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Background: Polygonatum sibiricum has a long history of medicinal and edible usages, and has attracted widespread attention from researchers due to its rich pharmacological activities. Research has found that plant-derived exosome-like nanoparticles (PELNs) have enormous potential in the field of biomedicine, such as serving as natural nanomedicines to treat diseases or as carriers for drug delivery. However, there are no studies on P. sibiricum-derived exosome-like nanoparticles (PSELNs) against cancer.Methods: This work used ultracentrifugation to extract the PSELNs and characterized them using transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and dynamic light scattering (DLS). Proteomics and metabolomics were used to analyze the components of the PSELNs, and the Herb database was used to screen for active metabolites. The OMIM and TTD databases were used to analyze active metabolites, and we further speculated that they may have anti-breast cancer (BC) activity. Network pharmacology was used to analyze the possible mechanisms of the PSELNs against BC, mainly including protein-protein interaction (PPI) network analysis for potential targets, gene ontology (GO) for analyzing biological processes, and Kyoto Encyclopedia of Genes and Genomes (KEGG) for analyzing related signaling pathways. After that, the related data of BC was retrieved from the GEO database, and the clinical expression and survival prognosis of the key genes screened by network pharmacology were analyzed by bioinformatics. Molecular docking and Molecular dynamics (MD) simulation were used to verify the binding of active metabolites in the PSELNs with their targets. Finally, the CCK-8 method was used to validate the inhibitory effect of the PSELNs on BC.Results: Firstly, TEM, NTA, and DLS confirmed that the PSELNs were successfully isolated. Then, Proteomics identified 18 protein components from the PSELNs, including ATP synthase subunit alpha, protein Ycf2, and Mannose/silica acid binding lectin. Metabolomics identified 357 metabolic components from the PSELNs and further screened 23 active metabolites by oral bioavailability (OB), including Sedanolide, Baicalein, and 6-Gingerol, etc. By analyzing 23 active metabolites, it was speculated that the PSELNs may have pharmacological activity against BC. After that, network pharmacology was used to screen 23 key targets of the PSELNs against BC. KEGG and GO enrichment analysis showed that the MAPK signaling pathway, PI3k-Akt signaling pathway, and AMPK signaling pathway were involved in the anti-BC effect of the PSELNs. Through bioinformatics analysis of 23 key targets in BC clinical samples, it was found that, except for ESR1, which was significantly upregulated, CAV1, FGF2, and PPARG were all significantly downregulated. The expression levels of 4 targets were positively correlated with survival status. These 4 targets were validated by molecular docking and MD simulation with active metabolites in the PSELNs, and it was found that the binding of sedanolide and ESR1, Baicalein and PPARG, and 6-Gingerol and ESR1 can remain stable. Finally, The inhibitory effect of the PSELNs on BC cells (MDA-MB-231) was validated by the CCK-8 method.Conclusion: This was the first time that the PSELNs have been studied against cancer. It was verified that they have anti-BC activity, and the mechanism may be related to targets such as ESR1 and PPARG, regulated by active metabolites in the PSELNs. This work laid a foundation and reference for more follow-up related research studies.Keywords: Polygonatum sibiricum, exosome-like nanoparticles, breast cancer, metabolomics, network pharmacology, bioinformatics
1 INTRODUCTION
In 2020, female breast cancer (BC) was recorded to be the main cause of global cancer incidence rate, and also ranks first in female cancer incidence rate and mortality (Sung et al., 2021). Although with the development and application of imaging technology such as breast ultrasound and MRI, the current management effect of BC is still very unsatisfactory (Rossi et al., 2019). Many factors, such as tumor type, histological grade, lymph node metastasis, estrogen receptor (ER), and progesterone receptor (PR), affect the treatment response and prognosis of BC (Jokar et al., 2021). Surgical treatment, radiotherapy, and chemotherapy are still the basic methods to treat BC, but with advanced BC of up to stage IV, its 5-year survival rate is only 28% (SEER 18, 2013–2019) (National Cancer Institute, 2021).
Traditional Chinese medicine (TCM) has the unique advantages of multi-target and minimal side effects, and is often used as a supplement and alternative therapy in cancer treatment (Yang et al., 2021). Polygonatum sibiricum belongs to the order Liliaceae, Liliaceae and genus P. sibiricum. It is mostly distributed in temperate regions of the northern hemisphere, including China, Russia, Europe, North America, and other places (Zhao et al., 2018). As a typical plant with medicinal and edible properties, it has a long history of application. Modern research has found that P. sibiricum has pharmacological effects such as antioxidant, anti-aging, immune regulation, anti-tumor, blood glucose lowering, and blood lipid regulation (Liu R. et al., 2024). It has been widely developed and utilized in the fields of food, medicine, and health products (Xiaowei et al., 2019).
Exosomes are nanovesicles with a diameter of 40–150 nm secreted by cells to the outside of the cell and play an important role in cell communication (Boccia et al., 2022). Plant-derived exosome-like nanoparticles (PELNs) are gaining significant interest in drug development owing to their natural richness in bioactive components, including proteins, lipids, RNA, and small molecules (Kim et al., 2022). For example, ginseng-derived exosome-like nanoparticles can exert anti-glioma effects by active blood-brain-barrier penetration and tumor microenvironment modulation (Kim et al., 2023). Yam-derived exosome-like nanovesicles can stimulate osteoblast formation and prevent osteoporosis in mice (Hwang et al., 2023). Compared to exosomes derived from mammals, PELNs have the advantages of wide availability, low cost, and rich pharmacological activity (Mu et al., 2023). In addition, PELNs have great potential as nanocarriers for drugs (Dad et al., 2021). At present, research on the pharmacological activity of P. sibiricum mainly focuses on polysaccharides, saponins, and extracts (Zhao et al., 2022). However, there is almost no research on the P. sibiricum-derived exosome-like nanoparticles (PSELNs), and their composition and pharmacological activity still need to be explored (Luo et al., 2022).
Proteomics and metabolomics are widely used in the field of medicine. Metabolomics is an efficient technique for studying various small-molecule compounds within substances, with wide applications in plant component analysis (Hazrati et al., 2022). The commonly used identification method at present is the combination of chromatography and mass spectrometry to achieve the separation and identification of substances, among which ultra-high liquid chromatography mass spectrometry can achieve accurate qualitative and quantitative analysis of substances (Wang K. et al., 2023). Network pharmacology serves as an effective approach to elucidate drug mechanisms, addressing the complexity of TCM components and their pharmacological features, which involve multiple targets and diverse signaling pathways (Zhao et al., 2023). Network pharmacology combines systems biology and systems pharmacology to achieve multi-level and systematic explanations of drug mechanisms of action (Zhang et al., 2023). Molecular docking technology and molecular dynamic (MD) simulation are often used in conjunction with network pharmacology to simulate the binding of molecular drugs to targets (Sun et al., 2023).
