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Objective: This study investigates the molecular mechanisms and hub genes in idiopathic rupture of mitral valve chordae tendineae
>iRCT).

Methods: Histological changes were assessed via pathological staining, and transcriptome sequencing was performed on samples
from 8 iRCT patients and 6 controls. Differentially expressed genes (DEGs), functional enrichment, PPI networks, and immune cell
infiltration were analyzed. Hub gene expression was validated using RT-qPCR.

Results: iRCT samples exhibited cell proliferation, disorganized collagen fibers, and elastin fiber rupture. Immunohistochemical
analysis further confirmed that activated fibroblasts, macrophages, dendritic cells, and T cells were increased in iRCT samples
compared to normal samples. Additionally, iRCT samples exhibited an increased content of collagen fibers and elastin fibers.
Transcriptome analysis identified 208 DEGs (109 upregulated, 99 downregulated) linked to inflammation, immune activation, and
extracellular matrix remodeling.

Conclusion: iRCT involves ECM remodeling, inflammation, and immune dysregulation, with identified hub genes offering potential
therapeutic targets.
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Introduction
The chordae tendineae connect the mitral valves to the papillary muscles. Along with the mitral annulus, mitral leaflets,
and papillary muscles, the chordae tendineae form the complete mitral apparatus. This apparatus coordinates during the
cardiac cycle to prevent mitral leaflet prolapse into the atrium and to ensure unidirectional blood flow from the left atrium
to the left ventricle.'

Rupture of chordae tendineae (RCT) is a primary cause of mitral regurgitation (MR), leading to severe hemodynamic
changes and potentially acute congestive heart failure.”? RCT can be classified based on its etiology: approximately 24.4%
of cases are secondary RCT, with clear causes such as rheumatic heart disease, infective endocarditis, and ischemic
cardiomyopathy. About 74.6% of cases are idiopathic RCT (iRCT) with unknown causes, commonly observed in
fibroelastic deficiency (FED) mitral valve prolapse (MVP), and are most likely to occur in the P2 region of the posterior

leaflet.*> iRCT is common in older individuals and is generally associated with age-related connective tissue
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degeneration.® However, we found iRCT in young FED patients, suggesting that factors other than degenerative changes
contribute to its occurrence. Some studies have linked the iRCT phenotype to inflammatory responses, abnormal
mechanical traction, and other factors identified through pathological examination and computer simulations.”””
However, the specific mechanisms that cause iRCT are still unclear.

The current primary treatment for MR caused by iRCT involves replacing the ruptured chordae tendineae with
artificial chordae. However, because pathogenic factors persist, patients may experience recurrent MR after surgery due
to the rupture of other seemingly “normal” chordae tendineae.

This study aims to identify the pathogenic genes and mechanisms involved in iRCT through transcriptome sequen-
cing. This will provide insights into the diagnosis and treatment of iRCT, enabling more targeted, precise treatments and
reducing its incidence.

Methods

Collection of Chordae Tendineae Samples and Transcriptome Sequencing

Eight iRCT samples were collected from the P2 region of the posterior leaflet, the most commonly affected area in iRCT,
at the department of cardiac surgery, Guangdong Provincial People’s Hospital, in 2023. All iRCT patients were sporadic
cases, with no history of syndromic disorders such as Marfan syndrome, Loeys—Dietz syndrome, or other connective
tissue diseases. All iRCT patients underwent mitral valvuloplasty under cardiopulmonary bypass, and the iRCT samples
were collected from the margin of the prolapsed leaflet. Normal chordae tendineae samples were obtained from heart
transplant recipients with no valvular heart disease. A total of 14 samples (8 iRCT and 6 normal) were selected for whole
transcriptome sequencing.

Total RNA was extracted from each sample using TRIzol Reagent (Thermo Fisher, USA). Sequencing was performed
by Jikai Gene Chemical Technology Co., Ltd. (Shanghai, China). RNA libraries were constructed using the NEBNext®
UltraTM RNA Library Prep Kit for Illumina® (NEB, USA), following the manufacturer’s instructions. The library
products were sequenced on the Illumina Novaseq platform, generating no fewer than 10 million paired-end reads per
sample. Raw reads were trimmed for adapter sequences, filtered for low-complexity or low-quality sequences, and
mapped to the hg38 genome using Hisat2 (version 2.1.0)."°

This study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Review
Committee of Guangdong Provincial People’s Hospital (KY2023-256-02). Informed consent was obtained from all
participants.

|dentification of Differentially Expressed Genes
Differentially expressed genes (DEGs) between iRCT and normal samples were identified using the DESeq2 package
(version 3.11.0)'" in R software (version 3.6.1). The Benjamini and Hochberg-corrected p value of < 0.05 and

|Log, !4 €hanee| > | were defined as the selection thresholds for selecting the DEGs.

