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Background: Heart failure (HF) is a common clinical syndrome due to ventricular dysfunction and is a major cause of mortality 
worldwide. Ferroptosis, marked by excessive iron-dependent lipid peroxidation, is closely related to HF. Therefore, the purpose of this 
study is to explore and validate ferroptosis-related markers in HF by bioinformatics analysis and animal experiments validation.
Materials and Methods: The gene expression profiles (GSE36074) of murine transverse aortic constriction (TAC) were obtained 
from the Gene Expression Omnibus (GEO); From the FerrDb database, ferroptosis-related genes (FRGs) were identified. Using 
GEO2R, differential expressed genes (DEGs) were screened. An overlapping analysis was conducted among DEGs and FRGs to 
identify ferroptosis-related DEGs (FRDEGs). We then performed clustering, functional enrichment analysis, and protein-protein 
interaction (PPI) analyses. In addition, the key FRDEGs were extracted by cytoHubba plugin and the networks of transcription 
factors (TFs)-key FRDEGs and microRNA-key FRDEGs were constructed. Lastly, the key FRDEGs were carried by quantitative 
reverse transcription PCR (RT-qPCR) and immunohistochemistry (IHC).
Results: Fifty-nine FRGs showing significantly different expression were identified from a total of 1918 DEGs in mice heart by 
transverse aortic constriction. GO and KEGG functional enrichment analysis revealed that these 59 ferroptosis-related DEGs mostly 
associated with positive regulation of apoptotic process, FoxO signaling pathway, VEGF signaling pathway, Apoptosis, Ferroptosis. 
Five key FRDEGs (Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2) were identified using PPI networks; Based on TFs-key FRDEGs networks, 
we found that Mapk14, Hif1a, Tlr4 and Ptgs2 were regulated by 3, 4, 5, and 29 TFs, respectively; however, Ddit3 was not regulated by 
any TF; By analyzing the miRNA–key FRDEGs networks, we found that 39, 74, 11, 28, and 18 miRNAs targets regulate the 
expression of Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2, respectively. Lastly, five key FRDEGs were validated at the mRNA and protein 
levels by RT-qPCR and IHC, which were in line with our bioinformatics analysis.
Conclusion: Our findings reveal that Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 may be involved in the development of HF through 
regulating ferroptosis and as potential targets for HF.
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Introduction
Heart failure (HF) represents the final stage of many cardiovascular diseases (CVDs), in which heart is incapable of 
pumping and supplying blood to the body effectively.1 Globally, approximately thirty million people suffered from HF, 
according to a previous report.2 However, this does not include undiagnosed or misdiagnosed cases.3 World Health 
Organization data indicated that HF was a major cause of mortality and morbidity throughout the world.4 In addition, 
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there is evidence that numerous genes and signaling pathways are involved in HF.5 However, the exact mechanisms of 
HF remain unclear. Thus, understanding the pathogenesis of HF is crucial to its diagnosis and treatment.

Unlike apoptosis, autophagy, and necrosis, ferroptosis is a unique type of programmed cell death, which is induced by 
iron accumulation and lipid peroxidation.6 Previous studies have proven that ferroptosis is related to various diseases, 
such as cancer7, ischemic stroke8 and ulcerative colitis.9 Moreover, increasing evidence has indicated that many CVDs 
are associated with ferroptosis, including myocardial infarction,10 cardiomyopathy11 and HF.12 Iron is an essential trace 
element in the body, participating in energy metabolism and nucleotide synthesis.13 Excessive iron and reactive oxygen 
species (ROS) in cardiomyocytes can induce ferroptosis.11 Recent research showed that ferroptosis inhibitors can 
alleviate cardiac remodeling in transverse aortic constriction (TAC) mice.14 In addition, Wang et al found that 
MAP3K11 could induce ferroptosis in a TAC mouse model.15 Thus, exploring markers associated with ferroptosis in 
HF is of great importance.

Transverse aortic constriction (TAC) is a commonly used experimental model for mechanical stress-induced cardiac 
remodeling. Initially, TAC leads to compensated hypertrophy of the heart; In the end stage, chronic hemodynamic 
overload leads to cardiac dilatation and HF. Murine TAC models have been widely used to mimic human cardiovascular 
diseases and investigate the signaling processes involved in cardiac hypertrophic response and HF. It provides a more 
gradual time course for the development of HF.16

In this study, we aimed to screen and validate the key FRDEGs in heart failure by bioinformatic analysis and animal 
experiments, which may provide new insight into its treatment.

