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Abstract
Background  Triple-negative breast cancer is a clinically aggressive malignancy with poorer outcomes versus other 
subtypes of breast cancer. Numerous reports have discussed the use of epigallocatechin-3-gallate (EGCG) against 
various types of cancer. However, the effectiveness of EGCG is limited by its high oxidation and instability. The Notch 
pathway is critical in breast cancer development and prognosis, and its inhibition is a potential treatment strategy.

Results  In this study, we investigated the effects of prodelphinidin B-2,3,3’’-O-gallate (named PB2,3,3’’/OG or 
compound 2) via chemical oxidation of EGCG on cell viability and the Notch1 signaling pathway in breast cancer 
cells. We found that compound 2 showed significant cytotoxicity against triple-negative breast cancer cells, with the 
half maximal inhibitory concentration (IC50) values ranging 20–50 µM. In MDA-MB453 cells, compound 2 inhibited 
proliferation, clone formation, and the expression of proteins involved in the Notch1 signaling pathway. Furthermore, 
compound 2 induced cell cycle arrest and apoptosis. Consistent with the results of in-vitro experiments, treatment 
with compound 2 significantly reduced tumor growth. Mechanistically, compound 2 directly bound to Notch1 with 
high binding affinity (dissociation constant: KD=4.616 × 10− 6 M).

Conclusion  Our finding suggested that compound 2 may be a promising agent for the development of novel anti-
cancer therapy options.
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Introduction
Breast cancer is common among women worldwide 
[1]. Triple-negative breast cancer (TNBC) accounts 
for 15–20% of breast cancer cases and is highly aggres-
sive [2, 3]. Owing to the poor expression of estrogen 
receptor (ER), progesterone receptor, and human epi-
dermal growth factor receptor 2 (HER2), TNBC fails 
to respond to therapies targeting these protein recep-
tors [4]. Currently, chemotherapy is the main treatment 
for patients with TNBC. Although the combination 
of anthracycline and taxane is an effective therapeutic 
option, patients with TNBC continue to exhibit poor 
overall survival. Therefore, novel treatment strategies are 
urgently required to improve the prognosis and survival 
of patients with TNBC [5–7].

Notch signaling plays a significant role in cell mainte-
nance, differentiation, proliferation, and apoptosis. More 
recently, Notch signaling has been implicated in human 
breast cancers and is involved in the development of 
breast cancer. Studies have shown that high expression 
of Notch1 was associated with poor survival in patients 
with breast cancer [8, 9]. It has been reported that green 
tea and its most abundant constituent catechin, i.e., epi-
gallocatechin-3-gallate (EGCG), exert beneficial effects 
on different diseases, including TNBC [10, 11]. More-
over, it has been shown that EGCG can directly bind 
with Notch1. However, EGCG is highly oxidizable and 
unstable, limiting its efficacy [2, 12]. Previous research 
studies demonstrated that EGCG derivatives were more 
stable than EGCG, and exhibited antitumor activity [13]. 
Therefore, we hypothesized that EGCG oxide (compound 
2) may exhibit anticancer activity and inhibit the Notch1 
sig-naling pathway in breast cancer cells. The objective 
of this study was to examine the antiproliferative activ-
ity of EGCG oxide (prodelphinidin B-2,3,3’’-O-gallate 
[PB2,3,3’’/OG]) in TNBC cells.

Materials and methods
Materials
All cell lines were purchased from the American Type 
Culture Collection (Ma-nassas, VA, USA) and cultured in 
Ham’s F12 medium (Biological Industries, Cromwell, CT, 
USA). Antibodies against poly (ADP-ribose) polymerase 
1 (PARP1), cleaved-PARP1 and Ki67 were obtained from 
Abcam (Cambridge, MA, USA). Antibodies against 
cyclin E and cyclin D1 were purchased from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Antibodies 
against caspase 3, cleaved-caspase 3, caspase 9, cleaved-
caspase 9, cleaved-Notch1 (Val1744), Notch1 (C37C7), 
cyclin dependent kinase 2 (CDK2), cyclin dependent 
kinase 4 (CDK4) and glyceralde-hyde-3-phosphate dehy-
drogenase (GAPDH) were obtained from Cell Signaling 
Technology (Beverly, MA, USA). The 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-

phenyl)-2 H-tetrazolium inner salt (MTS) was purchased 
from Promega (Madison, WI, USA). EGCG was obtained 
from Chengdu Purifa Technology Development Co., Ltd. 
(Chengdu, Sichuan, China). Dimethyl sulfoxide (DMSO) 
was obtained from Amresco (Houston, TX, USA).

