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Objective: Immune checkpoint inhibitors (ICIs) are effective anti-cancer drugs that can improve survival in cancer patients, but their use may be associated with adverse cardiovascular side effects. Therefore, there is a clinical unmet need to identify non-invasive biomarker to detect subclinical cardiac toxicity after ICI treatment. The aim of this study is to examine the plasma levels of biomarkers in cancer survivors who were treated with ICIs.
Patients and Methods: In a cohort of 19 cancer patients, biomarkers were evaluated at baseline, 1 month, 3 and 6 months after ICI administration. These biomarkers, hypothesized to be mechanistically relevant to cardiotoxicity, included cardiac troponin I (cTnI), high-sensitivity C-reactive protein (Hs-CRP), N-terminal pro–B-type natriuretic peptide (NT-pro BNP), CK (creatine kinase), CK-MB (creatine kinase-MB), Pentraxin-related protein 3 (PTX3), growth differentiation factor 15 (GDF-15), heart type-fatty acid binding protein (H-FABP) and galectin 3 (Gal-3).
Results: H-FABP, but not other biomarkers, were increased at 3 months, which persisted at 6 months (529.28 ± 312.83 vs. 752.33 ± 283.65 vs. 808.00 ± 289.69 pg/ml, p = 0.031 and p = 0.013). Left ventricular ejection fraction (63.00 ± 4.15% vs. 63.74 ± 4.07%, p > 0.05) was not significantly reduced at this time point.
Conclusions: H-FABP, but not other biomarkers, were increased in patients who were treated using ICIs. H-FABP might be a more sensitive biomarker to detect ICI-related subclinical myocardial damage than traditional cardiac biomarkers.
Keywords: cardio-oncology, cardiotoxicity, immune checkpoint inhibitors, H-FABP, immune-related adverse events
INTRODUCTION
Utilizing the immune system to recognize and target malignant cells has been a strategy used in oncology for many years (Thomas and Hassan, 2012). In the past decades, a major advancement has been the use of immune checkpoint inhibitors (ICIs) to block antibodies expressed on T lymphocytes, including cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein-1 (PD-1) (Ansell et al., 2015; Wolchok et al., 2017), or their corresponding ligands expressed on tumor cells, such as programmed cell death 1 ligand-1 (PD-L1) (Herbst et al., 2016; Gulley et al., 2017; Choueiri et al., 2018). ICIs including CTLA-4 (ipilimumab), PD-1 (nivolumab or pembrolizumab), and PD-L1 (atezolizumab, avelumab, or durvalumab), either as a monotherapy or combination therapy can induce tumor responses in melanoma, non-small cell lung cancer (NSCLC), renal cell cancer (RCC), head and neck squamous cell carcinoma, urothelial cancer, breast cancer and Hodgkin disease (Ribas and Wolchok, 2018). Whilst the use of ICIs has led to improvements in cancer survival, however, the suppression of immune responses producing a range of autoimmune adverse events. The most common immune-mediated adverse events in patients receiving ICIs are fatigue, rashes, diarrhea, colitis, pulmonary and renal systems were reported (Postow et al., 2018). These agents also carry a significant risk of cardiovascular morbidity, including LVEF decline, cardiomyopathy, and HF (Voskens et al., 2013; Wang et al., 2018). Myocarditis is an infrequent but potential fatal complication of ICIs. Myocarditis with clinical presentations ranging from asymptomatic cardiac biomarker elevation to heart failure, arrhythmia, cardiac fibrosis and pericarditis (Gibson et al., 2016; Mahmood et al., 2018; Neilan et al., 2018; Altan et al., 2019). Another study found that the incidence of myocarditis is 1.14% in a cohort of cancer patients treated with ICIs (Mahmood et al., 2018). Echocardiography and electrocardiography are routinely used but they show low sensitivity for the early prediction of myocardial damage. Whilst endomyocardial biopsy has the degree of specificity and sensitivity needed for diagnosing ICI-associated myocarditis, it is considered to be too invasive and expensive for serial monitoring. Therefore, there is an unmet clinical need to find useful diagnostic tools for the early identification or accurate prediction of those who may be suffering from ICI-related myocarditis. Early identification and preemptive cardioprotective treatment can reduce interruptions or discontinuations in cancer therapy, and reduce cardiovascular burden and potentially maximize the tolerable doses of ICIs to improve cancer-related mortality. The aim of this study is to investigate the changes of the plasma levels of biomarkers in cancer survivors who were treated with ICIs with a follow-up period of 6 months. The biomarkers reflected cardiomyocyte injury [cardiac troponin I (cTnI), CK (creatine kinase), CK-MB (creatine kinase-MB)]; inflammation [high-sensitivity C-reactive protein (Hs-CRP), Pentraxin-related protein (PTX3) and growth differentiation factor 15 (GDF-15)]; neurohormonal activation [N-terminal pro–B-type natriuretic peptide (NT-pro BNP)]; heart type-fatty acid binding protein (H-FABP); and fibrosis [galectin 3 (Gal-3)]Their associations with myocardial damage, occurring either concurrently or at a subsequent visit were determined.
METHODS
Study Population
The study protocol was approved by the institutional review boards of the participating institutions. The study is registered with the Chinese Clinical Trial Registry (registration number: ChiCTR18000162216). All participants provided informed consent. A total of 19 consecutive patients who never used the ICIs and hospitalized in the Oncology Department of Tianjin Medical University Second Hospital from June 2018 to June 2019 were enrolled to the study. Eligible patients were 18–85 years of age, diagnosed with cancer and planned for adjuvant therapy with ICIs. Patients with one of the following conditions were excluded: intolerance to ICIs treatment; severe left main coronary artery disease confirmed by angiography; presence of grade III or IV heart failure; acute myocardial infarction (acute or recovery period); hepatic insufficiency (AST/ALT >80U/L); severe renal insufficiency (eGER ≤ 30 m/min/1.73 m2); thyroid disease; acute infectious diseases; mental illness; life expectancy is less than 6 months.
At baseline (before immune-therapy) and 1month, 3 months, 6 months after ICIs administration, demographics and clinical history were recorded. Transthoracic echocardiograms were obtained at each visit, and blood samples were obtained immediately before cancer therapy infusion at 1, 3, 6-month intervals.
Echocardiography
A transthoracic echocardiographic examination was performed in all patients using the Vivid-7 system equipped with a 2.4 MHz transducer (GE Medical Systems, Milwaukee, WI, USA). Left ventricular end systolic diameter (LVEDS), left ventricular end-diastolic diameter (LVEDD) and left ventricular ejection fraction (LVEF) were obtained using Simpson’s method of discs in the apical 4- and 2-chamber views as recommended by the American Society of Echocardiography. All tracings were made by a single observer and the data measurement is done by two ultrasound doctors at a centralized reading center who was blinded to all other clinical or biomarker data.
Biomarkers
At the time of the echocardiography, venous blood samples were drawn from all participants and collected in standard tubes for plasma with EDTA. Place the collected blood samples properly, it is strictly forbidden to freeze whole blood to avoid hemolysis. After the blood culture sampling is completed, it should be sent to the biological laboratory for verification by a dedicated person immediately, generally not more than 2 h hemolysis specimens centrifuged at 3,000 rpm for 15 min, plasma was removed, allocated, and frozen at −80°C until assay. Measurement of cTnI, NT-proBNP, CK, CK-MB, Hs-CRP were performed on the clinical Laboratory System. Serum levels of GDF-15, Gal-3, PTX3 and H-FABP were assayed using commercially available ELISA kit (Cusabio Biotech Corporation, China). All measurements were performed on previously unthawed samples. Concentrations of unknown samples are determined using a standard curve that was constructed by plotting absorbance values against concentrations of the standards.
Statistical Methods
Each biomarker was evaluated at baseline, 1 month, 3 and 6 months. The normality of the distribution of each continuous variable was tested by the Kolmogorov–Smirnov test. Continuous variables were reported as means ± SD or median (interquartile range) as appropriate. Statistical analysis was performed using the ANOVA test for continuous variables. A p value of <0.05 was regarded as statistically significant. All tests were two tailed and analyses were performed using SPSS 22.0 Statistical Package Program (SPSS Inc., Chicago, IL, United States).
RESULTS
Patients Population
The baseline characteristics of the study cohort are shown in Table 1. The mean age of patients (N = 19) who using ICIs was 48.2 ± 11.6 years with 42.1% being male. Prior to ICIs administration, only one patient had previous myocardial infarction and coronary stenting, but the left ventricular ejection fraction (LVEF) was >50% in all those with a baseline measurement.
TABLE1 | Baseline Characteristics of study participants.
[image: T1]Indications and Side Effects of ICIs
The most common indications for ICIs were Renal cell carcinoma, lung cancer and female reproductive system tumor. Of the monotherapy at the time of presentation, anti-PD1 was the most frequent (63.1%) in cases. For better therapeutic effect and clinical prognosis, single ICI therapy administrated with radiation or other chemotherapy is presented in Table 1. More than one-half (78.9%) of the cases had not experienced other ICI-related side effect.
Cardiac function and biomarkers at 1, 3, 6 months after ICI therapy compared to baseline.
There were no myocarditis cases and other clinical adverse cardiovascular events within 6 months of starting therapy. Compared to baseline, there was no change in LVEF (p = 0.608), LVEDD (p = 0.105) or LVEDS (p = 0.178) 6 months after ICI therapy. (Figure 1; Table 2).
[image: Figure 1]FIGURE 1 | Baseline and Interval Changes in Echocardiography. LVEF: left ventricular ejection fraction; LVEDD: left ventricular end diastolic diameter.
TABLE 2 | Baseline and Interval Changes in Echocardiography and Biomarker Levels Between Baseline and 1, 3 and 6 months.
[image: Table 2]A number of biomarkers were evaluated before and after initiation of ICI therapy at different timepoints (Table 2). H-FABP levels were significantly elevated at 3 months which persisted at 6 months (p = 0.031 and p = 0.013), whereas GDF-15 was significantly lower only at 6 months (p = 0.017). Gal-3 was not significantly altered whilst PTX3 was significantly reduced at 1 month (p = 0.025, Figure 2). By contrast, no significant changes in cTnI (p = 0.24), D-dimer (p = 0.219), CK (p = 0.059) and CK-MB (p = 0.92) were observed at 1 month, 3 and 6 months (Figure 3).
[image: Figure 2]FIGURE 2 | Proteins that had differential plasma levels between baseline and 1, 3 and 6 months. Edges of boxes denote 25th and 75th percentiles, lines are median concentrations, and error bars are minimum and maximum concentrations. (A) NT-pro BNP: N-terminal pro–B-type natriuretic peptide; (B) D-dimer; (C) CK: creatine kinase; (D) CK-MB: creatine kinase-MB.
[image: Figure 3]FIGURE 3 | Plasma concentration changes of H-FABP, GDF-15, Gal-3, and PTX3 over ICIs treatment time. Edges of boxes denote 25th and 75th percentiles, lines are median concentrations, and error bars are minimum and maximum concentrations. (A) H-FABP: heart type-fatty acid binding protein; (B) GDF-15: growth differentiation factor 15; (C) Gal-3: galectin 3; (D) PTX3: pentraxin-related protein 3.
DISCUSSION
The main findings of this prospective cohort study are that H-FABP levels, but not other biomarkers, were increased at three months in an absence of detectable reductions in LVEF.
ICIs have shown important benefits for improved treatment of several cancers, having demonstrated high response rates and prolonged overall survival in cancer patients. In 2015, the United States are almost 590,000 patients who are indicated for ICIs therapy (Andrews, 2015), and the ICIs market will experience considerable growth over the coming period (Webster, 2014). Nevertheless, the incidence of early and late adverse events associated with ICIs is unknown. ICIs are known to upregulate T-cell-mediated immune responses against cancer cells, although adverse events are a common occurrence, cardiotoxic effects are infrequent but are often associated with high mortality (Lyon et al., 2018). The immunotherapy trial data from Bristol-Myers Squibb found 18 cases (0.09%) of myocarditis among 20,594 subjects in the pharmacovigilance database. The incidence of myocarditis was higher in patients receiving a combination of nivolumab and ipilimumab (0.27%) than in those receiving nivolumab alone (0.06%) (Johnson et al., 2016). A multi-center registration study of 8 medical centers showed that the incidence of myocarditis was 1.14% (Mahmood et al., 2018). The median time from the application of ICIs to the onset of myocarditis was 34 days, and the age of patients with myocarditis was 65 ± 13 years, of which 29% were women. Compared with the control group, patients with combined ICIs (34 vs. 2%) and diabetes (34 vs. 13%) had a higher incidence of myocarditis. Our results suggest that individual biomarkers may show early changes that can reflect subclinical cardiac dysfunction following use of ICIs.
Fatty acid-binding proteins (FABPs) are relatively small cytoplasmic proteins that are abundant in tissues with active fatty acid metabolism, including the heart and the skeletal muscles. In fact, heart-type FABP (H-FABP) is particularly important for cardiomyocyte energy homoeostasis, since 50–80% of the heart’s energy is provided by the oxidation of fatty acids and H-FABP ensures intracellular transport of insoluble fatty acids. Following myocardial cell damage, H-FABP diffuse much more rapidly than troponins secretion into the interstitial space and appears in the circulation as early as 90 min after the onset of symptoms. Recently, H-FABP has become a newer perspective marker for the early detection of myocardial ischemia and necrosis, evaluated in the diagnostics and risk stratification of acute coronary syndromes (OʼDonoghue et al., 2006; Viswanathan et al., 2010; Hai-Long et al., 2018). Experimentally, concentrations of H-FABP, as measured by the MSD immunoassay, have been found to increase in rats treated with various myotoxic compounds (Tonomura et al., 2012). ElGhandour at al. studied 40 non-Hodgkin’s lymphoma patients treated with 6 cycles of cardiotoxic chemotherapy containing Doxorubicin (DOX). The authors concluded that H-FABP may serve as a reliable early predictor of cardiomyopathy induced by DOX. Our findings suggest that there is an association between H-FABP increase and subsequent myocardial dysfunction and provide evidence to support the importance of assessing changes in biomarkers over time. The utility of H-FABP appears to lie in evaluating levels after initial ICIs therapy exposure as opposed to baseline. To our knowledge, we describe for the first time an association between early changes in H-FABP levels and subsequent subclinical myocardial damage induced by treatment with ICIs. The heart-type-Fatty-Acid-Binding-Protein (H-FABP) is a protein, which is involved in intracellular myocardial transport. After myocardial necrosis H-FABP is rapidly released into the blood stream and was therefore investigated as a biomarker for acute myocardial infarction (AMI). In the study, H-FABP was detected to determine the potential utility for the early identification of cancer patients at risk for ICI-associated subclinical myocardial damage. Whilst H-FABP is a biomarker of cardiac dysfunction or damage, ICIs may cause systemic side effects that can lead to abnormal levels of this protein.
Gal-3 is a 26-kDa protein that is expressed by macrophages, plays a prominent role in tumor growth, metastasis, angiogenesis, and immune evasion and is believed to be a mediator of profibrotic pathways, stimulating cardiac fibroblasts to proliferate and deposit collagen. Gal-3 concentrations are elevated in patients with acute HF and are predictive of an increased risk of adverse outcomes (Shah et al., 2010). On the other hand, Gal-3 is highly expressed within the tumor microenvironment of aggressive cancers and whose expression correlates with poor survival particularly in patients with cancer (Vuong et al., 2019).
PTX3 is a member of the pentraxin family, the prototype of the pentraxin family is C reactive protein (CRP), a widely used clinical biomarker in human pathologies with an inflammatory or infectious origin (Lee et al., 2018). Nowadays, inflammation is considered an important determinant of cardiovascular disease and related risk factors including diabetes, hypertension (Libby, 2012). Among different inflammatory molecules, cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 were suggested pathophysiological players. Plasma PTX3 levels are elevated in patients with unstable angina pectoris (Inoue et al., 2007) and in patients undergoing coronary stenting (Kotooka et al., 2008). In heart failure, the plasma PTX3 level provides important prognostic information for the risk stratification of patients (Suzuki et al., 2008). GDF-15 is a member of the TGF-β cytokine superfamily that is produced in response to oxidative stress, inflammation, and injury (Wollert et al., 2007) and is an emerging marker in acute coronary syndromes and HF. The mechanisms of ICIs associated cardiotoxicity is unknown, and we found no significant association between either GDF-15 or PTX3 and ICI-associated subclinical myocardial damage. Irena et al. (Kaplanov et al., 2019) indicated that the particular importance to tumor-mediated inflammation is IL-1β, IL-1β is increased in most cancers, including breast cancer in advanced stages, where it is mainly expressed by cells in the microenvironment and enhances progression and metastasis. The reduction of inflammatory markers, such as GDF-15 and PTX3, in this study may be linked to increased survival and response to immune therapy. Further studies should explore the relationship between different biomarkers and outcomes after immune therapy.
Study Limitation
There are several limitations of this study. Firstly, a relatively small number of patients was enrolled. Further studies in a larger number of patients will be needed to define the potential role of new circulating biomarkers in the assessment of ICIs-induced subclinical myocardial injury. Secondly, follow-up was relative short at 6 months. Thirdly, myocarditis is more prevalent in patients with combined use of CTLA-4 and PD-1/PD-L1, but CTLA-4 has not yet been marketed in the Mainland and was therefore not included in this study. Lastly, the application of imaging such as cardiac magnetic resonance imaging (CMR) or speckle-tracking echocardiography would be able to quantify the degree and location of cardiac dysfunction more precisely. had been resonated, the accuracy of the diagnosis could be improved. For example, speckle tracking imaging is recommended by ESC for detecting subclinical cardiac damage. It can be used in combination with measurements of H-FABP levels for further patient monitoring and risk stratification.
CONCLUSION
H-FABP, but not other biomarkers, were increased in patients underwent ICIs therapy. H-FABP might be a more sensitive biomarker to detect ICI-related subclinical myocardial damage than traditional cardiac biomarkers.
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Objective: Pirarubicin (THP), one of the anthracycline anticancer drugs, is widely used in the treatment of various cancers, but its cardiotoxicity cannot be ignored. Schisandrin B (SchB) has the ability to upregulate cellular antioxidant defense mechanism and promote mitochondrial function and antioxidant status. However, it has not been reported whether it can resist THP-induced cardiotoxicity. The aim of this study was to investigate the effect of SchB on THP cardiotoxicity and its mechanism.
Methods: The rat model of cardiotoxicity induced by THP was established, and SchB treatment was performed at the same time. The changes of ECG, cardiac coefficient, and echocardiogram were observed. The changes of myocardial tissue morphology were observed by H&E staining. Apoptosis was detected by TUNEL. The levels of LDH, BNP, CK-MB, cTnT, SOD, and MDA in serum were measured to observe the heart damage and oxidative stress state of rats. The expression of cleaved-caspase 9, pro/cleaved-caspase 3, Bcl-2/Bax, and cytosol and mitochondrial Cyt C and Bax was evaluated by western blot. H9c2 cardiomyocytes were cocultured with THP, SchB, and mPTP inhibitor CsA to detect the production of ROS and verify the above signaling pathways. The opening of mPTP and mitochondrial swelling were detected by mPTP kit and purified mitochondrial swelling kit.
Results: After 8 weeks, a series of cardiotoxicity manifestations were observed in THP rats. These adverse effects can be effectively alleviated by SchB treatment. Further studies showed that SchB had strong antioxidant and antiapoptotic abilities in THP cardiotoxicity.
Conclusion: SchB has an obvious protective effect on THP-induced cardiotoxicity. The mechanism may be closely related to the protection of mitochondrial function, inhibition of mPTP opening, and alleviation of oxidative stress and apoptosis of cardiomyocytes.
Keywords: antiapoptotic, cardiotoxicity, schisandrin B, pirarubicin (THP), MPTP
INTRODUCTION
Pirarubicin (THP) is an anthracycline anticancer drug that has been widely used clinically. It has a broad antitumor spectrum and high clinical efficacy (Greish et al., 2005). However, it is also dose-dependent and exhibits cumulative cardiotoxicity (Von Hoff et al., 1979; Octavia et al., 2012). The clinical symptoms, such as arrhythmia and cardiac dysfunction, appear during the early treatment stages (Carvalho et al., 2014). Long-term anthracycline use has caused dose-dependent congestive heart failure and irreversible heart damage, which limits its clinical application (Casparini, 2006). Studies have shown that reactive oxygen species (ROS) and lipid peroxidation-induced oxidative stress and cardiomyocyte apoptosis play a leading role in THP-induced cardiotoxicity (Koh et al., 2002; Wang et al., 2017). Therefore, improving or alleviating oxidative stress injury and cardiomyocyte apoptosis might help to prevent and treat THP cardiotoxicity.
Schisandrin B has the ability to upregulate the cellular antioxidant defense mechanism and to promote mitochondrial function and antioxidant status, thus exhibiting a wide range of protective effects in many tissues in the body (Kim et al., 2004; Lam and Ko, 2012). Recent studies have found that long-term low-dose SchB treatment increases the function and antioxidant capacity of mitochondria in brain, heart, liver, and skeletal muscle of young and old rats (Chen and Ko, 2010; Lam and Ko, 2012). Based on the above results, we speculated that SchB might contribute to improving THP-induced cardiotoxicity. However, this hypothesis has not been confirmed in vivo or in vitro.
The present study investigated the antioxidant and antiapoptotic effects of SchB and explored their key pathways in THP-induced cardiotoxicity.
MATERIALS AND METHODS
Materials
Pirarubicin and schisandrin B, purity ≥98%, were obtained from Shanghai Aladdin Reagent Co., Ltd. (Shanghai, China). Mitochondrial permeability transition pore (mPTP) inhibitor cyclosporin A (CsA) was purchased from MCE company. Brain natriuretic peptide (BNP), creatine kinase MB (CK-MB), and cardiac troponin T (cTnT) test kits were all purchased from Jiangsu enzyme label Biotechnology Co., Ltd. (Jiangsu, China). Malondialdehyde (MDA), superoxide dismutase (SOD), and lactate dehydrogenase (LDH) test kits were obtained from Nanjing Jian Cheng Biological Engineering Research Institute (Nanjing, China). The antibody of cleaved-caspase 9, pro/cleaved-caspase 3, Bcl-2/Bax, Cyt C, and COX IV were obtained from Cell Signaling Technology. All chemicals and reagents were of analytical grade.
Animal Experiments
Animal Model
This study was performed according to the Guide for the Care and Use of Laboratory Animals and approved by the Animal Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (CMU). 40 male SD rats (180–200 g) were obtained from the CMU experimental animal center. Rats were randomly distributed equally into four groups (n = 10 in each group): CON group (normal-diet-fed rats, equal volume of normal saline was injected into caudal vein), SchB group (SchB-diet-fed rats, 50 mg.kg−1, equal volume of normal saline was injected into caudal vein), THP group [normal-diet-fed rats; THP (3 mg.kg−1) was injected via caudal vein once a week], and THP + SchB group [SchB-diet-fed rats, 50 mg.kg−1; THP (3 mg.kg−1) was injected via caudal vein once a week]. Similar dietary feeding methods have also been published in our previous studies (Tang et al., 2021a; Tang et al., 2021b). The CON and THP group were fed with AIN-76A diet. AIN-76A diet contains approximately 5.2% fat (% by weight, approx. all from corn oil). SchB diet in the SchB group and SchB + THP group contains approximately 0.5‰ SchB in AIN-76A feed. After conversion, 0.5‰ SchB in diet = 50 mg/kg in rats. AIN-76A feed and the processing of SchB feed were performed by Jiangsu synergy pharmaceutical Bioengineering Co., Ltd.
The food consumption and body weight were measured twice a week.
Electrocardiogram and Doppler Echocardiography
The experiment ended at week 8. Rats were anesthetized with inhaled isoflurane (2%, maintenance dose was also 2%). Needle electrodes were inserted subcutaneously into the right upper limb, right lower limb, and left lower limb, respectively. The lead IV ECG was recorded by BL-420F biological function measurement system (Chengdu Taimeng Science and Technique Company). The R wave, S wave, T wave, and QT interval of rat ECG were measured on the system. The hair of the precordial region was removed, and the Doppler echocardiography was measured by Vivid E95 ultrasonic diagnostic apparatus with L8-18i-D probe (General Electric Company). When testing, the probe frequency was 18 MHz and the depth was 1.5 cm. EF, FS, LVIDd, and LVIDs in rat echocardiography were measured in the system. All operations were performed by professional ECG or echocardiography technicians, and the test results were checked by two or more cardiologists.
Sample Collection, Preparation, and Biochemical Indices
After fasting overnight, the rats were weighed and sacrificed under anesthesia. Blood samples were collected from abdominal aorta and centrifuged at 3,000 rpm for 30 min within 8 h. The supernatant was stored in a refrigerator at −80°C. The serum LDH, BNP, CK-MB, cTnT, SOD, and MDA were measured as soon as possible according to the operation procedure of the kit. Heart samples were excised and weighed. The remaining heart tissue was stored in the −80°C refrigerator.
Histopathological Examination
The left ventricular free wall myocardial tissue was fixed with 4% paraformaldehyde solution, embedded in paraffin, and cut into 5 μm thick sections. Then, HE staining and TUNEL staining were performed according to the kit instructions to observe the tissue changes. TUNEL apoptosis detection kit (green fluorescence) was purchased from Beyotime Biological Reagent Co., Ltd (Jiangsu, China). The paraffin section was dewaxed in xylene, dehydrated with absolute alcohol, washed with distilled water, and then added 20 μg/ml proteinase K without DNase (37°C for 30 min) and then washed with PBS for 3 times. 50 μL TUNEL solution was added to the target area and incubated at 37°C for 60 min. After washing with PBS for 3 times, the antifluorescence quenching sealing solution was used to seal the plates, which were observed with Nikon eclipse 80i microscope (Nikon, Chiyoda, Japan). Apoptosis level = apoptotic cells/total cells × 100%.
Cell Experiments
CCK-8 Was Used to Determine the Optimal Concentration of SchB and the Coculture Effect of SchB and CsA
We used the CCK-8 cell activity test kit to explore the optimal concentration of SchB on cells and whether the coculture of SchB and CsA had additional effects. H9C2 cardiomyocytes were treated with 5 μM THP to establish the cell injury model. The concentration of SchB treatment was divided into 25 μM, 50 μM, 100 μM, and 200 μM to coculture with 5 μM THP to detect cell viability. 200 μM SchB was cultured alone to detect whether SchB had independent effects. In addition, the optimal concentration of SchB obtained was cocultured with 10 μm CsA to determine whether there was additional effect.
Cell Culture and Treatment
H9C2 cardiomyoblasts were purchased from the cell bank of Chinese Academy of Sciences and cultured in Dulbecco’s modified eagle’s high glucose medium (Gibco, China) and supplemented with 10% fetal bovine serum (Pan, Germany). The cell cultures were cultured in 5% CO2 incubator at 37°C. H9C2 cardiomyocytes were divided into six groups: normal group (CON), SchB group (SchB, 50 μm, 24 h), THP group (THP, 5 μm, 22 h), THP and SchB coculture group (SchB, 50 μm, 24 h + THP, 5 μm, 22 h), CsA group (CsA, 10 μm, 22 h), and THP and CsA coculture group (CsA, 10 μm, 24 h + THP, 5 μm, 22 h). In the SchB + THP and CsA + THP group, the cells were preincubated with SchB (50 μm) or CsA (10 μm) for 2 h and then cocultured with THP (5 μm) for 22 h.
ROS and Mitochondrial Permeability Transition Pore Staining in H9C2 Cells
H9C2 cardiomyocytes were seeded into 24-well plates and treated according to the cell treatment scheme mentioned above. When the cell growth reached 70–80%, the staining was carried out according to the instructions of ROS staining and mPTP staining kit. The fluorescent dye of ROS was DCFH-DA, and the fluorescent dye of mPTP was Calcein AM, which was observed with Nikon eclipse 80i microscope (Nikon, Chiyoda, Japan). The two fluorescent dyes were purchased from Beyotime Biological Reagent Co., Ltd. (Jiangsu, China). The positive area was counted by ImageJ software (ImageJ 1.51J8).
Swelling Experiment of Purified Mitochondria In Vitro
The cells were cultured according to the above cell grouping. When the cells grow to 70–80%, the mitochondria of each group of cells are extracted according to the instructions of cell mitochondrial extraction kit (Beyotime Institute of Biotechnology). Then, the swelling degree of mitochondria in each group was detected according to the instructions of the purified mitochondrial swelling photometric determination kit (Shanghai haling Biotechnology Co., Ltd.).
Western Blotting
Mitochondrial and cytoplasmic proteins were extracted from cells and heart tissues according to the cell and tissue mitochondrial separation kit. The protein concentration in supernatant was determined by BCA kit. About 20–40 μg heart tissue or cell lysate was used for twelve alkyl sulfate polyacrylamide gel electrophoresis and then transferred to the FL membrane (microporous). The expression level of specific protein was standardized as GAPDH or COX IV.
Statistical Analysis
Data were presented as mean ± SD. The significance of differences between groups was analyzed statistically using a one or two-way analysis of variance (ANOVA), followed by a Tukey’s multiple-comparison post hoc test. Differences were considered significant at p < 0.05.
RESULTS
SchB Effectively Improved the THP-Induced Decrease of Body Weight and Food Intake in SD Rats
From the third and fourth week, the body weight (Figure 1A, p < 0.05) and food intake (Figure 1B, p < 0.05) of rats in the THP injection group decreased, and the difference was more significant at the fifth and sixth week (p < 0.01). After treatment with SchB, the above changes were significantly improved.
[image: Figure 1]FIGURE 1 | SchB effectively improved the abnormal body weight and food intake of SD rats induced by THP. (A) From the third week, the body weight of rats injected with THP alone was significantly lower than that of normal rats (THP vs. CON, p < 0.05). The weight loss of THP rats was further reduced after 4 weeks (p < 0.01, THP vs. CON). In THP rats treated with SchB (50 mg*kg−1), weight loss was significantly improved (p < 0.05, SchB + THP vs. THP). The improvement was more significant after the fifth week (p < 0.01, SchB + THP vs. THP). (B) From the fourth week, the food intake of rats injected with THP alone was significantly lower than that of normal rats (THP group vs. CON group, p < 0.05). The food intake of THP rats decreased further after 6 weeks (p < 0.01, THP and CON). In THP rats treated with SchB (50 mg*kg−1), the food intake increased significantly (p < 0.05, SchB + THP vs. THP). The improvement was more significant after the seventh week (p < 0.01, SchB + THP vs. THP). All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON; #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
SchB Effectively Improved the Changes of ECG and Echocardiography Induced by THP in Rats
After 8 weeks, a series of ECG and echocardiogram (Figure 2) changes were observed in SD rats injected with THP alone, such as EF (Figure 2A) and FS (Figure 2B) decreased, LVIDd (Figure 2C) and LVIDs (Figure 2D) increased, R wave (Figure 2E) and T wave (Figure 2F) increased, S wave (Figure 2G) decreased, and QT interval (Figure 2H) prolonged. After SchB treatment, the above changes were significantly improved (Figures 2A–H, p > 0.05).
[image: Figure 2]FIGURE 2 | SchB effectively improved the echocardiographic and ECG changes of SD rats induced by THP. Compared with normal rats, EF (A) and % FS (B) decreased and LVIDd (C) and LVIDs (D) thickened (THP vs. CON). Compared with normal SD rats, the ECG of THP rats was also abnormal (THP vs CON). The R wave (E) and T wave (G) voltage increased; S wave voltage decreased (F); and QT interval (H) prolonged (THP vs. CON). After treatment with SchB (50 mg*kg−1), the above changes were significantly improved (SchB + THP vs. THP). All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
SchB Improves Myocardial Tissue and Cardiac Index Changes Induced by THP in Rats
As shown by H&E staining in Figure 3, compared with the CON group, the arrangement of cardiomyocytes in the THP injection group was disordered, the intercellular space was enlarged, and the cardiomyocytes were focal vacuolization or steatosis. However, after treatment with SchB, the histological changes of heart were mild.
[image: Figure 3]FIGURE 3 | SchB attenuated THP-induced cardiac histopathological changes, apoptosis, and increased CWI. The myocardial tissue structure of the CON and SchB group was normal. In the THP group, the arrangement of cardiomyocytes was disordered, the intercellular space was significantly increased, and the cardiomyocytes were focal vacuolization or steatosis. The vacuolation and steatosis of myocardial cells in rats treated with SchB were significantly improved. TUNEL staining showed that there was no apoptosis in the control group and SchB group. In the THP group, there was partial apoptosis. In the group of SchB + THP, a few or a single cell apoptosis was occasionally observed. The CWI of rats in the THP group was significantly higher than that in the normal group, and the CWI of rats in the SchB + THP group was significantly lower than that in the THP group. All values are the mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
The cardiac weight index (CWI) of THP (Figure 3A) group was also higher than that of the CON group, and the above changes were relieved after SchB treatment.
TUNEL staining (Figure 3) showed that there was no cardiomyocyte apoptosis in the CON and SchB groups, but partial cardiomyocyte apoptosis in the THP injection group. Apoptosis of cardiomyocytes was occasionally observed after treatment with SchB. Quantitative analysis can be found in Figure 3B.
SchB Alleviated the Changes of Blood Biochemical Indexes Induced by THP in Rats
In the blood, THP caused a decrease in SOD (Figure 4A) and an increase in MDA (Figure 4B), LDH (Figure 4C), CK-MB (Figure 4D), cTnT (Figure 4E), and BNP (Figure 4F). However, SchB treatment effectively improved these changes (Figures 4A–F, p > 0.05).
[image: Figure 4]FIGURE 4 | SchB effectively improved the level of serum markers in heart injury induced by THP: (A) superoxide dismutase (SOD) levels, (B) malondialdehyde (MDA) levels, (C) lactate dehydrogenase (LDH) levels, (D) brain natriuretic peptide (BNP) levels, (E) creatine kinase MB (CK-MB) levels, and (F) cardiac troponin T (cTnT) levels. All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
The Effect of SchB and THP on the Expression of Apoptosis-Related Proteins In Vivo
After 8 weeks of THP injection, the content of Cyt C (Figure 5A) decreased and Bax (Figure 5B) increased in mitochondria. In addition, the expression of procaspase 3 decreased, the expression of cleaved-caspase 3/9 and Cyt C increased, and the ratio of Bcl-2/Bax decreased (Figure 5C) in cytoplasm.
[image: Figure 5]FIGURE 5 | SchB ameliorates THP-induced abnormal expression of apoptosis-related proteins in rat heart. The content of mitochondrial Cyt C (A) decreased and Bax (B) increased in the THP group, but reversed in the SchB + THP group (C). In the THP group, the expression of cytosolic Cyt C and cleaved-caspase 9/3 increased, while procaspase 3 and Bcl-2/Bax ratio decreased. The above changes were reversed in the SchB + THP group. More evidence can be found in the semiquantitative analysis (A–C). All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
SchB treatment effectively alleviated the above changes. More evidence can be found in the semiquantitative analysis (Figures 5A–C).
The Optimum Concentration of SchB and the Coculture Effect of SchB and CsA
As shown in Figure 6A, under the condition of THP-induced cell injury, we detected the effects of four concentrations of SchB on cell activity. The results showed that THP significantly decreased cell activity. Although the cell activity of 25 μM SchB-treated cells increased slightly, there was no difference compared with the THP group. Three concentrations (50, 75, and 100 μM) of SchB treatment of cardiomyocytes significantly improved the decreased cell activity, but there is no difference among the three groups. The cells treated with the maximum concentration of 100 μM SchB also did not see significant cytotoxicity. Therefore, SchB concentration of 50 μM was selected for subsequent cell experiments.
[image: Figure 6]FIGURE 6 | SchB ameliorates THP-induced abnormal expression of apoptosis-related proteins in rat heart. (A) Screening of optimum treatment concentration of SchB. (B) Observation on the effect of coculture of SchB and CsA. (C) ROS staining in each group. (D) Quantification of relative fluorescence intensity of ROS in each group. (E) H9C2 cells in CON, SchB, and CsA groups showed bright green fluorescence, while only weak green fluorescence was observed in the THP group. The green fluorescence was more obvious in SchB + THP and CsA + THP groups, which was greatly improved compared with THP. Ionomycin was a strong positive control. Nonquenched Cyt Flu was that the cytoplasmic fluorescence is not quenched. (F) Fluorescence quantitative analysis. (G) Mitochondrial swelling was analyzed for 10 min. All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs THP.
The results of cotreatment of SchB and CsA showed that there was no significant difference in THP-induced cytotoxicity between SchB and CsA alone (Figure 6B).
ROS Level of H9C2 Cardiomyocytes in Each Group
As shown in Figure 6C, THP induced H9C2 cells to produce a large amount of ROS, which decreased after both SchB and CsA treatment. ROS was almost absent in CON, SchB, and CsA groups.
Effects of SchB, THP, and CsA on Mitochondrial Permeability Transition Pore in H9C2 Cardiomyocytes
As shown in Figure 6, H9C2 cells in CON, SchB, and CsA groups showed bright green fluorescence, while only weak green fluorescence was observed in the THP group. The green fluorescence was more obvious in SchB + THP and CsA + THP groups, which was greatly improved compared with THP. Ionomycin was a strong positive control.
Effects of SchB, THP, and CsA on the Expression of Related Proteins in H9C2 Cardiomyocytes
As shown in Figure 7, THP caused the decrease of Cyt C content (Figure 7A) and the increase of Bax content (Figure 7B) in mitochondria. The above changes were alleviated by the treatment of mPTP inhibitor CsA (Figure 7). SchB treatment showed similar effect (Figure 7) in cytoplasm.
[image: Figure 7]FIGURE 7 | SchB ameliorates THP-induced abnormal expression of apoptosis-related proteins in rat heart. THP caused the decrease of Cyt C (A) and increase of Bax (B) content in mitochondria. The above changes were alleviated by the treatment of mPTP inhibitor CsA. SchB treatment showed similar effects. In addition, THP also increased the expression of Cyt C and cleaved-caspase 3/9, decreased the expression of procaspase 3, and decreased the ratio of Bcl-2/Bax in cytoplasm (C). After treatment with SchB or CsA, the above changes were alleviated effectively (C). More evidence can be found in the semiquantitative analysis (A–C). All values are mean ± SD. *p < 0.05 vs. CON, **p < 0.01 vs. CON, #p < 0.05 vs. THP, and ##p < 0.01 vs. THP.
In addition, THP also increased the expression of cleaved-caspase 3/9 and Cyt C decreased the expression of procaspase 3 and decreased the ratio of Bcl-2/Bax (Figure 7C). After treatment with SchB or CsA, the above changes were alleviated effectively (Figure 7C). More evidence can be found in the semiquantitative analysis (Figures 5A–C).
DISCUSSION
Consistent with the expected results, THP caused cardiotoxicity in rats. After an intravenous injection of 10 mgkg−1 THP for 8 weeks, a series of systemic and cardiac toxicity changes occurred in SD rats, including abnormal body weight and food intake, adverse changes in echocardiography and electrocardiogram readings, cardiac tissue structure damage, abnormal increase in myocardial injury markers, oxidative stress injury, and increase in cardiomyocyte apoptosis. SchB effectively improved toxicity at a dose of 50 mgkg−1/D. Further studies have shown that the beneficial effects of SchB might be related to the inhibition of mPTP opening and decrease in cardiomyocyte apoptosis.
At present, it is generally believed that the mechanism of cardiotoxicity in anthracycline anticancer drugs involves oxidative stress, which increases cardiomyocyte apoptosis caused by ROS and calcium overload (Yao et al., 2015; Donato et al., 2017). High ROS level activates cytotoxic signals, leading to DNA damage, mitochondrial dysfunction, and decreasing protein synthesis. Consequently, this process induces cardiomyocyte apoptosis, leading to irreversible damage (Farías et al., 2017). Mitochondria are not only the main target of ROS damage but also an important site of ROS production (Donato et al., 2017). ROS oxidizes the thiol group of adenine nucleotide translocase (ANT) and causes the opening of mPTP (Li et al., 2018; Boyman et al., 2019). Presence of a large number of ROS results in apoptosis by destroying the mitochondrial membrane structure and releasing apoptosis-inducing factors (Zhang et al., 2019). At the same time, ROS also directly promotes the opening of mPTP, which leads to a decrease in mitochondrial membrane potential and the ROS bursting, forming a vicious circle and further aggravating mitochondria damage (Griffiths and Halestrap, 1995; Li et al., 2018). The mPTP is composed of nonspecific voltage-dependent anion channel (VDAC) located in the outer membrane, ANT located in the inner membrane, and Cyp D receptor located in the mitochondrial matrix (Fayaz et al., 2015). Under physiological conditions, only water and small molecular substances with a relative molecular weight of <1.5×103 are allowed to pass through to maintain the electrochemical balance in mitochondria and form stable mitochondrial membrane potential (Mnatsakanyan et al., 2016; Green and Kroemer, 2004). Under various exogenous pathological stimuli, such as THP-induced heart injury, mPTP is opened abruptly, leading to mitochondrial membrane potential collapse, oxidative phosphorylation uncoupling, and ATP production disorder (Hausenloy and Yellon, 2003; Halestrap and Richardson, 2015). At the same time, the outer mitochondrial membrane ruptures, which promotes the release of Cyt C and other proapoptotic factors into the cytoplasm, initiate the caspase cascade apoptotic reaction and finally cause endogenous apoptosis. CsA is a classical mPTP inhibitor that specifically binds to Cyp D and inhibits the Cyp D and ANT binding, which also inhibits mPTP opening, reduces cell apoptosis, and plays a role in myocardial protection (Huang et al., 2014; Hurst et al., 2017). Studies have found that CsA pretreatment delays mPTP opening and improves cardiac systolic function and myocardial cell survival rate in cardiac surgery (Chiari et al., 2014).
Another interesting finding in this study was that SchB protected against THP-induced cardiotoxicity. Modern pharmacological studies have shown that SchB increases the activity or content of SOD and glutathione in tissue cells and resists the damage from free radicals to organisms (Ip and Ko, 1996; Xin et al., 2010; Hu et al., 2011; Jiang et al., 2015). Some scholars have found that MDA content in serum of MI/RI model rats treated with SchB was significantly lower than that of rats from the control group (Wang et al., 2003). In the present animal model, SchB increased SOD activity and decreased MDA content, which also fully reflected its strong antioxidant capacity. The latest research has shown that SchB significantly reduces the expression of p53 protein in a spinal cord injury mouse model and alleviates apoptosis in model mice (Xin et al., 2017). In addition, a study of ischemia-reperfusion injury in rats has found that the mitochondrial integrity of brain cells in the SchB treatment group was higher than that in the control group (Chiu et al., 2005). As mentioned above, mitochondria are the production sites of ATP and also the key organelle for oxidative stress and apoptosis. Mitochondrial dysfunction produces excessive active oxygen, which causes oxidative stress damage, opens up mPTP, and destroys ion homeostasis (Kim et al., 2003). Cyt C leaks into the cytoplasm, which leads to a series of events, such as caspase 9 activation and eventually mitochondrial-driven apoptosis (Jemmerson et al., 2005).
In general, SchB effectively inhibited the abnormal increase of oxidative stress induced by THP in rats. In addition, SchB seems to have the potential to inhibit mPTP opening similar to CsA and reduces the release of Cyt C from mitochondria to the cytoplasm. Finally, it alleviates cardiomyocyte apoptosis, which may be one of the molecular mechanisms of protecting myocardial mitochondria and preventing THP cardiotoxicity. However, the molecular mechanism of how SchB improves the increase of oxidative stress caused by THP in vivo is not clear. In addition, it is also not clear whether SchB directly affects mPTP opening like CsA. This is the limitation of our research and also the direction of our next work.
CONCLUSION
Although THP is an anthracycline anticancer drug modified by adriamycin, its cardiotoxicity cannot be ignored. SchB has an outstanding potential in the prevention and treatment of THP cardiotoxicity in rats and myocardial cell injury models. Its mechanism may be related to the reduction in oxidative stress, inhibition of mPTP opening, and ultimate reversal of myocardial cell apoptosis. The present study suggested the possible mechanism of SchB in THP cardiotoxicity and provided a theoretical basis for the clinical application of SchB in the future.
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No study has examined myocardial work in subjects with cancer therapy-related cardiac dysfunction (CTRCD). Myocardial work, as a new ultrasonic indicator, reflects the metabolism and oxygen consumption of the left ventricle. The aim of this study was to test the relative value of new indices of myocardial work and global longitudinal strain (GLS) in detecting changes in myocardial function during the treatment of breast cancer by two-dimensional and three-dimensional echocardiography. We enrolled 79 breast cancer patients undergoing different tumor treatment regimens. Follow-up observation was conducted before and after chemotherapy. The effects of breast cancer chemotherapy and targeted therapy on the development of CTRCD [defined as an absolute reduction in left ventricular ejection fraction (LVEF) of >5% to <53%] were detected by two-dimensional and three-dimensional speckle tracking echocardiography. Our findings further indicate that LVEF, myocardial work index (GWI) and myocardial work efficiency (GWE) showed significant changes after the T6 cycle, and GLS showed significant changes after the T4 cycle (p < 0.05). The three-dimensional strain changes after T6 and T8 had no advantages compared with GLS. Body mass index (BMI), the GLS change rate after the second cycle of chemotherapy (G2v) and the 3D-GCS change rate after the second cycle of chemotherapy (C2v) were independent factors that could predict the occurrence of CTRCD during follow-up, among which BMI was the best predictor (area under the curve, 0.922). In conclusion, the current study determined that GLS was superior to GWI in predicting cardiac function in patients with tumors with little variation in blood pressure. BMI, G2v and C2v can be used to predict the occurrence of CTRCD.
Keywords: anthracycline, trastuzumab, cardiotoxicity, speckle tracking technology, myocardial work
INTRODUCTION
Cardiovascular disease complicated by chemotherapy has become one of the important causes of posttreatment death in tumor patients (Giordano et al., 2016), among which the most devastating is the heart dysfunction associated with cancer treatment (CTRCD). In the course of treatment, regular follow-up examination is one of the most important methods to prevent cardio-related adverse reactions. Among them, echocardiography has become the most widely used examination method beyond multigated acquisition scanning (MUGA) and magnetic resonance imaging of the myocardium (CMR) due to its advantages including noninvasiveness and repeatability. At present, the most commonly used ultrasonic parameters are left ventricular ejection fraction (LVEF) and global longitudinal strain (GLS). Compared with 2D Speckle Tracking Echocardiogram (2D-STE), the three-dimensional strain measurement has no space limitation and has a more accurate and objective reference value (Zeng et al., 2021).
The left ventricular myocardial work index (GWI) is the area of the left ventricular pressure-strain ring (LV-PSL), which represents the work done by the myocardium from mitral valve closure to mitral valve opening and reflects the metabolism and oxygen consumption of the left ventricle. Its advantage lies in the correction of afterload, which overcomes the dependence of the left ventricular ejection fraction and left ventricular strain on the load (Russell et al., 2012; Hubert et al., 2018). At present, GWI and myocardial work efficiency (GWE) have been confirmed to change earlier than strain in left ventricular remodeling diseases caused by coronary heart disease and structural heart disease (Chan et al., 2019), and the role of myocardial work in the field of oncologic cardiology has not been reported. We followed up breast cancer patients treated with different regimens to explore the value of two-dimensional and three-dimensional speckle tracking in the early monitoring of cardiac function changes and to explore the risk factors for cardiotoxicity caused by breast cancer drug therapy.
METHODS
Study Population
A total of 79 female patients admitted to Qilu Hospital of Shandong University were enrolled in this study and were divided into three groups according to their treatment plans. Patients in G1 group who received anthracycline-free and non-targeted regimens [Docetaxel (T) 75 mg/m2 on day 1 and Carboplatin (Cb) AUC 6 on day 1, 21 days for a cycle, a total of six cycles]; G2 included patients treated with anthracycline-containing regimens without targeted therapy [Doxorubicin (A) 60 mg/m2 on day 1 or Epirubicin (E) 60–100 mg/m2 on day 1, Cyclophosphamide (C) 600 mg/m2 on day 1, 21 days for a cycle, a total of four cycles; Docetaxel (T) 100 mg/m2 iv on day 1, 21 days as a cycle, a total of four cycles]; G3 included patients treated with anthracyclines combined with targeted drugs [Doxorubicin (A) 50–60 mg/m2 on day 1 or Epirubicin (E) 80–100 mg/m2 on day 1, Cyclophosphamide (C) 600 mg/m2 on day 1, 21 days for a cycle, a total of four cycles; followed by Docetaxel (T) 100 mg/m2 on the first day, 21 days as a cycle, a total of four cycles. At the same time, Trastuzumab (H) was given at the first dose of 8 mg/kg, followed by 6 mg/kg for a period of 21 days, for a total of four cycles. Combined with or without Pertuzumab, first dose of 840 mg and then 420 mg for each period of 21 days, for a period of four cycles]. All patients underwent echocardiography before chemotherapy (T0) and after the end of chemotherapy cycle 2 (T2), cycle 4 (T4), cycle 6 (T6), and cycle 8 (T8).
The patients who met the following inclusion criteria were enrolled: 1) those aged less than 70 years old; 2) patients diagnosed with breast cancer by histology or cytopathology; 3) patients set to receive adjuvant chemotherapy combined with trastuzumab combined with or without pertuzumab; 4) those with no previous history of chemotherapy or radiotherapy. The major exclusion criteria included poor echocardiography image quality that did not allow complete analysis of the ultrasonic data; patients with heart failure, history of coronary heart disease, acute coronary syndrome or myocarditis, myocardial infarction, severe valvular disease, cardiomyopathy and other serious heart disease; and patients with persistent atrial fibrillation and severe arrhythmia. The study protocol was approved by the Ethics Committee of Shandong University Qilu Hospital (Ethics approval number: 2018163), and written informed consent was obtained from all participants.
Demographic Characteristics
Data on age, body mass index, current or previous smoking, diabetes mellitus, coronary artery disease, systolic blood pressure (SBP), diastolic blood pressure (DBP), and administration of antihypertensive drugs and statins were collected at enrollment. Serum levels of fasting blood glucose (GLU), serum triglycerides, total cholesterol, low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) were measured in the clinical laboratory departments of Qilu hospitals.
Echocardiography
All subjects were examined by a GE Vivid E95 or GE Vivid E9 color Doppler ultrasound with an M5S-D probe (probe frequency 1.4–4.6 Hz) and a 4V-D probe (probe frequency 1.5–4.0 Hz). Ultrasound images were collected, and bilateral brachial artery blood pressure was measured. In addition to standard echocardiography, the study included 3–5 cardiac cycles at frame rates of 50–70 frames per second on apical sections of four-, three- and two-chamber views that were stored digitally in original format for analysis. All strain analyses were performed using semiautomatic speckle tracking technology (EchoPAC203, GE Medical System, Milwaukee, Wisconsin) using the entire left ventricular model (the three apical views). Parts that were inadequately tracked were excluded. Three-dimensional full volume left ventricular acquisition using a maximum volume ratio matrix array sensor was attempted in all patients. The biplanar Simpson method was used to measure LVEF, while the measurement of GLS and myocardial work was based on automated function imaging (AFI). When the myocardial tracking was not accurate, the myocardium could be manually adjusted.
Definitions of CTRCD
CTRCD (Zamorano et al., 2016) is defined as a reduction in LVEF of at least 5% from baseline to <53% (Negishi and Negishi, 2018) in absolute value, accompanied by symptoms or signs of heart failure, or a reduction in LVEF of at least 10% to an absolute value <53% without symptoms or signs of heart failure.
Statistical Analysis
Statistical analysis involved the use of SPSS version 26.0 (SPSS, Chicago, IL) and GraphPad Prism 9.0 (GraphPad, United States). All measurement data were tested for normality and homogeneity of variance. Measurement data meeting the normal distribution were measured as the mean ± SD ([image: image] ± s). Measurement data that did not meet the normal distribution were expressed as the median (interquartile range) [M (Q1∼Q3)], and the data between groups were compared using the Mann-Whitney U test. Paired t tests were used to compare the data from the same patient before and after chemotherapy. Survival analysis was performed by the Kaplan-Meier method, and the log-rank test was used for univariate analysis between groups. Multivariate survival analysis was performed by a Cox proportional risk regression model. p < 0.05 indicated that the difference was statistically significant.
RESULTS
Patient Characteristics
A total of 206 breast cancer patients were screened from November 2018–January 2021. Among them, 79 were newly treated breast cancer patients who met the inclusion criteria and completed multicycle follow-up. All were female patients aged 22–66 years old, with a median age of 48 years old. There were 20 cases in the G1 group, 38 cases in the G2 group, and 21 cases in the G3 group. Among them, seven patients had hypertension, three patients had coronary heart disease, and three patients had diabetes. Eight patients were treated with dextroimide, and 26 patients were treated with other drugs (salvia miltiorrhiza polyphenol, cyclic adenosine glucamine, and safflower yellow). There were no significant differences in age, weight, height, BMI, body surface area (BSA), blood pressure, blood glucose or blood lipids among the different treatment groups (p > 0.05) (Table 1).
TABLE 1 | Demographic and biochemical data in the different treatment groups [M (Q1∼Q3)].
[image: Table 1]LVEF, GLS and GWI
Compared with the G1 group, GLS in T4 and LVEF, GWI and GWE in T6 were significantly decreased in the G2 and G3 groups (p < 0.05). With the progression of chemotherapy, the values of LVEF, GLS, GWI and GWE gradually decreased; GLS significantly decreased at T2; and LVEF, GWI and GWE significantly decreased at T4 (Figure 1).
[image: Figure 1]FIGURE 1 | Comparison of the assessment of left ventricular function before and after chemotherapy.
The 3D-STE parameters of the research object are shown in Table 2. Compared with the basic condition before chemotherapy, 3D-GLS, 3D-GCS, 3D-GAS and 3D-GRS were significantly decreased (p < 0.05). The decrease in 3D-GLS and 3D-GCS in G2 and G3 was more obvious than that in G1, the changes were statistically significant in T6, and 3D-GAS and 3D-GRS were significantly changed in T8 (Figure 2).
TABLE 2 | Left ventricular ultrasonography before and after chemotherapy ([image: image] ± s).
[image: Table 2][image: Figure 2]FIGURE 2 | Comparison of the three-dimensional strain indices before and after chemotherapy.
LVEF decreased in the course of chemotherapy, and the degree of decrease was G3 > G2 > G1. GLS decreased in the course of chemotherapy, and the degree of decrease was G3 > G2 > G1. GWI showed a downward trend in the course of chemotherapy, the change in GWI in the G1 group was not obvious, and the change range was G3 > G2. GWI showed a downward trend during chemotherapy, with no significant change in the G1 group, a similar decrease in the G2 group and G3 group at T4, and G3 > G2 after G6. Note: LVEF, left ventricular ejection fraction; GLS, left ventricular overall longitudinal strain; GWI, global myocardial work index; GWE, myocardial work efficiency; T0, baseline before chemotherapy; T2, after the second cycle of chemotherapy; T4, after the fourth cycle of chemotherapy; T6, after the sixth cycle of chemotherapy; T8, after the eighth cycle of chemotherapy. *p < 0.01 compared with G1.
3D-GLS, 3D-GCS, 3D-GAS and 3D-GRS all showed a downward trend during chemotherapy. The changes in 3D-GLS, 3D-GAS and 3D-GRS in the G3 group were significantly higher than those in the G1 and G2 groups (p < 0.05). The degree of decrease in 3D-GCS was G3 > G2 > G1. Note: 3D-GLS, left ventricular three-dimensional longitudinal peak strain; 3D-GCS, left ventricular three-dimensional peripheral peak strain; 3D-GAS, left ventricular three-dimensional area peak strain; 3D-GRS, left ventricular three-dimensional radial peak strain. *p < 0.01 compared with G1.
CTRCD
During the follow-up, a total of nine patients developed CTRCD (see Supplementary Figure S1 for an example of image analysis). In the G1 group, one patient developed CTRCD at T8, and in the G2 group, one patient developed CTRCD at T2, one patient at T6, and one patient at T8. In the G3 group, one patient developed CTRCD at T2, two patients at T6, and two patients at T8.
The difference in clinical data between the event group (n = 9) and the nonevent group (n = 70) is shown in Table 3. There were no significant differences in age, systolic blood pressure, diastolic blood pressure, heart rate, blood glucose, HDL-C or TC between the two groups (p > 0.05), while BMI, BSA, LDL-C and TG in the event group were significantly increased (p < 0.05) (Table 3). L2v is defined as the rate of change of LVEF at T2, and G2v (GLS) compared with baseline, I2v (GWI), E2v (GWE), S2v (3D-GLS), C2v (3D-GCS), and A2v (3D-GAS) are similarly defined.
TABLE 3 | Differences in clinical influencing factors at baseline between the CTRCD and non-CTRCD groups ([image: image] ± s).
[image: Table 3]Age, diastolic blood pressure, heart rate, E2v and A2v were not correlated with the occurrence of CTRCD. Systolic blood pressure, BMI, BSA, serum glucose levels, serum LDL-C levels, serum HDL-C levels, serum TC levels, serum TG levels, L2v, G2v, I2v, S2v and C2v were significantly correlated with the occurrence of end events (p < 0.05) (Supplementary Table S1).
The BMI level and G2v and C2v as parameters for predicting the occurrence of CTRCD in breast cancer patients after tumor treatment showed good predictive value, with AUCs of 0.922 (95% CI: 0.858–0.987), 0.776 (95% CI: 0.600–0.952) and 0.703 (95% CI: 0.488–0.918), respectively. At the 95th percentile risk threshold, the sensitivities were 88.9, 55.6, and 66.7%, and the specificities were 88.6, 94.3, and 81.4%, respectively. Among them, BMI is the optimal parameter. When BMI is higher than 27.03, the probability of CTRCD is 1.301 times that with a BMI less than 27.03. (Table 4, Figure 3).
TABLE 4 | Analysis of the Cox regression results in the CTRCD and non-CTRCD groups.
[image: Table 4][image: Figure 3]FIGURE 3 | ROC curves were used to analyze the predictive value of BMI, G2v and C2v for cardiotoxicity.
The ROC curves of BMI, G2v and C2v for predicting the occurrence of cardiotoxicity are shown. The area under the curve of BMI (0.922) was better than that of G2v (0.776) and C2v (0.703), and its predictive value for the occurrence of cardiotoxicity was the highest.
DISCUSSION
There were several important findings in the present study. First, the GWI and GWE decreased with chemotherapy, but their sensitivity was lower than that of GLS. Second, 3D strain parameters such as 3D-GLS, 3D-GCS, 3D-GAS and 3D-GRS changed significantly in the course of chemotherapy but did not show obvious advantages over GLS. Third, BMI can be used as an independent factor to predict the occurrence of CTRCD.
In this cohort study, we analyzed the changes in GLS parameters and myocardial work parameters from echocardiography over the duration of tumor therapy and the role of these changes in predicting the occurrence of CTRCD. The results showed that GLS had statistically significant changes earlier than GWI. Theoretically, myocardial work is calculated based on the left ventricle pressure applied to the strain, under normal circumstances, the changes in myocardial work and ventricular strain will show better consistency. However, in this study, some patients developed hypertension after receiving chemotherapy treatment, which can balance the reduction of strain, so that the change in myocardial work index occurred after the reduction of strain. We plan to further explore these hypotheses in a follow-up study of hypertensive patients with tumors.
Chan et al. (2019) used LV-PSL to assess myocardial function in a group of coronary angiography patients. The study included control patients, patients with hypertension, and patients with cardiomyopathy. The results showed that the proportions of GCW and GWW increased in patients with hypertension and that GWE remained unchanged. In hypertensive patients with systolic blood pressure >160 mmHg, GLS and LVEF were normal and relatively unchanged, but the GWI was significantly higher than that of the control group, and the GWE of patients with cardiomyopathy decreased with the decrease in GLS and LVEF. The reduced efficiency reflects impairment in ventricular function. This study demonstrated that the GWI is more sensitive than GLS and LVEF in diseases associated with abnormal cardiomyocyte metabolism. However, the normal range of GWI and GWE in the Chinese population is still unknown due to the lack of large real-world studies evaluating cardiac function in normal controls. In this study, both GWI and GWE showed a downward trend with time after chemotherapy, and a significant change occurred after the second cycle of treatment, indicating that the use of chemotherapy drugs reduced the cardiac ejection work and the cardiac ejection work efficiency and that GWI and GWE, as corresponding measurement indicators, were sensitive to the response to chemotherapy drugs.
Evidence that 3D-STE can predict subsequent changes in 2D LVEF was first presented by Mornoş et al. (2014). In this study, 3D-GLS, 3D-GCS and 3D-GAS all decreased significantly after the second cycle of treatment, while 3D-GRS decreased after the fourth cycle, showing good consistency with the change in two-dimensional strain, and it could not be concluded that three-dimensional strain was superior to two-dimensional strain. Previous studies have found that three-dimensional ultrasound parameters (including 3D LVEF, GCS, longitudinal strain and principal strain) change more significantly than two-dimensional ultrasound parameters in breast cancer patients treated with anthracyclines, and these abnormalities persist after 2 years of follow-up (Kang and Scherrer-Crosbie, 2019). Some studies (Zhang et al., 2018) showed that the decline in the measured values of three-dimensional ultrasonic parameters was significantly correlated with the subsequent decline in LVEF, in which GLS and GCS were correlated with the changes in systolic function at the same time and thereafter. The follow-up time of this study was short, and the value of two-dimensional strain and three-dimensional strain in the evaluation of long-term prognosis needs further study.
A recent meta-study on the cardiotoxicity of anthracyclines (Nesser et al., 2009) showed that overweight and obesity were significantly associated with the risk of cardiotoxicity with anthracyclines and anti-Her-2 targeted therapy, consistent with the increased risk of higher body mass index in patients receiving anthracyclines and anthracyclines followed by trastuzumab in this study. Patients of normal weight had the lowest risk of cardiotoxicity, overweight patients had a moderate risk, and obese patients had the highest risk. Obesity was an independent risk factor for heart failure in a large epidemiological study conducted by Kenchaiah et al. (2002). Obesity can lead to excessive epicardial adipose tissue deposition and fibrosis, increase cardiac output and myocardial oxygen consumption, and increase the prevalence of heart failure (HF), especially HF with reduced ejection fraction (HFpEF) (Powell-Wiley et al., 2021), which may include left ventricular centripetal remodeling, right ventricular dilatation, and right ventricular three-compartment dysfunction. This process, combined with the toxic effect of chemotherapy drugs on the heart, makes obese patients more prone to cardiac dysfunction after chemotherapy.
Of the three groups, the results showed that the G3 group, which received anthracyclines in combination with targeted drugs, had the most significant changes in cardiac function. At present, anthracyclines are still essential in the treatment of breast cancer, but a small number of patients have been treated with targeted drugs alone. This study was limited by the patients’ economic burden and medical insurance status, and only a few patients were treated with double-targeted therapy alone (trastuzumab combined with pertuzumab). Therefore, patients who were treated with single-targeted therapy alone and double-targeted therapy alone were not compared and analyzed. We will conduct a comparative study of these two treatment regimens in the following study, aiming to explore whether pertuzumab can improve the treatment effect of patients while worsening their heart function.
CONCLUSION
In tumor patients with little change in blood pressure, the predictive value of GLS on cardiac function is better than that of myocardial work parameters and 3D echocardiographic parameters. BMI, G2v and C2v were independent predictors of cardiac function impairment in breast cancer patients receiving chemotherapy, among which BMI was the best predictor. Further prospective studies in hypertensive patients are needed to evaluate the value of myocardial work parameters in predicting CTRCD.
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Background: Immune checkpoint inhibitor (ICI)–associated myocarditis is an uncommon and potentially fatal immune-related adverse event (irAE). Although corticosteroids are recommended as the first-line treatment by current guidelines, patients still have variable responses to it, and the guidelines vary significantly in terms of treatment strategies.
Objectives: In this study, we performed a retrospective analysis of ICI-associated myocarditis in our hospital to propose a new comparative analysis to aid individualized treatment.
Methods: We reviewed detailed records of 24 patients with confirmed ICI-associated myocarditis in our hospital from July 1, 2019, to April 1, 2021. Although all the cases in our study received recommended initial corticosteroid treatment according to the guidelines, different responses to corticosteroid were observed during the process of subsequent corticosteroid tapering. Basing on troponin cardiac troponin T rebound during corticosteroid tapering, we propose a new classification analysis of ICI-associated myocarditis that included two subgroups: corticosteroid-sensitive (n = 8) and corticosteroid-resistant group (n = 16).
Results: Compared with corticosteroid-sensitive patients, larger doses of corticosteroid, longer period of treatment, and higher mortality rate were found in corticosteroid-resistant patients. Corticosteroid-resistant patients were characterized by more prominent ptosis, muscle weakness, elevated cardiac biomarkers, creatine kinase, and hepatic enzymes levels than that in the corticosteroid-sensitive patients. Tofacitinib (5 mg twice a day) was used in 11 corticosteroid-resistant patients, with seven patients recovered from ICI-associated myocarditis, showing a promising therapeutic effect.
Conclusion: Our group analysis of corticosteroid responsiveness in patients with ICI-associated myocarditis may help clinicians to apply individualized treatment in this high-risk cohort. In addition, tofacitinib could provide clinical benefits when used early in the corticosteroid-resistant patients and may provide a new option for the treatment of ICI-associated myocarditis.
Keywords: immune checkpoint inhibitor, myocarditis, corticosteroid, tofacitinib, cardiotoxicity
INTRODUCTION
Immune checkpoint inhibitors (ICIs) including monoclonal antibodies (mAbs) against cytotoxic T-lymphocyte–associated antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), and programmed cell death ligand 1 (PD-L1) have significantly improved cancer treatment and achieved unprecedented efficacy in some types of cancer (Sasidharan Nair and Elkord, 2018; Togashi et al., 2019). Since the advent of ipilimumab (CTLA-4 mAbs), the first ICI approved by the US Food and Drug Administration (FDA) in 2011, ICIs are routinely used in clinical treatments. There are more than 1,200 ICI-associated registered trials worldwide (Topalian, 2017; Ribas and Wolchok, 2018). With the growing indications of ICIs and their fundamental role in cancer therapies, more ICI-associated side effects have drawn attention of clinicians.
The mechanisms of ICIs are based on promoting T-cell–mediated antitumor activity by targeting the intrinsic immune “brakes” (immune checkpoints). Blockade of these inhibitory pathways by targeting PD-1, PD-L1, and CTLA-4 releases the brakes of tumor-reactive T cells antitumor activity and leads to the remarkable clinical benefit (Kallies et al., 2020; Waliany et al., 2021). Unfortunately, autoreactive T cells may also be inappropriately activated by ICIs, leading to a broad spectrum of adverse events termed immune-related adverse events (irAEs). Because of their widespread effects on the immune system, irAEs can influence almost every organ, including the colon, lungs, liver, skin, thyroid, and heart (Michot et al., 2016; Postow et al., 2018). ICI-related cardiotoxicity is uncommon but characterized by a high mortality rate (Wang et al., 2018). Previous studies have reported some types of cardiovascular irAEs, including myocarditis, pericardial disease, arrhythmia, acute coronary syndrome, and vasculitis (Khunger et al., 2020; Baik et al., 2021). Since the FDA approval of ipilimumab in 2011, six more ICIs have been approved for cancer therapy including nivolumab, pembrolizumab, cemiplimab atezolizumab, avelumab, and durvalumab (Vaddepally et al., 2020). Although the incidence of ICI-associated myocarditis is merely approximately 1%, the mortality rate of myocarditis is up to 50% despite intensive treatment (Al-Kindi and Oliveira, 2018; Anquetil et al., 2018; Palaskas et al., 2020). Both cardiologists and oncologists need to be familiar with ICI-associated myocarditis and treatment options.
Because of the large variability of clinical symptoms, there is no consensus on standard regimens of ICI-associated myocarditis currently. The treatment of ICI-associated myocarditis has largely been based on the therapy of viral myocarditis (Palaskas et al., 2020). Corticosteroids are usually the first-line treatment. While the early identification of corticosteroid effect is crucial for further therapy, there have been case reports of successfully treated ICI-associated myocarditis with intravenous immunoglobulin, mycophenolate, infliximab, plasmapheresis, and alemtuzumab (Arangalage et al., 2017; Norwood et al., 2017; Frigeri et al., 2018; Esfahani et al., 2019). However, the effectiveness of these agents is still unclear because of inadequate response to corticosteroids in many patients.
Currently, the severity of ICI-associated cardiotoxicity can be divided into four grades: grade 1 is the mildest (asymptomatic with laboratory abnormalities), and grade 4 is the most severe (moderate to severe cardiac impairment and life-threatening conditions) (Brahmer et al., 2018). However, this classification system may not clearly specify response to corticosteroid therapy. Mortality rate remained high in the commonly used corticosteroid therapy (Zhang et al., 2020). In this study, we proposed a new classification for ICI-associated myocarditis including two subgroups: corticosteroid-sensitive and corticosteroid-resistant group, according to the clinical presentations and outcomes, to guide the individualized treatment options. In this study, tofacitinib treatment was used in 11 cases of ICI-associated myocarditis who responded poorly to corticosteroid and immunosuppressive regiments. Tofacitinib demonstrated promising treatment effects for ICI-associated myocarditis.
METHODS
Patient Selection
This retrospective study was conducted in Zhongshan Hospital of Fudan University. We identified patients who received ICI treatment between July 2019 and April 2021. The inclusion criteria are as follows: (1) definitive diagnosis of myocarditis such as abnormal cardiac magnetic resonance imaging (CMR), clinical syndrome of myocarditis, and positive biomarkers; (2) complete medical history and follow-up; and (3) endpoint events—cardiac recovery or death. Data extracted from the medical records included demographics, clinical presentation, medical treatment for myocarditis, laboratory data, discontinuation or withholding of ICIs, and patients’ clinical outcomes. The study was approved by the Zhongshan Hospital Institutional Review Board.
Treatment and Evaluation
Once the diagnosis of myocarditis was identified, all patients in our study received recommended corticosteroid treatment according to the current guidelines (Brahmer et al., 2018; Haanen et al., 2018). To be specific, in mild cases (grade 1–2), 1 to 2 mg/kg methylprednisolone was given intravenously. The tapering period lasted for 4 to 6 weeks. For moderate to severe decompensation cases (grade 3–4), pulse therapy was administered by giving methylprednisolone 500 to 1,000 mg/d plus either antithymocyte globulin or other immune suppressants such as infliximab. For subsequent corticosteroid tapering, methylprednisolone was used 1 to 2 mg/kg/day for 3 days and then reduced by 10 to 20 mg every 3 to 5 days to 40 mg before changing into oral prednisolone finally. For pulse therapy, methylprednisolone was used in order of decreasing doses as follows: 500 mg for 3 days, 240 mg for 3 days, 120 mg for 3 days, 80 mg for 3 days, 60 mg for 3 days, and 40 mg for 3 days and then changed into oral prednisolone.
Janus kinase (JAK) pathway inhibitor tofacitinib was used in patients whose cardiac troponin T (cTnT) levels started to increase during corticosteroid tapering. We monitored patients closely by measuring troponin, creatine kinase, and renal and liver function every day or every other day. After reaching the plateau, these indicators were checked every 2 weeks together with electrocardiogram and echocardiography. Standard myocardial protection and antimyocardial remodeling medications such as coenzyme Q10, β-blockers, angiotensin-converting enzyme inhibitors, or angiotensin II receptor blockers were used in all patients with ICI-associated myocarditis. We tried to titrate all medications to the target dosages.
Statistical Analysis
Kaplan–Meier method was utilized to estimate the overall survival and differences in survival curves between the corticosteroid-sensitive and corticosteroid-resistant groups. Differences between groups were tested by Student t test. All statistical tests were two-sided with an α level of 0.05. Statistical analysis was performed by using SPSS version 19.
RESULTS
Baseline Characteristics
From July 1, 2019, to April 1, 2021, 2,623 patients in our center were treated with PD-1 or PD-L1 mAbs (Figure 1). Based on the inclusion criteria, 24 ICI-associated myocarditis patients (16 males and 8 females) were included in this study. ICI agents applied included pembrolizumab, toripalimab, sintilimab, cadonilimab, durvalumab and camrelizumab. Among them, four patients were treated with ICIs only while 20 patients were treated with ICIs plus chemotherapy or radiation therapy. Demographic and baseline clinical characteristics of these patients are presented in Table 1. The most common cancer diagnosis was gastric, hepatic, and colorectal cancer. All patients were in the stage 3 to 4 of cancer. The most common initial clinical presentation in our cohort was malaise, followed by chest congestion, muscular soreness, and ptosis. Electrocardiographic abnormalities were detected in 18 patients (75%) including atrial or ventricular premature beats, sinus tachycardia, sinus bradycardia, ST-T changes, and atrial fibrillation. No patients had high-grade atrioventricular block or malignant arrhythmia. Echocardiographic abnormalities, such as left ventricular hypertrophy, left atrial enlargement, and valvular regurgitation, were detected in 11 patients. The most common CMR finding was late gadolinium enhancement (LGE), whereas functional abnormalities were detected in three patients (Figure 2).
[image: Figure 1]FIGURE 1 | Treatment for ICI-associated myocarditis. Based on the response to corticosteroids (troponin cTnT levels rebounding or not during corticosteroid tapering), we divided patients with ICI-associated myocarditis into corticosteroid-sensitive and corticosteroid-resistant groups.
TABLE 1 | Baseline characteristics in patients with ICI-associated myocarditis.
[image: Table 1][image: Figure 2]FIGURE 2 | Cardiac magnetic resonance imaging of myocarditis. (A) LGE image of fibrosis. (B). Precontrast T2-weighted image of the same slice location as the image in the same patient. (C). Eelectrocardiogram abnormalities: the prolongation of the PR interval, sinus tachycardia, and ST changes.
The Comparative Analysis Based on Corticosteroid Responsiveness
Although all the cases in this study received recommended initial corticosteroid treatment according to the guidelines (Brahmer et al., 2018; Haanen et al., 2018), different responses to corticosteroid were observed in subsequent tapering. Troponin cTnT levels of eight patients gradually decreased accompanied by decrement of corticosteroid. However, the levels of troponin cTnT rebounded in 16 patients during corticosteroid tapering despite symptomatic remission after the initial treatment.
Based on troponin cTnT rebound during corticosteroid tapering, we classified patients with ICI-associated myocarditis into two subgroups: (1) corticosteroid-resistant ICI-associated myocarditis: troponin cTnT rebound during corticosteroid tapering; and (2) corticosteroid-sensitive ICI-associated myocarditis: no troponin cTnT rebound during corticosteroid tapering.
Eight corticosteroid-sensitive patients responded favorably to the treatment evidenced by gradually troponin cTnT decreasing, smooth corticosteroid tapering, and shorter treatment time. In 16 corticosteroid-resistant patients, troponin cTnT increased again and required high-dose corticosteroid regimen with rapid tapering. Troponin cTnT rebound often occurred during second to third corticosteroid tapering. In this study, the initial methylprednisolone doses of corticosteroid-sensitive patients were approximately 1 to 2 mg/kg per day, and total intravenous dose was less than 1,500 mg. For corticosteroid-resistant patients, initial methylprednisolone dose was usually 500 mg, and total intravenous dose was much higher than that in the corticosteroid sensitive-group (Table 2).
TABLE 2 | Treatment of 24 patients with ICI-associated myocarditis.
[image: Table 2]In addition, infliximab (500 mg in one patient) and tofacitinib (5 mg twice a day in 11 patients) were used in corticosteroid-resistant patients. Interestingly, tofacitinib achieved a satisfactory therapeutic effect. Seven patients received tofacitinib treatment recovered from ICI-associated myocarditis, whereas two patients died of severe pneumonia, and the other two patients died of myocarditis progression.
Differences Between Two Groups
There is no significant difference of age and gender between corticosteroid-sensitive and corticosteroid-resistant group. According to the American Society of Clinical Oncology guidelines (Brahmer et al., 2018), myocarditis severity in corticosteroid-sensitive group was between grade 1 and grade 2. For corticosteroid-resistant group, grades of severity were between grade 2 and grade 3. Patients in the corticosteroid-resistant group had frequent symptoms of chest congestion, muscular soreness, and ptosis. Biomarkers troponin cTnT and creatine phosphokinase (CPK) were increased more significantly in the corticosteroid-resistant group than in the corticosteroid-sensitive group (Table 3). Our data revealed that corticosteroid-resistant patients have more complications such as myositis and autoimmune hepatitis. Therefore, the levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and C-reactive protein were increased more in corticosteroid-resistant patients than in corticosteroid-sensitive group patients.
TABLE 3 | Comparison of corticosteroid-sensitive and corticosteroid-resistant ICI-associated myocarditis patients.
[image: Table 3]Survival
All eight corticosteroid-sensitive patients recovered from ICI-associated myocarditis. In the corticosteroid-resistant group, nine patients recovered from ICI-associated myocarditis (recovery rate = 56.3%), whereas the other seven patients died. The reason of death could be listed as follows: two patients died of septic shock due to severe pneumonia, and five patients died of cardiogenic shock due to the progression of myocarditis. Comparison of survival curves using log-rank test demonstrated a higher mortality in corticosteroid-resistant patients than that in the corticosteroid-sensitive patients (p = 0.01) (Figure 3).
[image: Figure 3]FIGURE 3 | Comparison of survival curves. Higher mortality in corticosteroid-resistant patients compared with corticosteroid-sensitive patients.
DISCUSSION
In this study, we reported 24 ICI-associated myocarditis patients and analyzed some important clinical parameters. Based on the response to corticosteroids (troponin cTnT levels rebounding or not during corticosteroid tapering), we divided ICI-associated myocarditis patients into corticosteroid-sensitive and corticosteroid-resistant group. Corticosteroid-resistant patients could benefit from tofacitinib treatment. This illustrated the heterogeneity in etiology and pathophysiology in these patients. Response to corticosteroid treatment may predict the prognosis, guide the corticosteroid doses, and initiate additional immune suppression therapy (Table 4).
TABLE 4 | ICI-associated myocarditis: corticosteroid-sensitive and corticosteroid-resistant sub-type.
[image: Table 4]Previously, ICI-associated myocarditis had been reported with an incidence of 0.03% to 1.14% (Mahmood et al., 2018; Salem et al., 2018). Recent studies have indicated an increase in its incidence, which may be related to the expanding use of ICIs (Al-Kindi and Oliveira, 2018; Salem et al., 2018). Up until now, the precise mechanisms of ICI-associated myocarditis remain unclear. Suggested possibilities include shared antigens between the tumor and myocardium, T-cell receptor targeting homologous muscle antigen as the tumor antigen, or certain T-cell receptors targeting dissimilar antigens (Lv et al., 2011; Johnson et al., 2016; Khunger et al., 2020). Thus, T cells targeting the shared epitopes between tumor and myocardium may exist, and the ICIs can augment the T-cell effector function, resulting in the development of autoimmune myocarditis (Müller et al., 2018; Tocchetti et al., 2018). The degree and spectrum of inflammation may account for the variable clinical presentations and treatment effects.
The treatment of ICI-associated myocarditis has largely been based on the corticosteroids. According to the recommendations of the Society for Immunotherapy of Cancer, four grades of cardiovascular irAEs have been defined and used to guide initial corticosteroid doses (Puzanov et al., 2017). It is still difficult to predict the prognosis even if high-dose corticosteroid regimen was used. cTnT is a cardiac-specific biomarker of ongoing myocardial inflammation in myocarditis. Therefore, monitoring the changes of troponin T levels provides a reliable way to assess clinical situation in ICI-associated myocarditis cases. We would like to point out that our classification is based on the change of cTnT levels rather than the initial cTnT levels. As shown in Figure 4, two cases from the corticosteroid-resistant group had initial cTnT levels of less than 0.1 ng/mL, whereas the cTnT levels rebounded remarkably during corticosteroid tapering. Therefore, troponin cTnT rebound during corticosteroid tapering probably reflected ongoing myocardial inflammation and necrosis.
[image: Figure 4]FIGURE 4 | Two cases from the corticosteroid-resistant group. Initial cTnT levels were less than 0.1 ng/mL; however, cTnT levels rebounded significantly during corticosteroid tapering.
Once ICI-associated myocarditis was diagnosed, we used intravenous methylprednisolone 1 to 2 mg/kg daily before transition to oral prednisone 1 to 2 mg/kg per day followed by tapering doses over several weeks for corticosteroid-sensitive patients. For corticosteroid-resistant patients, we recommend intravenous methylprednisolone 500 mg daily before transition to oral prednisone 1 to 2 mg/kg daily. Other immunosuppressants were used in different centers including mycophenolate mofetil, antithymocyte globulin, and intravenous immunoglobulin (Arangalage et al., 2017; Norwood et al., 2017; Tay et al., 2017). One additional option for immunosuppression is the chimeric immunoglobulin G mAb to tumor necrosis factor α (TNF-α), named infliximab. By binding to TNF-α, a major proinflammatory cytokine, infliximab, leads to the downregulation of other cytokines and induces the apoptosis of TNF-producing cells, including T lymphocytes (Frigeri et al., 2018; Khunger et al., 2020). One of our corticosteroid-sensitive patients and five corticosteroid-resistant patients received combined ICI agents and tyrosine kinase inhibitor (TKI) treatment. There is a strong impetus for combining TKI and ICI, given their complementary response profile and synergy in generating antitumor immunity. It has been demonstrated that ICI in conjunction with TKI enhanced efficacy in multiple tumor types (Ascierto et al., 2019; Rini et al., 2019). As both agents could cause cardiotoxicities, it is therefore possible that a higher rate of cardiotoxicity might be observed with combination regimens. Future clinical trials combining ICI and TKI should prospectively assess biomarkers of cardiotoxicity for better clinical understanding and comprehensive assessment.
Compared with traditional treatment modalities, we studied tofacitinib with interesting results. It is a JAK inhibitor, which blocks the production of proinflammatory cytokines through the suppression of JAK–signal transducer and activator of transcription (STAT) signal pathway (Angelini et al., 2020; Hosseini et al., 2020). It has been already used for rheumatoid arthritis, psoriatic arthritis, and ulcerative colitis (Moura and Fonseca, 2020; Chimenti et al., 2021). Increased expression of phosphorylated proteins of JAK-STAT pathway was observed in rat autoimmune myocarditis model; while being treated with JAK inhibitor, the cardiac function and myocardial inflammation were alleviated (Liu et al., 2016). A previous study proved that JAK/STAT signaling pathway played a vital role in the tumorigenesis and could promote tumor evasion by conferring high PD-L1 expression on tumor cells (Luo et al., 2018; Song et al., 2018). Therefore, targeting JAK/STAT pathway might also have a synergistic antitumor effect of ICI therapy. Tofacitinib was the first small molecule JAK inhibitor; it reversibly and competitively binds to the ATP binding site of the kinase domain of JAK (Flanagan et al., 2010). Compared with specific inflammatory pathway mAb, tofacitinib is a pan-JAK inhibitor, effecting JAK1, JAK2, JAK3, TYK2, IL-6, and type I interferons (Fernández-Clotet et al., 2018). Given the potential risks of inflammatory cytokine storm in corticosteroid-resistant patients, it is reasonable to observe the favorable results after tofacitinib treatment. Therefore, our findings may provide a new option for clinical treatment of refractory myocarditis confirmed by other investigators.
LIMITATION
Significant differences of clinical symptoms and laboratory and imaging tests could be observed between the two groups. Because of the limited cases, we were unable to construct a scoring system to predict the efficacy of corticosteroid therapy. Our initial experience was from a small and retrospective study without comparison to other possible treatment regimens. To confirm the validity of myocarditis treatment strategies in corticosteroid-sensitive and corticosteroid-resistant groups, a prospective and randomized clinical trial enrolling large patient samples will be of critical importance in the future.
CONCLUSION
Corticosteroid responsiveness in patients with ICI-associated myocarditis may guide clinicians to provide targeted treatment in this high-risk cohort. Based on our retrospective study, tofacitinib could offer additional clinical benefits when being used early in the corticosteroid-resistant patients and provide a new option for the treatment of ICI-associated myocarditis.
Clinical Perspectives: This new group analysis for ICI-associated myocarditis may guide individualized therapies in this high-risk population. Tofacitinib treatment may have impactful clinical benefits when being used early in corticosteroid-resistant patients.
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Resolvin D1 (RvD1) is a lipid mediator that promotes resolution of inflammation. However, the function of RvD1 in doxorubicin- (Dox-) induced cardiotoxicity remains to be clarified. This study aimed to investigate whether RvD1 could attenuate Dox-induced cardiac injury. The mice were divided into three groups: control, Dox (20 mg/kg, once, intraperitoneally), and Dox + RvD1. RvD1 (2.5 μg/kg, intraperitoneally) was injected daily for 5 days. Echocardiography was performed to evaluate the cardiac function, and the heart tissue and serum samples were collected for further analyses. The results showed that RvD1 attenuated the decreased ratio of heart weight/body weight and heart weight/tibia length, the increased level of creatine kinase and activity of lactate dehydrogenase after Dox treatment. RvD1 improved the ejection fraction and fractional shortening of left ventricular and attenuated the severity of apoptosis induced by Dox. As for the underlying pathways, the results showed that RvD1 reduced the expression of IL-1 and IL-6, and attenuated the phosphorylation of P65 in cardiac tissue. RvD1 attenuated the oxidative stress induced by Dox, as demonstrated by the attenuated levels of superoxide dismutase, glutathione, and malondialdehyde, decreased expression of Nox-2 and Nox-4 and increased expression of Nrf-2 and HO-1. In addition, RvD1 also inhibited the endoplasmic reticulum stress induced by Dox. These results indicate the potential therapeutic benefits of RvD1 in Dox-induced cardiotoxicity in mice, and the mechanism may be related to the attenuated inflammation, oxidative stress and endoplasmic reticulum stress.
Keywords: resolvin D1, doxorubicin, cardiotoxicity, oxidative stress, apopstosis
INTRODUCTION
Doxorubicin (Dox), an anthracycline-based chemotherapeutic drug, is routinely used in the treatment of a wide variety of cancers, including breast, ovarian, bladder, lung, thyroid, and stomach cancer (Buzdar et al., 1985). However, treatment with Dox has been reported to cause dose-dependent cardiac toxicity and heart failure (Lefrak et al., 1973). Dox-induced cardiotoxicity seriously impairs the quality of life and life expectancy of patients with cancer. Several studies have shown that oxidative stress and apoptosis of cardiomyocytes are associated with Dox-induced cardiotoxicity (Kalivendi et al., 2001). However, there are currently no effective drugs to prevent and treat the cardiotoxicity caused by Dox.
