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Abstract

Rheumatoid arthritis (RA) is a chronic autoimmune disease with limited therapeutic options. The herbal compatibility of Zripterygium
wilfordii Hook. f. (Leigongteng, LGT) and Epimedium brevicornum Maxim. (Yinyanghuo, YYH), widely used in Traditional Chinese
Medicine, has shown promising efficacy in RA treatment, yet its synergistic mechanisms and hepatoprotective effects remain unclear.
In this study, we systematically investigated the therapeutic and hepatotoxicity-attenuating mechanisms of LGT-YYH using integrated
network pharmacology and molecular docking approaches. Bioactive compounds and corresponding targets from LGT and YYH
were retrieved from the TCMSP database, while RA- and hepatotoxicity-related targets were collected from public databases and
microarray datasets. Protein-protein interaction networks, hub protein targets identification, and functional enrichment analyses
revealed that 65 LGT and 26 YYH bioactive compounds collectively interact with 527 RA-related targets, with hub targets including
PTPNI11, SRC, EGFR, MAPK1, and MAPKS central to the therapeutic network. KEGG enrichment highlighted the MAPK signaling
pathway as a key mechanism of anti-RA activity. Furthermore, 243 targets were associated with LGT-induced hepatotoxicity, and YYH
components, particularly icariin, kaempferol, and epimedin B, exhibited binding to hepatotoxicity-related targets such as AKT1 and
ESR1, suggesting a hepatoprotective role via the AKT1-ESR1-Nrf2 axis. These findings indicate that LGT-YYH exerts synergistic anti-
RA effects by modulating MAPK-related signaling while YYH components may mitigate LGT-induced hepatotoxicity, exemplifying the
TCM principle of enhancing therapeutic efficacy while reducing toxicity.

Keywords: Tripterygium wilfordii; Epimedium brevicornum; rtheumatoid arthritis; hepatoprotection; synergistic effect; network
pharmacology; molecular docking

1 Introduction autoimmune disease characterized by chronic

synovial inflammation, cartilage destruction, and

Rheumatoid arthritis (RA) is a systemic bone erosion, often resulting in joint deformity and
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are limited by delayed onset, incomplete efficacy,
high cost, and significant adverse effects such
as infections, hepatotoxicity, and infertility [2].
Consequently, there is an urgent need for novel
therapeutic strategies that combine high efficacy
with improved safety profiles.

Traditional Chinese Medicine (TCM)
provides a valuable complementary approach to
RA management [3]. In particular, Tripterygium
wilfordii Hook. f. (Leigongteng, LGT) has been
widely used for RA and other autoimmune
diseases due to its potentantiinflammatory and
immunomodulatory properties [2,4]. Systematic
reviews have confirmed the efficacy of LGT
preparations in improving RA symptoms [5].
However, its clinical application is substantially
limited by serious adverse effects, particularly
hepatotoxicity and reproductive toxicity [6-7].
Key toxic constituents, such as triptolide and
celastrol, have been shown to induce liver injury by
elevating ALT/AST levels and promoting oxidative
stress [5,8].

Epimedium brevicornum Maxim. (Yinyanghuo,
YYH) is a traditional Chinese medicinal herb
rich in flavonoids such as icariin, kaempferol,
and quercetin, which exert antiRA effects through
immunomodulation and cartilage protection [9-10].
Among these, kaempferol has been shown to
alleviate RA symptoms in a collageninduced
arthritis model via modulation of the NLRP3—
CASP1/GSDMD pyroptosis axis and immune
cell subsets [11]. Additionally, icariin, a major
flavonoid component of YYH, has demonstrated
hepatoprotective properties and has attracted
increasing research attention [12].

The therapeutic potential of the LGT-YYH
combination is supported by clinical evidence and
patented formulations. Clinical studies of compound
preparations containing both herbs have demonstrated
promising outcomes. For example, Jinguan Tablet
employs LGT as the monarch herb (a core component
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in TCM) and YYH as the adjuvant herb, achieving a
total effective rate of 97.7% in the treatment of active
RA, with fewer adverse effects than conventional
Western therapies [13]. Patented formulations further
validate the efficacy of this herbal combination.
Chinese Patent CN102657736A integrates LGT and
YYH with other herbs for RA treatment, adhering
to the TCM principle of “eliminating pathogens and
reinforcing healthy qi” within a single prescription. In
this formulation, LGT functions to eliminate pathogens,
while YYH reinforces healthy qi. Thus, the LGT-YYH
herbal compatibility represents a promising strategy
for antiRA therapy, balancing therapeutic efficacy with
reduced toxicity. Nevertheless, the precise molecular
mechanisms underlying their synergistic effects
remain incompletely understood and warrant further
investigation.

Herein, we employed a network pharmacology
strategy integrated with molecular docking to
systematically investigate the mechanisms of the
LGT-YYH herb pair in RA treatment. Active
compounds were identified, human targets predicted,
and disease and toxicityrelated networks constructed.
Through protein—protein interaction analysis, hub
target identification, and pathway enrichment, we
mapped key signaling pathways associated with both
RA and hepatotoxicity. Representative compounds
were subsequently docked against hub targets to
verify binding affinities and support mechanistic
hypotheses [14]. This integrative approach provides
a scientific basis for the rational clinical use of
LGT-YYH in RA therapy by elucidating both its
therapeutic synergy and potential toxicity mitigation.

