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Abstract. Patinopecten yessoensis, is a species of scallop 
and a marine bivalve mollusk. In traditional East Asian 
medicine, scallop meat is used as a drug for the treatment 
of diabetes, pollakisuria, and indigestion. The present study 
was conducted in order to examine the potential anticancer 
effects of scallop flesh extract (SE) on MCF‑7 human breast 
cancer cells. An MTT assay was used to evaluate cell viability 
and flow cytometry was used for the assessment of cell cycle 
distribution and apoptosis. The alteration in protein expres-
sion level was determined by western blot analysis, and the 
amounts of docosahexaenoic acid and eicosapentaenoic 
acid in the SE were measured by gas chromatography. SE 
inhibited the growth of MCF‑7 human breast cancer cells in 
a dose‑dependent manner by inducing G0/G1 phase arrest. 
The cell cycle arrest was associated with the upregulation 
of p53 and p21, and downregulation of G1 phase‑associated 
cyclin D1/cyclin‑dependent kinase (Cdk) 4 and cyclin E1/Cdk 
2. In addition, SE‑mediated cell cycle arrest was associated 
with the promotion of apoptosis, as indicated by the expres-
sion of apoptosis‑associated proteins and changes in nuclear 
morphology. SE appeared to induce the mitochondrial 

apoptotic cascade, as indicated by a decreased expression 
of Bcl‑2, activation of Bcl‑2 associated X protein, release of 
cytochrome c, decrease in procaspase‑3, and an increase in 
cleaved‑poly (ADP‑ribose) polymerase (PARP). Furthermore, 
the expression levels of Fas‑associated via death domain and 
cleaved caspase‑8 were increased in a SE dose‑dependent 
manner. Taken together, these results suggest that the intrinsic 
and extrinsic pathways of apoptosis are associated with the 
anticancer effects of SE on MCF‑7 cells. Thus, SE may be a 
suitable candidate for the treatment and prevention of human 
breast cancer.

Introduction

Patinopecten yessoensis, a species of scallop, is a marine 
bivalve mollusk from the pectinidae family. It is a cold‑tolerant 
species that predominately inhabits coastal waters of the 
northern Korean peninsula and islands of Japan. In traditional 
East Asian medicine, the flesh of scallops was used as a drug for 
the treatment of diabetes, pollakisuria, and indigestion (1,2).

Breast cancer is an escalating global public health concern 
associated with a high mortality rate (3). Breast cancer was 
predicted to account for 232,670 (29%) of all new cancer cases 
and cause 40,000 (15%) of all cancer‑related mortalities of 
women in the US during 2014 (4).

Chemoprevention has received increasing attention as an 
approach for breast cancer prevention. It entails the use of 
natural or synthetic antioxidants to prevent or delay cancer 
progression (5). The G1 phase of the cell cycle is regulated by 
a balance of factors, including the critical regulatory compo-
nents, cyclin D, cyclin E, cyclin‑dependent kinases (Cdks) and 
cyclin‑Cdk inhibitor proteins (6). Cell cycle progression and 
Cdk activity are inhibited by Cdk inhibitors (CKIs), including 
p21 and p18, which inactivate Cdk‑cyclin complexes to inhibit 
cell proliferation (7,8). The p53 tumor suppressor protein is a 
major regulator of cell cycle progression during G1 phase, as 
its activation results in the upregulation of p21 (9‑11).

Anticancer effects of an extract from the scallop 
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Apoptosis is the process of programmed cell death, which 
is critical for the homeostasis of multicellular organisms (12). 
In addition, it may eliminate malignant tumor cells without 
eliciting damage to normal cells (13). A variety of diseases, 
including cancer, may be triggered by abnormalities in apop-
tosis. Apoptosis may be induced via two major pathways: The 
extrinsic (death receptor) pathway and the intrinsic (mitochon-
drial) pathway (14,15).

