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Abstract: Using network pharmacology, we identified the active ingredients and potential targets of the “Danshen
& Hawthorn” herb pair for treating NAFLD. Disease targets for NAFLD were retrieved from relevant databases,
and a “herb-ingredient-target” network was constructed. KEGG pathway analysis revealed that the therapeutic
mechanism was associated with the IL-17, TNF, and PPAR signaling pathways, among others. Experimental
validation in both in vitro (cellular model of steatosis) and in vivo (zebrafish model of NAFLD) models
demonstrated that the herbal extract alleviated high-fat-induced damage. Virtual molecular docking of the top-
ranked compound-target pairs identified potential key binding residues: PHE 207, TYR 134, HIS 25, GLY 143,
and SER 53 for Pparg-Quercetin; ILE 317, MET 355, and PHE 273 for Ppara-Eburicoic acid; and ILE 354, PHE
351, TYR 314, SER 280, and HIS 440 for Hmox1-Dehydroeburicoic acid. In conclusion, the “Danshen &
Hawthorn” herb pair ameliorates NAFLD by modulating the expression of PPARa, TNF-a, and IL-17, thereby
reducing inflammation and lipid accumulation. This study provides molecular-level insights by identifying critical
amino acid residues for target engagement.
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1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a common liver condition with a global prevalence of 25%,
and it is a leading cause of cirrhosis and hepatocellular carcinoma. Regarding mortality risk, cardiovascular disease
stands as the primary cause of death, posing twice the fatal risk of liver disease itself, which ranks only third.
Moreover, the disease’s epidemiological trajectory is generating a significant and escalating economic burden.
The core pathogenesis of NAFLD involves the liver producing lipotoxic substances when overloaded with
metabolic substrates—particularly fatty acids and fructose—triggering a complex cascade of hepatocyte stress,
inflammation, and fibrosis [1]. NAFLD encompasses a disease spectrum ranging from simple steatosis (with or
without mild inflammation) to non-alcoholic steatohepatitis (NASH). NASH is characterized by
necroinflammation and a more rapid progression to fibrosis compared to simple steatosis [2]. In China, the
prevalence of NAFLD is between 20% and 30% and continues to increase annually [3]. The pathogenesis of
NAFLD is complex, making it difficult to achieve satisfactory therapeutic outcomes with conventional single-drug
regimens. Owing to the complex pathogenesis of NAFLD, the efficacy of monotherapy targeting a single pathway
is limited. Combination therapy (such as the combination of GLP-1 agonists, FXR agonists and ACC inhibitors)
has been demonstrated to be significantly more effective than any single therapy. Concurrently, research within
the field of traditional Chinese medicine has demonstrated that compound formulations comprising Chinese herbal
medicines exhibit certain therapeutic advantages in treating non-alcoholic fatty liver disease (NAFLD), including

Copyright: © 2026 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



https://crossmark.crossref.org/dialog/?doi=10.53941/ijddp.2026.100008&domain=pdf

1JDDP 2026, 5(2), 100008 https://doi.org/10.53941/ijddp.2026.100008

but not limited to the synergistic effects of multiple components and multi-targeted actions inherent to these
formulations [4]. The combination of Salvia miltiorrhiza and Hawthorn berries originates from Shi Jinmo’s Drug
Pairs. Salvia miltiorrhiza, acting to “promote blood circulation and resolve stasis”, is paired with Hawthorn berries,
which “aid digestion, eliminate food stagnation, regulate qi, and disperse stasis”. According to traditional Chinese
medical theory, the primary pathological sites of NAFLD lie in the liver and spleen, with long-term progression
affecting the kidneys. The fundamental pathology involves damage to the liver, spleen, and kidneys, while phlegm-
dampness and stasis represent secondary manifestations. This leads to impaired distribution of qi, blood, and body
fluids, metabolic dysfunction, and the accumulation of endogenous phlegm-dampness and stasis obstructing the
liver and spleen, ultimately causing organ dysfunction. Modern pharmacological research has demonstrated the
therapeutic efficacy of Salvia miltiorrhiza and hawthorn in treating NAFLD.

