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Abstract
The global prevalence of metabolic dysfunction-associated steatotic liver disease (MASLD) continues to rise, and the 
accurate, non-invasive assessment of liver fibrosis remains an important clinical challenge. This study aimed to identify 
ferroptosis biomarkers associated with MASLD-related liver fibrosis progression, explore their potential biological links 
with MRI-derived parameters, and provide new clues for developing non-invasive diagnostic strategies for ferroptosis. 
A MASLD-related liver fibrosis model was established using 30 Sprague-Dawley (SD) rats. Hub differentially expressed 
ferroptosis-related genes (DE-FRGs) were identified through the integration of weighted gene co-expression network 
analysis (WGCNA), differential expression analysis, and LASSO regression. The role of ferroptosis in MASLD was evalu-
ated using transmission electron microscopy (TEM) and measurements of glutathione (GSH) and Fe²⁺ content. T2*, R2*, 
and proton density fat fraction (PDFF) were obtained through magnetic resonance imaging (MRI) and were analyzed for 
correlations with hub DE-FRGs and Fe²⁺ levels. A total of eight hub DE-FRGs were identified: Pck2, Idh2, Nr1d1, Fads1, 
Sat1, Abhd12, Got1, and Srebf1. Enrichment analyses revealed that these hub DE-FRGs were predominantly implicated in 
carbohydrate response, amino acid biosynthesis, insulin resistance, and the AMPK signaling pathway. TEM and biochemi-
cal markers analyses demonstrated an association between MASLD-related liver fibrosis and ferroptosis. MRI‑derived 
parameters were significantly correlated with Fe²⁺ levels and the expression of hub DE-FRGs. This study preliminarily 
identified hub DE-FRGs associated with liver fibrosis in MASLD and their signaling pathways, verified indirect indicators 
related to ferroptosis, and proposed their potential correlation with MRI-derived parameters.

Keywords  Transcriptome sequencing · Ferroptosis · Metabolic dysfunction-associated steatotic liver disease · Liver 
fibrosis · MRI-derived parameters
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Introduction

Metabolic dysfunction-associated steatotic liver disease 
(MASLD) is a chronic hepatic fat accumulation disor-
der caused by non-alcoholic factors. It is characterized by 
hepatocellular steatosis and steatohepatitis. As the disease 
progresses, liver fibrosis and cirrhosis may develop, and 
in some cases, it can advance to hepatocellular carcinoma 
(HCC) [1]. Studies have indicated that MASLD is linked to 
metabolic syndrome and may increase the risk and progres-
sion of atherosclerosis, cardiovascular disease, and diabetes 
[2]. According to the recent epidemiological data, the global 
prevalence of MASLD has reached approximately 30% [3, 
4].

Liver fibrosis is a pivotal determinant of MASLD pro-
gression and prognosis. Although liver biopsy remains 
the gold standard for confirming fibrosis, its invasiveness, 
which entails risks of bleeding, infection, and other com-
plications limits its widespread clinical use [5]. Therefore, 
the development of non-invasive, accurate, and reproduc-
ible assessment tools has become a major focus of cur-
rent research. Rapid advances in genomic technologies 
have greatly enhanced our understanding of the molecular 
mechanisms underlying MASLD-related liver fibrosis [6]. 
As a key branch of genomics, transcriptomics shows great 
promise for evaluating liver fibrosis in the context of this 
disease [7]. Ferroptosis, a distinct form of cell death identi-
fied in recent years, is particularly noteworthy [8]. The liver, 
as the primary reservoir of lipids and iron, plays a pivotal 
role in the progression of liver diseases such as MASLD. 
Studies have shown that acetaminophen overdose-induced 
acute liver injury is accompanied by ferroptosis in the liver 
[9]. Research by Shinya Tsurusaki et al. indicated that fer-
roptosis could be a potential trigger for steatohepatitis [10]. 
Therefore, identifying ferroptosis-related genes (FRGs) 
associated with MASLD-related liver fibrosis has potential 
significance for advancing our understanding of the disease, 
which may help in clinical diagnosis and provide prospects 
for early therapeutic intervention.

In recent years, advances in imaging technology and 
transcriptomics have provided new perspectives for diag-
nosing and mechanistically exploring MASLD-related 
liver fibrosis. Radiobioinformatics integrates quantitative 

imaging with bioinformatics to identify alterations in poten-
tial signaling pathways or biomarkers [11]. Currently, non-
invasive imaging techniques have been widely used in this 
field to explore disease-related genomes and gene muta-
tions, and they have been extensively applied in research 
on oncology, cardiovascular diseases, neurodegenerative 
disorders [12], and HCC [13]. Magnetic resonance imaging 
(MRI), as a non-invasive imaging tool, holds great poten-
tial for quantifying hepatic fat deposition and fibrosis [14]. 
Its derived parameters T2*, R2* and proton-density fat 
fraction (PDFF) can precisely measure pathophysiological 
alterations in liver tissue, providing objective evidence for 
the non-invasive assessment of liver fibrosis [15]. Neverthe-
less, radiogenomic studies specifically focused on MASLD-
related fibrosis remain scarce, leaving considerable room 
for further exploration.

This study aims to address the current lack of bioinfor-
matics research on FRGs in MASLD-related fibrosis and 
the absence of integrated analysis with MRI‑derived param-
eters. We established an animal model of MASLD-related 
fibrosis, used transcriptome sequencing data to identify 
FRGs and signaling pathways associated with fibrosis pro-
gression, and validated indirect indicators related to ferrop-
tosis. Furthermore, the correlation between these indicators 
and MRI-derived parameters was analyzed to explore their 
biological connections. This study is expected to provide 
potential ferroptosis biomarkers for the progression of 
MASLD-related liver fibrosis and offer new theoretical 
foundations and practical guidance for developing non-
invasive diagnostic methods for ferroptosis.

