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Background: Anesthetics have been reported to play a protective role in the heart during surgery. This study aimed to identify mitochondrial-related genes (Mito-RGs) involved in sevoflurane- and propofol-induced anesthesia in patients undergoing off-pump coronary artery bypass grafting (OPCABG) surgery.



Methods: The GSE4386 dataset, which contains atrial samples obtained from patients receiving sevoflurane or propofol during OPCABG, was downloaded from GEO database for differential expression analysis and immune cell infiltration analysis between the pre-operative and post-surgery groups. Furthermore, to model the ischemia-reperfusion injury encountered during cardiac surgery, we established an in vitro hypoxia/reoxygenation (H/R) model and investigated the effects of sevoflurane and propofol on the expression of hub genes in cardiomyocytes subjected to H/R injury.



Results: In this study, we identified a total of 11 common Mito-RGs that were influenced by sevoflurane and propofol during OPCABG. Furthermore, a PPI network of these genes was constructed using STRING, followed by the application of the MCODE and cytoHubba plug-ins to further identify hub genes within the network. Our analysis revealed that MCL1, RGS2, PPP1R15A, and MAFF may be the hub Mito-RGs associated with anesthetics. In the post-surgery group, the levels of these genes were negatively correlated with pro-inflammatory M1 macrophages. Notably, compared to pre-OPCABG levels, both sevoflurane and propofol significantly upregulated the expressions of these four hub genes in atrial samples following OPCABG. Furthermore, RT-qPCR and western blot analyses validated that both sevoflurane and propofol can upregulate the expression of Maff, Ppp1r15a, Rgs2, and Mcl1 in H9C2 cardiomyocytes following H/R injury.



Conclusion: Collectively, these four genes may be linked to the potential cardioprotective effects of anesthetics during OPCABG, which could facilitate further research into the underlying mechanisms and contribute to the development of a more comprehensive and effective anesthesia protocol.
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1 Introduction

Cardiovascular disease (CVD), including coronary artery disease (CAD) and stroke, is the leading cause of death in China (1, 2). Off-pump coronary artery bypass grafting (OPCABG) has emerged as a significant innovation in the surgical treatment of CAD (3–5). This technique allows surgeons to perform bypass grafting without stopping the heart, thus avoiding the need for extracorporeal circulation (6, 7). However, during the operative period, patients necessitate general anesthesia to ensure painlessness throughout the surgical procedure. Anesthesia not only maintains hemodynamic stability, but also protects myocardial function, prevents perioperative myocardial ischemia (8). Consequently, anesthetics are essential in cardiac surgery and significantly influence the patient's postoperative recovery and cardioprotection (9, 10). Sevoflurane, an inhalational anesthetic, and propofol, an intravenous anesthetic, are two commonly used agents that serve distinct roles in cardiac surgery (11). Both sevoflurane and propofol have been reported to exert cardioprotective effects (12–14). Compared to propofol, sevoflurane is believed to provide a more substantial cardioprotective effect during cardiac surgery (15, 16). Meanwhile, propofol may decrease the incidence of postoperative nausea and cognitive dysfunction compared to sevoflurane (15, 16). Generally, anesthesiologists select the appropriate anesthetic agent and dosage based on the specific requirements of the procedure and the individual patient's condition (17). Thus, understanding the protective molecular mechanisms of anesthetics during cardiac surgery is crucial for identifying molecular markers that could aid in mechanism research and the development of a more comprehensive and effective anesthesia protocol.

Mitochondria are particularly abundant in cardiac tissue, and the dysfunction of mitochondria is believed to significantly contribute to cardiac pathology (18). Enhancing mitochondrial biogenesis and maintaining mitochondrial homeostasis may help mitigate cardiomyocyte injury (19). Ollitrault et al. reported that mitochondrial dysfunction is associated with poor outcomes following CABG surgery (20). Identification of mitochondria-related genes (Mito-RGs) associated with the protective effects of anesthetic presents an opportunity to enhance anesthetic efficacy, leading to improved outcomes for patients undergoing CABG.

In this study, we analyzed the impact of the anesthetics on gene expression in patients undergoing OPCABG, utilizing the Gene Expression Omnibus (GEO) database (GSE4386 dataset), and with the aim of identifying potential biomarkers that may be related to the protective effects of anesthetics. Through comprehensive bioinformatics analysis, we identified four hub Mito-RGs-MCL1, RGS2, PPP1R15A, and MAFF-that were significantly associated with anesthetic exposure. Existing literature strongly supports the cardioprotective relevance of MCL1 and RGS2, as their downregulation has been linked to cardiac dysfunction (21, 22). While PPP1R15A and MAFF have been implicated in various pathological conditions (23, 24), their specific functions in cardiac physiology remain to be elucidated. Our results showed that these four genes may serve as therapeutic targets for improving cardiac outcomes in surgical patients. Meanwhile, our findings may provide novel insights into potential molecular mechanisms underlying anesthetic-mediated cardioprotection.