Salvia miltiorrhiza Bge. is a classic herb in traditional Chinese medicine for promoting blood circulation and
resolving blood stasis [5]. Modern research has confirmed its significant ameliorative effect on non-alcoholic fatty
liver disease [6]. Tanshinone-type compounds in Salvia miltiorrhiza (such as Tanshinone IIA) have been
demonstrated to be potent activators of the transcription factor TFEB. Activation of TFEB significantly promotes
lysosomal biogenesis and lipophagocytosis in hepatocytes, thereby accelerating lipid degradation. Furthermore,
this pathway is closely associated with regulating gut microbiota homeostasis and improving systemic insulin
resistance [7]. Salvianolic acid components (such as salvianolic acid A) mainly regulate liver lipid metabolism,
improve mitochondrial function, and inhibit ferroptosis by activating the AMPK-IGFBP1 signaling axis, thereby
alleviating liver injury and steatosis [8]. In addition to in-depth research on specific components, the overall
efficacy evaluation indicates that the water extract of Salvia miltiorrhiza can comprehensively improve liver
inflammation, steatosis and fibrosis in NAFLD models, and its effect is related to reducing oxidative stress levels
and regulating multiple targets such as PPARa and MMP2 [9]. Hawthorn (Crataegus oxyacantha) is a traditional
plant that is both edible and medicinal. Its extracts have been widely used in the prevention and treatment of
cardiovascular diseases and metabolic syndrome [10]. In modern pharmacological research, it has been found that
hawthorn can intervene in NAFLD in multiple ways. The active component hawthorn acid in hawthorn can activate
the AMPK/mTOR/ATGI! signaling pathway, enhance Lipophagy function, and effectively reduce lipid
accumulation in the liver of mice induced by high-fat diet. Meanwhile, the study also found that hawthorn acid
could significantly reduce the levels of pro-inflammatory factors (TNF-a, IL-1f) and cell apoptosis, demonstrating
direct anti-inflammatory and anti-apoptotic effects [11]. In addition, the ethanol extract of hawthorn can optimize
the intestinal flora by regulating the mechanism of the “gut-liver axis”, increase the abundance of beneficial
bacteria such as Lactobacillus and Lachnospiraceae, promote the production of short-chain fatty acids (SCFAs),
and improve intestinal barrier function [12]. Some studies have also shown that hawthorn has a protective effect
on liver fibrosis that forms in the advanced stage of NAFLD. Hawthorn herbal preparations can significantly
reduce collagen deposition (Collegen I/IIT) and hepatic stellate cell activation markers (a-SMA) in rat models of
liver fibrosis induced by CCl4. Its mechanism of action is closely related to the inhibition of oxidative stress
(reducing MDA and P. carbonyl, and increasing SOD activity) and the down-regulation of the expression of key
pro-fibrotic and inflammatory factors (TGF-f, NF-kB, TNF-a, IL-1B) [13]. To sum up, Salvia miltiorrhiza may
focus on lipid metabolism and liver damage, while hawthorn may focus on inflammation and fibrosis. However,
most current studies have focused on Danshen or hawthorn, and limited attention has been paid to the synergistic
use of these two drugs.

This study aims to systematically investigate the therapeutic mechanism of the “Danshen & Hawthorn” herb
pair against NAFLD. Based on network pharmacology, we identified its active ingredients, core targets, and
potential signaling pathways. Molecular docking was further utilized to simulate the interactions between key
compounds and targets. Additionally, the anti-NAFLD efficacy of the “Danshen & Hawthorn” extract was
experimentally validated in vitro. Our integrated strategy provides a scientific basis for understanding its molecular
mechanism and offers experimental evidence to support its future development and application.

2. Materials and Methods
2.1. Experimental Drugs
Danshen and Hawthorn were purchased from Soyu Civil Pharmacy, China. Danshen Batch No.: 240406,
Hawthorn Batch No.: 240501.
2.2. Animals and Cell Lines

The mouse normal hepatocyte cell line AML-12 was purchased from Procell Life Science & Technology
Co., Ltd. (Wuhan, China). AB strain zebrafish were obtained from the China Zebrafish Resource Center (CZRC,
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Wuhan, China) and maintained in the aquatic facility of the School of Pharmacy at Shandong First Medical
University (Shandong, China). All experimental procedures were conducted in accordance with the NIH Guide
for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of the university
(Approval No. S6033).

2.3. Main Experimental Reagents

DMEM/F12 basal medium (Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, China), Lot No. PM150312);
0.5% insulin-transferrin-selenium additive (Wuhan Pricella Biotechnology Co., Ltd., Lot No.: PB180429);
dexamethasone (AbMole (Shanghai, China), Lot No. M2176); penicillin-streptomycin mixed solution (Wuhan
Pricella Biotechnology Co., Ltd., Batch No.: PB180120); fetal bovine serum (Scitecher, Batch No.: C-FBS-500);
oleic acid (OA, Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China), Batch No.: S25244); palmitic acid
(PA, Shanghai Yuanye Biotechnology Co., Ltd., Batch No.: B21705); bovine serum albumin (BSA, Shanghai
Yuanye Biotechnology Co., Ltd., Batch No.: V34376); SPARKeasy Cellular RNA Rapid Extraction Kit
(Shandong Sikejie Biotechnology Co., Ltd. (Rizhao, China), Batch No.: AA1001-B); Triglyceride (TG) Kit
(NanJing JianCheng Bioengineering Institute (Nanjing, China), Batch No.: 20250610); Total Cholesterol (TC) Kit
(NanJing JianCheng Bioengineering Institute, Batch No.: 20250612); BCA Protein Assay Kit (Beyotime
Biotechnology, Ltd., Lot: P0012); PBS Buffer (Shandong Sikejie Biotechnology Co., Ltd., Lot: CR0014-500ML);
Egg Yolk Powder (Shanghai Yuanye Biotechnology Co., Ltd., Lot: M30HS183343); Cholesterol (Shanghai
Yuanye Biotechnology Co, Ltd., Lot:L26N11F132572); SPARKscript II RT Plus Kit (Shandong Sikejie
Biotechnology Co., Ltd., Lot: AG0304); 2 x SYBR Green Qpcr Mix (Shandong Sikejie Biotechnology Co., Ltd.,
Lot: AHO0104) SPARKeasy Cell RNA Rapid Extraction Kit (Shandong Sikejie Biotechnology Co., Ltd.,
Lot: FFEKZ).

