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Abstract. Hard clams (HCs) are a nutritionally high-quality 
and popular seafood, and are established to be a potent anti-
tumor food. The aim of the present study was to determine 
whether HC extracts induce apoptosis in the human gastric 
cancer cell line, AGS. In contrast with previously reported 
methods of extraction, crude extracts of HC were obtained 
by freezing and thawing and by a method free of hot water 
or organic solvents. The composition, quality and properties 
of the HC extracts were demonstrated to be stable since the 
extracts that were evaluated by capillary electrophoresis 
and HPLC analysis at different timepoints were similar. 
HC extracts also have an inhibitory effect against the 
survival of AGS cells. Treatment with HC extracts induced 
a marked sub-G1 DNA peak and reduced the expression 
of the anti-apoptotic genes BIRC5 and KPNA2. However, 
hallmarks of classical apoptosis such as DNA fragmentation 
and apoptotic body formation were not observed, indicating 
atypical apoptosis. Furthermore, it was revealed that HC 
extracts interrupted cell cycle progression in AGS cells 
through altered expression of six cell cycle-associated genes: 
CDC20, KPNA2, BIRC5, ANAPC2, CDKN1A and RB1. 
The present findings suggest that HC may contribute to a 
novel future anticancer agent.

Introduction

Diet may have a pivotal role in oncogenesis and tumor suppres-
sion. In view of the increase in cancer mortality rates, numerous 
previous studies have indicated a close association between diet 
and cancer prevention (1-4). This is particularly true of types 
of cancer of the digestive tract, as certain diets such as bacon, 
sausage and hot dogs have been revealed to be associated with 
an increased risk of gastric cancer (5). The P-glycoprotein 
(multidrug resistance-related protein) mdr-1 gene is expressed 
at high levels in normal human liver, gastrin, colon and kidney 
and in a number of tumors derived from these organs (6-8). 
Therefore, colon and gastric cancer have often acquired 
intrinsic drug resistance, which causes a very weak response 
to chemotherapy and thus an ineffective treatment (9). Gastric 
cancer is characterized by not only intrinsic drug resistance 
but also by acquired multidrug resistance, which may cause 
resistance to and failure in chemotherapy (10,11). Therefore, 
the prevention of gastric cancer is important and dietary factors 
are also important (12,13). Consequently, gastric cancer has 
become one of the most common causes of mortality world-
wide (14,15). The nutritionally high-quality seafood (licenced 
by the Hazard analysis and critical control points) referred to as 
̔hard clam̓ (Meretrix lusoria) is consumed regularly by Asian 
populations, and has been reported to possess antileukemic 
activity (16,17). Therefore, prevention and treatment of gastric 
cancer via the diet is an important and challenging subject. 

The freshwater clam (Corbicula fluminea) and hard clam 
(Meretrix spp.) are very popular in Southern Asia. The latter 
are more popular from a dietary perspective than freshwater 
clams as river pollution may contaminate the waters where 
freshwater clams thrive (16,18). Hard clams (HCs) have now 
become one of the most pivotal aquatic products of marine 
cultivation, serving as a source of nutrition for people living in 
countries adjacent to the sea (19). HCs contain essential amino 
acids, nitrogenous compounds and other essential components 
such as taurine, glycogen, lipids and minerals such as calcium, 
phosphorous, iron and zinc (19-21). Due to its high protein and 
low cholesterol and salt content, this easily-digested organism 
is considered to be a high-quality food with regard to nutrients 
vital to humans (19,21). Additionally, the nutrients within HCs 
are suggested to be beneficial for regulating physiological and 
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biochemical functions of the human body, and for attenuating 
the progression of disease (22,23). Specifically, HCs are rich 
in taurine (2-aminoethanesulfonic acid). This is an organic 
compound that is involved in neuromodulation, cholesterol 
metabolism, regulation of growth and development, glucose 
metabolism and regulation, maintenance of homeostasis, 
antioxidant function and protection from the harmful risks of 
radiation in humans (24,25). Therefore, HC consumption may 
have a beneficial role in the normal physiological functioning 
of the brain, lungs, blood, heart, liver, pancreas, gall bladder, 
and kidneys (24,26). In addition to their nutritional benefits, 
the production of HCs has increased due to their pharmaco-
logical value around the world, particularly in Asia. Previous 
rat model studies have revealed that extracts of freshwater 
clams reduce cholesterol levels (16,27) and hepatic lipids, and 
ameliorate acute liver injuries induced by hemorrhaging (16).

