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To explore the specific effects and potential mechanisms of Aitongxiao Formula (ATXF) in treating 
HCC. Network pharmacology was first used to predict the potential targets and pathways of ATXF 
against liver cancer. In vitro and in vivo experiments were conducted to evaluate the effects of ATXF. 
The CCK8 assay and other experiments were used to assess the inhibitory effect of ATXF on cells, and 
the Transwell assay was used to verify the impact on cell migration and invasion. Xenograft models 
of liver cancer were successfully established by subcutaneously inoculating liver cancer cells, and the 
actual effects of different concentrations of ATXF in vivo were evaluated. Advanced technologies such 
as PCR and IHC were used to detect changes in core targets and other key targets in the pathways. 
ATXF inhibited the proliferation and metastasis behavior of liver cancer cells. It also suppressed the 
growth of liver cancer tumors in mice. ATXF regulated pathological changes in tumor tissues, including 
proliferation marker Ki67 and apoptosis marker caspase3. Network pharmacology techniques was 
predicted 13 effective components and 119 potential targets of ATXF. The main active components 
were quercetin, sitosterol, luteolin, and eugenol. These components may precisely targeted key 
molecules such as IL6, TP53, AKT1, TNF, IL1B, and EGFR. By examining the tumor tissues in mice, it 
was found that ATXF can regulate the changes in these six indicators and modulate the main proteins 
of the MAPK/ERK signaling pathway, thus exerting its therapeutic effect. ATXF effectively inhibits 
the development of hepatocellular carcinoma both in vitro and in vivo. The unique complex network 
of multi-component, multi-target, and multi-pathway interactions provides valuable clues and new 
insights for further revealing the mechanisms of action of this formula. 
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Hepatocellular carcinoma (HCC) is the most common pathological type of primary liver cancer.The current 
main clinical treatments include surgical resection, radiotherapy, chemotherapy, traditional Chinese medicine 
treatment, and liver transplantation, among others. Although these treatments can inhibit tumor growth in the 
short term, we still face issues such as a high risk of recurrence, metastasis, and low long-term survival rates for 
patients. The specific pathogenesis has not been fully elucidated. Therefore, there is an urgent need to find new 
targets, explore related molecular mechanisms, and provide new insights and directions for the prevention and 
treatment of liver cancer1[,2.

Traditional Chinese Medicine (TCM), as an important part of complementary and alternative medicine, has 
attracted attention due to its multi-target effects, lower side effects, and significant therapeutic effects. TCM not 
only adds value to traditional and modern medicine but may also continue to play a role in the future. ATXF 
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contains 12 types of Chinese herbs. Hedyotis Diffusae and Scutellaria Barbata are the sovereign herbs; Radix 
Paeoniae Rubra, Corydalis Rhizoma, and Cyperi Rhizoma are the ministerial herbs; Linderae Radix, Hedysarum 
Multijugum Maxim, Gynostemmae Pentaphylli Herba, Sparganii Rhizoma, and Curcumae Rhizoma are the 
adjuvant herbs, which can regulate the effects of other herbs. It is reported that Hedyotis Diffusae Herba has anti-
inflammatory, antioxidant, anti-cancer, and detoxifying effects, and therefore it has been used in the treatment 
of various inflammatory diseases and cancers3,4. Scutellaria barbata, as a herb in the family Labiaceae, is widely 
distributed in northeast Asia. According to research, the plant shows a variety of potential medicinal value, and 
is widely used in the treatment of a variety of inflammatory diseases, and shows the inhibitory effect on the 
growth of cancer cells, which can induce the apoptosis of cancer cells5–9. Radix Paeoniae Rubra, is widely used 
in various classic prescriptions, playing a crucial role. Its main effects include nourishing the blood, alleviating 
pain, regulating emotions to reduce irritability, and assisting in the treatment of liver diseases and cancers. 
Scientific research indicates that the extracts of Radix Paeoniae Rubra exhibit the ability to inhibit the growth of 
liver cancer cells, further verifying its potential and value in modern medical applications5,10,11. Corydalis is rich 
in various chemical components, among which alkaloids are the main active ingredients, exhibiting analgesic, 
sedative, and hypnotic effects12.The root extract of Cyperi Rhizoma has various biological activities such as anti-
inflammatory, antioxidant, analgesic, anti-tumor, and antibacterial properties13. Linderae Radix, Hedysarum 
Multijugum Maxim, Gynostemmae Pentaphylli Herba, Sparganii Rhizoma, and Curcumae Rhizoma are used 
as adjuvant herbs, and are documented to have various effects in the Chinese Pharmacopoeia14–17. However, as 
a mixture of 12 kinds of traditional Chinese medicines, the chemical components of ATXF are highly complex. 
This is because it not only contains a large number of ineffective and unknown components but may also 
contain toxic substances, which have adversely affected its safety, stability, and efficacy. Therefore, to gain a more 
comprehensive understanding of the therapeutic effects of this formula in treating liver cancer, it is necessary 
to further explore scientific and technological methods. Network pharmacology, as a systematic approach that 
integrates laboratory research with clinical investigation serves as an effective means to deeply understand the 
complex relationships between Chinese herbs and diseases.

