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Abstract
The global prevalence of non-alcoholic fatty liver disease (NAFLD) is rising. Si-Ni-San 
(SNS), a classical herbal formula for chronic liver disease, has unclear mechanisms 
against NAFLD. This study integrated network pharmacology with in vivo validation 
to investigate its mechanisms. Potential SNS and NAFLD targets were retrieved from 
public databases. A protein-protein interaction network was identified, followed 
by Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathway enrichment analysis. For in vivo experiments, 
NAFLD was induced in mice by feeding a high-fat diet, with SNS administered orally 
for therapeutic intervention. Liver Oil Red O staining was evaluated, and biochemical 
parameters, including total cholesterol (TC) and triglyceride (TG) in serum, were 
assessed. Furthermore, molecular techniques were used to examine the expression 
levels of inflammatory and oxidative stress-related factors predicted by network 
pharmacology. A total of 157 overlapping potential targets between SNS and 
NAFLD were identified, yielding the top 10 hub targets including IL-6, TNF-α, HIF-1α, 
MMP-9, AKT1, STAT3, Caspase-3, JUN, PTGS2, and TGF-β1. Additional oxidative 
stress-related targets (NRF2, HO-1, NQO1) were also examined. KEGG/GO analyses 
indicated involvement of inflammation and oxidative stress pathways. Molecular 
docking further demonstrated strong binding affinities of its active components 
with STAT3 and NRF2. In vivo, SNS reduced liver weight index, lipid droplets, serum 
TC, and TG levels. Western blot analysis showed that SNS treatment led to a marked 
inhibition of JAK2 and STAT3 phosphorylation. SNS downregulated the expression 
of pro-inflammatory cytokines, such as Il6 and Il1b, while upregulating endogenous 
antioxidant proteins Sestrin2 and NRF2, thereby enhancing the expression of key 
downstream antioxidant genes, including Nqo1 and Hmox1. In conclusion, integrated 
network pharmacology and in vivo validation demonstrated that SNS ameliorates 
NAFLD by activating the Sestrin2/NRF2/HO-1 pathway to enhance antioxidant 
capacity and inhibiting the JAK2/STAT3 pathway to alleviate inflammatory injury.
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1. Introduction
Globally, non-alcoholic fatty liver disease (NAFLD) 
represents a highly prevalent chronic hepatic disorder, 
with a global prevalence of up to 25%.1 NAFLD represents 
a disease continuum, beginning with fat accumulation 
(steatosis) and advancing to inflammatory non-alcoholic 
steatohepatitis (NASH).2 With disease progression, NASH 
may evolve into progressive liver fibrosis, ultimately 
culminating in cirrhosis and hepatocellular carcinoma.3 
The pathogenesis of NAFLD involves multiple metabolic 
dysregulations and oxidative stress responses,4 wherein 
interconnected pathological processes, including 
mitochondrial dysfunction, aberrant lipid metabolism, 
and endoplasmic reticulum stress, collectively drive 
disease progression.5,6 Notably, immune cell-mediated 
inflammation serves as a pivotal mechanism driving the 
transition from fatty liver to the more severe condition of 
NASH.7

As obesity rates continue to climb globally, the 
incidence of NAFLD is showing a rapid increase parallel 
to the obesity epidemic.8,9 However, there are no approved 
targeted therapeutic agents, and there is a significant unmet 
need for clinical management.10 In this context, traditional 
Chinese medicine (TCM) formulations exhibit distinctive 
therapeutic advantages attributable to their characteristic 
multi-target and multi-pathway regulatory properties. 
Si-Ni-San (SNS) is a classic TCM formula composed of 
bupleurum (Chaihu), white peony root (Baishao), immature 
bitter orange (Zhishi), and licorice (Gancao). It is primarily 
used to disperse liver stagnation and relieve symptoms 
associated with liver qi depression.11 The pathogenesis of 
NAFLD is closely linked to metabolic disturbances such as 
insulin resistance. From the perspective of TCM, liver qi 
depression can lead to the impeded flow of qi and blood, 
resulting in metabolic dysregulation.12 Nonetheless, the 
contemporary scientific understanding of the mechanisms 
underlying its therapeutic effects, especially concerning 
its systemic regulation of the pathogenesis of NAFLD, 
remains insufficiently elucidated.11,13

Network pharmacology and molecular docking 
analysis have been demonstrated to be effective approaches 
for elucidating the molecular mechanisms of TCM.14 

Current research has shown that TCM can restore 
systemic homeostasis by modulating metabolic disorders 
and inflammatory responses, which are highly compatible 
with the pathological features of NAFLD.13 The potential 
mechanisms of SNS may involve modulation of core 
pathological processes, including lipid accumulation, 
oxidative stress, and inflammatory mediators,15 while 
also influencing regulatory factors such as SIRT2 to 
alleviate endoplasmic reticulum stress and inflammatory 

responses.16 Emerging studies have revealed that certain 
TCM monomers, such as saponin D, exert anti-steatotic 
effects by modulating lipid metabolism-related pathways,17 
which provides critical insights for elucidating the 
mechanistic basis of SNS.

