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Abstract
Background & Aims: Hepatic iron deposition (HID) in the reticuloendothelial system (RES) is associated with histological severity in metabolic dysfunction-associated steatotic liver disease (MASLD). This study assessed the interaction between the transferrin (TF)-rs1049296 C>T variant and hepatic iron deposition patterns on the risk of significant liver fibrosis in MASLD.
[bookmark: _Hlk131430437]Methods: We analyzed 406 adults with liver biopsy-confirmed MASLD. HID was categorized as hepatocellular, RES, or mixed, based on the Perl's iron staining. Association between iron-related genetic variants and significant liver fibrosis (fibrosis stage ≥ F2) was analyzed, focusing on the interactions between SNP genotypes and iron deposition patterns. Multivariable logistic regression analysis was used to adjust for potential confounders.
[bookmark: OLE_LINK41][bookmark: OLE_LINK40]Results: HID was detected in 271 (66.7%) patients, with hepatocellular, RES, and mixed patterns accounting for 11.1%, 18.0%, and 37.7%, respectively. A significant interaction was observed between HID and TF-rs1049296 genotype (Pinteraction=0.035). In multivariable analysis, male sex, hypertension, severe lobular inflammation, and mixed HC/RES iron deposition were independent predictors of significant liver fibrosis. RES deposition markedly increased the risk of significant liver fibrosis (adjusted odds ratio [OR]: 6.65; 95% confidence interval [CI]: 1.84-23.97, p<0.05), particularly in men with isolated RES iron deposition (adjusted OR 5.26, 95% CI: 1.21-22.81, p<0.05).
Conclusions: The TF-rs1049296 T allele interacts with RES iron deposition to identify a MASLD subpopulation at elevated risk of progressive liver disease, providing opportunities for refined risk stratification and personalized management.
Keywords: metabolic dysfunction-associated steatotic liver disease, nonalcoholic fatty liver disease, iron deposition, single nucleotide polymorphism, fibrosis.

Introduction
[bookmark: OLE_LINK33][bookmark: OLE_LINK32]Metabolic dysfunction-associated steatotic liver disease (MASLD) is an emerging public health challenge, affecting nearly 30% of adults worldwide and increasing in parallel with the global rise in metabolic risk factors such as obesity, diabetes, and hypertension.1-3 It is projected to become a leading cause of end-stage hepatic disease in the coming decades.4,5 MASLD often begins with simple hepatic steatosis; however, inadequate control of metabolic risk factors can drive its progression to metabolic dysfunction-associated steatohepatitis (MASH), advanced fibrosis, cirrhosis, and hepatocellular carcinoma.6-10 The global prevalence of MASLD is projected to increase dramatically during the next decade, with the fastest growth expected in China, where liver-related mortality and late-stage liver disease mortality are expected to more than double.11,12

[bookmark: OLE_LINK31][bookmark: OLE_LINK30][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK12][bookmark: OLE_LINK11][bookmark: OLE_LINK14][bookmark: OLE_LINK13]MASLD is a complex and heterogeneous disease in which systemic iron homeostasis,  normally regulated by the liver-derived hormone hepcidin, is often disrupted.13,14 Hepcidin is a critical ferric homeostasis protein,15 and the regulatory mechanisms of hepcidin expression in MASLD patients have not been extensively investigated.16 Historically, hepatic iron was evaluated by histological staining of iron particles in liver biopsy specimens. Liver biopsy assessment remains central to study the pathophysiology of iron-related parenchymal injury, inflammation, and fibrosis progression.17 Hyperferritinemia (HFE) is an independent long-term predictor of overall mortality in MASLD, but it is uncertain whether HFE is associated with greater significant fibrosis (SF) in the liver.18,19 The distribution of hepatic iron stores in liver diseases may follow one of these three different patterns: isolated hepatocellular (HC) iron deposition, isolated reticuloendothelial system (RES) deposition, or a mixed distribution pattern of HC and RES, respectively.20-22 Iron staining in RES is associated with histological features and progression to MASH and occurs only in hepatocytes or in a mixed pattern with milder liver disease.21,23 In Kupffer cells, the predominant non-parenchymal cell type in the liver, iron accumulation triggers the release of pro-inflammatory cytokines that activate hepatic stellate cells and contribute to liver fibrosis.24 Therefore, the formation of hepatic fibrosis is influenced, to some extent, by hepatic iron deposition, and excessive iron deposition may further promote the development of cirrhosis and hepatocellular carcinoma.25 Thus, hepatic iron deposition is considered a (surrogate) marker of hepatic fibrosis in both disease etiology and severity, and is not merely a factor of fibrogenesis.26

