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Purpose: The increasing prevalence of non-alcoholic fatty liver disease (NAFLD) has paralleled changes in lifestyle and dietary
habits. However, the gold standard for the staging of NAFLD relies on liver biopsy, which is highly damaging and poorly accepted.
This study aims to identify convenient biomarkers for staging advanced fibrosis (stage F3—F4) in NAFLD patients, thereby improving
disease management.

Patients and Methods: This study integrated liver transcriptomic sequencing data and peripheral blood proteomic data from NAFLD
patients. Candidate diagnostic biomarkers for advanced fibrosis were screened using three machine learning algorithms. The dynamic
expression patterns of these biomarkers were further validated by time series analysis from NAFLD mouse model. Additionally,
a retrospective validation cohort comprising 119 biopsy-confirmed NAFLD patients was established at Shandong Provincial Hospital.
Blood samples and clinical characteristics were collected before liver biopsy. These samples were used to validate the diagnostic performance
of the candidate biomarkers via ELISA, which was further compared with established non-invasive indicators (FIB-4, APRI, and NFS). Finally,
single-nucleus sequencing was employed to elucidate the underlying pathogenic mechanisms and their cellular location in NAFLD, while
Mendelian randomization (MR) analyses based on whole proteome and whole genome data were conducted to explore causal relationship for
NAFLD.

Results: This study identified THBS2, AKR1B10, NFASC, and VWF as diagnostic biomarkers for advanced fibrosis in
NAFLD. Transcriptomic and proteomic analyses demonstrated that the combination of these four biomarkers exhibited robust
diagnostic performance (AUC = 0.860—0.880). In our NAFLD clinical cohort, each biomarker individually showed promising
diagnostic performance (THBS2 AUC = 0.867; NFASC AUC = 0.834; VWF AUC = 0.777; AKR1B10 AUC = 0.733), which
was comparable to established non-invasive indicators. Furthermore, the expression levels of THBS2, AKR1B10, and VWF
increased progressively with the duration of high-fat diet feeding in NAFLD mouse model. NFASC and THBS2 were
specifically enriched in activated hepatic stellate cells and showed significant upregulation in advanced fibrosis and cirrhosis.
Conclusion: THBS2, AKR1B10, NFASC, and VWF serve as diagnostic biomarkers for advanced fibrosis in NAFLD, providing
novel insights for the development of non-invasive clinical diagnostic strategies.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a hepatic condition associated with obesity, insulin resistance, type 2
diabetes, and metabolic syndrome.' A recent systematic review and meta-analysis revealed that the global prevalence of
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NAFLD has risen substantially, climbing from 25.3% during the period 1990-2006 to 38.0% in 2016-2019.> NAFLD
follows a continuous pathophysiological progression, starting from simple steatosis and advancing to necroinflammation
and fibrosis, leading to nonalcoholic steatohepatitis (NASH), which may further progress to cirrhosis and hepatocellular
carcinoma. A critical distinction across these stages is the prognosis of fibrosis: mild fibrosis (FO-F2) may be alleviated,
improved, or even reversed with timely clinical intervention, while patients with advanced fibrosis (F3-F4) and cirrhosis
face a significantly poorer prognosis, including higher risks of liver-related mortality and hepatocellular carcinoma.”*
Therefore, early and accurate identification of patients with advanced fibrosis is critical for improving the outcome of
NAFLD patients.

The current gold standard for diagnosing advanced fibrosis in NAFLD relies on histopathological examination of liver
biopsies.5 However, this method has inherent limitations: it is invasive, associated with risks of bleeding or infection,
poorly accepted by patients, and prone to sampling variability.® To address these drawbacks, several non-invasive
biomarkers have been proposed for detecting fibrosis, including the NAFLD fibrosis score (NFS), AST to platelet
ratio index (APRI), Fibro Test, enhanced liver fibrosis (ELF) test, and fibrosis-4 (FIB-4) index; however, their sensitivity
and specificity remain suboptimal in distinguishing advanced fibrosis from mild fibrosis.”'? Moreover, vibration-
controlled transient elastography (VCTE) and magnetic resonance elastography (MRE) demonstrate high diagnostic
accuracy in distinguishing advanced fibrosis and cirrhosis, yet their widespread use is limited by high cost and equipment
dependency.'*'* Collectively, there is a lack of safe, accurate, cost-effective, and widely applicable non-invasive
diagnostic tools specifically for advanced NAFLD fibrosis.

Recent advances in omics technologies have provided valuable insights into the pathophysiological mechanisms
underlying NAFLD fibrosis. A transcriptomic study of liver tissues from 98 NAFLD patients revealed that THBS2
effectively identified advanced fibrosis with an area under the curve (AUC) of 0.957, and peripheral blood THBS2 levels
combined with platelet count were identified as risk factors for advanced fibrosis.'” Similarly, peripheral blood proteomic
profiling identified an 8-protein panel that accurately detected high-risk NASH and significant fibrosis.'® However, the
cellular localization and specific regulatory mechanisms of most candidate biomarkers in NAFLD fibrosis remain
unclear. Interestingly, single-cell sequencing and Mendelian randomization (MR) studies have offered new perspectives
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on cellular heterogeneity and causal genetic influences underlying NAFLD fibrosis.'”'® Nevertheless, omics-based
diagnostic biomarkers for advanced fibrosis have not been fully translated into clinical practice, and their stability and
applicability require further validation.

To address these unmet needs, we identified diagnostic biomarkers for advanced fibrosis by integrating transcriptomes
from 390 biopsy-confirmed NAFLD patients (stages FO-F4) and blood proteomes from 191 patients. Dynamic expression
changes of candidate biomarkers were monitored in a high-fat diet-induced NAFLD mouse model. Single-nucleus
sequencing of human liver tissue was used to clarify the cellular location and regulatory mechanisms of these
biomarkers, and MR was employed to explore genetic causal relationships between the biomarkers and NAFLD.
Finally, a clinical cohort was established to validate their diagnostic performance and compare them with existing non-
invasive biomarkers, thereby facilitating the translation of NAFLD fibrosis biomarkers into clinical applications.

Materials and Methods

Analysis of Transcriptomic Sequencing and Proteomic Data

Liver transcriptomic sequencing datasets from NAFLD patients were obtained from the GEO database using the keyword
“NAFLD”. Datasets containing pathological fibrosis scores from liver biopsies were selected for further analysis. This
study utilized GSE130970, GSE135251, and GSE162694 as the training dataset. After data preprocessing, the sva
package (version 3.46.0) was applied for batch effect removal and data integration. Based on pathological fibrosis
staging, patients in the training set were divided into two groups: advanced fibrosis group (F3-F4) and mild fibrosis group
(FO-F2), comprising 104 and 286 patients, respectively. Additionally, GSE193066 was used as the validation dataset,
including 20 patients with advanced fibrosis and 80 with mild fibrosis. Detailed information on the datasets is provided in
Supplementary Table 1. Differential gene expression analysis between the two groups was performed using DESeq2

(version 1.38.3), with differentially expressed genes (DEGs) defined as those showing [fold change| > 1.5 and p-value <
0.05. Results were visualized using the ggplot2 package (version 3.5.1) in the form of volcano plots.

