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Purpose: Heart failure is a serious complication after acute myocardial infarction (AMI). It is crucial to investigate the mechanism of 
action of empagliflozin in the treatment of heart failure.
Methods: A total of 20 wild type (WT) male C57BL6/J mice were used to establish a model of heart failure after myocardial 
infarction and randomly divided into 2 groups: treatment group and control group. The treatment group was treated with empagliflozin, 
and the control group was treated with placebo. After 8 weeks of treatment, mouse heart tissues were collected for next generation 
sequencing. Bioinformatics methods were used to screen the key genes. Finally, the correlation between clinical data and gene 
expression was analyzed. Quantitative real-time polymerase chain reaction (qRT-PCR) was used to verify the expression of key genes.
Results: A mouse model of heart failure was successfully constructed. By DEG analysis, a total of 740 DEGs in the treatment group 
vs the control group were obtained. Dendritic cells, granulocytes, follicular B, plasma cell, cDC1, cDC2, pDC and neutrophils were 8 
different immune cells identified by immunoinfiltration analysis. Through WGCNA, the turquoise module with the highest correlation 
with the above differential immune cells was selected. One hundred and forty-two immune-related DEGs were obtained by taking 
intersection of the DEGs and the genes of the turquoise module. Col17a1 and Gria4 were finally screened out as key immune-related 
genes via PPI analysis and machine learning. Col17a1 was significantly up-regulated, while Gria4 was significantly down-regulated in 
the treatment group. At the same time, the expression level of Col17a1 was significantly correlated with left ventricular ejection 
fraction (LVEF), left ventricular fraction shortening (LVFS) and left ventricular internal dimension systole (LVIDs).
Conclusion: Col17a1 and Gria4 are key immune-related genes of empagliflozin in the treatment of heart failure after myocardial 
infarction. This study provides a scientific basis for elucidating the mechanism of action of empagliflozin in treating heart failure after 
myocardial infarction.
Keywords: heart failure after myocardial infarction, empagliflozin, immunology, RNA-seq

Introduction
Heart failure is caused by blood stasis in the venous system and insufficiency of blood perfusion in the arterial system due to 
the dysfunction of systolic or diastolic function of the heart, and it is the terminal stage for almost all kinds of heart 
diseases.1 Acute myocardial infarction (AMI) is myocardial necrosis caused by acute and persistent ischemia and hypoxia 
in coronary arteries, and heart failure is one of the most common and harmful complications after AMI.2,3 Recent 
epidemiological reports show that about 20–30% of patients are diagnosed with heart failure 1 year after AMI, and 
complicated heart failure increases the overall risk of death by 3 times and cardiovascular mortality by 4 times.4 Therefore, 
heart failure after myocardial infarction is seriously endangering human health and life safety.
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Since AMI is one of the most important etiologies of heart failure, an increasing number of studies have focused on 
exploring the mechanism of heart failure after myocardial infarction. Immuno-inflammatory response plays an important role 
in the occurrence and development of heart failure after myocardial infarction.5 For example, cardiomyocyte necrosis has been 
reported to be one of the factors causing heart failure after myocardial infarction, and the inflammatory responses caused by 
the death of cardiomyocytes can further aggravate the progression of heart failure after myocardial infarction.6,7 Studies have 
also confirmed that many immune cells, including neutrophils and lymphocytes, can affect inflammation and ventricular 
remodeling after AMI, and ultimately lead to heart failure.8,9 In addition, a retrospective cohort study showed that a high level 
of systemic immunoinflammatory index often represents a worse prognosis for patients with heart failure.10 Undeniably, 
immunity greatly affects the progression of heart failure after myocardial infarction.

