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STAT1 promotes ferroptosis and
inflammation in mouse hepatic
ischemia-reperfusion injury
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ShaochuangWang6 & Long Ma 4

Hepatic ischemia reperfusion injury (HIRI) is a critical complication in liver surgery and transplantation,
driven by excessive inflammation and hepatocellular death. Although ferroptosis is recognized as a
major form of regulated cell death in HIRI, the upstream regulators of this process remain poorly
defined.Here, we show that the transcription factor STAT1plays apivotal role in promoting ferroptosis
and inflammation during HIRI. Using male mice subjected to partial hepatic ischemia followed by
reperfusion, we find that STAT1 protein is significantly upregulated in liver tissues. Genetic deletion of
Stat1 markedly reduces lipid peroxidation, suppresses proinflammatory cytokine expression, and
improves liver histology and function. Mechanistically, STAT1 represses miR-497-5p transcription,
leading to HDAC7 activation, which together promotes ferroptosis and inflammatory responses in
HIRI. These results identify STAT1 as a central link between ferroptosis and inflammation in HIRI,
suggesting that targeting STAT1 may offer a novel therapeutic strategy for liver protection in clinical
settings.

Hepatic ischemia-reperfusion injury (HIRI) is a common and complex
pathological process during liver surgery1–3. Reperfusion of the liver after
ischemia results in a series of irreversible damages, such as oxidative stress,
inflammatory response, and cell apoptosis, severely impacting the survival
rate and health condition of surgical patients4,5. Epidemiological data shows
thatHIRI is a common complication in liver transplantation, liver resection,
and coronary artery bypass surgery6–8. Therefore, a comprehensive study of
the pathogenesis of HIRI and the discovery of potential therapeutic targets
and strategies are of significant clinical importance for improving the
prognosis of surgical patients.

Recent studies have indicated that signal transducer and activator of
transcription 1 (Stat1) plays a crucial role in HIRI9–11. STAT1 is a tran-
scription factor involved in the regulation of cell immune response and
inflammation processes12,13. InHIRI, the expression level of Stat1 is elevated
and interacts with multiple signal pathways associated with ferroptosis and
inflammatory response14. Furthermore, the non-coding small RNA, miR-
497-5p, is considered to have potential regulatory roles in HIRI15–18. The
promoter region of miR-497-5p is significantly enriched under the

regulation of Stat1, which suppresses the expression level of miR-497-5p19.
However, further research and validation are needed to elucidate the exact
mechanisms of Stat1 andmiR-497-5p in HIRI19.

To investigate the role of Stat1 in HIRI, we established a mouse model
of HIRI and extracted RNA from the liver of both model and control mice
for RNA-seq sequencing and differential gene enrichment analysis. Addi-
tionally, we used proteomics analysis techniques to identify and enrich
proteins in themouse liver, thereby further selecting core factors.Moreover,
an in vitro hypoxia/reoxygenation (H/R) cell model was established in the
human liver cell lineMIHA, andvarious biochemical andmolecular biology
techniques, such as hematoxylin and eosin (H&E) staining, Western blot,
RT-qPCR, and immunofluorescence staining, were applied to detect
changes in cellular functional damage, inflammation state, oxidative stress,
and ferroptosis.

Through transcriptome sequencing and proteomics analysis, we
identified Stat1 as a key regulatory factor in HIRI. We found that the
expression level of Stat1 significantly increases in HIRI and interacts with
multiple signal pathways associated with ferroptosis and inflammatory
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response. Further research revealed that knockdown of Stat1 enhances cell
viability andmitigates cell apoptosis and inflammatory response in theH/R
cell model. Additionally, Stat1 affects cell proliferation, apoptosis, ferrop-
tosis, and inflammatory response by regulating the expression ofmiR-497-
5p andHistone Deacetylase 7 (HDAC7)14. The impact of Stat1 onmiR-497-
5p and HDAC7 in HIRI was also validated in vivo mouse experiments20–22.

Our study elucidates amechanistic role for STAT1 in HIRI, whereby it
regulates ferroptosis and the inflammatory response by suppressing the
non-coding RNA miR-497-5p and activating its downstream target
HDAC7.Ourfindings, supported by transcriptome sequencing, proteomics
analysis, and in vitro and in vivo experiments, confirm the regulation of
Stat1 on miR-497-5p and HDAC7, thereby influencing cell proliferation,
apoptosis, ferroptosis, and inflammatory response. These findings con-
tribute to a deeper understanding of the pathogenesis of HIRI and provide
new targets and strategies for clinical treatment, ultimately improving the
prognosis of surgical patients.

Results
Molecular mechanisms and key gene regulation in HIRI
HIRI is a major factor affecting the success rate of liver resection and
transplantation procedures. The pathophysiological processes and
mechanisms underlying HIRI are complex, involving both the damage
caused during liver ischemia and the subsequent damage during liver
reperfusion23. The aim of this study is to explore themolecularmechanisms
involved in the treatment or prevention of HIRI.

To establish the HIRI mouse model, we performed occlusion of the
portal vein and hepatic artery in mice for 1 h, followed by releasing the
occlusion. The Sham group consisted of mice without vascular occlusion
(Supplementary Fig. 1A). Macroscopic examination of the HIRI group
showed obvious lobular blockage, indicating successful occlusion. With
reperfusion, the ischemic liver gradually regained its normal red color
(Supplementary Fig. 1B). H&E staining revealed hepatocyte death, sinu-
soidal congestion, and vacuolation in theHIRI group, indicating liver tissue
damage (Supplementary Fig. 1C). Transmission electron microscopy
(TEM) images showed that hepatocytes in the Sham group had normal
structure, regular nuclear shape, evenly distributed chromatin, and normal
mitochondrial structure, while hepatocytes in the HIRI group had unclear
structure, thickened nuclear membrane, and numerous high-density cir-
cular inclusions containing necrotic mitochondria (Supplementary
Fig. 1D). Peripheral blood collected from the mice revealed significantly
elevated levels of alanine aminotransferase (ALT), aspartate amino-
transferase (AST), and inflammatory factors interleukin-1β (IL-1β) and
interleukin-6 (IL-6) in the HIRI group compared to the Sham group
(Supplementary Fig. 1E–H), confirming the successful construction of the
HIRI mouse model.

To investigate themolecularmechanismsdirectly associatedwithHIRI
further, we performed transcriptome sequencing analysis on liver samples
from 15 HIRI and Sham mice (Fig. 1A). Firstly, we normalized the
microarray data using standardization methods, and PCA analysis con-
firmed the successful elimination of batch effects (Fig. 1B, C). Differential
gene analysis revealed 238 significant differentially expressed genes (DEGs)
between the HIRI and control groups, with 181 upregulated and 57
downregulated (Fig. 1D). Heatmapswere generated to visualize the top 100
upregulated and downregulated genes based on the degree of differential
expression (Fig. 1E).

Gene ontology (GO) enrichment analysis indicated that these genes are
mainly involved in biological processes such as cellular stress, I-kappaB
kinase/NF-kB signaling, protein interactions, autophagy, and regulation of
cell number homeostasis. They are related to cellular structures such as
autophagosomes, nuclear pore complexes, and nuclear envelopes, as well as
molecular interactions involving cell signaling receptors, molecular cha-
perones, protein heterodimerization, protein phosphatase binding, and
chemokine receptor binding (Fig. 1F, Supplementary Table 1). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis further
confirmed the importance of DEGs in signaling pathways such as

inflammation, cell survival, autophagy, JAK-STAT, NF-kB, and fatty acid
biosynthesis (Fig. 1G).

To delve deeper into the key cellularmechanisms anddisease processes
underlying HIRI, we quantified 171 biological processes using the GSVA
method (Fig. 1H), identifying 12 significantly altered biological pathways in
HIRI (Fig. 1I, J). We observed upregulated pathways associated with glio-
blastoma, prostate cancer, and myocardial contraction in relation to HIRI
(Fig. 1K). In terms of cell signaling and regulation, we found enhanced
autophagy and hedgehog signaling pathways, as well as decreased phos-
phatidylinositol signaling system activity (Fig. 1L). In metabolic pathways,
there was an increase in amino sugar and nucleotide sugar metabolism,
cytochrome P450-mediated xenobiotic metabolism, and drug metabolism
capacity (Fig. 1M). Lastly, in pathways related to cellular composition and
function, therewas an increase in interactions involving neuroactive ligand-
receptor pairs, while activities in the glycolipid biosynthesis pathway and
cytoplasmic DNA sensing pathway were reduced (Fig. 1N).

In conclusion, the pathological mechanisms of HIRI involve key bio-
logical processes related to disease-associated signaling, cellular regulation,
metabolic pathways, and cellular functions. These findings provide valuable
insights and a foundation for further research and intervention strategies
for HIRI.

In order to identify the key genes involved in the pathogenesis of HIRI,
we employed a combination of Weighted Gene Co-expression Network
Analysis (WGCNA) analysis and the Lasso regression algorithm (Supple-
mentary Fig. 2A). First, we performed clustering on 15 normal samples and
15 HIRI samples, removing obvious outliers by setting a threshold (Sup-
plementary Fig. 3A). Setting the soft threshold to 6, the scale independence
curve flattened, and the average connectivity was high, indicating suitability
for subsequent analysis (Supplementary Fig. 3B, C). Based on the dissim-
ilarity matrix, hierarchical clustering was performed on the genes in the
HIRI dataset, resulting in a dendrogram (Supplementary Fig. 2B). After
merging strongly correlated modules with a clustering height threshold of
0.25, we identified 9 genemodules for further investigation (Supplementary
Fig. 2 C). To screen formodules highly associatedwithHIRI, we performed
principal component analysis (PCA) on the genes within each module and
extracted the value of thefirst principal component as themodule eigengene
(ME). Subsequently, we determined the clinical significance of the modules
by assessing the correlation between theMEvalues and clinical features. The
results indicated a strong positive correlation between the Brown module
and HIRI (r = 0.73, p = 5e− 06), and it exhibited the highest gene impor-
tance (Supplementary Fig. 2D, Supplementary Fig. 3D). The correlation
analysis of each module with HIRI is shown in Supplementary Fig. 3E–M.
Therefore, the Brown module was selected for further analysis.

To further explore the characteristic genes regulating HIRI, we over-
lapped the key module genes from WGCNA analysis and the DEGs iden-
tified by differential analysis, resulting in 94 overlapping genes
(Supplementary Fig. 2E). By using the Lasso regression algorithm, a
machine learning technique, we further screened the overlapping genes by
selecting the lambda parameter that yielded the smallest error based on
cross-validation, resulting in the identification of 3 key genes (Supple-
mentary Fig. 2F). Comparing the HIRI group with the normal group, we
observed a significant increase in the expression level of the gene Stat1, while
Gpx4 and Fbxw13 showed significant decreases (Supplementary Fig. 2 G).
The diagnostic capability of the characteristic geneswas further validated by
the receiver operating characteristic (ROC) curve analysis (Supplementary
Fig. 2H–J).

