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Background: There are no specific clinical medications that target cardiac fibrosis in heart failure (HF). Recent studies have shown that tyrosine kinase inhibitors (TKIs) may benefit fibrosis in various organs. However, there is limited research on their application in cardiac fibrosis. Axitinib, an FDA-approved tyrosine kinase inhibitor, was used to evaluate its effects on cardiac fibrosis and function in pressure overload-induced heart failure.

Methods: To build a pharmacological network, the pharmacological targets of axitinib were first retrieved from databases and coupled with key heart failure gene molecules for analysis and prediction. To validate the results outlined above, 8-week-old male C57BL/6 J mice were orally administrated of axitinib (30 mg/kg) daily for 8 weeks after Transverse Aortic Constriction (TAC) surgery. Mouse cardiomyocytes and cardiac fibroblasts were used as cell lines to test the function and mechanism of axitinib.

Results: We found that the pharmacological targets of axitinib could form a pharmacological network with key genes involved in heart failure. The VEGFA-KDR pathway was found to be closely related to the differential gene expression of human heart-derived primary cardiomyocyte cell lines treated with axitinib, based on analysis of the publicly available dataset. The outcomes of animal experiments demonstrated that axitinib therapy greatly reduced cardiac fibrosis and improved TAC-induced cardiac dysfunction. Further research has shown that the expression of transforming growth factor-β(TGF-β) and other fibrosis genes was significantly reduced in vivo and in vitro.

Conclusion: Our study provides evidence for the repurposing of axitinib to combat cardiac fibrosis, and offers new insights into the treatment of patients with HF.
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1. Introduction

Heart failure (HF) is a complex syndrome that can result from various underlying causes, including coronary artery disease, hypertension, heart valve disorders, cardiomyopathies, and other cardiovascular conditions (1). HF is a prevalent and growing health problem worldwide. Despite advancements in drug and device therapy for heart failure, there has been limited progress in reducing hospitalization and mortality rates over the past decade (2). This emphasizes the urgent need to develop of novel therapies to effectively address the persistent challenges in managing heart failure.

Fibrosis, characterized by excessive accumulation of collagen and other extracellular matrix proteins in the heart, is a prominent pathological feature of heart failure (3). It occurs in response to ongoing injury and inflammation, leading to cardiac tissue remodeling. Various triggers, such as pressure overload, ischemia, or metabolic disturbances, initiate structural changes in the heart and activate fibroblasts to produce and deposit collagen fibers. Fibrosis can be a reparative mechanism that strengthens damaged myocardium (4). However, in chronic and progressive heart failure, fibrosis becomes excessive and detrimental, causing the myocardium to become stiff, compromising its ability to effectively pump blood (5). Moreover, fibrosis disrupts communication between cardiomyocytes, impairing their ability to contract synchronously and compromising overall cardiac performance (6). Despite recognizing the significance of cardiac fibrosis in HF, there remains an unmet medical need to effectively integrate its management into HF treatment (7).

Tyrosine kinase inhibitors (TKIs) are primarily used as anti-cancer medications. However, their therapeutic applications extend beyond oncology and have been explored for the treatment of various other conditions, including lung, liver, skin, and kidney fibrosis (8). Axitinib is a second-generation oral tyrosine kinase inhibitor (TKI) that received the Food and Drug Administration (FDA) approval in 2012 for the treatment of renal cell carcinomas (9). It is known for its potent inhibitory effects on the vascular endothelial growth factor (VEGF) receptor family, being approximately eight times more potent against these receptors than the platelet-derived growth factor (PDGF) receptor family (10). In our study, we explored the potential of axitinib to prevent adverse fibrotic remodeling in heart failure. By analyzing the pharmacological network of axitinib and heart fibrosis, we identified that the VEGFA-KDR pathway is closely associated with axitinib treatment. Our findings demonstrates that axitinib effectively reduced cardiac fibrosis, hypertrophy, and dysfunction induced by pressure overload in a mouse model.



