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Background
Sorafenib, a widely used tyrosine kinase inhibitor (TKI), has been associated with cardiotoxic effects; however, the precise molecular basis of this toxicity remains incompletely characterized. This study examined sorafenib’s impact on cardiac cells, focusing on endoplasmic reticulum (ER) stress signaling, specifically the PERK-eIF2α-ATF4 pathway and its downstream network.
Methods
To elucidate these mechanisms, we employed a comprehensive approach integrating in vivo rat models, H9C2 cell-based assays, transcriptomic and proteomic profiling, along with biochemical validation techniques.
Results
Our study reveals that sorafenib compromises cardiac function by inducing ER stress in cardiomyocytes, which activates the PERK-eIF2α-ATF4 pathway, leading to mitochondrial damage and apoptosis. These outcomes were supported by Western blot analysis and microscopic imaging, and were significantly mitigated following treatment with the ER stress inhibitor GSK2606414. Transcriptome data highlighted activating transcription factor 3 (ATF3) as the most prominently induced gene post-treatment. Further enrichment analysis identified several related pathways, while RT-PCR and immunoblotting confirmed ATF3 upregulation in H9C2 cells. Proteomic screening revealed NDUFS1 as a potential downstream effector. Silencing ATF3 via siRNA partially restored mitochondrial function, suggesting a negative regulatory effect of ATF3 on NDUFS1 that contributes to sorafenib-induced mitochondrial impairment.
Conclusion
Collectively, these results uncover a critical signaling cascade—PERK/eIF2α/ATF4/ATF3/NDUFS1—involved in sorafenib-mediated cardiotoxicity and point to ATF3 modulation as a promising target for preventing or reducing cardiac injury caused by this drug.