2.4. Main Instruments

Multi-function enzyme labeller (Molecular Devices (San Jose, CA, USA), model: SpectraMaxABS);
Fluorescence quantitative PCR instrument (Bio-Rade (Hercules, CA, USA), model: Roche LightCycler 480);
Inverted fluorescence microscope (Sunny Optical Technology Co., Ltd. (Hong Kong, China), model: ICX41RFL
series); Sample freezing and grinding instrument (Shandong, China) Ltd., model: BO-IR).

2.5. Network Pharmacological Analyses

The active ingredients of “Danshen & Hawthorn” were first retrieved from the TCM Systems Pharmacology
Database and Analysis Platform (TCMSP). Screening was performed using oral bioavailability (OB > 30%) and
drug-likeness (DL > 0.18) as criteria. This initial dataset was further supplemented with information from the
Integrative Pharmacology-based Research Platform of TCM (TCMIP) and a review of relevant literature. The
finalized list of active ingredients was submitted to the Swiss Target Prediction database to forecast compound
targets. Finally, the predicted targets were cross-referenced and integrated with those directly obtained from the
TCMSP and TCMIP databases to construct a comprehensive target list.

2.6. Establishment of NAFLD Disease Targets

Potential therapeutic targets associated with nonalcoholic fatty liver disease (NAFLD) were identified by
searching the OMIM and GeneCards databases using “nonalcoholic fatty liver disease” as the keyword. The
resulting target lists from both databases were then merged, and duplicate entries were removed to generate a
consolidated set of NAFLD-related targets.

2.7. Constructing Protein-Protein (PPI) Interaction Network Diagrams

The drug-disease common targets were imported into the STRING database to construct a protein-protein
interaction (PPI) network. The analysis was configured with the biological species set to “Homo sapiens”, a
minimum required interaction score of 0.4, and all other parameters kept at their default settings.

2.8. Gene Ontology (GO) Annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway
Enrichment Analysis

The overlapping gene targets of “Danshen & Hawthorn” associated with NAFLD were submitted to the
Metascape database for Gene Ontology (GO) enrichment analysis to identify significantly enriched biological

3 of 18



1JDDP 2026, 5(2), 100008 https://doi.org/10.53941/ijddp.2026.100008

processes. Significantly enriched entries are defined as those with an FDR (Benjamini-Hochberg correction) <
0.05. The background gene set utilizes Metascape’s default Homo sapiens genome-wide background.

2.9. Virtual Docking Screening of Detection Sites

The three-dimensional structures of the core targets were obtained from the Protein Data Bank (PDB), while
the structures of the small molecule compounds were retrieved from the PubChem database. The molecular
docking program was carried out using Discovery Studio 2019. The Prepare Protein in the Macromolecules module
was utilized to pretreat the proteins (including dewatering, hydrogenation, energy minimization, etc.). The Small
Molecules were pretreated using Prepare Ligands in the Small Molecules section. Then use the receptor-ligand
Interactions plate to select the Define Receptor to define the protein, and the spatial coordinates utilize the From
Receptor Cavities in the Define Site. Select the default first spatial coordinate based on the protein’s own spatial
structure, and modify the coordinate range Radius to 10. Select Dock Ligands (Libdock) in Docking mode, select
User Specified in Docking Preferences, set Max Hits to Save to 5, all default Settings unless otherwise specified.
Finally, for each protein and ligand, the docking result ranked first according to the Libdock Score was taken for
integration. Molecular dynamics simulations were performed using the Schrodinger Maestro software. Protein
Preparation was used to enter the protein preparation, and Fill in Missing Loops was checked in the Preprocess to
ensure the integrity and reliability of the 3D protein model. Subsequently, the System was established through
System Build, the water environment was selected by Predefined to select TIP3P, and the Minimize Volume
energy minimization simulation box. Select Neutralize by Adding in the ions interface and confirm Recalculate.
At the same time, set Add Salt, Cl", Na*, 0.15 M and other parameters by default. After the simulation system was
established, the related Settings of molecular dynamics simulation were carried out. The simulation time was 100
ns, the parameter Recording interval related Trajectory was set to 100, the Energy was set to 1.2, and the Ensemble
class was set to NPT. The Temperature (K) is 300 K, and the Pressure (bar) is 1.01325 bar. Alanine scanning was
performed using Discovery Studio 2019. After molecular docking, all amino acids within a radius of 3 A centered
on the ligand were selected as mutation points. The identification of key alanine residues was similar to that of
molecular docking. The final key residues were determined by the combination of molecular docking, molecular
dynamics simulation and alanine scanning.

2.10. Preparation of Danshen Hawthorn Extract

The “Danshen & Hawthorn” extract was prepared from a mixture of 15 g of Danshen and 15 g of hawthorn.
The herbs were subjected to ultrasonic-assisted extraction with 600 mL of 70% ethanol at 80% power and 60 °C
for 1 h. The resulting extract was concentrated to a dense residue using a rotary evaporator, dried at 37 °C, and
stored at 4 °C. For bioassays, 30 mg and 60 mg aliquots of the dried extract were dissolved in 1 mL of purified
water, respectively. The solutions were sterilized by filtration through a 0.22 um membrane and stored at —20 °C
until use.

