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Abstract. Nonalcoholic steatohepatitis (NASH) is emerging 
as the primary driver of liver disease‑induced fibrosis. The 
imperative need for noninvasive biomarkers to ascertain 
disease progression stage is evident. The present study eluci‑
dated the biological roles of hub genes that could potentially 
serve as diagnostic markers for NASH. Using an in  vivo 
approach, C57BL/6J mice were subjected to a high‑fat and 
fructose diet (HFFD) for 6, 10, 14, 18 or 22 weeks. Serological 
biochemical indices were assessed and liver specimens were 
obtained to identify potential markers linked to the NASH 
process, employing a comprehensive strategy that combined 
transcriptomic and histopathological analyses. The HFFD 
regimen induced hyperlipidemia, obesity and insulin resis‑
tance, progressively culminating in NASH with fibrosis 
over time. The transcriptomic analyses indicated temporal 
patterns of pivotal gene sets intricately connected to NASH 
progression, which encompassed processes such as glucose 
homeostasis, inflammatory responses, reactive oxygen 
species‑mediated damage, lipid metabolism disruptions and 

the formation of fibrotic tissue. Among these genes, Serpine1 
and Mmp9 demonstrated promising diagnostic potential 
for NASH, with their intrahepatic mRNA expression levels 
serving as robust indicators. Moreover, the levels of PAI‑1 
(encoded by the Serpine1 gene) and MMP‑9 in the serum of 
mice demonstrated a parallel increase with the duration of 
HFFD intervention. In vitro experiments utilizing HepG2 
cells further validated these findings, demonstrating a signifi‑
cant elevation in the protein expression levels of both PAI‑1 
and MMP‑9 upon exposure to free fatty acids, in agreement 
with the results of the animal study. Consequently, PAI‑1 and 
MMP‑9 are promising noninvasive biomarkers for assessing 
the progression of NASH.

Introduction

Nonalcoholic fatty liver disease (NAFLD) is a pathological 
condition characterized by the excessive accumulation of 
fat within liver cells, unrelated to alcohol consumption or 
other recognized liver injury factors (1). The ailment can be 
categorized into four stages: i) Simple fatty liver (NAFL); 
ii) nonalcoholic steatohepatitis (NASH); iii) liver fibrosis; and 
iv) liver cirrhosis (2). The prevalence of NAFLD has experi‑
enced a sharp rise globally, reaching 25% due to the escalating 
number of individuals affected by obesity (3). NAFLD has 
evolved into a substantial public health concern due to its 
high prevalence, association with metabolic disorders, such 
as obesity, insulin resistance and dyslipidemia, and potential 
progression toward advanced liver disease  (4). During the 
progression of NAFLD, 5‑20% of patients initially diagnosed 
with simple hepatic steatosis will develop NASH (5). Serving 
as an inflammatory subtype of NAFLD, NASH represents 
a severe liver disorder characterized by hepatic steatosis, 
hepatocyte ballooning and lobular inflammation (6). NASH 
constitutes a significant transitional phase from simple hepatic 
steatosis to more severe liver ailments, and ~25% of patients 
with NASH will develop liver fibrosis (7). In the absence of 
proper medical intervention, NASH can culminate in liver 
cirrhosis and hepatocellular carcinoma (8). Recent findings have 
also identified its involvement as a cofactor in cardiovascular 
disease and other life threatening cancers, further emphasizing 
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its critical implications (9). Consequently, the identification of 
patients with NASH at an elevated risk of progressing to end 
stage liver disease is imperative for effective risk assessment 
and management (10,11). Moreover, Steatosis, Activity, and 
Fibrosis activity score ≥2 (sum of ballooning and inflamma‑
tion) (12) or NASH activity score (NAS) ≥4 (sum of steatosis, 
ballooning and inflammation) (13) is considered indicative of 
high risk NASH, signifying an elevated probability of disease 
progression (14). NAFLD is a dynamic condition, with varying 
steatohepatic activity over time and fibrosis stages that can 
either progress or regress, contingent upon diverse genetic, 
dietary, exercise, epigenetic and environmental factors (15). 
The identification of efficacious biomarkers for risk stratifica‑
tion and approved pharmacological treatments represent major 
challenges in NAFLD management (16). The identification of 
reliable biomarkers for risk stratification is pivotal in NAFLD 
management, as it facilitates the prediction of disease progres‑
sion and the identification of patients requiring more intensive 
treatment (17).

Currently, liver biopsy remains the preferred method for 
diagnosing NASH, utilizing pathological examination (18). 
However, this method has inherent limitations, including 
procedural complexities, high expenses, invasiveness and 
the potential for sampling variability, among others, which 
prevent its widespread adoption (19). While diagnostic models 
based on NASH risk factors have seen limited application, 
biomarkers targeting key mechanisms in NAFLD pathogen‑
esis exhibit lower accuracy compared with histology (20). 
The exploration of novel, effective biomarkers is therefore 
warranted, requiring a deeper comprehension of the physi‑
ological mechanisms underpinning NASH. Consequently, 
the development of noninvasive biomarkers has become 
imperative to supplant invasive diagnostic procedures such 
as liver biopsy while accurately predicting the presence 
and severity of NASH (21). Predictive scores, such as the 
fibrosis‑4 score  (22) and the NAFLD fibrosis score  (23), 
have been devised to evaluate fibrosis in NAFLD. However, 
their performance can vary according to the studied popu‑
lation, occasionally yielding indeterminate results  (24). 
Moreover, these scores fail to provide insightful perspec‑
tives into the underlying mechanisms of NASH, which is 
pivotal for targeted therapeutic advancements (25). Direct 
fibrosis markers, including the enhanced liver fibrosis score, 
N‑terminal type III collagen propeptide and a blood‑based 
biomarker panel, have been utilized for the prediction of 
fibrosis and/or NASH susceptibility (26‑28). Nevertheless, 
these markers possess limitations, such as reduced accuracy 
in identifying the presence of a condition in individuals 
who test positive or their exclusive applicability to high 
risk NASH populations without independently assessing 
significant fibrosis subgroups  (29). Consequently, further 
research is imperative to develop more precise and depend‑
able biomarkers for risk stratification in NAFLD (30‑32). 
Additionally, these tools lack the ability to capture the 
dynamic nature of fibrosis progression or regression. This 
inherent lack of specificity and granularity has hindered the 
identification of prospective biomarkers for early diagnosis 
and therapeutic strategies for NAFLD (33). Thus, a more 
comprehensive and sophisticated approach is required 
to comprehensively grasp the dynamic nature of disease 

progression and identify potential intervention targets. As a 
result, efforts have intensified in the development of serum 
(plasma) biomarkers capable of assessing NASH‑related 
hepatic fibrosis and its dynamics (34,35).

Human serum and plasma serve an indispensable role 
in the exploration of biomarkers and pathways, given the 
intricate complexity and diverse array of circulating proteins 
implicated in fundamental biological processes  (36,37). A 
comprehensive understanding of the molecular anomalies 
underlying NAFLD progression has been attained through the 
analysis of liver tissue transcriptomes obtained from affected 
patients  (17,38,39). The identification of specific proteins 
associated with NAFLD progression enables the development 
of noninvasive diagnostic tools capable of gauging NAFLD 
severity and predicting disease advancement. Furthermore, 
the discovery of serum biomarkers linked to NAFLD holds the 
potential to unveil novel therapeutic targets for its treatment. 
Authoritative studies have proposed that serum biomarkers 
such as fibroblast growth factor 21 and cytokeratin‑18 exhibit 
promise as potential targets for NAFLD treatment (40‑42). 
Moreover, the identification of novel serum biomarkers for 
NAFLD diagnosis and prognosis has been reported to expe‑
dite the identification of novel therapeutic targets  (43‑45). 
These findings underscore the substantial potential of serum 
biomarkers as targets for NAFLD treatment, meriting further 
research in this realm (46).