Test compound
PB2,3,3’’/OG (or compound 2) was isolated through the 
chemical oxidation of EGCG. It was temporarily ref-
ered as compound 2 for subsequent experiments. The 
agent was isolated as a yellow amorphous powder. The 
characteristic data of compound 2 were reported in the 
literature [13]. Compound 2 was dissolved in DMSO at 
a concentration of 200 mM and stored at -20 ℃ until 
use. For the experiments, the final concentrations of the 
test compound were prepared by diluting the stock with 
Ham’s F12 medium.

Cell viability assay
The cell viability was examined using MTS assays. 
MDA-MB231/453/468 and MCF7 cells were seeded 
in 96-well plates. After 24 h, the cells were treated with 
EGCG or compound 2 for another 24 h. Next, the cells 
were fixed with 20 µL of MTS solution for 3 h, and then 
the 96-well plates were shaken at room temperature for 
10  min. Finally, the values of absorbance in each well 
were measured using a Flex Station 3 Multi-Mode Micro-
plate Reader (Molecular Devices, San Jose, CA, USA) at 
490 nm.

Colony formation assay
The method of colony formation assay was referred to 
our previous experimental methods [14]. MDA-MB453 
cells (1.5 × 103 cells/dish) were seeded into 60-mm cell 
culture dishes and treated with different doses of com-
pound 2 (10, 20, 40 µM). After 24 h, the cells were cul-
tured in medium supplemented with 10% (v/v) fetal 
bovine serum (Biological Industries) for 14 days, and the 
medium was replaced every 2 days. Subsequently, the 
cell colonies were stained with 0.01% crystal violet solu-
tion for 30 min and dissolved with 10% glacial acetic acid. 
Finally, optical densities at 560 nm were measured using 
a Flex Station 3 Multi-Mode Microplate Reader (Molecu-
lar Devices).

Cell cycle analysis
MDA-MB453 cells were maintained in six-well plates 
(5.0 × 105 cells/well). After 24  h, the cells were treated 
with compound 2 for 24 h. Next, the cells were harvested 
and washed with ice-cold phosphate-buffered saline, 
fixed in 70% ethanol at 4 ℃ for 12 h, washed twice using 
cold phosphate-buffered saline, and stained in buffer con-
taining 10  µg/mL of propidium iodide (PI) and RNAse 
for 30 min in the dark. Cell cycle analysis was performed 
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through a BD FACSCalibur flow cytometer (BD Biosci-
ences, San Jose, CA, USA).

Cell apoptosis assay
MDA-MB453 cells were cultured in six-well plates 
(5.0 × 105 cells/well) and then treated with various doses 
of compound 2 (10, 20, 40 µM) for 24 h. The cells were 
subsequently harvested and incubated with Annexin V 
and propidium iodide (PI) for 15 min in the dark. Finally, 
the cells were detected using a BD FACSJazz flow cytom-
eter (BD Biosciences).

Western blotting analysis
MDA-MB453 cells were treated with compound 2 in cell 
culture dishes and collected in lysis buffer. The proteins 
in the samples were separated using sodium dodecyl 
sulfate-polyacrylamide gel and transferred to polyvinyli-
dene difluoride membranes (EMD Millipore Corpora-
tion, Merck Life Sciences, KGaA, Darmstadt, Germany). 
After blocking with 5% non-fat milk, the membranes 
were incubated with specific antibodies overnight at 4 
℃. Next, the membranes were incubated with second-
ary antibodies at room temperature for 1 h. Proteins were 
visualized with the FluorChem E System (ProteinSimple, 
Santa Clara, CA, USA).