Gene Function Enrichment Analysis
Gene Set Enrichment Analysis (GSEA) (http://www.gsea-msigdb.org/) was performed for all genes, and GSEA pathway

enrichment maps were generated. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and
REACTOME signaling pathways were analyzed for upregulated and downregulated DEGs and visualized on the SRplot
web server (https://www.bioinformatics.com.cn/srplot).

PPl Network and Modular Analysis

A PPI network for upregulated and downregulated DEGs was constructed using the STRING database (version 12.0),'?
and visualized with Cytoscape software (version 3.10.2)."° The Cytoscape plugin MCODE was used to identify key
functional modules in all DEGs (parameters: degree cutoff = 2, node score cutoff = 0.2, K-core = 2, and max depth =
100). The plugins Cytohubba and CytoNCA were used to detect hub genes in upregulated and downregulated DEGs
separately.
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Identification of IRDEGs and Immune Cell Infiltration Analysis
A total of 1811 immune-related genes were identified from the Immunology Database and Analysis Portal
(http://immport.niaid.nih.gov). The Venny 2.1.0 tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html) was

used to select 35 immune-related DEGs (IRDEGs). Immune cell infiltration was estimated using transcriptome
sequencing data and the ImmuCellAL '

Validation of Hub Genes

Nine normal and nine iRCT samples, not used for transcriptome sequencing, were selected to validate hub genes’
expression level. Total RNA was extracted from each sample using an RNA extraction kit (EZBioscience B0004D,
China). First-strand cDNA synthesis was performed using a reverse transcription kit (EZBioscience A0010CGQ, China).
SYBR Green real-time quantitative PCR kit (EZBioscience A0012-R2, China) was used for real-time quantitative
polymerase chain reaction (RT-qPCR) on a qTower3 G Touch (Analytik Jena, Jena, Germany). f-Actin was used as
a control.

Histopathological Examination
Tissue samples were fixed in 4% neutral buffered formalin overnight at room temperature. After fixation, samples were
sequentially dehydrated with increasing concentrations of ethanol (70%, 80%, 95%, and 100%), cleared in xylene, and
then embedded in paraffin. 5 pm-thick paraffin sections were prepared for histopathological examination. Hematoxylin-
eosin (HE) staining was performed using an HE Staining kit (Solarbio G1120, China) according to the manufacturer’s
instructions. Masson’s trichrome staining was performed using a standard protocol (Beyotime C0189S, China) to
differentiate collagen fibers from other extracellular matrix components. Elastic Van Gieson (EVQG) staining (ZSGB-
BIO BSBA-4083B, China) was performed by incubating sections with elastic fiber-specific solutions, followed by
counterstaining with Van Gieson stain to highlight collagen and elastic fibers. All stained sections were examined
under light microscopy to assess histological features, including collagen deposition and elastic fiber integrity.
Immunohistochemical staining was performed to localize immune cells in the tissue samples. Paraffin-embedded
sections (5 um thick) were deparaffinized, rehydrated, and subjected to antigen retrieval using citrate buffer (pH 6.0) at
95°C for 20 minutes. After cooling, sections were blocked with 5% bovine serum albumin (BSA) for 1 hour at room
temperature. Primary antibodies against a-SMA (Fibroblast marker, Abcam, #ab7817), CD3 (T-cell marker, Abcam,
#ab5690), CD1l1c (dendritic cell marker, Abcam, #ab52632), CD45 (pan-leukocyte marker, Abcam, #ab10558), and
CD68 (macrophage marker, Abcam, #ab955) were applied at 1:100 dilution and incubated overnight at 4°C. Sections
were then incubated with HRP-conjugated secondary antibodies for 30 minutes at room temperature. Immunoreactivity was
visualized using a DAB substrate kit (Vector Laboratories, #SK-4100). Slides were counterstained with hematoxylin,
dehydrated, and mounted. Immunohistochemical images were captured from three randomly selected random regions of
interest (ROIs) per sample at 40x magnification. The positively stained area was measured and normalized to the total tissue
area within the ROI. The mean percentage of positive area was calculated for each sample and used for statistical analysis.
Color deconvolution was performed using ImageJ software with the “Color Deconvolution” plugin. The plugin was
calibrated for Masson trichrome and EVG stains to isolate collagen, elastic fibers, and cytoplasmic elements. The
resulting images were analyzed to calculate the relative area percentage of each constituent. Three ROIs (40%) were
selected from each image for quantification to ensure statistical reliability.