Hot-water extracts of HCs have been established to have 
immune system-modulating properties (28). The muscle lysate 
of HCs has been revealed to include angiotensin I-converting 
enzyme (ACE) inhibitory peptides, which regulate blood pres-
sure by converting angiotensin I to angiotensin II in humans. 
Therefore, HCs have the potential to prevent hypertension 
by inhibiting ACE activity (29,30). Identifying the diets with 
antitumor effects against gastric cancer and developing novel 
chemotherapeutic agents are critical endeavors for this field 
of study. However, previous studies concerning the cancer 
preventative and therapeutic effects of HCs have been scarce 
and basic (17).

In the present study, specific components of HCs were 
extracted without the use of hot water or any organic solvent, 
methods previously reported in a study by Pan et al (17). A 
novel method was required as hot water and organic solvent 
extraction methods may cause loss of active antitumor 
components (17,31) that may be used in the development of 
supplemented food products. In this novel method, HCs are 
homogenized and bioactive substances are extracted with 
buffers containing protease inhibitors in a series of subse-
quently described processes. A nutritional database of the 
key free amino acids (FAA) in HCs was established, and the 
tumor-suppressive effects of HC extracts in four cancer cell 
lines were examined. Finally, the atypical apoptotic mecha-
nisms that may be induced by HC extracts were investigated in 
AGS human gastric cancer cells. 

Materials and methods

Chemicals and cell culture medium. L-15 medium was 
purchased from Gibco (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). Fetal bovine serum (FBS) and antibiotics 
were obtained from Hyclone (GE Healthcare Life Sciences, 
Logan, UT). Other chemicals and supplies were obtained from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) unless 
otherwise indicated.

Cell culture and determination of growth curves. Cells were 
maintained in L‑15 medium with 10% FBS at 37˚C in a 
humidified 5% CO2 atmosphere. To prevent serum-containing 
medium from affecting the anticancer activities of HC extracts, 
logarithmic growth phase cells to be used for experiments were 
maintained in an FBS-free medium for 72 h. To determine 

growth curves, cells were treated with Trypan blue dye, and 
the cell numbers were counted using a hemocytometer under a 
Zeiss Axiophot light microscope.

Sample extraction. HCs were purchased from the Ni-Shiming 
aquaculture artificial breeding farm in Zhanghua, Taiwan. 
For preparation of the extracts, the HCs were sectioned and 
homogenized in 10 mM Tris-HCl buffer solution with protease 
inhibitors, including aprotinin, leupeptin, pepstatin and PMSF, 
at 4˚C using a blender. The crude extracts were centrifuged at 
130,000 x g for 30 min. The supernatant was then carefully 
collected and freeze-dried into powder form using a FD-5N 
EYELA freeze dryer (EYELA, Tokyo Rikakikai, Tokyo, 
Japan). From 500 g of the HCs, ~5 g of powder was obtained, 
and this was stored in ice until analysis. For use, 0.5 g extract 
powder was dissolved in 10 ml serum‑free medium, filtered 
through a 0.45‑nm membrane filter and analyzed. 

Analysis by capillary electrophoresis (CE). To confirm the 
stability and consistency of the extracts, the HC extracts were 
evaluated using CE; four HC extracts that had been isolated 
at different time points were analyzed. An Agilent 2100 
Bioanalyzer (Agilent Technologies, Inc., Santa Clara, CA, 
USA) was used with a LabChip GX (Caliper Life Sciences; 
Perkin Elmer, Hopkinton, MA, USA) for the analysis of 
proteins, according to the manufacturer's protocol. This 
involved combining 4 µl HC extract with 2 µl denaturing solu-
tion in a microcentrifuge tube. Samples were then denatured 
in boiling water for 3-5 mins and then loaded into the protein 
chip. This is a microfabricated chip that is designed with 
microchannels to separate sample components electropho-
retically. Samples were treated with a protein 200 Plus Dye 
concentrate fluorescent dye (Molecular Probes, Thermo Fisher 
Scientific, Inc.) that labels proteins. The components were 
detected by fluorescence and converted into gel‑like images 
(bands) and electropherograms (peaks). Each chip contains an 
interconnected set of microchannels that separates proteins by 
size using electrophoresis. Use of this lab-on-a-chip approach 
eliminates handling sodium dodecyl sulfate polyacrylamide 
gels, staining or imaging steps. Two batches of samples were 
used with two repeats each for this experiment.

