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Background: Hepatitis B virus-associated acute-on-chronic liver failure (HBV-ACLF) is a syn-drome with a high short-term mortality rate, and its prognosis is critical in clinical management. This study aimed to investigate the clinical significance of glutathione peroxidase 4 (GPX4) in the occurrence and development of HBV-ACLF and its prognostic value for 90-day mortality.Methods: The expression levels of GPX4, oxidative stress-related molecules and inflammatory cytokines in serum or peripheral blood mononuclear cells (PBMCs) of 289 participants were determined by RT-qPCR or ELISA, and the methylation level of GPX4 promoter in PBMCs was determined by MethyLight.Results: The expression levels of GPX4 in the PBMCs and serum of HBV-ACLF patients were lower than those in non-HBV-associated acute-on-chronic liver failure (non-HBV ACLF) patients, patients with chronic hepatitis B (CHB) and healthy control (HC) individuals, while the methylation level of the GPX4 promoter was greater. In HBV-ACLF patients, the methylation level of the GPX4 promoter is correlated with oxidative stress, inflammation-related molecules, and some clinicopathological indicators. The methylation level of the GPX4 promoter was identified as an independent risk factor for 90-day mortality in HBV-ACLF patients and yielded a larger area under the receiver operating characteristic curve (AUROC) than the model for end-stage liver disease (MELD) score in predicting 90-day mortality.Conclusion: The GPX4 promoter methylation level has promising potential as a predictor of 90-day mortality in patients with HBV-ACLF.Keywords: glutathione peroxidase 4, HBV-associated acute-on-chronic liver failure, prognosis, biomarker, DNA methylation
1 INTRODUCTION
Acute-on-chronic liver failure (ACLF) is a clinical syndrome of acute decompensation of liver function based on chronic liver disease; characterized by intense systemic inflammation, organ failure, and a poor prognosis (Arroyo et al., 2020). Unlike in Western countries, hepatitis B virus (HBV) infection remains a critical cause of ACLF in Asian countries. It accounts for ∼70% of ACLF cases in Asian countries, and alcohol-related ACLF accounts for as little as 15%. HBV-ACLF can rapidly progress to multiorgan failure within 4 weeks, with high mortality and poor prognosis (Sarin et al., 2019). Thus, early and accurate prediction of prognosis is essential for life-saving emergent treatment.
GPX4 is a unique antioxidant enzyme that protects cells from membrane lipid peroxidation and maintains redox homeostasis, by reducing highly reactive lipid hydroperoxides (LOOHs) to nonreactive lipid alcohols (Yang et al., 2014; Xie et al., 2023). Redox homeostasis is the balance of oxidation and reduction reactions present in all living systems and is a crucial component of physiological cell homeostasis. Impaired redox homeostasis is associated with multiple pathological conditions, including viral diseases and cancer (Ursini et al., 2016; Agmon and Stockwell, 2017; Lennicke and Cochemé, 2021). Oxidative stress (OS) plays a significant role in the pathogenesis of liver failure (Zaccherini et al., 2021; Piano et al., 2023). If the antioxidant capacity is insufficient and/or the damage incurred is not efficiently repaired, reactive oxygen species (ROS) may ultimately lead to OS-related damage, such as cell apoptosis, tissue damage, and organ dysfunction which is the pathophysiological basis for the development and progression of ACLF (Engelmann et al., 2021). Extensive studies have shown that GPX4 is involved in the occurrence and development of a variety of inflammatory diseases and liver diseases (Xie et al., 2023), but the potential significance and prognostic value of GPX4 in HBV-ACLF patients have not been determined.
In this study, we primarily used MethyLight to detect the methylation levels of GPX4 promoter in patients with HBV-ACLF, patients with non-HBV ACLF, patients with CHB and HCs. We subsequently analyzed the relationships between the methylation level of the GPX4 promoter and oxidative damage indicators, inflammatory cytokines, and clinicopathological indicators in HBV-ACLF patients to clarify the potential clinical significance of GPX4 in the occurrence and development of HBV-ACLF and to determine its potential as a predictor of 90-day mortality in HBV-ACLF patients.
2 MATERIALS AND METHODS
2.1 Study population
A total of 289 participants were recruited from September 2021 through September 2023 in the Department of Hepatology, Qilu Hospital of Shandong University including 84 patients with HBV-ACLF, 61 patients with non-HBV ACLF, 94 patients with CHB and 50 HCs (Figure 1). HBV-ACLF patients and non-HBV ACLF patients were defined according to the criteria proposed by the Asian Pacific Association for the Study of the Liver (APASL) (Sarin et al., 2019). The inclusion criteria of HBV-ACLF patients were HBV infection for at least 6 months, jaundice (serum total bilirubin [TBIL] > 85 μmol/L), abnormal coagulation (international normalized ratio [INR]≥1.5 or prothrombin activity [PTA] < 40%), and ascites and/or hepatic encephalopathy (HE) within 4 weeks. The subjects with the following situation will be excluded: coinfection with hepatitis A, C, D, and E virus, HIV and other viruses; combined with other liver diseases, such as autoimmune hepatitis, alcoholic hepatitis, drug hepatitis; combined with pregnancy, metabolic disorders, primary liver cancer and other malignant tumors; combined with serious diseases of other systems; patients with severe hepatitis caused by HBV reinfection after liver transplantation; rejected participants. The inclusion criteria of Non-HBV ACLF patients were jaundice (TBIL > 85 μmol/L), abnormal coagulation (INR≥1.5 or PTA < 40%), and ascites and/or HE within 4 weeks. The subjects with the following situation will be excluded: coinfection with hepatitis A, C, D, and E virus, HIV and other viruses; combined with pregnancy; combined with primary liver cancer; combined with other malignant tumors; combined with serious diseases of other systems; patients after liver transplantation; rejected participants. Patients with CHB were diagnosed based on hepatitis B surface antigen (HBsAg) positivity for > 6 months according to the American Association for the Study of Liver Disease (AASLD) (Terrault et al., 2018). Healthy volunteers served as normal controls with negative viral hepatitis tests, normal alanine aminotransferase (ALT)/aspartate aminotransferase (AST) levels, and no evidence of other liver or malignant diseases. This research was reviewed and approved by the Medical Ethical Committee of Qilu Hospital of Shandong University and conducted according to the Declaration of Helsinki. All participants signed informed consent after understanding the experimental process and required specimens.
