
INTRODUCTION

Breast cancer (BC), the most common malignant tumor 
with the highest incidence rate among women worldwide, pos-
es a significant threat to patients’ physical and mental health 
(Rugo et al., 2021). Triple-negative BC (TNBC) is a particu-
larly concerning subtype. Due to limited targeted therapies, 
clinical treatment of TNBC primarily relies on traditional meth-
ods, such as surgery, radiation, and chemotherapy. Patients 
with TNBC mainly face poor prognosis, and 40% of patients 
experience recurrence after surgery. Currently, no frontline 
treatment exists for this cancer subtype (Malik et al., 2022). 
The screening and development of TNBC-targeted drugs from 
natural sources present new treatment options (Naeem et al., 
2021), highlighting the urgent need to explore safe and effec-

tive herbal active ingredients for TNBC treatment.
Abnormal activation of the Notch signaling pathway is 

closely associated with tumor growth, distant metastasis, re-
currence, and drug resistance (Zhou et al., 2022). Three key 
proteases are involved in the activation of the Notch signal-
ing pathway: Furin protease, ADAM family proteases, and 
the γ-secretase complex (Feng et al., 2024). Furin protease, 
located upstream of the Notch signaling pathway, contributes 
to the maturation of Notch receptors. The ADAM family prote-
ases cleave the Notch receptors, releasing the Notch extracel-
lular domain (NECD). The γ-secretase complex, a large trans-
membrane protein complex, performs the final cleavage of the 
Notch receptors in the intracellular domain. Following cleav-
age by γ-secretase, the Notch intracellular domain (NICD) is 
released, translocates to the nucleus, and binds to CSL (CBF1 
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Triple-negative breast cancer (TNBC) is a subtype of breast cancer that is challenging to treat and lacks targeted therapeutic 
drugs in the clinic. Natural active ingredients provide promising opportunities for discovering and developing targeted therapies for 
TNBC. This study investigated the effects of daurisoline on TNBC and elucidated its potential mechanisms. Using network phar-
macology, a correlation was identified between daurisoline, derived from Menispermum dauricum, and breast cancer, particularly 
involving the Notch signaling pathway. The effects of daurisoline on the proliferation, migration, and apoptosis of MDA-MB-231 
and MDA-MB-468 cells were evaluated in vitro. Additionally, the impact of daurisoline on the growth of MDA-MB-231 xenograft 
tumors in nude mice was assessed through in vivo experiments. Expression levels of Notch signaling pathway-related proteins, 
including Notch-1, NICD, PSEN-1, Bax, and Bcl-2, were examined using molecular docking and Western blotting to explore the 
underlying mechanisms of daurisoline’s anti-breast cancer effects. It was revealed that daurisoline could effectively inhibit the 
proliferation and migration of MDA-MB-231 and MDA-MB-468 cells and promote apoptosis. Furthermore, it significantly reduced 
the growth of subcutaneous tumors in nude mice. Notably, daurisoline could reduce the hydrolytic activity of γ-secretase by binding 
to the catalytic core PSEN-1, thereby inhibiting activation of the γ-secretase/Notch axis and contributing to its anti-TNBC effects. 
This study supported the development of naturally targeted drugs for TNBC and provided insights into the research on dibenzyl-
isoquinoline alkaloids, such as daurisoline.
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in humans, suppressor of Hairless in Drosophila, and LAG in 
C. elegans), initiating the transcription of downstream genes 
(Kopan and Ilagan, 2009).

The γ-secretase complex consists of five subunits: the ho-
mologous proteins presenilin-1 (PSEN-1) and presenilin-2 
(PSEN-2), along with nicastrin (NCSTN), anterior pharynx-de-
fective 1 (APH-1), and presenilin enhancer-2 (PEN-2). Nica-
strin (NCSTN) is a transmembrane glycoprotein that plays a 
pivotal role in the intramembrane proteolysis of integral mem-
brane proteins, including Notch receptors and amyloid precur-
sor protein-β, in the γ-secretase complex (Jia et al., 2021c). In 
γ-secretase, PSEN-1 serves as a key regulatory factor in the 
crosstalk between Notch and Wnt signaling pathways, con-
tributing to cleavage site execution and substrate recognition 
(Serneels et al., 2023). Loss of PSEN-1 activity significantly 
impacts γ-secretase function.

