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Background: Sepsis, a systemic disease, usually induces myocardial injury (MI), and sepsis-induced MI has become a significant contributor to sepsis-related deaths in the intensive care unit. The objective of this study is to investigate the role of sinomenine (SIN) on sepsis-induced MI and clarify the underlying mechanism based on the techniques of network pharmacology.
Methods: Cecum ligation and puncture (CLP) was adopted to induce sepsis in male Sprague-Dawley (SD) rats. Serum indicators, echocardiographic cardiac parameters, and hematoxylin and eosin (H&E) staining were conducted to gauge the severity of cardiac damage. The candidate targets and potential mechanism of SIN against sepsis-induced MI were analyzed via network pharmacology. Enzyme-linked immunosorbent assay was performed for detecting the serum concentration of inflammatory cytokines. Western blot was applied for evaluating the levels of protein expression. Terminal deoxynucleotidyl transferase-mediated dUTP biotin nick end labeling assay was applied to assess cardiomyocyte apoptosis.
Results: SIN significantly improved the cardiac functions, and attenuated myocardial structural damage of rats as compared with the CLP group. In total, 178 targets of SIN and 945 sepsis-related genes were identified, and 33 overlapped targets were considered as candidate targets of SIN against sepsis. Enrichment analysis results demonstrated that these putative targets were significantly associated with the Interleukin 17 (IL-17) signal pathway, inflammatory response, cytokines-mediated signal pathway, and Janus Kinase-Signal Transducers and Activators of Transcription (JAK-STAT) pathway. Molecular docking suggested that SIN had favorable binding affinities with Mitogen-Activated Protein Kinase 8 (MAPK8), Janus Kinase 1 (JAK1), Janus Kinase 2 (JAK2), Signal Transducer and Activator of Transcription 3 (STAT3), and nuclear factor kappa-B (NF-κB). SIN significantly reduced the serum concentration of Tumor Necrosis Factor-α (TNF-α), Interleukin 1 Beta (IL-1β), Interleukin 6 (IL-6), Interferon gamma (IFN-γ), and C-X-C Motif Chemokine Ligand 8 (CXCL8), lowered the protein expression of phosphorylated c-Jun N-terminal kinase 1 (JNK1), JAK1, JAK2, STAT3, NF-κB, and decreased the proportion of cleaved-caspase3/caspase3. In addition, SIN also significantly inhibited the apoptosis of cardiomyocytes as compared with the CLP group.
Conclusion: Based on network pharmacology analysis and corresponding experiments, it was concluded that SIN could mediate related targets and pathways to protect against sepsis-induced MI.
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1 INTRODUCTION
Sepsis is a potentially fatal organ failure resulted from aberrant or dysfunctional host response to infection (Salomao et al., 2019). According to epidemiological investigations, 270,000 of the 1.7 million sepsis patients in the U.S. died in 2014, and sepsis has emerged as a prominent contributor to mortality among patients admitted to hospitals (McLaughlin et al., 2020). The incidence of sepsis is rising in China at a rate of 1.5% each year. Besides, the aging population and the wide application of invasive surgery contribute to the increase of morbidity and mortality of severe sepsis year by year (Corrales et al., 2022). Clinical and fundamental research showed that sepsis affects the cardiovascular system of patients, with myocardial injury (MI) occurring in about 40%–50% of them and leading to a death rate of 70%–90% (Xie et al., 2021). Sepsis-induced MI is first characterized by dysfunctions including decreased myocardial contractility and biventricular dilatation with decreased left ventricular ejection fraction (LVEF), followed by morphological changes such as myocardial cell degeneration, focal necrosis, and blurred myocardial striated lines. However, no targeted treatments are now available for sepsis-induced MI. Currently, multiple studies have linked the elevated inflammatory cytokines with sepsis-induced MI, and inflammation inhibition has been regarded as a promising therapeutic strategy for sepsis-induced MI.
Recently, the application of traditional Chinese Medicine (TCM) in treating sepsis-induced MI is attracting increasing attention. For instance, ShenFu injection showed favorable efficacy in treating sepsis-induced MI by reducing mitochondrial apoptosis (Xu et al., 2020). Sinomenine (SIN), as an alkaloid isolated from the root and stem of Sinomenium acutum (Thunb.) Rehder et Wilson or S. acutum var. cinereum., has been utilized extensively in the treatment of rheumatic diseases and arrhythmia (Liu et al., 2018). Accumulating evidence revealed that SIN exhibits diverse pharmacological effects, for instance, it is anti-inflammatory (Zeng and Tong, 2020), anti-cancer (Song L. et al., 2021), and analgesic (Jiang et al., 2020). Recently, SIN was reported to ameliorate lung injury in sepsis. The Nuclear factor erythroid 2-related factor 2-Kelch Like ECH Associated Protein 1 (Nrf2-Keap1) axis (Wang et al., 2020) or altering intestinal homeostasis through the aryl hydrocarbon receptor/Nrf2 axis (Song W. et al., 2021) are two potential mechanisms by which SIN could reduce septic acute lung damage in rats. Liu et al. claimed that SIN could improve lipopolysaccharide (LPS)-induced cardiomyocyte injury in vitro (Liu et al., 2021). Therefore, it is necessary to investigate the potential application and underlying mechanisms of SIN in treating sepsis-induced MI.
Network pharmacology has been developed by integrating biochemistry, bioinformatics, and system biology for studying the complex mechanism of TCM and discovering potential targets and mechanisms associated with various TCM monomers, such as artemisinin (Lin et al., 2021), melatonin (Song W. et al., 2021), and SIN (Li et al., 2021). In this study, the effects of SIN on cardiac dysfunctions was evaluated based on a rat model of sepsis. Network pharmacology was employed to identify SIN’s possible targets and pathways against sepsis-induced MI, and the binding affinity between SIN and corresponding candidate targets was simulated by molecular docking. Furthermore, the candidate targets and pathways were also validated in vivo.
2 MATERIALS AND METHODS
2.1 Prediction of SIN targets