Materials and methods

Establishment of animal models

A total of 30 Sprague-Dawley (SD) rats were enrolled and 
randomly assigned to either a model group (n = 20) or a 
control group (n = 10). The control group was fed standard 
diet and water, while the model group was fed a high-fat, 
high-cholesterol (HFHC) diet and drinking water contain-
ing 23.1 g/L fructoseglucose syrup. The model group was 
further randomized into two subgroups (n = 10) according 
to the 8-week and 12-week time points. The 12-week sub-
group received intraperitoneal injections of CCl₄ (diluted 
1:3 v/v in olive oil) at 0.5 mL/kg twice weekly for 4 weeks, 
starting at week 8 [16]. All animal-related protocols were 
approved by the Guizhou Medical University Ethical Com-
mittee (approval No. 2304182). The overall study design is 
shown in figure 1.
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MRI examination and measurement

After the rat was secured in the animal holder, tribromoetha-
nol was administered intraperitoneally via the right lower 
quadrant for anesthesia. Following anesthesia induction, 
MRI examination was conducted using a four-channel ani-
mal RF coil (Magtron Inc., Jiangyin, China; model WK602). 
The abdominal scanning area was fully exposed. The upper 
abdomen was then gently wrapped with padding to mini-
mize respiratory motion artifacts. A sagittal localizer scan 
was obtained to identify the optimal imaging plane centered 
on the liver. The MRI protocol included standard IDEAL-
IQ, T2WI, and T2* mapping. All images were retrospec-
tively and blindly reviewed by an experienced radiologist 
blinded to group allocation using an ADW 4.7 workstation 
(GE Healthcare, USA). For quantitative analysis, regions 
of interest (ROIs) were selected from IDEAL-IQ and T2* 
mapping, carefully avoiding large intrahepatic vessels, bile 
ducts, the gallbladder, abdominal adipose tissue, and areas 
affected by intrapulmonary air. Three ROIs (approximately 
8 mm² each) were taken from per layer. The mean values of 
T2*, R2*, and PDFF were calculated and recorded numeri-
cally, and the corresponding images were saved.

Liver histopathological examination

Immediately after the MRI examination, fresh liver tissue 
was obtained from each rat, one 1.0-cm³ cube was taken 
from both the left and right lobes and immersed in 4% neu-
tral-buffered formalin. After complete fixation, the sections 
were subsequently stained with Prussian blue, hematoxy-
lin-eosin (HE), and Massons trichrome. One experienced 
pathologist, blinded to all group assignments and imaging 
data, independently evaluated the slides, and graded fibro-
sis using the METAVIR system. According to this system, 
F0 represents no fibrosis (the control group), F1-F4 rep-
resent the fibrosis group,  where F1 and F2 represent the 
non-advanced fibrosis group, and F3 and F4 represent the 
advanced fibrosis group.

Data set collection

Total RNA was extracted from liver tissue using TRIzol 
reagent. Purity and concentration were measured with a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, 
USA), and RNA integrity was verified using an Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, 
USA). Libraries were prepared with the VAHTS Universal 
V10 RNA-seq Library Prep Kit (Premixed Version) accord-
ing to the manufacturers instructions and then sequenced on 
an Illumina NovaSeq 6000 platform. These procedures were 
performed by Shanghai OE Biotech Co., Ltd. Additionally, 
the GSE213621 dataset, which includes mRNA-seq data 
from 69 control samples and 299 MASLD samples, was 
downloaded from the GEO repository (​h​t​t​p​​s​:​/​​/​w​w​w​​.​n​​c​b​i​​.​
n​l​m​​.​n​i​​h​.​g​​o​v​/​g​e​o​/), and 564 FRGs were retrieved from the 
FerrDb database (​h​t​t​p​​:​/​/​​w​w​w​.​​z​h​​o​u​n​​a​n​.​o​​r​g​/​​f​e​r​​r​d​b​/​c​u​r​r​e​n​t​/).

Screening of DEGs

First, a sample-to-sample correlation heatmap was generated 
from the expression matrix to assess overall reproducibility. 
Then, principal component analysis (PCA) was performed 
to visualize within-group clustering and between-group 
separation among subgroups. Using the R limma package 
to calculate the differential expression between the control 
group and each fibrosis group (non-advanced fibrosis group, 
advanced fibrosis group, and fibrosis group), retain genes 
with |log₂ fold change| > 1 and adjusted p value < 0.05 as 
differentially expressed genes (DEGs). Volcano plots were 
generated with ggplot2, hierarchical clustering heatmaps 
with pheatmap, and Venn diagrams were constructed to 
identify DEGs common to all three contrasts as genes asso-
ciated with MASLD fibrosis progression.

Fig. 1  Flowchart of the study design for the MASLD liver fibrosis rat 
model
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Ferroptosis-associated markers

To verify indicators related to ferroptosis, five liver samples 
from each group were selected for experimental analysis. 
The liver samples were homogenized in PBS (0.1 g tissue : 
0.9 mL buffer) and centrifuged at 10 000 × g for 10–15 min 
at 4 °C, the resulting supernatant was used for subsequent 
assays. Glutathione (GSH) and Fe2+ levels were determined 
using commercial kits, with every step and calculation per-
formed exactly as specified by the manufacturer. Addition-
ally, 2 mm³ fragments were cut from freshly isolated rat 
liver, immediately fixed overnight in 2.5% glutaraldehyde, 
after embedding and sectioning, examined by transmission 
electron microscopy (TEM) for ultrastructural changes.

