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Baicalin attenuates LPS-induced periodontal 2
inflammation response by inhibiting
autophagy

Yifan Cheng'%*, Ming Jiang'?3, Xu Qin"%3, Jing Mao'*¥", Yan Liu*" and Guangxun Zhu'**

Abstract

Background Periodontal disease causes gradual damage to the periodontal ligament and alveolar bone, ultimately
resulting in tooth loss. This condition This condition results from the intricate interaction between bacterial infections
and the host’s inflammatory responses, driving disease progression. Autophagy, an essential process for cellular
balance under stress, plays a vital role in the response to periodontal pathogens. Baicalin (BA), a flavonoid extracted
from Scutellaria baicalensis, is recognized for its potent anti-inflammatory effects. However, its influence on autophagy
in periodontal health is not fully characterized, representing a vital gap in therapeutic understanding.

Purpose This study investigates the therapeutic potential of BA in periodontal disease by examining its regulatory
effects on autophagy and inflammation in PDLCs.

Methods Periodontal ligament cells (PDLCs) were exposed to various concentrations of BA, and cell proliferation was
measured using the CCK-8 assay. Anti-inflammatory responses were analyzed by quantitative real-time PCR (gRT-PCR)
and enzyme-linked immunosorbent assay (ELISA). Autophagy levels were quantified using immunofluorescence,
transmission electron microscopy (TEM), and Western blotting. To identify potential targets of BA, an integrated
approach combining network pharmacology and RNA sequencing (RNA-Seq) was employed. These analyses were
subsequently validated using gRT-PCR, molecular docking and dynamics simulations.

Results BA significantly reduced lipopolysaccharide (LPS)-induced inflammatory responses in PDLCs, as evidenced
by a decrease in the levels of interleukin (IL)-1(3 and IL-6. RNA-Seq analysis indicated that these effects were associated
with autophagy-related processes. Notably, BA decreased Beclin-1 levels, reduced the LC3BII/I ratio, diminished LC3B
protein staining, and decreased the number of autophagosomes. Furthermore, BA triggered the activation of the
PI3K/AKT/mTOR pathway, demonstrated by the increased phosphorylation of these proteins.

Conclusion BA acts as a protective agent against LPS-induced periodontal inflammation by modulating autophagy,
positioning it as a promising candidate for future periodontal therapies.
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One-Sentence Summary

Baicalin attenuates LPS-induced periodontal inflammation by inhibiting autophagy and activating the PI3K/AKT/

mTOR signaling pathway in periodontal ligament cells.

Keywords Baicalin, Periodontal disease, Autophagy, Inflammation, Transcriptomic sequencing analysis, Network

Pharmacology

Introduction

Periodontal disease, a common oral condition, is mainly
initiated by pathogens in dental plaque biofilms, includ-
ing Porphyromonas gingivalis (P. gingivalis), resulting in
persistent inflammation and progressive damage to peri-
odontal tissue [1]. Specifically, P. gingivalis activates host
immune cells through the secretion of lipopolysaccharide
(LPS), which triggers the production of inflammatory
cytokines, including interleukin (IL)-6, IL-1 and tumor
necrosis factor alpha (TNF-a). These cytokines not only
sustain and exacerbate the inflammatory response but
also contribute to the degradation of bone resorption
and extracellular matrix [2]. Autophagy, a crucial cellular
process for maintaining homeostasis and responding to
cellular stress, is key in modulating these inflammatory
processes [3]. It facilitates the elimination of damaged
organelles and proteins, thus protecting cells from ongo-
ing damage caused by the inflammatory environment.
However, chronic bacterial stimulation can lead to an
abnormal increase in autophagic activity, which, if exces-
sive, may result in cellular dysfunction and further exac-
erbate cell injury and tissue destruction [4].

