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Purpose: Heart failure (HF) remains a leading cause of mortality and morbidity in cardiovascular disease. Research has shown that 
necroptosis contributes to HF, and immune infiltration has been reported to be implicated in HF. However, the specific mechanisms by 
which necroptosis and immune infiltration promote HF remain poorly understood. This study aims to elucidate these mechanisms, 
thereby providing new insights for future therapeutic strategies.
Methods and Results: In the GSE21610 dataset, there were 1848 differentially expressed genes (DEGs), 14 of which related to 
necroptosis (NRDEGs) in HF. Gene Set Enrichment Analysis (GSEA) indicated that Th1 and Th2 cell differentiation, TGF-beta 
signaling, Renin secretion, and Wnt signaling pathways may be closely associated with HF. The NRDEGs may play a role in 
responding to mechanical stimuli, membrane rafts, cytokine receptor binding, or the necroptosis signaling pathway. The protein- 
protein interaction (PPI) network identified EGFR, TXN, FASLG, MAPK14, and CASP8 as hub NRDEGs. Furthermore, immune 
infiltration analysis of CIBERSORT algorithm suggested that M2 macrophages, memory B cells, monocytes, regulatory T cells 
(Tregs), follicular helper T cells, and gamma delta T cells may participate in the development of HF. The hub NRDEGs, including 
EGFR, FASLG, and TXN, exhibited significant correlations with various immune cell types. Finally, animal models confirmed that in 
the HF group, EGFR and FASLG were up-regulated, while TXN was down-regulated.
Conclusion: The present findings demonstrate that necroptosis and immune infiltration are associated with the development of HF. 
This study provides valuable insights and recommendations for the clinical management of HF.
Keywords: heart failure, differentially expressed genes, necroptosis, immune infiltration

Introduction
Heart failure (HF) is an increasingly significant public health issue, currently affecting over 37.7 million individuals 
worldwide.1 Lifestyle changes have contributed to the rising incidence of HF, which is associated with a five-year all- 
cause mortality rate of approximately 53%, leading to a considerable economic burden on individuals.2 Therefore, it is 
crucial to implement novel strategies for the prevention and treatment of HF to reduce its morbidity, hospitalization, and 
mortality rates.

Ischemic cardiac injury induces an inflammatory response and the release of damage-associated molecular patterns 
(DAMPs), which subsequently activate the immune cells.3 This inflammation-immune response can lead to the secretion 
of cytokines and growth factors that are crucial in regulating oxidative stress, fibrosis, scarring and matrix remodeling, 
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ultimately leading to HF.4 Previous research has demonstrated that, M1 macrophages, monocytes, and natural killer (NK) 
cells are activated in the HF patients, highlighting the role of immune infiltration in heart failure.5

Necroptosis is a novel form of cell death distinguished by its pronounced inflammatory characteristics.6 Death 
receptors mediate the formation of the necrosome, which plays a crucial role in initiating necroptosis. The core 
components of the necrosome are receptor-interacting serine/threonine kinase 1 (RIPK1) and receptor-interacting 
serine/threonine kinase 3 (RIPK3).7 Within the necrosome, RIPK1 undergoes autophosphorylation and interacts with 
RIPK3, which subsequently phosphorylates mixed lineage kinase domain-like (MLKL) proteins.8 This process leads to 
the oligomerization of MLKL and its translocation to the plasma membrane, ultimately causing membrane rupture and 
the destruction of cellular structure.9 In the myocardial infarction induced HF models, RIP1/RIP3/MLKL pathway was 
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activated, suggesting that necroptosis is involved in the pathophysiology of HF.10 Elevated levels of necroptosis markers 
(p-RIP1, p-RIP3, p-MLKL) were observed in doxorubicin (DOX)-induced HF, and treatment with the Nox2 inhibitor 
GSK2795039 reduced necroptosis, improving cardiac remodeling and function.11 Similarly, failing hearts from HF 
patients exhibited increased staining for RIP1 and RIP3 compared to controls, confirming the activation of necroptosis 
in HF.12 Additionally, hydrogen sulfide was found to suppressed RIP1/RIP3/MLKL-mediated necroptosis, providing 
protection against ischemic HF.13 Furthermore, necroptosis was activated after apoptosis during the later stages of 
diabetes and was functionally responsible for cardiac dysfunction. Injection of Nec-1 significantly preserved left 
ventricular end-diastolic diameter, left ventricular end-systolic diameter, ejection fraction, and fractional shortening, 
while also attenuating heart pathology.14 These findings emphasize the critical role of necroptosis in HF. Moreover, 
necroptosis exacerbates the immune-inflammatory response and mitochondrial oxidative stress, creating a vicious loop.15 

