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Background: Patchouli has been used for a long time in traditional Chinese medicine to treat inflammatory diseases, and its main 
active component, patchouli alcohol (PA), also has anti-inflammatory effects. However, the underlying molecular mechanism of PA in 
the periodontitis treatment is not well understood.
Aim of the Study: The primary objective of this study was to examine the effects of PA on experimental periodontitis in rats through 
the lens of the OPG/RANK/RANKL/p38 MAPK signaling pathway.
Materials and Methods: A rat model of periodontitis induced by ligation combined with LPS injection was used to evaluate the 
therapeutic effects of PA on periodontitis. Target prediction, target screening, intersection target identification, protein-protein 
interaction (PPI) network construction and topological analysis, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) enrichment analyses, along with molecular docking were employed to predict the potential pharmacological 
mechanisms of PA. Micro-CT was utilized to detect alveolar bone loss, ELISA was used to measure inflammation, and qRT-PCR 
and Western blot were performed to further confirm its mechanisms of action.
Results: Network pharmacology indicated that the p38 MAPK signaling pathway is the primary mechanism by which PA treats 
periodontitis. PA treatment reduced the distance between the cementum and the alveolar bone crest in rats with periodontitis. ELISA 
and H&E staining results showed that PA alleviated the inflammatory response and reduced the levels of IL-6, TNF-α, and IL-1β. qRT- 
PCR analysis revealed that PA significantly increased the mRNA expression levels of RUNX2 and OPG, and decreased the mRNA 
expression levels of RANK, RANKL, NFATc1, and TRAF6. Western blot revealed that PA significantly reduced the expression of 
RANKL, RANK, and MMP9 while significantly elevating OPG expression.
Conclusion: PA is an effective therapeutic strategy for periodontitis, and its mechanism of action involves inhibiting alveolar bone 
loss and modulating the OPG/RANK/RANKL/p38 MAPK pathway.
Keywords: network pharmacology, molecular docking, periodontitis, patchouli alcohol, inflammation, alveolar bone loss

Introduction
Periodontitis is a classic infectious disease among periodontal disorders and is characterized by persistent inflammatory 
responses in periodontal tissues and progressive damage or destruction of cementum, alveolar bone, and periodontal 
ligament.1 Periodontitis contributes to multiple systemic comorbidities, particularly malnutrition-related disorders and 
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cardiovascular diseases, imposing substantial burdens on healthcare systems.2,3 Epidemiological evidence indicates that 
disease progression correlates with age, gender, oral hygiene, and dietary habits.4 Periodontitis ranks among the most 
prevalent oral infectious diseases globally, affecting over 700 million people, representing 11% of the world’s 
population.5 The scaling and root planning, which is a primary treatment strategy, shows limited therapeutic efficacy 
and often requires adjunctive pharmacological interventions. Additionally, current clinical outcomes of these modalities 
remain suboptimal.6 Therefore, identifying and developing novel pharmacotherapeutic agents for periodontitis is urgently 
needed.

RANKL is recognized as the master differentiation factor for osteoclastogenesis. Hence, osteoprotegerin (OPG)/ the 
receptor activator of nuclear factor-κB (RANK) / receptor activator of nuclear factor-κB ligand (RANKL) axis 
constitutes a pivotal regulatory mechanism in bone metabolism research. During alveolar bone remodeling, the OPG/ 
RANKL/RANK signaling pathway participates in osteoclast differentiation and formation, thereby modulating bone 
resorption.7 RANKL serves as the principal regulator of osteoclast differentiation, while OPG acts as a decoy receptor for 
RANKL. OPG binds RANKL with high affinity, preventing the interaction between RANKL and its receptor RANK. 
The binding of RANK and RANKL activates TRAF6, leading to the phosphorylation of proteins.8 This subsequently 
activates MAPKs signaling pathways, including c-Jun N-terminal kinase (JNK), p38, and extracellular signal-regulated 
kinase (ERK). The activation of these pathways ensures the differentiation of osteoclast precursors, subsequently 
regulating the expression of activator protein-1 (AP-1), ultimately promoting osteoclastogenesis.9 Consequently, inhibit
ing elevated RANKL expression or modulating the RANKL/OPG ratio, coupled with controlling the appropriate 
infection, may represent an effective strategy for preventing bone destruction in periodontitis.

The application of natural medicines in periodontitis treatment has a long historical lineage. Since ancient times, 
herbal medicines have been widely employed to treat various ailments, including periodontitis, which is a prevalent oral 
disease.10 Approximately 80% of the global population utilizes Chinese herbal medicines for health maintenance and 
disease prevention. PA, a sesquiterpene compound with the chemical formula C₁₅H₂₆O, is primarily extracted from the 
essential oil of Pogostemon cablin (patchouli). Modern pharmacological studies reveal that PA exhibits anti- 
inflammatory,11 antibacterial,12 and neuroprotective properties,13 effectively suppressing lipopolysaccharide (LPS)- 
induced inflammation in conditions such as mastitis and acute lung injury (ALI).14
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Current research indicates that Pogostemon cablin (patchouli) and its extracts can alleviate periodontitis by inhibiting 
the proliferation of oral microorganisms.9 Furthermore, patchouli may also mitigate periodontitis-induced bone destruc
tion by modulating the NF-κB-mediated inflammatory pathway. However, whether its active constituent, patchoulol, can 
directly ameliorate alveolar bone resorption caused by periodontitis through regulation of the OPG/RANK/RANKL 
pathway remains unclear. However, its role in preventing or treating periodontal diseases remains unclear and warrants 
further investigation.