2 Materials and methods


2.1 Data collection

The data in the GSE4386 dataset was obtained from the Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) database. This dataset comprises 40 atrial samples collected from 10 patients who underwent off-pump CABG using sevoflurane gas anesthesia and 10 patients who received intravenous anesthesia with propofol. These samples were collected from the atrial tissues at both the beginning and end of surgery, and categorized into four groups: I: pre-OPCABG groups [a: pre-OPCABG_sevoflurane (Pre_sevoflurane) and b: pre-OPCABG_propofol (Pre_propofol)]; II: post-OPCABG groups [c: post-OPCABG_sevoflurane (Post_sevoflurane) and d: post-OPCABG_propofol (Post_propofol).

Mitochondrial-related genes (Mito-RGs) are defined as those genes that encode proteins localized within the mitochondria, encompassing all proteins found in the mitochondrial membrane, matrix, cristae, and associated with the membranes of mitochondria-related endoplasmic reticulum. A total of 1,735 Mito-RGs were collected from the MitoCarta 3.0 database and 23 cell component gene sets related to mitochondria in MSigDB (http://software.broadinstitute.org/gsea/msigdb) (25). These 1,735 unique genes were screened as Mito-RGs, and are listed in Supplementary Table S1.

The transcription factor (TF) gene sets were downloaded from the JASPAR database (https://jaspar.genereg.net/).



2.2 Differential expression analysis

Using the limma package (version 3.56.2) in R language, the expression data were presented as log transformed fold-change (log2FC) (26). Meanwhile, the false discovery rate (FDR, Benjamini-Hochberg method) method was employed to adjust p-values for multiple hypothesis testing. Differentially expressed genes (DEGs) between two groups were identified based on the criteria of |Log2FC| > 1 and FDR < 0.05.



2.3 Functional analysis

Utilizing the clusterProfiler package (version 4.8.3) in R language, Gene Ontology (GO) enrichment analysis, including Biological Processes (BP), Molecular Functions (MF), and Cellular Components (CC) terms, as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were conducted (27). Gene Set Enrichment Analysis (GSEA, http://www.broadinstitute.org/gsea/index.jsp) was performed based on KEGG pathway annotations. Pathways that met an adjusted p-value (Benjamini-Hochberg method) threshold of less than 0.05 were deemed significantly enriched.



2.4 Protein-protein interaction (PPI) network and hub genes identification

The interaction relationships between proteins and their corresponding interaction scores (combined_score) were predicted using the STRING online database (https://string-db.org/, version 12.0). The PPI network was constructed and visualized using the Cytoscape software (version 3.10.2), and key subnetworks were identified using the Molecular Complex Detection (MCODE). Subsequently, hub genes were determined via cytohubba plug-in using five algorithms, including Degree, Edge Percolated Component (EPC), Neighborhood Component Centrality (MNC), Maximum Neighborhood Component Centrality (DMNC), and Maximum Clique Centrality (MCC).



2.5 Analysis of immune cell infiltration

The relative proportions of 22 immune cell types within the sample were determined using the CIBERSORT software (28), a deconvolution algorithm that estimates relative proportions of 22 immune cell types from gene expression data (summing to 1 per sample). Additionally, the abundance of the 22 specific immune cell types was calculated using the ssGSEA algorithm.



2.6 Construction of miRNA-mRNA network

The relationship between miRNA and mRNA was obtained from the ENCORI database (https://rnasysu.com/encori/index.php). The miRNA-mRNA network was visualized using the Cytoscape software (version 3.10.2).



2.7 Prediction of transcription factor (TF) binding sites of hub genes

The 2,000 base pair (bp) upstream region and the 200 bp downstream region of the gene start sites were downloaded from the UCSC Genome Browser (http://genome.ucsc.edu/). Next, the motif file corresponding to the transcription factor was acquired from the JASPAR database (https://jaspar.genereg.net/). The online tool FIMO (https://meme-suite.org/meme/tools/fimo) was utilized to predict the presence of the TF binding motif within the gene promoter region and to obtain the binding region along with the binding score.



2.8 Cell culture and treatment

The H9C2 rat embryo cardiomyocyte cell line was maintained in DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin and culture with 5% CO2 at 37°C. A hypoxia/reoxygenation (H/R) model was created by exposing H9C2 cells to a environment without oxygen (95% N2 and 5% CO2) for 6 h. Following this, the cells were returned to standard conditions (95% air and 5% CO2) for an additional 6 h. For cell treatment, cells were treated with 2% sevoflurane (Solarbio) or 25 µmol/L propofol (Solarbio) and cultured in standard conditions for 1 h prior to H/R.