High‑performance liquid chromatography (HPLC) analysis 
for FAA and stability of HC extracts. To control for consistent 
quality of the HC extracts and to determine the FAAs present, 
the prepared extracts were evaluated using modifications of the 
HPLC method as previously described by Häkkinen et al (32). 
All HPLC experiments on HC extracts were performed on an 
RP-18 column (Merck Millipore, Darmstadt, Germany) using 
a fluorescence detector (L‑7420 UV detector; Hitachi, Ltd., 
Tokyo, Japan) with wavelengths at 210 and 436 nm for the 
determination of stability and composition, respectively. For 
the stability assay, the extracts were eluted using two buffers: 
A (acetonitrile) and B (30 mM citrate phosphate buffer in 
double-distilled water; pH 2.5). These were performed using 
the following gradient: 100% B, 0% A between 0-5 min; 
20% B, 80% A at 5‑60 min. The flow rate was 1 ml/min at 
40˚C. For the FAA estimate, the extracts were eluted using the 
buffers: A (4% N',N-dimethylformamide in 30 mM sodium 
acetate buffer; pH 6.4) and B (acetonitrile).
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Cell viability assay. Cytotoxicity was assessed using 3-(4, 
5-dimethylthiazol)-2, 5-diphenyl-tetra-zoliumbromide (MTT) 
dye (Sigma-Aldrich) as previously described (33). Briefly, 
2.5 ml cell solution (2.4x104 cells/ml in L-15 medium) was 
plated into 96‑well plates and incubated overnight at 37˚C to 
enable attachment. The cells were then incubated at 37˚C with a 
serum-free medium and different concentrations (0.3125, 0.625, 
1.25 and 2.5 mg/ml) of HC extracts. After 0, 12, 24, 48 or 72 h 
of culture, 20 µl of MTT solution (500 µg/ml) was added to each 
well and incubated for 4 h to generate the formazan crystals. 
Subsequently, the crystals were solubilized with dimethyl-
sulfoxide. The 570-nm absorbance of the resulting colored 
solution was determined with a microplate reader (Dynatech 
Laboratories, Chantilly, VA, USA). The survival of cells was 
calculated by dividing the absorbance value with that of the 
control, and converting this to a percentage.

Hoechst 33258 and immunofluorescence staining for cytoskel‑
eton and cell nucleus. Hoechst 33258 fluorescence labeling 
was used to determine chromatin condensation or nuclear 
fragmentation and immunofluorescence was used to analyze 
actin distribution. Briefly, the cells were washed twice with 
phosphate‑buffered saline (PBS) and fixed with a 3:1 solution 
of methanol and acetate for 15 min. Subsequent to rinsing in 
PBS, the cells were permeabilized with 0.5% Triton X-100 
in PBS at room temperature for 20 min and incubated in a 
blocking buffer (1 g bovine serum albumin BSA in PBS) for 
1 h. Cells were then incubated with a mouse anti-actin mono-
clonal antibody (dilution, 1:400; Q-11221MP; Thermo Fisher 
Scientific Inc.) at 4˚C overnight, washed again with PBS and 
0.2% Tween, then incubated with the secondary antibody 
fluorescein‑conjugated goat‑anti mouse immunoglobulin G 
(dilution, 1:200) and stained with 10 mg/ml Hoechst 33258 at 
room temperature for 1 h. Finally, the cells were rinsed with 
PBS 3‑4 times and observed using epifluorescence microscopy. 