Mollusks are a rich reservoir of natural bioactive 
compounds, which may possess antitumor, antioxidant, and 
immunomodulatory activities  (16); shellfish proteins are 
considered a major potential resource for the development of 
antitumor drugs (17). In particular, Sasaki et al (18) identified 
that the glycoprotein fraction from Patinopecten yessoensis 
extracts exhibited an antitumor activity in mice. However, the 
action and mechanism of scallop flesh extract (SE) on MCF‑7 
human breast cancer cells have yet to be elucidated. Therefore, 
the present study examined the antiproliferative effects of SE 
on MCF‑7 cells. The results demonstrated that SE inhibited 
cell proliferation by cell cycle arrest at the G0/G1 phase, 
leading to apoptosis.

Materials and methods 

Chemicals and antibodies. Antibodies to Bcl‑2 and p53 
were purchased from EMD Millipore (Billerica, MA, USA). 
An anti‑p21 antibody was obtained from BD Biosciences 
(San Jose, CA, USA). Antibodies directed against Actin (cat. 
no.  sc‑58673), Bcl‑2 associated X (Bax) (cat. no.  sc‑7480), 
Cdk2 (cat. no. sc‑70829), and Cdk4 (cat. no. sc‑136241) were 
obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). The antibodies for cleaved caspase‑8 (cat. no. 8592) 
and ‑9 (cat. no.  7237), procaspase‑3 (cat. no.  12742), 
poly (ADP‑ribose)‑polymerase (PARP) (cat. no.  9532), 
cleaved‑PARP (cat. no.  5625), cyclin D1 (cat. no.  2922), 
cyclin E1 (cat. no. 20808), cytochrome c (cat. no. 4272), and 
Fas‑associated via death domain (FADD) (cat. no. 2782) were 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA). Horseradish peroxidase‑conjugated secondary 
antibody (cat. no. sc‑51625) was obtained from Santa Cruz 
Biotechnology, Inc. DAPI, propidium iodide (PI), MTT, doco-
sahexaenoic acid (DHA), eicosapentaenoic acid (EPA), and all 
other chemicals were purchased from Sigma‑Aldrich (Merck 
KGaA, Darmstadt, Germany).

Preparation of SE. Mature scallops were captured from the 
sea near the East Sea Fisheries Research Institute (Gangneung, 
South Korea). Extraction was performed using a standard 
extraction process: Briefly, 50 g of scallop flesh was immersed 
in 1:l methanol, sonicated for 30 min and allowed to stand 
for 48 h. The obtained extract was filtered through No. 20 
Whatman filter paper (GE Healthcare Life Sciences, Chalfont, 
UK), evaporated under reduced pressure using a vacuum 
evaporator (Eyela; Tokyo Rikakikai Co., Ltd., Tokyo, Japan) 
and lyophilized using a freeze dryer (Labconco, Kansas 
City, MO, USA). Finally, 2.31 g of lyophilized powder was 
obtained (yield, 4.62%). A sample of the lyophilized powder 
was deposited at the Division of Pharmacology, School of 
Korean Medicine, Pusan National University, Korea (deposi-
tion no. MH2013‑006).

Gas chromatographic analysis of fatty acids in scallop flesh. A 
set of standards containing 37 mixtures of fatty acid methyl esters 
from Supelco (Sigma‑Aldrich; Merck KGaA,) were prepared 
for analysis by dissolving in isooctane to a concentration of 
100 mg/ml. The total lipid in scallop flesh (10 g) was extracted 
with a Soxhlet extractor and 200 ml of ether. The extracted lipid 
(25 mg) was saponified with 2 ml of methanolic NaOH (0.5 M) 
solution by refluxing 5 min at 100˚C. Once cooled to room 
temperature, 2 ml of 14% boron trifluoride‑methanol solution 
was added and the sample was boiled for 2 min. The sample 
was again cooled to room temperature and 1 ml of isooctane 
was added. Sodium sulfate (1 g) was added and the mixture 
was agitated to eliminate residual water. The upper isooctane 
layer was used for gas chromatography analysis. EPA and 
DHA concentrations were determined by gas chromatography 
(GC‑2010, Shimadzu Corporation, Kyoto, Japan) equipped 
with a flame ionization detector (FID) and a SP‑2560 capillary 
column (100 m length, 0.25 mm inner diameter, 0.22 µm film 
thickness; Sigma‑Aldrich, Merck KGaA). The operating condi-
tions were as follows: The initial temperature was 100˚C, which 
was increased by 3˚C per min until the temperature was 240˚C. 
The detector and injector temperatures were 250 and 210˚C, 
respectively. DHA and EPA were identified by comparing their 
retention time with a mixture of standard fatty acids.

