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Naturally derived Erythrinin C targets γ-secretase signaling to suppress 
triple-negative breast cancer progression and reverse paclitaxel resistance
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A B S T R A C T

Background: Triple-negative breast cancer (TNBC) is a highly aggressive subtype of breast cancer. Paclitaxel 
(Taxol) serves as a first-line chemotherapeutic agent, but the emergence of drug resistance often limits its clinical 
efficacy. Bioactive compounds with anticancer potential and reduced toxicity have thus gained increasing 
research interest. Erythrinin C (EC), known for its favorable drug-like properties and accessible sourcing has 
attracted significant attention. However, its mechanism of action and role in modulating chemotherapy resis
tance remain unclear.
Purpose: This study aimed to evaluate the antitumor effects of EC on TNBC both in vivo and in vitro, and to 
investigate its ability to reverse of drug resistance in TNBC/Taxol cells either alone or in combination with Taxol.
Methods: The crystal structure of the γ-secretase protein was obtained from the Protein Data Bank (RCSB PDB), 
and a pharmacophore model was constructed based on its natural small-molecule ligands. Pharmacophore-based 
screening was performed across traditional Chinese medicine and natural product database to identify potential 
drug candidates. Confirm the interaction target between EC and γ-secretase was validated, and the biological 
effects, genetic influences, and in vivo activity of EC targeting γ-secretase were assessed through in vitro and in 
vivo experiments.
Results: EC was identified as a γ-secretase inhibitor and was shown to suppress TNBC cell proliferation and 
migration in vitro. Genetic modulation of PSEN-1 in MDA-MB-231 cells revealed that low PSEN-1 expression 
inhibits the malignant phenotype of TNBC cells. Pharmacological evaluation confirmed that EC treatment 
effectively slows TNBC progression. Furthermore, EC effectively reversed Taxol resistance in TNBC/Taxol cells. 
In vivo experiments further demonstrated that the combination of EC and Taxol significantly inhibited xenograft 
tumor growth.
Conclusion: EC acts as a natural γ-secretase inhibitor that exerts significant anti-TNBC activity in both in vitro and 
in vivo by targeting PSEN-1 subunit. It also reverses TNBC/Taxol resistance at both cellular and animal levels, 
highlighting its promising and potential as a novel targeted therapeutic candidate for TNBC.

Abbreviations: EC, Erythrinin C; HTVS, high-throughput virtual screening; KD, knockdown; LDH, lactate dehydrogenase; NICD, Notch intracellular domain; OE, 
overexpression; PSEN-1, presenilin; SP, standard precision; TNBC, Triple-negative breast cancer; Taxol, Paclitaxel; XP, extra precision.
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Introduction

Triple-negative breast cancer (TNBC) is the most aggressive subtype 
of breast cancer and is associated with a poor prognosis (Wang et al., 
2024a). Taxol, as a first-line chemotherapy drug for TNBC, demonstrates 
significant initial efficacy, but its long-term therapeutic effect is 
hampered by the development of drug resistance, leading to treatment 
failure and recurrence (Wang et al., 2022). Consequently, enhancing the 
efficacy of Taxol and overcoming drug resistance are critical clinical 
goals (Feng et al., 2024). Currently, chemotherapy remains the core of 
standard clinical treatment for TNBC (Zhang et al., 2025). First-line 
regimens typically employ taxanes such as paclitaxel (Jiang et al., 
2024), docetaxel (Sharma et al., 2024), combined with anthracyclines 
(epirubicin), which can induce initial responses in some patients 
(Bianchini et al., 2022). For patients with BRCA1/2 mutations, PARP 
inhibitors (e.g., olaparib) offer a targeted treatment option (Tutt et al., 
2021). Additionally, for PD-L1-positive advanced TNBC, immune 
checkpoint inhibitors (e.g., atezolizumab) combined with chemotherapy 
have been incorporated into first-line therapy (Kwapisz, 2021). How
ever, the application of these therapies faces significant limitations. 
Chemotherapy drugs commonly cause severe side effects, such as bone 
marrow suppression, neurotoxicity, and cardiotoxicity, which severely 
impact patients' quality of life (Zheng et al., 2025). More critically, 
TNBC patients are highly prone to developing acquired drug resistance, 
leading to treatment failure and disease recurrence.

Screening for bioactive compounds with novel mechanisms of action 
from natural products, particularly plant-derived medicines, demon
strates unique advantages. Plant-derived compounds typically exhibit 
structural diversity, multi-target effects, and relatively low toxicity, 
laying the foundation for discovering novel anticancer lead compounds 
(Roichman et al., 2025). Multiple studies have confirmed the thera
peutic potential of specific plant components in TNBC. Curcumin in
duces apoptosis in TNBC cells and reverses epithelial-mesenchymal 
transition by inhibiting NF-κB and Wnt/β-catenin signaling pathways 
(Tanaka et al., 2018). Resveratrol modulates SIRT1 and AMPK pathways 
to suppress cell proliferation and enhance chemotherapy sensitivity 
(Zhang et al., 2025). Green tea polyphenol EGCG exerts anti-TNBC ef
fects by regulating miRNA expression and inhibiting angiogenesis 
(Fernandes et al., 2018). These studies validate the feasibility of herbal 
medicines as therapeutic strategies for TNBC and reveal the importance 
of regulating key signaling pathways in overcoming drug resistance. 
Notably, the γ-secretase/Notch signaling pathway plays a central role in 
the development and treatment resistance of TNBC by maintaining 
tumor stem cell characteristics, promoting epithelial-mesenchymal 
transition, and mediating chemotherapy resistance (Jia et al., 2021). 
However, current inhibitors targeting this pathway (γ-secretase in
hibitors) often exhibit severe side effects (such as gastrointestinal 
toxicity) or limited efficacy. Furthermore, plant-derived γ-secretase in
hibitors remain understudied in the context of TNBC. Recent studies 
have revealed that active components in traditional Chinese medicine, 
known for their high efficacy and low toxicity, represent a promising 
source for developing novel anticancer drugs (Liang et al., 2023). 
Therefore, this underscores the urgent need to identify and develop 
naturally sourced small-molecule targeted drug candidates capable of 
reversing TNBC resistance.

The Notch pathway is a key driver of chemotherapy resistance in 
TNBC (Zhu et al., 2023). Notch pathway activation requires the 
sequential cleavage of notch receptors by Furin-like proteases, a disin
terring and metalloproteinase proteases and γ-secretase. The cleavage of 
the Notch receptor results in the release of the Notch intracellular 
domain (NICD), which translocate to nucleus, binds transcription factor 
CSL and recruits co-factors to initiate gene transcription, thereby trig
gering downstream biological responses (Yao et al., 2024). γ-secretase 
serves as the terminal cleaving enzyme within the transmembrane re
gion of the Notch pathway and is essential for Notch signal activation. It 
is a transmembrane protein complex located in the cell membrane, 

composed of four key subunits: presenilin (PSEN-1/-2), nicastrin, ante
rior pharynx defective-1, and presenilin enhancer-2 (Yang et al., 2024). 
Among these, PSEN-1 carries the primary catalytic function, and its 
activity reflects the hydrolytic function of γ-secretase.