However, the role of necroptosis-mediated immune-inflammatory responses in HF remains underexplored.
In this study, we employed bioinformatics methods to analyze the infiltration of immune cell types and identify 

differentially expressed genes related to necroptosis (NRDEGs) in HF. Our objective was to investigate the relation
ship between necroptosis and immune infiltration in HF, with the aim of providing insights for the clinical prevention 
of HF.

Materials and Methods
Experimental Process
Figure 1 presents a flowchart outlining the overall experimental design. Initially, we obtained the expression matrix from 
the GSE21610 dataset. Next, we identified differentially expressed genes (DEGs) and NRDEGs between HF and no- 
failure (NF) groups. Subsequently, we conducted gene set enrichment analysis (GSEA) for both the HF and NF groups, 
followed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for the NRDEGs. 
Fourth, we constructed a protein-protein interaction (PPI) network for the NRDEGs. Fifth, we analyzed immune 
infiltration in HF and examined the correlation between immune infiltration and the NRDEGs. Sixth, we predicted the 
transcription factors (TFs) associated with immune-related hub NRDEGs. Finally, we validated the expression levels of 
immune-related hub NRDEGs in animal models, as well as the immune infiltration and NRDEGs expressions in single- 
cell RNA sequencing (scRNA-seq).

Microarray Data
We downloaded the microarray data GSE21610 from the GEO database (https://www.ncbi.nlm.nih.gov/geo). This dataset 
includes 8 samples of disease-free, NF myocardial tissues and 9 samples of ischemic cardiomyopathy HF myocardial 
tissues obtained prior to ventricular assist device (VAD) support for further investigation.

We searched the KEGG pathway database (https://www.kegg.jp/kegg/pathway.html) for necroptosis genes using the 
keyword “necroptosis”, and identified 159 genes. Subsequently, we incorporated additional necroptosis genes from 
previous studies.16–19 After removing duplicate entries, we obtained a total of 239 unique necroptosis genes 
(Supplementary Materials S1).

Acquisition of Necroptosis Differential Expressed Genes
We employed the “limma” package in R to conduct differential gene analysis on GSE21610, with a threshold of |log2 
Fold Change| > 1 and a P value < 0.05. NRDEGs were identified based on the overlap of DEGs and necroptosis genes. 
The “ggplot2” and “heatmap” R packages were utilized to generate violin and volcano plots, as well as heatmaps for 
DEGs and NRDEGs, respectively.

Functional Enrichment Analysis
GSEA based on GO and KEGG database was utilized to conduct function and pathway enrichment analysis for HF. The 
thresholds were established at normalized enrichment score (NES) >1, P value < 0.05, and FDR < 0.25. In addition, the 
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“cluster profile” R package was used for GO and KEGG enrichment analyses of NRDEGs, P value < 0.05 was set as 
a screening criterion, which were visualized by the “ggplot2” R package accordingly.

Identification of Hub NRDEGs by PPI Network
The “corrplot” R package was utilized to assess the correlation among NRDEGs. PPI network was analyzed using the 
online STRING database (https://string-db.org). Subsequently, the cytoHubba plug-in of Cycloscape software was 
employed to calculate the maximum clique centrality (MCC), degree, and edge-perched component (EPC) of the PPI 
network, while also identifying the top five hub genes.

Figure 1 The experimental processes of this study. 
Abbreviations: DEGs, differentially expressed genes; NRDEGs, differentially expressed genes of necroptosis; GSEA, gene set enrichment analysis; GO, gene ontology; 
KEGG, Kyoto encyclopedia of genes and genomes; PPI, protein-protein interaction; TF, transcription factor; qRT-PCR, quantitative Real-time PCR.
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Analysis of Immune Infiltration in HF and NF
The CIBERSORT package in R provided a thorough analysis of immune cell infiltration in both the HF and NF groups. 
A differential expression matrix of immune cells was integrated with the expression matrix of NRDEGs to perform 
Spearman correlation analysis, thereby elucidating the relationship between NRDEGs and immune infiltration in HF.