In this study, we employed techniques such as network pharmacology and molecular docking analysis to 
reveal the potential therapeutic targets of ATXF in the treatment of HCC. The effects of ATXF on the growth 
and metastasis of liver cancer were explored through in vitro and in vivo cell experiments. Furthermore, we 
confirmed the mechanism of the MAPK/ERK signaling pathway. In summary, this study not only provides 
valuable experimental data for the further development and utilization of the traditional Chinese medicine 
compound ATXF but also opens up new perspectives and methods for our understanding of the complex 
relationship between traditional Chinese medicine and diseases (Fig.1).

Materials and methods
Network pharmacology section
Obtain the common targets of HCC and ATXF
We searched for compounds and their corresponding targets in the Traditional Chinese Medicine Systems 
Pharmacology Database and Analysis Platform (TCMSP) database (https://old.tcmsp-e.com/tcmsp.php) using 
the Chinese Pinyin names “Baihuasheshecao,” “banzhilian,” “chishao,” “yanhusuo,” “xiangfu,” “wuyao,” “huangqi,” 
“jiaogulan,” “sanleng,” “ezhu,” “honghua,” and “gancao.” The filtering criteria were set to oral bioavailability 
greater than or equal to 30% and drug-likeness greater than or equal to 0.18. Subsequently, we retrieved the 
UniProt IDs of the targets from the UniProt database (https://www.uniprot.org), specifying “Homo sapiens” as 
the species. All gene names were then assigned official gene symbols, and targets that did not meet the filtering 
criteria were eliminated.

Constructed a network of compounds and their targets using Cytoscape 3.9.1 (http://www.cytoscape.org). In 
this network, nodes represented targets, genes, molecules, or proteins, and connections between nodes indicated 
interactions between them. The “degree” value of a node reflected the number of connections it had in the 
network; a higher value indicated a greater likelihood of being a key target of the compound.

Searched for the keyword “hepatocellular carcinoma” in the OMIM (http://www.omim.org), GeneCards 
(https://www.genecards.org), and Genebank databases (https://www.ncbi.nlm.nih.gov/genbank) to obtain 
disease targets. We combined the disease targets from these three databases, removed duplicates, and obtained 
the final list of disease-related targets.

Construction and analysis of PPI Networks
Used bioinformatics and evolutionary genomics (https://bioinformatics.psb.ugent.be/webtools/Venn/) to 
intersect the potential targets of the retrieved compounds with disease targets, selected the overlapping targets, 
and imported them into the STRING database (https://string-db.org) to obtain protein interaction relationships. 
Imported the results into Cytoscape 3.9.1 software to construct and analyze the interaction network.

Screening core targets and key targets
Used the Cytoscape plugin MCODE for clustering analysis, seted the filtering conditions as degree cutoff: 2, 
k-core: 2, and selected the core clusters with the closest relationships in the network. Applied the CytoHubba 
plugin to analyze the PPI network and core clusters to obtain network topological parameters. Selected targets 
with a higher degree of sharing between the PPI network and core clusters as key targets, and searched for the 
proteins of these key targets in the DisGeNET database (http://www.disgenet.org).

Gene ontology and pathway enrichment analysis
The core targets were imported into KEGG database (https://www.genome.jp/kegg/) for KEGG and GO analysis 
including biological process (BP), cellular component (CC) and molecular function (MF) analysis. The pathways 
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with P values < 0.05 and targets enriched in these pathways were selected in the KEGG analysis to obtain 
important pathways and key targets related to ATXF in HCC. Finally, the target-pathway network of ATXF on 
treating HCC was established and visualized using Cytoscape 3.9.1 software.

Molecular docking validation
Utilized Autodock software to perform molecular docking on the first 13 active ingredients and 6 key targets. 
The structures of all compounds were downloaded from the PubChem database (https://pubchem.ncbi.nlm). 
The three-dimensional structures of key targets were downloaded from the Protein Data Bank (PDB) ​(​​​h​t​t​p​:​/​/​w​
w​w​.​r​c​s​b​.​o​r​g​/​p​d​b​/​h​o​m​e​/​h​o​m​e​.​d​o​​​​​)​. The higher the absolute value of the docking score, the stronger the binding 
ability of the small molecule to the protease target was. The top six compound pairs with higher binding energy 
were screened according to the binding energy obtained from the docking.