Rhizoma Menispermi (RM, Menispermum dauricum DC.) is 
the rhizome of Menispermum dauricum in the Menispermace-
ae family. It is known for its effects of clearing heat and detoxi-
fying, reducing swelling and pharyngitis, dispelling wind, and 
relieving pain. Bisbenzylisoquinoline alkaloids are a unique 
component found in RM. By substituting active groups, such 
as -OH, -OCH3, and -CH3 at different positions on the structural 
nucleus, various compounds are derived, including dauricine, 
daurisoline, daurinoline, dauricinoline, dauriciline, dauricoline, 
and dauricicoline. These compounds have been isolated and 
purified from RM, and their structures have been elucidated 
(Fig. 1). Preliminary research has assessed screening the ac-
tivity of a series of bisbenzylisoquinoline alkaloid compounds. 

Among them, daurisoline has been identified as a repre-
sentative compound with significant anti-TNBC activity. This 
study concentrated on the therapeutic potential of daurisoline 
against MDA-MB-231 (TNBC cell line) and MDA-MB-468 cells 
(another TNBC cell line). Additionally, the inhibitory effects 
of daurisoline on the proliferation, invasion, and migration of 
TNBC cells were examined both in vitro and in vivo.

MATERIALS AND METHODS

Agents and cell culture
Daurisoline (CAS: 2189-80-2, purity ≥95%; Purify Co., 

Ltd., Chengdu, China), doxorubicin (CAS: 23214-92-8, pu-
rity ≥97%; Selleck Co., Ltd.,, Shanghai, China), sulfonylrho-
damine B assay kit (Abcam, Cambridge, UK), crystal violet 
staining solution (Beyotime, Shanghai, China), LDH assay 
kit (Beyotime), Hoechst 33342 staining solution for live cells 
(Beyotime), cell cycle and apoptosis analysis kit (Beyotime), 
annexin V-FITC apoptosis detection kit (Beyotime), Matrigel 
basement membrane matrix (Solarbio Science & Technology 
Co., Ltd., Beijing, China), 11-245KD color mixed protein mark-
er (Solarbio Science & Technology Co., Ltd.), NICD (Val1744) 
(D3B8) rabbit mAb #4147 (Cell Signaling Technology (CST), 
Waltham, MA, USA), Notch-1 (D1E11) XP® rabbit mAb #3608 
(CST), GAPDH (D16H11) XP® rabbit mAb #8884 (CST), Bax 
(Wanleibio Co., Ltd., Shenyang, China), Bcl-2 (Wanleibio), 
presenilin 1 (D39D1) rabbit mAb #5643 (CST), and electro-
chemiluminescence (ECL) detection kit (Wanleibio) were uti-
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Fig. 1. Representation of bisbenzylisoquinoline alkaloids by daurisoline. By modifying the bisbenzylisoquinoline structure with substitutions 
of -CH3, -OH, and -OCH3 groups at various positions, a series of active compounds are generated.
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lized in this study.
Human BC cell lines (MDA-MB-231 and MDA-MB-468) 

were purchased from the American Type Culture Collection 
(ATCC; Manassas, VA, USA) in June 2022. The cell lines were 
authenticated by STR analysis, and the most recent valida-
tion was completed in March 2023. Cells were cultured in a 
high-glucose Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 1% penicillin-streptomycin and 10% fetal 
bovine serum (FBS) and maintained at 37°C in a humidified 
atmosphere containing 5% CO2. The cell lines were passaged 
three times before being utilized for in vitro experiments.

Anti-proliferation assessment
The effect of daurisoline on the viability of human BC cells 

was investigated using the sulforhodamine B (SRB) colorimet-
ric assay (Jia et al., 2021b). MDA-MB-231 and MDA-MB-468 
cells in the logarithmic growth phase were collected and seed-
ed into 96-well plates at appropriate densities. After the cells 
adhered, they were incubated with daurisoline (1-50 μM) for 
24, 48, and 72 h. The cells were thereafter fixed with 50% 
trichloroacetic acid solution, stained with 0.4% SRB, and the 
optical density (OD) value was measured at 540 nm using a 
microplate reader.

