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Abstract 

Brusatol is a natural product found in the plant Brucea javanica that is used to treat diseases such as 

amoebiasis and malaria. It also has significant anti-tumor effects. However, its role in lung cancer and 

the mechanism underlying its pharmacological effects remain unclear. In this study, we identified the 

core target of brusatol for lung adenocarcinoma (LUAD) therapy using network pharmacology and 

elucidated its therapeutic mechanism by conducting cell experiments. The therapeutic targets of 

brusatol were obtained from the PharmMapper database, the LUAD-related genes were obtained from 

the TCGA database, and the intersection targets of the two were taken as potential targets for treating 

LUAD with brusatol. Based on the results of the intersection, core target and signaling pathways were 

identified by protein-protein interaction (PPI), molecular docking, gene ontology (GO) function, and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses. Finally, cell 

experiments were performed to determine the antineoplastic effect of brusatol on LUAD. We identified 
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328 potential targets of brusatol for treating LUAD, and the PPI network analysis identified ALB, SRC, 

HSP90AA1, HRAS, CASP3, MAPK1, and ESR1 as key genes. Through molecular docking, MAPK1 

was identified as the core target of brusatol in LUAD. GO analysis revealed that brusatol may exert 

anti-tumor effects through endopeptidase activity, protein tyrosine kinase activity, and amide binding. 

KEGG enrichment analysis suggested that brusatol may treat LUAD by regulating the RAS signaling 

pathway. Brusatol inhibited the proliferation and invasion of LUAD cells and caused apoptosis and 

G2/M phase arrest in these cells. Further analysis confirmed that brusatol plays a role in treating LUAD 

by targeting MAPK1 and regulating the Ras signaling pathway. To summarize, through a combination 

of network pharmacological analysis and cell experimental validation, we revealed the mechanism 

underlying the therapeutic effects of brusatol on LUAD. This study also provided a theoretical basis 

for using brusatol as a candidate drug for the targeted therapy of LUAD. 

1 Introduction 

Lung cancer is one of the most common causes of cancer-related death, with more than 1.8 million 

deaths recorded worldwide in 2021 [1]. Over the past decade, with the development of medical 

technology, the mode of treatment, including chemotherapy, targeted therapy, and immunotherapy, 

along with surgery, has changed considerably[2,3]. However, the five-year overall survival time for 

patients with lung cancer is still less than 20%. Moreover, for patients with advanced lung cancer, the 

adverse effects of chemotherapy, such as nausea, vomiting, and bone marrow suppression, are often 

quite severe and can even lead to the discontinuation of treatment[4]. Traditional Chinese medicine 

(TCM) is often accepted for treating tumors because of its reliable efficacy and extremely low 

adverse effects. Therefore, the development of new Chinese anticancer medicines is becoming 

increasingly important for treating lung cancer. 

In China, TCM has played an irreplaceable role in human health and disease treatment. Owing to the 

particularity and integrity of TCM, the mechanism of action of many herbs is unknown. In 2007, 

British researchers first proposed the concept of "network pharmacology" and proposed "a new 

model for the next generation of drug research and development"[5,6]. Several researchers 

determined the mechanism of action of danshen against anemia using network pharmacology[7]. In 

the field of oncology, researchers have used network pharmacology to analyze the active constituents 

of Prunella vulgaris L. by screening its targets and further revealing its molecular mechanism in the 

treatment of breast cancer[8]. Moreover, researchers have applied network pharmacology and 

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



 
3 

molecular docking to predict the mechanism of scopoletin in treating non-small cell lung cancer 

(NSCLC)[9]. 

Researchers frequently use the anti-tumor mechanism of TCM monomers. Paclitaxel and vincristine 

are commonly used anticancer drugs in clinical practice, and they are derived from TCM. Brusatol 

was isolated and extracted from the seeds of Brucea javanica in 1968, when it was used to treat 

diseases such as amoebiasis and malaria. Over the past few decades, as researchers have continued to 

explore, several studies have demonstrated the anti-tumor effects of brusatol[10]. In 1979, brusatol 

was first defined as an experimental drug for treating leukemia; it strongly inhibits the metabolism 

and proliferation of tumor cells both in vivo and in vitro [11]. Besides studies on hematologic tumors, 

some groundbreaking studies have shown that brusatol is highly effective in solid tumors. For 

example, the cytotoxic effects of brusatol can induce the death of pancreatic cancer cells[12]. 

