[image: image1]Thonningianin A ameliorates acetaminophen-induced liver injury by activating GPX4 and modulating endoplasmic reticulum stress

		ORIGINAL RESEARCH
published: 20 February 2025
doi: 10.3389/fphar.2025.1531277


[image: image2]
Thonningianin A ameliorates acetaminophen-induced liver injury by activating GPX4 and modulating endoplasmic reticulum stress
Shanglei Lai1†, Yingyan Ye2†, Qinchao Ding3†, Xiaokai Hu4, Ai Fu5, Lan Wu4, Wenjing Cao3, Qingsheng Liu6, Xiaobing Dou4* and Xuchen Qi7,8*
1Department of Medical Research Center, Shaoxing People’s Hospital, Shaoxing, Zhejiang, China
2Hangzhou Medical College Affiliated Lin’an People’s Hospital, The First People’s Hospital of Hangzhou Lin’an District, Hangzhou, Zhejiang, China
3School of Public Health, Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China
4School of Life Science, Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China
5Institute of Hepatology and Epidemiology, Affiliated Hangzhou Xixi Hospital, Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China
6Hangzhou Hospital of Traditional Chinese Medicine Affiliated to Zhejiang Chinese Medical University, Hangzhou, Zhejiang, China
7Department of Neurosurgery, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, Hangzhou, Zhejiang, China
8Department of Neurosurgery, Shaoxing People’s Hospital, Shaoxing, Zhejiang, China
Edited by:
Tao Yuan, Jiangxi Normal University, China
Reviewed by:
Mohammed Abu El-Magd, Kafrelsheikh University, Egypt
Sekena Hassanien Abdel-Aziem, National Research Centre, Egypt
* Correspondence: Xiaobing Dou, xbdou77@163.com; Xuchen Qi, qixuchen@zju.edu.cn
†These authors have contributed equally to this work
Received: 20 November 2024
Accepted: 27 January 2025
Published: 20 February 2025
Citation: Lai S, Ye Y, Ding Q, Hu X, Fu A, Wu L, Cao W, Liu Q, Dou X and Qi X (2025) Thonningianin A ameliorates acetaminophen-induced liver injury by activating GPX4 and modulating endoplasmic reticulum stress. Front. Pharmacol. 16:1531277. doi: 10.3389/fphar.2025.1531277

Introduction: Acetaminophen (APAP) is widely used as an analgesic and antipyretic. However overdose APAP can lead to acute liver injury (ALI), representing a significant challenge for public health due to limited treatment options. Current research highlights the need for safer and more effective therapies for APAP-induced liver injury, especially those that target oxidative and endoplasmic reticulum (ER) stress pathways. This study investigates the protective effects of Thonningianin A (TA), a flavonoid compound derived from Penthorum chinense Pursh, in mitigating APAP-induced hepatotoxicity.Methods: The experimental design involved administering TA at doses of 20 mg/kg and 40 mg/kg to C57BL/6 mice prior to inducing hepatotoxicity with APAP.Results and discussion: TA treatment significantly lowered plasma ALT and AST levels, inhibited the production of inflammatory cytokines, and reduced oxidative stress markers in liver tissues. Furthermore, TA modulated apoptosis-related proteins by increasing BCL-2 expression while decreasing CHOP and BAX levels. It alleviated endoplasmic reticulum (ER) stress by downregulating GRP78, p-PERK, and ATF4. Notably, liver-specific GPX4 knockdown, achieved through AAV-8-mediated shRNA delivery, abolished the hepatoprotective effects of TA, underscoring GPX4’s essential role in mediating TA-induced hepatoprotection. These findings suggest TA as a promising therapeutic agent in managing APAP-induced liver injury, with its unique action on both oxidative and ER stress pathways contributing to its hepatoprotective efficacy.Keywords: thonningianin A, Acetaminophen, acute liver injury, GPx4, endoplasmic reticulum stress, hepatotoxicity
1 INTRODUCTION
Acetaminophen (APAP) is a widely utilized analgesic used analgesic and antipyretic agent in clinical practice; however, excessive intake can lead to severe hepatotoxicity, which may result in acute liver failure (Jaeschke et al., 2021; Chilvery et al., 2023). The underlying mechanism of APAP-induced hepatotoxicity is closely related to the formation of N-acetyl-p-benzoquinone imine (NAPQI), a highly reactive metabolite produced through cytochrome P450-mediated biotransformation (Chen et al., 2022; Luyendyk et al., 2024). Normally, NAPQI is detoxified through conjugation with glutathione (GSH). However, in cases of overdose, GSH stores are rapidly depleted, leading to the accumulation of NAPQI. The excessive binding of NAPQI to mitochondrial membrane proteins disrupts the electron transport chain, impairing ATP synthesis and reducing mitochondrial antioxidant defenses. Additionally, NAPQI accumulation increases the production of reactive oxygen species (ROS), which react with nitric oxide to form peroxynitrite. These reactive compounds directly damage mitochondrial DNA, leading to mitochondrial dysfunction and further exacerbating oxidative stress (Du et al., 2016; Cai et al., 2022; Liao et al., 2023). In conclusion, NAPQI can covalently bind to hepatocellular proteins, causing oxidative damage and cell death (Chowdhury et al., 2020).
