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Alzheimer’s disease (AD) is a severe neurodegenerative disorder, with persistent neuroin-
flammation and impaired autophagy recognized as key contributing factors. CCA is a natur-
ally occurring cassane diterpene compound derived from the seed of Caesalpinia bonduc. Our
research is the first to explore the role and mechanism of CCA in treating Alzheimer’s disease.
We assessed the levels of pro-inflammatory cytokines and autophagy in BV2 cells following
lipopolysaccharide (LPS) treatment and anti-neuroinflammatory effects of CCA were evalu-
ated in LPS-induced mice, with the underlying mechanisms explored using transcriptomic.
Additionally, we examined the cognitive-enhancing effects of CCA in APP/PS1 mice and in-
vestigated Caesalpinia bonduc associated molecular mechanisms through proteomic analysis,
immunohistochemistry (IHC) and immunofluorescence (IF) assays. Finally, the molecular tar-
get of CCA was validated using molecular dynamics simulations and cellular thermal shift as-
say (CETSA). CCA can down-regulate the mRNA levels of inflammatory factors in BV2 cells
stimulated by LPS, and has good permeability of blood-brain barrier. Furthermore, CCA
ameliorated cognitive impairment and neuronal damage in both LPS-induced and APP/PS1
mice. And demonstrated that CCA mitigates neuroinflammation by driving microglial polariz-
ation from M1 to M2, a process potentially mediated by the AMPK/NF-«kB pathway, thereby
reducing tau pathology. Proteomic profiling and IHC revealed that CCA upregulates FOXG1 ex-
pression in APP/PS1 mice. Furthermore, the scTenifoldKnk confirmed that AMPK has a signi-
ficant impact on the regulation of autophagy and inflammation response. Our findings veri-
fied that CCA exhibits anti-neuroinflammatory activity by AMPK/NF-kB pathway and activ-
ates autophagy via the AMPK-mTOR-FOXG1 signaling axis, which underscores its potential as
a novel therapeutic option for the treatment of AD.

1. Introduction

folded proteins, persistent neuroinflammation, and comprom-
ised autophagy * In other neurodegenerative diseases such as

Alzheimer’s disease (AD) is a progressive neurodegenerative Parkinson’s disease, the treatment of neuroinflammation and the

disorder and is among the leading causes of dementia globally,
contributing significantly to the global health burden. Clinically,
AD is characterized by a gradual decline in memory and cognit-
ive function. The primary neuropathological features of AD are
the extracellular deposition of amyloid-f (AB) plaques and the in-
tracellular development of neurofibrillary tangles (NFTs), the lat-
ter arising from the hyperphosphorylation of the tau protein '
Additionally, other molecular pathologies associated with AD in-
clude increased oxidative stress due to the accumulation of mis-
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alleviation of autophagy disorders often exert neuroprotective ef-

3, 4,5
fects 7 ™

. Currently, pharmacological interventions for AD, such
as donepezil, memantine, and rivastigmine, are limited to symp-
tom management. These medications target a singular mechan-
ism and do not possess the capability to halt or reverse the pro-
gression of AD. Moreover, they are associated with potential ad-
verse effects, including bradycardia, gastrointestinal disturb-
ances, and cerebral hemorrhage. Recently, Lecanemab and Don-
anemab have been granted marketing approval in China for the
treatment of mild cognitive impairment and early-stage demen-
tia related to AD. Clinical evidence suggests that these agents can
decelerate cognitive decline in AD patients °. However, their effic-
acy is maximized when administered during the early stages of
the disease. Additionally, concerns regarding their safety profiles

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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and high treatment costs present significant challenges ’. Con-
sequently, there is an urgent need to discover novel anti-AD ther-
apies that are both safe and effective.

Microglial activation plays a dual and crucial role in the
pathogenesis of AD. In the initial phases of AD, activated mi-
croglia exhibit neuroprotective effects by facilitating the phago-
cytosis and clearance of pathological proteins, including amyloid-
B (AB) and tau *°. However, prolonged activation of microglia
leads to the continuous release of pro-inflammatory factors and
reduces their ability to phagocytose and degrade neurotoxic sub-
stances. This, in turn, exacerbates the accumulation of A, the
propagation of tau, and neuronal loss, thereby accelerating the
progression of AD. Consequently, the identification of pharmaco-
logical strategies targeting neuroinflammation presents signific-
ant therapeutic potential for AD intervention .

Natural products offer a valuable source of bioactive com-
pounds characterized by multi-component and multi-target
mechanisms of action, which align with the complex, multi-
factorial pathogenesis of neurodegenerative diseases such as AD.
Several compounds derived from natural products, including the
clinically approved drugs galantamine and huperzine A, have
demonstrated efficacy in the management of AD. Moreover, vari-
ous bioactive natural compounds, including epigallocatechin gal-
late, quercetin, and resveratrol, are currently undergoing rigor-
ous clinical evaluation for their therapeutic potential in AD .

Our previous research has demonstrated that cassane diter-
penoids, which are distinctive bioactive constituents of the
Caesalpinia genus, possess noteworthy anti-inflammatory proper-
ties "> . Subsequent investigations on C. bonduc and C. minax
have yielded several cassane diterpenoids with strong anti-in-
flammatory effects. Notably, Caesalpinin M2, isolated from C. min-
ax, was found to mitigate dextran sulfate sodium (DSS)-induced
experimental acute colitis in mice without producing side effects
akin to those of dexamethasone. These discoveries have promp-
ted further exploration into anti-inflammatory cassane diterpen-
oids with novel structures from Caesalpinia *. Although previous
studies by our research group have identified significant anti-in-
flammatory activity in Caesalpinia bonduc included CCA, the po-
tential of these compounds to exert anti-neuroinflammatory ef-
fects against AD remains underexplored '°. This study aims to in-
vestigate the effects and underlying mechanisms of the cassane
diterpenoid CCA in mitigating neuroinflammation and autophagy.
By elucidating the mechanisms underlying the neuroprotective
effects of CCA, we hope to contribute to developing new treat-
ment strategies for AD.

2. Material and methods

2.1. Reagents and analysis of CCA

The cassane diterpene compound CCA was derived from the
seed of Caesalpinia bonduc. The seeds of Caesalpinia bonduc
(Roxb.) Linn. were purchased from Bozhou Medicinal materials
Market, Anhui Province, in July 2018. And identified by Prof. Jiu-
Zhi Yuan (Department of Traditional Chinese Medicine, Shenyang
Pharmaceutical University). The voucher specimen was depos-
ited in the School of Traditional Chinese Materia Medica,
Shenyang Pharmaceutical University (No. SY-2016-01A). The
purity of CCA was over 99% at 254 nm, as detailed in Table. S1.

2.2. Cell culture

BV2 microglial cells were purchased from Cyagen Bios-
ciences Inc. (Procell, China), and subsequently cultured in Minim-
um Essential Medium (MEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin solution un-
der standard conditions of 37 °C and 5 % CO,.
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2.3. MTT assay

BV2 cells were treated with CCA at concentrations ranging
from 10 to 40 pmol-L ™" and incubated for 12 h. Following this in-
cubation period, 0.5 mg-mL™ MTT solution was added, and the
samples were further incubated at 37 °C for 4 h. After incubation,
150 pL of DMSO was added to each well, and the plates were
shaken for 10 min to ensure complete solubilization. The absorb-
ance was then measured using a microplate reader (Varioskan
Flash, FIN) at a wavelength of 490 nm.

