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Abstract. Human epidermal growth factor receptor 2 (HER2) 
has been found to be overexpressed in ~25% of invasive breast 
cancer and is significantly associated with a poor prognosis 
in breast cancer patients. The anthocyanins cyanidin‑3‑glu-
coside (C3G) and peonidin‑3‑glucoside have been identified 
as potential drugs for the therapy of HER2‑positive breast 
cancer. They have been used as supplements in targeted 
therapeutics and chemotherapeutics in Asia, however, the 
underlying mechanism remains to be elucidated. The aim of 
the present study was to investigate the synergism between 
C3G and trastuzumab (Trast). To address this question, the 
response to C3G, Trast and a combination of the two drugs, 
in three representative HER2-positive cell lines was evalu-
ated. The combination treatments induced apoptosis, inhibited 
cell growth and affected HER2 and its downstream signaling 
pathway in MDA‑MB‑453, BT474 and HCC1569 cells, and 
the effects were synergistic. The combination of 3CG and 
Trast inhibited tumor growth in an in vivo xenograft model. 
The data from the present study suggested that C3G exhibits 
potent antitumor activity when combined with Trast under the 
investigated conditions.

Introduction

Breast cancer is a life‑threatening disease and is the most 
common type of malignancy in Western countries. An 
estimated 232,340 new cases of invasive breast cancer were 
expected to be diagnosed among females in the USA during 
2013 according to the American Cancer Society (1). In China, 
breast cancer accounts for ~7‑10% of all types of malignant 

tumor, with a 3‑4% increase in new cases each year (2). 
Evidently, there is a clear requirement for the development of 
new therapeutic agents.

Overexpression of human epidermal growth factor 
receptor 2 (HER2), also termed erbB2, occurs in ~20% of 
patients with breast cancer and is associated with aggres-
sive disease and a decreased survival rate. Currently, 
chemotherapy and targeted anti‑cancer drugs, including 
tyrosine kinase inhibitors and monoclonal antibodies, such 
as trastuzumab (Trast) (3) have been demonstrated to be 
effective in clinical settings. The underlying mechanism of 
Trast binding to domain IV of the extracellular segment of 
the HER2 receptor and leading to the G1 arrest of HER2‑
positive cancer cells has been investigated. Since 2000, the 
disease-free survival rate and overall survival rate of patients 
have improved significantly (3‑6). Traditional Chinese herbal 
medicines have been used for >3,000 years and there are 
reports of novel therapeutic approaches using traditional 
medicine being successful in breast cancer patients (7,8). 
Although thousands of traditional Chinese medicines have 
been verified to be clinically effective, the mechanisms 
underlying the drug actions remain to be elucidated. Our 
previous study examined a high‑throughput in vitro screen 
against a library of 10,000 natural products in six cell lines 
representing breast cancer and assessed the ability of each 
drug to cause cytotoxicity. A total of eight natural compounds 
were identified as selectively inhibiting the proliferation of 
HER2-positive cells. Two of the compounds were confirmed 
as peonidin‑3‑glucoside (P3G) and cyanidin‑3‑glucoside 
(C3G) in vitro and in vivo (9).

P3G and C3G are anthocyanin pigments extracted from 
black rice (10). P3G and C3G possess anti‑cancer properties 
and have been used as medicine or as supplements for numerous 
decades (11‑16). P3G and C3G inhibit phospho‑HER2 and 
phospho‑AKT and were confirmed to induce HER2‑positive 
breast cancer cell apoptosis in vitro (9). In vivo studies were 
also conducted to confirm the antitumorgenic effects of P3G 
and C3G (9).

These established results have led to the hypothesis that 
P3G or C3G may function with the anti‑HER2 drug, Trast, in 
a synergistic way. Therefore, the present study investigated the 
combined anti‑tumor effects of P3G and C3G with Trast on 
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representative HER2-positive breast cancer cell lines and on a 
tumor xenograft model.

Materials and methods

Chemicals. Unless otherwise stated, all chemicals and reagents 
(analytical grade) were purchased from Sigma-Aldrich 
(Shanghai, China). Trast was provided by the Pharmacology 
Department of Chengdu Medical College (Chengdu, China) 
with a >98% purity. P3G and C3G were purchased from 
Pharmanic (Sichuan, China) with >98% purity. Compounds 
were present in dimethyl sulfoxide and stored at ‑80˚C prior 
to use.