The existing comprehension of disease pathogenesis in 
NAFLD predominantly relies on investigations that focus on 
a solitary time point, typically corresponding to end stage 
disease (16). Nonetheless, this approach fails to provide insight 
into the temporal dynamics and chronological progression of 
the disease, aspects that remain inadequately understood (10). 
The objective of the present study was to delve into the progres‑
sion of NASH and fibrosis in mice subjected to a high‑fat and 
fructose diet (HFFD) via a comprehensive time‑course study. 
Emphasis was placed on scrutinizing the temporal fluctuations 
in pivotal mechanisms implicated in the development of these 
conditions. Transcriptomic analysis of liver tissues identified 
an array of proteins potentially secreted into the serum of mice 
afflicted with NASH and/or fibrosis. In the pursuit of unrav‑
eling the molecular processes which underlie active fibrosis, 
a combined strategy was adopted, encompassing transcrip‑
tomics and histopathological data within the framework of 
integrative systems biology. To assess the clinical significance 
and prospective applicability of these findings, an evaluation 
of their translational utility was deemed necessary. The diag‑
nostic capability was gauged using human NASH datasets and 
subsequently validated alterations in protein expression at the 
cellular level.

Materials and methods

Animal temporal study. For the present study, male C57BL/6J 
mice (weight, 18±2 g) at four weeks of age were housed in 
a pathogen‑free animal facility at Xinjiang Animal Testing 
Center Research (Urumqi, China), where they were accom‑
modated in group housing and provided unrestricted access 
to food and water. The room maintained controlled tempera‑
ture conditions (20‑24˚C, 40‑60% relative humidity) and 
followed a 12 h light/dark cycle. This experimental protocol 
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received ethical approval from The Xinjiang Animal Testing 
Center Research Animal Ethics Committee (Urumqi, China; 
approval no. XJIMM‑20210417) and all research involving 
animals adhered strictly to globally acknowledged standards 
and regulations.

The mice were randomly allocated into two groups, each 
with distinct dietary regimens (n=6/group): i) Normal diet 
(chow diet from Jiangsu Xietong Biomedical Engineering Co., 
Ltd.) along with distilled water; and ii) High fat (HF) diet (60% 
HF diet from Jiangsu Xietong Biomedical Engineering Co., 
Ltd.) along with a 4% w/v aqueous fructose solution (Shanghai 
Aladdin Biochemical Co., Ltd.), both groups were assessed 
at 0, 6, 10, 14, 18 and 22 weeks. The chow diet consisted 
of 20% protein, 10% fat and 70% carbohydrate in terms of 
caloric content, whereas the high fat diet was comprised of 
20% protein, 60% fat and 20% carbohydrate. The inclusion of 
4% w/v fructose in the high fat diet equated to the high level 
of fructose consumption reported in adults, which amounts to 
90 g/day (47).

All experimental procedures were performed during the 
light phase. Mice were euthanized at 6, 10, 14, 18 and 22 weeks 
after the initiation of the respective diets. At 4 week intervals, 
a subset of overnight fasted mice were euthanized by deep 
anesthesia with pentobarbital sodium (100 mg/kg, intraperito‑
neally) followed by cervical dislocation. Blood samples were 
obtained via the eye for serum collection. Liver tissues were 
isolated, with a portion fixed in 10% formalin (24 h at room 
temperature) and embedded in paraffin wax for conventional 
histochemical examination and another segment flash‑frozen 
in liquid nitrogen and stored at ultralow temperatures (‑80˚C) 
until analysis. This approach facilitated precise RNA isolation 
for subsequent transcriptomics profiling.

Biochemical analysis. Total serum triglyceride, total choles‑
terol, low‑density lipoprotein‑cholesterol, high‑density 
lipoprotein‑cholesterol and non‑esterified fatty acids (NEFAs) 
were quantified using commercial assay kits (cat. nos. A111, 
A110, A113, A112 and A042; Nanjing Jiancheng Bioengineering 
Institute). Serum alanine aminotransferase (ALT) and aspar‑
tate aminotransferase (AST) levels were determined through 
spectrophotometric activity assays (cat. nos. C010 and C009; 
Nanjing Jiancheng Bioengineering Institute). Hepatic and 
serum malondialdehyde (MDA), superoxide dismutase (SOD) 
and glutathione peroxidase (GSH‑px) were measured using a 
colorimetric method (cat. nos. A003, A001 and A005; Nanjing 
Jiancheng Bioengineering Institute). Blood glucose levels 
were determined immediately after sampling using a hand‑
held glucose analyzer. Serum insulin levels were determined 
utilizing a mouse insulin enzyme‑linked immunosorbent assay 
(cat. no. H203; Nanjing Jiancheng Bioengineering Institute). 
Insulin resistance was evaluated through the Homeostatic 
Model Assessment for Insulin Resistance (48), calculated as 
fasting plasma insulin (µg/l) multiplied by fasting plasma 
glucose (mmol/l) and then divided by 22.5. IL‑6, IL‑1β and 
TNF‑α levels in serum were assessed using commercial assay 
kits employing the ELISA method (cat. nos. E20012, E20533 
and E20220; Xingtai Sinobest Biotech Co., Ltd.). Serum liver 
fibrosis‑related markers, including hyaluronic acid (HA), 
laminin (LN), type III  precollagen (PC‑III) and type I V 
collagen (IV‑C), were analyzed utilizing commercial assay kits 

and the ELISA method (cat. nos. JL20576, JL20286, JL20127 
and JL20170; Shanghai Jianglai Biological Technology 
Co., Ltd.). All kits were used according to the manufacturer's 
protocols.

Liver histologic analysis. Once the wax block had been prop‑
erly trimmed, it was positioned on a paraffin microtome for 
sectioning at a thickness of 4 µm. The resultant sections were 
then placed in a 40˚C water bath to prevent inadvertent folding. 
The sections were then lifted using a glass slide and dried in 
a 60˚C oven. subsequently, the sections were stored at room 
temperature. For the histological analysis of the liver, a trans‑
verse section of the median lobe measuring 3 µm in thickness 
was prepared and subjected to staining with hematoxylin for 
15 min and eosin for 1 min at room temperature. An impartial 
evaluation of NAFLD was performed by a liver pathologist, 
utilizing a generalized scoring system relevant to rodent 
models. This system was derived from the grading criteria 
established for the NAS (12), defined as the sum of steatosis 
(0‑3), inflammation (0‑3), and hepatocyte ballooning (0‑2). To 
assess the degree of hepatic fibrosis, the Kleiner classification 
system (13), using a 5‑point scale (F0‑F4), was employed. The 
histological assessment of fibrosis necessitated the staining 
of tissue samples using the Masson's Trichrome Stain Kit 
(cat. no. G1340; Beijing Solarbio Science & Technology Co., 
Ltd.), according to the manufacturer's protocol. Images were 
captured using a light optical microscope (Leica DM2000, 
Leica Microsystems GmbH). ImageJ 1.8.0 (National Institutes 
of Health) is used for the analysis of pathological tissue 
sections.

Biomarker selection and identification
Transcriptomic analysis of the liver. Ambion total RNA 
isolation kit (cat. no.  AM1912; Thermo Fisher Scientific, 
Inc.) was used to extract RNA from the livers of mice that 
were subjected to either chow or HFFD diets at multiple time 
points (n=3 for both groups) 6, 10, 14, 18 and 22 weeks). The 
quality and concentration of the RNA was determined spec‑
trophotometrically using a Nanodrop 1000 (Thermo Fisher 
Scientific, Inc.). The Illumina TruSeq RNA Sample Prep kit 
(cat. no. RS‑122‑2001; Illumina, Inc.) was used for the library 
preparation according to the manual.