The effect of daurisoline on the proliferation of human BC 
cells at low density was figured out using plate cloning assay 
(Jia et al., 2021b). The cells were seeded into 6-well plates at 
an appropriate density and incubated with daurisoline (6.25, 
12.5, and 25 μM) and doxorubicin (1 μM) for 48 h. Subse-
quently, the medium was changed, and the culture was contin-
ued for 11 days. Cell colonies were stained with 0.1% crystal 
violet, and photographs were taken. The dye was dissolved in 
30% glacial acetic acid and then transferred to a 96-well plate. 
The OD value was measured at 570 nm using a microplate 
reader.

The effect of daurisoline on the cell cycle of human BC cells 
was assessed using propidium iodide (PI) staining (Jia et al., 
2021a). Cells were seeded into 6-well plates at an appropri-
ate density and incubated with daurisoline (6.25, 12.5, and 
25 μM) and doxorubicin (1 μM) for 48 h. The cells were pro-
cessed according to the instructions of the cell cycle assay kit, 
stained with PI, and analyzed by flow cytometry (FCM). After 
data collection, the FlowJo software (https://www.flowjo.com/) 
was utilized to analyze the cell cycle. All experiments were 
conducted in parallel three times, and the data were statisti-
cally analyzed.

Pro-apoptosis assessment
Daurisoline-induced late apoptosis of human BC cells was 

determined using lactate dehydrogenase (LDH) assay (Jia et 
al., 2021b). The cells were incubated with different concentra-
tions of daurisoline (6.25, 12.5, and 25 μM) and doxorubicin (1 
μM) for 48 h. The concentration of lactate dehydrogenase in 
the cell supernatant was measured using a microplate reader 
according to the instructions provided by the LDH kit’s manu-
facturer.

Hoechst 33342 staining was performed to assess the abil-
ity of daurisoline to induce apoptosis in BC cells (Jia et al., 
2021a). The cells were incubated with daurisoline (6.25, 12.5, 
and 25 μM) and doxorubicin (1 μM) for 48 h, followed by in-
cubation with Hoechst 33342 fluorescent dye for 40 min. After 
staining, the cells were thrice washed with phosphate-buffered 
saline (PBS) solution, and images were taken using a fluores-

cence microscope.
The early and late apoptosis of human BC cells treated with 

daurisoline was investigated using Annexin V-FITC/PI (AV/PI) 
staining (Jia et al., 2021b). The cells were incubated with dau-
risoline (6.25, 12.5, and 25 μM) and doxorubicin (1 μM) for 48 
h, and then fixed overnight with 70% ethanol. Following the in-
structions of the AV/PI apoptosis kit, the samples were stained 
in the dark for 30 min and analyzed by FCM. All experiments 
were performed in parallel three times, and the data were sta-
tistically analyzed.

Migration and invasion assays
The effect of daurisoline on the migration of human BC cells 

was assessed using wound-healing assay (Jia et al., 2021b). 
Cells in the logarithmic growth phase were harvested and 
seeded into 6-well plates, where they formed confluent mono-
layers. A 200 μL pipette tip was utilized to gently scratch the 
confluent surface of the cells, after which the scratched cells 
were washed with PBS solution. The cells were subsequently 
incubated with different concentrations of daurisoline (6.25, 
12.5, and 25 μM) and doxorubicin (1 μM) for 48 h. Images 
were taken at 0 and 48 h using an inverted microscope, and 
the migration effect was evaluated by measuring the degree of 
healing in the scratched area.

The effect of daurisoline on the invasion of human BC cells 
was evaluated using transwell assay (Jia et al., 2021b). Matri-
gel was applied to the upper chamber of a transwell plate and 
allowed to solidify overnight. The following day, cells were 
seeded onto the gelled surface of the upper chamber and 
incubated with different concentrations of daurisoline (6.25, 
12.5, and 25 μM) and doxorubicin (1 μM). Complete medium 
containing 10% FBS was added to the lower chamber. After 
48 h of treatment, the cells that had invaded through the mem-
brane to the lower side were stained with 0.1% crystal violet, 
observed with an inverted microscope, and photographed. All 
experiments were performed in parallel three times, and the 
data were statistically analyzed.