Cell culture. All cell lines were obtained from the American 
Type Culture Collection (Manassas, VA, USA). MDA‑MB‑453 
cells were maintained in Dulbecco's modified Eagle's medium 
(DMEM) containing 2 mmol/l L‑glutamine. BT474 cells 
were maintained in DMEM:Ham's F12 medium (1:1 mixture) 
containing 2 mmol/l L‑glutamine and 5 µg/ml insulin. 
HCC1569 cells were maintained in RPMI-1640 medium. All 
mediums were supplied with 10% fetal bovine serum and 1% 
penicillin/streptomycin. All cells were maintained in a 5% 
CO2 atmosphere at 37˚C.

Cell proliferation assay. Cell proliferation assays were 
performed, as described previously (9). The cells were 
cultured for 24, 48 or 72 h at 37˚C in a 5% CO2 atmosphere 
with or without C3G, Trast or the combination. Aliquots of 
Alamar‑Blue reagent were added directly to each well and the 
plates were incubated at 37˚C for 3 h. The fluorescent signal 
was measured on a ZS-2 plate reader (Hongrunda, Beijing, 
China) with an excitation at 530 nm and emission at 590 nm. 
Data were normalized as percentage viability relative to 
vehicle controls, defined as 100% survival. The combination 
index values were calculated using CalcuSyn V2.1 software 
(Biosoft, Cambridge, UK).

Western blot analysis. Western blot analysis was performed 
as previously described (9) with the following antibodies: 
anti‑phospho HER2 (Tyr1248; monoclonal, anti‑rabbit), 
anti‑HER2 anti‑phospho AKT (Thr308 or Ser473; mono-
clonal, anti-rabbit), anti-AKT (monoclonal, anti-rabbit), 
anti‑phospho p42/44mitogen activated protein kinase 
(MAPK; monoclonal, anti‑mouse), anti‑p42/44MAPK 
(monoclonal, anti-mouse) and anti-β actin (monoclonal, anti-
mouse) antibodies (Shanghai Rui Qi Biological Technology 
Co., Shanghai, China).

Annexin V‑fluorescein isothiocyanate (FITC) assay. The 
early apoptotic effects of drug treatment were assessed by an 
Annexin V‑FITC assay, as described previously (9). Cells were 
treated with or without C3G, Trast or the combination for 24 h 
at 37˚C. Cells were stained with an Annexin‑V‑FITC antibody 
supplied by the Chengdu Medical College Flow‑cytometry 
Core Facility. Bivariant analysis of FITC fluorescence and 
propidium iodide (PI) fluorescence revealed different cell 
populations, where FITC (‑) and PI (‑) were designated as 
viable cells, FITC (+) and PI (‑) as apoptotic cells and FITC (+) 
and PI (+) as late apoptotic or necrotic cells.

Caspase 3/7 activity assay. The apoptotic effects of drug 
treatment were assessed by a caspase 3/7 activity assay, as 
described previously (9). After 48 h drug treatments, aliquots 
of Alamar‑Blue reagent were added directly to each well, the 
plates were incubated at 37˚C for 3 h and the fluorescent signal 
was recorded. An equal volume of caspase 3/7 activity assay 
reagent (Promega, Bejing, China) was then added to each well 
and the luminescence signal was measured using the ZS-2 
plate reader. Caspase 3/7 activities were normalized as lumi-
nescence relative to fluorescence.

In vivo efficacy in xenograft models. In accordance with the 
Institutional Guidelines of the Chengdu Medical College 
Institutional Animal Care and Use Committee (IACUC), all 
in vivo studies were performed under pathogen-free condi-
tions at the animal facility and methods were reviewed and 
approved by the IACUC. BT474 cells were resuspended to 
2x106 cells/100 µl in phosphate‑buffered saline (PBS) and 
implanted subcutaneously into the flank region of 6‑7‑week 
old female nude mice weighing 18‑22 g, as described previ-
ously (9). When tumors reached 40‑50 mm3 in volume, animals 
were randomly assigned to four groups (n=8), receiving either 
intraperitoneal (IP) injection of 100 µl PBS twice a week; IP 
injection of C3G (6 mg/kg in 100 µl PBS) twice a week; IP 
injection of Trast (6 mg/kg in 100 µl PBS) twice a week or 
Trast and C3G (6 mg/kg of Trast and C3G in 100 µl PBS) 
twice a week. Tumor volume was measured every 5 days and, 
once the control tumors reached 1,000 mm3, the animals were 
sacrificed in accordance with ethical requirements. At the end 
of the study, all animals were sacrificed with an overdose of 
CO2 and the tumor tissues were extracted for immunostaining 
and weighing.