Cell culture. MCF‑7 human breast cancer cells were purchased 
from the Korean Cell Line Bank (Seoul, Korea). The cells were 
cultured in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal bovine serum (Hyclone; GE Healthcare Life 
Sciences, Logan, UT, USA) and 1% penicillin/streptomycin 
(Invitrogen; Thermo Fisher Scientific, Inc.), and maintained in 
a humidified incubator with 5% CO2 at 37˚C.

MTT assay. In order to determine cytotoxic concentrations of 
SE, MCF‑7 human breast cancer cells were plated in a 96‑well 
plate at a density of 2.5x104 cells per well. The cells were incu-
bated for 24 h, followed by treatment with 0.5, 1 or 2 mg/ml 
of SE. The cells were then incubated for the next 24 h at 37˚C 
in an incubator with 5% CO2. Following the incubation of the 
cells, viable cells were stained with 0.5 mg/ml MTT for 4 h at 
37˚C. The medium was removed from the cells, and formazan 
crystals produced in the wells were dissolved with the addi-
tion of 200 µl dimethylsulfoxide. Absorbance was measured at 
595 nm using a microplate reader (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA). Cell viability was defined as relative to 
untreated control cells.

DAPI staining. MCF‑7 human breast cancer cells were grown 
on 96‑well plates for 24 h, then treated with SE (0.5, 1 or 
2 mg/ml) for 24 h as described by Zhang et al (19) with minor 
modifications. The treated cells were washed with PBS and 
fixed with 1% paraformaldehyde solution for 20 min at room 
temperature. The solution was eliminated and the fixed cells 
were washed with PBS, followed by incubation with DAPI 
solution for 10 min at room temperature. Fluorescence images 
were observed in a dark room using a confocal microscope 
(LSM700; Carl Zeiss AG, Oberkochen, Germany).

Annexin V and PI staining. Detection of apoptotic cells was 
performed using a Muse™ Annexin V and Dead Cell kit (EMD 
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Millipore). Briefly, the plated MCF‑7 human breast cancer cells 
were treated with SE as previously described. Suspended cells 
were collected and adherent cells were trypsinized. The cells 
were harvested through centrifugation at 500 x g for 5 min 
at 4˚C. After washing with PBS, the cells were resuspended 
in the binding buffer and stained with Annexin V and PI. 
The proportion of apoptotic cells was quantified using FACS 
(FACSCanto II, BD Biosciences, Franklin Lakes, NJ, USA).

Flow cytometry analysis of the cell cycle. MCF‑7 human 
breast cancer cells were seeded in 100 mm dishes. Following 
24 h of SE exposure, the cells were trypsinized, harvested 
through centrifugation (500 x g, 5 min, 4˚C) and fixed in 
70% ethanol. The cells were resuspended and incubated with 
RNase (250 µg/ml, final concentration) for 30 min and stained 
with PI (10 µg/ml, final concentration) for 1 h. Flow cytometry 
was performed with FACS, and analysis was performed with 
the associated CellQuestPro software (BD Biosciences).

