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Abstract. Delphinidin is an anthocyanidin monomer, 
commonly found in vegetables and fruits, and has demon‑
strated antitumor effects in the HER‑2‑positive MDA‑MB‑453 
breast cancer cell line, with low cytotoxicity on normal breast 
cells. However, the direct functional mechanisms underlying 
the effect of delphinidin on HER‑2‑positive breast cancer 
cells has not been fully characterized. In the present study, 
it was found that delphinidin could induce G2/M phase cell 
cycle arrest by inhibiting the protein expression level of cyclin 
B1 and Cdk1 in HER‑2‑positive breast cancer cell lines. In 
addition, delphinidin promoted the mitochondrial apoptosis 
pathway by inhibiting the ERK and NF‑κB signaling pathway 
and activating the JNK signaling pathway. Therefore, delphin‑
idin markedly suppressed the viability of the HER‑2‑positive 
breast cancer cell lines by modulating the cell cycle and 
inducing apoptosis. Overall, the findings from the present 
study demonstrated that delphinidin treatment could induce 
the mitochondrial apoptosis pathway in human HER‑2‑positive 
breast cancer cell lines, providing an experimental basis for 
the prevention and treatment of HER‑2‑positive breast cancer 
by flavonoids.

Introduction

Breast cancer is among the most common type among women 
worldwide (1). Human epidermal growth factor receptor (HER)‑2 
is overexpressed in 20‑30% of all breast cancer types (2) and 
is a preferred target for treating HER‑2‑positive breast cancer. 
Trastuzumab and pertuzumab, two HER2‑targeted monoclonal 
antibodies, are used as adjuvant therapy to treat metastatic 
HER‑2‑positive breast cancer when combined with docetaxel. 
However, only a small percentage of patients benefit from 
this therapeutic method (3). Thus, identifying novel agents or 
drug combination and developing new therapeutic strategies is 
urgently required.

Delphinidin is an anthocyanidin monomer commonly 
found in vegetables and fruits (4). The benefits of delphinidin 
have been associated with its antioxidant, anti‑inflammatory, 
antiangiogenic and anticancer effects (5). Delphinidin contains 
3 hydroxyl groups on its B ring, making its oxidative biolog‑
ical effect stronger compared with that in other flavonoid 
compounds, such as cyanidin and malvidin (5‑7). Delphinidin 
has the strongest antioxidant effect among all anthocyanidins. 
It is considered to be the most beneficial anthocyanidin, which 
has become the focus of anti‑cancer research in anthocyanin 
monomers. Our previous studies confirmed the anticancer 
activities of anthocyanidin and delphinidin‑3‑glucoside in breast 
cancer cell lines. Luo et al (8) used structural biology methods 
to demonstrate that delphinidin could dock with the HER‑2 
tyrosine kinase region in the HER‑2‑positive MDA‑MB‑453 
breast cancer cell line using hydrophobic forces and hydrogen 
bonding. This inhibited competitive ATP binding to the HER‑2 
receptor, thus preventing the autophosphorylation of HER‑2 and 
exerting its anti‑cancer effect (8‑11). In addition, the therapeutic 
effects of delphinidin in cancer have been associated with the 
inhibition of MAPK and NF‑κB signaling, and the activation of 
the AP‑1 signaling pathway (12,13). Therefore, the purpose of 
the current study was to determine the in vitro biological effects 
of delphinidin in 2 HER‑2‑positive breast cancer cell lines.

We hypothesized that delphinidin could induce mitochon‑
drial pathway apoptosis by modulating NF‑κB and MAPK 
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signaling in the HER‑2‑positive MDA‑MB‑453 and BT‑474 
breast cancer cell lines. The results of the present study may 
indicate that delphinidin is a valuable therapeutic agent for 
patients with breast cancer. This may provide new insight for 
the prevention and treatment of HER‑2‑positive breast cancer 
using delphinidin.

