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Background: Nonalcoholic steatohepatitis (NASH) has recently garnered increased attention due to immune infiltration. However, 
the role of membrane-associated protein 17 (MAP17) in NASH remains unclear, which prompted this study to explore its relationship 
with immune infiltration and its regulatory mechanisms.
Methods: We employed weighted correlation network analysis (WGCNA) to construct a gene co-expression network aimed at identifying 
key genes associated with NASH progression. Our further analyses included differential expression evaluation, protein-protein interaction 
(PPI) network analysis, and Venn diagram analysis to discover novel targets. The CIBERSORT algorithm assessed the correlation between 
MAP17 and immune cell infiltration within the tumor microenvironment (TME), while the TIDE algorithm predicted responses to 
immunotherapy. Additionally, we conducted gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and gene set 
enrichment analysis (GSEA) to elucidate the mechanisms by which MAP17 operates. The expression of MAP17 was validated using liver 
tissues obtained from NASH patients and mice with diet-induced NASH or CCl4-induced liver fibrosis.
Results: Our findings identified MAP17 as a novel target in the progression of NASH. Correlation analyses demonstrated a positive 
association between MAP17 and M1 macrophage infiltration, as well as a negative association with M2 infiltration. TIDE results 
positioned MAP17 as a potential biomarker for predicting responses to immune checkpoint blockade. Mechanistic studies revealed 
that MAP17 induced oxidative stress, which subsequently activated the p53, PI3K-AKT, and Wnt signaling pathways. Validation 
analyses confirmed that MAP17 levels significantly increased in liver tissues of mice with diet-induced NASH or CCl4-induced liver 
fibrosis, as well as in NASH patients.
Conclusion: MAP17 is a novel biomarker linked to macrophage infiltration and immunotherapy responses in NASH patients. The 
oxidative stress induced by MAP17 activates the p53, PI3K-AKT, and Wnt pathways, all of which contribute to the progression of NASH.
Keywords: NASH, MAP17, macrophage infiltration, immunotherapy response, oxidative stress

Introduction
Nonalcoholic steatohepatitis (NASH) is a severe stage of hepatic steatosis characterized by ballooning, inflammation, and 
even fibrosis.1 Its increased incidence and potential progression to cirrhosis and hepatocellular carcinoma (HCC) have 
imposed a significant burden on global public health.2,3 Current biomarkers for detecting, classifying, and monitoring 
different aspects of NASH, such as steatosis, necroinflammation, or fibrosis, have their limitations in terms of accuracy, 
reproducibility, responsiveness, feasibility, and economic cost.4 Moreover, the absence of efficient biomarkers for early 
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detection results in asymptomatic NASH-HCC patients being diagnosed at advanced stages, leading to poor prognoses.5 

While substantial progress has been made in recent years in comprehending the pathogenesis of NASH, it remains 
incompletely understood.6 Consequently, the exploration of new biomarkers to enhance our understanding of NASH 
pathogenesis, aid in early diagnosis, predict disease progression, and pinpoint treatment targets holds significant 
importance.

The pathogenesis of NASH involves multiple factors, including insulin resistance, the accumulation of lipotoxic 
substances, and oxidative stress, among others.7 Recently, the role of immune infiltration in the progression of NASH has 
become increasingly important.8,9 Hepatic immune cells exhibit diversity in the steady state and continue to evolve 
during NASH, directly impacting the disease’s severity.10 Inflammatory signals trigger the recruitment of macrophages, 
neutrophils, B cells, and other immune cells. The complex interplay between these immune cell populations and 
hepatocytes or hepatic stellate cells further exacerbates liver injury, fibrosis, and potentially HCC.11–13 For instance, 
macrophages, as heterogeneous immune cells, serve as the primary source of cytokines and chemokines in NASH.14 

They can be broadly categorized as M1 type and M2 type. Increased hepatocyte apoptosis prompts macrophages to 
polarize towards M1, leading to the secretion of TNF-α and CCL2, thereby promoting early NASH stages.15 

Subsequently, the substantial release of cytokines aids in advancing inflammation and fibrosis. Conversely, a decrease 
in M2 macrophages weakens anti-inflammatory responses. Moreover, macrophages are implicated in regulating lipid 
metabolism and insulin sensitivity in hepatocytes, contributing to the buildup of lipotoxic substances and metabolic 
burden on the liver.16 Immunomodulation-based drugs are currently under investigation. For example, peroxisome 
proliferator-activated receptor (PPAR) agonists exhibit immunomodulatory properties alongside their lipid metabolism 
modulation, displaying anti-inflammatory effects on macrophages.17 Additionally, cenicriviroc, a dual antagonist target
ing the chemokine receptors CCR2 and CCR5 expressed in monocytes and T cells, has shown promising results in Phase 
II trials.18 Nevertheless, these studies have limitations, and the therapeutic challenges posed by immune cell infiltration 
and the potential progression to HCC necessitate further research. Therefore, a comprehensive exploration of immune 
infiltration mechanisms and the identification of new immunotherapeutic targets may enhance potential clinical outcomes 
for NASH and NASH-associated HCC.