Materials and Methods
Data Acquisition
The RNA expression profile (GSE36074) was obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The 
dates were from the platform GPL1261 [Mouse430_2] Affymetrix Mouse Genome 430 2.0 Array. GSE36074 included 5 
Sham-surgery and 7 TAC samples.

Differential Ferroptosis-Related Genes Screening
DEGs were screened according to adj.p-value of < 0.05 and|Log2FC(fold change)|≥0.05 by GEO2R (https://www.ncbi. 
nlm.nih.gov/geo/geo2r/). FRGs were extracted from the FerrDb website (http://www.zhounan.org/ferrdb/). FRDEGs were 
obtained from the DEGs and FRGs using the Draw Venn Diagram tool.

Functional Enrichment Analysis for FRDEGs
Gene Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were processed to analyze 
the functions and significant pathways of FRDEGs using DAVID 6.8. Statistical significance was determined by a p value 
cut-off of 0.05.

Construction of Protein-Protein Interaction (PPI) Network and Identification of Key 
Genes
PPI network was built by STRING online tool (http://string-db.org), and the cytoHubba plugin of Cytoscape was then 
used to analyze PPI network modules. Key genes were considered with degrees of ≥11.

Regulatory Networks
Transcription factor (TF) and miRNA play vital roles in regulating the expression of mRNA. Therefore, based on key 
FRDEGs, the transcription factor (TF) was predicted by the TRRUST2.0 online tool, and the miRNAs were predicted by 
using miRNANet online tool (https://www.mirnet.ca). Then, the TF-FRDEGs and miRNA-FRDEGs networks were also 
visualized via Cytoscape.
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Animals
Ten male C57BL/6 mice (8–10 weeks, 20–23g, specific pathogen-free) were obtained from Yangzhou University 
Comparative Medical Center, and they were raised in an environment with a temperature of 26 ◦C, humidity of 55% 
and 12 h light/dark cycle. Mice were fed a standard pellet diet and water ad libitum, and the rearing environment was 
cleaned regularly by professionals. All mice were anesthetized with ketamine (80 mg/kg) and xylazine (5 mg/kg) by 
intraperitoneal injection and euthanized with cervical dislocation on the 28th day after transverse aortic constriction. All 
the animal experiments were approved by the Yangzhou University Ethics Committee (No. 20210398). All the applied 
procedures were followed the Chinese guidelines for the welfare of the laboratory animals (GB/T 35823–2018).

Transverse Aortic Constriction (TAC) Mouse Model
After seven days of acclimatization, the mice were randomly divided into TAC or sham surgery group. Before surgery, 
the mice were tested to obtain baseline level of the echocardiogram, which showed no difference between the two groups. 
Mice were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (5 mg/kg, i.p.), and when mice lost the response to 
foot squeeze, the surgical procedures were performed according to previous study.17 Briefly, the left chest of mouse was 
opened to identify the thoracic aorta by blunt dissection in the 2nd intercostal space, Then the ascending aorta was ligated 
with a 7–0 silk suture, over a 26 G blunted needle in order to get the same degree of stenosis in all mice. Lastly, the 
thoracotomy was closed with a 5–0 silk suture. Sham-operated mice were subjected to a similar surgical procedure 
without ligation of the aorta. No animals died after surgery.

Echocardiographic Measurement
Four weeks after operation, echocardiography was performed with a Vevo 3100 machine (Visual Sonics Toronto, 
Canada). First, B-mode long-axis image was obtained by positioning the probe parallel to the long axis of the left 
ventricular (LV). Next, the probe was rotated at 90° to obtain a M-mode short-axis image of the LV. Echocardiographic 
images were recorded at least two cardiac cycles. Echocardiographic parameters of left ventricular fractional shortening 
(LVFS), Left ventricular ejection fraction (LVEF), left ventricular internal diameter at end-diastole (LVIDd) and left 
ventricular internal diameter at end-systole (LVIDs) were analyzed using the Vevo3100 cardiac analysis package, and the 
mean values over three heartbeats were calculated.

Real Time Quantitative Polymerase Chain Reaction (RT-qPCR)
With RT-qPCR, the levels of FRDEGs mRNA expression were determined. Total RNA extraction was performed on 
ventricular tissues using Trizol reagent (Takara, China), subsequently, reverse-transcribed RNA into cDNA with a reverse 
transcription kit (Takara, China). RT-qPCR primers (forward/reverse) can be found in Table 1. GAPDH was used to 
normalize all mRNA levels.

