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Objective

To investigate the protective role of microRNA-27b (miR-27b) in septic cardiomyopathy (SCM) and its regulatory mechanism on the mitochondrial fission factor (Mff)/mitochondrial antiviral signaling protein (MAVS) axis.





Methods

Transcriptome data from septic patients’ cardiac tissues (GSE79962) were analyzed. Serum miR-27b expression was measured in SCM patients (n=11), sepsis-only patients (n=22), and healthy controls (n=30). Mouse SCM model and HL-1 cardiomyocyte model were established by lipopolysaccharide (LPS) induction. The molecular mechanism was investigated using miR-27b agonist/antagonist and Mff intervention, combined with RT-qPCR, Western blot, immunofluorescence, and transmission electron microscopy.





Results

Bioinformatics analysis revealed significant downregulation of miR-27b in SCM cardiac tissues (log2FC=-3.9, P<0.001). Clinical validation showed lower miR-27b expression in SCM patients’ serum compared to sepsis-only patients and healthy controls (P<0.05). LPS-induced SCM model exhibited cardiac dysfunction, myocardial injury, mitochondrial abnormalities, decreased miR-27b expression, and increased Mff and MAVS levels. miR-27b targeted Mff to maintain mitochondrial homeostasis, thus attenuating LPS-induced cardiomyocyte inflammation and apoptosis, while Mff overexpression reversed this protective effect.





Conclusion

miR-27b alleviates myocardial injury and inflammation in SCM by targeting the Mff/MAVS axis to maintain mitochondrial homeostasis, representing a potential novel therapeutic target for SCM.
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1 Introduction

Sepsis is a systemic inflammatory response triggered by infection, characterized by dysregulated host immune responses leading to multiple organ dysfunction (Singer et al., 2016) Despite advances in medical technology, sepsis remains a significant global health burden with approximately 11 million deaths annually (Rudd et al., 2020) Among various complications, sepsis-induced cardiac dysfunction is a primary contributor to mortality in septic patients (L’Heureux et al., 2020; Hollenberg and Singer, 2021). Mitochondrial dynamics imbalance plays a central role in the pathogenesis of septic cardiomyopathy (SCM). Our previous research demonstrated that SRV2 protein promotes mitochondrial fission in sepsis by activating the Mst1-Drp1 signaling pathway (Shang et al., 2020). In LPS-induced SCM models, Mst1 upregulation activates the Drp1/F-actin pathway, resulting in excessive mitochondrial fission, metabolic dysfunction, and cellular apoptosis (Shang et al., 2019). Mitochondria not only serve as energy metabolism centers but also play crucial roles in infectious and innate immune responses (Rambold and Pearce, 2018; Shang et al., 2020; Mokhtari et al., 2023).

Mitochondrial antiviral signaling protein (MAVS) is a key immune regulatory factor localized on the outer mitochondrial membrane that induces inflammatory cascade reactions when activated (Kim et al., 2021). Recent studies indicate that MAVS can also sense non-viral pathogens, cellular damage, and metabolic stress (Trishna et al., 2023). Mitochondrial fission, fusion, and autophagy processes participate in regulating MAVS signal transduction (Hanada et al., 2024), while MAVS activity is modulated by mitochondrial energy status, establishing a molecular link between energy metabolism and immune responses (Lin et al., 2020; Ailenberg et al., 2022). However, the specific mechanism of MAVS-mediated mitochondrial dynamics changes and innate immune injury in SCM remains unclear.

To investigate the molecular mechanisms of mitochondrial dysfunction in SCM, we analyzed transcriptome data from septic patients’ cardiac tissues (GSE79962). The analysis identified 2,677 differentially expressed genes (adjusted P<0.05), with miR-27b showing significant downregulation. As a non-coding RNA, miR-27b plays an important role in regulating mitochondrial dynamics: in hepatocytes, miR-27b can inhibit mitochondrial fission factor (Mff) (Tak et al., 2014), a key protein regulating mitochondrial division (Xiong et al., 2022). Inhibition of Mff overexpression reduces mitochondrial fission, maintains mitochondrial integrity, and attenuates apoptosis (Zhou et al., 2020). Additionally, miR-27 exhibits anti-inflammatory effects: in sepsis-induced liver injury, it protects through targeting TAB3 to inhibit the NF-κB signaling pathway (Yang et al., 2018) and can reduce excessive inflammatory responses caused by infection (Liang et al., 2018; Lu et al., 2020).

Based on these findings, we hypothesized that miR-27b might participate in SCM pathogenesis by regulating the Mff/MAVS axis. This study aimed to elucidate the role of the miR-27b/Mff/MAVS signaling axis in SCM through clinical sample analysis, animal model verification, and molecular mechanism exploration, potentially providing new theoretical basis for SCM diagnosis and treatment.




2 Results



2.1 Transcriptome analysis reveals significant downregulation of miR-27b in septic cardiac tissues

To explore key regulatory molecules associated with SCM, we analyzed transcriptome data from septic patients’ and healthy controls’ cardiac tissues in the GEO database (GSE79962). Differential expression analysis identified 2,677 differentially expressed genes (adjusted P<0.05), including 74 downregulated and 126 upregulated genes (|log2FoldChange|>1, adjusted P<0.05) (Figure 1A). Notably, miR-27b exhibited the most significant downregulation in the sepsis group (log2FoldChange=-3.9, adjusted P<0.001) (Figure 1A). Heatmap showing top 20 up/down-regulated genes in control and sepsis groups revealed distinct gene expression patterns between the two groups (Figure 1B). GO and KEGG enrichment analyses revealed that these differentially expressed genes were enriched in multiple biological processes and signaling pathways related to mitochondrial function, energy metabolism, and cell apoptosis (Figures 1C, D). These results suggest that miR-27b downregulation may influence SCM pathogenesis by affecting mitochondrial energy metabolism and signal transduction processes.
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Figure 1 | Transcriptome analysis reveals miR-27b expression in septic cardiac tissues. (A), Volcano plot showing distribution of differentially expressed genes in cardiac tissues from sepsis patients. (B), Heatmap showing top 20 up/down-regulated genes in control and sepsis groups. (C), GO enrichment analysis showing enrichment of differentially expressed genes in biological processes (BP), cellular components (CC), and molecular functions (MF). (D), KEGG pathway enrichment analysis.




2.2 miR-27b is significantly downregulated in SCM patients’ serum

To validate the bioinformatic analysis results and assess miR-27b expression patterns in clinical samples, we collected serum from SCM patients, sepsis patients without cardiac dysfunction, and healthy controls (Ctr). The detailed patient selection process is illustrated in Supplementary Figure S1. The clinical characteristics of the SCM and sepsis group are summarized in Supplementary Table S1. RT-qPCR analysis revealed that serum miR-27b expression levels were significantly reduced in sepsis patients compared to healthy controls (P<0.05). More importantly, SCM patients exhibited a further reduction in serum miR-27b levels, which were significantly lower than both the healthy control group (P<0.0001) and the sepsis-only group (P<0.05) (Figure 2). These findings indicate that miR-27b expression levels correlate with disease severity, suggesting its potential involvement in SCM pathogenesis and diagnostic value.
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Figure 2 | Relative miR-27b expression levels in serum from SCM patients, sepsis patients, and healthy controls. Error bars represent mean ± s.d. *P<0.05, ****P<0.0001, two-tailed Student’s t-test.




2.3 Phenotypic validation of LPS-induced myocardial injury and inflammatory response in mice

To validate the LPS-induced SCM model, we performed multidimensional phenotypic analysis in mice. First, cardiac function was assessed by echocardiography (Figure 3A). Results showed that compared to the PBS control group, LPS-treated mice exhibited significantly reduced cardiac output (CO) (14.8 ± 1.2 vs 9.2 ± 1.5 ml/min, P<0.05) (Figure 3B) and ejection fraction (EF) (45.6 ± 3.2 vs 30.5 ± 4.1%, P<0.05) (Figure 3C). Serological tests revealed significantly elevated levels of myocardial injury markers, cardiac troponin I (cTnI) and creatine kinase-MB (CK-MB), in the LPS group (Figures 3D, E, P<0.001 and P<0.01, respectively).
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Figure 3 | Phenotypic validation of LPS-induced myocardial injury and inflammatory response in mice. (A), Representative echocardiographic images. (B, C), Quantitative analysis of cardiac output (CO) and ejection fraction (EF) (n=6/group). (D, E), ELISA detection of cardiac tissue cTnI and CK-MB levels (n=3/group). (F), H&E staining of cardiac tissues, scale bar=50 μm. (G, J, M), ELISA detection of cardiac tissue inflammatory factors (IL-1β, IL-6, TNF-α) (n=3/group). (H, K, N), RT-qPCR detection of inflammatory factor mRNA expression levels in cardiac tissues (n=3/group). (I, L, O), RT-qPCR detection of miR-27b, Mff, and MAVS expression levels in cardiac tissues (n=3/group). (P), Transmission electron microscopy of cardiomyocyte mitochondrial ultrastructure, scale bar=500 nm. Data are presented as mean ± s.d. *P<0.05, **P<0.01, ***P<0.001, two-tailed Student’s t-test.

Morphological comparison of heart tissues using H&E staining showed that PBS-treated hearts maintained intact structure with regularly arranged myocardial fibers, normal nuclear morphology with uniform staining, and minimal interstitial edema or inflammatory cell infiltration. In contrast, LPS-treated hearts exhibited significant pathological changes: disorganized myocardial fibers with wavy deformation in some areas, swollen cardiomyocytes with granular cytoplasmic changes suggesting mitochondrial structural abnormalities, widened intercellular spaces indicating tissue edema, and notable inflammatory cell infiltration (Figure 3F). Additionally, ELISA results showed significantly elevated cardiac tissue levels of IL-1β, IL-6, and TNF-α in LPS-treated mice (Figures 3G, J, M, all P<0.05). RT-qPCR results confirmed that mRNA expression levels of these inflammatory factors were also significantly upregulated in cardiac tissues (Figures 3H, K, N, all P<0.05).

Transmission electron microscopy revealed that control mice had cardiomyocyte mitochondria with typical oval or rod-like shapes and clear, intact cristae, whereas LPS-treated mice exhibited mitochondrial swelling with disorganized and partially fragmented cristae (Figure 3P). Further RT-qPCR detection showed that compared to the control group, miR-27b expression was significantly decreased in LPS-treated cardiac tissues (Figure 3I, P<0.05), while its target gene Mff (Figure 3L, P<0.05) and downstream molecule MAVS (Figure 3O, P<0.01) were significantly upregulated.

These results indicate successful establishment of the SCM model, characterized by significant cardiac dysfunction, myocardial injury, inflammatory response, and mitochondrial abnormalities. Concurrently, we observed significant alterations in the miR-27b/Mff/MAVS signaling axis, suggesting its potential involvement in disease development.




2.4 miR-27b reduces mitochondrial fission by targeting Mff

To investigate the regulatory mechanism of miR-27b on cardiomyocyte mitochondrial fission, we performed a series of intervention experiments on HL-1 cardiomyocytes. RT-qPCR analysis showed that LPS treatment significantly decreased miR-27b expression while increasing Mff mRNA levels in cardiomyocytes (Figures 4A, B). Results showed that compared to the control group, LPS treatment significantly affected mitochondrial fission-related protein expression. Western blot analysis revealed significant increases in protein expression levels of mitochondrial fission factors Mff, Drp1, Mid49, and Mid51 (Figures 4C–G).
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Figure 4 | miR-27b reduces mitochondrial fission by targeting Mff. (A, B), RT-qPCR detection of miR-27b and Mff mRNA expression levels in each cell group. (C–F), Quantitative analysis of Mff, Drp1, Mid49, and Mid51 protein expression levels by Western blot. (G), Representative Western blot bands for each group. (H), Dual-luciferase reporter assay verifying the targeting relationship between miR-27b and Mff; upper panel shows wild-type (WT) and mutant-type (MT) Mff 3’UTR sequence diagrams. (I), Transmission electron microscopy observation of mitochondrial ultrastructure in each cell group, scale bar=500 nm. (J), Confocal laser scanning microscopy observation of MFF expression and subcellular localization in each cell group, scale bar=50 μm. #P<0.05 vs Ctr group; @P<0.05 vs LPS group; *P<0.05 vs LPS+miR-27b antagomir group; †P<0.05 vs LPS+miR-27b agomir group; &P<0.05 vs LPS+miR-27b agomir+ad5-MFF group; **P<0.01. One-way ANOVA followed by Tukey’s post hoc test.

Further intervention experiments demonstrated that miR-27b agonist (agomir) treatment significantly inhibited LPS-induced upregulation of mitochondrial fission-related genes, while the miR-27b inhibitor (antagomir) further exacerbated the LPS-induced effects. To verify Mff’s role in this process, we downregulated Mff expression via adenovirus-mediated shRNA in cells treated with LPS+miR-27b inhibitor. Results showed that Mff knockdown significantly reversed the increased expression of mitochondrial fission-related proteins caused by miR-27b inhibition (Figures 4C–G).

Transmission electron microscopy showed normal mitochondrial morphology in control cardiomyocytes, while LPS-treated cells exhibited numerous fragmented mitochondria. miR-27b agonist significantly improved mitochondrial morphology, whereas inhibitor exacerbated mitochondrial fragmentation. Mff knockdown partially reversed the mitochondrial morphological abnormalities caused by miR-27b inhibition (Figure 4I).

To further verify the direct regulatory relationship between miR-27b and Mff, we performed dual-luciferase reporter assays. Results showed that compared to the control group, miR-27b significantly inhibited luciferase activity of wild-type Mff 3’UTR but had no significant effect on the mutant type (Figure 4H). Immunofluorescence staining also showed that LPS treatment increased Mff expression, miR-27b agonist inhibited this increase, and inhibitor further enhanced Mff expression. In the presence of miR-27b inhibitor, Mff knockdown significantly reduced its expression level (Figure 4J).

