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A B S T R A C T

Background: Chelidonium majus l., a traditional herbal medicine listed in the Pharmacopoeia of China (2025), has 
remarkable anticancer properties. Chelidonine (CHE), its primary bioactive alkaloid, can inhibit the proliferation 
of breast cancer (BC) cells; however, whether its antitumor effect in BC is mediated through regulating M2 
macrophage polarization remains unexplored.
Purpose: To investigate the effect of CHE on M2 macrophage polarization in BC and to identify key molecular 
targets and pathways involved in its immunomodulatory effects.
Methods: The effect of CHE on tumour progression was evaluated in vivo using a 4T1 BCE mouse model. In 
addition, the effects of CHE on M2 macrophage polarization were investigated both in vitro and in vivo via 
immunofluorescence and Western blotting. Coculture assays were conducted to elucidate the mechanism by 
which CHE exerts antiproliferative and antimetastatic effects through the inhibition of M2 macrophage polari
zation. An integrated analysis of network pharmacology, single-cell, and bulk RNA-seq data was performed to 
identify potential molecular targets of CHE in the suppression of M2 macrophage polarization. Molecular 
docking, Western blotting, and ELISA were utilized for target validation to elucidate the roles in M2 macrophage 
polarization.
Results: CHE effectively impeded tumour progression in BC mice. Both in vitro and in vivo experiments demon
strated that CHE significantly inhibited M2 macrophage polarization, as evidenced by the altered expression of 
key polarization markers, including CD86, CD206, Arg-1, and CD11c. Under coculture conditions, CHE disrupted 
the mitochondrial membrane potential and compromised membrane integrity in BC cells, triggering pyroptosis 
via activation of the NLRP3/Caspase-1/GSDMD signaling axis. Additionally, CHE attenuated the epi
thelial–mesenchymal transition (EMT) process, thus reducing the migratory and invasive capacities of BC cells. 
An integrated analysis of network pharmacology, single-cell, and bulk RNA sequencing data revealed FBP1 as a 
potential molecular target through which CHE suppresses M2 macrophage polarization. Molecular docking 
studies revealed a relatively strong binding affinity between CHE and FBP1. Experimental validation further 
confirmed that CHE downregulated the expression of FBP1 and its downstream target p-STAT3 in macrophages, 
thereby inhibiting M2 polarization.
Conclusions: CHE might suppress M2 polarization and tumour progression by targeting FBP1. These findings 
highlight its potential as a therapeutic agent in immunotherapy and BC treatment.

Introduction

Breast cancer (BC) is the most prevalent malignancy worldwide, with 
its global burden steadily increasing over the past several decades 
(Arnold et al., 2022). Contemporary therapeutic strategies for BC 
include surgery, neoadjuvant chemotherapy, adjuvant chemotherapy, 

radiation therapy, immunotherapy, and molecular targeted therapy 
(Waks and Winer, 2019). Despite significant advancements in these 
medical approaches, challenges such as high recurrence rates, limited 
efficacy in metastatic cases, and drug resistance remain substantial 
hurdles in clinical management (Park et al., 2022). These limitations 
have prompted researchers to explore alternative therapeutic strategies, 
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including natural compounds derived from traditional Chinese medicine 
(TCM), which offer potential for holistic and innovative treatment ap
proaches (Qu et al., 2025).

Chelidonium majus l. (CM), a traditional herbal medicine belonging to 
the Papaveraceae family, has been traditionally used in Chinese medi
cine for its analgesic, antitussive, and detoxifying properties (Chinese 
Pharmacopoeia Commission, 2025). Clinically, CM is often combined 
with Corydalis yanhusuo to form a commonly used herbal pair in tradi
tional Chinese medicine to serve as an adjuvant treatment for tumours 
(Yu, 2010). Among its active constituents, chelidonine (CHE) has 
attracted significant attention due to its notable anticancer properties 
(Zou et al., 2014). The anticancer drug Ukrain, with CHE as its primary 
active component, has shown significant therapeutic potential across a 
range of malignancies, including bladder, breast, pancreatic, rectal, and 
colorectal cancers. Its efficacy has been demonstrated both as a stand
alone therapy and in combination with standard chemotherapeutic 
agents or ionizing radiation (Ernst and Schmidt, 2005). Ukrain was 
evaluated by the National Cancer Institute (USA) as part of its drug 
screening program under the designation NSC 631570 (Panzer et al., 
2000). Furthermore, the use of Ukrain as a cancer immunostimulant has 
been shown to enhance the immune function of cancer patients, 
accompanied by clinical improvements in disease progression (Nowicky 
et al., 1991). These findings align with the traditional use of CM in 
alleviating tumour-associated symptoms (Yu, 2010), providing a strong 
rationale for further investigation into the molecular mechanisms and 
therapeutic potential of CHE. Recent studies have demonstrated that 
CHE suppressed cell proliferation and induced M phase arrest and 
mitotic catastrophe in BC cells by regulating the AKT/FOXO3/FOXM1 
axis (Li et al., 2024). Moreover, CHE has been shown to reverse doxo
rubicin resistance in BC by inducing pyroptosis via the 
NLRP3/Caspase-1/GSDMD signaling pathway (Zou et al., 2025a). CHE 
could effectively overcome the resistance of MCF-7/ADR cells to ADR by 
targeting the PDGFRb/PI3K/Akt axis (Zou et al., 2025b). Beyond BC, 
CHE exhibits broad-spectrum anticancer activity, including inducing 
apoptosis in pancreatic cancer cells via the p53-GADD45A pathways 
(Jang et al., 2021), inhibiting gefitinib-resistant non-small cell lung 
cancer cells via the EGFR–AMPK signaling pathway (Xie et al., 2020), 
and enhancing the efficacy of lenvatinib in hepatocellular carcinoma 
(Hou et al., 2019). However, most current studies focus on the direct 
antitumour effects of CHE, with limited research exploring its role in 
modulating the tumor immune microenvironment (TME), particularly 
through macrophage polarization.

TME consists of cancer cells and their neighboring stromal, endo
thelial, and immune cells, plays a pivotal role in cancer initiation, pro
gression, and therapeutic resistance (Deepak et al., 2020). TME 
influences key processes such as proliferation, angiogenesis, apoptosis 
inhibition, immune suppression, and drug resistance (Elhanani et al., 
2023). Among the cellular components within the TME, macrophages 
stand out as key contributors, exhibiting functional plasticity and being 
broadly classified into two phenotypes: M1 macrophages, which 
demonstrate antitumour properties, and M2 macrophages, which pro
mote tumour growth and metastasis (Gou et al., 2021). The majority of 
tumor-associated macrophages (TAMs) in the TME exhibit an M2-like 
phenotype, contributing to immune suppression, enhanced angiogen
esis, and tumour progression. For example, cytokines such as interleukin 
4 (IL-4), interleukin 10 (IL-10), and transforming growth factor β 
(TGF-β) can drive M2 polarization, which is closely associated with an 
immunosuppressive TME and poor clinical outcomes in BC patients 
(Gou et al., 2021). Modulating macrophage polarization within the TME 
has thus emerged as an attractive therapeutic strategy for improving 
immune responses and enhancing the efficacy of anticancer therapies. 
However, effective therapeutic options that can reshape the immune 
landscape of the TME remain limited. These findings underscore the 
need to explore bioactive natural products with immunomodulatory 
potential, particularly those capable of restoring antitumour immunity 
through macrophage reprogramming.

In this study, we focused on the potential of CHE as a novel thera
peutic agent for BC, particularly because of its effects on macrophage 
polarization within the TME. By integrating network pharmacology, 
single-cell RNA sequencing (scRNA-seq), bulk transcriptomic data and 
experimental validation, we aimed to elucidate the molecular mecha
nisms by which CHE exerts its antitumour effects. This study not only 
expands our understanding of the immunomodulatory functions of CHE 
but also provides a scientific foundation for the development of CHE- 
based therapeutic strategies for BC prevention and treatment.

Materials and methods

Cell cultures

4T1-luc cells were obtained from Shanghai Meixuan Biological Sci
ence and Technology Co., Ltd., and cultured in RPMI 1640 medium 
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin- 
streptomycin (PS). The E0771 cell line was purchased from Jingyuan 
Bio and maintained in DMEM supplemented with 10 % FBS and 1 % PS. 
Similarly, the murine monocyte/macrophage cell line RAW264.7, pro
vided by the Engineering Research Center on Natural Antineoplastic 
Drugs, Ministry of Education, was cultured in DMEM containing 10 % 
FBS and 1 % PS. All cell lines were maintained in a humidified incubator 
at 37 ◦C with 5 % CO₂ and 95 % air.

Animal handling and experimental design

animals
Female BALB/c mice (8 weeks old, 20–22 g) were obtained from 

Liaoning Changsheng Biotechnology Co., Ltd. (License No. SCXK[Liao] 
2020–0001). The mice were housed in a well-ventilated facility under 
controlled conditions: a constant temperature of 25 ± 1 ◦C, relative 
humidity of 50 ± 10 %, and a 12-hour light/dark cycle. Bedding was 
changed every two days. All experimental procedures were approved by 
the Ethics Committee for Experimental Animals at Harbin University of 
Commerce (Approval No. HSDYXY-2024032).

Establishment of BC models and intervention strategies
After a one-week acclimatization period, female BALB/c mice were 

subcutaneously injected with 1 × 106 4T1-luc cell into the right axillary 
region. Once the solid tumors reached a volume of 50–100 mm³, the 
mice were randomly divided into five groups, with ten mice in each 
group. The experimental groups were as follows: the model group 
(treated with distilled water), the cyclophosphamide (CTX) group, 
which received CTX (H22022673, Tonghua Maoxiang Pharmaceutical 
Co., Ltd.) at a dose of 10 mg/kg daily, and three CHE-treated groups, 
which were administered CHE (DST220428-079, ≥98 % purity, ob
tained from Shanghai Yuan Ye Bio-Technology Co., Ltd.) at varying 
doses via daily oral gavage. CHE doses were selected based on literature 
(Hou et al., 2019) and preliminary experiments: the high dose (CHEH, 
20 mg/kg) was confirmed to exert significant antitumor efficacy without 
hepatotoxicity/nephrotoxicity (assessed via HE staining), while medium 
(CHEM, 10 mg/kg) and low (CHEL, 5 mg/kg) doses were set as 50 % and 
25 % of the high dose to explore dose-response relationships. A control 
group consisting of non-tumor-bearing mice received distilled water. 
Tumor dimensions were measured every three days using calipers, and 
both the length (l) and width (W) were recorded for each measurement. 
Tumor volume (V) was calculated using the formula: V = (l × W²)/2 (Li 
et al., 2021). After 14 days of treatment, various parameters were 
assessed. Blood samples were collected from the orbital sinus of all mice, 
and spleen, lung, and tumor tissues from each group were harvested and 
weighed following standard protocols.