[image: Proposed mechanism of sorafenib-induced cardiotoxicity flowchart. Sorafenib induces ER stress, activating PERK, P-PERK, eIF2α, P-eIF2α, and ATF4. This increases ATF3, causing mitochondrial dysfunction, decreased NDUFS1, complex I activity, ATP, and increased ROS, leading to apoptosis. Enriched pathways include TGF-β signaling, matrisome, apoptosis, and oxidative phosphorylation.]GRAPHICAL ABSTRACTSchematic model illustrating the proposed mechanism of sorafenib-induced cardiotoxicity. Sorafenib triggers endoplasmic reticulum (ER) stress and activates the PERK-eIF2α-ATF4 signaling cascade, leading to upregulation of ATF3. ATF3 binds to the promoter of NDUFS1 and represses its expression, resulting in mitochondrial dysfunction, decreased mitochondrial complex I activity, reduced ATP production, elevated reactive oxygen species (ROS), and cardiomyocyte apoptosis. Transcriptomic and proteomic analyses also revealed enrichment of TGF-β signaling and Matrisome pathways, supporting the involvement of extracellular matrix remodeling and pro-apoptotic signaling in this process.Keywords: sorafenib, cardiotoxicity, ATF3, NDUFS1, ER stress, mitochondrial dysfunction, cell apoptosis
1 INTRODUCTION
Sorafenib is a first-line treatment for advanced hepatocellular carcinoma (HCC) (Chen et al., 2008; Fan et al., 2020; Zhou et al., 2022) and is approved for differentiated thyroid cancer (DTC) resistant to radioactive iodine therapy, as well as advanced renal cell carcinoma (RCC) (Escudier et al., 2019). Its anti-tumor efficacy extends to FLT-3 ITD-Mutant Acute Myeloid Leukemia, advanced desmoid tumors, and has shown promise in osteosarcoma trials (Gounder et al., 2018; Pollyea et al., 2021). However, it is associated with significant cardiac complications, including biomarker increases, electrocardiographic abnormalities, impaired contractility, and heart failure (Albarrán et al., 2022). Studies indicate a higher-than-expected incidence of left ventricular dysfunction (4%–8%) and a significant risk of decreased ejection fraction (Zamorano et al., 2016; Chaar et al., 2018). Recent reports have documented instances of unexpected cardiac arrest and myocardial dysfunction in individuals (Schmidinger et al., 2008; Escalante et al., 2016; Calistri et al., 2017). This underscores the need for a deeper understanding of sorafenib-induced cardiotoxicities.
The endoplasmic reticulum is vital for maintaining cellular homeostasis by regulating the synthesis and proper folding of intracellular proteins. Excessive ER stress activates the unfolded protein response (UPR) to restore balance, but prolonged stress can lead to cell death, contributing to cell injury and heart failure (Hou et al., 2021). The PERK/eIF2α/ATF4 pathway is a key element of the ER stress response and is closely linked to cardiac injury (Stevens et al., 2022). Studies show that arsenic and fluoride exposure induces ER stress, causing cardiomyocyte apoptosis in rat hearts and H9C2 cells, with increased GRP78 expression and PERK pathway activation compared to controls (Li M. et al., 2022). Previous research has shown that sorafenib induces apoptosis through ER stress pathways, particularly the PERK-eIF2α-ATF4 signaling cascade (Wang et al., 2022; Wang et al., 2023). However, the precise mechanisms of sorafenib-induced cardiotoxicity remain unclear, and the transition of apoptosis during prolonged treatment requires further investigation.
This study aims to fill the knowledge gap by exploring the link between ER stress and sorafenib-induced cardiotoxicity through comprehensive computational analysis and experimental validation. It focuses on identifying differentially expressed genes (DEGs) related to ER stress that may serve as diagnostic markers and therapeutic targets. By elucidating the molecular mechanisms, the research intends to enhance understanding of the pathways leading to sorafenib-induced cardiac damage, supporting the development of strategies to reduce these adverse effects.
2 MATERIALS AND METHODS
2.1 Animals and animal models
Six-week-old male C57BL/6 mice were individually housed (up to four per cage) in ventilated racks under controlled conditions: The mice were maintained at 21°C ± 1°C with a 12-h light/dark cycle and 30%–50% humidity, and were randomly assigned to two groups (n = 3). Sorafenib (HY-10201, MedChemExpress LLC, New Jersey, United States) was administered intraperitoneally to the treatment group at 30 mg/kg per day, while the control group received a vehicle solution of 10% DMSO, 40% PEG300, 5% Tween-80, and 45% saline. Myocardial function was assessed 2 weeks after the final injection, followed by humane euthanasia under isoflurane anesthesia for heart collection. All procedures complied with the ARRIVE guidelines.
2.2 Echocardiography
Two weeks post daily injections, echocardiographic evaluations were conducted on lightly anesthetized animals (1%–2% isoflurane) using a GE Vivid E9 ML6-15-D Linear Probe (United States). M-mode imaging assessed left ventricular fractional shortening (FS), ejection fraction (EF), and the thickness of the left ventricular posterior wall during diastole (LVPWd) and systole (LVPWs).
2.3 Histology staining
Heart tissues were rinsed with phosphate-buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) for 24 h. The tissues were then embedded in paraffin, sectioned into 2 μm slices, and stained with hematoxylin and eosin (HE) following standard procedures (Solarbio, G1121, China). Images were captured using a Leica® DMi8 light microscope from Germany.
2.4 Culture and cell line maintenance
The H9C2 rat cardiomyocyte cell line (CRL-1446) was obtained from the American Type Culture Collection (ATCC, United States) and cultured in a CO2 incubator with 5% CO2 using Dulbecco’s Modified Eagle’s Medium (DMEM, GIBCO, United States) supplemented with 10% fetal bovine serum (FBS, GIBCO, United States). Cells were routinely passaged at approximately 80% confluence. Prior to experiments, the medium was replaced with DMEM containing 0.5% FBS for 12 h. Experimental treatments involved 5 μM sorafenib in dimethyl sulfoxide (DMSO) for 48 h, with 0.1 nM DMSO as the control. Sorafenib was also combined with 1 μM GSK2606414 (MedChemExpress, United States). All experiments were performed independently three times, each in triplicate.
2.5 Calcein AM/PI dual staining
Cell viability was assessed using the calcein AM/PI Double Staining Kit (E-CK-A354, Elabscience). Following PBS rinsing, cells were incubated with calcein AM and propidium iodide for 20 min. Fluorescence microscopy revealed green fluorescence from calcein AM (Ex/Em = 494nm/517 nm) and red fluorescence from PI (Ex/Em = 535nm/617 nm).
2.6 Cell viability assay
Cell viability was evaluated using the Cell Counting Kit-8 (CCK-8, BS350A, Biosharp, China). A 100 μL sample from each culture medium was added to a 96-well plate and incubated at 37°C. After 48 h of treatment, 10 µL of CCK-8 reagent was added to each well, and the absorbance at 450 nm was measured with a Tecan Infinite 200 PRO Microplate Reader (Tecan Group Ltd., Switzerland).
2.7 Western blotting
Cell lysates were obtained from cell lines using RIPA buffer with protease inhibitors (Beyotime, P0013B, China), and protein concentrations were determined via the BCA assay (Beyotime, P0012, China). Protein samples (10–20 µg) underwent separation by SDS-PAGE. Initially, electrophoresis was conducted at 70V for 30 min, then at 110V for 90 min (Sevenbio, Beijing, China). Proteins were subsequently transferred to a PVDF membrane at 300 mA for 70 min (Millipore, China). Membranes were blocked with 5% nonfat milk for 1 h at room temperature, followed by an overnight incubation with primary antibodies at 4°C. The study employed the following antibodies. Cleaved caspase-9 p35 (D315) at 1:1000 dilution (Immunoway, YC0014), P-PERK at 1:1000 (Wanleibio, WL05295), PERK at 1:1000 (Wanleibio, WL03378), EIF2S1 (P-eIF2α) at 1:2000 (Abcam, ab32157), eIF2α at 1:500 (Wanleibio, WL01909), GRP78/BiP at 1:1000 (Wanleibio, WL03157), ATF-4 at 1:500 (Wanleibio, WL02330), GAPDH at 1:10000 (Abcam, ab181602), ATF-3 at 1:1000 (Immunoway, YT0387), cleaved caspase-3 at 1:500 (Wanleibio, WL01992), and NDUFS1 at 1:The membrane was incubated with an HRP-conjugated secondary antibody following treatment with the primary antibody (Immunoway, YT3017). Protein bands were detected and quantified using an ECL system (Tanon 5100, China) and analyzed with ImageJ software (NIH v1.8.0).
2.8 Immunofluorescent staining
H9C2 cells were cultured on sterile coverslips in 24-well plates. After treatment, cells underwent three PBS washes and were fixed with 4% paraformaldehyde for 20 min. Permeabilization was achieved using 0.2% Triton X-100 for 15 min, followed by blocking with 10% goat serum in PBS for 1 h. Cells were then incubated overnight at 4°C with an anti-P-eIF2α antibody. After PBS washing, cells were incubated with a CY3-conjugated secondary antibody for 1 h at room temperature in the dark. Nuclei were stained with DAPI for 10 min at room temperature, protected from light. Fluorescent images were captured using an Olympus microscope (Japan).
2.9 Apoptosis analysis using flow cytometry
The apoptotic ratio of cardiomyocytes was evaluated using flow cytometry with an Annexin V-FITC apoptosis detection kit (Seven Biotech, SC123, China). Cells were collected, washed twice with cold PBS, resuspended in binding buffer, and incubated with 5 µL Annexin V and 10 µL PI for 15 min at room temperature in the dark. Data analysis was performed using FACSDiva (v6.1.3, BD Biosciences) and FlowJo V10 (TreeStar).
2.10 Detection of apoptosis by in situ fluorescence
Cells were cultured in a 6-well plate at 37°C. After 48 h of treatment, the medium was discarded, and the cells were washed twice with cold PBS. They were then incubated with 5 µL of Annexin V and 10 µL of PI at room temperature in the dark for 15 min.
2.11 RealTime-qPCR
Total RNA was extracted from cell lines using TRIzol reagent (Invitrogen, United States). cDNA synthesis was conducted with the Transcriptor First Strand cDNA Synthesis Kit (Roche, Germany) according to the manufacturer’s protocol. Quantitative PCR (qPCR) utilized SYBR Green I Master Mix (Roche, Germany) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, United States). Ct values were automatically calculated and normalized to GAPDH, serving as the internal control. Gene expression levels were determined using the 2−ΔΔCT method. Primer sequences are listed in Supplementary Table S1.
2.12 Transmission electron microscopy
Transmission electron microscopy (TEM) was employed to examine the ultrastructural morphology of mitochondria and ER in cell lines. Following treatment, cells were collected, washed three times with precooled sterile 1×PBS, and fixed in 2.5% glutaraldehyde in 0.1M phosphate buffer (pH 7.4) at 4°C for 24 h. TEM was then used to visualize and capture the mitochondrial and ER structures.
2.13 Examination of ER-mitochondria contact interactions
Post-treatment, cells were incubated with MitoTracker Green and ER-Tracker Red (Beyotime Institute of Biotechnology) at 37°C for 30 min, then analyzed via a Carl Zeiss confocal microscope.
2.14 ChIP-qPCR
Chromatin immunoprecipitation (ChIP) assays were conducted using a ChIP kit (#Bes5001, BersinBio, China) according to the manufacturer’s instructions. H9C2 cells underwent pretreatment, trypsinization, collection, and cross-linking with 1% formaldehyde to capture protein-DNA interactions. Glycine was used to terminate cross-linking, followed by a 10-min ice incubation and chromatin fragmentation via sonication. The fragmented chromatin was immunoprecipitated using an ATF3 antibody (ab207434, Abcam) to isolate protein-DNA complexes. After multiple washes, the immunoprecipitated DNA was eluted and subjected to qPCR analysis. The primers used for the ChIP assay are listed in Supplementary Table S2.
2.15 siRNA transfection
ATF3-targeting siRNAs were designed and synthesized by Gene Pharma (China), and transfected using Lipofectamine 3,000 (Invitrogen, United States) according to the manufacturer’s instructions. The siRNA sequences are listed in Supplementary Table S3.
2.16 Mitochondrial complex I activity assay
The Mitochondrial Complex I Activity Assay Kit (Solarbio) was utilized to evaluate mitochondrial complex I activity as per the manufacturer’s guidelines. Enzymatic activity was measured by isolating complex I from 5 × 106 cells and observing NADH oxidation at 340 nm over 2 min.
2.17 ATP assays
Cells in the exponential growth phase were collected by centrifugation at 14,000 × g for 2 min at 4°C and rinsed with ice-cold PBS. Lysis was performed using the Enhanced ATP Assay Kit (S0027, Beyotime Biotechnology, Shanghai, China). ATP levels were quantified according to the manufacturer’s protocol, with concentrations calculated from a standard curve and reported as nmol/OD730.
2.18 JC-1 staining
The JC-1 Kit (Beyotime, C2006, China) was employed to evaluate mitochondrial membrane potential (ΔΨm) following the manufacturer’s guidelines. H9C2 cells were exposed to the JC-1 probe for 20 min at 37°C, with CCCP (10 μM) serving as a positive control. Mitochondrial depolarization was assessed by calculating the ratio of JC-1 aggregates to monomers. Imaging was conducted using a cell auto-imaging system (DMi8, Leica®, Germany), capturing five images per well.