This study constructed a target database from traditional Chinese medicine (TCM) repositories and applied network 
pharmacology and molecular docking to identify the therapeutic targets and mechanisms of patchoulol against period
ontitis. A rat periodontitis model was established through silk ligation with local LPS injection. The therapeutic effects of 
PA on alveolar bone remodeling were assessed using micro-computed tomography (micro-CT). Key osteoclast-related 
factors and proteins in the p38 mitogen-activated protein kinase (MAPK) pathway were quantified via Western blot 
(WB) and quantitative polymerase chain reaction (qPCR). Secretion levels of pro-inflammatory cytokines in periodontal 
tissues were determined by enzyme-linked immunosorbent assay (ELISA). This research aims to validate PA’s efficacy in 
periodontitis treatment and elucidate its molecular mechanisms, providing scientific evidence for TCM-based clinical 
interventions in periodontitis-related disorders.

Materials and Methods
PA Structure Acquisition and Target Prediction
The Traditional Chinese Medicine Systematic Pharmacology Database and Analysis Platform (TCMSP, http://tcmspw. 
com/tcmsp.php) is a free and continuously updated important database of Chinese medicinal resources, which includes 
chemical and pharmacological information related to PA. The TCMSP database retrieves the chemical structure of PA 
and related biological targets. By searching the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), the chemical 
structure of PA is exported as an “SDF” file, and the data of the “SDF” file is input into the Swiss Target Prediction 
database (http://swisstargetprediction.ch/) to obtain predicted targets for PA. At the same time, the chemical structure of 
PA is imported into the PharmMapper database (https://lilab-ecust.cn/pharmmapper/index.html), and the reverse docking 
principle is used to obtain predicted targets for PA. The target points of PA obtained from the above three databases are 
merged and imported into the UniProt database (https://www.uniprot.org/), and potential pharmacological targets of PA 
are analyzed and annotated. The candidate targets are all modified to official standardized abbreviations, namely Gene 
symbols, and duplicate targets as well as non-human and non-standard targets are removed.

Screening of Targets Related to Periodontitis
With periodontitis as the keyword, search for potential targets of periodontitis in the DrugBank database (https://go. 
drugbank.com/), GeneCards database (https://www.genecards.org/), the “GeneMap” of OMIM database (https://www. 
omim.org/), and the “disease” section of DisGeNET database (https://disgenet.com/). Integrate the periodontitis gene 
targets retrieved from the four databases and remove duplicate values to obtain relevant target genes for periodontitis.

Screening the Intersection Targets of PA and Periodontal Diseases
The periodontal disease-related targets were imported into the UniProt database for analysis and validation. Duplicate 
entries were removed, and their corresponding protein names and standardized gene symbols were retrieved. Finally, the 
Venn diagram analysis function in R software (version 4.1.2) was utilized to identify overlapping targets between 
periodontal disease and PA. These common targets were selected as the potential therapeutic targets through which PA 
may prevent or treat periodontal disease.

Protein-Protein Interaction (PPI) Network Construction and Topological Analysis
The potential target set of PA for periodontitis was imported into the STRING database. The species was specified as 
“Homo sapiens”, and the PPI network was constructed with a minimum interaction score threshold set to >0.4.
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Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Enrichment Analysis
The Metascape database was utilized to perform Gene Ontology (GO) functional analysis on the potential targets of 
patchoulol for periodontitis treatment. The GO system comprises three ontology categories: Molecular Function (MF), 
Cellular Component (CC), and Biological Process (BP), which describe the specific functions of gene products, their 
cellular localization, and associated biological processes, respectively. Subsequently, the target genes related to period
ontitis prevention and treatment were uploaded to the Metascape platform for KEGG pathway analysis. During the 
analysis, a significance threshold of p < 0.01 was applied as the screening criterion. The resulting data were imported into 
the microbial bioinformatics platform for visualization.

Molecular Docking
Export the PA mol2 format from TCMSP and open it with PyMOL 2.5.5 software, saving it as a PDB file. Use AutoDock 
1.5.7 to hydrogenate it, setting PA as the ligand and exporting it as a PDBQT format ligand file. Obtain the 3D structure 
of the core protein from the PDB database and preprocess it with PyMOL. AutoDock Vina 1.1.2 was used to dock PA 
and the core protein.

Animal Treatment
Forty male Sprague-Dawley (SD) rats of specific pathogen-free (SPF) grade, weighing 180–220 g, were provided by 
Rigel Animal Company (Approval No.: SYXK (Yue) 2024–0202). The animals were housed under standardized 
conditions: 12-hour light/dark cycle, temperature controlled at 22 ± 2°C, humidity maintained at ~60%, and ad libitum 
access to food and water. Following a 7-day acclimatization period, all experimental procedures were conducted in strict 
accordance with the guidelines of the Chinese Committee on the Use of Laboratory Animals and the principles for 
animal care and use, as approved by the Ethics Committee of Guangzhou University of Chinese Medicine.

Drug Preparation
PA was dissolved in physiological saline containing 2% (v/v) DMSO and 1% (v/v) Tween 80, followed by sonication in 
a water bath to prepare solutions at 4 mg/mL and 2 mg/mL. Separately, minocycline hydrochloride was dissolved in 
physiological saline to prepare a homogeneous solution.