The structure of SIN (CID: 5459308) was downloaded from the database of PubChem (https: https://pubchem.ncbi.nlm.nih.gov/). The candidate targets of SIN were predicted by the online tools of PharmMapper database (http://www.lilab-ecust.cn/pharmmapper/), Swiss Target Prediction (http://www.swisstargetprediction.ch/), HERB database (http://herb.ac.cn/), and TCM potential target database (TCM-PTD, http://tcm.zju.edu.cn/). After merging the results obtained from the four databases and excluding non-human genes, the rest genes were regarded as potential targets of SIN.
2.2 Screening sepsis-related genes
Sepsis-related genes were screened out from GeneCards (https://www.genecards.org/), Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/), and Comparative Toxicogenomics Database (CTD, http://ctdbase.org/). “Sepsis” was used as a keyword for searching. After removing duplicates, the rest were identified as sepsis-related genes.
2.3 Network and enrichment analysis
The protein-protein interaction (PPI) of the shared targets between SIN and sepsis were retrieved from STRING (https://string-db.org/) with a medium confidence, and the PPI network was constructed with the use of Cytoscape software (https://cytoscape.org/). The topological parameters were calculated by the “Network Analyzer” plug-in. The “clusterprofiler” R package was used to analyze the enrichment of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. The default threshold was set at a Bonferroni-corrected p-value of ≤0.05. The SIN-pathway-gene network was then established using Cytoscape software.
2.4 Molecular docking
Molecular docking analysis of SIN and its related targets was conducted with the use of AutoDock Vina software (version 1.1.2) to anticipate the strength of their interaction. The 2D structure of SIN was obtained from PubChem. The crystal structure of SIN-targets was obtained from RCSB protein data bank (RCSB PDB: https://www.rcsb.org/), including Mitogen-Activated Protein Kinase 8 (MAPK8, 3elj), nuclear factor kappa-B (NF-κB, 7RG5), Janus Kinase 1 (JAK1, 4ei4), Janus Kinase 2 (JAK2, 7f7w), and Signal Transducer And Activator of Transcription 3 (STAT3, 6nuq). Before the docking, PyMoL (version 4.5.0) software was used for protein preparation by removing water molecules, solvent molecules, and other protein chains. Then, the software of AutoDock Tools 1.5.6 was used to add nonpolar hydrogens and calculate Gasteiger charges of protein structures. The Lamarckian Genetic algorithm was used to perform the conformational search and generate 100 conformations. The conformation with the best affinity was selected as the final docking conformation. The 2D diagrams of the SIN-targets complex were generated using LigPlus (version 2.24), and the 3D complex was visualized by PyMoL.
2.5 Animal model and SIN treatment
The Institutional Animal Care and Use Committee of Zhejiang Center of Laboratory Animals approved the animal procedures and experimental protocols (Approval Number: ZJCLA-IACUC-20020101). Male Sprague-Dawley (SD) rats (180–200 g) were obtained from Hangzhou Medical College Laboratory Animal Center, and maintained in a specified pathogen-free environment with unlimited availability of food and water on a 12-h day and night cycle. The sepsis model was induced by cecum ligation and puncture (CLP), following the previously described procedures (Mishra and Choudhury, 2018). The four groups—sham, CLP, CLP + LSIN, and CLP + HSIN groups—each containing ten experimental rats, were randomly allocated. The exposed cecum of the rats was sutured with 3–0 silk suture 1.2 cm to its distal end and punctured twice with a 22-gauge needle to create sepsis model. Following the surgical procedure, all rats received a subcutaneous injection of 50 mL/kg compound sodium chloride. The rats in the sham group underwent identical procedures as described above, excluding the CLP treatment. In the CLP + LSIN and CLP + HSIN groups, rats received SIN administration via tail vein injection at doses of 50 mg/kg and 100 mg/kg, respectively, 15 min prior to sepsis induction. After 24 h of sepsis, the hearts were extracted and a total of 500 mL blood was collected to obtain serum.
2.6 Determination of serum biochemical parameters
After blood collection from each group of rats, serum obtained by subjecting the blood samples to centrifugation at 3,000 g/min for 30 min. An automated analyzer (Modular DPP H7600; Roche Diagnostics, Basel, Switzerland) was employed to assess the serum concentration of lactate dehydrogenase (LDH) and creatine kinase and its MB isoenzyme (CK-MB). Enzyme linked immunosorbent assay (ELISA)-based assay was performed for the concentration detection of cardiac troponin I (cTnI, mlbio, China, Shanghai), cardiac myosin light chain-1 (cMLC1, EK-Bioscience, China, Shanghai), as well as several inflammatory cytokines such as Tumor Necrosis Factor-α (TNF-α, Applygen, China, Beijing), Interleukin 1 Beta (IL-1β, wksubio, China, Shanghai), Interleukin 6 (IL-6, Thermo Fisher Scientific, USA, Massachusetts), C-X-C Motif Chemokine Ligand 8 (CXCL8, Shanghai yiyan bio-technology Co. Ltd., China, Shanghai), and Interferon gamma (IFN-γ, Sino Biological, China, Beijing) in plasma.
2.7 Echocardiography
The cardiac parameters were evaluated after 12 h of CLP by echocardiography according to the methodology reported previously (Bayer et al., 2021). The rats were anesthetized with a mixture of 2% isoflurane and 0.5 L/min 100% O2 before they were positioned on a warming pad (37 °C). A Vevo 2,100 Imaging System was used to take echocardiographic measures (FUJIFILM VisualSonics, Inc., Toronto, Ontario, Canada). To evaluate heart functioning, the ejection fraction (EF) and left ventricular interior dimension (LVID) were calculated. All measurements were conducted by a cardiologist who was unaware of the experimental details, ensuring a blinded assessment.
2.8 Hematoxylin and eosin (H&E) staining
The rat myocardial tissues were collected from every group 24 h after CLP and immediately fixed with 4% paraformaldehyde overnight at room temperature to facilitate subsequent histological analysis. The materials were then divided into 4 μm-thick slices and embedded in paraffin. After that, the slices underwent H&E staining and onserved under a light microscope at a magnification of ×400.
2.9 Western blot