Brusatol downregulates the protein expression of HIF-1α and c-myc and inhibits the progression of 

colorectal cancer [13]. Brusatol can inhibit the growth of glioma [14], hepatocellular carcinoma [15], 

and melanoma [16] by regulating the expression of the NRF2 protein. However, studies on the anti-

tumor effects of brusatol on lung adenocarcinoma (LUAD) are rare. 

In this study, we predicted the molecular mechanism underlying the therapeutic effects of brusatol on 

LUAD by conducting network pharmacology and molecular docking analyses, and elucidated this 

mechanism by conducting cell experiments. We found that brusatol plays a role in various biological 

behaviors of LUAD cells. We also discussed recent findings concerning the molecular targets of 

brusatol and its value in cancer therapy (Figure 1). 

2 Materials and Methods 

2.1 Network Pharmacology 

The chemical structure of brusatol was downloaded from the PubChem 

database(https://pubchem.ncbi.nlm.nih.gov/). The potential targets of Brusatol were obtained from 

three databases: PharmMapper(http://lilab-ecust.cn/pharmmapper/)(Norm Fit > 0.3), 

SwissTargetPrediction(https://www.swisstargetprediction.ch/)(Probability > 0.1), and 

ChEMBL(https://www.ebi.ac.uk/chembl/). The complete list of targets is provided in Supplementary 

Table 1. The potential targets for Lung Adenocarcinoma (LUAD) were obtained from two databases: 

TCGA (https://portal.gdc.cancer.gov/ ) and GenCLiP 3 (http://cismu.net/genclip3/analysis.php ). 

From TCGA, we downloaded data from 589 LUAD samples (530 tumor tissues and 59 normal 
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controls). Differential expression analysis was performed using the limma package[17] in R, with the 

cutoff criteria set at |log2(Fold Change)| > 1 and adjusted p-value < 0.05. The complete list of targets 

is provided in Supplementary Table 2. The Venny 2.1 platform 

(https://bioinfogp.cnb.csic.es/tools/venny/index.html) was used to obtain the intersection targets 

between brusatol and the targets related to LUAD. 

The STRING platform (https://cn.string-db.org/) was used to construct a protein-protein interaction 

(PPI) network for brusatol-related and LUAD-related potential targets with a medium confidence 

level (0.7). To hide disconnected nodes in the network, the Cytoscape V3.8.0 

(http://www.cytoscape.org/) software was used to analyze the topology and calculate the degree 

value of each node. The R software was used (filter set to "p value cutoff = 0.05 and q value cutoff = 

0.05") for gene ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway analysis[18–20]. High-resolution "Homo sapiens" three-dimensional protein structures of 

core targets were obtained from the Protein Data Bank (PDB) (http://www.rcsb.org/pdb/). 

Schrodinger Suites software was used to simulate computer methods to predict the relationship 

between brusatol and the target. 

2.2 Experimental Validation 

2.2.1 Preparation of Brusatol 

Brusatol (Figure 2A, formula: C26H32O11) was purchased from MedChemExpress (MCE). Mother 

liquors formulated with ddH2O as a solvent can be diluted directly with a medium to the desired 

working solution concentration. Storage temperature: –80 °C, six months; –20 °C, one month. 

2.2.2 Cell Culture 

We purchased LUAD cell lines (A549 and H1299) from the Shanghai Institute of Cell Biology, 

Chinese Academy of Sciences. The cells were cultured in 1640 medium (RPMI1640, BI, 01-100-

1ACS) supplemented with 1% penicillin-streptomycin (PS, Beyotime, C0222) and 10% fetal bovine 

serum (FBS, BI, 04-001-1B) at 37 °C in a 5% CO2 atmosphere. 

