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Induction of Apoptosis by the Anthocyanidins through
Regulation of Bcl-2 Gene and Activation of c-Jun N-Terminal
Kinase Cascade in Hepatoma Cells
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Anthocyanidins that are reddish pigments widely distributed in fruit and vegetables have been reported
to possess antioxidant and anticancer activities. To understand the molecular basis of the putative
anticancer activity of anthocyanidins, we investigated the antiproliferation effects of anthocyanidins
in human hepatoma cell lines. Delphinidin, cyanidin, and malvidin exhibited strong growth inhibitory
effects against human hepatoma HepG,, but were less effective against Hep3B. According to the
appearance of the caspase-3 fragments and stimulated proteolytic cleavage of poly (ADP-ribose)
polymerase (PARP) in time-dependent studies, delphinidin induced apoptotic cell death charac-
terized by internucleosomal DNA fragmentation and caused a rapid induction of caspase-3 activity.
RT-PCR and Western blot data revealed that delphinidin stimulated an increase in the c-Jun and
JNK phosphorylation expression at mMRNA and protein levels, respectively. Moreover, delphinidin-
induced apoptotic cell death was accompanied by up-regulation of Bax and down-regulation of Bcl-2
protein. Dephinidin-induced DNA fragmentation was blocked by N-acetyl-L-cysteine and catalase,
suggesting that the death signaling was triggered by oxidative stress. Our experiments provide
evidence that delphinidin is an effective apoptosis inducer in HepG, cells through regulation of Bcl-2
family moleculars and activation of c-Jun N-terminal kinase cascade. The results suggest that induction
of apoptosis by anthocyanidins is a pivotal mechanism of their cancer chemopreventive functions.
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INTRODUCTION angiogenesis7), and anticancer activitysf. Animal studies have
Hepatocellular carcinoma is one of the most common malig- also demonstrgted that feeding with anth_ocyanin-rich extract
nant tumors worldwide and may be the most common fatal Protected againstert-butyl “hydroperoxidenduced hepatic
cancer (1). An epidemiology study showed that one-third of tOXicity (9) and decreased lipid peroxidation and DNA damage
Asian hepatoma cases occurred in Chi®. (Because of in vitamin E-depleted ratsl1Q). Mort_a recently, anthocyanlns
metastasis, cirrhosis, and other pathological changes in the liver1@v€ been shown to be an effective chemopreventive agent
parenchyma, surgical resection is frequently limited. Therefore, 9@inst 1,2-dimethylhydrazine (DMH)- and 2-amino-1-methyl-

the development of chemotherapeutic/chemopreventive agent-Phenylimidazo[4,3]pyridine (PhiP)-induced mammary car-

for hepatocellular cancer is important for reducing the mortality Cinogenesis in rats¢). In addition, anthocyanins can be directly
caused by this disease. absorbed and distributed to the blood (12) and be incorporated

A high consumption of natural dietary polyphenolic com- in cell cultures, both in the plasma membrane and in the cytosol

pounds might reduce the risk of cardiovascular disease and alsd13)- Extensive studies indicated that anthocyanins have strong
protect against many types of cancer. The mechanisms of thesd'€€ radical scavenging and antioxidant activitiési{16),
beneficial effects are not well-known although there is evidence SU99esting that they played an important role in preventing
that polyphenolic compounds found in grapes, wine, berry, and Mutagenesis and carcinogenesis (17).
various fruits may provide some benefig).(Anthocyanins are Anthocyanins also showed inhibitory effects on the growth
natural colorants belonging to the flavonoid family that is widely Of Some cancer celld8). A recent study has reportetd) that
spread in foods of vegetal origi Many physiological the bilberry extract and the anthocyanldlns |nh|b|tgd the growth
functions of anthocyanins have been discussed both in vitro and©f cancer cells through the induction of apoptosis. However,
in vivo, such as: maintenance of normal vascular permeability few studies have investigated the appllcatlpn qf anthocyanidins
(5), vasoprotective and antiinflammatory propertié, @nti- to the treatment of h_epatoma; thus, the obj_epnve of the present
study was to determine whether anthocyanidins would be useful