Validation of hub DE-FRGs

The hub DE-FRGs were further validated using the external 
dataset GSE213621. Four liver samples from each group 
were taken for qRT-PCR validation. Total RNA was first 
extracted using TRIzol reagent, and then it was reverse tran-
scribed into cDNA according to the instructions of the cDNA 
synthesis kit (G3337, Wuhan Saiweier Biotechnology Co., 
Ltd.). After preparing the qRT-PCR reaction system, ampli-
fication was carried out on a real-time fluorescent quantita-
tive PCR instrument. Three technical replicates were set up 
for each sample. The relative expression levels of the target 
genes were calculated using the 2-ΔΔCt method, with the 
β-actin gene used as an internal reference for normalization. 
Primer sequences are listed in Table 1.

Correlation analysis of hub DE-FRGs, Fe2+, and 
MRI‑derived parameters

Spearman correlation analysis was used to examine the rela-
tionships between Fe2+ content, the expression levels of hub 
DE-FRGs, and MRI-derived parameters such as R2*, T2*, 
and PDFF, offering molecular insights into the observed 
imaging phenotypes.

Statistical analysis

Differential expression analysis was conducted using R 4.4.2 
(https://www.r-project.org). Enrichment analyses, spearman 
correlation analysis, and Venn diagrams were generated 
using the Bioinformatics Platform (​h​t​t​p​​:​/​/​​w​w​w​.​​b​i​​o​i​n​​f​o​r​m​​a​
t​i​​c​s​.​​c​o​m​.​c​n). Biochemical data and qRT-PCR results were 
visualized with GraphPad Prism 9.5. WGCNA was per-
formed using OEbiotech Cloud ​ (​​​h​t​t​p​s​:​/​/​c​l​o​u​d​.​o​e​b​i​o​t​e​c​h​.​c​o​
m​​​​​)​, and Sankey plots were created with Genes Cloud (​h​t​t​p​​s​:​
/​​/​w​w​w​​.​g​​e​n​e​​s​c​l​o​​u​d​.​​c​n​/​​h​o​m​e). In both ​t​r​a​n​s​c​r​i​p​t​o​m​e and GO 
enrichment analyses, multiple test correction was applied. 

GO and KEGG enrichment analyses

The DEGs were subjected to Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analyses. GO covers three domains: Molecular 
Function (MF), Cellular Component (CC) and Biological 
Process (BP). KEGG is a widely used database for investi-
gating diseases, chemicals, drugs, biological processes and 
genomes. Adjusted p-value < 0.05 is considered statistically 
significant.

Weighted gene co-expression network analysis 
(WGCNA)

To identify gene modules with coherent expression pat-
terns and explore their relationship to clinical phenotypes, 
we constructed a co-expression network from the RNA-seq 
data using WGCNA and extracted modules whose expres-
sion was significantly correlated with hepatic fibrosis (|r| > 
0.6, p < 0.05) for downstream analysis.

Identification and expression levels of hub DE-FRGs

Intersect DEGs and WGCNA results with the 564 known 
FRGs, and designate the overlapping genes as differentially 
expressed ferroptosis-related genes (DE-FRGs). A LASSO 
model was then constructed using the R package glmnet 
to identify hub DE-FRGs. To clearly illustrate the entire 
screening process, we mapped out the process of screening 
hub DE-FRGs (Online Resource 1). These hub DE-FRGs 
subsequently analyzed through GO and KEGG enrichment 
analyses, and their expression levels across the control, 
non-advanced fibrosis, and advanced fibrosis groups were 
visualized using box-dot plots generated with the ggpubr 
package.

Table 1  List of the qRT-PCR primers used in this study
Gene Forward primer Reverse primer
β-actin ​T​G​C​T​A​T​G​T​T​G​C​C​C​T​A​G​A​C​T​T​

C​G
​G​T​T​G​G​C​A​T​A​G​A​G​
G​T​C​T​T​T​A​C​G​G

Got1 ​T​C​C​A​T​C​T​T​T​G​T​C​C​T​C​C​A​C​G​C ​G​C​C​C​A​G​G​C​A​T​C​T​
T​T​C​T​C​T​A​G​G

Nr1d1 ​C​A​A​G​C​T​T​A​A​C​G​G​C​A​T​G​G​T​G​C ​G​C​C​A​A​C​G​G​A​G​A​
G​A​C​A​C​T​T​C​T

Idh2 ​G​G​A​A​G​A​G​C​C​C​T​A​A​C​G​G​A​A​C​
T​A​T​C

​C​G​A​A​A​T​G​G​A​C​T​C​
G​T​C​G​G​T​G​T

Fads1 ​A​C​T​T​T​G​G​G​C​A​C​C​T​G​T​C​C​G​T ​G​T​C​T​T​T​G​C​G​G​A​A​
G​C​A​G​T​T​G​G

Pck2 ​T​G​C​C​A​T​G​G​C​T​G​C​T​A​T​G​T​A​C​C ​T​T​T​G​G​A​T​G​C​T​A​C​
G​G​C​A​T​G​G​T

Sat1 ​A​A​G​C​C​A​G​G​T​T​G​C​T​A​T​G​A​A​G​
T​G​T

​T​G​A​A​T​A​G​T​C​T​C​C​
A​T​C​C​C​T​C​T​T​C​A​C​T
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the control group exhibited intact lobular architecture with 
orderly hepatic cords. In non-advanced fibrosis (F1-F2), the 
structure was largely preserved, displaying only scattered 
spotty necrosis. Advanced fibrosis (F3-F4) revealed marked 
architectural disarray, extensive hepatocellular swelling and 
ballooning degeneration, together with bile-duct prolifera-
tion and dense inflammatory infiltrates around portal tracts 
(Fig. 2a). Masson staining further confirmed the degree of 
fibrosis: the control group showed virtually no collagen 
deposition; non-advanced fibrosis exhibited thin blue-green 
collagen rims around portal and central veins; and advanced 
fibrosis displayed extensive blue collagen deposition with 
the formation of characteristic pseudolobules (Fig.  2b). 
MRI can be used as a tool to evaluate the liver parenchyma 
in rat models (Fig. 2c). In conclusion, the above results indi-
cate that the MASLD-related liver fibrosis model has been 
successfully established.