2.4. Measurement of Nitric Oxide

BV2 cells were pretreated with 10-40 pmol-L™ CCA for 6 h,
followed by co-cultured with 1 pg-mL™ lipopolysaccharide (LPS)
for 24 h. Subsequently, 100 pL of supernatant was collected from
each well to determine the concentration of nitric oxide (NO). The
NO detection procedure was performed in accordance with the
manufacturer’s instructions provided with the Griess kit (Biy-
untian, China). Briefly, following a 12-minute incubation period
after mixing the cell supernatant with equal volumes of Griess Re-
agent A and Griess Reagent B, absorbance was measured at a
wavelength of 540 nm.

2.5. PAMPA-BBB assay

Parallel artificial membrane permeation assay-BBB (PAMPA-
BBB was performed to assess the brain permeability of active
compounds. Four commercial drugs were used to validate the
protocol and purchased from Solarbio Life Sciences. Sub-
sequently, they were diluted 200-fold with a solution of
PBS/EtOH to give a final concentration of 100 mg-mL™. The filter
membrane of the donor microplate was coated with 4 mL of PBL
in dodecane (20 mg-mL™). Then, 200 mL of diluted compound
solution was added into the donor wells and 300 mL of
PBS/EtOH. The donor filter plate was carefully placed on the top
of the acceptor plate to form a “sandwich” assembly to make the
membrane contact with buffer solution and put undisturbed at
25 C. After incubation for 24 h, the donor plate was carefully re-
moved; the concentrations of test compounds in the donor and
acceptor wells were measured with a UV plate spectroscopy

reader .

2.6. ELISA assays

BV2 cells were seeded in 96-well plates at a density of 8 x 10*
per well and incubated for 6 h under various concentrations of
CCA, followed by treatment with LPS (1 pg-mL™) for 12 h. Sub-
sequently, the supernatant was collected, and the concentrations
of tumor necrosis factor-alpha (TNF-a) and interleukin-1 beta (IL-
1B) in the cell supernatant were determined according to the
manufacturer’s instructions using ELISA Kkits (Elabscience,
China).

2.7. Quantitative real-time PCR analysis

The hippocampus tissues or cells were lysed using the Trizol
(Takara, Japan) according to the manufacturer’s protocol. Total
RNA was homogenized and extracted using a cryogenic grinder
(Servicebio, China), followed by purification. Complementary
DNA (cDNA) synthesis was carried out from total RNA using the
PrimeScript RT kit (Takara, Japan). Quantitative real-time PCR
analysis was conducted with TB Green Premix Ex Taq Il (Takara,
Japan) on a CFX96 Real-Time PCR Detection (Bio-Rad,
Singapore). Tthermal cycling conditions were as follows: 95 °C
for 3 min, followed by 40 cycles of 95 °C for 5 s and 60 °C for 20 s,
95 °C for 15 s, 60 °C for 60 s, 95 °C for 15 s, and 60 °C for 15 s. All
primer sequences used in this study were listed in Table. S2.
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2.8. Western blot

The brain tissues or BV2 cells were lysed with cold RIPA lys-
is buffer and supplemented with PMSF (Servicebio, China) at 4 °C.
The lysis buffer was collected and centrifuged at 14 000 x g for 10
min at 4 °C to remove cellular debris. The supernatant was collec-
ted and transferred to a 1.5 mL tube, and the total protein con-
centration was determined using the BCA protein assay kit
(Meilun, China). SDS-polyacrylamide gel electrophoresis was car-
ried out using appropriate gel concentrations based on the mo-
lecular weight of the target proteins. Following electrophoretic
separation, the protein was transferred onto a PVDF membrane
(Millipore, USA). The membrane was incubated with the corres-
ponding primary antibody (1:1500 dilution) overnight at 4 °C,
followed by incubation with an HRP-conjugated secondary anti-
body for 120 min at room temperature. Protein detection was
performed using Western blotting techniques with imaging
equipment from GE Healthcare (Sweden), and the obtained blot
signals were quantified and analyzed using Image] software. The
details of the primary antibodies utilized in Western blot were
provided in Table. S3.

2.9. Cellular thermal shift assay, CETSA, (CETSA)

BV2 cells were resuspended in RIPA lysis buffer supplemen-
ted with PMSF and lysed through three freeze-thaw cycles using
liquid nitrogen. The resulting cell lysates were centrifuged at
12 000 x g at 4 °C for 15 min. Following supernatant collection,
the lysates were divided equally into two aliquots and incubated
with CCA (40 umol-L™") or an equivalent volume of DMSO at 37 °C
for 1 h, respectively. Each sample was then evenly subdivided in-
to six portions and subjected to heat treatment at 37, 42, 47, 52,
57 and 62 °C for 3 min. Afterward, loading buffer was added, fol-
lowed by boiling at 100 °C for 10 min. Then, the Western blot ex-
periment was conducted.

2.10. Animals and treatment

The familial Alzheimer’s disease (APP/PS1) transgenic mice,
which overexpress amyloid precursor protein (APP SWE) and
presenilin 1 (PS1-DE9), along with C57BL/6 wild-type control
mice, were obtained from Liaoning Changsheng Biotechnology
Co., LTD. All the mice were housed under controlled environ-
mental conditions at a room temperature of 22 + 2 °C witha 12 h
light/dark cycle. Body weights were recorded weekly and
the drug was administered by gavage according to individual
weight.

Ethics approval and consent to participate All procedures
performed in studies involving animals were in accordance with
the ethical standards of the Committee on the Ethics of Animal
Experiments of the Shenyang Pharmaceutical University (No. SY-
PU-IACUC-S2025-0926-111)

After one week of adaptation to the feeding environment,
thirty C57BL/6 mice were randomly divided into five groups: the
control group, the LPS group, 10 mg-kg™* CCA group, 20 mg-kg™"
CCA group, and the Galantamine (4 mg-kg™, positive control)
group, n = 6 in each group. CCA was dissolved in 5% DMSO and
formulated with 0.5% CMC-Na, which was administered orally via
gavage for 7 days. The configuration of galantamine is the same
as that of CCA, while the control group administered an equival-
ent volume of normal saline (wild type). On day seven post-treat-
ment, except for the control group, all mice were intravenously
injected with LPS (20 mg-kg™, 100 pL) via the tail vein. Following
the Morris water maze experimental, all the animals were anes-
thetized via intraperitoneal administration of sodium pentobar-
bital, and tissue samples were collected immediately following
euthanasia.
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In the LPS model of C57BL/6 mice, the experimental findings
indicated that, when the administration dose of CCA was 20
mg-kg™, its protective effect against neuroinflammation was
more pronounced than that at a dose of 10 mgkg™. Con-
sequently, CCA at a dosage of 20 mg-kg™" was chosen for further
application in the APP/PS1 mice. Eighteen APP/PS1 mice, weigh-
ing 25-35g, were randomly allocated into three groups: APP/PS1
group, 20 mg-kg™ CCA group, and 4 mg-kg™ galantamine group,
n = 6 in each group, with age-matched C57BL/6 mice serving as
the WT group. The preparation of the CCA and galantamine is
identical to that described previously. After two months of con-
tinuous administration, the Morris water maze was performed.
The mice were euthanized, and their brains were extracted.

