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Abstract

Background and Aims: Hepatic iron deposition (HID) in the 
reticuloendothelial system (RES) is associated with histologi-
cal severity in metabolic dysfunction-associated steatotic liv-
er disease (MASLD). This study aimed to assess the interac-
tion between the transferrin (TF)-rs1049296 C>T variant and 
HID patterns on the risk of significant liver fibrosis in MASLD. 
Methods: We analyzed 406 adults with liver biopsy-con-
firmed MASLD. HID was categorized as hepatocellular, RES, or 
mixed, based on Perl's iron staining. The association between 
iron-related genetic variants and significant liver fibrosis (fi-
brosis stage ≥ F2) was analyzed, focusing on the interactions 
between single-nucleotide polymorphism genotypes and iron 
deposition patterns. Multivariable logistic regression analysis 
was used to adjust for potential confounders. 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 the TF-rs1049296 genotype (P = 0.035 for 
interaction). In multivariable analysis, male sex, hyperten-
sion, severe lobular inflammation, and mixed hepatocellular/
RES iron deposition were independent predictors of signifi-
cant liver fibrosis. RES deposition markedly increased the 
risk of significant liver fibrosis (adjusted odds ratio: 6.65; 
95% confidence interval: 1.84–23.97, p < 0.05), particularly 

in men with isolated RES iron deposition (adjusted odds ra-
tio: 5.26; 95% confidence interval: 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.
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Clin Transl Hepatol 2026;14(11):1–10. doi: 10.14218/JCTH. 
2025.00305.

Introduction
Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) 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, diabe-
tes, 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 pro-
gression to metabolic dysfunction-associated steatohepatitis 
(MASH), advanced fibrosis, cirrhosis, and hepatocellular car-
cinoma.6–10 The global prevalence of MASLD is projected to 
increase dramatically during the next decade, with the fast-
est growth expected in China, where liver-related mortality 
and late-stage liver disease mortality are expected to more 
than double.11,12

MASLD is a complex and heterogeneous disease in which 
systemic iron homeostasis, normally regulated by the liver-
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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 studying the pathophysiology of iron-related parenchy-
mal injury, inflammation, and fibrosis progression.17 Hyper-
ferritinemia (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 liv-
er.18,19 The distribution of hepatic iron stores in liver diseases 
may follow one of three patterns: isolated hepatocellular iron 
deposition, isolated reticuloendothelial system (RES) deposi-
tion, or a mixed pattern involving both hepatocellular and 
RES deposition.18,20,21 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.21,22 In Kupffer cells, the predominant non-paren-
chymal cell type in the liver, iron accumulation triggers the 
release of pro-inflammatory cytokines that activate hepatic 
stellate cells and contribute to liver fibrosis.23 Therefore, the 
formation of hepatic fibrosis is influenced, to some extent, by 
hepatic iron deposition (HID), and excessive iron deposition 
may further promote the development of cirrhosis and hepa-
tocellular carcinoma.24 Thus, HID is considered a surrogate 
marker of hepatic fibrosis in both disease etiology and sever-
ity and is not merely a factor of fibrogenesis.25

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 individuals with MASH.26 Genome-wide as-
sociation studies conducted in Europe and Asia have iden-
tified many variations in transmembrane protease serine 6 
(TMPRSS6) and transferrin (TF)-related genes that vary with 
iron status.27 It has been reported that 36 single-nucleotide 
polymorphisms (SNPs) in TF, HFE, and TMPRSS6 genes were 
associated with iron status.28 Critically, TF itself is a key com-
ponent of the iron-sensing mechanism that regulates hepci-
din. Diferric 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 suppres-
sion of iron absorption and potentially promoting HID.29 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.30

Based on this background of evidence, this cross-sectional 
study aimed to examine whether TF-rs1049296 modulates 
the effect of 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 influenc-
ing the severity of liver disease, in a large cohort of Chinese 
individuals with biopsy-proven MASLD.