Grouping and Dosing of Experimental Animals
Rats were anesthetized via intraperitoneal injection of pentobarbital sodium (1 mg/100 g body weight) prepared as 
a 0.3% (w/v) solution. Upon observing decreased respiratory rates and complete muscle relaxation, animals were fixed in 
a supine position on the surgical table. Using fine-tipped forceps, a 0.2 mm sterile orthodontic ligature wire was looped 
around the cervical regions of the right maxillary first and second molars. The wire was embedded into the gingival 
sulcus, knotted, and trimmed to remove excess ends. Postoperatively, daily LPS injections were administered for 14 days 
to establish a validated periodontitis model. Modeled rats were randomly allocated into five groups (n = 8): a control 
group (Control) and model group (Model) receiving an equivalent volume of normal saline via oral gavage, a positive 
control group administered minocycline hydrochloride (MH, 64.8 mg/kg/day); two PA-treated groups receiving 20 mg/ 
kg/day (PA (20 mg/kg)) and 40 mg/kg/day (PA (40 mg/kg)), respectively. All treatments were maintained for 4 weeks. 
Minocycline hydrochloride tablets were pulverized into a fine powder, homogenized in distilled water to form 
a suspension, and vortex-mixed prior to administration.

Micro-Computed Tomography (Micro-CT) Analysis
Micro-CT scanning was performed using the following parameters: X-ray source voltage 90 kV, current 88 μA, scan 
duration 4 minutes, field of view (FOV) 18 mm, high-resolution mode, and pixel size 36.00 μm. The distance between 
the cementoenamel junction (CEJ) and alveolar bone crest (ABC) was measured as the CEJ-ABC distance. Three regions 
per sample were measured, and the mean value of these distances was calculated for each rat (Figure 1A). Following 
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region of interest (ROI) selection, alveolar bone microstructure parameters were analyzed. ROI selection was standar
dized based on anatomical landmarks and predefined dimensions, as described previously15 (Figure 1B). Quantitative 
measurements were conducted using image analysis software.

Histological Analysis
The left maxillary alveolar bones of experimental rats were fixed in 4% paraformaldehyde (PFA) for 24 hours and 
decalcified in 0.5 M ethylenediaminetetraacetic acid (EDTA, pH 7.4) for 14 days. Following paraffin embedding, 
mesiodistal sections (5 μm thickness) through the first molar and adjacent gingival and alveolar bone tissues were 
prepared. Tissue sections were stained with hematoxylin and eosin (H&E; Sevile Biotechnology, China) and Masson’s 
trichrome staining (G1006, Servicebio, Wuhan, China) according to the manufacturers’ protocols. Stained sections were 
analyzed using a light microscope at ×400 magnification for histomorphometric evaluation.

Histopathological scoring criteria were evaluated as follows in Table 1.16

Western Blotting
Proteins were extracted from maxillary bone tissues using a commercial kit (KGP 250, KeyGEN BioTECH, Nanjing, 
China). Protein concentrations were quantified via a Bradford assay (KGA 801, KeyGEN BioTECH). Proteins were 
separated by SDS-PAGE (12% gel) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, 
Darmstadt, Germany). Membranes were blocked with 5% bovine serum albumin (BSA) for 1 h at room temperature, 
followed by overnight incubation at 4 °C with the following primary antibodies: anti-OPG (R1608-4, HUABIO, 1:1000), 
anti-RANK (ER1915-70, HUABIO, 1:2000), p38 MAPK (2286T, CST, 1:1000), phospho-p38 MAPK (4511T, CST, 
1:1000), RANKL (23408-1-AP, Proteintech, 1:1000), β-actin (GB111557-50, servicebio, 1:10000) and GAPDH 
(ET1601-4, HUABIO, 1:160,000). After washing, membranes were incubated with HRP-conjugated secondary anti
bodies (1:5000) for 1 h at 25 °C. Protein bands were visualized using enhanced chemiluminescence (36223ES60, 
YEASEN, Shanghai, China) and quantified via ImageJ software.

Quantitative Real-Time PCR (qRT-PCR) Assay
Gene transcription levels associated with periodontitis progression in gingival tissues were analyzed by quantitative 
reverse transcription PCR (qRT-PCR), following established protocols. Total RNA was extracted from tissues using 
TRIzol™ Reagent (T9424, Sigma-Aldrich, USA). RNA concentration and purity were assessed with a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, USA). First-strand cDNA was synthesized from 1 μg RNA using a High- 
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). qRT-PCR amplification was performed on 
a CFX96 Touch™ system (Bio-Rad, USA) under the following conditions: initial denaturation at 95°C for 30s, followed 
by 40 cycles of denaturation (95°C, 10s) and annealing/extension (60°C, 30s). Relative gene expression was calculated 
via the 2−ΔΔCt method using threshold cycle (Ct) values. Primer sequences are provided in Table 2.

Figure 1 (A) Arrows show the buccal distance from CEJ to ABC as a marker of alveolar bone height; the length of CEJ-ABC was measured at three locations (mesial, 
central, and distal) of maxillary M1, and the average value was taken as Experimental data. (B) Select a cuboid region as ROI to evaluate the microstructural parameters of 
alveolar bone.
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Enzyme-Linked Immunosorbent Assay (ELISA)
According to the manufacturer’s instructions, use a multifunctional microplate reader to measure the levels of IL-6, TNF- 
α and IL-1β using a detection reagent kit (Meimian, Jiangsu, China).

Statistical Analysis
Statistical analyses were performed using SPSS 26.0 (IBM, USA). Continuous variables are presented as mean ± 
standard deviation (SD) if normally distributed (Shapiro–Wilk test, p > 0.05). For intergroup comparisons of 
parametric data, one-way analysis of variance (ANOVA) was applied. When homogeneity of variance was 
confirmed (Levene’s test, p > 0.05), post hoc comparisons were conducted using the least significant difference 
(LSD) test; otherwise, Dunnett’s T3 test was employed. Non-normally distributed data (p < 0.05) were analyzed by 
the Kruskal–Wallis H-test, with the Mann–Whitney U-test for pairwise comparisons. A significance level of p < 
0.05 was applied. Graphical presentations were generated using GraphPad Prism 8.0 (GraphPad Software, USA).

