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Nonalcoholic Fatty Liver Disease (NAFLD) is characterized by excessive lipid accumulation in
hepatocytes and is closely associated with metabolic disturbances such as obesity, dyslipidemia,

and insulin resistance. Despite its increasing prevalence and potential progression to severe liver
conditions, there is currently no approved pharmaceutical intervention for NAFLD. Traditional Chinese
Medicine (TCM) formulations, such as Xiaoyao San (XYS), have shown therapeutic efficacy in treating
NAFLD, but the underlying mechanisms remain unclear. This study employed a multi-omics approach
to elucidate the therapeutic mechanisms of XYS in NAFLD. A rat model of NAFLD was established
using a high-fat diet (HFD). The chemical constituents of XYS were analyzed using UPLC-MS/MS.
Transcriptomics and proteomics analyses were performed to identify potential biological targets

and signaling pathways involved in the therapeutic effects of XYS. The results were validated using
ELISA and Western blotting. UPLC-MS/MS identified 225 prototype chemical components of XYS in
the blood. XYS significantly reduced body weight, liver index, and Lee’s index in NAFLD model rats.

It ameliorated HFD-induced hepatic steatosis, down-regulated serum levels of ALT, AST, GGT, TG,

TC, LDL-C, FBG, IL-1B, IL-6, TNF-a, and ROS, and up-regulated HDL-C levels. Transcriptomics and
proteomics analyses revealed that XYS modulated key signaling pathways, including cAMP, TGF-B,
NF-kB, and necroptosis. Specifically, XYS down-regulated the expressions of NF-kB, p-NF-kB, FOXO01,
TGF-B1, RIP3, and p-MLKL, while up-regulating cAMP, PKA, p-PKA, and PPARa. XYS improves NAFLD
by regulating the cAMP/PKA-mediated PPARa, FOXO1, and NF-kB signaling pathways. This study
provides a comprehensive understanding of the molecular mechanisms underlying the therapeutic
effects of XYS in NAFLD and supports its potential as a novel therapeutic intervention for this
condition.
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Abbreviations

ALT Alanine aminotransferase

AST Aspartate aminotransferase

BCA The bicinchoninic acid

BP Biological processes

cAMP Cyclic adenosine monophosphate
CcC Cellular components

DEGs Differentially expressed genes

DEPs Differentially expressed proteins
ELISA Enzyme-linked immunosorbent assay
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FFA Free fatty acids

FL Fatty liver

FOXO1 Forkhead box protein O 1

FBG Fasting blood glucose

GGT Gamma-glutamyl transferase

GO Gene Ontology

HCC Hepatocellular carcinoma

HDL-C High-density lipoprotein cholesterol
H&E Hematein-Eosin

HFD High-fat diet

IL-1p Interleukin-1f

IL-6 Interleukin-6

IR Insulin resistance

KEGG The Kyoto Encyclopedia of Genes and Genomes
LDL-C Low-density lipoprotein cholesterol
MF Molecular composition

NAFLD Nonalcoholic fatty liver disease

NASH Nonalcoholic steatohepatitis

NF-xB Nuclear factor-kappa B

PCA Principal component analysis

PDVF Polyvinylidene difluoride

PKA Protein kinase a

p-MLKL Phosphorylated mixed-lineage kinase
p-NF-xB Phospho-NF-kappaB

PPARa Peroxisome proliferator-activated receptor alpha
p-PKA Phospho-PKA

RIP3 Receptor-interacting protein kinase 3
ROS Oxidative stress reactive oxygen species
SD Sprague Dawley

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
TC Total cholesterol

TG Triglycerides

TGF-p Transforming growth factor beta
TNF-a Tumor necrosis factor alpha

TCM Traditional Chinese medicine

UPLC-MS/MS  Ultra-performance liquid chromatography tandem mass spectrometry/mass spectrometry
XYS Xiaoyao San

Nonalcoholic fatty liver disease (NAFLD) is a metabolic disorder characterized by excessive lipid accumulation in
hepatocytes, independent of significant alcohol consumption. It is closely associated with obesity, dyslipidemia,
and insulin resistance (IR), and has become the leading cause of chronic liver disease globally. The prevalence
of NAFLD is rising in tandem with the increasing rates of obesity and diabetes, posing a significant burden on
public health. By 2030, it is projected that the overall prevalence of NAFLD in adults will reach 33.5%!. Despite
its significant impact, there is currently no approved pharmaceutical intervention for NAFLD, highlighting the
urgent need for novel therapeutic strategies.

Traditional Chinese Medicine (TCM), a cornerstone of Chinese cultural heritage, is increasingly recognized as
acomplementary and alternative approach in modern medicine. TCM formulations, particularly those composed
of multiple herbal components, are distinguished by their ability to facilitate synergistic interactions among
diverse bioactive compounds. This multifaceted interaction profile endows TCM formulations with the potential
to provide effective therapeutic interventions for a wide range of human diseases. Several TCM formulations,
such as Yinchenhao Decoction, Shenling Baizhu Powder, Dachaihu Decoction, and Taohong Siwu Decoction,
have shown significant efficacy in ameliorating the hepatic pathological manifestations of NAFLD?. However,
the identification of specific ingredients and molecular targets within these formulations remains challenging.
The burgeoning field of omics technology, particularly the application of transcriptomics and proteomics, has
emerged as a valuable tool for diagnosing NAFLD?. Advances in understanding the pathophysiology of NAFLD*
have facilitated the development of disease diagnosis and staging models, as well as the identification of potential
therapeutic targets. To date, transcriptomics and proteomics have emerged as powerful tools for elucidating
the biological changes associated with NAFLD and for understanding the multi-target therapeutic effects of
drugs on this disease’. The integration of transcriptomics and proteomics provides a comprehensive depiction
of the biological mechanisms in NAFLD tissues and cells. This combined approach is conducive to analyzing
protein interactions, identifying highly expressed genes and pivotal regulatory elements, and screening for
molecules and pathways with diagnostic and therapeutic potential. Consequently, the synergistic application of
transcriptomics and proteomics can effectively elucidate the molecular mechanisms underlying the treatment of
NAFLD with Chinese herbal medicine.