The myocardial tissues were homogenized using Radio Immunoprecipitation Assay (RIPA, Thermo Fisher Scientific, USA, Massachusetts) lysis buffer, and subsequently centrifuged at 13,200 g at 4°C for 30 min. To determine the protein concentrations, the Bradford assay was conducted, and the supernatant was collected for total protein analysis. Subsequently, the extracted proteins (25 μg) were subjected to Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for seperation, blotted and probed with the following antibodies: anti-c-Jun N-terminal kinase 1 (JNK1, ab199380, Abcam, UK, Cambridge, 1/2,500), anti-phospho-JNK1 (ab215208, Abcam, UK, Cambridge, 1/1,000), anti-NF-κB (ab16502, Abcam, UK, Cambridge, 1/1,000), anti-phospho-NF-κB (ab76302, Abcam, UK, Cambridge, 1/1,000), anti-JAK1 (ab133666, Abcam, UK, Cambridge, 1/1,000); anti-phospho-JAK1 (ab215338, Abcam, UK, Cambridge, 1/5,000); anti-JAK2 (ab108596, Abcam, UK, Cambridge, 1/1,000); anti-phospho-JAK2 (ab32101, Abcam, UK, Cambridge, 1/1,000); anti-STAT3 (ab68153, Abcam, UK, Cambridge, 1/2000); anti-phospho-STAT3 (ab76315, Abcam, UK, Cambridge, 1/1,000); anti-Caspase-3 (9662S, Cell Signaling Technology, USA, Massachusetts 1/1,000); anti-Cleaved Caspase-3 (9664S, Cell Signaling Technology, USA, Massachusetts). For loading control, the blots were probed with antibody for GAPDH (ab8245, Abcam, UK, Cambridge, 1/500). The blots were measured by the chemiluminescence system (Millipore, Billerica, MA, USA), and the signals were quantified by densitometry. Use ImageJ 1.8.0 (https://imagej.nih.gov/ij/) to read the density of the bands.
2.10 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining
TUNEL test was used to ascertain the rate of cardiomyocyte apoptosis in the heart tissues of rats according to relevant instructions (Roche, USA). The heart tissue sections were fixed and permeated, followed by co-staining of TUNEL and 4′,6-diamidino-2-phenylindole (DAPI).
2.11 Statistical analysis
Statistical analyses were performed using SPSS 25.0 software, and the results were reported as the mean ± standard deviation. A p-value ≤0.05 is considered to be statistically significant.
3 RESULTS
3.1 SIN improved the cardiac function of septic rats
To determine whether SIN has cardioprotective effects, the rats that developed sepsis via CLP were examined using echocardiography. SIN demonstrated a dose-dependent effect in significantly increasing the low EF in rats with CLP-induced sepsis, whereas significantly reduced the elevated LVID of septic rats in the CLP group. These findings suggested that SIN ameliorated cardiac function in septic rats (Figures 1A–C). Moreover, histopathological changes in the rat myocardial tissues were observed via H&E staining to assess the beneficial effect of SIN on MI in septic rats. As shown in Figure 1D, there was no degeneration, necrosis, or aberrant alterations in the myocardial interstitium of rats in the sham group, although they did have obvious transverse stripes of myocardial fibers. Rats in the CLP group showed significant pathological changes in their myocardial tissues, including myocardial fiber partial rupture and breakdown, myocardial stripe blur partial disappearance, and interstitial edema. Notably, administration of 50 and 100 mg/kg SIN considerably reduced these pathogenic alterations.
[image: Figure 1]FIGURE 1 | SIN increased the survival of rats with sepsis brought on by CLP and reduced the severity of the cardiac dysfunction those animals experienced. (A) Representative images of echocardiography for each group. Ejection fraction (B) and left ventricular internal dimension (C) were assessed using echocardiography as indicators of cardiac function. (D) Rat cardiac tissues’ histological alterations at 12 h after CLP (H&E staining, ×40). n = 6. *p < 0.05, **p < 0.01.
3.2 SIN attenuated the myocardial injuries of septic rats
Four serum biomarkers were used in this study for evaluation of the myocardial injuries of rats: LDH, CK-MB, cMLC1, and cTnI (Shiroorkar et al., 2020). Twelve hours after CLP surgery, the concentrations of LDH, CK-MB, cTnI, and cMLC1 in the serum were measured in each group. As shown in Figure 2, the concentration of LDH, CK-MB, cMLC1, and cTnI in the serum of septic rats was obviously elevated as compared with the normal rats, indicating the presence of CLP-induced MI. Importantly, SIN demonstrated a dose-dependent effect in significantly decreasing the aforementioned injury in rats with CLP-induced sepsis. These data suggested that SIN can attenuate MI and ameliorate myocardial function.
[image: Figure 2]FIGURE 2 | SIN reduced the cardiac dysfunction brought on by CLP. (A) Rat serum LDH response to SIN. (B) Rat serum CK-MB response to SIN. (C) Rat serum cMLC1 response to SIN. (D) Rat serum cTnI response to SIN. n = 6. *p < 0.05, **p < 0.01.
3.3 Potential targets and pathways of SIN against sepsis-induced MI
Figure 3A depicts the chemical structure of SIN. In total, 178 targets of SIN were identified (Supplementary Table S1), including 55 in SwissTargetPrediction, 103 in PharmMapper, 16 in HERB, and 10 in TCM-PTD. Meanwhile, 945 sepsis-related genes were screened out from GeneCard (902), OMIM (77), and Therapeutic Target Database (TTD) (67) (Supplementary Table S2). There were 33 shared targets between the targets of SIN and sepsis-related genes, as shown in Figure 3B. These proteins were identified as candidate targets of SIN against sepsis. Figure 3C shows the PPI network of these common targets, and the top 4 nodes with a greater degree were TNF, IL6, IL1β, and STAT3, respectively. These data indicated that the four targets play more crucial roles in the treatment of sepsis-induced MI by SIN.
[image: Figure 3]FIGURE 3 | The candidate targets of SIN against sepsis-induced MI. (A) The structure of SIN. (B) Venn diagram of the genes associated with sepsis and SIN targets. (C) The PPI network of the 33 candidate targets was generated by Cytoscape.
To reveal the potential functions and pathways of the candidate targets, functional enrichment analyses were conducted accordingly, and the findings are summarized in Supplementary Tables S3, S4. Figure 4A displays the top 10 GO terms for biological process, cellular component, and molecular function. It was demonstrated that the candidate targets were primarily associated with cytokines mediation, inflammatory response, and phosphorylation of STAT protein. The enriched KEGG pathways primarily included Interleukin 17 (IL-17) signaling pathway, nucleotide-binding oligomerization domain (NOD)-like receptor signaling pathway, as well as various pathways related to viral or inflammatory diseases (Figure 4B). To better understand the correlations between candidate targets and enriched pathways, a gene-pathway network was established. Figure 4C illustrates that the larger the node font is, the more pathways the corresponding target are involved in.
