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Abstract

Background and Aims: Despite the surging global preva-
lence of metabolic dysfunction-associated steatotic liver 
disease (MASLD) and related liver fibrosis, effective treat-
ments remain limited. While the traditional Chinese medi-
cine Juanyu-Xiaozhi Formula (JYXZF) is used against MA-
SLD, its bioactive components and mechanisms are poorly 
understood. This study aimed to investigate the therapeutic 
effects of JYXZF and elucidate its underlying mechanisms of 
action. Methods: The constituents of JYXZF were character-
ized using ultra-high-performance liquid chromatography–
tandem mass spectrometry (UPLC-MS/MS). Its efficacy was 
evaluated in a rat model of metabolic dysfunction-associ-
ated steatohepatitis (MASH) induced by a high-fat/calorie 
diet with high-fructose/high-glucose water, utilizing serum 
biochemistry, histology, and glucose/insulin tolerance tests. 
Mechanistic validation was performed in free fatty acid-
treated human hepatocellular carcinoma cell line HepG2 
(HepG2) cells and HepG2/human hepatic stellate cell line 
LX-2 (LX-2) co-culture models using luciferase assays, chro-
matin immunoprecipitation-quantitative polymerase chain 
reaction (ChIP-qPCR), and activator protein 1 (AP-1) over-
expression rescue experiments. The functional relevance of 
stearoyl-CoA desaturase 1 (SCD1) was further assessed in 
vivo through liver-targeted adeno-associated virus (AAV)-
mediated Scd1 overexpression. Results: Flavonoids were 
identified as the main bioactive constituents. JYXZF admin-
istration alleviated metabolic dysfunction, reduced hepatic 
lipid accumulation, and attenuated inflammation and fibrosis 
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in MASH rats. Multi-omics integration and machine learning-

assisted target prioritization identified lipid metabolic and in-
flammatory pathways. Among these pathways, we selected 
the AP-1/peroxisome proliferator-activated receptor gamma 
(PPARγ)/SCD1-related lipogenic pathway for functional vali-
dation. Target perturbation experiments supported the func-
tional involvement of AP-1 in the regulation of the PPARγ/
SCD1 pathway and its contribution to the anti-steatotic ef-
fects of JYXZF. Conclusions: JYXZF alleviates MASLD-asso-
ciated steatosis and fibrosis via the AP-1/PPARγ/SCD1-relat-
ed lipogenic axis, demonstrating its therapeutic potential for 
MASLD/MASH and providing a mechanistic basis for future 
clinical applications.
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Introduction
Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) is a widespread chronic metabolic condition. Its global 
incidence has risen steadily with the increasing prevalence of 
obesity and type 2 diabetes, currently affecting nearly 38% 
of the global population.1,2 Recent studies indicate that MA-
SLD is characterized by chronic metabolic dysfunction, which 
leads to abnormal lipid deposition in the liver. Prolonged fat 
accumulation causes fatty degeneration and sensitizes the 
liver to oxidative stress, lipotoxicity, and chronic inflamma-
tion, which ultimately drive hepatocellular injury and fibro-
sis. Consequently, these changes substantially increase the 
risk of adverse clinical outcomes.3,4 Although substantial 
progress has been made in the diagnosis and treatment of 
MASLD, pharmacological treatment options remain limited. 
The development of new drugs or combination therapies that 
provide long-term control of metabolic disorders is essential 
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to improve patient care.5 Therefore, the identification of new 
therapeutic agents is important for expanding treatment op-
tions for MASLD.

Previous studies have shown that the liver is the central 
regulator of lipid metabolism.6 Excessive dietary lipid intake 
increases the metabolic burden on the liver and promotes 
hepatic steatosis to varying degrees. This process contrib-
utes to disease progression across the MASLD spectrum, 
from relatively benign simple steatosis to progressive fatty 
liver inflammation (metabolic dysfunction-associated stea-
tohepatitis [MASH]), fibrosis, and cirrhosis.7 Excessive li-
pid accumulation in the liver forms the pathological basis 
of MASLD. The disease is associated with cardiovascular 
and metabolic risk factors, including overweight or obesity 
(especially abdominal obesity), hypertension, dyslipidemia, 
and type 2 diabetes. Research indicates that insulin resist-
ance and type 2 diabetes are key drivers of MASLD because 
they increase the mobilization of free fatty acids (FFAs) from 
adipose tissue, promote hepatic triglyceride production, and 
lead to persistent hepatic fat accumulation.8,9 These chang-
es trigger inflammatory responses and metabolic dysfunc-
tion, disrupt liver metabolic zonation, and promote meta-
bolic reprogramming.

The peroxisome proliferator-activated receptor (PPAR) 
family represents a key therapeutic target for MASLD. For 
example, lanifibranor, which has received Breakthrough 
Therapy designation from the U.S. Food and Drug Admin-
istration (FDA), is a broad-spectrum PPAR agonist that im-
proves insulin sensitivity and lipid metabolism and can re-
verse MASH and liver fibrosis.10 Among the PPAR subtypes, 
PPARγ plays an important role in lipid metabolism. Numerous 
studies have shown that PPARγ promotes lipid accumulation 
by binding to PPAR response elements and activating genes 
involved in de novo lipogenesis,11 including fatty acid trans-
locase and stearoyl-CoA desaturase 1 (SCD1). PPARγ also 
regulates inflammatory responses and insulin sensitivity,12–14 
making it an attractive target for metabolic syndrome and 
related diseases.

In recent years, traditional Chinese medicine (TCM) has 
attracted increasing attention because of its therapeutic ef-
fects and relatively few adverse effects. Existing research in-
dicates that TCM shows promise in the treatment of MASLD, 
as demonstrated by the Shenge Formula.15 Therefore, TCM-
based strategies that regulate hepatic lipid metabolism rep-
resent a scientifically sound and feasible approach to control-
ling hepatic steatosis. The Juanyu-Xiaozhi Formula (JYXZF) is 
derived from the TCM prescriptions recorded in Jin Gui Yao 
Lue and was summarized by Professor Huabao Liu, a na-
tionally renowned TCM practitioner, based on the TCM theory 
that “the liver governs the regulation of qi dynamics”16 and 
his extensive clinical experience. Extensive clinical observa-
tions show that JYXZF effectively reduces hepatic steatosis 
and fibrosis.17 It consists of five herbs: Monascus purpureus 
Went (Hong qu), Gynostemma pentaphyllum (Thunb.) 
Makino (Jiao gulan), Artemisia scoparia Waldst. & Kit. (Yin 
chen), Cassia obtusifolia L. (Jue Mingzi), and Curcuma lon-
ga L. (Jiang huang), which is commonly used to treat fatty 
liver disease. Modern pharmacological studies have shown 
that these five herbs produce significant lipid-lowering ef-
fects.18–22 However, the specific mechanisms of action and 
key therapeutic targets of JYXZF remain unclear.

This study explored the therapeutic effects of JYXZF on 
MASLD/MASH and investigated the potential molecular net-
works associated with its activity. We identified the bioactive 
components of JYXZF using ultra-high-performance liquid 
chromatography-mass spectrometry (UPLC-MS). We also 
used a JYXZF-treated MASH rat model and combined tran-

scriptomics and metabolomics with a multimodal prediction 
approach based on multiple databases. Machine learning-
assisted analyses were used to prioritize candidate targets 
for subsequent experimental validation. These findings offer 
novel insights into the therapeutic mechanisms of JYXZF in 
the treatment of MASLD/MASH.

Methods

Preparation of JYXZF extract
JYXZF is composed of a combination of multiple traditional 
Chinese herbs: Monascus purpureus Went (used for ferment-
ing rice, 12 g/batch), Gynostemma pentaphyllum (whole 
herb, 30 g/batch), Artemisia scoparia Waldst. & Kit. (above-
ground parts, 15 g/batch), Cassia obtusifolia L. (seeds, 12 
g/batch), and Curcuma longa L. (rhizome, 10 g/batch). Raw 
herbs were purchased from Beijing Kangrentang Pharmaceu-
tical Company (China) and authenticated according to the 
Chinese Pharmacopoeia. The formula was prepared at Chong-
qing Traditional Chinese Medicine Hospital following the pat-
ented composition (patent number: ZL 202411543696.2).

