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Background: Myocardial infarction represents a coronary artery ailment with the highest incidence and fatality rates among
cardiovascular conditions. However, effective pharmacological interventions remain elusive. This study seeks to elucidate the
molecular mechanisms underlying the effects of Ligusticum wallichii on myocardial infarction through network pharmacology and
experimental validation.

Methods: Initially, potential targets of Ligusticum wallichii’s active ingredients and myocardial infarction-related targets were
retrieved from databases. Subsequently, core targets of Ligusticum wallichii on myocardial infarction were identified via the PPI
network analysis and subjected to GO and KEGG pathway enrichment analyses. Molecular docking was employed to validate the
binding affinities between the core targets and the bioactive components. The findings from network pharmacology analysis were
corroborated through in vitro and in vivo experiments.

Results: Seven active ingredients from Ligusticum wallichii were identified, corresponding to 122 targets. Molecular docking revealed
robust binding affinities of Myricanone, Senkyunone, and Sitosterol to key target proteins (EGFR, STAT3, and SRC). In vitro,
experiments demonstrated that pretreatment with the active components of Ligusticum wallichii protected myocardial cells from OGD
exposure and modulated the expression of their key target genes. In vivo, experiments showed that the active components of
Ligusticum wallichii significantly improved myocardial infarction via alleviating myocardial fibrosis and oxidative stress and did
not elicit toxic effects in mice.

Conclusion: The collective findings suggest that Ligusticum wallichii shows promising potential for myocardial infarction treatment
by regulating key target proteins (EGFR, STAT3, and SRC), which play roles in oxidative stress and myocardial fibrosis.
Keywords: Ligusticum wallichii, myocardial infarction, Molecular docking, network pharmacology, experimental validation

Introduction

The occurrence of myocardial infarction, characterized by necrosis of the heart muscle, significantly contributes to global
morbidity and mortality, resulting in approximately 7.4 million deaths annually.'* The established pathophysiology involves
the formation of a blood clot within a coronary artery, leading to reduced blood flow to the heart muscle. Current therapeutic
approaches include pharmacological interventions, percutaneous coronary intervention (PCI), and coronary artery bypass
grafting (CABG).>* However, reperfusion strategies such as PCI and CABG may cause injury due to ischemia/reperfusion,
antiplatelet therapy increases the risk of bleeding, and statin therapy carries the potential for drug-induced liver injury.”®
Therefore, the identification of effective drugs to enhance myocardial perfusion and mitigate the extent of myocardial damage
is urgently required.
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Nutraceuticals, particularly those with anti-inflammatory, antioxidant, and vascular-protective properties, have shown
significant promise in ameliorating cardiovascular risk factors and mitigating disease progression, complementing
conventional therapeutic approaches.” Ligusticum wallichii (Chuanxiong) is the dried rhizome of Ligusticum chuanxiong
Hort., first recorded in the earliest complete Pharmacopoeia of China (Shennong’s Classic of Materia Medica) from
Warring States Period to Han Dynasty.'® Numerous clinical, pharmacological, and chemical investigations have demon-
strated the anti-inflammatory, antioxidant, anti-fibrotic, and immunomodulatory properties of Ligusticum wallichii."' "3
In this context, Ligusticum wallichii represents a promising nutraceutical for cardiovascular health. Ligusticum wall-
ichii’s antioxidant and anti-inflammatory capabilities align with these findings, suggesting that it may confer additional
cardioprotective effects when integrated with current treatments. These properties could be particularly advantageous in
reducing reperfusion injury, enhancing vascular function, and limiting myocardial fibrosis, thus contributing to improved
clinical outcomes for myocardial infarction patients.

Ligusticum wallichii has been reported to play an important role in the treatment of cardiovascular and cerebrovas-
cular diseases such as coronary heart disease,'* cerebral ischemia,'” diabetes,'® and hypertension.'” Ligusticum wallichii
can improve blood fluidity'® attenuate endothelial cell damage,'” and inhibit vascular smooth muscle cell proliferation.?
Unlike conventional treatments that often target single pathways, Ligusticum wallichii contains multiple bioactive
compounds, which allows it to modulate various aspects of the myocardial infarction pathophysiology simultaneously.
This multi-targeted approach aligns with the principles of Traditional Chinese Medicine, which emphasize a holistic
perspective and comprehensive disease management. It has been reported that Ligusticum wallichii-based nanomaterials
alleviate bleeding and bacterial infections in the Staphylococcus aureus-infected mouse skin wound model, promoting
wound healing.*' This result suggests that Ligusticum wallichii has a great hemostatic effect. Also, Ligusticum wallichii
extract was reported to protect against ischemic reperfusion injury and improve myocardial antioxidant status in
myocardial ischemic reperfusion rats.*? In addition, Ligusticum wallichii extract prevents liver fibrotic injury and

ameliorates methotrexate-induced oxidative liver injury,'**

suggesting its protective role in improving liver toxicity.
These studies indicate that Ligusticum wallichii has important potential to address current limitations in the treatment of
myocardial infarction.