Construction of NRDEGs - TFs Network
To investigate the upstream molecules involved in necroptosis, the KnockTF database (www.licpathway.net/KnockTFv1) 
was employed to predict the transcription factors linked with the knockdown or knockout of immune-related hub 
NRDEGs, using a cutoff value of |log2FC| > 1. The regulatory network of NRDEGs-TFs was visualized with 
Cytoscape software.

ScRNA-seq Analysis
ScRNA-seq of dataset GSE247468 was employed to validate immune infiltration and expression levels of NRDEGs in 
the HF and normal groups, utilizing the R package Seurat version 5.1.0. This dataset comprises two samples from normal 
donor hearts and four samples from HF patients with a history of coronary heart disease. Cells with a unique Molecular 
Identifier (UMI) count of fewer than 500 or more than 5000, as well as those with mitochondrial gene expression greater 
than 10%, were excluded from the analysis as low-quality cells. The LogNormalize function was applied to standardize 
the expression data, followed by the removal of batch effects. The FindClusters function, set to a resolution of 0.2, was 
utilized to identify cell clusters, which were visualized using two-dimensional uniform manifold approximation and 
projection (UMAP). The FindAllMarkers function was used to detect marker genes for each cluster, applying a log-fold 
change threshold of 1 and a minimum expression percentage of 0.1. Finally, the cell types within each cluster were 
defined based on prior research and the public CellMarker database (http://bio-bigdata.hrbmu.edu.cn/CellMarker).20,21

Construction of HF Model
We established an ischemic cardiomyopathy HF model based on permanent coronary ligation. Male C57BL/6J mice, 
supplied by GemPharmatech (Jiangsu, China), which were divided into two groups: sham and myocardial infarction (MI) 
groups. The surgical procedures for both the MI and sham groups were adapted from previous research. After four 
weeks, cardiac tissues were collected for further analysis.22,23

Echocardiography
The cardiac function of HF and NF was assessed using the Vevo 3100 animal ultrasound imaging system. After 4 weeks 
of operation, the mice were anesthetized using 1.5% isoflurane inhalation, and M-mode echocardiography was performed 
to capture the left ventricular graphics. The VevoLab quantification software was utilized to determine the left ventricular 
ejection fraction (LVEF) and fractional shortening (FS).24

Masson Trichrome Staining
Myocardial tissues were obtained from HF and NF groups after 4 weeks of operation, and subsequently were fixed in 
a 4% paraformaldehyde solution for 24 hours. The myocardial tissue was then dehydrated, infiltrated with paraffin, 
embedded, and sectioned, followed by Masson trichrome staining (Servicebio, G1006). The infarct size was observed 
under a microscope, and the quantification of infarct size was measured as the ratio of the circumference of the infarct 
region to the circumference of the left ventricle.25

Validation of Immune-Related Hub NRDEGs
Real-time PCR was employed to evaluate the gene expression levels of immune-related hub NRDEGs in myocardial 
tissues from HF and NF animals. GAPDH served as the internal reference, and the 2−ΔΔCt method was utilized to 
quantify the expression levels of the target genes. The primers for each gene are detailed in Supplementary Materials S2.
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Statistical Methods
The gene expression levels between the HF and NF groups were analyzed using an independent samples t-test, which 
revealed a statistically significant difference with a P-value less than 0.05. Graphs were generated using GraphPad Prism 
8.0 software.

Results
Differential Expression Analysis Between HF and NF
A total of 1848 DEGs were identified between the NF and HF groups, with 770 genes being up-regulated and 1078 genes 
down-regulated. The top DEGs are illustrated in the heatmap and volcano plot (Figure 2A and B).

By intersecting the DEGs with necroptosis genes, 14 NRDEGs were identified (Figure 2C and Supplementary Materials S3). 
Among these, 11 NRDEGs were upregulated, while 3 NRDEGs were downregulated. The NRDEGs are presented in violin plots, 
heatmaps, and volcano plots (Figure 2D–F).

Gene Set Enrichment Analysis Between HF and NF
According to the results of GSEA, a total of 1650 GO terms and 134 KEGG pathways were found to be enriched in the 
HF group (Supplementary Materials S4 and S5). Notably, Th1 and Th2 cell differentiation, TGF-beta signaling, Renin 
secretion, and Wnt signaling pathways were significantly upregulated and enriched in the HF group (Figure 3A–D).

