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Background: Metabolic associated steatohepatitis (MASH) represents a severe subtype of metabolic
associated fatty liver disease (MASLD), with an increased risk of progression to cirrhosis and
hepatocellular carcinoma. The nomenclature shift from nonalcoholic steatohepatitis (NASH)/
nonalcoholic fatty liver disease (NAFLD) to MASH/MASLD, underscores the pivotal role of metabolic
factors in disease progression. Diagnosis of MASH currently hinges on liver biopsy, a procedure whose
invasive nature limits its clinical utility. This study aims to identify and validate metabolism-related
genes (MRGs) markers for the non-invasive diagnosis of MASH. Methods: This study extracted multiple
datasets from the GEO database to identify metabolism-related differentially expressed genes
(MRDEGS). Protein-Protein Interaction (PPI) network and machine learning algorithms, including Least
Absolute Shrinkage and Selection Operator (LASSO) regression, Support Vector Machine-Recursive
Feature Elimination (SVM-RFE), and Random Forest (RF), were applied to screen for signature
MRDEGs. The diagnostic performance of these MRDEGs was evaluated using the Receiver Operating
Characteristic (ROC) curve and further validated using independent external datasets. Additionally,
enrichment analysis was performed to uncover key driver pathways in MASH. The infiltration levels of
various immune cell types were assessed using single sample Gene Set Enrichment Analysis (ssGSEA).
Finally, Spearman correlation analysis confirmed the association between signature genes and immune
cells. Results: We successfully identified seven signature MRDEGs, including CYP7A1, GCK, AKR1B10,
HPRT1, GPD1, FADS2, and ENO3, through PPl network analysis and machine learning algorithms. The
gene model displayed exceptional diagnostic performance in the training and validation cohorts, as
evidenced by the area under ROC curve (AUC) exceeding 0.9. Further enrichment analysis revealed that
signature MEDEGs were primarily involved in multiple biological pathways related to glucose and lipid
metabolism. Immune infiltration analysis indicated a significant increase in the infiltration levels of
activated CD8T cells, gamma-delta T cells, natural killer cells, and CD56bright NK cells in patients with
MASH. Conclusion: This study successfully identified seven signature MRDEGs as significant diagnostic
biomarkers for MASH. The findings not only offer novel strategies for non-invasive diagnosis of MASH
but also highlight the substantial role of immune cell infiltration in the progression of MASH.
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MASLD Metabolic associated liver disease
NAFLD Nonalcoholic fatty liver disease

MASH Metabolic associated steatohepatitis

NASH Nonalcoholic steatohepatitis

MAFL Metabolic associated fatty liver

MRGs Metabolism-related genes

GEO Gene Expression Omnibus

DEGs Differentially expressed genes

RRA Robust Rank Aggregation

MRDEGs Metabolism-related differentially expressed genes
GO Gene Ontology

KEGG Kyoto Encyclopedia of Genes and Genomes

PPI Protein-Protein Interaction

LASSO Least Absolute Shrinkage and Selection Operator
SVM-RFE  Support Vector Machine-Recursive Feature Elimination
RF Random Forest

ROC Receiver operating characteristic

AUC Calculated the area under the curve

GSVA Gene Set Variation Analysis

ssGSEA Single sample gene set enrichment analysis

BP Biological process

CcC Cellular component

MF Molecular function

yoT Gamma delta T

NK Natural killer

Th2 Type 2 T helper

Thl Type 1 T helper

Thl7 Type 17 T helper

DAMPs Danger-associated molecular patterns

PAMPs Pathogen-associated molecular patterns

Metabolic associated liver disease (MASLD), formerly known as nonalcoholic fatty liver disease (NAFLD),
encompasses a continuum of liver pathologies from metabolic associated fatty liver (MAFL) to metabolic
associated steatohepatitis (MASH) and potentially to cirrhosis and hepatocellular carcinoma'2. The prevalence
of MASLD is increasing and is closely related to the global prevalence of metabolic syndrome, and effective
diagnostic and treatment strategies are urgently needed. MASH is an important subtype of MASLD. In China,
the prevalence of MASH ranges from 2.4-6.1%°. Compared with MAFL, MASH has a higher risk of progression
to cirrhosis or even liver cancer, and a poorer prognosis®. Currently, the diagnosis of MASH relies on liver
biopsy. However, it is invasive and has a risk of complications, so its application in clinical practice is limited.
Therefore, it is necessary to develop non-invasive diagnostic methods to accurately identify and manage MASH.