Glutathione peroxidase 4 (GPX4) is a selenoprotein essential for cellular defense against oxidative stress, with a specific function in reducing lipid peroxides and maintaining redox homeostasis (Nishida Xavier da Silva et al., 2022; Pei et al., 2023; Xie et al., 2023). GPX4 catalyzes the reduction of lipid peroxides to their corresponding alcohols using glutathione as a reducing cofactor. By mitigating lipid peroxidation, GPX4 protects the integrity of cellular membranes and lipoproteins, primarily through the reduction of phospholipid hydroperoxides (PLOOH). Furthermore, GPX4 inhibits arachidonic acid lipoxygenase (ALOX), thereby limiting the propagation of oxidative damage. The enzyme’s antioxidant properties are critical in preventing the accumulation of lipid peroxides and shielding cells from oxidative stress-induced damage (Imai et al., 2017; Maiorino et al., 2018; Ursini and Maiorino, 2020). In contrast, GPX4 inhibition exacerbates lipid peroxidation and oxidative stress, severely compromising hepatocyte integrity. Additionally, GSH depletion exacerbates ROS generation, further aggravating cellular injury (Zhang et al., 2021; Cheng et al., 2022; Tang et al., 2022). Given the central role of oxidative stress in APAP-induced liver damage, ALI poses a serious public health concern, highlighting the need for effective therapeutic strategies aimed at mitigating oxidative stress and preserving hepatocellular function. In addition to oxidative stress, the endoplasmic reticulum (ER) also plays a pivotal role in developing APAP-induced liver injury (Tan et al., 2020; Luo et al., 2024). The ER is responsible for proper protein folding and secretion, maintaining cellular homeostasis. Disruption of ER function leads to the accumulation of misfolded or unfolded proteins, a condition known as ER stress (Wiseman et al., 2022). ER stress has been implicated in various liver diseases and is recognized as a critical contributor to APAP-induced liver injury. Previous studies have demonstrated that the inhibition of ER stress represents a practical therapeutic approach for reducing liver injury (Kusama et al., 2017; Zhang et al., 2022; Ajoolabady et al., 2023).
The search for effective agents to alleviate ER stress and oxidative damage in ALI has recently garnered attention (Guimaraes et al., 2023; Xu et al., 2023; Li Y. et al., 2024), with traditional Chinese medicine (TCM) emerging as a promising source of hepatoprotective compounds. Among these, Penthorum chinense Pursh (PCP), a medicinal and edible plant species, has demonstrated notable hepatoprotective properties. UHPLC-DAD-TOF/MS combined bioassays revealed that Thonningianin A (TA), a primary bioactive flavonoid in PCP (Lu et al., 2012; Zhang et al., 2015; Zhou et al., 2022), has been shown to possess potent anti-inflammatory (Zhou et al., 2022), antioxidant (Sun X. et al., 2020), and antibacterial (Wang et al., 2024) activities. Additionally, TA exerts various beneficial effects on conditions such as diabetic vascular calcification (Shen et al., 2023), diabetic nephropathy (Zhang et al., 2024), and Alzheimer’s disease (Yu et al., 2024).
The present study investigates the hepatoprotective effects of TA against APAP-induced liver injury in mice, focusing on its regulation of oxidative stress and ER stress pathways. Despite previous studies highlighting the involvement of oxidative and ER stress in APAP-induced hepatotoxicity, the precise molecular mechanisms through which therapeutic agents like TA mitigate these effects remain poorly understood. This study aims to address this knowledge gap by elucidating the specific mechanisms through which TA alleviates oxidative damage, modulates ER stress, and preserves hepatocyte integrity. Furthermore, this research evaluates TA’s potential as a novel therapeutic candidate for the prevention and treatment of acute liver injury, thereby contributing to the development of effective interventions for drug-induced hepatotoxicity.
2 MATERIALS AND METHODS
2.1 Plant material and reagents
Thonningianin A (TA, Cat. No: B21953; Purity ≥ 98%) was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Acetaminophen (APAP, Cat. No: HY-66005) was purchased from MedChemExpress (State of New Jersey, United States). Sodium carboxymethyl cellulose (CMC-Na, Cat. No: GC26239) was purchased from GLPBIO (Montclair, United States).
2.2 Animals experiments
Mice of the C57BL/6 strain, at the age of 8 weeks, were procured from Beijing Vital River Laboratory Animal Technology Co., Ltd. These animals were maintained under controlled environmental conditions, with the ambient temperature regulated at 25°C ± 2°C and relative humidity maintained at 55% ± 5%. Additionally, a diurnal lighting regimen of 12 h of light followed by 12 h of darkness was implemented. After an acclimatization period, the mice were randomly assigned to groups based on body weight. Mice with hepatocyte-targeted knockdown of GPX4 were created through the intravenous administration of recombinant adeno-associated viral (AAV) serotype 8 vectors (Xingzheng Biotechnology Co., Ltd., China). These vectors contained a shRNA sequence specific to murine GPX4 under the control of a liver cell-specific promoter. The AAV8-mediated gene transfer was performed via the lateral tail vein 1 week prior to the commencement of experimental procedures. Following a 16-h fast, the mice were orally administered with TA (20 mg/kg or 40 mg/kg, dissolved in 0.5% CMC-Na) (Zhang et al., 2024), the control and APAP groups were administered intragastrically with the same volume of 0.5% CMC-Na. Two hours later, they were intraperitoneally injected with 300 mg/kg of APAP (Du et al., 2020). Specify the volume of physiological saline administered to the control group for consistency. Twelve hours post-injection, the mice were euthanized, and blood and liver samples were collected for further analysis. All experimental procedures involving animals in this study were conducted according to the guidelines approved by the Animal Ethics Committee of Zhejiang Chinese Medical University (approval number: IACUC-20231225-08).