2. Methods


2.1. Sequencing data acquisition and enrichment analyses

All the datasets used in this study were obtained from the GEO database.1 Dataset GSE133054 employs high-throughput sequencing to perform transcriptome sequencing of human cardiac tissues. We obtained transcriptome sequencing data from this dataset for patients without cardiomyopathy (NCM, n = 7) and with heart failure (HF, n = 7). Additionally, we acquired mRNA sequencing data for the human heart-derived primary cardiomyocyte cell lines control (n = 16) and cell lines treated with axitinib (n = 8) from the dataset GSE146096. For transcriptome data, we utilized Metascape2 for pathway enrichment and network analysis (11). Gene set enrichment analysis (GSEA) was performed using the clusterProfiler package (version 3.10.1) (12).



2.2. Pharmacological databases and Protein–Protein Interactions (PPI) analysis

The targets of axitinib were mainly obtained from the CTD3 database (13, 14) and the DGIbd database.4 To construct a PPI network from proteins of axitinib targets and enriched fibrosis-related pathways, the STRING5 database was employed. The PPI network was visualized using Cytoscape (version 3.10.0) for better interpretation and analysis (15). CytoHubba identified networks from a complex interactome (16).



2.3. Animal model

All animal experiments were reviewed and approved by the Ethics Committee of Tongji University. 8 weeks old male C57Bl/6 mice weighing ~20 g were purchased from the Shanghai Animal Administration Center. Mice were kept under a 12 h light/dark cycle and had free access to standard mouse chow and tap water. In our previous study, we established a mouse model of Transverse Aortic Constriction (TAC) surgery-induced heart failure (17). Axitinib (Selleck, USA) was dissolved in a solution of 0.5–1% Carboxymethylcellulose sodium (CMC). Oral gavage was used to administered at a dosage of 30 μg/g, once daily (qd). Axitinib administration commenced 1 day after surgery and continued for 8 weeks. The control group (NC) was treated with the same amount of CMC but without axitinib.



2.4. Echocardiography

The mice were anesthetized with isoflurane (2% isoflurane/O2 mixture). Parameters of cardiac morphology and function, including interventricular septal thickness, left ventricular internal diameter (LVID), left ventricular mass (LV mass corrected), ejection fraction (EF), and fractional shortening (FS), were examined using 2D M-mode and B-mode transthoracic echocardiography with Vevo2000 (VisualSonics, Canada).



2.5. Histological analysis

The mouse hearts were collected after euthanasia. For histological analysis, the heart tissues were fixed in 4% neutral formaldehyde at room temperature for more than 24 h. The specimens were fixed with formalin and embedded in paraffin, and then 4 μm thick serial sections were prepared along the short axis at the papillary muscle level. Slides were stained with Masson dye solution set (Servicebio, China) and wheat germ agglutinin (Servicebio, China) to examine fibrosis and cell size, respectively.



2.6. Quantitative real-time PCR

Total RNAs was extracted from animal and cell samples using TRIZOL reagent (Invitrogen, USA), and then reverse transcribed into cDNA using a reverse transcription kit (Vazyme Biotech, China). Quantitative real-time PCR (qRT-PCR) was performed using SYBR Green Master Mix (Vazyme, China). Specific primer pairs are listed in the following Table 1. The following PCR cycling conditions were used: 95°C for 3 min; 40 cycles of 95°C for 5 s and 60°C for 34 s; 95°C for 10 s; the melt curve, 65°C to 95°C, increment 0.5°C. Three biological replicates were used for each sample. Gene expression levels were analyzed using the 2−△△Ct method with GAPDH as the reference gene.



TABLE 1 Primer table.
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2.7. Cell culture

The cell bank of the Shanghai Branch of the Chinese Academy of Sciences provided mouse cardiomyocytes (MCM) and mouse cardiac fibroblasts (MCF), which were cultured in DMEM/F12 medium (Servicebio, China) supplemented with 10% fetal bovine serum (Gibco, USA) and 100 g/mL penicillin/streptomycin. The culture medium was replaced every 2/3 days. Angiotensin II (Ang II, 1 μM) treatment was performed on the MCM for 48 h to induce myocardial hypertrophy. MCF were treated with transforming growth factor-β (TGF-β, 10 ng/mL) for 1 h to induce fibrosis. Axitinib was dissolved in dimethyl sulfoxide (DMSO) and treated with MCM and MCF at 1 μM for 24 h.