Immunohistochemistry (IHC)
IHC was conducted in accordance with the previous description.18 Briefly, the ventricular tissues were cut into 5-µm 
thick sections after being fixed in formalin and embedded in paraffin; then the sections were stained with anti-Mapk14 
(Santa Cruz), anti-Hif1a (Santa Cruz), anti-Ddit3 (Santa Cruz), anti-Tlr4 (Santa Cruz) and anti-Ptgs2 (Santa Cruz) 
antibodies following the manufacturer’s instructions. Three randomly selected areas in each slice (×200) were used to 

Table 1 Pairs of Forward-Reverse Primers

Gene Names Forward Reverse

Mapk14 CTCGGCACACTGATGATG AGCCCACGGACCAAATA

Hif1a CCATTCCTCATCCGTCAA CCGGCTCATAACCCATC

Ddit3 GAACAGTGGGCATCACCTC CAGTCCCCTCCTCAGCAT
Tlr4 CTTTGCTTCCTTGGTGTTG ATGATTCTCCTCTTCTTCACG

Ptgs2 CATCCCCTTCCTGCGAAGTT GGCCCTGGTGTAGTAGGAGA
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evaluate the images. Relative expression was compared using average optical density (IOD/area), as measured using 
IPP6.0 software.

Statistical Analysis
The data were described as mean ± standard deviation. Statistical analysis was performed by GraphPad Prism (version 
7.0). A two-sample unpaired Student’s t-test was used for two-group comparisons. P value < 0.05 was considered 
statistically significant.

Results
GEO and FerrDb databases were used to obtain FRGs in HF. As shown in Figure 1, this study provides an overview.

Identification of FRDEGs in Heart Failure
In order to explore ferroptosis-related markers in HF, the gene expression profiles (GSE36074) were obtained from the 
GEO, ferroptosis-related genes (FRGs) were screened from the FerrDb database; A total of 1918 DEGs were identified in 
the GSE36074 dataset; and 388 FRGs were found in FerrDb (Figure 2A). Moreover, 59 FRDEGs were obtained after 
intersection between DEGs and FRGs (Figure 2B). Clustering analysis of FRDEGs revealed that the samples in the same 
group clustered closely (Figures 2C).

FRDEGs Functional Enrichment Analysis
To elucidate the functions of FRDEGs, GO enrichment and KEGG pathway analyses were conducted. For GO 
enrichment analysis, FRDEGs were predominantly related to positive regulation of apoptotic process, lipopolysacchar-
ide-mediated signaling pathway and cytosol (Figure 3A). Additionally, for KEGG enrichment analysis, FRDEGs were 
mainly associated with FoxO signaling pathway, VEGF signaling pathway, Apoptosis, MAPK signaling pathway, mTOR 
signaling pathway, TNF signaling pathway, HIF-1 signaling pathway, PI3K-Akt signaling pathway, Toll-like receptor 
signaling pathway and Ferroptosis. (Figure 3B).

Construction of the PPI Networks and Prediction of TFs for Key FRDEGs
To evaluate the interactions among the FRDEGs, we constructed a PPI network using the STRING online database, as 
shown in Figure S1. Then, the top 5 key FRDEGs (Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2) were obtained by CytoHubba 
plugin (Figure 4A). Moreover, TFs are key regulatory proteins that are essential for regulation of gene expression. 

Figure 1 Study protocol. A flow chart of our study protocol.
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Therefore, the TFs of the 5 key FRDEGs were predicted using the TRRUST2.0 database. We found that Mapk14, Hif1a, 
Tlr4 and Ptgs2 were regulated by 3, 4, 5, and 29 TFs, respectively; however, Ddit3 was not regulated by any TF 
(Figure 4B).

Generation of miRNA-Key FRDEGs Networks
MiRNANet was used to identify potential miRNAs target of key FRDEGs. According to the miRNA–key FRDEGs 
networks, we found that Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 were regulated by 39, 74, 11, 28, and 18 miRNAs, 
respectively (Figure 5). In addition, based on miRNA- key FRDEGs networks, we found that miR-22-3p simultaneously 

Figure 2 Ferroptosis-related differentially expressed genes in HF. (A) Volcano plot of differentially expressed genes. Significant upregulated genes are represented as red 
dots, Significant downregulated genes are represented as blue dots, and not differentially expressed genes are represented as blank dots. (B) Venn diagrams showing 
intersected genes overlapping between FRGs and DEGs. (C) The Heatmap of clustering analysis based on FRDEGs.
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Figure 3 Functional enrichment analysis of FRDEGs. (A) GO enrichment of FRDEGs. (B) KEGG pathway analysis of FRDEGs. BP, biological processes; CC, cellular 
component. MF, molecular function.
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regulated Mapk14, Hif1a, Ddit3 and Tlr4 expression; miR-92a-3p regulated Mapk14, Hif1a, Tlr4 and Ptgs2 expression; 
and miR-155-5p regulated the expression of Hif1a, Ddit3 and Ptgs2.