These results suggest that the genes Stat1, Gpx4, and Fbxw13 play a
central role in the occurrence and development of HIRI, and they exhibit
strong diagnostic and predictive abilities.

Proteomic analysis reveals DEPs and their functions in the HIRI
process
We first extracted total proteins from the livers of mice in the HIRI group
and the Sham group, followed by liquid chromatography-tandem mass
spectrometry analysis (Fig. 2A). Normalization treatment and PCA PCA of
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the data indicated a clear separation in protein expression patterns
between theHIRI and control groups, demonstrating significant differences
between the experimental and Sham groups (Fig. 2B, C). The analysis of
mass spectrometry data revealed 287 significant DEPs between the

HIRI and Sham groups, with 130 upregulated and 157 downregulated
proteins (Fig. 2D). A heatmap of the top 100 upregulated and down-
regulated proteins was plotted based on the degree of differential expres-
sion (Fig. 2E).
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Fig. 1 | Differential Transcriptome analysis and functional enrichment of the
normal and HIRI groups. (A) Schematic diagram of the transcriptome sequencing
workflow (Created by BioRender); (B,C) PCA analysis of normal andHIRI samples
(Sham = 15, HIRI = 15), where the x and y axes represent the two principal com-
ponents before and after PCA, respectively, with the proportion of explained var-
iance in parentheses; (D) Volcano plot showing the differential expression of 238
DEGs between normal and HIRI samples, with orange representing significantly
upregulated genes, yellow dots representing significantly downregulated genes, and
gray dots representing genes with no expression difference; (E) Heatmap displaying
the top 50 significantly upregulated and downregulated genes, with orange indi-
cating high expression and green indicating low expression; (F) Circular plot
illustrating the GO functional enrichment analysis of DEGs, with outer to inner
layers representing functional categories, the total number of genes within each
category, the number of significantly upregulated genes, and the enrichment factor;

(G) Enrichment analysis of DEGs in KEGG pathways, listing the number of genes
enriched in each pathway and organizing them into the top six categories of KEGG
Pathway; (H) GSVA analysis depicting a heatmap of 171 metabolic pathways in
normal and HIRI samples (Sham = 15, HIRI = 15), with red indicating enhanced
pathways and blue indicating suppressed pathways; (I, J) Volcano plot and heatmap
showing the differential expression of metabolic pathways, with orange indicating
significant enhancement and green indicating significant suppression in the volcano
plot, and yellow and red indicating significant enhancement and suppression,
respectively, in the heatmap; (K−N) Boxplots illustrating the differential feature
scores of disease-related pathways, cell signaling and regulation-related pathways,
metabolism-related pathways, and cell composition and function-related pathways.
The comparison between the two groups is indicated as *P < 0.05, **P < 0.01,
and ***P < 0.001.
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GO enrichment analysis showed that these DEPs are mainly involved
in regulating biological processes such as inflammatory response, muscle
cell proliferation, regulation of small molecule metabolic processes, and cell
chemotaxis. They are primarily located in key cellular regions such as
collagen-containing extracellular matrix, RNA polymerase II transcription
regulation complex, and immune synapse, exhibiting cytokine activity and
possessing the ability to bind specifically to DNA transcription factors

associated with RNA polymerase II (Fig. 2F, Supplementary Table 2).
KEGG pathway analysis demonstrated significant enrichment of DEPs in
several critical signaling pathways, including the JAK-STAT signaling
pathway, TNF signaling pathway, IL-17 signaling pathway,NF-kB signaling
pathway, and HIF-1 signaling pathway (Fig. 2G).

Consensus clustering analysis and Protein–Protein Interaction (PPI)
network construction were performed on the 287 DEPs (Supplementary
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Fig. 2 | Differential proteome analysis and functional enrichment of the normal
and HIRI groups. (A) Schematic diagram of the proteomics analysis workflow
(Created by BioRender); (B, C) PCA analysis of normal and HIRI samples
(Sham = 15, HIRI = 15), with the x and y axes representing the two principal com-
ponents before and after PCA, respectively, and the proportion of explained variance
in parentheses; (D) Volcano plot showing the differential expression of 287 DEPs
between Sham and HIRI samples, with red dots representing significantly upregu-
lated proteins, blue dots representing significantly downregulated proteins, and gray
dots representing proteins with no expression difference; (E) Heatmap displaying
the top 50 significantly upregulated and downregulated proteins, with red indicating
high expression and blue indicating low expression; (F) Circular plot illustrating the

GO functional enrichment analysis of DEPs, with outer to inner layers representing
functional categories, the total number of proteins within each category, the number
of significantly upregulated proteins, and the enrichment factor; (G) Enrichment
analysis of DEPs in KEGG pathways, listing the number of proteins enriched in each
pathway and organizing them into the top six categories of KEGG Pathway; (H)
Cluster analysis heat mapwhen k = 2; (I, J) PPI network graphs of cluster 1 (n = 154)
and cluster 2 (n = 133) constructed using the STRING database, where nodes
represent proteins and edges represent relationships between proteins, with the
color depth and size of the nodes determined by protein degree values; (K, L) Top
three protein clusters identified by MCODE in Cytoscape software for each protein
cluster in the PPI network.
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Fig. 4A) to explore potential protein expression patterns and molecular
subtypes. The consistency of clustering results under different cluster
numbers (k values) was evaluated using the comprehensive CDF curve
(Supplementary Fig. 4B), and the stability of clustering results was quanti-
fied by the area under the CDF curve (Supplementary Fig. 4C). Finally, the
DEPswere divided into two protein subtypes: cluster 1 (n = 154) and cluster
2 (n = 133) (Fig. 2H). The effectiveness of this classification was further
confirmed by average within-cluster consistency evaluation (Supplemen-
tary Fig. 4D).

A PPI network, revealing the complex interrelationships among these
proteins, was constructed using a confidence threshold of >0.7 (Supple-
mentary Fig. 4E). Cytoscape software was used to process the PPI networks
of the two protein subtypes, and the proteins were sorted based on their
degree values, with the results presented in Fig. 2I, J, respectively. Through
topological analysis, key protein clusters were identified in the networks. In
cluster 1, the top three protein clusters with the highest MCODE algorithm
scores were closely associated with inflammation, cell signaling pathways,
and cellular survival key pathways (Fig. 2K, L, Supplementary Fig. 4F). In
cluster 2, the top threeprotein clusterswith thehighestMCODEscoreswere
respectively associated with the JAK-STAT signaling pathway, AMPK sig-
naling pathway, and inflammation and metabolic processes (Fig. 2L, Sup-
plementary Fig. 4G).

To identify theproteins playing a crucial role in theHIRIprocess,Venn
diagram analysis was performed on the top 15 proteins with the highest
degree values and the top-ranked protein clusters by the MCODE algo-
rithm, resulting in the identification of seven core proteins (Supplementary
Fig. 4H, I). Compared to the Sham group, the expression levels of Spi1 and
STAT1 proteins were significantly increased in the HIRI group, while Jun,
Atf3, Fosb, Fosl2, and Fosl1 were significantly decreased (Supplementary
Fig. 4J). ROC curve analysis further validated the potential of these proteins
as HIRI biomarkers (Supplementary Fig. 4K).

In conclusion, the proteins Jun,Atf3, Fosb, Fosl2, Fosl1, Spi1, and Stat3
are involved in regulating key biological processes such as inflammatory
response, cell signaling, cellular survival, and metabolic processes in HIRI.
They also hold potential as biomarkers for HIRI.

To identify potential therapeutic targets for HIRI, we conducted a
combined analysis of transcriptomics and proteomics. Our results showed
that Stat1plays a critical role in both the transcriptional and protein levels in
the HIRI group compared to the Sham group, with increased expression
levels of both protein and mRNA (Supplementary Fig. 5A). STAT1 is an
important transcription factor that, once activated, induces the expression
of various inflammatory factors. It promotes cell proliferation and migra-
tion and has pro-apoptotic and pro-inflammatory effects24,25. To further
understand the molecular mechanisms of STAT1 in mouse models and
human diseases, we performed network analysis using the GeneMINA
database for both the Stat1 gene in mice and the STAT1 gene in humans
(Supplementary Fig. 5B, C). Functional enrichment analysis revealed
STAT1’s involvement in the regulation of autophagy, primary miRNA
binding, histone acetyltransferase binding, regulation of apoptosis signaling
pathways, and immune response modulation, among other biological
processes. Moreover, the analysis demonstrated the consistency of STAT1’s
function in mice and humans (Supplementary Fig. 5D, E). Hence, STAT1
not only plays a pivotal role in understanding the pathophysiology of HIRI
but also represents a potential novel approach for treating this disease.

Upregulation of Stat1 and its regulatory role in hepatocellular
injury in HIRI and H/R models
To further validate the potential role of Stat1 in HIRI identified in the
previous bioinformatics analysis, protein and mRNA expression levels of
STAT1 were significantly upregulated in HIRI as determined by real-time
quantitative polymerase chain reaction (RT-qPCR) and Western blot
techniques (Fig. 3A,B). Immunofluorescence staining of liver tissue sections
revealeda significant increase in colocalizationof STAT1and thehepatocyte
marker HNF4 (Fig. 3C), suggesting that the upregulation of STAT1may be
involved in the process of HIRI.

Hepatocellular apoptosis and inflammatory response are crucial events
in HIRI and represent important areas of study26. To investigate the func-
tional role of STAT1 in the process of hepatocellular H/R injury, we con-
structed in vitroH/Rmodels by subjectingMIHAandAML12hepatocytes to
24 h of hypoxia followed by 18 h of reoxygenation (Supplementary Fig. 6A).
Optic microscopy observation of cell morphology revealed clear signs of cell
death, including membrane rupture and foaming, in the H/R-treated group
compared to the normal control cells (Supplementary Fig. 6B). CCK-8 assay
and flow cytometry were used to assess cell viability and apoptosis under
different conditions, and the results demonstrated a significant decrease in
cell viability and an increase in apoptosis rate after H/R treatment (Supple-
mentary Fig. 6C, D). Western blot analysis further confirmed the increased
expression of apoptotic markers Bax and cleaved Caspase-3 and decreased
expressionofBcl-2 in theH/Rgroup (Supplementary Fig. 6E, Supplementary
Fig. 7C). Additionally, STAT1 expressionwas significantly upregulated inH/
R-treated cells, as confirmed by RT-qPCR andWestern blot (Supplementary
Fig. 6F, G, Supplementary Fig. 7A, B).