For extract preparation, 100 batches of crude herbs 
(equivalent to 7,900 g) were decocted in 20 L of purified 
water at 100 °C. The supernatant was then concentrated to 
363.9 mL and stored at 4 °C.15 The final concentration was 
21.71 g/mL. The rat-equivalent dose was calculated from the 
clinically used human dose by body surface area conversion 
and corresponded to 5.428 g/kg/day.

Animals and treatment
All SPF-grade male Sprague-Dawley (SD) rats (6 weeks old) 
were housed at the Chongqing Medical University Laboratory 
Animal Centre. Animals were maintained under SPF condi-
tions at 20–24 °C, 40–70% humidity, and a 12-h light/dark 
cycle, with free access to food and water. Animal feeding, 
care, sample collection, and all experimental procedures 
complied with the regulations of the Ethics Committee of 
Chongqing Medical University (license number: IACUC-SAH-
CQMU-2025-0141) and Chongqing Traditional Chinese Medi-
cine Hospital (license number: 2024-DWSY-YY).

After a 2-week acclimation period, 8-week-old rats were 
randomly assigned to six groups (n = 6 per group): nor-
mal control (Con), high-fat/calorie diet with high-fructose/
high-glucose water (MASH),23 low-, medium-, and high-dose 
JYXZF treatment groups (JYXZF-L, JYXZF-M, JYXZF-H), and 
obeticholic acid (OCA) treatment. The control group received 
a standard maintenance diet. All other groups received the 
MASH diet for 20 weeks. The diet consisted of a high-fat/
high-calorie diet (60% kcal from fat; D12492, Research Diets, 
New Brunswick, NJ, USA) and drinking water supplemented 
with 23.1 g/L D-fructose and 18.9 g/L D-glucose. The JYXZF 
groups received low-, medium-, and high-dose JYXZF by oral 
gavage. JYXZF was prepared at a fixed concentration of 21.71 
g/mL and administered at 25, 50, or 100 µL/day, respectively. 
The high dose (100 µL/day) corresponded to the clinically ef-
fective human dose after body surface area normalization. 
Rats in the OCA group received OCA (10 mg/kg, MedChemEx-
press, HY-12222) by oral gavage. Body weights were record-
ed weekly. After 12 weeks of treatment, rats were sacrificed, 
and tissues were collected for subsequent experiments.

Glucose/insulin tolerance tests (GTTs/ITTs) and 
biochemical analysis
GTTs were performed after 16 h of fasting by intraperitoneal 
injection of glucose (1 g/kg). ITTs were performed after 6 
h of fasting by intraperitoneal injection of insulin (0.5 IU/
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kg). Blood glucose was measured at 0, 15, 30, 60, and 120 
min. The area under the curve (AUC; 0–120 min) was cal-
culated using the trapezoidal rule.24 Serum levels of alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), 
triglycerides (TG), total cholesterol (TC), high-density li-
poprotein cholesterol (HDL-C), and low-density lipoprotein 
cholesterol (LDL-C) were measured using an automated bio-
chemical analyzer. Liver levels of  tumor necrosis factor alpha 
(TNF-α) and  interleukin-6 (IL-6) levels were measured using 
enzyme-linked immunosorbent assay kits.25

Histology
Liver tissues were fixed in 4% paraformaldehyde, embedded 
in paraffin, and stained with H&E and Sirius Red. Frozen liver 
sections were stained with Oil Red O to visualize lipid ac-
cumulation.25 Representative images were acquired using a 
digital slide scanner. Histological assessment was performed 
under blinded conditions. Images were coded before analy-
sis, and investigators responsible for evaluation were una-
ware of group allocation.

Ultra-high-performance liquid chromatography–tan-
dem mass spectrometry (UPLC-MS/MS) analysis of 
JYXZF prototypes and circulating metabolites
JYXZF decoction, blank serum, JYXZF mixed with blank se-
rum, and serum from JYXZF-treated rats were analyzed by 
UPLC-MS/MS using a Vanquish UHPLC system coupled to a 
Q-Exactive HFX mass spectrometer. Raw data were convert-
ed to mzXML format using ProteoWizard and processed using 
XCMS for peak alignment, retention time correction, and peak 
extraction according to previously published workflows.26,27 
Compounds were annotated by matching accurate mass, iso-
tope pattern, retention time, adduct type, and MS/MS frag-
mentation patterns against an in-house TCM high-resolution 
mass spectral database and public libraries, including GNPS, 
ReSpect, MassBank, HMDB, and METLIN.28–30 The main iden-
tification criteria were a precursor mass error <25 ppm and 
an MS/MS spectral matching score >0.7. High-response an-
notations were manually verified based on peak shape and 
fragmentation consistency. Blank serum features were ex-
cluded unless they showed a substantial increase after JYXZF 
administration. Compounds detected in both the decoction 
and treated serum were annotated as absorbed prototypes. 
Serum features that showed plausible biotransformation pat-
terns were annotated as circulating metabolites.

Untargeted metabolomics
Untargeted metabolomics was performed by UPLC-Q Ex-
active high-resolution mass spectrometry in positive and 
negative ion modes.26,31 Quality control (QC) samples were 
prepared by pooling equal aliquots from all study samples. 
QC samples were injected at regular intervals to monitor 
analytical stability and signal drift. Raw data were processed 
using Progenesis QI v3.0 for peak detection, alignment, de-
convolution, QC-based normalization, and metabolite anno-
tation. Features with poor QC reproducibility were excluded. 
Metabolites were annotated against HMDB, LipidMaps, MET-
LIN, and LuMet-Animal 3.0 using retention time, accurate 
mass, isotope distribution, and MS/MS fragmentation pat-
terns. Principal component analysis (PCA), orthogonal par-
tial least squares discriminant analysis (OPLS-DA), and 200 
permutation tests were performed. Differential metabolites 
were defined as P < 0.05 and a fold change ≥1.5 or ≤0.67.

Hepatic transcriptomics and enrichment analyses
Total RNA was extracted from liver tissues using TRIzol rea-

gent. RNA-seq libraries were constructed using the VAHTS 
Universal V6 RNA-seq Library Prep Kit and sequenced by OE 
Biotech Co., Ltd. Gene count matrices were analyzed using 
R software. Differential expression analysis was performed 
with DESeq2.32 Genes with a q-value < 0.05 and an absolute 
log2 fold change > 1 were defined as differentially expressed 
genes (DEGs). Gene Ontology (GO), Kyoto Encyclopedia of 
Genes and Genomes (KEGG), Reactome, and WikiPathways 
enrichment analyses were performed using a hypergeomet-
ric test.33

Multi-omics integration, weighted gene co-expres-
sion network analysis (WGCNA), network pharma-
cology, and machine learning
DEGs and differential metabolites were integrated to identify 
concordant transcriptional and metabolic programs associ-
ated with JYXZF treatment. WGCNA was performed in R af-
ter log2 transformation of gene expression data and Z-score 
normalization of metabolite abundance.34 Modules were 
identified using dynamic tree cutting. Module-metabolite as-
sociations were evaluated by gene significance and module 
membership.

MASLD-related genes were retrieved from OMIM, Gen-
eCards, DisGeNET, and TTD.35–37 JYXZF-related compounds 
and targets were obtained from TCMSP, HERB, SwissADME, 
SwissTargetPrediction, and UniProt.38–41 Protein–protein in-
teraction (PPI) networks were constructed using STRING and 
visualized in Cytoscape.42,43 Machine learning was used for 
candidate target prioritization rather than causal inference.44 
Candidate targets identified by network pharmacology and 
multi-omics integration served as input features, and experi-
mental group labels were used as outcome variables. Least 
absolute shrinkage and selection operator (LASSO) regres-
sion, support vector machine (SVM) modeling, and neural 
network modeling were constructed using the glmnet, e1071, 
and nnet packages in R, respectively. Public Gene Expression 
Omnibus (GEO) datasets from MASLD models were used for 
disease-context validation.