* To whom correspondence should be addressed. Fax: 886-4-2285-4378.N the prevention of human hepatoma carcinogenesis. In the
E-mail: gcyen@dragon.nchu.edu.tw. present study, two human hepatoma cells, Hep3B and KepG
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Ry atmosphere of 95% air and 5% @Qhe culture medium was renewed
each day. Cells were weekly detached for transfer with 0.1% trypsin
OH and 10uM EDTA in phosphate-buffered saline (PBS). Dubecco’s
Modified Eagle Medium, fetal bovine serum (FBS), and trypsiDTA
(T/E) were obtained from Gibco BRL Co. (Grand Island, NY).
HO 0"' Anthocyanidins (peonidin chloride, pelargonidin chloride, cyanidin
AN chloride, delphinidin chloride, and malvidin chloride) purified by HPLC
C R, were obtained from Extrasynthese (Genay, France). A lactate dehy-
P drogenase optimized kit DG-1340-K;acetylcysteine (NAC), catalase,
OH 2'-7'-dichlorofluorescein diacetate (DCFH-DA) [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] (MTT), and the rabbit antirabbit
HO 1gG polyclonal antibody conjugated to peroxidase were obtained from
Sigma Chemical Co. (St. Louis, MO). Anti-JNK, anti-phospho-JNK,
anti-capsase-3, anti-poly (ADP-ribose) polymerase, and/&aattin
Name R1 R2 antibodies were obtained from Cell Signaling Technology (Beverly,
MA). Anti-Bcl-2 and anti-Bax antibodies were obtained from Pharm-

Peonidin OCH3 H ingen (San Diego, CA). Molecular mass markers for proteins were
Pelargonidin u u obtained from Pharmacia Biotech (Saclay, France). Polyvinyl difluoride
(PVDF) membrane for Western blotting was obtained from Millipore
Cyanidin OH H (Bedford, MA). TRIzol RNA isolation kit was obtained from Life
Technologies (Rockville, MD). Primers for RT-PCR, dNTP, reverse
Delphinidin OH OH transcriptase, and Taq polymerase were obtained Gibco BRL (Cergy
- Pontoise, France). All other chemicals used were of the highest pure
Malvidin OCH3 OCH3

grade available.
Figure 1. Chemical structure of anthocyanidins. Cell Proliferation Assays. The cell proliferation and cytotoxicity
were determined with the MTT and LDH leakage assays. Hep3B and

. . HepG cells were seeded onto 96-well plates at a concentrationof 1
of different characteristics, were chosen for study. Hep3B cells 10 cellsiwell in DMEM plus 10% FBS. Cells were incubated with

expressed h_epatltls virus B ant_lgen and prO(_:iuced m(_)_stly plasmadiﬁerent concentrations of anthocyanidins for 24 h. Dye solution (10
major proteins; Hepgcells did not contain hepatitis viral |y specific for the MTT assay was added to each well for additional
genome and produced mostly receptors of insulin as well as 4 n incubation at 37°C. After the addition of dimethy! sulfoxide (100
insulin-like growth factor Il 20). A tumorigenicity model, in ,L/well), the absorbance at 570 nm (formation of formazan) and 630
which tumors were formed as Hep3B cells were injected into nm (reference) were recorded with a FLUOstar Galaxy plate reader
nude mice, was also investigated for exploring in vivo protection (BMG Lab Technology, GmbH, Offenburg, Germany). The percent
(21). viability of the treated cells was calculated as follows:s4Am— Asso
Apoptosis is one of the major mechanisms of cancer sup- nmsampid(As70 nm— Aszo nmcontrol x 100. Lactate dehydrogenase (LDH)

pression. It is a highly regulated process that involves activation '62kage was measured as an another index of Cytf’tox'c%ﬁk@@
of a serious of molecular events, leading to cell death that is V&r€ Seeded onto 12-well plates at a concentration af 10 cells/

: . .~ well in DMEM plus 10% FBS. Cells were incubated with various of
characterized by cellular morphological change, chromatin

- . . 5 . . anthocyanidins for 24 h and then analyzed for LDH leakage into the
condensation, and apoptotic bodies which are associated Witheyyre media by using the commercial kits (Sigma Chemical Co.).