To further explore the regulatory role of Stat1 inH/R, sh-Stat1#1/2was
used to knock down Stat1 inMIHA cells and AML12 cells (Supplementary
Fig. 6A), and the knockdown efficiency was validated by RT-qPCR (Sup-
plementary Fig. 8A). TheCCK-8assay results showed increased cell viability
inH/Rcells after STAT1knockdown(Fig. 3D). Flowcytometry andTUNEL
staining revealed that STAT1 knockdown alleviated cell apoptosis (Fig. 3E,
F, Supplementary Fig. 7D) and significantly reduced the expression levels of
Bax and cleaved caspase-3 while increasing the expression of Bcl-2 (Fig. 3G,
H, Supplementary Fig. 7E). Furthermore, the knockdown of STAT1 also led
to a decrease in the inflammatory factors IL-1β and IL-6 (Fig. 3I, J, Sup-
plementary Fig. 7F, G).

In conclusion, both in the HIRI andH/Rmodels, Stat1 expression was
significantly upregulated, and the knockdown of Stat1 effectively reversed
H/R-induced hepatocellular injury by promoting cell viability, reducing
apoptosis rate, and suppressing the expression of apoptosis-related proteins.
These findings highlight Stat1 as a potential therapeutic target that could
alleviate HIRI-induced damage and improve liver function.

Stat1 regulatesHIRI bymodulating the activity of themiR-497-5p
promoter
The interaction between STAT transcription factors and various miRNAs
plays a crucial role in regulating the homeostasis, differentiation, and
function of immune cells. Specifically, miRNAs, a group of non-coding
endogenous RNA molecules, exert specific functional roles in disease pro-
gression by regulating gene expression27,28. In this context, changes in the
expression ofmiR-497-5p are believed to significantly impact the extent of
HIRI29,30. Therefore, we postulate that STAT1, miR-497-5p, and their
associated target genes may form a complex gene regulatory network in
HIRI and play important roles in the HIRI process.

Previous studies have shown that STAT1 translocates from the cyto-
plasm to thenucleusuponactivation,where it serves as a transcription factor
regulating the expression of various genes31,32. Silico analysis using the
JASPAR database predicted the presence of multiple transcription binding
sites between STAT1 and the miR-497-5p promoter region (Fig. 4A, B).
Evidence of STAT1 regulation of miR-497-5p was also found in the
TransmiR database (Supplementary Fig. 9A, B).

To investigate the regulatory relationship between STAT1 and miR-
497-5p in HIRI further, we examined the expression of miR-497-5p using
RT-qPCR in a mouse HIRI model and an H/R cell model. The results
showed a significant decrease in miR-497-5p expression was sig-
nificantly downregulated in the HIRI models compared with controls
(Supplementary Fig. 9C, D). Additionally, there was a significant negative
correlation between the expression of STAT1 and miR-497-5p (Supple-
mentary Fig. 9E). In HEK-293T cells, we performed a ChIP experiment to
assess the enrichment of STAT1at themiR-497-5ppromoter region, and the
results demonstrated a substantial enrichment of STAT1 at themiR-497-5p
promoter region (Fig. 4C). Fluorescent luciferase reporter gene assays with
mutated binding sites revealed that overexpression of STAT1 significantly
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reduced the luciferase activity of the wild-type pGL3-miR-497-5p promoter
but had no effect on the luciferase activity of the mutated type pGL3-miR-
497-5p promoter (Fig. 4D–F). These results indicate that STAT1 can
decrease the activity of the miR-497-5p promoter.

Furthermore, silencing or overexpression experiments of Stat1 in
HEK-293T cells demonstrated thatmiR-497-5p expressionwas significantly
increased in the sh-Stat1 group compared to the sh-NC group, whilemiR-
497-5p expression was significantly decreased in the oe-Stat1 group
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compared to theoe-NCgroup (Fig. 4G,H).Thesefindings suggest thatStat1
can transcriptionally suppress the expression ofmiR-497-5p.

miR-497-5p exerts a protective effect against cell damage and
apoptosis induced by Stat1 overexpression
To explore the regulation of the Stat1/miR-497-5p axis in HIRI, we inter-
vened in the expression of Stat1 and miR-497-5p in an in vitro H/R cell

model. Cells were divided into three groups: oe-NC+Lv-NC group, oe-
Stat1+ Lv-NC group, and oe-Stat1+ Lv-miR-497-5p group. The over-
expression efficiency of Stat1 and miR-497-5p was detected by RT-qPCR
(Supplementary Fig. 8B). CCK-8 assay results demonstrated that over-
expressing miR-497-5p effectively restored the cellular viability that was
reduced due to Stat1 overexpression (Fig. 5A, Supplementary Fig. 10A).
Flow cytometry and TUNEL analysis revealed a significant increase in cell

Fig. 3 | Regulatory role of Stat1 in HIRI and H/R models. (A-B) Expression of
STAT1 in the Sham group and HIRI mice group (Normal: n = 6, HIRI: n = 6) was
detected byWestern blot (A) and RT-qPCR (B); (C) Co-expression of STAT1 (red)
and hepatocyte marker HNF4 (green) in liver slices of the Sham group and HIRI
mice group was detected by immunofluorescence staining and corresponding sta-
tistical graphswere provided, with nuclei stained withDAPI (blue); (D) Cell viability
of H/R cells with reduced STAT1 was detected by CCK-8 assay; (E) Cell apoptosis
rate was detected by flow cytometry and corresponding statistical graphs were

provided; (F) Cell apoptosis was detected by TUNEL fluorescence staining, and
corresponding statistical graphs were provided (scale bar: 50 μm); (G-H) Protein
expression levels of apoptotic markers Bax, Bcl-2, cleaved Caspase-3, and Caspase3
in cells were detected by Western blot; (I-J) Expression levels of inflammatory
factors IL-1β and IL-6 in cells with reduced STAT1were detected by ELISA. Data are
presented as mean ± standard deviation. All cell experiments were repeated three
times. Comparison between the two groups was analyzed using *P < 0.05, **
denotes P < 0.01.
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Fig. 4 | Transcriptional regulation of STAT1 on miR-497-5p. (A-B) JASPER
database predicted the transcriptional sequence of STAT1 and its binding to the
miR-497-5p promoter; (C) ChIP assay detected the enrichment of STAT1 in the
miR-497-5p promoter region in HEK-293T cells; (D) Illustration of binding sites
between STAT1 and the miR-497-5p promoter region; (E) Illustration of binding
sites between wild-type and mutant sequences; (F) Dual-luciferase reporter gene

assay detected the transcriptional regulation activity of STAT1 on miR-497-5p in
HEK-293T cells; (G-H) Expression levels of STAT1 and miR-497-5p were detected
by RT-qPCR after silencing or overexpressing STAT1 in HEK-293T cells. Data are
presented as mean ± standard deviation. All cell experiments were repeated three
times. Comparison between the two groups was analyzed using *P < 0.05,
**P < 0.01, ***P < 0.001, and ns denotes no significant difference.
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apoptosis in cells overexpressing Stat1. However, co-overexpression ofmiR-
497-5p substantially alleviated cell apoptosis (Fig. 5B, C, Supplementary
Fig. 10B), as evidenced by reduced expression of Bax and cleaved caspase-3
and increased expression of Bcl-2 (Fig. 5D, E, Supplementary Fig. 10C, D).
Furthermore, miR-497-5p overexpression resulted in a decrease in the

expression of the inflammatory factors IL-1β and IL-6 (Fig. 5F, G, Sup-
plementary Fig. 10E, F).

In conclusion, the overexpression ofmiR-497-5p canmitigate H/R cell
damage induced by Stat1 overexpression, reduce cell apoptosis, and affect
the expression of related inflammatory factors.
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Fig. 5 | Effects of STAT1 on the regulation ofmiR-497-5p in the H/R model. (A)
CCK-8 assay to measure the activity of H/R cells; (B) Flow cytometry to detect
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miR-497-5p regulates cell death and inflammation in HIRI by
targeting HDAC7
To gain a comprehensive understanding of the crucial role ofmiR-497-5p in
regulating cell death and inflammation mediated by Stat1 in HIRI, we
investigated the expression profile of miR-497-5p in the human miRNA
tissue atlas using miRTarBase (Supplementary Fig. 9F). Additionally, we
performed an enrichment analysis of the has-miR-497-5p targets in KEGG
pathways using StarBase (Supplementary Fig. 9G).

To further explore the molecular mechanism of miR-497-5p in HIRI,
we utilized miRNA target gene prediction websites to identify downstream
targets ofmiR-497-5p. Through StarBase, miRmap,miRWalk, andmirDIP,
we predicted a total of 2831, 3121, 6199, and 7079 potential target genes,
respectively. Afterward, we intersected these predicted targets with the
DEGs obtained from the transcriptome sequencing dataset, resulting in 9
candidate target genes (Fig. 6A). Subsequently, we conducted GO/KEGG
enrichment analysis on these candidate genes, revealing their involvement
in specific pathways such as Histone H3 deacetylation, I-kappaB phos-
phorylation, and negative regulation of NIK/NF-kappaB signaling pathway
(Fig. 6B). Notably, HDAC7 plays a vital role in gene expression regulation,
cell cycle, and cell death processes, and it may contribute significantly to
HIRI through protein modifications33,34. Consistently, bioinformatics pre-
dictions frommultiple websites indicatedHDAC7 as a target ofmiR-497-5p
(Fig. 6C). We observed no significant changes in HDAC7 expression levels
in the proteome dataset, whereas in the transcriptome dataset, the expres-
sion of HDAC7 in the HIRI group was significantly upregulated compared
to the normal group (Fig. 6D). Subsequently, using RT-qPCR, wemeasured
the expression of HDAC7 in the HIRI mouse model and H/R cell model,
demonstrating a significant increase in HDAC7 expression in the model
group compared to the normal control group (Fig. 6E, F). In addition, there
was a significant negative correlation between the expression ofmiR-497-5p
and HDAC7 (Fig. 6G).

We validated the targeting binding of miR-497-5p and HDAC7
through a dual-luciferase reporter gene assay inHEK-293T cells. The results
showed that overexpression ofmiR-497-5p suppressed the relative luciferase
activity of wild-type HDAC7 3’-UTR, whereas no significant change was
observed in the mutant-type HDAC7 group (Fig. 6H, I). Furthermore, we
manipulated the expression of miR-497-5p and measured the changes in
HDAC7 expression in cells. The results revealed a significant upregulation
of HDAC7 expression upon the inhibition of miR-497-5p, while over-
expression of miR-497-5p led to a significant downregulation of HDAC7
expression (Fig. 6J, K).

In conclusion, miR-497-5p can target and inhibit the expression
of HDAC7.

Stat1 regulates themiR-497-5p/HDAC7 pathway to promote the
progression of hepatocellular ferroptosis in HIRI
Ferroptosis, as a distinct form of non-apoptotic cell death, has garnered
extensive attention in recent years for its role and regulation in liver
ischemia-reperfusion injury (IRI). Numerous studies have demonstrated
the involvementof ferroptosis in theonset andprogressionofHIRI3,35,36. The
high-throughput transcriptomic and proteomic investigations mentioned
above revealed DEGs and proteins that are associated with ferroptosis
(Fig. 7A). We postulate that Stat1 regulates the miR-497-5p/HDAC7
pathway to promote hepatocellular ferroptosis in HIRI.

