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Purpose: Septic cardiomyopathy (SCM) is a significant global public health concern characterized by substantial morbidity and
mortality, which has not been improved for decades due to lack of early diagnosis and effective therapies. This study aimed to identify
hub biomarkers in SCM and explore their potential mechanisms.

Methods: We utilized the GSE53007 and GSE207363 datasets for transcriptome analysis of normal and SCM mice. Hub biomarkers
were identified through a protein—protein interaction (PPI) network and validated using LPS-treated C57/BL6 mice. Functional
enrichment analysis was performed to uncover relevant signaling pathways, while single-cell RNA sequencing was used to examine
key genes and regulatory mechanisms associated with SCM.

Results: A total of 374 differentially expressed genes (DEGs) were identified, with 268 genes up-regulated and 106 genes down-
regulated. Functional enrichment highlighted chemokine activity and receptor binding, with KEGG pathways revealing significant
involvement of the TNF and IL-7 signaling pathways. Deterioration of cardiac function, elevated inflammatory markers such as IL-18,
IL-6, and increased cardiac injury biomarkers such as c¢Tnl indicated the successful establishment of our SCM model. Subsequently,
gPCR was conducted to validate the expression of the top 10 genes, through which we identified Cd40, Tlr2, Cxcl10, CclS, Cxcll,
Cd14, Gbp2, Ifit2, and Vegfa as key biomarkers. Single-cell sequencing indicated increased neutrophil and macrophage populations,
with decreased B cells and cardiomyocytes. Additionally, transcription regulators Irfl and Statl were found to potentially regulate the
expression of Gbp2, Cxcl10, Ccl5, and Cd40, linking SCM to immune response, ferroptosis, pyroptosis, cuproptosis, and m6A RNA
methylation modification.

Conclusion: This study identified nine hub biomarkers and two transcription regulators associated with SCM. Exploring the
connections between SCM and immunity, ferroptosis, pyroptosis, cuproptosis, and m6A RNA methylation might provide insights
into the underlying mechanisms. These findings enhanced our understanding of SCM’s underlying mechanisms and might pave the
way for novel therapeutic strategies to improve clinical outcomes.
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Introduction
Severe sepsis is a noteworthy factor of the mortality in intensive care units and has become a primary cause of death in
both developed and developing nations.! Septic cardiomyopathy (SCM), an acute cardiac impairment that arises from

sepsis, is a remediable condition that could be managed at the initial stages of sepsis. Despite extensive research aimed at
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comprehending the molecular mechanism of septic cardiomyopathy, a precise characterization and prognostic indicators
remain elusive.” Therefore, it is vital to identify the underlying genes and effective biomarkers in SCM for early
diagnosis, prevention, and intervention.> SCM is a pathophysiological syndrome caused by infection, so identifying the
targeted infection is crucial to minimizing mortality and morbidity. Previous studies found that the substances such as
lipopolysaccharides (LPS), prostanoids, cytokines, the complement system, and nitric oxide, which might be involved in
impaired cardiac function.’®

Since the advent of bioinformatics technology, studying the function and regulatory mechanisms of genes has become
a mainstream approach to treating diseases.*> Gene Expression Omnibus (GEO) is an open database containing many
gene expression profiles of different diseases.® This database serves as a valuable resource for conducting gene
expression analysis, functional analysis, and identifying differentially expressed genes (DEGs) relevant to SCM.
Although previous research has already identified numerous biomarkers for SCM, but these studies did not perform
experimental verification and used only bioinformatics analysis, and did not explore the relationship between SCM and
immunity or programmed cell death.”® In this research, we identified the hub genes and transcription factors, and
investigated the interconnections between SCM and various biological processes, including immunity, ferroptosis,
pyroptosis, cuproptosis and m6A RNA methylation, providing a platform for future research into its potential
mechanisms.

Material and Methods

Data Collection and Processing
GEO (https://www.ncbi.nlm.nih.gov/gds) is a public database for high throughput gene sequencing. We

selected GSE53007 datasets as our research object. Differently expressed genes (DEGs) were determined by p-value
and fold change (FC) and the thresholds were set as adjusted P (fdr) < 0.05 and |log2 FC| >1 in this article. All data were
downloaded online in public.

Functional Enrichment Analysis

We used the “clusterProfiler” R package to conduct enrichment analysis of Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathways and gene ontology (GO) functional categories, including cellular components, molecular functions,
and biological processes. Enrichment analysis based on DEGs was beneficial for us to discover the pathogenesis of SCM
and we also applied bubble plots to visualize these results.