Figure 2 Differential expression analysis between HF and NF. (A) Heatmap of differentially expressed genes (DEGs). (B) Volcano plot of DEGs. (C) Venn diagram of 14 
NRDEGs (D) Violin chart of NRDEGs. (E) Heatmap of NRDEGs. (F) Volcano plot of NRDEGs.
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GO and KEGG Enrichment Analyses of NRDEGs
According to the GO functional annotation of 14 NRDEGs, the main terms enriched in biological processes (BP) 
included response to mechanical stimulus, cellular response to abiotic stimulus et al (Figure 4A). Cellular components 
(CC) were mainly distributed in membrane raft and membrane microdomain et al (Figure 4B). Molecular functions (MF) 
were mainly related to cytokine receptor binding, ubiquitin protein ligase binding et al (Figure 4C). Furthermore, KEGG 
analysis revealed 14 NRDEGs implicated in necroptosis, hepatitis B, lipid and atherosclerosis et al (Figure 4D). The 
Kegg suggested that NRDEGs were enriched in Chagas disease, Endocrine resistance, Glioma, GnRH signaling pathway 
et al (Figure 4E).

Identification of Hub NRDEGs by PPI Network
We performed a correlation analysis among the NRDEGs, which revealed a certain degree of linkage among them, 
however, minimal correlation was observed between EGFR, CXCL5, and the NRDEGs (Figure 5A). Utilizing the 
STRING database, we constructed a PPI network for the NRDEGs (Figure 5B). Subsequently, the cytoHubb plugin of 
Cytoscape 3.7.2 was employed to identify the top five hub NRDEGs, which included EGFR, TXN, FASLG, MAPK14, 
and CASP8 (Figure 5C).

Analysis of Immune Infiltration in HF and NF
In the enrichment analyses, NRDEGs were found to be abundant in immune-related pathways. Consequently, we 
analyzed immune infiltration in the HF and NF groups by CIBERSORT algorithm. As illustrated in Figure 6A–D, six 
types of immune cells exhibited significant differences between the HF and NF groups, with each type showing a degree 

Figure 3 GSEA between HF and NF. (A–D) Th1 and Th2 cell differentiation, TGF-beta signaling pathway, Renin secretion, and Wnt signaling pathway are enriched in the HF 
group.
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of correlation. Among the six types of differential immune cells, the macrophages M2, monocytes, and T cells regulatory 
(Tregs) were down-regulated in the HF group. However, B cells memory, T cells follicular helper, and T cells gamma 
delta were up-regulated in the HF group. Additionally, as shown in Figure 6E, the hub NRDEGs, including EGFR, 
FASLG, and TXN, demonstrated significant correlations with the differential immune cells.

Construction of NRDEG-TFs Regulatory Network
To elucidate the upstream molecular mechanisms of necroptosis, the KnockTF database was utilized to predict TFs 
associated with immune-related hub NRDEGs. Target genes were either knocked down or knocked out, with 

Figure 4 GO and KEGG Enrichment Analyses of NRDEGs. (A–C) GO enrichment analysis of NRDEGs. (D and E) KEGG enrichment analysis of NRDEGs.
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transcription factors selected based on a |log2FC| > 1 cutoff criterion. The interactions between the transcription factors 
and NRDEGs are illustrated in Figure 7 and further detailed in Supplementary Materials S6.

