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ABSTRACT
Introduction: Myocarditis, an inflammatory disease of the myocardium, can lead to serious cardiac conditions such as arrhythmias, systolic and diastolic dysfunction, and, in severe cases, sudden cardiac death. The condition has various etiologies, including immune response, bacterial, and viral infections, but its pathophysiology is not yet fully understood, and treatment remains largely symptomatic. Long non-coding RNAs (lncRNAs), particularly X inactivation-specific transcript (XIST), have emerged as significant regulators in cardiac diseases. However, XIST's role in myocarditis has not been fully elucidated. This study investigates XIST's protective effects on primary rat cardiomyocytes during lipopolysaccharide-induced myocarditis and explores its underlying molecular mechanism.
Materials and Methods: Rat primary cardiomyocytes were treated with XIST-loaded lentiviruses and exposed to lipopolysaccharide (LPS) to induce myocarditis. Quantitative PCR was used to determine XIST expression, while MTS, ELISA, flow cytometry, and Western blot assays evaluated cell viability, cytokine levels, apoptosis, and protein expression. Bioinformatics analysis and a dual-luciferase reporter assay examined the interaction between XIST and miR-140-3p.
Results: Compared with the control group, XIST overexpression in cardiomyocytes significantly increased cell viability, reduced IL-1β and TNF-α secretion, and decreased apoptosis. Bioinformatics and dual-luciferase reporter assay confirmed miR-140-3p as a direct target of XIST, suggesting XIST regulates cardiomyocyte survival through miR-140-3p interaction.
Conclusion: XIST exerts a protective role against LPS-induced cardiomyocyte injury in myocarditis, potentially by targeting miR-140-3p. These findings provide new insights into lncRNA-based therapeutic strategies for myocarditis.
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INTRODUCTION
Myocarditis refers to an inflammatory disease in which the myocardium is involved and leads to cardiomyocyte lesions, which is caused by a variety of etiologies such as immune damage, bacterial infection, and viral infection (1). Myocarditis can cause cardiac arrhythmias leading to systolic and diastolic dysfunction (2). The clinical manifestations of myocarditis are chest tightness, palpitations, arrhythmia and even heart failure. In severe cases, it can lead to sudden cardiac death (3). The pathological process of myocarditis is not completely clear, and the clinical treatment is mainly symptomatic treatment (4). Long non-coding RNA (lncRNA) is a class of endogenous non-coding RNAs greater than 200 nucleotides, which are widely present in the cytoplasm or nucleus (5). lncRNAs regulate gene expression in an epigenetic manner at the transcriptional and post-transcriptional levels, and affect cell differentiation, proliferation, apoptosis and other functions (6). Some studies (7, 8) showed that the abnormal expression of lncRNA is related to the occurrence and development of various cardiac diseases. In recent years, long noncoding X inactivation-specific transcript (XIST) RNA has become a hot spot in lncRNA research, and its role in promoting cancer genes in colorectal cancer and liver cancer has been highlighted. The function and mechanism of lncRNA XIST in cardiac diseases, especially myocarditis, are still unclear. The purpose of this study was to observe the protective effect of lncRNA XIST on primary rat cardiomyocytes during lipopolysaccharide-induced myocarditis and the possible molecular mechanism.
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Materials and Methods
Cell Culture
Rat heart tissues were digested with Collagenase I (Beyotime Biotechnology, Shanghai, China) to isolate single-cell suspensions, which were subsequently cultured in DMEM medium (HyClone, Logan, UT) supplemented with 20% fetal bovine serum, maintained at 37°C in a 5% CO₂ environment. After 24 hours, a fluorescence microscope captured images of lentiviruses carrying XIST sequences and control lentiviruses (Sangon Biotech, Shanghai, China), forming the XIST and Control groups. Each group then received a 100 μL application of lipopolysaccharide at a 10 μmol/L concentration (Invitrogen, CA, USA) and was incubated for an additional 24 hours.