Empagliflozin is a sodium-dependent glucose transporters-2 (SGLT-2) inhibitor originally developed for the treatment of 
type 2 diabetes and has been approved in the European Union and the United States for the treatment of chronic heart failure.11 

A large number of clinical studies have shown that empagliflozin can significantly reduce the combined risk of cardiovascular 
death in heart failure patients with reduced or preserved ejection fraction,12,13 and reduce obesity-related chronic inflammation 
and insulin resistance by reducing the accumulation of M1-polarized macrophages.14 In addition, empagliflozin significantly 
improves the liver injury associated with non-alcoholic fatty liver disease by inhibiting the inflammatory response mediated by 
the IL-17/IL-23 axis.15 In terms of cardiovascular protection, studies have found that empagliflozin can reduce inflammation 
in patients with heart failure with preserved ejection fraction (HFpEF), thereby improving their cardiomyocyte function.16 

However, the potential mechanism of empagliflozin in the treatment of heart failure after myocardial infarction remains to be 
further elucidated.

With the rapid development of second-generation sequencing technology and bioinformatics, a growing number of studies 
have begun to explore gene targets related to drug therapy from the gene level, so as to continuously improve the relevant 
molecular mechanisms of related drugs in disease treatment.17 For example, transcriptome sequencing has shown that 
empagliflozin can target activation of the AKT/eNOS/NO pathway, thereby contributing to the inhibition of endothelial cell 
apoptosis, maintenance of capillary formation, and improvement of systolic dysfunction during left ventricular pressure 
overload.18 In this study, a mouse model of myocardial infarction was constructed by ligation of the left anterior descending 
branch of the experimental mice, and echocardiography was carried out 3 days after myocardial infarction to verify the model 
establishment of heart failure after myocardial infarction.19 The mice were randomly divided into 2 groups: the treatment 
group and the control group, and treated with empagliflozin or placebo, respectively, for 8 weeks, after which their myocardial 
tissues were collected for RNA-sequencing (RNA-seq). Then, bioinformatic analysis was performed on the sequencing data to 
identify key immune-related genes in mice with heart failure after myocardial infarction treated with empagliflozin.

Methods
Breeding of Laboratory Animals
Twenty healthy male C57BL6/J mice aged 6–8 weeks were raised in Zhejiang Center of Laboratory Animals (ZJCLA). 
All mice were adaptively fed for 1 week with (45 ± 5) % humidity, (22 ± 2)°C temperature, 12h/12h cycle of light and 
darkness, free access to drinking water, and ordinary feed. This animal research protocol was approved by Institutional 
Animal Care and Use Committee, ZJCLA (Approval No. ZJCLA-IACUC-20120005).

Establishment of Animal Models
After 1 week of adaptive feeding, all the mice were subjected to ligation of the left anterior descending coronary artery 
for model establishment of heart failure after myocardial infarction. The mice were anesthetized by intraperitoneal 
injection of 0.5% pentobarbital sodium (0.08mL/10g), and their hearts were exposed by thoracotomy at the third and 
fourth intercostal ribs of the left chest. The left anterior descending coronary artery was ligated with 7–0 operating line 
1mm below the left atrial appendage. After part of the myocardium turned white, the rib, muscle and epidermis of the 
mice were sutured layer by layer with the 5–0 operating line. Post-operative care was given to the mice until their 
recovery. The survival, food intake, mental state, and activity of mice were observed 3 days after myocardial infarction. 
If the mice developed symptoms of emaciation, depilation, mental fatigue, and decreased activity, and the left ventricular 
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ejection fraction (LVEF) ≤60% as determined by echocardiography, the successful mouse model establishment of heart 
failure after myocardial infarction was indicated.20 The 20 mice were randomly divided into two groups: the treatment 
group and the control group. Mice in the treatment group were treated with empagliflozin at a dose of 10mg/kg/d and 
those in the control group was given placebo at the same dosage. After 8 weeks of treatment, echocardiography was used 
to detect the cardiac functions. All the mice were euthanized, and RNA was extracted from their myocardial tissues.