Fluorescence staining with acridine orange. The cells were 
grown for 24 h on a chamber slide (Corning; Sigma-Aldrich) 
and treated with 0.3125, 0.625, 1.25 and 2.5 mg/ml HC extracts. 
The cells were then fixed with a 3:1 solution of methanol and 
acetate for 15-30 min and 1% glacial acetic acid was added for 
30 min. The cells were stained with 0.001% acridine orange 
(0.05 g acridine orange powder in 50 ml normal saline, kept 
away from light) for 30 sec and were treated with 0.1 M CaCl2 
for 2 min. Finally, the excess acridine orange dye was removed 
using PBS and fluorescent micrographs were obtained using 
fluorescence microscopy.

Cell cycle analysis by flow cytometry. The cells were grown on 
a chamber slide (Corning; Sigma-Aldrich) and treated with HC 
extracts for 0 and 18 h, and were then collected using trypsin-
ization. The cells were fixed in 70% ethanol at 4˚C overnight, 
and centrifuged at 500 x g for 5 min. The cell pellets were 
washed with ice-cold PBS. The cells were labeled with 1 ml 
propidium iodide (PI) solution (comprising 20 µg/ml PI, 0.1 % 
Triton X-100 and 0.2 mg/ml RNaseA, made up in PBS) for 
30 min at room temperature in the dark. The cells were then 
assayed by flow cytometry (FACSCalibur; BD Biosciences, 
Franklin Lakes, NJ, USA), and >10,000 cells were counted in 
each sample.

Expression analysis of cell‑cycle‑related genes by human cell 
cycle Oligo GEArray. The Oligo GEArray® Human Cell Cycle 
Microarray (cat. no. OHS‑020) profiles the expression levels 
of 128 important cell cycle genes, using a side-by-side hybrid-
ization experiment to determine differential gene expression. 
Initially, RNA was isolated and prepared from untreated or 
HC extract-treated AGS cells using a phenol-based method 
(TRIzol; 15596026; Invitrogen, Thermo Fisher Scientific, Inc.) 
followed by further purification with an ArrayGrade RNA 
isolation kit (GA-013; SA Biosciences; Qiagen Sciences, Inc., 
Gaithersburg, MD, USA). Purified mRNA samples were 
then added in 5 -µg aliquots to TrueLabeling primers, cRNA 
synthesis buffer and cDNA synthesis enzyme mix (SA 
Biosciences; Qiagen Sciences, Inc., Gaithersburg, MD, USA) 
for cDNA synthesis followed by cDNA amplification using 
biotinylated-dUTP, RNA polymerase buffer and RNA poly-
merase. The cRNA synthesis reaction and purification used 
an ArrayGrade cRNA cleanup kit (GA-012; SA Biosciences) 
to get rid of unincorporated dUTP and other reaction buffer. 
The purified cRNA from the experimental samples was 
mixed with a hybridization mixture that was prepared using 
GEAhyb Hybridization Solution. This reaction entailed 
incubation of the cRNA target hybridization mix at 60˚C in 
shaking incubators overnight. Chemiluminescence detection 
(cat no. D-01; SA Biosciences) was performed in pre-warmed 
(37˚C) GEA blocking solution Q for 40 min to block the array 
reaction. This was followed by incubation with 5X alkaline 
phosphatase-conjugated streptavidin buffer at room tempera-
ture for 10 min with continuous but gentle agitation. The GEA 
blocking buffer was discarded and the array was rinsed with 
3 ml buffer G twice. Finally, 1 ml CDP-Star chemiluminescent 
substrate was added, incubated for 2-5 min at room tempera-
ture and detected using a UV Photometer (UVP, Inc., Upland, 
CA, USA).

Statistical analysis. Data were analyzed with a one-way 
analysis of variance using SPSS 16.0 statistical analysis soft-
ware (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered 
to represent a statistically significant difference. Data are 
presented as the mean ± standard deviation.

Results

Composition of FAAs in HCs. The FAA composition of HCs 
is reported in Table I. The FAA content in the HCs ranged 
from 2.8-297.6 mg/100 g. Notably, the total mass of taurine 
was 297.6 mg/100 g, which accounted for up to 60.7% of the 
total mass of FAAs, the greatest proportion of FAAs in HC 
extracts. Following taurine, glutamic acid was the second most 
prevalent FAA.