Xiaoyao San (XYS) is a traditional Chinese herbal formula originating from the Taiping Huimin Heji Jufang,
composed of eight key medicinal herbs: Bupleurum chinense DC, Angelica sinensis (Oliv.) Diels, Poria cocos
(Schw.) Wolf, Paeonia lactiflora Pall., Atractylodes macrocephala Koidz., Glycyrrhiza uralensis Fisch., Mentha
haplocalyx Briq., and Zingiber officinale Rosc. These components, widely utilized in Asia, have a historical
association with treating chronic liver diseases, such as liver fibrosis® and cirrhosis’. Recent pharmacological
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studies have enlightened the diverse therapeutic effects of XYS, which include reducing hepatic steatosis®,
improving lipid and glucose metabolism, anti-inflammatory properties®, demonstrating anti-oxidative stress
capabilitieslo, correcting intestinal flora imbalance!l, preventing hepatic fibrosis'2, and no obvious adverse
drug reactions'?. These findings indicate that XYS can significantly mitigate the pathological effects of NAFLD.
However, the underlying mechanisms of XYS in treating NAFLD remain to be fully elucidated. In this study,
we established a rat model of NAFLD to investigate the therapeutic effects of XYS through pathological and
molecular biological analyses. We integrated pharmaceutical chemical analysis, transcriptomics, and proteomics
to explore the chemical composition of XYS and its mechanism of action in NAFLD treatment. Our results
provide a foundational understanding of the molecular mechanisms through which XYS addresses NAFLD.

Material

Animals

All experimental protocols and procedures adhered to the National Institutes of Health guidelines for the care
and use of laboratory animals and were reviewed and approved by the Animal Ethics Committee of Xinjiang
Medical University (Animal certificate No.: 65000700000940; Production license No.: SYXK-Xin-2023-0002).
Every effort was made to minimize animal suffering and to use the minimum number of animals necessary
to obtain reliable results. All procedures were performed in accordance with the ARRIVE guidelines. 24 male
Sprague-Dawley (SD) rats, 6-8 weeks old and free of specific pathogens, weighing 180-220 g, were obtained
from the Animal Centre of Xinjiang Medical University.

Experimental drugs

XYS was used in this study, with the following composition: Bupleurum chinense DC (30 g), Angelica sinensis
(Oliv.) Diels (30 g), Paeonia lactiflora Pall. (30 g), Atractylodes macrocephala Koidz. (30 g), Poria cocos (Schw.)
Wolf (30 g), Mentha haplocalyx Briq. (10 g), Zingiber officinale Rosc. (10 g), and Glycyrrhiza uralensis Fisch.
(15 g). The crude drug decoction pieces were purchased from Beijing Tongrentang Decoction Co., Ltd. The
preparation process strictly followed the “Chinese Pharmacopoeia” (2020 edition). The coarse powder of the
medicinal materials was soaked in six times the volume of water for 1 h. The mixture was brought to a boil, then
simmered at low heat for 2 h. The liquid was filtered, and the residue was boiled again with four times its volume
of water for 2 h at low heat. The resulting liquid was filtered again. The two batches of medicinal liquid were
combined and concentrated to a concentration of 1.927 g/mL in a water bath, then stored at 4 °C. Using a body
weight conversion factor of 6.25, the adult daily dosage of the crude medicine was calculated to be 185 g. Based
on the average adult body weight of 60 kg, the equivalent dosage for rats was determined to be 19.27 g/(kgeday).
This dosage was administered continuously for 4 weeks, with a gavage volume of 1 mL/100 g body weight.

Reagents

High fat diet (HFD) (Beijing Boaigang Biotechnology Co., Ltd.); Ordinary experimental rat feed (Jiangsu
Medicience Biomedical Co., Ltd.); H&E staining solution (Biosharp); Rat interleukin 1f (IL-1p), rat interleukin 6
(IL-6), rattumor necrosis factor o (TNF-a), rat reactive oxygen species (ROS), rat cyclic adenosine monophosphate
(cAMP)) ELISA kit (Shanghai Sinobest Biological Technology Co., Ltd.); Bovine serum albumin (Wuhan
Chucheng Zhengmao Technology Engineering Co., Ltd.); Dithiothreitol, Trihydroxymethylaminomethane
(Solarbio);Benzylmethylsulfonyl fluoride (Xiya Reagent); Tetraethylammonium bromide, urea (Sigma); BCA
protein quantitative kit (Beyotime); Methanol, acetonitrile (Merck); Formic acid (Aladdin); Protein kinase A
(PKA) antibody, phosphorylated PKA (p-PKA) antibody, nuclear factor-kB (NF-kB) antibody, phosphorylated
NF-kB (p-NF-xB) antibody, forkhead box O1 (FOXO1) antibody (Santa); Peroxisome proliferator-activated
receptor o (PPARa) antibody, transforming growth factor-p1 (TGF-P1) antibody, Receptor-interacting protein
kinase 3 (RIP3) antibody, and phosphorylated mixed-line kinase domain-like protein (p-MLKL) antibody
(Affinity).