Prepared libraries were performed by VAHTS Stranded 
mRNA‑seq Library Prep Kit (cat. no. NR612‑01; Vazyme 
Biotech Co., Ltd.) according to the manual. Qubit 2.0 
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to detect 
the concentration of the library, and the loading concentration of 
the library were pooled at 10 nM concentration, we performed 
the 2x150 bp paired‑end sequencing (PE150) and an average 
read depth of 15 million read pairs per library on an Illumina 
Novaseq™ 6000 (Illumina, Inc.) following the vendor's recom‑
mended protocol. Differentially expressed genes (DEGs) 
were identified at weeks 6, 10, 14, 18 and 22 utilizing the 
DEseq method (version 1.2.10; https://bioconductor.org/pack‑
ages/release/bioc/html/DESeq2.html)  (49). The statistical 
significance of protein‑coding genes was determined by 
establishing a false discovery rate‑corrected q‑value <0.05, 
coupled with a fold change exceeding |1.2|. The enrichment 
analysis including Gene Ontology (GO; https://www.geneon‑
tology.org/) and Kyoto Encyclopedia of Genes and Genomes 
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(KEGG; https://www.genome.jp/kegg/) was performed 
with cluster Profiler R package (4.8.3; https://bioconductor.
org/packages/release/bioc/html/clusterProfiler-html)  (50). 
For the validation study, RNA‑sequencing data from the 
GSE135251 dataset (35) were scrutinized, dataset were down‑
loaded from the GEO database (www.ncbi.nlm.nih.gov/geo/). 
This dataset comprised hepatic transcriptome information 
from 206 patients with histologically characterized NAFLD, 
collected from the European NAFLD Registry. To identify 
genes whose hepatic expression changes were reflected periph‑
erally, we focused on the predicted secreted proteins according 
to the Human Protein Atlas database (proteinatlas.org/).

Reverse transcription quantitative PCR assay. The 
procedure for preparing liver tissue samples is outlined as 
follows: i) A small quantity of liver tissue was placed into 
a grinding tube containing 2 ml of TRIzol® lysis solution 
(cat. no. 15596026; Thermo Fisher Scientific, Inc.); ii) steel 
grinding beads were added, and the tissue was ground at 60 
Hz for 90 sec; iii) the resultant liver tissue homogenate was 
transferred to a 1.5 ml Eppendorf tube and 200 µl of chlo‑
roform was added; iv)  the mixture was vigorously shaken 
for 15 sec and subsequently subjected to centrifugation at 
12,000 x g for 15 min at 4˚C. Following this, total RNA was 
extracted from a 300 µl mixture using a nucleic acid extrac‑
tion kit (cat. no. DP431; Tiangen Biotech Co., Ltd.) according 
to the manufacturer's protocol. The RNA concentration 
was diluted to a concentration of 500 ng/µl. Subsequently, 
the PrimeScript™ RT reagent kit with gDNA Eraser (cat. 
no. RR047A; Takara Bio, Inc.) was employed for RNA reverse 
transcription to generate cDNA according to the manufac‑
turer's instructions. Specifically, the RT1 reaction system was 
composed of 2 µl RNA, 2 µl 5x gDNA eraser buffer, 1 µl 
gDNA eraser and 5 µl RNase‑free H2O. The RT2 reaction 
system consisted of 1 µl RT primer mix, 4 µl 5x primer buffer, 
1 µl enzyme and 4 µl RNase‑free H2O. For the quantitative 
analysis of target mRNAs, including Cdk1, Clic6, Col11a1, 
Col1a1, Comp, Cxcl10, Fgf23, Gdf15, Gstp1, Igfbp2, Il1rn, 
Itgax, Itgbl1, Lama2, Mmp9, Serpine1, Trem2, Vcan, Akr1d1, 
Cxcl14, Enho, Pklr, Plin1, Pon3, Apoa4, Apoc2, Ccl20 and 
Gapdh, cDNA was amplified using quantitative PCR in a 
20 µl TB green (cat. no. RR820A; Takara, Bio, Inc.) reaction 
mixture. After the reverse transcription products were placed 
on ice, quantitative PCR was performed using the Takara TB 
Green qPCR Master Mix kit. The reaction mixture for each 
reaction well was 20 µl, containing 10 µl TB Green, 0.2 µl 
forward primer, 0.2 µl reverse primer, 0.4 µl dye II, 7.2 µl 
ddH2O and 2 µl cDNA. The thermocycling conditions for 
the reaction were as follows: 95˚C for 30 sec, followed by 
40 cycles of amplification, with each cycle comprising 5 sec 
at 95˚C and 30 sec at 60˚C. RT‑qPCR fluorescence detec‑
tion was performed using an ABI7500 instrument (Thermo 
Fisher Scientific, Inc.). The reference gene, Gapdh was 
selected for the calculation of relative expression levels of 
each gene, utilizing the 2‑ΔΔCq method (51). Table SI provides a 
comprehensive overview of the primers utilized in the study.

Western blotting analysis. Liver tissue samples were 
prepared by grinding 100 mg of tissue in liquid nitrogen 
with RIPA buffer (cat. no. R0020; Beijing Solarbio Science 

& Technology Co., Ltd.). The lysate was thawed on ice for 
30 min and centrifuged at 12,000 x g for 10 min at 4˚C. 
The resulting supernatant was collected and the protein 
concentration was quantified using a bicinchoninic acid assay 
kit (cat. no. PC0020; Beijing Solarbio Science & Technology 
Co., Ltd.). The protein samples (30 µg/well) were separated 
through 10% sodium dodecyl sulfate‑polyacrylamide gel 
electrophoresis (cat. no. P1200; Beijing Solarbio Science & 
Technology Co., Ltd.) and transferred onto PVDF membranes 
(cat. no. IPVH00010; MilliporeSigma; Merck KGaA) utilizing 
a wet transfer technique. For blocking, membranes were 
incubated with a 7.5% solution of skim milk (cat. no. P0216; 
Beijing Solarbio Science & Technology Co., Ltd.) in 1x TBST 
(0.1% Tween‑20; cat. no. T1082; Beijing Solarbio Science 
& Technology Co., Ltd.) for 2 h at room temperature. The 
specific bands were subsequently excised based on the 
target molecular weight and then incubated with primary 
antibodies against Plasminogen activator inhibitor‑1 (PAI‑1; 
1:1,000; cat. no. 13801‑1‑AP; Proteintech Group, Inc.), Matrix 
metalloproteinase‑9 (MMP‑9; 1:500; cat. no. 27306‑1‑AP; 
Proteintech Group, Inc.) Glutathione S‑transferase P1 
(GSTP1; 1:5,000; cat. no. bs‑1100r; Proteintech Group, Inc.) 
and Glyceraldehyde‑3‑phosphate dehydrogenase (GAPDH; 
1:12,000; cat. no. 60004‑1‑Ig; Proteintech Group, Inc.) over‑
night at 4˚C. GAPDH was used as the internal control. The 
membrane was then washed three times with 1x TBST (0.1% 
Tween‑20) for 10 min/wash. The anti‑rabbit immunoglobulin 
G and horseradish peroxidase‑linked secondary antibodies 
(1:2,000; cat. no. 7074S; CST Biological Reagents Co., Ltd.) 
were diluted in 5% skim milk solution in 1x TBST (0.1% 
Tween‑20 used in TBST) and applied to the membranes 
for 1 h at room temperature. The. Next, the membrane was 
washed three times with 1x TBST for 10 min each time. After 
treating the membrane with the ECL Plus working solution 
(cat. no. BL520A; Labgic Technology Co., Ltd.) for 5 min, it 
was placed in a dark container and sealed. The visualization 
of protein expression was performed using the FluorChem E 
system (ProteinSimple). The signal intensities of bands were 
quantified using ImageJ 1.8.0 (National Institutes of Health).

ELISA for serum. ELISA kits were used to quantify the 
concentrations of PAI‑1 (cat. no. JL12416; Shanghai Jianglai 
Biological Technology Co., Ltd.), MMP‑9 (cat. no. PM733; 
Beyotime Institute of Biotechnology) and GSTP1 (cat. 
no. E1090m; EIAab Science, Inc.) within the serum of the 
study subjects, according to the manufacturer's protocols. The 
values for the research samples were ascertained through the 
establishment of a calibration standard using standard serial 
solutions. The resultant data were presented in units of pg/ml 
or ng/ml.

