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Article 
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Experiments 
Yan Gu 1, Jingyi Zhang 1, Min Zheng 2, Yuyang Qin 1, Haohong Zheng 1, Yanchun Hu 1,* and 
Jiliang Xin 1,* 
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Medicine, Sichuan Agricultural University, Chengdu, Sichuan, China 

2 Guangxi Center for Animal Disease Control and Prevention, Nanning 530001, China 
* Correspondence: xinjialiang123@163.com (JLX), hychun114@163.com (YCH) 

Abstract: With the escalating global temperature, heat stress-induced myocardial damage has emerged as a 
significant threat to human health, particularly among the elderly.  This study was designed to explore the 
therapeutic impact of Shikimic Acid (SA) on HS-induced myocardial damage through network pharmacology, 
molecular docking, molecular dynamics (MD) simulations, and In vitro experiments. Network pharmacology 
analysis indicated that SA alleviates the inflammatory response in the heart muscle associated with HS by 
targeting 60 disease-related targets, such as TP53, TNF, and IL-6. The tumor proteoglycan, the PI3K-Akt 
signaling pathway, and hepatitis B were identified as the main therapeutic pathways.  Molecular docking and 
MD simulation results verified that SA can stably bind to both TNF (-6.642 kcal/mol) and IL-6 (-7.261 kcal/mol), 
and the complexes of Shikimic Acid-IL-6 and Shikimic Acid-TNF exhibited no significant changes within 100 
ns. Furthermore, the In vitro experiment revealed that 250 μM SA enhanced the proliferation of normal HL-1 
cells by 30.7% and increased the survival rate of HL-1 cells treated at 42°C for 2 hours by 74%. In conclusion, 
these findings offer evidence for the therapeutic potential of SA in HS-induced myocardial damage. 

Keywords: Network pharmacology; Heat Stress; Myocardial damage; Shikimic acid; Molecular 
docking; Molecular dynamics simulation 

 

1. Introduction 

Climate change poses a substantial threat to humanity in the 21st century, as evidenced by the 
escalating global surface temperatures and the increasing frequency of extreme heat events [1,2]. 
High temperatures can lead to heat stress (HS) in the body, which particularly endangers vulnerable 
populations and elevates the risks of cardiovascular mortality among individuals aged 65 and above 
[3,4]. The most dangerous pathological result of cardiovascular disease is myocardial damage, which 
also plays a significant role in the high death rate associated with cardiovascular disease [5,6]. It is 
important to note that although the mechanism of how HS leads to myocardial damage in humans is 
not yet clear, several pathways have been identified in mouse and rat models. For example, the Akt-
Bcl-2 and PKM2-Bcl-2 signaling pathways have been proven to be important in cardiomyocyte death 
caused by HS in mice [7]. Currently, many regions worldwide are experiencing population aging 
trends. Approximately 19% of Europeans and 16% of Americans are over 65 years old, and 
projections suggest that these figures could double by 2100 [8]. China, the second-largest economy in 
the world, is facing an aging population. The elderly population in China is expected to increase 
significantly by 2050, accounting for about 26.0% of the total population of the country [9,10]. Given 
that HS particularly affects the elderly and can lead to myocardial damage with a high mortality rate, 
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urgent measures must be developed globally to prevent and mitigate these challenges for the elderly 
worldwide.  

Supplementation with specific food components on a daily basis may present a promising 
strategy to counteract heat stress-induced damage to the heart. A monomeric compound known as 
shikimic acid (SA) is extracted from the seeds of the Chinese star anise plant (Illicium verum) [11,12], 
exhibits various beneficial biological activities for the body[13]. It has been reported that SA can 
inhibit the expression of TNF-α in vivo due to various pathological factors [14–16]. Interestingly, 
TNF-α is also a marker of HS [17], especially in older adults, those who experienced nine hours of 
heat exposure had 1.5 times more TNF-α expression than younger adults [17]. Additionally, SA has 
been demonstrated to inhibit P-selectin expression on activated platelets, resulting in an anti-
cardiovascular embolic effect [13]. In summary, although the specific treat HS-induced myocardial 
damage effect of SA has not been conclusively demonstrated, its pharmacological effect is highly 
relevant to the symptoms of patients caused by heat stress, particularly in the HS-induced myocardial 
damage. Hence, SA may be a promising candidate for alleviating myocardial symptoms and 
complications in heat-stressed patients. 

