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Background: Targeting ferroptosis is an effective approach to mitigate hepatic fibrosis, yet no reports exist on the ferroptosis
signature in liver fibrosis. This study aimed to explore ferroptosis characteristics in this disease.

Methods: RNAseq data from GSE6764, GSE188604 and Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC) were
downloaded. Multiple machine learning methods, including Weighted Gene Co-expression Network Analysis (WGCNA), Random
Forest (RF) and Support Vector Machine (SVM), were used to identify core genes in liver fibrosis and ferroptosis. WGCNA can
pinpoint modules linked to clinical traits, aiding in discovering diagnostic and progression molecules in complex diseases. RF and
SVM are often utilized for WGCNA validation to boost result accuracy. Carbon tetrachloride (CCl4) was used to establish a mouse
liver fibrosis model to validate core gene expression, which was also assessed in test and validation GEO datasets. Finally, the
diagnostic role of the core genes in liver fibrosis and hepatocellular carcinoma (HCC) was also investigated using ROC analysis.
Results: Multiple machine learning methods screened nine core genes, including IL1B, GSTZ1, LIFR, SLC25A37, PTGS2, MT1G,
HSPBI1, ESR1, and PHGDH. In vivo experimental validation, RT-PCR showed ESR1 and GSTZ1 were significantly under-expressed
in the liver fibrosis group compared to the normal group. Simultaneously, in GSE6764 and GSE188604, ESR1 and GSTZ1 were also
identified as protective genes for liver fibrosis. More in-depth research found that ESR1 and GSTZI1 exhibited a good diagnostic
performance both in liver fibrosis and HCC, suggesting that a persistent decrease in ESR1 and GSTZ1 in patients might signal the
progression from hepatic fibrosis to HCC.

Conclusion: The present study is the first to report the ferroptosis signature in liver fibrosis and identifies two novel biomarkers,
ESR1 and GSTZ1, providing new insights for the diagnosis and treatment of liver fibrosis in the future.
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Introduction

Liver fibrosis is a significant global health issue characterized by the excessive accumulation of extracellular matrix
(ECM), leading to the disruption of normal liver architecture and function. It is a common consequence of chronic liver
diseases, including viral hepatitis, alcoholic liver disease, and non-alcoholic fatty liver disease (NAFLD).! With the
progression of liver fibrosis, the liver microenvironment undergoes significant changes, which facilitate the carcinogen-
esis of liver cells, leading to a higher mortality rate.” Persistent cell death and compensatory regeneration in fibrotic livers
can lead to genetic instability, making liver parenchymal cells more susceptible to carcinogenesis.’ In addition, hepatic
stellate cells secrete soluble cytokines, chemokines, and chemotactic factors, establishing a complex tumor microenvir-
onment that leads to epithelial-mesenchymal transition, which contributes to the occurrence of liver cancer.* According
to recent studies, liver fibrosis affects millions of people worldwide, with a substantial number progressing to advanced
stages of the disease.” Despite the availability of various diagnostic tools and therapeutic strategies, the management of
hepatic fibrosis remains challenging due to the complex pathophysiology and the lack of effective anti-fibrotic

treatments.6
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Current diagnostic methods for liver fibrosis include liver biopsy, imaging techniques, and serum biomarkers. Liver biopsy,
although considered the gold standard, is invasive and associated with complications such as pain, bleeding, and sampling
errors.” Non-invasive imaging techniques such as transient elastography and magnetic resonance elastography have been
developed to assess liver stiffness, but they have limitations in terms of parameter standardization and clear measurement of
liver stiffness in terms of pathogenicity.® Serum biomarkers, such as the aspartate aminotransferase (AST) and alanine
aminotransferase (ALT), are useful for screening but lack specificity and sensitivity for early-stage fibrosis.” These limitations
highlight the need for more reliable and non-invasive diagnostic tools to accurately assess liver fibrosis and monitor disease
progression.