Western blot analysis. SE‑treated MCF‑7 human breast 
cancer cells were collected by centrifugation (500 x g, 
5  min, 4˚C) and washed once with PBS. Washed cell 
pellets were resuspended in extraction lysis buffer [50 mM 
4‑(2‑hydroxyethyl)‑1‑piperazineethanesulfonic acid (pH 7.0), 
250 mM NaCl, 5 mM EDTA, 0.1% Nonidet P‑40, 1 mM 
phenylmethane sulfonyl fluoride, 0.5  mM dithiothreitol, 
5 mM NaF and 0.5 mM sodium orthovanadate] containing 
5 µg/ml each of leupeptin and aprotinin and incubated for 
20 min at 4˚C. Microcentrifugation (16,000  x g, 10 min, 
4˚C) was performed for removal of cell debris, followed by 
rapid freezing of the supernatants. A protein assay reagent 
(Bio‑Rad Protein Assay kit II; catalog no. 5000002; Bio‑Rad 
Laboratories, Inc.) was used to determine protein concentra-
tion, according to the manufacturer's protocol. Total cellular 
protein from treated or untreated cell extracts (30 µg) was 
separated with 10% SDS‑PAGE and electroblotted onto 
nitrocellulose membranes, followed by incubation overnight 
with blocking solution (5% skimmed milk) at 4˚C, and then 
with a primary antibody (1:1,000 dilution) for 2 h. Blots were 
then washed three times with Tween 20/Tris‑buffered saline 
(TTBS), incubated with a 1:1,000 dilution of horseradish 
peroxidase‑conjugated secondary antibody for 1 h at room 
temperature and washed three times with TTBS again. 
Enhanced chemiluminescence (ECL) western blotting detec-
tion reagents (GE Healthcare Life Sciences, Chalfont, UK) 
were used for the development of blots. The bands were visu-
alized by WesternBright ECL HRP substrate (Advansta, Inc. 
Menlo Park, CA, USA) and developed by Kodak film (Kodak, 
Rochester, NY, USA). Quantification of band densities was 
performed using ImageJ software (version 1.6.0_20; National 
Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Experiments were performed inde-
pendently ≥3  times and values were expressed as the 
mean ± standard deviation. Multiple comparison tests were 
performed for different dose groups. The Levene's test was 
used for examination of variance homogeneity. If the Levene's 
test indicated no significant deviations from variance homoge-
neity, the obtained data were analyzed using an independent 
t‑test and a one way analysis of variance test followed by 
the least‑significant differences multi‑comparison test to 

determine which pairs of the group comparison were signifi-
cantly different. Statistical analysis was performed using SPSS 
software (version 14.0; SPSS, Inc., Chicago, IL, USA). P<0.05 
was considered to indicate a statistically significant difference.

Results

Gas chromatography analysis of SE. The profiles of DHA 
and EPA in SE were determined using gas chromatography 
(Fig. 1 and Table I). Validation with a set of 37 standards veri-
fied the reliability and stability of the method, and use of the 
method resulted in successive separation of DHA and EPA in 
SE samples.

Effects of SE on MCF‑7 cell proliferation and cell cycle arrest. 
The antiproliferative effects of SE on human breast cancer 
were investigated in the MCF‑7 breast cancer cell line. As 
demonstrated by the data in Fig. 2A, SE significantly inhibited 
the proliferation of MCF‑7 cells in a dose‑dependent manner 
(0.5 and 1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001). In addi-
tion, the DNA contents of MCF‑7 cells treated with SE were 
examined using flow cytometry cell cycle distribution analysis. 
Treatment with SE induced a dose‑dependent accumulation of 
MCF‑7 cells in the G0/G1 phase. In particular, the accumula-
tion of cells in the G0/G1 phase was significantly increased 
at the concentrations of 1 and 2 mg/ml, compared with the 
control group (1 and 2 mg/ml SE, P<0.05; Fig. 2B and C).

Effect of SE on proteins involved in the cell cycle. The expres-
sion levels of p53 and p21 were investigated to determine 
their potential association with SE treatment. The results of 
a western blot assay showed that p53 expression was increas-
ingly induced with increasing concentrations of SE, and p21 
expression was correspondingly increased (p53: 0.5, 1 and 
2 mg/ml SE, P<0.001; p21: 0.5 mg/ml SE, P<0.05; 1 mg/ml 
SE, P<0.01; 2 mg/ml SE, P<0.001; Fig. 3A). In addition, treat-
ment with SE resulted in a significantly decreased expression 
of cyclins D1 and E1, and Cdks 2 and 4, in a dose‑dependent 
manner, compared with the control group (cyclins D1: 0.5 
and 1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001; cyclins E1:  
0.5 and 1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001; Cdk 4: 0.5 
and 1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001; Cdk 2: 0.5, 1 
and 2 mg/ml SE, P<0.001; Fig. 3B and C).