[image: Figure 4]FIGURE 4 | A network pharmacology approach was used to determine the fundamental mechanisms of SIN against sepsis. (A) The top 10 terms of GO analysis of the candidate targets of SIN against sepsis-induced MI. CC: cellular component, BP: biological process, MF: molecular function. (B) The top 20 pathways of KEGG pathway enrichment analysis that ranked by gene count. (C) The SIN-targets-pathway network showed detailed interactions between the hub targets and pathways. Orange cycles stand in for hub targets, while green circles represent the top 20 pathways that SIN uses to combat sepsis.
3.4 Binding affinity of SIN with target proteins
The candidate targets’ possible binding modes with SIN were evaluated using molecular docking analysis (Figure 5). The autodock scores were summarized in Table 1, and a lower score indicated a better binding affinity between SIN and the proteins. Our data indicated that SIN was most tightly bound to JAK1 and loosely bound to JNK1. Additionally, hydrogen bonds were observed in all SIN-target complexes and the O3 in SIN was prone to form hydrogen bonds with residues. The main groups that bind residues with H donor moieties at the terminal are believed to be the carbonyl, methoxy, and hydroxy groups. The 2D and 3D docking images showed that SIN interacted with JAK1, JAK2, STAT3, JNK1, and NF-κB via hydrogen bonds and hydrophobic contacts. These data indicated that SIN can interact with JAK1, JAK2, STAT3, JNK1, and NF-κB to form compact complexes. Therefore, the influence of SIN on the protein expression of these targets was further validated in vivo.
[image: Figure 5]FIGURE 5 | The 3D and 2D diagrams showing the molecular docking pose of SIN with (A) STAT3, (B) JAK1, (C) JAK2, (D) NF-κB, and (E) JNK1.
TABLE 1 | The autodock score and hydrogen bonds of putative targets with sinomenine from molecular docking analysis.
[image: Table 1]3.5 SIN regulated the inflammatory response via JNK/NF-κB pathway
The IL-17 pathway was found to be implicated in the effects of SIN on mitigating sepsis-induced cardiac dysfunction in this study via network pharmacology and KEGG enrichment analysis. The targets of SIN involved in the IL-17 signal pathway, including JNK1, NF-κB, IL-1β, etc., were found and illustrated in Figure 4C. Therefore, the effect of SIN on these targets were detected in vivo. As shown in Figure 6A, SIN demonstrated a significant dose-dependent effect in significantly reversing the increased inflammatory cytokines induced by CLP, including TNF-α, IL-1β, IL-6, IFN-γ, and CXCL8. Based on molecular docking simulations, SIN was found to exhibit binding affinity with JNK1 and NF-κB, and may have potential impacts on the phosphorylation of these targets. The expression levels of p-JNK1 and p-NF-κB were shown to be significantly elevated by CLP, but reduced after treatment with SIN (Figure 6B). Taken together, these findings implied that the IL-17 signal pathway is expected to attenuate the effect of SIN on sepsis-induced MI.
[image: Figure 6]FIGURE 6 | The regulation of SIN on the targets in the IL-17 signal pathway. (A) Comparison of serum concentration of inflammatory cytokines in each group. (B,C) The expression levels of JNK1/NF-κB and phosphorylated JNK1/NF-κB were examined. n = 6. *p < 0.05, **p < 0.01.
3.6 SIN decreased cardiomyocyte apoptosis by regulating JAK/STAT signal pathway
The JAK/STAT axis was associated with the progress of MI, and the biological processes involving JAK/STAT axis were found to be related to the protection of SIN from sepsis-induced MI. Here, we evaluated the impact of SIN on the phosphorylation levels of JAK1, JAK2, and STAT3, along with the apoptosis of myocardial tissues. The findings revealed a notable increase in the apoptotic level of cardiomyocytes and the expression of p-JAK1, p-JAK2 and p-STAT3 in the septic rats as compared with normal rats, whereas SIN treatment exhibited a dose-dependent effect in reducing cardiomyocyte apoptosis and phosphorylation of JAK1, JAK2 and STAT3 (Figures 7A,B). TUNEL assay performed on heart slices revealed an elevated number of TUNEL-positive nuclei in septic rats induced by CLP, whereas SIN demonstrated a dose-dependent effect in reducing the elevated number of TUNEL-positive nuclei in septic rats (Figure 7C). The ratio of cleaved-casp3/caspase-3 was significantly increased in the septic rats compared to the normal rats, but rats with sepsis that received SIN treatment showed a lower ratio of cleaved casp3/caspase-3 (Figures 7D,E). These data corroborated the apoptosis results detected by TUNEL assays. These finding suggested that SIN treatment might ameliorate activated cardiomyocyte apoptosis in rats with sepsis via the JAK/STAT signal pathway.
[image: Figure 7]FIGURE 7 | The effects of SIN on the JAK/STAT pathway and cardiomyocyte apoptosis. (A,B) The expression levels of JAK1, JAK2, STAT3, and phosphorylated JAK1, JAK2, and STAT3 were assessed via Western blot. (C) The apoptosis level of cardiomyocytes was detected by TUNEL staining. (D,E) The protein expression of caspase-3 and cleaved-caspase-3 were evaluated. n = 6. *p < 0.05, **p < 0.01.
4 DISCUSSION
Sepsis, a major contributor to infection-related death, poses a challenge for healthcare systems around the world. The key to treating sepsis in clinical settings revolves around the administration of antimicrobial medicines to combat underlying infection. In recent decades, natural compounds exhibiting antibacterial and anti-inflammatory properties have been increasing utilized for the prevention of human diseases during the past few decades (McBride et al., 2020). Natural alkaloid SIN, having anti-inflammatory, immunoregulatory (Liu et al., 2020), anti-angiogenic (Feng et al., 2019) and other diverse pharmacological effects, is obtained from Sinomenium acutum Rehder. Previous studies have confirmed that SIN improved lung injury in sepsis by mediating gut homeostasis (Wang et al., 2020), and its hydrochloride salt could protect against polymicrobial sepsis via autophagy (Jiang et al., 2015). However, the potential therapeutic effects of SIN on sepsis-induced MI remain unclear. The findings of the present study suggested that SIN was favorable to improve the cardiac dysfunction of rats with sepsis, which was specifically manifested in the aspects of reducing the mortality rate, improving the cardiac functions, as well as ameliorating the MI of septic rats. Accumulating evidence has demonstrated the multiple and diverse mechanisms underlying the diverse functions of SIN in different diseases. SIN has a significant inhibitory effect on Glioblastoma multiforme (GBM) in advanced gliomas (Zheng et al., 2021). It prevents acute lung injury in sepsis by regulating intestinal microbiota and restoring intestinal barrier through aryl hydrocarbon receptor/NRF2-dependent pathway (Song W. et al., 2021), and also regulates the rationality of neuroimmune interaction to exert analgesic effects (Lai et al., 2022). Nonetheless, the specific mechanism of the action of SIN on sepsis-induced MI remains poorly understood.