The role of ferroptosis, a form of regulated cell death characterized by iron-dependent lipid peroxidation (LPO), has gained
attention in the context of liver fibrosis. Ferroptosis has a strong connection with the accumulation of ECM, a key step in
hepatic fibrosis. When hepatic stellate cells are subjected to ferroptosis, the process effectively curtails their activation, thereby
impeding their transition into activated myofibroblasts and subsequently preventing the assembly and deposition of the ECM.
Inducing ferroptosis in hepatic stellate cells could potentially represent an innovative therapeutic strategy for the treatment of
liver fibrosis.'® Simultaneously, ferroptosis is closely associated with oxidative stress and inflammation, which are commonly
present in liver fibrosis. Liver fibrosis is accompanied by oxidative stress caused by the excessive accumulation of ROS, which
can exacerbate the production of LPO. LPO-induced ferroptosis leads to the release of damage-associated molecular patterns
(DAMPs) from dead cells, activating the NFkB pathway to promote inflammation.'' GPX4 serves as a pivotal regulatory
molecule in the ferroptosis pathway, and through its modulation of the arachidonic acid (AA) pathway, it exacerbates the
generation of ROS, forming a vicious cycle.'> Recent studies have identified several ferroptosis-related genes that are
differentially expressed in hepatic fibrosis, suggesting their potential as biomarkers and therapeutic targets.'*'> Given the
crucial role of ferroptosis in liver fibrosis, research into the characteristics of ferroptosis in this disease and the identification of
gene signatures associated with it are of great importance. However, such studies have not yet been conducted.

The application of machine learning in the medical field is increasingly widespread, especially demonstrating
significant advantages in the identification of core genes. Compared to traditional methods, machine learning can handle
larger, more complex, and multi-dimensional data, revealing the potential regulatory relationships between genes more
efficiently, thereby providing new biomarkers for disease diagnosis and prognosis. Commonly used machine learning
methods include Weighted Gene Co-expression Network Analysis (WGCNA), Random Forest (RF) and Support Vector
Machine (SVM), etc. WGCNA employs a weighted co-expression strategy, which is more in line with biological
phenomena and can better reveal the interactive relationships between genes.'® Meanwhile, WGCNA is capable of
identifying modules associated with clinical characteristics, which allows for a better discovery of molecules with
diagnostic and progression features in complex diseases.'” WGCNA can also be combined with other machine learning
algorithms, such as RF and SVM, to further screen for core genes with clinical significance, thereby enhancing the
diagnostic accuracy and prognostic assessment capabilities for diseases.'®

In the present study, we comprehensively summarized the list of ferroptosis-related genes through a database of
ferroptosis and published literature. By intersecting with differentially expressed genes (DEGs) identified from GEO
datasets, ferroptosis-related differentially expressed genes (FRDEGs) were obtained. To screen for FRDEGs that play
significant roles, multiple machine learning methods, including WGCNA, RF, and SVM, were applied. The selected core
genes were also validated in an animal model of liver fibrosis to enhance the accuracy and credibility of the results.
Given the close connection between liver fibrosis and HCC, the relationship between core genes in liver fibrosis and
HCC was also explored, expanding their clinical application scope. This investigation is the inaugural study to unveil the
ferroptosis signature associated with liver fibrosis, identifying ESR1 and GSTZ1 as two promising biomarkers. These
two genes not only hinder the progression of liver fibrosis but also serve as protective genes against HCC.

Materials and Methods

Data Collection
GEOquery R package'® was used to acquire gene expression profile data from the GSE6764 and GSE188604 datasets.
RNAseq data for the Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC) were downloaded from
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TCGA. The GSE6764 dataset was based on the GPL570 [HG-U133 Plus 2] Affymetrix Human Genome U133 Plus 2.0
Array platform and GSE188604 was generated using the GPL14844 Illumina HiSeq 2000 (Rattus norvegicus) platform.
10 normal human liver samples and 65 liver fibrosis samples in the GSE6764 and three normal rat liver samples and
three liver fibrosis samples in the GSE188604 were selected for subsequent analysis.

Differential Expression Analysis

After normalization and probe annotation, differential gene expression analysis between the normal and liver fibrosis
groups was conducted by the limma package,”® with P value<0.05 and |logFC|>1 considered statistically significant. In
the event that a gene exhibited various expression profiles, an average value was computed for use in subsequent
analyses. PCA and volcano plots were utilized to visualize the DEGs results.