In vivo imaging of tumor progression in small animal models

Mice were anesthetized with isoflurane (R510-22-16, Shenzhen 
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Rayward Life Technology Co., Ltd.) and placed on a temperature- 
controlled imaging stage to ensure physiological stability during in 
vivo imaging. To stimulate bioluminescence, d-luciferin (2 mg/100 μl, 
C₁₁H₇KN₂O₃S₂, Dalian Belgreen Biotechnology Co., Ltd.) was adminis
tered via intraperitoneal injection, following standard protocols. After 
10 min under anesthesia, mice were transferred to the IVIS Lumina III 
system (PerkinElmer) for imaging. Bioluminescent signals were detected 
and recorded using optimized exposure parameters. Data acquisition 
and signal quantification were performed using dedicated software for in 
vivo imaging analysis.

Hematoxylin and eosin (H&E) staining

Tissue samples, including those from tumors, lungs, liver, and kid
neys, were fixed in 10 % neutral-buffered formalin (202307558, Aobo 
Biotechnology Co., Ltd.) at room temperature for 24 hours. After fixa
tion, the samples underwent a graded ethanol dehydration process (70 
%, 80 %, 90 %, 95 %, and 100 %) and were subsequently embedded in 
paraffin. The paraffin-embedded tissues were sectioned into 5-μm slices 
and mounted on glass slides. To prepare the slides for staining, they were 
dewaxed in xylene and rehydrated through a descending ethanol 
gradient. Hematoxylin and eosin (H&E) staining was performed 
(H648599, Shanghai Aladdin Biochemical Technology Co., Ltd.), where 
hematoxylin stained nuclei blue, and eosin colored the cytoplasm pink. 
Following staining, the slides were dehydrated, cleared, and cover
slipped for analysis. Tissue morphology and cellular details were 
observed under a light microscope.

Immunofluorescence (IF)

Tissue sections were fixed in 4 % paraformaldehyde at room tem
perature for 30 min, followed by permeabilization with 0.03 % Triton X- 
100 (G3068, Servicebio) at 37 ◦C for another 30 min. To reduce 
nonspecific binding, the slides were blocked using 5 % Bovine Serum 
Albumin (BSA) (GC305010, Servicebio) for 1 hour at 37 ◦C. Primary 
antibodies targeting Cluster of Differentiation 86 (CD86) (DF6332, Af
finity) and Cluster of Differentiation 206 (CD206) (DF4149, Affinity) 
were applied at optimized dilutions and incubated overnight at 4 ◦C. 
After washing with Phosphate-Buffered Saline (PBS), species-specific 
fluorescent secondary antibodies were added and incubated for 90 
min at 37 ◦C. Nuclei were counterstained with a working solution of 4′,6- 
diamidino-2-phenylindole (DAPI) (G1012, Servicebio) for 10 min at 37 
◦C. The slides were subsequently mounted using buffered glycerol and 
analyzed under a fluorescence microscope to visualize the expression of 
cellular markers.

Immunohistochemistry (IHC)

Tumour tissue sections were fixed in 4 % paraformaldehyde at room 
temperature for 30 min, followed by antigen retrieval in citrate buffer 
(pH 6.0) at 95 ◦C for 15 min. After cooling to room temperature, the 
sections were permeabilized with 0.1 % Triton X-100 for 10 min. To 
reduce nonspecific binding, slides were blocked with 10 % normal goat 
serum for 30 min at 37 ◦C. Primary antibodies against Ki67 (AF0198, 
Affinity) and CD31 (AF8016, Affinity) were applied at optimized di
lutions and incubated overnight at 4 ◦C. The following day, sections 
were washed with PBS and incubated with HRP-conjugated secondary 
antibodies for 1 hour at 37 ◦C. After additional PBS washes, staining was 
developed with a DAB substrate kit (G1211, Servicebio) until optimal 
intensity was achieved. Nuclei were counterstained with hematoxylin 
for 1 min, and slides were dehydrated through graded ethanol, cleared 
in xylene, and mounted with neutral balsam. Stained sections were 
analyzed under a light microscope to evaluate marker expression.

Cell cytotoxicity assay

Cells were plated in 96-well plates and exposed to a range of CHE 
concentrations for 48 hours. After treatment, 10 μl of Cell Counting Kit-8 
(CCK-8) reagent (K101823133EF5E, APExBIO) was added per well, 
followed by a 4-hour incubation at 37 ◦C. Absorbance at 450 nm was 
then measured using a microplate reader to determine cell viability.

Effect of CHE on the macrophage M2 polarization

Experimental procedure for M2 polarization of RAW264.7 macrophages
RAW264.7 cells were resuspended in serum-free DMEM at a density 

of 5 × 105 cells/ml and seeded into a 6-well plate. Following a 24-hour 
adhesion period, IL-4 (032423230328, Shanghai Biyuntian Biotech
nology Co., Ltd.) was supplemented at a concentration of 20 ng/ml to 
induce M2 polarization.

Observation of cellular morphological changes using optical microscopy
RAW264.7 macrophages in the logarithmic phase were suspended in 

serum-free DMEM and seeded into a 6-well plate. After 24 hours, the 
supernatant was removed, and the cells were washed with PBS. M2 
polarization was induced with IL-4 and incubated for 48 hours. The 
polarization status was assessed by optical microscopy. CHE was then 
administered to the M2-polarized macrophages at predetermined con
centrations of 6, 12, and 24 μM, and the cells were incubated for 48 
hours. After treatment, the medium was removed, and cells were rinsed 
with PBS to eliminate any remaining treatment agents. Cellular 
morphology was evaluated by optical microscopy, and representative 
fields were documented.

Detection of macrophage CD206 expression by fluorescence microscope
RAW 264.7 cells were cultured, grouped, and treated as outlined in 

Section 2.8.2. Fixation was performed using 1 ml of 4 % para
formaldehyde for 30 min, followed by permeabilization with 200 μl of 
0.5 % Triton X-100 for 20 min. The cells were then blocked with 500 μl 
of 3 % FBS for 30 min and incubated overnight at 4 ◦C with 200 μl of 
anti-CD206 antibody (4000000538, Wuhan Abebio Science Co.). The 
next day, unbound primary antibody was washed off with PBS, and 200 
μl of FITC-conjugated goat anti-rabbit IgG secondary antibody (A0562, 
Beyotime) was added. After a 1-hour incubation in the dark, nuclei were 
counterstained with DAPI (1 μg/ml) for 5 min. Fluorescence intensity 
was observed under a fluorescence microscope, with images captured 
from three random fields per group. Quantitative analysis was con
ducted using ImageJ software.

Preparation of conditioned media from RAW264.7 macrophages

RAW264.7 macrophages were polarized into the M2 phenotype as 
described in Section “2.8.1″. After polarization, culture supernatants 
were collected from both control (M0) and M2-polarized macrophage 
(M2), centrifuged at 1000r for 5 min to remove cell debris, and designed 
as conditioned media (CM). Each CM was mixed with RPMI 1640 me
dium (with 10 % FBS) at a 1:1 ratio and used in subsequent experimental 
to assess the effects of macrophage-derived factors under different po
larization conditions on target cells.

Evaluation of the effect of CHE on cell proliferation of BC pretreated with 
CM

Cell colony formation assay
4T1 cells were seeded in 6-well plates at a density of 500 cells/ml, 

with 2 ml of cell suspension per well. After 24 hours, the medium was 
replaced with CM and cultured for another 24 hours. CHE was then 
administered at concentrations of 6, 12, and 24 µM for 48 hours. 
Following treatment, the CHE-containing medium was removed, and 
cells were rinsed and maintained in fresh RPMI 1640 medium, which 
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was replaced every 2–3 days. Cultures were continued for 15–21 days 
until colony formation. For analysis, colonies were fixed with 4 % 
paraformaldehyde, stained with 0.1 % crystal violet, and washed to 
remove excess dye. After air drying, colonies were photographed. This 
approach was used to assess the effects of CHE on 4T1 cell proliferation 
within a simulated tumor microenvironment.

DAPI staining for morphology assessment
4T1 cells and E0771 in the logarithmic growth phase were seeded 

into 6-well plates at a density of 2 × 10⁵ cells/ml, with 2 ml per well. 
After 24 hours, the growth medium was replaced with CM and cultured 
for another 24 hours. Subsequently, the CM was aspirated, and cells 
were exposed to CHE at 6, 12, and 24 µM for 48 hours, while the control 
group received fresh medium. After treatment, cells were rinsed three 
times with PBS and fixed with 4 % paraformaldehyde for 10 min, fol
lowed by additional PBS washes. A 1 μg/ml DAPI solution was then 
applied, and cells were incubated at room temperature in the dark for 
10–15 min to stain the nuclei. Excess dye was removed by PBS washing, 
and nuclear morphology was observed under a fluorescence microscope. 
Changes such as chromatin condensation and nuclear fragmentation 
were assessed based on DAPI fluorescence signals.

Mitochondrial membrane potential analysis
4T1 cells were cultured, grouped, and treated as outlined in Section 

2.10.2. The mitochondrial membrane potential was evaluated using a 
JC-1 assay kit (120822230407, Shanghai Biyuntian Biotechnology Co., 
Ltd.) following the manufacturer’s protocol and observed under a 
fluorescence microscope.

LDH release analysis
4T1 cells and E0771 cells were cultured, grouped, and treated as 

outlined in Section 2.10.2. Lactate dehydrogenase (LDH) release was 
quantified using the LDH Cytotoxicity Assay Kit (030016230506, 
Shanghai Biyuntian Biotechnology Co., Ltd.) following the manufac
turer’s protocol. Absorbance at 490 nm was recorded with a microplate 
reader to determine the extent of LDH release.