This review comprehensively elaborated on the essen-
tial involvement of autophagy in periodontal disease,
including regulating periodontal infection, modulating
inflammatory responses, influencing periodontal tissue
remodeling and cell function, managing endoplasmic
reticulum stress, and affecting disease progression par-
ticularly in high-risk factors such as smoking [5]. Recent
studies have shown that autophagy is a key player in the
inflammatory and repair processes of periodontal dis-
ease. For instance, LPS from P gingivalis activates the
PIBK/AKT/mTOR pathway, promoting autophagy in
human gingival fibroblasts (HGFs) and regulating inflam-
mation [6]. Hyperglycemia exacerbated the production of
IL-1B and induced pyroptosis in macrophages exposed to
periodontal pathogens, with autophagy modulating this
response by targeting the ROS-inflammasome axis, thus
mitigating the progression of diabetes associated peri-
odontitis [7]. Additionally, CKIP-1 has been shown to
promote inflammation in periodontal soft tissues caused
by P gingivalis by suppressing autophagy, both in vitro
and in vivo [8]. PINK1-mediated mitophagy maintains
mitochondrial homeostasis, preventing bone loss and
playing a crucial role in tissue repair during periodontal
disease [9]. Moreover, autophagy influences various cell

death pathways, including cuproptosis. Copper chelation
using tetrathiomolybdate (TTM) has been shown to alle-
viate periodontal inflammation by inhibiting cuproptosis
while enhancing autophagic flux [10]. Therefore, regulat-
ing the balance of autophagic activity is of potential sig-
nificance in the treatment of periodontal disease.
Baicalin (BA), a flavonoid extracted from the tradi-
tional Chinese herb Scutellaria baicalensis, has been
well-documented for its profound anti-inflammatory,
antioxidative, and immunomodulatory properties in the
management of inflammatory diseases [11]. Our previous
studies have established that BA significantly reduces the
release of matrix metalloproteinase (MMP)-8 from poly-
morphonuclear neutrophils (PMNs) triggered by IL-8,
and suppresses MMP-1 expression induced by IL-1f at
both mRNA and protein levels [12, 13]. These findings
elucidate the mechanism through which BA modulates
periodontal inflammatory responses. Further, a compre-
hensive review has underscored BA’s efficacy in mitigat-
ing bone loss, collagen degradation, and inflammatory
infiltration in periodontal tissues affected by periodonti-
tis, reinforcing its potential for periodontal therapy [14].
Recent studies further underscore the broad therapeutic
potential of BA in modulating autophagy across various
disease models. In a hypertensive heart injury model,
BA mitigated angiotensin II-induced cardiac damage by
cell death and autophagic processes through the AMPK/
mTOR pathway [15]. Similarly, in an acute graft-versus-
host disease (aGVHD) model, BA improved survival and
reduced pathological scores by regulating autophagy
[16]. In a rat model of status epilepticus (SE), BA allevi-
ated LiCl-pilocarpine-induced hippocampal damage
through autophagy activation [17]. Moreover, BA attenu-
ated hyperglycemia-induced embryonic cardiovascular
malformations by decreasing excessive reactive oxygen
species (ROS) and modulating autophagy [18]. BA also
suppressed autophagy triggered by the H3N2 influenza
virus in A549 and Ana-1 cells [19]. Lastly, in Mycoplasma
gallisepticum (M. gallisepticum) infection models, BA
mitigated inflammation and apoptosis via autophagic
modulation [20]. These findings indicate that the capacity
of BA to regulate autophagy extends beyond periodontal
disease and holds broad therapeutic potential. However,
despite its established effects in conditions like osteo-
arthritis (OA), rheumatoid arthritis (RA) and allergic
rhinitis (AR) [21-23], the specific role of BA in modulat-
ing autophagy within periodontal disease models, along
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with its underlying mechanisms, remains underexplored,
presenting a critical gap in current research. Beyond its
effectiveness in various animal models, clinical studies
have highlighted BA’s broad therapeutic potential. BA has
significantly improved lipid profiles and reduced inflam-
mation markers in patients with cardiovascular diseases
and RA [24]. Moreover, BA has shown effectiveness in
managing acute lymphoblastic leukemia by regulating
immune responses and inducing apoptosis in white blood
cells [25]. It has also outperformed standard medications
in treating coughs caused by acute tracheobronchitis
[26] and reduced postoperative pain after dental surger-
ies [27], demonstrating its anti-inflammatory capabilities.
When used alongside non-surgical periodontal therapy,
BA not only improves periodontal health indicators but
also notably decreases inflammatory mediators [28]. This
supports its potential as a non-invasive treatment option
for periodontal diseases.