[bookmark: OLE_LINK4]Previous studies have examined the relationship between HFE mutations and the severity of MASLD and concluded that HFE C282Y hybrid mutations were associated with advanced fibrosis in White ethnicity with MASH.27 Genome-wide association studies (GWAS) conducted in Europe and Asia have identified many variations in transmembrane protease serine 6 (TMPRSS6) and transferrin (TF)-related genes that vary with iron status.28 It has been reported that 36 SNPs in TF, HFE, and TMPRSS6 genes were associated with iron status.29 Critically, TF itself is a key component of the iron-sensing mechanism that regulates hepcidin. Diferric transferrin (Fe-TF) binds to TFR2 on hepatocytes to upregulate hepcidin via the BMP/SMAD pathway. TF variants (such as rs1049296) are postulated to disrupt this process by blunting the hepcidin response to iron, leading to inadequate suppression of iron absorption and potentially promoting hepatic iron deposition.30 In a small cohort of Italian patients with MASLD, variants of iron-related gene metabolism, particularly ceruloplasmin variants, were associated with higher serum ferritin levels, increased hepatic iron stores, and more severe liver disease.31

[bookmark: OLE_LINK44][bookmark: OLE_LINK43]Based on this background of evidence, this cross-sectional study aimed to examine whether TF-rs1049296 modulates the effect of hepatic iron deposition (HID) distribution pattern on the risk of SF, and whether there is an interaction between the HID distribution pattern and the TF-rs1049296 genetic variant (thus influencing the severity of liver disease) in a large cohort of Chinese individuals with biopsy-proven MASLD.

Methods
Patient population
[bookmark: OLE_LINK2][bookmark: OLE_LINK15][bookmark: OLE_LINK36][bookmark: OLE_LINK34][bookmark: OLE_LINK37][bookmark: OLE_LINK35]This study involved a well-characterized epidemiological study of MASH (i.e., the “PERSONS” cohort study).32 We initially recruited 892 Han adult individuals with liver biopsy data (from December 2017 to February 2021). Among these individuals, 486 cases were excluded from the statistical analysis. The main reasons for exclusion were as follows: (1) fatty hepatic infiltration <5% on liver histology; (2) body mass index (BMI) <23 kg/m2; (3) missing genotype data on the TF-rs1049296 genetic variant; and (4) missing serum ferritin data. Subjects with HFE genotype at risk of iron overload (hemochromatosis), anemia, inflammation, and beta-thalassemia trait were excluded from the analysis. Due to these exclusions, a total of 406 individuals with biopsy-confirmed MASLD were included in the final analysis. Written informed consent was obtained from all participants. The study was approved by the Institutional Ethics Review Board of the First Affiliated Hospital of Wenzhou Medical University.

Diagnosis of MASLD
The diagnosis of MASLD was based on the presence of hepatic steatosis (≥5% on histology) in combination with one of the following three criteria: (1) overweight or obesity (BMI ≥23 kg/m² for Asian population), (2) presence of type 2 diabetes, or (3) evidence of metabolic dysregulation.33 Given that our inclusion criteria required a BMI ≥23 kg/m², all participants in our final cohort fulfilled the MASLD diagnostic criteria. It is noteworthy that this patient population also aligns with the newly proposed definition of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD), as the core feature of metabolic dysfunction is central to both fatty liver disease nomenclatures. 