DNA cleavage into laddergp). Therefore, apoptosis-inducing  The total LDH activity was determined after cells were thoroughly
agents are expected to be ideal anticancer drugs. Many theradisrupted by sonication. The percentage of LDH leakage was then
peutic agents for cancer, such as cisplatin (23), paclitaxel (24), calculated to determine membrane integrity. The LDH leakage was
isothiocyanate (25), and adriamycin (26), have been reportedexpressed as a percentage of total activity: (activity in the medium)/
to eliminate tumor cells by inducing apoptotic cell death. In (activity in the medium+ activity of the cells)x 100.

addition, some flavonoids, such as quercetin, apigenin, and DNA Fragmentation Analysis. HepG cells (2 x 10° cells/mL)
phloretin, also inhibited cancer cell growth through the induction under different treatments were collected, washed with PBS twice, and

of apoptosis27). Consequently, understanding the mechanism then lysed in 100 mL of lysis buffer (50 mM Tris, pH 8.1; 10 mM
of apoptosis has important implications in the prevention and ethylenediaminetetraacetic acid (EDTA); 0.5% sodium sarkosinate, and

- 1 mg/mL prteinase K) fo3 h at 56°C and treated with RNase A (0.5

trea.tment of m.a.ny dlseases.' . - L ug/mL) for another hour at 37C. The DNA was extracted by phenol/

Since peonidin, pelargonidin, cyanidin, delphinidin, and cpioroform/isoamyl (viviv, 25:24:1) before loading and analyzed by
malvidin are represented by the aglycons of most anthocyanidinsy go, agarose gel electrophoresis. The agarose gels were run at 50 V
in plants Figure 1), they are used to investigate the mechanism for 90 min in Tris-borate/EDTA electrophoresis buffer (TBE). Ap-
of the anticancer activities of anthocyanidins in the present study. proximate 3Qug of DNA was loaded in each well and visualized under
We first examined the antiproliferative effects of five typical UV light and photographed.
anthocyanidins in two human hepatoma cell lines, Hep3B and  RT-PCR for c-Jun. RT-PCR was performed to determine the level
HepG. In addition, the molecular mechanisms of the apoptotic of c-Jun gene expression. Hep@ells (1 x 10° in 10 mL medium)

effects induced by delphinidin were determined. were plated in 100-mm tissue culture dishes. After preincubation for
24 h, apoptosis induction was carried out for a time-course by

delphinidin in 0.05% DMSO as described in the DNA fragmentation
MATERIALS AND METHODS assays. Cellular RNA was extracted with a TRIzol RNA isolation kit
Cell Culture and Chemicals.Human hepatoma cells (Hep3B and  (Life Technologies, Rockville, MD). The 290-bp target in c-Jun cDNA
HepG cells were obtained form the Bioresource Collection and was amplified by using the sense primet-GAACATGCTCAGG-
Research Center (BCRC, Food Industry Research and DevelopmentGAACAGG) at positions 262280 and antisense primer'{6GTC-
Institute, Hsin Chu, Taiwan). Cells were grown in Dulbecco’s modified CATGCA- GTTCTTGGTC) at positions 531550. As a housekeeping
Eagles’'s medium (DMEM) supplemented with 10% (v/v) fetal bovine gene, glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was ampli-
serum (GIBCO BRL, Grand Island, NY), 100 U/mL penicillin, 100 fied by using the sense primer GACCCCTTCATTGACCTCAAC)
ug/mL streptomycin, 0.37% (w/v) NaHGO0.1 mM NEAA, 1 mM at position 143-162 and anti-sense primer{8ATACCAGGAAAT-
sodium pyruvate, and 0.03%glutamine at 37°C in a humidified GAGCTTG) at positions 965—984. Briefly, from each sample, 250 ng
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of RNA was reverse-transcribed using 200 units of Superscript Il reverse

transcriptase, 20 units of RNase inhibitor, 0.6 mM of dNTP, and 0.5
ugluL of oligo (dT)12-18. Then, PCR analyses were performed on

the aliquots of the cDNA preparations to detect c-Jun and G3PDH (as
an internal standard) gene expression using the FailSafe PCR system

(Epicenter Technologies). The reactions were carried out in a volume
of 50 uL containing (final concentration) 50 mM Tris-HCI, pH 8.3, 50
mM KCI, 1.5 mM MnCk, 0.2 mM dNTP, 2 units of Tag DNA
polymerase, and 50 pmol of &nd 3 primers. After initial denaturation

for 2 min at 95°C, 30 cycles of amplification (at 95C for 1 min, 60

°C for 1 min, and 72C for 1.5 min) were performed, followed by a

7 min extension at 72C.