Protein—Protein Interaction (PPI) Network Construction

In order to study the relationship between these genes, we analyzed and visualized the PPI network through the STRING
(https://string-db.org/) online website based on DEGs of SCM. STRING database was used to predict the PPI network of
DEGs and analyze the interactions between proteins.’

Random Forest (RF) and Extreme Gradient Boosting (XGBoost) Mode Construction
and Hub Gene Identification

The Random Forest (RF) learning method integrated the outcomes of numerous decision trees that were generated
through bootstrap sampling of the training dataset, and randomly selects a subset of predictors from the entire set of
properties in each tree.'® The present study’s implementation of the RF method was based on prior research.'’ The
Extreme Gradient Boosting (XGBoost) technique relied on a sparsity-aware algorithm and a weighted quantile sketch,
wherein the weak learners were sequentially converged into an ensemble to produce a strong learner.'?

Transcription Factor Identification
The TRRUST (https://www.grnpedia.org/trrust/) database is a valuable resource for predicting transcriptional regulatory

networks in human and mouse, provides insight into the regulation of these interactions.'> As soon as the validated genes
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have been screened into TRRUST, we would query the interaction between genes and transcription factors, build
networks, and display them using Cytoscape.

Single-Cell Sequencing and Analysis

We chosed GSE207363 as the focus of our research from the GEO database. The methodology described in a published
article'* was followed to implement the Seurat package. The Anchors function of the Seurat R package was used to integrate
the sepsis data package. Initially, the Seurat package was employed for quality control and standardization. Subsequently,
Principal Component Analysis (PCA) was performed to tackle the difficulties arising from the high dimensionality of the
expression matrix. The dimensionality reduction and visualization technique known as Uniform Manifold Approximation and
Projection (UMAP) was utilized in this study. Specific marker genes for each cell subtype were identified by selecting those
with an absolute average log2FC greater than 1 and a p val adj less than 0.05. Manual annotation of cell clusters was
performed to differentiate between various cell types sourced from the PanglaoDB database (https://panglaodb.se/). In our

study, we employed a set of well-defined gene markers to accurately classify various cell types. Specifically, we utilized
Adgrel, Fcgrl and Cd68 gene markers for the classification of macrophages, Pecam1, Vwf and Emcn gene markers for the
classification of endothelial cells, Collal and Colla2 gene markers for the classification of fibroblasts, Tnni3, Mb and Myl3
gene markers for the classification of cardiomyocytes, S100a9, S100a8 and Mki67 gene markers for the classification of
neutrophils, Cd79a and Igkc gene markers for the classification of B cells, Acta2 and Myhl1 gene markers for the classification
of smooth muscle cells, and Cd3g, Gzma and Ccl5 gene markers for the classification of NK/T cells, Rgs5 and Kcnj8 gene
markers for the classification of pericytes, and Kcna2, Ank3, and Chll gene markers for the classification of neurons.

Construction of Sepsis-Induced Myocardial Injury Mouse Model

The present study was approved by Animal Ethics Committee of Shanghai General Hospital (Shanghai, China). A total
of 20 C57/BL6 male mice (age, 8 weeks weight, 24 + 2g) were obtained from the Laboratory Animal Center of Shanghai
General Hospital (Shanghai, China). All mice were kept in a pathogen-free laboratory environment under controlled
temperature (23 + 1°C) and 65%—70% relative humidity. Mice were divided into two groups as follows: control group
and lipopolysaccharide (LPS) treatment group. The mice of LPS group were injected intraperitoneally with LPS at
a dosage of 10 mg/kg body weight, and the mice from control group injected intraperitoneally with normal saline. The
mice were sacrificed 36 h after LPS treatment, and their hearts were collected for further study.

Echocardiographic Measurements

Transthoracic echocardiography was performed using a VEVO 3000. Mice were anesthetized with isoflurane (1.5% to
1% in air), shaved with the use of depilatory cream, and placed on a dedicated heating plate in the supine position.
During the procedure, heart rate and temperature (35-37°C) were monitored. Two-dimensional parasternal long-axis
views at the level of the largest LV diameter were obtained for guided B-mode and M-mode measurements at the end of
the diastole and systole. Endocardium contours were drawn from end-systolic and end-diastolic long-axis views; LV end
diastolic and -systolic volumes were measured, and the percentage ejection fraction (EF) was then calculated.

