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Doxorubicin (DOX) is a prevalent chemotherapeutic drug for treating several malignancies. However, the mechanisms of DOX induced cardiac toxicity is not fully understood. Previous studies have demonstrated that autophagy activation is essential in DOX-induced cardiac toxicity. Nevertheless, studies on the role of autophagy protein 5 (ATG5) in DOX-induced cardiac toxicity remain limited. Therefore, this study aimed to investigate the role of ATG5 in DOX-induced cardiac toxicity. Mice were intravenously administered DOX (5 mg/kg) for 4 weeks to establish a cardiac toxicity model. Heart function was determined using echocardiography, and cardiac tissue was assessed for protein expression, mRNA levels, fibrosis, and immunofluorescent staining. DOX treatment upregulated autophagy-related gene expression but inhibited autophagic flux in vitro and in vivo. DOX–treated mice exhibited decreased heart function and cardiomyocyte size and increased cardiac fibrosis, oxidative stress, and apoptosis. These effects of DOX were partially alleviated by rAAV9 expressing shRNA-ATG5 and deteriorated by rAAV9-ATG5. We demonstrated that genetic ATG5 knockdown or autophagy inhibition by chemical inhibitors increased GATA4 protein expression, which was reduced by ATG5 overexpression or autophagy activator in vitro and in vivo, suggesting that ATG5-mediated autophagy promoted GATA4 degradation. Moreover, enforced GATA4 re-expression significantly counteracted the toxic effects of ATG5 on DOX-treated hearts. In conclusion, our study demonstrated that manipulating ATG5 expression to regulate GATA4 degradation in the heart may be a promising approach for DOX-induced cardiac toxicity.
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INTRODUCTION
Doxorubicin (DOX) remains a powerful first-line drug in clinical use for the treatment of several cancers, including leukemia, lymphoma, and breast cancer (Rawat et al., 2021). However, DOX administration frequently leads to left ventricular dysfunction and cardiac failure in patients and mice (Kong et al., 2022; Yuan et al., 2023), severely restricting its application. Therefore, it is essential to investigate innovative strategies for alleviating DOX-induced cardiotoxicity.
A recent study elucidated the molecular mechanism underlying DOX-induced cardiotoxicity (Rawat et al., 2021; Kong et al., 2022), with researchers agreeing that it primarily results from autophagy activation (Yuan et al., 2023), oxidative stress (Kong et al., 2022), and DNA and mitochondrial damage (Mizuta et al., 2020; Wu et al., 2023). Nevertheless, a more profound understanding of the role of autophagy in DOX-induced cardiac toxicity is required.
Autophagy is a highly conserved catabolic process responsible for degrading most long-lived or aggregated proteins that promote intracellular material recycling (Deretic and Kroemer, 2022; Yamamoto et al., 2023). Recent studies have demonstrated the impact of autophagy on DOX-induced cardiac toxicity (Li et al., 2016). A prevailing consensus exists that DOX-induced abnormal lysosomal acidification leads to the accumulation of autolysosomes (Li et al., 2016). However, the effect of autophagy on DOX-induced cardiac toxicity remains controversial. Inhibition of autophagosome formation by Beclin-1 deficiency in the heart alleviated DOX-induced cardiac dysfunction, cardiomyocyte apoptosis, and oxidative stress, whereas Beclin-1 overexpression aggravated these detrimental effects (Li et al., 2016). In the heart of DOX-treated zebrafish, atg7 overexpression reversed cardiac function decline in the late phase of DOX-induced cardiac dysfunction (Wang Y. et al., 2021). Autophagy protein 5 (ATG5) is essential in autophagosome elongation (Cicchini et al., 2015). ATG5 protein conjugates with Atg12 and Atg16L1 to form a complex that promotes the extension of the phagophore membrane in autophagic vesicles; therefore, ATG5 is indispensable for autophagosome formation (Iriondo et al., 2023). Recent reports have indicated that cardiomyocyte-specific Atg5-deficient mice develop left ventricular hypertrophy that progresses to heart failure, which ultimately leads to premature death (Taneike et al., 2010). Moreover, ATG5 knockdown diminishes mitochondrial abundance and disrupts calcium ion cycling, thereby reducing the cardiac capacity in mice and humans (Ljubojevic-Holzer et al., 2022). ATG5 deficiency decreases the fibrotic effect of TGF-β in primary human atrial myofibroblasts (Ghavami et al., 2015). A recent study investigated the role of ATG5 in DOX-induced cardiotoxicity in rats. It was observed that ATG5 knockdown by rAAV-dnATG5 to inhibit autophagosome formation prevented DOX cardiotoxicity by maintaining normal autophagic flux and decreasing lysosomal demand (Montalvo et al., 2020). rAAV-dnATG5 alleviated acute DOX-induced mitochondrial dysfunction and ROS generation, thereby improving cardiac function in DOX-treated rats; however, prolonged autophagy inhibition did not influence DOX-induced rAAV-dnATG5 (Montalvo et al., 2020). Moreover, the effects and mechanism of ATG5 in DOX-induced cardiac dysfunction in mice remained unclear.
GATA4 is a transcription factor that regulates cardiac hypertrophy and survival (Liang and Molkentin, 2002; Oka et al., 2006). Reduced GATA4 expression leads to myocardial apoptosis and cardiac dysfunction (Oka et al., 2006). GATA4 transcript and protein levels are reduced in DOX-treated hearts, and GATA4 overexpression counteracts DOX-induced cardiotoxicity (Aries et al., 2004). The anti-apoptotic protein bcl-2 is an essential target of GATA4; GATA4 knockdown reduces bcl-2 gene expression, whereas GATA4 overexpression upregulates bcl-2 in neonatal rat ventricular cardiomyocytes and the heart (Kobayashi et al., 2006). Recent studies have revealed that GATA4 protein expression is regulated by autophagy (Song et al., 2021; Chen et al., 2022); however, whether ATG5-mediated autophagy is responsible for GATA4 degradation and promotes DOX-induced cardiotoxicity remains unclear.