Analysis of quality control and stability of the HC extracts by 
capillary electrophoresis and an HPLC assay. To confirm the 
stability and consistency of extracts, the prepared HC extracts 
were evaluated by HPLC and Agilent 2100 protein capil-
lary electrophoresis analyses. As shown in Fig. 1A, four HC 
extracts evaluated by capillary electrophoresis were similar, 
despite being isolated at different times. Furthermore, HPLC 
analyses of the samples selected from lanes b and c of Fig. 1A 
also indicated that these samples were similar (Fig. 1B). These 
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results indicate that the extraction methods are reliable, and 
that the HC extracts are highly stable.

HC extracts induce cytotoxicity in AGS cells. To investigate 
the effect of 0.3125, 0.625, 1.25 and 2.5 mg/ml HC extracts on 
the viability of AGS cells over different time intervals, an MTT 
assay was performed. The results from sixteen independent 
experiments revealed that the HC extracts caused cytotoxicity 
in AGS cells in a time- and dose-dependent manner (Fig. 2). 
Treatment with HC extracts immediately decreased the survival 
of AGS cells up to 65%, and higher concentrations of HC 
extracts demonstrated greater cytotoxicity (Fig. 2). However, 
over increasing treatment durations, lower concentrations of 
HC extracts were also effective in attenuating the survival of 
AGS cells. Subsequent to a 12-h treatment with HC extracts, 
the relative cell survival significantly increased suggesting that 
AGS cells may perform short-term repair or recovery prior to 
cell death. This transient cell repair or recovery is attributed 
to the increase in cell survival observed at the 20-h timepoint 
after treatment with the HC extracts. These results indicate 
that HC extracts inhibit cell growth or induce cell death in 
AGS cells by one of multiple possible mechanisms. 

Morphological alterations of cells affected by HC extracts. To 
investigate the morphological changes in AGS cells induced 
by HC extracts, AGS cells treated with 0.3125, 0.625, 1.25 and 
2.5 mg/ml of HC extracts were examined for changes in nuclear 
and cytoskeletal organization using immunofluorescence. As 
shown in Fig. 3, HC extract-treated AGS cells demonstrated 

Figure 1. Stability of HC extracts, evaluated by CE using Agilent protein kits 
and HPLC analyses. (A) CE analysis of 2 lots of HC extracts. Lanes a and b 
show lot 1 and lanes c and d represent lot 2, which were identified by the same 
method but at different times. (B) HPLC analysis of HC extracts. The red (A, 
lane b) and black (A, lane c) peaks represent samples attained independently 
at different times. The x-axis represents elution time and the y-axis indicates 
relative fluorescence. HC, hard clam; CE, capillary electrophoresis; HPLC, 
high-performance liquid chromatography.

Figure 2. Dose- and time-dependent effects of HC extracts on viability in 
AGS cells, reporting cell viability following treatment with various concen-
trations of HC extracts (0.3125-2.5 mg/ml) for different time periods, from 
0-72 h. These data indicate that HC extracts dose- and time-dependently 
decrease the viability of cultured AGS cells, reported as ratio to that of the 
untreated control cells, assessed by MTT assay. The data are presented as 
mean ± standard deviation of 16 independent experiments. HC, hard clam.  
**P<0.05 vs. 0 h.

  A

  B

Table I. Free amino acid contents of hard clams.

Amino acid Content (mg/100 g)

Essential and semi-essential
  Histidine 2.8±0.1
  Isoleucine 12.7±3.2
  Leucine 16.2±3.4
  Lysine 5.9±0.1
  Methionine 5.0±3.4
  Phenylalanine 9.0±2.0
  Threonine 8.0±0.0
  Valine 8.9±1.5
Non-essential
  Alanine 4.4±0.0
  Arginine 3.2±0.1
  Aspartic acid 20.1±0.0
  Glutamic acid 36.9±0.0
  Glycine 27.0±0.0
  Proline 10.0±2.0
  Serine 12.5±2.0
  Taurine 297.6±1.4a

  Tyrosine 10.2±2.2
Total 490.4±2.1

Data represent mean ± standard deviation. aP<0.05 vs. total free 
amino acid content. 
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marked changes to their morphology, including disruption of 
nuclei and the cytoskeleton and cell morphological changes by 
actin aggregation (Fig. 3B-D), and these changes were adopted 
in a time- and dose-dependent manner. To further characterize 

the nuclear defects and the apoptotic behavior of these cells, 
cells were treated with 2.5 mg/ml HC extracts for 24 h and 
examined by acridine orange assay. The control cells had 
typical cellular structures (Fig. 4A), including whole nuclei, 

