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Purpose: This study aimed to analyze the hub genes of heart failure with reduced ejection fraction (HFrEF) treated with 
Empagliflozin using RNA sequencing (RNA-seq) and bioinformatics methods, including machine learning.
Methods: From February 2021 to February 2023, nine patients with HFrEF were enrolled from our hospital’s cardiovascular 
department. In addition to routine drug treatment, these patients received 10 mg of Empagliflozin once daily for two months. 
Efficacy was assessed and RNA-seq was performed on peripheral blood before and after treatment with empagliflozin. HFrEF- 
related hub genes were identified through bioinformatics analyses including differential gene expression analysis, Gene Ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses, immune infiltration analysis, machine learning, 
immune cell correlation analysis and clinical indicator correlation analysis.
Results: The nine patients included in this study completed a two-month treatment regimen, with an average age of 62.11 ± 6.36 
years. By performing bioinformatics analysis on the transcriptome from the treatment groups, 42 differentially expressed genes were 
identified, with six being up-regulated and 36 being down-regulated (|log2FC|>1 and adj.pvalue<0.05). Immune infiltration analysis of 
these genes demonstrated a significant difference in the proportion of plasma between the pre-treatment and post-treatment groups 
(p<0.05). Two hub genes, GTF2IP14 and MTLN, were finally identified through machine learning. Further analysis of the correlation 
between the hub genes and immune cells suggested a negative correlation between GTF2IP14 and naive B cells, and a positive 
correlation between MTLN and regulatory T cells and resting memory CD4+ T cells (p<0.05).
Conclusion: Through RNA-seq and bioinformatics analysis, this study identified GTF2IP14 and MTLN as the hub genes of HFrEF, 
and their mechanisms may be related to immune inflammatory responses and various immune cells.
Keywords: HFrEF, empagliflozin, RNA-seq, machine learning, bioinformatics

Introduction
Heart failure (HF) is a complex clinical syndrome characterized by high mortality and hospitalization rates. Despite 
ongoing advancements in the prevention and diagnosis of cardiovascular diseases, the prevalence and mortality of HF 
remain high, making it a pressing public health issue.1

HF is categorized into three types based on left ventricular ejection fraction: HF with preserved ejection fraction (HFpEF), HF 
with mid-range ejection fraction (HFmrEF), and HF with reduced ejection fraction (HFrEF), among which HFrEF is the most 
detrimental, demonstrating the highest mortality rate.2 Regarding pharmacologic treatments for HF, specific medications have 
been recognized for their capacity to affect gene expression profiles, ultimately protecting heart function. These therapeutic 
agents, collectively termed epigenetic therapies, include hydralazine, metformin, statins, and sodium-glucose co-transporter 2 
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(SGLT2) inhibitors.3–5 Recently, SGLT2 inhibitors including Empagliflozin, Canagliflozin, and Dapagliflozin have been incor-
porated into the therapeutic options for HFrEF as a new class of antidiabetic drugs.6 Although large randomized studies, notably 
EMPEROR-Reduced and EMPA-REGOUTCOME, have confirmed the beneficial effects of Empagliflozin for treating HFrEF,7 

the mechanism underlying Empagliflozin’s benefits for HFrEF patients remains elusive, making it crucial to explore 
Empagliflozin’s mode of action in HFrEF treatment.

With the advent of second-generation sequencing, it has become feasible to investigate the mechanisms of drug action 
at the molecular and genetic level. For example, RNA sequencing (RNA-seq) was applied in researching the preventive 
effects of japonica rice on lipopolysaccharide-induced acute lung injury,8 the protective effect of Dendrobium officinale 
alkaloids on hepatic toxicity of carbon tetrachloride in mice,9 as well as the cardiotoxicity of antipsychotic drugs and the 
underlying mechanisms involved.10,11 Additionally, single-cell RNA-seq analysis was performed to investigate the 
adverse effects of tamoxifen on adult neurogenesis.12 In light of these advancements, the objective of this study is to 
identify core gene targets associated with HFrEF in response to Empagliflozin treatment by recruiting clinically 
diagnosed patients and conducting comparative analyses of transcriptional gene changes before and after 
Empagliflozin administration using RNA-seq. This research endeavors to enhance the comprehension of 
Empagliflozin’s mechanisms in treating HFrEF and provide novel targets for improving HFrEF treatment.

