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Abstract

AIM: Oligomeric proanthocyanidins (OPC), natural
polyphenolic compounds found in plants, are known to
have antioxidant and anti-cancer effects. We investigated
whether the anti-cancer effects of the OPC are induced by
apoptosis on human colorectal cancer cell line, SNU-C4.

METHODS: Colorectal cancer cell line, SNU-C4 was
cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum. The cytotoxic effect of OPC was
assessed by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenylt-
etrazolium bromide (MTT) assay. To find out the apoptotic
cell death, 4, 6-diamidino-2-phenylindole (DAPI) staining,
terminal deoxynucleotidyl transferase (TdT)-mediated
dUTP nick end labeling (TUNEL) assay, reverse transcription-
polymerase chain reaction (RT-PCR), and caspase-3
enzyme assay were performed.

RESULTS: In this study, cytotoxic effect of OPC on SNU-
C4 cells appeared in a dose-dependent manner. OPC
treatment (100 pg/mL) revealed typical morphological
apoptotic features. Additionally OPC treatment (100 pg/mL)
increased level of BAX and CASPASE-3, and decreased
level of BCL-2 mRNA expression. Caspase-3 enzyme
activity was also significantly increased by treatment of
OPC (100 pg/mL) compared with control.

CONCLUSION: These data indicate that OPC caused cell
death by apoptosis through caspase pathways on human
colorectal cancer cell line, SNU-C4.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Oligomeric proanthocyanidins are some of the most
abundant polyphenolic substances in the plant kingdom.
Proanthocyanidins are an integral part of the human diet,
found in high concentration in fruits, vegetables and seeds
as well as in most types of tea and red wine!". Numerous
studies have reported that flavonoids have potent antioxidant
effects through scavenging of superoxide and hydroxyl
radicals® and anti-proliferative actions via inhibition of
metabolic pathways and inhibition of intra-cellular signal
transduction?. In addition, a variety of proanthocyanidins have
been shown to be anti-bacterial, anti-viral, anti-carcinogenic?,
anti-inflammatory!™®, anti-allergic’'" and consequently
reduce the concentration of reactive oxygen species!'? and
low density lipoprotein oxidation™, and cardioprotective
effects in human beings"?.

Despite their beneficial effects, the great extent of
polyphenolics are not absorbed and metabolized easily due
to their chemical structures and the glycosylation, acylation,
conjugation, polymerization and the solubility of the
compound. Monomeric flavonoids are absorbed in the small
intestine. However, polymeric polyphenolics may be
degraded by intestinal and colonic microflora, and then
excreted in the feces, and the monomers appear to be
absorbed in a dose-dependent manner!".

Apoptosis, a programmed cell death, also plays an essential
role as a protective mechanism against cancer cells!",
Induction of apoptosis is a highly desirable mode as a
therapeutic strategy for cancer control. In fact, many
chemopreventive agents act through the induction of
apoptosis as a mechanism to suppress carcinogenesis!'’l.
Recently, cancer chemotherapy has gradually improved with
the development and discovery of novel anti-tumor drugs,
but sometimes these drugs have been limited in clinical
application by drug resistance of tumor and by serious
damage to the normal tissues and cells.

Oligomeric proanthocyanidins incubated with several
human cancer cell lines (breast, lung, gastric, and skin)
revealed a selective cytotoxicity for the cancerous cells.
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However OPC has not been tested for colorectal cancer
which is one of the major cause of cancer-related mortality
in the West.

In this study, we examined the inhibitory effects of OPC
on cancer cell proliferation, and pharmacological mechanism
for anti-tumor effects on human colorectal cancer cell line

SNU-CA4.

MATERIALS AND METHODS

Materials

Grape seed OPC was donated by Doosan Biotech (Yongin,
Korea). According to the manufacturer, this OPC extract
contained essentially, dimeric (17.4%), trimeric (16.3%),
tetrameric (13.3%) and oligomeric (5-13 Units) (53.0%)
proanthocyanidins. DAPI and caspase-3 assay kit were
obtained from Sigma (St. Louis, MO, USA). MTT and
TUNEL assay kits were purchased from Roche (Roche,
Basal, Switzerland).

Cell culture

The SNU-C4 cell line was obtained from Korean Cell Line
Bank (KCLB, Seoul, Korea). Cells were cultured in RPMI
1640 medium (Gibco, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Gibco).
Cultures were maintained in a humidified incubator with
5% CO»-95% O, air at 37 C, and the medium was changed
every 2 d.