The redefinition from nonalcoholic steatohepatitis (NASH) to MASH reflects a more comprehensive
understanding of etiology of the disease, emphasizing the central role of metabolic factors®. This shift in
nomenclature is intended to reduce stigma and better reflect the multifactorial nature of the disease. Metabolic
factors, including genetic predispositions, are now recognized as pivotal in the pathogenesis of MASH. For
instance, genetic variants involved in lipid metabolism and insulin resistance have been shown to significantly
influence the risk and progression of MASH®”. These genetic metabolic factors can modulate hepatic steatosis
and inflammation, highlighting their potential as diagnostic and therapeutic targets.

Machine learning, a branch of artificial intelligence, has emerged as a powerful tool in the analysis of complex
biomedical data®®. Its ability to discern subtle patterns and correlations in high-dimensional datasets makes it an
invaluable tool for stratifying patients. Machine learning has been used to identify key ferroptosis, inflammation,
or single metabolic pathway-related genes for the diagnosis of NAFLD/NASH!-!2, In this study, multiple
machine learning algorithms were used to identify metabolic-related genes (MRGs) associated with MASH from
84 KEGG metabolic pathways. The aim is to develop a non-invasive diagnostic model that can accurately identify
individuals with MASH, thereby facilitating early intervention and improving patient outcomes. Through this
approach, we aim to transform the clinical management of MASH by providing a precision medicine framework
grounded in data-driven insights.

Materials and methods

Collection and integration of data

We screened eight datasets containing MASH samples from the Gene Expression Omnibus (GEO) (http://www
.ncbinlm.nih.gov/) database, including GSE135251, GSE17470, GSE37031, GSE48452, GSE89632, GSE63067,
GSE126848, and GSE61260'3-%. Detailed information of these datasets was provided in Table 1. For data
processing, we initially applied the normalizeBetweenArrays function to perform quantile normalization on
the expression matrix of each dataset to ensure data consistency and comparability. Subsequently, we utilized
the removeBatchEffect function to eliminate batch effects to enhance the accuracy of our analysis. We combined
GSE135251, GSE17470, GSE37031, GSE48452, and GSE89632 to form the training cohort, and merged GSE63067
and GSE126848 as the external validation cohort 1, and designated GSE61260 as the external validation cohort
2. We employed the “ggplot2” R package to generate box plots and PCA plots to intuitively demonstrate the
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Datasets Platforms | Source name | Control | NASH | Type
GSE17470 | GPL2895 | Human liver | 4 7 Array
GSE37031 | GPL14877 | Human liver 7 8 Array
GSE63067 | GPL570 Human liver 7 9 Array
GSE48452 | GPL11532 | Human liver | 12 17 Array
GSE89632 | GPL14951 | Human liver |24 19 Array
GSE61260 | GPL11532 | Human liver | 38 24 Array
GSE126848 | GPL18573 | Human liver | 14 16 High throughput sequencing
GSE135251 | GPL18573 | Human liver | 10 155 High throughput sequencing

Table 1. Detailed information of GEO datasets.

removal effect of the batch effect. Furthermore, we extracted 1731 MRGs in 84 metabolic pathways from the
KEGG database using the “KEGGREST” R package (Supplementary Tables 1 and Table 2).

Identification of differentially expressed genes (DEGs)

To identify DEGs between MASH and control groups, we utilized the “limma” R package to analyze the training
cohort, GSE135251, GSE17470, GSE37031, GSE48452, and GSE89632. The DEGs of the training cohort were
defined as those with p-value less than 0.05 and [logFC| greater than 0.585. The “pheatmap” and “ggplot2” R
packages were used to plot heatmaps and volcano plots, respectively, to present the analysis results.

Robust rank aggregation (RRA) analysis and identification of metabolism-related
differentially expressed genes (MRDEGs)

To extract consistent DEGs from multiple microarray datasets, we conducted RRA analysis. RRA is an efficient
data integration tool that enhances the accuracy and robustness of DEG identification by integrating gene ranking
information from multiple independent datasets. Before conducting RRA, we extracted lists of DEGs from each
dataset. Subsequently, we utilized the “RobustRankAggreg” R package to evaluate the statistical significance of
each gene by calculating the ranking of each gene in the integrated list and combining it with the corresponding
P value. In the RRA analysis, the p-value reflects the probability of a gene being ranked at a certain position or
higher in the final ranking list, while logFC measures the magnitude of gene expression variation. Genes with a
p-value less than 0.05 and |logFC| greater than 0.585 were considered statistically significant. By intersecting the
DEGs obtained from the training cohort with those identified through RRA analysis, as well as known MRGs,
we ultimately identified the MRDEGs.

