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Background: Non-alcoholic fatty liver disease (NAFLD) is a chronic advanced liver disease that is highly related to metabolic disorders and induced by a high-fat diet (HFD). Recently, epigallocatechin gallate (EGCG) has been regarded as a protective bioactive polyphenol in green tea that has the ability to protect against non-alcoholic fatty liver disease, but the molecular mechanism remains poorly deciphered. Ferroptosis plays a vital role in the progression of non-alcoholic fatty liver disease, but experimental evidence of ferroptosis inhibition by epigallocatechin gallate is limited. Hence, our study aimed to investigate the effect and mechanisms of epigallocatechin gallate on hepatic ferroptosis to mitigate hepatic injury in high-fat diet-fed mice.
Methods: Fifty male C57BL/6 mice were fed either a standard chow diet (SCD), a high-fat diet, or a high-fat diet and administered epigallocatechin gallate or ferrostatin-1 (a ferroptosis-specific inhibitor) for 12 weeks. Liver injury, lipid accumulation, hepatic steatosis, oxidative stress, iron overload, and ferroptosis marker proteins were examined. In vitro, steatotic L-02 cells were used to explore the underlying mechanism.
Results: In our research, we found that epigallocatechin gallate notably alleviated liver injury and lipid accumulation, oxidative stress, hepatic steatosis, decreased iron overload and inhibited ferroptosis in a high-fat diet-induced murine model of non-alcoholic fatty liver disease. In vitro experiments, using ferrostatin-1 and a mitochondrial reactive oxygen species (MtROS) scavenger (Mito-TEMPO), we found that epigallocatechin gallate remarkably alleviated oxidative stress and inhibited ferroptosis by reducing the level of mitochondrial reactive oxygen species in steatotic L-02 cells.
Conclusion: Taken together, our results revealed that epigallocatechin gallate may exert protective effects on hepatic lipotoxicity by inhibiting mitochondrial reactive oxygen species-mediated hepatic ferroptosis. Findings from our study provide new insight into prevention and treatment strategies for non-alcoholic fatty liver disease pathological processes.
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1 INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disease worldwide. Recently, NAFLD has been renamed metabolic dysfunction-associated fatty liver disease (MAFLD), which includes simple steatosis to steatohepatitis (NASH) and can potentially develop into cirrhosis and hepatocarcinoma (Barchetta et al., 2020). Currently, it has been estimated that the morbidity of NAFLD in the world’s general population is approximately 17%–33% (Spahis et al., 2017; Tang et al., 2021). In Western countries, NAFLD has a morbidity rate of up to 30%, with obesity causing an increase in the number of cases (Younossi et al., 2016; Nagasaki et al., 2020). In China, 29.2% of the population suffers from NAFLD, and the burden is projected to grow significantly in the coming decades (Zhou et al., 2019). Thus, this epidemic of NAFLD has become a global public health problem, and it is critical to develop a therapeutic strategy for targeting NAFLD.
The current theory on NAFLD pathogenesis is the “two-hit hypothesis,” which is widely accepted to explain the pathogenesis mechanism of NAFLD (Day and James, 1998; Rada et al., 2020). In that hypothesis, excess triglycerides accumulated in hepatocytes (hepatic steatosis) is present in the initial stage of NAFLD, which acts as the “first fit,” and the subsequent lipid peroxidation, oxidative stress and inflammation serve as the “second fit.” A high-fat diet (HFD) and diet-induced obesity lead to hepatic fat accumulation, which is deemed a major cause of NAFLD. Currently, no clinical drugs have been approved for the treatment of NAFLD, and the management of NAFLD mainly relies on a healthy diet and lifestyle changes. It has been confirmed that fat accumulation in the liver can cause oxidative stress, increase lipid peroxidation and trigger inflammatory responses, which promote hepatic injury (Gomez-Zorita et al., 2020; Park et al., 2020). Therefore, natural antioxidants (such as natural polyphenols) are one of the most effective strategies for the treatment of NAFLD (Salomone et al., 2016). Green tea is one of the most consumed beverages in Asian countries and contains many phytochemicals, such as tea polyphenols. Epigallocatechin