Methods
Patients and Samples
This study enrolled patients diagnosed with HFrEF who visited our hospital’s cardiovascular department from February 2021 
to February 2023. Initially, a total of 11 patients were strictly selected based on the diagnostic criteria outlined in the Chinese 
Guidelines for the Diagnosis and Treatment of Heart Failure 2018. These patients were subsequently divided into two groups: 
the “Before treatment” group (receiving standard treatment alone) and the “After treatment” group (receiving standard 
treatment plus Empagliflozin). Table 1 presents the basic information collected from these patients. During the follow-up, 

Table 1 General Information

Age (years) 62.11±6.36

Gender

Male 77.78%
Female 22.22%

NYHA

II 11.11%
III 33.33%

IV 55.56%

Smoking 44.44%
Hypertension 55.56%

Coronary Artery Disease 66.67%

6MWT (m) 345.56±23.55
LVEF (%) 35.44±2.96

IVSD (mm) 9.56±1.13

LVDd (mm) 62.00±7.30
LVDs (mm) 51.11±6.58

BNP (pg/mL) 334.13±332.73

TG (mmol/L) 1.60±1.11
TC (mmol/L) 4.69±1.13

LDL (mmol/L) 2.78±0.75
Cr (μmoI/L) 79.41±12.00

Abbreviations: NYHA, New York Heart Association; LVEF, Left 
ventricular ejection fraction; IVSD, Interventricular septal thickness 
at diastole; LVDd, Left ventricular end-diastolic dimension; LVDs, 
Left ventricular end-systolic dimension; BNP, Brain Natriuretic 
Peptide; TG, Triglyceride; TC, Total cholesterol; LDL, Low- 
Density Lipoprotein; Cr, Creatinine; 6MWT, 6-minute walk test.
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two patients were excluded from the study due to death and non-compliance with medication, resulting in a final cohort of nine 
patients. 10 mL of peripheral blood was extracted from the patients, and peripheral blood mononuclear cells (PBMCs) were 
isolated before and after Empagliflozin treatment.13

According to the Chinese Guidelines for the Diagnosis and Treatment of Heart Failure 2018, anti-HF drugs (ARNI/ 
ACEI/ARB, β-blockers, MRA) and other conventional treatments such as cardiovascular secondary prevention, myo-
cardial nutrition, improved myocardial perfusion are standard treatments. Empagliflozin, in this study, was orally 
administered once daily at a dose of 10 mg for two months.

This study was approved by the Ethics Committee of the Second Affiliated Hospital of Zhejiang Chinese Medical 
University (Approval No. 2022–045-IH01). Informed consent was obtained from all subjects prior to their enrollment.

Inclusion and Exclusion Criteria
Inclusion criteria: (1) Patients aged 18 years or above; (2) Patients diagnosed with HFrEF along with other co-morbidities 
in non-acute exacerbation; (3) Patients who had been on standardized HF treatment medications (ARNI/ACEI/ARB, β- 
blockers, MRA) for a minimum of 30 days.

Exclusion criteria: (1) Patients with cardiogenic shock, malignant arrhythmia and other critical or potentially life- 
threatening conditions; (2) Patients with severe renal insufficiency; (3) Patients with known allergies or intolerance to 
Empagliflozin; (4) Patients with a history of psychiatric illness or impaired consciousness, rendering them unable to 
cooperate.

