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A B S T R A C T   

Reports indicate that the mechanism of doxorubicin (Dox)-induced cardiotoxicity is very complex, involving 
multiple regulatory cell death forms. Furthermore, the clinical intervention effect is not ideal. Iron dependence, 
abnormal lipid metabolism, and excess reactive oxygen species generation, three characteristics of ferroptosis, 
are potential therapeutic intervention targets. Here, we confirmed in vitro and in vivo that at least autophagy, 
apoptosis, and ferroptosis are involved in Dox cardiotoxicity-induced damage. When the neonatal rat car-
diomyocytes and H9C2 cells or C57BL/6 mice were subjected to Dox-induced cardiotoxicity, epigallocatechin-3- 
gallate pretreatment could effectively decrease iron accumulation, inhibit oxidative stress and abnormal lipid 
metabolism, and thereby alleviate Dox cardiotoxicity-induced ferroptosis and protect the myocardium according 
to multiple functional, enzymatic, and morphological indices. The underlying mechanism was verified to involve 
the upregulation and activation of AMP-activated protein kinase α2, which promoted adaptive autophagy, 
increased energy supply, and maintained mitochondrial function. We believe that epigallocatechin-3-gallate is a 
candidate phytochemical against Dox-induced cardiotoxicity.   

1. Introduction 

Numerous clinical trials have confirmed that science-based and 
rational drug treatment can significantly reduce the mortality of patients 
with malignant tumors [1]. However, many chemotherapeutic agents 
are associated with adverse reactions, among which cardiotoxicity is the 
most common and poses direct threat to patients’ life [2]. Anthracycline 
is widely used in chemotherapy for lymphoma, sarcoma, and breast 
cancer [3]. As the most commonly used anthracycline, doxorubicin 
(Dox) possesses strong anticancer activity, broad anticancer spectrum, 
and definite curative effect. However, its clinical application has been 
greatly limited because as many as one fourth of patients have experi-
enced Dox-induced cardiotoxicity (DIC) [4]. Previous studies on the 
mechanism of DIC mainly focused on excess intracellular reactive oxy-
gen species (ROS) generation, secondary to downstream protein, lipid, 
and DNA damage [5]. Several efforts have been devoted to the use of 

drugs that decrease ROS generation. Still, the results of these efforts are 
not ideal, indicating that either the underlying mechanism is not only 
related to the oxidative stress originally proposed or that the exact 
mechanism is still unknown [6,7]. 

Recently, many studies have confirmed that Dox induces car-
diomyocyte death through both accidental cell death or regulated cell 
death (RCD) mechanisms. The latter includes necroptosis, pyroptosis, 
autophagy, ferroptosis, and apoptosis, which occur simultaneously, and 
not independently, and overlap and crosstalk with each other, which 
greatly increases the complexity of DIC [8–10]. Furthermore, our pre-
vious works have found that apoptosis is involved in DIC and 
Dox-induced endotheliotoxicity, which could be intervened using 
certain phytochemicals [11–15]. At present, whether Dox induces or 
inhibits autophagy in the myocardium remains controversial [16–18]. 
However, recent studies have confirmed that ferroptosis plays a crucial 
role in DIC [19–21]. Ferroptosis is an iron- and lipotoxicity-dependent 
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Fig. 1. EGCG pretreatment alleviated Dox-induced cardiomyocyte ferroptosis. A EGCG molecular formula. B Diagram of the in vitro study design. C NRCM and H9C2 
cell viability and LDH activity (containing 20 μM EGCG [during the 24 h pretreatment before exposure to 1 μM Dox] in cells subjected or not to 20 μM EGCG, 2 μM 
Fer-1, and 100 μM Dxz co-treatment for 48 h; the below findings were also obtained using this method. D Apoptosis and caspase-3 activity of NRCMs. E Apoptosis and 
caspase-3 activity of H9C2 cells. F Iron contents of NRCMs and H9C2 cells. Values are mean ± SD from five individual experiments. **p < 0.01 compared with the 
indicated groups. G Western blot bands showing PTGS2 and GPX4 protein expression and the relative signal intensities in NRCMs. H Western blot bands showing 
PTGS2 and GPX4 protein expression and the relative signal intensities in H9C2 cells. I Transmission electron microscope images and the relative Fiameng scores of 
NRCMs. J Western blot bands showing LC3 and P62 protein expression and the relative signal intensities in NRCMs. K Western blot bands showing LC3 and P62 
protein expression and the relative signal intensities in H9C2 cells. Values are mean ± SD from three individual experiments. NS, nonsignificant. *p < 0.05 compared 
with the indicated groups. **p < 0.01 compared with the indicated groups. 
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RCD [8–10,22]. Whether it occurs or not depends on the balance be-
tween ROS generation induced by iron accumulation and the antioxi-
dant system that counteracts lipid peroxidation. On the other hand, iron 
dependence, abnormal lipid metabolism, and excess ROS generation, 
three characteristics of ferroptosis, are also likely to be good interven-
tion targets [22,23]. Exploring the mechanism of DIC may help to 
identify new therapeutic targets and develop more targeted drugs. 

(− )-Epigallocatechin-3-gallate (EGCG, Fig. 1A), an active poly-
phenol compound derived from green tea, possesses multiple biological 
activities, such as antitumor, antibacterial, antiinflammatory, anti-
arteriosclerosis, and cytoprotective activities and is involved in the 
maintenance of mitochondrial function through multiple targets and 
mechanisms by changing the expression of some proteins (Nrf-2, ET-1, 
HO1, NADPH and Bcl-2) and cytokines and regulating ROS/ERK/JNK- 
p53, ADMA/DDAH/NOS/NO and PI-3K/AKT/NF-κB pathway [24,25]. 
EGCG has strong antioxidant activity and chelates divalent metal ions, 
such as iron, owing to its special stereochemical structure [26,27]. 
Studies found that EGCG could regulate the expression of specific active 
proteins, such as AMP-activated protein kinase (AMPK), and the corre-
sponding signaling pathways, and intervene with cell autophagy and 
apoptosis [28–30]. Furthermore, some studies showed that EGCG could 
protect cardiomyocytes against DIC through anti-apoptotic mechanisms 
[31–33]. Recent reports revealed that EGCG protected mouse intestinal 
epithelial cells and alleviated ionizing radiation-induced ferroptosis 
[34], iron overload and erastin-induced pancreatic cell ferroptosis [35]. 
Furthermore, it was found to promote PKD1 phosphorylation and inhibit 
ferroptosis after spinal cord injury [36]. 

This study elucidated a new mechanism underlying the protective 
effect of EGCG pretreatment against DIC for the first time. We found that 
EGCG pretreatment could upregulate the expression and phosphoryla-
tion of AMPKα2 and activate adaptive autophagy, protecting the 
myocardium against ferroptosis associated with DIC. 

2. Materials and methods 

2.1. Animals and cells 

Specific pathogen free (SPF) 8-weeks-old male C57BL/6 mice and 
neonatal (0–3 day) Sprague Dawley rats were obtained from the Animal 
Center of Nanchang University (Nanchang, China). All animal proced-
ures abided by the National Institutes of Health (USA) guidelines and 
were authorized by the ethics committee of Nanchang University (No. 
2020-0182). The mice were housed at 24 ± 1 ◦C, 50% humidity, and 12 
h dark/light cycle, with regular provision of food and water. 