Quantitative Real-Time PCR (qRT-PCR)
TRIzol (Invitrogen, USA) was used to extract total RNA from each cell group, which was subsequently converted to complementary DNA (cDNA) using an RT-PCR kit (Promega, USA). Quantification of the target genes was performed using a qRT-PCR kit (QIAGEN, Germany), with β-actin as a reference for comparing relative RIPK1 and XIST mRNA levels and U6 for analyzing miR-140-3p expression. Primer sequences included: U6 forward (CGCGCTTCGGCAGCACATATACT) and reverse (ACGCTTCACGAATTTGCGTGTC); miR-140-3p forward (ACACGGTGTAACATCCTCAGAC) and reverse (CAGTGGAGTGTGCGTCT); β-actin reverse (CAATCAGAGCAGG); XIST forward (TGGTGTTATGATGTGATAC); and RIPK1 forward (GTCGCTCCTAGACACTGA). The reaction included a pre-denaturation phase at 95°C for 6 minutes, followed by denaturation at 95°C for 30 seconds, and annealing at 60°C for 25 seconds.
MTS Assay
In 96-well plates, 2×10³ primary rat cardiomyocytes, previously treated with lipopolysaccharide, were seeded. After 24 hours, 20 μL of MTS solution (Beyotime, Shanghai, China) was added per well and incubated in the dark for 3 hours. Absorbance at 450 nm was measured using a microplate reader to assess cellular health within each group.
Enzyme-Linked Immunosorbent Assay (ELISA)
Post-lipopolysaccharide treatment, cell supernatants were collected, and IL-1β and TNF-α levels were measured using an ELISA kit (Abcam, USA) following the manufacturer’s guidelines. Absorbance readings at 450 nm were obtained via a microplate reader, enabling the comparison of IL-1β and TNF-α concentrations across groups.
Flow Cytometry Assay
Following lipopolysaccharide treatment, primary rat cardiomyocytes were digested, centrifuged, and resuspended in buffer. For each group, 100 μL of cell suspension was mixed with 5 μL of Annexin V-FITC and 5 μL of PI solution (YEASEN, China) before incubation for 20 minutes at 4°C. Samples were diluted with 100 μL of buffer prior to analysis using a FACSCalibur flow cytometer (Becton Dickinson, USA), where apoptotic ratios were quantified.
Bioinformatics and Dual-Luciferase Reporter Assays
Potential binding sites between XIST and miR-140-3p were identified using StarBase V3.0 (http://starbase.sysu.edu.cn/index.php). In 293T cells, miR-140-3p or miR-NC was co-transfected with XIST-WT or XIST-MT fluorescent reporter vectors (Sangon Biotech, China). Forty-eight hours post-transfection, a dual-luciferase reporter assay (TransGene, China) measured luciferase activity; relative luciferase activity was calculated by dividing firefly luciferase activity by sea cucumber luciferase activity.
Western Blot
Primary cardiomyocytes from each group were digested with trypsin, lysed using a cell lysate (Beyotime, China), and total protein was extracted by centrifugation. Protein samples, combined with loading buffer, were separated by SDS-PAGE (Sigma, USA) at 100°C for 8 minutes and transferred onto a nitrocellulose membrane. Following a 3-hour blocking period with 5% nonfat milk, membranes were incubated overnight at 4°C with primary antibodies, then with secondary antibodies for 3 hours. Protein bands were visualized using a gel imaging system after the addition of an electrogenerated chemiluminescence reagent.
Data Analysis
Experimental data were analyzed using SPSS 20.0 statistical software, with measurement data expressed as mean ± standard deviation (x±s). Differences between groups were evaluated with a t-test, with P<0.05 indicating statistical significance.


Results
Relative Expression Levels of XIST in Primary Cardiomyocytes
Fluorescence microscopy revealed green fluorescence in the primary cardiomyocytes from both the XIST and Control groups, verifying successful lentiviral infection. qRT-PCR results indicated that XIST expression in the XIST group was elevated compared to the Control group.