To validate this finding, we employed the fluorescent probe 2’,7’-
dichlorofluorescin diacetate (DCFH-DA) to measure total intracellular
reactive oxygen species (ROS) levels and mitochondrial ROS content.
Experimental results indicated that H/R treatment significantly increased
cellular ROS levels, whereas downregulation of Stat1 significantly reduced
ROS levels. Conversely, under conditions ofmiR-497-5p knockdown, ROS
levels weremarkedly elevated once again (Fig. 7B, Supplementary Fig. 11A).

Furthermore, we assessed specific markers of ferroptosis, including
malondialdehyde (MDA), superoxide dismutase (SOD), and reduced glu-
tathione (GSH).The results demonstrated a significant increase inMDAbut
a substantial decrease in GSH and SOD in cells subjected to H/R treatment.

Knockdown of Stat1 attenuated the progression of ferroptosis, while
knockdown of miR-497-5p exacerbated ferroptosis (Fig. 7C–E, Supple-
mentary Fig. 11B–D). To quantitatively analyze intracellular Fe2+ levels, we
utilized the orange iron staining method combined with Prussian blue
staining to observe color changes resulting from Fe2+ accumulation.
Experimental outcomes revealed that both H/R treatment andmiR-497-5p
knockdown led to an increase in intracellular Fe2+ accumulation, indicative
of activation of the ferroptosis pathway, whereas downregulation of Stat1
facilitated the restoration of iron metabolism balance and alleviated the
process of ferroptosis (Fig. 7F, G, Supplementary Fig. 11E, F).

Overall, Stat1 promotes ROS generation and ferroptosis in HIRI
through the regulation ofmiR-497-5p. This process significantly exacerbates
the cellular damage and Fe2+ accumulation induced by H/R treatment.

To investigate whether Stat1 regulates the impact of HDAC7 on fer-
roptosis and inflammatory response in HIRI, we conducted an in vitro
experiment using an H/R cell model and intervened in the expression of
Stat1 and HDAC7. The cells were divided into the oe-NC+sh-NC group,
oe-Stat1+sh-NC group, and oe-Stat1+sh-HDAC7 group. We assessed the
overexpression efficiency of Stat1 and the silencing efficiency of HDAC7
using RT-qPCR (Supplementary Fig. 8C). The CCK-8 experimental results
showed that silencing of HDAC7 effectively restored cellular viability and
improved the decrease caused by overexpression of Stat1 (Supplementary
Fig. 12A). Furthermore, the silencing of HDAC7 significantly reduced the
expression levels of the inflammatory factors IL-1β and IL-6 (Supplemen-
tary Fig. 12B, C). Silencing of HDAC7 also mitigated the oxidative stress
induced by overexpression of Stat1 (Supplementary Fig. 12D). Change-
s in the specific indicators of ferroptosis, MDA, SOD, and GSH, demon-
strated that silencing of HDAC7 effectively decreased ferroptosis
(Supplementary Fig. 12E–G). Additionally, silencing of HDAC7 helped
restore the iron metabolism imbalance caused by overexpression of Stat1
(Supplementary Fig. 12H, I). In addition, consistent trends were observed
in AML12 cells, further confirming the regulatory effects of Rb1 (Supple-
mentary Fig. 13).

In summary, Stat1 promotes the production of ROS and ferroptosis by
inhibitingmiR-497-5p, thereby exacerbating cell damage and accumulation
of Fe2+. Both upregulation of miR-497-5p and silencing of HDAC7 effec-
tively alleviate these effects caused by Stat1, reducing ferroptosis and
inflammatory response, thus protecting cells from HIRI-induced damage.

In vivo validation of Stat1 transcriptional repression ofmiR-497-
5p to activate HDAC7 promoting hepatic iron-mediated cell
death and inflammatory response
In our in vitro experiments, we confirmed that Stat1 can transcriptionally
suppress the expression of miR-497-5p, thereby promoting hepatic iron-
mediated cell death (H/R) and inflammatory response through HDAC7
targeting. To validate this mechanism in vivo, we first constructed murine
HDAC7 overexpression plasmids and Stat1 knockdown sequences and
verified the efficacy of the Stat1 knockdown sequence. In subsequent
experiments, we selected sh-Stat1#2 (hereinafter referred to as sh-Stat1) due
to its higher knockdownefficiency (Supplementary Fig. 8D).The expression
levels of Stat1 knockdownandHDAC7overexpression inmouse liver tissue
were detected by RT-qPCR (Supplementary Fig. 8E). Then, in the HIRI
mouse model, HDAC7 overexpression and Stat1 knockdown were medi-
ated by intravenous injection of lentiviral vectors.

Liver H&E staining revealed that Stat1 knockdown significantly alle-
viated liver damage, while under conditions of HDAC7 overexpression, the
severity of liver damage increased again (Fig. 8A, B). Furthermore, similar
results were obtained by collecting peripheral blood from the mice and
measuring ALT, AST, as well as the levels of the inflammatory factors IL-1β
and IL-6 (Fig. 8C–F). Moreover, the levels of MDA, SOD, and GSH in
mouse liver samples were determined. The results showed that the con-
centration ofMDAdecreased significantly after Stat1knockdown,while the
levels of SOD and GSH increased significantly; however, HDAC7 over-
expression reversed these effects (Fig. 8G–I). Prussian blue stainingwas also
used tomeasure the iron ion content in liver tissues, and the results similarly

https://doi.org/10.1038/s42003-025-08993-x Article

Communications Biology |          (2025) 8:1549 9

www.nature.com/commsbio


BA C

D E F

G H I

J K

Normal HIRI
0

1

2

3

4

R
el

at
iv

e
ex

pr
es

si
on

of
H

D
A

C
7 ✱

Control H/R
0

1

2

3

R
el

at
iv

e
ex

pr
es

si
on

of
H

D
A

C
7 ✱

HDAC7 miR-497-5p
0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e
ex

pr
es

si
io

n

✱

Lv-NC
Lv-miR-497-5p
In-NC
In-miR-497-5p

✱
✱

✱✱

Lv-NC

Lv-miR-497-5p
In-NC

In-miR-497-5p
0.0

0.5

1.0

1.5

2.0

R
el

at
iv

e
pr

ot
ei

n
ex

pr
es

si
on

of
H

D
A

C
7

✱

✱

Lv-NC
Lv-m

iR-497-5p

In-NC
In-m

iR-497-5p

HDAC7

β-actin 42KDa

103KDa

WT MUT
0.0

0.5

1.0

1.5

R
el

at
iv

e
lu

ci
fe

ra
se

ac
tiv

ity

✱

pGL3-HDAC7+Lv-NC

pGL3-HDAC7+Lv-miR-497-5p
ns

Fig. 6 | Downregulation of HDAC7 expression by miR-497-5p targeting. (A)
Venn diagram showing the intersection between predicted downstream target genes
of miR-497-5p according to StarBase, miRmap, miRWalk, and mirDIP, and the
DEGs dataset; (B) Bar chart depicting KEGG signaling pathways involving nine
candidate genes, with the x-axis representingP-values; (C) Prediction ofmiR-497-5p
target gene HDAC7 and its binding site based on StarBase database; (D) Expression
levels of HDAC7 in protein and transcriptome sequencing data sets from normal
and HIRI samples (Normal = 15, HIRI = 15); (E, F) RT-qPCR analysis of HDAC7
expression in the HIRI mouse model and H/R cell model; (G) Scatter plot depicting
the correlation betweenmiR-497-5p and HDAC7 expression in normal control and

HIRI mice (Normal = 6, HIRI = 6); (H) Binding sites between miR-497-5p and the
wild-type and mutant 3’UTR of HDAC7; (I) Dual-luciferase reporter gene experi-
ment confirming the targeted binding relationship between miR-497-5p and
HDAC7; (J) RT-qPCR analysis ofmiR-497-5p and HDAC7 expression in cells after
overexpression or inhibition of miR-497-5p; (K) Western blot analysis of HDAC7
expression in HEK-293T cells after silencing or overexpression of miR-497-5p.
Values are presented as mean ± standard deviation. All cell experiments were
repeated three times. Statistical comparisons between groups were determined using
*P < 0.05, **P < 0.01, and ns denotes no significant difference.

https://doi.org/10.1038/s42003-025-08993-x Article

Communications Biology |          (2025) 8:1549 10

www.nature.com/commsbio


showed that Stat1 knockdown significantly reduced the iron ion content,
while HDAC7 overexpression significantly increased it (Fig. 8J).

In summary, we discovered that Stat1 activates HDAC7 by tran-
scriptionally repressingmiR-497-5p, thereby promoting iron-mediated cell
death and inflammatory response in HIRI. In our in vivo experiments, we

validated this mechanism, indicating that Stat1 knockdown could alleviate
liver injury and inflammatory response caused by HIRI, as well as reduce
iron ion content. On the other hand,HDAC7overexpression reversed these
effects, highlighting the important role of Stat1,miR-497-5p, andHDAC7 in
regulating HIRI.
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Discussion
HIRI is a complex pathological process that is frequently observed during
liver surgery7,16,37. This study aims to investigate the underlyingmechanisms
of Stat1 inHIRI and its regulation of ferroptosis and inflammatory response
through themodulation of the non-codingmiR-497-5p and its downstream
target genes. HIRI, caused by ischemia and reperfusion, can lead to severe
liver dysfunction, cellular apoptosis, and inflammatory response38. To gain a
better understanding of the pathogenesis of HIRI and identify potential
therapeutic targets, comprehensive investigations were conducted using a
mouse model and in vitro cellular models of HIRI.

The study revealed that Stat1, highly expressed in HIRI, is involved in
multiple signaling pathways associated with ferroptosis and inflammatory
response. These findings are consistent with previous research, indicating
the crucial regulatory role of Stat1 in HIRI14. Previous studies have also
identified the regulatory relationship between Stat1 and inflammation-
related genes and cytokines39–41. Thus, this study provides further support
for the key role of Stat1 inHIRI and offers new clues for further exploration
of its regulatory mechanisms.

Furthermore, the study found significant enrichment of Stat1 in the
miR-497-5p promoter region, which can transcriptionally suppress the
expression of miR-497-5p. These findings are in line with previous
research, suggesting the possible regulation of miR-497-5p by Stat1 in

HIRI19. In other diseases, miR-497-5p has been demonstrated to have
inhibitory effects on inflammation and cellular apoptosis. Hence, this
study further supports the regulatory role of miR-497-5p in HIRI and
demonstrates the potential mechanism by which Stat1 regulates this
pathway19. Moreover, numerous proteins have been previously impli-
cated in the development and progression of HIRI42,43. Although the role
of microRNAs (miRNAs) in HIRI remains a subject of ongoing inves-
tigation, growing evidence indicates that miRNAs play critical roles in
this pathological process. For example, Huang et al. demonstrated that
suppression of miR-450b-5p mitigated HIRI by targeting CRYAB44. In
another study, Huang et al. showed thatmiR-125b protects the liver from
HIRI by inhibiting RAF6 and NF-κB pathways45. While proteins exert
their regulatory roles through diverse targets, the influence of miRNAs
on HIRI via mechanisms such as autophagy, apoptosis, oxidative stress,
and inflammation cannot be overlooked16.