Furthermore, peripheral blood proteomic data from a previous study'® was incorporated, which included 79 patients
with advanced fibrosis (F3—F4) and 112 patients with mild fibrosis (FO—F2). The cohort was composed of 38.4% females
with a mean age of 55.2+11 years. Blood samples were analyzed using the SomaScan v.4.0 platform, which quantified
4730 unique proteins. Differential expression analysis of proteins was conducted using the limma package (version
3.54.2). Differentially expressed proteins (DEPs) were identified based on |fold change| > 1.2 and p-value < 0.05, and
results were similarly visualized with ggplot2.

Functional Enrichment and Immune Infiltration Analysis

Functional enrichment analysis was performed on the identified DEGs using the clusterProfiler package (version 4.6.2).
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment and Gene Ontology (GO) analyses were
conducted, covering the categories of molecular function (MF), biological process (BP), and cellular component (CC), to
investigate the roles of these genes in cellular signaling and metabolic pathways. Gene Set Enrichment Analysis (GSEA)
was carried out using the gene set file “c2.cp.v2022.1.Hs.symbols.gmt” obtained from the MSigDB database to explore
potential pathogenic mechanisms. In addition, the CIBERSORT algorithm was employed to analyze the immune
microenvironment in the samples. This approach enabled the deconvolution-based quantification of the infiltration
proportions of 22 immune cell subtypes. Differences in immune cell infiltration between the compared groups were
assessed to evaluate the role of immune cells in NAFLD-related liver fibrosis.

Construction of Protein-Protein Interaction Network

The STRING database integrates protein-protein interaction (PPI) data from multiple public databases and published
literature, providing a comprehensive resource for exploring functional associations between proteins. In this study,
protein interaction information for the DEGs was retrieved from the STRING database. Subsequently, PPI networks were
constructed using Cytoscape software (version 3.8.2). Key functional modules within the network were identified and
visualized using the built-in Molecular Complex Detection (MCODE) plugin. The selected key modules were further
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subjected to KEGG and GO enrichment analyses to gain deeper insights into the potential pathogenic mechanisms
involved in advanced fibrosis.

Weighted Gene Co-Expression Network Analysis (WGCNA)

Weighted gene co-expression network analysis (WGCNA) was performed using the WGCNA package (version 1.73)
to identify key modules associated with advanced fibrosis phenotype. Gene co-expression networks were constructed
based on scale-free topology. Key modules showing significant correlation with advanced fibrosis (|correlation
coefficient| > 0.50) were selected for further analysis. DEGs and DEPs were then intersected with genes from the
key modules to screen candidate diagnostic biomarkers.

|dentification of Diagnostic Biomarkers for Advanced NAFLD Liver Fibrosis Using

Machine Learning

Candidate diagnostic biomarkers for advanced fibrosis were selected by taking the intersection of DEGs, genes from key
WGCNA modules, and DEPs. Three machine learning algorithms—Least Absolute Shrinkage and Selection Operator
(LASSO), Random Forest (RF), and Support Vector Machine (SVM)—were employed to identify diagnostic biomarkers
from the training cohort. Genes commonly identified by all three algorithms were considered candidate diagnostic
biomarkers. Multivariate regression analysis was then performed on these candidate biomarkers, and a composite risk
score was calculated based on regression coefficients and expression levels. The diagnostic performance of the
biomarkers was evaluated by measuring the area under the curve (AUC) and visualized by receiver operating character-
istic (ROC) curves in both training and validation datasets.

Time Series Analysis

Time series analysis (TSA) enables in-depth investigation of dynamic gene expression patterns and provides insights into
the underlying mechanisms driving disease progression. In this study, we utilized a liver transcriptomic dataset from
a high-fat diet (HFD) induced NAFLD mouse model (GSE109345). This public dataset was generated using male low-
density lipoprotein receptor knockout (LDLr-/-) C57BL/6 mice, which were randomly allocated into two groups: the
HFD group and the standard chow diet group. To capture the progressive pathological changes of NAFLD, liver tissue
samples were collected at 5 key time points (0, 6, 12, 18, and 24 weeks after modeling), with 12 mice per time point in
the HFD group and 6 mice per time point in the standard chow diet group. Subsequently, TSA was performed using the
maSigPro package (version 1.70.0), and genes with time-dependent differential expression in the HFD induced NAFLD
model were rigorously identified at a Benjamini-Hochberg adjusted P-value < 0.05. Furthermore, the dynamic expression
changes of the diagnostic biomarkers proposed in this study were visualized to illustrate their temporal expression
profiles during NAFLD progression.

Single-Nucleus and Single-Cell RNA Sequencing

This study utilized the GSE202379 dataset from the GEO database, which included single-nucleus RNA sequencing
(snRNA-seq) data from liver tissues of 40 pathologically confirmed NAFLD patients—16 with advanced fibrosis (F3-
F4) and 24 with mild fibrosis (FO-F2).?® After quality control filtering to remove mitochondrial genes and red blood
cells, the Harmony package (version 1.2.0) was applied to correct for batch effects and integrate Seurat objects.
Uniform Manifold Approximation and Projection (UMAP) was used for dimensionality reduction and visualization of
cell clusters. Cell type annotation was performed using reference datasets from the CellMarker 2.0 database and the
SingleR package (version 2.0.0). To further investigate gene expression differences between groups, DEGs were
identified using the Wilcoxon rank-sum test with the following thresholds: |log,FC| > 0.25, min.pct > 0.1, and
a significance level of P < 0.05. Additionally, scRNA-seq data from GSE136103, comprising liver samples from 5
cirrhosis patients and 5 normal individuals, was obtained from the GEO database.'® The same analytical pipeline
described above was applied to this dataset.
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Intercellular Communication and SCENIC Analysis

Intercellular communication analysis systematically deciphers interaction networks mediated by signaling molecules
across different cell populations, providing critical insights into the molecular mechanisms of cellular coordination within
the tissue microenvironment. In this study, Intercellular communication between advanced fibrosis and mild fibrosis
groups in NAFLD patients was analyzed using the CellChat package (version 1.6.1). Specifically, gene expression data
and known ligand-receptor interaction databases were integrated to infer intercellular communication probabilities, which
were further summarized and interpreted at the signaling pathway level.