Determination of FRDEGs in Liver Fibrosis
Ferroptosis-related genes were downloaded from the FerrDb website (http://www.zhounan.org/ferrdb/current/)*' and the

research of Chang’s team.?* After taking the union of the two sets and removing duplicates, a list of ferroptosis-related
genes was obtained (Table S1). FRDEGs were acquired by intersecting DEGs with ferroptosis-related genes, which were
visualized by a Venn diagram.

Machine Learning Analysis

WGCNA encompasses four different levels of factors including genes, samples, gene modules, and phenotypic traits,
forming a four-dimensional analysis model, which makes the identified core genes more accurate. WGCNA was
constructed using the R package “WGCNA™** to identify the module most closely associated with hepatic fibrosis.
The choice of soft threshold has a significant impact on the construction of the network and the identification of gene
modules. The network topological characteristics for different power values were calculated using the pickSoftThreshold
function. We first set the power value to range from 1 to 20. The results showed that when the power value reached 11,
the curve tended to become parallel, at which point the network exhibited scale-free characteristics. This scale-free
network distribution holds greater biological significance. Subsequently, the ideal power value was used to convert the
correlation matrix into an adjacency matrix, based on which the topological overlap matrix was generated. Through
average linkage hierarchical clustering, genes with similar expression profiles were grouped together. In this process, we
ensured that each module contained more than 60 genes to guarantee the stability and reliability of the modules. At the
same time, by adjusting the value of MEDissThres, the number of modules was reduced to improve the efficiency of the
analysis. Finally, a correlation analysis between the modules and the disease was conducted, and the module with the
most significant association with the disease was selected as the key for further analysis. RF and SVM were employed to
validate the genes screened by WGCNA. RF was implemented using the randomForest R package, and SVM was
conducted by the e1071 R package. ROC analysis and the area under the curve were used to evaluate the accuracy of
these two machine learning methods. An area under the curve greater than 0.8 was considered to indicate good accuracy.

Enrichment Analysis
The clusterProfiler package®® was used to perform GSEA, with the gene set database for GSEA being the MSigDB
Collections. The mountain map was employed to visualize the pathways and processes enriched by GESA.

Immune Analysis

The CIBERSORT algorithm, utilizing linear support vector regression to decode the expression matrix of 22 human
immune cell subtypes, was applied to examine the variations in immune cell profiles between the normal population and
liver fibrosis patients, with the results being visually represented through barplots, heatmaps, and lollipop plots. After
pinpointing immune cells exhibiting substantial differences in infiltration between the liver fibrosis and control groups,
a Spearman correlation analysis was performed to assess their relationship with the core genes, with the goal of shedding
light on the core genes’ influence within the immune response.
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Construction of Mouse Liver Fibrosis Model

Both male and female C57BL/6 mice, classified as specific pathogen-free (SPF) and aged 6-8 weeks with an
average weight of 20 = 2 grams, were sourced from the Experimental Animal Center of Guangxi Medical
University in Guangxi, China. Following a one-week acclimatization period with free access to standard chow
and water, the mice were randomly assigned to either a normal or hepatic fibrosis group, with nine animals in each
group. Each group consisted of 4 female mice and 5 male mice, respectively. The female and male mice were
housed in separate cages. The method of the mouse liver fibrosis model was performed as described in a previous
study.”> The hepatic fibrosis group received intraperitoneal injections of 0.5 mL/100 g of a 20% carbon tetra-
chloride (CCl4) oil solution three times a week over a period of ten weeks. Concurrently, the normal group was
administered intraperitoneal injections of a matching volume of normal saline. In the eleventh week, on the same
morning, all animals were euthanized under sodium pentobarbital anesthesia, and liver tissue samples were
collected for subsequent analysis.

Sirius Staining

Mouse liver specimens were preserved in 4% paraformaldehyde for a period of 48 hours before being embedded in
paraffin. These paraffin-wax embedded tissues were then sectioned into 4-micron-thick slices and processed for Sirius
red staining in accordance with standard protocols.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from liver tissues using the TRIzol reagent. The RNA from each mouse was extracted and
analyzed. CDNA, which served as the template for PCR, was synthesized through reverse transcription using a one-step
RT kit (Takara Biotechnology, Dalian, China). PCR was conducted using a SYBR Green PCR kit (Takara
Biotechnology). The levels of IL1B, GSTZI1, LIFR, SLC25A37, PTGS2, MT1G, HSPBI1, ESR1, GPX4, SLC7A11
and PHGDH mRNA were quantified and normalized against GAPDH levels. The RT-PCR conditions involved a single
initial denaturation step at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 5 seconds and
annealing at 60°C for 30 seconds. The primer sequences for the genes used in the experiment are provided in Table S2.
PCR products underwent agarose gel electrophoresis to ascertain the integrity of the RNA. Data confirming the integrity
of the RNA were then included in the subsequent statistical analyses.