2.11. Cellular Modelling Drug and Zebrafish Modelling Drug Configuration

40% BSA: 0.6 g of BSA was dissolved in 1.5 mL of PBS pre-warmed to 55 °C with gentle mixing. 20%
BSA: 0.3 g of BSA was dissolved in 1.5 mL of PBS pre-warmed to 55 °C with gentle mixing. 0.1 M NaOH: 0.04
g of NaOH solid was dissolved in 10 mL of purified water. 40 mM Oleic Acid (OA): 19.04 pL of OA was mixed
with 1.5 mL of 0.1 M NaOH and saponified in a 75 °C water bath. The solution was stored at —20 °C. 20 mM
Palmitic Acid (PA): 0.007675 g of PA was mixed with 1.5 mL of 0.1 M NaOH, saponified in a 75 °C water bath
for 30 min, and stored at —20 °C. DMEM/F12 Complete Medium: 500 mL of DMEM/F12 basal medium was
supplemented with 10% FBS, 0.5% ITS-G, 40 ng/mL dexamethasone, and 1% penicillin-streptomycin. The
medium was sterile-filtered, thoroughly mixed, and stored at 4 °C. Preparation of high-fat diet for zebrafish: 600
mg of cholesterol was dissolved in 40 mL of absolute ethanol using ultrasonication. This solution was then
gradually added to 11.4 g of egg yolk powder in a mortar while grinding continuously. The mixture was evaporated
in a 60 °C water bath to remove the absolute ethanol. The high-fat diet was fully prepared once the ethanol had
completely evaporated.

2.12. Cellular Drug Delivery and Related Indicator Assays

The culture media for each group were prepared in 10% complete medium. The blank control group was
treated with 3 mL of medium supplemented with 3 pL of 20% BSA and 3 pL of 40% BSA. The model group was
treated with 3 mL of medium supplemented with 3 pL of oleic acid (OA) and 3 pL of palmitic acid (PA). The two
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drug treatment groups were treated with 3 mL of medium containing the same concentrations of OA and PA,
further supplemented with 3 pL of Salvia miltiorrhiza and hawthorn extract at either 30 mg/mL or 60 mg/mL,
respectively. Twenty-four hours after treatment, intracellular levels of total cholesterol (TC) and triglycerides (TG)
were measured. Concurrently, the mRNA expression levels of PPARa, TNF-a, and IL-17 were determined using
quantitative real-time PCR. All assays were strictly performed following the manufacturers’ protocols.

2.13. Zebrafish Drug Administration and Related Indicator Tests

Juvenile AB strain zebrafish at 5 days post-fertilization (dpf) were distributed into six-well plates, with
30 fish per well, for modeling and drug treatment. The fish were randomly divided into the following groups: a
blank group (fed with egg yolk powder), a model group (fed with a 5%cholesterol high-fat diet), and treatment
groups (fed with the same 5% cholesterol high-fat diet supplemented with Danshen & Hawthorn extract at 30
mg/mL or 60 mg/mL). The modeling and treatment continued for five days, during which the fish culture water
was changed twice daily. At the end of the experiment, the zebrafish were fasted for 24 h. Subsequently, the whole-
body levels of total cholesterol (TC) and triglycerides (TG) were measured. In parallel, the gene expression levels
of PPARa, TNF-a, and IL-17 were analyzed. All measurements were conducted in strict accordance with the
manufacturers’ instructions.

2.14. Statistical Analysis

All data are presented as mean = SEM using unpaired one-way ANOVA or t-test, followed by tests for
between-group or multiple recombination comparisons. A p value of less than 0.05 was considered significant. All
data were analyzed using GraphPad Prism (10.1.0).

3. Results
3.1. Targets Related to the Treatment of NAFLD with Danshen & Hawthorn

Potential targets associated with nonalcoholic fatty liver disease (NAFLD) were retrieved from the OMIM
and GeneCards databases using “nonalcoholic fatty liver disease” as the search term. The results from both
databases were then consolidated, yielding a total of 1235 NAFLD-related targets. By integrating TCMSP and
TCMIP database information, 379 potential therapeutic targets for components of Salvia miltiorrhiza and 305
potential therapeutic targets for components of hawthorn were obtained. Venn diagram results showed that there
were 96 intersection targets between Salvia miltiorrhiza and NAFLD, indicating that the number of targets of
Salvia miltiorrhiza in the treatment of NAFLD was 96. Similarly, there were 66 intersection targets of hawthorn
and NAFLD, indicating that the number of targets of hawthorn in the treatment of NAFLD was 66. Among them,
there were 27 intersection targets of Danshen and Haw and NAFLD, indicating that there were 27 targets of
Danshen and Haw in the treatment of NAFLD. The result is presented in Figure 1.