Cell culture and induced fatty liver cells. HepG2 cells (cat. 
no. CL‑0103; Procell Life Science&Technology Co., Ltd.) were 
cultured into 12‑well plates at a density of 4x104 in a controlled 
environment using DMEM supplemented with 10% FBS (cat. 
no. C2810‑0050X10; Shanghai VivaCell Biosciences, Ltd.) 
and 100 U/ml penicillin plus 100 µg/ml streptomycin (cat. 
no. C0222; Beyotime Institute of Biotechnology). The culture 
conditions maintained a constant temperature of 37˚C, a 5% 
CO2 atmosphere and a pH of 7.2‑7.4.
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The treatment solutions for free fatty acids (FFAs) were 
prepared by combining palmitic acid (PA; cat. no. P0500, 
MilliporeSigma) and oleic acid (OA; O1383; MilliporeSigma) 
in a 1:2 molar ratio of respectively. The stock solutions of PA 
(78 mM) and OA (354 mM) in DMSO were stored at ‑20˚C 
until needed. FFA solutions with concentrations created by 
mixing the stock solutions of PA and OA at a 1:2 (PA:OA) ratio 
in DMEM. HepG2 cells were exposed to FFAs at concentra‑
tions of either 200 or 500 µM for a duration of 24 h at 37˚C 
with the aim of inducing hepatic steatosis.

Cell immunofluorescence. For the immunofluorescence 
assays, HepG2 cells were initially seeded onto glass cover‑
slips at a density of 5x104 cells/cm2 and allowed to adhere for 
a minimum of 6 h. Subsequently, the cells were fixed using 
a 4% paraformaldehyde solution (cat. no. BL539A; Biosharp 
Life Sciences) for 20 min at room temperature. After being 
rinsed thrice with PBS, the cells were incubated in 0.01% 
Triton‑X100‑containing PBS for 15 min at room temperature, 
followed by another incubation in a PBS solution containing 
1% BSA and 10% normal goat serum (cat. no. B900780; 
Proteintech Group, Inc.) for 45 min at room temperature. 
Subsequently, the cells were incubated overnight at 4˚C with 
primary polyclonal antibodies against PAI‑1 (1:400 in PBS; 
cat. no. 13801‑1‑AP; Proteintech Group, Inc.) and MMP‑9 
(1:400 in PBS; cat. no. 13801‑1‑AP; Proteintech Group, Inc.). 
The coverslips were rinsed with PBS and then incubated 
with CoraLite488‑conjugated goat anti‑rabbit immuno‑
globulin G (1:600 in PBS; cat. no. SA00013; Proteintech 
Group, Inc.) for 1 h at room temperature. Following two 
additional washes with PBS, the cells were incubated with 
DAPI (1:200 in PBS; cat. no. C1002; Beyotime Institute 
of Biotechnology) for 20  min at room temperature and 
rinsed twice more in PBS. Finally, the coverslips were 
mounted on standard slides using AntiFade mounting 
medium (cat. no. HY‑K1042; MedChemExpress). HepG2 
cells that were immunolabeled for PAI‑1 and MMP‑9 were 
imaged using a confocal TCS SP5 fluorescence microscope 
(Leica Microsystems GmbH).

ELISA for cell supernatant. In the present study, ELISA kits 
were utilized to quantify the levels of PAI‑1 (cat. no. JL12941; 
Shanghai Jianglai Biological Technology Co., Ltd.) and MMP‑9 
(cat. no. PM738; Beyotime Institute of Biotechnology) in the 
cell supernatant. The quantification process was performed 
according to the manufacturer's protocols and values of the 
samples were determined with reference to a calibration 
curve. This curve was established through serial dilution of 
known standards. The results were presented in units of pg/ml 
or ng/ml.

Statistical analysis. Continuous variables were presented as 
the mean ± SD. Unpaired Student's t‑test or Mann‑Whitney 
U test was employed to compare differences between groups 
in cases of parametric and non‑parametric data, respectively. 
For group data analysis, one‑way ANOVA with Tukey's post 
hoc test or Kruskal‑Wallis test with Dunn's post hoc test were 
applied as appropriate. P<0.05 was considered to indicate a 
statistically significant difference. All statistical analyses 
were performed using GraphPad 8.0 software (Dotmatics). 

Receiver operating characteristic (ROC) curves were obtained 
using R package pROC (version 1.18.4; https://rdocumentation.
org/packages/pROC/versions/1.18.4).

Results

HFFD feeding induces increased levels of cholesterol 
and triglycerides and decreases insulin sensitivity. At the 
commencement of the present study, the mean body weight of 
mice in the chow‑fed and HFFD‑fed groups was 18.60±1.55 
and 18.63±1.62 g, respectively. However, as the experiment 
progressed, the body weight of the HFFD‑fed mice exhibited 
a statistically significant increase in comparison with that of 
the chow‑fed mice. This significant difference became evident 
after 6 weeks of HFFD treatment (HFFD: 36.26±2.09 g vs. 
chow: 29.66±2.30 g; P<0.05). This disparity in body weight 
between the two groups persisted throughout the rest of the 
22‑week study period (Fig. 1A). Upon being fed the HFFD, the 
mice developed a distinct phenotype characterized by obesity, 
along with obesity‑associated high cholesterol and metabolic 
imbalances involving triglycerides and insulin (Fig. 1B‑F). 
These parameters exhibited a notable and sustained increase 
over the course of the experiment, from week 6 to 22. While 
blood glucose levels showed a significant increase from 
14 weeks (P<0.05) (Fig. 1G), mice on the HFFD displayed 
a significant rise in serum insulin levels starting from the 
10th  week, and this sustained elevation continued until 
the 22nd week (P<0.05). Furthermore, mice fed the HFFD 
demonstrated the development of insulin resistance between 
week 10 and 22, as indicated by analysis of the HOMA index 
(P<0.05; Fig. 1H and I).

HFFD leads to hepatocellular injury and lipid deposition 
within the liver. Beyond week 14, animals fed with the HFFD 
exhibited significantly higher liver weights compared with 
those fed the chow diet (Fig. 2A). Concurrently, an increase in 
the serum levels of hepatic dysfunction markers, ALT and AST, 
were closely associated with the onset of obesity following 
HFFD feeding. Particularly noteworthy was the rapid and 
significant elevation in plasma ALT and AST levels observed 
from 10 weeks in HFFD‑fed mice in comparison with their 
chow‑fed counterparts (P<0.05; Fig. 2B and C). A biochemical 
analysis of intrahepatic lipids demonstrated a significant rise 
in liver cholesterol levels from week 14 in mice subjected to 
the HFFD (P<0.05); however, the control group maintained 
consistently lower liver cholesterol levels throughout the dura‑
tion of the study (Fig. 2D). Furthermore, liver triglyceride 
levels were markedly elevated in the HFFD‑fed mice at week 
10 compared with the chow‑fed mice, and this trend and 
disparity persisted throughout the rest of the study (P<0.05). 
Conversely, the control group exhibited minimal changes 
in hepatic triglyceride levels throughout the study (Fig. 2E). 
NEFA levels exhibited a substantial surge after the 6th week 
and remained significantly elevated during all subsequent time 
points (P<0.05) in the HFFD‑fed group compared with the 
control group. The control group maintained relatively stable 
NEFA levels throughout the study period (Fig. 2F). Feeding 
with the HFFD triggered the development of NAFLD, which 
progressively evolved into NASH over the extended study 
period.
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Figure 2. Effect of HFFD feeding and chow feeding on hepatic features. (A) Liver weight and levels of (B) AST and (C) ALT. Levels of intrahepatic (D) TC, 
(E) TG and (F) NEFA. Blue represents chow‑fed mice; red represents HFFD‑fed mice. Data are presented as the mean ± SD (n=6), *P<0.05 vs. chow‑fed. 
HFFD, high‑fat and fructose diet; TC, total cholesterol; TG, triglycerides; NEFA, non‑esterified fatty acids; AST, aspartate aminotransferase; ALT, alanine 
aminotransferase.