Tumorigenicity assays
Experimental research on nude mice complies with 
Yunnan Agricultural University guidelines. The animal 
experiment has been approved by ethics committee. 
Six-week-old male nude mice were purchased from the 
Cavens Lab Animal (Changzhou, China). The mice were 
randomly assigned into two groups, namely control and 
compound 2 (n = 6). MDA-MB-453 cells (5 × 106 cells) 
were subcutaneously injected into the left flanks of nude 
mice. Next, the mice were treated with saline solution or 
compound 2 (20  mg/kg) through intraperitoneal daily 
injection. Tumor volumes were measured with calipers 
and calculated according to the following formula: Vol-
ume = (Length × Width2) / 2.

Surface plasmon resonance (SPR) assay
The SPR assays were performed using a Biacore S200 
instrument (GE Healthcare) at 25 ℃. Notch1 (30 µg/mL 
in 10 mM sodium acetate, pH 4.0) was immobilized on 
the flow cell of the Series S CM5 Sensor Chip using an 
amine coupling kit (GE Healthcare). The analyte, com-
pound 2 (0.625, 1.25, 2.5, 5, 10 µM), was injected and 
passed over the immobilized Notch1 sensor surface. The 
flow rate was 30 mL/min, while the binding time and the 
dissociation time were 90 s each. Kinetics analyses were 
performed using the Biacore S200 Evaluation Software 
(version 1.1, GE Healthcare).

Molecular docking analysis
The three-dimensional structure of the Notch1 (ID: 
3ETO) was obtained from the Protein Data Bank ​(​​​h​t​t​p​:​/​/​
w​w​w​.​r​c​s​b​.​o​r​g​/​p​d​b​/​​​​​)​. DiscoveryStudio 2016 software was 
used for the preparation of ligand and receptor and dock-
ing, according to the literature [15, 16]. Autodock Vina 
1.1.2 software was used to perform the binding analy-
sis. In the docking calculation, the confirmation with the 
lowest binding energy was finally selected to further ana-
lyze the receptor-ligand interactions. Pymol 1.5 software 
was utilized to visualize the three-dimensional model 
of compound 2 and Notch1, while the two-dimensional 
model was visualized by DiscoveryStudio 2016 software.

Statistical analysis
All data were presented as the mean ± standard deviation 
(SD) and analyzed using the GraphPad Prism 5.03 soft-
ware. Differences were examined using Student’s t-test or 
one-way analysis of variance, and p-values < 0.05 denoted 
statistically significant differences.

Results
Preparation of PB2,3,3’’/OG (compound 2)
The chemical oxidation of tea catechins under various 
oxidative conditions produces theaflavins and theasi-
nensins [17–19]. Previously, we reported that various 
EGCG oxides are produced by the oxidative condition of 
K3[Fe(CN)6]/NaHCO3 [13]. In this study, PB2,3,3’’/OG 
was prepared using a similar method previously reported 
in the literature (as shown in Figure S1).

Compound 2 inhibited the proliferation of breast cancer 
cells in vitro and in vivo
Chemical structure of compound 2 is shown in Fig. 1. To 
determine whether compound 2 inhibits the proliferation 
of breast cancer cells, we treated TNBC cell lines (MDA-
MB231/453/468) and an ERα-positive breast cancer cell 
line (MCF7) with EGCG or compound 2 for 24 h. Com-
pared with EGCG (40 µM), compound 2 (40 µM) showed 
high cytotoxicity (Fig.  2A). Subsequently, we treated 
these breast cancer cell lines with increasing doses of 
compound 2. Compound 2 markedly inhibited the pro-
liferation of breast cancer cells in a dose-dependent man-
ner (Fig. 2B). In MDA-MB231/453/468 and MCF7 cells, 
the half maximal inhibitory concentration (IC50) values of 
compound 2 were 33.875 ± 1.764 µM, 28.006 ± 0.983 µM, 
49.0093 ± 2.660 µM, and 41.97 ± 1.787 µM, respectively. 
The IC50 values in these cell lines ranged 20–50 µM, indi-
cating that compound 2 may not exhibit cell type speci-
ficity in these breast cancer cell lines.