EC is an isoflavone isolated from Erythrina suberosa var. In TNBC 
cells, EC has been shown to inhibit TNBC proliferation and reduce cell 
viability; however, the underlying mechanism remains unclear. We 
discovered that EC inhibits γ-secretase activity, with its active moiety 
exhibiting strong affinity for γ-secretase. In this study, we constructed a 
pharmacophore model based on the crystal structure of the γ-secretase 
and its small-molecule natural ligands. Using this model, we systemat
ically screened databases of active components from traditional Chinese 
medicine and natural products to identify novel drug candidates with 
potential therapeutic interventions. Building upon this, we employed 
TNBC cells with either PSEN-1 overexpression (OE) or knockout (KD) 
through genetic manipulation, along with xenograft tumor models, to 
evaluate EC’s ability to slow TNBC progression by regulating g-secre
tase. Through cellular phenotype experiments, we demonstrated that EC 
effectively reversed Taxol resistance in TNBC/Taxol cells.

Materials and methods

Reagents and instruments

The compound Erythrinin C (HY-N3857, CAS No. 63807-85-2, pu
rity: 98.0 %) was sourced from MedChemExpress (Shanghai, China) 
(Tanaka et al., 2018). Paclitaxel (Taxol, Cat. No MB1178) was obtained 
from Meilunbio (Dalian, China). Taxol was used as the positive control 
drug. The following antibodies were used in this study: anti-PSEN-1 
(Rabbit mAb #DF6910) from Affinity (Jiangsu, China); anti-Notch1 
(Rabbit mAb #3608) from Cell Signaling Technology (Massachusetts, 
USA); anti-Notch3 (Rabbit mAb #711007) and anti-Notch4 (Rabbit 
mAb #PA5-96995) from Thermo Fisher Scientific (Massachusetts, USA); 
anti-BCRP (ABCG2, Rabbit mAb #42078), anti-MDR1 (ABCB1, Rabbit 
mAb #13342), and anti-CYP3A4 (Rabbit mAb #13384) from Cell 
Signaling Technology (Massachusetts, USA).

Primary experimental instruments include: CO₂ incubator, Qingdao 
Haier Co., Ltd.; Fluorescence microplate reader, BMG GmbH, Germany; 
Chemiluminescent gel imaging system, Aplegen, USA; Inverted micro
scope, Leica Microsystems GmbH, Germany; Upright fluorescence mi
croscope, Leica Microsystems GmbH, Germany; Microtome, Leica 
Microsystems GmbH, Germany; Constant-temperature Dry Bath, Beijing 
Dalong Xingchuang Laboratory Instrument Co., Ltd.; Bench-top Low- 
speed Centrifuge, Hunan Hesi Instrument Equipment Co., Ltd.; Freeze 
Centrifuge, Thermo Fisher Scientific, USA; Laminar Flow Hood, 
Shanghai Longyue Instrument Equipment Co., Ltd.; Slide Mounting and 
Drying Machine, Hubei Huida Instrument Co., Ltd.; Portable Small An
imal Anesthesia Machine, Shenzhen Ruowei Life Technology Co., Ltd.; 
Ice maker, Panasonic Cold Chain (Dalian) Co., Ltd.; Ultrasonic cell dis
ruptor, Ningbo Xinzhi Biotechnology Co., Ltd.; Autoclave, Xiamen Zhi
wei Instruments Co., Ltd.; Agilent NovoCyte flow cytometer, Agilent 
Technologies, USA; Vertical electrophoresis chamber for protein elec
trophoresis, BIO-RAD Laboratories, Inc., USA.

Cell culture

The human triple-negative breast cancer cell line MDA-MB-231 was 
cultured in DMEM medium supplemented with 10 % fetal bovine serum 
and 1 % penicillin-streptomycin. Its paclitaxel-resistant variant, MDA- 
MB-231/Taxol was cultured in RPMI 1640 medium supplemented 
with 10 % fetal bovine serum and 1 % penicillin-streptomycin. All cells 
were maintained in a humidified incubator at 37 ◦C with 5 %.

Pharmacophore-based screening for γ-secretase inhibitors

The crystal structure of the PSEN-1 (PDB ID: 6LR4, Chain B) was 
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obtained from the RCSB PDB database. We prepared protein structure 
using the Protein Wizard module in Schrödinger Suite, which involved 
restoring the native ligand conformation, optimizing of hydrogen 
bonding network, and performing energy minimization, all water mol
ecules were removed from the structural. The ADME/T properties of the 
compound were predicted using QikProp module. Subsequently, the 
preprocessed ligand library was subjected to a hierarchical molecular 
docking workflow against the PSEN-1 active site. This process employed 
high-throughput virtual screening (HTVS), followed by standard preci
sion (SP), and extra precision (XP) docking modes to progressively refine 
the screening accuracy. Finally, the binding free energy of top-ranked 
ligand-PSEN-1 complex was calculated using MM-GBSA method 
(Wang et al., 2024b).

Molecular docking of EC with PSEN-1

The compound EC was sketched in 2D using Chem-Bio-Draw Ultra 
13.0 and converted to a 3D structure using ChemBio3D Ultra 13.0. 
Ligand preparation was performed using the Lig-Prep module within the 
Schrödinger Suite, applying the same force field used for receptor 
optimization. Molecular docking was performed using the Glide module 
in Schrödinger Maestro 2018 to bind EC into the active site of γ-secretase 
(PDB code: 6LR4). The built-in ‘Protein-Ligand Interaction Diagram’ 
feature was employed for preliminary identification of interactions such 
as hydrogen bonds and hydrophobic contacts. To generate a high- 
quality three-dimensional docking diagram, the complex structure was 
imported into PyMOL 2.5.0 (The PyMOL Molecular Graphics System) for 
rendering, illustrating the spatial position of the ligand within the 
binding pocket. To clearly display key interatomic interactions, a two- 
dimensional interaction diagram was generated using LigPlot+ v.2.2 
software. This software automatically identifies interactions based on 
the following criteria: hydrogen bonds (donor-acceptor atom distance 
≤3.5 Å and donor-hydrogen-acceptor angle ≥120◦); hydrophobic in
teractions (nonpolar atom-nonpolar atom distance ≤4.0 Å, primarily 
involving carbon atoms). The two-dimensional chemical structures of 
ligands were drawn using ChemDraw Professional 20.0 (Bisht et al., 
2024). All software was used with default parameters for analysis and 
plotting.

Western blotting

Cells were harvested, washed once with PBS buffer, and lysed using a 
RIPA buffer supplemented with protease and phosphatase inhibitors. 
The lysates were centrifuged at 12,000 g for 15 min to collect super
natant. Total protein concentration was determined using a BCA assay, 
and 60 μg of protein was loaded per lane for western blot analysis. The 
target protein and its internal control protein were processed simulta
neously in adjacent lanes on the same gel. Equal amounts of protein 
were separated by electrophoresis on a 10 % SDS-PAGE and subse
quently transferred onto a PVDF membrane. The membrane was then 
blocked with 5 % skim milk TBS for 2 h at room temperature to prevent 
non-specific binding. Following blocking, the membranes were incu
bated overnight at 4 ◦C with the following primary antibodies. After 
washing with TBST, the membrane was incubated with corresponding 
horseradish peroxidase labeled secondary antibody for 1 h at room 
temperature. Protein bands were visualized using an enhanced chem
iluminescence substrate and detected using a chemiluminescence im
aging system(1800047S). β-actin was used as a loading control protein 
(Liu et al., 2022). Quantitative analysis of Western blot bands was per
formed independently by two researchers who were unaware of the 
experimental groupings.