Materials and methods

Cell culture and treatment. The HER‑2‑positive breast cancer 
cell lines (MDA‑MB‑453 and BT‑474) were purchased from 
the Chinese Academy of Sciences. The MDA‑MB‑453 cell 
line was cultured in L‑15 medium (cat. no. 11415‑064; Gibco; 
Thermo Fisher Scientific, Inc.), while the BT‑474 cell line was 
cultured in RPMI‑1640 medium (cat. no. A1049101; Gibco; 
Thermo Fisher Scientific, Inc.) and both supplemented with 
10% fetal bovine serum (cat. no. ES‑009‑B; EMD Millipore), 
and at 37˚C in a humidified incubator with 5% CO2. Delphinidin 
(cat. no. 43725; purity ≥95%) was dissolved in dimethyl sulf‑
oxide (DMSO; cat. no. D2650) (both from Sigma‑Aldrich; 
Merck KGaA) to a stock concentration of 80 mM. The DMSO 
was added to the medium at a final concentration of 0.1% as 
a control.

Antibodies and reagents. The anti‑rabbit IgG, HRP‑linked 
(cat. no. 7074), anti‑mouse IgG, HRP‑linked (cat. 
no. 7076), p21Waf1/Cip1 (cat. no. 2947), c‑Raf (cat. no. 53745), 
phosphorylated(p)‑c‑Raf (cat. no. 9431), MEK1/2 (cat. 
no. 9126), p‑MEK1/2 (cat. no. 9154), p44/42 MAPK (Erk1/2) 
(cat. no. 4695), p‑p44/42 MAPK (Erk1/2) (cat. no. 4370), 
SAPK/JNK (cat. no. 252), p‑SAPK/JNK (cat. no. 4668), Bax 
(cat. no. 5023S), Bcl‑2 (cat. no. 4223S), PKCα (cat. no. 59754), 
IKKα (cat. no. 11930), IKKβ (cat. no. 8943), p‑IKKα/β (cat. 
no. 2697), IκBα (cat. no. 4814), NF‑κB/p65 (cat. no. 8242), 
GAPDH (cat. no. 5174) antibodies, and Alexa Fluor 594 
conjugate (cat. no. 8889) and Alexa Fluor 488 phalloidin (cat. 
no. 8878) were purchased from Cell Signaling Technology, 
Inc. The cyclin B1 (cat. no. ab32053), Cdk1 (cat. no. ab133327), 
p‑PKCα (cat. no. ab23513), p‑IκBα (cat. no. ab12134), 
p‑NF‑κB/p65 (cat. no. ab131109) antibodies were purchased 
from Abcam. The β‑actin (cat. no. TA‑09) antibody was 
purchased from OriGene Technologies, Inc.

Cytotoxicity assay. The MDA‑MB‑453 and BT‑474 breast 
cancer cell lines were seeded in 96‑well microtiter plates 
(1x104 cells per well), then treated with delphinidin at different 
concentrations (10, 20, 40, 80 and 160 µM) or treated with 
the vehicle (DMSO) for 48 h. Cell Counting Kit‑8 (CCK‑8; 
cat. no. CK04; Dojindo Molecular Technologies, Inc.) was 
used to evaluate the viability of the cells. The absorbance was 
read at 450 nm using a microplate reader (Powerwave XS; 
Bio Tek China). Then SPSS v21.0 (IBM Corp.) was used to 
calculate IC50.

Cellular morphological observation. Approximately 
2x105 cells were seeded in 6‑well plates, containing glass 
coverslips. The cells were treated with delphinidin at different 
concentrations (20, 40 and 80 µM) or with DMSO for 48 h. The 
cells were then fixed using 4% paraformaldehyde for 20 min 
and stained (for 3‑5 min with hematoxylin and 1 min with 

eosin), both at room temperature, according to the instructions 
of the H&E staining kit (cat. no. D006; Nanjing Jiancheng 
Bioengineering Institute). Finally, the cells were observed with 
a light microscope at x200 magnification.

Cell cycle analysis. Approximately 2x105 cells were seeded 
in 6‑well plates, containing glass coverslips. The cells were 
treated with the delphinidin at different concentrations (20, 
40 and 80 µM) or treated with DMSO for 48 h. The cells were 
then harvested in a culture dish, washed with ice‑cold PBS 
and fixed with 80% ice‑cold ethanol in PBS at 4˚C for 4 h. The 
cells were then pelleted in a cool centrifuge (120 x g at 4˚C for 
5 min), resuspended in cold PBS and stained according to the 
instructions of the cell cycle detection kit (cat. no. KGA512; 
KeyGen Biotech Co., Ltd.). Following incubation at 37˚C for 
30 min, bovine pancreatic RNasewas added at a final concen‑
tration of 2 mg/ml with 20 mg/ml propidium iodide for 20 min 
at room temperature. A total of 2x104 cells were analyzed using 
a BD FACS Canto flow cytometer (Becton, Dickinson and 
Company). The data was analyzed using GraphPad Prism 7 
(GraphPad Software, Inc.).