Clinical and laboratory data
[bookmark: _Hlk119420912]In all participants, we recorded demographics, anthropometric data, clinical parameters, and comorbidities. Biochemical variables were collected from all participants within 24 hours of the liver biopsy examination. BMI was calculated as weight (kg) divided by the square of height (m). Insulin resistance was estimated by the homeostasis model assessment (HOMA-IR score).34 Hypertension was defined as blood pressure ≥130/85 mmHg or antihypertensive treatment.35 Diabetes was defined by a fasting plasma glucose level ≥7.0 mmol/L, hemoglobin A1c ≥ 6.5% (≥48 mmol/mol), or the use of any antihyperglycemic agents.36

Quantification of Hepatic Iron Deposition Patterns
Hepatic iron particle deposition refers to the accumulation of ferritin and hemosiderin in the hepatocytes and Kupffer cells. The staining principle is that the trivalent iron ion is separated from the protein by dilute hydrochloric acid by a solution of potassium ferricyanide, which reacts with the potassium ferricyanide to produce an insoluble blue compound, the ferricyanide Prussian blue of trivalent iron.37

Significant iron deposition was defined as the presence of discernible hemosiderin granules. HC iron was graded on a scale from zero to 4, following the method established by Nelson et al.21 RES iron, representing iron within sinusoidal lining cells, was scored using a separate three-tiered scale: 0 (absent), 1 (mild), and 2 (more than mild). Based on these scores, the overall iron deposition pattern for each liver biopsy sample was categorized as predominantly HC, predominantly RES, or mixed HC and RES (indicating concurrent significant iron deposition in hepatocytes and reticuloendothelial cells).

To ensure diagnostic accuracy and consistency, all Prussian, blue-stained slides were reviewed independently by two experienced liver pathologists who were blinded to the clinical and genetic data of participants. Any discrepant cases were re-examined jointly until a consensus was reached. 

Histological liver assessment
Liver biopsies were performed using a 16-gauge needle under ultrasound guidance. Liver biopsy specimens were scored by an expert liver pathologist (Y-Y L), who was unaware of the participants’ clinical details. Histologic scoring was based on the MASLD Activity Score.38 SF was histologically defined by liver fibrosis ≥ F2 stage.39

Analysis of TF-rs1049296 polymorphism
Genotyping for the TF-rs1049296 variant was performed using the MassARRAY (Agena Biosciences, San Diego, CA, USA) or TaqMan assay (Bio-Rad, Hercules, CA, USA) platforms, according to the manufacturer’s protocol. Each sample used approximately 20 ng of genomic DNA extracted from peripheral blood leukocytes for genotyping. Site-specific PCR and primer detections are designed by the corresponding detection design suitev 3.1.

Statistical analysis
We used Plink 1.9 for the QC of genomics data. We removed SNPs with 1) a MAF <0.01, 2) missing rate >5%, or 3) deviation from Hardy-Weinberg equilibrium (p-value <1 × 10-6). We removed individuals with 1) a calling rate <5%, 2) inconsistent physiological and genetic sex of subjects, and 3) those who had pi‐hat (i.e., second-degree relatives) >0.2 with other individuals. We further removed individuals without any information about biopsy-proven or retained iron-related SNPs. Finally, the TF- rs1049296 variant was analyzed in the present analysis.

All data were analyzed with the R statistical package (The R Foundation; http://www.r-project.org: version 3.4.3) and Empower (R) (www.empowerstats.com; X&Y Solutions, Inc., Boston, MA, USA). Continuous variables were expressed as means ± standard deviation or medians and interquartile ranges (IQR), depending on whether their distribution was normal or skewed, and the one-way ANOVA or the Kruskal Wallis test were used for comparison. The categorical variables are expressed as proportions and compared using the chi-square test or Fisher’s exact test as appropriate. Iron-related genes (i.e., TF, HFE, TIBC, TM6SF2, TMPRSS6, PNPLA3 genetic variants) were selected29, and TF-rs1049296 was found to be associated with hepatic iron deposition and liver fibrosis in GWAS. Factors associated with SF were assessed using univariable and multivariable logistic regression analyses. The association between different hepatic iron deposit locations and the presence of SF was tested by binary logistic regression analyses. These regression models were adjusted for potential confounders, such as age, BMI, HOMA-IR, and serum ferritin concentrations. Stratified and interaction analyses were also performed to examine the effect of TF-rs1049296 polymorphism on the association between different hepatic iron deposit locations and SF. A p-value <0.05 was considered statistically significant.