This study discovered that blocking autophagy by rAAV9-shATG5 improves DOX-induced myocardial fibrosis and oxidative stress by restoring GATA4, suggesting that ATG5 is a potential target to reverse the decline in cardiac function caused by DOX.
MATERIALS AND METHODS
Antibodies and reagents
Anti-Tubulin (66031-1-Ig), anti-TGF-β (21898-1-AP), anti-Bax (50599-2-Ig), and GATA4 (19530-1-AP) were acquired from Proteintech (Wuhan, Hubei, China). Anti-ATG5 (12994T), anti-P62 (18420-1-AP), and anti-cleaved caspase 3 (9664T) were obtained from Cell Signaling Technology (Danvers, MA, United States). Anti-LC3B (L8918) was obtained from Sigma-Aldrich, and anti-phosphorylated smad2/3 (K009346P), anti-smad2 (K005398P), and anti-smad3 (K000497P) were procured from SolarBio (Beijing, China). DOX, wheat germ agglutinin (WGA), and dehydroergosterol (DHE) were provided by Sigma-Aldrich (St Louis, MO, United States). Bafilomycin A1 (BafA1) was obtained from Meilunbio (Dalian, Liaoning, China), and the TUNEL assay kit was acquired from Intergen (NY, United States). Hematoxylin and eosin and Masson’s trichrome assay kits were obtained from Solarbio (Beijing, China) and TRIzol from Invitrogen (Carlsbad, CA, United States).
Animal and treatment
Male C57BL/6 mice (8–10 weeks old) were acquired from Liaoning Changsheng Biotechnology (Benxi, Liaoning, China) and housed in plastic cages in a pathogen-free environment with a 12-h light/dark cycle/day. The rAAV vector (serotype 9, AAV-9) containing the shRNA-ATG5, ATG5, and GATA4 genes driven by the cardiac troponin T promoter was constructed and then delivered into mice by a single intravenous injection for 3 weeks (5 × 1011 μg/mg, Shandong Weizhen Biotechnology). Then, the mice were intravenously administered DOX (Cat# D1515, Sigma-Aldrich, United States) at 5 mg/kg/week or vehicle for 4 weeks. To assess autophagic flux by Western blotting, BafA1 (1.5 mg/kg) was administered to mice 2 h before sacrifice. All animal experiments were approved by the Animal Experimentation Ethics Committee of Binzhou Medical University and agreed with the US National Institutes of Health (National Institutes of Health Publication No. 85–23, revised 1996).
Echocardiography
The mice were placed in an anesthesia induction box, anesthetized with 1.5% isoflurane, and maintained at a heart rate of 450–500 beats/min. Transthoracic echocardiography was performed on the mice using a Vevo 1100 ultrasound machine and a 30 MHz transducer (VisualSonics, Canada). A two-dimensional guided M-mode trace from the parasternal short axis crossing the papillary muscle was recorded. Left ventricular ejection fraction (EF%) and fractional shortening (FS%) at systole and diastole were analyzed.
Histopathology
Cardiac tissue was fixed overnight in 4% paraformaldehyde (Servicebio, Wuhan, China), embedded in paraffin, and cut into 5 µm sections. Masson’s trichrome staining was performed following the instructions provided by the reagent supplier (Solarbio, Beijing, China) to evaluate the situation of cardiac fibrosis.
DHE (dehydroergosterol) staining
Fresh cardiac tissue was quickly frozen at −20 °C and immediately cut into 10 µm sections. The sections were stained with 10 µM DHE (catalog number D7008, Sigma-Aldrich, Santa Clara, CA, United States) in a dark wet chamber at room temperature for 30 min at 37°C and then washed with PBS. Images were obtained in 10–20 random fields using a fluorescence microscope (BX51, OLYMPUS, Japan), and the fluorescence intensity was measured using Image-Pro Plus software (version 3.0).
WGA staining
The cardiac tissue was fixed overnight in 4% paraformaldehyde, embedded in paraffin, and cut into 5 µm sections. It was heated in citric acid after dewaxing in xylene and different ethanol concentrations to induce antigen retrieval. When the section was cooled, the WGA solution was added to cover the cardiac tissue surface for 30 min in the dark at 37°C. The sections were washed thrice with PBS, and the images were captured and photographed using a fluorescence microscope (BX51, OLYMPUS, Japan).
Immunofluorescent staining
Cardiac tissue was fixed in 4% paraformaldehyde, dehydrated in 30% sucrose overnight, embedded in Tissue-Tek OCT (SAKURA, Japan), and quickly frozen at −20°C. The samples were cut into 10 µm sections, and the sections were permeabilized in PBS buffer containing 1% BSA and 1‰ TritonX-100 for 15 min, then blocked with goat serum (1:200, Meilunbio, Dalian, China) for 1 h at room temperature. The sections were incubated overnight with anti-actinin (1:500, Sigma-Aldrich) and anti-LC3B (1:100, Proteintech) at 4 °C and with the appropriate secondary antibody for 1 h. Images were obtained using a laser scanning confocal microscope (TCS SP8; Leica Microsystems).
Tunel staining
Apoptosis in the cardiac sections was detected using the in situ cell death detection kit (TUNNEL fluorescence FITC kit, Roche) following the manufacturer’s instructions.
Frozen heart sections were permeabilized in 0.1% Triton x-100 and resolved in sodium citrate buffer. Apoptotic cells were stained using an in situ cell death detection kit (Roche), and nuclei were stained blue with DAPI. Total cells and tunnel-positive cells were automatically counted using Image-Pro Plus software. The apoptosis rate was defined as the ratio of apoptotic cells to the total cells.
Cell culture and treatment
H9c2 cells were acquired from ProCell Life Science and Technology (Wuhan, China). H9c2 cells were grown in DMEM F12 medium containing 10% fetal bovine serum (Gibco, United States), 2 mM L-glutamine, 0.1 mM norepinephrine, and 100 μg/mL penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO2. H9c2 cells were incubated with DOX (1.0, 2.5, and 5.0 µM) for 12 h and subjected to Western blotting for drug treatment. For lysosome inhibitor Baf A1 treatment, H9c2 cells were incubated with Baf A1 (50 nM) for 2 h before the cells were lysed.
