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Background: Alzheimer’s disease (AD) is associated with various pathological states for which there is no effective treatment. First
documented in the Eastern Han Dynasty’s medical classic, “Treatise on Febrile and Miscellaneous Diseases” (200-210 Anno Domini),
Banxia Xiexin Decoction (BXD) stands as a quintessential approach to treating spleen ailments. Recent studies have shown BXD’s
effectiveness in mitigating memory impairment associated with AD. Yet, the precise mechanisms underlying BXD’s action against AD
require further exploration.

Aim of the Study: To explore the important components of BXD in exerting anti-AD effects and the underlying molecular
mechanisms using network pharmacology, metabolomics analysis, and in vitro and in vivo validation strategies. Initially, candidates
for BXD’s application in AD therapy were identified through extensive database searches, followed by an analysis of protein-protein
interactions (PPI). To elucidate BXD’s therapeutic pathways in AD, we engaged in Gene Ontology (GO) enrichment and Kyoto
Encyclopedia of Genes and Genomes (KEGG) assessments. Further, we delved into BXD’s primary constituents through ultra-high-
pressure liquid chromatography coupled with Q Exactive mass spectrometry and molecular docking techniques. Finally, AD-
associated AB4>-SYSY cells and APPswe/PS1dE9 (APP/PS1) transgenic mice models were utilized to further determine the activity
and mechanisms of BXD through various molecular or phenotypic assays and metabolomics analysis.

Results: Our findings identified the PI3K/Akt signaling pathways as central to BXD’s effects. Using in vitro and in vivo models, we
found the activity of BXD against AD to be mediated by the suppression of neuroinflammation and apoptosis, accompanied by
activation of the PI3K/Akt pathway. Finally, we observed robust changes in metabolite levels in the plasma of BXD-treated APP/PS1
mice.

Conclusion: Through systematic data analysis and experimental validation, the therapeutic advantages and fundamental
molecular mechanisms of BXD in treating AD were revealed. These findings underscore the promising prospects and compelling
potential of BXD, which targets the PI3K/Akt signaling pathway and inflammation, apoptosis, as a therapeutic strategy for
improving AD.
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Introduction

Alzheimer’s Disease (AD), a prevalent neurodegenerative ailment, primarily exhibits alterations in behavior, impairments
in memory, and disruptions in visuospatial abilities, significantly impacting patients’ standard of living." According to
relevant survey data, it is estimated that there will be approximately 66 million patients with AD worldwide by 2030, and
the prevention and treatment of AD is a global problem that needs to be solved urgently? The “Alzheimer’s Disease
Report in China 2024” indicates that in 2021, the number of existing cases of AD and other dementias in China reached
16.99 million, with a prevalence rate of 119.42 per 100,000 population and a mortality rate of 34.6 per 100,000
population, among which the incidence rate in females is higher than in males.® The core pathological markers of AD
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are B-amyloid (AP) plaque and neurofibrillary tangles.* Currently, widely recognized hypotheses include the amyloid
cascade hypothesis, abnormal tau phosphorylation hypothesis, and cholinergic hypothesis.> Treatments for AD include
cholinesterase inhibitors (galantamine, donepezil, and cabalatine) and N-methyl-D-aspartic acid receptor antagonists
(memantine).® Although these drugs can partially alleviate the behavioral and cognitive impairments in patients with AD,
their therapeutic effects remain limited.” Therefore, therapeutic drugs and methods for the treatment of AD require
further investigation.

In recent years, traditional Chinese medicinal (TCM) herbs have been the focus of attention and have been used for
their wide range of pharmacological activities and better protective effects against AD.” First documented in the Eastern
Han Dynasty’s medical classic, “Treatise on Febrile and Miscellaneous Diseases” (200210 Anno Domini), Banxia
Xiexin Decoction (BXD) stands as a quintessential approach to treating spleen ailments. From the classic text

{HuangdiNeijing) , it is stated: “That which the heart recalls is called ‘yi’ (intention), and that which ‘yi’ holds is
called ‘zhi’ (will).” The five viscera house the spirit, with the spleen housing ‘yi’ and the kidney housing ‘zhi’. The
theoretical basis for the treatment of dementia with BXD can be explored from the perspective of regulating the spleen’s
function of housing ‘yi’. That is, the root of the kidney’s failure to house ‘zhi’ lies in the spleen’s inability to house ‘yi’.
Our previous research has demonstrated that BXD exerts a beneficial effect on improving insulin signaling pathways and
regulating the gut microbiome, which alleviates the brain glucose metabolism disorder in APP/PS1 mice, thereby
enhancing cognition.®’ Other studies have shown that the main components of BXD, such as guanyl, ginsenosides,
berberine, and liquiritin, alleviate learning and memory deficits and cellular toxicity in AD-related models in vivo and
in vitro by affecting multiple pathways or molecular functions, including autophagy and ferroptosis, and the activities of
catalase, superoxide dismutase, and glutathione peroxidase.'®™'* All these studies indicate that BXD may be a promising
target as an anti-AD agent and has good application prospects in the clinical treatment of AD. Despite extensive
research, AD remains an incurable disorder, with current therapies offering limited symptomatic relief. Traditional
Chinese Medicine (TCM), such as BXD, may provide novel multi-target approaches.

The advent of the era of big data and artificial intelligence has seen systems pharmacology, including network
pharmacology, molecular biology techniques, metabolomics, and transcriptomics, increasingly take a significant position
in the field of medical research. These approaches combine experimental analysis with computational analysis.'* TCM
often contains multiple components that act on various targets and pathways. Network pharmacology, by constructing
drug-target-disease networks, aids in elucidating the complex mechanisms of action of TCM formulas. Network
pharmacology not only provides new perspectives and tools for TCM research but also contributes to the modernization
and globalization of TCM."> Through this interdisciplinary collaboration, the potential of TCM in the prevention and
treatment of diseases can be better explored and utilized. Metabolomics is a comprehensive systems approach for the
analysis of small molecules in biological samples, and its application can provide clinically beneficial biomarkers.'® The
use of metabolomics is significant for disease diagnosis, investigation of disease mechanisms, and the selection of
therapeutics. The combination of network pharmacology and metabolomics is expected to offer valuable technical
support for studying the complex pathophysiology of AD.!”-'®

In this study, utilizing innovative ultra-high pressure liquid chromatography amalgamated with Q Exactive mass
spectrometry (UHPLC-QE-MS), accompanied by high precision molecular docking methodologies, we deciphered the
active components inherent in BXD. Subsequently, rigorous in vivo and in vitro assays substantiated BXD’s neuropro-
tective efficacy against AD, delineating its mechanistic pathways and molecular interventions across both experimental
realms. Finally, metabolomics analysis was performed in APP/PS1 mice after the treatment with BXD.

Materials and Methods

Network Pharmacology Analysis

Identification of active BXD ingredients and targets: Chemical components of BXD were collected using TCMSP
(https://old.tcmsp-e.com/tcmsp.php), ETCM (http://bionet.ncpsb.org.cn/batman-tcm/index.php), HERB (http://herb.ac.
cn/), SymMap (http://www.symmap.org/), and TCM-ID (https://www.bidd.group/TCMID/) databases respectively,
selecting those with oral bioavailability >30% and drug-likeness >0.18. Disease-related targets were searched from
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GeneCards (https://www.genecards.org/), OMIM (https://omim.org/), DrugBank (https://go.drugbank.com/), and CTD
databases (http://ctdbase.org/), HPO (https://hpo.jax.org/app/), and the integration of disease-related targets was searched

using “Alzheimer’s disease” as the keyword. Using UniProt, we standardized and deduplicated drug target gene names to
pinpoint potential disease targets. We employed Venn diagrams to illustrate target intersections across databases and
identified common targets between our compound analysis and AD targets within R. These shared ingredients and
targets, indicative of BXD’s therapeutic impact on AD, are prioritized based on their Score value, with higher scores
denoting greater disease relevance, for further analysis.

