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Objective: Hepatic ischemia-reperfusion injury (HIRI) frequently occurs as a complication in liver surgeries, which significantly impacting patient outcomes. Sinensetin (SEN) is a plant-derived polymethoxylated flavone with anti-inflammatory and anti-oxidative activities. However, the hepatoprotective effect of sinensetin in HIRI pathogenesis have not been fully explored.Methods: We constructed the HIRI model in mice, with blood and liver samples collected at 6 and 24 h after reperfusion to evaluate liver injury. We also evaluated the protective effect of sinensetin in mice liver I/R injury through histopathological observation, enzyme activity, immunofluorescence, Western blot, molecular docking, and molecular pharmacology experiments.Results: In our study, we have successfully established the mouse HIRI injury model, and the liver function indicators such as ALT, AST and LDH were significantly increased in the HIRI model group, while SEN pretreatment could lead to a significant decrease in these enzymatic activities, especially perfusion at 6 h. In addition, hepatocytic necrosis and lipid deposition were significantly improved under SEN pretreatment conditions compared to the HIRI group alone. Meanwhile, HIRI can significantly increase the expression of genes related to liver injury and inflammation, while SEN pretreatment can lead to a concentration-dependent decrease in these genes. Besides, the level of liver apoptosis and apoptosis-related genes such as BAX and Bcl-2 were significantly reduced especially in the high concentration SEN pretreatment group, and antioxidant enzyme activities such as CAT and GSH-Px also showed similar changes. Moreover, the HIRI model and SEN pretreatment could lead to dynamic changes in key genes involved in endoplasmic reticulum (ER) stress signaling, while the expression and distribution of GRP78 and CHOP proteins in liver cells also showed significant decrease in HIRI + L-SEN and HIRI + H-SEN groups. Molecular docking simulation showed theoretical binding between SEN-GRP78 and SEN-IRE1α in three-dimensional structures. Ultimately, the use of 4-PBA to pharmacologically inhibit ER stress may substantially reduce liver damage caused by HIRI in mice.Conclusion: Taken together, our results suggested that sinensetin could alleviate HIRI injury through suppressing GRP78/CHOP-mediated ER stress, which may provide a novel therapeutic strategy for treating liver ischemia-reperfusion injury in clinical practice.Keywords: sinensetin, HIRI injury, ER stress, liver apoptosis, oxidative stress, 4-PBA
1 INTRODUCTION
Hepatic ischemia/reperfusion injury (HIRI) is a significant clinical challenge that occurs during liver surgeries, such as partial hepatectomy and liver transplantation (Liu et al., 2024; Tan et al., 2024). The HIRI process is characterized by a complex interplay of cellular and molecular mechanisms that lead to liver damage upon the restoration of blood flow after a period of ischemia (Li et al., 2021; Wang et al., 2021; Mao et al., 2023). The pathophysiology of HIRI involves a cascade of inflammatory responses, oxidative stress, and apoptosis, which can ultimately result in hepatocyte necrosis and dysfunction and significantly impact the prognosis of patients (Zhang et al., 2016; Wang et al., 2021). Previous studies have shown that liver reperfusion injury can be divided into two main stages: the acute phase, from the beginning of reperfusion to 6 h, characterized by oxidative stress and inflammatory cytokine induced hepatocyte apoptosis and necrosis (Yang et al., 2016; Gao et al., 2022); The second stage is mainly chronic damage, involving the fibrosis process of liver cells (Li et al., 2015; Chullo et al., 2024). Currently, the treatment drugs for liver ischemia-reperfusion injury include antioxidants such as N-acetylcysteine and superoxide dismutase (SOD), as well as drugs that alleviate ischemic injury such as levorotatory sugar and glycine (Xu et al., 2024). However, these drugs may have some negative effects such as allergic reactions, liver and kidney dysfunction, gastrointestinal discomfort, etc (Krzywonos-Zawadzka et al., 2017). Therefore, understanding the potential pathophysiological mechanisms of HIRI and identifying effective treatment strategies are urgent issues that need to be addressed.
The fruits that are high in phytochemicals has been clearly demonstrated to possess both nutritional and therapeutic benefits, offering possibilities for preventing a range of diseases, such as liver damage (Direito et al., 2024; Fitzgerald et al., 2024). Sinensetin is a polymethoxylated flavonoid found abundantly in citrus fruits and almost harmless to the human body, which possess a number of pharmacological properties such as anti-inflammatory, anti-oxidative and anti-tumor (Li et al., 2020; Zhi et al., 2021). Previous studies have found that many natural drugs play a protective role in liver I/R injury. For example, cordycepin pretreatment ameliorated hepatocyte injury caused by HIRI, which inhibited apoptosis, autophagy and inflammatory response via regulation of the MAPK/NF-κB signaling pathway (Ding et al., 2022). Celastrol protected against cerebral I/R injury through inhibiting glycolysis via the HIF-1α/PDK1 axis (Chen et al., 2022). The ellagic acid is a polyphenolic compound that could ameliorate hepatic I/R injury by inhibiting pyroptosis and the Caspase-1/GSDMD axis (Wang et al., 2022). Melatonin inhibited the NF-κB signaling pathway, alleviated the inflammatory response, and protected the liver from ischemia-reperfusion injury in rats (Gao et al., 2021). However, the potential protective effects of sinensetin against liver ischemia-reperfusion (I/R) injury in mice remains to be elucidated.
During the process of liver ischemia-reperfusion conditions, the large amount of ROS produced after reperfusion and could cause endoplasmic reticulum (ER) stress (Zhou et al., 2016; Zhang et al., 2023). ER stress arises when the balance between protein synthesis, folding, and transport is disrupted in vivo (Liu et al., 2012). In hepatic I/R injury, the accumulation of unfolded or misfolded proteins within the ER lumen activates ER stress and these sensors include PERK, IRE1α and ATF6 (Ajoolabady et al., 2023; Chen et al., 2023). GRP78 serves as a chaperone protein and signaling regulator for the endoplasmic reticulum, while CHOP protein acts as a key transcription factor in stress response, playing a crucial role in maintaining cellular homeostasis and combating ER stress (Arab et al., 2023; Ding et al., 2024). Previous studies found that C/EBPα overexpression ameliorated IR-induced hepatic injury, manifesting with reduced ALT/AST, oxidative stress and ER stress (Li et al., 2024). Salidroside attenuates myocardial ischemia/reperfusion injury via AMPK-induced ER stress inhibition (Tian et al., 2022). Dexmedetomidine attenuates hepatic ischemia-reperfusion injury-induced apoptosis via reducing oxidative stress and ER stress (Zhang et al., 2023). However, whether ER stress signaling is involved in the protective effect of sinensetin against HIRI-induced liver injury is largely unknown.
Therefore, we constructed the hepatic ischemia-reperfusion injury model in mice, and we revealed that sinensetin pretreatment provided the significantly protective effect in liver I/R injury of mice by molecular experiments. In addition, we demonstrated that sinensetin could greatly inhibit ER stress in HIRI model. Overall, these findings provide new therapeutic potential of sinensetin in liver ischemia-reperfusion injury during surgical procedures and improving patient outcomes.
2 MATERIALS AND METHODS
2.1 Drugs and reagents
Sinensetin (Cas no. 2306-27-6) was purchased from ChemFaces Bio-Technology Co., Ltd. (Wuhan, China). The enzyme activity detection kits of alanine aminotransferase (ALT, Cas no. C009-2-1), aspartate aminotransferase (AST, Cas no. C010-2-1), lactic dehydrogenase (LDH, Cas no. A020-2-2), catalase (CAT, A007-1-1), glutathione peroxidase (GSH-Px, A005-1-2) were purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). SYBR Green qPCR Mix (Cas no. BL698A) were obtained from Biosharp Life Sciences (Hefei, China). The TUNEL cell apoptosis detection kit (Cas no. M175881-20T) was obtained from Mairuida Technology Co., Ltd. (Beijing, China). Endoplasmic reticulum stress (ERS) inhibitor 4-PBA (Cas no. HY-A0281) was purchased from MedChemExpress Co., Ltd. (MCE, United States).