In vivo experiment
The in vivo therapeutic effects of daurisoline on BC cells 

were examined using a nude mouse xenograft model (Jia et 
al., 2021a). BALB/c nude Crlj mice (weight, 16-20 g; 6-week-
old; female) were obtained from Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). A single-cell suspen-
sion of MDA-MB-231 was subcutaneously inoculated into the 
scapular region of nude mice until the volume of the subcu-
taneous tumor reached 100-150 mm². Mice meeting the in-
clusion criteria were divided into four groups (four mice per 
group) using a balanced random grouping method. Dauriso-
line (1 and 5 mg/kg) was intraperitoneally injected every two 
days, while doxorubicin (1 mg/kg) was administered orally for 
14 days. After the treatment, all animals were euthanized us-
ing 3% isoflurane inhalation anesthesia for 2-3 min. Organs 
and tumor tissues were collected and stored at –80°C for 
subsequent experiments. The experimental protocols were 
conducted in accordance with the ARRIVE guidelines, and the 
study protocol was approved by the Animal Ethics Commit-
tee of Shenyang Medical College (Shenyang, China; Approval 
No. SYYXY2023101901).
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Molecular docking and determination of the expression 
levels of key proteins in the Notch signaling pathway

Daurisoline was docked into the active site of γ-secretase 
(PDB code: 7C9I) using the Glide module of Schrödinger Mae-
stro 2018. The three-dimensional structure of daurisoline was 
generated with Chem-Bio-Draw Ultra 13.0 software (https://
www.scientific-computing.com/press-releases/chembiooffice-
ultra-130-suite). The ligand and protein were prepared using 
the LigPrep module and the Protein Preparation Wizard mod-
ule of Schrödinger Maestro 2018 (https://www.schrodinger.
com/platform/products/ligprep/, https://www.schrodinger.com/
life-science/learn/white-papers/protein-preparation-wizard/), 
respectively. Additionally, receptor grids for molecular docking 
were generated using the Receptor Grid Generation tool, and 
other docking parameters were set to their default values.

The effect of daurisoline on the expression levels of key 
factors in the Notch signaling pathway was examined in vivo 
using Western blotting. The protein content extracted from tu-
mor tissue samples was determined by the bicinchoninic acid 
(BCA) protein quantification method. Western blot analysis 
was performed according to the established protocols, and the 
blots were visualized using an enhanced chemiluminescence 
(ECL) detection kit and the ChemiDoc™ imaging system (Bio-
Rad Laboratories, Hercules, CA, USA). Image processing was 
conducted using ImageJ software (https://imagej.affinitycn.
cn/?bd_vid=8016646872135780194#header).

Statistical analysis
All data were presented as the mean ± standard deviation 

(SD) from at least three biological replicates. Statistical dif-
ferences between two groups were compared using unpaired 
t-test through GraphPad Prism 7.0 software (GraphPad Soft-
ware Inc., San Diego, CA, USA). A P-value of less than 0.05, 
0.01, 0.001, and 1×10–⁴ was considered statistically significant 
and marked as “*”, “**”, “***”, and “****,” respectively.

RESULTS

Screening and identification of daurisoline as a 
γγ-secretase inhibitor

Chemical constituents and related targets of RM were col-
lected from the traditional Chinese medicine system (TCMSP) 
database to construct a relationship network. The results of 
the landscape pharmacology network and the selection of hub 
genes are presented in Fig. 2A. Cytoscape 3.10.2 software 
(https://cytoscape.org/) was utilized to visualize the network 
of ingredient-target relationships, identifying 13 active ingre-
dients and 94 related targets. Among them, daurisoline, a 
unique compound found in RM, received particular attention.