Enzyme-Linked Immunosorbent Assay (ELISA)

The concentrations of IL-1f, IL-6 and c¢Tnl in mouse plasma were detected using ELISA by commercial kits (Abclonal,
China). Briefly, antibodies against IL-1B, IL-6, and c¢Tnl were immobilized on 96-well plates and incubated with
pretreated samples for 2 hours. Subsequently, conjugate antibody and HRP-conjugated anti-mouse immunoglobulin
were added separately and incubated for 1 hour. After washing, a TMB substrate solution was added for 30 minutes to
stop the reaction. Finally, a spectrophotometer was used to detect the absorbance at 450 nm.

Haematoxylin and Eosin (HE) Staining

After immersing the heart in 4% paraformaldehyde, dehydrated it, and embedded it in paraffin, the next step is to section
the tissue embedded in paraffin. The sections were placed in xylene, and then ethanol (for dewaxing and rehydration). HE
staining proceeded as instructed by the kit manufacturer (Beyotime). The images were stained with haematoxylin for
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10 minutes, washed with water to remove excess solution, stained with eosin for 2 minutes, dehydrated with ethanol and
xylene, and observed after mounting.

Immunohistochemistry (IHC) Assay

Initially, the excised heart was treated with paraformaldehyde for fixation, followed by dehydration and embedding in
paraffin. Subsequently, the paraffin-embedded tissue would be subjected to sectioning. Lastly, the tissue sections under-
went a series of procedures including deparaffinization, hydration, antigen retrieval, endogenous peroxidase blocking,
blocking, antibody incubation, DAB staining, nuclear staining, and dehydration. The antibody of IL-1p came from Cell
Signaling Technology (Danvers, MA, USA) and the antibody of IL-6 came from Affinity.

The Extraction of RNA and Quantitative Real-Time Polymerase Chain Reaction

We grinded frozen hearts repeatedly in a tissue homogenizer. RNAiso Plus reagent (Takara Bio, Japan) was utilized to extract
RNA according to the manufacturer’s instructions. The extracted RNA was converted into cDNA by the use of the
PrimeScript™ RT Master Mix (Perfect Real Time) Kit (Takara Bio, Japan). Quantitative realtime PCR (qPCR) experiments
were performed on a Quantstudio 6 flex Real-Time PCR System using SYBR Green (Takara Bio, Japan). The expression
level of 10 differentially expressed genes and 6 transcription factor genes were normalized to GAPDH expression levels and
presented in 22T between the two groups. These primer sequences were designed and synthesized by Sangon Biotech Co.,
Ltd. (Shanghai, China), and the sequences were shown in Supplementary Tables 1 and 2.

Western Blotting

Western blotting was performed as follows. In brief, samples were lysed in RIPA sample buffer, lysates were separated by SDS—
PAGE, and proteins were electrotransferred to an Immobilon-p polyvinylidene fluoride (PVDF) membrane. Membranes were
blocked for 2 hours at room temperature with 5% nonfat dry milk in TBS-T buffer and then incubated overnight at 4°C with the
indicated primary antibodies (All the antibodies were purchased from Abclonal). Subsequently, membranes were washed
3x10 minutes in TBS-T, incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for
2 hours at room temperature, and then washed 3x5 minutes in TBS-T. An ECL detection system (Tanon, China) was used to
visualize protein bands.

A Study of the Association Between SCM and Immune Cell Infiltration, Immune
Microenvironment, Immune Checkpoint Molecules, Ferroptosis, Pyroptosis,
Cuproptosis and m6A RNA Methylation

In terms of immunity, three aspects were examined, including immune cell infiltration, immune microenvironment, and
immune checkpoint molecules. In order to determine the level of immune cell infiltration from gene expression data,
Newman developed an analytical tool, CIBERSORT, that relies on gene expression data.'> We used the ESTIMATE
algorithm to analysis the immune microenvironment including StromalScore, ImuneScore, and EstimateScore.'® In
addition, different expressions of immune checkpoint molecules, ferroptosis, cuproptosis, pyroptosis and m6A evaluation
in control and SCM groups were also displayed by R package ‘limma’.

Statistical Analysis

The data and figures of this paper were conducted by SPSS 23.0 software (SPSS, Chicago, IL, USA) and GraphPad
Prism 8.0 (San Diego, CA, USA). Bioinformatics analysis was analyzed by R 4.1.1 software. All p-values were two-
sided and statistics would be significant if p < 0.05.