2.8. Statistical analysis

Descriptive statistics were used to summarize the clinical characteristics of patients. Quantitative data are presented as mean ± Standard Deviation (SD). Statistical significance was assessed through t-tests or one-way analysis of variance (ANOVA) for sample sizes exceeding 6. For smaller sample sizes, the Mann–Whitney U test was employed for two groups, while the Kruskal-Wallis test, followed by Dunn’s post hoc test, was utilized for scenarios involving three or more groups. For biological replicates, the independent procedures were repeated three times. Charting and statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad, USA). A p value <0.05 was considered as statistically significant (*p < 0.05, **p < 0.01, and ***p < 0.001).




3. Results


3.1. Significant enrichment of the fibrosis pathway in transcriptomic sequencing analysis of heart failure

To investigate the impact of fibrosis in heart failure, we examined the GSE133054 dataset, comprising 8 samples of normal tissue and 7 samples of heart failure tissue. mRNA sequencing identified 23,585 genes, and differential gene expression analysis using the established heart failure criteria (p < 0.05, absolute fold change >2) revealed 2,747 differentially expressed genes, with 1,035 upregulated and 1,712 downregulated genes (Figures 1A,B). To elucidate the biological functions of the differentially expressed genes, we conducted pathway analysis using Metascape. Further analysis using Metascape for KEGG pathway enrichment reveal notable enrichment of the ECM-receptor interaction pathway, as well as hypertrophic cardiomyopathy and cell adhesion molecules. In addition, the TGF-β pathway was significant enriched (Figures 1C,D). KEGG differential gene enrichment analysis relies on identifying significantly upregulated or downregulated genes, which may result in overlooking genes that hold significant biological significance, but do not show significant differential expression. In contrast, gene set enrichment analysis (GSEA) does not depend on a specific threshold for differential gene expression. The GSEA algorithm evaluates the overall trend and considers the enrichment of gene sets, thereby increasing the likelihood of capturing subtle yet coordinated changes that influence biological pathways. GSEA analysis provided additional confirmation of the significant enrichment of the TGF-β pathway and the ECM-receptor interaction pathway (Figures 1E,F). Supplementary Figures 1, 2 present detailed information on the TGF-βand ECM-receptor interaction pathways. The extracellular matrix (ECM) signaling pathway operates utilizes ECM receptors, primarily integrins, to recruit and activate effector cells that promote fibrosis. TGF-β signaling is one of the most important signaling pathways required for cardiac fibrosis. We gathered key differentially expressed genes associated with ECM-receptor interactions and the TGF-β pathway to facilitate subsequent analysis. Collectively, these findings underscore the critical role of fibrosis-related pathways in human HF progression.
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FIGURE 1
 Significant enrichment of the fibrosis pathway in transcriptomic sequencing analysis of heart failure The dataset GSE133054 consists of 8 samples of non-cardiomyopathy and 7 samples of human heart failure tissue. (A) Volcano plot provides a graphical representation of the distribution of gene fold change (FC) and p-values. This plot is commonly used to visualize the results of differential analysis, where downregulated genes are depicted in blue and upregulated genes in red, highlighting significant changes. (B) The heat map was used to visually display the expression differences of the selected upregulated and downregulated genes from the volcano plot between the two groups of populations. In the heatmap, blue represents significantly downregulated genes, whereas red represents significantly upregulated genes. (C) Metascape analysis showed significantly enriched pathways including myocardial hypertrophy, fibrosis, and heart failure. (D) Network of enriched terms colored by cluster ID, where nodes that share the same cluster ID are typically close to each other. Additionally, GSEA analysis of the ECM-receptor interaction pathway (E) and TGF-β pathway (F) revealed significant enrichment of fibrosis pathways in patients with heart failure.




3.2. Axitinib targets fibrosis-related genes based on the pharmacological protein–protein interaction (PPI) network

To investigate the pharmacological effects of axitinib, we analyzed its target genes using CTD (see footnote 3) and DGIbd (see footnote 4). The CTD is a robust, publicly available database that aims to advance the understanding of how environmental exposures affect human health. It provides manually curated information about chemical-gene/protein interactions, chemical-disease and gene-disease relationships. The drug-gene interaction database (DGIdb) mined drug-gene interactions from DrugBank, PharmGKB, Chembl, Drug Target Commons, TTD, and others, using a combination of expert curation and text-mining. A total of 20 target genes for axitinib were identified (Figure 2B). These axitinib target genes were then integrated with key differentially expressed genes associated with ECM-receptor interaction and the TGF-β pathway, and a protein–protein interaction (PPI) network was constructed using STRING (Figure 2A). Using CytoHubba, we identified key nodes in the network and discovered that VEGFA and VEGFR2 (KDR) were closely associated with eight fibrosis-related genes, namely FN1, ITGA1, ITGA2, ITGA4, ITGA9, ITGAV, ITGB1, and THBS1 (Figure 2C).