The H9C2 cell line was obtained from the Cell Bank of the Chinese 
Academy of Sciences (Shanghai, China). Cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco-BRL, 11054001) with 
10% fetal bovine serum (FBS, Gibco- BRL, 10099141) and 1% penicillin- 
streptomycin (Gibco-BRL, 15070063) in a humidified atmosphere at 
37 ◦C and 5% CO2. 

2.2. Reagents and antibodies 

EGCG (PHL89656), Dox (D1515), ferrostatin-1 (Fer-1, S7243), dex-
razoxane (Dxz, 05587), 3-methyladenine (3-MA, S2767), A769662 
(SML2578), MitoTEMPO (SML0737), compound C (P5499), bromo-
deoxyuridine (BrdU, B5002), and bafilomycin A1 (BafA1, S1413) were 
purchased from Sigma-Aldrich. Primary antibodies against NADH- 
ubiquinone oxidoreductase subunit B8 (NDUFB8, ab110242), 
ubiquinol-cytochrome c reductase core protein 2 (UQCRC2, ab203832), 
AMPKα2 (ab97275), p-AMPKα2 (S173, ab55886), acetyl-CoA carbox-
ylase (ACC, ab45174), and p-ACC (S79, ab68919) were obtained from 
Abcam. Primary antibodies against prostaglandin-endoperoxide syn-
thase 2 (PTGS2, 12282), glutathione peroxidase 4 (GPX4, 52455), 
microtubule-associated protein 1A/1B-light chain 3 (LC3-I/II, 43566), 
P62 (23214), mammalian target of rapamycin (mTOR, 2983), p-mTOR 

Fig. 1. (continued). 
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(S2448, 5536), unc-51 like autophagy activating kinase 1 (ULK1, 8054), 
p-ULK1 (S757, 14202), GAPDH (2118), β-actin (3700), anti-rabbit IgG 
(7054), and anti-mouse IgG (7076) were purchased from Cell Signaling 
Technology. Adenovirus vector expressing short hairpin RNA targeting 
AMPK (pAD/AMPK-shRNA) was purchased from Gene Chem Co., Ltd. 

2.3. NRCM isolation and culture 

Neonatal rat cardiomyocytes (NRCMs) were isolated from the 
neonatal rat heart according to our previous reports [37,38]. Briefly, the 
ventricular muscles of neonatal rats were isolated quickly, digested 
repeatedly with 0.1% trypsin, and the cells were harvested. 
Non-myocyte was removed by differential adhesion method to obtain 
pure NRCMs. The NRCMs were resuspended with 80% DMEM (Gib-
co-BRL), 20% FBS (Gibco-BRL), 100 U/ml penicillin and streptomycin 
(Gibco-BRL), and 1% BrdU medium, and cultured in 95% O2 and 5% 
CO2 standard incubator at 37 ◦C. 

2.4. Experimental design 

2.4.1. In vitro experiments (Fig. 1B) 
Firstly, to confirm that EGCG pretreatment could alleviate ferrop-

tosis and protect cardiomyocytes against Dox toxicity, NRCMs and H9C2 
cells were separated into five groups: 1) Dox, 2) Fer-1, 3) Dxz, 4) EGCG, 
and 5) control. The Dox group cells were incubated with normal medium 
for 24 h, and then exposed to 1 μM Dox for 48 h [15]. The Fer-1 and Dxz 
group cells were incubated with normal medium for 24 h, and then 
co-treated with 2 μM Fer-1 or 100 μM Dxz and 1 μM Dox for 48 h [19]. 
The EGCG group cells were pretreated with 20 μM EGCG (dissolved in 
culture medium) for 24 h, and then co-treated with 1 μM Dox for 48 h. 
The control group cells were incubated with normal medium for 72 h. 
Cell viability; lactate dehydrogenase (LDH) and caspase-3 activity; 
apoptosis; iron content; the expression of PTGS2, GPX4, LC3, and P62 in 
the lysate of NRCMs and H9C2 cells; and mitochondrial ultrastructure in 
NRCMs were assayed after the above processing. 

Secondly, the alteration of autophagy under DIC damage and the 
influence of EGCG on the alteration were evaluated. NRCMs and H9C2 
cells were co-treated using the autophagy inhibitor BafA1 (100 nM) [38] 
and 1 μM Dox for 48 h. LC3 and P62 expression was assayed. Then, cells 
in the control, Dox, and EGCG groups were treated according to the 
above method. Cells in the 3-MA group were co-treated with 5 mM 3-MA 
[39], at the same time as 1 μM Dox was added to the EGCG group. The 
expression levels of LC3 and P62, and the autolysosome content [38] 
were assayed again with the above treatment. 

Thirdly, to explore if the AMPKα2/mTOR/ULK1 pathway is partici-
pated in the pathophysiological process of activating autophagy under 
DIC injury and the role of EGCG pretreatment, NRCMs and H9C2 cells in 
the control, Dox, and EGCG groups were treated according to the above 
method. The compound C group NRCMs were co-treated with 5 μM 
compound C [38], at the same time as 1 μM Dox was added to the 
EGCG-treated group. The pAD/AMPK-shRNA group H9C2 cells were 
transfected using pAD/AMPK-shRNA at the same time as 1 μM Dox was 
added to the EGCG-treated group. The expression and phosphorylation 
of AMPKα2, mTOR, ULK1, and ACC, and the contents of α-Ketoglutarate 
(α-KG) and succinate (Suc) were determined after the above processing. 

Additionally, we studied how EGCG pretreatment could prevent the 
damage of intracellular lipid metabolism and redox equilibrium caused 
by Dox-induced toxicity. Briefly, H9C2 cells in the control, Dox, Fer-1, 
and EGCG group were treated according to the above method. H9C2 
cells in the MitoTEMPO group were co-treated with 10 μM MitoTEMPO 
[40] and 1 μM Dox for 48 h. Intracellular/mitochondrial ROS, the 
content of malonaldehyde (MDA) and 4-hydroxynonenal (4-HNE), the 
levels of glutathione (GSH) and glutathione disulfide (GSSG), and the 
GSH/GSSG ratio in H9C2 cells were determined after the above 
processing. 

Finally, we investigated how EGCG pretreatment could maintain and 

improve energy metabolism and mitochondrial function in NRCMs 
injured by Dox-induced toxicity. NRCMs in the control, Dox, EGCG, and 
compound C groups were treated according to the above method. The 
oxygen consumption rate (OCR) and extracellular acidification rate 
(ECAR), the expression of NDUFB8 and UQCRC2, the activities of 
complexes I and III in the electron transport chain (ETC) of mitochon-
drion, and mitochondrial membrane potential (MMP) levels in NRCMs 
were determined after the above processing. 