By integrating network biology and polypharmacology, network pharmacology can predict the 
mechanisms and pathways underlying various drug actions and directly identify drug and disease 
targets from a large amount of data [18]. Molecular docking, a well-known silicon-based technique 
widely utilized in contemporary drug design, can predict the interactions between ligands and 
proteins, evaluate binding free energy, and define structure-activity relationships [19]. The study of 
conformational changes in proteins brought about by ligand binding and unbinding, as well as the 
connection between protein structure and function, is made easier by molecular dynamics (MD) 
simulation [20]. The objective of this research was to employ network pharmacology to determine 
putative molecular targets and signaling pathways associated with SA's potential therapeutic effect 
on HS-induced myocardial damage. Molecular docking, MD simulation and In vitro experiments 
were utilized to verify the reliability of the analysis. Figure 1 depicts the process of this study. 

 

Figure 1. Flowchart of the study design. 

2. Results 

2.1. Network pharmacological analysis 

2.1.1. Targets acquisition of disease 

The number of targets retrieved based on keywords in each database is presented in 
Supplementary Table 1. A total of 2011 targets were obtained using cardiac injury as the keyword, 
while 3373 targets were collected with heart injury as the keyword. Additionally, 2000 targets were 
retrieved using myocardial damage as the keyword, and a total of 2850 targets were collected based 
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on heat stress as the keyword. The Venn analysis results indicated that there were 849 common 
targets between HS and myocardial damage, as well as Heart injury and Cardiac injury (Figure 2A). 

 

Figure 2. Acquisition and analysis of disease and SA intersection targets. (A) The JVenn analysis of 
disease-related and SA. (B) PPI network of the disease-related targets. (C) Analysis of core targets of 
disease by analysis of 4 algorithms using Cytoscape software. (D) The functional clusters in disease-
related targets by MCODE analysis using Cytoscape. (E) Intersection of SA targets and disease-related 
targets resulting in 60 common targets. 

2.1.2. PPI network construction 

Disease-related targets were added to string 12.0, with the species restricted to Homo sapiens 
and the interaction score more than 0.9. A PPI network of disease-associated targets with 4015 edges 
and 740 nodes was created (Figure 2B). After importing the disease-related target PPI network into 
Cytoscape 3.9.1, four algorithms (Betweenness, Closeness, Degree, Eigenvector) in CytoNCA of 
Cytoscape 3.10.0 were used to analyze the core targets in the disease-related target PPI network. The 
top 10 core targets in the disease's PPI network were determined by the four algorithms to be TP53, 
SRC, TNF, FN1, STAT3, AKT1, MAPK1, IL6, EGFR, and CTNNB1 (Figure 2C). As shown in Figure 
2D, six clusters received scores greater than 4. By using the jVenn tool to analyze the shared targets 
between the illness and SA, 60 common targets were identified (Figure 2E). 

2.1.3. GO and KEGG analysis 

We utilized the bioinformatics tool DAVID to conduct the analysis of the GO and KEGG. In the 
GO analysis, 76 BP, 25 CC, and 33 MF items were derived from the analysis of 869 disease-related 
targets. The lowest p-value was employed to visualize the top 10 items for CC, MF, and BP. 
Significant biological terms encompass the control of RNA polymerase II over primiRNA 
transcription, regulation of the inflammatory response, cellular stress response, and steroid hormone 
response (Figure 3A). Prominent categories in CC include the endoplasmic tube lumen, platelet alpha 
granule, vesicular lumen, cytoplasmic vesicular lumen, and secretory granule lumen (Figure 3B). Key 
terms for the MF class include DNA-binding transcription factor binding specific to RNA polymerase 
II, nuclear receptor activity, ligand-activated transcription factor activity, and DNA-binding 
transcription factor binding (Figure 3C). 
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By using KEGG enrichment items, 230 disease-related targets were identified. The top 10 
pathways, including the HIF-1 signaling pathway, hepatitis B, proteoglycan in cancer, and the PI3K-
Akt signaling pathway, were selected based on the lowest P-value (Figure 3D). 