2.2 Experimental animals and study approval
The healthy male ICR/CD-1 mice (n = 60, weighing 18–22 g and aged 6–8 weeks) were obtained from GemPharmatech Biotechnology Co., Ltd. (Nanjing, China). All mice were kept in sterilized cages within a laboratory animal room that met SPF standards, maintained under regulated conditions (a 12 hlight/dark cycle, humidity at 60% ± 10%, and temperature set to 24°C ± 2°C), and provided with unrestricted access to food and water. All mice were acclimated in the animal room for at least 1 week prior to the experiment.
2.3 Establishment of the HIRI model
The HIRI animal model was established by nonlethal segmental (70%) hepatic warm ischemia surgery that described in previous studies. Briefly, the mice were deprived of food for 24 h and only access to water prior to this surgery. After that, the mice were anesthetized by 1.25% sodium pentobarbital through an intraperitoneal injection. Next, we cut and opened the abdominal cavity along the center of the mice abdomen with scissors, while carefully isolating the structure of hepatic portal. Then, sterile microarterial clamps were used to block the blood vessels in the left and middle lobes of the liver, immediately causing partial hepatic ischemia. The abdomen was then covered with saline-soaked gauze, and constant temperature heater provided warmth to the mice. After a duration of 60 min, the arterial clamps were removed to restore blood flow and initiate reperfusion for 6 h or 24 h, respectively. Ultimately, the surgical incision in the abdomen was carefully sutured closed, and the mice were maintained at a body temperature of 36.5°C ± 1°C throughout the procedure before being returned to their cages until they fully regained consciousness.
2.4 Experimental grouping and drug treatment
The 60 mice were randomly assigned to one of four groups: 1) a sham surgery group (n = 15; the abdominal cavity was opened to separate the first hepatic portal and quickly closed, without HIRI surgery); 2) HIRI group (n = 15; HIRI without sinensetin pre-treatment); 3) HIRI + L-sinensetin group (n = 15; pre-treatment with sinensetin at 25 mg/kg by intraperitoneal injection once daily for 7 days before surgery); 4) HIRI + H-sinensetin group (n = 15; pretreatment with sinensetin at 50 mg/kg by intraperitoneal injection once daily for 7 days before surgery). After surgery and drug treatment, seven to eight mice from each group were randomly chosen at 6 h and 24 h following the start of reperfusion. Both of the blood samples and liver tissues were promptly collected and preserved at −80°C for additional biochemical analyses.
2.5 Serum biochemical analysis
Biochemical index analysis were conducted according to our lab’s previous methods with minor modifications (Xiong et al., 2020; Xiong et al., 2024a). Briefly, the blood samples in each group was collected from mice eyeballs and then centrifuged at 4,500 rpm for 10 min to obtain the supernatant. The serum ALT, AST and LDH levels and the antioxidant enzyme activities of CAT and GSH-Px were measured using the test kits of microplate method in Jiancheng Bioengineering Institute according to the manufacturer’s instructions (Nanjing, China). In brief, the collected serum was reacted with a microplate, and placed it into an automatic biochemical analyzer (SpectraMax iD3, MD, United States), and the OD value in each group was detected under the specified wavelength conditions. Each enzyme activity was calculated using a specific formula and expressed as units per litre from three biological replicates (n = 4).
2.6 Histopathological analysis
Sections of liver lobe tissues were rapidly submerged and preserved in 4% PFA overnight at 4°C. Following this, the samples underwent dehydration through a series of ethanol and xylene at varying concentrations before being embedded in paraffin. After that, the liver samples were cut into 5 μm-thick sections using the ultra-thin semiautomatic microtome (Leica RM2235, Germany). Next, the slices were dried at 37°C, deparaffinized, rehydrated through a series of xylene-alcohol solution, finally rinsed with deionized water. Then, the samples in each group were performed with hematoxylin and eosin (H&E) staining kit (Solarbio Cas no. G1120, China) and modified Oil Red O staining kit (Solarbio Cas no. G1261, China) according to the manufacturer’s instructions. Furthermore, the stained sections were subsequently examined and captured with the optical microscope (Olympus BX53, Japan).
2.7 RNA extraction and qRT-PCR analysis
Total RNA was extracted from liver tissues utilizing the TRIzol reagent (Invitrogen, Cas no. 15596026CN, United States) in accordance with the manufacturer’s guidelines. Subsequently, reverse transcription was carried out and the resulting cDNA was quantified using the SYBR Green PCR Master Mix (Biosharp BL698A, China). The final relative levels of gene expression were determined using the 2−ΔΔCt method. All data were normalized by β-actin and the primer sequences used in this study were shown in Supplementary Table S1.
2.8 Immunohistochemical and TUNEL staining analysis
The immunofluorescence staining were performed using the liver tissues in each group according to the previous protocols in our lab (Xiong et al., 2019; Xiong et al., 2024b). Briefly, the samples were dehydrated using a gradient of ethanol. After the antigen retrieval process, the slices were immersed in a sodium citrate solution for 10 min at 95°C. After washed with 1x PBS, the samples were hybridized with 5% bovine serum albumin (BSA), and the slices were probed with primary antibodies against GRP78 and CHOP (1:500 dilution) for overnight. Next day, the samples were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 488, Abcam ab150077) and Goat Anti-Rabbit IgG H&L (Alexa Fluor 647, Abcam ab150079) for 1 h, respectively. Finally, the sections were counterstained with DAPI for 10 min and observed on the laser-scanning confocal microscope (Leica TCS SP5, Germany). The integrated optical densities and differences of protein expression distribution in each group were analyzed using Image-pro Plus software (Media Cybernetics, United States).
The liver apoptosis in each group was detected with the TUNEL assay. Briefly, the prepared slices were dewaxed, dehydrated, and then digested with 20 μg/mL of protease K. Subsequently, 50 μL of TdT enzyme was incubated with the slices at 37°C for 30 min. Next, the samples were stained with TUNEL fluorescence staining solution in One Step TUNEL Apoptosis Detection Kit (Green, Dye 488, Beyotime Cas no. C1088, China) at 37°C for 1 h after that, the sections were washed with 1 x PBS for three times and observed by using laser-scanning confocal microscope. The representative images were randomly collected from each section and the relative fluorescence intensity was analyzed by ImageJ software.
2.9 Western blot analysis
The liver samples were homogenized and lysized in RIPA buffer added with proteinase and phosphatase inhibitor cocktail (Solarbio Cas no. P1264, China). The protein concentration in each sample was determined using a BCA protein quantification kit (Thermo Scientific Cas no. A55865, China). Next, the samples were separated in SDS-PAGE electrophoresis and transferred onto the PVDF membranes. After that, the membranes were blocked with 5% BSA and then incubated with primary antibodies against Bcl-2 (dilution 1:2000, Abcam Cas no. ab182858, United Kingdom), BAX (dilution 1:2000, Abcam Cas no. ab32503, United Kingdom), Caspase3 (dilution 1:2000, Abcam Cas no. ab32499, United Kingdom), GRP78 (dilution 1:2000, Beyotime Cas no. AF0171, China), CHOP (dilution 1:2000, SAB Cas no. 49418, United States), ATF6 (dilution 1:2000, SAB Cas no. 24382, United States), IRE1α (dilution 1:2000, SANTA CRUZ Cas no. sc-390960, United States), phospho-eIF2α (Ser51/Ser52) (dilution 1:2000, Affinity Cas no. AF3087, United States) and GAPDH (dilution 1: 5000, ProteinTech Cas no. 10494-1-AP, China) overnight at 4°C. Subsequently, the membranes were incubated with HRP-conjugated secondary antibody (dilution 1:10,000, ProteinTech, Cas no. SA00001-2, China). In addition, the expression of target proteins was measured by chemiluminescence method and the gray values in each group was quantified using the ImageJ v1.8.0 software.