Experimental verification section
ATXF preparation
The formulation consists of Hedyotis Diffusae Herba (30 g), Scutellaria Barbata (15 g), Paeonia Veitchii (30 g), 
Corydalis Rhizoma (20 g), Cyperi Rhizoma (10 g), Linderae Radix (10 g), Hedysarum Multijugum Maxim (20 
g), Gynostemmae Pentaphylli Herba (12 g), Sparganii Rhizoma (10 g), Curcumae Rhizoma (10 g), Carthami 
Flos (6 g), and Glycyrrhizae Radix et Rhizoma (10 g). The preparations were compounded by the First Affiliated 
Hospital of Guangxi University of Chinese Medicine. The resulting aqueous solution was concentrated to 13.4 g/
mL and stored at −20 °C for future using. ATXF was diluted with complete culture medium to the final working 
concentration for subsequent cell experiments.

Cell culture and treatment
The liver cancer cell lines HCCLM3 (cat: ZQ0023) and MHCC97L (cat: ZQ0019) were purchased from 
Shanghai Zhongqiao Xinzhou Biotechnology Co., Ltd., and the liver cancer cell line HepG2 was purchased from 
Wuhan Servicebio Technology Co., Ltd. HCCLM3\HepG2 and MHCC97L cells were cultured using DMEM 
basal medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin antibiotics, under 
conditions of 37 °C and 5% CO2. In subsequent experiments, ATXF was be dissolved in DMEM to attain the 
desired concentration.

Fig. 1.  Research flow chart of the effects of ATXF in hepatocellular carcinoma. Chinese herbal medicine 
pictures from website: https://www.gigaomics.com and https://zhongyibaike.com.
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CCK-8 assay
Used the Cell Counting Kit 8 (CCK-8, UElandy, shanghai) method, the cell viability of four types of liver cancer 
cells was detected. In a 96-well plate, each well contained approximately 5 × 10^3 cells. After 24, 48, and 72 h 
of cell culture treatment, CCK 8 was first mixed with the base medium (at a concentration of 10%) and then 
added to each well for incubation for 1–4 h. The optical density at 450 nm was measured for each well using a 
spectrophotometer (TECAN, Switzerland).

Plate cloning formation experiment
Upon seeding 700 cells per well in a 6-well plate, the cells were observed to adhere and form a distinct cell colony. 
Subsequently, varying concentrations of drugs (50 mg/ml and 100 mg/ml) were introduced, and the culture 
medium was exchanged every three days. Following a period of 14 days, the medium was removed. After fixing 
cells with 4% paraformaldehyde, they were stained with crystal violet. After washing with PBS, photographs of 
the entire plate and individual wells were captured for subsequent data analysis.

Group grouping and treatment of the animals
All experimental protocols were approved by the Experimental Animal Welfare and Ethics Committee of 
Guangxi Medical University, and all methods were carried out in accordance with institutional guidelines and 
regulations(License No. 202408012). Female nude mice (6–8 weeks of age) were purchased from the Animal 
Center of Guangxi Medical University. After 1 week of adaptation, we injected the cultured HCCLM3 tumor 
cells subcutaneously into the right axilla of the mice (2 × 106 cells/vehicle). After the injection, the mice were fed 
a standard diet. After tumor formation, the tumor volume is measured every two days. The calculation formula 
was: tumor volume = length×width2 × 0.5 and the tumor growth curve was drawn. The tumor volume reached 
100mm3. Mice were randomly divided into 4 groups: (1) normal control group (n = 6), (2) L-ATXF group (24 
mg/kg/d, n = 6), (3) H-ATXF group (72 mg/kg/d, n = 6), and (4) lenvatinib group (10 mg/kg/d, n = 6). Mices from 
each treated group were gavaged for 8 consecutive days, and normal control mice were given equal amounts 
of saline. After 8 d of gavage, the mice were euthanized by cervical dislocation, and tissue samples of tumor, 
spleen, liver, heart, lung, and kidney were collected. All experiments were performed in accordance with relevant 
guidelines and regulations (ARRIVE guidelines).

Pathological examination
HE staining
After fixation with 4% paraformaldehyde, mouse tumor tissues were dehydrated, paraffin-embedded, sectioned, 
dewaxed, stained with hematoxylin, and sealed with neutral glue. Histopathological changes were observed by 
light microscopy.

Immunohistochemical staining
The expression level of caspase 3 and Ki67 in mouse tumor tissues was determined by immunohistochemical 
staining.Under 200×magnification, 3 random fields were recorded, and the percentage of total positive cells was 
calculated. Ki67 staining shows proliferating cells with brown granules in the nucleus. For caspase3 staining, 
cells with brown granules are positive expression cells.