RNA-Seq
The Agilent 2100 bioanalyzer was used to accurately detect the integrity and total amount of RNA in the mouse myocardial 
tissues. The starting RNA for library construction was total RNA, and mRNA with polyA tails was enriched by Oligo(dT) 
magnetic beads. The resulting mRNA was then randomly interrupted with divalent cations in Fragmentation Buffer. The 
fragmented mRNA was used as a template and random oligonucleotides were used as primers to synthesise the first strand of 
cDNA in the M-MuLV reverse transcriptase system, followed by degradation of the RNA strand with RNaseH and synthesis 
of the second strand of cDNA with dNTPs in the DNA polymerase I system. The purified double-stranded cDNAs were end- 
repaired, A-tailed and sequenced. The cDNAs of 370–420 bp were screened for PCR amplification using AMPure XP beads, 
and the PCR products were purified again using AMPure XP beads to obtain the final library. After library construction, the 
library was initially quantified using a Qubit 2.0 Fluorometer and diluted to 1.5 ng/ul, followed by an Agilent 2100 bioanalyzer 
to check the insert size of the library. After the library size met the expectations, qRT-PCR was performed to accurately 
quantify the effective concentration of the library (effective library concentration above 2 nM) to ensure the quality of the 
library. Once the libraries have passed the test, the libraries were pooled according to the effective concentration and the target 
downstream data volume and then sequenced by Illumina NovaSeq 6000 to produce 150 bp paired end reads. Four 
fluorescently labelled dNTPs, DNA polymerase and splice primers were added to the sequencing flow cell for amplification.

Detection of the Cardiac Function of Mice by Echocardiography
The left ventricular internal dimension diastole (LVIDd), left ventricular internal dimension systole (LVIDs), LVEF, left 
ventricular fractional shortening (LVFS) of mice in each group were measured using the small animal ultrasound imaging 
system systole. The cardiac ultrasound data of mice were recorded before surgery, 3 days and 8 weeks after surgery, respectively.

RNA-Seq and Data Processing
The sequencing data were collected from the myocardial tissues of the 20 mice, including 10 control samples and 10 
empagliflozin-treated samples. Illumina NovaSeq 6000 was used for double-ended PE150 sequencing, and fastp (version 
0.23.2) was used for data quality control and filtering. Then, hisat2 (version 2.2.1) was used for sequence alignment with 
mouse GRCm39 as the reference genome, and samtools (version 1.15.1) was used to convert the sam format file into bam format 
file. Afterwards, featureCounts (version 2.0.1) was used to recount the count gene expression profiles of all the samples from the 
annotated gtf file of the mouse GRCm39. The amount of sequencing data is shown in Table S1.

Differentially Expressed Genes (DEGs) Analysis and Gene Set Enrichment Analysis (GSEA)
The edgeR of R package (version 3.36) was used to screen DEGs in the treatment group vs the control group according 
to |logFC|>1 and P value < 0.05. Volcano mapping was subsequently performed on the DEGs, and DEGs thermal 
mapping was analyzed using the pheatmap package (version 1.0.12). GSEA software (version 4.3.2) was used for GSEA, 
and significantly enriched pathways were obtained in the treatment group.

Immunoinfiltration Analysis
Immunoinfiltration analysis of the expression data was performed using the ImmuCellAI-mouse database (http://bioinfo. 
life.hust.edu.cn/ImmuCellAI-mouse/#! /). The immunoinfiltration results were visualized using the R package, and the 
corresponding infiltration histogram was plotted. In addition, heat maps of intercellular correlations were plotted using 
the corrplot package (version 0.92). Intergroup expression differences were analyzed according to the Wilcoxon test, and 
violin plots of component differences were plotted using the vioplot package (version 0.3.7).
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Weighted Gene Co-Expression Network Analysis (WGCNA)
WGCNA was performed using R’s WGCNA package (version 1.71) on the standardized presentation data. Firstly, the 
samples were clustered, and heat maps of the sample clustering and clinical characteristics were drawn. Independence 
and mean connectivity analyses were then performed to obtain power values. The weighted co-expression network was 
constructed according to the power values. The correlation analysis of the sample characteristics and modules was carried 
out, and a correlation heat map was drawn.