Extraction of PBMCs
In this study, PBMCs were extracted from the collected human whole blood using the PBMC isolation solution (Solarbio 
P9010) within 2 h of sample collection according to the following steps: (1) The human whole blood was diluted with an 
equal volume of phosphate-buffered saline (PBS); (2) An equal volume of PBMC isolation solution was added into 
a centrifuge tube, the diluted blood was layered above the liquid level of the isolation solution, and centrifugation was 
carried out at room temperature with a horizontal rotor at 800 g for 30 min; (3) After centrifugation, clear stratification 
occurred, with the uppermost layer being the diluted plasma layer, the middle being the transparent isolate, and the white 
membrane layer between the plasma and the isolate containing PBMCs. Then, the PBMCs were carefully aspirated from 
the white membrane layer; (4) The obtained PBMCs were washed twice with 10 mL of PBS, and centrifuged for 10 min 
with a horizontal rotor at 250 g; (5) The resulting supernatant was discarded, leaving the precipitate, which were 
PBMCs.13

RNA Extraction and RNA-Seq
Total RNA was extracted using the Trizol reagent (Thermo Fisher, 15596018). In this study, RNA from all samples was 
isolated and purified. The RNA integrity was subsequently assayed, ensuring concentrations>50 ng/μL, RIN values>7.0, 
and total RNA>1 μg, thus meeting the requirements for downstream experiments. To specifically capture mRNA with 
polyadenylate (polyA), two rounds of purification was carried out using oligo (dT) magnetic beads (Dynabeads Oligo 
(dT), cat. 25–61005, Thermo Fisher, USA). The captured mRNA was fragmented at 94°C for 5–7 min, and subsequently 
served as a template for cDNA synthesis facilitated by reverse transcriptase (Invitrogen SuperScriptTM II Reverse 
Transcriptase, cat. 1896649, CA, USA). The obtained cDNA was subjected to PCR-pre-denaturation, involving 
a 3-min hold at 95°C, followed by denaturation at 98°C for a total of 8 cycles, each lasting 15s, along with annealing 
for 15s in each cycle. Afterwards, the cDNAs were amplified through PCR-pre-denaturation at 95°C for 3 min, followed 
by denaturation at 98°C for a total of 8 cycles, with each cycle lasting 15s, annealing at 60°C for 15s, extension at 72°C 
for 30s, and concluding with a final extension at 72°C for 5 min. This process resulted in libraries with a fragment size of 
300 bp ± 50 bp (strand-specific libraries). Finally, bipartite sequencing was conducted using the Illumina NovaSeq™ 
6000 following standard operating procedures, with the sequencing mode of PE150.
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Statistical Mapping of Gene Expression Value Distribution
The gene expression values for each sample were visualized using FPKM box plots and violin plots. The abscissa 
represented the sample name, and the ordinate represented log10 (FPKM). Each box plot corresponded to five statistical 
measures: the maximum value, the upper quartile, the median value, the lower quartile, and the minimum value.

Volcano Maps and Heat Maps
Differential expression analysis was performed on the expression files of both the “Before treatment” and “After 
treatment” groups using the limma package in R (version 4.4.1). The threshold was set at |log2FC| > 1 and adj. 
Pvalue < 0.05. Visual analysis of the differential expression results was conducted using the ggplot2 and heatmap 
packages, which resulted in the generation of corresponding volcano maps and heatmaps.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Enrichment Analyses
Enrichment analysis and visual representation of the differentially expressed genes were performed using the 
clusterProfiler, ggplot2, and GOplot packages in R.

Immune Infiltration Analysis
The CIBERSORT package (version 1.04) in R (version 4.2.2) was utilized for immune infiltration analysis. Parameters 
perm=1000 and QN=FALSE were set to filter the immune infiltration results, and samples with p<0.05 were selected for 
subsequent analysis. Based on the immune infiltration results, a bar graph representing the relative proportions of 
immune-infiltrated cells in the samples was generated. Additionally, the corrplot package (version 0.92) was employed 
for immune cell correlation analysis. The vioplot package (version 0.3.7) was applied to analyze and create violin plots 
between the control and UC groups.

Machine Learning
Lasso analysis was performed using the glmnet package (version 4.1–4), and random forest analysis was conducted using 
the randomForest package (version 4.7–1.1) based on MeanDecreaseGini > 0.5. Support vector machine-recursive 
feature elimination (SVM-RFE) analysis was carried out using the e1071 (version 1.7–11) and caret (version 6.0–92) 
packages. The intersection of results from these three types of machine learning analyses was visualized using a Venn 
diagram.