2.3 Biochemical analysis
Mice were anesthetized with Zoletil 50 solution [50 mg/kg body weight, intraperitoneally (i.p.)]. Blood samples were obtained through the inferior vena cava done post-euthanasia, subsequent to which the samples underwent centrifugation at a speed of 3,000 rpm for a duration of 10 min. Plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using commercial assay kits (Nanjing Jiancheng Bio Co. Nanjing, China). To assess hepatic biochemical indicators, liver tissue was homogenized using phosphate-buffered saline (PBS). Hepatic levels of Caspase 3, malondialdehyde (MDA), superoxide dismutase (SOD), and catalase (CAT) were determined using respective commercial assay kits (Beyotime Biotechnology, Shanghai, China). Glutathione peroxidase (GSH-Px) activity in the liver was measured using a commercial assay kit (Nanjing Jiancheng Bio Co. Nanjing, China). GSH and GSSG were determined using commercial assay kits (Beyotime Biotechnology, Shanghai, China). The concentrations of Interleukin-1β (IL-1β), Interleukin-6 (IL-6), Tumor necrosis factor-alpha (TNF-α), and Monocyte chemoattractant protein-1 (MCP-1) were quantified utilizing commercial ELISA kits (ELK Biotechnology, Wuhan, China). To perform the ELISA assay, the following steps were meticulously executed: 100 mg of liver samples were homogenized with 1 mL of PBS. The samples were subsequently lysed on ice for 30 min. The lysate was then collected by centrifugation at 5,000 g for 10 min. The supernatant was collected, and 100 μL of it was aliquoted for the determination of protein concentration using the BCA protein assay kit (Beyotime, Shanghai, China). 100 μL of the sample were pipetted into the wells of an ELISA plate and incubated at 37°C for 80 min. The supernatant was then removed, the wells were dried by tapping, and three washes with the washing buffer were performed. Subsequently, 100 μL of biotin-conjugated antibody solution was added to each well, the plate was sealed with an adhesive cover, and incubated at 37°C for 50 min. The supernatant was discarded and the plate was washed three times. Next, 100 μL of enzyme-conjugated secondary antibody solution was added to each well and incubated at 37°C for 50 min. The supernatant was discarded and the plate was washed five times. Then, 90 μL of TMB substrate was added to each well and incubated at 37°C in the dark for 20 min. The enzymatic reaction was terminated by adding 50 μL of stop solution to each well. The OD was immediately measured at 450 nm. In accordance with the manufacturer’s instructions for the ELISA kits utilized, the inter-assay and intra-assay coefficients of variation (CV%) for IL-1β, IL-6, TNF-α, and MCP-1 were maintained below 10% and 8%, respectively. Furthermore, the respective quantifiable ranges for these cytokines were established as 15.63–1,000 pg/mL for IL-1β, 7.82–500 pg/mL for IL-6, 15.63–1,000 pg/mL for TNF-α, and 31.25–2,000 pg/mL for MCP-1, ensuring a high degree of precision and sensitivity in the measurements obtained.
2.4 Histological analysis
The fresh liver tissue was immersed in 4% formaldehyde solution for 24 h for fixation. Following fixation, the tissue underwent dehydration through a series of graded ethanol concentrations, was subsequently embedded in paraffin, and sectioned into 4-μm slices. These sections were subsequently stained with hematoxylin and eosin (H&E) to facilitate histological assessment of hepatic injury. The degree of hepatic injury was meticulously evaluated utilizing the Suzuki scoring system, which provides a standardized metric for assessing histopathological alterations in liver tissue. This system quantitatively assesses parameters such as congestion, ballooning degeneration, and necrosis, thereby offering a comprehensive evaluation of liver damage severity. The following are its specific contents: Hepatocellular congestion (0 points: No congestion; 1 point: The range of congestion is less than 10%; 2 points: congestion range of 10%–30%; 3 points: congestion range of 31%–60%; 4 points: The range of congestion is greater than 60%.), The ballooning degeneration of liver cells (0 points: No ballooning degeneration; 1 point: The range of variation of the ballooning degeneration is less than 10%; 2 points: the ballooning degeneration variation range of 10%–30%; 3 points: the ballooning degeneration variation range of 31%–60%; 4 points: The range of variation of the ballooning degeneration is greater than 60%) and Hepatocyte necrosis (0 points: No necrosis; 1 point: Single cell necrosis; 2 points: Necrosis range less than 30%; 3 points: Necrosis range of 31%–60%; 4 points: Necrosis range greater than 60%). Each parameter is scored separately, and then the scores of the three parameters are added together to obtain the total score. The total score ranges from 0 to 12 points, with higher scores indicating more severe liver damage.
2.5 Real-time quantitative PCR
RNA was extracted from liver tissue using the Trizol reagent (Invitrogen, NY, United States). The concentration of RNA was determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, MA, United States). The RNA was then reverse-transcribed into cDNA using a reverse transcription kit (Vazyme, Nanjing, China). The expression of the target genes was assessed using SYBR Green in a quantitative real-time PCR (qPCR) assay. The relative fold changes between the experimental and calibrator samples were calculated using the 2−ΔΔCt method (Livak method). The primer sequences are presented in Table 1.
