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Abstract

Background: Oral lichen planus (OLP) is a prevalent chronic inflammatory oral mucosal disease with an uncertain patho-
genesis and limited treatment options.
Objectives: This study aimed to systematically explore the underlying therapeutic mechanisms of baicalein in the treatment 
of OLP using network pharmacology and single-cell RNA sequencing analysis.
Materials and Methods: Baicalein target genes were sourced from the Comparative Toxicogenomics Database, 
SwissTargetPrediction, PharmMapper Server, and TargetNet. OLP gene expression data were retrieved from the GSE52130 
dataset. Differentially expressed genes (DEGs), gene set enrichment analysis, and weighted gene co-expression network 
analysis (WGCNA) were performed to identify OLP-related targets by comparing DEGs with significant WGCNA modules. 
PPI networks were constructed using STRING and Cytoscape, and MCODE subgroup genes were assessed via t-tests and 
receiver operating characteristic (ROC) analysis. Immune infiltration analysis explored the immunomodulatory mechanisms. 
Single-cell RNA-seq identified cell types in erosive oral lichen planus (EOLP) and non-erosive oral lichen planus (NEOLP) 
groups and potential baicalein-sensitive cells. Molecular docking validated the target interactions.
Results: We identified 192 candidate targets of baicalein and 502 DEGs in OLP, with 409 OLP-related target genes emerging 
from the intersection of DEGs and WGCNA’s pink and paleturquoise modules. PPI network and MCODE analysis refined 
these to 48 essential subgroup genes, which were further analyzed via Gene Ontology and Kyoto Encyclopedia of Genes and 
Genomes analyses, ultimately revealing 30 hub genes validated by t-test and ROC analysis. Immune infiltration analysis dem-
onstrated baicalein’s regulatory effects on CD8+T cells and B cells, mitigating OLP-related immune dysregulation. Single-cell 
RNA sequencing highlighted divergent cell populations between EOLP and NEOLP groups, with monocytes emerging as key 
baicalein targets, supported by molecular docking confirming strong interactions with hub genes.
Conclusion: This study uncovered baicalein’s multi-target mechanism in OLP, spanning immune regulation, metabolic 
reprogramming, and monocyte modulation, offering a rationale for preclinical validation.
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Introduction

Oral lichen planus (OLP) is a prevalent chronic inflammatory 
disorder affecting the oral mucosa (Ahn et al., 2020). 
Although OLP typically arises on the buccal mucosa, lesions 
may additionally involve the gingiva, tongue, lips, or palate 
(Park et al., 2018). OLP affects roughly 0.5%–2% of adults, 
with a female-to-male ratio of about 2–3:1 (Li et al., 2019).

OLP could progress to oral squamous cell carcinoma, under-
scoring the urgency for effective treatment strategies (Peng et al., 
2017). However, the molecular mechanism underlying OLP 

remains unclear, leading to a lack of targeted treatment (Ding et 
al., 2017). Currently, corticosteroids are the primary choice for 
OLP lesions. In addition, retinoic acid, vitamin A analogs, and 
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photodynamic therapy are commonly used in the clinical treat-
ment of OLP. While these could lead to side effects such as skin 
thinning, brittleness, and permanent stripes, some of which per-
sist a long time after treatment cessation (Choi et al., 2022). This 
has spurred researchers to explore traditional Chinese medicine 
and its monomer compounds, aiming to discover more effective 
treatments with fewer side effects.

Baicalein is the bioactive component of Scutellaria 
baicalensis (Markowski et al., 2023). Baicalein features good 
anti-inflammatory, anti-apoptosis, and anti-tumor activities, 
which have been widely used in cardiovascular diseases, 
stroke, diabetic nephropathy, cancer, and other diseases. 
Current first-line OLP treatments primarily target immune sup-
pression through single-pathway interventions. However, their 
long-term use is limited by side effects. In comparison, baica-
lein exhibits a polypharmacological profile that simultaneously 
addresses multiple pathological hallmarks of OLP (Guan et al., 
2023; Lee et al., 2022; Peng et al., 2023). Baicalein has also 
been widely applied in oral diseases. Moreover, several studies 
have indicated its significant inhibitory effect on oral squa-
mous cell carcinoma, with studies showing it inhibits IL-6/
STAT3 signaling and modulates the NF-κB pathway (Gao 
et al., 2020; Li et al., 2017). Unfortunately, despite these prom-
ising findings, a systematic analysis of baicalein’s mechanism 
in treating OLP is still lacking.