Results
[bookmark: _Hlk131948697]Characteristics of hepatic iron staining patterns
As shown in Figure 1, 406 Chinese individuals with biopsy-confirmed MASLD were included in the final analysis. Significant differences in clinical and laboratory parameters among patients with different iron staining and those without hepatic iron staining are shown in Table 1. Stainable hepatic iron was found in 271 patients (66.7% of total), and three distinct patterns of hepatic iron staining were observed: HC [45/271(16.6%)], RES [73/271 (26.9%)], or mixed pattern [153/271(56.5%)]. Significant differences in staining patterns were found in women with increased BMI in the different HID groups, with the highest BMI values observed in the iron-located RES system group. According to hepatic iron staining patterns, there were also significant differences in total bilirubin, uric acid, HOMA-IR, triglycerides, high-sensitivity C-reactive protein, hemoglobin, serum iron, ferritin, and proportion of hypertension. In addition, there were also significant differences in the proportion of hepatocyte ballooning and fibrosis according to HID locations. 

Effect of iron-related genes and HID location on liver fibrosis severity 
Interaction tests for each SNPs were based on independent biological hypotheses regarding their respective roles in iron metabolism. Therefore, each test was interpreted individually, and no correction for multiple comparisons was applied, consistent with the analysis of pre-specified candidate genes. According to the interaction analyses shown in Table 2, iron-related genes (SLC40A1 of chromosome 2, SPPRB of chromosome 3, HFE of chromosome 6, TIBC of chromosome 18, TM6SF2 of chromosome 19, TMPRSS6 and PNPLA3 of chromosome 22) and HID location did not show any significant interaction effect on the severity of hepatic fibrosis. Only TF-rs1049296 in chromosome 3 had a significant interaction with HID and hepatic fibrosis (Pinteraction=0.035). 

Characteristics of participants stratified by TF-rs1049296 polymorphism genotypes
Table 3 summarizes the baseline characteristics of the study participants, stratified by the TF-rs1049296 polymorphism genotypes. The distribution of TF-rs1049296 genotypes was as follows: 204 (50.2 %) had CC genotype, and 202 (49.8 %) had (CT+TT) genotype, respectively. This genotype distribution did not deviate from the Hardy-Weinberg equilibrium. The distribution of main clinical variables, laboratory parameters, comorbid diseases, and histological liver features by TF-rs1049296 polymorphism genotypes are shown in Table 3.

Multivariable regression analysis of factors associated with SF
Multivariable logistic regression analysis was performed to identify independent factors associated with SF, as shown in Table 4. In univariable regression analysis, male sex, higher BMI, increased serum liver enzymes (alanine aminotransferase, aspartate aminotransferase), insulin resistance (HOMA-IR, fasting insulin), type 2 diabetes, and hypertension, as well as severe histological features (steatosis, ballooning, and inflammation), and the presence of RES iron deposition were significantly associated with SF. However, in a multivariable regression model adjusted for potential confounding factors, only male sex (adjusted OR 0.28, 95% CI 0.13-0.60, p=0.001) , hypertension (adjusted OR 1.90, 95% CI 1.05-3.45, p=0.035), and severe lobular inflammation (adjusted OR 8.40, 95% CI 4.29-16.44, p<0.001) were independently associated with SF. Conversely, the TF-rs1049296 genotype was not independently associated with SF.

TF-rs1049296 variant influences the association between different HID localizations and SF
[bookmark: _Hlk133563805]Multivariable logistic regression modeling was undertaken to understand better the association between the TF-rs1049296 variant and SF in patients with different HID localizations. As shown in Table 5, rs1049296 T/T + C/T genotypes was associated with an increased the risk of SF with an OR of 6.65 (T/T + C/T vs. C/C, 95% CI: 1.84 -23.97, p<0.05) for the dominant model after adjusting for age, BMI, hemoglobin, HOMA-IR, and serum ferritin concentrations. This association was especially evident in men with isolated RES iron, where the T allele conferred an adjusted OR of 5.26 (95% CI: 1.21-22.81, p<0.05) for SF. Conversely, in this model the TF-rs1049296 variant was not associated with SF in the context of other iron deposition patterns (no iron, hepatocellular iron only, or mixed HC/RES iron), highlighting the specificity of the gene-environment interaction between the T allele and RES iron in driving liver fibrosis progression.

Discussion
In this cross-sectional study of Chinese individuals with biopsy-proven MASLD, we showed a novel gene-environment interaction driving liver fibrosis progression, i.e., the synergy between the TF-rs1049296 T allele and RES iron deposition. To our knowledge, this specific gene-environment interaction has not been previously reported and provides a possible mechanistic link between genetic predisposition in systemic iron transport and localized iron-driven inflammation in hepatic macrophages.