Figure 3. Alteration of actin cytoskeletal structure and changes to nuclear morphology were evaluated using epifluorescence microscopy through 
use of Hoechst 33342 and an anti-actin antibody. Cells were incubated with varying concentrations of hard clam extracts, as follows: (A) None, control; 
(B) 0.3125 mg/ml; (C) 0.625 mg/ml; (D) 1.25 mg/ml for 18 h. Following staining, morphology was assessed by immunofluorescence. 

  A   B

  C   D

Figure 4. Chromatin condensation and morphological changes were evaluated by acridine orange stain using fluorescence microscopy. Cells were incubated 
with hard clam extracts as follows: (A) untreated, 0 h; (B) 2.5 mg/ml, 0 h; (C) untreated, 24 h; and (D) 2.5 mg/ml, 24 h and then stained with acridine orange. 

  A   B

  C   D
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clear nucleoli and uniform chromatins. Nuclei condensation 
was observed by incubating with different concentrations of 
hard clam extract, and according to the dosage (Fig. 4B-D).

Effect of HC extracts on the cell cycle in AGS cells. To 
investigate the mechanisms by which HC extracts trigger cell 
death, PI, a DNA chelating dye, was used to determine the 
DNA content and cell cycle distribution by flow cytometry. As 
shown in Fig. 5 and Table II, the population of sub-G1 phase 
cells increased in a time- and dose-dependent manner.

Detection of cell cycle‑related gene expression using micro‑ 
arrays. The hallmarks of typical apoptosis, such as DNA 
fragmentation, chromatin condensation and apoptotic bodies, 
were not observed in the treated AGS cells. However, disrup-
tion of the nuclei and cytoskeleton, and nuclei condensation 
were observed by incubation with different concentrations 
of HC extract. Based on these results, it is suggested that HC 
extracts do not cause DNA fragmentation in AGS cells, but 
rather obstruct cell cycle progression. To determine whether 
genes involved in the cell cycle arrest were upregulated in AGS 
cells by HC extracts, a microarray analysis was performed. 

AGS cells were treated with HC extracts (0.625 mg/ml) for 
18 h, and were evaluated for differential gene expression in 
128 genes involved in cell cycle regulation, expression and 
differentiation (Table III). Compared with the control groups, 
this analysis revealed that the expression of six genes, CDC20, 
KPNA2, BIRC5, ANAPC2, CDKN1A and RB1, was affected 
by HC extracts (Fig. 6). CDC20, KPNA2 and BIRC5 were 
revealed to be downregulated while CDKN1A and ANAPC2 
were upregulated. RB1 was not expressed in the control group, 
but was expressed in the experimental groups (Fig. 6).

Discussion

The present study developed a method to derive HC extracts by 
a method avoiding use of hot water and organic solvents. The 
human gastrointestinal cancer cell line AGS demonstrated a 
sensitivity to HC extracts, causing reduced viability of AGS 
in a dose-dependent manner. First, it was demonstrated that 
treatment of AGS cells with HC extracts immediately abated 
survival from 98% to ~65% within a short period of time and 
continued to occur in a time- and dose-dependent manner. 
Following incubation with a high concentration (2.5 mg/ml) 
of HC extracts, the survival curve declined consistently with 
an increase in time, indicating that lethal cytotoxicity may be 
involved in the acute effects observed. By contrast, a delayed 
cytotoxicity was observed upon treatment with lower concen-
trations of HC extracts. It is possible that initially, HC extracts 
may destroy the cytotoxic effects in AGS cells, and may be 
associated with apoptosis. In the present study, cells began to 
proliferate following 12-24 h of exposure to low doses of HC 
extracts, indicating that AGS cells may undergo short-term 
repair or recovery prior to death, resulting in a transient 
increase in the survival of AGS cells. All survival curves then 
demonstrated similarly decreasing patterns of survival after 
48 h. Although the exact mechanism is not yet fully under-
stood, these results may suggest that at least two major factors, 
including apoptosis, disruption of cell cycle progression and 
proliferation, are involved in the anticancer effects in AGS 

Table II. Dose- and time-dependency effects on sub-G1 cell 
number, expressed as % of total cells.