Protein expression analysis. The adherent cell lines were 
collected in radio immunoprecipitation assay (RIPA; cat. 
no. P0013B; Beyotime Institute of Biotechnology) buffer using a 
cell scraper and protein expression was analyzed using western 
blot analysis. A protein BCA assay kit (cat. no. 23227; Thermo 
Fisher Scientific, Inc.) was used to quantify the protein concentra‑
tion. The samples (50 µg) were separated using 10% SDS‑PAGE 
and the proteins were transferred to PVDF membranes, 
then blocked with 5% Blotting‑Grade Blocker solution (cat. 
no. 180‑6404; Bio‑Rad Laboratories, Inc.). Subsequently, the 
membranes were incubated with the primary antibodies (diluted 
1:1,000) overnight at 4˚C, washed 3 times with TBS containing 
1% Tween‑20, then incubated with the secondary antibodies 
(diluted 1:1,000) for 2 h at 37˚C. Finally, chemiluminescence 
reagents (cat. no. WBKLS0500; EMD Millipore) were used 
to visualize the target proteins and densitometry was analyzed 
using Image J v1 (National Institutes of Health.). GADPH or 
β‑actin served as the loading control.

TUNEL assay. The cells were seeded in 6‑well plates, containing 
glass coverslips and treated with delphinidin, then fixed with 
4% paraformaldehyde for 20 min and permeabilized with 1X 
PBS + 0.1% Triton for 2 min both at 4˚C. TUNEL staining was 
performed using the Dead End Fluorometric TUNEL system in 
accordance with the manufacturer's instructions (cat. no. G3250; 
Promega Corporation). A total of 50 µl TUNEL detection solu‑
tion was added to the sample, then incubated for 60 min at 37˚C 
in the dark. Subsequently, 10 µl DAPI was added to the samples 
and incubated at room temperature for 5 min. The samples were 
observed and recorded using a fluorescence microscope (IX71; 
Olympus Corporation) at a x200 magnification, from at least 
5 fields of views for each sample. Then, ImageJ v1 (National 
Institutes of Health) to record TUNEL‑positive cells. The nuclei 
stained with bright green fluorescence were considered to be 
TUNEL‑positive cells.

Mitochondrial membrane potential assay. Approximately 
2x105 cells were seeded in 6‑well plates and treated with 
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delphinidin at different concentrations (20, 40 and 80 µM) 
or treated with DMSO for 8 h. The cells were washed twice 
with PBS and incubated with L‑15 or RPMI‑1640 medium 
containing 10 µg fluorescent lipophilic cationic JC‑10 (cat. 
no. KGA608; Nanjing KeyGen Biotech Co., Ltd.) dye for 
30 min at 37˚C in the dark. The stained cells were harvested, 
washed and resuspended with PBS, then analyzed using a BD 
FACS Canto Ⅱ flow cytometer and BD FACS Canto clinical 
software v2.4 (Becton, Dickinson and Company, Inc.) imme‑
diately. The lower‑right quadrants represent cells with low 
membrane potential, while the upper‑right quadrants represent 
cells with high membrane potential.

Detection of apoptosis using f low cytometry. An 
Annexin V‑FITC Apoptosis Detection kit (cat. no. KGA108; 
Nanjing KeyGen Biotech Co., Ltd.) was used to detect apop‑
tosis, as previously described (14). Annexin V+/PI‑ cells were 
considered early apoptotic and Annexin V+/PI+ cells were 
considered late apoptotic. Double‑negative cells (lower‑left 
quadrant) were considered to be live cells. Annexin V‑ PI+ cells 
(upper‑left quadrant) were considered to be necrotic cells.