In this work, we used ultracentrifugation to successfully extract exosome-like nanoparticles from the roots of P. sibiricum and analyzed their composition through proteomics and metabolomics. Then, the pharmacological effects of its active metabolites were explored through network pharmacology methods to achieve a preliminary evaluation of the pharmacological effects of the PSELNs. Combined with molecular docking and MD simulation, the functional components and main targets were validated, providing ideas and evidence for subsequent research on the PSELNs. Finally, The inhibitory effect of the PSELNs on BC cells (MDA-MB-231) was validated by the CCK-8 method. The detailed workflow is shown in Figure 1.
[image: Figure 1]FIGURE 1 | General flow chart.
2 MATERIALS AND METHODS
2.1 Isolation and characterization of the PSELNs
2.1.1 Isolation of the PSELNs
Polygonatum sibiricum was excavated and refrigerated for transportation, followed by immediate extraction of the PSELNs. Firstly, the cleaned root of P. sibiricum was cut into small pieces and placed in a juicer. After adding an appropriate amount of phosphate-buffered saline (PBS, pH 7.4), it was ground for 5 min. Then, the filtrate was filtered through gauze (24–36 mesh, Winner Medical Co., Ltd.) and centrifuged at 4,000 rpm for 90 min to remove large granular cell debris and residual cellular components. Subsequent centrifugation at 10,000 rpm for 90 min was used to remove medium particles (e.g. microvesicles) and smaller cell debris. Thereafter, centrifugation at 12,000 rpm for 90 min was performed to remove smaller protein aggregates. Subsequently, the supernatant was filtered through a 450 nm filter membrane and centrifuged at 100,000 g for 2 h at 4°C (Optima XE100 ultracentrifuge, Beckman Coulter) to enrich the PSELNs. The supernatant was discarded, and the pellet was dissolved in PBS. Finally, after filtration through a 220 nm membrane, the PSELNs were obtained and stored in a −80°C refrigerator for future use.
2.1.2 Characterization of the PSELNs
Transmission electron microscopy (TEM) was used for the morphological characterization of the PSELNs. The PSELNs were dropped onto a copper mesh and left to air dry. After staining with a 3% phosphotungstic acid solution, they were left to air dry again and photographed using a TEM (HT7800).
Nanoparticle Tracking Analysis (NTA) was used to evaluate the particle size distribution of the PSELNs. The PSELNs were diluted 50 times and tested using Nanosight NS300 (Malvern).
The Zeta potential of the PSELNs was used for characterization. Particle size and potential analyzer (Malvern, Nano ZS90) was used to measure the PSELNs potential.
2.2 Proteomics
Acetonitrile was purchased from Thermo Fisher Scientific (Waltham, MA, United States). All solvents were LC-MS grade. Dimethyl sulfoxide, sodium deoxycholate, and 2-chloroacetamide were purchased from Sigma-Aldrich (St. Louis, MO, United States). Trypsin was purchased from SignalChem.
2.2.1 Test sample preparation
After detecting the protein concentration of the PSELNs using the BCA method, the protein content in each sample was fixed, and the solution (1% SDC/100 mM Tris HCl (pH 8.5)) was used to bring the volume to the same volume. Protein reduction and alkylation were performed with TCEP and CAA at 60°C for 30 min. The same volume of ddH2O was added to dilute the SDC to less than 0.5%. Trypsin was added at a ratio of 1:50 (enzyme: protein, w/w) for digestion overnight at 37°C. The next day, after the pH value of the solution was lowered to 6.0 by TFA, 12,000 g was centrifuged for 15 min, and a self-made SDB-RPS desalination column was used for peptide purification of the supernatant. The peptide eluate was dried in vacuo and stored at −20°C for later use.
2.2.2 Mass spectrometry
All the samples of the PSELNs were analyzed on an Ultimate 3,000 RSLCnano system. Peptide samples were injected into a C18 Trap column (75 μm × 2 cm, 3 μm particle size, 100 Å pore size, Thermo) and separated in a reversed-phase C18 analytical column packed in-house with ReproSil-Pur C18-AQ resin (75 μm × 25 cm, 1.9 μm particle size, 100 Å pore size). Mobile phase A (0.1% formic acid, 3% DMSO, 97% H2O) and mobile phase B (0.1% formic acid, 3% DMSO, 97% ACN) were used to establish the separation gradient at a flow rate of 300 nL/min. The MS was operated in data-dependent acquisition (DDA) top 20 mode with a full scan range of 350–1,500 m/z.
2.2.3 Database retrieval
The MS raw data of the PSELNs was analyzed with MaxQuant (1.6.6.0) using the Andromeda database search algorithm.
2.3 Metabolomics
Methanol, acetonitrile, formic acid, and isopropyl alcohol were purchased from ANPEL. All solvents were LC-MS grade. And ultra-pure water in-house prepared using a Milli-Q water purification system (Millipore, Bedford, MA, United States).
2.3.1 Sample processing
First, 0.5 mL of the PSELNs was slowly thawed at 4°C and placed in centrifuge tubes. Then, a double volume of the extraction solution (methanol/acetonitrile, 1:1, v/v) was added and vortexed on a vortex oscillator (Thermo Fisher) mixer at 3,000 rpm for 60 s to mix well. Subsequently, after 30 min of low-temperature ultrasonic extraction, the mixture was centrifuged at 12,000 rpm for 10 min at 4°C. After standing at −20°C for 1 h, the mixture was centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was dried in a vacuum. Finally, 0.1 mL of 50% acetonitrile solution was added and homogenized. The mixture was centrifuged at 12,000 rpm for 10 min at 4°C, and the supernatant was collected for detection.
2.3.2 UPLC conditions
The sample extracts were analyzed using a UPLC-Orbitrap-MS system, which consisted of a Vanquish UPLC and an HFX MS. The UPLC conditions were as follows: a Waters HSS T3 column (100 × 2.1 mm, 1.8 μm) was used at a temperature of 40°C; the flow rate was set to 0.3 mL/min; the injection volume was 2 μL; and the solvent system comprised of Milli-Q water with 0.1% formic acid as phase A and acetonitrile with 0.1% formic acid as phase B. The gradient program was as follows: 0 min (100% phase A, 0% phase B), 1 min (100% phase A, 0% phase B), 12 min (5% phase A, 95% phase B), 13 min (5% phase A, 95% phase B), 13.1 min (100% phase A, 0% phase B), and 17 min (100% phase A, 0% phase B).
2.3.3 LC-MS/MS analysis
The Q Exactive HFX Hybrid Quadrupole Orbitrap mass spectrometer, equipped with a heated ESI source from Thermo Fisher Scientific, was used to record HRMS data using the Full-ms-ddMS2 acquisition methods. The ESI source was configured with the following parameters: a sheath gas pressure of 40 arb, an aux gas pressure of 10 arb, a spray voltage of either +3,000 V/−2,800 V, a temperature of 350°C, and an ion transport tube temperature of 320°C. The primary mass spectrometry scanning range was set to 70–1,050 Da, with a resolution of 70,000, while the secondary resolution was 17,500.