Hepatic oxidative stress plays a key role in the development of NASH.19 Hepatocytes oxidative stress alters 
macrophage populations, resulting in an imbalance between M1 and M2 polarization, primarily favoring polarization 
towards the M1 phenotype and reducing anti-inflammatory M2 macrophages.20 Moreover, oxidative stress triggers the 
activation of multiple signals and speeds up the progression of NASH, potentially leading to HCC. For instance, reactive 
oxygen species (ROS) activate p53, and suppressing p53 activity helps alleviate hepatic steatosis by enhancing HMGB1- 
associated autophagy.21,22 Notably, p53 plays a crucial role as a central gene in the advancement from NASH to HCC.23 

Additionally, oxidative stress activates the PI3K-AKT pathway, further expediting the shift from steatosis to NASH and 
the progression from NASH to HCC.24 In summary, inhibiting oxidative stress has demonstrated benefits in reducing 
immune cell infiltration and delaying the malignant advancement of NASH.

The membrane-associated protein 17 (MAP17), also known as PDZK1IP1, is a small, non-glycosylated protein that 
usually localizes to the plasma membrane. MAP17 has a C-terminal PDZ domain that interacts with its ligand PDZK1 to 
form a variable complex, enabling the transport of different molecules across the plasma membrane.25,26 Previous studies 
have shown that MAP17 mediates multiple signaling pathways, especially promoting inflammation and oxidative stress. 
MAP17 activates Notch inflammatory signaling, leading to an increase in stem cell factors and cancer-initiating-like 
cells.27 MAP17 induces the expression of genes such as NFAT2 and IL-6, which directly regulate the differentiation of 
monocytes into dendritic cells.28 Additionally, MAP17 is a ROS-dependent oncogene that enhances the malignant 
behavior of tumor cells by increasing ROS.29 More notably, some researchers believe that upregulation of MAP17 is 
a crucial point in cancer and inflammatory diseases.30 These pieces of evidence are enough to demonstrate the 
importance of MAP17 in the regulation of inflammation, immunity, and even as a key target for disease progression. 
These evidences are sufficient to demonstrate the importance of MAP17 in the regulation of inflammation, immunity and 
even as a key target for disease progression. However, the role of MAP17 in NASH remains unclear. Therefore, it is of 
paramount importance to investigate the role of MAP17 in NASH from the perspective of immune infiltration, in order to 
uncover the underlying mechanisms of disease onset and progression and identify novel therapeutic targets.
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Materials and Methods
Data Acquisition
The GEO dataset was obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo). Specifically, the GSE135251 
dataset comprised 206 human NASH samples at various stages of pathogenesis and 10 control samples. From the 
GSE164760 dataset, 6 healthy liver samples, 74 NASH samples, 8 liver cirrhosis samples, 29 non-tumoral adjacent 
samples, and 53 NASH-HCC samples were extracted. Additionally, data from 143 human NAFLD/NASH patients is 
available under the accession number GSE162694. The GSE119340 dataset contained three mouse NASH samples and 
three normal mouse liver tissues.

Weighted Gene Co-Expression Analysis (WGCNA)
The normalized gene expression data was used to perform WGCNA. The co-expression network was constructed utilizing the 
WGCNA package in R (version 4.3.1). Pearson’s correlation coefficient was employed to obtain gene co-expression similarity 
measures and to construct an adjacency matrix using soft power and topological overlap matrix (TOM). By applying soft 
thresholds, correlation matrices were transformed to mimic scale-free topologies. TOM was utilized to filter weak connections 
during network construction. Module identification was based on TOM and average linkage hierarchical clustering. Adhering 
to the scale-free topology criterion, a soft power β of 6 (scale-free R2 of 0.9) was selected. Ultimately, the dynamic tree cut 
algorithm was employed to select branches in the dendrogram. The module eigengene (ME) was defined as the first principal 
component of a given module, which could be considered a representative of the gene expression profiles within a module. 
Module Membership (MM), also known as eigengene-based connectivity (kME), was defined as the correlation of each gene 
expression profile with the module eigengene of a given module.

Gene Ontology (GO) Analysis
Using Metascape software, we conducted a GO enrichment analysis to identify the functional classes. Three primary GO 
categories were annotated to transcripts: biological process (BP), cellular component (CC), and molecular function (MF). 
Additionally, we performed Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using 
Metascape to identify crucial pathways.

Protein-Protein Interaction (PPI) Network
The Search Tool for the Retrieval of Interacting Genes (STRING) (http://string-db.org) was capable of converting DEGs 
into expressed proteins and constructing a PPI network. We obtained a PPI network of common DEGs using STRING 
and visualized it with Cytoscape (version 3.7.2).

CIBERSORT Algorithm
The CIBERSORT algorithm (http://cibersortx.stanford.edu) was employed to estimate the composition of 22 distinct 
immune cell types in the GSE135251 and GSE162694 datasets. The Spearman method was utilized to analyze the 
correlation between MAP17 expression and the abundance of infiltrating immune cells. Heatmaps and scatter plots were 
created using the ggpubr and ggplot2 packages in R software (version 4.3.1).