This study utilizes an in vitro inflammation model con-
structed with Pg-LPS (P gingivalis-Lipopolysaccharide)
to investigate how BA modulates autophagy and related
signaling pathways in PDLCs, providing new clinical
insights and strategies for targeted drug development
aimed at combating periodontal disease. Additionally, it
provides a theoretical basis for advancing the develop-
ment of unique plant resources and high-activity plant
components in China, underscoring their significant clin-
ical relevance.

Methods

Network Pharmacology

The PubChem database was searched to obtain the 2D
molecular structures, chemical formulas, and standard
SMILES representations. The name of BA was input
into the TCMSP, HIT 2.0, and the Swiss Target Predic-
tion plat to identify its potential target proteins. The tar-
get name was used to locate the associated target gene,
with the species filter set to Homo sapiens in the UniProt
database. Data on target genes related to periodontal dis-
ease were gathered from databases such as GeneCards,
OMIM, and DisGeNET (v7.0). Cytoscape 3.6.1 was used
to construct both the drug-protein-target and disease-
drug-target networks. Overlapping targets between the
disease and the drug were identified and visualized using
a Venn diagram.

Transcriptomic sequencing analysis

Total RNA was isolated from the hPDLCs using the RNA
Extraction Kit (Axygen, China) after treatment with
either 0 pg/mL Pg-LPS, 1 ug/mL Pg-LPS, or 40 uM BA
in the presence of Pg-LPS for 12 h. After RNA extrac-
tion, PCR amplification was conducted, and the resulting
products were sequenced using the PE150 sequencing
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strategy on the Illumina HiSeq 2500 high-throughput
platform.

Cell culture and treatment

Healthy premolars were extracted from orthodontic
patients aged 1825 years (mean age 21.5 years) with eth-
ical approval from the Tongji Hospital Ethics Committee.
Written informed consent was obtained from all par-
ticipants. Periodontal ligament tissues were aseptically
scraped from the middle third of the tooth root, minced,
and enzymatically digested with collagenase I (3 mg/mL,
Biofroxx, Germany) and dispase II (4 mg/mL, Biofroxx,
Germany) at 37 °C for 90 min. The digested suspension
was filtered, centrifuged, and resuspended in a-MEM
(Gibco, USA) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. Cells were cultured at
37 °C with 5% CO,, and the third and fifth generations
were used for experiments. Immunofluorescence con-
firmed mesenchymal identity by vimentin expression and
the absence of cytokeratin, excluding epithelial contami-
nation. For treatment, hPDLCs were exposed to Pg-LPS
(1 pg/mL, Invitrogen, USA) and various concentrations
of BA (MCE, USA) for 12 h. To modulate the PI3K/AKT
pathway, cells were pretreated with LY294002 (20 uM),
a PI3K/AKT inhibitor, or 740Y-P (20 uM), a PI3K/AKT
activator, before LPS treatment.

Cell counting kit-8 (CCK-8) assay

HPDLCs were incubated with increasing concentrations
of BA (0, 1, 10, 20, 40, 80, 100 uM) for 12, 24 and 36 h,
respectively. The CCK-8 assay (MCE, USA) was used to
evaluate the effect of BA on cell viability, following the
manufacturer’s protocol. Absorbance was measured
spectrophotometrically at 450 nm, and the percentage of
viable cells was calculated as the ratio of absorbance rela-
tive to the control.

Quantitative real-time PCR (qRT-PCR)

Total RNA from hPDLCs was isolated using the RNA
Extraction Kit (Axygen, China) and subsequently con-
verted into cDNA with the Evo M-MLV Reverse Tran-
scriptase Kit (Axygen, China). The obtained cDNA
was analyzed by qRT-PCR on a LightCycler 96 system
(Roche, China) using SYBR Green qPCR Master Mix
(Axygen, China). Gene expression was quantified relative
to GAPDH using the 24Ct method. Primer sequences
for qRT-PCR are provided in supplementary Table S1.