MTT assay

Cell viability was determined using the MTT assay kit according
to a previously described protocol™. In order to detect the
cytotoxicity of OPC, SNU-C4 cells were treated with OPC
at the concentrations of 10, 50, 100, and 500 pg/mL for
24 h. The control group was treated with the same amount
of vehicle. After the MTT, labeling reagent (5 mg/mL)
was added to each group and incubated for 4 h at 37 C,
they were incubated for 12 h with the solubilization
solution in which the formazan crystals formed by MTT
will be dissolved. The absorbance was measured with a
microtiter plate reader (Bio-Tek, Winooski, VT, USA) at a
test wavelength of 595 nm with a reference wavelength of
690 nm. The optical density () was calculated as the difference
between the reference wavelength and the test wavelength.
Percent viability was calculated as (A of drug-treated
sample/A of none-treated control) X100.

DAPI staining

The nucleic condensation of apoptosis was determined by
DAPI staining. SNU-C4 cells treated with OPC (100 pug/mlL)
for 24 h were cultured on four-chamber slides (Nalge Nunc
International, Rochester, NY, USA). The cells were fixed in
40 g/L paraformaldehyde for 30 min, and were incubated
for 30 min in the dark, including 1 ng/mL DAPI solution.
They were observed through a fluorescence microscope
(Zeiss, Oberkéchen, Germany).

TUNEL assay
For detection of apoptotic cells, TUNEL assay was
performed by ApoTag® peroxidase in situ cell death

detection kit (Roche, Basal, Switzerland). After 24 h exposure
to OPC (100 pg/mL), cultured SNU-C4 cells were fixed
in acetic acid at -20 “C for 5 min. Incubated with digoxigenin-
conjugated dUTP in a terminal deoxynucleotidyl transferase-
catalyzed reaction for 1 h at 37 C in a humidified
atmosphere. The fixed cells were immersed in stop/wash
buffer for 10 min at room temperature, and the cells were
again incubated with an anti-digoxigenin antibody conjugating
peroxidase for 30 min. The nuclei fragments were stained
using 3,3’-diaminobenzidine (DAB) as a substrate for the
peroxidase.

RT-PCR analysis

Total RNA was isolated from SNU-C4 cells with RNAzol™B
(TEL-TEST, Friendswood, TX, USA) according to the
manufacturer’s instruction. cDNA was produced using
random hexamer primers and reverse transcriptase
(Promega, Madison, WI, USA). The corresponding cDNA
was amplified in PCR reactions with following primers for
BCL-2 (5>-TCC GTG CCT GAC TTT AGC AAG CTG-
3’ 5-GGA ATC CCA ACC AGA GAT CTC AA-3), BAX
(5-AGA TGA ACT GGA TAG CAA TAT GGA-3’, 5-
CCA CCCTGG TCT TGG ATC CAG ACA-3’), and for
CASPASE-3 (5°-CTT GGT AGA TCG GCC ATC TGA
AAC-3; 5-GGT CCC GTA CAG GTG TGC TTC GAC-
3)). CYCLOPHILIN (5-ACC CCA CCG TGT TCT TCG
AC-3’, 5-CAT TTG CCA TGG ACA AGA TG-3%) was
used as an internal standard. The annealing temperature
was 50 C for BCL-2 and BAX, 57 ‘C for CASPASE-3,
and 56 ‘C for CYCLOPHILIN. The amplified fragment
sizes were respectively 333 bp (for BCL-2), 260 bp (for
BAX), 405 bp (for CASPASE-3), and 300 bp (for
CYCLOPHILIN). The PCR products were electrophoresed
on a 1.2% agarose gel, and stained with ethidium bromide.
The PCR amplification was performed in 30 cycles for
BCL-2, BAX, CASPASE-3, and 24 cycles for CYCLOPHILIN.

Caspase-3 enzyme activity

Because caspase-3 is a key step in the regulation of apoptosis,
caspase-3 activity was measured using a commercially
availabe kit. Cells were incubated with OPC (100 pg/mL)
for 24 h, and were washed with phosphate-buffered saline
(PBS) and lysed. Then the lysates were incubated overnight
with caspase-3 substrate (Ac-DVED-pNA) at 37 C, and
absorbance at 405 nm was measured using a 96-well
microtiter plate readet. As a positive control, recombinant
caspase-3 protein was incubated with a substrate. As an
inhibitor of caspase-3, AccDVED-CHO was used.