NAFLD Hawthorn

379
(17.4%)

Danshen

Figure 1. Venn diagram of “Danshen & Hawthorn” and NALFD targets.
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3.2. Drug-Component-Target Network Diagram Construction

Using the TCMSP and TCMIP databases, 57 active ingredients from Danshen and 47 from Hawthorn were
identified, along with their corresponding targets. This information regarding the herbs, ingredients, and targets
was then imported into Cytoscape software to construct the herb-ingredient-target network, as shown in Figure 2.

Figure 2. Drug Ingredient Target Network Diagram.

3.3. PPI Network Construction

The overlapping genes between “Danshen & Hawthorn” and NAFLD were submitted to the STRING
database to generate a protein-protein interaction (PPI) network. The resulting network contained 26 nodes and
112 edges, with an average node degree of 8.62 and a local clustering coefficient of 0.62 (Figure 3). By analyzing
the PPI of 26 intersection targets and then importing them into the Cytoscape network to sort them in descending
order using Degree values, the top ten targets are selected as core targets for subsequent analysis, and the resulting
network is displayed in Figure 4.

3.4. GO and KEGG Analyses

GO and KEGG pathway enrichment analyses were performed for the relevant targets using the Metascape
website. The GO analysis encompassed three categories: cellular component, molecular function, and biological
process. The top 25 most significant terms from the GO analysis were selected for visualization (Figure 5).
Similarly, the top 25 most significant pathways from the KEGG analysis were visualized (Figure 6). GO functional
enrichment analysis showed that the potential targets of Salvia miltiorrhiza and hawthorn in the treatment of
NAFLD were mainly involved in biological process regulation, metabolic process, positive regulation and negative
regulation of biological process, etc. The cellular component (CC) mainly involved cell anatomical entities and
protein complexes. The molecular function (MF) mainly involves catalytic activity, molecular transcription
activity, transcriptional regulatory activity, etc. KEGG pathway enrichment analysis showed that the potential
targets were mainly involved in non-alcoholic fatty liver disease, IL-17 signaling pathway, TNF signaling
pathway, lipid and atherosclerosis, PPAR signaling pathway, etc. Path selection is guiding the experiment and is
not an after-the-fact rationalization.
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Figure 3. PPI network diagram of the common target between Danshen & Hawthorn and NAFLD.
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3.5. Virtual Docking Screening

Molecular docking was performed between the screened key active components and their corresponding core
targets. All the compounds were selected by the top 10 Degree value. The compounds and targets involved in the
table are used to provide a basis for subsequent molecular docking (Table 1). Table 2 lists the molecular docking
with the 10 targets and the molecular docking scores for the 10 compounds involved in Table 1. The top five
complexes with the highest docking scores were selected for visual analysis (Figure 7). To further investigate the
binding interactions, the top three ranked complexes from the docking results were subjected to molecular
dynamics simulations (Figure 8). The molecular dynamic simulation mainly shows the binding degree of the ligand
and the protein. RMSD shows that the three groups of protein molecules have a good binding degree. The green
line in the RMSF figure contacts the RMSF, indicating the contact between the ligand and the protein at the amino
acid residue. These results indicate that the ligands mainly interact in the secondary structure of the protein, and
there are no flexible regions or disordered regions. Alanine scan showed that all amino acids in the range of ligand
3 A were mutated to alanine, and the mutation energy was ranked. The alanine scan result would show “stable” or
“unstable”, and “stable” indicated that the point mutation to alanine had no effect on the protein structure, and
“unstable” indicated that the point mutation to alanine had an effect on the protein structure. All the results of
“stable” and “unstable” were statistically analyzed, and the top 20 sites were taken as potential sites affecting the
protein structure, and 20 sites were sufficient for inclusion. Meanwhile, the core residues in the ligand complex
were illustrated by the interaction sites of the ligand and protein in molecular dynamic simulation and molecular
docking. The integrated analysis from molecular docking, protein-ligand interaction examination, and alanine
scanning revealed the following potential key residues: For PPARa-Quercetin: PHE 207, TYR 134, HIS 25, GLY
143, and SER 53. For PPARa-Eburicoic Acid: ILE 317, MET 355, and PHE 273. For HMOX1-Dehydroeburicoic
Acid: ILE 354, PHE 351, TYR 314, SER 280, and HIS 440.

Table 1. Top 10 key ingredients and key targets.

Key Ingredient Key Target
Ursolic Acid Tnf
Officinalic Acid Ppara
Sclareol Aktl
Quercetin Pparg
Meletin Esrl
Sophoretin Ptgs2
Eburicoic Acid Casp3
Dehydroeburicoic Acid Hsp90aal
Danshenol B Hmox1
Danshenol A Hmgcr

3.6. Effects of Danshen & Hawthorn Extract on OA and PA-Induced Intracellular TC and TG Content in AML-
12 Cells and on Gene Expression Levels of PPARa, TNFa and IL-17

As shown in Figure 9, the intracellular levels of total cholesterol (TC) and triglycerides (TG) in AML-12
cells were significantly elevated by OA and PA induction compared to the blank group, indicating substantial lipid
accumulation. Treatment with the “Danshen & Hawthorn” extract significantly reduced these elevated TC and TG
levels, demonstrating its ability to ameliorate lipid accumulation induced by the high-fat model. Furthermore, the
mRNA expression levels of PPARa, TNF-a, and IL-17 were measured. The administration of the Danshen-
Hawthorn extract reversed the dysregulation of these genes caused by high-fat induction. The modulation of
PPARa expression suggests that the extract interferes with NAFLD progression related to lipid metabolism, while
the changes in TNF-o and IL-17 levels indicate an anti-inflammatory effect contributing to its therapeutic impact.
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Ppara-
Quercetin