Apoptosis is induced by SE in MCF‑7 cells. DAPI staining and 
a confocal microscope were used to examine the morphological 

Table І. Content of DHA and EPA in SE samples analyzed by 
gas chromatography (n=3).

ω‑3 polyunsaturated fatty acid	 Content (mg/100 g)

DHA	 665.2±0.01
EPA	 1,177.1±0.06

Values are expressed as the mean ± standard deviation following 
three independent experiments. DHA, docosahexaenoic acid; EPA, 
eicosapentaenoic acid.
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changes of MCF‑7 cells treated with SE. The staining showed 
fragmented and condensed chromatin, characteristic of apop-
totic cell death (Fig. 4A). In addition, in a flow cytometry 
experiment with Annexin V/PI staining, there were significant 
increases to the proportion of apoptotic cells at increasing 
concentrations of SE treatment (0.5 mg/ml SE, P<0.05; 1 mg/ml 
SE, P<0.01; 2 mg/ml SE, P<0.001; Fig. 4B and C).

Regulation of Bcl‑2 and Bax expression caused by SE in 
MCF‑7 cells. Expression of Bcl‑2 and Bax was examined 
using a western blot assay. The results indicated that treatment 
with SE suppressed the expression of Bcl‑2, an anti‑apoptotic 
protein, and increased the expression level of Bax, a pro‑apop-
totic protein, in a dose‑dependent manner (Bcl‑2: 0.5 mg/ml 
SE, P<0.01; 1 and 2 mg/ml SE, P<0.001; Bax: 0.5 mg/ml SE, 
P<0.05; 1 and 2 mg/ml SE; P<0.01; Fig. 5).

Effects of SE on the expression levels of FADD, caspases, 
PARP, and cytochrome c in MCF‑7 cells. The expression 
of FADD was increased in a dose‑dependent manner as 
compared with the control group (0.5 mg/ml SE, P<0.05; 1 
and 2 mg/ml SE, P<0.01; Fig. 6A). In addition, involvement 
of caspases in apoptosis induction of SE was evaluated. The 
expression of procaspase‑3, cleaved caspase‑8, and cleaved 

caspase‑9 was also examined by a western blot assay (Fig. 6A 
and B). Our results showed that treatment with SE resulted 
in a significantly decreased expression of procaspase‑3 (0.5 
and 1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001; Fig. 6A) 
and an increased expression of cleaved caspase‑8, cleaved 
caspase‑9, and cleaved PARP in a dose‑dependent manner 
as compared with the control group (cleaved caspase‑8: 0.5 
and 1  mg/ml SE, P<0.01; 2  mg/ml SE, P<0.001; cleaved 
caspase‑9: 0.5  mg/ml SE, P<0.05; 1  mg/ml SE, P<0.01; 
2 mg/ml SE, P<0.001; cleaved PARP: 0.5 and 1 mg/ml SE, 
P<0.05; 2 mg/ml SE, P<0.001; Fig. 6A and B). Treatment 
with SE resulted in the activation of caspase‑3, ‑8, and ‑9, as 
demonstrated by the increase in cleaved caspase‑3, ‑8, and 
‑9 levels, leading to a significant increase in the levels of 
cleaved PARP in MCF‑7 cells. Furthermore, the expression 
of cytochrome c was analyzed to examine whether cyto-
chrome c had been released from mitochondrial membrane. 
The results indicated that the amount of cytochrome c was 
significantly increased by SE, in a dose‑dependent manner, 
compared with the control group (cytochrome c: 0.5 and 
1 mg/ml SE, P<0.01; 2 mg/ml SE, P<0.001; Fig. 6B).