Validation of Immune Infiltration and Hub NRDEGs in scRNA-seq
The scRNA-seq dataset GSE247468 was utilized to analyze the differences between normal and HF groups. After quality 
control, we obtained a total of 61860 cells for analysis, which included 40490 cells from HF group and 21370 cells from 
normal group. These cells were classified into 15 clusters using UMAP and cluster analysis. According to established 
markers, T cells (CD3D, CD3E, and CD3G), natural killer (NK) cells (FCGR3A and KLRB1), B cells (CD79A, CD79B), 
endothelial cells (ECs) (VWF, TAGLN, and CLDN5), fibroblast cells (FBs) ((LUM and DCN), smooth muscle cells 
(SMCs) (MYH11), cardiomyocyte cells (MYH7 and MYL2), neuronal cells (PLP1), neutrophils (S100A8), macrophages 
(CD68), resulting in the identification of 10 distinct cell clusters (Figure 8A). Violin plot showing the expression of 
selected cell marker gene to define cell clusters from integrated data (Figure 8B). The cell distribution revealed 
differences between the normal and HF groups, with HF samples exhibiting a significantly lower percentage of 
neutrophils, cardiomyocyte cells and a significantly higher percentage of smooth muscle cells, fibroblast cells, macro
phages, B cells, and T cells (Figure 8C). GO enrichment analysis of top marker genes indicated that immune-related 
pathways are implicated in HF (Figure 8D). As shown in Figure 8E, the EGFR is predominantly expressed in fibroblast 
cells, FASLG is primarily expressed in T cells, and TXN is expressed across all cell types. Figure 8F indicates that the 
expression of EGFR in fibroblast cells was increased in HF compared to the normal group, while the expression of 
FASLG in T cells decreased in HF relative to the normal group, and TXN expression was significantly reduced in HF 
compared to the normal group.

Validation of Immune-Related Hub NRDEGs in HF and NF Models
We constructed the HF and NF models. As illustrated in Figure 9A, the EF and FS were significantly decreased in the HF 
group compared to the NF group. Additionally, the infarct size was increased in the HF group relative to the NF group 
(Figure 9B). Subsequently, we performed qRT-PCR on HF and NF animal models to validate the immune-related hub 
NRDEGs. Figure 9C demonstrates that the mRNA expression levels of Egfr and Faslg were up-regulated in the HF 
group, whereas Txn was down-regulated.

Discussion
Recent research has focused on the role of necroptosis in cardiovascular disease, yet its involvement in HF remains 
poorly understood. Our findings suggest that necroptosis is associated with immune infiltration, which plays a crucial role 
in the progression of HF.

Figure 5 Identification of Hub NRDEGs by PPI Network. (A) Correlation analysis between 14 NRDEGs. (B) The NRDEGs PPI regulatory network. (C) Top five hub 
NRDEGs.
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In this study, we identified 1848 DEGs between the two groups. GSEA revealed that Th1 and Th2 cell differentiation, 
TGF-beta signaling pathway, Renin secretion, and Wnt signaling pathways were significantly elevated in the HF group. 
Previous research has reported that T cells are activated during cardiac remodeling and HF.26 Additionally, prior studies 
have indicated that the differentiation between Th1 and Th2 cells may be associated with HF.27 The TGF- beta signaling 
pathway deactivates inflammatory macrophages while promoting myofibroblast transdifferentiation and matrix synthesis, 
both of which are involved in HF.28 Furthermore, Wnt signaling is activated during inflammation, neovascularization, 
and fibrosis, all of which are related to HF.29 Moreover, NRDEGs also enriched in the GnRH signaling pathway, which is 
traditionally associated with the reproductive functions, however, recent study found that GnRH immunization in rats 
alters T cell populations, and elevates cytokine levels.30 In glycine N-methyltransferase knockout (GNMT−/−) mice, 
RIPK1 expression was elevated compared to wild-type mice, with differential genes also enriched in the GnRH 
pathway.31 Additionally, GnRH antagonists have been shown to reduce atherosclerotic plaque formation in mouse 

Figure 6 Analysis of Immune Infiltration in HF and NF. (A) Violin plot illustrating the distribution of immune cells. (B) Histogram depicting the proportions of various 
immune cell types. (C) Heatmap showing the expression levels of immune cells. (D) Heatmap representing the correlations among immune cells. (E) Heatmap of NRDEGs 
and their correlation with differential immune cell populations. *P < 0.05, **P < 0.01, ***P < 0.001.
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models of cardiovascular disease.32 These findings demonstrated that the GnRH signaling pathway may be involved in 
the necroptosis, fibrosis, immune activation/infiltration, or HF. Furthermore, previous studies have suggested that cAMP 
signaling pathways contribute to the HF by suppressing cardiac immune infiltration, inflammation and fibrosis.33–35 In 
the Supplementary Materials S5 of the GSEA results, several differential genes between HF and NF, including AKT2 and 
PTGER3 are associated with the cAMP signaling pathway and may have a regulatory effect in cardiac inflammation and 
fibrosis. Further research will elucidate the potential functions of these genes.