Immunohistochemical Analysis
The protein expression levels of GSTZ1 and ESR1 in HCC were searched for in the human protein atlas (HPA,
https://www.proteinatlas.org/), and immunohistochemistry images for both the normal and disease groups were

downloaded.

Serum Biochemical Assay
The concentrations of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were determined
utilizing an automated biochemical analyzer (Hitachi, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay
The expression levels of IL-6, IL-10, ESR1 and GSTZ1 were measured using enzyme-linked immunosorbent assay kits
(Jianglaibio Technology Co. Ltd), following the protocols provided by the manufacturer.

Cell Culture

HepG2 and L02 cells were cultured in DMEM medium containing 10% heat-inactivated fetal bovine serum, 100 IU/mL
penicillin, and 100 mg/ mL streptomycin in a constant temperature incubator at 37 C and 5% CO2. Every 2-3 days, the
cell culture medium was changed. When the cells reached about 80% confluence, they were digested to ensure adequate
nutrition and growing space.
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Statistical Analysis
All data calculation and statistical analysis were performed using R programming (https://www.r-project.org/, version

4.2.1). To compare two sets of continuous variables, we employed an independent Student’s f¢-test for normally
distributed variables and a Mann—Whitney U-test (also known as the Wilcoxon rank sum test) for non-parametric

variables. All tests were two-tailed, and statistical significance was determined at P < 0.05.

Results

Identification of DEGs Between the Normal and Liver Fibrosis Groups

The entire text’s analysis process is depicted in Figure 1. The GEO data, after standardization, exhibited greater
consistency compared to their pre-standardized state (Figure 2A and B). The PCA plot revealed a distinct separation
between the hepatic fibrosis group and the normal group, so a differential analysis was subsequently performed to
pinpoint the specific DEGs (Figure 2C). As shown in Figure 2D, the volcano plot displayed DEGs between the normal
and hepatic fibrosis groups. A total of 241 up-regulated genes and 353 down-regulated genes were screened using the
criteria of P value<0.05 and [logFC[>1. To elucidate the specific functions of these genes, the GSEA was performed. The
results illustrated that the DEGs were primarily enriched in ECM receptor interaction and collagen formation, which are
key processes in the progression of liver fibrosis (Figure 2E). GSEA also demonstrated that cytokine signaling in immune
system, sarscov2 innate immunity evasion and cell specific immune response were significant physiological roles through
which the DEGs exerted their effects (Figure 2F). Ferroptosis can activate cell-specific immune responses or innate
immune evasion through various cytokine pathways, including B cells, T cells, macrophages, and monocytes.
Concurrently, an imbalance in the body’s immune system can feedback to influence ferroptosis, thereby establishing
a self-perpetuating cycle of dysfunction.”® Furthermore, the process of ferroptosis in hepatic stellate cells suppresses their
activation, consequently decreasing the accumulation of ECM and collagen.'® Therefore, these results indicate that the
DEGs between the normal and liver fibrosis groups primarily participate in the progression of liver fibrosis by affecting

collagen deposition and immune responses.

Identification of FRDEGs in Hepatic Fibrosis

Ferroptosis is crucial in the occurrence and development of liver fibrosis, so it is imperative to explore the characteristics
of ferroptosis-related genes in this disease. Ferroptosis-related genes comprise a total of 468 genes (Table S1). By
intersecting DEGs with ferroptosis-related genes, 26 FRDEGs were identified (Figure 3A). The differential expressions
of the 26 FRDEGs between the control and disease groups were displayed using a heat map and a group comparison

GEO dataset normalization
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Figure | Flowchart of the current study.
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chart (Figure 3B and C). These FRDEGs may participate in the occurrence and development of liver fibrosis by acting on
the ferroptosis process, which expands the understanding of pathogenesis in hepatic fibrosis.