2.4 Network pharmacology analysis
2.4.1 Screening of active metabolites from the PSELNs
The metabolites of the PSELNs were compared with the active ingredients of the TCM in the Herb database (http://herb.ac.cn/), and screened under the condition of oral bioavailability (OB) ≥ 30% (Xiao et al., 2022). The screened active ingredients were the active metabolites of the PSELNs.
2.4.2 The PSELNs active metabolite targets and disease prediction
The PubChem CID and related data of the active metabolite were found in the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Then, in the MATMAN-TCM database (HomePage-BATMAN (ncpsb.org.cn)), the enriched target and diseases of the active metabolite were queried by the PubChem CID number, and the screening criteria was Score ≥20 and Adjusted P-value <0.5.
2.4.3 The PSELNs-target-disease analysis
BC was selected as the research object from the disease enrichment results. Firstly, through the GeneCards database (https://www.genecards.org/) and the OMIM database (https://www.omim.org/), target genes of BC were downloaded. The target genes of BC obtained from the two databases were merged, which were the potential targets of BC. Afterwards, the intersection of the enriched targets of active metabolites and the enriched targets of diseases were taken as the common target of both by Venny 2.1.0 (http://www.liuxiaoyuyuan.cn/). Then, in the STRING database (https://cn.string-db.org/), the potential targets were analyzed with “Homo sapiens” as the object, and the gene interaction network data was downloaded. The data was visualized in Cytoscape software (3.10.1), and the key targets were topologically analyzed through the Centiscape plug-in. Using “Betweenness, Closeness, Degree” as the screening criterion, the targets larger than the central value were analyzed for intersection. The final intersection target was the key targets of the selected the PSELNs against BC.
2.4.4 GO and KEGG enrichment analysis
The key targets were placed in the DAVID database (https://david.ncifcrf.gov/) for enrichment analysis using “H. sapiens” as the object. In the Gene Ontology (GO) section, biological process (BP), cellular component (CC), and molecular function (MF) were selected for analysis. The data was downloaded and sorted in descending order based on the Gene ratio. Under the condition of P < 0.05, the top 10 GO terms were selected as the research objects and visualized in the bioinformatics database. Similarly, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis were conducted in the Pathways section, with the top 20 pathways as the research subjects.
2.4.5 Construction of the active metabolite-target-pathway-disease network diagram
The key targets were analyzed in the STRING database using “H. sapiens” as the object, and the Protein-Protein Interaction (PPI) network diagram was downloaded. Then, the data of active metabolites, key targets, pathways, and BC were combined and processed, and the active metabolite-target-pathway-disease network diagram was drawn in Centiscape (2.2).
2.5 Bioinformatics analysis
Gene chip GSE233242 (n = 42) was selected as the research object in the GEO database, which contains both BC tissue samples (Tumor group) and adjacent tissue samples (Normal group). GEO2R was used for processing gene chip data, and data analysis was performed through the limma package in R. After obtaining gene expression data, the expression of key genes screened by network pharmacology in the gene chip was plotted as volcano maps and cluster heat maps. P < 0.05 and |logFC| ≥1.5 (Vyas et al., 2025) were used as criteria for screening targets. The GEPIA2 database (http://gepia2.cancer-pku.cn/) was used to analyze the single gene expression of the screened gene, the Kaplan-Meier Plotter online database (https://kmplot.com/analysis/) was used to analyze its prognosis in BC, and a survival analysis curve was drawn.
2.6 Molecular docking
The 3D structures of small-molecule compounds were retrieved from the PubChem database, while the 3D structures of proteins were sourced from the PDB database (https://www.rcsb.org/). AutoDockTools (1.5.7) was used for molecular docking simulations, and the Pymol software was used for result visualization.
2.7 Molecular dynamic (MD) simulation
MD simulation was used to evaluate the reliability of molecular docking results. The simulation was carried out through the Gromacs2022 program. The FAFF force field was used for small molecules, and the AMBER14SB force field and TIP3P water model were used for proteins. After the composite system of proteins and small molecules were constructed, the MD simulation was performed under constant temperature, pressure, and periodic boundary conditions. The simulation temperature was controlled to 298 K, and the pressure was 1 bar. NVT versus NPT equilibrium simulations at 100 ps were performed, and MD simulations at 100 ns were performed on the complex system, with conformation preservation every 10 ps. The simulated trajectories were analyzed using VMD and Pymol.
2.8 Cell experiments
2.8.1 Cell culture
MDA-MB-231 cells were purchased from Pricella Biotechnology Co., Ltd. (Wuhan, China). At 37°C and 5% CO2, MDA-MB-231 cells were cultivated in DMEM (CellMax, China) media supplemented with 10% fetal bovine serum (CellMax, China), 1% penicillin and streptomycin (Hyclone, United States).
2.8.2 CCK-8 method
MDA-MB-231 cells (5 × 103 cells/well) were placed in a 96-well plate and incubated in a 37 °C. After 24 h, the PSELNs with different protein concentrations were used to intervene in MDA-MB-231 cells, and the protein concentration of the PSELNs was measured by the BCA method. After continuing to culture for 24 h, the cell survival rate was calculated according to the CCK-8 method instructions.
3 RESULTS
3.1 Characterization of the PSELNs
After the PSELNs were extracted from the root of P. sibiricum by ultracentrifugation, TEM was used for morphological characterization of the PSELNs. As shown in Figure 2A, the PSELNs have a circular or tea tray-shaped bilayer structure, with a brighter outer layer and a darker inner layer, which is consistent with the morphological characteristics of PLENs reported previously (Luo et al., 2025). Furthermore, NTA was used to measure the particle size distribution of the PSELNs, and the result was shown in Figure 2B. It was found that the average particle size of the PSELNs was 142.4 nm, with the main peak corresponding to a particle size of 114 nm. The concentration of the diluted PSELNs measured was 9.55 ± 0.981 × 108 particles mL−1. Most of the detected PSELNs were distributed between 30–150 nm. In addition, the average Zeta potential of the PSELNs was −26.6 mV (Figure 2C). The above results indicate that the PSELNs have been successfully isolated.
[image: Figure 2]FIGURE 2 | (A) The TEM imaging (scale bar: 100 nm); (B) The particle size distribution detected by NTA; (C) The Zeta potential.
3.2 Proteomics analysis of the PSELNs
Based on proteomics, 18 proteins were identified from the PSELNs (Table 1), including ATP synthase subunit alpha, protein Ycf2, and Mannose/silica acid binding lectin. The successful detection of these protein components indicates that the PSELNs may play an important role in the growth regulation of Polygonatum sibiricum, and are also an important material basis for the pharmacological activity of the PSELNs.