Enrichment analysis

To elucidate the biological functions of MRDEGs and their potential mechanisms in MASH progression, we
employed the R packages “clusterProfiler” and “org.Hs.eg.db” to conduct a comprehensive functional enrichment
analysis, including Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis. By setting p-value threshold of less than 0.05, we identified significantly enriched GO
terms in biological processes and molecular functions, as well as significantly enriched pathways in the KEGG
pathway.

Protein-protein Interaction (PPI) Network and Machine Learning methods

To deeply analyze the potential interactions among MRDEGs, we construct a PPI network using the STRING
database (https://string-db.org). By setting a confidence threshold above 0.7, we ensured the high quality of
the network, thereby revealing the interconnections of these MRDEGs at the molecular level. The topological
features of the network were visualized using “Cytoscape” software (version 3.10.1), where each node represents
a gene or protein, and the edges between nodes indicate their interactions.

To screen out MRDEGs with potential biomarker value, we employed a comprehensive analysis using three
advanced machine learning algorithms: Least Absolute Shrinkage and Selection Operator (LASSO) regression,
Support Vector Machine-Recursive Feature Elimination (SVM-RFE), and Random Forest (RF). The LASSO
algorithm was implemented through the “glmnet” package, which optimizes the predictive performance
of the model while performing variable selection and regularization. In this study, the LASSO parameters
were configured as: family =binomial, type.measure =class, alpha=1, nfold=10, to effectively reduce feature
dimensions and improve the generalization ability of the model. SVM-RFE, as a supervised learning technique,
was implemented through the “e1071” package, which iteratively reduces the number of features to identify the
variables that contribute most to the predictive performance of the model. In this study, the SVM-RFE parameters
were set as functions = “caretFuncs”, methods = “cv’, to prevent model overfitting and ensure the interpretability
of the results. The RF algorithm, implemented through the “randomForest” package, performs classification or
regression prediction by constructing multiple decision trees. In this study, the RF algorithm parameters were set
as ntree =500. Genes were selected based on a decreasing accuracy approach (Gini coefficient), and genes with
an importance score greater than 2 were ultimately chosen as biomarkers for the diagnosis of MASH.
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Identification of signature MRDEGs and diagnostic performance analysis
By integrating the core genes from the PPI network with the results of machine learning algorithms, signature
MRDEGs that play a crucial role in the progression of MASH were identified.

To explore the ability of signature MRDEGsS to identify MASH patients, we constructed receiver operating
characteristic (ROC) curves in the training cohort using the “pROC” R package and calculated the area
under the curve (AUC) values to evaluate the diagnostic efficacy of individual genes and the diagnostic
model composed of signature MRDEGs. The diagnostic model is a logistic regression model, which has been
constructed utilizing the “glmnet” R package, based on the expression of MRDEGs. The model equation:
y=p,+B,*Gene, +B,*Gene,+-+B *Gene . Furthermore, we further validated the diagnostic efficacy of
signature MRDEGs in two external validation cohorts. Additionally, we compared the expression levels of
signature MRDEGs between MASH and control groups in both the training and external validation cohorts,
with the results presented in the form of violin plots.

According to the expression of signature of MRDEGs, the probability of MASH was predicted using a
nomogram constructed by the “rms” R packages. The Calibration curve was further performed to evaluate the
forecasting precision of the nomogram.

Gene set variation analysis (GSVA)

GSVA, a non-parametric and unsupervised analytical tool, was employed to assess the change in gene set activity,
and can analyze gene set activity in a single sample without pre-conditions or groups. By calculating activity
scores for the gene set of each sample, GSVA can reveal the enrichment status of the gene set. Subsequently,
we grouped the samples based on the median expression values of the MRDEGs and conducted a differential
analysis of the activity scores to explore the impact of gene expression changes on biological pathways. In this
study, we utilized the “c2.cp.kegg.Hs.symbols.gmt” gene set provided by the MSigDB database to perform
GSVA analysis on the training cohorts, aiming to identify the biological pathways involved when signature gene
expression changes, so as to gain a deeper understanding of their role in the pathogenesis of the disease.

Assessment of immune cell infiltration

To investigate the differences in the immune microenvironment between MASH patients and control subjects,
we employed the single sample gene set enrichment analysis (ssGSEA) to assess the relative abundance of 28
immune cell types in both groups. This analysis generates a composite score for each immune cell type based
on the expression levels of specific characteristic genes within the samples. The Wilcoxon test was utilized to
compare the differences in immune cell infiltration between the two groups, and the results were depicted using
violin plots and heatmaps. Spearman correlation analysis was conducted to examine the correlation between
signature MRDEGs and immune cells, with the results presented in a correlation heatmap using the “ggplot”
package.