Autophagic flux detection
H9c2 cells were transfected with RFP-GFP-LC3 lentivirus (0.1 × 108/mL MOI = 10, Hanheng Bio, Shanghai) for 24 h and then treated with DOX (1 µM) for 12 h. After the cells were stained with DAPI for 5 min, autophagic flux was detected using a laser scanning confocal microscope (TCS SP8; Leica Microsystems). The red dots represented autophagolysosomes, and the green dots represented autophagosomes.
Immunofluorescence
H9c2 cells were fixed with 4% paraformaldehyde for 15 min, permeabilized with 1‰ TritonX-100 for 15 min, and blocked with 3% bovine serum albumin (Solarbio) for 1 h at room temperature. After washing thrice with PBS, the cells were incubated with LC3 and GATA4 antibodies, both at a dilution of 1:200 overnight at 4°C. After rigorous washing, the cells were incubated with secondary antibodies conjugated with Alexa Fluor 594 nm (1:200; Zenbio) or Alexa Fluor 488 nm (1:200; Zenbio) for 1 h at room temperature. After the cells were washed with PBS thrice and mounted using Antifade Mounting Medium with DAPI (Beyotime), all images were obtained using a laser scanning confocal microscope (TCS SP8; Leica Microsystems).
Co-immunoprecipitation
Cells were lysed with IP lysis buffer [50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% NP-40, 1% SDS, and 0.5% sodium deoxycholate] supplemented with protease inhibitor cocktail (Roche) on ice for 20 min. The lysates were precleared after the samples were centrifuged at 12,000 × g for 15 min. They incubated with the indicated primary antibodies overnight at 4°C and then with protein A/G magnetic beads (Thermo Fisher Scientific) with gentle shaking at 4°C overnight. The beads were washed five times with washing buffer, and the samples were harvested for Western blotting.
Western blots
Cardiac tissue or cells were lysed with ice-cold RIPA buffer containing a 1% protease inhibitor cocktail for 30 min. The samples were centrifuged at 4 °C for 15 min. The protein concentration was determined using a BCA assay kit (Thermo Scientific). Proteins (20–50 mg) were subjected to SDS-PAGE gel to separate the sample proteins and then transferred to the PVDF membrane (Merck, United States). After blocking with 5% skim milk (Solarbio, D8340) for 1 h at room temperature, the membrane was incubated with primary antibodies at 4 °C overnight. After washing with TBST thrice, the membrane was incubated with a horseradish peroxidase-conjugated secondary antibody (1:2,500, Proteintech) at room temperature. Enhanced chemiluminescence with the Pierce® Western blotting Substrate (Thermo Fisher Scientific) and Gel-Pro 4.5 Analyzer determined protein expression.
Quantitative polymerase chain reaction (qRT-PCR)
TRIzol (Invitrogen, Carlsbad, CA) was used to extract RNA, and Hifair® III 1st Strand cDNA Synthesis Kit (Yeasen, China) was used to reverse RNA into double-stranded cDNA followed by qRT-PCR amplification using Hieff UNICON® Universal Blue qPCR SYBR Green Master Mix (Yeasen, China) and the 7,500 Fast Real-Time PCR Systems (Applied Biosystems, United States). GAPDH was used as an internal control for mRNA, and the 2−ΔΔCT method was used to analyze relative gene expression levels. The primers were used as follows: GAPDH (Forward: GGT​TGT​CTC​CTG​CGA​CTT​CA; Reverse: GGT GGT​CCA​GGG​TTT​CTT​ACT​C); ANP (Forward: TAC​AGT​GCG​GTG​TCC​AAC​ACA​G; Reverse: TGC​TTC​CTC​AGT​CTG​CTC​ACT​C); Collagen I (Forward: GAGTACTGGAT CGACCCTAACCA; Reverse: GAC​GGC​TGA​GTA​GGG​AAC​ACA); Collagen III (Forward: TCC​CCT​GGA​ATC​TGT​GAA​TC; Reverse: TGA​GCG​AAT​TGG​GGA​GAA​T); ATG5 (Forward: AGA​GTC​AGC​TAT​TTG​ACG​TTG​G; Reverse: TGGACAGTGTAGAAG GTCCTTTT); Beclin (Forward: GAG​CCA​TTT​ATT​GAA​ACT​CGC​CA; Reverse: CCTCC CCGATCAGAGTGAA); LC3B (Forward: CGC​TTG​CAG​CTC​AAT​GCT​AAC; Reverse: TCT​CTC​ACT​CTC​GTA​CAC​TTC​G).
Statistical analyses
Data are expressed as the mean ± standard error of the mean (SEM). Multiple comparisons were performed using one-way analysis of variance (ANOVA; Tukey’s post hoc test), and two group comparisons were performed using a t-test. A P < 0.05 was considered statistically significant. All data were analyzed using GraphPad Prism software (version 6.07; GraphPad Software Inc.).
RESULTS
The effects of DOX on autophagic flux on the heart of mice
Mice received tail intravenous injections of DOX for 1, 7, 14, and 28 days, and the mRNA levels of ATG5, Beclin-1, and LC3B in the heart were determined by qPCR. DOX stimulated autophagy initiation (by upregulating ATG5, Beclin-1, and LC3b genes), simultaneously increasing the protein expression of ATG5 and LC3-II and reducing GATA4 protein expression (Figures 1A–D). To identify whether the increase in LC3B expression caused by DOX indicated the promotion of autophagy, a lysosome inhibitor, bafilomycin, was used to inhibit the fusion of autophagosomes and lysosomes, and the effect of DOX on LC3-II expression was determined. DOX increased LC3-II and P62 expression in the presence or absence of bafilomycin (Figure 1E). The increase in P62 protein level after DOX treatment indicated that the degradation of P62 by autophagy was disrupted, suggesting that DOX increased autophagosome formation but reduced autophagic degradation in the heart. Consistent with the results for LC3 and P62 protein levels, we observed a significant increase in the abundance of LC3 and P62 puncta in DOX-treated hearts (Figures 1F, G).