Network analysis is an effective approach for elucidating 
the pharmacological effects and regulatory pathways of drugs 
concerning disease treatment. This method allows the 

identification of interaction patterns among the active compo-
nents, targets, and potential action mechanisms of herbs (Li & 
Zhang, 2013). Complementing this approach, single-cell 
RNA sequencing is a valuable method for clustering and 
annotating dispersed cells within samples, facilitating the 
prediction of drug sensitivity across cells originating from 
diverse sources, which holds significant promise in advanc-
ing the development of innovative pharmaceutical interven-
tions (Zheng et al., 2023). Molecular docking, a core in silico 
tool, pinpoints how tightly and in what pose bioactive ligands 
engage their targets (Huang et al., 2023). In this study, we 
integrated network pharmacology analysis and single-cell 
RNA sequencing analysis to unravel baicalein’s potential 
mechanism in treating OLP. Docking simulations were then 
run to map how baicalein exerts its therapeutic effect. The 
flowchart illustrates the details of the study design (Figure 1).

Materials and Methods

Target Identification of Baicalein

Potential targets of baicalein were identified using multiple data-
bases, including the SwissTargetPrediction database (https://
www.swisstargetprediction.ch/), Comparative Toxicogenomics 
Database (CTD; https://ctdbase.org/), TargetNet database 
(https://targetnet.scbdd.com/), and PharmMapper Server (http://
www.lilab-ecust.cn/pharmmapper/). In the CTD database and 
PharmMapper Server, we screened higher-than-average targets 

Figure 1. A Flowchart of Our Study Design.
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according to their interaction count and Norm Fit, respectively. 
Finally, the potential targets of baicalein were obtained by com-
bining the results from these databases. The UniProt database 
(https://www.uniprot.org/uploadlists/) was used to normalize the 
potential targets associated with baicalein (The UniProt 
Consortium, 2018). Gene Ontology (GO) analysis and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway analysis 
were conducted using the Bioconductor packages in R software 
to analyze the baicalein-related targets. Data visualization was 
performed using the ggplot2 tool in R software (version 4.2.0).

Identification of Differentially Expressed Genes 
(DEGs) in OLP

Gene expression profiling and corresponding clinical infor-
mation of OLP were obtained from the Gene Expression 
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/
geo/). The GSE52130 set supplied 14 specimens: seven OLP 
and seven matched normal oral epithelia. The gene expres-
sion matrix was first normalized and integrated. Then the 
DEGs between OLP and controls were identified using the R 
package “limma (version 4.2)” with the Benjamini–Hochberg 
method for p value adjustment. DEGs were defined based on 
log2 (fold change)| > 1 and p < .05. Gene set enrichment anal-
ysis (GSEA) was conducted using GSEA software (version 
3.0, http://www.gsea-msigdb.org/gsea/index.jsp) to identify 
biological pathways and processes implicated in OLP 
pathogenesis.

Weighted Gene Co-expression Network Analysis

Weighted gene co-expression network analysis (WGCNA) 
was performed for scale-free network topology analysis. The 
WGCNA process mainly included the following steps (Zhao 
et al., 2022): The process begins by defining the similarity 
matrix and transforming it into an adjacencies matrix using a 
selected weight coefficient β. This matrix is then converted 
into a topological overlap matrix (TOM). A hierarchical clus-
tering tree is obtained by performing hierarchical clustering 
on the TOM-based dissimilarity measure, from which mod-
ules are identified using the dynamic tree cutting method. 
Finally, the eigengene is calculated for each resulting module, 
and the Pearson correlation coefficient between MEs of each 
module was calculated (Guillotin et al., 2021).

Protein–Protein Interaction Network Construction

The protein–protein interaction (PPI) network was con-
structed using the STRING database (https://string-db.org/), 
where nodes and edges represent proteins and their high-con-
fidence interactions, respectively. The resulting network was 
visualized with Cytoscape software (version 3.7.1). 
Furthermore, densely connected regions within this network 
were identified using the molecular complex detection 
(MCODE) algorithm.

