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Abstract
Background: Primary biliary cholangitis (PBC) is a chronic biliary autoimmune liver
disease characterized by intrahepatic cholestasis. Swertia mussotii Franch. (SMF) is a Tibetan
medicine with hepatoprotective and anti-inflammatory activities. In this study, the
therapeutic effect and potential mechanisms of SMF on PBC were investigated by
bioinformatics analysis and in vitro experimental validation, with the aim of promoting the
progress of SMF and PBC research. Methods: We first explored the therapeutic effects and
key targets of SMF on PBC using a network pharmacology approach, further screened the
core targets using the GSE79850 dataset, and finally validated the results using molecular
docking techniques and in vitro experiments. Results: By bioinformatics analysis, we
identified core targets of SMF for PBC treatment (STAT3, JAK2, TNF-α, and IL-1β) and
important signaling pathways: JAK-STAT, TNF, and PI3K-AKT. The molecular docking
results showed that the significant components of SMF had good binding properties to the
core targets. In vitro experiments showed that SMF extracts improved the extent of
epithelial-mesenchymal transition in human intrahepatic biliary epithelial cells and had a
significant reversal effect on epithelial-mesenchymal transition process markers and
potential targets in PBC. Conclusion: SMF may exert its therapeutic effects on PBC by acting
on important targets such as STAT3, JAK2, TNF-α, IL-1β, Vimentin, and E-cadherin and the
pathways in which they are involved.

Keywords: Swertia mussotii Franch.; primary biliary cholangitis; bioinformatics; in vitro
experiments
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Introduction

Primary biliary cholangitis (PBC), also known as primary biliary
cirrhosis, is a chronic biliary autoimmune liver disease characterized
by intrahepatic cholestasis and nonsuppurative inflammatory
destruction. PBC leads to extensive hepatic duct destruction and the
presence of anti-mitochondrial antibodies, which eventually progress
to liver fibrosis, cirrhosis, and liver failure [1]. The main population of
PBC is middle-aged women, and the pathogenesis is complex and
multifactorial, with a combination of genetic and environmental
factors determining the onset and persistence of the disease [2–4].
Several publications have reported that PBC is closely associated with
immune abnormalities [5]. The involvement of multiple immune cells,
such as CD4+ T, CD8+ T, and B cells, has been detected in patients
with PBC, while other immune cells, such as dendritic cells, natural
killer cells, monocytes, and macrophages, are also important [6].
Ursodeoxycholic acid is the only first-line drug for the treatment of
this disease, and related studies claim that approximately 40% of
patients respond poorly [7, 8]. Although obeticholic acid (OCA) is also
often used in the treatment of PBC, it can lead to severe liver damage
[9]. Therefore, exploration of the pathogenesis of PBC and the
development of new therapeutic agents are necessary.
Epithelial mesenchymal transition is a biological process in which

epithelial cells with polarity lose their epithelial characteristics and
gradually transform into mesenchymal cells with migratory and
invasive abilities. Studies have shown that EMT of bile duct epithelial
cells is an important process of liver fibrosis in PBC and that bile duct
cells undergo EMT when stimulated by cytokines such as TGF-β,
which may promote the development of liver fibrosis in cholestatic
liver disease [10]. Several studies have suggested that EMT is a key
pathogenic process and initiating event in PBC and that prevention of
EMT can control or even reverse liver fibrosis [11–13]. Thus,
inhibiting the EMT process in intrahepatic bile duct epithelial cells
would reduce or reverse liver fibrosis, which offers a greater
possibility for the treatment of PBC.
Traditional Chinese medicine is mainly composed of herbs and

plants and is widely used to treat various diseases [14]. Various
studies have shown that Chinese medicine is highly efficacious and
has few side effects [15]. Tibetan medicine is an important part of
traditional Chinese medicine. As an ethnic medicine, Tibetan medicine
is the treasure of the Chinese nation. Swertia mussotii Franch. (SMF) is
an annual herb of the family Gentianaceae, genus Swertia. It is mainly
distributed in Qinghai, Tibet, Yunnan, and other regions of China. As a
traditional Tibetan medicine, it has been used for thousands of years
on the Qinghai-Tibetan Plateau to treat liver diseases [16, 17].