[image: Figure 1]FIGURE 1 | Dynamic autophagy signaling in DOX-induced cardiotoxicity model of mice. (A–C) Quantifying ATG5, beclin, and LC3B gene expression by quantitative real-time polymerase chain reaction. N = 4/group. (D) Representative Western blotting and quantification indicating changes in ATG5, GATA4, and LC3-II protein expression in the hearts of DOX-treated mice (n = 3/group). (E) Changes in P62 and LC3-II protein expression in the hearts of DOX-treated mice in the presence or absence of baflomycin A1. BafA1 (1.5 mg/kg) was administered to the mice 2 h before sacrifice (n = 3/group). (F, G) Immunohistochemical staining of LC3B and P62 in the hearts of mice treated with vehicle or DOX. Quantification is illustrated below (n = 3/group). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, and Student’s t-test was used for (F, G). *P < 0.05, **P < 0.01 versus the saline group; #P < 0.05, versus the DOX group.
DOX inhibited the fusion of autophagosomes and lysosomes in H9c2 cells
We measured LC3-II and P62 protein expression and autophagic flux in H9c2 cells after treatment with 1, 2.5, and 5 µM DOX for 12 h. Similarly, LC3B protein expression increased dose-dependent after DOX treatment (Figure 2A). Baf A1 was used to block the fusion of autophagosomes and lysosomes to further confirm the effect of DOX on autophagy. We identified that LC3-II and P62 expression significantly increased after Baf A1 or DOX treatment (Figure 2B), owing to the accumulation of autolysosomes and inhibition of autophagic flux. DOX significantly increased autophagosome and autolysosome generation in RFP-GFP-LC3 expressed H9c2 cells (Figure 2C). Consistent with our in vivo results, p62 puncta in the left ventricular cardiac tissues were increased in DOX-treated H9c2 cells (Figure 2D). To identity whether the fusion of autophagosomes and lysosomes is blocked, we performed immunofluorescent staining to detect the co-localization of LC3-II (an autophagosomal marker) and LAMP1(a lysosomal marker), and found that DOX inhibited LAMP1 and LC3 co-localization, which was further aggravated in the presence of bafilomycin (Supplementary Figure S1A). These results indicated that DOX increased autophagosome formation but inhibited the fusion of autophagosomes and lysosomes in H9c2 cells.
[image: Figure 2]FIGURE 2 | The effects of DOX on autophagic flux in H9c2 cells. (A) Representative Western blotting and quantification illustrating the alteration in LC3-II and P62 protein expression in H9c2 cells after DOX (1.0, 2.5, and 5.0 µM) treatment for 12 h, n = 3/group. (B) LC3-II and P62 protein expression in 2.5 µM DOX-treated H9c2 cells in the presence or absence of 50 nM BafA1 (n = 3/group). (C) H9c2 cells were transiently transfected with mRFP-green fluorescence protein (GFP)-LC3 adenovirus and treated with DOX for 12 h. Representative images of the GFP-LC3 and mRFP-LC3 puncta are presented. Quantification of the yellow puncta (autophagosomes) and red puncta (autolysosomes) is below (n = 3/group). (D) Immunofluorescence staining of P62 in H9c2 cells treated with DOX in the presence or absence of BafA1 and the quantification is presented below (n = 3/group). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, *P < 0.05, versus the saline group; #P < 0.05, versus the DOX group.
rAAV9 delivers shRNA-ATG5 alleviated DOX-induced cardiac dysfunction and fibrosis
The role of ATG5-mediated autophagy in DOX-induced cardiac dysfunction was evaluated. Mice received single intravenous injection with rAAV9-shRNA-ATG5 for 3 weeks to knock down ATG5 and were then subjected to DOX for another 4 weeks (Figure 3A). Immunohistochemical staining indicated that rAAV9-shRNA-ATG5 injection successfully reduced LC3B expression in the heart compared with rAAV9-shRNA-Control (Figure 3B). Furthermore, we observed that the DOX-induced increase in LC3B was inhibited by rAAV9-shRNA-ATG5 (Figure 3B). Heart function was assessed using echocardiography. We discovered that DOX treatment for 4 weeks significantly induced cardiac dysfunction, reflected by reduced left ventricular EF%, and knockdown ATG5 by rAAV9 markedly alleviated DOX-induced cardiac dysfunction (Figure 3C). It has been suggested that DOX administration results in cardiac hypotrophy and fibrosis (Liao et al., 2021). DOX reduced cardiomyocyte size, and this effect was partly attenuated by rAAV9-siRNA-ATG5 (Figure 3D). Although the number of cardiomyocytes in DOX group seems to be more than Saline group, this was due to reduced cell size caused by DOX but not the proliferative effect. CCK-8 assay results showed that genetic knockdown or overexpressing ATG5 had no effect on DOX reduced cell viability in H9c2 cells (Supplementary Figures S1B, C). Furthermore, ANP mRNA expression, a heart failure biomarker, increased in DOX-treated hearts and was inhibited when ATG5 was knocked down by rAAV9-shRNA-ATG5 (Figure 3E). Masson’s trichrome staining and qPCR results revealed DOX-induced cardiac fibrosis and increased collagen I and III mRNA expression. This effect was partially alleviated by rAAV9-siRNA-ATG5 (Figures 3F,G). The signaling pathway that mediates cardiac fibrosis was examined by Western blotting. DOX enhanced TGF-β and p-smad2/3 protein levels, which were dramatically inhibited by rAAV9-siRNA-ATG5 (Figure 3H).