Resolvin D1 (RvD1) is a specialized pro-resolving lipid mediator, mainly derived from docosahexaenoic acid (DHA). RvD1 reduces excessive polymorphonuclear neutrophil infiltration and transmigration, promoting resolution of inflammation (Abdolmaleki et al., 2020). In addition, RvD1 reduces tissue damage by attenuating oxidative stress and apoptosis (Lee and Surh, 2013; Saito et al., 2018). RvD1 has a protective role in Dox-induced nephropathy (Zhang et al., 2013). The protective effect of RvD1 has also been reported in cardiovascular diseases, including myocardial injury, neointimal hyperplasia, and abdominal aortic aneurysm (Miyahara et al., 2013; Kain et al., 2015; Spinosa et al., 2018). Recently, RvD1 was reported to alleviate angiotensin II-induced hypertension and cardiac remodeling via blocking Ang II signaling and attenuating inflammation (Olivares-Silva et al., 2021; Salas-Hernández et al., 2021).
However, the function of RvD1 in Dox-induced cardiovascular injury remains unclear. The objective of our study was to determine the effect of RvD1 supplementation on Dox-induced myocardial damage and to identify the underlying mechanism, which may provide novel insights for the prevention and/or treatment of Dox-induced cardiotoxicity.
MATERIALS AND METHODS
Animals
Experimental mice were treated in accordance with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals, and study was approved by the Ethics Committee for Animal Research of the Wuhan University (Institutional Animal Care and Use Committee Issue No.20181215). C57BL/6 male mice (6–8 weeks old, 21.5–22.5 g) were obtained from Vital River Experimental Animal Technology Co. Ltd. (Beijing, China). The mice were maintained in a standard laboratory at the Cardiovascular Research Institute of Wuhan University, and were housed in standard humidity/temperature-controlled environment (70% relative humidity, 22°C) in a light-controlled room (12/12 h light/dark cycle) with access to sterile rodent food and water. All the mice were individually caged. The mice were used for the experiment after acclimatization to the housing environment for 2 weeks. The mice were randomly divided into three groups: control (CTRL; n = 10), Dox (n = 15), and Dox + RvD1 (n = 10). The control group received only sterile saline. Mice in the Dox group were treated with Dox (20 mg/kg) once intraperitoneally (i.p.) (Wang et al., 2018; Zhang et al., 2020). Mice in the Dox + RvD1 group were treated with RvD1 (2.5 μg/kg, i.p.) 30 min before Dox administration and every day thereafter for the duration of the experiment. Both Dox and RvD1 were dissolved in 0.9% sterile saline. All mice were observed and weighed daily. The mice were sacrificed after 5 days of Dox treatment. The heart weight of mice was collected for the ratio of heart weight (HW)/body weight (BW) and HW/tibia length (TL). The left cardiac tissues were collected for detailed analyses.
Echocardiography
Echocardiography was performed on anesthetized (1.5–2% isoflurane) mice using a Mylab30CV ultrasound (Biosound Esaote, Inc.) equipped with a 10 MHz linear array ultrasound transducer. We defined end-systole and end-diastole as the phases in which the left ventricular (LV) end-diastolic diameter (LVEDd) and LV end-systolic diameter (LVEDs) were obtained. LV ejection fraction (LVEF) and LV fractional shortening (LVFS) were also analyzed via LV M-mode tracing with a sweep speed of 50 mm/s at the midpapillary muscle level.
Cardiomyocyte Injury Evaluation
The activity of lactate dehydrogenase (LDH), the concentrations of myocardial-bound creatine kinase (CK-MB) and cardiac troponinwere I (cTnI) assessed as indexes of cardiomyocyte injury. Both LDH activity, CK-MB levels and cTnI levels in serum were detected using kits (all purchased from Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions and as described in our previous study (Ye et al., 2018).
Oxidative Stress Evaluation
At the end of the experiment, the cardiac tissues were removed and washed in ice-cold phosphate-buffered saline. The cardiac tissues (30 mg) were added to 300 μL of phosphate-buffered saline, ground into homogenates, and centrifuged at 3,000 rpm at 4°C for 15 min to collect the supernatant. The activities of superoxide dismutase 1 (SOD1) and the level of malondialdehyde (MDA) and glutathione (GSH) were detected by commercially available kits purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China) following the manufacturer’s instructions.
Histological Analysis
Histological analysis was performed as described in our previous study (Ye et al., 2020a). Cardiac tissues were fixed with 4% paraformaldehyde for 5 days. Then, the tissues were embedded in paraffin and sliced into 4–5 μm sections and mounted onto slides. Cardiomyocyte vacuolization was analyzed by hematoxylin and eosin (H&E) staining using a commercially available kit (Millipore) and then visualized by light microscopy. Sections were also subjected to immunofluorescence staining. the sections were autoclaved for antigen retrieval and then blocked with 10% goat serumfor 10min. Next, the sections were incubatedwith primary antibodies against Phospho-NF-κB p65 (Abcam, Cambridge, United Kingdom) overnight at 4°C. The sections were rinsed with PBS for 20 min before incubating with two different IRDye® 800CW conjugated secondary antibodies for 60 min and subsequently counterstained with the SlowFade Gold antifade reagent containing DAPI. All the figures were captured with fluorescence microscope, and Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, United States) was used for relative quantification.
TdT‐Mediated dUTP Nick-End-Labeling Assay
TUNEL staining of the cardiac tissue was performed as described previously (Ye et al., 2020b). The sections of the cardiac tissue were analyzed using a TUNEL kit (Millipore, United States) following the manufacturer’s instructions. Light microscopy was used to evaluate apoptotic cells, and Image Pro Plus software was used for relative quantification.
Western Blotting
We extracted and prepared total LV tissue protein with 1× RIPA buffer as reported previously (Ye et al., 2018). Proteins (50 μg) were separated by electrophoresis through a 10 or 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto polyvinylidene fluoride membrane (IPFL00010, Millipore, Billerica, MA, United States). Then, the blots were blocked with 5% nonfat powdered milk and incubated overnight at 4°C with the primary antibodies. The primary antibodies used in this study were as follows: phospho-nuclear factor kappa-B p65 (p-P65, 1:500 dilution, Abcam, Cambridge, United Kingdom), nuclear factor kappa-B (NF-kB) p65 (T-P65, 1:1000 dilution, Abcam), NADPH oxidase 2 (Nox-2, 1:200, Santa Cruz, CA, United States), NADPH oxidase 4 (Nox-4, 1:200, Santa Cruz), nuclear factor-erythroid 2-related factor 2 (Nrf-2, 1:500, Gene Technology, Shanghai, China), heme oxygenase-1 (HO-1, 1:500, Gene Technology), glucose-regulated protein 78 (GRP78, 1:500 dilution, Cell Signaling Technology), phospho-protein kinase R-like ER kinase (p-PERK, 1:200, Santa Cruz), caspase 12 (1: 1,000 dilution, Cell Signaling Technology), phospho-eukaryotic initiation factor 2α (p-eIF2α, 1:1,000 dilution, Cell Signaling Technology), activating transcription factor 6α (ATF-6α, 1:200 dilution, Santa Cruz Biotechnology), C/EBP homologous protein (CHOP, 1:1,000 dilution, Cell Signaling Technology), cleaved caspase 3 (c-caspase 3, 1:500, Cell Signaling Technology), B cell lymphoma-2 (Bcl-2, 1:500, Abcam), BCL2-associated X (Bax, 1:500, Abcam), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1,000, Cell Signaling Technology). After several washes, the blots were incubated with the secondary antibody (goat anti-rabbit antibody) at a dilution of 1:5,000 to 1:10,000 for 1 h at 25°C in the dark. The membranes were sequentially washed several times in the dark and scanned using the Odyssey Imaging System (LI-COR Biosciences, Lincoln, United States), and the band intensities were measured.
Real-Time Polymerase Chain Reaction Analysis
RNA was extracted from LV tissue using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, United States). The concentration of RNA is measured by Nanodrop 2000 (Thermo Fisher Scientific, United States). The cDNA was synthesized from 2 µg of RNA from each group using oligo (DT) primers and the Transcriptor First Strand cDNA Synthesis Kit (Roche). RT+/RT-control was applied when cDNA was synthesized. Water without RNase and DNase was used to dilute DNA for three times before quantitative analysis. Quantitative analysis was conducted using a LightCycler 480 and SYBR Green Master Mix (Roche) follow the MIQE guidelines. The results were analyzed with the 2−△△Ct method and normalized against GAPDH gene expression. Details of the primer sequences are presented in Supplementary Table S1.
Statistical Analysis
Data were analyzed using SPSS 24.0 software and are presented as the mean ± standard deviation (SD). Comparisons between groups were made using one-way analysis of variance (ANOVA) followed by Tukey’s test. A p value <0.05 was considered statistically significant.
RESULTS
RvD1 Ameliorates Cardiac Dysfunction in Mice Treated With Dox
Compared to control mice, mice treated with Dox showed a decrease in the ratio of HW/BW and HW/TL. However, the administration of RvD1 improved the Dox-induced HW/BW and HW/TL ratios (Figures 1A,B). Compared to the control group, the levels of CK-MB, cTNI and activity of LDH in LV tissue were significantly increased in the Dox group. The administration of RvD1 reversed these trends (Figures 1C–E). In addition, the decreased LVEDd, LVEF, and LVFS in the Dox group were significantly improved by RvD1 treatment (Figures 1F–I). Histological examination revealed increased vacuolar accumulation in the Dox-treated mice, which was significantly improved in the Dox + RvD1 group (Figures 1J,K).
[image: Figure 1]FIGURE 1 | RvD1 improved cardiac function in mice treated with Dox. (A, B) The ratio of HW/BW and HW/TL in different groups, n = 10. (C–E) Level of LDH, CK-MB and cTnI in the serum, n = 5. (F–J) Echocardiographic parameters in different groups, including LVEDd, LVEDs, LVEF, LVFS and heart rate, n = 6. (K, L) Vacuolated cardiomyocytes were detected in different groups by H&E staining and quantified, n = 4, bar = 25 μm. Data was presented as the mean ± standard deviation (SD) and compared with one-way ANOVA followed by Tukey’s test. *p < 0.05 compared with the Control group. #p < 0.05 compared with the Dox group. HW, heart weight; BW, body weight; TL, tibia length; LDH, lactate dehydrogenase; CK-MB, myocardial-bound creatine kinase; cTnI, cardiac troponinwere I; LVEDd, left ventricular (LV) end-diastolic diameter; LVEDs, LV end-systolic diameter; LVEF, LV ejection fraction; LVFS, LV fractional shortening.
RvD1 Reduces Dox-Induced Inflammation in Cardiac Tissue
The expression of proinflammatory cytokines including IL-1β and IL-6 in the heart was significantly increased by Dox treatment (Figures 2A,B). Compared to the Dox group, a significant reduction in IL-1β and IL-6 level was observed in the Dox + RvD1 group (Figures 2A,B). In addition, the inhibitory effect of RvD1 on inflammation was further confirmed by western blotting and immunofluorescence examination, which showed that RvD1 reduced NF-kB signaling (Figures 2C–E). These results showed that RvD1 protects against heart injury by inhibiting inflammatory responses.
[image: Figure 2]FIGURE 2 | RvD1 reduced Dox-induced inflammation in cardiac tissue. (A, B) mRNA expression levels of the inflammatory cytokines, IL-1β and IL-6 in different groups, n = 4. (C–E) Western blotting of p-p65 in different groups, n = 4. (F) Immunofluorescence analysis of p65 in different groups, n = 4, bar = 50 μm. Data was presented as the mean ± SD and compared using one-way ANOVA followed by Tukey’s test. *p < 0.05 compared with the control group. #p < 0.05 compared with the Dox group.
RvD1 Protects Cardiac Tissue Against Dox-Induced Oxidative Stress
Compared to the control group, the activity of SOD and the expression level of GSH were reduced in the Dox group. Whereas, MDA level was significantly increased in the Dox group (Figures 3A–C). However, treatment with RvD1 significantly restored SOD activity and GSH level, and reduced MDA level compared to the Dox-treated group (Figures 3A–C). In addition, western blotting results showed that the expression of Nox-2 and -4, which are important generators of reactive oxygen species (ROS), was reduced in the Dox + RvD1 group compared to the Dox-treated group (Figures 3D–F). The expression of Nrf-2 and HO-1, which play protective roles against oxidative stress, was increased in the Dox + RvD1 group compared to the Dox group (Figures 3G,H). These findings indicate that RvD1 treatment protects the cardiac tissue against Dox-induced oxidative stress.
[image: Figure 3]FIGURE 3 | RvD1 protected the cardiac tissue against Dox-induced oxidative stress. Levels of superoxide dismutase (SOD) (A), glutathione (GSH) (B) and malondialdehyde (MDA) (C) in left heart tissue in the three groups, n = 5. Representative western blotting (D) and results of quantitation of Nox-2 (E), Nox-4 (F), Nrf-2 (G) and HO-1 (H) in different groups, n = 4. Data was presented as the mean ± SD and compared using one-way ANOVA followed by Tukey’s test. *p < 0.05 compared with the control group. #p < 0.05 compared with the Dox group.
RvD1 Attenuates Dox-Induced Endoplasmic Reticulum Stress
We investigated whether RvD1 attenuated ER stress, thereby reducing cardiotoxicity induced by Dox. The western blot results showed that RvD1 treatment reduced the expression of important markers that are indicative of the severity of ER stress (Figure 4A), including GRP78 and CHOP (Figures 4B,G). In addition, the administration of Dox increased the expression levels of caspase-12, p-PERK, p-eif2α, and ATF6α, which were attenuated by RvD1 treatment (Figures 4C–F). These results indicate that RvD1 treatment attenuated Dox-induced ER stress.
[image: Figure 4]FIGURE 4 | RvD1 attenuated Dox-induced ER stress. Representative western blotting (A) and quantitative analysis showing the expression levels of glucose-regulated protein 78 (GRP78) (B), protein kinase R-like ER kinase (PERK) (C), caspase 12 (D), phosphorylated eukaryotic translation initiation factor 2 (p-eif2α) (E), activating transcription factor 6α (ATF6α) (F), and C/EBP homologous protein (CHOP) (G) in different groups, n = 4. Data are presented as the mean ± SD and compared using one-way ANOVA followed by Tukey’s test. *p < 0.05 compared with the control group. #p < 0.05 compared with the Dox group.
RvD1 Reduces Dox-Induced Apoptosis of Cardiomyocytes
Apoptosis is reported to be involved in Dox-induced cardiotoxicity (Wang et al., 2016a). We evaluated the severity of apoptosis and identified the potential signaling pathways associated with the RvD1 treatment on cardiomyocyte apoptosis. Compared to the control group, the mRNA level of Bax was increased while that of Bcl-2 was decreased in the Dox-treated group (Figures 5A,B). These changes were significantly reversed following treatment with RvD1. Similarly, western blotting results showed that Dox increased the expression levels of c-caspase 3 and Bax, and decreased Bcl-2 expression (Figures 5C–G). These changes were attenuated by RvD1. In addition, TUNEL assay showed that RvD1 treatment significantly reduced the number of Dox-induced apoptotic cells (Figure 5H). These results showed that RvD1 reduces Dox-induced cardiomyocyte apoptosis.
[image: Figure 5]FIGURE 5 | RvD1 reduced Dox-induced apoptosis of cardiomyocytes. mRNA levels of Bax (A) and Bcl-2 (B) in different groups, n = 4. Representative western blotting (C) and quantitative analysis showing the expression levels of c-caspase-3 (D), Bax (E), and Bcl-2 (F) in different groups, n = 4. (G) Bcl-2/Bax in different groups. (H) TdT‐mediated dUTP nick-end-labeling (TUNEL) assay results of the left cardiac tissue in different groups, n = 4, bar = 50 μm. Data are presented as the mean ± SD and compared using one-way ANOVA followed by Tukey’s test. *p < 0.05 compared with the control group. #p < 0.05 compared with the Dox group.
DISCUSSION
This study revealed that RvD1 attenuates Dox-induced cardiotoxicity. The possible mechanisms involved in RvD1-mediated attenuation of Dox-induced cardiotoxicity include regulation of inflammation, oxidative stress, autophagy dysfunction, ER stress, and apoptosis.
Dose-dependent cardiac toxicity and heart failure were reported in cancer patients treated with Dox, which seriously impaired the quality of life and life expectancy of patients with cancer (VON HOFF et al., 1979). Dox triggers splenic contraction and irreversible dysregulation of cyclooxygenase and lipoxygenase, which alter the inflammation resolution program in the myocardium, suggesting that resolvin supplementation may improve the cardiac injury induced by Dox (Jadapalli et al., 2018). RvD1, an important anti-inflammatory mediator, is mainly derived from DHA. DHA supplementation may attenuate Dox-induced cardiotoxicity by inhibiting the activation of NF-κB/iNOS/NO signaling pathway in vitro (Wang et al., 2016b). In addition, another study suggested that DHA pretreatment may protect H9C2 cells against Dox-induced injury by reducing ROS production (Hsu et al., 2014). However, the in vivo effects of RvD1 on Dox-induced cardiotoxicity remain unknown. In this study, RvD1 treatment increased the HW/BW ratio, reduced the level of cardiac injury biomarkers, and improved the EF and FS, all of which were compromised by Dox. Taken together, RvD1 ameliorated cardiac dysfunction in mice treated with Dox.
Inflammation is the body’s defensive response to stimulation, such as infection or injury. Acute inflammatory responses such as surgery-induced tissue injury are self-limited processes that resolve on their own and are divided into initiation and resolution phases. Failed inflammation resolution can lead to immunopathology, such as systemic inflammation leading to organ dysfunction and death. Increasing evidence shows that polyunsaturated fatty acid-derived lipid mediators such as lipoxin A4, resolvins, and protectins are produced during the onset of inflammatory reactions. Their important biological roles have been demonstrated in a variety of cell types in vitro and in many animal models of diseases in vivo (Takano et al., 1997; Takano et al., 1998; Serhan and Petasis, 2011). Dox is reported to induce inflammatory responses through enhanced expression and release of proinflammatory cytokines by activating the NF-kB signaling pathway in the heart (Pecoraro et al., 2016). In the present study, we showed that Dox treatment provoked a series of inflammatory responses and increased the expression of inflammatory cytokines. The administration of RvD1 significantly reduced the expression of proinflammatory cytokines, including IL-1β and IL-6, by suppressing the NF-kB signaling pathway. This study indicates that RvD1 confers a potential cardioprotective effect against Dox-induced cardiotoxicity through the inhibition of the inflammatory response.
ROS are generated during mitochondrial oxidative metabolism and in cellular response to xenobiotics, cytokines, and bacterial invasion (Ray et al., 2012). When ROS overwhelms the cellular antioxidant defense system, whether through increased levels of ROS or decreased cellular antioxidant capacity, oxidative stress occurs (Ray et al., 2012). RvD1 was reported to suppress oxidative stress by upregulating the expression of Nrf2 and HO-1 in other diseases (Saito et al., 2018). In the present study, lipid peroxidation products (MDA) and antioxidant enzymes (SOD and GSH) were used to estimate the oxidative stress in the cardiac tissues. Administration of RvD1 significantly attenuated the oxidative stress induced by Dox treatment. Dox induces the production of ROS through activation of the NADPH oxidase signaling pathway (Wojnowski et al., 2005). Nox-2 deficiency protects mice against cardiac injury after Dox treatment (Zhao et al., 2010). In this study, we found that RvD1 treatment inhibited oxidative stress by downregulating the expression of Nox-2 and Nox-4, the key NADPH oxidase subunit. In addition, ER stress plays an important role in the development of heart failure (Minamino et al., 2010). ER stress establishes a progressive pathological cycle with oxidative stress in endothelial dysfunction, diabetes, and heart, liver, kidney, or neurological diseases (Reyes-Fermín et al., 2020). ER stress plays an important role in oxidative stress, as it is also a source of ROS (Burgos-Morón et al., 2019). We evaluated the level of ER stress to further understand the underlying mechanisms behind RvD1-mediated protection against Dox-induced cardiotoxicity. ER stress-associated proteins were enhanced following Dox treatment but reduced after RvD1 administration. The RvD1-mediated protection against Dox-induced ER stress was achieved by downregulating the PERK and ATF-6 signaling pathways. These results indicate that RvD1 may suppress Dox-induced cardiotoxicity through the regulation of oxidative stress and ER stress.
Several studies have indicated that Dox promotes endoplasmic reticulum-induced apoptosis by activating the expression of pro-apoptotic factors and inhibiting the expression of anti-apoptotic factors (Chua et al., 2009). As a specific pro-apoptotic pathway, ER stress can activate the CHOP and caspase-12 pathways, thereby mediating apoptosis (Tabas and Ron, 2011). In the present study, RvD1 treatment reduced the expression of CHOP and caspase-12, leading to reduced myocardial apoptosis and improved cardiac dysfunction. In addition, CHOP is reported to regulate apoptosis factors, including Bax, Bcl-2, and cleaved caspase-3, which are key determinants of cell death (Fu et al., 2010). Consistent with previous studies, our results showed that RvD1 treatment significantly enhanced the expression of Bcl-2 and reduced the expression of Bax and cleaved caspase-3. This study demonstrates that RvD1 protects cardiac tissues against Dox-induced apoptosis.
Our study has several limitations. First, the administeration of RvD1 before Dox may prevent the absorption of Dox into systemic circulation due to chemicophysical interaction. Second, our study suggests that RvD1 may improve Dox-induced cardiotoxicity via alleviating apoptosis. Further interventions may help to explore the mechanism. Third, we did not detect the systemic inflammation induced by Dox in this study.
CONCLUSION
RvD1 protects cardiac tissue against Dox-induced cardiotoxicity, possibly through the attenuation of inflammation, oxidative stress and ER stress (Figure 6).
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Anthracyclines, such as doxorubicin, represent one group of chemotherapy drugs with the most cardiotoxicity. Despite that anthracyclines are capable of treating assorted solid tumors and hematological malignancies, the side effect of inducing cardiac dysfunction has hampered their clinical use. Currently, the mechanism underlying anthracycline cardiotoxicity remains obscure. Increasing evidence points to mitochondria, the energy factory of cardiomyocytes, as a major target of anthracyclines. In this review, we will summarize recent findings about mitochondrial mechanism during anthracycline cardiotoxicity. In particular, we will focus on the following aspects: 1) the traditional view about anthracycline-induced reactive oxygen species (ROS), which is produced by mitochondria, but in turn causes mitochondrial injury. 2) Mitochondrial iron-overload and ferroptosis during anthracycline cardiotoxicity. 3) Autophagy, mitophagy and mitochondrial dynamics during anthracycline cardiotoxicity. 4) Anthracycline-induced disruption of cardiac metabolism.
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INTRODUCTION
Anthracyclines, including doxorubicin, daunorubicin, epirubicin and idarubicin, are a family of antibiotics that are broadly used to treat solid tumors (ovary, breast, stomach, brain, and gastrointestinal tumors) and hematological malignancies (lymphoma and pediatric leukemia) (National Cancer Institute, 2020). Anthracyclines can be used alone or combined with other anti-cancer regimens, such as radiation therapy or monoclonal antibodies (Christodoulou et al., 2009). However, cardiovascular diseases arise as a leading cause of morbidity and mortality among cancer survivors receiving anthracycline therapy, largely limiting the clinical application of these drugs (Zamorano et al., 2016).
At present, there is no standard guideline to prevent anthracycline-associated cardiotoxicity. This is mainly because our understanding of the molecular mechanisms underlying anthracycline cardiotoxicity is still limited. It is currently known that anthracyclines primarily bind to topoisomerase 2 (TOP2) and induce DNA double-strand breaks in cancer cells (Tewey et al., 1984). Similarly in the heart, topoisomerase 2ß (TOP2ß) acts as the main target of anthracyclines in cardiomyocytes (Lyu et al., 2007; Zhang et al., 2012). Formation of ROS due to the redox cycling of anthracyclines is considered as another key mechanism that leads to oxidative stress damage in cardiomyocytes (Simůnek et al., 2009). Beside these, other mechanisms include anthracycline-induced disruption of iron metabolism, insulin resistance and inflammation (Ghigo et al., 2016). More recently, disturbance of cardiac autophagy, especially mitochondrial autophagy (mitophagy), emerges as a newly recognized reason underlying anthracycline cardiotoxicity [reviewed in ref (Li M. et al., 2020)]. Anthracycline cardiotoxicity is likely to be multifactorial and complex [reviewed in refs (Vejpongsa and Yeh, 2014; Ghigo et al., 2016; Sala et al., 2020)]. Nevertheless, distinct mechanisms converge on anthracycline-induced mitochondrial dysfunction as a central event. In the heart, mitochondria are important organelles, which occupy around 30% of the total cardiomyocyte volume and supply 90% energy through oxidative phosphorylation (OXPHOS) for the cardiac biological processes (Piquereau et al., 2013). Thus, deciphering mitochondrial alterations at the molecular and functional levels is critical for anthracycline therapy. In this review, we will summarize the recent findings about anthracycline-induced cardiotoxicity, especially about mitochondria-related ROS production, iron-overload and ferroptosis, mitophagy and mitochondrial dynamics disruption, as well as cardiac metabolism alteration after mitochondrial dysfunction.
ANTHRACYCLINE CARDIOTOXICITY: PHENOMENON AND CURRENT TREATMENT
Anthracycline treatment results in acute, early and chronic cardiotoxicity. The acute side effects include supraventricular arrhythmia, transient left ventricle dysfunction and electrocardiographic changes, which occur immediately following treatment and are reversible after discontinuation of the therapeutic regimen. However, irreversible cardiac dysfunction may develop early after treatment completion, commonly within 1 year, or manifest several years after treatment (median = 7 years). Irreversible cardiac dysfunction may eventually lead to heart failure and lower the life quality of cancer survivors (Zamorano et al., 2016). For example, breast carcinoma and small cell lung carcinoma patients receiving doxorubicin treatment showed a 5% incidence of congestive heart failure at a cumulative dose of 400 mg/m2. This incidence rate rapidly increased to 48% when 700 mg/m2 was reached (Swain et al., 2003). Thus, early detection of cardiac dysfunction is important to prevent anthracycline cardiotoxicity. If anthracycline-induced cardiac dysfunction is identified early and interfered with heart failure medications, patients recover easily. In contrast, heart failure is difficult to treat if detected late after anthracycline therapy (Cardinale et al., 2010, 2015).
Phenomenon of chronic anthracycline cardiotoxicity includes enlargement of all chambers and thinning of the ventricular walls, which are classic appearances of a dilated heart, accompanied by continuous progressive decline of fractional shortening and ejection fraction (Vejpongsa and Yeh, 2014). Some studies also reported a decrease of left ventricle mass after anthracycline therapy (Jordan et al., 2018). Morphologically, clinical observations and animal studies both discovered myofibrillar loss, cardiomyocyte atrophy and cellular microvacuolization in anthracycline-treated hearts (Li et al., 2016, 2018). This may explain why chronic anthracycline cardiotoxicity is frequently irreversible. Cardiac fibrosis and inflammation were reported in some cases, although not representative enough (Zhao et al., 2010; Wang et al., 2016).
Strategies of preventing anthracycline-induced cardiac dysfunction include reduction of cumulative dose, liposome-based delivery, continuous infusions or use of less toxic analogues (such as epirubicin) (Vejpongsa and Yeh, 2014; Zamorano et al., 2016). At present, dexrazoxane, an iron chelator, is the only cardioprotective drug approved by Food and Drug Administration (FDA) and European Medicines Agent (EMA) to reduce anthracycline cardiotoxicity. Nevertheless, dexrazoxane was initially restricted to adult metastatic breast cancer patients receiving high cumulative dose of anthracyclines (European Medicines Agency, 2018a). Meanwhile, traditional cardiac medications, including angiotensin converting enzyme inhibitors (ACE inhibitors), angiotensin II receptor blockers (ARBs) and ß-adrenergic receptor antagonists (ß-blockers), are also tested in different studies to prevent anthracycline-associated cardiac side effects. Nevertheless, the results remain controversial, as some studies found a significant improvement of cardiac function by carvedilol (Kalay et al., 2006), nebivolol (Kaya et al., 2013) or carvedilol + enalapril (Bosch et al., 2013), whereas others reported no difference among placebo, metoprolol and enalapril groups (Georgakopoulos et al., 2010). More evidence is needed to clarify this point.
ANTHRACYCLINE-INDUCED MITOCHONDRIAL ROS PRODUCTION
The most widely accepted mechanism for anthracycline cardiotoxicity is the ability of these drugs to generate excessive reactive oxygen species (ROS) (Figure 1A). The special chemical structures of anthracyclines decide that they can be reduced to a semiquinone form. Inside the cells, this process is catalyzed by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and nitric oxide synthases (NOSs) in the cytoplasm [reviewed in refs (Rochette et al., 2015; Ghigo et al., 2016)], as well as by mitochondrial electron transport chain (ETC). All these components can transfer electrons to doxorubicin (DOX), for example, to form semiquinone doxorubicin (SQ-DOX). SQ-DOX is an unstable metabolite that could be oxidized by oxygen within mitochondria, accompanied by the release of ROS. This is further worsened by the fact that anthracyclines have high affinity to cardiolipin (Parker et al., 2001), a phospholipid exclusively localized at the inner mitochondrial membrane. Thus anthracyclines preferentially accumulate in mitochondria (Ichikawa et al., 2014). Excess ROS production can induce different types of cellular injury and ultimately lead to cell death. Considering the fact that mitochondria are extremely rich in cardiomyocytes and that the heart has lower levels of antioxidant enzymes, such as catalase and superoxide dismutase (SOD), compared to other organs (Li X. et al., 2020), it is reasonable that the heart is more susceptible to anthracycline-induced ROS generation.
[image: Figure 1]FIGURE 1 | Mitochondrial mechanism during anthracycline cardiotoxicity. (A) Anthracyclines promote reactive oxygen species (ROS) production through directly interfering with NADPH oxidase, nitric oxide synthases (NOSs) and mitochondrial electron transport chain (ETC). Mitochondria are the major producers of ROS, but in turn are injured by ROS. (B) Anthracyclines can disrupt iron metabolism by interacting with iron regulatory protein (IRP), resulting in promotion of transferrin receptor (TfR) expression and inhibition of ferritin expression. As a result, iron uptake is increased and iron storage is decreased, ultimately leading to free iron overload, especially in mitochondria. ROS can induce lipid peroxidation and consequent ferroptosis in an iron-dependent manner. Notably, anthracyclines inhibit Glutathione peroxidase 4 (GPX4), a phospholipid hydroperoxidase that inhibits lipid peroxidation, thus exacerbate ferroptosis. (C) Anthracyclines may disrupt autophagy and mitochondrial autophagy (mitophagy) through inhibition of autophagy initiation and blocking the fusion between autophagosome and lysosome. This prevents the efficient clearance of damaged cellular components including mitochondria and worsens anthracycline cardiotoxicity. However, whether autophagy is protective or detrimental during anthracycline cardiotoxicity is still controversial. (D) Anthracyclines largely reduce the utilization of fatty acid while transiently increase glucose oxidation (dashed arrow). The reprogram of fuel substrate utilization does not improve energy supply, but together with mitochondrial dysfunction, eventually lead to ATP reduction and energetic failure. AMPK is the main energy and nutrient sensor that promotes ATP production by activating anabolic processes, such as fatty acid oxidation and autophagy. Notably, AMPK is inhibited by anthracyclines with still unclear mechanism, which further exacerbates anthracycline-induced energetic failure. Strategies aiming at targeting mitochondrial features to reduce anthracycline cardiotoxicity include (green symbols): 1) Mitochondrial specific antioxidants, like mitoTEMPO and MitoQ. 2) Iron chelators, such as dexrazoxane. 3) Ferroptosis inhibitors, like ferrostatin-1. 4) Autophagy activators, such as PI3K/Akt/mTOR inhibitors and AMPK activators (metformin and melatonin). 5) Energetic stimulators, like elamipretide and aerobic exercise.
Mitochondrial respiration supplies ATP through electron transfer and the accompanied proton gradient. During this process, ROS are natural by-products under physiological conditions, but may be excessively produced under pathological situations, such as anthracycline stress. Mitochondrial ROS are primarily generated by the ETC complexes, including complex I, II, and III [reviewed in ref (Forrester et al., 2018)]. Complex I (also known as NADH dehydrogenase) is the major site wherein anthracyclines interrupt mitochondrial ROS production. Complex I catalyzes the production of NAD+ from NADH and extracts 2 electrons to reduce FMN (flavin mononucleotide), the central unit of complex I. O2− is produced when O2 reacts with reduced FMN (Forrester et al., 2018). Early studies demonstrated that anthracyclines can facilitate O2− generation by extracting electron from complex I to form semiquinone anthracycline. The oxidation of semiquinone anthracycline by O2 promotes O2− generation (Davies and Doroshow, 1986; Marcillat et al., 1989). In addition, the extraction of electrons by anthracyclines hinders electron flow within ETC and, as a result, reduces ATP production. Later studies further revealed that the activities of complex II and III are also rapidly inhibited by anthracyclines, which do not contribute to ROS generation, suggesting that anthracyclines inactivate cardiac ETC through both oxidative and non-oxidative mechanisms (Marcillat et al., 1989; Pointon et al., 2010).
In summary, anthracycline-induced ROS production is pivotal factor that contribute to cardiomyocyte injury. It is worthy to note that ROS itself could boost secondary ROS generation, a process named ROS-induced ROS release (RIRR) (Zorov et al., 2014). RIRR hypothesis suggests that high level of ROS will cause irreversible opening of mitochondrial permeability transition pore (mPTP), leading to mitochondria damage and consequent ROS release from mitochondria to cytosol. The increased cytosolic ROS is rapidly absorbed by the adjacent normal mitochondria, thereby cascade amplification and release of ROS is achieved, ultimately triggering cell apoptosis (Zorov et al., 2014). In fact, a study in anthracycline-induced endotheliotoxicity models demonstrated that a stable level of cytosolic ROS and rapid rise of mitochondrial ROS were observed in the early phase (4–8 h) after doxorubicin treatment, while a sudden 15-fold increase of cytosolic ROS occurs 16 h after doxorubicin exposure in human umbilical vein endothelial cells (HUVECs), suggesting that RIRR could contribute to the final ROS burst by anthracyclines (He et al., 2020). As anthracycline-induced cardiomyocyte mPTP opening and mitochondrial membrane potential loss are consistently observed in a large number of studies (He et al., 2018; Villa et al., 2021), it is supposed that RIRR also contributes to anthracycline cardiotoxicity, which awaits direct experimental confirmation.
MITOCHONDRIAL IRON-OVERLOAD AND FERROPTOSIS DURING ANTHRACYCLINE CARDIOTOXICITY
Disruption of iron homeostasis is another key reason for anthracycline cardiotoxicity. Since their discovery, anthracyclines are found capable of chelating free iron vigorously to form iron-anthracycline complexes, which further react with oxygen and promote ROS production (Gutteridge, 1984). Early studies demonstrated that animals fed with iron-rich food are more susceptible to doxorubicin-induced weight lost and cardiomyocyte apoptosis, suggesting a pivotal role of iron metabolism during anthracycline cardiotoxicity (Panjrath et al., 2007). Since anthracyclines boost ROS production, the iron-anthracycline complexes-related free radicals were initially considered as a contributor to anthracycline cardiotoxicity. Nevertheless, many antioxidant strategies failed to protect against anthracycline-induced myocardium injury in animal studies (Mukhopadhyay et al., 2009) and clinical settings (van Dalen et al., 2011). Thus, iron-anthracycline complexes and the related ROS production may have only limited effect in anthracycline cardiotoxicity. Instead, increasing evidence has supported the view that anthracyclines may directly interrupt iron metabolism, resulting in iron-overload and the consequent ferroptosis (Figure 1B).
Anthracyclines Interrupt Iron Metabolism
It is progressively clear that free iron accumulates in cardiomyocytes during anthracycline treatment, resulting in iron-overload that could be highly toxic (Ichikawa et al., 2014). Anthracycline-induced interruption of iron metabolism is a complex and multi-target process. Primarily, anthracyclines can interfere with the key iron-binding and -transporting proteins. For example, doxorubicinol, a doxorubicin metabolite, can sequester the Fe-S cluster of iron regulatory protein 1 (IRP-1), which serves as an important feedback regulator that strictly controls the expression of iron metabolism proteins (Minotti et al., 1998, 2001). Iron-doxorubicin complexes further reduce the available free iron pool, leading to a switch of IRP-1 to an iron-free state. Iron-free IRP-1 can bind to the iron-responsive elements (IREs) on the mRNA of iron metabolism-related proteins, such as transferrin receptor (TfR) and ferritin, and regulates their expression (Rouault, 2006). Upregulation of TfR and subsequently iron uptake are detected in doxorubicin-treated cells, whereby anti-TfR antibody effectively reduces doxorubicin-promoted iron uptake and cell death (Kotamraju et al., 2002). Beside disrupting IRP-1, doxorubicin can directly interact with the IREs of ferritin heavy and light chains (Canzoneri and Oyelere, 2008). The combinatorial altered expressions of TfR and ferritin lead to enhancement of iron uptake, inhibition of iron sequestration and ultimately iron-overload in cardiomyocytes. Moreover, deficiency of human hemochromatosis protein (also known as the HFE protein), which competes the interaction between TfR and transferrin, also leads to iron-overload and exacerbates doxorubicin-induced mitochondrial damage and mortality (Miranda et al., 2003). Notably, anthracycline-induced increment of iron contents preferentially accumulates in special subcellular compartments, especially the cardiac mitochondria. This may be due to the fact that mitochondria are the major cellular cites of iron utilization. Iron is required for the synthesis of heme and Fe-S clusters that are essential cofactors of enzymes involved in the tricarboxylic acid (TCA) cycle and the respiratory chain (Rizzollo et al., 2021). Accordingly, hearts from patients with anthracycline-related cardiomyopathy displayed higher iron levels in mitochondria, compared to those from patients with normal cardiac function or other types of heart failure (Ichikawa et al., 2014). Within the matrix, mitochondrial ferritin (FtMt) serves as an iron storage protein in mitochondria to avoid oxidative stress-related damage induced by high iron content. Correspondingly, FtMt deficient mice (FtMt−/−) are more susceptible to anthracycine-induced mitochondrial damage, heart remodeling and mortality (Maccarinelli et al., 2014). In contrast, overexpression of mitochondrial iron exporters, such as ABC protein B8 (ABCB8), reduces mitochondrial free iron and protects the heart against anthracycline-induced cardiomyopathy (Ichikawa et al., 2014). Thus, anthracycline-induced disruption of iron metabolism eventually results in labile iron accumulation in mitochondria and finally cardiotoxicity.
Anthracyclines Induce Ferroptosis in Cardiomyocytes
A long-debated issue about anthracycline cardiotoxicity is which type of programmed cell death contributes mostly to the loss of terminally differentiated cardiomyocytes. It was initially reported that anthracyclines induce DNA damage and apoptosis (Arola et al., 2000). Nevertheless, later evidence suggested that anthracyclines trigger various types of programmed cell death, including necrosis (Zhang et al., 2016), pyroptosis (Wang et al., 2017), and autophagy (Lu et al., 2009). Thereinto, apoptosis, necrosis and pyroptosis are considered detrimental, while autophagy could be cardiac protective (Li et al., 2016, 2018). Intriguingly, disturbance of iron metabolism may eventually lead to another iron-dependent programmed cell death, ferroptosis. In fact, recent studies have highlighted the dominant role of ferroptosis in anthracycline cardiotoxicity (Fang et al., 2019; Tadokoro et al., 2020).
Ferroptosis is a recently identified form of programmed cell death that involves iron- and ROS-dependent damage to membrane lipids. It is characterized by the existence of small mitochondria with condensed mitochondrial membrane, pruning of mitochondria crista, as well as outer mitochondrial membrane rupture (Xie et al., 2016). Ferroptosis is genetically and biochemically distinct from other forms of programmed cell death, like apoptosis, necrosis, and autophagy. It can be triggered by activation of mitochondrial voltage-dependent anion channels, mitogen-activated protein kinases or over-activated endoplasmic reticulum stress. ROS production stimulated by these stresses directly induces peroxidation of phospholipids with polyunsaturated fatty acid (PUFA) chain in an iron-dependent manner, ultimately resulting in ferroptotic cell death. The cystine/glutamate antiporter system Xc− maintains redox homeostasis by importing cystine to produce cysteine, which is used to synthesize the major antioxidant glutathione (GSH), thus inhibiting ferroptosis. In addition, glutathione peroxidase 4 (GPX4), nuclear factor erythroid 2-related factor 2 (NRF2) and heat shock protein beta-1 (HSPB1, also known as HSP27) negatively inhibit ferroptosis by limiting ROS production and reducing cellular iron uptake. In contrast, p53 inhibits SLC7A11, a key component of system Xc−, while NADPH oxidase directly contributes to ROS production, both of which promote ferroptosis (Jiang et al., 2021). Doxorubicin treatment results in the suppression of GPX4, upregulation of PTGS2 (another key ferroptosis indicator) and lipid peroxidation of mitochondrial membrane, typical phenotypes of mitochondria-dependent ferroptosis, implying that anthracyclines induce ferroptosis in cardiomyocytes and hearts (Fang et al., 2019; Tadokoro et al., 2020; He et al., 2021). Consistently, inhibition of ferroptosis by pharmacological inhibitors (ferrostatin-1 or mitoTEMPO) or by genetic overexpression of GPX4 both significantly reduce doxorubicin-induced heart injury and mortality in mice (Fang et al., 2019; Tadokoro et al., 2020). Mechanistically, doxorubicin facilitates nuclear accumulation of the nuclear factor erythroid 2-related factor 2 (NRF2) and enables NRF2 to promote the expression of heme oxygenase 1 (HMOX1). HMOX1 can degrade heme to release free iron. As a result, iron accumulates in the heart after doxorubicin treatment, ultimately promoting mitochondrial-dependent ferroptosis (Fang et al., 2019). Moreover, anthracyclines downregulate GPX4, especially mitochondrial GPX4, thereby dampening the anti-ferroptosis effect of GPX4 and exacerbating cardiomyocyte injury (Tadokoro et al., 2020). Notably, inhibition of ferroptosis displays more efficient cardiac protection compared to repression of other types of programmed cell death, including apoptosis, necrosis and autophagy (Fang et al., 2019), further emphasizing the dominant role of iron-overload and ferroptosis in anthracycline-induced cardiotoxicity. Thus, ferroptosis inhibitors, such as ferrostatin-1 or mitoTEMPO, could be promising drugs to prevent anthracycline cardiotoxicity.
Overall, ferroptosis raises as a newly recognized programmed cell death. Past and recent evidence both highlight that anthracycline-induced iron-overload in mitochondria and the consequent mitochondria-dependent ferroptosis are dominant factors involved in anthracycline cardiotoxicity. It is worth further efforts to investigate whether ferroptosis inhibitors could act as cardioprotectant against anthracycline cardiotoxicity in the future.
AUTOPHAGY, MITOPHAGY AND MITOCHONDRIAL DYNAMICS IN ANTHRACYCLINE CARDIOTOXICITY
Autophagy and Mitophagy in Anthracycline Cardiotoxicity
Autophagy is another programmed cell death process that has received great attention. Since its discovery, autophagy is considered as a beneficial process that helps to maintain cellular homeostasis by facilitating the removal of aggregated proteins and damaged organelles, such as mitochondria (Chun and Kim, 2018). Nevertheless, uncontrolled amplification of autophagy can also be a final outcome, resulting in cell death (Nishida et al., 2008). Autophagy starts with the nucleation and elongation of double membrane vesicles, named autophagosomes, which can encapsulate ubiquitinated proteins destined to be degraded (Russell et al., 2013). The recognition of cargo proteins or organelles depends on matured microtubule-associated protein 1 light chain 3 (LC3-II) on the autophagosome membranes and proteins that carry a LC3-II interacting domain (LIR), such as sequestosome-1 (SQSTM1, also known as ubiquitin-binding protein p62) (Klionsky et al., 2021). Consequently, autophagosomes fuse with lysosomes to form autolysosomes, wherein the low pH environment and proteases control the degradation of targeted protein cargos. Autophagy is strictly regulated by the upstream signalling, including AMP activated protein kinase (AMPK)-regulated activation and PI3K/Akt/mTOR-mediated inhibition (Kim et al., 2011).
The detoxifying effect of this cellular recycling process in other types of cardiac diseases is well recognized (Sabbah et al., 2016), but whether autophagy is beneficial or detrimental in anthracycline-induced cardiotoxicity is still a subject of dispute. Previous studies reported that anthracyclines stimulate cardiac autophagy, which primarily contributes to cardiomyocyte death after drug treatment. An enhanced level of autophagy markers, including Beclin1, LC3-II, p62, autophagy-related protein (ATG) 5 (ATG5) and 7 (ATG7), are detected in anthracycline-treated cardiomyocytes and hearts (Zhang et al., 2011, 2019; Wang et al., 2014; Luo et al., 2018). In support of these findings, inhibition of Beclin1 attenuates anthracycline-induced cardiomyocyte death, whereas Beclin1 overexpression exacerbates anthracycline cardiotoxicity (Kobayashi et al., 2010). However, other studies demonstrated that anthracyclines in fact can block autophagy and that promotion of cardiac autophagy flux is protective against anthracycline cardiotoxicity (Kawaguchi et al., 2012; Sishi et al., 2013; Dutta et al., 2014; Li et al., 2016, 2018; Song et al., 2018; He et al., 2021). These controversial findings may be attributed to a lack of uniform models to study the role of autophagy in anthracycline cardiotoxicity [reviewed in ref. (Li M. et al., 2020)]. Whether autophagy is protective or detrimental in anthracycline cardiotoxicity may be attribute to multiple reasons, including the lack of accurate analysis of autophagy flux, dose and duration of anthracycline treatment, as well as dynamic phases of the pathological development. Despite that no consensus has been made on the role of autophagy in anthracycline cardiotoxicity, most studies support the view that anthracyclines impair autophagy flux, resulting in the blockage of clearance and recycling of potentially toxic cellular components, such as damaged/dysfunctional mitochondria (Figure 1C).
Cardiomyocytes are abundant with mitochondria, which are the major source of ROS production. In turn, cardiomyocyte mitochondria are susceptible to ROS-induced damage. Mitochondrial autophagy, also called mitophagy, is essential for clearing damaged mitochondria and maintaining the functional ones (Saito and Junichi, 2015). In addition to the standard process of autophagy, mitophagy involves the participation of specific proteins, which work as labels for helping damaged-mitochondria recognition by LC3 and p62. These proteins include: 1) BCL2/adenovirus E1B 19 kDa interacting protein 3 (Bnip3), NIP3-like protein X (Nix, also known as Bnip3L), FUN14 domain containing 1 (FUNDC1) and cardiolipin, which are direct receptors of LC3 on the mitochondrial outer membrane, and 2) PTEN-inducible putative kinase 1 (PINK1) and Parkinson juvenile disease protein 2 (Parkin), which regulate mitochondrial protein ubiquitination and the recognition by p62 and LC3 (Saito and Junichi, 2015).
PINK1/Parkin-mediated recognition of damaged mitochondria by autophagosomes is the most studied mitophagy mechanism. PINK1 is a mitochondrial serine/threonine-protein kinase that locates in inner mitochondrial membrane. However, PINK1 fails to insert into the inner membrane when mitochondrial depolarization occurs, thereby accumulating at the outer mitochondrial membrane. Accumulated and activated PINK1 consequently recruits Parkin, an ubiquitin E3 ligase that ubiquitinates various proteins on the mitochondrial outer membrane, thus marking depolarized mitochondria to be recognized by p62, LC3 and autophagosomes (Narendra et al., 2008). Mitophagy is impaired in anthracycline-treated hearts, as a significant decrease of PINK1, Parkin and p62 in the mitochondria is detected after doxorubicin treatment (Hoshino et al., 2013). Precise analysis revealed that PINK1 and Parkin are suppressed by doxorubicin in early stages (2–8 days after treatment), but restore at later phases (14 days after treatment) (Hull et al., 2016). The mechanism about how anthracyclines inhibit PINK1, Parkin and the mitophagy process is still unclear, but may include the participation of apoptotic protein p53. Anthracyclines activate p53, subsequently promoting its direct binding and sequestering Parkin in the cytosol, thus hindering the recruitment of Parkin to mitochondria and preventing mitophagy initiation (Hoshino et al., 2013). Accordingly, both p53 deficiency and Parkin overexpression in cardiomyocytes restore mitophagy and attenuate anthracycline-induced cardiotoxicity (Hoshino et al., 2013).
Apart from the well-described PINK1/Parkin mechanism, Bnip3 and Nix (Bnip3L) are also essential players involved in mitophagy. Bnip3 and Nix are transcriptionally activated by hypoxia-HIF1α signalling axis and translocate to the outer mitochondrial membrane to trigger mitophagy. Notably, Bnip3 and Nix mediate mitophagy independent of the mitochondrial permeability transition pore opening and depolarization (Quinsay et al., 2010). Bnip3 contains a LIR domain that allows it to directly interact with LC3 and guide the recognition of mitochondria by autophagosome (Zhang and Ney, 2009; Saito and Junichi, 2015). Anthracyclines upregulate Bnip3 expression in a dose-dependent manner and promote its translocation to mitochondria (Dhingra et al., 2014). In line with a maladaptive role of Bnip3 in anthracycline cardiotoxicity, inhibition of Bnip3 with shRNA and expression of a mutant Bnip3 that lacks a mitochondria-binding domain, both rescued anthracycline-induced mitochondrial dysfunction in cardiomyocytes. Bnip3 deficiency (Bnip3−/−) also protected the mice against anthracycline-induced mitochondrial injury and improved their survival (Dhingra et al., 2014). It is still unclear how anthracyclines activate Bnip3 in the heart. Anthracycline-induced ROS could be a trigger, as it is found that oxidative stress induces Bnip3 dimerization and activation in ischemia/reperfusion (I/R) hearts (Kubli et al., 2008). Notably, Bnip3 regulates both necrosis and the mitophagy process. It is worthy to further clarify whether both mechanisms are involved in Bnip3-mediated heart injury after anthracycline treatment.
Similar to the debate in autophagy, the role of mitophagy in anthracycline-induced cardiotoxicity is also unclear. Current evidence supports the view that anthracyclines inhibit PINK1/Parkin-regulated mitophagy and that restoration of mitophagy rescues anthracycline cardiotoxicity. In contrast, Bnip3, a dual marker of mitophagy and necrosis is upregulated by anthracyclines, prior to mitochondrial polarization. Anthracyclines appear to induce Bnip3 activation and promote necrosis (Dhingra et al., 2014), but it still needs to be clarified whether Bnip3-regulated mitophagy is involved in anthracycline cardiotoxicity. Moreover, chronic low-dose (Hoshino et al., 2013; Hull et al., 2016) and acute high-dose (Dhingra et al., 2014) anthracycline treatment regimens are used in different studies, resulting in the difficulty to reach a consensus whether mitophagy is injurious or protective during anthracycline cardiotoxicity.
Mitochondrial Dynamics in Anthracycline Cardiotoxicity
Mitochondria are highly dynamic organelles that change their morphology through fission and fusion. This process, namely mitochondrial dynamics, helps mitochondria to adapt to cellular stresses such as energy deficiency and ROS-induced injury, thereby ensuring mitochondrial function (Youle and van der Bliek, 2012). The fission process generates small spherical mitochondria, while the fusion process produces extended mitochondria and mitochondrial networks. Mitochondrial dynamics and autophagy/mitophagy constantly work together to eliminate injured and dysfunctional mitochondria. High resolution structured illumination microscopy (SIM) clearly showed that smaller mitochondria derived from mitochondria fission are always accompanied with a higher level of ROS and loss of membrane potential, compared to the larger fission portion. These smaller mitochondria are destined for being degraded by mitophagy (Kleele et al., 2021). The mitochondrial fission process is mediated by fission factors, including mitochondrial fission factor (MFF), mitochondrial fission process 1 (MTFP1), dynamin-related protein 1 (DRP1), mitochondrial dynamics proteins of 49 kDa [MiD49 (also known as MIEF2)] and 51 kDa [MiD51 (also known as MIEF1)] (Kraus et al., 2021), whereas mitochondrial fusion is regulated by specific GTPases, including mitofusin 1 (MFN1), mitofusin 2 (MFN2) and optic atrophy 1 (OPA1) (Tilokani et al., 2018).
Dysregulation of mitochondrial dynamics were observed in various heart diseases, including cardiac hypertrophy, heart failure, dilated cardiomyopathy (DCM), ischemic heart disease [reviewed in ref (Ikeda et al., 2014)], as well as anthracycline-induced cardiomyopathy [reviewed in ref (Osataphan et al., 2020)]. Doxorubicin can decrease the expression of MFN1, MFN2 and OPA1, but increase DRP1 and promote mitochondria fragmentation (Li et al., 2014; Tang et al., 2017; Marques-Aleixo et al., 2018b; Catanzaro et al., 2019), suggesting that anthracyclines may inhibit mitochondrial fusion and promote mitochondrial fission. In rodent cardiomyocytes and hearts, doxorubicin exposure promotes phosphorylation of DRP1 at serine 616, which is essential for the activity of DRP1 to mediate mitochondrial fission (Dhingra et al., 2017; Xia et al., 2017). In line with this, DRP1 deficient animals are protected against anthracycline-induced cardiac dysfunction (Catanzaro et al., 2019). In addition, mitophagy inhibitor liensinine mitigates anthracycline-induced cardiotoxicity by inhibiting DRP1-mediated mitochondrial fission (Liang et al., 2020). These findings together suggest that anthracycline cardiotoxicity is mediated, at least in part, by the increased mitochondrial fragmentation, fission and the accelerated mitochondrial degradation by mitophagy. Inhibiting mitochondrial fission and mitophagy may provide beneficial effect against anthracycline cardiotoxicity. However, further studies are required to confirm whether the change of mitochondrial dynamics is a consequent of anthracycline-induced mitochondrial damage or a direct driver of cardiac injury.
ANTHRACYCLINE-INDUCED CARDIAC METABOLIC DISTURBANCE
As discussed above, mitochondria are the key energy factories of cardiomyocytes and major targets of anthracyclines. It is thus no doubt that anthracycline-induced long-term mitochondrial dysfunction can result in energy deficiency in cardiomyocytes. In fact, we and others all revealed that ATP production is impaired by anthracyclines (Li et al., 2018; Abdullah et al., 2019). Mitochondria isolated from acute and chronic anthracycline-treated hearts both showed significant suppression of mitochondrial respiration (Abdullah et al., 2019). Therefore, metabolic disturbance may also be a mechanism underlying anthracycline-induced cardiomyopathy (Figure 1D).
Anthracyclines Interrupt Myocardial Substrate Utilization
In physiological condition, hearts mainly use fatty acids (FAs) as substrates and rely on TCA cycle for ATP production. However, in the failing hearts, where mitochondria are impaired by ROS or other insults, cardiomyocytes switch to use glucose, lactate and a small amount of ketone bodies for energy production. Glycolysis then raises as a substituted metabolic mode to produce ATP when OXPHOS is suppressed (Doenst et al., 2013). In fact, anthracyclines increase translocation of glucose transporter 1 (GLUT1) to the plasma membrane (Hrelia et al., 2002), thereby enhancing transient glucose uptake in isolated cardiomyocytes (Hrelia et al., 2002), as well as in hearts of mice and Hodgkin disease patients (Bauckneht et al., 2017; Sarocchi et al., 2018). In line with this, an increase of glycolytic flux (Carvalho et al., 2010) and key glycolytic enzymes, such as hexokinase (HK), phosphofructokinase (PFK) and pyruvate kinase (PK) (Li et al., 2018), were found in anthracycline-treated hearts. Nevertheless, glycolysis activation seems to be a transient and compensatory response that cannot meet the cellular energy demand in the long term, as glucose uptake returns to basal level later (3 h) after anthracycline treatment in cardiomyocytes (Hrelia et al., 2002). Moreover, persistent glucose usage may lead to several glucose-dependent non-ATP-generating pathways, such as pentose phosphate pathway (PPP), which serves as an important source of NADPH and ROS, and hexosamine biosynthetic pathway (HBP), which regulates protein O-GlcNAcylation (Doenst et al., 2013).
In contrast, long-chain fatty acid oxidation is inhibited in anthracycline-treated rat hearts (Carvalho et al., 2010). For instance, palmitate oxidation was reduced by 40–70% in cardiomyocytes isolated from acute or chronic anthracycline-treated animals (Abdel-aleem et al., 1997; Sayed-ahmed et al., 1999). Mechanistically, anthracyclines interrupt the activity of carnitine palmitoyl transferase I (CPT I), a mitochondrial membrane enzyme that converts long-chain acyl-CoA to long-chain acyl-carnitines and facilitates their transport into mitochondria. Therefore, anthracyclines inhibit the fatty-acid ß-oxidation process (Abdel-aleem et al., 1997). Accordingly, supplementation of L-carnitine was proved to attenuate anthracycline cardiotoxicity in animals (Andrieu-Abadie et al., 1999; Sayed-ahmed et al., 2000; Cabral et al., 2018) and in patients with non-Hodgkin lymphoma (Waldner et al., 2006).
Overall, when anthracyclines induce mitochondrial dysfunction, glucose oxidation is transiently activated while fatty acid oxidation is inhibited. The alteration of substrate utilization compensates early energy loss, but cannot meet the long-term cellular energy demand, thus resulting in maladaptive energetic failure. Strategies aiming for supplementing additional ATP production may work to mitigate anthracycline cardiotoxicity. For instance, an early study demonstrated that rats continuously administrated with fructose-1,6-diphosphate, a glycolytic intermediate, displayed significant improvement of cardiac function after acute and chronic anthracycline treatment (Danesi et al., 1990). Stimulating mitochondrial respiration, by L-carnitine supplementation (Andrieu-Abadie et al., 1999; Sayed-ahmed et al., 2000; Cabral et al., 2018) or with OXPHOS medium filled with galactose/pyruvate/glutamine (Deus et al., 2015), also restored myocardial energy supply and mitigated anthracycline cardiotoxicity.
AMPK-Mediated Metabolic Homeostasis During Anthracycline Cardiotoxicity
AMPK is the main intracellular sensor and regulator of energy and nutrient signalling. It is canonically activated by the increase of AMP:ATP or ADP:ATP ratios that result from a variety of energy stresses, including starvation, exercise, ischemia or mitochondrial dysfunction. AMP and ADP can directly bind AMPK and promote its phosphorylation by liver-kinase-B1 (LBK1), thus increasing AMPK activity up to 100-fold. In contrast, ATP inhibits AMPK phosphorylation and activation. In addition, AMPK can also be phosphorylated by calcium/calmodulin-dependent kinase kinase 2 (CAMKKß) that is activated by different hormone stimulations. Once activated, AMPK can phosphorylate and regulate a variety of downstream proteins to promote catabolic processes such as fatty acid oxidation, glucose uptake, glycolysis, autophagy and mitochondrial fission, or inhibit anabolic processes such as synthesis of protein, fatty acid, glycogen and sterol (Garcia and Shaw, 2017).
Despite that anthracyclines induce mitochondrial dysfunction and energy deficiency, which are supposed to stimulate AMPK signalling, many studies revealed that AMPK as well as its downstream target acetyl-CoA carboxylase (ACC) are indeed inhibited by anthracyclines (Gratia et al., 2012; Kawaguchi et al., 2012; Wang et al., 2012). Accordingly, AMPKα1 deficient (AMPKα1−/−) mouse embryonic fibroblasts and cardiomyocytes are more susceptible to anthracycline treatment (Wang et al., 2012), but AMPK activation by a variety of strategies, such as prior starvation, 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) treatment and adenovirus-mediated AMPK constitutive activation (AMPK-CA), diminishes anthracycline-induced heart injury (Chen et al., 2011; Kawaguchi et al., 2012; Wang et al., 2012). In this view, instead of serving as a trigger to activate AMPK, energetic failure seems to be a result of anthracycline-regulated AMPK inhibition. As a result, catabolic processes aiming for increasing ATP production under anthracycline stress are inhibited following AMPK inhibition. This partially explains the inhibition of autophagy by anthracyclines, as AMPK inhibition results in direct reduction of ULK1 phosphorylation and blockage of autophagy initiation (Chen et al., 2011; Kawaguchi et al., 2012). Moreover, AMPK inhibition also reactivates mTORC1, which further promotes energy consumption, inhibits autophagy and worsens energetic stress (Gratia et al., 2012). Metformin, a well-recognized AMPK activator (Hawley et al., 2002), has also showed promising protective effects against anthracycline-induced heart injury (Asensio-López et al., 2011; Kobashigawa et al., 2014; Zilinyi et al., 2018). This further supports a fundamental role of AMPK in anthracycline-mediated metabolic disturbance. Nevertheless, the mechanism underlying how anthracyclines inhibit AMPK is still unclear and awaits further investigation.
Taken together, AMPK signalling is inhibited by anthracyclines, leading to the exacerbation of cardiac energetic stress, which further contributes to anthracycline cardiotoxicity. Reactivation of AMPK could be a potential strategy to attenuate anthracycline cardiotoxicity.
STRATEGIES TARGETING MITOCHONDRIAL MECHANISM TO REDUCE ANTHRACYCLINE CARDIOTOXICITY
Mitochondria are crucial for anthracycline-induced cardiotoxicity (Figure 1). Targeting mitochondrial mechanisms could provide potential strategies to attenuate anthracycline cardiotoxicity (Murabito et al., 2020). Anthracyclines promote excessive ROS production within the cytoplasm and mitochondria. Thus, antioxidants are initially tested in early studies to counterwork anthracycline cardiotoxicity. Nevertheless, antioxidants or ROS scavengers, such as the xanthine oxidase inhibitor allopurinol, the NADPH oxidase inhibitors apocynin and DPI, coenzyme Q10, L-carnitine, NAC and vitamins E and C, failed to mitigate anthracycline cardiotoxicity in animal (Berthiaume et al., 2005; Mukhopadhyay et al., 2009) and clinical studies (van Dalen et al., 2011), suggesting that general inhibition of ROS production is not sufficient to prevent anthracycline-induced cardiotoxicity. Moreover, some antioxidants are able to decrease anthracycline-induced oxidative stress but without preventing mitochondrial dysfunction (Berthiaume et al., 2005), implying that specifically targeting mitochondria-related ROS generation may be requisite. MitoTEMPO, a derivative of TEMPO, is a mitochondria-targeted superoxide mimetic. It can readily pass through lipid bilayers, accumulate in mitochondria, enhance superoxide dismutase (SOD) activity and scavenge mitochondrial O2−. Studies revealed that mitoTEMPO, but not TEMPO, can suppress anthracycline-induced lipid peroxidation specifically in mitochondria and reduce cardiomyopathy (Rocha et al., 2016; Fang et al., 2019). Other mitochondria-targeted antioxidants, like mitoquinone (mitoQ), also display protective effect against anthracycline-induced cardiotoxicity and endotheliotoxicity (Chandran et al., 2009; Clayton et al., 2020; Wu et al., 2020). Thus, mitoTEMPO and mitoQ are promising drugs to mitigate anthracycline-induced cardiomyopathy.
As discussed above, iron accumulates in mitochondria during anthracycline exposure. Therefore, iron chelators were primarily considered as pharmacological strategies to limit anthracycline cardiotoxicity. Nevertheless, dexrazoxane currently represents the only iron-chelating drug approved by FDA and EMA to prevent anthracycline-induced cardiomyopathy in breast cancer patients. The protective effect of dexrazoxane is primarily attributed to the scavenging of free iron (Xu et al., 2005). However, other iron chelators, such as desferrioxamine and deferasirox, failed to achieve the same protective effect (Voest et al., 1994; Hasinoff et al., 2003), suggesting that dexrazoxane may protect the heart against anthracycline cardiotoxicity through mechanisms more than iron chelating. Later works revealed that dexrazoxane can also target and inhibit topoisomerase IIß (TOP2ß), avoiding the formation of anthracycline-TOP2ß-DNA cleavage complex and the consequent DNA double-strand breaks (Lyu et al., 2007; Hasinoff et al., 2020). The cardiac protective effect of dexrazoxane was proved in animal models (Alderton et al., 1990; Bjelogrlic et al., 2007) and was further validated in clinical trials on anthracycline-treated breast cancer patients (Venturini et al., 1996; Swain et al., 1997; Lopez et al., 1998). Nonetheless, its clinical use was initially restricted by FDA and EMA to adult breast cancer patients who receive therapeutic dose higher than 300 mg/m2 doxorubicin or 540 mg/m2 epirubicin, since it was debated that dexrazoxane may induce secondary hematological malignancies in pediatric patients (Tebbi et al., 2007; Lipshultz et al., 2010). However, new studies based on a large patient collection stated that dexrazoxane is cardioprotective and safe in pediatric leukemia patients receiving anthracycline therapy (Asselin et al., 2016). The EMA recently removed this contraindication for children and adolescents treated with high cumulative doses of anthracyclines (European Medicines Agency, 2018b).
Ferroptosis is a newly recognized programmed cell death that relies on both ROS generation and iron homeostasis disruption (Jiang et al., 2021). Studies in recent years highlighted that ferroptosis could be the dominant programmed cell death induced by anthracyclines, as inhibition of ferroptosis shows more efficient cardiac protection compared to blockage of apoptosis, necrosis or autophagy (Fang et al., 2019). Ferrostatin-1 is a widely-used ferroptosis inhibitor, potentially functioning through scavenging the alkoxyl radicals, interacting with ferrous iron and inhibiting lipid peroxidation (Miotto et al., 2020). Many studies have demonstrated that ferrostatin-1 efficiently attenuates anthracycline-induced ferroptosis, mitochondrial dysfunction and heart injury (Fang et al., 2019; Tadokoro et al., 2020; He et al., 2021). Notably, although ferrostatin-1 and dexrazoxane both inhibit ferroptosis and show similar protection against anthracycline-induced cardiac damage, they seem to function through different mechanisms. Ferrostatin-1 does not reduce the labile iron pool in the heart, whereas dexrazoxane attenuates cardiac free irons, after anthracycline treatment (Fang et al., 2019). Moreover, concomitant inhibition of ferroptosis and apoptosis with ferrostatin-1 and zVAD-FMK is more efficient than treating with ferrostatin-1 or Zvad-FMK alone and fully prevents anthracycline-induced cardiomyocyte death (Tadokoro et al., 2020). This suggests that anthracycline-induced cell death is not a single-factorial event.
The roles of autophagy and mitophagy in anthracycline-induced cardiotoxicity have been studied for decades, however, there is currently no autophagy-targeting compound being used in preclinical trials to reduce anthracycline cardiotoxicity. This is largely due to the controversy whether autophagy/mitophagy is beneficial or detrimental for anthracycline cardiotoxicity (Li M. et al., 2020). Nevertheless, some attempts targeting autophagy/mitophagy have been tried in animal models. Autophagy activators, such as mTOR inhibitor (rapamycin) (Ding et al., 2011), PI3Kγ inhibitors (AS605240, IPI145) (Li et al., 2018), show protective effect against anthracycline-induced heart injury in zebrafish and mouse. Other nonpharmacological interventions to promote autophagy, including prior starvation (Kawaguchi et al., 2012) and caloric restriction (Chen et al., 2011), also display cardioprotection during anthracycline treatment. Some studies suggested that inhibition of autophagy initiation could be beneficial, as anthracyclines inhibit the lysosome acidification, resulting in an accumulation of autophagosomes and autolysosomes (Li et al., 2016). In this regard, promotion of autophagy flux could be more precise than simple activation or inhibition of autophagy to prevent anthracycline cardiotoxicity. Unfortunately, selective drugs that target lysosome/autolysosome and facilitate autophagy flux are still not available. In contrast, inhibition of mitochondrial fission and mitophagy seems to be beneficial. The mitophagy inhibitor liensinine protects the heart against anthracycline-induced ROS generation and contractile dysfunction by decreasing DRP1 phosphorylation, inhibiting mitochondrial fragmentation and reducing mitophagy (Liang et al., 2020).
Mitochondria are the well-known energy factories of cardiomyocytes. Thus, anthracycline-induced mitochondrial dysfunction can ultimately lead to energy deficiency and metabolic disturbance. Strategies aiming at improving mitochondrial function could be capable to mitigate anthracycline cardiotoxicity. For example, elamipretide is a tetrapeptide designed to selectively target mitochondrial ETC and restore cellular bioenergetics. Animal studies (Gupta et al., 2016; Sabbah et al., 2016) and a small clinical trial (Daubert et al., 2017) all revealed that elamipretide can improve mitochondrial function and preserve cardiac contractility in canines and patients with heart failure. Although there is no direct evidence proving that elamipretide can prevent anthracycline-induced cardiomyopathy, the common feature of mitochondrial dysfunction during anthracycline cardiotoxicity suggests that elamipretide could be a promising drug. Interestingly, a recent work reported a mitochondria supplementation strategy in which mitochondria-rich extracellular vesicles (EVs), isolated from mesenchymal stem cells (MSCs), were transported to patient pluripotent stem cell-derived cardiomyocytes (iCMs). Mitochondria-rich EVs significantly promote ATP production and mitochondrial biogenesis and rescue iCMs from doxorubicin injury (O’Brien et al., 2021; Wang et al., 2021). Further, a recent work overviewed the tolerability and efficacy of exercise on cancer therapy-induced cardiovascular toxicity and concluded that aerobic exercise can improve peak oxygen uptake (VO2peak) and cardiorespiratory fitness (CRF) by an integrative assessment of global cardiovascular function (Scott et al., 2018). Physical activity was proved to mitigate anthracycline-induced mitochondriopathy in multiple animal studies [reviewed in ref (Marques-Aleixo et al., 2018a)]. The beneficial effect of exercise training primarily stems from the activation of mitochondrial biogenesis and adaption (MacInnis and Gibala, 2017), as well as the stimulation of energetic pathways such as AMPK signalling and the autophagy process (Marques-Aleixo et al., 2018b). Together, these animal and clinical evidence suggest that exercise training could be another potential strategy to prevent cardiotoxicity induced by anti-cancer therapy.
AMPK is a central mediator for cardiac metabolic homeostasis. A large set of studies proved that AMPK activators, like metformin (Asensio-López et al., 2011; Kobashigawa et al., 2014; Zilinyi et al., 2018) and melatonin (Liu et al., 2018; Li H. et al., 2020; Najafi et al., 2020; Arinno et al., 2021), can efficiently alleviate anthracycline-induced cardiac injury. The mechanism underlying the protective effect of AMPK activators is multi-factorial, for example, AMPK can facilitate fatty acid oxidation and promote cardiac autophagy. Based on these studies, a phase II clinical trial were carried out to validate whether metformin could reduce doxorubicin-induced cardiotoxicity in breast cancer patients (Avera McKennan Hospital & University Health Center, 2019). Unfortunately, this clinical trial was terminated due to slow accrual. Future clinical trials are needed to answer whether metformin or other AMPK activators could prevent anthracycline cardiotoxicity.
CONCLUSION
Cardiotoxicity induced by anthracyclines remains a hard stone that hampers their clinical applications in chemotherapy. Despite that the molecular mechanism underlying anthracycline cardiotoxicity is complex and multifactorial, emerging evidence supports the ideas that cardiac mitochondria are one of the pivotal targets of anthracyclines and mitochondrial dysfunction plays a determinant role in anthracycline cardiotoxicity (Figure 1). Anthracyclines have high affinity to the inner mitochondrial membrane protein cardiolipin and thus preferentially accumulate in mitochondria. Moreover, the special structures of anthracyclines decide that they are ideal substrates for redox reaction that produces excessive ROS which in turn injures mitochondria. In addition, anthracyclines interrupt iron metabolism and induce labile iron overload in mitochondria, which lead to cellular toxicity along with surplus ROS production. Thus, iron-dependent ferroptosis arises as a dominant programmed cell death that attributes to anthracycline-induced cardiomyocyte loss. Conversely, flux of another programmed cell death, autophagy, is impaired by anthracyclines. This restrains the efficient degradation and recycling of damaged cellular components including mitochondria, thereby exacerbating anthracycline-induced injury. Furthermore, anthracycline-associated mitochondrial dysfunction may reprogram the utilization of fuel substrates, including glucose and fatty acids, ultimately inducing metabolic disturbance and energetic failure.
Based on these aspects, pharmacological strategies aiming at reducing mitochondrial injury or restoring mitochondrial function could potentially lessen anthracycline cardiotoxicity. These strategies include the utilization of mitochondrial specific antioxidants, iron chelators, ferroptosis inhibitors, autophagy/mitophagy compounds and mitochondrial energetic stimulators. Some of these drugs showed protective effects in cardiomyocytes in vitro or animal models in vivo, yet failed to provide further benefits in preclinical studies. Despite almost 50 years of research, dexrazoxane remains the only FDA- and EMA-approved protectant to reduce cardiotoxicity in adult breast cancer patients who receive accumulative high dose anthracycline therapy. This could be due to the fact that anthracycline cardiotoxicity is a multi-factor event. For instance: 1) Dexrazoxane succeeds because it functions both as an iron chelator to reduce iron-overload and a TOP2ß inhibitor to mitigate DNA cleavage. 2) Antioxidant or iron chelator alone shows limited effects against anthracycline cardiotoxicity, while inhibition of ferroptosis by scavenging ROS and limiting iron-overload together displays more significant protection. 3) Concomitant inhibition of ferroptosis and apoptosis is more efficacious than supressing each process alone. The joint regimen fully prevents anthracycline-induced cardiomyocyte death. In the future, more bench work, preclinical and clinical studies are worth further testing, on one hand, whether the aforementioned mitochondria-targeted drugs could prevent anthracycline-induced cardiotoxicity and, on the other hand, whether targeting different mechanisms together could provide more efficient cardiac protection.
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Aims: Irradiation is an effective treatment for tumors but has been associated with cardiac dysfunction. However, the precise mechanisms remain incompletely elucidated. This study investigated the long-term cardiac damage associated with abdominal irradiation and explored possible mechanisms.
Methods and Results: Wild-type C57BL6/J mice were divided into two groups: untreated controls (Con) and treatment group receiving 15 Gy of abdominal gamma irradiation (AIR). Both groups received normal feeding for 12 months. The AIR group showed reductions in left ventricular ejection fraction (LVEF), fractional shortening (FS), left ventricular end-diastolic internal diameter (LVID; d), left ventricular end-diastolic volume (LV Vol. diastolic volume (LV Vol; d) and mitral transtricuspid flow late diastolic filling velocity (MV A). It also showed increased fibrosis, reduced conduction velocity and increased conduction heterogeneity. Non-targeted metabolomics showed the differential metabolites were mainly from amino acid metabolism. Further KEGG pathway annotation and enrichment analysis revealed that abnormalities in arginine and proline metabolism, lysine degradation, d-arginine and d-ornithine metabolism, alanine, aspartate and glutamate metabolism, and arginine biosynthesis.
Conclusion: Abdominal irradiation causes long-term damage to the non-irradiated heart, as reflected by electrical and structural remodeling and mechanical dysfunction associated with abnormal amino acid biosynthesis and metabolism.
Keywords: irradiation, cardiac function, cardiac remodeling, metabolomics, bystander effect
INTRODUCTION
Cancer is the leading cause of mortality worldwide (Soerjomataram and Bray, 2021; Sung et al., 2021). Approximately 19.3 million new cancer diagnoses are made whilst 10 million cancer-deaths are observed each year globally. Due to the early diagnosis and timely intervention of cancer treatment in recent years, deaths due to cancer itself have significantly receded, while cardiac disease and damage caused by tumor treatment have clearly become a major cause of non-neoplastic death among cancer survivors (Curigliano et al., 2016; Armanious et al., 2018; Li H. et al., 2019; Alvarez-Cardona et al., 2020). Irradiation is an important treatment for cancer. However, it can exert adverse effects on normal and otherwise healthy tissues and organs, with significant negative impact on prognosis of cancer patients (Schaue and McBride, 2015; Nielsen et al., 2017; Chargari et al., 2019). For example, its related cardiac damage occurs in both short- and long-term (Groarke et al., 2014; Cao et al., 2021), while the early stages of cardiac dysfunction may be asymptomatic.
Long-term cardiac damage includes valvular heart disease, coronary heart disease, arrhythmia, pericardial stenosis, heart failure (Simone, 2017; Menezes et al., 2018; Nabialek-Trojanowska et al., 2020). Therefore, there is a need to better clarify the specific mechanisms underlying cardiac damage. The degree of cardiac damage is usually greater with a closer irradiation window and higher doses applied, as reflected by radiotherapy-related cardiac damage in the treatment of thoracic tumors such as breast cancer, lung cancer, and lymphoma (Bradley et al., 2015; Gkantaifi et al., 2019; Banfill et al., 2021).
By contrast, there are fewer reports of cardiac damage related to irradiation that do not directly target the heart. Previous studies have shown that oxidative stress in the heart after craniocerebral irradiation may be related to the bystander effect (Rashed et al., 2021). However, it is unclear whether other parts of the irradiation will also produce toxic effects on the heart directly. Clinical studies have reported that radiotherapy for peptic ulcer is a risk factor for coronary heart disease which can explain radiation-related cardiac dysfunction (Carr et al., 2005). Abdominal cancers are common (Sung et al., 2021) but there have been few mechanistic studies on the relationship between abdominal irradiation, possible cardiac dysfunction and the underlying mechanisms. Therefore, the aim of this study is to explore the long-term adverse effects on the heart caused by abdominal irradiation in a mouse model.
MATERIALS AND METHODS
Experimental Animal Models and Ethical Approval
All animal experiments were approved by the Institutional Committee for the Care and Use of Animals, Institute of Radiological Sciences, Chinese Academy of Medical Sciences (approval number: IRM-DWLL-2019149). Pathogen-free male C57BL6/J mice (6–8-week-old) were purchased from Beijing Vital River Laboratory Animal Technology Company. All the mice were equally divided into control group and abdominal irradiation group. Mice in irradiation group received a single dose of 15 Gy abdominal irradiation in a Gammacell-40137Cesium gray irradiator (Atomic Energy of Canada Ltd., Chalk River, Ontario, Canada). All mice were subjected to echocardiographic, electrophysiological and metabolomic analyses at 12 months post-irradiation along with control mice. All the mice were fed in a standard environment (20 ± 1°C room temperature, 50 ± 10% relative humidity) for 12 h of light and dark cycling with ad libitum diet and water. For sampling, all mice were euthanised using anaesthetic exposure.
Echocardiography
Echocardiography was performed using the Vevo 2,100 high-resolution ultrasound imaging system. Isoflurane anaesthesia was used for supine fixation. Left ventricular end-diastolic internal diameter (LVEDD), left ventricular end-systolic internal diameter (LVESD), left ventricular end-diastolic volume (LV Vol; d) and left ventricular end-systolic volume (LV Vol; s) were measured and recorded in the short-axis view of the left heart. Left ventricular ejection fraction (LVEF) and shortening fraction (FS) were calculated as indicators of LV systolic function. In the apical four-chamber view, a sampling frame was placed at the mitral orifice and the left ventricular outflow tract to monitor mitral trans-tricuspid flow, early diastolic filling velocity (E) and late diastolic filling velocity (A), allowing quantification of the E/A ratio, reflecting diastolic function. Five different cardiac cycles were measured for each assessment.
Epicardial Electrogramming
Epicardial electrical activity was recorded by placing 6 x 6 electrode microelectrodes (electrode impedance: 1.5–1.7Q, PA03606060101, multi-electrode probe array) on the epicardial surface. Data were recorded by a multichannel system (EMS64-USB-1003, United Kingdom). The obtained activation waveforms were amplified by a filter amplifier and thus transmitted to a computer. All activation times were digitised and used to plot activation maps. The activation time is calculated as the point of maximum negative slope of the activation waveform. Conduction velocity (CV), inhomogeneity index and absolute inhomogeneity were calculated by EMapScope 4.0 software (MappingLab Ltd., United Kingdom).
Histological Analysis
For hematoxylin-eosin (HE) staining, paraffin-embedded tissues were dewaxed and hematoxylin stained for 3–8 min, followed by alcoholic fractionation with 1% hydrochloric acid for a few seconds and final immersion in eosin staining solution for 1–3 min. For Masson staining, dewaxed tissue sections were immersed in Weiger iron hematoxylin stain for 10 min. After grading with 0.5% hydrochloric acid ethanol for 15 s, the sections were stained with lychee red acid magenta solution for 8 min. This was followed by treatment with 1% phosphomolybdic acid in water for approximately 5 min and direct staining with aniline blue solution or bright green solution for a further 5 min. Finally, all sections were treated with 1% glacial acetic acid for 1 min. Relative quantitative analysis of the fibrosis in Masson stains is the mean of the six field positive area ratios (positive area divided by total area).
Non-Targeted Metabolomics Sample Preparation
15 mg of tissue was used for grinding (50 Hz, 5 min), followed by sonication in a water bath at 4°C for 10 min, and then left to stand for 1 h in a refrigerator at -20°C. The tissue was centrifuged at 25,000 rcf for 15 min at 4°C. After centrifugation, 600 μl of supernatant is placed in a cryogenic vacuum concentrator and 200 μl of reagent solution (acetonitrile: H2O = 7:3, v: v) is added to redissolve. The samples were vortex-shocked for 1 min, sonicated in a water bath at 4°C for 10 min, centrifuged at 25, 000 rcf for 15 min at 4°C and the supernatant was placed in a supernatant bottle. 20 μl of supernatant from each sample was mixed into QC quality control samples and used to assess the reproducibility and stability of the LC-MS analytical process.
Non-Targeted Metabolomics Analysis
LC-MS/MS technology was used for untargeted metabolomics analysis, using a high-resolution mass spectrometer Q Exactive (Thermo Fisher Scientific, United States) to collect data from positive and negative ions to improve metabolite coverage. LC-MS/MS data processing was performed using The Compound Discoverer 3.1 (Thermo Fisher Scientific, United States) software, which primarily included peak extraction, peak alignment and compound identification. Data pre-processing, statistical analysis, metabolite taxonomic annotation and functional annotation were performed using the metabolomics R package metaX and metabolome bioinformatics analysis pipeline developed by UW Genetics. The multivariate raw data were downscaled by PCA (Principal Component Analysis) to analyse the grouping, trends (within and between group similarities and differences) and outliers (presence of outlier samples) of the observed variables in the dataset. Using PLSDA (Partial Least Squares - Discriminant Analysis), VIP (Variable Importance in Projection) values for the first two main components of the model were combined with analysis of variability, ploidy change and student tests to screen for differential metabolites.
Statistical Analysis
Differences were considered statistically significant if p < 0.05 (*). Significance of differences between groups was analysed using t-tests. All data were analysed using SPSS 17.0.
RESULTS
Abdominal Radiation-Related Damage on Ventricular Structure and Function
In the initial experiments, cardiac mechanical function and structure were examined using echocardiography. Left ventricular ejection fraction (LVEF), fractional shortening (FS), left ventricular end-diastolic internal diameter (LVID; d), left ventricular end-diastolic volume (LV Vol; d) and mitral transtricuspid flow late diastolic filling velocity (MV A) were reduced and isovolumic relaxation time (IVRT) was increased in the abdominal radiation group compared to the control group. Other parameters, such as mitral transtricuspid flow early diastolic filling velocity (MV E) and the ratio of mitral transtricuspid flow early diastolic filling velocity and late diastolic filling velocity (MV E/A) showed a tendency to deteriorate but the effects were not statistically significant (Figures 1A–J).
[image: Figure 1]FIGURE 1 | Changes in cardiac function in mice with or without abdominal radiation. (A) Echocardiography shows in short-axis view (left) and apical four-chamber view (right). (B) Left ventricular ejection fraction (LVEF) (%). (C) Fractional shortening (FS) (%). (D) Left ventricular end-diastolic internal diameter (LVID; d). (E) Left ventricular end-diastolic volume (LV Vol; d). (F) Ratio of mitral transtricuspid flow early diastolic filling velocity and late diastolic filling velocity (MV E/A) (G) Mitral transtricuspid flow early diastolic filling velocity (MV E). (H) Mitral transtricuspid flow late diastolic filling velocity (MV A). (I) Isovolumic contraction time (IVCT). (J) Isovolumic relaxation time (IVRT). n = 5, *p < 0.05.
Electrical remodeling of the ventricles was evaluated using epicardial optical mapping. The mean electrical conduction velocity of the left ventricles was decreased and the absolute inhomogeneity, one of parameters of conduction heterogeneity, was increased in abdominal radiation group, suggesting an abnormal electrical conduction in the left ventricles. By contrast, the mean conduction velocity and heterogeneity of the right ventricles did not show significant changes (Figures 2A–H). Further tissue level studies using H&E stains showed no significant infiltration by inflammatory cells in abdominal radiation group (Figure 2I). Masson stain showed increased positive area of intramyocardial fibrosis, which could indicate ventricular structural remodeling in abdominal radiation group (Figures 2J,K).
[image: Figure 2]FIGURE 2 | Changes in ventricular electrical and structural remodeling in mice with or without abdominal radiation. Color-coded simulated epicardial activation map of with or without abdominal radiation in left ventricles (A) and right ventricles (B). Mean epicardial electrical conduction velocity (C), absolute inhomogeneity (D) and inhomogeneity index (E) of mice with or without abdominal radiation in left ventricles. Mean epicardial electrical conduction velocity (F), absolute inhomogeneity (G) and inhomogeneity index (H) of mice with or without abdominal radiation in right ventricles. H&E stains (I) and Masson stains (J) of ventricle (K). Relative quantitative analysis of the fibrosis in Masson stains of ventricle. The scale bar is 100 μm. n = 5, *p < 0.05.
Abdominal Radiation-Related Changes on Ventricular Small Molecule Metabolites
Subsequently, non-targeted metabolomics analysis was used to identify small molecular metabolites changes. Multiple variance statistical analysis (PCA and PLS-DA) and single variance analysis (folding variation (FC) and student tests) were used to identify changes in the levels of metabolites. PLS-DA of metabolites showed a distinct separation between abdominal radiation and control groups (Figures 3A,B). In the positive mode, a total of 474 metabolites were differentially expressed. Amongst these, 262 metabolites were up-regulated and 212 were down-regulated in control group compared to the abdominal radiated group. In the negative mode, 126 metabolites were significantly differentially expressed; among them, 81 metabolites were up-regulated and 45 were down-regulated in control group compared to the radiated samples (Figures 3C–F).
[image: Figure 3]FIGURE 3 | Abdominal radiation significantly changes the tissue metabolic profile of ventricles. Extracted metabolites were analyzed in positive and negative modes as described. Partial least square-discriminant analysis (PLS-DA) and volcano plots of detected metabolites in positive mode and negative mode. In positive mode (A) and negative mode (B), 2D scores plot shows PLS-DA discrimination between samples from ventricles of abdominal radiation group (AIR, red) and controls group (Control, blue). The shaded areas indicate the 95% confidence regions. Volcano plots show metabolites from ventricles in control group compared to abdominal radiation group in positive mode (C) and negative mode (D). Significantly differential metabolites are highlighted in red (upregulated) and green (downregulated). Heatmap of the significantly altered metabolites between control and abdominal radiation group in positive mode (E) and negative mode (F). Before cluster analysis, the data is processed by Log2 transformation and zero-mean normalization. The cluster analysis uses the PHEATMap function in the PHEATMap R package.
The KEGG and HMDB databases were used to classify and annotate the metabolites that were significantly different between the abdominal radiation and control groups. The identified differential metabolites were mainly concentrated in amino acid metabolism and carbohydrate metabolism (Figures 4A,B). Changes in amino acid metabolites are as follows: tryptaldehyde, alpha-ketoglutaric acid, 2-oxobutyrate, 2-oxopropanal decreased, while l-5-hydroxytryptophan, lysine, nepsilon-trimethyllysine, guanidinoacetate, creatine, agmatine, methionine sulfoxide, l-ornithine, glyceric acid, arginosuccinic acid, o-succinylhomoserine, 3-sulfinoalanine increasing (Figure 5).
[image: Figure 4]FIGURE 4 | Enrichment of differential metabolites and pathways. Classification and annotation of identified differential metabolites to in positive mode (A) and negative mode (B). Metabolic pathway enrichment analysis in positive mode (C) and negative mode (D). *p < 0.05, fold change≥1.2 or ≤0.83.
[image: Figure 5]FIGURE 5 | Changes of amino acid metabolites of ventricles in mice with or without abdominal radiation. Relative content of tryptaldehyde (A), alpha-ketoglutaric acid (B), 2-oxobutyrate (C), 2-oxopropanal (D), l-5-hydroxytryptophan (E), lysine (F), nepsilon-trimethyllysine (G), guanidinoacetate (H), creatine (I), agmatine (G), methionine sulfoxide (K), l-ornithine (L), glyceric acid (M), arginosuccinic acid (N), o-succinylhomoserine (O), 3-sulfinoalanine (P). n = 4–6, *p < 0.05.