Enzyme-linked immunosorbent assay (ELISA)

After the indicated treatments, the supernatant of cul-
tured hPDLCs was stored at -80 °C until analysis. The
levels of IL-6 and IL-1p in the supernatant were quantita-
tively assessed by an ELISA kit (Beyotime, China).
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Western blotting analysis

Proteins were isolated from cultured PDLCs, and then
concentrations were measured by a BCA protein assay
kit (Beyotime, China). An equal quantity of protein from
each sample was loaded onto SDS-PAGE gels and trans-
ferred to PVDF membranes. The membrane was incu-
bated with TBST supplemented with 5% nonfat milk for
blocking. PVDF membranes were left to incubate over-
night with primary antibodies (complete information
in supplementary Table S2). Protein bands were probed
with horseradish peroxidase-conjugated secondary anti-
bodies and analyzed using an ECL detection kit (MCE,
USA).

Immunofluorescence

The cells were fixed with 4% paraformaldehyde for
10 min at room temperature. After permeabilization with
0.2% Triton X-100 for 10 min, they were blocked with
5% BSA for 30 min. Primary antibodies were incubated
overnight at 4 °C (see in supplementary Table S2). The
following day, cells were incubated with diluted fluores-
cent secondary antibodies for 1 h at 37 °C in the dark, fol-
lowed by DAPI staining for 5 min. After washing, slides
were mounted with glycerol and examined under a fluo-
rescence microscope (LSM 880, Carl Zeiss). Fluorescence
intensity of LC3B was quantified using Image] (Version
1.8).

Transmission electron microscopy (TEM)

The pretreated cells were collected and fixed with 2.5%
glutaraldehyde overnight at 4 °C, subsequently post-fix-
ation in 1% OsO, for 2 h at room temperature. The sam-
ples were dehydrated using increasing concentrations of
ethanol and then embedded in epoxy resin. Thin sections
were prepared and stained with uranyl acetate and lead
citrate. Autophagosomes were visualized and measured
using TEM in Tokyo, Japan.

Molecular Docking analysis and dynamics simulations
Molecular docking was performed to validate the target
prediction results by docking selected active ingredients
with hub genes. AutoDock Vina (Version 1.1.2) was used
for docking the chemical components with targets, and
results were visualized using PyMOL 2.3.2. To further
evaluate the interactions between the compound and
the protein target, molecular dynamics simulations of
the baicalin-AKT complex were performed using GRO-
MACS 2020.3.

Statistical analyses

Data analysis was performed using GraphPad Prism (Ver-
sion 9.0.0). Data are presented as mean = SD from at least
three independent experiments. Comparisons between
two groups were made using the student’s t-test, while
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one-way ANOVA followed by Tukey’s post-hoc test was
used for multiple group comparisons. Differential gene
expression in transcriptomic data was analyzed using
DESeq2 or edgeR. Differentially expressed genes were
selected based on FDR <0.05 and|log2FC]| > 1. Plots were
generated with Hiplot Pro. Statistically significant differ-
ences (P<0.05) are indicated by distinct lowercase letters.

Results

BA reduces LPS-induced inflammatory response in hPDLCs
Vimentin was positive and cytokeratin negative in iso-
lated hPDLCs, confirming their fibroblast-like character-
istics (Fig. 1A, supplementary Figure S1). The biosafety of
BA in hPDLCs was assessed by the CCK-8 assay. At 100
uM, BA significantly inhibited cell growth, with a stron-
ger effect at higher concentrations and longer exposure
(Fig. 1B). Based on these results, concentrations of 20 uM
(20BA), 40 uM (40BA), and 80 uM (80BA) were selected
for further experiments. At 1 pg/mL LPS, a significant
increase in IL-6 and IL-1p expression was observed
(Fig. 1D-G), along with elevated levels of autophagy-
related proteins LC3B and Beclin-1 (supplementary Fig-
ure S2A), guiding our choice of this concentration for
subsequent studies. Similarly, at 12 h post-LPS treatment,
a significant increase in LC3B and Beclin-1 expression
was detected, supporting our selection of this time point
for subsequent experiments (supplementary Figure S2C).
BA treatment significantly attenuated the LPS-induced
increases in inflammation-related gene expression (Fig. 11
and J) and reduced the secretion levels of these cytokines
in the culture supernatants (Fig. 1K and L), with 40 uM
demonstrating the most effective anti-inflammatory
response. These findings demonstrate BA’s potential to
modulate inflammatory responses in periodontal disease,
highlighting its anti-inflammatory properties.