2.2.3 Cell Viability Assay 

Initially, A549 and H1299 cells (100 μL/well; 1 × 103 cells/mL) were inoculated in a 96-well plate 

and cultured overnight in a humidified incubator at 37 °C and 5% CO2. The cells were pretreated 

with different concentrations of brusatol (0, 10, 20, 40, 80, or 160 nM) for 24 h or 48 h. Then, 20 μL 
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of 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di- phenytetrazoliumromide (MTT, Solarbio, 298–93-1) was 

added to each well, and the culture was incubated at 37 °C and 5% CO2 for 4 h. Finally, the 

supernatant from each well was removed, 150 µL of dimethyl sulfoxide (DMSO, Solarbio, D8370) 

was added to each well, and the absorbance was measured using a microplate reader (Biotech, United 

States) at 490 nm. 

2.2.4 Colony Formation Assay 

We inoculated LUAD cells in a six-well plate at a density of 80 cells per well. A549 and H1299 cells 

were pretreated with 0, 20, 40, or 80 nM brusatol for 24 h, respectively. The cells were cultured in 

fresh 1640 medium in the absence of brusatol and then cultured for 14 days. When the colonies were 

visible to the naked eye, the culture was terminated. The colonies were washed with PBS buffer, 

fixed with methanol, stained with crystalline violet solution, and imaged under a microscope. 

2.2.5 Cell Cycle Analysis via Flow Cytometry 

First, LUAD cells at the logarithmic growth stage were inoculated in a six-well plate, and the 

supernatant was discarded after the cells adhered to the wall. The cells were pretreated with 0, 20, 40, 

or 80 nM brusatol for 24 h. Then, the cells were digested with trypsin and washed with precooled 

PBS. The cell density was calculated under a microscope, and the collected LUAD cells (1 × 106 

cells) were fixed in precooled 70% ethanol and stored for 2 h at 4 °C. Finally, 500 μL of propidium 

iodide (PI) reagent was added to each sample following the protocol provided with the cell cycle kit 

(Thermo Fisher, F10797). The results were analyzed using a flow cytometer (BD Accuri™ C6 Flow 

Cytometer, United States) and the Modifit 5.0 software. 

2.2.6 Determination of Cell Apoptosis via Flow Cytometry 

Initially, A549 and H1299 cells (1 × 105 cells/mL) were cultured in six-well plates for 24 h and then 

treated with 0, 20, 40, or 80 nM brusatol for 24 h. LUAD cells were treated following the instructions 

provided with the Apoptosis Detection Kit (Beyotime, C1062M), and the Annexin V-FITC and PI 

reagents were added to each sample and incubated for 15 min in the dark. The results were analyzed 

using a flow cytometer (BD, United States). 

2.2.7 Transwell Invasion Assay 

An 8 µm well Transwell chamber system (Corning 3422, United States) was used to perform the 

Transwell invasion assay. The Matrigel matrix gel (BD, 356234) was coated onto the upper chamber. 
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A549 and H1299 cells (1 × 104 cells/mL) were inoculated in the upper chamber, supplemented with 

200 µL of FBS-free medium, and treated with 0, 20, 40, or 80 nM brusatol for 24 h. Complete 

medium (600 µL) containing 10% FBS was added to the lower chamber. After 24 h, the culture was 

terminated, the cells were stained with crystal violet solution, photographed under a microscope, and 

counted. 

2.2.8 Western Blotting Analysis 

After extracting cellular proteins, the instructions for the SDS-PAGE Gel Preparation Kit (Beyotime, 

P0012A) were followed to separate and transfer equal amounts of protein to a polyvinylidene 

fluoride (PVDF) membrane (Millipore, IPVH00010). The PVDF membranes were blocked with 

blocking buffer (NCM, P30500) for 10 min at room temperature and then incubated with primary 

antibodies overnight at 4 °C. The following day, the PVDF membranes were washed with TBST 

(Solarbio, T1082) three times (10 min per wash) and then incubated with goat anti-rabbit horseradish 

peroxidase (HRP)-conjugated secondary antibodies for 1 h at room temperature. Finally, the protein 

bands were visualized with an enhanced chemiluminescence (ECL) luminescence kit (Beyotime, 

P0018AS). The antibodies used were as follows: anti-Bax (Proteintech, 50599-2-lg), anti-Bcl2 