Construction and analysis of BXD-compound target-disease network: We imported the active ingredient-target
correspondence of BXD into Cytoscape 3.9.1 to create a drug-compound-target-disease network. Nodes in this network
represent compounds and targets, with edges indicating their interactions. Using the Network Analyzer plugin, we
analyzed the network’s topology, calculating node degrees to assess the connectivity and importance of each compound
and target.

Construction and analysis of protein-protein interaction (PPI) network: We then constructed a PPI network using the
STRING database (https://string-db.org/) to determine the interaction relationships among proteins related to BXD’s

therapeutic effects on AD. Core targets were identified using topological criteria such as closeness centrality (CC),

betweenness centrality (BC), and degree ranking, which reflect the nodes’ connectivity and influence in the network.
Network construction and Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO): GO and

KEGG pathway analyses were conducted using the bioinformatics platform (http://www.bioinformatics.com.cn) to

investigate the enriched GO terms and KEGG pathways among the identified clusters. Enrichment was based on P <
0.01, which aided in predicting the biological processes and mechanisms involved in BXD’s effects against AD. In GO
enrichment analysis, P < 0.05 was selected as the screening condition, and the top 20 biological items whose P < 0.05
were selected to draw bar charts. KEGG enrichment analysis also took P < 0.05 as the significant enrichment screening
condition, and the top 30 signal pathways with P < 0.05 were selected to draw bubble maps for visual analysis.

Constructing and Analyzing a Drug-Compound-Target-Pathway-Disease Network: To uncover the underlying
mechanisms of drug action, we selected the core top-ranking pathways, along with their key targets and active
ingredients, to construct a “drug-compound-target-pathway-disease” network. This network was designed to effectively
illustrate the interconnections and synergistic effects between the drug’s important active components and targets with
certain significant pathways.

Molecular Docking: Selected compounds Stigmasterol, Acacetin, Nuciferin, Wogonin, Baicalein and Oroxylin a were
subjected to molecular docking with the core targets Akt. The 3D structures of the primary active compounds were
retrieved from the PubChem database, while the 3D structures of the core target proteins were obtained from the Protein
Data Bank (PDB) (https://www.rcsb.org/). Preliminary processing of the core target proteins, including the removal of

solvent molecules, was performed using PyYMOL version 2.6.0. Subsequent hydrogenation and charge assignment were
carried out using AutoDock Tools version 1.5.7. The core target proteins and active compounds were then saved as
“pdbqt” formatted files, with appropriate grid positions and sizes set accordingly. The docking of the compounds and
targets was ultimately completed using Autodock Vina. The docking results were visualized using PyMOL software.

Experimental Validation

Animals

The Jackson Laboratory supplied APPswe/PS1dE9 (APP/PS1) double transgenic mice (catalog number: 004462) for our
study. These mice express a fusion of mouse and human amyloid precursor protein (Mo/HuAPP695swe) along with
a variant of human presenilin 1."° The genotypic characterization of APP/PS1 double transgenic rodents was conducted
following established protocols.”’ Adult Sprague-Dawley rats, each weighing approximately 200 + 20 grams, were
acquired from Jinan Pengyue Experimental Animal Breeding Co., LTD, Ethics Number:20230206—64. The Binzhou
Medical University Hospital’s Animal Ethics and Welfare Committee granted approval for all related animal studies, in
strict adherence to the UK Animals (Scientific Procedures) Act of 1986. This compliance extends to the EU Directive for
Animal Experiments [2010/63/EU] and the Guidelines for the Ethical Review of Laboratory Animal Welfare under the
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People’s Republic of China National Standard GB/T 35892-2018, ensuring that all procedures met or surpassed the
required ethical standards for animal research.

BXD, BXD-Containing Serum Preparation, and Drug Administration
BXD formula granule were purchased from Kangrentang (Beijing, China), which is composed of seven Chinese herbs,
the specific floristic sources and dosages are shown in Supplementary Table 1. They were dissolved in double-distilled H,

O at a concentration of 1.2 g/mL. For BXD-containing serum preparation, the rats were administered BXD (12 g/kg
per day, oral gavage) for 7 consecutive days. Two hours subsequent to the administration on the seventh day, samples of
blood were meticulously drawn from the abdominal aorta in a sterile fashion and subsequently subjected to a half-hour
inactivation procedure at 56°C. The following step comprised filtration of these samples via a membrane with a 0.22 um
pore size. For conservation purposes and forthcoming analysis, we retained these samples at an extremely low-
temperature setting of —80°C. This process operationalizes methods echoed in earlier approaches described in the
scientific discourse.”’ APP/PS1 double transgenic mice (3 months old) were treated with BXD (12 g/kg per day, oral
gavage) for 4 months. Our prior investigations have established the precise concentration for gavage administration.’

Identification of Active Components in BXD-Containing Serum Using UHPLC-QE-MS
Analysis

UHPLC-QE-MS was used to detect the active ingredients of BXD-containing serum and was conducted by Beijing
Baimike Biotechnology Co. LTD (Beijing, China). See Supplementary Materials and methods 1.

Cell Culture, AB4, Preparation and Cell Viability Assay

The SH-SYS5Y human neuroblastoma cell line, procured from the American Type Culture Corporation (Manassas, VA,
USA), underwent cultivation in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, Waltham, MA, USA).This
medium was enriched with a 10% concentration of fetal bovine serum and fortified with 1% penicillin-streptomycin,
ensuring an optimal growth environment at a constant temperature of 37°C and a 5% CO, atmosphere. The amyloid-
beta peptide AP4,, central to AD research, was initially solubilized in dimethyl sulfoxide. Subsequently, it was further
diluted in DMEM to create a concentrated stock solution (10 um), facilitating subsequent experimental investigations.
Each well of a 96-well plate, occupied with SH-SYSY cells, received an addition of CCK-8 (MedChemExpress, HY-
KO0301, China). The concentration of Ay, is divided into lpmol, 2umol, Sumol, 10pumol. This was followed by
a subsequent 3-hour incubation period. Subsequently, absorbance at 450 nm was gauged utilizing a multifunctional
microplate reader, guided by the manufacturer’s manual. Vehicle + Vehicle: Represents normal cells subjected to
serum deprivation in DMEM for 48 hours, followed by treatment with normal rat serum for an additional 48 hours. Ap
+ Vehicle: Represents normal cells treated with 5 pM AB42 in DMEM for 48 hours, followed by treatment with normal
rat serum for an additional 48 hours. AB+BXD (10%): Represents normal cells treated with 5 uM Ap42 in DMEM for
48 hours, followed by treatment with 10% BXD-containing serum for 48 hours. AB+BXD (15%): Represents normal
cells treated with 5 pM AB42 in DMEM for 48 hours, followed by treatment with 15% BXD-containing serum for
48 hours. This grouping design maximizes the unity of molding factors and drug administration factors and reduces the
influence of other factors.