Results
PA and Periodontitis Intersection Target Screening
The chemical structure of PA is shown in Figure 2A. In the GeneCards database, 3239 periodontal disease gene targets were 
obtained, and 1421 targets with scores greater than 1 were screened out for further analysis. Genetic targets for periodontal 
disease were retrieved from the OMIM database. After merging and de-duplicating, 14 periodontal disease gene targets were 
obtained. In the DisGeNET database, 683 periodontal disease gene targets were identified. In the DrugBank database, 
11 periodontal disease gene targets were retrieved. The periodontal disease gene targets retrieved from the four databases 
were organized and de-duplicated, resulting in a total of 1716 periodontal disease gene targets (Figure 2B).

Table 1 Histopathological Scoring Criteria Were Evaluated

Grade Inflammatory Infiltration Alveolar Process Cementum Structure

0 Absent or minimal scattered inflammatory cell infiltration Intact Intact

1 Moderate inflammatory cell infiltration Mild resorption Intact

2 Substantially increased inflammatory cell infiltration Exacerbated resorption Partial destruction, structural continuity  

remained retained without complete disruption.

3 Severe inflammatory cell infiltration Complete resorption Extensive destruction

Table 2 Primes for qRT-PCR

Gene Forward (5’-3’) Reverse (5’-3’)

β-actin AGGAGAAGCTGTGCTACGTC AATGCCAGGGTACATGGTGG

IL-1β TGCCACCTTTTGACAGTGATG GGAGCCTGTAGTGCAGTTGT

MMP-9 ACCTCCAACCTCACGGACA AGGTTTGGAATCGACCCACG

RANKL CCTGTACTTTCGAGCGCAGA GCATTGATGGTGAGGTGTGC

RANK AGCAGATGCGAACCAGGAAA CCTTGTTGAGCTGCAAGGGA

OPG GTCATGATTGCCTGGGCTGC TGTTCATTGTGGTCCTCGGG

RUNX2 CACAGTGGTAGGCAGTCCCA GGAGAAAGTTTGCACCGCAC

https://doi.org/10.2147/JIR.S530534                                                                                                                                                                                                                                                                                                                                                                                                                                                           Journal of Inflammation Research 2025:18 12604

Zhang et al                                                                                                                                                                           

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



PPI Network Analysis and Core Target Selection
To construct a PPI network of 30 intersecting targets using the STRING database, there are a total of 30 nodes and 136 
edges. The average degree of the nodes is 9.07. The interaction relationships between proteins are represented by each 
edge, and each node represents each target protein (Figure 2C and D).

GO Enrichment Analysis
A total of 560 Gene Ontology (GO) entries (p < 0.01) were identified, comprising 496 biological process (BP), 48 
molecular function (MF), and 16 cellular component (CC) terms. The top 10 significantly enriched GO-BP, GO- 
MF, and GO-CC entries are visualized in Figure 3A. BP analysis revealed processes including cellular response to 
lipids, regulation of hormone levels, branching epithelium morphogenesis, positive regulation of phosphorus 
metabolism, hormone-mediated signaling, mesenchymal cell proliferation, steroid metabolism, rhythmic processes, 
regulation of muscle cell differentiation, and nutrient response. MF terms encompassed nuclear receptor activity, 
transmembrane receptor tyrosine kinase activity, monocarboxylic acid binding, mitogen-activated protein (MAP) 
kinase activity, protein domain-specific binding, endopeptidase activity, exogenous protein binding, hormone 

Figure 2 (A) The chemical structure of PA (B) Venn diagram of PA and periodontitis (C) Cross-PPI networks (D) PPI network core screening.

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S530534                                                                                                                                                                                                                                                                                                                                                                                                 12605

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



binding, actin binding, and glycosaminoglycan binding. CC annotations included membrane rafts, leading edge 
membranes, cell projection membranes, and apical plasma membranes.

KEGG Pathway Enrichment Analysis
KEGG enrichment analysis revealed significant enrichment (p < 0.01) in 86 signaling pathways. Figure 3B displays the 
top 20 of the most statistically significant pathways using a bubble plot. Major pathway clusters included oncogenic 
pathways (eg, Pathways in cancer, PI3K-AKT signaling), infection response (eg, Epithelial cell signaling in Helicobacter 
pylori infection), and metabolic regulation (eg, Non-alcoholic fatty liver disease).

Molecular Docking Analysis of PAs with Intersection Targets
Molecular docking simulations were performed using AutoDock Vina to (a) predict the spatial compatibility of PA with 
the binding pockets of target proteins, and (b) calculate ligand-receptor binding affinities. The calculated binding energy 
(ΔG), a key evaluation metric, indicates spontaneous molecular interactions when values are below 0 kcal/mol. 
Thermodynamic analysis revealed an inverse correlation between ΔG values and binding stability, and lower energy 
states indicate stronger ligand-receptor affinity and higher interaction probability. Quantitative binding energy data for PA 
with key therapeutic targets are summarized in Table 3.