Analysis of PCR Products.A 10 uL aliquot from each PCR reaction
was electrophoresed in a 1.8% agarose gel containingu@/2iL
ethidium bromide. The gel was then photographed under ultraviolet
transillumination. For quantification, the PCR bands on the photograph

of the gel were scanned using a densitometer linked to a computer

analysis system. We normalized the c-Jun signal relative to the

corresponding G3PDH signal from the same sample and expressed the

data as the c-Jun/G3PDH ratio.

Western Blot Analysis. The cytosolic proteins were isolated from
human hepatoma Hep@ells (1 x 1C° cells/mL) after treatment with
100 uM delphindin for 0, 3, 6, 12, and 24 h. The total proteins were
extracted by adding 506L of lysis buffer (50 mM Tris-HCI, pH 8.0;

1 mM NaF; 150 mM NacCl; 1 mM EGTA; 1 mM phenylmethanesulfo-
nyl fluoride; 1% NP-40; and 1@g/mL leupeptin) to the cell pellets on
ice for 30 min, followed by centrifugation at 1009@or 30 min at 4

°C. The cytosolic fraction (supernatant) proteins were measured by

Bradford assay28) with bovine serum albumin as a standard. Total
cytosolic extracts (25(g of protein) were separated on 8% SDS-
polyacrylamide minigels for PARP detection and 12% SDS-poly-
acrylamide minigels for caspase-3, Bcl-2 family, JNK, ghdctin
protein detection, and then transferred to Immobilon polyvinylidene
difluoride membrane (PVDF; Millipore Corp., Bedford, MA) with
transfer buffer composed of 25 mM Tris-HCI (pH 8.9), 192 mM glycine,

and 20% methanol. The membrane was blocked in 5% bovine serum

albumin solution fo 1 h atroom temperature and then incubated with
overnight at 4°C with indicated primary antibodies (1:1000 dilution).
After hybridization with primary antibodies, the membrane was washed
with TBST (Tris buffered saline Tween-20) three times, incubated with

HRP-labeled secondary antibody for 45 min at room temperature, and

washed with TBST three times. Final detection was performed with

ECL (Enh hemilumi lotti Amer- -
CL (Enhance Chemiluminescence) western blotting reagents (Amer Jigure 2. Effects of anthocyanidins on cell viability. (A) HepG; and (B)

sham Pharmacia Biotech). Densitometric measurements of the band
in Western blot analysis were performed using the Image Acquisition
and analysis Software (Cambridge, UK).

Measurement of Caspase-3 Activity.After treatment with del-
phinidin, cells were collected and washed with PBS and lysed in lysis
buffer (1% Triton X-100, 0.32M sucrose, 5 mM EDTA, 10 mM Tris-
HCI, pH 8, 2 mM dithiothione, 2 mM phenylmethanesulfonyl fluoride,
10 ug/mL pepstatin A, and 1@g/mL leupeptin) for 20 min at 4C
followed by centrifugation (100@f) for 30 min. Caspase-3 activity
was assayed in 5L reaction mixtures with fluorogenic report substrate
peptide specific for caspase-3. The substrate peptide 4R00was
incubated at 37C with cytosolic extracts (5@g of total protein) in
reaction buffer (100 MM HEPES, 10% sucrose, 10 mM dithiothreitol,
0.1% 3-[(3-chloamidopropyldimethylammonio)-1-propanesulfonate].
Fluorescence was measured after 2 h (excitation wavelength, 400 nm
emission wavelength, 505 nm) with a FLUOstar galaxy fluorescence
plate reader (BMG LabTechologies, GmbH, Offenburg, Germany).

Measurement of Intracellular Reactive Oxygen Speciesintra-
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Hep3B cells were treated with anthocyanidins for 24 h, and cell viabilities
were then determined by MTT assay. Each data point represents mean
+ SD of three experiments.

detected at different time intervals using a FLUOstar galaxy fluores-
cence plate reader (BMG Labtechnologies GmbH Inc., Offenburg,
Germany) with an excitation wavelength at 485 nm and emission
wavelength at 530 nm.

Statistical Analysis. Each experiment was performed in triplicate
and repeated three times. The results were expressed as #&iDs
Statistical comparisons were made by means of one-way analysis of
variance (ANOVA), followed by a Duncan multiple-comparison test.
Differences were considered significant with tRevalues<0.05.