Immunofluorescence

The SH-SYSY cells were fixed with 4% paraformaldehyde before being permeabilized with Triton X-100 (0.5%) for half
an hour. Subsequently, they were blocked using 5% donkey serum and then incubated with primary antibody against
NeuN (1:500) overnight at 4 °C. After extensive washing with phosphate-buffered saline (PBS), the cells were incubated
with Alexa Fluor®488 goat anti-rabbit IgG secondary antibodies (1:400, A21202, Invitrogen) for 4 h and visualized using
an Olympus FV1000 confocal microscope (Olympus, Shinjuku, Tokyo, Japan). The number of NeuN-positive cells from
six randomly selected fields per group was calculated by researchers who were blinded to the experimental design.
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Ethynyl-2'-Deoxyuridine (EDU) Staining

In this experiment, 100 pL of 50 uM Edu solution (C0071S, Beyotime, Shanghai, China) was added to each well of 24-well
plates for 2 h. Subsequently, the concentrated cells were fixed in situ, employing a 4% solution of paraformaldehyde, over
a quarter-hour duration.Following this fixing phase, a 10-minute permeabilization process ensued, using 0.5% TritonX-100
as the permeabilizing agent. The final step involved incubating the cells with 100 pL of Apollo reaction mix, executed under
exclusion of light for half an hour. Subsequently, the cells underwent a permeabilization process for a duration of 10 minutes,
employing 0.5% TritonX-100. This was followed by an incubation period where 100 puL. of Apollo reaction solution was
introduced, conducted under dark conditions lasting half an hour. Cell nuclei were stained with Hoechst 33342. Images were
captured using an Olympus FV1000 confocal microscope (Olympus), and the number of positive cells from six randomly
selected fields per group was calculated by researchers who were blinded to the experimental design.

Scratch Healing Assay

The cells were inoculated into 6-well plates. After 24 h, the cells were scraped using a 200-uL tip, incubated with 2%
drug-containing serum, and cultured at 37 °C and 5% CO, for 24 h or 48 h. Photomicrographs were taken before and
after treatment using an optical microscope (IX53; Olympus). The relative distance of the wound width before treatment
minus the wound width after treatment was calculated and quantified using ImageJ software (http://imagej.nih.gov/ij/).

Reverse Transcription Quantitative Polymerase Chain Reaction (RT-qPCR)

Adopting established protocols, cellular total RNA was isolated utilizing TRIzol reagent (Invitrogen, Carlsbad, CA,
USA),*? subsequently undergoing reverse transcription into cDNAs with the assistance of a cDNA synthesis kit (Thermo
Scientific, Waltham, MA, USA). The cDNA underwent examination via the StepOnePlus real-time PCR mechanism
(Applied Biosystems, Waltham, MA, USA). GAPDH served as the standardizing reference. The PCR primer pairs used
were: BCL-2: forward: 5'-GCTACCGTCGTGACTTCGC-3', reverse: 5'-CCCCACCGAACTCAAAGAAGG-3’; caspase
3: forward: 5'-TGAAGGGGTCATTTATGGGACA-3', reverse, 5'-CCAGTCAGACTCCGGCAGTA-3'; IL-1p: forward,
5'-GAAATGCCACCTTTTGACAGTG-3', reverse, 5-TGGATGCTCTCATCAGGACAG-3"; TNF-o: forward,
CTGAACTTCGGGGTGATCGG-3', reverse, 5-TGGATGCTCTCATCAGGACAG-3'; 1IL-6: forward, 5'-
TCTATACCACTTCACAAGTCGGA-3', reverse, 5'-GAATTGCGGCTTGTCACTCGAATTTTGAGA-3'. Relative tar-
get gene quantification was performed using the 2T method.

Western Blot Analysis

Total protein was extracted from samples after different treatments as previously described.>® Total proteins were
separated using SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, Massachusetts, USA). The
membrane was subjected to a blocking process involving 5% skim milk powder dissolved in TBST buffer, composed
of 20 mm Tris-HCI at pH 7.4, 150 mm NaCl, and 0.1% Tween 20. Subsequently, it was exposed to specific primary
antibodies, which were diluted in the same blocking medium, for an extended period at 4 °C, typically overnight: p-Akt
(66444-1-1g, Proteintech, 1:1000), Akt (60203-2-Ig, Proteintech, 1:1000), IL-6 (CQA3710, Abways, 1:1000), pro-IL-1f/
IL-1B (12242, CST, 1:1000), TNF-a (AB3558, Abways, 1:1000), Bel-2 (27888S, CST, 1:1000), caspase 3 (3033T, CST,
1:1000), Cleaved-caspase (9664T, CST, 1:1000), Bax (EPR18283, Abcam, 1:1000), ASC (A15093, Nature Biosciences,
1:1000), NLRP3 (A10997, Nature Biosciences, 1:1000) and B-actin (AY0573, Abways, 1:10,000). This was followed by
incubation with goat anti-rabbit IR Dye 680LT (1:5000, #926-68021; Li-COR Biosci-ences, Lincoln, NE, USA) or goat
anti-mouse IR Dye 800CW (1:5000, #926-32210; Li-COR Biosciences) fluorescent secondary antibodies. Fluorescence
was captured and quantified using an Odyssey infrared imaging system (Li-COR Biosciences, Lincoln, NE, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

SYS5Y cells were seeded in 6-well plates. Upon completion of the various treatments, cellular supernatant was subjected
to centrifugation at a rate of 1000 rpm/min for a half hour. Subsequently, the liquid residue was extracted with the aim of
examining the release of TNF-a, IL-6, and IL-1B3. This was accomplished utilizing Enzyme-Linked Immunosorbent
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Assay kits (EK0525-96, EK0410-96T, EK0392, Boster, Wuhan, China) and complying meticulously with the guidelines
provided by the manufacturer.

Flow Cytometry Analysis

After multiple interventions, SY5Y cells were collected and suspended in PBS. Subsequently, they were subjected to
staining with Annexin V-FITC and propidium iodide (PI) in sequence. This was followed by an analysis utilizing the
FITC Annexin V apoptosis detection kit, adhering strictly to the guidelines provided by the manufacturer (556547; BD
Biosciences, Franklin Lakes, NJ, USA).

Y-Maze

The three arms of the Y-maze were separated at 120° angles and randomly set as A, B, and C, each marked with a black
strip or dotted paper. The rodents were situated at the terminus of a designated corridor, permitted to conduct an
uninhibited investigation spanning a duration of precisely 600 seconds. The total number of entries into each arm and the
total number of alternations (defined as the total number of triple strings containing three consecutive arm serial
numbers) were counted. The percentage of spontaneous alternations (SAP) can be calculated through the equation:
SAP (%) = [Quantity of Alternations / (Sum of Arm Entries - 2)] x 100.%

Novel Object Recognition (NOR)

The NOR test was divided into two phases. Initially, throughout the preparatory stage, the rodent subjects were
positioned within the research apparatus containing two homogenous artifacts and granted an exploration duration of
a ten-minute interval. Following a 2-hour sequestration phase (denoted as NOR-2h), the rodents were reintroduced to
their environment, prompting the replacement of the pre-existing items with new and intriguing elements. Subsequently,
the experimental procedure was replicated following an intermission of 24 hours (denoted as NOR-24 h). The
quantification of the time allocated to each subject was derived from the proportion of time concurrently dedicated to
scrutinizing two entities.

H&E Staining
For histopathological analysis, tissue embedded in paraffin was sectioned at 4 um thickness, dewaxed in xylene, and
rehydrated through a graded ethanol series. Following rinsing, sections were stained with Hematoxylin and Eosin, dehydrated

in absolute ethanol, and cleared in xylene. The slices were observed under a x 20 objective lens of an optical microscope.