Hub Gene Expression and ROC Analysis
The ggplot2 package (version 3.3.6) and ggpubr package (version 0.4.0) were used to analyze hub gene expression 
between groups. P-values were obtained using the Wilcoxon method, and a gene expression box plot was generated. 
ROC analysis was conducted using the pROC package (version 1.18.0), and ROC curves were plotted. Finally, 
a histogram illustrating hub gene expression was plotted for each patient.

Correlation Analysis of Hub Genes and Immunity
The ggpubr package (version 0.4.0) and ggExtra package (version 0.10.0) were used to analyze the correlation between 
genes and immune cells using the Spearman method. Scatter plots were generated for statistically significant correlations 
(p<0.05), and a lollipop diagram was plotted using R, showing the correlation between genes and immune cells.

Correlation Analysis of Hub Genes and Clinical Indicators
In this study, we used the ggplot (v3.4.3) package and the ggExtra (v0.10) package to plot scatter plots of hub genes 
versus cardiac ultrasound indices and 6MWT. The fitted curves and equations were plotted using the stat_smooth 
function in them. The correlation between hub genes and cardiac ultrasound indexes and 6MWT was analyzed using 
the stat_cor function in the ggpubr package (v0.4.0) (the correlation analysis method was Pearson).
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Statistical Analysis
In this study, data were preprocessed and analyzed using SPSS 22.0 and R software, including ID conversion and 
duplicate elimination. Paired t-tests were applied to calculate parameters before and after treatment, and P<0.05 was 
statistically significant between groups. Graphs were plotted using R software, GraphPad Prism, and online plotting tools 
to provide a comprehensive description of the statistical methods used throughout this study.

Results
General Information
All the nine patients enrolled in this study completed a two-month course of Empagliflozin treatment. There were seven male 
cases (77.78%) and two female cases (22.22%), with an average age of 62.11 ± 6.36 years. According to the New York Heart 
Association (NYHA) functional classification, the distribution of these patients was as follows: Grade IV (55.56%), Grade III 
(33.33%), and Grade II (11.11%). A history of smoking was reported in 44.44% of the patients, while 55.56% had a history 
of hypertension, and 66.67% had a history of coronary heart disease. These patients exhibited the following average clinical 
parameters: an ejection fraction (EF) of 35.44 ± 2.96%; a 6MWT of 345.56±23.55 m; interventricular septal thickness at end- 
diastole (IVSD) measuring 9.56 ± 1.13 mm, left ventricular internal diameter at end-diastole (LVDd) measuring 62.00 ± 
7.30 mm, and left ventricular internal diameter at end-systole (LVDs) measuring 51.11 ± 6.58 mm; a B-type natriuretic 
peptide (BNP) level of 334.13 ± 332.73 pg/mL; a triglyceride (TG) level of 1.60 ± 1.11 mmol/L, a total cholesterol (TC) level 
of 4.69 ± 1.13 mmol/L, and a low-density lipoprotein (LDL) level of 2.78 ± 0.75 mmol/L; as well as a creatinine (Cr) level of 
79.41 ± 12.00 μmol/L (Raw data can be found in Supplementary Table 1).

Observation on the Efficacy of Empagliflozin
In this study, we observed the indexes of cardiac ultrasound and 6MWT before and after two-month treatment with 
Empagliflozin. Compared with the “Before treatment” group, the cardiac ultrasound indexes improved in the “After 
treatment” group, with no significant difference (P>0.05) (Figure 1A-D), and the 6MWT increased significantly (P<0.05), 
suggesting the effectiveness of the treatment (Figure 1E). In order to clarify whether Empagliflozin exerts effects on 
cardiac ultrasound indexes, we recorded the indexes for an additional six months after treatment. As a result, the cardiac 
ultrasound indexes including EF, LVDd, LVDs and 6MWT all suggested Empagliflozin’s effects in significantly 
improving HFrEF (P < 0.01), except for IVSD, which showed no significant difference (P > 0.01) (Figure 1A-D). As 
expected, significant changes in 6MWT remained after six months of treatment (Figure 1E) (Raw data can be found in 
Supplementary Tables 2 and 3).