Statistical analysis

Statistical analysis and graphical representation were conducted using R software (version 4.3.0). Visualization of
the PPI network was achieved using Cytoscape software (version 3.10.1). Wilcoxon rank-sum test and Student’s
t-test were employed to compare differences between groups. Spearman correlation test was utilized to assess
the correlation between variables. The diagnostic efficacy of signature genes was evaluated by the ROC curve. A
p-value of less than 0.05 was considered statistically significant. Significance levels of p-values less than 0.001,
0.01, and 0.05 are denoted by ***, **, and *, respectively.

Results

Identification of MRDEGs

The flow chart of this study was shown in Fig. 1. To correct for individual variations among samples and ensure
consistency between datasets, we performed quantile normalization on all included datasets. After removing
batch effects, GSE135251, GSE17470, GSE37031, GSE48452, and GSE89632 were merged to construct the
training cohort (Fig. 2A-D). Subsequently, the “limma” R package was used to identify DEGs between MASH
and control groups in the training cohort. A total of 208 genes were identified, with 99 genes upregulated and
109 genes downregulated (Supplementary Table 3). The top 50 most significantly up- and down-regulated DEGs
were presented as a heatmap (Fig. 2E).

RRA methodology compares the rankings of gene expression data across different datasets, rather than
the raw expression values, to identify DEGs that consistently rank high across multiple datasets. Prior to RRA
analysis, we conducted differential expression analysis on the GSE135251, GSE17470, GSE37031, GSE48452, and
GSE89632 datasets, with the results of differential expression shown in Fig. 3A-E. Subsequently, through RRA
analysis, we identified 558 significant DEGs (243 downregulated genes, 315 upregulated genes) (Supplementary
Table 4). The heatmap displayed the top 25 upregulated and downregulated genes. [Upregulated genes: AKR1B10
(P=1.98E-11), CYP7A1 (P=2.43E-11), FNDC5 (P=3.96E-11), THRSP (P=2.40E-08), LGALS4 (P=2.12E-10);
Downregulated genes: FOS (P=1.41E-16), IGFBP1 (P=2.31E-15), FOSB (P=1.16E-14), IGFBP2 (P=3.49E-10),
RASD1 (P=6.62E-12)] (Fig. 3F). To filter for MRDEGsS, we intersected the identified DEGs with a set of 1731
MRG, resulting in the identification of 34 MRDEGs (Fig. 4A).

Enrichment analysis

To elucidate the biological functions and pathways involved by the 34 MRDEGs, we conducted enrichment
analysis. GO analysis encompassed three categories: biological process (BP), cellular component (CC), and
molecular function (MF). Fig. 4B illustrated the top ten GO terms under each category. The results indicated
that these MRDEGs were predominantly enriched in “sterol biosynthetic process”, “cholesterol metabolic
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Fig. 1. The flow chart of this study.

process’, “endoplasmic reticulum lumen” and “response to carbohydrate”. In the KEGG pathway enrichment
analysis, the “glycerolipid metabolism”, “PPAR signaling pathway”, and “glycolysis / gluconeogenesis” pathways
were significantly enriched by MRDEGs (Fig. 4C). Given that the 34 MRDEGs were a result of filtering for
metabolic pathways, the enrichment of metabolic pathways may be anticipated. Consequently, we also
conducted enrichment analysis on the 199 DEGs that had not been subjected to filtration by the 1731 MRGs. The
findings revealed that several same metabolic pathways, including “endoplasmic reticulum lumen’, “response
to carbohydrate”, “glycerolipid metabolism” and “glycolysis / gluconeogenesis”, were significantly enriched
(Supplementary Fig. 1). Collectively, these results suggest that the 34 MRDEGs and the enriched metabolic

pathways may play a pivotal role in the progression of MASH.

Identification of diagnostic signature MRDEGs for MASH

Initially, PPI network of DEGs was performed using the STRING database and the results were visualized
using Cytoscape software. The PPI network revealed that 24 out of the 34 MRDEGs interacted with each other
(Fig. 5A). Interactions were observed among AKR1B10, GCK, PCK1, ENO3, ALDH3A1, ACSS2, FADS2, FASN,
GPAM, GPDI, SQLE, MVD, CH25H, MVK, CYP51A1l, LSS, and CYP7Al. Additionally, interactions were
identified among PNPLA3, MOGAT?2, and LPL. HPRT1 was found to interact with PDE11A, and NAMPT was
found to interact with NNMT.