Instruments

Sigma Desktop High Speed Freezing Centrifuge (Sartorius, Germany); Ultrasonic cell disruptor (Ningbo Scientz
Biotechnology Co., Ltd.); Full-wavelength microplate reader (Thermo Fisher Scientific Co., Ltd.); Automatic
biological analyzer (Shenzhen Mindray Biomedical Electronics Co., Ltd.); Biological microscope (Nikon
Imaging Instruments Co., Ltd.); Vacuum freeze dryer (Jiaimu); Electrophoresis instrument and electrophoresis
tank (Beijing Liuyi Instrument Factory); Mass spectrometer (Bruker); and pipette (Eppendorf).

Ethical review
This experimental protocol was approved by the Ethical Review Committee of Animal Experiments of Xinjiang
Medical University, and the animal ethics approval number was IACUC-20230508-25.

Methods

Analysis of chemical constituents and blood components of XYS

Six SD male rats were randomly assigned to a blank group and an administration group. Rats in the administration
group received intragastric administration of XYS at a dose of 19.27 g/kg/d, while those in the blank group
received an equal volume of normal saline intragastrically for 7 consecutive days, once a day. One hour after the
final gavage, blood was collected from the abdominal aorta of the rats, and the supernatant was centrifuged. The
chemical constituents and blood components of XYS were analyzed qualitatively and quantitatively using ultra-
high-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). Furthermore, the mass
spectrometry data were processed using Analyst 1.6.3 software.
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Establishment and grouping of models

Eighteen male SD rats were subjected to an adaptive feeding period for 1 week. The rats were housed in an
environment maintained at a room temperature of 18-22 °C, relative humidity of 50-60%, and a light-dark
cycle of 12/12 h. They had unrestricted access to drinking water and food. Fresh food and water were provided
daily, and the bedding was changed every two days. Twelve rats were then randomly selected and fed a HFD for
10 weeks to induce a NAFLD rat model. The HFD composition included: 48.5% rat maintenance feed, 10% lard,
3% sesame oil, 2% cholesterol, 20% fructose, 12% casein, 2% mineral mixture, 2% calcium hydrogen phosphate,
and 0.5% sodium cholate. These rats were further randomly divided into two groups: a NAFLD group and an
XYS group. Rats in the XYS group received XYS at a dose of 19.27 g/kg/day by gavage, while those in the NAFLD
group received an equal volume of normal saline by gavage for 4 weeks. The remaining six rats were assigned
to the normal control (NC) group and were fed a standard diet. The body weight, food intake, and water intake
of the rats were recorded weekly. In accordance with the 3R’s principles (Reduction, Refinement, Replacement)
of animal research and the absence of approved positive drug treatments for NAFLD, the establishment of a
positive control group was omitted.

Specimen collection

Anesthesia was induced through the intraperitoneal injection of 2% pentobarbital at a dosage of 2 mL/kg. Blood
samples were collected from the abdominal aorta, and centrifuged to obtain the supernatant. A section from
the left lobe of the fresh liver tissue was fixed, and both frozen and paraffin sections of the liver tissue were
prepared. Additionally, three liver tissues were placed in the freezing tubes, submerged in liquid nitrogen for
rapid cooling for 1 h, and then transferred to a — 80 °C refrigerator for storage. Following specimen collection,
rats were euthanized by carbon dioxide inhalation 5 min after anesthesia induction, in accordance with the
AVMA Guidelines for the Euthanasia of Animals (2013).

Preparation and detection of liver transcriptomics samples

For ribonucleic acid (RNA) extraction, liver tissues from each group were processed using the Trizol method. The
successfully extracted RNA was enriched with polyA tail mRNA by Oligo (dT) magnetic beads. Subsequently, a
fragmentation buffer was introduced to break the RNA into short fragments. First-strand cDNA was synthesized
using the fragmented RNA as a template and random hexamer primers. Then, double-stranded cDNA was
synthesized by adding a buffer, ANTPs (dTTP, dATP, dGTP, dCTP), and DNA polymerase 1. The double-
stranded cDNA was purified using DNA purification magnetic beads, followed by end repair, A tail addition,
and ligation of the sequencing adapter. The fragment size was selected with DNA purification magnetic beads,
and the final cDNA library was constructed through PCR enrichment. After successful library construction and
quality testing, the libraries were pooled according to the target data volume and sequenced on the Illumina
platform by Metware Biotechnology Co., Ltd. (Wuhan, China).

Preparation and detection of liver proteomics samples

The liver tissues from each group were ground, lysed, and centrifuged to collect the supernatant for protein
extraction. After that, the proteins were reduced with 10 mM DTT at 37 °C for 45 min and alkylated with 50 mM
iodoacetamide in the dark at room temperature for 15 min. Subsequently, precooled acetone (four times the
volume of the protein solution) was added, and the mixture was precipitated at — 20 °C for 2 h.

After centrifugation, the protein precipitate was dried and resuspended in a 200 pL solution containing 25 mM
ammonium bicarbonate and 3 L trypsin, followed by overnight digestion at 37 °C. The resulting peptides were
desalted using a C18 column, concentrated by vacuum centrifugation, and re-dissolved in a 0.1% (v/v) formic
acid solution. The prepared samples were detected by NanoElute high-performance liquid chromatography
coupled with a timsTOF Pro2 mass spectrometer.

Observation indicators and methods

Histopathological observation of liver

The morphological changes in the livers of each group were visually inspected. Paraffin sections of rat liver
tissue were prepared and stained with hematoxylin and eosin (H&E). The histopathological changes were
assessed using the Nonalcoholic Fatty Liver Disease Activity Score (NAS). Additionally, liver tissues were frozen,
sectioned, and stained with Oil Red O to observe pathology and lipid deposition under an optical microscope.
The area ratio of lipid droplets in Oil Red O-stained sections was analyzed using Image-Pro Plus 6.0 software.