We determined the effects of compound 2 on tumor 
growth using an established xenograft generated by sub-
cutaneous dorsal implantations of MDA-MB453 cells 
into nude mice. Compound 2 (20 mg/kg) did not reduce 

http://www.rcsb.org/pdb/
http://www.rcsb.org/pdb/
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Fig. 2  Effects of EGCG and its oxide (compound 2) on the proliferation of breast cancer cells in vitro and in vivo. (A) Three TNBC cell lines (MDA-
MB231/453/468) and an ERα-positive breast cancer cell line (MCF7) were treated with EGCG (40 µM) or compound 2 (40 µM) for 24 h. Cell proliferation was 
measured using the MTS assay. Results are expressed as the mean ± SD (n = 3). #p < 0.05, ##p < 0.01, ###p < 0.001 versus EGCG. (B) The cells were treated 
with compound 2 (5, 10, 20, 40, 80, and 160 µM) for 24 h. All values are expressed as the mean ± SD (n = 3). (C) Data on the body weight of mice in each 
group were analyzed. (D) Tumor volumes were measured with calipers and analyzed. *p < 0.05 versus control

 

Fig. 1  Chemical structures of EGCG (A) and PB2,3,3’’/OG (B)
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the body weight of mice (Fig.  2C). Consistent with the 
results of the in vitro experiments, compound 2 (20 mg/
kg) inhibited the growth of the MDA-MB453 xenograft 
tumor compared with control (Fig. 2D).

Compound 2 inhibited clone formation of MDA-MB453 
cells
We further performed a colony formation assay to deter-
mine the anti-proliferative potential of compound 2. As 
the concentration of compound 2 increased, the num-
ber of cells gradually decreased and showed a dose-
dependent effect (Fig.  3A and B), indicating that high 
concentrations of compound 2 can significantly inhibit 
the proliferation of MDA-MB453 cells. Moreover, we 
detected the expression levels of proteins associated with 
cell growth and proliferation by western blotting. Follow-
ing treatment with compound 2, the expression of Ki67 
decreased (Fig. 3C).

Compound 2 induced S-phase cell cycle arrest in 
MDA-MB453 cells
Given that compound 2 inhibited the proliferation 
of TNBC cells, we investigated whether it could also 
induce cell cycle redistribution. Hence, we treated MDA-
MB453 cells with compound 2 and stained them with 
PI. Figure 4A and B show that compound 2 significantly 
increased the percentage of cells in the S phase com-
pared with control. We further examined the expression 
of several cell cycle proteins using western blotting. The 
expression levels of cyclin E were increased in MDA-
MB453 cells following treatment with compound 2 
(Fig. 4C).

Compound 2 induced apoptosis in MDA-MB453 cells
We sought to investigate whether compound 2 induces 
apoptosis in MDA-MB453 cells. For this purpose, we 
treated these cells with compound 2 and measured the 
degree of apoptosis via Annexin V/PI staining and flow 
cytometry. Compound 2 (20 µM) drastically increased 
the proportions of Annexin V-positive apoptotic cells in 
a dose-dependent manner (Fig. 5A and B). Furthermore, 
we examined the expression levels of apoptosis-related 
proteins by western blotting. The expression levels of 
cleaved-caspase3/9 and cleaved-PARP1 were markedly 
increased, suggesting that caspase activation may play 
an important role in compound 2-induced apoptosis in 
MDA-MB453 cells (Fig. 5C).

Compound 2 blocked Notch1 processing in MDA-MB453 
cells
Some studies indicated that EGCG regulates Notch sig-
naling in the development of several types of cancer [18, 
19]. Thus, we treated MDA-MB453 cells with compound 
2 and detected the expression levels of proteins associ-
ated with the Notch1 signaling pathway by western blot-
ting. The protein expression levels of cleaved-Notch1 
in MDA-MB453 cells were decreased after treatment 
with compound 2, while the protein expression levels 
of Notch1 remained relatively stable (Fig. 6). These data 
indicated that compound 2 may regulate Notch1 signal-
ing in MDA-MB453 cells.