Molecular docking and molecular dynamics simula-
tion
Representative circulating constituents were selected as li-
gands based on UPLC-MS/MS annotation confidence and 
structural categories. Ligand structures were obtained from 
PubChem. Protein structures of PPARγ and the activator 
protein 1 (AP-1) Jun proto-oncogene (JUN)/Fos proto-on-
cogene (FOS) dimer were retrieved from the RCSB Protein 
Data Bank.45 Molecular docking was performed using CB-
Dock2.46 Molecular dynamics simulations were performed 
using GROMACS47,48 to evaluate complex stability. Root-
mean-square deviation (RMSD), radius of gyration (Rg), 
root-mean-square fluctuation (RMSF), and ligand–protein 
distance were calculated.

Cell culture and processing
Human hepatocellular carcinoma cell line HepG2 (HepG2) 
cells were stored in our laboratory. Cells were cultured in 
Dulbecco’s Modified Eagle Medium (DMEM, SH30243.01, Hy-
Clone, Logan, UT, USA) supplemented with 10% fetal bo-
vine serum (FBS, Gibco, Rockville, MD, USA) and penicillin-
streptomycin solution (04481229, Adamas Life). Cells in the 
treatment group were first cultured in 0.5 mM FFAs (palmitic 
acid:oleic acid = 2:1) for 24 h to induce steatosis. Cells were 
then treated with JYXZF-medicated serum, individual purified 
compounds, the four-compound mixture, or OCA (HY-12222, 
MedChemExpress).
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For co-culture experiments, human hepatic stellate cell 
line LX-2 (LX-2) cells were seeded into 12-well plates. FFA-
induced HepG2 cells were seeded onto polyester Transwell 
inserts (BIOFIL, Guangzhou, China) and allowed to adhere 
overnight. The inserts were then placed into the LX-2 wells 
and co-cultured for 48 h in DMEM containing 2% FBS. After 
co-culture, the Transwell inserts were removed, and both cell 
types were collected immediately for subsequent analysis.49

Cell Counting Kit-8 (CCK-8) assay
Cell viability was assessed with the CCK-8 (C0005, Target-
Mol, Boston, MA, USA). Approximately 1 × 103 cells were 
seeded into each well of a 96-well plate. Cells were treated 
with 100 µL of medium containing different concentrations 
of drug-containing serum and incubated for 72 h. Following 
treatment, 100 µL of medium containing 10% CCK-8 reagent 
was added to each well, and the plates were incubated for 
30 min at 37 °C. Absorbance (OD) at 450 nm was measured 
using a microplate reader.

AP-1 knockdown assay
AP-1 loss-of-function experiments were performed in FFA-in-
duced HepG2 cells by siRNA-mediated knockdown of JUN and 
FOS. Commercially synthesized siRNAs targeting JUN and 
FOS, the two major components of the AP-1 transcriptional 
complex, were used. HepG2 cells were co-transfected with 
si-JUN and si-FOS to suppress AP-1 activity. A non-targeting 
siRNA served as the negative control. Knockdown efficiency 
of siRNAs was confirmed by western blot.

Gene overexpression in cells and in vivo adeno-asso-
ciated virus (AAV) delivery
For the cell experiments, AdFOS, AdJUN, and AdSCD1 adeno-
viruses were generated using the AdEasy system by Beijing 
Tsingke Biotech Co., Ltd. (China). Transfection efficiency was 
confirmed by western blot. For the animal experiments, liver-
specific AAV-control and AAV-Scd1 vectors were purchased 
from Shanghai Genechem Co., Ltd. (Shanghai, China). Rats 
received tail vein injections at 10 weeks of age (2 × 1011 
genome copies/rat). SCD1 overexpression in rat hepatocytes 
was confirmed by western blot.

RNA extraction and reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR)
Total RNA was extracted from liver tissue and cultured cells 
using a total RNA extraction kit. RNA concentration was 
measured, and RNA was reverse-transcribed into cDNA us-
ing a reverse transcription kit. Target gene expression was 
determined by RT-qPCR. Relative mRNA expression was nor-
malized to Actb and calculated using the 2−ΔΔCT method.50 
Primer sequences are provided in the Supplementary File 1.

Western blot
Proteins were extracted from homogenized rat liver tissues 
using lysis buffer (P0013, Beyotime Biotechnology, Shang-
hai, China) supplemented with 1% phenylmethylsulfonyl 
fluoride (PMSF) and 1% phosphatase inhibitor (EpiZyme, 
Shanghai, China). HepG2 cells were cultured to approxi-
mately 60% confluence. Cells were treated with FFA for 24 
h and then exposed to different concentrations of drug-con-
taining serum for another 24 h. Proteins were extracted us-
ing the same method. Protein concentration was determined 
using the bicinchoninic acid assay. Proteins were separated 
by SDS-PAGE and transferred to PVDF membranes (Millipore, 
Boston, Massachusetts, USA). Membranes were blocked 
with 5% non-fat milk and incubated overnight with the fol-

lowing antibodies: anti-PPARγ (66936-1-Ig, Proteintech), 
anti-FOS (66590-1-Ig, Proteintech), anti-JUN (24909-1-AP, 
Proteintech), anti-β-actin (20536-1-AP, Proteintech), and 
anti-GAPDH (GB15002-100, Servicebio). After washing with 
TBST, membranes were incubated with secondary antibod-
ies.51 Protein signals were detected using a Bio-Rad imaging 
system (USA). Western blot membranes were retained for 
record keeping.

Luciferase reporter assay
To test AP-1-dependent regulation of the PPARγ promoter, 
reporter constructs containing the PPARγ promoter region 
(including AP-1 binding sites) were cloned upstream of fire-
fly luciferase. Renilla luciferase was used for normalization. 
Cells were transfected with reporter plasmids, and luciferase 
activity was measured 48 h post-transfection using a dual-
luciferase assay system.52

Chromatin immunoprecipitation-quantitative poly-
merase chain reaction (ChIP-qPCR) assay
ChIP-qPCR was performed to assess c-Jun/c-Fos binding to 
the predicted AP-1 binding region within the PPARγ pro-
moter. HepG2 cells were cross-linked, lysed, and sonicated 
to obtain fragmented chromatin. Immunoprecipitation was 
performed using antibodies against c-Jun and c-Fos. IgG 
was used as a negative control. Purified DNA was analyzed 
by qPCR using primers targeting the AP-1 binding region. 
Enrichment was normalized to input DNA. Primer sequences 
and antibody details are provided in the Supplementary File 
1.52

Statistical analysis
All statistical analyses were performed using R software (ver-
sion 4.4.1) and GraphPad Prism 10.1.2. Data are presented 
as mean ± standard deviation from at least three independ-
ent experiments. Student’s t-test or paired t-test was used 
for comparisons between two groups. One-way ANOVA fol-
lowed by Tukey’s post hoc test was used for multi-group 
comparisons. Pearson’s correlation coefficient (R) was used 
to assess linear relationships. A P-value < 0.05 was consid-
ered statistically significant.

Results

Characterization of JYXZF prototypes and main 
blood-entry components
To identify the bioavailable constituents of JYXZF, we per-
formed UPLC-MS/MS analysis of JYXZF-treated rat serum 
(JYXZF-treated group), JYXZF decoction (JYXZF), blank se-
rum (Con), and a mixture of JYXZF decoction with blank se-
rum (JYXZF + Con) (Supplementary Fig. 1A). Comparison 
of base peak chromatograms in both positive and negative 
ion modes revealed a complex phytochemical profile in the 
JYXZF decoction and the serum of JYXZF-treated rats (Sup-
plementary Fig. 1B). In total, we annotated 2,831 prototype 
compounds and 591 serum compounds from the UPLC-MS/
MS data.