For GO enrichment analysis, an adjusted p-value < 0.05 was 
used as the criterion. DEGs were screened using an adjusted 
p-value < 0.05 and |log₂(fold change)| ≥ 1 as criteria. For 
qRT-PCR and biochemical indicator measurements, the data 
were first tested for normality, and comparisons among mul-
tiple groups were performed using one-way ANOVA, with 
results presented as mean ± standard deviation (SD). For 
correlation analysis, based on the data distribution, Spear-
man correlation analysis was selected. A p-value less than 
0.05 was considered statistically significant. ns, indicates 
the difference is not statistically significant, * p < 0.05, ** 
p < 0.01, *** p < 0.001.

Results

Liver histopathological and MRI imaging results

Figure 2 presents representative pathological findings and 
MRI imaging from each rat group. On HE-stained sections, 

Fig. 2  Pathological results and MRI images of the MASLD liver fibrosis model in rats. a HE staining, yellow arrow indicates the fatty degeneration 
of liver tissue. b Masson staining, black arrow indicates blue collagen deposition. c Representative MRI images
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2,488 (control vs. fibrosis groups) DEGs (Fig. 3e), with a 
total of 1,047 overlapping genes, comprising 865 up-regu-
lated and 182 down-regulated genes (Fig. 3f, Online Table 
1).

Identification of DEGs

All samples exhibited high inter-sample correlation with no 
outliers (Fig. 3a). In the PCA results, samples formed clear 
boundaries among groups andclustered tightly together 
within each group (Fig.  3b-d). Differential expression 
analysis identified 1,204 (control vs. non-advanced fibrosis 
groups), 3,306  (control vs.  advanced fibrosis groups) and 

Fig. 3  Identification of DEGs. a Heatmap of correlations among 30 
samples. b-d PCA plot between the control and non-advanced groups 
(b), the control and advanced groups (c), and the control and fibrosis 
groups (d). e Volcano plot and heatmap display the DEGs between 

control and non-advanced fibrosis groups, control and advanced fibro-
sis groups, and control and fibrosis groups, from top to bottom. f A 
total of 1,047 DEGs were identified. Venn diagrams were used to visu-
alize the intersection of three groups of differential expression analysis
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Screening and expression levels of hub DE-FRGs

The intersection of DEGs, FRGs, and genes from WGCNA 
modules associated with liver fibrosis identified 20 DE-
FRGs (Fig.  6a). LASSO regression analysis of these 20 
genes revealed 8 hub DE-FRGs: Pck2, Idh2, Nr1d1, Fads1, 
Sat1, Abhd12, Got1, and Srebf1 (Fig. 6b-c). Fads1, Got1, 
and Nr1d1 were down-regulated in the liver fibrosis group, 
whereas Abhd12, Idh2, Pck2, Sat1, and Srebf1 were up-
regulated in the liver fibrosis group (Fig.  6d). These 8 
genes, which simultaneously meet the criteria of differential 
expression, WGCNA module membership, and non-zero 
LASSO coefficients, were identified as hub DE-FRGs for 
subsequent validation and analysis.

Enrichment analysis of hub DE-FRGs

To explore the potential biological processes jointly involv-
ing the eight hub DE-FRGs identified through bioinfor-
matics and machine learning, GO and KEGG enrichment 
analyses were performed. These analyses aimed to provide 
preliminary insights into the synergistic mechanisms of 
these hub DE-FRGs. GO enrichment analysis showed that 
hub DE-FRGs were significantly enriched in the BP and 
MF categories (adjusted p-value < 0.05), such as response 
to carbohydrate, regulation of protein secretion, regula-
tion of insulin secretion, carboxy-lyase activity, and acyl-
glycerol lipase activity, however, no significant enrichment 
was observed for CC (adjusted p-value > 0.05) (Fig.  7a; 
Table 2). KEGG enrichment analysis revealed that hub DE-
FRGs were significantly enriched in pathways including the 
citrate cycle, arginine and proline metabolism, biosynthesis 

DEGs enrichment analysis

GO enrichment analysis revealed that the DEGs were 
enriched in BP including secondary alcohol metabolic 
process, alcohol metabolic process, cholesterol metabolic 
process, cellular lipid catabolic process, sterol metabolic 
process, and organic acid catabolic process. CC included 
mitochondrial matrix, cell-substrate junction, lysosome, 
mitochondrial inner membrane, and peroxisome. MF pri-
marily encompasses oxidoreductase activity, acyltransferase 
activity, flavin adenine dinucleotide binding, and isomerase 
activity(Fig. 4a, Online Table 2). KEGG pathway analysis 
of the DEGs revealed significant enrichment in steroid bio-
synthesis, fatty acid metabolism, PPAR signaling pathway, 
nucleotide metabolism, sphingolipid metabolism, and per-
oxisome-related pathways (Fig. 4b, Online Table 2). Enrich-
ment analysis results suggest that these pathways may be 
closely related to MASLD-related liver fibrosis.

WGCNA analysis

A scale-free co-expression network was constructed using 
a soft-thresholding power of β = 8, which yielded seven 
gene modules (Fig. 5a-c). Three modules were significantly 
associated with liver fibrosis: the turquoise module (801 
genes) and the yellow module (49 genes) showed positive 
correlations, while the blue module (201 genes) exhibited 
a negative correlation (Fig. 5d-f, Online Table 3). We used 
the genes from these three modules for subsequent analysis.