Statistical analysis. In vitro data are expressed as the 
mean ± standard deviation (n≥3). In vivo data are expressed 
as the mean ± standard error of the mean (n=8). Values 
were analyzed using Student's t‑test or one‑way analysis 
of variance when three or more groups were present using 
SigmaPlot V.11.0 (Systat Software Inc., San Jose, CA, USA). 
P≤0.05 was considered to indicate a statistically significant 
difference.

Results

C3G demonstrates synergy in combination with Trast in 
HER2‑positive breast cancer cells. The role of C3G in 
combination with Trast on cell proliferation and survival 
was investigated by performing cell viability assays. Cells 
were treated with either 20 µg/ml Trast, 1 µg/ml C3G or a 
combination for up to 24 or 48 h. All cell lines demonstrated 
inhibition of growth after 24 h treatment (Fig. 1A‑C) and after 
48 h treatment (Fig. 1D‑F). The percentage of viable cells in 
the combination treatment groups in MDA‑MB‑453, BT‑474 
and HCC1569 cells were significantly lower compared with 
either Trast alone or the C3G alone treatment groups after 24 
and 48 h (Fig. 1A‑F). In order to investigate the synergism 
between C3G and Trast, combination cell viability assays 
were performed and the combination index (CI) values 
were determined using the CalcuSyn software (Biosoft). All 
combinations demonstrated synergism in the three cell lines 
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(Fig. 1G‑I; CI<1). The combination in HCC1569 cells was 
highly synergistic with all CI values <0.25 (Fig. 1I).

HER2, AKT and MAPK are central to the synergism between 
C3G and Trast. To confirm that the demonstrated synergistic 
inhibition following treatment of C3G in combination with 
Trast was due to HER2 inactivation, western blot analysis was 
performed to assess the expression levels of phospho-HER2, 
HER2 and its downstream mediators AKT and MAPK. As 
expected, the phospho‑HER2, phospho‑AKT (Ser473) and 
phospho-p44/42 MAKP levels were downregulated by C3G 
(5 µg/ml) alone and in combination with Trast (5 µg/ml; Fig. 2).

C3G in combination with Trast induces apoptosis in 
HER2‑positive breast cancer cells. The activity of C3G 
alone and in combination with Trast was determined using 
Annexin V and caspase 3/7 activity assays. After 24 h treat-
ment, the MDA‑MB‑453 cells treated with Trast, C3G or in 
combination showed 4.2±0.85, 3.6±1.25 and 11.2±2.64 fold 
increases in Annexin V-positive cells compared with the 
control cells, respectively. After 24 h treatment, the BT474 
cells treated with Trast, C3G or in combination demon-
strated 3.8±0.50, 4.8±1.20 and 13.2±2.60 fold increases in 

Annexin V-positive cells compared with the control cells, 
respectively. After 24 h treatment, the HCC1569 cells treated 
with Trast, C3G or in combination demonstrated 4.0±1.3, 
2.1±0.32 and 8.6±2.10 fold increases in Annexin V‑positive 
cells compared with the control cells, respectively. After 48 h 
treatment, the caspase 3/7 activity in MDA‑MB‑453 cells 
treated with Trast, C3G alone or in combination demonstrated 
4.3±1.2, 6.5±1.6 and 15.6±2.3 fold increases compared with 
the control cells. After 48 h treatment, the caspase 3/7 activity 
in BT474 cells treated with Trast, C3G alone or in combina-
tion demonstrated 5.6±1.6, 3.5±1.0 and 10.6±3.1 fold increases 
compared with the control cells. Finally, after 48 h treatment, 
the caspase 3/7 activity in HCC1569 cells treated with Trast, 
C3G alone or in combination showed 2.1±0.9, 2.8±1.3 and 
9.8±1.2 fold increases compared with the control cells (Fig. 3).