Key Gene Screening and Functional Enrichment Analysis
Genes in the key modules of WGCNA were interested with DEGs to obtain key genes. Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed using the clusterProfiler package of 
R (version 4.2.2).

Protein–Protein Interaction (PPI) Analysis
STRING (version 11.5, https://cn.string-db.org/) was used for PPI analysis of the key genes. The PPI analysis results 
were imported into Cytoscape (version 3.9.1) and analyzed using cytohubba plug-in. Degree, DMNC, EPC, MCC and 
MNC were algorithms, respectively, used to get the top 50 genes, and the results obtained were plotted on an upset graph.

Machine Learning Analysis
The genes obtained after PPI analysis were analyzed by machine learning. The glmnet package (version 4.1–4) was used 
for lasso analysis, the randomForest package (version 4.7–1.1) was used for random forest analysis, and the e1071 
package (version 1.7–11) and the caret package (version 6.0–92) were used for SVM-RFE analysis. The results via the 
above three machine learning methods were interested, and interested genes were obtained.

Receiver Operating Characteristic (ROC) Curve Analysis and Correlation Analysis
Boxmaps of the key gene expression were drawn, and ROC analysis was performed using the pROC package (v 1.18). 
The R software was used to analyze the clinical data. According to the treatment group vs the control group, boxplot 
analysis and graph drawing were performed using the ggpubr package (v 0.4) and the ggplot2 package (v 3.3.6) by t-test. 
The ggExtra package (v 0.10) and the stats package (v 4.2.1) were used for correlation analysis and mapping of the 
clinical data, immune cells and gene expression by spearman. A lollipop chart was drawn based on the results of 
correlation analysis.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
RNA was collected from the heart tissues and converted into cDNA by reverse transcription using the Evo M-MLV RT Premix 
for qPCR kit. The relative expression levels of Col17a1 and Gria4 were detected using the HieffqPCR SYBRGreen Master 
Mix (No Rox) kit. The primer sequences are provided in Table 1, and specific experimental procedures can be found in the kit 
manual.

Table 1 Primer Sequence Information in the Experiment

Primer Name Sequence

mus-Col17a1 Forward: CCGCTGACACCTGCCTGAAG
Reverse: CACCTCCGCCTTTGCCTCTG

mus-Gria4 Forward: GACGAGTGCCTTGAGCCTGAG

Reverse: GCCTCTGCCCTGGACTTGTAAC
β-actin Forward: CTACCTCATGAAGATCCTGACC

Reverse: CACAGCTTCTCTTTGATGTCAC
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Results
Establishment of a Mouse Model of Heart Failure After Myocardial Infarction
The LVIDd, LVIDs, LVEF and LVFS of the 20 healthy male C57BL6/J mice were detected by echocardiography before 
surgery (Figure 1A) and 3 days after the successful modeling of myocardial infarction by ligation of the left anterior 
descending coronary artery (Figure 1B). The results showed that the cardiac ultrasound parameters were better before 
surgery than 3 days after surgery, and the LVEF was lower than 60% at 3 days after surgery, suggesting that a mouse 
model of heart failure after myocardial infarction was successfully established (Figure 1C–F).

Screening and Enrichment Analysis of DEGs
DEGs in the treatment group vs the control group were screened according to a threshold of |logFC|>1 & P value < 0.05 
and plotted into the volcano map (Figure 2A) and heat map (Figure 2B). Differential analysis showed that a total of 740 
DEGs were screened out between groups, with 425 up-regulated and 315 down-regulated. GSEA results showed that 
genes were significantly enriched in pathways related to immune inflammation in the treatment group, such as the Toll 
pathway, AKT pathway, IL-9 signaling pathway and IL-6 signaling pathway (Figure 3A–D).