TABLE 1 | Protein composition of the PSELNs.
[image: Table 1]3.3 Metabolite analysis of the PSELNs
Metabolomics technology based on UPLC-MS/MS was used for metabolite analysis of the PSELNs, and a total of 357 metabolites were identified (Figure 3A), including 139 lipids and their analogs. As shown in Figure 3B, prenol lipids account for 25.51%, steroids and steroid derivatives account for 8.5%, cinnamic acids and derivatives account for 3.4%, flavonoids account for 3.06%, lignan glycosides account for 1.7%, coumarins and derivatives account for 1.36%. To further clarify the active metabolites in the PSELNs, the detected metabolites were compared with the active ingredients in the Herb database and screened under the condition of OB score ≥30%. A total of 23 active metabolites were screened, and they were listed in Table 2.
[image: Figure 3]FIGURE 3 | (A) The number of metabolites detected in the PSELNs (n = 3); (B) Classification of metabolites detected in the PSELNs; (C) Enriched disease conditions.
TABLE 2 | Selected active metabolites of the PSELNs.
[image: Table 2]The 23 active metabolites selected through screening were enriched for diseases in the MATMAN-TCM database, concerning the OMIM and TTD databases. The top 10 diseases in the enrichment results were shown in Figure 3C. The related diseases enriched in the TTD database include Analgesics, Cancer (unspecific), Asthma, Hypertension, Breast cancer, Inflammation, Cardiovascular disease (unspecified), Schizophrenia, Depression, Atherosclerosis. The relevant diseases enriched in the OMIM database include Renal Tubular Dysgenesis, Hypertension (Essential), Obesity, Asthma, Diabetes Mellitus (Noninsulin-Dependent), Schizophrenia, Neural Tube Defects (Folate-Sensitive), Pheochromocytoma (Susceptibility To), Breast Cancer, Glycine Encephalopathy. Two of the databases jointly enriched diseases, including Schizophrenia, Breast Cancer, and Hypertension.
3.4 Network pharmacology analysis of PSELNs-BC
The GeneCards database and the OMIM database were used to obtain BC-targets. Among them, 18,182 BC-targets were obtained through the GeneCards database. The data was sorted in descending order based on the relevance score, and the top 2,000 targets were selected. And 513 BC-targets were obtained through the OMIM database. The target genes obtained from the OMIM database and GeneCards database were merged to remove duplicates, and 2,369 BC-targets were obtained.
The 23 active metabolites of the PSELNs were enriched for disease targets in the MATMAN-TCM database, and a total of 603 targets were identified from the active metabolites. These targets could be considered as the targets of PSELNs. The BC-targets and PSELNs-targets were combined, and intersection targets were taken to obtain 122 common targets, which were potential targets of PSELNs against BC (Figure 4A). The interaction network of 122 targets was obtained through the STRING database, and Cytoscape software (3.10.1) was used to obtain key targets. As shown in Figure 4B, a total of 23 key targets were identified based on the centrality values of Betweenness (122.6393), Closeness (0.0042), and Degree (20.7377). These key targets mainly include IL1B, PPARG, HMGCR, CAV1, AKT1, TNF, ESR1, etc., 23 key targets were analyzed for their interaction relationships in the STRING database using “Homo sapiens” as the research object, and a PPI network was obtained (Figure 4C). There was a total of 23 nodes (network nodes representing proteins) and 196 edges (edges representing protein-protein associations), with an average node degree of 17, and PPI enrichment p-value <1.0 e−16.
[image: Figure 4]FIGURE 4 | Network pharmacology analysis. (A,B) PSELNs-targets and BC-targets; (C) PPI network; (D) GO analysis; (E) KEGG analysis; (F) Active metabolite-target-pathway-disease network diagram.
GO and KEGG analyses were used to explore the potential mechanism of the PSELNs against BC. GO enrichment analysis was performed at BP, MF, and CC levels, and the top 10 results were shown in Figure 4D. Within the BP category, the target proteins were primarily involved in the positive regulation of DNA-templated transcription, the positive regulation of protein phosphorylation, and the negative regulation of gene expression. In the CC class, the target proteins were categorized as protein-containing complex, plasma membrane, nucleoplasm, etc. The MF class target proteins were mainly involved in enzyme binding, protein binding, and identical protein binding. KEGG analysis enriched the key signal pathways of the PSELNs against BC, as shown in Figure 4E, including the MAPK signaling pathway, PI3K-AKT signaling pathway, and AMPK signaling pathway. The active metabolite-target-pathway-disease network diagram is shown in Figure 4F.
3.5 Bioinformatics analysis
In the GEO database, gene chip GSE233242 was the target chip, and the differentially expressed genes of BC tissue samples and paracancerous tissue samples were shown in Figure 5A. The 23 key targets screened by network pharmacology were searched in the gene chip, and 21 genes were found to have differential expression (Figure 5B). The key targets were screened under the conditions of P < 0.05 and |log FC| ≥ 1.5, and only 4 genes showed significant differences in expression, namely, Caveolin-1 (CAV1), Estrogen-receptor one (ESR1), Fibroblast growth factor 2 (FGF2) and peroxisome proliferator-activated receptor gamma (PPARG). In the single gene analysis of these 4 genes, as shown in Figures 5C–F, except for ESR1, which was significantly upregulated in BC, CAV1, FGF2, and PPARG were all significantly downregulated in BC. Interestingly, in the prognostic analysis of these 4 genes, their expression levels were positively correlated with survival status (Figures 5G–J).
[image: Figure 5]FIGURE 5 | (A) Volcanic map of differential genes in BC tissue samples (n = 42); (B) Heat map of differentially expressed genes; (C–F) analysis of gene expression levels; (G–J) survival analysis diagram. (T = Tumor, N = Normal).
3.6 Molecular docking
Based on the screened core targets, 6 small-molecule compounds were found to bind to the active metabolites. A molecular docking binding energy of less than 0 indicates that small molecules can spontaneously bind to proteins, while a binding energy of less than −5 kcal/mol indicates that the binding between small molecules and proteins is relatively stable (García Molina et al., 2023; Li et al., 2022). The docking results were shown in Figures 6A–H, indicating that 5 active metabolites can spontaneously bind to core targets. Among them, Stearidonic acid can stably bind to FGF2, Sedanolide can bind to ESR1, Linolenic acid can bind to FGF2, Baicalein can bind to PPARG, and 6-Gingerol can stably bind to ESR1.
[image: Figure 6]FIGURE 6 | Molecular docking.
3.7 Molecular dynamic simulation
MD simulation was carried out on the composite structure with relatively stable binding in the molecular docking results, through Root Mean Square Deviation (RMSD) analysis, Radius of Gyration (Rg) analysis, and Buried Solvent Accessible Surface Area (Buried SASA) analysis. It was found that the binding of sedanolide and ESR1, Baicalein and PPARG, and 6-Gingerol and ESR1 can remain stable, as shown in Figure 7.