SCENIC (Single-Cell Regulatory Network Inference and Clustering) analysis was employed to identify cell type-
specific transcription factors and their regulatory networks, elucidating distinct functional roles of various cell popula-
tions in the pathophysiology of NAFLD. The analysis involved three main steps: first, gene regulatory networks were
constructed using GENIE3 (version 1.20.0); second, regulatory networks with significantly enriched transcription factor
binding motifs were identified using RcisTarget (version 1.18.2); finally, the activity of these regulatory networks in
individual cells was evaluated with AUCell (version 1.20.2).

Proteome-Wide and Genome-Wide Mendelian Randomization

We conducted this Mendelian randomization study in accordance with the Strengthening the Reporting of Observational
Studies in Epidemiology Using Mendelian Randomization (STROBE-MR) guidelines.?'** Our study was performed
using summary-level data from single-nucleotide polymorphisms (SNPs). This study selected 3183 cis-pQTLs corre-
sponding to 1561 proteins from previous studies as exposure variables, and integrated cis-eQTL data from the eQTLGen
database as additional exposure variables.”*** The selection of instrumental variables strictly adhered to the following
criteria: O genome-wide significant SNPs (P < 5 x 10°%), @ linkage disequilibrium clumping (r* < 0.001), ® exclusion
of palindromic SNPs, and @ retention of strong instrumental variables (F > 10).>> Due to the lack of large-scale GWAS
summary statistics specifically for advanced NAFLD fibrosis, NAFLD and NASH GWAS data (R10 NAFLD and
R10_NASH) from the FinnGen database were used as outcome variables to investigate potential causal relationships
through proteome-wide and genome-wide MR analyses. Heterogeneity was assessed using Cochran’s Q test, and reverse
causality was evaluated via Steiger test. Given the exploratory nature of this analysis, multiple testing correction was not
applied in order to retain potentially meaningful biological signals.?®

Establishment of the NAFLD Clinical Cohort

This study retrospectively included patients with NAFLD who underwent liver biopsy at Shandong Provincial Hospital
between March 2025 and October 2025. In our study, the clinical indications for liver biopsy were based on current
clinical practice guidelines: (1) Ruling out alternative etiologies of chronic liver disease (eg, viral hepatitis, autoimmune
liver disease) or clarify overlap conditions when non-invasive tests; (2) Evaluating the severity of nonalcoholic,
particularly microscopic features; (3) Confirming the stage of liver fibrosis.”’*® The inclusion criteria were as follows:
(1) age > 18 years, (2) NAFLD confirmed by pathological examination, and (3) availability of complete fibrosis stage
(FO0-F4). The exclusion criteria were: (1) age <18 years; (2) concurrent other chronic liver diseases, including but not
limited to viral hepatitis, autoimmune liver disease, and alcoholic liver disease; (3) a history of continuous hepatotoxic
drug use for > 1 month prior to enrollment (acetaminophen, anti-tuberculosis drugs, etc).; (4) comorbid malignant
tumors; (5) incomplete clinical or laboratory data. For eligible patients, clinical history and laboratory characteristics
were retrospectively extracted from electronic medical records. Peripheral blood samples, which were originally
collected during routine clinical visits and cryopreserved, were retrieved from our institution by trained clinical
researchers and laboratory technicians from the research team of Shandong Provincial Hospital. All laboratory assays
were performed in the Clinical Laboratory of Shandong Provincial Hospital. Specifically, aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) were measured using the rate method; albumin (ALB) was determined by the
bromocresol green method; total bilirubin (TBIL) and direct bilirubin (DBIL) were quantified via the diazonium salt
method. All detection kits were purchased from Beckman Coulter, and the assays were conducted on a Beckman
AUS5800 automatic biochemical analyzer. Informed consent was waived because of the retrospective nature of the study,
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and the study protocol adhered to the principles of the Declaration of Helsinki. The use of patient serum samples was
approved by the Ethics Committee of Shandong Provincial Hospital (Ethics Approval No.: SWYX: NO.2025-535).

Liver Histology

Liver tissue samples were embedded in paraffin blocks and stained with hematoxylin and eosin (H&E) as well as
Masson’s trichrome. All liver biopsy specimens were evaluated by an experienced Liver pathologist using the NAFLD
Activity Score (NAS) and the fibrosis staging system developed by the NASH Clinical Research Network (NASH
CRN).?” The NAS (ranging from 0 to 8) was used to assess steatosis (0—3), lobular inflammation (0-3), and hepatocel-
lular ballooning (0-2). Liver fibrosis was scored on a scale from 0 to 4. In this study, fibrosis stage F3-F4 was defined as

advanced fibrosis, while fibrosis stage FO-F2 was classified as mild fibrosis.?**°

ELISA Detection in Peripheral Blood

Fasting venous blood samples collected from patients after fasting were allowed to clot at room temperature for
30 minutes. The serum was then separated by centrifugation at 3000 x g for 15 minutes at 4°C and subsequently stored
at —80°C. The expression levels of the candidate diagnostic biomarkers were measured using the following commercial
ELISA kits: THBS2 (BSKH60180, Bioswamp, China), VWF (EK192, LiankeBio, China), NFASC (CB19786-Hu,
Cusabio, China), and AKR1B10 (CB14079-Hu, Cusabio, China). All procedures were strictly performed according to
the manufacturer’s protocols. Standard curves were generated for each target independently to calculate corresponding
protein concentrations. Finally, ROC curves were plotted to evaluate the diagnostic performance of these biomarkers for
advanced fibrosis in NAFLD patients.

Statistical Analysis

All statistical analyses in this study were performed using R software (version 4.2.2). Continuous variables following
a normal distribution are presented as mean + standard deviation, while non-normally distributed variables are expressed
as median (interquartile range). Differences between two independent groups were compared using Student’s indepen-
dent samples #-test when data were normally distributed with homogeneous variances, Welch’s #-test for normally
distributed data with heterogeneous variances, and the Wilcoxon rank-sum test for non-normally distributed data. For
comparisons of three or more independent groups of continuous variables, the Kruskal-Wallis (KW) test was used (a
non-parametric alternative for non-normally distributed data or data with heterogeneous variances across groups).
Categorical variables are described as numbers (percentages), and group comparisons were conducted using the chi-
square test. A two-sided P-value < 0.05 was considered statistically significant.

Results

Fibrosis- and Inflammation-Related Pathways are Significantly Enriched

After batch effect removal, we integrated GSE130970, GSE135251, and GSE162694 into a training dataset comprising
104 patients with advanced fibrosis and 286 patients with mild fibrosis, including 16,340 common genes (Figure 1A).
Based on the criteria for differential expression, 612 upregulated and 90 downregulated DEGs were identified
(Figure 1B). The top 50 most significantly altered DEGs were visualized using a heatmap (Figure 1C). GO enrichment
analysis revealed significant enrichment of fibrosis-related terms such as “extracellular matrix organization” and
“collagen fibril organization” (Figure 1D). KEGG enrichment analysis indicated significant enrichment of fibrosis-
associated pathways including “Focal adhesion” and “ECM-receptor interaction”, as well as the inflammation-related
“TNF signaling pathway” (Supplementary Figure 1). The consistent results were obtained through GSEA (Figure 1E).