Evaluation of the effect of CHE on cell metastatic of BC pretreated with 
CM

Scratch wound healing assay
Cells were grown to confluence in 6-well plates, and a sterile 200 µl 

pipette tip was used to scratch the monolayer in a "#" pattern. After 
rinsing three times with PBS, initial images were captured using a light 
microscope. The cells were then pre-cultured in CM for 24 hours, fol
lowed by treatment with CHE at concentrations of 6, 12, and 24 µM. 
Additional images were taken at 24, 48, and 72 hours. Cell migration 
was quantified using ImageJ by measuring scratch widths, and the 
percentage of wound closure was calculated to evaluate the inhibitory 
effects of CHE.

Transwell chamber assay
4T1 cells and E0771cells were pre-cultured in CM for 24 hours and 

subsequently treated with CHE (6, 12, and 24 µM) for 48 hours to 
evaluate its impact on cell invasiveness under inflammatory conditions. 
In parallel, Matrigel was thawed overnight at 4 ◦C, diluted with RPMI 
1640, and applied to Transwell inserts. After solidification for 6 hours, 
the inserts were prepared to mimic the extracellular matrix. Treated 
cells were then seeded into the Matrigel-coated inserts, with RPMI 1640 
containing 10 % FBS added to the lower chamber as a chemoattractant. 
Following a 24-hour incubation, cells on the upper surface of the inserts 
were removed, while invasive cells were fixed, stained with crystal vi
olet, and imaged. The number of invading cells was quantified using 
ImageJ to determine the effects of CHE on the invasive potential of cells.

Network pharmacology and transcriptomic analysis

Network pharmacology and omics data collection
CHE targets were identified and predicted through a network 

pharmacology-based approach utilizing the Traditional Chinese Medi
cine Systems Pharmacology Database (TCMSP) (Ru et al., 2014) and the 
PharmMapper database (He et al. 2024). Gene names were standardized 
and converted according to the UniProt database (UniProt Consortium, 
2023). Single-cell transcriptomic data for breast tissue were retrieved 
from the Gene Expression Omnibus (GEO) database (Barrett et al., 2013) 
under accession number GSE161529 (Pal et al., 2021). This dataset 
comprises 69 scRNA-seq profiles, representing 421,761 cells from 52 
patients, spanning normal, preneoplastic, and tumorigenic states. For 
this study, we selected a subset of 14 healthy breast tissue samples and 
14 breast cancer (BC) tissue samples. The BC samples represent the 
major clinical subtypes, including 5 triple-negative breast cancer 
(TNBC) cases, 4 estrogen receptor-positive (ER+) cases, 4 human 
epidermal growth factor receptor 2-positive (HER2+) cases, and 1 
progesterone receptor-positive (PR+) case.

Single cell differential gene expression analysis
Single-cell transcriptomic data from healthy and breast cancer (BC) 

tissues were analyzed using the Seurat package in R. Quality control 
measures excluded low-quality cells, which were defined as those with 
fewer than 200 detected genes, >10 % mitochondrial gene expression, 
or potential doublet contamination (Hao et al., 2024). The data were 
normalized using the “LogNormalize” method, and batch effects were 
addressed using the reciprocal principal component analysis (RPCA) 
method. Following normalization, dimensionality reduction was per
formed using principal component analysis (PCA), and cellular pop
ulations were visualized with t-distributed stochastic neighbor 
embedding (t-SNE) or uniform manifold approximation and projection 
(UMAP). Cell subpopulations were identified using a graph-based clus
tering algorithm, and cell types were annotated using the SingleR 
package (Aran et al., 2019) in conjunction with the CellMarker2 data
base (Hu et al., 2023). Samples were stratified into cancer and healthy 
cohorts, and pseudo-bulk data were generated by aggregating expres
sion profiles of identical cell types across groups. Differential gene 
expression analysis was performed using the Seurat FindMarkers func
tion, with statistical testing conducted via the DESeq2 package. DESeq2 
model gene expression counts using a negative binomial distribution 
and applies the Benjamini-Hochberg procedure to control the false dis
covery rate. Differentially expressed genes (DEGs) were identified using 
an adjusted p-value threshold of 0.05 and an absolute log2 fold change (| 
log2FC|) > 1, criteria widely adopted in single-cell transcriptomics to 
ensure the robustness and biological relevance of results. Differentially 
expressed genes between groups within the same cell type were inter
sected with CHE target data to identify potential targets through which 
CHE may influence this cell type in the tumor microenvironment.

Bulk transcriptomic analysis
In this study, differential expression analysis of publicly available 

RNA sequencing data related to breast cancer (BC) was performed using 
the GEPIA2 N platform, an online tool based on TCGA and GTEx data
sets. GEPIA2 enables the comparison of gene expression between BC and 
normal tissues (Tang et al., 2019). The "Differential Genes" function 
within the "Expression Analysis" module was employed to analyze the 
datasets. Significantly differentially expressed genes were identified 
using the Analysis of Variance (ANOVA) method. The identified genes 
were intersected with CHE targets in macrophages, which were previ
ously identified through single-cell differential gene expression analysis, 
to derive the final set of CHE targets in the BC microenvironment. 
Additionally, the "General" section of GEPIA2 was applied for quick gene 
searches and to examine their differential expression across various 
cancer types.
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Molecular docking

Compound structure files were retrieved from the PubChem database 
(Kim, 2016). The ligand Chelidonine (PubChem CID: 197810) was 
converted from SDF to PDB format using Open Babel 2.3.2 and further 
prepared in AutoDockTools by adding hydrogen atoms, assigning partial 
charges, detecting rotatable bonds, and exporting to PDBQT format. 
Receptor protein structures were obtained from the Protein Data Bank 
(PDB) database. The receptors used in this study were 7CVH (Human 
Fructose-1,6-bisphosphatase 1 in complex with geranylgeranyl diphos
phate) and 3A29 (Crystal structure of human liver FBPase in complex 
with a tricyclic inhibitor). Receptor preprocessing involved removing 
water molecules, metal ions, and ligands using PyMOL 2.3.4 ("remove 
organic" command). Hydrogen atoms and partial charges were added 
using AutoDockTools, and the receptors were saved in PDBQT format. 
The active binding sites of the receptors were identified based on the 
positions of their co-crystallized ligands. Using PyMOL, the binding site 
coordinates were determined by selecting the known ligand and calcu
lating the center of mass with the command “print (cmd.centerofmass 
("sele"))”. The grid box for docking simulations was configured using the 
following parameters: size_x = 22.5, size_y = 22.5, size_z = 22.5. Mo
lecular docking simulations were performed using AutoDock Vina 1.1.2 
(Eberhardt et al., 2021). The vina –config.txt command was used to 
execute the docking process. Docking results were analyzed using the 
Protein-Ligand Interaction Profiler (PLIP) (Schake et al.) to evaluate 
interactions, and the docking poses were visualized using PyMOL.

ELISA assay

The concentrations of interleukin 1β (IL-1β) and interleukin 6 (IL-6) 
in supernatants and homogenates were determined using ELISA kits 
(Wuhan Abebio Science Co., Ltd.) following the manufacturer’s proto
col. Supernatants, collected by centrifugation at 3000 × g for 10 min and 
stored at − 20 ◦C, were thawed and diluted prior to analysis. Absorbance 
at 450 nm was measured with a microplate reader to complete the assay.

Western blotting assay

Tissues and cells were lysed in a lysis buffer containing PMSF (1:99, 
G2008, Servicebio) and incubated on ice for 15 min. The lysates were 
centrifuged at 12,000 rpm for 15 min at 4 ◦C, and the supernatants were 
collected. Total protein content was measured using a BCA protein assay 
kit (P0009, Beyotime) for quantification and normalization. Equal 
amounts of protein (20 μg) were resolved on 8− 15 % SDS-PAGE gels and 
transferred to nitrocellulose (NC) membranes (FFN08, Beyotime).

The membranes were trimmed according to the molecular weights of 
the target proteins, blocked with 5 % skim milk at room temperature for 
2 hours, and incubated overnight at 4 ◦C with specific primary anti
bodies, including CD206 (A8301, ABclonal.), Arg-1 9 (A1847, ABolo
nal), CD11c (WL05177, Wanleibio), NLRP3 (WL02635, Wanleibio), 
GSDMD (ab219800, abcam), GSDMDN (A20197, ABclonal), IL-18 
(A23076, ABclonal), Caspase-1 (AF5418, Affinity Biosciences), 
Cleaved-Caspase 1 (AF4005, Affinity Biosciences), E-cadherin 
(WL01482, Wanleibio), N-cadherin (WL01047, Wanleibio), UEGFA 
(WL00009b, Wanleibio), MMP2 (WL03224, Wanleibio), Snail (A11794, 
ABclonal), Slug (A1057, ABclonal), FBP1 (YP-Ab-18296, UpingBio). 
STAT3 (bsm-52235R, Bioss antibodies), p-STAT3 (bs-1658R, Bioss an
tibodies), IL-6 (WL02841, Wanleibio), IL-1β (WL02257, Wanleibio), 
GAPDH (A19056, ABclonal), β-actin (AC026, ABclonal), α-tubulin 
(A6830, ABclonal), β-tubulin (YP-Ab-02968, UpingBio). After a 2-hour 
incubation with secondary antibodies at room temperature, immuno
reactive bands were visualized using a gel imaging system following 
detection with enhanced chemiluminescence (ECL, P0018M, Beyotime).

Cell transfection

The day before transfection, RAW 264.7 cells were seeded in 6-well 
plates and incubated overnight to ensure the cell confluency reached 
approximately 70 % on the day of transfection. The siFBP1 (8470, 
GenePharma) powder was dissolved in nuclease-free water to a final 
concentration of 10 µM. For each well, 42.5 µl of buffer was added to a 
sterile nuclease-free EP tube, followed by 75 pmol of siFBP1. The 
mixture was pipetted up and down to ensure thorough mixing. Then, 15 
µl of Plus transfection reagent was added to the siFBP1 premix, and the 
mixture was immediately pipetted several times to form siFBP1/Plus 
complexes. The prepared siFBP1/Plus complexes were added dropwise 
to the cells, followed by gentle manual shaking to ensure even distri
bution. The cells were then returned to the incubator and cultured under 
standard conditions (37 ◦C, 5 % CO₂) for further experiments as per the 
experimental design.