Metabolic pathway enrichment analysis of the identified differential metabolites revealed that they were mainly enriched in arginine and proline metabolism, lysine degradation, tryptophan metabolism, biosynthesis of amino acids, protein digestion and absorption, glycine, serine and threonine metabolism, aminoacyl-tRNA biosynthesis, cysteine and methionine metabolism, d-arginine and d-ornithine metabolism, cysteine and methionine metabolism, alanine, aspartate and glutamate metabolism, biosynthesis of amino acids, glycine, serine and threonine metabolism, glyoxylate and dicarboxylate metabolism, HIF-1 signaling pathway, taurine and hypotaurine metabolism, arginine biosynthesis, carbon metabolism, propanoate metabolism, ascorbate and aldarate metabolism, gabaergic synapse, metabolism of xenobiotics by cytochrome P450, d-glutamine and d-glutamate metabolism and 2-Oxocarboxylic acid metabolism (Figures 4C,D).
Abdominal Radiation-Related Damage on Atrial Structure
The effects on structural and electrical remodelling in the atria were also examined. Epicardial optical mapping showed that the mean electrical conduction velocity of the left atrium was decreased, and the absolute inhomogeneity of the right atrium was increased in abdominal radiation group compared to control group (Figures 6A–H). By contrast, the absolute inhomogeneity of the left atrium and inhomogeneity index of the both left and right atrium trended to increase but the changes were not statistically significant. Similar to the findings in the ventricles, HE stains and Masson stains showed no significant infiltration by inflammatory cells and intramyocardial fibrosis in abdominal radiation group (data not shown).
[image: Figure 6]FIGURE 6 | Changes in cardiac electrical conduction of mice with or without abdominal radiation. Color-coded simulated epicardial activation map of mice in left atrium (A) and right atrium (B) with or without abdominal radiation. Mean epicardial electrical conduction velocity (C), absolute inhomogeneity (D) and inhomogeneity index (E) of mice with or without abdominal radiation in left atrium. Mean epicardial electrical conduction velocity (F), absolute inhomogeneity (G) and inhomogeneity index (H) of mice with or without abdominal radiation in right atrium. H&E stains (I) and Masson stains (J) of atrium. The scale bar is 100 μm.n = 5, *p < 0.05.
DISCUSSION
In this study, long-term cardiac damage caused by abdominal irradiation in mice were examined. Cardiac mechanical dysfunction, associated with electrical and structural remodeling, was observed. These changes were associated with abnormalities in amino acid biosynthesis and metabolism.
The resultant cardiac damage by abdominal irradiation can be due to a number of reasons. It could be the bystander effect of radiotherapy, that is, the same effect of radiotherapy on cells, tissues or organs in non-irradiated areas (Wang et al., 2015; Fu et al., 2020). After irradiation, cells in the irradiated area can secrete cytokines, small molecular metabolites, exosomes or microvesicles containing various substances, and other media (Lin et al., 2017; Ariyoshi et al., 2019; Ni et al., 2020; Mukherjee et al., 2021), resulting in metabolic disorders, apoptosis, endoplasmic reticulum and golgi dysfunction of cells in non-irradiated areas (Yakovlev, 2015; Jella et al., 2018; Mladenov et al., 2018; Dong et al., 2020; Heeran et al., 2021; Yang et al., 2021). Earlier studies reported elevated levels of CRP in circulating blood, and splenic cells exhibited enhanced levels of oxidative stress and increased apoptosis after cranial irradiation in rats (El-Din et al., 2017). Isolated extracellular vesicles in the circulation of systemically irradiated mice were injected into unirradiated mice, resulting in increased levels of lipid peroxidation and reactive oxygen species in the spleen of bystander mice with spleen damage (Hargitai et al., 2021). However, the bystander effect of abdominal irradiation on the heart is still unclear. This study clarified that irradiation of the abdomen in mice can cause long-term damage to the structure and function of the heart in the non-irradiated position, which may be mediated by small molecular metabolites.
Several pathophysiological processes, such as myocardial fibrosis, atherosclerosis, microvascular and macrovascular ischemia, underlie the cardiac damage from irradiation. The possible mechanisms are also diverse, such as vascular damage, inflammatory response, platelet activation, calcium overload, endoplasmic reticulum and mitochondrial oxidative stress and autonomic dysfunction (Yusuf et al., 2017; Us et al., 2020; Zhang et al., 2020). Recent studies have shown that mRNA levels of inflammasome-associated chemokines CCL2 and CCL5 and the adhesion molecule VCAM1 were significantly higher after direct radiation treatment of arteries compared to controls, suggesting that radiation-induced inflammatory factors play an important role in adverse cardiovascular effects (Christersdottir et al., 2019). We speculate that inflammatory factors from the radiotherapy site may enter the heart through the blood circulation and cause heart damage. In the rat model, it was found that the levels of inflammatory factors such as IL-4, IL-6, IL1-β and TNF-α and oxidative stress-related factors such as Malondialdehyde were significantly increased (Us et al., 2020). IL-6 acts on the gp130/STAT3 pathway to cause cardiomyocyte hypertrophy to provide a prerequisite for heart failure (Meléndez et al., 2010). TNF-α-mediated intracellular calcium overload leads to myocardial electrical activity and contractile dysfunction (Hanna and Frangogiannis, 2020). In addition, immune checkpoint inhibitors may increase the risk of radiation myocardial toxicity due to the fact that radiation myocardial toxicity may be mediated by the PD-1 axis and CD8-positive T cells (Du et al., 2018). This may be the reason for the changes in the function and structure of the cardiac changes in our animal model. In addition, heart damage related to craniocerebral radiotherapy may be related to oxidative stress (Rashed et al., 2021). This is consistent with the abnormal results of small molecule metabolites in our model.
Our study found abnormal amino acid metabolism of myocardial tissue in the abdominal radiation group. The metabolome results showed the decreased tryptaldehyde, alpha-ketoglutaric acid, 2-oxobutyrate, 2-oxopropanal and the increased l-5-hydroxytryptophan, lysine, nepsilon-trimethyllysine, guanidinoacetate, creatine, agmatine, methionine sulfoxide, l-ornithine, glyceric acid, arginosuccinic acid, o-succinylhomoserine, 3-sulfinoalanine increasing based on the findings. Kyoto Encyclopedia of Genes and Genomes database (https://www.genome.jp/kegg/) and Human Metabolome database (https://hmdb.ca/), we have analyzed the effect of different metabolite changes on the heart. Alpha-Ketoglutaric acid participates in the tricarboxylic acid cycle and eventually causes abnormal energy metabolism. It is also involved in metabolism of a variety of amino acids, such as alanine, aspartic acid and glutamic acid metabolism, lysine biosynthesis, histidine metabolism and so on. 2-oxobutyrate is a substance involved in the metabolism of a variety of amino acids (glycine, methionine, valine, leucine, serine, threonine, isoleucine), as well as the metabolism of propionic acid and C-5 branched-chain dibasic acid. It is also one of the degradation products of threonine. It can be converted into propionyl-CoA (and subsequently methylmalonyl-CoA, which can be converted into succinyl-CoA, a citric acid cycle intermediate), and thus enter the citric acid cycle. In addition, valine, leucine and isoleucine were also biosynthesized by propionic acid and C-5 branched-chain dibasic acid. 2-oxopropanal participates in the metabolism of glycine, serine and threonine, pyruvate metabolism, and propionic acid metabolism. Tryptaldehyde is involved in many enzymatic reactions. Therefore, when the content of the above substances is significantly reduced, it will not only reduce the energy supply of the heart, but also affect the synthesis and metabolism of the normal amino acids of the myocardium, and ultimately affect the changes in structure and function.
O-succinylhomoserine, 3-sulfinoalanine, and methionine sulfoxide are involved in the metabolism of cysteine and methionine metabolism. In this model, the content of O-succinylhomoserine, 3-sulfinoalanine, and methionine sulfoxide in the abdominal irradiation group all increased significantly, suggesting that the metabolism of cysteine or methionine was enhanced. N-acetylcysteine exerts a strong antioxidant effect on myocardial protection (Johnson et al., 2019; Mushtaq et al., 2021), the decrease of which may suggest that the model mouse myocardium may have reduced antioxidant capacity. Glyceric acid is a product of the pentose phosphate pathway, and its abnormally high levels in tissues can cause metabolic acidosis. And the pentose phosphate pathway can promote the production of reducing equivalents, such as NADPH, which will be used for reducing biosynthesis reactions in cells (Sun et al., 2017; Li Z. et al., 2019). Based on the previous results, our current results suggests that mice from the abdominal irradiation group may have a certain degree of hyperoxidation, which is consistent with the previously reported bystander effect of radiotherapy.
Arginosuccinic acid is synthesized from citrulline and aspartic acid and is used as the precursor of arginine in the urea cycle or citrulline-NO cycle. Arginosuccinate is the precursor of fumaric acid produced by argininosuccinate lyase in the citric acid cycle. The reduction of fumaric acid and malic acid was reported to be associated with right ventricular remodeling in severe pulmonary hypertension rats (Sakao et al., 2021), suggesting that arginine succinate utilization disorder may ultimately affect energy metabolism and ventricular remodeling. Guanidinoacetate (GAA) is involved in the metabolism of glycine, serine and threonine, the metabolism of arginine and proline, and the production of creatine. The main metabolic function of creatine is producing creatine phosphate through the enzyme creatine kinase and phosphate group, which leads to ATP regeneration. Therefore, we speculate that the increase in myocardial guanidinoacetate will result in an increase in the production of creatine, and creatine utilization disorders could eventually affect the energy supply of the heart.
L-5-hydroxytryptophan is an aromatic amino acid produced from the essential amino acid l-tryptophan. When 5-hydroxytryptophan levels were high enough, it could be a neurotoxin and a metabolic toxin. It is reported that long-term use of L-5-HTP provides significant protection against the development of deoxycorticosterone acetate-salt-treated (DOCA)-induced hypertension and cardiac hypertrophy in rats (Fregly et al., 1987). Long-term-use of L-5-HTP can effectively reduce the increase in blood pressure in the DS model (Baron et al., 1991). In addition, L-5-hydroxytryptophan can also increase renin activity (Barney et al., 1981), thereby affecting the structure and function of the heart. Therefore, the increase in L-5-hydroxytryptophan in the AIR group observed in this study could be a compensatory protective effect or an unclear toxic effect. Tryptophan could generate indole-3-acetic acid (IAA) (Leveau and Gerards, 2008), and IAA degrading is involved in tricarboxylate cycling, gluconeogenesis, and carbon/nitrogen sensing (Leveau and Gerards, 2008), which may induced the cardiac dysfunction in AIR group. Lysine (Lys) is an essential amino acid that not only participates in protein synthesis, but also promotes the cross-linking of collagen peptides. Lysine is also often involved in histone modification and therefore affects the epigenome. According to reports, the acetylation of histone lysine is associated with myocardial remodeling (Peng et al., 2021; Han et al., 2022), and the lysine methylation of histone promotes the reprogramming of myocardial cells by fibroblasts (Singh et al., 2021). Meanwhile, histone lysine-specific demethylase one induced renal fibrosis (Dong et al., 2022; Zhang et al., 2022). However, a large increase in lysine was observed in the abdominal radiation group of this study, combined with the enrichment of other metabolites concentrated in the lysine metabolic pathway, further indicating that the large accumulation of lysine, but its role in the changes in cardiac structure and function is still need further verification.
Abnormalities in amino acid metabolism could be implicated in cardiac dysfunction and remodeling. However, the upstream and downstream regulatory mechanisms need to be further explored. Through KEGG pathway analysis, we speculate that some pathways may lead to changes in small molecular metabolites, and ultimately lead to abnormal cardiac function and remodeling. Our research found that differential metabolites are mainly enriched in HIF-1 signaling pathway, which participates in the regulation of many biological processes related to metabolic differences (Denko, 2008), especially oxygen homeostasis. HIF-1 is a switch that controls the recognition and response of cells to changes in oxygen status. HIF-1 controls oxygen utilization by regulating glucose metabolism and redox homeostasis (Semenza, 2014; Zhang et al., 2019). Radiation can activate the HIF-1 signaling pathway by damaging endothelial cells, and regulate vascular endothelial growth factor (VEGF) and CXCL12 (C-X-C motif chemokine 12) to increase the effect of killing target cells (Meijer et al., 2012; Sun et al., 2019; Huang and Zhou, 2020). For normal cell metabolism, radiation-dependent HIF1α converts oxidative phosphorylation to glycolysis and increase radiation resistance (Lall et al., 2014). However, this study found that irradiation of the abdomen of mice activated the cardiac HIF-1 pathway. Whether this change protects or damages the cardiac response related to the bystander phenomenon requires further research. Besides, the mechanism of HIF-1 activation also needs further study.
Limitations
Although this study revealed that long-term cardiac damage caused by remote abdominal irradiation is related to metabolic remodeling, especially amino acid metabolic remodeling, and downstream involving apoptosis, it did not clarify the specific pathway mechanism. Meanwhile, this study did not measure RV function, electrocardiogram and baseline echocardiographic parameters.
CONCLUSION
Abdominal irradiation causes long-term damage to the non-irradiated heart, as reflected by electrical and structural remodeling and mechanical dysfunction associated with abnormal amino acid biosynthesis and metabolism (Figure 7).
[image: Figure 7]FIGURE 7 | Schematic image depicts long-term cardiac damage associated with abdominal irradiation in mice.
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Cardio-oncology, a nascent specialty, has evolved as a concerted strategy to address the cardiovascular complications of cancer therapies. On the other hand, emerging evidence has shown that some anti-tumor drugs, such as CD20-targeted rotuximab, also have markedly cardioprotective effects in addition to treating cancers. Rituximab is a CD20-targeted monoclonal antibody and kill tumor B-cells through antibody-mediated and antibody-independent pathways, indicating that B cells participate and promote the progression of cardiovascular diseases. In this review, we mainly present the evidence that B cells contribute to the development of hypertrophy, inflammation, and maladaptive tissue remodeling, with the aim of proposing novel immunomodulatory therapeutic strategies targeting B cells and their products for the treatment of heart failure.
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INTRODUCTION
With the rapid development of early detective tools and therapeutic strategies for cancer patients, mortality rates attributed to cancer have remarkably declined. However, this improved survival status is achieved at the expense of anti-tumor treatment-induced cardiovascular diseases (CVDs), either caused by direct cardiotoxicity of anticancer treatment or preexisting CVDs or cardiovascular risk factors (Zamorano et al., 2016). Manifestations of adverse cardiovascular complications for cancer therapy include cancer therapeutics-related cardiac dysfunction (CTRCD) (reduction in left ventricular ejection fraction or heart failure), premature coronary artery disease, valvular disorders, pericardial injury, and arrhythmia. As the survival rates for patients with malignant tumors significantly increase, CVDs have become the second leading cause of long-term morbidity and mortality among cancer survivors (Howlader et al., 2010; Siegel et al., 2012; Bodai and Tuso 2015; Curigliano et al., 2016). Therefore, Cardio-oncology, a novel medical discipline focusing on the identification, prevention, and treatment of cardiovascular complications related to cancer therapy, has emerged. Currently, research on how to avoid adverse cardiovascular response and reverse the unfavorable CVD outcomes in patients with anti-tumor therapies has become a hot spot for both oncologists and cardiologists. Intriguingly, some recent studies have demonstrated that some anti-tumor drugs (such as CD20-targeted rituximab), in addition to treating cancers, also show markedly cardioprotective effects, but the specific mechanism has not been clarified (Uchida et al., 2004; Cang et al., 2012; Waldman et al., 2020). Therefore, exploring the potential value of anti-tumor drugs in the treatment of heart failure (HF) may provide new targets and ideas for remedying HF.
Increasing evidence shows that besides direct cardiotoxicity of anticancer treatment, malignant tumors are associated with CVDs through common risk factors, such as smoking, obesity, diabetes, hypertension and hyperlipidemia, diet, alcohol, exercise, age, sex, and race. The famous CANTOS study illuminated that in patients with previous myocardial infarction and a high-sensitivity C-reactive protein level of 2 mg or more per liter, anti-inflammatory therapy targeting the interleukin-1β innate immunity pathway with canakinumab not only led to a significantly lower rate of recurrent cardiovascular events, but also markedly reduced incident lung cancer and lung cancer mortality, suggesting that immune-inflammatory mechanism may be a common pathophysiological basis for cancers and CVDs (Ridker, et al., 2017a; Ridker, et al., 2017b).
IMMUNE INFLAMMATORY MECHANISM IN MYOCARDIAL REMODELING
Inflammation, as a defensive response to various pathogens, is regulated by innate and adaptive immune systems. The innate immune system is a highly conserved system that operates by nonspecific mechanisms and functions as a first line of defense, mainly relying on macrophages, dendritic cells, neutrophils, circulating monocytes, granulocytes, and even some non-immune cells that adopt immunological functions as needed. In contrast, the adaptive immune system is highly specific and able to remember and effectively mount responses against previously encountered immunological threats, which relies on the ability of T and B lymphocytes.
In addition to resisting the invasion of pathogens, immune responses also participate in various CVDs. Adequate evidence elucidates that multiple types of immune cells are involved in the process of myocardial remodeling and HF, such as neutrophils, monocytes/macrophages, and lymphocytes. Neutrophils are the most abundant white blood cells circulating in the human peripheral blood, and they respond quickly to acute injuries. In ischemic cardiomyopathy, neutrophils infiltrate the infarcted myocardium and mediate tissue damage. Removal of neutrophils significantly attenuate myocardial necrosis caused by ischemia-reperfusion (Frangogiannis, 2014). Recent studies have shown that neutralization of protein S100A9, secreted by neutrophils, ameliorated Ang II-induced hypertension, ventricular hypertrophy and fibrosis, indicating that neutrophils could act as an important regulator in pathophysiological ventricular remodeling (Wu et al., 2014). In addition, some previous studies have shown that bone marrow-derived monocytes were recruited into myocardial tissue after Ang II infusion and differentiated into M1 type macrophages, which secreted various inflammatory cytokines and chemokines, promoting myocardial cells apoptosis and fibroblasts transdifferentiation (Wang et al., 2014). Wenzel et al. observed selective ablation of lysozyme M-positive (LysM) myelomonocytic cells by low-dose diphtheria toxin attenuated Ang II-induced blood pressure increase, improved vascular endothelial and smooth muscle dysfunction, reduced vascular superoxide formation and the expression of NADPH oxidase subunits gp91phox and p67phox in mice. Moreover, our previous studies found that angiotensin II (Ang II) activated AT1RPKA-proteasome pathway, which promotes degradation of IκBα and MKP-1 and activation of STAT1 and NF-κB, thereby leading to Th1 differentiation. Th1 cells are generally considered to be associated with the occurrence of various adverse cardiovascular diseases (Qin et al., 2018). In another research, Gröschel et al. reported mice lacking functional recombination activation gene 2 (Rag2), without clymphocytes, were protected during the transition from hypertrophy to heart failure following transverse aortic constriction (TAC) (Groschel et al., 2018). Currently, novel evidence has come to light that B lymphocytes may also play an essential role in the initiation and progression of HF through direct (by secreting antibodies) or indirect (by cytokines/chemokines secretion) pathways.
B CELLS BIOLOGY CHARACTERISTICS
B Cell Subgroups
B cells can be divided into two lineages, B1 cells and B2 cells. These 2 cell subsets differ considerably in ontogeny, function, location, and surface marker expression (Naradikian et al., 2016). In general, B1 cells (based on the expression of surface marker CD5, B1 cells can be further subdivided into B1a and B1b subsets) represent the vast majority of B cells in newborns, and mainly originate from fetal liver and omentum. In adults, B1 cells mainly exist in the pleural cavity and peritoneal cavity, and respond to T cell-independent antigens by secreting polyreactive natural immunoglobulin M (IgM) antibodies (Douna and Kuiper, 2016). B2 cells are produced postnatally, and represent the vast majority of B cells in adults, including a dominant population of follicular B cells and a smaller population of marginal zone (MGZ) B cells (Montecino-Rodriguez and Dorshkind, 2012). In a physiological state, B2 cells are produced in waves that parallel the waves of development of hematopoietic stem cells (HSCs), and circulate in lymphatic organs such as blood, thymus, spleen and lymph nodes. Functionally, B2 cells contribute to T-cell dependent humoral and adaptive immune responses through isotype class switching and affinity maturation (Montecino-Rodriguez and Dorshkind, 2012). In short, B1a cells don’t regenerate after birth but are kept alive by self-replication, while B1b cells and B2 cells are produced throughout life (Melchers, 2015).
B Cell Surface Markers
B cells have a variety of surface molecules, which mediate different biological functions. The B cell receptor (BCR) is generally regarded as the characteristic surface marker and one of the most important receptors for B cells to sense external environment. Its most important function is as a receptor that recognizes various extracellular antigens in response to bacterial and viral infections for conferring host defense. The CD19/CD21/CD81 complex is the B-cell co-receptors, which can strengthen B cells activation signaling. CD20 is a transmembrane phospholipid protein that appears in the stages from pre-B cells to mature B cells, and is encoded by the MS4A1 gene. Notably, in addition to being expressed in normal B cells, CD20 is also expressed in B lymphocyte-derived lymphomas, leukemias, and neoplasms involved in immune and inflammatory diseases.
B Cell Biological Function
Although B cells are traditionally known for their ability to produce antibodies, they can also perform other critical functions in the context of immune responses. B1 cells can generate natural IgM antibodies in the absence of specific stimulation, while B2 cells differentiate into plasma cells that produce high concentration of antibodies and long-lived memory B cells when the BCR is engaged by an antigen (Savage and Baumgarth, 2015). In addition, B cells could identify antigens through the BCR, internalize them for processing and present them to CD4+ T cells in the germinal centers. Moreover, B cells could secrete cytokines and chemokines, which exert a series of important biological effects. For example, B cells activate innate immune response through the secretion of IFN-γ, IL-6, and IL-17 (Shen and Fillatreau, 2015); promote CD4+ T cell polarization through both MHC-II-dependent and MHC-II-independent mechanisms; modulate the maturation and growth of lymphoid structures through secreting LTα1β2 (Shen and Fillatreau, 2015); regulate the mobilization of monocytes through production of CCL7(Zouggari et al., 2013); recruit T cell to inflamed tissue through generating PEPITEM(Chimen et al., 2015). In contrast, some B cell subsets, mainly referred to as Bregs or B10 cells, also act as negative regulators of immune response through the secretion of IL-10, IL-35, and TFG-β. These immunosuppressive B cells could support immunologic tolerance, resolve acute inflammatory response, and maintain the homeostasis of certain types of natural killer cells (Shen and Fillatreau, 2015).
THE ROLE OF B CELLS IN CARDIAC REMODELING AND HEART FAILURE
B Cells in the Naive Myocardium and Human Heart
In the naive murine heart, B cells have been reported to be the most prevalent leukocytes (Adamo et al., 2018; Bonner et al., 2012). Myocardial B cells account for almost 10% of circulating B cells which adhere to the naive heart vascular endothelium and arrest their transit when they pass through the heart. Prior studies reported that the vast majority (>95%) of myocardial B cells remain intravascular, whereas few (<5%) cross the endothelium into myocardial tissue (Adamo et al., 2020a). Ramos et al. further observed that there were two subgroups of murine B220+ (CD45R) lymphocytes in the naive cardiac muscle: a larger population of IgMhigh IgDlow cells and a smaller population of IgMlow IgDhigh cells (Ramos et al., 2017). Currently, there have been limited evidence to support the presence of B cells in normal human hearts. Data from histological analysis of autopsies indicate that B cells are present at a frequency similar to that of CD4+and CD8+ T cells in normal human hearts (Noutsias et al., 2002). Moreover, the presence of B cells in the human heart is also supported by some rare case reports of primary cardiac B cell lymphoma (Grantomo et al., 2018; Thiagaraj et al., 2018; Li et al., 2019). In human specimens, B cells have also been discovered within the pericardial fat, with a relative increase in the size of pericardial-fat-associated lymphoid clusters in patients with coronary artery disease (Horckmans et al., 2018).
B Cells and Cardiovascular Diseases
In recent years, different mouse models have been used to explore the association between myocardial B cell and CVDs, especially in these fields of ischemia reperfusion (I/R) and myocardial infarction (MI). In a I/R mouse model, Yan and his colleagues observed that the frequency of myocardial CD19+ B cells markedly increased after MI, peaking between day 5 and 7 after injury and returning to baseline soon. In addition, they found that the time course of B cell numbers in the myocardium after I/R injury differed from that observed after permanent coronary ligation, with B cells peaking in number 2 days earlier and returning to baseline faster (Yan et al., 2013). Zouggari et al. studied a mouse model of permanent coronary ligation and found that B220+ B cells infiltrated into the myocardium and localized around the infarct zone after injury (Zouggari et al., 2013). They also explored the link between B lymphocytes and adverse left ventricular (LV) remodeling for the first time. In another fundamental study about cardiac hypertrophy and remodeling, TAC surgery was reported to induce an increase in the number of myocardial CD19+ B cells at 4 weeks postoperatively (Wu et al., 2017). These findings suggest that specific subsets of cardiac B cells are model-dependent, showing different function in various models.
Currently, few studies have been performed on the role of B cells in the human heart. In a study about human acute ischemic cardiomyopathy, patients with ST-segment MI had a slight decrease in the number of circulating B220+ cells at 1.5 h after myocardial reperfusion, which was followed by an remarkable increase above pre-reperfusion levels at 24 h after reperfusion (Boag et al., 2015). A cohort analysis of 56 patients with dilated cardiomyopathy (DCM) showed that HF patients had higher percentages of CD19+ B cells and actively replicating CD19+ B cell in peripheral blood than healthy volunteers. Additionally, they found that patients with DCM also had an increase in the percentage of TNF-producing B cells, which correlated directly with indices of cardiac dysfunction and myocardial fibrosis, whereas no change in the percentage of IL-10-producing B cells compared to healthy controls (Yu et al., 2013). In another study enrolled patients with non-ischemic cardiomyopathy, the investigators discovered that patients with HF showed an increased percentage of circulating Bregs (CD19+ CD5+ CD1d+ IL-10+ cells) in peripheral blood (Guo et al., 2015). In an in vitro study, mononuclear cells were isolated from patients with DCM and cultured for 48 h. The results showed that DCM patients had a lower prevalence of IL-10-producing B cells than healthy volunteers, and reduced IL-10 production efficiency was always associated with cardiac dysfunction (Jiao et al., 2018). Overall, the limited evidence provided by human studies about the involvement of B cells in cardiovascular disease suggests that the findings in animal models may be applicable to humans (Adamo et al., 2020b).
POTENTIAL MECHANISMS OF B CELL PARTICIPATION IN CVDS
Emerging evidence indicates that B cells play a critical role in the context of myocardial adaptation to injury through various mechanisms, including antibody-mediated mechanisms and antibody-independent mechanisms. (Figure 1).
[image: Figure 1]FIGURE 1 | Potential mechanisms of B cell participation in cardiac remodeling and heart failure. ①Direct effects of anti-cardiac antibodies; ②Indirect by complement activation; ③ Antibody-independent mechanisms.
Antibody-Mediated Mechanisms Contributing to Cardiac Dysfunction and Heart Failure
Antibody-dependent mechanisms contributing to cardiac injury mainly include direct effects of anti-cardiac antibodies and the activation of the complement system following the formation of antigen–antibody complexes.
Direct Anti-Cardiac Antibodies
A recent fundamental study has observed the important role of natural IgM antibody in myocardial I/R injury and identified a specific clone of B1 cells which could generate a type of natural antibodies that promote myocardial damage (Zhang et al., 2004; Zhang et al., 2006). Another study about myocardial I/R injury also showed that coronary artery ligation produced myocardial infarction (MI) and depressed ejection fraction, while these adverse effects were markedly reduced in Ig-deficient mice, indicating that antibodies play an important role in the development and progression of cardiac remodeling and heart failure (Keppner et al., 2018). In animal model, antibodies against specific cardiac proteins have also been shown to be sufficient to lead to cardiomyopathy (Matsui et al., 1997). For example, antibodies against troponin I were found to produce severe dilated cardiomyopathy in PD-1-deficient mice (Okazaki et al., 2003). Another cohort study identified anti-desmoglein-2 (Anti-DSG2) antibodies as a sensitive and specific biomarker for arrhythmogenic right ventricular cardiomyopathy (ARVC). In humans, the level of anti-DSG2 antibodies correlated with the burden of premature ventricular contractions; In vitro, the antibodies caused gap junction dysfunction, which was a common feature of ARVC. Anti-DSG2 antibodies likely explain the cardiac inflammation frequently identified in ARVC and may represent a new therapeutic target (Chatterjee et al., 2018).
A histological analysis of human myocardial tissue with end-stage HF showed immunoglobulin G (IgG) deposition was found in up to 70% of heart tissue samples (Youker et al., 2014). Almost 50% of biopsies were IgG3-positive, with a smaller proportion of C3c deposition stained positive. The presence of IgG3 and C3c in the myocardium has been proven to correlate with the duration and severity of HF(van den Hoogen et al., 2019). Moreover, both left ventricular diastolic dysfunction and end-stage HFrEF patients showed elevated levels of circulating IgG1 and IgG3, suggesting there was an antibody-mediated immune response in cardiac remodeling (van den Hoogen et al., 2019).
The Effects of Complement on Myocardial Injury
The complement system is an important component of innate immune responses, and can be activated through three pathways during HF. Classical pathway is initially activated by IgM or IgG antigen/antibody complexes, and induces the formation of the Membrane Attack Complex (MAC) through a series of cascade reactions (Nesargikar et al., 2012). Alternative pathway means that the complement system is activated by direct binding of bacteria and yeast independent of antibody interaction (Nesargikar et al., 2012). Lectin pathway is the most recently discovered one that is capable of activating the complement system. The initiating molecules for this pathway are collectins (mannose-binding lectin and ficolin), which are multimeric lectin complexes (Nesargikar et al., 2012).
In recent years, there has been sufficient evidence to demonstrate that the complement system participates in the development of HF. In murine sepsis models, C5a, an important protein molecule of the complement system, has been verified to play an essential role in inotropic dysfunction via C5aR-mediated signaling pathway (Niederbichler et al., 2006). In a murine model of hypertension, blocking C5a receptors with inhibitors mitigated cardiac hypertrophy and perivascular fibrosis, and remarkably improved cardiac function, indicating that C5a was deeply involved in adverse cardiac remodeling (Zhang et al., 2014). Moreover, C5a is an effective chemokine that attracts a variety of bone marrow derived inflammatory cells to sites of injury and activates pro-fibrotic process through modulating TGF-β/Smad2/3 signaling pathway in the heart (Nesargikar et al., 2012; Zhang et al., 2014). In addition to C5a, C5b-9, the MAC complex, has also been shown to be closely associated with HF. C5b-9 has been proved to induce tumour necrosis factor-α (TNF-α) expression in cardiomyocytes, which contributes to cardiomyocyte hypertrophy, fibrosis, and apoptosis (Zwaka et al., 2002). All of these pathophysiological processes are critical components of injury in HF(Torre-Amione et al., 1996; Yu et al., 2013). Additionally, in a cohort study, compared with healthy volunteers, patients with HF exhibited increased circulating levels of complement activated cleavage end product C5b-9, which were tightly associated with disease severity (Wang and Cai, 2020).
Antibody-Independent Mechanisms Leading to Cardiac Injuries
In addition to acting through antibodies and complement, activated B cell could secrete cytokines and chemokines to directly modulate cardiac function and induce cardiac remodeling. B cells have been shown to be directly involved in cardiac remodeling through up-regulating cytokines of TGF-β and IL-6, and be responsible for maintaining a harmful inflammatory environment through production of TNF-α, IL-1β and IL-6 (Garcia-Rivas et al., 2020). TNF-α-secreting B cells in DCM patients were associated with increased cardiac fibrosis, as confirmed by late gadolinium enhancement on cardiac magnetic resonance imaging and elevated serum type iii pro-collagen levels (Yu et al., 2013).
B cells also exert biological effects by altering cardiac function through the secretion of chemokines. A recent study reported that mature B lymphocytes selectively produce chemokines CCL7, which can induce Ly6Chi monocyte mobilization and recruitment to the heart, leading to worsened tissue injury and deterioration of myocardial function in a mouse model of ischemia-reperfusion injury (Zouggari et al., 2013). In this study, genetic (Baff receptor deficiency) or antibody-mediated (CD20-or Baff-specific antibody) depletion of mature B cells impeded CCL7 production and monocyte mobilization, reduced cardiac injury and improved heart function. The authors further found that the circulating concentrations of CCL7 and BAFF in patients with acute myocardial infarction were markedly higher compared to healthy controls, and elevated levels of CCL7 and BAFF always predicted an increased risk of death or recurrence of myocardial infarction (Zouggari et al., 2013). In another study on acute kidney injury, the researchers also found that B cells produced chemokine CCL7, with the potential to facilitate neutrophil and monocyte recruitment to the injured kidney, aggravating renal impairment. CCL7 blockade in mice markedly reduced myeloid cell infiltration into the kidney and ameliorated acute kidney injury (Inaba et al., 2020).
ANTI-CD20 MEDIATED B CELL DEPLETION AS A THERAPEUTIC STRATEGY FOR HEART FAILURE
In cancer patients, the capacity of immune system to detect and eliminate malignant cells is dramatically impaired. Immunotherapy aims at retraining the affected immune system and restoring their anti-cancer functions (Lobenwein et al., 2021). In recent years, a large number of studies have shown that compared with traditional chemotherapy approaches, immunotherapy drugs have shown significant effects in improving overall survival, and have gradually become an important pillar of systemic treatment for various cancer types (Waldmann 2003; Pardoll 2012). As an important immunotherapy drug, monoclonal antibodies aim to disrupt the essential activities of tumor cells and cancer immune evasion in order to increase apoptosis and immune recognition of cancer cells. The new drug could inhibit tumor growth and metastasis by targeting specific receptors that are crucial for signaling pathways in dysregulated cancer cells and immune cells (Waldman et al., 2020). CD20 is an atypical tetraspanin expressed only on mature B cells and becomes a clinical target for the treatment of B-cell lymphoma. Rituximab is a CD20-targeted monoclonal antibody that binds to CD20 molecules and kills tumor B-cells through antibody-dependent cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Mechanistically, rituximab crosslinks the CD20 receptor present on most B cells, leading to FcγR-mediated B cell depletion (Uchida et al., 2004). FcγRs are present on cardiac fibroblasts and cardiomyocytes, and FcγR signal transduction promotes cardiomyocyte fibrosis by activating the apoptotic pathway, reduces calcium transients and cell shortening, and induces cardiomyocyte apoptosis (Staudt et al., 2007; Haudek et al., 2008; Keppner et al., 2018).
In clinical practice, CD20 depleting agents are not only approved for B cell-related cancers, but also increasingly used on- and off-label for autoimmune diseases, such as rheumatoid arthritis (RA), multiple sclerosis (MS) and systemic lupus erythematosus (SLE) (Cang et al., 2012). Clear evidence that B cell depletion may be effective for autoimmune therapy comes from an MS study which showed rituximab treatment can increase remission rates and reduce the development of new lesions (Hauser et al., 2008). Orrelizumab, another CD20-specific cytolytic antibody, has also been shown to be suitable for the treatment of patients with relapsed or primary progressive forms of MS(Boz et al., 2019; Sabatino et al., 2019; Fox et al., 2021). In addition, studies in mouse models of Type 1 Diabetes Mellitus (T1DM), MS, and RA have also shown the protective effect of B cell depletion, which is consistent with an increasing number of highly suggestive studies (Serreze et al., 1998; Yanaba et al., 2007; Matsushita et al., 2008). In short, CD20 targeted monoclonal antibodies provide excellent efficacy in the treatment of both B cell derived tumors and autoimmune diseases.
In addition to anti-tumor and anti-autoimmune diseases, anti-CD20 treatments have been found to exert beneficial effects on cardiac remodeling and HF. Using a TAC pressure overload model of myocardial hypertrophy, Ma et al. found administration of rituximab markedly improved heart function, and suppressed heart chamber dilation, myocyte hypertrophy, fibrosis and oxidative stress through regulating calcineurin A, ERK1/2, STAT3, TGFβ/Smad2/3 and IKKα/β/NF-κB signaling pathways, suggesting that rituximab may be a promising drug for treating hypertrophic disease (Ma et al., 2019). In a mouse model of ischemia-reperfusion injury, researchers observed that the mice treated with anti-CD20 monoclonal antibodies had reduced cardiac adverse LV remodeling and improved cardiac function following permanent coronary artery ligation of the left anterior descending artery (Zouggari et al., 2013). Moreover, Tschope et al. presented a case series of six patients with subacute and chronic endomyocardial biopsy-confirmed CD20+ B-lymphocyte-associated DCM treated with standard HF therapy in combination with rituximab. Of these, five DCM patients improved clinically several weeks after receiving a standard infusion protocol with rituximab, as indicated by decreased NYHA functional class, improved left ventricular ejection fraction, and reduced B-cell infiltration in endomyocardial biopsies (Sanchez-Trujillo et al., 2019). Based on these encouraging data, small-scale clinical trials investigating the effect of B cell depletion in the context of heart failure with reduced ejection fraction are being planned (ClinicalTrials.gov Identifier: NCT03332888) (44), and clinical trials in patients with ST-segment myocardial infarction are ongoing (ClinicalTrials.govmIdentifier: NCT03072199) (Sanchez-Trujillo et al., 2019).
There is also some literature supporting other B cell-targeting therapies. In a basic study, using a pressure overload mouse model induced by Ang II-infusion, the researchers found that administration of monoclonal antibodies targeting CD22, another important molecule present on the surface of B cells, led to decreased myocyte hypertrophy and myocardial fibrosis, as well as reduced concentrations of inflammatory cytokines, such as IL-1β and TNF-α(Cordero-Reyes et al., 2016). Belimumab, BAFF-specific antibody, specifically targets the BAFF receptor and acts as an effective B cell depleting agent. Currently, Belimumab is mainly used for the treatment of resistant SLE in adults, showing excellent efficacy in reducing flares and overall disease activity when combined with standard therapy (Blair and Duggan, 2018). Additionally, the most established agents targeting BCR signaling are Bruton tyrosine kinase (BTK) inhibitors and PI3K isoform-specific inhibitors, and their introduction into the clinic is rapidly changing the treatment of B-cell malignancies (Burger, 2019). In the future, BTK inhibitors and PI3K isoform-specific inhibitors could provide another therapeutic possibility for H, although there may be some controversy.
CONCLUSION
While most attention has been paid to the cardiovascular toxicity associated with anti-tumor therapy, some drugs have also shown great cardioprotective effects. Anti-CD20 agents have been preliminarily proved to improve left ventricle function in patients with refractory DCM, suggesting that B cells play a prominent role in cardiac remodeling and HF. Mechanically, B cells promote cardiac injuries through antibody-dependent and antibody-independent pathways. Notably, the specific B-cell subpopulation mediated myocardial damage needs to be further verified in the future research, as this would support trials of more specific therapeutics. Overall, it would be of great significance to identify the excellent cardioprotective effects of certain anti-tumor medications and apply them to the treatment of vascular diseases.
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Objective: Radiation-induced heart damage (RIHD) is becoming an increasing concern due to offsetting clinical benefits of radiotherapy to a certain extent. Pyrrolidine dithiocarbamate (PDTC) as an antioxidant has been implicated in cardioprotective effects. We aimed to investigate whether pyrrolidine dithiocarbamate could attenuate heart damage at an early stage post-irradiation and unveil the potential mechanisms.
Methods: A total of 15 adult male Sprague–Dawley rats were randomized into the control, irradiation (IR), and PDTC plus irradiation (PDTC + IR) groups. Hearts were irradiated with a single fraction of 20.0 Gy. Rats received daily intraperitoneal injection of PDTC for 14 days. At the 14th day post-irradiation, echocardiography was performed, and rats were killed. Morphological damage was examined by hematoxylin–eosin (HE) stain and Masson’s trichrome stain. The collagen volume fraction (CVF) was applied for semi-quantitative analysis. The protein levels were analyzed by Western blot and mRNA levels by quantitative real-time PCR.
Results: No significant damage to systolic function of left ventricular was induced at an early stage post-irradiation. HE staining of cardiac tissue showed that the disordered arrangement of myocardial cells and abnormal cell infiltration were alleviated in the PDTC + IR group. The increased CVF in the irradiation group was inhibited in the PDTC + IR group (22.05 ± 2.64% vs. 9.99 ± 1.65%, p < 0.05). The protein levels of nuclear factor-kappa B (NF-κB), hypoxia-inducible factor-1α (HIF-1α), and COL-1 were downregulated after treatment with PDTC (p < 0.05), and there was a declining trend in the protein of the connective tissue growth factor (CTGF). The mRNA expression of NF-κB and HIF-1α in the PDTC plus irradiation group was lower than that in the irradiation group (p < 0.05), and there was a declining trend in the mRNA expression of the connective tissue growth factor and COL-1.
Conclusion: PDTC alleviates myocardial cell disordered arrangement, abnormal cell infiltration, and pro-fibrotic change at an early stage in rats with radiation-induced heart damage. Such a protective effect is closely associated with the downregulation of NF-κB.
Keywords: acute radiation-induced heart pro-fibrotic damage, left ventricular function, nuclear factor-kappa B, pyrrolidine dithiocarbamate, hypoxia-inducible factor-1α, connective tissue growth factor
1 INTRODUCTION
A total of 2 million new cancer patients are diagnosed per year, and improvements in cancer therapies have increased cancer survivors (Survivorship, 20192019). Among these survivors, cardiovascular disease is the leading cause of non-cancer-related mortality (Mehta et al., 2018). Detrimental effects on the cardiovascular system related to cancer treatments are a clinical challenge for cardiologists and oncologists. Radiotherapy may cause damage to both acute and chronic epicardial coronary artery and microcirculatory as well as fibrotic changes in the valve or pericardium (Chang et al., 2017). Pericarditis and pericardial effusions are the early-onset side effects that develop within weeks, while others have a late onset, often 10–20 years after treatment such as valvular heart disease and heart failure (Hufnagle et al., 2021). The mechanisms of radiation-induced cardiac damage are complicated, multi-factorial, and under-recognized, initial inflammation or oxidative stress and subsequent fibrosis seem to be the potential events (Ping et al., 2020). Accumulating evidence generally indicates that the main pathological manifestation of radiation-induced heart damage (RIHD) is myocardial fibrosis, and that radiation-induced heart fibrosis is usually considered as chronic manifestation. So far there are no approaches to reverse RIHD (Boerma 2012; Gürses et al., 2014). The administration of a palladium lipoic acid complex (POLY-MVA) mitigated the damage of radiation to mitochondria. Nonetheless, POLY-MVA did not mitigate adverse cardiac remodeling at 18 weeks after rats were exposed to the local heart with X-rays (Sridharan et al., 2017). Therefore, it is necessary to explore the pathogenesis of RIHD and find an effective intervention against RIHD at an early stage.
Recently, we demonstrated that radiation-induced myocardial fibrotic change could be observed as early as 14 days after exposure to irradiation, and the mechanisms might be attributed to the activation of oxidative stress and endoplasmic reticulum stress (Wang et al., 2016). NF-κB is considered as a redox-sensitive transcription factor and a regulator of the inflammatory process (Han et al., 2013; Sies et al., 2017). The p65/50 heterodimer is a common pattern of NF-κB, which exists in the cytoplasm as an inactive component bound to the inhibitor of κB alpha (IκB α). Once activated, the protein of IκB is phosphorylated and ubiquitinated, subunits of the NF-κB including p65 and P50 are released. NF-κB classical pathway activation is mainly marked by the formation of P50 and P65. Studies have also showed that ionizing radiation could induce NF-κB activation (Meng et al., 2003), and in the experimental studies of tumor cells, the activation of the NF-κB pathway was also confirmed (Cataldi et al., 2003; Lam et al., 2015). However, evidence of the role of NF-κB in acute RIHD is lacking. Irradiation could induce a reduction in the myocardial micro-vessel density (Sridharan et al., 2017) and subsequent myocardial ischemia and hypoxia. NF-κB increased the HIF-1 mRNA expression as an important factor, and this was followed by transcription of some pro-inflammatory genes (Korbecki et al., 2021). Hypoxia-inducible factor-1α (HIF-1α) is also one of the classic factors which can lead to fibrosis and upregulates the expression of many fibrosis-related genes, such as the connective tissue growth factor (CTGF) and transforming growth factor-β1 (TGF-β1). CTGF can increase the synthesis of fibrosis-related factors, such as collagen type I, and accelerate the proliferation of fibroblast (Zhou et al., 2013). Whether NF-κB, HIF-1α, and CTGF were activated at the acute stage of RIHD and participated in the process of radiation-induced myocardial fibrosis remains unexplored.
PDTC, an oxidant and an inhibitor of NF-κB, could inhibit cardiac inflammatory response, relieve ventricular remodeling, maintain normal tissue structure, and protect cardiac function in the rat’s model with hypertension and myocardial ischemia (Theuer et al., 2002; Cau et al., 2015). There are very few reports about the effect of PDTC on RIHD, especially at an early stage post-irradiation. The most important finding in our previous data was that radiation-induced heart damage at a very early stage could be inhibited. We previously reported that chronic intermittent hypobaric hypoxia (CIHH) treatment prior to irradiation alleviated the early myocardial fibrosis by inhibiting oxidative stress and endoplasmic reticulum stress (Wang et al., 2016). Evidence of the protective effect of PDTC on RIHD is unavailable, and it is worth exploring whether PDTC could exert cardiac protection by the downregulation of NF-κB.
Here, we asked whether PDTC could alleviate RIHD in a rat model at an early stage and sought to investigate and delineate the putative cellular mechanism. Our data indicated that PDTC attenuated morphological damage and pro-fibrotic cardiac changes at an early stage in rat hearts subjected to irradiation, most likely via the inhibition of NF-κB, HIF-1α, and COL-1, providing a potentially clinical strategy to attenuate RIHD.
2 MATERIALS AND METHODS
2.1 Animals
A total of 15 adult male Sprague–Dawley rats aged 10 weeks, weighed 200–250 g were obtained from the Experimental Animal Center of Hebei Medical University (Shijiazhuang, China), with Guide for the Care and Use of Laboratory Animals, and it was approved by the Animal Care and Ethical Committee of Hebei Medical University. All rats were randomized into three groups: control, irradiation, and PDTC plus irradiation. The program was approved by the Animal Care and Ethical Committee of Hebei Medical University. Animals were synchronized for a 12:12-h light–dark cycle (lights on at 8 am and lights off at 8 pm), housed individually, and allowed to move freely in standard plastic cages in a climate-controlled room (22 ± 1°C). Food and water were provided ad libitum.
2.2 Pyrrolidine Dithiocarbamate Treatment
PDTC (p8765-5G, SIGMA, United States) was dissolved in physiological saline (0.9%) on the experiment day. In the PDTC plus irradiation group, rats received an intraperitoneal injection of PDTC at a dosage of 120 mg/kg 30 min prior to radiation and continued to receive the daily injection until the 14th day after radiation when cardiac tissue was harvested. Rats in control and irradiation groups were administrated with the corresponding volume of normal saline (Figure 1).
[image: Figure 1]FIGURE 1 | Schedule of the experiment. Hearts of rats were irradiated with a single fraction of 20.0 Gy (black lightning bolt). PDTC (red arrow) or normal saline (black arrow) was intraperitoneally administrated at the dosage of 120 mg/kg 30 min prior to irradiation and continued to receive the daily injection until the 14th day post-irradiation.
2.3 Irradiation treatment
Rats were anesthetized with 10% chloral hydrate (0.35 ml/100 g) and were irradiated with a single fraction of 20.0 Gy from a precise type medical high-energy linear accelerator (Elekta Corporation, Sweden) operated at 6 MV X-ray and with a dose rate of 1.87 Gy/min. Radiation was delivered locally to rat hearts using parallel opposed fields (anterior:posterior 1:1) with a diameter of 19 mm, while the rest of the rat body parts was shielded with lead plates (Figure 1).
2.4 Left Ventricular Function Measurement In Vivo
At the 14th day after irradiation, echocardiography was used for heart wall dimension measurements and to measure left ventricular ejection fraction (LVEF) by a well-trained investigator. The study measured the LV diastole and systole according to the main laws of the American Society of Echocardiography (Lang et al., 2015). Echocardiography was performed with a high-frequency transducer probe (VisualSonics MS400, FUJIFILM VisualSonics, Inc. Toronto, Canada, with a frequency range of 18–38 MHZ). Initially, the rats were anesthetized with 3% isofurane (80% oxygen) and placed supinely on an electrical heating pad (37°C). During examination, the isofurane concentration was reduced to a minimum (1–2%) to obtain constant and comparable heart rates shown by ECG. Additionally, prewarmed ultrasound gel was applied to reduce cold stimulation to small animals. Interventricular septum and para-sternal short-axis images were acquired. Conventional indicators were measured from the LV M-mode in short-axis view for three consecutive cardiac cycles and then averaged; these indicators included the LV wall thickness, diameter, fractional shortening (FS [LV end-diastolic diameter−LV end-systolic diameter]/LV end-diastolic diameter×100), and ejection fraction (EF [LV end-diastolic volume−LV end-systolic volume]/LV end-diastolic volume×100).
2.5 Histological Evaluations
2.5.1 Hematoxylin–Eosin (HE) Staining
At the 14th day after irradiation, cardiac tissues were harvested, and morphological changes in myocardial cells and interstitial were observed via HE staining. Hearts were dissected rapidly from the mediastinum and placed in 10% buffered formaldehyde for 24 h. An average of 3- to 4-mm-thickness longitudinal tissue slices showing the four chambers of the heart were taken after following the routine tissue processing. Sections (5 μm thick) were stained using hematoxylin and eosin for general tissue characterization. The nucleus of a normal myocardial cell was stained blue, and the cytoplasm was stained red. Fibroblast cells were distributed among the myocardial cells. The nucleus of a normal fibroblast cell was stained dark blue, and the cytoplasm was stained red.
2.5.2 Masson’s Trichrome Stain
Total collagen accumulation was determined by preparing tissue sections with Masson’s trichrome stain, and collagen volume fraction (CVF) was applied for semi-quantitative analysis of myocardial collagen (Wang et al., 2016). Briefly, the myocyte and collagen were stained red and green, respectively, with Masson’s trichrome staining. CVF was applied for semi-quantitative analysis of myocardial collagen via an image processing system (Motic Med 6.0, Xiamen, China). Interstitial CVF was calculated as the area occupied by the green-dyed tissue, divided by the total myocardial area under direct vision. For each animal, five microscopic fields were examined, and the average of CVF was computed.
2.6 Determination of Nuclear Factor-Kappa B, Hypoxia-Inducible Factor-1α, Connective Tissue Growth Factor, and COL-1 Protein via Western Blot
At the 14th day after irradiation, rat heart tissue was harvested, snap frozen, crushed in liquid nitrogen, and then weighed. The tissue powder was homogenized with ice-cold Roche buffer with protease inhibitors (300 μl), and then was centrifuged at 20,000 g for 15 min at 4°C. The supernatant was collected to detect the protein level by BCA assay and diluted to the same concentration by thoroughly mixing with lysis buffer and loading buffer based on the concentration determined. SDS-PAGE was performed on 10% gradient gels. Samples, each containing 20 μg of protein, were added in the same amount of the sample-loading buffer. After electrophoresis, proteins were transferred to a polyvinylidene difluoride membrane and were blocked with 5% skim milk TBST buffer. Blots were incubated with primary antibodies overnight at 4°C and incubated with horseradish peroxidase-conjugated secondary antibody (EarthOx, Millbrae, CA). The signal was detected using the Clinx chemiluminescence’s system (Shanghai, China). Primary antibodies P50 (ab32360, Abcam, United States), P65 (ab7970, Abcam, United States), HIF-1 alpha (sc-10790, SANTA CRUZ Biotech Corp, United States), CTGF (ab6992, Abcam, United States), COL-1 (COL1A antibody) (sc-59772, SANTA CRUZ Biotech Corp, United States), and beta-actin (Bioworld Technology Corporation) were used for Western blot analysis. The best concentration of primary antibody (P50:1:1,000; P65: 1:400; HIF-1 alpha: 1:100; CTGF: 1:1,000; COL-1: 1:400; and β -actin:1:5,000) were determined.
2.7 Detection of Nuclear Factor-Kappa B, Hypoxia-Inducible Factor-1α, Connective Tissue Growth Factor, and COL-1 mRNA via Quantitative Real-Time Polymerase Chain Reaction
On the 14th day after irradiation, to assess the mRNA levels of NF-κB and the downstream pathway, 50 mg of myocardial tissue were harvested, snap frozen, crushed in liquid nitrogen, and then weighed. Total RNA was extracted using an RNeasy Mini Kit (Qiagen, CA). RNA levels were quantified using 1 μl of each sample, and the process was repeated twice. The first strand cDNA was synthesized from 1 μg of each total RNA sample using reverse transcriptase. The temperature protocol for cDNA reverse transcription reactions was as follows: 25°C for 5 min, 50°C for 15 min, and 85°C for 5 min, and then the cDNA sample was frozen at −20°C. Primer Premier 5.0 (Premier Corporation, Canada) was used to design primers (sequences in Table 1). The primers were frozen at −20°C. PCR for each gene was performed with an Applied Biosystems QuantStudio 6 Flex fluorescent quantitative PCR instrument and SYBR Green I, and the amplification and melt curves were obtained. The thermal cycler protocol for all PCR reactions was as follows: 95°C for 2 min, 95°C for 15 s, and 60°C for 1 min for a total of 42 cycles. The 2-△△CT method was used for relative quantitative analysis, and the difference among the samples was detected.
2.8 Statistical Analysis
Data were analyzed by Statistical Product and Service Solutions (SPSS) version 22.0 statistical software (IBM Co., Armonk, NY, United States). First, a normality test was conducted, and one way analysis of variance (ANOVA) was adopted for comparisons in three groups. The non-normality test was compared by using the rank sum test. When the homogeneity of variance was assumed, the LSD method was used for pairwise comparison, and if not, Dunnett’s C test was used for pairwise comparison. Data were expressed as mean ± standard error. The criterion for statistical significance was p < 0.05.
3 RESULTS
3.1 No Significant Damage to Systolic Function of Left Ventricular Was Induced by Irradiation at a Very Early Stage
The evaluation of left ventricular function was performed at the 14th day after the irradiation injury. Electrocardiograph of the short axis view of the M-mode in rat hearts was shown with the interventricular septum image (Figure 2A) and para-sternal short axis view (Figure 2B). LVEF and LVFS are commonly used to evaluate the cardiac systolic function. Both the parameters of LVEF and LVFS were lower in the irradiation group than that in the control group, but there was no significance among the groups (p > 0.05 for both, Figures 2C,D). In parallel, there was no significant difference of LVEF and LVFS between the irradiation and PDTC + irradiation groups. The results indicated that no abnormal impairment of left ventricular systolic function was detected at a very early stage in an RIHD rat model.
[image: Figure 2]FIGURE 2 | Electrocardiographs of the short axis view in M-mode in rat hearts. (A) Interventricular septum image. (B) Para-sternal short axis view. (C) LVEF of rats from each group. (D) LVFS of rats from each group.
3.2 No Significant Structural Changes Was Induced by Irradiation in Echocardiography and Pyrrolidine Dithiocarbamate-Alleviated Radiation-Induced Myocardial Morphological Change
Images of the interventricular septum (Figure 2A) and para-sternal short axis (Figure 2B) were displayed with the M-mode. The left ventricle posterior wall (LVPW) thickness at diastole and systole, interventricular septal (IVS) thickness at diastole and systole, and left ventricular internal diameters (LVID) at diastole and systole were similar between the control and irradiation groups (Figure 3B–G).
[image: Figure 3]FIGURE 3 | Effects of PDTC on myocarditis reaction (n = 5). Transverse section in the cardiac muscles of rats via HE staining for the observation of cardiac injury (×200). (A1): control group; (A2): irradiation group; (A3): PDTC + irradiation group. Arrows were abnormal cells infiltration. (B,C) show the thickness of LVPW at diastole and systole. (D,E) show the thickness of IVS at diastole and systole. (F,G) show LVID at diastole and systole.
HE staining was performed to observe the general morphological characters of myocardial tissue. Myocardial cell edema, arrangement disorder, pyknosis of myocardial nuclei, and abnormal cells infiltration could be observed after irradiation. However, the aforementioned damage was attenuated in the PDTC plus irradiation group compared with the irradiation group (Figure 3A).
3.3 Pyrrolidine Dithiocarbamate-Alleviated Radiation Induced Myocardial Pro-Fibrotic Change
Masson’s trichrome stain was performed to determine whether the pro-fibrotic change at a very early stage in rats subjected to irradiation. As shown in Figure 4A, collagen fibers in the irradiation group were more widely distributed in the myocardial interstitium than in the control group, but this increase in distribution was significantly attenuated in the PDTC plus irradiation group. The semi-quantitative analysis of Masson’s trichrome stain (Figure 4B) indicated that the collagen volume fraction (CVF) of the irradiation group was significantly higher than that of the control group (22.05 ± 2.64% vs. 3.76 ± 0.79%, p < 0.01, n = 5), but the enhancement was inhibited by PDTC treatment (9.99 ± 1.65% vs. 22.05 ± 2.64%, p < 0.05, n = 5).
[image: Figure 4]FIGURE 4 | Effects of PDTC treatment on radiation-induced myocardial fibrosis. (A) Transverse section in the myocardial of rats via Masson’s trichrome staining for the observation of cardiac fibrosis (×200). All the collagen fibers were stained blue. (A1) Normal appearance in the control group. (A2) Damage characterized by myocardial interstitial fibrosis in the irradiation group. (A3) Little of collagen deposited at myocardial interstitial tissue in the PDTC + irradiation group. (B) Quantitative analysis showing collagen volume fraction (CVF) in each group. (C) Expression of COL-1 was revealed by Western blot in each group. (D) Expression of COL-1 was revealed by qPCR in each group. n = 5 for each group. *p < 0.05 for irradiation vs. control group; **p < 0.01 for irradiation vs. control group; #p < 0.05 for PDTC + irradiation vs. irradiation group.
Similar pattern could be observed in the COL-1 protein level as detected by Western blot, which is a marker of fibrosis. The level of COL-1 protein was increased in the irradiation group compared with the control group (0.52 ± 0.05 vs. 0.32 ± 0.04, p < 0.01, n = 5, Figure 4C), but the increase in COL-1 in the PDTC plus irradiation group was much smaller than that in the irradiation group (0.36 ± 0.03 vs. 0.52 ± 0.05, p < 0.05, n = 5, Figure 4C).
Furthermore, according to Figure 4D, it showed that the level of COL-1 mRNA in the irradiation group was higher than that in the control group (2.65 ± 0.25 vs. 1.26 ± 0.24, p < 0.05, n = 5), but the increase trend of COL-1 mRNA in the PDTC plus irradiation group was slightly smaller than that in the irradiation group (1.85 ± 0.55 vs. 2.65 ± 0.25, 0.05<p < 0.10, n = 5).
3.4 Pyrrolidine Dithiocarbamate-Attenuated Radiation Induced Myocardial Inflammation and Downstream Pathway
3.4.1 Effects of Pyrrolidine Dithiocarbamate on the Nuclear Factor-Kappa B Pathway
NF-κB classical pathway activation is mainly marked by the formation of P50 and P65. The expression of P50 and P65, the two main proteins of activation of NF-κB, was analyzed using Western blot to address whether NF-κB as one of the inflammation master switch was activated by radiation. As shown in Figures 5A,B, the expression of P50 and P65 proteins in the irradiation group was significantly higher than that in the controls (0.43 ± 0.04 vs. 0.2 ± 0.03, p < 0.01 for P50; 0.68 ± 0.07 vs. 0.45 ± 0.02, p < 0.01 for P65, n = 5), suggesting the involvement of NF-κB activation in irradiation-induced heart damage. PDTC treatment inhibited the increase in the expression of both P50 and P65 induced by irradiation (0.23 ± 0.02 vs. 0.43 ± 0.04, p < 0.01 for P50; 0.51 ± 0.05 vs. 0.68 ± 0.07, p < 0.05 for P65, n = 5, Figures 5A,B).
[image: Figure 5]FIGURE 5 | Effects of PDTC treatment on the expression of NF-κB protein and mRNA in the myocardium. (A) and (B) show the expression of P50 and P65 proteins revealed by Western blot. (C) and (D) show the mRNA levels of P50 and P65 analyzed by qPCR (n = 5). *p < 0.05 for irradiation vs. control group; **p < 0.01 for irradiation vs. control group; #p < 0.05 for PDTC + irradiation vs. irradiation group; ##p < 0.05 for PDTC + irradiation vs. irradiation group.
Results of qPCR (Figures 5C,D) showed that mRNA levels of both P50 and P65 were significantly higher in the irradiation group than in the controls (1,79 ± 0.17 vs. 1.08 ± 0.16, p < 0.05 for P50; 1.98 ± 0.20 vs. 1.28 ± 0.10, p < 0.05 for P65, n = 5), but the increase in RQ was significantly decreased in the PDTC plus irradiation group (1.18 ± 0.17 vs. 1.79 ± 0.17, p < 0.05 for P50; 1.40 ± 0.07 vs. 1.98 ± 0.20, p < 0.05 for P65, n = 5), which was consistent with the results of Western blot.
3.4.2 Effects of Pyrrolidine Dithiocarbamate on Hypoxia-Inducible Factor-1α and Connective Tissue Growth Factor
Activated NF-κB increased the HIF-1 mRNA expression. HIF-1α might increase the expression of many fibrosis-related genes, such as CTGF. Therefore, it was hypothesized that the expression of HIF-1α and CTGF genes was regulated by the activated NF-κB, and they might serve as the intermediate connection to radiation-induced cardiac fibrosis. As shown in Figure 6A, the HIF-1α protein level in the irradiation group was significantly higher than that in the controls (0.31 ± 0.03 vs. 0.16 ± 0.01, p < 0.01, n = 5), but the enhancement was significantly inhibited by PDTC treatment (0.22 ± 0.04 vs. 0.31 ± 0.03, p < 0.05, n = 5). As shown in Figure 6B, the CTGF protein level in the irradiation group was significantly higher than that of the control group (0.52 + 0.05 vs. 0.32 ± 0.04, p < 0.01, n = 5), but the increase was slightly smaller in the PDTC plus irradiation group than that in the irradiation group (0.36 ± 0.03 vs. 0.52 + 0.05, 0.05< p < 0.10, n = 5).
[image: Figure 6]FIGURE 6 | Effects of PDTC on the expression of HIF-1α and CTGF proteins and mRNAs in myocardial tissue. (A) and (B) show the HIF-1α and CTGF protein levels revealed by Western blot (C) and (D) show the mRNA levels of HIF-1α and CTGF analyzed by qPCR. n = 5. *p < 0.05 for irradiation vs. control group; **p < 0.01 for irradiation vs. control group; #p < 0.05 for PDTC + irradiation vs. irradiation group; ##p < 0.05 for PDTC + irradiation vs. irradiation group.
Results of qPCR (Figure 6C) showed that HIF-1α mRNA was 2.65 ± 0.08 in the irradiation group, exhibiting an increase compared with 1.70 ± 0.23 in the control group (p < 0.01, n = 5), but the increase was dramatically inhibited by PDTC treatment (1.59 ± 0.30 vs. 2.65 ± 0.08, p < 0.01, n = 5). As shown in Figure 6D, the CTGF mRNA level in the irradiation group was 3.06 ± 0.47, a significant increase compared with 1.42 ± 0.17 of the control group (p < 0.05, n = 5); but the upward trend was slightly inhibited by PDTC treatment (1.88 + 0.55 vs. 3.06 ± 0.47, 0.05<p < 0.10, n = 5).
3.5 PPI Network Analysis
The PPI network was used to analyze the interactions among NF-κB, HIF-1α, CTGF, and COL-1 (mainly including COL-1A1 and COL-1A2) (Figure 7). There was a stepwise interaction among NF-κB, HIF-1α, CTGF, and COL-1A1 or COL-1A2.
[image: Figure 7]FIGURE 7 | PPI network was used to analyze interactions between NF-κB, HIF-1α, CTGF, and COL-1A.
4 DISCUSSION
This study was conducted to mainly evaluate the function of left ventricular systolic function in vivo, observe histological manifestations, and initially explore the putative mechanisms, and assessed the protective effects of PDTC treatment on RIHD at an early stage. First, we found that there was no significant difference in left ventricular systolic function at the 14th day after irradiation. Second, the histopathological results displayed myocardial cell edema, myocardial cell-disordered arrangement, abnormal cell infiltration, and pro-fibrotic cardiac change in irradiated hearts. Third, enhanced levels of P50, P65, HIF-1α, CTGF, and COL-1 occurred when challenged by irradiation. Finally, the most important finding was that PDTC treatment, to some extent, alleviated cardiac damage at a very early stage in locally irradiated hearts, which might be attributed to suppress NF-κB.
Our data showed that there was no significant impairment of the left ventricular systolic function in vivo at the 14th day after irradiation in rats, consistent with previous studies also showed that no change in cardiac function occurred 4 months after radiation, and the deterioration of heart function occurred 4–6 months after radiation (Boerma et al., 2008; Mezzaroma et al., 2012). Our previous finding also indicated that the basic left ventricular function of isolated rat hearts was also not impaired at the 14th day post-radiation (Wang et al., 2016). The heart had its own reserve capacity, and it might keep a relative normal function at a compensatory stage in a short time after adverse stress. Echocardiography, an assessment of cardiac function in vivo, was a non-invasive and repeatable examination. Compared with the previous detection of isolated cardiac function, echocardiography data could be similar to the performance of patients who experienced thoracic radiotherapy.
Left ventricular systolic function might not be a very sensitive index of cardiac injury at an early stage due to the cardiac reserve capacity and compensatory ability. In other words, cardiac damage might occur without the impairment of the cardiac systolic function. Therefore, we euthanized the rats and performed HE and Masson’s trichrome staining to check the cardiac morphological changes. HE staining was mainly used to observe the morphology and arrangement of cardiomyocytes. Masson’s trichrome staining was a common method to assess fibrosis in the hearts with collagen being stained green. Previous studies indicated that rats were exposed to local heart irradiation with a single dose of 18, 20, or 24 Gy and were observed for 3–6 months; alterations myocardial inflammatory infiltration and interstitial fibrosis were progressed in time-dependent and dose-dependent manners (Sridharan et al., 2012; Gürses et al., 2014). Yi et al. (2020) indicated that cardiac tissue presented disordered arrangement of myocardial cells at the 21st day after irradiation in mice. In the present study, we found disordered arrangement of myocardial cells and abnormal cell infiltration at the 14th day after irradiation, suggesting that a much earlier change of myocardial cells might have occurred. As for which kind of cell infiltration, immunofluorescence or immunohistochemistry with specific markers could be used. In parallel, we also found the onset of cardiac fibrosis based on the results of Masson’s trichrome staining and the expression of COL-1 at the 14th day post-irradiation. Above all, PDTC might alleviate myocardial cell-disordered arrangement, abnormal cell infiltration, and fibrotic change induced by radiation. Up to now, it was the first study to find that PDTC had a protective effect on radiation-induced heart damage at an early stage.
The mechanism of RIHD at an early stage was not well understood, and there were several hypotheses according to preclinical evidence. Activation of inflammatory response or oxidative stress and fibrosis has been reported (Schultz-Hector and Trott 2007; Tapio 2016; Ping et al., 2020). NF-κB is an inducer of inflammation. Weintraub and Halle revealed that NF-κB increased in the irradiated vessel areas (Halle et al., 2010; Weintraub et al., 2010). In the present study, the local heart of the rat model was irradiated, and both mRNA and protein expression of cardiac tissue were detected. As a result, NF-κB was activated. Combined with the aforementioned disordered arrangement of myocardial cells or abnormal cell infiltration and fibrosis, we speculated that perhaps there was a relationship between the disordered arrangement of myocardial cells and fibrosis. After the PPI network analysis, we hypothesized that HIF-1α and CTGF were the bridge between NF-κB and COL-1. Van Uden indicated that NF-κB directly regulated the expression of HIF-1α under the normal oxygen condition (Van Uden et al., 2008). Additionally, HIF-1α could regulate the secretion of fibrogenic cytokine CTGF, promote the synthesis of collagen type I and fibronectin, and increase the proliferation of fibroblast (Angelini et al., 2015). Preliminarily, we observed an increase in the protein and mRNA levels of NF-κB, HIF-1α, and protein of COL-1 after irradiation to the local heart in a rat model. The levels of CTGF mRNA and protein only showed a trend of attenuation by PDTC but did not reach statistical significance. One possible explanation is that there are extremely complex interactions between HIF-1α and CTGF. Haydont observed that TGF-β1 directly activated the transcription of the CTGF gene after mesenchymal cells were exposed to irradiation (Haydont et al., 2008). Vozenin-Brotons indicated that the lower concentration of TGF-β1 sustained the expression of CTGF in intestinal radiation fibrosis (Vozenin-Brotons et al., 2003). Thus, we deduced that only suppressing NF-κB might be inadequate to interfere with the transcription and expression of CTGF. Meanwhile, the results of Western blot revealed that radiation-induced COL-1 increased by irradiation, but the mRNA level of COL-1 did not reach statistical significance. Theoretically, transcription of mRNA was prior to the translation of protein, but the processes of transcription and translation had their own half-lives and occurred at different times. At the end point of the present study (at the 14th day post-radiation), transcription of COL-1 mRNA was low, but the translation of COL-1 protein was high. This finding provided a new insight into RIHD at a very early stage. Confident study on the NF-κB/HIF-1α/CTGF/COL-1 signaling pathway was regulated by the activation of NF-κB in rat myocardial cells or primary cultures in vitro experiments or transgenic animals was needed.
PDTC is an antioxidant and an inhibitor of NF-κB. PDTC played an anti-inflammatory role, which could interfere with the production of pro-inflammatory cytokines and inhibit the activation of NF-κB (Cuzzocrea et al., 2002). Practically, PDTC has been examined for its preclinical safety evaluation in the liver, brain, nerves, and fat tissues and has reached the standard of safety application (Chabicovsky et al., 2010). In a rat model with hypertension and myocardial ischemia, PDTC has been identified to inhibit cardiac inflammatory response, relieve ventricular remodeling, maintain normal tissue structure, and protect cardiac function (Theuer et al., 2002; Cau et al., 2015). In the present study, PDTC treatment might alleviate structural damage in the locally irradiated heart. Such a protective effect might be associated with the suppression of NF-κB. Taken together, these results suggested that the suppression of NF-κB, HIF-1α, CTGF, and COL-1 might be a potential mechanism for the cardiac protection of PDTC. Furthermore, due to the advantage of safe, easy application, and low cost, PDTC might be a promising agent for the clinical therapy of RIHD.
There are several limitations to be mentioned herein. First, we observed the effects of PDTC on left ventricular systolic function and cardiac inflammation and pro-fibrotic cardiac change only at the 14th day after irradiation. Therefore, long-term studies, especially up to 3–6 months, are needed. Second, we observed primary cardiac injury in rats by HE staining did not evaluate the pro-inflammatory cell infiltrate and the kind of cells are involved with specific markers. Third, we showed that NF-κB, HIF-1α, CTGF, and COL-1 might be related to the early stage of radiation-induced cardiac injury. PPI network analysis indicated that there might be a stepwise interaction between NF-κB, HIF-1α, CTGF, and COL-1A1 or COL-1A2; however, confident study that signaling expression regulated by the activation of the NF-κB/HIF-1α/CTGF/COL-1 signaling pathway regulated by the activation of NF-κB in rat myocardial cells or primary cultures in vitro experiments or transgenic animals was needed to be conducted.
5 CONCLUSION
In conclusion, this study demonstrated that radiation-induced myocardial cell edema, partial myocardial cell-disordered arrangement, inflammation infiltration, and pro-fibrotic cardiac change could be observed as early as the 14 days after irradiation in rats, but there was no significant damage to the function of left ventricular at the very early stage. PDTC treatment to some extent alleviated structural damage in the locally irradiated heart. Such a protective effect might be associated with the suppression of NF-κB. This study provides evidence that PDTC might be a potential clinical approach to address RIHD.
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Background: Doxorubicin (DOX)-induced cardiotoxicity is a highly concerning issue, and the mechanism by which DOX induces cardiotoxicity is likely to be multifactorial. NADPH oxidase (NOX) is associated with DOX-induced cardiotoxicity. Setanaxib (GKT137831), a preferential direct inhibitor of NOX1 and NOX4, can delay or prevent the progression of many cardiovascular disorders by inhibiting reactive oxygen species (ROS) generation. In this study, we investigated the role of GKT137831 in ameliorating DOX-induced cardiotoxicity and the potential mechanisms of its action.
Methods and Results: The mice model of cardiotoxicity induced by DOX was established, and GKT137831 treatment was performed at the same time. Neonatal rat cardiomyocytes (NRCMs) were treated with DOX or GKT137831 for in vitro experiments. We found that DOX administration impaired cardiac function in vivo, reflected by decreased left ventricular ejection fraction (LVEF) and fractional shortening (FS%). DOX also impaired the viability of NRCMs in vitro. In addition, DOX increased the levels of NOX1 and NOX4 expression and ROS production and the cardiomyocyte apoptosis rate, both in vivo and in vitro. GKT137831 improved cardiac function, as indicated by the increased LVEF and FS%. In vitro, GKT137831 improved NRCM viability. It also decreased ROS production and the cardiomyocyte apoptosis rate. Apoptotic indices, such as cleaved PARP (c-PARP), cleaved caspase 3 (CC3) and BAX expression levels, were decreased, and the antiapoptotic index of Bcl-2 expression was increased. DOX markedly activated phosphorylated JNK, ERK and p38 proteins in NRCMs. Specific inhibitors of JNK (SP600125), ERK (PD98059) or p38 (SB203580) inhibited DOX-induced apoptosis of NRCMs. GKT137831 pretreatment inhibited excessive DOX-induced MAPK pathway activation.
Conclusion: This study revealed that GKT137831 can alleviate DOX-induced cardiomyocyte apoptosis by inhibiting NOX1/4-driven ROS production. The upregulation of MAPK pathway induced by NOX1/4-derived ROS production may be the potential mechanism of GKT137831 action. GKT137831 may be a potential drug candidate to ameliorate DOX-induced cardiotoxicity.
Keywords: doxorubicin, cardiotoxicity, GKT137831, NADPH oxidase, apoptosis
INTRODUCTION
Doxorubicin (DOX), the most commonly used anthracycline, remains a prominent treatment in numerous types of cancers. However, dose-dependent cardiotoxicity induced by DOX became apparent soon after its widespread use in the 1970s (Von Hoff et al., 1979). The exact mechanism by which DOX induces cardiotoxicity is likely multifactorial, involving direct pathways affected by reactive oxygen species (ROS) generation (Singal and Iliskovic, 1998) and topoisomerase 2β (Zhang et al., 2012), as well as other indirect pathways.
NADPH oxidases (NOXs) constitute a group of plasma membrane-associated enzymes with the sole function of producing ROS (Altenhofer et al., 2012). The family has seven members, NOX1-5 and the dual oxidase DUOX1-2. These isoforms differ in their regulation, tissue and cellular distribution, subcellular localization and the ROS type that they produce (Elbatreek et al., 2021). NOX-derived ROS are essential modulators of signal transduction pathways that control key physiological activities (Manea et al., 2015). However, excessive and sustained release of NOX-derived ROS may play pathological roles in various diseases, including atherosclerosis (Sheehan et al., 2011; Douglas et al., 2012), hypertension (Touyz et al., 2019), diabetic kidney disease (Jha et al., 2016) and lung fibrosis (Louzada et al., 2021). Furthermore, NOX has been proposed to be involved in another potential enzymatic system leading to ROS production after DOX treatment, and NOX-derived ROS may be involved in the pathological development of DOX-induced cardiotoxicity (Zeng C. et al., 2020; Cheng et al., 2020).
Setanaxib (GKT137831) is a specific dual NOX1 and NOX4 inhibitor. Recent studies have shown that GKT137831 plays a protective role in many cardiovascular disorders. For instance, GKT137831 attenuated the development of diabetes-associated atherosclerosis (Gray et al., 2013) and prevented hypertensive cardiac remodeling and hypertrophy (Zhao et al., 2015; Zeng et al., 2019). However, studies investigating the role of GKT137831 in DOX-induced cardiotoxicity are rare.
Considering the important role of NOX in DOX-induced cardiotoxicity, we hypothesize that GKT137831 may reduce NOX1/NOX4-derived ROS production, thereby reducing ROS-induced apoptosis, and the potential mechanisms of GKT137831 action is discussed in this study.
MATERIALS AND METHODS
Reagents and Antibodies
DOX (MB1087) was obtained from Dalian Meilun Biotechnology Co., Ltd., China. Setanaxib (GKT137831), sodium carboxymethyl cellulose (CMC-Na; S6703), acetylcysteine (NAC; S1623), SP600125 (S1460), PD98059 (S1177), and SB203580 (S1076) were obtained from Selleck Chemicals (Houston, TX, United States). An In Situ Cell Death Detection kit, TMR red, for use at room temperature (RT) (cat. no. 12156792910) was obtained from Roche Diagnostics (Mannheim, Germany). A lactate dehydrogenase (LDH) assay kit (C0016), JC-1 kit (C2006), and ROS assay kit (S0033S) were obtained from Beyotime (Shanghai, China). A frozen section reactive oxygen detection kit (BB-470513) was obtained from Shanghai Beibo Biotechnology Co., Ltd., China.
Antibodies against NOX4 were purchased from Invitrogen (PA5-53304, CA, United States), and Abcam (ab133303, Cambridge, United Kingdom). An antibody against NOX1 (PA5-103220) was purchased from Invitrogen. An antibody against cardiac troponin I (66376-1-Ig) was purchased from Proteintech (Wuhan, China). Antibodies against PARP (#9542), cleaved caspase 3 (#9661), JNK (#9252), p-p44/42 MAPK (Erk1/2) (#4370), p44/42 MAPK (Erk1/2) (#4695), p-p38 MAPK (#4511), p38 MAPK (#8690), and β-actin (#4970) were purchased from Cell Signaling Technology (Shanghai, China). Antibodies against Bcl-2 (ab182858), Bax (ab32503), 4-Hydroxynonenal (4-HNE, ab46545), and p-JNK (ab76572) were purchased from Abcam.
Animal Experiments
Eight-week-old male C57BL/6J mice were obtained from ViewSolid Biotech (Beijing, China). After 1 week of adaptive feeding, the mice were randomly assigned to four groups: a control, control + GKT137831, DOX, and DOX + GKT137831 group, n = 10, 10, 20, 20 per group, respectively. To establish the DOX and DOX + GKT137831 groups, mice were injected with a cumulative dose of 20 mg/kg DOX [5 mg/kg Intraperitoneal (i.p.) injection at 0, 7, 14, and 21 days], while an equivalent volume of saline was administered by i.p. injection to the control and control + GKT137831 groups. After the first injection, the control + GKT137831 and DOX + GKT137831 group mice were treated with GKT137831 (60 mg/kg/d) by gavage, and an equivalent volume of 0.5% CMC-Na was administered to the control and DOX group mice by gavage. The mice were euthanized 6 weeks after the first injection. All animal experimental protocols complied with the Animal Management Rules of the Chinese Ministry of Health (document no. 55, 2001) and conformed to National Institutes of Health (NIH) guidelines (the Guide for the Care and Use of Laboratory Animals; NIH Publication No. 85-23, revised 1996).
Echocardiography
Transthoracic echocardiography was performed using a VisualSonics Vevo 2100 system equipped with an MS400 transducer (Visual Sonics). Anesthesia (5% isoflurane) was administered, and the mice remained under general anesthesia with continuous administration of 2% isoflurane during echocardiogram acquisition. Indices of systolic function were obtained from long-axis M-mode scans. The parameters collected included left ventricular ejection fraction (LVEF), fractional shortening (FS%), end-systolic interventricular septal wall thickness (IVSS), end-diastolic interventricular septal wall thickness (IVSD), left ventricular end-systolic diameter (LVESD), left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic posterior wall (LVPWs), and left ventricular end-diastolic posterior wall (LVPWd).
Histological Analysis
Heart tissues were harvested, washed, fixed immediately in 4% paraformaldehyde and embedded in paraffin. Five-micrometer sections were collected and subjected to hematoxylin and eosin (HE) and Masson’s trichrome staining. Immunofluorescence (IF) was performed to assess the expression of NOX1 and NOX4 after DOX treatment in vivo. To monitor oxidative stress status, frozen heart sections were stained with dihydroethidium (DHE). Transmission electron microscopy (TEM) was used to observe ultrastructural changes.
Immunofluorescence
After paraffin-embedded mouse heart section rehydration, heat antigen retrieval, 3% H2O2 treatment, 0.4% Triton X-100 (T8200; Solarbio, Beijing, China) treatment and washing with PBS, slides with the sections were blocked with 5% goat serum (SL038; Solarbio) for 30 min at 37°C, followed by overnight incubation with primary antibodies against NOX1 (1:200 dilution), NOX4 (1:200 dilution), and cTnI (1:200 dilution) at 4°C in a humid chamber. After washing, the slides were incubated with secondary antibodies (1:200 dilution, ZSGB-BIO) for 1 h at 37°C. The slides were covered with a drop of DAPI (Abcam) before being observed with a microscope (Nikon).
Neonatal Rat Rardiomyocytes Culture and Treatment
Culture of primary NRCMs was prepared as described previously (Li et al., 2014). NRCMs were incubated in high-glucose DMEM (HG-DMEM) supplemented with 8% horse serum, 5% newborn calf serum, penicillin (100 U/ml), streptomycin (100 mg/ml) and 100 μM bromodeoxyuridine. The cells were then diluted and plated in different culture dishes according to the specific experimental requirements. 24 h after plating, the culture medium was changed to HG-DMEM supplemented with 1.6% horse serum, 1% newborn calf serum, penicillin (100 U/ml), streptomycin (100 mg/ml) and 100 μM bromodeoxyuridine for another 48 h. On the fourth day after plating, experiments were initiated. In some experiments, NRCMs were treated with different concentrations of DOX for 24 h or pretreated with GKT137831 (5 μmol/L) for 1 h, NAC (10 mmol/L) for 1 h, SP600125 (10 μmol/L) for 1 h, PD98059 (10 μmol/L) for 1 h, SB203580 (10 μmol/L) for 1 h and then stimulated with DOX (2 μmol/L) for 24 h. Cells were then processed for further examination, such as IF microscopy or Western blotting.
Cell Injury Evaluation
Cell damage was assessed by determining the level of LDH from the cells with an LDH detection kit according to the manufacturer’s instructions. The absorbance of the samples was measured with a microplate reader at a wavelength of 490 nm.
Measurement of Reactive Oxygen Species
Evaluation of the level of intracellular ROS was carried out with a reactive oxygen species assay kit. Measurements were based on the manufacturer’s instructions. Cells treated with Rosup (50 μg/ml) for 20 min were used as positive controls.
Western Blot Analysis
Proteins were separated by 10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to PVDF membranes (Millipore, United States). After the membranes were blocked with 5% skimmed milk for 1 h at room temperature, they were incubated with primary antibodies against NOX4 (1:1,000), NOX1 (1:1,000), PARP (1:1,000), Bcl-2 (1:2,000), BAX (1:1,000), cleaved caspase-3 (1:1,000), 4-HNE (1:2,000), p-JNK (1:5,000), JNK (1:1,000), p-ERK (1:1,000), ERK (1:1,000), p-p38 (1:1,000), p38 (1:1,000), and β-actin (1:1,000) overnight at 4°C. The membranes were then washed with TBST, followed by incubation with the appropriate horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution; ZSGB-BIO, Beijing, China) for 1 h at room temperature. Protein bands were visualized using an Amersham Imager 680 electrochemiluminescence instrument (General Electric Company).
JC-1 Staining
Mitochondrial membrane potential (ΔΨm) was measured with a JC-1 kit based on the manufacturer’s instructions. Briefly, after removing the culture medium, the cells were rinsed with PBS, and 500 µl of fresh medium was added, and then, 500 µl of JC-1 stain was added and incubated for 20 min in a 37°C incubator with 5% CO2. Then, the supernatant was removed, and the cells were washed twice with JC-1 stain (1×). Next, we added 1 ml of fresh HG-DMEM. We then observed and photographed the cells with a laser scanning confocal microscope (LSM710; Zeiss).
TUNEL Staining
Apoptotic cells in the myocardium and the neonatal rat cardiomyocyte (NRCM) were detected by the use of a commercial DNA fragmentation detection kit (In Situ Cell Death Detection Kit, TMR red; Roche) followed by the manufacturer’s instructions.
Statistics Analysis
The results are expressed as the means ± SD. All experiments were independently repeated at least three times. Statistical comparisons between 2 groups were performed via Student’s t-test (data with normal distribution and homogeneity of variance) or Mann-Whitney test (data not normally distributed or without homogeneity of variance). Statistical comparisons between multiple groups were carried out by one-way ANOVA followed by LSD test (data with normal distribution and homogeneity of variance) or Kruskal-Wallis test followed by Dunn’s test (data not normally distributed or without homogeneity of variance). Kaplan-Meier survival analysis was completed using the Log-rank (Mantel-Cox) test. The data were analyzed using SPSS 26.0 and GraphPad Prism 8.0 software. p < 0.05 was considered to be statistically significant.
RESULTS
The Protein Levels of NOX1 and NOX4 Were Increased by Doxorubicin Both in vivo and in vitro
We first examined the effect of DOX on Nox1 and Nox4 protein expression in the mouse myocardium. As shown in Figures 1A–E, Western blot and immunofluorescence analyses demonstrated that the protein levels of NOX1 and NOX4 were significantly increased in the DOX-treated mouse myocardium, comparing with the control group. The Western blot analysis also demonstrated that the protein expression of NOX1 and NOX4 in the NRCMs was increased in a dose-dependent and time-dependent manner (Figures 1F–K) after DOX exposure. These results indicated that upregulation of NOX1 and NOX4 expression might be involved in DOX-induced cardiotoxicity.
[image: Figure 1]FIGURE 1 | The protein levels of NOX1 and NOX4 were increased by DOX both in vivo and in vitro. (A) Representative western blot analysis of NOX1 and NOX4 in myocardial tissue. (B,C) Quantification of NOX1 and NOX4 expression relative to the β-actin level (n = 6 per group). (D,E) Representative images of NOX1 and NOX4 expression in myocardial tissue detected by the immunofluorescence. The nuclei were stained with DAPI (Scale bar = 50 µm). (F) Representative western blot analysis of NOX1 and NOX4 of NRCMs treated with DOX of different concentrations for 24 h (G,H) Quantification of NOX1 and NOX4 expression relative to the β-actin level (n = 3). (I) Representative western blot analysis of NOX 1 and NOX 4 of NRCMs treated with DOX for different time. (J,K) Quantification of NOX1 and NOX4 expression relative to the β-actin level (n = 4–5). *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. NOX, NADPH oxidase; DOX, doxorubicin; cTnI, Cardiac troponin I.
GKT137831 Alleviated Doxorubicin-Induced Cardiac Dysfunction in vivo and Attenuated Diminished Cell Viability in vitro