[image: Figure 7]FIGURE 7 | The results of the MD simulation. (A–C): RMSD analysis, Rg analysis, and Buried SASA analysis of Sedanolide-ESR1 in sequence; (D–F): RMSD analysis, Rg analysis, and Buried SASA analysis of Baicalein-PPARG in sequence; (G–I): RMSD analysis, Rg analysis, and Buried SASA analysis of 6-Gingerol-ESR1 in sequence.
3.8 In vitro validation of CCK-8 method
The CCK-8 method was used to study the effect of the PSELNs on the proliferation of breast cancer MDA-MB-231 cells. As shown in Figure 8, the survival rate of MDA-MB-231 cells was significantly reduced after intervention with the PSELNs of different concentrations (P < 0.001). This preliminarily confirmed that the PSELNs have significant anti-BC activity in vitro, which was consistent with the results of our previous bioinformatics analysis.
[image: Figure 8]FIGURE 8 | Survival rate of MDA-MB-231 cells at 24 h under different concentrations of the PSELNs (n = 5, ***P < 0.001).
4 DISCUSSION
In recent years, the research on exosomes has spread from human sources to plant sources, and more and more researchers have begun to pay attention to PELNs. In addition to botanists focusing on the information regulatory role of PELNs in the plant itself, more medical scholars are exploring their enormous potential in the field of medicine, mainly including their direct application in disease treatment and as drug carriers (Dad et al., 2021). The PELNs have their unique advantages, such as easy accessibility, non-immunogenic, exceptional biocompatibility, biodegradability, and capability to bypass biological barriers, etc (Han et al., 2022; Zhu et al., 2023). The most fundamental aspect of studying PELNs is their extraction and separation. Currently, the most commonly used method is the ultracentrifugation method (Ou et al., 2023). In this study, we extracted the PSELNs using ultracentrifugation and characterized the extracted PSELNs using TEM, NTA, and the Zeta potential.
Currently, omics technologies are extensively applied in the study of PELNs. For instance, Chen et al. utilized lipidomics and metabolomics to analyze exosome-like nanoparticles derived from tea leaves, revealing their richness in phosphatidylcholine, phosphatidylmethanol, polyphenols, and flavonoid compounds (Chen et al., 2023). After isolating the PSELNs, metabolomics based on LC-MS/MS was used for preliminary analysis of their components. The results showed that the most abundant components in the PSELNs were various lipid molecules, including prenol lipids (25.51%), fatty acyls (11.9%), steroids and steroid derivatives (8.5%). Lipids were essential components of lipid bilayer structures of the PELNs (Dhar et al., 2024). And lipids are crucial for the stability, uptake, and other biological functions of the PELNs. In addition, components such as leucine, baicalein, linolenic acid, adenine, etc., were detected in the PSELNs. This was the first time that the PSELNs have been extracted and analyzed for their composition, but there were also significant limitations in this work, such as not analyzing nucleic acid molecules such as miRNA through other technical means. Overall, the analysis of the PSELNs components was still not comprehensive enough. However, the detected metabolites laid a certain foundation for the subsequent study of the pharmacological activity of the PSELNs.
Given the complexity of TCM ingredients and their multi-target approach to disease treatment, network pharmacology is frequently employed in research on TCM’s therapeutic applications (Hu et al., 2023; Liu T. et al., 2024). Due to the complexity of the PELN’s components, we have applied network pharmacology for the first time to predict their pharmacological activity. After screening the metabolites detected by the metabolomics, the diseases that the PELNs may treat were predicted based on the active metabolites, mainly including Schizophrenia, Breast Cancer, and Hypertension. There have been studies on BC by Polygonatum sibiricum. For example, P. sibiricum component liquiritigenin restrains BC cell invasion and migration by inhibiting HSP90 and chaperone-mediated autophagy (Xu et al., 2024). Polysaccharide-rich extract from P. sibiricum protects hematopoiesis in bone marrow suppressed by triple-negative BC (Xie et al., 2021). We select BC as the research disease, and continue to study the mechanism of the PSELNs against BC through network pharmacology. The screened active metabolites in the PSELNs, such as linolenic acid and baicalein, have been found to have anti-BC activity. α-linolenic acid can inhibit the migration of human triple-negative BC cells by reducing the expression of Twist1 and inhibiting Twist1-mediated epithelial-mesenchymal transition (Wang et al., 2020). Baicalein induces apoptosis and autophagy of BC cells via inhibiting the PI3K/AKT pathway in vivo and in vitro (Yan et al., 2018). This further suggests the potential of the PSELNs in anti-BC. KEGG analysis enriched the key signaling pathway of the PSELNs against BC, including the MAPK signaling pathway and PI3K-AKT signaling pathway. The work found that the MAPK signaling pathway and PI3K-AKT signaling pathway play an important role in the occurrence and development of BC, and drugs can play an anti-BC role by regulating them (Liu et al., 2023; Miricescu et al., 2020). For example, Soyasaponin Ag inhibits triple-negative BC progression via targeting the DUSP6/MAPK signaling (Huang et al., 2021). Syringin can play an anti-BC role by regulating PI3K-AKT pathways (Wang et al., 2022). This suggests that the MAPK signaling pathway and PI3K-AKT signaling pathway may play an important role in the anti-BC effect of the PSELNs.
Through network pharmacology analysis, 23 key targets of the PSELNs against BC were screened, including PPARG, ESR1, FGF2, CAV1, etc. Gene chip analysis of key genes revealed that CAV1, FGF2, and PPARG exhibited lower expression in BC tissue samples compared to adjacent non-cancerous samples, whereas ESR1 showed higher expression. Notably, the expression levels of all 4 core proteins were positively associated with survival outcomes. These targets play an important role in the occurrence and development of BC. For example, PPARG may reduce the development of BC by regulating the immune microenvironment (Li et al., 2023; Wu et al., 2021). FGF2 from cancer-associated fibroblasts stimulates the growth and progression of human BC cells through FGFR1 signaling (Suh et al., 2020). Tumor-derived CAV1 promotes pre-metastatic niche formation and lung metastasis in BC (Wang Y. et al., 2023). ESR1 in BC is a very important target, and ESR1 mutation plays an important role in drug response and disease prognosis (Kingston et al., 2024; Dustin et al., 2019). Molecular docking technology was used to further validate the binding of these 4 core targets to active metabolites in the PSELNs. Among them, Stearidonic acid binds well to FGF2, Sedanolide binds well to ESR1, Linolenic acid binds well to FGF2, Baicalein binds well to PPARG, and 6-Gingerol binds well to ESR1. In further MD simulations, Sedanolide and ESR1, Baicalein and PPARG, 6-Gingerol and ESR1 can maintain stable binding. The final cell experiment confirmed the inhibitory effect of the PSELNs on BC. However, although this work has preliminarily validated the composition and anti-tumor pharmacological activity of the PSELNs, further in vivo and in vitro experiments are still needed for exploration.