Immune Infiltration Analysis
The ImmuCellAI-mouse database was used for performing immune infiltration analysis of the expression data, and the 
analysis results were shown in Table S2. The R package was used to visualize the immune infiltration results, and 
a histogram of infiltration (Figure 4A), and a correlation heat map between immune cells were drawn, respectively 
(Figure 4B). According to Wilcoxon test, differential expression analysis was performed between groups, and the 
differences between groups were shown by a violin chart (Figure 4C). According to P value < 0.05, 8 different immune 
cells were obtained, including dendritic cells, granulocytes, follicular B, plasma cells, cDC1, cDC2, pDC and neutrophils.

Identification of Immune-Related Gene Modules
R’s WGCNA package was used for WGCNA based on the standardized presentation data. Firstly, the samples were 
clustered, and a heatmap of the sample clustering and the clinical characteristics was drawn (Figure 5A). Subsequently, 
the independence and average connectivity analysis were conducted, with the power value as 2 (Figure 5B), according to 
which the R^2 and slope were 0.98 and −4.19, respectively (Figure 5C), and a weighted co-expression network 
(Figure 5D) was constructed. Correlation analysis of the sample characteristics and modules was conducted, and the 
analysis results were shown by a heat map (Figure 6A). The turquoise module was selected as the key module according 
to correlation and significance (P<0.05). The correlation between the turquoise module and the immune cells was 

Figure 1 Mouse model establishment of heart failure. (A) Results of postoperative echocardiography in mice. (B) Results of echocardiography in mice 3 days after surgery. 
(C–F) The values of LVIDd, LVIDs, LVEF and LVFS before surgery and 3 days after surgery shown by histogram (**P<0.01, ***P<0.001).
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analyzed (Figure 6B), and P value < 0.001 was significantly correlated. The genes of the turquoise module were 
significantly correlated with dendritic cells, granulocytes, cDC1, cDC2, pDC and neutrophils.

Key Gene Analysis and Enrichment Analysis
Genes in the key modules of WGCNA were interested with DEGs, and 142 key genes were obtained (Figure 7A) and 
subjected to GO and KEGG enrichment analysis (Figure 7B and Table S3). These intersection genes were revealed to be 
significantly enriched in cartilage development involved in biological processes (BP) such as endochondral bone 
morphogenesis and skeletal system morphogenesis; cell components (CC) such as extracellular matrix and collagen- 
containing extracellular matrix; molecular functions (MF) such as extracellular matrix structural constituent and ligand- 
gated cation channel activity; ECM-receptor interaction, protein digestion and absorption pathways.

PPI Analysis and Machine Learning Analysis
The STRING database was used for PPI analysis of the interested key genes (Figure 8A), and Degree, DMNC, EPC, 
MCC and MNC were algorithms used to get the top 50 genes, respectively. The results obtained from the above five 
algorithms were subjected to upset analysis, and 46 genes were obtained (Figure 8B). Lasso analysis (Figure 9A and B), 
forest analysis (Figure 9C and D), and SVM-RFE analysis (Figure 9E) were, respectively, performed, and the machine 
learning analysis results obtained were interested (Figure 9F). As a result, Col17a1 and Gria4 were finally obtained and 
identified as key immune-related genes.

ROC Analysis and Correlation Analysis
The expression boxplot of the Col17a1 and Gria4 was drawn (Figure 10A and B) and ROC curve analysis (Figure 10C 
and D) was performed. Col17a1 was significantly highly expressed while Gria4 was significantly lowly expressed in the 
treatment group. The AUC area of Col17a1 and Gria4 is 0.795 and 0.860, respectively. The correlation between the two 
genes and the immune cells was analyzed, and a lollipop diagram was drawn (Figure 11A and B). Col17a1 was revealed 
to be significantly correlated with M1 macrophage, granulocytes, neutrophils, dendritic cells, B cell, memory B, cDC2, 
pDC, cDC1 and follicular B, while Gria4 was significantly correlated with cDC1, mast cells, neutrophils and plasma cells 
(Figures S1 and S2).