2.9 Enzyme-linked immunosorbent assay (ELISA)

The Rat Lactate Dehydrogenase (LDH) ELISA Kit (JL13677, JONLNBIO) and malondialdehyde (MDA) ELISA Kit (JL53632, JONLNBIO) were utilized for assessing LDH and MDA concentrations in H9C2 cells, respectively.



2.10 Cell counting kit-8 (CCK-8) assay

H9C2 cells were plated in a 96-well and allowed to culture overnight. Following the treatments, 10 μl of CCK-8 reagent was added to each well for a duration of 2 h. Then, the absorbance for each well was quantified using a microplate reader at a wavelength of 450 nm.



2.11 Real time-quantitative polymerase chain reaction (Rt-qPCR)

Total RNA extraction from cells was performed using the TRNzol Universal total RNA extraction reagent (DP424, TIANGEN), followed by reverse transcription into cDNA with the Evo M-MLV Reverse Transcription Premix Kit (AG11728, Accurate Biology). Next, the mRNA levels of Mcl1, Rgs2, Ppp1r15a, and Maff were assessed via RT-qPCR utilizing the SuperStar Universal SYBR Master Mix (CWBIO), with Gapdh serving as the endogenous control. Meanwhile, gene mRNA levels were quantified using the 2−ΔΔCt method. The primers used as follows: Mcl1, forward: 5’-AAAGGCGGCTGCATAAGTC-3’ and reverse: 5’-TGGCGGTATAGGTCGTCCTC-3’; Rgs2, forward: 5’-GAGAAAATGAAGCGGACACTCT-3’ and reverse: 5’-GCAGCCAGCCCATATTTACTG-3’; Ppp1r15a, forward: 5’-GAGGGACGCCCACAACTTC-3’ and reverse: 5’-GAGGGAGGAGGTTACCAGAGA-3’; Maff, forward: 5’-CAGCCCTACAGCAACAGCA-3’ and reverse: 5’-GCTGGGTCAGAGGCATAGG-3’; Gapdh, forward: 5’-AGGTCGGTGTGAACGGATTTG-3’ and reverse: 5’-GGGGTCGTTGATGGCAACA-3’.



2.12 Western blot

The concentration of protein was assessed utilizing the BCA protein quantification kit (CWBIO). Following this, the proteins were separated using 10% SDS-PAGE and subsequently transferred onto PVDF membranes. The membranes underwent an overnight incubation at 4°C with primary antibodies such as anti-Mcl1 (16225-1-AP, Proteintech), anti-Rgs2 (ab36561, Abcam), anti-Ppp1r15a (10449-1-AP, Proteintech), anti-Maff (12771-1-AP, Proteintech), and anti-Gapdh (60004-1-Ig, Proteintech), followed by incubation with corresponding secondary antibody. The detection of the blots was performed with the BeyoECL Moon kit.



2.13 Statistical analysis

The Wilcoxon rank sum test was employed to compare differences across various groups. Pearson correlation analysis was conducted using the R language. P-value less than 0.05 was considered statistically significant. All statistical analyses were performed using R software (version 4.3.3).

For cell-based experiments, one-way analysis of variance was employed for multiple comparisons. The data are shown as mean ± standard deviation. Each experiment was independently repeated at least three times. A P-value of less than 0.05 indicates statistical significance.




3 Results


3.1 Identification of mitochondrial-related DEGs (DE-Mito-RGs) affected by anesthetics during OPCABG

The R language “limma” package was employed to screen DEGs between Pre_sevoflurane and Post_sevoflurane groups, as well as between Pre_propofol and Post_propofol groups. Notably, compared to the Pre_sevoflurane group, the levels of 299 genes were upregulated and the levels of 278 genes were downregulated in the Post_sevoflurane group (Figure 1A; Supplementary Table S2). Among the 577 DEGs, there were 15 upregulated Mito-RGs and 13 downregulated Mito-RGs in the Post_sevoflurane group compared to the Pre_sevoflurane group (Figure 1B).
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FIGURE 1
Identification of mitochondrial-related DEGs (DE-mito-RGs) affected by anesthetics during OPCABG. (A) Volcano plot of DEGs between Post_sevoflurane and Pre_sevoflurane groups in the GSE4386 dataset. The x-axis represents log2(Fold Change), with dashed reference lines at −1 and 1. The y-axis represents -log10(P-Value), with a dashed reference line at -log10(0.05). Red dots indicate upregulated genes, while blue dots represent downregulated genes. (B) Heatmap of DE-Mito-RGs between Post_sevoflurane (red color) and Pre_sevoflurane (green color) groups in the GSE4386 dataset. (C) Volcano plot of DEGs between Post_propofol and Pre_propofol groups in the GSE4386 dataset. The x-axis represents log2(Fold Change), with dashed reference lines at −1 and 1. The y-axis represents -log10(P-Value), with a dashed reference line at -log10(0.05). Red dots indicate upregulated genes, while blue dots represent downregulated genes. (D) Heatmap of DE-Mito-RGs between Post_propofol (red color) and Pre_propofol (green color) groups in the GSE4386 dataset. (E,F) Venn map of eight common (E) upregulated and (F) three downregulated DE-Mito-RGs between two comparison groups: Post_sevoflurane vs. Pre_sevoflurane group and Post_propofol vs. Pre_propofol group.