Figure 1. Feeding with HFFD induces increased levels of cholesterol and triglycerides and reduced insulin sensitivity. Effect of HFFD feeding and chow 
feeding on (A) body weight and serum levels of (B) TC, (C) TG, (D) LDL‑C, (E) NEFA, (F) HDL‑C, (G) FBG, (H) FINS and (I) HOMA‑IR index. Blue 
represents chow‑fed mice; red represents HFFD‑fed mice. Data are presented as the mean ± SD (n=6), *P<0.05 vs. chow‑fed. HFFD, high‑fat and fructose 
diet; TC, total cholesterol; TG, triglycerides; LDC‑C, low‑density lipoprotein cholesterol; NEFA, non‑esterified fatty acids; HDL‑C, high‑density lipoprotein 
cholesterol; FBG, fasting blood glucose; FINS, fasting serum insulin; HOMA‑IR, homeostatic model assessment for insulin resistance.
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HFFD feeding induces oxidative stress, inflammation and 
profibrogenic. To evaluate the effect of a HFFD on oxidative 
stress, the activities of antioxidant enzymes that shield cells 
from ROS‑induced damage, SOD and GSH‑Px, along with 
levels of MDA, a marker of lipid peroxidation, were assessed 

in both serum and liver tissue. The findings indicated a 
significant reduction in the activities of both SOD (at 10, 18 
and 22 weeks, P<0.05) and GSH‑Px (at 14, 18 and 22 weeks, 
P<0.05), accompanied by a rapid increase in MDA levels 
(from week 14 onward, P<0.05) in the serum of HFFD‑fed 

Figure 3. Effect of a HFFD and chow diet on oxidative stress, inflammation and pro‑fibrogenesis. Quantification of oxidative stress indicators in serum, 
including (A) SOD, (B) GSH‑px and (C) MDA, and liver (D) SOD, (E) GSH‑px and (F) MDA. Quantification of inflammatory factors including (G) IL‑1β, 
(H) IL‑6 and (I) TNF‑α in serum. Quantification of liver fibrosis‑related serum markers, including (J) HA, (K) LN, (L) IV‑C and (M) PC‑III levels. Blue 
represents chow‑fed mice; red represents HFFD‑fed mice. Data are presented as the mean ± SD (n=6), *P<0.05 vs. chow‑fed. HFFD, high‑fat and fructose diet; 
SOD, superoxide dismutase; GSH‑px, glutathione peroxidase; MDA, malondialdehyde; HA, hyaluronic acid; LA, laminin; IV‑C, type IV collagen; PC‑III, 
type III procollagen.
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animals in comparison with the chow‑fed mice (Fig. 3A‑C). 
The imbalance of oxidative stress in the liver of mice with 
HFFD intervention began to manifest significantly (P<0.05) at 
14 weeks (Fig. 3D‑F). These results indicated an elevation in 
oxidative stress. Furthermore, the inflammatory response was 
evaluated by measuring the concentrations of IL‑6, IL‑1β and 
TNF‑α in serum using ELISA. The results revealed a signifi‑
cant increase in IL‑1β levels at weeks 6, 18 and 22 (P<0.05) 
in HFFD‑fed animals (Fig. 3H), while IL‑6 levels peaked at 
week 18 and exhibited a slight decline by week 22 (P<0.05; 
Fig.  3G). Moreover, TNF‑α levels displayed a substantial 
increase at week 14 and remained elevated throughout the 
study (P<0.05; Fig.  3I). Serum markers associated with 
liver fibrosis, including HA, LN, PC‑III and IV‑C, exhibited 
significant increases (P<0.05) in HFFD‑fed animals compared 
with the control group (Fig. 3J‑M). Notably, HA, PC‑III and 
IV‑C demonstrated significant differences after 14 weeks 
of HFFD intervention, with a slower rate of increase. There 
was a pronounced and significant rise in LN concentration by 
the 18th week. From week 14 to 22, a marked increase was 
observed in all these parameters, which indicated a progres‑
sive worsening of hepatic oxidative stress, inflammation and 
fibrosis throughout the feeding period.

HFFD feeding induces alterations in liver morphology. Liver 
tissues were collected from all groups at 6, 10, 14, 18 and 
22 weeks. These collected tissues were subjected to histo‑
logical examination using hematoxylin and eosin, and Masson 
staining. In the chow‑fed group, the hepatic lobule structure 
displayed clarity, with hepatic cords exhibiting organized 
radial arrangements extending from the central vein to the 
surrounding area. Minimal lipid deposition was observed 

in hepatocytes and there was no significant collagen hyper‑
plasia. Only a few Kupffer cells were detected in the hepatic 
sinusoids. In contrast, liver tissue from HFFD‑fed animals 
exhibited notable morphological alterations, including an 
inflammatory response, fatty degeneration and cellular necro‑
biosis when compared with the normal lobe of mice in the 
control group. Starting from week 14, fibroblasts were identi‑
fied between the interlobular and portal areas, accompanied by 
bubble‑like degeneration and necrosis. Observations indicated 
an increase in fibroblast count and remodeling of the hepatic 
lobe between weeks 14 and 22 (Fig. 4A), along with gradually 
rising SAF and NAS scores when compared with the chow‑fed 
group (Fig. 4B and C). Additionally, Masson staining (Fig. 4A) 
from weeks 18 and 22 indicated increasing levels of collagen 
deposition and fibrosis accumulation within the hepatic tissue 
of animals fed with HFFD.

Defining DEG sets associated with NASH progression. To 
identify genes that are differentially expressed and partici‑
pated in the development of NASH and liver fibrosis, as well 
as to assess the temporal regulation of gene signatures during 
the course of disease progression, high‑throughput sequencing 
analysis of hepatic gene expression was performed. As the 
livers of mice at week 6 yielded a relatively small number 
of DEGs compared with the chow‑fed group, the analysis of 
DEGs was deferred until week 10. The HFFD diet significantly 
increased the number of DEGs, with 304‑409 DEGs identified 
when comparing individual time points between weeks 10‑22 
(Fig. 5E). GO annotation analysis of DEGs (Fig. 5A‑D) after 
10‑22 weeks of HFFD intervention revealed that early in the 
HFFD intervention (at 10 and 14 weeks) biological processes 
primarily involved metabolic and inflammatory reactions. 

Figure 4. Effect of a HFFD and chow diet on histopathologic analysis of hepatic tissue. (A) H&E staining and Masson staining (magnification, x400). (B) SAF 
and (C) NAS score. Data are presented as the mean ± SD (n=3), *P<0.05 vs. chow‑fed. HFFD, high‑fat and fructose diet; SAF, steatosis, activity and fibrosis; 
NASH, nonalcoholic steatohepatitis; NAS, NASH activity score; HE, H&E staining.
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These processes included ‘steroid metabolic process’, ‘trans‑
forming growth factor β receptor signaling pathway’, ‘lipid 
homeostasis’, ‘cellular response to tumor necrosis factor’, 
‘positive regulation of ERK1 and ERK2 cascade’ and ‘chemo‑
kine‑mediated signaling pathway’. In contrast, HFFD feeding 
induced collagen and fiber‑associated processes at 18 and 
22 weeks, including ‘negative regulation of cell proliferation’, 
‘extracellular matrix (ECM) organization’, ‘angiogenesis’ and 
‘collagen fibril organization’. A marked proportion of genes 
that displayed differential expression at week 14 exhibited 
sustained differential regulation during weeks 18 and 22. The 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis supported the findings of the GO enrich‑
ment analysis. By week 10 of HFFD treatment, pathways 

related to NASH and liver fibrosis showed modulation, as 
evidenced by marked enrichment in these pathways. This was 
exemplified by changes in gene expression associated with 
lipid catabolism pathways, robust activation of genes involved 
in inflammation signaling pathways and hepatic fibrosis acti‑
vation. The top canonical pathways were primarily enriched 
in disease progression characteristics, such as dysregulation 
of lipid metabolism, hepatic cellular inflammation and injury, 
increased ECM production and impaired degradation in the 
liver (Fig. 5E).