2.11. Morris water maze, (MWM)

The Morris water maze test was employed to evaluate the
spatial learning and memory of the mice ’. The experiment was
conducted in a circular pool filled with a titanium dioxide solu-
tion, with a diameter of 120 cm. A hidden platform (7.5 cm in dia-
meter) was positioned in the center of the fourth quadrant and
submerged 1 cm beneath the water surface. The pool was di-
vided into four equal quadrants, each marked with unique visual
cues attached to the surrounding walls. During the testing period,
the water temperature was maintained at 25 °C and the pool was
enclosed with a curtain to minimize external disturbances. On the
first day, the mice were placed into the pool from the first quad-
rant, and parameters including escape latency, number of cross-
ings over the target platform location, and time spent in the tar-
get quadrant were recorded. On the seventh day, the platform
was removed, and the mice were introduced from the fourth
quadrant to assess spatial memory during the probe trial. The
number of platform crossings, duration in the target quadrant,
escape latency, and other relevant behavioral metrics were docu-
mented. The SuperMaze software was used for data acquisition
and analysis.

2.12. Hematoxylin-eosin staining (H&E)

The mouse brain was fixed with 4% paraformaldehyde and
then embedded in paraffin. Subsequently, it was sectioned into 4
um slices using a paraffin microtome (RWD, China). The sections
were dewaxed in xylene and rehydrated through a graded ethan-
ol series. Hematoxylin staining was then carried out, followed by
eosin staining after differentiation in the differentiation solution.
Subsequently, the sections underwent rapid dehydration and
clearing, and were mounted with neutral balsam. Histological im-
ages were captured using a Nikon microscope (Nikon, Japan) and
count the number of damaged nerve cells "

2.13. Immunohistochemical (IHC)

Paraffin sections (4 pum in thickness) were cut, deparaffin-
ized in xylene, and rehydrated through a graded ethanol series to
distilled water. Antigen retrieval was performed using 10
mmol-L™" citrate buffer (pH 6.0) to expose antigenic epitopes ef-
fectively. Endogenous peroxidase activity was blocked with 3%
hydrogen peroxide solution, followed by incubation with a block-
ing solution (PBS containing 10% goat serum) at room temperat-
ure to reduce nonspecific antibody binding. The sections were
then incubated with the primary antibody (1 : 100 dilution)
overnight at 4 °C. After thorough washing with PBS, the second-
ary antibody was applied, followed by incubation with the SABC
working solution (Beyotime, China) for 30 min each at room tem-
perature. Following three additional PBS washes, freshly pre-
pared 3,3-diaminobenzidine (DAB) staining solution (Solarbio,
China) was applied dropwise to the slides, and imaging with a
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Nikon microscope (Nikon, Japan). The number and area of posit-
ive signals were quantitatively analyzed using Image]/Fiji soft-
ware. The information of the primary antibodies used in immuno-
histochemistry were all presented in Table S3.

2.14. Immunofluorescence (IF)

A total of 1 x 10* BV2 cells per well were seeded into cell
climbing plates and placed in 24-well plates. The cells were
grown for 6 h with or without CCA, followed by stimulation with
LPS (1 pg-mL™) for 24 h. Subsequently, the cell slides were fixed
with paraformaldehyde for 15 min. After blocking, the primary
antibody (1 : 100 dilution) was added and incubated overnight at
4 °C. Following three washes with PBS, fluorescently labeled sec-
ondary antibodies were applied and incubated at room temperat-
ure in the dark for 1 h. After stained with DAPI, fluorescent im-
ages were captured using a fluorescence microscope (Zeiss, Ger-
many).

For animal samples, after dewaxing and rehydration of the
tissue sections, the surface antigen was repaired with high-tem-
perature steam. Subsequently, it was incubated in the dark with 3
% hydrogen peroxide solution for 30 min to block endogenous
peroxidase activity. Nonspecific antibody binding was then inhib-
ited by incubation with a blocking solution (PBS containing 10 %
goat serum) at room temperature for 1 h. After removal of the
blocking solution, the primary antibodies (1 : 100 dilution) were
applied and incubated overnight at 4 °C. The sections were sub-
sequently rinsed with PBS and incubated with fluorescently
labeled secondary antibodies at room temperature in the dark for
1 h. Nuclear staining was performed using DAPI. An anti-fluores-
cence quenching mounting medium (Servicebio, China) was used
to preserve fluorescence and seal the sections. Fluorescent im-
ages were captured using a confocal microscope (Nikon, Japan).
Morphological features and fluorescence intensity of microglia
were analyzed using Image]/Fiji software. The information of the
primary antibody used for immunofluorescence were all presen-
ted in Table S3.

2.15. Nissl staining

Following dewaxing and rehydration, the tissue sections
were immersed in Nissl staining solution for 3 min, subjected to
mild differentiation with 0.1% glacial acetic acid, rinsed with tap
water, and then baked and dried. The specimens were cleared in
xylene for 10 min and subsequently mounted with neutral bal-
sam. Histological images were captured using a Nikon micro-
scope (Nikon, Japan).

2.16. RNA-Seq analysis

For RNA-seq analysis, partial cerebral cortical tissues were
extracted from three randomly selected mice of the LPS and 20
mg-kg” CCA groups following sacrifice, withsequencing per-
formed by Shanghai Applied Protein Technology Co., Ltd. using
the Illumina Novaseq 6000/MGISEQ-T7 platform. The purified
double-stranded cDNA underwent end repair, A-tail addition, and
sequencing adaptor ligation, followed by fragment size selection
using AMPure XP beads, and concluded with PCR enrichment to
yield the final cDNA library. Subsequent to the library's construc-
tion, the insert size and effective concentration were assessed,
pooled based on the target sequencing data, sequenced and
aligned.

2.17. Four-dimensional-data independent acquisition (4D DIA)
quantitative proteomic analysis

For 4D DIA quantitative proteomic analysis, partial cerebral
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cortical tissues were extracted from three randomly selected
mice of the APP/PS1 and CCA groups following sacrifice. Respect-
ively, each sample underwent protein extraction, enzymatic pep-
tide digestion, chromatographic separation, liquid chromato-
graphy-tandem mass spectrometry (LC-MS/MS) data acquisition
by Shanghai Applied Protein Technology Co., Ltd. The peptides
from each sample were analyzed by TIMSTOF mass spectromet-
er (Bruker) connected to an Evosep One system liquid chromato-
graphy (Denmark) in the data-independent acquisition (DIA)
mode. DIA data was analyzed with SpectronautTM searching the
above constructed spectral library. The original DIA files were
loaded into the bioinformatics database program for identifica-
tion analysis, differential expression analysis, and functional ana-
lysis "’

2.18. Bioinformatic analysis

2.18.1. Differentially expressed genes (DEGs) and differentially ex-
pressed proteins (DEPs) analysis

The obtained “Reads Per Gene” of each sample were extrac-
ted as count matrix and the differentially expressed genes were
analyzed using DeSeq2 package where data were normalized by
the median of the ratios. The threshold of P adj < 0.001 and the |
Log fold change (Log, FC) | > 1.5 were used to determine the DE-
Gs. During the analysis of DEPs, utilizing the threshold of fold
change (FC) > 1.5 or FC < 0.65 (up-regulation DEPs: FC > 1.5,
down-regulation DEPs: FC < 0.65), as well as P < 0.05 (via T-test
or alternative methods) “’. Volcano plot of the results was visual-
ized by using the ggplot2 package at OmicStudio tools.

2.18.2. Protein-protein interaction (PPI) analysis and enrichment
analysis

The DEGs were imported into the STRING database to gener-
ate a protein-protein interaction (PPI) network. Subsequently,
it was imported into the Cytoscape program. The “Network Ana-
lyze” tool was chosen to assess the topological properties of the
network. The Degree values were arranged in descending order,
and the top 30 target genes were identified as the principal tar-
gets.