TIDE Score
The TIDE score table, which comprised the TIDE score, exclusion of immune rejection, and dysfunction, was retrieved 
from the TIDE database (http://tide.dfci.harvard.edu/). Subsequently, the Wilcoxon test was conducted on the TIDE 
scores from various samples within the GSE164760 and GSE135251 datasets. The test results were visualized as bar 
graphs. Moreover, the correlation between MAP17 expression and TIDE score in the GEO datasets (GSE164760, 
GSE135251, and GSE162694) was examined through a scatterplot.
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Gene Set Enrichment Analysis (GSEA)
Gene Set Enrichment Analysis (GSEA, http://www.gsea-msigdb.org/) was a popular enrichment analysis method based on 
Gene sets, which had been widely used in bioinformatics and computational biology research. GSEA ranked all genes 
analyzed by expression arrays according to their differential expression between two categories of samples, specifically, 
MAP17 high and MAP17 low. Through this process, GSEA calculated a normalized enrichment score (NES) for each gene 
set. Positive NES values represented enrichment at the top of the list, while negative NES values represented enrichment at the 
bottom of the list. The pathway map for GSEA enrichment analysis was then drawn using R (version 4.3.1), which provided 
a graphical representation of the enriched biological pathways.

Human Liver Samples
Human NASH liver specimens were retrieved from patients who underwent hepatectomy at the Affiliated Hospital of 
Southwest Medical University due to benign conditions such as hepatic hemangioma and intrahepatic bile duct stones. 
The specimens were independently assessed by two pathologists based on NAFLD activity scores (NAS). Hepatic 
steatosis caused by hepatitis B virus, alcohol consumption, etc, was excluded. Normal control liver specimens were 
obtained, featuring the absence of NASH. Prior to surgery, informed consent for tissue collection was obtained from 
patients. The study was approved by the Ethics Committee of Southwest Medical University (KY2022167) and was 
conducted in accordance with the 1975 Declaration of Helsinki.

Animal Models and Sample Collection
Wild-type (WT) mice, based on a C57BL/6J background, were obtained from Vital River Laboratory Animal Technology in 
Beijing, China. The mice were housed in a temperature-controlled and humidity-controlled experimental animal room. After 
breeding, 6-8-week-old male WT mice were fed either a control diet or a high-fat diet (HFD, TP26300, Trophic) containing 
21.2% fat, 49.1% carbohydrate, 19.8% protein, and 0.2% cholesterol for 24 weeks (n=5 per group). HFD-induced NASH 
fibrosis mouse models were generated by intraperitoneal injection of 20% CCL4 at a dose of 1 mL/kg once a week, in 
conjunction with an HFD diet, for 12 weeks (n = 5 per group). For the purpose of inducing hepatic fibrosis via CCL4 
administration, mice were intraperitoneally injected with 20% CCL4 at a dose of 2.5 mL/kg twice a week for a duration of 
8 weeks (n = 5 per group). The control group received the same dose of vehicle, olive oil. At the conclusion of the feeding 
period, serum and tissues were collected for subsequent experiments. All animal experiments were performed in accordance 
with the guidelines set forth by the Animal Experimentation Ethics Committee of Southwest Medical University.

H&E Staining
The fresh liver tissues fixed in 4% paraformaldehyde and embedded in paraffin were utilized for further staining. For H&E 
staining, sections of 4 µm thickness were cut and sequentially stained with hematoxylin and eosin according to the 
manufacturer’s instructions (G1120, Solarbio). Two pathologists evaluated the H&E-stained liver sections individually 
based on NAS scores, which were determined by the degree of steatosis, inflammation, and hepatocyte ballooning.

Oil Red O Staining
Fresh liver tissue was frozen and then sliced. The sections were rewarmed and dried before being stained. Afterwards, the 
sections were fixed in 10% formalin for 10 minutes and washed with water. Next, they were soaked in 60% ethanol for 
30 seconds after drying, and then immersed in Oil Red O staining solution for 10 minutes. Subsequently, the sections 
were rinsed with distilled water and stained with hematoxylin. After sealing with glycerin gelatin, the sections were 
observed under a microscope.

Sirius Red Staining and Masson’s Trichrome Staining
For Sirius red staining, paraffin sections were dewaxed and hydrated, followed by staining in Sirius red. Next, sections were 
dehydrated using anhydrous ethanol and then cleaned in xylene before being sealed with neutral resin. The steps of dewaxing 
and hydration were applied to Masson’s trichrome staining initially. Subsequently, sections were immersed in a solution of 
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potassium dichromate at 65°C for 30 minutes and then rinsed with distilled water. The subsequent stains were performed 
sequentially using hematoxylin, ponceau, phosphomolybdic acid, and aniline blue. Finally, sections were differentiated using 
glacial acetic acid and then dehydrated using anhydrous ethanol before being sealed with neutral resin.