[image: Figure 3]FIGURE 3 | ATG5 knockdown inhibited DOX-induced cardiac dysfunction and fibrosis. (A) Mice were intravenously administered a single rAAV9-shRNA-ATG5 for 3 weeks and then with DOX for another 4 weeks. (B) Immunohistochemical staining of LC3B and quantification are presented (n = 3/group). (C) The dynamics of ejection fraction (EF)% in mice was examined using a high-frequency echo system (n = 5). (D) Representative images of WGA staining illustrating myocardial cell size in DOX-treated hearts in the presence or absence of rAAV9-shRNA-ATG5 infection (n = 5/group). (E) Quantification of ANP gene expression using quantitative real-time polymerase chain reaction. N = 4/group. (F) Representative Masson’s staining and quantitative analysis of cardiac fibrosis in heart tissues (n = 5). (G) Evaluation of collagen I and III gene transcript expression using quantitative real-time polymerase chain reaction (n = 4). (H) Representative Western blotting images and quantitative analysis of TGF-β, p-smad2/3, smad2, and smad3 in the heart tissues (n = 3). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, *P < 0.05, versus the AAV9-shCtl group; #P < 0.05, versus the AAV9-shCtl + DOX group.
Knockdown ATG5 inhibited DOX-induced oxidative stress and myocardial apoptosis
ROS generation in the hearts of mice was detected by DHE staining. The results indicated that DOX treatment significantly increased ROS generation in the heart, as reflected by the enhanced red fluorescence intensity of the heart compared with that of the saline-treated heart (Figure 4A). Excess ROS accumulation can induce myocardial apoptosis, so the heart sections were subjected to Tunnel staining to detect cell apoptosis. DOX significantly induced myocardial apoptosis, which was partially inhibited by rAAV9-shRNA-ATG5 (Figure 4B). Since DOX treatment can reduce GATA4 expression, which can upregulate the anti-apoptotic genes Bcl-2 and Bcl-xL in the heart (Aries et al., 2004) and be degraded by autophagy (Chen et al., 2022), its protein expression was determined by Western blotting. We observed that rAAV9-shRNA-ATG5 successfully knocked down ATG5 and reduced LC3-II protein expression, leading to autophagy inhibition (Figure 4C). Meanwhile, GATA4 protein expression was reduced by DOX, but the pro-apoptotic protein Bax and cleaved caspase 3 protein expression were increased by DOX treatment. These effects were significantly inhibited by rAAV9-shRNA-ATG5, suggesting that ATG5 knockdown controls GATA4 protein levels by inhibiting autophagic degradation (Figure 4C).
[image: Figure 4]FIGURE 4 | ATG5 knockdown alleviated DOX-induced oxidative stress and apoptosis. (A) Representative DHE staining images and quantitative results demonstrating ROS generation in the heart tissues (n = 3). (B) Representative images of Tunel staining and the quantitative results indicating the myocardial apoptosis in heart tissues (n = 3). (C) Representative Western blotting images and quantitative analysis of ATG5, LC3-II, GATA4, Bax, and cleaved caspase-3 in the heart tissues (n = 3). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, *P < 0.05, versus the AAV9-shCtl group; #P < 0.05, versus the AAV9-shCtl + DOX group.
Overexpressing ATG5 aggravated DOX-induced cardiac dysfunction and fibrosis
Mice were infected with rAAV9 expressing ATG5 for 3 weeks to increase ATG5 expression in the heart and then subjected to DOX for another 4 weeks (Figure 5A). Injection of rAAV9 expressing ATG5 induced autophagy and increased LC3B-positive cells in both saline- and DOX-treated hearts (Figure 5B). Echocardiography results indicated that ATG5 overexpression in the heart did not affect left ventricular EF% at the basal condition but aggravated DOX-induced cardiac dysfunction (Figure 5C). In contrast to the results obtained in ATG5 knockdown mice, enforced ATG5 expression further aggravated DOX-induced cardiac hypotrophy, as reflected by the reduced cardiomyocyte size (Figure 5D). ANP mRNA expression in the DOX + rAAV9- ATG5 group was higher than in the DOX + rAAV9-Control group, indicating more severe cardiac injury in the ATG5 overexpressing heart (Figure 5E). We performed Masson’s trichrome staining and qPCR experiments to address whether ATG5 overexpression in the heart could further increase DOX-induced cardiac fibrosis. The results revealed DOX-induced cardiac fibrosis and increased collagen I and III mRNA expression, which were further aggravated by rAAV9-ATG5 (Figures 5F, G). The increased protein expression of TGF-β and p-smad2/3 induced by DOX was further increased by rAAV9-ATG5 (Figure 5H).
[image: Figure 5]FIGURE 5 | ATG5 overexpression aggravated DOX-induced cardiac dysfunction and fibrosis. (A) Mice were intravenously administered a single rAAV9-ATG5 for 3 weeks and then with DOX for another 4 weeks. (B) Immunohistochemical staining of LC3B and quantification are presented (n = 3 per group). (C) The dynamics of ejection fraction (EF)% in mice was examined using a high-frequency echo system (n = 5). (D) Representative images of WGA staining indicating the myocardial cell size in DOX-treated hearts in the presence or absence of rAAV9-ATG5 infection (n = 4/group). (E) Quantification of ANP gene expression using quantitative real-time polymerase chain reaction. N = 4/group. (F) Representative Masson’s staining and quantitative analysis of cardiac fibrosis in heart tissues (n = 4). (G) Evaluation of collagen I and III gene transcript expression using quantitative real-time polymerase chain reaction (n = 4). (H) Representative images of Western blotting and quantitative analysis of TGF-β, p-smad2/3, smad2, and smad3 in heart tissues (n = 3). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, *P < 0.05, versus the AAV9-Ctl group; #P < 0.05, versus the AAV9-Ctl + DOX group.
ATG5 overexpression aggravated DOX-induced oxidative stress and myocardial apoptosis
To investigate the effect of ATG5-mediated autophagy on oxidative stress and apoptosis, DHE and Tunnel staining were performed. Our results indicated that DOX significantly promoted ROS generation and induced myocardial apoptosis, which was aggravated by rAAV9-ATG5 infection (Figures 6A, B). Protein-mediated autophagy (ATG5 and LC3-II) and apoptosis (Bax and cleaved caspase 3) were determined by Western blotting. The results revealed that the expression of these proteins increased in DOX-treated hearts compared with saline-treated hearts, and overexpression of ATG5 in the heart by rAAV9-ATG5 further enhanced their expression (Figure 6C). Meanwhile, DOX reduced GATA4 protein in the heart, and the enforced expression of ATG5 by rAAV9-ATG5 further reduced its protein level, suggesting that ATG5-mediated autophagy promoted GATA4 degradation (Figure 6C).