RT-qPCR analysis

Total RNA was extracted from treated cells using Trizol reagent (1 
mL/vial) and purified, an RNA extraction kit (Transgene) according to 

the manufacturer’s instructions. and measure the RNA concentration 
and purity were measured using a spectrophotometer. Subsequently, 
1mg of total RNA was reversed-transcribed into cDNA using the All-in- 
One First-Strand cDNA Synthesis Kit (Transgene). Quantitative real- 
time PCR was performed using a standard SYBR Green protocol. The 
primer sequences used for the target gene PSEN-1 are as follows: for
ward: AGCACAGAAAGGGAGTCACAAGA; reverse: GTGTA
GAGCGATGAGGCCCTAG. PCR amplification conditions consisted of an 
initial denaturation at 95 ◦C for 30 s, followed 40 cycles of denaturation 
at 95 ◦C for 5 s, and annealing/extension at 60 ◦C for 30 s. A melting 
curve analysis was performed at the end of each run to conform 
amplification specificity. The comparative Ct (2-ΔΔCT) method was used 
to calculate relative mRNA expression, with GAPDH serving as the in
ternal reference gene (Zucha et al., 2021).

Immunofluorescence staining

Cells were treated with EC (5, 10, and 15 μM), Taxol (100 nM), or a 
combination of EC (10 μM) and Taxol for 48 h. After treatment, cells 
were washed three washes with PBS and fixed with 4 % para
formaldehyde for 15 min at room temperature. The cells were the per
meabilized with 0.2 % Triton X-100 for 5 min and blocked with 5 % BSA 
for 30 min. Following the blocking, cells were incubated with the 
following primary antibodies diluted in 1 % BSA overnight at 4 

◦C: After 
washed three times with PBS, cells were incubated with the secondary 
antibody for 1 h at room temperature. Nuclei were counterstained with 
DAPI for 7 min, and washed three times with PBS. An anti-fluorescence 
quencher was applied. Images were acquired using a fluorescence mi
croscope (Harms et al., 2023).

Cell viability assay

Cell viability was assessed using the MTT assay. Following a 48 h 
treatment with various concentrations of EC (1.5625, 3.125, 6.25, 12.5, 
25, and 50 μM) for 48 h, MTT solution was added to the cells and then 
incubated for additional 4 h. Subsequently, 100 μl of dimethyl sulfoxide 
was added to each well. The plate was incubated for 10 min in an 
enzyme-linked immunosorbent assay reader, and the optical density was 
measured at 450 nm (Wang et al., 2023). The results were plotted as a 
curve, and the IC50 value of EC was calculated using GraphPad Prism 9.0 
software.

Colony formation assay

After a 48 h incubation in a medium containing EC (5, 10, and 15 
μM), Taxol (100 nM), or EC (10 μM) combined with Taxol, the treatment 
medium was replaced with a complete medium and, the cells were 
cultured for another 10 days to allow colony formation. The resulting 
colonies were then washed once with PBS, fixed with 4 % formaldehyde 
solution for 15 min, and stained with 0.1 % crystal violet for 8 min. 
Finally, the plates were washed three times with PBS, air-dried at room 
temperature, and photographed (Yang et al., 2023).

Tumor spheroid formation

Cells were incubated for 48 h in a medium containing EC (5, 10, and 
15 μM), Taxol (100 nM), or EC (10 μM) combined with Taxol, followed 
by continued culture for 10 days. The resulting primary spheroids were 
digested with trypsin to dissociate them into a single-cell suspension. 
After counting, the cells underwent secondary plating at same density 
used the initial spheroid formation. These secondary plates were incu
bated at 37 ◦C with 5 % CO₂ for 7–10 days to observe secondary spheroid 
formation, which was documented with photographs (Chen et al., 
2024).
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Surface plasmon resonance

The binding kinetics between compound EC and His‑tagged PSEN‑1 
were analyzed by surface plasmon resonance (Biacore T200). PSEN‑1 
was captured via an anti‑His antibody immobilized on a CM5 chip. EC 
solutions (0.1 nM–10 µM in HBS‑EP+ with 1 % DMSO) were injected at 
30 µL/min. Data were double‑referenced and globally fitted to a 1:1 
Langmuir model to obtain ka, kd, and KD. All measurements were per
formed at 25 ◦C. The experimental protein is a recombinant soluble 
truncated domain of human PSEN-1. This construct lacks trans
membrane regions and is engineered as a soluble protein to facilitate in 
vitro binding assays.

Lactate dehydrogenase release assay

Cells were incubated for 48 h in a medium containing EC (5, 10, and 
15 μM), Taxol (100 nM), or a combination of EC (10 μM) and Taxol. 
Following the incubation, the supernatant and cell lysates from each 
well were collected according to the LDH assay kit instruction. The 
samples were then incubated with the provided detection reagents, 
including Coenzyme I working solution, substrate buffer, and double- 
distilled water in the specified ratios. The optical density (OD) was 
measure at 450 nm. LDH activity (U/l) in the cell culture medium was 
calculated using formula: (OD value of assay well - OD value of control 
well) / (OD value of standard well - OD value of blank well) × Standard 
concentration (0.2 μM) × 1000 (Li et al., 2022).

Annexin V-FITC/PI apoptosis assay

Cells were treated for 48 h with EC (5, 10, and 15 μM), Taxol (100 
nM), or a combination of EC (10 μM) and Taxol. After treatment, the 
cells were washed once with pre-chilled PBS at 4 ◦C and then detached. 
The cell suspension was centrifuged at 2000 rpm for 10 min, and the 
resulting pellets were collected. Each pellet was resuspended in 150 μl of 
Binding Buffer. Then 2.5 μl Annexin V-FITC stain was added, the sample 
was mixed thoroughly, and incubated in the dark for 15 min. Prior to 
analysis, 2.5 μl of PI and 100 μl of Binding Buffer were added sequen
tially. Apoptotic cells were detected using a flow cytometry (Zhu et al., 
2022).

Cell migration assay

A wound healing assay was performed to assess cell migration. A 
scratch was made in a confluent cell monolayer at time 0 h, and cells 
were treated with EC (5, 10, and 15 μM), Taxol (100 nM), and a com
bination of EC (10 μM). Images of the would were captured at 0, 24 and 
48 h using an inverted microscope. The acquired images were analyzed 
with ImageJ software by measuring the scratch area to quantify cell 
migration (Kaler et al., 2025).

Cell invasion and migration assay

To investigate cell invasion/migration, cells were treated with EC (5, 
10, and 15 μM), Taxol (100 nM), or a combination EC (10 μM) combined 
with Taxol and plated in Transwell inserts. After 48 h treatment, the 
non-invading/migrating cells on the upper surface of the membrane 
were removed. The cell had migrated to the lower side of the membrane 
were fixed with 4 % paraformaldehyde for 10 min, stained with 0.1 % 
crystal violet solution for 30 min, and washed twice with PBS. The 
number of migrated cells were imaged and counted under a microscope 
(Zheng et al., 2024).