2.10 Molecular docking analysis
The theoretical binding ability of SEN-GRP78 and SEN-IRE1α proteins in spatial structure were performed using the AutoDock 4.2 and AutoDock tools 1.5.7 molecular docking software with default parameters. Briefly, the molecular structure of sinensetin was obtained from NCBI PubChem database (PubChem CID:145659). The three-dimensional of GRP78 (P20029) and IRE1_alpha (Q9EQY0) proteins were retrieved from PDB protein database. After removing all heteroatoms, extra chains, water molecules and ions, the processed protein and small molecule ligand were transferred into AutoDock and perform molecular docking using a semi flexible docking method. The docking box size is 120 × 120 × 120 Å3 with a grid spacing of 0.375 Å. The obtained molecular docking results were visualized by the PyMOL software and analyzed by taking the conformation with the lowest occupied molecular energy.
2.11 Statistical analysis
The statistical data was presented as mean ± SEM and analyzed with GraphPad Prism 9.3 software. Comparisons of the data across groups were conducted using one-way ANOVA and Student’s t-test. Statistical significance was indicated by *p < 0.05 and **p < 0.01, with comparisons to the control or HIRI group considered statistically significant.
3 RESULTS
3.1 Sinensetin pretreatment alleviated hepatic ischemia-reperfusion injury in mice
To evaluate whether sinensetin plays a protective role in the process of liver HIRI injury, we constructed a mouse HIRI model, and its drug treatment of sinensetin and experimental procedures of HIRI in mice was shown in Figure 1A. It is suggested that the mice hepatic IRI model was established and the representative images of before hepatic ischemia, start hepatic ischemia, warm ischemia for 60 min, and reperfusion were presented in Figure 1B. Our results showed that the arterial clamp significantly occludes vessels in the left and middle lobes of the liver, resulting in immediate hepatic ischemia.
[image: Figure 1]FIGURE 1 | Pre-treatment with sinensetin can significantly alleviate hepatic ischemia/reperfusion injury (HIRI) in mice. (A) The schematic diagram showing the construction method of HIRI model and sinensetin drug exposure procedures in mice. (B) Representative images of liver morphology at key time points during ischemia-reperfusion process in mice. Red arrow indicated typical features of ischemia in the liver of left lobe. (C) The serum ALT levels were presented in sham, HIRI, HIRI + L-SEN and HIRI + H-SEN conditions at 6 h and 24 h, respectively. (D) The serum AST levels were measured at HIRI 6 h and HIRI 24 h in each group. (E) The serum LDH levels were detected in all treatment groups. The values were presented as mean ± SEM (n = 6, *p < 0.05; **p < 0.01; ***p < 0.001).
Meanwhile, we analyzed the effects of key liver function indicators at the time points of 6 h and 24 h reperfusion after liver ischemia surgery in mice. When liver cells undergo inflammation or necrosis, alanine transaminase (ALT) will be released into the bloodstream and caused an increase in serum ALT levels. Our results indicated that the enzyme activity of ALT was significantly increased in the HIRI model group, while treatment with sinensetin could significantly reduce its activity level, whether under HIRI + L-SEN or HIRI + H-SEN conditions (Figure 1C). Aspartate transaminase (AST) is mainly present in the mitochondria of liver cells, and when serum AST levels increase, it generally indicates damage to liver cell mitochondria. The results also suggested that AST levels significantly increased in the HIRI model group, while sinensetin showed a concentration-dependent decrease in AST levels under HIRI + L-SEN or HIRI + H-SEN conditions (Figure 1D). It is worth mentioning that the levels of ALT and AST increased more significantly at 6 h of perfusion than at 24 h, suggesting that the cell damage caused by liver ischemia mainly plays a role in the early stages. Lactate dehydrogenase (LDH) is an important enzyme in the process of glycolysis, and an increase in LDH may be related to impaired liver function. Our results found that LDH levels have also increased in the HIRI model group and sinensetin treatment can lead to significant decrease, but unlike ALT or AST, the 24 h of perfusion are more significant than the 6 h, suggesting that this enzyme activity may play a role in the late stage (Figure 1E). Taken together, this results demonstrated that we successfully established a liver ischemia-reperfusion model in mice and preliminarily validated the important protective function of sinensetin during the process of liver ischemia-reperfusion injury in mice.
3.2 Sinensetin reduced HIRI-induced liver damage and systemic inflammation
In order to further evaluate the sinensetin pretreatment on the HIRI-induced liver damage, we analyzed the pathological structure and lipid deposition degree of the liver through H&E staining and Oil O staining, respectively. Our results suggested that no liver cell necrosis was observed in the control group, while the HIRI group showed significant hepatocyte necrosis and inflammatory cell infiltration (Figure 2A). Compared with the HIRI group, sinensetin pretreatment can significantly reduce liver necrosis, especially in the high-dose group (HIRI + 50 mg/kg SEN). Meanwhile, we found that HIRI modeling significantly induced a large number of lipid droplets in the liver, while sinensetin pretreatment significantly reduced HIRI-induced lipid deposition of mice in a dose-dependent manner (Figure 2B).
[image: Figure 2]FIGURE 2 | Sinensetin pretreatment could ameliorate HIRI-induced liver damage and inflammatory reaction. (A) The liver injury in mice was assessed by hematoxylin and eosin (H&E) staining (original magnification ×200). (B) The degree of lipid deposition in mouse liver was analyzed in each group by using Oil Red O staining. (C) The expression of liver damage-related genes such as αSMA, MMP9 and CYP450, were analyzed under different conditions by real-time PCR. (D) The relative expression levels of inflammatory cytokines in mice liver, including TNF-α, IL-6 and TGF-β, were detected by qRT-PCRs. These results were obtained from at least three independent experiments. Values are presented as mean ± SEM (n = 6). **p < 0.05, **p < 0.01 vs. the HIRI group.
Besides, we further evaluate the protective effect of sinensetin in HIRI-induced liver injury from gene expression levels. The results indicated that several genes related to liver pathological and fibrosis processes such as αSMA, MMP9 and CYP540-3A41 were significantly increased in the HIRI model, while sinensetin greatly reduced the relative mRNA levels of these genes under the HIRI conditions in a concentration-dependent manner (Figure 2C). In addition, immune cell infiltration and inflammatory response are another indicators of liver injury, so we further examined the expression of inflammatory cytokines under sinensetin pretreatment. Our results suggested that the mRNA levels of inflammatory cytokines including TNF-α, IL-6 and TGF-β were remarkably upregulated in HIRI-induced liver injury, however, the expression of which exhibited a concentration dependent decrease under HIRI + L-SEN and HIRI + H-SEN conditions (Figure 2D). Collectively, these findings confirmed that cordycepin pretreatment alleviated HIRI-induced liver damage and systemic inflammatory response.
3.3 Sinensetin significantly reduced HIRI-induced liver apoptosis and oxidative stress
To further investigate the effect of sinensetin pretreatment on HIRI model, we analyzed the cell apoptosis of liver tissues in HIRI and sinensetin-treated group by TUNEL staining. TUNEL is a widely recognized indicator of apoptosis, and our findings indicated that the number of apoptotic liver cells was significantly greater in the HIRI-6h model group than in the control group, while 50 mg/kg sinensetin pretreatment (HIRI + H-SEN) could significantly reduce the level of liver cell apoptosis (Figure 3A). Simultaneously, we assessed the relative mRNA and protein expression levels of apoptosis genes in each group. The findings indicated a significant increase in the mRNA levels of pro-apoptotic genes BAX and Caspase3 in HIRI group, whereas sinensetin pretreatment could considerably decrease the expression of these genes (Figure 3B). Furthermore, Western blot analysis suggested that BAX and cleaved Caspase3 were also increased in HIRI group, while sinensetin pretreatment could significantly reduce the expression of these genes but the anti-apoptotic gene Bcl-2 showing an opposite expression trend (Figures 3C, D).