In addition, the study discovered that the activation of HDAC7 by
Stat1 could potentially influenceHIRI.HDAC7 is a histone deacetylasewith
unclear mechanisms of action in HIRI46–48. Previous studies associated with
HIRI have implicated HDAC7 in signaling pathways related to cellular
apoptosis, inflammation, and oxidative stress14. Therefore, these findings
provide possibilities for further research on the mechanisms of HDAC7 in
HIRI and its potential therapeutic targets.
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The current study shares similarities with previous research findings
but also presents some differences. Previous studies have already identified
the association of Stat1 with HIRI and revealed its involvement in cellular
apoptosis and inflammatory response14. However, this study further eluci-
dates the details of Stat1’s regulation of the miR-497-5p and HDAC7
pathways, providing a deeper understanding of the pathogenesis of HIRI19.
Additionally, this study offers new insights into the regulation of HDAC7,
expanding the research scope of HIRI. Consistent with our previous results,
we verified the functional mechanism of Stat1 in both human hepatocytes
(MIHA) and mouse hepatocytes (AML12) during HIRI. However,
numerous studies have emphasized that in addition to hepatocytes, liver
non-parenchymal cells alsoplay indispensable roles inHIRI. For instance, Li
et al. demonstrated that the immune responses of Kupffer cells critically
affect HIRI outcomes49. Huang et al. showed that themiR-22/FAM49B axis
regulates Kupffer cell immune activation via the Rac1/TRAF6/IKK
pathway50. Similarly, Hu et al. reported that HSP110 aggravates HIRI by
promoting the immune response of Kupffer cells through activation of the
NF-κB pathway51. Therefore, it remains essential to verify whether the
mechanisms we identified are specific to hepatocytes or extend to other
hepatic cell populations.

In summary, Stat1 plays a central regulatory role in the key patholo-
gical mechanisms and regulates the occurrence and progression of ferrop-
tosis and inflammatory response inHIRI by suppressing the transcriptionof
miR-497-5p and activating HDAC7. Through the comprehensive use of
transcriptomics and proteomics, we not only explored the complex
mechanisms of HIRI in depth but also revealed for the first time the
interaction and importance of Stat1, miR-497-5p, and HDAC7 in ferrop-
tosis and inflammatory response. This significant finding not only provides
a new perspective for understanding the molecular mechanisms of liver
ischemia-reperfusion injury but also indicates potential therapeutic targets
and offers new hope for HIRI treatment (Fig. 9).

The scientific value of this study lies in the in-depth exploration of the
role of Stat1 in HIRI and the regulation of ferroptosis and inflammatory
response through the mediation of non-coding small RNA (miR-497-5p)
and downstream target genes. Through a combination of transcriptomics,
proteomics, and other omics approaches, we revealed the key regulatory
pathways and crucial genes/proteins involved in HIRI. Additionally,
through studies using a H/R cell model and in vivo mouse experiments, we

further established the important role of Stat1 in regulatingmiR-497-5p and
HDAC7 and identified its association with HIRI.

The clinical significance of this study lies in providing new research
directions for understanding the molecular mechanisms underlying the
occurrence and progression ofHIRI. By elucidating the role of Stat1 inHIRI
and its regulatory relationship with miR-497-5p and HDAC7, this study
offers possibilities for developing new treatment strategies and drug targets.
Targeted regulation of molecules such as Stat1, miR-497-5p, and HDAC7
may effectively alleviate the severity of liver function damage, inflammatory
response, and ferroptosis caused by HIRI, which is of great significance for
the postoperative recovery and quality of life of liver surgery patients.

However, this study also has some limitations. Firstly, although we
conducted in-depth studies using mouse models and cell experiments, the
results may not fully reflect the actual situation of human HIRI due to
limitations in experimental conditions and animal models. Moreover, all
experiments in this study were conducted using male mice to avoid hor-
monal variability. While this approach improves consistency, it limits the
generalizability of our findings. Given potential sex-based differences in
immune responses and susceptibility to ferroptosis, future studies using
female ormixed-sex cohorts are necessary to validate and expand upon our
conclusions. Secondly, we only focused on the role of key factors such as
Stat1, miR-497-5p, and HDAC7, while HIRI is a complex disease process
thatmay involve otherunexploredmolecularmechanisms. Lastly, this study
was conducted under laboratory conditions and further clinical research is
needed to verify the feasibility and effectiveness of these findings.

In terms of future prospects, this study can be further expanded in
terms of depth and breadth. In terms of depth, the regulatory mechanisms
and interaction networks of Stat1,miR-497-5p, and HDAC7 can be further
studied to explore more regulatory pathways and targets related to HIRI. In
terms of breadth, more clinical studies can be conducted to validate the
reliability and application value of these findings in human HIRI. In addi-
tion, by integrating the concept and technology of personalized medicine,
treatment strategies based on key molecules such as Stat1,miR-497-5p, and
HDAC7 can be combined with clinical practice to lay the foundation for
personalized HIRI treatment. In conclusion, this study provides new ideas
and directions for further in-depth research on the occurrencemechanisms
of HIRI and related treatments, and it has significant scientific and
clinical value.

Fig. 9 | Schematic diagram of themolecularmechanism of STAT1 involvement inHIRI ferroptosis and inflammatory response based onmulti-omics and in vitro and
in vivo experiments. (Created by BioRender).
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Materials and methods
Construction and grouping of mouse models
The experimental protocol and animal usage plan have been approved by
TheFirstAffiliatedHospital ofXinjiangMedical University’sAnimalEthics
Committee (Approval No: A230307-81) and the Institutional Animal Care
and Use Committee of the Affiliated Huai’an No.1 People’s Hospital of
Nanjing Medical University. Six-week-old male BALB/c mice (No. 211,
Beijing Vitron Lihua Experimental Animal Technology Co., Ltd., Beijing,
China) with a weight range of 17−21 g were used. The mice were housed
under standard environmental conditions with a temperature of 23 ± 2°C,
humidity of 55 ± 5%, and a 12 h light-dark cycle. The experiments were
initiated after 1 week of acclimation to the environment.We have complied
with all relevant ethical regulations for animal use.

Prior to the procedure, the mice were fasted for 12 h with no access to
water for 4 h. The mice were anesthetized using 1.5% isoflurane (R510-22-
10, Revo, Shenzhen, China), intubated through the oral cavity, and then
connected to a rodent ventilator. After anesthetization, the mice were fixed
in a supine position and subjected to a midline incision of the abdominal
cavity. In the HIRI group, the left and middle lobes of the liver were sepa-
rated, and blood flow was occluded using vascular clamps to achieve ~70%
liver ischemia. Successful ischemia was indicated by a change in the color of
the ischemic lobes from red towhite. After 1 h of clamping, the clampswere
released to restore the hepatic artery and portal vein blood supply to the
ischemic lobes. Successful reperfusionwas indicated by a change in the color
of the ischemic lobes back to red. The reperfusion time in our HIRI model
was 6 h following 1 h of ischemia49. The normal control group underwent
only a 30min laparotomy without vascular occlusion. After completion of
the surgery, the incision was closed layer by layer, and vital signs were
monitored and recorded. The mice were euthanized by cervical dislocation
at 6 h post-reperfusion (after restoration of blood flow). Liver and serum
samples were collected for analysis52,53.

The experimentwas divided into the following groups:Normal control
group (Normal group), Hepatic Ischemia-Reperfusion Injury group (HIRI
group), sh-NC+oe-NC group (intravenous injection of sh-NC and oe-NC
through the tail vein), sh-Stat1+oe-NC group (intravenous injection of sh-
Stat1 and oe-NC through the tail vein), and sh-Stat1+oe-HDAC7 group
(intravenous injection of sh-Stat1 and oe-HDAC7 through the tail vein).
The slow virus was injected through the tail vein, with a working titer of
5 × 106 TU/mL and an injection volume of 10 μL per mouse, followed by
continuous injections for 1 week54.

RNA extraction and sequencing
Total RNA was extracted from the livers of both model and control mice,
with 15 samples taken from each group. Trizol reagent (15596026, Invi-
trogen, Car, Cal, USA) was utilized for total RNA isolation. The con-
centration and purity of RNA samples were determined using the Agilent
2100 Bioanalyzer (G2939B, Agilent, USA). Total RNA samplesmeeting the
following criteria were used for subsequent experiments: RNA Integrity
Number (RIN) ≥ 7.0 and 28S:18S ratio ≥ 1.5.

Sequencing libraries were generated and sequenced by CapitalBio
Technology (Beijing, China). A total of 5 μg of RNA was used per sample.
Briefly, Ribo-Zero™ Magnetic Kit (MRZE706, Epicentre Technologies,
Madison, Wisconsin, USA) was employed for the removal of ribosomal
RNA (rRNA) from total RNA. NEB Next Ultra RNA Library Prep Kit
(#E7775, NEB, USA) was used for Illumina library construction and
sequencing. Subsequently, RNA fragments were fragmented into ~300 base
pair (bp) fragments in NEB Next First Strand Synthesis Reaction Buffer
(5×). The first-strand cDNA was synthesized using reverse transcriptase
primers and random primers, while the second-strand cDNA was synthe-
sized in the second-strand synthesis reaction buffer containing dUTP Mix
(10×). The cDNA fragments underwent end repair, including the addition
of polyA tails and the connection of sequencing adapters. After linking
Illumina sequencing adapters, the second strand of cDNA was digested
using USER Enzyme (#M5508, NEB, USA) to construct strand-specific
libraries. The library DNA was amplified, purified, and enriched by PCR.

Finally, the librarywas assessed on theAgilent 2100 andquantifiedusing the
KAPALibraryQuantificationKit (KK4844,KAPABiosystems). Paired-end
sequencing was performed on the NextSeq CN500 (Illumina) sequencer
with an average sequencing depth of 50×55,56.

Quality control and differential expression analysis
The quality of paired-end reads from raw sequencing data was assessed
usingFastQCsoftware v0.11.8. Preprocessingof the rawdatawasperformed
using Cutadapt software 1.18, which involved the removal of Illumina
sequencing adapters and poly(A) tail sequences. Reads with an N content
exceeding 5% were filtered out using a Perl script. The FASTX Toolkit
software 0.0.13 was used to extract 70% of reads with base quality scores
above 20. The BBMap software was employed to repair the paired-end
sequences. Finally, thefiltered andhigh-quality read fragmentswere aligned
to the Rnor_6.0 reference genome provided by Gencode using
hisat2 software0.7.12.Differential gene expressionanalysis (DEGs)between
normal and HIRI model samples was performed using the Limma package
in R software, with thresholds set at |log2FC | >1 and P-value < 0.05. PCA
was carried out using the prcomp function in the stats package of R. The
differential gene expression heat map was generated using the heatmap
package, and the volcano plot for differential gene expression was created
using the ggplot2 package. GO and KEGG enrichment analysis was per-
formedusing the clusterProfiler package,while gene set enrichment analysis
was conducted using the gene set variation analysis (GSVA) package.
WGCNA was performed using the WGCNA package57,58.