Figure 2 Screening of DEGs. (A) Heatmap showing DEGs in the treatment group vs the control group. (B) Volcano map showing DEGs in the treatment group vs the 
control group.
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Analysis of the Correlation Between the Key Genes and the Clinical Data
Mice in the treatment group were administered with empagliflozin and those in the control group were given placebo. 
After 8 weeks of treatment, echocardiography was performed on the mice, and the echocardiographic results were 
compared between the treatment group and the control group. Significant differences were shown in LVIDd, LVIDs, 
LVEF, and LVFS between groups (Figure 12A). The correlation between the two genes (Col17a1 and Gria4) and the 
clinical data was analyzed, and a lollipop diagram was drawn (Figure 12B). Col17a1 was shown to be significantly 
correlated with LVIDs, LVEF and LVFS, but was not significantly correlated with LVIDd (Figure 12C), while no 
significant correlation was found between Gria4 and LVIDd, LVIDs, LVEF, and LVFS (Figure 12D).

Figure 3 GSEA results of the treatment group. (A) The genes in the treatment group were significantly enriched in Toll pathway. (B) The genes in the treatment group were 
significantly enriched in AKT pathway. (C) The genes in the treatment group were significantly enriched in IL-9 signaling pathway. (D) The genes in the treatment group were 
significantly enriched in IL-6 signaling pathway.
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Figure 4 Analysis of immune infiltration. (A) Bar diagram of immune infiltration. (B) Heatmap showing associations between immune cells. (C) Analysis of differential 
expression of the immune cells between groups (*P<0.05, **P<0.01).

https://doi.org/10.2147/JIR.S428747                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 4686

Zhang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

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


Validation of Key Genes
To further verify the expression of key genes, we detected the expression levels of Col17a1 and Gria4 in the heart tissues 
of mice by qRT-PCR. The results showed that Col17a1 was significantly highly expressed in the treatment group, while 
Gria4 was significantly lowly expressed in the treatment group, which was consistent with the trend of the sequencing 
results (Figure 13A and B).

Discussion
Heart failure is the end-stage of various cardiovascular diseases. It is accompanied by changes in cardiac structure and 
function and characterized by high incidence, recurrence and mortality.21 AMI, as one of the most severe acute 
cardiovascular diseases, is easy to cause heart failure.22 Numerous studies have shown that in the pathogenesis of 
AMI, the damage caused by continuous myocardial ischemia and hypoxia leads to early inflammatory responses of 
necrotic myocardium, which further aggravates the process of ventricular remodeling and myocardial fibrosis, thus 
increasing the risk of heart failure.23,24 There is no doubt that heart failure after AMI is a great threat to human life and 
health. As a drug newly discovered for treating heart failure, empagliflozin has been proved to have good efficacy in 
patients with heart failure and has now been gradually widely used in clinical practice.25 However, the mechanism of its 
action in treating heart failure is still unclear and needs further study.

Figure 5 Weighted co-expression network construction for the standardized expression data by WGCNA. (A) Heatmap of the sample clustering and the clinical 
characteristics. (B) Power values obtained by Independence and mean connectivity analysis. (C) R^2 and slope corresponding to the power value. (D) Weighted co- 
expression network construction.
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Figure 6 Identification of the characteristic modules related to immune cells by WGCNA. (A) The correlation of sample characteristics and modules shown by heatmap. 
(B) The correlation between the turquoise module and the importance of immune features shown by scatter plots.

https://doi.org/10.2147/JIR.S428747                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2023:16 4688

Zhang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

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


In this study, a mouse model of myocardial infarction was established by ligation of the left anterior descending 
coronary artery of the experimental mice, and echocardiography was carried out 3 days later in order to verify whether 
a model of heart failure was successfully constructed.19 Afterwards, mice in the treatment group and the control group 
were treated with the corresponding drugs for 8 weeks, after which their myocardial tissues were collected for RNA-seq.