[image: Figure 1]FIGURE 1 | The selection process of subjects.
After enrollment, the basic information, clinical data, and laboratory parameters were recorded. According to the APASL consensus recommendations, patients with HBV-ACLF were treated with standard therapies, such as antiviral treatment, liver protection and other necessary management methods, such as plasma exchange, according to the individual assessment. None of the patients with ACLF in this study underwent liver transplantation. All patients with HBV-ACLF were followed for 3 months after the start of the study.
2.2 Serum collection and PBMCs isolation
Peripheral venous blood (3 mL) was collected from each participant into an EDTA-containing tube following an 8 h fast and whole blood (5 mL) was also collected in additional serum separator tubes (SST) for serum isolation. Following centrifugation, the serum was isolated and PBMCs were obtained through Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) density gradient centrifugation.
2.3 DNA extraction and TaqMan probe-based quantitative methylation-specific PCR
Genomic DNA was extracted from PBMCs using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States). EZ DNA Methylation-Gold kit (Zymoresearch, Orange, CA, United States) was used for DNA bisulfite modification. MethyLight was performed using the EpiTect MethyLight PCR + ROX Vial Kit (QIAGEN, Hilden, Germany) and according to the manufacturer’s standard guidelines. We used the website (https://www.ncbi.nlm.nih.gov/) to delineate the promoter of GPX4. The genome coordinates of GPX4 are hg38, chr19: 1103994-1106779. We selected the upstream 2,000 bp region of its transcription start site (TSS) as the promoter region. Then, we used another website (https://www.urogene.org/methprimer/) for sequence transformation and found only one CpG island (from 1,678 bp to 1,945 bp) through it (Li and Dahiya, 2002). So, the primers and probes were designed at this unique CpG island region (Supplementary Figure S1) through the Oligo7 (OLIGO 1267 Vondelpark ColoradoSprings, CO 80907, United States). Two sets of primers and probes, specifically designed for bisulfite-converted DNA, were utilized for the assay and listed in Table 1: an experimental set for the GPX4 gene and a reference set for the ACTB gene, which served as a normalization control. The percentage of the methylation reference value (PMR) indicates MethyLight data (Gao et al., 2015).
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TABLE 1 | Sequences of used primers and probes.
[image: Table 1]2.4 RNA extraction and RT-qPCR
Total RNA was extracted from PBMCs using TRIzol Reagent (Invitrogen, Carlsbad, CA, United States) and complementary DNA (cDNA) was then immediately synthesized using the First-Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania) according to the manufacturer’s instructions. The cDNA was used as a template immediately for RT-qPCR. The 10 μL reaction system underwent denaturation at 95°C for 30 s, followed by 45 cycles of 95°C for 5 s, 60°C for 30 s and 72°C for 60 s. The sequences of specific primers for GPX4 and ACTB were both described in Table 1. The relative expression of GPX4 was calculated using the 2−ΔΔCT method. All amplification reactions were conducted in triplicate.
2.5 Enzyme-linked immunosorbent assay (ELISA)
Serum cytokine levels were quantified using the Human Immunoassay Valukine ELISA Kits for GPX4, tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), interleukin-1β (IL-1β), ROS, malonaldehyde (MDA) and superoxide dismutase (SOD) (Lengton Bioscience Co., Shanghai, China). These kits employ a competitive method to detect samples’ content, and absorbance was measured at 450 nm according to the manufacturer’s protocol. All samples were measured in triplicate.
2.6 Clinical parameters
The serum biochemical markers included ALT, AST, TBIL, albumin (ALB), and creatinine (Cr). Blood routine indicators included white blood cell (WBC) counts and platelet (PLT) counts. Hemostasis markers included prothrombin time (PT), INR values, and PTA. Markers of viral infection included HBsAg, hepatitis B e antigen (HBeAg), and HBV DNA. These markers were measured using operating procedures in the Department of Medicine Laboratory, Qilu Hospital of Shandong University. Model for end-stage liver disease (MELD) score was calculated according to the original formula (Malinchoc et al., 2000):
[image: image]
2.7 Statistical analysis
Statistical analyses were performed using SPSS version 26.0 statistical software (SPSS Inc., Chicago, IL, United States). Quantitative variables are expressed as median (centile 25; centile 75). Categorical variables were expressed as numbers (%). Mann-Whitney U test, Kruskal–Wallis Test and Dunn’s test were used to compare the quantitative variables. The chi-square test was used to compare the categorical variables. The Spearman’s rank correlation test was used to analyze the relationship between GPX4 methylation level and quantitative clinical data as well as GPX4 mRNA expression level, serum GPX4, TNF-α, IL-6, IL-1β, ROS, MDA, and SOD levels. Receiver operating characteristic (ROC) curves were generated to estimate the discriminations. Survival analysis was performed using the Kaplan–Meier method with the log-rank test. All statistical analyses were 2-sided, and p-value < 0.05 was considered statistically significant.