2 Materials and methods

2.1 Screening of active ingredients and target

prediction

The active components of LGT and YYH were
retrieved from the Traditional Chinese Medicine
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Systems Pharmacology Database (TCMSP, https://
www.tcmsp-e.com/) using “Tripterygium wilfordii”
and “Epimedium” as keywords. Compounds were
screened based on oral bioavailability (OB > 30%)
and drug-likeness (DL > 0.18) [15]. After cross-
checking with the Chinese Pharmacopoeia (2025
edition), 65 and 26 bioactive components were
retained for LGT and YYH, respectively.

The 3D structures of these compounds were
imported into the PharmMapper server (http://www.
lilab-ecust.cn/pharmmapper/) to predict potential
protein targets [16], with the species limited to
Homo sapiens and a threshold of Norm Fit > 0.5. All
predicted protein IDs were standardized into official
Gene Symbols using the UniProt database (https://
www.uniprot.org/) [17]. As a result, 2370 and 2100
putative targets were obtained for LGT and YYH,
respectively.

2.2 Collection of RA-related targets and intersection
with LGT-YYH targets

To comprehensively identify RA-associated
targets, both transcriptomic and database-mining
strategies were employed. The keyword “rheumatoid
arthritis” was first used to search the Gene
Expression Omnibus (GEO) database (https:/www.
ncbi.nlm.nih.gov/gds). Two microarray datasets,
GSE157047 and GSE116899 [18], were selected
for analysis. Differential expression analysis was
performed using the GRO2R tool with the following
screening criteria: [log2FC| > 1 and P < 0.05. This
was done to ensure the selection of biologically
relevant genes for further analysis.

To further expand the RA-related target
collection, multiple disease databases were queried
using the same keyword “rheumatoid arthritis”
including GeneCards (https://www.genecards.org/),
Therapeutic Target Database (TTD, https://ttd.
idrblab.cn/), Online Mendelian Inheritance in Man
(OMIM, https://www.omim.org/), and Comparative
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Toxicogenomics Database (CTD, https://ctdbase.
org/) [19-22]. Targets were ranked according to
their relevance or inference scores, with higher
scores indicating stronger associations with RA. In
GeneCards, targets with a Relevance Score > 5 were
retained, while in CTD, those with an Inference
Score > 50 were included.

The jvenn online tool (http://jvenn.toulouse.
inra.fr/app/example.html) was used to identify
overlaps between LGT-YYH compound targets and
RA-related target [23]. The resulting intersection
targets were considered potential therapeutic targets
of the LGT-YYH pair for RA treatment.

2.3 Collection and intersection analysis of LGT
hepatotoxicity-related targets

To explore the potential hepatotoxicity
mechanisms of LGT, both literature review and
database-mining approaches were conducted. The
keywords “Hepatotoxicity” and “Liver injury”
were used to search multiple databases, including
GeneCards, TTD, OMIM, CTD, and Traditional
Chinese Medicine Systems Toxicology Database
(TCMSTD, https://www.bic.ac.cn/TCMSTDY/) [24].

All retrieved targets were ranked by their
relevance or inference scores, with higher
scores reflecting stronger associations with liver
injury. Targets were filtered by relevance scores
(GeneCards: Relevance Score > 3.6; CTD: Inference
Score > 300).

The LGT compound targets were intersected
with the hepatotoxicity targets using jvenn. The
overlapping genes were considered core targets
involved in LGT-induced liver injury and used for
subsequent PPI and pathway analyses.

2.4 Protein-protein interaction (PPI) network and

hub protein targets identification

The overlapping targets from efficacy and
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toxicity analyses were imported into the STRING
database (https://string-db.org/) to construct PPI
networks. The species was limited to Homo sapiens,
and a minimum interaction score of 0.7 was applied.
The resulting networks were visualized and analyzed
using Cytoscape (v3.10) [25-26]. The STRING
interaction data were exported and subsequently
re-visualized and analyzed in Cytoscape to perform
network topology analysis, ensuring consistency
between the visualization and hub-targets analysis.

Topological analysis was conducted using
the cytoHubba plug-in, applying four centrality
algorithms—Maximal Clique Centrality (MCC),
Edge Percolated Component (EPC), Maximum
Neighborhood Component (MNC), and Bottleneck
(BN)—to evaluate the importance of each node
within the network. For each protein target, ranks
were normalized to a 0-1 scale across all four
parameters, and a consensus score was calculated as
the sum of normalized values. Protein targets with
higher consensus scores were considered to play
central roles in the network.

Consensus Score = normalized (MCC) +
normalized (EPC) + normalized (MNC) +
normalized (BN), where each metric was scaled
between 0—1 before summation.

X" = (Xonax = Xonin) | (Xi — Xonin)

where X represents MCC, EPC, MNC, or BN.

2.5 Functional envichment analysis

Functional enrichment analyses were
conducted to explore the biological significance
of the intersected targets from the efficacy and
hepatotoxicity networks. For the intersection
sets—LGT-YYH therapeutic targets and LGT
hepatotoxicity targets—Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analyses were performed
using the Database for Annotation, Visualization
and Integrated Discovery (DAVID, https://david.

nciferf.gov/) [27]. The enrichment analyses covered
Biological Process (BP), Molecular Function (MF),
and Cellular Component (CC) categories. Terms with
P < 0.01 were considered statistically significant.
Results were visualized as bar plots and bubble plots
using the Bioinformatics online platform (http://
www.bioinformatics.com.cn/).