Metabolomics Analyses
The metabolomics experiments were performed by Genechem Co., Ltd (Shanghai, China). Supplementary Materials and
methods 2.

Statistical Analysis

The results are expressed as means + standard errors of the means (SEMs). The data were analyzed with GraphPad
Prism version 9.0.0. The assumptions of normality and uniform variance were examined through the implementation
of the Shapiro—Wilk and F statistical trials. To compare normally distributed data between groups, two-tailed
unpaired t-tests were used. We executed an array of collective examinations via single-direction variance analyses
(ANOVAs), succeeded by post-hoc assessments using Sidak’s method. For data disallowed from a normal distribu-
tion, we applied the Kruskal-Wallis test, followed by Dunn’s process for comparative analysis. The statistical

significance was affirmed at p < 0.05.
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Results
Utilizing Network Pharmacology and UHPLC-QE-MS Analysis Identified the Key
Components of BXD Anti-AD

Our analysis of multiple databases revealed that 256 action targets were retrieved from the ingredients of BXD, meanwhile,
952 targets were associated with AD were found. The intersection of BXD with AD-related 139 potential targets (Figure 1A),
accompanied by concrete information on the top 20 active components of BXD (Supplementary Table 2).

Next, UHPLC-QE-MS was used to identify the chemical components of BXD and BXD drug-containing serum.
A total of 56 chemical components were found in the BXD drug-containing serum (Supplementary Table 3) after

excluding background interference from the blank serum. The total ion chromatogram of BXD is shown in Figure 2A and
2B, and a heat map of the main ingredients is shown in Figure 2C. Furthermore, the combined overlapped screening of
BXD targets derived from network pharmacology and UHPLC-QE-MS strategy analysis of BXD drug-containing serum
resulted in the acquisition of six main components, including wogonin, baicalein, nuciferin, acacetin, oroxylin A, and

stigmasterol, which were labeled in our mass spectra (Figure 2A-B, Supplementary Table 4).

Neuroprotective Effect of BXD on AB4,-Induced Cytotoxicity in vitro

We evaluated the efficacy of BXD on Af4,-induced neurotoxicity in SYSY cells. First, we screened the optimal modeling
concentration of A, intervention in SYSY cells. We observed that incubation with 5 um A4, produced obvious and
stable cytotoxicity at 48 h, which was selected for subsequent experiments (Figure 3A). Furthermore, immunofluores-
cence results revealed that AP42 treatment dramatically decreased the numbers of NeuN-positive cells (p < 0.01), while
both 10% and 15% BXD drug-containing serum increased the number of NeuN-positive cells, exhibiting reparative
effects on AP4,-induced cytotoxicity in SYSY cells (p < 0.05, p < 0.01). The cell viability results indicated a decreased
viability after A4, treatment, which was reversed by the application of 10% and 15% BXD-containing serum (p < 0.05,
p <0.01). Cell migration is an important process in many physiological and pathological processes.>* Af., intervention
suppressed the chemotactic and migratory activity of SYSY cells (Figure 3E, p < 0.05, p < 0.01). Different doses of
BXD-containing serum showed no improved effect on this decline at 24 h after incubation, while 15% BXD drug-
containing serum prevented this decline at 48 h after incubation (p < 0.05, p < 0.01). In addition, Edu staining confirmed
that the BXD drug-containing serum significantly reversed the restrained proliferation of SY5Y cells induced by A4,
exposure (Figure 3F, p < 0.05).

BXD Regulated Neuroinflammation and Apoptosis in AB4;-Induced SY5Y Cells

In order to decipher the intricate processes through which BXD influences AD, we utilized the STRING database as
a scientific tool to dissect the protein-protein interaction (PPI) network associated with potential BXD targets against AD.
The top 30 targets were extracted based on the degree value ranking (Figure 4A-B, Supplementary Table 5), including
tumor protein 53 (TP53), protein kinase B 1 (AKT1), JUN, heat shock protein 90 alpha family class A member 1
(HSP90AAL), estrogen receptor alpha gene (ESR1), b-cell lymphoma 2 (BCL-2), REL-associated protein (RELA),
interleukin 6 (IL-6), caspase 3 (CASP3). Among them, inflammatory factors and apoptosis indicators constitute the

majority.Neuroinflammation and apoptosis were reported to be key pathological aspects involved in the AP4,-induced
cytotoxicity.””> NLRP3 inflammasome is intricately linked to neuroinflammation through its activation by DAMPs,
subsequent caspase-1 activation, and the release of pro-inflammatory cytokines. It contributes to neuronal damage and
death, making it a critical component in the pathogenesis of AD.?® Therefore, we evaluated some pro-inflammatory
factors and apoptosis-related markers to verify the potential changes in neuroinflammation and apoptosis in AB4,-induced
SYSY cells. The findings of the WB analysis illustrated a substantial elevation in the protein concentrations of TNF-a,
IL-6, IL-1PB, and NLRP3 inflammasome (ASC, Caspase-1, and pro-IL-1pB) in the A4, group, when juxtaposed with the
control group, while 10% and 15% BXD drug-containing serum attenuated this elevation (Figure 4C-I, p < 0.05, p <
0.01). ELISA results demonstrated a significant inhibitory effect of 10% and 15% BXD drug-containing serum on the
abnormal elevation of TNF-a, IL-6, and IL-1p levels after APy, treatment ((Figure 4J-L, p < 0.05, p < 0.01).

2140 https: Drug Design, Development and Therapy 2025:19


https://www.dovepress.com/get_supplementary_file.php?f=499852.docx
https://www.dovepress.com/get_supplementary_file.php?f=499852.docx
https://www.dovepress.com/get_supplementary_file.php?f=499852.docx
https://www.dovepress.com/get_supplementary_file.php?f=499852.docx

n et al

Qi

Alzheimer disease

.. Banxia xiexin decoction

813

D Stigmasterol

¢ 2/
LN o X

|

/ A\ "
. ‘-i
T 000 s
doeeg;
E Acacetin
W
F Nuciferin -
< s
N ( v
G Wogonin
o %y
S
y | o
I B
[ 55 »
H Baicalein

6v700070W -
&
3
&
&
8

689100T0W
£12200T0N
€L1000710W
$12200T0N

-62
634 AKT1 g4

z
S
g
g
g
8
g
8

o o
iy assn
7 352 y
@ @ ws
&) &5
o
el
I o
5 &
R
)
"4
& 2a

- g am
= S Pl
¥ e
6. .-

Nuciferine

Baicalcin

Wogonin

Oroxylin A

Stigmasterol
Acacetin 7-glucuronosyl-(1->2)-glucuronide

Figure | Network analysis of BXD in the treatment of AD. (A) Venn diagram of predicted targets of BXD and AD. (B) The ranking of BXD target components importance
for treating AD. (C) BXD-components-active ingredients-potential targets-pathways network. Molecular models of the binding of Stigmasterol (D), Acacetin (E), Nuciferin
(F), Wogonin (G), Baicalein (H), and Oroxylin A (I). (J) Heat map of molecular docking results. (K) Heat map of the distribution of main components in BXD-containing
serum. (R) Normal rat serum, BX: BXD-containing serum, BXY: BXD drugs.