In this study, a total of 33 putative targets were obtained by merging the SIN-targets and sepsis-related targets, and there were 3 genes with a higher degree: TNF-α, IL-6, and IL-1β. Many studies have confirmed the regulation of SIN on the gene expression or secretion of these 3 cytokines in sepsis (Deng et al., 2022; Pei et al., 2022). The results of the current study also confirmed that SIN could induce increased secretion of TNF-α, IL-6, and IL-1β in CLP-induced sepsis. TNF-α is a vital pro-inflammatory cell cytokine that can trigger inflammatory cascades and cause multiple clinical symptoms in patients with sepsis, such as hypotension, disseminated intravascular coagulation, and organ failure. Recent studies suggested that TNF-α (−238 G/A) polymorphism was associated with the progression of sepsis (Georgescu et al., 2020). It has been considered as promising therapeutic target for treating sepsis and MI (Jin et al., 2013), and anti-TNF-α immunotherapy has been developed for treating sepsis (Qu et al., 2018). IL-6 is another pro-inflammatory cytokine that is critical in immune and inflammatory responses. High levels of IL-6 have been shown to be associated with an increased risk of severe sepsis and a higher mortality rate (Deng et al., 2022). Additionally, IL-6 (174G/C) polymorphism was proved to be associated with an increased susceptibility to sepsis (Hu et al., 2019). Uncoupling of IL-6 signaling and Microtubule-associated protein 1 light chain 3 (LC3)-associated phagocytosis was reported to cause immunoparalysis during sepsis (Akoumianaki et al., 2021). Genetic variants in IL-1β has been confirmed to be a risk factor for sepsis and MI (Varljen et al., 2020; Pan et al., 2021), and contribute to the clinical course of sepsis (Montoya-Ruiz et al., 2016). Therefore, it suggested that SIN might protect against sepsis-induced MI via targeting TNF-α, IL-6, and IL-1β.
Multiple pathways, including the IL-17 signal pathway, the NOD-like receptor signaling pathway, and the TNF signaling pathway, were identified to be prospective targets of SIN against sepsis. IL-17 is a pro-inflammatory cytokine that could activate Interleukin 16 (IL-16) production (Yao et al., 1995). It is crucial in the development of several malignancies, inflammatory and autoimmune diseases, and infectious diseases. It is of great pathophysiological significance in sepsis via IL-17-mediated response and signal transduction (Ge et al., 2020). In sepsis, recent investigations suggested that IL-17 may function as a biomarker and a therapeutic target (Bosmann and Ward, 2012; Ahmed Ali et al., 2018). In this study, there were nine targets of SIN involved in the IL-17 signal pathway, including JNK1, NF-κB, CXCL8, IL-6, TNF-α, cyclooxygenase-2 (COX2), IL-1β, IFN-γ, and Matrix metalloproteinase-9 (MMP9). According to the results of this study, SIN administration reduced the elevated secretion of inflammatory cytokines, including CXCL8, IL-6, TNF-α, COX2, IL-1β, and IFN-γ in the CLP model, and reversed the increased phosphorylation levels of JNK1 and NF-κB induced by CLP. It has been reported that SIN can reduce the phosphorylation levels of JNK1 and NF-κB in macrophages, thus slowing down the inflammatory response caused by Lipopolysaccharides (LSP)-induced sepsis (Teng et al., 2012). A series of compounds were revealed to be effective in improving the LSP-induced sepsis via activation or deactivation of JNK1 and NF-κB (Hsu et al., 2013; Rocca et al., 2021). Meanwhile, JNK1 and NF-κB are closely related to cardiac pathologies (Xia et al., 2016; Singh et al., 2020). As a result, it can be inferred that SIN regulated the inflammatory cytokines via targeting JNK1 and NF-κB in the IL-17 signal pathway, which could eventually contribute to the its protective role in sepsis-induced MI. This finding may be helpful in determining new therapy directions for sepsis-induced MI.
GO analysis demonstrated that the candidate targets of SIN against sepsis were mainly associated with biological processes of cytokines, inflammation, and protein phosphorylation. Notably, our findings indicate a robust engagement of the Janus Kinase-Signal Transducers and Activators of Transcription (JAK-STAT) axis of the candidate targets of SIN against sepsis-induced MI. Western blot analysis showed a significant regulation of the phosphorylation of JAK2 and STAT3 after SIN exposure in CLP rats. JAKs-STATs signal pathways, known as the pivotal downstream signaling components of cytokine receptors, play a crucial role in mediating the biological effects of cytokines (Villarino et al., 2017). It contributes to organ damage and other dysfunctions in sepsis and offers novel therapeutic possibilities for sepsis (Cai et al., 2015; Clere-Jehl et al., 2020). Moreover, the JAK-STAT pathway is an integral part of myocardial response to various cardiac injuries and plays a prominent role in cardioprotective therapies (Barry et al., 2007). Cardiomyocyte apoptosis is robustly confirmed to be associated with the development of sepsis (Li et al., 2019), and regulated via the JAK-STAT pathway (Zhang et al., 2022). Therefore, we detected the cardiomyocyte apoptosis in each group in this study, and the findings demonstrated that the level of cardiomyocyte apoptosis in SIN groups was much lower than that in the CLP group. These findings suggested that SIN may prevent MI in sepsis by controlling cardiomyocyte apoptosis through the JAK-STAT pathway.
5 CONCLUSION