Distribution Statistics of Gene Expression Values
The FPKM box plot (Figure 2A) and violin plot (Figure 2B) were generated based on the gene expression values of each 
sample. These plots revealed similar gene expression values across the samples, indicating the absence of biological 
replicate samples.

Differential Gene Expression Analysis
Differential gene expression analysis was conducted on the peripheral blood gene expression data from both the “Before 
treatment” and “After treatment” groups. The count of differentially expressed genes, both up-regulated (log2FC≥1 and 
q<0.05) and down-regulated (log2FC≤-1 and q<0.05), was determined for each comparison group. A total of 42 
differentially expressed genes were identified, with six being up-regulated and 36 being down-regulated. This analysis 
resulted in the generation of a volcano plot (Figure 3A) a histogram (Figure 3B), and a heatmap displaying all 
differentially expressed genes (Figure 3C).

GO & KEGG Enrichment Analyses
The 42 differentially expressed genes were subjected to GO and KEGG enrichment analyses. A histogram illustrating the results 
of GO enrichment analysis was generated (Figure 4A), which involved the categories of biological processes (BP), cellular 
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Figure 1 Observation on the efficacy of Empagliflozin. (A) Histogram comparing EF before treatment and after 2/6 months of treatment; (B) Histogram comparing IVSD 
before treatment and after 2/6 months of treatment; (C) Histogram comparing LVDd before treatment and after 2/6 months of treatment; (D) Histogram comparing LVDs 
before treatment and after 2/6 months of treatment; (E) Histogram comparing 6MWT before treatment and after 2/6 months of treatment (ns: P>0.05, *P<0.05, **P<0.01).
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components (CC), and molecular functions (MF). Additionally, bubble charts were drawn to visualize significant BP (Figure 4B). 
Specifically, GO enrichment analysis revealed significant enrichment of these differentially expressed genes in the immune 
system, adaptive immune response, and innate immune response (BP); as well as in the membrane and immunoglobulin complex 

Figure 2 Distribution of gene expression values. (A) Box plot of FPKM values; (B) Violin map of FPKM values.
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(CC), and in antigen binding and immunoglobulin receptor binding (MF). Furthermore, a bubble diagram showing the results of 
KEGG enrichment analysis (Figure 4C) revealed enrichment of these differentially expressed genes in heparan sulfate/heparin 
and other related pathways.

Immune Infiltration Analysis
CIBERSORT was employed to analyze the immune infiltration in both the “Before treatment” and “After treatment” groups. The 
results of immune infiltration analysis were visualized through a bar graph, which illustrated the relative proportions of immune- 
infiltrating cells in the samples (Figure 5A). Furthermore, a correlation heatmap was created to demonstrate the relationship 
among different immune cells (Figure 5B). Subsequently, violin plots were drawn to facilitate group comparisons (Figure 5C). 

Figure 3 Analysis of the differentially expressed genes. (A) Volcano map of the Before treatment VS After treatment groups (| log2FC | > 1, P < 0.05); (B) Gene expression 
changes in the Before treatment VS After treatment groups; (C) Heat map of the Before treatment VS After treatment groups.
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According to the results (P < 0.05), there was a significant difference in the proportion of plasma cells between the “After 
treatment” and “Before treatment” groups (P=0.011), while no significant differences were observed in other immune cells 
(P>0.05).

Screening of Hub Genes by Machine Learning
The results of lasso analysis on the 42 differentially expressed genes are shown in Figure 6A and B. Four genes 
(Figure 6C and D) were identified through random forest analysis, and 34 were obtained after SVM-RFE analysis 
(Figure 6E). To visualize the intersection of the results from these three machine learning analyses, a Venn diagram was 
drawn (Figure 6F). Ultimately, GTF2IP14 and MTLN were identified as hub genes.