Recently, significant progress has been made in the study of the
chemical composition of SMF. Studies have shown that SMF is rich in
bioactive compounds such as flavonoids, xanthones, iridoids, and
alkaloids [18, 19]. Modern pharmacological studies have shown that
SMF exhibits a variety of positive pharmacological activities, such as
hepatoprotective effects, anti-inflammatory activity, and antibacterial,
antitumor, hypoglycemic, and skin care effects. Yun et al. showed that
SMF treatment improved alanine aminotransferase, aspartate
aminotransferase, and total bilirubin levels in rats with acute liver
injury [17]. Chai et al. showed that oral administration of components
from SMF reduced liver injury, inflammation, and biliary blockage in
rats with bile duct ligation [20]. As is well-established, within
traditional medicine, PBC is categorized under “jaundice”(This
disorder, known in modern medicine as hyperbilirubinemia, is a
yellow staining of the skin or organs caused by an increase and
buildup of bilirubin in the body), and Yin Chen serves as a pivotal
remedy for jaundice in the realm of traditional Chinese medicine [21,
22]. Interestingly, SMF is also known as “Zang Yin Chen”, documented
in the Four Medical Classics and the Jingzhu Materia Medica, also has
been reported to be a traditional herbal medicine for jaundice [23,
24]. Therefore, for these reasons, the present study was conducted on
SMF for the treatment of PBC.
With the development of bioinformatics, network pharmacology is
being widely and increasingly used to study the mechanisms of herbal
medicines. Network pharmacology is based on the “multicomponent,
multitarget” theory, which coincides with the characteristics of
traditional Chinese medicine. Network pharmacology has been widely
used to screen for active ingredients in traditional Chinese medicine,
to determine new uses for existing drugs, and to explore potential
targets. On this basis, the joint study of network pharmacology, gene
expression profile data from the GEO database, and molecular docking
techniques has become a mainstream type of research. In this study,
we first explored the potential mechanisms and key targets of the
active ingredients in SMF for the treatment of PBC using a network
pharmacology approach. We further screened the core targets using
the gene expression profile data from the GEO database and then
verified the binding of the significant components to the core targets
using molecular docking techniques. Finally, we verified the
inhibitory effect of SMF extract on human intrahepatic biliary
epithelial cells (HIBEC)-EMT by in vitro experiments. This paper
provides new ideas and potential methods for the study and treatment
of PBC and promotes SMF as a potential treatment for PBC.

Methods

Network pharmacology
Acquisition of compounds in SMF. We obtained the chemical
composition through literature research [25]. We prepared the
structures of these compounds using Chemdraw, placed them in the
lowest energy state using Chem3D’s “Minimize Energy” function, and
exported them to mol2 and smi formats for subsequent analysis [26].
Screening of active ingredients. SwissADME is a platform that
allows the prediction of ADME parameters, pharmacokinetic
properties, drug-like properties, and medicinal chemistry friendliness
of small molecules to support drug discovery [27]. Gastrointestinal
absorption was the criterion used for oral bioavailability in the
SwissADME platform; we also used Lipinski’s drug-like properties in
our screening. Lipinski's rule requires a molecular weight ≤ 500
g/mol, lipid-water partition coefficient (MLOGP) ≤ 4.15, number of
H-bond acceptors (N or O) ≤ 10, and number of H-bond donors (NH
or OH) ≤ 5. We used the result that ; Gastrointestinal absorption is
high for the compound to be well absorbed and to comply with
Lipinski’s rule in the prediction of drug-likeness (“Lipinski” marked as
“Yes; 0 violation”). If these two conditions were met, the compound
could be screened as a potential active compound. We uploaded the
smi format of the 138 chemical components to the SwissADME
platform and screened them according to the information obtained
from the predictions and following the criteria described previously.
Finally, we used the PAINS Remover platform to re-screen the

Highlights
Swertia mussotii Franch. showed significant inhibition of the
epithelial mesenchymal transition process in the development
and progression of primary biliary cholangitis.
Swertia mussotii Franch. may play a therapeutic role for primary
biliary cholangitis by acting on STAT3, JAK2, TNF-α, IL-1β, Vimentin
and E-cadherin.