Machine Learning Screening Core Genes in Liver Fibrosis

After the soft thresholding power exceeded 11, the curve tended to become parallel. Hence, we selected 11 as the optimal
value (Figure 4A). Furthermore, the co-expression matrix modules were constructed, and similar modules were merged
(Figure 4B). From the module correlation analysis, the pink module with the strongest positive correlation with hepatic
fibrosis and the blue module with the strongest negative correlation with this disease were selected, and the genes from
these two modules were extracted (Figure 4C and D). Genes that were both module-related and present in the FRDEGs
list included IL1B, GSTZ1, LIFR, SLC25A37, PTGS2, MT1G, HSPB1, ESR1, and PHGDH, which were identified as
the core genes in this study.

Machine Learning Validating the Core Genes in Liver Fibrosis

After identifying the nine core genes, we further validated them using both RF and SVM machine learning methods.
Firstly, the RF method was used to construct a model based on these nine genes (Figure SA and B). The model exhibited
significant differential expression between the liver fibrosis and normal groups, while also demonstrating a good ability
to predict the occurrence of this disease (Figure 5C and D). In addition, the model built by the SVM method using these
nine genes also showed good diagnostic performance (Figure SE and F). More importantly, the individual AUC values
for each of these nine genes were all greater than 0.8, indicating that each gene individually showed considerable
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Figure 4 WGCNA analysis of the data. (A) Determination of the optimal soft thresholding power. (B) Construction of co-expression matrix and visualization of the
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potential for diagnosing liver fibrosis (Figure 6). Thus, the nine core genes, IL1B, GSTZ1, LIFR, SLC25A37, PTGS2,
MTI1G, HSPB1, ESR1, and PHGDH deserve significant attention in the context of hepatic fibrosis.

Immune Analysis of DEGs Between the Normal and Liver Fibrosis Groups

The liver is a vital immune organ in the human body, and the progression of liver fibrosis undoubtedly involves the
collaborative effects of many immune cells. Previously, GSEA performed on DEGs revealed that many of the enriched
biological processes were immune-related pathways, further emphasizing the significance of immunity. In this part, we
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further analyzed the immune cell infiltration in the normal and disease groups. As shown in Figure 7A, the proportion of

immune cell infiltration in each sample of the dataset was displayed, with macrophages constituting a significant portion in

each sample. The correlation analysis between immune cells indicated that there was a close relationship among immune

cells, which collectively contribute to liver fibrosis (Figure 7B). Among them, the notable correlations included the positive
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Figure 6 ROC analysis of the core genes. (A-l) The AUC of nine core genes include ESRI (A), GSTZI (B), HSPBI (C), ILIB (D), LIFR (E), MTIG (F), PHGDH (G), PTGS2 (H),
and SLC25A37 (I).

correlation between macrophages MO and activated mast cells (r = 0.529, P < 0.001) and the positive correlation between
activated mast cells and resting mast cells (r = 0.717, P < 0.001) (Figure 7C). Compared to the normal group, the disease
group exhibited higher infiltration abundances of macrophages M1, plasma cells, and T cells CD4 memory resting, and lower
abundances of macrophages M2, activated mast cells, neutrophils, T cells follicular helper, and monocytes (Figure 7D).

Immune Analysis of the Core Genes and Immune Cells
The nine core genes are crucial for the ferroptosis-related signaling in hepatic fibrosis. To explore their interactions with

immune cells, a series of correlation analyses were performed. The core genes were closely associated with many
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Figure 7 Immune analysis of DEGs between the normal and liver fibrosis groups. (A) Immune cell infiltration for each sample in GSE6764. The x-axis represents each
sample, and the y-axis indicates the percentage of immune cell infiltration. (B) Heatmap of the correlation analysis between immune cells. (C) Lollipop plot of the correlation
analysis between activated mast cells and other immune cells. (D) Differential expression of immune cells between the normal and liver fibrosis groups. *P<0.05, **P<0.01
and **P<0.001.

