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Objectives: New biomarkers are needed to detect liver cirrhosis at an earlier stage and to individualize treatment strategies. This study specifically investigates the diagnostic potential of Ring finger protein 41 promoter methylation as an epigenetic biomarker for detecting early-stage hepatitis B virus-related liver cirrhosis.

Methods: The methylation level of the Ring finger protein 41 promoter in peripheral blood mononuclear cells of 190 participants were quantified with Methylight, and the changes of serum inflammatory cytokines related to liver fibrosis were analyzed simultaneously.

Results: Patients with early-stage liver cirrhosis exhibited significantly higher methylation levels of Ring finger protein 41 promoter than chronic hepatitis B patients and health controls, accompanied by reduced mRNA expression. Remarkably, the receiver operating characteristic analysis demonstrated that Ring finger protein 41 promoter methylation achieved a superior diagnostic performance (area under the curve) for distinguishing hepatitis B virus-related compensated liver cirrhosis, outperforming conventional non-invasive indicators including liver stiffness measurement, aspartate aminotransferase-to-platelet ratio index, and fibrosis-4 score.

Conclusion: Ring finger protein 41 may play a critical role in the pathogenesis of liver cirrhosis, with its methylation status in peripheral blood mononuclear cells demonstrating strong potential as a non-invasive biomarker for early liver cirrhosis detection.
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1 Introduction

Liver cirrhosis (LC) is a common chronic progressive liver disease in clinical practice, triggered by one or multiple causative factors. Pathologically, LC shows excessive collagen deposition and other extracellular matrix proteins, scarring, and replacement of normal liver structure by regenerative nodules, potentially leading to organ failure in cirrhosis (1, 2). Despite the increased coverage of hepatitis B vaccination and the availability of effective antiviral drugs, chronic hepatitis B virus (HBV) infection remains the most significant risk factor for the occurrence of LC in Asia (3). Decompensated cirrhosis is characterized by portal hypertension and hepatic insufficiency, and can lead to severe complications, among which gastrointestinal bleeding, ascites, hepatic encephalopathy, and carcinogenesis are the most common. In contrast, compensated cirrhosis typically has no specific clinical symptoms or signs, and liver function test results are often unremarkable, making diagnosis challenging. Recent research evidence indicates that compensated cirrhosis caused by chronic HBV infection can be reversed by suppressing HBV (4, 5). Thus, timely diagnosis of early-stage LC and immediate initiation of antifibrotic therapy can significantly improve the prognosis of patients.

Currently, an accurate diagnosis of LC requires a liver biopsy (6). However, this invasive procedure can cause severe complications in 1% of cases, such as bleeding, severe pain, biliary tract injury, etc. (7, 8). Therefore, a variety of non-invasive methods have been adopted in clinical practice for diagnosis, including transient elastography (TE) and serum biomarker detection. Liver stiffness measurement (LSM) provided by TE is highly regarded in clinical settings due to its distinct advantages of being non-invasive, highly repeatable, and highly objective (9, 10). Nevertheless, its accuracy can be influenced by a multitude of factors, such as obesity, the presence of ascites, and the proficiency of the operating technique (11). Although widely used in clinical practice, the fibrosis-4 score (FIB-4) and aspartate aminotransferase-to-platelet ratio index (APRI) is limited by a high rate of false positives and false negatives (12, 13). As a result, there is an urgent need for a more effective biomarker to improve the accuracy and timeliness of the early diagnosis of LC. Circulating epigenetic markers like CXCR4 methylation (14) and specific CpG sites (15) show promise for non-invasive liver fibrosis detection, though most require further validation in biopsy-proven cohorts.