Methods

Patient population
This study involved a well-characterized epidemiological 
study of MASH (i.e., the “PERSONS” cohort study).31 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 se-
rum ferritin data. Subjects with HFE genotypes 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. Writ-
ten 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 he-
patic steatosis (≥5% on histology) in combination with one 
of the following three criteria: (1) overweight or obesity (BMI 
≥ 23 kg/m2 for the Asian population), (2) presence of type 2 
diabetes, or (3) evidence of metabolic dysregulation.32 Given 
that our inclusion criteria required a BMI ≥ 23 kg/m2, all 
participants in our final cohort fulfilled the MASLD diagnos-
tic criteria. It is noteworthy that this patient population also 
aligns with the newly proposed definition of MASLD, as the 
core feature of metabolic dysfunction is central to both fatty 
liver disease nomenclatures.

Clinical and laboratory data
In all participants, we recorded demographics, anthropomet-
ric data, clinical parameters, and comorbidities. Biochemical 
variables were collected from all participants within 24 h 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 (HO-
MA-IR score).33 Hypertension was defined as blood pressure 
≥ 130/85 mmHg or antihypertensive treatment.34 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.35

Quantification of HID 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 in a 
solution of potassium ferricyanide, which reacts with the po-
tassium ferricyanide to produce an insoluble blue compound, 
the ferricyanide Prussian blue of trivalent iron.36

Significant iron deposition was defined as the presence 
of discernible hemosiderin granules. Hepatocellular iron was 
graded on a scale from 0 to 4, following the method estab-
lished 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 
hepatocellular iron, predominantly RES iron, or mixed hepa-
tocellular and RES iron (indicating concurrent significant iron 
deposition in hepatocytes and reticuloendothelial cells).

To ensure diagnostic accuracy and consistency, all Prus-
sian 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 un-
der ultrasound guidance. Liver biopsy specimens were scored 
by an expert liver pathologist (Y-Y L), who was unaware of 
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the participants’ clinical details. Histologic scoring was based 
on the MASLD activity score.37 SF was histologically defined 
by liver fibrosis ≥ F2 stage.38

Analysis of TF-rs1049296 polymorphism
Genotyping for the TF-rs1049296 variant was performed us-
ing the MassARRAY (Agena Biosciences, San Diego, CA, USA) 
or TaqMan assay (Bio-Rad, Hercules, CA, USA) platforms, ac-
cording to the manufacturer’s protocol. Each sample used 
approximately 20 ng of genomic DNA extracted from periph-
eral blood leukocytes for genotyping. Site-specific PCR and 
primer detections were designed by the corresponding de-
tection design suite v3.1.

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, 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, depending on whether their distribution was normal 
or skewed, and the one-way ANOVA or the Kruskal–Wallis 
test was used for comparison. The categorical variables were 
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 vari-
ants) were selected28, and TF-rs1049296 was found to be 
associated with HID and liver fibrosis in genome-wide as-
sociation studies. Factors associated with SF were assessed 
using univariable and multivariable logistic regression analy-
ses. The association between different hepatic iron deposit 
locations and the presence of SF was tested by binary logistic 
regression analyses. These regression models were adjust-
ed 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 differ-
ent hepatic iron deposit locations and SF. A P-value < 0.05 
was considered statistically significant.

Results

Characteristics of hepatic iron staining patterns
As shown in Figure 1, 406 Chinese individuals with biopsy-
confirmed MASLD were included in the final analysis. Signifi-
cant differences in clinical and laboratory parameters among 
patients with different iron staining and those without hepat-
ic 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: hepatocel-
lular [45/271 (16.6%)], RES [73/271 (26.9%)], or mixed 
pattern [153/271 (56.5%)]. Significant differences in stain-
ing 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-sen-
sitivity C-reactive protein, hemoglobin, serum iron, ferritin, 
and proportion of hypertension. In addition, there were also 
significant differences in the proportion of hepatocyte bal-
looning and fibrosis according to HID locations.

Effect of iron-related genes and HID location on liver 
fibrosis severity
Interaction tests for each SNP were based on independent 
biological hypotheses regarding their respective roles in iron 
metabolism. Therefore, each test was interpreted individu-
ally, and no correction for multiple comparisons was ap-
plied, 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 signifi-
cant interaction effect on the severity of hepatic fibrosis. Only 
TF-rs1049296 in chromosome 3 had a significant interaction 
with HID and hepatic fibrosis (P = 0.035 for interaction).