Statistical analysis

Results were expressed as meantSE. All experiments were
done in triplicate. The data were analyzed by one-way
ANOVA followed by Dunnett’s post-hoc analysis using
SPSS. Differences were considered significant at P<0.05.

RESULTS

Cytotoxic effects of OPC on colorectal cancer cell line,
SNU-C4
The MTT assay was used to measure the viability of SNU-
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C4 cells exposed to OPC. As shown in Figure 1, the viabilities
of cells exposed to OPC at concentrations of 10, 50, 100,
and 500 pg/mL for 24 h, were 94.031£0.21%, 81.17£0.35%,
35.61%5.53%, and 21.24+1.31% of control value, respectively.
The cytotoxic effect of OPC on SNU-C4 cells appeared in
a dose-dependent manner (Figure 1).
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Figure 1 Cytotoxic effects of OPC. SNU-C4 cells were treated with various
concentrations of OPC for 24 h prior to the determination of cellular viability.
Results are presented as mean+SE. ?P<0.05 vs control group.

Morphological changes in OPC-induced cytotoxicity

The morphological changes, DAPI staining, and TUNEL
reaction were studied to investigate whether cell death was
a result of apoptosis in SNU-C4 cells. Cells treated with
OPC (100 ug/mL) for 24 h revealed shrinkage of cells
through phase-contrast microscope (Figure 2B). To

characterize the cell death induced by OPC, nuclear
morphology of dying cells were examined with a fluorescent
DNA-binding agent, DAPI. Cells treated with OPC displayed
typical morphological features of apoptotic cells, with
condensed and fragmented nuclei (Figure 2D). The induction
of apoptosis by OPC was examined by 77 situ apoptosis
detection. TUNEL assay, based on labeling of DNA strand
breaks generated during apoptosis, confirmed that OPC
induces apoptosis in SNU-C4 cells (Figure 2F).

Involvement of BCL-2 and BAX genes in OPC-induced
cytotoxicity

To examine the role of these BCL-2 family genes in OPC-
induced apoptosis, the expression of BCL-2 and BAX genes
were evaluated in SNU-C4 cells using RT-PCR. As shown
in Figure 3, BCL-2 gene expression was markedly decreased
and BAX gene expression was highly increased with OPC
treatment.

Involvement of caspase-3 in OPC-induced cytotoxicity
Since caspase-3 plays the critical role in apoptosis, the
CASPASE-3 gene expression and caspase-3 enzyme activity
were determined through RT-PCR and caspase-3 activity
assay. The expression of CASPASE-3 was markedly
increased after OPC treatment (Figure 3). The caspase-3
activity was measured using specific substrate (Ac-DEVD-
PNA). Caspase-3 protein was used as the positive control,
and a caspase inhibitor, Ac-DEVD-CHO was the negative
control. As illustrated in Figure 4, caspase-3 specific activity
was increased by OPC treatment.

Figure 2 Characterization of OPC-induced cell death in SNU-C4 cells. Cells
were cultured without OPC (A, C and E) or with 100 ug/mL OPC (B, D and F).

Morphology (top): phase-contrast microscopy shows cell shrinkage, bubble

like bleb in cell membrane and cellular detachment in OPC-treated cultures (B).
SNU-C4 cells stained with DAPI staining (D). SNU-C4 cells stained with TUNEL
staining (F): Scale bar, 10 pm.
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Figure 3 Results of RT-PCR analysis of BCL-2, BAX, and CASPASE-3. As
internal control, CYCLOPHILIN mRNA was also reverse-transcribed and
amplified. (A) Control, (B)100 pg/mL OPC treated group.
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Figure 4 Result of caspase-3 enzyme activity assay. The rate of Ac-DEVD-
pNA cleavage was measured at 405 nm. OPC was used as concentration of
100 pg/mL. Caspase-3 was a positive control and Ac-DEVD-CHO was a
caspase inhibitor. 2P<0.05 vs control group.