 
Figure 3. GO analysis and KEGG pathway enrichment analysis. (A) Bubble chart of Enrichment 
analysis of biological process of 60 common targets. (B) Bubble chart of Enrichment analysis of cellular 
component of 60 common targets. (C) Bubble chart of Enrichment analysis of molecular function of 
60 common targets. (D) Bubble chart of KEGG pathway analysis of 60 common targets. 

2.2. Molecular docking 

To confirm whether SA can interfere with the pathogenic targets of HS-induced myocardial 
damage, IL-6 and TNF were selected for molecular docking with SA due to IL-6 and TNF are the core 
targets for SA against on disease. The results of molecular docking demonstrated that SA (Pubchem 
ID: 8742) can stably bind to the disease protein targets TNF (PDB ID: 5E1T) and IL-6 (PDB ID: 5SFK), 
with docking affinities of -6.642 kcal/mol and -7.261 kcal/mol, respectively (Figure 4A to 4B). In 
addition, SA can form H-bonds with the amino acid residues of TNF LYS304, GLU261, LYS300, and 
TYR333, and hydrophobic interactions with surrounding cogwheel amino acids (Figure 4A). SA can 
form H-bonds with the THR685, GLN726, and SER677 amino acid residues of IL-6, and hydrophobic 
interactions with the surrounding gear amino acids (Figure 4B). 
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Figure 4. Molecular docking results. (A) Visualization of TNF docking with shikimic acid. 
(B)Visualization of IL-6 docking with shikimic acid. 

2.3. MD simulation 

2.3.1. Stability of TNF-Shikimic acid and IL-6-Shikimic acid complexes 
MD simulation analysis was utilized to ascertain the stability of complexes formed by SA with 

TNF or IL-6 in 100 ns, in order to further assess the impact of SA on IL-6 and TNF proteins. The RMSD 
curve of the TNF-Shikimic acid complex manifests considerable oscillations in the 60 - 70 ns stage but 
sustains equilibrium in other stages, with an RMSD mean of 0.3 nm (Figure 5A). The RMSD curve of 
the IL-6-Shikimic acid complex attains equilibrium after 20 ns, with an RMSD mean of 0.26 nm 
(Figure 4A). The essentially unchanged RMSD curve of SA in TNF during the 100 ns simulation 
indicates the stability of the site where SA binds to TNF. Concurrently, the RMSD curve of SA in IL-
6 undergoes a slight fluctuation between 45 and 50 ns before reverting to normal (Figure 5B). The 
TNF- and IL-6-Shikimic acid Rg curves maintain equilibrium, with Rg means of 2.9 nm and 2.0 nm, 
respectively (Figure 5C). Moreover, the SASA curves of TNF-Shikimic acid and IL-6-Shikimic acid 
persist in equilibrium, with SASA means of 310 nm2 and 160 nm2, respectively (Figure 5D). RMSF 
analysis reveals no substantial difference in amino acid flexibility in the TNF-Shikimic acid complex 
system, while amino acids in the IL-6-Shikimic acid complex system exhibit greater flexibility in the 
330 - 350 region (Figure 5E). To delve deeper into the h-bond variations in these complexes, the H-
bonds formed between the TNF-Shikimic acid and IL-6-Shikimic acid complexes during the 100 ns 
molecular simulation were inspected. The TNF-Shikimic acid and IL-6-Shikimic acid complexes form 
between one and eight and between one and six H-bonds, respectively (Figure 5F). 
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Figure 5. Analysis of 100 ns molecular dynamics simulations of TNF-Shikimic acid and IL-6-Shikimic 
acid complexes. (A) RMSD curves of TNF-Shikimic acid and IL-6-Shikimic acid complexes, (B) RMSD 
curves of Shikimic acid in the TNF-Shikimic acid and IL-6-Shikimic acid complex system, (C) TNF-
Shikimic acid and IL-6-Shikimic acid complex Rg curves, (D) SASA curves of TNF-Shikimic acid and 
IL-6-Shikimic acid complexes, (C) RMSF curves of TNF-Shikimic acid and IL-6-Shikimic acid 
complexes, (F) RMSF curves of TNF Shikimic acid and IL-6-Shikimic acid complexes hydrogen 
bonding change curves. 