(Proteintech, 12789-1-AP), anti-Cyclin B1 (Proteintech, 28603-1-AP), anti-P21(ZENBIO, 381102), 

anti-p-cdc2 (Tyr15) (ZENBIO,310063), anti-cdc2 (abcam,ab32094), anti-Caspase3/p17/p19 

(Proteintech,19677-1-AP), anti-MMP9 (Proteintech,10375-2-AP), anti-E-cadherin 

(Proteintech,60335-1-Ig), anti-vimentin (Proteintech, 60330-1-Ig),  anti-MEK1/2 (Proteintech, 

11049-1-AP), anti-p-ERK1/2 (ZENBIO, 301245), anti-MEK1/2 (Proteintech, 11049-1-AP), anti-p-

MEK1/2 (Abcam, ab4750), anti-Raf (Abcam, ab200653), anti-p-Raf (Abcam, ab173539), and anti-β-

actin 1:1,000 (Cell Signaling Technology, 3700), goat anti-rabbit HRP-coupled secondary antibodies 

1:5,000 (Proteintech, SA00001-2). 

2.2.9 Statistical Analysis 

All data were visually and statistically analyzed using GraphPad Prism 8.0 and the R software. The 

differences among multiple groups were determined by conducting one-way analysis of variance 

(ANOVA), and those between groups were determined by conducting Student’s t-tests. All data were 

presented as the mean ± SD. All differences among and between groups were considered to be 

statistically significant at p < 0.05. All experiments were repeated in triplicate. 

3 Results 
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3.1 Network Pharmacological Analysis of Brusatol for the Treatment of LUAD 

To systematically identify potential therapeutic targets of Brusatol in Lung Adenocarcinoma 

(LUAD), we first predicted Brusatol-related targets using three databases—PharmMapper, 

SwissTargetPrediction, and ChEMBL—yielding 409 unique targets. Next, we analyzed 

transcriptomic data from the TCGA database, comparing 530 LUAD tumor tissues with 59 normal 

controls, and identified 6,380 differentially expressed genes (|log2FC| > 1, adjusted p < 0.05). 

Additionally, we retrieved 4,872 LUAD-associated genes from the GenCLiP 3 database. The union 

of these two gene sets (TCGA and GenCLiP 3) resulted in 9,510 LUAD-related targets. Finally, by 

intersecting the Brusatol targets (n = 409) with the LUAD-associated genes (n = 9,510), we identified 

292 overlapping targets, which may represent potential key mediators of Brusatol's anti-LUAD 

effects(Figure 2B). A total of 292 intersecting genes were introduced into the STRING online 

platform to construct a target PPI network (the selected species was Homo sapiens, confidence level 

>0.7). A total of 292 candidate targets were introduced into the Cytoscape 3.8.0 software, and a 

visualized target network was constructed. The degree value of each node was calculated by 

conducting topological analysis, and the degrees of the first 40 target genes are shown in Table 1. 

The results of the visual analysis are shown in Figure 2C. We identified the genes ALB, SRC, 

HSP90AA1, HRAS, CASP3, MAPK1, and ESR1 with a degree >150 as key genes for treating 

LUAD with brusatol. These key genes may contribute to the fundamental therapeutic role of brusatol 

in LUAD. 

Molecular docking analysis was performed to validate the binding modes of these seven key genes 

with brusatol. We found that MAPK1, CASP3, SRC, ESR1, and HRAS directly bound to brusatol 

(Figure 2D). ALB and HSP90AA1 did not directly bind to brusatol. A lower binding energy 

indicates greater stability. The binding energies between MAPK1, CASP3, SRC, ESR1, HRAS, and 

brusatol were –5.418, –4.107, –3.715, –2.47, and –2.384 kJ/mol, respectively (Table 2). The results 

indicated that brusatol could bind to the active sites of the targets. MAPK1 may become a core target 

for brusatol in the treatment of LUAD because of its high stability in binding to brusatol. 