DISCUSSION

Colorectal cancer is the most common of visceral malignancies
with the third most common cause of cancer-related
mortality in the West!"”). Despite improvements in the
management of the colon cancer patient, there is little change
in survival rates over the past 50 years®”. Tumor cells differ
from normal cells in their non-responsiveness to normal
growth-controlling mechanisms. Current chemotherapeutic
drugs try to change the biological properties of cancer cells
that continuously divide and grow™"..

In the present study, we investigated the effect of OPC-
induced apoptosis on human colorectal cancer cell line SNU-
C4 to define the pharmacological basis for anticancer effects
and its mechanism of OPC. OPC, extracted from grape
seed showed potent anti-oxidant effects in numerous
studies?*?). Additionally, proanthocyanidins exhibit anti-
carcinogenic® ¥, anti-inflammatory™®, anti-allergic®',
catdioprotective activities'¥, as well as being inhibitors of the
phospholipase A2, cyclooxygenase and lipooxygenase32.

Recently, Carnésecchi ¢f al, reported anti-proliferative
effects of procyanidins from cocoa extracts on the growth
inhibition of human colonic cancer cell with a blockade of
the cell cycle at the G2/M phase. OPC have demonstrated
the anti-proliferative effect in murine Hepa-1c1c7P,

cytotoxic effects on selected human cancer cells, including
cultured MCF-7 breast cancer, CRL 1739 gastric adenocarcinoma
and A-427 lung cancer cells®. These reports demonstrated
that OPC influences cancer cell proliferation and growth.

The results of present study demonstrated that OPC
induce cytotoxic effect measured by the cell viability on
SNU-C4 cells in a dose-dependent manner (Figure 1). SNU-
C4 cells also showed apoptotic morphological change of
nuclear shrinkage, chromatin condensation, irregularity in
shape and retraction by the OPC treatment (Figure 2). In
this study, we observed the apoptotic morphology of cellular
bodies and the chromatin condensation by DAPI staining
(Figure 2). It is known that DNA strand breaks occur during
the process of apoptosis, and the nicks in DNA molecules can
be detected by the apoptotic status of cells through TUNEL
assay™l. In the present study, typical TUNEL distinction
of apoptosis was observed in OPC-treated cells (Figure 2).

In a number of studies, it has been documented that
the progress of apoptosis is regulated by the expression of
several genes, one of these genes is a member of the BCL-2
family®®. The BCL-2 family can be classified into two
functionally different groups: anti-apoptotic genes and pro-
apoptotic genes. BCL-2, an anti-apoptotic gene, is known
for regulating the apoptotic pathways and protecting cell
death, while BAX, a pro-apoptotic gene of the family, is
expressed abundantly and selectively during apoptosis,
promoting cell death™. Our data showed that OPC altered
the expression of apoptosis-regulating genes. BCL-2 gene
expression decreased and BAX gene expression increased
after OPC-treatment (Figure 3).

At the execution phase of apoptosis, a series of
motphological and biochemical changes appear to have
resulted from the action of caspasesP”. Caspase-3, in
particular, is believed to be most commonly involved in the
execution of apoptosis in various cell typest'l, because it
cleaves most of caspase-related substrates, including key
proteins such as the nuclear enzyme PARPP. In our data,
it is shown that the CASPASE-3 gene expression was
increased (Figure 3) and the activity of caspase-3 was
increased after OPC treatment (Figure 4). Based on the
results, OPC appears to activate intracellular death-related
pathways, leading to caspase-3 activation in SNU-C4 cells.
Ye et alP, revealed cytotoxicity of proanthocyanidins from
grape seed compared between the human cancer cells with
two normal cells, proanthocyanidins demonstrated selective
cytotoxicity toward several cancer cells at the concentration
of 25, 50 mg/L, while it enhances the growth and viability
of the normal cells at the same concentration. Moreovet,
Joshi e# a/P* demonstrated that grape seed proanthocyanidin,
ameliorates the toxic effects associated with chemotherapeutic
agents such as, 30 nmol/L idarubicin and 1 pg/mL 4-
hydroxyperoxycyclophosphamide (4-HC) on normal human
hepatocyte, Chang liver cells. These findings suggest that
the treatment with OPC show low toxicity on normal cells,
and it might have a novel anti-tumor effect on human
colorectal cancer cells.

In conclusion, inhibitory effect of OPC on the proliferation
of human colorectal cancer cells, SNU-C4 is mainly through
apoptosis induced by CASPASE-3 related to BCL-2

families.
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