Treatment with C3G alone or in combination with Trast 
reduces tumor growth in vivo. Following the in vitro studies, 
the effects of C3G treatment alone or combined with Trast 
were examined in a xenograft model using BT‑474 cells, a 
HER2-positive cell line. Prior to performing studies with 
tumor‑bearing animals, a pilot study was conducted to deter-
mine the drug tolerance at the indicated levels. Five animals 

Figure 1. Effects of C3G alone or in combination with Trast on the proliferation of human epidermal growth factor recepter 2‑positive cell lines. BT474, 
MDA‑MB‑453 and HCC1569 cells were treated with DMSO (control), C3G (5 µg/ml), Trast (5 µg/ml) or drugs in combination (C3G and Trast) for 
(A‑C) 24 and (D‑F) 48 h. Cell viability is presented as the percentage of viable cells vs. DMSO‑treated cells. Data are expressed as the mean ± standard devia-
tion. *P<0.05, **P<0.01. (G‑H) BT474, MDA‑MB‑453 and HCC1569 cells were treated with DMSO (control), C3G, Trast or drugs in combination (C3G and 
Trast) at the indicated concentrations for 72 h. CI values were calculated using CalcuSyn. CI<1 indicates synergism; CI=1 indicates addictive; CI>1 indicates 
antagonism. DMSO, dimethyl sulfoxide; CI, combination index; C3G, cyanidin 3‑glucoside; Trast, trastuzumab.
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were treated with C3G (6 mg/ml) and Trast (6 mg/ml) twice a 
week for 25 days. No signs of organ damage were observed. 
The in vivo study confirmed the in vitro results. During the 
experiments, the body weights of the mice in the C3G, Trast 
and combination treatment group were indistinguishable 
from those in the control groups (Fig. 4A). Animals treated 
with Trast alone, C3G alone or in combination demonstrated 
a ~61, 41 and 78% reduction in tumor growth (medium size) 
at day 25, respectively (Fig. 4B). Animals treated with Trast 
alone, C3G alone or with the two drugs demonstrated a ~54, 69 
and 85% reduction in tumor weight (medium size) at day 25, 
respectively (Fig. 4C).

Fig. 5A shows the hematoxylin and eosin staining of kidney, 
liver and spleen harvested from each treatment group. No 
visible damage to these organs was identified when compared 
with the control group (Fig. 5A). Histopathological studies 
revealed that tumors treated with Trast, C3G or in combination 
expressed lower levels of HER2 and the proliferation marker 
Ki67 (Fig. 5B).

Discussion

Our previous studies confirmed that the pharmacological 
activity of C3G and of P3G alone in HER2‑positive cell lines 
was mainly due to the inhibition of HER2 activity (9). The aim 
of the present study was to examine the synergism between 
C3G and Trast. It has been reported that mulberry anthocya-
nins, cyanidin 3‑rutinoside and C3G inhibit the migration and 
invasion of human lung cancer cells (17). In addition, it has 
been demonstrated that C3G and P3G inhibit G2/M arrest, 
downregulate cyclin‑dependent kinases and induce caspase‑3 
activation, chromatin condensation and cell death in vitro (18). 
C3G has been demonstrated to inhibit human lung tumor 
growth in xenograft models, including carcinoma cell A549 and 

Figure 3. C3G alone and in combination with Trast induces cell apoptosis 
in human epidermal growth factor recepter 2-positive cell lines. Data are 
expressed as the mean ± standard deviation (*P<0.01). (A) MDA‑MB‑453, 
BT474 and HCC1569 cells were treated with DMSO (control), Trast (5 µg/ml), 
C3G (5 µg/ml) or in combination (C3G and Trast) for 24 h and Annexin V 
positive cells were counted using flow cytometry. The fold‑change in 
Annexin V positive cells is shown. (B) MDA‑MB‑453, BT474 and HCC1569 
cells were treated with DMSO (control), Trast (5 µg/ml), C3G (5 µg/ml) or 
in combination (C3G and Trast) for 48 h. The fold‑change in caspase 3/7 
activity is shown. Data were normalized using the following formula: caspase 
3/7 activity / cell viability. C3G, cyanidin 3‑glucoside; Trast, trastuzumab; 
DMSO, dimethyl sulfoxide.