Ring finger protein 41 (RNF41), namely neuregulin receptor degradation protein 1 (Nrdp1), is a crucial E3 ubiquitin-protein ligase that can specifically degrade a variety of proinflammatory cytokine receptors, adaptors, and kinases through ubiquitination (16, 17). Moreno-Lanceta et al. revealed a pivotal role of RNF41 in hepatic fibrosis and regeneration. Compared with HC, RNF41 expression in macrophages was significantly downregulated in both cirrhotic patients and mice models of hepatic fibrosis. Through the development of a nanoparticle-based delivery system, they demonstrated that RNF41 ameliorates liver fibrosis and reduces hepatic injury by suppressing hepatic stellate cell (HSC) activation signaling while upregulating matrix metalloproteinase-9 (MMP-9) and insulin-like growth factor-1 (IGF-1) (18). Additionally, RNF41 was found to promote macrophage polarization toward an anti-inflammatory phenotype. The binding and ubiquitination of MyD88 by RNF41 can indirectly attenuate the activation of NF-κB. Consequently, this leads to a reduction in the transcription and release of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), thereby alleviating the inflammatory response (19–21).

In recent years, epigenetic mechanisms have garnered substantial scientific attention as a pivotal regulatory paradigm that governs gene expression without altering DNA sequences (22). Among these mechanisms, DNA methylation has emerged as a cornerstone of epigenetic regulation, functioning through the covalent addition of a methyl group to the 5′-carbon position of cytosine residues within CpG dinucleotides (23–25). Accumulating evidence demonstrates that DNA methylation of key regulatory genes, including SUN2, PTCH1, PSTPIP2, and PTEN, plays a crucial role in hepatic stellate cell (HSC) activation and subsequent promotion of liver fibrosis progression (26). Therefore, methylation is expected to provide a new way to diagnose liver fibrosis, thereby improving patient prognosis.

RNF41 promoter methylation status as a biomarker has not, to our knowledge, been evaluated. Therefore, the study aims to (1) investigate the mRNA expression profile and promoter methylation status of RNF41 in peripheral blood mononuclear cells (PBMCs) from HBV-related cirrhotic patients, (2) elucidate the clinical-pathological correlations between RNF41 promoter hypermethylation and disease progression markers, and (3) systematically evaluate the diagnostic superiority of RNF41 methylation levels over conventional noninvasive indices—including LSM, APRI, FIB-4 score—for cirrhosis staging and therapeutic monitoring. These investigations seek to establish an epigenetics-based paradigm for early cirrhosis detection while providing mechanistic insights for personalized therapeutic strategies.



2 Methods


2.1 Patients

From November 2023 to January 2025, we retrospectively enrolled 190 patients from the Department of Hepatology, Qilu Hospital of Shandong University, including 35 health controls (HC), 50 chronic hepatitis B (CHB) patients, and 105 HBV-CLC cases. CHB patients were enrolled according to the 2018 AASLD Practice Guidelines, meeting the following criteria: 1. Hepatitis B surface antigen (HBsAg) positivity for ≥6 months at enrollment; 2. No evidence of cirrhosis based on clinical, biochemical, and imaging evaluations. All HBV-CLC patients were enrolled according to the 2020 Chinese Guidelines for Cirrhosis Management, meeting the following diagnostic criteria: 1. HBsAg positivity for ≥6 months; 2. Cirrhosis confirmed by histopathology, endoscopy, or imaging (ultrasound, CT or MRI); 3. At least two of the following laboratory abnormalities: platelet count <100 × 109/L, serum albumin <35 g/L, international normalized ratio (INR) > 1.3, prolonged prothrombin time, or APRI score >2. 4. no obvious signs of decompensated liver cirrhosis. The patient selection process and exclusion criteria are detailed in Figure 1. All participants were recruited following strict inclusion/exclusion criteria and provided written informed consent. The study protocol was approved by the Medical Ethics Committee of Qilu Hospital, Shandong University.
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FIGURE 1
 Study enrollment flowchart. Boxes indicate the number of participants at each stage, with exclusion criteria and corresponding numbers shown for screened but excluded individuals.




2.2 Sodium bisulfite of DNA modification

Peripheral blood samples were collected in citrate anticoagulant tubes from all participants. PBMCs were isolated using Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) density gradient centrifugation. Genomic DNA was extracted from PBMCs using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), followed by bisulfite conversion with the EZ DNA Methylation-Gold Kit (Zymo Research, Orange, CA, USA) to ensure complete cytosine conversion.