These results demonstrate that miR-27b directly targets Mff to regulate mitochondrial fission. Downregulation of miR-27b leads to increased Mff expression, promoting excessive mitochondrial fission, which may represent an important mechanism in SCM pathogenesis.




2.5 Mff overexpression reverses the protective effects of miR-27b against inflammation and apoptosis

To explore the mechanism of the miR-27b/Mff/MAVS signaling axis in SCM, we further examined changes in inflammatory factors and apoptosis-related molecules. ELISA results showed that compared to the control group, LPS treatment significantly upregulated IL-1β, IL-6, and TNF-α levels (Figures 5B–D). Notably, miR-27b agonist significantly inhibited LPS-induced inflammatory factor expression, while miR-27b inhibitor further enhanced the inflammatory response. Importantly, Mff overexpression in LPS+miR-27b agonist-treated cells reversed the anti-inflammatory effects of miR-27b.
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Figure 5 | Mff overexpression reverses the protective effects of miR-27b against inflammation and apoptosis. (B–D), ELISA detection of IL-1β, IL-6, and TNF-α levels in each cell group. (A, E, F), Western blot quantitative analysis of Bad and Bax protein expression. (G), CCK-8 detection of cell viability in each group. (A, H, I), Quantitative analysis of Bcl-2 and XIAP protein expression. (J), Quantitative analysis of MAVS protein expression. (K), Immunofluorescence staining detecting MAVS expression and localization, scale bar=50 μm. Data are presented as mean ± s.d. (n=3 independent experiments). #P<0.05 vs Ctr group; @P<0.05 vs LPS group; *P<0.05 vs LPS+miR-27b antagomir group; †P<0.05 vs LPS+miR-27b agomir group; &P<0.05 vs LPS+miR-27b agomir+ad5-MFF group; **P<0.01. One-way ANOVA followed by Tukey’s post hoc test.

Regarding apoptosis, we examined the expression levels of pro-apoptotic proteins Bad and Bax (Figures 5E, F) and anti-apoptotic proteins Bcl-2 and XIAP (Figures 5H, I). Results showed that LPS significantly increased pro-apoptotic protein levels, decreased anti-apoptotic protein expression, and reduced cell viability (Figure 5G). miR-27b agonist partially reversed these changes, while inhibitor exacerbated the apoptotic trend.

Immunofluorescence staining revealed that compared to the control group, LPS treatment significantly increased MAVS expression and altered its cellular localization. miR-27b agonist inhibited MAVS upregulation, while inhibitor further enhanced MAVS expression. Notably, in the presence of LPS+miR-27b agonist, Mff overexpression reversed miR-27b’s inhibitory effect on MAVS expression, while Mff knockdown attenuated this effect (Figure 5K). MAVS protein levels were further validated by Western blot (Figure 5J).

These results indicate that miR-27b modulates inflammatory responses and apoptotic processes by regulating the Mff-MAVS axis. Mff overexpression can reverse the protective effects of miR-27b, revealing the important role of the miR-27b/Mff/MAVS signaling axis in SCM pathogenesis and providing potential new therapeutic targets.





3 Discussion

SCM is a life-threatening complication of sepsis that significantly increases mortality risk (Hollenberg and Singer, 2021; Carbone et al., 2022). Through bioinformatic analysis, clinical samples, animal models, and molecular mechanism studies, this research systematically elucidates the regulatory role of the miR-27b/Mff/MAVS signaling axis in SCM pathogenesis. Bioinformatic analysis suggests that miR-27b downregulation may affect mitochondrial energy metabolism and signal transduction processes in SCM. In our clinical cohort, we discovered for the first time that SCM patients exhibit more significant miR-27b downregulation compared to sepsis-only patients. Animal experiments and cell models further validated the biological significance of this finding: miR-27b downregulation was accompanied by significant myocardial injury and inflammatory responses, while miR-27b overexpression effectively alleviated LPS-induced cardiomyocyte dysfunction.

miR-27b expression levels are closely associated with disease progression. Previous studies have shown that in viral infection models, miR-27b-3p downregulation weakened host antiviral immune responses, while restoring its expression through miR-27b mimics significantly enhanced host defense capabilities and reduced mortality (Wang et al., 2022). In HCV infection research, miR-27b inhibited viral replication and attenuated inflammatory injury by regulating aquaporin AQP11 (Sakurai et al., 2019). More importantly, miR-27b possesses multiple protective effects: inhibiting TNF-α-induced mitochondrial oxidative stress and cellular apoptosis (D’Onofrio et al., 2023), promoting angiogenesis, reducing fibrosis, and regulating inflammatory responses (Veliceasa et al., 2015). These evidences collectively support the protective role of miR-27b in SCM.

Molecular mechanism studies revealed that Mff is a direct target of miR-27b, and its overexpression can reverse the cardioprotective effects mediated by miR-27b. In ischemia-reperfusion injury, Mff interacts with VDAC1 to regulate mitochondrial permeability transition pore opening, promoting mitochondrial fission and cellular apoptosis (Wang et al., 2024). SIRT1 upregulation improves cardiac function by inhibiting Mff-mediated mitochondrial fission (Xu et al., 2024), while in metabolic cardiomyopathy, Mff activation exacerbates mitochondrial dysfunction (Bekhite et al., 2021). Our study is among the first to elucidate the molecular mechanism of Mff-induced mitochondrial dysfunction in SCM.

As a mitochondrial outer membrane protein (Manes and Nita-Lazar, 2021), MAVS was confirmed to be regulated by Mff in this study. In vitro research has demonstrated that Mff can promote the formation of active MAVS clusters on mitochondria (Hanada et al., 2020). MAVS regulates cellular apoptosis through interaction with AMBRA1 (Lin et al., 2022), activates the NF-κB pathway during viral infections to trigger inflammatory factor release (Pinto et al., 2014), and inhibiting MAVS can significantly reduce inflammatory responses and improve sepsis outcomes (Hsu et al., 2023). These findings reveal the critical role of MAVS in connecting mitochondrial dysfunction with inflammatory immune responses.

In addition to miR-27b, several other microRNAs have been identified as potential therapeutic targets in septic cardiomyopathy (SCM). miR-21 promotes inflammation and mitochondrial dysfunction via SORBS2 and NLRP3 activation (Wang et al., 2016b), while miR-146a attenuates cardiac injury by suppressing TLR4/NF-κB signaling (Xie et al., 2019). miR-155 improves cardiac function in CLP-induced models by modulating immune pathways such as JNK and β-arrestin 2 (Zhou et al., 2017). Compared to the miR-27b/Mff/MAVS axis, which mainly regulates mitochondrial dynamics and inflammation, these microRNAs act through distinct mechanisms. Their complementary roles highlight the need for broader investigation into miRNA-based interventions in SCM.

Interestingly, ferroptosis has been found to play an important role in the pathogenesis of septic cardiomyopathy (Kong et al., 2022; Fang et al., 2023; Zeng et al., 2023). Although there is no direct evidence showing that miR-27b regulates ferroptosis in SCM, studies by Xun Lu et al. demonstrated that miR-27a (belonging to the same family as miR-27b) can modulate ferroptosis via targeting SLC7A11 in NSCLC cells, indicating the significant role of miR-27a-3p in ferroptosis. Considering the high homology between miR-27b and miR-27a (Kim et al., 2016), this suggests that the miR-27b/Mff/MAVS signaling axis may be related to ferroptosis in addition to regulating inflammatory responses and apoptosis.

Ferroptosis is closely related to reactive oxygen species (ROS), and mitochondria are important sites for ROS production. Although our study did not directly measure ROS levels, research by Nunzia D’Onofrio demonstrates that miR-27b has been shown to attenuate mitochondrial oxidative stress and inflammation in endothelial cells (D’Onofrio et al., 2023). Future research could further explore the specific mechanisms of miR-27b in ROS generation and regulation in SCM.

However, this study has several limitations. In clinical research: (1) The small sample size of SCM patients (n=11) may reduce the robustness of statistical analysis and generalizability of conclusions. And the data in this study came from only a single medical center, which may limit the generalizability of the results, especially considering that treatment regimens and patient characteristics may vary across different medical centers. To address this, we plan to conduct future studies based on larger, multi-center clinical cohorts that can better capture the heterogeneity of septic cardiomyopathy (SCM) and validate the diagnostic and prognostic potential of miR-27b; (2) Due to critical illness severity, cardiac tissue biopsy specimens could not be obtained for direct verification, relying instead on serum sample analysis which may not fully reflect molecular changes in cardiac tissue; (3) Prospective cohort studies evaluating the relationship between miR-27b expression levels and short- and long-term prognosis are lacking; (4) Non-infectious myocardial injury control groups, such as heart failure, were not included, limiting the assessment of miR-27b as an SCM-specific marker.

In experimental research: (1)Our study utilized a lipopolysaccharide (LPS)-induced septic cardiomyopathy (SCM) mouse model, which is widely applied to simulate early sepsis-related inflammatory responses and cardiac dysfunction. Through intraperitoneal injection of LPS, we could induce systemic inflammatory responses, myocardial depression, and mitochondrial dysfunction similar to early human SCM. This model offers advantages of high reproducibility, low cost, and controllable disease progression, making it particularly suitable for investigating miRNA-mediated mitochondrial dynamics and innate immune signaling pathway mechanisms. However, we acknowledge that this model cannot fully replicate the complex pathological processes of human sepsis, particularly lacking differences in immune responses caused by various pathogens like bacteria and fungi. Notably, Wang et al. employed the cecal ligation and puncture (CLP) model, which represents a polymicrobial sepsis model (Sun et al., 2021). Their study demonstrated that exosomes derived from mesenchymal stem cells (MSCs) overexpressing miR-27b significantly attenuated the inflammatory response in the myocardium of CLP-induced septic mice. Mechanistically, miR-27b exerted this protective effect by targeting JMJD3 and inhibiting the NF-κB/p65 signaling pathway, thereby reducing the expression of inflammatory cytokines. These findings suggest that miR-27b plays a protective role across different experimental models of sepsis; (2) This study only performed H&E staining analysis on PBS and LPS mouse groups to verify model establishment, therefore the in vivo experiments to some extent limited the morphological validation of miR-27b regulatory effects. (3)This study primarily focused on miR-27b’s regulation of Mff but did not exclude the influence of other potential targets through genome-wide methods; (4) Although a functional association between Mff and MAVS was observed, the direct molecular interaction mechanism requires further elucidation; (5) Systematic evaluation of dynamic expression changes of miR-27b at different sepsis stages and its temporal relationship with disease progression was not performed.

In translational research: (1) Systematic evaluation of miR-27b’s safety, efficacy, and administration routes as a therapeutic target is lacking; (2) Specific drug intervention strategies targeting the Mff-MAVS axis have not been established; (3) The synergistic effects of miR-27b with existing sepsis treatment regimens and its differential effects in various pathological SCM subtypes remain unexplored; (4) Preclinical validation data in large animal models is lacking, limiting direct translational value for clinical applications.

To address these limitations, future work will involve expanding multi-center clinical cohorts, incorporating dynamic sampling to assess miR-27b changes over time, and introducing control groups such as non-infectious myocardial injury to evaluate specificity. In experimental studies, polymicrobial sepsis models and mitochondrial functional assays will be applied to validate findings across disease settings.

Importantly, the management of SCM remains largely supportive, including fluid resuscitation, vasopressor administration, and mechanical ventilation. However, these interventions primarily address hemodynamic instability and do not specifically target the underlying mitochondrial and immunometabolic dysfunctions implicated in SCM pathogenesis. Despite growing recognition of SCM as a distinct sepsis complication, there are no approved therapies that directly mitigate cardiac mitochondrial injury or inflammation. Our findings highlight miR-27b as a potential upstream modulator that regulates mitochondrial fission and innate immune signaling, suggesting that miR-27b/Mff/MAVS axis may serve as a promising molecular target to complement existing treatments.

In conclusion, this study explored the regulatory mechanism of the miR-27b/Mff/MAVS signaling axis in SCM: miR-27b maintains mitochondrial homeostasis by targeting Mff, inhibiting MAVS-mediated inflammatory cascade reactions, thereby reducing myocardial injury. This finding not only deepens our understanding of SCM pathogenesis but also provides a theoretical basis for developing new therapeutic strategies.




4 Methods



4.1 Clinical sample collection

This study enrolled sepsis patients (n=33) admitted to the ICU of Fujian Provincial Hospital and healthy controls (n=30) from September 2021 to December 2022. For critically ill patients unable to personally provide informed consent, we obtained consent from their next of kin or legal representative following Ethics Committee-approved procedures. Upon regaining consciousness, patients were re-informed and their participation was reconfirmed. This process was witnessed by research staff, documented thoroughly, and complies with the Declaration of Helsinki and institutional ethics requirements. According to the Sepsis-3 diagnostic criteria (2016), patients were divided into SCM group (n=11) and sepsis-only group (n=22). Inclusion criteria included: sepsis patients with SOFA score ≥2 and confirmed or suspected infection(1); SCM patients meeting sepsis criteria with any of the following cardiac dysfunction: LVEF<50% or GLS<-18% to -20%, E/e’>14, RFAC<35% or TAPSE<17 mm(3); All participants enrolled in this study were adults aged 18 years or older. Exclusion criteria included: prior chronic cardiac disease with NYHA class ≥III, acute coronary syndrome, myocarditis, or pericarditis, end-stage malignancy, severe trauma, pregnancy, or inability to obtain transthoracic echocardiography data. Peripheral blood (5ml) was collected, centrifuged at 3000g for 15min at 4°C to separate serum, and stored at -80°C until analysis. All clinical trial patients and volunteers signed informed consent forms, and the study was approved by the Clinical Ethics Committee of Fujian Provincial Hospital (Approval No: K2022-05-08).