Detection of serum liver function, blood lipid, blood glucose, inflammatory factors, and ROS

Serum levels of liver function indicators, including alanine aminotransferase (ALT), aspartate aminotransferase
(AST), and gamma-glutamyl transferase (GGT), were measured using an automatic biochemical analyzer.
Lipid profile indicators, such as triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), and fasting blood glucose (FBG), were also assessed.
Additionally, serum levels of inflammatory cytokines IL-1pB, IL-6, TNF-a, and ROS were quantified using ELISA
kits according to the manufacturer’s instructions.

Validation of key proteins

The concentration of cAAMP in liver tissue was determined by ELISA kits. Western blotting was employed to verify
the key proteins. Liver tissues were lysed and centrifuged to obtain the supernatant. The protein concentration
was detected using the bicinchoninic acid (BCA) assay. Equal amounts of protein (50 pg) were separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked with 5% skim milk for 90 min, and then incubated
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with specific primary and secondary antibodies. After washing three times with tris-buffered saline with Tween
20 (TBST), the membrane was treated with freshly prepared ECL substrate for chemiluminescent detection.
Later, protein band intensity was quantified via Image]J software.

Data processing and statistical methods

The differentially expressed proteins or genes were identified and thoroughly analyzed through functional
annotation. The criteria for selection included an absolute value of log2Fold Change>1 and a False Discovery
Rate (FDR)<0.05 or a P-value<0.05. Only genes with statistically significant differential expression were
included in subsequent enrichment analyses. Gene Ontology (GO) classification, Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis, and protein domain enrichment analysis were conducted for
the differential genes or proteins in each group. The significance P-value for enrichment was calculated using
the hypergeometric method. Statistical analysis was performed using SPSS 25.0 software, with measurement
data presented as mean * standard deviation (MEAN £ SD). One-way ANOVA was used to compare differences
between groups. For cases of equal variance, the Least Significant Difference (LSD) method was adopted for
multiple comparisons; otherwise, the Tamhane’s T2 method was applied. GraphPad Prism 9.5.1 was applied for
plotting. A P-value <0.05 was considered statistically significant.

Results

Chemical constituents and blood components of XYS

UPLC-Q-TOF-MS/MStechnology was employed to analyze the chemical constituents of XYS and drug-containing
serum. The total ion current diagram is shown in Fig. 1. The analysis identified a total of 2,174 components in
XYS, including 398 flavonoids, 360 phenolic acids, 229 amino acids and derivatives, 185 terpenoids, 182 lipids,
154 alkaloids, 136 organic acids, 110 lignans and coumarins, 70 nucleotides and derivatives, 31 quinones, 30
tannins, and 289 other compounds. Further analysis of serum from rats administered XYS identified 259 blood
components, including 91 alkaloids, 47 phenolic acids, 40 terpenoids, 28 flavonoids, 5 quinones, 5 lignans and
coumarins, 1 tannin, and 42 other compounds. Specifically, 225 prototype chemical components of XYS were
detected in the serum after administration, including 26 flavonoids, 39 terpenoids, 5 lignans and coumarins, 69
alkaloids, 44 phenolic acids, 4 quinones, 1 tannin, and 37 other compounds. (Supplementary Material 1).

Effect of XYS on NAFLD model rats in general conditions

The liver, a crucial organ in fat metabolism, accumulates excessive lipids following long-term HFD intake due
to the combined effects of circulating free fatty acids (FFA), de novo lipogenesis, and dietary fat absorption,
leading to obesity. Obesity, closely linked to NAFLD, can be assessed by monitoring body weight, liver index, and
Lee’s index in the NAFLD rat model. In establishing the HFD-induced NAFLD model, rats exhibited significant
increases in food and water intake, body weight, liver index, and Lee’s index, confirming obesity development
(Fig. 2A-F). Post-XYS administration, food and water intake decreased significantly, and the elevated body
weight, liver index, and Lee’s index were reversed. These findings are illustrated in Fig. 2A-F

Effects of XYS on the pathological changes in liver tissues in an NAFLD rat model

Liver lipid accumulation and inflammation are key markers of NAFLD'*. The morphological and histological
changes in rat livers were subjected to a comprehensive visual analysis, including direct visual inspection and
detailed examination through H&E, and Oil Red O staining (Fig. 3A-C). Rats on HFD exhibited pale-yellow
liver surface, greasy sections (Fig. 3A), swollen volumes, extensive hepatic steatosis, and significant lipid droplet
accumulation with inflammatory cell infiltration (Fig. 3B and C). Dysregulation of liver lipid metabolism is
closely associated with NAFLD onset and progression!>. Meanwhile, NAFLD rats had higher NAS scores and Oil
Red O area ratios, indicating greater pathological activity and lipid accumulation (Figs. 3D and 6E). Following
XYS administration, liver tissue color normalized to dark red (Fig. 3A), lipid droplet distribution decreased,
inflammatory cell infiltration reduced (Fig. 3B and C), and both NAS scores and Oil Red O area ratios were lower
(Figs. 3D and 6E). These findings suggest that XYS significantly mitigates HFD-induced liver lipid accumulation
and ameliorates liver inflammation.

Effects of XYS on serum liver function, glucose and lipid metabolism, and inflammatory
factors in an NAFLD rat model

The elevated levels of serum transaminases (ALT, AST, and GGT) are indicative of hepatocellular injury and
serve as reliable biomarkers for assessing the severity of fatty liver disease (FL)°. Lipid accumulation-induced
hepatocellular injury results in the release of these enzymes into the bloodstream. As shown in Fig. 4A-C,
NAFLD rats models fed a HFD exhibited significantly increased levels of ALT, AST, and GGT, reflecting liver
injury. But after administration of XYS, the liver injury was mitigated, as evidenced by the normalization of ALT,
AST, and GGT levels.