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Fig.1  Relative expression levels of XIST in primary cardiomyocytes  Compared with Control, *P＜0.05
The impact of elevated XIST expression on primary rat cardiomyocyte viabilit
Following LPS treatment, MTS assessed the viability of primary cardiomyocytes in both the control and XIST groups. The findings demonstrated that the XIST group's primary cardiomyocyte viability was higher than that of the control group.
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Fig.2  The viability of primary cardiomyocytes  Compared with Control, *P＜0.05
The impact of elevated XIST expression on the amount of TNF-α and IL-1β in the supernatant
According to ELISA data, following lipopolysaccharide treatment, the levels of IL-1β in the supernatants of the control and XIST groups were, respectively, 25.13±2.03 pg/mL and 10.28±1.68 pg/mL. The XIST group's supernatants had TNF-α levels of 14.26±1.95 pg/mL and the Control group's were 32.26±3.71 pg/mL. In conclusion, the XIST group's supernatant had lower amounts of TNF-α and IL-1β than the Control group.
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[bookmark: OLE_LINK1]Fig.3  The content of IL-1β and TNF-α in the supernatant  Compared with Control, *P＜0.05
Impact of elevated XIST expression on primary rat cardiomyocyte apoptosis
The apoptosis ratios of primary cardiomyocytes in the XIST group and Control group were 12.61±2.05% and 29.25±2.46%, respectively, following a 24-hour lipopolysaccharide treatment, according to flow cytometry. This suggests that the high expression of XIST inhibited the apoptosis of primary rat cardiomyocytes when compared to the Control group.
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[bookmark: OLE_LINK7]Fig.4   Apoptosis of primary rat cardiomyocytes  Compared with Control, *P＜0.05
MiR-140-3p is XIST's target. 
According to bioinformatics software (starBase V3.0), XIST might be able to target miR-140-3p. According to the dual luciferase reporter gene assay results, there were substantial differences between the XIST-WT/miR-NC, XIST-WT/miR-140-3p, XIST-MT/miR-NC, and XIST-MT/miR-140-3p groups. The relative luciferase activity of the XIST-WT/miR-140-3p group was lower than that of the XIST-WT/miR-NC group, as indicated by the luciferase activities of 1.03±0.12, 0.33±0.05, 0.96±0.04, and 0.99±0.10, respectively. The findings above imply that miR-140-3p can be targeted and bound by XIST.
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Fig.5  XIST can target and bind miR-140-3p  Compared with miR-NC, *P＜0.05
[bookmark: OLE_LINK4]Impact of elevated XIST expression on the expression of RIPK1 mRNA and miR-140-3p in primary rat cardiomyocytes
The primary cardiomyocytes of the XIST group and the control group had miR-140-3p expression levels of 0.29±0.05 and 1.02±0.12, respectively, according to the qRT-PCR data, suggesting that high XIST expression suppressed miR-140-3p expression. Primary cardiomyocytes in the XIST group and control group expressed RIPK1 mRNA at 5.82±0.79 and 1.05±0.08, respectively. This suggests that RIPK1 mRNA expression can be promoted by high XIST expression.
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Fig.6  miR-140-3p and RIPK1 mRNA expression in primary rat cardiomyocytes  Compared with Control, *P＜0.05


Impact of elevated XIST expression on RIPK1 and apoptosis-related protein expression 
As demonstrated by the Western blot data, the primary cardiomyocytes of the XIST group exhibited increased RIPK1 protein expression, increased anti-apoptotic protein Bcl-2 expression, and decreased pro-apoptotic protein Bax and Caspase-3 expression as compared to the control group.
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Fig.7  The expression of RIPK1 protein and apoptosis-related proteins  Compared with Control, *P＜0.05
Discussion
Myocarditis can induce a series of pathological changes, such as inflammatory exudation, increased myocardial oxygen consumption, myocardial cell apoptosis, and decreased myocardial cell viability (9). The pathogenesis of myocarditis is complex, and the main diagnostic methods for myocarditis are currently histopathology and immunohistochemistry (10). Finding new molecular targets has important clinical significance for myocarditis diagnosis, treatment, and prognosis. 