2.19 Mitochondrial ROS assay
Mitochondrial reactive oxygen species (ROS) production was evaluated using MitoSOX Red (MCE, 1003197–00-9, China) following the manufacturer’s instructions. Cells were cultured in 6-well plates at 37°C under static conditions. After 48 h of treatment, the medium was removed, and 100 μL of 5 μM MitoSOX solution was added to each well. The plate was gently agitated for uniform distribution and incubated at room temperature for 30 min. Cells were then washed twice with PBS for 5 min each and subjected to fluorescence imaging using a microscope.
2.20 Intracellular ROS assay
Intracellular ROS levels were assessed with a commercial detection kit (Beyotime, S0033S, China). Post-treatment, cells were incubated with 10 μmol/L DCFH-DA at 37°C for 20 min and subsequently washed thoroughly. Fluorescence signals were imaged under a fluorescence microscope in a blinded manner.
2.21 Quantification of cellular superoxide production
Intracellular superoxide levels were measured using dihydroethidium (DHE, Beyotime Institute of Biotechnology). After 48 h of treatment, H9C2 cells were exposed to 5 μM DHE for 30 min at 37°C in a dark, humidified environment. The cells were then rinsed with PBS, and fluorescence was observed under a microscope by an investigator unaware of the group assignments.
2.22 Data acquisition
The GSE146096 dataset was sourced from the Gene Expression Omnibus (GEO) database, as detailed in Supplementary Table S4. The dataset, accessible at//www.ncbi.nlm.nih.gov/geo/, comprises transcriptomic data from human cardiac cells treated with various FDA-approved kinase inhibitors. Generated via RNA sequencing on the Illumina HiSeq 2,500 platform, the dataset was last updated on 13 October 2020. Human heart tissue-derived primary cardiomyocytes were divided into four experimental groups (A, B, D, and E), each exposed to sorafenib for 48 h at different concentrations. 2.5 μM in one subgroup of Line A, 0.5 μM in the remaining A subgroups, and 1 μM for all subgroups in Lines B, D, and E. Group A included four sorafenib-treated samples and 13 controls; Group B had four treated and eight controls; Group D comprised three treated and seven controls; and Group E contained three treated and 11 controls (Supplementary Table S5). Data on transcription factor binding sites (TFBS) for NDUFS1 was sourced from the GeneCards database (https://www.genecards.org/).
2.23 Bioinformatics analysis
The mRNA expression profiles were processed using R software (v4.2.1). Differential expression analysis was conducted with the ‘DESeq2’ package, calculating log2 fold change (logFC) values and adjusted P-values. The Benjamini–Hochberg method was applied to control false discovery rates. Genes with adjusted P-values below 0.05 and absolute logFC greater than 1.0 were considered significantly differentially expressed. Functional enrichment analysis, including gene ontology (GO), kyoto encyclopedia of genes and genomes (KEGG) and gene set enrichment analysis (GSEA), was performed using the ‘clusterProfiler’ package. Data visualization was performed using ‘ggplot2’ for differentially expressed gene distribution plots, principal component analysis (PCA), Venn diagrams, GSEA enrichment maps, GO term charts, and KEGG pathway maps, while ‘ComplexHeatmap’ was used for heatmap generation. Potential binding sites for ATF3 and NDUFS1 were identified via the JASPAR database.
2.24 Statistics
Results are expressed as mean ± standard error of the mean (SEM) from a minimum of three independent replicates. Statistical analyses and figure creation were performed using GraphPad Prism (version 8.0.2; GraphPad Software, La Jolla, CA, United States). An unpaired Student’s t-test was used to assess differences between two groups, with F-tests confirming variance homogeneity. A p-value of less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Apoptosis contributes to sorafenib-induced cardiotoxicity
To establish a mouse model of sorafenib-induced cardiac injury, C57BL/6 mice were administered intraperitoneal injections of sorafenib following a dosing regimen that mimics clinical application (Figure 1A) (Wilhelm et al., 2004). The results demonstrated that sorafenib treatment impaired cardiac function, as shown by reduced left ventricular systolic performance (Figures 1B–F). Furthermore, hematoxylin-eosin (HE) staining provided histological evidence of myocardial injury. As shown in Figure 1G, sorafenib exposure led to myocardial fiber disarray and cardiomyocyte atrophy, along with cytoplasmic condensation, cell rounding, nuclear pyknosis, fragmentation, and dissolution.
[image: Diagram depicting the effects of Sorafenib on male C57BL/6 mice. Panel A shows the experiment timeline with injections and sacrifice points. Panel B features ultrasound images comparing cardiac structure in control and Sorafenib-treated mice. Panels C and D illustrate bar graphs of EF and FS percentages, showing significant reductions in the Sorafenib group. Panels E and F display LV Pwd and LV Pws, with no significant differences. Panel G includes H&E stained cardiac tissue images, comparing control and Sorafenib-treated groups, showing cellular structure differences.]FIGURE 1 | Sorafenib induces cardiac dysfunction in mice. (A) Diagram illustrates the comprehensive design framework. Mice received sorafenib at 30 mg/kg/day via intraperitoneal injection for 14 days. (B) Representative M-mode echocardiogram images from each study group. (C) EF, ejection fraction (n = 3 per group). (D) FS, fractional shortening (n = 3 per group). (E,F) LVPWd and LVPWs refer to the Left Ventricular Posterior Wall thickness measured at end diastole and end systole respectively (n = 3 per group). (G) Myocardial tissue damage was evaluated through hematoxylin and eosin (HE) staining, with a scale bar of 50 μm. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.Our study evaluated sorafenib’s effects on rat cardiomyocyte viability using calcein AM/PI dual staining and CCK-8 assays, revealing reduced cell viability compared to controls (Figures 2A–C). Western blot analysis showed increased cleaved caspase-9 expression in sorafenib-treated cells, indicating apoptosis contributes to sorafenib-induced cardiomyocyte toxicity (Figures 2D,E). Apoptosis in rat cardiac H9C2 cells was also assessed by in situ fluorescence after treatment with Annexin V and PI. Sorafenib treatment significantly increased apoptosis compared to controls (Figure 2F).
[image: Fluorescent microscopy images and graphs comparing control and sorafenib-treated cells. Panel A shows Calcein AM/PI staining with fewer live green-stained cells in the sorafenib group. Panel B is a bar graph showing increased dead cells in the sorafenib group. Panel C is a bar graph showing reduced cell viability in the sorafenib-treated group. Panel D shows a Western blot with increased cleaved caspase-9 in sorafenib-treated cells. Panel E is a bar graph depicting increased cleaved caspase-9 expression normalized to GAPDH in sorafenib-treated cells. Panel F shows microscopy images with Annexin V-FITC staining indicating apoptosis in the sorafenib group.]FIGURE 2 | Sorafenib reduces viability in H9C2 cells and induces apoptosis. (A,B) Calcein AM/PI double staining was employed to evaluate sorafenib’s effect on H9C2 cell viability. Green: live cells (Calcein AM); red: dead cells (PI). n = 3 per group. Scale bar = 100 μm. (C) CCK-8 assays further assessed sorafenib’s impact on H9C2 cell viability (n = 6 per group). (D,E) Cleaved caspase-9 expression was analyzed using Western blot (n = 3 per group). (F) The apoptosis rate in rat cardiac H9c2 cells was assessed via fluorescence microscopy, with a scale bar of 100 μm. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.Apoptosis is crucial in sorafenib-induced cardiotoxicity. This is supported by decreased cell viability, upregulation of cleaved caspase-9, and in situ fluorescence detection. Typical apoptotic morphology, such as nuclear shrinkage and fragmentation, was also observed in cardiomyocytes. These findings were consistently observed in both in vivo mouse models and in vitro rat cardiomyocyte experiments.
3.2 Endoplasmic reticulum stress mediates sorafenib-induced cardiomyocyte death
The PERK-eIF2α-ATF4 pathway plays a crucial role in cellular responses to endoplasmic reticulum stress (ERS) and is strongly linked to cardiotoxicity. This study developed a cardiomyocyte model to examine sorafenib-induced ER stress and cardiotoxicity, using sorafenib alone or with the PERK inhibitor GSK2606414 to evaluate the pathway’s involvement.
Western blotting and immunofluorescence staining were employed on cultured cardiomyocytes to investigate the PERK-eIF2α-ATF4 signaling pathway’s role in sorafenib-induced myocardial cell injury, as shown in Figures 3A,B. Sorafenib significantly increased PERK and eIF2α phosphorylation, evidenced by elevated p-PERK/PERK and p-eIF2α/eIF2α ratios, and upregulated ER stress markers GRP78 and ATF4. Pretreatment with the PERK inhibitor GSK2606414 reduced the pathway’s activation by sorafenib (Figures 3A,B), indicating its involvement in myocardial damage.
[image: Western blots, fluorescent microscopy, and bar graphs in panels A, B, C, and D show protein expression and cell viability. Panel A shows protein levels of P-PERK, PERK, P-eIF2α, eIF2α, GRP78, ATF4, and GAPDH with corresponding quantifications. Panel B displays p-eIF2α and DAPI staining under control, sorafenib, and sorafenib plus GSK2606414 conditions, with a bar graph quantifying p-eIF2α levels. Panel C contains graphs depicting cell viability and statistical significance. Panel D shows live/dead cell staining with Calcein AM/PI under three conditions and a bar graph comparing live and dead cells.]FIGURE 3 | Endoplasmic reticulum stress inhibitor mitigates sorafenib-induced cardiomyocyte cell death. (A) Western blot analysis and quantification of P-PERK, PERK, P-eIF2α, eIF2α, GRP78, ATF4, and GAPDH. H9C2 cardiomyocytes were treated with 5 μM sorafenib (or vehicle) for 48 h. For rescue experiments, 1 μM GSK2606414 was co-administered. (B) Immunofluorescent staining was performed on cultured cells to analysis and quantification of P-eIF2α. (C) CCK-8 assays was performed to study how endoplasmic reticulum stress affects cell viability. (D) Calcein AM/PI staining assessed ER stress–induced changes in cell viability by distinguishing live and dead cells. Green: live cells (Calcein AM); red: dead cells (PI). Scale bar, 100 μm. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.Furthermore, GSK2606414-mediated PERK inhibition mitigated sorafenib-induced cellular injury. To investigate endoplasmic reticulum stress (ERS) in sorafenib-induced cardiac injury, we performed the CCK-8 assay and calcein AM/PI double staining. Reduced cell viability (expressed as%) indicated a cardiomyocyte toxicity in the sorafenib-treated group versus the control group. Remarkably, the cardiotoxicity was attenuated by GSK2606414 treatment (Figures 3C,D). These findings suggest that inhibiting ERS mitigates sorafenib-induced cardiotoxicity in cardiomyocytes, highlighting the importance of the PERK-eIF2α-ATF4 signaling axis in myocardial cell injury.
3.3 Sorafenib induces cardiomyocyte apoptosis and subcellular alterations via endoplasmic reticulum stress
Apoptosis in rat cardiac H9C2 cells was assessed using flow cytometry and in situ fluorescence after treatment with Annexin V and PI. Sorafenib treatment significantly increased apoptosis compared to controls, an effect reduced by GSK26064 14 co-treatment (Figures 4A,B). Western blot analysis showed similar trends, with elevated levels of cleaved caspase-9 and cleaved caspase-3 in the sorafenib group, which were decreased by GSK2606414 (Figure 4C). The findings suggest that sorafenib induces cardiomyocyte apoptosis through ERS.
[image: Flow cytometry and microscopy results depict cellular apoptosis. Panel A shows dot plots of Annexin V-FITC and PI staining with a bar graph indicating an increase in apoptotic cells upon treatment with Sorafenib and Sorafenib plus GSK2606414. Panel B presents microscopic images showing Annexin V-FITC staining in three conditions: control, Sorafenib, and Sorafenib plus GSK2606414. Panel C illustrates Western blot analysis of cleaved Caspase-9 and Caspase-3, with bar graphs quantifying protein expression, indicating increased apoptosis when combining Sorafenib with GSK2606414.]FIGURE 4 | Inhibitors of endoplasmic reticulum stress can reduce cardiomyocyte apoptosis caused by sorafenib. (A) Cell apoptosis rate in rat cardiac H9c2 cells determined by flow cytometry. (B) The apoptosis rate in rat cardiac H9c2 cells was assessed via fluorescence microscopy, with a scale bar of 100 μm. (C) Western blot analysis was used to evaluate the expression of cleaved caspase-9 and cleaved caspase-3. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.TEM analysis revealed mitochondrial damage in cardiomyocytes of the sorafenib-treated group compared to the control group, with significant variations in swelling and increased interaction with the ER. Notably, co-treatment with GSK2606414 mitigated the sorafenib-induced disruption (Supplementary Figure S1A).