3 RESULTS
3.1 Baseline characteristics of the study populations
In this study, a total of 289 participants were enrolled, including 84 patients with HBV-ACLF, 61 patients with non-HBV ACLF, 94 patients with CHB and 50 HCs. The general characteristics, clinical manifestations, and laboratory measurements of the subjects are shown in Table 2.
TABLE 2 | General clinical characteristics of the patients.
[image: Table 2]The baseline characteristics of the HBV-ACLF patients were categorized as survivors or nonsurvivors based on the 90-day prognosis, as shown in Table 3. Of the 84 HBV-ACLF patients consecutively enrolled, 29 were nonsurvivors, with a median age of 52 years (47–60 years). Compared to the survivors, the nonsurvivors exhibited significantly lower PLT counts, PTA and GPX4 relative mRNA expression levels, but significantly higher TBIL levels, WBC counts, INR values, MELD scores, rates of HE and GPX4 PMR values (all p < 0.05).
TABLE 3 | Baseline characteristics of patients with HBV-ACLF stratified by 90-day prognosis.
[image: Table 3]3.2 Hypermethylation of the GPX4 promoter in HBV-ACLF patients
To investigate the potential involvement of GPX4, we initially examined the expression level of GPX4 and the methylation status of the GPX4 promoter, expressed as the PMR value, in the enrolled study population. First, we analyzed the relative mRNA level of GPX4 in PBMCs from HBV-ACLF patients, non-HBV ACLF patients, CHB patients and HCs (Figure 2A). Compared to that in HCs, the relative mRNA level of GPX4 was significantly lower in HBV-ACLF (p < 0.0001) and CHB (p < 0.0001) patients respectively. Moreover, the relative mRNA level of GPX4 was significantly lower in the HBV-ACLF patients than in the non-HBV ACLF patients (p < 0.0001) and CHB patients (p = 0.0030). Next, we analyzed the methylation status of the GPX4 promoter expressed as the PMR values in PBMCs from patients with HBV-ACLF, non-HBV ACLF, CHB and HCs (Figure 2B). Compared to that in HCs, the GPX4 promoter methylation level was significantly greater in HBV-ACLF patients (p < 0.0001), non-HBV ACLF patients (p = 0.0014) and CHB patients (p < 0.0001) respectively. Moreover, the GPX4 promoter methylation level was significantly greater in HBV-ACLF patients than in non-HBV ACLF patients (p < 0.0001) and CHB patients (p < 0.0001). In addition, we analyzed the serum GPX4 levels in HBV-ACLF patients, non-HBV ACLF patients, CHB patients and HCs (Figure 2C). Compared to that in HCs, the serum GPX4 level was significantly lower in HBV-ACLF patients (p < 0.0001), non-HBV ACLF patients (p < 0.0001) and CHB patients (p < 0.0001) respectively. And the serum GPX4 level was significantly lower in HBV-ACLF patients than in non-HBV ACLF (p < 0.0001) and CHB patients (p < 0.0001).
[image: Figure 2]FIGURE 2 | The expression patterns of GPX4 in different groups. (A) Relative mRNA levels of GPX4 in PBMCs from HBV-ACLF patients, non-HBV ACLF patients, CHB patients and HCs. (B) GPX4 methylation levels in PBMCs from HBV-ACLF patients, non-HBV ACLF patients, CHB patients and HCs. (C) Serum GPX4 levels in HBV-ACLF patients, non-HBV ACLF patients, CHB patients and HCs. (D) A significant correlation was observed between the PMR value of the GPX4 promoter and the mRNA level in PBMCs (Spearman’s r = −0.6481, P< 0.0001). (E) A significant correlation was observed between the PMR value of GPX4 promoter and serum GPX4 expression (Spearman’s r = −0.6045, p < 0.0001), ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
The relationships between GPX4 methylation levels and mRNA levels in PBMCs and between GPX4 methylation levels and serum expression levels in all study populations were further analyzed by using Spearman rank correlation analysis. We found that the PMR value of GPX4 was significantly negatively correlated with the mRNA level of GPX4 in PBMCs (Spearman’s r = −0.6481, P< 0.0001) and the serum GPX4 expression level (Spearman’s r = −0.6045, P< 0.0001), as shown in Figures 2D, E.
3.3 Associations between the GPX4 promoter methylation levels and the serum expression levels of related cytokines in HBV-ACLF patients
To further explore the mechanism(s) underlying the increase in GPX4 promoter methylation levels in HBV-ACLF patients, we examined the serum expression levels of cytokines associated with OS, antioxidant stress, and inflammation in patients with HBV-ACLF by using ELISA. The relationships between GPX4 promoter methylation levels and these cytokines were further analyzed by using the Spearman rank correlation test, and the results are shown in Figure 3. As shown in the figure, the PMR value of GPX4 was significantly positively correlated with the serum TNF-α concentration (Figure 3A Spearman’s r = 0.6247, p < 0.0001), the serum IL-6 concentration (Figure 3B Spearman’s r = 0.4339, p < 0.0001), the serum IL-1β concentration (Figure 3C Spearman’s r = 0.5795, p < 0.0001), the serum ROS concentration (Figure 3D Spearman’s r = 0.4806, p < 0.0001) and the serum MDA concentration (Figure 3E Spearman’s r = 0.3177, p = 0.0032). Additionally, the PMR value of GPX4 was significantly negatively correlated with the serum SOD concentration (Figure 3F Spearman’s r = −0.2565, p = 0.0185).