2.3.2. Gibbs free energy analysis and free energy (MM/PBSA) analysis 

The "g_sham" and "xpm2txt.py" built-in scripts of Gromacs 2022.03 were utilized in this study 
to calculate the Gibbs free energy in relation to the RMSD and Rg values of the IL-6 and TNF 
complexes. The Gibbs free energy diagram was used to clarify the stability of receptor-ligand pairings. 
The lowest free energy region, represented by the blue and purple areas, is where the stable 
conformation of the complex is most noticeably visible at lower energies. Multiple minimum energy 
clusters with rough surfaces will be visible on the free energy landscape map if the interaction 
between the protein and ligand is weak or unstable. Conversely, strong and stable interactions can 
lead to the formation of nearly single, smooth energy clusters. The two-dimensional (Figure 6A) and 
three-dimensional (Figure 6B) morphologies of the TNF-shikimic acid complex both exhibited a 
single, distinct minimum energy region, according to the results of the Gibbs free energy calculation. 
Furthermore, Figure 6C presents the visualization of the lowest Gibbs energy region of the TNF-
shikimic acid complex based on the results of the Gibbs free energy calculation. A single, distinct 
minimum energy region could also be observed in the 3D (Figure 6D) and 2D (Figure 6E) 
morphologies of the IL-6-shikimic acid complex. Figure 6F shows the visualization of the lowest 
Gibbs energy region of the IL-6-shikimic acid complex based on the results of the Gibbs free energy 
calculation. Additionally, the stability of free energy between complexes is quantitatively determined 
by free energy (MM/PBSA) analysis. The TNF-Shikimic acid complex had a total binding free energy 
of -21.79 ± 1.08 kJ/mol, while the IL-6-Shikimic acid complex had a total binding free energy of -18.67 
± 2.88 kJ/mol. Further details are provided in Table 1. The present study employed decomposition 
analysis on the amino acids in the binding pocket of the TNF-Shikimic acid and IL-6-Shikimic acid 
complexes to identify the residues that contribute the most to the binding free energy. It was found 
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that a total of 8 and 13 residues were significant for the TNF- and IL-6-Shikimic acid complexes, 
respectively (Figures 6G to 6H). For the TNF-Shikimic acid complex, it was found that LYS300 (B 
chain) and TYR333 (B chain) contributed the most (Figure 6G), while for the IL-6-Shikimic acid 
complex, it was found that SER677 (A chain), VAL678 (A chain), THR685 (A chain), THR688 (A chain), 
and ILE692 (A chain) contributed the most (Figure 6H). 

 
Figure 6. Gibbs free energy analysis and free energy (MM/PBSA) analysis. (A) Gibbs free energy 3D 
diagram of TNF-Shikimic acid complex. (B) Gibbs free energy 2D diagram of TNF-Shikimic acid 
complex. (C) Conformational analysis of TNF-Shikimic acid complex at the lowest Gibbs energy 
moment. (D) Gibbs free energy 3D diagram of IL-6-Shikimic acid complexes. (E) Gibbs free energy 
2D diagram of IL-6-Shikimic acid complexes. (F) Conformational analysis of IL-6-Shikimic acid 
complex at the lowest Gibbs energy moment. 

Table 1. Binding free energy analysis of TNF-Shikimic acid and IL-6-Shikimic acid complexes 
(kcal/mol). 

2.4. In vitro experimental validation 

To explore the concentration of cytotoxicity 0% of SA in HL-1 cells, the cells cultured in 96-plates 
were exposed to 4000 μM, 2000 μM, 1000 μM, 500 μM, 125 μM, 62.5 μM, and 31.25 μM of SA, 
respectively. CCK-8 was utilized to measure the viability of HL-1 cells after 6 different concentrations 
of SA at 24 h. The results indicated that 1000 μM is the maximum safe concentration of SA in HL-1 
cells, and the CC50 of SA in HL-1 cells is greater than 2000 μM (Figure 7A). Additionally, the CCK-8 