Infiltration of M| Macrophages and Multiple Chemokines are Increased in Liver Tissue
PPI networks were constructed using the 702 DEGs, leading to the identification of two key functional modules that
included multiple chemokines and extracellular matrix genes (Figure 2A and B). Subsequent KEGG enrichment analysis
of genes within these key modules revealed significant enrichment of fibrosis- and inflammation-related pathways

6 https: Journal of Inflammation Research 2026:19


https://www.dovepress.com/article/supplementary_file/569506/569506%20Revised%20Supplementary%20Material.pdf

Ding et al

GSE13090%

3047
15082

16340

\ 2175 y

mg

@
3

change
- DOWN
+ NoT
uP

-log10 adjust pvalue
S
&

N
3

log2 fold change

D

extracellular matrix
organization
extracellular structure
organization

external encapsulating
structure organization

d8

urogenital system development

collagen fibril organization Count
@® 2
@ «
@ «
. 80

collagen-containing
extracellular matrix

endoplasmic reticulum lumen

basement membrane

[}
52

p.adjust

collagen trimer
3e-08

complex of collagen trimers | ® 2e-08

1e-08

extracellular matrix
structural constituent

glycosaminoglycan binding
[
[ J

heparin binding

EL

integrin binding

extracellular matrix
structural constituent
conferring tensile strength

|ﬁ\|||ﬁ|

‘\ \‘II ”\“ ‘H | |]|" ]ll‘ \"“

| | I

“ W &

| \‘ | II ‘ \‘ I I
‘ [l II‘I [J\ | ! ”
il

0.025 0.050 0.075 0.100 0.125
GeneRatio

°

—— KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION
— KEGG_FOCAL_ADHESION
—— REACTOME_EXTRACELLULAR_MATRIX_ORGANIZATION

°
S

Running Enrichment Score
°

I ‘I‘“\IW !I |

i |11} Ih\l\“”l\lH “ II THBS
i

°

‘ ”‘H L) STMNZ
\‘ | (W]

| II
‘ “'.w

1110000 \
Il |
|

l J I|| \”j
i \‘ 0 ‘ | ‘J‘\‘w 10l ‘| ,HI J l‘l“
| | Iil | 0 L (L II I

| | | _

AN

\ II\H‘WH H\HI Il H \I \IM\H H

mik

I HHHH\ H \ H I\HI

1‘3}‘

| I L
KRT23
LN LoxLe

Ranked List Metric

4000 12000 16000

8000
Rank in Ordered Dataset
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(Figure 2C). Immune infiltration analysis further demonstrated an increased proportion of M1 macrophages and
a decreased proportion of M2 macrophages in liver tissues (Figure 2D).

Integration of Peripheral Blood Proteomic Data ldentifies Diagnostic Biomarkers for

Advanced Fibrosis

This study further incorporated peripheral blood proteomic data from NAFLD patients.'” Based on the predefined
criteria, 66 upregulated and 21 downregulated DEPs were identified (Figure 3A). WGCNA was performed to identify
gene modules closely associated with advanced fibrosis in the training dataset. A key module, the blue module containing
318 genes, was identified as the most relevant (Figure 3B and C). By taking the intersection of DEGs from liver tissue,
DEPs from peripheral blood, and the 318 genes from the key WGCNA module, 8 candidate genes were selected
(Figure 3D). Subsequently, three machine learning algorithms were employed to identify diagnostic biomarkers for
advanced fibrosis. The analysis consistently identified THBS2, VWF, NFASC, and AKR1B10 as diagnostic biomarkers
(Figure 3E). In liver tissue transcriptomic data, the individual AUC for these biomarkers were 0.849 (THBS2), 0.767
(VWEF), 0.770 (NFASC), and 0.787 (AKR1B10), while the combined model achieved an AUC of 0.860 (Figure 3F). In
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peripheral blood proteomic dataset, the individual AUC values were 0.862 (THBS2), 0.650 (VWF), 0.839 (NFASC), and
0.701 (AKR1B10), with a combined AUC of 0.880 (Figure 3G). All four diagnostic biomarkers were significantly
elevated in both liver tissue and peripheral blood of NAFLD patients with advanced fibrosis. Finally, nomograms were
constructed based on the four biomarkers using both liver transcriptomic and peripheral blood proteomic data to facilitate
clinical diagnosis (Figure 3H and I).

Expression Levels of THBS2, VWF NFASC, and AKRIBI10 Increase with Liver Fibrosis
Stage

In the training dataset, the expression levels of THBS2, VWF, NFASC, and AKR1B10 showed a significant positive
correlation with liver fibrosis stage (Figure 4A—D). Furthermore, the expression of THBS2 and AKR1B10 increased with
higher NAFLD Activity Scores (NAS) (Figure 4E and F), while changes in VWF and NFASC expression with increasing
NAS were not statistically significant (Supplementary Figure 2). In the independent validation transcriptomic dataset
GSE193066, the AUC values for THBS2, VWEF, NFASC, and AKRIBI10 were 0.735, 0.697, 0.799, and 0.722,
respectively, with a combined AUC of 0.760 for the four-marker panel (Figure 4G). All four diagnostic biomarkers

were significantly upregulated in liver tissues of NAFLD patients with advanced fibrosis (Figure 4H).

8 https: Journal of Inflammation Research 2026:19


https://www.dovepress.com/article/supplementary_file/569506/569506%20Revised%20Supplementary%20Material.pdf