[image: Figure 6]FIGURE 6 | ATG5 overexpression aggravated DOX-induced cardiac oxidative stress and apoptosis. (A) Representative images of DHE staining and quantitative results indicating ROS generation in the heart tissues (n = 3). (B) Representative images of Tunel staining and the quantitative results displaying the myocardial apoptosis in heart tissues (n = 3). (C) Representative Western blotting images and quantitative analysis of ATG5, GATA4, LC3-II, Bax, and cleaved caspase-3 in the heart tissues (n = 3). Data are presented as the mean ± SEM. Statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, *P < 0.05, versus the AAV9-Ctl group; #P < 0.05, versus the AAV9-Ctl + DOX group.
ATG5-mediated autophagy promoted GATA4 degradation
GATA4 regulates several cardiac-specific fetal genes that protect against DOX-induced cardiotoxicity (Aries et al., 2014). Studies have revealed that autophagy activation promotes GATA4 protein degradation in cardiomyocytes (Chai et al., 2023). Therefore, we hypothesized that ATG5 controls GATA4 protein levels by altering its degradation rate by regulating autophagic flux. To test this, we examined the protein levels of GATA4 in H9c2 cells and heart tissues after autophagy inhibition and activation. We identified that blocking autophagy with chloroquine (CQ), 3-MA, and adenovirus expressing siRNA-ATG5 increased basal GATA4 protein levels in H9c2 cells (Figure 7A) and cardiac-specific ATG5 knockdown by rAAV9 significantly increased basal GATA4 protein levels in mouse hearts (Figure 7B). Conversely, we observed that enhancing autophagy flux with rapamycin (RAPA) or adenovirus expressing ATG5 decreased GATA4 protein levels in H9c2 cells (Figure 7C), which was also detected in rAAV9-ATG5 infected hearts (Figure 7D). We then performed immunofluorescence analysis and observed that the co-localization of LC3B and GATA4 was increased in ATG5 overexpressing H9c2 cells (Figure 7E). Meanwhile, the co-localization of P62 and GATA4 was reduced in ATG5 overexpressing H9c2 cells (Figure 7F). In addition, we found that LC3B co-immunoprecipitated with GATA4 (Figure 7G), suggesting that ATG5-mediated autophagy promoted GATA4 degradation.
[image: Figure 7]FIGURE 7 | ATG5-mediated autophagy promoted GATA degradation. (A) GATA4 was determined by Western blotting in H9c2 cells treated with DMSO, CQ (20 μmol/L), 3-MA (5 mmol/L), and siRNA-ATG5. (B) Mice were intravenously administered rAAV9-shATG5 for 3 weeks, and GATA4 was determined by Western blotting. (C) GATA4 expression in H9c2 cells treated with DMSO, RAPA (100 nmol/L), and Ad-ATG5 was determined using Western blotting. (D) Mice were intravenously administered rAAV9-ATG5 for 3 weeks, and GATA4 was determined by Western blotting. (E, F) Immunofluorescence staining of GATA4 (green) and LC3B (red), GATA4 (green) and P62 (red) in Ad-ATG5 infected H9c2 cells. Scale bars represent 20 μm. (G) Co-IP analysis of the interaction between GATA4 and LC3B in H9c2 cells, following immunoprecipitation with anti-LC3B and GATA4. N = 3 for all experiments, and the data are presented as the mean ± SEM. For A and C, statistical significance was determined by one-way ANOVA with Tukey’s post hoc test, and For B and D, Student’s t-test was used. *P < 0.05, versus DMSO, AAV9-shCtl, or AAV9-Ctl groups.
Restoration of GATA4 reversed the effects of ATG5 on DOX-induced myocardial dysfunction and apoptosis
To further confirm the molecular mechanism by which ATG5-mediated autophagy promoted GATA4 degradation that aggravated DOX-induced myocardial dysfunction and apoptosis, rAAV9-GATA4 was constructed and transfected into the heart to restore GATA4 level (Figure 8A). Compared with the DOX + rAAV9-Control group, LVEF was significantly decreased in the DOX + rAAV9-ATG5 group, and this effect was significantly reversed by rAAV9-GATA4 (Figure 8B). Moreover, DOX-induced myocardial apoptosis, aggravated by ATG5 overexpression, was reversed by rAAV9-GATA4 (Figure 8C). Moreover, Western blotting results demonstrated that rAAV9-GATA4 successfully restored GATA4, enhanced the protein level of Bcl-2, and reduced the protein levels of Bax and cleaved caspase 3 in DOX-treated hearts (Figure 8D). Moreover, enforced expression of GATA4 significantly inhibited the effects of ATG5 on Bcl-2, Bax, and cleaved caspase 3 protein expression in DOX-treated hearts (Figure 8D).
[image: Figure 8]FIGURE 8 | Enforced expression of GATA4 in the heart reversed DOX-induced cardiac dysfunction and apoptosis, aggravated by ATG5. (A) Mice were intravenously administered a single rAAV9-ATG5 and rAAV9-GATA4 for 3 weeks, followed by DOX for another 4 weeks. (B) Dynamics of ejection fraction (EF)% and fractional shortening (FS)% in mice were examined using a high-frequency echo system (n = 5). (C) Representative images of Tunnel staining and the quantitative results revealing the myocardial apoptosis in heart tissues (n = 3). (D) Representative Western blotting images and quantitative analysis of GATA4, Bcl2, Bax, and Caspase3 in the heart tissues (n = 3). (E) Schematic model: ATG5-mediated autophagy promoted GATA4 degradation and aggravated DOX-induced cardiac dysfunction. Data are presented as the mean ± SEM. Statistical significance was determined using one-way ANOVA with Tukey’s post hoc test. *P < 0.05 versus AAV9-Ctl + DOX group; #P < 0.05 versus AAV9-ATG5 + DOX group.