Differential Expression of Essential Subnetwork 
Genes in OLP and Normal Tissues

Receiver operating characteristic (ROC) curves were plotted 
to assess the prognostic impact of essential MCODE subnet-
work genes on OLP using the area under the curve (AUC). 
Genes with AUC > 0.75 were considered to have excellent 
robustness for OLP diagnosis. Genes satisfying the t-test and 
AUC > 0.75 were identified as core subnetwork genes.

Immune Infiltration Evaluation

Single sample gene set enrichment analysis (ssGSEA) was 
used for the algorithm of immune infiltration. Correlation anal-
ysis using the Spearman method was performed to determine 
the relationship between the core subnetwork gene and 28 
types of immune cells. A significant correlation between core 
subnetwork gene expression and immune cells was established 
when p < .05. The results were visualized as a heatmap.

Single-Cell RNA Sequencing Data Analysis and 
Identification of Core Subnetwork Genes

The original single-cell RNA-Seq dataset (GSE211630) used 
in our analysis was obtained from the GEO database. The 
dataset comprised biopsies from five patients with OLP. Two 
patients with erosive lesions in biopsies were categorized as 
the erosive oral lichen planus (EOLP) group, while the 
remaining three patients without erosive lesions in their biop-
sies were classified as the non-erosive oral lichen planus 
(NEOLP) group. Tissues were extracted from the patients and 
analyzed using expression profiling microarrays on the 
Illumina NovaSeq 6000 platform. The Seurat R package (ver-
sion 4.2.0) was used for preprocessing the raw dataset to 
ensure the data quality. Cells were retained only if they met 
the following criteria: nFeature_RNA > 200 and < 10,000, 
percent.mt < 20%, and percent.rb < 20%. The “JackStraw” 
function was used to determine the Principal Component 
value. We also built a KNN graph based on Euclidean dis-
tance in the reduced-dimensional principal component analy-
sis (PCA) space and performed cell clustering at set 
resolutions. Cell visualization was achieved through t-SNE 
plots. Following this, SingleR was used for automated cell-
type annotation. The final step involved analyzing the corre-
lation between core subnetwork genes and the various cell 
types, thereby revealing the genes’ distribution patterns.

Molecular Docking

In this study, proteins corresponding to the core subnetwork 
genes served as macromolecular protein receptors, while 
baicalein acted as the small molecular ligand.

The core subnetwork genes were mapped to their corre-
sponding human protein sequences via the UniProt database. 
These sequences were then submitted to the Swiss-Model 
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server for homology modeling, yielding the three-dimen-
sional structure of the macromolecular protein. For the ligand, 
the 3D structure of baicalein was acquired from the PubChem 
database. Molecular docking, including pocket identification, 
was performed using CB-Dock2, with the resulting ligand-
receptor interactions validated by calculating the free binding 
energy.

Results

Target Genes of Baicalein

From the databases, we identified and retrieved 192 target 
genes associated with baicalein (Supplementary Figure 1A; 
Supplementary Table 1). Subsequently, GO functional enrich-
ment and KEGG pathway enrichment analyses were per-
formed (Supplementary Figure 1B–D; Supplementary 
Tables 2–3). GO term enrichment analysis identified signifi-
cant terms across all three categories. The biological pro-
cesses were predominantly related to responses to xenobiotic 
and metal ion stimuli, as well as a spectrum of metabolic pro-
cesses. Cellular component analysis revealed enrichment in 
the membrane raft, the membrane microdomain, and the ves-
icle lumen. Meanwhile, molecular function was characterized 
by significant enrichment in nuclear receptor activity, ligand-
activated transcription factor activity, and a specific oxidore-
ductase activity. KEGG analysis revealed enrichment mainly 
in the pathways related to cancer, endocrine resistance, nitro-
gen metabolism, arachidonic acid metabolism, and the relaxin 
signaling pathway.