BA attenuates LPS-induced inflammatory response
through modulation of autophagy-related processes

RNA sequencing was used to investigate the possible
molecular pathways through which BA exerts its effects
in LPS-treated hPDLCs. A total of 34,494 were identified
as differentially expressed. Specifically, in the CON/LPS
group, 4,765 mRNAs were detected, with 1316 upregu-
lated and 1192downregulated. In the LPS/LPS+40BA
group, 4,692 mRNAs were identified, with 510 upregu-
lated and 636 downregulated (Fig. 2A—C). Venn dia-
grams were utilized to analyze the overlap between the
CON/LPS and LPS/LPS+40BA groups, revealing that
2,084 mRNAs were regulated by LPS and subsequently
reversed by BA intervention (Fig. 2D). To further explore
their functional implications, GO enrichment analyses
were conducted, which showed that the genes reversed
by BA were significantly associated with autophagy-
related processes, including autophagy, regulation of
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Fig. 1 BA reduces LPS-induced inflammatory response in hPDLCs. (A) Isolation of hPDLCs and cytotoxicity experimental procedure with different doses
of BA (created with BioRender.com). (B) The impact of BA on hPDLCs' viability was evaluated using the CCK-8 method (n=3). (C) Experimental procedure
for hPDLCs exposed to various concentrations of LPS (created with BioRender.com). (D-G) The levels of IL.-6 and IL-1(3 in hPDLCs after 12 h of treatment
with various LPS concentrations, measured by gRT-PCR (relative to GADPH, n=3) and ELISA (n=3). (H) Experimental procedure for hPDLCs exposed to var-
jous concentrations of BA (created with BioRender.com). (I-L) The levels of IL.-6 and IL-1(3 in hPDLCs after 12 h of treatment with various BA concentrations,
measured by qRT-PCR (relative to GADPH, n=3) and ELISA (n=3). Statistically significant differences (P<0.05) are indicated by distinct lowercase letters

autophagy, macroautophagy and negative regulation of
autophagy (Fig. 2E). Collectively, the results indicate that
the ability of BA to alleviate the LPS-induced inflam-
mation is closely associated with autophagy-related
mechanisms.

Network pharmacology and RNA-Seq analysis identified

AKT1 as a target of BA in modulating hPDLCs autophagy

To provide a more accurate analysis, network pharmacol-
ogy was employed to explore the involvement of BA in
periodontal disease. A total of 185 herb targets and 1,138
disease targets were identified, with 64 overlapping genes
(Fig. 3A). The protein-protein interaction (PPI) network
highlighted AKT1 as a key target for BA in treating
periodontal disease (Fig. 3B). Integration of omics and
network pharmacology analyses revealed nine overlap-
ping targets (Fig. 3C). To validate the findings from bio-
informatics analysis, AKT1, DNMT1, HK1, NOD2, and
JAK2 were randomly selected for further investigation.
Heatmap analysis showed that AKT1, DNMT1, and HK1