2.4.2. In vivo experiments (Fig. 6A) 
Mice were reseparated into 5 groups: control, Dox, Dox + Fer-1, Dox 

+ EGCG, and Dox + EGCG + compound C groups. The Dox group mice 
were administered 6 intraperitoneal (ip) injections of 2.5 mg/kg Dox 
over 3 weeks for a cumulative dose of 15 mg/kg [15]. Mice in the Dox +
Fer-1 group were ip injected with 1 mg/kg/d Fer-1 [19] for 2 weeks as in 
the Dox group. Mice in the Dox + EGCG group were intragastrically (ig) 
injected 20 mg/kg/d EGCG (dissolved in normal saline) for six consec-
utive weeks; Dox was administered 1 h prior to this as in the Dox group. 
Mice in the Dox + EGCG + compound C group were treated using the 
same method as in the Dox + EGCG group for four consecutive weeks, 
followed by ip injections of 10 mg/kg/d compound C [41] for 2 weeks. 
Mice in the control groups were administered an equal volume of normal 
saline via gavage for 6 weeks. Among them, the tool drugs were given by 
intraperitoneal injection (ip) as required. Considering future trans-
formation applications, EGCG was administered orally (ig). 

Twenty-four hours after the last ig injection of EGCG, mice were 
anesthetized using ketamine (ip, 100 mg/kg, Fujian Gutian Pharma-
ceutical Co., Ltd.,) and xylazine (8 mg/kg, Sigma). Subsequently, they 
were fixed and then left ventricular end diastolic diameter (LVEDD), left 
ventricular end systolic diameter (LVESD), left ventricular ejection 
fraction (LVEF), and left ventricular fractional shortening (LVFS) were 
measured using an echocardiography system [42]. 

Next, blood was collected though cardiac puncture and serum was 
prepared. Then, LDH and creatine kinase (CK)-MB activities, and iron 
contents in the serum were determined. Mice were euthanized and the 
hearts were rapidly harvested. The left ventricle was routinely fixed and 
cut into 5 μm thickness slices, stained using hematoxylin and eosin (HE), 
Masson, TUNEL, and dihydroethidium (DHE)/MitoSOX, and observed 
under a light microscope. The papillary muscle of the left ventricle was 
fixed and sectioned and observed under a transmission electron micro-
scope (TEM). 

The left ventricular lysate was prepared. The contents of iron, MDA, 
4-HNE, α-KG, Suc, ATP, GSH and GSSG in the lysate were measured. The 
expression levels of PTGS2, GPX4, LC3, P62, NDUFB8, and UQCRC2 in 
the lysate were measured, and the levels of total and phosphorylated 
AMPKα2 and ACC in the lysate were evaluated. 

2.5. Determination of cell viability 

Cell viability was detected with the CCK-8 Cell Counting Kit 
(TransGen Biotech, FC101) in accordance with the manufacturer’s in-
structions [38]. 

2.6. Myocardial enzyme determination 

LDH activity in the NRCM and H9C2 cell culture medium, and the 
activities of LDH and CK-MB in the mouse serum were measured using 
an LDH assay kit (Jiancheng, A020) and CK-MB isoenzyme Assay Kit 
(Jiancheng, H197) according to the manufacturer’s instructions, 
respectively [15]. 

2.7. NRCM and H9C2 cell apoptosis and NRCM MMP assessment 

NRCM and H9C2 cell apoptosis was assayed with the Annexin V- 
FITC/PI Apoptosis Detection Kit (BestBio, BB-4101) according to the 
manufacturer’s instructions. Stained cells were analyzed using the 
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Cytomics FC500 flow cytometer (ex488 nm; em578 nm, Beckman 
Coulter) [37]. 

MMP was detected with JC-1 (BestBio, BB-4105) according to the 
manufacturer’s instructions. Stained NRCMs were measured with the 
flow cytometer (Beckman Coulter) at 530/580 nm (red) and 485/530 
nm (green). The ratio of red/green fluorescence intensity represents the 
MMP level of NRCMs [37,38]. 

2.8. Iron content detection 

To detect the iron contents of the NRCM and H9C2 cell lysates (in 
vitro) or the lysates of the mouse myocardium and serum (in vivo), the 
Iron Assay Kit (ab83366; Abcam) was used in accordance with the 
manufacturer’s instructions [43]. 

2.9. Caspase-3 activity assay 

In the myocardial lysate (in vivo) or NRCMs and H9C2 cells (in 
vitro), caspase-3 activity was assayed with the Caspase-3 Assay Kit 
(ab39401; Abcam) in accordance with the manufacturer’s instructions 
[15]. 

2.10. Lipid peroxidation assay 

The contents of the lipid peroxidation products MDA and 4-HNE in 
H9C2 lysates were assessed with the Lipid Peroxidation (MDA) Assay Kit 
(MAK085, Sigma) and the Lipid Peroxidation (4-HNE) Assay Kit 
(ab238538, Abcam) in accordance with the manufacturer’s instructions, 
respectively [44]. 

2.11. Evaluation of the activities of complexes I and III in the 
mitochondrial ETC and tricarboxylic acid (TCA) cycle 

Mitochondria were isolated from NRCMs using the Mitochondria 
Isolation Kit for Cultured Cells (ab110170, Abcam). The activities of 
complexes I and III in the mitochondrial ETC were assessed with the 
Complex I Enzyme Activity Assay Kit (ab109721, Abcam) and the 
Mitochondrial Complex III Activity Assay Kit (K520-100, Biovision) 
according to the manufacturer’s instructions, respectively [44]. 

The contents of α-KG and Suc were measured using the α-Ketoglu-
tarate Assay Kit (MAK054, Sigma) and the Succinate Colorimetric Assay 
Kit (MAK184, Sigma) in accordance with the manufacturer’s in-
structions, respectively [44]. 

2.12. MDC and LysoTracker red staining 

NRCMs were plated in 24-well plates (1 × 104 cells/coverslip) and 
treated with the abovementioned method, and incubated using the 
fluorescence dye Dansylcadaverine (MDC, 30432, Sigma) or Lyso-
Tracker Red DND-99 (L7528, Invitrogen) in accordance with the man-
ufacturer’s instructions, respectively. Subsequently, fluorescence 
microscopy (Olympus) was used to observe the related changes [38]. 

2.13. Measurement of the GSH and GSSG contents 

The contents of the nonenzymatic antioxidant system (GSH, GSSG, 
and GSH/GSSG ratio) were evaluated using the GSH and GSSG Assay Kit 
(S0053, Beyotime) in accordance with the manufacturer’s instructions 
[38]. 

2.14. Measurements of intracellular/mitochondrial ROS 

H9C2 cells were plated in 24-well plates (1 × 104 cells/coverslip) 
and treated with the abovementioned method, and incubated using DHE 
(47051, BestBio) or MitoSOX (M36008, Invitrogen) according to the 
manufacturer’s instructions respectively. Next, fluorescence microscopy 

(Olympus) was used to observe the related changes [38]. 

2.15. Measurement of OCR and ECAR 

NRCMs were seeded in Seahorse XFp cell cultured miniplates (Agi-
lent, 103725- 100, 5 × 104 cells/well) and treated with the above-
mentioned method. OCR and ECAR were assayed using the Mito Stress 
Test Kit (Agilent, 103015-100) and the Glycolysis Stress Test Kit (Agi-
lent, 103020-100) by the XFp Extracellular Flux Analyzer (Agilent), as 
previously described [37]. 