Compound 2 directly bound to Notch1 with high affinity
To investigate whether compound 2 directly interacts 
with Notch1, we evaluated their binding affinity using 
SPR technology. As shown in Fig.  7A, compound 2 

Fig. 3  Effects of compound 2 on the clone formation of MDA-MB453 cells. (A) Cells were treated with compound 2 (10, 20, 40 µM) for 24 h. After 14 days, 
colony formation was stained with 0.01% crystal violet solution and assessed. (B) The cell colonies were dissolved with 10% glacial acetic acid, and the 
optical densities of the samples were measured at 560 nm. The ratio of clone formation in each group is expressed as percentage. All values are expressed 
as the mean ± SD (n = 3). ***p < 0.001 versus control. (C) Cells were treated with compound 2 (10, 20, 40 µM). The protein expression of Ki67 was detected 
by western blotting. GAPDH was used as the loading control
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directly interacted with Notch1, and the binding affin-
ity was 4.616 × 10− 6 M. Next, we performed a molecu-
lar docking to further investigate the possible binding 
mode of compound 2 to Notch1. Figure  7B illustrates 
that compound 2 is docked in the Notch1. Moreover, 
compound 2 binds to the Notch1 by forming hydrogen 
bonds with SER-1712, HIS-1602, GLU-1526, PHE-1520, 
ASP-1521 and GLY-1504 (Fig. 7B-D). The binding energy 
between compound 2 and the Notch1 was estimated to 
be -8.6 kcal/mol. These results suggested that compound 
2 interacts strongly with Notch1.

Discussion
Breast cancer remains a major health problem among 
women worldwide [20]. Although targeted therapies 
have markedly prolonged the survival of patients with 
ER-positive tumors, they exhibit limited efficacy against 
TNBC [4]. Numerous studies indicated that endocrine 
therapy or ER-directed therapies were ineffective against 
TNBC, highlighting the requirement for other treatment 
approaches [21, 22]. Currently, the most effective treat-
ment for TNBC is cytotoxic chemotherapy. Neverthe-
less, this type of therapy is characterized by high rates 
of resistance and rapid relapse. Accumulating evidence 

suggests that resistance to chemotherapy and immune 
evasion are typically associated with genomic and chro-
mosomal instability in early-stage TNBC [23]. The anti-
cancer activity of EGCG has been widely investigated 
in vitro and in vivo [9]. However, the potential useful-
ness of EGCG has been hampered by its high oxidation 
and instability [12, 24]. In our previous study, an EGCG 
oxide (compound 2) was reported. Despite its solubility 
not being significantly improved, compound 2 showed 
high stability and activity in reducing cell viability in 
T-cell acute lymphoblastic leukemia (T-ALL), as well as 
in suppressing the expression of proteins involved in the 
Notch1 signaling pathway, compared with EGCG [13]. 
Therefore, we hypothesized that the EGCG oxide (com-
pound 2) may also exert similar effects on the viability 
of breast cancer cells and the Notch1 signaling pathway. 
In the present study, we evaluated the effects of EGCG 
oxide (compound 2) on the viability of TNBC cells in 
vitro and in vivo, and investigated the possible mecha-
nisms involved in this process.

In this study, we first tested compound 2 on the 
viability of breast cancer cells, including MDA-
MB231/453/468 and MCF7 cells. The results indicated 
that compound 2 exerted similar anti-proliferative 