Subsequently, we conducted three machine learning algorithms to explore signature genes. Through LASSO
regression, a total of 15 MRDEGs were identified as diagnostic markers for MASH, such as AKR1B10, GPD1,
FADS2, TYMS, CYP7AL1 (Fig. 5B and C). For the SVM-RFE algorithm, 25 MRDEGs were selected through
10-fold cross-validation, such as AKR1B10, GPD1, FADS2, FMO1, TYMS, P4HA1, etc. (Fig. 5D and E). The
RF algorithm identified 18 MRDEGs with an importance score greater than 2, such as GPD1, FADS2, TYMS,
P4HA1, MOGAT?, etc. (Fig. 5F). Ultimately, to obtain the optimal diagnostic signature MRDEGs for MASH, we
conducted an intersection analysis of the aforementioned gene subsets, and a total of 7 signature MRDEGs were
identified (CYP7A1, GCK, AKR1B10, HPRT1, GPD1, FADS2, ENO3) (Fig. 5G).

To assess the efficacy of the signature MRDEGs in diagnosing MASH, we initially conducted expression
level analysis of the seven MRDEGs in the training cohort. The results showed that, compared to the control
group, the expression level of the HPRT1 gene was significantly downregulated (p <0.001) in the MASH group,
while the expression levels of CYP7A1, GCK, AKR1B10, GPD1, FADS2, and ENO3 genes were significantly
upregulated (p <0.001) (Fig. 6A). Through ROC curve analysis, we found that except for GCK gene, the AUCs
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Fig. 2. Batch correction analysis and differential expression analysis. (A, B) The boxplots showed five datasets
before and after eliminating batch effects. (C, D) PCA plots of five datasets before and after eliminating batch
effect. (E) The heatmap showed 100 DEGs between MASH and healthy controls, including 50 upregulated
genes and 50 downregulated genes.

of the other six feature MRDEGs all exceeded 0.7 (Fig. 6B), indicating their high diagnostic potential. Although
the AUC for GCK gene was 0.697, it was also very close to 0.7, and this result also indicated that GCK gene had
considerable diagnostic value. Notably, the diagnostic model formed by the combination of these MRDEGs
exhibited excellent discriminatory performance, with an AUC value reaching 0.915 (Fig. 6C).

We also constructed a nomogram to predict the risk of MASH onset and evaluated predictive power using
the calibration curve to predict the probability of MASH (Fig. 6D). The calibration curve indicated a minimal
difference between the real and predicted MASH risks, suggesting that the nomograph model of MASH is
precise (Fig. 6E).

Validation of the diagnostic efficacy of signature MRDEGs

To further validate the diagnostic value of the MRDEGsS, we performed validation in two independent external
validation cohorts. The results indicated that in both validation cohorts, the MRDEGs in the MASH group
showed significant expression differences compared to the control group (P<0.05), except for GCK gene in
validation cohort 2 (P>0.05) (Fig. 7A and D). The ROC curve further confirmed the outstanding diagnostic
performance of these MRDEGs in the validation cohort 1, with the AUC values all exceeding 0.7 (Fig. 7B), and
the AUC value of the diagnostic model reaching 0.979 (Fig. 7C). In the validation cohort 2, except for GCK gene,
the AUC values for the other MRDEGs all exceeded 0.6 (Fig. 7E), and the AUC value of the diagnostic model
was 0.966 (Fig. 7F). Taken together, these results indicate that signature MRDEGs and the diagnostic model
have significant accuracy and reliability in distinguishing MASH patients, potentially providing new molecular
markers for the diagnosis of MASH.

Correlation and enrichment analysis of signature MRDEGs

Understanding the interactions among signature MRDEGs and the biological pathways they participate in is
crucial for elucidating the pathogenesis of MASH. Therefore, we initially conducted a correlation analysis of
the signature MRDEGs. The results revealed that GPD1 exhibited positive correlations with FADS2, GCK, and
ENO3, whereas HPRT1 demonstrated negative correlations with FADS2, GCK, and ENO3 (Fig. 8A). These
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correlation patterns suggest significant functional similarities and potential synergistic effects among the
identified signature genes.