Significantly, compared to the Pre_propofol group, the levels of 212 genes were upregulated and the levels of 23 genes were downregulated in the Post_propofol group (Figure 1C; Supplementary Table S2). Among the 235 DEGs, there were 8 upregulated Mito-RGs and 3 downregulated Mito-RGs in the Post_propofol group compared to the Pre_propofol group (Figure 1D).

Next, to screen DE-Mito-RGs affected by anesthetics during OPCABG, a Venn diagram was performed to identify common genes between the two comparison groups: Post_sevoflurane vs. Pre_sevoflurane and Post_propofol vs. Pre_propofol. The analysis revealed 8 common upregulated and 3 common downregulated Mito-RGs in the post-sevoflurane/propofol group compared to pre-sevoflurane/propofol group (Figures 1E,F; Supplementary Table S2). These 11 genes were considered as candidate DE-Mito-RGs affected by anesthetics during OPCABG.



3.2 Functional analysis

To gain a comprehensive understanding of the 11 DE-Mito-RGs, we conducted GO and KEGG functional enrichment analyses. These DE-Mito-RGs were mainly related to 294 GO terms, including 244 BP (e.g., “Cellular response to steroid hormone stimulus”), 13 CC (e.g., “Mitochondrial outer membrane”) and 37 MF terms (e.g., “ATP transmembrane transporter activity”) (Supplementary Table S3). The top 5 GO terms in BP, CC, and MF were illustrated in Figure 2A. Meanwhile, these genes were associated with 8 KEGG pathways, including “PI3K-Akt signaling pathway”, “Aldosterone-regulated sodium reabsorption”, “Tryptophan metabolism”, “Arginine and proline metabolism” and “Steroid hormone biosynthesis” (Figure 2B; Supplementary Table S3).
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FIGURE 2
Functional analysis on 11 DE-mito-RGs. (A) The top 5 GO terms in BP, CC, and MF of GSE4386 dataset. (B) Eight enriched KEGG pathways of GSE4386 dataset.




3.3 Identification of hub DE-Mito-RGs

The interactions between DE-Mito-RGs at the protein levels were analyzed using the String online database. Then, a PPI network was constructed, comprising eleven nodes (eleven genes) and twelve edges with an average number of neighbors of three (Figure 3A). Next, the key sub-network exhibiting high clustering was generated using the MCODE plugin of Cytoscape software, which included six nodes (six genes) and attained a cluster score of four (Figure 3B). This suggests that these genes may exhibit closely interrelated functional associations. Thereafter, the six genes in the sub-network were further extracted using the cytoHubba plug-in, revealing that MCL1, RGS2, PPP1R15A, and MAFF consistently ranked in the top four across all five evaluated algorithms (Figure 3C). Thus, these four genes (MCL1, RGS2, PPP1R15A, and MAFF) may be considered as significant hub Mito-RGs.
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FIGURE 3
Identification of hub DE-mito-RGs. (A) The PPI network diagram showing the interaction among the 11 DE-Mito-RGs. The color of each node represents the degree of freedom of gene in the network. The closer the distance between two proteins, the easier the binding between proteins. (B) The key subnetworks identified by Cluster, including six genes. (C) Venn diagram showing the four hub genes obtained by five algorithms used in Cytohubba.


As shown in Figures 4A,B, compared to pre-OPCABG, both sevoflurane and propofol significantly upregulated the mRNA levels of MCL1, RGS2, PPP1R15A, and MAFF in atrial samples following OPCABG in the GSE4386 dataset. Next, to assess the potential of these four genes as cardioprotective biomarkers, we constructed the ROC curve of logistic regression. As shown in Figures 4C–J, the AUC values for all four genes were all greater than 0.9 in both comparison groups: Post_sevoflurane vs. Pre_sevoflurane group and Post_propofol vs. Pre_propofol group, indicating a very high level of accuracy. Thus, these four genes may serve as novel anesthetic-mediated protective biomarkers during cardiac surgery.
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FIGURE 4
The potential value of hub DE-mito-RGs for anesthetics-induced protection during OPCABG. (A) Box plots showing the expression levels of MCL1, RGS2, PPP1R15A, and MAFF between Post_sevoflurane (dark green) and Pre_sevoflurane (light green) groups. (B) Box plots showing the expression levels of MCL1, RGS2, PPP1R15A, and MAFF between Post_propofol (dark blue) and Pre_propofol (light blue) groups. (C–F) ROC curve of MCL1 (AUC = 1), RGS2 (AUC = 1), PPP1R15A (AUC = 0.98), and MAFF (AUC = 1) in Post_sevoflurane vs. Pre_sevoflurane comparison group. (G–J) ROC curve of MCL1 (AUC = 1), RGS2 (AUC = 0.95), PPP1R15A (AUC = 0.99), and MAFF (AUC = 1) in Post_propofol vs. Pre_propofol comparison group.