Reverse-transcription quantitative polymerase chain reaction (RT-qPCR)

Following the termination of cell culture, total RNA was isolated 
using Trizol reagent (Invitrogen, Carlsbad, CA, USA) in accordance with 
the manufacturer’s instructions. The target gene primers were synthe
sized by Sangon Biotech (Shanghai, China), with the specific sequences 
as follows: Forward primer: GCATCGCACAGCTCTATGGT, Reverse 
primer: ACAGGTAGCGTAGGACGACT. For cDNA synthesis, 1 μg of RNA 
served as the template. Reverse transcription was carried out using the 
PrimeScript™ RT Master Mix (Perfect Real Time, RR037A, TaKaRa) 
under low-temperature conditions, strictly following the kit protocol. 
Quantitative PCR was performed using the TB Green™ Premix Ex Taq™ 
kit (RR420A) on a StepOnePlus™ Real-Time PCR System. The reaction 
mixture (15 μl) consisted of 7.5 μl of TB Green™ Premix, 0.3 μl of each 
10 μM primer, 1 μl of cDNA template, and nuclease-free water to reach 
the final volume. PCR cycling conditions were set as: 95 ◦C for 30 s for 
initial denaturation, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 
30 s for annealing/extension. Each sample was tested in triplicate for 
reliability, with β-actin used as the reference gene. The relative 
expression of mRNA was quantified using the 2-ΔΔCT method.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 8. Results 
are expressed as the mean ± standard deviation (SD) from a minimum of 
three independent experiments. Comparisons at the same time point 
were analyzed using the independent samples t-test or one-way ANOVA. 
Post-hoc comparisons between groups were conducted with the LSD 
test. Statistical significance was set at p < 0.05, with p < 0.01 indicating 
high significance.

Results

CHE decelerates the growth of BC in vivo

To assess the potential of CHE in alleviating tumour growth in vivo, a 
breast cancer (BC) model was established by inoculating 4T1-luc cells 
into the axillary region of mice (Fig. 1B). Throughout the experiment, 
the body weight of mice in the control group remained stable and 
showed a gradual increase. In the Model group, the body weight of mice 
slightly increased in the early stages but then gradually decreased over 
time. After the administration of CHE in various groups, the body weight 
of mice showed a less pronounced decrease compared to the Model 
group. In contrast, treatment with CTX led to a pronounced weight loss 
in mice compared to the Model group (Fig. 1C). At the end of the 
treatment period, we assessed tumor size in the IVIS Lumina III system 
for imaging. The results illustrated that the Model group exhibited the 
highest tumor fluorescence signal intensity. In contrast, CHE treatment 
significantly decreased fluorescence signal intensity in a dose-dependent 
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Fig. 1. CHE inhibits tumor growth in BC mice. (A) The chemical structure of CHE. (B) Schematic of the in vivo experimental protocol. (C) The weight of the mice (n =
10). (D) Bioluminescence imaging of tumor-bearing mice (n = 3). (E)Tumor volume changes (n = 10). (F) Tumor photo of mice. (G) Tumor weight (n = 10). (H) 
Spleen index (n = 10). (I) H&E staining of tumor tissues (40X, scale bar=100 µm, n = 3). (J) H&E staining of Lung tissues (20X, scale bar=200 µm, n = 3). (K) H&E 
staining of liver and kidney tissues (20X, scale bar=200 µm, n = 3). CHEL represents the low dose of chelidonine (5 mg/kg), CHEM represents the medium dose of 
chelidonine (10 mg/kg), CHEH represents the high dose of chelidonine (20 mg/kg), and CTX represents cyclophosphamide. *p < 0.05, **p < 0.01 vs. the control 
group; #p < 0.05, ##p < 0.01 vs. the model group; ns, not significant.
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manner. The CTX group exhibited an even greater reduction in fluo
rescence intensity compared to any of the CHE-treated groups (p < 0.01, 
Fig. 1D). Tumor volume was measured every three days, and a growth 
curve was generated. By day 15 after 4T1 cell inoculation, tumor vol
umes in the CHE-treated groups were significantly smaller than those in 
the Model group. The CTX group also demonstrated strong tumor 
growth suppression (Fig. 1E). The excised tumors showed that the Model 
group had the largest volume. CHE treatment reduced tumor size in a 
dose-dependent manner, while the CTX group exhibited the smallest 
tumors, consistent with the fluorescence signal intensity results 
(Fig. 1F). Tumor weight measurements further confirmed that CHE 
treatment significantly reduced tumor weight in a dose-dependent 
manner compared to the Model group. Notably, the CTX group dis
played a more substantial reduction in tumor weight than any of the 
CHE-treated groups (p < 0.01, Fig. 1G). These findings indicate that CHE 
treatment effectively suppresses tumor growth in BC mice.

To investigate whether the tumor-suppressive effects of CHE are 
associated with immune modulation, the spleen index was evaluated 
across different groups. Compared to the Normal group, mice in the 
Model group exhibited significant spleen enlargement, suggesting that 
increased tumor burden may induce overactivation of the immune sys
tem. CHE treatment alleviated splenomegaly, suggesting that it may 
reduce immune overactivation or mitigate tumor-induced immune 
stimulation through immunomodulatory mechanisms. Similarly, the 
CTX group demonstrated a significant reduction in spleen index 
compared to the Model group. However, the spleen index in the CTX 
group was lower than that in the CHEH group, indicating a more pro
nounced effect of CTX in reducing splenomegaly (p < 0.05 or p < 0.01, 
Fig. 1H). In summary, CHE treatment may improve splenomegaly by 
reducing immune burden or modulating the immune response.

HE staining revealed clear pathological differences among the 
groups. In the Model group, tumor cells were densely packed, with intact 
nuclei and minimal signs of degeneration, indicating active tumor 
growth. In the CHEL group, mild pathological changes were observed, 
including slight nuclear shrinkage (pyknosis) and sporadic chromatin 
condensation. The CHEM group showed more evident features of nu
clear degeneration, such as increased pyknosis and occasional nuclear 
fragmentation (karyorrhexis). The CHEH group exhibited the most 
pronounced pathological changes among the CHE-treated groups, 
including significant nuclear damage, cytoplasmic disintegration, and 
disrupted cell membranes, suggesting enhanced anti-tumor effects. The 
CTX group, in contrast, displayed widespread and uniform pathological 
changes, including extensive nuclear fragmentation, chromatin 
condensation, and cytoplasmic damage. Overall, CHE treatment induced 
dose-dependent tumor cell damage, particularly at higher doses 
(Fig. 1I).

The analysis of lung metastasis among the different treatment groups 
revealed distinct pathological features. In the Control group, which was 
not inoculated with tumor cells, the lung tissue displayed normal alve
olar structures without any evidence of metastatic lesions. In the Model 
group, lung tissues exhibited extensive metastatic nodules, with dense 
clusters of tumor cells infiltrating the alveolar spaces, indicating sig
nificant tumor burden. Treatment with CHE demonstrated dose- 
dependent reductions in lung metastases. In the CHEL group, the met
astatic burden was moderately reduced, with fewer and smaller tumor 
nodules compared to the Model group. The CHEM group showed further 
reductions in tumor infiltration, with clearer alveolar structures and 
smaller metastatic lesions. Notably, the CHEH group exhibited the most 
marked improvement among the CHE-treated groups, with minimal 
tumor cell infiltration and nearly normal lung morphology, suggesting 
strong anti-metastatic effects at higher doses. The CTX group also 
demonstrated significant anti-metastatic effects, with a reduction in 
metastatic nodules and preservation of alveolar structures. However, the 
lung morphology in the CTX group showed slightly more residual 
damage compared to the CHEH group, possibly due to the higher 
toxicity of CTX. In summary, CHE treatment effectively reduced lung 

metastases in a dose-dependent manner, with the CHEH group achieving 
results comparable to those of CTX, but with potentially lower toxicity 
(Fig. 1J).

The HE staining of liver and kidney tissues in the CHEH group was 
analyzed to evaluate potential toxicity at high CHE doses. Liver tissues in 
the CHEH group displayed well-preserved lobular architecture, with 
distinct hepatic cords and intact central veins. No signs of hepatocyte 
necrosis, inflammatory infiltration, or structural abnormalities were 
observed, indicating an absence of hepatotoxicity. Similarly, kidney 
tissues showed well-preserved glomerular and tubular structures 
without evidence of glomerular atrophy, tubular necrosis, or inflam
matory cell infiltration, suggesting no nephrotoxicity (Fig. 1K).

Overall, the results of these in vivo experiments indicate that CHE can 
alleviate tumour growth in BC mice and inhibit metastasis, with the 
CHEH group showing particularly remarkable efficacy. The mechanism 
of action is likely mediated by a combination of direct anti-tumor effects 
and immune system modulation, underscoring the potential of CHE as a 
promising therapeutic agent for BC treatment. To further investigate 
these findings, we aimed to elucidate the underlying mechanisms of 
CHE’s anti-tumor activity, with a particular focus on its immunomod
ulatory effects within the tumor immune microenvironment (TME). 
Given that tumor-associated macrophages (TAMs) predominantly adopt 
a pro-tumoral M2 phenotype, which promotes immune suppression and 
tumour progression, we hypothesized that CHE may exert its effects by 
regulating macrophage polarization.

CHE suppresses M2 macrophage polarization

The experimental results showed that CD206 fluorescence expres
sion was strongly detected in tumor tissues of the model group, indi
cating significant polarization of M2 macrophages. After CHE treatment, 
the number of CD206-positive cells was notably reduced, suggesting that 
M2 macrophage polarization was inhibited. Following CTX treatment, 
CD206 fluorescence signals were further diminished. In contrast, CD86 
expression in the model group was relatively weak, indicating a lower 
presence of M1 macrophages. After CHE administration, no significant 
changes in CD86 expression were observed at low and medium doses, 
while its fluorescence expression significantly increased at high doses. 
CTX treatment also resulted in a marked increase in CD86 expression. 
These findings suggest that CHE has the potential to regulate macro
phage polarization. (P<0.01, Fig. 2A).