Results

Data Processing and Acquisition of DEGs in SCM
In this research, we selected GSE53007 dataset from the GEO database for further data analysis, GSE53007 was derived
from mice and consisted of four normal mouse heart tissue samples and four SCM mouse heart tissue samples. The flow

11454 "= Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=486763.docx
https://www.dovepress.com/get_supplementary_file.php?f=486763.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Zhao et al

chart of the study design was shown in Figure 1. Based on the thresholds of adjusted P (fdr) < 0.05 and |log2 FC| > 1 in
this article, a total of 374 DEGs were identified in SCM, including 268 up-regulated and 106 down-regulated genes.
Furthermore, we have also selected out the representative 100 differently expressed genes, including 50 up-regulated
genes and 50 down-regulated genes. The Volcano plots for genes and expression heatmaps for DEGs were shown in
Figure 2A and B. Moreover, all of these up- and down-regulated genes were detailed in Supplementary Tables 3 and 4.

PPl Network Based on DEGs and Functional Enrichment Analysis in SCM

Based on DEGs of SCM, the PPI network was analyzed and visualized through the STRING online website to study the
relationships between these genes (Figure 2C). Based on the highest connectivity degrees in the PPI network, the top 30
genes were selected as hub biomarkers in SCM (Figure 2D). The GO enrichment analysis DEGs into three groups:
biological processes group (BP), cellular component group (CC), and molecular function group (MF). As shown in
Figure 2E, in the biological processes group, the DEGs were mainly enriched in cytokine-mediated signaling pathway,
response to lipopolysaccharide response to virus, response to molecule of bacterial origin and others. In the cellular
component group, the DEGs were mainly enriched in membrane microdomain, collagen-containing extracellular matrix,
receptor complex and so on. In the molecular function group, the DEGs were mainly enriched in chemokine activity,
chemokine receptor binding, cytokine activity, cytokine receptor binding, CXCR and CCR chemokine receptor-binding
et al. As shown in Figure 2F, KEGG pathways were mainly enriched in the TNF signaling pathway, IL-7 signaling
pathway, cytokine—cytokine receptor interaction, NF-kappa B signaling pathway, Toll-like receptor signaling pathway
and so on. Detailed statistical information for all data was given in Supplementary Tables 5 and 6.

Identification of the Hub Genes by RF and XGB Model

In order to develop a diagnostic gene signature related to SCM, RF and XGB models were constructed independently.
The residual distribution for the RF model was found to be lower than that of the XGB model, as evidenced by the
boxplots displaying the |residual| and reverse cumulative distribution of [residual| values (Figure 3A and B). Based on
these findings, the RF model was deemed more suitable for predicting the occurrence of SCM, and was therefore selected
for further analysis. Using the RF learning method, we identified 10 genes. The correlation and heat maps were presented
in Figure 3C and D.
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Figure 2 Data processing and acquisition of (DEGs) and PPl network based on DEGs and functional enrichment analysis in SCM; (A) Volcano plot of the DEGs in the
GSE53007 dataset. (B) Heatmap of the DEGs in the GSE53007 dataset. (C) PPl network; (D) The top 30 genes with the highest connectivity degrees in the PPl network;
(E) Gene ontology (GO) enrichment analysis; (F) KEGG enrichment analysis.

Successful Establishment of the Murine SCM Model

Firstly, we used HE staining to observe the cardiac pathological changes between the control group and LPS-treated
group. HE staining results indicated that there were no obvious histopathological changes in the myocardial tissues of
mice in the control group, the myocardial tissues were in clear striations, with no edema, degeneration and atrophy. In
contrast, apparent pathological changes occurred in the myocardial tissues of model: there were obvious disorganization
of cardiac muscles, edema, cell necrosis and fibroelastosis. (Figure 4A and B). IL-1p and IL-6, which were commonly
recognized as typical inflammatory markers in acute inflammation, were assessed for their expression in both the control
and SCM groups through immunohistochemical analysis. The results revealed a significant increase in the expression
levels of IL-1pB and IL-6 within the SCM group when compared to the control group (Figure 4C-H). Secondly, we used
ELISA Kits to evaluate the expressions of related inflammatory factors and myocardial injury biomarker. As shown in
Figure 4I-K, the plasma levels of IL-1B, IL-6, and ¢Tnl in the SCM group were significantly elevated. Lastly, the
echocardiogram indicated a higher EF in the SCM group compared to the control group (Figure 4L-N). These findings
provided additional evidence supporting the successful establishment of the SCM mouse model.