Drug Design, Development and Therapy 2025:19

https:

2141



Qin et al

A Positive ion mode Negative ion mode
o
7740 in 1.3e+10 ]
e BXD containing serum o BXD containing serum
asero | siet0
) ’ 1tevto
see0iAcacetin 7-glucuronosyl-(1->2)-glucuronide I } i
b 8.0e409 n |
+0f Nuciferine Frooor I
i Bai i b
Saserno Stigmasterol om0 I
280410 | B0eie N .
- 400100 Oroxylin A IR |
216410 — Pl W WA i
14e+10 200409 | A W Wwh o, y,
7000 1, stwso N Wit
0.0e+00- f 0.0e+00
P 3 T 3 T 3 L B T
stavio
. - Control serum e Control serum
e \ e
12ert0
ot vievto
420010, asted
z 2900000 |
£ soero Boonn TN |
2000 270000 A
240010 | 606409 |
sots [
e AL prave \
126410 ) M | Ak 308409 | i il AW |
f \ A V] . \ Iy | VY My,
soen | it JVIUERM -~ - L —
aoea0 ogesto
I B S R S S T A T T B T T R T S B B S S S U S T T T T T
Time (min) Time (min)
aoero fy—
| Te+10-
oo ‘ BXD b | BXD
: ) 1serto |
«w=01 - Acacetin 7-glucuronosyl-(1->2)-glucuronide 14es10 i
azee0 ‘ it Oroxylin A
— \ Aserto [ ‘
& oo . Baicalein tigmasterol s
“ Nuciferine ' | | Stig as‘eo Jina L I
24000 70000
e Jud cl H
| soe00 | [
126010 \ pros I i |
() \ | 300+00- V i L |
600409 v - 20 W || bV W I o
0.0e400 0.0e+00- B
LS T S S S S S Ry S B T R N I S S R ]
Time (min) Time (min)
c _— B1o
Neobonaspestin B
Acacetin 7-glucuronosyl(1.2)-glucuronide -05
Saikosaponin b2 _00
Gypenoside XVII -
(+)-Pinoresinol-beta-D-glucoside: -—0.5
daysndil _
R SR -0
murucoidin VI
Mhplmepusnel Aol
Cachineside Il
(+/-)tylopilusin A
iy a0 o - "
‘Syringic acid-4-beta-D-ghicopyranoside
Flavone base + 30, IMeO, O-HexA-HexA
Averywonsnonide
15-methyivlobiri Ecantibic
Atopeein]
Homoplantaginin
Bonducellpin A
Edulisin II
SCHEMBL18415629
p—
yunganoside K1
(+)-Oviisocorydine ovuisocorydine.
Canthandin
{(R)-Hy .6.7.8- {1.3)dioxolof4,5-g 1} [ .6.7.8 ydro-[1.3)dioxolo[4.5-g)s - 1.3k acid.
ephdain -ghocmmnide
nploside G
perenmiponide D

— Dicaffeoyl Coumaroyl Spermidine
6.6 Dicthy!
$Hydroxypinoresinol diglucoside
pectolinaigenin-7-O-beta-D-ghcuronopyranoside.

beta Rhamaocitrin

Paracnsidimerin G
1.3.8-ri(p-hydroxybenzyl)-4-methoxyphenanthrene-2,7-diol
Reticulataxanthin

Colchiside B
(2beta,3beta, dbeta, © 3 -cacyDasmiie}

Delphicrispuline

Ixerisoside L
5"des-O-methylisoharringtoninefisoharringtonic acid
Tenacissoside D

‘Yunganoside F2

2,

8,8 -octahydroyx-{2.2" binaphthalene]-3.3'7,7-tetrone 9CI[7,7-bis(1,4.5 §-tetrabydroxy-3-ethylnaphthalene-2,6-dione)

Myricolal

R BX BXY

Figure 2 Total ion chromatograms of BXD-containing serum. (A) Total ion flow pattern in positive ion mode. (B) Total ion flow pattern in negative ion mode. (C) Heat map

of the components of BXD-containing serum.

https://doi.org/10.2147/DDDT.S499852

2142

Drug Design, Development and Therapy 2025:19



Qin et al

A B
160 (n=6) Vehicle+Vehicle
#
;\? *
> 100
Es
3§
s%
S
= 50
3
o
o
¢ 0 & & & &
& & &
g 4"}\9“ SRS
g
2 150+ =)
3 dedek iiad
° )
2 1004
3
£
E AB+BXD (10%)
2 504
g 50 ¢
2
2
5
g o

A% % oI ol
o e

Soum
——

AB+BXD (15%)

® % ol ol
S N
RONROAWSOANN
& O 40
©F W Q,& $x$
RO =R
E F
o
2 g
] $
s 3
21 3
2 8
] 5
§ >
o o
2 8
4 &
o
s S
& &
< <
9 3
S S
= £
=]
8 2
o o
& &
< <
s 9
“2 w
[=] { o
8 8
o @
& =
< <

@
x

(n=6)

g g E
£ < g
H ] 3
o 100 < =
135 o= 3
=3 g8 5
§ 50 H a
g g 3
g = 2
0 H =
O O “o\e\ ‘;\e\ e \e o oo\ *
RUSRC S W ORI LS
A = A A oV ot
o W o O° PSR &b
@ s s RO W W

Figure 3 Effect of BXD-containing serum on viability of SY5Y cells stimulated by AB4,. (A) CCK-8-mediated detection of optimum molding dosage of AP, on SH-SY5Y cell for
48 h. (B and C) Representative images and statistical analysis of fluorescence analysis of NeuN (scale bar = 50 um). (D) Effect of BXD-containing serum on AB4,-stimulated cell
viability in SH-SY5Y cells. (E, G) Representative images and statistical analysis of SY5Y cell migration via in vitro wound healing assay (scale bar= 50 pum). (F, H and 1)
Representative images and statistical analysis of Edu staining (scale bar = 50 pm). All data are presented as means + SEM (n=6). *p<0.05, **p<0.01, versus Control group,
#p<0.05, ##p<0.01 versus Model group; Used one-way ANOVA for p-value calculation. Vehicle + Vehicle: Represents normal cells subjected to serum deprivation in DMEM for
48 hours, followed by treatment with normal rat serum for an additional 48 hours. A + Vehicle: Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours,
followed by treatment with normal rat serum for an additional 48 hours. AB+BXD (10%): Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours, followed by
treatment with [0% BXD-containing serum for 48 hours. AB+BXD (15%): Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours, followed by treatment with
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Figure 4 Effect of BXD-containing serum on pro-inflammatory factors and apoptosis. (A) The ranking of BXD target genes importance for treating AD. (B)The PPI
networks of BXD. (C-l) Representative blots and quantitative data of IL-6, TNF-a, NLRP3, pro-IL-1B, IL-1B, and ASC. (J-L) ELISA for IL-6, IL-1B, and TNF-a. (M-P)
Representative blots and quantitative data of cleaved-caspase 3, BCL-2, and BAX. (Q) Flow cytometry scatter plot. Ql: mechanically damaged cells, Q2: inactive cells, Q3:
early apoptotic cells, Q4: live cells; cell apoptosis rate (%) = Q2 + Q3. (R) Quantitative data of flow cytometry. All data are presented as means + SEM (n=6). *p<0.05,
**p<0.01, versus Control group, #p<0.05, ##p<0.01 versus Model group; Used one-way ANOVA for p-value calculation. Vehicle + Vehicle: Represents normal cells
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Ap42 in DMEM for 48 hours, followed by treatment with 15% BXD-containing serum for 48 hours.
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This exposition seeks to elucidate whether the compound BXD mitigates AB4,-induced cell death in SYSY cells. This
is ascertained through the investigation of key apoptotic markers, including cleaved-caspase 3, Bcl-2, and Bax protein
expression levels. APy, increased protein expression levels of cleaved-caspase 3 and Bax and decreased protein
expression levels of Bcl-2 (p < 0.05, p < 0.01). However, BXD-containing serum significantly improved this effect
(Figure 4M-P, p < 0.05, p < 0.01). Moreover, flow cytometry analysis was performed to identify the significant anti-
apoptotic effect of different doses of BXD-containing serum induced by A4, treatment (Figure 4Q-R, p < 0.05,
p <0.01).