For YYH targets, enrichment analysis was
conducted using the R package clusterProfiler
(v4.8.1) with adjusted thresholds of P < 0.05 and
g < 0.05. Results were visualized using ggplot? and
enrichplot. packages. The R-based approach was
chosen for the YYH dataset because it provided
enhanced flexibility in multiple dataset integration,
reproducibility in statistical adjustment (Benjamini-
Hochberg correction), and fine control over graphical
presentation compared to the DAVID-based workflow.
Comparative enrichment analyses were conducted
between the efficacy and toxicity networks to identify
overlapping or opposing pathways.

2.6 Comparative KEGG pathway analysis between
LGT hepatotoxicity and YYH networks

To investigate the potential pathway-level
interactions between LGT-induced hepatotoxicity
and YYH, a comparative KEGG pathway analysis
was conducted. The KEGG enrichment results of
LGT hepatotoxicity-related targets and YYH targets
were obtained from their respective enrichment
analyses—LGT hepatotoxicity KEGG results were
derived from the DAVID database (P < 0.01), while
YYH target enrichment was performed using the
R package clusterProfiler (v4.8.1), with adjusted
thresholds of P < 0.05 and ¢ < 0.05.

The two enrichment result tables were imported
into R (version 4.3.1) for comparative analysis using
the packages including readr, dplyr, VennDiagram,
UpSetR, and ggplot2. Pathway name columns were
automatically recognized from the KEGG output
files, and missing or duplicate entries were removed.
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A summary table containing the overlapping, LGT-
specific, and Y'YH-specific pathways was exported.

For visualization, a Venn diagram and an
UpSet plot were generated to illustrate the degree of
overlap and the unique KEGG pathways associated
with each network. The Venn diagram was created
using the VennDiagram package, with LGT and
YYH represented in red and blue, respectively, while
the UpSet plot quantified intersections using the
UpSetR package.

This comparison enabled the identification of
YYH-enriched compensatory pathways that might
counteract or negatively regulate LGT-induced
hepatotoxic pathways, thereby revealing a potential
pathway-level detoxification mechanism underlying
the LGT-YYH herbal pair.

2.7 Molecular docking validation

Representative compounds were selected based
on network degree values and literature support.
Protein structures were downloaded from the
RCSB Protein Data Bank (https://www.rcsb.org/),
prioritizing high-resolution human structures. Protein
and ligand preparation was performed using the
Schrodinger Maestro suite. Proteins were prepared
by adding hydrogens, removing water molecules, and
optimizing hydrogen bonds. Ligands were energy-
minimized using the OPLS3e force field.

Molecular docking was performed using Glide
in standard precision (SP) mode. Grid boxes were
centered on co-crystallized ligand binding sites.
Docking poses were evaluated using GlideScore
(GScore), with more negative values indicating
stronger binding affinity. Visualization and analysis
of docking poses were conducted using PyMOL.

2.8 Integrated evaluation of synergistic and

hepatoprotective mechanisms

Hub targets and significantly enriched

pathways from both efficacy and toxicity networks
were systematically compared to identify
overlapping or functionally antagonistic pathways.
Protein-functional relationships were analyzed by
constructing a dual-network model that integrated
both therapeutic and hepatotoxic mechanisms. This
model identified key regulatory nodes where YYH
components may counteract LGT-induced toxicity
while preserving therapeutic efficacy.

3 Results

3.1 Identification of active compounds and predicted

targets

To establish the chemical basis of the LGT-
YYH herbal pair, we systematically screened their
bioactive components. From the TCMSP database, a
total of 65 and 26 active compounds were identified
from LGT and YYH, respectively, adhering to the
pharmacokinetic criteria of OB > 30% and DL >
0.18. The ingredients of the analyzed herbs have
been listed in the supporting information file.
Subsequent target prediction via the PharmMapper
server and unification through the UniProt database
yielded 2,370 and 2,100 putative human protein
targets for LGT and YYH, reflecting the broad
potential interactome of these herbs. Notable
representative compounds included triptolide,
celastrol, kaempferol, quercetin, and icaritin,
which are consistent with previously reported
pharmacological profiles, supporting the relevance
of our screening approach.

3.2 Identification of RA-related targets and
intersection with LGT-YYH targets

To delineate the potential therapeutic targets of
the LGT-YYH pair against RA, we first constructed
a comprehensive RA-related target pool. Differential
gene expression analysis of two GEO datasets
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(llog2FoldChange| > 1, P < 0.05), GSE157047 and
GSE116899, identified 5,347 and 415 significantly
dysregulated genes in RA synovial tissues,
respectively (Fig. 1A). Additionally, RA-related
targets were retrieved using the keyword “rheumatoid
arthritis” from multiple databases, including
GeneCards, TTD, OMIM, and CTD. A total of 917
targets were obtained from GeneCards, 100 targets
from TTD, 48 targets from OMIM, and 519 targets
from CTD. After removing duplicate entries, these
targets were combined with differentially expressed
genes (DEGs) identified from GEO datasets to
construct the RA-related gene set. In total, 7217
RA-related targets were collected. Subsequently,
intersection analysis between the RA-related targets
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set and the predicted targets of the LGT-YYH herb
pair identified 527 overlapping tavrgets, which were
considered potential therapeutic targets of LGT-
YYH in rheumatoid arthritis (Fig. 1B).