Statistical Analysis

Continuous variables with a normal distribution were expressed as the mean + standard deviation, and group comparisons
were performed using the independent samples #-test. Non-normally distributed continuous variables were expressed as
the median and interquartile range, with comparisons between groups performed using the Mann—Whitney U-test.
A p-value < 0.05 was considered statistically significant. Data were analyzed using GraphPad Prism 10.0 software.
Spearman correlation was used to explore the relationship between key regulators and immune cell infiltration levels, as
well as IRDEG expression.
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Results

Overall Protocol of the Study
The flowchart of our study is shown in Figure 1.

Morphological Features of iRCT and Normal Samples

Histological staining revealed significant cellular proliferation in the subepithelial layer and dense collagenous core of the iRCT
samples, with markedly increased cell density, accompanied by an increase in activated fibroblasts (Figures 2 and S1A). The cells
in the iRCT samples lost the uniform distribution seen in normal chordae tendineae. EVG staining confirmed that elastic fibers in
both normal chordae tendineae and the unruptured ends of iRCT samples were primarily located in the subendothelial layer,
arranged in a uniform linear pattern. However, at the ruptured ends of the iRCT samples, abnormal proliferation of elastic fibers
was observed, accompanied by a loss of the orderly linear structure. Instead, short, wavy elastic fiber bundles infiltrated the dense
collagen core. Masson’s trichrome staining demonstrated that collagen fibers in normal chordae tendineae were well-aligned and
organized. In contrast, disorganized collagen fibers and ruptured collagen bundles were observed at both the ruptured and
unruptured ends of the iRCT samples. These findings suggest that even the unruptured chordae in iRCT samples exhibit
pathological alterations and should not be considered entirely normal.

Color deconvolution was used to quantify collagen and elastic fibers in the histological images of ruptured and normal
chordae tendineae. The area occupied by each component was expressed as a percentage of the total tissue area. For
elastic fibers, the analysis revealed significantly reduced content in the normal group (2.95% + 1.44%) compared to the
iRCT group (26.71% + 8.23%, p < 0.01). In contrast, collagen fibers were significantly increased in the iRCT group
(75.53% + 8.15%) compared to the normal group (47.44% + 12.43%, p < 0.01) (Figure SIB).

Immunohistochemical analysis revealed a marked increase in immune cell infiltration in iRCT tissues compared to
normal samples. CD3-positive T cells were sparsely present in normal tissues but significantly enriched in iRCT samples,
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Figure | Overall protocol of the study.
Abbreviations: iRCT, idiopathic rupture chordae tendineae; PPI, protein-protein interaction; DEGs, differentially expressed genes.
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Figure 2 Morphological features of iRCT and normal sample. iRCT sample (A=F) and normal sample (G-l) were stained for H&E (A, B and G), elastin (C, D and H) and
collagen (blue) (E, F and ). Scale bar = 500 um.

particularly within areas of collagen disruption. Similarly, CD11c-positive dendritic cells and CD68-positive macro-
phages showed significantly higher density in iRCT tissues, correlating with regions of elastic fiber degradation and ECM

disorganization (Figure S2).

Identification of Differentially Expressed Genes
A total of 208 DEGs were identified, of which 109 were upregulated and 99 downregulated (Figure 3A). The heatmap of
DEGs expression showed a clear distinction in mRNA levels between the iRCT and normal samples (Figure 3B).

Gene Function Enrichment Analysis

To explore the functions of differentially expressed genes and their associated pathways, we performed GSEA. We found
significant enrichment in inflammatory processes and extracellular matrix (ECM) components. KEGG pathway analysis
suggested that DEGs were associated with inflammatory responses, immune cell activation, and autoimmune disease
pathways (Figure 3C, D, and Tables S1-S3).