Besides, Ligusticum wallichii also affects several known pathways related to inflammation, oxidative stress, and
apoptosis, which may be linked to the improvement of myocardial infarction. It has been demonstrated that
Ligusticum wallichii inhibits the STAT3 signaling pathway, the key pro-inflammatory pathway in myocardial
infarction, decreasing the secretion of inflammatory factors.”*** Tetramethylpyrazine, the active component of
Ligusticum wallichii, was reported to suppress oxidative stress and apoptosis by the miR-182/mitochondrial
apoptotic pathway.”® MiR-182 has been identified as a key factor regulating oxidative stress and apoptosis in
ischemic cardiac injury and myocardial infarction.”’-*® Thus, these known pathways may be intervention targets for
Ligusticum wallichii in the treatment of myocardial infarction. Nevertheless, the comprehensive mechanism of
Ligusticum wallichii intervention in myocardial infarction remains unclear, with limited research at the molecular
level. Myocardial infarction involves changes in multiple gene expressions, making it challenging to achieve optimal
therapeutic outcomes with drugs targeting a single pathway. Network pharmacology offers a systematic method to
explore the complex mechanisms underlying drug treatment, utilizing network visualization diagrams based on
comprehensive biological data.*’ ' This approach is in line with the holistic principles of Traditional Chinese
Medicine, which prioritize comprehensive disease management and provide innovative insights and methodologies
for understanding intricate disease mechanisms. Molecular docking utilizes computational techniques to investigate
the spatial interactions between drug molecules and targets, facilitating the targeted design of effective drugs.**>*
Incorporating Ligusticum wallichii into therapeutic strategies, especially as a complementary nutraceutical, could
present an innovative approach to managing myocardial infarction by leveraging its multi-targeted benefits. The
present study employed molecular docking and network pharmacology techniques, guided by the holistic perspective
of Traditional Chinese Medicine, along with experimental validation to elucidate the target proteins, associated
pathways, and underlying mechanisms involved in the intervention of myocardial infarction by Ligusticum wallichii.
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Methods

Bioactive Components and Targets of Ligusticum wallichii

The bioactive constituents of Ligusticum wallichii were obtained from the Traditional Chinese Medicine Systems
Pharmacology (TCMSP) Database. Given that Ligusticum wallichii is primarily administered orally, we applied drug-
likeness (DL) and oral bioavailability (OB) as filtering criteria. Specifically, compounds with DL values equal to or
greater than 30% and OB values equal to or greater than 0.18 were retained. After screening the TCMSP database and
cross-referencing with relevant literature, we identified the active ingredients of Ligusticum wallichii. Subsequently, we
generated the three-dimensional structures of all compounds using 3D Viewer and saved them in mol2 file format for
target prediction purposes. Target information was then retrieved from the TCMSP database based on feature data and
physicochemical parameters, while SMILES files for these active ingredients were obtained from the PubChem database.
These SMILES files were utilized for target prediction through the SwissTargetPrediction website (http://old.swisstarget

prediction.ch/). In SwissTargetPrediction, the top 15% of results are considered to have a 75% likelihood of being true
targets of the compound. Therefore, the first 15 predictions from SwissTargetPrediction were selected. The network
proximity z’-score was calculated based on the mean and standard deviation of random distances. Using the
PharmMapper database results, the Z-score, which offers a better confidence interval and statistical relevance compared
to the “Fit score”, was used as the primary metric. A Z-score > 0 was considered significant, while a negative Z-score
indicated non-significance. Additionally, a higher z’-score suggests a stronger alignment between compound molecules
and protein targets. The combined targets identified from both the SwissTargetPrediction and TCMSP databases
represent the principal targets of active ingredients in Ligusticum wallichii.

Identification of Myocardial Infarction-Related Targets

Targets related to myocardial infarction were identified through screening of the GeneCards database and OMIM
database (https://omim.org/). Initially, a search for “myocardial infarction” was conducted in the OMIM database
under the “Gene Map” section, and the search results were downloaded in Excel format. Subsequently, the GeneCards
database was utilized to retrieve information on “myocardial infarction”, and the search outcomes were also saved as
Excel files. The relevance score serves to evaluate a gene’s association with a particular disease or biological process. In
the GeneCards database, each gene is assigned a relevance score between 0 and 100, where higher scores indicate
a stronger connection to the disease or biological process. For specific disease-gene pairs, a gene-disease association is
established if the gda score is above 0 or the relevance score exceeds 1. Consequently, a relevance score of > 15 in
GeneCards was considered a significant association. Finally, employ Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/

venny/index.html), an online tool, to import both sets of data tables from Ligusticum wallichii and myocardial infarction-
related targets. Subsequently, the intersection targets between Ligusticum wallichii and myocardial infarction were
identified.