Using the Blast2Go software, the GO functional annotations
were performed for all the DEPs. The GO gene sets, including mo-
lecular function (MF), biological process (BP), and cellular com-
ponent (CC) categories. The pathway enrichment analysis was
performed on all the DEPs using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database. Visualization of Sankey using the
ggsankey package at OmicStudio tools *'.

2.18.3. Single-cell sequencing data download, simulation of Gene
Knockout Analysis (scTenifoldKnk) and Gene Enrichment Analysis
Single-cell RNA-sequencing datasets for Alzheimer’s Disease
(GSE318560) were retrieved from the GEO database (https://
www.ncbi.nlm.nih.gov/geo/). This scRNA-seq dataset includes 5
healthy tissues as the control group and 6 tissues from Alzhei-
mer’s disease patients as the experimental group. Subsequently,
the differential expression genes of the single-cell sequencing

» o

data were analyzed using R packages conclude “dplyr”, “Seurat”,
“tidyverse”, “patchwork”, “ggplot2”, “ggrepel”, “remotes”and the
PRKAAT1 gene virtual knockout analysis was performed using the
scTenifoldKnk software package. Using the raw count matrix as
input, data quality control filtering, normalization, and principal
component analysis (PCA) were performed sequentially. Ten
gene regulatory subnetworks were constructed, from each of
which 500 cells were randomly sampled. Three principal com-
ponents were retained to maintain the structural characteristics
of the dataset. PRKAA1 was selected as the target gene for in
silico knockout, and the simulated knockout procedure was ex-
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ecuted to calculate the fold change (FC), Z-score, and adjusted P
value (P. adj) for each gene. Subsequently, we conducted Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis on the genes se-
lected that were related to the knockout of PRKAA1. The gene-re-
lated GO and KEGG data were obtained from DAVID ***, The GO
enrichment analysis and KEGG enrichment analysis of the Gene
knocked-out parts was plotted by https://www.bioinformatics.
com.cn (last accessed on 10 Dec 2024), an online platform for
data analysis and visualization.

2.19. Statistical analysis

Statistical comparisons among multiple groups were conduc-
ted using one-way ANOVA and two-way analysis (for escape
latency analysis in the MWM assay) with Tukey’s post hoc test by
using with GraphPad Prism 9.5 (GraphPad Software, La Jolla,
California, USA). A P-value less than 0.05 was deemed statistic-
ally significant.

3. Results

3.1. CCA demonstrated significant anti-inflammatory effects in LPS-
induced BV2 cell

To assess the anti-neuroinflammatory activity of CCA in vitro,
we established LPS-induced BV2 neuroinflammatory cell model.
Within the concentration range of 10-40 pmol-L™", CCA exhibited
no detectable cytotoxicity while potently inhibiting NO produc-
tion in LPS-stimulated BV2 cells in a concentration-dependent
manner (Figs. 1A&1C, Fig. S1A). Morphological analysis revealed
that exposure with LPS induced an amoeboid morphology in BV2
microglia, typified by a swollen cell soma and pleomorphic mor-
phological alterations, a hallmark indicative of microglial activa-
tion and phenotypic remodeling. By contrast, CCA treatment sub-
stantially reversed these LPS-induced morphological aberrations,
restoring the cells to their quiescent phenotypic status (Fig. 1B).
ELISA analyses revealed that LPS treatment significantly elev-
ated the expression levels of inflammatory cytokines such as Tu-
mor necrosis factor alpha (TNF-a) and interleukin-1 beta (IL-1f3)
in BV2 cells. Conversely, CCA intervention dose-dependently at-
tenuated the release of these proinflammatory mediators (Fig.
1D). Furthermore, qRT-PCR analysis confirmed that CCA effect-
ively downregulated the mRNA transcription levels of pro-inflam-
matory cytokines, including IL-1f, Interleukin-6 (IL-6), TNF-a,
and inducible Nitric Oxide Synthase (iNOS) in LPS-stimulated BV2
microglial cells (Fig. 1E). To delineate the molecular mechanisms
underlying CCA-mediated anti-neuroinflammatory activity, we
examined the expression and phosphorylation statuses of key
proteins in the NF-kB signaling cascade via immunoblotting as-
says. The results revealed that, compared with the LPS-treated
group, the phosphorylation levels of NF-kB and IxB, the protein
expression levels of TNF-a and iNOS were significantly reduced in
the CCA treatment group (Figs. 1F-1I). Collectively, these com-
plementary lines of evidence at the phenotypic, protein and tran-
scriptional levels corroborate that CCA exerts robust anti-
neuroinflammatory effects in LPS-activated microglia, likely
through the inhibition of proinflammatory gene expression and
subsequent cytokine secretion.

3.2. CCA demonstrates favorable permeability across the blood-
brain barrier in vitro

The blood-brain barrier (BBB) poses a significant obstacle in
the development of therapeutics for central nervous system
(CNS) diseases ***°. Effective CNS drugs must be capable of pen-
etrating the BBB to access the brain. In this study, the permeabil-
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ity of the BBB to CCA and selected control drugs was evaluated
using the Parallel Artificial Membrane Permeability Assay
(PAMPA) (Table 1). Compared to the positive control drugs,
testosterone and verapamil hydrochloride, as well as the negat-
ive control drugs, enoxacin and penicillin G Na, CCA demon-
strated a -log (Pe) value of -5.43 cm-s™". This finding suggests that
CCA possesses favorable BBB penetration capabilities, warrant-
ing further in vivo pharmacodynamic evaluation.

3.3. CCA can attenuated the cognitive impairment of LPS-induced
neuroinflammation mice

To assess the anti-neuroinflammatory effects of CCA in vivo, a
neuroinflammatory mouse model was established by intraven-
ous injection of LPS. Flowchart of experimental procedures as
show in Fig. 2A. In the MWM experiment, CCA treatment signific-
antly shortened the escape latency of LPS-treated mice and
markedly increased the number of platform crossings in the tar-
get quadrant (Figs. 2B&2C). These findings suggested that CCA ef-
fectively ameliorated spatial cognitive impairments in the LPS-in-
duced neuroinflammatory mice model. H&E staining results re-
vealed that, compared with the control group, LPS administra-
tion caused nuclear shrinkage in cortical neurons and a reduc-
tion in the number of granule cells in the hippocampal dentate
gyrus (Figs. 2D&2E). However, in the CCA-treated group, the
morphology of cortical cell nuclei was largely restored, and the
number of granule cells in the dentate gyrus increased. Moreover,
CCA alleviated LPS-induced liver and kidney damage in mice (Fig.
S1B), suggesting its favorable safety profile. Nissl staining
demonstrated a decrease in the number of Nissl bodies in the LPS
group, whereas CCA treatment led to an increase of Nissl bodies
in both the hippocampus and cortex (Figs. 2F&2G). These results
indicated that CCA not only improved cognitive dysfunction in
LPS-treated mice, but also reversed the pathology of inflamma-
tion in the cortex and hippocampus.