2.3 TaqMan probe-based quantitative methylation-specific PCR

Specific primers and probes were designed for both the bisulfite-converted DNA templates of target gene RNF41 and reference gene ACTB. The complete sequences, including forward and reverse primers along with dual-labeled TaqMan probes, are detailed in Table 1. Thermal cycling was performed following the manufacturer’s standard protocol: initial denaturation at 95°C for 15 min, followed by 45 cycles of 95°C for 15 s and 60°C for 1 min. Methylation levels were quantified using the percentage of methylated reference value (PMR), calculated as follows:
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TABLE 1 Sequences of used primers and probes.


	Gene
	Forward primer sequence (5′-3′)
	Reverse primer sequence (5′-3′)
	Probe oligo sequence

 

 	Methylight


 	RNF41 	GGTTGGTTTCGGATTTATGATTTTA 	AACAAAACTCCTTTACCGAAATAA 	ACCAAATACAACGACTCACGCCTATAATCCT


 	ACTB 	TGGTGATGGAGGAGGTTTAGTAAGT 	AACCAATAAAACCTACTCCTCCCTTAAA 	ACCACCACCCAACACACAATAACAAACACA


 	RT-qPCR


 	RNF41 	ATCGCAGAGCTGGAGAAGACGT 	TGTCTCCTCCAGGTTCTGAAGG 	


 	β-actin 	CATGTACGTTGCTATCCAGGC 	CTCCTTAATGTCACGCACGAT 	




 



2.4 RNA extraction and quantitative real-time polymerase chain reaction

Total RNA was extracted from PBMCs using TRIzol Reagent and immediately reverse transcribed into cDNA using the First Strand cDNA Synthesis Kit (Fermentas, Vilnius, Lithuania). RT-qPCR was performed in a 10 μL reaction volume according to the manufacturer’s protocol, with the following cycling conditions: initial 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 30 s. The fold changes were quantified by the 2−∆∆Ct method. The specific primer sequences for RNF41 and the reference gene ACTB are provided in Table 1.



2.5 Enzyme-linked immunosorbent assay (ELISA)

Plasma levels of TNF-α, Interleukin-10 (IL-10), and transforming growth factor-β (TGF-β) were quantified using the Human Immunoassay Valukine ELISA Kit (Lengton Bioscience Co., Shanghai, China) according to the manufacturer’s protocol. Absorbance was measured at 450 nm using a microplate reader, with all samples analyzed in duplicate to ensure data reproducibility.



2.6 Clinical data collection

Comprehensive clinical and laboratory data were collected for all participants, including age, sex, HBV virological markers, liver function, coagulation profile, complete blood count, LSM, and abdominal imaging findings. Liver fibrosis indices were calculated using standard formulas:
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2.7 Statistical analysis

Statistical analyses were performed using SPSS version 26.0 statistical software (SPSS Inc., Chicago, IL, USA). Quantitative variables are expressed as median (centile 25; centile 75). Categorical variables were expressed as numbers (%). Categorical variables were compared using Pearson’s chi-square test. Mann–Whitney U test and Kruskal-Wallis H test were used to compare the quantitative variables. The Spearman rank correlation test was used to analyze the relationship between RNF41 methylation and quantitative clinical data as well as TL1A mRNA expression level, and serum cytokines expression. The receiver operating characteristic (ROC) curve was performed to assess the diagnostic value of RNF41 methylation level and a model based on binary logistic regression was established to estimate the diagnostic value of RNF41 methylation level. The optimal cut-off point was defined as the point that maximizes sensitivity plus specificity. p < 0.05 was considered to be statistically significant.




3 Results


3.1 General characteristics of the study populations

The study cohort comprised 190 participants stratified into three diagnostic categories: 105 patients with HBV-CLC, 50 CHB patients, and 35 HCs. Comprehensive baseline characteristics, including demographic profiles, clinical manifestations, and serological biomarkers, were systematically analyzed and tabulated in Table 2.