Ppara-Eburicoic Acid

Hmox1-Dehydroeburicoic
Acid

Hmox1-Eburicoic Acid

pparg-Quercetin

Figure 7. Docking Results for the Top5 LibDock Scores.
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Figure 8. MD and alanine scanning of docking score TOP3. The top three are as follows: Hmox 1-Dehydroeburicoic
Acid (I), Ppara-Eburicoic Acid (II), Ppara-Quercetin (III). The indicators of each compound are consistent, that is,
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(A-D) are consistent. (A) The tendency of the root mean square deviation (RMSD) plot for TOP3 complexes. (B)
TOP3’s Root Mean Square Swing (RMSF) chart trend. (C) TOP3’s Alanine Scanning (Top 20 Functional Groups
Ranked by Mutation Energy). Orange group: the top 20 amino acids in terms of mutation energy in the alanine scan,
Blue group: amino acid residues that are commonly contained in the alanine scan in combination with molecular

docking, molecular dynamics simulations. (D) Protein-Molecule Interaction Forces.

Table 2. Molecular docking scores of the top 10 key components and key targets.

Protein Molecule LibDock Score
AKTI1 Ursolic Acid 69.0701
Officinalic Acid 75.2435
Sclareol 80.394
Quercetin 93.5439
Meletin 93.5439
Sophoretin 93.5439
Eburicoic Acid 76.9732
Dehydroeburicoic Acid 76.6155
Danshenol B 96.8538
Danshenol A 85.6697
Casp3 Sclareol 81.5713
Quercetin 100.065
Meletin 100.065
Sophoretin 100.065
Danshenol B 84.2001
Esrl Ursolic Acid 101.046
Officinalic Acid 100.618
Sclareol 97.7842
Quercetin 109.102
Meletin 109.102
Sophoretin 109.102
Eburicoic Acid 104.524
Dehydroeburicoic Acid 109.399
Danshenol B 108.427
Danshenol A 106.539
Hmger Ursolic Acid 99.9889
Officinalic Acid 109.309
Sclareol 86.654
Quercetin 84.5055
Meletin 84.5055
Sophoretin 84.5055
Eburicoic Acid 108.816
Dehydroeburicoic Acid 105.662
Danshenol B 88.607
Danshenol A 91.1685
Hmox1 Ursolic Acid 101.65
Officinalic Acid 105.266
Sclareol 91.665
Quercetin 95.3222
Meletin 95.3222
Sophoretin 95.3222
Eburicoic Acid 118.024
Dehydroeburicoic Acid 120.39
Danshenol B 102.31
Danshenol A 98.5583
Hsp90aal Ursolic Acid 78.2817
Officinalic Acid 85.5568
Sclareol 78.7152
Quercetin 89.1937
Meletin 89.1937
Sophoretin 89.1937
Eburicoic Acid 89.4937
Dehydroeburicoic Acid 98.0082
Danshenol B 92.7388
Danshenol A 91.1935
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Table 2. Cont.

Protein Molecule LibDock Score
Ppara Ursolic Acid 92.9089
Sclareol 106.478
Quercetin 126.925
Meletin 126.925
Sophoretin 126.925
Eburicoic Acid 119.902
Dehydroeburicoic Acid 117.678
Danshenol B 116.612
Danshenol A 115.257
Pparg Sclareol 104.083
Quercetin 118.802
Meletin 118.802
Sophoretin 118.802
Ptgs2 Sclareol 104.019
Quercetin 89.5135
Meletin 89.5135
Sophoretin 89.5135
Danshenol B 96.631
Danshenol A 89.653
Tnfa Sclareol 79.7517
Quercetin 72.7876
Meletin 72.7876
Sophoretin 72.7876
Eburicoic Acid 77.7034
Dehydroeburicoic Acid 70.2141
Danshenol B 71.116
Danshenol A 66.952
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Figure 9. Effects of Danshen & Hawthorn on the content of TC and TG and the expression levels of PPARa, TNFa
and IL-17 in AML-12 cells induced by OA and PA. (A) Expression of TC in AML-12 cells. (B) Expression of TG
in AML-12 cells. (C) mRNA expression of TNFa in AML-12 cells. (D) mRNA expression of Ppar-o in AML-12
cells. (E) mRNA expression of IL-17 in AML-12 cells. n= 3, * p <0.05, ** p <0.01, *** p <0.001 vs. Mod.
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3.7. Effects of Danshen & Hawthorn Hawthorn Extract on TC and TG Content and on Gene Expression Levels
of PPARa, TNFa and IL-17 in Zebrafish Induced by High-Fat Diets

As shown in Figure 10, zebrafish exposed to a high-fat diet (HFD; 5% cholesterol) exhibited significantly
elevated levels of total cholesterol (TC) and triglycerides (TG) compared to the blank group (fed with egg yolk
powder), indicating successful induction of lipid accumulation. Treatment with the Danshen-Hawthorn extract
significantly reduced these elevated TC and TG levels in a dose-dependent manner, demonstrating its efficacy in
alleviating HFD-induced lipid accumulation in zebrafish.