A total of 740 DEGs in the treatment group and control group were screened by difference analysis. GSEA results 
showed that genes in the treatment group were significantly enriched in the Toll pathway, AKT pathway, IL-9 signaling 
pathway and IL-6 signaling pathway related to immune inflammation. Currently, a large number of studies have shown 
that cells in the immune system can mediate the protective and destructive effects of heart remodeling, and inflammation 
has become an important factor in the occurrence and development of heart failure.26 Toll-like receptors have been 
shown to affect the progression of heart failure after myocardial infarction by mediating the release of inflammatory 
cytokines.27 Calycosin has been reported to inhibit inflammation and fibrosis in rats with heart failure after myocardial 
infarction by activating PI3K-AKT pathway.28 In addition, both IL-9 and IL-6, as members of the interleukin family, 

Figure 7 Screening and enrichment analysis of key genes. (A) The intersection of genes in the key modules of WGCNA and DEGs shown by Venn diagram. (B) Enrichment 
analysis of the key genes, BP: biological process; CC: cell component; MF: molecular function.
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have been proven to be major inflammatory mediators involved in heart failure.29,30 Therefore, empagliflozin may 
improve heart failure by mediating the above immune inflammatory signaling pathways.

Based on the above results, immunoinfiltration analysis and WGCNA were performed. Dendritic cells, granulocytes, 
follicular B, plasma cells, cDC1, cDC2, pDC and neutrophils were 8 different immune cells between groups shown by 
immunoinfiltration. cDC1, cDC2 and pDC are different subtypes of dendritic cells, and dendritic cells have also been 
proved to dominate various functions of the immune system.31 Besides, dendritic cells can improve the remodeling and 
cardiac function after myocardial infarction by regulating the polarization of regulatory T cells and macrophages,32 and 
advanced glycation end products (AGEs) can promote the progression of heart failure by inducing the maturation of 
dendritic cells.33 Neutrophils are the most abundant granulocyte type and are considered to be regulators of cardiovas
cular inflammation due to their important roles in cardiovascular inflammation and repair.34 Recent studies have shown 
that KLF2 can affect the occurrence and development of heart failure by regulating neutrophil-mediated immune 
thrombotic dysregulation.35 Both follicular B and plasma cells belong to the B cell family. It has been reported that 
B cells can affect inflammation and ventricular remodeling after AMI and eventually lead to heart failure. Therefore, 
B cells are gaining popularity as potential targets for the novel immunotherapy of heart failure.9,36

In order to further explore the correlation between genes and immune cells, the turquoise module significantly 
correlated with dendritic cells, granulocytes, cDC1, cDC2, pDC and neutrophils was selected by WGCNA in this study. 
A total of 142 immune-related DEGs were obtained by taking intersection of genes in the turquoise module and the 
DEGs. After PPI, machine learning and ROC analyses, Col17a1 and Gria4 were finally obtained as key immune-related 
genes. The former was significantly overexpressed in the treatment group and significantly correlated with M1 macro
phage, granulocytes, neutrophils, dendritic cells, B cells, memory B, cDC2, pDC, cDC1 and follicular, while the latter 
was significantly underexpressed in the treatment group and significantly correlated with cDC1, mast cells, neutrophils 
and plasma cells. Therefore, according to the above results, it can be speculated that Col17a1 and Gria4 may ameliorate 
heart failure after myocardial infarction by inhibiting the release of pro-inflammatory cytokines by immune cells such as 
M1 macrophages, neutrophils, dendritic cells, and B cells. Col17a1 is type ⅩⅤII  collagen, which can mediate the 
adhesion between keratinocytes and basement membrane and has been confirmed to be abnormally expressed in multiple 
cancers.37,38 Studies have shown that Col17a1 has a certain correlation with immune inflammation. For example, 
Col17a1 regulates the expression level of the pro-inflammatory factor IL-8 in epidermal keratinocytes,39 and can also 
inhibit the proliferation of breast cancer cells by inhibiting the activity of the AKT/mTOR signaling pathway.40 Although 
type ⅩⅤII collagen is poorly studied in cardiovascular diseases, many studies emphasize the potential application of type 
I and type III collagen as biomarkers of myocardial fibrosis and prognostic markers of heart failure.41 Gria4 encodes 
a member of the L-glutamate-gated ion channel family, and high levels of plasma glutamate have been shown to be 
associated with an increased risk of heart failure.42 In addition, mangiferin inhibits cardiac fibrosis by redistributing 