Immunohistochemistry
Paraffin sections were heated in citrate buffer for antigen retrieval. Three percent hydrogen peroxide solution was used to 
eliminate endogenous peroxidase, and the sections were then blocked with 2% goat serum. The sections were placed flat 
in a wet box and incubated overnight at 4°C with the anti-MAP17 antibody (ab156014, Abcam, 1:100). The next day, the 
sections were incubated for 1 hour with a horseradish peroxidase-linked secondary antibody against rabbit at a dilution of 
1:5000. Subsequently, DAB horseradish peroxidase color development was performed according to the manufacturer’s 
protocols. Finally, the nucleus was stained with hematoxylin and visualized under the microscope (BX53, Olympus, 
Tokyo, Japan).

Western Blot
Proteins were extracted from tissues using RIPA lysis buffer (P0013B, Beyotime). Then, equal amounts of protein were 
separated by 10% SDS-PAGE and transferred to PVDF membrane later. The PVDF membranes were blocked with TBST 
containing 5% nonfat milk for 1 h, and washed using TBST three times. Incubation with primary antibodies were 
performed overnight at 4°C with anti-MAP17 (ab156014, Abcam), anti-P53 (10442-1-AP, Proteintech), anti-p-PI3K 
(YP0224, Immunoway), anti-PI3K (YM3503, Immunoway), anti-p-AKT (66444-1-Ig, Proteintech), anti-AKT (10176- 
2-AP, Proteintech) and anti-GAPDH (60004-1-Ig, Proteintech) Afterward, the membranes were incubated with secondary 
antibodies for 1 h at room temperature. Finally, they were detected by the enhanced chemiluminescence (ECL) detection 
system.

Statistical Analysis
R software (version 4.3.1) was used for the statistical analysis in this study. The results were presented as means ± 
standard errors of the mean. Student’s t-test was employed to compare two groups, while one-way analysis of variance 
was utilized to compare the means of three or more groups. The Spearman correlation coefficient was used to evaluate 
correlation. A p-value less than the significance level of 0.05 was considered statistically significant in the evaluation of 
the findings.

Results
Key Gene Relevant to NASH Progression Was Identified
To identify key genes associated with the progression of NASH, we employed WGCNA in combination with other 
bioinformatics methods to analyze the GSE135251 dataset. Initially, the input dataset for WGCNA construction consisted 
of 18296 gene expression profiles and the pathological status of 154 NASH samples (Figure S1A). After quality 
assessment, a power of β = 6 (scale-free R2 = 0.9) was selected to construct a scale-free network, resulting in 9 co- 
expression modules (Figure S1B). We then performed a network heatmap and found that all gene expressions within each 
module were independent (Figure 1A). Subsequently, we assessed the relevance of eigengenes of each module and 
NASH fibrosis progression via Module-Trait Relationships (MTRs). The results showed that the eigengenes of the yellow 
module presented the highest positive correlation with NASH fibrosis progression (Figures 1B and S1C). Furthermore, 
we performed DEGs analysis using the GSE164760 dataset to identify key genes involved in the progression from NASH 
to HCC. The volcanogram results indicated that, compared to NASH, 629 genes were significantly upregulated and 915 
genes were significantly downregulated in NASH-HCC (Figure 1C). We then constructed a heatmap showing the 629 
upregulated DEGs in the GSE164760 dataset (Figure 1D). The Venn diagram revealed the intersection between yellow 
module genes and upregulated DEGs, identifying 110 key genes associated with NASH progression (Figure 1E). 
Subsequently, we conducted PPI analysis on the 110 hub genes and constructed a PPI network (Figure 1F). Finally, 
we performed GO analysis on the 110 key genes associated with NASH progression. In the BP category, extracellular 
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Figure 1 Identification of key genes associated with NASH progression. (A) Heatmap of interaction analysis of co-expressing genes. Different colors represent different 
degrees of overlap. (B) Heatmap of the correlation between module eigengenes and fibrosis grade of NASH. Numbers denote correlation (numbers in brackets are 
P-values). (C) The volcano map of GSE164760 revealing DEGs between NASH-HCC and NASH group. (D) Heatmap of the 629 upregulated DEGs in the GSE164760 
dataset. (E) Venn diagram showing overlapping between yellow module genes and upregulated DEGs. (F) PPI network for 110 key genes. (G) BP, CC, and MF analysis of 110 
key genes.
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matrix organization was the most enriched. In the CC category, collagen-containing extracellular matrix showed the 
highest enrichment. Integrin binding exhibited the highest enrichment in the MF category (Figure 1G).