Furthermore, Western blot analysis was employed to examine the 
expression of polarization marker proteins in the tumor tissues of BC 
model mice. The study disclosed that in the Model group, CD206 and 
Arg-1 proteins were highly expressed, while CD86 expression was low. 
However, following CHE administration, the expression levels of CD206 
and Arg-1 significantly decreased, while the expression level of CD86 
increased significantly. After CTX administration, protein expression 
levels exhibited a similar trend to those observed with CHE treatment 
but were more pronounced. (p < 0.05 or p < 0.01, Fig. 2B). This in
dicates that CHE has the ability to inhibit M2 macrophage polarization 
and promote M1 macrophage polarization in vivo, with a more consis
tent effect on suppressing M2 polarization.

To further investigate the impact of CHE on M2 macrophages, we 
initiated the experiment by inducing the differentiation of RAW264.7 
cells into M2 macrophages. IL-4 was employed as the inducer for the 
differentiation process. As the concentration of IL-4 increased, the 
RAW264.7 cells underwent morphological changes, transforming from a 
rounded shape to elongated spindle-like or irregular polygonal forms, 
accompanied by enhanced pseudopodia extension and stronger adhe
sion to the culture dish. Similar morphological alterations were noted at 
IL-4 concentrations of 20 ng/ml and 40 ng/ml (Figure S1A).

Fluorescence microscopy was subsequently employed to examine the 
expression of the M2 macrophage polarization marker, CD206. The re
sults revealed a significant, dose-dependent increase in CD206 fluores
cence intensity following IL-4 stimulation, compared to unstimulated 
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Fig. 2. CHE inhibits M2 macrophage polarization. (A) The fluorescent expressions of CD206 and CD86 in BC mice tumor tissue (n = 3). (B) Western blot analysis of 
the relative expression levels of CD206, CD86, and Arg-1 proteins in tumor tissues of mice (n = 3). (C) Impact of CHE on macrophage morphology (20 ×, scale bar: 50 
μm, n = 3). (D) Influence of CHE on CD206 fluorescence intensity in macrophages (40 ×, scale bar: 20 μm n = 3). (E) Western blot analysis of the relative expression 
levels of CD206, CD11c and Arg-1 proteins in RAW264.7 cells (n = 3). *p < 0.05, **p < 0.01 vs. the M0 group; #p < 0.05, ##p < 0.01 vs. the M2 group or the model 
group; ns, not significant.
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cells. However, no notable difference in fluorescence intensity was 
observed between the 20 ng/ml and 40 ng/ml IL-4 treatment groups. IL- 
4 treatment groups, indicating that IL-4 reached a saturation point at 20 
ng/ml (p < 0.01, Figure S1B). These findings verified that IL-4 could 
effectively induce the polarization of RAW264.7 cells towards the M2 
phenotype, and thus a concentration of 20 ng/ml IL-4 was selected for 
subsequent experiments.

Western blot analysis further confirmed these findings, showing that 
IL-4 stimulation significantly upregulated the protein expression levels 
of M2 polarization markers CD206 and Arg-1 compared to unstimulated 
M0 macrophages. These results validate that 20 ng/ml of IL-4 effectively 
induces the differentiation of RAW264.7 cells into M2 macrophages (p <
0.01, Figure S1C).

To determine the optimal dosage of CHE for RAW264.7 cells, a CCK- 
8 assay was performed to evaluate cell viability following 48 hours of 
CHE treatment. The results showed that CHE had no significant effect on 
RAW264.7 cell proliferation at concentrations ranging from 0 to 40 μM 
(p > 0.05, Figure S2). Previous studies have reported that CHE inhibits 
cancer cell proliferation at doses of 6–30 μM while exhibiting minimal 
cytotoxicity toward RAW264.7 cells. Based on these findings, CHE 
concentrations of 6, 12, and 24 μM were selected for subsequent ex
periments. To investigate the effects of CHE on M2 macrophages, 
RAW264.7 cells were first induced to differentiate into M2 macrophages 
using 20 ng/ml IL-4, followed by treatment with CHE at the selected 
concentrations.

Optical microscopy observations revealed that upon IL-4 induction, 
RAW264.7 cells transformed from an oval shape to an adherent 
morphology, assuming an elongated spindle shape or irregular polyg
onal form with pseudopodia. As the concentration of CHE increased, the 
formation of pseudopodia gradually diminished. At higher CHE doses, a 
significant number of cells reverted to an oval shape reminiscent of 
uninduced cells. These findings suggest that CHE inhibits M2 macro
phage polarization in a dose-dependent manner (Fig. 2C).

Fluorescence microscopy was then utilized to observe the fluores
cence expression of the M2 polarization marker protein, CD206, after 

CHE treatment. The results showed that IL-4 induction led to a sub
stantial increase in the fluorescence intensity of CD206. While treatment 
with 12 μM and 24 μM of CHE significantly attenuated this effect, 
indicating that CHE is capable of inhibiting M2 macrophage polarization 
(p < 0.01, Fig. 2D).

Western blot analysis provided further evidence supporting these 
observations. IL-4 stimulation notably increased the expression of M2 
markers CD206 and Arg-1 while suppressing the M1 marker CD11c in 
RAW264.7 cells. In contrast, CHE treatment (6–24 μM) reversed this 
trend by significantly reducing CD206 and Arg-1 levels and upregulating 
CD11c expression. These findings indicate that CHE may regulate 
macrophage polarization by shifting the balance from the M2 phenotype 
toward the M1 phenotype (p < 0.05 or p < 0.01, Fig. 2E).

These findings indicate that CHE effectively suppresses M2 macro
phage polarization in both in vivo and in vitro settings. This regulatory 
effect on macrophage polarization may represent a key mechanism by 
which CHE inhibits tumor progression in BC model mice.

CHE inhibits BC proliferation within TME via pyroptosis induction

Tumor cell proliferation was assessed via Ki67 immunohistochem
ical staining. The results revealed a significantly higher proportion of 
Ki67-positive cells in the Model group, indicating elevated tumor cell 
proliferation. In contrast, CHE treatment groups (CHEL, CHEM, CHEH) 
exhibited a dose-dependent reduction in Ki67-positive cell proportions. 
Similarly, the CTX group demonstrated a notable decrease in Ki67- 
positive cells, comparable to the CHEH group. These results highlight 
the potent inhibitory effect of CHE on tumor cell proliferation (p < 0.05 
or p < 0.01, Fig. 3A).

To further explore whether the anti-proliferative effects of CHE are 
linked to pyroptosis, Western blot analysis was conducted on mouse 
tumor tissues. Compared to the Model group, CHE treatment signifi
cantly increased the expression of NLRP3, GSDMD, GSDMD-N, Caspase- 
1, c-Caspase-1, and IL-18. A similar trend was observed in the CTX group 
(p < 0.05 or p < 0.01, Fig. 3B). These findings suggest that CHE may 

Fig. 3. The mechanism of CHE’s anti-tumor proliferative effect in vivo. (A) Expression of Ki67 in Tumor Tissues (n = 3). (B) Expression of pyroptosis-related proteins 
in BC tissues (n = 3).
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inhibit tumor proliferation by triggering pyroptosis, likely via activation 
of the NLRP3/Caspase-1/GSDMD signaling pathway.

To investigate whether the anti-tumor effects of CHE are related to 
the suppression of macrophage M2 polarization, a co-culture system of 
RAW264.7 and 4T1 cells was established. Using a CCK-8 assay, the 
proliferation of 4T1 cells treated with conditioned media (CM) was 
assessed under different CHE concentrations. The half-maximal inhibi
tory concentration (IC50) values were determined to be 18 μM for the 
Control group, 20 μM for the M0-CM group, and 51 μM for the M2-CM 
group. These findings reveal that CM treatment reduces the sensitivity 
of 4T1 cells to CHE, with the M2-CM group exhibiting the weakest 
inhibitory response to CHE-induced suppression of proliferation. Based 
on these findings, CHE concentrations ranging from 6 μM to 24 μM were 
selected for subsequent experiments (Fig. 4A). The same experiment was 
conducted using another breast cancer cell line, E0771, and the results 
exhibited a similar trend (Figure S3A).

A single-cell colony formation assay was conducted to examine the 
growth potential of 4T1 cells under different experimental conditions. 
The results revealed that, in comparison to the M0-CM group, 4T1 cells 
treated with M2-CM formed significantly more and larger colonies. 
When compared to the M2-CM group, CHE treatment (6–24 μM) 
markedly and dose-dependently reduced the number and size of 4T1 cell 
colonies, indicating that M2-CM can promote 4T1 cell proliferation, 
which can be effectively inhibited by CHE (p < 0.05 or p < 0.01, Fig. 4B).

DAPI staining was used to observe changes in nuclear morphology of 
4T1 cells under different conditions. The results showed that, compared 
with the M2-CM group, 4T1 cells treated with CHE (6–24 μM) exhibited 
a significant reduction in nuclear number, weakened blue fluorescence, 
chromatin condensation, and nuclear fragmentation. These findings 
suggest that CHE might influence tumor cell survival in the tumor 
microenvironment by inducing apoptosis or inhibiting cell proliferation 
(Fig. 4C). A similar experiment was conducted using E0771 cells, where 
CHE treatment also resulted in a reduction in nuclear number and the 
occurrence of nuclear fragmentation (Figure S3B).

To investigate whether the anti-proliferative effect of CHE on 4T1 
cells treated with M2-CM is related to alterations in mitochondrial 
membrane potential, JC-1 staining was utilized to assess mitochondrial 
function in 4T1 cells under diverse conditions. The study found that, 
compared to the Control group, no significant change was observed in 
the ratio of JC-1 aggregates to monomers in the M0-CM and M2-CM 
groups (p > 0.05). However, after CHE treatment (6–24 μM), the ratio 
showed no considerable change in the low-dose group, while it signifi
cantly decreased in the high-dose group (p < 0.05), This suggests that 
the anti-tumor effect of CHE might be linked to the induction of mito
chondrial apoptosis (Fig. 4D).

An LDH release assay was conducted to evaluate the effect of CHE on 
cell membrane integrity in 4T1 cells treated with M2-CM. The results 
showed a decreased LDH release in the M2-CM group compared to the 
M0-CM group. Conversely, CHE significantly enhanced LDH release in 
4T1 cells treated with M2-CM, indicating that CHE disrupted cell 
membrane integrity and affected cell function. This process might be 
related to pyroptosis (p < 0.05 or p < 0.01, Fig. 4E). The same trend in 
results was also observed in E0771 cells (Figure S3C).