TABLE 1 | Primer sequence for quantitative real-time PCR.
[image: Table 1]2.6 Western blotting
Western blotting experiments were conducted as previously described (Ding et al., 2022). In brief, liver tissue was homogenized using RAPI lysis buffer (Boster, Wuhan, China). Proteins were resolved by SDS-PAGE and subsequently transferred onto PVDF membranes. The membranes were then blocked with a 5% solution of skim milk to prevent non-specific binding. Following this, the membranes were incubated with their respective primary antibodies at 4°C for an extended period, typically overnight. After three rinses with Tris-buffered saline with Tween 20 (TBST) to remove unbound antibodies, the membranes were further incubated with horseradish peroxidase (HRP)-tagged secondary antibodies at ambient temperature for 1 h. The detection of protein expression was achieved by chemiluminescence using an enhanced chemiluminescence (ECL) detection kit (Vazyme, Nanjing, China). The optical densities of the bands were subsequently quantified employing ImageJ software, providing a numerical representation of the immunoreactive bands. The following primary antibodies were used: BCL-2 (1:1,000, #ET1702-53), BAX (1:1,000, #ET1603-34), ATF4 (1:1,000, #ET1612-37)—all from HUABIO, China; GRP78 (1:1,000, #AF5366), p-PERK (1:1,000, #DF7576), p-eIF2α (1:1,000, #AF3087), CHOP (1:1000, #AF6277) —all from Affinity Biosciences, China; GPX4 (1:1,000, #BM5231), eIF2α (1:1,000, #M04387-5)—all from Boster, China; PERK (1:1,000, #24390-1-AP, Protenintech, China); β-actin (1:20,000, #AC026, ABclonal, China). The following secondary antibodies were used: HRP Conjugated Affini Pure Goat Anti-mouse IgG (H + L) (1:5,000, #BA1050), HRP Conjugated Affini Pure Goat Anti-rabbit IgG (H + L) (1:5,000, #BA1054)—all from Boster, China.
2.7 Statistical analysis
All data were expressed as the mean ± the standard deviation (SD). Upon conducting the Shapiro-Wilk test and the Kolmogorov-Smirnov test, the data distribution was found to conform to a normal distribution. Statistical evaluations were performed using one-way analysis of variance (ANOVA), complemented by Tukey’s post hoc test for pairwise comparisons. The Graph Pad Prism software (version 8.0.1) was employed utilized to visualize the results. P < 0.05 was considered statistical significance in all experimental analyses.
3 RESULTS
3.1 TA ameliorates APAP-induced liver injury in mice
To investigate the protective effect of TA against APAP-induced liver injury, C57BL/6 mice were fasted. Then they administered an intraperitoneal injection of APAP (300 mg/kg), with oral doses of TA (20 and 40 mg/kg) given 2 h prior (Figure 1A). Compared to the control group, plasma ALT and AST levels were significantly elevated 12 h after APAP injection. However, TA treatment markedly reduced serum ALT and AST levels (Figures 1B,C). Histopathological analysis using H&E staining revealed pronounced ballooning degeneration and cytoplasmic vacuolization in the APAP group, which were substantially alleviated by TA treatment (Figure 1D). Moreover, enzyme-linked immunosorbent assay (ELISA) results demonstrated that TA significantly decreased hepatic levels of IL-1β, IL-6, TNF-α, and MCP-1 (Figure 1E). In summary, these findings highlight the hepatoprotective effects of TA in a dose-dependent manner in ALI mouse models.
[image: Figure 1]FIGURE 1 | TA ameliorates APAP-induced liver injury in mice. (A) Schematic Diagram of the Animal Experiment. Fasted for 16 h, mice were administered TA [20 or 40 mg/kg, i.g.] 2 h prior to saline or APAP (300 mg/kg, i.p.) for 12 h. (B) Plasma levels of ALT. (C) Plasma levels of AST. (D) Liver tissues were subjected to H&E staining for histological examination. (E) Concentrations of hepatic IL-1β, IL-6, TNF-α, and MCP-1 were quantified using commercially available ELISA kits. All data were presented as mean ± SD, n = 5–8 per group. *P < 0.05 vs. corresponding control. 
3.2 TA inhibits APAP-induced hepatocellular apoptosis
Hepatocyte apoptosis is a crucial feature of ALI (Zhou et al., 2021). To further explore the impact of TA on hepatocyte apoptosis, we analyzed the expression of several apoptosis-related proteins and genes using Western blotting and RT-PCR. The results showed that APAP significantly downregulated the protein and mRNA levels of the anti-apoptotic gene BCL2 and upregulated those of the pro-apoptotic gene BAX. These effects were reversed by TA treatment (Figures 2A,B). Additionally, Caspase-3, an enzyme central to the apoptotic process and a commonly used biomarker of apoptosis displayed significantly increased activity in the APAP group compared to controls. TA treatment notably reduced Caspase-3 activity, compared to the model group, treatment with TA (40 mg/kg) resulted in a reduction of Caspase-3 activity by approximately 50% (Figure 2C). Furthermore, the C/EBP homologous protein (CHOP), a transcription factor that can promote Caspase-3 activation and drive apoptosis when upregulated, exhibited significantly elevated protein and mRNA levels in the APAP group. This effect was reversed by TA treatment (Figures 2D,E). In conclusion, these findings suggest that TA mitigates APAP-induced hepatocyte apoptosis.