MAP17 as a Novel Target in NASH Progression
To identify key genes involved in NASH progression, we analyzed DEGs in human and mouse NASH livers compared to 
healthy controls using two public datasets (GSE135251 and GSE119340). Our results revealed that 2,119 DEGs were present 
in human NASH livers compared to healthy controls, with 1,676 genes upregulated and 443 genes downregulated. Similarly, 
2,989 DEGs were identified in mouse NASH livers, comprising 2,448 upregulated and 541 downregulated genes (Figure 2A). 
To find co-expressed genes between upregulated DEGs and NASH progression key genes, we applied the Venn diagram 
analysis (Figure 2B). Seven overlapping genes (AKR1B10, ANKRD1, ANXA2, CDKN1A, LTBP2, MAP17, and SPSB1) 
were identified as candidate hub genes, which might play a vital role in the formation and progression of NASH. Using the 
GEPIA2 database, we further analyzed the expression of these 7 core genes in liver hepatocellular carcinoma (LIHC). The 
results showed that the expression levels of only AKR1B10, ANXA2, and MAP17 were significantly higher in LIHC than in 
normal tissues (Figure 2C). Furthermore, we analyzed the expression of the above three genes in the NASH fibrosis dataset 
(GSE135251) and the NASH-HCC dataset (GSE164760). The expression levels of AKR1B10, ANXA2, and MAP17 were 
found to increase with disease stage (F0-F4) in NASH samples (all p < 0.05) (Figure 2D). At the same time, we discovered that 
AKR1B10, ANXA2, and MAP17 were linked to the progression from NASH to cirrhosis to HCC, with the highest expression 
observed in patients with NASH-associated HCC (all p < 0.05) (Figure 2E). AKR1B10 and ANXA2 have been demonstrated 
to play an important role in the progression of NASH and fibrosis. However, the function of MAP17 in NASH progression 
remains unknown. This suggests that MAP17 may be a novel target for NASH progression research.

High Expression of MAP17 Was Associated with High M1 Macrophages Infiltration
Immune cell infiltration was shown to play a crucial role in the development and progression of NASH in previous studies. To 
better understand the underlying mechanism of MAP17, we explored the interaction between MAP17 and immune cell 
infiltration. We used the CIBERSORT algorithm to evaluate immune infiltration in the GSE135251 dataset and found that M2 
macrophages and CD4+ memory resting T cells had higher abundance compared to other immune cells (all p < 0.05) (Figure 3A). 
We also observed significant differences in the infiltration abundance of 8 immune cells, including M2 macrophages, naive 
B cells, M1 macrophages, NK cells resting, Monocytes, Mast cells resting, Plasma cells, and Regulatory T cells, among the 
normal, NASH, and NAFL groups (all p < 0.05) (Figure 3A). Furthermore, we analyzed the correlation between MAP17 
expression and the infiltration abundance of these immune cells using two NASH patient datasets (GSE135251 and 
GSE162694). Our results showed that the correlation between MAP17 and M1/M2 macrophage infiltration was the only one 
consistent across both databases (Figure 3B). As depicted in Figure 3C, MAP17 expression was significantly positively 
correlated with M1 macrophage infiltration and negatively correlated with M2 macrophage infiltration. Finally, our analysis of 
NASH fibrosis grades revealed that the infiltration level of M1 macrophages gradually increased as the degree of NASH fibrosis 
increased (Figure 3D), which was consistent with the expression trend of MAP17 across NASH fibrosis grades.

MAP17 Was Significantly Negatively Correlated with Immunotherapy Response
Previous studies have shown limited therapeutic efficacy of immunotherapy for NASH-HCC. To investigate the reasons 
behind this phenomenon, we analyzed the expression of eight immune checkpoint genes in NASH, cirrhosis, and NASH-HCC 
(Figure 4A). The results showed that in addition to LAG3 and TIGIT, there were significant differences between groups in the 
other six immune checkpoint genes (CD274, CTLA4, HAVCR2, PDCD1, PDCD1LG2, and SIGLEC15). Furthermore, we 
calculated the TIDE score for patients with NASH, cirrhosis, and NASH-HCC to assess their immune evasion ability. The 
results indicated that the NASH-HCC group had the highest TIDE score, suggesting that immunotherapy was least effective in 
this group (Figure 4B). Similar results were observed in patients with NASH at stage 4 fibrosis (Figure 4C). To explore the 
relationship between MAP17 and immunotherapy, we analyzed the correlation between MAP17 expression and eight immune 
checkpoint genes in NASH patients (Figure 4D). The results showed a significant positive correlation between MAP17 and 
five immune checkpoint genes (CD274, CTLA4, PDCD1, PDCD1LG2, and SIGLEC15). Additionally, the correlation 
analysis between MAP17 and TIDE score revealed that higher MAP17 expression was associated with a higher TIDE 
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Figure 2 Comprehensive bioinformatics analysis identified MAP17 as a novel target for NASH development. (A) Volcano plot displaying log2 (fold change) and −log 
(adjusted p-value) for the comparison between NASH and control. Red dots represent DEGs with an adjusted p-value ≤ 0.05 and log2 (fold change) ≥ 1.0. Blue dots 
represent DEGs with an adjusted p-value ≤ 0.05 and log2 (fold change) ≤ −1.0. (B) Venn diagram to screen out overlapped hub genes. (C) The expression of AKR1B10, 
ANKRD1, ANXA2, CDKN1A, LTBP2, MAP17, and SPSB1 in human LIHC was analyzed using the GEPIA2 database. (D) Using the GSE135251 dataset, we examined the 
gene expression levels of NASH patients with different stages of fibrosis. (E) The differential expression of AKR1B10, ANXA2, and MAP17 among NASH, cirrhosis, and 
NASH-HCC in the GSE164760 dataset. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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score, indicating a poorer response to immunotherapy (Figure 4E). These findings suggested that MAP17 had a significant 
negative correlation with immunotherapy response, highlighting its potential as a reliable marker for predicting immunother
apy efficacy.