Effects of the PA on Alveolar Bone Loss in Maxillae of Lipopolysaccharide-Induced 
Rats
Micro-CT analysis was conducted across all experimental groups (Figure 4A). Measurements of the cementoenamel 
junction to alveolar bone crest (CEJ-ABC) distance were performed at mesial, central, and distal sites of the first molar 
(M1). The results showed that after 4 weeks of administration, the CEJ-ABC distance in the Model was significantly 
greater than that in the Control, MH, PA (20 mg/kg), and PA (40 mg/kg), with statistically significant differences (p < 
0.05). Additionally, the CEJ-ABC distance in the PA (40 mg/kg) was closer to that in the Control (Figure 4B). Regarding 
the BV/TV (%), compared with the Control, the BV/TV value in the Model was significantly reduced (p < 0.05), 
indicating a notable decrease in bone volume within the alveolar bone. However, the BV/TV values in the drug 
intervention groups (MH, PA (20 mg/kg), and PA (40 mg/kg)) were significantly higher than that in the Model, 
suggesting that the drug intervention effectively increased bone volume (Figure 4C). In addition, compared with the 
Control, the trabecular thickness (Tb.Th) in the Model was significantly reduced (p < 0.001), indicating thinning of the 
trabecular structure. The trabecular thickness in the MH, PA (20 mg/kg), and PA (40 mg/kg) was higher than that in the 
Model, and the Tb.Th in the PA (40 mg/kg) was close to that in the Control, suggesting that high-dose drug intervention 
effectively restored trabecular thickness (Figure 4D). As for the Trabecular Separation (Tb.Sp) result, compared with the 
Control, the trabecular separation in the Model was significantly increased (p < 0.001), indicating enlarged trabecular 
spaces and osteoporotic bone structure. Compared with the Model, the drug intervention groups, including MH, PA 
(20 mg/kg), and PA (40 mg/kg), exhibited lower values in trabecular separation. Furthermore, the trabecular spaces in the 
PA (40 mg/kg) were similar to those in the Control, demonstrating that this drug intervention effectively reduced 
trabecular separation, thereby restoring bone structure (Figure 4E). These quantitative analyses demonstrate PA’s 
potential in ameliorating alveolar bone loss and trabecular microstructure deterioration.

Effects of the PA on the Histopathology of Periodontitis
H&E staining results revealed that the first molar interdental region of experimental animals in the Model exhibited 
typical inflammatory pathological changes in periodontal tissues, which were consistent with the imaging features 
obtained from Micro-CT scans. Specific manifestations included gingival papilla recession below the cementoenamel 
junction (CEJ), reduction in alveolar bone crest height, and the formation of pathological periodontal pockets. 
Additionally, the connective tissue structure was disorganized, with partial degeneration of periodontal ligament fibers 
and detachment from the root surface, no longer tightly attached to the cementum. Significant infiltration of inflammatory 
cells, primarily neutrophils, and lymphocytes were observed in the gingival tissue, while bone resorption lacunae were 
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detected in the alveolar crest region. In contrast, rats in the PA (20 mg/kg) and PA (40 mg/kg) showed moderate or mild 
inflammatory cell infiltration in periodontal tissues after drug intervention, with relatively intact alveolar bone structure 
(Figure 5A). Further analysis of inflammatory scores in periodontal tissues across experimental groups indicated that the 

Figure 3 GO and KEGG enrichment analysis on anti-periodontitis mechanisms of PA. (A) The top 10 significantly enriched (p <0.05) terms in BP, CC and MF of GO analysis 
(B) KEGG enrichment analysis on anti-periodontitis mechanisms of PA. The top 20 pathways with significantly enriched (P<0.05).

Table 3 Binding Abilities 
Between PA and Target Proteins

Gene Name Binding Afnity

ADAM17 −5.9

AKR1B1 −5.6
ALB −8.9

AR −6.8

BMP2 −6.3
DPP4 −8.1

EGFR −6.2

ESR1 −8.0
FGFR1 −7.7

FGFR2 −6.1

G6PD −6.0
GABBR1 −6.8

GSTP1 −6.4

KDR −6.0
MAPK8 −6.4

MAPK10 −6.0

MAPK14 −7.7
MET −6.9

NOS3 −6.8
NR1H4 −6.2

PPARA −7.7

PPARG −6.5
REN −7.7

RXRA −7.4

SHBG −8.7
SHH −6.2

WAS −5.8

Journal of Inflammation Research 2025:18                                                                                          https://doi.org/10.2147/JIR.S530534                                                                                                                                                                                                                                                                                                                                                                                                 12607

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Figure 4 (A) Micro-CT images. (B) Representative reconstruction of micro-CT of the maxilla. On the sagittal side, radiographic bone loss was measured from 
cementoenamel junction (CEJ) to alveolar bone crest (ABC) for the maxillary first molar; (C) BV/TV (%); (D) Tb.Th; (E) Tb.Sp; Data is expressed as mean ± standard 
deviation (n=4). Compared with the Control, ###p < 0.001; compared with the Model, **p < 0.01, ***p < 0.001; ns=not significant (p > 0.05).
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PA (40 mg/kg) exhibited significantly reduced alveolar bone loss and periodontal inflammation compared to the Model 
(p < 0.05), suggesting that this dosage had the optimal anti-inflammatory effect (Figure 5B).

Histopathological observations using Masson staining revealed that in the Model samples, the number of collagen 
fibers in the gingival tissue was reduced, with sparse collagen arrangement and decreased adhesion. In the drug 
intervention groups (MH, PA (20 mg/kg), and PA (40 mg/kg)), collagen fiber bundles exhibited varying degrees of 
aggregation, with the PA (40 mg/kg) showing significant remodeling effects (Figure 6).