gallate (EGCG) is a kind of tea polyphenol that exhibits various salutary effects, such as antioxidant, anti-inflammatory, hypocholesterolemic, and antihypertensive effects (Chen et al., 2008; Kim et al., 2014). Mounting evidence suggests that EGCG exerts beneficial effects on NAFLD patients, and the protective mechanism may include regulating lipid metabolism and suppressing hepatic stellate cell activation (Kuzu et al., 2008), attenuating fibrosis, oxidative stress, and inflammation (Xiao et al., 2014), and improving the gut microbiota (Ning et al., 2020). Recently, several studies have reported that EGCG could inhibit ferroptosis in human intestinal epithelial HIEC cells (Xie et al., 2020) and in murine pancreatic cells (Kose et al., 2019), but the effect and molecular mechanism of EGCG on ferroptosis in NAFLD remain unclear. Ferroptosis is a novel form of non-apoptotic cell death that depends on iron (Dixon et al., 2012). It has been demonstrated that the Fenton reaction catalyzed by intracellular labile iron causes lipid peroxidation in cells, which is considered the main cause of ferroptosis (Dixon et al., 2012; Yang et al., 2016). As a newly discovered form of cell death, ferroptosis plays an important role in the development and progression of NAFLD (Wang et al., 2022). In vivo and in vitro experiments have confirmed that hepatic ferroptosis suppression protects against NASH (Qi et al., 2020; Jiang et al., 2022). In light of this, we hypothesized that EGCG exerts a beneficial effect on diet-induced NAFLD by suppressing hepatic ferroptosis to alleviate hepatic lipotoxicity.
In the present study, we found that the preventive effect of EGCG on hepatic lipotoxicity was involved in ferroptosis in HFD-induced NAFLD. Furthermore, we confirmed that EGCG may protect against hepatic injury by reducing MtROS-mediated ferroptosis in HFD-fed mice and steatotic hepatocytes. These findings provide novel insight into EGCG for the prevention and treatment of patients with NAFLD.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
EGCG (purity ≥98%) was purchased from Solarbio (Beijing, China). Fetal bovine serum (FBS) and DMEM were obtained from Gibco (United States). A total protein extraction kit was purchased from KeyGEN BioTech. (Jiangsu, China). A BCA protein assay kit was purchased from Dingguo Changsheng Biotechnology (Beijing, China). Rabbit anti-glutathione peroxidase 4 (GPX4), rabbit anti-ACSL4, rabbit anti-GAPDH, and goat anti-IgG (H + L)-HRP secondary antibodies were obtained from Proteintech Bio, Inc. (Wuhan, China). Ferrostatin-1 (Fer-1) was purchased from MedChemExpress LLC. Normal diet and high-fat diet (HFD) were obtained from TROPHIC Animal Feed High-tech Co., Ltd. (China).
2.2 Animal care and experimental treatments
Fifty male C57BL/6 mice (6 weeks old, 17–22 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Animals were housed at 23°C ± 2°C with 12-h light/dark cycles and specific pathogen-free conditions, with free access to food and water. Animal experiments were approved and conducted in accordance with the guidelines of the Animal Care and Use Committee of Jiangsu Vacational College of Medicine.
After adaptive feeding, mice were randomly assigned to five groups (n = 10 per group). The details of the groups are as follows: 1) the normal diet (ND) group in which mice were fed ND (18% calories from fat); 2) the HFD group in which mice were fed HFD (60% calories from fat); 3) the HFD-EGCG/L group in which mice received 20 mg/kgbw EGCG by oral gavage daily during HFD feeding; 4) the HFD-EGCG/H group in which mice received 100 mg/kgbw EGCG by oral gavage daily during HFD feeding; and 5) the HFD-Fer-1 group in which mice received intraperitoneal injection of Fer-1 at 1 mg/kg. bw every 3 days during HFD feeding. Mice in the EGCG treatment groups were supplemented with EGCG (20 and 100 mg/kgbw) for 12 weeks. Meanwhile, mice in the ND group and the HFD group were orally gavaged with deionized water daily.
2.3 Tissue preparation
After treatment, mice were deeply anesthetized with intravenous pentobarbital injection (20 mg/kg). Before sacrifice, blood was obtained by cardiac puncture, and serum was separated by centrifugation at 3,000 rpm for 20 min at 4°C. Liver tissues were rapidly removed, weighed and then fixed in 4% formaldehyde for histopathologic assessment or snap-frozen in liquid nitrogen and then stored at −80°C for further experiments.