Confocal imaging revealed that sorafenib treatment led to a marked increase in mitochondria–ER contact and co-localization, with obvious heterogeneity observed across the treated cells. This effect was notably suppressed by GSK2606414 (Supplementary Figure S1B). These findings suggest that sorafenib induces alterations in both the mitochondria and the ER. Notably, the application of GSK2606414 effectively delays these changes.
3.4 Characterization of differentially regulated genes involved in sorafenib-induced cardiotoxicity and functional enrichment analysis
Supplementary Figure S2 illustrates the analytical workflow. We examined mRNA expression data from the GSE146096 dataset, which includes four sorafenib-treated adult human cardiomyocyte samples, to investigate the transcriptomic response to sorafenib-induced cardiotoxicity. Data from the GEO database (Supplementary Table S4) was analyzed using PCA, revealing a distinct separation between the sorafenib-treated and control groups (Figures 5A–D), indicating a significant impact of the drug on the transcriptomic profile. DEGs were identified with thresholds of P < 0.05 and |logFC| > 1.0, and visualized through Volcano Plots and Heatmaps (Figures 5E–L). Further functional enrichment using GSEA, GO, and KEGG demonstrated significant clustering of DEGs. GSEA was performed on DEGs (Figures 6A–D), with detailed results in Supplementary Table S6, showing associations with pathways like NABA Matrisome, Oxidative Phosphorylation, and others. GO analysis identified key terms across biological process (BP), cellular component (CC), and molecular function (MF), including apoptotic signaling regulation, DNA-binding transcription factor interaction, and response to oxygen levels (Figures 6E–H; Supplementary Figure S3). KEGG analysis linked DEGs to pathways including apoptosis, TGF-β signaling, and protein processing in the ER (Figures 6I–L).
[image: Graphs and heatmaps display data comparisons between group 1 (blue) and group 2 (red). Panels A to D show principal component analysis plots, E to H present volcano plots highlighting significant gene expressions, and I to L feature heatmaps indicating gene expression levels across groups. Each element provides distinct insights into data variation and differentiation between the two groups.]FIGURE 5 | Identification of genes with differential expression linked to cardiotoxicity induced by sorafenib. (A–D) PCA score plots. (E–H) volcano plots of DEGs. (I–L) heatmaps for lines A, B, D, and (E).[image: A series of charts and graphs depicting various biological pathways and experimental results. Panels A to D show enrichment scores for different pathways, with red and blue bars indicating up or downregulation. Panels E to H illustrate circular plots of gene ontology terms with color-coded log fold change values. Panels I to L feature KEGG pathway bar graphs with -log p-adjust values for several signaling pathways. Panel M displays a bar chart comparing ATF3 mRNA levels in control, Sorafenib, and Sorafenib + GSK2606414 samples. Panel N shows a Western blot image of ATF3 and GAPDH with a corresponding bar graph comparing protein levels.]FIGURE 6 | Functional enrichment analysis and experimental confirmation. (A–D) GSEA profiles for lines A, B, D, and (E). (E–H) GO enrichment analyses for lines A, B, D, and (E). (I–L) KEGG enrichment analyses for lines A, B, D, and (E). (M) ATF3 mRNA expression detected by qRT-PCR. (N) ATF3 protein expression detected by Western blot. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.Among the significantly enriched pathways identified by GSEA, the TGF-β signaling pathway and Matrisome components were of particular interest due to their known relevance to cardiac pathology. TGF-β signaling plays a central role in cardiac fibrosis, hypertrophic remodeling, and pro-apoptotic responses under chronic stress conditions. Likewise, the Matrisome gene set, which includes structural extracellular matrix (ECM) proteins and remodeling enzymes, reflects early ECM disorganization—a hallmark of maladaptive cardiac remodeling. These changes may represent compensatory or maladaptive responses to mitochondrial dysfunction and ER stress induced by sorafenib.
3.5 Validation and functional characterization of differentially expressed genes as regulatory factors
A total of 77 upregulated and three downregulated cardiotoxicity-related DEGs were identified across line A, B, D, and E, as illustrated in the Venn diagrams (Supplementary Figure S4). These genes were then cross-referenced with 1,142 ERS-related genes obtained from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov.ncbi.nlm.nih.) (Supplementary Table S7). Fourteen differentially expressed ERS-related genes were identified, including ATF3, Growth Differentiation Factor 15 (GDF15), and protein phosphatase 1 (PP1), among others, as detailed in Supplementary Table S8. Among the differentially expressed ERS-related genes, the most significant differential expression was ATF3. Subsequently, to verify that sorafenib induces myocardial cell injury by activating ATF3 through ERS, Western blot and PCR were performed on cultured cells, and ATF3 was significantly upregulated (P < 0.05) (Figures 6M,N).
3.6 ATF3 interacts with the Ndufs1 promoter and suppresses its expression
To understand the pathways involved in sorafenib-induced cardiotoxicity, we focused on ATF3’s role in cell survival and examined downstream proteins. Proteomic analysis of two sorafenib-treated cell lines identified four common differentially expressed proteins (DEPs), with NDUFS1 being the most significantly altered (Figures 7A,B). A Spearman correlation analysis revealed a negative relationship between ATF3 and NDUFS1 (Figure 7C). The regulatory sensitivity of ATF3 was evaluated using a ROC curve, yielding an AUC of 0.996, indicating excellent diagnostic performance (Figure 7D). Analysis of the NDUFS1 promoter region via the JASPAR database identified a strong ATF3 binding motif (Figures 7E,F).
[image: Panel A shows two volcano plots that highlight changes in protein expression, where the points represent upregulated, downregulated, and non-significant proteins. Panel B presents a Venn diagram comparing the gene sets of Lines E45 and E52. Panel C provides a scatter plot that correlates the log2 protein expressions of ATF3 and NDUFS1, with a p-value of 0.74. Panel D displays a ROC curve for ATF3 with an AUC of 0.996. Panel E includes a sequence logo for a DNA binding site. Panel F outlines a schematic of the NDUFS1 promoter, with the ATF3 binding sites labeled as E1, E2, and E3.]FIGURE 7 | Proteomic analysis reveals ATF3 binds to the Ndufs1 promoter and negatively regulates its transcription. (A,B) Differentially expressed proteins in E45 and E52 were analyzed, with Venn diagrams showing their overlap. (C) Scatter plots from the GEPIA website, using GTEx database data, depict the correlation between Nudfs1 and ATF3 protein levels in H9C2 cells. (D) The regulatory sensitivity of ATF3 is evaluated. (E,F) The sequence logo of the NDUFS1 promoter region highlights ATF3 binding sites.Subsequent fundamental experiments validated the findings of the preceding proteomic analysis. ATF3 expression was notably lower in sorafenib-treated cells transfected with si-ATF3 compared to those with si-NC (negative control) (Figures 8A,B). Additionally, we demonstrated that sorafenib failed to downregulate NDUFS1 levels and enhance apoptosis-associated protein levels in ATF3-silenced cardiomyocytes (Figures 8A,B). In situ fluorescence staining revealed that ATF3 silencing did not significantly increase apoptosis in H9C2 cardiomyocytes treated with sorafenib (Figure 8C). Furthermore, based on the JASPAR database prediction, a chromatin immunoprecipitation-qPCR (ChIP-qPCR) analysis was performed, revealing enhanced ATF3 binding to the NDUFS1 promoter region following sorafenib treatment (Figure 8D; Supplementary Figure S5).
[image: Western blot images and graphs illustrating the effects of Sorafenib and siRNA on protein and mRNA levels. Panel A: Western blot results for cleaved Caspase-9, NDUFS1, ATF3, and GAPDH, along with corresponding graphs. Panel B: Bar charts showing the mRNA levels of ATF3 and NDUFS1 . Panel C: Cell images demonstrating the effects of Sorafenib and siRNA, with fluorescent staining indicating viability and apoptosis. Panel D: Results of the ChIP assay for ATF3 enrichment on the NDUFS1 promoter. Panel E and F: Bar charts representing mitochondrial complex I activity and ATP content, respectively. Panel G: JC-1 staining images depicting changes in mitochondrial membrane potential. Panel H: Bar chart showing the ratio of JC-1 aggregates to monomers.]FIGURE 8 | ATF3 binds to the Ndufs1 promoter suppressing its transcription and inducing apoptosis and mitochondrial dysfunction. (A) Western blot was used to assess the effect of ATF3 knockout on Ndufs1 and cleaved caspase-9 expressio (n = 3 per group). (B) RealTime-qPCR was used to assess the effect of ATF3 knockout on ATF3 and Ndufs1 (n = 3 per group). (C) The apoptosis rate in rat cardiac H9c2 cells was assessed via fluorescence microscopy, with a scale bar of 100 μm. (D) ChIP assays with an ATF3-specific antibody were conducted on H9C2 cells, and the precipitated DNA was quantified using real-time PCR (n = 3 per group). (E) Mitochondrial complex I activity was quantitatively analyzed in H9C2 cells (n = 4 per group). (F) ATP levels in H9C2 cells were quantified using an ATP Colorimetric Assay kit (n = 4 per group). (G,H) Mitochondrial membrane potential was evaluated via JC-1 staining. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.3.7 ATF3 knockdown reduces the susceptibility of H9C2 cells to sorafenib-induced mitochondrial impairment and oxidative damage
Cardiomyocyte function and viability are closely tied to mitochondrial energy production, with NDUFS1, a crucial subunit of mitochondrial complex I, playing a vital role in ATP synthesis and ROS generation. It is pivotal in regulating metabolic reprogramming, oxidative stress, and apoptosis in various diseases. Considering that ATF3-mediated downregulation of NDUFS1 aggravated sorafenib-induced cardiotoxicity, and TEM analysis revealed mitochondrial damage along with increased mitochondria-associated endoplasmic reticulum in sorafenib-treated H9C2 cells compared to controls (Figure 3A), we propose that sorafenib-induced cardiotoxicity may be linked to alterations in mitochondrial morphology and function. Mitochondrial complex I activity and ATP levels were significantly higher in the ATF3 knockdown group than in the sorafenib-treated group (Figures 8A,B). JC-1 staining indicated sorafenib-induced mitochondrial dysfunction in H9C2 cardiomyocytes, which was prevented by ATF3 knockdown (Figures 8C,D). Mitochondrial complex I is a major source of ROS. Compared to the sorafenib-treated group, ATF3 knockdown resulted in a significant reduction in mitochondrial ROS levels, as shown by MitoSOX staining (Supplementary Figure S6A,B). We assessed the impact of NDUFS1 depletion on oxidative stress by measuring ROS levels, finding a significant increase in ROS in sorafenib-treated cells, which was reduced in ATF3 knockdown cells, suggesting that ATF3 knockdown alleviates oxidative stress (Supplementary Figure S6C,D). Superoxide anion levels showed similar trends (Supplementary Figure S6E,F).
4 DISCUSSION
Our study demonstrates that Sorafenib, a commonly used targeted therapy for cancers such as HCC and RCC, induces significant cardiotoxicity in vivo and in vitro. Our findings indicate that cardiotoxicity is associated with the activation of ER stress pathways, specifically the PERK-eIF2α-ATF4 cascade, which upregulates ATF3 and downregulates NDUFS1—a crucial mitochondrial complex I subunit (Bingchao et al., 2022)—thereby leading to mitochondrial dysfunction. The downregulation of NDUFS1 leads to reduced mitochondrial respiration, ATP depletion, increased oxidative stress, and ultimately results in cardiomyocyte apoptosis. Through our experiments, we found that silencing ATF3 with siRNA attenuates sorafenib-induced downregulation of NDUFS1 and significantly improves cardiomyocyte function. These results suggest that ATF3 is a key mediator of sorafenib-induced ER stress and mitochondrial dysfunction in cardiomyocytes. Therefore, our research offers novel mechanistic perspectives on the cardiotoxicity of sorafenib and underscores the significance of the ATF3-NDUFS1 axis in mediating sorafenib-induced cardiac injury.
4.1 Cardiotoxicity of sorafenib
Sorafenib has shown efficacy in treating various cancers, including HCC and RCC, but its use is limited by significant cardiotoxic side effects (Uraizee et al., 2011; Wu and Shemisa, 2017; Wang et al., 2023). Previous studies have demonstrated that sorafenib induces cardiovascular toxicity, primarily through mechanisms such as oxidative stress, myocardial apoptosis, endoplasmic reticulum stress and mitochondrial dysfunction (Ma et al., 2020; Bouitbir et al., 2022; Chen et al., 2023; Wang et al., 2023). However, there has been limited exploration of the specific molecular pathways involved, particularly those associated with endoplasmic reticulum stress and mitochondrial function regulation. Our findings address this gap by elucidating the involvement of ER stress signaling, specifically the ATF3-mediated pathway, in sorafenib-induced cardiotoxicity.