Quantitative Real-Time PCR Validations of Hub Biomarkers for SCM

The expressions of these top 10 genes in the GSE53007 dataset, which were selected based on their highest connectivity
degrees in the PPI network, were visually represented in Figure SA. The top ten hub genes, namely Ccl5, Cxcl10, Gbp2,
Cxcll, Ifit2, Cd14, Tlr2, Cd40, Vcaml, and Vegfa, exhibited differential regulation, with Vegfa being the only down-
regulated gene, while the others were up-regulated (Figure 5A). To validate the expression of these identified genes,
quantitative real-time PCR (qPCR) was employed. The results depicted in Figure 5B demonstrated that nine out of the
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ten genes exhibited distinct expression patterns between the SCM and control groups. Furthermore, these nine genes
exhibited expression trends consistent with those observed in the GSE53007 dataset (Figure 5B).

Single-Cell mRNA Sequencing Data

In order to further evaluate the hub gene expression in immune cells and predict the response to immunotherapy, we
analyzed the single-cell sequencing data of sepsis. Notably, as shown in GSE207363, total of 10 major cell types,
comprising macrophages, endothelial cells (EC), fibroblasts, cardiomyocytes, neutrophils, B cells, smooth muscle cells
(SMC), NK/T cells, pericytes, neurons, were identified based on the canonical gene marker expressions. Based on the
examination of single-cell data plots, our research revealed that sepsis-induced myocardial injury was characterized by an
elevation in neutrophil and macrophage populations, while B cell and cardiomyocyte counts decrease. (Figure 6A). These
findings implied a plausible correlation between sepsis and compromised immune system functionality. Consequently, we
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Figure 6 Dimension reduction cluster analysis and enrichment analysis (A) UMAP image of cells subset clusters in sham and sepsis groups. (B) Optimal marker gene for cell
type discrimination in single cell analyses.

proposed a hypothesis positing that sepsis in patients may be connected to the suppression of immune function. As shown
in Figure 6B, we could see the expression of distinct cell types using specific markers. Simultaneously, we conducted
a single-cell analysis of the identified bub gene and confirmed the meaningful expression of nine genes. Additionally, we
employed UMAP for visual analysis. Our findings revealed that the expressions of Cd14, Gbp2, Ifit2, and Cxcll were all
elevated in sepsis. Cd14 was found to be increased in macrophages, neutrophils, and B cells, while the expression of
Gbp2, Ifit2, and Cxcll in endothelial cells and fibrocytes showed significant variations in sepsis. Moreover, Cxcll
exhibited a significant increase in B cells and smooth muscle cells, but a decrease in pericytes and neurons. These
findings provided additional evidence for the significance of the genes under investigation, implying their potential
regulatory role in septic cardiomyopathy (Figure 7A and B).
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Identification of the Transcription Factors (TF)

As previously stated, the induction of SCM resulted in differential expression of nine genes. To investigate potential
regulatory mechanisms, the TRRUST database was utilized. The nine genes were screened and input into TRRUST,
resulting in the identification of relevant information for eight genes. The interaction between these eight genes and
transcription factors was examined, and a network was constructed. Through this analysis, six transcription factors were
identified, with Spl, Irfl, Nfkb1, Statl, Rela and Jun being determined as the key transcription factor for Cd40, Tlr2,
Cxcl10, Ccl5, Cxcll, Cd14, Gbp2, Vegfa (Figure 8A). To confirm these findings, the expression of these transcription
factors was verified using qPCR and Western blotting. As shown in Figure 8B and C, two of these six transcription
factors were validated to have a different expression in SCM versus the control group (all p < 0.05). Western blotting
analysis also showed elevation of Irfl, phosphorylated STAT1 and total STAT1 protein expression in SCM group.
Interestingly, the ratio of phosphorylated STAT1 to total STAT1 did not reveal a significant difference, indicating the need
for further experimental validation (Figure 8D-G). As a result, we have demonstrated that the two transcription regulators
Irfl and Statl could directly regulate transcription of Gbp2, Cxcl10, Ccl5 and Cd40, it might be the master regulator
in SCM.

