR signaling pathway in synaptic damage
induced by Apf,s_35 the PI3K inhibitor LY294002 was used
in the present study. Icariin treatment was found to effec-
tively restore levels of synaptic proteins and the ratios of
phosphorylated PI3K, Akt, and mTOR to their total pro-
tein levels, highlighting its therapeutic potential in revers-
ing synaptic impairment. However, the PI3K inhibitor
LY294002 inhibited the PI3K/Akt/mTOR signaling path-
way and concomitantly reduced the expression levels of
synaptic proteins. After the addition of the PI3K pathway
inhibitor LY294002, the effect of icariin was attenuated
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but not completely abolished, indicating that icariin
primarily regulates synaptic function through the PI3K
pathway. However, this is not the sole pathway involved,
which aligns with the evolutionary concept of a net-
worked regulatory mode where multiple pathways con-
verge to regulate a single phenotype. These findings sug-
gest that future research should explore additional path-
ways involved in icariin’s neuroprotective effects and in-
vestigate potential synergistic interactions with the PI3K
pathway. A deeper understanding of these network inter-
actions could lead to more targeted therapeutic strate-
gies for neuroprotection.

This research highlights the innovative potential of
BSTSD and its active component, icariin, in managing AD
by modulating synaptic architecture and the PI3K/Akt/
mTOR signaling pathway. These findings introduce a
novel therapeutic approach to AD through TCM. Howev-
er, several limitations should be acknowledged. While
this study demonstrates the therapeutic effects of BSTSD
and icariin on memory deficits and synaptic damage, fur-
ther investigation is needed to explore the mechanisms of
BSTSD in vitro to more clearly delineate its neuroprotec-
tive effects. Moreover, although icariin exhibited protec-
tive effects in HT-22 cells, its mechanisms in vivo within
APP/PS1 mice require further exploration to understand
its interactions with biological pathways and to assess its
therapeutic potential. While this study offers promising
insights into the neuroprotective effects of BSTSD and
icariin, more comprehensive research is essential to fully
elucidate the underlying mechanisms and establish their
clinical relevance. Future studies should aim to expand
the investigation of TCM-based approaches for neurode-
generative disease therapies, potentially integrating
BSTSD and icariin into broader treatment paradigms.

5 Conclusion

This study demonstrated therapeutic potential of BSTSD
in alleviating memory deficits associated with AD. Addi-
tionally, icariin demonstrated synaptic protection in HT-
22 cells by activating the PI3K/Akt/mTOR signaling path-
way. Although the precise molecular targets of BSTSD
and icariin remain unidentified, these findings offer valu-
able insights into the mechanisms underlying their neu-
roprotective effects against cognitive decline, lays a
strong foundation for further investigations into the inte-
gration of TCM into therapeutic strategies for AD, and en-
hance both theoretical understanding and practical ap-
plication.
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