DISCUSSION
The present study uncovered the detrimental role of ATG5 in DOX-induced cardiac dysfunction. We provide data to confirm that DOX reduces GATA4 expression and stimulates autophagy initiation (by upregulating Atg genes for ATG5), simultaneously impairing the function of available lysosomes and preventing their biogenesis, resulting in autophagosome accumulation and inhibition of flux. Knockdown ATG5 restored GATA4 level and mitigated DOX-induced cardiac dysfunction, fibrosis, and oxidative stress, whereas overexpression ATG5 aggravated these effects (Figure 8E). Therefore, our study highlights ATG5-mediated autophagy as a potential therapeutic target in DOX-induced cardiac dysfunction.
Autophagy is a biological process that promotes the degradation of dysfunctional and long-lived proteins and injured organelles (Deretic and Kroemer, 2022). Autophagy activation was involved in certain cardiovascular diseases, including myocardial ischemia (Chen et al., 2021), pathological cardiac hypertrophy (Zeng et al., 2022), heart failure (Du et al., 2020), and diabetic cardiomyopathy (Bravo-San Pedro et al., 2017; Zhang M. et al., 2021). In the model of DOX-induced cardiotoxicity, LC3-II protein expression was increased in the heart, and this effect was due to inhibition of autophagosome-lysosome fusion (Li et al., 2016). Regulation of key steps responsible for autophagy may exert a protective or detrimental role in DOX-induced cardiotoxicity. For example, inhibition of autophagy by knockout Beclin 1 reduced ROS generation and improved cardiac function in DOX-treated mice (Li et al., 2016). Additionally, transgenic overexpression of Beclin 1 in the heart further increases DOX-induced ROS generation, aggravating cardiac dysfunction (Li et al., 2016). In a DOX-induced cardiotoxicity model of zebrafish, atg7 overexpression improved cardiac function in the late phase but deleterious effects in the early phase of DOX-induced cardiotoxicity (Wang Y. et al., 2021). ATG5 knockdown by rAAV9-ATG5 alleviated DOX-induced mitochondrial ROS emission at acute time points in Sprague Dawley rats (Montalvo et al., 2020). The results indicated that ATG5 knockdown by rAAV9-shRNA-ATG5 in mice for 7 weeks alleviated DOX-induced cardiac dysfunction, cardiac fibrosis, oxidative stress, and myocardial apoptosis (Figures 3B, 4A), and ATG5 overexpression by rAAV9-ATG5 exerted the opposite effects. We hypothesized that the different results of our study and those of others could be attributed to the various animal models employed. In this study, we selected 8–10 weeks of male C57BL/6 mice instead of rats in another study, and the mice were subjected to DOX through intravenous injection instead of intraperitoneal injection. Intraperitoneal administration of DOX may influence the accuracy of experimental results obtained in the heart owing to its side effects, including peritoneal fibrosis, consequent malaise, anorexia, weight loss, and noncardiac death. Decreased food intake-induced starvation results in autophagy (Singh, 2012), and the damaged peritoneum impedes DOX absorption in the ensuing injections. Therefore, an intravenous injection of 5 mg/kg DOX was used in this study. According to a previous study (Li et al., 2016), this dose of DOX had minimal side effects.
Previous studies have investigated the essential role of DOX in cardiomyocytes, but the conclusions were conflicting (Xiao et al., 2019). Autophagy were reported to be increased or reduced in DOX-treated hearts (Xiao et al., 2019), and we speculated the controversial conclusion were attribute to several factors: (1) The animal model were different, most of them used acute, high-dose doxorubicin to establish the cardiac toxic model which do not accurately reflect the clinical scenario of chronic doxorubicin cardiomyopathy. (2) Intraperitoneal administration of DOX resulted in malaise, anorexia, and cachexia. In this study, we established a chronic cardiac toxic model by intravenously injections of DOX at doses employed clinically, and we thought this model could avoid the numerous confounding comorbidities which plague other studies. Meanwhile, the effects of DOX on H9c2 cell was also controversial. Several studies reported DOX increased LC3 puncta and induced autophagy by AKT/mTOR pathway, thus exerted a toxic effect by inducing oxidative stress and apoptosis (Wang et al., 2018; Zhou et al., 2022), but other’s studies suggested that DOX blocks autophagic flux through inhibiting lysosomal acidification (Li et al., 2016) and activating E2F transcription factor 1 (E2F1)/mTOR (Gu et al., 2018). And autophagy activation improved DOX induced oxidative stress and apoptosis. These controversial results at a large extent depend on different DOX dose and observation time. Considering the undefined relationship between autophagy and DOX, we here used mRFP-GFP-LC3 probe revealed an increase in autophagic flux after DOX treatment (Figure 2C). We also found that DOX reduce the co-localization of LC3-II and LAMP1 (Supplementary Figure S1A), suggesting that DOX may increase autophagic flux but inhibited autophagic degradation.
Increased ROS generation is the primary cause of DOX-induced cardiotoxicity (Kong et al., 2022), and supplementation with antioxidants has been demonstrated to alleviate DOX-induced cardiotoxicity (Kong et al., 2022; Cadeddu Dessalvi et al., 2021). Previous studies have demonstrated that inhibition of DOX-induced autophagy is associated with enhanced expression of antioxidant response-related genes in the soleus, including GPX1, SOD1, and SOD2 (Doerr et al., 2020). ATG5 knockdown reduces chemotherapy-induced oxidative stress in osteosarcoma cells (Hollomon et al., 2013). Importantly, SQSTM1/p62 is known to mediate the selective autophagy of GATA4, and GATA4 further increased NF-κB activity that underlies the increased expression of cytokines and reduction of reactive oxygen species (Liu et al., 2021). Consistent with these findings, our results suggested that inhibition of autophagosome formation by rAAV9-siRNA-ATG5 in the heart restored GATA4 level and mitigated DOX-induced oxidative stress and myocardial apoptosis (Figures 4, 7). These findings indicate that autophagy occurs upstream of DOX-induced oxidative stress, and ATG5-mediated GATA4 degradation may partly contribute to the oxidative stress in DOX-treated heart.