Capillary-based Immunoassay
Protein separation and detection were performed using an automated capillary electrophoresis system 
(Simple Western System and Compass Software; ProteinSimple). Protein separation was carried out using 
the JESS separation capillary cartridge (12–230 kDa). Antibodies against the following proteins were used; 
phospho ERK1/2(HuaBio, Hangzhou), MEK(HuaBio, Hangzhou), phospho MEK(HuaBio, Hangzhou), and 
Vinculin(ZEN BIO, Chengdu). Signals were detected with an enzyme-labeled secondary anti-rabbit antibody 
and visualized using ProteinSimple software.

Real-time polymerase chain reaction (real-time PCR)
Total RNA was extracted from different phenotypes macrophages using TRIzol reagent (Thermo Fisher, USA). 
Reverse transcription was performed using a MigntyScript First chain cDNA Master Mix kit (Shenggong, 
Shanghai). The cDNAs were subjected with SGExcel FastSYBR qPCR (Shenggong, Shanghai). The relative 
expression of mRNA was normalized to GAPDH. The detection was analyzed with ABI Q5 software version 2.1 
(Applied Biosystems, USA). Primer information is shown in (Table 1).

Primer name Upstream primer (5’−3’) Downstream primer (3’−5’)

IL-1β ​C​A​G​T​G​G​C​A​A​T​G​A​G​G​A​T​G​A​C​T​T​G​T​T​C ​G​C​T​T​A​G​A​G​G​C​T​G​G​T​G​G​T​G​A​T​G​T​C

IL-6 ​T​G​G​T​G​T​T​G​C​C​T​G​C​T​G​C​C​T​T​C ​G​T​A​G​G​A​G​C​T​G​C​C​G​T​A​G​A​G​T​C​G

TNF ​A​A​T​G​G​A​G​T​G​G​A​G​C​T​G​A​G​A​G​A​T​A​A​C ​G​A​G​T​G​G​G​T​G​T​G​G​T​A​G​T​C​G​G​C

AKT1 ​A​C​T​G​T​C​A​T​C​G​A​A​C​G​C​A​C​C​T​T​C​C ​G​T​T​C​T​T​C​G​T​C​C​T​C​C​T​C​C​T​C​C​T​C​T

TP53 ​C​C​T​C​C​T​C​A​G​C​A​T​C​T​T​A​T​C​C​G​A​G​T​G ​G​A​T​A​C​T​C​G​G​C​G​G​A​C​T​C​C​A​A​C​C

EGFR ​G​A​C​A​G​C​A​T​A​G​A​C​G​A​C​A​C​C​T​T​C​C​T​C ​G​T​C​A​G​A​G​G​T​C​A​C​A​G​G​T​T​C​G​G​T​C

Table 1.  Primer sequence of target gene and internal reference gene.
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Data analysis
 Data were expressed as the means ± standard deviation(SD) or standard error of mean (SEM). Statistical analysis 
was performed using the statistical software package SPSS v.18.0. One-way analysis of variance (ANOVA) and 
student’s unpaired t-test was used to analyze statistical differences. Significance values were set at *p<0.05, 
**p<0.01,***p<0.001 and ****p< 0.0001.

Results and analysis
Acquisition of the main protein targets and disease-related targets of the traditional Chinese 
medicine Formula ATXF
Through the TCMSP database, 12 traditional Chinese medicine monomers were screened for their main 
components. According to the screening criteria, 189 main components and 323 targets were obtained (Table 2). 
Using “hepatocellular carcinoma” as a keyword, after removing duplicates, a total of 11,414 HCC disease targets 
were found in the GeneCards database. In the OMIM database, 511 targets were obtained, and the TTD database 
yielded 52 disease-related targets. The GeneCards database was supplemented. All targets obtained were merged 
and duplicate genes were removed, resulting in 5,706 HCC disease-related targets for subsequent data analysis. 
The intersection of potential targets of traditional Chinese medicine compound with disease targets yielded 217 
potential HCC treatment targets (Fig. 2A).

Using Cytoscape 3.9.1, we constructed the network relationships between compounds and predicted targets 
(Fig. 2B). The resulting network includes 525 nodes and 3675 interaction edges. Then, we obtained the degree 
values of compounds in the compound-target network. Based on the compound-component-target-pathway 
network, we screened the main components: The top 13 compound components were screened according to 
Degree values, which are Quercetin, β-sitosterol, Luteolin, Jaranol, Kaempferol, Stigmasterol, Isorhamnetin, 
Formononetin, Baicalein, Hyndarin, Chryseriol, Calycosin, and 7-Methoxy-2-methyl isoflavone (Table 3).

Fig. 2.  Network Pharmacology Analysis for Aitongxiao Formula (ATXF) and hepatocellular carcinoma 
(HCC). (A) Targets Venn diagram of ATXF against HCC. (B) Compound–target network regulated by ATXF 
in HCC.