Construction of WGCNA
In this section, we used the R software and the following packages:
matrixStats, Hmisc, foreach, doParallel, fastcluster, dynamicTreeCut, sur-
vival, and WGCNA. Firstly, we removed the normal dataset, checked for
missing values, and eliminated outlier samples. Next, we clustered the
samples based on gene expression levels. Then, we constructed a scale-free
network using the power value selected from the Pearson correlation
coefficient between genes, considering the average connectivity of the cor-
relation coefficient R2 in both the scale-free network fitting process and the
scale-free network model. We chose a power value of 20. We constructed a
distancematrix among genes based on the power value and then performed
clustering. We calculated the within-module connectivity of genes with
similar expression profiles using the topological overlap measure (TOM).
Finally, we used a dynamic hybrid cut method to partition these genes into
different modules and selected the module with the highest mRNA corre-
lation. Subsequently,we used the “VennDiagram”package to conductVenn
analysis and filtered the intersection of thismodule’s genes and theDEGs in
the transcriptome as the key genes59,60.

Sample preparation and determination of the proteomic profile
Fifteen liver tissue samples were collected from both the control group and
the experimental group ofmice. The samples were individually ground into
powder using liquid nitrogen and transferred to 5 cm3 centrifuge tubes.
Subsequently, an ultrasonic cell disrupter (SCIENTZ-IID, Scientz, Ningbo,
China) was employed for sonication in an ice bath. The sonication was
performed using a phenol-based extraction buffer that consisted of 10mM
DTT (R0861, MBI, Beijing, China), a 1% mixture of protease inhibitors
(P6731, Solarbio, Beijing, China), and 2mM EDTA (E1170, Solarbio,
Beijing, China). This step was repeated eight times. Following this, an equal
volume of pH 8.0 Tris-saturated phenol (HC1380, Vaner, Beijing, China)
was added, and the mixture was vortexed for 4min. Next, the mixture was
centrifuged at 4°C at a force of 5000 × g for 10min, and the upper phenol
layer was transferred to a new centrifuge tube. To the phenol solution, a
0.1M ammonium sulfate (101217, Merck, USA) saturated methanol
(106035, Merck, USA) solution was added at a volume ratio of 1:5, and the
mixture was left overnight to precipitate the proteins. Subsequently, the
supernatant was removed after centrifugation at 4°C for 10min. Finally, the
remaining precipitate was washed once with coldmethanol and three times
with cold acetone. The washed protein was then dissolved in 8M urea
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(U8020, Solarbio, Beijing, China), and the protein concentration was
determined using the BCA assay kit (P0012, BioTek, Shanghai, China)
according to the manufacturer’s instructions61.

Enzymatic digestion and mass spectrometry analysis
Each sample was subjected to enzymatic digestion using 50 µg of protein.
The protein solution was mixed with DTT to achieve a concentration of
5mMand incubated at 56 °C for 30min. Acetamide (822343,Merck, USA)
was added to the solution to a final concentration of 11mM and incubated
in a dark room at room temperature for 15min. Subsequently, the sample
was diluted to a urea concentration below 2M, and trypsin (25200056,
ThermoFisher Scientific,USA)was added at a ratio of 1:50 (w/w) enzyme to
protein, followed by overnight digestion at 37 °C. Afterward, trypsin was
added at a ratio of 1:100 (enzyme to protein), and digestion was continued
for an additional 4 h.

Following trypsin digestion, the peptide fragments were desalted using
HyperSep™ C18 purification columns (60108-302, Thermo Fisher Scientific,
USA), followed by vacuumdrying. The peptideswere thendissolved in 0.5M
triethylammonium bicarbonate (TEAB) (90114, Thermo Fisher Scientific,
USA) and processed according to the manufacturer’s instructions of the
Tandem Mass Tag (TMT) reagent kit (90064CH, Thermo Fisher Scientific,
USA). In brief, one unit of TMT reagent was thawed and reconstituted in
acetonitrile (113212, Merck, USA). The peptide mixture was then incubated
at room temperature for 2 h, followed by vacuum centrifugation, desalting,
and drying. Equal amounts of labeled peptide fractions were combined and
subjected to fractionation using the Pierce™HighpHReversed-Phase Peptide
Separation Kit (84868, Thermo Fisher Scientific, USA). Finally, the samples
were collected and pooled into 15 fractions, and the dried peptides were
resuspended in 0.1% formic acid (159002, Merck, USA).

For separation, 2 µg of peptide fragments from each sample were loa-
ded onto an Easy nLC 1200 nano-UPLC system (Thermo Fisher Scientific,
USA). The samples were injected into a Trap C18 chromatographic column
(100 µm× 20mm, 5 µm) and subsequently separated using a C18 analytical
column (75 µm× 150mm, 3 µm) with a flow rate of 300 nL/min. The
mobile phases used were: (A) 0.1% formic acid aqueous solution and (B)
0.1% formic acid in water-acetonitrile (containing 95% acetonitrile). The
gradient elution program was as follows: 0→ 2min, 2%→ 8% B;
2→ 71min, 8%→ 28% B; 71→ 79min, 28%→ 40% B; 79→ 81min,
40%→ 100% B; 81→ 90min, 100% B. The separated peptides were then
subjected to mass spectrometry analysis using a Q-Exactive HFX mass
spectrometer (Thermo Fisher Scientific, USA). The analysis duration was
60min with an electrospray voltage of 2.1 kV. The detection mode was
positive ionization, and the precursor ion scan range was set from 350 to
1200m/z. Thefirst-levelmass resolutionwas set at 60000@m/z200,with an
automatic gain control (AGC) target of 3e6 and a maximum injection time
of 30ms. The second-levelmass resolutionwas set at 15000@m/z 200, with
an AGC target of 1e6 and a maximum injection time of 25ms. The MS2
activation type was high-energy collision-induced dissociation (HCD), with
an isolation window of 20 Th and a normalized collision energy of 3261,62.

Database retrieval and data processing
The LC-MS/MS data obtained was processed using MaxQuant software
(v.1.5.2.8) for peptide identification andprotein quantification.TheUniProt
14.1 (2009) - Gossypium hirsutum database, along with the reverse bait
database, was employed for tandemmass spectrometry retrieval. Trypsin/P
was designated as the cleaving enzyme, allowing for up to 2 missed clea-
vages.The initial searchwas conductedwith a20 ppmtolerance, followedby
amain searchusing a5 ppmtolerance for fragment ionmasses. Peptide false
discovery rate (FDR) ≤ 0.01, protein FDR ≤ 0.01, and peptide score dis-
tributionwere employed asfiltering criteria.Differential expressionproteins
(DEPs) were screened using the “Limma” package in R software, with a
threshold of |log2FC | > 1 and P-value < 0.05 to identify DEPs between the
normal and HIRI samples. PCA was performed using the “prcomp” func-
tion in the “stats” package of R. The differential gene expression heatmap
was generated using the “heatmap” package, and the differential gene

volcano plot was created using the “ggplot2” package. GO and KEGG
enrichment analysis was conducted using the “clusterProfiler” package61,63.

DEP consensus clustering analysis
We performed unsupervised consensus clustering analysis using the
“ConsensusClusterPlus” R package64 to classify samples into different pro-
tein subtypes.We set the number of clusters from2 to 9 and determined the
optimal number of clusters based on the following criteria: identifying
the inflection point of the Cumulative Distribution Function (CDF) curve
where the slope decreases, ensuring that clusters with too few samples were
not included, and ensuring high intragroup correlation and low intergroup
correlation for the selected clusters. Additionally, DEPs from different
protein subtypes were assigned to different protein group subtypes in a
similar manner65.

Construction of protein-protein interaction network
The protein interaction network was constructed using the STRING tool.
We visualized gene interactions using Cytoscape software (V.3.7.2). To
identify themost densely connected regions;weutilized theMcodeplugin in
Cytoscape and set parameters based on topological principles. The para-
meter settings we employed were as follows: MCODE score > 5, degree
cutoff = 2, node score cutoff = 0.2, max depth = 100, k-score = 266.

We performed protein-protein interaction analysis forDEGs using the
STRING database (http://string-db.org/) and constructed the protein
interaction network with a minimum confidence score > 0.7. The results
were further analyzedusing theMCODEplugin inCytoscape to evaluate the
network topology and identify core proteins related toHIRI development67.

Functional enrichment analysis of DEGs and DEPs
We performed GO and KEGG functional enrichment analysis using the
“ClusterProfiler” package in R software. For GO enrichment analysis, we
analyzed the biological processes (BP), cellular components (CC), and
molecular functions (MF) using P < 0.05 as the filtering criteria. Addition-
ally, we visualized the enriched pathways and genes. In the KEGG enrich-
ment analysis, we also usedP < 0.05 as the significance threshold to visualize
the enriched pathways and genes, successfully identifying the differential
enrichment of marker genes in different clusters68.

ROC curve analysis
We used the “pROC” package in R software to plot a ROC curve and
calculate the area under the curve (AUC) value to validate the predictive
performance of the identified biomarkers69.

Cell culture and transfection
Human normal liver cells (MIHA) (Bio-132746, Microbial Culture Col-
lection, Beijing, China), the mouse hepatocyte line AML12 (CBP60909,
Nanjing Cobioer Biotechnology Co., Ltd., Jiangsu, China), and HEK-293T
(CBP60661, Nanjing Bioscience & Technology Co., Ltd., Jiangsu, China)
were cultured in DMEMmedium (11965092, Gibco, USA) containing 10%
FBS (TMS-016, Sigma Aldrich, USA), 10 μg/mL gentamicin (85886, Sigma
Aldrich, USA), and 100 U/mL penicillin (9073-60-3, Sigma Aldrich, USA).
The cells were maintained in a Heracell™ Vios 160i CO2 incubator
(51033770, ThermoScientific™, Germany) at 37°Cwith 5%CO2. Subculture
was performed when the cell growth reached 80% to 90% confluence70–72.