were downregulated in the LPS group, while their levels
notably elevated in the LPS+40BA group. Conversely,
NOD2 and JAK2 showed increased expression in the LPS
group, but their levels were reduced in the LPS+40BA
group. (Fig. 3D). These findings were further confirmed
by qRT-PCR for AKT1, DNMT1, HK1, NOD2, and JAK2
(Fig. 3E-I), with AKT1 showing the most significant
change. Molecular docking simulations revealed that the
AKT1-BA complex had a binding affinity of -6.0308 kcal/
mol (Fig. 3]J). Molecular dynamics simulations further
supported the stability of the BA-AKT1 complex, as evi-
denced by RMSD equilibrium at 40 ns, reduced SASA
and Rg values indicating structural compactness, and
RMSE values below 7.5 A (Fig. 3K-N). Hydrogen bond
analysis revealed an average of 4.4 hydrogen bonds
between BA and AKT1 (Fig. 30). Given that AKT1 is a
major regulator of autophagy, these results indicate that
BA may modulate autophagy in hPDLCs through target-
ing AKT1.
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Fig. 2 RNA-Seq analysis of BA-reduced inflammatory response in LPS-stimulated hPDLCs. (A) Volcano plot showing the distribution of differentially
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Inhibition of autophagy potentiated the anti-inflammatory  autophagy-related pathways (Fig. 4A), with higher lev-
effects of BA in hPDLCs els of LC3B-1I/ LC3B-I, and Beclin-1 observed (Fig. 4B
GSEA analysis indicated that genes upregulated in and C, supplementary Figure S3). In contrast, BA treat-
LPS-treated hPDLCs were notably associated with  ment reduced the expression of autophagy-related genes
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and lowered the levels of LC3B-II/ LC3B-I and Beclin-1
that were elevated by LPS. Immunofluorescence staining
showed higher LC3B expression in the LPS group, which
was notably decreased following BA treatment (Fig. 4F).
TEM further confirmed decreased autophagic activ-
ity following BA treatment (Fig. 4H). To further investi-
gate the relationship between BA-mediated inhibition of
autophagy and inflammatory responses, we co-treated
BA with 3-MA. In the LPS+3-MA group, the levels of
IL-6 and IL-1B were notably lower in comparison with
the LPS group (Fig. 4D-E). A comparable decrease in
these proteins was detected in the LPS+40BA group,
suggesting that BA effectively inhibited the inflammatory
response. These results indicate that BA notably allevi-
ates the LPS-triggered inflammation in hPDLCs, which
effects comparable to those of 3-MA. Overall, our find-
ings suggest that BA alleviates the LPS-induced inflam-
matory response by inhibiting autophagy in hPDLCs.

BA inhibits hPDLCs autophagy through the activation of
the PI3K/AKT/mTOR signaling pathway

KEGG enrichment analysis revealed that BA regulates
autophagy in hPDLCs primarily through the MAPK, TNF
and PIBK/AKT pathways, with AKT1 identified as the
most significant target gene (Fig. 3). This indicated that
the PIBK-AKT pathway could be the main mechanism
by which BA modulates autophagy. The kinase mam-
malian target of rapamycin (mTOR) is a key regulator of
autophagy and acts as a downstream target of the phos-
phatidylinositol 3-kinase (PI3K) and AKT signaling path-
ways [29, 30]. The PI3BK/AKT/mTOR pathway is crucial
for regulating various autophagy-related biological pro-
cesses, including cell growth, development, and pathogen
defense [29, 30]. In order to investigate the connection
between BA and the PISK/AKT/mTOR pathway, we
focused on the activation of this pathway in LPS-treated
hPDLCs. Both the PI3BK/AKT and mTOR pathways
showed significant enrichment in the LPS +40BA group
relative to the LPS group, as indicated in Fig. 5A and B.
Western blotting analysis demonstrated that LPS reduced
the phosphorylation of PI3K, AKT, and mTOR, while BA
treatment significantly reversed these effects (Fig. 5B
and C, supplementary Figure S4), with total protein lev-
els remaining unchanged. Thus, BA positively regulated
the PI3K/AKT/mTOR pathway in an inflammatory con-
text. To better understand the involvement of this path-
way, LPS-treated hPDLCs were exposed to BA following
treatment with 740Y-P or LY294002. As illustrated in
Fig. 5D and E (supplementary Figure S5), the higher
radios of p-PI3K/PI3K, p-AKT/AKT, and p-mTOR/
mTOR were observed in the 740Y-P group contrasted
with LPS+40BA group. Additionally, TEM and ELISA
analyses showed a marked decrease in autophagosomes
and inflammatory markers (IL-6, IL-1B) in the 740Y-P
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group relative to LPS + 40BA (Fig. 5F-H), while LY294002
treatment reversed these effects. Molecular docking
simulations showed a binding energy of -7.1662 kcal/mol
between BA and PI3KYy, indicating a high affinity (Fig. 5I).
These results indicate that BA exerts anti-inflammatory
actions through activating the PI3K/AKT/mTOR path-
way, which in turn inhibits autophagy.