All the intersected targets were ranked
according to their degree in the network. These
targets were considered as potential therapeutic
targets for the LGT-Y'YH herbal pair in the treatment
of RA (Fig. 1B). Finally, a drug-compound-
target-disease network was constructed, visually
encapsulating the complex multi-component, multi-
target nature of the LGT-YYH pair against RA,
where compounds from both herbs converge on
and modulate a shared network of disease-related
proteins (Fig. 1D)
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(A) Volcano plots showing differential gene expression in GSE157047 and GSE116899 datasets (RA vs. control), with upregulated
genes in red, downregulated genes in blue, and non-significant genes in gray; (B) Venn diagram and PPI network of intersecting targets
between LGT-YYH and RA (n = 527); nodes with higher degree values are closer to the center; (C) Top hub targets extracted based on
degree values in the intersection network; (D) Drug-compound-target-disease network illustrating multi-target interactions of LGT and
YYH active compounds with RA-related targets; (E) GO enrichment of top 10 terms across Biological Process, Cellular Component, and
Molecular Function categories; (F) KEGG enrichment of top 20 pathways related to inflammation, immune response, apoptosis, and cell
signaling; bubble size represents gene count and color intensity corresponds to —logio(P).

Fig. 1 Network analysis of LGT-YYH herbal pair in RA treatment

3.3 PPI network and hub protein targets identification database (confidence score > 0.7) and visualized
in RA treatment in Cytoscape. The resulting network exhibited
significant connectivity, indicating that the targets
To decipher the functional modules within the of LGT-YYH do not act in isolation but rather as

527 overlapping targets, a protein-protein interaction coordinated complexes.
(PPI) network was constructed using the STRING Topological analysis using the cytoHubba plugin,
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based on four centrality algorithms (MCC, EPC,
MNC, and BN), identified 11 hub targets, which were
identified as the core regulatory nodes of the LGT-
YYH therapeutic network against RA: PTPNI11, SRC,
STATI, PTK2, PCNA, TOP2A, RPS27A, MAPKS,
MAPKI, UBC, and CTNNBI. These hub targets,

Table 1 Hub targets identified from the PPI network of LGT-Y'YH therapeutic targets against rheumatoid arthritis (RA)

including PTPN11 (SHP2), SRC, MAPK1 (ERK?2),
and MAPKS (JNK1), are known master regulators of
intracellular signaling. Their high centrality implies that
the therapeutic effect of LGT-YYH is likely mediated
through the disruption of critical inflammatory and
proliferative signaling hubs (Fig. 1C).

Protein targets

Rank Full name Consensus score Functional annotation Refs
symbol
Protein Tyrosine Phosphatase Tyrosine phosphatase involved in MAPK
1 PTPNI11 Non-Receptor Type 11 3.774 signaling, mediates cytokine and growth  [28]
(SHP2) factor pathways.
Regulates inflammatory signaling, cell
2 SRC IS{}:cCe Pt:)(;t;-?;sciﬁiegier’l;j:n_ 3.760 adhesion, and proliferation; participates in ~ [29]
p M TNF and FceRI signaling.
. Mediates interferon signaling and
3 STAT1 Slg.nal Transduc.er. and 3.753 inflammation, key regulator of immune [30]
Activator of Transcription 1 .
cell activation.
Protein Tyrosine Kinase 2 Controls cell adhesion, migration,
4 PTK2 Y 3.740 and inflammatory responses via focal [31]
(FAK) . . . .
adhesion kinase signaling.
. . Involved in DNA repair and replication,
5 PCNA Pro%lferatmg Cell Nuclear 3.651 marker of cell proliferation in [32]
Antigen . .
inflammatory tissues.
. Regulates DNA replication and cell cycle;
6 TOP2A ilNli Topoisomerase 11 3.582 associated with hyperproliferation in RA  [33]
p synoviocytes.
Involved in protein synthesis and
7 RPS27A Ribosomal Protein S27a 3.575 ubiquitin conjugation, associated with  [34]
immune regulation.
Mitogen-Activated Protein Regulates stress-induced apoptosis and
8 MAPKS Kinase 8 (JNK1) 3.353 inflammatory gene expression. [33]
. . . Central kinase in MAPK signaling
Mitogen-Activated Protein . . L
9 MAPK1 Kinase 1 (ERK2) 3.541 regula'tes proliferation and apoptosis in  [36]
synovial cells.
Participates in ubiquitin-mediated
10 UBC Ubiquitin C 3.541 proteolysis and stress responses in  [37]
inflammation.
11 CTNNB!  Catenin Beta 1 (f-catenin) 3.534 Key regulator in Wnt signaling, involved ¢,

in inflammation and synovial hyperplasia.
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3.4 GO and KEGG enrichment analyses of RA-

related targets

To further elucidate the biological functions
and signaling pathways associated with the 527
overlapping targets, GO and KEGG enrichment
analyses were performed using the DAVID database.
The enriched biological processes were primarily
related to protein autophosphorylation, signal
transduction, insulin receptor signaling and epidermal
growth factor receptor pathways, indicating that the
therapeutic targets were closely involved in kinase
activity and receptor-mediated signaling events. In
terms of cellular components, the targets were mainly
localized in the extracellular exosome, cytosol, and
mitochondrial matrix, suggesting their involvement in
intercellular communication and energy metabolism.
The molecular functions were predominantly
associated with protein kinase activity, ATP binding,
and protein homodimerization, further highlighting
the regulation of phosphorylation-dependent signaling
(Fig. 1E).