The JAK2/STAT3 signaling pathway is an evolutionarily 
conserved transmembrane signal transduction cascade 
that mediates cellular responses to diverse cytokines, 
interferons, and growth factors.18,19 JAK2 undergoes 
autophosphorylation and subsequently phosphorylates 
STAT3, and then the phosphorylated STAT3 dimerizes 
and translocates to the nucleus, where it functions 
as a transcription factor to regulate the expression of 
downstream target genes, such as VEGFA and CCND.20–22 
The JAK2/STAT3 signaling pathway, a pivotal regulator 
of inflammation and cellular proliferation, has a dual 
role in hepatic pathologies, facilitating tissue repair 
while also contributing to inflammation and fibrosis. 
Notch1 deficiency inhibits JAK2/STAT3 phosphorylation, 
impairing thrombopoietin production in hepatocytes 
and compromising liver regeneration and repair.23 In 
inflammatory settings, JAK2/STAT3 activation induces 
pro-inflammatory cytokine release and macrophage 
polarization, exacerbating chronic liver disease 
progression.24

Sestrin2, a stress-inducible protein, plays a key role 
in cytoprotection and antioxidant defense by activating 
the NRF2 signaling pathway. Sestrin2 has been shown to 
mitigate ferroptosis through the KEAP1/NRF2 signaling 
pathway, which is closely associated with NRF2-mediated 
attenuation of oxidative stress.25 In NAFLD, Sestrin2 
modulates inflammation and lipid metabolism, with its 
dysregulated expression linked to disease progression.26 
NRF2 serves as a master regulator in chronic liver 
diseases, counteracting oxidative stress to exert protective 
effects. However, its function is highly contingent on the 
specific context. For instance, NRF2/HO-1 activation 
reduces oxidative stress and inflammation in alcoholic 
liver injury,27 while it may exacerbate liver damage in 
cholestatic conditions, highlighting the complexity of its 
pathological implications.28 HO-1, as the downstream 
of NRF2, promotes hepatoprotection by interacting with 
STAT3. This is exemplified in ischemia–reperfusion injury 
models, in which STAT3 activation mitigates hepatic 
damage by modulating metabolic pathways associated 
with HO-1.29 In summary, the Sestrin2/NRF2/HO-1 and 
JAK2/STAT3 pathways form a complex signaling network 
that coordinately regulates oxidative stress, inflammatory 
responses, and metabolic homeostasis.

This study aims to systematically elucidate the active 
components, potential targets, and molecular mechanisms 
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of SNS against NAFLD through an integrated approach 
combining network pharmacology prediction with 
experimental validation.

2. Materials and methods
2.1. Network pharmacology analysis 

The component targets of Chaihu (Bupleuri radix), Gancao 
(Glycyrrhizae radix et rhizoma), Baishao (Paeonia mairei 
H. Lév.), and Zhishi (Aurantii fructus immaturus) were 
retrieved from the TCM Systematic Pharmacology Database 
(TCMSP) (https://www.tcmsp-e.com/tcmsp.php). 
Preliminary screening was performed with the parameters 
set at oral bioavailability ≥ 30% and drug-likeness ≥ 0.18. 
After removing duplicates, the key targets of the main 
active components of SNS were obtained. Subsequently, 
using GeneCards (https://www.genecards.org/), OMIM 
(https://www.omim.org/), and TTD (https://db.idrblab.
net/ttd/), the keywords “NAFLD” and “non-alcoholic fatty 
liver disease” were entered for retrieval. After consolidating 
the results and removing duplicate genes, the target genes 
associated with NAFLD were obtained. The key targets of 
SNS and the target genes of NAFLD were intersected, and 
a Venn diagram was constructed. The overlapping targets 
represent the potential therapeutic targets of SNS in the 
intervention of NAFLD. Using Cytoscape 3.8.2 software, 
the “TCM–active ingredient–target–disease” network 
was constructed, and core components were identified 
based on degree, betweenness centrality, and closeness 
centrality. The selected targets were imported into the 
Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING) database to build a protein–protein interaction 
(PPI) network between SNS and NAFLD. The maximal 
clique centrality algorithm then identified the 10 most 
crucial targets. In addition, enrichment analyses for Gene 
Ontology (GO) terms and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathways were conducted using the 
clusterProfiler package in R. The analysis was conducted 
with a significance threshold of corrected p < 0.05, followed 
by sorting the results in ascending order by p-value. The 
top five active components were selected for molecular 
docking with STAT3 and NRF2. The three-dimensional 
(3D) structures of target proteins and bioactive compounds 
were obtained from the Research Collaboratory for 
Structural Bioinformatics Protein Data Bank and 
PubChem databases. Protein preparation (including water 
removal, hydrogen addition, and heteroatom deletion) was 
performed using PyMOL, followed by molecular docking 
with AutoDock.