Immunofluorescence. Approximately 2x105 cells were seeded 
in 6‑well plates, containing glass coverslips and treated with 
delphinidin at different concentrations (20, 40 and 80 µM) or 
treated with DMSO for 48 h, then fixed with 4% paraformalde‑
hyde for 20 min at room temperature and permeabilized with 
1X PBS + 0.5% Triton for 30 min at room temperature. The 
slides were blocked with PBS + 10% FBS (cat. no. ES‑009‑B; 
EMD Millipore) and incubated with anti‑NF‑κB/p65 (diluted 

1:200) in PBS for 12 h at 4˚C, then washed twice with PBS, 
and incubated with the Alexa Fluor 594‑conjugated secondary 
antibody (diluted 1:500) for 2 h at room temperature. Following 
which, the slides were washed twice with PBS and mounted 
with Prolong Gold with Alexa Fluor 488 Phalloidin (diluted 
1:20) and DAPI (cat. no. C0065; Beijing Solarbio Science 
and Technology Co., Ltd.). Finally, the images were captured 
using a confocal microscope (magnification, x600; FV1200; 
Olympus, Corporation). The results were determined using 
ImageJ software v.1 (National Institutes of Health) (15).

Statistical analysis. All the data are presented as the 
mean ± standard error of the mean, and each experiment was 
performed at least three times. The statistical analyses were 
performed using one‑way ANOVA and the Tukey's post hoc 
test using SPSS version 21.0 (IBM Corp.). P<0.05 was consid‑
ered to indicate a statistically significant difference. GraphPad 
Prism 7 (GraphPad software, Inc.) was used to generate the 
figures.

Results

Delphinidin inhibits the viability of the MDA‑MB‑453 and 
BT‑474 breast cancer cell lines. To understand the effects 
of delphinidin on the breast cancer cell lines, the inhibitory 
effect of delphinidin on the viability of the HER‑2‑positive 
MDA‑MB‑453 and BT‑474 breast cancer cell lines was 
analyzed (Fig. 1A). Delphinidin inhibited the viability of the 
HER‑2‑positive MDA‑MB‑453 and BT‑474 breast cancer 
cell lines in a dose‑dependent manner, with IC50 values of 

Figure 1. Delphinidin inhibits the viability of the epidermal growth factor receptor‑2‑positive breast cancer cell lines. (A) MDA‑MB‑453 and BT‑474 cells 
were treated with 10, 20, 40 or 80 µM delphinidin or DMSO. Relative cell numbers were determined using a Cell Counting Kit‑8 assay after 48 h. #P<0.05 
vs. control; ^P<0.05 vs. 20 µM; +P<0.05 vs. 40 µM; *P<0.05 vs. 80 µM. (B) The MDA‑MB‑453 and BT‑474 cell lines were treated with 20, 40 and 80 µM 
delphinidin or DMSO. After 48 h, the cells were fixed, stained with H&E, then analyzed using a microscope (magnification, x200). Experiments were repeated 
at least 3 times. DMSO, dimethyl sulfoxide.
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41.42 and 60.92 µM, respectively (Fig. 1A). Therefore, 20, 
40 and 80 µM concentrations of delphinidin were used in 
subsequent experiments.

Following treatment of the cells with different concen‑
trations of delphinidin and staining of the cells with H&E, 
some of the cells detached and floated, prior to fixation, and 
the cell volume gradually decreased as the concentration of 
delphinidin increased (Fig. 1B).

Delphinidin promotes cell cycle progression in the 
MDA‑MB‑453 and BT‑474 breast cancer cell lines. To deter‑
mine whether delphinidin could affect cell cycle regulation 
in the MDA‑MB‑453 and BT‑474 breast cancer cell lines, the 
effect of delphinidin on G2/M phase distribution was analyzed 
using flow cytometry, following staining with PI. As shown 
in Fig. 2A, delphinidin treatment significantly inhibited G2/M 
phase arrest in the HER‑2‑positive breast cancer cell lines. 