Although this study did not utilize a tumor-bearing model, previous reports have shown that sorafenib can induce cardiac dysfunction in both cancer patients and preclinical models independent of tumor burden (Jue et al., 2024). Investigating its cardiotoxic mechanisms in non-tumor models allows clearer assessment of drug-specific effects on cardiomyocytes, avoiding confounding factors associated with cancer biology. Nonetheless, future studies incorporating tumor models would help validate whether these mechanisms are preserved in more complex oncologic settings.
The in vitro concentration of 5 µM sorafenib used in this study was selected based on our group’s previous findings showing potent inhibitory effects on H9C2 cardiomyocytes (Li Y. et al., 2022; Yilan et al., 2024). While this dose may appear higher than physiological free drug levels, it remains below the reported total plasma Cmax of 20–35 µM observed in patients receiving standard oral dosing (Dirk et al., 2004; Wilhelm et al., 2004). Given sorafenib’s high protein binding (>99.5%), the actual unbound fraction is significantly lower. Furthermore, sorafenib is known to accumulate in metabolically active tissues such as the heart, making localized exposure at or above 5 µM plausible. Therefore, this concentration is appropriate for modeling early cardiotoxic mechanisms under clinically relevant exposure conditions.
4.2 Endoplasmic reticulum stress and cardiotoxicity
ER stress, resulting from misfolded proteins, is associated with various diseases and can lead to apoptotic cell death if chronic or excessive (Almanza et al., 2019). It plays a significant role in heart failure and ischemic injury in cardiac tissues (Ren et al., 2021; Li M. et al., 2022; Preetha Rani et al., 2022). Our study builds on this by focusing on the activation crucial stress response proteins, in sorafenib-induced cardiotoxicity and its involvement in subsequent pathways. Specifically, our findings indicate that sorafenib activates the PERK-eIF2α-ATF4 signaling pathway in cardiomyocytes, leading to enhanced ER stress signaling and upregulation of stress-related markers. Pharmacological inhibition of PERK significantly attenuated this activation, suggesting that PERK functions as a key upstream mediator of sorafenib-induced ER stress. Furthermore, blocking this pathway alleviated cardiomyocyte injury, supporting the causal role of ER stress in sorafenib-induced cytotoxicity. These results not only reinforce the importance of ER stress in drug-induced cardiac damage but also identify the PERK-eIF2α-ATF4 axis as a potential therapeutic target for cardioprotection in patients receiving sorafenib.
Our omics data further supported this mechanistic link by revealing enrichment of TGF-β signaling and Matrisome-related pathways, both of which are intricately involved in cardiac stress remodeling and fibrosis. The activation of TGF-β signaling may represent a downstream consequence of ROS accumulation and apoptotic signaling triggered by ATF3-mediated mitochondrial dysfunction. Likewise, altered Matrisome gene expression may reflect early disruption of ECM homeostasis, which could sensitize cardiomyocytes to mechanical stress and cell death. These pathways may interact with the ATF3-NDUFS1 axis to amplify sorafenib-induced cardiac injury. Further studies are needed to dissect the temporal and causal relationship between these transcriptional signatures and the core mitochondrial damage axis.
4.3 The ATF3-NDUFS1 axis links ER stress to mitochondrial dysfunction and apoptosis in sorafenib-induced cardiotoxicity
Our study reveals a previously uncharacterized molecular axis by which sorafenib induces cardiotoxicity through ER stress and mitochondrial dysfunction. Sorafenib triggers the PERK-eIF2α-ATF4 signaling cascade, significantly increasing ATF3 expression, a stress-responsive transcription factor involved in apoptosis, inflammation, and metabolic regulation (Ge et al., 2023; Zhang et al., 2024; Gao et al., 2025). We demonstrate that ATF3 directly binds to the promoter of NDUFS1, a key component of mitochondrial complex I critical for electron transport and ATP synthesis (Bingchao et al., 2022), thereby suppressing its transcription.
The downregulation of NDUFS1 disrupts mitochondrial oxidative phosphorylation, reduces ATP synthesis, elevates ROS, and ultimately triggers cardiomyocyte apoptosis (Lothar and Judy, 2006; Irene et al., 2016; Zhuang et al., 2020; Kim et al., 2022). Notably, ATF3 knockdown restored NDUFS1 expression, improved mitochondrial membrane potential, reduced oxidative stress, and preserved mitochondrial bioenergetics. These results not only establish ATF3 as a critical modulator of mitochondrial function in drug-induced cardiac injury but also provide the first direct evidence linking the ATF3-NDUFS1 axis to sorafenib cardiotoxicity.
Previous studies have implicated ATF3 in stress-induced apoptosis across multiple tissues (Li et al., 2021; Yoo et al., 2021; Zhang et al., 2021; Gao et al., 2023), but its role in regulating mitochondrial function under pharmacologic stress was poorly understood. By integrating transcriptomics, proteomics, ChIP-qPCR, and functional assays, our findings position ATF3 as a dual effector—transducing ER stress signals and impairing mitochondrial function via NDUFS1 repression. Considering the pivotal function of mitochondria in cardiac physiology and the growing evidence linking mitochondrial dysfunction to cardiotoxicity (Jin et al., 2024; Junjun et al., 2025), this newly defined pathway offers both mechanistic insight and therapeutic targets. Targeting ATF3 or restoring NDUFS1 could serve as a viable approach to alleviate sorafenib-induced cardiac toxicity while preserving its anticancer efficacy.
Although this study demonstrated that ATF3 silencing alleviates mitochondrial dysfunction and restores NDUFS1 expression, further validation using ATF3 overexpression or NDUFS1 rescue approaches will be important to confirm the bidirectional regulatory relationship and to establish causality more robustly.
While our results demonstrate that sorafenib treatment and ATF3 upregulation are associated with marked repression of NDUFS1 and mitochondrial dysfunction, whether NDUFS1 downregulation alone is sufficient to recapitulate the full spectrum of mitochondrial impairment remains to be tested. We did not perform isolated NDUFS1 knockdown experiments in the absence of sorafenib in this study. Nevertheless, the tight temporal correlation between NDUFS1 suppression and key mitochondrial injury markers—including decreased Complex I activity, reduced ATP production, and ROS accumulation—strongly supports its central role. Future studies incorporating NDUFS1 loss-of-function models without sorafenib exposure will be essential to confirm whether NDUFS1 repression is sufficient, and not merely necessary, for driving the cardiotoxic phenotype.
4.4 Clinical and therapeutic implications of the ATF3–NDUFS1 axis in sorafenib-induced cardiotoxicity
The cardiotoxic effects of sorafenib pose a major limitation to its long-term clinical use, especially in patients without prior cardiovascular risk factors (Balachandran et al., 2024; Mohammed et al., 2024). Our findings reveal that the ATF3–NDUFS1 axis is not only a central mediator of mitochondrial dysfunction and cardiomyocyte apoptosis, but also a promising target for clinical intervention. The strong inverse correlation between ATF3 and NDUFS1, coupled with the ability of ATF3 knockdown to restore mitochondrial function and cell viability, suggests that these molecules may serve as sensitive biomarkers for predicting sorafenib-induced cardiotoxicity.
Therapeutic strategies aimed at inhibiting ATF3 or restoring NDUFS1 expression could potentially protect cardiac tissues from TKI-induced injury without compromising the anticancer efficacy of sorafenib. The development of selective ATF3 inhibitors, mitochondrial-protective agents, or gene therapy approaches may thus represent viable adjunct treatments to reduce cardiovascular side effects. Importantly, because ER stress is a shared mechanism across multiple chemotherapeutic and targeted agents, the ATF3-NDUFS1 axis may have broad applicability beyond sorafenib. Targeting this conserved stress-response pathway could form the basis for a generalizable cardio-oncology strategy aimed at preserving cardiac function during cancer therapy. Future research should confirm these results in clinical cohorts and evaluate the effectiveness of ATF3-targeted therapies in preclinical and human studies.
Although H9C2 cells provide a useful platform for mechanistic studies, their immortalized nature and embryonic rat origin may not fully represent the physiological responses of mature human cardiomyocytes. While our in vivo mouse model partially compensates for this limitation, future studies using more physiologically relevant systems—such as primary cardiomyocytes or human induced pluripotent stem cell–derived cardiomyocytes (hiPSC-CMs)—will be essential to validate the translational relevance of the ATF3–NDUFS1 signaling axis in sorafenib-induced cardiotoxicity. Nevertheless, H9C2 cells have been widely employed in early-phase cardiotoxicity research, particularly for studying endoplasmic reticulum stress, mitochondrial dysfunction, and apoptosis, due to their reproducibility and sensitivity to stress stimuli (Ma et al., 2020; Hou et al., 2021). These characteristics justify their use in this study to explore fundamental mechanisms before transitioning to higher-fidelity models.
In clinical settings, early detection of sorafenib-induced cardiac injury typically involves monitoring for symptoms such as fatigue, dyspnea, and chest discomfort, in addition to periodic evaluation of cardiac biomarkers (e.g., troponins, BNP/NT-proBNP) and imaging studies like echocardiography to assess left ventricular function. Electrocardiographic changes may also provide early warning signs. If cardiotoxicity is suspected, dose adjustment or temporary discontinuation of sorafenib is often recommended. Management may include supportive therapies such as β-blockers, ACE inhibitors, or mineralocorticoid receptor antagonists, which are commonly used in heart failure treatment. These measures can mitigate the progression of cardiac dysfunction while allowing continuation of anticancer therapy where feasible.
5 CONCLUSION
This study uncovers novel mechanisms regarding ER stress and the ATF3-NDUFS1 axis in Sorafenib-induced cardiotoxicity. By showing that ATF3 is essential in driving mitochondrial impairment and cell death in cardiomyocytes, we provide new targets for alleviating the cardiac side effects of Sorafenib. These findings also offer valuable insights for developing strategies to prevent or treat drug-induced cardiotoxicity, with potential applications for other cancer therapies. Exploring ATF3 inhibitors and mitochondrial protection strategies could lead to safer and more effective future cancer treatments.
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SUPPLEMENTARY FIGURE S1 | Structural changes of subcellular organelle caused by sorafenib. (A) Transmission electron microscope images are shown with the upper panel at a magnification corresponding to a 5 μm scale bar and the lower panel at a 2 μm scale bar. (B) Representative staining of ER tracker and MitoTracker (magnification: scale bar = 10 μm).
SUPPLEMENTARY FIGURE S2 | Flow chart of the study design. The dataset GSE146096 was used to analyze differential gene expression between sorafenib-treated adult human cardiomyocytes and controls across four distinct groups. DEGs: differentially expressed genes; FC: fold change.
SUPPLEMENTARY FIGURE S3 | GO and KEGG combined with logFC bar chart.
SUPPLEMENTARY FIGURE S4 | Venn diagrams showing the number of overlapping DEGs among lines (A–E) (A) Upregulated DEGs. (B) Downregulated DEGs.
SUPPLEMENTARY FIGURE S5 | The JASPAR database was utilized to predict ATF3 binding sites within the NDUFS1 promoter.
SUPPLEMENTARY FIGURE S6 | Reducing ATF3 expression decreases the susceptibility of H9C2 cells to sorafenib-induced oxidative stress. (A,B) MitoSOX staining was used to assess mitochondrial ROS levels. (C,D) Intracellular ROS levels were measured using the fluorescent probe DCFH-DA. (E,F) Dihydroethidium (DHE) staining was performed to evaluate superoxide anion levels. Statistical significance was denoted as ns for non-significance, *P < 0.05, **P < 0.01, and ***P < 0.001 relative to the control group.
REFERENCES
	Albarrán, V., Villamayor, M., Chamorro, J., Rosero, D., Pozas, J., San Román, M., et al. (2022). Receptor tyrosine kinase inhibitors for the treatment of recurrent and unresectable bone sarcomas. Int. J. Mol. Sci. 23 (22), 13784. doi:10.3390/ijms232213784