The KEGG pathway enrichment analysis
revealed that the intersecting targets were
significantly enriched in several inflammation- and
immune-related pathways, including TNF signaling,
IL-17 signaling, Toll-like receptor signaling, NOD-
like receptor signaling, and Cytokine-cytokine
receptor interaction, which are closely associated
with the pathogenesis of RA. Additionally, pathways
such as Apoptosis, p53, and Relaxin signaling were
also enriched, reflecting the dual involvement of
these targets in both cell survival regulation and
immune modulation. Collectively, these findings
indicate that the LGT-YYH herbal pair exerts
anti-RA effects primarily by modulating multiple
inflammatory and immune signaling pathways
(Fig. 1F).

3.5 Molecular docking validation of key therapeutic

targets

To provide structural insights into the predicted
compound-target interactions, molecular docking
was performed. Six high-degree compounds from
the network—wilfornine (LGT58, degree 149),
wilfordine (LGTS3, 144), triptophenolide (LGT65,
118), wilforlide A (LGT60, 117), epimedin B
(YYH25, 107), and kaempferol (LGT42/YYHS,
92)—were docked against eight key RA-related
hub proteins SRC (PDB:1Y57), PTPN11/SHP2
(PDB:8U7W), MAPK1/ERK2 (PDB:8U8J),
MAPKS8/INK1 (PDB:2H96), SYK (PDB:4XG9),
EGFR (PDB:2J5F), KEAP1 (PDB:6ROG).

The Glide docking scores (GScore) revealed
specific binding affinities between key compounds
and RA-related targets. Notably, kaempferol exhibited
strong binding affinities with MAPK1 (—9.33 kcal/mol),
MAPKS (—7.96 kcal/mol), and SRC (—8.14 kcal/mol),
suggesting its potential to interact with multiple
kinases involved in inflammatory signaling. In
addition, epimedin B showed relatively strong
binding with SYK (—8.47 kcal/mol), while epimedin
B demonstrated favorable interactions with KEAPI
and EGFR, indicating potential involvement in
redox regulation and receptor-mediated signaling
(Fig. 2A).

Detailed binding mode analysis showed that
these compounds formed stable interactions within the
active sites of their respective targets, primarily through
hydrogen bonds and hydrophobic contacts (Fig 2B-G).

Notably, the engagement of KEAP1 by
wilforlide A/triptophenolide links docking to the
GO/KEGG findings (oxidative stress defense),
providing structural support for the proposed efficacy-
detoxification synergy. Indeed, research has indicated
that NRF2-KEAP1 pathway can alleviate RA.

Overall, the docking results suggest that LGT-
YYH compounds may interact with key nodes in
MAPK signaling and redox regulation. However,
these findings primarily provide preliminary
structural evidence and require further experimental
validation.
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A Docking GlideScores of LGT-YYH Compounds to RA-Related Targets
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(A) Heatmap of Glide docking scores (GScore) showing predicted binding affinities between selected ligands (epimedin B, kaempferol,
triptophenolide, wilforlide A, wilfordine, wilfornine) and RA-related target proteins (SRC, PTPN11, MAPK1, MAPKS, SYK, EGFR,
KEAP1); more negative GScore values indicate stronger predicted binding; (B) Docking model of epimedin B on MAPKS8 (PDB:2H96);
(C) Docking model of triptophenolide on PTPN11 (PDB:8U7W); (D) Docking model of kaempferol on MAPK1 (PDB:8U8J); (E)
Docking model of epimedin B on MAPK1 (PDB:8U8J); (F) Docking model of wilfornine on MAPKS8 (PDB:2H96); (G) Docking model
of kaempferol on EGFR (PDB:2J5F).

Fig. 2 Molecular docking validation of key therapeutic targets in RA treatment
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3.6 lIdentification of hepatotoxicity-associated
targets of LGT

To identify the potential hepatotoxicity-
related targets of LGT, we systematically identified
its potential hepatotoxicity targets. Intersection
analysis between the 2,370 LGT protein targets
and a consolidated set of hepatotoxicity-related

protein targets from public databases yielded 243
overlapping targets (Fig. 3A). The PPI network from
these targets revealed significant protein associations
crucial for understanding hepatotoxicity mechanisms
(Fig. 3B). Hub protein targets analysis pinpointed
TP53, INS, ALB, AKT1, CTNNBI, and ESR1 as the
most central players in this hepatotoxicity network
(Table 2).