We further analyzed the functions of the upregulated and downregulated DEGs. In the BP component, upregulated
DEGs were primarily enriched in cell adhesion, while downregulated DEGs were mainly involved in immune response.
In the CC category, the DEGs were mainly enriched in the extracellular matrix and cell membrane. In the MF component,
downregulated DEGs were primarily enriched in calcium ion binding, while upregulated DEGs were enriched in
signaling receptor binding (Figure 3E-G). REACTOME pathway analysis revealed that upregulated DEGs were enriched
in GPCR signaling, cytokine signaling in the immune system, and extracellular matrix organization, while downregulated
DEGs were primarily enriched in immune system pathways (Figure 3H). Many of these pathways are involved in ECM
organization and regulation of inflammatory or immune responses.
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PPl Network and Modular Analysis

Figure 4A shown the identification of the biggest functional modules, consisting of 10 DEGs: CDIE, FN1, SDCI,
KRT17, CEACAMI1, KRT14, CXCR6, CD69, CTLA4, and CD1C, using the MCODE plugin in Cytoscape. To validate
the expression of these genes, RT-qPCR was performed on a new cohort of nine normal and nine iRCT samples. RT-
qPCR results strongly correlated with those from transcriptome sequencing, except for KRT14 (Figure S3). Hub genes
were identified using Cytohubba and CytoNCA, with genes ranked based on their scores. FN1, KRT14, KRT17, LAMB3,
PKPI1, KRT16, DLX3, THY1, PLAU, and BDKRB2 were designated as upregulated hub genes (Figure 4B and C), while
CD69, CTLA4, PDCDI1, CCL19, TIGIT, CEACAMI1, CXCR6, CDI1C, RGS1, and DUSP2 were identified as down-
regulated hub genes (Figure 4D and E). Upregulated hub genes were mainly associated with structural integrity, tissue
remodeling, wound healing, and cellular adhesion, while downregulated hub genes were primarily involved in immune
regulation, lymphocyte activation, and inflammation.

Immune Cell Infiltration Analysis

Our enrichment analyses revealed significant enrichment of DEGs in pathways related to inflammation and immune response.
To investigate the impact of immune infiltration in iRCT, we used the ImmuCellAl algorithm. This enabled us to assess the
relationship between IRDEGs and immune infiltration in iRCT samples. Our analysis identified 35 immune-related differen-
tially expressed genes (IRDEGs) from the datasets (Figure 5B and Table S4). Of the 24 immune cell types analyzed, seven
showed significant differences in iRCT samples compared to normal tissues (Figure 5A). Additionally, as shown in Figure 5B
and C, we assessed the correlation between immune cells and IRDEGs/immune cells to explore their potential interactions.
Figure 5B shown that SDCI1 was strongly positively correlated with macrophages and negatively correlated with NK cells.
CTLAA4 exhibit a strong negative correlation with dendritic cells. Several IRDEGs, including CD1C, CD1E, and PTHIR, were
associated with various T cell subtypes. Figure 5C illustrated that during iRCT, the strongest correlation was observed between
macrophages and NK cells, and close interactions occur between various T cell subtypes.

Discussion

iRCT is not uncommon, with studies showing that 47.2% of MVP patients are affected.'” iRCT causes paradoxical
motion of the mitral valve leaflets during both systole and diastole, making it one of the most common causes of MR.
Chronic MR leads to significant cardiac structural remodeling and impaired function, ultimately resulting in heart failure.
Ling et al reported that medical treatments do not effectively alleviate iRCT-induced heart failure, with mortality rates
significantly higher than expected.'® Common surgical approaches include replacing ruptured chordae with artificial ones
during cardiopulmonary bypass or off-pump surgery. However, since the underlying cause of iRCT remains unaddressed,
patients may experience recurrent MR due to rupture of seemingly “normal” chordae.'” In fact, the dense collagenous
core of these seemingly normal chordac may have detached from the spongiosa and appeared ruptured and retracted
before the initial surgery,® as confirmed by our pathological examination. Post-surgical changes in chordal tension may
further contribute to the rupture of these seemingly “normal” chordae, leading to recurrent MR.

Current research on iRCT primarily focuses on phenotypic changes of ruptured chordae, while the specific underlying
mechanisms remain unclear.""'"® Molecular pathological studies are essential to explore potential therapeutic and
preventive strategies for iRCT. Given the lack of transcriptomic studies on iRCT, we performed whole transcriptome
sequencing on iRCT samples and compared them to sequencing data from healthy individuals.