Construction of Bioactive Component-Target Network
To identify common targets between Ligusticum wallichii and myocardial infarction, we utilized the Venn diagram online tool
(https://bioinfogp.cnb.csic.es/tools/venny/). This involved intersecting the targets associated with myocardial infarction and

those targeted by active ingredients of Ligusticum wallichii, resulting in the visualization of the shared targets through a Venn
diagram. These intersecting genes signify potential targets of Ligusticum wallichii in the treatment of myocardial infarction.
Furthermore, we predicted target proteins for active ingredients and myocardial infarction and standardized their naming to
gene names. To enhance data reliability, we used PPI data specific to “Homo sapiens” with a confidence score of >0.7 (highest
confidence: >0.9, high: >0.7, medium: 0.4-0.7, low: <0.4) to build the PPI network and isolated the largest connected
component. Finally, the selected targets related to myocardial infarction were imported into Cytoscape 3.7.1 software to
construct an ingredient-target network map.
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Construction of the Protein-Protein Interaction (PPl) Network

The intersection target protein was inputted into the STRING database, specifying “Homo sapiens” as the species, to retrieve
protein-protein interaction (PPI) information. Subsequently, the resulting data file in Tab Separated Values (TSV) format was
exported and imported into Cytoscape 3.8.2 software for visualization processing. Network analysis was conducted using
CytoHubba, an integrated plug-in within Cytoscape, employing 11 topology methods derived from shortest-path algorithms.
These methods encompass degree, maximum neighborhood component density, edge penetration component, maximum
group centrality, and six centralities (closeness, radiality, degree, betweenness, bottleneck, and stress). Notably, the maximum
clique centrality (MCC) algorithm has demonstrated superior accuracy in predicting pivotal targets. In this study, key core
targets indicative of Ligusticum wallichii’s therapeutic efficacy against myocardial infarction were identified by employing the
MCC topology algorithm. Moreover, essential sub-networks of active ingredients from Ligusticum wallichii were delineated
within the PPI network, playing a significant role in the therapeutic mechanism.

Enrichment Analysis
GO analysis and KEGG pathway enrichment analysis were conducted using the clusterProfilerGO.R package in
R software (https://www.r-project.org/) along with Perl language. An adjusted p-value threshold of <0.05 was applied,

and the significant enrichment results were visualized using the ggplot2 package. The identified target genes underwent
online analysis via the DAVID database, and were subsequently imported into Omicsbean software with the specified ID
type as Gene Symbol and species as “Homo sapiens”. Following this, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway and Gene Ontology (GO) enrichment analyses were performed on the target proteins. The resulting
data was then imported into an Excel worksheet for further filtering of functions and pathways, with statistical
significance set at P < 0.05. Finally, the outcomes were visualized using a bar chart.

Construction of Active Ingredient-Target-Disease Network
The active ingredient-target-disease network was constructed using Cytoscape 3.7.1 software by integrating the shared
genes from both active ingredient and disease datasets with the top 20 pathways identified through KEGG analysis.

Molecular Docking

Molecular docking studies were conducted using the identified key targets and their respective ligands, utilizing the
docking software AutoDock Vina’ and ‘Discovery Studio 2019’ to assess their interactions. Protein crystal structures
were retrieved from the RCSB PDB database (https://www.rcsb.org/), while compounds were sourced from the TCMSP

database. AutoDock Tools facilitated the preparation of both the protein and compound structures by isolating the protein
from its original ligand, eliminating water molecules, adding charges, and converting the structures to “PDBQT” format.
For semi-flexible molecular docking, the Libdock module in Discovery Studio 2019 (DS2019) was employed. This
process included removing water molecules from the receptor protein and energy minimization of both the protein and
ligand. To ensure accurate ionization and tautomerization of amino acid residues, non-polar hydrogens were merged, and
partial atomic charges were assigned using the Gasteiger-Marsili method. The docking points were defined to facilitate
the connection. Ultimately, docking results and mapping analyses were derived using Vina docking.

Cell Culture and Treatment

HOC2 cells, procured from the American Type Culture Collection (ATCC), were seeded into 35 mm dishes at a density of
1x10° cells and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). The cells were then incubated at 37°C in a humidified atmosphere containing 5% CO,. The cell culture medium
was replaced with serum-free and glucose-free DMEM every three days. To establish an in vitro myocardial infarction
model, H9C2 cells were washed with PBS and cultured in DMEM. The cells were then incubated under hypoxic
conditions (1% O,, 5% CO,, and 94% N,) for 3 h. After the oxygen-glucose deprivation (OGD) treatment, they were
placed in a complete culture medium with 5% CO, and 95% air for varying durations (1, 2, and 3 hours). Control cells
were maintained in DMEM under normoxic conditions.
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Chemicals and Reagents

Myricanone (CAS No. 32492-74-3, 98% purity) and Sitosterol (CAS No. 5779-62-4, 98% purity) were provided by
Baoji Chenguang Biotechnology Co., Ltd (China). Senkyunone (CAS No. 142182-61-4, 98% purity) was procured by
Chengdu Pusi Biotechnology Co., Ltd (China). The positive control drug diazoxide (CAS No. 364-98-7, 99% purity)
was supplied by Invivochem (Guangzhou, China).