Figure 8 PPI analysis and upset analysis. (A) PPI network of the 142 genes. (B) The intersected genes obtained by five algorithms shown by upset diagram.
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Figure 9 Machine learning analysis. (A and B) Lasso analysis. (C and D) Random forest analysis. (E) SVM-RFE analysis. (F) The intersected genes of three machine learning 
analyses shown by Venn diagram.
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Figure 10 Gene expression level analysis and ROC analysis of Col17a1 and Gria4. (A and B) Boxplot showing the expression of Col17a1 and Gria4 in the treatment group 
vs the control group. (C and D) ROC curve of Col17a1 and Gria4.

Figure 11 Correlation analysis between the two genes and the immune cells. (A) The association of Col17a1 with immune cells shown by lollipop diagram. (B) The 
association of Gria4 with immune cells shown by lollipop diagram.
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glutamic acid through activation of Nrf2.43 Although the mechanism of Col17a1 and Gria4 in heart failure has not been 
thoroughly elaborated, it can be speculated based on the above research results that empagliflozin may regulate the 
immune inflammatory responses by targeting Col17a1 and Gria4 so as to play certain roles in the treatment and 
improvement of heart failure after myocardial infarction.

In this study, the results of echocardiography were compared between groups, and the LVIDd, LVIDs, LVEF, and LVFS 
were significantly better in the treatment group than in the control group, confirming the efficacy of empagliflozin in the 

Figure 12 Correlation between the key genes and the clinical data. (A) Box diagram showing LVIDd, LVIDs, LVEF and LVFS in the treatment group vs the control group after 
8 weeks of treatment. (B) The correlation between Col17a1, Gria4 and LVIDd, LVIDs, LVEF and LVFS shown by lollipop chart. (C) The correlation between Col17a1 and 
LVIDd, LVIDs, LVEF and LVFS shown by line chart. (D) The correlation between Gria4 and LVIDd, LVIDs, LVEF and LVFS shown by line chart.

Figure 13 Verification of gene expression by qRT-PCR. (A) The expression of Col17a1 by qRT-PCR. (B) The expression of Gria4 by qRT-PCR. ***P < 0.001.
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treatment of heart failure after myocardial infarction. This study further analyzed the correlation between the key genes and the 
clinical data, and Col17a1 was revealed to be significantly correlated with LVIDs, LVEF and LVFS, but not with the level of 
LVIDd, while Gria4 was not significantly correlated with LVIDd, LVIDs, LVEF and LVFS. However, it should be noted that 
there are limitations of this study. In the first place, the levels of other indicators except LVIDd, LVIDs, LVEF and LVFS 
between groups were not detected. Therefore, the clinical significance of Col17a1 and Gria4 remains to be further verified by 
subsequent studies. In addition, the sample size of this study is small, and there are a limited number of studies on the mouse 
model of heart failure after myocardial infarction, so a larger cohort of clinical trials is still needed.

Conclusion
Col17a1 and Gria4 may be the key immune-related genes of empagliflozin in the treatment of heart failure after 
myocardial infarction. Empagliflozin may regulate immune inflammatory responses, so as to effectively treat and 
improve heart failure after myocardial infarction. This study provides a reliable theoretical basis for using empagliflozin 
to treat heart failure induced by myocardial infarction, and also reveals the related mechanism of action during the 
process of treatment.
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