[image: Figure 2]FIGURE 2 | TA inhibits APAP-induced hepatocellular apoptosis. (A) Western blotting assessed hepatic BCL2 and BAX expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (B) q-PCR was conducted to evaluate the transcript levels of BCL2 and BAX-related genes. (C) Hepatic caspase 3 activity was quantified using a commercially available kit (fold of control). (D) Western blotting assessed hepatic CHOP expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (E) q-PCR was conducted to evaluate the transcript levels of the Chop gene. All data were presented as mean ± SD, n = 3 for Western blotting, n = 5–8 for others. *P < 0.05 vs. corresponding control. 
3.3 TA mitigates APAP-induced hepatotoxicity through the alleviation of ER stress
CHOP plays a pivotal role in ER stress-mediated apoptosis (Qin et al., 2022). ER stress occurs in response to the accumulation of misfolded or unfolded proteins in the ER, a key mechanism in APAP-induced liver injury. Therefore, we investigated whether TA treatment modulates the ER stress signaling pathway. Western blotting and RT-PCR results demonstrated that TA downregulated the protein and mRNA expression levels of the ER stress marker GRP78, which were elevated by APAP treatment (Figures 3A,B). Additionally, TA intervention reduced the expression levels of p-PERK, p-eIF2α, and ATF4 (Figures 3C–E), indicating that TA affects the PERK-eIF2α-ATF4 branch of the ER stress response. Collectively, these findings suggest that TA alleviates APAP-induced ER stress in the liver. In conclusion, this study demonstrates that TA modulates key proteins in the ER stress response, contributing to mitigating APAP-induced hepatotoxicity.
[image: Figure 3]FIGURE 3 | TA mitigates APAP-induced hepatotoxicity through the alleviation of ER stress. (A) Western blotting assessed hepatic GRP78 expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (B) q-PCR was conducted to evaluate the transcript levels of the Grp78 gene. (C) Western blotting assessed hepatic phosphorylated-PERK, phosphorylated-eIF2α, PERK, and eIF2α protein expressions. Band intensities were quantified using ImageJ. (D) Western blotting assessed hepatic ATF4 expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (E) q-PCR was conducted to evaluate the transcript levels of the Atf4 gene. All data were presented as mean ± SD, n = 3 for Western blotting, n = 6 for others. *P < 0.05 vs. corresponding control.
3.4 TA mediates the enhancement of hepatic antioxidant function by GPX4
Oxidative stress is one of the important inducers of endoplasmic reticulum stress (Zhang et al., 2022). Research indicates that an overdose of APAP leads to the accumulation of its toxic metabolite N-acetyl-p-benzoquinone imine (NAPQI), which triggers oxidative stress in liver tissue (Chowdhury et al., 2020). To investigate the protective effects of TA on APAP-induced oxidative liver injury, we measured the levels of MDA, SOD, CAT, GSH-Px, and GSH in liver tissue. The results demonstrated a significant increase in MDA levels, accompanied by a marked decrease in GSH levels, as well as the activities of SOD, CAT, GSH-Px, and the GSH redox ratio (GSH/GSSG) in the APAP-treated group. TA treatment significantly reversed these oxidative stress markers (Figures 4A,B). Given the role of GPX4 in maintaining redox homeostasis and its connection to ALI, we further assessed whether TA mitigates APAP-induced hepatotoxicity through modulation of the GPX4 pathway. Western blotting and RT-PCR analyses revealed a substantial decrease in GPX4 protein and mRNA expression in the APAP group, significantly restored by TA treatment (Figures 4C,D). This suggests that TA alleviates APAP-induced liver injury by enhancing GPX4-mediated antioxidant defense mechanisms.
[image: Figure 4]FIGURE 4 | TA mediates the enhancement of hepatic antioxidant function by GPX4. (A) Hepatic concentrations of MDA, alongside the enzymatic activities of SOD and CAT. (B) Hepatic concentrations of GSH-Px, GSH, and the GSH redox ratio (GSH/GSSG) were determined. (C) Western blotting assessed hepatic GPX4 expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (D) q-PCR was conducted to evaluate the transcript levels of the Gpx4 gene. All data were presented as mean ± SD, n = 3 for Western blotting, n = 6–8 for others. *P < 0.05 vs. corresponding control.
3.5 Liver-specific GPX4 knockdown abrogates the hepatoprotective effects of TA against APAP-induced hepatotoxicity
To ascertain the role of GPX4 in the ameliorative effects of TA against ALI in mice, we utilized liver-specific GPX4 knockdown mice. This was achieved by injecting recombinant adeno-associated virus serotype 8 (AAV8) vectors containing a hepatocyte-specific promoter and GPX4 shRNA into the lateral tail vein of mice. Western blot analysis revealed a 53.6% reduction in hepatic GPX4 protein levels (Figure 5A), confirming the successful establishment of the hepatocyte-specific GPX4 knockdown (GPX4 KD) model. Compared to the APAP + TA group, serum ALT and AST levels were significantly elevated in the APAP + TA + GPX4 KD group (Figure 5B). Histological analysis via H&E staining further showed that GPX4 knockdown partially abrogated the protective effects of TA (Figure 5C). Additionally, ELISA results revealed that GPX4 knockdown significantly reversed TA’s anti-inflammatory effects, as indicated by increased hepatic levels of IL-1β, IL-6, TNF-α, and MCP-1 in the APAP + TA + GPX4 KD group compared to the APAP + TA group (Figure 5D). Collectively, these findings demonstrate that GPX4 plays a critical role in the hepatoprotective effects of TA against APAP-induced liver injury. In conclusion, TA modulates the expression of key proteins involved in the ER stress response, mitigating APAP-induced hepatotoxicity.