Characteristics of participants stratified by TF-
rs1049296 polymorphism genotypes
Table 3 summarizes the baseline characteristics of the study 

Fig. 1.  Flowchart for the study. MASLD, metabolic dysfunction-associated steatotic liver disease; BMI, body mass index; TF, transferrin.

http://www.r-project.org
http://www.empowerstats.com
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participants, stratified by the TF-rs1049296 polymorphism 
genotypes. The distribution of TF-rs1049296 genotypes 
was as follows: 204 (50.2%) had the CC genotype, and 202 
(49.8%) had the (CT+TT) genotype. This genotype distribu-
tion did not deviate from the Hardy–Weinberg equilibrium. 
The distribution of main clinical variables, laboratory param-
eters, comorbid diseases, and histological liver features by 
TF-rs1049296 polymorphism genotypes is shown in Table 3.

Multivariable regression analysis of factors associ-
ated 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 aminotrans-
ferase, aspartate aminotransferase), insulin resistance (HO-
MA-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 multi-
variable regression model adjusted for potential confound-
ing factors, only male sex (adjusted odds ratio (OR) 0.28, 
95% confidence interval (CI) 0.13–0.60, p = 0.001), hyper-
tension (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 inde-
pendently associated with SF.

TF-rs1049296 variant influences the association be-
tween different HID localizations and SF
Multivariable logistic regression modeling was undertaken to 
better understand the association between the TF-rs1049296 
variant and SF in patients with different HID localizations. As 
shown in Table 5, the rs1049296 T/T + C/T genotypes were 
associated with an increased 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, 

Table 2.  Effects of iron-related genes and locations of hepatic iron deposition on the severity of liver fibrosis