Effects of DHA and EPA on proliferation and protein 
expression levels of p53, p21 and PARP in MCF‑7 cells. The 

Figure 1. Gas chromatograms. (A) Gas chromatogram of 37 commercial standard compounds. (B) Gas chromatogram of the two marker compounds in scallop 
flesh extract, docosahexaenoic acid and eicosapentaenoic acid.
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antiproliferative effects of DHA and EPA on human breast 
cancer were examined by using MCF‑7 cells. As shown in 
Fig. 7A, DHA or EPA significantly inhibited the proliferation 
of MCF‑7 cells, in a dose‑dependent manner, at the concen-
trations of 20, 30 and 40 µM compared with the control group 
(20, 30 and 40 µM DHA, P<0.001; 20 µM EPA, P<0.01; 30 
and 40 µM EPA, P<0.001). Alterations to the expression of 
p53, p21 and PARP were then examined to determine the 
regulatory effects of DHA or EPA. The results of a western 
blot analysis indicated that p53 was significantly induced 
by a 40‑µM concentration of DHA or EPA (P<0.001). p21 
was also significantly increased at a 40‑µM concentration 
of DHA or EPA compared with the control group (P<0.001 

for DHA; P<0.05 for EPA, Fig. 7B). Moreover, the level of 
cleaved PARP was also significantly increased at 40 µM of 
DHA or EPA compared with the control group (P<0.001, 
Fig. 7C).

Discussion

In traditional East Asian medicine, the scallop flesh was 
commonly used as a drug for the treatment of diabetes, 
pollakisuria, and indigestion (1). Shellfish proteins are also 
considered a potential resource for antitumor drug develop-
ment (17). However, the molecular action and mechanism of 
inhibitory effects of SE on MCF‑7 human breast cancer cells 

Figure 2. Effects of SE on proliferation and cell cycle arrest in MCF‑7 cells. Cells (5x105 cells/ml) were treated with various concentrations (0‑2 mg/ml) of 
SE for 24 h. (A) Cytotoxic effects of SE on MCF‑7 cells were quantified using an MTT assay. (B) Cells were fixed, stained with PI and analyzed for cell cycle 
distribution with flow cytometry following treatment with SE at the indicated concentrations. (C) The percentage of cells in the G0/G1, S and G2/M phases 
from the flow cytometry of (B) is presented. Data present the mean ± standard deviation from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 
vs. control group. SE, scallop flesh extract; PI, propidium iodide.
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have not been elucidated. Therefore, the present study investi-
gated the antiproliferative effects of SE on MCF‑7 cells.

Cancerous cells commonly exhibit a high rate of 
growth, due to deregulation of the apoptosis and cell cycle 

Figure 3. Effects of SE on proteins involved in the cell cycle. The cells were treated with the indicated concentrations of SE for 24 h. A western blot analysis 
was performed for the determination of the relative protein levels of (A) p53 and p21, (B) cyclins D1‑CDK 4 and (C) cyclin E1‑CDK2. β‑actin was used as a 
loading control. The blots included in the fig. are representative of three blots that yielded similar results. The relative levels of each protein vs. β‑actin were 
quantified. Data present the mean ± standard deviation from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control group. SE, scallop 
flesh extract; CDK, cyclin‑dependent kinase.
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pathways (8). Accordingly, the induction of cell cycle arrest 
is considered to be a therapeutic target in cancer  (20‑22). 
The present study has demonstrated that SE significantly 
inhibited the proliferation of MCF‑7 cells in a dose‑ depen-
dent manner. In addition, treatment with SE induced a 
dose‑dependent accumulation of MCF‑7 cells in the G0/G1 
phase of the cell cycle. In particular, the accumulation of cells 
was significantly increased compared with the control group 
at the concentrations of 1 and 2 mg/ml. These results suggest 
that the inhibitory effect of SE on MCF‑7 breast cancer cell 
proliferation may be associated with the induction of cell 
cycle arrest in the G0/G1 phase.