Fig. 4  GO and KEGG enrichment plots of DEGs in MASLD-related liver fibrosis. a Bar chart of GO enrichment analysis for DEGs. b Bubble chart 
of KEGG pathway enrichment analysis for DEGs
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Validation of hub DE-FRGs

Analysis of the external dataset GSE213621 revealed that 
all hub DE-FRGs except NR1D1 showed statistically sig-
nificant differential expression between control and fibrosis 
groups. Among these, GOT1, ABHD12, and IDH2 exhib-
ited expression trends consistent with our RNA-seq find-
ings (Fig. 9a). qRT-PCR results demonstrated that Fads1, 
Got1, and Nr1d1 were down-regulated in the fibrosis group, 
while Idh2, Pck2, and Sat1 were up-regulated in the fibro-
sis group, which aligns with the sequencing analysis results. 
For the other two hub DE-FRGs, qRT-PCR results showed 
no statistically significant differences in expression between 
the control group and the fibrosis group (Fig. 9b).

Correlation analysis of hub DE-FRGs, Fe2+, and 
MRI‑derived parameters

Spearman correlation analysis revealed that PDFF values 
were significantly associated with all hub DE-FRGs: posi-
tively with Fads1, Got1, and Nr1d1, and negatively with 
Abhd12, Idh2, Pck2, Sat1, and Srebf1 (p < 0.05) (Fig. 10a). 
R2* showed a positive correlation with Fe²⁺, whereas 
T2* exhibited a negative correlation with Fe²⁺ (p < 0.05) 
(Fig.  10b). Representative biological functions associated 

of amino acids, insulin resistance, and the AMPK signaling 
pathway (adjusted p-value < 0.05) (Fig. 7b; Table 2).

Indirect indicators related to ferroptosis in rat 
models

Prussian blue staining revealed scattered deep-blue granules 
in the livers of rats with non-advanced fibrosis, whereas the 
advanced fibrosis group exhibited a markedly wider distribu-
tion of these iron-positive deposits compared with the con-
trol group (Fig. 8a). TEM demonstrated ferroptosis-related 
ultrastructural alterations in the hepatocyte mitochondria of 
fibrosis rats, including mitochondrial swelling, increased 
cristae fragmentation, reduced matrix volume, and a marked 
decrease in matrix electron density (Fig. 8b). Since GSH 
reduction and iron accumulation are key mechanisms of fer-
roptosis, we assessed these parameters. The results showed 
that, compared with the control group, hepatic GSH activity 
was significantly decreased in the fibrosis group, and Fe2+ 
levels were elevated in the fibrosis group (p < 0.05) (Fig. 8c-
d). These findings suggest that ferroptosis may be involved 
in the progression of MASLD-related liver fibrosis.

Fig. 5  WGCNA modules in MASLD-related liver fibrosis. a Plot of 
soft-threshold power versus mean connectivity used to determine the 
optimal soft-thresholding power for network construction. b Gene-
clustering dendrogram based on topological overlap. c Module-trait 
association heatmap, rows represent modules, and columns represent 
the corresponding phenotypes, the values in the box represent the cor-

relation coefficient and the significance level (p-value), red represents 
a positive correlation, blue represents a negative correlation, and the 
depth of the color indicates the strength of the correlation. We selected 
modules with a correlation greater than 0.6 for analysis. d-f Scatter 
plots of gene significance (GS) vs. module membership (MM) for: the 
turquoise module (d), the yellow module (e), and the blue module (f)
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and Srebf1. Except for NR1D1, all other hub DE-FRGs were 
validated in the GSE213621 dataset, the expression trends 
of GOT1, ABHD12, and IDH2 matched the sequencing 
results. Furthermore, Fads1, Nr1d1, Got1, Idh2, Pck2, and 
Sat1 were further confirmed by qRT-PCR in this study. We 
further examined the correlations between ferroptosis, hub 
DE-FRGs, related pathways, and MRI‑derived parameters, 
providing a potential biological basis for the identified imag-
ing characteristics. The findings suggest that MRI‑derived 
parameters may, to some extent, mirror the underlying 
pathophysiological alterations, laying a foundation for 

with these hub DE-FRGs were illustrated in figure. 10c. The 
correlation results suggest that hub DE-FRGs, Fe2+, and 
MRI-derived parameters were closely related in MASLD-
related liver fibrosis.

Discussion

By integrating bioinformatics and machine learning 
approaches including differential gene expression analysis, 
WGCNA, and LASSO regression, we identified eight hub 
DE-FRGs: Pck2, Idh2, Nr1d1, Fads1, Sat1, Abhd12, Got1, 

Fig. 6  Screening and expression profiles of hub DE-FRGs. a Venn dia-
gram showing the overlap among DEGs, FRGs, and MASLD fibrosis-
related module genes identified by WGCNA, obtain 20 DE-FRGs. 
b LASSO regression analysis of 20 DE-FRGs, Y-axis represents the 
cross-validation curve error, the smaller the value on the vertical axis, 
the better the fitting performance, the horizontal axis below represents 
the logarithm of the lambda penalty coefficient, and the horizontal axis 
above represents the number of variables corresponding to different 
λ values, the dashed line on the left represents the number of genes 