TABLE 2 General clinical characteristics of the patients.


	Variables
	HC (n = 35)
	CHB (n = 50)
	HBV-CLC (n = 105)
	p Value

 

 	Age 	52.00 (37.00–60.00) 	50.00 (37.75–58.25) 	52.00 (45.00–57.00) 	0.390b


 	Gender, Male (%) 	22.00 (62.86) 	32.00 (64.00) 	72.00 (68.57) 	0.761a


 	Log10[HBV DNA] 	NA 	3.26 (2.77–4.71) 	2.88 (2.12–4.75) 	0.259c


 	HBsAg (IU/L) 	NA 	2,671.31 (874.59–5,855.88) 	1,015.56 (450.32–2,353.37) 	0.002c


 	HBeAg, + (%) 	NA 	23.00 (46.00) 	41.00 (39.05) 	0.486a


 	ALT (IU/L) 	17.00 (14.00–28.00) 	19.00 (15.00–28.25) 	25.00 (20.00–33.50) 	0.001b


 	AST (IU/L) 	19.00 (14.00–23.00) 	22.00 (17.00–26.25) 	28.00 (22.00–36.00) 	<0.001b


 	TBIL (μmol/L) 	10.40 (7.60–13.20) 	10.50 (7.60–13.58) 	16.10 (11.60–22.00) 	<0.001b


 	ALB (g/L) 	46.00 (42.50–47.60) 	47.10 (45.80–49.10) 	46.00 (43.50–47.70) 	0.003b


 	PTA (%) 	113.00 (94.00–119.00) 	101.00 (90.75–106.50) 	90.00 (78.00–99.00) 	<0.001b


 	INR 	0.93 (0.89–1.02) 	0.99 (0.94–1.05) 	1.05 (1.00–1.14) 	<0.001b


 	PLT (×10^12/L) 	236.00 (200.00–273.00) 	190.50 (150.75–219.25) 	124.00 (83.00–167.50) 	<0.001b


 	AFP (ng/mL) 	NA 	2.57 (1.67–3.20) 	2.79 (1.97–5.03) 	0.04c


 	LSM (kPa) 	NA 	6.50 (5.00–8.15) 	12.00 (8.95–17.30) 	<0.001c


 	FIB-4 	0.81 (0.58–1.38) 	1.21 (0.78–1.83) 	2.40 (1.28–4.02) 	<0.001b


 	APRI 	0.19 (0.16–0.26) 	0.27 (0.21–0.38) 	0.62 (0.35–1.10) 	<0.001b





aPearson’s chi-square test; bKruska-Wallis H test; cMann–Whitney U test.
 



3.2 Methylation status and mRNA expression of RNF41 in LC, CHB, and HCs

The MethyLight method was employed to perform a quantitative analysis of RNF41 promoter methylation status in PBMCs across HC, CHB, and HBV-CLC. PMR values were, respectively, determined and graphically represented in Figure 2A. RNF41 methylation levels are significantly higher in patients with HBV-CLC (median 19.98%, interquartile range 16.85–25.6%) than in those with CHB (median 14.23%, interquartile range 10.67–15.31%, p < 0.0001) and HC (median 12.77%, interquartile range 10.06–13.96%, p < 0.0001). However, there were no significant differences between the CHB and HC groups (p = 0.0793). Figure 2B illustrates a significant downregulation of RNF41 mRNA expression was observed in HBV-CLC (median 0.302, interquartile range 0.136–0.783) compared to CHB (median 1.143, interquartile range 0.448–2.163) and HC (median 0.981, interquartile range 0.675–2.018), demonstrating transcriptional suppression during cirrhosis progression. It was found that CHB and HC groups were not significantly different. Additionally, spearman rank correlation analysis between the PMR values and mRNA expression of RNF41 was performed, revealing a negative correlation (Figure 2C).
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FIGURE 2
 Comparison of RNF41 PMR values and mRNA expression in health controls, chronic hepatitis B and hepatitis B virus-related compensated cirrhosis. (A) Methylight showing RNF41 methylation levels in PBMCs from health controls and patients with CHB and hepatitis B virus-related compensated cirrhosis. (B) Levels of RNF41 mRNA in HCs and patients with CHB and HBV-related compensated cirrhosis were measured with quantitative real-time polymerase chain reaction. (C) Association between the methylation and mRNA levels of the RNF41 promoter in PBMCs (Spearman’s r = −0.3878, p < 0.001). Statistical analysis of PMR (A) and mRNA expression (B) based on the mean ± SD of at least three independent experiments. p values were obtained using Student’s t test. p < 0.005 is indicated by ***, and p < 0.001 is indicated by ****.