BDX Modulated PI3K/Akt Signaling Pathways via Molecular Docking Mediated Analysis

and Experimental Verification
GO and KEGG analyses were performed on the 139 intersection targets to evaluate their common biological functions
and pathways. GO functional enrichment analysis showed 140 cell component (CC), 2631 biological process (BP), and
239 molecular function (MF) enrichment items. KEGG pathway enrichment analysis identified 182 significant signaling
pathways. The top 20 related functions with high CC, BP and MF were ranked from high to low according to the number
of enriched targets. These functions included response to xenobiotic stimulus, cellular response to chemical stress,
response to oxidative stress, response to reactive oxygen species, response to metal ion, response to lipopolysaccharide,
cellular response to oxidative stress, response to molecule of bacterial, response to radiation, response to peptide,
response to oxygen levels, wound healing, response to decreased oxygen levels, regulation of apoptotic signaling
pathway, response to hypoxia, response to UV, neuron death, gland development, reactive oxygen species metabolic
process, response to light stimulus, membrane raft, membrane microdomain, caveola, plasma membrane raft, postsy-
naptic membrane, integral component of postsynaptic membrane, intrinsic component of postsynaptic membrane,
secretory granule lumen, serine protease inhibitor complex, integral component of synaptic membrane, G protein-
coupled amine receptor activity, catecholamine binding, D-binding transcription factor binding, R polymerase 1lI-
specific D-binding transcription, adrenergic receptor activity, heme binding, neurotransmitter receptor activity, tetrapyr-
role binding, alpha-adrenergic receptor activity, dopamine binding, postsynaptic neurotransmitter receptor activity,
ubiquitin-like protein ligase binding, G protein-coupled serotonin receptor activity, serotonin receptor activity, ubiquitin
protein ligase binding, transcription coregulator binding, dopamine neurotransmitter receptor activity, estrogen 2-hydro-
xylase activity, protein phosphatase binding, cytokine receptor binding. It encompasses a multitude of functions related to
neurons and synapses.

KEGG pathway enrichment analysis revealed the potential targets of BXD against AD, and the Top 30 pathways in
terms of significance were selected for analysis, which were concentrated in the PI3K/Akt, AGE-RAGE, IL-17 and TNF
signaling pathways (Figure 5A, Supplementary Table 6). In terms of enrichment extent, the PI3K/Akt pathway shows

a high level of enrichment, leading us to infer that the PI3K/Akt signaling pathway plays a significant role in the
therapeutic effects of BXD on AD. The Akt-mediated pathway has received special attention among the top pathways
derived from KEGG pathway enrichment analysis. The serine/threonine protein kinase, commonly referred to as Akt,
plays a pivotal role in an array of biological mechanisms including, but not limited to cellular propagation, inflammation,
and assorted forms of metabolism®’ Recent studies have shown that Akt is involved in various mechanisms of AD
pathogenesis.?® The molecular docking results showed that AKT has a strong binding ability with the 6 main components
of BXD: stigmasterol (—7.15 kcal/mol), acacetin (—6.34 kcal/mol), nuciferin (—6.18 kcal/mol), wogonin (—6.14 kcal/mol),
baicalein (—6.69 kcal/mol), and oroxylin A (—6.34 kcal/mol).

Furthermore, our validation results revealed that A4, led to lower protein expression levels of p-PI3K, p-Akt
(p <0.05) and higher protein expression levels of p-NF-kB, while BXD-containing serum rescued this phenotype (p <
0.05, p < 0.01). Finally, an interactive map of the PI3K/Akt pathway was generated to determine whether there are
multiple signaling pathways or molecular targets underlying the regulatory function of Akt (Figure 5D-G).
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Figure 5 Effect of BXD-containing serum on the PI3K/Akt signaling pathway. (A) The identified top 30 KEGG pathways. (B) The analyzed top 60 GO terms. CC: Cellular

component category. BP: Biological process category. MF: Molecular function category. (C) Interactive map analysis of the PI3K/Akt pathway. (D and E) Representative blots
and quantitative data of p-PI3K, p-Akt, p-NF-kB. All data are presented as means + SEM (n=6). *p<0.05, **p<0.01, versus Control group, #p<0.05, ##p<0.01 versus Model
group; Used one-way ANOVA for p-value calculation. Vehicle + Vehicle: Represents normal cells subjected to serum deprivation in DMEM for 48 hours, followed by

treatment with normal rat serum for an additional 48 hours. Ap + Vehicle: Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours, followed by treatment
with normal rat serum for an additional 48 hours. AB+BXD (10%): Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours, followed by treatment with 10%
BXD-containing serum for 48 hours. AB+BXD (15%): Represents normal cells treated with 5 uM AB42 in DMEM for 48 hours, followed by treatment with 15% BXD-
containing serum for 48 hours. This grouping design maximizes the unity of molding factors and drug administration factors and reduces the influence of other factors
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BXD Improved the Cognitive Function, Neuroinflammation, and Apoptosis in vivo

To verify the therapeutic ability of BXD against AD-related cognitive damage, we selected 3-month-old APP/PS1 mice,
as this is the age of onset of learning memory deficits.”’ These mice were administered BXD via intragastric infusion for
4 months, and Y-maze and NOR experiments were performed to evaluate learning memory behaviors (Figure 6A). We
used HE staining to measure neurons in the hippocampus of mice. The number of neurons in the APP/PS1 mice
decreased a compared with control group. The injured neurons in BXD group were repaired to some extent, the cells
were closely arranged compared with model group (Figure 6B). In the Y-maze test, BXD treatment reliably improved
spatial working memory, as demonstrated by increased spontaneous alternations (Figure 6C, p < 0.05). In the NOR test,
BXD treatment significantly increased the time spent on novel object investigation in both the 1 h (p < 0.01) paradigms.
BXD mitigates AD-associated neuroinflammation by downregulating key pro-inflammatory cytokines (IL-6, IL-1p3, TNF-
o), as observed in APP/PS1 mice. Moreover, BXD improved the expression of apoptosis-related indicators (Caspase 3,
Bcl-2, Bax). These results demonstrated that BXD plays an anti-amnesic role in AD mice by regulating inflammation and
apoptosis.

Integrated Analysis of Metabolomics of BXD-Induced APP/PSI Mice

In our quest to unearth the underlying mechanisms accountable for BXD’s influence on cognitive debility, we conducted
untargeted metabolomics analysis in both negative and positive ion modes. By this approach, we gauged alterations in
plasma metabolomics in APP/PS1 mice treated with BXD. PCA relies on orthogonal transformation to achieve
dimensionality reduction using an unsupervised data analysis method.”” PCA and PCA 3D map results showed that
the metabolic components in the plasma of BXD-treated APP/PS1 mice were significantly different from those in
unmodified mice (Figure 7A and B). In our study, we discerned 502 and 364 distinct metabolites within serum samples
using positive and negative modes, respectively. Employing Partial Least Squares Discriminant Analysis (PLSDA), we
effectively isolated and delineated metabolic variations, leveraging the holistic traits of the raw dataset. The parameters
defining the model’s quality indicated a coefficient of determination (R2) amounting to 1.00 and a predictive residual
sum of squares (Q2) attaining 0.77 during positive ionization. Simultaneously, the metrics for negative ionization yielded
an R2 value of 1.00 and a Q2 score of 0.80. As depicted in Figure 7E, the cluster analysis heatmap of AD associated
metabolites reveals a notable enhancement in the expression of elements such as wogonin, berberine, diflorasone and
glycitein brought about by BXD. Utilizing network pharmacology, metabolomics, and UHPLC-QE-MS analysis, we have
identified Wogonin as a key component of BXD that contributes to its anti-AD effects (Figures 1K and 2A).
Simultaneously, a substantial suppression in the expression levels of L-cysteine, aminoimidazole carboxamide ribonu-
cleotide, phenylacetylglycine among others is observed (Figure 7C). The affected pathways in the plasma were mainly
involved in phenylalanine metabolism, tyrosine in positive and negative ionization (Figure 7D).