Cell Viability Assay

Cell viability was assessed using a Cell Counting Kit-8 (CCK-8, Cat.No. GK10001) assay kit obtained from GLPBIO,
California, United States. H9¢2 cells were initially seeded into 96-well plates. Following treatment, each well was
incubated with 10 pL of CCK-8 solution for 2 h at 37°C. Subsequently, the absorbance at 450 nm was measured using
a microplate reader (Thermo Varioskan LUX, MA, United States).

Reverse Transcription-Quantitative PCR (RT-qPCR)

Trizol, a total RNA extraction reagent, was sourced from Invitrogen, while the gqRT-PCR kit and gene-specific primers
were acquired from Shanghai Bioengineering Co., Ltd. (China). Total RNA was extracted from the cells using Trizol,
followed by a purity assessment. The RNA was then reverse-transcribed into cDNA, using a reaction mixture containing
the extracted RNA, 5x RNA buffer, M-MLV reverse transcriptase, RNase inhibitor, deoxyribonucleotide (ANTP), and
RNase-free double-distilled water (ddH,O). The reverse transcription reaction was conducted in a PCR machine
programmed to 37°C for 5 minutes, 85°C for 5 seconds, and then 4°C to terminate the reaction. Next, cDNA, Taq
DNA polymerase, dNTPs, ddH,0, MgCl,, and buffer were amplified in PCR plates. The initial denaturation was set at
94°C for 30s, followed by annealing at 58°C for 15s, and extension at 72°C for 30s. Ct values were recorded for
statistical analysis after completing 40 cycles. The primer sequences for EGFR, SRC, and STAT3 utilized in the RT-
qPCR analysis are provided in Table 1.

Experimental Animal and Establishment of Myocardial Infarction Model

Adult male C57BL/6 mice (10-14 weeks old, 22-28 g) were obtained from Cavens Lab Animals Co., Ltd (Changzhou,
China), with certification under Animal Qualification Certificate No.: SYXK (Xiang) 2020-0002. The mice were housed
under controlled conditions (25 £+ 2 °C temperature, 60 + 5% humidity, and a 12-hour light/dark cycle) and allowed
a one-week acclimation period before experimentation. This study received approval from the Animal Care Guidelines
and Institutional Animal Ethics Committee of Hunan Normal University for the use of experimental animals.

Next, C57BL/6 mice were randomly divided into six groups (n = 6 per group): Sham, myocardial infarction + PBS,
myocardial infarction + Myricanone (30 mg/kg), myocardial infarction + Sitosterol (30 mg/kg), myocardial infarction +
Senkyunone (15 mg/kg), and myocardial infarction + diazoxide (5 mg/kg). Anesthesia was administered via intraper-
itoneal injection of sodium pentobarbital (50 mg/kg), and all surgical procedures and subsequent analyses were
conducted by a blinded investigator. Myocardial infarction was induced by ligating the proximal left anterior descending
coronary artery (LAD), while Sham mice underwent the same surgery without LAD ligation. Medicine or an equal
volume of PBS was administered daily via oral gavage for two weeks both before and after the myocardial infarction.

Table | qRT-PCR Primer Sequences

Gene Forward Reverse

EGFR 5-CCACACCAAACAAGGAGGAG-3' 5-ATGAGAAGCCCCACGATGAC-3'

STAT3 | 5-CTGTGTGACACCATTCATTGATGC-3' | 5'- CGACTCAAACTGCCCTCCTG-3'

SRC 5-CCTCGTGCGAGAAAGTGAG-3’ 5-TGGCGTTGTCGAAGTCAG-3'

B-actin 5-AGAAAATCTGGCACCACACC-3' 5-AGGAAGGAAGGCTGGAAGAG-3'.
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Triphenyltetrazolium Chloride Staining

Heart tissue samples were collected post-euthanasia and cooled in a —80°C freezer for 8 minutes before being sliced into
2-3 mm sections. These sections were then incubated in a 2% triphenyltetrazolium chloride (TTC) solution at 37°C for
30 minutes in the dark, followed by fixation in 4% paraformaldehyde for another 30 minutes. Images were captured using
an FSX100 microscope (Olympus, Shenzhen, China), and the sizes of the differently stained areas were analyzed using
Image-Pro Plus 6.0 software to calculate the ratio of the infarct area to the left ventricular area.

Serum Biochemistry Assays

Myocardial infarction diagnosis was confirmed by assessing changes in biomarkers indicative of cardiac damage,
specifically through measuring serum aspartate aminotransferase (AST), lactate dehydrogenase (LDH), and creatine
kinase-isoenzyme MB (CK-MB) activities. Oxidative stress markers, including serum activity levels of catalase (CAT),
superoxide dismutase (SOD), and malondialdehyde (MDA), as well as reduced glutathione (GSH) levels, were also
evaluated. These assays were performed following the manufacturer’s protocol (Merck, Germany; Beyotime, China)
using commercially available kits (AST, Cat.No. MAK467; LDH, Cat.No. MAK066; CK-MB, Cat.No. MABX7621-
10KC; CAT, Cat.No. S0051; SOD, Cat. No. 19160; MDA, Cat.No. S0131M; GSH, Cat.No. S0052).