[image: Figure 5]FIGURE 5 | Liver-specific GPX4 knockdown abrogates the hepatoprotective effects of TA against APAP-induced hepatotoxicity. (A) Western blotting assessed the detected hepatic GPX4 knockdown efficiency in protein levels. Hepatocyte-specific GPX4 knockdown mice were created by AAV8-mediated delivery of a TBG promoter-driven shRNA targeting GPX4. Null-vector-injected mice served as control. (B) Plasma levels of ALT and AST. (C) Liver tissues were subjected to H&E staining for histological examination. (D) Concentrations of hepatic IL-1β, IL-6, TNF-α, and MCP-1 were quantified using commercially available ELISA kits. All data were presented as mean ± SD, n = 3 for Western blotting, n = 5 for others. *P < 0.05 vs. corresponding control.
3.6 Liver-specific GPX4 knockdown abrogates the protective effect of TA against APAP-induced hepatocyte apoptosis
To further investigate the role of liver-specific GPX4 knockdown in the protective effects of TA against APAP-induced apoptosis, we analyzed the expression of key pro-apoptotic and anti-apoptotic proteins in the APAP + TA and APAP + TA + GPX4 KD groups. The pro-apoptotic protein BAX was significantly upregulated, while the anti-apoptotic protein BCL2 was markedly downregulated at both the protein and mRNA levels in the GPX4 KD group (Figures 6A,B). In addition, the activity of the apoptotic protein Caspase 3 was significantly elevated in GPX4 KD mice. Relative to the TA-treated group, the GPX4 shRNA group exhibited an approximately 1.5-fold enhancement in activity (Figure 6C). Furthermore, the reduction in CHOP protein and mRNA levels induced by TA was reversed in the GPX4 KD group (Figures 6D, E). These findings collectively suggest that GPX4 is critical for the protective effects of TA against ALI, as its knockdown abrogates the modulation of apoptosis-related proteins and Caspase 3 activity by TA.
[image: Figure 6]FIGURE 6 | Liver-specific GPX4 knockdown abrogates the protective effect of TA against APAP-induced hepatocyte apoptosis. (A) Western blotting assessed hepatic BCL2 and BAX expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (B) q-PCR was conducted to evaluate the transcript levels of BCL2 and BAX-related genes. (C) Hepatic caspase 3 activity was quantified using a commercially available kit (fold of control). (D) Western blotting assessed hepatic CHOP expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (E) q-PCR was conducted to evaluate the transcript levels of the Chop gene. All data were presented as mean ± SD, n = 3 for Western blotting, n = 5 for others. *P < 0.05 vs. corresponding control.
3.7 Liver-specific GPX4 knockdown inhibits TA-regulated ER stress in APAP-induced hepatotoxicity
To further explore the role of GPX4 in TA’s protective effects against ER stress, we analyzed the expression of ER stress-related proteins and genes using Western blotting and RT-PCR. The results demonstrated that, compared to the APAP + TA group, the expression levels of GRP78, p-PERK, p-eIF2α, and ATF4 were significantly elevated in the APAP + TA + GPX4 KD group (Figure 7). This confirms the involvement of the PERK-eIF2α-ATF4 signaling pathway in TA’s hepatoprotective effects against ALI. The upregulation of these ER stress markers in GPX4 KD mice after TA treatment suggests that GPX4 is crucial for mediating TA’s effects.
[image: Figure 7]FIGURE 7 | Liver-specific GPX4 knockdown inhibits TA-regulated ER stress in APAP-induced hepatotoxicity. (A) Western blotting assessed hepatic GRP78 expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (B) q-PCR was conducted to evaluate the transcript levels of the Grp78 gene. (C) Western blotting assessed hepatic phosphorylated-PERK, phosphorylated-eIF2α, PERK, and eIF2α protein expressions. Band intensities were quantified using ImageJ. (D) Western blotting assessed hepatic ATF4 expression, with β-actin as a loading control. Band intensities were quantified using ImageJ. (E) q-PCR was conducted to evaluate the transcript levels of the Atf4 gene. All data were presented as mean ± SD, n = 3 for Western blotting, n = 5 for others. *P < 0.05 vs. corresponding control.
4 DISCUSSION
In this study, we demonstrated the significant protective effects of TA against APAP-induced liver injury by mitigating oxidative and ER stress, with GPX4 playing a crucial regulatory role. The findings confirm that APAP overdose triggers severe oxidative stress by depleting GSH and generating excessive ROS, which subsequently disrupts ER homeostasis, activating UPR pathways such as the PERK-ATF4 axis. This exacerbates ER stress and contributes to hepatocyte apoptosis in ALI. Notably, TA treatment alleviates these detrimental effects by modulating oxidative stress and regulating the UPR, thereby improving APAP-induced liver injury (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic illustration of the protective effects and mechanisms of TA APAP-induced liver injury.