2.16. Echocardiography 

Before measuring, mice were anesthetized and fixed. The M curves 
were measured at the papillary muscle long axis and left ventricle sec-
tion level using an echocardio-graphy system (V6, 23 MHz linear 
transducer, VINNO) for three consecutive cardiac cycles. LVESD, 
LVEDD, LVSV, and LVDV were measured. LVEF and LVFS were calcu-
lated as follows: LVEF = (LVDV− LVSV)/LVDV × 100%; LVFS =
(LVDD− LVSD)/LVDD × 100%. Three measurements were made and 
then the mean value was calculated [42]. 

2.17. Morphology examination 

The left ventricle was placed in a 10% formaldehyde solution and 
then cut into 5 μm thick sections. HE (Sigma, MHS1), Masson (Sigma, 
1.00485) and TUNEL (Promega, G7360) staining was performed as 
previously described [15,19]. Next, the slices were observed using a 
microscope (Olympus). 

2.18. Measurement of ATP production 

A total of 10 mg myocardium was homogenized in 100 μl of ATP 
assay buffer, centrifuged, and then the supernatant was deproteinated. 
The ATP contents of samples were measured with the ATP Assay Kit 
(Abcam, ab83355) according to the manufacturer’s instructions [45]. 

2.19. Ultrastructural assessment 

At the end of the in vitro experiments, NRCMs were collected, pre-
fixed with 2.5% glutaraldehyde overnight, and postfixed with 2% 
osmium tetroxide, then dehydrated, embedded, ultrathin sectioned, 
stained, and observed with TEM (H-1650, HITACHI). 

At the end of the in vivo experiments, the fresh left ventricle papil-
lary muscle sample (1 mm3) was immediately collected and fixed for 4 h. 
Then, the sample was permeated, dehydrated, embedded, ultrathin 
sectioned, and observed with TEM (HITACHI). 

The mitochondrial ultrastructural damage was assessed based on the 
Fameng method [46]. 

2.20. Western blot analysis 

At the determined time, proteins from the lysates of the myocardium 
(in vivo) and NRCMs and H9C2 cells (in vitro) were extracted using the 
Total Protein Extraction Kit (Applygen, P1250) and quantified using the 
BCA Assay Kit (Thermo, 23225). Protein expression was analyzed as 
previously described [37,38]. Briefly, 30 μg protein was separated by 
SDS-PAGE (Sigma, PCG2001) and transferred onto polyvinylidene 
fluoride membranes (Bio-Rad, 1704273). The membranes were blocked 
with 5% bull serum albumin, and subsequently overnight at 4 ◦C with 
the primary antibodies: PTGS2 (1:500), GPX4 (1:1000), LC3 (1:1000), 
P62 (1:500), AMPKα2 (1:1000), p-AMPKα2 (1:1000), mTOR (1:1000), 
p-mTOR (1:1000), ULK1 (1:1000), p-ULK1 (1:1000), ACC (1:500), 
p-ACC (1:500), NDUFB8 (1:500), UQCRC2 (1:500), β-actin (1:1000), 
and GAPDH (1:1000). Subsequently, the membranes were incubated 
with horseradish peroxidase-conjugated secondary antibodies (1:2000). 
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GAPDH and β-actin were the internal controls. Finally, protein bands 
were imaged and analyzed with the Quantity One software (Bio-Rad) 
[38]. 

2.21. Statistical analysis 

Data are shown as the mean ± standard deviation (SD) and analyzed 
using the SPSS20.0 software (IBM). One-way analysis of variance fol-
lowed post-hoc Tukey’s honestly significant difference test was used to 
compare the groups. p < 0.05 was considered statistically significant. 

3. Results 

3.1. EGCG pretreatment alleviates cardiomyocyte ferroptosis associated 
with DIC 

Recent studies have shown that ferroptosis is the primary form of 
RCD in DIC [8,23]. We have reported that some phytochemicals, such as 
curcumin [15], quercetin [14], tetramethylpyrazine [13], and kaemp-
ferol [12], alleviate the cell damage caused by DIC and Dox-induced 
endotheliotoxicity [11]. To confirm whether EGCG treatment allevi-
ates ferroptosis and protects cardiomyocytes against DIC, we used 
NRCMs and H9C2 cells, a cardiomyocyte-like cell line, to establish 
models of the cell damage caused by DIC. Firstly, the time-effect rela-
tionship of EGCG protection was explored (Fig. S1). Results showed that 
the strongest protection was achieved with EGCG pretreatment for 36 h, 
which offered a level of protection similar to that of 24 h pretreatment. 
The protection following EGCG pretreatment for 12 h was weaker, 
whereas EGCG synchronous co-treatment protection continued to 
weaken. The protective effect of EGCG post-treatment for 12 h was the 
weakest (Fig. S2). Therefore, EGCG pretreatment for 24 h was selected 
for the subsequent experiments. Our results further revealed that after 
pretreatment with different concentrations of EGCG (5, 10, 20, 40, or 80 
μM) for 24 h, NRCM and H9C2 cell viability/LDH activity were high-
er/lower than those of cells subjected to Dox toxicity in a 
concentration-dependent manner (Fig. S3). We selected 20 μM EGCG as 
the pretreatment concentration in the subsequent experiments (Fig. 1C). 

As shown in Fig. 1D and E, in NRCMs and H9C2 cells pretreated with 
20 μM EGCG, apoptosis and caspase-3 activity were significantly 
decreased, suggesting that 20 μM EGCG pretreatment could protect 
NRCMs and H9C2 cells against DIC. Interestingly, similar results were 
obtained using 2 μM of the ferroptosis inhibitor Fer-1 [47] and 100 μM 
of the iron chelator Dxz [48] in NRCMs and H9C2 cells co-treated with 1 
μM Dox (Fig. 1C–E), suggesting that the protection of EGCG pretreat-
ment was related to alleviating ferroptosis caused by DIC. 

Iron dependence is the most important cause and sign of ferroptosis 
[8–10,22]. Hence, we next measured the iron content of NRCM and 
H9C2 cell lysates. The iron content of the Dox-treated group was 
significantly increased. The iron content of EGCG-pretreated cells was 
similar to that of Fer-1 and Dxz co-treated cells, in which the increase of 
iron content caused by 1 μM Dox exposure was neutralized (Fig. 1F). 

To further verify that EGCG pretreatment alleviated the ferroptosis 
caused by DIC in NRCMs and H9C2 cells, we evaluated PTGS2 (a posi-
tive molecular marker of ferroptosis) [19] and GPX4 (a negative mo-
lecular marker of ferroptosis) [9] in the cell lysates of the different 
treatment groups. When NRCMs and H9C2 cells were damaged by Dox 
toxicity, PTGS2 expression was significantly increased, while GPX4 
expression was decreased; however, EGCG pretreatment, and Fer-1 and 
Dxz co-treatment reversed these changes (Fig. 1G and H). TEM obser-
vation revealed that the mitochondria in Dox-treated NRCMs were 
severely distorted, with decreased cristae, that the Fiameng scores, a 
semiquantitative evaluation method of the mitochondrial ultrastructure 
[46], significantly increased, and that these Dox-induced effects were 
rescued by EGCG pretreatment, and Fer-1 and Dxz co-treatment 
(Fig. 1I). 

These results confirmed that ferroptosis was the main mode of DIC, 

and that EGCG pretreatment could effectively alleviate ferroptosis and 
protect cardiomyocytes. 