5 CONCLUSION
This study used ultracentrifugation to extract the PSELNs and characterized them using TEM, NTA, and the Zeta potential. Then, through proteomics and metabolomics analysis of the PSELNs, a total of 18 proteins and 357 metabolites were identified. The targets of active metabolites were used to predict the anti-BC activity of the PSELNs. Network pharmacology analysis shows that the anti- BC mechanism of the PSELNs involves MAPK signaling pathway and PI3K-AKT signaling pathway. Molecular docking and MD simulations have confirmed that the anti-BC effect of PSELNs may be related to the binding of Sedanolide and ESR1, Baicalein and PPARG, 6-Gingerol and ESR1. The inhibitory effect of the PSELNs on BC was verified by the CCK-8 method. This study analyzed the components of PSELNs and preliminarily explored their potential pharmacological activities in anti- BC, providing a new direction for the development and utilization of P. sibiricum resources from the perspective of exosome-like nanoparticles.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
TM: Conceptualization, Methodology, Writing – original draft. YY: Conceptualization, Methodology, Writing – original draft. BS: Conceptualization, Methodology, Writing – original draft. ZL: Writing – original draft, Validation. FR: Writing – original draft, Data curation. LW: Writing – original draft, Visualization. SZ: Visualization, Writing – original draft. JZ: Funding acquisition, Supervision, Writing – review and editing. QC: Funding acquisition, Supervision, Writing – review and editing. JL: Funding acquisition, Supervision, Writing – review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This research was funded by the Science and Technology Planning Project of Shenzhen Municipality (No. JCYJ20210305163906017), the Sanming Project of Medicine in Shenzhen (No. SZZYSM202106004), the National Natural Science Foundation of China (No. 82272960), the Natural Science Foundation of Hubei Provincial Department of Education (No. B2023108, B2023109), the Health and Medical Scientific Research Project of Shenzhen Bao’an Medical Association (No. BAYXH2024038, BAYXH2024039), the Scientific and Technological Project of Shiyan City of Hubei Province (No. 24Y138, 24Y139) and the Youth Talent Project of Sinopharm Dongfeng General Hospital (No. 2023Q01, 2023Q02).
ACKNOWLEDGMENTS
The authors would like to thank the professional cooperative of rare Chinese herbal medicine farmers in Longwangzhai (Shiyan, Hubei, China) for providing Polygonatum sibiricum. We also thank the Electron Microscopy Center, Biomedical Research Institute, Hubei University of Medicine for providing TEM services for the characterization of the PSELNs in this work.
GENERATIVE AI STATEMENT
The authors declare that no Generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2025.1559758/full#supplementary-material
REFERENCES
 Boccia, E., Alfieri, M., Belvedere, R., Santoro, V., Colella, M., Del Gaudio, P., et al. (2022). Plant hairy roots for the production of extracellular vesicles with antitumor bioactivity. Commun. Biol. 5, 848. doi:10.1038/s42003-022-03781-3
 Chen, Q., Zu, M., Gong, H., Ma, Y., Sun, J., Ran, S., et al. (2023). Tea leaf-derived exosome-like nanotherapeutics retard breast tumor growth by pro-apoptosis and microbiota modulation. J. Nanobiotechnology 21, 6. doi:10.1186/s12951-022-01755-5
 Dad, H. A., Gu, T. W., Zhu, A. Q., Huang, L. Q., and Peng, L. H. (2021). Plant exosome-like nanovesicles: emerging therapeutics and drug delivery nanoplatforms. Mol. Ther. 29 (1), 13–31. doi:10.1016/j.ymthe.2020.11.030
 Dhar, R., Mukerjee, N., Mukherjee, D., Devi, A., Jha, S. K., and Gorai, S. (2024). Plant-derived exosomes: a new dimension in cancer therapy. Phytother. Res. 38, 1721–1723. doi:10.1002/ptr.7828
 Dustin, D., Gu, G., and Fuqua, S. A. W. (2019). ESR1 mutations in breast cancer. Cancer 125, 3714–3728. doi:10.1002/cncr.32345
 García Molina, P., Antonio Teruel Puche, J., Luis Muñoz Muñoz, J., Neptuno Rodriguez Lopez, J., García Canovas, F., and García Molina, F. (2023). Considerations on the action of polyphenoloxidase on 4-hydroxy-cinnamic acid. Molecular docking simulation. Food Chem. 429, 136982. doi:10.1016/j.foodchem.2023.136982
 Han, J., Wu, T., Jin, J., Li, Z., Cheng, W., Dai, X., et al. (2022). Exosome-like nanovesicles derived from Phellinus linteus inhibit Mical2 expression through cross-kingdom regulation and inhibit ultraviolet-induced skin aging. J. Nanobiotechnology 20, 455. doi:10.1186/s12951-022-01657-6
 Hazrati, H., Kudsk, P., Ding, L., Uthe, H., and Fomsgaard, I. S. (2022). Integrated LC-MS and GC-MS-based metabolomics reveal the effects of plant competition on the rye metabolome. J. Agric. Food Chem. 70, 3056–3066. doi:10.1021/acs.jafc.1c06306
 Hu, Y., Chen, L., Zhao, S., Feng, R., Cao, X., Chen, G., et al. (2023). Transcriptomics, proteomics, metabolomics and network pharmacology reveal molecular mechanisms of multi-targets effects of Shenxianshengmai improving human iPSC-CMs beating. Clin. Transl. Med. 13, e1302. doi:10.1002/ctm2.1302
 Huang, S., Huang, P., Wu, H., Wang, S., and Liu, G. (2021). Soyasaponin Ag inhibits triple-negative breast cancer progression via targeting the DUSP6/MAPK signaling. Folia Histochem. Cytobiol. 59, 291–301. doi:10.5603/fhc.a2021.0029
 Hwang, J. H., Park, Y. S., Kim, H. S., Kim, D. H., Lee, S. H., Lee, C. H., et al. (2023). Yam-derived exosome-like nanovesicles stimulate osteoblast formation and prevent osteoporosis in mice. J. Control Release 355, 184–198. doi:10.1016/j.jconrel.2023.01.071
 Jokar, N., Velikyan, I., Ahmadzadehfar, H., Rekabpour, S. J., Jafari, E., Ting, H. H., et al. (2021). Theranostic approach in breast cancer: a treasured tailor for future oncology. Clin. Nucl. Med. 46, e410–e420. doi:10.1097/rlu.0000000000003678
 Kim, J., Li, S., Zhang, S., and Wang, J. (2022). Plant-derived exosome-like nanoparticles and their therapeutic activities. Asian J. Pharm. Sci. 17, 53–69. doi:10.1016/j.ajps.2021.05.006
 Kim, J., Zhu, Y., Chen, S., Wang, D., Zhang, S., Xia, J., et al. (2023). Anti-glioma effect of ginseng-derived exosomes-like nanoparticles by active blood-brain-barrier penetration and tumor microenvironment modulation. J. Nanobiotechnology 21, 253. doi:10.1186/s12951-023-02006-x
 Kingston, B., Pearson, A., Herrera-Abreu, M. T., Sim, L. X., Cutts, R. J., Shah, H., et al. (2024). ESR1 F404 mutations and acquired resistance to fulvestrant in ESR1-mutant breast cancer. Cancer Discov. 14, 274–289. doi:10.1158/2159-8290.cd-22-1387
 Li, D. H., Liu, X. K., Tian, X. T., Liu, F., Yao, X. J., and Dong, J. F. (2023). PPARG: a promising therapeutic target in breast cancer and regulation by natural drugs. PPAR Res. 2023, 4481354. doi:10.1155/2023/4481354
 Li, T., Guo, R., Zong, Q., and Ling, G. (2022). Application of molecular docking in elaborating molecular mechanisms and interactions of supramolecular cyclodextrin. Carbohydr. Polym. 276, 118644. doi:10.1016/j.carbpol.2021.118644
 Liu, R., Zhang, X., Cai, Y., Xu, S., Xu, Q., Ling, C., et al. (2024a). Research progress on medicinal components and pharmacological activities of polygonatum sibiricum. J. Ethnopharmacol. 328, 118024. doi:10.1016/j.jep.2024.118024