Figure 2. Effect of delphinidin on the cell cycle in the epidermal growth factor receptor‑2‑positive breast cancer cell lines. The MDA‑MB‑453 and BT‑474 cells 
were treated with 20, 40 and 80 µM delphinidin or dimethyl sulfoxide for 48 h. (A) Analysis of the cell cycle using flow cytometry following staining with PI. 
n=3. (B) Cyclin B1, Cdk2 and p21 WAF1/Cip1 protein expression levels in the MDA‑MB‑453 and BT‑474 cell lines were analyzed using western blot analysis and 
analyzed using ImageJ. GADPH served as the loading control. The data are presented as the mean ± standard error of the mean from at least 3 independent 
experiments. #P<0.05 vs. control; ^P<0.05 vs. 20 µM; +P<0.05 vs. 40 µM.
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Further analysis revealed that the distribution of the cells in 
G2/M phase was 7.5, 10.58 and 13.58% in the MDA‑MB‑453 
breast cancer cell line with 20, 40 and 80 µM delphinidin, 
respectively. The distribution of cells in the G2/M phase was 
13.43, 17.43 and 23.53% in the BT‑474 breast cancer cell line 
with 20, 40 and 80 µM delphinidin, respectively.

As delphinidin inhibited G2/M phase progression, the 
protein expression levels of key cell cycle regulators were 
analyzed in the MDA‑MB‑453 and BT‑474 breast cancer cell 
lines using western blot analysis (Fig. 2B). The results demon‑
strated that in the MDA‑MB‑453 and BT‑474 breast cancer cell 
lines, 20, 40 and 80 µM delphinidin significantly reduced the 
protein expression level of cyclin B1 and cdk2, and increased 
the protein expression level of p21WAF1/Cip1 following treatment 
for 48 h.

Delphinidin induces apoptosis in the MDA‑MB‑453 and 
BT‑474 breast cancer cell lines. The aforementioned experi‑
ments confirmed that delphinidin could induce G2/M phase 
cell cycle arrest in the MDA‑MB‑453 and BT‑474 breast cancer 
cell lines. To determine whether cell cycle changes could lead 
to apoptosis and whether delphinidin inhibited the prolif‑
eration of the breast cancer cell lines, TUNEL staining was 
performed. The DNA fragment levels in the MDA‑MB‑453 
and BT‑474 breast cancer cell lines notably increased following 
delphinidin treatment, due to increase in fluorescent staining, 
and the number of dead cells increased with increasing 
concentrations of delphinidin, compared with that in the 
control group (P<0.05; Fig. 3A). As shown in Fig. 3A and B, 
concentrations of 20, 40 and 80 µM delphinidin resulted in 
apoptosis rates of 3.3, 5.4 and 20.2% in the MDA‑MB‑453 
cell line, respectively. Apoptosis rates reached and 1.4, 4.4 and 
7.9% in the BT‑474 breast cancer cell line following treatment 
with 20, 40 and 80 µM delphinidin, respectively.

Mitochondria are producers of ATP, and their trans‑
membrane potential is formed by the displacement of the 
transmembrane protons in the process of ATP generation (16). 
A previous study has shown that irreversible apoptosis occurs 
in breast cancer cell lines with very low mitochondrial 
membrane potential (17). Flow cytometry results showed that 
the mitochondrial membrane potential of the MDA‑MB‑453 
and BT‑474 breast cancer cell lines decreased with increasing 
concentrations of delphinidin compared with that in the 
control group (UR and UL quadrants; Fig. 3C). At concentra‑
tions of 40 and 80 µM delphinidin, the apoptosis rate of the 
MDA‑MB‑453 cells was 49.58 and 53.87%, and those of the 
BT‑474 cells was 17.55 and 55.18%, respectively (Fig. 3D). 
These results demonstrated that delphinidin could induce 
apoptosis in MDA‑MB‑453 and BT‑474 breast cancer cell 
lines.

Delphinidin induces mitochondrial pathway apoptosis by 
inhibiting the ERK signaling pathway and activating the JNK 
signaling pathway. To determine whether the MAPK pathway 
played a role in mediating the effects of delphinidin, the expres‑
sion levels of the Bcl‑2 protein family were analyzed, as well 
as proteins in the MAPK signaling pathway, such as c‑Raf, 
MEK1/2, ERK1/2, JNK, p‑c‑Raf, p‑MEK1/2, p‑ERK1/2 and 
p‑JNK in the BT‑474 and MDA‑MB‑453 breast cancer cell 
lines. The protein expression levels of Bax and Bcl‑2 was 