After 6 weeks of treatment, all mice in the control group and the control + GKT137831 group survived. In contrast, 55% (11/20) mice survived in the DOX-treated group and 65% (13/20) mice survived in the DOX + GKT137831 group, and there was no significant difference between the two groups (p > 0.05, Supplementary Figure S1). As depicted in Figures 2A,B, the graph of echocardiogram data and the statistical results showed that DOX administration decreased the LVEF (EF%), FS (FS%), thickness of IVS, LVPW and increased the LVESD. Though LVEDD increased, which had no significant difference compared with the control group. GKT137831 treatment was highly effective in attenuating DOX-induced LV dilation and worsening of EF% and FS%, although GKT137831 itself exhibited little effect. In vivo, HE and Masson’s staining showed that the cardiomyocytes in the DOX-treated group were disorganized, with increased cytoplasmic vacuolization and myocardial fibrosis. Following treatment with GKT137831, DOX-induced cardiomyocyte injury was alleviated, as indicated by attenuated morphological changes and decreased cytoplasmic vacuolization and fibrosis (Figures 2C,D). In vitro, we stimulated NRCMs with DOX to determine whether pretreatment with GKT137831 attenuated diminished cell viability by detecting the release of LDH from NRCMs. Increased LDH release is conversely correlated with cell activity. As shown in Figure 2E, DOX stimulation resulted in reduced cell viability in a dose-dependent manner; however, pretreatment with GKT137831 attenuated DOX-induced cardiotoxicity (Figure 2F). These results indicated that GKT137831, a dual NOX1 and NOX4 inhibitor, may play a protective role in DOX-induced cardiotoxicity.
[image: Figure 2]FIGURE 2 | GKT137831 alleviated DOX-induced cardiac dysfunction in vivo and attenuated diminished cell viability in vitro. (A) Representative M-mode echocardiograms. (B) Echocardiographic analysis of LVEF, FS, IVSS, IVSD, LVESD, LVEDD, LVPWS, and LVPWD (n = 5–6 per group). (C,D) Representative images with HE and Masson’s trichrome staining in myocardial tissue (scar bar = 50 µm). (E) NRCMs were stimulated with DOX for 24 h and followed by LDH assay to evaluate the cell viability (n = 4). (F) NRCMs were pretreated with different concentrations of GKT for 1 h before DOX (2 μM) stimulation. The cell viability was evaluated by LDH assay (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. Echo, echocardiography; DOX, doxorubicin; GKT, GKT137831; LVEF, left ventricular ejection fraction; FS, fractional shortening; IVSS, end-systolic inter-ventricular septal wall thickness; IVSD, end-diastolic inter-ventricular septal wall thickness; LVESD, left ventricular end-systolic diameter; LVEDD, left ventricular end-diastolic diameter; LVPWS, left ventricular end-systolic posterior wall; LVPWD, left ventricular end-diastolic posterior wall; LDH, lactic dehydrogenase.
GKT137831 Ameliorated Oxidative Stress Both in vivo and in vitro
First, the Western blot analysis indicated that GKT137831 treatment could inhibit the protein expression of NOX1 and NOX4 compared with the DOX-treated group both in vivo and in vitro (Supplementary Figure S2). Oxidative stress is suggested to be the main cause of DOX-induced cardiotoxicity, thus we detected ROS levels both in vivo and in vitro. In vivo, compared with the control mice, the DHE fluorescence intensity of DOX treated mice was significantly enhanced (Figures 3A,B). Western blot-determined level of 4-HNE was also remarkably increased in the hearts of DOX-treated mice (Figures 3C,D). These effects were ameliorated by GKT137831 treatment. In vitro, a DCFH-DA fluorescence probe was used to measure intracellular ROS in the different groups. As shown in Figures 3E,F, GKT137831 pretreatment ameliorated DOX-induced ROS production, as measured by the green fluorescence intensity of DCFH-DA. All these results indicated that GKT137831 ameliorates NOX1/4-derived ROS both in vivo and in vitro.
[image: Figure 3]FIGURE 3 | GKT137831 ameliorated oxidative stress both in vivo and in vitro. (A,B) Representative images of myocardial tissue with DHE staining (scar bar = 50 µm) and fluorescence intensity analysis in different groups (n = 5 per group). (C,D) Representative images of western blotting for 4-HNE and quantifications by densitometric analysis, β-actin was used as a loading control (n = 5 per group). (E,F) Intracellular ROS generation in NRCMs was detected using DCFH-DA probe then evaluated by fluorescence microscopy (scar bar = 200 µm) and fluorescence intensity analysis. NRCMs were pretreated with GKT (5 μM) for 1 h, and then treated with DOX (2 μM) for 24 h. Rosup was used as a ROS positive control (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. Abbreviations: DOX, doxorubicin; GKT, GKT137831; DHE, dihydroethidium: 4-HNE, 4-hydroxynonenal: DCFH-DA, dichlorodihydrofluorescein diacetate; AU, arbitrary unit.
GKT137831 Alleviated Doxorubicin-Induced Mitochondrial Damage Both in vivo and in vitro
Considering that mitochondria are the major subcellular targets of DOX, we performed TEM to examine mitochondrial morphology in vivo. We found that DOX induced abnormal changes in mitochondrial structure, including irregular arrangement, swelling, vacuolated and disrupted cristae in the mouse heart. The effects were alleviated by GKT137831 treatment (Figure 4A). In vitro, JC-1 staining indicated that Δψm disruption triggered by DOX was partially restored by pretreatment with GKT137831 (Figure 4B). These results indicated that GKT137831 may alleviate DOX-induced mitochondrial damage.
[image: Figure 4]FIGURE 4 | GKT137831 alleviated DOX-induced mitochondrial damage both in vivo and in vitro. (A) Representative transmission electron microscopy image of cardiac mitochondrial ultrastructure. (B) Mitochondrial membrane potential measured with JC-1 staining (scale bar = 50 µm). CCCP was used as a positive control. DOX, doxorubicin; GKT, GKT137831; CCCP, carbonyl cyanide m-chlorophenylhydrazone.
GKT137831 Reduced Doxorubicin-Induced Cardiomyocyte Apoptosis in vivo
Excess levels of ROS can lead to activation of cell death processes such as apoptosis (Redza-Dutordoir and Averill-Bates, 2016). The proportion of TUNEL-positive cells was significantly increased in DOX-treated mouse hearts. In contrast, fewer TUNEL-positive cells were observed in the GKT137831-treated mice subjected to DOX. GKT137831 treatment itself did not affect the TUNEL-positive cells in the absence of DOX treatment (Figures 5A,C). A Western blot analysis demonstrated that the expression of cleaved PARP, BAX and cleaved caspase three was significantly increased, but the expression level of Bcl-2 was downregulated in DOX-treated hearts compared with control hearts, suggesting activation of the apoptotic pathway, and these effects were suppressed by GKT137831 treatment (Figures 5B,D–G). These results indicated that GKT137831 may ameliorate DOX-induced cardiomyocyte apoptosis in vivo by suppressing NOX1/4-derived ROS production.
[image: Figure 5]FIGURE 5 | GKT137831 reduced DOX-induced cardiomyocyte apoptosis in vivo. (A,C) Representative images of TUNEL staining in myocardial tissue (scale bar = 50 μm) and related quantification of TUNEL staining (n = 5 per group). (B) Representative western blot analysis of c-PARP, Bcl-2, BAX, and CC3 in myocardial tissue, and quantifications by densitometric analysis (D,E,F,G), β-actin was used as a loading control (n = 5–7 per group). *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. DOX, doxorubicin; GKT, GKT137831; c-PARP, cleaved PARP; CC3, cleaved caspase 3.
GKT137831 Reduced Doxorubicin-Induced Apoptosis of Neonatal Rat Cardiomyocytes
Next, we stimulated NRCMs with DOX to determine whether GKT137831 pretreatment reduced DOX-induced apoptosis in vitro. As shown in Figures 6A,C–F, pretreatment with GKT137831 attenuated DOX-induced apoptosis, which was confirmed by Western blot analysis of cleaved PARP, Bcl-2, BAX and cleaved caspase three expression. In addition, TUNEL staining revealed that pretreatment with GKT137831 significantly decreased the percentage of TUNEL-positive cells (Figures 6B,G). These results indicated that GKT137831 may ameliorate DOX-induced apoptosis in NRCMs by suppressing NOX1/4-derived ROS.
[image: Figure 6]FIGURE 6 | GKT137831 reduced DOX-induced apoptosis of NRCMs. (A) Representative western blot analysis of c-PARP, Bcl-2, BAX, and CC3 and quantifications by densitometric analysis (C,D,E,F), β-actin was used as a loading control (n = 3). (B,G) Representative images of TUNEL staining in NRCMs (scale bar = 50 μm) and related quantification of TUNEL staining (n = 3). NRCMs were pretreated with GKT (5 μM) for 1 h, and then treated with DOX (2 μM) for 24 h. *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. DOX, doxorubicin; GKT, GKT137831; c-PARP, cleaved PARP; CC3, cleaved caspase 3.
GKT137831 Ameliorated Doxorubicin-Induced Apoptosis by Inhibiting the MAPK Pathway
To test the effect of DOX on the activation of MAPK pathway, NRCMs were treated with DOX for the indicated times. As shown in Figures 7A,E–G, DOX enhanced the phosphorylation and activation of JNK, ERK, and p38 in a time-dependent manner; however, DOX treatment did not induce significant changes in the total levels of JNK, ERK or p38. When we used specific inhibitors against JNK (SP600125), ERK (PD98059) or p38 (SB203580), the levels of the apoptosis indicators cleaved PARP and cleaved caspase three were decreased (Figures 7B,H,I). As shown in Figures 7C,J, the proportion of TUNEL-positive NRCMs was markedly decreased. After pretreatment with GKT137831, the phosphorylation and activation of JNK, ERK, and p38 were decreased in DOX-treated NRCMs. To confirm that ROS can trigger MAPK pathway, NAC was used as the positive control (Figures 7D,K–M). These results revealed that NOX1/4-derived ROS participate in the activation of MAPK pathway and that GKT137831 ameliorates DOX-induced apoptosis by inhibiting MAPK pathway activation to a certain extent.
[image: Figure 7]FIGURE 7 | GKT137831 ameliorated DOX-induced apoptosis by inhibiting the MAPK pathway. (A) Time-dependent effects of DOX on activation of JNK, ERK, and p38 MAPK were evaluated by Western blot. β-actin was used as a loading control. Relative protein expression levels of p-JNK/JNK (E), p-ERK/ERK (F), and p-p38/p38 (G) were quantified (n = 3–4). (B) NRCMs were pretreated with SP600125 (JNK inhibitor) or PD098059 (ERK1/2 inhibitor) or with SB203580 (p38 inhibitor) for 1 h and then treated with DOX for 24 h (H,I) The protein expressions of c-PARP and CC3 were determined by Western blot and quantifications by densitometric analysis (n = 3–4). (C,J) Representative images of TUNEL staining in NRCMs (scale bar = 50 μm) and related quantification of TUNEL staining (n = 3). (D) NRCMs pretreated with GKT or NAC for 1 h, and then treated with DOX for 24 h (K,L,M) The phosphorylation levels of JNK, ERK, and p38 were evaluated by Western blot, and quantifications by densitometric analysis (n = 3–4). *p < 0.05, **p < 0.01, ***p < 0.001, n. s., not significant. DOX, doxorubicin; GKT, GKT137831; NAC, acetylcysteine; c-PARP, cleaved PARP; CC3, cleaved caspase 3.
DISCUSSION
DOX, the most commonly used anthracycline, plays a prominent role in many cancer treatments. Despite its potency, the clinical application of DOX is limited by its cumulative and dose-related cardiotoxicity. The exact mechanism of DOX-induced cardiotoxicity is multifactorial, and the most widely accepted hypothesis suggests that DOX is related to ROS production (Singal and Iliskovic, 1998). In the myocardium, mitochondria are the major subcellular target of DOX, and its inner membrane consists of cardiolipin, which shows a strong affinity for DOX (Goormaghtigh et al., 1986; Goormaghtigh et al., 1990). Redox cycling of DOX-derived quinone–semiquinone by the NADH dehydrogenase (complex I) of the mitochondrial electron transport chain and the Haber-Weiss reaction without enzymatic involvement are considered to be the major sources of ROS after DOX challenge (Davies and Doroshow, 1986; Berthiaume and Wallace, 2007). However, neither antioxidant nor iron chelation can completely prevent DOX-induced cardiotoxicity (McGowan et al., 2017), suggesting the complexity of the oxidative stress induced.
NADPH oxidase (NOX) is a multicomponent enzyme complex that consists of the membrane-bound subunits gp91phox and p22phox, the cytosolic regulatory subunits p47phox and p67phox, and the small GTP-binding protein Rac1 (Sumimoto, 2008). It has been proposed that another potential enzymatic system leads to ROS production after DOX treatment. The NOX complex plays an important role in enhancing superoxide production caused by the chemical interaction of DOX and NADPH (Deng et al., 2007). DOX can promote NOX activation, and a series of studies have demonstrated that NOX-derived ROS are implicated in DOX-induced cardiac apoptosis (Gilleron et al., 2009; Zhao et al., 2010). For example, gp91phox-knockout (Deng et al., 2007) or NOX2-deficient mice are resistant to DOX-induced cardiotoxicity (Wojnowski et al., 2005; Zhao et al., 2010; McLaughlin et al., 2017); Rac1 genetic deletion in cardiomyocytes and its inhibitor NSC23766 showed protection against DOX-induced cardiotoxicity (Ma et al., 2013). Therefore, targeting NOXs may be an effective way to reduce DOX-induced cardiotoxicity.
GKT137831 is a preferential direct inhibitor of NOX1 and NOX4 (Elbatreek et al., 2021). It has good pharmacokinetic properties and bioavailability with one or two daily doses administered to rodents or patients (Gorin et al., 2015; Gage and Thippeswamy, 2021). It is also well tolerated and delays or prevents the progression of a range of cardiovascular disorders. For example, GKT137831 attenuated plaque formation by inhibiting ROS generation and reducing the adhesion of inflammatory cells to the vascular wall (Gray et al., 2013); it also markedly attenuated cardiac remodeling by decreasing ROS levels (Zhao et al., 2015) and attenuated hypertensive cardiac hypertrophy by suppressing cardiac inflammation and activating Akt and ERK1/2 (Zeng SY. et al., 2020). It has also been recently tested in clinical trials focused on certain noncardiovascular disorders; for example, a phase II clinical trial with type 2 diabetes nephropathy patients (NCT02010242) and a phase II clinical trial with primary biliary cholangitis patients (NCT03226067) showed GKT137831 efficacy at several primary or secondary endpoints.
Our results showed that DOX increased the levels of NOX1 and NOX4 expression, which was accompanied by elevated ROS production both in vivo and in vitro. Moreover, DOX triggered apoptosis by increasing the levels of cleaved PARP, cleaved caspase 3, and BAX and reducing the Bcl-2 level. However, GKT137831 treatment decreased ROS generation and attenuated apoptosis. These results indicated that GKT137831 treatment can inhibit NOX1/4-derived ROS production to relieve DOX-induced cardiomyocyte apoptosis.
Then, we further explored the potential mechanism by which GKT137831 reduced DOX-induced myocardium apoptosis. ROS can trigger apoptosis via multiple mechanisms, and MAPK pathway is established redox-sensitive mediators involved in the modulation of apoptosis (Son et al., 2011; Kumar et al., 2020). In the present study, we found that DOX exposure activated MAPK pathway in NRCMs. Specific inhibitors against JNK (SP600125), ERK (PD98059) or p38 (SB203580) may abolish DOX-induced apoptosis of NRCMs, and the levels of the apoptosis indicators cleaved PARP and cleaved caspase three were decreased. GKT137831 pretreatment inhibited excessive DOX-induced MAPK pathway activation. These results indicated that GKT137831 attenuates cardiac apoptosis possibly through modulation of MAPK signaling pathway, although the precise mechanism remains to be determined.
In this study, GKT137831 was administered as a protective agent immediately after DOX exposure, and further investigations are required to address whether delayed GKT137831 intervention can attenuate established cardiomyopathy. Additional studies are also needed to determine whether GKT137831 protects against DOX-associated cardiotoxicity without compromising its antitumor effects.
CONCLUSION
Our studies demonstrated that GKT137831 can inhibit Nox1/4-derived ROS production to relieve DOX-induced cardiomyocyte apoptosis. Mechanistically, GKT137831inhibits the excessive activation of MAPK pathway induced by Nox1/4-derived ROS. Thus, GKT137831 may be a potential drug candidate to ameliorate DOX-induced cardiotoxicity.
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Doxorubicin (DOX) leads to myocardial cell damage and irreversible heart failure, which limits the clinical application of DOX. Naringin has biological functions of inhibiting inflammation, oxidative stress and apoptosis. Our aim was to investigate whether Naringin could prevent DOX-related cardiotoxicity in mice. Naringin was administered by gavage and mice were intraperitoneally injected with doxorubicin (1 mg/kg/day) for 15 days. H&E, Masson, TUNEL and others experiments were examined. NRVMs and H9C2 cells were treated with Naringin and DOX in vitro. Using IF, ELISA and Western Blot to detect the effect of Naringin and ECHS1 on cells. The results showed that Naringin could prevent DOX related cardiac injury, inhibit cardiac oxidative stress, inflammation and apoptosis in vivo and in vitro. Inhibition of ECHS1 could interfere the effect of Naringin on DOX-induced myocardial injury. Naringin may provide a new cardiac protective tool for preventing the cardiotoxicity of anthracycline drugs.
Keywords: doxorubicin, apoptosis, oxidative stress, inflammation, Naringin, ECHS1
INTRODUCTION
In recent years, with the improvement of cancer diagnosis and treatment, cancer has gradually become a chronic disease, and the survival time of cancer patients has also been prolonged. But studies show that nearly half of cancer patients die from non-cancer events, with cardiovascular disease as the leading cause of death (Howlader et al., 2010; Jemal et al., 2010).
Currently, cancer treatment-related cardiotoxicity is mainly classified into two categories: type I and type II (Moudgil and Yeh, 2016). Type I chemotherapy-related cardiotoxicity refers to the presence of dose-dependent myocardial necrosis and large area of irreversible damage in cardiomyocytes after chemotherapy, which is mainly caused by anthracycline (Khouri et al., 2012). The mechanism is mainly positive correlation with cumulative dose, but the mechanism of myocardial injury has not been fully elucidated. At present, it is believed to be related to excessive production of reactive oxygen species (Antonucci et al., 2021), lipid peroxidation (Quagliariello et al., 2019), DNA damage (Qiao et al., 2020) and accumulation of tumor suppressor proteins (Li et al., 2019).
Polyphenolic compounds (flavonoids, anthocyanins, and phenolic acids) are known for their antioxidant properties, free radical scavenging, and iron chelation properties (Balea et al., 2018). Naringin is a flavonoid that is a phenolic compound found in grapefruit and other citrus (Figure 1A). It has a variety of pharmacological and therapeutic properties, including anti-cancer, anti-inflammatory, and antioxidant effects (Raha et al., 2020). Naringin in myocardial infarction, Ischemia and reperfusion (Rajadurai and Prince, 2009), cardiac hypertrophy (Park et al., 2018) and other cardiovascular diseases play a role in cardiac protection. It has been reported that Naringin could protect doxorubicin-induced myocardial injury in rats (Jian et al., 2017), but it has not been involved in mice.
[image: Figure 1]FIGURE 1 | (A) Basic structure of Naringin (NR). (B) Schematic protocol for mice treatments showing models of exposure doxorubicin (DOX), which were performed in mice to test the efficacy of Naringin (NR).
The mitochondrial short-chain enoyl-CoA hydratase encoded by the ECHS1 gene exists in the mitochondrial matrix as a 160 kU homohexamer. ECHS1 is involved in the second step of β-oxidation of short-chain fatty acids in mitochondria. Its role is to hydrate the trans-double bond between carbon 2 and carbon 3 in trans-2,3-enoyl CoA Forms L-3 hydroxyacyl CoA (Sharpe and Mckenzie, 2018).
In this study, the protective effect of Naringin and ECHS1 on doxorubicin-induced myocardial injury was found in vivo in mice.
MATERIALS AND METHODS
Animals and Treatment
Male C57BL/6J mice (8 weeks-old) were purchased from Aisaikesi (Shenyang). The mice were randomly divided into four groups. Sham group, Naringin group, DOX group and Naringin + DOX group. The mice were administered Naringin (50 mg/kg) solution dissolved in 0.5% CMC-Na or 0.5% CMC-Na via oral gavage for 22 days and at seventh day the mice were intraperitoneal injected with Doxorubicin hydrochloride (1 mg/kg) or saline for consecutive 15 days (Figure 1B). At the end of treatment, all mice were intraperitoneally anesthetized to collect the hearts and blood samples for determining heart injury and serum biomarker levels. All procedures were approved by the Animal Care and Use Committee of Dalian Medical University.
Hematoxylin & Eosin Staining
Hematoxylin & eosin (H&E) staining were carried out according to experiment protocol. Briefly, after the mice hearts were fixed with 4% formaldehyde overnight, they were embedded in paraffin and made into 5 μm sections. The cardiac tissues transversely sectioned from middle segment were stained with H&E for the assessment of myofilament morphology and injury.
Wheat Germ Agglutinin
For the assessment of the cardiomyocyte cross-sectional area, sections were stained with 50 μg/ml WGA for 60 min, and then it was calculated by measuring 15–20 cells per slid.
Primary Neonatal Rat Ventricular Myocytes Isolation and H9C2 Treatment
NRVMs were isolated from 1-2-day-old Sprague-Dawley (SD) rats. The heart tissue was cut into pieces and washed with precooled phosphate buffer saline (PBS), and then digested continuously with 0.25% trypsin. The cells were pre-incubated with Dulbecco’s Minimum Essential Medium/F12 (DMEM/F12) containing 10% (vol/vol) fetal bovine serum (FBS) (Life-Lab, AC03L055) and 1% penicillin-streptomycin (PS). Then, the harvested cells were incubated on 100 mm2 culture dishes at 37°C with 5% CO2. H9C2 cells were obtained from American type culture collection (ATCC). H9C2 cells were cultured in the DMEM containing d-Glucose-(4.5 g/L) with 10% (vol/vol) FBS and 1% PS at 37°C with 5% CO2.
NRVMs and H9C2 cells were treated with Naringin at a dose of 50 μM in culture medium after cell generation, Doxorubicin hydrochloride was administrated at a dose of 5 μM after Naringin treatment.
Terminal Deoxynucleotidyl Transferase dUTP NickEnd Labeling Assay
TUNEL Assay kit was used to evaluate cardiac apoptosis according to the manufacturer’s protocol (US EVERBRIGHT, T6014). The apoptotic cells were visualized by fluorescence microscopy and apoptosis was indicated as the ratio of TUNEL-positive nuclei/total stained cell nuclei in five images per heart tissue.
Catalase, Malondialdehyde, Lactate dehydrogenase, Superoxide Dismutase and Glutathione-Peroxidase Kit Assay
Catalase (CAT), malondialdehyde (MDA), activities of lactate dehydrogenase (LDH), superoxide dismutase (SOD) and Total Glutathione peroxidase (GSH-Px) were measured respectively using assay kits (CAT, MDA, LDH, and SOD kits: Nanjing Jiancheng Company, China; GSH-Px kit: Solarbio, China). The absorbance was detected using EnSpire microplatereader (Tecan, Switzerland).
Quantitative Real-Time PCR Analysis
Total RNA was isolated from NRVMs or heart tissues using TRIzol (Invitrogen) according to the manufacturer’s protocol. cDNA was used for PCR amplification with gene-specific primers for cybb and nox4. First-strand cDNA was produced from 1 µg of total RNA from each sample using PrimeScript RT reagent kit according to the manufacturer’s protocol (Yeasen, 11141ES60). The mRNA levels of genes were analyzed using SYBR Green Premix on an Applied Biosystems 7,500 Fast thermocycler. actn2 was used as the endogenous control.
Table Primer sequences
Gene Forward primer (5′–3′) Reverse primer (5′–3′)
Cybb GCT​ACG​CCT​TCA​ACA​CCA​AG AGT​TCG​TCC​CCT​TCT​CCT​GT
Nox4 CGG​GAT​TTG​CTA​CTG​CCT​CCA​T TGA​CTC​CTC​AAA​TGG​GCT​TCC
Actn2 ATG​CGG​TTC​CAC​AAG​ATT​GC AGC​CCT​TCT​TTG​GCA​GAT​GTT
Immunofluorescence Staining
Immunofluorescence staining was performed to detect the expression levels of Bcl-2 (Arigo) and γ-H2AX (abcam) of the cells. After washing with PBS three times, cells were fixed with 4% paraformaldehyde for 30 min, permeated with 0.1% Triton X-100 for 15 min, and then blocked with 3% fetal bovine serum albumin. Cells were incubated with the primary antibodies (anti-Bcl-2, anti-γ-H2AX) overnight at 4°C in a humidified chamber, and then incubated with a green fluorescent secondary antibody (diluted 1:200; Beyotime) for 2 h at room temperature. At last, the slide was staining with DAPI for 10 min and added anti-fluorescence quenching agent. The images were analyzed using a Nikon microscope (Tokyo, Japan).
MitoSOX Red
MitoSOX Red Assay kit was used to detect the mitochondrial superoxide. H9C2 cells were grown till about 70% confluence and the fresh media were added before experiments. MitoSOX was added to a concentration of 5 μM according to manufacturer’s protocol. Before analysis with confocal microscope, cells were kept 30 min in CO2 incubator at 37°C. The digital images were taken by an inverted confocal laser scanning microscope.
Cell Viability and Cytotoxicity Assay
H9C2 cells were seeded in a 96-well plate and incubated with DOX for 24 h. Cell viability and Cytotoxicity assay was evaluated by Cell Counting Kit-8 (CCK8).
Western Blot Analysis
H9C2 cells were lysed with radioimmunoprecipitation assay (RIPA) buffer supplemented with PMSF (PMSF: RIPA = 1:100), and the supernatants were collected by centrifugation at 13,300 g for 15 min at 4°C. The proteins were separated by 12.5% SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes by the Bio-Rad Western blotting system. After blocking with 5% non-fat milk for 2 h at room temperature, the membranes were incubated with the primary antibodies (anti-Bcl-2, anti-β-actin) overnight at 4°C and then followed by incubation with secondary antibodies (1:2,500) for 1 h at room temperature. Protein bands were visualized using an ECL kit and Image-Pro Plus 6.0 software was applied to quantify the band intensity values.
Transfection
In the experiments with si-ECHS1 inhibition, H9C2 cells were divided into five groups: Control, NR (50 μM), DOX (5 μM), NR + DOX (50 μM), NR + DOX (50 μM)+si-ECHS1. si-ECHS1 (5′-3': GGG ACC AUA UCA CCC GGA UTT; 5′-3': AUU CCG GGU GAU AUG GUC CCT T) was transfected with LipFiter 3.0 (Hanbio) for 24 h, followed by subsequent operations.
Enzyme Linked Immunosorbent Assay
The levels of inflammation factors in heart tissue or H9C2 cells was measured using IL-1β (Elabscience, China), IL-6 (Elabscience, China) and TNF-α (Elabscience, China) ELISA kits according to the manufacturer’s recommendations, The OD is measured spectrophotometrically at a wavelength of 450 nm, the contents of IL-1β, IL-6 and TNF-α were calculated according to the standard curve.
Data Analysis
Results were expressed as mean ± standard deviation (SD). When the data were normally distributed, the difference between the two groups was analyzed by independent t-test, and the comparison between multiple groups was analyzed by one-way ANOVA. Differences were considered to be significant at p < 0.05.
RESULTS
Naringin Inhibits the Effect of Doxorubicin on Myocardial Atrophy in vivo
To demonstrate the role of Naringin in myocardial injury induced by doxorubicin. Mice were treated Naringin by gavage and then intraperitoneal injection of doxorubicin at a cumulative dose of 15 mg/kg for 2 weeks. The results showed that the heart weight and size of mice treated with doxorubicin significantly decreased, while Naringin increased the heart weight and size of mice treated with doxorubicin (Figures 2A,B). However, the heart weight/body weight ratio of mice did not different among the four groups (Figure 2C), possibly because the body weight of mice also decreased after treatment with doxorubicin (Figure 2D). The tibia length of the mice did not change, so the heart weight/tibia length (HW/TL) results were the same as the heart weight of the mice (Figure 2E). We also did WGA staining to observe the size of myocardial cells in each group. The results showed that myocardial cells in DOX group were significantly smaller, which was consistent with the results in the literature. However, after Naringin treatment, the size of mouse cardiomyocytes increased (Figure 2F). Thus, Naringin could protect the size of mouse cardiomyocytes induced by doxorubicin.
[image: Figure 2]FIGURE 2 | Naringin inhibits the effect of DOX on myocardial atrophy in vivo. (A) Heart weight of four groups. (B) H&E staining of heart sections (Scale bar 1,500 μm). (C) Effect of NR on the ratios of heart weight to body weight (HW/BW). (D) Body weight of four groups. (E) Effect of NR on the ratios of heart weight to tibia length (HW/TL). (F) Heart cross-sections were stained with WGA, (left panel). Quantification of the relative myocyte cross-sectional area with quantification analysis (right panel). ***p < 0.001 DOX versus control group; #p < 0.05, ##p < 0.01, and ###p < 0.001 DOX versus NR + DOX.
Naringin Inhibits the Effect of Doxorubicin on Apoptosis, Inflammation and Oxidative Stress in vivo
There are vacuoles of different sizes in the cytoplasm and nucleus of the denatured cells, and the cells are honeycomb or reticular. Severe denaturation, vesicle mutual fusion into a large vesicle, the nucleus hung in the center, or was squeezed in the side, cytoplasm blank, shape such as balloon. Vacuolation occurs in heart tissue from chemotherapy patients and doxorubicin-induced mice. Here, a large number of vacuolated cardiomyocytes were found in doxorubicin-induced mouse heart tissues by H&E staining, while the number of vacuolated cardiomyocytes was significantly reduced after treatment with Naringin (Figure 3A). Subsequently, we measured the degree of LDH, a marker of myocardial injury. The results showed that doxorubicin promoted the increase of LDH concentration, which was decreased after Naringin treatment (Figure 3B). Doxorubicin could induce apoptosis of cardiomyocytes. Oxidative stress is also a pathway by which cardiomyocytes are damaged by doxorubicin. We detected the concentration level of CAT, GSH-PX, MDA and SOD. They play a crucial role in the balance of oxidation and antioxidant in the organism and is closely related to the occurrence and development of many diseases. In this experiment, the concentration of CAT, GSH-PX and SOD was inhibited by doxorubicin, while the concentration of CAT, GSH-PX and SOD increased after Naringin treatment (Figures 3C–E). The concentration of MDA was increased by doxorubicin, while the concentration of MDA decreased after Naringin treatment (Figure 3F). The mRNA expression levels of oxidative stress related factors NOX2 (cybb) and nox4 were also detected. The results showed that DOX could significantly promote the expression of cybb and nox4, while Naringin inhibited this phenomenon (Figures 3G,H). Next, TUNEL assay was performed to verify whether Naringin has protective effect on doxorubicin-induced apoptosis of cardiomyocytes. The results showed that doxorubicin could indeed induce apoptosis of mouse cardiomyocytes. Naringin, on the other hand, protects cardiomyocytes from apoptosis (Figure 3I). And we examined the marker of apoptosis bcl-2 and Bax by Western Blot. The results showed that Naringin could inhibited the expression of Bax and increase the expression of Bcl-2 induced by DOX (Figure 3J). Local tissue non-specific inflammation caused by DOX chemotherapy. We examined the level of IL-1β, IL-6 and THF-α. The results showed that Naringin could inhibited the level of IL-1β, IL-6 and THF-α induced by DOX (Figures 3K–M). These results suggested that Naringin could reduce cardiac injury by inhibiting apoptosis, inflammation and oxidative stress induced by doxorubicin in vivo.
[image: Figure 3]FIGURE 3 | Naringin inhibits the effect of DOX on apoptosis, inflammation and Oxidative stress in vivo (A) Naringin protects heart from vacuolization induced by DOX. H&E staining of heart sections (left panel), with quantification analysis (right panel). (B) The content of LDH (lactic acid dehydrogenase) activity in cardiac. (C) The content of CAT activity in cardiac. (D) The content of GSH-PX activity in cardiac. (E) The content of SOD activity in cardiac. (F) The content of MDA activity in cardiac. (G) Cardiac mRNA expression level of cybb was measured by qPCR analysis. (H) Cardiac mRNA expression level of nox4 was measured by qPCR analysis. (I) Mice heart sections were conducted TUNEL staining for determination of apoptotic cells (black arrows indicate TUNEL positive cells, left panel) with quantification of apoptotic cells with quantification analysis (right panel). (J) The expression of Bax, Bcl-2 and β-actin detected by Western Blot. (K–M) The level of IL-1β, IL-6 and TNF-α detected by ELISA. ***p < 0.001 DOX versus control group; ##p < 0.01, and ###p < 0.001 DOX versus NR + DOX.
Naringin Inhibits the Effect of Doxorubicin on Apoptosis, Inflammation and Oxidative Stress in vitro
We have shown that Naringin protects against doxorubicin-induced myocardial damage in vivo. Next, we verified this conclusion in vitro experiments. First, we used CCK8 assay to test whether Naringin inhibited the cardiotoxicity of doxorubicin. The results showed that doxorubicin could inhibit the proliferation of H9C2 cells and promote their death. Naringin, on the other hand, could protect H9C2 to some extent (Figure 4A). Next, Western blot experiments were used to observe the apoptosis and ROS. The results showed DOX induced the expression of Bax and NOX2, while Naringin inhibited the expression of Bax and NOX2 induced by DOX in H9C2 cells (Figure 4B). And we used IF to detect the expression of bcl-2. The results showed DOX decreased the expression of Bcl-2, while Naringin increased the expression of Bcl-2 induced by DOX in H9C2 cells (Figure 4C). MitoSox™ Red reagent is a novel fluorescent dye that specifically targets mitochondria in living cells. MitoSox™ red reagents are oxidized by superoxide and produce red fluorescence. Next, we used MitoSox™ to observe the effects of DOX and Naringin on oxidative stress. The results showed that the mitochondria of cells induced by doxorubicin showed a large amount of red color, while the red color decreased after treatment with Naringin (Figure 4D). γ-H2AX could detect genomic damage as well as environmental and physical damage caused by cytotoxic chemicals. In this study, doxorubicin could promote the expression of γ-H2AX in the nucleus, while Naringin could inhibit this phenomenon (Figure 4E). We examined the level of IL-1β, IL-6 and THF-α. The results showed that Naringin could inhibited the level of IL-1β, IL-6 and THF-α induced by DOX (Figures 4F,G).
[image: Figure 4]FIGURE 4 | Naringin inhibits the effect of DOX on apoptosis, inflammation and Oxidative stress in vitro (A) Effect of Naringin on H9C2 cells in the presence of DOX. Cell counting kit 8-based cell viability assays show Cell viability of H9C2 cells in the presence of DOX. (B) Effects of Naringin on the protein expression levels of Bcl-2, Bax and NOX2 in H9C2 cells (left panel) with quantification analysis (right panel). (C) Naringin treatment increases Dox-Induced Bcl-2 Secretion in NRVMS, which displays representative imaging of bcl-2 immunofluorescence staining. Bcl-2 cells are in green, DAPI in blue. (D) Representative Mito-SOX fluorescence images indicate the level of mitochondrial damage (left panel) with quantification of Mito-SOX florescence intensity. (E) Representation image of IF staining of the DNA damage markers γ-H2AX (left panel). The average number of γ-H2AX foci in γ-H2AX-positive NRVMS. (F–H) The level of IL-1β, IL-6 and TNF-α detected by ELISA. ***p < 0.001 DOX versus control group; ##p < 0.01, and ###p < 0.001 DOX versus NR + DOX.
Inhibition of ECHS1 Interferes the Effect of Naringin on Doxorubicin-Induced on Apoptosis, Inflammation and Oxidative Stress in vitro
We have proved Naringin inhibits the effect of DOX on apoptosis, inflammation and Oxidative stress in vitro. Next we looked at what proteins were involved. Oxygen free radicals produced by DOX cause cell damage and could peroxidize unsaturated fatty acids. ECHS1 mutations lead to decreased fatty acid mitochondrial β-oxidation activity, thereby reducing the formation of important energy substrates (such as acetyl CoA), reducing the production of ATP, leading to energy deficiency in the catabolic state (such as fever, after viral infection), and increasing organs. The susceptibility to dysfunction is especially obvious in tissues and organs that rely on fatty acids and ketone bodies as energy sources (such as heart tissue) (Haack et al., 2015). So we guess whether ECHS1 plays a role in the above results. First of all, we verified that DOX could inhibit the expression of ECHS1 in tissues and cells, and after treatment with Naringin, the expression of ECHS1 increased significantly (Figures 5A–C). Next, we constructed the siRNA of ECHS1, and verified by WB that ECHS1 did interfere with the sequence effectively (Figure 5D). Finally, we transfected si-ECHS1 in the presence of both DOX and Naringin, and found that after transfection of si-ECHS1, the activity of caspase3 increased (Figure 5E), the expression of apoptosis-related protein bcl-2 decreased, the expression of BAX increased, and the expression of oxidative stress-related protein NOX2 increased (Figure 5F). The concentration of SOD was inhibited by DOX, while the concentration of SOD increased after Naringin treatment. However, the level of SOD was decreased again after ECHS1 knockdown (Figure 5G). Then we measured the degree of LDH. The results showed that DOX promoted the increase of LDH concentration, which was decreased after Naringin treatment. However, the level of LDH was increased again after ECHS1 knockdown (Figure 5H). We examined the level of IL-1β, IL-6 and THF-α. The results showed that Naringin could inhibited the level of IL-1β, IL-6 and THF-α induced by DOX. However, the level of IL-1β, IL-6 and THF-α was increased again after echs1 knockdown (Figures 5I–K).
[image: Figure 5]FIGURE 5 | Inhibition of ECHS1 interferes the effect of Naringin on DOX-induced on apoptosis, inflammation and Oxidative stress in vitro. (A) the protein expression levels of ECHS1 in heart tissue (left panel) with quantification analysis (right panel); (B) the protein expression levels of Bcl-2 in H9C2 cells (left panel) with quantification analysis (right panel); (C) representative imaging of ECHS1 immunofluorescence staining. ECHS1 cells are in green, DAPI in blue.; (D) the protein expression levels of ECHS1 after si-ECHS1 transfection; (E) the activity of caspase3 in different group; (F) the protein expression levels of Bcl-2, BAX, NOX2 and β-actin in heart tissue (left panel) with quantification analysis (right panel). (G) The content of SOD activity in H9C2. (H) The content of LDH activity in H9C2. (I–K) The level of IL-1β, IL-6 and TNF-α detected by ELISA. **p < 0.01, ***p < 0.001 DOX versus control group or si- ECHS1 versus control group; ##p < 0.01, and ###p < 0.001 DOX versus NR + DOX; $$p < 0.01 NR + DOX versus NR + DOX + si- ECHS1.
DISCUSSION
Anthracyclines are currently the most widely used anticancer drugs (Martins-Teixeira and Carvalho, 2020). As its classic representative, DOX has significant dose cumulative cardiotoxicity, which could eventually lead to heart failure with a poor prognosis and a 2-years mortality of up to 50% without treatment (Cardinale et al., 2020). Currently, there is no specific protocol to prevent DOX-induced cardiotoxicity. To standardize the treatment of heart failure caused by DOX, reduce the symptoms, improve the quality of life, and find a drug will have important clinical significance (Rochette et al., 2015).
In this study, we investigated the role of Naringin in myocardial injury induced by DOX in mice (Figure 6). Naringin has been extensively studied in cancer, rheumatic disease and a variety of cardiovascular diseases (Bai et al., 2019; Heidary et al., 2020; Yang et al., 2020), and its main mechanism is to protect cells from oxidative stress (Zhou et al., 2019) and apoptosis (Zhao et al., 2020). The pathogenic mechanism of doxorubicin is also the induction of oxidative stress and apoptosis (Hu et al., 2020; Zhang et al., 2020). The results show that Naringin did protect against DOX-induced myocardial injury, oxidative stress, and apoptosis. Naringin could increase HW/TL ratio and inhibit LDH level. Mitochondria are the centers of cell energy metabolism. Mitochondria are especially abundant in the sarcoplasm of myocardium (Cai et al., 2015), which adapts to the characteristics of continuous rhythmic contraction of myocardium. So the heart is also more vulnerable to oxidative stress. The results in this paper were the same as those reported, DOX increased oxidative stress level, decreased SOD level and increased mRNA level of oxidative stress related factors in mouse myocardium. However, Naringin could promote the increase of SOD level and reduce the mRNA level of oxidative stress related factors. So Naringin reduced the level of DOX-induced oxidative stress, which was one of the reasons for protecting the mouse heart from damage.
[image: Figure 6]FIGURE 6 | Schematic diagram of the mechanism.
Apoptosis of cardiomyocytes is also one of the causes of heart damage (Imam et al., 2018; Zhou et al., 2021). In this study, we found that DOX could promote apoptosis of cardiomyocytes, inhibit cell activity, and induce vacuolation. This result was consistent with previous studies. After Naringin treatment, the number of apoptosis and vacuolation of myocardial cells decreased. The expression levels of apoptosis-related proteins were decreased.
IL-6 is a pleiotropic cytokine, which is related to pro-inflammatory and anti-inflammatory effects. TNF-α and IL-1β are key pro-inflammatory cytokines involved in the induction of inflammatory response. Inflammation is an important mechanism that triggers DOX-induced myocardial damage. In this article, we tested the expression levels of three cytokines to prove that NR could regulate DOX-induced inflammation through ECHS1.
ECHS1 encodes for short-chain enoyl-CoA hydratase, a key component in b-oxidation. This enzyme is also involved in the isoleucine and valine catabolic pathways. Its lack of clinical manifestations include severe psychomotor developmental delay, epilepsy, neurodegeneration, dystonia, respiratory insufficiency, metabolic acidosis, and feeding difficulties. In this study, we found that DOX could inhibit the expression of ECHS1. Naringin could promote the expression of ECHS1 induced by DOX. And after interfering with ECHS1, the levels of cell apoptosis, inflammation and oxidative stress showed a tendency to increase again.
Evidence suggests that Naringin couldimprove gentamicin-induced renal toxicity and related mitochondrial dysfunction, apoptosis and inflammation in rats, and inhibit fructose production of mitochondrial ROS and mitochondrial dysfunction in cardiomyocytes (Sahu et al., 2014). Naringin reduces cardiac hypertrophy by regulating ampK-MTOR signaling pathway (Park et al., 2018). Studies have shown that Naringin inhibits cardiomyocyte apoptosis induced by high glucose by reducing mitochondrial dysfunction and regulating the activation of P38 signaling pathway (Huang et al., 2013). These studies suggest that Naringin has a protective effect on diseases by inhibiting mitochondrial dysfunction.
ECHS1 is a multifunctional mitochondrial matrix enzyme involved in the oxidation of essential amino acids such as fatty acids and valine. Lack of ECHS1 leads to mitochondrial encephalopathy (Haack et al., 2015), and ECHS1 plays an important role in maintaining mitochondrial function.
Therefore, given the critical roles of Naringin and ECHS1 in maintaining mitochondrial function, we hypothesized that ECHS1 plays a role in Naringin against DOX-induced myocardial injury.
Because Naringin is a dihydroflavone compound, which exists in natural products, there was no difference between the Naringin group and the control group after the mice were given intragastric gavage. So Naringin has the potential of clinical application.
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Doxorubicin (DOX) is one of the most common chemotherapeutic anti-cancer drugs. However, its clinical use is restricted by serious cardiotoxicity. Oleoylethanolamide (OEA), a structural congener of endocannabinoid anandamide, is the endogenous agonist of peroxisome proliferator activated-receptor α (PPARα) and transient receptor potential cation channel vanilloid-1 (TRPV1), and involved in many physiological processes. The present study aimed to determine whether OEA treatment protects against DOX-induced cytotoxicity (DIC) and gain insights into the underlying mechanism that mediate these effects. Our data revealed that Oleoylethanolamide treatment improved the myocardial structure in DOX-challenged mice by attenuating cardiac oxidative stress and cell apoptosis. OEA also alleviated DOX-induced oxidative stress and apoptosis dysregulation in HL-1 cardiomyocyte. These effects were mediated by activation of TRPV1 and upregulation of PI3K/ Akt signaling pathway. Inhibition of TRPV1 and PI3K reversed the protective effects of OEA. Taken together, our data suggested that OEA protects against DIC through a TRPV1- mediated PI3K/ Akt pathway.
Keywords: oleoylethanolamide (OEA), doxorubicin (DOX)-induced cardiotoxicity (DIC), peroxisome proliferator activated-receptor α (PPARα), transient receptor potential cation channel vanilloid-1 (TRPV1), PI3K/ akt signaling oleoylethanolamide (OEA), PI3K/ akt signaling
INTRODUCTION
Doxorubicin (DOX), a DNA topoisomerase II inhibitor, is commonly used for the treatment of a wide variety of cancers, including carcinomas, sarcomas and hematological cancers (Renu et al., 2018; Al-Malky et al., 2020). However, the clinical use of DOX is limited by cumulative cardiotoxicity, which can cause irreversible myocardial injury, manifested as a series of pathological changes including cardiomyopathy, arrhythmia, cardiac insufficiency and even heart failure in some cases (Renu et al., 2018). Although the specific regulatory mechanism of DOX-induced cardiotoxicity (DIC) remains unclear, it is thought to involve oxidative stress, fibrosis, autophagy and apoptosis dysregulation (Renu et al., 2018). To date, there are a limited number of drugs (e.g., dexrazoxane) that can be used for alleviating DIC (Seifert et al., 1994; Al-Malky et al., 2020). New therapeutic approaches that could prevent and treat DIC are still highly desired for patients.
Oleoylethanolamide (OEA) is a structural congener of endocannabinoid anandamide (Bowen et al., 2017). It is generated on-demand by small intestinal enterocytes and its production is stimulated by food intake (Fu et al., 2003). OEA can interact with different receptors in animals, including peroxisome proliferator activated-receptor α (PPARα) and transient receptor potential cation channel vanilloid-1 (TRPV1) (Ahern, 2003; Fu et al., 2003). In fact, as a drug, OEA modulates many physiological processes, including food intake, inflammation, neuro-protection, lipid metabolism and atherosclerotic plaques development via the activation of the PPARα signaling (Fu et al., 2003; Zhou et al., 2012; Yang et al., 2016; Bowen et al., 2017; Wu et al., 2019). Besides PPARα, OEA was suggested to act also as a medium-potency agonist of TRPV1 (Ahern, 2003). However, the role of TRPV1 in OEA’s actions remains less-well known.
OEA play beneficial roles in inflammation, apoptosis and oxidative stress related diseases (Pandey et al., 2009), opening up the possibility that OEA would have a therapeutic effect on DIC. In the current study, we examined whether treatment of OEA could attenuate DIC. We found that OEA significantly alleviated DOX-induced cardiac oxidative stress, cell apoptosis and tissues damage in vivo and in vitro. These therapeutic effects could be blocked by TRPV1 antagonist capsazepine and PI3K inhibitor LY294002. Our results identified OEA as a promising therapy for DIC.
METHODS
Drugs
Doxorubicin was purchased from Macklin Biochemical (Cat. #D807083). OEA (Cat. #Z130746), LY294002 (Cat. #L124970), fenofibrate (Cat. #F129682), capsazepine (Cat. #C126558) was purchased from Aladdin. GW6471 (Cat. # 11697) and nonivamide (Cat. # 25328) was purchased from Cayman chemical.
Animals and Treatments
The animal experiments were approved by the Institutes of Health and approved by the Animal Care and Use Committee of Hainan Medical University. C57BL/6 male mice (20–25 g) were purchased from the Vital River Laboratory Animal Technology Co., Ltd. Mice were group-housed in ventilated cages with controlled temperature (25 ± 1°C), relative humidity (55 ± 10%) and a 12-h day/night cycle at 20–25°C. Standard mouse chow and tap water were provided ad libitum.
The DIC model was reproduced as previously reported (Tadokoro et al., 2020). N = 6 mice for control and each DIC group. Briefly, DOX (6 mg/kg) or its vehicle was intravenously administered to mice at 9:00 a.m. at days 1, 2, and 4. Mice were intraperitoneally treated with OEA (15 or 30 mg/kg) at 2:00 p.m. (Fu et al., 2003). once daily, PI3K inhibitor LY294002 (10 mg/kg) once daily, or TRPV1 antagonist capsazepine (5 mg/kg) at 6:00 p.m. once daily for 14 consecutive days. All mice were then sacrificed at day 15 and the heart was excised and collected.
Histological Analysis
Hearts were excised, sectioned, fixed in 10% (w/v) formalin for 24 h, followed by embedding in paraffin. The specimen was embedded in paraffin, cut in 5 μm sections and stained with Masson’s trichrome, and were photographed using a digital microscope at the magnification of ×400 (Sun et al., 2020). The severity of fibrosis was determined by the previous reported method (Sun et al., 2020). Total three sections per heart were analyzed. The score was calculated from three different and nonoverlapping fields in each section, and the average value was taken for each heart. The trained operator and data analysis were blinded to the experimental groups.
Immunofluorescence
Immunofluorescence staining was performed according to standard protocols (Sun et al., 2020; Li et al., 2021). The paraffin embedded heart sections and cell slides were incubated with the following primary antibodies at 4C overnight: goat anti-8-hydroxy-2′-deoxyguanosine (8-OHdG) (Sigma, Cat. # AB5830, 1:500 dilution) and rabbit anti-caspase-3 antibody (Abcam, Cat. # ab32351, 1:500 dilution). After washing, sections were incubated with donkey anti-goat IgG 647 (Abcam, Cat. # ab150135, 1:1,000 dilution) or goat anti-rabbit IgG 555 (Abcam, Cat. # ab150078, 1:1,000 dilution) at room temperature for 2 h, and counterstained with 1 μg/ml DAPI. All fluorescence images were obtained using the Nikon Eclipse Ti-U fluorescence microscope and analyzed from five randomly selected fields by ImageJ.
TdT-Mediated dUTP Nick End-Labeling Staining
TUNEL staining was performed using the in situ Apoptosis Detection Kit (Takara Bio, Cat. # MK500) according to supplier’s protocol (Liang et al., 2020). Briefly, the paraffin-embedded heart tissue sections were deparaffinized in xylene, rehydrated in aqueous solutions with decreasing alcohol content, and digested with proteinase K at room temperature for 15 min. The slides were then incubated with the TUNEL reaction mixture at 37°C for 1 h in a humidified chamber, followed by incubation with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min.
Serum Biochemical and Immunochemical Analyses
Serum levels of cardiac troponin I (cTnI) (Nanjing Jiancheng Bioengineering Institute, Cat. #H149-2), heart-type fatty acid-binding protein (H-FABP) (Dldevelop, Cat. # DL-FABP3-Mu) and myoglobin (Dldevelop, Cat. # DL-MYO-Mu) were measured using corresponding enzyme-linked immunosorbent assay (ELISA) kits following the manufacturer’s instructions (Kalantary-Charvadeh et al., 2019). Serum creatine kinase isoform MB (CK-MB) level was measured by using a colorimetric assay kit (Sigma, Cat. # MAK116) following the manufacturer’s instructions (Kalantary-Charvadeh et al., 2019).
Thiobarbituric Acid Reactive Substances
TBARS were determined using a previous reported method (Sahu et al., 2019). Heart samples were homogenized in ice-cold potassium phosphate buffer (3 ml, 50 mM, pH 6, containing 0.32 M sucrose) for 3 min, and the mixture were allowed to react with 0.5 ml of 3% sodium dodecyl sulfate, 2 ml of 0.1 N HC1, 0.3 ml of 10% phosphotungstic acid, and 1 ml of 0.7% 2-thiobarbituric acid at 90 °C for 30 min. The mixture was extracted with 5 ml L-butanol. After a brief centrifugation, the supernatants were collected and continuously scanned at a wavelength of 515 nm excitation and 555 nm emission. The values were defined as the amount of TBARS (malondialdehyde equivalents) per Gram of heart. Malondialdehyde standards were prepared from 1,1,3,3-tetramethoxypropane.
Glutathione-S-Transferase
GST activity was determined using a fluorescent assay kit (Thermo Fisher, Cat. # EIAGSTF) following the manufacturer’s instructions (Sahu et al., 2019).
Cell Culture and Treatment
HL-1 cardiomyocytes (Sigma, Cat. # SCC065) were cultured in supplemented Claycomb Medium (Sigma, Cat. # 51800C) in an incubator at 37°C with 5% CO2 atmosphere. Adult derived primary human cardiomyocytes (Celprogen, Cat # 36044-15) were cultured in complete growth media (Celprogen, Cat #M36044-15S) in an incubator at 37°C with 5% CO2 atmosphere. Cells were plated into 12-well plate and cultured until 80% confluence. Cells were then incubated with vehicle (0.1% DMSO), OEA (30 μM), capsazepine (10 μM), GW6471 (5 μM), nonivamide (10 μM), fenofibrate (100 μM), LY294002 (10 μM) for 30 min, or TRPV1 siRNA (5′-GUU​CGU​GAC​AAG​CAU​GUA​CTT-3′, 3′-TTC​AAG​CAC​UGU​UCG​UAC​AUG-5′, 30 nM) and HiPerfect transfection reagent (Qiagen, 301704) for 18 h before challenged by 2 μM DOX. After 24 h, cells were harvested for analysis (Liu et al., 2020).
For immunofluorescence staining, HL-1 cells were cultured on coverslips under the same conditions as described above. HL-1 cardiomyocytes were fixed in 4% paraformaldehyde and 0.4% Triton X-100 (Aladdin, Cat. #T109026) for 30 min at room temperature, respectively. The cells were then washed 3 times with PBS and blocked with goat serum (Boster, Cat. # AR0009) at 37 °C for 1 h before immunofluorescence staining (Zhou et al., 2019; Sun et al., 2020).
Cell Proliferation Assay
Cell viability were measured using the cell counting kit-8 (CCK8) (Dojindo, Cat. # CK04) according to the manufacturer’s instructions (Liu et al., 2020). Cells were seeded into 96-well plates at a density of 1,000 per well and cultured under the same conditions as described above. Tetrazolium reagent (10 μl) provided from the kit was added into each well, and incubated at 37°C for 1 h. The plate was measured at a wavelength of 450 nm using a microplate reader. Percent cell proliferation was defined as the relative percentage (%) of treated cells relative to untreated control group.
Western Blot
Western blotting was performed according to standard protocols (Tadokoro et al., 2020). The following antibodies were used: rabbit anti-PI3K antibody (Abcam, Cat. # ab86714, 1:1,000 dilution), rabbit anti-p-Akt antibody (Abcam, Cat. # ab222489, 1:1,000 dilution), rabbit anti-β-actin (Sigma, Cat. # A5441, 1:50,000 dilution). As secondary agents, horseradish peroxidase-coupled goat anti-rabbit antibody was used. Bands were visualized with an enhanced chemiluminescence detection kit (Thermo, WP20005). All results were quantified using ImageJ software, with β-actin as the internal standard.
Statistical Analysis
The results are presented as the means ± SEM. One-way ANOVA was used to analyze the differences between experimental groups, followed by Tukey’s Multiple Comparison Test using GraphPad Prism 9.0 software. In all cases, p < 0.05 was considered to indicate a statistically significant difference.
RESULTS
OEA Alleviates DOX-Induced Cardiotoxicity in Mice
We first assessed the potential protective effects of OEA on DIC. As shown in Figure 1A, Masson staining revealed that DOX challenge increased the degree of myocardial fibrosis, while OEA reduced the formation of fibrosis foci in the mice heart (Figures 1A–C). Furthermore, cTnI, H-FABP, myoglobin and CK-MB are sensitive markers of cardiomyocyte damage in the serum. DOX treatment elicited a drastic increase in the levels of cTnI, H-FABP, myoglobin and CK-MB in the serum of DIC mice, while OEA dose-dependently reduced the increment of these markers (Figures 1D–G). In addition, treatment of normal mice with OEA alone did not affect the histological features of heart and levels of cTnI, H-FABP, myoglobin and CK-MB (Supplementary Figure S1). Taken together, these data illustrate that OEA exhibits a protective role in DIC.
[image: Figure 1]FIGURE 1 | OEA alleviates DIC in mice. Mice with or without DOX (6 mg/kg, i. v.) challenge were treated with OEA (15 or 30 mg/kg, i. v.) for 14 days concurrently with DOX challenge. Heart tissues were isolated at day 15 for analysis. Representative histopathological sections of heart tissues by (A) Masson’s trichrome staining. (B) Myocardial fibrosis in the areas as described in (A) were graded. The effects of OEA or its vehicle on (C) heart weight/ tibial length ratio, serum levels of (D) cTNI (E) H-FABP (F) myoglobin and (G) CK-MB in mice. Data are expressed as mean ± SEM, n = 6. ***, p < 0.001 vs. control. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 vs. DOX + vehicle.
OEA Inhibits DOX-Induced Cardiac Oxidative Stress and Apoptosis in Mice
Dox chemotherapy has been reported to induce cardiotoxicity via lipids peroxidation and oxidative DNA damage in cardiomyocytes (Minotti et al., 1996). Cardiac TBARS and 8-OHdG are the markers of lipid peroxidation and oxidative DNA damage, respectively (Valavanidis et al., 2009; Aguilar Diaz De Leon and Borges, 2020). Dox caused significant up-regulation in expressions of 8-OHdG, a marker of oxidative DNA damage, and TBARS, a marker of lipid peroxidation, which were dose-dependently reduced by OEA treatment (Figures 2A–C). DOX challenge caused oxidative stress to the myocardial tissues via depletion of endogenous anti-oxidant enzyme GST, while OEA significantly restored activities of these anti-oxidant enzymes (Figure 2D). Cardiomyocyte apoptosis plays an important role in the pathophysiology of DIC. There were more TUNEL-positive cells in the heart of DOX-treated mice than in that of normal mice (Figures 2E,G). Simultaneous up-regulation of cleaved caspase three confirmed the cells apoptosis in the cardiac tissue of DOX-treated mice (Figures 2F,H). On the other hand, OEA treatment significantly attenuated DOX-induced cell apoptosis (Figures 2F–H). Overall, these observations suggested that OEA inhibited cardiac oxidative stress and apoptosis in DIC mice.
[image: Figure 2]FIGURE 2 | OEA inhibited DOX-induced myocardial oxidative stress and apoptosis in mice. Mice with or without DOX (6 mg/kg, i. v.) challenge were treated with OEA (15 or 30 mg/kg, i. v.) for 14 days concurrently with DOX challenge. Heart tissues were isolated at day 15 for analysis. (A) Immunofluorescence staining of 8-OHdG in myocardial tissues. (B) 8-OHdG positive cells shown in (A) were counted. The effects of OEA or its vehicle on (C) TBARS and (D) GST in myocardial tissues. (E) TUNEL positive cells shown in (G) were counted. (F) Fluorescence quantification for caspase three in (H) were calculated. (G) Detection of apoptotic cells in mice cardiac tissues by TUNEL staining. (H) Immunofluorescence staining of caspase three in myocardial tissues. Data are expressed as mean ± SEM, n = 6. ***, p < 0.001 vs. control. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 vs. DOX + vehicle.
OEA Inhibits DIC in HL-1 Cardiomyocytes Through a TRPV1-dependent Pathway
We further investigated the mechanism whereby OEA prevents DIC in HL-1 cardiomyocytes. OEA is known as an agonist of PPARα and TRPV1 (Ahern, 2003; Fu et al., 2003), thus we investigated whether OEA prevents oxidative stress and cell apoptosis through PPARα and/ or TRPV1 pathways. Consistent with in vivo results, OEA treatment reduced cardiac oxidative stress in DOX-challenged HL-1 cells (Figures 3A,B). The protective effects of OEA were completely prevented by TRPV1 antagonist capsazepine, but not by PPARα antagonist GW6471 (Figures 3A,B). In addition, TRPV1 agonist nonivamide but not PPARα agonist fenofibrate improved cellular oxidative defense in HL-1 cells treated with DOX (Figures 3A,B). We also measured cells viability and apoptosis at 24 h after DOX challenge. Treatment of OEA increased cells viability and reduced cells apoptosis (Figures 3C–E). The beneficial effects of OEA were impaired after pre-treatment with TRPV1 antagonist capsazepine but not PPARα antagonist GW6471 (Figures 3C–E). To confirm the role of TRPV1 in OEA-mediated therapeutic effects, we also tested the actions of OEA in TRPV1- deficiency cells. We found that the effects of PEA on GST, TBARS and TUNEL were prevented by TRPV1 deletion in HL-1 cells transfected with TRPV1 siRNA (Supplementary Figures S2A–C). These results together with the data obtained from inhibitors studies indicated that OEA inhibited DIC through TRPV1 pathway activation.
[image: Figure 3]FIGURE 3 | OEA inhibited DOX-induced oxidative stress and apoptosis in cardiomyocytes through TRPV1 pathway. HL-1 cells were treated with 0.1% DMSO, OEA (30 μM), GW6471 (5 μM), capsazepine (10 μM), nonivamide (10 μM), fenofibrate (100 μM) for 30 min. Cells were then treated with DOX (2 μM) for 24 h. Levels of (A) GST (B) TBARS and (C) cell viability was assessed in HL-1 cardiomyocytes. (D) TUNEL positive cells shown in (E) were counted. (E) TUNEL staining of HL-1 cardiomyocytes. Data are expressed as mean ± SEM, n = 4. ***, p < 0.001 vs. control. ##, p < 0.01; ###, p < 0.001 vs. DOX + vehicle. $$$, p < 0.001 vs. DOX + OEA.
OEA Promotes TRPV1-Mediated PI3K/ Akt Signaling in HL-1 Cardiomyocytes
TRPV1 is known to activate PI3K/Akt signaling and promote cells survival (Zhai et al., 2020). To verify that the PI3K/Akt signaling pathway activation is involved in the protective effects of OEA in DOX-treated cardiomyocytes, we examined PI3K and p-Akt expression on HL-1 cells that were cultured for 24 h in the absence or presence of OEA and/or the PI3K inhibitor, LY294002. As illustrated in Figure 4, DOX reduced PI3K expression in HL-1 cells, while OEA and nonivamide restored the PI3K expressions to normal levels. This effect of OEA was abolished by capsazepine. DOX also caused a reduction in cellular phosphorylated Akt (p-Akt) content, while treatment with OEA and nonivamide blocked the DOX-induced reduction of p-Akt levels. Inhibition of PI3K activity with LY294002 or antagonism of TRPV1 with capsazepine respectively reversed the effects of OEA. These data suggested that OEA promotes TRPV1-mediated PI3K/ Akt signaling in cardiomyocytes.
[image: Figure 4]FIGURE 4 | OEA promotes TRPV1-mediated PI3K/ Akt signaling in cardiomyocytes. HL-1 cells were treated with 0.1% DMSO, OEA (30 μM), GW6471 (5 μM), capsazepine (10 μM) and nonivamide (10 μM) for 30 min. Cells were then treated with DOX (2 μM) for 24 h. PI3K, Akt, p-PI3K and p-Akt was determined using western blot analysis.
Next, we examined whether PI3K/ Akt signaling plays a role in the protective effects of OEA in HL-1 cardiomyocytes. As illustrated in Figures 5A,B, the antioxidant actions of OEA were reversed by PI3K inhibitor LY294002. Moreover, OEA failed to increase cells viability and reduce cells apoptosis in LY294002-treated HL-1 cardiomyocytes (Figures 5C–G). Additionally, we also confirmed these results in adult derived primary human cardiomyocytes. As shown in Supplementary Figure S3, OEA effectively reduced cardiac oxidative stress and cells apoptosis in DOX-challenged cardiomyocytes, while capsazepine and LY294002 prevented these effects. These in vitro data confirm the essential role of TRPV1-mediated PI3K/ Akt signaling in the protective effects of OEA.
[image: Figure 5]FIGURE 5 | Inhibition of the PI3K-Akt signaling blocks the protective effects of OEA in cardiomyocytes. HL-1 cells were treated with 0.1% DMSO, OEA (30 μM) and LY294002 (10 μM) for 30 min. Cells were then treated with DOX (2 μM) for 24 h. Levels of (A) GST (B) TBARS and (C) cell viability was assessed in HL-1 cardiomyocytes. (D) TUNEL positive cells shown in (F) were counted. (E) Fluorescence quantification for caspase three in (G) were calculated. (F) TUNEL staining of HL-1 cardiomyocytes. (G) Immunofluorescence staining of caspase three in HL-1 cardiomyocytes. Data are expressed as mean ± SEM, n = 4. ***, p < 0.001 vs. control. #, p < 0.05; ##, p < 0.01; ###, p < 0.001 vs. DOX + vehicle. $, p < 0.05; $$, p < 0.01; $$$, p < 0.001 vs. DOX + OEA.
OEA Attenuates DIC in Mice Through a TRPV1-Mediated PI3K/ Akt Pathway
To further confirmed the role of TRPV1-mediated PI3K/ Akt signaling in OEA-mediated cardiac protection, we determined the effect of LY294002 and capsazepine in DOX-treated mice. As shown in Figures 6, 7, treatment with LY294002 or capsazepine alone augmented DIC in mice. Furthermore, inhibition of PI3K activity with LY294002 or antagonism of TRPV1 with capsazepine, reversed the protective effect of OEA against DIC in cardiomyocytes, as demonstrated by myocardial fibrosis (Figures 6A,B), cardiac tissue damage (Figures 6C,D) and increased number of apoptotic cells (Figure 7). In summary, these results revealed that OEA attenuates DIC in mice through a TRPV1-mediated PI3K/ Akt pathway.
[image: Figure 6]FIGURE 6 | OEA attenuates DIC in mice through a PI3K-dependent pathway. Mice with or without DOX (6 mg/kg, i. v.) challenge were treated with OEA (30 mg/kg, i. v.), capsazepine (5 mg/kg, i. v.) and LY294002 (10 mg/kg, i. v.) for 14 days concurrently with DOX challenge. Heart tissues were isolated at day 15 for analysis. (A) Representative histopathological sections of heart tissues by Masson staining. The effects of OEA and LY294002 on (B) heart weight/ tibial length ratio, serum levels of (C) cTNI and (D) CK-MB in mice. Data are expressed as mean ± SEM, n = 6. ***, p < 0.001 vs. control. #, p < 0.05 vs. DOX + vehicle. $$$, p < 0.001 vs. DOX + OEA.
[image: Figure 7]FIGURE 7 | OEA attenuates DOX-mediated myocardial oxidative stress in mice through a PI3K-dependent pathway. Mice with or without DOX (6 mg/kg, i. v.) challenge were treated with OEA (30 mg/kg, i. v.), capsazepine (5 mg/kg, i. v.) and LY294002 (10 mg/kg, (I) v.) for 14 days concurrently with DOX challenge. Heart tissues were isolated at day 15 for analysis. (A) Detection of apoptotic cells in mice cardiac tissues by TUNEL staining. TUNEL positive cells were counted. (B) Immunofluorescence staining of caspase three in myocardial tissues. Expression of caspase three were calculated. Data are expressed as mean ± SEM, n = 6. ***, p < 0.001 vs. control. #, p < 0.05 vs. DOX + vehicle. $$$, p < 0.001 vs. DOX + OEA.
DISCUSSION
DOX is one of the most widely used chemotherapeutic anticancer drug (Al-Malky et al., 2020). However, prolonged clinical use of this compound has been associated to multiple serious effects, especially cardiovascular toxicity (Al-Malky et al., 2020). Mechanisms by which Dox promotes cardiac injury remains controversial. Enhanced oxidative stress and apoptosis dysregulation have been proposed to be involved in Dox-mediated cardiomyopathy (Renu et al., 2018). In this study, we observed that OEA alleviated DOX-induced cardiac dysfunction and cell apoptosis in vitro and in vivo. Furthermore, the protective effect of OEA was dependent on TRPV1-mediated PI3K/ Akt pathway, as inhibition of TRPV1 and PI3K abolished such effect.
Oxidative stress responses, including myocardial lipids peroxidation, DNA oxidative damage and generation of excessive ROS, have been reported to contribute to DIC (Minotti et al., 1996). Oxidative stress can activate serval apoptotic signaling pathways, such as p38/ JNK/ p53 MAPK signaling and NF-κB signaling, which trigger the activation of pro-apoptotic factors (Redza-Dutordoir and Averill-Bates, 2016; Das et al., 2018). Oxidative stress also endorses cell death by activating cardiolipin oxidation and increase mitochondrial permeability, which trigger caspase signaling and promote myocardial cell apoptosis (Circu and Aw, 2010; Redza-Dutordoir and Averill-Bates, 2016). In our study, OEA treatment significantly attenuated Dox-mediated oxidative stress in cardiac cells, evidenced from decreased expressions of TBARS and 8-OHdG, and increased levels of GST in OEA-treated cardiomyocytes, thus improved DIC.
OEA, an endogenous fatty acid amide, is the agonist of PPARα (IC50 = 0.12 μM) and TRPV1 (IC50 = 2 μM) (Ahern, 2003; Fu et al., 2003). The biological activities of OEA, such as control of food intake, anti-inflammation, neuro-protection and lipid metabolism, have been widely investigated (Bowen et al., 2017). To date, most of these effects have been shown to be mediated by the activation of PPARα, and the role of TRPV1 in OEA-mediated actions are less-well understood (Bowen et al., 2017). In our study, the effects of OEA were likely due to activation of TRPV1 but not PPARα. Supporting this conclusion, we found that the protective effects of OEA were abolished by the TRPV1 antagonist capsazepine, but not PPARα antagonist GW6471. In addition, activation of TRPV1 but not PPARα, reduced DIC. In accordance with our observation, Mahdieh Rahmatollahi et al. have shown that antagonism of PPARα improved DOX-induced atrial dysfunction (Rahmatollahi et al., 2016). Wei Ge et al. have reported that DOX-induced cardiac functional defect and apoptosis were reversed by the TRPV1 agonist SA13353 (Ge et al., 2016).
Recent literatures have provided important insight into the connection between TRPV1 to the cell proliferation and survival (Zhai et al., 2020). Of particular important mechanism is the activation of PI3K/ Akt by TRPV1 (Zhai et al., 2020). Consistent with these observations, we found that OEA increased expressions of PI3K and p-Akt in cardiomyocytes through a TRPV1-dependent way. Moreover, previous studies have shown that activation of PI3K/ Akt ameliorates doxorubicin-induced myocardial injury (Sun et al., 2014; Liu et al., 2016; Sahu et al., 2019; Nie et al., 2021). Our data confirmed the contribution of PI3K/ Akt signaling in OEA-mediated protective effects, thereby supporting the proposed mechanism that OEA alleviates DIC through a TRPV1-mediated PI3K/ Akt pathway. The present study has several limitations. First, the cardiac function parameters were not tested in the present study. Second, the other potential limitation of the present study is that our animal model is tumor-free. As a result, we cannot rule out potential effects of OEA on the anticancer effects of DOX. Thus, future studies should be carried out to confirm this action.
In summary, our results revealed that OEA protects cardiomyocytes against DOX-induced cytotoxicity through activation of TRPV1/ PI3K/ Akt signaling. Our results also identify OEA as a promising therapy for DIC.
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Doxorubicin (DOX) is limited in clinical application because of its cardiotoxicity. Oxidative stress and apoptosis are crucial in DOX-induced cardiac injury. Dimethyl fumarate (DMF) is an FDA-approved oral drug with powerful effects to reduce oxidative stress and apoptosis through the Nrf2 pathway. This study was aimed to determine whether DMF can protect against DOX-induced cardiac injury. We used both neonatal rat cardiomyocytes (NRCMs) in vitro and DOX-induced cardiac toxicity in vivo to explore the effects of DMF. The results showed that DMF significantly improved cell viability and morphology in NRCMs. In addition, DMF alleviated DOX-induced cardiac injury in rats, as evidenced by decreased CK-MB, LDH levels, improved survival rates, cardiac function, and pathological changes. Moreover, DMF significantly inhibited cardiac oxidative stress by reducing MDA levels and increasing GSH, SOD, and GSH-px levels. And DMF also inhibited DOX-induced cardiac apoptosis by modulating Bax, Bcl-2 and cleaved caspase-3 expression. Moreover, DMF exerted its protective effects against DOX by promoting Nrf2 nuclear translocation, which activated its downstream antioxidant gene Hmox1. Silencing of Nrf2 attenuated the protective effects of DMF in NRCMs as manifested by increased intracellular oxidative stress, elevated apoptosis levels, and decreased cell viability. In addition, DMF showed no protective effects on the viability of DOX-treated tumor cells, which suggested that DMF does not interfere with the antitumor effect of DOX in vitro. In conclusion, our data confirmed that DMF alleviated DOX-induced cardiotoxicity by regulating oxidative stress and apoptosis through the Nrf2 pathway. DMF may serve as a new candidate to alleviate DOX-related cardiotoxicity in the future.
Keywords: dimethyl fumarate, doxorubicin, oxidative stress, apoptosis, Nrf2 pathway
INTRODUCTION
Doxorubicin (DOX) is isolated from a mutated strain of Streptomyces peucetius var. caesius and is widely used in clinical for multiple malignant tumor treatment (Carvalho et al., 2009; Damiani et al., 2016). It is one of the most established and commonly used antineoplastic agents in various cancers, including pediatric cancer, leukemia, breast cancer, etc. Unfortunately, this drug can cause cardiotoxicity, including arrhythmia, hypotension, heart failure, and even late-onset cardiomyopathy (Nebigil and Desaubry, 2018). The incidence of heart failure will climb to 48% once the accumulation dose of DOX reaches 700 mg/m2 (Li and Hill, 2014). Thus, the application of DOX is limited despite its powerful anti-tumor characteristic. Currently, the only FDA-approved cardioprotective drug for DOX is dexrazoxane, which does not interfere with DOX activity (Reichardt et al., 2018). The hydrolysis products of dexrazoxane could prevent the generation of cardiotoxic reactive oxygen species (ROS) by chelating intracellular iron. However, hematological toxicity such as severe leucopenia was more common in patients with dexrazoxane, which may interfere with chemotherapy (Wiseman and Spencer, 1998). The mechanisms of DOX-induced myocardial injury include oxidative stress, lipid peroxidation, DNA damage, mitochondrial injury, apoptosis, and autophagy disorder (Rawat et al., 2021). Among them, oxidative stress and apoptosis-mediated cardiomyocytes death are the leading cause of cytotoxicity (Octavia et al., 2012). Briefly, DOX produces massive ROS, which induces mitochondrial dysfunction and cardiomyocyte apoptosis (Kashfi et al., 1990; Schlame et al., 2000). Therefore, targeting oxidative stress and apoptosis should be effective against DOX-induced cardiotoxicity.
Dimethyl fumarate (DMF), known as Tecfidera, is an FDA-approved drug for severe psoriasis and relapsing multiple sclerosis (MS) since 1994 (Xu et al., 2015). DMF is a fumaric acid, which can mainly be hydrolyzed by esterase into monomethyl fumarate (MMF) with a half-life of 1 h. Both DMF and MMF exert similar pharmacological effects in several pathological conditions. Evidence suggests that DMF mainly exerts protective effects by activating the nuclear factor erythroid 2 (Nrf2) antioxidant pathway (Scannevin et al., 2012). Nrf2 is an important transcription factor responsible for regulating the redox balance within the cell. Under normal conditions, Nrf2 remains inactive in the cytoplasm due to its binding to the Keap1 protein and secondary ubiquitination degradation. However, DMF can oxidize the sulfhydryl groups of Keap1, thereby separating Keap1 from Nrf2. Then Nrf2 enters the nucleus to activate various powerful antioxidant genes, including heme oxygenase-1 (Hmox1), NAD (P) H-quinone dehydrogenase 1 (NQO-1), and glutathione Peptide-S-transferase 1 (GST-1) (Ma, 2013). Besides, DMF has a strong anti-inflammatory effect by inhibiting NF-κB activity and many inflammatory cytokines expressions such as iNOS, TNF-a, and IL6 (Wierinckx et al., 2005; Meili-Butz et al., 2008; Wilms et al., 2010; Scannevin et al., 2012). Given the powerful effects of regulating oxidative stress and inflammation, DMF has been already shown benefits in treating several diseases such as COPD (Cattani-Cavalieri et al., 2020), IBD (Li et al., 2020) and recently novel coronavirus (COVID-19) infection (Olagnier et al., 2020).
As a powerful drug to activate Nrf2, DMF has shown protective effects in several cardiac pathological models such as myocardial infarction, ischemia-reperfusion injury, and sepsis-induced cardiac dysfunction (Meili-Butz et al., 2008; Giustina et al., 2018; Mouton et al., 2021). Here we hypothesize that DMF might also protect against DOX-induced myocardial injury. However, this has not previously been reported. The objectives of the current study were to investigate whether DMF can protect against DOX-induced cardiac damage.
MATERIALS AND METHODS
Chemicals and Materials
DOX was obtained from Selleck. DMF was purchased from Selleck, which was dissolved in 0.8% Carboxymethyl cellulose (CMC) for in vivo tests and 0.1% dimethylsulfoxide (DMSO) for in vitro experiments. The nuclear and cytoplasmic protein extraction kits were purchased from KEYGEN Biotech. Co., Ltd. (Nanjing, China). Bicinchoninic acid (BCA) protein assay kit and cell lysis buffer kit were obtained from Beyotime Institute of Biotechnology (Jiangsu, China).
Primary (Neonatal Rat Cardiomyocytes) NRCMs Culture
NRCMs were isolated from the ventricles of 1- to 3-day-old neonatal Sprague–Dawley (SD) rats as previously described (Liu et al., 2014). Briefly, neonatal rat hearts were minced into 1-mm3 pieces and were digested with 0.125% trypsin and 0.1% collagenase type I. Tow hours differential attachment culture was performed to separate cardiac fibroblasts from cardiomyocytes. Then NRCMs were cultured in medium with 5-BrdU. Through this method, the purity of cardiomyocytes could reach more than 90%. After incubation for 24 h, 90% of cardiomyocytes exhibited spontaneous pulsing, which indicated good viability.
Animals
Male-SD rats weighing 230–250 g (8-weeks old) were obtained from the Shanghai Jihui Laboratory Animal Care Co., Ltd (Shanghai, China) and maintained under SPF conditions in a controlled environment of 20–22 °C, with a 12/12 h light/dark cycle and 50–70% humidity, and food and water provided ad libitum. Rats were randomly divided into five groups: control groups, DOX-treated groups, solvent control groups, and DMF-treated groups. DMF was dissolved in 0.8% CMC and administered to rats by oral gavage, with CMC as solvent control. Based on preliminary data and previous studies, the rats were treated with DMF at a total daily dose of 40 mg/kg/d and 80 mg/kg/d twice a day (Li et al., 2018; Motterlini et al., 2019). The rats in DOX-treated groups were intraperitoneally injected with DOX (15 mg/kg diluted with 0.9% saline). The rats in solvent control groups and DMF-treated groups were pretreated with 0.8% CMC or DMF a week prior to DOX treatment (15 mg/kg diluted with 0.9% saline, intraperitoneally) and maintained until the end of the experiment. Six days after DOX treatment, all rats were sacrificed. The serum samples were obtained from blood by centrifugation (3000 r/min, 4°C) for 10 min, and the heart tissues were removed for further testing. All animal experiments were approved by the Institutional Review and Ethics Board of Shanghai Xinhua Hospital, Shanghai Jiao Tong University School of Medicine.
Echocardiography Analysis
Rats were anesthetized with 1% isoflurane inhalation and placed on a heated pad to maintain 37°C body temperature. The ejection fraction (EF) and fractional shortening (FS) were measured from M-mode images of echocardiography (Vivid 7; GE Medical, Milwaukee, WI, United States) with a 15 MHz transducer.
Cell Viability Evaluation
Cell counting kit 8 (CCK8) assay was performed according to the manufacturer’s instructions. Briefly, after the cells were exposed to various treatments, CCK-8 (10 µl) was added to each well of the 96-well plate, and the plate was incubated for 4 h at 37°C. Cell viability was calculated by absorbance measurements at 450 nm using a Synergy H1 Multi-Mode Reader (BioTek, Winooski, VT, United States).
Hoechst 33258 Staining
Cells were seeded in the 24-well plates and were incubated with different interventions. At the end of the incubation period, cells were fixed, washed with PBS three times, and stained with Hoechst 33258 staining solution (Beyotime, Shang Hai, China) for 5 min at room temperature and observed by fluorescence microscope (OLYMPUS, Tokyo, Japan). Fragmented or condensed nuclei were considered apoptotic cells.
ROS Testing
At the end of different interventions, DCFH-DA (10 μM) was added in the well for 20 min induction at 37°C after removing the medium. The samples were observed using fluorescence microscopy (Olympus, Tokyo, Japan).
Immunofluorescence Staining
NRCMs were stained with antibodies against α-actinin (A5044,1:100) and Nrf2 (ab137500,1:100), heart sections were stained with antibody against Nrf2 (ab137500,1:100) in a humidified box at 4°C overnight and followed by incubation with fluorescein-labeled secondary antibody for 1 h at 37°C. The cell nuclei were stained with DAPI for 5 min. All images were captured with a fluorescence microscope or scanner by Caseviewer software (3D Histech).
Measurement of CK-MB, LDH, ALT, Creatinine in Serum and MDA, SOD, GSH, and GSH- Px in Tissues
The CK-MB, LDH, ALT, creatinine levels in serum were detected using the commercial kits (Changchun Huili Biotech Co., Ltd.) according to the instructions. In addition, the heart tissues were placed in cold saline (1: 10, w/v) and then homogenized with a homogenizer machine. Next, the supernatant was obtained through centrifuging at 3000 r/min to detect the MDA, SOD, GSH, and GSH- Px levels in heart tissues according to the instructions (Jiancheng Biotech Co. Ltd, China).
Histopathologic Assay
Heart tissues were fixed in 10% formalin and embedded in paraffin, and then the sections were stained with hematoxylin-eosin (H&E) solution. Finally, images of the stained sections were obtained by Olympus microscope or scanner (3D Histech). The images were graded by the degree of myocardial necrosis and inflammatory cell infiltration according to the following standards: grade 0, normal; grade 1, lesion not exceeding 25%; grade 2, lesion between 25–50%; grade 3, lesion between 50–75%; grade 4, lesion exceeding 75% (Kanda et al., 2004). Six sections of one heart were graded by an experienced pathologist, who was blinded to the study design. The mean score of the six sections was recorded as the final cardiac pathology score.
Western Blot
The total protein samples from the cells and heart tissues were homogenized using RIPA lysis buffer containing protease and phosphatase inhibitors (Beyotime, Shang Hai, China). The protein concentrations of the samples were determined using a BCA Protein Assay Kit. After determining the contents, the proteins were separated by SDS-PAGE (8–12.5%) and then transferred to PVDF membranes (Millipore, Massachusetts, United States). After being blocked with 5% skim milk for 2 h at room temperature, the membranes were incubated with primary antibodies overnight at 4°C. The following antibodies were used. Hmox1 (10701-1-AP, 1:1000), Bax (50599-2-Ig, 1:2000), Bcl-2 (12789-1-AP, 1:1000), lamin B1 (12987-1-AP, 1:1000) were purchased from proteintech. Antibody against cleaved caspase-3 (9661, 1:1000) was from CST. Antibody against Nrf2 (ab137500, 1:1000) was purchased from Abcam. Then the bands were incubated with secondary antibody for 1 h at room temperature. The protein bands on the membranes were detected using an enhanced chemiluminescence system (WBKLS0500; Millipore, Darmstadt, Germany). Intensity values of the relative protein levels were normalized to β-actin (in vitro) or α-tubulin (in vivo).
Real-Time PCR Analysis
Total RNA was extracted with RNAiso Plus (Takara, Kusatsu, Japan) from NRCMs and heart tissues. cDNA was synthesized using Evo M-MLV RT Kit (AG, Hunan, China). Quantitative real-time polymerase chain reaction (RT-PCR) was performed with Hieff® qPCR SYBR Green Master Mix (Yeasen, Shang Hai, China) on a QuantStudio 3 Real-Time PCR System (Applied Biosisytems, Waltham, MA, United States). The sequences of primers are shown in Supplementary Table S1.
Transfection of Nrf2-siRNA
siRNAs were synthesized by Ribobio (Guangzhou, China). We transfected Nrf2-siRNA or negative control siRNA using Rfect siRNA/miRNA Transfection Reagent (Baidai biotechnology, Changzhou, China) according to the manufacturer’s instructions when cells reached 40–50%. The transfection efficiency was evaluated by Western blot. The used siRNA sequences are as follows: SiRNA1: CAAACAGAATGGACCTAAA;SiRNA2:GCAAGAAGCCAGATACAAA;SiRNA3:GGATGAAGAGACCGGAGAA.
Data Analysis
The data are expressed as the mean ± standard deviation (SD). Statistical analysis was performed with GraphPad Prism 5.0 software (San Diego, CA, United States). It was performed with one-way analysis of variance (ANOVA) followed by Tukey’s posthoc test when comparing multiple groups, whereas differences within two groups were evaluated by Student’s t-test. Survival analysis was performed using the Kaplan–Meier method. Statistical significance was defined as p < 0.05.
RESULTS
The Protective Effects of DMF Against DOX-Induced NRCMs Damage
Firstly, NRCMs purity was identified by immunofluorescence for α-actinin, a cardiomyocyte-specific marker (Figure 1B). Then the concentration-dependently cytotoxicity of DMF was evaluated by CCK8 assay. Compared with the control group, the viabilities of NRCMs were significantly reduced over 40 μM DMF for 24 h. As a result, we conducted concentrations of 10 and 20 μM DMF in this research (Figure 1C). NRCMs were pre-treated with DMF for 4 h, then treated with 5 μM DOX for 48 h. Compared to the control group, DOX treatment caused a significant decrease in cell viability and impaired cell morphology. However, DMF could concentration-dependently improve the viability of NRCMs and cell morphology damage compared with the DOX group (Figures 1D,E). Furthermore, the solvent control of 0.1% DMSO showed no effects on the cells.
[image: Figure 1]FIGURE 1 | DMF alleviates NRCMs damage against DOX. (A) Chemical structure of dimethyl fumarate. (B) Immunofluorescence of α-actinin in NRCMs (scale bar = 20 μm). (C) Cell viability of NRCMs with different concentrations of DMF (n = 4). (D) Changes in cell viability (n = 4). (E) Changes in cellular morphology (n = 4, scale bar = 50 μm). Data were presented as the mean ± SD.$$$p < 0.001, compared with the control group, ***p < 0.001, compared with the DOX group. #p < 0.05, compared with DOX + DMF 10 μM group.
The Protective Effects of DMF Against DOX-Induced Cardiac Damage In Vivo
Treating rats with DOX resulted in about 67% mortality compared with the control group. However, pre-treatment with a 40 mg/kg DMF showed a mortality of 42% and 25% with a dose of 80 mg/kg (Figure 2A). The serum CK-MB and LDH levels in DOX groups increased compared with control groups. However, DMF dose-dependently decreased the serum CK-MB and LDH levels (Figure 2B). The pathology of DOX-induced myocardial injury mainly includes sarcoplasmic reticulum expansion, cardiomyocyte edema, fiber rupture, and massive inflammatory cell infiltration (Ferrans et al., 1997). Consistent with previous studies, DOX caused apparent myocardial tissue disturbance, necrosis, and massive inflammatory cell infiltration, as well as higher cardiac pathology scores, which were dose-dependently alleviated by DMF. The control solvents of 0.8% CMC showed no effects on animals (Figure 2C, Supplementary Figure S1).
[image: Figure 2]FIGURE 2 | DMF alleviated DOX-induced cardiac injury. (A) Effects of DMF on Kaplan-Meier survival curves (n = 12). (B) Changes in serum levels of CK-MB and LDH (n = 6). (C) Representative H&E staining of hearts (Black arrows indicate the cardiac injury sites, n = 6, scale bar = 20 μm) (D) Changes in the body weights (n = 6). (E) Changes in HW/BW (mg/g) (n = 6). (F) Representative M-mode echocardiograms and quantitative analysis of LVEF and FS(n = 5). Data were presented as the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with DOX group. #p < 0.05, ##p < 0.01, compared with DOX + DMF 40 mg/kg group. HW: heart weight; BW: body weight.
Considering heart failure is the most severe side effect after DOX treatment, we evaluated indicators related to heart failure. We found that the body weight was dramatically reduced after DOX treatment and can be reversed with an increasing dose of DMF (Figure 2D). The heart weight/body weight ratio, a simple indicator of heart failure, was increased in the DOX group and can be dose-dependently reversed by DMF (Figure 2E). Furthermore, the echocardiography confirmed the cardiac function improvement in DMF after DOX treatment (Figure 2F).
DMF Inhibited Cardiac Oxidative Stress Caused by DOX
Given that oxidative stress is crucial in DOX-induced cardiac damage, we tested the oxidative stress levels in vitro and in vivo. The intracellular ROS level in NRCMs in the DOX group was remarkably increased compared with the control group and was decreased by DMF (Figure 3A). Then we measured some indicators representing tissue oxidative stress levels in heart tissue. MDA levels were elevated in DOX groups and were significantly decreased by DMF. DMF restored the levels of SOD, GSH, and GSH-Px, which were downregulated in the DOX group (Figures 3B–E). These results indicated that DMF could alleviate DOX-induced oxidative stress in vitro and vivo.
[image: Figure 3]FIGURE 3 | DMF alleviated oxidative stress in vitro and in vivo. (A) Effects of DMF on cellular ROS level in NRCMs treated by DOX (n = 5, scale bar = 50 μm). (B–E) Effects of DMF on the levels of MDA, SOD, GSH, and GSH-Px in hearts after DOX treatment (n = 6). Data are presented as the mean ± SD. ***p < 0.001, compared with DOX group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with DOX + DMF 40 mg/kg.
DMF Alleviated DOX-Induced Cardiac Apoptosis
Apoptosis-related cardiomyocyte death is the leading cause of heart failure after DOX treatment, so we analyzed apoptosis indicators in vitro and vivo. The apoptotic cells were notably increased in the DOX group compared with the control group. However, treatment with DMF reduced the number of apoptotic cells (Figure 4A). Then, we evaluated the expression of apoptosis-related proteins. We found that administration of DOX increased the ratio of Bax/Bcl-2 and dramatically elevated the levels of cleaved caspase-3. In contrast, treatment with DMF notably decreased the Bax/Bcl-2 ratio and the levels of cleaved caspase-3 (Figure 4B). Consistent with results in vitro, DMF significantly reduced the ratio of Bax/Bcl-2 and the levels of cleaved caspase-3 in rats after DOX treatment (Figure 4C).
[image: Figure 4]FIGURE 4 | DMF inhibited DOX-induced cardiac apoptosis. (A) Hoechst 33258 staining of NRCMs after DOX (White arrows indicate apoptotic cells, n = 5, scale bar = 50 μm). (B) Representative WB images and quantitative analysis of Bax/Bcl-2 ratio and cleaved caspase-3 in NRCMs (n = 5). (C) Representative WB images and quantitative analysis of Bax/Bcl-2 ratio and cleaved caspase-3 in rats (n = 5). All data were expressed by mean ± SD. **p < 0.01, ***p < 0.001, compared with DOX group. #p < 0.05, ###p < 0.001 compared with DOX + DMF 40 mg/kg or DOX + DMF 10 μM.
DMF Promotes Nrf2 Pathway Signaling
Nrf2 remains inactive in the cytoplasm under normal physiological conditions and enters the nucleus when activated. The expression levels of nuclear and cytoplasmic Nrf2 in NRCMs and heart tissues were assessed by western blotting. The results indicated that the expression levels of nuclear Nrf2 expression were significantly decreased, and the levels of cytoplasmic Nrf2 were slightly reduced in the DOX group. However, DMF significantly increased the expression levels of nuclear Nrf2 and decreased cytoplasmic Nrf2 levels (Figures 5A,C). These results suggested that DOX inhibited the entry of Nrf2 into the nucleus, which can be reversed by DMF. Then we further evaluated the Nrf2 translocation by immunofluorescence assay. Results in vivo confirmed that DOX significantly inhibited Nrf2 translocation, which can be dose-dependent reversed by DMF (Figures 5B,D). Hmox1 is one of the most powerful proteins in the Nrf2 pathway to defeat oxidative stress. We then tested its expression in vitro and in vivo. Results showed that DOX could significantly inhibit the expression of Hmox1, and DMF can dose-dependent increase it (Figure 5E). And other Nrf2 downstream antioxidant genes (NQO1, GCLC) showed similar changes (Supplementary Figure S2). These results indicated that DMF could activate the Nrf2 pathway by promoting Nrf2 transporting to the nucleus.
[image: Figure 5]FIGURE 5 | Effect of DMF on Nrf2 signaling in NRCMs and rats after DOX treatment. (A) Representative WB images and quantitative analysis of nuclear and cytoplasmic Nrf2 expression in NRCMs. β-actin and Lamin B1 were served as cytoplasmic or nuclear internal controls, respectively (n = 5). (B) Location of Nrf2 in NRCMs using Immunofluorescence (n = 5, scale bar = 25 μm). (C) Representative WB images and quantitative analysis of nuclear and cytoplasmic Nrf2 expression in rats. α-tubulin and Lamin B1 were served as cytoplasmic or nuclear internal controls, respectively, (n = 5). (D) Location of Nrf2 in rats using immunofluorescence (White arrows indicate the nuclear entry of Nrf2, n = 5, scale bar = 20 μm). (E) Representative WB images and quantitative analysis of Hmox1 expression in NRCMs and rats (n = 5). Data are mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with DOX group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with DOX + DMF 10 μM or DOX + DMF 40 mg/kg.
DMF Exerts Protective Effects Through Nrf2
To confirm the role of Nrf2 in the protective effects of DMF, the Nrf2-siRNA was conducted. Compared with the NC group, the protein levels of Nrf2 in NRCMs were most downregulated in the siRNA-2 group, which was used for further in vitro experiments (Figure 6A). Transfection with Nrf2-siRNA reversed the cell viability improvements by DMF (Figure 6B). Moreover, the cell morphology damage, ROS level, apoptosis levels, and antioxidant genes expression were reserved after Nrf2 silencing (Figures 6C,D, Supplementary Figure S3). These results suggested that DMF protected against DOX through the Nrf2 pathway.
[image: Figure 6]FIGURE 6 | Nrf2 silencing reversed the protective effects of DMF on DOX-induced NRCMs injury. (A) Representative WB images and quantitative analysis Nrf2 expression in NRCMs after siRNA transfection (n = 5). (B) Changes in cell viability in NRCMs (n = 4). (C) Representative WB images and quantitative analysis Bax/Bcl-2 ratio and cleaved caspase-3 expression in NRCMs (n = 5). (D) Changes in cell morphology (n = 5), ROS levels (n = 5), and Hoechst 33258 staining in NRCMs (White arrows indicate apoptotic cells, n = 5, scale bar = 50 μm). All data were expressed by mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, compared with DOX or NC group. #p < 0.05, ##p < 0.01, ###p < 0.001 compared with DOX + DMF + NC group.
DMF Does Not Interfere With the Antitumor Ability of DOX