To predict the mechanism underlying the therapeutic effect of brusatol on LUAD, the R software was 

used to conduct enrichment analysis of the GO and KEGG pathways[21–23]. A total of 70 results 

that met the criteria were screened (p < 0.05). The top 20 significantly enriched GO terms were 

plotted on the left side of Figure 2E, and these results suggested that brusatol might exert its 

anticancer effects on LUAD through endopeptidase activity, protein tyrosine kinase activity, 
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phosphatase binding, and amide binding. A total of 151 signaling pathways were obtained by KEGG 

enrichment analysis. The first 20 significant signaling pathways with high confidence and p < 0.05 

were selected for visualization. Many genes were found to be associated with endocrine and immune 

functions, including the insulin signaling pathway, neurotrophin signaling pathway, and IL-17 

signaling pathway (Figure 2F). However, we focused on cancer-related signaling pathways. We also 

found that most target genes were associated with signaling pathways involved in cancer 

development, including the Ras signaling pathway, the VEGF signaling pathway, the PPAR 

signaling pathway, and the T-cell receptor signaling pathway. 

3.2 Brusatol Inhibited the Proliferation of LUAD Cells 

Initially, A549 and H1299 cells were treated with different concentrations of brusatol (0, 10, 20, 40, 

and 80 nM) for 24 h or 48 h. The results of the MTT assay revealed that brusatol inhibited the 

proliferation of NCSLS cells in a time-dependent and dose-dependent manner (Figure 3A). The 24 h 

and 48 h IC50 values of brusatol for A549 cells were 57.04 nM and 36.06 nM, respectively. The 24 h 

and 48 h IC50 values of brusatol for H1299 cells were 60.62 nM and 38.92 nM, respectively. We 

performed further experiments with a 1/2 IC50 value, an IC50 value, and two times the IC50 value; 

the results strongly suggested that brusatol has cytotoxic effects. 

We evaluated the effects of brusatol on the proliferation of LUAD cells (A549 and H1299) by 

conducting a colony formation assay. We found that different concentrations (0, 20, 40, and 80 nM) 

of brusatol inhibited colony formation in a dose-dependent manner (Figure 3B). These findings 

indicate that brusatol inhibits the formation of cell colonies and the proliferation of LUAD cells. 

Compared to that of the control cells, the proportion of S-phase A549 and H1299 cells gradually 

decreased as the concentration of brusatol increased, whereas the proportion of G2/M-phase cells 

gradually increased (Figure 3C). Brusatol promoted the expression of p-cdc2 and P21 and inhibited 

the expression of Cyclin B1 proteins in A549 and H1299 cells (Figure 3D). These results 

demonstrated that brusatol inhibited the proliferation of LUAD cells. 

3.3 Brusatol Promoted the Apoptosis of LUAD Cells 

The effects of different concentrations (0, 20, 40, and 80 nM) of brusatol on the apoptosis of LUAD 

cells were determined by flow cytometry. The results revealed that the percentage of apoptotic A549 

and H1299 cells increased significantly as the concentration of brusatol increased (Figure 4A). 
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Brusatol promoted the expression of Bax and cleaved caspase-3 and inhibited the expression of the 

Bcl-2 protein in A549 and H1299 cells (Figure 4B). These results indicate that brusatol has an 

apoptosis-inducing effect on LUAD cells. 

3.4 Brusatol Inhibited the Invasion of LUAD Cells 

Transwell invasion experiments were performed to evaluate the effect of brusatol on the invasion 

ability of A549 and H1299 cells. The results revealed that invasion of A549 and H1299 cells was 

inhibited in a dose-dependent manner in the brusatol-treated group (Figure 5A). Brusatol promoted 

the expression of E-cadherin and inhibited the expression of vimentin and MMP9 proteins in LUAD 

cells (Figure 5B). These results confirmed that brusatol inhibits the invasion of LUAD cells. 

3.5 Mechanism Underlying the Therapeutic Effect of Brusatol on LUAD 

Based on previous bioinformatics predictions (Figure 2D and Table 2), MAPK1 (also known as 

ERK2) was the core target of brusatol (Figure 2E), and the RAS signaling pathway was the key 

pathway. Therefore, we investigated whether brusatol targeted MAPK1 anti-tumor activity and 

whether the RAS signaling pathway was involved in the anti-tumor effects of brusatol. 