HFD-induced disruption of lipid metabolism leads to significant hepatic lipid accumulation, resulting
in steatosis, which is closely associated with IRY. The liver, a central metabolic organ, plays a crucial role in
regulating and monitoring serum lipid and glucose levels. But, it was observed (Fig. 4D-G) that long-term HFD
consumption led to elevated serum levels of TC, TG, and LDL-C, while reducing HDL-C levels. In contrast,
XYS administration alleviated these metabolic disturbances. HFD-induced IR increases glucose production and
causes blood glucose fluctuations, leading to elevatedFBG levels in NAFLD rats. In contrast, XYS intervention
normalized FBG levels and corrected glucose metabolism disorders (Fig. 4H). Additionally, long-term HFD
consumption promotes lipid accumulation and increases lipid peroxidation, rendering lipids more susceptible to
oxidative damage by ROS, ultimately leading to liver. This oxidative stress, in turn, also triggers an inflammatory
response that exacerbates the progression of NAFLD'8. In this study, serum levels of inflammatory cytokines (IL-
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Fig. 1. Total ion current diagrams of XYS mass spectrometry analysis in (A) negative ion mode, and (B)
positive ion mode, and of XYS drug-containing serum in (C) negative ion mode, and (D) positive ion mode.

1B, IL-6, TNF-a) and ROS injury (Fig. 4I-L) were elevated in NAFLD rats, but XYS administration significantly
reduced these levels, thereby attenuating both inflammation and oxidative stress.

Effects of XYS on liver transcriptomics in an NAFLD rat model
To investigate the changes in gene expression, transcriptome analysis was performed on the livers of NAFLD
model rats treated with XYS. Principal component analysis (PCA) revealed significant differences in the
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Fig. 2. Growth curves (A), water intake (B), food intake (C), body weight (D), liver index (E), and Le€’s
index (F) of rats in different groups. *P<0.05, **P<0.01, ***P<0.001, vs NC group; #P <0.05, ##P<0.01,
###P<0.001, vs NAFLD group.

transcriptome between the NC group and the NAFLD group, with minimal differences between the XYS-
treated group and the NC group (Fig. 5A). This suggests that XYS treatment mitigates transcriptional alterations
associated with NAFLD. Volcano plots (Fig. 5C and D) identified 227 differentially expressed genes (DEGs)
between the NC and NAFLD groups, and 793 DEGs between the NAFLD and XYS groups. In between the NC
and NAFLD groups, 88 genes were upregulated, while 139 genes were downregulated. In contrast, between
NAFLD and XYS groups data revealed that 388 genes were upregulated and 404 genes were downregulated in
the XYS-treated rats (Fig. 5B). Heatmaps (Fig. 5E) illustrated the gene expression patterns between the NC and
NAFLD groups, and between the NAFLD and XYS groups.

Effects of XYS on liver proteomics in an NAFLD rat model

PCA was performed to assess the overall differences in protein expression and the degree of variation within
and between groups. As illustrated in Fig. 6A, significant differences in protein profiles were observed between
rats fed HFD and those treated with XYS, indicating that XYS effectively mitigated HFD-induced proteomic
changes. Volcano plots (Fig. 6C and D) identified 298 DEPs between the NC and NAFLD groups, and 252
DEPs between the NAFLD and XYS groups. In the NC and NAFLD groups, 164 proteins were upregulated and
134 were downregulated, respectively. In contrast, XYS treatment resulted in the upregulation of 119 proteins
and downregulation of 133 proteins in NAFLD rats (Fig. 6B). Heatmaps (Fig. 6E) demonstrated the protein
expression patterns between the NC and NAFLD groups, and between the NAFLD and XYS groups, respectively.
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Fig. 3. Morphological changes of liver in each group (A); H&E staining results on pathological changes in liver
(B); Lipid accumulation in the liver observed by Oil red O staining (C). A: Lipid droplet distribution. NAS
score (D), and Oil red O area ratio (E) in each group. *P<0.05, **P<0.01, ***P <0.001, vs NC group; #P<0.05,
##P<0.01, ##P<0.001, vs NAFLD group.

The effect of XYS on the combined analysis of liver transcriptomics and proteomics in an
NAFLD rat model

The complex and holistic nature of NAFLD necessitates a multi-omics approach to elucidate its regulatory
mechanisms and identify key metabolic pathways, proteins, and genes. Integrating transcriptomics and
proteomics data reduces the likelihood of false positives associated with single-omics analyses, facilitating deeper
exploration of NAFLD’s regulatory mechanisms. The mRNA data from transcriptomics were matched and
integrated with protein data from proteomics. Venn analysis identified 11 (including Plcbl, Stac3, Dipk2a, Ecil,
Ces2a, Elovl2, Amacr, Hacll, Cypl7al, Echl, and Siglecl), and 14 (including Atp1b1, Pcsk9, Crot, Plin2, Cyp51,
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Fig. 4. The levels of ALT (A), AST (B), GGT (C), TC (D), TG (E), HDL-C (F), LDL-C (G), FBG (H), ROS
(I), IL-1B (J), IL-6 (K), and TNF-a (L) in serum of rats in each group. *P<0.05, **P<0.01, ***P<0.001, vs NC
group; #P<0.05, #P<0.01, ###P<0.001, vs NAFLD group.