3.3 Association between PMR values of RNF41 and clinical features

To evaluate the diagnostic potential of RNF41 methylation as a novel biomarker for HBV-related early cirrhosis, comprehensive Spearman correlation analyses were performed between RNF41 PMR levels and clinical parameters, including liver fibrosis indices, across CHB and HBV-CLC cohorts. As illustrated in the correlation heatmap (Figure 3A), RNF41 PMR exhibited significant positive correlations with alanine aminotransferase (ALT) (r = 0.2129, p = 0.0024), aspartate aminotransferase (AST) (r = 0.2928, p < 0.0001), total bilirubin (TBIL) (r = 0.3435, p < 0.0001) and INR (r = 0.3646, p < 0.0001). Conversely, inverse correlations were observed with viral load [log10(HBV-DNA); r = −0.3292, p = 0.0499], albumin (ALB) (r = −0.1861, p < 0.0101), prothrombin time activity (PTA) (r = −0.3490, p < 0.0001), and platelet (PLT) (r = −0.4550, p < 0.0001). Notably, no significant associations were detected with age, HBsAg titer, HBeAg status, or alpha-fetoprotein (AFP). Furthermore, we systematically evaluated the clinical relevance of RNF41 methylation status by analyzing its correlation with established non-invasive fibrosis indices (Figures 3B–D). Significant associations were identified between RNF41 PMR values and LSM (r = −0.3632, p < 0.0001), FIB-4 score (r = −0.4094, p < 0.0001), and APRI (r = −0.4547, p < 0.0001). These correlations suggest the potential utility of RNF41 methylation as a complementary biomarker for early liver fibrosis.
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FIGURE 3
 Relationships between RNF41 methylation level and clinical features. (A) Heatmap of correlation between the clinical indicators of patients. (B–D) Spearman correlation analysis revealed a significant positive correlation between RNF41 PMR and conventional non-invasive fibrosis markers, including LSM, FIB-4, and APRI. (Spearman’s r = 0.3632, 0.4094, 0.4547, p < 0.0001, respectively). *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.