Associations Between SCM and Immune Cells Infiltration, Immune Microenvironment,

and Immune Checkpoint Molecules

This article undertook an analysis of three facets of immunity, namely immune cell infiltration, immune microenviron-
ment, and immune checkpoint molecules. The findings revealed a significant correlation between immune cell infiltration
and the prognosis of various diseases. In order to investigate the relationship between SCM and immune cell infiltration

B Irf1 [l Control [l SCM D

] a STAT1| "o

Stat1
i1 |- -

J caror [l B

>

3
o

Irf1 expression
s
S

L
%@

=@

e

®
> I

e

©
o

Stat1 expression

©
o

Control SCM

85

Control SCM

C 154 E F G
g % == Control 1.5- 1.5+
§ T — SCM . 1.5- .
= b =
(=% - I
x 10 * L 1.0 =) & 1.0
o e S 1.0- <
< - <
4 < o o
g 2 = =
E E 054 = 054 054
g @ 2
& T &
3 —
= 0.0- 0.0~ 0.0-

Sp1 Irf1 Nfkb1 Stat1 Rela Jun Control SCM Control SCM Control SCM

Figure 8 Identification of the transcription factors. (A) Transcription factors mRNA network for SCM; (B) Expression of Irfl and Statl in the GSE53007 dataset; (C)
Validations of the transcription factors by qPCR; (D) Western blotting analyses of phosphorylated STAT |, total STAT| and IRF|; (E-G) Densitometric analyses of Western
blotting. *p < 0.05; **p < 0.01; ***p < 0.001.

Journal of Inflammation Research 2024:17 hetps: 11461

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhao et al Dove

levels, the proportions of 25 types of immune cell infiltration levels were displayed using CIBERSORT, in four normal
heart samples and four SCM mouse heart tissue samples (Figure 9A). Furthermore, the study presented various
manifestations of 25 distinct types of immune cell infiltration levels in both the control and SCM groups, as depicted
in Figure 9B. The findings suggested that elevated expression levels of these molecules, especially the mast cells,
eosinophil cells, T cells CD8 naive, M1 macrophage, T cells CD4 follicular and NK active, may facilitate immune cell
infiltration and result in an unfavorable prognosis. Notably, Figure 9C demonstrated a significant difference in
ImmuneScore and EstimateScore, but not in StromalScore. Based on these results, it was concluded that SCM was
associated with the immune microenvironment, which was further supported by the relationship between SCM and
immune checkpoint molecules. Additionally, CD200, CD40 and LGALS9 were identified as a crucial immune molecule
in SCM (Figure 9D).

Associations Between SCM and Ferroptosis, Pyroptosis, Cuproptosis and mé6A RNA
Methylation

In order to elucidate the potential mechanisms underlying SCM, we conducted an investigation into the interrelationships
between SCM and ferroptosis, pyroptosis, cuproptosis, and m6A RNA methylation. Our findings indicated that 66
ferroptosis-related genes exhibited differential expression between the control and SCM groups, highlighting the
significant role of ferroptosis in SCM (Figure 10A). Additionally, ten pyroptosis-related genes displayed differential
expression between the control and SCM groups, underscoring the critical role of pyroptosis in SCM (Figure 10B). With
regard to cuproptosis, we observed significant differential expression of ATP7A and DLAT between the control and SCM
groups (Figure 10C). Furthermore, as depicted in Figure 10D, the m6A RNA methylation regulators METTL3 and
RBMX exhibited significantly differential expression.
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Figure 9 Associations between SCM and immunity, (A and B) Immune cells infiltration, (C) Immune microenvironment, and (D) Immune checkpoint molecules. *p < 0.05.
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Figure 10 Associations between SCM and (A) Ferroptosis, (B) Pyroptosis, (C) Cuproptosis, and (D) mé6A RNA methylation. *p < 0.05.

Discussion

Septic cardiomyopathy is a critical condition characterized by cardiac dysfunction arising from sepsis. Our findings
highlighted the significant relationship between SCM and hub genes, including Cd40, Tlr2, Cxcl10, Ccl5, Cxcll, Cd14,
Gbp2, Ifit2, and Vegfa. Each of these genes played a crucial role in the inflammatory response and immune regulation,
which was pivotal in the pathophysiology of SCM.

Toll-like receptors (Tlrs) were pattern recognition receptors of utmost importance in the innate immune system,
capable of reacting to pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns
(DAMPs), thereby serving as the initial line of defense against infection and damage. Among the Toll-like receptors,
TIr2 exhibited the broadest range of expression and had the most identified ligands and its biological mechanism plays
a crucial role in anti-infection immunity.'”'® Upon infecting TIr2”~ mice with sepsis, a significant decrease in mortality
and improvement in cardiac function was observed in comparison to wild-type mice. These findings suggested that Tlr2
might have a regulatory function in septic cardiomyopathy,'® which was in line with the trend of hub genes identified by
our research.