Medical history of objective
As a herb of Gentianaceae family, Swertia mussotii Franch. is
widely used in Tibetan pharmacology, mainly in Qinghai, Tibet and
Sichuan, etc. It is considered to have good hepatoprotective and
choleretic effects and has been used for long time in the
treatment of jaundice. Its unique herbal composition is
documented in classic Tibetan medicine texts, such as the Four
Medical Classics (8th–12th century) and the Jingzhu Materia
Medica (1840 C.E.), which mention the medicinal value of swertia.
This signifies the prominent role of Swertia mussotii Franch. in
Tibetan medicinal traditions, being regarded by the local
population as a precious natural herbal remedy.
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obtained compounds (obtained by screening on the SwissADME
platform) to remove false-positive drugs and obtain the active
ingredients [28].
Target prediction of active ingredients. PharmMapper and
SwissTargetPrediction are two platforms that have been widely used
for predicting compound targets [29–32]. PharmMapper focuses on
known small molecule compounds to identify their possible targets
using data from the TargetBank, DrugBank, BindingDB, and PDTD
databases. SwissTargetPrediction uses similarity to the 2D and 3D
structures of known compounds to predict the targets of compounds,
along with known compound-target interactions from the ChEMBL
database. We uploaded the active ingredients to the PharmMapper
platform in the mol2 format and to the SwissTargetPrediction
platform in the smi format to obtain the potential targets. In the
SwissTargetPrediction platform results, we excluded targets with a
probability* of 0. We performed an ID transformation of the results
obtained from the PharmMapper platform through the UniProt
database to obtain the corresponding target names. Finally, we
merged the results from both platforms.
Target collection for PBC disease and identification of common
targets with SMF. GeneCards is an integrated database that
automatically retrieves and integrates data from 125 databases [33].
Online Mendelian Inheritance in Man (OMIM) is a comprehensive,
authoritative database for the study of human phenotypic and
genotypic relationships, with information on all known Mendelian
diseases [34]. We searched the GeneCards and OMIM databases with
the keyword “Primary biliary cholangitis” to obtain disease-related
targets and combined the results of the two databases to obtain PBC
targets. Next, we took the intersection of the targets of the active
ingredients and the targets of PBC for subsequent analysis. The study
was conducted in accordance with the Declaration of Helsinki (as
revised in 2013).
PPI and enrichment analysis. The STRING database is mainly used
to predict protein interactions [35]. We uploaded the intersecting
targets to the STRING database with the following parameters: homo
sapiens, hide the disconnected nodes, and high confidence to obtain
information on the PPI network. In addition, we performed the KEGG
pathway enrichment analysis and GO enrichment analysis. KEGG
pathway enrichment analysis is mainly used to observe the biological
pathways in which targets may be involved, while GO enrichment
analysis mainly includes biological processes, molecular functions,
and cellular components. We uploaded the common targets of PBC
and SMF to the Metascape platform for enrichment analysis using P<
0.01 and selected the top 20 for each for mapping [36].
Network construction. Cytoscape is an open-source software focused
on network visualization and analysis [37]. We collated information
related to the drug-active ingredient, active ingredient-target, PPI, and
protein-pathway interactions and constructed the network using
Cytoscape software (drug, active ingredients, targets, and pathways
are represented by nodes, and interactions are represented by edge
connections). After analyzing the network, the targets with the top
10-degree values were used as key targets, and the components with
the top 5-degree values were used as significant components for
subsequent studies.

GEO data analysis
Acquisition of PBC expression profile data. GEO is a gene
expression database created and maintained by the National Center
for Biotechnology Information. It contains high-throughput gene
expression data submitted by research institutions worldwide. We
obtained the GSE79850 data through the GEO platform [38]. This
dataset consists of high- (n = 9) and low-risk (n = 7) patient material
along with nondisease control livers (n = 8), which we divided into
two groups (PBC group (n = 16) and control group (n = 8)) for
follow-up studies.
Principal component analysis (PCA) and orthogonal partial least
squares-discriminant analysis (OPLS-DA). PCA is a traditional
statistical method introduced by the field of machine learning that is
an unsupervised learning algorithm mainly used for data