Heart Histopathological Examination

Following sacrifice, myocardial samples were collected and fixed in 4% paraformaldehyde. The heart, liver, lung, spleen, and
kidney tissues were then dehydrated, embedded in paraffin, and subjected to hematoxylin-eosin (HE) and/or Masson-trichrome
(MT) staining. Images of these stained sections were captured using the FSX100 microscope (Olympus, Shenzhen, China).

Statistical Analysis

The data presented in this study are expressed as mean + SD from six independent experiments. One-way analysis of variance
(ANOVA) followed by post-hoc correction was employed to analyze differences among multiple groups. A significance level
of p < 0.05 was used to determine statistical significance in all cases. Statistical analyses were performed using GraphPad
software (version 8.0.1) and SPSS 24.0. A p-value < 0.05 was considered statistically significant.

Results

Evaluation of Active Ingredients and Potential Targets of Ligusticum wallichii

Active compounds from Ligusticum wallichii were identified via the TCMSP database, resulting in the retrieval of 7
bioactive compounds by applying the criteria of DL > 0.18 and OB > 30% (Table 2). Subsequently, the TCMSP database
was utilized to gather the respective targets associated with these active compounds, yielding a total of 269 corresponding
targets following data deduplication and summarization.

Table 2 Active Components in Ligusticum Wallichii

Serial Number CAS Active Ingredients Chemical
Structure
MOL002135 32,492-74-3 Myricanone T
[
MOL002151 142,182-61-4 Senkyunone
I
[
I
i
i1 I
1]
(Continued)
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Table 2 (Continued).

Serial Number CAS Active Ingredients Chemical
Structure
MOL000359 83—46-5 Sitosterol
s
MOL002140 29,700-20-7 Perlolyrine
MOL002157 93,236-64-7 Wallichilide P
MOL000433 33,609-88-0 FA
MOL001494 544-35-4 Mandenol
|
| ~
L I
1 [
1 [

Acquisition of Myocardial Infarction-Related Targets
The term “myocardial infarction” was queried in both the OMIM and GeneCards databases. Subsequently, the myo-
cardial infarction-related targets identified from these databases were consolidated. Through the screening process,

duplicate entries were removed, resulting in a combined total of 1930 targets associated with myocardial infarction.

Construction of the Active Ingredient-Target and PPl Network

The intersection of potential targets of Ligusticum wallichii with those related to myocardial infarction was analyzed,
yielding a total of 122 shared targets identified using the Venn diagram tool (Figure 1). Subsequently, the shared targets
and active components were input into Cytoscape 3.8.2 for visualization, resulting in the generation of the “active
ingredient-target network” (Figure 2). To explore how Ligusticum wallichii shields against myocardial infarction, we
initially utilized the String database to analyze the intersection targets. Our criteria comprised selecting Homo sapiens as
the organism and setting the confidence level to the highest (0.900). Figure 3A illustrates the network linking drug and
disease targets, encompassing 122 nodes and 319 edges, with an average node degree of 5.23 and a local clustering
coefficient of 0.900. Next, we imported the network data into Cytoscape 3.8.2 software and employed the
NetworkAnalyzer plug-in tool to generate a PPI network diagram (Figure 3B) based on node density values. The size
of nodes in the diagram correlated with their degrees, with larger nodes representing genes with higher degrees. Figure 4
presents the top 10 proteins ranked by degree centrality (Degree, Betweenness, and Closeness). Among them, EGFR,
SRC, and STAT3 were identified through the intersection of targets obtained via these three methods (Figure 5A and

Table 3). Furthermore, Myricanone, Senkyunone, and Sitosterol from Ligusticum wallichii exhibited significant
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Ligusticum wallichii Myocardial infarction

Figure | The overlap of target genes between the active constituents of Ligusticum wallichii and those associated with myocardial infarction.
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Figure 2 The construction of the target network involves identifying active ingredients. The Orange circular node represents the active ingredients found in Ligusticum
wallichii, while the other nodes represent their corresponding targets.

correlations with these core targets (Figure 5B). These proteins play critical roles in PPI and serve as pivotal targets for

Ligusticum wallichii’ active ingredients in addressing myocardial infarction.

Results of Functional Enrichment Analysis

Following the identification of cross-targets, we conducted KEGG and GO enrichment analyses to uncover associated
biological functions and metabolic pathways. The set of 122 targets was imported into the Metascape platform for GO
functional enrichment analysis, revealing the top 10 significantly enriched entries (Figure 6). The analysis uncovered 65
cellular components (CCs) pathways, including critical functions such as plasma membrane, cytoplasm, cytosol,
endoplasmic reticulum membrane, perinuclear region of cytoplasm, and receptor complex. The study identified a total
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Figure 3 The protein-protein interaction (PPl) network of Ligusticum wallichii in myocardial infarction treatment was analyzed. (A) PPl network generated using STRING. (B)
PPI network constructed via Cytoscape 3.6.0.