RESULTS
Effect of Anthocyanidins on Cell Viability. The chemical

cellular reactive oxygen species (ROS) were estimated by using astructures of anthocyanidins are illustratedrigure 1. We first

fluorescent probe, DCFH-DA. DCFH-DA readily diffuses through the

cell membrane and is enzymatically hydrolyzed by intracellular esterases

to form nonfluorescent DCFH, which is then rapidly oxidized to form
highly fluorescent DCF in the presence of ROS. The DCF fluorescence
intensity is believed to parallel the amount of ROS formed intracellu-
larly. At the end of incubation, cells (£@ells/mL) were collected and
resuspended with PBS. An aliquot of the suspension (ll95was
loaded into a 96-well plate, and therys of DCFH-DA was added
(final concentration 2QuM). The DCF fluorescence intensity was

tested the effect of five representative anthocyanidins on cell
viability by MTT assay. Human hepatoma cell lines, Hep3B
and HepG, were treated with different concentrations of
anthocyanidins. As shown Figure 2A, cyanidin, delphinidin,
and malvidin showed concentration-dependent growth inhibition
on HepG cells. The estimated Kg values (concentration
causing 50% cell death) of cyanidin, delphinidin, and malvidin
were 18.4, 10.8, and 50.4M, respectively. Peonidin and
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100 described previously, the cell death response induced by
anthocyanidins was mainly time-dependédfig(re 4C), so we
examined the time dependence of caspase-3 activation as well.
* HepG cells were treated with 10&M of delphinidin for

* different hours. Cytosolic proteins were extracted and assayed
for caspase-3 activity by incubation with a fluorogenic peptide
substrate (Ac-DEVD-MCA). As shown iRigure 5A, in HepG
cells, delphinidin treatment caused a significant time-dependent
increase in the caspase-3 proteolytic activity €p 0.05).
Additional evidence of caspase-3 activation is the proteolysis

LDH leakage (%)
3

0 of procaspase-3 into small active fragments and cleavage of
Q;,;[ ’%O ’%, 9;9 O% %,L. PARP. As shown inFigure 5B, delphinidin induced PARP

‘o "’(7,,») Q’CQO %,;) %’/. % cleavage, in evidence by the accumulation of an 85 kDa

O’% % fragment compared to the 115 kDa intact protein. Furthermore,

delphinidin treatment caused the degradation of 32 kDa pro-
caspase-3 which generated 20/11- or 17/11-kDa fragment in a
time-dependent manndfifjure 5B) that corresponded to those

at which delphinidin induces DNA fragmentatiofigure 4C).

The control proteins-actin showed no change in the experi-
ments. These results indicate that cyanidin-induced Hep®
apoptosis involves a caspase-3 activation.

Figure 3. LDH leakage in HepG; cells treated with anthocyanidins. HepG;
cells were incubated with and without anthocyanidins for 24 h. LDH leakage
was determined. The concentration of each anthocyanidin was 100 uM.
Each column represents the mean + SD of three experiments. *P < 0.05
significantly different to control.