Dynamics of core genes involved in NASH progression. To 
identify a set of core genes associated with the transition 
from the initial stages of NASH to a more advanced phase 

Figure 5. GO enrichment analysis and KEGG analysis of DEGs after HFFD intervention at different time points in mice. (A‑D) GO annotation pairwise 
analysis comparing HFFD‑fed mice with chow‑fed mice. The RNA‑seq data were subjected to pairwise analysis, identifying DEGs that were then analyzed 
for GO annotation enrichment using cluster Profiler R package. In addition, (E) KEGG pathway enrichment was carried out to compare HFFD‑fed mice with 
chow‑fed mice using the DEGs at each time point. The cluster Profiler R package annotation tool was employed and the top 12 enriched pathways were listed 
for each analysis based on their P‑value. The results are presented in‑log10(P‑value) format. HFFD, high‑fat and fructose diet; GO, gene ontology; KEGG, 
Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.
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of the disease, the overlap of DEGs across various pairwise 
comparisons was assessed. The overlap between DEGs at each 
time point group was compared with one another using Venn 
diagrams. The intersections of DEGs at weeks 10, 14, 18 and 
22, when compared with the chow‑fed baseline, indicated 46 
significantly altered genes (35 upregulated and 11 downregu‑
lated) in mice with NASH (Fig. 6A). Proteins that could be 
secreted into the bloodstream based on the DEGs in the Protein 
Atlas database were also considered. According to the HPA 
database, among a total of 45 genes, 27 were found to encode 
secretory proteins which can be detected in the blood. These 
genes were categorized as potential blood‑based biomarkers 
capable of distinguishing between different stages of NASH 
in mice with NAFLD. Among these genes, 21 exhibited a 
gradual increase in expression with the progression of the 
disease (Cdk1, Clic6, Col11a1, Col1a1, Comp, Cxcl10, Fgf23, 
Gdf15, Gstp1, Igfbp2, Il1rn, Itgax, Itgbl1, Lama2, Mmp9, 
Serpine1, Trem2, Vcan, Ccl20, Apoa4 and Apoc2), while 6 
genes showed a gradual decrease (Akr1d1, Cxcl14, Enho, Pklr, 
Plin1 and Pon3; Fig. 6B).

Verification of the core genes employing a GEO dataset. 
Within the core gene set, a group of genes with distinct roles 

were identified. Based on GO and KEGG analysis, Vcan, 
Serpine1, Mmp9, Lama2, Itgbl1, Itgax, Fgf23, Comp, Col1a1 
and Col11a1 are linked to ‘extracellular matrix (ECM) orga‑
nization’. Trem2, Igfbp2, Gstp1, Apoc2, Apoa4, Pklr, Enho, 
Pon3, Plin1, and Akr1d1 contribute to ‘steroid metabolic 
process’ and ‘lipid homeostasis’. Il1rn, Gdf15, Cxcl10, Clic6, 
Cdk1 and Ccl20 serve crucial roles in ‘response to stimulus’. 
These biological processes are widely recognized as signifi‑
cant drivers of hepatic fibrogenesis and steatosis, which are 
key pathological events in various liver diseases.

To evaluate the predictive potential of the core genes 
in individuals with NAFLD from the discovery cohort 
(GSE135251), receiver operating characteristic (ROC) analysis 
was used as the primary statistical technique. The perfor‑
mance of the ROC curves was assessed using the area under 
the curve (AUC). In the models predicting steatohepatitis 
grade (Fig. 7A), Gstp1 (area Under the Receiver Operating 
Characteristic curve, AUROC=0.8414; P<0.0001), Trem2 
(AUROC=0.8283; P<0.0001) and Serpine1 (AUROC=0.8007; 
P<0.0001) expression were significant independent variables 
that accurately predicted NAS ≥4. Moreover, Itgbl1, Clic6, 
Plin1, Lama2, Fgf23, Comp, Ccl20, Akr1d1, Cxcl10, Col1a1, 
Enho and Cdk1 also performed well, with AUC values >0.7. In 
the prediction of an SAF activity score of ≥2 (Fig. 7B), Serpine1 
(AUROC=0.8544; P<0.0001), Fgf23 (AUROC=0.8182; 
P<0.0001), Ccl20 (AUROC=0.8125; P<0.0001), Trem2 
(AUROC=0.8088; P<0.0001), Mmp9 (AUROC=0.8053; 
P<0.0001) and Gstp1 (AUROC= 0.8037; P<0.0001) expression 
were statistically significant. Furthermore, Gdf15, Cxcl14, 
Clic6, Akr1d1, Lama2, Pklr, Col1a1, Comp, Enho, Vcan, Plin1, 
Col11a1 and Pon3 also demonstrated good performance, with 
AUC values >0.7. These findings highlighted the diagnostic 
value of the core genes associated with disease progression 
and dynamic changes in the early phase of human NASH.

Validation of core genes in mouse livers. The core genes 
associated with liver tissue from NASH and control mice 
were validated using RT‑qPCR. The results demonstrated 
significant increases in the mRNA expression levels of Ccl20, 
Cdk1, Clic6, Col1a1, Comp, Cxcl10, Fgf23, Gdf15, Gstp1, 
Igfbp2, Il1rn, Itgax, Itgbl1, Lama2, Mmp9, Serpine1, Trem2 
and Vcan in HFFD‑fed mice. However, Cxcl14, Enho, Pklr, 
Plin1 and Pon3 exhibited reduced expression compared 
with that in chow‑fed mice (Fig. 8). By aggregating expres‑
sion data from all time points, a time‑resolved response of 
processes, including metabolism, inflammation and fibrosis, 
that contribute to the emergence of NASH and fibrotic changes 
in the liver was observed. Animals fed a HFFD for 6, 10 or 
14 weeks displayed regulatory patterns in lipid metabolism 
and inflammation networks when compared with healthy 
counterparts. Notably, the lipid metabolism pathway was the 
first to be triggered, with activation starting at week 6. In 
contrast, inflammation‑related genes became activated from 
week 10 onward, and fibrosis‑related genes showed significant 
upregulation at 18 and 22 weeks.

Verification of protein expression of core genes in the liver. To 
evaluate the gene expression of core genes at the protein level, 
western blotting analyses were performed to identify signifi‑
cant changes in protein expression levels. These changes were 

Figure 6. Dynamic gene alterations in the progression of mouse models of 
NASH. (A) Venn diagram of the overlap in differential expression in the 
HFFD‑fed mice at different time points compared with the chow‑fed mice. 
(B) Heatmap of 27 significantly regulated genes in the livers of mice with 
HFFD intervention for 10, 14, 18 and 22 weeks. The expression fold change 
is compared with that in chow‑fed mice. HFFD, high‑fat and fructose diet; 
NASH, nonalcoholic steatohepatitis.
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identified based on the high AUC values obtained from ROC 
analysis of mice subjected to a HFFD diet. The protein levels 
of PAI‑1 (a secreted protein encoded by Serpine1), MMP‑9 and 
GSTP1 were notably increased in HFFD‑fed mice, however, 
no significant changes were observed before the 14‑week 
time point when compared with the corresponding controls 
(Fig. 9A‑D). Furthermore, the concentrations of PAI‑1 and 
MMP‑9 proteins in the serum of mice were quantified, which 
demonstrated an increase (P<0.05) in both proteins with the 
longer duration of high‑fat diet intervention (Fig. 9E‑G).

The present study was designed to investigate the correla‑
tion between PAI‑1 and MMP‑9 levels and the severity of 
NAFLD. This was achieved by evaluating their potential 
as noninvasive serum biomarkers, aiming to distinguish 
between control mice and mice with NAFLD. The results 
demonstrated an association between serum PAI‑1 levels and 
NAS. Furthermore, a significant association between PAI‑1 
levels, steatosis and hepatocyte ballooning was observed. 
However, no association was found with inflammation, 
(Fig.  9H). This pattern of findings strongly implied that 
heightened serum PAI‑1 levels could potentially serve as an 
indicator of liver damage, characterized histologically by 
lipidosis. Similarly, the gradual increase in serum MMP‑9 
levels, (Fig. 9I) as steatosis and inflammation progressed, 
rather than hepatocyte ballooning, underscored that serum 
MMP‑9 levels mirror hepatocellular injury stemming from 
lipid accumulation in the liver during the progression of 
NASH. In summary, the results indicated that elevated levels 
of PAI‑1 and MMP‑9 could be linked to the transition from 
steatosis to NASH and could potentially contribute to the 
onset of hepatic fibrosis.