4.2 Animal studies

Male C57BL/6J mice (6–8 weeks old, 20-22g, Beijing Sipeifu Biotechnology) were housed in SPF-grade facilities at 26 ± 2°C, 50 ± 5% humidity, with 12h light/dark cycles and free access to food and water. After one week of acclimatization, mice were randomly divided into control and SCM model groups (n=12 each). The SCM model was established by intraperitoneal injection of LPS (5 mg/kg, from E. coli O111:B4, Sigma-L4391) (Wang et al., 2016a; Li et al., 2022), while control group received equal volume of PBS. All animal procedures were approved by the Animal Ethics Committee of Fujian Provincial Hospital (Approval No: K2022-05-08).




4.3 Real-time quantitative PCR

Total RNA was extracted using Trizol reagent (Invitrogen, 15596026) and quantified using NanoDrop 2000. Reverse transcription was performed using PrimeScript RT Kit (TaKaRa, RR037A) according to manufacturer’s instructions. RT-qPCR was conducted using SYBR Green Master Mix (Applied Biosystems, 4309155) on ABI 7500 system. Cycling conditions: 95°C for 10min; 40 cycles of 95°C for 15s and 60°C for 1min. Relative expression was calculated using 2-ΔΔCt method (Livak and Schmittgen, 2001).




4.4 Western blot analysis

Total protein was extracted using RIPA buffer (containing protease and phosphatase inhibitor cocktail, Thermo Fisher, 89900), and protein concentration was determined by BCA assay (Pierce, 23225). Proteins (30μg) were separated by SDS-PAGE and transferred to 0.45μm PVDF membranes (Millipore, IPVH00010). After blocking with 5% non-fat milk (BD, 232100) for 2h at room temperature, membranes were incubated overnight at 4°C with primary antibodies: Bad (1:1000, Affinity, AF6471), Bax (1:1000, Affinity, AF0120), Bcl-2 (1:1000, Affinity, AF6139), Drp1 (1:1000, Affinity, DF7037), MFF (1:1000, Affinity, DF12006), MAVS (1:1000, Affinity, AF8074), XIAP (1:1000, Affinity, AF6368), MID51 (1:1000, Affinity, DF12019), MID49 (1:1000, Affinity, DF12044), and GAPDH (1:5000, Affinity, AF7021). After washing with TBST, membranes were incubated with HRP-conjugated goat anti-rabbit secondary antibody (1:5000, Bioss, bs-0295G-HRP) for 1h at room temperature. Protein bands were visualized using ECL reagent (Millipore, WBKLS0500) and quantified using Image J software.




4.5 Confocal laser immunofluorescence staining

Cell or tissue samples were first permeabilized with 3% H2O2, washed with PBS, and blocked with blocking solution for 2h at room temperature. Subsequently, samples were incubated with 1:200 diluted MFF (Affinity DF12006) and MAVS (Affinity DF12211) primary antibodies overnight at 4°C in a humidified chamber. After temperature recovery for 30min and PBS washing the next day, 1:200 diluted fluorescent secondary antibodies were added and incubated for 2h at 37°C in the dark. After PBS washing, DAPI nuclear staining was performed for 10min, followed by mounting with anti-fluorescence quenching mounting medium. Images were acquired using a confocal laser scanning microscope (HC PL APO CS 40x/1.30 OIL) at 1024×1024 resolution. Three channels were used for imaging: channel one with 405nm laser (5% intensity) for DAPI nuclear staining (blue); channel two with 561nm laser (10% intensity) for MFF and VISA proteins (red).




4.6 ELISA analysis

Enzyme-linked Immunosorbent Assay (ELISA) was used to measure levels of interleukin-1β (IL-1β) (RX203076M, RUIXIN BIOTECH, China), interleukin-6 (IL-6) (RX203049M, RUIXIN BIOTECH, China), tumor necrosis factor-alpha (TNF-α) (RX202412M, RUIXIN BIOTECH, China), cardiac troponin I (cTnI) (RXJ202543M, RUIXIN BIOTECH, China), and creatine kinase-MB (CK-MB) (RXJ201007M, RUIXIN BIOTECH, China) in cardiac tissue homogenates and cell culture supernatants. According to the manufacturer’s instructions, the detection ranges were 7.5–240 pg/mL for IL-1β, 3.75–120 pg/mL for IL-6, 20–640 pg/mL for TNF-α, 7.5–240 pg/mL for cTnI, and 1.5625–50 ng/mL for CK-MB.

Briefly, 50 μL of standards or appropriately diluted samples were added to pre-coated 96-well plates, followed by 50 μL of biotinylated detection antibody (except in blank wells), and incubated at 37°C for 60 minutes. After washing, 50 μL of enzyme-conjugate was added and incubated at 37°C for 30 minutes. Plates were washed five times, and 100 μL of substrate solution was added and incubated at 37°C in the dark for 15 minutes. The reaction was stopped by adding 50 μL of stop solution, and the absorbance was measured at 450 nm using a microplate reader.

The concentrations of target proteins in tissue homogenates were normalized to total protein content (pg/mg protein), which was measured separately using the bicinchoninic acid (BCA) protein assay. All samples were analyzed in triplicate, and each experiment was independently repeated three times.




4.7 Dual-luciferase reporter assay

Based on the predicted miR-27b binding sites from miRBase database, wild-type (Wt) and mutant (Mut) sequences of Mff 3’UTR were cloned into pmirGLO vector (Promega, E1330). HL-1 cells were seeded in 24-well plates at 1×105 cells/well. When cells reached 60-70% confluence, they were co-transfected with miR-27b mimics (50nM) or mimics NC, and Wt-Mff or Mut-Mff reporter plasmids (1μg/well) using Lipofectamine 3000 (Invitrogen, L3000015). After 48h, luciferase activities were measured using Dual-Luciferase Reporter Assay System (Promega, E1910). Each group was tested in triplicate and experiments were repeated three times. Results were expressed as the ratio of firefly to renilla luciferase activity.




4.8 Transmission electron microscopy

Fresh heart tissue or treated cells were immediately fixed with 2.5% glutaraldehyde (in 0.1M phosphate buffer, pH 7.4) at 4°C for 4h, followed by post-fixation with 1% osmium tetroxide for 2h. After gradient ethanol dehydration, samples were embedded in Epon 812 resin. Ultrathin sections (60-70nm) were prepared using Leica UC7 ultramicrotome, double-stained with uranyl acetate and lead citrate, and examined under transmission electron microscope (Hitachi HI7800).




4.9 Cell viability assay

Cell viability was assessed using CCK-8 kit (Solarbio, CA1210). Cells were seeded in 96-well plates at 8×103 cells/well in 100μL medium. After 24h culture, cells were treated accordingly. Following treatment, medium was replaced with 90μL fresh medium and 10μL CCK-8 reagent, and incubated at 37°C for 1h. Absorbance was measured at 450nm using a microplate reader, with blank wells for zero adjustment. Six replicates were set for each group and experiments were repeated three times. Cell viability (%) was calculated as: (OD related-OD blank)/(OD control-OD blank)×100%.




4.10 Cell transfection

HL-1 cells were divided into groups: control, LPS (1μg/mL), LPS+miR-27b agomir (100nM), LPS+miR-27b antagomir (200nM), LPS+miR-27b agomir+Ad5-Mff (virus titer 1×109 PFU/mL), and LPS+miR-27b antagomir+Ad5-Mff shRNA (virus titer 1×109 PFU/mL). MiR-27b agomir, antagomir and their negative controls were purchased from Ribobio. Ad5-Mff and Ad5-Mff shRNA adenoviruses were constructed by Shanghai GeneChem. Cells were seeded in 6-well plates at 2×105 cells/well 24h before transfection. Transfection was performed using Lipofectamine 3000 according to manufacturer’s instructions. Medium was changed to complete medium 6h post-transfection. After 48h, cells were treated with LPS for additional 24h before collection for subsequent experiments.




4.11 Hematoxylin and eosin staining

After echocardiography, mice were sacrificed and heart tissues were immediately fixed in 4% paraformaldehyde (pH 7.4) for 24h. Tissues were dehydrated using an automatic dehydrator: 50% ethanol for 30min, 70% ethanol for 30min, 80% ethanol for 30min, 95% ethanol I for 30min, 95% ethanol II for 30min, absolute ethanol I for 30min, absolute ethanol II for 30min, xylene I for 30min, xylene II for 30min. Following paraffin embedding, 4μm sections were prepared using Leica RM2235 microtome. Staining procedure: deparaffinization in xylene I for 10min, xylene II for 10min; rehydration through graded ethanol (100%, 95%, 80%, 70%, 3min each); distilled water wash; Harris hematoxylin (Sigma, HHS16) staining for 6min; tap water wash for 5min; differentiation in 1% acid alcohol for 10s; bluing in tap water for 10min; 0.5% eosin Y solution (Sigma, E4382) staining for 3min; quick rinse in distilled water; dehydration through graded ethanol (70%, 80%, 95%, 100%, 1min each); clearing in xylene I for 5min, xylene II for 5min; mounting with neutral balsam (Sigma, G8410). Sections were examined and photographed under Olympus BX53 microscope at 400× magnification, with 5 random fields selected per sample for analysis. All imaging parameters were kept consistent, and morphological analysis was performed using Image J software.




4.12 Cell culture and model establishment

HL-1 mouse cardiac muscle cells were obtained from iCell Bioscience Inc. (Shanghai) and cultured in MEM (Gibco, 11095080) supplemented with 10% fetal bovine serum (FBS, Gibco, 10099141) and 1% penicillin/streptomycin (Gibco, 15140122). Cells were maintained at 37°C in a humidified incubator with 5% CO2and 70-80% relative humidity. Complete medium was changed every 2–3 days, and cells were passaged at 80-90% confluence using 0.25% trypsin-EDTA (Gibco, 25200056) for 2–3 minutes with a split ratio of 1:3. For SCM model establishment, HL-1 cells at 80% confluence were treated with LPS (from E. coli O111:B4, Sigma, L4391, 1μg/mL) for 24h (Zhang et al., 2022). Prior to treatment, cells were synchronized in serum-free medium for 12h, and treatment was conducted in low-serum medium containing 1% FBS. Each experiment was performed with 6 replicates and repeated independently three times.




4.13 Bioinformatics analysis

The GSE79962 dataset, containing transcriptomic analysis of cardiac tissues from patients who died of sepsis (n=20) and non-failing human donor hearts that could not be transplanted for technical reasons (n=11), was downloaded using the GEOquery package in R language. Differentially expressed genes were analyzed using the Limma package.




4.14 Statistical analysis

Data were analyzed using GraphPad Prism 9.0 software. Results are presented as mean ± standard deviation (s.d.). Comparisons between two groups were performed using two-tailed Student’s t-test. Multiple group comparisons were conducted using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. P<0.05 was considered statistically significant.




4.15 Sample source utilization in this study

Samples from different sources were used for specific research purposes, ensuring multi-level and comprehensive experimental evidence. Clinical serum samples (from SCM patients, sepsis-only patients, and healthy controls) were primarily used to validate the clinical relevance of miR-27b expression levels, detecting differences in circulating miR-27b levels through RT-qPCR technology. Mouse cardiac tissue samples were mainly used for the following aspects: (1) pathological morphological observation through H&E staining to verify the successful establishment of the SCM model; (2) detection of miR-27b, Mff, MAVS, and related inflammatory factors expression levels through RT-qPCR; (3) observation of ultrastructural changes in cardiomyocyte mitochondria using transmission electron microscopy. HL-1 cardiomyocytes were primarily used for in vitro molecular mechanism exploration and intervention experiments, specifically including: (1) establishment of LPS-induced SCM cell model; (2) intervention experiments with miR-27b mimics/antagonists and Mff overexpression/knockdown to verify the direct targeting relationship between miR-27b and Mff; (3) dual-luciferase reporter gene assay to confirm the binding of miR-27b to the Mff 3’UTR; (4) detection of changes in expression of inflammatory factors and apoptosis-related proteins through Western blot and immunofluorescence; (5) detection of cell viability changes through CCK-8.






Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: (http://www.ncbi.nlm.nih.gov/geo) (GSE79962).





Ethics statement

The studies involving humans were approved by Clinical Ethics Committee of Fujian Provincial Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by Animal Ethics Committee of Fujian Provincial Hospital (Approval No: K2022-05-08). The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

XW: Conceptualization, Writing – original draft, Software. LH: Investigation, Writing – review & editing. JX: Investigation, Writing – review & editing. ML: Investigation, Methodology, Visualization, Writing – review & editing. HZ: Data curation, Formal Analysis, Visualization, Writing – review & editing. YY: Data curation, Formal Analysis, Writing – review & editing. YL: Formal Analysis, Methodology, Writing – review & editing. XL: Data curation, Investigation, Writing – review & editing. XS: Funding acquisition, Supervision, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was supported by Joint Funds for the Innovation of Science and Technology (No. 2021Y9021 and No. 2024Y9069), Fujian Province, China.





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2025.1588461/full#supplementary-material




Abbreviations

CK-MB, creatine kinase-MB; CO, cardiac output; cTnI, cardiac troponin I; EF, ejection fraction; ELISA, enzyme-linked immunosorbent assay; GLS, global longitudinal strain; GO, gene ontology; GPX4, glutathione peroxidase 4; GSH, glutathione; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; LPS, lipopolysaccharide; LVEF, left ventricular ejection fraction; MAVS, mitochondrial antiviral signaling protein; Mff, mitochondrial fission factor; miR-27b, microRNA-27b; PBS, phosphate-buffered saline; RFAC, right ventricular fractional area change; ROS, reactive oxygen species; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; SCM, septic cardiomyopathy; SLC7A11, solute carrier family 7 member 11; SOFA, Sequential Organ Failure Assessment; TAPSE, tricuspid annular plane systolic excursion; TNF-α, tumor necrosis factor-alpha.