NPClassifier-based structural classification53 showed that 
the circulating compounds were primarily enriched in the 
shikimate and phenylpropanoid pathways. Flavonoids were 
the most abundant class, followed by phenolic acids and phe-
nylpropanoids (Supplementary Fig. 1C). These data indicate 
that JYXZF delivers a broad range of small molecules into the 
circulation, with flavonoids and phenylpropanoid derivatives 
representing the major circulating constituents.
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JYXZF administration alleviates hepatic steatosis, 
inflammation, and fibrosis
To evaluate the effectiveness of JYXZF in vivo, we established 
a MASH SD rat model by feeding the animals an high-fat/cal-
orie diet with high-fructose/high-glucose water (HFCD-HF/G) 
diet. The rats then received low-, medium-, or high-dose 
JYXZF by intragastric administration for 12 weeks, whereas 
OCA served as a positive control (Fig. 1A). Food intake did 
not differ significantly among the groups, indicating that nei-
ther JYXZF nor OCA affected appetite or energy intake (Fig. 
1B). The MASH diet substantially increased body weight, liver 
weight, and the liver-to-body weight ratio. JYXZF and OCA 
significantly attenuated these changes, and JYXZF produced 
a clear dose-dependent effect (Fig. 1C).

Serum biochemical analysis showed that JYXZF signifi-
cantly reduced ALT, AST, TG, TC, LDL-C, and fasting blood 
glucose levels, while increasing HDL-C levels compared with 
those in untreated MASH rats (Fig. 1D and E). ITTs, GTTs, 
and the corresponding AUC (0–120 min) analyses demon-
strated that JYXZF substantially improved systemic insulin 
sensitivity in MASH rats and produced greater improvements 
than OCA (Supplementary Fig. 2A and B). JYXZF also re-
duced hepatic TNF-α and IL-6 levels, further supporting its 
anti-inflammatory effects (Supplementary Fig. 2C). Histo-
pathological evaluation revealed extensive macrovesicular 
steatosis and accumulation of hepatic lipid droplets in MASH 
rats. JYXZF treatment, especially in the high-dose group, 
substantially improved these histological abnormalities. H&E 
staining showed reduced steatosis, Oil Red O staining re-
vealed fewer lipid droplets, and collagen deposition was re-
duced (Fig. 1F). Together, these findings indicate that JYXZF 
effectively ameliorated hepatic steatosis, inflammation, and 
fibrosis in the MASH rat model.

To further confirm the lipid-lowering effects of JYXZF in 
vitro, we established an FFA-induced steatosis model in 
HepG2 cells and treated the cells with JYXZF-medicated se-
rum. JYXZF-medicated serum reduced lipid accumulation 
compared with control serum without compromising cell via-
bility. It also significantly lowered intracellular TG and TC lev-
els in HepG2 cells (Supplementary Fig. 2D–F). Because ex-
tracellular matrix deposition by hepatic stellate cells (HSCs) 
is considered a key event in liver fibrosis, we established an 
FFA-induced HepG2/LX-2 co-culture model to examine HSC 
activation after JYXZF treatment (Supplementary Fig. 2G). 
RT-qPCR showed that the mRNA levels of fibrosis markers 
ACTA2 (α-SMA), COL1A1, COL3A1, TIMP-1, and inflamma-
tory cytokines (TNF-α and IL-6) increased in co-cultured LX-2 
cells. JYXZF and OCA significantly reduced the expression of 
these genes (Supplementary Fig. 2H). Combined with the in 
vivo data, these results demonstrate that JYXZF consistently 
suppresses hepatic steatosis and attenuates inflammatory 
and fibrotic changes in both animal and cellular models.

Metabolomics analysis reveals PPAR-related lipid 
metabolism regulated by JYXZF
To investigate the metabolic effects of JYXZF treatment, 
we performed untargeted serum metabolomic analysis in 
MASH rats with or without JYXZF. PCA and OPLS-DA showed 
clear separation between the MASH group and JYXZF-treat-
ed groups. This observation indicated that JYXZF substan-
tially altered the metabolic profile (Supplementary Fig. 3A 
and B). The OPLS-DA loading plot and S-plot identified the 
key metabolites that contributed to group separation, and 
permutation testing confirmed the robustness of the model 
(Supplementary Fig. 3C and D). A heatmap of the differential 
metabolites further illustrated the distinct metabolic patterns 
between the groups (Supplementary Fig. 3E).

At the superclass level, the differential metabolites were 
mainly classified as lipids and lipid-like molecules. At the class 
level, they were primarily enriched in carboxylic acids, their 
derivatives, and fatty acids (Fig. 2A). Comparative analysis 
identified 875 differential metabolites between HFCD-HF/G- 
and JYXZF-treated rats, including 471 upregulated and 404 
downregulated metabolites (Supplementary Fig. 3F).

KEGG pathway enrichment analysis showed that these 
metabolites were mainly associated with amino acid and lipid 
metabolism, whereas Reactome analysis identified PPAR-reg-
ulated lipid metabolic pathways among the most significantly 
enriched pathways (Fig. 2B and C). Overall, these results 
suggest that JYXZF reshapes systemic lipid metabolism and 
may exert its therapeutic effects through modulation of 
PPAR-linked lipid metabolic pathways in MASLD.

Integrated transcriptomic and metabolomic analy-
ses prioritize a PPARγ/SCD1-related lipid metabolic 
program associated with JYXZF treatment
To further elucidate the molecular mechanisms through 
which JYXZF ameliorates hepatic steatosis, we performed 
hepatic transcriptomic profiling in MASH rats with or without 
JYXZF and integrated the transcriptomic and serum metab-
olomic data using WGCNA. PCA of the transcriptomic data 
showed clear separation between the MASH group and the 
JYXZF-treated group (Supplementary Fig. 4A). Differential 
expression analysis (q < 0.05, |log2FC| > 1.0) identified 
438 DEGs, including 260 upregulated and 178 downregu-
lated genes. Heatmap analysis further revealed distinct gene 
expression patterns between the two groups (Supplemen-
tary Fig. 4B and C). GO, KEGG, Reactome, and WikiPath-
ways enrichment analyses showed that these DEGs were 
predominantly associated with lipid metabolism, particularly 
fatty acid biosynthesis and the PPAR signaling pathway. Key 
genes included PPARγ, SCD1, carnitine palmitoyltransferase 
1A (CPT1A), and several fatty acid-binding protein (FABP) 
family members (Fig. 2D–F). When we applied a less strin-
gent threshold (|log2FC| > 0.585), we identified additional 
genes within these pathways (Supplementary Fig. 4E–J), fur-
ther highlighting their central role.

To explore the relationship between the transcriptome 
and metabolome, WGCNA identified eight gene co-expres-
sion modules. Among them, the blue module exhibited the 
strongest correlation with metabolic traits (Supplementary 
Fig. 5A and B). We selected core genes within this module 
(kME > 0.8), and their associations with the top 50 metabo-
lites were visualized in a metabolite-module heatmap (Sup-
plementary Fig. 5C). Venn analysis of (i) the 50 metabolites 
with the highest absolute correlation coefficients, (ii) the 189 
metabolites within the blue module, and (iii) the 73 metabo-
lites associated with machine learning-derived core targets 
identified six key differential metabolites (Supplementary 
Fig. 5D and E), including eicosatetraenoic acid (Supplemen-
tary Fig. 5F), which mapped to PPAR-regulated lipid meta-
bolic pathways (Fig. 2G).

Taken together, the integrated metabolomic and transcrip-
tomic analyses suggest that the PPARγ/SCD1 lipid metabolic 
program represents an important regulatory pathway within 
the broader molecular response to JYXZF.