2.2. Extraction of Si-Ni-San 

The investigated formulation, composed of Chaihu, Zhishi, 
Baishao, and Gancao in a 1:1:1:1 ratio, was purchased from 

Luoyang Zhang ZhongJing Traditional Chinese Medicine 
Pharmacy (China). The combined herbs were soaked in 
water for 0.5 h, then decocted with 10 volumes of water for 
2 h. The resulting decoction was filtered and concentrated 
to 1 g/mL. For subsequent experiments, the final extract 
was refrigerated at 4 °C.

2.3. Animal experiments

A total of 27 male C57BL/6 mice (age, 4–5 weeks, 15 
± 2 g) were supplied by the institutional Experimental 
Animal Center (Tongji Medical College, License No. 
SCXK 20190008). All mice were housed in a controlled 
environment with relatively stable temperature (22 ± 
2 °C) and humidity (50 ± 5%). Following a seven-day 
acclimatization under a 12-h light/dark cycle, the mice 
were randomized into three groups: normal-fat diet (NFD, 
10% kcal fat), high-fat diet (HFD, 60% kcal fat), and high-
fat diet plus SNS (HFD + SNS) (n = 9 per group). After 
feeding with NFD or HFD for 8 consecutive weeks, mice 
in both NFD and HFD groups received daily oral gavage 
of normal saline. The HFD + SNS group was administered 
SNS decoction (10 mL/kg/day) via oral gavage concurrently 
with high-fat feeding for eight consecutive weeks, with 
all groups having ad libitum access to food and water. At 
the experimental endpoint, mice were anesthetized by 
intraperitoneal injection of 1% sodium pentobarbital, 
followed by blood collection via retro-orbital venous 
plexus puncture and subsequent liver tissue harvesting for 
analysis.

The animal experiments were approved by the 
Institutional Animal Care and Use Committee of Henan 
University of Science and Technology (Luoyang, China) 
and were conducted in strict accordance with the National 
Institutes of Health (NIH) guidelines for the care and use 
of laboratory animals.

2.4. Liver index analysis

At the end of the animal experiment, mice from all groups 
were anesthetized by intraperitoneal injection of 1% 
sodium pentobarbital. Subsequent to excision, the livers 
were weighed. The liver index was calculated as the ratio 
of liver weight to body weight (liver weight/body weight).

2.5. Determination of serum biochemical 
parameters

Blood was collected from anesthetized mice via the retro-
orbital plexus. Following a 2-h clotting period at room 
temperature (22–24 °C), the samples were subsequently 
centrifuged at 4 °C and 3,000 rpm for 20 min to isolate 
serum. Serum was analyzed for total cholesterol (TC) 
and triglycerides (TG) using commercial kits according 
to the manufacturer’s guidelines (Nanjing Jiancheng 
Bioengineering Institute, China).
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2.6. Oil Red O staining

Fresh liver tissue was fixed with 4% paraformaldehyde. 
Following dehydration and immersion in sucrose solution, 
the tissue was embedded in optimal cutting temperature 
compound (OCT) and subsequently rapidly frozen at −80 
°C for 72 h. The slices were cut on a freezing microtome 
(Model MNT, REF #10160000, SLEE Medical GmbH, 
Germany) at 5 μm, mounted onto slides, and air-dried 
at room temperature. The sections were gently rinsed 
with phosphate-buffered saline to remove residual OCT 
compound. Filtered Oil Red O working solution was 
applied to cover the tissue sections, followed by incubation 
in the dark at room temperature for 10 min. Subsequently, 
the sections were briefly differentiated in 60% isopropanol 
for 30 s, rinsed thoroughly with distilled water, and 
counterstained with hematoxylin for approximately 1 min. 
Finally, the slides were coverslipped with glycerol–gelatin 
and imaged under a light microscope (Model BX53, 
Olympus Corporation, Japan).

2.7. RNA extraction and quantitative real-time 
polymerase chain reaction

Approximately 30 mg of liver tissue was immediately placed 
in liquid nitrogen for rapid freezing, then homogenized 
using a tissue homogenizer (Model JY92-II, Ningbo Scientz 
Biotechnology Co., Ltd., China). RNA was extracted using 
the TRIzol reagent (CWBio, China) according to the 
manufacturer’s protocol. RNA purity and concentration 
were determined by measuring the absorbance ratio at 
260/280 nm (Nanodrop ONE, Thermo Fisher Scientific, 
United States of America [USA]), ensuring a ratio of 1.8–
2.0. The RNA was then reverse-transcribed into cDNA by 
using the HiScript II Reverse Transcriptase Kit (CWBio, 
China). Quantitative real-time polymerase chain reaction 
(qPCR) was performed using SYBR Green PCR Master 
Mix (CWBio, China), according to the manufacturer’s 
protocols. The mRNA expression of specific inflammatory 
factors and oxidative stress markers was quantified. The 
qPCR was performed using the 7500 Real-Time PCR 
System (Applied Biosystems, Life Technologies Holdings 
Pte Ltd, Singapore) with the following conditions: 30 s of 
pre-denaturation at 95 °C, 10 s of denaturation at 95 °C, 
and 30 s of annealing and extension at 60 °C, for a total of 
40 cycles. The relative expression levels of the target genes 
were calculated by the Ct method (2−ΔΔCt), with Actb as the 
internal reference gene. The primer sequences are listed in 
Table 1.