Chemokines refer to a broad category of chemotactic cytokines or signaling proteins that facilitated the movement of cells
to specific sites, thereby triggering biological effects. Extensive research had been conducted on various chemokines,
revealing their distinct roles in inflammation, autoimmune diseases, fibrosis, tumors, and other areas.”>?? Chemokines
were classified into four subfamilies based on the arrangement of the N-terminal two cysteine residues, namely CXC, CC,
(X)C, and CX3C.* The present study identified varying degrees of increase in Cxcll, Cxcl10, and Ccl5 within the chemokine
family. Cxcll, as a biomarker of inflammation, exhibited elevated levels during tissue inflammation and facilitates the
infiltration of neutrophils and monocytes, thereby amplifying the inflammatory response.”* With respect to cardiovascular
disorders, Cxcll has been linked to the advancement of atherosclerosis,”® myocardial hypertrophy,® and other ailments.
Cxcl10 played a pivotal role in the activation of CXCR3, a key regulator of lymphocyte transport and activation. In the context
of CLP-induced septic shock, there was a significant upregulation of Cxcll0 in both plasma and the abdominal cavity.
Following Cxcl10 gene knockout, there was a notable decrease in the expression of plasma inflammatory factors and the
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activity of natural killer cells.”” Furthermore, Cxcl10 exerted its influence on the NF-kB signaling pathway to disrupt the
inflammatory process in vivo during the development of sepsis in mice.”® Ccl5, like other chemokines, was involved in
regulating the occurrence of inflammatory response. In sepsis model mice, the levels of Ccl5 is significantly up-regulated. The
abnormal increasing of Ccl5 during sepsis accelerated the development of inflammation.?’ During normal physiological
conditions, interferon-induced protein with tetratricopeptide repeats 1 gene (Ifitl) expression was not observed in the majority
of cells. However, its transcription could be induced by interferon, viral infection, or LPS. Studies have revealed a significant
up-regulation of Ifitl mRNA levels in M1-polarized macrophages, suggesting a plausible correlation between Ifitl and
inflammation.*® Gbp2, a member of the guanylate binding protein group,®’ has been recognized as an interferon-induced
protein that had a vital function in pathogen infection within host defense cells in recent studies.*” In response to bacterial
invasion, Gbp2 triggered non-classical inflammasome-mediated immune responses by activating caspase-11 and caspase-4,
thereby facilitating inflammasome activation in the host as a defense mechanism against bacterial infection.*>** The main
biological role of leukocyte differentiation antigen 14 (Cd14) was to function as a receptor for lipopolysaccharide complexes,
thereby facilitating their identification and attachment. Additionally, this glycoprotein receptor possessed the ability to
recognize and binded to both gram-negative and gram-positive bacteria, as well as other substances, and played a critical
role in pathological responses such as inflammation and endotoxin shock.* The transmembrane protein known as leukocyte
differentiation antigen 40 (Cd40) was classified within the tumor necrosis factor receptor superfamily. Its ligand, Cd40L, was
expressed on activated platelets and leukocytes. Additional investigation was needed to explore the potential effectiveness of
Cd40L pathway blockers as a therapeutic approach for cardiovascular disease.*® Vascular endothelial growth factor A (Vegfa)
was widely recognized as a crucial modulator of angiogenesis, stimulating the proliferation, migration, and tubulogenesis of
vascular endothelial cells. Previous investigations have demonstrated that Vegfa expression was upregulated in septic
patients,’” however, our findings indicated a downregulation of Vegfa in the context of SCM. While initial studies proposed
a pathological resemblance between subclinical myocardial injury and coronary artery disease, a significant study has revealed
that patients with established septic shock display enhanced coronary perfusion.*® The aforementioned observation suggested
that the development of septic cardiomyopathy might be different from the typical ischemic heart disease, potentially
explaining the observed decrease in vegfa expression. Nevertheless, further empirical investigations were warranted to
validate the potential role of Vegfa in promoting angiogenesis during the recuperation phase in patients with SCM.