The role of autophagy in regulating cardiac fibrosis has been well described. Recent studies suggested a pro-fibrotic role for autophagy (Liang et al., 2022). Advanced glycation end products (AGEs) and receptor for advanced glycation end products (RAGE) axis is involved in myocardial fibrosis in heart failure through cardiac fibroblasts activation induced by autophagy (Liang et al., 2022). Knockout RAGE decreased endothelial-to-mesenchymal transition accompanied by decreased expression of autophagy-related proteins (LC3BII/I and Beclin 1), and alleviated cardiac fibrosis and improved cardiac function in TAC mice (Zhang L. et al., 2021). However, other’s studies suggested that autophagy induction promoted cardiac fibrosis (Liu et al., 2016), and autophagy inhibition alleviated cardiac fibrosis (Gupta et al., 2016). TGF-β1 simultaneously induces autophagy and fibrosis in human cardiac myofibroblasts and pharmacological inhibition of autophagy is associated with a parallel reduction in TGF-β1-induced fibrosis (Ghavami et al., 2015). In our research, we found the increased protein expression of TGF-β and p-smad2/3 caused by DOX was further increased by rAAV9-ATG5. Thus, our study indicated that enhancing autophagy by overexpressing ATG5 aggravated DOX induced cardiac fibrosis via TGF-β/p-Smad signal pathway.
GATA4 protein expression was reduced in DOX-treated hearts, and enforced expression of GATA4 in the heart could upregulate anti-apoptotic genes Bcl-2 and Bcl-xL, further alleviating DOX-induced myocardial apoptosis and cardiac dysfunction (Aries et al., 2004). Corresponding to this finding, we observed that DOX increased Bax and Caspase-3 expression and inhibited induced myocardial apoptosis in ATG5 knockdown hearts (Figure 4), whereas these effects were aggravated in ATG5 overexpressing hearts (Figure 6). GATA4 can be regulated by autophagic degradation (Song et al., 2021; Chen et al., 2022), whereas autophagy can be regulated by GATA4 (Kobayashi et al., 2010). GATA4 can be ubiquitinated and then recognised by p62, is translocated to autophagosomes to form autophagolysosomes and degraded (Chen et al., 2022). Blocking GATA4 autophagic degradation promoted cardiac hypertrophy (Song et al., 2021). On the other hand, some researches believe that the ability of GATA4 to inhibit autophagy is mediated at least partly by its downstream effector Bcl2 (Kobayashi et al., 2010). The anti-autophagic effect of Bcl2 is reported to be achieved through its interaction with Beclin 1 (Atg6), a protein essential for autophagy initiation. Although overexpression of GATA4 did not have effect on ATG genes at base line, it repressed DOX-induced expression of ATG genes (Kobayashi et al., 2010). Importantly, GATA4 gene silencing resulted in a dramatic upregulation of ATG5, ATG7, ATG1 and Beclin 1 (Kobayashi et al., 2010). In this study, GATA4 was reduced in cardiomyocytes treated with autophagy inhibitors 3-MA, CQ, and siATG5, as well as in cardiac tissues of mice after intravenous injection of AAV9-shATG5 (Figure 7). Conversely, GATA4 expression was increased in cardiomyocytes and cardiac tissues after autophagy induction by RAPA, adenovirus, or AAV9 expressing ATG5 (Figure 7). These findings suggest that ATG5-mediated autophagy regulates GATA4 degradation, thereby further regulating cardiac function, oxidative stress and apoptosis in DOX-treated hearts.
Autophagy can be divided into microautophagy, macroautophagy, and chaperone mediated autophagy (CMA) (Massey et al., 2006). CMA is the only autophagic pathway that allows selective degradation of soluble proteins in lysosomes (Massey et al., 2006). In contrast to the other mammalian forms of autophagy, CMA does not require vesicle formation or major changes in the lysosomal membrane (Massey et al., 2006). The substrate proteins are targeted to the lysosomal membrane by recognition of a targeting motif, by a chaperone complex, consisting of hsc70 and its co-chaperones (Massey et al., 2006). It should be emphasized that p62-mediated lysosomal degradation of GATA4 was not HSC70-mediated CMA (Chen et al., 2022). Our data revealed that ATG5-mediated autophagic degradation of GATA4 is mediated by p62 (Figure 7), so we speculated that ATG5-mediated autophagic degradation of GATA4 in this study was not CMA.
It is widely recognized that when autophagy is inhibited, p62 accumulates, while when autophagy is induced, p62 quantities decrease (Jiang and Mizushima, 2015). It has been reported that the protein level of p62 was reduced in DOX-treated H9c2 cells and neonatal rat ventricular myocytes, which indicated the autophagic flux inhibition (Ye et al., 2024). While other study revealed increased p62 levels in the hearts of rat and mouse models post-Dox (1–6 days) (Koleini and Kardami, 2017). We speculated that the controversial results were attributed to the differences in the mode of DOX administration, dosage and duration of action. Interestingly, recent study revealed that p62 expression level is inversely associated with ATG5 (Klionsky et al., 2021; Xu et al., 2020). Conversely, cardiac-specific knockdown of ATG5 was associated with a significant increase in p62 expression (Wang F. et al., 2021). In our research, we found a increased protein level of p62 in DOX treated H9c2 cells and hearts (Figures 1E, 2A), and overexpression of ATG5 reduced the fluorescence intensity of p62 (Figure 7F), these results were consistent with previous research (Xu et al., 2020; Wang F. et al., 2021).
In conclusion, our research demonstrated that ATG5 knockdown reduced autophagosome formation, restored GATA4 expression by inhibiting its degradation, and alleviated DOX-induced cardiac dysfunction, fibrosis, oxidative stress, and apoptosis. These findings suggest that ATG5-mediated autophagy may be a potential therapeutic target for treating DOX cardiotoxicity.
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