2.8 Western blot analysis

Following protein extraction with RIPA lysis buffer 
(Solarbio, China), total protein concentration was 
measured. Equivalent protein amounts were resolved by 

SDS–PAGE and electro-transferred onto polyvinylidene 
fluoride membranes (Millipore, USA).The membranes 
were blocked for 1 h in tris-buffered saline with Tween 
20 (TBST; Solarbio, China) containing 5% BSA and then 
incubated overnight at 4 °C with primary antibodies 
diluted in the same blocking solution. Following three 
washes with TBST, the membranes were incubated with 
a horseradish peroxidase (HRP)-conjugated secondary 
antibody (diluted 1:5,000; Proteintech, China) for 1 h. 
Finally, immunoreactive bands were detected using an 
enhanced chemiluminescence system (Model Tanon-
4600, Tanon Science Technology Co., Ltd., China). 
The following primary antibodies were used: NRF2 
(1:500; 805931AP, Proteintech, China), Sestrin2 (1:3000; 
107951AP, Proteintech, China), HO-1 (1:3000; 107011AP, 
Proteintech, China), JAK2 (1:1000; 3230S, Cell Signaling 
Technology, USA), phospho-JAK2 (1:1000; 3774S, Cell 
Signaling Technology, USA), STAT3 (1:1000; 12640S, Cell 
Signaling Technology, USA), phospho-STAT3 (1:1000; 
9145S, Cell Signaling Technology, USA), and GAPDH 
(1:10000; Sangon Biotech, China). GAPDH was used 
as an internal loading control, and band intensities were 
quantified with ImageJ software (version 1.80). 

Table 1. Sequences of reverse transcriptase-quantitative 
polymerase chain reaction primer

Gene Sequence（5’–3’）

Il6
Forward: TTCTTGGGACTGATGCTGGTGAC 

Reverse: GTGGTATCCTCTGTGAAGTCTCCTC

Il1b
Forward: CTCGCAGCAGCACATCAACAAG '

Reverse: CCACGGGAAAGACACAGGTAGC 

Tnf
Forward: ACGCTCTTCTGTCTACTGAACTTCG 

Reverse: TGGTTTGTGAGTGTGAGGGTCTG '

Nqo1
Forward: GCGAGAAGAGCCCTGATTGTACTG 

Reverse: AGCCTCTACAGCAGCCTCCTTC

Hmox1
Forward: ACCGCCTTCCTGCTCAACATTG

Reverse: CTCTGACGAAGTGACGCCATCTG

Actb
Forward: GGAGATCACAGCTCTGGCT 

Reverse: GTCGATTGTCGTCCTGAGG

2.9 Statistical analysis

All experimental data, excluding those derived from 
network pharmacology analyses involving specialized 
algorithms, are expressed as means ± standard error of 
the mean. Data analysis and graphical visualization were 
performed using GraphPad Prism 9.0. For comparisons 
across multiple groups within a single experimental 
condition, a one-way analysis of variance was used, with p 
< 0.05 as the criterion for statistical significance. 
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3. Results
3.1. Key bioactive compounds in Si-Ni-San and 
target-disease relationships

The active components of Chaihu, Baishao, Zhishi, and 
Gancao were retrieved from the TCMSP database. The top 
10 compounds ranked by degree value were identified as 
the primary bioactive constituents potentially responsible 
for treating NAFLD (Table 2). A total of 2,798 NAFLD-
related disease targets were collected from the GeneCards, 
OMIM, and TTD databases. After removing duplicates 
using the Venny platform, 157 overlapping targets between 
the active components of SNS and NAFLD-related targets 
were identified (Figure 1A). An interaction network 
was constructed with Cytoscape 3.8.2 to visualize the 
relationships between the four key herbal components of 
SNS and the 157 shared NAFLD targets (Figure 1B). Within 
this network, compounds such as MOL000098 (quercetin), 
MOL000422 (kaempferol), and MOL000006 (luteolin) had 
the highest number of connections, suggesting a potential 
central role in the SNS mechanism against NAFLD.