corresponding to the minimum error, 8 hub DE-FRGs were selected at 
the value (lambda.min). c LASSO coefficient path diagram, each curve 
represents the change trajectory of a gene. d The boxplot shows the 
expression levels of the 8 hub DE-FRGs identified by LASSO regres-
sion. Results are presented as mean ± standard deviation (SD), statisti-
cal analysis was performed using one-way ANOVA. ns, indicates the 
difference is not statistically significant, * p < 0.05, ** p < 0.01, *** 
p < 0.001
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abnormalities in fibrosis livers, including mitochondrial 
swelling and a significant decrease in cristae density, these 
ultrastructural changes are typical manifestations of mito-
chondrial damage and impaired oxidative metabolism. 
Therefore, the downregulation of Got1 in the fibrosis group 
may be the result of hepatocyte metabolic dysfunction and 
mitochondrial damage. Srebf1, a core member of the bHLH-
Zip transcription factor family, governs the synthesis and 
uptake of fatty acids and cholesterol [25]. Aberrant activity 
of Srebf1 is linked to hepatic steatosis and to the metabolic 
reprogramming and poor prognosis observed in multiple 
cancers [26, 27]. A recent study confirmed that DDX39B 
can activate Srebf1, promoting lipid synthesis and malig-
nant progression in HCC [28]. These findings support the 
results of the present study. Abhd12 is a serine hydrolase 
of the α/β-hydrolase fold protein family whose core func-
tions center on lipid metabolism and signal transduction. 
This gene has been reported to modulate tumor cells by 
interfering with lipid metabolism and the endocannabinoid 
signaling pathway [29]. Additionally, its aberrant expres-
sion may be associated with hepatic dysfunction [30], and 
this gene was up-regulated in our liver fibrosis cohort. Idh2, 
a key enzyme in the tricarboxylic acid cycle, catalyzes the 
reaction that directly generates α-ketoglutarate and NADPH 
[31]. Studies have reported that Idh2 is down-regulated in 
HCC [32]. Pan et al. found that its deletion renders female 
mice more susceptible to fructose-induced MASLD and 
associated inflammation [33]. However, another study has 
shown that elevated hepatic Idh2 levels promote gluconeo-
genesis and glycogenesis, suggesting that inhibiting liver 

future investigations into radiogenomic interactions and 
their clinical translational potential.

 Fads1 is the rate-limiting enzyme in the desaturation 
of polyunsaturated fatty acids (PUFAs), and its expression 
level is closely associated with PUFA content. PUFAs help 
reduce hepatic lipid accumulation [17]. Previous studies 
have shown that up-regulation of Fads1 exerts hepatopro-
tective effects and reduces lipid accumulation [18], which 
is consistent with the findings of this study. It has also been 
reported that the PUFA biosynthesis pathway can influence 
fatty acid metabolism by regulating fatty acid uptake and 
β-oxidation, thereby participating in the regulation of fer-
roptosis [19]. However, whether Fads1 mediates ferroptosis 
in MASLD through the PUFA synthesis pathway remains 
unclear and warrants further investigation. Got1 is a pyr-
idoxal-phosphate (PLP)-dependent aminotransferase and a 
key enzyme in amino acid metabolism, especially glutamine 
metabolism, it serves as an important bridge linking cellular 
metabolism and the tumor immune microenvironment [20, 
21]. It affects cellular functions in multiple ways by regulat-
ing amino acid metabolism, energy metabolism, and redox 
balance [22]. In this study, enrichment analysis revealed that 
Got1 is significantly enriched in amino acid biosynthesis, 
and its high expression in healthy liver tissue is consistent 
with its role in maintaining basic liver metabolism. Studies 
have shown that knockdown of Got1 can cause mitochon-
drial dysfunction, leading to excessive ROS production, 
which in turn inhibits cell proliferation, promotes apop-
tosis, and increases susceptibility to ferroptosis [23, 24]. 
Notably, our TEM analysis revealed obvious mitochondrial 

Fig. 7  Enrichment analysis of hub DE-FRGs in MASLD-related liver fibrosis. a Bar chart of GO enrichment analysis for hub DE-FRGs. b Sankey 
bubble chart of KEGG pathway enrichment for hub DE-FRGs

 

1 3

  117   Page 10 of 17



Clinical and Experimental Medicine          (2026) 26:117 

ID Description GeneRatio BgRatio pvalue p.adjust geneID Count Class
GO:0009743 response to 

carbohydrate
5/8 365/17,859 1.85E-07 7.80E-05 Pck2/Nr1d1/Fads1/Got1/Srebf1 5 BP

GO:0050708 regulation of protein 
secretion

4/8 310/17,859 5.90E-06 1.02E-03 Pck2/Idh2/Nr1d1/Srebf1 4 BP

GO:0043648 dicarboxylic acid 
metabolic process

3/8 95/17,859 8.01E-06 1.02E-03 Pck2/Idh2/Got1 3 BP

GO:0006107 oxaloacetate meta-
bolic process

2/8 11/17,859 9.64E-06 1.02E-03 Pck2/Got1 2 BP

GO:0009306 protein secretion 4/8 403/17,859 1.66E-05 1.09E-03 Pck2/Idh2/Nr1d1/Srebf1 4 BP
GO:0035592 establishment of pro-

tein localization to 
extracellular region

4/8 405/17,859 1.70E-05 1.09E-03 Pck2/Idh2/Nr1d1/Srebf1 4 BP

GO:0071692 protein localiza-
tion to extracellular 
region

4/8 412/17,859 1.82E-05 1.09E-03 Pck2/Idh2/Nr1d1/Srebf1 4 BP

GO:0006103 2-oxoglutarate meta-
bolic process

2/8 17/17,859 2.38E-05 1.26E-03 Idh2/Got1 2 BP

GO:0010893 positive regulation of 
steroid biosynthetic 
process

2/8 28/17,859 6.60E-05 2.89E-03 Nr1d1/Srebf1 2 BP

GO:0050796 regulation of insulin 
secretion

3/8 199/17,859 7.32E-05 2.89E-03 Pck2/Nr1d1/Srebf1 3 BP

GO:0012507 ER to Golgi transport 
vesicle membrane

1/8 26/18,211 1.14E-02 1.19E-01 Srebf1 1 CC

GO:0032281 AMPA glutamate 
receptor complex

1/8 30/18,211 1.31E-02 1.19E-01 Abhd12 1 CC

GO:0032839 dendrite cytoplasm 1/8 40/18,211 1.74E-02 1.19E-01 Abhd12 1 CC
GO:0008328 ionotropic glutamate 