In conclusion, SIN improved the mortality rate and cardiac function of septic rats, and ameliorated sepsis-induced MI. Potential targets and pathways of SIN against sepsis were identified through network pharmacology analysis integrating molecular docking simulation. The proposition that SIN protects against sepsis-induced MI via targeting multiple proteins and regulating cytokine secretion and cardiomyocyte apoptosis was finally experimentally validated.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Zhejiang Center of Laboratory Animals (Reference Number: ZJCLA-IACUC-20020101).
AUTHOR CONTRIBUTIONS
LS and ZC contributed to the concept and design of the study. LS wrote the first draft of the manuscript. YN and ZH wrote sections of the manuscript. ZC, YN and ZH performed the experiments. LS, ZC and YN designed and/or performed the statistical analysis. All authors contributed to the article and approved the submitted version.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1138858/full#supplementary-material
REFERENCES
 Ahmed Ali, M., Mikhael, E. S., Abdelkader, A., Mansour, L., El Essawy, R., El Sayed, R., et al. (2018). Interleukin-17 as a predictor of sepsis in polytrauma patients: A prospective cohort study. Eur. J. Trauma Emerg. Surg. Off. Publ. Eur. Trauma Soc. 44 (4), 621–626. doi:10.1007/s00068-017-0841-3
 Akoumianaki, T., Vaporidi, K., Diamantaki, E., Pène, F., Beau, R., Gresnigt, M. S., et al. (2021). Uncoupling of IL-6 signaling and LC3-associated phagocytosis drives immunoparalysis during sepsis. Cell Host Microbe 29 (8), 1277–1293.e6. doi:10.1016/j.chom.2021.06.002
 Barry, S. P., Townsend, P. A., Latchman, D. S., and Stephanou, A. (2007). Role of the JAK-STAT pathway in myocardial injury. Trends Mol. Med. 13 (2), 82–89. doi:10.1016/j.molmed.2006.12.002
 Bayer, J., Vaghela, R., Drechsler, S., Osuchowski, M. F., Erben, R. G., and Andrukhova, O. (2021). The bone is the major source of high circulating intact fibroblast growth factor-23 in acute murine polymicrobial sepsis induced by cecum ligation puncture. PLoS One 16 (5), e0251317. doi:10.1371/journal.pone.0251317
 Bosmann, M., and Ward, P. A. (2012). Therapeutic potential of targeting IL-17 and IL-23 in sepsis. Clin. Transl. Med. 1 (1), 4. doi:10.1186/2001-1326-1-4
 Cai, B., Cai, J. P., Luo, Y. L., Chen, C., and Zhang, S. (2015). The specific roles of JAK/STAT signaling pathway in sepsis. Inflammation 38 (4), 1599–1608. doi:10.1007/s10753-015-0135-z
 Clere-Jehl, R., Mariotte, A., Meziani, F., Bahram, S., Georgel, P., and Helms, J. (2020). JAK-STAT targeting offers novel therapeutic opportunities in sepsis. Trends Mol. Med. 26 (11), 987–1002. doi:10.1016/j.molmed.2020.06.007
 Corrales, M., Sierra, A., Doizi, S., and Traxer, O. (2022). Risk of sepsis in retrograde intrarenal surgery: A systematic review of the literature. Eur. Urol. Open Sci. 44, 84–91. doi:10.1016/j.euros.2022.08.008
 Deng, P., Tang, N., Li, L., Zou, G., Xu, Y., and Liu, Z. (2022). Diagnostic value of combined detection of IL-1β, IL-6, and TNF-α for sepsis-induced cardiomyopathy. Med. Clin. Barc. 158 (9), 413–417. doi:10.1016/j.medcli.2021.04.025
 Feng, Z. T., Yang, T., Hou, X. Q., Wu, H. Y., Feng, J. T., Ou, B. J., et al. (2019). Sinomenine mitigates collagen-induced arthritis mice by inhibiting angiogenesis. Biomed. Pharmacother. 113, 108759. doi:10.1016/j.biopha.2019.108759
 Ge, Y., Huang, M., and Yao, Y. M. (2020). Biology of interleukin-17 and its pathophysiological significance in sepsis. Front. Immunol. 11, 1558. doi:10.3389/fimmu.2020.01558
 Georgescu, A. M., Banescu, C., Azamfirei, R., Hutanu, A., Moldovan, V., Badea, I., et al. (2020). Evaluation of TNF-α genetic polymorphisms as predictors for sepsis susceptibility and progression. BMC Infect. Dis. 20 (1), 221. doi:10.1186/s12879-020-4910-6
 Hsu, C. C., Lien, J. C., Chang, C. W., Chang, C. H., Kuo, S. C., and Huang, T. F. (2013). Yuwen02f1 suppresses LPS-induced endotoxemia and adjuvant-induced arthritis primarily through blockade of ROS formation, NFkB and MAPK activation. Biochem. Pharmacol. 85 (3), 385–395. doi:10.1016/j.bcp.2012.11.002
 Hu, P., Chen, Y., Pang, J., and Chen, X. (2019). Association between IL-6 polymorphisms and sepsis. Innate Immun. 25 (8), 465–472. doi:10.1177/1753425919872818
 Jiang, Y., Gao, M., Wang, W., Lang, Y., Tong, Z., Wang, K., et al. (2015). Sinomenine hydrochloride protects against polymicrobial sepsis via autophagy. Int. J. Mol. Sci. 16 (2), 2559–2573. doi:10.3390/ijms16022559
 Jiang, W., Fan, W., Gao, T., Li, T., Yin, Z., Guo, H., et al. (2020). Analgesic mechanism of sinomenine against chronic pain. Pain Res. Manag. 2020, 1876862. doi:10.1155/2020/1876862
 Jin, J., Chen, F., Wang, Q., Qiu, Y., Zhao, L., and Guo, Z. (2013). Inhibition of TNF-α by cyclophosphamide reduces myocardial injury after ischemia-reperfusion. Ann. Thorac. Cardiovasc. Surg. official J. Assoc. Thorac. Cardiovasc. Surg. Asia 19 (1), 24–29. doi:10.5761/atcs.oa.11.01877
 Lai, W. D., Wang, S., You, W. T., Chen, S. J., Wen, J. J., Yuan, C. R., et al. (2022). Sinomenine regulates immune cell subsets: Potential neuro-immune intervene for precise treatment of chronic pain. Front. Cell Dev. Biol. 10, 1041006. doi:10.3389/fcell.2022.1041006
 Li, N., Zhou, H., Wu, H., Wu, Q., Duan, M., Deng, W., et al. (2019). STING-IRF3 contributes to lipopolysaccharide-induced cardiac dysfunction, inflammation, apoptosis and pyroptosis by activating NLRP3. Redox Biol. 24, 101215. doi:10.1016/j.redox.2019.101215
 Li, X. M., Li, M. T., Jiang, N., Si, Y. C., Zhu, M. M., Wu, Q. Y., et al. (2021). Network pharmacology-based approach to investigate the molecular targets of sinomenine for treating breast cancer. Cancer Manag. Res. 13, 1189–1204. doi:10.2147/CMAR.S282684
 Lin, S. P., Wei, J. X., Hu, J. S., Bu, J. Y., Zhu, L. D., Li, Q., et al. (2021). Artemisinin improves neurocognitive deficits associated with sepsis by activating the AMPK axis in microglia. Acta Pharmacol. Sin. 42 (7), 1069–1079. doi:10.1038/s41401-021-00634-3
 Liu, W., Zhang, Y., Zhu, W., Ma, C., Ruan, J., Long, H., et al. (2018). Sinomenine inhibits the progression of rheumatoid arthritis by regulating the secretion of inflammatory cytokines and monocyte/macrophage subsets. Front. Immunol. 9, 2228. doi:10.3389/fimmu.2018.02228
 Liu, Y., Sun, Y., Zhou, Y., Tang, X., Wang, K., Ren, Y., et al. (2020). Sinomenine hydrochloride inhibits the progression of plasma cell mastitis by regulating IL-6/JAK2/STAT3 pathway. Int. Immunopharmacol. 81, 106025. doi:10.1016/j.intimp.2019.106025
 Liu, Y., Yang, W., Sun, X., Sang, M., and Jiao, R. (2021). Protective effect of sinomenine on lipopolysaccharide-induced injury of H9c2 rat cardiomyocytes (in Chinese). Her. Med. 40 (05), 611–616. 