Figure 4 GO & KEGG enrichment analyses. (A) GO and KEGG enrichment analyses of the differentially expressed genes; (B) Bubble diagram showing the biological 
processes after GO enrichment analysis; (C) Bubble Diagram showing KEGG enrichment analysis results.
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Figure 5 Immune correlation analysis. (A) Bar chart showing the immune infiltration analysis results in the Before treatment VS After treatment groups; (B) Violin chart 
showing the immune infiltration analysis results in the Before treatment VS After treatment groups (Cells with p < 0.05 have shown red color); (C) Heat map showing the 
correlation between immune cells.
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Original Dataset Verification
The expression levels of the hub genes (GTF2IP14 and MTLN) in both the “After treatment” and “Before treatment” 
groups was analyzed, and corresponding gene expression box plots were generated (Figure 7A and B). Specifically, 
GTF2IP14 expression was up-regulated after treatment, while MTLN expression was down-regulated (Figure 7A and B). 
The P values for GTF2IP14 and MTLN were 0.021 and 0.00048, respectively. Subsequently, receiver operating 
characteristic (ROC) analysis was performed, after which ROC curves were plotted (Figure 7C and D). The area 
under the curve (AUC) for GTF2IP14 and MTLN was 0.604 and 0.977, respectively. Detailed information regarding 
GTF2IP14 and MTLN expression in individual patients can be found in the Supplementary Materials, revealing 
a consistent pattern of upregulation for GTF2IP14 and downregulation for MTLN after treatment (Supplementary 
Figure 1A and B).

Analysis of the Correlation Between Hub Genes and Immunity
The correlation between the hub genes (GTF2IP14 and MTLN) and immune cells was analyzed using the Spearman 
method, and a lollipop chart was generated to illustrate the analysis results (Figure 8A and B). GTF2IP14 was revealed to 
be significantly correlated with naive B cells, while MTLN exhibited significant correlations with regulatory T cells 
(Tregs) and resting memory CD4+ T cells. To further visualize these correlations, a scatter plot was created. GTF2IP14 
was found to be negatively correlated with naive B cells (Figure 8C), whereas MTLN was positively correlated with 
Tregs as well as resting memory CD4+ T cells (Figure 8D and E).

Analysis of the Correlation Between Hub Genes and Clinical Indicators
In this study, GTF2IP14 was found to have no significant correlation with cardiac ultrasound indexes or the 6MWT (P > 
0.05) (Supplementary Figure 2A, C, E, G and I), while MTLN demonstrated a correlation with the 6MWT (P < 0.05) but 
no correlation with cardiac ultrasound indexes (Supplementary Figure 2B, D, F, H and J).

Discussion
HF is a clinical syndrome characterized by dyspnea or limited movement due to ventricular filling and cardiac ejection 
dysfunction14 Although SGLT2 inhibitors like Empagliflozin have emerged as a novel treatment for HFrEF, the exact 
mechanism underlying their benefits remains elusive. Therefore, investigating the mechanism of Empagliflozin in the 
treatment of HFrEF is of great significance. In this study, we enrolled patients with HFrEF, and supplemented their 
existing treatment with oral Empagliflozin (10 mgqd). The blood samples before and after treatment were collected for 
peripheral blood RNA-seq. Moreover, the data of post-treatment cardiac ultrasound as well as the 6MWT were collected 
to assess the efficacy of Empagliflozin in treating HFrEF. By performing bioinformatics analysis on the RNA-seq results, 
42 differentially expressed genes were obtained before and after treatment, with six being up-regulated and 36 being 
down-regulated. To further investigate the role of these genes, GO & KEGG enrichment analyses were respectively 
conducted. According to GO enrichment analysis, these genes were shown to be primarily enriched in the membrane and 
immunoglobulin complex (BP); the immune system, adaptive immune response, and innate immune response (CC); and 
antigen binding and immunoglobulin receptor binding (MF). The KEGG pathway revealed enrichment of these genes in 
heparan sulfate/heparin and other related pathways.