3.4 Immune cell infiltration analysis

It has been demonstrated that immune cells play a crucial role in maintaining atrial stability (29). Thus, we proceeded to analyze the immune cell infiltration levels in all samples using CIBERSORT (Figure 5A). In patients anesthetized with sevoflurane, the levels of M2 macrophages, M1 macrophages, activated CD4 memory T cells, resting mast cells, resting dendritic cells, activated NK cells and plasma cells were markedly reduced, and the levels of activated mast cells, activated dendritic cells, eosinophils, follicular helper T cells, and resting NK cells were notably increased in atrial samples after surgery (Supplementary Figure S1A). In patients anesthetized with sevoflurane, the levels of activated CD4 memory T cells, resting mast cells, M0 macrophages were greatly decreased, and activated dendritic cells, activated mast cells, eosinophils, follicular helper T cells were significant increased in atrial samples after surgery (Supplementary Figure S1B).
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FIGURE 5
Immune cell infiltration analysis. (A) The infiltration proportions of 22 types of immune cells in all samples of Post_propofol, Pre_propofol, Post_propofol and Pre_propofol groups. The x-axis represents samples, with bar labels indicating groups. The y-axis shows the estimated infiltration proportion, while bar colors correspond to immune cell types. (B) Box plots showing levels of 22 types of immune cells between pre-OPCABG (merged Pre_propofol and Pre_propofol) and post-OPCABG groups (merged Post_propofol and Post_propofol). (C) Correlation heat map showing the correlation between MCL1, RGS2, PPP1R15A, or MAFF and 22 types of immune cells in pre-OPCABG (merged Pre_propofol and Pre_propofol) and post-OPCABG (merged Post_propofol and Post_propofol) groups.


Next, samples from two anesthesia types were combined to analyze anesthetics-induced changes in immune cell infiltration. Compared to the pre-OPCABG group, the levels of activated CD4 memory T cells, naive CD4 T cells, M0 macrophages, resting mast cells, activated NK cells, plasma cells and resting dendritic cells were decreased, and the levels of follicular helper T cells, activated mast cells, activated dendritic cells, eosinophils and monocytes were elevated in the post-OPCABG group (Figure 5B).

Furthermore, we analyzed the correlation between hub DE-Mito-RGs and 22 types of immune cells (Figure 5C). In post-OPCABG group, MCL1, RGS2, PPP1R15A, and MAFF levels were found to be negatively correlated with M1 macrophages (Figure 5C).



3.5 Construction of hub DE-Mito-RGs-miRNAs regulatory network

ENCORI database was conducted to predict the upstream miRNAs associated with four hub genes. As shown in Supplementary Table S4, the data showed the potential relationship between MCL1 and 247 miRNAs, RGS2 and 59 miRNAs, PPP1R15A and 9 miRNAs, MAFF and 67 miRNAs. The network for MCL1, RGS2, MAFF and their top 10 predicted miRNAs were shown in Figures 6A–C. The network for PPP1R15A and its 9 miRNAs were shown in Figure 6D.
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FIGURE 6
Construction of hub DE-mito-RGs-miRNAs regulatory network. (A) The network of MCL1 and top 10 predicted miRNAs (ranked by the TDMD score). (B) The network of RGS2 and top 10 predicted miRNAs (ranked by the TDMD score). (C) The network of MAFF and top 10 predicted miRNAs (ranked by the TDMD score). (D) The network of PPP1R15A and 9 predicted miRNAs.




3.6 Construction of hub DE-Mito-RGs-TFs regulatory network

To further explore the regulatory network of four hub genes, we identified a total of 25 TFs that were differentially expressed in both two comparison groups: Post_sevoflurane vs. Pre_sevoflurane group and Post_propofol vs. Pre_propofol group (Supplementary Table S5). Next, the binding ability of hub genes and 25 TFs was evaluated by the FIMO software, establishing a threshold of p-value < 0.0001 and q-value <0.05 to screen for potential binding regions. The results showed that six TFs may bind to the promoter region of MCL1; eleven TFs may bind to the promoter region of RGS2; nine TFs may bind to the promoter region of PPP1R15A; and eleven TFs may bind to the promoter region of MAFF (Figures 7A–D). Next, the TFs-hub gene regulatory network was constructed using Cytoscape. Additionally, as shown in Figure 7E; Supplementary Table S6, both KLF4 and KLF6 have the potential to bind to the promoter regions of MCL1, RGS2, PPP1R15A, or MAFF.