[image: Figure 3]FIGURE 3 | Associations between the GPX4 promoter methylation level and the serum expression levels of related cytokines in HBV-ACLF patients. Significant correlations were observed between the PMR value of GPX4 promoter and serum TNF-α expression ((A) Spearman’s r = 0.6247, P< 0.0001), and serum IL-6 expression ((B) Spearman’s r = 0.4339, P< 0.0001), and serum IL-1β expression ((C) Spearman’s r = 0.5795, P< 0.0001). Significant correlations were observed between the PMR value of GPX4 promoter and serum ROS expression ((D) Spearman’s r = 0.4806, P< 0.0001), and serum MDA expression ((E) Spearman’s r = 0.3177, p = 0.0032), and serum SOD expression ((F) Spearman’s r = −0.2565, p = 0.0185), ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
3.4 Associations between the GPX4 promoter methylation levels and clinicopathological features in HBV-ACLF patients
To further explore the clinical significance of the hypermethylation of the GPX4 promoter, we identified that the GPX4 methylation level was positively correlated with age (Spearman’s r = 0.2249, P = 0.0397), ALT (Spearman’s r = 0.2365, p = 0.0303), AST (Spearman’s r = 0.3997, p = 0.0002), TBIL (Spearman’s r = 0.2765, p = 0.0109), INR (Spearman’s r = 0.3805, p = 0.0004), HBsAg (Spearman’s r = 0.3008, p = 0.0083) and MELD scores (Spearman’s r = 0.3714, p = 0.0005), and negatively correlated with PLT (Spearman’s r = −0.2181, P = 0.0477) and PTA (Spearman’s r = −0.4076, p < 0.0001) (Figures 4A–I). However, it was not associated with HBV-DNA, HBeAg, ALB, WBC and AFP (all p > 0.05).
[image: Figure 4]FIGURE 4 | Associations between the GPX4 methylation level and clinical variables in HBV-ACLF patients. Significant correlations were observed between the PMR value of GPX4 promoter and Age ((A) Spearman’s r = 0.2249, P = 0.0397), and ALT ((B) Spearman’s r = 0.2365, p = 0.0303), and AST ((C) Spearman’s r = 0.3997, p = 0.0002), and TBIL ((D) Spearman’s r = 0.2765, p = 0.0109), and PLT ((E) Spearman’s r = 0.2181, p = 0.0477), and PTA ((F) Spearman’s r = 0.4076, p < 0.0001), and INR ((G) Spearman’s r = 0.3805, p = 0.0004), and HBsAg ((H) Spearman’s r = 0.3008, p = 0.0083), and MELD score ((I) Spearman’s r = 0.3714, p = 0.0005), ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
In addition, the HBV-ACLF patients were divided into several subgroups according to their basic characteristics and clinicopathological features as shown in Table 4. We found that the GPX4 methylation level was significantly greater in patients with cirrhosis, patients with ascites, patients with HE and patients with MELD score > 20. However, the GPX4 promoter methylation level was not significantly correlated with gender and AFP level.
TABLE 4 | Associations between clinicopathological features and GPX4 promoter methylation level.
[image: Table 4]3.5 Hypermethylation of the GPX4 promoter served as an independent risk factor for 90-day mortality of HBV-ACLF patients
We performed univariate and multivariate Cox proportional hazard regression analyses to identify factors associated with the clinical outcomes in HBV-ACLF patients. As shown in Table 5, the TBIL level (HR = 1.004, 95%CI: 1.002–1.007), WBC count (HR = 1.121, 95%CI: 1.009–1.246), PTA (HR = 0.910, 95%CI: 0.875–0.946), INR (HR = 3.465, 95%CI: 2.124–5.652), HE (HR = 3.419, 95%CI: 1.627–7.182), MELD score (HR = 1.217, 95%CI: 1.141–1.299) and GPX4 PMR (HR = 1.050, 95%CI: 1.034–1.067) were significantly correlated with 90-day mortality in HBV-ACLF patients. Multivariate Cox proportional hazard analysis revealed that the GPX4 PMR (HR = 1.050, 95%CI:1.027–1.074) and MELD score (HR = 1.180, 95%CI:1.058–1.317) were independently associated with the prognosis of HBV-ACLF patients (Figure 5A).
TABLE 5 | Univariate and multivariate Cox proportional hazard regression analyses of prognosticators associated with 90-day mortality in patients with HBV-ACLF.
[image: Table 5][image: Figure 5]FIGURE 5 | GPX4 PMR outperforms the MELD score as a biomarker in HBV-ACLF patients. (A) Multivariate Cox proportional hazard regression analyses of prognostic factors associated with 90-day mortality in patients with HBV-ACLF. (B) ROC curves of the GPX4 PMR, MELDs and GPX4 PMR plus MELDs for predicting 90-day mortality in patients with HBV-ACLF. The PMR values of the GPX4 promoter had an AUC of 0.863, which was greater than that of the MELDs (AUC = 0.849). The optimal cut-off point of 62.00% was selected (cut-off PMR = 83.80%). The GPX4 PMR plus MELDs had an AUC of 0.918, which was greater than that of the GPX4 PMR and MELDs. (C) Kaplan-Meier curves for patients with HBV-ACLF stratified according to the GPX4 methylation level.