Next, the active ingredient-related targets of RM were in-
tersected with BC-related targets using Venn analysis. As 
illustrated in Fig. 2B, the predicted candidate targets of RM 
overlapped with BC-related targets, resulting in a total of 17 
intersected targets (excluding duplicates). A protein-protein 
interaction (PPI) network analysis was conducted for the in-
tersecting targets of RM and BC, which targets with scores 
greater than 0.7 were selected to construct a PPI network us-
ing the STRING database. This network consisted of 13 nodes 
and 50 edges, with an average node degree of 7.25 and an 
average local clustering coefficient of 0.78 (Fig. 2C). BCL2, 
NOTCH1, and CASP3 exhibited high connectivity, functioning 

as central hubs in the PPI network.
Disease-related enrichment analysis of RM genes was 

performed using Gene Ontology (GO) chord plots (Log fold-
change (FC) values >1 or <–1). The results indicated that BC 
ranked second, suggesting that RM-related genes could be 
involved in BC treatment (Fig. 2D). Subsequently, the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway en-
richment analysis was conducted on the relevant targets of 
RM’s active ingredients, identifying the top 17 enriched KEGG 
pathways (p<0.05). As displayed in Fig. 2E, the regulation of 
active ingredient-related targets in RM was predominantly 
associated with the Notch signaling pathway, indicating that 
daurisoline could influence BC through the γ-secretase/Notch 
axis.

Daurisoline inhibited the proliferation of TNBC cells
To investigate the inhibitory effect of daurisoline on TNBC 

cell proliferation, MDA-MB-231 and MDA-MB-468 cells were 
treated with different concentrations of daurisoline (3.125-100 
μM) for 24, 48, and 72 h, respectively. The proliferation of 
TNBC cells was assessed using the sulforhodamine B (SRB) 
assay. As illustrated in Fig. 3A, 3B, daurisoline significantly 
inhibited the proliferation of TNBC cells, and the inhibitory ac-
tivity demonstrated dependence on both time and concentra-
tion. The half-maximal inhibitory concentration (IC50) values 
for daurisoline treatment of MDA-MB-231 and MDA-MB-468 
cells after 48 h were 18.31 ± 1.58 and 16.25 ± 1.22 μM, re-
spectively.

Additionally, the cytotoxicity of daurisoline on normal breast 
cells, MCF-10A, was examined. The results indicated that 
when the concentration of daurisoline was elevated to 200 
μM, the inhibition rate on MCF-10A cells was only about 20% 
(Fig. 3C). This suggests that daurisoline, as a natural active 
ingredient, exhibits selectivity towards TNBC cells while dem-
onstrating low toxicity to normal breast cells.

The long-term inhibitory effect of daurisoline on both types 
of TNBC cells under very low-density conditions was evalu-
ated using the cell colony formation assay. The results re-
vealed that daurisoline (6.25, 12.5, and 25 μM) effectively 
inhibited colony formation of MDA-MB-231 and MDA-MB-468 
cells compared with the control group (Fig. 3D), with statisti-
cally significant findings (Fig. 3E, 3F). Doxorubicin served as 
a positive control in this study, as it is the preferred drug for 
the clinical treatment of TNBC and has demonstrated notable 
inhibitory activity on MDA-MB-231 cells. These data suggest-
ed that daurisoline could effectively inhibit the proliferation of 
TNBC cells.

The effect of daurisoline on the TNBC cell cycle was ana-
lyzed through PI staining combined with FCM. As illustrated in 
Fig. 3G, compared with the control group, TNBC cells exhib-
ited significant arrest in the S phase following treatment with 
daurisoline (6.25 μM). As a positive control, doxorubicin (1 
μM) was used to treat MDA-MB-231 and MDA-MB-468 cells 
for 48 h, resulting in cell cycle arrest in the G2/M phase. It is 
noteworthy that cetuximab was used as an irrelevant control 
in the cell cycle assay. The findings indicated that daurisoline 
could inhibit cell proliferation by inducing S phase arrest in 
TNBC cells, with statistically significant results (Fig. 3H, 3I).