[image: Figure 2]

FIGURE 2
 Pharmacological databases constructing PPI network of axitinib target genes and fibrosis-related genes. (A) Axitinib target genes were integrated with key differentially expressed genes that are associated with ECM-receptor interaction and TGF-β pathway, and a protein–protein interaction (PPI) network was constructed using String. (B) Venn diagram showed axitinib target genes that were gathered in two pharmacological databases, CTD and DGIbd. (C) Using CytoHubba in Cytoscape, the top 10 genes in the STRING network were identified and ranked using the MNC method. VEGFA-KDR exhibits a particularly strong correlation with fibrosis-related genes among the target genes of axitinib.




3.3. Axitinib predominantly modulates the VEGFA-KDR pathway in cardiomyocyte

To investigate the effects of axitinib on cardiac myocytes, we analyzed the GSE146096 dataset, which includes 16 control human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) cells and 8 iPSC-CMs treated with axitinib for 48 h. Applying a significance cutoff of p < 0.05 and an absolute fold change greater than 1.2, we identified 290 differentially expressed genes, with 170 upregulated and 120 downregulated genes (Figures 3A,B). Metascape analysis demonstrated significant enrichment of the VEGFA-KDR pathway (Figures 3C,D). Additionally, GSEA confirmed the significant enrichment of cell adhesion and VEGF signaling pathways (Figures 3E,F). These findings suggest that the VEGFA-KDR pathway is significantly affected in axitinib-treated cardiac myocytes. Consequently, we propose that axitinib may influence the progression of cardiac fibrosis through its involvement in the VEGFA-KDR pathway.
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FIGURE 3
 Significant enrichment of the VEGFA-KDR pathway in axitinib-treated cardiac myocytes (iPSC-CM) mRNA sequencing data for control iPSC-CMs (n = 16) and iPSC-CMs treated with axitinib (n = 8) from dataset GSE146096. (A) Volcano plot of transcriptomic analysis of axitinib-treated cardiac myocytes (iPSC-CMs). (B) Heatmap of differentially expressed genes in axitinib-treated cardiac myocytes (iPSC-CMs). Volcano plot and heatmap were used to visually display the gene expression differences. Blue represents significantly downregulated genes, whereas red represents significantly upregulated genes. (C,D) KEGG enriched pathways in axitinib-treated cardiac myocytes (iPSC-CMs) identified by Metascape analysis indicated a significant enrichment of the VEGFA-KDR signaling pathway. Moreover, GSEA analysis of the cell adhesion molecule pathway (E) and VEGF signaling pathway (F) was consistent with the KEGG enriched pathways.