2.4 Cell culture conditions and establishment of the steatotic hepatocyte model
Normal human hepatocytes (L-02 cells) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin in an atmosphere containing 5% CO2 at 37°C. To establish the steatotic hepatocyte model, a 0.5 mmol/L free fatty acid (FFA) mixture (oleic acid: palmitic acid ratio, 2:1) was added to L-02 cells for 24 h, and then the cells were used for experiments when they reached 80% confluence.
2.5 Cell viability assay
After treatment with EGCG for 24 h, L-02 cells were incubated with the Cell Counting Kit-8 (CCK-8) (Beyotime Biotechnology, Shanghai, China) in wells according to the instruments, and the absorbance was measured at 450 nm.
2.6 Biochemical analysis
Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were determined using commercial enzymatic kits (Nanjing Jiancheng Bioengineering, Inc., Nanjing, China). Total lipids in the liver were extracted according to the protocol of a previous study (Ding et al., 2018), and TG in the liver was determined using a commercial assay kit (Sangon Biotech, Inc., Shanghai, China).
2.7 Iron measurement
The iron concentration in liver tissues and cell lysates was determined with a commercial Iron Assay kit (MLBIO, Inc., Shanghai, China) according to the manufacturer’s instructions.
2.8 Oxidative stress measurement
4-Hydroxynonenal (4-HNE) in liver tissues and cell lysates was measured with a commercial ELISA kit (MLBIO, Inc., Shanghai, China), and experiments were performed according to the manufacturer’s instructions. The content of reduced glutathione (GSH)/GSSG (oxidized glutathione) in liver tissues of mice and cell lysates were determined by commercial assay kits (Nanjing Jiancheng Bioengineering, Inc., Nanjing, China).
2.9 Histopathological assessments of livers
Fresh liver samples from the right lobe of livers were fixed in 4% paraformaldehyde at room temperature for 24 h, embedded in paraffin and sectioned into 5 μm-thick sections. Liver slices were stained with hematoxylin-eosin (H&E) and Oil Red O for histological examinations. Hepatic steatosis of mice was calculated using a point-counting method as previously described (Catta-Preta et al., 2011).
2.10 Flow cytometric analysis of lipid reactive oxygen species
The L-02 cells were pretreated with EGCG (25 and 50 μmol/L) for 8 h and then incubated with the FFA mixture for 24 h to establish the steatotic hepatocyte model. L-02 cells were incubated with 5 μmol/L BODIPY 581/591C11 molecular probes (Invitrogen, United States) at 37°C for 30 min in the dark as previously described (Jiang et al., 2022). Then, the lipid reactive oxygen species were measured using flow cytometric analysis.
2.11 Lipid droplet immunofluorescence staining in hepatocytes
L-02 cells were cultured with FFA in six-well plates for 48 h, and then the cells were processed with two concentrations of EGCG and stained with Lipi-Red (DOJINDO, Beijing, China) for 30 min using a standard protocol. To visualize the cellular distribution of lipid droplets, confocal microscopy (Zeiss, Germany) was used to capture immunofluorescence images of lipid droplets in FFA-treated L-02 cells.
2.12 Flow cytometric analysis of MtROS in cells
After treatment with EGCG or Mito-TEMPO, L-02 cells were incubated in the dye MitoSox Red Mitochondrial Superoxide indicator (5 μM, Thermo, United States) in phosphate buffered saline (PBS) for 30 min at 37°C in the dark. The cells were washed with PBS three times, and mitochondrial ROS levels were determined using flow cytometry.
2.13 Western blot analysis
Total proteins were extracted from liver tissues and L-02 cells using RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China). The protein concentration of the samples was determined using a BCA protein assay kit (DINGGUO, Bio Co., Ltd., Beijing, China) according to the manufacturer’s protocols. Protein samples were electrophoresed on a 10% SDS-polyacrylamide gel and transferred to a nitrocellulose (NC) membrane. Membranes were blocked with 5% nonfat milk in Tris buffered saline buffer (TBS) and incubated with primary antibodies against GPX4, COX-2, ACSL4, and GAPDH overnight at 4°C. Membranes were washed with TBS with Tween-20 and then incubated with the corresponding secondary antibody for 2 h at room temperature. Protein signals were detected using an ECL detection system (Tanon, Shanghai, China).
2.14 Statistical analysis
Data are expressed as the mean ± standard deviation (SD). All data were analyzed with SPSS 25.0 (SPSS, Chicago, IL, United States) by suitable statistical protocols. Comparisons between groups were analyzed using one-way analysis of variance (one-way ANOVA) followed by post hoc analysis (Bonferroni posttest), and a p-value less than 0.05 (p < 0.05) was considered statistically significant.