increased and decreased, respectively with increasing concen‑
trations of delphinidin in the MDA‑MB‑453 and BT‑474 cell 
lines (P<0.05; Fig. 4A and B). In addition, compared with 
that in the control group, the ratio of Bcl‑2/Bax decreased 
significantly in the 40 and 80 µM delphinidin treatment 
group (P<0.05). Furthermore, the protein expression levels of 
p‑c‑Raf, p‑MEK1/2 and p‑ERK1/2 decreased, and the protein 
expression level of p‑JNK increased, in the MDA‑MB‑453 and 
BT‑474 cell lines, indicating that delphinidin induced mito‑
chondrial pathway apoptosis by inhibiting ERK signaling and 
activating JNK signaling in the HER‑2‑positive breast cancer 
cell lines (Fig. 4C and D).

Delphinidin induces apoptosis by inhibiting the NF‑κB 
signaling pathway in the HER‑2‑positive breast cancer cell 
lines. A previous study suggested that anthocyanins could 
induce apoptosis in various cancer cell lines, including stomach, 
prostate, intestine and breast cancer, by blocking the NF‑κB 
signaling pathway (18). To investigate whether delphinidin 
reduced the viability of the HER‑2‑positive breast cancer cell 
lines by inhibiting NF‑κB signaling, the protein expression levels 
of NF‑κB signaling‑related molecules in the MDA‑MB‑453 
and BT‑474 breast cancer cell lines were analyzed. Compared 
with that in the control group, the protein expression levels 
of p‑NF‑κB/P65, p‑IKKα/β and p‑PKCα decreased signifi‑
cantly in the MDA‑MB‑453 and BT‑474 high‑concentration 
(40 and 80 µM) delphinidin treatment groups. In addition, 
the protein expression level of IκBα, IKKα, IKKβ and PKCα 
increased following delphinidin treatment (Fig. 5). The results 
suggested that delphinidin could block NF‑κB signaling in the 
MDA‑MB‑453 and BT‑474 breast cancer cell lines by inhibiting 
NF‑κB/P65, IκBα, and IKKα/β activity.

Immunofluorescence was used to detect the effect of 
delphinidin on nuclear translocation of NF‑κB/p65 in the 
MDA‑MB‑453 and BT‑474 breast cancer cell lines. The results 
showed that the levels of NF‑κB/p65 nuclear translocation 
decreased in the delphinidin‑treated groups. Thus, delphinidin 
reduced NF‑κB/p65 entry into the nucleus and inhibited tran‑
scription of nuclear genes (Fig. 6).

Discussion

Cancer is characterized by abnormal cell proliferation, cell 
cycle regulation and apoptosis (19). Lim et al (20,21) confirmed 
that delphinidin could reduce the survival rate of ovarian and 
liver cancer cells in a dose‑dependent manner, and could also 
significantly inhibit proliferation, migration and invasion in a 
SKOV3 ovarian cancer cell line. Venancio et al (22) demon‑
strated that anthocyanins played an anti‑inflammatory and 
anti‑proliferating role by inhibiting the protein expression level 
of inflammatory cytokines, TNF‑α, IL‑1β and IL‑6 in colonic 
inflammatory fibroblasts and colon cancer cells. In the present 
study, it was found that delphinidin inhibited the viability of 
HER‑2‑positive MDA‑MB‑453 and BT‑474 breast cancer cell 
lines and this inhibitory effect increased with delphinidin 
concentration.

Previous studies have demonstrated that anthocyanidin 
could induce G2/M cell cycle arrest by increasing the phos‑
phorylation of Cdk1 at Tyr15 and increasing the protein 
expression level of Cdk inhibitors, p27kip1 and p21WAF1/Cip1 in 
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leukemia cell lines (23,24). Clemente‑Soto et al (25) found that 
quercetin induced the protein expression level of p21WAF1/Cip1 
by activating p53 and induced apoptosis in the HeLa and 
SiHa cell lines. In the present study, it was demonstrated 

that delphinidin could induce G2/M cell cycle arrest in the 
HER‑2‑positive MDA‑MB‑453 and BT‑474 breast cancer cell 
lines and that the G2/M cell cycle arrest was associated with the 
inhibition of multiple key cell cycle regulators, such as Cdk1 