	Almanza, A., Carlesso, A., Chintha, C., Creedican, S., Doultsinos, D., Leuzzi, B., et al. (2019). Endoplasmic reticulum stress signalling - from basic mechanisms to clinical applications. 286(2),241–278. doi:10.1111/febs.14608

	Balachandran, L., Haw, T., Leong, A., Croft, A., Chen, D., Kelly, C., et al. (2024). Cancer therapies and cardiomyocyte viability: which drugs are directly cardiotoxic?Heart Lung Circ. 33 (5), 747–752. doi:10.1016/j.hlc.2024.01.013

	Bingchao, Q., Liqiang, S., Lang, H., Dong, G., Gaotong, R., Tingwei, P., et al. (2022). Cardiac-specific overexpression of Ndufs1 ameliorates cardiac dysfunction after myocardial infarction by alleviating mitochondrial dysfunction and apoptosis. Exp. Mol. Med. 54 (7), 946–960. doi:10.1038/s12276-022-00800-5

	Bouitbir, J., Panajatovic, M. V., and Krahenbuhl, S. (2022). Mitochondrial toxicity associated with imatinib and sorafenib in isolated rat heart fibers and the cardiomyoblast H9c2 cell line. Int. J. Mol. Sci. 23 (4), 2282. doi:10.3390/ijms23042282

	Calistri, L., Cordopatri, C., Nardi, C., Gianni, E., Marra, F., Colagrande, S. J. M., et al. (2017). Sudden cardiac death in a patient with advanced hepatocellular carcinoma with good response to sorafenib treatment: a case report with literature analysis. Mol. Clin. Oncol. 6 (3), 389–396. doi:10.3892/mco.2017.1132

	Chaar, M., Kamta, J., and Ait-Oudhia, S. J. O.therapy (2018). Mechanisms, monitoring, and management of tyrosine kinase inhibitors-associated cardiovascular toxicities. Onco. Targets. Ther. 11, 6227–6237. doi:10.2147/ott.S170138

	Chen, M., Kerkelä, R., and Force, T. J. C. (2008). Mechanisms of cardiac dysfunction associated with tyrosine kinase inhibitor cancer therapeutics. Circulation 118 (1), 84–95. doi:10.1161/circulationaha.108.776831

	Chen, Y. T., Masbuchin, A. N., Fang, Y. H., Hsu, L. W., Wu, S. N., Yen, C. J., et al. (2023). Pentraxin 3 regulates tyrosine kinase inhibitor-associated cardiomyocyte contraction and mitochondrial dysfunction via ERK/JNK signalling pathways. Biomed. Pharmacother. 157, 113962. doi:10.1016/j.biopha.2022.113962

	Dirk, S., Heike, R., Ralf A, H., Norbert, S., Sonke, K., Mitra, T., et al. (2004). Phase I clinical and pharmacokinetic study of the Novel Raf kinase and vascular endothelial growth factor receptor inhibitor BAY 43-9006 in patients with advanced refractory solid tumors. 23(5). doi:10.1200/jco.2005.06.124

	Escalante, C., Chang, Y., Liao, K., Rouleau, T., Halm, J., Bossi, P., et al. (2016). Meta-analysis of cardiovascular toxicity risks in cancer patients on selected targeted agents. Support. Care Cancer 24 (9), 4057–4074. doi:10.1007/s00520-016-3310-3

	Escudier, B., Worden, F., and Kudo, M. J. E. r.o.a.t. (2019). Sorafenib: key lessons from over 10 years of experience. Expert Rev. Anticancer Ther. 19 (2), 177–189. doi:10.1080/14737140.2019.1559058

	Fan, G., Wei, X., and Xu, X. J. T. a.i.m.o. (2020). Is the era of sorafenib over?A Rev. literature 12, 1758835920927602. doi:10.1177/1758835920927602

	Gao, T., Chen, Y., Hu, M., Cao, Y., and Du, Y. J. A. a.i.j.o.p.c.d. (2023). MicroRNA-22-3p in human umbilical cord mesenchymal stem cell-secreted exosomes inhibits granulosa cell apoptosis by targeting KLF6 and ATF4-ATF3-CHOP pathway in POF mice. Apoptosis. 28, 997–1011. doi:10.1007/s10495-023-01833-5

	Gao, W., Li, Z., Yang, C., Lin, Y., and Wang, L. J. I. i. (2025). Silencing of activating transcription factor 3 alleviates oxidative stress and inflammation and improves cognitive dysfunction in vascular dementia rats by repressing ferroptosis, Int. Immunopharmacol., Silencing activating Transcr. factor 3 alleviates oxidative stress Inflamm. Improv. cognitive Dysfunct. Vasc. dementia rats by repressing ferroptosis . 158,114730. doi:10.1016/j.intimp.2025.114730

	Ge, P., Yuan, X., Zhang, X., Liu, Z., Wang, S., Yang, Y., et al. (2023). Rno_circRNA_006061 participates in apoptosis induced by formaldehyde via activating p38/ATF3 pathway, Chem. Biol. Interact., Rno_circRNA_006061 participates apoptosis Induc. by formaldehyde via activating p38/ATF3 Pathw . 381, 110584. doi:10.1016/j.cbi.2023.110584

	Gounder, M., Mahoney, M., Van Tine, B., Ravi, V., Attia, S., Deshpande, H., et al. (2018). Sorafenib for advanced and refractory desmoid tumors. N. Engl. J. Med. 379 (25), 2417–2428. doi:10.1056/NEJMoa1805052

	Hou, X., Li, L., Chen, S., Ge, C., Shen, M., and Fu, Z. (2021). MKP-1 overexpression reduces postischemic myocardial damage through attenuation of ER stress and mitochondrial damage. Oxid. Med. Cell Longev. 2021, 8905578. doi:10.1155/2021/8905578

	Irene, L.-F., Juliette, L. D., Angela, L., Andrew M, J., Gilles, B., Michael, P. M., et al. (2016). Complex I assembly into supercomplexes determines differential mitochondrial ROS production in neurons and astrocytes. Proc. Natl. Acad. Sci. U. S. A. 113 (46), 13063–13068. doi:10.1073/pnas.1613701113

	Jin, W., Jinyong, J., Haoliang, H., and Linxi, C. J. J. A. R. (2024). MCU complex: exploring emerging targets and mechanisms of mitochondrial physiology and pathology. 68(0). doi:10.1016/j.jare.2024.02.013

	Jue, L., Lusha, Z., Teng, G., Jiping, L., Chuan, W., and Qi, Y. J. D. D. D. T. (2024). Understanding sorafenib-induced cardiovascular toxicity: mechanisms and treatment implications. Drug Des. devel. Ther. 18 (0), 829–843. doi:10.2147/dddt.S443107

	Junjun, Q., Zhongli, J., Lingjuan, L., and Jie, T. J. G. D. (2025). The effect of long-term administration of green tea catechins on aging-related cardiac diastolic dysfunction and decline of troponin I. Genes Dis. 12 (2), 101284. doi:10.1016/j.gendis.2024.101284

	Kim, S., Ahn, B., Tran, T., Pyun, J., Kang, J., and Leem, Y. J. C. s. (2022). PRMT1 suppresses doxorubicin-induced cardiotoxicity by inhibiting endoplasmic reticulum stress, Cell. Signal., PRMT1 suppresses doxorubicin-induced cardiotoxicity by Inhib. endoplasmic reticulum stress . 98, 110412. doi:10.1016/j.cellsig.2022.110412

	Li, X., Li, Y., Yang, X., Liao, R., Chen, L., Guo, Q., et al. (2021). PR11-364P22.2/ATF3 protein interaction mediates IL-1β-induced catabolic effects in cartilage tissue and chondrocytes. J. Cell. Mol. Med. 25 (13), 6188–6202. doi:10.1111/jcmm.16561

	Li, M., Feng, J., Cheng, Y., Dong, N., Tian, X., Liu, P., et al. (2022a). Arsenic-fluoride co-exposure induced endoplasmic reticulum stress resulting in apoptosis in rat heart and H9c2 cells. Chemosphere 288, 132518. doi:10.1016/j.chemosphere.2021.132518

	Li, Y., Yan, J., Zhao, Q., Zhang, Y., and Zhang, Y. J. F. i.p. (2022b). ATF3 promotes ferroptosis in sorafenib-induced cardiotoxicity by suppressing Slc7a11 expression, Front. Pharmacol., ATF3 Promot. ferroptosis sorafenib-induced cardiotoxicity by suppressing Slc7a11 Expr. 13,904314. doi:10.3389/fphar.2022.904314

	Lothar, K., and Judy, H. J. P. N. A. S. U. S. A. (2006). The mechanism of superoxide production by NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria. Proc. Natl. Acad. Sci. U. S. A. 103 (20), 7607–7612. doi:10.1073/pnas.0510977103