A2mll, Acatl, Slc13a2, Bhmt, Pkia, Fads1, Dhcr7, Tm7sf2, and Ido2) DEGs and DEPs between the NC and
NAFLD groups as well as the NAFLD and XYS groups, respectively (Fig. 7A and B). The comparative analyses
of differential expression levels and fold changes were visualized using heatmaps and scatter plots (Fig. 7C
and D). The GO enrichment analysis deferentially expressed genes or proteins between the transcriptome and
proteome highlighted the top 10 entries (Fig. 7E and F). The multi-omics results between the NC group and
the NAFLD group indicated that NAFLD primarily involved biological processes (BP), including fatty acid and
triglyceride metabolism, fatty acid oxidation, biosynthesis of unsaturated fatty acids, precursor metabolites, and
energy production. The cellular components (CC) included peroxisomes, vacuole membranes, and endoplasmic
reticulum components. Molecular composition (MF) were associated with iron ion binding, acyltransferase
activity, carboxylesterase activity, and oxidoreductase activity. To investigate the representative signaling
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Fig. 5. Analysis of the difference of mRNA expression level in liver tissue between NC group or XYS group
and NAFLD group. (A): PCA results of RNA-seq data. (B): Histogram of differential gene expression

among different groups. (C, D): Volcano maps depicting the relative abundance of transcripts. The abscissa
represented the change of gene expression multiples, and the ordinate marked the significance level of
differential genes. The red and green dots indicated the up-regulated and downregulated differential genes,
respectively; and the gray dots referred to non-DEGs. (E): Heat maps of gene expression among different
groups. The abscissa represented the sample name and hierarchical clustering results, and the ordinate was the
differential genes and hierarchical clustering results. Red indicated high expression while blue signified low

expression.
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Fig. 6. Difference analysis of protein expression levels in liver tissues between NC group or XYS group and
NAFLD group. (A): PCA results of proteome data. (B): Histogram of differential protein expression. (C, D):
Volcanic maps displaying the relative abundance of proteins. The abscissa represented the change of protein
expression multiples, and the ordinate showed the significance level of differential proteins. The red and

green dots marked the upregulated and downregulated DEPs, respectively, and the gray ones were non-DEPs.
(E): Heat maps for protein expression. The abscissa represented the sample name and hierarchical clustering
results, and the ordinate signified the differential protein and hierarchical clustering results, with red and green
indicating high and low expression, respectively.

Scientific Reports|  (2025) 15:10478 | https://doi.org/10.1038/s41598-025-91890-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A NC-NAFLD gene & protein Venn diagram B NAFLD-XYS gene & protein Venn diagram

diff_tran diff_prot diff_tran diff_prot

all_tran

all_tran

C NC-NAFLD Heat Map D NAFLD- XYS Heat Map
protein gene protein gen
o 1 L8
5 [
L — —roun -
E NC-NAFLD Overlapped GO F NAFLD-XYS 0verlapped GO

Number of Genes or Proteins

ij}f‘f’ft‘ ;‘ 7

Fai Iy g s
I ’5:5 i it isis*%‘gféfff; 4/ 51 5’ gfii ii
FEEF S f; j;;fi g{fﬁgg ;fi,*i;
fjﬁ‘ B A
H fif 7 /
i 7
GO term Gm}; ‘
G NC-NAFLD Overlapped KEGG H NAFLD-XYS Overlapped KEGG

Pathuay Namo

mmmmmm ! Genes o Protins

pathways associated with key targets in the NC and NAFLD groups, KEGG enrichment analysis was conducted.
The analysis revealed pathways related to peroxisomal function, fatty acid and carbohydrate metabolism, protein
processing, and insulin signaling. Additionally, several critical signaling pathways were identified, including
PPARa, cAMP, FOXO, and necroptosis (Fig. 7G and H). GO analysis between the NAFLD and XYS groups
identified significant BP associated with cholesterol, sterol, phospholipid, and amino acid betaine metabolism.
CC implicated included transport vesicles, vacuolar membranes, Golgi apparatus, PML body vesicles, and
endoplasmic reticulum. MF were predominantly related to acyltransferase activity, glycosyltransferase activity,

NADP binding, lipase activity, oxidoreductase activity, and others.

Between the NAFLD group and the XYS group, the KEGG enrichment analysis highlighted key signaling
pathways associated with fatty acid metabolism, protein metabolism, insulin signaling, gastric acid metabolism,

and critical pathways such as cAMP, TGF-p, NF-kB, FOXO, and necroptosis (Fig. 7E and F).
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Fig. 7. Venny diagram of DEPs and DEGs between the NC group and the NAFLD group (A) and that between
the NAFLD group and the XYS group (B). Note: all_tran and diff_tran represented all genes and DEGs
identified by the transcriptome, respectively; all_prot and diff_prot signified all proteins and DEPs identified
by the proteome, respectively. Protein and gene differential fold clustering heat map between the NC group
and the NAFLD group (C) and that between the NAFLD group and the XYS group (D). Note: Each row in

the figure represented a protein or a corresponding gene, and the two columns were the difference multiples

of the proteome and transcriptome data, respectively. The red part marked the up-regulated protein or gene,
while the downregulated protein or gene was labelled in green. GO enrichment analysis results of DEGs and
DEPs in each group based on transcriptome and proteome (E, F). Note: The abscissa represented the secondary
GO item, and the ordinate represented the number of genes or proteins enriched to the GO item. Bar charts
based on the results of KEGG pathway enrichment analysis (G, H). Note: The abscissa represented the number
of differential proteins and differential genes enriched in the pathway, the ordinate represented the KEGG
pathway name, and the red and green bars represent the transcriptome and proteome, respectively.