Ding et al

A B Module-trait relationships C
201 MEblue 1“-5;’0 1‘°~§i [~ Module membership vs. gene significance
Qe-20) (e=atn 2 cor=0.64, p=4.8e-38
o
0.014 -0.014 2
o MEbrown ©8) ©08) - 8 o | )
= 15+ [c @ =] °
> 0.28 -0.28
T MEgreen < > s v |
s change (8e-09) (8e-09) g S
-
7] — S«
El DOWN MEyellow %’gf ("0035)3 fo 5 o
5104 NOT 3 8
®© . upP 8§ o |
=) . 0.041 -0.041 s o
= At MEredI ©04) ©04) 8 °
D 5 w £ o |
° > 0.0087 0.0087 [? 5 ©
T ¢ 0. X k=,
5 MEturquoise ® N
% (0.9) (0.9) o . . : r g
N o
MEgrey/ 024 -0.24 J 9] 04 05 06 07 08 0.9
(2e-06) (2e-06) L+
0- Module Membership in blue module
T T T T T > >
-10 -05 00 05 10 & &
&
log2 fold change ®
\ o — 100 I
67 ) # A
o 075+ A A
7 P
/
Gene AUC // Protein AuC
> Rsk 0860 y Rsk 0880
En THBS2 0849 é’w Vi THBS2 0862
Transcriptome 2 we  omr 20 / W 0650
Lasso i ~ / AKRIBT0 0767 AKRIB10 0701
\\ . / // )
“‘ 4 1 l“‘
{ ‘ [ /
\ /,r“ 000 oco-
/ 150 0 ok > 0 16 ol 050 0 0bo
\ specificity specificity
. SVM -
0 10 20 30 40 5 60 70 8 9 100 0 10 20 30 40 50 6 70 8 9 100
Points L A ) A A A A h L A ) Points L A ) A A A A . )
THBS2 r T T T T T T T T T T T T T ] THBS2 r T T T T T T T T ]
55 6 65 7 75 8 85 9 95 10 105 11 115 12 125 12 125 13 135 14 145 15 155 16 165
VWF r T T T T T T T T J VWF T
2 3 4 5 6 7 8 9 10 11 12 13 115 14.5
NFASC NFASC r — — T —T
55 7 8 9 10 11 9.4 9.8 10 104 108 112 116 12
AKR1B10 T T T T T T AKR1B10 T
123456789 11 13 15 165 13 10
Total Points r T T T T T T T T T T T T 1 Total Points r T T T T T T T T T 1
0 20 40 60 80 100 120 140 160 180 200 220 240 260 0 20 40 60 80 100 120 140 160 180 200
Prob of advanced fibrosis r T — T 1 Prob of advanced fibrosis r T — — 1
001 01 0305 0809 0.99 0.01 01 0305 0809 0.99

Figure 3 THBS2, VWF, NFASC, and AKRIBI0 serve as diagnostic biomarkers for advanced fibrosis in NAFLD. (A) Volcano plot of differentially expressed proteins in the
peripheral blood proteome of NAFLD patients.(B) Heatmap showing the correlation between gene modules from WGCNA and advanced fibrosis.(C) Scatter plot of gene
significance versus module membership in the blue module.(D) Venn diagram illustrating the overlap among differentially expressed proteins from peripheral blood
proteomics, differentially expressed genes from liver tissue, and genes in the WGCNA blue module.(E) Venn diagram showing the intersection of candidate biomarkers
identified by the three machine learning algorithms.(F) ROC curves of the four diagnostic biomarkers based on liver transcriptomic data from NAFLD patients.(G) ROC
curves of the four diagnostic biomarkers based on peripheral blood proteomic data from NAFLD patients.(H) Nomogram constructed using the four biomarkers from liver
transcriptomic data.(l) Nomogram constructed using the four biomarkers from peripheral blood proteomic data.

Expression Levels of THBS2, VWEF, and AKRIBIO are Positively Correlated with
Duration of High-Fat Diet

In liver transcriptomic data from a HFD induced NAFLD mouse model at 0, 6, 12, 18, and 24 weeks, the expression
levels of THBS2, VWF, and AKR1B10 increased with the duration of high-fat diet feeding, while NFASC expression
decreased (Figure SB-E). Time series analysis further identified 657 genes in cluster] whose expression increased over
time, and 18 genes whose expression decreased (Figure 5A). Subsequent KEGG and GO enrichment analyses of the 657
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Figure 4 Validation of the expression and diagnostic performance of THBS2, VWF, NFASC, and AKRIBI0 in training and validation datasets. (A-D) Expression differences
of THBS2, VWF, NFASC, and AKRIBI0 across fibrosis stages in the training cohort.(E-F) Expression differences of THBS2 and AKRIBI0 across NAFLD Activity Score
(NAS) grades in the training cohort.(G) ROC curves of THBS2, VWF, NFASC, and AKRIBI0 in the validation dataset GSE193066.(H) Expression differences of THBS2,
VWE, NFASC, and AKRIBI10 between advanced and mild fibrosis groups in the validation dataset GSE193066.

up-regulated genes revealed significant enrichment of pathways related to collagen matrix organization and inflammation,
particularly involving immune cell infiltration and the production of multiple inflammatory factors (Figure 5F and G).

THBS2 and NFASC Are Enriched in Hepatic Stellate Cells and Upregulated in Patients

with Advanced Fibrosis and Cirrhosis

In snRNA-seq data from NAFLD patients, NFASC was found to be predominantly enriched in hepatic stellate cells
(HSCs) and upregulated (Figure 6A—C). Acute-phase inflammatory response proteins such as SAA1 and SAA2 were
also markedly increased in hepatocytes, endothelial cells, HSCs, and macrophages, suggesting a critical role of
inflammatory infiltration in fibrosis progression (Figure 6B, Supplementary Figure 3A and B). Intercellular commu-
nication analysis revealed significantly enhanced interactions between HSCs, macrophages, and other cell types
(Figure 6D). Our findings demonstrated that PTPRM signaling pathway was significantly upregulated in advanced
fibrosis and was broadly activated across multiple cell types, with particularly pronounced increases in macrophages
and HSCs (Figure 6E and F, Supplementary Figure 3C). Further SCENIC analysis systematically elucidated the
transcription factor regulatory networks in different cell populations during advanced fibrosis (Figure 6G). The results
indicated that in macrophages, the STAT5A, NR1H3, and STAT6 regulons were the top three most specific transcrip-
tional regulators. In HSCs, the GATA6, MAFK, and JDP2 regulons exhibited the highest specificity. Subsequently, in
scRNA-seq data from cirrhosis patients, THBS2 was found to be highly enriched in HSCs and significantly upregu-
lated (Figure 6H and I). Similarly, expression levels of VWF and AKR1B10 were also elevated in the cirrhosis group

(Figure 6J and K).
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Time Series Analysis of NAFLD in GSE109345
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Figure 5 Time series analysis in high-fat diet-induced NAFLD mouse model. (A) Time series analysis of liver transcriptomic sequencing data from mice fed a high-fat diet for
0, 6, 12, 18, and 24 weeks.(B-E) Expression differences of THBS2, VWF, AKRIBI10, and NFASC in liver tissues of mice fed a high-fat diet for 0, 6, 12, 18, and 24 weeks.
(F) KEGG enrichment analysis of 657 genes in cluster| showing progressively increased expression with prolonged high-fat diet feeding.(G) GO enrichment analysis of 657
genes in cluster| showing progressively increased expression with prolonged high-fat diet feeding.