In the H/R experiment, MIHA cells and AML12 cells were exposed to
24 h of hypoxia (5% CO2, 1% O2, and 94% N2), followed by 18 h of reox-
ygenation at 37°C (5% CO2, 21% O2, and 74% N2)

73.
Grouping: oe-NC+Lv-NC (transfected with oe-NC and Lv-NC), oe-

Stat1+ Lv-NC (transfected with oe-Stat1 and Lv-NC), oe-Stat1+ Lv-miR-
497-5p (transfected with oe-Stat1 and Lv-miR-497-5p), sh-NC+In-NC
(transfected with sh-NC and In-NC), sh-Stat1+ In-NC (transfected with
sh-Stat1 and In-NC), sh-Stat1+ In-miR-497-5p (transfected with sh-Stat1
and In-miR-497-5p), oe-NC+sh-NC (transfected with oe-NC and sh-NC),
oe-Stat1+sh-NC (transfected with oe-Stat1 and sh-NC), oe-Stat1+sh-
HDAC7 (transfected with oe-Stat1 and sh-HDAC7).
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Lentiviruses
Recombinant lentiviral particles and viral packaging reagents were pur-
chased from Sigma-Aldrich (Shanghai, China) for Lv-NC, Lv-miR-497-5p,
In-NC, In-miR-497-5p, oe-NC, oe-Stat1, oe-HDAC7, sh-NC, and sh-Stat1.
HEK-293T cells were co-transfected separately with the packaged viruses
and target vectors using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). After 48 h of cell culture, the viral titers were determined using the
p24 ELISA assay kit (Cell Biolabs, San Diego, CA, USA), and the viruses
were titrated to 109 transduction units (TU)/mL. A total of 5 × 105 liver cells
were seeded in a six-well plate, and when the cell density reached 70−90%,
the cellswere transfectedwith an appropriate amount of packaged lentivirus
(MOI = 10, working titer ~5 × 106 TU/mL) and 5 μg/mL polybrene (Merck,
Darmstadt, Germany) in the culture medium. After 4 h of transfection, an
equal volume of culture medium with diluted polybrene was added, and
fresh culturemediumwas replaced after 24 h. After 48 h of transfection, the
transfection efficiency was observed using a luciferase reporter gene, and
stably transduced cell lineswere selectedusing10 μg/mLpuromycin (Gibco,
Carlsbad, CA, USA). The sequences for gene silencing are shown in Sup-
plementary Table 374.

H&E staining
The steps involved inparaffinsectioningofmouse liver tissues are as follows:
Initially, the sections were immersed in xylene I for 10min, followed by
immersion in xylene II for another 10min. Subsequently, the sections were
transferred to absolute ethanol I for 5min and then to absolute ethanol II for
an additional 5 min.Next, the sectionswereplaced in95%ethanol for 5min,
followed by immersion in 90% ethanol for 5min. Then, the sections were
successively immersed in 80% and 70% ethanol for 5min each before being
washed with distilled water. Once deparaffinization and dehydration were
completed, the sections were immersed in Harris hematoxylin solution for
10−30min, followed by rinsing with tap water. The sections were then
exposed to 1% hydrochloric acid alcohol for a few seconds, rinsed with tap
water, and subsequently counterstainedwith 0.6%ammoniawater to obtain
a blue color. The sections were further rinsed with running water and
immersed in Eosin Y solution for 1−3min. Subsequently, the sections were
dehydrated and cleared by immersing them successively in 95% ethanol I,
95% ethanol II, absolute ethanol I, absolute ethanol II, xylene I, and xylene II
for 5min each. After removing the sections from the xylene and allowing
them to air dry slightly, they were mounted using a neutral mounting
medium. Finally, the morphology of the tissues was observed under an
Olympus BX63 microscope (Japan), and the experiments were repeated
three times. Five random fields were selected for the analysis of cell mor-
phology and structure. All reagents used in the experimentswere purchased
from Sangon Biotech Co., Ltd. (Guangzhou, China)75.

For the quantitative assessment of HIRI inmice, we utilized the Suzuki
score tomeasure the severity of inflammation and tissue damage. The score
ranges from 0 to 4, with higher scores indicating more severe damage76,77.
Please refer to Supplementary Table 4 for specific scoring details.

RT-qPCR
When extracting mRNA or miRNA from tissues or cells, we employed the
Trizol method for tissue RNA extraction. The detailed protocol for tissue
RNA extraction can be found in the manual provided by Thermo Fisher
Scientific, New York, USA (Trizol Reagent, 16096020, AM1561). We took
5 µg of tissue RNA and followed the instructions provided by Takara, Japan
(RT-qPCR Kit, RR047A) to perform mRNA reverse transcription into
cDNA. The synthesized cDNA was then used in conjunction with the ABI
PRISM 7300 RT-PCR system (Applied Biosystems) and Fast SYBR Green
PCR master mix (Applied Biosystems, 4309155, USA) for RT-qPCR
detection. For miRNA cDNA synthesis, we followed the guidelines of the
TaqMan microRNA assay kit (Applied Biosystems, 4440888, USA). In the
RT-qPCR reaction, FastStart Universal SYBR Green Master Mix (Merck,
FSUSGMMRO, USA) was used, with each well containing three replicates.
The reference gene for miR-497-5p was U6, while for other genes, β-actin
served as the reference gene. To represent the fold change in the expression

of the target genebetween the experimental groupand the control group, the
2-ΔΔCt formula was utilized. The formula is as follows: ΔΔCT = (average Ct
value of the target gene in the experimental group - average Ct value of the
reference gene in the experimental group) - (average Ct value of the target
gene in the control group - average Ct value of the reference gene in the
control group). Ct represents the number of amplification cycles required
for the real-time fluorescence intensity to reach a predetermined threshold,
at which point the amplification exhibits exponential growth. The experi-
ment was repeated three times. For primer design, please refer to Supple-
mentary Table 5.

Western blot
Liver cells and liver tissue were collected. The cultured cells and tissue were
digested using trypsin (T4799-5G, Sigma-Aldrich, USA) and collected. Cell
lysis was performed using enhanced RIPA lysis buffer (AR0108, Wuhan
Bode Technology Co., Ltd., Wuhan, China) containing protease inhibitors.
The protein concentration was determined using the BCA protein assay kit
(AR1189, Wuhan Bode Technology Co., Ltd., Wuhan, China).

SDS-PAGE was performed for protein separation. The separated
proteins were transferred to a PVDF membrane. The membrane was
blocked with 5% BSA (9048-46-8, Sigma-Aldrich, USA) for 1 h at room
temperature. Diluted primary antibodies (see Supplementary Table 6 for
detailed information) were added and incubated overnight at 4°C. The
membrane was washed three times with TBST (5min each time). Then,
either Anti-Mouse-HRP secondary antibody (7076, 1/5000; CST, USA) or
Anti-Rabbit-HRP secondary antibody (7074, 1/5000; CST,USA)was added
and incubated for 1 h at room temperature. The membrane was washed
three times with TBST (5min each time). TBST was removed, and an
appropriate amount of ECL working solution (Omt-01, Beijing Omnijet
Biotech Co., Ltd., Beijing, China) was added. Themembrane was incubated
at room temperature for 1min, excess ECL reagents were removed, and the
membranewas sealedwith plastic wrap and placed in a dark box. X-ray film
exposure, development, and fixing were performed for 5−10min. The
bands in the Western blot images were quantified for their grayscale using
Image J analysis software.β-Actinwasused as an internal reference78,79. Each
experiment was repeated three times. All the uncroppedwestern bot images
are provided in the Supplementary information (Supplementary Fig. 14).

CCK-8 assay
Liver cells in the logarithmic growth phase were seeded in 96-well plates at a
density of 5 × 103 cells per well. After 24 h of seeding, 10 μL of CCK-8 assay
kit solution (C0038, Beyotime, Shanghai, China) was added to each well.
The plate was incubated in a culture incubator at 37°C with suitable
humidity. After 1 h of incubation, the absorbance values of each well were
recorded at 450 nm using a Microplate Reader (abx700005, Beijing
Qiweiyicheng Technology Co., Ltd.)80.

TUNEL fluorescent staining
For apoptosis analysis, we used the TUNEL assay following the manu-
facturer’s instructions (C1086, Beyotime, Shanghai, China). Briefly, cells
were treated with proteinase K and 3% hydrogen peroxide, then incubated
with theTUNEL reactionmixture in a humid chamber at 37°C.Cellfixation
was performed with the immunostaining fixing solution (P0098, Beyotime,
Shanghai, China) from Bioteke for 30min. For tissue samples, we added
proteinase K (ST532/ST533, Beyotime, Shanghai, China) at a concentration
of 20 μg/mL without DNase and allowed it to act with the immunostaining
washing solution at room temperature for 15−30min. Next, we added
50 μL of TUNEL detection solution to the samples and incubated them at
37°C in the dark for 60min. The sampleswere thenwashed three timeswith
PBS and mounted with anti-fade sealing liquid for observation using a
fluorescence microscope (Zeiss Observer Z1, Germany). The fluorescence
was excited at a wavelength range of 450−500 nm and emitted at a range of
515−565 nm (green fluorescence). The target region was selected in the
images for fluorescence intensity measurement, and ImageJ software was
used for image processing and quantification of positive cells81.
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Flow cytometry
Cell apoptosis was evaluated by flow cytometry using the Annexin V-FITC
apoptosis detection kit (APOAF-20TST, Sigma-Aldrich, USA) according to
themanufacturer’s instructions. Cells were plated at a density of 4 × 105 cells
perwell in a 6-well plate and allowed to attach overnight. Then, the cells were
treated with different concentrations of Cytarabine (0.125, 0.25, 0.5 μg/mL)
for 48 h. After drug treatment, cells were incubated with 200 μL of binding
buffer and stained with Annexin V-FITC in the dark for 20min. The cells
were analyzedusing theFACSAria IIflowcytometer82. The cell phenotype in
the upper right quadrant representedAnnexinV+ PI+ cells, indicating late
apoptotic cells. The cell phenotype in the lower right quadrant represented
AnnexinV+ PI- cells, indicating early apoptotic cells. The cell phenotype in
the upper left quadrant represented Annexin V-PI+ cells, indicating dead
cells. The cell phenotype in the lower left quadrant represented Annexin V-
PI- cells, indicating live cells83. Flow Cytometry (Facs) Plots are provided in
the Supplementary information (Supplementary Fig. 15).

TEM
Cells were harvested and fixed with 2.5% glutaraldehyde (111-30-8, Sigma-
Aldrich, USA), soaked in darkness for 1 h, and post-treated with 4% for-
maldehyde (50-00-0, Sigma-Aldrich, USA). Next, cell dehydration was
performed using increasing concentrations of acetone (48358, Sigma-
Aldrich, USA), followed by embedding the cells in epoxy resin (1675-54-3,
Sigma-Aldrich, USA). The cells were polymerized by placing them in an
oven at 42°C for 2 h, followed by overnight incubation at 52°C and another
overnight incubation at 62°C. Ultra-thin sections of 50–70 nm were pre-
pared using a Leica Biosystems EM UC6 ultramicrotome (Germany). The
sections were briefly treated with a 1% uranyl acetate (XHL2375, Hubei
Xinhongli Chemical Co., Ltd., China) aqueous solution for 5min and then
placed in a CO2-free environment for 2−4min to generate citrate. The
sections were observed under a 100 kV Hitachi H7650 transmission elec-
tronmicroscope (DOLEE), and the images were digitally captured using an
AMT V700 side-mounted camera84.