Discussion

Periodontal disease is primarily caused by unresolved
inflammation in the periodontium, with periodontitis
manifesting as an exacerbated inflammatory state [31].
This disease is typically precipitated by bacterial com-
ponents and antigens that trigger the production and
secretion of pro-inflammatory cytokines, such as IL-4,
IL-6, IL-12, IL-1p and TNEF-q, in gingival tissues [2, 32].
In this research, we established LPS-induced periodontal
inflammation model, characterized by significant upreg-
ulation of both mRNA and protein expression of IL-6 and
IL-1p (Fig. 1D-G). Given its high prevalence, persistent
inflammation, and suboptimal treatment outcomes, peri-
odontal disease poses a considerable challenge in dental
medicine [1]. This has led to increased efforts in discover-
ing and developing novel anti-inflammatory compounds,
particularly from natural sources, highlighting the grow-
ing interest in innovative therapeutic strategies.

In the present study, BA treatment significantly down-
regulated the mRNA and protein levels of cytokines
(such as IL-6 and IL-1p) triggered by Pg-LPS in hPDLCs,
reducing their inflammatory response (Fig. 1I-L). This is
consistent with previous reports that BA has anti-inflam-
matory properties [11]. Our results further demonstrate
that BA can target specific inflammatory mechanisms
in periodontal disease, indicating its potential as a sup-
plementary treatment. However, the specific molecular
mechanism by which BA regulates these inflammatory
responses remains to be further explored.

Network pharmacology and RNA-Seq analysis identi-
fied nine key targets that are likely involved in BA’s action
in periodontal disease treatment (Fig. 3C). Among these,
AKT1 was highlighted as a significant target gene. AKT
is a serine/threonine kinase and a crucial component of
the PI3K/AKT/mTOR signaling pathway, which acts as a
negative regulator of the autophagy process [29]. AKT1
is a key regulator of autophagy [33, 34], as confirmed by
PCR experiments (Fig. 3E). In summary, AKT1 exhibited
the most pronounced expression changes among the five
core genes involved in BA’s regulation of inflammatory
response in hPLDCs. Additionally, molecular docking
simulations revealed a strong binding affinity between
AKT1 and BA, with minimal binding energy (Fig. 3]).
This interaction was further analyzed through molecu-
lar dynamics simulations, which confirmed a stable and
consistent binding of baicalin to AKT1 (Fig. 3K-O). These
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results directly show the key role of AKT1 in BA’s regula-
tion of periodontal - related processes in hPDLCs.

This study elucidated that BA alleviated the inflamma-
tory response in hPDLCs by inhibiting autophagy. LPS
treatment significantly enhanced the levels of autophagy-
related genes, an effect that was effectively reversed by
BA. Specifically, BA downregulated the protein levels of
LC3BII/I and Beclin-1/GAPDH, reduced LC3B protein
staining, and diminished the number of autophagosomes.
Notably, the autophagy inhibitor 3-MA also attenuated
the inflammatory response in hPDLCs, indicating that
both BA and 3-MA inhibit autophagy and subsequently
downregulate pro-inflammatory markers like IL-6 and
IL-1B. These results imply that BA could be a potential
therapeutic approach for reducing inflammation in peri-
odontal disease by inhibiting autophagy. Similar conclu-
sions have been drawn in other cell types, reinforcing the
generalizability of BA’s effects. For instance, BA has been
shown to counteract LPS-induced autophagy downregu-
lation in HT-29 intestinal epithelial cells while suppress-
ing NF-«B activation and restoring claudin-1 expression
[35]. This dual action indicates that BA modulates both
autophagy and inflammatory pathways in response to
stimuli, consistent with our observations in hPDLCs.