Furthermore, the mRNA expression levels of PPARa, TNF-a, and IL-17 in zebrafish were analyzed. The
extract administration effectively reversed the HFD-induced dysregulation of these genes. Specifically, the
modulation of PPARa implies that the therapeutic effect involves lipid metabolic pathways, while the alterations
in TNF-a and IL-17 levels suggest an anti-inflammatory mechanism. These findings are consistent with the
observations in the cellular model.
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Figure 10. Effects of Danshen & Hawthorn on TC, TG content and PPARa, TNFa and IL-17 expression levels in
zebrafish induced by high-fat diet. (A) Expression of TC in Zebrafish. (B) Expression of TG in Zebrafish. (C)
mRNA expression of TNFa in Zebrafish. (D) mRNA expression of Ppar-a in Zebrafish. (E) mRNA expression of
IL-17 in Zebrafish. n =3, * p <0.05, ** p <0.01, *** p <0.001 vs. Mod.

4. Discussion

The herb pair “Danshen & Hawthorn” originates from “Shi Jinmo’s Drug Pairs”. Danshen (Salvia
miltiorrhiza) is known to activate blood circulation, resolve blood stasis, regulate menstruation, and alleviate pain.
When combined with Hawthorn, its power to promote blood circulation and remove stasis is significantly
enhanced. This combination is effective in treating cardiovascular diseases and nodules caused by blood stasis and
obstruction. It also aids in lowering blood pressure and lipids, and provides hepatoprotective effects. As a
prominent traditional Chinese medicine, Danshen has a long history of use in treating blood stasis syndrome and
related disorders [5]. Its active components, such as salvianolic acid B, tanshinone IIA, and cryptotanshinone,
protect vascular endothelial cells by reducing oxidative stress and ameliorating cellular damage [14-16].
Additionally, they enhance anticoagulant and fibrinolytic activity, inhibit platelet activation and coagulation, and
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promote vasodilation [17]. The active ingredients in Hawthorn, including quercetin, chrysin, and hawthorn
polysaccharides, can regulate bile acid metabolism [18], ameliorate inflammation and oxidative stress [19], and
improve intestinal flora dysbiosis and hepatic metabolic disorders in mice [20]. Collectively, existing evidence
substantiates the therapeutic potential of the Danshen & Hawthorn herb pair in the treatment of NAFLD.

In this study, the TCMSP and TCMIP databases were utilized to screen the active components and related
targets of the “Danshen & Hawthorn” herb pair. The top ten components ranked by Degree value (a network metric
reflecting the number of direct connections a node has to others, where a higher value indicates greater importance
[21]) were identified as key active components. Subsequently, potential targets associated with NAFLD were
retrieved from the OMIM and GeneCards databases. The intersection between these disease targets and the
component-related targets was visualized using a Venn diagram, revealing 27 overlapping genes. These
intersecting targets were prioritized based on confidence scores in the STRING database, and the top ten were
selected as core targets for further analysis. GO and KEGG enrichment analyses were performed to elucidate the
potential mechanisms. The GO analysis indicated that the treatment of NAFLD involves biological processes such
as bio-regulation, metabolic regulation, and signaling pathways; cellular components including cellular anatomical
entities and protein-containing complexes; and molecular functions like molecular conduction activity, catalytic
activity, and ATP-dependent activity. KEGG pathway analysis revealed significant enrichment in pathways related
to cancer, NAFLD, the IL-17 signaling pathway, the TNF signaling pathway, the NF-«B signaling pathway, lipid
and atherosclerosis, the AMPK signaling pathway, and the PPAR signaling pathway. The IL-17 signaling pathway
is implicated as IL-17, a pro-inflammatory cytokine primarily secreted by activated CD4+ T cells, can induce the
release of inflammatory factors from epithelial and endothelial cells, thereby promoting inflammatory responses
and tissue damage [22]. The TNF signaling pathway primarily regulates the expression of inflammatory genes,
including cytokines, chemokines, and adhesion factors, through its downstream effects. TNF can activate the NF-
kB pathway [23]. NF-kB, named for its ability to bind the kB enhancer element in the immunoglobulin «k light-
chain gene, responds to diverse extracellular signals. Although the canonical NF-kB pathway is rapidly activated,
the ensuing transcriptional response is often transient; this pathway primarily regulates pro-inflammatory genes
and constitutes a core signaling axis mediating inflammation [24]. The PPAR pathway plays a crucial role in lipid
metabolism and inflammatory responses. Its upstream regulators include various endogenous lipid metabolites,
inflammatory factors, and insulin [25]. Furthermore, the transcription factor NRF2 can activate downstream
antioxidant genes by upregulating PPARy expression [26]. Activation of the PPAR pathway enhances reverse
cholesterol transport and reduces lipid accumulation, conferring cellular protection [27]. The AMPK pathway is a
central regulator of cellular energy homeostasis [28]. AMPK responds to low ATP levels and, upon activation,
promotes ATP-generating processes such as fatty acid oxidation [29] and autophagy [30]. Conversely, it inhibits
ATP-consuming biosynthetic processes including gluconeogenesis, lipid synthesis, and protein synthesis [31].
AMPK exerts these effects either by directly phosphorylating metabolic enzymes or by transcriptionally regulating
metabolism through the phosphorylation of transcription factors, co-activators, and co-repressors [32]. In
summary, integrated with literature evidence, our analysis suggests that the therapeutic effects of “Danshen &
Hawthorn” on NAFLD may involve the IL-17, TNF, NF-kB, AMPK, and PPAR signaling pathways, which are
collectively associated with cytoprotection, attenuation of inflammatory responses, reduction of lipid
accumulation, and promotion of lipid metabolism. However, the intricate interactions within this network warrant
further experimental validation.