References

	 Ailenberg M., Kapus A., Leung C. H., Szaszi K., Williams P., diCiano-Oliveira C., et al. (2022). Activation of the mitochondrial antiviral signaling protein (mavs) following liver ischemia/reperfusion and its effect on inflammation and injury. Shock. 58, 78–89. doi: 10.1097/shk.0000000000001949, PMID: 35670454


	 Bekhite M., González-Delgado A., Hübner S., Haxhikadrija P., Kretzschmar T., Müller T., et al. (2021). The role of ceramide accumulation in human induced pluripotent stem cell-derived cardiomyocytes on mitochondrial oxidative stress and mitophagy. Free Radic. Biol. Med. 167, 66–80. doi: 10.1016/j.freeradbiomed.2021.02.016, PMID: 33705961


	 Carbone F., Liberale L., Preda A., Schindler T. H., Montecucco F. (2022). Septic cardiomyopathy: from pathophysiology to the clinical setting. Cells 11. doi: 10.3390/cells11182833, PMID: 36139408


	 D’Onofrio N., Prattichizzo F., Martino E., Anastasio C., Mele L., La Grotta R., et al. (2023). MiR-27b attenuates mitochondrial oxidative stress and inflammation in endothelial cells. Redox Biol. 62, 102681. doi: 10.1016/j.redox.2023.102681, PMID: 37003179


	 Fang X. W., Fu W., Zou B., Zhang F. (2023). Tectorigenin relieved sepsis-induced myocardial ferroptosis by inhibiting the expression of Smad3. Toxicol. Res. 12, 520–526. doi: 10.1093/toxres/tfad038, PMID: 37397920


	 Hanada Y., Ishihara N., Wang L., Otera H., Ishihara T., Koshiba T., et al. (2020). MAVS is energized by Mff which senses mitochondrial metabolism via AMPK for acute antiviral immunity. Nat. Commun. 11, 5711. doi: 10.1038/s41467-020-19287-7, PMID: 33177519


	 Hanada Y., Maeda R., Ishihara T., Nakahashi M., Matsushima Y., Ogasawara E., et al. (2024). Alternative splicing of Mff regulates AMPK-mediated phosphorylation, mitochondrial fission and antiviral response. Pharmacol. Res. 209, 107414. doi: 10.1016/j.phrs.2024.107414, PMID: 39293584


	 Hollenberg S. M., Singer M. (2021). Pathophysiology of sepsis-induced cardiomyopathy. Nat. Rev. Cardiol. 18, 424–434. doi: 10.1038/s41569-020-00492-2, PMID: 33473203


	 Hsu C. G., Li W., Sowden M., Chávez C. L., Berk B. C. (2023). Pnpt1 mediates NLRP3 inflammasome activation by MAVS and metabolic reprogramming in macrophages. Cell Mol. Immunol. 20, 131–142. doi: 10.1038/s41423-022-00962-2, PMID: 36596874


	 Kim J., Fiesel F. C., Belmonte K. C., Hudec R., Wang W. X., Kim C., et al. (2016). miR-27a and miR-27b regulate autophagic clearance of damaged mitochondria by targeting PTEN-induced putative kinase 1 (PINK1). Mol. Neurodegener. 11, 55. doi: 10.1186/s13024-016-0121-4, PMID: 27456084


	 Kim S. H., Shin H. J., Yoon C. M., Lee S. W., Sharma L., Dela Cruz C. S., et al. (2021). PINK1 inhibits multimeric aggregation and signaling of MAVS and MAVS-dependent lung pathology. Am. J. Respir. Cell Mol. Biol. 64, 592–603. doi: 10.1165/rcmb.2020-0490OC, PMID: 33577398


	 Kong C., Ni X. Q., Wang Y. X., Zhang A. Q., Zhang Y. Y., Lin F. H., et al. (2022). ICA69 aggravates ferroptosis causing septic cardiac dysfunction via STING trafficking. Cell Death Discov. 8. doi: 10.1038/s41420-022-00957-y, PMID: 35397620


	 L’Heureux M., Sternberg M., Brath L., Turlington J., Kashiouris M. G. (2020). Sepsis-induced cardiomyopathy: a comprehensive review. Curr. Cardiol. Rep. 22, 35. doi: 10.1007/s11886-020-01277-2, PMID: 32377972


	 Li Y., Sun G. H., Wang L. Q. (2022). MiR-21 participates in LPS-induced myocardial injury by targeting Bcl-2 and CDK6. Inflammation Res. 71, 205–214. doi: 10.1007/s00011-021-01535-1, PMID: 35064305


	 Liang S., Song Z., Wu Y., Gao Y., Gao M., Liu F., et al. (2018). MicroRNA-27b Modulates Inflammatory Response and Apoptosis during Mycobacterium tuberculosis Infection. J. Immunol. 200, 3506–3518. doi: 10.4049/jimmunol.1701448, PMID: 29661829


	 
Lin Y., Huang C., Gao H., Li X., Lin Q., Zhou S., et al. (2022). AMBRA1 promotes dsRNA- and virus-induced apoptosis through interacting with and stabilizing MAVS. J. Cell Sci. 135. doi: 10.1242/jcs.258910, PMID: 34859815


	 Lin H. B., Naito K., Oh Y., Farber G., Kanaan G., Valaperti A., et al. (2020). Innate immune nod1/RIP2 signaling is essential for cardiac hypertrophy but requires mitochondrial antiviral signaling protein for signal transductions and energy balance. Circulation. 142, 2240–2258. doi: 10.1161/circulationaha.119.041213, PMID: 33070627


	 Livak K. J., Schmittgen T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta C(T)) Method. Methods. 25, 402–408. doi: 10.1006/meth.2001.1262, PMID: 11846609


	 Lu X., Yu Y., Yin F., Yang C., Li B., Lin J., et al. (2020). Knockdown of PVT1 inhibits IL-1β-induced injury in chondrocytes by regulating miR-27b-3p/TRAF3 axis. Int. Immunopharmacol. 79, 106052. doi: 10.1016/j.intimp.2019.106052, PMID: 31863917


	 Manes N. P., Nita-Lazar A. (2021). Molecular mechanisms of the toll-like receptor, STING, MAVS, inflammasome, and interferon pathways. mSystems. 6, e0033621. doi: 10.1128/mSystems.00336-21, PMID: 34184910


	 Mokhtari B., Hamidi M., Badalzadeh R., Mahmoodpoor A. (2023). Mitochondrial transplantation protects against sepsis-induced myocardial dysfunction by modulating mitochondrial biogenesis and fission/fusion and inflammatory response. Mol. Biol. Rep. 50, 2147–2158. doi: 10.1007/s11033-022-08115-4, PMID: 36565415


	 Pinto A. K., Ramos H. J., Wu X., Aggarwal S., Shrestha B., Gorman M., et al. (2014). Deficient IFN signaling by myeloid cells leads to MAVS-dependent virus-induced sepsis. PLoS Pathog. 10, e1004086. doi: 10.1371/journal.ppat.1004086, PMID: 24743949


	 Rambold A. S., Pearce E. L. (2018). Mitochondrial dynamics at the interface of immune cell metabolism and function. Trends Immunol. 39, 6–18. doi: 10.1016/j.it.2017.08.006, PMID: 28923365


	 Rudd K. E., Johnson S. C., Agesa K. M., Shackelford K. A., Tsoi D., Kievlan D. R., et al. (2020). Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis for the Global Burden of Disease Study. Lancet. 395, 200–211. doi: 10.1016/s0140-6736(19)32989-7, PMID: 31954465


	 Sakurai F., Hashimoto R., Inoue C., Wakabayashi K., Tsukamoto T., Imaizumi T., et al. (2019). miR-27b-mediated suppression of aquaporin-11 expression in hepatocytes reduces HCV genomic RNA levels but not viral titers. Virol. J. 16, 58. doi: 10.1186/s12985-019-1160-6, PMID: 31046802


	 Shang X., Li J., Yu R., Zhu P., Zhang Y., Xu J., et al. (2019). Sepsis-related myocardial injury is associated with Mst1 upregulation, mitochondrial dysfunction and the Drp1/F-actin signaling pathway. J. Mol. Histol. 50, 91–103. doi: 10.1007/s10735-018-09809-5, PMID: 30604255


	 Shang X., Zhang Y., Xu J., Li M., Wang X., Yu R. (2020). SRV2 promotes mitochondrial fission and Mst1-Drp1 signaling in LPS-induced septic cardiomyopathy. Aging (Albany NY). 12, 1417–1432. doi: 10.18632/aging.102691, PMID: 31951593


	 Singer M., Deutschman C. S., Seymour C. W., Shankar-Hari M., Annane D., Bauer M., et al. (2016). The third international consensus definitions for sepsis and septic shock (Sepsis-3). Jama. 315, 801–810. doi: 10.1001/jama.2016.0287, PMID: 26903338


	 Sun J., Sun X., Chen J., Liao X., He Y., Wang J., et al. (2021). microRNA-27b shuttled by mesenchymal stem cell-derived exosomes prevents sepsis by targeting JMJD3 and downregulating NF-κB signaling pathway. Stem Cell Res. Ther. 12, 14. doi: 10.1186/s13287-020-02068-w, PMID: 33413595


	 Tak H., Kim J., Jayabalan A. K., Lee H., Kang H., Cho D. H., et al. (2014). miR-27 regulates mitochondrial networks by directly targeting the mitochondrial fission factor. Exp. Mol. Med. 46, e123. doi: 10.1038/emm.2014.73, PMID: 25431021


	 Trishna S., Lavon A., Shteinfer-Kuzmine A., Dafa-Berger A., Shoshan-Barmatz V. (2023). Overexpression of the mitochondrial anti-viral signaling protein, MAVS, in cancers is associated with cell survival and inflammation. Mol. Ther. Nucleic Acids 33, 713–732. doi: 10.1016/j.omtn.2023.07.008, PMID: 37662967


	 Veliceasa D., Biyashev D., Qin G., Misener S., Mackie A. R., Kishore R., et al. (2015). Therapeutic manipulation of angiogenesis with miR-27b. Vasc. Cell. 7, 6. doi: 10.1186/s13221-015-0031-1, PMID: 26161255


	 Wang H., Bei Y. H., Huang P. P., Zhou Q. L., Shi J., Sun Q., et al. (2016a). Inhibition of miR-155 protects against LPS-induced cardiac dysfunction and apoptosis in mice. Mol. Therapy-Nucleic Acids 5. doi: 10.1038/mtna.2016.80, PMID: 27727247


	 Wang H., Bei Y., Shen S., Huang P., Shi J., Zhang J., et al. (2016b). miR-21-3p controls sepsis-associated cardiac dysfunction via regulating SORBS2. J. Mol. Cell Cardiol. 94, 43–53. doi: 10.1016/j.yjmcc.2016.03.014, PMID: 27033308


	 Wang C., Xue M., Wu P., Wang H., Liu Z., Wu G., et al. (2022). Coronavirus transmissible gastroenteritis virus antagonizes the antiviral effect of the microRNA miR-27b via the IRE1 pathway. Sci. China Life Sci. 65, 1413–1429. doi: 10.1007/s11427-021-1967-x, PMID: 34826094


	 Wang J., Zhuang H., Jia L., He X., Zheng S., Ji K., et al. (2024). Nuclear receptor subfamily 4 group A member 1 promotes myocardial ischemia/reperfusion injury through inducing mitochondrial fission factor-mediated mitochondrial fragmentation and inhibiting FUN14 domain containing 1-depedent mitophagy. Int. J. Biol. Sci. 20, 4458–4475. doi: 10.7150/ijbs.95853, PMID: 39247823


	 Xie J., Zhang L., Fan X., Dong X., Zhang Z., Fan W. (2019). MicroRNA-146a improves sepsis-induced cardiomyopathy by regulating the TLR-4/NF-κB signaling pathway. Exp. Ther. Med. 18, 779–785. doi: 10.3892/etm.2019.7657, PMID: 31281454


	 Xiong X., Hasani S., Young L. E. A., Rivas D. R., Skaggs A. T., Martinez R., et al. (2022). Activation of Drp1 promotes fatty acids-induced metabolic reprograming to potentiate Wnt signaling in colon cancer. Cell Death Differ. 29, 1913–1927. doi: 10.1038/s41418-022-00974-5, PMID: 35332310


	 Xu H., Song X., Zhang X., Wang G., Cheng X., Zhang L., et al. (2024). SIRT1 regulates mitochondrial fission to alleviate high altitude hypoxia induced cardiac dysfunction in rats via the PGC-1α-DRP1/FIS1/MFF pathway. Apoptosis 29, 1663–1678. doi: 10.1007/s10495-024-01954-5, PMID: 38678130


	 Yang Q., Zhang D., Li Y., Li Y., Li Y. (2018). Paclitaxel alleviated liver injury of septic mice by alleviating inflammatory response via microRNA-27a/TAB3/NF-κB signaling pathway. BioMed. Pharmacother. 97, 1424–1433. doi: 10.1016/j.biopha.2017.11.003, PMID: 29156532


	 Zeng Y. C., Cao G. D., Lin L., Zhang Y. X., Luo X. Q., Ma X. Y., et al. (2023). Resveratrol Attenuates Sepsis-Induced Cardiomyopathy in Rats through Anti-Ferroptosis via the Sirt1/Nrf2 Pathway. J. Of Invest. Surg. 36. doi: 10.1080/08941939.2022.2157521, PMID: 36576230


	 Zhang H., Lin J., Shen Y., Pan J., Wang C., Cheng L. (2022). Protective effect of crocin on immune checkpoint inhibitors-related myocarditis through inhibiting NLRP3 mediated pyroptosis in cardiomyocytes via NF-κB pathway. J. Inflammation Res., 15, 1653–1666. doi: 10.2147/JIR.S348464, PMID: 35282269


	 Zhou Y., Song Y., Shaikh Z., Li H., Haiju Z., Caudle Y., et al. (2017). MicroRNA-155 attenuates late sepsis-induced cardiac dysfunction through JNK and β-arrestin 2. Oncotarget 8, 47317–47329. doi: 10.18632/oncotarget.17636, PMID: 28525390


	 Zhou B. H., Wei S. S., Jia L. S., Zhang Y., Miao C. Y., Wang H. W. (2020). Drp1/Mff signaling pathway is involved in fluoride-induced abnormal fission of hepatocyte mitochondria in mice. Sci. Total Environ. 725, 138192. doi: 10.1016/j.scitotenv.2020.138192, PMID: 32278173







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.