[bookmark: OLE_LINK17][bookmark: OLE_LINK19][bookmark: OLE_LINK20]Although it is known that tissue iron excess can damage the liver by inducing oxidative stress and lipid peroxidation21,40,41, the effects of hepatic iron accumulation on hepatic fibrogenesis are not fully understood. In recent years, it has been appreciated that the genetic background plays an important role in the development and progression of MASLD. Patients with MASLD tend to accumulate iron into the hepatocytes and macrophages, possibly due to various factors (genetics, hepatic inflammation, and leakage of dead hepatocytes with subsequent phagocytosis by hepatic macrophages).42

Liver fibrosis has been identified as a meaningful prognostic factor in individuals with MASLD.43 Previously, we have reported the presence of hepatic iron stores in the RES in over 10% of patients with MASLD,21 which disrupts the balance between M1/M2 macrophage polarization, thus leading to macrophage-driven hepatic inflammation and fibrosis in MASLD.44 

[bookmark: OLE_LINK7]The TF-rs1049296 variant, also known as Pro570Ser, is known to be the basis for the C1/C2 subtypes of the TF gene. The rs1049296 (C) allele encodes the C1 subtype, while the rarer rs1049296 (T) allele encodes the C2 subtype. We propose a mechanistic link whereby the T allele (C2 subtype), associated with systemic iron overload and increased iron flux to the liver, exacerbates iron accumulation within RES macrophages (Kupffer cells). In the inflammatory milieu of MASLD, the iron overload increases oxidative stress through the Fenton reaction, driving Kupffer cells toward a profibrotic phenotype and the release of mediators (e.g., transforming growth factor-β) that directly promote hepatic fibrogenesis.45 This gene-environment interaction postulates that the TF-rs1049296 T allele increases the iron burden presented to the liver, while RES iron deposition reflects an inflammatory microenvironment that primes macrophages for iron-driven activation. The convergence of these factors creates a synergistic effect, profoundly exacerbating iron-mediated oxidative stress and profibrotic signaling. The plausibility of this model is supported by functional evidence demonstrating that the transferrin receptor 2 variant synergizes with other iron-loading mutations, amplifying pathological iron overload and associated end-organ damage.46

[bookmark: OLE_LINK39][bookmark: OLE_LINK42][bookmark: OLE_LINK38]The major strengths of our study are as follows: first, it is the first study to examine a cohort of Asian individuals with hepatic iron in MASLD; second, liver biopsy specimens were rigorously analyzed using widely validated criteria, with assessments reviewed by a panel of expert liver pathologists and final confirmation by a single senior pathologist, ensuring both accuracy and consistency in histological evaluation. 

This study also has several limitations that should be considered when interpreting the results. First, the cross-sectional design of our study precludes the establishment of causal relationships between the observed genetic factors, iron deposition, and severity of liver fibrosis. Second, the lack of detailed dietary iron intake data limits our ability to delineate the contribution of dietary sources versus inherent metabolic dysregulation to the hepatic iron overload. Finally, our study cohort consisted of individuals of Asian descent; therefore, the generalizability of our findings to other ethnic populations requires further validation, as genetic backgrounds and environmental exposures can differ significantly.

In conclusion, in this large cross-sectional study, we identified a novel iron-related genetic susceptibility gene (i.e., the TF-rs1049296 variant) for MASLD. The T allele is significantly associated with a higher risk of SF in the RES pattern, and the interaction between genotype and different HID locations may increase the risk of SF. Further studies are needed to confirm these findings in other independent cohorts of patients with MASLD from different countries.
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TABLE LEGENDS
Table 1. Comparison of clinical and laboratory parameters according to hepatic iron deposit location.
Table 2. Effects of iron-related genes and locations of hepatic iron deposition on the severity of liver fibrosis.
Table 3. Characteristics of study participants, stratified by TF-rs1049296 polymorphism.
Table 4. Univariable and multivariable logistic regression analysis of factors associated with fibrosis stage.
Table 5. Association between TF-rs1049296 genotype and liver fibrosis, stratified by sex and hepatic iron deposition.

FIGURE LEGEND
Figure 1. Flowchart for the study.
19

15