[image: Figure 3]FIGURE 3 | Sinensetin pretreatment significantly reduced HIRI-induced hepatocyte apoptosis and oxidative stress. (A) Representative image of hepatocytic apoptosis by TUNEL staining in each group. The white arrow indicated the area where apoptotic cells were located. Scale bar = 200 µm. (B) The relative mRNA expression levels of apoptosis-related genes were analyzed by using qRT-PCR experiments in each group. (C) The protein expression levels of Bcl-2, BAX and cleaved Caspase3 in mouse liver tissues were detected by Western blot analysis. (D) Quantitation of the protein expression of Bcl-2, BAX and cleaved Caspase3 in each group by ImageJ software. (E) The antioxidant enzyme activities of catalase (CAT) were measured in each group (n = 4). (F) The antioxidant enzyme activities of glutathione peroxidase (GSH-Px) were detected in each group (n = 4). Values are presented as mean ± SEM. **p < 0.05, **p < 0.01 vs. the HIRI group.
On the other hand, there is a close relationship between oxidative stress and liver damage, and these oxidative free radicals such as reactive oxygen species (ROS) could damage cell structure and function. We also further analyzed the antioxidant enzyme activities after HIRI and sinensetin pretreatment in mice. The results suggested that the enzyme activities of CAT in remarkably increased in the HIRI group while greatly decreased in the HIRI + H-SEN conditions (Figure 3E). Similarly, the antioxidant activities of GSH-Px was significantly improved in the HIRI model but notably reduced under the HIRI + sinensetin conditions in a dose-dependent manner (Figure 3F). Taken together, these results demonstrated that sinensetin plays an important protective role in hepatocyte apoptosis and oxidative stress in mice.
3.4 Sinensetin alleviated the HIRI-induced injury by regulating ER stress
Endoplasmic reticulum (ER) stress signaling plays a role in heart, liver and lung injury. Therefore, we attempted to investigate whether key genes in the ER signaling pathway play a role in HIRI-induced liver injury by real time quantitative PCR analysis and the results were shown in Figure 4A. GRP78 is a glucose regulated protein, also known as immunoglobulin heavy chain binding protein (BIP), which could assist in the correct folding proteins and maintain the stability of the endoplasmic reticulum. Our results revealed that the mRNA levels of GRP78 was significantly increased on the HIRI model, and SEN pretreatment can lead to a gradient-dependent increase in the expression of GRP78. Similarly, IRE1α (inosital-requiring enzyme-1) regulates protein folding status within the endoplasmic reticulum or participates in unfolded protein reactions, the expression of which was also significantly increased in the HIRI group, and pretreatment with SEN can lead to further elevation of IRE1α expression. In addition, eIF2α and ATF6 are important proteins in ER stress response, participating in cell protection and apoptosis processes through different signaling pathways. The results suggested that eIF2α gene was significantly increased in both SEN pretreatment groups, while ATF6 was significantly increased in all treatment groups, especially in the sinensetin high concentrationgroup (50 mg/kg SEN +HIRI). It is worth mentioning that CHOP and PERK, two ER stress marker genes, were significantly elevated in the HIRI group, while they showed a significant decrease in both SEN pretreatment groups.
[image: Figure 4]FIGURE 4 | Sinensetin attenuated in HIRI-induced liver injury by regulating the endoplasmic reticulum (ER) stress signaling pathway. (A) The mRNA levels of ER stress markers genes were detected in each group by quantitative real-time PCR assay (n = 4). Data was shown as mean ± SEM of representative experiments; *p < 0.05, **p < 0.01 vs. the HIRI group. (B) The representative images of GRP78 immunofluorescence staining (red) that was co-stained with DAPI (blue) in each group. (C) The immunofluorescence staining of CHOP (green) was co-stained with DAPI (blue) in each group. Scale bar = 200 μm.
To enhance our understanding of the molecular mechanisms involved in ER stress during ischemia-reperfusion injury, we conducted an analysis of the expression and distribution patterns of two crucial ER stress proteins within liver tissues using immunofluorescence staining. Our findings revealed a notable increase in GRP78 protein in the HIRI-6h treatment group. In comparison to the control group, both SEN pretreatment groups also exhibited significant rises in protein expression, although these increases were not as pronounced as those observed in the HIRI group alone (Figure 4B). Compared with the HIRI model group, high concentration pretreatment with SEN significantly reduced the expression and distribution of CHOP protein in liver tissue (Figure 4C). Overall, ER stress signaling is involved in the protective mechanism of SEN against HIRI-induced liver injury in mice.
3.5 ER proteins was involved in the protective effect of SEN in HIRI-induced liver injury
Next, we detected the expression of ER stress-related proteins at 6 and 24 h after perfusion by Western blot analysis. The results indicated that the HIRI-model could induce an significant increase in the expression of majority proteins such as CHOP, GRP78 and IRE1α after 6 h of perfusion. In addition, sinensetin pretreatment can further improvement the expression of ER stress proteins such as GRP78, ATF6, IRE1α and eIF2α (Figures 5A, B). However, after 24 h of perfusion, these proteins decreased to lower levels than the normal control group in both the HIRI model group and the HIRI + H-SEN group. Interestingly, the expression of these ER stress proteins remained at higher levels in the HIRI + L-SEN group (Figures 5A, C). Overall, these results indicated that the endoplasmic reticulum stress signaling pathway mainly played an important role in the early stages of liver ischemia-perfusion in mice, and the expression of these key genes and ER proteins presented different expression characteristics.
[image: Figure 5]FIGURE 5 | Sinensetin plays a protective role in HIRI-induced liver injury through the interaction of ER stress marker proteins. (A) Western blot images exhibiting ER stress marker protein levels of GRP78, CHOP, ATF6, IRE1α and eIF2α in reperfusion for 6 h and 24 h, respectively. (B) Quantitative analysis of ER stress marker protein levels in reperfusion for 6 h by ImageJ software. (C) Quantitative intensity of ER stress marker protein in reperfusion for 24 h by ImageJ software. Data are presented as mean ± SEM (n = 4 in each group). **p < 0.05 and **p < 0.01 vs. the control group. (D) The molecular docking results of sinensetin and GRP78 protein. The docking position of sinensetin and GRP78 were performed with the AutoDock Vina and visualized with the PyMOL software. (E) The molecular docking model of sinensetin and IRE1α. The optimal binding position were displayed in the left panel and the enlarged 3D diagram and 2D diagram of molecular docking were presented in the right panel. The dashed line represented the distance between hydrogen bonds.
In order to further understand the interaction between SEN and ER stress proteins in HIRI-induced liver injury, we simulated the theoretical possibility of SEN and GRP78, as well as SEN and IRE1α proteins, binding to each other in spatial structure through molecular docking analysis. Our results revealed that sinensetin and GRP78 proteins formed a stable three-dimensional structure with a binding energy of −5.2 kcal/mol. The interaction involved specific amino acid residues including GLU-156, ASP-553, LYS-554 andLYS-557, which formed multiple hydrogen bonds (Figure 5D). In addition, our findings revealed that SEN and IRE1α proteins had a higher binding energy of −7.4 kcal/mol. The interaction involved specific amino acid residues such as ALA-581, CYS-645, LYS-690, LEU-695 and ASP-711 that formed stable hydrogen bonds (Figure 5E). These results further demonstrated that sinensetin and GRP78/IRE1α exhibited strong binding properties and may possible involvement in the protective mechanism of sinensetin in HIRI-induced liver injury in mice.