Locus Gene
Location of hepatic iron deposition P-value  

(interaction)HC iron only RES iron only Mixed HC/RES iron

CHR 2

    rs994227 T > C SLC40A1 0.52 (0.19–1.47) 2.04 (1.06–3.96) 0.94 (0.52–1.71) 0.483

CHR 3

    rs1830084 A > T TF 0.51 (0.11–2.46) 1.21 (0.46–3.18) 1.11 (0.56–2.64) 0.562

    rs1799852 C > T TF 0.46 (0.92–2.34) 1.63 (0.58–4.55) 0.96 (0.37–2.49) 0.995

    rs2280673 A > C TF 0.20 (0.24–1.66) 1.44 (0.51–4.04) 0.63 (0.25–1.59) 0.814

    rs3811647 G > A TF 0.56 (0.11–2.89) 2.74 (1.07–6.99) 1.08 (0.45–2.59) 0.625

    rs1880669 T > C TF 0.43 (0.05–3.92) 5.00 (1.62–15.44) 1.43 (0.49–4.16) 0.307

    rs1358024 C > T TF 0.64 (0.12–3.27) 3.42 (1.35–8.68) 1.48 (0.62–3.52) 0.432

    rs1525892 G > A TF 0.56 (0.11–2.89) 2.74 (1.07–6.99) 1.08 (0.45–2.59) 0.625

    rs3811658 C > T TF 0.55 (0.11–2.82) 2.82 (1.10–7.26) 1.10 (0.46–2.65) 0.757

    rs8177248 C > T TF 0.55 (0.11–2.82) 2.82 (1.10–7.26) 1.10 (0.46–2.65) 0.729

    rs7638018 A > G TF 0.56 (0.11–2.89) 2.60 (1.02–6.59) 1.08 (0.45–2.59) 0.591

    rs1049296 C > G TF 0.89(0.11–6.98) 6.83(1.78–26.14) 1.71(0.55–5.27) 0.035

CHR 6

    rs1799945 C > G HFE 0.47 (0.17–1.31) 1.62 (0.85–3.07) 0.94 (0.53–1.67) 0.973

CHR 18

    rs9948708 G > A TIBC 0.67 (0.17–2.64) 1.33 (0.48–3.70) 0.84 (0.35–2.00) 0.979

CHR 19

    rs58542926 C > T TM6SF2 0.55 (0.20–1.56) 1.62 (0.81–3.26) 0.87 (0.46–1.62) 0.950

CHR 22

    rs855791 A > G TMPRSS6 0.34 (0.04–2.93) 0.74 (0.21–2.66) 1.13 (0.38–3.37) 0.530

    rs4820268 G > A TMPRSS6 0.30 (0.03–2.68) 0.68 (0.21–2.26) 0.68 (0.22–2.11) 0.572

    rs1421312 A > G TMPRSS6 0.26 (0.03–2.19) 1.56 (0.55–4.49) 0.93 (0.35–2.48) 0.801

    rs2111833 C > T TMPRSS6 0.27 (0.03–2.24) 1.31 (0.50–3.46) 0.83 (0.32–2.12) 0.674

    rs738409 C > G PNPLA3 1.17 (0.19–7.07) 1.54 (0.31–7.69) 1.38 (0.36–5.31) 0.495

Data were presented as odds ratios and 95% confidence intervals and tested by univariable logistic regression analysis. P-value for interaction represents the interaction 
between iron-related genes and hepatic iron deposition distribution on the severity of liver fibrosis. The reference category is the “No iron stain” group. P-value < 0.05 is 
bolded for statistical significance. HC, hepatocellular; RES, reticuloendothelial system; CHR, chromosome; TF, transferrin; HFE, hyperferritinemia; TIBC, total iron-bind-
ing capacity; TM6SF2, transmembrane 6 superfamily 2; TMPRSS6, transmembrane protease serine 6; PNPLA3, patatin-like phospholipase domain-containing protein 3.
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Table 3.  Characteristics of study participants, stratified by TF-rs1049296 polymorphism

C/C (n = 204) C/T +T/T (n = 202) P-value

Clinical parameters

    Female sex, n (%) 59 (28.9) 50 (24.8) 0.343

    Age, years 43.8 ± 13.2 40.9 ± 12.3 0.024

    Body mass index, kg/m2 27.4 ± 2.9 27.7 ± 4.2 0.822

Laboratory parameters

    Alanine aminotransferase, U/L 48.0 (27.0–83.0) 53.5 (30.0–94.0) 0.341

    Aspartate aminotransferase, U/L 35.0 (25.0–57.0) 34.0 (24.0–56.0) 0.518

    Gamma-glutamyl transferase, U/L 53.0 (31.0–84.2) 53.0 (35.0–86.8) 0.554

    Total bilirubin, µmol/L 12.0 (9.0–16.0) 12.0 (9.0–16.0) 0.982

    Uric acid, µmol/L 375.5 (313.8–446.0) 393.0 (332.0–474.0) 0.063

    Fasting glucose, mmol/L 6.0 ± 1.8 6.2 ± 2.2 0.737

    Fasting insulin, pmol/L 106.7 (69.2–148.2) 109.0 (73.1–161.0) 0.361

    HOMA-IR score 3.8 (2.3–5.4) 3.9 (2.5–6.0) 0.241

    Total cholesterol, mmol/L 5.1 ± 1.3 5.2 ± 1.2 0.451

    Triglycerides, mmol/L 2.0 (1.3–2.8) 2.0 (1.5–3.0) 0.379

    HDL-cholesterol, mmol/L 1.0 ± 0.3 1.0 ± 0.2 0.121

    LDL-cholesterol, mmol/L 2.9 (2.3–3.6) 3.0 (2.4–3.6) 0.564

    Platelet count, ×109/L 234.7 ± 58.0 253.6 ± 66.1 0.009

    High-sensitivity C-reactive protein*, mg/L 1.2 (0.6–2.2) 1.3 (0.7–2.9) 0.147

    Hemoglobin, g/L 146.7 ± 14.7 148.0 ± 15.1 0.307

    Iron, µmol/L 16.70 (13.40–21.90) 17.0 (12.9–19.9) 0.323

    Transferrin concentrations**, % 29.0 (22.5–38.5) 29.0 (22.0–34.8) 0.445

    Ferritin, mcg/L 301.4 (151.1–440.0) 272.4 (148.2–440.5) 0.298

Comorbid diseases

    Type 2 diabetes, n (%) 83 (40.7) 75 (37.1) 0.462

    Hypertension, n (%) 89 (43.6) 93 (46.0) 0.625

    Dyslipidemia, n (%) 183 (90.1) 183 (91.5) 0.638

Histological liver features

    Steatosis, n (%) 0.757

        Mild steatosis 93 (45.6) 89 (44.1)

        Severe steatosis 111 (54.4) 113 (55.9)

    Hepatocyte ballooning, n (%) 0.627

        Mild ballooning 122 (59.8) 116 (57.4)

        Severe ballooning 82 (40.2) 86 (42.6)