3.4 Related cytokine expression levels change in different groups

Peripheral blood serum levels of inflammatory cytokines TNF-α, IL-10, and TGF-β were quantitatively assessed using ELISA, with results presented in Figure 4. HBV-CLC patients exhibited significantly elevated TNF-α concentrations compared to HC groups. However, there was no significant difference in serum TNF-α expression between HBV-CLC patients and CHB patients, although there was an increasing trend in the HBV-CLC group (Figure 4A). Conversely, IL-10 levels were markedly reduced in HBV-CLC patients relative to CHB and HC (Figure 4B). We also examined the expression of TGF-β, a pro-fibrotic cytokine. Serum TGF-β was significantly overexpressed in HBV-CLC compared with HC and CHB (Figure 4C). Spearman correlation analysis revealed associations between RNF41 promoter methylation level in PBMCs and cytokine profiles (Figures 4D–F): weak positive correlation with TNF-α (r = 0.1841, p = 0.0139) and TGF-β (r = 0.2585, p = 0.0005), and weak negative correlation with IL-10 (r = −0.2651, p = 0.0003), suggesting epigenetic regulation of inflammatory responses during cirrhosis progression.
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FIGURE 4
 Serum TNF-α, IL-10, and TGF-β levels in LC, CHB, and HCs patients. (A) Elisa showing that serum TNF-α levels were significantly higher in patients with HBV-CLC (413.2 [365.1–480.3] ng/L) as compared to HC groups (371.8 [305.4–421.7] ng/L). However, there was no significant difference in serum TNF-α expression between HBV-CLC patients and CHB patients (396.7 [354.2–456.7] ng/L). (B) IL-10 levels were markedly reduced in HBV-CLC patients (298.3 [269.8–350.3] ng/L) relative to CHB (344.9 [295.6–372.9] ng/L) and HC (352.4 [299.8–375.1] ng/L). (C) Serum TGF-β was significantly overexpressed in HBV-CLC (5.811 [5.499–6.155] ng/mL) compared with HC (4.807 [4.424–5.552] ng/mL) and CHB (5.606 [5.000–6.039] ng/mL). (D–F) Relationships between RNF41 methylation level with TNF-α, IL-10, and TGF-β expressive in serum were analyzed with Spearman correlation analysis. Statistical analysis of TNF-α, IL-10, and TGF-β levels (A–C) based on the Median [lower quartiles-upper quartiles]. p values were obtained using Student’s t test. *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.




3.5 Diagnostic value of RNF41 promoter methylation level

Receiver operating characteristic (ROC) curve analysis (Figure 5A) demonstrated superior diagnostic performance of PMR value of RNF41 promoter compared to conventional non-invasive indices, including LSM, FIB-4 Score and APRI Score. At the optimal cutoff value of 16.138%, RNF41 methylation achieved a sensitivity of 86.67% and specificity of 81.00% (Table 3), indicating robust diagnostic accuracy for cirrhosis detection. Among 105 HBV-CLC patients, RNF41 promoter hypermethylation was more prevalent than elevated LSM (91 vs. 54 cases). Notably, 43 of 51 patients (84.31%) without elevated LSM showed RNF41 promoter hypermethylation, comparable to the hypermethylation rate in patients with elevated LSM (47 of 54 cases, 87.03%) (Figure 5B). These findings suggest that RNF41 methylation status may provide additional diagnostic value beyond LSM measurements.
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FIGURE 5
 Diagnostic value of RNF41 promoter methylation level in PBMC in HBV-associated compensatory cirrhosis. (A) ROC curves of RNF41 methylation level, LSM level, FIB-4 Score, and APRI Score in discriminating HBV-associated compensatory LC from CHB. PMR values of the RNF41 promoter showed an AUC of 0.932, higher than that of LSM (AUC = 0.848), FIB-4 Score (AUC = 0.843), and APRI (AUC = 0.845). The optimal cut-off PMR of 16.138% was selected. (B) Rate of positive results for LSM, PBMCs’ RNF41 promoter methylation levels in patients with HBV-associated liver cirrhosis, and for RNF41 by LSM status.



TABLE 3 Diagnostic values of RNF41 methylation level, LSM, FIB-4 Score, and APRI Score for distinguishing HBV-associated compensatory LC from CHB.


	Parameter
	Sensitivity
	Specificity
	Youden index
	AUC
	95%CI

 

 	PMR 	86.67% 	88.00% 	0.747 	0.932 	0.893–0.972


 	LSM 	70.48% 	92.00% 	0.625 	0.848 	0.789–0.908


 	FIB-4 	61.90% 	80.00% 	0.419 	0.767 	0.693–0.841


 	APRI 	69.52% 	92.00% 	0.515 	0.809 	0.742–0.875




 



3.6 Independent risk factors for HBV-associated compensated liver cirrhosis

Univariate and multivariate analyses were performed to identify independent risk factors for HBV-CLC. As presented in Table 4, eight variables with p < 0.05 in univariate regression (RNF41 PMR, ALT, AST, TBIL, ALB, PTA, PLT, LSM) were included in multivariate analysis. Multivariate regression revealed RNF41 PMR (OR = 1.670, 95%CI:1.302–2.142, p < 0.001) and LSM (OR = 1.455, 95%CI:1.120–1.889, p = 0.005) as independent risk factors for HBV-CLC.