Proteome-Wide and Genome-Wide Mendelian Randomization Analysis in NAFLD
and NASH

This study employed cis-protein quantitative trait loci (cis-pQTLs) and cis-expression quantitative trait loci (cis-eQTLs) as
exposure variables, alongside GWAS summary data for NAFLD and NASH as outcomes, to investigate potential causal
relationships using MR analysis. The results demonstrated that cis-eQTLs of THBS2 acted as a protective factor for NAFLD,
while cis-pQTLs of THBS2 were identified as a risk factor for NASH (Figure 7C-E). In contrast, no clear causal relationships
were observed between the other diagnostic biomarkers and NAFLD or NASH (Figure 7A and G). GO enrichment analysis of
the 85 proteins causally associated with NAFLD revealed significant enrichment in processes related to lipid metabolism and
extracellular matrix organization (Figure 7B). Meanwhile, KEGG enrichment analysis of the 75 proteins with causal relation-
ships to NASH showed enrichment in pathways associated with inflammation and extracellular matrix remodeling (Figure 7F).
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Figure 6 Single-cell sequencing analysis of liver tissues from patients with advanced fibrosis and cirrhosis. (A) UMAP projection of six major cell clusters from snRNA-seq
data of NAFLD patient livers (GSE202379). (B) Volcano plot showing differentially expressed genes across the six cell clusters in GSE202379. (C) Expression levels of
NFASC between advanced fibrosis and mild fibrosis groups in GSE202379. (D) Heatmap of Intercellular communication analysis between advanced fibrosis and mild fibrosis
groups in GSE202379.(E) Differential signaling pathways originating from macrophages and targeting endothelial cells, cholangiocytes, and hepatic stellate cells in GSE202379.
(F) Circular plot illustrating the PTPRM signaling pathway in GSE202379.(G) Heatmap of SCENIC analysis showing transcription factor regulon activity across the six cell
clusters in GSE202379.(H) UMAP projection of eight cell clusters from scRNA-seq data of liver tissues in cirrhosis patients and healthy controls (GSEI36103).(1-K)
Expression levels of THBS2, VWF, and AKRIBI0 between cirrhosis and healthy control groups in GSEI36103.

THBS2, VWEF, NFASC, and AKRIBI10 Serve as Diagnostic Biomarkers for Advanced
Fibrosis in NAFLD

In strict accordance with the inclusion and exclusion criteria, this study enrolled 119 NAFLD patients confirmed by liver
histopathology, including 36 patients with advanced fibrosis and 83 patients with mild fibrosis. The two groups showed
no significant differences in baseline characteristics such as age, gender, diabetes, hypertension, or NAFLD Activity
Score (NAS) (Table 1). Patients in the advanced fibrosis group exhibited significantly elevated levels of serological non-
invasive liver fibrosis indices (APRI, NFS, FIB-4), BMI, and AST, along with decreased ALB and PLT levels. In
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Figure 7 Proteome-wide and Genome-wide Mendelian randomization analysis of NAFLD and NASH. (A) Forest plot showing the causal relationships between cis-pQTLs
of the diagnostic biomarkers and NAFLD.(B) GO enrichment analysis of proteins corresponding to cis-pQTLs causally associated with NAFLD.(C) Forest plot illustrating the
causal relationships between cis-eQTLs of the diagnostic biomarkers and NAFLD.(D) Volcano plot of proteins corresponding to cis-pQTLs causally associated with NASH.
(E) Forest plot demonstrating the causal relationships between cis-pQTLs of the diagnostic biomarkers and NASH.(F) KEGG enrichment analysis of proteins corresponding
to cis-pQTLs causally associated with NASH. (G) Forest plot depicting the causal relationships between cis-eQTLs of the diagnostic biomarkers and NASH.

comparison to the established non-invasive indices (APRI, NFS, and FIB-4), THBS2 and NFASC demonstrated superior
diagnostic accuracy (AUC = 0.867 and 0.834, respectively), while VWF and AKR1B10 exhibited comparable perfor-
mance (AUC = 0.777 and 0.733, respectively) (Figure 8A and B). Correlation analysis further confirmed that the four
biomarkers showed stronger correlations with pathological fibrosis stages (r =0.59-0.69) compared to APRI, NFS, and
FIB-4 (r = 0.54-0.55) (Figure 8C). Notably, all four biomarkers were significantly negatively correlated with ALB and
PLT (Figure 8E). Random Forest algorithm analysis also indicated that the variable importance rankings of THBS2 and
NFASC in diagnosing advanced fibrosis were higher than those of APRI, NFS, and FIB-4, suggesting the superior
clinical diagnostic performance (Figure 8D).

Discussion

This study identified THBS2, VWF, NFASC, and AKR1B10 as novel diagnostic biomarkers for advanced fibrosis in
NAFLD patients through integrated analysis of liver transcriptomic sequencing and peripheral blood proteomic data. The
findings revealed that THBS2 and NFASC are specifically highly expressed in HSCs, with their levels significantly
increasing as fibrosis progresses. MR analysis further demonstrated that cis-eQTLs of THBS2 act as a protective factor
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Table | Baseline Characteristics of the NAFLD Patient Cohort

Variable Mild Fibrosis (N=83) Advanced Fibrosis (N=36) Reference P value
Range

Age 50.10+12.90 53.89+12.38 0.139

Gender 0.068

Male 32 (38.55%) 7 (19.44%)

Female 51 (61.45%) 29 (80.56%)

Diabetes 0.488

Yes 6 (7.23%) 4 (11.11%)

No 77 (92.77%) 32 (88.89%)

Hypertension 0.603

Yes 19 (22.89%) 6 (16.67%)

No 64 (77.11%) 30 (83.33%)