3.4. CCA inhibited LPS-induced neuroinflammation in mice through
the NF-xB signaling pathway

To elucidate the mechanism underlying the anti-neuroin-
flammatory effects of CCA, we conducted RNA-Seq analysis of the
cortex with CCA group mice and LPS group mice. As shown in Fig.
3A, a total of 1330 differentially expressed genes (DEGs) were
identified, comprising 595 up-regulated and 735 down-regulated
DEGs. PPI analysis based on the top 30 genes ranked by degree
score revealed that inflammation-related genes such as IL-1$ and
IL-1a occupied central positions within the interaction network
(Fig. 3B). Results from GO-BP functional enrichment analysis in-
dicated significant enrichment in biological processes related to
inflammatory response and cytokine receptor binding (Fig. 3C).
The Sankey enrichment analysis demonstrated that the top en-
riched pathways including TNF signaling, NF-kB signaling, IL-17
signaling, Toll-like receptor signaling, and NOD-like receptor sig-
naling were significantly enriched. Notably, IL1f, IL1a, and Tn-
faip3 emerged as core regulatory genes across multiple path-
ways (Fig. 3D). Subsequently, qPCR results revealed that CCA
treatment dose-dependently reduced the mRNA expression levels
of pro-inflammatory cytokines, such as IL-6 and TNF-a in the hip-
pocampus of LPS mice (Fig. 3E). Western blot analysis showed
that, the LPS group exhibited significantly increased the expres-
sion levels of iNOS compared with that of control group, as well
as elevated phosphorylation levels of NF-kB and IkB. However,
these protein expression levels were markedly reduced in the
CCA-treated LPS mice (Figs. 3F&3G). Furthermore, immunofluor-
escence (IF) staining revealed a significant increase in the fluor-
escence intensity of the microglial marker IBA1 in the dentate
gyrus of hippocampal of LPS-treated mice, an effect that was not-
ably attenuated following CCA administration (Figs. 3H&3I).
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Fig. 1 CCA mitigated inflammation in BV2 cells induced by LPS. (A) Chemical structure of CCA. (B) The morphology of BV2 cells, scale bar: 200 um. (C) The NO inhibition
rate of BV2 cells after co-incubation with CCA. (D) ELISA was employed to quantify the concentrations of IL-1f and TNF-« in the supernatant of BV2 cells. (E) qRT-PCR was
employed to assess the mRNA levels of the pro-inflammatory factors IL-1f, IL-6, iNOS and TNF-a. (F) Detection of iNOS, TNF-a protein expression in the BV2 cells by West-
ern blot, with quantification shown in (G). (H) Detection of NF-kB pathway-related proteins in BV2 cells by Western blot, with quantification shown in (I). All the data are
presented as the mean + SD. One way ANOVA followed by Tukey’s multiple comparisons test was conducted in the statistical analysis. P < 0.05,*P < 0.01, and *** P < 0.001
vs ctrl group. ‘P < 0.05, "P<0.01, "P < 0.001, P < 0.0001 vs LPS group, ns denotes no significant.

Table 1 Permeability (Pe) of commercial drugs and CCA in the PAMPA BBB assay.

Compounds Measured wavelength (nm) -log (Pe) (cm's™) Prediction
Verapamil hydrochloride 331 -5.30+0.05 CNS +
Testosterone 382 -5.05+0.05 CNS +
Enoxacin 346 -6.24 +0.05 CNS-
Penicillin G Na 264 -6.06 + 0.05 CNS-
CCA 390 -5.43+0.05 CNS +
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These results suggest that CCA can inhibit LPS-induced microgli- while that of the M2 phenotypic marker CD206 was markedly in-
al activation. Additionally, CCA treatment significantly decreased creased in the dentate gyrus of CCA-treated LPS mice compared
the fluorescence intensity of the M1 phenotypic marker CD86, with the LPS group (Figs. 3H&3I). This indicated that CCA might
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is."P < 0.05,"*P < 0.01, P < 0.001, ***P < 0.0001 vs ctrl group. P <0.05, "P<0.01, "P<0.001, "

promote microglial polarization from M1 to M2 phenotype. To-
gether, our findings suggested that CCA might exert its anti-in-
flammatory effects by modulating the NF-xB classical signaling
pathway, as well as promoting microglial polarization toward the
M2 type, which providing the anti-neuroinflammation effect in
LPS-induced mice.
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P <0.0001 vs LPS group, ns denotes no significant.

3.5. CCA alleviated cognitive deficits and intracerebral inflamma-
tion in APP/PS1 mice

Furthermore, we investigated the effect of CCA on 8-month-
old APP/PS1 AD transgenic mice. Flowchart of experimental pro-
cedures as show in Fig. 4A. The MWM assay revealed that the es-
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cape latency of APP/PS1 mice was significantly longer than that
of WT mice, indicating impaired spatial learning and memory.
However, CCA treatment significantly reduced the escape latency
in APP/PS1 mice (Figs. 4B&4C). The qPCR analysis demonstrated
that the mRNA expression of pro-inflammatory cytokines, includ-
ing IL-1p, IL-6, and TNF-a, were markedly elevated in the hippo-
campus of APP/PS1 mice compared to WT mice. Notably, CCA ad-
ministration significantly attenuated the mRNA expression of
these inflammatory factors (Fig. 4D). The IHC analysis showed
that the mean optical densities of IL-1p (Figs. 4E&4F), IL-6, iNOS

A B
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and TNF-a were increased in the cortex and hippocampus partic-
ularly in the CA1 and CA3 subregions of APP/PS1 mice compared
with WT mice. In contrast, CCA treatment led to a significant re-
duction in the optical density of these cytokines in the same brain
regions, suggesting a robust anti-inflammatory effect of CCA in
AD mice (Fig. 4G). Finally, we assessed the regulatory effects
of CCA on the protein expression of NF-xB signaling pathway
in both the cortex and hippocampus. Western blot results indic-
ated that CCA treatment significantly revealed the phos-
phorylated NF-kB and IkB, compared to the untreated APP/PS1
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Fig. 4 CCA ameliorated cognitive deficits and neuroinflammation in APP/PS1 mice. (A) Flowchart of experimental procedures. (B) Representative images of trajectory. (C)
The escape latency of each group mice. (D) The mRNA levels of pro-inflammatory factors IL-1, IL-6, and TNF-a in the hippocampus of APP/PS1 mice. (E-F) IHC results of IL-
1B and the quantification, scale bars:100 pm. (G) IHC results of IL-6, iNOS and TNF-a, scale bars:100 um. Western blot of NF-kB pathway-related proteins in cortex (H) and
hippocampus (1), n = 3. The error bars denote the standard deviation. All the data are presented as the mean * SD. One way ANOVA followed by Tukey’s multiple comparis-

ons test was conducted in the statistical analysis. “P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs WT group. 'P < 0.05, “P < 0.01, “'P < 0.001,

group, ns denotes no significant.
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group (Figs. 4H&4I). Taken together, these findings suggested
that CCA ameliorated cognitive deficits and suppressed neuroin-
flammation in APP/PS1 mice, potentially through modulation of
the NF-xB signaling pathway.