3.2. Integrated bioinformatics analysis of Si-Ni-San 
for non-alcoholic fatty liver disease treatment: 
Protein–protein interaction network construction, 
Gene Ontology, and Kyoto Encyclopedia of Genes 
and Genomes enrichment

The 157 overlapping target genes shared by the active 
components of SNS and NAFLD-related targets were 
imported into the STRING database to establish a high-

confidence PPI network (Figure 2A). In this network, 
nodes represent target proteins, and edges represent 
functional interactions between them. The resulting PPI 
network comprises 153 nodes and 3,326 edges, with nodes 
of higher connectivity indicative of greater functional 
significance within the network. As illustrated in Figure 
2B, the top 10 hub targets were identified as IL-6, TNF, 
HIF-1α, MMP-9, AKT1, STAT3, Caspase-3, JUN, PTGS2, 
and TGF-β1, based on degree values. 

Subsequently, GO and KEGG enrichment analyses 
were performed using the ClusterProfiler package in R. GO 
enrichment yielded 2,374 biological processes, 70 cellular 
components, and 161 molecular functions. After filtering 
by p-value (p < 0.05), the top 10 terms in each category were 
visualized (Figure 2C). These were significantly associated 
with lipid metabolism regulation, oxidative stress, the 
inflammatory response, insulin resistance, membrane 
rafts, membrane microdomains, nuclear receptor activity, 
and lipid binding. KEGG pathway analysis revealed 181 
pathways enriched at a highly significant level (p < 0.05), 
among which the top 20 included PI3K-AKT, MAPK, TNF, 
NAFLD, NF-κB, and oxidative stress-related pathways 
(Figure 2D). These findings indicate that SNS may exert 
multi-target therapeutic effects on NAFLD by coordinating 
the modulation of interconnected biological processes.

Overall, the network pharmacology analysis 
suggests that SNS alleviates NAFLD pathogenesis via its 
bioactive components by simultaneously targeting lipid 
dysregulation, inflammatory activation, oxidative stress, 
and metabolic dysfunction.

Figure 1. Construction of the Si-Ni-San–component–target–non-alcoholic fatty liver disease (NAFLD) network. (A) Venn diagram illustrating the 
overlapping targets between drug-related and NAFLD-related genes. (B) Network diagram depicting interactions among drugs, diseases, and targets.
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Table 2. The top 10 active components in Si-Ni-San

Traditional Chinese medicine Molecule name MOL ID Degree Betweenness centrality Closeness centrality

Chaihu, Gancao Quercetin MOL000098 105 0.161845 0.547389

Chaihu, Shaoyao Kaempferol MOL000422 44 0.036466 0.442879

Zhishi Luteolin MOL000006 40 0.026735 0.436055

Zhishi, Gancao Naringenin MOL004328 28 0.021025 0.414348

Zhishi Nobiletin MOL005828 24 0.013567 0.415565

Shaoyao Baicalein MOL002714 22 0.010147 0.411936

Gancao 7-Methoxy-2-methyl isoflavone MOL003896 22 0.006379 0.411936

Gancao Formononetin MOL000392 21 0.008256 0.407194

Chaihu Isorhamnetin MOL000354 21 0.008057 0.411936

Gancao Licochalcone a MOL000497 20 0.008444 0.407194

Figure 2. Protein–protein interaction (PPI), Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of core 
targets of Si-Ni-San (SNS) against non-alcoholic fatty liver disease (NAFLD). (A) PPI network of common targets related to both SNS and NAFLD. (B) Top 
10 core targets and their associated subnetwork. (C) GO enrichment analysis showing biological processes, molecular functions, and cellular components. 
The x-axis indicates the number of genes; color represents the p-value. (D) KEGG pathway enrichment analysis. The y-axis shows pathways; the x-axis 
indicates the number of genes; color represents the p-value.
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3.3. Molecular docking of Si-Ni-San 

The top five active components of SNS were docked 
with STAT3 and NRF2 using AutoDock Vina. Molecular 
docking studies were conducted under identical 
conditions, using the reference ligands for STAT3 and 
NRF2 as positive controls: STAT3 in complex with the 
inhibitor S3I-201 and NRF2 with the inhibitor ML385. 
Figure 3 and Table 3 present a comprehensive molecular 
docking analysis of STAT3 and NRF2 with their respective 
reference ligands. These results serve as a benchmark for 
evaluating the binding affinities of the active compounds. 
The binding affinity (kcal/mol), a key parameter in Vina, 
reflects the overall quality of ligand–receptor interactions, 
with more negative values indicating stronger binding. The 
docking scores of STAT3 and NRF2 with each of the five 
compounds were all ≤−9 kcal/mol or close to this value, 
indicating strong binding affinities and the formation 
of stable complexes between STAT3/NRF2 and each 
compound. The entry of the compounds into the active 
pockets was visualized in PyMOL. Representative two-
dimensional and 3D images, along with the lowest binding 
energy values for each protein, are presented in Figure 4. 
The binding affinity of STAT3 and NRF2 with each of the 
five compounds is provided in Table 3. The results showed 
favorable binding affinities between the top five active 
components and both NRF2 (Figure 4A–E) and STAT3 
(Figure 4F–J). 