immune cells and based on a cutoff of r > 0.500 and P < 0.001, several groups with strong correlations were identified
(Figure 8A). Among them, activated mast cells showed positive correlations with ESRI1, IL1B, GSTZ1, and MT1G;
macrophages MO exhibited a positive correlation with HSPB1; neutrophils demonstrated positive correlations with both
IL1IB and MTI1G (Figure 8B-H). Thus, the core genes interact with immune cells, including activated mast cells,

macrophages MO0, and neutrophils, thereby influencing the liver’s immune response.
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Figure 8 Immune analysis of the core genes and immune cells. (A) Heatmap of the correlation analysis between the core genes and immune cells. *P<0.05. (B=H) Matches with
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Expressions of the Core Genes in Mice with Hepatic Fibrosis

To validate the bioinformatics results, we conducted in vivo experiments. As shown in Figure 9A, in the normal group,
the liver boundary was clear and the surface was smooth, while in the disease group, the sample surface was rough with
many granules. Meanwhile, compared to the normal group, the liver fibrosis group exhibited a higher abundance of
collagen fiber bundles, thus confirming the successful establishment of the fibrosis model (Figure 9B). AST, ALT, and
inflammatory markers are also key indicators for assessing hepatic fibrosis. The model group exhibited higher AST, ALT
activities, and IL-6 and IL-1f levels, suggesting a greater degree of liver damage in the model group (Figure 9E and F).
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GPX4 and SLC7A11 are characteristic markers of ferroptosis. Compared to the normal group, the levels of GPX4 and
SLC7A11 were lower in the liver fibrosis group, suggesting an increased degree of hepatocyte ferroptosis during liver
fibrosis (Figure 9D). In terms of expression validation, only ESR1 and GSTZ1 among the nine core genes showed
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significant differential expression (P<0.01) and were identified as protective genes for liver fibrosis (Figure 9C). The
protein expression of ESR1 and GSTZ1 mirrored the pattern observed in their mRNA expression (Figure 10E and F).
Meanwhile, we also examined the expression levels of ESR1 and GSTZ1 in the test and validation sets. The results
showed that ESR1 and GSTZ1 were significantly under-expressed in the liver fibrosis groups of GSE6467 and
GSE188604, which is consistent with previous findings (Figure 10A-D). After literature review, it was found that
ESR1 and GSTZ1 have not been reported in liver fibrosis, indicating that ESR1 and GSTZ1 are worth further

investigation.
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Analysis of the Core Genes in HCC

Liver fibrosis is difficult to diagnose and is prone to progress into malignant tumors, with patients often discovering their
illness when it has already advanced to HCC. We discovered that these two innovative core genes, ESR1 and GSTZI, not
only showed differential expression in liver fibrosis but also had diagnostic significance in HCC. Compared to normal
human liver tissue, the HCC group exhibited low expression of GSTZ1 and ESR1 (P<0.001), and this was also validated
in paired samples (Figure 11A, B, E and F). In terms of protein expression, when compared to the normal group, the
protein expression levels of GSTZ1 and ESR1 were lower in the tumor group, which is consistent with the mRNA results
of GSTZ1 and ESR1 (Figure 11D and H). These results suggested that ESR1 and GSTZ1 may serve as protective
markers in HCC. ROC analysis showed that the area under the curve for GSTZ1 and ESR1 was 0.901 and 0.916,
respectively, demonstrating high diagnostic accuracy in HCC (Figure 11C and G). In cellular experiments, the levels of
ESR1 and GSTZ1 were lower in cancer cells than in normal cells (Figure S1). Therefore, the above results show that the
abnormal expression of GSTZ1 and ESRI1 can indicate the progression of hepatic fibrosis in patients, and they can also
serve as diagnostic markers for HCC, which holds significant clinical guidance.