3.6 Diagnostic value of the GPX4 promoter methylation level for predicting 90-day mortality of HBV-ACLF patients
We employed ROC curves to evaluate the diagnostic value of GPX4 promoter methylation levels for predicting 90-day mortality in patients with HBV-ACLF (Figure 5B). The value of the top left corner of the ROC curve, with the maximum sum of sensitivity and specificity, was determined as the optimal diagnostic cut-off value. As shown in Figure 5B; Table 6, when predicting the 90-day mortality of HBV-ACLF patients, the optimal GPX4 PMR cut-off value (83.80%) was used to predict survival and nonsurvival, and an AUC of 0.863 (95%CI: 0.787–0.940) was achieved, with a sensitivity of 65.5% and a specificity of 96.6%. The MELD score allowed us to discriminate between survivors and nonsurvivors at an optimal cut-off value of 20.50, with an AUC of 0.849 (95%CI: 0.769–0.929), sensitivity of 72.7%, and specificity of 93.1%. The combination of the GPX4 PMR value and MELD score yielded an AUC of 0.918 (95%CI: 0.861–0.975), with a sensitivity of 70.9% and a specificity of 96.6%. The results suggested that the GPX4 PMR achieved a significantly greater AUC than did the MELD score. Notably, this combination had greater prognostic accuracy for HBV-ACLF than did the MELD score alone or the GPX4 PMR alone. Hence, the GPX4 PMR is a better biomarker for predicting 90-day mortality of HBV-ACLF patients than the MELD score.
TABLE 6 | Diagnostic values of GPX4 PMR, MELD score and GPX4 PMR plus MELD score for predicting 90-day mortality of patients with HBV-ACLF.
[image: Table 6]The median survival time for patients with high GPX4 PMR values was 35 days. Due to the limited sample size, we could not determine the median survival time for patients with low GPX4 PMR values. We then evaluated the prognostic performance of the GPX4 PMR in patients with HBV-ACLF. Kaplan–Meier analysis implied that hypermethylation of the GPX4 promoter was associated with worse overall survival (p < 0.001 by log-rank test, Figure 5C).
4 DISCUSSION
HBV-ACLF can manifest at any stage of CHB. Liver function rapidly deteriorates due to various factors; jaundice and coagulation dysfunction are the primary clinical manifestations, with ascites encephalopathy appearing within 4 weeks. HBV-ACLF is one of the most common end-stage liver diseases and is a life-threatening clinical syndrome (Piano et al., 2023). Approximately 12,000 patients with CHB per year are estimated to die from HBV-ACLF in Asia. Given its acute onset, rapid progression, poor prognosis, limited medical treatment options, scarcity of liver donors for transplantation, and high cost, early identification and prognostic prediction of this disease are crucial (Bernal et al., 2015; Hsu et al., 2023). To this end, a large number of researchers have established prognostic models based on the pathological process of ACLF, using various clinical indicators that can reflect liver function, organ failure, infection and inflammation (Liu et al., 2020; Nie et al., 2020; Xue et al., 2021). However, these models have not been widely used in clinical practice due to various limitations such as complex operation and high cost. Therefore, it is still of great significance to explore the pathological mechanism of HBV-ACLF and to find more accurate biomarkers that are easy to be applied in clinic.
Recent studies have shown that the pathophysiological mechanisms of ACLF mainly include a severe systemic inflammatory response, immune dysfunction, mitochondrial dysfunction, metabolic changes and OS (Engelmann et al., 2021). Due to the differences in the basis and causes of chronic liver disease, the pathogenesis of ACLF is significantly different between Eastern and Western populations. In the Asia-Pacific region, ACLF is mostly caused by HBV reactivation or overlapping infection with other hepatotropic viruses (Sarin and Choudhury, 2016). The pathogenesis of HBV-ACLF is extremely complex and is considered the result of interactions among multiple factors, such as the environment, virus and host. However, the exact mechanism has not been elucidated. It is generally believed that immune cell-mediated inflammation is the core link in the pathogenesis of HBV-ACLF, and OS is also involved. Due to immune disorders mediated by HBV infection and cytotoxic effects, cell death and tissue damage caused by OS cause an imbalance in proinflammatory cytokines, which further promotes the progression of HBV-ACLF.
GPX4, a glutathione peroxidase, is a key regulator of the ferroptosis regulatory pathway. GPX4 protects cells from the accumulation of lipid peroxides and reduces OS damage by scavenging free radicals and participating in the hydrolysis of lipid peroxides. It is an antioxidant molecule (Li et al., 2018). Research has shown that GPX4 is involved in numerous biological functions, including neuronal loss, autophagy, cell repair, inflammation, ferroptosis, apoptosis, and OS(Weaver and Skouta, 2022). Inhibition of GPX4, either directly or indirectly, leads to insufficient clearance of lipid peroxides, resulting in the accumulation of these harmful substances within cells. This accumulation then leads to OS damage and triggers ferroptosis. Ferroptosis is a recently discovered form of iron-dependent programmed cell death that is distinct from other known types of cell death such as apoptosis, necrosis, and autophagy. The main mechanisms underlying ferroptosis involve an imbalance in the amino acid antioxidant system, disruption of iron metabolism, and the accumulation of lipid peroxides (Jiang et al., 2021). This process is consistent with the imbalance of iron homeostasis and oxidative damage observed during the occurrence and development of HBV-ACLF; therefore, we speculate that ferroptosis may be involved in the pathological process of HBV-ACLF. Furthermore, damage-associated molecular patterns (DAMPs) released by cells after ferroptosis can trigger inflammatory responses through various pathways, including the Toll-like receptor 4 (TLR4) pathway, the advanced glycosylation end product-specific receptor (AGER) pathway, and the stimulator of interferon response cGAMP interactor 1 (STING1) pathway (Chen et al., 2021), which further supports our hypothesis. However, whether ferroptosis is indeed involved in this process remains to be investigated. In addition, GPX4 loss mediates the cross-linking of ferroptosis with oxidative stress, inflammation/pyroptosis, and autophagy (Xie et al., 2023). These pathological processes may be involved in hepatocyte death and specific immune cell depletion in the development of HBV-ACLF (Lan et al., 2017; Wang F., et al., 2021).