Daurisoline induced apoptosis in TNBC cells
During the investigation of daurisoline’s effect on inhibiting 

TNBC cell proliferation, its ability to promote apoptosis was 
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Fig. 2. Active ingredients and key targets of RM in inhibiting the progression of BC. (A) The network of RM: active ingredients and targets. 
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also explored. This effect was evaluated through cell morphol-
ogy observation, AV/PI double staining combined with FCM, 
and LDH release assay. The results of Hoechst 33342 staining 
indicated that, compared with the control group, MDA-MB-231 
and MDA-MB-468 cells treated with different concentrations 
of daurisoline for 48 h exhibited an increase in the number of 
apoptotic cells and the formation of apoptotic bodies. As the 
concentration of daurisoline increased, the number of viable 
cells significantly decreased (Fig. 4A).

To verify the morphological observations, LDH release 
assay was conducted. LDH is a cytoplasmic enzyme that is 
released into the culture medium when the cell membrane 
is compromised, indicating late apoptosis. The results dem-
onstrated that after treating MDA-MB-231 and MDA-MB-468 
cells with daurisoline for 48 h, LDH concentration in the cell 
culture medium significantly increased compared with the 
control group, comprising statistically significant results (Fig. 
4B, 4C).

AV/PI double staining was employed to detect early and late 
apoptosis in MDA-MB-231 and MDA-MB-468 cells following 
daurisoline treatment. The findings indicated that, compared 
with the control group, the proportion of viable cells gradually 
decreased while that of early apoptotic cells significantly in-
creased following 48 h of daurisoline treatment (Fig. 4D), with 
statistically significant results (Fig. 4E, 4F). Overall, the find-
ings demonstrated that daurisoline could effectively promote 
apoptosis in TNBC cells.

Daurisoline blocked the migration and invasion of TNBC 
cells

Metastasis and infiltration are the main reasons for treat-
ment failure in cancer patients. The wound healing assay was 
employed to evaluate the effect of daurisoline on the meta-
static abilities of MDA-MB-231 and MDA-MB-468 cells. The 
results of wound healing assay revealed that, compared with 
the control group, increasing concentrations of daurisoline ef-
fectively reduced the metastatic ability of MDA-MB-231 and 
MDA-MB-468 cells after 48 h. As a natural compound, dau-
risoline exhibited an anti-metastatic effect at 6.25 μM, which 
is comparable to the effect of the first-line chemotherapy drug 
doxorubicin at 1 μM (Fig. 5A), accompanying by statistically 
significant results (Fig. 5B, 5C).

Transwell assay was employed to evaluate the effects of 
daurisoline on the migration and invasion abilities of MDA-
MB-231 and MDA-MB-468 cells. In this experiment, Matrigel 
was added to the upper layer of the membrane in the Tran-
swell chamber to assess invasion. After treatment with dau-
risoline (12.5 μM), the invasion and migration abilities of MDA-
MB-231 and MDA-MB-468 cells were gradually reduced, and 
the number of TNBC cells crossing the Matrigel significantly 
decreased, as displayed in Fig. 5D, accompanying by statisti-
cally significant results (Fig. 5E-5H). The Transwell assay data 
not only confirmed that daurisoline could effectively inhibit the 
migration and invasion of TNBC cells, but also validated the 
results of the wound healing experiment.
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Daurisoline inhibited the growth of human TNBC 
xenograft tumors

A TNBC nude mouse xenograft model was established to 
evaluate the therapeutic effect of daurisoline on TNBC in vivo. 
Daurisoline (1 and 5 mg/kg) and doxorubicin (1 mg/kg) were 
administered intragastrically daily for 14 days (Fig. 6A). Dur-
ing the treatment, the diet and water intake of experimental 
animals were monitored, and the volume of subcutaneous 
tumors and the body weight of animals were measured regu-
larly. At the end of the treatment, the experimental animals 
were anesthetized using 3% isoflurane, euthanized uniformly, 
and tumor and organ tissues were collected (Fig. 6B).

Histological data indicated that the untreated group had 
significant cancer nests, with notable destruction of tissue 
structure. In comparison, daurisoline effectively reduced the 

formation of cancer nests and significantly restored normal 
tissue structure (Fig. 6C). Daurisoline (5 mg/kg) significantly 
inhibited the growth of subcutaneous tumors in MDA-MB-231 
cells, accompanied by statistically significant results (p<0.05, 
Fig. 6D, 6E).