It was reported that Nrf2 activation could promote tumor cell proliferation and lead to chemotherapy resistance (Singh et al., 2016). So, we tested the effects of DMF on tumor cell viability after DOX treatment. Results showed that DMF exerted no protective effects on SHSY-5Y, RenCa, CT26. WT tumor cell lines after DOX (Figure 7).
[image: Figure 7]FIGURE 7 | Effects of DMF on antitumor efficacy of DOX in some tumor cell lines. (A) Cell viability of SH-SY5Y cell line (n = 4). (B) Cell viability of CT26. WT colon cancer cell line (n = 4). (C) Cell viability of renal cell adenocarcinoma (Renca) cell line (n = 4). All data were expressed by mean ± SD. ***p < 0.05 compared with DOX groups, ns (not significant).
DISCUSSION
DOX is a powerful and effective chemotherapeutic drug for solid and hematogenous cancer since 1969 (Damiani et al., 2016). However, the clinical utility of this drug is limited for its severe cardiotoxicity when it exceeds the cumulative dosage of 400–700 mg/m2 for adults and 300 mg/m2 for children (Li and Hill, 2014). The cardiotoxicity mainly includes arrhythmia and congestive heart failure (Mitry and Edwards, 2016). However, the precise mechanism of DOX-induced cardiotoxicity is still elusive. Many mechanisms contribute to DOX cardiotoxicity, such as ROS overload, iron metabolism disorder, mitochondrial dysfunction, calcium dysregulation, inflammatory cascade, endothelial dysfunction, and apoptosis. Among those, oxidative stress plays a central role in DOX-induced cardiotoxicity. The abundant mitochondria within cardiomyocytes and inadequate endogenous antioxidant mechanism suggest that the heart is more susceptible to oxidative stress damage (Goffart et al., 2004).
After DOX administration, Massive ROS is produced during the redox cycle at complex I of the electron transport chain, leading to ATP synthesis disorder. In general, ROS-related enzymes within the mitochondria can reduce DOX to semiquinone, which can be readily reacted with oxygen to generate superoxide anions. Besides, DOX binds to free iron to generate iron-DOX complex, which can react with oxygen and catalyze Fenton reaction to produce massive ROS (Gutteridge, 1984; Simunek et al., 2009). The generated ROS then reacts with mitochondrial biomolecules (including lipids, proteins, and nucleic acids), disturbing mitochondrial function (Eder and Arriaga, 2006). Meanwhile, cardiomyocytes can reduce oxidative stress by some endogenous critical antioxidant enzymes, including SOD, GSH, GSH-Px. Among them, GSH and GSH-Px can catalyze the reduction of other peroxides, and SOD can reduce O2- to low toxic H2O2 (Sugden and Clerk, 2006).
Nrf2 is a crucial intracellular oxidative stress regulator (Kopacz et al., 2020). Under oxidative stress, Nrf2 was depolymerized from Keap1 and translocated into the nucleus to activate various antioxidant genes (Hur and Gray, 2011; Kim et al., 2016). Nrf2 activation can alleviate arteriosclerosis, arrhythmia, and myocardial infarction by targeting ferroptosis, autophagy, programmed cell necrosis, and apoptosis (Chen, 2021). It was also reported that Nrf2 deficiency could aggravate cardiac injury after DOX treatment (Li et al., 2014).
As a powerful Nrf2 agonist, DMF would be speculated to alleviate cardiac oxidative stress caused by DOX. In the current study, DMF inhibited oxidative damage by downregulating levels of ROS in vitro and upregulating levels of SOD, GSH, GSH-Px in vivo. In addition, MDA, a significant ROS indicator, was significantly decreased by DMF. Then, the subcellular localization results of nrf2 suggested that DMF could promote nuclear translocation of Nrf2 and its downstream anti-oxidative gene (Hmox1) expression, which was inhibited by DOX. More importantly, the protective effects of DMF on oxidative stress could be eliminated by Nrf2 silencing. Collectively, these results indicated that DMF inhibited oxidative stress caused by DOX through the Nrf2 pathway.
Besides, DOX can activate MAPK, p38, and JNK pathways, which leads to apoptosis by disrupting Bcl-2, Bax, cleaved caspase-9, and cleaved caspase-3 balance (Xu et al., 2005). During apoptosis, caspase-3 is cleaved to an active form to degrade various functional proteins. Therefore, its activation is considered a sign of the inevitable stage of apoptosis (Crowley and Waterhouse, 2016). In our study, DOX activated the apoptosis pathway by increasing the Bax/Bcl-2 ratio and cleaved caspase-3 levels, which can be alleviated by DMF in a dose-dependent manner. Furthermore, Nrf2 silencing reversed the anti-apoptotic effects of DMF against DOX. These observations collectively indicate that DMF can attenuate apoptotic events caused by DOX through the Nrf2 pathway.
Recently, Fang reported that activating the Nrf2/Hmox1 pathway could aggravate cardiac ferroptosis in mice after DOX treatment by disturbing iron metabolism (Fang et al., 2019). However, the early Nrf2/Hmox1 activity (1 day after DOX treatment) and different DOX doses may not demonstrate the whole role of the Nrf2 pathway. Besides, ferroptosis is just one of various cell death types in cardiomyocytes induced by DOX. And DMF was reported to inhibit ferroptosis in multiple disease models by activating the Nrf2 pathway (Qiu et al., 2020; Zhang et al., 2020; Yan et al., 2021; Yang et al., 2021). Therefore, we need to further explore the relationship between the Nrf2/Hmox1 axis and ferroptosis in the heart after DOX treatment.
In addition to the heart, other organs, such as the skeletal muscle, brain, liver, and kidney, are also susceptible to oxidative stress caused by DOX. And kidney and liver are known to be the major metabolism organs for multiple drugs. Thus morphological and functional changes in the liver and kidneys were also examined. The results showed that DMF could also dose-dependently alleviate liver and kidney impairment caused by DOX (Supplementary Figures S4, S5). Together, we speculated that DMF is relatively safe and well-tolerated.
It was reported that Nrf2 activation could promote carcinogenesis and drug resistance (Hammad et al., 2019; DeBlasi and DeNicola, 2020). In this study, we didn’t detect that DMF could interfere with the effects of DOX chemotherapy on three tumor cell lines. Besides, DMF has also been shown some anticancer abilities in serval cancers such as melanoma, breast cancer, colon cancer, and lung cancers by targeting Nrf2, NF-κB, ERK1/2, and miRNA pathway (Yamazoe et al., 2009; Xie et al., 2015; Kastrati et al., 2016). Moreover, several clinical trials have been conducted to test the antitumor effects of DMF (Saidu et al., 2019).
Gastrointestinal adverse events such as nausea, heartburn, vomiting, and diarrhea are common in patients taking DMF (Fox et al., 2012; Gold et al., 2012). In the DEFINE/CONFIRM trials, the incidence of gastrointestinal adverse events was approximately 40%, leading to treatment interruption in 4% of patients (Phillips et al., 2015). And those adverse reactions were also seen in patients treated with DOX (Hesketh, 2008). Therefore, we need to closely monitor gastrointestinal reactions and give appropriate management once the two drugs are used in combination.
However, we admitted that this study has some limitations. We only selected two concentrations of DMF for the in vitro studies and two doses of DMF for the in vivo study, which may not fully demonstrate the pharmacological effects of this drug. Moreover, DMF was also reported to regulate immune cell activity, inflammation, and metabolism in various pathological models (Kornberg et al., 2018; Zhao et al., 2020). We cannot rule out that DMF may exert protective effects against DOX other than the Nrf2 pathway, which requires further exploration.
CONCLUSION
In conclusion, our data showed that the FDA-approved drug DMF notably alleviated DOX-caused cardiac injury by activating the Nrf2 pathway without interfering with the chemotherapy effect of DOX, which should be developed as a promising candidate for patients suffering from DOX-related cardiotoxicity (Figure 8).
[image: Figure 8]FIGURE 8 | A schematic diagram of protection of DMF against DOX-induced cardiotoxicity through Nrf2 pathway. ARE Antioxidant Response Element.
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Background and Objective: Arsenic trioxide (As2O3) induced cardiotoxicity to limit the clinical applications of the effective anticancer agent. 6-Gingerol (6G) is the main active ingredient of ginger, a food with many health benefits. The present study aims to investigate the potential pharmacological mechanisms of 6G on As2O3-induced myocardial injury.
Methods and Results: Fifty KunMing mice were divided into five groups (n = 10) receiving: 1) physiological saline; 2) 6G (20 mg/kg) alone; 3) As2O3 (5 mg/kg); 4) 6G (10 mg/kg) and As2O3 (5 mg/kg); 5) 6G (20 mg/kg) and As2O3 (5 mg/kg). 6G was given orally and As2O3 was given intraperitoneally once per day for seven consecutive days. Biochemical, histopathological, transmission electron microscopy, ELISA, and western blotting analyses were then performed. Based on the resultant data, As2O3 was found to induce cardiotoxicity in mice. 6G significantly ameliorated As2O3-induced heart injury, histopathological changes, oxidative stress, myocardial mitochondrial damage, inflammation, and cardiomyocyte apoptosis, while reversed As2O3-induced inhibition of the AMPK/SIRT1/PGC-1α pathway.
Conclusion: Our experimental results reveal that 6G effectively counteracts As2O3-induced cardiotoxicity including oxidative stress, inflammation and apoptosis, which might be attributed to its activation action on AMPK/SIRT1/PGC-1α signaling pathway.
Keywords: AMPK/SIRT1/PGC-1α pathway, arsenic trioxide, cardiotoxicity, 6-gingerol, oxidative stress
INTRODUCTION
As2O3 is a traditional Chinese medicine that has been used in China for more than 2,400 years. In recent years, reports have emerged that As2O3 may be effective at treating a wide array of cancers, and it has been used as a more suitable drug for the treatment of acute promyelocytic leukemia (Wang X. et al., 2021; Zong et al., 2021). However, As2O3 can cause various diseases such as cardiovascular disorder, and As2O3 toxicity presented significant obstacles to its clinical applications (Emadi and Gore, 2010). It has been reported that As2O3-induced cardiotoxicity is regulated by reactive oxygen species (ROS) (Ficker et al., 2004; Ghosh et al., 2009), which in turn leads to pro-/anti-oxidant imbalances, such as increased malondialdehyde (MDA) and decreased superoxide dismutase (SOD), glutathione (GSH) and catalase (CAT). Elevation of MDA is a very useful indicator of oxidative stress (C. Zhang et al., 2021). SOD, GSH and CAT are all important free radical scavengers that exert antioxidant functions and protect cells from damage (Birari et al., 2020). However, there is no definitive clinical drug to treat As2O3-induced cardiotoxicity.
As a highly conserved serine/threonine-protein kinase, AMP-activated protein kinase (AMPK) has a triggered effect on the metabolism of bioenergy (Salt and Hardie, 2017). When AMPK is activated, it could monitor the function of mitochondria and the energy status of the cell (Bechard et al., 2010) and regulate the activity of the silent information regulator 1 (SIRT1). Then the peroxisome proliferator-activated receptor-gamma coactivator one alpha (PGC-1α) is activated after activation of AMPK and SIRT1. The AMPK/SIRT1/PGC-1α pathway plays an important role in oxidative stress, and mitochondrial biosynthesis (Canto and Auwerx, 2009; Birari et al., 2020).
Ginger is a widely used spice that exhibits several health benefits. It is used as a home remedy in the treatment of stomach disorders with significant value (Haniadka et al., 2013; Seif et al., 2021). The gingerol-like compounds are the main bioactive substances in the non-volatile, pungent components of ginger. 6-Gingerol (6G) is one of the major components of total gingerols extracted from ginger (Luo et al., 2021), and its chemical structure of 6G is shown in Figure 1. Specifically, 6G has been shown to be potentially efficacious against cancer (Kapoor et al., 2016; Luna-Dulcey et al., 2018) and to possess anti-inflammatory and anti-apoptotic properties (Krell and Stebbing, 2012; Zhang et al., 2017). Previous studies by our group have shown the protective effect of 6G in vitro and ex vivo models, and proposed that the cardioprotective and antioxidant properties of 6G may be a result of decreased intracellular Ca2+ via the suppression of Ca2+ influx and contractility in ventricular myocytes and inhibition of the TLR4/MAPKs/NF-κB pathway (Han et al., 2019; Han et al., 2020). These studies indicate that 6G possesses cardioprotective potential, while the exact effects and potential protective mechanisms of 6G in As2O3-induced cardiotoxicity remain to be fully elucidated. Hence, the present study aimed to explore the effects and underlying pharmacological mechanisms of 6G on As2O3-induced oxidative stress, inflammation, and apoptosis of cells.
[image: Figure 1]FIGURE 1 | Chemical structure of 6G.
Herein, a mouse model of As2O3 induced-cardiotoxicity was established to explore whether 6G regulates oxidative stress, inflammation, and apoptosis via the AMPK/SIRT1/PGC-1α signaling pathway. To date, the role of 6G as an anti-cardiotoxic agent has not been demonstrated in As2O3-induced cardiotoxicity. Thus, our study explores the antioxidant and cardioprotective properties of 6G against As2O3-induced cardiotoxicity.
MATERIALS AND METHODS
Animals
In the current study, fifty male KunMing mice (20–25 g) were used. Before the experimental application, mice were housed at 23–25°C in 12 h light/dark cycles (50–55% relative humidity) and provided with free access to water and food. All experimental procedures regarding animals were complied with the guidelines of animal experiments from the Ethics Committee of Hebei University of Chinese Medicine (China, DWLL2021098).
Drugs and Chemicals
6G (purity >98%) was obtained from Alfa Biotechnology Co., Ltd. (Chengdu, China), and As2O3 (purity >98%) in the experiment was supplied by Shuanglu Pharmaceutical Co., Ltd. (Beijing, China). All other analytical grade reagents used in this study were provided by Sigma Chemical Company (MO, United States), unless otherwise specified.
Experimental Design
The dose selection of 6G (El-Bakly et al., 2012; Han et al., 2020) and As2O3 (Hemmati et al., 2018; Birari et al., 2020; Jin et al., 2020) in this study was based on our preliminary experiments and previous studies as well as doses used by other research groups in animal experiments. The experimental design of all animals is depicted in Figure 2. Mice were divided into five groups, which are described below (10 mice/group):
[image: Figure 2]FIGURE 2 | Diagram of animal experimental design.
Group 1 (Con): Injected with physiological saline as a vehicle.
Group 2 (6G): Treated with 6G (20 mg/kg) orally for 7 days.
Group 3 (As2O3): Injected intraperitoneally with As2O3 (5 mg/kg) for 7 days.
Group 4 (L-6G): Daily treated with 6G (10 mg/kg) orally, then followed by injected intraperitoneally with As2O3 (5 mg/kg) for 7 days.
Group 5 (H-6G): Daily treated with 6G (20 mg/kg) orally, then followed by injected intraperitoneally with As2O3 (5 mg/kg) for 7 days.
Electrocardiography and Cardiac Weight Index Assessment
Briefly, mice were anesthetized with sodium urethane (1 g/kg). Electrocardiography was recorded using an electrocardiography recorder (Biological Signal Collection System, Chengdu Instrument Factory, China). Blood was then collected and subsequently the heart was removed, weighed and photographed. The heart weight-to-body weight ratio (cardiac weight index, CWI) was calculated.
Detection of Serum Biochemical Parameters
After electrocardiography, blood samples were centrifugated at 1,500 rpm for 5 min. The serum levels of lactate dehydrogenase (LDH), creatine kinase (CK), creatine kinase-MB (CK-MB) and cardiac troponin I (CTnI) were detected with an automatic biochemical analyzer (Shenzhen Kubel Biotechnology Co., LTD., China).
Evaluation of Histopathology
For examination, the hearts of mice were fixed in paraformaldehyde solution (4%), embedded in paraffin, cut into sections (5-μm-thick) by microtome, and stained with hematoxylin-eosin. The morphology of heart tissue was observed under ×20, ×200 and ×400 magnification with a light microscope (Nikon, Japan).
Assessments of ROS and Antioxidant Enzymes
A fluorescent probe dihydroethidium (DHE) (Servicebio, Wuhan, China) was used to detect the production of ROS in myocardial tissue. DHE staining solution was added into frozen sections and the slices were incubated at 37°C for 30 min. The treated sections were then washed with PBS three times for 5 min each and incubated with DAPI solution in a dark environment for 10 min. Finally, the sections were observed using a fluorescence microscope (Eclipse C1, Nikon, Tokyo, Japan).
The heart tissue samples were homogenized into a 10% (W/V) homogenate and obtained by centrifugation at 3,500 rpm for 10 min. Biochemical analyses were performed using the supernatant. Levels of SOD (A001-1), MDA (A003-1), GSH (A006-2) and CAT (A007-2) were obtained by commercially available kits (JianCheng, Nanjing, China), respectively, on the basis of the manufacturer’s instructions.
Transmission Electron Microscope
The fresh heart samples were fixed in glutaraldehyde (4%) for 2 h and rinsed with phosphate buffer (0.1 M, pH 7.4). Briefly, after being washed with phosphate buffer three times, the myocardial tissues were post-fixed in osmium tetroxide (1%, 0.1 M) for 2 h, dehydrated, and embedded in Epon 812 (TAAB). After fixation, heart samples were stained with uranyl acetate and lead citrate and visualized with an electron microscope (HT7700, Hitachi, Japan).
Estimation of Inflammatory Cytokine Levels
ELISA testing was used to estimate inflammatory cytokine levels, including tumor necrosis factor-a (TNF-α) and interleukin-6 (IL-6). The samples of the heart were immediately homogenized in a tissue lysing device (Servicebio, Wuhan, China) and centrifuged at 3,000 rpm for 10 min at 4°C. The upper supernatant was used for all ELISA kit analyses. TNF-α (88-7324), and IL-6 (88-7064) contents were obtained from Thermo Fisher.
Western Blot Analysis of Apoptosis and AMPK/SIRT1/PGC-1α Signaling
Western blot analysis was carried out to detect the protein expressions of apoptosis-related indicators, including Bax, Bcl-2, Caspase-3, cleaved-Caspase-3, and members of the AMPK/SIRT1/PGC-1α pathway, as described previously (Han et al., 2020). Briefly, total protein was extracted, separated on SDS-PAGE gels (10%, Servicebio, China), transferred onto a PVDF membrane (Servicebio, China). The membranes were blocked with 5% (W/V) skimmed milk TBST (pH 7.3) for 1 h at 37°C and incubated overnight in 4°C with the major antibody of anti-Bcl-2 (dilution: 1:100,000) (Servicebio, China), anti-Bax (dilution: 1:1,000) (Affinity, United States), anti-Caspase-3 (dilution: 1:1,000) (Servicebio, China), anti-cleaved-Caspase-3 (dilution: 1:1,000) (Servicebio, China), anti-AMPK (dilution: 1:1,000) (BIOSS, United States), anti-Sirt1 (dilution: 1:1,000) (San Ying, China), and anti- PGC-1α (dilution: 1:1,000) (Servicebio, China). Then the immobilized primary antibody conjugated with the secondary antibody (dilution: 1: 5,000) (Servicebio, China) in TBST for 30 min at room temperature. After a thorough washing with TBST, proteins were visualized with ECL (Servicebio, China). Quantification of protein expression was performed using the analysis software of Alpha.
Statistical Analysis
Data are shown as mean ± SEM and analyzed via one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test using Origin Pro version 9.1 software. Statistical significance was accepted at a value of p < 0.05.
RESULTS
6G Ameliorated As2O3-Induced Heart Injury
The ECG, body mass, and heart index of mice are shown in Figure 3. Sample tracings of ECG from the experimental animals are shown in Figure 3A. Compared to the Con group, As2O3 induced a significant rise in heart rate and ST height (Figure 3B, p < 0.01). L-6G and H-6G induced a prominent decrease in both heart rate and ST height (Figure 3B, p < 0.05 or p < 0.01).
[image: Figure 3]FIGURE 3 | Effect of 6G on ECG, heart rate, J-point elevation, and general appearance and coefficients. (A) Representative ECG waveforms were presented in each group. (B) 6G leads to a decrease in As2O3-induced heart rate acceleration and J-point elevation. (C) Representative pictures of the heart appearance and statistical analysis of CW were presented in each group. Data are represented as mean ± SEM, n = 4–6. **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.01 as in comparison to the As2O3 group.
As2O3 administration induced cardiac enlargement, which presented as a brownish and swollen heart. However, L-6G and H-6G significantly improved this pathological condition, with an appearance similar to that of the Con group (Figure 3C). The CWI in the As2O3-treated mice was higher than in the Con group. In contrast, 6G treatment significantly reduced the level of CWI induced by As2O3 (Figure 3C, p < 0.01).
The results showed that administration of As2O3 induced a significant rise in the LDH, CK, CK-MB and CTnI levels relative to Con group (Figure 4, p < 0.01). On the other hand, treatment with L-6G and H-6G significantly decreased the levels of these cardiac markers relative to As2O3-treated mice (p < 0.05 or p < 0.01).
[image: Figure 4]FIGURE 4 | Effect of 6G on the perturbed cardiac injury markers in As2O3-treated mice. The effects of 6G on serum concentration of LDH (A), CK (B), CK-MB (C) and CTnI (D) in each group. Data are expressed as mean ± SEM, n = 6. *p < 0.05, **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.01 as in comparison to the As2O3 group.
6G Improved As2O3-Induced Histopathological Changes
H&E staining, as shown in Figure 5, revealed typical myofibrillar structures in the Con group, while the myocardium of As2O3-treated mice suffered from inflammatory cell infiltration, edema, and cell necrosis. On the contrary, mice in the L-6G and H-6G groups partially alleviated the above pathological changes. Furthermore, the myocardial histoarchitecture of 6G-treated mice was similar to that of mice in the Con group.
[image: Figure 5]FIGURE 5 | Histological examination in each group. Red arrows represent cell necrosis, yellow arrows represent edema, and black arrows represent muscle fiber loss. n = 6.
6G Suppressed As2O3-Induced Oxidative Stress
As shown in Figure 6A, our data revealed that ROS levels in As2O3-treated mice were dramatically increased in comparison to the Con group. By contrast, ROS levels decreased in the L-6G and H-6G groups in comparison to the As2O3-treated mice.
[image: Figure 6]FIGURE 6 | Effect of 6G on oxidative stress in cardiac tissues. (A) Representative ROS fluorescence images in each group (400 ×, scale bar = 50 µm). The effects of 6G on the levels of SOD (B), MDA (C), GSH (D) and CAT (E) in myocardial tissues of each group. Data are presented as mean ± SEM, n = 3. **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.05 as in comparison to the As2O3 group.
The levels of oxidative stress in heart tissue homogenates were analyzed, and it was found that SOD, GSH and CAT levels decreased in As2O3-treated mice relative to the Con group, while MDA levels increased significantly (p < 0.01). Conversely, 6G treatment statistically increased the levels of SOD, GSH and CAT, as well as decreased the levels of MDA compared to the As2O3-treated mice (Figures 6B–E, p < 0.05 or p < 0.01).
6G Attenuated Myocardial Mitochondrial Damage
To investigate the protective effects of 6G on the ultrastructure of cardiomyocytes, transmission electron microscope was used to estimate the As2O3-induced cardiotoxicity. The data revealed no obvious morphological abnormalities in the Con and 6G groups. On the other hand, mitochondrial swelling and rupture of the mitochondrial membrane were found in As2O3-treated mice. However, treatment with L-6G and H-6G significantly alleviated pathological changes such as swelling of mitochondria and rupture of mitochondrial membranes (Figure 7).
[image: Figure 7]FIGURE 7 | Effect of 6G on the ultrastructure of cardiomyocytes. Representative TEM images show mitochondrial injury. Red arrows represent swelling of mitochondria and yellow arrows represent rupture of mitochondrial membranes. Scale bar = 500 nm.
6G Exerted Anti-Inflammatory Effects
ELISA analyses were performed to detect the inflammatory cytokines TNF-α and IL-6 in heart tissue homogenates. The levels of TNF-α and IL-6 in As2O3-treated mice were significantly higher compared with mice in the Con group (p < 0.01). The levels of TNF-α and IL-6 in the 6G group were similar to those of the Con group. Treatment of L-6G and H-6G suppressed the As2O3-induced rise in levels of TNF-α and IL-6 (p < 0.05 or p < 0.01). The expression levels of these cytokines among the experimental groups are shown in Figure 8.
[image: Figure 8]FIGURE 8 | ELISA analysis of inflammatory cytokines. The effects of 6G on the levels of TNF-α (A) and IL-6 (B) in myocardial tissues of each group. Data are expressed as mean ± SEM, n = 3. **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.05 as in comparison to the As2O3 group.
6G Inhibited As2O3-Induced Heart Apoptosis
Next, the expression levels of apoptosis-related markers were assessed to further elucidate the role of 6G in As2O3-induced cardiac dysfunction. As shown in Figure 9, Western blot analysis of apoptosis-related regulatory proteins revealed that the protein expression levels of Bax, Caspase-3 and cleaved-Caspase-3 and the ratio of Bax/Bcl-2 were obviously up-regulated, whereas the expression of Bcl-2 was down-regulated in As2O3-treated mice compared with mice in the Con group (p < 0.01). On the other hand, treatment with L-6G and H-6G significantly downregulated apoptosis-related regulatory proteins (i.e., Bax, Bax/Bcl-2, Caspase-3, and cleaved-Caspase-3) and upregulated the level of Bcl-2 compared with As2O3-treated mice (Figure 9, p < 0.05 or p < 0.01). Our findings indicated no significant change in mice treated with 6G alone relative to mice in the Con group.
[image: Figure 9]FIGURE 9 | Western blot analysis of Bcl-2, Bax, Caspase-3, and cleaved-Caspase-3 in cardiac homogenates prepared from mice, (A) The typical protein expression bands of each group. Bar graph of the expressions of Bax (B), Bcl-2 (C), Bax/Bcl-2 (D), Caspase-3 (E) and c-Caspase-3 (F) in myocardial tissues. Data are expressed as mean ± SEM, n = 3. **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.05 as in comparison to the As2O3 group.
6G Reversed As2O3-Induced Inhibition of the AMPK/SIRT1/PGC-1α Pathway
Finally, the expressions of AMPK, SIRT1 and PGC-1α in each group was examined by Western blot analysis to investigate the potential mechanism of action of 6G to alleviate As2O3-induced cardiotoxicity. Further analysis indicated that As2O3 significantly downregulated the expressions of AMPK, SIRT1, and PGC-1α, while treatment with L-6G and H-6G showed an inverse trend (Figure 10). Our data indicate that 6G can suppress As2O3-induced cardiotoxicity might be through activating of the AMPK/SIRT1/PGC-1α pathway.
[image: Figure 10]FIGURE 10 | Western blot analysis of AMPK, SIRT1, and PGC-1α in cardiac homogenates prepared from mice, (A) The typical protein expression bands of each group. Bar graph of the expressions of AMPK (B), Sirt1 (C) and PGC-1α (D) in myocardial tissues. Data are expressed as mean ± SEM, n = 3. **p < 0.01 as in comparison to the Con group and #p < 0.05, ##p < 0.05 as in comparison to the As2O3 group.
DISCUSSION
As2O3, used in ancient Chinese medicine for more than 2,000 years, plays a vital role in the treatment of various diseases such as cancer (Hoonjan et al., 2018). Ginger is one of the oldest spices and is also used as a traditional Chinese medicine due to its many health benefits. The 6G extracted from ginger is the most pharmacologically active compound in gingerol (Luettig et al., 2016; de Lima et al., 2018). Our previous experimental findings have shown that 6G can effectively inhibit inflammation and apoptosis in cardiac fibrosis and myocardial injury (El-Bakly et al., 2012; Han et al., 2020). Furthermore, 6G was shown to be capable of reversing impaired insulin signaling in arsenic-intoxicated mice (Chakraborty et al., 2012). Moreover, consistent with previous research, our study found that 6G treatment can alleviate As2O3-induced heart injury in mice by reducing oxidative stress, the inflammatory response, and apoptosis. In addition, mice treated with 6G obtained these effects via activation of the AMPK/SIRT1/PGC-1α pathway.
The current study may help guide future research on 6G or suitable derivatives for the effective prevention of As2O3-induced cardiotoxicity. Evidence has amassed that heart rate and ST height are frequently used as important indicators for normal cardiac functioning and that elevated heart rate and ST segment changes indicate damage of the myocardium (Zenger et al., 2021). As2O3-induced myocardial injury is manifested by increased heart rate and ST-segment elevation (Sonawane et al., 2018). Our results showed that As2O3 treatment significantly increased heart rate and ST height, however, 6G reversed these pathological changes, suggesting that 6G protects myocardium from As2O3-induced injury (Figure 3). Meanwhile, the 6G-alone administration group was designed to observe changes in mice before and after 6G treatment. Our results showed no significant changes in mice treated with 6G alone compared to the Con group, indicating that 6G is a safe therapeutic agent.
The utilization of As2O3 in cancer patients causes various cardiotoxic effects (Yu et al., 2017). Serum levels of LDH and CK are indicators of myocardial damage and are frequently used to estimate cardiotoxicity (Saad et al., 2020). During cardiovascular disease or injury, the levels of CK-MB and CTnI in cardiac tissues are dramatically increased (Wang R. et al., 2021). We preliminarily analyzed the toxic effects of arsenic trioxide on the heart by the level of cardiac diagnostic markers. The data from our study demonstrate that As2O3 exposure increased serum levels of LDH, CK, CK-MB and CTnI. Elevated levels of these markers indicate cardiac damage, however, treatment with 6G can significantly reduce the levels of these indicators (Figure 4). We further observed the histopathological damage caused by As2O3. Results in the present study indicated that L-6G and H-6G treatment had curative effects on histopathological changes (Figure 5). Consistent with previous research, the protective effect of 6G, as determined by heart function markers, has been reported against ISO-induced cardiotoxicity (Han et al., 2020). 6G ((S)-5-hydroxy-1-(4-hydroxy-3-methoxyphenol)-3-decanone) extracted from ginger is the most pharmacologically active compound in gingerol, and the active part of the molecule is an aliphatic chain molecule containing a hydroxyl group (Yang et al., 2010; Wang et al., 2014). Due to its cardioprotective effect, 6G can be considered a promising molecule for the treatment of drug and chemical-induced cardiotoxicity and/or other cardiovascular diseases.
Production of reactive oxygen species, depletion of antioxidants, impairment of mitochondrial function, and induction of apoptosis are involved in the pathogenesis of cardiotoxicity caused by As2O3. Mitochondria are the major site of ROS production (Bugger and Pfeil, 2020), and exposure of As2O3 is able to induce overproduction of intracellular ROS, which triggers oxidative stress-related cascades, inflammatory responses, apoptosis, and cellular membrane damage (Zhong et al., 2021). The high levels of intracellular ROS in As2O3-treated mice were associated with the impaired mitochondrial reduction of molecular oxygen (Ahangarpour et al., 2017). The levels of SOD, CAT and GSH in the tissues indicated the extent of antioxidant defense. The results of the present study also demonstrate that As2O3 can generate large amounts of ROS, which leads to a significant decrease in the levels of antioxidants (SOD, GSH and CAT), as well as an increase in the levels of lipid peroxides MDA. This suggests that As2O3 induces cardiac injury by inducing oxygen radical production and reducing endogenous protective antioxidant capacity (Figure 6). Mitochondrial dysfunction is the main cause of As2O3-induced damage. 6G treatment could reduce the swelling of mitochondria and the breakage of mitochondrial membrane (Figure 7). Our results suggest that 6G could maintain mitochondrial function.
Excessive production of ROS and induction of oxidative stress-related signaling cascades result in the overproduction of pro-inflammatory mediators. TNF-α and IL-6, both of which play key roles in the inflammatory process (Forrester et al., 2018). Inflammatory cytokines were found to be upregulated in As2O3-induced cardiotoxicity. Our results are in consistent with previous studies. Notably, TNF-α and IL-6 were significantly downregulated by 6G, suggesting that 6G exerts a significant anti-inflammatory effect by inhibiting the levels of TNF-α and IL-6 (Figure 8).
Oxidative stress caused by As2O3 results in dysfunction of mitochondria and apoptosis of cardiomyocytes, both of which contribute to the development of myocardial damage (Zhu and Zuo, 2013). It is well known that the apoptosis-related regulatory proteins Bax, Bcl-2, Caspase-3 and cleaved-Caspase-3 are closely associated with As2O3-induced cardiotoxicity. As a classical anti-apoptotic mediator, Bcl-2 can inhibit the activity of Caspase-3 which, in turn, inhibits cellular apoptosis. It is noteworthy that Bax upregulates the permeability of mitochondrial membranes, causing cytochrome ϲ release, which induces cellular apoptosis through activation of Caspase-3 and cleaved-Caspase-3 (Polat and Karaboga, 2019). We also found that As2O3 induced apoptotic damage to the heart, as evidenced by notable increases in Caspase-3, Bax, and Bcl-2 expression and the Bax/Bcl-2 ratio in the heart of As2O3-treated mice. However, in the groups treated with 6G, Bax, Caspase-3, and cleaved-Caspase-3 levels were downregulated and the Bax/Bcl-2 ratio decreased in heart tissue, while Bcl-2 expression in heart tissue was upregulated relative to As2O3-treated mice (Figure 9).
The signaling cascade mediated by AMPK, SIRT1 and PGC-1α can inhibit ROS production and inflammatory cytokines (Thirupathi and de Souza, 2017). Thus, activation of the cascade may be an effective therapy against As2O3-induced damage. Multiple studies have shown that AMPK could affect the activity of the downstream molecules SIRT1 and PGC-1α, as well as the activation of AMPK and PGC-1α, which could also be regulated by SIRT1 (Tian et al., 2019). PGC-1α plays an important role in cardioprotective therapies and is highly expressed in cardiac myocytes (Lehman et al., 2000). Furthermore, PGC-1α is a key factor for myocardial mitochondrial biogenesis and for regulating the expression of the downstream proteins involved in oxidative stress (Choi et al., 2017; Di et al., 2018). SIRT1, a histone deacetylase, plays an important role in regulating a wide range of critical biological functions, including oxidative stress, energy metabolism, apoptosis, and autophagy. Our present study found that As2O3 significantly decreased the protein expressions of AMPK, SIRT1, and PGC-1α, whereas 6G upregulated the expressions of AMPK, SIRT1, and PGC-1α, enhanced SOD activities, and suppressed the production of ROS and MDA to maintain mitochondrial function and control oxidative stress (Figures 10, 11).
[image: Figure 11]FIGURE 11 | Mechanism of 6G on As2O3-induced cardiotoxicity.
CONCLUSION
In line with these findings, the data generated by our study suggests that 6G treatment exerts cardioprotective effects by attenuating oxidative stress, inflammation, and apoptosis. 6G may be a promising therapeutic agent for the prevention of As2O3-induced cardiotoxicity, and the AMPK/SIRT1/PGC-1α pathway may be an effective target. Our experiments provide guidance for future studies on the efficacy of 6G or suitable derivatives in preventing the cardiotoxicity of anticancer drugs.
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Background: Coronary disorders are recognized as the most common manifestation of fluoropyrimidine-related cardiotoxicity in clinical practice. However, there are limited and conflicting data on the incidence and profiles of fluoropyrimidine-related coronary disorders. In this meta-analysis, we aimed to systematically assess the incidence of all-grade and grade 3 or higher fluoropyrimidine-related coronary disorders, and further explore the factors that influence its occurrence.
Methods: Studies reporting the fluoropyrimidine-related coronary disorders were retrieved from a systematic search of English literature in the PubMed, Web of Science, Medline, and Cochrane database from 1 Jan 2001, to 1 Jan 2022. The NIH assessment tool was used to evaluate the quality of each study. The data of basic study characteristics, treatment details, and results of coronary toxicities were extracted. According to the results of the heterogeneity test (I2 and p-value statistic), a random-effect model or fixed-effect model was selected for the pooled analysis of the incidence of adverse coronary events. Subgroup analysis was conducted to further explore the risks influencing the occurrence of fluoropyrimidine-related coronary disorders. The stability and publication bias of our results were evaluated by sensitivity analysis and Egger test, respectively.
Results: A total of 63 studies were finally included in our pooled analysis, involving 25,577 patients. The pooled cumulative incidence of all-grade and grade 3 or higher coronary disorders was 2.75% (95% CI 1.89%–3.76%) and 1.00% (95% CI 0.62%–1.47%), respectively. The coronary disorders were most reported as myocardial ischemia (1.28%, 95% CI 0.42%–2.49%) and angina/chest pain (1.1%, 95% CI 0.54%–1.81%). Subgroup analysis revealed that studies in the female-only population seemed to have a lower incidence of fluoropyrimidine-related coronary disorders. The occurrence of adverse coronary events varied among different tumor types. Patients with esophageal cancer have the highest coronary toxicity (6.32%), while those with breast cancer have a relatively lower incidence (0.5%). Coronary disorders induced by 5-FU monotherapy are more frequent than that induced by capecitabine (3.31% vs. 1.21%, p < 0.01). Fluoropyrimidine combination therapy, whether combined with other chemotherapy drugs, targeted therapy drugs, or radiotherapy, significantly increased the incidence of coronary complications (p < 0.01).
Conclusion: This meta-analysis has defined the incidence of fluoropyrimidine-related coronary disorders and depicted its epidemiological profiles for the first time, which may provide a reference for clinical practice in cancer management.
Keywords: coronary disorder, 5-FU, capecitabine, meta-analysis, fluoropyrimidine
INTRODUCTION
With the continuous development of chemotherapy, radiotherapy, and new treatment technologies, the survival of cancer patients has been greatly improved. Meanwhile, the cardiovascular toxicity related to anti-tumor therapy has become increasingly prominent, which is one of the important causes of death due to treatment-related complications (Curigliano et al., 2016). Cardio-Oncology, an emerging interdisciplinary field, focuses on cardiovascular disease in cancer patients, and has developed rapidly in recent years (Koutsoukis et al., 2018). The incidence and spectrum of cardiotoxicity vary widely by chemotherapeutic regimens. The cardiotoxicity of anthracyclines has been extensively studied and highly concerned over the past 2 decades (Lotrionte et al., 2013; Smith et al., 2010). However, fluoropyrimidine (5-fluorouracil (5-FU), capecitabine, S-1, Tas102, etc.) induced cardiotoxicity has not been attracted equal attention.
The coronary disorder is one of the typical adverse reactions induced by chemotherapy agents, such as 5-FU and capecitabine, which often refers to the transient contraction of coronary artery and thrombus formation, causing varying degrees of myocardial ischemia, and resulting in the clinical syndrome of angina pectoris, myocardial infarction, even sudden death (More et al., 2021). Chest pain with typical or atypical angina pectoris is the most prominent manifestation of the coronary disorder, which has directly been visualized during coronary angiography (Baldeo et al., 2018; Das et al., 2019; Gao et al., 2019).
Despite some studies that have focused on fluoropyrimidine-induced coronary disorder, most of them were conducted with small samples or just case reports (Karakulak et al., 2016; Ben-Yakov et al., 2017; Sedhom et al., 2017). The reported incidence of fluoropyrimidine-related coronary disorder varies from 0% to 35% (Pai and Nahata, 2000; Sara et al., 2018; Lestuzzi et al., 2020), which is a too wide range to provide valuable reference for clinical practice. In addition, some studies suggested that the occurrence of coronary disorder depended on the different fluoropyrimidine drugs, route of administrations, dosage schedules, and co-administered agents (Depetris et al., 2018; Kanduri et al., 2019). However, there is no consensus on the incidence, profiles, and risk factors of fluoropyrimidine-related coronary disorders. An accurate description of the incidence and epidemiological characteristics of coronary vasospasm is the basis for guiding clinical practice and is very crucial for the early identification and prevention of ischemic events caused by fluoropyrimidines. Obviously, the currently available data are not yet sufficient for drawing definite conclusions. Therefore, in this systematic review and meta-analysis, we are dedicated to comprehensively and systematically evaluating the incidence and epidemiological characteristics of fluoropyrimidine-induced coronary disorders and to further exploring the factors influencing its occurrence using a method of single-rate meta-analysis.
MATERIALS AND METHODS
The Definition of Coronary Disorder
The coronary disorder of interest in this study was defined as a group of symptoms represented by chest pain syndrome, including angina pectoris, myocardial ischemia, myocardial infarction, and acute coronary syndrome. The fluoropyrimidine-related coronary disorders were recognized by the new occurrence of a chest pain at rest in the presence of recent fluoropyrimidine administration with or without electrocardiogram (ECG) or biomarker changes.
Search Strategy and Selection Criteria
Literature search and study selection were conducted under the PRISMA guidelines. Studies reporting the fluoropyrimidine-related coronary disorders were retrieved from a systematic search of English literature in the PubMed, Web of Science, Medline, and Cochrane database from 1 Jan 2001 to 1 Jan 2022. The search strategy was determined after several pre-retrievals and finally combined the following two sorts of items: 1) “fluoropyrimidine” OR “5-FU” OR “capecitabine” OR “S-1” OR “Tas102”; 2) “cardiotoxicity” OR “coronary vasospasm” OR “chest pain” OR “angina” OR “myocardial ischemia” OR “myocardial infarction” OR “acute coronary syndrome.” Studies had to meet the following inclusion criteria: 1) patients with a diagnosis of solid malignances; 2) articles explicitly reported the coronary disorders as defined above, and it is associated with fluorouracil-containing treatment; 3) the sample size was greater than 20; 4) the full-text was available; 5) prospective or retrospective clinical studies. Reviews, letters, comments, case report, meeting abstract were excluded.
Methodological Quality Assessment and Data Extraction
The quality of included studies was assessed using the quality assessment tool of the National Institutes of Health (NIH) (Nhlbi Study Quality Assessment Tools, 2020, Supplementary Table S1). The reviewers could select “YES,” “NO,” or “Cannot Determine/Not Applicable/Not Reported” for each item in the list. Based on their responses, the quality of each study was graded as “good,” “fair,” or “poor.” The incidences of fluoropyrimidine-related coronary disorders of all-grade and grade 3 or higher were the main outcomes in this meta-analysis. The data of basic characteristics (first-author, publication year, study design, country or region, age, gender, tumor type, and sample size), treatment details (treatment type, line, regimen, and dosage), and the incidence of fluoropyrimidine-related coronary disorders were extracted and documented. Two authors (Lu and Deng) independently searched the literature, assessed the quality of included studies, and extracted and cross-checked the data.
Statistical Analysis
The incidence of fluoropyrimidine-related coronary disorders in each study was shown as a percentage calculated using a division method ([image: image]). The Cochran’s chi-squared test reporting I2 statistic and p-value was used to test heterogeneity, and if heterogeneity exists (I2 > 50% or p < 0.1), a random-effect model was conducted, otherwise, a fixed-effect model was adopted. The pooled incidence was achieved by a single rate meta-analysis method, shown as a proportion and 95 confidence intervals (CI). Subgroup analyses were performed based on study-level characteristics (e.g., publication period, study design, gender, age, tumor, treatment type, regimen, and so on) for all-grade and grade 3 or higher adverse coronary events. Sensitivity analyses were conducted to evaluate the stability of our results. Publication bias was shown by funnel plot symmetry and statistically checked using the Egger test. For all tests, p-values less than 0.05 were considered statistically significant. All the statistical process of this meta-analysis was performed using R software (version 4.0.6, MathSoft, Massachusetts) with “meta,” “rmeta,” and “metafor” packages.
RESULTS
Eligible Studies and Characteristics
A total of 1818 initial records were identified through a literature search. After title and abstract screening and full-text screening, 63 studies were finally included in this meta-analysis, involving 25,577 patients (Figure 1). The included populations covered more than 30 countries around the world, of which 5 were multi-country collaborations. Forty-seven (74.6%) of the 63 included articles were prospective studies, while the remaining 16 (25.4%) were retrospective in design. The tumor spectrum included colorectal cancer (number of studies: n = 25, 39.7%), breast cancer (n = 11, 17.5%), esophagus cancer (n = 4, 6.3%), gastric cancer (n = 3, 4.8%), and others (n = 9, 14.3%), the remaining 11 (17.5%) studies focused on mixed solid malignancies without distinguishing specific tumor categories. The included 63 studies consisted of 92 treatment arms, and their regimens included 5-FU/capecitabine mono chemotherapy (n = 20, 21.7%), 5-FU/capecitabine combined chemotherapy (n = 33, 35.9%), 5-FU/capecitabine based chemotherapy plus targeted therapy (n = 25, 27.2%), 5-FU/capecitabine based chemotherapy plus radiotherapy (n = 6, 6.5%), and the modified fluoropyrimidine agents S1 or TAS 102 (n = 2, 2.2%). According to the NIH quality assessment tools, 29 studies (46%) were rated as high quality, 34 (54%) fair quality, and none was classified as poor (high risk of bias). The detailed characteristics of each included study are shown in Table 1.
[image: Figure 1]FIGURE 1 | The flow diagram for literature selection, screening, and inclusion.
TABLE 1 | The characteristics of the included 64 studies.
[image: Table 1]The Incidence of 5-Fluorouracil Associated Coronary Artery Disorders
Using a random-effect model, the pooled incidence of all-grade fluoropyrimidine-related coronary disorders among 22,939 cases from 59 studies was 2.75% (95% CI 1.89%–3.76%) (Figure 2A). Thirty-three studies reported the incidence of grade 3 or higher fluoropyrimidine-related coronary disorders, involving a total of 14,135 cases, The pooled incidence of grade 3 or higher coronary disorders by meta-analysis, was 1.00% (95% CI 0.62%–1.47%) (Figure 2B).
[image: Figure 2]FIGURE 2 | Forest plot of the incidence of fluoropyrimidine-related coronary disorders. (A) the pooled incidence of all-grade adverse coronary events, by a random-effect model analysis, was 2.75% (95% CI 1.89%–3.76%); (B) the pooled incidence of grade 3 or higher adverse coronary events, by a random-effect model analysis, was and 1.00% (95% CI 0.62%–1.47%).
Specific Reported Events of Coronary Disorders
Coronary disorders were frequently reported as angina/chest pain, myocardial infarction, myocardial ischemia, and acute coronary syndrome in our included literature. As shown in Figure 3, myocardial ischemia and angina/chest pain were the two most common adverse events, which have a pooled incidence of 1.28% (95% CI 0.42%–2.49%) and 1.1% (95% CI 0.54%–1.81%), respectively. Myocardial infarction and the acute coronary syndrome were less reported, with a pooled incidence of 0.38% (95% CI 0.16%–0.67%) and 0.14% (0–0.56%), respectively. Fourteen studies reported the typical ST-T changes on ECG with or without symptomatic coronary toxicities. A random-effect meta-analysis gave a pooled incidence of ST-T changes of 4.77% (95% CI 3.12%–7.28%), significantly higher than the incidence of adverse coronary events (2.75%). The changes of cardiac-specific serum enzymes were reported in 10 studies, including troponin, CK-MB, myoglobin, BNP, and copeptin, and the pooled overall incidence was 1.98% (95% CI 0.9%–4.36%).
[image: Figure 3]FIGURE 3 | The pooled incidence of specific reported events of coronary disorders. * a pooled incidence of 4.77% (95% CI 3.12%–7.28%), containing ST-T changes on ECG with or without symptomatic coronary toxicities.
Subgroup Analyses
Subgroup analyses were conducted to compare the incidence of all-grade and grade 3 or higher coronary disorders among different study-level moderators, and further identify the factors influencing the occurrence of adverse coronary events. The pooled incidence and 95% CI of coronary events in each subgroup were shown in Table 2, as well as the results of statistical comparisons between subgroups. A significant difference was identified among different publication periods (p = 0.02) for the incidence of all-grade coronary events, but not statistically significant for grade 3 or higher events (p = 0.65). We did not observe an obvious difference between prospective and retrospective study designs (all-grade: p = 0.58, grade 3 or higher: p = 0.21), nor between phase Ⅱ and phase Ⅲ clinical trials (all-grade: p = 0.24, grade 3 or higher: p = 0.18). There was also no significant difference between studies with good-quality and fair-quality (p = 0.43) for all-grade events, however, the good-quality studies had lower pooled incidence than fair-quality studies for the assessment of grade 3 or higher coronary events (p < 0.01). Notably, the female-only population (with breast cancer) reported lower pooled incidence than general populations, both in the assessment of all-grade (p < 0.01) and grade 3 or higher (p < 0.01) coronary disorders.
TABLE 2 | The pooled incidence of coronary disorder in each subgroup and the comparison results.
[image: Table 2]The pooled incidence of coronary disorders for all-grade or grade 3 or higher varied between tumor types (all-grade: p < 0.01, grade 3 or higher: p < 0.01). Fluoropyrimidine-related coronary disorders were most frequently in the treatment of esophageal cancer, with the all-grade incidence of 6.32% (95% CI 3.62%–9.71%). Fluoropyrimidines in the treatment of breast cancer, however, occupied the relatively lower coronary complications (all-grade: 0.50%, 95% CI 0.11%–1.16%) than colorectal cancer (all-grade: 2.69%, 95% CI 1.57%–4.09%) and esophagus cancer.
The effect of treatment parameters on the incidence of coronary events was also analyzed. As a result, the administrations of fluoropyrimidine as neoadjuvant chemotherapy, adjuvant chemotherapy, or palliative treatment for advanced/metastasis/relapse disease did not significantly affect the occurrence of coronary events (all-grade: p = 0.37; grade 3 or higher: p = 0.15). However, the treatment regimen is closely related to the occurrence of coronary disorders (all-grade: p < 0.01; grade 3 or higher: p = 0.07). Coronary disorder induced by 5-FU is more frequent than that induced by capecitabine, both for all-grade (3.31% vs. 1.21%) and grade 3 or higher (0.92% vs. 0.75%). The 5-FU or capecitabine combined chemotherapy had a higher incidence of coronary events than 5-FU or capecitabine monotherapy (5-FU: 4.31% vs. 3.31%; capecitabine: 2.69% vs. 1.21%). The addition of targeted therapy drugs (e.g., bevacizumab, cetuximab, and trastuzumab) to capecitabine increased the risk of coronary disorder (all-grade; 2.85% vs. 1.21%; grade 3 or higher: 1.22% vs. 0.75%). Similarly, the addition of radiotherapy resulted in a significant increase in coronary toxicity, both for 5-FU (all-grade: 5.1% vs. 3.3%, grade 3 or higher: 4.76% vs. 0.92%) and capecitabine (all-grade: 2.65% vs. 1.21%, grade 3 or higher: 3.12% vs. 0.75%). Novel fluoropyrimidines, S-1 and Tas 102, demonstrated lower coronary toxicity (S-1: 0; Tas102: 0.56%), however, such data were derived from a limited number of studies.
Sensitive Analyses and Publication Bias
Sensitivity analyses were performed for the main outcome measures, all-grade and grade 3 or higher incidence of coronary disorders. In the all-grade and grade 3 or higher analyses, the variation of the pooled results after removing studies one by one was 2.64%–2.86% and 0.92%–1.07%, respectively (Figure 4), indicating that the conclusions of this meta-analysis were stable and reliable. The funnel plots and Egger tests did not show existing significant publication bias in the evaluation of all-grade and grade 3 or higher coronary disorder in this meta-analysis (Figure 5).
[image: Figure 4]FIGURE 4 | The results of sensitive analysis. (A) the sensitive analysis of the incidence of all-grade coronary disorders indicated a variation between 2.64% and 2.86%; (B) the sensitive analysis of the incidence of grade 3 or higher coronary disorders indicated a variation between 0.92% and 1.07%.
[image: Figure 5]FIGURE 5 | Funnel plot and Egger test evaluating the publication bias of studies. The p-values of Egger test for all-grade and grade 3 or higher coronary disorder were 0.92 and 0.91, respectively, suggesting no significant publication bias.
DISCUSSION
Fluoropyrimidine, as a well-known class of pyrimidine antimetabolites, has been used in cancer treatment for more than half a century. Although numerous therapeutic strategies have been introduced in recent years, such as targeted therapy (Bedard et al., 2020), antiangiogenic therapy, and immunotherapy (Hegde and Chen, 2020), fluoropyrimidines are still one of the most effective and frequently used agents in the treatment of colorectal cancer, breast cancer, gastric cancer, and head and neck cancers, whether for neoadjuvant, adjuvant, advanced or maintenance therapy. Cardiotoxicity, especially coronary disorders caused by 5-FU and capecitabine remains a critical issue in cancer therapy that threatens patient survival and leads to the discontinuation of the medication. Unfortunately, there is no solid evidence worldwide about the incidence of fluoropyrimidine-related coronary disorders and the risk factors affecting its occurrence (Deac et al., 2020; Li et al., 2021). In this study, we systematically evaluated the incidence and profile of coronary disorder associated with fluoropyrimidines administration. To our best knowledge, this is the first comprehensive systematic review and meta-analysis on this topic.
The mechanism of fluoropyrimidine-induced cardiotoxicity has not yet been fully elucidated. Although several theories have been proposed, including vasoconstriction, endothelial injury, direct myocardial toxicity, and so on, the most predominant and important clinicopathological change was the disorder of coronary artery (Depetris et al., 2018; Mohammed et al., 2018; Chong and Ghosh, 2019). The coronary disorders defined in this study mainly refers to reversible cardiac ischemia caused by coronary vasospasm, and coronary atherosclerosis due to fluorouracil-induced coagulation problems was also included. There are several reported presentations of fluoropyrimidine-related coronary disorders, including atypical chest pain to typical angina, ACS, myocardial ischemia, and myocardial infarction. According to our results, myocardial ischemia (1.28%) and angina/chest pain (1.1%) are the most frequently reported. In fact, ischemia and angina/chest pain are not two independent adverse events. Chest pain with or without typical angina is often the primary clinical manifestation of acute cardiac ischemia or ACS, both of which are outcomes of coronary disorders. Thus, in this analysis, we focused on the overall coronary disorders consisting of angina/chest pain, myocardial ischemia and infarction, and ACS, rather than one of them.
Our results generated reliable data on the overall incidence of fluoropyrimidine-related coronary disorder of 2.7%, which revised the previous over-or under-estimation of 0–35%. The incidence of grade 3 or higher fluoropyrimidine reached 1%, accounting for 37% of the overall incidence, indicating that coronary disorder is one of the high-risk complications, which deserves special attention. The pooled results in our study were close to the data reported by Zafar et al. (2021), in which coronary disorders occurred in 2.16% of 4,019 patients treated with 5-FU. It should be noted that 14 of the 63 included studies observed ECG changes during fluoropyrimidine administration, with a pooled incidence of ST-T changes of 4.77%, remarkably exceeding the incidence of adverse coronary events (2.16%). Such inconsistency may be derived from the presence of asymptomatic ischemic ECG changes in some populations (Lounsbury et al., 2017). Therefore, continuous ECG monitoring should be recommended during fluoropyrimidine use, as early ST-T changes often indicate an impending adverse coronary event.
The results of our subgroup analysis showed a lower incidence of the coronary disorder in the female-only population, a phenomenon that has also been observed in other studies (Peng et al., 2018). Delaloge et al. (2020) reported 5 (0.8%) of 628 breast cancer patients treated with capecitabine developed coronary disorders in a phase Ⅲ clinical trial. A similar low incidence (0.5%, 2/397) was also reported by Zhang et al. (2017) in 2017. Such gender differences may be associated with the protective effect of female hormones on the heart (Kurokawa et al., 2009; Gowd and Thompson, 2012; Costa et al., 2021). However, in this pooled analysis, the female-only population were breast cancer patients with capecitabine administration. We believed that the characteristics in tumor type and medication should be mainly accounted for the lower coronary toxicity in the female-only population. In addition, a significant difference on the incidence of all-grade adverse coronary events was also observed among different publication periods. This discrepancy could be partly related to the way of drug administration, increased concomitant targeted therapy, and increased attention to cardiotoxicity.
We had observed a significant difference in fluoropyrimidine-related coronary disorders among different tumor types. However, these differences, to a great extent, should be attributed to the variability in treatment regimens among tumors. Capecitabine is an oral prodrug of 5-FU designed to be converted selectively in tumors. It is rapidly absorbed from the gut as an unchanged drug and then converted to the active form of 5-FU by carboxylesterase and thymidine phosphorylase (O’Connell et al., 2014). Therefore, the effect of capecitabine on the coronary is indirect, and our results seem to show that the incidence of capecitabine-caused coronary disorders is significantly lower than that of intravenous 5-FU. However, due to the lack of evidence of direct comparison between 5-FU and capecitabine, such a conclusion needs further confirmation. The coronary toxicity was distinctly varied from formulations or administration protocols of 5-FU or capecitabine. Combination therapy significantly increases coronary toxicity, whether combined with other chemotherapeutics or targeted therapy. The increased incidence of the coronary disorder in combination therapy may result from additive and synergistic toxic effects of different agents on the heart. As we know, anti-angiogenic targeted drugs (e.g., bevacizumab) also had adverse effects on the cardiovascular system (Economopoulou et al., 2015). Therefore, when combination regimens containing these agents were considered, more attention should be paid to the occurrence of coronary adverse events. On the other hand, radiotherapy covering or adjacent to the heart also significantly increases coronary toxicity of fluoropyrimidines. As in our meta-analysis, patients with esophageal cancer who received 5-FU combined with radiotherapy had the highest incidence of coronary disorder at 6.32%. Some studies further showed that radiotherapy increases not only short-term cardiotoxicity, but also long-term cardiotoxicity, such as pericarditis and pericardial effusion (Saunders and Anwar, 2019). Other fluoropyrimidine drugs, such as S-1 and TAS102, have shown a lower incidence of coronary disorders in our study and may be a safer option for patients. However, due to the limited number of cases included in the TAS102 and S1 analyses, more evidence is needed.
Admittedly, there were some limitations in this meta-analysis. First, heterogeneity was observed among the included studies. Although we have performed subgroup analyses and adopted a random-effect model to minimize the effects of the heterogeneity, its influence on the stability of the results cannot be eliminated. Second, it is difficult to clearly define and distinguish “coronary disorder,” although in this study we included various manifestations such as angina, chest pain, myocardial infarction, myocardial ischemia, and ACS. Not all included studies have undertaken a comprehensive and targeted examination to identify these conditions, so the result may be an inevitable underestimation of the incidence. Furthermore, it is difficult to determine whether the referred coronary disorder was related to fluoropyrimidine-containing treatment. Although we only included studies that clearly indicated such a correlation, there is still a possibility that patients with spontaneous coronary disorder could be counted in the original study. Finally, several previous studies have reported the effects of age, race, smoking, history of heart disease, and other factors on fluoropyrimidine-related coronary toxicity. However, limited by the characteristics of the included studies in this meta-analysis, we did not have enough data to further analyze all possible moderators. Owing to the above limitations, the findings of this meta-analysis should be interpreted with carefully, and subsequent large-sample clinical studies are necessary.
CONCLUSION
In conclusion, this meta-analysis, which used a single-rate pooled analysis model, has defined the incidence of coronary disorders induced by fluoropyrimidine-based treatment, and depicted its epidemiological profiles. The occurrence of fluoropyrimidine-related coronary disorders is not a rare condition during fluoropyrimidine administration, which needs to be highly concerned. It varies among tumor types, and different treatment regimens may be associated with different incidence of adverse coronary events. This comprehensive overview of fluoropyrimidine-related coronary disorders can provide a reference for clinical practice in cancer management.
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Background: Venous thromboembolism (VTE) is a potential complication among lymphoma patients. We evaluated the incidence rate and predictors of VTE in lymphoma patients undergoing chemotherapy.
Methods: The present study retrospectively studied 1,069 patients with lymphoma who were treated with chemotherapy from 2018 to 2020. We investigated clinical predictors of VTE among all patients. The follow-up results were obtained via telephone communication and from inpatient and outpatient records.
Results: A total of 1,069 patients underwent chemotherapy for lymphoma. During a mean follow-up of 23.1 months, 52 (4.9%) patients developed VTE. According to a multivariate analysis, the five variables found to be independently associated with VTE were male sex (HR 2.273, 95% CI 1.197–4.316, p = 0.012), age >64-years-old (HR 2.256, 95% CI 1.017–5.005, p = 0.045), the number of cycles of chemotherapy (HR 4.579, 95% CI 1.173–17.883, p = 0.029), platelet count ≥350 × 109/L (HR 2.533, 95% CI 1.187–5.406, p = 0.016), and D-dimer >0.5 mg/L (HR 4.367, 95% CI 2.124–8.981, p < 0.001).
Conclusion: This population-based study confirms the risk factors for VTE among patients with lymphoma who underwent chemotherapy and confirms that targeted thromboprophylaxis may reduce the burden of VTE in this population.
Keywords: VTE, lymphoma patients, chemotherapy, prospective cohort, targeted thromboprophylaxis
INTRODUCTION
Venous thromboembolism (VTE), including deep vein thrombosis (DVT) and pulmonary embolism (PE), is a common complication of lymphoma, with an incidence of 1.5%–59.5% (Goldschmidt et al., 2003; Zhou et al., 2010). A prospective study on newly diagnosed lymphoma patients in Asia found a 1-year VTE incidence of 7.9% (Park et al., 2012). Another meta-analysis of 29 independent cohorts, including 18,018 patients and 1,149 events, found a VTE incidence rate of 5.3% in adult patients with lymphoma. Among these lymphoma patients, the incidence rate of VTE for patients with non-Hodgkin lymphoma (NHL) was 6.5%, which is significantly greater than that observed for patients with Hodgkin lymphoma (HL) (4.7%) (Caruso et al., 2010). Compared to patients with several other types of cancer, patients with lymphoma are at significantly higher risk for VTE, especially those undergoing chemotherapy, for whom the VTE incidence rate may reach 15% or higher (Caruso et al., 2010; Falanga et al., 2012).
The development of VTE is related to various factors, including patient characteristics (i.e., bedridden status, central venous catheter use, older age, and prior history of venous thrombosis), disease status (i.e., surgery, comorbidities, coagulation function, and tumor progression), and therapeutic effects (i.e., chemotherapy, targeted therapy, and immunotherapy) (Reitsma et al., 2012; Timp et al., 2013; Mahajan et al., 2019). These factors have a significant impact on quality of life, additional anticoagulant therapy, increased risk of bleeding, financial burden, and tumor treatment, and the most serious consequence is increased mortality. Therefore, it is important to evaluate the clinical characteristics and risk factors associated with VTE among patients with lymphoma, as VTE has a considerable impact on the patient’s condition.
In this retrospective study, we aimed to clarify the clinical and laboratory variables, disease status, and treatment approaches that increase VTE risk in patients with lymphoma.
PATIENTS AND METHODS
Study Population
Patients with lymphoma who underwent chemotherapy at the Chongqing University Cancer Hospital from January 2018 to December 2020 were considered possible candidates for the present study. The diagnosis of lymphoma was confirmed by histopathology, and the diagnostic criteria were based on the WHO classification. The exclusion criteria were as follows: juvenile patients (<18-years-old), patients with VTE, patients with other infectious or hematological malignancies as complications, and patients who refused or were unable to participate in the study. The present study was performed according to the guidelines of the Declaration of Helsinki and was approved by the Ethics Committee of The Chongqing University Cancer Hospital. Written informed consent was obtained from all subjects.
VTE Diagnosis
VTE was defined only as a primary event, with an objective diagnosis of DVT and/or PE being performed during chemotherapy. DVT (lower extremity thrombosis, upper extremity thrombosis, central venous catheter thrombosis, portal vein thrombosis) was confirmed by color and Doppler ultrasound examination or venogram. PE was confirmed by ventilation/perfusion scan and/or computed tomography angiography.
Data Collection
General, diagnostic and treatment information was collected for all patients. The specific data collected included age, sex, body mass index (BMI), histological type, Ann Arbor stage, Eastern Cooperative Oncology Group (ECOG) performance status, central venous catheter blood cell count, coagulation index, chemotherapy regimens, number of cycles of chemotherapy, and thrombosis location. All patients were routinely followed up via telephone communication, outpatient visits or hospitalization information. Telephone follow-ups were performed every 6 months after discharge. Patients were followed from the time of diagnosis until the development of VTE, death, loss to follow-up, whichever came first.
Statistical Analysis
All statistical analyses were performed using SPSS 26.0 software. Patient demographics and clinical characteristics were summarized with descriptive statistics. Count data were compared using the χ2 test. Normally distributed measurement data were compared using an independent sample t test, and nonnormally distributed measurement data were compared using a corrected t test. Univariate and multivariate Cox regression analyses were used to identify the predictors associated with VTE in patients with lymphoma who underwent chemotherapy. p < 0.05 was considered statistically significant.
RESULTS
A total of 1,069 patients (635 males, 59.5%) with a mean age of 55.6 ± 14.4 years were included in the analyses from January 2018 to December 2020. Hodgkin lymphoma was diagnosed in 106 patients (9.9%), B-cell lymphoma was diagnosed in 788 patients (73.7%), T-cell lymphoma was diagnosed in 87 patients (8.1%), and NK/T-cell lymphoma was diagnosed in 88 patients (8.2%). Most patients had a good ECOG performance status (≤ECOG grade 1: 83.7%), while approximately 64.3% of patients had Ann Arbor stage III/IV disease. Only 6.3% of all patients received a central venous catheter (CVC). The most common chemotherapy regimen used was R-CHOP (rituximab, cyclophosphamide, adriamycin, vincristine and prednisone) or CHOP. However, 92.4% of patients with HL received the ABVD (adriamycin, bleomycin, vinblastine and dacarbazine) regimen. Ninety percent of patients had only 1-5 cycles of chemotherapy (Table 1).
TABLE 1 | Clinical characteristics of lymphoma patients with or without VTE.
[image: Table 1]During a mean follow-up of 23.1 months, 52 (4.9%) patients were diagnosed with VTE, and all the patients had DVT. Hodgkin lymphoma and non-Hodgkin lymphoma accounted for 6.7 and 4.7% of VTE patients, respectively. These patients developed VTE while undergoing chemotherapy, with a median time to event of 3.45 months. All episodes of VTE occurred after chemotherapy treatment was initiated.
Univariate competing risks regression demonstrated that male sex (hazard ratio [HR] 1.919, 95% confidence interval [CI] 1.039–3.542, p = 0.037), age >64-years-old (HR 2.438 95% CI 1.153–5.157, p = 0.020), 6–10 cycles of chemotherapy (HR 2.916, 95% CI 1.304–6.518, p = 0.009), platelet count ≥350 × 109/L (HR 2.229, 95% CI 1.085–4.580, p = 0.029), and D-dimer >0.5 mg/L (HR 4.593, 95% CI 2.229–9.176, p < 0.001) were associated with an increased risk of developing VTE. Body mass index, ECOG grade, Ann Arbor stage, CVC, white blood cell count, hemoglobin count and chemotherapy regimen were not associated with VTE development. To exclude the influence of confounding factors, all possible risk factors were added to the multivariate model. Conclusively, male sex (HR 2.273, 95% CI 1.197–4.316, p = 0.012), age >64-years-old (HR 2.256, 95% CI 1.017–5.005, p = 0.045), number of cycles of chemotherapy (HR 4.579, 95% CI 1.173–17.883, p = 0.029), platelet count ≥350 × 109/L (HR 2.533, 95% CI 1.187–5.406, p = 0.016), and D-dimer >0.5 mg/L (HR 4.367, 95% CI 2.124–8.981, p < 0.001) were still statistically significant (Table 2; Figure 1).
TABLE 2 | HRs (95% confidence intervals) for risk factors associated with venous thromboembolism.
[image: Table 2][image: Figure 1]FIGURE 1 | Kaplan–Meier curves for the cumulative incidence of VTE patients by sex (A), age (B), cycles of chemotherapy (C), platelet count (D) and D-dimer concentration (E). VTE, venous thromboembolism.
DISCUSSION
The incidence of and risk factors for VTE among adult patients with lymphoma were investigated in the present study. A VTE incidence of 4.9% supported the similar prevalence (4%) found in another retrospective study, which included the second-largest population of lymphoma patients analyzed for VTE risk in California (Mahajan et al., 2014). The rate of VTE was 6.7% in patients with HL and 4.7% in patients with NHL, differing from a previous study (Caruso et al., 2010). A possible reason for the difference was that our research focused on patients who underwent chemotherapy and excluded many NHL patients undergoing other types of treatment, such as surgery and targeted therapies. Another reason may be related to regional differences.
In terms of individual risk factors, we reported male sex, age >64-years-old, increased cycles of chemotherapy, platelet count ≥350 × 109/L and D-dimer >0.5 mg/L as potential risk factors for developing VTE. This finding was in accordance with a previous study that identified female sex, older age, ECOG performance scores ≥2 and anemia (hemoglobin <100 g/L) as predictors of VTE (Byun et al., 2019). A previous study also suggested that patients with platelet abnormalities prior to undergoing chemotherapy and patients at Ann Arbor stage III/IV were associated with a significantly higher risk of developing VTE (Li et al., 2021).
Several previous studies suggested that older age is a risk factor for cancer-associated VTE. Park et al. identified age >60 years as a risk factor for VTE in patients with diffuse large B-cell lymphoma (Park et al., 2012). Another study from Asia also reported a similar conclusion in primary central nervous system lymphoma patients who underwent chemotherapy (Byun et al., 2019). A recent analysis, which included 16,755 patients with NHL, confirmed that those who were aged ≥45 years and above had an increased risk of VTE (Mahajan et al., 2014). In the present study, we discovered a positive relationship between age >64-years-old and VTE, which is consistent with the aforementioned studies.
Male sex might be a potential risk factor for VTE in patients with lymphoma in the present study. Our research showed a 2.27-fold higher risk of VTE in male patients than in female patients. However, a study including 304 lymphoma patients who received chemotherapy investigated the risk of VTE occurring in women and found that it was significantly higher than that in other patients. The results of another study that included seven academic centers in Korea also suggested that female sex was independently associated with VTE in patients with primary central nervous system lymphoma (Byun et al., 2019). Although these results were inconsistent with our study, the data are far from conclusive. Several other studies did not find an association between female sex and the risk for VTE (Sanfilippo et al., 2016; Rupa-Matysek et al., 2017; Hohaus et al., 2018; Rupa-Matysek et al., 2018).
A platelet count ≥350 × 109/L is a component of the Khorana Risk score for VTE development in cancer patients and is considered to increase the risk of VTE (Khorana et al., 2008). Li et al. suggested that an abnormal platelet count (<125 or >350 × 109/L) increased the risk of VTE by more than 60 times (Li et al., 2021). Platelet abnormalities are an independent risk factor for VTE in lymphoma patients, but little is known about the pathophysiological mechanism underlying this relationship. This might be related to the expression and release of some cytokines by tumor cells, leading to the activation of platelet and coagulation pathways. Additionally, tumor cells can secrete some inflammatory cytokines, such as tumor necrosis factor α and interleukin-β, which can result in platelet activation and the expression of a procoagulant phenotype by endothelial cells (Falanga et al., 2009).
In our study, we found that increasing the number of cycles of chemotherapy led to a higher risk of VTE in lymphoma patients. The incidence of VTE in patients who underwent more than 10 cycles of chemotherapy was significantly higher than that in patients who underwent 1-5 cycles of chemotherapy. The results supported findings from several studies showing a relationship between chemotherapy and the risk of VTE (Horsted et al., 2012; Sanfilippo et al., 2016). A prior study including 2,650 patients who underwent orchiectomy for testicular cancer also suggested that an increasing number of chemotherapy cycles was an independent risk factor for VTE (Robinson et al., 2020). Many chemotherapeutic drugs are known to be associated with VTE. The increasing number of cycles of chemotherapy leading to the development of VTE may be related to drug accumulation effects.
D-dimer is a typical marker of VTE and is widely used in clinical practice. Several studies confirmed a correlation between D-dimer levels and VTE in hematologic malignancies (Ay et al., 2009; Libourel et al., 2016). Libourel et al. showed that the risk of VTE among patients with D-dimer >4.0 mg/L was 32 times higher than that among patients with D-dimer ≤0.5 mg/L (Libourel et al., 2016). Another study of 111 patients from the Vienna Cancer and Thrombosis Study (CATS) with hematologic malignancies (lymphoma and multiple myeloma) demonstrated that elevated D-dimer levels (>1.4 mg/L) were associated with an increased risk of VTE (Ay et al., 2009). Notwithstanding, data to support a cutoff for increased D-dimer levels in routine clinical decision-making are currently lacking. However, there is a well-established trend that increasing D-dimer levels lead to an increased risk of thrombosis.
The current research was a single-center retrospective study. We confirmed the risk factors for VTE among patients with lymphoma who underwent chemotherapy. Compared to other risk models (i.e., the Khorana score, the ONKOTEV score and the TiC-Onco score), age, sex, and the number of cycles of chemotherapy were included as predictors. Although the study had a small sample size from a single center, these variables were more available clinically, which provided a reference for future research. The limitations of this study are related to regional bias and the small sample size. Another limitation was the possible omission of asymptomatic VTE due to this follow-up method. Since it was a retrospective study, some variables, such as VTE history and hospitalization status, were not available, which might affect the results. The strength of our study was an adequate follow-up. Multicenter, large-scale cohorts with more statistical power are needed to validate the findings of the present study, which will help to verify effective predictors and implement early intervention to improve the quality of life and prolong the survival of patients.
CONCLUSION
In this paper, we demonstrated that male sex, older age, an increased number of cycles of chemotherapy, a platelet count ≥350×109/L and a D-dimer >0.5 mg/L were associated with VTE incidence in lymphoma patients. Early VTE identification and intervention are critically important for clinical practice.
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Background: Doxorubicin (DOX) is a potent chemotherapeutic agent with limited usage due to its cumulative cardiotoxicity. The Na+/H+ exchanger isoform 1 (NHE1) is a known regulator of oxidative stress, inflammation, and apoptosis. The present study was designed to investigate the possible protective effect of cariporide (CAR), a selective inhibitor of NHE1, against DOX-induced cardiotoxicity in rats.
Methods: Male Sprague-Dawley rats were intraperitoneally injected with DOX to induce cardiac toxicity and CAR was given orally for treatment. The injured H9c2 cell model was established by incubation with DOX in vitro. Echocardiography, as well as morphological and ultra-structural examination were performed to evaluate cardiac function and histopathological changes. The biochemical parameters were determined according to the manufacturer’s guideline of kits. ROS were assessed by using an immunofluorescence assay. The serum levels and mRNA expressions of inflammatory cytokines were measured by using ELISA or qRT-PCR. Cardiac cell apoptosis and H9c2 cell viability were tested by TUNEL or MTT method respectively. The protein expressions of Cleaved-Caspase-3, Bcl-2, Bax, Akt, GSK-3β, and Sirt1 were detected by western blot.
Results: Treatment with CAR protected against DOX-induced body weight changes, impairment of heart function, leakage of cardiac enzymes, and heart histopathological damage. In addition, CAR significantly attenuated oxidative stress and inhibited the levels and mRNA expressions of inflammatory cytokines (TNF-α, IL-6, IL-18, and IL-1β), which were increased by DOX treatment. Moreover, CAR significantly suppressed myocardial apoptosis and Cleaved-Caspase-3 protein expression induced by DOX, which was in agreement with the increased Bcl-2/Bax ratio. Also, DOX suppressed phosphorylation of Akt and GSK-3β, which was significantly reversed by administration of CAR. Furthermore, CAR treatment prevented DOX-induced down-regulation of Sirt1 at the protein level in vitro and in vivo. Finally, Sirt1 inhibitor reversed the protective effects of CAR, as evidenced by reduced cell viability and Sirt1 protein expression in vitro.
Conclusion: Taken together, we provide evidence for the first time in the current study that CAR exerts potent protective effects against DOX-induced cardiotoxicity in rats. This cardio-protective effect is attributed to suppressing oxidative stress, inflammation, and apoptosis, at least in part, through regulation of Akt/GSK-3β and Sirt1 signaling pathway, which has not been reported to date.
Keywords: cariporide, doxorubicin, cardiotoxicity, apoptosis, SIRT1, Na+/H+ exchanger isoform 1
INTRODUCTION
As an anthracycline drug, doxorubicin (DOX) is one of the most extensively used chemotherapeutic agents for treatment of various cancers including leukemia, lymphoma, breast cancer, and other solid tumors (Rivankar, 2014). Unfortunately, despite its remarkable anticancer activity, the clinical application of DOX is markedly limited by its serious cardiotoxicity, which is characterized by electrocardiographic changes, cardiac arrhythmia, and irreversible degenerative cardiomyopathy (Smith et al., 2010). DOX-induced cardiotoxicity can occur immediately, within months, or even years after DOX treatment (Alkreathy et al., 2010). The exact molecular mechanisms responsible for DOX-induced cardiotoxicity are still not fully understood, and few drugs have been tested clinically to alleviate DOX-induced cardiotoxicity. Numerous studies have implicated that reactive oxygen species (ROS) generation, mitochondrial dysfunction, inflammation, apoptosis and various signaling pathways were convincingly shown to be crucial in DOX-induced cardiotoxicity (Mukhopadhyay et al., 2007; Meeran et al., 2019; Chen et al., 2020).
Sirtuin 1 (Sirt1), an NAD+-dependent histone deacetylase, plays important roles in multiple biological processes including longevity, stress response, and cell survival. It has been well established that Sirt1 was involved in redox regulation, cell apoptosis, as well as inflammation (Hwang et al., 2013), and the protein level of Sirt1 increased in response to DOX injection (Zhang et al., 2011). Some evidence supports that PI3K-Akt-GSK3β signaling pathway is necessary for endoplasmic reticulum stress-induced Sirt1 activation (Koga et al., 2015), and the protective role of PI3K/Akt signaling pathway is found in DOX-induced cardiac dysfunction (Wen et al., 2019). The activation of PI3K/Akt signaling pathway can suppress DOX-induced cardiomyocyte apoptosis. In particular, GSK-3β is a downstream effector of PI3K/Akt signaling pathway and can lead to the mitochondrial permeability transition pore opening and subsequently apoptosis (Townsend et al., 2007). As DOX still remains a mainstay of many chemotherapeutic regimens, further investigation of its cardiotoxicity and how to prevent it is warranted.
Cariporide (CAR) is a selective Na+/H+ exchanger isoform 1 (NHE1) inhibitor, which can significantly improve DOX sensitivity in a xenograft model, specifically enhancing tumor growth inhibition and reducing tumor volume (Chen et al., 2019). CAR also reverses burn-induced intracellular Na + accumulation and cell apoptosis involved in PI3K/Akt and p38 MAPK pathways (Fang et al., 2020). Inhibition of NHE1 exerts potent cardioprotective effects against ischemia/reperfusion-induced heart injury through activation of Akt/GSK-3β survival pathway (Jung et al., 2010). Additionally, gene inactivation of NHE1 attenuates transient focal cerebral ischemia induced-apoptosis and mitochondrial injury (Wang et al., 2008). NHE1 inhibition also ameliorates peripheral diabetic nephropathy, as well as alleviates atherosclerotic lesion growth and promotes plaque stability by inhibiting the inflammatory reaction (Li et al., 2014). Moreover, inhibition of NHE1 by its inhibitor amiloride significantly enhances the intracellular accumulation of DOX in DOX-resistant human colon cancer cells and thereby increases their treatment (Miraglia et al., 2005). A recent study reported that citronellal could ameliorate DOX-induced cardiotoxicity by inhibiting the NHE1-mediated oxidative stress, apoptosis in rats (Liu X. et al., 2021). Considering the effects of NHE1 in oxidative stress, inflammation, apoptosis and sensitivity of DOX, we hypothesized that its selective inhibitor CAR not only enhanced the anticancer effect of DOX, but also might have the protective effect against DOX-induced cardiotoxicity.
Therefore, the present study was undertaken to investigate the protective effects of CAR against DOX-induced cardiotoxicity in rats, and to elucidate the underlying mechanisms of its cardioprotective effects. Our findings demonstrated that CAR could alleviate DOX-induced cardiotoxicity via suppression of oxidative stress, inflammation and apoptosis, which was at least partially through regulation of Akt/GSK-3β and Sirt1 signaling pathway. The potent protective effects of CAR against DOX-induced cardiotoxicity in rats have not been reported to date, and it is the first time to report Sirt1 signaling pathway is involved in the cardio-protective effect of CAR. These results reveal a novel role of CAR in DOX-induced cardiotoxicity and suggest that NHE1 may be a therapeutic target for lessening DOX-induced cardiac damage.
MATERIALS AND METHODS
Materials
CAR was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). DOX and nicotinamide were purchased from Aladdin Technology (Shanghai, China). Anti-Bcl-2, anti-Bax, anti-Akt, anti-GSK-3β, anti-phospho-Akt, anti-phospho-GSK-3β, anti-Sirt1, and anti-GAPDH were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). The test kits of creatine kinase-MB fraction (CK-MB), lactate dehydrogenase (LDH), malondialdehyde (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) were purchased from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). The CCK-8 kit was purchased from Wuhan Saiweier Biotechnology Co., Ltd (Wuhan, China). The test kit of cTnT was purchased from Milliplex Company (Darmstadt, Germany). The ELISA test kits of tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), interleukin-18 (IL-18) and interleukin-1β (IL-1β) were purchased from Dakewe Biotec Company (Beijing, China). The In Situ Cell Death Detection Kit was purchased from Roche Company (Mannheim, Germany). TRIzol reagent was purchased from Invitrogen Corporation (Carlsbad, CA, United States). All other chemicals were purchased in the highest grade available from Sigma-Aldrich Corporation (St. Louis, MO, United States).
Animals and Experimental Design
Thirty-two adult male Sprague-Dawley rats weighing 280–310 g were obtained from the Experimental Animal Research Center of Hubei Province (Certificate No. SCXK [E] 2015–0018, Wuhan, China). All animal procedures and experiments described in this study were approved by the Review Committee for the Use of Human or Animal Subjects of Hubei University of Science and Technology. The animals were housed under controlled environmental conditions of humidity (40%–50%) and temperature (25 ± 2°C) with natural light and dark cycles (12 h∶ 12 h) and were allowed free access to food and water.
Rats were randomly divided into four groups (8 per group): Control group (CON), DOX group (DOX), DOX with CAR treatment group (DOX + CAR), and CAR group (CAR). Rats in CON group were received standard laboratory diet and drinking water. Rats in DOX group were intraperitoneally (i.p.) injected with DOX (2.5 mg/kg, every other day) over a period of 12 days for a cumulative dose of 15 mg/kg as described previously (Siveski-Iliskovic et al., 1994). Rats in DOX + CAR group were injected with DOX (i.p.) at a dose of 2.5 mg/kg every other day for a cumulative dose of 15 mg/kg and simultaneously treated with CAR (1 mg kg−1 day−1) once a day over a period of 12 days. Rats in CAR group were treated with CAR (1 mg kg−1 day−1) once a day over a period of 12 days.
Detection of Myocardial Injury Markers
The levels of myocardial enzymes CK-MB, and LDH activities in the serum, which were considered as the pivotal diagnostic indicators of myocardial injury, were tested following the manufacturer’s protocols (Nanjing Jiancheng Biotechnology Institute, China). The level of cTnT was measured according to the manufacturer’s guideline (Milliplex Company, Darmstadt, Germany).
Assessment of Left Ventricular Function
At the end of the experiment, transthoracic echocardiography was performed in all groups under isoflurane (1%–3%) anesthesia using an echocardiography system (Vevo 2100, VisualSonics, Canada). The echocardiography parameters were as follows: left ventricular end-diastolic diameter (LVEDD) and left ventricular end-systolic diameter (LVESD). To assess left ventricular systolic function, the ejection fraction (EF) and fractional shortening (FS) were also calculated.
Morphological and Ultra-Structural Examination
The left ventricles of the heart samples were removed and fixed by immersion in 10% formalin. Subsequently, parts of the left ventricles were embedded in paraffin wax, cut into 3-μm-thick sections, stained with hematoxylin-eosin (HE) staining or Masson’s staining respectively, and examined under a light microscope (CKX41, 170 Olympus, Tokyo, Japan) at total magnifications of ×400 by a pathologist blinded to this study. For ultra-structural examination, the samples were immersed with 2.5% glutaraldehyde for 2 h and were fixed in 1% osmic acid for 3 h. After embedding in paraffin, ultra-thin sections (60–80 nm) were stained with 3% uranyl acetate and lead citrate, and were then examined by transmission electron microscope (TEM, HT7700 120 kv, HITACHI, Japan). The qualitative analysis of histopathological changes was performed as none (-) to severe (+++) according to the degree of inflammation, myocardial disorganization, and myofibrillar loss, which are listed in Table 1. The scoring system was as follows (-) no damage, (+) mild damage, (++) moderate damage, and (+++) severe damage.
TABLE 1 | Effect of CAR on morphological changes as assessed by histopathological examination of hearts from the DOX-treated rats.
[image: Table 1]Assessment of Biochemical Parameters
The content of MDA and the activities of antioxidant enzymes including SOD, GSH-Px, and CAT in heart homogenates were measured according to the manufacturer’s instructions (Nanjing Jiancheng Biotechnology Institute, China). The levels of TNF-α, IL-6, IL-18, and IL-1β in serum were determined with ELISA test kits from Dakewe Biotec Company (Beijing, China) following the manufacturer’s protocols.
Cell Culture and Detection of Cellular ROS
The H9c2 cell line was purchased from the China Center for Type Culture Collection (CCTCC, China), and cultured in Dulbecco’s modified Eagle’s medium with fetal bovine serum (10%), streptomycin (1%), and penicillin. The culture conditions contained a humidified atmosphere (95% air and 5% CO2 at 37°C). The H9c2 cells were incubated with DOX (1 μmol/L) for 72 h with or without CAR(5 μmol/L) and Sirt1 inhibitor (nicotinamide, 10 μmol/L). The cell viability was detected by a CCK-8 kit. The ROS-level was measured by dihydroethidium (DHE, Beyotime Biotechnology, China), an indicative fluorescence probe, which was used to detect intracellular superoxide anions.
Quantitative Real-Time PCR
Total RNAs were extracted from cardiac tissues by using the TRIzol reagent (TaKaRa, Japan) according to the manufacturer’s instructions. cDNA synthesis was performed with HiScriptIIQ RT SuperMix (Vazyme, China) according to the manufacturer’s instructions. Quantitative RT-PCR was performed with ChamQ SYBR qPCR Master Mix (Vazyme, China) according to the protocol. GAPDH was used as the reference gene.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End-Labelling Assay
Cardiac apoptotic cells were tested by TUNEL staining which was often used for detecting DNA fragmentation. The TUNEL assay was performed according to the manufacturer’s protocol and instructions provided in the In Situ Cell Death Detection Kit supplied by Roche Company (Mannheim, Germany). The results were examined and the apoptotic index was calculated under a light microscope (CKX41, 170 Olympus, Tokyo, Japan) at a total magnification of ×400 by a pathologist blinded to this study.
Western Blot Analysis
Equal amounts of protein from hippocampal homogenates were separated by 10% SDS-PAGE gels and then transferred to PVDF membranes. The membranes were blocked for 1 h at room temperature in 5% non fat milk. After being incubated overnight at 4°C with the appropriate primary antibodies including Bcl-2, Bax, phospho-Akt, Akt, phospho-GSK-3β, GSK-3β, Sirt1, and GAPDH (Santa Cruz, CA, United States), the membranes were washed 15 min with TBST three times and then incubated with the secondary antibody for 1 h at room temperature. The blots were then imaged using ECL assay kits (Dalian Meilun Biotech Co., Ltd, China). The band intensities were quantified using NIH ImageJ 1.50 software and normalized to the quantity of GAPDH in each sample lane. All assays were performed at least three times.
Statistics
The values are expressed as means ± SEM. Data were analyzed One-way ANOVA followed by post hoc Tukey’s test by employing GraphPad Prism Version 5.0. p values of 0.05 or less were considered to be statistically significant.
RESULTS
CAR Reinstated Body Weight and Myocardial Marker Enzymes in DOX-Induced Cardiotoxicity in Rats