Analysis of Periodontal Tissues of Second Maxillary Molars
The mRNA expression levels of RUNX2 and OPG in the Model were significantly lower than those in the Control (p < 
0.05). However, after treatment with PA, the mRNA expression levels of RUNX2 and OPG significantly increased (p < 
0.05), indicating that PA promotes osteogenesis in rat alveolar bone (Figure 7A and B). Compared with the Control, the 
mRNA levels of RANK and RANKL in the Model were significantly elevated (p < 0.05). After treatment with PA, the 
mRNA levels of RANK and RANKL significantly decreased (p < 0.05), suggesting that PA significantly reduces the 
expression of osteoclast-related factors in rat alveolar bone (Figure 7C and D). Compared with the Control, the mRNA 
levels of NFATc1 and TRAF6 in the Model were significantly higher (p < 0.05). After treatment with PA, the mRNA 
levels of NFATc1 and TRAF6 significantly decreased (p < 0.05), indicating that PA improves periodontitis by inhibiting 
the p38 MAPK signaling pathway (Figure 7E and F).

Western blot results showed that compared with the Control, the levels of RANKL, RANK, and MMP9 in the Model 
were significantly increased (p < 0.001), while the level of OPG was significantly decreased (p < 0.001). After drug 
intervention, the expressions of RANKL, RANK, and MMP9 were significantly reduced (p < 0.05) while the expression 
of OPG was significantly increased (p < 0.05) (Figure 8A-D). These results confirmed that PA significantly reduces the 
expression of osteoclast-related factors and promotes osteogenic activity in rat alveolar bone in a dose-dependent manner. 
Compared with the Control, the p-P38 MAPK/p38 MAPK ratio in the periodontal tissues of the Model was significantly 
increased (p < 0.001). After treatment with PA and minocycline hydrochloride, the expression of p-P38 MAPK/p38 
MAPK was downregulated (p < 0.05) (Figure 8E).

PA Reduces Inflammatory Factors
Compared with the Control, the expressions of inflammatory factors IL-6, TNF-α and IL-1β in the Model were 
significantly increased (p < 0.001). In contrast, the expressions of IL-6, TNF-α and IL-1β in the drug intervention 
groups (MH, PA (20 mg/kg), and PA (40 mg/kg)) were significantly reduced compared to the Model (Figure 9A–C).

Discussion
Periodontitis is a chronic infectious disease affecting the periodontal supporting tissues, characterized by a progressive 
pathological process.17 The primary pathological changes include persistent inflammatory responses in gingival con
nective tissues, accompanied by alveolar bone resorption, dissociation of periodontal ligament structures, and irreversible 
damage to the mineralized tissues on the root surface. According to the World Health Organization (WHO), the global 
prevalence of periodontitis ranges from 20% to 50%, with severe cases accounting for approximately 10%–15%. Data 
from 2019 revealed that around 1.1 billion people worldwide suffered from periodontitis, including roughly 91.5 million 
incident cases.18 Periodontitis triggers chronic inflammation that not only causes progressive alveolar bone resorption but 
also establishes a vicious cycle with systemic inflammatory responses, contributing to therapeutic challenges.1 In this 
study, a periodontitis model was successfully established within two weeks using orthodontic wire ligation combined 
with LPS injection. In clinical treatment, antibacterial and anti-inflammatory therapies are commonly used for period
ontitis. Minocycline hydrochloride, which treats periodontitis through its antibacterial properties, inhibition of collage
nase activity, promotion of tissue regeneration, and anti-inflammatory effects, was therefore selected as the positive 
control drug in this study. Animal models are of great significance in periodontitis research, and this study chose male 
Sprague-Dawley (SD) rats as experimental animals due to their cost-effectiveness, convenience, simplicity, and well- 
defined biological characteristics.
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Our network pharmacology investigation revealed that PA’s therapeutic effect against periodontitis is largely achieved 
by modulating the MAPK signaling cascade. Protein–protein interaction analysis identified several core targets of PA, 
including mitogen-activated protein kinase 8 (MAPK8, also known as JNK1) and MAPK14 (p38), alongside albumin 
(ALB), estrogen receptor 1 (ESR1), epidermal growth factor receptor (EGFR), and peroxisome proliferator-activated 
receptor-γ (PPARγ). Notably, the prominence of MAPK8 and MAPK14 among these targets points to the MAPK 
pathway as a central hub of PA’s action, aligning with the known importance of these kinases in periodontal inflammation 
and alveolar bone remodeling. Consistently, molecular docking simulations showed that PA binds strongly to MAPK10 
(JNK3), reinforcing the notion that PA directly targets MAPK signaling components.19 This direct interaction highlights 
PA as a promising bioactive compound for the prevention and treatment of periodontitis. Functional enrichment analyses 
further corroborated these findings. Gene Ontology analysis indicated that PA treatment modulates immune and 
inflammatory response pathways, consistent with an attenuation of periodontal tissue inflammation. Likewise, KEGG 
pathway analysis highlighted the MAPK signaling pathway as a key mediator of PA’s therapeutic effects, which is 
notable given that MAPK cascades govern the dynamic balance between alveolar bone destruction and repair. Excessive 
activation of MAPK pathways is known to tip this balance toward bone loss in periodontitis. Sustained MAPK signaling 
promotes osteoclastogenesis by upregulating osteoclast-promoting factors such as MMP-9, RANK, and RANKL while 
downregulating the osteoclast inhibitor OPG, thereby accelerating alveolar bone resorption. At the same time, over
activation of MAPK cascades can impair osteoblast function and new bone formation, compounding the net bone loss. 
Among the MAPK family members, p38 MAPK emerges as a particularly critical driver of inflammatory bone loss. 