  A

  B

Figure 2. Effects of C3G alone and in combination with Trast on HER2 and downstream signaling pathways. BT474, MDA‑MB‑453 and HCC1569 cells were 
treated with or without C3G (5 µg/ml), Trast (5 µg/ml) or drugs in combination for 24 h and whole‑cell extracts were analyzed by western blotting with the indi-
cated antibodies. C3G, cyanidin 3‑glucoside; Trast, trastuzumab; HER2, human epidermal growth factor recepter 2; MAPK, mitogen‑activated protein kinase.
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Lewis lung carcinoma cell tumor‑bearing models (18,19). C3G 
derived from bilberry also inhibited intestinal adenoma forma-
tion in an Apc(Min) mouse model (20). The present study was 
performed based on the antitumor efficacy potential of C3G 
and P3G observed in preclinical studies (9‑11,13,14,16‑20).

Our previous studies demonstrated that the mechanism 
of action of C3G and P3G in MDA‑MB‑453, BT474 and 
HCC1569 cells was due to the inhibition of HER2 activity. The 
AKT/MAPK pathway was also inhibited by C3G and P3G 
treatment in these cell lines. The previous study also demon-
strated that treatment with C3G or P3G induced cell apoptosis 
and lead to cell death in vitro. In vivo experiments using an 
MDA‑MB‑453 tumor‑bearing model also supported these 
in vitro findings (9). The data from the present study indicated 
that C3G in combination with Trast functioned synergistically 
to inhibit HER2-positive cell proliferation in vitro and in vivo. 
However, mechanistic studies that fully explain the enhanced 
tumor cell death following treatments with C3G in combina-
tion with Trast remain incomplete. The initial rationale for 

the present study, following our earlier studies using C3G 
and P3G, was the preferential cytotoxicity for HER2‑positive 
cells, in conjunction with the evidence that the activity of C3G 
and P3G in MDA‑MB‑453 cell‑bearing mice models can be 
explained by reduced HER2 levels (9). The in vitro and in vivo 
data from the present study indicated that inhibiting HER2, 
AKT and MAPK activities in MDA‑MB‑453, BT474 and 
HCC1569 cells by C3G alone or in combination with Trast 
may be the synergistic mechanism between C3G and Trast.

In conclusion, C3G significantly enhanced Trast‑induced 
growth inhibition in representative HER2-positive cells, 
including MDA‑MB‑453, BT474 and HCC1569 cells in vitro. 
Treatment with C3G in combination with Trast demon-
strated a more potent inhibition of tumor growth in a BT474 
tumor‑bearing mice model compared with the control, C3G 
alone or Trast alone treatment groups. The results of the present 
study provide support for further investigation to examine the 
therapeutic potential of anthocyanin components in combina-
tion with Trast in HER2-positive breast cancer patients and the 
effects of anthocyanin on Trast‑resistant cells.

Figure 4. Antitumor effects of C3G alone or in combination with Trast in a 
BT474 human breast cancer xenograft model. Nude mice bearing BT474 cells 
as xenografts were treated with either control (saline), C3G (6 mg/kg twice 
weekly), Trast (6 mg/kg twice weekly) or with a combination of C3G and 
Trast. Values are expressed as the mean ± standard error of the mean (n=10) 
(*P<0.05). (A) Body weight of animals. (B and C) Effects on tumor volume 
and tumor weight. C3G, cyanidin 3‑glucoside; Trast, trastuzumab.

  A

  B

  C

Figure 5. Antitumor effects of C3G alone or in combination with Trast in 
a BT474 human breast cancer xenograft model. Nude mice bearing BT474 
cells as xenografts were treated with either control (saline), C3G (6 mg/kg 
twice weekly), Trast (6 mg/kg twice weekly) or with a combination of C3G 
and Trast. (A) H&E staining for kidney, liver and spleen. (B) H&E staining, 
expression of phospho‑HER2 and Ki67. C3G, cyanidin 3‑glucoside; Trast, 
trastuzumab; H&E,hematoxylin and eosin; HER2, human epidermal growth 
factor recepter 2.

  A

  B
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