Establishment of a Heart Failure Model in Mice
To investigate cardiac function after 4 weeks of TAC, echocardiographic examination was performed. Representative 
echocardiograms from each group are shown in Figure 6A. According to echocardiographic evaluation, the TAC group 
started to show significant reductions in LVEF and LVFS compared to the sham group (p<0.001) (Figure 6B and C). 
While, LVIDs and LVIDd were markedly increased in the TAC group compared with the sham group (p<0.01) 
(Figure 6D and E); Based on these results, we have successfully established a TAC-induced HF model in mice.

Validation of Key Genes
The key FRDEGs from bioinformatics analysis were further validated via establishing a mouse model of HF induced by 
TAC. According to the RT-qPCR analysis, A significant increase in Hif1a, Ddit3, Tlr4, and Ptgs2 mRNA levels was 
observed in the TAC group, whereas Mapk14 mRNA levels were substantially reduced (Figure 7). Furthermore, we 
further verified the expression of these FRDEGs by immunohistochemistry. Figure 8A and B showed the immunohis-
tochemical results of Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 proteins and its average optical densities. It was observed 
that the TAC group showed lower expression of Mapk14 protein (P < 0.01), while Hif1a, Ddit3, Tlr4 and Ptgs2 proteins 
were significantly higher (P<0.05). Those results supported bioinformatic analysis.

Figure 4 The screened key FRDEGs and predicted TFs. (A) Top five key FRDEGs screened by Degree method. (B) The TFs predicted for key FRDEGs.
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Discussion
With high morbidity and mortality, heart failure has become a major healthcare burden worldwide. Loss of terminally 
differentiated cardiomyocytes is a critical pathogenic factor in lethal heart failure, however, the mechanisms of 
cardiomyocyte death are unknown. Ferroptosis is a unique type of cell death driven by an iron-dependent increase in 
ROS.19 In recent studies, A crucial role of ferroptosis has been demonstrated in HF. Research from Fang et al reports that 
mice lacking ferritin H (Fth) produce more ROS and develop HF after 6 months.12 In addition, it has been shown that 
inhibition of ferroptosis reduces cardiac cell death in HF.20 Nevertheless, further research is needed to elucidate the 
molecular mechanisms underlying ferroptosis in cardiomyocytes. Hence, we conducted a bioinformatic analysis to 
explore the ferroptosis-related markers in HF, which may provide novel biomarkers for HF diagnosis and treatment.

In this study, we found that 59 FRDEGs in TAC group compared with that in sham group. Then, based on the 
functional enrichment analysis, we found that these FRDEGs were mostly related to FoxO signaling pathway, VEGF 
signaling pathway, Apoptosis, MAPK signaling pathway, mTOR signaling pathway, and Ferroptosis. Battiprolu et al 
found that the FoxO transcription factors are increased in mice models of HF,21 and in end-stage failing human heart.22 

VEGF signaling pathway and MAPK signaling pathway also play key roles in HF.23,24 Moreover, a study showed that 
mTOR inhibited lipid-derived ROS production, thus preventing ferroptosis in cardiomyocytes.10 Therefore, these 59 
FRDEGs may also play important roles in HF through these pathways. Then, by constructing a PPI network, we obtained 
five key FRDEGs, including Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2.

MAPK14 (also known as p38α) is expressed widely and plays an important role in producing cytokines and 
responding to a variety of stresses. Previous study showed that cardiomyocyte-specific knockout of p38α lead to 
accelerating heart failure after pressure overload.25 Ferroptosis is regulated by the RAS/MAPK pathway.26 As an oxygen- 
regulated transcription factor, Hif1a is activated when oxygen availability in the cellular environment decreases, which 
can regulate cell metabolism, survival and angiogenesis, and activate the gene expression of glycolytic enzymes in the 

Figure 5 Construction of miRNA- FRDEGs regulatory network. miRNA- FRDEGs network construction.
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failing heart.27 Moreover, Zou et al found that Hif1a could regulate ferroptosis and is related to GPX4.28 As we all know, 
cardiovascular hypertrophy and heart failure are associated with endoplasmic reticulum stress (ERS). Additionally, 
research has shown that ERS could induce unfolded proteins to cause ferroptosis.29,30 Ddit3 (also known as CHOP) is 