 McBride, M. A., Patil, T. K., Bohannon, J. K., Hernandez, A., Sherwood, E. R., and Patil, N. K. (2020). Immune checkpoints: Novel therapeutic targets to attenuate sepsis-induced immunosuppression. Front. Immunol. 11, 624272. doi:10.3389/fimmu.2020.624272
 McLaughlin, J., Chowdhury, N., Djurkovic, S., Shahab, O., Sayiner, M., Fang, Y., et al. (2020). Clinical outcomes and financial impacts of malnutrition in sepsis. Nutr. Health 26 (3), 175–178. doi:10.1177/0260106020930145
 Mishra, S. K., and Choudhury, S. (2018). Experimental protocol for cecal ligation and puncture model of polymicrobial sepsis and assessment of vascular functions in mice. Methods Mol. Biol. 1717, 161–187. doi:10.1007/978-1-4939-7526-6_14
 Montoya-Ruiz, C., Jaimes, F. A., Rugeles, M. T., López, J., Bedoya, G., and Velilla, P. A. (2016). Variants in LTA, TNF, IL1B and IL10 genes associated with the clinical course of sepsis. Immunol. Res. 64 (5-6), 1168–1178. doi:10.1007/s12026-016-8860-4
 Pan, Q., Hui, D., and Hu, C. (2021). A variant of IL1B is associated with the risk and blood lipid levels of myocardial infarction in eastern Chinese individuals. Immunol. Investig. 51, 1162–1169. doi:10.1080/08820139.2021.1914081
 Pei, X., Wu, Y., Yu, H., Li, Y., Zhou, X., Lei, Y., et al. (2022). Protective role of lncRNA TTN-AS1 in sepsis-induced myocardial injury via miR-29a/E2F2 Axis. Cardiovasc. drugs Ther. 36 (3), 399–412. doi:10.1007/s10557-021-07244-5
 Qu, W., Han, C., Li, M., Zhang, J., and Jiang, Z. (2018). Anti-TNF-α antibody alleviates insulin resistance in rats with sepsis-induced stress hyperglycemia. J. Endocrinol. investigation 41 (4), 455–463. doi:10.1007/s40618-017-0742-7
 Rocca, C., De Bartolo, A., Grande, F., Rizzuti, B., Pasqua, T., Giordano, F., et al. (2021). Cateslytin abrogates lipopolysaccharide-induced cardiomyocyte injury by reducing inflammation and oxidative stress through toll like receptor 4 interaction. Int. Immunopharmacol. 94, 107487. doi:10.1016/j.intimp.2021.107487
 Salomao, R., Ferreira, B. L., Salomao, M. C., Santos, S. S., Azevedo, L. C. P., and Brunialti, M. K. C. (2019). Sepsis: Evolving concepts and challenges. Braz J. Med. Biol. Res. 52 (4), e8595. doi:10.1590/1414-431X20198595
 Shiroorkar, P. N., Afzal, O., Kazmi, I., Al-Abbasi, F. A., Altamimi, A. S. A., Gubbiyappa, K. S., et al. (2020). Cardioprotective effect of tangeretin by inhibiting PTEN/AKT/mTOR Axis in experimental sepsis-induced myocardial dysfunction. Molecules 25 (23), 5622. doi:10.3390/molecules25235622
 Singh, K., Gupta, A., Sarkar, A., Gupta, I., Rana, S., Sarkar, S., et al. (2020). Arginyltransferase knockdown attenuates cardiac hypertrophy and fibrosis through TAK1-JNK1/2 pathway. Sci. Rep. 10 (1), 598. doi:10.1038/s41598-019-57379-7
 Song, L., Zhang, H., Hu, M., Liu, C., Zhao, Y., Zhang, S., et al. (2021). Sinomenine inhibits hypoxia induced breast cancer side population cells metastasis by PI3K/Akt/mTOR pathway. Bioorg Med. Chem. 31, 115986. doi:10.1016/j.bmc.2020.115986
 Song, W., Yang, X., Wang, W., Wang, Z., Wu, J., and Huang, F. (2021b). Sinomenine ameliorates septic acute lung injury in mice by modulating gut homeostasis via aryl hydrocarbon receptor/Nrf2 pathway. Eur. J. Pharmacol. 912, 174581. doi:10.1016/j.ejphar.2021.174581
 Teng, P., Liu, H. L., Zhang, L., Feng, L. L., Huai, Y., Deng, Z. S., et al. (2012). Synthesis and biological evaluation of novel sinomenine derivatives as anti-inflammatory agents. Eur. J. Med. Chem. 50, 63–74. doi:10.1016/j.ejmech.2012.01.036
 Varljen, T., Sekulovic, G., Rakic, O., Maksimovic, N., Jekic, B., Novakovic, I., et al. (2020). Genetic variant rs16944 in IL1B gene is a risk factor for early-onset sepsis susceptibility and outcome in preterm infants. Inflamm. Res. 69 (2), 155–157. doi:10.1007/s00011-019-01301-4
 Villarino, A. V., Kanno, Y., and O'Shea, J. J. (2017). Mechanisms and consequences of Jak-STAT signaling in the immune system. Nat. Immunol. 18 (4), 374–384. doi:10.1038/ni.3691
 Wang, W., Yang, X., Chen, Q., Guo, M., Liu, S., Liu, J., et al. (2020). Sinomenine attenuates septic-associated lung injury through the Nrf2-Keap1 and autophagy. J. Pharm. Pharmacol. 72 (2), 259–270. doi:10.1111/jphp.13202
 Xia, J. B., Liu, G. H., Chen, Z. Y., Mao, C. Z., Zhou, D. C., Wu, H. Y., et al. (2016). Hypoxia/ischemia promotes CXCL10 expression in cardiac microvascular endothelial cells by NFkB activation. Cytokine 81, 63–70. doi:10.1016/j.cyto.2016.02.007
 Xie, S., Qi, X., Wu, Q., Wei, L., Zhang, M., Xing, Y., et al. (2021). Inhibition of 5-lipoxygenase is associated with downregulation of the leukotriene B4 receptor 1/Interleukin-12p35 pathway and ameliorates sepsis-induced myocardial injury. Free Radic. Biol. Med. 166, 348–357. doi:10.1016/j.freeradbiomed.2021.02.034
 Xu, P., Zhang, W. Q., Xie, J., Wen, Y. S., Zhang, G. X., and Lu, S. Q. (2020). Shenfu injection prevents sepsis-induced myocardial injury by inhibiting mitochondrial apoptosis. J. Ethnopharmacol. 261, 113068. doi:10.1016/j.jep.2020.113068
 Yao, Z., Fanslow, W. C., Seldin, M. F., Rousseau, A. M., Painter, S. L., Comeau, M. R., et al. (1995). Herpesvirus Saimiri encodes a new cytokine, IL-17, which binds to a novel cytokine receptor. Immunity 3 (6), 811–821. doi:10.1016/1074-7613(95)90070-5
 Zeng, M. Y., and Tong, Q. Y. (2020). Anti-inflammation effects of sinomenine on macrophages through suppressing activated TLR4/NF-κB signaling pathway. Curr. Med. Sci. 40 (1), 130–137. doi:10.1007/s11596-020-2156-6
 Zhang, Q., Wang, L., Wang, S., Cheng, H., Xu, L., Pei, G., et al. (2022). Signaling pathways and targeted therapy for myocardial infarction. Signal Transduct. Target. Ther. 7 (1), 78. doi:10.1038/s41392-022-00925-z
 Zheng, X., Li, W., Xu, H., Liu, J., Ren, L., Yang, Y., et al. (2021). Sinomenine ester derivative inhibits glioblastoma by inducing mitochondria-dependent apoptosis and autophagy by PI3K/AKT/mTOR and AMPK/mTOR pathway. Acta Pharm. Sin. B 11 (11), 3465–3480. doi:10.1016/j.apsb.2021.05.027
 Zhu, M., Wang, H., Chen, J., and Zhu, H. (2021). Sinomenine improve diabetic nephropathy by inhibiting fibrosis and regulating the JAK2/STAT3/SOCS1 pathway in streptozotocin-induced diabetic rats. Life Sci. 265, 118855. doi:10.1016/j.lfs.2020.118855
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Sun, Chen, Ni and He. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1138858-g005.gif