Lentiviral transfection

MDA-MB-231 cells were seeded in 6-well plates, and grown to 70 % 
confluence. Cells were transfected for 24 h using viral supernatant at a 

multiplicity of infection of 60, supplemented with 8 µg/ml poly
vinylpyrrolidone. Following transfection, cells were cultured for an 
additional 48 h. Stable transfected cells were selected with 2 µg/ml 
puromycin for 2–3 weeks, and transfection efficiency was verified by 
RT-qPCR or Western blotting. The following lentiviral vectors were 
used: For the PSEN-1 OE, pcSLenti-CMV-PSEN1-3 × Flag-PGK-Puro- 
WPRE3 (Virus ID: H4398); for corresponding OE control, pcSLenti- 
CMV-MCS-3 × Flag-PGK-Puro-WPRE3 (Virus ID: GL186). For PSEN-1 
KD, pCLenti-U6-shRNA (PSEN1)-CMV-Puro-WPRE (Virus ID: Y39882); 
for KD control, pCLenti-U6-shRNA (NC)-CMV-Puro-WPRE (Virus ID: 
GL401NC). All viral vectors were provided by OBIO Shanghai (Cowan 
et al., 2022). All functional assays utilized cell batches whose knock
down efficiency was validated by Western blot.

Establishment of a subcutaneous xenograft tumor model in nude mice

MDA-MB-231 and MDA-MB-231/Taxol cell suspensions (density 1.0 
× 10⁷/ml) were subcutaneously injected into the axillary region of Balb/ 
C Nude Crlj nude mice (Changsheng Company). Thirty female mice 
weighing 16–18 g were randomly divided into five groups (n = 6). 
Treatments were administered over 14 days, during which tumor vol
ume and body weight were monitored regularly. EC was delivered by 
oral gavage at a dose of 20 mg/kg every other day, while Taxol was 
administered via intraperitoneal injection at a dose of 1mg/Kg twice 
weekly. After the end of treatment, the mice were anesthetized with 
isoflurane, and tumor burden were assessed using color Doppler ultra
sound. The EC dosage (20mg/Kg) was determined based on the dose- 
response relationship observed in prior acute toxicity studies. Oral 
administration was selected due to EC's pharmacokinetic properties as a 
potential oral drug and its practicality. The dose of Taxol (1mg/Kg) was 
based on published standard treatment regimens in mouse TNBC models 
(Jia et al., 2021). Intraperitoneal injection is the commonly used route of 
administration for paclitaxel in preclinical studies to ensure systemic 
exposure and reproducible pharmacodynamic effects. The 2-week 
treatment duration is based on the tumor growth inhibition plateau 
observed in the pre-experiment and considerations for animal welfare.

Anesthesia Procedure: The anesthetic agent used is isoflurane; the 
administration route is inhalation general anesthesia; the dosage 
employed is a 4–5 % concentration of isoflurane, administered via an 
anesthesia box for induction until the nude mice lose consciousness. 
Following this, the mice were euthanized, and subcutaneous tumors 
along with major organs were collected for further analysis. Euthanasia 
Procedure: The method employed is cervical dislocation. Death is 
confirmed by observing the cessation of respiration and heartbeat, along 
with dilated pupils. Tumor growth inhibition rate (TGI) was determined 
as TGI = (1 - Tumor weight in treatment group / Tumor weight in 
control group) × 100 %; Tumor volume was calculated using formula: 
volume= (Tumor length × Tumor width²) / 2 (Liu et al., 2021). After 
euthanizing the animals, completely excise the tumor tissue, weigh it, 
and photograph it. Subsequently, divide each tumor tissue sample into 
three equal portions: one portion is immediately flash-frozen in liquid 
nitrogen for protein and RNA extraction (Western blot); one portion is 
fixed in 4 % paraformaldehyde for paraffin embedding and subsequent 
histological analysis; the third portion is stored in a specific culture 
medium for use in other experiments as needed. The experimental 
protocol was reviewed and approved by the Animal Ethics Committee of 
Shenyang Medical College (Approval No.: SYYXY2023120801, 
8-December-2023). After animals were assigned to groups, a separate 
researcher not involved in the experimental groupings administered 
drug injections and measured tumors to ensure experimental blinding.

HE staining

Tissue samples were fixed, and embedded in paraffin. The paraffin 
blocks were sectioned into approximately 5 μM thick slices. The sections 
were deparaffinized in xylene rehydrated with a graded ethanol series. 
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Subsequently they were stained with hematoxylin and differentiated in a 
differentiation solution for 30 s. After a brief rinse in water, the sections 
were counterstained with eosin for 30 s. Finally, the section was dehy
drated the sections through a graded ethanol series, cleared in xylene, 
and mounted with a neutral binder. Images were captured using a mi
croscope (De Haan et al., 2021). Histological section evaluation was 
performed independently by two investigators who were unaware of the 
experimental groupings. Prepare three consecutive 4-μm-thick paraffin 
sections from each tumor specimen. From each section, randomly select 
three non-overlapping fields of view from both the tumor core and pe
ripheral regions for image acquisition and analysis.

Immunohistochemistry staining

Paraffin-embedded sections were deparaffined in xylene and rehy
drated with a graded ethanol series. The sections were heated in sodium 
citrate buffer for 5–10 min for autolysis retrieval using a microwave. 
Endogenous peroxidase activity was quenched by treating the sections 
with 3 % H₂O₂ for 10–15 min. Subsequently sections were blocked with 
1 % BSA for 20–30 min and them incubated with the primary antibody 
(PSEN-1) overnight at 4 ◦C. After washing, an HRP-labeled secondary 
antibody was applied, and the sections were incubated at 37 ◦C for 
30–45 min. Antigen-antibody complex was visualized using DAB 
developing solution. Finally, sections were counterstained with hema
toxylin and dehydrated through a graded ethanol series, cleared in 
xylene, and mounted with neutral resin. Images were acquired images 
using a microscope (Harms et al., 2023). Histological section evaluation 
was performed independently by two investigators who were unaware 
of the experimental groupings.

Echocardiography image a micro

Following anesthetized with 1.5 % isoflurane, nude mice were sub
jected to ultrasound examination using a Color Doppler Ultrasound 

Diagnostic System (ZS3 SCI/Labus7 Mindray, Shenzhen, China). Body 
temperature was maintained at a stable level throughout the procedure. 
The target area was shaved, and a coupling agent was applied to mini
mize acoustic interference. Multiplanar B-model images of subcutaneous 
tumors, liver, and kidneys were acquired to document their morphologic 
characteristics and boundaries (Sultan et al., 2024).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0 soft
ware and FlowJo v10.8. The two-tailed Student's t-test is used exclu
sively for comparisons between two groups. One-way ANOVA combined 
with Tukey's post-hoc test is employed for all comparative experiments 
involving three or more groups. Data are presented as the mean ±
standard deviation from at least three independent experiments. A p- 
value of less than 0.05 was considered statistically significant.

Results

Construction of γ-secretase inhibitor pharmacophores and discovery of EC

The screening process for identifying natural occurring γ-secretase 
inhibitors, culminating in the discovery of EC is illustrated in Fig. 1. We 
initially screened 35,143 ligands from eight compound libraries. To 
prioritize compounds with drug-like properties, we performed an 
ADME/T (Absorption, Distribution, Metabolism, Excretion, and 
Toxicity) evaluation based on Lipinski's Rule of Five. This rule state that 
a compound is likely to have good oral bioavailability if it meets the 
following criteria: molecular weight (mol_MW) less than 500, Q Plog 
Po/w less than 5, donor hydrogen bonds (donor HB) less than or equal to 
5, and acceptor hydrogen bonds (acceptor HB) less than or equal to 10. 
This screening identified 19,486 ligands with superior drug-likeness and 
higher potential for clinical development, which were subsequently 
subjected to HTVS.