Our enrichment analysis revealed that iRCT is strongly associated with inflammatory responses, immune reactions,
cell proliferation, and cell-cell adhesion, all of which are integral to ECM organization. Through the construction of a PPI
network, we identified both upregulated and downregulated hub genes in iRCT. In the PPI network of upregulated genes,
several genes interact to form a cohesive network that plays a central role in ECM remodeling and tissue repair. FN1
contributes synergistically to tissue restoration, cell adhesion, and structural stability by interacting with keratins and
other ECM proteins.'”?® These interactions suggest that upregulated genes are essential for promoting tissue repair, cell
migration, and the restoration of damaged areas. Specifically, interactions between FN1, KRT14, and KRT17 likely play
a pivotal role in strengthening tissue structure and promoting cell recovery. Additionally, genes such as LAMB3 and
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PKP1 stabilize the connection between cells and the basement membrane, while DLX3 and THY1 regulate cell
differentiation and immune responses, further driving tissue remodeling.?'** Collectively, through their coordinated
actions, these upregulated genes influence ECM stability, cellular repair mechanisms, and immune responses, facilitating
the repair process in iRCT. In contrast, the downregulation of immune-related genes such as CTLA4 and CD69 could
lead to immune system dysregulation, enhancing immune cell activation and inflammatory responses, which exacerbates
tissue damage. Specifically, downregulation of CTLA4 and upregulation of CD69 may result in excessive immune
activation, while the downregulation of PDCD1 and TIGIT further disrupts immune tolerance, causing sustained immune
responses.””>>® Moreover, the downregulation of chemokines like CCL19 and CXCR6 may impair the directed migration
of immune cells and their regulation in inflammatory areas, intensifying local immune dysregulation.”” The down-
regulation of RGS1 and DUSP2 may disrupt immune signaling, leading to immune response dysfunction and further
contributing to immune-mediated tissue damage and degradation in iRCT.**?° These interactions among downregulated
genes highlight the strong connection between immune system dysregulation and tissue damage, suggesting that immune
regulatory pathways play a crucial role in the pathogenesis of iRCT.

Our pathological staining results show that normal mitral valve chordae tendineae consist of uniformly distributed
collagen and elastin fibers arranged in a linear pattern beneath the epithelium. These fibers are critical for maintaining the
strength and elasticity of the chordae tendineae. In iRCT, however, immune imbalance and localized inflammation
disrupt the stability of these fibers, affecting ECM synthesis and degradation. Our findings indicate that 35 IRDEGs play
critical roles in iRCT. For instance, CCL19, CXCR6, and CD70 activate fibroblasts and immune cells, promoting the
secretion of collagenases and elastases, which accelerate collagen and elastin fiber degradation.”®***? Additionally,
abnormal expression of CTLA4, PDCDI, and TIGIT may lead to sustained inflammation, disrupting ECM turnover and
contributing to chordal tendineae structural damage.***

The ECM serves as a critical structural scaffold for mitral valve chordae tendineae, and its integrity is vital for
maintaining chordal function.® Significant changes in ECM components were observed in iRCT patients. IRDEGs like
CRLF1, CRABPI1, and SDC1 play key roles in ECM regulation and matrix metalloproteinase recruitment, degrading
collagen and elastin fibers, leading to tissue weakening and rupture.’’ Furthermore, IRDEGs such as TNFRSF10C,
TNFSF9, and PTHIR regulate apoptosis and fibroblast turnover, influencing the balance of ECM synthesis and
degradation.”® Figure 5B and C present our immune cell infiltration analysis, providing valuable insights into the
immune landscape of iRCT. SDC1 shows a strong positive correlation with macrophages and a negative correlation
with NK cells, suggesting its pivotal role in macrophage activation and immune modulation in iRCT. In contrast, CTLA4
is negatively correlated with dendritic cells, suggesting its role in regulating immune responses at the level of antigen-
presenting cells. Furthermore, several IRDEGs, including CD1C, CDIE, and PTHIR, are associated with various T cell
subtypes, emphasizing the complexity of T cell involvement in iRCT. Notably, Figure 5C shows that macrophages and
NK cells have the strongest correlation, possibly reflecting an immune response that drives ECM remodeling and tissue
damage in iRCT. Additionally, the close interactions among various T cell subtypes further suggest a coordinated
immune response, contributing to the chronic inflammatory environment characteristic of iRCT. These findings offer
a comprehensive view of immune dysregulation in iRCT, shedding light on the inflammatory processes that drive tissue
damage and remodeling. Further research is needed to elucidate the functional roles of these immune interactions and
their potential as therapeutic targets in iRCT.