Multi-database integrated network pharmacology 
and metabolomics identify key targets of JYXZF in 
MASLD
To investigate the potential molecular mechanisms through 
which JYXZF acts in MASLD, we integrated multi-database 
network pharmacology with serum metabolomic data. MA-
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Fig. 1.  Metabolic, biochemical, and histological measurements in the MASH rat model. (A) Schematic diagram of SD rat treatment. Eight-week-old rats (n = 
6) were fed a MASH diet and then received intragastric administration of low-, medium-, and high-dose JYXZF or OCA for 12 weeks. (B) Changes in food intake of rats 
in each group. (C) Body weight, liver weight, and liver coefficient (ratio of liver weight/body weight) of rats in each group. (D, E) ALT, AST, TG, TC, LDL-C, HDL-C, and 
blood glucose levels of rats in each group. (F) Representative images of H&E, Oil Red O staining, and Sirius Red staining of liver sections. Scale bar = 50 µm. Data are 
presented as mean ± standard deviation. ALT, alanine aminotransferase; AST, aspartate aminotransferase; H&E, hematoxylin and eosin; HDL-C, high-density lipoprotein 
cholesterol; JYXZF, Juanyu-Xiaozhi Formula; LDL-C, low-density lipoprotein cholesterol; MASH, metabolic dysfunction-associated steatohepatitis; OCA, obeticholic acid; 
SD, Sprague–Dawley; TC, total cholesterol; TG, triglycerides.
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SLD-related targets were collected from OMIM, GeneCards, 
DisGeNET, and TTD, yielding 22,788 unique disease-associ-
ated genes after deduplication. We searched the five herbal 
components of JYXZF against HERB and TCMSP and identi-
fied 900 compound-related targets (Supplementary Table 1). 
Intersection analysis identified 708 targets shared between 
JYXZF and MASLD, representing potential therapeutic targets 
(Supplementary Fig. 6A; Supplementary Table 2).

GO enrichment analysis indicated that these 708 targets 
were mainly associated with biological processes involved in 
lipid responses (Supplementary Fig. 6B), whereas KEGG and 
Reactome analyses showed significant enrichment of lipid 
metabolism and atherosclerosis-related pathways (Supple-
mentary Fig. 6C and D). We constructed a PPI network using 
STRING and visualized it in Cytoscape (Supplementary Fig. 
6E). Topological analysis based on degree centrality identi-
fied 66 key targets using a threshold equal to half of the 
maximal degree value (Supplementary Table 3).

Next, we constructed a compound-target-pathway net-
work that integrated the 708 genes with their corresponding 
compounds, and we ranked 150 top-scoring targets accord-
ing to degree (Supplementary Fig. 6F; Supplementary Table 
4). Additionally, 141 level-1 and 228 level-2 metabolites (re-
tention time ± 0.3 min) were matched to SMILES structures 
through PubChem, and their oral bioavailability was predict-
ed using SwissADME. SwissTargetPrediction yielded 999 pu-
tative targets for these metabolites (Supplementary Table 5).

A Venn diagram integrating the PPI key nodes (n = 66), 
the top-ranked nodes in the compound–target–pathway net-
work (n = 150), and metabolomics-predicted targets (n = 
999) identified 44 overlapping targets as key candidate me-
diators of the therapeutic effects of JYXZF in MASLD (Sup-
plementary Fig. 6G).

Machine learning-assisted prioritization of candidate 
transcriptomic targets
To prioritize the most relevant targets among the 44 can-
didates, we analyzed the hepatic transcriptomic data using 
three machine learning algorithms: LASSO regression, SVM, 
and artificial neural networks. The dataset was randomly di-
vided into training and validation sets at a 7:3 ratio. Each 
algorithm selected the top 10 weighted targets according 
to feature importance (Fig. 3A). Comparison of the results 
from the three algorithms identified six overlapping targets: 
PPARα, PPARγ, JUN, FOS, mitogen-activated protein kinase 
1 (MAPK1), and histone deacetylase 1 (HDAC1) (Fig. 3G).

Residual plots, the LASSO learning curve, and breakdown/
SHAP-based interpretation were used to evaluate the internal 
stability and interpretability of the candidate ranking within 
the discovery dataset (Fig. 3B–D). Accumulated depend-
ence profiles illustrated the influence of changes in candidate 
gene expression on model-derived prioritization. Together 
with cross-model comparison, these analyses demonstrated 
consistent effects for PPARα, PPARγ, JUN, FOS, HDAC1, and 
MAPK1 across the three algorithms (Fig. 3E and F). Correla-
tion analysis also revealed strong associations among PPARα, 
PPARγ, JUN, and FOS (Fig. 3H).

Integrating the machine learning-prioritized candidates 
with transcriptomic DEGs showed that PPARγ, JUN, and FOS 
were not only selected by the algorithms but were also signif-
icantly dysregulated after JYXZF treatment (Fig. 3I). As inde-
pendent transcriptomic datasets from JYXZF-treated models 
were not available, we used external GEO datasets from MA-
SLD models to validate these findings. Across six GEO data-
sets, PPARγ, JUN, and FOS showed consistent upregulation 
in MASLD models compared with normal controls (Fig. 3J). 
Thus, machine learning provided an independent layer of pri-

oritization, refined conventional multi-omics candidates, and 
highlighted PPARγ, JUN, and FOS for subsequent functional 
validation.

Molecular docking and molecular dynamics simula-
tion
To explore the structural basis of JYXZF activity, we scored 
circulating constituents based on their m/z values and MS/
MS fragment patterns. We selected high-scoring compounds 
from the major structural categories as candidate ligands 
(Supplementary Table 6). Docking simulations were then 
performed using PPARγ and AP-1 (JUN/FOS dimer) as repre-
sentative receptors, based on the multi-omics and machine 
learning analyses. We retrieved their three-dimensional 
structures (PDB IDs: 8ATY for PPARγ and 1FOS for AP-1) 
from the RCSB Protein Data Bank.

Molecular docking showed that several JYXZF-derived fla-
vonoids and related small molecules formed stable interac-
tions with both PPARγ and AP-1 (Fig. 4A). Nepetin showed 
the strongest binding affinity for PPARγ and interacted with 
residues SER289, GLU295, and LYS367, whereas luteolin-
7-glucuronide interacted with LEU228, TYR327, and LYS367 
in PPARγ and with ARG159, ARG285, and ARG288 in AP-1. 
Other circulating compounds, including hispidulin-7-glucuro-
nide and rutin, also exhibited appreciable affinity for both 
PPARγ and AP-1, with binding energies ranging from −4.6 to 
−10.7 kcal/mol (Supplementary Table 7).

To evaluate the stability of the docking results, molecu-
lar dynamics simulations were conducted on representative 
flavonoid-PPARγ/AP-1 complexes. RMSD reached equilibrium 
at approximately 20 ns and remained stable throughout the 
100-ns simulation, indicating conformational stability (Fig. 
4B). The center-of-mass distance between the ligand and 
the binding pocket fluctuated only within a narrow range 
(0.6–0.8 nm), suggesting persistent ligand residence (Sup-
plementary Fig. 7A). Rg values remained between 2.65 and 
2.75 nm with minimal fluctuation (Supplementary Fig. 7B), 
indicating that the global protein structure remained com-
pact. Finally, RMSF analysis showed limited local flexibility 
(0.1–0.25 nm for most residues), with particularly low mo-
bility at binding-site residues, consistent with stable ligand 
binding (Supplementary Fig. 7C).

These docking and molecular dynamics results suggest 
that selected circulating constituents of JYXZF likely interact 
with PPARγ and AP-1, supporting target prioritization.