Figure 3 Correlation analysis between MAP17 and immune cell infiltration in NASH. (A) The GSE135251 dataset was utilized to evaluate immunity infiltration via the 
CIBERSORT algorithm. The bar chart showing the infiltration abundance of 22 immune cells in healthy control, NAFL, and NASH groups. (B) The correlation heatmap 
showed the relationship between MAP17 gene expression and 8 immune cells (M2 macrophages, naive B cells, M1 macrophages, resting NK cells, monocytes, resting mast 
cells, plasma cells, and regulatory T cells) across two NASH patient datasets (GSE135251 and GSE162694). (C) Scatter plot showing the correlation between MAP17 
expression and M1/M2 macrophage infiltration in GSE135251 dataset. (D) The violin plot depicted the M1 macrophage infiltration level of different NASH fibrosis grades in 
GSE135251 dataset. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 4 MAP17 expression and immunotherapy response. (A) The expression differences of eight immune checkpoint genes among different groups in the GSE164760 
dataset. (B) Difference analysis of TIDE score of different subtypes in GSE164760 dataset. (C) The histogram represented the TIDE score in patients with NASH-mediated 
liver fibrosis (F0-F4). (D) The heatmap showed the correlation between MAP17 and eight immune checkpoint genes in NASH patients from the GSE135251 dataset. (E) 
Correlation scatter plots showed the relationship between MAP17 expression and TIDE score in three datasets (GSE135251, GSE164760, and GSE162694).
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High MAP17 Expression was Associated with the Activation of the Oxidative Stress 
Pathway
To investigate the molecular mechanism by which MAP17 affects NASH, we performed KEGG and GSEA analyses 
previously. Firstly, based on the median MAP17 gene expression level, we divided the GSE162694 cohort into a high 
expression NASH group and a low expression NASH group. Subsequently, differential expression analysis was 
conducted between the two groups. Finally, we performed KEGG functional enrichment analysis based on the differen
tially expressed genes in low and high MAP17 expression in NASH. Figure 5A depicted the network diagram of the top 
10 KEGG pathways identified. Concurrently, GSEA revealed that the p53 signaling pathway, PI3K-AKT signaling 
pathway, and Wnt signaling pathway were enriched in the high MAP17 expression group (Figure 5B). The GSEA 
verification results in the GSE135251 dataset were consistent with our previous findings (Figure 5C). These highly 
conserved pathways have been shown to be closely related to oxidative stress in previous studies. Therefore, we further 
evaluated the relationship between MAP17 and oxidative stress in NASH. Figure 5D displayed the network chart of GO 
enrichment in biological processes related to the MAP17-mediated oxidative stress response identified. The GSEA 
analysis further suggested that overexpressed MAP17 may be associated with excessive oxidative stress in NASH 
(Figure 5E). Consistently, similar results were also observed in the TCGA HCC cohort (Figure 5F). Our findings 
suggested that MAP17 played an important pathological role in NASH by mediating oxidative stress.

MAP17 is Upregulated in NASH Patients and Mouse Models of NASH
To investigate the expression of MAP17 in the liver tissue of NASH patients and mouse models of NASH, we collected 
human specimens and established mouse models of NASH by feeding them a HFD diet for 24 weeks. Histological 
examination of steatosis was confirmed by H&E and Oil Red O staining (Figures 6A and 7A). However, fibrosis is 
uncommon in clinical NASH patients and some degree of fibrosis occurred in HFD diet-fed mice, but it remained 
relatively mild according to Masson and Sirius red staining. (Figures 6B and 7B). Our results showed that MAP17 
expression was significantly elevated in NASH patients and mouse liver tissues compared to normal tissues, as revealed 
by immunohistochemistry and Western blot (Figures 6C, 7C, 8A and B). In addition, the infiltration of M1 macrophages 
and M2 macrophages was evaluated by immunohistochemistry. We observed that CD86, which labels M1 macrophages, 
was significantly increased in the livers of NASH patients and mouse models, whereas CD206, which labels M2 
macrophages, was reduced (Figures 6C and 7C), which further confirms the pro-inflammatory role of M1 macrophages 
in NASH. Meanwhile, we found that P53 expression was upregulated, and phosphorylation of PI3K and AKT increased 
(Figure 8A and B), which is consistent with previous studies and suggesting a promotional role of P53 and PI3K-AKT on 
NASH progression.