DEGs of OLP

Following normalization (Supplementary Figure 2A,B), 502 
genes were screened out as DEGs between OLP samples and 
normal tissue in the GSE52130 dataset (Supplementary Table 
4). Among these, 211 genes were upregulated, and 291 genes 
were downregulated. The genes with |log2 (fold change)| > 3 
and p < .01 were marked in the volcano plot (Supplementary 
Figure 2C). GSEA pathway enrichment analysis was con-
ducted between the OLP and control groups (Supplementary 
Figure 2D). The results showed that ascorbate and aldarate 
metabolism, butanoate metabolism, DNA replication, Lysine 
degradation, and Phenylalanine metabolism were signifi-
cantly upregulated in OLP (Supplementary Figure 2E). 
Conversely, allograft rejection, asthma, graft-versus-host dis-
ease, malaria, and type I diabetes mellitus were significantly 
downregulated in OLP (Supplementary Figure 2F). These 
dysregulated pathways suggested profound metabolic and 
immune alterations in OLP pathogenesis.

WGCNA

To enhance the accuracy of WGCNA, low-quality transcripts 
(mean FPKM < 1 across all samples) were filtered out, and 

we finally obtained 14 samples and 34589 genes from the 
GSE52130 dataset for subsequent analysis (Yang et al., 2023). 
After confirming no significant outliers, we determined the 
optimal soft-thresholding power (β = 5) using the pickSoft-
Threshold function, ensuring the network achieved a scale-
free topology fit index (R² > 0.85, Figure 2A) (Fang et al., 
2022). Dynamic tree cutting identified 58 distinct co-expres-
sion modules, among which two exhibited significant 
associations with OLP. By correlating the gene co-expression 
modules with clinical characteristics, we identified two mod-
ules significantly correlated with OLP: the pink module 
(Cor = −0.87, p = 6e−05) was significantly downregulated in 
the OLP group and upregulated in the healthy control group, 
while the paleturquoise module (Cor = 0.81, p = 6e−04) exhib-
ited the opposite expression pattern (Figure 2B, C). Scatter 
plots also showed a strong correlation between gene signifi-
cance and module membership in the pink and paleturquoise 
modules (pink: Cor = 0.83, p = 1e−200; blue: Cor = 0.78, 
p = 5.2e−143), indicating that genes central to these modules 
were strongly linked to OLP phenotype (Figure 2D,E; 
Supplementary Table 5).

PPI Network Construction and Essential Subgroup 
Genes Identification

To elucidate how baicalein might interact with these disease-
associated targets, we constructed a PPI network integrating 
both OLP-related genes and baicalein targets. A total of 409 
OLP-related target genes were identified by intersecting the 
genes in the pink and paleturquoise modules of WGCNA with 
DEGs (Figure 3A; Supplementary Table 6). Furthermore, 409 
OLP-related target genes and 192 baicalein-related target 
genes were imported into the STRING online database for 
PPI network construction (nine genes were OLP and baica-
lein common genes) (Figure 3B; Supplementary Table 7). 
After removing aberrant proteins, a PPI network with 397 
proteins was ultimately obtained (Figure 3C). Cytoscape soft-
ware was used for PPI network visualization. The nodes from 
different sources were marked with different colors (red 
nodes representing OLP-related targets, and green nodes rep-
resenting baicalein-related targets). A network diagram visu-
alized the node interconnections, with red-green nodes 
denoting baicalein’s direct potential targets and green lines 
indicating its indirect links to OLP-related genes. The 
MCODE plug-in identified the most significant subgroup in 
the PPI network (MCODE score = 22.766), a robust cluster of 
48 nodes and 535 edges (Figure 3D), which were defined as 
essential subgroup genes (Supplementary Table 8).

Analysis of MCODE Essential Subgroup Genes

The MCODE essential subgroup genes showed significant 
enrichment in biological processes related to skin develop-
ment and epidermal differentiation, including keratinization 
and keratinocyte differentiation. Molecular function analysis 
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highlighted roles in transcription factor binding and phospha-
tase binding (Figure 3E; Supplementary Table 9). KEGG 
pathway analysis further identified their involvement in hor-
mone-related signaling pathways such as estrogen, prolactin, 
and relaxin (Figure 3F,G; Supplementary Table 10). To evalu-
ate their clinical relevance, we assessed the differential 
expression of these genes in the GSE52130 dataset, identify-
ing 30 genes that were significantly altered in OLP. These 
were established as hub genes based on their diagnostic 
performance in ROC curve analysis (Supplementary 
Figure 3A,B; Supplementary Table 11).