Necroptosis is characterized as a form of programmed cell death initiated by the RIPK1-RIPK3-MLKL phosphoryla
tion signaling pathway. The oligomerization of MLKL leads to the rupture of the cell membrane, lysis of the nucleus, and 
the subsequent release of cellular contents, which in turn triggers secondary inflammatory responses, mitochondrial 
dysfunction, and oxidative stress.36–38 These processes can activate hypertrophic signaling pathways, resulting in 
myofibrillar proliferation and ventricular dysfunction, ultimately leading to HF.39,40 In this study, we investigated 14 
NRDEGs between the HF and NF groups. Among these, 3 NRDEGs were found to be down-regulated, while 11 
NRDEGs were up-regulated in the HF group. We identified EGFR, TXN, FASLG, MAPK14, and CASP8 as the top 
5 hub NRDEGs within the PPI network. Epidermal growth factor receptor (EGFR) is a member of the ErbB family of the 
tyrosine kinase receptors, which are implicated in cancer, diabetes, and cardiovascular diseases. Studies have shown that 
EGFR siRNA can alleviate HF by inhibiting the renin-angiotensin-aldosterone system, inflammation and oxidative 
stress.41–43 Sustained activation of ErbB contributes to neurodegenerative by inducing necroptosis in neurocytes. 
Animal studies have demonstrated that early intervention in ErbB activation effectively prevents necroptosis,44 indicating 

Figure 7 NRDEGs–TFs Regulatory Network. Red nodes, immune related hub NRDEGs; Green nodes, predicted transcription factors; Red edge lines, up-regulated TFs 
upon NRDEG knockdown or knockout; Green edge lines, down-regulated TFs upon NRDEG knockdown or knockout.
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a strong relationship between EGFR and necroptosis. Thioredoxin (TXN) is an oxidoreductase that cleaves oxidized 
substrate proteins and thereby prevents heart failure. TXN knockout mice demonstrate deteriorating cardiac 
phenotypes.45 A previous study indicated that TXN suppress necroptosis by preventing the formation and polymerization 
of MLKL disulfide bonds, suggesting that TXN functions as an upstream molecule in the necroptosis pathway.46 Fas 
ligand (FASLG) is a component of the FAS system that induces cell death and contributes to the pathogenesis of 
cardiovascular disease. The interaction between Fas and FasL leads to cardiomyocyte apoptosis, which has been 
associated with the progression of HF.47 Furthermore, interactions in the FAS/FASL signaling pathway can also trigger 
necroptosis in an Ang II-treated cellular model.48 Mitogen-activated protein kinase 14 (MAPK14) is a member of the 
MAPK family, whose activation is typically associated with cardiac hypertrophy and contractile dysfunction, both of 

Figure 8 Validation of immune infiltration and hub NRDEGs in scRNA-seq. (A) The UMAP plot of scRNA-seq data depicts 10 distinct cell types. (B) A violin plot displays 
the expression of selected cell marker gene to define cell clusters from integrated data. (C) Differences in cell distribution between the Normal and HF groups. (D) GO 
enrichment analysis of top marker genes. (E) The expression distribution featureplot of EGFR, FASLG and TXN. (F) Expression levels of EGFR, FASLG and TXN in cell 
types between HF and Normal groups.
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which contribute to the progression of HF.49 Previous research has demonstrated that MAPK activation can induce 
necroptosis in the adrenal gland and trigger inflammatory responses,50 indicating that MAPK is implicated in the 
necroptotic process. Cystine protease 8 (Casp8) is a well-established key regulator of apoptosis and necroptosis. 
Inhibition of caspase 8 activates necroptosis, which contributes to the progression of HF.51 These findings suggest that 
NRDEGS may be involved in necroptosis and contribute to the development of HF. In our validation using the scRNA- 
seq database, we found that the expression levels of EGFR were increased and TXN levels were decreased in HF 
compared to the normal group. These findings align with the microarray data and results from animal models. However, 
the expression level of FASLG was decreased in HF compared to the normal group, which differs from the microarray 
data. In the animal models, we confirmed that FASLG was upregulated in the HF group, consistent with the microarray 
data, we speculate that the observed disparity in FASLG expression detected through scRNA-seq may be attributed to 
variations across samples.