MAP17 is Upregulated in CCL4-Induced Fibrosis and HFD-Induced NASH Fibrosis
To investigate the expression of MAP17, we generated two types of hepatic fibrosis mouse models. Histological 
examination revealed distinct patterns of fibrosis in the liver tissues, as illustrated in Figure 9A and B. Masson and 
Sirius red staining further confirmed the successful establishment of the fibrosis model, showing significant deposition of 
collagen (Figure 9A and B). We then performed immunohistochemistry staining on the liver tissues and found that the 
results were consistent with our previous observations (Figure 9A and B). Notably, our data showed that MAP17 not only 
exhibited elevated expression in NASH but also displayed high levels of expression in the later stages of liver disease.

Discussion
Nonalcoholic fatty liver disease (NAFLD) was categorized into nonalcoholic simple fatty liver, nonalcoholic steatohe
patitis (NASH), and NASH-associated liver fibrosis based on pathological stages. This disease represented a significant 
public health concern worldwide, with approximately 25% of the global population estimated to be affected, with rates in 
Asian countries reaching as high as 42%.31 Research has shown that NASH is more likely to progress to liver fibrosis 
compared to simple steatosis, yet there were no effective methods available to prevent or treat the disease.32 Therefore, 
discovering new targets for NASH therapy was considered crucial. In this study, we identified MAP17, a membrane 
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Figure 5 MAP17 expression was positively associated with oxidative stress pathway. (A) The KEGG network diagram displayed the top 10 pathways. (B) GSEA results 
showed the p53 signaling pathway, PI3K-AKT signaling pathway, and Wnt signaling pathway, which were differentially enriched in the MAP17-high expression phenotype of 
the GSE162694 dataset. (C) The GSEA analysis for KEGG pathway in the GSE135251 dataset. (D) The GO biological processes network diagram displayed the MAP17- 
mediated oxidative stress response. (E) GSEA results showed five oxidative stress-related genes signature, which were differentially enriched in the MAP17-high expression 
phenotype of the GSE162694 dataset. (F) GSEA was applied to determine the MAP17-mediated oxidative stress response in HCC from the TCGA dataset.
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Figure 6 MAP17 is upregulated in NASH patients. (A) The representative H&E and Oil Red O staining in liver tissues of NASH patients. (B) The representative Masson and 
Sirius red staining in liver tissues of NASH patients. (C) The representative immunohistochemistry of MAP17, CD86 and CD206 in liver tissues of NASH patients. The 
microscope has a magnification of 100× and the image on the right is a magnification of the image on the left.
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Figure 7 MAP17 is upregulated in mouse models of NASH. (A) The representative H&E and Oil Red O staining in liver tissues of mouse models. (B) The representative 
Masson and Sirius red staining in liver tissues of mouse models. (C) The representative immunohistochemistry of MAP17, CD86 and CD206 in liver tissues of mouse 
models. The microscope has a magnification of 100× and the image on the right is a magnification of the image on the left.
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protein with functions including regulating immunity and inflammation, as a novel target for NASH through compre
hensive bioinformatics analysis. MAP17 was found to be highly expressed in liver tissue of NASH patients and mouse 
models. Further investigation revealed that it served as a novel biomarker for the progression of NASH to fibrosis and 
even NASH-HCC. Moreover, MAP17 was associated with macrophage infiltration and immunotherapy response, which 
may be mediated by MAP17-induced oxidative stress.

Macrophage infiltration was a crucial component of NASH immune inflammation, playing a key role in the development 
of the disease.33 Two primary sources of liver macrophages have been identified: the resident hepatic macrophages known as 
Kupffer cells (KCs), which were long established in the liver, and the monocyte-derived macrophages (MoMFs) that were 
recruited peripherally in response to liver injury.34,35 KCs were primarily involved in maintaining immune tolerance, 
preventing excessive immune responses during homeostasis.36 In contrast, KCs and MoMFs exhibited complementary 
functions. Upon tissue damage, MoMFs were recruited to the liver,37 where they were activated and polarized towards a pro- 
inflammatory M1 phenotype, leading to a gradual accumulation of inflammation.38 This polarization was accompanied by the 
secretion of inflammation chemokines such as CXCL10 and TNF-α, which exacerbated hepatic steatosis by inducing lipid 
accumulation in hepatocytes.39 Furthermore, MoMFs were found to be widely distributed in fibrotic tissue areas, where they 
contributed to the progression of fibrosis by inducing the activation of hepatic stellate cells through the secretion of TGF-β1.40 

Given their central role in regulating steatosis, inflammation, and fibrosis in NASH pathogenesis, macrophages emerged as 
potential target cells in NASH therapy. Considering the regulatory effects of MAP17 on immunity, we explored its relationship 
with immune cell infiltration in NASH. Our results revealed that MAP17 was significantly positively correlated with M1 
macrophage infiltration, while negatively correlated with M2 macrophage infiltration. Notably, we observed a significant 
positive correlation between the infiltration level of M1 macrophages and MAP17 expression, with a clear and gradual upward 
trend observed as NASH fibrosis progressed in severity. These findings suggest that MAP17 may be a key target for 
modulating macrophage infiltration and disease progression in NASH.