Figure 6 Established TAC-induced mouse model of HF. (A) Images of heart ultrasound; (B). LVEF: left ventricular ejection fraction; (C). LVFS: left ventricular fractional 
shortening; (D). LVIDs: left ventricular internal diameter at end-systole; (E). LVIDd: left ventricular internal diameter at end-diastole. Values are expressed as mean (± SD) 
(n=5); **p < 0.01 and ***P < 0.001 vs Sham group.
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a transcription factor induced by ERS,31 and in patients with low ejection fraction heart failure, Sabirli et al confirmed 
that CHOP may be useful as a predictor of hospital stay.32 The current study found that CHOP was very rare in the study 
of ferroptosis. TLRs (Toll-like receptors) are single transmembrane receptors on cell surfaces that play roles in the innate 
immune response. It is generally believed that TLRs exist as homodimers on immune cells, B lymphocytes, macrophages 
and mast cells. Chen et al has revealed that knock-down of TLR4 slowed ferroptosis, reduced myocytes death and 
alleviated left ventricular remodeling in rats with HF significantly, suggesting TLR4 may be a potential therapeutic target 
for HF.20 Previous research has shown that Ptgs2 can regulate prostaglandins expression levels, which plays a key role in 
inflammation.33 Ptgs2 genetic reductions has been linked to a lower CVDs risk.34 Liu et al identified that ferroptosis- 
related marker (PTGS2) was upregulated in acute myocardial infarction.35 Furthermore, recent studies have found that 
Ptgs2 can be used as a marker for ferroptosis.12,36 Nevertheless, the exact regulatory mechanisms of Ptgs2 still require 
further exploration in HF.

It is believed that key genes play a crucial role in a wide range of biological processes. Some researches demonstrate 
that TFs and miRNAs could regulate a variety of target genes in HF. Hence, we constructed the TF-mRNA networks and 
miRNA-mRNA networks of 5 key FRDEGs. We found that except Ddits, the other four FRDEGs could be regulated by 
more than one TFs. Additionally, our findings also suggest that NF-κB1 is a key TF, because it can regulate three key 
FRDEGs simultaneously. Prior studies showed the NF-κB1 participated in regulating numerous biological processes. 
Frantz et al demonstrated that the absence of NF-κB1 improved early survival and reduced left ventricular dilatation after 

Figure 7 Validation of key FRDEGs expression at the mRNA levels. Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 mRNA level in the TAC and sham groups in mice. Expression levels 
were standardized for GAPDH levels. Values are expressed as means (± SD) (n = 4), *p < 0.05; **p < 0.01 and ***p < 0.001vs Sham group.
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Figure 8 Validation of key FRDEGs expression at protein levels. (A) IHC staining of Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 proteins in the TAC and sham groups. (B) 
Quantitative analysis of Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2 proteins in the TAC and sham groups. The red arrows represent positive cells. Values are expressed as means 
(± SD) (n = 3). *p < 0.05 and **p < 0.01 vs Sham group; Original magnification, ×200. Scale bar: 100 μm.
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myocardial infarction, which might be an attractive target for treating heart failure.37 In addition, the miRNA network 
analysis showed that the miR-22-3p and miR-92a-3p could simultaneously regulate four key FRDEGs. Previous studies 
have confirmed that miR-22-3p is a biomarker for adverse outcome in patients with chronic heart failure.38 Marques et al 
reported that coronary sinus plasma level of the miR-92a-3p was substantially decreased, while miR-155-5p was 
substantially increased in HF patients.39 Furthermore, the five key FRDEGs were verified by RT-qPCR and IHC, 
which were consistent with our bioinformatic analysis result.

However, our study still has some limitations. Firstly, the ferroptosis-related genes are incomplete in our study, due to the 
updated continuously FerrDb database. In addition, more laboratory evidences are needed to support the role of FRGs in HF.

Conclusion
In conclusion, our results suggest that these five key FRGs (Mapk14, Hif1a, Ddit3, Tlr4 and Ptgs2) are closely associated 
with ferroptosis in HF, and serve as potential targets for HF.

Abbreviations
HF, Heart failure; TAC, Transverse aortic constriction; FRDEGs, Ferroptosis-related differential expressed genes; PPI, 
Protein-protein interaction; RT-qPCR, Quantitative reverse transcription PCR; IHC, Immunohistochemistry; CVDs, 
Cardiovascular diseases.
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