BMI 24.75+2.49 27.23%2.69 <0.001

NAFLD Activity Score (NAS) 3.00 (3.00,5.00) 3.00 (3.00,4.00) 0.326

Laboratory Parameters

AST, U/L 45.00 (29.50,80.50) 78.00 (43.75,134.00) 15-40 0.002

ALT, U/L 49.00 (28.00,97.50) 61.00 (29.50,101.75) 9-50 0.302

ALB, g/L 41.00 (37.10,44.05) 35.10 (29.27,40.12) 40-55 <0.001

TBIL, umol/L 16.53 (11.80,24.02) 28.96 (19.06,63.59) 0-26 <0.001

DBIL, umol/L 3.60 (2.34,7.93) 7.72 (4.78,30.06) 0-4 <0.001

IBIL, umol/L 12.10 (9.32,16.78) 19.42 (13.55,33.18) 1-17 <0.001

PT, s 11.10 (10.55,11.90) 12.50 (11.38,13.53) 10.7-14 <0.001

APTT, s 32.70 (30.85,35.30) 34.05 (33.12,36.70) 28-45 0.051

Fib, g/L 2.82+0.73 2.34+0.71 1.75-4.35 0.001

D-DIMER, mg/L 0.30 (0.20,0.50) 0.69 (0.30,1.47) 0-0.5 <0.001

PLT, 10°/L 218.00 (161.00,274.50) 122.00 (85.75,207.00) 125-350 <0.001

Serum-Based Non-Invasive Diagnostic Indicators

for Liver Fibrosis

APRI 0.59 (0.30,1.06) 1.74 (0.88,2.59) <0.001

NFS —1.69 (—3.14,-0.55) 0.33 (—1.08,1.64) <0.001

FIB-4 1.60 (0.94,3.26) 471 (2.32,8.18) <0.001

for NAFLD, whereas cis-pQTLs of THBS2 serve as a risk factor for NASH, suggesting that THBS2 may contribute to
the pathogenesis of NAFLD/NASH through differential regulation at the genetic and protein levels. Additionally,
pathway analysis and intercellular communication studies indicated that fibrosis and inflammation play critical roles in
the pathogenic mechanisms of NAFLD. In the clinical validation cohort, THBS2, VWF, NFASC, and AKR1B10
exhibited robust diagnostic performance (THBS2 AUC =0.867; AKR1B10 AUC = 0.733; NFASC AUC =0.834; VWF
AUC =0.777). Compared to APRI, NFS, and FIB-4, their combination improves diagnostic specificity and reduces the
risk of missed or misdiagnosis associated with single-marker testing. Moreover, these four biomarkers can be clinically
detected using established techniques such as ELISA and chemiluminescence, requiring only 50uL of peripheral blood,
making them suitable for large-scale screening.

The baseline characteristics of our study cohort (Table 1) reveal distinct differences between patients with mild
fibrosis (FO-F2, N=83) and advanced fibrosis (F3-F4, N=36). The advanced fibrosis group exhibited a significantly higher
body mass index (BMI) (27.23£2.69 kg/m? vs 24.75+2.49 kg/m? P<0.001), consistent with existing evidence that
obesity is a key driver of liver fibrosis progression in NAFLD.*!** This finding underscores the importance of weight
management as a potential intervention strategy for delaying fibrosis advancement. Regarding laboratory parameters,
marked abnormalities were observed in the advanced fibrosis group, reflecting impaired liver function. Specifically, the
advanced fibrosis group had significantly lower serum albumin (ALB, 35.10 vs. 41.00 g/L, P<0.001) and substantially
elevated AST, and total/ direct/indirect bilirubin (all P<0.001), indicating hepatocellular damage and cholestasis.
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Figure 8 Diagnostic value of the four biomarkers THBS2, VWF, NFASC, and AKRIBI0 in the NAFLD patient cohort. (A) ROC curves of THBS2, VWF, NFASC, and
AKRIBI10 in the NAFLD patient cohort. (B) ROC curves of the three serological non-invasive liver fibrosis indices (APRI, NFS, and FIB-4) in the NAFLD patient cohort.
(€) Heatmap showing correlations between the four diagnostic biomarkers, three serological non-invasive indices, and liver pathological fibrosis scores. (D) Variable
importance ranking derived from the Random Forest algorithm. (E) Heatmap of correlations between THBS2, VWF, NFASC, and AKRIBI10 and clinical variables. *P < 0.05,

P < 0.01, ¥*P < 0.001, ****P < 0.0001.

Moreover, platelet count (PLT) was also reduced (both P<0.001), indicating splenic hyperfunction, which was typical
characteristic of advanced liver fibrosis (or cirrhosis).” Consistent with the above findings, serological non-invasive liver
fibrosis indices (APRI, NFS, FIB-4) were significantly elevated in the advanced fibrosis group (all P<0.001), confirming
their utility in distinguishing mild and advanced fibrosis.**'> Notably, our study not only validates the performance of
these established tools but also proposes novel biomarkers (THBS2, AKR1B10, NFASC, VWF) to address the limita-

tions of current diagnostics, especially in ambiguous cases.

https: I 5

Journal of Inflammation Research 2026:19



Ding et al

THBS2, primarily expressed in activated HSCs, is involved in collagen formation and maintenance of cell adhesion,
and has been closely associated with advanced fibrosis and immune cell infiltration in NAFLD.'>33** It is also strongly
linked to obesity-related metabolic syndrome and the development of metabolic-associated fatty liver disease.>
Interestingly, our MR analysis revealed an intriguing stage-specific dichotomy: cis-eQTLs of THBS2 acted as
a protective factor against NAFLD, whereas cis-pQTLs were identified as a risk factor for NASH. This apparent
contradiction highlights the complex dynamics of liver disease progression. Biologically, early transcriptional upregula-
tion of THBS2 might serve as a compensatory metabolic defense. For instance, as a well-characterized ligand for the
CD36 receptor, THBS2 can interact with CD36 to potentially restrict excessive hepatic free fatty acid uptake during
initial steatosis.’® Nevertheless, as the disease progresses to advanced fibrosis, the extracellular accumulation of THBS2
protein, as reflected by cis-pQTLs, exerts pathogenic matricellular functions. Mechanistically, extracellular THBS2
activates HSCs in an autocrine manner through the TLR4/FAK/TGF-f} pathway, promoting fibrogenic and inflammatory
responses. Conversely, inhibition of THBS2 expression in HSCs has been shown to ameliorate liver fibrosis and
inflammation.'*** Consistent with this pathological role, circulating THBS2 is strongly associated with advanced liver
disease. In a clinical cohort comprising 820 patients with type 2 diabetes and NAFLD, serum THBS2 levels are identified
as a risk factor for advanced fibrosis (OR = 5.13, P <0.001). After 18 months of follow-up, 8.8% of the cohort progresses
to advanced fibrosis, and further analysis confirms that baseline THBS2 levels remain a predictor of incident advanced
fibrosis (OR = 2.82, P = 0.005).37 It should be noted, however, that this cohort use vibration-controlled transient
elastography (VCTE), rather than liver biopsy, to assess advanced fibrosis. Consistent with our findings, studies in
NAFLD patients undergoing liver biopsy have also shown that THBS2 is significantly correlated with hepatocyte
degeneration and fibrosis, and can serve as a diagnostic biomarker for advanced fibrosis, with an AUC exceeding
0.8.'%3* Nevertheless, the application of THBS2 in clinical practice has not yet been widely adopted. In this study, by
constructing a NAFLD patient cohort confirmed by liver biopsy, we further demonstrated that serum THBS2 levels are
significantly positively correlated with the degree of liver fibrosis and could function as a diagnostic biomarker for
advanced fibrosis (AUC =0.867), providing a novel potential target for non-invasive risk stratification in NAFLD
patients.