3.4. The effects of axitinib on cardiac fibrosis in vivo and in vitro

We assessed the therapeutic efficacy of axitinib in a well-established mouse model of heart failure induced by transverse aortic constriction (TAC). Our results confirmed the successful establishment of a TAC-induced cardiac pathological remodeling mouse model for changes in heart size and cardiac function (Figures 4A–C). TAC surgery was performed on 8-week-old C57BL/6 J mice, and axitinib was administered throughout the experimental period to investigate its effect on pressure overload-induced cardiac pathology. Mice were divided into four groups: Sham+NC, Sham+axitinib, TAC + NC, and TAC + axitinib according to their surgery and treatment. TAC mice treated with axitinib exhibited a lower heart weight/ body weight (HW/BW) ratio and lower heart weight/tibia length (HW/HL) ratio than those in TAC + NC group (Figure 4A). The axitinib-treated group demonstrated a significant improvement in the left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) compared to the NC group after TAC surgery, indicating enhanced contractile function. Additionally, the axitinib-treated group exhibited reduced left ventricular internal diameter (LVID), left ventricular mass (LV mass corrected), and heart weight, suggesting that axitinib treatment ameliorated cardiac function and prevented adverse cardiac remodeling (Figure 4C). Representative cardiac specimens and echocardiographic images are shown in Figure 4B, which are consistent with the results in Figures 4A,C. To evaluate cardiac fibrosis after TAC surgery, Masson and WGA staining were performed, revealing decreased collagen deposition and smaller cardiomyocytes in the hearts of the axitinib-treated group (Figure 4D).
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FIGURE 4
 Axitinib treatment improves TAC-induced heart failure and cardiac fibrosis. TAC surgery was performed on 8-week-old C57BL/6 J mice and axitinib was administered. The mice were divided into four groups: Sham+NC, Sham+Axi, TAC + NC and TAC + Axi. (A) Heart weight/body weight (HW/BW) and heart weight/tibia length (HW/HL) increased after TAC surgery and decreased after axitinib treatment (n = 3 in each group). (B) Representative cardiac specimens and echocardiographic images were shown for visual display. Scale Bar = 2 mm. (C) Cardiac ultrasound results showed that axitinib protected cardiac function from pressure overload-induced heart failure (n ≥ 6 in each group). (D) Masson’s trichrome (Scale Bar = 200 μm) and WGA staining (Scale Bar = 40 μm) with bar graphs revealed decreased collagen deposition and smaller cardiomyocytes in the hearts of the axitinib-treated group. HW/BW, heart weight/ body weight; HW/HL, heart weight/tibia length; LVEF or EF, left ventricular ejection fraction; LVFS or FS, left ventricular fractional shortening; LVID, left ventricular internal diameter; LV mass corrected, left ventricular mass; *p < 0.05, **p < 0.01, and ***p < 0.001.


Furthermore, we examined fibrosis markers in the hearts of axitinib-treated and NC groups in the TAC model. qPCR showed that the expression levels of genes associated with cardiac fibrosis (TGF-β, ACTA2, col-1 and col-3) were significantly reduced in axitinib-treated TAC mice (Figure 5A). The axitinib-treated group exhibited significantly increased expression of collagen-I in the heart tissue (Figure 5B), indicating an improvement in pathological cardiac remodeling. We then explored the expression of downstream VEGF signaling pathway, such as MAPK14 and PRKCA, which were altered in axitinib-treated TAC mice (Figure 5C). Mouse cardiomyocytes and cardiac fibroblasts were used as cell lines to test the function and mechanism of axitinib in vitro. Axitinib-treated mouse cardiomyocytes showed similar changes in the downstream VEGF signaling pathway when stimulated by AngII (Figure 5D). Subsequently, we stimulated cardiomyocytes with AngII and mouse cardiac fibroblasts with TGF-β. The results demonstrated that axitinib treatment inhibited TGF-β expression in cardiomyocytes and fibrosis-associated genes in mouse cardiac fibroblasts (Figures 5E,F). These findings suggested that axitinib exerts inhibitory effects on cardiac fibrosis in both in vivo and in vitro mouse models.
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FIGURE 5
 Axitinib treatment improves the expression of fibrosis markers. (A) The expression levels of genes associated with cardiac fibrosis (TGF-β, ACTA2, col-1 and col-3) were significantly reduced in the axitinib-treated TAC mice by qPCR compared with TAC mice(n = 5). (B) Immunohistochemical staining results for collagen-1 (col-1) in axitinib-treated TAC mice. (C) Expression of MAPK14 and PRKCA were changed in axitinib-treated TAC mice compared with TAC mice (n = 5). Next, we stimulated cardiomyocytes with AngII and mouse cardiac fibroblasts with TGF-β to induce hypertrophy and fibrosis. (D) Expression of MAPK14 and PRKCA in axitinib-treated mouse cardiomyocytes stimulated with AngII showed similar changes in vivo (n = 5). Axitinib treatment inhibited TGF-β expression in cardiomyocytes (E) and fibrosis-associated genes (col-1, col-3 and ACTA2) in mouse cardiac fibroblast (F) (n = 5). TGF-β, transforming growth factor-β; col-1, collagen type I; col-3, collagen type III; ACTA2, actin alpha 2; MAPK14, mitogen-activated protein kinase 14; PRKCA, protein kinase C alpha; Ang II, angiotensin II; *p < 0.05, **p < 0.01, and ***p < 0.001.