Discussion

Over the recent several decades, the incidence of liver disease has seen a sharp rise, emerging as a predominant factor
contributing to global mortality and morbidity.”” Liver fibrosis is one of the common liver diseases and can easily
progress to cirrhosis, making early intervention crucial.?® It has long been suggested that increased iron levels contribute
to the risk of hepatic fibrosis, and recent findings have provided direct support for the role of ferroptosis in the
pathogenesis of liver damage and fibrosis resulting from iron overload.”” Recent researches indicate the feasibility of
triggering ferroptosis in hepatic stellate cells using magnesium isoglycyrrhizinate, artesunate, or artemether as
a therapeutic strategy designed to alleviate the progression of hepatic fibrosis.>*' Furthermore, specific regulators of
ferroptosis within hepatic stellate cells, such as p53, ELAVLI1, and ZFP36, have been identified as promising targets for

the prevention of hepatic fibrosis®***

(Table S3). These studies suggest that triggering ferroptosis in hepatic stellate cells
could be a promising approach for both treating and preventing liver fibrosis. If detected and intervened in a timely
manner, liver fibrosis is a reversible process,’* indicating that early diagnosis is of great importance. Ferroptosis plays
a significant role in liver fibrosis;** however, the genetic characteristics of ferroptosis in hepatic fibrosis have not been
studied until now. This research can fill this gap.

Firstly, the FRDEGs were obtained, and enrichment analysis suggested that these genes were primarily enriched in
processes related to collagen deposition and immune infiltration. Subsequently, multiple machine learning methods were
employed to identify and validate the core genes among the FRDEGs that play significant roles in liver fibrosis. After
constructing a mouse model of hepatic fibrosis, the differential expression of the core genes was further validated within
the model, and two genes, GSTZ1 and ESR1, were further identified as potential biomarkers for this disease. Notably,
more in-depth research has found that GSTZ1 and ESR1, similar to their role in hepatic fibrosis, also exhibit a good
diagnostic performance in HCC. This study not only identifies the characteristics of ferroptosis-related genes in liver
fibrosis but also, given the high likelihood of hepatic fibrosis progressing to HCC, establishes a bridge for sensitive
diagnostics between liver fibrosis and HCC.

The immune cell landscape in liver fibrosis is complex and involves various immune cell subtypes that play critical
roles in the progression and resolution of the disease. The immune analysis conducted in this study revealed significant
differences in immune cell infiltration between the normal and liver fibrosis groups, primarily involving macrophages,
neutrophils, and mast cells, which is consistent with previous findings that immune cells play a crucial role in the
progression of hepatic fibrosis. Following liver damage, a considerable number of mast cells migrate to the liver, and
blocking mast cell accumulation can mitigate liver fibrosis.*> Neutrophils, the most plentiful type of granulocyte in the
bloodstream, are a critical connection between innate and adaptive immune responses. They contribute to the develop-
ment of liver fibrosis through processes including degranulation, the production of ROS, and the secretion of various
cytokines and chemokines.?® Macrophages, which can be classified into M1 and M2 subtypes, also play significant roles
in liver fibrosis. M1 macrophages are involved in immune surveillance, and the polarization towards M1 and the
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associated inflammation can promote the progression of hepatic fibrosis.>” M2 macrophages exert an anti-inflammatory
effect, and an imbalance between M1 and M2 macrophages can affect the extent of fibrosis.*® Macrophages and hepatic
stellate cells have a close interaction that jointly promotes fibrosis and HCC. Specifically, macrophages can stimulate the
proliferation of hepatic stellate cells and their migration to lesion sites, producing ECM and increasing the degree of liver
fibrosis. At the same time, macrophages and ECM promote cancer-associated fibroblasts to secrete cytokines and growth
factors, which facilitate tumor growth.*® The association of core genes, ESR1 and GSTZ1, with immune cell infiltration
indicates their potential role in regulating the immune response during fibrosis, thereby providing further evidence for the
participation of immune regulation in the development of liver fibrosis.

Estrogen receptor 1 (ESR1) is a gene encoding the estrogen receptor, which is a nuclear hormone receptor involved in
the regulation of various physiological processes, including reproductive and metabolic functions. Thus far, no research
has been published examining the involvement of ESR1 in liver fibrosis. Actually, sex hormones play a crucial role in
liver metabolism, and variations in sex hormone levels are identified as significant factors contributing to the occurrence
of hepatic disease.*® Despite the lack of investigations into ESR1’s role in liver fibrosis, the gene has been examined in
the context of other liver pathologies. ESR1 has been found to modulate hepatocyte apoptosis and inflammation*' and is
considered a therapeutic target for addressing liver fat metabolism and endocrine regulation through the use of combined
traditional Chinese herbal preparations.**** Additionally, another study discovers that ESR1 gene polymorphisms could
influence the response to antiviral therapy in HCV patients, further highlighting its potential role in liver disease.** In the
present study, both bioinformatics analysis and animal experiments confirm that ESR1 is significantly downregulated in
hepatic fibrosis. Given that liver fibrosis can easily progress to malignant tumor, further research has indicated that ESR1
also acts as a protective gene in HCC. Published research has indicated that ESR1 modulates the obesity- and
metabolism-associated gene MMAA to suppress the onset and progression of HCC,* a finding that further validates
our research outcomes. The above indicates that the expression of this gene is consistent in both diseases, and a persistent
decrease in ESR1 in patients may signal the progression from liver fibrosis to HCC.