receptor complex
1/8 45/18,211 1.96E-02 1.19E-01 Abhd12 1 CC

GO:0098878 neurotransmitter 
receptor complex

1/8 47/18,211 2.05E-02 1.19E-01 Abhd12 1 CC

GO:0030134 COPII-coated ER 
to Golgi transport 
vesicle

1/8 57/18,211 2.48E-02 1.20E-01 Srebf1 1 CC

GO:0030662 coated vesicle 
membrane

1/8 89/18,211 3.84E-02 1.59E-01 Srebf1 1 CC

GO:0120111 neuron projection 
cytoplasm

1/8 108/18,211 4.65E-02 1.62E-01 Abhd12 1 CC

GO:0016831 carboxy-lyase 
activity

2/8 27/16,532 7.15E-05 2.82E-03 Pck2/Got1 2 MF

GO:0016830 carbon-carbon lyase 
activity

2/8 47/16,532 2.19E-04 2.82E-03 Pck2/Got1 2 MF

GO:0004879 nuclear receptor 
activity

2/8 52/16,532 2.68E-04 2.82E-03 Nr1d1/Srebf1 2 MF

GO:0098531 ligand-activated 
transcription factor 
activity

2/8 52/16,532 2.68E-04 2.82E-03 Nr1d1/Srebf1 2 MF

GO:0016829 lyase activity 2/8 190/16,532 3.52E-03 2.95E-02 Pck2/Got1 2 MF
GO:0008474 palmitoyl-(protein) 

hydrolase activity
1/8 14/16,532 6.76E-03 3.38E-02 Abhd12 1 MF

GO:0016717 oxidoreductase 
activity

1/8 14/16,532 6.76E-03 3.38E-02 Fads1 1 MF

GO:0098599 palmitoyl hydrolase 
activity

1/8 14/16,532 6.76E-03 3.38E-02 Abhd12 1 MF

GO:0047372 acylglycerol lipase 
activity

1/8 15/16,532 7.24E-03 3.38E-02 Abhd12 1 MF

GO:0004622 lysophospholipase 
activity

1/8 21/16,532 1.01E-02 4.25E-02 Abhd12 1 MF

Table 2  Representative results of the hub DE-FRGs enrichment analysis
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resistance promotes the synthesis and accumulation of fatty 
acids and triglycerides in the liver, thereby exacerbating 
inflammatory responses and oxidative stress [38]. AMP-
activated protein kinase (AMPK), a master regulator of 
energy metabolism, plays a pivotal role in glucose and fatty-
acid homeostasis. Its activation suppresses the proliferation, 
activation, and migration of hepatic stellate cells and induces 
their apoptosis, thereby contributing to anti-fibrosis control 
[39]. In vivo studies further demonstrated that AMPK acti-
vation in CCl4-induced liver fibrosis models effectively sup-
presses hepatic stellate cell proliferation, reduces α-SMA 
levels, and thereby ameliorates fibrosis lesions [40]. Taken 
together, our findings and previous reports indicate that 
these pathways play pivotal roles in fibrosis progression. 
Although they highlight potential therapeutic targets, their 
underlying mechanisms and translational relevance urgently 
await further investigation.

In the field of noninvasive diagnosis, MRI, owing to its 
high accuracy and sensitivity, can effectively distinguish 
simple hepatic steatosis from nonalcoholic steatohepatitis 
and precisely evaluate the degree of hepatic steatosis and 
fibrosis [41]. Multiple derived parameters have shown great 
potential for noninvasively assessing MASLD-related liver 
fibrosis. T2*  is closely related to hepatic steatosis [42]. 
PDFF can estimate hepatic fat content, the increase of 
which is directly linked to fibrosis progression in MASLD 
[43]. R2* serves as a reliable noninvasive index for assess-
ing hepatic iron content and systemic iron homeostasis, and 
in MASLD its elevation usually indicates hepatic iron over-
load [44]. Our results indicate that PDFF is closely linked 
to each of the hub DE-FRGs. Specifically, it shows negative 
correlations with Fads1, Got1, and Nr1d1, which are down-
regulated in the fibrosis group, and positive correlations 

Idh2 could be a potential therapeutic target for obesity and 
diabetes [34], whereas, the present study observed up-reg-
ulation of Idh2 in the liver fibrosis group. This discrepancy 
may indicate that Idh2 plays distinct roles at different stages 
of liver disease. Pck2, Nr1d1 and Sat1 have not been exten-
sively studied. In our study, Nr1d1 was down-regulation in 
the liver-fibrosis group, whereas Pck2 and Sat1 were up-
regulated in the liver-fibrosis group. These observations 
may provide new insights for elucidating the molecular 
mechanisms of hepatic fibrosis and identifying therapeutic 
targets. All of these genes are ferroptosis-related genes, and 
ferroptosis may play an important role in the pathogenesis 
of MASLD-related liver fibrosis, influencing disease pro-
gression. However, its precise function requires further 
experimental validation.

Enrichment analysis of the eight hub DE-FRGs indicated 
their potential involvement in BP, MF, and KEGG path-
ways, particularly those related to carbohydrate response, 
amino acid biosynthesis, insulin resistance, and AMPK sig-
naling pathways. In recent years, research on MASLD has 
focused primarily on the roles of dietary carbohydrates and 
fats, while protein intake has received comparatively little 
attention. As the central organ for amino acid metabolism, 
the liver also serves as the primary site for the regulation 
of glucose and fatty acid partitioning [35]. Dietary glucose 
is mainly converted to glycogen for storage in the liver, 
whereas lactate produced by extrahepatic tissues enters the 
circulation, is taken up by the liver, and oxidized in the TCA 
cycle. Simultaneously, amino acids also accumulate exten-
sively in the liver [36]. Dietary amino acids are markedly 
more efficient than glucose at promoting hepatic de novo 
lipogenesis, and their conversion to fatty acids via reductive 
carboxylation is further intensified in obesity [37]. Insulin 