Apoptosis, a form of programmed cell death, plays a critical role in ALI. Excessive intake of APAP impairs the formation of apoptotic bodies (Wan et al., 2020). This process activates Caspase 3 while reducing the expression of the anti-apoptotic protein BCL-2 and increasing the expression of the pro-apoptotic protein BAX (Wang et al., 2022). Our study demonstrates that treatment with TA significantly decreased Caspase 3 activity and increased BCL-2 expression while decreasing BAX expression. These results suggest that TA exerts anti-apoptotic effects in ALI by modulating Caspase 3 activity and the expression of BCL-2 family proteins. CHOP is a crucial regulator of ER stress-induced apoptosis. It promotes apoptosis when overexpressed and protects against apoptosis when knocked down (Wang et al., 2021; Li J. et al., 2024). Our results demonstrate that APAP significantly increased hepatic CHOP expression, whereas TA treatment markedly reversed this effect. These findings suggest that the reduction in hepatocyte apoptosis observed with TA treatment is closely associated with the modulation of CHOP. Furthermore, TA appears to downregulate CHOP through the modulation of the PERK-eIF2α-ATF4 signaling pathway. The activation of this pathway under ER stress conditions leads to CHOP upregulation, which promotes apoptosis. However, TA treatment effectively attenuates this pathway, reducing the levels of CHOP and thereby preventing the apoptotic cascade in hepatocytes.
ER stress and apoptosis are closely interlinked processes, particularly in the context of APAP-induced liver injury (Shu Y. et al., 2020; Fernandez-Checa et al., 2021). The persistent activation of ER stress can result in apoptosis, primarily mediated by CHOP (Zhang et al., 2022). This key transcription factor is upregulated during prolonged ER stress and promotes cell death through the induction of pro-apoptotic pathways (Rozpedek et al., 2016). Previous studies have demonstrated that the PERK-eIF2α-ATF4 axis, a key component of the unfolded protein response (UPR) activated during endoplasmic reticulum (ER) stress, is upregulated in ALI (Chen et al., 2019; Li et al., 2020; Xu et al., 2023). This pathway is a key component of the UPR. PERK phosphorylates eIF2α, resulting in decreased protein synthesis and increased translation of ATF4. ATF4, a critical transcription factor, regulates CHOP during ER stress and is involved in various cellular processes, including amino acid metabolism and cell survival (Yang et al., 2021; van der Mijn et al., 2022). Our study demonstrated that APAP-induced ER stress led to significant upregulation of CHOP alongside other ER stress markers such as GRP78, p-PERK, p-eIF2α, and ATF4. These changes are part of the PERK-eIF2α-ATF4 signaling pathway, crucial in the ER stress response and subsequent apoptotic signaling. Importantly, TA treatment significantly suppressed the expression of these markers, indicating its potential to alleviate ER stress in the context of APAP-induced liver injury. By modulating the activation of the PERK-eIF2α-ATF4 axis, TA reduced the p-PERK and the upregulation of ATF4, which are typically elevated during ER stress. Additionally, TA reduced the expression of GRP78, an ER chaperone protein that is upregulated in response to stress. These findings suggest that TA exerts its protective effects by modulating the activation of the UPR and the downstream signaling cascade, helping to restore cellular homeostasis and prevent apoptotic pathways triggered by sustained ER stress.
Moreover, our results show that the protective effects of TA are closely linked to the antioxidant enzyme GPX4, which plays a pivotal role in mitigating lipid peroxidation and oxidative stress. MDA, a key end product of lipid peroxidation, serves as a widely recognized biomarker for oxidative stress (Jelic et al., 2021). GPX4 is crucial for reducing lipid peroxides by catalyzing their conversion into alcohols, thus preventing the propagation of oxidative damage. Consequently, GPX4 activity exhibits an inverse relationship with MDA levels: when GPX4 is functioning optimally, MDA production is reduced, alleviating cellular oxidative stress (Forcina and Dixon, 2019). TA significantly upregulated GPX4 expression in the liver tissues of APAP-treated mice, aligning with a reduction in MDA levels, which suggests a decrease in lipid peroxidation and overall oxidative stress. Furthermore, GPX4 works synergistically with other antioxidant enzymes such as SOD and CAT. SOD catalyzes the conversion of superoxide anions to hydrogen peroxide, and GPX4 helps to further reduce hydrogen peroxide into water, thereby supporting redox homeostasis (Buettner, 2011; Conrad and Sato, 2012). CAT, predominantly located in peroxisomes, decomposes hydrogen peroxide into water and oxygen, working in concert with GPX4 to mitigate oxidative damage. Together with GSH-Px, a component of the glutathione antioxidant system, GPX4 utilizes reduced GSH to reduce lipid peroxides, contributing to the overall antioxidant defense (Pei et al., 2023). In summary, the regulation of lipid peroxidation by GPX4 is essential for managing oxidative stress, and its activity directly influences the levels of key oxidative stress markers. The upregulation of GPX4 by TA not only reduces lipid peroxides but also enhances the activity of key antioxidant enzymes like SOD and CAT, underscoring GPX4’s critical role in TA’s protective effects against APAP-induced liver injury.