Copyright © 2025 Wang, Huang, Xu, Li, Zhang, Yao, Liu, Lin and Shang. 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.


OEBPS/Images/fcimb-15-1588461-g004.jpg
H mimic Ctr J DAPI M F F

miR-27b-3p mimic

Ctr 1.5
2
Lps Mff MT 5 CGUCCCAA- CCGG- GACAA 3 UTR .
[Z] sk
Lps+mir-27b antagomir © ==
| s . Mff WT 5 GCAGGGAA- GGCC- CUGUA 3 UTR 2 104 2 I I
ps+mir-27b agomir | | | | | | | | | | @ |
. . 2
Lps+mir-27b agomir+ad5-MFF mmu-miR-27b-3p 3’ GAA u CUU 5 UTR g Ctr
Bl Lps+mir-27b antagomir+ad5-MFF shRNA o 05
2
B i}
A 1.5 4 &
0.0

-
o

o
o
Mff relative RNA level
N

LPS

Mir-27b relative RNA level

o
O

s §15
2 8
o ret &
&10 % = 5
£ : ' "
£ e @:s H
g; 0.5 é 05 .
3 E LPS+miR-27b
1= . od 7 -
£, 5 00 e antagomir
E .5 1.5 F § 15 . .

3 set 2 LPS + miR-27b agomir
% . 1 g . 0 um 50
£ 10 i : e 10
2 T
2 @ @& °

. 1 [
g 0.5 [
E E 0.5 .
: 5 LPS+miR-27h
b @ .
g 2 o0 agomir

0 pm 50

LPS+miR-27b
agomir +ad5-MFF
0 um 50
LPS+miR-27b
agomir +ad5-MFF
shRNA
0 um 50






OEBPS/Images/cover.jpg
& frontiers | Frontiers in Psychiatry

MicroRNA-27b alleviates septic
cardiomyopathy by targeting the MfffMAVS
axis





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-15-1588461-g005.jpg
IL-1 concentration

m

Bax relative protein expression

I

(pg/ml)

o

1.0

Xiap relative protein expression

Z Ctr
0 pm 50

Bax

-
o

-
o

DAPI MAVS

0 pm 50

L

LPS+miR-27b

‘ -
o W™ o R\ad >
ct % 219 o9 x o9° ¢ °
r 10 Q- \ 3
Lps 6"‘?‘3 * “\\R 29 o x 366
Lps+mir-27b antagomir 95* \'?6 ‘?;ﬂb 0“\“
i . v x a“\’ég 0 um 50 0 pm 50
Lps+mir-27b agomir \’95 110 ——————
Lps+mir-27b agomir+ad5-MFF ox N\
I Lps+mir-27b antagomir+ad5-MFF shRNA \«?
e o LPS+miR-27b
: " g . antagomir
4: @& c £ ’
: e: 2 o
+ s h  Es ST
252 3 0 um 50 0 pum 50 0 pm 50
s it ublil ]
§ % 10
'—
. 0
F_ LPS+miR-27b
515 G 10
S .
(7]
- g # C I agomir
, # : g 1.0 i o gm e es
= 2 =l = #@
= #@* s — o g S # @t 0 um 50 0 um 50 0 um 50
+ @ﬁ‘ 0.5 ‘ I @& % 50
= ; 3

o
o

°
o
Bcl-2 relative protein expression g, relative

15 J 515 .
( agomir +ad5-MFF
10 I §1.o
‘ i ] I : :-l: g- 0 pm 50 0 um 50 0 um 50
20 LPS+miR-27b

agomir +ad5-MFF
shRNA

o £ S TR
Loy IR

0 pm 50 0 pm 50





OEBPS/Images/fcimb-15-1588461-g001.jpg
A

© Down regulated (74)

Not sig (14402)

16

— —_
N BN

-logo(Pvalue)

-4 -2 0 2 4
log,(Fold Change)
Sepsis_vs_ Control

response to linoleic acid 4

skeletal muscle cell differentiation 4

cellular response to insulin stimulus -

muscle organ development

positive regulation of cold—induced thermogenesis
cardiac septum morphogenesis
peptidyl-threonine dephosphorylation 4

protein dephosphorylation 4

cardiac muscle tissue development -

protein ubiquitination -

phospholipid biosynthetic process

negative regulation of myoblast differentiation -

extracellular vesicle -
RISC complex - =

Z discH

water transmembrane transporter activity -
cation binding - =

calcium ion binding

0 2 4 6
Counts

© Up regulated (129)

—logso(pvall

1.75
1.50

1.25

DDR1 = Control
TNFRSF11B .
ﬂ I i THBSH Sepsis
il _ GRAMD1B
| B ADAMTS9
] ANGPT2
il | GADD45B 0
| " RRAD

I MLLT11
NPPB 1

NPPA
i 2

[N ——— | el ! Group
1

SERPINE1
0 SCARNA10
1l i SNHG3
RARRESH
S100A12
HBA2
i 1] HBB
I E i DEFA1B
| MYL7
i  AQP4
CARMN
MIR133A1HG
, P2RY14
I i [ MIR27B
. I ‘ SNHG21
| FSD2
. PPM1K
| ASB15
' FBX040
.~ KLHL38
~ SMCO1
~ PPP1R3A
SMYD1
~ HLF
. TMEM182
| r C1orf132
il DHRS7C
I1 SNHG21

I HIF3A

D

PPAR signaling pathway - °
Insulin resistance § ®
—logqo(pvalue)
Sphingolipid signaling pathway - @
AMPK signaling pathway - °
Apoptosis )
Insulin signaling pathway - o

MicroRNAs in cancer-.

Phagosome - ®






OEBPS/Images/fcimb-15-1588461-g003.jpg
,oov eov
eov
*
S, * *
4 *
° & ° 8
° 8 S %
AVQ
L 60
>
0 o 0 ° 0 o 0 o
- - o o - -
0 o 0 o ° °
- o o

B &

(uww)oo

*
*
- 19A3] YNY @AlE|al YIN [2A3] YNY 9A1jelal SAB|N
2 9 8§ 8§ o o 19A3] YNY dARejal qLZ-yiw L
0 © o~ e
(BuyBu) — O
E uoneuadU0d GIN-MO
! 8
% % %
*
* * *
L]
. & %@ 90
S (4 (4
et 2 i = < = 3 s S ¢ 2 & 3
o e 0 e 19A3] YNY @ABe[oI || 19A3] YNY @ABejal g-|| [9A3] YNY @Anejal 0-JNL
(Bwybd) :
D UOIEUIDUOD [ULD H K N
8
% > RN
¥ *
* *
* ¥
L]
600‘ %.,vo‘ %,
g g s & &8 =2 = * ° g 8 & g g = B =
7] < 1] (Bwybd) (BwyBd) (BuyBd)
C (%)43 n u UoREIIsauod 17| = uopesnuasuod g-q| M uope.JUSIUO0D P-ANL
% 8 P oo | ! ; ; 1 : . 2
o (9 3 ¢ 7 e :
) 40| wn o - ‘ % %






OEBPS/Misc/fcimb-15-1588461.pdf


TYPE Original Research 
PUBLISHED 22 July 2025 
DOI 10.3389/fcimb.2025.1588461 


OPEN ACCESS 


EDITED BY 


Joseph Nickels,

Jr, Genesis Biotechnology Group,

United States



REVIEWED BY 


Georgia Damoraki, 
National and Kapodistrian University of 
Athens, Greece 
Manjusha Biswas, 
University Hospital Bonn, Germany 


*CORRESPONDENCE 


Xiuling Shang 


zksxling@163.com 


†These authors have contributed 
equally to this work 


RECEIVED 05 March 2025 
ACCEPTED 30 June 2025 
PUBLISHED 22 July 2025 


CITATION 


Wang X, Huang L, Xu J, Li M, Zhang H, Yao Y,

Liu Y, Lin X and Shang X (2025) MicroRNA­

27b alleviates septic cardiomyopathy by

targeting the Mff/MAVS axis.

Front. Cell. Infect. Microbiol. 15:1588461.

doi: 10.3389/fcimb.2025.1588461



COPYRIGHT 


© 2025 Wang, Huang, Xu, Li, Zhang, Yao, Liu, 
Lin and Shang. 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. 


Frontiers in Cellular and Infection Microbiology 

MicroRNA-27b alleviates septic 
cardiomyopathy by targeting the 
Mff/MAVS axis 
Xincai Wang1†, Long Huang1†, Jingqing Xu1, Min Li1, 
Hongxuan Zhang1, Yuqing Yao2, Yaqing Liu2, Xingsheng Lin1 


and Xiuling Shang1* 


1Department of Critical Care Medicine, Shengli Clinical Medical College of Fujian Medical University, 
Fuzhou University Affiliated Provincial Hospital, Fujian Provincial Hospital, Fujian Provincial Center for 
Critical Care Medicine, Fujian Provincial Key Laboratory of Critical Care Medicine, Fuzhou, China, 
2Shengli Clinical Medical College of Fujian Medical University, Fuzhou, China 

Objective: To investigate the protective role of microRNA-27b (miR-27b) in 
septic cardiomyopathy (SCM) and its regulatory mechanism on the mitochondrial 
fission factor (Mff)/mitochondrial antiviral signaling protein (MAVS) axis. 


Methods: Transcriptome data from septic patients’ cardiac tissues (GSE79962) 
were analyzed. Serum miR-27b expression was measured in SCM patients (n=11), 
sepsis-only patients (n=22), and healthy controls (n=30). Mouse SCM model and 
HL-1 cardiomyocyte model were established by lipopolysaccharide (LPS) 
induction. The molecular mechanism was investigated using miR-27b agonist/ 
antagonist and Mff intervention, combined with RT-qPCR, Western blot, 
immunofluorescence, and transmission electron microscopy. 


Results: Bioinformatics analysis revealed significant downregulation of miR-27b 
in SCM cardiac tissues (log2FC=-3.9, P<0.001). Clinical validation showed lower 
miR-27b expression in SCM patients’ serum compared to sepsis-only patients 
and healthy controls (P<0.05). LPS-induced SCM model exhibited cardiac 
dysfunction, myocardial injury, mitochondrial abnormalities, decreased miR­


27b expression, and increased Mff and MAVS levels. miR-27b targeted Mff to 
maintain mitochondrial homeostasis, thus attenuating LPS-induced 
cardiomyocyte inflammation and apoptosis, while Mff overexpression reversed 
this protective effect. 


Conclusion: miR-27b alleviates myocardial injury and inflammation in SCM by 
targeting the Mff/MAVS axis to maintain mitochondrial homeostasis, representing 
a potential novel therapeutic target for SCM. 

KEYWORDS 


inflammation, microRNA-27b, mitochondrial antiviral signaling protein, mitochondrial 
fission factor, septic cardiomyopathy 
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1 Introduction 


Sepsis is a systemic inflammatory response triggered by 
infection, characterized by dysregulated host immune responses 
leading to multiple organ dysfunction (Singer et al., 2016) Despite 
advances in medical technology, sepsis remains a significant global 
health burden with approximately 11 million deaths annually (Rudd 
et al., 2020) Among various complications, sepsis-induced cardiac 
dysfunction is a primary contributor to mortality in septic patients 
(L’Heureux et al., 2020; Hollenberg and Singer, 2021). Mitochondrial 
dynamics imbalance plays a central role in the pathogenesis of septic 
cardiomyopathy (SCM). Our previous research demonstrated that 
SRV2 protein promotes mitochondrial fission in sepsis by activating 
the Mst1-Drp1 signaling pathway (Shang et al., 2020). In LPS-
induced SCM models, Mst1 upregulation activates the Drp1/F­
actin pathway, resulting in excessive mitochondrial fission, 
metabolic dysfunction, and cellular apoptosis (Shang et al., 2019). 
Mitochondria not only serve as energy metabolism centers but also 
play crucial roles in infectious and innate immune responses 
(Rambold and Pearce, 2018; Shang et al., 2020; Mokhtari 
et al., 2023). 


Mitochondrial antiviral signaling protein (MAVS) is a key 
immune regulatory factor localized on the outer mitochondrial 
membrane that induces inflammatory cascade reactions when 
activated (Kim et al., 2021). Recent studies indicate that MAVS 
can also sense non-viral pathogens, cellular damage, and metabolic 
stress (Trishna et al., 2023). Mitochondrial fission, fusion, and 
autophagy processes participate in regulating MAVS signal 
transduction (Hanada et al., 2024), while MAVS activity is 
modulated by mitochondrial energy status, establishing a 
molecular link between energy metabolism and immune 
responses (Lin et al., 2020; Ailenberg et al., 2022). However, the 
specific mechanism of MAVS-mediated mitochondrial dynamics 
changes and innate immune injury in SCM remains unclear. 