3 RESULTS
3.1 EGCG alleviated hepatic steatosis and injury in HFD-fed mice
As presented in Figures 1A–D, the body weight gain, liver weight/body weight, serum TG and serum TC were significantly increased in HFD-fed mice compared to the mice in the ND group, and EGCG treatment significantly decreased body weight gain, liver weight/body weight, serum TG, and serum TC in HFD-fed mice. To assess hepatic steatosis and histopathological changes after HFD feeding, H&E staining and Oil Red O staining of liver sections were performed (Figures 1E, F). We found that the liver sections of mice from the HFD group showed extensive vacuolar degeneration of hepatocytes and lipid droplet accumulation, suggesting HFD-induced hepatic steatosis in mice. Moreover, both EGCG treatment and Fer-1 treatment significantly alleviated lipid droplet accumulation in hepatocytes in HFD-fed mice. Visualization and quantification analysis of hepatic steatosis and TG found that two doses of EGCG intervention and Fer-1 treatment significantly reduced hepatic steatosis percentage, TG and TC in liver tissues in HFD-fed mice (Figures 1G–I). In addition, the hepatic steatosis percentage and the levels of serum TG, TG, and TC in liver tissues in the EGCG-treated groups were significantly lower than those in the HFD-Fer-1 group (Figures 1C, G, I). These results indicated that EGCG intervention improved hepatic steatosis and liver injury in HFD-fed mice.
[image: Figure 1]FIGURE 1 | EGCG alleviated lipid metabolism parameters and hepatic injury in HFD-fed mice. (A) Body weight gain (n = 10). (B) Liver weight/body weight (n = 10). (C) Serum TG (n = 10). (D) Serum TC (n = 10). (E) H&E staining of the liver (scale bars = 50 μm). (F) Oil Red O staining of liver (scale bars = 50 μm). (G) The quantitation of hepatic steatosis (n = 5). (H) TG in the liver (n = 10). (I) TC in liver (n = 10). Data are expressed as the mean ± SD. **, p < 0.01 and *, p < 0.05.
3.2 EGCG reduced the level of mitochondrial ROS and improved liver injury in liver tissues of HFD-fed mice
To confirm whether EGCG could reduce HFD-induced mitochondrial ROS in the liver, we observed and quantified the levels of mitochondrial ROS in liver tissues by MitoSOX red fluorescence (Figures 2A, B). Compared with the control group, the relative MitoSOX fluorescence density was significantly increased in the HFD group. Moreover, the relative MitoSOX fluorescence density in the EGCG-treated groups and the Fer-1-treated group was obviously lower than that in the HFD group (Figures 2A, B). Furthermore, EGCG and Fer-1 treatment significantly decreased the levels of serum ALT and serum AST in HFD-fed mice (Figures 2C, D). These results indicated that EGCG supplementation could protect against HFD-induced mitochondrial ROS in the liver and alleviate liver injury.
[image: Figure 2]FIGURE 2 | EGCG reduced the level of mitochondrial ROS and liver injury in liver tissues of HFD-fed mice. (A) Representative images show MitoSOX red fluorescence in liver tissues (scale bar = 100 μm). (B) Results of relative MitoSOX fluorescence density (n = 5). (C) Serum ALT (n = 10). (D) Serum AST (n = 10). Data are expressed as the mean ± SD. **, p < 0.01 and *, p < 0.05.
3.3 EGCG reduced iron content, oxidative stress and ferroptosis in the livers of HFD-fed mice
Next, we assessed the effects of EGCG on hepatic iron content, oxidative stress and ferroptosis in vivo. Compared to the control group, the hepatic iron content and the content of 4-HNE were obviously increased, and the ratio of GSH/GSSG was decreased in the HFD group mice (Figures 3A–C). These results suggest HFD-induced iron accumulation and oxidative stress in the liver. Both groups with doses of EGCG administration and the HFD-Fer-1 group showed markedly lower iron accumulation and oxidative stress in the liver (Figures 3A–C). Western blotting results showed that the protein expression levels of COX-2 and ACSL4 in the livers of the HFD group mice were significantly higher than those in the livers of the ND group mice, and the protein expression of GPX4 in the livers of the HFD group mice was significantly lower than that in the livers of the ND group mice (Figures 3D–G). In addition, EGCG supplementation (100 mg/kgbw) and Fer-1 treatment apparently increased the protein expression of GPX4 and markedly decreased the protein expression of COX-2 and ACSL4 in the livers of HFD-fed mice (Figures 3D–G). These results indicated that HFD feeding caused hepatic ferroptosis in mice, which was alleviated by EGCG supplementation and Fer-1 treatment.