[image: Network diagrams labeled A to E, with nodes connected to a central element. A: MCL1 linked to seven nodes. B: RGS2 linked to nine nodes. C: PPP1R15A linked to nine nodes. D: MAFF linked to nine nodes. E: Interconnected network featuring previous nodes. Each node is color-coded and labeled.]
FIGURE 7
Construction of hub DE-mito-RGs-TFs regulatory network. (A) The network of MCL1 and six TFs. (B) The network of RGS2 and eleven TFs. (C) The network of PPP1R15A and nine TFs. (D) The network of MAFF and eleven TFs. (E) The network of hub genes (MCL1, RGS2, PPP1R15A, and MAFF) and TFs. The size of each node represents the number of binding regions between TFs and the hub gene promoter. The pink node represents the hub gene. The colors of the other nodes represent the average scores of the binding regions where TFs binds to hub gene promoter.




3.7 Sevoflurane and propofol upregulated maff, Ppp1r15a, Rgs2 and Mcl1 levels in cardiomyocytes exposed to H/R

Research has demonstrated that OPCABG surgery can induce localized myocardial ischemia (30). To simulate and investigate the resulting cardiac injury in vitro, we established a H/R model using H9C2 cardiomyocytes (31). Compared to the control group, H9C2 cells subjected to 6 h of hypoxia followed by 6 h of reoxygenation exhibited an approximately 50% reduction in cell viability (Figure 8A). Thus, subsequent experiments employed this 6-hour hypoxia/6-hour reoxygenation protocol. Notably, H/R significantly decreased cell viability and increased LDH and MDA levels in H9C2 cells (Figures 8B–D). However, both sevoflurane and propofol treatment markedly improved cell viability as well as reduced MDA and LDH levels in H/R-stimulated H9C2 cells compared to the H/R group (Figures 8B–D), indicating that these anesthetics can mitigate H/R-induced cellular damage.


[image: Graphs and blot analysis display effects of control, hypoxia/reoxygenation (H/R), H/R with sevoflurane, and H/R with propofol on cell viability, LDH, MDA, mRNA and protein expressions of Maff, Ppp1r15a, Rgs2, and Mcl1. Data show significant statistical differences, indicated by asterisks, among the groups in various measures.]
FIGURE 8
Sevoflurane and propofol upregulated maff, Ppp1r15a, Rgs2 and Mcl1 levels in cardiomyocytes exposed to H/R. (A) H9C2 cells were subjected to 6 h of hypoxia followed by 1, 6, 12 or 24 h of reoxygenation. Cell viability was evaluated using CCK-8 assay. (B) H9C2 cells were pre-treated with sevoflurane or propofol, and then exposed to 6 h of hypoxia/6 h of reoxygenation. Cell viability was evaluated using CCK-8 assay. (C,D) LDH and MDA levels in H9C2 cells were assessed by ELISA. (E–H) RT-qPCR and (I–J) western blot assays were employed to determine Maff, Ppp1r15a, Rgs2 and Mcl1 levels in H9C2 cells.


Further analysis revealed that H/R significantly downregulated the expression of Maff, Ppp1r15a, Rgs2, and Mcl1 in H9C2 cells (Figures 8E–J). Intriguingly, these effects were reversed by sevoflurane and propofol administration (Figures 8E–J). In summary, our findings demonstrate that both sevoflurane and propofol can upregulate Maff, Ppp1r15a, Rgs2, and Mcl1 expression in cardiomyocytes following H/R injury.




4 Discussion

Increasing evidence has shown that both inhalational and intravenous anesthetics have been demonstrated to have myocardial protective properties (32). Several studies indicate that the myocardial protective effects of sevoflurane or propofol are associated with their influence on mitochondria (9, 33). Zhang et al. demonstrated that propofol can inhibit hypoxia-induced cardiomyocyte apoptosis through upregulation of LRPPRC, a mitochondrial-associated protein (33). Meanwhile, Xie et al. reported that sevoflurane mitigates mitochondria damage in rat hearts subjected to myocardial ischemia/reperfusion injury (34). These findings suggest that mitochondria play a crucial role in myocardial injury. Thus, in this study, we mainly focused on the identification of Mito-RGs associated with anesthetics. Utilizing the GSE4386 dataset, we identified a total of 11 common Mito-RGs that were dysregulated between the pre- and post-surgery groups. Subsequently, a PPI network of these 11 genes was constructed using the STRING database and visualized by Cytoscape. Meanwhile, the MCODE and cytoHubba plug-ins of Cytoscape was employed to further screen hub genes within the network. The results showed that MCL1, RGS2, PPP1R15A, and MAFF may be the hub Mito-RGs related to anesthetics.