of 128 molecular functions (MF), encompassing various cellular structures such as steroid binding, heme binding, and
identical protein binding. Additionally, in terms of biological processes (BPs), the 398 enriched pathways indicated the
involvement of diverse processes like inflammatory response, response to lipopolysaccharide, positive regulation of cell
migration, and positive regulation of protein kinase B signaling in the therapeutic effects of Ligusticum wallichii on
myocardial infarction. Subsequently, the bubble plot results from the KEGG enrichment analysis, depicted in Figure 7,
underscored Ligusticum wallichii’ impact on myocardial infarction, revealing 112 pathways. Focusing our comparative
analysis on 20 pathways closely linked to lipid and atherosclerosis, PI3K-Akt signaling pathway, EGFR tyrosine kinase
inhibitor resistance, HIF-1 signaling pathway, and inflammatory mediator regulation of TRP channels. To visually
represent the key pathways and associated targets, a “target-pathway” network diagram was constructed using
Cytoscape software (Figure 8). This underscores the significance of these signaling pathways in the potential therapeutic
effects of Ligusticum wallichii on myocardial infarction.

Results of Molecular Docking

To explore the interaction between Ligusticum wallichii’ active ingredients and target genes, molecular docking was
performed using Pymol and Autodock software. Specifically, molecular docking was conducted for three crucial targets
and three active components of Ligusticum wallichii, with corresponding binding energies recorded. Figure 5B demon-
strated that the binding energy resulting from molecular docking was notably below —2 kcal/mol, suggesting robust
binding capabilities between the target proteins and compounds. Visual representations of the docking results are
presented in Figures 9-11. These results indicated that Ligusticum wallichii’ active ingredients have a strong binding
affinity to their respective targets.

Effect of the Active Components of Ligusticum wallichii on OGD-Induced H9c2 Cell
Injury

In order to investigate the potential efficacy of Ligusticum wallichii’s active components (chemical structures of
Myricanone, Senkyunone, and Sitosterol depicted in Figure 12A) against myocardial infarction, we initially evaluated
their cytotoxic effects on H9¢c2 cell growth. Results indicated that under normal conditions, Myricanone, Senkyunone,
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and Sitosterol exhibited no cytotoxicity to H9¢2 cells at concentrations below 160 pM (Figure 12B). During ischemic
conditions, the reduction in glucose and oxygen levels induces damage to cardiomyocytes. Among various in vitro
methods for simulating ischemic pathology, OGD is a commonly utilized approach. Thus, to examine the cardioprotec-
tive potential of these active components, we established an OGD-induced model in H9c2 cells. H9¢2 cells were
subjected to OGD insult for specified durations, and cell viability was assessed using a CCKS8 assay kit. As depicted
in Figure 12C, exposure to OGD for 1, 3, or 6 hours significantly decreased the viability of H9¢2 cells, with the most
pronounced cell injury observed at the 3-hour mark. Hence, subsequent experimental measurements were conducted after
a 3-hour treatment duration. Following this, H9¢2 cells were treated with varying doses of Myricanone, Senkyunone, and
Sitosterol, along with the positive control drug diazoxide, for 48 hours before OGD exposure. As illustrated in
Figure 12D-F, treatment with Myricanone, Senkyunone, and Sitosterol at 80 uM notably protected H9¢c2 cells against
OGD-induced injury. Therefore, we selected 80 uM concentrations of Myricanone, Senkyunone, and Sitosterol for
subsequent experiments.
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Effect of the Active Components of Ligusticum wallichii on Myocardial Infarction

in vivo

To verify the cardioprotective effects of Ligusticum wallichii’s active components following myocardial infarction,
in vivo studies were conducted using mice. As shown in Figure 13A and B, infarct size, determined by TTC staining, was
notably reduced in the Myricanone, Senkyunone, Sitosterol, and diazoxide groups compared to the myocardial infarction
group. Control mice exhibited normal myofibril structure with distinct horizontal striations, minimal necrosis or edema,
and maintained continuity between adjacent myofibrils (Figure 13C), with a small presence of collagen fibers
(Figure 13D and E). Conversely, myocardial fibers in model mice subjected to LAD ligation showed substantial localized

Table 3 Screening of Key Targets of PPl Network

Top 10 in Network PPI Top 10 in Network PPl Ranked by | Top 10 in Network PPl Ranked by
Ranked by Degree Betweenness Centrality Closeness Centrality