Fig. 1. A flowchart of discovery of natural-source γ-secretase inhibitor Erythrinin C (EC) through virtual screening. A multi-stage virtual screening strategy was 
employed to identify γ-secretase inhibitors from 35,143 natural compound libraries (n = 35,143). An initial screen based on Lipinski's five rules-based ADME/T 
selected 19,486 drug-like compounds. These compounds underwent successive rounds of molecular docking with increasing precision: High-Throughput Virtual 
Screening (HTVS score ≤-6) and Standard Precision (SP score≤-7.5), and Extra Precision (XP score≤-9). The top 42 hits from XP docking were analyzed through MM- 
GBSA. And 30 compounds with binding free energy analysis (dG<-30 kcal/mol) yielded 30 kcal/mol were selected. From this final group, EC was identified as 
leading candidate for further investigation.
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Based on the HTVS docking results, 17,731 small molecules were 
found to interact with PSEN-1. Applying a docking score≤-6 kca/moL as 
the screening criterion, 2957 compounds were identified to meet this 
standard for future SP docking. From this set, 366 compounds met the 
more stringent screening criterion of a docking score≤-7.5 kcal/mol and 
were advanced to extra XP screening, using a threshold of ≤-9 kcal/mol, 
further narrowed the candidate to 42 compounds. These compounds 
were subsequently subjected to MM-GBSA analysis to calculate binding 
free energies, compounds with an MM-GBSA dG Bind<-30 kcal/mol 
were selected, and after removal of duplicates, 30 unique compounds 
were retained. The corresponding XP G-Score and MM-GBSA binding 
free energy results for these 30 compounds are presented in Table 1. 
Among them, EC was identified as a compound of significant research 
value due to its favorable drug-like properties and high availability.

Identification of the EC and γ-secretase interaction site and functional 
consequences

Molecular docking was performed to characterize potential binding 
patterns of EC within catalytic site of γ-secretase complex (PDB code: 
6LR4) (Fig. 2 a-c). The target compound EC exhibited a single peak at a 
retention time of 8.398 min under both wavelengths, indicating high 
purity and consistent chromatographic behavior (Fig. 2 d). Results 
revealed that EC forms four hydrogen bonds with key amino acids 
LYS380, ALA434, ASP257, and THR147 within the catalytic core of the 
γ-secretase complex. Hydrogen bonds within the effective distance range 
from 1.5 Å to 3.5 Å, shorter distances indicate stronger interactions. 
Notably, the hydrogen bond distances between EC and LYS380, ALA434, 
and ASP257 ranged from 1.5 Å to 2.5 Å, indicating strong hydrogen 
bonding interactions. In contrast, the longer hydrogen bond distance 
with THR147 suggested a comparatively weaker contribution. The 
surface plasmon resonance kinetic analysis unequivocally confirmed the 
direct binding of compound EC to PSEN-1. Data indicate moderate- 

affinity binding (KD = 0.8 ± 0.1 µM), characterized by moderate asso
ciation kinetics (ka = (2.5 ± 0.3) × 10⁴ M⁻¹s⁻¹) and fast dissociation 
kinetics (kd = (2.0 ± 0.2) × 10⁻² s⁻¹) (Fig. 2 e). The binding response 
exhibited saturation characteristics with increasing EC concentration, 
confirming the specificity of the interaction. This result provides direct 
evidence for EC as a lead compound targeting PSEN-1. Collectively, 
these interactions demonstrate that the active site of EC exhibits a strong 
affinity for γ-secretase.

Having established EC as a direct binder of γ-secretase, we next 
investigated its functional impact on the complex and its downstream 
signaling molecules, such as PSEN-1, a key subunit of the γ-secretase 
complex, and Notch pathway. Results showed that in MDA-MB-231 
parental cells, medium to high concentrations of EC reduced the pro
tein expression of PSEN-1, Notch-1, Notch-3, and Notch-4 (Fig. 2 f, and 
supplementary Fig.1 a-d). Next, to explore the potential molecular 
mechanisms of EC on TNBC cells, the effect of EC on PSEN-1 protein 
expression was assessed by immunofluorescence staining. PSEN-1 was 
high expression in control and Taxol cells, and EC effectively down- 
regulated PSEN-1 expression, particularly in the nucleus (Fig. 2 g, and 
supplementary Fig.1 e). Furthermore, RT-qPCR analysis demonstrated 
that EC also significantly inhibited the mRNA expression of PSEN-1 
(Supplementary Fig.1 f). These results indicate that EC can directly 
bind g-secretase with high affinity and effectively inhibit Notch pathway 
activation by downregulating both the expression and activities of its 
key component proteins.

EC effectively inhibits the growth of TNBC cells

Using the MTT assay, we determined an IC₅₀ value of 8.663 μM for EC 
in MDA-MB-231 cells (Supplementary Fig.1 p). This anti-proliferative 
were confirmed by the colony formation assays, which demonstrated 
that medium to high concentrations of EC significantly inhibited clo
nogenic growth (Fig. 3 a, and supplementary Fig.1 g). The apoptosis was 
detected by Annexin V-FITC/PI (Fig. 3 b, and supplementary Fig.1 h), EC 
induced cell death, as treatment for 48 h increased the proportion of late 
apoptosis in TNBC cells. Furthermore, tumor spheroid formation was 
used to assess the stemness. The results revealed that EC treatment 
resulted in smaller spheroids, suppressed cell stemness, and reduced the 
self-renewal and clonogenic capacity of TNBC stem cells (Fig. 3 c, and 
supplementary Fig.1 i). EC also impaired cancer aggressiveness. EC 
inhibited the migration and invasion of TNBC cells, as demonstrated by 
transwell assays and validated by a wound healing assay (Fig. 3 d & e, 
and supplementary Fig.1 j-l). To assess cell damage, LDH release was 
determined. The increase in LDH release following EC treatment indi
cated a significant cell membrane damage (Supplementary Fig.1 m). 
Collectively, these results indicate that EC exerts potent anti-TNBC ef
fects by inhibiting proliferation, inducing apoptosis, disruption the cell 
cycle, and impairing migration, invasion, and stemness.

EC inhibits γ-secretase activity against TNBC

To elucidate the molecular mechanism by which EC suppresses TNBC 
progression via γ-secretase inhibition, we established a stably MDA-MB- 
231 cell line with stable PSEN-1 overexpression or knockout (knock
down state during initial verification). Successful genetic manipulation 
was confirmed by elevated PSEN-1 expression in the OE group and 
reduced expression in the KD group at both the protein (Fig. 4 a-c) and 
mRNA levels (Fig. 4 d & e), validating a successful model. Wound 
healing assays showed that cells in the OE group exhibited greater 
migration distances than those in the NC group at 48 h, indicating that 
PSEN-1 overexpression promotes cell migration (Fig. 4 f & g), whereas 
KD group exhibited reduced migration distances compared to the NC 
group after 48 h, indicating that PSEN-1 downregulation effectively 
inhibits migration in TNBC cells (Fig. 4 h & i). The invasion capacity of 
cells was assessed using a transwell assay. Compared to the NC group, 
the OE group showed a significant increase in the number of cells 

Table 1 
MM-GBSA analysis results.