As compared to CON group, the body weight dramatically decreased in DOX group (p < 0.01 vs. CON, Figure 1A). Administration of CAR resulted in a significant prevention of DOX-induced decrease in body weight (p < 0.01 vs. DOX, Figure 1A). To further confirm the protective effects of CAR against DOX-induced cardiotoxicity, we tested the serum levels of cardiac enzymes (CK-MB, LDH, and cTnT), which represented the biochemical markers of myocardial injury. As shown in Figures 1B–D, treatment with DOX caused significantly elevated serum levels of CK-MB, LDH, and cTnT as compared to CON group (p < 0.01 vs. CON for all). Administration of CAR (10 mg kg−1 day−1) caused a reversal of DOX-induced increase in serum cardiac enzymes (p < 0.01 vs. DOX for all). Moreover, no significant changes in body weight and serum cardiac enzymes were observed in CAR group as compared to CON group, demonstrating that the dose of CAR used in this study (10 mg kg−1 day−1) did not affect body weight and myocardial marker enzymes of the rats.
[image: Figure 1]FIGURE 1 | CAR reinstated body weight, myocardial marker enzymes and left ventricular dysfunction in DOX-induced cardiotoxicity in rats. (A) body weight, (B) LDH, (C) CK-MB, (D) cTnT, (E) Representative pictures of heart function, (F) LVEDD, (G) LVESD, (H) EF, and (I) FS. Quantitative data are means ± SEM (n = 8). One-way ANOVA followed by post hoc Tukey’s test. *p < 0.05, **p < 0.01 vs. CON; #p < 0.05, ##p < 0.01 vs. DOX.
[image: Figure 2]FIGURE 2 | CAR attenuated the pathological alterations in myocardial tissues of DOX-treated hearts. Representative pictures of myocardial tissue sections stained with H&E and Masson (magnification = ×400) (A) H&E staining, (B) Masson; n = 3, Bar = 20 μm. Representative images of myocardial tissue sections tested by TEM (C), the magnification is 1.5 K times (Scale = 5 μm). Representative images of myocardial tissue sections tested by TEM (D), the magnification is 5.0 K times (Scale = 2 μm).
CAR Prevented DOX-Induced Left Ventricular Dysfunction
Next, we conducted an echocardiography analysis of left ventricular function. Representative pictures of heart function were shown in Figure 1E. Administration of DOX resulted in a significant increase of LVEDD and LVESD (p < 0.05, p < 0.05 vs. CON), both of which were preserved by CAR treatment (p < 0.05, p < 0.05 vs. DOX, Figures 1F,G). Furthermore, FS and EF, the index of left ventricular systolic function, decreased dramatically in DOX group (p < 0.05, p < 0.01 vs. CON). CAR treatment significantly ameliorated the reduction of FS and EF caused by DOX (p < 0.05, p < 0.05 vs. DOX, Figures 1H,I). In addition, CAR alone had no effect on left ventricular function. These data suggest that CAR can ameliorate the impairment of heart function induced by DOX.
Histopathological and Ultra-structural Analysis by HE Staining, Masson’s Staining, and TEM
To assess cardiac morphological alterations, sections of rat heart tissue were stained with HE or Masson’s staining, and examined by light microscopy. As shown in Figure 3, DOX-induced cardiotoxicity was characterized by mild focal inflammation, myofibrillar loss, swelling, and fibrosis. Our results revealed that CAR treatment significantly ameliorated DOX-induced lesions on myocardial morphology (Figure 3A), and mitigated the cardiac fibrosis (Figure 3B). TEM performed for the myocardium showed that treatment with DOX caused marked ultra-structural aberration leading to myofibrillar disintegration, damage of Z-band and M-band, and irregular mitochondria (Figures 3C,D). The qualitative analysis of histopathological changes were shown in Table 1. Treatment with CAR markedly improved the irregular and disintegrated sarcomere, restored the Z-band and M-band, and reduced the damaged mitochondria.
[image: Figure 3]FIGURE 3 | CAR alleviated oxidative stress in myocardial tissues in rat and H9c2 cells treated with DOX. Quantitative analysis (A) MDA, (B) SOD, (C) GSH-Px, and (D) CAT. Representative images of cells stained with DAPI and DHE (E), Scale = 20 μm. Quantitative data are means ± SEM (n = 8). One-way ANOVA followed by post hoc Tukey’s test. *p < 0.05, **p < 0.01 vs. CON; #p < 0.05, ##p < 0.01 vs. DOX.
[image: Figure 4]FIGURE 4 | CAR alleviated the serum levels and mRNA expressions of inflammatory cytokines in DOX-treated rats. Quantitative analysis of serum levels (A) TNF-α, (B) IL-6, (C) IL-18 and (D) IL-1β; Quantitative data are means ± SEM (n = 8). Quantitative analysis of mRNA expressions (E) TNF-α, (F) IL-6, (G) IL-18 and (H) IL-1β. Quantitative data are means ± SEM (n = 3). One-way ANOVA followed by post hoc Tukey’s test. **p < 0.01 vs. CON; #p < 0.05, ##p < 0.01 vs. DOX.
CAR Alleviated Oxidative Stress Induced by DOX
It is well established that oxidative stress plays a critical role in DOX-induced cardiotoxicity. Therefore we investigated the effects of CAR on markers of oxidative stress, including MDA and the antioxidant enzymes (SOD, GSH-Px, and CAT). As expected, DOX administration resulted in a significant increased level of MDA and a significant decreased activities of SOD, GSH-Px, and CAT as compared to CON group (p < 0.01, p < 0.01, p < 0.01, p < 0.05 vs. CON). However, treatment with CAR significantly prevented DOX-induced increased level of MDA and decreased activities of SOD, GSH-Px, and CAT (p < 0.01, p < 0.01, p < 0.01, p < 0.05 vs. DOX, Figures 3A–D). Administration of CAR alone had no significant effect on the level of MDA or the activities of SOD, GSH-Px, and CAT as compared to CON group.
DOX-induced ROS level in vitro was also detected by using DHE as a fluorescent probe. The results showed that H9c2 cells treated with DOX alone showed greater red fluorescence, indicating that DOX treatment led a clear increase in intracellular ROS levels. On the other hand, the red fluorescence in the cells treated with the combination of DOX and CAR exhibited largely reduced brightness when compared with those cells treated with DOX only, demonstrating that CAR could prevent intracellular ROS production (Figure 3E). These results suggest that CAR may protect against DOX-induced cardiotoxicity at least partially through suppression of oxidative stress.
Effect of CAR on Inflammation Following DOX-Induced Cardiotoxicity
Since several inflammatory cytokines are associated with the pathological injury caused by DOX-induced cardiotoxicity, the serum levels and mRNA expressions of TNF-α, IL-6, IL-18, and IL-1β in heart tissues were then tested. As expected, the serum levels and cardiac mRNA expressions of TNF-α, IL-6, IL-18, and IL-1β were dramatically elevated in DOX group (p < 0.01 vs. CON for all, Figures A, B, C, and D indicated serum levels of TNF-α, IL-6, IL-18, and IL-1β; Fig. E, F, G and H indicated mRNA of TNF-α, IL-6, IL-18, and IL-1β). On the other hand, treatment with CAR protected against DOX-induced increase of serum levels and cardiac mRNA expressions of TNF-α, IL-6, IL-18, and IL-1β (serum levels p < 0.01, p < 0.01, p < 0.01, p < 0.05; mRNA expressions p < 0.05 vs. DOX for all). Administration of CAR alone did not significantly alter the serum levels and cardiac mRNA expressions of these inflammatory cytokines. Therefore, in addition to preventing DOX-induced oxidative stress, CAR may also prevent DOX-induced cardiotoxicity via downregulation of pathological inflammatory cytokines.
CAR Inhibited Cardiomyocyte Apoptosis Induced by DOX
As DOX-induced cardiotoxicity is known to involve in the induction of apoptosis in cardiomyocytes, we tested whether the protective effect of CAR included the ability to prevent cardiomyocyte apoptosis by using TUNEL staining of heart tissues. As shown in Figure 5A, DOX caused a significant increase of apoptotic cells (pink staining) compared to CON group (p < 0.01 vs. CON, Figure 5B). CAR treatment was able to partially prevent DOX-induced increase of cardiomyocyte apoptosis (p < 0.05 vs. DOX), while CAR treatment alone had no significant effect.
[image: Figure 5]FIGURE 5 | CAR inhibited cardiomyocyte apoptosis induced by DOX. (A): Representative pictures of the TUNEL assay, (B): Histogram representing quantitative analysis of the apoptotic index, (C): Representative western blots of Bcl-2, Bax and Cleaved-Caspase-3, (D): Histogram representing the quantitative analysis of the ratio of Bcl-2/Bax, (E): Histogram representing the quantitative analysis of Cleaved-Caspase-3. Quantitative data are means ± SEM (n = 3). *p < 0.05, **p < 0.01 vs. CON; #p < 0.05 vs. DOX.
To further investigate the ability of CAR to prevent DOX-induced apoptosis, we analyzed the apoptosis related proteins including Bcl-2, Bax and Cleaved-Caspase-3 in heart tissues using Western blot. As shown in Figures 5C, administration of DOX resulted insignificant increased expressions of Bax and Cleaved-Caspase-3, whereas the Bcl-2 protein level was significantly decreased. In contrast, CAR treatment markedly reversed DOX-mediated protein changes of Bcl-2, Bax and Cleaved-Caspase-3, as well as partially normalized the Bcl-2/Bax ratio (p < 0.05, p < 0.05 vs. DOX). No significant differences were detected in the protein levels of Bcl-2, Bax, and Cleaved-Caspase-3 between CAR and CON groups. It is tempting to speculate that this phenomenon may partially explain CAR’s ability to prevent DOX-induced cardiotoxicity by reducing apoptosis in cardiomyocytes.
Effect of CAR on Akt/GSK-3β Signaling Following DOX-Induced Cardiotoxicity
As previous studies have indicated that the cardioprotective and anti-hypertrophic effects of NHE1 inhibition were involved in the activation of Akt/GSK-3β signaling pathway (Javadov et al., 2009; Jung et al., 2010), we investigated the phosphorylation levels of Akt and its downstream target protein GSK-3β by Western blot. As shown in Figures 6A,B, the phosphorylation levels of Akt and GSK-3β significantly decreased by administration of DOX. In contrast, treatment with CAR attenuated DOX-induced decrease in phosphorylation of both Akt and GSK-3β (p < 0.05, p < 0.05 vs. DOX, Figures 6C,D). None of DOX or CAR significantly altered the total Akt and GSK-3β protein levels. These data suggest that CAR may protect against DOX-induced cardiotoxicity via activating Akt/GSK-3β survival signaling pathway.
[image: Figure 6]FIGURE 6 | Effect of CAR on Akt/GSK-3β signaling following DOX-induced cardiotoxicity. (A): Representative western blots of GSK-3β, (B): Representative western blots of Akt, (C): Histogram representing the quantitative analysis of GSK-3β, (D): Histogram representing the quantitative analysis of Akt. Quantitative data are means ± SEM (n = 3). **p < 0.01 vs. CON; #p < 0.05 < 0.01 vs. DOX.
Sirt1 Involved in the Cardioprotective Effect of CAR Against DOX-Induced Cardiotoxicity
Previous studies have revealed that Sirt1 was decreased in DOX treated heart or H9c2 cardiac cells (Zhang S. et al., 2021; Liu Y. et al., 2021; Zhang WB. et al., 2021), and PI3K-Akt-GSK3β signaling pathway is required for Sirt1 induction by endoplasmic reticulum stress (Koga et al., 2015), we then tested the protein expression of Sirt1. Both in DOX treated mice and H9c2 cell, the protein expressions of Sirt1 decreased significantly, which were restored by CAR treatment (p < 0.05, p < 0.05 vs. DOX, Figures 7A–D). Nicotinamide, an inhibitor of Sirt1, reversed the protective effect of CAR by downregulating the protein expression of Sirt1 and reducing H9c2 cell viability (p < 0.05, vs. DOX, Figure 7E, G; p > 0.05 vs. DOX + CAR, and Figure 7F). These data suggest that activating Sirt1 pathway may mediate the cardioprotective role of CAR against DOX-induced cardiotoxicity.
[image: Figure 7]FIGURE 7 | Sirt1 was involved in the cardioprotective effect of CAR against DOX-induced cardiotoxicity. (A): Representative western blots of Sirt1 in cardiac tissues of mice, (B): Representative western blots of Sirt1 in H9c2 cells, (C): Histogram representing the quantitative analysis of Sirt1 in cardiac tissues of mice, (D): Histogram representing the quantitative analysis of Sirt1 in H9c2 cells, (E): Representative Western blots of Sirt1 in H9c2 cells treated with the inhibitor, (F): The cell viability measured by CCK-8, (G): Histogram representing the quantitative analysis of Sirt1 in H9c2 cells treated with inhibitor. Quantitative data are means ± SEM (n = 3). *p < 0.05, **p < 0.01 vs. CON; #p < 0.05 vs. DOX.
DISCUSSION
Here, we demonstrated for the first time that CAR treatment suppressed DOX-induced cardiotoxicity, as indicated by improving cardiac function, reducing oxidative damage, inhibiting inflammatory response, and alleviating myocardial apoptosis. In addition, we found that Akt/GSK-3β signaling pathway was involved in the protective effects of CAR. Furthermore, the results from the present study also demonstrated that these protective effects of CAR were mediated by the activation of Sirt1 in vivo and in vitro, and Sirt1 inhibition abolished CAR treatment-mediated cardiac protection. Collectively, our data suggest that CAR may be a potential therapeutic drug and NHE1 may be a potential therapeutic target for the prevention and treatment of DOX-induced cardiotoxicity.
Doxorubicin is a well-established chemotherapeutic agent widely used in the treatment of hematological malignancies and solid tumors. Unfortunately, there are numerous serious toxicities associated with DOX treatment, particularly on the cardiovascular system, which severely limits its clinical use. The dose of DOX used in the present study (15 mg/kg) was comparable with the typical dose given to cancer patients (Venturini et al., 1996; Xiao et al., 2012). Our data demonstrated that this dosage of DOX resulted in cardiotoxicity in rats as evidenced by decreased body weight, elevated serum levels of cardiotoxicity biomarker enzymes, as well as alterations in heart function and cardiac histopathological damage. On the contrary, administration of CAR increased the body weight, attenuated the increased levels of serum CK-MB, LDH, and cTnT, improved the impairment of left ventricular function, as well as ameliorated the histopathological damage of the heart caused by DOX treatment, suggesting that CAR exerted a prominent protective effect against DOX-induced cardiotoxicity. In addition, the dose of CAR used in this experiment (10 mg kg−1 day−1) did not cause any cardiotoxicity, thus warranting further investigation into the possible molecular mechanisms underlying its cardioprotective effects.
Given the established role of oxidative stress in DOX-induced cardiotoxicity (Xu et al., 2001; Zhang et al., 2017), we first investigated the effect of CAR on biomarkers of oxidative stress in heart tissues. Excessive production of free radicals can cause oxidative damage to nearly all types of biological molecules, leading to numerous disease states (Halliwell and Gutteridge, 1990). Over-production of ROS leads to damage of nuclear and mitochondrial DNA, altered calcium homeostasis, decreased protein synthesis, and cardiomyocyte death. Numerous oxidative stress markers, including lipidperoxidation and lipid aldehydes, are found in heart tissues after DOX treatment (Chaiswing et al., 2004; Zhang et al., 2017). In agreement with this, our results showed that DOX-induced cardiotoxicity in rats was associated with significant increase of cardiac MDA level as well as reduced activities of the cardiac antioxidant enzymes (GSH-Px, SOD, and CAT). Notably, treatment with CAR significantly inhibited MDA production and prevented the decreased activities of cardiac GSH-Px, SOD, and CAT in rats subjected to DOX. A recent study indicated that DOX-induced ROS production in the H9c2 cells quantified with a fluorescent probe was inhibited by treatment with pinocembrin (Sangweni et al., 2020). In our results, H9c2 cells treated with DOX exhibited a clear increase in intracellular ROS level, which was reversed by CAR treatment. Therefore, suppressing oxidative stress may be one of the primary mechanisms by which CAR protects against DOX-induced cardiotoxicity.
In addition to directly causing deleterious effects, oxidative stress in the heart can also lead to inflammation, which is known to be involved in a variety of cardiovascular diseases, including atherosclerosis, atrial fibrillation, and inflammatory cardiomyopathies. Prior research has suggested that there is a strong association between cardiac oxidative stress and inflammatory cytokine release after DOX treatment (Bien et al., 2007). TNF-α, IL-6, IL-18, and IL-1β are the common proinflammatory cytokines involved in DOX-induced cardiotoxicity and are increased in individuals who have cardiac dysfunction (Miettinen et al., 2008; Tamariz and Hare, 2010). In agreement with the prior studies (Wang et al., 2016), we found that DOX application in rats led to increased serum levels and cardiac mRNA expressions of TNF-α, IL-6, IL-18, and IL-1β. CAR treatment prevented the increased serum levels of these proinflammatory cytokines and their cardiac mRNA expressions. It is interesting to speculate that alongside its antioxidant effects, anti-inflammatory properties may be also responsible for the protective effect of CAR against DOX-induced cardiotoxicity.
Beyond the damage inflicted by ROS and inflammation, myocardial apoptosis is believed to be the fundamental basis of DOX-induced cardiotoxicity (Kalay et al., 2006). β-Hydroxybutyrate, a small lipid-derived molecule derived from increased free fatty, could protect against DOX-induced cardiotoxicity by inhibiting cell apoptosis and oxidative stress and maintaining mitochondrial membrane integrity (Liu et al., 2020). Also, CAR treatment has been found to significantly suppress the induction of TUNEL-positive cardiomyocytes in cardiac hypoxia/reoxygenation. Therefore, we also examined the effect of CAR on myocardial apoptosis induced by DOX. As differential induction of apoptosis in cardiomyocytes caused by DOX treatment has been reported in different experimental animal models (Hou et al., 2006; Ruan et al., 2015; Argun et al., 2016), we observed increased TUNEL-positive cardiomyocytes following DOX treatment over a period of 12 days in rats, consistent with a previous study (Argun et al., 2016). Importantly, CAR treatment significantly inhibited DOX-induced myocardial cell apoptosis, thereby improving its myocardial toxicity.
In many cell types, apoptosis is regulated by Bcl-2 protein family. The pro-apoptotic Bax protein and anti-apoptotic Bcl-2 protein play a major role in determining whether or not cells undergo apoptosis. The translocation of Bax from the cytoplasm to mitochondria results in cytochrome c release from the mitochondria to promote apoptosis, while Bcl-2 can prevent the release of cytochrome c from mitochondria and suppress apoptosis progression (Scorrano and Korsmeyer, 2003). A recent study found that DOX administration increased Bax expression and decreased Bcl-2 expression in H9c2 cells (Liu et al., 2016). Prior research also suggested that CAR reduced mitochondrial Ca2+, the number of PI and TUNEL positive cells, cytosolic cytochrome c, caspase-3 activity, and ratio of Bax and Bcl-2 in primary cultured neonatal rat cardiomyocytes subjected to hypoxia/re-oxygenation (Sun et al., 2004). Our results revealed that treatment with DOX significantly reduced Bcl-2/Bax ratio and elevated the Cleaved-Caspase-3 protein expression in the heart, which was reversed significantly by administration of CAR. These results highly suggest that the cardioprotective effect of CAR is also due to its ability to regulate the levels of apoptosis related proteins. However, non-caspase-dependent apoptotic pathways can also be activated under DOX or cardiac IR condition, as evidenced by AIF translocation to the nuclei in H9c2 cardiomyoblasts treated with DOX (Moreira et al., 2014) and intracytosolic translocation of AIF and endonuclease G during cardiac ischemia (Yang et al., 2017). Therefore, whether AIF and mitochondrial endonuclease G are involved in the cardioprotective effect of Car against DOX-induced cardiotoxicity needs to be further studied.
Cell survival signaling pathways, including Akt, GSK-3β and ERK1/2, are known regulators of myocardial cell survival (Li et al., 2009), suggesting that they may be pharmacological targets for the prevention of myocardial cell apoptosis under stress conditions. Notably, it has previously been shown that DOX treatment caused a remarkable reduction of Akt and GSK3β phosphorylation in mouse heart (Prysyazhna et al., 2016), and erythropoietin protects against DOX-induced cardiotoxicity by activating PI3K-Akt-GSK-3β signaling pathway, thereby reducing cardiomyocyte apoptosis (Kim et al., 2008). Shenmai injection, one of the patented traditional Chinese medicine, prevents DOX-induced cardiotoxicity through activation of PI3K/Akt/GSK-3β signaling pathway (Li et al., 2020). In agreement with prior studies, we also observed that Akt and GSK-3β phosphorylation reduced in DOX-treated hearts. Treatment with CAR significantly attenuated DOX-induced decreased phosphorylated protein expressions of Akt and GSK-3β.
Sirt1 has been suggested to play key roles in redox regulation, cell apoptosis, and inflammation (Hwang et al., 2013). A previous study showed that exposure to DOX of H9c2 cells leads to cellular injury and the reduction of Sirt1 (Liu et al., 2016). Sirt1 is also highly expressed in cardiomyocytes and involved in DOX-induced cardiotoxicity (Dolinsky, 2017). Inconsistent with these findings, we also found that DOX reduced Sirt1 protein levels in vivo and in vitro. However, Zhang (Zhang et al., 2011) reported that Sirt1 level was slightly increased by DOX treatment, and resveratrol attenuated DOX-induced cardiomyocyte apoptosis in mice through up-regulation of Sirt1. The inconsistent expressions of SIRT1 under DOX condition may be related to the different animals used and the different action time of DOX, which may need further discussion. Of note, restoration of the expression of Sirt1 by CAR treatment could improve cardiac function and attenuate DOX-related cardiac injury in mice. Moreover, inhibition of Sirt1 by nicotinamide offset the protective effects provided by CAR treatment against DOX-induced H9c2 injury. These findings suggest that CAR exerts cardiac protection partially via activating Sirt1 signaling pathway. Sirt3, another NAD + -dependent histone deacetylase, restores mitochondrial respiratory chain defects, and cell viability of DOX treated cardiomyocytes (Blasco et al., 2018). Also, NHE-1 inhibitor EMD-87580 improves cardiac mitochondrial function through regulation of mitochondrial biogenesis during posti nfarction remodeling in these hearts (Javadov et al., 2006b), and attenuates the hypertrophic phenotype via improving mitochondrial integrity and decreasing generation of mitochondrial-derived reactive oxygen species (Javadov et al., 2006a). These evidences provide the relationship between DOX cardiotoxicity and Sirt3 or mitochondrial biogenesis. Further studies are needed to clarify the precise mechanism Sirt3 and mitochondrial biogenesis in the cardioprotective effect of CAR against DOX-induced cardiotoxicity.
CONCLUSION
We demonstrate for the first time that CAR, a selective inhibitor of NHE1, exerts protective effects against DOX-induced cardiotoxicity via its antioxidant, anti-inflammatory, and anti-apoptotic activities. The results from the present study also demonstrate a role for Akt/GSK-3β and Sirt1 signaling pathway in the cardioprotective effects of CAR, and suggest that CAR may be a potential therapeutic drug and NHE1 may be a potential therapeutic target for the prevention and treatment of DOX-induced cardiotoxicity.
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Case Report: Good cardiac tolerance to Toripalimab in a CVD patient with oral melanoma
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Primary oral melanoma is extremely rare, and the prognosis is very poor. With the development of immunotherapy, melanoma’s treatment landscape changed dramatically. Toripalimab, a recombinant programmed death receptor 1 (PD-1) monoclonal antibody, has been approved as second-line therapy for metastatic melanoma. However, the cardiac toxicity of Toripalimab is seldom reported. This article describes the application of Toripalimab on a patient who suffered from primary oral melanoma accompanied with arrhythmic mitral valve prolapse (AMVP).
Case Summary: A 55-year-old Chinese female was diagnosed with BRAF wild-type oral malignant melanoma by excisional biopsy and genetic test. The melanoma quickly progressed after complete tumor resection. Combined therapy after surgical resection was applied to control the progression of melanoma. Due to this patient’s basic cardiovascular situation, sacubitril–valsartan, spironolactone, and bisoprolol were used to maintain cardiac function. After five antitumor treatment courses, we re-evaluated the patient systemically from the symptom, physical examination, and auxiliary examination. The result showed that the patient who received Toripalimab combined with chemotherapy and radiotherapy did not present severe side effects on the cardiovascular system. The cardiac function remained well.
Conclusions: This case provided evidence of Toripalimab combined with chemotherapy on melanoma patients with complex cardiovascular diseases. Toripalimab demonstrated a manageable safety profile and durable clinical response. In addition, the standard CHF treatment plays a vital role in the protection of cardiac function. In a cancer patient with complex cardiovascular diseases, standard prophylactic CHF treatment should be applied at an early stage.
Keywords: melanoma, immunotherapy, cancer treatment, arrhythmic mitral valve prolapse, cardiovascular toxicity
INTRODUCTION
Melanoma is a severe malignant tumor derived from the skin and mucous membrane with its aggressive behavior and less favorable prognosis (Moţăţăianu et al., 2019). The epidemiological data showed that the incidence of this cancer elevated rapidly globally, and the overall 5-year survival rate for mucosal melanomas is 0%–45% (Yde et al., 2018). However, the management of melanoma patients is a complex and evolving issue. Recent data indicate that immunotherapy may improve this situation in the years to come. Anti-CTLA-4 and anti-PD-1/PD-L1 blockade in mucosal melanoma have been evaluated in recent studies. PD-1 monoclonal antibody is considered as a safe, feasible, and effective therapy for patients with metastatic melanoma (Carreau and Pavlick, 2019; Goldberg et al., 2020). However, some cardiovascular events such as myocarditis, myocardial infarction, pericardial effusion, pericarditis, arrhythmia, cardiac tamponade, and acute heart failure have been recently reported (Läubli et al., 2015; Moreira et al., 2019). Though the cardiovascular side effects are relatively rare, they can be severe and potentially fatal when they develop. So a close collaboration between cardiologists and oncologists is needed to help cancer patients receiving the PD-1 antibody, especially when treating patients with basic cardiovascular disease. Toripalimab is one of the promising anti-PD-1 antibodies, which was warranted by its efficacy and safety in the treatment of melanoma (Tang et al., 2020a). Nevertheless, the cardiac tolerance of Toripalimab is still unknown because of insufficient evidence. Here, we reported a case of metastatic melanoma with Toripalimab treatment combined with chemotherapy, who suffered from long-lasting heart valve disease and arrhythmia. Under standard management of cardiovascular diseases, the patient presented good cardiac tolerance in the antitumor treatment of melanoma.
CASE DESCRIPTION
A 55-year-old woman was admitted to the hospital in December 2019, with a chief complaint of repeated gingival bleeding for 2 months. She also had a history of mitral prolapse and mitral regurgitation, as well as a history of premature ventricular contraction. Before this admission, she received a standard prophylactic therapy including sacubitril–valsartan, spironolactone, and bisoprolol to prevent heart failure. There are no symptoms of chest stuffiness, chest pain, dyspnea, etc. Exercise tolerance is well maintained with a preserved left ventricular ejection fraction (LVEF). Her heart rate was well controlled in a range of 60–70 beats/min. A 24-h Holter electrocardiogram (ECG) at baseline showed sinus rhythm with an average heart rate of 53 bpm. There were 11,619 isolated ventricular ectopic beats (VEBs), and a total of 26 nonsustained ventricular tachycardia events were registered. A rapidly growing mass at the left posterior edentulous maxillary alveolar ridge was found and excised for histopathology analysis after the careful oral examination. The biopsy specimen revealed a sheet of pleomorphic epithelioid tumor cells interspersed with melanophages with melanin pigmentation. Then the tumor cells were stained positive for human melanoma black (HMB)-45, melan-A, and S-100 protein by immunohistochemical analysis, which concluded the diagnosis of malignant melanoma. Computed tomography results revealed the destruction of the maxillary bone and the formation of soft tissue mass–like lesions. Therefore, complete removal of the tumor, including the mass of the parotid gland as well as the left lateral neck dissection, was operated quickly for neoplasm staging and the treatment of melanoma. Further molecular analysis and positron emission tomography/computed tomography (PET/CT) showed that this melanoma was a stage IIIc, pT4N3M0, BRAF wild-type melanoma with the lymph node metastasis (Figure 1). Though there was no clinical or radiologic evidence of the liver, bone, cerebral, or pulmonary metastasis at the moment (Figures 1, 2), the surgical therapy seemed to fail because of the rapid progress of melanoma in the lymph node (Figure 3). Due to this reason, the strategy of chemotherapy combined with immunotherapy was initiated. Temozolomide combined with Toripalimab was chosen for this patient. Considering that the patient suffered from basic cardiovascular diseases, biomarkers such as cardiac troponin I (cTnI) and N-terminal pro B-type natriuretic peptide (NT-proBNP) were detected regularly during the antitumor course (Table 1). ECG (Figure 4) and ultrasonic cardiogram (UCG) (Figure 5) were also performed to evaluate the cardiac function. A 24-h Holter ECG after immunotherapy showed sinus rhythm with an average heart rate of 49 bpm. There were 524 isolated VEBs. The treatment for the prevention of HF was continually conferred during the five courses of antitumor therapy with temozolomide and Toripalimab. The total time of five-course combined therapy was more than 6 months, and there were no cardiovascular events such as myocarditis, myocardial infarction, pericardial effusion, pericarditis, arrhythmia, or occurrence of cardiac tamponade. The aforementioned cardiovascular indexes evaluated that there were no abnormal changes observed in this female patient. It showed good cardiac tolerance to Toripalimab in combination with chemotherapy under the protection of cardiovascular regimen.
[image: Figure 1]FIGURE 1 | PET-CT axial view shows metabolic hyperactivity of the maxillary mass on the left lateral wall.
[image: Figure 2]FIGURE 2 | PET-CT axial view shows metabolic hyperactivity of the lymph node mass on the left side.
[image: Figure 3]FIGURE 3 | MRI image of metastatic melanoma. (A) T2-weighted axial image shows soft tissue mass with ill-defined borders involving the left lateral wall and cervical lymph node metastasis. The lesion is causing compression of oropharynx. (B) Post contrast T2-weighted coronal image shows the enlarged cervical lymph node.
TABLE 1 | Levels of myocardial enzymes and NT-proBNP before and after immunotherapy in the patient.
[image: Table 1][image: Figure 4]FIGURE 4 | (A) Electrocardiogram shows the sinus rhythm with high voltage on the V5 lead before the antitumor therapy. (B) Electrocardiogram shows sinus rhythm with high voltage on the V5 lead after the five-course antitumor therapy.
[image: Figure 5]FIGURE 5 | (A,B) Echocardiography before the antitumor therapy. (C,D) Echocardiography after the five-course antitumor therapy.
DISCUSSION
Metastatic melanoma, especially derived from primary oral melanoma, is a rare and aggressive category of cancer with a high mortality rate and a poor prognosis (Moţăţăianu et al., 2019). Treatment with ICIs has improved clinical outcomes in multiple types of cancer (Yoneda et al., 2018; Shi et al., 2020; Keenan and Tolaney, 2020), especially in the treatment of melanoma (Robert et al., 2020), but the combined effects of immunotherapy and chemotherapy have not been sufficiently studied. In addition, as the mechanism of immunotherapy is to recognize and target cancer cells by attacking the immune system directly, it may also cause damages to the normal tissues. Previous studies found that unlike most immune-related adverse events, which are common, reversible, and can be treated effectively with glucocorticoid therapy, cardiovascular side effects are usually uncommon but with severe consequences and sometimes may lead to sudden death. Cardiotoxic side effects such as autoimmune myocarditis, pericarditis, and vasculitis have been reported in patients interfering with the CTLA-4 and PD-1 axes (Weyand et al., 2018; Spisarová, 2020; Lal et al., 2021; Fu et al., 2020). Therefore, side effects caused by ICIs have begun to attract widespread concerns.
As we all know, therapeutic antibodies against programmed death receptor 1 (PD-1) are considered to be efficient and safe therapy in metastatic melanoma. Theoretically, interference with the CTLA-4 and PD-1 axes can lead to serious and potentially fatal cardiovascular toxicity. The POLARIS-01 multicenter phase II trial was designed to evaluate safety and efficacy of Toripalimab in advanced Chinese patients with melanoma who had failed in systemic treatments. The result showed that patients with positive PD-L1 staining in tumor biopsies had significantly improved ORR (38.5% vs. 11.9%, p = 0.0065), PFS (7.7 months vs. 2.7 months, p = 0.013), and OS (not reached vs. 14.4 months, p = 0.0005) than PD-L1-negative patients which confirmed the safety of Toripalimab (Tang et al., 2020). However, cardiovascular toxicity is rarely reported in Toripalimab, not to mention the situation when treated with PD-1 together with chemotherapy in metastatic melanoma patients with basic cardiovascular diseases. In this case report, the female patient diagnosed with metastatic melanoma also suffered from AMVP. AMVP was defined as the disease of mitral valve prolapse (MVP) with ventricular arrhythmias (VAs) on Holter monitoring, including inverted or biphasic T waves, QT dispersion, QT prolongation, and premature ventricular contractions originating from the left ventricular out flow tract and papillary muscles (Essayagh et al., 2020). From ECG, we could read the situation of this patient who satisfies the diagnostic standard of AMVP. Recent RCTs suggested that sudden cardiac death (SCD) could occur earlier in the course of MVP from complex arrhythmias (Basso et al., 2015). Some risk factors have been proposed, including female sex, bileaflet prolapse, mitral annulus dilatation and disjunction, T wave inversion in the inferolateral leads, frequent and complex PVCs, and presence of papillary muscle fibrosis. By risk stratification, this patient is at a high risk of cardiovascular events such as heart failure and SCD. (Miller et al., 2018). Due to a lack of evidence, current guidelines, unfortunately, cannot provide specific indications for AMVP patients, and guidelines only recommend secondary prevention in the case of the non-surgery population as in our case. By applying sacubitril–valsartan, spironolactone, and bisoprolol, the condition of this patient is under good control. But the mass of melanoma progressed so fast that the complete removal of the tumor had no effect on this patient. In recent years, anti-PD-1 monotherapy is accepted as a first-line treatment for non–small–cell lung cancer (NSCLC) and other types of tumors and is approved by NCCN and EMSO (Hsu et al., 2019; Eguren-Santamaria et al., 2020; Leighl et al., 2021). Combined therapy with the anti-PD-1 antibody, including targeted therapy, immune agents, and chemotherapy has been tested in clinical trials or even in clinical practice (Davar et al., 2021; Janjigian et al., 2021). So under careful observation, the strategy of Toripalimab combined with temozolomide was applied to treat melanoma.
Surprisingly, after five courses of antitumor treatment, the patient presented good cardiac tolerance to our strategy. The total timeline of the medical process is shown in Table 2. There was no symptom of arrhythmia or other discomforts that appeared during the therapeutic process. There were no obvious changes observed from echocardiography (Table 3) and other auxiliary examinations, which means that the cardiac function was maintained in good condition. This case provides the first evidence of PD-1 combined with chemotherapy applied in the metastatic melanoma patient with AMVP. As we know, mitral valve prolapse (MVP) is a well-studied, mostly benign, phenomenon that can be caused by degenerative valve disease (mitral valve prolapse), left ventricular impairment and dilatation (in coronary artery disease or dilated cardiomyopathy), and infective endocarditis (Flachskampf and Daniel, 2006). In this case, we noticed that the patient not only suffered from MVP but also ventricular arrhythmia. According to a recent clinical study, though the pathophysiology of AMVP remains incompletely defined and uncertain, the outcome of AMVP was rarely severely observed by Holter monitoring. Most of the AMVP was independently associated with the phenotype dominated by mitral annulus disjunction, marked leaflet redundancy, and repolarization abnormalities (Essayagh et al., 2020). Considering that long-term arrhythmia results in notable excess mortality and reduced event-free survival, a well-designed study is necessary for further research. Toripalimab is proven to be safe to use for the AMVP patient without increasing the risk of heart failure or arrhythmia. We also confirmed the importance of standard prophylactic anti-CHF therapy, including angiotensin receptor neprilysin inhibitors (ARNIs), mineralocorticoid receptor antagonists (MRAs), and β-blockers during the treatment of antitumor (Edelmann et al., 2018). In conclusion, it is always a big challenge when a cardiologist faces the management and decision-making of a metastatic melanoma patient with basic cardiovascular diseases due to the lack of specific recommendations. The current case aimed at creating further awareness on reducing the cardiovascular risk through comprehensive therapy. Careful surveillance, prompt recognition, and appropriate treatment will become increasingly important. A close collaboration between cardiologists and oncologists is needed to improve the outcomes and survival of complex patients.
TABLE 2 | Timeline of the medical process.
[image: Table 2]TABLE 3 | Parameters of the echocardiography.
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Background: Cardiotoxicity associated with the sequential use of anthracyclines followed by trastuzumab is common in adjuvant therapy of patients with HER2-positive early breast cancer (eBC). However, the cardiac safety of trastuzumab concurrent with pegylated liposomal doxorubicin (PLD) is relatively less studied.
Method: Clinical data of patients with HER2-positive eBC treated with PLD and cyclophosphamide (PLD-C) followed by taxanes plus trastuzumab ± pertuzumab (TH or TPH) who then completed standard anti-HER2 treatment for 12 months from June 2012 to August 2021 were retrospectively collected. The primary endpoints were clinical and subclinical cardiotoxicity.
Result: In total, 70 eligible patients were enrolled. Among them, 55 patients (78.6%) received PLD-C → TH and 15 patients (21.4%) received PLD-C → TPH. The median follow-up time was 41.8 months. Until August 2021, only two patients had recurrent or metastatic diseases, with 2-year and 5-year disease-free survivals of 98.6% and 96.8%, respectively. Clinical cardiotoxicity occurred in six patients (8.6%), and all of them had an absolute decline of ≥16% from baseline left ventricular ejection fraction (LVEF) but not below the lower limit of normal (LLN = 50%). Subclinical cardiotoxicity events occurred in 17 patients (24.3%), and all of them had absolute declines of ≥10% and <16% from baseline LVEF but not below the LLN. No patients were interrupted from treatment, and all patients completed anti-HER2 treatment for 12 months. The sharpest decrease in LVEF was observed at 18 months after the start of PLD treatment. The cumulative incidences of clinical and subclinical cardiotoxicity were 9.8% and 28.3%, respectively. In the univariate analysis, body mass index, age, left chest wall radiotherapy, and ongoing cardiovascular risk factors were not significantly associated with clinical or subclinical cardiotoxicity (p > 0.05). No patients had congestive heart failure or death caused by PLD or anti-HER2 treatment.
Conclusion: The sequential use of PLD and trastuzumab showed a lower incidence of clinical cardiotoxicity, presented as asymptomatic decreased LVEF, compared with the results obtained in previous clinical studies using conventional anthracycline, taxanes and trastuzumab. The study regimen demonstrated good cardiac tolerance and is an alternative strategy for cardioprotection in patients with HER2-positive eBC.
Keywords: cardiotoxicity, early breast cancer, HER2-positive, pegylated liposomal doxorubicin, trastuzumab
INTRODUCTION
Breast cancer is the most common type of malignant tumor and the leading cause of death in women worldwide (Sung et al., 2021). The use of chemotherapy has significantly improved both mortality and morbidity outcomes in breast cancer patients. Anthracyclines are widely used in the treatment of hematological malignancies and solid tumors, with powerful antitumor effects and indispensability (Nicolazzi et al., 2018). However, cardiotoxicity is a serious side effect of these kinds of drugs, which limits their clinical application (Schwentner et al., 2016). Pegylated liposomal doxorubicin (PLD) is a new dosage form of doxorubicin confined in liposomes, which can form a stable three-dimensional structure when polyethylene glycol is grafted onto the surface (stealth liposome) (Gabizon et al., 2008). Pegylated liposomal encapsulation reduces the plasma levels of free doxorubicin and may reduce drug delivery to normal tissues, which can in turn reduce cardiotoxicity (Gil-Gil et al., 2021). Results from clinical data revealed that PLD showed a similar efficacy to doxorubicin with a lower incidence of cardiotoxicity when administered in either advanced or (neo)adjuvant stages of treatment (O’Brien et al., 2004; Liu et al., 2021).
Human epidermal growth factor receptor 2 (HER2) is overexpressed in approximately 20–25% of breast cancer cases, which is associated with poor prognosis (Lynce et al., 2017). However, remarkable progress of trastuzumab plus chemotherapy as adjuvant treatment has significantly improved the survival rates of female breast cancer patients (Slamon et al., 2011; Goldhirsch et al., 2013; Perez et al., 2014; Cameron et al., 2017). Further development in the administration of dual anti-HER2 therapy with trastuzumab and pertuzumab shows great outcomes in (neo)adjuvant as well as metastatic settings (Baselga et al., 2012; Gianni et al., 2012; von Minckwitz et al., 2017). Trastuzumab is also associated with an increased risk of cardiotoxicity, particularly when administered in combination with anthracycline-based therapy. Cardiotoxicity, in this instance, would be manifested as symptomatic congestive heart failure (CHF) or asymptomatic decline of left ventricular ejection fraction (LVEF) (Seidman et al., 2002).
Previous studies have reported that 3–7% of patients who were receiving trastuzumab exhibited cardiac dysfunction in various forms (Seidman et al., 2002). When pertuzumab was combined with trastuzumab and chemotherapy, its cardiac safety was similar to that of trastuzumab alone (Swain et al., 2013; Yu et al., 2016). Nevertheless, limited data are available on the cardiac safety of PLD-based treatment administered sequentially with trastuzumab ± pertuzumab for the adjuvant treatment of HER2-positive early breast cancer (eBC) patients. Therefore, in this study, we aimed to explore strategies to reduce the cardiotoxicity of anthracycline sequential trastuzumab treatment and to clarify the cardiac safety and efficacy of PLD sequential trastuzumab treatment in adjuvant therapy.
PATIENTS AND METHODS
Patients and Study Design
Baseline clinical data as well as posttreatment patient assessment data were retrospectively collected, including the LVEF, electrocardiogram (ECG) status, and efficacy, in patients with HER2-positive eBC treated with PLD-C (PLD plus cyclophosphamide) followed by TH (taxanes with trastuzumab) or TPH (taxanes with trastuzumab and pertuzumab) who then completed standard anti-HER2 treatment for a total of 12 months from June 2012 to August 2021.
Eligibility
Inclusion criteria were patients with HER2-positive eBC diagnosed by pathology who had been treated with radical surgery, age of ≥18 years, and sequential use of PLD and trastuzumab ± pertuzumab. LVEF was evaluated at least twice at our center before and after treatment by 2D echocardiography.
Patients were excluded if they had metastatic disease or severe CHF (NYHA III–IV).
Cardiac Monitoring
LVEF monitoring was performed before chemotherapy and every 3 months, where ECG including preanthracycline and pretrastuzumab was collected at multiple timepoints and sequentially throughout the therapy.
Definition of Cardiotoxicity
Clinical cardiotoxicity caused by cancer therapy is defined as ① symptomatic CHF; ② an asymptomatic absolute decline of ≥16% from baseline LVEF; ③ an asymptomatic absolute decline of 10–15% from baseline LVEF to below the lower limit of normal (LLN = 50%); and ④ LVEF<45% (in these situations, antitumor therapy should be halted for more than 4 weeks, and LVEF needs to be rechecked at an interval of 3–4 weeks). Signs associated with CHF consist of S3 rhythm gallops and/or tachycardia (Yu et al., 2015). Subclinical cardiotoxicity is defined as ① an asymptomatic absolute decline of ≥10% and <16% from baseline LVEF and ② an asymptomatic absolute decline of <10% to below the LLN (LLN = 50%) (in these situations, antitumor therapy continued, and LVEF needs to be rechecked at an interval of 3–4 weeks) (Yu et al., 2015). Adverse events (AEs) were also monitored continuously and graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) v4.0.
Interruption of Anti-HER2 Treatment and Efficacy Endpoint
Interruption of anti-HER2 treatment was defined as interruption of one or more doses or ≥6 weeks between doses.
The efficacy endpoint was disease-free survival (DFS), defined as the time from the first date of surgery to the first date of disease progression or August 2021.
Adjuvant Treatment Plan and Dosage
Patients received PLD-C (PLD 25 mg/m2 on day 1 plus cyclophosphamide 600 mg/m2 on day 1) every 3 weeks for four cycles, followed by taxanes (paclitaxel 80 mg/m2 on day 1 or docetaxel 75–100 mg/m2 on day 1 or nab-paclitaxel 125 mg/m2 on day 1, 8) every 3 weeks for four cycles plus anti-HER2 therapy (trastuzumab was given at an initial dose of 8 mg/kg, followed by 6 mg/kg; pertuzumab was given at an initial dose of 840 mg, followed by 420 mg) every 3 weeks. Patients were allowed to complete 12 months of trastuzumab ± pertuzumab maintenance treatment until unacceptable toxicity levels were registered, or if/when there were signs of disease progression.
Statistical Analysis
The normally distributed continuous data were expressed as mean ± standard deviation. Qualitative data were expressed as frequency and percentage. Chi-square (χ2) test of significance was used to compare proportions between qualitative parameters. The Kaplan–Meier method was used to estimate the percentage of DFS at 2 and 5 years. A p-value of <0.05 was considered statistically significant. Data were analyzed using Statistical Program for Social Science version 25.0.
RESULTS
Patient Characteristics
In total, 70 eligible patients were enrolled. The mean age was 54.0 years (range 30–70 years), and 63 patients (90.0%) were younger than 65 years. All patients underwent breast surgery, either modified radical mastectomy (88.6%) or conservative surgery (11.4%). Of note, 41 patients (58.6%) received radiation therapy, of which 20 patients (48.8%) received left chest wall radiotherapy. Among all the patients, 55 patients (78.6%) received PLD-C followed by TH and 15 patients (21.4%) received PLD-C followed by TPH. Of all cases, 14 patients (20.0%) had at least one cardiovascular risk factor, including hypertension, diabetes, or dyslipidemia. The concrete baseline characteristics of patients are listed in Table 1.
TABLE 1 | Patients baseline characteristics (N = 70).
[image: Table 1]Cardiotoxicity Analysis
During the observation period, clinical cardiotoxicity occurred in six patients (8.6%), and all of them were observed to have an absolute decline of ≥16% from baseline LVEF but not below the LLN (LLN = 50%). Subclinical cardiotoxicity events occurred in 17 patients (24.3%), and all these patients had absolute declines of ≥10% and <16% from baseline LVEF but not below the LLN (LLN = 50%).
One patient developed syncope after the first cycle of PLD-C, and ECG studies further showed evidence of third-degree atrioventricular block, which was considered to be related to previous bradycardia. The patient underwent cardiac pacemaker implantation soon after but still completed the remaining seven cycles of chemotherapy and 1-year trastuzumab therapy. There was no cardiotoxicity manifested as a decrease in LVEF in this patient. No other patients were observed to have CHF, and there were no deaths caused by PLD or anti-HER2 drugs.
By August 2021, no patients were interrupted from treatment, and all patients completed anti-HER2 treatment for 12 months.
The mean baselines of pre-AC and pre-H/HP LVEF were 71.7 ± 4.4% and 70.3 ± 4.1%, respectively. During the treatment period, the sharpest decrease in LVEF was observed within 18 months after the start of PLD treatment, which was equivalent to that within 15 months after the start of 12-month trastuzumab treatment (Figures 1 and 2). At each monitoring timepoint, the incidence of cardiotoxicity was the highest at the 18th month after the start of PLD or at the 15th month after the start of trastuzumab treatment, which was 8.7% (Table 2). LVEF began to recover at the 21st month after starting PLD treatment, which was the same as that observed at the 18th month after patients started trastuzumab treatment. The cumulative incidence of clinical cardiotoxicity-related events within 6 years was 9.8% and that of subclinical cardiotoxicity-related events within 6 years was 28.3% (Figure 3).
[image: Figure 1]FIGURE 1 | Pre-anthracycline baseline and value of left ventricular ejection fraction in 70 patients at each monitoring timepoint. Data are presented as mean ± standard deviation.
[image: Figure 2]FIGURE 2 | Pre-trastuzumab baseline and value of left ventricular ejection fraction percentage in 20 patients at each monitoring timepoint. Data are presented as mean ± standard deviation.
TABLE 2 | Changes in left ventricular ejection fraction are divided into two groups, and the number of cases is listed.
[image: Table 2][image: Figure 3]FIGURE 3 | Cumulative incidence of cardiac events: (A) clinical cardiotoxicity and (B) subclinical cardiotoxicity.
Survival Analysis
Until August 2021, only two patients developed local recurrent or metastatic diseases. In total, 57 patients were followed up for 2 years, and the 2-year DFS was 98.6%. Moreover, 18 patients were followed up for 5 years, and the 5-year DFS was 96.8% (Figure 4).
[image: Figure 4]FIGURE 4 | Kaplan–Meier curves for disease-free survival (DFS): (A) 2-year DFS and (B) 5-year DFS.
The main cardiac safety and efficacy results of this study were compared with other pivotal adjuvant treatments of eBC using anti-HER2 monoclonal therapy and summarized, as presented in Table 3.
TABLE 3 | Summary of the cardiac safety and efficacy results of our study compared with other pivotal adjuvant trastuzumab trials.
[image: Table 3]Analysis of Factors Affecting Cardiotoxicity
In the univariate analysis, body mass index (BMI; <25, ≥25 kg/m2), age (<60, ≥60 years), left chest wall radiotherapy, and ongoing cardiovascular risk factors were not significantly associated with clinical or subclinical cardiotoxicity (p > 0.05); the results are listed in Tables 4 and 5.
TABLE 4 | Univariate chi-square analyses for influencing factors of clinical cardiotoxicity according to patients’ characteristics.
[image: Table 4]TABLE 5 | Univariate chi-square analyses for influencing factors of subclinical cardiotoxicity according to patients’ characteristics.
[image: Table 5]Echocardiogram Parameter Changes
The most frequent cardiac disorder reported by echocardiogram was left ventricular diastolic dysfunction, which was more common in the no-cardiotoxicity group (70.3%) than in the cardiotoxicity group (66.7%). Left ventricular systolic dysfunction events had an incidence of 33.3% in the cardiotoxicity group (Table 6).
TABLE 6 | Cardiac disorders (NCI-CTCAEv4.0, all grades).
[image: Table 6]Electrocardiogram Changes
In the cardiotoxicity group, ECG changes mainly included T-wave changes (83.3%), sinus bradycardia (50.0%), ST-TU segment changes (33.3%), ST-T segment changes (16.7%), and T-U segment changes (16.7%). The concrete disorders are listed in Table 6.
DISCUSSION
Over recent years, the application of anthracyclines sequentially with anti-HER2 therapy has shown to significantly improve the survival rates and prognoses of patients (Slamon et al., 2011). However, cardiotoxicity, as the major cause of breast cancer deaths, even without symptoms, may significantly limit the possibility of tumor treatment (Patnaik et al., 2011). In clinical practice, LVEF measured by echocardiography is used as an index to evaluate cardiotoxicity due to its accessibility.
PLD has been demonstrated to have equivalent efficacy but significantly less cardiotoxicity than conventional doxorubicin. In a phase III study, the cardiotoxicity rates were 3.9% and 18.8% with PLD and doxorubicin, respectively (O'Brien et al., 2004). A retrospective study compared the use of traditional anthracyclines and PLD in neoadjuvant therapy for patients with breast cancer. The study revealed higher pathologic complete response rates and lower incidences of cardiotoxicity in PLD-based cohorts (Liu et al., 2021). Therefore, it can be considered that the risk of cardiac toxicity after PLD sequential trastuzumab therapy is slightly higher than that of PLD monotherapy, but it is acceptable. Dual-target therapy with the addition of pertuzumab did not increase the incidence of cardiac-related AEs in either metastatic or neoadjuvant studies (Gianni et al., 2012; Schneeweiss et al., 2013).
PLD-C is not a standard protocol for breast cancer in adjuvant chemotherapy. However, due to the individualized treatment of cancer, some patients choose PLD as an alternative drug to anthracycline in adjuvant therapy. Through the narration of the physician in charge of these cases, the main reasons for these patients to choose PLD in our center include the following: 1) to avoid obvious hair loss caused by initial chemotherapy, 2) to avoid stronger nausea and vomiting symptoms, 3) to avoid the potential risk of developing febrile neutropenia, and 4) consideration of the potential to reduce the incidence of lifetime cardiotoxicity.
In this retrospective cohort study, PLD-C followed by anti-HER2 therapy as adjuvant therapy was effective and safe in a population of HER2-positive eBC patients. This study demonstrated that these schemes had a low risk for cardiotoxicity with slight clinical cardiotoxicity compared with treatments in previous clinical studies containing conventional anthracycline, taxanes, and trastuzumab (Table 3).
As described in Table 3, the NCCTG N9831 trial randomized patients between two arms in the adjuvant setting with AC followed by paclitaxel either with sequential or concurrent trastuzumab, and at a median follow-up of 9.2 years, the reported incidence of CHF or cardiac death (CD) was 2.8% in arm B (AC followed by paclitaxel and then trastuzumab) and 3.7% in arm C (AC followed by paclitaxel concurrent with trastuzumab) (Advani et al., 2016). In the NSABP-B31 study, at a median follow-up of 7 years, the incidence of severe CHF/CD was 3.9% in the arm with AC followed by TH. An independent retrospective review of the B-31 and N9831 trials demonstrated a 2.0% incidence of symptomatic CHF or CD in the trastuzumab-containing arm (Romond et al., 2012). In the BCIRG-006 study, at a median follow-up of 10 years, the incidence of CHF or CD was 2.0% in the arm with AC followed by docetaxel and trastuzumab (Slamon et al., 2011). While in our study, at a median follow-up of 3.5 years, the incidence of CHF or CD was 0% in the groups with PLD-C followed by TH/TPH (q3w). In the NCCTGN9831 and NSABPB-31 trials, LVEF reductions ≥15% from baseline were 14.6% (NCCTG N9831 arm B) and 18.7% (NCCTG N9831 arm C), respectively (Romond et al., 2012; Advani et al., 2016). While in our study, LVEF reduction ≥16% from baseline was 8.6%, where cardiotoxicity halved in value. Subclinical cardiotoxicity in the NSABP B-31 and BCIRG-006 studies using anthracyclines and trastuzumab was similar to that in our study (Slamon et al., 2011; Romond et al., 2012). This indicates that although PLD is used, cardiotoxicity monitoring is still necessary. In the HERA study, because 68% of patients did not use taxanes, the subclinical cardiotoxicity was relatively low (4.4%) (Cameron et al., 2017). In the NCCTGN9831 study, the 5-year DFS rates were 80.1% (arm B) and 84.5% (arm C) (Advani et al., 2016). In the BCIRG-006 study, the 5-year DFS rates were 84% (arm B:AC-TH group) and 81% (arm C:TCH group), respectively (Slamon et al., 2011). While in our study, the 5-year DFS was 96.8%, suggesting that patients had improved survival. It is worth noting that all patients completed PLD-C followed by TH or TPH every 3 weeks, which reflects the excellent tolerance; this may be related to higher DFS and efficiency.
The NCCTG N9831 trial demonstrated that age ≥60 years, registration LVEF <65%, and use of antihypertensive medications were associated with an increased risk of cardiac events, while radiation therapy, BMI, or ethnicity were not statistically significant (Advani et al., 2016). In the NSABP-B31 trial, LVEF (50–54%), age (≥60 years), and receiving antihypertensive medications and radiotherapy were also not statistically significant (Romond et al., 2012). The CANTO study indicated that obesity appeared to be associated with an important increase in risk-related cardiotoxicity in eBC patients (Kaboré and Guenancia, 2019). In our study, since the basal LVEF of the patients was not low and the incidence of cardiotoxicity was low, it was less possible to conclude that cardiotoxicity was related to BMI (<25, ≥25 kg/m2), age (<60, ≥60 years), radiotherapy, ongoing cardiovascular risk factors, or LVEF at baseline.
Our study had several limitations as follows. This study was a retrospective study, the test population was of a small sample size, and the LVEF values were not available for all patients at all corresponding observation points, leading to the possibility that the results showed a reduced incidence of cardiotoxicity. Due to the lack of necessary baseline or follow-up LVEF measurements, many patients had to be excluded, resulting in some selection bias. Therefore, as a future consideration, a prospective cohort study to further clarify the precise incidence and outcome of PLD sequential trastuzumab cardiotoxicity is worth carrying out.
CONCLUSION
PLD sequential trastuzumab treatment reduces cardiotoxicity by nearly half compared with traditional anthracyclines, which is well tolerated. Most patients can complete the established treatment plans, which may have a positive effect on survival; this merits further exploration and may become an alternative strategy for cardioprotection in patients with HER2-positive eBC.
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ELA-11 protects the heart against oxidative stress injury induced apoptosis through ERK/MAPK and PI3K/AKT signaling pathways
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Increasing evidence revealed that apoptosis and oxidative stress injury were associated with the pathophysiology of doxorubicin (DOX)-induced myocardial injury. ELABELA (ELA) is a newly identified peptide with 32 amino acids, can reduce hypertension with exogenous infusion. However, the effect of 11-residue furn-cleaved fragment (ELA-11) is still unclear. We first administrated ELA-11 in DOX-injured mice and measured the cardiac function and investigated the effect of ELA-11 in vivo. We found that ELA-11 alleviated heart injury induced by DOX and inhibited cardiac tissues from apoptosis. In vitro, ELA-11 regulated the sensitivity towards apoptosis induced by oxidative stress with DOX treatment through PI3K/AKT and ERK/MAPK signaling pathway. Similarly, ELA-11 inhibited oxidative stress-induced apoptosis in cobalt chloride (CoCl2)-injured cardiomyocytes. Moreover, ELA-11 protected cardiomyocyte by interacting with Apelin receptor (APJ) by using 4-oxo-6-((pyrimidin-2-ylthio) methyl)-4H-pyran-3-yl 4-nitrobenzoate (ML221). Hence, our results indicated a protective role of ELA-11 in oxidative stress-induced apoptosis in DOX-induced myocardial injury.
Keywords: ELA-11, doxorubicin, heart failure, apoptosis, oxidative stress
INTRODUCTION
Myocardial injury caused by chemotherapy drugs is a major reason that affecting the prognosis of tumor patients (Zhang et al., 2019). Statistically, 70% of patients in worldwide have different degrees of cardio-toxic reactions during chemotherapy, and these symptoms will accompany them for life (Leemasawat et al., 2020). In China, nearly 30% of cancer patients die from cardiovascular diseases. The most common cardio-toxicity caused by anthracycline is heart failure, with an incidence of 48% (Wu et al., 2017). It is known that the mechanism of doxorubicin (DOX)-induced cardiotoxicity is very complex, which involving pathological processes such as cell apoptosis, oxygen free radical damage, iron ion metabolism disorder, calcium overload and metabolic disorder (Kostrzewa-Nowak et al., 2005; Govender et al., 2014; Eid et al., 2021). Oxygen free radical injury is one of the representative theories of cardiotoxic injury caused by DOX (Ma et al., 2020). Cytochrome P450 reductase and a variety of reductases can produce superoxide free radicals (O2-) and reduce anthraquinone of DOX to form quinone-semiquinone cycle, leading to lipid peroxidation of mitochondria and microsomes, then damages myocardial cells (Yuan et al., 2020). Due to the decreased content of antioxidant enzymes in cardiomyocytes, a large number of reactive oxygen species and free radicals are generated to induce the oxidative stress response of cardiomyocytes and aggravate the damage of cardiomyocytes (Carrasco et al., 2021). Free radicals generated by DOX activated NAD(P)H oxidases [NAD(P)H oxidases, NOXs] can also activate the apoptosis pathway of cardiac myocytes and cause cell death (Wang et al., 2018). Furthermore, Pharmacological strategies that inhibit apoptosis and oxidative stress injury can protect patients from chemotherapeutic drug-induced myocardial damage.
Oxidative stress is an accompaniment of apoptosis through activating mitochondrial dysfunction, the death receptor pathway or endoplasmic reticulum stress (Dai et al., 2014). When cells are stimulated by oxidative stress, the accumulation of oxidizing substances such as free radicals can damage organelles and activate cell death program (Lüscher, 2015). Recent studies have demonstrated that the increase of intracellular ROS levels could put cells in a state of constitutive oxidative stress, leading to cell apoptosis (Lee et al., 2019). Targeting cell death pathways before oxidative stress manifestation can alleviate oxidative impairment by prevented free radicals which could potentially pave the way for new therapeutics through against oxidative stress induced apoptosis (Münzel et al., 2010; Malla et al., 2020).
It is well known that peptides produced by proteasomes degradation can play a protective role in vivo and act as endogenous ligands or receptors to mediate a variety of signaling pathways (Ye et al., 2019). For example, endorphins as an endogenous peptide which can ease pain, like morphine and analgesic (Paes et al., 2019). Angiotensin II binds to angiotensin receptors to regulate water-salt balance and blood pressure in heart and kidney (Johnson et al., 2017). Furthermore, natriuretic peptide family members can be used to diagnose heart failure (Brady et al., 2019). In conclusion, peptides play indispensable roles in regulating physiological function and pathophysiological process.
It has been reported that a conserved gene, AK092578, is predicted to encode a 54aa hormone with a signal peptide (Yang et al., 2017). This hormone is highly conserved among multiple species which is named ELABELA (ELA) or toddler (Read et al., 2019). As an early endogenous ligand of the Apelin receptor (APJ), ELA is essential for heart development. In recent studies, it has been suggested that a 32-amino-acid mature peptide (ELA-32) can be decomposed to produce endogenous fragments including ELA-21 and ELA-11 (Chen et al., 2017). Studies have proved that ELA-32 and ELA-11 could inhibit renal ischemia-reperfusion (I/R) injury, and ELA-21 could significantly increase angiogenesis, promoted cardiomyocyte proliferation and reduced apoptosis and heart fibrosis near the infarct area (Xu, 2021). Recent study has clarified that Elabela (19–32) could ameliorate doxorubicin (DOX)-induced cardiotoxicity by promoting autophagic flux through TFEB pathway (Chen et al., 2022). However, the effect and mechanism of ELA-11 in DOX-induced cardiac injury is unclear.
The PI3K-AKT signaling pathway is a classical signaling pathway that regulates apoptosis (Brady et al., 2019). PI (3, 4, 5) P3 is an intracellular second messenger in the cell that is required for the transfer of protein kinase B (AKT) to the membrane for activation (Lin et al., 2019). Phosphorylation of AKT mediates insulin and various growth factors to induce cell growth and promotes cell survival through numerous channels (Song et al., 2018). ELA-11 induced ERK/MAPK is a classical anti-apoptotic signaling pathway. When the downstream phosphorylation of ERK is activated, it inhibits the process of apoptosis.
In present study, we found that ELA-11 could attenuate DOX-induced free radical production, which protected cardiomyocytes against oxidative stress-induced apoptosis. Mechanistically, ELA-11 inhibited oxidative stress-induced apoptosis by suppressing mitochondrial membrane potential mediated by ERK/MAPK and PI3K/AKT signaling pathways. Moreover, ELA-11 acted as a protective role in DOX-induced cardiac injury by targeting APJ.
MATERIALS AND METHODS
Cell culture
Rat primary cardiomyocytes were extracted from rats 24 h after birth. The blood, fat, connective tissues and heart tissue sections were separated and digested with trypsin at 37°C at 60 rpm for 15 min. The solution was removed, and the digestion was repeated three times. The cell-containing digested fluids were placed in a centrifuge tube and centrifuged together after passing through a 180-mesh filters. The cells were resuspended in 10 ml DMEM containing 10% horse serum (HS, Gibco, United States) and incubated in a 10 cm2 dish for 1.5 h. The cell suspension was removed, and the cells (5–6 × 105 cells per dish) were inoculated into a new dish as previously described. When cell adhered to about 80%, 1uM ELA-11 was added to the culture media. After 12 h of co-incubation with DOX, experimental verification was carried out.
Animals
Male C57BL/6J mice (6–8 weeks of age, 20–22 g) were obtained from the Model Animal Research Center of Nanjing University (Nanjing, Jiangsu, China), and all procedures used were approved by the ethical committee of Nanjing Medical University. All animals were housed at 20–25°C and 50%–70% relative humidity. The experimental mice were randomly divided into four groups. Before injected with 5 mg/kg DOX by intraperitoneal injection for five consecutive weeks, 10 mg/kg ELA-11 was injected to mice through veil tail for 7 days, after which electrocardiograms were obtained and the mice were sacrificed. The mice were treated according to the experimental requirements. All animal experiments complied with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publications No. 85-23, revised 1996).
Cell-in-cell experiment
We chemically synthesized FITC-labeled, incubated cells with ELA-11 for 1 h at 37°C and 5% CO2 atmosphere. The localization of ELA-11 was observed by fluorescence microscopy.
Cell counting kit-8 assay
Thousand cells were inoculated into each well of the 96-well plate, ELA-11, DOX or CoCl2 was added into the plates respectively after cells were adhered. Measured the absorbance at 450OD. Cell viability (%) = [OD (experimental group)–OD (blank group)]/[OD (control group)–OD (blank group)] * 100%.
Cell death rates
Trypan blue staining was used to calculate the mortality of the primary cells. The cells were collected at different times (0, 6, 12, 18, 24 or 36 h) and stained with the dye from a trypan blue staining cell viability assay kit to determine the cell death rate. At different concentrations of DOX (0.1, 0.5, 1, 2, and 5 µM) and CoCl2 (200, 400, 600, 800 and 1,000 µM), measurements were taken according to the manufacturer’s instructions.
Lactate dehydrogenase level detection
Levels of lactate dehydrogenase (LDH) released were detected in serum using an LDH release assay kit according to the manufacturer’s protocol.
Terminal-deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling staining assay
The rate of apoptosis can be was detected by a TUNEL staining kit. The cells were seeded (1 × 105 cells per well) in 6-well dishes. After the treatments described above were performed, the cells were washed once with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde. Apoptotic cells were visualized with TUNEL staining according to the manufacturer’s protocol. TUNEL fluorescence intensity/DAPI fluorescence density was used to calculate the percentage of positive cells, and the density was evaluated using ImageJ software 1.26 (Wayne Rasband, National Institutes of Health, Bethesda, MD, United States).
Tetrechloro-tetraethylbenzimidazol carbocyanine iodide assay
The mitochondrial membrane potential was measured by a mitochondrial membrane potential assay kit with JC-1 according to the manufacturer’s instructions. The cells were cultured in serum-free DMEM containing (×1) JC-1 staining working fluid at 37°C for 20 min. Then, the cells were washed twice with JC-1 buffer, after which 2 ml DMEM was added, and then the cells were photographed with a fluorescence microscope (BX61; Olympus Corporation, Tokyo, Japan). The JC-1 density was assessed by ImageJ software and calculated upon normalization to the control.
Reactive oxygen species measurement
The levels of intracellular ROS were determined using a relative oxygen species assay kit following the instructions. Cells were incubated in serum-free DMEM containing 0.1% DCFH-DA at 37°C for 20 min, washed with serum-free DMEM three times and photographed with a fluorescence microscope.
Western blot
Proteins were isolated from cells using lysis buffer (containing RIPA and 1% PMSF). Protein quantification was performed using a BCA protein detection kit (23229; Thermo Fisher Scientific). Protein samples of the same mass were separated on 10% SDS-PAGE gels and transferred to nitrocellulose membranes (Millipore, Billerica, MA, United States), which were blocked with 5% skim milk and then incubated with specific primary antibodies. Caspase-3 (14220T, 1:1000), PARP (9532T, 1:1000), β-actin (3700S, 1:1000), GAPDH (5174T, 1:1000), AKT (4685S, 1:1000), p-AKT (4060T, 1:2000), PI3K (4249T, 1:1000), ERK (4695T, 1:1000) and p-ERK (4370T, 1:1000) were purchased from Cell signaling Technology. The anti-rabbit (SA00001-2, 1:10000), PI3K (20584-1-AP, 1:1000) and anti-mouse (SA00001-1, 1:10000) secondary antibody were purchase from Proteintech. FluorChem M system was used to quantify the positive bands representing proteins involved in the orchestrated immune responses (ProteinSimple, San Jose, CA, United States).
Malondialdehyde, superoxide dismutase, and glutathione peroxidase assay
Cellular oxidative stress was determined by detecting the state of intracellular oxidation and reduction. Lipid peroxidation Malondialdehyde (MDA) assay (Beyotime, Nanjing, China) and total superoxide dismutase assay (Beyotime, Nanjing, China) were measured by following the manufacturer’s instructions. glutathione peroxidase (GSH-Px) assay kit was purchased from Elabscience. The cell supernatant was collected, and the standard substance was prepared and diluted according to the instructions, the concentration of each well was 600, 400, 200, 100, and 50 U/L, respectively. The tested samples were added to the plate and mixed, then incubated at 37°C for 30 min. Wash plates, add enzyme and chromogenic reaction were proceeded according to the instructions. After incubating at 37°C for 15 min, the absorbance of each well was measured at 450 nm wavelength.
Echocardiography
Post DOX and ELA-11 administration, all the mice were subjected to M-mode echocardiography to assess heart function. All animal experiments complied with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Publications No. 85-23, revised 1996).
Enzyme-linked immunosorbent assay
Serum Creatine kinase isoenzyme (CKMB) and B-type natriuretic peptide (BNP) level in mice heart tissue was determined by a commercially available Enzyme-linked immunosorbent assay (ELISA) kit (Mlbio, Shanghai, China) according to the manufacturer’s instructions.
Hematoxylin & Eosin (H&E) Staining
Obtained the cardiac tissues and fixed them in 4% paraformaldehyde for 7 days after the blood in the heart cavity was pumped out. The tissue was transparent with ethanol and xylene. Soak the transparent tissue into melted paraffin for embedding. After cooling and solidification, they were cut into five micron slices and placed in hot water to flatten and then pasted onto slides and dried in a 45°C incubator. Before staining, paraffin was removed again, and Hematoxylin and eosin dyes were respectively used for staining, which made the nucleus and intracellular ribosomes stained blue and purple by Hematoxylin (H). The cytoplasm is stained red or reddish with Eosin (E).
Masson staining
Obtained and sectioned tissue according to the above method. Weigert sapwood semen was used for staining nuclear for 5–10 min, and ponceau acid fuchsin solution was used for 5–10 min after washing. Soaked with 2% glacial acetic acid solution for 30 s, and differentiate with 1% phosphomolybdate solution for 3–5 min. Then, the slices were dyed with aniline blue for 5 min, and bathed again with 0.2% glacial acetic acid solution for 30 s. Finally, the slices were sealed with 95% alcohol, anhydrous alcohol, xylene transparent and neutral gum.
Wheat germ agglutinin staining
Obtained and sectioned tissue according to the above method. Placed the section in the antigen repair buffer of pH 8.0, then the section was decolorized with PBS after cooled naturally. A histochemical pen was used to draw circles around the tissues and Wheat germ agglutinin (WGA) staining buffer was added into the circles, and the cells were incubated for 30 min at 37°C. The nucleus was stained with DAPI. Sealed the section, then collected the images under fluorescence microscope.
Statistical analysis
All results are expressed as the mean ± SD. Comparisons between multiple groups were performed by one-way analysis of variance (ANOVA), and p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) were considered significant. All experiments were repeated at least three times unless otherwise specified. All data was analyzed by GraphPad Prism software.
RESULTS
Function of ELA-11 in doxorubicin-injured model
To understand the shape of ELA-11 in molecular chain, we predicted its structure by I-TASSER server (https://zhanggroup.org/I-TASSER/) and analyzed the biological characteristics through Expasy (https://www.expasy.org/) (Figure 1A). We found that ELA-11 possessed the advantages of light molecular weight and high lipid solubility. Hence, we investigated the effect of ELA-11 in DOX-induced cardiac injury in vivo (Figure 1B). We weighed the mice every 2 weeks for 10 weeks, the result demonstrated that the weight of DOX-induced group began to decrease after 6 weeks, scramble (scr) peptide could not affect cell death, but DOX increased cell death since week 5. Compared with DOX, ELA-11 could increase weight index significantly (Figure 1C). Next, the echocardiographic results suggested that DOX reduced ejection fraction (EF) and fractional shortening (FS), but increased left ventricular end-systolic dimension (LVED) significantly, however, ELA-11 increased EF and FS, and decreased left ventricular end-systolic dimension (LVED) significantly compared with DOX + Scr group (Figures 1D–G). These results demonstrated that ELA-11 could inhibit DOX-induced injury in vivo.
[image: Figure 1]FIGURE 1 | Function of ELA-11 in doxorubicin-injured model. (A) The biological characteristics of ELA. (B) Schematic map for DOX-induced mice cardiac injury model. (C) The body weight of mice in four groups during the experiment. (D) The representative echocardiograms of DOX-induced cardiac injured group. (E) EF value for echocardiography. (F) FS value for echocardiography. (G) LVEDs value for echocardiography. ***p < 0.001 and ### p < 0.001, one-way ANOVA, N = 5 mice per group.
ELA-11 protects doxorubicin-injured heart in vivo
Then, our results demonstrated that the release of CKMB and BNP in blood serum increased significantly in DOX + Scr treated group compared with Scr group, but ELA-11 decreased CKMB and BNP release significantly (Figures 2A,B). To further identify the effect of ELA-11 in vivo, we collected organs to perform pathological examination. HE staining results indicated that myocardial fibers in DOX-treated group were in disordered arrangement and cardiomyocytes were changed into vacuolated compared with Scr group, but there was less disarrayed myocardial fibers and vacuolated cells in DOX + ELA-11 treated group (Figure 2C). The evidence from Masson staining suggested that fibrosis was significantly increased by DOX but reduced by ELA-11 (Figures 2D,E). To figure out the cardiomyocyte areas of the four groups, WGA staining results demonstrated that the cardiomyocyte area decreased significantly in DOX-treated group compared with the Scr group, but ELA-11 significantly rescued cardiomyocyte area (Figures 2F,G). TUNEL staining showed a significant increase in the apoptosis rate in the myocardium in the DOX + Scr group, and it generally decreased to the level in DOX mice administered with ELA-11 (Figures 2H,I). These results demonstrated that ELA-11 might have a protective role in DOX-induced cardiac injury.
[image: Figure 2]FIGURE 2 | ELA-11 protects doxorubicin-injured heart in vivo. (A) Serum CKMB release in DOX-injured model. (B) Serum BNP release in DOX-injured model. (C) Representative photographs of HE staining. (D) Representative photographs of Masson staining. (E,F) Representative photographs of WGA staining and its quantitative data. (G,H) Representative photographs of TUNEL staining and its quantitative data. ***p < 0.001 and ### p < 0.001, one-way ANOVA, N = 5 mice per group.
ELA-11 attenuates doxorubicin-induced injury in rat primary cardiomyocytes
To determine the effect of ELA-11 in vitro, we first cultured rat primary cardiomyocytes with ELA-11, we found that ELA-11 could enter into the cytoplasm (Figure 3A). To figure out the optimal concentration of DOX, we incubated DOX with different concentrations (0.1, 0.5, 1, 2, and 5 uM) for 12 h, CCK-8 results demonstrated that 0.5 uM DOX could reduce cell viability, but 1, 2, and 5 uM decreased cell viability more significantly and there were no difference among 1, 2 and 5 uM DOX (Figure 3B). Then CCK-8 results manifested that 1 uM DOX cultured for 12 and 24 h could effectively reduce the cell survival rate, however there was no statistic difference between the two groups (Figure 3C). To figure out whether ELA-11 could affect cell survival, we cultured ELA-11 with different duration times (0, 6, 12, and 24 h) and concentrations (0.1, 0.5, 1, 2, and 5 uM). Then trypan blue dyeing results demonstrated that 0.5 uM ELA-11 decreased cell death at 24 h, 1 uM, and 5 uM ELA-11 both could decrease cell death at 12 h. But there was no significant difference among the groups (Figure 3D). Next, we cultured 1 uM ELA-11 before DOX treatment for 12 h and found ELA-11 could significantly increase cell viability compared with DOX + Scr group (Figure 3E). And LDH results indicated that ELA-11 inhibited DOX-induced cardiotoxicity (Figure 3F). Our study revealed that ELA-11 could attenuate DOX-induced injury in rat primary cardiomyocytes.
[image: Figure 3]FIGURE 3 | ELA-11 attenuates doxorubicin-induced injury in rat primary cardiomyocytes. (A) The location of ELA-11 in rat primary cardiomyocytes. (B) Trypan blue assay for cell death with different concentration of DOX with different duration (N = 9 per group). (C) The cell viability of 1 uM DOX in different duration (N = 9 per group). (D) Cell viability of ELA-11 with different concentration for 12 h (N = 9 per group). (E) Cell viability in DOX-induced cardiomyocyte model (N = 9 per group). (F) LDH release in DOX-induced cardiomyocyte model (N = 9 per group). ***p < 0.001 and ### p < 10.001, one-way ANOVA.
ELA-11 inhibits doxorubicin-induced cardiac injury through oxidative stress-induced apoptosis
Based on the effect of ELA-11 in vivo, we further detected the apoptosis level by TUNEL, the results revealed that the number of apoptotic cells was increased in the DOX-induced group but reduced after ELA-11 co-treatment (Figure 4A). Furthermore, DOX reduced mitochondrial membrane potential compared with scr group, but ELA-11 elevated mitochondrial membrane potential compared with DOX treatment (Figure 4B). The western blot results revealed that cleaved caspase-3 and PARP were activated by DOX, but ELA-11 reduced the elevated expression of cleaved caspase-3 and PARP (Figure 4C). Next, ROS release results indicated that ELA-11 attenuated DOX-induced free radical production (Figure 4D). Furthermore, we evaluated cellular oxidative stress levels by MDA production, SOD activity and GSH-Px content. Our results demonstrated that DOX increased MDA production and reduced SOD activity and GSH-Pxproduction, but ELA-11 inhibited MDA production, promoted SOD activity and GSH-Px production (Figure 4E). Therefore, ELA-11 could inhibit DOX-induced injury by attenuating oxidative stress-induced apoptosis.
[image: Figure 4]FIGURE 4 | ELA-11 inhibits DOX-induced cardiac injury through oxidative stress -induced apoptosis. (A) Representative photographs of TUNEL staining in DOX- induced cardiomyocyte injury (N = 9 per group). (B) Representative photographs of JC-1 in DOX-induced cardiomyocyte injury. (C) The expression of PARP and caspase-3 in DOX-induced cardio-myocyte injury by western blot. (D) Representative photographs of ROS in DOX-induced cardio-myocyte injury. (E) Detection of MDA production, SOD activity and GSH-PX release in DOX-induced cardiomyocyte injury (N = 9 per group). ***p < 0.001 and ### p < 0.001, one-way ANOVA.
ELA-11 protected cardiomyocytes against oxidative stress-induced apoptosis in CoCl2 model
To validate the role of ELA-11 in another oxidative stress model, we further constructed chemical ischemic model in rat primary cardiomyocytes. Our results indicated that ELA-11 protected cardiomyocytes from CoCl2-induced injury (Figures 5A,B). Then western blot evidence proved that ELA-11 could inhibit CoCl2-induced cardiac apoptosis (Figures 5C,D). Furthermore, ELA-11 inhibited ROS production with CoCl2 treatment (Figure 5E). And ELA-11 inhibited superoxide production and peroxidase activity (Figures 5F–H). Our results further proved ELA-11 protected cardiac injury in CoCl2 model mediated by oxidative stress-induced apoptosis.
[image: Figure 5]FIGURE 5 | ELA-11 protected cardiomyocytes against oxidative stress-induced apoptosis in CoCl2 model. (A) Cell viability in CoCl2 -induced cardiomyocyte model. (B) LDH release in CoCl2 -induced cardiomyocyte oxidative stress injury (N = 9 per group). (C,D) The expression of PARP and caspase-3 in CoCl2 -induced cardiomyocyte oxidative stress injury by western blot. (E) Representative photographs of ROS production in CoCl2 -induced cardiomyocyte oxidative stress injury. (F–H) Detection of MDA production, SOD activity and GSH -PX release in CoCl2 -induced cardiomyocyte oxidative stress injury (N = 9 per group). ***p < 0.001 and ### p < 0.001, one-way ANOVA.
ELA-11 attenuated cardiac injury through ERK/MAPK and PI3K/AKT signaling pathway
We further verified the possible signaling pathway of ELA-11 in rat primary cardiomyocytes by Western blot. We first determined the expression of p38, JNK and ERK, however, the result showed that there was no expression of JNK and p38 (data not shown), but phosphorylated ERK was down-regulated by DOX and ERK protein phosphorylation was activated upon ELA-11 treatment compared with DOX (Figures 6A,B). Next, we found that DOX also down-regulated the expression of phosphorylated AKT and PI3K, but ELA-11 activated phosphorylation of AKT and PI3K protein expression (Figures 6C–E). When CoCl2 was blunted, the phosphorylation of ERK, AKT and PI3K protein expression was downregulated. With intervention of ELA-11, ELA-11 activated the expression of ERK, AKT and PI3K phosphorylated proteins after CoCl2 treatment in rat primary cardiomyocytes (Figures 6F–J). These results revealed that ELA-11 protected cardiomyocytes from apoptosis through the ERK/MAPK and PI3K/AKT signaling pathways.
[image: Figure 6]FIGURE 6 | ELA-11 attenuated cardiac injury through ERK/MAPK and PI3K/AKT signaling pathway. (A) The expression of ERK in DOX-induced cardiac injury by western blot. (B) The quantitative data for western blot. (C–E) The expression of PI3K and AKT in DOX-induced cardiac injury by western blot and its quantitative data. (F,G) Western blot analyzed the expression the expression of ERK in CoCl2 -induced cardiac injury and its quantitative data. (H–J) Western blot analyzed the expression the expression of PI3K and AKT in CoCl2 -induced cardiac injury and its quantitative data. ***p < 0.001 and ### p < 0.001, one-way ANOVA.
ELA-11 protects cardiomyocytes by binding apelin receptor
4- oxo-6-((pyrimidin-2-ylthio) methyl)-4H-pyran-3-yl4-nitrobenzoate (ML221) is the first reported APJ antagonist which exerts antagonistic effect mainly by inhibiting cAMP and recruiting β-arrestin by ELA-11. Report has shown that ML221 has potential to attenuate the activation and signaling of the APJ receptor and reduce elabela-induced microvascular endothelial cell proliferation (Godoy-Parejo et al., 2019). To determine the role of ML221, we used to detect its interaction with ELA-11 by Western blot. We found that ML221 inhibited the effect of ELA-11 on cardiomyocyte apoptosis after DOX administration (Figures 7A,B). We wondered whether ML221 was involved in the ERK/MAPK and PI3K/AKT signaling pathways when the cells were treated with DOX, and western blot results demonstrated that ML221 significantly decreased the phosphorylation of AKT, PI3K, and ERK proteins compared with ELA-11, when ELA-11 and ML221 co-incubation with DOX, the ability of ELA-11 to activate phosphorylated ERK, PI3K and AKT was inhibited (Figures 7C–G). Furthermore, we found that ML221 could also inhibit the effect of ELA-11 in CoCl2-induced apoptosi s (Figures 7H,I). The phosphorylation of AKT, PI3K and ERK proteins was significantly up-regulated after co-treatment with ML221 and ELA-11 in CoCl2 model (Figures 7J,K,L–N). These results suggested that ELA-11 inhibited apoptosis by binding to APJ. Finally, we drew a pattern diagram of ELA-11 for inhibiting apoptosis and oxidative stress injury in cardiomyocytes (Figures 8).
[image: Figure 7]FIGURE 7 | ELA-11 protects cardiomyocytes by binding APJ. (A,B) Western blot result of PARP and caspase-3 with ML221 treatment in DOX-induced group and its quantiied data. (C,D) Western blot result of ERK with ML221 treatment in DOX -induced group and its quantiied data. (E–G) Western blot and quantiied data for PI3K and AKT in DOX-induced group. (H,I) The expression of PARP and casapse-3 in CoCl2 -induced group by western blot and quantiied. (J,K) The expression of ERK in CoCl2 -induced group by western blot and quantiied. (L–N) The expression of PI3K and AKT in CoCl2 -induced group with quantiied data. ***p < 0.001, and ### p < 0.001, one-way ANOVA.
[image: Figure 8]FIGURE 8 | ELA-11 platform for inhibiting apoptosis and oxidative stress injury in cardiomyocytes.
DISCUSSION
Our current study revealed that ELA-11 has a protective effect on apoptosis and attenuates DOX-induced cardiotoxicity in vitro and in vivo. Furthermore, we demonstrated that ELA-11 attenuated oxidative stress-induced apoptosis through ERK/MAPK and PI3K/AKT signaling pathways by targeting APJ. ERK/MAPK and PI3K/AKT signaling pathways is regarded as a promising molecular mechanism in apoptosis, proliferation and differentiation. Our findings provide evidence of the molecular mechanism by which the ELA-11 peptide inhibits oxidative stress-induced apoptosis, indicating its potential use for DOX-induced cardiotoxicity.
Many known bioactive substances secreted by heart, including ANP, have been indicated to be involved in the regulation of cardiovascular disease and sensitive as indicators of disease monitoring (Ishimaru et al., 2017). In addition, endocrine-derived peptides play a dispensable role in different pathological processes and engage in organ crosstalk. For instance, a vasoactive intestinal polypeptide of 28 amino acids is released by intestinal neurons (Reginauld et al., 2019). Its level of variation is related to a variety of human diseases. It is worth observing that some long peptides can be cleaved into smaller peptides that have more consequential functions than those of longer peptides.
Because of the cardiac toxicity caused by DOX, its clinical application is severely limited (Sun et al., 2019). Apoptosis and oxidative stress injury induced by DOX came into our insight. CoCl2 is a classic and effective compound used to simulate hypoxic and ischemic processes (Ma et al., 2020). In consistence with previous studies, our study has demonstrated that DOX and CoCl2 can induce apoptosis and oxidative stress injury. APJ receptor is an essential orphan G protein-coupled receptor super-family. Previous studies have demonstrated that ELA-21 and ELA-32 involved in heart development and stem cell maintenance (Dai et al., 2008). ELA-11 is the shortest peptide in ELABELA family and may retain the functional peptide to perform biological functions (Ma et al., 2021). We proved that ELA-11 can also protect cardiac function by interacting with APJ.
As an endogenous ligand of Apelin, APJ plays a cardiovascular protective role by binding to different G protein subtypes and trigger multiple signaling pathways, such as AMPK, PI3K/Akt or MAPK signaling pathways (Li et al., 2021). Elabela was first identified as a novel ligand of APJ receptor in zebrafish embryos. The Ela-APJ axis is critical to a variety of biological processes and has been shown to regulate humoral homeostasis, myocardial contractility, vasodilation, angiogenesis, cell differentiation, apoptosis, oxidative stress, cardiorenal fibrosis and dysfunction (Sato et al., 2017). In human embryonic stem cells, Elabela can activate PI3K/Akt/MTORC1 signaling pathway to regulate self-renewal and survival of stem cells (Ho et al., 2015). As we all know that DOX induced cardiotoxicity involves a variety of molecular mechanisms, including energy metabolism, oxidative stress, and programmed cell death (Tocchetti et al., 2014). The excessed ROS can be effectively eliminated by the antioxidant defense system in physiological status (Zhang et al., 2022). However, when the antioxidant defense system is unable to consume excessive levels of ROS, cytotoxic signaling pathways will activate, leading to DNA damage, mitochondrial dysfunction and abnormal cellular calcium homeostasis.
Oxidative stress irritates the activity of ion exchangers, including Na+/H+ exchangers (NHE-1) and transient receptor potentials melastain 2 (TRPM2), resulting in overload of cell serum and mitochondrial Ca2+. Overloaded Ca2+ leads to activation of mitochondrial Ca2+ sensitive dehydrogenase and massive production of respiratory metabolic chain substrate NADH, which again promotes ROS production (Javadov et al., 2008). This cycle eventually leads to dyshomeostasis, apoptosis, inflammatory responses and other pathological process. Hence, ROS overproduction is the main event of oxidative stress injury (Schieber and Chandel, 2014). Mechanically, as an essential signaling pathway of G-protein-coupled receptors, APJ can activates RAF-1 to phosphorylate threonine and tyrosine through PI3K/AKT, and ultimately activate ERK1 and ERK2 (i.e., p44MAPK and p42MAPK) (Chiu et al., 2013). Therefore, AKT and ERK signaling pathways play a key role in oxidative stress response.
Multiple evidence indicated that mitochondrial permeability conversion pore (mPTP) plays a key role in regulating cardiac apoptosis under pathological conditions (Hou et al., 2022). Changes in intracellular pH, mitochondrial membrane potential or reactive oxygen species can regulate THE opening of mPTP (Ahmad et al., 2019). Glycogen synthase kinase (GSK)-3α/β is a serine/threonine kinase that regulates the opening of mPTP and participates in the apoptosis process of cardiomyocytes (Ahmad et al., 2014). The activation of PI3K/AKT signaling pathway may regulate the activation of GSK-3 downstream protein. Knock down the expression of GSK-3 in adult cardiomyocyte can lead to mitotic catastrophe which resulting in fatal dilated cardiomyopathy (Zhou et al., 2016; Ahmad and Woodgett, 2020). And inhibition of GSK-3αmay be a novel strategy for limited adverse ventricular remodeling and dysfunction after myocardial infarction in future treatment (Lal et al., 2015). Whether GSK-3 can play a role in DOX induced cardiotoxicity will be further explored in future studies.
Although recent studies have shown that the short peptide ELABELA (19–32) can ameliorate DOX-induced cardiotoxicity by promoting autophagic flux through TFEB pathway, ELA-11, shorter than ELABELA (19–32) reduced ROS release, thereby inhibiting mitochondrial oxidative stress and further inhibiting apoptosis of cardiomyocytes. Furthermore, In our study, the results supported that ELA-11 resisted cardiotoxicity by inhibiting apoptosis and oxidative stress by activating PI3K, AKT and ERK phosphorylation.
Our study also has some limitations. First, more clinical samples are needed to determine the exact window of time of interactions for clinical application. Second, whether the modification of ELA-11 influences its function in cardiovascular diseases needs further evaluation.
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of chemotherapy.
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p Value
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0.000
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0018
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0.001