Immune infiltration analysis suggested significant differ-
ences in the distribution of 28 immune cell types among the 
14 samples (Figure 4A). The violin plot revealed that gamma 
delta T cell, plasmacytoid dendritic cell, and memory B cell 

were significantly upregulated in OLP samples, while central 
memory CD8+ T cell was downregulated in OLP samples 
(Figure 4B). The correlation heatmap revealed that the 30 hub 
genes were strongly correlated with various infiltrating 
immune cells, including Type 17 T helper cells, Neutrophils, 
Monocytes, and multiple B and T cell subtypes, indicating 
their primary involvement in immune regulation. Among 
these, CASP9, EGFR, PI3, and PPARGC1A appeared to be 
particularly important for regulating immune function in OLP 
(Figure 4C).

Single-cell RNA Sequencing Data Analysis

We found a strong positive correlation between nCount_RNA 
and nFeature_RNA in both the EOLP and NEOLP groups 

Table 1. Molecular Docking Results Between Baicalein and Hub Targets.

Target Binding Energy (kJ mol−1) Cavity volume (Å3) Center (x, y, z) Docking size (x, y, z)

APP −7.8 2792 5, 8, 7 27, 20, 28

CASP9 −8.1 3888 29, 51, 16 31, 20, 20

CCND1 −6.4 180 −6, 23, 38 20, 20, 20

CDSN −7.6 2657 −1, 1, −3 20, 20, 28

EGFR −8.5 2285 25, 37, 36 32, 20, 30

HMOX1 −8.4 1402 −24, −22, 168 20, 20, 20

HSP90AA1 −7.8 705 40, –48, 65 20, 20, 20

IL1B −6.6 151 19, 3, 84 20, 20, 20

LCE1B −5.2 1 −3, 6, −3 20, 20, 20

LCE1C −4.9 13 0, 6, −6 20, 20, 20

LCE2A −5.4 46 7, 8, 15 20, 20, 20

LCE2B −4.3 86 −21, −14, 29 20, 20, 20

LCE2C −4.3 96 −21, −15, 28 20, 20, 20

LCE2D −5.1 32 −1, 6, −2 20, 20, 20

LCE3A −5.1 3 −23, −10, 15 20, 20, 20

LCE3D −4.9 3 −19, 0, −2 20, 20, 20

LCE3E −4.8 6 19, 21, −2 20, 20, 20

LCE6A −4.5 11 28, −8, −17 20, 20, 20

LOR −5.3 6 −22, −39, −19 20, 20, 20

MMP2 −8.8 467 75, 107, 168 20, 20, 20

PI3 −7.3 119 5, 16, 52 20, 20, 20

PPARA −8.5 2319 35, 37, 41 20, 20, 27

PPARGC1A −7.2 626 −14, 56, 34 20, 20, 20

PTGS2 −9.5 4431 14, 49, 65 26, 29, 29

RPTN −8.1 17512 −16, 11, 14 35, 35, 35

SPRR1B −4.7 4 −81, −3, 53 20, 20, 20

SPRR2B −5.3 13 58, −4, −46 20, 20, 20

SPRR2E −5.2 17 61, −5, −39 20, 20, 20

SPRR2G −5.0 16 −64, 7, 53 20, 20, 20

SRC −7.4 293 47, 7, 25 20, 20, 20
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(Supplementary Figure 4A–D). Using the Seurat package, we 
applied the percent feature set function to ensure that the 
measured nFeature_RNA was between 200 and 10,000, and 
both percent.mt and percent.rb were below 20% 
(Supplementary Figure 4C,D). The cluster tree was scaled to 
a resolution of 1.5 (Supplementary Figure 4I,G) in both 
NEOLP and EOLP samples, leading to the division of all 
samples into 20 cell subgroups (Supplementary Figure 4K,L). 
Marker genes for each cell subgroup were identified, and 
cells were visualized in low-dimensional space following 
dimensionality reduction using UMAP plots, which also aid 
in clustering and annotation (Figure 5B,F). SingleR-based 
annotation revealed the cellular composition: the EOLP group 
comprised T cells, tissue stem cells, endothelial cells, NK 
cells, monocytes, smooth muscle cells, B cells, and neutro-
phils, whereas the NEOLP group contained T cells, smooth 
muscle cells, monocytes, endothelial cells, tissue stem cells, 

B cells, epithelial cells, keratinocytes, DCs, and NK cells 
(Figure 5C,G).