We also investigated the mechanism underlying the therapeutic effects of brusatol on LUAD by 

conducting Western blotting analysis of LUAD cells. The results suggested that brusatol inhibited the 

expression of p-ERK1/2 in A549 and H1299 cells (Figure 6A). Brusatol affected the expression 

levels of key proteins in the RAS signaling pathway (Figure 6B). We found that increasing the 

brusatol concentration significantly decreased the levels of p-MEK1/2 and p-Raf. Moreover, 

following Brusatol treatment, we introduced the ERK activator pamoic acid. Results from colony 

formation assays, flow cytometry-based cell cycle analysis, and EdU incorporation assays 

consistently demonstrated that pamoic acid reversed the Brusatol-induced alterations in lung cancer 

cells(Figure S1A-C). To summarize, these findings supported the bioinformatics prediction that 

brusatol targets MAPK1 and modulates the RAS signaling pathway in the treatment of LUAD. 

4 Discussion 

Cancer is defined as the uncontrolled proliferation of cells, and oncogenes and tumor suppressor 

genes are often used as targets to inhibit cancer progression[21]. The ultimate goal of developing 

anticancer TCM is to accurately inhibit the growth of tumors. Owing to their safe tumor-inhibiting 

activity, natural product monomers in TCM plants are promising new options for treating cancer[23]. 
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However, owing to the complexity of TCM, determining its mechanism of action is difficult. The 

emergence of network pharmacology in recent years has revealed new ways to overcome this 

problem. Characterized by predictability, network pharmacology emphasizes the multichannel 

regulation of signaling pathways to improve the precision of the therapeutic effect of drugs on 

diseases [24]. Online databases of biological information are used to comprehensively and 

systematically analyze the mechanisms underlying the anticancer effects of TCM. It emphasizes the 

interpretation of the molecular mechanism of drug treatment of diseases from the perspective of the 

whole body and the understanding of the whole process of pharmacokinetics from the perspective of 

a biological network. This provides more options and possibilities for the precise treatment of 

diseases, which coincides with the whole concept of the TCM system [25]. 

Brusatol-mediated expression of the NRF2 protein induces apoptosis in NSCLC [26]. Therefore, we 

applied network pharmacology to construct a relationship network of brusatol-LUAD. Through PPI 

network analysis, we identified 328 potential drug therapeutic targets, among which the key targets 

were ALB, SRC, HSP90AA1, HRAS, CASP3, MAPK1, and ESR1. To identify precise therapeutic 

targets, we performed molecular docking analysis to determine whether MAPK1 is the core target of 

brusatol in the treatment of LUAD. Some studies have shown that brusatol inhibits tumor growth by 

regulating the PI3K/AKT signaling pathway [27]. The results of our analysis revealed that the effects 

of brusatol in the treatment of LUAD are closely related to multiple signaling pathways. Among 

them, the signaling pathways highly correlated with cancer include the Ras signaling pathway, the 

VEGF signaling pathway, and the apoptosis signaling pathway. Combined with the identification of 

core targets, we speculated that brusatol may treat LUAD by regulating the Ras signaling pathway. 

Several studies have shown that brusatol inhibits the growth of various tumors. Similarly, our study 

also revealed that brusatol was cytotoxic to LUAD cells and inhibited the proliferation of A549 and 

H1299 cells in a concentration-dependent manner. The cell cycle is a complex process, and 

disruption of the cell cycle is a key reason for the rapid growth of tumors [28]. The expression of the 

cycle-critical protein p21 can keep tumor cells in the G2/M phase [29]. Our results were consistent 

with this process. As brusatol concentration increased, the expression of the p21 protein increased, 

and the increase in p-cdc2 and decrease in the cyclin B1 protein decreased the number of complexes 

formed by the two proteins. Apoptosis is one of the causes of the unlimited growth of cancer [30]. 