3.6 Pharmacological inhibition of ER stress can alleviate HIRI-induced liver injury
Next, we conducted pharmacological experiments to investigate whether endoplasmic reticulum stress signaling is involved in HIRI-induced liver injury in mice. 4-Phenylbutyric acid (4-PBA) is a ER stress inhibitor, and we found that 20 mg/kg 4-PBA pretreatment could significantly reduce the mRNA expression level of GRP78 and CHOP, respectively (Figure 6A). In addition, compared with the HIRI group alone, there was a significant decrease in serum ALT and AST levels in the HIRI+4-PBA group (Figure 6B). On the other hand, we further analyzed whether 4-PBA pretreatment can rescue the phenotype of liver injury in mice. H&E staining results showed that there was not much difference between 4-PBA treatment alone and the sham group, but the HIRI+4PBA co-treatment group significantly reduced the number of liver cell necrosis compared to the HIRI group alone (Figure 6C).
[image: Figure 6]FIGURE 6 | Inhibition of ER stress with 4-PBA can significantly improve liver injury caused by ischemia-reperfusion in mice. (A) The relative mRNA levels of GRP78 and CHOP genes in the sham, 4-PBA (20 mg/kg), HIRI-6h, and HIRI-6h+4-PBA (20 mg/kg) groups. (B) The serum ALT and AST levels were detected in each group. (C) The histopathological features of the liver were observed in each group by H&E staining. Black arrows indicated the area of liver cell necrosis. (D) The cell apoptosis of liver tissues in each group were detected by TUNEL staining. The white arrow marks the area where apoptotic cells are located. (E) The mRNA expression levels of liver injury-related genes were measured by qRT-PCRs in each group. (F) The mRNA expression levels of liver inflammation-related genes were analyzed by qRT-PCRs in each group. The results were obtained from at least three independent experiments. Values are presented as mean ± SEM. **p < 0.05, **p < 0.01 vs. the HIRI-6h group.
Furthermore, TUNEL staining revealed a significant increase in liver apoptosis levels in the HIRI group. However, pretreatment with the 4-PBA inhibitor partially rescued and alleviated the apoptotic levels of liver tissues under the ischemia-reperfusion conditions (Figure 6D). Finally, we observed a significant decrease in the expression of liver injury-related genes such as αSMA, MMP9 and CYP450 under the co-exposure of HIRI-6h+4-PBA inhibitor conditions compared with the HIRI group (Figure 6E). Meanwhile, the inflammatory cytokine such as TNF-α, IL-6 and TGF-β were all significantly downregulated in the HIRI+4-PBA group compared with the HIRI group (Figure 6F). Based on the results mentioned above, a schematic model of the molecular mechanisms involved in this study was presented in Figure 7. In conclusion, our data demonstrate that ER stress signaling was involved in HIRI-induced liver injury and played an important role in the liver protective effect of sinensetin in mice.
[image: Figure 7]FIGURE 7 | Schematic representation of the liver protective effect of sinensetin in the hepatic schemia-reperfusion injury in mice.
4 DISCUSSION
Hepatic ischemia-reperfusion injury (HIRI) often arises from surgical interventions like hepatectomy and liver transplantation (Zhang et al., 2021; Ma et al., 2023). This pathophysiological condition worsens during the reperfusion phase following hepatic ischemia (Montalvo-Jave et al., 2008). Post-reperfusion, the damage to liver tissue is linked to inflammatory responses, hepatocyte apoptosis, oxidative stress, and endoplasmic reticulum stress, which can significantly impair patient prognosis and leading to liver injury and organ dysfunction (Liu and Man, 2021). Currently, it is crucial to investigate the molecular mechanisms involved to discover potential preventive and therapeutic strategies for HIRI. Sinensetin is a polymethoxylated flavonoid primarily derived from citrus fruits and exhibits anti-inflammatory, antioxidant and immunomodulatory properties (Han Jie et al., 2021). Nevertheless, the hepatoprotective effects of sinensetin in ischemia-reperfusion injury remain unclear. Therefore, a mouse model of HIRI was developed to assess whether sinensetin can provide protective effect against HIRI and to clarify the underlying mechanisms involved.
After 60 min of ischemia, we found a significant whitening of the left liver lobe, indicating successful HIRI modeling in mice. The levels of certain enzymes, including ALT, AST, and LDH, are acknowledged as effective markers for assessing the extent of liver injury (Church et al., 2019). In this study, notable increases in the serum concentrations of ALT and AST were detected at both 6 h and 24 h following reperfusion, which indicating severe liver injury occurring following reperfusion. It is worth mentioning that the activity of these enzymes increased at most at HIRI-6 h compared to HIRI-24 h, implying that the early stages of liver injury are particularly critical. Besides, pretreatment with sinensetin resulted in a notable reduction in liver enzyme activity in a dose-dependent manner. This finding was further supported by pathological assessments and indicated that sinensetin substantially reduced the degree of liver necrosis and lipid accumulation in mice. The previous studies, serum ALT and AST levels were notable increased in the HIRI group, while these changes were partly reversed by octreotide treatment indicating that the liver injury triggered by HIR was partially attenuated by octreotide (Zou et al., 2022). Sodium nitrite reduced HIRI in rats and resulted in a constrained increase in serum levels of ALT and AST caused by liver I/R damage (Choi et al., 2018). In accordance with the previous studies, we also confirmed the hepatoprotective effect of sinensetin in liver I/R injury of mice. Although there are currently many drugs that can improve liver ischemia-reperfusion injury, such as Octreotide, Melatonin and Cordycepin (Gao et al., 2021; Ding et al., 2022; Zou et al., 2022). We have demonstrated for the first time that sinensetin extracted from citrus fruits have attenuated the HIRI effects while having smaller negative effects.
The αSMA, MMP9 and CYP450-3A41 genes have unique functions in liver injury, and our results have shown that sinensetin can significantly reduce the increased expression of these genes induced by HIRI in mice. Meanwhile, sinensetin reduced the expressions of TNF-α, IL-6 and TGF-β in a dose-dependent manner, indicating that SEN can protect the liver by reducing the release of inflammatory mediators. Apoptosis of liver cells is a complex process involving the regulation of multiple genes, mainly involving promoting apoptotic genes such as Bax and inhibiting apoptotic genes such as Bcl-2 and Caspase family genes (Chu et al., 2021). In this study, we observed a significant decrease in the number of TUNEL-positive cells in the groups that received sinensetin pretreatment, as indicated by TUNEL staining. An analysis of apoptosis-related genes revealed that pretreatment with sinensetin resulted in lower expression levels of BAX and Bcl-2, while promoting an increase in the expression of Caspase3. From the results of antioxidant enzyme activity detection, high concentration SEN pretreatment also led to a significant decrease in HIRI-induced injury including CAT and GSH-Px enzyme activity levels. In consistent with previous studies, the extent of liver injury was significantly attenuated in mice that were orally administered with tea polyphenols (TP), which the I/R-induced liver cell apoptosis is inhibited by TP pretreatment (Tao et al., 2016).
In recent years, ER stress is a newly identified pathway significantly contributing to liver I/R injury (Zhu and Zhou, 2021). ER stress can induce cell apoptosis, regulate unfolded protein response and activate inflammatory response (Xu et al., 2015). Our results indicated that the key genes of the ER signaling pathway were dynamically regulated during HIRI and SEN pretreatment in qRT-PCR analysis. Immuno-fluorescence and Western blot experiments showed that GRP78 and CHOP proteins were significantly increased under HIRI conditions, while HIRI + SEN treatment could lead to a significant decrease in them. At the same time, the expression levels of other proteins such as ATF6 and IRE1α were further increased under SEN pretreatment conditions. Moreover, molecular docking analysis showed theoretical binding between SEN-GRP78 and SEN-IRE1α proteins in spatial structure, suggesting that sinensetin may play a role in resisting HIRI-induced liver injury by regulating ER stress signaling pathway. In accordance with previous studies, rapamycin markedly protected livers from HIRI and ER stress markers were markedly upregulated by HIRI treatment, whereas they were downregulated by rapamycin pretreatment (Zhu et al., 2015). Ischemic preconditioning attenuates endoplasmic reticulum stress-dependent apoptosis of hepatocytes in liver I/R injury and hydrogen-rich saline ameliorates HIRI through regulation of ER stress and apoptosis (Lu et al., 2017; Kong et al., 2023).