Among the 30 hub genes, differential expression was 
observed in five genes from EOLP samples and nine from 
NEOLP samples, as visualized in the heatmaps (Figure 5A,B). 
The cellular expression distribution, scored by AUCell, fur-
ther differentiated the two groups: hub genes were mainly 
expressed in monocytes in EOLP (Figure 5D), in contrast to 
smooth muscle cells in NEOLP (Figure 5H).

Molecular Docking Results

We performed preliminary verification of the binding ability 
of 30 hub genes to baicalein through molecular docking 
experiments. Table 1 demonstrates that 22 docking experi-
ments resulted in binding free energies less than −5 kJ mol−1, 
indicating that there is a strong binding ability between hub 

Figure 2. Weighted Gene Co-expression Network Analysis (WGCNA) Enrichment Analysis. (A) Selection of Soft Threshold Power. 
(B, C) Module Connections with Oral Lichen Planus (OLP). (D) Pink Module Genes and OLP. (E) Paleturquoise Module Genes and OLP.
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genes and baicalein. Notably, PTGS2, MMP2, EGFR, 
PPARA, HMOX1, CASP9, RPTN, APP, HSP90AA1, CDSN, 
SRC, PI3, and PPARGC1A all exhibited excellent binding 
ability with baicalein (binding free energy > 7.0 kJ mol−1). 
We selected the ligand with the lowest binding free energy to 
the receptor, and then visualized the three receptor-ligand 
interactions with the lowest binding free energies using 
Discovery Studio software. As shown in Supplementary 
Figure 5A–C, these visualizations provide a clear representa-
tion of receptor-ligand interactions, amino acid residues, and 
protein pockets. The analysis identified key residues for 
baicalein binding, such as GLU525, GLN480, and ASP622 in 
MMP2. Notably, short hydrogen bonds (2.02 Å, 2.87 Å) with 
ASP622, along with Pi-Alkyl interactions (e.g., with LYS40, 
ALA38, and LEU17 in EGFR), were observed. These spe-
cific interactions are critical for stabilizing the ligand within 
the protein pockets. In summary, the molecular docking 
results demonstrated that baicalein can directly exert thera-
peutic effects on a large number of OLP targets. These find-
ings provide compelling evidence for the therapeutic potential 
of baicalein in OLP.

Discussion

In this study, we found that ascorbate and aldarate metabo-
lism, butanoate metabolism, DNA replication, lysine 

degradation, and phenylalanine metabolism were closely 
related to the pathogenesis of OLP via GSEA analysis. A clin-
ical investigation has highlighted a deficiency in ascorbic 
acid among OLP patients (Nicolae et al., 2017). DNA replica-
tion anomalies have been frequently observed in OLP patients 
(Sperandio et al., 2016). Additionally, the DNA mismatch 
repair protein HMSH2 has emerged as a potential biomarker 
for assessing cancer risk in OLP patients (Li et al., 2015). 
Amino acids have proven to be one of the useful tools for 
detecting biomarkers of various oral diseases and monitoring 
disease progression (Hyvärinen et al., 2023). However, previ-
ous research has not linked lysine and phenylalanine meta-
bolic processes to OLP’s pathological mechanisms; thus, 
further research is warranted. The monomers of traditional 
Chinese medicine exhibit multi-target regulation, which 
enables them to exert therapeutic effects on complex diseases 
from various perspectives (Chen et al., 2020).