Rank | Name Score | Rank Name Score Rank | Name Score

| SRC 30 [ SRC 0.26427101 | SRC 0.53475936
2 EGFR 30 2 PTGS2 0.17133956 | 2 EGFR 0.49019608
3 STAT3 27 3 HSP90AAI 0.14257776 | 3 STAT3 0.49019608
3 HSP90AAI | 27 4 EGFR 0.12074399 | 3 HSP90AAI 0.47619048
3 PTGS2 18 5 SCARBI 0.12046447 | 5 PTGS2 0.45454545
6 ESRI 17 6 STAT3 0.11944806 | 6 PPARG 0.45248869
7 ERBB2 16 7 TRPVI 0.09718523 7 FYN 0.44052863
7 PPARG 15 8 PPARA 0.08617854 | 8 ESRI 0.43859649
9 FYN 15 9 PPARG 0.06962132 | 9 MMP9 0.43668122
10 JAK2 15 10 MMP9 0.06029065 10 ERBB2 0.43668122
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myocardial cell swelling, rupture, and necrosis, accompanied by inflammatory cell infiltration. Myocardial tissue in the
myocardial infarction group was largely replaced by collagen, indicating severe myocardial fibrosis due to LAD ligation.
Pretreatment with Myricanone, Senkyunone, Sitosterol, and diazoxide notably mitigated these LAD ligation-induced
tissue abnormalities, reducing myocardial fibrosis post-infarction (Figures 13C—E). Diagnostic markers, including CK-
MB, AST, and LDH, released from the myocardium into the bloodstream upon cellular membrane rupture, serve as
indicators of cardiac damage. Mice in the LAD ligation group displayed a significant elevation of these enzyme levels
compared to controls. Pretreatment with Myricanone, Senkyunone, Sitosterol, and diazoxide conferred marked protection
against these enzyme increases induced by LAD ligation (Figures 13F—H). Cellular defenses against intense oxidative
stress rely on antioxidant enzymes. In comparison to the control group, myocardial infarction mice showed a marked
elevation in serum MDA levels (Supplementary Figure 1A), alongside reduced serum levels of CAT, SOD, and GSH

(Supplementary Figure 1B-D). CAT and SOD help prevent myocardial cell damage induced by free radicals during

myocardial infarction. Importantly, pretreatment with the active components of Ligusticum wallichii significantly
enhanced these antioxidant enzyme activities. This suggests that the cardioprotective effects of Ligusticum wallichii
are partly due to its antioxidative properties. In addition, Ligusticum wallichii’s active components showed no toxic
effects in other tissues, including the lung, kidney, liver, and spleen (Supplementary Figure 1E-F). Collectively, these
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findings suggest that Ligusticum wallichii’s active components significantly improve myocardial infarction outcomes
in vivo.

Effect of the Active Components of Ligusticum wallichii on the Modulation of Target

Gene Expression

Network pharmacology and molecular docking experiments showed that SRC, EGFR, and STAT3 were the core target
genes of Ligusticum wallichii’s active components (Myricanone, Senkyunone, and Sitosterol). Thus, in our next
investigation into the influence of active compounds derived from Ligusticum wallichii on the expression of their target
genes, we conducted qRT-PCR assays. Results revealed significant decreases in the expression levels of SRC and
increases in EGFR and STAT3 expression, upon treatment with Myricanone, Senkyunone, and Sitosterol (Figure 131-K).
Collectively, these findings highlight how the active constituents of Ligusticum wallichii suppress myocardial infarction
by modulating target gene expression, corroborating the results obtained from network pharmacology and molecular
docking analyses.

Discussion

Myocardial infarction presents a grave health concern with significant morbidity, imposing a substantial burden on both
individuals and society.”>=° The multifaceted mechanisms underlying myocardial infarction encompass cell death,
mitochondrial dysfunction, inflammatory responses, oxidative stress, and ATP depletion.’” Furthermore, myocardial
infarction can precipitate various complications, including arrhythmia, heart failure, and cardiac rupture.*® Traditional
Chinese medicine, comprising individual herbs or complex formulas with multiple bioactive compounds, holds promise
for pharmacological intervention in myocardial infarction.**** Ligusticum wallichii offers a promising complementary
approach due to its diverse pharmacological properties, including anti-inflammatory, antioxidant, anti-fibrotic, and
immunomodulatory effects.*’™ In this study, we employed a network pharmacology approach complemented by
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experimental validation and molecular docking analyses to elucidate the pharmacological mechanisms underlying
Ligusticum wallichii’s efficacy in myocardial infarction treatment.

Previous studies have documented the cardiovascular disease-modifying properties of the active constituents found in
Ligusticum wallichii.**™*® Our investigation unveils the significant intervention potential of Myricanone, Senkyunone,
and Sitosterol from Ligusticum wallichii in myocardial infarction. Through molecular docking analysis, we identified
these compounds as key mediators in the myocardial infarction intervention process, demonstrating their robust binding
affinity to EGFR, SRC, and STAT3. These target genes are integral to the pharmacodynamic effects mediated by the
active ingredients of Ligusticum wallichii and play essential roles in the pathogenesis and progression of myocardial
infarction. Studies have demonstrated that elevated EGFR levels facilitate cardiac repair and enhance remodeling
following myocardial infarction by promoting angiogenesis.*”*® Inhibition of SRC enhances heart function and
diminishes fibrosis, edema, and tissue injury after myocardial infarction.**® Moreover, activation of STAT3 has been
shown to markedly enhance cardiac function and alleviate myocardial hypertrophy and remodeling by inhibiting
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oxidative stress and inflammation in both in vivo and in vitro models of myocardial infarction.’'>* Of note, our study
indicates that Ligusticum wallichii’s active components, particularly Myricanone, Senkyunone, and Sitosterol, show
promising potential for myocardial infarction treatment by targeting key proteins such as EGFR, STAT3, and SRC, which
play roles in oxidative stress and myocardial fibrosis. These molecular actions suggest that Ligusticum wallichii could
serve as a novel adjunctive therapy in myocardial infarction management.