Table 2 Network of the top 6 hub targets (TP53, INS, ALB, AKT1, CTNNBI1, ESR1) identified using cytoHubba
analysis with multiple centrality metrics (MCC, EPC, MNC, and Bottleneck)

Rank Protein targets symbol Consensus score
1 TP53 3.983
2 INS 3.975
3 ALB 3.975
4 AKT1 3.959
5 CTNNBI1 3.938
6 ESR1 3.925

KEGG enrichment analysis of these targets
highlighted pathways directly linked to liver damage,
the top pathways enriched with hepatotoxicity-
related targets including pathways in Cancer, PI3K-
Akt signaling, TNF signaling, and Hepatocellular
carcinoma, among others. These pathways are
directly associated with liver cell apoptosis,
inflammation, and oxidative damage. Additionally,
GO enrichment analysis shows that the enriched
BP including protein autophosphorylation, positive
regulation of protein phosphorylation, and protein
kinase activity, all of which are essential for cell

signaling and metabolism. CC such as extracellular
exosome and cytoplasm were significantly enriched,
indicating the involvement of these cellular
structures in the hepatotoxic process. Moreover, MF
such as identical protein binding and protein kinase
activity further underscore the role of signaling
pathways in liver injury. These results demonstrate
that the hepatotoxicity of LGT is likely mediated
by a complex network of signaling pathways
that involve cell survival, oxidative stress, and
inflammatory processes, all of which are reflected in
the enriched KEGG and GO terms (Fig. 3C-D).
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(A) Venn diagram showing the intersection between LGT compound-related targets and hepatotoxicity-associated targets, with 243
overlapping targets identified as key targets; (B) PPI network of the 243 overlapping targets, visualized in Cytoscape, with blue nodes
representing LGT compounds and yellow nodes representing shared targets; (C) KEGG enrichment bubble plot of the top 20 pathways
related to hepatotoxicity, including immune response, apoptosis, and cell signaling, with bubble size indicating gene count and color
intensity representing —logi(p); (D) GO enrichment bar plot showing the top 10 terms in Biological Process, Cellular Component, and
Molecular Function categories for hepatotoxicity-related targets.

Fig. 3 Identification of hepatotoxicity-related targets of LGT
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3.7 KEGG pathway enrichment analysis reveals
YYH hepatoprotective potential

Previous reports have indicated that a component
of YYH, icariin, exhibits hepatoprotective effects.
However, it remains unclear whether it can protect
against hepatotoxicity induced by LGT [39].
Furthermore, kaempferol has been demonstrated
to ameliorate CCls-induced hepatotoxicity through
modulation of AMPK/Nrf2 signaling pathways.
These studies support the possibility that YYH
may interact with oxidative stress-related and
inflammation-related pathways involved in
hepatotoxicity, which is consistent with the AKT1/
ESR1/Nrf2-related signaling axis predicted in our
network analysis [40]. The KEGG pathway analysis
of the LGT hepatotoxicity-related targets and YYH
targets revealed several overlapping and unique
pathways that may suggest a compensatory role of
YYH in mitigating LGT-induced hepatotoxicity. This
analysis revealed 149 pathways common to both,
32 unique to LGT hepatotoxicity, and 31 unique
to YYH (Fig. 4A). The targets of YYH are highly
coincident with LGT hepatotoxicity-related targets,
suggesting that YYH has the potential to mitigate
LGT-induced hepatotoxicity.

KEGG enrichment analysis further
corroborated these findings, which summarizes the
top 10 significantly enriched pathways associated
with LGT hepatotoxicity and YYH targets (Fig.
4B). Notably, pathways implicated in metabolic
regulation, such as amino sugar and nucleotide
sugar metabolism and tyrosine metabolism, as well
as those involved in immune and inflammatory

responses, including the VEGF and TNF signaling
pathways, were significantly enriched in both
networks. These overlapping enrichments suggest
that both LGT and YYH may exert their effects
through common metabolic and immunomodulatory
mechanisms, highlighting potential nodes of
interaction between toxicity and protection.

Beyond the shared pathways, the distinct
pathways uniquely enriched in each network
provided further mechanistic insights. LGT
hepatotoxicity was specifically associated with
pathways related to apoptosis and oncogenesis—
including “Pathways in cancer”, “Hepatocellular
carcinoma” and “Non-small cell lung cancer”—
underscoring the role of LGT in promoting cell
death and carcinogenic processes in the liver. In
contrast, Y'YH-specific pathways, such as “Endocrine
resistance” and “Prolactin signaling” were
identified, suggesting their potential involvement
in compensatory survival mechanisms and
hepatoprotection (Fig. 4B).

Furthermore, the pathway comparison between
the KEGG pathways of LGT hepatotoxicity and
YYH targets enabled us to identify potential
pathways where YYH may “negatively regulate”
or “compensate” LGT toxicity. This comparison is
valuable in pinpointing specific candidate pathways
and proteins for molecular docking validation to
further explore the mechanistic interactions between
YYH and LGT in liver injury. A comprehensive
comparison of all enriched KEGG pathways between
LGT-associated hepatotoxicity and YYH targets is
presented in Supplementary Fig. S2.
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Top 10 KEGG Pathways: LGT Hepatotoxicity vs. YYH Targets
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(A) Venn diagram illustrating the overlap of KEGG pathways between LGT hepatotoxicity and YYH targets. The diagram shows 149
shared pathways, 32 unique to LGT, and 31 unique to YYH; (B) Top 10 KEGG pathways for LGT hepatotoxicity and YYH targets.

Fig. 4 Comparative KEGG pathway analysis of LGT hepatotoxicity and YYH targets

3.8 Molecular docking confirms YYH compound
binding to Hepatotoxicity targets

To validate the hepatoprotective potential
of YYH compounds, we performed a molecular
docking analysis with key hepatotoxicity-related
targets. The docking was carried out using the
Schrodinger software suite and Glide scoring
function, with the goal of determining the binding
affinities of selected YYH compounds to toxicity-
related targets identified in the previous KEGG
pathway comparison.