4. Discussion

Myocardial fibrosis, a variety of pathological factors caused by cardiomyocytes and myocardial interstitial changes that cause cardiac systolic and diastolic dysfunction, myocardial function and metabolism abnormalities, is a common cardiovascular disease occurrence and development to a certain stage of the main pathological manifestations (18). Our study, based on transcriptomic sequencing analysis of human heart failure, showed that the fibrosis pathway was significantly enriched. This is consistent with previous published work in human studies (19, 20). Fibrosis is initiated by myocardial injury and sterile myocardial inflammation in HF (6, 21). Cardiac fibrosis is characterized by excessive deposition of ECM proteins, which are influenced by various profibrotic stimuli, including TGF-β, Ang II, and aldosterone (21). The fibrotic response involves myofibroblasts, which directly produce fibrous tissue, and cardiomyocytes that indirectly contribute to fibrosis by secreting profibrotic mediators (3). Despite the use of conventional therapies, such as RAAS inhibitors, to reduce myocardial fibrosis in patients with HF (22–24), fibrosis remains unresolved, highlighting the need to explore novel treatments.

Progress has been made in the treatment of fibrosis in other organs, such as the lungs, liver, and kidneys. Pirfenidone has been approved by FDA for the treatment of idiopathic pulmonary fibrosis (IPF), which is known to reduce disease progression and improve lung function, exercise tolerance, and progression-free survival in patients with IPF (25–27). Another drug, nintedanib, is approved for the treatment of lung fibrosis in patients with IPF (28–30). An increasing number of studies have explored the potential of pirfenidone and nintedanib in liver and kidney fibrosis (31). In heart failure, pirfenidone may reduce the expression of col-1 induced by TGFβ, decrease vascular permeability, and inhibit inflammation and fibrosis caused by NLRP3, thereby alleviating the development of pressure overload-induced chronic cardiac fibrosis (32, 33). Furthermore, nintedanib demonstrated favorable outcomes in pressure overload-induced cardiac remodeling and dysfunction by engaging multiple interrelated mechanisms that directly impact immune cells, cardiac fibroblasts, and cardiomyocytes (34). Nintedanib is a tyrosine kinase inhibitor with a broad spectrum of targets including PDGFR, FGFR, and VEGF. Many in-depth studies have been conducted on the molecular mechanisms of the pathogenesis of cardiac fibrosis, and based on these mechanisms, a variety of molecular therapeutic targets have been identified PDGF and VEGF, which are the most important growth factors involved in fibrin synthesis (35, 36). As a developed multi-target tyrosine kinase inhibitor, axitinib selectively targets VEGFR (Flt-1, KDR and Flt-4) and has shown stronger inhibitory effects in early clinical trials. Axitinib exhibits approximately eight-fold higher potency against the VEGF receptor family than the PDGF receptor family (10). Axitinib has more efficient anti-fibrosis potential and prospects for clinical application (37–39). However, no studies evaluated the efficacy of axitinib for the treatment of cardiac fibrosis. To investigate the potential therapeutic effects of axitinib on cardiac fibrosis, we initially collected pharmacological targets of axitinib from two distinct pharmacological databases. Subsequently, we identified key genes associated with heart failure through significant enrichment of the fibrosis pathway in transcriptomic sequencing analysis. Using the STRING database, we constructed a PPI network that revealed a strong correlation between axitinib and cardiac fibrosis.

Studies have shown that cardiac fibrosis is closely associated with cardiomyocytes and myocardial fibroblasts (18, 21). Cardiomyocytes are the primary cellular components of the heart, accounting for 49.2% of the ventricular mass and making them the predominant cell type (40). Emerging evidence indicates that functional cardiomyocytes have the potential to stimulate interstitial fibroblasts during periods of stress, thereby promoting the development of interstitial fibrosis (41). However, it is still unclear whether cardiomyocytes respond to axitinib treatment and how this may impact cardiac fibrosis. By analyzing the sequencing data of iPSC-CM cells treated with axitinib, we found that the VEGFA-KDR pathway was activated. Previous studies have shown that the VEGFA-KDR pathway is closely related to heart failure (42, 43). In the cardiac fibrosis model afflicted by disease, there was a reduction in vascular endothelial growth factor (VEGF) when compared to non-diseased controls, while its receptors, KDR, exhibited an upregulation (44–46).