3.4. Si-Ni-San treatment attenuates hepatic 
steatosis in high-fat diet mice

Non-alcoholic fatty liver disease was induced in mice by 
HFD administration, and the therapeutic efficacy of SNS 
was subsequently evaluated. Macroscopic examination 
of liver morphology showed that NFD mice exhibited 
reddish and smooth liver surfaces, whereas HFD mice 
developed hepatomegaly with multifocal yellowish-white 
plaques. After SNS treatment, the reddish coloration was 
partially restored (Figure 5A), and both body weight and 
liver weight exhibited a significant reduction relative to 
the HFD group (p < 0.01; Figure 5B and 5C). Oil Red 
O staining further showed that SNS treatment reduced 
hepatic lipid droplet aggregation compared to the HFD 
group (Figure 5D). Biochemical analyses revealed that 
HFD treatment significantly elevated serum TC (p < 0.01) 
and TG (p < 0.05) levels, which were significantly reduced 
in SNS-treated mice (p < 0.05; Figure 5E and 5F). These 
results demonstrate that the NAFLD mouse model was 
successfully established in C57BL/6 mice using a high-
fat diet, and that SNS treatment reduced liver weight and 
ameliorated lipid accumulation in the liver tissue.

3.5. Si-Ni-San ameliorates inflammatory responses 
associated with non-alcoholic fatty liver disease in 
mice

To investigate whether the anti-inflammatory effect 

Figure 3. Molecular docking diagrams of STAT3 and NRF2 with reference ligands Docking of NRF2 with ML385. (B) Docking of STAT3 with S3I-201.
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Table 3. AutoDock parameters for molecular docking

Receptor Ligand Grid center 
(X, Y, Z)

Grid size 
(X, Y, Z)

Grid 
spacing Exhaustiveness Binding 

mode count
Random 

seed
Best binding 

affinity

NRF2

Quercetin 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 29,491 −9.596 kcal/mol

Kaempferol 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 19,538 −9.547 kcal/mol

Luteolin 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 14,665 −9.378 kcal/mol

Naringenin 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 17,996 −8.421 kcal/mol

Nobiletin 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 14,986 −8.294 kcal/mol

ML385 10.7, 18.5, 
10.4

71.4, 61.1, 
58.3 0.375 Å 16 9 16,841 −11.91kcal/mol

STAT3

Quercetin 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 10,506 −6.091 kcal/mol

Kaempferol 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 5,213 −6.086 kcal/mol

Luteolin 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 8,382 −6.386 kcal/mol

Naringenin 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 26,351 −6.571 kcal/mol

Nobiletin 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 3,589 −5.615 kcal/mol

S3I-201 14.0, 54.3, 
−0.3

20.9, 31.7, 
23.2 0.375 Å 16 9 17,860 −6.335 kcal/mol

Figure 4. Molecular docking results. Binding conformations between (A) quercetin and NRF2, (B) kaempferol and NRF2, (C) luteolin and NRF2, (D) 
naringenin and NRF2, (E) nobiletin and NRF2, (F) quercetin and STAT3, (G) kaempferol and STAT3, (H) luteolin and STAT3, (I) naringenin and STAT3, 
and (J) nobiletin and STAT3.
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contributes to the protective role of SNS against NAFLD, 
we evaluated the inflammatory mediator expression 
and molecular biological analysis of the JAK2/STAT3 
signaling pathway. Our findings demonstrated a significant 
upregulation of pro-inflammatory cytokines Tnf, Il6, and 
Il1b in mice fed HFD (p < 0.001), whereas SNS treatment 
markedly suppressed their expression (p < 0.01) (Figure 
6A–C). Western blot analysis further demonstrated 
activation of the JAK2/STAT3 pathway in the HFD group, 
indicated by increased JAK2 and STAT3 phosphorylation 
(p < 0.001). In contrast, SNS treatment reversed this trend 
(Figure 6D–F).

3.6. Si-Ni-San boosts the antioxidant defense system 
by activating the Sestrin2/Nrf2 pathway

To elucidate the protective mechanism of SNS against 
NAFLD, we measured the mRNA expression of 
the antioxidant factors Nqo1 and Hmox1 by qPCR. 
Additionally, we analyzed key proteins in the Sestrin2/
NRF2/HO-1 signaling pathway by Western blot. Compared 
with the normal control group, the HFD group showed 
significant downregulation in Hmox1 (p < 0.001) and Nqo1 
(p < 0.01) mRNA expression. In contrast, SNS treatment 
significantly upregulated the expression of both Hmox1 
(p < 0.001) and Nqo1 (p < 0.05) (Figure 7A,B). Western 
blot results demonstrated that HFD feeding markedly 
decreased Sestrin2 protein expression (p < 0.001) and 
inhibited downstream NRF2 and HO-1 signaling (p 
< 0.001). However, SNS treatment led to a significant 
reversal, restoring the protein levels of Sestrin2, NRF2, and 
HO-1, respectively (Figure 7C–F).