Screening of key proteins and experimental verification

To validate the results from transcriptomics and proteomics analyses and to predict the core mechanism of XYS in
treating NAFLD, we screened and verified the expression of key proteins, including cAMP, PKA, PPARa, FOXO1,
NF-kB, RIP3, p-MLKL and TGF-f1 (Fig. 8A-I), in liver tissues. ELISA results indicated that HFD-induced
reduction in hepatic cCAMP levels was significantly restored following XYS administration. Western blotting
revealed that long-term HFD downregulated the expressions of PKA, p-PKA, and PPARa, while upregulating
the expressions of NF-kB, p-NF-«kB, FOXO1, TGF-B1, RIP3, and p-MLKL. In contrast, XYS treatment restored
the expressions of PKA, p-PKA, and PPARaq, while concurrently decreasing the expressions of NF-kB, p-NF-«B,
FOXO1, TGF-p1, RIP3, and p-MLKL. The schematic key molecular pathways implicated in NAFLD development
and XYS intervention are highlighted in Fig. 9, which also depicts the suggested mechanism of XYS in NAFLD
therapy (generated from integrated transcriptomic and proteomic studies utilizing KEGG pathway data).

Discussion
NAFLD stands as the second most prevalent chronic liver disease worldwide®®, potentially progressing to
nonalcoholic steatohepatitis (NASH), cirrhosis, and hepatocellular carcinoma (HCC), posing a serious threat
to public health. A global call to action?! emphasized the need for countries to collaboratively develop and
implement a comprehensive and long-term NAFLD public health agenda. Excessive free fatty acids (FFA) are
recognized as a crucial initiating factor in NAFLD?, disrupting lipid metabolism and inducing oxidative stress,
inflammation, and IR'7, even liver cell damage and death?*?%. This imbalance contributes to NAFLD progression,
as observed in HFD-induced animal models*. Long-term HFD intake leads to steatosis, IR, necroptosis, and
liver fibrosis?®. Due to complex pathogenesis of NAFLD, effective treatment strategies are urgently needed.
Chinese herbal medicine, a vast repository of medical knowledge, presents unique advantages in the
treatment of various liver diseases” due to its efficacy, and minimal side effects. The XYS, a classical Chinese
prescription, is widely used in the treatment of gastrointestinal disorders, particularly NAFLD. A meta-analysis?®
demonstrated that XYS can regulate blood lipids, protect liver function, and prevent the NAFLD progression.
To further clarify the chemical composition and bioavailable components of XYS, UPLC-MS/MS analysis was
performed. This approach identified 2174 compounds in XYS, including 225 prototype chemical constituents
retained in the bloodstream after administration. In view of the multi-component and multi-target nature of
Chinese herbal medicines, high-throughput techniques such as transcriptomics and proteomics are essential
for identifying drug targets and elucidating their mechanisms of action. In this research, the integration of
transcriptomics and proteomics revealed that XYS treatment primarily involves fatty acid metabolism, insulin
metabolism, and key signaling pathways such as cAMP, TGF-B, NF-kB, and necroptosis. It is well established
that the liver plays a central role in fat metabolism, including processing and storage, with lipolysis initiated
by cAMP/PKA signaling?. The cAMP/PKA pathway is crucial in regulating lipid metabolism and is closely
associated with NAFLD progression®’. Decreased PKA activity is linked to TG accumulation in the liver, a
significant factor in NAFLD progression®'. PKA is composed of two regulatory subunits and two catalytic
subunits, and its activity is influenced by cAMP. The elevated intracellular cAMP levels promote its binding
to the regulatory subunit of PKA, leading to the release of the active catalytic subunit and subsequent PKA
activation?*3!. Activated PKA-C phosphorylates downstream substrates, suppresses the transcriptional activity
of target genes involved in lipid metabolism, reduces the expression of fat-associated genes®?, and enhances
lipolysis®, thereby reducing hepatic lipid accumulation. Additionally, studies have demonstrated that PKA
phosphorylation can regulate PPARa activity®*. PPARa is predominantly expressed in the liver®, serves as a
main driving force for metabolic regulation, is an essential transcription factor for regulating lipid and glucose
homeostasis*, and high fatty acid oxidation. PPARa expression is inversely correlated with NAFLD presence and
steatosis severity®’. Overexpression or activation of PPARa mitigates oxidative stress, reduces lipid deposition,
improves IR*, and corrects metabolic disorders. PPARa agonists demonstrate anti-adipogenic effects®, and
Chinese herbal compound*’ or monomer*' can elevate PPARa expression, decreases oxidative stress, and
hepatic steatosis. Furthermore, PPARa regulation activates the downstream transcription factor FOXO1,
inhibiting TG synthesis*, and delaying NAFLD progression. PKA plays a pivotal role in mediating the effects of
FOXO1 and is involved in liver lipid metabolism and glucose homeostasis**=*>. Over the past decade, FOXO1
has emerged as a transcriptional regulator influencing multiple genes involved in regulation of autophagy,
inflammation, adipogenesis, oxidative stress, and necroptosis, thus affecting liver metabolism**#°. Furthermore,
FOXO1 promotes liver fibrosis through TGF-B1-mediated activation of hepatic stellate cells*®. Consequently,
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Fig. 8. ELISA results of cAMP content (A) in liver tissue of rats in each group. Quantitative analysis of p-PKA/
PKA (B), PPARa (C), FOXO1 (D), p-NF-kB/NF-kB (E), RI3P (F), p-MLKL (G) and TGF-P (H) protein in liver
tissue of rats in each group. *P<0.05, **P<0.01, ***P<0.001, vs NC group; #P <0.05, ##P<0.01, ###P<0.001,
vs NAFLD group.