Validation of hub genes in vitro. To obtain a more compre‑
hensive understanding of the mechanisms driving NAFLD 
progression, alterations in the protein expression patterns 
of PAI‑1 and MMP‑9 in vitro were examined by subjecting 
HepG2 cells to lipid loading (at 200 and 500 µmol FFAs). 
Following 24 h of treatment, a significant increase in PAI‑1 

Figure 8. Alterations in the hepatic gene expression profile of mice subjected 
to long‑term HFFD. The genes included in the upregulated and down‑
regulated gene sets were assessed by RT‑qPCR. Among them, upregulated 
genes mainly regulate (A) metabolism (Trem2, Igfbp2, Gstp1, Apoc2 and 
Apoa4), (B) inflammation (Il1rn, Gdf15, Cxcl10, Clic6, Cdk1 and Ccl20) 
and (C and D) fibrotic processes (Vcan, Serpine1, Mmp9, Lama2, Itgbl1, 
Itgax, Fgf23, Comp, Col1a1 and Col11a1), while downregulated genes mainly 
affect (E) metabolism and the inflammatory response (Cxcl14, Pklr, Enho, 
Pon3, Plin1 and Akr1d1). Data are presented as the mean ± SD (n=3), *P<0.05 
vs. chow‑fed. HFFD, high‑fat and fructose diet; ns, not significant.

Figure 7. The predictive potential of core genes in the NAFLD discovery cohort (GSE135251) using ROC analysis. ROC curves show the specificity and 
sensitivity of the hub genes as biomarkers to recognize (A) NAS ≥4 and (B) SAF activity score ≥2. NAFLD, nonalcoholic fatty liver disease; AUROC, area 
under the receiver operating characteristic curve.
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protein expression levels (P<0.05) were observed, compared 
with the control, in both intracellular and secretory compart‑
ments when HepG2 cells were exposed to 500 µmol FFAs 
(Fig. 10A‑C). Additionally, a substantial elevation in MMP‑9 

protein levels (P<0.05) at both concentrations (Fig. 9D‑F) 
was noted, compared with the control. These results reinforced 
the potential of PAI‑1 and MMP‑9 as biomarkers for the 
diagnosis and monitoring of NAFLD progression.

Figure 9. Levels of relevant proteins in the liver and serum of mice under long‑term intervention with a HFFD. (A) The protein expression levels of PAI‑1, 
MMP‑9 and GSTP1 in HFFD‑fed mice and corresponding chow‑fed mice by Western blotting analysis with quantification (n=3). (B‑D) The band intensity 
ratios were analyzed by ImageJ. (E‑G) ELISA readout for PAI‑1, MMP‑9 and GSTP1 in the serum of chow‑fed or HFFD‑fed mice (n=6). Data are presented 
as the mean ± SD. (H) The NAS score was used to determine the relative serum levels of PAI‑1, steatosis, inflammation and ballooning scores of the NAS. 
(I) The NAS score was used to determine the relative serum levels of MMP‑9 and steatosis, inflammation and ballooning scores of the NAS. *P<0.05. NASH, 
nonalcoholic steatohepatitis; NAS, NASH activity score; HFFD, high‑fat and fructose diet.
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Discussion

In the present analysis, a transcriptomics framework was 
used to evaluate liver tissue collected from mice with histo‑
logically confirmed NAFLD. The primary objective was to 
identify genes associated with fibrosis and to establish a panel 
for detecting the disease in adults with a heightened risk for 
NASH. This subgroup constitutes a minority of patients with 
NAFLD who also exhibit advanced liver fibrosis, posing a 
significant risk for complications stemming from prolonged 
hepatic dysfunction (52). The progression of NASH and the 
development of liver fibrosis is a gradual process occurring 
over an extended period (39). However, our understanding of 
this process remains limited because clinical symptoms typi‑
cally emerge only in the advanced stages of disease, making 
it challenging to investigate early molecular mechanisms of 
disease progression in humans (53,54). By contrast, NASH 
animal models offer insights into time‑resolved events 
and provide crucial information regarding early processes 
contributing to disease onset (55). Therefore, the mouse model 
employed in the present study holds important translational 
relevance and the findings of the present study hold signifi‑
cance in addressing the health challenges posed by NAFLD 
and in preventing the progression to NASH.

Numerous animal models have been employed to study 
the development of NASH and explore relevant biomarkers 
reflecting liver pathology  (56‑58). However, none of these 
models perfectly replicate the complete array of molecular 
mechanisms implicated in human disease. Among the available 
models, HFFD‑induced models have emerged as promising 
tools for studying NASH and fibrosis, offering a more compre‑
hensive and physiologically relevant milieu. These models 
mimic key characteristics of metabolic syndrome seen in 
humans, including adiposity, hyperlipidemia and insulin insen‑
sitivity (59). HFFD‑fed mice are preferred over chemically 
induced fibrosis models (such as carbon tetrachloride), as they 
manifest features of dysmetabolic syndrome, characterized by 
adiposity, high cholesterol, high triglycerides and impaired 
insulin sensitivity  (60). Mice fed a HFFD exhibited liver 
damage, as indicated by elevated serum ALT and AST levels 
compared with those on a regular chow diet. Histopathological 
analysis confirmed the progressive increase in hepatic 
lipid accumulation, cellular hypertrophy, inflammation and 
hepatic perisinusoidal fibrosis over time. Moreover, oxidative 
stress and inflammation have been recognized as important 
mechanisms linking obesity and metabolic disorders  (61). 
The present study revealed that as the duration of high‑fat diet 
intervention increased, oxidative stress levels in both serum 

Figure 10. Expression of PAI‑1 and MMP‑9 in HepG2 cells treated with FFAs. Immunofluorescence staining for (A) PAI‑1 and (D) MMP‑9 in HepG2 cells 
exposed to different FFA concentrations (200 and 500 µmol). Nuclei were counterstained with DAPI and, (B) PAI‑1+ and (E) MMP‑9+ were semi‑quantified 
and compared using an inverted microscope (magnification, x400). (C) PAI‑1 and (F) MMP‑9 concentrations in the cell supernatant by ELISA. Data are 
presented as the mean ± SD. *P<0.05. FFA, free fatty acid.
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and liver increased significantly, along with the production of 
inflammatory factors in serum, which was particularly evident 
at the 14‑week time point when substantial liver pathological 
damage was observed. Notably, by integrating transcriptomics 
with histopathology, the temporal sequence of core genes 
involved in the progression of the disease from mild hepatic 
steatosis to NASH, with or without liver fibrosis was identified. 
These findings contribute to an enhanced understanding of 
the pathogenic mechanisms underlying disease initiation and 
advancement, as well as the prompt identification of patho‑
logical pathways which lead to hepatic fibrosis. Furthermore, 
these insights can guide the development of techniques aimed 
at uncovering circulating markers for hepatic fibrosis. Overall, 
owing to its ability to replicate metabolic syndrome charac‑
teristics and induce progressive liver damage and fibrosis, 
the HFFD mouse model serves as a suitable representation of 
human NASH accompanied by hepatic fibrosis (62).

The current paradigm for disease biomarker discovery 
predominantly relies on the detection of molecular differences 
between normal and pathological states. However, due to the 
varying stages and heterogeneous progression of NAFLD, 
distinguishing between simple hepatic steatosis and NASH 
poses a significant challenge (63). By analyzing large‑scale 
datasets and integrating genomics, transcriptomics, proteomics 
and metabolomics, researchers can gain a more comprehen‑
sive understanding of the disease and identify novel diagnostic 
and therapeutic targets, as evidenced by in‑depth knowledge 
about the molecular pathways responsible for the develop‑
ment of human diseases, including NASH (62). The present 
time‑course study revealed that the most prominently overex‑
pressed networks in NAFLD pertained to lipid metabolism, 
inflammation, apoptosis, fibrosis and angiogenesis, which 
highlighted their pivotal roles in NASH pathogenesis. These 
findings were substantiated by time‑course histopathological 
assessments, which closely mirrored the progressive develop‑
ment of NASH in human patients. Furthermore, these data lend 
strong support to the ‘multiple‑hit hypothesis’, which proposes 
that the pathogenesis of NASH and fibrosis involves intricate 
interplay of multiple pathogenic events acting in concert (64).