4. Discussion
Non-alcoholic fatty liver disease has emerged as a 
widespread chronic liver disorder on a global scale, 
presently impacting approximately 25% of the adult 
population worldwide.30 SNS, a TCM, is frequently 
employed as a clinical intervention for chronic liver 
diseases31; however, its specific mechanisms of action 
remain incompletely elucidated.

Through network pharmacology analysis, we identified 
157 overlapping targets between SNS and NAFLD. 
Notably, three key active compounds—MOL000098 
(quercetin), MOL000422 (kaempferol), and MOL000006 
(luteolin)—exhibited superior network properties, 
including the highest number of connecting edges and the 
most extensive target interactions, suggesting their central 
role in the therapeutic network. These flavonoids are well 
documented for their ability to alleviate inflammation, 
reduce oxidative stress, and regulate immune function,32 
which are known to ameliorate NAFLD pathogenesis.33–35 
For instance, quercetin and kaempferol have been shown 
to reduce lipid aggregation and mitigate oxidative stress in 
HepG2 cells.35,36 These findings underscore the therapeutic 
potential of flavonoid-rich SNS. Thus, the efficacy of 
SNS against NAFLD may be attributed to the synergistic 
actions of these bioactive components along with other 
constituents. Consistent with this, the in vivo experiments 
demonstrated that SNS treatment effectively alleviated 
HFD-induced NAFLD in mice, as evidenced by reduced 
liver weight and hepatic lipid accumulation. 

Figure 5. Si-Ni-San (SNS) alleviates hepatic steatosis in NAFLD mice. (A) Representative macroscopic liver images (scale bar: 5 mm). (B) Body weight gain 
during the experimental period. (C) Liver weight index. (D) Liver Oil Red O staining (scale bar: 50 μm; magnification: ×200). (E–F) Serum levels of TC 
and TG. Values are expressed as mean ± standard error of the mean (n = 9). Compared with the control group, * denotes p < 0.05, *** denotes p < 0.001; 
compared with the HFD group, #denotes p < 0.05, ## denotes p < 0.01, ### denotes p < 0.001. 
Abbreviations: HFD: High-fat diet; NAFLD: Non-alcoholic fatty liver disease; TC: Total cholesterol; TG: Triglyceride.
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Figure 6. Si-Ni-San (SNS) mitigates inflammatory responses in non-alcoholic fatty liver disease mice. The gene expression of (A) Il6, (B) Il1b, and (C) Tnf. 
(D) Representative Western blot results of related proteins. Quantitative analysis of (E) p-JAK2 and (F) p-STAT3 protein levels. Results were exhibited as 
mean ± standard error of the mean (n = 4). Compared with the control group,** denotes p < 0.01, *** denotes p < 0.001; compared with the HFD group, 

## denotes p < 0.01. 
Abbreviation: HFD: High-fat diet.

Figure 7. Si-Ni-San (SNS) enhances antioxidant capacity in non-alcoholic fatty liver disease mice. mRNA expression levels of (A) Hmox1 and (B) Nqo1. 
(C) Representative Western blot images of proteins in the Sestrin2/NRF2/HO-1 signaling pathway. Quantitative analysis of (D) Sestrin2, (E) NRF2, and 
(F) HO-1 protein expression. Values are expressed as mean ± standard error of the mean (n = 4). Compared with the control group, ** denotes p < 0.01, *** 
denotes p < 0.001; compared with the high-fat diet (HFD) group, # denotes p < 0.05, ## denotes p < 0.01, ### denotes p < 0.001.
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Research indicates that pro-inflammatory cytokines 
such as IL-1β, TNF-α, IL-6, IL-8, and COX-2 play a pivotal 
role in the progression of chronic inflammatory diseases.36 
By constructing the PPI network to visualize and analyze 
157 targets, the top 10 hub targets were screened based 
on degree values, primarily including IL-6, TNF, HIF-1α, 
MMP-9, AKT1, STAT3, Caspase-3, JUN, PTGS2, and 
TGF-β1. Notably, the pro-inflammatory factors IL-6, 
TNF, AKT1, and STAT3 may represent critical therapeutic 
targets for SNS in NAFLD. TNF-α and IL-6 serve as 
core upstream activators of the JAK2/STAT3 pathway. 
Specifically, IL-6 binding to its receptor (IL-6R) triggers 
JAK2 phosphorylation via a gp130-dependent mechanism, 
which, in turn, induces STAT3 phosphorylation. The 
p-STAT3 then translocates into the nucleus to modulate 
the transcription of target genes (e.g., pro-inflammatory 
genes IL1β and IL6), thereby amplifying the inflammatory 
response.37 TNF-α and the JAK2/STAT3 pathway form 
a bidirectional regulatory network: TNF-α acts as both 
an activator and a downstream effector of the JAK2/
STAT3 pathway, while JAK2/STAT3 activation amplifies 
TNF-α-mediated inflammatory responses.38 Compounds 
like ginkgetin inhibit the phosphorylation of JAK2 and 
STAT3, concurrently attenuating inflammatory mediators 
such as IL-6 and TNF-α, thereby improving histological 
outcomes and liver metabolic function.39 Zhang et al.40 
demonstrated that quercetin alleviates hepatic injury by 
directly suppressing the IL-6/STAT3 signaling pathway, 
leading to significant downregulation of inflammatory 
cytokines (including IL-6 and IL-1β). Similar to the above 
findings, PPI network analysis revealed that IL-6, TNF-α, 
IL-1β, and STAT3 are key targets of SNS in the treatment 
of NAFLD. Molecular docking results further confirmed 
a strong binding affinity between STAT3 and the active 
components of SNS. The present in vivo experiments 
validated the targets identified by network pharmacology, 
demonstrating that SNS treatment significantly 
downregulated the mRNA levels of Il1b, Il6, and Tnf in 
the livers of NAFLD mice, while markedly reducing the 
protein expression of p-JAK2/JAK2 and p-STAT3/STAT3. 
These results indicate that SNS inhibits the inflammatory 
response in NAFLD mice by suppressing the JAK2/STAT3 
signaling pathway.