In the recent past, the application of immunotherapy in NASH has garnered increasing attention.41 For instance, PPAR 
agonists targeting macrophages were developed and evaluated in clinical studies. Although PPARγ and PPARδ were primarily 
known for regulating lipid metabolism, they displayed antagonistic effects on macrophages, which may have contributed to the 
potential clinical benefits of NASH.17 Furthermore, chimeric antigen receptor T cell (CAR-T) therapy targeted hepatic stellate 
cells and macrophages in NASH for clearance, thereby alleviating fibrosis and injury.42 Similarly, therapeutic strategies focused 
on other immune cell subsets were being developed.18,43 Our study discovered that high MAP17 expression was positively 
correlated with TIDE score in NASH. This finding may have been a possible mechanism for the insensitivity of NASH to 
immunotherapy. Targeting MAP17 may have been a potential means to improve immunotherapy for NASH in the future.

As research into NASH and its subsequent HCC evolved, our fundamental understanding of these diseases gradually 
improved. NASH was increasingly recognized as an inherently aggressive disease.44,45 Despite advances in disease manage
ment aimed at reducing fibrosis progression, NASH ultimately became the leading cause of HCC due to the immune 
microenvironment, germline mutations, and the microbiome.46,47 Preclinical studies suggested that immunotherapy efficacy 

Figure 8 P53 and PI3K-AKT signaling pathway are activated in NASH patients and mouse models of NASH. (A) The detection of P53 and PI3K-AKT signaling pathways in 
liver tissues of NASH patients by Western blot. (B) The detection of P53 and PI3K-AKT signaling pathways in liver tissues of mouse models by Western blot.
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Figure 9 MAP17 is upregulated in CCL4-induced fibrosis and HFD-induced NASH fibrosis. (A) The representative H&E, Masson, Sirius red staining and immunohisto
chemistry of MAP17 in liver tissues of HFD-induced NASH fibrosis. (B) The representative H&E, Masson, Sirius red staining and immunohistochemistry of MAP17 in liver 
tissues of CCL4-induced NASH fibrosis. The microscope has a magnification of 100× and the image on the right is a magnification of the image on the left.
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in NASH-HCC may have been reduced compared to virus-induced HCC.48 Consequently, mechanistic exploration and 
immune resistance linking NASH progression and immunologic phenotyping analysis were crucial tools for preventing 
progression to cirrhosis and even HCC, as well as for improving NASH surveillance and ultimately survival in NASH-HCC 
patients. Our investigation revealed that the TIDE score had been gradually increasing with the progression of NASH, with 
NASH-HCC reaching its highest point, and this trend was consistent with the expression level of MAP17. Notably, the 
expression level of MAP17 was found to be positively correlated with the TIDE score, suggesting that MAP17 may have been 
a possible mechanism of immunosuppression in NASH-HCC. Inhibiting MAP17 may have been an effective means to 
improve NASH-HCC immune tolerance.

Our study revealed that high MAP17 expression was strongly linked to the activation of oxidative stress in NASH. It 
is well established that oxidative stress is a crucial component of the multifaceted pathogenesis of NASH.49 Chronic 
impairment of lipid metabolism was found to be closely associated with an imbalance of oxidants and antioxidants, 
which affects metabolism-related organelles, leading to cellular lipotoxicity, lipid peroxidation, and mitochondrial 
dysfunction. Increased oxidative stress also triggered hepatocellular stress pathways that led to inflammation and fibrosis, 
thereby promoting the development of NASH.50 Notably, MAP17 had previously been defined as a ROS-dependent 
gene,51,52 and targeting the MAP17/ROS pathway may have been an alternative approach for preventing and treating 
HCC. Our findings suggested that MAP17-induced oxidative stress was significantly associated with NASH progression, 
but the specific mechanism by which it regulates NASH progression remained unclear. In-depth mechanistic analysis 
revealed that MAP17 was closely related to the activation of p53, PI3K-AKT, and Wnt pathways. It was reported that 
these pathways are involved in regulating pathological processes of NASH such as metabolism, inflammation, and 
fibrosis.53–55 Meanwhile, oxidative stress could directly activate the p53, PI3K-AKT, and Wnt/beta-catenin signaling 
pathways. P53 was recognized as a hub gene for the progression of NASH to HCC, and oxidative stress induced the 
activation of PI3K-AKT axis, which accelerated the progression of steatosis to NASH and the transition from NASH to 
HCC.23,24 Furthermore, previous studies had indicated that oxidative stress resulting from iron overload in NASH 
activates Wnt/beta-catenin signaling pathways, which may lead to carcinogenesis. Considering the induction effect of 
MAP17 on oxidative stress, our findings conclusively suggested that MAP17-induced oxidative stress may have 
promoted the progression of NASH by activating the p53, PI3K-AKT, and Wnt pathways. We believe that an in-depth 
study of the downstream molecular mechanisms related to MAP17 will be a key research direction. This approach will 
offer new insights for understanding the pathogenesis of NASH and for selecting diagnostic and therapeutic targets.

Overall, our research provided a potential biomarker for NASH progression, MAP17, which significantly contributes 
to the early diagnosis, staging, and treatment of NASH-HCC. Targeting MAP17 may be a promising approach to NASH 
and NASH-HCC immunotherapy.
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