TABLE 4 Independent risk factors for the development of HBV-associated compensated liver cirrhosis.


	Variables
	Univariate analysis
	Multivariate analysis



	OR (95% CI)
	p Value
	OR (95% CI)
	p Value

 

 	RNF41 PMR 	1.689 (1.386–2.059) 	<0.001**** 	1.670 (1.302–2.142) 	<0.001****


 	Age 	1.028 (0.992–1.065) 	0.130 	– 	–


 	Gender (Male) 	1.227 (0.604–2.495) 	0.572 	– 	–


 	Log10[HBV DNA] 	0.798 (0.507–1.255) 	0.329 	– 	–


 	HBsAg 	1.000 (1.000–1.000) 	0.202 	– 	–


 	HBeAg (+) 	0.848 (0.429–1.677) 	0.636 	– 	–


 	ALT 	1.032 (1.003–1.062) 	0.028* 	0.984 (0.915–1.058) 	0.667


 	AST 	1.106 (1.049–1.167) 	<0.001**** 	1.080 (0.920–1.269) 	0.345


 	TBIL 	1.117 (1.050–1.188) 	<0.001**** 	1.026 (0.913–1.154) 	0.658


 	ALB 	0.892 (0.806–0.988) 	0.028* 	1.061 (0.823–1.368) 	0.646


 	PTA 	0.936 (0.906–0.967) 	<0.001**** 	0.976 (0.914–1.043) 	0.482


 	PLT 	0.987 (0.982–0.994) 	<0.001**** 	0.991 (0.979–1.002) 	0.118


 	AFP 	1.179 (0.994–1.398) 	0.059 	– 	–


 	LSM 	1.474 (1.277–1.704) 	<0.001**** 	1.455 (1.120–1.889) 	0.005***





*p < 0.05, ***p < 0.005, ****p < 0.001.
 




4 Discussion

Our study demonstrates that RNF41 promoter methylation levels in PBMCs are significantly elevated in HBV-CLC patients compared to both HCs and CHB patients. As a non-invasive hematologic biomarker for early cirrhosis, RNF41 methylation has shown better diagnostic performance than traditional indicators such as LSM, FIB-4, and APRI scores. Notably, RNF41 maintained high hypermethylation rates (60%) in HBV-CLC patients without elevated LSM, indicating its complementary diagnostic value to LSM.

Previous studies have identified downregulation of RNF41 in macrophages from both human cirrhotic livers and murine fibrotic models (18). While these investigations established RNF41’s role in hepatic fibrosis through mechanisms involving macrophage phenotype switching via the C/EBP-β/PPAR-γ pathway and subsequent IGF-1-mediated HSC inactivation, they were limited to liver tissue analyses. Importantly, no prior study has examined RNF41 alterations in PBMCs—a clinically accessible cell population. Our work addresses this critical gap by demonstrating significant RNF41 promoter hypermethylation in PBMCs from HBV-CLC patients, while systematically evaluating its diagnostic potential as a non-invasive biomarker. This circulating epigenetic offers new possibilities for non-invasive peripheral blood-based fibrosis monitoring.