Figure 5 Hematoxylin and eosin (H&E) staining and inflammation scoring (n=3). (A) H&E stained histological images of periodontal tissues. (B) Statistical Analysis of 
Histopathological Scores. Magnification: ×200 and ×400. Scale bars: 200 μm and 100 μm.Compared with the Control, ##p < 0.01; compared with the Model, *p < 0.05.
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Activation of p38 triggers robust production of pro-inflammatory cytokines and elevates RANKL signaling in osteoclast 
precursors, driving their differentiation and activity and thus exacerbating bone resorption. For example, the immune 
regulator Tim4 has been shown to control the phenotype of CD301b+ macrophages via the p38 MAPK pathway,20 

illustrating how this signaling axis links the immune response to bone loss in periodontitis. Conversely, blocking the p38 
pathway suppresses inflammatory cytokine release and reduces osteoclast formation, mitigating bone resorption—effects 
observed in periodontitis models and even in systemic bone-loss conditions like osteoporosis. Taken together, these 
results suggest that PA protects against periodontal bone destruction by interrupting MAPK-driven inflammatory 
signaling. By inhibiting the overactivation of the p38 MAPK cascade (and potentially other stress-activated MAPK 
branches such as JNK), PA may break the vicious cycle of inflammation and oxidative stress that underlies periodontal 
tissue damage. We propose that PA mitigates LPS-induced alveolar bone loss by restraining p38 MAPK activation, 
thereby reducing downstream pro-inflammatory mediators and osteoclastogenic signals. This mechanism underscores the 

Figure 6 Masson dyeing Magnification: ×200 and ×400. Scale bars: 200 μm and 100 μm.(n=3).
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therapeutic potential of PA as a multi-target agent for periodontitis and highlights the value of network pharmacology in 
identifying critical pathways at the intersection of oxidative stress and periodontal inflammation.

The imbalance of host immune homeostasis is a central regulatory mechanism in the pathological progression of 
periodontal inflammatory damage. Key pro-inflammatory factors and chemokines in the immune system, including IL- 
1β, IL-6, and TNF-α, play a pivotal regulatory role in this process. IL-1β holds significant research value in the field of 
bone metabolism regulation, as it significantly accelerates alveolar bone resorption by activating osteoclast differentiation 
signaling pathways. IL-6, a pleiotropic cytokine, not only participates in the development of chronic inflammatory 
diseases but also plays a crucial role in maintaining bone metabolic homeostasis.21,22 In periodontitis, the IL-6 over
expression can lead to the destruction of periodontal tissues, making it a key biomarker for periodontal tissue detection. 
Additionally, TNF-α exhibits early activation characteristics in the pathological processes mediated by periodontal 
microorganisms. Studies have confirmed that this factor promotes disease progression through multiple mechanisms, 
including enhancing host susceptibility to pathogenic microorganisms, disrupting immune homeostasis, and activating 
osteoclast function.23,24 These inflammatory mediators synergistically recruit numerous immune cells and promote tissue 
degradation by upregulating matrix metalloproteinase (MMP) expression. Among these enzymes, MMP-9 demonstrates 
a unique dual destructive mechanism, which directly degrades collagen matrices while also promoting osteoclast 
precursor differentiation through signal transduction pathways.25 Clinicopathological analyses indicate that MMP-9 
concentrations in gingival crevicular fluid and serum show significant positive correlations with clinical inflammation 
indices in periodontitis patients,26 particularly demonstrating elevated activity in periapical lesions.27 Notably, the 

Figure 7 The mRNA expression levels of RUNX2, OPG, RANK, RANKL, NFATc1 and TRAF6 in periodontal tissues of rats with periodontitis model by qRT-PCR. (A) RUNX2; 
(B) OPG; (C) RANK; (D) RANKL. (E) NFATc1; (F) TRAF6. Compared with the Control, #p < 0.05, ###p < 0.001; compared with the Model, *p < 0.05, **p < 0.01, ***p < 0.001; 
ns=not significant (p > 0.05).
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positive feedback loop between IL-6 and TNF-α continuously drives MMP-9 biosynthesis, forming the molecular basis 
for inflammatory cascade amplification.28

Inflammation and alveolar bone loss are critical targets for therapeutic intervention in periodontitis. Micro-CT has 
become the most commonly used method for assessing alveolar bone mass and structure in animal models of 
periodontitis.29 Measuring the CEJ-ABC distance (cementoenamel junction to alveolar bone crest) is a feasible approach 
to evaluate alveolar bone loss caused by the accumulation of periodontal pathogenic biofilms in the first molar.30 

Analysis of Micro-CT results revealed that, compared to the Model, the PA group significantly reduced the CEJ-ABC 
distance and the destruction at the furcation area, indicating that PA can inhibit the progression of periodontitis by 
reducing alveolar bone loss, which suggests that PA can curb the development of periodontitis by slowing down the 

Figure 8 The amounts of (A) RANKL; (B) RANK; (C) OPG; (D) MMP-9; (E) p38 MAPK proteins were measured using the Western blot method (n=3). Compared with 
the Control, ###p < 0.001; compared with the Model, *p < 0.05, **p < 0.01, ***p < 0.001; ns=not significant (p > 0.05).
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alveolar bone resorption process. Additionally, this study evaluated the effects of PA on the microarchitecture of alveolar 
bone in a periodontitis animal model by measuring bone microstructure parameters (Tb.Th, Tb.Sp, and BV/TV). The data 
demonstrated that, compared to the Model, PA intervention improved the alveolar bone loss and reduced trabecular 
thickness caused by periodontitis. These findings provide evidence supporting the potential utility of PA in the treatment 
of periodontitis.