To further confirm that the suppression of 4T1 cell proliferation by 
CHE in M2-CM-treated cells is associated with pyroptosis, Western blot 
analysis was carried out to examine the expression of pyroptosis-related 
proteins, including NLRP3, GSDMD, GSDMD-N, Caspase-1, c-Caspase-1, 
and IL-18, under different treatment conditions. Compared with the M2- 
CM group, CHE treatment (6–24 μM) significantly upregulated the 
expression of GSDMD, GSDMD-N, IL-18, NLRP3, and c-Caspase-1 (p <
0.01, Fig. 4F). This indicates that the anti-proliferative effect of CHE on 
M2-CM-treated 4T1 cells is associated with pyroptosis and might be 
mediated by the activation of the NLRP3/Caspase-1/GSDMD pathway, 
thereby triggering pyroptosis in 4T1 cells. To further investigate the 
mechanism by which CHE inhibits pyroptosis in 4T1 cells, the NLRP3 
inhibitor MCC950 (10 μM, HY-12815, MCE) was used to determine 

whether blocking pyroptosis could negate the effects of CHE. The results 
showed that high-dose CHE treatment significantly increased the 
expression of GSDMD, GSDMD-N, IL-18, NLRP3, and c-Caspase-1. 
However, this upregulation was markedly suppressed when combined 
with MCC950 treatment (p < 0.05 or p < 0.01, Fig. 4G).

In summary, this study uncovers that CHE induces pyroptosis in BC 
cells by regulating mitochondrial membrane potential, disrupting cell 
membrane integrity, and activating the NLRP3/Caspase-1/GSDMD 
pathway.

CHE inhibits BC metastasis within TME via EMT suppression

CHE was found to significantly inhibit breast cancer metastasis, as 
evidenced by the analysis of lung tissue pathological sections. To further 
explore its effects on the migration and invasion capabilities of breast 
cancer cells, we performed scratch assays, Transwell assays, and 
analyzed the expression of EMT-related proteins. In the wound-healing 
assay, compared with the M0-CM group, the M2-CM group markedly 
enhanced the migration ability of 4T1 cells at both 48 and 72 hours. 
However, CHE (6–24 µM) treatment significantly inhibited the M2-CM- 
induced migration of 4T1 cells (p < 0.01, Fig. 5A). Meanwhile, the 
Transwell invasion assay revealed that M2-CM significantly enhanced 
the invasive capacity of 4T1 cells. However, treatment with CHE (6–24 
µM) significantly reduced this M2-CM-induced invasiveness (p < 0.01, 
Fig. 5B). We also performed Transwell assays using E0771 cells to 
evaluate the inhibitory effect of CHE on the invasive capabilities of 
breast cancer cells. The results showed that M2-CM significantly 
enhanced the invasive ability of E0771 cells, while CHE (6–24 µM) 
markedly suppressed the M2-CM-induced invasion of E0771 cells (p <
0.01, Figure S3D).

Immunohistochemical analysis of CD31 expression in tumor tissues 
revealed abundant CD31-positive cells in the model group, indicating a 
high level of angiogenesis. However, treatment with different doses of 
CHE resulted in a dose-dependent reduction in CD31 expression. The 
CHEH group demonstrated a significant reduction in CD31-positive cells 
compared to the model group, with the CTX group exhibiting the 
strongest suppression of CD31 expression (p < 0.01, Fig. 5C). These 
findings suggest that CHE effectively suppresses angiogenesis in tumor 
tissues.

Western blot analysis was conducted to determine whether the 
inhibitory effects of CHE on migration and invasion are linked to 
epithelial-mesenchymal transition (EMT). M2-CM treatment was found 
to upregulate mesenchymal markers, including N-Cadherin, Snail, Slug, 
MMP2, and VEGFA, while significantly reducing the expression of the 
epithelial marker E-Cadherin in 4T1 cells. CHE treatment, particularly at 
12–24 µM, reversed these effects by significantly increasing E-Cadherin 
levels and reducing N-Cadherin, Snail, Slug, MMP2, and VEGFA 
expression. These results indicate that CHE inhibits migration and in
vasion through its regulation of EMT (p < 0.01, Fig. 5D).

To confirm whether the inhibitory effect of CHE on EMT extends to 
an in vivo setting, Western blot analysis was performed on lung tissue 
from BC-bearing mice. The model group, compared to normal mice, 
exhibited significant upregulation of mesenchymal markers (N-Cad
herin, Snail, Slug, MMP2, and VEGFA) and downregulation of the 
epithelial marker E-Cadherin. CHE treatment reversed these changes, 
significantly increasing E-Cadherin expression while reducing N-Cad
herin, Snail, Slug, MMP2, and VEGFA levels. Similar trends in protein 
expression were observed in the CTX group, consistent with those in the 
CHE-treated groups. These results suggest that CHE regulates EMT in 
vivo (p < 0.05 or p < 0.01, Fig. 5E).

Collectively, CHE effectively mitigates the EMT mitigate of process in 
BC both in vitro and in vivo, thereby inhibiting cancer cell migration, 
invasion, and subsequent crucial processes related to angiogenesis.
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Fig. 4. Mechanism of CHE inhibiting BC cell proliferation in conditioned medium. (A) Inhibition proliferation of CHE on the CM-treated 4T1 cells (n = 6). (B) Impact 
on colony formation in CM-treated 4T1 cells (n = 3). (C) Effects on nuclear morphology of CM-treated 4T1 cells (scale bar: 50μ m, n = 3). (D) Influence on 
mitochondrial membrane potential in CM-treated 4T1 cells(scale bar: 50μ m n = 3). (E) Effect on LDH release from CM-treated 4T1 cells (n = 6). (F) Impact of CHE on 
pyroptosis-related protein expression in CM-treated 4T1 cells (n = 3). (G) Expression of pyroptosis-related proteins after MCC950 treatment (n = 3). B-F: *p < 0.05, 
**p < 0.01 vs. the M0 group; #p < 0.05, ##p < 0.01 vs. the M2 group or the model group; ns, not significant. G: *p < 0.05, **p < 0.01 vs. the M2 group; #p < 0.05, 
##p < 0.01 vs. the CHE group.
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Fig. 5. The mechanism by which CHE inhibits BC metastasis. (A) Result of scratch assay (n = 3). (B) Result of transwell invasion assay (n = 3). (C) Expression of 
CD31 in Tumor Tissues (n = 3). (D, E) Expressions of EMT-related proteins by western blot (n = 3). *p < 0.05, **p < 0.01 vs. the M0 group or the control group; #p <
0.05, ##p < 0.01 vs. the M2 group or the model group; ns, not significant.
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FBP1 as a key target potentially through which CHE influencing M2 
macrophage polarization

To investigate the potential targets by which CHE inhibits tumor 
growth through targeting M2 macrophages, we employed single-cell 
transcriptomics combined with network pharmacology approaches. 
First, network pharmacology using TCMSP and PharmMapper (Fit Score 
≥ 0.8) yielded 258 high-confidence CHE targets. Second, using the 
single-cell transcriptomic data from the GSE161529 dataset (comprising 
14 healthy tissues and 14 BCE tissue samples), we analyzed the cellular 
composition and differentially expressed genes associated with BC. 
Through the application of batch effect correction techniques and cell 
clustering algorithms, we successfully identified 12 distinct cell clusters 
(Fig. 6A). Based on well-established marker genes and the use of auto
mated software for annotation, these 12 clusters were further catego
rized into 8 different cell types (Fig. 6B), including epithelial cells 
(clusters 0 and 1), B cells (clusters 2, 11, and 12), fibroblasts (clusters 3, 
4, and 10), exhausted CD8+ T cells (cluster 5), endothelial cells (cluster 
6), macrophages (cluster 7), T cells (cluster 8), and tissue stem cells 
(cluster 9). Cell type classification was determined by specific marker 
genes, such as CD79A for B cells, PDGFRB for fibroblasts, KLRD1 for 
exhausted CD8+ T cells, PECAM1 for endothelial cells, and CD68 for 
macrophages, while other cell types were annotated using SingleR 
(Fig. 6C). Comparative analysis of cellular distributions between 
cancerous and normal tissues revealed a notable increase in the pop
ulations of immune cells within cancer tissues (Fig. 6D).

Further clustering analyses of macrophages in cluster 7 identified 
various macrophage subtypes, including M1 macrophages (Mph 
(like_M1)_03_IL6), M2 macrophages (Mph(M2)_02_PPARG, Mph 
(like_M2)_07_TGFB3), monocytes (Mono-like_06_CD14), and 
intermediate-state macrophages (Mph(mix)_01_ FAM167B, Mph(mix) 
_04_RUNX1T1, Mph(mix)_05_TOX3, Mph(mix)_08_SIX1) (Fig. 7E). M2 
macrophages are markedly more prevalent in cancer tissues compared 
to normal tissues (p < 0.001, Fig. 6F). To explore the potential impact of 
CHE on M2 macrophage polarization, we performed differential 
expression analysis of M2 macrophages between cancerous and normal 
tissues, applying stringent selection criteria (p < 0.05, |log2FC|>1). The 
intersection of the 258 targets identified through network pharmacology 
for CHE with differentially expressed genes in M2 macrophages resulted 
in 11 significant targets, including MTF1, GALM, CLIC4, RBM22, 
GTF2B, CUL5, FBP1, DICER1, SNX9, EP300, and TPR (Fig. 6G).

Bulk differential gene expression analysis was carried out between 
normal breast tissue and BC tissue by using the GEPIA2 platform. 
Stringent criteria were applied to identify significantly differentially 
expressed genes, with |log2 FC| > 1 and adjusted P-value < 0.01. A total 
of 3356 differentially expressed genes were identified, and their chro
mosomal distribution was illustrated in Figure S4A. Genes with 
decreased expression in cancer tissue relative to normal tissue are 
marked in green, while those with increased expression were marked in 
red. To explore potential therapeutic targets, the 3356 differentially 
expressed genes were intersected with genes associated with CHE, which 
were identified through network pharmacology, yielding a list of 12 
potential targets (Fig. 7A), namely CCND1, MYO6, VAV3, SPC25, FBP1, 
ACTA1, ALDH18A1, MB, F10, PTGS2, ADRB2, and CCNB1. These 12 
targets were then further intersected with the 11 potential targets 
identified through single-cell transcriptomic analysis, leading to the 
identification of FBP1 as the only overlapping gene (Fig. 7B). The 
integration of bulk and single-cell analyses offers key advantages. Bulk 
analysis provides a comprehensive overview of global gene expression 
changes, capturing the overall molecular landscape of tissues. Mean
while, single-cell analysis enables the identification of cell-type-specific 
changes, ensuring the selected targets are not only differentially 
expressed but also relevant to specific cell populations. The overlap of 
FBP1 in these two independent analyses highlights its robustness as a 
candidate.