We used the TRRUST database to explore how the nine genes might be regulated. After verifying by qPCR, we have
demonstrated that the two transcription regulators Irfl and Statl could directly regulate transcription of Gbp2, Cxcl10, Ccl5 and
Cd40, it might be the master regulator in SCM. Statl played a vital role in signal transduction and was ubiquitously found in
diverse tissues and cells. Its primary function entailed enhancing the expression of cell adhesion factors, thereby amplifying the
inflammatory response of lymphocytes.*”** Stat1 as a key mediator that facilitated signal transduction between a multitude of
cell membrane receptors and specific effectors. The recombinant interferon regulatory factor 1 (Irfl), an essential transcription
factor, has been recognized for its substantial involvement in cellular immunity, cytokine synthesis, and cellular
differentiation.*"*** The upregulation of Irfl within the organism elicited the secretion of diverse inflammatory factors, thereby
contributing to immune and inflammatory responses.* This interaction could influence the progression of septic cardiomyo-
pathy, and we look forward to our subsequent studies. A deeper investigation into this mechanism would contribute to
understanding the pathophysiology of sepsis and providing new insights for future therapeutic strategies. Our research suggested
an interaction between STAT1 and Irfl, which might jointly regulate the expression of antimicrobial response genes such as
GBP2, CXCL10, CCL5, and CD40.** Our investigation revealed elevated levels of these transcription factors in SCM,
suggesting that their interaction might influence the disease’s progression, prompt us to pursue further studies on this mechanism.

An increasing number of researchers were exploring the connections between tumors and immunity to identify
innovative treatment strategies. However, no studies have yet examined the relationship between septic cardiomyopathy
and immunity. This article analyzed three aspects of immunity: immune cell infiltration, immune microenvironment, and
immune checkpoint molecules. Notably, partial associations were found between SCM and 25 immune cell infiltrations,
particularly involving mast cells and M1 macrophages, which played a crucial role in sepsis.*> In recent years, an
increasing number of researchers have investigated the role of cardiac immune cells in the development of cardiovascular
diseases. Under septic conditions, immune cells like macrophages and T cells significantly infiltrated the heart, interact-
ing within the cardiac microenvironment and affecting cardiomyocyte function and survival.*® For instance, cardiac
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macrophages regulated inflammation by secreting cytokines, which could promote repair or lead to fibrosis.*’
Furthermore, immune checkpoint molecules were vital in modulating immune responses,*® potentially influencing the
prognosis of patients with septic cardiomyopathy. The relationship between septic cardiomyopathy and various regulated
cell death forms, such as ferroptosis, cuproptosis, pyroptosis and m6A RNA methylation was an emerging research area
that underscores the complex interactions between cellular mechanisms and cardiovascular health. Notably, ferroptosis
was a newly identified form of programmed cell death linked to various diseases, especially cardiovascular disease.*” The
buildup of reactive oxygen species and depletion of antioxidant defenses could trigger ferroptosis, worsening myocardial
injury. Pyroptosis, a form of programmed cell death, involved gasdermin pore formation in the cell membrane, causing
cell swelling and lysis that released pro-inflammatory cytokines. In the context of septic response, pyroptosis has been
observed in cardiomyocytes within the myocardium.>® Interestingly, inhibiting pyroptosis has been demonstrated to have
a cardioprotective effect against myocardial dysfunction.’’ Moreover, the role of m6A RNA methylation in regulating
gene expression linked to cell death pathways has garnered attention.’” Lastly, cuproptosis, a newly identified form of
programmed cell death linked to copper accumulation, was being investigated in relation to cardiovascular diseases.”

In summary, the relationship between septic cardiomyopathy and various regulated cell death modalities underscored
the need for further research to elucidate these mechanisms and their potential as therapeutic targets for septic cardiac
dysfunction. Such studies not only enhanced our understanding of the pathological mechanisms underlying septic
cardiomyopathy but also offered new insights for improving patient treatment.

Limitation
This study just validated the expression of hub genes and transcription factors but did not investigate their interactions.
Therefore, further experiments are necessary to validate our findings.

Conclusion

In this study, we identified nine genes (Cd40, Tlr2, Cxcl10, Ccl5, Cxcll, Cd14, Gbp2, Ifit2, Vegfa) as hub biomarkers in
the SCM model and evaluated the hub gene expression in immune cells and predicted the response to immunotherapy by
single-cell analysis, which might serve as potential targets for future research. Additionally, we discovered two
transcription regulators (Irfl and Statl) that might play a crucial role in regulating the expression of Gbp2, Cxcll10,
Ccl5 and Cd40, potentially serving as the master regulator in SCM. Furthermore, our investigation into the relationship
between SCM and processes such as immunity, ferroptosis, pyroptosis, cuproptosis, and m6A modification established
a foundation for early screening, diagnosis, and treatment of SCM. These findings enhanced our understanding of SCM’s
underlying mechanisms and paved the way for novel therapeutic strategies to improve clinical outcomes.
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