Macrophages are the most abundant non-parenchymal cells (NPCs) in the liver, playing pivotal roles throughout the progression of liver diseases—from initial tissue injury to chronic inflammation, fibrosis, and eventual repair (27, 28). Macrophages exhibit phenotypic plasticity with two polarization states (29): classically activated pro-inflammatory M1, characterized by high expression of cytokines (TNF-α, IL-6, IL-1β), and alternatively activated immunoregulatory M2, associated with anti-inflammatory mediators (IL-10, TGF-β) promoting tissue repair. Although it remains challenging to categorically classify these macrophage subsets as strictly pro-fibrotic or anti-fibrotic, accumulating evidence demonstrates that distinct macrophage subpopulations coexist in the liver and play stage-specific roles throughout the progression of hepatic fibrosis (28). Bao-Ming Wu et al. found that Margotoxin alleviates liver fibrosis by promoting M2 macrophage polarization through the STAT1/STAT6 signaling pathway, reducing pro-inflammatory cytokine secretion while increasing the production of the anti-inflammatory cytokine IL-10 (30). Previous studies by Moreno-Lanceta et al. (18) demonstrated that in liver macrophages, RNF41 upregulation stimulates IL-10 production (positive correlation) while suppressing TGF-β expression (negative correlation). However, the correlation with TNF-α is not clear. In our study, PBMC analysis revealed parallel but distinct patterns: TNF-α and TGF-β expression was significantly elevated in HBV-CLC patients and showed a positive correlation with RNF41 methylation levels in PBMC, while IL-10 expression was reduced and negatively correlated with RNF41 methylation. These findings are consistent with the previous research conducted in the liver and suggest that RNF41 may be involved in the development of HBV-associated cirrhosis inflammation and fibrosis by regulating macrophage polarization. However, while we assessed cytokine levels, the precise molecular mechanisms underlying the interplay between RNF41 and these cytokines remain to be elucidated.

Compared to traditional methods measuring plasma protein levels, DNA methylation occurs upstream of protein translation, offering earlier detection capabilities and more timely reflection of gene expression regulation. In this study, we demonstrated for the first time that RNF41 methylation levels in PBMCs are significantly elevated in HBV-CLC patients compared to both CHB and HC groups, and systematically evaluated the diagnostic potential of RNF41 methylation as a non-invasive biomarker for HBV-related early liver cirrhosis. However, several limitations should be acknowledged: (1) the relatively small sample size and single-center design may introduce selection bias; (2) while we assessed inflammatory cytokine profiles, the precise molecular mechanisms linking RNF41 to hepatic fibrogenesis remain to be fully elucidated. Meanwhile, aberrant methylation of the RNF41 promoter may occur in specific cell components within PBMCs. In future work, we plan to analyze methylation changes in specific PBMC subpopulations.

In summary, RNF41 promoter hypermethylation in PBMCs represents a characteristic epigenetic alteration in HBV-associated liver cirrhosis patients. The diagnostic performance of RNF41 PMR values in distinguishing HBV-CLC from CHB significantly outperformed conventional indices including LSM, FIB-4, and APRI scores, suggesting that RNF41 methylation status in PBMCs may serve as a promising non-invasive diagnostic biomarker for early cirrhosis. However, the precise role of RNF41 in LC pathogenesis and its potential as a therapeutic target and prognostic indicator warrant further investigation.
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Glossary


	LC

	
liver cirrhosis



	RNF41

	
Ring finger protein 41



	Nrdp1

	
neuregulin receptor degradation protein 1



	HBV

	
hepatitis B virus



	HBV-CLC

	
HBV-related compensated liver cirrhosis



	CHB

	
chronic hepatitis B



	HC

	
healthy controls



	PBMC

	
peripheral blood mononuclear cell



	ROC

	
receiver operating characteristic



	AUC

	
area under the curve



	TE

	
transient elastography



	LSM

	
liver stiffness measurement



	APRI

	
aspartate aminotransferase-to-platelet ratio index



	FIB-4

	
fibrosis-4



	HSC

	
hepatic stellate cell



	MMP-9

	
matrix metalloproteinase-9



	IGF-1

	
insulin-like growth factor-1



	TNF-α

	
tumor necrosis factor-α



	IL-6

	
interleukin-6



	HBsAg

	
Hepatitis B surface antigen



	INR

	
international normalized ratio



	PMR

	
methylated reference value



	ALT

	
alanine aminotransferase



	AST

	
aspartate aminotransferase



	TBIL

	
total bilirubin



	ALB

	
albumin



	PTA

	
prothrombin time activity



	AFP

	
alpha-fetoprotein



	IL-10

	
Interleukin-10



	TGF-β

	
transforming growth factor-β
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