Based on the previous studies, we revealed that ER stress may be involved in the liver damage induced by HIRI in mice. Therefore, we aimed to investigate the role of the GRP78/IRE1α signaling pathway in the liver injury caused by HIRI. Our results demonstrated that pharmacological inhibiting the ER stress signaling by 4-PBA pretreatment could decrease the expressions of GRP78 and CHOP, together with significantly reduce the key liver function indicator ALT and AST levels. Meanwhile, 4-PBA pretreatment partially ameliorated the degree of hepatocyte necrosis and liver apoptosis induced by HIRI in mice. Finally, the expression of liver injury and inflammatory related genes also partially rescued after inhibiting ER stress, exhibiting liver protective effect similar to sinensetin treatment. In conclusion, sinensetin presents a promising therapeutic avenue for protecting against the liver from ischemia/reperfusion injury. This effect may be derived from its anti-inflammatory and anti-apoptotic properties, as well as the regulation of GRP78/IRE1α ER stress signaling pathway. Further research is needed to comprehensively clarify its mechanisms of action and explore its potential clinical applications.
5 CONCLUSION
In summary, the current study proved that sinensetin could ameliorate liver apoptosis, inflammatory response and histopathological damage following hepatic schemia-reperfusion injury I/R injury in mice. The molecular mechanism of this hepatoprotective effect may be related to the inhibition of ER stress through targeting the GRP78/CHOP proteins. Our results provided experimental evidence that sinensetin may be a potential candidate for the treatment of hepatic schemia-reperfusion injury in clinic practice.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was approved by the Institutional Animal Care and Use Committee (IACUC) of Fuyang Normal University (License number: FYNU-IACUC-2023-0023). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
YY: Project administration, Writing–review and editing. GX: Conceptualization, Project administration, Writing–original draft. HS: Investigation, Methodology, Writing–review and editing. YP: Formal Analysis, Investigation, Writing–review and editing. JL: Data curation, Validation, Writing–review and editing. YJ: Investigation, Methodology, Writing–review and editing. ML: Resources, Software, Writing–review and editing. HL: Funding acquisition, Project administration, Writing–review and editing. YL: Formal Analysis, Funding acquisition, Project administration, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Scientific Foundation of China (Grant No. 82160048), Natural Science Foundation Project of Anhui Province (Grant No. 2308085MH265), Major Scientific Research Project of Anhui Provincial Department of Education (Grant No. 2023AH040082, 2024AH040205), Excellent Young Teacher Training Project of Anhui Provincial Education Department (Grant No. YQYB2023017) and Young Scholars of Anhui Province’s Top Young Talents Project.
ACKNOWLEDGMENTS
The authors wish to thank the staff at the Key Laboratory of Embryo Development and Reproductive Regulation of Anhui Province in the Fuyang Normal University for their expert and most caring technical assistance in helping with the mice and individual experiments.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1519497/full#supplementary-material
REFERENCES
 Ajoolabady, A., Kaplowitz, N., Lebeaupin, C., Kroemer, G., Kaufman, R. J., Malhi, H., et al. (2023). Endoplasmic reticulum stress in liver diseases. Hepatology 77 (2), 619–639. doi:10.1002/hep.32562
 Arab, H. H., Khames, A., Alsufyani, S. E., El-Sheikh, A. A., and Gad, A. M. (2023). Targeting the endoplasmic reticulum stress-linked PERK/GRP78/CHOP pathway with magnesium sulfate attenuates chronic-restraint-stress-induced depression-like neuropathology in rats. Pharmaceuticals 16 (2), 300. doi:10.3390/ph16020300
 Chen, M., Liu, M., Luo, Y., Cao, J., Zeng, F., Yang, L., et al. (2022). Celastrol protects against cerebral ischemia/reperfusion injury in mice by inhibiting glycolysis through targeting HIF-1α/PDK1 Axis. Oxid. Med. Cell Longev. 2022 (1), 7420507. doi:10.1155/2022/7420507
 Chen, X., Shi, C., He, M., Xiong, S., and Xia, X. (2023). Endoplasmic reticulum stress: molecular mechanism and therapeutic targets. Signal Transduct. Target. Ther. 8 (1), 352. doi:10.1038/s41392-023-01570-w
 Choi, E. K., Jung, H., Kim, K.-J., Kang, S. J., Kim, H. J., Lim, J. A., et al. (2018). Sodium nitrite attenuates hepatic ischemia-reperfusion injury in rats. Exp. Clin. Transplant. Official J. Middle East Soc. Organ Transplant. 17 (3), 348–354. doi:10.6002/ect.2018.0169
 Chu, Q., Gu, X., Zheng, Q., Wang, J., and Zhu, H. (2021). Mitochondrial mechanisms of apoptosis and necroptosis in liver diseases. Anal. Cell. Pathol. 2021 (1), 8900122. doi:10.1155/2021/8900122
 Chullo, G., Panisello-Rosello, A., Marquez, N., Colmenero, J., Brunet, M., Pera, M., et al. (2024). Focusing on ischemic reperfusion injury in the new era of dynamic machine perfusion in liver transplantation. Int. J. Mol. Sci. 25 (2), 1117. doi:10.3390/ijms25021117
 Church, R. J., Kullak-Ublick, G. A., Aubrecht, J., Bonkovsky, H. L., Chalasani, N., Fontana, R. J., et al. (2019). Candidate biomarkers for the diagnosis and prognosis of drug-induced liver injury: an international collaborative effort. Hepatology 69 (2), 760–773. doi:10.1002/hep.29802
 Ding, J. M., Yang, W. J., Jiang, Y. H., Ji, J., Zhang, J., Wu, L. W., et al. (2022). Cordycepin protects against hepatic ischemia/reperfusion injury via inhibiting MAPK/NF- B pathway. Mediat Inflamm. 2022:5676256. doi:10.1155/2022/5676256
 Ding, Y., Zheng, S., Wang, J., Xie, C., Feng, S., Zhou, Z., et al. (2024). Wenyang-Shengji ointment regulates GRP78/CHOP pathway to inhibit excessive endoplasmic reticulum stress for facilitating diabetic refractory wound repair. Chin. J. Pathophysiol. , 493–501. 
 Direito, R., Barbalho, S. M., Sepodes, B., and Figueira, M. E. (2024). Plant-derived bioactive compounds: exploring neuroprotective, metabolic, and hepatoprotective effects for health promotion and disease prevention. Pharmaceutics 16 (5), 577. doi:10.3390/pharmaceutics16050577
 Fitzgerald, V. K., Lutsiv, T., McGinley, J. N., Neil, E. S., Playdon, M. C., and Thompson, H. J. (2024). Common bean suppresses hepatic ceramide metabolism in a mouse model of metabolic dysfunction-associated steatotic liver disease. Nutrients 16 (18), 3196. doi:10.3390/nu16183196
 Gao, X. L., Tian, X., Huang, Y., Fang, R., Wang, G. D., Li, D., et al. (2022). Role of circular RNA in myocardial ischemia and ageing-related diseases. Cytokine Growth F. R. 65, 1–11. doi:10.1016/j.cytogfr.2022.04.005
 Gao, Y., Li, Z. T., Jin, L., Lin, J., Fan, Z. L., Zeng, Z., et al. (2021). Melatonin attenuates hepatic ischemia-reperfusion injury in rats by inhibiting NF-κB signaling pathway. Hepatobiliary and Pancreat. Dis. Int. 20 (6), 551–560. doi:10.1016/j.hbpd.2021.04.001
 Han Jie, L., Jantan, I., Yusoff, S. D., Jalil, J., and Husain, K. (2021). Sinensetin: an insight on its pharmacological activities, mechanisms of action and toxicity. Front. Pharmacol. 11, 553404. doi:10.3389/fphar.2020.553404
 Kong, E., Li, Y., Geng, X., Wang, J., He, Y., and Feng, X. (2023). Ischemic preconditioning attenuates endoplasmic reticulum stress-dependent apoptosis of hepatocytes by regulating autophagy in hepatic ischemia-reperfusion injury. Int. Immunopharmacol. 122, 110637. doi:10.1016/j.intimp.2023.110637
 Krzywonos-Zawadzka, A., Franczak, A., Sawicki, G., Wozniak, M., and Bil-Lula, I. (2017). Multidrug prevention or therapy of ischemia-reperfusion injury of the heart-Mini-review. Environ. Toxicol. Phar 55, 55–59. doi:10.1016/j.etap.2017.08.004