Immunofluorescence staining
Glass slides with cells were fixed in 4% PFA (G2130, Solarbio, Beijing,
China) for 30min, permeabilized, and thenblockedwith 0.3%TritonX-100
(T8200, Solarbio, Beijing, China) combined with 5% BSA (SA8130, Solar-
bio, Beijing, China) for 1 h. The blocking solution was replaced with a
mixture of rabbit anti-Stat1 (K002420P, solarbio, Beijing, China) diluted
1:500 and rabbit anti-HNF4 (ab92378, Abcam, UK) diluted 1:200 in the
blocking solution. These primary antibodies were incubated overnight at
4°C. The secondary antibody mixture consisted of goat anti-rabbit IgG
conjugated with Alexa Fluor® 488 (ab150077, Abcam, UK) diluted 1:1000
andgoat anti-rabbit IgG conjugatedwithAlexa Fluor® 647 (ab6940,Abcam,
UK). After incubation at room temperature for 1 h, DAPI staining was
performed. Finally, the slides or tissue sections were washed three times in
PBS. Images were captured using a Carl Zeiss AG confocal laser scanning
microscope (CLSM; LSM510META). Five random fields were selected for
analysis, and ImageJ software was used to quantify the number of fluor-
escent signal-emitting cells (positive cells) and the total number of cells
stained with DAPI in each field. The percentage of positive cells was cal-
culated as (number of positive cells/total number of cells) x 100%85,86.

Detection of total ROS and mitochondrial ROS
To detect ROS, we utilized the fluorescent dye 2’,7’-dichlorodihydro-
fluorescein diacetate (DCFDA) (HY-D0940, Abcam, UK), which enters cells
and forms a green fluorescent compound upon interaction with active oxy-
genmolecules. In brief, a stock solution ofDCFDA (10mM)was prepared in
methanol and further diluted with culture medium to a working solution of
100 μM. Hepatocytes (2 × 104) were seeded in wells of a six-well plate on
coverslips overnight. On the following day, the cells were treated with H2O2

(200 μM) for 24 h. After treatment, coverslips were washed with ice-cold
Hank’s balanced salt solution (HBSS) (H8264, Sigma Aldrich, Shanghai,
China) and incubated with 100 μM DCFDA at 37°C for 30min. After

washing with 1 × PBS, the coverslips were mounted on glass slides. The
images were analyzed using a Nikon A1Rmultiphoton confocal microscope
with a × 100 objective lens and Nikon Imaging Software (NIS Element).
Mitochondrial superoxide compounds (SOX) were evaluated using the red
compound mito-SOX (M36008, Thermo Fisher, USA). Hepatocytes
(2 × 104)were seededoncoverslipsplaced inwells of an inserted six-well plate
overnight. On the following day, the cells were treated with H2O2 (200 μM)
for 24 h. The coverslips were then washed with ice-cold 1 × PBS and incu-
bated with a working solution of 2 μMmito-SOX at 37°C for 30min. After
washing with 1 × PBS, the coverslips were mounted on glass slides. Images
were obtained using a multiphoton confocal microscope with a × 100
objective lens and analyzed using Nikon Imaging Software (NIS Element)87.

Biochemical analysis
Serum or cellular lipid levels were measured using an automated standar-
dized procedure (Roche Hitachi 917/747, Mannheim, Germany) for the
following markers: AST, ALT, MDA, GSH, and SOD88.

Enzyme-linked immunosorbent assay (ELISA)
The expression of IL-1β (ab197742-mouse, ab214025-human, Abcam,UK)
and IL-6 (ab222503-mouse, ab178013-human, Abcam, UK) in mouse
serum and liver cell MIHA supernatant was detected using ELISA kits
(Abcam, USA). The assay was performed according to the instructions
provided in the kit: 0.1mL of serum or cell supernatant was added to the
wells of a 96-well plate, followedby incubation at 37°C for 1 h. The platewas
then washed (blank wells were also washed), and after drying slightly, the
wash buffer was discarded. Freshly diluted enzyme-conjugated antibody (at
the appropriate dilution determined by titration) was added to each well
(0.1mL) and incubated at 37°C for 0.5–1 h. After washing and drying, the
wash buffer was discarded. TMB substrate solution (0.1 mL) was added to
each well and incubated at 37°C for 10–30min. Finally, the absorbance
(OD) of each well was measured using an enzyme-linked immunosorbent
assay reader, and the concentrations of TNF-α, IL-1β, and IL-6 were
calculated89,90. Each experiment was repeated three times.

Chromatin immunoprecipitation (ChIP)
To assess the binding of Stat1 to the miR-497-5p promoter region, we
performed chromatin immunoprecipitation experiments using the EZ-
Magna ChIP TMA Kit (17-10086, Merck, USA). First, logarithmic growth
phase HEK-293T cells from different groups were cross-linked with 1%
formaldehyde for 10min, followed by quenching with 125mM glycine at
room temperature for 5min. Next, the cells were washed twice with pre-
chilled PBS and collected by centrifugation at 2000 rpm for 5min. The cells
were then resuspended in cell lysis buffer containing 150mMNaCl, 50mM
Tris (pH 7.5), 5mM EDTA, 0.005% NP40, and 0.01% Triton X-100,
resulting in a cell concentration of 2 × 106 cells per 200mL. A proteinase
inhibitor mixture was added, followed by centrifugation at 5000 rpm for
5min and resuspension in nuclear lysis buffer. The solution was then
sonicated in an ice water bath for 10min until chromatin fragments of
200 ~ 1000 bpwere obtained. After centrifugation at 14000 g for 10min at 4
°C, the supernatantwas collected. For each group, 100 μL of the supernatant
(DNA fragments) was taken andmixed with 900 μL of ChIP dilution buffer
and 20 μL of 50 × PIC. Each group was then added with 60 μL of Protein A
Agarose/Salmon Sperm DNA. The mixture was gently rotated at 4 °C for
1 h, followed by incubation at 4 °C for 10min and centrifugation at 700 rpm
for 1min. The supernatant was collected, with 20 μL reserved as Input. In
the experimental group, the supernatant was mixed with 1 μL of Stat1
(ab234400, rabbit source, Abcam, UK), while in the negative control group,
1 μL of rabbit IgG (ab172730, Abcam,UK)was added. Each groupwas then
added with 60 μL of Protein AAgarose/Salmon SpermDNA and rotated at
4°C for 2 h. After 10min of incubation at room temperature, the mixture
was centrifuged at 700 rpm for 1min. The supernatant was removed, and
the precipitate was washed with low salt buffer, high salt buffer, LiCl solu-
tion, and TE solution (twice). Each wash used 250mL of ChIP wash buffer.
Cross-linkingwas reversed by adding 20mLof 5MNaCl, and theDNAwas
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recovered after the completion of cross-linking. The promoter region of
miR-497-5p in the complex was quantified using fluorescence quantitative
PCR with primers F: 5’-GCGCAGCAGCACACTGTG-3’ and R: 5’-
GTGCAGGGTCCGAGGT-3’91.

Dual-luciferase reporter gene assay experiment
To verify the transcriptional regulation ofmiR-497-5p by Stat1, we followed
the instructions of the Promega Dual-Luciferase Reporter Assay System.
First,we cloned the cDNAcontaining thepromoter region sequenceofmiR-
497-5p into the pGL3-basic luciferase reporter gene vector (GeneCreate,
China), obtaining the pGL3-miR-497-5p plasmid. Simultaneously, we
constructed the Stat1 overexpression vector. Then, HEK-293T cells were
seeded in six-well plates at a density of 2 × 105 cells per well. After cell
attachment, oe-Stat1 and pmirGLO-miR-497-5p-WT/pmirGLO-miR-497-
5p-MUT were co-transfected into HEK-293T cells using Lipofectamine
2000 (11668019, Invitrogen,CA,USA). Forty-eight hours post-transfection,
the cells were lysed, and the supernatantwas collected after centrifugation at
12,000 g for 1min. Next, the Dual-Luciferase Reporter Gene Assay System
(E1910, Promega) was used to measure luciferase activity. Each cell sample
was added with 100 μL of the Firefly luciferase working solution tomeasure
Firefly luciferase activity and 100 μL of the Renilla luciferase working
solution to measure Renilla luciferase activity. The ratio of Firefly luciferase
to Renilla luciferase was calculated as the relative luciferase activity. To
validate the targeting relationship between miR-497-5p and HDAC7, we
artificially synthesized a gene fragmentofHDAC73’UTRanddesigned seed
sequence complementary sitemutations on thewild-typeHDAC7.WTand
MUT were co-transfected with miR-96-5p into HEK-293T cells, and each
experiment was repeated three times92. Subsequent experiments were per-
formed in the samemanner, and each experiment was repeated three times.

Statistics and Reproducibility
All data were processed using GraphPad Prism 9.0. Quantitative data are
presented as mean ± standard deviation (Mean ± SD). Unpaired t-test was
used for comparisons between two groups, while one-way analysis of var-
iance (ANOVA) and Tukey’s post hoc multiple comparison test were used
for comparisons between multiple groups. Data analysis was performed
using one-way analysis of variance and Student’s t-test. In all graphs and
charts, * denotes P < 0.05, **P < 0.01, and ***P < 0.001, indicating statis-
tical significance53.

Ethics approval and consent to participate
The experimental protocol and animal usage plan have been approved by
The First AffiliatedHospital of XinjiangMedical University’sAnimal Ethics
Committee (Approval No: A230307-81) and the Institutional Animal Care
and Use Committee of the Affiliated Huai’an No.1 People’s Hospital of
Nanjing Medical University.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The sequencing data generated in this study have been deposited in the
NCBI Sequence Read Archive (SRA) under BioProject accession number
PRJNA1304678. The SRA accession IDs are SRR34954865, SRR34954864,
SRR34954853, SRR34954842, SRR34954841, SRR34954840, SRR34954839,
SRR34954838, SRR34954837, SRR34954836, SRR34954863, SRR34954862,
SRR34954861, SRR34954860, SRR34954859 (control group) and
SRR34954858, SRR34954857, SRR34954856, SRR34954855, SRR34954854,
SRR34954852, SRR34954851, SRR34954850, SRR34954849, SRR34954848,
SRR34954847, SRR34954846, SRR34954845, SRR34954844, SRR34954843
(case group). The proteomics datasets are available in the iProX repository
under accession number IPX0012976000 and in the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier
PXD067240. Uncropped and unedited blot/gel images (Supplementary

Fig. 14) and All flow cytometry (FACS) plots (Supplementary Fig. 15) are
provided in the Supplementary Information. Further requests are available
from the corresponding authors upon reasonable request.
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