In addition to ESR1, GSTZ1 is also a novel gene newly discovered in this study to be associated with liver fibrosis.
Glutathione S-transferase zeta 1 (GSTZ1) is a member of the glutathione transferase family and is involved in the
detoxification of a variety of endogenous and exogenous compounds. The liver exhibits a high expression of GSTZ1, and
when this gene is not properly regulated, it can result in the impairment of normal liver function.*® A study by Chen et al
identifies GSTZ1 as one of the immune-related protective genes in the progression of HCV,*” which supports the role of
GSTZ1 in liver immunity as found in our research. In the current investigation, GSTZ1 not only exhibits a good
predictive role for disease progression in liver fibrosis but also demonstrates significant diagnostic value in HCC. The

48 .4 . . . .
8.49 which is consistent with our research

tumor-suppressing role of GSTZ1 in HCC has been confirmed by many studies,
findings. Concurrently, GSTZ1 increases the vulnerability of HCC cells to sorafenib-induced ferroptosis by suppressing
the NRF2/GPX4 pathway,”” illustrating the critical role of the ferroptosis pathway in the liver-protective effects of
GSTZ1. These findings provide new insights into the molecular mechanisms underlying liver fibrosis and highlight
GSTZ1 as a potential target for future therapeutic strategies.

Heat shock protein family B (small) member 1 (HSPB1) belongs to the small heat shock protein family and is
involved in a variety of biological processes, including thermotolerance, inhibition of apoptosis, regulation of cell
development and differentiation, as well as signal transduction. Hepatocytes expose to ethanol stress release HSPB1
into the extracellular milieu, triggering inflammation that subsequently leads to alcoholic hepatitis.>’ HSPBI can alleviate
liver damage induced by chronic liver failure in vivo and inhibit LPS-induced hepatocyte injury in vitro, suggesting that
HSPB1 may be a novel target for the treatment of chronic liver failure.> HSPB1 has been found to restore immune
dysregulation in hepatocytes in HCC.>* HSPBI can alleviate hepatocyte EMT, which may be a potential mechanism by
which HSPB1 reduces liver fibrosis and HCC, and this warrants more comprehensive research in the future.* IL1B
encodes the Interleukin-1B (IL1B) protein, which is a regulatory molecule of liver inflammation. Hepatic stellate cells
cause an increase in IL-1f secretion and o-smooth muscle actin expression by phagocytosing extracellular NLRP3
inflammasome particles, further exacerbating the damage to the fibrotic liver.”>° IL1p is considered to regulate various
forms of cell death, including ferroptosis, and as an important player, it controls the complex crosstalk involved in ECM

deposition during the progression and regression of liver fibrosis.””->®
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Despite the comprehensive approach and significant findings, this study has several limitations. On the one hand, future
research will need to be conducted within large, multicenter datasets or populations affected by liver fibrosis; on the other
hand, the lack of clinical validation further restricts the practical application of our findings in real-world scenarios.

In summary, this study is the first to investigate the ferroptosis-related gene signature in liver fibrosis and has
identified two novel protective genes, ESR1 and GSTZ1, providing new insights into the pathogenesis of this disease.
Furthermore, the good diagnostic performance of ESR1 and GSTZ1 in both HCC and liver fibrosis highlights their
clinical value and potential for further applications in liver diseases. This study suggests that targeting ESR1 and GSTZ1
to regulate ferroptosis may be a potential approach for the treatment of hepatic fibrosis. In the future, more clinical
samples will be used to further validate the correlation between ferroptosis and liver fibrosis, and to verify the protective
effects of these two genes on liver fibrosis and HCC.
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