In this study, we observed that, compared to pre-OPCABG surgery, both sevoflurane and propofol significantly upregulated MCL1 and RGS2 mRNA levels in atrial samples following OPCABG. Several studies have demonstrated that MCL1 and RGS2 play significant roles in cardiac homeostasis and disease (21, 22). MCL1, an anti-apoptotic protein (35), is essential for cell survival and mitochondrial morphology (36). It has been shown that MCL1 is overexpressed in normal myocardium, and MCL1 deficiency in myocytes can lead to mitochondrial dysfunction (37). Furthermore, the downregulation of MCL1 is associated with cardiomyocyte death and cardiac dysfunction (21). Conversely, the activation of the PI3 K/Akt/GSK-3β/MCL1 pathway has been found to enhance cardioprotective effects in doxorubicin-stimulated cardiomyocytes (38). These findings suggest that elevated levels of MCL1 may confer cardioprotective benefits. Furthermore, growing evidence highlights mitochondrial dysfunction as an important pathological mechanism in various common disorders including cardiovascular diseases (39). MCL-1 has recently been shown to regulate mitochondrial energy metabolism by enhancing fatty acid β-oxidation (40). Importantly, upregulating fatty acid β-oxidation and improving mitochondrial function have demonstrated significant cardioprotective effects (41). Thus, our findings of anesthetic-induced MCL-1 upregulation in OPCABG patients may suggest a potential novel mechanism whereby these agents may confer myocardial protection through MCL-1-mediated metabolic modulation; however, this proposed mechanism requires further validation.

RGS2 is a GTPase activating protein (42), and its dysregulation has been linked to various human diseases (43). For instance, reduced expression of RGS2 may be related to the occurrence of mild cognitive impairment (43, 44). Meanwhile, mice deficient in RGS2 exhibit increased susceptibility to heart failure (22). Furthermore, RGS2 overexpression has been found to attenuate beta-adrenergic receptor-triggered cardiomyocyte hypertrophy by suppressing the activation of two signaling pathways, including ERK1/2 and Akt signalings (45), suggesting that RGS2 may have protective effects in the injured heart. Based on the established evidence, we hypothesize that RGS2-dependent regulation of these signaling pathways may contribute to anesthetic-mediated cardioprotection during OPCABG; however, this hypothesis requires further investigation.

Currently, there is no literature data demonstrating the roles of PPP1R15A and MAFF in heart function or structure. Aberrantly expressed PPP1R15A has been implicated in various diseases, including sepsis and pulmonary fibrosis. Jiang et al. indicated that PPP1R15A levels were reduced in a rat model of sepsis-associated acute lung injury (46). Ito et al. demonstrated that PPP1R15A, also known as GADD34, could inhibit inflammatory response and mitigate liver injury in a lipopolysaccharide-induced murine sepsis model through inhibiting macrophage activation (47). Additionally, a study by Monkley et al. reported that PPP1R15A was significantly decreased in the lung tissues of idiopathic pulmonary fibrosis patients, and PPP1R15A downregulation was capable of promoting lung fibroblast senescence (24). Meanwhile, PPP1R15A has also been shown to enhance cognitive function in Alzheimer's disease model mice (48). These findings suggest that elevated levels of PPP1R15A may confer a protective role across multiple diseases. Emerging evidence highlights the pivotal role of endoplasmic reticulum stress (ERS) in cardiac pathophysiology (49, 50). ERS serves as a critical mediator of myocardial injury, with pharmacological inhibition of ERS showing significant cardioprotective potential (49, 50). Jiang et al. demonstrated that PPP1R15A confers protection against sepsis-related lung injury via suppressing ERS (46). In this study, our results revealed that compared to pre-OPCABG surgery, both sevoflurane and propofol notably upregulated PPP1R15A mRNA levels in atrial samples following OPCABG. Thus, we propose a mechanistic hypothesis whereby these anesthetic agents may exert cardioprotection during OPCABG through a PPP1R15A-mediated attenuation of ERS; however, this hypothesis warrants further investigation.

MAFF has been implicated in a variety of cell biology processes, including apoptosis and inflammation (51, 52). For instance, Wang et al. found that overexpression of MAFF could suppress palmitic acid-induced early apoptosis in HUVECs (52). Additionally, Ibrahim et al. reported that MAFF could suppress the life cycle of the hepatitis B virus, thereby exerting an antiviral effect (53). Meanwhile, Lei et al. reported that MAFF was able to mitigate hepatic ischemia-reperfusion injury through activating CLCF1/STAT3 signaling pathway (54). STAT3 pathway has been found to play a role in protecting cardiomyocytes against hypoxia injury (55, 56). Furthermore, Cen et al. found that Nrf2-MAFF/ARE signaling play a role in maintaining mitochondrial hemostasis and improving endothelial injury (57). In this study, we found that compared to pre-OPCABG surgery, both sevoflurane and propofol notably upregulated MAFF mRNA levels in atrial samples following OPCABG. Thus, we speculated that MAFF may contribute to anesthetic-mediated cardioprotection through multiple mechanisms, such as preserving mitochondrial function and activating STAT3-dependent signaling; however, this hypothesis warrants further investigation.