Many researchers are developing new drugs for each step of apoptosis [31,32]. Studies have shown 

that brusatol induces the apoptosis of pancreatic cancer cells [12]. Additionally, brusatol can also 
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induce apoptosis in human gastric cancer cells [33]. Similar to the findings of these studies, our 

results also revealed that as the concentration of brusatol increased, the proportion of A549 and 

H1299 cells that underwent apoptosis increased. The expression of the pro-apoptotic protein Bax and 

the anti-apoptotic protein Bcl-2 showed an imbalance, and the expression of the protein cleaved-

caspase-3, an executive molecule in the apoptosis process, increased. Metastasis is the leading cause 

of tumor-related death [34] and has become a hallmark of cancer [35]. Brusatol can inhibit the 

invasion of glioblastoma [36], laryngeal carcinoma [37], and hepatocellular carcinoma [38]. Our 

results suggest that brusatol can inhibit the invasion of LUAD cells in a dose-dependent manner. 

Moreover, brusatol altered key proteins involved in the invasion process, which was further 

demonstrated by the increase in the expression of the E-cadherin protein and the decrease in the 

expression of the proteins MMP9 and vimentin. 

The uncertainty of the mechanism of action of brusatol has limited its entry into clinical practice and 

further development for a long time. MAPK1 is a member of the MAPK family and is a common 

carcinogen. MAPK1 is involved in the malignant biological behavior of various tumors, and high 

expression of MAPK1 can promote the migration and invasion of gastric cancer [39], NSCLC [40], 

and pancreatic cancer (PAAD) [22] while inhibiting their apoptosis. We speculated that blocking 

MAPK1 with small-molecule inhibitors may constitute a viable model for targeted cancer therapy. 

We found that brusatol inhibited the expression of the MAPK1 protein. MAPK1 is a key protein in 

the Ras signaling pathway. The Ras signaling pathway is involved in the regulation of several 

important cellular functions, such as proliferation, growth, and aging [41]. The Ras signaling 

pathway and its related proteins are dysregulated in nearly one-third of human cancers, and activation 

of Ras leads to the growth, differentiation, and survival of cells, ultimately leading to the occurrence 

of cancer [42,43]. These results indicate that brusatol inhibits the proliferation and invasion of cells, 

promotes G2/M phase arrest and apoptosis, and exerts a therapeutic effect on LUAD by targeting 

MAPK1, which mediates the Ras signaling pathway. Compared to the known targeted therapeutic 

agents, such as KRAS inhibitors (e.g., sotorasib), which focus primarily on specific KRAS mutations 

and face challenges such as drug resistance and limited applicability across different types of cancer, 

brusatol offers distinct advantages. First, as a natural product derived from TCM, brusatol acts via a 

multitarget mechanism by simultaneously modulating key nodes in the Ras pathway and related 

processes, such as apoptosis and cell cycle arrest, potentially reducing the chances of the 

development of resistance. Second, while KRAS inhibitors are often mutation-specific, the broad-

spectrum activity of brusatol against multiple Ras-driven tumors may provide a wider therapeutic 
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window. Additionally, the ability of brusatol to integrate with systemic biological networks—

aligning with the holistic philosophy of TCM—could improve its safety profile compared to that of 

synthetic targeted agents, which are frequently associated with off-target effects. Future studies 

should validate these comparative advantages in preclinical and clinical settings. 

These results indicate that brusatol inhibits the proliferation and invasion of cells, promotes G2/M 

phase arrest and apoptosis, and exerts a therapeutic effect on LUAD by targeting MAPK1, which 

affects the Ras signaling pathway. 

5 Conclusion 

To summarize, through a combination of network pharmacological analysis and cell experiments, we 

revealed the mechanisms underlying the therapeutic effects of brusatol on LUAD. We found that 

brusatol inhibited the proliferation and invasion of A549 and H1299 cells by targeting MAPK1 and 

mediating the Ras signaling pathway, which induced apoptosis and cycle arrest. This study also 

provides a theoretical and experimental basis for using brusatol as an anticancer drug. Our findings 

provide new ideas for developing TCM as small-molecule inhibitors. 

6 Figures and Tables 

6.1 Figure 1 
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Figure 1. Workflow of the network pharmacology analysis and validation of brusatol against LUAD. 