LncRNAs play a major role in controlling the onset and progression of certain cardiovascular disorders. According to Cao et al. (11) myocarditis caused by Coxsackie virus B3 was associated with elevated expression of lncRNA HIF1A-AS1, and by targeting miR-138, down-regulating lncRNA HIF1A-AS1 expression can effectively reduce cardiomyocyte death. According to Zhang et al. (12), lncRNA ROR altered the expression of the C-Myc protein, which in turn induced cardiac fibrosis in rats with viral myocarditis. According to certain research (13, 14), XIST is an oncogene in thyroid and gastric cancer, can accelerate the growth and spread of tumors, and is strongly correlated with the prognosis of tumor patients. Uncertainty surrounds the function and molecular mechanism of XIST on cardiomyocytes in myocarditis. This study showed that after lipopolysaccharide treatment, overexpression of XIST could inhibit the exudation of inflammatory factors IL-1β and TNF-α and reduce the inflammatory response. At the same time, XIST can enhance the viability of rat primary cardiomyocytes, inhibiting apoptosis and reducing the damage to cardiomyocytes. The primary way that lncRNAs work is the "sponge effect," that is, the complementary binding of miRNAs, reducing the interference effect of miRNAs on their downstream target genes, thereby up-regulating the expression of miRNA downstream target genes (15). The result predicted by starBase V 3.0 showed that the XIST may complementarily bind to miR-140-3p, which also further examined by the dual-luciferase reporter assay. Studies have shown that serum miRNA levels are increased in patients with acute viral myocarditis, which may promote myocardial inflammation by targeting RIPK1. The occurrence of this reaction causes irreversible damage to cardiomyocytes (16).
The RIPK1 gene is located on chromosome 6p25.2, and the RIPK1 protein plays a negative feedback regulatory role in the cytokine signaling pathway, which can inhibit the progression of myocarditis (17). For example, the mouse model of acute viral myocarditis induced by coxsackie virus B3 overexpresses RIPK1/RIPK3, and the inhibition of necroptosis pathway by Nec-1 can alleviate acute viral myocarditis (18). This study showed that the expression of miR-140-3p was decreased with the expression of RIPK1 mRNA being increased in primary rat cardiomyocytes after XIST upregulation, indicating that XIST upregulated the expression of RIPK1 mRNA by targeting miR-140-3p. Western blot analysis further showed that after the high expression of XIST, the protein expressions of RIPK1 and Bcl-2 were upregulated as well as protein expressions of Bax and Caspase-3 were down-regulated, indicating that XIST can inhibit the apoptosis of primary rat cardiomyocytes. 
Conclusion
In this study, we successfully isolated and cultured primary rat cardiomyocytes to explore the functional role of XIST in a lipopolysaccharide (LPS)-induced inflammatory model. By employing lentiviral-mediated XIST overexpression, we observed a significant increase in XIST expression in cardiomyocytes, as verified through fluorescence microscopy and qRT-PCR analyses. Our quantitative assessments demonstrated that XIST upregulation was associated with notable changes in the expression of inflammatory markers, including IL-1β and TNF-α, as measured through ELISA. The MTS assay indicated that LPS exposure reduced cardiomyocyte viability, while XIST overexpression partially mitigated this effect. 
Moreover, bioinformatic analysis and dual-luciferase reporter assays identified miR-140-3p as a potential target of XIST, suggesting that XIST might exert its protective effect by modulating miR-140-3p expression. Western blot results further supported this mechanism by showing altered protein expression in XIST-overexpressed cells compared to controls. Flow cytometry revealed that XIST overexpression also reduced apoptosis rates in LPS-treated cardiomyocytes, highlighting a potential anti-apoptotic and anti-inflammatory role for XIST in this context.
In summary, this study sheds light on the protective role of XIST in LPS-induced inflammatory responses in cardiomyocytes, potentially mediated via the regulation of miR-140-3p and downstream inflammatory pathways. These findings suggest that XIST could serve as a therapeutic target in mitigating cardiomyocyte inflammation and apoptosis, offering insights into possible therapeutic strategies for inflammatory heart diseases.
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