 

Herb name Latin name Major compounds Corresponding targets

Baihuasheshecao Hedyotis diffusae herba 7 192

Banzhilian Scutellariae barbatae herba 27 104

Chishao Radix paeoniae rubra 30 102

Yanhusuo Corydalis rhizoma 49 220

Xiangfu Cyperi rhizoma 18 227

Wuyao Linderae radix 9 154

Huangqi Hedysarum multijugum maxim 20 83

Jiaoguolan Gynostemmae pentaphylli herba 9 36

Sanleng Sparganii rhizoma 15 154

Ezhu Curcumae rhizoma 3 24

Honghua Carthami flos 22 218

Gancao Licorice 92 146

Table 2.  Targets of the major components in ATXF.
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ATXF treatment of HCC PPI network and key target analyse
Using the common targets of ATXF and HCC, a PPI network was constructed using the string database ​(​​​h​t​t​p​s​:​
/​/​c​n​.​s​t​r​i​n​g​-​d​b​.​o​r​g​​​​​)​, consisting of 217 nodes and 5077 interaction edges (Fig. 3A). The Centiscape2.2 plugin was 
used to analyze the PPI network, and core clusters and key targets were selected based on Degree, closeness, and 
betweenness values. The key targets were adjusted using cytoscape3.7.2 (Fig. 3B).

Compound OB% DL Degree Molecular 
Formula

Structure

Quercetin 46.43 0.28 942 C15H10O7

Beta-sitosterol 36.91 0.75 192 C29H50O

Luteolin 36.16 0.25 158 C15H10O6

Jaranol
41.88 0.24 156 C17H14O6

Kaempferol 43.83 0.76 126 C15H10O6

Stigmasterol 49.60 0.31 91 C29H48O

Isorhamnetin 69.67 0.21 80 C16H12O7

Formononetin 33.52 0.21 76 C16H12O4

Baicalein 73.94 0.64 58 C15H10O5

Hyndarin 35.85 0.27 48 C21H25NO4

Chryseriol 47.75 0.24 46 C16H12O6

Calycosin 42.56 0.2 44 C16H12O5

7-Methoxy-2-
methyl 

isoflavone
50.83 0.29 41

C16H12O3

Table 3.  Potential effective compounds of ATXF.
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GO and KEGG analysis related to the targets of ATXF
Conducted GO functional annotation and KEGG pathway analysis on the 201 targets of the PPI network. Then 
visualized the top 10 as a bubble chart. In BP, ATXF has a significant impact on positive regulation of pri-miRNA 
transcription from RNA polymerase II promoter, response to xenobiotic stimulus, and positive regulation of gene 
expression. In CC, it is related to the RNA polymerase II transcription factor complex, macromolecular complex, 
and centrosome. In MF, RNA polymerase II sequence-specific DNA binding transcription factor binding is 
associated with enzyme binding, protein kinase binding (Fig.4A). Through KEGG pathway analysis, a total of 
182 enrichment results were obtained. The top 20 pathways were screened based on adjusted p < 0.05, mainly 
involving Pathways in cancer, Lipid and atherosclerosis, Human cytomegalovirus infection, Hepatocellular 
carcinoma, and microRNA in cancer signaling pathways. This suggests that the effective components of ATXF 
may treat hepatocellular carcinoma by acting on these pathways (Fig. 4B).

Verification of molecular docking results
Explored the potential mechanisms of ATXF in the treatment of HCC, this study utilized molecular docking 
technology to analyze the interactions between the bioactive components of ATXF and key targets. Through this 
method, we were able to predict the binding affinity between these active components and target proteins, and 
accordingly generated a heatmap to visually represent the intensity of their interactions (Fig. 5A).

In the docking analysis that was conducted, the active ingredients we had screened out in ATXF were able to 
exhibit good binding capabilities with key targets, suggesting the great potential of the formula in treating HCC 
through these key targets. Specifically, Stigmasterol showed strong binding energy with AKT1 (docking score 
= −6.97) and TNF (docking score = −7.48); kaempferol also demonstrated significant binding capabilities with 
TNF (docking score = −6.95) and EGFR (docking score = −7.15); baicalein had strong binding affinity with IL1B 

Fig. 4.  GO and KEGG enrichment analysis. (A) GO enrichment for potential anti-HCC targets.The top 10 of 
terms were selected with a p < 0.05. (B) KEGG enrichment analysis. The top 20 of terms were selected with a 
p < 0.05.

 

Fig. 3.  PPI network and key target analysis of ATXF treatment in HCC. (A) PPI network for potential anti-
HCC targets of ATXF. (B) Analyzed using the Centiscape2.2 plugin to screen for core clusters and key targets 
based on the Degree, closeness and betweenness values.
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(docking score = −6.98); and 7-Methoxy-2-methyl isoflavone showed good binding affinity with AKT1 (docking 
score = −6.96) (Fig. 5B).