6.2 Figure 2 
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Figure 2. Network pharmacological analysis of brusatol. (A) The 2D and 3D structures of brusatol 

are shown. (B) The Venn diagram shows the 292 intersection targets of brusatol in lung 

adenocarcinoma (LUAD). (C) The protein-protein interactions of 292 intersecting genes were 

identified by the STRING platform, and the degree value of each node was calculated using the 

Cytoscape 3.8.0 software and the R software. The top 40 targets were visualized based on the size of 

the degree value. (D) The 2D and 3D structures of the molecular docking of key genes and brusatol 

are shown. (E) The top 10 terms in the GO analysis and the top 20 KEGG pathways are shown. The 

color scale indicates the different thresholds of p-values, and the length of the bar or the size of the 

dots represents the number of genes corresponding to each term. 

6.3 Figure 3 
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Figure 3. Brusatol inhibited the proliferation of LUAD cells. (A) MTT analysis of human LUAD cell 

lines (A549 and H1299 cells) after treatment with the indicated doses of brusatol for 24 h and 48 h. 

(B) Colony formation assays were performed on A549 and H1299 cells cultured with different 

concentrations (0, 20, 40, and 80 nM) of brusatol. The number of colonies formed was calculated and 

expressed as the mean ± standard deviation (SD) (n = 3). (C) Brusatol significantly inhibited the cell 

cycle progression of A549 and H1299 cells, arresting them in the G2/M phase, as shown by flow 

cytometry analysis (n = 3 per group). (D) The expression of cyclin B1 decreased, and the expression 

of p21 and p-cdc2 increased as brusatol concentration increased (n = 3 per group). The values are 

shown as the mean ± SD, *p < 0.05 and **p < 0.01 vs. the control. 

6.4 Figure 4 
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Figure 4. Brusatol significantly promoted LUAD apoptosis. (A) Flow cytometry analysis revealed 

that brusatol promoted early and late apoptosis in A549 and H1299 cells (n = 3 in each group). (B) 

The expression of Bcl-2 decreased, and the expression of Bax and cleaved caspase-3 increased with 

increasing brusatol concentration (n = 3 per group). The values are shown as the mean ± SD; *p < 

0.05 and **p < 0.01 vs. the control. 

6.5 Figure 5 

 

Figure 5. Brusatol inhibited the invasion of LUAD cells. (A) Transwell invasion assay of A549 and 

H1299 cells was conducted after brusatol treatment (100×); n = 6; *p < 0.05 and **p < 0.01 vs. the 

control. (B) The expression of MMP9 and vimentin decreased, and the expression of E-cadherin 

increased as brusatol concentration increased (n = 3 per group). The values are shown as the mean ± 

SD; *p < 0.05 and **p < 0.01 vs. the control. 
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6.6 Figure 6 

 

Figure 6. Molecular mechanisms underlying the therapeutic effects of brusatol on LUAD. (A) The 

expression of MAPK1 (ERK2) decreased as brusatol concentration increased. (B) The levels of Ras 

signaling pathway-related proteins were altered by brusatol treatment (n = 3 in each group). The 

values are shown as the mean ± SD; *p < 0.05 and **p < 0.01 vs. the control. 

6.7 Table 1 

Table 1. The top 40 intersecting genes 

Rank Name Score 

1 EGFR 63 
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2 AKT1 61 

3 HSP90AA1 58 

4 SRC 54 

5 PIK3R1 42 

6 JUN 41 

7 GRB2 40 

8 CASP3 38 

9 ESR1 37 

10 HSP90AB1 36 

11 MMP9 34 

12 MAPK1 33 

13 PTPN11 32 

14 STAT1 31 

15 JAK2 29 

16 BCL2L1 28 

16 HRAS 28 

16 IGF1 28 

19 ALB 27 

19 MAPK8 27 

21 CDC42 26 

21 RAF1 26 

23 MAPK14 25 

24 MDM2 24 

24 PTK2 24 

24 RHOA 24 

27 VAV1 21 

27 MAP2K1 21 

27 GSK3B 21 

27 LCK 21 

6.8 Table 2 

Table 2. Molecular docking of brusatol and key genes 
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Target PDB ID Docking Score 

MAPK1 4g6o -5.418 

CASP3 1nme -4.107 

SRC 1fbz -3.715 

ESR1 7ujy -2.47 

HRAS 2quz -2.384 
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