PubChem 
ID

Compound Name XP 
GScore

MM-GBSA dG Bind 
(kcal/mol)

11454028 Dibenzazepine − 13.618 − 83.15
5497174 Z-VAD(OMe)-FMK − 12.186 − 83.52
9843,750 Semagacestat − 11.514 − 82.92
5311272 DAPT − 11.47 − 84.91
14345578 Torachrysone 8-glucoside − 10.861 − 38.94
11582970 Furowanin A − 10.854 − 62.89
23675312 Cephapirin sodium − 10.545 − 60.61
11662094 Millewanin G − 10.51 − 51.89
73364 Calpeptin − 10.495 − 63.39
10599228 Kushenol X − 10.486 − 48.9
49867930 RO4929097 − 10.407 − 51.34
14334960 Pyrocatechol 

monoglucoside
− 10.098 − 51.99

11154925 Brivanib alaninate − 10.084 − 44.91
25050 Ancitabine hydrochloride − 9.791 − 40.61
2259 Aurintricarboxylic acid − 9.698 − 37.34
10096344 Linagliptin − 9.66 − 51.36
71234 Nicaraven − 9.549 − 52.03
462382 MG-132 − 9.546 − 83.51
11199915 Calpain Inhibitor III − 9.431 − 66.81
25138012 Lck inhibitor 2 − 9.42 − 43.33
118647211 Eragidomide − 9.355 − 59.45
54698642 MK-2048 − 9.344 − 48.57
72172 Ubenimex − 9.331 − 55.9
44257283 Erythrinin C − 9.307 − 61.59
443118 Calpain inhibitor I − 9.241 − 66.91
138,376,494 Protirelin acetate − 9.177 − 52.27
1548994 Silibinin B − 9.123 − 53.43
74989 Atovaquone − 9.096 − 36.81
16083184 8-Lavandulylkaempferol − 9.091 − 53.9
13846690 CID 13846690 − 9.055 − 57.47

Note: The XP GScore and MM-GBSA free energy for the 30 selected compounds.
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crossing the matrix membrane, indicating enhanced migration and in
vasion. In contrast, these capabilities were markedly reduced in the KD 
group (Fig. 4 j & k, and supplementary Fig.2 a & b). Furthermore, colony 
formation assay demonstrated that cell proliferation was enhanced in 
the OE group but impaired in the KD group relative to the NC group, as 
indicated by a significant increase and decrease in colony number, 
respectively (Fig. 4 l & m, and supplementary Fig.2 c & d). Immuno
fluorescence analysis revealed elevated PSEN-1 expression in the nuclei 
of the OE group compared to the NC group, whereas expression was 
decreased in the KD group (Fig. 4 n & o, and supplementary Fig.2 e & f). 
These results confirm the successful establishment of our PSEN-1 genetic 
modulation model and demonstrate that low expression or gene 
silencing of PSEN-1 effectively inhibits the proliferation and metastasis 
of MDA-MB-231 cells.

Using MDA-MB-231 cells with modulation of PSEN-1 expression, we 
systematically evaluated the effects of combined EC and Taxol treatment 
on TNBC cell proliferation, migration, and invasion. First, we confirmed 
high expression of PSEN-1 in the OE group was reduced by EC (10 μM) 
treatment, while low PSEN-1 expression levels in the KD group 
(knockdown state during functional experiments) were rescued to near- 
normal levels by Taxol (100 nM) (Fig. 5 a-c). Western blot validation 
confirmed that PSEN-1 expression levels in the KD group remained 
consistently lower than those in the control group (average knockdown 
efficiency >75 %), demonstrating the validity of functional comparisons 
in this cellular context (Supplementary Fig. 1 n & o). Functionally, 
wound healing assay demonstrated that EC treatment inhibited the 
migration capacity of TNBC cells induced by PSEN-1 OE (Fig. 5 d & f). 
Conversely, Taxol rescued the migration ability impaired by PSEN-1 KD 
(Fig. 5 e & g). Transwell assays revealed that EC reduced invasive ca
pacity of OE cells, whereas Taxol increased cell invasion in the KD group 
(Fig. 5 h & i, and supplementary Fig.2 g & h). Immunofluorescence 
analysis further corroborated these findings revealing that EC reduced 
the nuclear expression of PSEN-1 in the OE group, while Taxol restored 
it in the KD group (Fig. 5 j & k, and supplementary Fig.2 i & j). Finally, 
tumor spheroid formation assay validated that EC inhibits PSEN-1- 
mediated migration and proliferation of TNBC cells (Fig. 5 l & m, and 
supplementary Fig.2 k & l). In summary, these results indicate that 
Taxol, as an activator of the Notch pathway, promotes the proliferation, 
migration, and invasion of TNBC cell. Whereas EC counteracts this by 
exerting anti-TNBC effects through targeting and inhibiting PSEN-1, a 
key subunit of γ-secretase.

EC reverses the biological characteristics of paclitaxel resistance in TNBC

To determine whether EC counteract Taxol resistance, we first 
assessed its effect on key Notch pathway-related drug resistance pro
teins, Western blotting analysis revealed that the combination of EC and 
Taxol reduced the expression levels of BCRP, CYP3A4, and MDR1, which 
are associated with resistance in the Notch pathway (Fig. 6 a, and sup
plementary Fig.3 a-c). We then established a Taxol resistant cell line of 
MDA-MB-231/Taxol. While these cells showed no morphological from 
parental cells (Supplementary Fig.3 d). However, after 48 h of Taxol 
treatment, the viability of parental cells decreased, while that of resis
tant cells remained robust, yielding a resistance index (RI) of 61.798 
(Fig. 6 b), confirming a highly resistant phenotype. To evaluate EC’s 

efficacy, we treated both parental and resistance cells with varying 
concentrations of EC the MTT assay revealed that EC treatment for 48 h 
inhibited both cell types, with IC50 values of 8.663 μM for parent cells 
and 9.296 μM for Taxol-resistant cells (Fig. 6 c). This minimal difference 
in IC50 between MDA-MB-231 and MDA-MB-231/Taxol cells indicates 
that EC retains potent inhibitory activity against Taxol-resistant TNBC 
cells, suggesting its potent overcome this specific drug resistance.

We further evaluated the combined effect of EC and Taxol on TNBC 
cell phenotypes. Colony formation assays revealed that compared to the 
Taxol monotherapy alone, the combination of EC and Taxol had more 
inhibitory effects on the proliferation of both MDA-MB-231 and MDA- 
MB-231/Taxol cells (Fig. 6d, and supplementary Fig.3 e). This 
enhanced anti-proliferative effect was accompanied by a significant in
crease in late-stage apoptosis of TNBC/Taxol cells, as assessed using 
Annexin V-FITC/PI staining (Fig. 6 e, and supplementary Fig.3 f). The 
combination therapy also more potently inhibited metastatic behaviors, 
as demonstrated by reducing cell migration in wound healing assays 
(Fig. 6 f, and supplementary Fig.3 g). and impairing both migration and 
invasion in transwell assays (Fig. 6 g, and supplementary Fig.3 h & i). 
These results demonstrate that EC synergizes with Taxol to enhance its 
inhibitory effects on proliferation, migration, and invasion, thereby 
reducing the resistance of TNBC cells to Taxol. Mechanistic insights 
revealed that the combination treatment induced significant cellular 
damage, as indicated by increased LDH release (Supplementary Fig. 3 j). 
Tumor spheroid formation assays showed that combination therapy 
suppressed cancer stemness, leading to smaller spheroids and reduced 
self-renewal and clonogenic capacity of TNBC stem cells (Supplemen
tary Fig.3 k & n).