dimensionality reduction. OPLS-DA is a supervised statistical method
for discriminant analysis. Partial least squares regression is used to
model the relationship between the amount of material expression and
the sample category. We performed PCA and OPLS-DA on the samples
included in GSE79850 to observe the variability between the PBC
group and the control group.
Differential expression analysis. GEO2R is a tool used for further
differential analysis of the expression profile microarrays in the GEO
database. Using this tool, two or more groups of samples in the GEO
series can be compared to obtain differentially expressed genes (DEGs)
[39]. We performed differential expression analysis between the PBC
and control groups using the GEO2R tool, screened DEGs using
|log2-fold change| ≥ 1 and P < 0.05, and generated volcano plots via
an online platform (https://www.bioinformatics.com.cn).
Screening of Important DEGs.We identified the intersection of DEGs
in GSE79850 with the key targets obtained from network
pharmacology to further screen for core targets. We then extracted
their expression in the PBC and control groups through an unpaired
sample t-test using GraphPad Prism 9.0.
Immune correlation analysis. Studies have shown that the immune
system is disordered in patients with PBC. Therefore, we performed an
immune correlation analysis. We first used the CIBERSORT algorithm
to visualize the proportions of 22 immune cell types in 24 samples
using the R package. Furthermore, correlation analysis was performed
between the core targets obtained by the above process and various
immune cell proportions to observe their relationships.

Molecular docking
AutoDock Vina is an open-source molecular docking software that
presents results in the form of binding energy [40]. We used the core
targets as receptors, and the significant components with the top
5-degree values were used as ligands for molecular docking using
AutoDock Vina. During the docking process, we constructed boxes
centered on the target and completely wrapped the protein to explore
possible binding sites for small molecules and to seek the best binding
mode with the lowest binding energy while the rest of the parameters
were set by default. The final docking results were visualized with
PyMOL software.

In vitro experimental validation
Material and Reagents. HIBEC and complete medium (ZQ-1315)
were purchased from Zhong Qiao Xin Zhou Biotechnology Co. Ltd.
(Shanghai, China); OCA (Batch number: A012321) was purchased
from Wuhan XINSHENSHI Chemical Technology Co., Ltd. (Wuhan,
China); ELISA kits for TNF-α (Batch number: 09/2022) and IL-1β
(Batch number: 09/2022) were purchased from Jianglai
Biotechnology Co., Ltd. (Shanghai, China); ELISA kits for STAT3
(Batch number: 20230414XT), JAK2 (Batch number: 20230414XP),
Vimentin (Batch number: 20230414XN) and E-cadherin (Batch
number: 20230414XI) were purchased from Jingmei Biotechnology
Co., Ltd. (Jiangsu, China).
The SMF was collected from the Tongtian River basin in Chengduo
County, Yushu Prefecture, Qinghai Province, China, and was
identified by Professor Yubi Zhou from the Northwest Institute of
Plateau Biology, Chinese Academy of Sciences, with sample number
NWIPB-201909. Preparation of SMF extract: The extract was extracted
twice with 75% ethanol at 60 °C under hot reflux for 60 min each
time, separated by a macroporous resin column DM301 and eluted
with 20% ethanol.
Cell culture. HIBECs were cultured in complete medium ZQ-1315
containing 2% fetal bovine serum, 1% epithelial growth factor, and
1% penicillin‒streptomycin at 37 °C and 5% CO2.
Effect of cytotoxic viability test and SMF extract on the cellular
viability of HIBEC-EMT. HIBEC cells were seeded in 96-well plates at
a density of 104 and cultured for 24 h. After that, the experiments
were divided into 4 groups, including the control group, SMF-L group
(low dose: 600 μg/mL), SMF-M group (medium dose: 800 μg/mL), and
SMF-H group (high dose: 1000 μg/mL). The original medium was
discarded, and the normal medium was added to the control group,
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while the SMF-L, SMF-M, and SMF-H groups were added to the
medium containing the corresponding SMF extract concentrations.
Twenty-four hours later, MTT assays were performed to observe
cytotoxicity.
HIBEC cells were seeded in 96-well plates at a density of 104 and