To investigate the molecular mechanisms of mitochondrial 
dysfunction in SCM, we analyzed transcriptome data from septic 
patients’ cardiac tissues (GSE79962). The analysis identified 2,677 
differentially expressed genes (adjusted P<0.05), with miR-27b 
showing significant downregulation. As a non-coding RNA, miR­


27b plays an important role in regulating mitochondrial dynamics: 
in hepatocytes, miR-27b can inhibit mitochondrial fission factor 
(Mff) (Tak et al., 2014), a key protein regulating mitochondrial 

Abbreviations: CK-MB, creatine kinase-MB; CO, cardiac output; cTnI, cardiac 


troponin I; EF, ejection fraction; ELISA, enzyme-linked immunosorbent assay; 


GLS, global longitudinal strain; GO, gene ontology; GPX4, glutathione peroxidase 


4; GSH, glutathione; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and 


Genomes; LPS, lipopolysaccharide; LVEF, left ventricular ejection fraction; 


MAVS, mitochondrial antiviral signaling protein; Mff, mitochondrial fission 


factor; miR-27b, microRNA-27b; PBS, phosphate-buffered saline; RFAC, right 


ventricular fractional area change; ROS, reactive oxygen species; RT-qPCR, 


reverse transcription-quantitative polymerase chain reaction; SCM, septic 


cardiomyopathy; SLC7A11, solute carrier family 7 member 11; SOFA, 


Sequential Organ Failure Assessment; TAPSE, tricuspid annular plane systolic 


excursion; TNF-a, tumor necrosis factor-alpha. 
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division (Xiong et al., 2022). Inhibition of Mff overexpression 
reduces mitochondrial fission, maintains mitochondrial integrity, 
and attenuates apoptosis (Zhou et al., 2020). Additionally, miR-27 
exhibits anti-inflammatory effects: in sepsis-induced liver injury, it 
protects through targeting TAB3 to inhibit the NF-kB signaling 
pathway (Yang et al., 2018) and can reduce excessive inflammatory 
responses caused by infection (Liang et al., 2018; Lu et al., 2020). 


Based on these findings, we hypothesized that miR-27b might 
participate in SCM pathogenesis by regulating the Mff/MAVS axis. 
This study aimed to elucidate the role of the miR-27b/Mff/MAVS 
signaling axis in SCM through clinical sample analysis, animal 
model verification, and molecular mechanism exploration, 
potentially providing new theoretical basis for SCM diagnosis 
and treatment. 

2 Results 


2.1 Transcriptome analysis reveals 
significant downregulation of miR-27b in 
septic cardiac tissues 


To explore key regulatory molecules associated with SCM, we 
analyzed transcriptome data from septic patients’ and healthy 
controls’ cardiac tissues in the GEO database (GSE79962). 
Differential expression analysis identified 2,677 differentially 
expressed genes (adjusted P<0.05), including 74 downregulated and 
126 upregulated genes (|log2FoldChange|>1, adjusted P<0.05) 
(Figure 1A). Notably, miR-27b exhibited the most significant 
downregulation in the sepsis group (log2FoldChange=-3.9, adjusted 
P<0.001) (Figure 1A). Heatmap showing top 20 up/down-regulated 
genes in control and sepsis groups revealed distinct gene expression 
patterns between the two groups (Figure 1B). GO and KEGG 
enrichment analyses revealed that these differentially expressed 
genes were enriched in multiple biological processes and signaling 
pathways related to mitochondrial function, energy metabolism, and 
cell apoptosis (Figures 1C, D). These results suggest that miR-27b 
downregulation may influence SCM pathogenesis by affecting 
mitochondrial energy metabolism and signal transduction processes. 

2.2 miR-27b is significantly downregulated 
in SCM patients’ serum 


To validate the bioinformatic analysis results and assess miR­


27b expression patterns in clinical samples, we collected serum from 
SCM patients, sepsis patients without cardiac dysfunction, and 
healthy controls (Ctr). The detailed patient selection process is 
illustrated in Supplementary Figure S1. The clinical characteristics 
of the SCM and sepsis group are summarized in Supplementary 
Table S1. RT-qPCR analysis revealed that serum miR-27b 
expression levels were significantly reduced in sepsis patients 
compared to healthy controls (P<0.05). More importantly, SCM 
patients exhibited a further reduction in serum miR-27b levels, 
which were significantly lower than both the healthy control group 
(P<0.0001) and the sepsis-only group (P<0.05) (Figure 2). These 
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findings indicate that miR-27b expression levels correlate with 
disease severity, suggesting its potential involvement in SCM 
pathogenesis and diagnostic value. 

 


2.3 Phenotypic validation of LPS-induced 
myocardial injury and inflammatory 
response in mice 


To validate the LPS-induced SCM model, we performed 
multidimensional phenotypic analysis in mice. First, cardiac 
function was assessed by echocardiography (Figure 3A). Results 
showed that compared to the PBS control group, LPS-treated mice 
exhibited significantly reduced cardiac output (CO) (14.8 ± 1.2 vs 
9.2 ± 1.5 ml/min, P<0.05) (Figure 3B) and ejection fraction (EF) 
(45.6 ± 3.2 vs 30.5 ± 4.1%, P<0.05) (Figure 3C). Serological tests 
revealed significantly elevated levels of myocardial injury markers, 
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cardiac troponin I (cTnI) and creatine kinase-MB (CK-MB), in the 
LPS group (Figures 3D, E, P<0.001 and P<0.01, respectively). 


Morphological comparison of heart tissues using H&E staining 
showed that PBS-treated hearts maintained intact structure with 
regularly arranged myocardial fibers, normal nuclear morphology 
with uniform staining, and minimal interstitial edema or 
inflammatory cell infiltration. In contrast, LPS-treated hearts 
exhibited significant pathological changes: disorganized 
myocardial fibers with wavy deformation in some areas, swollen 
cardiomyocytes with granular cytoplasmic changes suggesting 
mitochondrial structural abnormalities, widened intercellular 
spaces indicating tissue edema, and notable inflammatory cell 
infiltration (Figure 3F). Additionally, ELISA results showed 
significantly elevated cardiac tissue levels of IL-1b, IL-6,  and
TNF-a in LPS-treated mice (Figures 3G, J, M, all P<0.05). RT­
qPCR results confirmed that mRNA expression levels of these 
inflammatory factors were also significantly upregulated in 
cardiac tissues (Figures 3H, K, N, all P<0.05). 

FIGURE 1 


Transcriptome analysis reveals miR-27b expression in septic cardiac tissues. (A), Volcano plot showing distribution of differentially expressed genes in 
cardiac tissues from sepsis patients. (B), Heatmap showing top 20 up/down-regulated genes in control and sepsis groups. (C), GO enrichment 
analysis showing enrichment of differentially expressed genes in biological processes (BP), cellular components (CC), and molecular functions (MF). 
(D), KEGG pathway enrichment analysis. 
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Transmission electron microscopy revealed that control mice had 
cardiomyocyte mitochondria with typical oval or rod-like shapes and 
clear, intact cristae, whereas LPS-treated mice exhibited mitochondrial 
swelling with disorganized and partially fragmented cristae (Figure 3P). 
Further RT-qPCR detection showed that compared to the  control
group, miR-27b expression was significantly decreased in LPS-treated 
cardiac tissues (Figure 3I, P<0.05), while its target gene Mff (Figure 3L, 
P<0.05) and downstream molecule MAVS (Figure 3O, P<0.01) were 
significantly upregulated. 


These results indicate successful establishment of the SCM 
model, characterized by significant cardiac dysfunction, 
myocardial injury, inflammatory response, and mitochondrial 
abnormalities. Concurrently, we observed significant alterations in 
the miR-27b/Mff/MAVS signaling axis, suggesting its potential 
involvement in disease development. 

2.4 miR-27b reduces mitochondrial fission 
by targeting Mff 


To investigate the regulatory mechanism of miR-27b on 
cardiomyocyte mitochondrial fission, we performed a series of 
intervention experiments on HL-1 cardiomyocytes. RT-qPCR 
analysis showed that LPS treatment significantly decreased miR-27b 
expression while increasing Mff mRNA levels in cardiomyocytes 
(Figures 4A, B). Results showed that compared to the control group, 
LPS treatment significantly affected mitochondrial fission-related 
protein expression. Western blot analysis revealed significant 
increases in protein expression levels of mitochondrial fission factors 
Mff, Drp1, Mid49, and Mid51 (Figures 4C–G). 


Further intervention experiments demonstrated that miR-27b 
agonist (agomir) treatment significantly inhibited LPS-induced 
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upregulation of mitochondrial fission-related genes, while the miR­


27b inhibitor (antagomir) further exacerbated the LPS-induced effects. 
To verify Mff’s role in this process, we downregulated Mff expression 
via adenovirus-mediated shRNA in cells treated with LPS+miR-27b 
inhibitor. Results showed that Mff knockdown significantly reversed 
the increased expression of mitochondrial fission-related proteins 
caused by miR-27b inhibition (Figures 4C–G). 


Transmission electron microscopy showed normal mitochondrial 
morphology in control cardiomyocytes, while LPS-treated cells 
exhibited numerous fragmented mitochondria. miR-27b agonist 
significantly improved mitochondrial morphology, whereas inhibitor 
exacerbated mitochondrial fragmentation. Mff knockdown partially 
reversed the mitochondrial morphological abnormalities caused by 
miR-27b inhibition (Figure 4I). 


To further verify the direct regulatory relationship between 
miR-27b and Mff, we performed dual-luciferase reporter assays. 
Results showed that compared to the control group, miR-27b 
significantly inhibited luciferase activity of wild-type Mff 3’UTR 
but had no significant effect on the mutant type (Figure 4H). 
Immunofluorescence staining also showed that LPS treatment 
increased Mff expression, miR-27b agonist inhibited this increase, 
and inhibitor further enhanced Mff expression. In the presence of 
miR-27b inhibitor, Mff knockdown significantly reduced its 
expression level (Figure 4J). 


These results demonstrate that miR-27b directly targets Mff to 
regulate mitochondrial fission. Downregulation of miR-27b leads to 
increased Mff expression, promoting excessive mitochondrial 
fission, which may represent an important mechanism in 
SCM pathogenesis. 

2.5 Mff overexpression reverses the 
protective effects of miR-27b against 
inflammation and apoptosis 


To explore the mechanism of the miR-27b/Mff/MAVS signaling 
axis in SCM, we further examined changes in inflammatory factors 
and apoptosis-related molecules. ELISA results showed that 
compared to the control group, LPS treatment significantly 
upregulated IL-1b, IL-6,  and  TNF-a levels (Figures 5B–D). 
Notably, miR-27b agonist significantly inhibited LPS-induced 
inflammatory factor expression, while miR-27b inhibitor further 
enhanced the inflammatory response. Importantly, Mff 
overexpression in LPS+miR-27b agonist-treated cells reversed the 
anti-inflammatory effects of miR-27b. 


Regarding apoptosis, we examined the expression levels of pro­
apoptotic proteins Bad and Bax (Figures 5E, F) and anti-apoptotic 
proteins Bcl-2 and XIAP (Figures 5H, I). Results showed that LPS 
significantly increased pro-apoptotic protein levels, decreased anti­
apoptotic protein expression, and reduced cell viability (Figure 5G). 
miR-27b agonist partially reversed these changes, while inhibitor 
exacerbated the apoptotic trend. 


Immunofluorescence staining revealed that compared to the 
control group, LPS treatment significantly increased MAVS 
expression and altered its cellular localization. miR-27b agonist 

FIGURE 2 


Relative miR-27b expression levels in serum from SCM patients, 
sepsis patients, and healthy controls. Error bars represent mean ± 
s.d. *P<0.05, ****P<0.0001, two-tailed Student’s t-test. 
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inhibited MAVS upregulation, while inhibitor further enhanced 
MAVS expression. Notably, in the presence of LPS+miR-27b 
agonist, Mff overexpression reversed miR-27b’s inhibitory effect 
on MAVS expression, while Mff knockdown attenuated this effect 
(Figure 5K). MAVS protein levels were further validated by 
Western blot (Figure 5J). 


These results indicate that miR-27b modulates inflammatory 
responses and apoptotic processes by regulating the Mff-MAVS 
axis. Mff overexpression can reverse the protective effects of miR­


27b, revealing the important role of the miR-27b/Mff/MAVS 
signaling axis in SCM pathogenesis and providing potential new 
therapeutic targets. 

3 Discussion 


SCM is a life-threatening complication of sepsis that 
significantly increases mortality risk (Hollenberg and Singer, 
2021; Carbone et al., 2022). Through bioinformatic analysis, 
clinical samples, animal models, and molecular mechanism 
studies, this research systematically elucidates the regulatory role 
of the miR-27b/Mff/MAVS signaling axis in SCM pathogenesis. 
Bioinformatic analysis suggests that miR-27b downregulation may 
affect mitochondrial energy metabolism and signal transduction 
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processes in SCM. In our clinical cohort, we discovered for the first 
time that SCM patients exhibit more significant miR-27b 
downregulation compared to sepsis-only patients. Animal 
experiments and cell models further validated the biological 
significance of this finding: miR-27b downregulation was 
accompanied by significant myocardial injury and inflammatory 
responses, while miR-27b overexpression effectively alleviated LPS-
induced cardiomyocyte dysfunction. 


miR-27b expression levels are closely associated with disease 
progression. Previous studies have shown that in viral infection 
models, miR-27b-3p downregulation weakened host antiviral 
immune responses, while restoring its expression through miR­


27b mimics significantly enhanced host defense capabilities and 
reduced mortality (Wang et al., 2022). In HCV infection research, 
miR-27b inhibited viral replication and attenuated inflammatory 
injury by regulating aquaporin AQP11 (Sakurai et al., 2019). More 
importantly, miR-27b possesses multiple protective effects: 
inhibiting TNF-a-induced mitochondrial oxidative stress and 
cellular  apoptosis  (D ’Onofrio  et  al. ,  2023),  promoting  
angiogenesis, reducing fibrosis, and regulating inflammatory 
responses (Veliceasa et al., 2015). These evidences collectively 
support the protective role of miR-27b in SCM. 