Energy contributions TNF-Shikimic acid IL-6-Shikimic acid 

ΔVDWAALS -17.23±0.35 -23.72±0.11 

ΔEelec -45.93±0.90 -10.83±2.83 

ΔEGB 45.03±0.49 19.62±0.53 

ΔEsurf -3.65±0.00 -3.73±0.01 

ΔGgas -63.17±0.97 -34.56±2.83 

ΔGsolvation 41.38±0.49 15.89±0.53 

ΔGBind -21.79±1.08 -18.67±2.88 
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results demonstrated that SA can promote the proliferation of HL-1 cells, yet it is not dose-dependent 
(Figure 7B). To assess the protective effect of SA on HL-1 cells subjected to HS, the CCK-8 was 
employed to measure the viability of HL-1 cells treated at 43°C for 2 h. The results showed that SA 
can aid HL-1 cells in resisting the damage caused by HS. Interestingly, 250 μM SA is more beneficial 
in helping cells resist HS than 1000 μM SA (Figure 7C). The microscope (100×) results are presented 
in (Figure 7D). 

 
Figure 7. Validation by in vitro experiments. (A) CC50 0f SA in HL-1 cells. (B) The effect of SA on HL-
1 cell proliferation was determined by CCK-8. (C) Protective effect of SA on HL-1 cells treated at 43℃ 
for 2 h. (D) Morphological observation of HL-1 cells (100 ×). All values represent the mean ± SD. **P 
< 0.01, *P < 0.05. 

3. Discussion 

It has been demonstrated that HS can lead to myocardial damage, and myocardial infarction is 
one of the most frequent causes of death among patients with HS [22,23]. Patients with HS-induced 
myocardial damage have considerably higher expression levels of TNF-α, IL-6, FN1, and IL-1β [24–
26]. Notably, in this study, we constructed a heat stress PPI network and analyzed the four algorithms 
in Cytoscape 3.10, revealing that TNF, IL-6, and IL-1β were also significant TOP 20 core targets of 
myocardial damage caused by heat stress in patients, and these targets are mainly in the same disease 
gene subcluster 2, suggesting that gene subcluster 2 may be the principal gene cluster in heat stress-
induced myocardial damage. According to the Jvenn analysis results, there were 60 common targets 
between HS-induced myocardial damage and SA, including many core targets of HS myocardial 
damage, such as TNF, IL-6, STAT3, FN1, and IL-1B. We performed on GO and KEGG enrichment 
analyses on 60 common targets to further investigate the mechanism of SA resistance to HS-induced 
myocardial damage. Based on the outcomes of the GO enrichment analysis, SA is capable of 
modulating a variety of disordered biological processes, encompassing the regulation of the 
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inflammatory response, the regulation of pri-miRNA transcription by RNA polymerase II, and the 
cellular response to chemical stress. SA can also restore aberrant molecular functions in the heart 
myocardial damage resulting from HS, such as nuclear receptor activity, ligand-activated 
transcription factor activity, and RNA polymerase l-specific DNA-binding transcription factor 
binding. Moreover, SA can assist in the recovery of the body's cell components, including the lumen 
of secretory granules, cytoplasmic vesicles, and vesicles. 

To validate the results of network pharmacological analysis suggesting that SA can suppress 
myocardial inflammation induced by HS and assist the host in alleviating myocardial damage, the 
interaction between SA and key inflammatory factors in myocardial injury caused by HS was verified 
through molecular docking and molecular dynamics simulations. In the analysis of this study, TNF 
and IL-6 were identified as the main targets in HS-induced myocardial injury, and these two targets 
are also crucial for SA's intervention in the disease. The molecular docking results of this study 
indicated that SA can bind to the disease protein targets TNF and IL-6 with docking affinities of -
6.642 kcal/mol and -7.261 kcal/mol, respectively. It has been proven in a previous study that curcuma 
can reduce TNF and IL-6. However, the molecular docking results of the compound with TNF and 
IL-6 were only -3.9 kcal/mol and -3.6 kcal/mol, respectively [27]. According to the principle that the 
binding energy of a complex decreases as its stability increases [28], by comparing the molecular 
docking results of this experiment with those of previous experimental studies, it can be 
demonstrated that SA can stably bind to IL-6 and TNF, respectively. The results of MD simulation 
further verified the reliability of the above conclusions. RMSD is crucial in ascertaining system 
stability, as it gauges the accuracy of protein structure prediction [29]. In a previous study, 0.3 nm 
variations in RMSD had no impact on complex stability [30]. Here, the average RMSD for TNF-
Shikimic acid and IL-6-Shikimic acid in MD analysis were 0.3 nm and 0.26 nm, both less than 0.3. In 
addition, in 100 ns, RMSF analysis in MD showed that there were no significant variations in the 
TNF-Shikimic acid and IL-6-Shikimic acid complex [31]. Based on the results of molecular docking 
and MD simulation, we can infer that SA can have stable interactions with TNF and IL-6.  