During the in vivo assessment of daurisoline’s antitumor ef-
ficacy, changes in the body weight of experimental animals 
were also monitored throughout daurisoline administration. 
Throughout the treatment period, the body weight of nude 
mice in the untreated group exhibited a downward trend, while 
the body weight of animals in the daurisoline and doxorubi-
cin treatment groups increased to varying degrees (Fig. 6F). 
These findings suggest that daurisoline can maintain the ap-
petite of experimental animals while inhibiting TNBC growth. 
Based on the subcutaneous tumor volume data collected in 
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Fig. 6. Daurisoline inhibits the growth of xenograft subcutaneous tumors in MDA-MB-231 cells. (A) Establishment of a nude mouse xeno-
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changes in the volume of xenograft tumors in various groups of animals during treatment. Each value is presented as the mean (±SEM) 
from triplicate samples. *p<0.05, **p<0.01 versus control group.
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vivo, a tumor growth curve was plotted. As daurisoline treat-
ment progressed, the growth rate of subcutaneous tumors in 
nude mice gradually decreased, indicating that daurisoline 
could effectively inhibit tumor growth, as illustrated in Fig. 6G.

Daurisoline inhibited BC cell growth by the γγ-secretase/
Notch axis

After confirming the in vivo effects of daurisoline on BC, 
preliminary exploration of its mechanism was conducted. To 
further evaluate the effect of daurisoline on the Notch sig-
naling pathway, the possible binding mode of daurisoline to 
γ-secretase (PDB code: 7C9I) was predicted using molecular 
docking (Fig. 7A). It was revealed that the hydroxyl group on 
daurisoline could form two key hydrogen bonds with LYS380 
and GLY378 in PSEN-1 (the catalytic core of γ-secretase). Im-
portantly, daurisoline exhibited a strong affinity for the active 
center of γ-secretase.

To further confirm the function of daurisoline through the 
Notch signaling pathway, Western blotting was employed to 
detect the expression levels of the Notch intracellular domain 
(NICD), the γ-secretase catalytic core PSEN-1, the Notch-1 
receptor, and apoptosis-indicating proteins (Bax and Bcl-2) in 
tumor tissue following daurisoline treatment. As displayed in 

Fig. 7B, 7C, after 14 days of treatment, the protein expres-
sion level of PSEN-1 did not significantly vary, while the level 
of NICD was significantly reduced, confirming a reduction in 
the hydrolytic activity of γ-secretase. Moreover, the protein 
expression level of Notch-1 was significantly downregulated, 
indicating that activation of the Notch signaling pathway was 
blocked. Additionally, Bax and Bcl-2 are important indicators 
of cell apoptosis. They regulate apoptosis by forming homodi-
mers or heterodimers. An increase in Bax expression level 
and a decrease in Bcl-2 expression level induce apoptosis by 
promoting homodimer formation.

PSEN-1 is a key subunit of the γ-secretase complex and the 
catalytic core for its hydrolytic function. The results indicated 
that treatment with daurisoline resulted in decreased expres-
sion levels of Notch-1 receptors and NICD, confirming that the 
hydrolytic activity of γ-secretase was affected and the activa-
tion of the Notch signaling pathway was blocked. The changes 
in Bax and Bcl-2 expression levels further indicated apoptosis 
in TNBC cells. Notably, the protein level of PSEN-1 remained 
unchanged, suggesting that while daurisoline inhibited PSEN-
1’s catalytic activity by binding to its active site, it did not alter 
the overall expression level of PSEN-1.

Therefore, it is speculated that daurisoline, as a natural 
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γ-secretase inhibitor, suppresses γ-secretase activity, thereby 
reducing Notch receptor cleavage, decreasing NICD release 
and nuclear accumulation, and disrupting NICD binding to 
nuclear transcription factors, such as CSL and MAML. This ul-
timately inhibits the transcription of downstream Notch target 
genes, potentially slowing down TNBC progression.