[image: Figure 3]FIGURE 3 | EGCG reduced iron content, oxidative stress and ferroptosis in the livers of HFD-fed mice. (A) Liver iron content (n = 6). (B, C) The levels of GSH/GSSG and 4-HNE in the liver (n = 6). (D) Representative Western blot images. (E–G) The expression of ferroptosis-related proteins (GPX4, COX-2 and ACSL4) in the liver (n = 3). Data are expressed as the mean ± SD. **, p < 0.01 and *, p < 0.05.
3.4 EGCG reduced lipid droplet accumulation in steatotic L-02 cells
To evaluate the effect of EGCG on the cell viability of L-02 cells, cells were cultured and treated with different concentrations of EGCG (0, 12.5, 25, 50, and 100 μmol/L) for 24 h, and then the cell viability was determined by CCK-8 assays. As shown in Figure 4A, the viability of L-02 cells showed a significant decline at EGCG concentrations of 100 μmol/L. Thus, 25 μmol/L, and 50 μmol/L EGCG were used in subsequent in vitro experiments. As shown in Figures 4B, C, EGCG treatment significantly decreased the level of cellular lipid ROS in steatotic L-02 cells. As shown in Figure 4D, FFA mixtures induced lipid droplet accumulation in L-02 cells, indicating that the steatotic hepatocyte model was established. Moreover, treatment with EGCG decreased lipid droplet accumulation in steatotic L-02 cells compared to the steatotic hepatocyte model (Figure 4D). Moreover, the TG content of L-02 cells in the MD group was significantly higher than that in the control group, and the TG content in the MD group was significantly lower than that in the MD-EGCG/25 group and the MD-EGCG/50 group (Figure 4E). These results together suggest that EGCG can reduce lipid droplet accumulation in the FFA mixture-induced steatotic hepatocyte model.
[image: Figure 4]FIGURE 4 | EGCG reduced lipid accumulation in steatotic L-02 cells. (A) The effect of EGCG on the viability of L-02 cells. (B) Representative fluorescence intensity images of cellular lipid ROS. (C) Flow cytometric analysis of fluorescence intensity. (D) Representative images of red fluorescence (lipid droplets) by Lipi-Red in L-02 cells (scale bars = 50 μm). (E) TG content. Data are expressed as the mean ± SD from three dependent experiments. **, p < 0.01 and *, p < 0.05.
3.5 EGCG reduced oxidative stress and ferroptosis in steatotic L-02 cells
Subsequently, we investigated the effect of EGCG and Fer-1 on oxidative stress and ferroptosis in steatotic L-02 cells. As shown in Figures 5A–C, a decreased GSH/GSSG ratio and increased iron and 4-HNE contents were observed in the steatotic hepatocytes. Moreover, EGCG treatment and Fer-1 treatment obviously increased the GSH/GSSG ratio and significantly decreased the iron and 4-HNE contents in steatotic hepatocytes (Figures 5A–C). Moreover, downregulated protein expression of GPX4 and upregulated protein expression of COX-4 and ACSL4 were observed in steatotic hepatocytes (Figures 5D–G). Additionally, Que treatment and Fer-1 treatment obviously increased GPX4 protein expression and decreased COX-4 and ACSL4 protein expression in steatotic hepatocytes (Figures 5D–G). These results indicate that EGCG can suppress ferroptosis in steatotic hepatocytes in vitro.
[image: Figure 5]FIGURE 5 | EGCG reduced oxidative stress, iron overload and ferroptosis in steatotic L-02 cells. (A, B) The levels of GSH/GSSG and 4-HNE. (C) Iron content. (D) Representative Western blot images. (E–G) The protein expression of ferroptosis-related proteins (GPX4, COX-2, and ACSL4) in L-02 cells. Data are expressed as the mean ± SD from three dependent experiments. **, p < 0.01 and *, p < 0.05.