According to the results of network pharmacological analysis in this study, HS-induced 
myocardial injury is mainly caused by the regulation of inflammatory factors such as TNF, IL1B and 
IL-6. it has been proven that these inflammatory factors can stimulate cell apoptosis [32–34]. 
Therefore, it is reasonable to speculate that SA can protect cells by inhibiting the expression of 
inflammatory factors and reducing apoptosis. To validate this speculation, we established an in vitro 
HS-induced myocardial injury model using HL-1 cells, and subsequently carried out the SA drug 
intervention experiment. The results demonstrated that SA not only can effectively elevate the 
survival rate of HL-1 cells under HS, but also promote the proliferation of healthy HL-1 cells. 

4. Materials and Methods 

4.1. Cell lines and Compound 

Mouse cardiomyocytes (HL-1) procured from the China Center for Type Culture Collection 
(CCTCC) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS), 100 units/mL of penicillin, and 100 mg/mL of streptomycin 
at 37°C in a 5% CO2 environment. 

Shikimic acid (SA) with a purity ≥ 99.15% was purchased from MedChemExpress (CAS No.: 138-
59-0) and diluted in H2O to achieve a final concentration of 100 mM. 

4.2. Network pharmacology analysis 

4.2.1. Prediction of the SA pharmacological target 

Targets associated with SA were identified by searching a variety of databases by using the 
keywords "Shikimic acid" and "138-59-0", with a focus on Homo sapiens: TCMSPS (https://old.tcmsp-
e.com/tcmsp.php), PharmMapper Server (http://www.lilab-ecust.cn/pharmmapper/), Swiss Target 
Prediction (http://www.swisstargetprediction.ch/), Binding Database 
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(http://www.bindingdb.org/bind/index.jsp), STRING database (http://cn.string-db.org), and TTD 
(http://db.idrblab.net/ttd/). Duplicate entries were eliminated and the targets were combined once 
they were located using these sources. 

4.2.2. Collection of HS-induced myocardial damage related targets 

We collected HS targets from four databases ：  CTD (http://ctdbase.org), Disgenet 
(https://www.disgenet.org/), OMIM (https://omim.org/), and Genecards 
(https://www.genecards.org/), limited to Homo sapiens organisms, to identify the targets of HS-
induced myocardial damage [21]. Then, we found targets related to myocardial damage in multiple 
databases by using the keywords "Myocardial damage," "Heart injury," and "Cardiac injury." Based 
on the priority relevance ranking of the raw data, the top 2,000 targets were selected, and duplicates 
were removed by keyword mergers. Finally, the targets of HS-induced myocardial damage were 
obtained by using JVenn (https://jvenn.toulouse.inrae.fr/app/example.html) to extract the common 
targets of HS-related targets and myocardial damage-related targets. 

4.2.3. PPI Network Analysis 

To acquire the Protein-Protein Interaction (PPI) Network of HS-induced myocardial damage for 
the subsequent identification of core targets, we imported the obtained HS-related targets into 
STRING 12.0, with Homo sapiens designated as the organism. The confidence level for the interaction 
score was set to ≥ 0.9. We then employed Cytoscape 3.9.1 to construct the PPI network diagram. The 
CytoNCA plugin in Cytoscape 3.9.1 was utilized to analyze the disease-related targets and identify 
the core targets using four algorithms: Betweenness, Closeness, Degree, and Eigenvector. 
Subsequently, the Molecular Complex Detection (MCODE) tool was applied for cluster analysis, with 
default parameters used and the MCODE score set to 4. After the analysis, the modules were 
visualized in a diagram according to the MCODE score. 