Molecular mechanism studies revealed that Mff is a direct target 
of miR-27b, and its overexpression can reverse the cardioprotective 

FIGURE 3 


Phenotypic validation of LPS-induced myocardial injury and inflammatory response in mice. (A), Representative echocardiographic images. (B, C), 
Quantitative analysis of cardiac output (CO) and ejection fraction (EF) (n=6/group). (D, E), ELISA detection of cardiac tissue cTnI and CK-MB levels 
(n=3/group). (F), H&E staining of cardiac tissues, scale bar=50 mm. (G, J, M), ELISA detection of cardiac tissue inflammatory factors (IL-1b, IL-6, TNF-
a) (n=3/group). (H, K, N), RT-qPCR detection of inflammatory factor mRNA expression levels in cardiac tissues (n=3/group). (I, L, O), RT-qPCR 
detection of miR-27b, Mff, and MAVS expression levels in cardiac tissues (n=3/group). (P), Transmission electron microscopy of cardiomyocyte 
mitochondrial ultrastructure, scale bar=500 nm. Data are presented as mean ± s.d. *P<0.05, **P<0.01, ***P<0.001, two-tailed Student’s t-test. 
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effects mediated by miR-27b. In ischemia-reperfusion injury, Mff 
interacts with VDAC1 to regulate mitochondrial permeability 
transition pore opening, promoting mitochondrial fission and 
cellular apoptosis (Wang et al., 2024). SIRT1 upregulation 
improves  cardiac  function  by  inhibiting  Mff-mediated  
mitochondrial fission (Xu et al., 2024), while in metabolic 
cardiomyopathy, Mff activation exacerbates mitochondrial 
dysfunction (Bekhite et al., 2021). Our study is among the first to 
elucidate the molecular mechanism of Mff-induced mitochondrial 
dysfunction in SCM. 


As a mitochondrial outer membrane protein (Manes and Nita-
Lazar, 2021), MAVS was confirmed to be regulated by Mff in this 
study. In vitro research has demonstrated that Mff can promote the 
formation of active MAVS clusters on mitochondria (Hanada et al., 
2020). MAVS regulates cellular apoptosis through interaction with 
AMBRA1 (Lin et al., 2022), activates the NF-kB pathway during 
viral infections to trigger inflammatory factor release (Pinto et al., 
2014), and inhibiting MAVS can significantly reduce inflammatory 
responses and improve sepsis outcomes (Hsu et al., 2023). These 
findings reveal the critical role of MAVS in connecting 
mitochondrial dysfunction with inflammatory immune responses. 


In addition to miR-27b, several other microRNAs have been 
identified as potential therapeutic targets in septic cardiomyopathy 
(SCM). miR-21 promotes inflammation and mitochondrial 
dysfunction via SORBS2 and NLRP3 activation (Wang et al., 
2016b), while miR-146a attenuates cardiac injury by suppressing 
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TLR4/NF-kB signaling (Xie et al., 2019). miR-155 improves cardiac 
function in CLP-induced models by modulating immune pathways 
such as JNK and b-arrestin 2 (Zhou et al., 2017). Compared to the 
miR-27b/Mff/MAVS axis, which mainly regulates mitochondrial 
dynamics and inflammation, these microRNAs act through distinct 
mechanisms. Their complementary roles highlight the need for 
broader investigation into miRNA-based interventions in SCM. 


Interestingly, ferroptosis has been found to play an important 
role in the pathogenesis of septic cardiomyopathy (Kong et al., 2022; 
Fang et al., 2023; Zeng et al., 2023). Although there is no direct 
evidence showing that miR-27b regulates ferroptosis in SCM, 
studies by Xun Lu et al. demonstrated that miR-27a (belonging to 
the same family as miR-27b) can modulate ferroptosis via targeting 
SLC7A11 in NSCLC cells, indicating the significant role of miR­


27a-3p in ferroptosis. Considering the high homology between 
miR-27b and miR-27a (Kim et al., 2016), this suggests that the 
miR-27b/Mff/MAVS signaling axis may be related to ferroptosis in 
addition to regulating inflammatory responses and apoptosis. 


Ferroptosis is closely related to reactive oxygen species (ROS), 
and mitochondria are important sites for ROS production. 
Although our study did not directly measure ROS levels, research 
by Nunzia D’Onofrio demonstrates that miR-27b has been shown 
to attenuate mitochondrial oxidative stress and inflammation in 
endothelial cells (D’Onofrio et al., 2023). Future research could 
further explore the specific mechanisms of miR-27b in ROS 
generation and regulation in SCM. 

FIGURE 4



miR-27b reduces mitochondrial fission by targeting Mff. (A, B), RT-qPCR detection of miR-27b and Mff mRNA expression levels in each cell group.

(C–F), Quantitative analysis of Mff, Drp1, Mid49, and Mid51 protein expression levels by Western blot. (G), Representative Western blot bands for

each group. (H), Dual-luciferase reporter assay verifying the targeting relationship between miR-27b and Mff; upper panel shows wild-type (WT) and

mutant-type (MT) Mff 3’UTR sequence diagrams. (I), Transmission electron microscopy observation of mitochondrial ultrastructure in each cell

group, scale bar=500 nm. (J), Confocal laser scanning microscopy observation of MFF expression and subcellular localization in each cell group,

scale bar=50 mm. #P<0.05 vs Ctr group; @P<0.05 vs LPS group; *P<0.05 vs LPS+miR-27b antagomir group; †P<0.05 vs LPS+miR-27b agomir group;

&P<0.05 vs LPS+miR-27b agomir+ad5-MFF group; **P<0.01. One-way ANOVA followed by Tukey’s post hoc test.
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However, this study has several limitations. In clinical research: 
(1) The small sample size of SCM patients (n=11) may reduce the 
robustness of statistical analysis and generalizability of conclusions. 
And the data in this study came from only a single medical center, 
which may limit the generalizability of the results, especially 
considering that treatment regimens and patient characteristics 
may vary across different medical centers. To address this, we 
plan to conduct future studies based on larger, multi-center 
clinical cohorts that can better capture the heterogeneity of septic 
cardiomyopathy (SCM) and validate the diagnostic and prognostic 
potential of miR-27b; (2) Due to critical illness severity, cardiac 
tissue biopsy specimens could not be obtained for direct 
verification, relying instead on serum sample analysis which may 
not fully reflect molecular changes in cardiac tissue; (3) Prospective 
cohort studies evaluating the relationship between miR-27b 
expression levels and short- and long-term prognosis are lacking; 
(4) Non-infectious myocardial injury control groups, such as heart 
failure, were not included, limiting the assessment of miR-27b as an 
SCM-specific marker. 


In  experimental  research:  (1)Our  study  uti l ized  a  
lipopolysaccharide (LPS)-induced septic cardiomyopathy (SCM) 
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mouse model, which is widely applied to simulate early sepsis-
related inflammatory responses and cardiac dysfunction. Through 
intraperitoneal injection of LPS, we could induce systemic 
inflammatory  responses ,  myocardia l  depress ion,  and  
mitochondrial dysfunction similar to early human SCM. This 
model offers advantages of high reproducibility, low cost, and 
controllable disease progression, making it particularly suitable 
for investigating miRNA-mediated mitochondrial dynamics and 
innate immune signaling pathway mechanisms. However, we 
acknowledge that this model cannot fully replicate the complex 
pathological processes of human sepsis, particularly lacking 
differences in immune responses caused by various pathogens like 
bacteria and fungi. Notably, Wang et al. employed the cecal ligation 
and puncture (CLP) model, which represents a polymicrobial sepsis 
model (Sun et al., 2021). Their study demonstrated that exosomes 
derived from mesenchymal stem cells (MSCs) overexpressing miR­


27b significantly attenuated the inflammatory response in the 
myocardium of CLP-induced septic mice. Mechanistically, miR­


27b exerted this protective effect by targeting JMJD3 and inhibiting 
the NF-kB/p65 signaling pathway, thereby reducing the expression 
of inflammatory cytokines. These findings suggest that miR-27b 

FIGURE 5 


Mff overexpression reverses the protective effects of miR-27b against inflammation and apoptosis. (B–D), ELISA detection of IL-1b, IL-6, and TNF-a 
levels in each cell group. (A, E, F), Western blot quantitative analysis of Bad and Bax protein expression. (G), CCK-8 detection of cell viability in each 
group. (A, H, I), Quantitative analysis of Bcl-2 and XIAP protein expression. (J), Quantitative analysis of MAVS protein expression. (K), 
Immunofluorescence staining detecting MAVS expression and localization, scale bar=50 mm. Data are presented as mean ± s.d. (n=3 independent 
experiments). #P<0.05 vs Ctr group; @P<0.05 vs LPS group; *P<0.05 vs LPS+miR-27b antagomir group; †P<0.05 vs LPS+miR-27b agomir group; 
&P<0.05 vs LPS+miR-27b agomir+ad5-MFF group; **P<0.01. One-way ANOVA followed by Tukey’s post hoc test. 
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plays a protective role across different experimental models of 
sepsis; (2) This study only performed H&E staining analysis on 
PBS and LPS mouse groups to verify model establishment, therefore 
the in vivo experiments to some extent limited the morphological 
validation of miR-27b regulatory effects. (3)This study primarily 
focused on miR-27b’s regulation of Mff but did not exclude the 
influence of other potential targets through genome-wide methods; 
(4) Although a functional association between Mff and MAVS was 
observed, the direct molecular interaction mechanism requires 
further elucidation; (5) Systematic evaluation of dynamic 
expression changes of miR-27b at different sepsis stages and its 
temporal relationship with disease progression was not performed. 


In translational research: (1) Systematic evaluation of miR-27b’s 
safety, efficacy, and administration routes as a therapeutic target is 
lacking; (2) Specific drug intervention strategies targeting the Mff-


MAVS axis have not been established; (3) The synergistic effects of 
miR-27b with existing sepsis treatment regimens and its differential 
effects in various pathological SCM subtypes remain unexplored; 
(4) Preclinical validation data in large animal models is lacking, 
limiting direct translational value for clinical applications. 


To address these limitations, future work will involve expanding 
multi-center clinical cohorts, incorporating dynamic sampling to 
assess miR-27b changes over time, and introducing control groups 
such as non-infectious myocardial injury to evaluate specificity. In 
experimental  studies,  polymicrobial  sepsis  models  and  
mitochondrial functional assays will be applied to validate 
findings across disease settings. 


Importantly, the management of SCM remains largely 
supportive,  including  fluid  resuscitat ion,  vasopressor  
administration, and mechanical ventilation. However, these 
interventions primarily address hemodynamic instability and do 
not specifically target the underlying mitochondrial and 
immunometabolic dysfunctions implicated in SCM pathogenesis. 
Despite growing recognition of SCM as a distinct sepsis 
complication, there are no approved therapies that directly 
mitigate cardiac mitochondrial injury or inflammation. Our 
findings highlight miR-27b as a potential upstream modulator 
that regulates mitochondrial fission and innate immune signaling, 
suggesting that miR-27b/Mff/MAVS axis may serve as a promising 
molecular target to complement existing treatments. 


In conclusion, this study explored the regulatory mechanism of 
the miR-27b/Mff/MAVS signaling axis in SCM: miR-27b maintains 
mitochondrial homeostasis by targeting Mff, inhibiting MAVS-


mediated inflammatory cascade reactions, thereby reducing 
myocardial  injury.  This  finding  not  only  deepens  our  
understanding of SCM pathogenesis but also provides a 
theoretical basis for developing new therapeutic strategies. 

4 Methods 


4.1 Clinical sample collection 


This study enrolled sepsis patients (n=33) admitted to the ICU of 
Fujian Provincial Hospital and healthy controls (n=30) from 
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September 2021 to December 2022. For critically ill patients unable 
to personally provide informed consent, we obtained consent from 
their next of kin or legal representative following Ethics Committee-


approved procedures. Upon regaining consciousness, patients were re-
informed and their participation was reconfirmed. This process was 
witnessed by research staff, documented thoroughly,  and complies


with the Declaration of Helsinki and institutional ethics requirements. 
According to the Sepsis-3 diagnostic criteria (2016), patients were 
divided into SCM group (n=11) and sepsis-only group (n=22). 
Inclusion criteria included: sepsis patients with SOFA score ≥2 and


confirmed or suspected infection(1); SCM patients meeting sepsis 
criteria with any of the following cardiac dysfunction: LVEF<50% or 
GLS<-18% to -20%, E/e’>14, RFAC<35% or TAPSE<17 mm(3); All 
participants enrolled in this study were adults aged 18 years or older. 
Exclusion criteria included: prior chronic cardiac disease with NYHA 
class ≥III, acute coronary syndrome, myocarditis, or pericarditis, end-
stage malignancy, severe trauma, pregnancy, or inability to obtain 
transthoracic echocardiography data. Peripheral blood (5ml) was 
collected, centrifuged at 3000g for 15min at 4°C to separate serum, 
and stored at -80°C until analysis. All clinical trial patients and 
volunteers signed informed consent forms, and the study was 
approved by the Clinical Ethics Committee of Fujian Provincial 
Hospital (Approval No: K2022-05-08). 

4.2 Animal studies 


Male C57BL/6J mice (6–8 weeks old, 20-22g, Beijing Sipeifu 
Biotechnology) were housed in SPF-grade facilities at 26 ± 2°C, 50 ± 
5% humidity, with 12h light/dark cycles and free access to food and 
water. After one week of acclimatization, mice were randomly 
divided into control and SCM model groups (n=12 each). The 
SCM model was established by intraperitoneal injection of LPS (5 
mg/kg, from E. coli O111:B4, Sigma-L4391) (Wang et al., 2016a; Li 
et al., 2022), while control group received equal volume of PBS. All 
animal procedures were approved by the Animal Ethics Committee 
of Fujian Provincial Hospital (Approval No: K2022-05-08). 

4.3 Real-time quantitative PCR 


Total RNA was extracted using Trizol reagent (Invitrogen, 
15596026) and quantified using NanoDrop 2000. Reverse 
transcription was performed using PrimeScript RT Kit (TaKaRa, 
RR037A) according to manufacturer’s instructions. RT-qPCR was 
conducted using SYBR Green Master Mix (Applied Biosystems, 
4309155) on ABI 7500 system. Cycling conditions: 95°C for 10min; 
40 cycles of 95°C for 15s and 60°C for 1min. Relative expression was 
calculated using 2-DDCt method (Livak and Schmittgen, 2001). 