DISCUSSION

The incidence of BC is increasingly observed in younger 
individuals (Shah et al., 2022). Based on the analysis of over 
8,000 human genes and corresponding cloned cDNA microar-
rays, BC is classified into three molecular subtypes: hormone 
receptor-positive, HER-2-positive, and triple-negative (Ortega-
Lozano et al., 2022). Among them, TNBC accounts for about 
25% of all BC cases and is the most malignant subtype (Calip 
et al., 2022). Natural active ingredients provide a new option 
for the prevention and treatment of TNBC due to their novel 
structure, strong specificity, and high safety (Jia et al., 2021a).

The abnormal activation of the Notch signaling pathway 
has exhibited to be associated with the BC progression (Saini 
et al., 2024). The activation of the Notch receptors involves 
three cleavages, in which the γ-secretase-mediated cleavage 
is the most critical (Shah et al., 2024). The γ-secretase com-
plex, located on the nuclear membrane, cleaves the NECD to 
release the NICD. NICD can then translocate into the nucleus, 

bind to transcription factors, such as CSL, MAML, and SKIP, 
and initiate the transcription of downstream targets, including 
HES family genes, MYC, P21, and Cyclin D3. In this process, 
γ-secretase serves as the core target for regulating activation 
of the Notch signaling pathway.

In this research, it was found that daurisoline derived from 
RM exhibited anti-TNBC activity. The bisbenzylisoquinoline 
alkaloids represented by daurisoline showed a strong inhibi-
tory effect on TNBC. Furthermore, it was revealed that the 
anti-TNBC effects of daurisoline were associated with the 
γ-secretase/Notch signaling pathway. It was therefore, for the 
first time, hypothesized that daurisoline, a natural γ-secretase 
inhibitor, could effectively inhibit the growth of TNBC by block-
ing the activation of the γ-secretase/Notch axis (Fig. 8).

To validate this hypothesis, two TNBC cell lines, MDA-
MB-231 and MDA-MB-468, were selected to assess the anti-
TNBC activity of daurisoline. Subsequently, a nude mouse 
xenograft model was utilized to investigate the anti-tumor ef-
fects of daurisoline on TNBC, revealing that daurisoline could 
effectively inhibit the growth of subcutaneous tumors. To pre-
liminarily clarify whether daurisoline could exert anti-TNBC ef-
fects through γ-secretase, molecular docking was employed 
to simulate the interaction mode between daurisoline and key 
subunits of γ-secretase. The results indicated that the active 
functional groups of daurisoline could form intermolecular hy-
drogen bonds with key amino acid residues of γ-secretase, 
demonstrating stable binding and notable affinity.
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Fig. 8. Diagram of the mechanism of daurisoline against TNBC growth. As a γ-secretase inhibitor, daurisoline reduces the production of 
NICD by decreasing the hydrolytic activity of γ-secretase on the Notch receptor, which in turn decreases NICD accumulation in the nucleus 
and its ability to recruit transcription factors. This ultimately prevents the transcription of Notch downstream target genes, thereby affecting 
the biological behavior of breast cancer cells, including proliferation, migration, and invasion.
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Additionally, the effects of daurisoline on the protein ex-
pression levels of the Notch-1 receptor, NICD, and PSEN-1 
were assessed, along with the expression levels of apoptosis-
related proteins Bax and Bcl-2. This research confirmed that 
daurisoline could inhibit the proliferation of TNBC cells and 
promote apoptosis by regulating the γ-secretase/Notch axis, 
both in vitro and in vivo.

In conclusion, daurisoline could inhibit the growth of TNBC 
cells both in vitro and in vivo. It could induce apoptosis in 
TNBC cells by regulating the γ-secretase/Notch axis. Dau-
risoline could decrease the activity of γ-secretase by interfer-
ing with the catalytic core PSEN-1, leading to the inhibition 
of Notch signaling pathway. These results provided valuable 
insights for further research on daurisoline and Notch signal-
ing pathway, thereby promoting the development of dibenzyl-
isoquinoline alkaloids as targeted therapies for TNBC.
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