FBP1, a key enzyme in glycolysis and gluconeogenesis, plays an 

important role in regulating macrophage metabolic states, potentially 
affecting their polarization. Single-cell transcriptomic analysis revealed 
higher FBP1 expression in cancer tissues compared to normal tissues, 
consistent with results from bulk data analysis (Fig. 7C and Figure S4B).

To further validate the interaction between CHE and its primary 
target FBP1, molecular docking analysis was conducted using the PDB 
structures 3A29 and 7CVH (Fig. 7D). Docking simulations were per
formed three times to ensure reproducibility, and the mean binding 
energies, standard deviations, and predicted pKi values were calculated. 
For PDB 3A29, the docking was centered at (7.57, 60.46, 32.09). The 
binding energies were − 7.893, − 7.892, and − 7.889 kcal/mol, with a 
mean binding energy of − 7.89±0.002 kcal/mol. The predicted pKi value 
for CHE was 1.36 μM. CHE primarily interacted with FBP1 through 
hydrophobic interactions (e.g., ALA24 and LEU30) and hydrogen bonds 
(e.g., LEU30, THR31, and TYR113) (Table S1, S2). For PDB 7CVH, the 
docking was centered at (− 4.40, − 22.19, − 47.42). The binding energies 
were − 7.065, − 6.99, and − 6.80 kcal/mol, with a mean binding energy 
of − 6.95±0.11 kcal/mol. The predicted pKi values for CHE ranged from 
2.1 to 3.3 μM, indicating moderate to strong binding affinity. Interaction 
analysis showed hydrophobic interactions with 245TYR and 265TYR, as 
well as hydrogen bonds with 123GLY, 124SER, 125SER, 213ASN, 
265TYR, 275LYS, and 277ARG (Table S3, S4). Additionally, a π-cation 
interaction was observed with 275LYS, which likely enhanced the 
binding stability. Although CHE exhibited slightly weaker binding en
ergy compared to the known ligand AMP analog 8 l (PDB 3A29, IC50 =
0.013 μM), it still demonstrated strong binding affinity, as binding en
ergies below − 7 kcal/mol are generally considered favorable. The 
known ligand 8 l achieved stronger binding through additional 
hydrogen bonds and water bridges, such as with GLY28 and GLU29.

In summary, FBP1 has been identified as a potential primary target 
that may influence M2 macrophage polarization. Its elevated expression 
in BC tissues, its strong binding affinity with CHE highlight its critical 
role in BC progression and its potential as a therapeutic target in the 
context of CHE-based therapies.

Suppression of CHE on macrophage M2 polarization relates to the 
inhibition of FBP1/STAT3 pathway

To further verify that FBP1 is the pivotal target through which CHE 
inhibits M2 macrophage polarization, we analyzed the expression levels 
of FBP1 in macrophages using Western blot. It was illustrated that, 
following IL-4 treatment, FBP1 protein expression was markedly upre
gulated. Conversely, after treatment with CHE (6–24 μM), the levels of 
FBP1 protein were notably reduced (p < 0.01, Fig. 8A).

STAT3 activation is strongly linked to M2 macrophage polarization. 
Western blot analysis showed that IL-4-induced polarization in 
RAW264.7 cells did not alter STAT3 expression (p > 0.05), but signifi
cantly increased p-STAT3 levels. Following CHE treatment, STAT3 
expression remained unchanged (p > 0.05), whereas p-STAT3 levels 
were significantly reduced (p < 0.01, Fig. 8B).

IL-6 activates the STAT3 signaling pathway by promoting STAT3 
phosphorylation. Chronic low levels of IL-1β can trigger the secretion of 
IL-6 and other factors, further amplifying STAT3 activation and driving 
M2 polarization. ELISA analysis of the cell supernatant showed that IL-4 
treatment significantly decreased IL-1β levels while increasing IL-6 
levels. In contrast, CHE treatment (6–24 μM) significantly reduced IL- 
6 levels while dose-dependently increasing IL-1β secretion (p < 0.05 
or p < 0.01, Fig. 8C). Western blot analysis further confirmed these re
sults: IL-4 markedly reduced IL-1β expression and upregulated IL-6, 
whereas CHE (6–24 μM) significantly lowered IL-6 levels and elevated 
IL-1β expression (p < 0.01, Fig. 8D).

To determine whether CHE influences the expression of IL-6, IL-1β, 
STAT3, and p-STAT3 proteins in tumor tissues in vivo, Western blot 
analysis was conducted. Compared to the Model group, CHE treatment 
reduced IL-6 expression while increasing IL-1β levels. STAT3 protein 
levels remained unchanged (p > 0.05), but p-STAT3 expression was 
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Fig. 6. Single-Cell transcriptomic analysis. (A) UMAP visualization of the initial clustering; (B) Cell type annotation; (C) Marker genes used for cell type annotation; 
(D) Distribution of different cell types between BC and normal tissues; (E) Subtypes of macrophages; (F) Distribution of M2 macrophages between groups (n = 14); 
(G) Venn diagram showing the intersection of CHE targets and differentially expressed genes in M2 macrophages. ***p < 0.01 vs. the normal group.
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significantly downregulated. The CTX group exhibited a protein 
expression trend similar to that of the CHE group. These findings were 
consistent with the in vitro result (P<0.01, Fig. 8E), suggesting that the 
mediation of CHE on the STAT3-regulated macrophage polarization 
might be related to the interaction with FBP1.

To further investigate the effect of FBP1 on M2 polarization and the 
STAT3 signaling pathway, siRNA was used to knock down FBP1 
expression. The relative expression level of FBP1 was significantly 
reduced in the si-FBP1 group compared to the NC group, while no sig
nificant difference was observed between the M2 and NC groups 
(P<0.01, Fig. 9A). The expression levels of M2 polarization-related 
proteins, CD206 and Arg-1, were significantly downregulated in the si- 
FBP1 group compared to the NC group. Additionally, the si- 
FBP1+CHE group exhibited further reductions in CD206 and Arg-1 
expression compared to the si-FBP1 group (p < 0.05 or p < 0.01, 
Fig. 9B). The expression levels of FBP1/STAT3-associated proteins were 
examined. FBP1 expression was significantly decreased in the si-FBP1 
and si-FBP1+CHE groups relative to the NC group, with a further 
reduction observed in the si-FBP1+CHE group. Similarly, p-STAT3 
levels were significantly reduced in the si-FBP1 group compared to the 
NC group, and the si-FBP1+CHE group showed an additional decrease 
relative to the si-FBP1 group. No significant changes were observed in 
STAT3 levels across groups(P<0.01, Fig. 9C). These findings suggest 
that FBP1 plays a critical role in M2 polarization through the STAT3 
signaling pathway, and its inhibition, particularly in combination with 
CHE treatment, significantly suppresses M2-associated protein expres
sion and STAT3 activation.

Discussion

CHE, a primary bioactive alkaloid derived from Chelidonium majus, 
has shown promise in anti-BC research. While previous in vitro studies 

have demonstrated its direct antitumour effects on breast cancer (BC) 
cells, its in vivo efficacy and underlying mechanisms, particularly in 
modulating the TME, remain incompletely understood(Du et al., 2022). 
In this study, we established a 4T1 murine BC model and comprehen
sively investigated the impact of CHE on tumor progression, macro
phage polarization, and the associated molecular mechanisms. Our in 
vivo experiments demonstrated that CHE treatment significantly 
inhibited tumor growth in BC mice. Notably, we observed that 
BC-bearing mice exhibited splenomegaly, which was alleviated after 
CHE administration. The spleen, a crucial immune organ, reflects im
mune status of the body, and the reduction in splenomegaly suggests 
that CHE may modulate the TME, potentially through immune regula
tion. These findings provide novel insights into the dual antitumour 
actions of CHE, which acts not only directly on tumour cells but also 
indirectly via immune modulation, which is a mechanism worthy of 
in-depth exploration.

The TME plays a paradoxical role in cancer therapy, functioning both 
as a facilitator and a barrier to treatment. Its diverse cellular components 
can promote tumour progression through the production pro- 
tumorigenic signals and immunosuppressive factors. TAMs are a pre
dominant immune cell population within the TME and account for up to 
25 % of infiltrating immune cells in treatment-naïve BC. TAMs, which 
can polarize into distinct phenotypes in response to microenvironmental 
cues, play a critical role in shaping the tumour-supportive landscape 
(Harris et al., 2024). TAMs typically display characteristics more akin to 
the M2-like phenotype and secrete protumorigenic factors such as IL-6, 
TGF-β, and Arg-1, which facilitate tumour growth, angiogenesis, and 
metastasis (Kundu et al., 2024).

Experimental validation confirmed that CHE treatment led to 
reduced expression of M2-associated markers such as CD206 and Arg-1 
in both M2 macrophages and tumour tissues from BC-bearing mice. 
These results support the hypothesis that CHE may exert its anti-BC 

Fig. 7. Bulk RNA-seq analysis and molecular docking. (A) Venn diagram showing the overlap between DEGs from bulk RNA-seq analysis and the targets of CHE. (B) 
Venn diagram illustrating the intersection of CHE targets identified in single-cell RNA-seq analysis and those identified in bulk RNA-seq analysis. (C) Bar plot 
demonstrating the expression levels of FBP1 in M2 macrophages across experimental groups (n = 14). (D) Molecular docking visualization of the interaction between 
CHE and FBP1(PDB ID (3A29), PDB ID (7CVH)). ***p < 0.01 vs. the normal group.
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Fig. 8. Impact of CHE on the inhibition of macrophage M2 polarization via FBP1 - mediated regulation of the STAT3 pathway. (A) Expression of FBP1 protein in 
macrophages by western blot (n = 3). (B) Expression of STAT3 and p-STAT3 proteins in macrophages by western blot (n = 3). (C) Cytokine levels of IL-6 and IL-1β in 
macrophage supernatants by ELISA analysis (n = 6). (D) Expression of IL-6 and IL-1β proteins in macrophages by western blot (n = 3). (E) Expression of IL-6, IL-1β, 
STAT3, and p-STAT3 proteins in tumor tissue by western blot (n = 3). *p < 0.05, **p < 0.01 vs. the M0 group; #p < 0.05, ##p < 0.01 vs. the M2 group or the model 
group; ns, not significant.
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effects by inhibiting M2-like macrophage polarization.
To further elucidate the mechanism by which CHE inhibits BC 

through suppression of M2 macrophage polarization, we used a 

coculture model of BC cells and macrophage-conditioned medium to 
simulate the influence of M2 macrophages within the TME. Our findings 
(Fig. 10) indicated that under coculture conditions, the anti-proliferative 

Fig. 9. Effects of FBP1 on M2 polarization and STAT3 signaling pathway (A) The expression level of FBP1 (n = 3). (B) The expression levels of M2 polarization- 
related proteins (n = 3). (C) The expression levels of FBP1/STAT3-associated proteins (n = 3). *p < 0.05, **p < 0.01 vs. the NC; #p < 0.05, ##p < 0.01 vs. the 
siFBP1 group; ns, not significant.