Histological and imaging results corroborated with each other, revealing that PA significantly reduced alveolar bone 
loss and enhanced connective tissue attachment compared to the Model. To comprehensively analyze the potential 
association between inflammatory processes and ligature-induced alveolar bone damage, this study conducted 
a quantitative assessment, systematically scoring the levels of inflammatory cell infiltration in the periodontal tissues 
of each experimental group. The data demonstrated that, compared to the Model, the PA treatment group exhibited 
a significant reduction in inflammatory tissue scores. Furthermore, this study conducted a detailed evaluation of the local 
collagen fiber structure in the periodontal tissues. According to the Masson staining results, we observed severe 
disruption and disorganized arrangement of collagen fiber bundles in the periodontal tissues of the Model rats, whereas 
this damage was significantly ameliorated in the PA treatment group.

The molecular regulatory mechanism of bone metabolism revolves around the RANKL-RANK-OPG axis: When 
RANKL specifically binds to the RANK receptor on the membrane surface of osteoclast precursors, the bone resorption 
process is triggered. OPG, as a natural antagonist, maintains bone homeostasis by competitively blocking this binding.31 

In chronic inflammatory microenvironments, IL-6 exhibits destructive bidirectional regulation, both stimulating RANKL 
production and inhibiting OPG secretion, forming a “malignant switch” for bone destruction.32 At the molecular level, 
the RANKL-RANK complex initiates NF-κB, MAPK, and other classical signaling cascades by inducing TRAF6 
phosphorylation, in which TRAF6 serves as a key connector molecule (as confirmed by gene knockout models showing 
that its loss of function leads to osteoclast differentiation disorders and triggers osteosclerosis phenotypes).33 NFATc1, 
the terminal effector of the signaling cascade, completes osteoclast differentiation by activating the expression of 
osteoclast-specific genes such as TRAP and CTSK. Notably, Runx2 acts as a “bidirectional regulator” of bone 
metabolism and it maintains bone remodeling by regulating RANKL/OPG homeostasis under physiological conditions. 
However, under pathological conditions (eg, tumor bone metastasis), its aberrant overexpression acts as a “molecular 
driver” that accelerates bone destruction through RANKL upregulation and concurrent OPG suppression.

Ligature combined with LPS-induced secretion of proinflammatory cytokines and chemokines, activating osteo
clasts to accelerate bone resorption. Alveolar bone resorption represents a hallmark pathological feature of period
ontitis. RANKL and RANK, primarily secreted by stromal cells and osteoblasts, serve as key regulators of 
osteoclastogenesis.34 While RANKL/RANK upregulation drives osteoclast differentiation and subsequent alveolar 
bone loss, osteoblast-derived OPG counteracts this process by competitively binding RANKL, thereby preventing 
excessive bone resorption. PA treatment significantly suppressed RANKL and RANK expressions, while upregulating 

Figure 9 (A-C) ELISA was used to measure the expression levels of IL-6, TNF-α, and IL-1β in the serum of rats (n=6). (A) IL-6; (B) TNF-α; (C) IL-1β. Compared with the 
Control, ###p < 0.001; compared with the Model, **p < 0.01, ***p < 0.001; ns=not significant (p > 0.05).
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OPG and Runx2 levels. As a key member of the MAPK family, p38 mediates signal transduction via phosphorylation 
cascades, orchestrating cellular stress responses, inflammation, and differentiation processes.35 TRAF6-mediated 
activation of the p38 MAPK pathway is essential for osteoclast maturation and functional competence. RANKL- 
RANK binding triggers TRAF6-dependent p38 MAPK activation, subsequently phosphorylating NFATc1 to drive 
osteoclast differentiation. Western blot data correlated with RT-qPCR findings, confirming PA’s transcriptional 
regulation of target genes. PA treatment concomitantly decreased protein levels of RANK, RANKL, phospho-p38, 
and MMP-9, along with mRNA expression of TRAF6, NFATc1, and MMP-9 in periodontal tissues, while elevating 
OPG and Runx2 expression.

Conclusion
This study is the first to investigate the inhibitory effects of PA on periodontitis in animal experiments. A novel strategy 
combining network pharmacology, molecular docking, and experimental pharmacology was employed to explore the 
pharmacological mechanisms of PA. Network pharmacology studies revealed that MAPK8 and MAPK14 are core 
targets, and molecular docking was performed to investigate their interaction mechanisms. Specifically, a periodontitis 
model was established using the ligation method combined with LPS injection to evaluate the therapeutic effects of PA 
on periodontitis. In this study, the Micro-CT was used to determine alveolar bone loss, and H&E staining and Masson 
staining were used to examine the histological profile of alveolar bone. In addition, the ELISA was used to detect 
inflammation-related factors while the qRT-PCR and Western blot were used to measure p38 MAPK pathway-related 
indicators. The results showed that they bind well with different bonding patterns. The findings suggest that PA exerts 
anti-periodontitis effects by regulating the OPG/RANK/RANKL/p38 MAPK signaling pathway, indicating its potential 
as a treatment for periodontitis, indicating its potential as a treatment for periodontitis. This mechanistic insight provides 
a foundation for developing PA-based therapeutic strategies aimed at halting disease progression and preserving alveolar 
bone, which are critical unmet needs in periodontitis management. Furthermore, targeting this pathway with PA offers 
another potentially safer alternative to modulate inflammation and bone resorption.
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