3.6. CCA facilitated the polarization of microglia from M1 to M2
phenotype in APP/PS1 mice

Excessive microglial activation can lead to the release of pro-
inflammatory mediators such as TNF-a, IL-1B, IL-6 and NO, activ-
ate the NF-xB pathway, trigger activation of the NF-xB signaling
pathway, create a chronic inflammatory environment, and ulti-
mately result in neuronal damage, synaptic loss, and sustained
neuroinflammation ***’. Figs. 5A&5B showed that, compared to
the APP/PS1 group, the fluorescence intensity of the microglial
marker IBA1 and the astrocytic marker GFAP in the DG region of
the hippocampus was significantly reduced in APP/PS1 mice
treated with CCA. Furthermore, we conducted Sholl analysis to
characterize the shape of IBA1 expressing cells. The branching of
microglia in APP/PS1 mice was significantly reduced, indicating
that it was activated. The branching of microglia increased signi-
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ficantly after CCA treatment, which indicated that the activation
of microglia was inhibited. (Fig. 5C). IHC analyses revealed that
the expression level of IL-10 (the marker of M2-type polarization
of microglia) in the cortex and hippocampus of CCA-treated APP/
PS1 mice particularly in the CA1 and CA3 regions were markedly
increased (Figs. 5D&5E). Moreover, the levels of phosphorylated
tau (Thr181) in the cortex and hippocampus of CCA-treated
APP/PS1 mice were significantly decreased (Figs. 5D&5E). Addi-
tionally, IHC indicated that the M2-type microglia marker CD206
was significantly upregulated in CCA group (Figs. 5F&5G), where-
as the expression of the M1 phenotypic marker CD86 was sub-
stantially downregulated in CCA group (Figs. 5F&5G). These find-
ings collectively indicate that CCA could inhibit the excessive ac-
tivation of microglia and astrocytes, promote the polarization of
microglia from the M1 to the M2 phenotype, and thereby re-
duced abnormal tau phosphorylation in APP/PS1 mice.

3.7. CCA could up-regulate the expression of FOXG1 in APP/PS1 AD
mice

To further investigate the mechanisms by which CCA allevi-
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Fig. 5 CCA promotes the polarization of microglia from M1 to M2. (A) The IF of IBA1 and GFAP fluorescence intensifications in the dentate gyrus region of the brain in
APP/PS1 mice, scale bars: 100 pm. The quantification of IF in (B). (C) Sholl Analysis of IBA1 positive cells in APP/PS1 mice or CCA treated APP/PS1 mice; scale bars: 50 pm.
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ates neuroinflammation in AD mice, we conducted a quantitative
proteomics analysis using 4D-DIA technology. As shown in Fig.
6A, a total of 89 differentially expressed proteins (DEPs) were
identified, including 20 up-regulated and 69 significantly down-
regulated proteins. The heatmap demonstrated the expression
patterns of these DEPs across multiple samples (Fig. S2A). KEGG
pathway enrichment analysis revealed that the top pathways in-
cluded the pentose phosphate pathway, cAMP signaling pathway,
FOXO signaling pathway, Alzheimer’s disease pathway, neurode-
generative disease pathways, and axon guidance, among others
(Fig. S2D). GO analysis indicated that the top biological processes
associated with DEPs included acute inflammatory response, in-
flammatory response, glial cell differentiation, and regulation of
the immune system (Fig. 6B). In terms of CC, the enriched cat-
egories included cholinergic receptor activity, neurotransmitter
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receptor activity, NADH binding, and amino acid transmembrane
transporter activity. MF were predominantly associated with
acetylcholine-gated ion channels, myelin structure, and axonal
components (Fig. S2B&2C). The top terms associated with the
Sankey plot include myelin formation, regulation of glial cell dif-
ferentiation, regulation of dopamine secretion, oxidative stress
pathways, the redox pathway, and the acute-phase response. The
principal proteins identified are Mag, Shank3, Dtnbp1, and Foxgl
(Fig. 6C).

We performed correlation analysis of differentially
pressed proteins and their associated differentially expressed
transcripts between two or more groups of samples, comparing
the same or different expression trends of proteins and their as-
sociated transcripts. In the CCA_vs_MODEL group, for all quantit-
ative proteins and their associated transcripts, we performed as-
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sociation, with a correlation coefficient of 0.0296 (Fig. 6D). For
significantly differentially expressed proteins and significantly
differentially expressed genes, we performed association, with a
correlation coefficient of 0.5429 (Fig. 6E). For significantly differ-
ent proteins and significantly different genes, we performed asso-
ciation and calculated the correlation coefficient for each pair of
different genes and different proteins. The results showed that
Becnl, Atg4b, Mapllc3b, Atg7, Sqstm1, and Lamp2 had strong
correlations in transcriptomics and proteomics, especially Becn1
and Atg7 (Fig. 6F). These are autophagy-related genes. Addition-
ally, we also conducted GSEA analysis. The results showed that
GOBP_POSITIVE_REGULATION_OF_TOR_SIGNALING was signific-
antly upregulated (NES: 1.989, P: 0.00033, FDR: 0.05067)(Fig
S3). This indicates that the AMPK/mTOR/autophagy axis has
been activated. Based on the above results, CCA may activate
autophagy through the AMPK-mTOR-ULK1 axis.

FOXG1 positively regulates cell survival and autophagy with-
in the nervous system. It is also involved in dendritic spine devel-
opment, axon formation regulation, and neuronal process matur-
ation, among other functions ** *. Western blot result showed
that the expression of FOXG1 was significantly increased in CCA
group both in cortex and hippocampus (Fig. 6G). IHC analysis also
revealed a significant decrease in FOXG1 expression in the hippo-
campus of APP/PS1 mice compared to the WT group. However,
FOXG1 expression was notably elevated in the hippocampus of
CCA-treated APP/PS1 mice (Figs. 6H&6I). These suggested that
the inhibition of neuroinflammation by CCA may be related to the
up-regulation of FOXG1.

3.8. CCA activates autophagy in microglia via AMPK-mTOR signal-
ing pathway in APP/PS1 AD mice

There exists a multi-level functional interplay between
FOXG1 and AMPK, with their interactions demonstrating particu-
lar significance in the processes of neuroprotection and auto-
phagy modulation *’. We further examined the expression levels
of proteins in the AMPK/mTOR signaling pathway in the hippo-
campus of APP/PS1 mice following CCA treatment. The results
demonstrated that CCA significantly upregulated the expression
of p-AMPK while downregulating the expression of p-mTOR in
both the cortex and hippocampus in APP/PS1 mice (Figs.
7A&7B). The IHC results also indicated that after CCA treatment,
the expression levels of p-AMPK in the CA3 region of the hippo-
campus of APP/PS1 mice significantly increased, as well as the
cortex (Fig. S2E). It has been reported that FOXG1 activated the
AMPK-mTOR autophagy pathway *’. Next, we examined the ef-
fect of CCA on autophagy in APP/PS1 mice. Western blot results
revealed a significant increase in the LC3-11/LC3-I ratio and a not-
able decrease in p62 levels following CCA treatment in APP/PS1
mice (Fig. 7C). Furthermore, the IHC analysis demonstrated that,
in comparison to APP/PS1 mice, the expression levels of LC3 in
the cortex and hippocampus were markedly elevated in mice
treated with CCA (Figs. 7D&7E), whereas the expression level of
p62 was significantly reduced (Fig. 7F&7G). These findings indic-
ated that CCA was capable of activating the AMPK/mTOR signal-
ing pathway, as well as enhancing autophagy.

3.9.CCA promotes autophagy through the activation of the
AMPK/mTOR/FOXG1 pathway

We next further explored the mechanism of autophagy activ-
ation by CCA. As illustrated, CCA administration induced an auto-
phagy activation response comparable to that of the autophagy
activator rapamycin in LPS-induced BV2 cells. In comparison to
the LPS group, CCA treatment resulted in a significantly increase
in LC3 fluorescence intensity and markedly reduced p62 fluores-
cence intensity (Fig. 8A&8B). To further investigate the effect of
CCA on autophagy, we used Transmission electron microscopy
(TEM) to examine the autophagosomes and autolysosomes in
BV2 cells. After administering CCA, compared with the LPS group,
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more autophagosomes and autolysosomes were observed in BV2
cells, suggesting the activation of autophagy in BV2 cells (Fig. 8C).
Following the administration of chloroquine, an autophagy inhib-
itor, autophagic flux was enhanced, leading to elevated fluores-
cence intensities of both LC3B and p62, indicating that CCA-in-
duced autophagy was effectively blocked. Western blot analysis
revealed that the LC3II/I ratio and the expression level of FOXG1
were substantially increased after CCA treatment, whereas the
level of p62 was decreased (Figs. 8D&8E). These findings suggest
that CCA may exert neuroprotective effects in BV2 cells by pro-
moting autophagy.