 Li, J., Jie, X., Liang, X., Chen, Z., Xie, P., Pan, X., et al. (2020). Sinensetin suppresses influenza a virus-triggered inflammation through inhibition of NF-κB and MAPKs signalings. BMC Complementary Med. Ther. 20, 135–139. doi:10.1186/s12906-020-02918-3
 Li, J., Li, R.-J., Lv, G.-Y., and Liu, H.-Q. (2015). The mechanisms and strategies to protect from hepatic ischemia-reperfusion injury. Eur. Rev. Med. and Pharmacol. Sci. 19 (11), 2036–2047.
 Li, R., Yang, L., Li, S., Chen, S., Ren, Y., Shen, L., et al. (2024). C/EBPα alleviates hepatic ischemia-reperfusion injury by inhibiting endoplasmic reticulum stress via HDAC1-mediated deacetylation of ATF4. J. Biochem. Mol. Toxicol. 38 (1), e23630. doi:10.1002/jbt.23630
 Li, T., Yin, Y., Mu, N., Wang, Y. S., Liu, M. L., Chen, M., et al. (2021). Metformin-enhanced cardiac AMP-activated protein kinase/atrogin-1 pathways inhibit charged multivesicular body protein 2B accumulation in ischemia-reperfusion injury. Front. Cell Dev. Biol. 8, 621509. doi:10.3389/fcell.2020.621509
 Liu, H., and Man, K. (2021). New insights in mechanisms and therapeutics for short-and long-term impacts of hepatic ischemia reperfusion injury post liver transplantation. Int. J. Mol. Sci. 22 (15), 8210. doi:10.3390/ijms22158210
 Liu, J., Luo, R., Zhang, Y., and Li, X. (2024). Current status and perspective on molecular targets and therapeutic intervention strategy in hepatic ischemia-reperfusion injury. Clin. Mol. Hepatology 30, 585–619. doi:10.3350/cmh.2024.0222
 Liu, J., Ren, F., Cheng, Q., Bai, L., Shen, X., Gao, F., et al. (2012). Endoplasmic reticulum stress modulates liver inflammatory immune response in the pathogenesis of liver ischemia and reperfusion injury. Transplantation 94 (3), 211–217. doi:10.1097/TP.0b013e318259d38e
 Lu, Z., Lin, Y., Peng, B., Bao, Z., Niu, K., and Gong, J. (2017). Hydrogen-rich saline ameliorates hepatic ischemia-reperfusion injury through regulation of endoplasmic reticulum stress and apoptosis. Dig. Dis. Sci. 62, 3479–3486. doi:10.1007/s10620-017-4811-8
 Ma, X., Pan, B., Wang, L., Feng, Z., and Peng, C. (2023). Network pharmacology and molecular docking elucidate potential mechanisms of Eucommia ulmoides in hepatic ischemia–reperfusion injury. Sci. Rep-Uk 13 (1), 20716. doi:10.1038/s41598-023-47918-8
 Mao, B., Yuan, W., Wu, F., Yan, Y., and Wang, B. (2023). Autophagy in hepatic ischemia–reperfusion injury. Cell death Discov. 9 (1), 115. doi:10.1038/s41420-023-01387-0
 Montalvo-Jave, E. E., Escalante-Tattersfield, T., Ortega-Salgado, J. A., Piña, E., and Geller, D. A. (2008). Factors in the pathophysiology of the liver ischemia-reperfusion injury. J. Surg. Res. 147 (1), 153–159. doi:10.1016/j.jss.2007.06.015
 Tan, S., Lu, X., Chen, W., Pan, B., Kong, G., and Wei, L. (2024). Analysis and experimental validation of IL-17 pathway and key genes as central roles associated with inflammation in hepatic ischemia–reperfusion injury. Sci. Rep-Uk 14 (1), 6423. doi:10.1038/s41598-024-57139-2
 Tao, J., Shen, X., Ai, Y., and Han, X. (2016). Tea polyphenols protect against ischemia/reperfusion-induced liver injury in mice through anti-oxidative and anti-apoptotic properties. Exp. Ther. Med. 12 (5), 3433–3439. doi:10.3892/etm.2016.3789
 Tian, X., Huang, Y., Zhang, X. F., Fang, R., Feng, Y., Zhang, W. F., et al. (2022). Salidroside attenuates myocardial ischemia/reperfusion injury via AMPK-induced suppression of endoplasmic reticulum stress and mitochondrial fission. Toxicol. Appl. Pharmacol. 448, 116093. doi:10.1016/j.taap.2022.116093
 Wang, H., Miao, F. J., Ning, D. L., and Shan, C. L. (2022). Ellagic acid Alleviates hepatic ischemia-reperfusion injury in C57 mice via the Caspase-1-GSDMD pathway. Bmc Vet. Res. 18 (1), 229. doi:10.1186/s12917-022-03326-0
 Wang, P. P., Huang, X., Yang, M. W., Fang, S. Y., Hong, F. F., and Yang, S. L. (2021). Effects of non-drug treatment on liver cells apoptosis during hepatic ischemia-reperfusion injury. Life Sci. 275, 119321. doi:10.1016/j.lfs.2021.119321
 Xiong, G., Deng, Y., Liao, X., Zhang, J., Cheng, B., Cao, Z., et al. (2020). Graphene oxide nanoparticles induce hepatic dysfunction through the regulation of innate immune signaling in zebrafish (Danio rerio). Nanotoxicology 14 (5), 667–682. doi:10.1080/17435390.2020.1735552
 Xiong, G., Zhang, H., Peng, Y., Shi, H., Han, M., Hu, T., et al. (2024a). Subchronic co-exposure of polystyrene nanoplastics and 3-BHA significantly aggravated the reproductive toxicity of ovaries and uterus in female mice. Environ. Pollut. 351, 124101. doi:10.1016/j.envpol.2024.124101
 Xiong, G., Zhang, H., Shi, H., Peng, Y., Han, M., Hu, T., et al. (2024b). Enhanced hepatotoxicity in zebrafish due to co-exposure of microplastics and sulfamethoxazole: insights into ROS-mediated MAPK signaling pathway regulation. Ecotox Environ. Safe 278, 116415. doi:10.1016/j.ecoenv.2024.116415
 Xiong, G., Zou, L., Deng, Y., Meng, Y., Liao, X., and Lu, H. (2019). Clethodim exposure induces developmental immunotoxicity and neurobehavioral dysfunction in zebrafish embryos. Fish. Shellfish Immunol. 86, 549–558. doi:10.1016/j.fsi.2018.12.002
 Xu, X., Zhang, C. J., Talifu, Z., Liu, W. B., Li, Z. H., Wang, X. X., et al. (2024). The effect of Glycine and N-acetylcysteine on oxidative stress in the spinal cord and skeletal muscle after spinal cord injury. Inflammation 47 (2), 557–571. doi:10.1007/s10753-023-01929-9
 Xu, Z.-C., Yin, J., Zhou, B., Liu, Y.-T., Yu, Y., and Li, G.-Q. (2015). Grape seed proanthocyanidin protects liver against ischemia/reperfusion injury by attenuating endoplasmic reticulum stress. World J. Gastroenterology: WJG 21 (24), 7468–7477. doi:10.3748/wjg.v21.i24.7468
 Yang, Y., Zhang, S., Fan, C. X., Yi, W., Jiang, S., Di, S. Y., et al. (2016). Protective role of silent information regulator 1 against hepatic ischemia: effects on oxidative stress injury, inflammatory response, and MAPKs. Expert Opin. Ther. Tar 20 (5), 519–531. doi:10.1517/14728222.2016.1153067
 Zhang, H., Yan, Q., Wang, X., Chen, X., Chen, Y., Du, J., et al. (2021). The role of mitochondria in liver ischemia-reperfusion injury: from aspects of mitochondrial oxidative stress, mitochondrial fission, mitochondrial membrane permeable transport pore formation, mitophagy, and mitochondria-related protective measures. Oxid. Med. Cell Longev. 2021 (1), 6670579. doi:10.1155/2021/6670579
 Zhang, S., Tang, J., Sun, C., Zhang, N., Ning, X., Li, X., et al. (2023). Dexmedetomidine attenuates hepatic ischemia-reperfusion injury-induced apoptosis via reducing oxidative stress and endoplasmic reticulum stress. Int. Immunopharmacol. 117, 109959. doi:10.1016/j.intimp.2023.109959
 Zhang, Y., Yuan, D., Yao, W., Zhu, Q., Liu, Y., Huang, F., et al. (2016). Hyperglycemia aggravates hepatic ischemia reperfusion injury by inducing chronic oxidative stress and inflammation. Oxid. Med. Cell Longev. 2016 (1), 3919627. doi:10.1155/2016/3919627
 Zhi, Z., Tang, X., Wang, Y., Chen, R., and Ji, H. (2021). Sinensetin attenuates amyloid beta25-35-induced oxidative stress, inflammation, and apoptosis in SH-SY5Y cells through the TLR4/NF-κB signaling pathway. Neurochem. Res. 46, 3012–3024. doi:10.1007/s11064-021-03406-x
 Zhou, H., Zhu, J., Yue, S., Lu, L., Busuttil, R. W., Kupiec-Weglinski, J. W., et al. (2016). The dichotomy of endoplasmic reticulum stress response in liver ischemia-reperfusion injury. Transplantation 100 (2), 365–372. doi:10.1097/TP.0000000000001032
 Zhu, H., and Zhou, H. (2021). Novel insight into the role of endoplasmic reticulum stress in the pathogenesis of myocardial ischemia-reperfusion injury. Oxid. Med. Cell Longev. 2021 (1), 5529810. doi:10.1155/2021/5529810
 Zhu, J., Hua, X., Li, D., Zhang, J., and Xia, Q. (2015). Rapamycin attenuates mouse liver ischemia and reperfusion injury by inhibiting endoplasmic reticulum stress. Transpl. P. 47 (6), 1646–1652. doi:10.1016/j.transproceed.2015.05.013
 Zou, S.-F., Peng, Y.-H., Zheng, C.-M., Fei, Y.-X., Zhao, S.-W., Sun, H.-P., et al. (2022). Octreotide ameliorates hepatic ischemia-reperfusion injury through SNHG12/TAF15-mediated Sirt1 stabilization and YAP1 transcription. Toxicol. Appl. Pharmacol. 442, 115975. doi:10.1016/j.taap.2022.115975
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Yang, Xiong, Shi, Peng, Liu, Jiang, Lu, Liu and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1519497-g005.gif