Interestingly, we further found that EGCG pretreatment could also 
affect the expression of some autophagy markers [38], namely, upre-
gulate LC3 expression and downregulate P62 significantly in NRCMs 
and H9C2 cells (Fig. 1J and K), suggesting that the above protective 
effects of EGCG pretreatment may be related to the activation of 
autophagy. 

3.2. EGCG pretreatment enhances adaptive autophagy in cardiomyocytes 
injured by Dox toxicity 

Some studies have confirmed that autophagy is also one important 
RCD form involved in DIC [8–10]. Autophagy, ferroptosis, and apoptosis 
always overlap and crosstalk with each other, determining the final state 
of cardiomyocytes [8] (Fig. 8A). When we studied the abovementioned 
time-effect relationship of EGCG protection, we found that the levels of 
LC3 and P62, two molecular markers of autophagy [38], changed syn-
chronously. Interestingly, the positive changes of LC3 and P62 were the 
most obvious when EGCG pretreatment for 24 h had the strongest pro-
tective effects; in other words, when EGCG activated autophagy most 
strongly, its protective effects were the most significant (Fig. S2, S4A and 
S4B). 

BafA1 can inhibit the fusion between autophagosomes and lyso-
somes [38]. To identify the effect on LC3 and P62, reflecting the 
enhancement of autophagy rather than the damage of autophagic flux, 
NRCMs and H9c2 cells were treated with BafA1. Our results showed that 
following Dox injury, the expression of LC3/P62 slightly increased/de-
creased in NRCMs and H9C2 cells (Fig. 2A and B). However, the above 
differences were increased after co-treatment with BafA1, indicating 
that Dox injury triggered weak autophagy and did not impair autophagic 
flux. EGCG pretreatment significantly upregulated LC3 and down-
regulated P62 expression in NRCMs and H9C2 cells; however, these 
effects were neutralized by adding 5 mM 3-MA, another autophagy in-
hibitor (Fig. 2C and D) [39]. 

MDC (red) and Lyso Tracker Red (green) are markers of early and 
late autophagy, respectively [38]. In Dox-injured cells, the red/green 
fluorescent dots were weak, and EGCG pretreatment significantly 
enhanced the two fluorescence intensities. However, both dots were 
decreased by adding 3-MA (Fig. 2E). The results not only confirmed the 
expression of LC3 and P62 (Fig. 2C and D), but also were consistent with 
the results of cell viability and LDH activity (Figs. S4D and S4E). 

Overall, the results suggested that autophagy was involved in DIC 
and that EGCG pretreatment significantly enhanced autophagy flux and 
protected cardiomyocytes. The protective effects were reversed by 3- 
MA. 

3.3. EGCG pretreatment upregulates AMPKα2 and promotes TCA cycle 
activation in Dox-injured cardiomyocytes 

Autophagy usually results from the activation of AMPK and down-
stream ULK1 and the inhibition of mTOR (a negative regulator of 
autophagy) pathway [8–10]. To explore whether, during DIC injury, the 
AMPKα2-ULK1 and AMPKα2-mTOR axes participated in the patho-
physiological process of activating autophagy and the effects of EGCG 
pretreatment, we analyzed the expression and phosphorylation of 
related proteins. As illustrated in Fig. 3A and B, in EGCG-pretreated 
NRCMs and H9C2 cells, the ratios of p-AMPKα2/AMPKα2 and 
p-ULK1/ULK1 were higher than those in Dox damaged cells. In contrast, 
the p-mTOR/mTOR ratio was lower than that in Dox damaged cells. 
However, the phosphorylation of AMPKα2, ULK1, and mTOR was 
neutralized by the addition of compound C (an AMPK inhibitor) [38] in 
NRCMs or by AMPK gene silencing using pAD/AMPK-shRNA [38] in 
H9C2 cells. This verified that EGCG pretreatment promoted autophagy 
by upregulating and activating the AMPKα2-ULK1 axis and inhibiting 
the mTOR pathway. 
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It is noteworthy that with the time-effect changes of the protective 
effects of EGCG pretreatment alone and the expression of LC3 and P62, 
p-AMPKα2/AMPKα2 also showed similar changes (Fig. S2, S4A and 
S4C). Moreover, with the addition of compound C and pAD/AMPK- 
shRNA, the above changes were basically abolished (Figs. S5A–S5D), 
but A769962, an AMPK activator [49], had similar protective effects to 
those of EGCG pretreatment (Figs. S5A and S5B), strongly suggesting 
that the effects of ECGC pretreatment on enhancing autophagy and 
protecting cardiomyocytes depended on the upregulation and phos-
phorylation of AMPKα2. 

Recent studies have revealed that during energy stress, AMPK not 
only activates autophagy but also improves energy metabolism and 
promotes fatty acid oxidation [50] and TCA cycle activation [51]. We 
found that the contents of α-KG and Suc, two key metabolites of the TCA 
cycle [44], significantly decreased in Dox-injured NRCMs and H9C2 
cells, while EGCG pretreatment could effectively reverse these changes 
(Fig. 3B). In addition, p-ACC/ACC, another downstream protein of 
AMPKα2 [50], also showed similar changes. Similarly, the effects of 
EGCG pretreatment were canceled by compound C in NRCMs or by 
pAD/AMPK-shRNA treatment in H9C2 cells, indicating that EGCG pre-
treatment could improve energy metabolism and promote fatty acid 
oxidation and the TCA cycle, but that it also depended on AMPKα2 
activity. 

3.4. EGCG pretreatment improves redox equilibrium and lipid metabolism 
in Dox-injured cardiomyocytes 

Studies have confirmed that the major source of cell injury that in-
duces DIC, such as ferroptosis, is excess ROS generation in the mito-
chondria [52]. As illustrated in Fig. 4A, both DHE and MitoSOX 
fluorescence intensities in H9C2 cells were significantly enhanced as a 
result of Dox injury, especially that of MitoSOX. EGCG pretreatment, 
similar to MitoTEMPO treatment, a mitochondrial free radical scavenger 
[19], weakened both the DHE and MitoSOX fluorescence intensities in 
H9C2 cells, indicating that EGCG pretreatment inhibited excess ROS 
generation in Dox-injured H9C2 cells. 

Dox-induced injury in cardiomyocytes leads to excess ROS genera-
tion, damaging lipids and triggering abnormal lipid metabolism [7,8]. 
As illustrated in Fig. 4B, following Dox-induced injury, the lipid perox-
idation products, namely, both the MDA and 4-HNE contents in H9C2 
lysates, were significantly increased. However, EGCG pretreatment, 
similar to Fer-1, a lipophilic radical trap for ferroptosis [8], and Mito-
TEMPO pretreatment, could effectively rescue the above changes. 

GPX4 is not only a molecular marker of ferroptosis, but also a central 
link in neutralizing the deleterious effects of ferroptosis-induced lipid 
peroxidation that uses GSH to clean up excess lipid metabolites. 
Therefore, GSH deprivation indirectly further inactivates GPX4 [22]. 
This uncontrolled lipid peroxidation induces and deteriorates car-
diomyocyte ferroptosis. Our results revealed that following DIC damage, 
not only the expression of GPX4 was downregulated in NRCMs and 
H9C2 cells (Fig. 1G and H), but also GSH was depleted, whereas GSSG 
significantly increased and the GSH/GSSG ratio decreased in H9C2 cells. 
EGCG pretreatment, and Fer-1 and MitoTEMPO co-treatment could 
effectively reverse the above changes (Fig. 4C). 