The six compounds selected for docking
were chosen with multiple convergent criteria: (a)
high relative abundance or marker status in YYH;
(b) structural diversity covering glycosides vs.
aglycones, prenylated vs. non-prenylated flavonoids,

and variations in hydroxyl/methoxy substitutions; (c)

literaturebacked hepatoprotective/antiinflammatory
evidence; and (d) molecular properties conducive to
docking studies, such as appropriate size, hydrogen-
bonding capacity, and lipophilicity.

Specifically, icariin was included as a major
flavonoid glycoside in YYH and a biosynthetic
precursor to icaritin. Icaritin, the aglycone
derivative, offers enhanced lipophilicity and has
demonstrated hepatoprotective effects in acute liver
injury models [12]. Baohuoside I (icariside II),
another prenylated flavonoid glycoside, was selected
to assess the influence of glycosylation on target
binding [41]. Epimedin B, a prevalent glycosylated
flavonoid in YYH, further represents the structural
diversity of the herb [42]. Kaempferol, a well-
studied non-prenylated flavonoid aglycone, exhibits
documented activity via SIRT1/AMPK and TLR4/
NF-xB pathways [8,43]. Finally, chrysoeriol, a
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3’-methoxy derivative of kaempferol, was chosen to
probe the effect of methoxy substitution on binding
interactions [44].

The compounds selected for docking were
chosen based on the following key criteria:
(a) pathway consistency with hepatotoxicity-
related pathways identified in KEGG enrichment
and comparative analyses, which are critically
involved in inflammation, oxidative stress, and cell
survival during liver injury; (b) strong literature-
supported evidence of hepatoprotective and anti-
inflammatory activities, underscoring their potential
to mitigate liver damage; (c) molecular docking
feasibility, considering polarity, molecular volume,
and chemical features conducive to forming
hydrogen bonds or hydrophobic interactions with
target proteins. Based on these criteria, the final
protein targets selected for docking included
AKTI1 (PDB:3096), ESR1 (PDB:3ERT), ALB
(PDB:1AO6), CTNNB1 (PDB:1G3J), TP53
(PDB:2J1X), and INS (PDB:5E1S), to investigate
their interactions with key hepatotoxicity-related
targets.

Molecular docking revealed strong binding
affinities between YYH compounds and hepatotoxicity-
related targets (Fig. 5A). Icaritin, an aglycone
form of icariin, exhibited even higher binding
affinity with AKT1 (GScore = —6.48 Kcal/mol)
and ESR1 (GScore = —5.30 Kcal/mol) As previously
reported, icariin and its metabolites can protect
against liver injury through multiple pathways,
including the AKT signaling pathway [12]. epimedin
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B, a major component of YYH, demonstrated strong
interactions with AKT1 (GScore = —11.79 Kcal/mol).
epimedin B inhibits the activation of PI3K-AKT
signaling pathways and activates the AMPK-Nrf2
signaling pathway to reduce ROS production,
supporting its hepatoprotective and anti-
inflammatory potential [42]. Kaempferol, a widely
studied flavonoid, showed good docking results
with AKT1 (GScore = —9.59 Kcal/mol) and ESR1
(GScore = —6.96 Kcal/mol). Quercetin, a flavonoid
compound in YYH, showed a strong binding
affinity to ESR1 (GScore = —7.11 Kcal/mol), in
a study of bone-metabolism natural compounds,
suggesting that ESR1 is a plausible molecular
target for quercetin phytoestrogenic effects.
Finally, chrysoeriol exhibited favorable binding
to AKT1 (GScore = —6.64 Kcal/mol) and ESR1
(GScore = —4.29 Kcal/mol). Indeed, chrysoeriol
attenuates methotrexate-induced liver injury by
inhibiting PI3K-Akt pathway, reinforcing its anti-
inflammatory and hepatoprotective potential [45].
Since baohuoside I did not demonstrate significant
binding affinity, further investigation was not
pursued.

The docking results strongly support the
hypothesis that YYH compounds can alleviate liver
injury by modulating key cellular pathways related
to oxidative stress, inflammation, and cell survival,
thus demonstrating their hepatoprotective effects
and validating the potential of these compounds in

reducing liver toxicity.
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Docking GlideScores of YYH Compounds to Toxicity-Related Targets
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(A) Heatmap of Glide docking scores (GScore) showing predicted binding affinities between selected ligands (icariin, icaritin,
baohuoside I, epimedin B, kaempferol, chrysoeriol, quercetin) and hepatoprotective target proteins (AKT1, ESR1, ALB, CTNNBI, TP53,
INSR; (B) Docking model of epimedin B on AKT1 (PDB:3096); (C) Docking model of icaritin on ESR1 (PDB:3ERT); (D) Docking
model of kaempferol on AKT1 (PDB:3096); (E) Docking model of icaritin on ESR1 (PDB:3ERT); (F) Docking model of icaritin on
AKT1 (PDB:3096); (G) Docking model of quercetin on ESR1 (PDB:3ERT).

Fig. 5 Docking GlideScores of YYH Compounds to Toxicity-Related Targets
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4 Discussion

This study provides valuable insights into the
synergistic effects and hepatotoxicity attenuation
mechanisms of the LGT and YYH herbal pair in
treating RA. By integrating network pharmacology
and molecular docking approaches, we have identified
key targets and underlying mechanisms that contribute
to both the efficacy and safety of this herb pair.