Recent studies have shown that GPX4 plays a significant role in the development and progression of various diseases. In particular, it has been implicated in inflammatory diseases, autoimmune disorders, neurodegenerative diseases, ischemia-reperfusion (I/R) injury, and cancers. Regarding inflammatory diseases, experiments in mouse models have shown that the conditional depletion of GPX4 in myeloid cells expedites the systemic inflammatory response and leads to multiorgan failure (Kang et al., 2018). Additionally, GPX4 inhibits inflammatory nuclear factor-κB (NF-κB) pathway activation and the production of proinflammatory mediators (e.g., IL1B and PTGS2/[prostaglandin-endoperoxide synthase 2] [COX2]) across diverse experimental models, such as angiogenesis and hair follicle development (Banning et al., 2004; Sengupta et al., 2013). GPX4 deficiency in the pancreas or small intestine can lead to pancreatitis (Liu et al., 2022) and inflammatory bowel disease (Mayr et al., 2020). Collectively, these models involving conditional depletion of GPX4 suggest a broad regulatory role for GPX4 in the prevention of inflammation. Notably, GPX4 also plays a crucial role in the occurrence and progression of liver diseases. It has been established that GPX4 is indispensable for the survival of hepatocytes and for the normal functioning of the liver (Carlson et al., 2016). Therefore, targeting GPX4 may be a potential therapeutic approach for a variety of liver diseases. For example, inhibiting GPX4 activity has been shown to induce ferroptosis in hepatocellular carcinoma (HCC) cells (Wang Q. et al., 2021), and targeting GPX4 can alleviate ferroptosis and aid in the treatment of metabolism-related fatty liver disease (Tong et al., 2022). The activation of GPX4 by Maresin1 (MaR1) has been found to alleviate liver injury and reduce the expression of ROS, MDA, and inflammatory factors (Yang W. Wang, et al., 2022). Although GPX4 has been extensively studied in a wide range of diseases, there is currently no research on its role in HBV-ACLF. Considering that GPX4 is widely expressed in immune cells and is the first line of defense of the immune system against inflammation, we conducted experiments using PBMCs to evaluate GPX4 expression. Additionally, previous studies have shown that impaired expression of the GPX4 gene in the PBMCs of breast cancer patients serves as a biomarker for an increased risk of breast cancer (Bermano et al., 2010), further suggesting the association between GPX4 expression in PBMCs and disease.
One category of epigenetic modifications is DNA methylation, a chemical modification of DNA. DNA methylation is the acquisition of methyl groups by DNA methyltransferase (DNMT), which in turn affects gene expression without changing the DNA sequence. DNA methylation mainly occurs on the cytosines adjacent to guanine (CpG dinucleotide). DNA methylation in the gene promoter region can inhibit gene expression and lead to decreased gene expression levels (Jones, 2012). DNA methylation is frequently observed in the context of chronic inflammatory diseases such as cholangitis, inflammatory bowel disease, hepatitis, and liver fibrosis (Wei et al., 2023; Xu et al., 2023). Moreover, some studies have shown that abnormal expression of DNMTs is related to persistent HBV infection (Fan et al., 2016). Additionally, hepatitis B virus protein X (HBx) is known to induce various forms of epigenetic modifications, such as H3K4 methylation and DNA hypermethylation (Gao et al., 2020; Yang L. et al., 2022), indicating that abnormal methylation of the gene promoter occurs in individuals with HBV infection. Therefore, we hypothesized that DNA methylation may be involved in the development of HBV-ACLF. More importantly, the methylation test has higher stability than the common index test, which is more suitable for clinical application in the diagnosis and prediction of the disease, and the abnormal methylation status of genes in PBMCs has been used to diagnose and predict the prognosis of the diseases (Sun et al., 2018; Sun et al., 2022; Li et al., 2023). However, there is currently no available research investigating the methylation status of the GPX4 promoter in PBMCs from HBV-ACLF patients and its potential association with prognosis.