These findings elucidated the interactions between the active components of ATXF and key targets, offering 
molecular-level evidence to understand its role in the treatment of hepatocellular carcinoma. Through this 
molecular docking analysis, we could predict and explain the potential efficacy of ATXF in treating HCC, thereby 
providing a significant theoretical foundation for subsequent experimental research and clinical application.

ATXF inhibited the proliferation, migration and invasion of Hepatocellular Carcinoma Cells
To study the inhibitory effect of ATXF on HCC, we treated three different cells HCCLM3, MHCC97L, and 
HepG2 with varying concentrations of ATXF and detected at multiple time points. The experimental results 
showed that when cells were exposed to different concentrations of ATXF, cell viability exhibited a significant 
dose-dependent decline. Specifically, as the concentration of ATXF increased, the survival rate of liver cancer 
cells significantly decreased, and the drug effect was enhanced over time (Fig. 6A). This suggests that ATXF has 
potential anti-HCC activity and can effectively inhibit the growth and proliferation of liver cancer cells. Based 
on these results, we subsequently used two concentrations of 50 mg/ml and 100 mg/ml for further experiments.

To investigate the impact of ATXF on cell proliferation, this study had employed a plate cloning formation 
experiment. As shown in Fig. 6D, when compared to the control group, a notable reduction was observed in both 
the number and size of clones of the three cells that were treated with ATXF.

Transwell assays indicated that the 10% FBS DMEM and two concentrations ATXF signifcantly decreased 
the migration and invasion of three cells (Fig. 6E). Taking into account these experimental findings, it can be 
unequivocally confirmed that ATXF had indeed inflicted damage on the proliferation, migration, and invasion 
capabilities of hepatocellular carcinoma cells.

ATXF promoted HCC cell apoptosis
To clarify whether the inhibitory effect of ATXF on HCC cell growth was related to the induction of apoptosis, 
we first quantified apoptosis rates using flow cytometry with V-FITC/PI double stainin. HCCLM3, MHCC97L, 
and HepG2 cells were treated with ATXF for 24 h and the results showed that compared with the control 
group,   ATXF significantly increased both early apoptosis rates (Annexing V+/PI-) and late apoptosis rates 
(Annexing V-/PI+) in all three cell lines. The total apoptosis rate confirmed that ATXF markedly promote HCC 
cell apoptosis (Figure 7A,B). To further validate these findings at the morphological level, we performed DAPI 
fluorescence microscopy for detection. Consistent with the flow cytometry results, ATXF treated HCCLM3, 
MHCC97L and HepG2 cells displayed obvious apoptotic bodies (Fig. 7C).  Taken together, these findings 
demonstrate that ATXF induced cell apoptosis.

ATXF treatment inhibited tumor growth in xenograft tumor from HCCLM3 in vivo
In this experiment, we used lenvatinib as the positive control. The traditional Chinese medicine groups were 
treated with doses of 1 and 3 times the human dose as the low and high dose groups, respectively. The process 
of establishing animal models was as shown in Fig. 8A. Similarly, after euthanizing the mice, we conducted a 
comparative analysis of tumor images (Figs. 8B-C) and tumor weight and values (Fig. 8D-E). The results showed 
that compared with the control group, the low-dose drug group exhibited an inhibitory effect on tumor volume 
and weight, but there was no significant difference in volume changes. The high-dose drug group showed a 
significant difference in tumor volume reduction. Therefore, after applying a certain dosage, ATXF can inhibited 
the growth of tumors.

ATXF affected the pathological changes in the tumor tissue
To further explore the pathological changes in tumor tissues after the action of ATXF, we performed H&E, 
caspase3, and Ki67 staining. The results found that the H&E staining of ATXF group showed necrosis and 
nuclear condensation, caspase3 staining found a significant increase in positive cells in ATXF group, and Ki67 
staining showed a decrease in positive cells (Fig. 9A). Similarly, the apoptotic index and proliferation index 

Fig. 5.  Molecular docking of key targets with effective compounds of ATXF. (A) Heatmap of Molecular 
docking with the effective compounds of ATXF. (B) Molecular docking simulation of bioactive compound-key 
target.
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showed the same trend in ATXF group (Fig. 9B-C). The histological results indicated that ATXF had anticancer 
activity, consistent with previous findings. During the treatment period, the physiological activity status of 
the nude mice in each group was normal. Compared with the control group, there were almost no significant 
pathological changes in the heart, liver, spleen, lung, and kidney tissues of the high-dose drug group (Fig. 10), 
suggesting that the nude mice did not experience systemic toxicity related to the combination treatment.