The therapeutic effects of LGT-YYH are
primarily mediated by a multi-target, multi-pathway
approach [46]. Enrichment analysis revealed critical
targets, including PTPN11, SRC, EGFR, MAPK1
and MAPKS, that are significantly involved in
inflammatory and immune-related pathways,
notably the MAPK signaling pathways. In addition
to the MAPK pathway, other inflammation-related
pathways from KEGG enrichment analysis likely
contribute to the LGT-YYH herbal pair’s therapeutic
effects in RA. The TNF, IL-17, Toll-like receptor,
and NOD-like receptor signaling pathways were
significantly enriched among the intersecting targets.
These pathways regulate inflammatory responses
and immune dysfunction in RA [47-48].

Previous studies have demonstrated that major
active components of LGT exhibit significant anti-
inflammatory activities through these pathways.
Triptolide and celastrol were reported to suppress NF-xB,
MAPK, and pro-inflammatory cytokine signaling,
including TNF-a, IL-15, and IL-6 pathways in RA
models [49]. Furthermore, wilforine was shown to
alleviate RA progression through regulation of the
Wntl1/f-catenin signaling pathway and inhibition
of fibroblast-like synoviocyte activation [50].
Similarly, active compounds from YYH also exhibit
anti-RA and anti-inflammatory activities through
multiple signaling pathways. Icariin has been
reported to suppress inflammatory responses in
TNF-a-stimulated RA fibroblast-like synoviocytes
via regulation of the TRIB1/TLR2/NF-«xB
signaling pathway [51]. In addition, flavonoids

such as quercetin can inhibit MAPK and NF-xB
activation and reduce the expression of inflammatory
mediators, including IL-6 and TNF-a [52].

Therefore, the KEGG enrichment results
combined with previous pharmacological evidence
suggest that the therapeutic effects of LGT-YYH
in RA are not limited to MAPK signaling alone
but involve coordinated regulation of multiple
inflammatory and immune-related pathways. This
multi-pathway regulatory mode is consistent with the
holistic and synergistic characteristics of traditional
Chinese medicine.

A pivotal finding of this research is the
identification of YYH’s hepatoprotective role
against LGT-induced liver injury. By analyzing
the overlapping targets between LGT and
hepatotoxicity-related protein targets, we predicted
AKT1, ESRI1, ALB, CTNNBI, and TP53 as the
central mediators of the hepatotoxicity network.
These targets are associated with crucial pathways,
such as the PI3K-Akt and cancer pathways, which
play significant roles in liver cell survival and
oxidative stress. The docking results revealed
that key bioactive components of YYH, including
icariin, icaritin, and epimedin B, exhibit strong
binding affinities for AKT1 and ESR1 [10,12,42].
This suggests that YYH may exert its protective
effects primarily by modulating the AKT1-ESR1-
Nrf2 antioxidant signaling axis, thereby enhancing
hepatocyte survival and counteracting the oxidative
stress and liver injury caused by LGT.

Previous studies have reported that icariin
exhibits hepatoprotective effects through regulation
of oxidative stress-related and inflammation-related
pathways, particularly Nrf2-associated signaling,
although whether it directly protects against LGT-
induced hepatotoxicity remains unclear [12]. In
addition, kaempferol has been shown to ameliorate
experimental liver injury through modulation
of AMPK/Nrf2 pathways [53]. These findings
provide supportive biological plausibility for the
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AKTI1/ESR1/Nrf2-related signaling axis predicted
in our network analysis. However, the proposed
hepatoprotective role of YYH should be interpreted
cautiously because network pharmacology identifies
pathway associations without indicating regulatory
directionality. Therefore, pathway overlap alone
cannot demonstrate that YYH reverses LGT-
induced toxic signaling, and further in vitro and in
vivo studies are required to validate whether YYH-
derived compounds truly attenuate LGT-induced
hepatotoxicity and to clarify the regulatory direction
of the identified pathways.

Our results illustrate a distinct functional
differentiation between the two herbs: LGT mainly
inhibits pro-inflammatory pathways to treat RA, while
YYH primarily targets antioxidant and cellular survival
pathways to protect the liver. This complementary
mechanism, synergistic efficacy coupled with toxicity
reduction, exemplifies the traditional Chinese medicine
principle of “efficacy-toxicity attenuation”.
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5 Conclusion

The combined application of network
pharmacology and molecular docking establishes a
robust framework for understanding the therapeutic
effects of LGT-YYH through a multi-target network
centered on hub targets like PTPN11, SRC, and
MAPK1/8, primarily modulating the MAPK
signaling pathway. Concurrently, YYH components
mitigate LGT-induced hepatotoxicity by targeting the
AKTI1-ESR1-Nrf2 axis, illustrating the traditional
Chinese medicine principle of efficacy enhancement
and toxicity reduction. A schematic summary of the
proposed therapeutic and protective mechanisms of
the LGT-YYH herb pair is presented in Fig. 6. These
integrated network pharmacology and molecular
docking results provide a mechanistic foundation
for the rational clinical application of this herb
pair, warranting further experimental and clinical
validation.
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Fig. 6 Graphical summary of the multi-target, multi-pathway mechanisms of LGT-YYH in RA and hepatoprotection
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