3.6 EGCG inhibited ferroptosis by reducing MtROS in steatotic L-02 cells
To investigate the mechanism by which EGCG suppresses ferroptosis in steatotic hepatocytes, we determined the level of MtROS, oxidative stress and ferroptosis-related proteins in pretreated steatotic L-02 cells with EGCG (50 μmol/L) and Mito-TEMPO (the MtROS scavenger). As depicted in Figures 6A, B, the level of MtROS in the steatotic L-02 cells was obviously increased compared to that in the control group. Interestingly, the overproduction of MtROS in steatotic L-02 cells was significantly reduced after pretreatment with EGCG and Mito-TEMPO (Figures 6A, B). We found significantly decreased 4-HNE and an elevated GSH/GSSG ratio in steatotic L-02 cells pretreated with EGCG and Mito-TEMPO (Figures 6C, D), suggesting reduced oxidative stress in steatotic hepatocytes under EGCG and Mito-TEMPO treatment. As shown in Figures 6E–H, we observed downregulated GPX4 protein expression and upregulated COX-2 and ACSL4 protein expression in steatotic L-02 cells compared to the control group. As expected, EGCG pretreatment significantly increased GPX4 expression and decreased COX-2 and ACSL4 expression in steatotic L-02 cells (Figures 6E–H). Consistently, Mito-TEMPO treatment also obviously rescued these changes in ferroptosis-related protein expression in steatotic L-02 cells (Figures 6E–H). Together, these results indicate that EGCG treatment can suppress cellular ferroptosis in FFA-mixture-induced steatotic L-02 cells by reducing MtROS.
[image: Figure 6]FIGURE 6 | EGCG inhibited ferroptosis by reducing MtROS in steatotic L-02 cells. (A) Fluorescence intensity images of MtROS by MitoSOX probes determined by flow cytometry. (B) Flow cytometry results of MtROS. (C, D) The levels of GSH/GSSG and 4-HNE. (E) Representative images of Western blot. (F–H) The protein expression of ferroptosis-related proteins (GPX4, COX-2, and ACSL4). Data are expressed as the mean ± SD from three dependent experiments. **, p < 0.01 and *, p < 0.05.
4 DISCUSSION
Excessive fatty acid (FFA) influx to hepatocytes causes lipotoxicity, which is involved in NAFLD progression. In the present study, we found that HFD consumption increased MtROS generation and oxidative stress and triggered ferroptosis, ultimately leading to hepatic lipid accumulation and lipotoxicity. Mechanistically, we demonstrated that HFD-induced ferroptosis depended upon the increased MtROS in hepatocytes. Importantly, EGCG treatment apparently alleviated HFD-induced hepatic lipotoxicity by targeting mitochondrial ROS-mediated ferroptosis.
HFD is an environmental risk factor for human health that can induce lipid accumulation in the liver, accelerate hepatic lipotoxicity and ultimately cause NAFLD. Accumulating evidence from clinical trials and systematic reviews has confirmed the beneficial functions of green tea and its components in preventing and managing NAFLD (Sakata et al., 2013; Mahmoodi et al., 2020). The most abundant and bioactive component of green tea is EGCG, which has been thoroughly studied. An increasing amount of evidence has revealed that EGCG exerts therapeutic effects on NAFLD that are mainly associated with improvement of lipid metabolism and reduction of oxidative stress and inflammation, as well as suppression of hepatic fibrosis (Xiao et al., 2014; Chen et al., 2018). The term “lipotoxicity” refers to an accumulation of lipid that exceeds the capacity of the cells to store it, resulting in hepatocyte dysfunction (Mendez-Sanchez et al., 2018) and abnormal functioning of the tissues (such as liver, muscle, heart, pancreas, arteries, etc.) (Engin, 2017). A previous in vitro study reported that EGCG treatment improved insulin resistance in HepG2 cells possibly through alleviating lipotoxicity and inflammation (Zhang et al., 2018). The effect and molecular mechanism of EGCG on hepatic lipotoxicity are still unclear. Abnormal accumulation of lipids in the liver causes hepatic steatosis. In this study, we found that HFD feeding increased the ratio of liver weight to body weight and caused liver injury and lipid accumulation, indicating HFD-induced hepatic steatosis. It has been reported that EGCG improved serum lipids and reduced inflammation associated with aging in HFD-fed obese rats (Yuan et al., 2020). Du et al. (2021) reported that EGCG (25 mg/kg/day and 50 mg/kg/day) administration for 8 weeks significantly attenuated body and liver weight and reduced hepatic TG accumulation and the hepatic steatosis score in a murine model of NAFLD. Consistent with the results of previous studies, our study found that treatment with various concentrations of EGCG (20 mg/kg/day and 100 mg/kg/day) for 12 weeks improved liver injury and hepatic steatosis in HFD-fed mice, suggesting two doses of EGCG improved hepatic lipotoxicity in a HFD-induced murine model of NAFLD.