Discussion

Network pharmacology offers several advantages in the study of TCM, which is characterized by a multi-component,
multi-target, and integrative efficacy approach.”’ It integrates clustering algorithms with network topology to construct
intricate relationships among components, targets, and diseases, predicated on compound-target protein interactions.
Consequently, by employing network pharmacology, we have pinpointed the most promising gene targets for BXD
treatment in AD, with key targets emerging that offer a more nuanced comprehension of the mechanisms underlying this
study.

Moreover, an examination of the KEGG pathways highlighted that the PI3K/Akt, TNF, AGE-RAGE, and IL-17
signaling routes emerged as significantly responsive pathways potentially modulated by BXD in the treatment of AD.
The PI3K/Akt pathway is a critical regulator of cell survival, metabolism, and synaptic plasticity.*> In AD, this pathway
is often dysregulated, leading to increased neuronal apoptosis and impaired synaptic function. Activation of the PI3K/Akt
pathway can promote cell survival by inhibiting pro-apoptotic proteins and enhancing glucose metabolism, which is
crucial for maintaining neuronal health.>* The AGE-RAGE pathway is implicated in the development of neuroinflamma-
tion and oxidative stress, both of which are key pathological features of AD. AGEs can bind to RAGE receptors on
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Figure 6 Role of BXD in alleviating cognitive deficits and memory disabilities in APP/PS| mice. (A) Experimental design. (B) Y-maze model diagram. (C) Measurement of
SAP %. (D) NOR model diagram. (E) Measurement of NOR-1 h, NOR-24 h. Statistical analysis of mRNA expression of IL-6 (F), IL-1B (G), TNF-o (H), BCL-2 (I), and
caspase 3 (J). All data are presented as means + SEM (n=8). *p<0.05, **p<0.01, versus Control group, #p<0.05, ##p<0.01 versus Model group; Used one-way ANOVA for
p-value calculation.
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neurons and glial cells, triggering inflammatory responses and contributing to neuronal damage.** Targeting the AGE-
RAGE pathway can help reduce neuroinflammation and oxidative stress, thereby slowing the progression of AD. This
pathway is particularly relevant given the increasing evidence linking metabolic dysregulation and chronic inflammation
to AD pathology.®” IL-17 is a pro-inflammatory cytokine that plays a significant role in the immune response and has
been implicated in neuroinflammation. Elevated levels of IL-17 have been observed in the brains of AD patients,
suggesting its involvement in the disease process.”® IL-17 can promote the activation of microglia and astrocytes, leading
to the release of other pro-inflammatory cytokines and contributing to neuronal damage. Modulating the IL-17 pathway
can potentially reduce neuroinflammation and mitigate the inflammatory cascade in AD.*” Given the prominent position
of the PI3K/Akt signaling pathway in KEGG analyses and its regulatory influence on apoptosis and inflammation, this
study posits that the PI3K/Akt signaling pathway may exert a significant role in the anti-AD effects of BXD.?® The
verification outcomes highlighted a pronounced inactivity within the PI3K/Akt pathway among Ap4,-stimulated SY5SY
cells, with BXD mitigating this reduction, suggesting its therapeutic efficacy in combating AD. However, the causal
relationship between the PI3K/Akt pathway and BXD in the cellular and behavioral regulation of AD requires further
investigation. NF-kB is a downstream component of the PI3K/Akt signaling pathway. Its activation is mediated through
the phosphorylation of IkB kinase (IKK), which subsequently leads to the degradation of IkB13. The PI3K/Akt signaling
pathway is a member of the serine/threonine kinase-related signaling family and has the capacity to modulate the NF-xB
signaling pathway through the phosphorylation of p65 and IkBa. Furthermore, the findings unveiled that the NF-xB
signaling pathway functions downstream of the PI3K/AKT signaling pathway during inflammatory processes.

Neuroinflammation is recognized as one of the core pathologies of AD and is characterized by a complex immune
response of the central nervous system resulting in inflammatory cell infiltration, glial cell formation, and neuron loss.>
This process is marked by the production of pro-inflammatory cytokines, including TNF-a, IL-6, and IL-1B, which
causes proteins to misfold and cluster in neurons or intercellular neurons, forming neurofibrillary tangles and age spots in
the cerebral cortex and hippocampus.’” As AD progresses, levels of IL-6 may potentially increase, which could be
associated with inflammatory responses in the brain. Furthermore, IL-6 may correlate with cognitive decline and brain
atrophy in AD patients. In AD mouse models, blocking IL-6 signaling can reduce the decline in cognitive flexibility and
the load of amyloid plaques.*' Activation of the NLRP3 inflammasome has been documented both in the brain and
peripherally in individuals presenting with AD pathology. Moreover, monocytes derived from AD patients exhibit an
augmented production of caspase-1 and IL-1p in response to NLRP3 activation.*? Moreover, apoptosis has been shown
to be a key factor in neurodegeneration and therapy for AD.** AP peptides, which are a primary component of amyloid
plaques in AD, can induce apoptosis in neurons. AP oligomers and fibrils can activate cell death pathways, leading to
increased neuronal apoptosis and further exacerbating neuronal loss.** Literature indicates that the age-related alterations
in Bcl-2 expression within the healthy brain parenchyma are distinct from the patterns observed in AD models.
Specifically, Bcl-2 exhibits a downregulation in the neuronal populations of the AD-affected.*’ First at the vitro
experimental level, we measured the expression levels of key inflammatory markers (IL-6, IL-13, TNF-0, NF-«B,
NLRP3, ASC, Caspase-1, pro-IL1B) using ELISA and WB. BXD treatment significantly reduced the levels of these
markers compared to controls. We used flow cytometry with Annexin V-FITC and propidium iodide (PI) staining to
quantify apoptosis. BXD treatment decreased the percentage of apoptotic cells, indicating its anti-apoptotic effects. Then
at the vivo experimental level, we used APP/PS1 mice to assess the effects of BXD in vivo. Mice were treated with BXD
for 4 months, and control groups received vehicle treatment. We conducted behavioral tests, including the Y-maze and
new object recognition experiment, to evaluate cognitive function. BXD-treated mice showed significant improvements
in cognitive performance compared to controls. We used RT-qPCR to detect apoptosis-related markers (Bax, Bcl-2,
caspase 3) and inflammatory markers (IL-1f3, TNF-a, NF-kB). BXD improved the expression of these markers in APP/
PSI mice. In the context of this study, the in vivo model utilized was the well-recognized APP/PS1 transgenic mouse
model for AD. For the in vitro model, we employed SH-SY5Y cells induced by AB42. Consequently, this study was
designed to elucidate the mechanisms by which BXD exerts its anti-AD effects, with a particular focus on the interplay
between neuroinflammation and apoptosis. However, we posit that the composition of BXD encompasses ingredients
with heat-clearing and detoxifying properties. Therefore, we speculate that BXD may also exert beneficial effects in other
neuroinflammatory conditions.
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The current behavioral assays utilized to assess the cognitive and mnemonic functions in murine models of AD
include a range of well-established tests, such as the Morris water maze, Y-maze, novel object recognition task, open
field test, light-dark box exploration, and the elevated plus maze.*® The Morris water maze was implemented to evaluate
spatial reference memory and working memory in AD animal models. The Y-maze was used to probe spatial short-term
memory in these animals. The novel object recognition task assessed recognition memory in AD mice. Additionally, the
open field test, light-dark box test, and elevated plus maze were employed to examine affective behaviors and anxiety-
related responses in AD mice.*” These extensive behavioral assessments are crucial for characterizing the neurocognitive
and emotional profiles of the animals. In this experiment, Y-maze results showed that BXD improved the short-term
memory ability of APP/PS1 mice. The results of the new object recognition experiment showed that BXD improved
both long-term and short-term memory in APP/PS1 mice.