 Treatment time 
 -----------------------------------------------------------------------
Concentration 0 h 18 h

Control 3.00±0.00 6.00±0.00
0.625 mg/ml 4.00±0.02 11.00±0.00a

1.25 mg/ml 3.00±0.01 10.00±0.01a

2.5 mg/ml 5.00±0.01b 18.00±0.00c

aP<0.005; bP<0.05 and cP<0.001 vs. control.
 

Figure 5. Dose‑ and time dependent effects of HC extracts on the cell cycle, determined by flow cytometry. Cells were cultured with 2.5, 1.25 or 0.625 mg/ml 
HC extracts for 0 and 18 h. HC, hard clam.
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cells. Therefore, it may be hypothesized that HC extracts cause 
AGS cells to undergo apoptosis and disrupt cell cycle progres-
sion and proliferation; this is supported by evidence of atypical 
apoptosis and altered expression of six cell cycle-associated 
genes. 

Apoptosis is a mechanism by which diet may prevent tumor 
formation (31,34), and is a crucial mechanism by which HC 
extracts have previously been reported to promote HL-60 cell 
death in cancer (17). In the current study, HC extracts attained 
by different methods from the previously described approaches 
did not cause the hallmarks of typical apoptosis. Due to the defi-
ciency of the DNA fragmentation (data not shown), no chromatin 
condensation and no apoptotic bodies were observed in treated 
AGS cells. In the present data, HC extracts caused an increase 
in the sub-G1 DNA peaks in AGS cells in a dose-dependent 
manner. Following exposure to a high dosage of HC extracts 
(2.5 mg/ml) in a continuous culture for >2 days, a decrease of 
70% occurred in the percentage of cells. Furthermore, nuclear 
shrinkage, stimulation of detachment of cells during suspension 
growth (35,36) and the downregulation of anti-apoptotic BIRC5 
and KPNA2 genes in AGS cells have also been observed in 
this and previous studies. These are similar to the hallmarks 
of apoptosis (35-38). However, following prolonged treatment 
of the cells with 2.5 mg/ml HC extracts for 24 h, karyorrhexis 
and plasma membrane bursting of AGS cells were reported. 
Plasma membrane bursting, which may have resulted from 
a loss of plasma membrane integrity induced by HC extracts, 
is characteristic of atypical apoptosis (39). In summary, the 
present results suggest that the cytotoxicity of HC extracts is 
induced through atypical apoptosis in AGS cells. Multiple 
previous studies support a hypothesis of atypical apoptosis in 
AGS cancer cells treated with HC extracts, such as the absence 
of DNA fragmentation (36), loss of chromatin condensation (40) 
and an absence of detectable apoptotic body formation (41,42). 

Other possible evidence of apoptosis induced from HC 
extracts could be due to major compositions of taurine. The 
taurine content in the HC extracts was higher than that of 
any other FAAs (Table I), and this may protect the gastric 
mucosa from injury or oncogenesis (43). Taurine has also been 

reported to inhibit multiple types of tumor including hepa-
tocellular carcinoma, head and neck carcinoma, lymphoma 
and colorectal carcinoma (44-46). Due to the direct damage 
caused to the mitochondria of cancer cells, a high concentra-
tion of taurine accumulating in cancer cells may result in 
apoptosis (47,48). However, induction of atypical apoptosis 
may also occur, as demonstrated in the current study.