ID Description GeneRatio BgRatio pvalue p.adjust geneID Count Class
rno00020 Citrate cycle (TCA 

cycle)
2/7 32/10,968 1.72E-04 2.91E-03 Pck2/Idh2 2 KEGG

rno01210 2-Oxocarboxylic 
acid metabolism

2/7 34/10,968 1.94E-04 2.91E-03 Idh2/Got1 2 KEGG

rno00330 Arginine and proline 
metabolism

2/7 55/10,968 5.10E-04 5.10E-03 Sat1/Got1 2 KEGG

rno01230 Biosynthesis of 
amino acids

2/7 93/10,968 1.45E-03 1.09E-02 Idh2/Got1 2 KEGG

rno04931 Insulin resistance 2/7 112/10,968 2.10E-03 1.19E-02 Pck2/Srebf1 2 KEGG
rno04152 AMPK signaling 

pathway
2/7 129/10,968 2.77E-03 1.19E-02 Pck2/Srebf1 2 KEGG

rno01200 Carbon metabolism 2/7 135/10,968 3.03E-03 1.19E-02 Idh2/Got1 2 KEGG
rno04910 Insulin signaling 

pathway
2/7 138/10,968 3.17E-03 1.19E-02 Pck2/Srebf1 2 KEGG

rno00220 Arginine 
biosynthesis

1/7 21/10,968 1.33E-02 4.19E-02 Got1 1 KEGG

rno04964 Proximal tubule 
bicarbonate 
reclamation

1/7 22/10,968 1.40E-02 4.19E-02 Pck2 1 KEGG

Table 2  (continued) 
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underlying disease progression and highlights the expand-
ing prospects of MRI for non-invasive assessment of liver 
fibrosis. However, these associations need to be further 
experimental confirmation.

However, this study has several limitations. First, 
although bioinformatics workflows effectively narrow 
down the range of potential ferroptosis-related targets, the 
variability among individual animals, differences in in vivo 
mRNA stability, and a small sample size may have pre-
vented significant differences from being observed in the 
validation of certain genes, which could limit the generaliz-
ability of the research findings. Therefore, future validation 
of these targets would require larger sample sizes of both 
rats and humans, as well as additional experiments, such 

with Abhd12, Idh2, Pck2, Sat1, and Srebf1, which are up-
regulated in the fibrosis group. These hub DE-FRGs are 
mainly associated with pathways related to carbohydrate 
response, amino acid biosynthesis, insulin resistance, and 
AMPK signaling. Consistent with previous research find-
ings [44], our results show that R2* is positively correlated 
with Fe2+, while T2* is negatively correlated with Fe2+, 
further indicating that ferroptosis is closely associated with 
MASLD-related liver fibrosis. In summary, this study found 
that MRI-derived parameters not only reflect the macro-
scopic pathological changes of liver fibrosis, but also appear 
to be potentially associated with the process of ferroptosis, 
hub DE-FRGs, and related signaling pathways. This pro-
vides a novel window into the microscopic mechanisms 

Fig. 8  Indirect indicators related to ferroptosis in rat models. a Prus-
sian-blue staining, black arrow indicates the deposition of blue iron 
ions. b Transmission-electron-microscopy images, red arrow indicates 
the mitochondria. c GSH activity levels (5 samples per group). d Fe2+ 

content (5 samples per group). Results are presented as mean ± stan-
dard deviation (SD), statistical analysis was performed using one-way 
ANOVA. ns, indicates the difference is not statistically significant, * 
p < 0.05, ** p < 0.01, *** p < 0.001
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Fe²⁺ and decreases in GSH, these changes are not unique to 
ferroptosis and cannot be used alone as definitive evidence 
of its occurrence. The conclusions of this study regarding 
ferroptosis are still mainly based on indirect evidence, and 
therefore can only suggest that ferroptosis is related to the 
development of MASLD-related liver fibrosis. Future work 
needs to directly measure lipid peroxides and conduct func-
tional experiments to further validate.

Conclusion

By establishing an animal model and integrating tran-
scriptome sequencing with bioinformatics analysis, this 
study successfully identified eight hub DE-FRGs related to 
MASLD fibrosis and elucidated the key signaling pathways 
in which they are involved. Furthermore, the integration of 
multiparametric MRI revealed associations between MRI-
derived parameters and ferroptosis, as well as the aforemen-
tioned hub DE-FRGs and pathways, indicating that MRI 

as immunohistochemical analysis or functional assays, to 
enhance statistical power and the reliability of the results. 
Second, the core results of this study are derived from a 
rat model, which may not fully replicate the progression of 
fibrosis observed in human MASLD. External validation 
data come from human samples, genetic and regulatory dif-
ferences between species may affect the direct comparabil-
ity of gene expression patterns. The inherent heterogeneity 
of public datasets, such as differences in patient clinical 
characteristics and sample handling, may introduce poten-
tial dataset bias. Future validation in more standardized, 
prospective clinical cohorts is needed to further confirm 
the translational potential of these biomarkers. In addition, 
although we have preliminarily identified and validated 
hub DE-FRGs and signaling pathways associated with 
MASLD-related liver fibrosis, their exact biological func-
tions remain unclear and require further validation through 
in vitro experiments. Finally, this study did not assess lipid 
peroxidation biomarkers related to ferroptosis. Although 
we observed ultrastructural changes as well as increases in 

Fig. 9  Hub DE-FRGs validation results. a Expression of hub DE-FRGs 
in the public database GSE213621. b Expression of hub DE-FRGs in 
qRT-PCR experiments (4 samples per group). Results are presented 

as mean ± standard deviation (SD), statistical analysis was performed 
using one-way ANOVA. ns, indicates the difference is not statistically 
significant, * p < 0.05, ** p < 0.01, *** p < 0.001
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