These results confirmed that EGCG pretreatment could effectively 
improve redox equilibrium and lipid metabolism in DIC. Similarly, these 
changes were consistent with the changes in cell viability and LDH 

activity (Fig. S6). 

3.5. EGCG pretreatment maintains and improves mitochondrial function 
in Dox-injured cardiomyocytes 

It is well established that mitochondria are important sites of energy 
metabolism in cells, and that they may also be one of the downstream 
target organelles of AMPK [51]. Studies have confirmed that mito-
chondria are directly involved in Dox cytotoxicity, especially car-
diotoxicity, resulting in mitochondrial iron overload and excess ROS 
generation [52]. As illustrated in Fig. 5A and B, following Dox-induced 
injury, OCR curve showed a downward trend and ECAR curve presented 
a reversed trend in NRCMs. This indicated that aerobic metabolism and 
spare capacity were inhibited, that anoxic glycolysis and glycolytic ca-
pacity were enhanced, and that ATP production decreased and NRCMs 
were in a state of acidosis. EGCG pretreatment effectively rescued the 
above Dox-induced damages. 

Mitochondrial ETC complexes I and III are essential for maintaining 
the energy supply of cardiomyocytes, and they are also vulnerable to 
attack and damage [37]. Our results revealed that not only the expres-
sion of NDUFB8 (a subunit of complex I) and UQCRC2 (a subunit of 
complex III) were downregulated, but also their activities were inhibited 
in Dox-injured NRCMs compared to those of control cells, and that these 
Dox-induced effects were rescued by EGCG pretreatment (Fig. 5C and 
D). 

MMP is one of the important indexes to evaluate mitochondrial 
function. The ratio of red/green fluorescence reflects the voltage dif-
ference of MMP [37]. In Dox-injured NRCMs, the red/green ratio 
reduced to reflect MMP loss, and EGCG pretreatment reversed the loss 
(Fig. 5E). 

These results confirmed that EGCG pretreatment could effectively 
maintain energy metabolism and improve mitochondrial function in 
cardiomyocytes injured by DIC. Interestingly, the above protective ef-
fects of EGCG pretreatment were canceled by adding compound C, 
indicating that the effects of EGCG pretreatment depended on AMPKα2 
activity. 

It is well known that excess ROS generation and iron- and 
lipotoxicity-dependency are the three characteristics of ferroptosis 
[8–10,22]. The above two cardiomyocyte experiments confirmed that 
EGCG pretreatment could effectively alleviate ferroptosis associated 
with DIC and protect cardiomyocytes. The underlying mechanism was 
verified to involve the upregulation and activation of AMPKα2, which 
promoted adaptive autophagy, decreased iron accumulation, inhibited 
oxidative stress and abnormal lipid metabolism, increased the energy 
supply, and maintained mitochondrial function. 

3.6. EGCG pretreatment enhances autophagy and alleviates myocardial 
ferroptosis in Dox-injured mice 

To further confirm the protection of EGCG pretreatment and un-
derlying mechanism in vivo, a DIC model was established in male 
C57BL/6 mice [15]. Our results showed that in Dox-injured mice, the 
activities of CK-MB and LDH (two myocardial damage marker enzymes) 
[15] in serum samples significantly increased, as did the iron content in 
serum, especially in myocardial tissue (Fig. 6A and C). Echocardiogra-
phy provided important indices reflecting left ventricular function in 
mice [42]. The LVEDD and LVESD were enlarged, while the LVEF and 

Fig. 2. EGCG pretreatment enhanced adaptive autophagy in Dox-injured cardiomyocytes. A Dox-induced autophagic flux evaluated by the difference in the P62 and 
LC3 levels between NRCMs subjected or not to treatment with 100 nM BafA1. B Dox-induced autophagic flux evaluated by the difference in the P62 and LC3 levels 
between H9C2 cells subjected or not to treatment with 100 nM BafA1. C Western blot bands showing LC3 and P62 protein expression and the relative signal in-
tensities in NRCMs pretreated with 20 μM EGCG for 24 h and then exposed to 1 μM Dox, and in cells subjected or not to 20 μM EGCG and 5 mM 3-MA co-treatment for 
48 h; the below findings were also obtained using this method. D Western blot bands showing LC3 and P62 protein expression and the relative signal intensities in 
H9C2 cells. e NRCM images stained with MDC. f NRCM images stained with LysoTracker Red DND-99. Values are mean ± SD from three individual experiments. NS, 
nonsignificant. *p < 0.05 compared with the indicated groups. **p < 0.01 compared with the indicated groups. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. EGCG pretreatment upregulated AMPKα2 and promoted TCA cycle activation in Dox-injured cardiomyocytes. A Western blot bands showing total and 
phosphorylated AMPKα2, mTOR, and ULK1 expression and the relative intensities of p-AMPKα2/AMPKα2, p-mTOR/mTOR, and p-ULK1/ULK1 expression in NRCMs 
pretreated with 20 μM EGCG for 24 h and then exposed to 1 μM Dox, and in cells subjected or not to 20 μM EGCG and 5 μM compound C co-treatment for 48 h; the 
below findings were also obtained using this method. B The relative intensity of p-ACC/ACC and the contents of α-KG and Suc in NRCMs. C Western blot bands 
showing total and phosphorylated AMPKα2, mTOR, and ULK1 expression and the relative intensities of p-AMPKα2/AMPKα2, p-mTOR/mTOR, and p-ULK1/ULK1 
expression in H9C2 cells pretreated with 20 μM EGCG for 24 h and then exposed to 1 μM, and in cells subjected or not to 20 μM EGCG and pAD/AMPK-shRNA co- 
treatment for 48 h; the below findings were also obtained using this method. D The relative intensity of p-ACC/ACC and the contents of α-KG and Suc in H9C2 cells. 
Values are mean ± SD from three individual experiments. NS, nonsignificant. **p < 0.01 compared with the indicated groups. 
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Fig. 4. EGCG pretreatment improved redox equilibrium and lipid metabolism in Dox-injured cardiomyocytes. A Images of DHE/MitoSOX probe-stained H9C2 cells 
and the relative fluorescence intensity of DHE/MitoSOX in H9C2 cells pretreated with 20 μM EGCG for 24 h and then exposed to 1 μM Dox, and in cells subjected or 
not to 20 μM EGCG, 2 μM Fer-1, and 10 μM MitoTEMPO co-treatment for 48 h; the below findings were also obtained using this method. B The MDA and 4-HNE 
contents in H9C2 cells. C The levels of GSH, GSSG, and the GSH/GSSG ratio in H9C2 cells. Values are mean ± SD from three individual experiments. **p < 0.01 
compared with the indicated groups. 
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Fig. 5. EGCG pretreatment maintained and improved mitochondrial function in Dox-injured cardiomyocytes. A OCR curve charts and the histogram of indices 
related to mitochondrial vitality in NRCMs pretreated with 20 μM EGCG for 24 h and then exposed to 1 μM Dox, and in cells subjected or not to 20 μM EGCG and 5 
μM compound C co-treatment for 48 h; the below findings were also obtained using this method. B ECAR curve charts and the histogram of indices related to 
mitochondrial glycolytic function in NRCMs. C Western blot bands showing NDUFB8 and UQCRC2 protein expression and the relative signal intensities in NRCMs. D 
The activities of complexes I and III in the ETC of mitochondria in NRCMs. E MMP levels detected by JC-1 in NRCMs indicated by the red/green fluorescence ratio. 
Values are mean ± SD from three individual experiments. **p < 0.01 compared with the indicated groups. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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LVFS were inversely diminished, indicating that the cardiac function of 
mice was seriously damaged (Fig. 6D). As expected, EGCG pretreatment, 
similar to Fer-1 pretreatment, neutralized these abnormal functional 
and enzymatic indices in mice with DIC-induced damage (Fig. 6B–D). 