cultured for 24 h. After that, the experiments were divided into 6
groups, including the control, model, OCA (41.6 ng/mL), SMF-L,
SMF-M, and SMF-H groups [41]. The original culture medium was
discarded, and a normal culture medium was added to the control
group, while a medium containing 100 ng/mL TGF-β1 was added to
the rest of the groups. Twelve hours later, the culture medium was
discarded, and the normal culture medium was added to the control
and model groups. Medium containing OCA was added to the OCA
group, and medium containing the corresponding concentration of
SMF extract was added to the low-, medium-, and high-dose groups.
After 24 h, MTT experiments were performed to detect the viability of
the cells.
Mechanistic study of SMF extract against HIBEC-EMT. HIBEC cells
were grown in 6-well plates at 350,000/3 mL and cultured for 24 h.
After that, the experiment was divided into 6 groups, including the
control group, model group, OCA group, SMF-L group, SMF-M group,
and SMF-H group. The model was constructed and administered
according to the method described above. Twenty-four hours after
drug administration, the cells and supernatants in the 6-well plates
were collected separately, and the concentrations of TNF-α and IL-1β
in the supernatants and the concentrations of intracellular proteins
(JAK2, STAT3, Vimentin, and E-cadherin) were detected according to
the ELISA kit instructions.
Statistical analysis. All statistical analyses were performed using
SPSS 26.0 software, and the results are presented as the mean±

standard error of mean. Comparisons of differences between groups
were performed by one-way ANOVA and plotted using GraphPad
Prism 9.0.

Results

Network pharmacology
Compound collection and screening of active ingredients. We
obtained a total of 138 chemical components; their mol2 and smi
formats were obtained using Chem Office software. After uploading
these 138 compounds to SwissADME, a total of 43 ingredients were
obtained based on the criteria described in the Methods section.
Finally, through The PAINS Remover platform, we obtained 39 active
ingredients. The specific information is presented in Supplementary
Table S1, and their “SMILES” are provided in Supplementary Table S2.
Common targets of the active ingredients and PBC. As previously
described, we uploaded the 39 active ingredients to the PharmMapper
and SwissTargetPrediction platforms to obtain potential targets. After
collation, a total of 2,779 targets were obtained for the active
ingredient targets. After searching PBC targets in GeneCards and
OMIM, 1,522 targets were obtained following the merging. We
identified the intersection between the targets of the active
ingredients and the targets of disease to obtain a total of 203 common
targets (Figure 1).
Enrichment analysis results. We uploaded 203 common targets to
the Metascape platform for KEGG pathway and GO enrichment
analyses, which resulted in 201 pathways, 1,915 GO biological
processes, 98 GO cellular components, and 173 GO molecular
functions. We selected the top 20 in each project for graphing; these
are shown in Figure 2. KEGG pathway enrichment analysis identified

Figure 1 Venn diagram showing the common targets of SMF and PBC. SMF, Swertia mussotii Franch.; PBC, primary biliary cholangitis.

Figure 2 Enrichment analysis results. (A) KEGG pathway enrichment analysis; (B) GO biological processes; (C) GO cellular components; (D) GO
molecular functions.
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three important pathways: the JAK-STAT, TNF, and PI3K-AKT
signaling pathways. The active ingredients in SMF may act on these
pathways and thus play a role in the treatment of PBC. GO enrichment
analysis showed that biological processes is mainly involved in
inflammatory and immune-related processes, cellular components
results showed that these targets act mainly at the plasma membrane
site, and molecular functions results showed that these targets may be
associated with kinase.
Network construction of the drug-component-target
(PPI)-pathway. We collated the information related to drug-active
ingredients, active ingredients-common targets, PPI, and
targets-pathways and mapped the network in Cytoscape (Figure 3).
This network contained a total of 263 nodes (drug: 1; ingredients: 39;

targets: 203; pathways: 20) and 2,629 edges (drug-ingredients: 39;
ingredients-targets: 942; PPI: 1112; targets-pathways: 536). In this
network, key targets with top 10-degree values and significant
components with top 5-degree values were used for subsequent
analysis.

GEO data analysis
Multivariate statistical analysis and differential expression
analysis.We performed PCA and OPLS-DA on 24 samples. The results
showed that the two groups were clearly separated and showed a
significant difference between the two groups (Figure 4A, 4B). In
addition, GSE79850 was differentially analyzed using the GEO2R tool

Figure 3 Drug-active ingredient-target (PPI)-pathway network. Triangles represent the drug, diamonds represent the active ingredients, V
represents the target, and circles represent the pathways.