In our study, BA regulated autophagy in hPDLCs
through the PI3K/AKT/mTOR pathway. The PI3K/AKT/
mTOR pathway plays a central role in regulating autoph-
agy [6]. Our study observed reduced phosphorylation of
PI3K, AKT, and mTOR in hPDLCs exposed to Pg-LPS,
while BA treatment significantly reversed these changes,
enhancing phosphorylation at the PI3K try458 site, which
activated AKT (Fig. 5B-E). This activation stimulated
mTORC1 at Ser2448, leading to increased autophagy.
These results in hPDLCs highlight BA’s role in modulat-
ing the PI3K/AKT/mTOR pathway to regulate autophagy
and inflammation, providing evidence for its potential as
a therapeutic agent in periodontal disease treatment.

The PI3K/AKT/mTOR pathway plays a central role in
regulating autophagy [6]. A number of studies have indi-
cated that BA targets PI3K/AKT and mTOR signaling
[36—-38], consistent with our finding in Fig. 5A. We also
explored how BA influence hPDLCs’ autophagy through
this pathway (Fig. 2). Our study observed reduced
phosphorylation of PI3K, AKT, and mTOR in hPDLCs
exposed to Pg-LPS, while BA treatment significantly
reversed these changes, enhancing phosphorylation at
the PI3K try458 site, which activated AKT (Fig. 5B-E).
This activation stimulated mTORCI at Ser2448, leading
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to increased autophagy. 740Y-P, a PI3K/AKT agonist,
nullified BA’s effects on autophagy and inflammation,
while LY294002 enhanced these effects (Fig. 5H). BA
activates the PI3K/AKT pathway to exert protective
effects in different injury contexts. This includes enhanc-
ing recovery by reducing apoptosis in spinal cord injury
and protecting against brain damage in hypoxic-ischemic
conditions in neonates [39, 40]. Conversely, it promotes
autophagy and reduces inflammation in Mycobacterium
tuberculosis (M. tuberculosis)- infected cells by inhibiting
this pathway [41]. These actions highlight BA’s dual regu-
latory role in modulating the PI3K/AKT/mTOR signal-
ing, which varies by disease context and demonstrates its
therapeutic potential.

In summary, our research demonstrated that BA sup-
pressed inflammation in hPDLCs by modulating autoph-
agy through the PI3K/AKT/mTOR pathway (Fig. 6). The
molecular docking results further confirmed a strong
interaction between PI3K and BA (Fig. 5I). These results
highlight the promise of BA in treating periodontal dis-
ease, suggesting the need for further investigation into its
clinical applications.

However, this study has some limitations. Although
our in vitro experiments confirmed the specific signal-
ing pathway through which BA regulates autophagy in
hPDLCs, further validation using appropriate in vivo
models is necessary to better mimic the complex peri-
odontal environment. Rodent models, such as liga-
ture-induced periodontitis in rats or mice, provide a
well-established system to evaluate periodontal inflam-
mation and bone loss while allowing molecular and
histological assessments of BA’s effects. However, consid-
ering anatomical and physiological differences between
rodent and human periodontium, larger animal models,
such as canine periodontitis models, are preferable for
assessing clinical translational potential since they share
greater similarities in periodontal structure, microbi-
ota composition, and disease progression with humans.
Future studies should integrate both rodent models for
mechanistic validation and large-animal models for clini-
cal feasibility assessment to comprehensively evaluate
BA’s therapeutic potential.

Conclusion

This study confirmed that 40 uM BA effectively attenu-
ates LPS-induced periodontal inflammation in hPDLCs
by inhibiting autophagy, highlighting its potential as a
therapeutic agent for periodontal disease. Among the
tested concentrations, 40 pM BA exhibited the most
significant anti-inflammatory and autophagy-suppress-
ing effects, justifying its selection for further validation.
These findings not only elucidate the mechanism by
which BA modulates periodontal inflammation but also
suggest its broader potential in managing inflammatory
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diseases. However, further studies, including in vivo and
clinical investigations, are necessary to confirm these
effects and explore the optimal dosing strategies for ther-

apeutic applications.
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