Figure 9 Validation of Immune-Related Hub NRDEGs. (A) Echocardiography in HF and NF animal models, (B) Masson trichrome staining in HF and NF animal models. (C) 
Egfr, Faslg, and Txn mRNA expression levels in HF and NF animal models. ** P < 0.01.
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To further investigate the role of immune cell infiltration in HF, we conducted a comprehensive assessment of 
immune infiltration using the CIBERSORT method. Our analysis revealed that M2 macrophages, monocytes, memory 
B cells, Tregs, follicular helper T cells, and gamma delta T cells are all involved in HF. Macrophage polarization 
imbalance between the pro-inflammatory M1 and anti-inflammatory M2 phenotypes can lead to excessive inflammation 
and cardiac damage.52 A previous study demonstrated that increased M2 macrophage polarization in heart tissue can 
alleviate HF.53 These findings suggest that a decrease in M2 macrophages may accelerate the HF process, which aligns 
with our result. M2 macrophages release enzymes, cytokines, and peptides, that can enhance cardiac function.54,55 

A reduction in M2 macrophages leads to lower levels of anti-inflammatory cytokines, chemokines, and growth factors, 
resulting in diminished cell proliferation, angiogenesis, and increased fibroblast stroma, ventricular remodeling, and 
dysfunction.56 Monocytes serve as a crucial source of both pro-inflammatory and anti-inflammatory cytokines, playing 
a significant role in the inflammatory cascade and the pathophysiology of HF. In the end stages of myocardial infarction, 
monocytes are recruited to the myocardium, where they amplify inflammatory processes and promote healing by 
increasing angiogenesis and collagen deposition.57 Memory B cells are a differentiated subset of B cells. The upregula
tion of these cells leads to the production of antibodies, cytokines, and chemokines, which are involved in HF.58 Tregs 
are a subset of CD4+ T effector cells. A reduction in Tregs has been observed in the peripheral blood of patients with 
HF.59–61 Gamma delta T cells secrete cytokines that promote apoptosis. While previous studies have reported significant 
elevations of gamma delta T cells in cases of myocardial infarction and atherosclerosis; however, no studies have yet 
demonstrated a close relationship between gamma delta T cells and heart failure. Further exploration of the underlying 
mechanisms is warranted.62,63 ScRNA-seq has confirmed the role of immune infiltration in the development of HF. The 
existing literature, combined with our analytical findings, suggests that immune infiltration is associated with both the 
incidence and progression of HF.

To better understand the significance of necroptosis-mediated immune infiltration in HF, we examined the relationship 
between NRDEGs and immune cells. Our findings indicate that NRDEGs are associated with immune infiltration. 
Specifically, among the key NRDEGs, EGFR, FASLG, and TXN exhibited correlations with various immune cell types. 
Previous studies have demonstrated that caspase-8-deficient mice exhibit necroptosis, which disrupts T cell homeostasis, 
decreases T cell populations, and influences T cell proliferation.64 Inhibition of necroptosis also shifts the M1/M2 
macrophage ratio toward an anti-inflammatory M2 phenotype, thereby alleviating the inflammatory response.65 Our 
study illustrates that necroptosis is correlated with immune infiltration and plays significant roles in the development of 
HF. Further investigation into the mechanisms underlying necroptosis-mediated immune infiltration in HF may help 
identify potential therapeutic targets and enhance treatment efficacy for HF patients.

This study has several limitations. First, the sample size was relatively small, potentially leading to biased results, 
additional HF models, such as Ang II, TAC, or diabetes-induced myocardial injury models, are needed to validate our 
results in future research. Second, the analysis was limited to mRNA microarray data, therefore, additional functional 
validation of NRDEGs in HF is necessary to gain deeper insights into the underlying mechanisms. Third, although there 
is a relationship between immune infiltration and necroptosis, the cause-and-effect relationship remains unclear. Future 
studies should be conducted to further investigate the mechanisms connecting necroptosis and immune infiltration in HF.

Conclusion
In this study, we screened for novel NRDEGs and potential pathways associated with HF, analyzed immune infiltration in 
HF. We identified immune-related hub NRDEGs, and constructed NRDEG – TFs regulatory network. Our findings 
suggest that immune infiltration plays a significant role in the progression of HF. Furthermore, the hub NRDEGs EGFR, 
FASLG, and TXN exhibit a correlation with immune infiltration in HF. Overall, our results may offer an innovative 
theoretical foundation for future therapies targeting HF.
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