Figure 4 Results of multivariate statistical analysis and differential expression analysis of GSE79850. (A) Results of PCA; (B) Results of
OPLS-DA; (C) Results of the GSE79850 differential analysis; (D) Venn diagram of the intersection of DEGs from GSE79850 with key targets from
network pharmacology. PCA, principal component analysis; OPLS-DA, orthogonal partial least squares-discriminant analysis.
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(Figure 4C). A total of 262 genes were DEGs, of which 182 genes were
up-regulated, and 80 genes were down-regulated. Then, we obtained
three core targets (STAT3, TNF-α, and IL-1β) by taking the
intersection of the top 10 key targets obtained with network
pharmacology and the 262 DEGs obtained from GSE79850 (Figure
4D). These three core targets are involved in three pathways obtained
from the KEGG pathway enrichment analysis: JAK-STAT, TNF, and
PI3K-AKT signaling pathways. Since JAK2 is a key node of the
JAK-STAT pathway, we also included JAK2 as a core target to be
investigated in subsequent studies.
Immune correlation analysis. We visualized the proportion of 22
immune cell species in 24 samples using the R package and the
CIBERSORT algorithm (Figure 5A). Comparisons between groups were
also performed (Figure 5B), which showed that compared to the
control group, the proportions of B cells naive, Monocytes, Mast cells
resting, and Neutrophils were significantly reduced, while the
proportions of T cells CD4 memory resting and Macrophages M1
significantly increased in the PBC group. To further explore the

correlation between the core targets and the proportion of various
immune cell types, we performed a correlation analysis (Figure 5C).
The results showed a good correlation between the expression of these
core targets and the proportion of various immune cell types.

Molecular docking
We used these core targets as receptors and the significant
components that ranked in the top five in terms of degree value as
ligands for molecular docking. The structure of the receptor was
obtained from the PDB database, the details of which are provided in
Supplementary Table S3. Using AutoDock Vina, the results showed
that they all had good binding properties (Table 1 and Figure 6A).
Finally, we selected the results with the lowest binding energy of each
protein to small molecules in molecular docking and visualized them
using PyMOL, as shown in Figure 6B–6F).

In vitro cellular assay results
Cytotoxic activity assay and the effect of SMF on fibrotic HIBECs.

Table 1 Molecular docking results

Degree Compound Target UniProt ID PDB ID
Binding energy
(kcal/mol)

Binding sites
Numbers of
hydrogen bonds

49 MOL 53 STAT3 P40763 6TLC −7.0 LYS-363, TRY-360,
LYS-282

4

TNF-α P01375 7KPB −8.3
ASN-92, THR-94,
GLN-82, CYS-96 5

IL-1β P01584 9ILB −7.2 SER-43, TYR-68 4

JAK2 O60674 7RN6 −8.0 GLU-898 1

46 MOL 6 STAT3 P40763 6TLC −6.3 LYS-370, ASP-369 3

TNF-α P01375 7KPB −7.1 SER-86, ARG-68 2

IL-1β P01584 9ILB −6.6 SER-43, TYR-68 3

JAK2 O60674 7RN6 −7.5 ASP-994 1

45 MOL 9 STAT3 P40763 6TLC −7.4 GLN-361, GLU-357 3

TNF-α P01375 7KPB −7.3
ARG-68, ARG-82,
ASN-34

4

IL-1β P01584 9ILB −6.5 ASN-7, SER-43,
TYR-68

4

JAK2 O60674 7RN6 −8.3 ASP-994 1

42 MOL 43 STAT3 P40763 6TLC −6.4
GLN-326, ALA-250,
SER-514, ASP-334

4

TNF-α P01375 7KPB −6.9 SER-30 1

IL-1β P01584 9ILB −6.5
ASN-7, SER-53,
PRO-87, TYR-68 5

JAK2 O60674 7RN6 −8.1
LYS-882, PHE-995,
LEU-932 4

42 MOL 8 STAT3 P40763 6TLC −7.2 GLN-361 2

TNF-α P01375 7KPB −7.5 LYS-75, ARG-77,
CYS-96

3

IL-1β P01584 9ILB −6.5
ASN-7, SER-43,
TYR-68 4

JAK2 O60674 7RN6 −8.3 ARG-975, ILE-973 2
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Figure 5 Results of the immune correlation analysis. (A) Visualization of the proportions of 22 immune cell types in 24 samples. (B)
Comparative results of intergroup analysis of 22 immune cell ratios; (C) Correlation between core targets and the proportion of 22 immune cell
types. Compared with the control group, *P < 0.05, **P < 0.01, ***P< 0.001.