The incidence of OLP is affected by serum estrogen levels, 
which makes OLP more common in women (Gholizadeh 
et al., 2021). It has been observed that estradiol, a significant 
estrogen, reinforces the physical barrier of the oral epithelium 
by acting on nuclear estrogen receptors and increasing the 
expression of tight junction proteins. (Choi et al., 2018). 
Serum IL-17 levels were significantly elevated in patients 
with EOLP compared to those with NE OLP and healthy sub-
jects (Pouralibaba et al., 2013). Baicalein can regulate Th17/
Treg cell differentiation to reduce the level of 

Figure 3. Protein–Protein Interaction (PPI) Network Construction and Essential Subgroup Genes Identification. (A) Overlapping Genes. 
(B) Disease and Drug Targets. (C) PPI Network. (D) Important Gene Subgroup. (E) Function of Highest-scoring Molecular Complex 
Detection (MCODE) Subgroup Feature Genes. (F, G) Pathways of Highest-scoring MCODE Subgroup Feature Genes.
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proinflammatory cytokine IL-17, thereby inhibiting inflam-
mation (Liu et al., 2020). Prolactin is an immunomodulatory 
hormone that promotes the occurrence of lichen planus and 
serves as a biomarker of disease activity in lichen planus 
(Gupta et al., 2017). However, direct evidence linking baica-
lein to prolactin pathway modulation remains absent in the 
literature. This finding, therefore, represents a testable 
hypothesis rather than an established mechanism.

Baicalein exhibits the highest affinity with PTGS2, 
MMP2, and EGFR, implying that these molecular entities are 
the primary candidates for baicalein’s intervention in OLP. 
PTGS2 plays a central role as one of the main enzymes driv-
ing inflammation (He et al., 2022). PTGS2 levels in buccal 
mucosa biopsy tissues were approximately four-fold higher 
in OLP patients than in controls (Rankin et al., 2020). 
Significant upregulation of MMP-2 expression was observed 

in tissue samples of patients with OLP (Wang et al., 2016). 
The upregulation of MMP-2 promotes abnormal keratinocyte 
proliferation, thereby contributing to the pathogenesis of OLP 
(Wang et al., 2016). EGFR is one of the key regulatory pro-
teins in the growth of epidermal cells (Bao et al., 2022). 
Overexpression of EGFR has been reported in the clinical 
samples of OLP, which may contribute to the carcinogenesis 
of this disease (Kumagai et al., 2010). Numerous pharmaco-
logical investigations have substantiated that baicalein can 
exert direct or indirect effects on PTGS2, MMP2, and EGFR 
across various pathological conditions. Thus, we identify 
PTGS2, MMP2, and EGFR as the core targets underlying 
baicalein’s efficacy in treating OLP.

The pathogenesis of OLP is strongly associated with 
immune dysregulation (Zhong et al., 2020). Immune infil-
tration analysis revealed significant alterations in gamma 

Figure 4. Immune Infiltration Evaluation Through Single Sample Gene Set Enrichment Analysis (ssGSEA) Algorithm. (A) The Heatmap 
Shows the Difference in Immune Infiltration Between Control Group and Oral Lichen Planus (OLP) Group. Red Indicates Immune Cell 
Infiltration, and Blue Indicates Suppressed Immune Cells. (B) The Violin Plot Shows the Difference Between Various Immune Cell Types in 
Control Group and OLP Group. (C) Relationship Between Hub Genes and Immune Cells. Red Indicates a Negative Correlation, and Blue 
Indicates a Positive Correlation. Deeper Colors Indicate Stronger Correlation. Correlation Significance is Indicated by Asterisks (*p < .05, 
**p < .01, ***p < .001).
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delta T cells, plasmacytoid dendritic cells, memory B cells, 
and central memory CD8 T cells in OLP samples (Katou et 
al., 2007). Except for CD8 T cells, B cells may also play a 
greater role in the pathogenesis of OLP than expected 
(Orlandini et al., 2020). Baicalein possesses significant 
immunomodulatory effects, making it a potential therapeu-
tic agent for autoimmune diseases (Xu et al., 2018). 
Researchers have reported that baicalein can mitigate 
immune dysfunction in sepsis by regulating the proportion of 
CD4+/CD8+T cells (Chen et al., 2022). Furthermore, baica-
lein has been shown to alleviate fibrosis and inflammation 
in systemic sclerosis by correcting B cell abnormalities 
(Peng et al., 2023). Thus, we believe that baicalein can also 
mitigate the immune disorder in OLP by regulating the 
function of CD8 cells and B cells.