VWE, primarily synthesized by megakaryocytes and endothelial cells, plays a crucial role in hemostasis in humans,
while also contributing to angiogenesis and wound healing.*® Recent studies have shown that deficiency of VWF
ameliorates fibrosis in a long-term carbon tetrachloride-induced mouse model of liver fibrosis, though it does not
significantly protect against hepatocyte necrosis.***® The underlying mechanism may involve the binding of VWF to
tumor necrosis factor receptor superfamily member 11B on the surface of HSCs, leading to HSC activation.*! Elevated
VWEF levels are significantly associated with the progression of advanced liver disease and hepatic complications, serving
as a predictive indicator for hepatic decompensation and mortality.**** Furthermore, VWF and its ratio to platelets have
been validated as diagnostic biomarkers for advanced fibrosis and cirrhosis in patients with chronic hepatitis C.* 1t is
noteworthy that the diagnostic value of VWF in advanced fibrosis related to NAFLD remains unclear, and the specific
mechanisms through which it promotes fibrosis require further investigation. The potential of VWF as a diagnostic
biomarker, as proposed in this study, warrants validation in larger clinical cohorts. Its significant overexpression in
endothelial cells of cirrhosis patients also merits deeper exploration to elucidate its role in the progression of fibrosis.

NFASC, an important cell adhesion molecule, generates isoforms such as NF155 through alternative splicing. It is
primarily expressed in the central and peripheral nervous systems, where it regulates neuronal development, axonal
guidance, and myelination.***® Although no direct evidence currently links NFASC to the pathogenesis or fibrosis
progression of NAFLD, this study found that NFASC is specifically enriched and significantly upregulated in HSCs of
patients with advanced NAFLD fibrosis.*” We hypothesized that NFASC may promote hepatic inflammation and fibrosis
by mediating interactions between immune cells and HSCs. Clinical cohort analysis further supported NFASC as
a potential diagnostic biomarker for advanced fibrosis (AUC = 0.834). Interestingly, NFASC expression exhibited
a decreasing trend in HFD-fed LDLr knockout mice. While these mice predominantly develop NASH with early-to-
moderate fibrosis, they fail to fully recapitulate the advanced fibrotic microenvironment that evolves over decades in
NAFLD patients. Furthermore, the hepatic immune infiltration, inflammatory signaling responses, and the temporal
kinetics of HSCs activation may differ substantially between NAFLD patients with advanced fibrosis and this murine
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model. During the compressed pathological timeframe in mice, acute metabolic stress may temporarily suppress NFASC
expression. Conversely, the chronic and sustained HSCs activation in humans likely drives NFASC upregulation, which
acts as a stable mediator of pathological liver remodeling. Consequently, the profound upregulation of NFASC in
NAFLD patients with advanced fibrosis likely represents a specific molecular signature of chronic HSCs activation
and advanced extracellular matrix stabilization.

AKRI1B10 has been implicated in clinical cohort studies utilizing omics technologies, which demonstrate that its
peripheral blood concentration is closely associated with NAFLD activity and fibrosis stage. Integrated diagnostic models
incorporating AKRIB10 have shown effectiveness in identifying liver fibrosis and high-risk NASH, underscoring its
potential value in clinical translation.'”*® However, in our cohort, AKRIB10 demonstrated a moderate diagnostic
performance for advanced fibrosis (AUC = 0.733), which was lower than those of the ECM-related proteins THBS2
and NFASC. This disparity may be explained by the biological nature of AKR1BI10. It is primarily an upstream
metabolic enzyme rather than a direct structural component of the extracellular matrix. It may participate in NAFLD
pathogenesis through regulating oxidative stress, endoplasmic reticulum stress, retinoic acid metabolism, and prosta-
glandin transformation.*>>* Notably, knockout of AKRIB10 has been shown to ameliorate fibrosis, fatty acid and
glucose metabolic disorders, and reduce the expression of pro-inflammatory cytokines in NAFLD.>'*? This highlights its
role as an active driver of disease progression rather than a passive consequence of advanced fibrosis.

The pathogenesis of NAFLD involves a complex pathophysiological network with multiple contributing factors and
processes, centered around a vicious cycle of metabolic injury, inflammatory response, and fibrosis formation that
collectively drives disease progression.”® Hepatic macrophages, upon sensing stress and damage signals from stromal
cells, activate inflammatory pathways and secrete chemokines to recruit immune cells such as circulating monocytes,
while also clearing cellular debris.’* Single-cell sequencing has further revealed a monocyte-derived scar-associated
macrophage subpopulation (TREM2'CD9") that expands significantly in fibrotic areas alongside endothelial cells
(ACKRI"PLVAP"). These cells promote fibrosis and immune cell infiltration through ligand-receptor interactions.'®
Consistent with these findings, our intercellular communication analysis demonstrated that interactions among macro-
phages, cholangiocytes, and HSCs were markedly enhanced in advanced fibrosis, potentially facilitating fibrotic
progression via PTPRM and PDGFR signaling pathways. In chronic liver injury, HSCs play a central role in fibrosis
by activating and transdifferentiating into myofibroblasts, further accelerating fibrosis through autocrine
mechanisms.'®*7> SCENIC analysis indicated that the GATA6 regulon was specifically enriched in HSCs. This
transcription factor is a key regulator promoting the reversal of activated HSCs (myofibroblast-like phenotype) to
a quiescent-like state (inactivated HSCs). Knockout of GATA6 impedes HSC deactivation, leading to sustained over-
expression of pro-fibrotic genes such as collagen.®

This study integrated multi-omics data and clinical cohort analyses to comprehensively evaluate the diagnostic
performance of THBS2, VWF, NFASC, and AKR1B10. Together, these form a novel biomarker panel for the rapid
clinical identification of advanced NAFLD fibrosis. Subsequently, by incorporating single-cell sequencing data, we
further elucidated the regulatory roles of HSCs and macrophages in the progression of fibrosis. The study revealed that
THBS2 and NFASC were highly expressed in HSCs, with THBS2 having been previously validated by multiple studies
to promote HSC activation and serve as a diagnostic marker for both NASH and advanced fibrosis.

Nevertheless, our study has several limitations that warrant acknowledgment. First, this was a single-center retro-
spective study with a relatively small sample size, which may restrict the generalizability of our findings. However, this
single-center design also provided a distinct advantage by ensuring strict uniformity in patient management, biopsy
protocols, and sample cryopreservation. Second, the histological staging of NAFLD fibrosis was evaluated by a single
highly experienced pathologist. Although this senior pathologist was strictly blinded to the patients’ clinical data to
minimize subjective bias, the absence of an independent review by a second pathologist remains a limitation. Third,
serum biomarker levels were quantified using a single ELISA kit. While this approach effectively eliminated inter-assay
variability across different manufacturers and ensured internal consistency within our cohort, it emphasizes the need for
cross-platform validation. Finally, although we lacked comprehensive FibroScan data for a direct comparison with our
identified biomarker panel, our reliance on biopsy-confirmed staging ensures the highest diagnostic accuracy for the
cohort.
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