Figure 6 Results of molecular docking. (A) Molecular docking binding energy heatmap. (B) Visualization of TNF-α and MOL 53 molecular
docking result; (C) Visualization of IL-1β and MOL 53 molecular docking result; (D) Visualization of JAK2 and MOL 8 molecular docking result; (E)
Visualization of JAK2 and MOL 9 molecular docking result; (F) Visualization of STAT3 and MOL 8 molecular docking results.
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The results of the cytotoxic activity assay are shown in Figure 7A,
which showed significant inhibition of HIBEC cellular viability at a
high dose of 1,000 μg/mL. We induced EMT in HIBECs by TGF-β1 and
further explored the effect of SMF extract on HIBEC-EMT by
administering different concentrations of SMF. We found that OCA,
SMF-L, SMF-M, and SMF-H all significantly improved the viability of
HIBEC-EMT cells, as shown in Figures 7B, 7C.

Study on the mechanism of reversal of the effect of SMF on
HIBEC-EMT. We collected intracellular proteins as described in the
ELISA kit for HIBEC-EMT markers (Vimentin and E-cadherin), STAT3,
and JAK2, and the results are shown in Figures 8A, 8B, 8E, 8F. The
levels of E-cadherin and STAT3 were significantly decreased in the
model group, and the levels of Vimentin and JAK2 were significantly
increased, and this phenomenon was reversed by treatment with both

Figure 7 Effect of SMF on the viability of HIBECs and HIBEC-EMT. (A) SMF on normal HIBEC cytotoxic viability test; (B) SMF on HIBEC-EMT
cell viability test; (C) Cellular status of HIBEC before model construction, after modeling, and after drug treatment. Compared with the control
group, *P < 0.05; compared with the model group, #P < 0.05. SMF, Swertia mussotii Franch.; EMT, epithelial-mesenchymal transition; HIBEC,
human intrahepatic biliary epithelial cells.

Figure 8 Results of the ELISA kit for protein levels. (A) Results of E-cadherin level measurements; (B) Results of Vimentin level measurements;
(C) Results of TNF-α level measurements; (D) Results of IL-1β level measurements; (E) Results of STAT3 level measurements; (F) Results of JAK2
level measurements. Compared with the control group, *P < 0.05, **P < 0.01, ***P < 0.001; compared with the model group, #P < 0.05, ##P <
0.01, ###P < 0.001; compared with the OCA group, •P< 0.05, ••P < 0.01, •••P < 0.001. OCA, obeticholic acid.
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OCA and SMF extracts. We measured TNF-α and IL-1β levels by
collecting cell supernatants as described in the Methods, and the
results are shown in Figures 8C, 8D; both indicators were significantly
elevated in the model group, while TNF-α and IL-1β levels were
significantly reduced in the OCA, SMF-L, SMF-M, and SMF-H groups.
The above results indicate that SMF has a therapeutic effect on
HIBEC-EMT.

Discussion

We investigated the treatment of PBC by SMF through deep mining of
network pharmacology and GEO datasets. Finally, we obtained core
targets for SMF treatment of PBC, and we validated these results by in
vitro experiments with consistent results.
GO enrichment analysis revealed that SMF acting on the targets of

PBC is mainly involved in the immune and inflammatory responses.
The development and progression of PBC is accompanied by severe
immune disorders and inflammatory responses, and current treatment
is mainly achieved by modulating the immune system and reducing
the inflammatory response [42]. KEGG pathway enrichment analysis
showed that SMF may exert therapeutic effects mainly through
regulation of the JAK-STAT, TNF, and PI3K-AKT signaling pathways.
The JAK-STAT pathway is a major signaling mechanism for a variety
of cytokines and growth factors. Activation of JAK stimulates cell
proliferation, differentiation, cell migration, and apoptosis. The
substrate of JAK is STAT, which is phosphorylated by JAK and then
dimerizes before crossing the nuclear membrane to regulate the
expression of related genes. The results of an international
genome-wide meta-analysis highlighted the importance of JAK-STAT
signaling and TNF signaling in the pathogenesis of PBC [43]. An
overview of the pathogenesis of PBC highlighted the HLA-II-like
regions and genes associated with IL12-JAK/STAT signaling, as well as
the important role of the NF-κB and TNF signaling pathways in PBC
[44]. PI3K-AKT is a RTK-mediated signaling pathway that is
associated with phosphatidylinositol. PI3K-AKT signaling begins with
the activation of RTK and cytokine receptors. The importance of
PI3K-AKT in hepatobiliary diseases has been highlighted in several
studies [45, 46]. In addition, studies have shown that related plants or
active ingredients of the genus Swertia may exert good therapeutic
effects on liver diseases through the PI3K-AKT signaling pathway [47,
48]. In summary, the JAK-STAT, TNF, and PI3K-AKT signaling
pathways may be potential mechanisms of SMF in the treatment of
PBC. However, this conclusion needs to be validated by further
studies.
We obtained the GSE79850 dataset through the GEO platform and