To investigate the interactions between the key components and core targets, molecular docking was
performed. The top five component-target pairs, ranked by their LibDock scores, were selected for docking
visualization. Subsequently, the top three pairs underwent molecular dynamics (MD) simulations and alanine
scanning to identify critical binding residues. The top five pairs were PPARa-Quercetin, PPARa-Eburicoic Acid,
HMOX1-Dehydroeburicoic Acid, HMOX1-Eburicoic Acid, and PPARy-Quercetin. Among these, the complexes
of PPARa-Quercetin, PPARa-Eburicoic Acid, and HMOX1-Dehydroeburicoic Acid were subjected to 100 ns MD
simulations. The results demonstrated that the root-mean-square deviation (RMSD) values for all three complexes
stabilized within 3 A, confirming the stability of the docking poses and reliability of the molecular docking results.
The root-mean-square fluctuation (RMSF) analysis further provided insights into the flexibility of protein residues
upon ligand binding. Alanine scanning was then performed on these three complexes [33]. This technique assesses
the contribution of specific residues to protein-ligand interactions by mutating them to alanine and evaluating the
resulting change in binding energy, thereby identifying residues critical for the interaction. The integrated analysis
from molecular docking, protein-ligand interaction examination, and alanine scanning revealed the following
potential key residues: For PPARa-Quercetin: PHE 207, TYR 134, HIS 25, GLY 143, and SER 53. For PPARa-
Eburicoic Acid: ILE 317, MET 355, and PHE 273. For HMOX1-Dehydroeburicoic Acid: ILE 354, PHE 351, TYR
314, SER 280, and HIS 440. Concurrently, the efficacy of the Danshen & Hawthorn extract was evaluated using
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in vitro (cell-based) and in vivo (zebrafish) models. The extract significantly ameliorated high-fat diet-induced
lipid accumulation in both models. The mRNA expression levels of PPARa, TNF-a, and IL-17 were quantified
by qPCR. High-fat induction significantly reduced PPARa expression in both models. Given that PPARa is a
master regulator of hepatic lipid metabolism and metabolic stress [34], controlling lipid homeostasis by regulating
lipid synthesis and catabolism, its downregulation indicated disrupted lipid homeostasis. Treatment with
the Danshen & Hawthorn extract reversed this decrease in PPARa, suggesting its intervention in lipid
accumulation via PPARa activation. TNF-a, a pivotal cytokine in the pathogenesis of NAFLD and associated
steatohepatitis and fibrosis, was significantly upregulated in both high-fat models compared to the blank controls,
indicating enhanced inflammation. Existing studies confirm that elevated TNF-a levels are associated with the
progression of NAFLD [35]. Treatment with Danshen & Hawthorn reduced TNF-a mRNA levels, demonstrating
its anti-inflammatory effect via suppression of TNF-o expression. Similarly, IL-17, a classical inflammatory
cytokine, was elevated in the high-fat models. Previous studies have linked obesity to increased activation of the
IL-17 axis, which can exacerbate liver injury, confirming the role of IL-17 in NAFLD [36]. Administration of
Danshen & Hawthorn reduced IL-17 mRNA expression, indicating its ability to mitigate inflammation in NAFLD
by downregulating IL-17.

There are some limitations in this study, because we did not include the setting of positive drug in the model,
so we cannot understand the comparison of the efficacy between Danshen and negative drug. However, Danshen
and negative drug (Atorvastatin) showed similar effects in alleviating TC and TG [37]. In addition, in the
mechanism validation, we only verified the changes in the genes related to NAFLD, without further validation
such as gene knockout or overexpression model. At the same time, zebrafish was used for preliminary verification
in vivo, and no mice were selected for systematic in vivo verification. Future studies should conduct more
systematic in vivo mechanistic studies, as well as “one-to-one” or “one-to-many” binding studies on specific drug
components and proteins to clarify their specific contributions and reveal the overall therapeutic mechanism of
Danshen and Hawkthorn in NAFLD.

In summary, this study integrated network pharmacology, molecular docking, MD simulations, and alanine
scanning to identify feasible key residues within relevant pathways and targets for “Danshen & Hawthorn” in
treating NAFLD, thereby refining the potential mechanism of action. The in vifro and in vivo experiments
collectively demonstrated that Danshen & Hawthorn intervention in NAFLD is associated with the amelioration
of lipid accumulation and reduction of inflammation.
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