	Ma, W., Liu, M., Liang, F., Zhao, L., Gao, C., Jiang, X., et al. (2020). Cardiotoxicity of sorafenib is mediated through elevation of ROS level and CaMKII activity and dysregulation of calcium homoeostasis. Basic Clin. Pharmacol. Toxicol. 126 (2), 166–180. doi:10.1111/bcpt.13318

	Mohammed, Q., Banu, N., Police, S., Palakurthy, S., Thota, S., Padamati, S., et al. (2024). A simple and rapid pre-clinical in vivo model reveals comparative cardiotoxicity profiles of kinase inhibitors. Toxicol. Appl. Pharmacol. 486, 116944. doi:10.1016/j.taap.2024.116944

	Pollyea, D., Bixby, D., Perl, A., Bhatt, V., Altman, J., Appelbaum, F., et al. (2021). NCCN guidelines insights: Acute myeloid leukemia, version 2.2021. Version 2.2021 19 (1), 16–27. doi:10.6004/jnccn.2021.0002

	Preetha Rani, M., Salin Raj, P., Nair, A., Ranjith, S., Rajankutty, K., and Raghu, K. J. C.-b.i. (2022). In vitro and in vivo studies reveal the beneficial effects of chlorogenic acid against ER stress mediated ER-phagy and associated apoptosis in the heart of diabetic rat, Chem. Biol. Interact., vitro vivo Stud. reveal Benef. Eff. chlorogenic acid against ER stress Mediat. ER-phagy Assoc. apoptosis heart Diabet. rat . 351, 109755. doi:10.1016/j.cbi.2021.109755

	Ren, J., Bi, Y., Sowers, J., Hetz, C., and Zhang, Y. J. N. r.C. (2021). Endoplasmic reticulum stress and unfolded protein response in cardiovascular diseases. Nat. Rev. Cardiol. 18 (7), 499–521. doi:10.1038/s41569-021-00511-w

	Schmidinger, M., Zielinski, C., Vogl, U., Bojic, A., Bojic, M., Schukro, C., et al. (2008). Cardiac toxicity of sunitinib and sorafenib in patients with metastatic renal cell carcinoma. J. Clin. Oncol. 26 (32), 5204–5212. doi:10.1200/jco.2007.15.6331

	Stevens, S., Gonzalez Aguiar, M., Toro, A., Yerlikaya, E., Sunilkumar, S., VanCleave, A., et al. (2022). PERK/ATF4-dependent expression of the stress response protein REDD1 promotes pro-inflammatory cytokine expression in the heart of obese mice. Am. J. Physiol. Endocrinol. Metab. 324, E62–E72. doi:10.1152/ajpendo.00238.2022

	Uraizee, I., Cheng, S., and Moslehi, J. J. T. N. E. j.o.m. (2011). Reversible cardiomyopathy associated with sunitinib and sorafenib. N. Engl. J. Med. 365 (17), 1649–1650. doi:10.1056/NEJMc1108849

	Wang, X., Hu, R., Song, Z., Zhao, H., Pan, Z., Feng, Y., et al. (2022). Sorafenib combined with STAT3 knockdown triggers ER stress-induced HCC apoptosis and cGAS-STING-mediated anti-tumor immunity. Cancer Lett. 547, 215880. doi:10.1016/j.canlet.2022.215880

	Wang, H., Wang, Y., Li, J., He, Z., Boswell, S. A., Chung, M., et al. (2023). Three tyrosine kinase inhibitors cause cardiotoxicity by inducing endoplasmic reticulum stress and inflammation in cardiomyocytes. BMC Med. 21 (1), 147. doi:10.1186/s12916-023-02838-2

	Wilhelm, S., Carter, C., Tang, L., Wilkie, D., McNabola, A., Rong, H., et al. (2004). BAY 43-9006 exhibits broad spectrum oral antitumor activity and targets the RAF/MEK/ERK pathway and receptor tyrosine kinases involved in tumor progression and angiogenesis. Cancer Res. 64 (19), 7099–7109. doi:10.1158/0008-5472.Can-04-1443

	Wu, C., and Shemisa, K. J. C. r.i.c. (2017). Sorafenib-associated heart failure complicated by cardiogenic shock after treatment of advanced stage hepatocellular carcinoma: a clinical case discussion, Case Rep. Cardiol., Sorafenib-Associated Heart Fail. Complicat. by Cardiogenic Shock after Treat. Adv. Stage Hepatocell. Carcinoma A Clin. Case Discuss . 2017, 7065759. doi:10.1155/2017/7065759

	Yilan, L., Jingru, Y., Heng, S., Yating, L., Qianqian, Z., Shan, Y., et al. (2024). Ferroptosis inhibitor alleviates sorafenib-induced cardiotoxicity by attenuating KLF11-mediated FSP1-dependent ferroptosis. Int. J. Biol. Sci. 20 (7), 2622–2639. doi:10.7150/ijbs.86479

	Yoo, K., Kim, D., Oh, S., Park, M., Kim, H., Ha, H., et al. (2021). Transcriptome analysis upon potassium usnate exposure reveals ATF3-induced apoptosis in human gastric and colon cancer cells, Phytomedicine., Transcr. analysis upon potassium usnate Expo. reveals ATF3-induced apoptosis Hum. gastric colon cancer cells . 91,153655. doi:10.1016/j.phymed.2021.153655

	Zamorano, J., Lancellotti, P., Rodriguez Muñoz, D., Aboyans, V., Asteggiano, R., Galderisi, M., et al. (2016). 2016 ESC Position Paper on cancer treatments and cardiovascular toxicity developed under the auspices of the ESC Committee for Practice Guidelines: The Task Force for cancer treatments and cardiovascular toxicity of the European Society of Cardiology (ESC). ESC 37 (36), 2768–2801. doi:10.1093/eurheartj/ehw211

	Zhang, G., Dai, S., Chen, Y., Wang, H., Chen, T., Shu, Q., et al. (2021). Aqueous extract of Taxus chinensis var. mairei regulates the Hippo-YAP pathway and promotes apoptosis of non-small cell lung cancer via ATF3 in vivo and in vitro. 138, 111506. doi:10.1016/j.biopha.2021.111506

	Zhang, X., Wang, X., Li, H., Wang, H., Du, D., and Huang, H. J. J. o.o.r. (2024). ATF3 mediates PM2.5-induced apoptosis and inflammation in ovarian granulosa cells. J. Ovarian Res. 17 (1), 215. doi:10.1186/s13048-024-01539-5

	Zhou, Q., Wang, X., Li, R., Wang, C., Wang, J., Xie, X., et al. (2022). Sorafenib as adjuvant therapy following radiofrequency ablation for recurrent hepatocellular carcinoma within Milan criteria: a multicenter analysis. J. Gastroenterol. 57 (9), 684–694. doi:10.1007/s00535-022-01895-3

	Zhuang, C., Ni, S., Yang, Z., Liu, R. J. O. m., and longevity, c. (2020). Oxidative stress induces chondrocyte apoptosis through caspase-dependent and caspase-independent mitochondrial pathways and the antioxidant mechanism of angelica sinensis polysaccharide. Oxid. Med. Cell. Longev. 2020, 3240820. doi:10.1155/2020/3240820


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Yan, Peng, Lang, Li and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1593290-g004.jpg
Control Sorafenib Sorafenib+GSK2606414 20 —
J J I *k
“ad 0.2% 8.7%| “=0.8% 7.8%| “=2-40.5% 8.9% 9 T 'l .
? E % Py 15
t.‘:'_ ve ] vE 7 E
3 Q1 3% 3_ o] fo 3 Q1 08 g 10
o
Pl =g “a “a a
? E 3 25
Q3 Q4 ] Q3 4 Q3 34 <
o] o] ]
= il = 0
82.6% 3.8% _|74.4% 8% j79% 4% <& ¥ Qxh
& )
L0 LLLLLLL P T T T T B LA N LLLLLL DR R L SRR L L BRI [N PLLLLL PR LN L RS R LEL SR g &L & &
ln” 1n|2 nTc]u:' ml‘ 1$5 o 10? 10° 10 10° ' 10? 10° 10" 10® < 09”‘"»
@éo
. Qo
Annexin V-FITC &

Bright Annexin V-FITC

Control

Sorafenib

Sorafenib +
GSK2606414

T 1.5 - 2.0
E E %
< < | —
o o 15 .
o 1.0 o
o @
1] n ’
4 21.0
] ]
505 2
Cleaved Caspase-9 g g o0s
5 5
0.0 0.0
& (‘\"@ @‘:\o @V‘\b‘
Cleaved Caspase-3 | s S 17kDa P o &
306
&

2
GAPDH — e e— Sik08 ¢ o






OPS/images/fphar-16-1593290-g005.jpg
. 120
3
50 (AN
40 S 0
N 80
o ° h )
Q - 1 L] 1 = group1 T - = group1
m N group I group e group T -40 group
g = group2 et . ® group2 ~ 40 ® group2 bt ® group2
8 \ group 8 ~ @ group; S group! S group:
o o o o
-80
0
-120
-150-100-50 0 50 100 150 -100 0 100 -100 0 100 -150-100-50 0 50 100
PC1 (31.3%) PC1(51.9%) PC1 (51.8%) PC1 (39.9%)
* oA T i T m T H . 1 T
P i o i |
b H oo w H 1
L . e i P
Pl oL - 1 e
- oo i o i i
b i P o |
o 1 1 . ol 1 1 - 1 1 -
T SR . i o E P H [ R
2 1 1 2 3 N 1 1 2 1 1
b oo . H g, b 4 coe | [
— e 4 H b
b N oo |
b et .o
o i - | '~' o
d Lob 4 R —
JESF T
* hv.lru:mb ‘

|
T

e -
=% :

i =
- e
B S5
- 2

Somier

Aoz
Desit
ey
- coa
i Loctorsesser
——s
{ocimareaas
Lociasarie
Toses
ottt
frostoied

TR P 8 ] AT T ]





OPS/images/fphar-16-1593290-g002.jpg
>

O Calcein AM/

Cell Viability (OD450nm)

-
o

[
2]

o
=)

Control

Control

Sorafenib

Cleaved Caspase—9 35kDa

Cell (100%)