Figure 3. Delphinidin induces apoptosis in the MDA‑MB‑453 and BT‑474 cell lines. The cells were treated with 0, 20, 40 or 80 µM delphinidin or dimethyl 
sulfoxide for 48 h. Representative images of TUNEL‑positive (A) MDA‑MB‑453 and (B) BT‑474 cell lines and the data was statistically analyzed. The cells 
were treated with 0, 20, 40 or 80 µM delphinidin for 8 h. (C) Mitochondrial membrane potential was analyzed using flow cytometry. (D) Apoptosis was 
analyzed using flow cytometry. Magnification, x200. n=3. #P<0.05 vs. control; ^P<0.05 vs. 20 µM; +P<0.05 vs. 40 µM.
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Figure 4. Effect of delphinidin on the cell cycle in the epidermal growth factor receptor‑2‑positive breast cancer cell lines. The MDA‑MB‑453 and BT‑474 cells 
were treated with 20, 40 and 80 µM delphinidin or dimethyl sulfoxide for 48 h. Bcl‑2 protein expression level and proteins in the MAPK signaling pathway in 
the (A and C) MDA‑MB‑453 and (B and D) BT‑474 cell lines, respectively were analyzed using western blot analysis and densitometry. The data are presented 
as the mean and SD from at least 3 independent experiments. #P<0.05 vs. control; ^P<0.05 vs. 20 µM; +P<0.05 vs. 40 µM. p, phosphorylated.
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and cyclin B1. It can be hypothesized that delphinidin induced 
G2/M phase arrest by increasing the protein expression level of 
p21WAF1/Cip1, and may be involved in the induction of apoptosis 
in MDA‑MB‑453 and BT‑474 breast cancer cell lines.

Loss of normal regulation of apoptosis is an impor‑
tant reason for the dysregulated proliferation of cancer 
cells (19,25,26). Induction of apoptosis may represent an effec‑
tive way to treat malignant tumors. A previous study suggested 
that cytarabine, nitrogen mustard, cisplatin and topological 
isoenzyme inhibitors can induce apoptosis (27). There are 
3 types of apoptotic pathways: The death receptor pathway, 
the mitochondrial apoptosis pathway and the endoplasmic 
reticulum apoptosis pathway. During the process of apoptosis, 
these 3 pathways may be initiated simultaneously or separately.

Kang et al (28) found that delphinidin inhibited the 
ERK/p38 MAPK signaling pathway by decreasing the 
phosphorylation levels of ERK and p38, and exerted 
anti‑proliferative and pro‑apoptotic effects in human osteosar‑
coma cells. Delphinidin inhibited the proliferation of ES2 and 
SKOV3 ovarian cancer cells by inhibiting the PI3K/AKT and 
ERK signaling pathways (29,30), which is consistent with the 
results of the present study. Several studies have also suggested 
that JNK could play an important role in cell cycle regulation, 
while JNK inhibited Cdk1 activation and caused G2/M phase 

arrest (31,32). Activated JNK stabilized the activity of 
p21WAF1/Cip1 by post‑translational protein modification (32,33). 
In the present study, it was found that different concentrations 
of delphinidin significantly decreased the protein expression 
levels of p‑c‑Raf, p‑MEK1/2 and p‑ERK1/2, and increased 
the protein expression levels of p‑JNK in the MDA‑MB‑453 
and BT‑474 breast cancer cell lines. It could be hypothesized 
that delphinidin‑induced apoptosis may be associated with the 
ERK and JNK signaling pathway in the HER‑2‑positive breast 
cancer cell lines. The present study also found that delphinidin 
increased the protein expression level of p21WAF1/Cip1, while 
inducing G2/M phase arrest in the HER‑2‑positive breast 
cancer cells, which may be associated with the activation of 
the JNK signaling pathway.