further performed difference analysis using the GEO2R tool to obtain
262 DEGs. The PCA and OPLS-DA results showed that the PBC group
and the control group could be clearly divided into two groups. Then,
we took the intersection of these 262 DEGs with the 10 key targets
obtained via network pharmacology and identified core targets.
STAT3 is a member of the STAT family. In response to cytokines and
growth factors, STAT family members are phosphorylated by
receptor-associated kinases and then form homodimers or
heterodimers that are translocated to the nucleus, where they act as
transcriptional activators. Studies have shown that inflammatory
factor levels are abnormally significant in patients with PBC. In
addition, STAT3 phosphorylation induces ERα-mediated expression of
proinflammatory cytokines [49]. TNF-α and IL-1β are important
inflammatory cytokines that participate in and mediate immune and
inflammatory responses. A study by Aiba et al. showed a significant
increase in serum levels of TNF-like ligand 1A in patients with PBC,
and its levels were significantly decreased after treatment with
ursodeoxycholic acid [50]. A study of autoimmune liver disease
(including PBC and autoimmune hepatitis) showed that IL-1β and
TNF-α levels were significantly increased in patients with
autoimmune liver disease [51]. In another article, Donaldson et al.
revealed a complex relationship between immunomodulatory genes
and PBC. They also showed that the IL-1 gene is a marker of disease
susceptibility and progression and that IL-1β plays an important role

in disease [52].
We verified the binding of the significant components in SMF to
core targets using a molecular docking method, and the results
showed that the receptors and ligands exhibited good binding
properties. In addition, the results of in vitro experiments showed that
SMF extract significantly improved the viability of HIBEC-EMT cells,
reduced the levels of TNF-α and IL-1β, inhibited the inflammatory
response, and restored the levels of STAT3, JAK2, Vimentin, and
E-cadherin. Therefore, we conclude that SMF may exert a therapeutic
effect on the epithelial mesenchymal transition process in PBC by
acting on the above important targets and the pathways they are
involved in. However, the following limitations of this study exist: 1.
In vivo experimental validation in animals was not performed, and
lacks mechanistic regulation studies in a real in vivo environment in
this study. 2. We investigated the binding of significant components
and core targets by molecular docking technique; however, the
current results are only at the computer level and lacked experimental
validation by experiments such as surface plasmon resonance
technique or bio-layer interferometry. 3. The functions of several
obtained targets in PBC have not been further investigated, and
experiments such as gene knockdown, overexpression, target
activation, and inhibition should be applied for in-depth investigation.
Therefore, in follow-up work, we will further explore the above issues.

Conclusion

In this study, we investigated the potential mechanism of action of
SMF for the treatment of PBC using network pharmacology, the GEO
dataset, and molecular docking techniques and validated it using in
vitro experiments. SMF may act on multiple important targets (e.g.,
STAT3, JAK2, TNF-α, IL-1β, Vimentin, and E-cadherin) and pathways
in which they are involved, such as the JAK-STAT, TNF-α, and
PI3K-AKT signaling pathways, and thus have a therapeutic impact on
the epithelial mesenchymal transition process of PBC. With the help of
bioinformatics and in vitro experiments, this study elucidated the
potential targets of SMF for the treatment of PBC. The results of this
study may provide a theoretical basis for clinical SMF for the
treatment of PBC and contribute to the internationalization of the
research process of Chinese and Tibetan medicine.
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