Fig. 10. Mechanism of CHE against breast cancer.
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effect of CHE on BC cells may be mediated through the induction of 
pyroptosis. Pyroptosis is a highly inflammatory form of programmed cell 
death characterized by the activation of the NLRP3 inflammasome and 
its downstream effector GSDMD. This activation leads to the cleavage of 
GSDMD and the release of GSDMD-N, ultimately resulting in BC cell 
death (You et al., 2023). Pyroptotic markers, including cleaved 
caspase-1, GSDMD, and IL-18, were significantly upregulated in 
CHE-treated BC cells, and LDH release increased, confirming the in
duction of pyroptosis (Wang et al., 2023). Our findings indicate that 
following CHE treatment, 4T1 cells under coculture conditions exhibited 
increased LDH release, along with upregulated expression of GSDMD, 
GSDMD-N, IL-18, NLRP3, and cleaved caspase-1. We further investi
gated using the NLRP3 inhibitor MCC950 and found that blocking 
pyroptosis eliminated the effect of CHE on pyroptosis-related proteins. 
These findings suggest that within the M2 macrophage-induced TME, 
CHE induces pyroptosis in BC cells by compromising cell membrane 
integrity and activating the NLRP3/caspase-1/GSDMD signaling 
pathway.

Additionally, we investigated the mechanism by which CHE inhibits 
invasion and metastasis of BC cells under coculture conditions. Our re
sults demonstrated that CHE markedly suppressed the migratory and 
invasive capabilities of BC cells, which may be associated with the in
hibition of EMT. EMT is a critical process that facilitates cancer cell 
dissemination by enabling cancer cells to acquire mesenchymal-like 
properties, thereby enhancing their motility and invasiveness 
(Pouliquen et al., 2022). During EMT, downregulation of E-cadherin 
weakens cell–cell adhesion, whereas upregulation of N-cadherin en
hances cell motility. Transcription factors such as Snail and Slug drive 
this transition by repressing E-cadherin expression, and MMP2 con
tributes to cell invasion by degrading the extracellular matrix, Together, 
drive the transition from an epithelial to a mesenchymal phenotype. 
Therefore, suppression of their expression indicates effective inhibition 
of EMT (Salehi et al., 2019). Moreover, in BC, VEGFA promotes tumour 
angiogenesis and induces the expression of EMT-related transcription 
factors such as Snail and Slug (Ronca et al., 2018). In this study, both in 
vivo and in vitro experiments demonstrated that CHE treatment upre
gulated the expression of E-cadherin but downregulated the expression 
of N-cadherin, MMP2, VEGFA, Snail, and Slug, indicating effective in
hibition of EMT. These findings suggest that within the M2 
macrophage-induced TME, CHE may exert its anti-invasion and anti
metastatic effects by suppressing EMT.

To further elucidate the mechanism by which CHE inhibits M2 
macrophage polarization, a combination of network pharmacology, 
single-cell transcriptomics, and bulk transcriptomic analyses was 
employed. These integrative approaches identified FBP1 as a key regu
latory target through whcih CHE inhibits M2 macrophage polarization. 
Molecular docking analysis revealed a strong binding affinity between 
CHE and FBP1, supporting the hypothesis that CHE may suppress M2 
macrophage polarization by downregulating FBP1 expression. FBP1, a 
rate-limiting enzyme in gluconeogenesis, has recently been implicated 
in modulating the immune landscape of the TME. Elevated FBP1 
expression in BC has been linked to increased levels of immunosup
pressive factors (e.g., Arg-1, IL-10, and TGF-β), as well as an increased 
proportion of M2 macrophages, ultimately contributing to immune 
suppression (Sun et al., 2023). Western blot analysis revealed that FBP1 
was highly expressed in M2 macrophages, and its expression was 
significantly reduced after CHE treatment. Further, knockdown of FBP1 
in M2 macrophages using siRNA led to a significant decrease in the 
expression levels of M2 macrophage markers CD206 and Arg-1. Notably, 
the combination of siRNA knockdown and CHE treatment resulted in an 
even greater reduction in CD206 and Arg-1 expression levels. These 
findings suggest that FBP1 may play a critical role in the inhibitory effect 
of CHE on M2 macrophage polarization. Through both in vitro and in vivo 
studies, we demonstrated that CHE inhibits FBP1 expression, thereby 
suppressing M2 macrophage polarization.

Concurrently, our findings demonstrated that CHE enhanced STAT3 

phosphorylation in macrophages, a modification known to inhibit M2 
polarization. Phosphorylation of STAT3 upon IL-4 and IL-10 upregu
lated the expression of M2-associated genes such as Arg1 and CD206, 
representing a critical step in the induction of M2 polarization (Li Q., 
et al., 2022). Since it has been demonstrated that FBP1 exerts a key role 
in cancer immunoregulation by inhibiting STAT3-dependent PD-L1 
expression (Wang et al., 2020), CHE may have modulated 
STAT3-dependent axis by targeting FBP1 to inhibit the M2 polarization 
of TAMs in the TME. The study found that CHE reduced STAT3 phos
phorylation in M2 macrophages in vitro, decreased IL-6 levels, and 
increased IL-1β levels. A similar trend was observed in tumor tissues 
from mice. Furthermore, knockdown of FBP1 in M2 macrophages using 
siRNA also led to a reduction in STAT3 phosphorylation levels. These 
findings suggest that FBP1 may play a key role in M2 polarization 
through the STAT3 signaling pathway.

This study utilized the TNBC mouse model (4T1); however, signifi
cant differences in the immune microenvironment and metabolic path
ways exist among various breast cancer subtypes. Therefore, further 
validation of CHE’s effects in ER+ and HER2+ models is necessary to 
assess its broader therapeutic applicability. Additionally, while this 
study demonstrated that CHE targets FBP1 to regulate M2 macrophage 
polarization, the specificity of this interaction requires further confir
mation. For clinical application, more research is needed to evaluate the 
pharmacokinetics, bioavailability, and potential toxicity of CHE to 
ensure its safety and efficacy in treating human breast cancer. Differ
ences in immune systems, tumor heterogeneity, and metabolic charac
teristics between mouse models and human breast cancer further 
underscore the need for caution in translating these findings.

Future studies should explore the broader effects and mechanisms of 
CHE on other stromal cells, such as cancer-associated fibroblasts (CAFs), 
to comprehensively evaluate its role in modulating the tumor micro
environment (TME). Furthermore, while this study highlights the 
STAT3-FBP1 relationship in breast cancer, further investigation is war
ranted into the metabolic functions of FBP1, given its role as a key 
metabolic enzyme. Mechanistic studies on CHE’s impact on FBP1- 
mediated metabolic regulation could provide deeper insights into its 
therapeutic potential. By addressing these aspects, future research could 
lay a strong foundation for the development of CHE as a novel and 
effective therapeutic strategy for breast cancer.

This study reveals a previously uncharacterized mechanism of CHE 
in breast cancer (BC) therapy, demonstrating significant novelty and 
innovation. For the first time, it confirms that CHE inhibits M2 macro
phage polarization, highlighting its immunomodulatory role in sup
pressing tumor progression. While the anticancer effects of CHE have 
been reported, its regulatory impact on M2 macrophages had not been 
explored. Furthermore, the study employs single-cell transcriptomics 
and bulk transcriptomics analyses, integrated with network pharma
cology, to identify FBP1 as a novel target. Experimental validation 
confirms the critical role of FBP1 in regulating M2 macrophage 
polarization.

CHE is proposed to inhibit FBP1 expression and STAT3 phosphory
lation, potentially activating pyroptosis in breast cancer (BC) cells 
through the NLRP3/Caspase-1/GSDMD pathway. This mechanism may 
involve the reduction of IL-6 secretion by CHE, which could alleviate 
STAT3-mediated repression of NLRP3. Concurrently, CHE is hypothe
sized to induce apoptosis by suppressing the pro-survival STAT3/AKT 
signaling pathway. Together, these pathways may act in parallel to 
establish a coordinated “pro-death” state in BC cells, highlighting CHE’s 
potential as an anti-tumor agent at the cellular level. In addition, CHE 
may indirectly inhibit epithelial-mesenchymal transition (EMT) by 
suppressing M2 macrophage polarization. M2 macrophages, key drivers 
of EMT within the tumor microenvironment (TME), secrete cytokines 
such as TGF-β and IL-6 that promote tumor invasion and metastasis. By 
targeting the FBP1/STAT3 axis, CHE is suggested to reduce M2 polari
zation and the secretion of these EMT-promoting factors, as evidenced in 
co-culture experiments and in vivo models (Fig. 10).
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Conclusions

By integrating in vivo and in vitro experiments, the study validates 
CHE’s impact on key M2 polarization markers and its ability to inhibit 
BC cell proliferation, migration, and invasion under coculture condi
tions. Furthermore, integrated analyses of network pharmacology, 
single-cell, and bulk RNA sequencing identify FBP1 as a novel molecular 
target of CHE, confirmed through molecular docking, Western blotting, 
and ELISA. CHE’s regulation of the FBP1/p-STAT3 axis provides new 
insights into its immunosuppressive effects. These findings highlight 
CHE’s potential as a novel therapeutic agent for BC and propose FBP1 as 
a promising target for cancer immunotherapy.
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