    Lobular inflammation, n (%) 0.556

        Mild inflammation 128 (62.7) 121 (59.9)

        Severe inflammation 76 (37.3) 81 (40.1)

    Fibrosis stage, n (%) 0.176

        No-significant fibrosis 163 (79.9) 150 (74.3)

        Significant fibrosis 41 (20.1) 52 (25.7)

Categorical variables are expressed as numbers (percentages), and continuous variables are presented as means ± SD for normally distributed variables or medians 
and interquartile ranges (IQR) for non-normally distributed variables. Differences in continuous variables among the patient groups were determined by one-way 
ANOVA and the Kruskal-Wallis test. *Data were available only in 325 patients. **Data were available only in 153 patients. TF, transferrin; HOMA-IR, homeostasis model 
assessment of insulin resistance.
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Table 4.  Univariable and multivariable logistic regression analysis of factors associated with fibrosis stage

Univariable analysis P-value Multivari-
able analysis P-value

Clinical parameters

    Sex 0.002 0.001

        Female 1.0 1.0

        Male 0.45 (0.28, 0.74) 0.28 (0.13, 0.60)

    Age, years 1.01 (1.00, 1.03) 0.149

    Body mass index, kg/m2 1.12 (1.05, 1.19) <0.001

Laboratory parameters

    Alanine aminotransferase, U/L 1.01 (1.00, 1.01) <0.001

    Aspartate aminotransferase, U/L 1.02 (1.01, 1.02) <0.001

    Gamma-glutamyl transferase, U/L 1.00 (0.99,1.01) 0.072

    Total bilirubin, µmol/L 1.15 (0.95, 1.38) 0.492

    Uric acid, µmol/L 1.00 (0.99,1.00) 0.890

    Fasting glucose, mmol/L 1.00 (1.00, 1.01) 0.060

    Fasting insulin, pmol/L 1.16 (1.04, 1.29) 0.006

    HOMA-IR score 1.03 (1.00, 1.05) 0.039

    Total cholesterol, mmol/L 1.15 (0.95, 1.38) 0.155

    Triglycerides, mmol/L 0.96 (0.84, 1.10) 0.547

    HDL-cholesterol, mmol/L 1.73 (0.80, 3.75) 0.165

    LDL-cholesterol, mmol/L 1.08 (0.84, 1.38) 0.558

    Platelet count, ×109/L 0.99 (0.99, 1.00) 0.516

    High-sensitivity C-reactive protein*, mg/L 1.03 (0.97, 1.08) 0.332

    Hemoglobin, g/L 1.00 (0.98, 1.01) 0.566

    Iron, µmol/L 1.03 (0.97, 1.09) 0.361

    Transferrin concentrations** 1.01 (0.98, 1.05) 0.447

    Ferritin, mcg/L 1.00 (0.99, 1.00) 0.172

Comorbid diseases

    Type 2 diabetes 0.005

1.0

1.97 (1.23, 3.14)

    Hypertension <0.001 0.035

1.0 1.0

2.25 (1.40, 3.60) 1.90 (1.05, 3.45)

    Dyslipidemia 0.524

1.0

0.78 (0.36, 1.68)

Histological liver features

    Steatosis <0.001

        Mild steatosis 1.0

        Severe steatosis 3.14 (1.87, 5.29)

    Hepatocyte ballooning <0.001

        Mild ballooning 1.0

        Severe ballooning 3.25 (2.01, 5.26)

(continued)
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HOMA-IR, and serum ferritin concentrations. This associa-
tion 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 con-
text of other iron deposition patterns (no iron, hepatocellular 
iron only, or mixed hepatocellular/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 bi-
opsy-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 he-
patic macrophages.