Therefore, based on the pathophysiologic mechanism of HBV-ACLF, the biological function of GPX4, and the impact of GPX4 in other diseases, we speculate that GPX4 may be involved in multiple pathophysiological processes of HBV-ACLF and ultimately affect the overall prognosis of HBV-ACLF patients, and may be able to serve as an important biomarker for it. To verify this hypothesis, we initially found that GPX4 expression was significantly downregulated and that promoter methylation was significantly upregulated in HBV-ACLF patients compared with non-HBV ACLF patients, CHB patients and HC individuals. These results suggest that a decrease in GPX4 expression is caused by hypermethylation in the PBMCs of HBV-ACLF patients. The difference between HBV-ACLF and non-HBV ACLF patients suggested that HBV infection may have an effect on GPX4 expression, and this phenomenon of viral influence on GPX4 expression also occurs during Epstein-Barr virus infection (Yuan et al., 2022). In addition, Jia et al., (2020) found that GPX4 maintained reoxidation-reduction homeostasis and promoted STING-mediated innate immune response. In their study, the innate immune response induced by HSV-1 infection in GPX4-deficient/inactivated mice was significantly lower than that in the control group, and the virus replication and tissue damage were significantly higher than that in the control group. STING signaling pathway plays an important role in the course of chronic HBV infection, so it can be speculated that GPX4 influences HBV virus replication and tissue damage caused by STING signaling pathway, thus affecting the disease progression of HBV-ACLF. In our study, the etiology of Non-HBV ACLF group was complex and diverse, including drug-induced liver disease, alcoholic liver disease, etc., and its pathological process was also different. Therefore, the GPX4 expression levels and the methylation levels of GPX4 gene promoter in PBMCs were significantly different in the Non-HBV ACLF group, but the differences were not significant compared with CHB patients or HCs, which is worthy of further study. Besides, we detected the levels of OS-related indicators and proinflammatory cytokines in the serum of HBV-ACLF patients. We found that the GPX4 methylation level was significantly negatively correlated with the serum SOD level and significantly positively correlated with the serum ROS, MDA, TNF-α, IL-1β and IL-6 levels. This is consistent with the induction of OS and inflammation when GPX4 is inhibited. We then analyzed the relationship between GPX4 promoter methylation levels and viral load in the PBMCs of HBV-ACLF patients and found some positive correlations between them. We speculate that HBV infection may inhibit the expression of GPX4, and in related studies, a decrease in GPX4 expression was observed in primary hepatocytes transduced with lenti-HBx (Liu et al., 2021). However, this speculation needs to be verified by further studies. The GPX4 methylation level was also positively correlated with liver injury indicators, such as AST and ALT, indicating that GPX4 is related to hepatocyte injury and the expression level of GPX4 can reflect the degree of liver injury in HBV-ACLF patients to a certain extent. Taken together, these results support the hypothesis that GPX4 plays an important role in the pathogenesis of HBV-ACLF.
Given the correlation between GPX4 and oxidative damage indexes, inflammation indexes and liver clinicopathological indexes in HBV-ACLF patients, which can reflect the degree of oxidative damage, inflammation and hepatocyte damage in HBV-ACLF patients to a certain extent, and is suitable to be used as a biomarker for the prediction of prognosis in them, we evaluated the prognostic predictive potential of GPX4 in HBV-ACLF. Through univariate and multivariate Cox regression analyses, we found that the GPX4 promoter methylation level was an independent risk factor for predicting 90-day mortality in HBV-ACLF patients. In terms of the predictive value of prognosis, the predictive ability of the GPX4 PMR was greater than that of the MELD score, and the combination of the two further enhanced the predictive ability. According to the clinical follow-up data of HBV-ACLF patients, the overall survival of patients with GPX4 promoter hypomethylation (PMR < 83.80%) was better than that of patients with GPX4 promoter hypermethylation (PMR ≥ 83.80%). Overall, GPX4 has important clinical value in HBV-ACLF disease. Notably, the methylation status of the GPX4 promoter was detected only in PBMCs and not in liver tissue, mainly because of the difficulty in obtaining liver tissue specimens from HBV-ACLF patients. In addition, PBMCs, which include monocytes, T cells, B cells, natural killer cells and dendritic cells, are important cells of the immune system and play key roles in the body’s inflammation and immune deterioration. Previous studies have reported that various diseases can affect the gene expression of PBMCs through host immunity or the inflammatory response. And Li et al.,(2022) have revealed that the expression of some genes in PBMCs can reflect the immune metabolism disorder of HBV-ACLF through PBMCs transcriptomic identification. Moreover, PBMCs are easy to obtain, and studies of PBMCs combined with serum cytokines may reveal the role of some of the body’s immune system in the occurrence and development of diseases.
This study has several limitations. First, the sample size was relatively small, and all patients were from a single center, which may have led to selection bias. Thus, the predictive power of the GPX4 PMR needs to be validated prospectively in a larger sample. Second, we evaluated only the correlation between GPX4 and cytokine expression levels and between GPX4 and clinicopathological indicators and did not explore the underlying molecular mechanism. Future studies should aim to investigate the underlying molecular pathways through which GPX4 is involved in the development of HBV-ACLF. In conclusion, we found that the GPX4 promoter is hypermethylated in patients with HBV-ACLF. This hypermethylation pattern was shown to be correlated with OS-related indicators and proinflammatory cytokine levels. These findings suggest that GPX4 may play an important role in the pathogenesis of HBV-ACLF and may provide new ideas for the development of comprehensive treatment strategies for this disease. Furthermore, we demonstrated that the GPX4 PMR can accurately predict 90-day mortality in HBV-ACLF patients. Our results highlight the important role and potential prognostic value of GPX4 in managing this disease, but the exact role of GPX4 in the pathogenesis of HBV-ACLF and its potential as a therapeutic target need to be further investigated.
5 CONCLUSION
GPX4 may play an important role in the pathogenesis of HBV-ACLF, and hypermethylation of the GPX4 promoter predicts poor prognosis in patients with HBV-ACLF, which will lead to new ideas for the clinical management of HBV-ACLF.