Regulated cell death of hepatocytes determines the severity and outcome of hepatic injury. Ferroptosis is a newly discovered iron-dependent programmed cell death that is different from other types of cell death, such as apoptosis, necrosis and autophagy (Zhang et al., 2020). A previous study reported that ferroptosis inhibition attenuated iron overload-induced liver injury and fibrosis (Wu et al., 2021). Ning et al. (2020) revealed that ferroptosis is involved in the progression of NASH in a methionine/choline-deficient diet-induced NASH mouse model. Moreover, an increasing number of studies have revealed that suppression of hepatic ferroptosis improves HFD-induced NAFLD (Yang et al., 2020; Zhu et al., 2021). These findings indicated that to prevent the progression of NASH and its associated lipotoxicity, ferroptosis might serve as a repair regulator against liver injury in the early stage of NASH. In addition, oxidative stress plays an important role in NASH, which can cause ferroptosis in hepatocytes. Therefore, we investigated the effect of EGCG treatment on oxidative stress and ferroptosis in the liver of a NAFLD murine model. Our study showed that HFD caused iron accumulation and increased oxidative stress and ferroptosis in the liver, and EGCG treatment significantly reversed these changes in HFD-fed mice. Taken together, our data indicated that EGCG treatment improved hepatic lipotoxicity in the NAFLD murine model by inhibiting ferroptosis.
The regulatory molecular mechanisms of hepatic ferroptosis are complicated. To reveal the mechanism of ferroptosis involved in the progression of NAFLD, a steatotic hepatocyte model was established by FFA mixtures, as shown by an abnormal accumulation of lipids. In the present study, our results showed that a significant dose-dependent reduction in TG in steatotic L-02 cells was observed after two doses of EGCG treatment, which is in accordance with the results of immunofluorescence staining of lipid droplets in hepatocytes. In vitro, we further verified that EGCG is functionally similar to Fer-1 (a ferroptosis inhibitor) in the regulation of hepatic ferroptosis, which effectively inhibited ferroptosis in steatotic L-02 cells.
Oxidative stress caused by excessive ROS production increases lipid peroxidation and inflammatory cytokines, which further promotes hepatic lipid accumulation and inflammation. The mitochondrion is an important cellular organelle that plays a crucial role in energy metabolism and is a major site for ROS production (Dan Dunn et al., 2015). NAFLD has been shown to increase the ROS levels (Videla et al., 2004). Recent studies have confirmed that mtROS in hepatocytes promote the development of NAFLD (Simoes et al., 2018). Nevertheless, little is known about the signaling pathways linked to MtROS and the progression stages of NAFLD. Considering that mitochondria play a vital role in cell death regulation (Chipuk et al., 2021), and some important metabolic processes in mitochondria (such as the tricarboxylic acid cycle) are involved in ferroptosis (Gao et al., 2019), mitochondria might participate in regulating ferroptosis. Therefore, our study further investigated whether EGCG could inhibit ferroptosis in steatotic hepatocytes. In vitro, our research found that the production of MtROS was increased in steatotic hepatocytes. Meanwhile, we observed that EGCG reduced the generation of MtROS in steatotic hepatocytes, indicating that EGCG has the ability to scavenge hepatic MtROS. Notably, administration of mito-TEMPO and EGCG obviously suppressed ferroptosis in FFA-induced steatotic L-02 hepatocytes, confirmed that EGCG is functionally similar to mito-TEMPO in the regulation of hepatocytes ferroptosis. Collectively, our study first demonstrated that EGCG, as an antioxidant, alleviated HFD-induced hepatic lipotoxicity by scavenging ROS to suppress ferroptosis in hepatocytes.
In conclusion, we demonstrated that EGCG can protect against HFD-induced hepatic lipotoxicity in a murine model of NAFLD. In vitro, we confirmed that EGCG exerts a protective effect on lipid accumulation, oxidative stress and ferroptosis by reducing MtROS in steatotic hepatocytes. Thus, our study provides an effective EGCG therapeutic strategy for the intervention of hepatic steatosis and injury.
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