To further investigate whether CCA activates the AMPK/mT-
OR-mediated autophagy pathway, BV2 cells were co-treated with
CCA and 10 pmol-L™" BML-275 (an AMPK inhibitor) for 24 h. The
expression levels of key proteins in the AMPK/mTOR signaling
pathway were then analyzed by Western blot. The addition of
BML-275, as opposed to CCA treatment alone, attenuated the ac-
tivation of the AMPK/mTOR pathway and autophagy induced by
CCA, and also reduced the expression of FOXG1 (Figs. 8F&8G).
Furthermore, BML-275 was found to reverse the CCA-induced
the down-regulation of the pro-inflammatory proteins IL-6, IL-
1B, and TNF-a induced by CCA (Fig. 8H). Taken together, these
data indicated that CCA might activate the autophagy through
AMPK/mTOR/FOXG1 pathway and reduced inflammatory factor
levels achieved through the AMPK/NF-xB pathway, thereby
providing a protective effect against neuroinflammation.

We conducted molecular docking to identify the target of
CCA. Our results indicated that CCA was unable to form a stable
interaction with FOXG1; however, it demonstrated the capacity to
form a stable interaction with AMPK. AMPK can mediate auto-
phagy via signaling cascades and modulate inflammation through
downstream signaling pathways *"**. We hypothesize that AMPK
may serve as a crucial target for CCA to enhance autophagy and
provide anti-neuroinflammatory effects. Molecular docking res-
ults indicated that Asn48 formed hydrogen bonds with the acet-
oxy groups of CCA, LYS29 participates in cationic interactions,
while PHE27, 11IE46, ILE52, LEU47 and VAL24 contribute to the
formation of hydrophobic pockets. The extensive hydrophobic ef-
fect provides the main binding free energy for the binding pro-
cess. CCA can stably insert into the binding pocket of the target
protein, collectively maintaining conformational stability (Fig.
9A). MD results indicated that, the interaction between the pro-
tein receptor and the ligand remained relatively stable over 100
ns with no significant deviations observed within the range of
0-3.6 A (Fig. 9B). The RMSF values of amino acid residues in the
ligand-binding pocket region (marked by the green vertical line)
have significantly decreased, indicating that the interaction
between CCA and the target protein AMPK effectively restricts
the local conformational fluctuations of the binding interface, sig-
nificantly enhancing the structural rigidity and conformational
stability of the binding region. This suggests that the conforma-
tional stability of the ligand-binding region is good, without any
abnormal and intense conformational fluctuations, and indirectly
reflects the binding stability of the ligand-protein complex (Fig.
S4A). This stacked bar graph quantifies the residue-specific occu-
pancy of three classical non-covalent forces at the protein-ligand
binding interface through molecular dynamics trajectories, re-
vealing a hierarchical cooperative bridge network. These forces
jointly form a multi-level collaborative regulatory network, ef-
fectively resisting the competitive dissociation of water mo-
lecules and the conformational fluctuations of the protein bind-
ing pocket. Ultimately, this ensures that in the molecular dynam-
ics simulation process, CCA can stably embed in the catalytic act-
ive pocket of AMPK (Fig. S4B). To validate this hypothesis, Cellu-
lar thermal shift assay (CETSA) assays were performed to further
assess the stability of CCA and AMPK. The results revealed that
compared to samples co-incubated with DMSO, the expression of
AMPK in CCA-treated samples exhibited greater thermal stability
at increasing incubation temperatures from 37 °C to 62 °C. (Fig.
9C) which suggesting a direct interaction between CCA and
AMPK. These findings indicated that AMPK might be a potential
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therapeutic target for CCA in the treatment of Alzheimer's dis-
ease.

3.10. Simulated PRKAA1 knockout revealed its underlying mechan-
ism

The UMAP visualization analysis based on the brain expres-
sion clustering modules derived from the Human Protein Atlas
(HPA) revealed that PRKAA1(encode AMPK catalytic a1l subunit)
exhibits a widespread and non-specific broad-spectrum expres-
sion pattern in the human brain, belonging to cluster 45 (non-
specific). It is stably expressed in all major regions of the brain
and various types of nerve cells, and is widely distributed (Fig.
9D). Single-cell RNA sequencing (scRNA-seq) can be used to de-
termine the specific distribution of key targets within cells, while
the scTenifoldKnk virtual knockout algorithm assesses the key
roles of these genes in diseases. Therefore, the scTenifoldKnk
was used to evaluate the impact of PRKAA1 on AD. The results
showed that after the PRKAA1 gene was knocked out, a total of
500 genes were affected. Among them, the most severely af-
fected genes included MTOR, NFKB1, RELA, NLRP3, TNF, IL1B
and IL6. (Fig. 9E&F, Table.S4). GO enrichment analysis indicated
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that these genes were highly correlated with regulation of auto-
phagy, immune system processes, autophagosome, and
chemokine activity (Fig. 9G). KEGG analysis suggested significant
differences in the NF-kB signaling pathway, AMPK signaling path-
way, autophagy, Alzheimer's disease and pathways of neurode-
generation (mutiple diseases) (Fig. 9H). These results indicate
that the PRKAA1 gene can regulate AD through inflammatory re-
sponses and autophagy, which is consistent with previous re-
search findings.

4. Discussion

The present study elucidates the complex neuroprotective
mechanisms through which the cassane diterpenoid CCA mitig-
ates Alzheimer’s disease (AD) pathology, with a particular em-
phasis on its regulatory effects on neuroinflammation and auto-
phagy. Importantly, although structural analogs of CCA, includ-
ing CA-E and M2, have exhibited significant therapeutic potential
in models of ulcerative colitis by inhibiting the NF-kB and MAPK
signaling pathways '> "%, this study represents the first evidence
demonstrating CCA's capacity to modulate microglial polariza-
tion within the context of AD.
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Neuroinflammation has emerged as a key focus in the study
of neurodegenerative diseases in recent years. The activation of
neuroinflammatory responses contributes to neuronal and syn-
aptic damage as well as neuronal apoptosis, thereby accelerating
the progression of AD **. As the primary immune effector cells
within the central nervous system, microglia become overactiv-
ated in response to pathological stimuli and secrete pro-inflam-
matory cytokines, such as TNF-a and IL-6, which contribute to
the acceleration of neuronal damage and cognitive decline **. This
study demonstrates that the natural product CCA exhibits signi-
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ficant anti-inflammatory effects by inhibiting the activation of
LPS-induced BV2 microglial cells. This mechanism mediated by
activated AMPK to inhibit the NF-kB signaling pathway (Fig. 1&
Fig. 8G ). In both LPS-induced acute inflammation mouse mod-
els and APP/PS1 transgenic AD mouse models, CCA administra-
tion markedly improved spatial memory performance and re-
duced systemic inflammatory cytokine levels (Fig.2 & Fig. 4). Im-
portantly, CCA not only suppresses the secretion of pro-inflam-
matory mediators but also facilitates the phenotypic transition of
microglia from the M1 to M2 polarization state *°. Furthermore,
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Fig. 9 The predicted and verified binding mode and interaction of CCA and AMPK. (A) The molecular docking between CCA and AMPK (PDB ID: 4CFE). (B) The MD of AMPK
and CCA complex. (C) The CETSA experiment demonstrated the stability of the binding between CCA and AMPK. (D) UMAP visualization of PRKAA1 in the HPA brain expres-
sion clustering module. (E) Bar chart of genes significantly affected by PRKAA1 gene knockout. (F) Volcano plot of genes significantly affected by PRKAA1 gene knockout
(p<0.05, |Z|>1.5). (G) GO enrichment analysis of genes significantly affected by PRKAA1 gene knockout simulation. (H) KEGG enrichment analysis of genes significantly af-

fected by PRKAA1 gene knockout simulation.