The NF‑κB signaling pathway plays an important role in the 
survival and proliferation of tumor cells, as well as inflammation, 
apoptosis. In the steady state, NF‑κB is bound to its inhibitor 
(IкB) and remains inactive (32,33). Numerous extracellular stim‑
ulating factors, such as TNF‑α, IL‑1, lipopolysaccharide (LPS) 
and other chemicals or physical stressors (such as ultraviolet 
light), can phosphorylate IкB causing its degradation (32,33). 
The dissociated NF‑кB then translocates to the nucleus and 
exposes nuclear recognition sites, thereby participating in target 
gene transcription (34,35). Previous studies have shown that 

Figure 5. Delphinidin induces epidermal growth factor receptor‑2‑positive breast cancer cell apoptosis by blocking the NF‑κB signaling pathway. After treat‑
ment with delphinidin for 48 h, total protein expression and phosphorylation of NF‑κB/p65, IκBα, IKKα/β and PKCα were detected using western blot analysis. 
Phosphorylation of proteins in the NF‑κB pathway in (A) MDA‑MB‑453 and (B) BT‑474 cell lines. p, phosphorylated. The data are presented as the mean and 
SD from at least 3 independent experiments. #P<0.05 vs. control; ^P<0.05 vs. 20 µM; +P<0.05 vs. 40 µM.
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NF‑кB was abnormally activated in breast cancer cell lines. 
Luo et al (34) demonstrated that ursolic acid inhibited breast 
cancer growth by inhibiting proliferation, inducing apoptosis 
and suppressing inflammatory responses via NF‑кB signaling 
in vitro. In addition, NF‑кB could inhibit JNK‑mediated 
apoptosis (36‑38). Papa et al (38) showed that NF‑кB could be 
inhibited during TNF‑α‑induced apoptosis. It caused activation 

of JNK, which ultimately lead to JNK signaling pathway‑medi‑
ated apoptosis. Lee et al (39) demonstrated that delphinidin 
inhibited LPS‑induced macrophage NF‑κB/p65 nuclear translo‑
cation. Haseeb et al (40) reported that delphinidin could inhibit 
IL‑1β‑induced activation of NF‑κB/p65 in chondrocytes and 
blocked NF‑κB/p65 nuclear translocation. The present study 
found that the phosphorylation levels of NF‑κB/p65, IKKα/β, 

Figure 7. Schematic diagram of the molecular mechanism underlying inhibition of HER‑2‑positive breast cancer cell viability by delphinidin. HER, epidermal 
growth factor receptor.

Figure 6. Delphinidin inhibits NF‑κB/p65 nuclear translocation in epidermal growth factor receptor‑2‑positive breast cancer cell lines. MDA‑MB‑453 and 
BT‑474 cells were treated with different concentrations of delphinidin for 48 h and intracellular NF‑κB nuclear translocation was detected using immunofluo‑
rescence and confocal microscopy. NF‑κB/p65 nuclear localization in the (A) MDA‑MB‑453 and (B) BT‑474 cell lines. Magnification x600.
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PKCα significantly decreased in the MDA‑MB‑453 and BT‑474 
breast cancer cell lines following treatment with 40 and 80 µM 
delphinidin. In addition, the nuclear translocation of NF‑κB/p65 
decreased as the concentration of delphinium increased. These 
findings are consistent with a previous study (40) demonstrating 
that delphinidin inhibited the activation and nuclear translocation 
of NF‑κB/p65. Based on these results, it may be hypothesized 
that the antitumor activity of delphinidin was associated with the 
inhibition of the NF‑κB signaling pathway and the activation of 
the JNK signaling pathway.

The BT‑474 cells are a HER‑2‑positive cell line, therefore 
the conclusions made in the present study could be applied to 
all HER‑2‑positive breast cancer cell lines. However, the effect 
of delphinidin was only analyzed in HER‑2‑positive breast 
cancer cell lines; therefore, further investigation is required in 
different breast cancer cell lines.

In conclusion, the present study identified the molecular 
mechanism in which delphinidin inhibited the viability of the 
HER‑2‑positive breast cancer cell lines. Delphinidin inhibited 
the ERK signaling pathway by decreasing the protein expres‑
sion level of p‑c‑Raf, p‑MEK1/2 and p‑ERK1/2, regulating 
the protein expression level of Bax and Bcl‑2 and reducing 
the proportion of Bax/Bcl‑2 heterodimers, thereby medi‑
ating apoptosis in the mitochondrial pathway. Furthermore, 
delphinidin inhibited the activation of NF‑κB and nuclear 
translocation of NF‑κB/p65 by inhibiting the degradation of 
IκB‑α, blocking the NF‑κB signaling pathway and promoting 
the JNK signaling pathway, thereby inducing G2/M phase 
arrest and apoptosis (Fig. 7).
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