Subsequently, we performed KEGG enrichment analysis for signature MRDEGs. We found that they played
key roles in multiple biological processes (Fig. 8B), particularly in galactose metabolism (AKR1B10, GCK),
glycolysis/gluconeogenesis (ENO3, GCK), PPAR signaling pathway (FADS2, CYP7A1), and carbon metabolism
(ENO3, GCK). Furthermore, GSVA analysis confirmed the close association of signature MRDEGs with specific
biological processes. The upregulation of CYP7A1 and FADS2 was related to steroid hormone biosynthesis
(Fig. 8C and D). The upregulation of GCK was significantly enriched in maturity onset diabetes of the young
(Fig. 8E). The upregulation of GPD1 was significantly enriched in beta alanine metabolism and was involved in
various metabolic processes including Amino sugar and nucleotide sugar, galactose, and glycolysis (Fig. 8F). The
upregulation of AKR1B10 was associated with linoleic acid metabolism, butanoate metabolism, and fructose
and mannose metabolism (Fig. 8G). The upregulation of ENO3 was significantly correlated with glycerolipid
metabolism (Fig. 8H). In contrast, the downregulation of HPRT1 was primarily associated with the Notch
signaling pathway and Fructose and mannose metabolism (Fig. 8I). In summary, our results emphasize the
crucial role of signature MRDEGs in regulating key metabolic pathways and provide new insights into their
biological functions and potential roles in disease pathogenesis.

Immune cell infiltration

The ssGSEA method was applied to quantitatively assess the relative abundance of 28 immune cell types in the
training cohort for both MASH and control groups. The results of the wilcoxon rank-sum test revealed that there
were significant differences in the abundance of nine immune cell types between the two groups. Specifically, the
infiltration levels of activated CD8 T cells, gamma delta T (y0T) cells, natural killer (NK) cells, and CD56bright
NK cells were significantly increased in the MASH group, while the infiltration levels of eosinophils, type 2
T helper (Th2) cells, memory B cells, central memory CD8 T cells, and effector memory CD8 T cells were
significantly decreased (Fig. 9A and B). Further correlation analysis demonstrated that the GPD1 exhibited a
significant positive correlation with the abundance of activated CD8 T cells and gamma delta T cells, while the
GCK showed a significant negative correlation with the abundance of eosinophils and type 2 T helper cells.
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Fig. 4. Identification of MRDEGs and enrichment analysis. (A) Venn diagram indicated the overlap of batch-
DEG, RRA-DEGs and MRGs to obtain 34 MRDEGs. (B) GO enrichment analysis of 34 MRDEGs. (C) KEGG
enrichment analysis of 34 MRDEGs.

The HPRT1, on the other hand, displayed a significant positive correlation with the abundance of eosinophils,
type 2 T helper cells and effector memory CD8 T cells (Fig. 9C). These findings provide molecular evidence for
the specific changes in immune cells within the immunological microenvironment of MASH patients and may
significantly impact the understanding of the immunopathological mechanisms in MASH.

Discussion

MASH, as a severe subtype of MASLD, is characterized by inflammatory cell infiltration and lipid deposition.
Compared to MAFL, MASH is more likely to progress to liver fibrosis, cirrhosis, and hepatocellular carcinoma?!.
However, to date, the diagnosis of MASH remains a significant challenge. In clinical practice, the diagnosis of
MASH relies on liver biopsy, but due to its invasiveness, patients have low acceptance and its application is
limited. Therefore, the development of effective non-invasive diagnostic methods is crucial. In 2023, multiple
international academic organizations jointly proposed the use of MASH/MASLD to replace NASH/NAFLD,
a redefinition that emphasizes the key role of metabolic factors in the pathogenesis of MASH/MASLD".
Identification of MRGs that are critical to MASH may be critical to its diagnosis.

In this study, differential expression of 34 MRGs was observed. These genes play crucial roles in various
metabolic pathways in MASH, such as “sterol biosynthetic process’, “cholesterol metabolic process”, “endoplasmic
reticulum lumen’, “oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular
oxygen’, and “glycerolipid metabolism” Notably, these MRDEGs are associated with the etiology of MASH,
including dyslipidemia and insulin resistance. To further investigate the significance of MRDEGs in MASH,
we processed the 34 MRDEGs and developed a diagnostic model comprising 7 signature MRDEGs through
PPI network and machine learning algorithms. The diagnostic model demonstrated an AUC higher than 0.9
for the diagnosis of MASH in the training cohort and two validation cohorts. Additionally, individual genes
exhibited AUC values predominantly above 0.7 and 0.6 in the training and validation cohorts, respectively. These
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Fig. 5. Identification of signature MRDEGs for MASH. (A) 24 MRDEGs were identified through PPI network.
(B, C) LASSO regression to extract 15 MRDEGs. (D, E) SVM-RFE algorithm selected 25 MRDEGs. (F) RF
algorithm identified 18 MRDEGs. (G) Venn gram to intersect 7 signature MRDEGs.