To further explore the upregulation mechanisms of these four hub genes under general isoflurane/propofol anesthesia during OPCABG, we examined the upstream TFs associated with these four hub genes. Our analysis indicated that KLF4 may be linked to all four hub genes, and may potentially bind to their promoter regions. Previous studies have demonstrated that KLF4 plays a crucial role in enhancing cardiac function by maintaining mitochondrial homeostasis (58). Additionally, Li et al. reported that the downregulation of KLF4 could aggravate myocardial ischemia/reperfusion injury in mice through promoting mitochondrial fission (59). Furthermore, KLF4 has been identified as a transcriptional activator (60). Therefore, the upregulation of MCL1, RGS2, PPP1R15A, or MAFF may be associated with the upregulation of KLF4 under general isoflurane/propofol anesthesia during OPCABG. However, this hypothesis remains highly speculative and requires validation in future studies.

Topal et al. found that patients who developed atrial fibrillation following OPCABG exhibited a higher percentage of immune cells, including leukocytes and neutrophils, in their blood, as well as increased systemic immune inflammation, compared to those who did not develop atrial fibrillation (61). Additionally, perioperative inflammatory activation may be associated with the mortality of patients after OPCABG (62). Thus, immune cell infiltration may be related to the prognosis of patients undergoning OPCABG. Evidence indicates that sevoflurane contributes to macrophage M2 polarization, potentially promoting cancer progression (63, 64). In parallel, propofol has been demonstrated to enhance macrophage M2 polarization through the modulation of PPARγ/STAT3 signaling, thereby alleviating renal ischemia/reperfusion injury (65). Collectively, these findings suggest that both anesthetics have the capacity to influence macrophage polarization, specifically by promoting M2 macrophage polarization. Furthermore, elevating M2 macrophage polarization has been shown to improve cardiac function in cases of viral myocarditis (66). Conversely, reduced M1 macrophage polarization and diminished infiltration of Ly-6C + monocytes and neutrophils are associated with improved cardiac function (67). Meanwhile, the promotion of M1 macrophage polarization could lead to excessive inflammation and cardiac injury (68). Overall, these results imply that anesthetics may mitigate cardiac injury by modulating macrophage polarization. In this study, we found that in patients anesthetized with sevoflurane, the levels of M1 macrophages were markedly reduced in atrial samples after OPCABG. Furthermore, in the post-off-pump CABG group, MCL1, RGS2, PPP1R15A, and MAFF levels were negatively correlated with M1 macrophages. This indicates that low infiltration of M1 macrophages in atrial samples after OPCABG may be associated with the elevated levels of MCL1, RGS2, PPP1R15A, and MAFF induced by anesthetics. Significantly, Tan et al. demonstrated that MCL1 downregulation contributes to macrophages M1 polarization through upregulating the ASK1/MKK7/JNK signaling (69), suggesting a relationship between MCL-1 and macrophages polarization. Thus, we hypothesize that anesthetics may reduce M1 macrophage infiltration, potentially through the upregulation of these four genes, thereby providing cardioprotective effects. However, this hypothesis remains speculative and demands confirmation in future studies.

Nonetheless, this study also has several limitations that should be acknowledged. First, although the public database GEO has been utilized, the sample size is still restricted and requires expansion. Therefore, further validation with larger sample sizes is crucial to further validate the expression levels of MCL1, RGS2, PPP1R15A, and MAFF in atrial or blood samples taken from patients receiving sevoflurane or propofol during heart surgery. Second, in this study, we employed an in vitro H/R model to mimic ischemia-reperfusion injury occurring during cardiac surgery. Our findings demonstrate that both sevoflurane and propofol can upregulate the expression of Maff, Ppp1r15a, Rgs2, and Mcl1 in cardiomyocytes following H/R injury, implying that these anesthetics may confer cardioprotection by modulating these genes. However, this potential mechanism warrants further investigation through genetic manipulation approaches, such as gene overexpression or knockdown, to establish a causal relationship. Third, future research could develop personalized anesthetic protocols based on patient-specific gene expression profiles (e.g., avoiding anesthetic agents that suppress MCL1 in patients with low MCL1 expression). Furthermore, subsequent investigations should further elucidate the molecular regulatory mechanisms of these genes. By developing specific small-molecule modulators targeting the expression or protein function of MCL1, RGS2, and other related genes, it may establish a novel cardioprotective therapeutic strategy to improve perioperative myocardial protection in cardiac surgery patients.



5 Conclusion

In this study, we identified that MCL1, RGS2, PPP1R15A, and MAFF may serve as the hub Mito-RGs related to anesthetics. These four genes may serve as potential biomarkers related to the protective effects of anesthetics.
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