OPS/images/fphar-16-1519497-g006.gif





OPS/images/fphar-16-1519497-g003.gif
Al





OPS/images/fphar-16-1519497-g004.gif
iR onHSEN

onor v o o

foror v

HRkSheLSEN

REfa

[RepTp——

T

0 eowo QO doHo





OPS/images/fphar-16-1519497-g007.gif
*hemié

Apoptosis 1 Inflammation 1

Liver injury






OPS/xhtml/nav.xhtml
Contents

		Cover

		Sinensetin attenuates hepatic ischemia-reperfusion injury through suppressing GRP78/CHOP-mediated endoplasmic reticulum (ER) stress in mice		Objective

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Drugs and reagents

		2.2 Experimental animals and study approval

		2.3 Establishment of the HIRI model

		2.4 Experimental grouping and drug treatment

		2.5 Serum biochemical analysis

		2.6 Histopathological analysis

		2.7 RNA extraction and qRT-PCR analysis

		2.8 Immunohistochemical and TUNEL staining analysis

		2.9 Western blot analysis

		2.10 Molecular docking analysis

		2.11 Statistical analysis





		3 Results		3.1 Sinensetin pretreatment alleviated hepatic ischemia-reperfusion injury in mice

		3.2 Sinensetin reduced HIRI-induced liver damage and systemic inflammation

		3.3 Sinensetin significantly reduced HIRI-induced liver apoptosis and oxidative stress

		3.4 Sinensetin alleviated the HIRI-induced injury by regulating ER stress

		3.5 ER proteins was involved in the protective effect of SEN in HIRI-induced liver injury

		3.6 Pharmacological inhibition of ER stress can alleviate HIRI-induced liver injury





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Sinensetin attenuates hepatic
ischemia-reperfusion injury
through suppressing GRP78/
CHOP-mediated endoplasmic
reticulum (ER) stress in mice





OPS/images/fphar-16-1519497-g001.gif
A Ischemia perfod 1h \

p SIS i,
e e

I
'

e
S

%[»ﬁn.@f Tl

& ff“‘ fmw ff%fffgzg f@ﬁﬁ;ﬁfg{f






OPS/images/fphar-16-1519497-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