Xu et al (49) reported that simultaneous occurrence of 
apoptosis and perturbation of the cell cycle effectively controls 
cell proliferation and induces cancer cell death. Interference 
to the cell cycle may be caused by alterations to the distribu-
tion of cells across different stages of the cell cycle (Fig. 6) 
and regulation of associated genes, resulting in inhibition of 
cell growth and proliferation. In the present study, these cell 
cycle-associated genes appeared to indirectly induce death in 
AGS cells, mediated by HC extracts. This was demonstrated 
in 6 genes, subsequent to a preliminary analysis of the expres-
sion of the 128 genes of cell cycle-associated genes. The genes 
ANAPC2, CDKN1A, and RB1, which are associated with cell 
cycle arrest, tumor suppression and apoptosis, increased in 
expression in HC extract-treated AGS cancer cells. However, 
KPNA2, CDC20 and BIRC5, which are involved in DNA repair, 
cell cycle progression, anti-apoptotic activity and oncogenesis 
were inhibited. These results indicated the concomitant effects 
of interference with cell cycle progression, decreased cell 
growth, inhibited DNA repair and increased cell death in AGS 
cells. The possible effects on these six genes could also be due 
to the up- or downregulation of genes involved in transcription. 
The RB1 gene, which is a classical tumor suppressor gene and 
regulates the cell cycle, has been reported to transactivate the 
CDKN1A gene product p21 to induce subsequent transcription 
and expression (50). In the current study, it was determined 
that the RB1 gene was not expressed in a control group, but 
was expressed in the HC extract-treated experimental groups. 
Furthermore, CDKN1A and ANAPC2 expression were 
upregulated in HC extract-treated AGS cells. These data indi-
cate that RB1, a tumor suppressor, may threaten the survival 
of AGS cells, and that the RB1 gene also activates CDKN1A 
gene expression. Consequently, these factors may induce cell 

Figure 6. Microarray profiling the expression of 128 cell cycle‑associated genes in untreated or HC extract‑treated AGS cells. (A) AGS cells only; (B) control 
membrane for AGS cells incubated in Tris-HCl lysis buffer with inhibitors, including to aprotinin, leupeptin, pepstatin and PMSF; (C) experimental sample, 
treated with 0.625 mg/ml HC extracts for 18 h. HC, hard clam. The numbers represent the following genes: 1, RPS27A; 2, ANAPC2; 3, BIRC5; 4, CDC20; 5, 
CDKN1A; 6, KPNA2; 7, RB1; 8 and 9, ACTB (used as a control). 

  A   B   C
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cycle exit (51). Subsequent to treatment with HC extracts for 
18 h, an increased expression of the CDKN1A gene, which 
is involved in the G1/S cell cycle checkpoint, interrupted cell 
cycle progression by inhibiting CDK2 and CDK4, blocked 
DNA replication, inhibited repair by binding to proliferating 
cell nuclear antigen and is likely to have caused the cell cycle 
to be impeded at all stages of G1, S and G2/M phases (52-54). 
These results were similar to the downregulation of KPNA2, a 
DNA repair gene, observed in HC-extracted-AGS cells (52-54). 
Similarly, high levels of CDKN1A gene expression also inhibit 
the expression of BIRC5, an anti-apoptotic gene. Consequently, 
high levels of CDKN1A gene expression interrupt the progres-
sion at mitosis and anti-apoptotic functioning in cells (55). 
The products of the CDC20 gene, which suppresses p21, are 
activators of the anaphase-promoting complex/cyclosome 
(ANAPC/C) required for the metaphase-anaphase progres-
sion during mitosis (56-58). Reduction in the expression of 
the CDC20 gene in treated AGS cells would therefore result 
in interference with mitotic progression. The present study 
indicates that upregulation of ANAPC2, which is a subunit of 
the anaphase promoting complex with a function similar to 
that of the ANAPC gene, markedly occurs following treatment 
with HC extracts. The ANAPC2 gene in treated AGS cells 
may have a central role in cell cycle control, tumor suppression 
and maintenance of the G0 phase (59-62).

The current study cannot exclude the possibility of 
the involvement of other factors such as oxidation (17,34). 
However, whether or not other mechanisms are involved, the 
mechanism by which HC extracts cause cytotoxicity or growth 
inhibition in AGS cells requires additional clarification.

In conclusion, the current in vitro experimental data 
demonstrate that HC extracts induce a significant suppression 
of cell growth and cytotoxicity in AGS gastric cancer cells. 
This was revealed to involve atypical apoptosis, interfere 
with cell growth, inhibit DNA repair and block or slow cell 
cycle progression. Therefore, it is suggested that HCs may be 
a healthy food and may slow down the progress of tumors, 
serving to promote anticancer effects. HC extracts may thus 
have potential as a source of novel anticancer drugs. 
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