ATXF regulated 6 targets changes of tumor tissue through network pharmacology
To verify the action of ATXF on the six key targets screened, we detected the expression levels of the 
corresponding targets in the tumor tissues of nude mice from different experimental groups. The results 
showed that the expression of IL-6 and TNF-α was significantly upregulated, while the expression of AKT1 was 
significantly decreased in the ATXF treatment group. In addition, the expression of EGFR also showed a clear 
trend of upregulation (Fig. 11). These results indicate that ATXF can regulate the expression of inflammatory 
factors, reduce the expression of AKT1, and upregulate the expression of TP53.

Fig. 6.  ATXF inhibited the proliferation, migration and invasion of HCC cells. Inhibition and survival of (A) 
HCCLM3 (B) MHCC97L (C) HepG2 at different time points after different concentrations of ATXF. (D) The 
colony formation was visualized by microscopy after ATXF treatments (14 days at 0, 50, and 100 mg/mL). (E) 
Transwell assay for three cells treated with different concentration of ATXF and relative quantification cell 
number. Data are presented as the mean ± SD (n = 3, ***p < 0.001). ****, p < 0.0001, ####, p < 0.0001).
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ATXF inhibited tumor progression through MAPK/ERK signaling pathway
Through KEGG pathway enrichment analysis, the MAPK pathway was ranked within the top 20, with MAPK/
ERK playing a significant role in cancer progression. To further study the mechanism of ATXF in regulating liver 
cancer progression, we detected the expression of MEK, pMEK, and pERK proteins in the tumor tissues of four 
groups of mice. The results showed that compared with the NC group, the expression of these proteins decreased 
after treatment with ATXF (Fig. 12). These results confirm that ATXF inhibits liver cancer progression, possibly 
partly by regulating the MAPK/ERK signaling pathway to control cell proliferation and other processes.

Discussion
Currently, there is no comprehensive understanding of the potential mechanisms of liver cancer metastasis. 
In this study, our results show that ATXF can effectively inhibit the progression of liver cancer both in vivo 

Fig. 8.  ATXF suppressed liver cancer growth in mice. (A) The schedule of subcutaneous liver cancer model 
treatment and tumor measurement. (B) and (C) Inhibition of tumor growth in nude mice with HCCLM3 
xenografts treated with ATXF and Lenvatinib. (D) and (E) were measured tumor growth and tumor weight. 
Data are presented as means ± SEM (* p < 0.05; ****p < 0.0001).

 

Fig. 7.  ATXF promoted HCC cell apoptosis. Fluorescence microscopic images of apoptotic cells. HCCLM3\
MHCC97L\HepG2 cells were stained with DAPI after 24 h treatment.
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and in vitro. With the advancement of modern medical technology, research into the treatment of cancer with 
Chinese medicine is also deepening. Many Chinese herbal ingredients have been found to inhibit the growth 
of tumor cells, induce apoptosis of tumor cells, and block the formation of tumor blood vessels, offering more 
treatment options and hope for cancer patients18–20. In recent years, although traditional Chinese medicine has 
achieved significant therapeutic effects in the field of cancer treatment, conclusive evidence that it can effectively 
inhibit the development of HCC still needs further accumulation and establishment. The traditional Chinese 
medicine compound ATXF studied in this article contains 12 kinds of Chinese herbs. Network pharmacology 
techniques were used to analyze its main components, including Quercetin, β-sitosterol, Luteolin, etc. Among 
them, Quercetin, as a natural bioactive compound, has various pharmacological effects including antioxidant, 
anti-inflammatory, and anti-tumor activities.β-sitosterol has been experimentally proven to possess various 
pharmacological properties, such as anti-inflammatory21, anti-atherosclerotic22, lipid-lowering and liver-

Fig. 11.  Expression of six network drug-disease targets in tumor tissues of nude mice. n = 6 in each group, 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. the control group.

 

Fig. 10.  H&E staining of heart, liver, spleen, lung, and kidney in treatment groups (mgnification×100).

 

Fig. 9.  ATXF exerted potent inhibitory effect on tumor growth in vivo. (A) H&E staining, Ki67 staining for 
proliferation and caspase3 staining for apoptosis (magnification = 200×). (B) and (C) Analysis of proliferation 
rate and apoptosis positivity rate in the ATXF versus control groups (** p < 0.01; *** p < 0.001; ****p < 0.0001).
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protective23,immunomodulatory24. Luteolin has various anti-tumor effects, including inhibiting the growth of 
tumor cells, promoting apoptosis of cancer cells, sensitizing drug resistance, and reducing the metastasis of cancer 
cells25. Based on the comprehensive application of GEPIA and molecular docking technology, we identified six 
core targets: IL-6, IL-1β, TP53, AKT1, TNF, and EGFR, which exhibit significant network importance.