4.2.4. GO and KEGG analyses 

To investigate the molecular function (MF), biological process (BP), cellular component (CC) and 
pathway of common targets, we used DAVID Bioinformatics (https://david.ncifcrf.gov/tools.jsp) to 
perform Gene Ontology (GO) and Kyoto Encyclopedia Gene and Genome analysis (KEGG). Using 
bioinformatics (http://www.bioinformatics.com.cn/), the p-value is the lowest in the first 10 terms. 

4.3. Molecular docking 

To determine if SA could block the pathogenic target of HS-induced myocardial damage, it was 
molecularly docked with IL-6 and TNF. The three-dimensional (3D) structure of the target protein, 
specific to Homo sapiens, was obtained from the PDB (https://www.rcsb.org/). The two-dimensional 
structure (2D) of SA was determined using PubChem (https://pubchem.ncbi.nlm.nih.gov/). 
Following the AutoDock v1.2.3 docking procedure, the binding affinity (kcal/mol) was determined. 
The docking box configurations were Z: 50A, Y: 50A, and X: 50A. The ligand-receptor interaction was 
thoroughly examined using PyMol v2.6 and LigPlot+ v2.2.8 software, and both 2D and 3D maps of 
the interaction were generated. 

4.4. MD simulation 

MD simulations were used to further explore the stability and binding sites of the SA complex 
after docking with IL-6 and TNF. In this study, 100 ns MD simulations of the complexes obtained 
from molecular docking were conducted using Gromacs v2022.03 with the CHARMM36 force field. 
The specific steps include converting the "pdb" format to "gro" format, adding the GAFF force field, 
dissolving the complex with TIP3P solvent, performing energy minimization, heating and 
equilibration, and finally performing 100 ns MD simulations and saving the trajectory for analysis. 
Based on the obtained results, we computed the RMSD, RMSF, SASA, Rg, and H-bonds. Furthermore, 
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we employed the "g_sham" and "xpm2txt.py" scripts in conjunction with the "MMPBSA.py v.16.0" 
script to determine the thermodynamic stability. 

4.5. In vitro experimental validation 

4.5.1. Determination of cytotoxic concentration of 50% (CC50) 

To determine the concentration of cytotoxicity 50% (CC50) and concentration of cytotoxicity 0% 
(CC0) of SA on HL-1 cellscells were plated in 96-well plates at a density of 1 × 104 cells per well. 
Subsequently, HL-1 cells were exposed to 8 different concentrations of SA (2000 μM, 1000 μM, 500 
μM, 250 μM, 125 μM, 62.5 μM, 31.25 μM, 15.625 μM, 7.8125 μM) prepared in DMEM supplemented 
with 2% FBS. A control group treated with the solvent was used for comparison. After a 24-h 
incubation period, cell viability was assessed using the CCK-8 (Cell Counting Kit-8) assay (Vazyme, 
A311-01, China). All procedures were performed in triplicate to ensure reproducibility. The CC50 
value corresponding to each SA concentration was determined based on the assay results. GraphPad 
Prism 9.5 software was used for data analysis. 

4.5.2. SA protects HL-1 cells against HS in a dose-dependent 

The anti-HS activities of SA in HL-1 cells were investigated using dose-dependent treatments. 
In brief, HL-1 cells were seeded in 96-well plates at a density of 1 × 104 cells per well. Subsequently, 
different concentrations of the SA are added to the 96 Wells at 100 μL/well (1000 μM, 500 μM, 250 
μM). In addition, a healthy cell group and mock treatment group were set up. The cells were heat 
treated at 42℃ for 2 h, and then CCK-8 was used to evaluate the protective effect of SA on HL-1 cells. 

4.5.3. Statistical analysis 

One-way ANOVA in GraphPad Prism 9.5 was used to determine significant differences (P < 0.05) 
across all experiments. 

5. Conclusions 

In this study, network pharmacology was used to explore the therapeutic potential of SA in 
treating HS-induced myocardial damage. Molecular docking, MD simulation and In vitro 
experiments were employed to validate the obtained results. However, our study has some 
limitations, In vivo experiments is required for the specific treatment of HS-induced myocardial 
damage with SA. 
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