Inflammation and oxidative stress exhibit a reciprocal 
relationship, in which each process exacerbates the 
other, leading to progressive amplification during 
NAFLD pathogenesis.41,42 During inflammatory 
responses, infiltrating immune cells (e.g., neutrophils 
and macrophages) intrinsically release reactive oxygen 
species (ROS), thereby further elevating oxidative stress 
levels.43 Excessive ROS production subsequently activates 
inflammatory pathways and triggers the release of pro-

inflammatory cytokines (including TNF-α and IL-6), 
ultimately resulting in tissue damage.44 The NRF2 pathway 
serves as the core of antioxidant defense, and its activation 
can effectively suppress inflammatory responses.45 Sestrin2, 
an endogenous antioxidant protein, inhibits KEAP1, 
promoting the release of NRF2 from KEAP1 binding, 
enabling NRF2 nuclear translocation and the subsequent 
activation of downstream antioxidant genes (including 
Hmox1), thereby augmenting cellular antioxidant capacity.25 
The activation of HO-1 further enhances free radical 
scavenging capacity, thereby alleviating lipid peroxidation 
and cellular damage.46 Tian et al.47 demonstrated that Tan 
IIA upregulates Sestrin2 expression and activates HO-1, 
significantly ameliorating hepatic pathological changes and 
protecting against sepsis-induced liver injury. In a hepatic 
fibrosis model, Liu et al.48 further revealed that hiHep-EVs 
alleviate fibrosis by activating the NRF2/HO-1 signaling 
pathway, which upregulates NQO1 and HO-1 protein 
expression, reduces hepatic stellate cell activation, and 
decreases collagen deposition. This network pharmacology 
study predicted that NRF2 is a key target of SNS in the 
treatment of NAFLD. In vivo validation experiments 
demonstrated that SNS treatment upregulated mRNA 
expression of antioxidant factors (Nqo1 and Hmox1) 
and protein levels of key pathway components (Sestrin2, 
NRF2, and HO-1) in NAFLD mice. These findings indicate 
that SNS ameliorates NAFLD progression, potentially by 
enhancing the endogenous antioxidant function of the 
Sestrin2/NRF2/HO-1 pathway. 

5. Conclusion
In conclusion, our study combined network pharmacology 
with experimental validation to systematically explore the 
mechanisms through which SNS ameliorates NAFLD. The 
results suggest that SNS may activate the Sestrin2/NRF2/
HO-1 signaling pathway to enhance antioxidant ability, 
while concurrently inhibiting the JAK2/STAT3 pathway 
to alleviate inflammatory injury. Nevertheless, several 
limitations persist, particularly concerning the precise 
regulatory mechanisms by which SNS modulates these 
pathways. Future research should focus on designing in 
vitro experiments, particularly employing free fatty acid-
induced lipid accumulation models in AML-12 or HepG2 
hepatocytes, alongside SNS intervention. This methodology 
seeks to ascertain whether SNS exerts direct effects on the 
relevant targets within hepatocytes. However, the study 
was not designed to dissect the individual contributions 
of specific compounds; this remains beyond the scope of 
the current phase of research, which focused on formula-
level validation. In follow-up studies, we plan to use 
individual pure compounds (e.g., quercetin, kaempferol) 
in parallel animal or cell experiments, and to employ a 
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component-knockout strategy (i.e., comparing the full 
SNS formula with a version lacking a specific compound) 
to directly evaluate the functional contribution of each key 
constituent.
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