In a clinical context, incorporating Ligusticum wallichii could offer an innovative approach alongside conventional
treatments, with its antioxidant and antifibrotic properties potentially enhancing myocardial protection and improving
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recovery outcomes. For instance, these components could serve as adjunctive therapies to standard interventions such as
percutaneous coronary intervention and statins by mitigating post-myocardial infarction complications like oxidative
stress and fibrosis, which are central to cardiac remodeling and dysfunction. Conventional treatments, while effective at
symptom management and reducing acute damage, often lack these broader protective effects. Antioxidants such as
Myricanone, Senkyunone, and Sitosterol components in Ligusticum wallichii demonstrated an enhanced capacity to
counter oxidative damage and support cardiac tissue repair, potentially translating into better long-term outcomes for

myocardial infarction patients by reducing fibrosis and preserving cardiac function. Our results suggest that Ligusticum
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wallichii may complement existing therapies by enhancing myocardial resilience and healing. This positions Ligusticum
wallichii as a promising adjunct in myocardial infarction therapy, particularly where oxidative stress and inflammation
are implicated in recurrent cardiac events. Further clinical trials would be essential to establish safe dosage parameters,
evaluate its efficacy when used alongside standard myocardial infarction treatments, and refine administration protocols
for optimized patient outcomes. Additionally, given that traditional strategies for treating myocardial infarction may
result in ischemia/reperfusion injury, bleeding risk, and the potential for drug-induced liver injury. It is of great
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Figure 12 The active components derived from Ligusticum wallichii exhibited no cytotoxic effects on H9c2 cells at concentrations up to 160 pM and demonstrated
protective effects against OGD-induced injury in H9¢2 cells. (A) The planar structures of these active ingredients were analyzed in silico. (B) H9c2 cells were treated with
various concentrations of Ligusticum wallichii’s active ingredients, ranging from 10 to 160 uM, for 24 hours. (C, D) The impact of these active ingredients on H9c2 cells
subjected to OGD was assessed. (E, F) Following OGD exposure, H9¢c2 cells were treated with different concentrations of the active ingredients or diazoxide for 48 hours.
Subsequently, cell viability was assessed using a CCK-8 assay. The data are presented as mean + SD. **p < 0.001, **p < 0.01 vs control; ###p < 0.001, ##p < 0.01, #p < 0.05
vs OGD. n = 5.

significance to perform safety assessment in vivo. Importantly, our results also suggested that Ligusticum wallichii’s
active components not only effectively alleviate myocardial infarction in vivo, but also do not elicit side or toxic effects
in mice. These findings support the potential of Ligusticum wallichii in clinical settings as a complementary therapeutic
option, adding to current pharmacological strategies for myocardial infarction by specifically addressing underlying
mechanisms related to myocardial injury and repair. Taken together, by targeting these critical pathways, Ligusticum
wallichii holds the potential to address limitations in existing myocardial infarction therapies, offering protection at
multiple molecular levels. Through its modulation of core gene expression, Ligusticum wallichii may thus provide a more

comprehensive therapeutic strategy for myocardial infarction.
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Figure |13 The active constituents of Ligusticum wallichii improved myocardial infarction in vivo and modulated the expression of pivotal target genes. Myocardial infarction was induced by ligation
of the proximal left anterior descending (LAD) coronary artery in C57BL/6 mice, while the Sham group underwent the identical surgical procedure without the LAD being ligated. Then, different
treatments or an equal volume of PBS were administered both before and after the myocardial infarction. (A-B) The myocardial infarct area was detected by TTC among myocardial infarction
mice (n = 6). (C-E) Histopathological changes and myocardial fibrosis in the cardiac apex were subsequently analyzed using HE and Masson staining (200% magnification, scale bar = 100 pm) (n
= 6). (F-H) The levels of serum marker enzymes CK-MB, AST, and LDH were measured by biochemistry assays (n = 6). Following treatment with various concentrations of these active
components (Myricanone, Senkyunone, and Sitosterol) or diazoxide, cultured cells were subjected to OGD stimulation for 3 hours. (I-K) The mRNA levels of key target genes (EGFR, SRC, and
STAT3) in H9¢2 cells were evaluated. ***p < 0.0001, *p < 0.001, **p < 0.0 vs control or model; ####Hp < 0.0001, ###p < 0.001, ##p < 0.01 vs OGD. n = 6.
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Conclusion

In this study, network pharmacology was employed to analyze the active components and key targets associated with
Ligusticum wallichii’s intervention in myocardial infarction. Molecular docking software was utilized to illustrate the
robust binding affinity between Ligusticum wallichii’s active ingredients and crucial targets such as EGFR, SRC, and
STAT3. In vivo and in vitro experiments validation results indicate that Ligusticum wallichii exerts a protective effect
against myocardial infarction by alleviating myocardial fibrosis and oxidative stress. These findings underscore the
importance of understanding Ligusticum wallichii’s function and mechanism, offering valuable insights for novel
therapeutic approaches to manage myocardial infarction.
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