Comprehensive analysis of genetic transcription patterns 
in liver tissue samples holds promise for identifying reliable 
biomarkers that can indicate the progression from steatosis to 
NASH as it demonstrates notable specificity and sensitivity to 
dynamic physiological conditions, making it a valuable avenue 
for biomarker discovery  (65). The present transcriptome 
analysis revealed significantly elevated expression levels of 
Serpine1 and MMP9 in the livers of mice with NASH. However, 
a comprehensive assessment of the diagnostic accuracy of these 
biomarkers for detection of NASH and severe fibrosis has not 
been performed, and further research is necessary to fully 
establish their potential as effective diagnostic tools. The find‑
ings of the present study established an association between 
the expression of Serpine1 and Mmp9 in the liver and the 
progression of NAFLD. As liver pathology advances to NASH, 
mRNA expression levels of Serpine1 and Mmp9, as well as 
a corresponding increase in the protein levels of PAI‑1and 
MMP‑9. Additionally, data analysis from patient samples 
obtained from GEO further supported the feasibility of using 
Serpine1 and MMP9 as hepatic biomarkers with broader appli‑
cability. Moreover, the present study demonstrated the use of 

serum levels of PAI‑1 and MMP‑9 as noninvasive biomarkers 
for identifying NASH‑related fibrosis. In vitro experiments 
revealed elevated PAI‑1 and MMP‑9 expression in cells 
exposed to steatosis and lipotoxicity. Notably, MMP‑9 exhib‑
ited changes at lower FFA intervention concentrations, while 
PAI‑1 showed changes at higher concentrations, consistent with 
the results from animal experiments. The primary objective 
of the present study was to explore the molecular signature 
and potential biomarkers associated with NASH progression. 
While the findings offer valuable insights into the underlying 
disease mechanisms and identify potential biomarkers, these 
markers were not reverse‑confirmed using cell lines deficient in 
the PAI‑1 and MMP‑9 genes. Future studies should employ cell 
line models deficient in these genes to elucidate their specific 
contributions to disease mechanisms and validate their poten‑
tial as therapeutic targets. Consequently, the specific roles and 
molecular mechanisms of PAI‑1 and MMP‑9 in steatotic cells 
remain unclear and further elucidation in future experiments.

The PAI‑1 protein belongs to the serpin family of serine 
proteinase inhibitors and serves a significant role in fibro‑
genesis. Encoded by the Serpine1 gene, this protein has a 
profibrotic effect on various organs by inhibiting fibrinolysis 
through modulation of enzymes such as tissue‑type and 
urokinase‑type plasminogen activator (uPA) and MMP (66). 
Serpine1 has emerged as a potential therapeutic target for 
interventions aimed at treating fibrotic diseases affecting 
organs such as the skin, lungs, heart, kidney and liver (67). 
Previous studies have reported increased levels of PAI‑1 in the 
plasma and hepatic tissues of individuals with NAFLD, and 
this protein has been implicated in various physiological and 
disease processes, including vascularization, stress response, 
thrombosis and insulin resistance (68,69). The present study 
provided evidence which suggested the involvement of 
Serpine1 in the pathophysiology of NASH‑associated fibrosis. 
While previous omics‑based investigations have indicated an 
association between Serpine1 expression levels in liver tissue 
from patients with NAFLD and advanced liver fibrosis, the 
clinical applicability of Serpine1 as a reliable biomarker for 
NASH diagnosis requires further evaluation (70,71). Within the 
scope of the present study, a substantial and statistically signif‑
icant positive association between hepatic expression levels of 
Serpine1 and the advancement of NAFLD was identified.

Given the intricate pathogenesis of NAFLD involving 
hepatic cell injury, inflammation and fibrogenesis, biomarkers 
reflecting the fibrotic pathway often serve as indicators of the 
disease setting and are cross‑sectionally related to NASH (72). 
PAI‑1, which is strongly associated with fibrogenesis, is also 
associated with ballooning degeneration of hepatocytes and 
hepatic steatosis. Consequently, serum levels of PAI‑1 hold 
substantial diagnostic potential as a biomarker for severe 
NASH with fibrosis progression.

There has been growing recognition of the role of MMPs in 
the degradation of hepatic ECM proteins in models of chronic 
liver injury (73‑75). Among the MMP family, MMP‑9 stands 
out for its implication in the pathogenesis and progression of 
metastatic human hepatocellular carcinoma (75). Recent studies 
have highlighted how the remodeling of ECM by MMP‑9 
contributes to the progression of obesity by regulating adipocyte 
differentiation (76,77). MMP‑9 protein levels have consistently 
been reported to be elevated in experimental cirrhosis (78,79). 
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The present study underscores that MMP‑9 hepatic mRNA 
levels could potentially serve as an early diagnostic marker for 
the prediction of the progression of liver inflammation and injury 
in individuals with NASH transitioning to liver fibrosis. As 
anticipated, ELISA substantiates a positive association between 
serum MMP‑9 activity and hepatic levels of MMP‑9 protein in 
HFFD‑fed mice. Furthermore, the upregulation of MMP‑9 has 
been associated with an increase in inflammatory biomarkers (80). 
In summary, these findings suggested that MMP‑9 serum levels 
hold promise as a non‑invasive prognostic indicator, particularly 
for identifying subgroups of NAFL and NASH mice prone to 
disease deterioration. However, while MMP‑9 emerges as a 
potential biomarker of NAFLD, it is important to recognize that 
observed changes in MMP‑9 levels may not be solely attributable 
to NAFLD. Numerous factors, including comorbidities (such as 
pulmonary remodeling, autoimmune diseases, pancreatic cancer, 
and multiple sclerosis, among others) and individual variations, 
could influence MMP‑9 expression and activity (81). Several 
mechanisms, such as inflammation, oxidative stress and tissue 
remodeling processes linked to NAFLD, could also contribute to 
MMP‑9 dysregulation (82). Therefore, further investigations are 
imperative to ascertain the precise role of MMP‑9 in NAFLD 
development and progression, as well as to identify potential 
confounding variables affecting its expression levels.

In summary, the present study offered a comprehensive 
understanding of NAFLD progression and identified potential 
biomarkers for assessing disease severity from a whole‑tran‑
scriptome perspective. The results revealed time‑dependent 
regulation of crucial molecules involved in NASH development 
and fibrous liver disease in HFFD‑fed mice. A genetic footprint 
for NAFLD that signifies active NASH processes and is concur‑
rently detectable with pathological fibrosis was delineated. 
Hence, the identification of a gene expression pattern discerned 
in mouse liver could serve as a predictive signature for clini‑
cally monitoring patients and developing NASH therapies, with 
Serpine1 and Mmp9 as the pivotal genes. The proteins, PA‑1 
and MMP‑9, encoded by Serpine1 and Mmp9, respectively, can 
be quantified in serum samples, offering potential noninvasive 
diagnostic markers for NASH‑related fibrosis progression (83). 
These findings hold clinical implications and pave the way 
for further exploration into identifying circulating markers as 
potential blood‑based indicators for detecting hepatic fibrosis. 
Despite the promising results obtained in the present study, it is 
important to note that the small sample size of three mice/group 
may limit the generalizability of the findings and should be 
considered when interpreting the results. Moreover, prior to 
incorporating these biomarkers into clinical practice, further 
studies are imperative to confirm their efficacy and reliability. 
Assessment of serum levels of PAI‑1 and MMP‑9 in a larger 
cohort of patients diagnosed with NAFLD to validate the poten‑
tial of these two markers as non‑invasive biomarkers is required.
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