 Liu, S., Zhang, F., Liang, Y., Wu, G., Liu, R., Li, X., et al. (2023). Nanoparticle (NP)-mediated APOC1 silencing to inhibit MAPK/ERK and NF-κB pathway and suppress breast cancer growth and metastasis. Sci. China Life Sci. 66, 2451–2465. doi:10.1007/s11427-022-2329-7
 Liu, T., Wang, J., Tong, Y., Wu, L., Xie, Y., He, P., et al. (2024b). Integrating network pharmacology and animal experimental validation to investigate the action mechanism of oleanolic acid in obesity. J. Transl. Med. 22, 86. doi:10.1186/s12967-023-04840-x
 Luo, L., Qiu, Y., Gong, L., Wang, W., and Wen, R. (2022). A review of polygonatum mill. Genus: its taxonomy, chemical constituents, and pharmacological effect due to processing changes. Molecules 27 (15), 4821. doi:10.3390/molecules27154821
 Luo, X., Zhang, X., Xu, A., Yang, Y., Xu, W., Cai, M., et al. (2025). Mechanistic insights into the anti-glioma effects of exosome-like nanoparticles derived from Garcinia mangostana L: a metabolomics, network pharmacology, and experimental study. Int. J. Nanomedicine 20, 5407–5427. doi:10.2147/ijn.s514930
 Miricescu, D., Totan, A., Stanescu-Spinu, I. I., Badoiu, S. C., Stefani, C., and Greabu, M. (2020). PI3K/AKT/mTOR signaling pathway in breast cancer: from molecular landscape to clinical aspects. Int. J. Mol. Sci. 22 (1), 173. doi:10.3390/ijms22010173
 Mu, N., Li, J., Zeng, L., You, J., Li, R., Qin, A., et al. (2023). Plant-derived exosome-like nanovesicles: current progress and prospects. Int. J. Nanomedicine 18, 4987–5009. doi:10.2147/ijn.s420748
 National Cancer Institute (2021). SEER*Stat database: incidence - SEER 18 registries research data (2000-2018). Bethesda, MD: National Cancer Institute. 
 Ou, X., Wang, H., Tie, H., Liao, J., Luo, Y., Huang, W., et al. (2023). Novel plant-derived exosome-like nanovesicles from Catharanthus roseus: preparation, characterization, and immunostimulatory effect via TNF-α/NF-κB/PU.1 axis. J. Nanobiotechnology 21, 160. doi:10.1186/s12951-023-01919-x
 Rossi, L., Mazzara, C., and Pagani, O. (2019). Diagnosis and treatment of breast cancer in young women. Curr. Treat. Options Oncol. 20, 86. doi:10.1007/s11864-019-0685-7
 Suh, J., Kim, D. H., Lee, Y. H., Jang, J. H., and Surh, Y. J. (2020). Fibroblast growth factor-2, derived from cancer-associated fibroblasts, stimulates growth and progression of human breast cancer cells via FGFR1 signaling. Mol. Carcinog. 59, 1028–1040. doi:10.1002/mc.23233
 Sun, Z., Wang, Y., Pang, X., Wang, X., and Zeng, H. (2023). Mechanisms of polydatin against spinal cord ischemia-reperfusion injury based on network pharmacology, molecular docking and molecular dynamics simulation. Bioorg. Chem. 140, 106840. doi:10.1016/j.bioorg.2023.106840
 Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 71, 209–249. doi:10.3322/caac.21660
 Vyas, H. K. N., Hoque, M. M., Xia, B., Alam, D., Cullen, P. J., Rice, S. A., et al. (2025). Transcriptional signatures associated with the survival of Escherichia coli biofilm during treatment with plasma-activated water. Biofilm 9, 100266. doi:10.1016/j.bioflm.2025.100266
 Wang, F., Yuan, C., Liu, B., Yang, Y. F., and Wu, H. Z. (2022). Syringin exerts anti-breast cancer effects through PI3K-AKT and EGFR-RAS-RAF pathways. J. Transl. Med. 20, 310. doi:10.1186/s12967-022-03504-6
 Wang, K., Liu, X., Cai, G., Gong, J., Guo, Y., and Gao, W. (2023a). Chemical composition analysis of Angelica sinensis (Oliv.) Diels and its four processed products by ultra-high-performance liquid chromatography coupled with quadrupole-orbitrap mass spectrometry combining with nontargeted metabolomics. J. Sep. Sci. 46, e2300473. doi:10.1002/jssc.202300473
 Wang, S. C., Sun, H. L., Hsu, Y. H., Liu, S. H., Lii, C. K., Tsai, C. H., et al. (2020). α-Linolenic acid inhibits the migration of human triple-negative breast cancer cells by attenuating Twist1 expression and suppressing Twist1-mediated epithelial-mesenchymal transition. Biochem. Pharmacol. 180, 114152. doi:10.1016/j.bcp.2020.114152
 Wang, Y., Li, Y., Zhong, J., Li, M., Zhou, Y., Lin, Q., et al. (2023b). Tumor-derived Cav-1 promotes pre-metastatic niche formation and lung metastasis in breast cancer. Theranostics 13, 1684–1697. doi:10.7150/thno.79250
 Wu, J., Luo, M., Chen, Z., Li, L., and Huang, X. (2021). Integrated analysis of the expression characteristics, prognostic value, and immune characteristics of PPARG in breast cancer. Front. Genet. 12, 737656. doi:10.3389/fgene.2021.737656
 Xiao, G., Zeng, Z., Jiang, J., Xu, A., Li, S., Li, Y., et al. (2022). Network pharmacology analysis and experimental validation to explore the mechanism of Bushao Tiaozhi capsule (BSTZC) on hyperlipidemia. Sci. Rep. 12 (1), 6992. doi:10.1038/s41598-022-11139-2
 Xiaowei, C., Wei, W., Hong, G., Hui, C., Xiaofei, Z., Haonan, W., et al. (2019). Review of Polygonatum sibiricum: a new natural cosmetic ingredient. Pharmazie 74, 513–519. doi:10.1691/ph.2019.9438
 Xie, Y., Jiang, Z., Yang, R., Ye, Y., Pei, L., Xiong, S., et al. (2021). Polysaccharide-rich extract from Polygonatum sibiricum protects hematopoiesis in bone marrow suppressed by triple negative breast cancer. Biomed. Pharmacother. 137, 111338. doi:10.1016/j.biopha.2021.111338
 Xu, S., Ma, Z., Xing, L., and Cheng, W. (2024). Polygonatum sibiricum component liquiritigenin restrains breast cancer cell invasion and migration by inhibiting HSP90 and chaperone-mediated autophagy. Korean J. Physiol. Pharmacol. 28, 379–387. doi:10.4196/kjpp.2024.28.4.379
 Yan, W., Ma, X., Zhao, X., and Zhang, S. (2018). Baicalein induces apoptosis and autophagy of breast cancer cells via inhibiting PI3K/AKT pathway in vivo and vitro. Drug Des. Devel. Ther. 12, 3961–3972. doi:10.2147/dddt.s181939
 Yang, Z., Zhang, Q., Yu, L., Zhu, J., Cao, Y., and Gao, X. (2021). The signaling pathways and targets of traditional Chinese medicine and natural medicine in triple-negative breast cancer. J. Ethnopharmacol. 264, 113249. doi:10.1016/j.jep.2020.113249
 Zhang, P., Zhang, D., Zhou, W., Wang, L., Wang, B., Zhang, T., et al. (2023). Network pharmacology: towards the artificial intelligence-based precision traditional Chinese medicine. Brief. Bioinform . 25, bbad518. doi:10.1093/bib/bbad518
 Zhao, L., Zhang, H., Li, N., Chen, J., Xu, H., Wang, Y., et al. (2023). Network pharmacology, a promising approach to reveal the pharmacology mechanism of Chinese medicine formula. J. Ethnopharmacol. 309, 116306. doi:10.1016/j.jep.2023.116306
 Zhao, P., Zhao, C., Li, X., Gao, Q., Huang, L., Xiao, P., et al. (2018). The genus Polygonatum: a review of ethnopharmacology, phytochemistry and pharmacology. J. Ethnopharmacol. 214, 274–291. doi:10.1016/j.jep.2017.12.006
 Zhao, X., Patil, S., Qian, A., and Zhao, C. (2022). Bioactive compounds of polygonatum sibiricum -therapeutic effect and biological activity. Endocr. Metab. Immune Disord. Drug Targets 22, 26–37. doi:10.2174/1871530321666210208221158
 Zhu, M. Z., Xu, H. M., Liang, Y. J., Xu, J., Yue, N. N., Zhang, Y., et al. (2023). Edible exosome-like nanoparticles from portulaca oleracea L mitigate DSS-induced colitis via facilitating double-positive CD4+CD8+T cells expansion. J. Nanobiotechnology 21, 309. doi:10.1186/s12951-023-02065-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Ming, Yang, Shang, Li, Ren, Wu, Zhang, Zhu, Chen and Liu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-13-1559758-g005.gif