AP-1 participates in JYXZF-mediated suppression of 
PPARγ/SCD1-related signaling
To validate the expression changes in the core genes identi-
fied above, we first examined liver tissues from normal chow 
diet (NCD), MASH, and JYXZF-treated rats. Western blot 
analysis showed that FOS, JUN, and PPARγ were upregulated 
in the MASH group compared with the NCD control group, 
whereas JYXZF treatment substantially reduced their protein 
levels (Fig. 5A). Consistent with the transcriptomic results, 
RT-qPCR analysis revealed that multiple PPARγ pathway-re-
lated genes were downregulated after JYXZF treatment, with 
SCD1 showing one of the most prominent decreases (Fig. 
5B). Additionally, JYXZF-medicated serum reduced the pro-
tein and mRNA expression of FOS, JUN, PPARγ, and SCD1 in 
FFA-induced steatotic HepG2 cells, consistent with the in vivo 
findings (Supplementary Fig. 8A and B).

Given that the AP-1 complex (c-Jun/c-Fos dimers) is 
known to enhance PPARγ promoter activity and thereby in-
crease PPARγ expression,54 we hypothesized that AP-1 mod-
ulation may contribute to the inhibitory effect of JYXZF on 
PPARγ signaling. To test this, a luciferase reporter assay was 
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Fig. 2.  Metabolomics and transcriptomics profiling of the liver from the MASH group and the JYXZF-treated group. (A) Classification of differential metabolites 
by superclass and class. (B) KEGG metabolic pathway enrichment analysis of differential metabolites. (C) Reactome database pathway enrichment analysis of differential 
metabolites. (D) GO enrichment analysis of DEGs from the MASH group versus the optimal-dose JYXZF treatment group. (E) KEGG pathway enrichment analysis of DEGs. 
(F) WikiPathways analysis of DEGs. (G) Integrated transcriptomic and metabolomic analysis showing pathway enrichment of differential metabolites. CYP450, Cytochrome 
P450; DEGs, differentially expressed genes; GO, Gene Ontology; GPCRs, G-protein-coupled receptors; JYXZF, Juanyu-Xiaozhi Formula; PUFA, polyunsaturated fatty acid; 
PPAR, peroxisome proliferator-activated receptor; KEGG, Kyoto Encyclopedia of Genes and Genomes; MASH, metabolic dysfunction-associated steatohepatitis.
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Fig. 3.  Machine-learning-assisted prioritization and external disease-context assessment of candidate transcriptomic targets. (A) Feature importance 
evaluation of key genes using three machine learning models based on the transcriptomic training dataset. (B) Boxplot of residual absolute errors across models; red 
dots indicate RMSE. (C) LASSO regression learning curve. (D) Validation of gene importance using the validation dataset by the Break Down Method and SHAP values. 
(E, F) ADPs of core targets and comparative changes in core targets across three models, yielding six core genes. (G) Intersection of the top 10 important genes among 
the three models, yielding six core genes. (H) Correlation analysis of the six core genes in the transcriptomic data. (I) Overlap of core genes with transcriptomic DEGs 
(fold change > 2.0). (J) External validation using GEO datasets (GSE24031, GSE52748, GSE67678, GSE67679, GSE73500, GSE200409); all datasets were selected 
from normal diet-fed controls (Con) and MASLD. ADP, accumulated dependence profile; CASP3, caspase 3; Con, normal control; DEGs, differentially expressed genes; 
FOS, Fos proto-oncogene; GEO, Gene Expression Omnibus; HDAC1, histone deacetylase 1; HSP90AB1, heat shock protein 90 alpha family class B member 1; IGF1R, 
insulin-like growth factor 1 receptor; JUN, Jun proto-oncogene; KDR, kinase insert domain receptor; LASSO, least absolute shrinkage and selection operator; MAPK1, 
mitogen-activated protein kinase 1; MAPK3, mitogen-activated protein kinase 3; MAPK14, mitogen-activated protein kinase 14; MASLD, metabolic dysfunction-associ-
ated steatotic liver disease; MMP9, matrix metallopeptidase 9; MTOR, mechanistic target of rapamycin kinase; NNET, neural network; PARP1, poly(ADP-ribose) polymer-
ase 1; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha; PPARα, peroxisome proliferator-activated receptor alpha; PPARγ, peroxisome 
proliferator-activated receptor gamma; RMSE, root mean square error; SHAP, SHapley Additive exPlanations; STAT3, signal transducer and activator of transcription 3; 
SVM, support vector machine; TNF, tumor necrosis factor.
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performed using constructs containing the PPARγ promoter. 
JYXZF treatment reduced PPARγ promoter activity, whereas 
AP-1 overexpression (OE-AP-1) significantly reversed the 
inhibitory effect of JYXZF (Fig. 5C). To further assess AP-1 
binding to the PPARγ promoter, we performed ChIP-qPCR 
to measure c-Jun/c-Fos binding to the AP-1 motif within the 

PPARγ promoter. In FFA-treated HepG2 cells, AP-1 occupancy 
at the PPARγ promoter was significantly increased relative to 
control cells, whereas JYXZF treatment substantially reduced 
this occupancy. Pharmacological AP-1 inhibition with T-5224 
produced a similar decrease in AP-1 binding (Supplementary 
Fig. 8C). Conversely, phorbol 12-myristate 13-acetate (PMA)-

Fig. 4.  Molecular docking and molecular dynamics analyses of representative circulating JYXZF constituents with selected protein structures. (A) 
Molecular docking results for three major flavonoids and four minor compounds against core targets. (B) Molecular dynamics simulation trajectories and binding stabil-
ity for flavonoid-target complexes (RMSD curves). AP-1, activator protein 1; JYXZF, Juanyu-Xiaozhi Formula; RMSD, root-mean-square deviation; PPAR, peroxisome 
proliferator-activated receptor.
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Fig. 5.  AP-1 modulation and PPARγ/SCD1-related measurements in liver tissues and FFA-induced HepG2 cells. (A) Western blot analysis of FOS, JUN, 
and PPARγ expression in liver tissues from the NCD, MASH, and JYXZF-treated groups. (B) Analysis of PPARγ signaling pathway-related gene expression in the livers 
of MASH and JYXZF-H groups by RT-qPCR. (C–F) HepG2 cells were first incubated with 0.5 mM FFA for 12 h and then subjected to AP-1 overexpression (AdFOS and 
AdJUN), JYXZF treatment, or combined JYXZF treatment and AP-1 overexpression. (C) Relative luciferase activity of reporter constructs containing the PPARγ promoter 
region (n = 3). (D–E) Protein and relative mRNA levels (n = 3) of FOS, JUN, PPARγ, and SCD1 were determined by western blotting and RT-qPCR. (F) Representative 
images of Oil Red O staining. Scale bar = 50 µm. (G, H) LX-2 cells were co-cultured with FFA-induced HepG2 cells (treated as described above). The indicated mRNA 
levels of LX-2 cells were analyzed by RT-qPCR (n = 3, performed in triplicate). Data are presented as mean ± standard deviation. AP-1, activator protein 1; FFA, free 
fatty acid; FOS, Fos proto-oncogene; H&E, hematoxylin and eosin; HepG2, human hepatocellular carcinoma cell line HepG2; JYXZF, Juanyu-Xiaozhi Formula; JUN, 
Jun proto-oncogene; LX-2, human hepatic stellate cell line LX-2; MASH, metabolic dysfunction-associated steatohepatitis; NCD, normal chow diet; PPARγ, peroxisome 
proliferator-activated receptor gamma; RT-qPCR, reverse transcription quantitative polymerase chain reaction; SCD1, stearoyl-CoA desaturase 1.
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induced AP-1 activation further enhanced promoter binding, 
and co-treatment with JYXZF partially attenuated this effect 
(Supplementary Fig. 8D). In parallel, AP-1 overexpression 
largely restored the protein and mRNA levels of FOS, JUN, 
PPARγ, and SCD1 that had been decreased by JYXZF in FFA-
treated HepG2 cells (Fig. 5D and E). Functionally, Oil Red O 
staining and co-culture experiments demonstrated that AP-1 
overexpression largely counteracted the inhibitory effects of 
JYXZF on hepatic lipid accumulation and HSC activation in 
vitro (Fig. 5F–H).