PAMPA-BBB assay results indicate that CCA possesses excellent
BBB permeability (-Logp, = 5.4 cm-s™), a property closely associ-
ated with its molecular architecture featuring hydrophobic moi-
eties and an optimal molecular weight (Table.1, Fig. 1A). This fa-
vorable BBB penetration capability provides a critical foundation
for its therapeutic activity within the central nervous system.
Autophagy is a critical cellular process responsible for the de-
gradation of dysfunctional organelles and misfolded or aggreg-
ated proteins. Accumulating evidence indicates that impairment
of autophagy is closely linked to the pathogenesis of AD *’. This
study, for the first time, identified through quantitative proteom-
ics that the expression of the transcription factor FOXG1 was sig-
nificantly upregulated in the hippocampal tissue of APP/PS1
mice, which were verified by Western blot and IHC (Fig. 6). The
FOXG1 gene is a member of the Forkhead box (FOX) family of
transcription factors and plays a pivotal role in the regulation of
cell proliferation and differentiation *. Previous investigations
have demonstrated that FoxG1 exerts inhibitory effects on NLRP3-
mediated neuroinflammation in both cellular and animal models
of AD, while simultaneously modulating the AMPK/mTOR signal-
ing pathway in a regulatory manner and promoting autophagic
activity (Figs. 7A-7C) *>*. Our study suggested that CCA treat-
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ment enhanced autophagic flux, evidenced by increased LC3-11/1
ratio and decreased p62 levels in vitro and in vivo. Crucially, this
effect was mediated through AMPK activation, as demonstrated
by its reversal using the AMPK inhibitor BML-275 (Figs. 8D-8H).
Molecular docking, CETSA, and molecular dynamics simulations
further confirmed stable binding between CCA and AMPK, posi-
tioning AMPK as a primary target. Our data suggest that CCA pro-
motes autophagy by activating AMPK, subsequently inhibiting
mTOR and upregulating FOXG1 (Figs. 9A-9C). This cascade facil-
itates the clearance of phosphorylated tau and inflammasome ac-
tivation, offering a dual therapeutic strategy against AD patho-
genesis. Single-cell RNA sequencing (scRNA-seq) can provide a
comprehensive cellular map, clearly determining the expression
locations and distribution characteristics of core hub genes in
specific cell types, thereby revealing the cell populations in which
the target genes mainly exert their functions under physiological
conditions. Based on this, the scTenifoldKnk virtual knockout al-
gorithm can systematically simulate the inactivation of the target
gene at the single-cell gene regulatory network level and quantit-
atively evaluate the global transcriptional changes, regulatory
cascade reactions, and functional pathway changes caused by the
absence of the target gene. Based on the HPA brain expression
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clustering UMAP analysis, it was found that PRKAA1 is widely ex-
pressed throughout the brain in a broad spectrum and persistent
form. The PRKAA1 gene was subjected to virtual knockout to sim-
ulate the biological effects of the absence of the PRKAA1 gene in
vivo. After knockout, the gene was enriched in pathways related
to autophagy and inflammation, confirming the previous view-
point (Fig. 9E). However, this regulatory sequence (AMPK — mT-
OR — FOXG1) contrasts with the model proposed by Yun et al.
(2024), which implicated FOXG1 upstream of AMPK/mTOR in
modulating NLRP3 inflammasome activity in AP25-35 induced
N2a cell *’. This discrepancy may arise from differences in experi-
mental models.

Microglia are recognized as key contributors to the pathogen-
esis and progression of AD, with emerging evidence suggesting
their protective role against AD-associated premature mort-
ality 7. Accumulating data indicate that microglial autophagy may
contribute to the mitigation of tau pathology *’. NF-kB activation
may upregulate mTOR expression and suppress the initiation of
autophagy, whereas the sustained release of TNF-a by microglia
can impair lysosomal function *'. Impairment of autophagosome
clearance leads to the accumulation of damaged mitochondria,
which subsequently release excessive reactive oxygen species
(ROS), thereby activating the NLRP3 inflammasome **.

However, this study has several limitations. Although the
acute LPS-induced neuroinflammatory model in BV2 microglial
cells is valuable for initial screening, it has inherent limitations
for Alzheimer's disease research as it fails to model chronic dis-
ease progression and neuronal pathophysiology.

5. Conclusion

In summary, our prior research shown that cassane diterpen-
oids with the same parent nucleus structure as CCA had signific-
ant anti-inflammatory properties, so establishing a platform for
our investigation (Figs. 10). This study indicated that CCA activ-
ates AMPK, thereby simultaneously inhibiting the NF-kB path-
way and upregulating the mTOR-FOXG1 pathway. This mechan-
ism results in reduced pro-inflammatory cytokine production,
neuronal protection, enhanced autophagic flux, and increased
clearance of p-tau. It is supposed that CCA mitigates neuroinflam-
mation through the inhibition of the AMPK/NF-kB pathway. Con-
currently, CCA promotes autophagy by activating the AMPK/mT-
OR/FOXG1 pathway. These actions collectively contribute to the
manifestation of an anti-Alzheimer’s disease effect. This study
confirmed the neuroprotective properties of CCA in Alzheimer’s
disease and offered novel insights into the potential of diterpen-
oids to enhance treatment through anti-neuroinflammatory
mechanisms and the promotion of autophagy.
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Fig. 10 The mechanism diagram of CCA in anti-neuroinflammation and activa-
tion of autophagy.
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composition centers on a reserved space for a three-dimensional CCA molecular structure, en-
visioned in luminous gold, amber, and emerald-green tones, surrounded by a soft golden en-
ergy ring that emphasizes its central biological role. The pale gradient background evokes the
cerebral microenvironment of neurodegeneration, with a translucent three-dimensional brain
silhouette emerging subtly. Faint cyan and golden light trails weave through neural networks,
symbolizing the complexity and vulnerability of neuronal pathways in the Alzheimer’s brain.
At the lower portion, minimalist illustrations of Caesalpinia bonduc seeds, fruits, and branches
establish the botanical origin of CCA. Golden particles rise from the seeds and converge to-
ward the central molecular space, representing the extraction and enrichment of the bioactive
diterpene from its natural source. An abstract blood-brain barrier, depicted as closely packed
endothelial cells, is integrated into the composition. Golden CCA-associated particles traverse

this barrier into neural tissue, suggesting the compound’s favorable blood-brain barrier permeability and ability to access the cerebral
microenvironment. By combining botanical illustration, molecular visualization, vascular biology, and neural imagery, the cover presents
an elegant and cohesive scientific portrayal of CCA as a natural compound of interest for Alzheimer’s disease research.
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