The p53 tumor suppressor gene serves a major role in medi-
ating the response of cells to diverse stressors by repressing 
or inducing various genes involved in apoptosis, cell cycle 
arrest, and DNA repair (10,23‑26). In addition, p53 induces 
the transcription of a variety of genes, including p21, an 
important CKI and regulator of the cell cycle. The induction 
of p21 results in the inhibition of cyclin‑Cdk complexes and 
cell cycle arrest (7,8,20,27,28). The cyclin‑Cdks complexes 
control cell cycle progression; their inactivation causes cell 
cycle arrest (20). The results from the present study revealed 
that p53 was induced, and p21 was correspondingly increased, 
following treatment with SE in a dose‑dependent manner. 

Figure 4. SE‑induced apoptosis in MCF‑7 cells. (A) Fluorescent micrographs of SE treated and untreated cells with DAPI staining. The white arrows indicate 
apoptotic cells. (B) Flow cytometry analysis of SE‑induced apoptosis in MCF‑7 cells. (C) Statistical analysis of the extent of apoptosis from (B). Data present 
the mean ± standard deviation from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control group. SE, scallop flesh extract; FITC, 
fluorescein isothiocyanate.
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Furthermore, treatment with SE resulted in a significant, 
dose‑dependent decrease in the expression of cyclins D1 and 
E1, and Cdks 2 and 4, compared with the control group. These 
data indicate that treatment with SE affected G0/G1 cell cycle 
checkpoints via these proteins to cause a block to cell cycle 
progression.

Caspases, cysteine‑class aspartyl‑specific proteases, are 
indicated as inactive precursors (procaspases) that require 
proteolytic cleavage for activation (29‑33). In apoptosis, this 
process proceeds via activation of the intrinsic mitochondrial 
pathway or the extrinsic death receptor pathway (34‑36). The 
intrinsic pathway involves the regulation of Bcl‑2 family 
members (including Bcl‑2 and Bax), the release of cytochrome c 

and the subsequent activation of caspases (including caspase‑3, 
‑7 and ‑9) (37‑40). The extrinsic pathway involves transmem-
brane death receptors that bind to pro‑apoptotic ligands 
and cause the subsequent activation of caspases (including 
caspase‑3, ‑7 and ‑8) (40,41). The results of the present study 
demonstrated that treatment with SE suppressed the expression 
of Bcl‑2 (an anti‑apoptotic protein) and increased the expres-
sion levels of Bax (a pro‑apoptotic protein) in a dose‑dependent 
manner. Furthermore, the amount of cytochrome c was 
significantly increased by SE in a dose‑dependent manner. 
The decrease in Bcl‑2, the increase in Bax and the release of 
cytochrome c from the mitochondria into the cytosol may be 
caused by SE‑induced intrinsic apoptosis. Further results from 
the present study indicated that treatment with SE significantly 
decreased the expression of procaspase‑3, and increased the 
expression of cleaved caspase‑8 and ‑9, FADD, and cleaved 
PARP in a dose‑dependent manner. These results indicate that 
treatment with SE results in activation of caspase‑3, ‑8, and ‑9, 
leading to a significant increase in the level of cleaved PARP 
in MCF‑7 cells. Taken together, the results of the present study 
suggest that intrinsic and extrinsic pathways of apoptosis 
may be associated with the antiproliferative effects of SE on 
MCF‑7 cells.

A number of studies have also reported on anticancer 
agents from the flesh of marine organisms (42‑44). Previous 
studies have particularly focused on the antitumor effects of 
DHA and EPA (45‑49). Dietary ω‑3 fatty acids have exhibited 
significant tumor‑suppressing effects; DHA has been identi-
fied as the primary tumor‑suppressing fatty acid (50). ω‑3 
polyunsaturated fatty acids (DHA and EPA) may inhibit breast 
cancer growth via the activation of a neutral sphingomye-
linase‑mediated pathway and DHA has been demonstrated to 
synergistically enhance the cytotoxic activities of docetaxel 
in cancer cells via an increase in apoptosis (51,52). EPA was 
also previously demonstrated to inhibit the liver metastasis 
of mouse MC‑26 colorectal cancer cells injected into a 
mouse model through the inhibition of PGE2‑dependent cell 
motility (53). The data of the present study demonstrated that 
DHA or EPA significantly inhibited the proliferation of MCF‑7 
cells in a dose‑dependent manner at the concentrations 20, 30 
and 40 µM, compared with the control group. A western blot 
analysis revealed that p53 and p21 were significantly induced 
at a 40‑µM concentration of DHA or EPA compared with the 
control group. In addition, the expression of cleaved PARP 
was also significantly increased at a 40‑µM concentration of 
DHA or EPA compared with the control group. By utilizing 
gas chromatographic analysis, the present study has demon-
strated that DHA and EPA are the most prominent markers of 
SE. Taking all of the data together, we hypothesize that the 
antiproliferative effect of SE on MCF‑7 human breast cancer 
cells is caused by DHA and EPA.