-
=)
=3

o
S

Cleaved-caspase9/GAPDH

Dead

Control

m Live

—

Sorafenib






OPS/images/fphar-16-1593290-g003.jpg
n_H 9 o &\Ac

%
"_” Py, S,
% \@oo‘wa o\o@@
L s B 3 - ® e o w o Y ®
& < 2 3 3 - iy ° ° - - e e
oZ4l8/0zZle-d HOdvOpALY (wuggyao) AuIigein l1e0
O g & °
L i 3, -
. ﬁ . “, (%001) 1199
% &e
t_” .o@@ oKo
* %, %, <
o & % —
%, % M
o, %, ® S
e @w o o 9 ® e v 9 w 9 ©
o~ - - = o 5 o - - o o N
HH3dHuad-d HAdV9/8LddD (oBueys pjog) %
[aA8] nz4[e-d m..u
= e
= C
X 3 £
% 5 -
% § 8 : ’
© © o] © © Q
2 o < QO Qo Q Qo Qo 5
[ To) To) X~ X X ~ ~ g
O I3 l © To) o o) ~ 2
X ~— ~ (42] (o] N~ (32} ™ 5
2 »
% 3 W & D" Q
) , ] 4 o
) ‘ ©
I}
o [ 2 »
2 (9]
< s |
() Y
) ¢ 3
S )
(@]
»
~
% ’
(4
(o]
) “ —
5 e
g =
[} o
X e O e 0] I o (6]
o N S ~ Y N0
w @ oL o o w g
a W 9 L x £ g
1
o a 9 O o Idva oabiopy

<€ m (o Y





OPS/images/fphar-16-1593290-g008.jpg
si-NC siATF3

Sorafenib

ax

&
[
£
+ 2
o
. 2 =
' < %)
L =
2 2 3 -
HAdVO/EdLY '
13
]
©
o o
7z 1)
s =3
(1013u09 190 abueyd pjoy) W
S ] Ju8jU0d 41y -
|
- T S
o
=z -
]

w e o < Yy,
< < S s
HAdvo/Ls3NaN

B

i A
kK
.

*
2 ¥
m wbug OLI4-A uixeuuy Id abiay
3 .
O 2 2 2 2
(aBueyd pjoy) g
Ayanae | xajdwo elipuoysoy iy .N
%, L B
% o)
»* . @o% _ 2
H S, % [SIR)
@ by X, £ :
a - s S &
2 o
x s, O w
A—Vv W \00
% S _“_ _”_
5,
&
0 e 0 o
< - s =
(aBueys pioy) N
19A3] YNYW LS4NAN o B
* 2 o
*_H EE
< 5
=
2 o
» =
w »
3
i %z
* 1
*
o T T 4
6 L o & 8 & & °
2 8 > W o (961/g41V jo 9bueys pjod) 2
W Q [m] <C < dIHD JO JuBWYDLIUS dAIR|DY [ ajebaibbe |-Or Jowouow L-Or abiay
b % z G ® Jmm:muu u_otz .m
o
(OR &} o 19A3] YNYW €41V () O] »





OPS/images/fphar-16-1593290-g006.jpg
A

'NABA Core Matisome Proteins Srebp Signaiing

[Reactome) Signaiing By Nirk

r——— | O |
[WikiPathways] Cholesterol Metabolism
WikPathways] Photodynaric Therapyinduced ] Wi ochand anavscossor | [N
o Sl Sgnaing Fatars
WikPatways] Copper Homeosiasis [ ] wasA core asome { - [T
[WikiPathways] Electron Transport Chain |
(WikPattways| Thi7 Col Diferstaton B = eco parknsons oease [N | -2°
iy LE eso) 2
wanmarsone | [I] ) [ —— || B
- e noss b hamosnne 24
Y
SR I — T |
= wrars s repuERRAEST | )

[Reactome] Cholesterol Biosynthesis-

04 00 04 08
Enrichment score

;09 G0:0030016

TNF signaling pathway

Apoptosis

Focal adhesion

Fluid shear stress and atherosclerosis

MAPK signaling pathway

1 2 3 4
-Log 1 (p.adjust)

Hippo signaling pathway

Salmonella infection

KEGG
Neurotrophin signaling pathway .

Cellular senescence

Protein processing in endoplasmic reticulum

00 05 10 15 20 25

-Log 1¢ (p.adjust)
*k
M R N
*k
i
3_4
20
2 23
o
5
522
Ee
< 9
0 ATF3
> N N
&€& W
[ed o«‘f’@ @Q?‘
& & GAPDH
X
S
o‘°&

C

[WikiPathways] Gastin Signaiing Pathway-
[WikiPathways] Mapk Signaling Pathway |
[KEGG] Mapk Signaiing Patway |

NABA Core Matrisome |

NABA Ecm Glycoproteins

[KEGG] Oridative Phosphorylation
[WiiPathways) Electron Transport Chain |

[Reactome] the Citric Acid Tea Cycle -
and Respiratory Electron Transport

[Reactome] Respiratory Electron Transport

-05 00 0§
Enrichment score:

G

LogFC © Up © D¢

*%5025002

2

6 GO
00082 CO0006gg5 @,

o
é"& ’
¥

TGF-beta signaling pathway
Prion disease

Rap1 signaling pathway
Terpenoid backbone biosynthesis

Hippo signaling pathway

TGF-beta signaling pathway
PI3K-Akt signaling pathway
Mineral absorption
Amyotrophic lateral sclerosis
Apoptosis

0.0

37kDa

0.0

05

D

T |
WikPathways] Apoplosis ]
womrzreer] [
[KEGG] Neurotrophin Signaling Pathway -
{Reactome) Celluar Responses To Stimul (]
waeamassone{ [0
Reactome Extacetsar Mot Organzaton | [
[
[
/

'NABA Core Matrisome

NABA Ecm Glycoproteins

[Reactome] Respiratory Electron Transport

-04 00 04
Enrichment score.

3
> o
P40 so0071888

O kece

1.0 15 2.0

-Log 1 (p.adjust)

156 20 25 30

-Log 1 (p.adjust)

ATF3/GAPDH






OPS/images/fphar-16-1593290-g007.jpg
>

~Log4q (Padj)

ALB, 3
COL1AT k)
o e
o
3 =)
SLIT:
NDUFs1 wrria 1GKS 8
1

B

© Up © Notsig © Down

© Notsig © Down B

COL1A}
|

Line E45 Line E52

10 4 v

p-value = 0.74 e
® 7 R=-0.024 s

log2(ATF3 TPM)

log2(NDUFS1 TPM)

Sensitivity (TPR)

ATF3
AUC: 0.996
Cl: 0.988-1.000

0.00 0.25 0.50 0.75 1.00
1-Specificity (FPR)

NDUFS1 Promoter

Putative ATF3 binding site
E1: 181~188(GATGACAT)
E2: 356~366(AGTAACTCACA)
E3: 977~987(AATGACACAGC)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Mechanisms of sorafenib-induced cardiotoxicity: ER stress induces upregulation of ATF3, leading to downregulation of NDUFS1 expression and mitochondrial dysfunction		Background

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Animals and animal models

		2.2 Echocardiography

		2.3 Histology staining

		2.4 Culture and cell line maintenance

		2.5 Calcein AM/PI dual staining

		2.6 Cell viability assay

		2.7 Western blotting

		2.8 Immunofluorescent staining

		2.9 Apoptosis analysis using flow cytometry

		2.10 Detection of apoptosis by in situ fluorescence

		2.11 RealTime-qPCR

		2.12 Transmission electron microscopy

		2.13 Examination of ER-mitochondria contact interactions

		2.14 ChIP-qPCR

		2.15 siRNA transfection

		2.16 Mitochondrial complex I activity assay

		2.17 ATP assays

		2.18 JC-1 staining

		2.19 Mitochondrial ROS assay

		2.20 Intracellular ROS assay

		2.21 Quantification of cellular superoxide production

		2.22 Data acquisition

		2.23 Bioinformatics analysis

		2.24 Statistics





		3 RESULTS		3.1 Apoptosis contributes to sorafenib-induced cardiotoxicity

		3.2 Endoplasmic reticulum stress mediates sorafenib-induced cardiomyocyte death

		3.3 Sorafenib induces cardiomyocyte apoptosis and subcellular alterations via endoplasmic reticulum stress

		3.4 Characterization of differentially regulated genes involved in sorafenib-induced cardiotoxicity and functional enrichment analysis

		3.5 Validation and functional characterization of differentially expressed genes as regulatory factors

		3.6 ATF3 interacts with the Ndufs1 promoter and suppresses its expression

		3.7 ATF3 knockdown reduces the susceptibility of H9C2 cells to sorafenib-induced mitochondrial impairment and oxidative damage





		4 DISCUSSION		4.1 Cardiotoxicity of sorafenib

		4.2 Endoplasmic reticulum stress and cardiotoxicity

		4.3 The ATF3-NDUFS1 axis links ER stress to mitochondrial dysfunction and apoptosis in sorafenib-induced cardiotoxicity

		4.4 Clinical and therapeutic implications of the ATF3–NDUFS1 axis in sorafenib-induced cardiotoxicity





		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		REFERENCES









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Mechanisms of sorafenib-
induced cardiotoxicity: ER stress
induces upregulation of ATF3,
leading to downregulation of
NDUFS1 expression and
mitochondrial dysfunction





OPS/images/fphar-16-1593290-g009.jpg
Proposed Mechanism of Sorafenib-Induced Cardiotoxicity

Sorafenib

PERK —> P-PfRK 4

SUESE elF2a > P-elF2a 4

ATF4 4

Mitochondrial
dysfunction

NDUFS1 |

Complex | activity ‘1'
ATP ¢

Apoptosis

V4
I
[

Il
Il
]

E ® TGF-B signaling =>cardiac

et L L Pt e e LI

Enriched pathways:
GSEA/GO/KEGG

remodeling, apoptosis

Matrisome=>ECM damage

fibrosis
Apoptosis
Oxidative phosphorylation

Z

Il
/
7





OPS/images/fphar-16-1593290-g001.jpg
A Saline

i.p. Echo  Sacrifice
! !
Control
Male 6-week-old C57BL/6 mice 0 14 15 (Days)
a : Sorafenib
r‘/’ 30mg/kg/d
i.p. Echo Sacrifice
! ! !
Sorafenib
0 14 15 (Days)

Sorafenib

LVPWd(mm)
LVPWs(mm)

H&E staining










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