Further morphological evaluation and analysis showed that 
following the Dox-induced injury, the myocardial tissues of the mice 
showed inflammatory infiltration, cellular swelling, and interstitial cell 
hypertrophy, as demonstrated with HE staining (Fig. 6E), a disordered 
arrangement of myocardial fibers and large amounts of collagen depo-
sition, as demonstrated with Masson staining (Fig. 6F), and many 
noticeable brown TUNEL-positive cardiomyocytes, as demonstrated 
with TUNEL staining. Meanwhile, the myocardial lysate caspase-3 ac-
tivity significantly increased (Fig. 6G), mitochondria became severely 
distorted, mitochondrial cristae decreased, and Fiameng scores signifi-
cantly increased (Fig. 6H), indicating that the cardiac structure of mice 
was seriously damaged. Similarly, EGCG pretreatment, similar to Fer-1 
pretreatment, could effectively rescue and alleviate the above morpho-
logical myocardial changes in mice with cardiac damage caused by DIC 
(Fig. 6E–H). 

Subsequently, Western blot analysis revealed that two molecular 
markers of ferroptosis, PTGS2 and GPX4, showed a similar change trend 

as that observed in vitro (Fig. 6I and J); that is, PTGS2 and GPX4 
expression was significantly upregulated/downregulated in the DIC 
mouse myocardium, and EGCG and fer-1 pretreatment could basically 
neutralize the above changes. However, two autophagy molecular 
markers, LC3 and P62, showed no significant difference in the 
myocardium of mice exposed to Dox toxicity. EGCG pretreatment 
upregulated LC3 expression and downregulated P62 expression, but Fer- 
1 had no effect on either of them (Fig. 6I and K). The above results 
indicated that in vivo EGCG pretreatment alleviated ferroptosis caused 
by DIC, and that this involved the activation of myocardial adaptive 
autophagy. 

Importantly, all the above protective effects of EGCG pretreatment 
could be abolished by compound C, suggesting that they depended on 
AMPKα2 activity. 

3.7. EGCG pretreatment upregulates AMPKα2 and improves redox 
equilibrium and mitochondrial function in the myocardium of mice injured 
by Dox-induced toxicity 

To further verify the mechanism of EGCG pretreatment against DIC 
in vivo, EGCG pretreatment effects on AMPKα2 expression and 

Fig. 6. EGCG pretreatment enhanced adaptive autophagy and alleviated Dox-induced myocardial ferroptosis in mice. A Diagram of the in vivo study design. B CK- 
MB and LDH activity in mouse serum in each treatment group. C The iron contents of mouse serum and myocardium in each treatment group. D Echocardiographic 
images, and the histogram of LVEDD, LVESD, LVEF, and LVFS parameters in mice. Values are mean ± SD from six individual experiments. **p < 0.01 compared with 
the indicated groups. E Images of HE-stained mouse myocardium. F Images of Masson-stained mouse myocardium. G Images of TUNEL-stained mouse myocardium. 
H Transmission electron microscope images and the relative Fiameng scores of mouse myocardium. I Western blot bands showing PTGS2, GPX4, LC3, and P62 
protein expression in mouse myocardium. J Relative intensities of PTGS2 and GPX4 expression in mouse myocardium. K Relative intensities of LC3 and P62 
expression in mouse myocardium. Values are mean ± SD from three individual experiments. NS, nonsignificant. **p < 0.01 compared with the indicated groups. 
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phosphorylation, energy metabolism, oxidative stress and lipid meta-
bolism, and mitochondrial function in the mouse myocardium after 6 
weeks were evaluated. We found that p-AMPKα2/AMPKα2 and p-ACC/ 
ACC ratios significantly increased with EGCG pretreatment, but with 
Fer-1, both of them increased slightly (Fig. 7A), while the levels of two 
key metabolites of the TCA cycle, α-KG and Suc, significantly increased 
with EGCG pretreatment or Fer-1 co-treatment (Fig. 7B). The expression 
levels of NDUFB8 and UQCRC2, and the production of ATP also signif-
icantly increased with EGCG pretreatment or Fer-1 co-treatment 
(Fig. 7A, C and 7D). These results suggested that EGCG pretreatment 
improved myocardial energy metabolism by upregulating and activating 
AMPKα2 and promoting the TCA cycle. However, Fer-1 was responsible 
for the maintenance of mitochondrial function. 

The following indices: DHE/MitoSox staining, GSH and GSSG con-
tents, GSH/GSSG ratio, MDA and 4-HNE contents, reflecting redox 
equilibrium and lipid metabolism of myocardial tissue and its mito-
chondria, were mostly consistent with those in the in vitro results 
(Fig. 7E–I). Similarly, the above protective effect of EGCG pretreatment 
was nullified by adding compound C, indicating that the effects of EGCG 
pretreatment depended on AMPKα2 activity (Fig. 7A–I). 

4. Discussion 

With the increasing number of malignant tumor survivors, the mul-
tiple chemotherapy-related cytotoxicities, especially cardiotoxicity, 
represent an increasingly serious health problem [1,2]. It has been 
confirmed that the mechanism of DIC is very complex, involving a va-
riety of RCD forms, including necroptosis, pyroptosis, autophagy, fer-
roptosis, and apoptosis, and that these forms not only occur 
simultaneously, but also overlap and crosstalk with each other [8–10] 
(Fig. 8A). Clarifying the relevant mechanisms is essential for exploring 
effective therapies and identifying pharmacological agents [7]. 
Furthermore, the failure of laborious clinical trials of some agents that 
were expected to inhibit excess ROS generation confirms the complexity 
of the underlying mechanisms and necessity to elucidate them [1,6,10, 
53,54]. In this study, we found in vitro and in vivo that at least auto-
phagy, apoptosis, and ferroptosis were involved in DIC according to 

multiple functional, enzymatic, and morphological indices. 
Complexity creates difficulties, but it can also bring opportunities. 