In conclusion, the results demonstrate that SE induced 
a growth inhibition of MCF‑7 human breast cancer cells, 
in a dose‑dependent manner, by inducing G0/G1 phase 
arrest. In addition, the cell cycle arrest was associated with 
the upregulation of p53 and p21, and the downregulation of 
G1 phase‑associated cyclin D1‑Cdk 4 and cyclin E1‑Cdk2 
complexes. SE‑mediated cell cycle arrest was also linked with 
promotion of apoptosis, as demonstrated by the expression of 
apoptosis‑related proteins and changes to nuclear morphology. 

Figure 5. The effects of SE on expression of Bcl‑2 and Bax in MCF‑7 cells. 
Cells were treated with the indicated concentrations of SE for 24 h. Western 
blot analysis was performed for determination of protein levels of Bcl‑2 and 
Bax. β‑Actin was used as a loading control. The blot included in the fig. 
is representative of three blots yielding similar results. The relative levels 
of each protein vs. β‑actin were quantified. Data present the mean ± stan-
dard deviation from three independent experiments. *P<0.05, **P<0.01 and 
***P<0.001 vs. control group. SE, scallop flesh extract; Bax, Bcl‑2 associated 
X.
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SE apparently induced the mitochondrial apoptotic cascade, 
as indicated by the decreased expression of Bcl‑2, activation 
of Bax, release of cytochrome c, decrease in procaspase‑3, and 
subsequent increase in cleaved‑PARP. The expression levels 
of FADD and cleaved caspase‑8, proteins associated with 
the extrinsic pathway of apoptosis, were also increased in a 
SE dose‑dependent manner. Taken together, the data suggest 
that the intrinsic and extrinsic pathways are associated with 
the antiproliferative effects of SE on MCF‑7 cells. Thus, SE 
may be a beneficial candidate for use in the treatment and 

prevention of human breast cancer. Further studies are to be 
conducted to confirm the anticancer effects of SE in vivo.
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Figure 6. (A and B) Effects of SE on the expression of FADD, caspases, PARP, and cytochrome c in MCF‑7 cells. Cells were treated with the indicated 
concentrations of SE for 24 h. Western blot analysis was performed for determination of protein levels of FADD, caspases, PARP, and cytochrome c. β‑actin 
was used as a loading control. The blots included in the fig. are representative of three blots yielding similar results. The relative levels (each protein vs. β‑actin) 
were measured via densitometry. Data present the mean ± standard deviation from three independent experiments. *P<0.05, **P<0.01 and ***P<0.001 vs. control 
group. SE, scallop flesh extract; FADD, Fas‑associated via death domain; PARP, poly (ADP‑ribose) polymerase.
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Figure 7. Effects of DHA and EPA on (A) proliferation and (B and C) protein expression levels of p53, p21 and PARP in MCF‑7 cells. (A) Cytotoxic effects 
of DHA and EPA on MCF‑7 cells (2.5x104 cells/well) were measured using the MTT assay. (B and C) The cells (5x105 cells/ml) were treated with various 
concentrations (20 and 40 µM) of DHA and EPA for 24 h. Western blot analysis was performed for determination of protein levels of p53, p21 and PARP. 
β‑Actin was used as a loading control. The blots included in the fig. are representative of three blots yielding similar results. The relative levels (each protein vs. 
β‑actin) were measured via densitometry. Data present the mean ± SD from three independent experiments. *P<0.05, **P<0.01, and ***P<0.001 vs. control group.
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