The immunohistochemical findings confirm a strong immune component in iRCT pathogenesis, as indicated by
increased infiltration of CD3-positive T cells, CD11c-positive dendritic cells, and CD68-positive macrophages. These
immune cells likely contribute to the localized inflammation and ECM degradation observed in iRCT tissues. Increased
macrophage presence suggests active tissue remodeling, as macrophages are key mediators of collagenase and elastase
secretion, facilitating ECM breakdown.*® The enrichment of dendritic cells may indicate ongoing antigen presentation
and immune activation, further perpetuating inflammation.*® Together, these results highlight the interplay between
immune cell infiltration, inflammation, and ECM degradation in iRCT, suggesting potential therapeutic targets to mitigate
immune-mediated damage in these tissues. These findings provide a comprehensive view of the immune dysregulation in

iRCT, with implications for understanding the inflammatory processes that drive tissue damage and remodeling. Further
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studies are needed to elucidate the functional roles of these immune interactions and their potential as therapeutic targets
in iRCT.

Previous studies show that during iRCT, fibroblasts are excessively activated into myofibroblasts, characterized by
heightened proliferation and ECM overproduction.**'**> This finding aligns with our pathological observations.
Increased fibroblast proliferation, coupled with ECM integrity loss, forms a vicious cycle that exacerbates inflammation
and tissue damage, accelerating degenerative changes in chordae tendineae.**™* This cycle is driven by continuous
inflammatory pathway activation, fibroblast proliferation, and ongoing ECM degradation, ultimately leading to iRCT.

Traditionally, iRCT research has focused on the immune response and ECM remodeling at the ruptured end.
However, our study reveals that ECM disruption also occurs at the non-ruptured end, suggesting its potential role in
the onset and progression of iRCT. The disruption of the ECM at the non-ruptured end may be closely associated with
the pathological changes observed at the ruptured end. Although the non-ruptured end in iRCT patients does not
experience obvious mechanical damage, studies indicate significant changes in ECM components, including collagen
and elastin fibers. These alterations may cause structural instability in the tissue, thereby contributing to the
pathological conditions that lead to iRCT. Although the immune response at the non-ruptured end may be less
pronounced, ECM alterations could signal local cells, triggering immune cell recruitment and inflammatory responses.
Additionally, the immune response at the non-ruptured end may differ from that at the ruptured end. While the
ruptured end is generally regarded as the primary site of immune cell infiltration, the non-ruptured end may show
distinct immune responses, especially in local immune regulation. Immune cells, such as macrophages and dendritic
cells, may initially respond to ECM changes at the non-ruptured end, fostering a localized chronic inflammatory
environment. This persistent inflammatory state may progressively impair tissue function, ultimately leading to
chordae tendineae rupture over time. Therefore, a more detailed analysis of immune cell infiltration and ECM
remodeling at the non-ruptured end would not only provide a deeper understanding of iRCT pathogenesis but also
offer valuable insights for identifying potential therapeutic targets.

Our study identified several hub genes, such as CDIE, FN1, SDC1, KRT17, CEACAMI1, KRT14, CXCR6, CD69,
CTLA4, and CDIC, which, as described above, play important roles in immune responses, extracellular matrix
remodeling, and tissue repair in iRCT. These genes, as potential therapeutic targets, regulate immune cell activation
and migration, ECM stability, and tissue repair. Targeting these genes may provide new directions for the treatment of
iRCT.

This study provides new insights into the pathogenesis of iRCT, though several limitations should be noted. First, the
sample size is small, which may limit the generalizability of our findings. Larger studies are required to validate these
results. Second, this study did not conduct a dynamic analysis of tissue samples at different stages of iRCT, so changes in
gene expression during disease progression remain unclear. Furthermore, although transcriptome sequencing provided
valuable insights into potential mechanisms, functional validation experiments are lacking, and the causal relationship
between key genes and iRCT remains unconfirmed. Additionally, both ruptured and non-ruptured ends of the chordae
tendineae were included in our analysis, which could introduce confounding factors. Although we initially considered
using single-cell RNA sequencing, technical challenges related to small tissue size and insufficient cell yield prevented
its application. Future studies utilizing Digital Spatial Profiling or similar technologies could overcome these limitations
and provide cell-specific insights. Overall, our study offers important clues about the pathological mechanisms of iRCT,
but further research combining multi-omics data and functional experiments is needed to fully elucidate these
mechanisms.

In conclusion, this study provides novel insights into the molecular mechanisms underlying iRCT by utilizing
transcriptome sequencing. Our findings suggest that inflammation, immune dysregulation, and ECM remodeling play
central roles in the damage and rupture of mitral valve chordae tendineae.
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