To further examine the contribution of AP-1 to PPARγ/
SCD1-related signaling, we performed AP-1 loss-of-function 
experiments using siRNA-mediated knockdown of JUN and 
FOS. Compared with the control group, knockdown of AP-1 
significantly reduced both PPARγ expression and lipid accu-
mulation. Moreover, combined treatment with JYXZF exerted 
an inhibitory effect similar to that of the AP-1 knockdown 
group alone, suggesting that AP-1 is a functionally relevant 
contributor to JYXZF-induced downregulation of PPARγ. The 
combined treatment exhibited a stronger lipid-lowering ef-
fect than AP-1 knockdown alone, indicating that additional 
AP-1-independent mechanisms may also contribute to the 
anti-steatotic effects of JYXZF. This finding is consistent with 
its multicomponent pharmacological characteristics (Supple-
mentary Fig. 8E and F).

Collectively, these data support the involvement of AP-
1-dependent transcriptional regulation of PPARγ in the re-
sponse to JYXZF.

SCD1 perturbation supports its functional involve-
ment in JYXZF-regulated lipid metabolism
Given that SCD1 is an important lipogenic gene downstream 
of PPARγ signaling, we next investigated whether manipulat-
ing SCD1 would affect the therapeutic effects of JYXZF in MA-
SLD. We established a liver-specific AAV-Scd1 overexpression 
model and treated the MASH rat model with JYXZF (Fig. 6A 
and B). JYXZF alone significantly reduced body weight, liver 
weight, and the liver-to-body weight ratio compared with 
the MASH group, whereas AAV-Scd1 largely abolished these 
improvements (Fig. 6C). Consistently, JYXZF lowered blood 
glucose and improved serum lipid profiles, liver enzyme pro-
files, and inflammatory markers (ALT, AST, TG, TC, LDL, HDL, 
TNF-α, and IL-6), whereas AAV-Scd1 largely abolished these 
metabolic benefits (Fig. 6D–F). Histological assessment fur-
ther showed that AAV-Scd1 substantially counteracted the 
JYXZF-induced reduction in hepatic steatosis and fibrosis, re-
sulting in greater hepatic lipid and collagen deposition com-
pared with JYXZF alone (Fig. 6G). Further in vitro validation 
demonstrated that SCD1 overexpression significantly com-
promised the suppressive effects of JYXZF on hepatic steato-
sis and HSC activation (Supplementary Fig. 9A–D).

Collectively, both in vivo and in vitro gain-of-function ex-
periments showed that SCD1 overexpression substantially 
attenuated the ability of JYXZF to reduce hepatic lipid accu-
mulation, metabolic disturbances, inflammatory responses, 
and fibrotic alterations. These findings support SCD1 as a 
functionally important downstream mediator of JYXZF-regu-
lated lipid metabolic remodeling.

Purified circulating flavonoids contribute to the anti-
steatotic activity of JYXZF
Four abundant circulating constituents, luteolin-7-glucuron-
ide, nepetin, hispidulin-7-glucuronide, and rutin, were con-
firmed by targeted UPLC-MS/MS (Fig. 7A). The mass spec-
tra and corresponding m/z values for the four circulating 
constituents of JYXZF are shown in Figure 7B. To determine 

whether these circulating constituents contributed to the an-
ti-steatotic effect, FFA-induced HepG2 cells were treated with 
JYXZF-medicated serum, used as a surrogate for the active 
circulating small-molecule mixture; purified monomers; the 
four-compound mixture; or OCA. CCK-8 assays showed that 
the four-compound mixture (LNHR) at concentrations up to 
20% (v/v) had little effect on cell viability, whereas higher 
concentrations (30–50%) significantly reduced viability (Fig. 
7C). Therefore, we selected 20% as the working concentra-
tion. We then treated FFA-induced HepG2 cells with each 
purified monomer, the four-compound mixture, or JYXZF-
medicated serum. Compared with the FFA group, TG and TC 
levels in the culture supernatant were significantly decreased 
across all treatment groups. In particular, the LNHR group 
showed markedly reduced TG and TC levels, with an effect 
comparable to that of the JYXZF-medicated serum group 
(Fig. 7D). Consistently, Oil Red O staining corroborated these 
findings and showed that the four-compound mixture and 
JYXZF-medicated serum markedly reduced FFA-induced lipid 
droplet accumulation in HepG2 cells (Fig. 7E). These findings 
indicate that four key circulating constituents of JYXZF at-
tenuate hepatic steatosis in vitro, with efficacy comparable to 
that of JYXZF-medicated serum. Additionally, the four puri-
fied monomers reduced lipid deposition to different extents. 
Among the individual monomers, rutin exhibited the strong-
est anti-steatotic effect, followed by luteolin-7-glucuronide, 
nepetin, and hispidulin-7-glucuronide. Notably, the optimized 
four-compound mixture exhibited a stronger lipid-lowering 
effect than any single monomer and was second only to 
JYXZF-medicated serum.

Discussion
MASLD is characterized by metabolic dysregulation, hepatic 
lipid accumulation, inflammation, and fibrotic remodeling, yet 
effective therapeutic options remain limited.55–57 Although 
TCM formulas have shown beneficial effects in fatty liver 
disease, previous studies have often focused on phenotypic 
improvement, network pharmacology analyses, or pathway 
enrichment, leaving the circulating bioactive constituents and 
functionally relevant mechanisms insufficiently characterized. 
In this study, we integrated UPLC-MS/MS-based circulating 
constituent profiling, serum metabolomics, hepatic transcrip-
tomics, network pharmacology, machine learning-assisted 
target prioritization, and functional perturbation experiments. 
This approach established a framework that links JYXZF con-
stituents to MASLD-related regulatory pathways. These find-
ings suggest that the AP-1/PPARγ/SCD1-related lipid meta-
bolic pathway contributes to the therapeutic effects of JYXZF 
(Fig. 8).