Most notably, our finding that the knockdown of GPX4 disrupts TA regulation of ER stress supports a protective role for GPX4 in the cellular stress response. Reduced GPX4 expression amplified markers of ER stress, including elevated levels of GRP78, p-PERK, and ATF4. This suggests that GPX4 deficiency disrupts cellular redox homeostasis, leading to an exacerbation of the ER stress response. This finding is consistent with the established role of GPX4 in preventing lipid peroxidation within ER membranes. The elevated ER stress observed in the GPX4 knockout group emphasizes the interconnection between oxidative stress and ER stress (Lee, 2020; Zhao et al., 2021; Huang et al., 2024), as GPX4 deficiency may lead to the accumulation of ROS, which further exacerbates ER dysfunction and the accumulation of misfolded proteins (Iuchi et al., 2021; Jehan et al., 2022; Zhang et al., 2022). Our findings suggest that the efficacy of TA in ameliorating ER stress depends, at least in part, on the expression of GPX4. When GPX4 was knocked down, the ability of TA to reduce ER stress markers (e.g., GRP78, p-PERK, and ATF4) was markedly attenuated, suggesting that GPX4 is a key mediator of the protective effects of TA. Additionally, the knockdown of GPX4 led to a significant increase in ALT and AST levels, suggesting a loss of liver function and further supporting the critical role of GPX4 in protecting liver integrity. This was further corroborated by histological examination, which revealed more severe liver damage, in the GPX4 knockdown group compared to the TA-treated control group. These findings highlight the importance of GPX4 in preserving liver function and in the protective effects of TA against APAP-induced liver injury.
Recent studies have demonstrated that TA enhances GPX4 activity and expression through multiple mechanisms, including activation of the AMPK/Nrf2 signaling pathway (Yong et al., 2024). This pathway upregulates antioxidant enzymes, bolstering the cellular defense against oxidative stress and mitigating oxidative damage. Additionally, GPX4 plays a central role in inhibiting ferroptosis, a form of cell death characterized by excessive lipid peroxidation. TA’s ability to upregulate GPX4 expression indirectly suppresses ferroptosis, thereby protecting cells from ferroptotic damage (Yong et al., 2024). Moreover, TA’s activation of the Keap1-Nrf2 pathway further enhances GPX4’s antioxidant function and reinforces cellular redox homeostasis (Sun et al., 2022). Beyond these direct effects, TA may also regulate other stress-related and apoptotic pathways, suggesting that GPX4 interacts with multiple molecular pathways to maintain cellular integrity. Together, these mechanisms form the molecular basis for TA’s protective effects, with GPX4 acting as a critical regulator of oxidative stress, ferroptosis, and cellular stress responses.
These observations provide novel insights into the interplay between oxidative stress and ER stress, highlighting GPX4 as a pivotal regulator of both processes. The data suggest that GPX4 contributes to the direct suppression of lipid peroxidation and oxidative stress and plays an essential role in modulating the PERK-ATF4 signaling pathway in response to ER stress. Furthermore, the loss of GPX4 impairs the ability of pharmacological interventions like TA to effectively mitigate ER stress, underlining the importance of GPX4 in maintaining cellular homeostasis under conditions of stress. Despite the promising findings of this study, several limitations should be acknowledged to provide a balanced perspective. First, while we demonstrated that GPX4 plays a pivotal role in TA’s protective effects, the precise molecular mechanisms through which GPX4 modulates ER stress and oxidative stress remain incompletely understood. For instance, the interaction of GPX4 with specific signaling molecules or pathways, such as PERK-ATF4 and CHOP, warrants further investigation to elucidate its broader regulatory roles. Second, the potential for TA to act on other antioxidant or anti-inflammatory pathways beyond GPX4 has not been fully explored in this study. Future research should aim to comprehensively evaluate potential off-target effects of TA and its interaction with other cellular defense mechanisms.
5 CONCLUSION
In summary, this research expands our understanding of the mechanisms underlying APAP-induced liver injury and highlights the importance of GPX4 in modulating stress response pathways. The study also provides a foundation for exploring GPX4 as a therapeutic target in liver diseases characterized by oxidative and ER stress. Future studies should investigate the potential of GPX4 activators or other pharmacological agents to further enhance the protective effects of treatments like TA, providing new avenues for the prevention and treatment of drug-induced liver injury.
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Gene Sequences NCBI gene ID

188 Forward AGGTCTGTGATGCCCTTAGA 19791
Reverse GAATGGGGTTCAACGGGTTA

Bel2 Forward GCGGAGTTCACAGCTCTATAC 12043 136
Reverse AAAAGGCCCCTACAGTTACCA

Bax Forward TGAAGACAGGGGCCTTTTTG 12028 140
Reverse AATTCGCCGGAGACACTCG

Grp78 Forward GCATCACGCCGTCGTATGT 14828 134
Reverse ATTCCAAGTGCGTCCGATGAG

Atfd Forward AACCTCATGGGTTCTCCAGCGA 11911 125
Reverse CTCCAACATCCAATCTGTCCCG

Chop Forward CCCTCGCTCTCCAGATTCC 13198 131
Reverse TCTCCTTCATGCGTTGCTT

Gpxt Forward GCCTGGATAAGTACAGGGGTT 625249 99
Reverse CATGCAGATCGACTAGCTGAG
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