Studies have shown that some small molecule agents have multiple 
targets, which can simultaneously interfere with multiple pathways and 
induce pharmacological effects [7,10]. For example, berberine could 
protect cardiomyocytes against DIC by regulating autophagy and 
inhibiting apoptosis [55–57]. Dxz is the only drug approved by FDA for 
clinical use in the treatment of DIC [52]. It is generally believed that 
Dxz, as an iron chelator, can reduce the iron content of cardiomyocytes 
associated with Dox-induced toxicity [58]. However, studies have found 
that Dxz could also prevent DNA damage caused by Dox-induced 
toxicity via depleting topoisomerase IIβ [59]. Therefore, it is expected 
to find multi-target agents that can interfere with the multiple forms of 
RCD related to Dox cardiotoxicity [7,10]. We believe that EGCG is a 
candidate phytochemical. A large number of studies have demonstrated 
that EGCG could affect the expression of specific proteins and signal 
pathways, such as AMPK and related pathways [28,30,60–62], and 
intervene in a variety of RCD forms, such as autophagy, apoptosis, and 
ferroptosis [34–36,63–65], all of which confirm its pharmacological 
characteristics, multiple targets, and underlying mechanisms [24,25]. 
Our results revealed that in DIC, EGCG pretreatment effectively 
decreased iron accumulation, inhibited excess ROS generation and 
oxidative stress, and rectified abnormal lipid metabolism in vitro and in 
vivo, which was similar to the intervention effects of the ferroptosis 
inhibitor Fer-1 [19,20], iron chelator Dxz [52,58], and mitochondrial 
free radical scavenger MitoTEMPO [18,19]. According to the three 
biological characteristics of ferroptosis [8–10,22], we confirmed that 
EGCG pretreatment could alleviate ferroptosis and protect the myocar-
dium against Dox-induced toxicity. 

Autophagy is a homeostatic process of degradation and recycling of 
cellular components, usually considered as a pro-survival mechanism 
under normal conditions or under a variety of cellular stresses [8–10,66, 
67]. Many studies on the role of autophagy in DIC have reported con-
flicting findings. Whereas some have reported protective effects, others 
have shown that blocking autophagy leads to alleviation of DIC. This 
difference may primarily depend on the phase of autophagy; Dox dosage 
and duration; the dosage, phase, and duration of intervention factors; 

Fig. 7. EGCG pretreatment upregulated AMPKα2 and improved redox equilibrium and mitochondrial function in the Dox-injured mouse myocardium. A Western 
blot bands showing total and phosphorylated AMPKα2 and ACC expression, NDUFB8 and UQCRC2 expression, and the relative intensities of p-AMPKα2/AMPKα2 and 
p-ACC/ACC expression in the mouse myocardium. B Relative intensities of NDUFB8 and UQCRC2 expression in the mouse myocardium. C The contents of α-KG and 
Suc in the mouse myocardium. D The ATP contents in the mouse myocardium. E DHE/MitoSOX probe-stained images and the relative fluorescence intensity of DHE/ 
MitoSOX in the mouse myocardium. F The levels of GSH, GSSG, and the GSH/GSSG ratio in the mouse myocardium. G The MDA contents in the mouse myocardium. 
H The 4-HNE contents in the mouse myocardium. Values are mean ± SD from three individual experiments. NS, nonsignificant. *p < 0.05 compared with the 
indicated groups. **p < 0.01 compared with the indicated groups. 
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and other factors [7,10]. Studies have confirmed that autophagy can be 
divided into autophagy-dependent cell death and adaptative autophagy 
[8–10]. Recent evidence has verified that induction of autophagy 
(adaptative autophagy) prior to Dox treatment could make cells more 
tolerant to Dox toxicity by removing damaged cell components. For 

instance, before Dox exposure, stimulation of autophagy by caloric re-
striction or inhibition of mTOR activity could improve cardiac outcome 
and reduce mortality in model animals [68–72]. We found that EGCG 
pretreatment for 24 h, that is, 24 h before Dox stimulation, showed the 
best protective effects. With the shortening of pretreatment time, the 

Fig. 7. (continued). 
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protective effects significantly decreased. Interestingly, LC3 and P62, 
two autophagy markers [10,38], showed synchronous positive changes; 
that is, the duration of EGCG pretreatment was positively correlated 
with its protective effects and activation of autophagy. It should be 
noted that the protective effects of EGCG pretreatment were almost 
cancelled by adding the autophagy inhibitor 3-MA [38,39], which 
confirmed that these protective effects depended on adaptative 

autophagy activation in cardiomyocytes before Dox stimulation. 
Studies have confirmed that Dox is transformed into highly oxidative 

metabolites in mitochondria and induces redox imequilibrium [52]. 
There are many reports that mitochondrial mediated DIC causes 
apoptosis, and mitochondria have also become crucial targets for 
possible intervention [73–76]. Our previous studies have found that 
some phytochemicals upregulated 14-3-3γ expression, phosphorylated 

Fig. 8. Schematic diagram of related hypothesis. A. Schematic diagram of “Autophagy, iron ptosis and apoptosis always overlap and interfere with each other” and 
the protein and signal pathway hypothesis related to the study. B. Schematic diagram showing how EGCG pretreatment protected cardiomyocytes against Dox- 
induced ferroptosis. EGCG pretreatment upregulated the expression and phosphorylation of AMPKα2 and activated adaptive autophagy, thereby decreasing iron 
accumulation, inhibiting excess ROS generation and abnormal lipid metabolism, increasing energy supply, and maintaining mitochondrial function, ultimately 
protecting the myocardium against Dox-induced ferroptosis. 
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Bad, promoted the migration of Bcl-2 to mitochondria, reduced mPTP 
openness, inhibited apoptosis of cardiomyocytes and vascular endo-
thelial cells, and resisted Dox toxic injury [12–15]. This study revealed 
that EGCG pretreatment activated adaptative autophagy, improved 
redox equilibrium, maintained MMP, and alleviated apoptosis by DIC 
induced. 

At present, it is believed that adaptive autophagy usually originates 
from AMPK phosphorylation, leading to the formation of complexes by 
phosphorylated ULK1 and inhibiting mTOR phosphorylation, and that 
the two act together to activate adaptive autophagy [8–10,23]. Our 
results revealed that EGCG pretreatment significantly activated the 
AMPKα2-ULK1 axis and inhibited the AMPKα2-mTOR axis, thereby 
activating adaptative autophagy and protecting cardiomyocytes against 
DIC. Notably, the protective effect of EGCG pretreatment was nullified 
by compound C or pAD/AMPK-shRNA treatment; however, A769962 
(AMPK activator) treatment [49] showed similar protective effects to 
those of EGCG pretreatment. Therefore, we emphasized that the effects 
of ECGC pretreatment on enhancing autophagy and protecting car-
diomyocytes depended on the upregulation and phosphorylation of 
AMPKα2. 

The latest studies have found that AMPK not only activates auto-
phagy during energy stress, but also improves energy metabolism and 
promotes fatty acid oxidation and the TCA cycle [50,51]. In this study, 
we demonstrated that EGCG pretreatment upregulated and phosphory-
lated ACC, another downstream protein of AMPKα2, promoted the TCA 
cycle and increased energy supply. Hence, cardiomyocytes had suffi-
cient energy supply, and redox equilibrium, lipid metabolism, and 
mitochondrial function could be improved and maintained, and the 
ability to resist Dox damage was enhanced. 

5. Conclusion 

In summary, EGCG pretreatment upregulated the expression and 
phosphorylation of AMPKα2 and activated adaptive autophagy, thus 
decreasing iron accumulation, inhibiting excess ROS generation and 
abnormal lipid metabolism, increasing energy supply, and maintaining 
mitochondrial function, ultimately protecting the myocardium against 
DIC-induced ferroptosis (Fig. 8). 
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