The metabolomics approach can provide minute details of biological pathways or mutations and is a powerful
technique for identifying substances that contribute to brain function maintenance.*® Numerous metabolomic changes
have been identified after BXD administration in AD mice. Phenylalanine is an essential amino acid that plays a crucial
role in protein synthesis and neurotransmitter production. In AD, alterations in phenylalanine metabolism may contribute
to oxidative stress and neuroinflammation, as phenylalanine is a precursor for the synthesis of catecholamines, which can
generate reactive oxygen species (ROS) upon metabolism.**** Our metabolomic analysis revealed a significant decrease
in phenylalanine levels in BXD-treated samples compared to controls. This reduction suggests that BXD may modulate
phenylalanine metabolism, potentially reducing oxidative stress and neuroinflammation. By lowering phenylalanine
levels, BXD may help mitigate the oxidative burden on neurons, thereby contributing to its neuroprotective effects.
Pantothenic acid is a precursor for the synthesis of coenzyme A (CoA), which is essential for various metabolic
processes, including fatty acid synthesis and energy production.”’ In AD, disturbances in energy metabolism and
mitochondrial function are common, and pantothenic acid plays a critical role in maintaining cellular energy
homeostasis.”> The metabolomic data showed an increase in pantothenic acid levels following BXD treatment. This
elevation indicates that BXD may enhance the availability of pantothenic acid, thereby supporting mitochondrial function
and energy metabolism. Improved energy production is crucial for maintaining neuronal health and function, which is
often compromised in AD. By increasing pantothenic acid levels, BXD may help restore metabolic balance and support
neuronal resilience against AD pathology. More importantly, we preliminarily screened out the main active components
of BXD through metabolomics and network pharmacology. Baicalein, Wogonin, and Oroxylin A has been reported to
exhibit protective effects against AD by inhibiting the amyloidogenic pathway.’*>* Our findings on the therapeutic
potential of BXD for AD are interpreted within the broader context of traditional herbal formulations. BXD, like other
TCM formulations, is characterized by its multi-component nature, which allows for a holistic approach to treating
complex diseases such as AD. The identified active components, including wogonin, are part of a synergistic network
that targets multiple pathways implicated in AD pathology. This multi-target approach is consistent with the principles of
TCM, which emphasizes the balance and interaction of various herbal components to achieve therapeutic effects. Several
studies have employed network pharmacology and metabolomics to explore the therapeutic mechanisms of traditional
herbal formulations.'*>>® Unlike them, in this study, network pharmacology, metabolomics and UHPLC-QE-MS
analysis jointly screened out the common component Wogonin as a possible main component of BXD anti-AD.
Integrating the results from network pharmacology screening, we identified several key components in BXD, including
Stigmasterol, Acacetin, Nuciferin, Wogonin, Baicalein, and Oroxylin A, which were detected in the drug-containing
serum. Subsequently, we cross-referenced these components with the metabolomics data and determined that Wogonin is
the compound jointly identified by network pharmacology, UHPLC-QE-MS, and metabolomics. Based on these findings,
we hypothesize that Wogonin may be a principal component of BXD responsible for its therapeutic effects on AD.

In comparison to conventional AD treatments, BXD, a traditional Chinese medicine, boasts the benefits of multi-
target efficacy, proven safety, and minimal side effects.’® ** Our team has conducted a comprehensive exploration of the
mechanisms underlying the prevention and treatment of AD with BXD. Previous studies published by us have
demonstrated that BXD can improve cerebral glucose metabolism, which is crucial in the management of AD. We
have also explored the optimal dosage for BXD’s therapeutic effects on AD and found that a moderate dose to be the
most effective.”> Consequently, this study continues to employ this effective dosage for further investigation. In contrast
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to our previous studies, this research utilizes network pharmacology to identify targets and active ingredients. Based on
our earlier work, we have conducted further investigations into the mechanisms of BXD and discovered that neuroin-
flammation and apoptosis may be the primary key mechanisms through which BXD ameliorates AD.

Current treatments for AD primarily focus on symptom management and include cholinesterase inhibitors (eg, donepezil,
rivastigmine) and NMDA receptor antagonists (eg, memantine). These medications provide modest improvements in cognitive
function but do not fundamentally alter the disease course. BXD represents a promising complementary approach within the
broader landscape of AD treatment. BXD’s multi-target efficacy, rooted in TCM, offers a holistic strategy that addresses multiple
pathological pathways implicated in AD, such as neuroinflammation, oxidative stress, and mitochondrial dysfunction. BXD’s
ability to modulate these pathways suggests it could provide synergistic benefits when used in combination with existing
therapies, potentially enhancing overall treatment efficacy and improving patient outcomes. Ensuring that the active components
of BXD reach therapeutic concentrations in the brain is a significant challenge. The blood-brain barrier (BBB) can limit the entry
of many compounds, necessitating strategies to enhance bioavailability. Future research should explore formulations that
improve the permeability of BXD’s active ingredients across the BBB. This could include nanoparticle delivery systems,
prodrug strategies, or the use of permeation enhancers. Then, standardizing the dosage of BXD to ensure consistent therapeutic
outcomes is crucial. Variations in the potency of herbal ingredients can affect the efficacy and safety of the formulation. Rigorous
quality control measures, including standardized extraction methods and the use of validated markers for potency, are essential.
Collaborative efforts with regulatory bodies to establish guidelines for dosage standardization will be necessary. Our next step in
clinical trials will be to evaluate the safety, tolerability and pharmacokinetics of BXD in healthy volunteers and patients with
early-stage AD. Randomized, double-blind, placebo-controlled trial with multiple ascending doses (MAD) and single ascending
doses (SAD) to determine the optimal dosing regimen and identify any adverse effects.

Conclusions

In the study, we employed a multifaceted approach encompassing network pharmacology, metabolomics, and UHPLC-QE-
MS detection to elucidate the potential targets and molecular mechanisms underlying the anti-AD effects of BXD. Our
experimental findings have revealed that BXD exerts significant therapeutic effects by modulating neuroinflammation,
apoptosis, and the PI3K/Akt signaling pathway, thereby mitigating learning, memory, and cognitive deficits associated
with AD. This study demonstrates that BXD’s multi-target effects address critical AD pathologies, providing a strong
foundation for its development as a complementary therapeutic strategy. The mechanism diagram is shown in Figure 8.
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Figure 8 BXD improves AD mechanism simulation diagram.
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