Neutrophils could be annotated in EOLP samples, while 
epithelial cells, keratinocytes, and DC could be annotated in 
NEOLP samples. Neutrophil activation is a hallmark of 
inflammation (Craven et al., 2021). Neutrophil-mediated 
inflammation is implicated in the development of local ero-
sions in OLP patients, as indicated by our results. Moreover, 
by utilizing the drug target AUCell function, we found that 
the hub genes of baicalein mainly acted on monocytes in the 
EOLP group. However, in the NEOLP group, the hub genes 
primarily targeted smooth muscle cells. Similar to neutro-
phils, monocytes also play a central role in inflammation, 
with monocytosis and monocyte activation being hallmark 
features of chronic inflammatory states (Knudsen et al., 
2022). OLP is classified as a chronic inflammatory ailment. 

Studies have revealed that the expression level of TLR2 pro-
tein on monocytes in the OLP tissues is significantly higher 
than that in the healthy control tissues, which suggests the 
possibility of TLR2-mediated inflammatory activation of 
monocytes in OLP tissue (Ohno et al., 2011). The upregula-
tion of IL-17 in the lesions of EOLP is more intensive com-
pared with that of non-erosive reticular OLP. IL-17 can 
stimulate monocytes to produce IL-1 and TNF-α, thus ampli-
fying the inflammatory response and leading to a more severe 
inflammation in EOLP tissue (Miossec, 2008). Hence, we 
postulate that the modulation of monocyte-mediated inflam-
mation may be the primary mechanism by which baicalein 
treats EOLP. Given the limited number of smooth muscle 
cells in the oral cavity, it is unlikely that the therapeutic effi-
cacy of baicalein in NEOLP involves smooth muscle cells (de 
Souza Fonseca et al., 2020).

Notwithstanding the insights our study provides into the 
therapeutic potential of baicalein for OLP, several limitations 
must be acknowledged. As a retrospective analysis utilizing 
existing datasets, our findings may be constrained by the rela-
tively small sample size of the selected datasets and platform-
specific biases inherent to dataset dependencies. Additionally, 
our study lacks both internal and external validation to further 
substantiate the reliability of our conclusions. Future research 
should prioritize well-designed in vitro and in vivo experi-
ments to elucidate the molecular pathways modulated by 
baicalein, complemented by prospective clinical trials and 
validation across diverse patient cohorts to confirm therapeu-
tic translatability.

Figure 5. Cell Type Annotation and Hub Gene-Cell Relationships. (A) Hub Gene Expression Heatmap in Erosive Oral Lichen Planus 
(EOLP) Cell Types. (B) Unified Manifold Approximation and Projection (UMAP) Clustering of EOLP Cells (29 Clusters). (C) SingleR-based 
EOLP Cell Annotation. (D) The Distribution of Baicalein Target Cells in EOLP. (E) Hub Gene Expression Heatmap in Non-erosive Oral 
Lichen Planus (NEOLP) Cell Types. (F) UMAP Clustering of NEOLP Cells (24 Clusters). (G) SingleR-based NEOLP Cell Annotation. (H) 
The Distribution of Baicalein Target Cells in NEOLP.
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Conclusion

A network pharmacology approach was employed in this 
study to examine the interactions and molecular mechanisms 
of baicalein in OLP. We examined 30 hub genes and three 
core targets (PTGS2, MMP2, and EGFR), which mediated 
the treatment effects of OLP with baicalein. From an immu-
noregulatory perspective, we hypothesized that baicalein may 
potentially ameliorate immune dysfunction in OLP patients 
by modulating CD8+T cells and B cells functionality. 
Analysis of single-cell sequencing data indicated that baica-
lein’s therapeutic effect in EOLP involves modulating mono-
cyte activation, and also implicated the estrogen and IL-17 
signaling pathways in its mechanism of action for OLP. While 
these findings provide systematic theoretical support for 
baicalein’s clinical potential, future studies must prioritize 
experimental validation and translational research to bridge 
computational predictions with clinical applicability. Our 
findings offer a systematic theoretical basis for justifying the 
clinical application of baicalein against OLP.
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