Fig. 4  Compound 2 induced S-phase cell cycle arrest in MDA-MB453 cells. (A) Cells were treated with compound 2 (10, 20, 40 µM) for 24 h. The cell cycle 
distribution was analyzed using the FlowJo software. (B) The quantification of the cell populations in each phase of the cell cycle is presented. All values 
are expressed as the mean ± SD (n = 3). *p < 0.05, ***p < 0.001 versus control. (C) Cells were treated with compound 2 (10, 20, 40 µM), and the expression 
levels of cell cycle-related proteins were determined through western blotting
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effects on these cells, with IC50 values ranging from 20 
to 50 µM. Given that compound 2 exhibited the low-
est IC50 value in MDA-MB453 cells, we selected MDA-
MB453 cells as the study model for subsequent assays. It 
has been reported that the anti-proliferative activity of 
EGCG led to apoptosis [25, 26]. Similarly, we found that 
compound 2 markedly inhibited the proliferation and 
induced apoptosis of MDA-MB453 cells. These effects 
may be associated with a reduction in the expression of 
the proliferation marker Ki67 and an increased activa-
tion of caspase3/9 and PARP1 induced by compound 
2. Meanwhile, some studies have also reported that the 

regulation of Notch1 signaling is involved in cell apop-
tosis in a caspase-dependent manner [27, 28]. Moreover, 
we found that compound 2 may induce cell cycle redistri-
bution in MDA-MB453 cells, leading to cell cycle arrest 
in the S phase. Based on these findings, compound 2 
exhibits antitumor activity against TNBC through anti-
proliferative effects, pro-apoptosis effects and cell cycle 
redistribution.

Notch signaling regulates diverse cellular processes 
involved in cell fate, stem cell self-renewal, and tissue dif-
ferentiation [29]. Accumulating evidence suggests that 
dysregulation of the Notch pathway is conducive to car-
cinogenesis and the development of resistance to chemo-
therapy [30]. Numerous studies, including our previous 
work, have indicated that EGCG directly binds to Notch 
and regulates Notch signaling in the development of 
inflammation and different types of cancer [31–36]. Fur-
thermore, in one of our previous studies, the results sug-
gested that compound 2 suppresses Notch1 signaling in 
T-ALL, yet the binding mechanism between the agent 
and Notch1 was not further investigated [13]. In this 
study, we used SPR technology-based molecular interac-
tion assays and molecular docking analysis to investigate 

Fig. 6  Effect of compound 2 on Notch1 processing in MDA-MB453 cells. 
Cells were treated with compound 2 (10, 20, 40 µM) for 24 h. The protein 
expression levels of Notch1 and cleaved-Notch1 were detected by west-
ern blotting

 

Fig. 5  Compound 2 induced apoptosis in MDA-MB453 cells. (A) Flow cytometry of MDA-MB453 cells after treatment with compound 2 (10, 20, 40 µM) 
for 24 h. (B) The ratio of apoptotic cells in each group is expressed as percentage. All values are expressed as the mean ± SD (n = 3). **p < 0.01, ***p < 0.001 
versus control. (C) Cells were treated with compound 2 (10, 20, 40 µM), and the expression levels of cleaved-caspase3/9, caspase3/9, cleaved-PARP1, and 
PARP1 were detected by western blotting. GAPDH was used as the loading control
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the binding affinity and mode between compound 2 
and Notch1. We found that compound 2 strongly inter-
acts with Notch1. These results suggest that compound 
2 suppresses Notch1 signaling via direct binding to 
Notch1, thereby hindering the progression of TNBC. 
Additionally, in our previous study, EGCG interacted 
with Notch1 with a KD value of 2.04 × 10− 6 M, which is 
comparable to the KD value of compound 2 binding to 
Notch1 (4.616 × 10− 6 M) in this study [35]. Therefore, 
we suspected that the differences in cytotoxic effects 
between compound 2 and EGCG on MDA-MB453 cells 
may be related to the enhanced stability of compound 2 
compared to EGCG. In the future, more experiments are 
needed to further validate these findings.

Conclusions
Collectively, our results demonstrated that EGCG oxide 
(compound 2) exhibits antitumor activity against TNBC, 
including inhibiting the viability of TNBC cells, reduc-
ing growth of TNBC xenograft tumors, promoting cell 
apoptosis and inducing cell cycle arrest. These effects are 

involved in directly interacting with Notch1 with a high 
binding affinity. These findings suggest that compound 
2 is a candidate for the development of novel treatment 
strategies against TNBC.
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