Our enrichment analysis results indicated a close correlation between Empagliflozin’s mechanism of action and the 
immune response. Patients with HF often exhibit a systemic pro-inflammatory state, involving both innate and adaptive 
immunity15 Hence, inflammation is a critical process of the immune response and reflects the initiation and activation of this 
response. According to relevant cell experiments, Empagliflozin was revealed to concurrently reduce pro-inflammatory 
cytokines such as IL-1β, IL-6 and chemokine through the IKK/NF-JATB, JAK2/STAT1/3, and MKK4/7-κ pathways, thereby 
inhibiting the inflammatory response of RAW264.7 macrophages16 Further animal experiments demonstrated 
Empagliflozin’s inhibitory effects on the inflammatory response mediated by the IL-17/IL-23 axis, thus reducing liver injury 
in type 2 diabetic mice with non-alcoholic fatty liver.17 Clinically, Empagliflozin has been observed to inhibit the activation 
of NLRP3 inflammasomes and decrease the secretion of IL1β by human macrophages, potentially reducing the incidence of 
HF.18 Based on the enrichment analysis results, the relationship between the differentially expressed genes and the 
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Figure 6 Machine learning. (A and B) Lasso analysis of the differentially expressed genes; (C and D) Random forest analysis of the differentially expressed genes; (E) SVM- 
RFE analysis of the differentially expressed genes; (F) Venn diagrams of the intersected results from lasso analysis, random forest analysis, and SVM-RFE analysis.
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distribution of 22 types of immune cell subtypes was further analyzed. A statistically significant difference was found in one 
immune cell subtype (plasma cells) before and after treatment. Plasma cells, also known as effector B cells, are a kind of 
immune cells that can secrete antibodies, and differentiate and proliferate upon antigen stimulation. In a healthy heart, 
approximately 10% of B cells are involved in regulating the transport of myocardial immune cells, as well as the structure 
and function of the left ventricle.19 Therefore, B cells play a crucial role in heart tissue. Current understanding of B cells’ role 
in HF is primarily centered in two aspects: (1) B cells secrete anti-myocardial antibodies, directly causing myocardial 
damage;20 (2) B cells activate the complement system and overexpress TNF-α in the myocardium, leading to cardiomyocyte 
hypertrophy, cardiac fibrosis, and apoptosis, which are all key factors in cardiomyocyte injury in HF.20 As reported in a study 
of myocardial tissue in end-stage heart failure, it was found that immunoglobulin G deposits in up to 70% of the heart 

Figure 7 Verification of the hub genes. (A) GTF2IP14 expression in the Before treatment VS After treatment groups; (B) MTLN expression in the Before treatment VS 
After treatment groups; (C) ROC curve of GTF2IP14; (D) ROC curve of MTLN.
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tissue.21 In HF, injury-associated molecular patterns are released from damaged cardiomyocytes. These patterns then interact 
with B cells, subsequently activating T cells and establishing a comprehensive pro-inflammatory environment. This process 
results in poor ventricular remodeling and impaired function.21 Recent studies have revealed Empagliflozin’s cardioprotec-
tive effects against myocardial injury by regulating B cells, suggesting that B cells may be one of its target cells.22

In this study, two hub genes: GTF2IP14 and MTLN were identified by performing lasso analysis, random forest 
analysis, and SVM-RFE analysis. Then, to investigate whether GTF2IP14 and MTLN were correlated with the 
clinical data, a correlation analysis was conducted. Neither GTF2IP14 nor MTLN showed significant correlations 
with cardiac ultrasound, and a possible correlation was revealed between MTLN and 6MWT. Expression verification 
was performed in the original dataset and a corresponding ROC curve was plotted. GTF2IP14 is classified as 
a pseudogene of GTF2I, which is a DNA sequence in the genome resembling a normal gene but not expressed.23 

Traditionally, pseudogenes were considered functionless. However, recent studies suggest that pseudogenes may 
play crucial roles in various diseases through true genes. For instance, pseudogene GTF2IP23 can inhibit the 
proliferation of breast cancer cells by affecting the expression of GTF2I.24 Another pseudogene PTENP1 may 
impact the onset and progression of prostate tumors by regulating the expression of tumor suppressor gene PTEN.25 

GTF2I, the true gene of GTF2IP14, belongs to the family of general transcription factors. It resides in the cytoplasm, 
translocates to the nucleus during transcription, and is broadly expressed in human cells.26 GTF2I is involved in 
various autoimmune diseases, such as Sjogren’s syndrome, systemic lupus erythematosus, and rheumatoid arthritis, 
and is closely associated with heavy chain immunoglobulin transcription and T cell receptor signaling.26 MTLN 