EC reverses TNBC resistance in vivo

To validate our in vitro findings, we investigated the efficacy and 
safety of EC in reversing TNBC/Taxol resistance using a nude mouse 
MDA-MB-231/Taxol xenograft model. A schematic diagram of the in 
vivo experiments (Fig. 7 a). Based on an acute toxicity test that estab
lished an LD50 of 20.24 mg/kg, a maximal dose of 20 mg/kg was selected 
for the in vivo experiments. Compared to Taxol monotherapy, the EC- 
Taxol combination resulted in a small xenograft tumor volume (Fig. 7
b & c) and yielded superior tumor suppression based on quantitative 
analysis of tumor volume and weigh inhibition rates (Fig. 7 d, and 
supplementary Fig.4 g). The tumor growth curve further confirmed that 
tumor volume gradually decreased in combination group (Fig. 7 e). The 
treatment also showed a favorable safety profile. Mice in the combina
tion group exhibited an upward trend in body weight compared to the 
untreated control (Supplementary Fig. 4 a). Single-dose studies cannot 
fully demonstrate the dose-response relationship of a drug. Building 
upon this research, we added a high-dose drug treatment group to 
enhance the scientific rigor of the experiment (Fig. 7 f, Supplementary 
Fig. 4 b). Color Doppler ultrasound identified a subcutaneous, oval- 
shaped hypoechoic mass with well-defined borders in nude mice. The 
subcutaneous tumor volume was significantly smaller in the combina
tion group (Fig. 7 g). Furthermore, the liver and kidneys in all groups 
exhibited normal morphology with uniform echogenicity, with no 
abnormal lesions observed (Supplementary Fig.4 c).

HE staining was used to examine the histological structure of 

Fig. 2. Erythrinin C (EC) directly targets γ-secretase complex and inhibits the Notch signaling pathway. (a) Chemical structure of EC. (b) 2D docking diagram of 
predicted binding pose of EC within the PSEN-1. (c) 3D molecular docking model of EC bound to the γ-secretase complex; yellow dashed lines indicate hydrogen 
bonds formed by key amino acids in the EC and γ-secretase complex. (d) HPLC chromatogram detected at wavelengths of 254 nm and 280 nm. The chromatograms 
were acquired on an Agilent 1260 series HPLC system with an Extend-C18 column (5 μm, 4.6 × 150 mm). (e) Surface plasmon resonance kinetic analysis un
equivocally confirmed the direct binding of compound EC to PSEN-1. (f) Representative western blotting showing protein expressions of PSEN-1, Notch-1, Notch-3, 
and Notch-4 after EC treatment in MDA-MB-231 cells. (g) The representative images showing nuclear PSEN-1 expression in MDA-MB-231 cells after 48 h treatment. 
Data are expressed as mean ± standard deviation. Comparisons among multiple groups were performed using one-way ANOVA followed by Tukey's post hoc test. 
Data are presented as mean ± SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the Control group. #p < 0.05, ##p < 0.01, 
###p < 0.001, compared with the Taxol group.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.).
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Fig. 3. Anti-tumor effects of Erythrinin C (EC) on MDA-MB-231 cells. (a) EC suppresses cell proliferation as shown by the colony formation assay. (b) EC-induced 
late-stage apoptosis, measured by the Annexin V-FITC/PI assay. (c) EC, in combination with Taxol, impairs cancer stemness as demonstrated by the tumor spheroid 
formation assay. (d) EC inhibits cell migration capacity in the wound healing assay. (e) EC reduces cell migration and invasion in transwell assays. Data are expressed 
as mean ± standard deviation. Comparisons among multiple groups were performed using one-way ANOVA followed by Tukey's post hoc test. Data are presented as 
mean ± SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the Control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared 
with the Taxol group.
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Fig. 4. Silencing the PSEN-1 gene effectively inhibits the proliferation and metastasis in MDA-MB-231 cells. (a-c) Validation of PSEN-1 overexpression (OE) and 
knockout (KD) in MDA-MB-231 cells was confirmed by Western blotting (n = 3) and RT-PCR (d&e). Functional consequences were assessed by (f-i) wound healing 
assay for migration (j & k) transwell assay for the invasion and (l & m) colony formation for proliferation. (n & o) Immunofluorescence analysis further verified 
PSEN-1 protein expression levels in the nuclei of MDA-MB-231 cells. Data are expressed as mean ± standard deviation. Comparisons among multiple groups were 
performed using one-way ANOVA followed by Tukey's post hoc test. Data are presented as mean ± SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, ***p 
< 0.001, compared to the NC group.
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Fig. 5. Erythrinin C (EC) exerts anti- Triple-negative breast cancer (TNBC) effects by inhibiting γ-secretase. (a-c) Western blotting analysis of the PSEN-1 protein 
expression in transfected MDA-MB-231 cells (n = 3). (d-g) Cell migration capacity assessed by wound healing assay in transfected cells treated with EC or Taxol. (h & 
i) Cell invasion capacity evaluated by transwell assay followed EC and Taxol treatment. (j & k) Immunofluorescence analysis of nuclear PSEN-1 protein expression in 
transfected cells treated with EC or Taxol. (l & m) Cancer stemness evaluated by tumor spheroid formation assay in transfected cells treated with EC or Taxol. Data 
are expressed as mean ± standard deviation. Perform a two-tailed Student's t-test. Data are presented as mean ± SD (n = 3 independent experiments). *p < 0.05, **p 
< 0.01, ***p < 0.001, compared with the OE or KD groups.
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Fig. 6. Erythrinin C (EC) reverses Paclitaxel (Taxol) resistance in Triple-negative breast cancer (TNBC) cells. (a) Western blotting analysis of resistance-associated 
protein expression in TNBC cells after EC combination treatment with Taxol. (b) Viability of MDA-MB-231 and MDA-MB-231/Taxol cells treated with Taxol, with 
calculated IC50 values and resistance index. (c) Dose-response curves of MDA-MB-231 and MDA-MB-231/Taxol cells treated with EC for 48 h (MTT assay). (d) Colony 
formation assays of MDA-MB-231 and MDA-MB-231/Taxol cells treated with EC, Taxol alone or in combination. (e) Analysis of late apoptosis by Annexin V-FITC/PI 
staining in TNBC cells. (f) Cell migration capacity evaluated by wound healing assay after EC and Taxol treatment. (g) Cell invasion capacity assessed by transwell 
assay following combination treatment. Data are expressed as mean ± standard deviation. Data are presented as mean ± SD (n = 3 independent experiments). *p <
0.05, **p < 0.01, ***p < 0.001, compared with the Control group. #p < 0.05, ##p < 0.01, ###p < 0.001, compared with the Taxol group.
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subcutaneous tumor tissue and major organs in nude mice. The results 
showed that untreated tumor tissue exhibited marked nuclear atypia, 
increased mitotic activity, indicating high malignancy (Fig. 7 h). 
Compared with the untreated group, no significant histopathological 
changes were observed in the liver, kidneys, heart, or lungs of nude mice 
treated with EC-Taxol combination (Supplementary Fig.5 a). Simulta
neously, organ indices showed no significant differences in the organ 
indices of major organs between the combination therapy group and the 
untreated group, indicating normal organ status (Supplementary Fig.5 
b-e).