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Positive 46 93.95(78.60-111.78) | 0.003
Negative 38 79.83 (71.08-90.02)
HE
Positive 17 96,59 (85.00-123.60) | 0.021
Negative 67 83.51(75.26-99.31)
MELDs
<20 10 79.00(74.38-9395) | 0.002
>20 44 | 9396 (1.25-11556)
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Survival

Male, n (%) 44/(80.00) 20 (68.97) 0259
Age (years) 46 (38-54) 52 (47-60) 0057°
logl0 [HBV-DNA] 402 (3.05-5.90) 4.86 (3.46-5.66) 0392°
HBsAg(IU/mL) 1,251.96 (192.82-4387.25) 4,297.51 (249.97-6,383.50) 0228°
HBeAg(+), n (%) 39(7091) 17 (58.62) 0256
ALT (U/L) 114.00 (64.00-363.00) 140.00 (69.00-271.00) 0818°
AST (U/L) 11400 (79.00-239.00) 125.00 (82.00-194.50) 0563
TBIL (umol/L) 191.70 (142.30-312.00) 339.60 (240.65-497.95) <0001°
ALB (g/L) 33.60 (28.80-37.10) 33.30 (30.60-35.80) 0682"
Cr (umol/L) 57.00 (48.00-62.00) 56.00 (48.00-75.50) 0379°
WBC (109/L) 6.14 (5.14-9.80) 8.00(6.53-11.53) 0032°
PLT (10A9/L) 10200 (74.00-149.00) 77.50 (58.50-119.50) 0.048"
PTA (%) 44,00 (37.00-49.00) 29.00(25.00-35.00) <0.001°
INR 1.68 (1.55-2.01) 240 (217-2.77) <0.001°
AFP (ng/mL) 80.54 (15.65-320.40) 51.46 (15.73-136.64) 0414°
MELDs 1759 (1491-20.92) 22.93 (20.81-26.60) <0.001°
Cirrhosis, n (%) 28(5091) 20/(68.97) o112
Ascites, n (%) 26(47.27) 20(68.97) 0.058*
HE, n (%) 5(9.09) 12 (41.38) <0.001°
GPX4 relative mRNA expressive 025 (0.22-0.26) 0.21(0.19-0.23) 0.001°
GPX4 PMR (%) 79.00 (74.09-90.75) 102,81 (90.56-130.15) <0.001°

Quantitative variables were expressed as medians (25th, 75th percentage).
Qualitative variables were expressed as numbers (percentages).

chi-square test.” Mann-Whitney U test.
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Gene Forward primer sequence (5' to 3
RIqPCR aPx AGTAAACTACACTCAGCTCGTC
Acts CATGTACGTTGCTATCCAGGE
MethyLight apx TCGACGGGTATATGGTTAATTTGGAT
Acts TGGTGATGGAGGAGGTTTAGTAAGT

Probe modification: 5'6-FAM and ¥BHOL.

Reverse primer sequence (5' to 3)
AMACCACACTCAGCGTATCGG
CICCTTAKTGTCACGCACGAT
GTTAATAACGATACACACGAAACCCCTA

AACCAATAAAACCTACTCCTCCCTTAAA

Probe sequence (

CCAAACGAACGCCCACCGAT

ACCACCACCCAACACACAATAACAAACACA
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HBV-ACLF Non-HBV ACLF
Male, n (%) 64(76.19) 39(63.93) 53(56.38) 29(58.00) 0.036*
Age (years) 49 (40-58) 52 (46-62) 47 (37-55) 52 (39-58) 0052°
logl0 [HBV-DNA] | 4.59 (3.17-581) NA 690 (4.73-8.19) NA <0.001"
ALT (U/L) 131.00 (64.50-350.75) 50.00 (26.50-116.00) 42.00 (20.00-115.00) 1600 (13.00-22.50) <0001"°
AST (U/L) 119.00 (79.75-234.25) 67.00 (43.00-156.00) 30.00 (20.00-61.00) 19.00 (16.00-23.00) <0.001°
TBIL (umol/L) 244.40 (165.70-359.88) 226.30 (160.30-360.25) 1220 (8.58-16.40) 1120 (8.25-14.45) <0001"°
ALB (g/L) 33.35 (30.00-36.73) 31,90 (30.35-34.35) 46.25 (44.18-49.25) 46.95 (44.98-48.40) <0001"°
Cr (umol/L) 57.00 (48.0-64.75) 48.00 (38.00-71.50) 69.00 (54.75-79.00) 70.00 (64.75-79.25) <0001"°
WBC(10A9/L) 7.16 (5.35-9.88) 7.34(5.35-10.97) 561 (4.84-6.79) 577 (472-6.85) <.001°
PLT (10A9/L) 96.00 (66.00-135.00) 103.00 (63.00-169.50) 210,50 (178.00-24325) | 233.00 (198.00-274.50) | <0.001"
PTA (%) 38.00 (29.00-47.00) 43.00 (31.00-49.00) 107.00 (94.00-114.00) 11200 (104.00-121.00) | <0.001°
INR 196 (1.59-2.41) 179 (1.60-2.33) 0,96 (0.92-1.04) 0.93(0.89-0.97) <0001°
AFP (ng/mL) 62.20 (15.88-218.50) 4.63 (3.37-11.90) 3.05 (205-595) 3.03(2.44-4.55) <0001°
MELDs 2050 (16.50-23.78) 15.48 (10.27-18.98) NA NA <0.001¢
Cirthosis, n (%) 48 (57.14) 44(72.13) 0 0 0.064*
Ascites, n (%) 46 (54.76) 39(63.93) 0 0 0268
HE, n (%) 17(20.24) 9(1475) 0 0 0395

Quantitative variables were expressed as medians (25th, 75th percentage).

Qualitative variables were expressed as numbers (percentages).

*Chi-square test.

"Kruskal-Wallis H test.
“Mann-Whitney U test.
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