BMI, body mass index; VTE, venous thromboembolism; ECOG, eastern cooperative oncology group; ABVD, adriamycin, bleomycin, vinblastine and dacarbazine; R-CHOP, rituximab,

cyclophosphamide, doxorubicin, vincristine and prednisone; P-GEMOX, pegaspargase, gemcitabine and oxaliplatin; R-DICE, rituximab, cisplatin, ifosfamide, etoposide and

dexamethasone; R-EPOCH, rituximab, etoposide phosphate, prednisone, vincristine sulfate, cyclophosphamide and doxorubicin hydrochioride; R-GDP, rituximab, gemditabine,

dexamethasone and cisplatin: BR, bendamustine and rituximab.
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Notes: a, Mixed malignancies: including two or more tumor types, such as breast cancer, colorectal cancer, gastric cancer, head and neck cancer, and so on; NA: not available; RT:
radiotherapy: Cap: Capecitabine: Bev: Bevacizumab; Cet: Cetuximab; Pan: Panitumumnab; Tra, Trastuzumab; Lap, Lapatinib.
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Age (years)
Weight (kg)
Height (cm)
SBP (mmHg)
DBP (mmHg)
HR (bpm)

BMI (kg/m?)
BSA (m?)

Giu (mmol/L)
LDL-C (mmol/L)
HDL-C (mmol/L)
TG (mmolA)
TC (mmol/L)