OPS/images/fphar-14-1138858-g006.gif
B mar |mahtyrinh mohaies

N

RO s
Sram P e Gl
L bl





OPS/images/fphar-14-1138858-g003.gif





OPS/images/fphar-14-1138858-g004.gif





OPS/images/fphar-14-1138858-g007.gif





OPS/images/fphar-14-1138858-t001.jpg
Genes PDB accession number todock score (kcal/mol) Hydrogen bonds
JAKL 4eid -623 Asn1008(OD1):SIN(O3)
Argl007(NH1):SIN(03)
JAK2 77w -554 Thr636(0G1):SIN(02)
Thr636(0G1):SIN(O1)

Leus510):SIN(O3)

JNK1 3elj | -525 [ Aspl120):SIN(O3)

Met1110)SIN(03)

NE-xB tikn | ~6.06 | Asp297N)SIN(O1)

Phe295N):SIN(O3)

STAT3 6nuq. [ -5.59 Glu638N):SIN(04)
Tye640(OH):SIN(O1)

Glu6380):SIN(04)

Abbreviation: SIN, sinomenine; PDB, protein data bank.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Network pharmacology-based approach to explore the underlying mechanism of sinomenine on sepsis-induced myocardial injury in rats		1 Introduction

		2 Materials and methods		2.1 Prediction of SIN targets

		2.2 Screening sepsis-related genes

		2.3 Network and enrichment analysis

		2.4 Molecular docking

		2.5 Animal model and SIN treatment

		2.6 Determination of serum biochemical parameters

		2.7 Echocardiography

		2.8 Hematoxylin and eosin (H&E) staining

		2.9 Western blot

		2.10 Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining

		2.11 Statistical analysis





		3 Results		3.1 SIN improved the cardiac function of septic rats

		3.2 SIN attenuated the myocardial injuries of septic rats

		3.3 Potential targets and pathways of SIN against sepsis-induced MI

		3.4 Binding affinity of SIN with target proteins

		3.5 SIN regulated the inflammatory response via JNK/NF-κB pathway

		3.6 SIN decreased cardiomyocyte apoptosis by regulating JAK/STAT signal pathway





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Network pharmacology-based
approach to explore the
underlying mechanism of
sinomenine on sepsis-induced
myocardial injury in rats





OPS/images/fphar-14-1138858-g001.gif
—





OPS/images/fphar-14-1138858-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