FOXOL1 is considered a potential therapeutic target for both NAFLD* and liver fibrosis®. In addition, PKA
attenuates the transcriptional activity of NF-kB°!, and suppresses the expression of inflammatory factors. NF-kB,
a heterodimeric protein composed of p65 and p50 subunits, exhibits transcriptional activity primarily through
the p65 subunit™. Activation of the NF-xB signaling pathway results in the phosphorylation and nuclear
translocation of p65, thereby enhancing inflammation and lipid deposition while downregulating the expression
of inflammatory genes in hepatocytes®. Studies have demonstrated that herbal extracts inhibit the expression
of NF-xB and downregulate the expression of downstream inflammatory cytokines, including TNFa, IL-6, IL-
1B, and TGF-B1, by modulating the NF-xB signaling pathway in NAFLD rats®>->". TGF-B1, a potent mediator
of liver fibrosis, promotes fibrotic processes when overexpressed in hepatocytes. Consequently, inhibiting NF-
kB signaling and reducing TGF-P1 levels can mitigate liver inflammation and prevent the progression of liver
fibrosis. Thus, the NF-«B signaling pathway is crucial in the progression of oxidative stress, inflammation, and
fibrosis in NAFLD*”*8, Moreover, both in vivo and in vitro studies have demonstrated that regulation of the
NF-kB pathway significantly reduces necrotic apoptosis of hepatocytes®’, and ameliorates oxidative stress and
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Fig. 9. Based on the integration of transcriptomics and proteomics analyses, the mechanism of XYS in the
treatment of NAFLD. Schematic representation of the pathway retrieved from the KEGG database!? (https://w
ww.kegg.jp/). (KEGG Pathway ID: rno03320, rno04024, rno04068, rno04064).

inflammation. Given that hepatocytes are the primary cellular component of the liver, preventing hepatocyte
necroptosis is crucial for delaying the progression of NAFLD, as it is associated with the development of
liver fibrosis and the occurrence of cancer. RIP3 is a critical participant in the execution of necroptosis and
an emerging metabolic regulator. By recruiting and phosphorylating MLKL, RIP3 induces changes in cell
membrane permeability, leading to cell membrane rupture, necroptosis, and contributing to NAFLD-associated
inflammation and cancer. The findings in this research align with conclusions from modern pharmacological
studies. Furthermore, this research revealed that XYS intervention significantly altered liver tissue pathology in
NAFLD model rats, regulating the expression of multiple proteins related to liver glucose and lipid metabolism
(cAMP, PKA, FOXO1, and PPARa), inflammatory response (NF-«B), fibrosis (TGF-p1), and necroptosis (RIP3
and p-MLKL). This intervention enriched multiple KEGG pathways and identified PKA, PPARa, FOXOI, and
NF-kB as core interconnected genes. The results further suggested that XYS inhibited the expression of NF-
kB, p-NF-kB, FOXO1, TGF-f1, RIP3, and p-MLKL proteins in liver tissue, while upregulating the expression
of cAMP, PKA, p-PKA, and PPARa proteins. These changes alleviated liver lipid accumulation, reduced
inflammation and oxidative stress, and decreased liver fibrosis and necroptosis of hepatocytes. Collectively, these
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Fig. 10. The chemical analysis of XYS and its mechanism of action in NAFLD treatment.

findings deepen our understanding of the therapeutic mechanisms of XYS in NAFLD treatment. In conclusion,
XYS attenuates HFD-induced lipid metabolism disorders, oxidative stress, inflammatory response, liver fibrosis,
and necroptosis in NAFLD rats by regulating the cAMP/PKA-mediated PPARa, FOXO1, and NF-«B signaling
pathways. In this study, we utilized an integrative analysis of transcriptomics and proteomics to elucidate the
therapeutic mechanisms of XYS in treating NAFLD. Our findings demonstrated that XYS exerts significant
therapeutic effects on NAFLD through multiple pathways, including inflammation, oxidative stress, lipid
metabolism, and necroptosis. The study identifies PKA, PPARa, FOXO1, and NF-kB as potential therapeutic
targets of XYS, which modulate the expression of downstream genes. This strategy, based on the combined
analysis of transcriptomics and proteomics, provides a novel approach to elucidating the mechanisms of TCM
formulas and deepens the scientific understanding of TCM theory. This research offers valuable insights for
future investigations and contributes to the modernization of TCM research. Further studies are needed to fully
explore the clinical potential of XYS in treating NAFLD.

In summary, this research comprehensively characterized the chemical composition of XYS and elucidated
the targets and signaling pathways involved in its therapeutic mechanisms in NAFLD through integrated
pharmaceutical chemical analysis, transcriptomics, and proteomics. The study identified 225 prototype chemical
components of XYS that enter the bloodstream. The transcriptomics and proteomics analyses revealed that
the therapeutic effect of XYS on NAFLD rat models primarily targets the cAMP, TGF-p, and NF-«B signaling
pathways as well as necrotic apoptosis. Further validation confirmed that XYS suppresses the expression of NF-
KB, p-NF-«xB, FOXO1, TGF-B1, RIP3, and p-MLKL, while promoting the expression of cAMP, PKA, p-PKA, and
PPARa in liver tissue. These findings indicate that XYS ameliorates NAFLD by regulating cAMP/PKA-mediated
PPARa, FOXO1, and NF-«B signaling pathways. Therefore, this research provides valuable data and theoretical
support for the potential application of XYS in NAFLD treatment, contributing to the scientific basis for using
TCM in NAFLD therapy (Fig. 10).

Data availability

All data supporting the findings of this study are available within the article. The RNA-seq raw sequence data
are available in NCBI short read archive (SRA) database under accession number PRJNA1183419. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (https://proteomecen
tral.proteomexchange.org) with the dataset identifier PXD057729.
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