G1(n=20)

48(44-53.5)
61(54.25-67.38)
160(158-163.75)

124.5(110.5-129.75)

75.5(66.75-79.75)
81.5(78-85)

22.98(21.42-25.84)
1.67(1.56-1.74)
4.94(4.65-5.38)
2.46(2.06-2.77)
1.33(1.19-1.54)
1.13(0.78-1.46)
4.27(3.92-4.56)

G2 (n = 38)

49(43-56)
61.5(56.75-65)
160(158-162)
122.5(116-138.25)
76(69-86)
81.5(72.5-90.5)

23.98(21.93-26.51)

1.66(1.61-1.73)
4.99(4.72-5.39)
2.55(2.19-3.05)
1.31(1.08-1.61)
1.05(0.84-1.65)
457(3.93-4.99)

@3 (n=-21)

48(44-49)
62(56-75.5)
160(157.5-165)
128(118-139.5)
74(67-82)
77(72.5-84.5)
24.6(21.34-27.85)
1.69(1.59-1.84)
5.11(4.64-5.56)
222(2.02-3.13)
1.3(1.05-1.63)
1.05(0.72-1.54)
4.29(3.95-4.83)

P

0.711
0.713
0.77
0.603
0.665
0.678
0.665
0.674
0.936
0.457
0.917
0.773
0.484

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BM), body mass index; BSA, body surface area; Giu, biood glucose; TG, triglycerides; TC, total cholesterol

Data are expressed as M (Q1~Q3)].
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Adverse event (n, %) Cardiotoxicity (n = 6)
LVDD 4(66.7%)

LVSD 1(16.7%)

ST segment changes 0(0.0%)

Twave changes 5 (83.3%)

ST-T segment changes 1(16.7%)
ST-T-U segment changes 2 (33.3%)

T-U segment changes 1(16.7%)

Atrial premature beat ventricular premature beat 0 (0.0%) 0(0.0%)
Sinus tachycardia 0(0.0%)

Sinus bradycardia Sinus arrhythmia 3(50.0%) 0(0.0%)
Atrial fibrillation Cardiomegaly Bundle branch block right 0(0.0%) 0(0.0%) 0(0.0%)
Extrasystoles 0(0.0%)

PR interval prolongation 0(0.0%)

QT interval prolongation 0(0.0%)

Abbreviations: LVSD, left ventricular systolic dysfunction: LVDD, left ventricular diastolic dysfunction.

No cardiotoxicity (n = 64)

45 (70.3%)
1 (1.6%)
3(4.7%)

34 (53.1%)
14 (21.9%)
19 (20.7%)
10 (15.6%)
9 (14.1%) 1 (1.6%)
3 (4.7%)
5 (7.8%) 5 (7.8%)

0(0.0%) 0(0.0%) 8 (12.5%)
0(0.0%)

3 (4.7%)
2(3.1%)
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Patient characteristics

Age
<60 years

260 years

Left chest wall radiotherapy
yes

no

Cardiovascular risk factors
yes

no

BMI

<25 kg/m?

225 kg/m?

Cardiotoxicity (n = 17)

12 (70.6%)
5 (29.4%)

6 (243%)
11 (64.7%)

3(17.6%)
14 (82.4%)

14 (82.4%)
3(17.6%)

No cardiotoxicity
(n=53)

5 (73.6%)
14 (26.4%)

14 (26.4%)
39 (73.6%)

11 (20.8%)
42 (79.2%)

43 (81.1%)
10 \(18.9%)

0.000

0.157

0.000

0.000

1.000

0.692

1.000

1.000
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Patient characteristics

Age

<60 years

>60 years

Left chest wall radiotherapy
ves

no

Gardiovascular risk factors
yes

no

BMI

<25 kg/m?*

225 kg/m?

Cardiotoxicity (n = 6)

4(66.7%)
2(33.3%)

2(33.3%)
4(66.7%)

2(33.3%)
4(66.7%)

5(83.3%)
1(16.70%)

No cardiotoxicity (n = 64)

47 (73.4%)
17 (26.6%)

18 (28.1%)
46 (71.9%)

12 (18.7%)
52 (81.3%)

52 (81.3%)
12 (18.7%)

0.000

0.000

0.103

0.000

1.000

0.749

1.000
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Trial

NCCTG N9831
(N = 1944)

NSABPB-31/
N9B31
NSABP B-31
(N = 2043)
BCIRG-006
(N =3222)

HERA (N =
5,102)
Our study
(N =70)

Design

am B: AC (q3w x 4) —P (qw x 12)-H (qw x 52)
arm C: AC (a3w x4) —P (qw x 12) + H (awx 12)
—H (qw x40)

AC—PH

arm B: AC (q3w x4) — P (8w x4 or qwx 12) +
H (aw x 12) —H (qw x 40)

arm B: AC (3w x 4) —TXT (3w x 4) + H (qw x
12) - H (@3w x 13)

am C: Cb + TXT (q3w x 6) + H (qw x 18) —H
(@Bwx 12)

arm B: A-based (AT 26%; T-free 68%) — H (1~
year q3w)

PLD-C —TH/TPH (q3w) — finished H/PH
treatment for a total of 12 months

Median
follow-up
times

9.2-year

8.4-year
7-year

10-year

11-year

3.5-year

DFS

am B: 80.1% (6-
year) am C: 84.5%
(6-year)
73.7% (10-year)

NR
arm B: 84% (5-year)
am C: 81% (5-year)
69% (10-year)

98.6% (2-year)
96.8% (5-year)

Severe
CHF/CD

am B 2.8%
arm C 3.7%

2.0%

arm B 3.9%

am B: 2.0%
arm C: 0.4%

1%

0%

LVEF absolute
decline from
baseline

215%:arm B 14.6% 2
16%:arm C 18.7%

NR
210%: 35.3% 2
15%: 14.6%
210%:18.6% =
10%:9.4%

210%:4.4%

216%:8.6% = 10%
and<16:24.3%

References

Advani et al.
(2016)

Perez et al.
(2014)
Romond et al
(2012)
Slamon et al.
(2011)

Cameron et dl.
(2017)

Abbreviations: A, doxorubicin; C, cyclophosphamide; P, paciitaxel; TXT, docetaxel; T, taxanes; H, trastuzumab; PH, pertuzumab and trastuzumab; CE, cardiac events; CD, cardiac death;
carboplatin: Cb; CHF: congestive heart failure; DFS, dlisease-free survival; LVEF, left ventricular ejection fraction; NSABP, National Surgical Adjuvant Breast and Bowel Project; NCCTG,
North Central Cancer Treatment Group; BCIRG, Breast Cancer Intemational Research Group; HERA, herceptin adjuvant trel; qw, every week; 3w, every 3 weeks; NR, not reported. The
chemotherapy regimens involved in these pivotal studies were all conventional doses.
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ALVEF 3M(n = 43) 6M(n = 55) 9M(n = 43) 12M(n = 50) 15M(n = 40) 18M(n = 23) 21M(n = 14) 24M(n = 14)
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Patient characteristic

Median age, years (range)
BMI (kg/m?)
Histologic type
Ductal carcinoma
Metaplastic carcinoma
Mucinous carcinoma
Tumor size (cm)
Histologically positive nodes, median (range)
0
1-3
24
Estrogen receptor status
Positive
Negative
Progesterone receptor status
Positive
Negative
Surgery type
Mastectomy
Breast conserving
Radiotherapy
Yes
No
Adjuvant regimens
AC—T/DH
AC— T/D/PHPt
Cardiovascular risk factors
Yes
No

N (%)

54 (30-70)
230+26

65 (92.9)
343
2(29)

22 (0.5-11.0)

1(0-20)

29 (41.4)

27 (38.6)

14 (20.0)

31(44.3)
39(5.7)

2 (31.4)
48 (68.6)

62 (88.6)
8(11.4)

41 (58.6)
29 (41.4)

55 (78.6)
15 (21.4)

14 (20.0)
56 (80.0)

Numbers are mean + standard deviation for continuous variables (unless otherwise
specifiec), and N (%) for categorical variables; T: Paclitaxel; D: Docetaxel; P: nab-

paclitaxel.
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Al participants N = 19

Age at start of ICLyrs 482116
Male 8 (42.1)
Body mass index, kg/m2 21.3+27
Fasting glucose 547 +0.77
Medical History and Risk Factors
History of hypertension 5(26.3)
History of diabetes 4@1.1)
Tobacco use
Current 2(105)
Former 2(105)
Alcohol intake 6(31.6)
Hypercholesterolemia 2(10.5)
Prior myocardial infraction 1(63)
Prior coronary stenting 163
Prior atrial fibrilltion 00
Prior COPD 00
Prior chronic kidney disease 2(105)
Primary Cancer Type
Lung cancer 3(15.8)
Rectal cancer 1(63)
Female reproductive system tumor 411
Bladder Cancer 1(63)
Breast cancer 2(10.5)
Renal cell carcinoma 4(10.5)
Melanmoa 163
Other 3(15.8)
Pre-ICl home CV Medications
Beta-blockers 2(105)
Aspirin 1(63)
Statin 1(63)
Galcium-channel blocker 3(15.8)
ACE inhibitors or ARBs 2(105)
Current monotherapy ICI
Nivolumab (anti-PD1) 10 (52.6)
Sintilimab (anti-PD1) 2(105)
Durvalumab (anti-PDL1) 7(36.8)
ICI combined chemotherapy or radiation
Radiation 2(105)
Bevacizumab 1(6.3)
VEGF inhibitors 3(15.8)
Other chemotherapy 3(15.8)
Other immune side effects during treatment
No other immune side effects 15 (78.9)
Thyroiditis 2(105)
rtis 1(63)
Colttis 1(63)

Values are mean + SD or n (%). Abbreviations: ICI = immune checkpoint inhibitors; CV =
cardiovascular; ACE = Angiotensin-converting enzyme; ARBS = Angiotensin receptor
blocker; COPD: chronic obstructive puimonary diseases; anti-PD1: anti-programmed
cell death protein 1: VEGF inhibitors: vascular endothelial growth factor inhibitors.
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LVEF%
LVEDS mm
LVEDD mm
cTrl ng/mi
NT-proBNPng/L
D-dimer ng/mi
CK UL

CK-MB UL
Hs-CRP mg/L
GDF-15 pg/m
Gal-3 ng/ml
PTX3 pg/mi

H-FABP pg/ml
Scr umol/l

0 month

63.74 + 407
25.28 + 393

43.20 + 4.46
0001 (0.001-0.002)
82.30 (61.20-87.50)

791.64 (478.43-2,187.79)
43.40 (34.70-88.90)

17.16 + 692

10.08 (5.26-51.22)
1,075.85 + 841.00

613.25 (462.99-957.24)
398.82 + 297.96

520.28 + 312.83
62.42 + 24.75

1 month

63.41 £4.23
25.73 £3.04

44.74 + 314
0.001 (0.001-0.0025)
64.00 (41.25-99.35)

506.04 (430.01-1,042.59)
46.80 (37.00-87.00)
16.68 = 5.79

7.98 (2.57-23.28)
934.19  623.22

556.07 (428.21-759.64)
224.54 +143.58"

666.76 + 187.87
68.53 + 21.90

3 months

62.69 + 3.79
25.05 +2.37

44.71 +2.98
0.0015 (0.001-0.002)
79.45 (36.17-128.25)

538,35 (303.43-925.55)
50.20 (34.52-85.12)
18.01 +5.97

928 (2.10-16.62)
870.14 + 694.02

472.35 (443.52-540.28)
253,69 + 166.15

752.33 + 283.65"
65.54 + 21.42

6 months

63.00 + 4.15
23.76 + 2.99

45.43+ 386
0001 (0.001-0.001)
147.00 (40.50-208.50)
416.38 (297.23-938.05)
104.60 (50.55-177.37)
16,89 + 11.42

371 (2.36-23.37)
380.57 + 190.74"

470.77 (439.40-536.31)
310.02 + 116.86

808.00 + 289.69"
61.88 + 14.63

Abbreviations: LVEF: left ventricular ejection fraction; LVEDS: left ventricular end systolic diameter; LVEDD: left ventricular end dlastolic diameter; cTnl: carciac troponin I; NT-proBNP:
N-terminal pro-B-type natriuretic peptide; CK: creatine kinase; Hs-CRP: high-sensitiity C-reactive protein; GDF-15: growth diferentiation factor 15; Gal-3: galectin 3; PTX3: pentraxin-
relaied protein 3; H-FABP- heart type-fatly acid binding profein. Vialues are mean + SD or median (inferquartie range): * was compared with the 0 month group, P < 0.05
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Parameter Before the immunotherapy After five-course of
immunotherapy

AO 31 mm 34 mm

LA 42 mm 47 mm

LVSd 10 mm 9 mm

LVPWd 9 mm 8 mm

LVIDd 57 mm 64 mm

LVEF 57% 64%

RVIDd 26 mm 21 mm

AO, aorta; LA, left atrium; IVSd, interventricular septum dim; LVPWd, left ventricular

posteri

wall dimension; LVIDG, Left ventricular end diastolic dimension; LVEF, Left

ventricular election fraction; RVIDd, Right ventricular end diastolic dimension.
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Time

Course of disease

October. 2019
December. 2019
January. 2020

AprIL. 2020

May 2020-June. 2020

july. 2020-August
2020

Repeated gingival bleeding

Diagnosis of melanoma by pathological report
Cervical lymph node metastasis

Toripalimab combined with temozolomide (1st course)
Radiotherapy

Toripalimab combined with temozolomide (2nd-5th
course)
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Courses after immunotherapy) Myo (ng/ml) CK-MB(ng/ml) cTnl (ng/ml) NT-proBNP(pg/ml)

0 27.1 047 <0.012 173
1 276 0.69 <0.012 157
2 212 035 <0.012 138
3 25.1 054 <0.012 29
4 259 0.59 <0.012 165
5 215 03 <0.012 188





OPS/images/fphar-13-890546/fphar-13-890546-g005.gif





OPS/images/fphar-13-890546/fphar-13-890546-g004.gif





OPS/images/fphar-13-890546/fphar-13-890546-g003.gif





OPS/images/fphar-13-890546/fphar-13-890546-g002.gif





OPS/images/fphar-13-890546/fphar-13-890546-g001.gif





OPS/images/fphar-13-850735/fphar-13-850735-g001.gif
s e c o, MO e v
& = o i s

i H U =
H tx g i
Fowen 6 e M a1 v 4w
= - - g
a iiGE™ 1 7

i i f

i o [‘ e ]‘ 2 &






OPS/images/fphar-13-850735/fphar-13-850735-g002.gif





OPS/images/fphar-13-850735/fphar-13-850735-g003.gif





OPS/images/fphar-13-850735/fphar-13-850735-g004.gif





OPS/images/fphar-12-749899/fphar-12-749899-g006.gif





OPS/images/fphar-13-811406/crossmark.jpg
©

|





OPS/images/fphar-13-811406/fphar-13-811406-g001.gif
Ferroptosis

o Metabolism





OPS/images/fphar-13-850735/crossmark.jpg
©

|





OPS/images/fphar-12-749899/fphar-12-749899-g004.gif





OPS/images/fphar-12-749899/fphar-12-749899-g005.gif
0 | =

a+

e

»






OPS/images/fphar-13-873614/fphar-13-873614-g008.gif
>
- s

e e
e~ B 0
!






OPS/images/fphar-13-873614/fphar-13-873614-g007.gif





OPS/images/fphar-13-873614/fphar-13-873614-g006.gif





OPS/images/fphar-13-873614/fphar-13-873614-g005.gif





OPS/images/fphar-13-873614/fphar-13-873614-g004.gif





OPS/images/fphar-13-873614/fphar-13-873614-g003.gif





OPS/images/fphar-13-873614/fphar-13-873614-g002.gif





OPS/images/fphar-13-873614/fphar-13-873614-g001.gif





OPS/images/back-cover.jpg
o

oo

e W
oo

A —
st
e e

Frontiers
e T e 4

1005 Lousonne | Swizerand
Vistus i ongersinorg

Contact o romeran avgaboutcontact

Supportcpanan
ond o o emnce
e ooy

A

Fouowus.
Sronrn

A

o
ot resamen

"our nert
aniesresdesi






OPS/images/fphar-13-832045/fphar-13-832045-g002.gif





OPS/images/fphar-13-832045/fphar-13-832045-g003.gif





OPS/images/fphar-13-832045/fphar-13-832045-g004.gif





OPS/images/fphar-13-854592/crossmark.jpg
©

|





OPS/images/fphar-13-854592/fphar-13-854592-g001.gif





OPS/images/fphar-13-832045/crossmark.jpg
©

|





OPS/images/fphar-13-832045/fphar-13-832045-g001.gif
EXEX]

ANaaaa

AINA A A A

B A s

A s

A A seetee





OPS/images/fphar-13-850735/fphar-13-850735-g005.gif





OPS/images/fphar-13-850735/fphar-13-850735-g006.gif
—





OPS/images/fphar-13-850735/fphar-13-850735-g007.gif
Carine Dystanction

Candinc Remodellig.

Abmormat Metabstomics





OPS/images/fphar-12-770631/fphar-12-770631-g001.gif





OPS/images/fphar-12-770631/fphar-12-770631-g002.gif





OPS/images/fphar-12-770580/inline_1.gif





OPS/images/fphar-12-770580/inline_2.gif





OPS/images/fphar-12-770580/inline_3.gif





OPS/images/fphar-12-770631/crossmark.jpg
©

|





OPS/images/fphar-12-770580/fphar-12-770580-t002.jpg
TO T2 T4 T6 T8

LVEF (%) 66.65 + 4.13 65.57 + 525 62.34 + 5.21# 60.73 + 5.65# 59.43 + 6.99#
GLS (%) -226+1.77 -19.79 + 2.38# -18.17 + 3.04# -16.96 + 3.65# -16.94 + 4.03#
GWI (mmHg%) 1959.14 + 294.34 1876.75 + 309.1* 1783.51 + 314.37# 1661.89 + 321.25# 1652.58 + 400.264#
GWE (%) 94.44 +1.91 93.08 + 2.36# 91.95 + 3.12# 89.62 + 5.494 87.84 + 6.33#
3D-GLS (%) -19.81 + 1.69 -18.09 + 2.41# -16.72 + 2.76# -15.82 + 3.71# ~14.86 + 4.03#
3D-GCS (%) -24.61 +3.42 -21.73 + 3.62# -19.87 + 384# -18.16+ 4.51# —17.7 + 437#
3D-GAS (%) -31.46 + 4.73 -20.65 + 5.23# -28.39 + 4.75# =27 + 4.584# -25.65 + 4.48#
3D-GRS (%) 348 +9.06 33.54 £9.12 31.8 +7.04" 30.14 + 7.05# 28.85 + 7.14#

LVEF, left ventriculer ejection fraction; GLS, global longitudinal strain; GWI, global myocardial work index; GWE, myocardial work efficiency; 3D-GLS, left ventricular three-climensional
jongitudinal peak strain; 3D-GCS, left ventricular three-cimensional perioheral peak strain; 3D-GAS, left ventricular three-cimensional area peak strain; 3D-GRS, left ventricular three-
dimensional radial peak strain. #p < 0.05 compared with TO: *p < 0.01 compared with TO.
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CTRCD group (1 = 9) Non-CTRCD p

group (n = 70)
Age (years) 53.44 £ 9.4 48,09 +8.16 0135
BMI (kg/m?) 20.46 £ 2.7 2379 +3.19 <0001
BSA (m?) 1.83 £ 0.14 1.66 £ 0.12 0006
SBP (mmHg) 12178 £ 105 127.7 £ 17.38 0.167
DBP (mmHg) 77.22 826 76.01 £ 10.97 0669
HR (bprm) 7978+ 7 80.99 + 11.56 0663
Giu (mmolL) 508 £ 095 519 £ 0.86 0742
LDL-C (mmol/L) 3.05 + 0.49 247£06 0008
HDL-C (mmolL) 1.87 £ 0.32 1.3+0.94 0353
TG (mmolL) 13+094 1.31£0.76 0971
TC (mmolA) 508+ 073 44508 0034

SBP, systolic biood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body
mass index; BSA, body surface area; Glu, blood glucose; TG, triglycerides; TC, total
cholesterol. Data are expressed as the mean + SD.
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B SE Wals p HR (95.0%

<)
L2v (%) 0.123 0.116 1.116 0.291 1.131 (0.9-1.42)
Gav (%) 0.082 0032 6616 001 1.086 (1.02-1.156)
i2v (%) 0013 0028 021 0646 1.013 (0.958-1.071)
S2v (%) 3847 2085 3.403 0.065 46.854 (0.786-2791.451)
C2v (%) 5.512 2299 575 0.016* 247.692 (2.737-22419.074)
A2y (%) -0.053 2969 0 0.986 0.949 (0.003-319.475)
BMI (kg/m?) 0.263 0.133 3914 0048 1.301 (1.002-1.688)
BSA (m2) 0.849 2775 0094 076 2.336 (0.01-537.464)
LDL-C (mmol/) 0567 1.287 0.194 066 1.763 (0.142-21.945)
TC (mmol/L) -0.054 0905 0004 0953 0.948 (0.161-5.589)

SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BM, body mass index; BSA, body surface area; Glu, blood glicose; TG, trighycerides; TC, total cholesterol
L2v, rate of change of LVEF at T2; G2v, rate of change of GLS at T2; 12v, ate of change of GWI at T2; E2v, rate of change of GWE at T2; S2v, rate of change of 3D-GLS at T2; C2v, rate of
change of 3D-GCS at T2: A2v, in the rate of change of 3D-GAS at T2. *p < 0.05.
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Index

BMI (kg/m?)

Gav (%)
Cav (%)

Sensitivity (%)

88.9
55.6
66.7

Specificity (%)

88.6
94.3
81.4

AuC
(95%Cl)

0.922(0.858-0.987)
0.776(0.600-0.952)
0.703(0.488-0.918)

Cutoff point

27.03
22.7
16.5

<0.001
<0.001
<0.001
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Characteristic

Symptoms
Laboratory tests

CMR

Treatment initial
corticosteroid dose
Additional therapy

Corticosteroid-sensitive

CTnT decrease during reduction of corticosteroid dose
Asymptomatic or mid symptoms

Mid to moderate increase of myocardial injury biomarker, hepatic
enzymes, CPK, inflammation biomarker

No significant abnormality

Methylprednisolone 1-2 mg/kg per day

Corticosteroid-resistant

€TnT rebound during reduction of corticosteroid dose
Ptosis, muscle soreness, malaise

Significant increase of myocardial injury biomarker, hepatic
enzymes, CPK, inflammation biomarker

Edema and LGE

Methylprednisolone 500 mg x 3 days

Tofacitinib 5 mg bid
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Case Age Gender

1 66 Male
2 72 Male
3 70  Female
4 67 Male
5 66 Female
6 72 Male
7 63  Male
8 38 Female
9 71 Male
10 68  Female
1 57  Female
12 65 Male
13 54  Male
14 63  Female
16 71 Female
16 63  Female
17 58 Male
18 60 Male
19 59 Male
20 66 Male
21 65  Male
22 77 Male
23 53  Male
24 41 Male

Malignancy

Gastric carcinoma

Gastric carcinoma

Hepatic carcinoma

Hepatic carcinoma

Colorectal
carcinoma

Lung carcinoma
Gastric carcinoma
Leiomyosarcoma
Gastric carcinoma
Hodgkin lymphorma,
breast carcinoma
Cervical carcinoma
Head-neck
carcinoma
Colorectal

carcinoma
Gastric carcinoma

Esophageal

carcinoma

Malignant melanoma

Gastric carcinoma

Esophageal

carcinoma

Colorectal
carcinoma

Hepatic carcinoma

Lung carcinoma

Hepatic carcinoma

Hepatic carcinoma

Hepatic carcinoma

Onset
symptoms

Asymptomatic

Asymptomatic

Asymptomatic

Asymptomatic

Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic

Ptosis, muscle
soreness,
malaise

Chest congestion

Chest congestion

Malaise

Malaise

Ptosis, malaise

Ptosis, muscle

soreness

Ptosis, malaise

Ptosis, malaise

Malaise

Ptosis, malaise

malaise

Ptosis, malaise

Ptosis, malaise

Chest
congestion,
malaise
malaise

Cardiovascular
complications

Atrial fibrillation

Coronary artery
fistula

Hypertension

Hypertension

Hypertension

Associated
irAEs

Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation

Creatine
kinase
elevation
Creatine
kinase
elevation
Thyroiditis
Creatine
kinase
elevation
Hepatitis

Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation

Creatine
kinase
elevation
Creatine
kinase
elevation
Creatine
kinase
elevation

ECG

Atrial fiorillation

RBBB

Sinus rhythm

Sinus rhythm

Sinus rhythm
Atrial premature
beats

Sinus bradycardia

Sinus tachycardia

Atrial premature
beats

Atrial premature
beats

ST changes
T changes
ST changes

T changes

First-degree AV
block

Sinus rhythm

RBBB

Sinus rhythm

Sinus rhythm

ST changes

RBBB; ST
changes;
ventricular
premature beat
Sinus tachycardia;
first-degree AV
block

Sinus tachycardia

Sinus tachycardia;
ST changes

TIE.

Atrial enlargement,
mild mitral
regurgitation

No significant
‘abnormality

No significant
abnormality

Ventricular septal
hypertrophy

No significant
abnormality
Aortic
regurgitation
BAV

No significant

abnormality
Diated aorta

No significant
abnormality
LVEF <50%
Atrial enlargement,
dilated aorta

Atrial elargement

Mid mitral
regurgitation

No significant
abnormality

No significant
abnormality

LVEF <50%
Minimal pericardial
effusion

Atrial enlargement
Dilated aorta; mild
aortic regurgitation
Minimal pericardial
effusion

Atrial erlargement

Atrial enlargement

LVEF <50%;
moderate mitral
regurgitation

BAV. bicuspid aortic valve; ECG, electrocardiogram; LVEF, left ventricular ejection fraction; RBBB, right bundle-branch block: TTE, transthoracic echocardiogram.

CMR

Local edema
and LGE

Local edema
and LGE

Local edema

Ventricular
septal
hypertrophy

Local edema
and LGE
Local edema
and LGE
Local edema
and LGE
Local edema
and LGE

Local LGE
Wide LGE
Local edema
and LGE
Local edema
and LGE

No significant
inflammation

No significant
inflammation

Local edema
Local edema
and LGE

Local edema
and LGE

Local edema
and LGE

Local edema
and LGE

Wide LGE
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Characteristics

Age (years)
Gender (M/F)
ST2 (ng/mL)
BNP (pg/mL)
CTNT (ng/mL)
CK (UL)
CKMB (UL)
CKMM (UAL)
ALT (UA)
AST (UL)
CRP (mg/l)

BNP. brain natriurefic peplide; CK, creatine kinase: NS. no signiicance: ST2. suppression of tumarigenicily 2.

Corticosteroid-sensitive (n = 8)

643 +39
5/3
69.1 £ 14.2
2440+ 948
0.11 £ 0.02
384.6 + 139.2
33175
351.4 + 136.5
333+92
480+ 11.9
44+18

Corticosteroid-resistant (n = 16)

619+21
15
1169 £ 31.1
1,498.4 £ 531.3
0.63+0.2
2,326.8 + 654.4
1259 + 26.8
2,361.1 + 665.0
1446 + 28.3
1828 + 46.2
64.4 +252

NS
NS
NS
NS
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
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