Ki67 index is a common auxiliary diagnostic indicator for evaluating 
the benign or malignant nature of breast tumors. Immunohistochemical 
analysis of Ki67 showed that the EC-Taxol combination mice exhibited a 
low Ki67 positive rate, characterized by a low staining proportion of 
stained nuclei (brownish yellow coloration) (Supplementary Fig.4 d & 
e). Furthermore, the percentage of PSEN-1 positive cells was signifi
cantly reduced in the EC-Taxol group compared to the Taxol alone group 
(Fig. 7 i, and supplementary Fig.4 f). These in vivo results indicate that 
the combination of EC and Taxol significantly inhibits the growth of 
TNBC/Taxol cell xenografts in nude mice without causing significant 
toxic reactions. This confirms that EC reverses Taxol resistance in TNBC 
at the in vivo level.

Discussion

Despite advances in the diagnosis and treatment of TNBC, drug 
resistance remains a significant barrier to therapeutic efficacy (Feng 
et al., 2024). Naturally derived herbal active ingredients offer a prom
ising avenue for overcoming this challenge. In this study, we constructed 
the pharmacophore model based on the γ-secretase protein crystal 
structure and its small-molecule natural ligands. Using this pharmaco
phore, we screened databases of active components from traditional 
Chinese medicine and natural products, leading to the first identification 
of EC as a potential drug candidate. This compound exhibits favorable 
drug-like properties and high accessibility, underscoring it highly 
valuable for further investigation.

Preliminary in vitro experiments confirmed that EC significantly 
reduced the survival rate of TNBC cells, demonstrating anti-TNBC ac
tivity. To evaluate its potential in reversing Taxol resistance, we inves
tigated the effects of EC on TNBC in both in vivo and in vitro models. In 
vitro experiments demonstrated that EC inhibits TNBC cell proliferation, 
invasion and migration, while promoting apoptosis. Based on these 
findings, EC targets γ-secretase as a therapeutic entry point to further 
evaluate its ability to reverse TNBC/Taxol resistance. Through in vivo 
pharmacodynamic studies using a nude mouse xenograft subcutaneous 
tumor model, we validated the inhibitory effect of EC on subcutaneous 
tumors and demonstrated that EC enhances the inhibitory effect of Taxol 
on the growth of TNBC/Taxol xenograft subcutaneous tumors. Addi
tionally, we found that the γ-secretase inhibitor EC downregulates the 
expression of certain tumor resistance genes, including BCRP, CYP3A4, 
and MDR1, and enhances Taxol's inhibition of TNBC cell proliferation. In 
vivo studies demonstrated that EC potentiates Taxol's inhibitory effect on 
xenograft tumor growth in nude mice. These results indicate that EC, 
acting as a γ-secretase inhibitor, enhances Taxol's efficacy in TNBC/ 
Taxol cells and xenograft tumors, providing an effective strategy to 

overcome TNBC/Taxol resistance.
The activation of the Notch pathway, implicated in TBNC progres

sion, requires three enzymatic cleavages. γ-secretase acts as the final 
enzyme that cleaves the transmembrane region of the Notch receptor 
and is essential for Notch signal activation. The C-terminal cleavage 
product of the transmembrane region of the Notch receptor is cleaved at 
the S3 site by γ-secretase, releasing NICD into the cytoplasm. NICD 
translocate to the nucleus, where it binds to the transcription factor CSL 
and recruits co-activators to initiate transcription of downstream target 
genes (Jia et al., 2021). PSEN-1 provides the catalytic subunit of γ-sec
retase and functions as a regulatory component of its cleavage activity 
(Xu et al., 2025). To genetically validate EC’s mechanism, we estab
lished MDA-MB-231 cell models with PSEN-1 overexpression and 
knockout. Our results align with previous studies showing that low 
PSEN-1 expression effectively inhibits the proliferation and metastasis of 
TNBC cells. Furthermore, we demonstrate that EC acts as a pharmaco
logical inhibitor of PSEN-1, targeting γ-secretase complex to induce 
apoptosis in TNBC cells. This study established the first pharmacophore 
screening model for identifying small-molecule γ-secretase inhibitors 
and the first to report that EC as a novel, naturally occurring γ-secretase 
inhibitor. We show that EC targets and inhibits the cleavage activity of 
γ-secretase, thereby slowing TNBC progression and enhancing 
TNBC/Taxol chemotherapy sensitivity (Fig. 8).

This study is the first to report EC's anti-TNBC activity and its 
γ-secretase inhibition mechanism. The vast majority of EC's biological 
and pharmacological properties remain unknown. Based on its basic 
isoflavone structure, it is speculated that EC may share pharmacokinetic 
characteristics common to such natural products, such as moderate oral 
bioavailability and extensive metabolism via Phase II enzymes (UDP- 
glucuronosyltransferase enzymes) (Taneja et al., 2016). However, its 
precise absorption, distribution, metabolism, and excretion profiles 
require dedicated studies for clarification. Similarly, the safety, adverse 
reactions, and potential drug interactions of EC when combined with 
Taxol in human applications warrant further investigation. Future 
research should systematically evaluate EC's long-term toxicity and 
organ toxicity effects in preclinical models to explore its potential for 
clinical translation.

Notably, advancement of high-throughput activity screening tech
nologies has led to the identification of several natural γ-secretase in
hibitors. Among these, a few have progressed to clinical trials, this 
progress provides a foundation for the developing new therapy agents 
against TNBC drug resistance (Wang et al., 2022). Compared to their 
chemically synthesized inhibitors, naturally derived γ-secretase in
hibitors are predominantly active components found in traditional 
Chinese medicine or herbal preparations. They offer distinct advantages, 
including low toxicity, abundant resources, easy accessibility, and 
enhanced safety. Consequently, these naturally derived γ-secretase in
hibitors hold promising potential for combating TNBC and overcoming 
chemotherapy resistance.

Conclusion

We constructed a γ-secretase pharmacophore model to screen for 
natural inhibitors and identified that EC as a potent anti-TNBC agent. 
We demonstrate that EC exerts anti-TNBC effects through targeting and 

Fig. 7. Erythrinin C (EC) enhances the inhibitory effect of Paclitaxel (Taxol) on the growth of Triple-negative breast cancer (TNBC)/Taxol-resistant xenograft tumors. 
(a) Schematic of the subcutaneous breast cancer model establishment and treatment regimen in nude mice: The model was established by injecting MDA-MB-231/ 
Taxol single-cell suspensions into the right axillary region of Balb/c nude mice (i.p. intraperitoneal injection; i.g. oral gavage). (b & c) Representative images of 
excised TNBC cells xenograft tumors from different treatment groups. (d) Quantitation of tumor volume suppression rates across the different treatment groups. (e) 
Tumor growth curves throughout drug treatment period. (f) Schematic representation of the effect of high-dose therapy on MDA-MB-231/Taxol xenograft tumors. (g) 
Representative Color Doppler ultrasound results images of subcutaneous tumors. (h) Representative HE staining images of subcutaneous tumors. (i) Representative 
immunohistochemical staining images of PSEN-1 expression in tumor tissue. Data are expressed as mean ± standard deviation. Perform a two-tailed Student's t-test. 
Data are presented as mean ± SD (n = 6 independent experiments). *p < 0.05, **p < 0.01, ***p < 0.001, compared with the untreated group. #p < 0.05, ##p < 0.01, 
###p < 0.001, compared with the Taxol group.(For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.).
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blocking the activity of γ-secretase in vivo and in vitro. Specifically, 
blocking γ-secretase activity is achieved by inhibiting PSEN-1 activa
tion. Furthermore, EC effectively reverses TNBC/Taxol resistance, 
indicating that EC is a promising targeted therapeutic candidate for 
treating TNBC resistance.
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