TKIs have been associated with a growing number of cardiovascular side effects. A meta-analysis of clinical trials involving 10,647 patients treated with various TKIs, including axitinib, pazopanib, sorafenib, sunitinib, and vandetanib, for different types of malignancies demonstrated an overall incidence of asymptomatic left ventricular systolic dysfunction of 2.4%, with 1.2% developing symptomatic heart failure (47). These side effects of TKIs can be attributed to both the “on-target” effects of VEGF inhibition and the “off-target” effects resulting from the inhibition of other tyrosine kinases (48). Additionally, cardiac dysfunction associated with TKIs is partially reversible. In a randomized controlled trial of sunitinib for imatinib-resistant gastrointestinal stromal cancer, all patients who developed heart failure showed improvement in EF and resolution of symptoms after dose adjustment and heart failure therapy (49). Endomyocardial biopsy of two patients with heart failure revealed cardiomyocyte hypertrophy and abnormal mitochondrial configurations, but no evidence of apoptosis or fibrosis (49).

Research on the role of axitinib in heart failure is limited and insufficient. The exact correlation between TKIs and the development of cardiac dysfunction remains unknown because preclinical studies examining potential toxicities are usually performed in the absence of cancer (48). Similar results have been observed in pulmonary fibrosis. Of the 28 TKIs currently approved, 16 (57%) have been reported to induce interstitial lung disease (ILD) with varying frequency and/or severity (50, 51). However, Animal models have demonstrated that several tyrosine kinase inhibitors such as imatinib, nilotinib, and gefitinib can effectively reduce pulmonary fibrosis (51). To investigate the anti-fibrotic effects of axitinib, we administered axitinib to a mouse model of pressure overload-induced heart failure and assessed its impact on pathological remodeling and cardiac dysfunction. We found that axitinib prevented myocardial dysfunction, fibrotic remodeling and pathological hypertrophy induced by pressure overload in mice. Combined with the results of our bioinformatics analysis, which showed that axitinib led to significant enrichment of the VEGFA-KDR pathway in cardiomyocytes, this effect may be attributed to the inhibition of key signaling pathways involved in fibrosis progression. TGF-β plays a crucial role in fibrosis by promoting the production of collagen and other extracellular matrix proteins. Our cell experiment results showed that axitinib inhibited TGF-β signaling, leading to reduced collagen deposition and fibrotic changes in heart tissue. The results suggested to us axitinib exerted anti-fibrotic effects through the suppression of factors such as transforming growth factor-beta (TGF-β) and its downstream signaling molecules and this inhibition of TGF-β signaling by axitinib might occur through the modulation of its receptor, KDR, which is involved in TGF-β signaling pathways (52). Since we observed a reduction in cardiac hypertrophy in axitinib-treated animals, we were interested in determining whether axitinib directly affects cardiomyocytes through anti-fibrotic mechanisms. Our experimental results showed significant alterations in the key signaling pathways underlying fibrosis. The expression of TGF-β in cardiomyocytes significantly increased after drug treatment. Myocardial fibroblasts activated with TGF-β showed a significant reduction in fibrosis markers after drug treatment.

This study exhibits several limitations. Firstly, the mice in this investigation received Axitinib treatment for 8 weeks following TAC surgery, yet the assessment did not encompass the long-term consequences of this treatment. Evaluating the long-term effectiveness and safety of this approach is imperative for its clinical application. Secondly, the study did not integrate interventions aimed at modifying the VEGFA-KDR pathway to mitigate the effects of Axitinib. Further experiments are needed to validate these findings in future research. Additionally, the absence of human research data is notable. Human studies are typically more convincing when considering drug repurposing.

In summary, this study preliminarily verified that axitinib plays an anti-fibrotic role by inhibiting the TGF-β signaling pathway of cardiomyocytes and myocardial fibroblasts in cardiac tissue. This lays a foundation for the clinical application of axitinib in the treatment of cardiac fibrosis. However, further studies are warranted to delineate the detailed mechanisms of axitinib therapeutic efficacy and define the contribution of various cells, including fibroblasts and cardiomyocytes.
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Footnotes

1   https://www.ncbi.nlm.nih.gov/geo/


2   https://www.metascape.org/gp/index.html


3   http://ctdbase.org/


4   https://www.dgidb.org/


5   http://version-12-0.string-db.org
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