Although it is known that tissue iron excess can damage 
the liver by inducing oxidative stress and lipid peroxida-
tion,21,39,40 the effects of hepatic iron accumulation on he-
patic 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 MA-
SLD. Patients with MASLD tend to accumulate iron in the 

Table 5.  Association between TF-rs1049296 genotype and liver fibrosis, stratified by sex and hepatic iron deposition

Stratification Iron Deposition Genotype Unadjusted Adjusted

Total No iron stain T/T+C/T 0.75 (0.33, 1.72) 0.95 (0.37, 2.48)

HC iron only T/T+C/T 0.67 (0.10, 4.43) 1.39 (0.10, 19.77)

RES iron only T/T+C/T 5.14 (1.78, 14.84)* 6.65 (1.84, 23.97)*

Mixed HC/RES T/T+C/T 1.29 (0.60, 2.77) 1.16 (0.50, 2.70)

Female No iron stain T/T+C/T 1.32 (0.47, 3.72) 2.74 (0.69, 10.80)

HC iron only T/T+C/T / /

RES iron only T/T+C/T / /

Mixed HC/RES T/T+C/T 0.60 (0.09, 3.99) 1.59 (0.12, 20.56)

Male No iron stain T/T+C/T 0.33 (0.08, 1.47) 0.26 (0.05, 1.36)

HC iron only T/T+C/T 0.33 (0.03, 3.50) 0.86 (0.03, 25.98)

RES iron only T/T+C/T 4.29 (1.25, 14.68)* 5.26 (1.21, 22.81)*

Mixed HC/RES T/T+C/T 1.63 (0.68, 3.91) 1.47 (0.56, 3.85)

All analyses used the C/C genotype as the reference group. Data are expressed as odds ratios and 95% confidence intervals as tested by univariable and multivariable 
logistic regression analyses. /: denotes that the calculation was precluded by a subgroup sample size too small for reliable estimations. *indicates P-value < 0.05. 
Adjusted regression model: age, body mass index, hemoglobin, HOMA-IR, and serum ferritin concentrations. HC, hepatocellular; RES, reticuloendothelial system; TF, 
transferrin; HOMA-IR, homeostasis model assessment of insulin resistance.

Univariable analysis P-value Multivari-
able analysis P-value

    Lobular inflammation <0.001 <0.001

        Mild inflammation 1.0 1.0

        Severe inflammation 9.95 (5.72, 17.32) 8.40 (4.29, 16.44)

Distribution of iron deposition 0.035

    No iron stains 1.0 1.0

    HC iron only 0.46 (0.17, 1.26) 0.131

    RES iron only 1.90 (1.01, 3.59) 0.047 2.31 (0.98, 5.43) 0.054

    Mixed HC/RES iron 1.04 (0.60, 1.83) 0.879 2.53 (1.18, 5.43) 0.017

TF rs1049296

    Dominant model 0.177

        C/C 1.0

        T/T+C/T 1.38 (0.87, 2.20)

Data are expressed as odds ratios and 95% confidence intervals as tested by univariable and multivariable logistic regression analyses. Variables significant in univari-
ate analysis (p < 0.05) were included in the multivariate analyses. Ref. = reference category. P-value < 0.05 is bolded for statistical significance. *Data were available 
only in 325 patients. **Data were available only in 153 patients. TF, transferrin; HOMA-IR, homeostasis model assessment of insulin resistance; HC, hepatocellular; 
RES, reticuloendothelial system.

Table 4.  (continued)
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hepatocytes and macrophages, possibly due to various fac-
tors (genetics, hepatic inflammation, and leakage of dead 
hepatocytes with subsequent phagocytosis by hepatic mac-
rophages).41

Liver fibrosis has been identified as a meaningful prognos-
tic factor in individuals with MASLD.42 Previously, we have 
reported the presence of hepatic iron stores in the RES in 
over 10% of patients with MASLD,21 which disrupts the bal-
ance between M1/M2 macrophage polarization, thus leading 
to macrophage-driven hepatic inflammation and fibrosis in 
MASLD.43

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 pro-
pose 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.44 
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 syn-
ergistic effect, profoundly exacerbating iron-mediated oxida-
tive stress and profibrotic signaling. The plausibility of this 
model is supported by functional evidence demonstrating 
that the TF receptor 2 variant synergizes with other iron-
loading mutations, amplifying pathological iron overload and 
associated end-organ damage.45

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 as-
sessments reviewed by a panel of expert liver pathologists 
and final confirmation by a single senior pathologist, ensur-
ing 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 deline-
ate the contribution of dietary sources versus inherent meta-
bolic dysregulation to hepatic iron overload. Finally, our study 
cohort consisted of individuals of Asian descent; therefore, 
the generalizability of our findings to other ethnic popula-
tions requires further validation, as genetic backgrounds and 
environmental exposures can differ significantly.

Conclusions
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 inter-
action 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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