To further explore the effect of ATXF on hepatocellular carcinoma, we first investigated the effect of ATXF 
in vitro and found that it can effectively inhibit the proliferation of tumor cells and promote their apoptosis and 
also a certain inhibitory effect on the metastasis of cells. Furthermore, we constructed an in vivo xenograft tumor 
model to deeply explore the effect of ATXF on the progression of hepatocellular carcinoma in vivo. The main 
finding was that ATXF could significantly inhibit the growth of tumors. In this experiment, six important drug-
disease common targets were screened out using network pharmacology. In the tumor microenvironment, IL-6 
main sources are some cancer cells, TAMs, myeloid-derived suppressor cells (MDSC), Th2 cells, and CAFs. IL-6 
is a major participant in chronic inflammatory diseases, autoimmune diseases, cancer, and tumor immunity. 
IL-6 binds to its receptor, and downstream signals are transmitted through the JAK-STAT, MAPK-ERK, and 
PI3K-Akt pathways, activating transcription26. IL-1β is an effective pro-inflammatory cytokine involved in 
regulating autoimmune inflammation, pro-inflammatory responses, cell proliferation, and cell differentiation. 
In the TME, IL-1β is upregulated in macrophages and tumor cells in various solid tumors, including breast 
cancer. It can control tumor invasion, upregulate the occurrence and development of primary tumors, increase 
the invasiveness of luminal breast cancer cells, and enhance the production of IL-6 through the NF-κB pathway, 
promoting tumor growth and invasiveness27. TNF-α is a major inflammatory cytokine that participates in the 
production of pro-inflammatory responses, as it can activate and upregulate more than 400 inflammatory genes 
and stimulate a variety of different cellular responses. TNFα and IL-1β are common pro-inflammatory cytokines 
found in the TME28. TP53, as a key tumor suppressor protein, strictly regulates the cell growth cycle by promoting 
cell apoptosis and DNA repair processes under specific conditions29. Therefore, the activation of TP53 is a key 
process in mediating apoptosis in liver cancer cells. AKT is a serine/threonine kinase with a molecular weight 
of about 60 kDa, also known as protein kinase B (PKB), which plays an important role in regulating various 
biological responses such as metabolism, cell survival, and angiogenesis. There are three subtypes of AKT: AKT1 
(PKBα), AKT2 (PKBβ), AKT3 (PKBγ). The overactivation of AKT1 can promote the growth and survival of 
tumor cells, making it a target for many cancer treatment strategies27. We have found that ATXF can regulate 
changes in tumor tissues at the above targets, thus providing a basis for the exploration of drug mechanisms. 
The MAPK signaling pathway is an important intracellular signaling. Among them, the MAPK/ERK signaling 
pathway plays a crucial role in various biological processes such as cell proliferation30, differentiation31, and 
migration32[,33. We observed that after treatment with ATXF, the key proteins in the MAPK/ERK signaling 
pathway in hepatocellular carcinoma cells, such as pERK and pMEK, were significantly reduced. This indicates 
that ATXF may inhibit the proliferation and migration capabilities of liver cancer cells by suppressing the activity 
of the MAPK/ERK signaling pathway.

Although this study has initially revealed the role of ATXF from both extracellular and intracellular 
dimensions, its exact mechanism of action as a drug component has not yet been clearly validated. Therefore, 
future research still needs to further explore this field.

Conclusion
This study has innovatively employed network pharmacology to analyse for the first time the significant role of 
ATXF and its active components in combating HCC. The network screening results were validated using both 
in vitro and in vivo experiments, and the effects of the drug were discussed. This discovery not only opens new 
avenues for in-depth exploration of ATXF in the treatment of HCC but also lays a solid theoretical foundation 
and provides valuable insights for its future clinical application.This study has several limitations. First, the 
drug components of ATXF should be deeply explored through mass spectrometry analysis techniques to ensure 
the accuracy of subsequent studies based on real drug components. Second, this study used nude mice as 
tumor models. Given that nude mice have certain immune deficiencies, the universality of the research results 
is somewhat limited. Despite this, the network pharmacology approach has shown significant advantages in 

Fig. 12.  Effect of ATXF on MAPK/ERK signaling pathway in xenograft mice. (A) Simple western analysis 
of MEK, pMEK and pERK protein expression in tumor tissues. A was control group, B was low dose ATXF 
group, C was high dose group and D was Lenvatinib group. (B) and (C) Quantitative results of pMEK/MEK 
and pERK protein expression by Image J software. The graphs showed the mean ± SD (* p < 0.05; ** p < 0.01; *** 
p < 0.001).
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studying multi-target drugs like traditional Chinese medicine compound prescriptions. This study provides a 
useful supplement to the methodology of traditional Chinese medicine compound research and lays a foundation 
for subsequent studies.

Data availability
The authors declare that all data supporting the findings of this study are available, including replicate experi-
ments, and will be made available upon reasonable request to the corresponding author.
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