Figure 8 Correlation analysis of hub genes and immunity. (A) Lollipop map of the correlation between GTF2IP14 and immune cells (Values with p < 0.05 have been marked in 
red); (B) Lollipop map of the correlation between MTLN and immune cells (Values with p < 0.05 have been marked in red); (C) Scatter plot of the correlation between 
GTF2IP14 and naive B cells; (D) Scatter plot of the correlation between MTLN and Tregs; (E) Scatter plot of the correlation between MTLN and resting memory CD4+ T cells.
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encodes mitoregulatory proteins, which are highly expressed in myocardial and skeletal muscle and localized in the 
mitochondrial intima. They are associated with respiration, Ca2+ balance, and maintenance of cellular redox 
potential related to ATP production.27 MTLN can influence mitochondrial respiration, Ca2+ buffering capacity, as 
well as the levels of reactive oxygen species.28 Mitochondrial respiration and Ca2+ buffering are closely related to 
HF.29 After the onset of HF, the aerobic oxidation capacity of cardiomyocyte mitochondria is decreased, resulting in 
insufficient energy production of myocardial mitochondria respiration, ventricular remodeling, decrease of ejection 
fraction, and even the development of HFrEF.30 Additionally, cytoplasmic Ca2+ overload and decreased mitochon-
drial Ca2+ concentration in HF cardiomyocytes frequently lead to myocardial dysfunction.31 Therefore, Ca2+ 

homeostasis is closely related to cardiomyocyte contraction and HF. For example, medullary growth factors mitigate 
HF caused by stress overload by protecting the Ca2+ cycling capacity.32 CXCR4 enhances β-adrenergic-mediated 
calcium mobilization of cardiomyocytes and regulates cardiomyocyte contractility.33 Regrettably, there is still an 
absence of studies on researching the mechanism of GTF2IP14 and MTLN in HF, necessitating basic experiments to 
prove the relationship between GTF2IP14 and HF.

Lastly, through correlation analysis, GTF2IP14 was demonstrated to be significantly negatively correlated with naive 
B cells, and MTLN was significantly positively correlated with Tregs and resting memory CD4+ T cells. However, there is 
a lack of comprehensive studies on the correlation between GTF2IP14 and naive B cells. Given the effect of pseudogenes on 
true genes, it’s worth noting that GTF2I is closely involved in the transcription of heavy chain immunoglobulin, and 
antibodies secreted by B cells are critical immunoglobulins. Thus, it is speculated that GTF2IP14 may regulate the 
transcription level of immunoglobulins by influencing the expression of GTF2I, and affect the biological process of antibody 
secretion by naive B cells after maturation. Tregs become a Th1-like proinflammatory subgroup and contribute to poor 
ventricular remodeling in HF mice.34 Clinically, a lower frequency of Tregs is positively associated with a higher risk of 
cardiovascular disease and can serve an independent predictor of worsening re-hospitalization in patients with HF.35 

Unfortunately, there is insufficient research regarding the relationship between MTLN and Tregs, as well as resting memory 
CD4+ T cells, necessitating further basic experiments to verify the correlation.

In summary, RNA-seq and bioinformatics analysis were applied in this study to gain insights into the 
mechanism of Empagliflozin in treating HFrEF, revealing its potential association with the immune inflammatory 
response. GTF2IP14 and MTLN were ultimately identified as hub genes that may interact with various immune 
cells. At the molecular and genetic levels, this study provides novel insights into Empagliflozin’s mechanism in 
treating HFrEF, which provide a new potential therapeutic target for HFrEF. However, this study has certain 
limitations. First, due to the unavailability of cardiac tissue samples, this study lacks specificity. Additionally, the 
results have not been verified through animal and cell experiments. Secondly, the relatively small sample size may 
impact the reliability of the results, necessitating further validation of the research findings.

Conclusion
In this study, through RNA-seq and various bioinformatics analyses, GTF2IP14 and MTLN were finally identified as hub 
genes for Empagliflozin-treated HFrEF. Based on our findings, it is proposed that the involved mechanism of action may 
be associated with the immune inflammatory response and various types of immune cells.
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