results indicate that signature MRDEGs and the diagnostic model possess significant accuracy and reliability
in discriminating MASH patients, potentially offering novel molecular biomarkers for the diagnosis of MASH.
We also found that there was interaction among 7 signature MRDEGs. Furthermore, enrichment analysis
indicated that these genes were involved in multiple metabolic processes, including glucose and lipid metabolism.
Dysregulation of glycolipid metabolism plays a crucial role in the progression of MASH. Abnormalities in
glucose metabolism, particularly the development of insulin resistance, lead to a decreased efficiency of glucose
utilization by the liver, thereby promoting the abnormal accumulation of fat in the liver?2. Additionally, defects
in insulin signaling further impair the regulation of lipid metabolism in the liver, increasing the synthesis and
reducing the degradation of fatty acids, resulting in the accumulation of lipids within hepatocytes?*. The abnormal
accumulation of fatty acids within hepatocytes not only increases the fluidity of the cell membrane but also
activates inflammatory signaling pathways, promoting the occurrence of oxidative stress responses®*. Chronic
oxidative stress and inflammation further impair hepatocyte function and accelerate the progression of MASH.
In another study, Wruck et al.?® identified 22 signature genes associated with the progression of NASH based
on datasets from du Plessis et al.2%, Horvath et al.!®, Ahrens et al.'” and Wruck et al.?””. Among these genes, only
HPRT1 and FADS2 were found to be consistent with our results. This discrepancy may be attributed to the fact
that we employed a variety of machine learning approaches to screen for signature genes. Furthermore, they also
observed a significant enrichment of pathways related to cholesterol, fatty acid, lipid synthesis, and metabolism.
This finding is in full accord with our research outcomes, thereby validating our results and emphasizing the
critical role of these biological pathways in the progression of MASH.
AKR1B10, an enzyme belonging to the aldo-keto reductase family, plays a pivotal role in hepatic metabolic
pathways including gluconeogenesis, fatty acid metabolism, and bile acid synthesis?®. Research has indicated
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cohort. (D) The nomogram was used to predict the incidence of MASH. (E) The Calibration curve for
evaluated the predictive power of the nomogram model.

that AKR1B10 facilitates the ubiquitin-dependent degradation of ACCa, thus inhibiting its ubiquitination and
proteolysis, promoting the synthesis of fatty acids and lipids, and thus promoting the development of MASH?’.
Additionally, studies have reported that the combination of serum AKR1B10 and CK18 serves as a potential
diagnostic marker for MASH*.

FADS?2 (Fatty Acid Desaturase 2) is a crucial enzyme involved in the biosynthesis of polyunsaturated fatty acids
(PUFAs), particularly the conversion of linoleic acid to y-linolenic acid and subsequent metabolic products®.
Studies have indicated that increased FADS2 activity in the livers of MASH mice leads to an imbalance between
w-6 fatty acids (pro-inflammatory) and w-3 fatty acids (anti-inflammatory), with an increased w-6 to w-3 ratio,
thereby exacerbating lipid accumulation and inflammatory damage within hepatocytes and promoting the
progression of MASH'®. CYP7A1 (Cholesterol 7a hydroxylase) is the rate-limiting enzyme in the classic bile
acid synthesis pathway, which initiates the synthesis of bile acids by catalyzing the conversion of cholesterol to
7a-hydroxycholesterol, and thus can serve as a cholesterol clearance agent®2. Enhanced activity of CYP7A1 may
expand the pool of toxic bile acids, such as hydrophobic bile acids**. Additionally, Wruck et al.> discovered that
despite the upregulation of CYP7A1 in MASLD, its regulatory level remained lower than cholesterol synthetic
enzymes HMGCR and SQLE, leading to the continued accumulation of cholesterol in the live. ENO3 (Enolase
3) is an enzyme involved in glycolysis, but it can also mediate the synthesis of cholesterol esters, increasing
the delivery of lipids to the liver and accelerating the accumulation of cholesterol esters in hepatocytes®.
Lu et al. reported that ENO3 negatively regulated ferroptosis by upregulating GPX4 expression and lipid
accumulation, thereby promoting the progression of MASH*. GCK (Glucokinase), also known as hexokinase
IV, is predominantly located in the liver and catalyzes the formation of glucose-6-phosphate”’. Studies have
found that the regulation of GCK by KLF6 can lead to insulin resistance®®. However, the molecular mechanisms
by which HPRT1 and GPDI1 promote the development of MASH remain unclear. HPRT1 (Hypoxanthine-
guanine phosphoribosyltransferase 1) is a key enzyme in the purine nucleotide salvage pathway. A decrease
in HPRT1 expression may lead to purine metabolism disorders, subsequently causing elevated levels of uric
acid, promoting oxidative stress and inflammatory responses, and exacerbating the pathological progression
of MASH**°. GPD1 (glycerol-3-phosphate dehydrogenase 1) encodes a member of the NAD-dependent
glycerol-3-phosphate dehydrogenase family, which plays a critical role in carbohydrate and lipid metabolism
and is involved in NADH/NAD" recycling*!. Increased activity of GPD1 may result in excessive accumulation of
triglycerides within the liver, thereby promoting steatosis and inflammatory responses*2.