4.4 Western blot analysis 


Total protein was extracted using RIPA buffer (containing 
protease and phosphatase inhibitor cocktail, Thermo Fisher, 
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89900), and protein concentration was determined by BCA assay 
(Pierce, 23225). Proteins (30mg) were separated by SDS-PAGE and 
transferred to 0.45mm PVDF membranes (Millipore, IPVH00010). 
After blocking with 5% non-fat milk (BD, 232100) for 2h at room 
temperature, membranes were incubated overnight at 4°C with 
primary antibodies: Bad (1:1000, Affinity, AF6471), Bax (1:1000, 
Affinity, AF0120), Bcl-2 (1:1000, Affinity, AF6139), Drp1 (1:1000, 
Affinity, DF7037), MFF (1:1000, Affinity, DF12006), MAVS 
(1:1000, Affinity, AF8074), XIAP (1:1000, Affinity, AF6368), 
MID51 (1:1000, Affinity, DF12019), MID49 (1:1000, Affinity, 
DF12044), and GAPDH (1:5000, Affinity, AF7021). After washing 
with TBST, membranes were incubated with HRP-conjugated goat 
anti-rabbit secondary antibody (1:5000, Bioss, bs-0295G-HRP) for 
1h at room temperature. Protein bands were visualized using ECL 
reagent (Millipore, WBKLS0500) and quantified using Image 
J software. 

4.5 Confocal laser immunofluorescence 
staining 


Cell or tissue samples were first permeabilized with 3% H2O2, 
washed with PBS, and blocked with blocking solution for 2h at 
room temperature. Subsequently, samples were incubated with 
1:200 diluted MFF (Affinity DF12006) and MAVS (Affinity 
DF12211) primary antibodies overnight at 4°C in a humidified 
chamber. After temperature recovery for 30min and PBS washing 
the next day, 1:200 diluted fluorescent secondary antibodies were 
added and incubated for 2h at 37°C in the dark. After PBS washing, 
DAPI nuclear staining was performed for 10min, followed by 
mounting with anti-fluorescence quenching mounting medium. 
Images were acquired using a confocal laser scanning microscope 
(HC PL APO CS 40x/1.30 OIL) at 1024×1024 resolution. Three 
channels were used for imaging: channel one with 405nm laser (5% 
intensity) for DAPI nuclear staining (blue); channel two with 
561nm laser (10% intensity) for MFF and VISA proteins (red). 

 


 


4.6 ELISA analysis 


Enzyme-linked Immunosorbent Assay (ELISA) was used to 
measure levels of interleukin-1b (IL-1b) (RX203076M, RUIXIN 
BIOTECH, China), interleukin-6 (IL-6) (RX203049M, RUIXIN 
BIOTECH, China), tumor necrosis factor-alpha (TNF-a) 
(RX202412M, RUIXIN BIOTECH, China), cardiac troponin I 
(cTnI) (RXJ202543M, RUIXIN BIOTECH, China), and creatine 
kinase-MB (CK-MB) (RXJ201007M, RUIXIN BIOTECH, China) in 
cardiac tissue homogenates and cell culture supernatants. 
According to the manufacturer’s instructions, the detection 
ranges were 7.5–240 pg/mL for IL-1b, 3.75–120 pg/mL for IL-6, 
20–640 pg/mL for TNF-a, 7.5–240 pg/mL for cTnI, and 1.5625–50 
ng/mL for CK-MB. 


Briefly, 50 mL of standards or appropriately diluted samples 
were added to pre-coated 96-well plates, followed by 50 mL of


biotinylated detection antibody (except in blank wells), and 
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incubated at 37°C for 60 minutes. After washing, 50 mL of


enzyme-conjugate was added and incubated at 37°C for 30 
minutes. Plates were washed five times, and 100 mL of substrate 
solution was added and incubated at 37°C in the dark for 15 
minutes. The reaction was stopped by adding 50 mL of stop


solution, and the absorbance was measured at 450 nm using a 
microplate reader. 


The concentrations of target proteins in tissue homogenates 
were normalized to total protein content (pg/mg protein), which 
was measured separately using the bicinchoninic acid (BCA) 
protein assay. All samples were analyzed in triplicate, and each 
experiment was independently repeated three times. 

4.7 Dual-luciferase reporter assay 


Based on the predicted miR-27b binding sites from miRBase 
database, wild-type (Wt) and mutant (Mut) sequences of Mff 
3’UTR were cloned into pmirGLO vector (Promega, E1330). HL­


1 cells were seeded in 24-well plates at 1×105 cells/well. When cells 
reached 60-70% confluence, they were co-transfected with miR-27b 
mimics (50nM) or mimics NC, and Wt-Mff or Mut-Mff reporter 
plasmids (1mg/well) using Lipofectamine 3000 (Invitrogen, 
L3000015). After 48h, luciferase activities were measured using 
Dual-Luciferase Reporter Assay System (Promega, E1910). Each 
group was tested in triplicate and experiments were repeated three 
times. Results were expressed as the ratio of firefly to renilla 
luciferase activity. 

4.8 Transmission electron microscopy 


Fresh heart tissue or treated cells were immediately fixed with 
2.5% glutaraldehyde (in 0.1M phosphate buffer, pH 7.4) at 4°C for 
4h, followed by post-fixation with 1% osmium tetroxide for 2h. 
After gradient ethanol dehydration, samples were embedded in 
Epon 812 resin. Ultrathin sections (60-70nm) were prepared using 
Leica UC7 ultramicrotome, double-stained with uranyl acetate and 
lead citrate, and examined under transmission electron microscope 
(Hitachi HI7800). 

4.9 Cell viability assay 


Cell viability was assessed using CCK-8 kit (Solarbio, CA1210). 
Cells were seeded in 96-well plates at 8×103 cells/well in 100mL 
medium. After 24h culture, cells were treated accordingly. 
Following treatment, medium was replaced with 90mL fresh


medium and 10mL CCK-8 reagent, and incubated at 37°C for 1h. 
Absorbance was measured at 450nm using a microplate reader, with 
blank wells for zero adjustment. Six replicates were set for each 
group and experiments were repeated three times. Cell viability (%) 
was calculated as: (OD related-OD blank)/(OD control-
OD blank)×100%. 
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4.10 Cell transfection 


HL-1 cells were divided into groups: control, LPS (1mg/mL), 
LPS+miR-27b agomir (100nM), LPS+miR-27b antagomir (200nM), 
LPS+miR-27b agomir+Ad5-Mff (virus titer 1×109 PFU/mL), and 
LPS+miR-27b antagomir+Ad5-Mff shRNA (virus titer 1×109 PFU/ 
mL). MiR-27b agomir, antagomir and their negative controls were 
purchased from Ribobio. Ad5-Mff and Ad5-Mff shRNA 
adenoviruses were constructed by Shanghai GeneChem. Cells 
were seeded in 6-well plates at 2×105 cells/well 24h before 
transfection. Transfection was performed using Lipofectamine 
3000 according to manufacturer’s instructions. Medium was 
changed to complete medium 6h post-transfection. After 48h, 
cells were treated with LPS for additional 24h before collection 
for subsequent experiments. 

 


4.11 Hematoxylin and eosin staining 


After echocardiography, mice were sacrificed and heart tissues 
were immediately fixed in 4% paraformaldehyde (pH 7.4) for 24h. 
Tissues were dehydrated using an automatic dehydrator: 50% 
ethanol for 30min, 70% ethanol for 30min, 80% ethanol for 
30min, 95% ethanol I for 30min, 95% ethanol II for 30min, 
absolute ethanol I for 30min, absolute ethanol II for 30min, 
xylene I for 30min, xylene II for 30min. Following paraffin 
embedding, 4mm sections were prepared using Leica RM2235 
microtome. Staining procedure: deparaffinization in xylene I for 
10min, xylene II for 10min; rehydration through graded ethanol 
(100%, 95%, 80%, 70%, 3min each); distilled water wash; Harris 
hematoxylin (Sigma, HHS16) staining for 6min; tap water wash for 
5min; differentiation in 1% acid alcohol for 10s; bluing in tap water 
for 10min; 0.5% eosin Y solution (Sigma, E4382) staining for 3min; 
quick rinse in distilled water; dehydration through graded ethanol 
(70%, 80%, 95%, 100%, 1min each); clearing in xylene I for 5min, 
xylene II for 5min; mounting with neutral balsam (Sigma, G8410). 
Sections were examined and photographed under Olympus BX53 
microscope at 400× magnification, with 5 random fields selected per 
sample for analysis. All imaging parameters were kept consistent, 
and morphological analysis was performed using Image J software. 

4.12 Cell culture and model establishment 


HL-1 mouse cardiac muscle cells were obtained from iCell 
Bioscience Inc. (Shanghai) and cultured in MEM (Gibco, 11095080) 
supplemented with 10% fetal bovine serum (FBS, Gibco, 10099141) 
and 1% penicillin/streptomycin (Gibco, 15140122). Cells were 
maintained at 37°C in a humidified incubator with 5% CO2and 70­
80% relative humidity. Complete medium was changed every 2–3 days,  
and cells were passaged at 80-90% confluence using 0.25% trypsin-
EDTA (Gibco, 25200056) for 2–3 minutes with a split ratio of 1:3. For 
SCM model establishment, HL-1 cells at 80% confluence were treated  
with LPS (from E. coli O111:B4, Sigma, L4391, 1mg/mL) for 24h 
(Zhang et al., 2022). Prior to treatment, cells were synchronized in 
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serum-free medium for 12h, and treatment was conducted in low-
serum medium containing 1% FBS. Each experiment was performed 
with 6 replicates and repeated independently three times. 

4.13 Bioinformatics analysis 


The GSE79962 dataset, containing transcriptomic analysis of 
cardiac tissues from patients who died of sepsis (n=20) and non-
failing human donor hearts that could not be transplanted for 
technical reasons (n=11), was downloaded using the GEOquery 
package in R language. Differentially expressed genes were analyzed 
using the Limma package. 

4.14 Statistical analysis 


Data were analyzed using GraphPad Prism 9.0 software. Results 
are presented as mean ± standard deviation (s.d.). Comparisons 
between two groups were performed using two-tailed Student’s t­
test. Multiple group comparisons were conducted using one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test. 
P<0.05 was considered statistically significant. 

4.15 Sample source utilization in this study 


Samples from different sources were used for specific research


purposes, ensuring multi-level and comprehensive experimental 
evidence. Clinical serum samples (from SCM patients, sepsis-only 
patients, and healthy controls) were primarily used to validate the 
clinical relevance of miR-27b expression levels, detecting differences in 
circulating miR-27b levels through RT-qPCR technology. Mouse 
cardiac tissue samples were mainly used for the following aspects: 
(1) pathological morphological observation through H&E staining to 
verify the successful establishment of the SCM model; (2) detection of 
miR-27b, Mff, MAVS, and related inflammatory factors expression 
levels through RT-qPCR; (3) observation of ultrastructural changes in 
cardiomyocyte mitochondria using transmission electron microscopy. 
HL-1 cardiomyocytes were primarily used for in vitro molecular 
mechanism exploration and intervention experiments, specifically 
including: (1) establishment of LPS-induced SCM cell model; (2) 
intervention experiments with miR-27b mimics/antagonists and Mff 
overexpression/knockdown to verify the direct targeting relationship 
between miR-27b and Mff; (3) dual-luciferase reporter gene assay to 
confirm the binding of miR-27b to the Mff 3’UTR; (4) detection of 
changes in expression of inflammatory factors and apoptosis-related 
proteins through Western blot and immunofluorescence; (5) detection 
of cell viability changes through CCK-8. 
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Bekhite, M., González-Delgado, A., Hübner, S., Haxhikadrija, P., Kretzschmar, T., Müller, 
T., et al. (2021). The role of ceramide accumulation in human induced pluripotent stem cell-
derived cardiomyocytes on mitochondrial oxidative stress and mitophagy. Free Radic. Biol. 
Med. 167, 66–80. doi: 10.1016/j.freeradbiomed.2021.02.016 


Carbone, F., Liberale, L., Preda, A., Schindler, T. H., and Montecucco, F. (2022). 
Septic cardiomyopathy: from pathophysiology to the clinical setting. Cells 11. 
doi: 10.3390/cells11182833 


D’Onofrio, N., Prattichizzo, F., Martino, E., Anastasio, C., Mele, L., La Grotta, R., 
et al. (2023). MiR-27b attenuates mitochondrial oxidative stress and inflammation in 
endothelial cells. Redox Biol. 62, 102681. doi: 10.1016/j.redox.2023.102681 


Fang, X. W., Fu, W., Zou, B., and Zhang, F. (2023). Tectorigenin relieved sepsis-
induced myocardial ferroptosis by inhibiting the expression of Smad3. Toxicol. Res. 12, 
520–526. doi: 10.1093/toxres/tfad038 


Hanada, Y., Ishihara, N., Wang, L., Otera, H., Ishihara, T., Koshiba, T., et al. (2020). 
MAVS is energized by Mff which senses mitochondrial metabolism via AMPK for acute 
antiviral immunity. Nat. Commun. 11, 5711. doi: 10.1038/s41467-020-19287-7 


Hanada, Y., Maeda, R., Ishihara, T., Nakahashi, M., Matsushima, Y., Ogasawara, E., 
et al. (2024). Alternative splicing of Mff regulates AMPK-mediated phosphorylation, 
mitochondrial fission and antiviral response. Pharmacol. Res. 209, 107414. 
doi: 10.1016/j.phrs.2024.107414 

Hollenberg, S. M., and Singer, M. (2021). Pathophysiology of sepsis-induced 
cardiomyopathy. Nat. Rev. Cardiol. 18, 424–434. doi: 10.1038/s41569-020-00492-2 
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