OPS/images/fchem-13-1559758-g006.gif
Stados s ARGl Skl Scudonc TG Dukig iy £33 ksl

Adamine CAFHDecking By 421 esiiinh: edingmrel ER 1 Deskli afiniye 555 Muabmall:





OPS/images/fchem-13-1559758-g003.gif
Disease Analysis






OPS/images/fchem-13-1559758-g004.gif





OPS/images/fchem-13-1559758-t001.jpg
Number rotein IDs otein names

1 H6X2Q5 ATP synthase subunit alpha atpl
2 AOAOF7CICO Ribulose bisphosphate carboxylase large chain tel.
3 R4QNF5 Ribulose bisphosphate carboxylase large chain rbel.
4 AOA7M3VSD5 DNA-directed RNA polymerase subunit beta” 1poCl
5 ADAOSIRPSG Protein Ycf2 yei2
6 A0A290D937 Protein TIC 214 yefl
7 QIM654 Ribosome-inactivating protein PMRIPm RIPm
8 Q8L568 Mannose/sialic acid-binding lectin -

9 AOAASIRGT7 ATP synthase subunit alpha, chloroplastic atpA.
10 AOAICOHCCY ATP synthase subunit beta atpB
1 ADAASIRJW9 Small ribosomal subunit protein uS11c wpsil
12 167 Cytochrome b cob
13 AOAASINPN4 DNA-directed RNA polymerase subunit beta” 1poC2
14 AOAASIRHII Small ribosomal subunit protein uS7c 1ps7
15 AOAASIRL6 NAD(P)H-quinone oxidoreductase subunit H, chloroplastic ndhH
16 AOAGB7HES4 Maturase K matk.
17 AOAOSIRQI3 NAD(P)H-quinone oxidoreductase subunit 5, chloroplastic ndhF
18 AOAASINP50 Large ribosomal subunit protein uL22c pl22






OPS/images/fchem-13-1559758-g007.gif





OPS/images/fchem-13-1559758-g008.gif
MDA-MB-231

- xﬂ...

EEEEEE]

Concentration (ug/mL)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Understanding mechanisms of Polygonatum sibiricum-derived exosome-like nanoparticles against breast cancer through an integrated metabolomics and network pharmacology analysis		Background

		Methods

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Isolation and characterization of the PSELNs

		2.2 Proteomics

		2.3 Metabolomics

		2.4 Network pharmacology analysis

		2.5 Bioinformatics analysis

		2.6 Molecular docking

		2.7 Molecular dynamic (MD) simulation

		2.8 Cell experiments





		3 Results		3.1 Characterization of the PSELNs

		3.2 Proteomics analysis of the PSELNs

		3.3 Metabolite analysis of the PSELNs

		3.4 Network pharmacology analysis of PSELNs-BC

		3.5 Bioinformatics analysis

		3.6 Molecular docking

		3.7 Molecular dynamic simulation

		3.8 In vitro validation of CCK-8 method





		4 Discussion

		5 Conclusion

		Data availability statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Chemistry

Understanding mechanisms of
Polygonatum sibiricum-derived
exosome-like nanoparticles
against breast cancer through
an integrated metabolomics and
network pharmacology analysis





OPS/images/fchem-13-1559758-g001.gif





OPS/images/fchem-13-1559758-g002.gif





OPS/images/fchem-13-1559758-t002.jpg
Numbe Ingredient nai redient formula  Molecular weight (g/mol) OB score (%)  PubChem CID

1 Leucinol CgHysNO 117.19 72.67,415,654 111,307

2 Syringaldehyde CoHi04 182,17 67.0609,961 8,655

3 Adenine CHNg 13513 62.80,583,588 190

4 Sedanolide CiaHys0; 19427 62.45,827,708 5,018,391
5 Panaxydol CiH10; 260399 616,659,941 126312
6 Danshenol B CaHigOy 3544 57.9,508,753 3,083,515
7 14-deoxyandrographolide CaoHsuO, 3344 563,040,973 11,624,161
8 Deoxyandrographolide CaoHsuO, 3344 563,010,973 90,476,183
9 Quinic acid CH O, 192,17 559,042,283 6,508
10 Cedryl acetate CiHusO; 2644 53.9,615.708 13,918,856
1 Vanillin CHO, 15215 51.99,600,777 1183
12 Stearidonic acid CisHas0, 2764 457,751,736 5312,508
13 Linolenic acid CiaHaO; 2784 45.00906,591 5280934
14 Griffonilide CsHO,4 168.15 43.15,190,768 100,341
15 Maesanin CaHaiO, 3625 427,499,821 5,384,838
16 Betaine CsH; NO, 117.15 40.92,229,672 247

17 Eucommiol CoHigO4 188.22 40.16,705,584 154,373
18 Isovanillic acid CaHO,4 168.15 39.42,393,771 12,575
19 6-gingerol CirHa04 2944 35.63,854787 442,793
20 Vanillic acid GO 168.15 35.47,235,319 8,468
21 Indican CuHNO, 29529 34.90,438,578 441,564
2 Baicalein CisHi10s 27024 33.51,891,869 5,281,605
2 Ethyl brevifolincarboxylate CisHi0g 32025 308,553,161 5,487,248










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Chemistry