Recent studies have confirmed that the immune system plays a significant role in the initiation and
progression of hepatic inflammation in MASH patients*>. This study utilized ssGSEA and found that, compared
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Fig. 7. Validation of the diagnostic performance of signature MRDEGs model. (A) The expression of 7
signature MRDEGs in the validation cohort 1. (B, C) The ROC curves of 7 signature MRDEGs and diagnostic
model in the validation cohort (1) (D) The expression of 7 signature MRDEGs in the validation cohort (2) (E,
F) The ROC curves of 7 signature MRDEGs and diagnostic model in the validation cohort 2.

to the control group, the infiltration levels of activated CD8 T cells, y8T cells, NK cells, and CD56bright NK
cells were significantly increased in the MASH group. In contrast, the infiltration of Th2 cells, memory B cells,
central memory CD8 T cells, effector memory CD8 T cells, and eosinophils was significantly reduced. Various
T cell subsets contribute to the immunopathogenesis of MASH. In diet-induced MASH model, activated CD8
T cells promoted inflammation and fibrosis by relying on the expression of myeloid cell MHC I*%. y8T cells
rapidly respond to inflammation by recognizing danger-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs) through the secretion of immunoregulatory cytokines, including IL-
17, IFN-y, and TGFf*. In MASH animal models, an increased infiltration of hepatic y§T-cells was observed,
mediating IL-17 signaling to accelerate the progression of MASH?®. NK cells also rapidly increase in number
in MASH patients. In the MASH model, activated hepatic NK cells secreted a large amount of cytokines and
induced hepatocyte injury via the JAK/STAT pathway, further promoting the progression of MASHY.

T helper cells serve as pivotal regulators in both pro-inflammatory and anti-inflammatory immune processes,
characterized by the expression of CD4 on cytomembrane®®. Type 1 T helper (Th1) and Type 17 T helper (Th17)
cells are pro-inflammatory subsets that have been reported to increase in peripheral blood of MASH patients®.
However, in the current study, no significant differences were observed. Research on the role of Th2 cells in MASH
has been limited. Rau et al. reported an increase in peripheral Th2 cells in MASH patients compared to healthy
controls with normal body weight; however, there were differences in age among the patients®. It is noteworthy
that Th2 cells are considered to possess a high potential for promoting fibrosis, particularly through the action
of IL-13, but studies in the context of MASH have yet to explore this aspect in depth. The role of memory CD8
T cells in anti-tumor immunity and inflammatory autoimmune diseases has been well-established** Koda et
al. reported the involvement of memory CD8 T cells in the resolution of fibrosis, where these cells significantly
accumulated in areas of fibrosis resolution and promoted this process through CCR5-dependent chemotaxis and
direct cytotoxic actions against HSCs*. In our study, the infiltration of central memory CD8 T cells and effector
memory CD8 T cells in patients with MASH was found to be low, suggesting a diminished protective effect.

However, this study still has some limitations. Firstly, the datasets utilized in our study are sourced from
public databases. Secondly, the samples within these datasets originated from various countries, and there is a
lack of stratification by gender and region, which may introduce heterogeneity into our results. Consequently, it
is imperative that future research employs external cohorts from multiple international centers to validate our
findings. Additionally, conducting sensitivity analysis with stratification by gender and region will be essential
to ascertain the robustness and generalizability of our results. Thirdly, tissue-based flow cytometry is needed to
verify changes in the immune microenvironment.
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Fig. 8. Correlation analysis and enrichment analysis. (A) The correlation between 7 signature MRDEGs. (B)
KEGG enrichment analysis of 7 signature MRDEGs. (C-I) GSVA analysis of 7 signature MRDEGs, including
CYP7A1 (C), FADS2 (D), GCK (E), GPD1 (F), AKR1B10 (G), ENO3 (H), HPRT1 (I).

Conclusion
Our study identified 7 signature MRDEGs that have a good ability to distinguish MASH patients from healthy

controls, providing a non-invasive approach for the diagnosis of MASH. Exploration of the metabolic pathways
involved in these genes and their association with the immune microenvironment will contribute to our
understanding of the mechanisms of MASH progression. Nevertheless, further basic research combined with

clinical information is needed to verify our findings.
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Fig. 9. Immune cell infiltration analysis. (A) The violin plot indicated the differences in immune infiltrating
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