Identification of circulating constituents provides an im-
portant pharmacological link between chemical profiling and 
biological activity.58 Among the circulating compounds de-
tected after JYXZF administration, flavonoid-related constitu-
ents, including nepetin, luteolin-7-glucuronide, hispidulin-
7-glucuronide, and rutin, were prominent. These compounds 
have been reported to exert anti-inflammatory, antioxidant, 
insulin-sensitizing, and lipid-regulatory activities, suggesting 
their potential roles in metabolic and inflammatory disor-
ders.59–62 In this study, experimental validation of the pu-
rified compounds further showed that these representative 
flavonoids reduced lipid accumulation to different extents 
in FFA-induced HepG2 cells. Importantly, their combination 
exerted a stronger anti-steatotic effect than any single com-
pound. However, the mixture did not fully reproduce the ac-
tivity of JYXZF-medicated serum, suggesting that these fla-
vonoids are pharmacologically relevant contributors but do 
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Fig. 6.  Metabolic, biochemical, and histological measurements in MASH rats with AAV-mediated Scd1 overexpression and JYXZF treatment. (A) Sche-
matic diagram of SD rat treatment. Briefly, SD rats (n = 6) were fed a MASH diet and then received liver-specific AAV injections (AAV-control or AAV-Scd1) via the 
tail vein at 10 weeks of age, followed by a 12-week treatment with JYXZF. (B) Analysis of SCD1 expression in the livers of rats by western blot. (C) Body weight, liver 
weight, and liver coefficient (ratio of liver weight/body weight) of rats in each group. (D) Blood glucose levels of rats in each group. (E) ALT, AST, TG, TC, LDL-C, and 
HDL-C levels of rats in each group. (F) Relative TNF-α and IL-6 levels in liver tissues. (G) Representative images of H&E, Oil Red O staining, and Sirius Red staining 
of liver sections. Scale bar = 50 µm. Data are presented as mean ± standard deviation. AAV, adeno-associated virus; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; HDL-C, high-density lipoprotein cholesterol; H&E, hematoxylin and eosin; IL-6, interleukin-6; JYXZF, Juanyu-Xiaozhi Formula; LDL-C, low-density 
lipoprotein cholesterol; MASH, metabolic dysfunction-associated steatohepatitis; Scd1, stearoyl-CoA desaturase 1; SD, Sprague–Dawley; TC, total cholesterol; TG, 
triglycerides; TNF-α, tumor necrosis factor alpha.
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Fig. 7.  UPLC-MS/MS identification of circulating JYXZF constituents and in vitro measurements after treatment with key compounds in FFA-induced 
HepG2 cells. (A) UPLC-MS/MS analysis of the four representative circulating constituents of JYXZF. (B) Mass spectra and m/z information for four key active con-
stituents of JYXZF circulating in blood. (C–E) HepG2 cells were incubated with 0.5 mM FFA for 24 h and then treated with each purified monomer, a low- or high-
concentration four-compound mixture (LNHR), or JYXZF-medicated serum. (C) Cell viability after treatment with different concentrations of LNHR. (D) TG and TC levels 
in the culture supernatant after the indicated treatments in each group (n = 3). (E) Representative images of Oil Red O staining in each group. Scale bar = 50 µm. 
Data are presented as mean ± standard deviation. CCK-8, Cell Counting Kit-8; FFA, free fatty acid; HepG2, human hepatocellular carcinoma cell line HepG2; JYXZF, 
Juanyu-Xiaozhi Formula; LNHR, luteolin-7-glucuronide, nepetin, hispidulin-7-glucuronide, and rutin; m/z, mass-to-charge ratio; TC, total cholesterol; TG, triglycerides; 
UPLC-MS/MS, ultra-high-performance liquid chromatography–tandem mass spectrometry.
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not fully account for the effects of the whole formula. Other 
circulating metabolites, non-flavonoid constituents, and in-
teractions between multiple chemical classes may also have 
contributed to the overall efficacy of JYXZF.

PPARγ is an important nuclear receptor involved in lipid 
metabolism, fatty acid handling, and hepatic steatosis.63,64 
In hepatocytes, excessive PPARγ activation promotes triglyc-
eride synthesis and lipid droplet formation partly through 
lipogenic genes such as SCD1, which facilitates the conver-
sion of saturated fatty acids into monounsaturated fatty ac-
ids and promotes lipid synthesis and storage.65 Given the 
established roles of AP-1 in metabolic inflammation and lipid 
regulation,54 our findings suggest that AP-1 inhibition may 
contribute to reduced PPARγ-driven lipogenic signaling and 
SCD1-associated lipid accumulation. Functional perturbation 
experiments further supported the role of SCD1 as a down-
stream mediator of this lipid-regulatory response. Neverthe-
less, considering the multicomponent nature of JYXZF and 
the complexity of MASLD pathogenesis, the AP-1/PPARγ/
SCD1 axis should be viewed as an important validated 
mechanism within the broader multi-target actions of JYXZF, 
rather than as an exclusive or fully resolved causal cascade.

Compared with other TCM formulas studied for fatty liver 
disease, JYXZF showed both shared and distinct mechanisms. 
Xiaoyaosan has been reported to improve hepatic steatosis, 
oxidative stress, inflammation, and metabolic dysregulation 
through pathways identified by multi-omics approaches.66 
Yinchenhao Tang has been more closely associated with bile 
acid metabolism, farnesoid X receptor (FXR)-related regu-
lation, and reduced HSC activation through TGF-β/Smad/
extracellular regulated protein kinase (ERK) signaling.22,67 
JYXZF shares the multicomponent and multi-target charac-
teristics of these formulas. However, the present study pro-
vides evidence that JYXZF may act through a distinct path-
way centered on circulating flavonoid-related constituents 
and AP-1/PPARγ/SCD1-mediated lipid regulation. This com-
parison suggests that different TCM formulas may improve 
similar metabolic and inflammatory phenotypes through par-
tially distinct molecular networks.

From a translational perspective, JYXZF may represent a 
multicomponent metabolic intervention for MASLD pheno-
types characterized by steatosis, inflammation, insulin re-
sistance, and early fibrotic changes. Current MASH drug de-
velopment has largely focused on pathway-selective agents, 
including FXR agonists, THR-β agonists,68 PPAR agonists, 
and incretin-based therapies. Resmetirome was approved 
by the FDA in 2024 for adults with noncirrhotic MASH and 
moderate-to-advanced fibrosis. However, its indication re-
mains focused on a specific patient subgroup.69 Although 
OCA, an FXR agonist, has shown antifibrotic potential in 
MASH studies,70 its development for MASH has been limited 
by regulatory and safety concerns, and it is not currently ap-
proved for MASH treatment.71 In contrast to these pathway-
selective strategies, JYXZF improved hepatic steatosis, lipid 
metabolism, insulin sensitivity, inflammation, and collagen 
deposition in a diet-induced MASH model. These findings 
suggest a broader multi-target regulatory profile for JYXZF. 
Therefore, the use of JYXZF may serve as a complementary 
or alternative strategy for the treatment of metabolically 
driven MASLD. Moreover, identifying active constituents and 
key targets provides a basis for standardized formula devel-
opment, active-compound-guided target optimization, and 
future small-molecule discovery targeting lipid-regulatory 
pathways such as AP-1/PPARγ/SCD1. A feasible next step 
would be a randomized, double-blind, placebo-controlled 
pilot trial evaluating standardized JYXZF as an adjunct to 
lifestyle intervention in patients with metabolically driven 
MASLD/MASH.72,73

This study has a few limitations. First, although repre-
sentative circulating flavonoids have been validated in vitro, 
the quantitative contribution of each compound to the whole 
formula effect remains unclear. Future studies using constitu-
ent depletion, enrichment, or defined compound combina-
tions are required to determine the relative pharmacological 
contributions. Second, pathway validation mainly focused on 
the AP-1/PPARγ/SCD1-related network, whereas other com-
pound classes in JYXZF, including terpenoids and polysac-
charides, may act through AP-1-independent mechanisms 

Fig. 8.  Schematic diagram of the molecular mechanism of JYXZF in treating MASLD. AP-1, activator protein-1; PPARγ, peroxisome proliferator-activated recep-
tor gamma; cPPAR, competing peroxisome proliferator-pctivated preceptor; SCD1, stearoyl-CoA desaturase 1; RXR, retinoid X receptor heterodimer; JYXZF, Juanyu-
Xiaozhi formula; MASLD, metabolic dysfunction-associated steatotic liver disease.
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such as AMPK-mediated metabolic regulation, G protein-
coupled receptor (GPCR) signaling, bile acid metabolism, or 
immune modulation. Third, although ChIP-qPCR and pro-
moter-reporter assays supported AP-1-dependent regulation 
of PPARγ, additional in vivo genetic models would further 
strengthen causal inference. Finally, although AAV-mediated 
SCD1 overexpression supported its functional contribution 
to the lipid-lowering effects of JYXZF, further studies with 
SCD1-specific knockout models are needed to clarify its criti-
cal role in this process.

Conclusions
This study demonstrates the therapeutic efficacy of JYXZF 
in a MASH diet-induced rat model and elucidates its lipid-
lowering and antifibrotic mechanisms through an integrated 
strategy combining multi-omics analyses, machine learn-
ing-based target prioritization, and functional validation 
experiments. We further show that JYXZF reduces hepatic 
lipid accumulation and collagen deposition by attenuating 
AP-1-mediated transcriptional activation of PPARγ and its 
downstream effector SCD1. Regulation of this AP-1/PPARγ/
SCD1 pathway may contribute to the protective effects of 
JYXZF against MASLD/MASH progression. These findings 
not only clarify the mechanisms underlying the effects of 
JYXZF but also provide a basis for developing multi-target 
therapeutic approaches for metabolic liver diseases based 
on TCM.
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