pelargonidin displayed approximately the same extent of inhibi- o ) )
tion on cell viability, having 1Go values of 129.2 and 108.4  Increase of c-Jun mRNA by Delphinidin. c-Jun signal is a
uM, respectively. The Hep3B cells appeared to be less inducible transcription factor who;e activity is modulated_ by
susceptible to the inhibitory effect of anthocyanidins. Among Phosphorylation at the transactivation domain by JNK. Activa-
the five anthocyanidins, the Kgvalues of peonidin, pelargoni-  ton of c-Jl_Jn regulates_ transcription of several gene involved
din, cyanidin, delphinidin, and malvidin were 268.3, 288.7, N @poptosis, we examined the change of c-Jun mRNA levels
168.5, 210.3, and 1824, respectively Figure 2B). The other N the HepG cells treated with delphinidin by RT-PCR
anthocyanins glycosides did not show cytotoxicity (data not technique. When the cells treated with 184 delphinidin, the
shown). With the MTT assay, the cell viabilities of cyaniding- Ie\_/el of c-Jun mRNA was increased in a time-dependent manner
and delphinidin-treated HepGells were markedly decreased (Figure 6). By the same treatment, the levels of G3PDH mRNA
at the concentration of 1QeM (Figure 2A). The LDH leakages ~ expression were not affected significantly, suggesting the
after treatment with 10@M of each anthocyanidin in HepG ~ SPecific increase of c-Jun expression by delphinidin. Comparing
cells are shown iffigure 3. Cyanidin, delphinidin, and malvidin ~ With the data of DNA fragmentation iRigure 4C, delphinidin
caused significant LDH leakage (< 0.05) as compared with induced c-Jun expression and DNA fragmentation in a time-
the control. corresponding manner, suggesting that delphinidin-increased
DNA Fragmentation Induced by Anthocyanidins in HepG; c-Jun expression, which seemed to precede the execution of
Cells. As a biochemical hallmark of apoptotic cell death, DNA apoptosis.
fragmentation was determined. To investigate the ability of ~JNK Is Activated by Delphinidin. Since delphinidin acti-
anthocyanidins to induce apoptosis of cancer cells, Hepls vates c-Jun but JNK activates and/or phosphorylates c-Jun, the
were treated with all five anthocyanidins at 1081 for 24 h. effect of delphinidin on JNK activation is worthy of investiga-
After treatment with 10@M of various anthocyanidins or 0.05% tion. The activation state of JNK pathway in the cell lysates
DMSO (as control) for 24 h, the genomic DNA from cells was Were determined by immunoblotting assay. Using an antibody
subjected to 1.8% agaorse gel elctrophoresis. As shown inspecifically directed against active JNK, we found that dephini-
Figure 4A, the intact genomic DNA was found in control. ~din at 100uM gradually increased JNK phosphorylation levels
Cyanidin, delphinidin, and malvidin induced apoptosis in HepG throughout the 24 h of treatmenEigure 7). The increases
cells detected by DNA fragmentation. In contrast, peonidin and resulted from phosphorylation, as the total JNK levels did not

pelargonidin did not induce DNA fragmentatioRigure 4A). increase significantly during_treatment with delphinidin. Phos-
Next, we used delphinidin, the strongest inducer for concentra- phorylated JNK level was increased 5.0-fold of the control
tion— and time-response experiments. As showrFigure 4B, values after a 24 h treatment. The appearances of JNK

DNA fragmentation was observed at 24 h in a dose-dependentphosphorylation and c-Jun expression by delphinidin were earlier
manner with 80—20M, and at 10QuM in a time-dependent  than that of DNA fragmentation. Thus, delphinidin-induced
manner for 6-48 h (Figure 4C). The efficacious induction for ~ apoptosis might be through the JNK activation pathway.
apoptosis was observed at 10M for 24 h, suggesting that Generation of ROS by Delphinidin in HepG; Cells. 2',7'-
the cell death induced by the anthocynidins treatment was Dichlorofluorescin-diacetate (DCFH-DA) was used as a probe
mainly caused by apoptosis. for ROS measurement. To explore the role of ROS in the
Delphinidin Induced the Caspase-3 ActivationCaspase-3 mechanism of the actions of anthocyanidins, we examined
has been shown to play a pivotal role in the terminal, execution whether the anthocyanidins increased the level of intracellular
phase of apoptosis induced by diverse stimuli. To monitor the ROS in HepG cells using DCF fluorescence. As shown in
enzymatic activity of caspase-3 during delphinidin induce Figure 8C, cyanidin, delphinidin, and malvidin increased
apoptosis, we used the specific fluorogenic peptide substrateintracellular ROS in Hepgcells detected by a FLUOstar galaxy
(Ac-DEVD-MCA) for the detection of caspase-3 activity. As fluorescence plate reader. In contrast, peonidin and pelargonidin
illustrated inFigure 5, delphinidin (10QuM) induced a dramatic  slightly increased the level of intracellular ROS at the concen-
increase of DEVD-specific caspase activity in treated HepG tration of 100uM (Figure 8C). Delphinidin treatment greatly
cells. The induction of DEVD-specific activity was rapid. As increased the intensity of DCF fluorescence in Hep€lls,
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Delphinidin (100 M)
e 4|6 32 23 | 48 h)
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100 200 M

M C 20 40 60 80

Figure 4. Induction of DNA fragmentation by anthocyanidins in HepG; cells. (A) Cells were treated with various anthocyanidins (100 M) for 24 h, and
DNA fragmentation was analyzed by electrophoresis in 1.8% agarose gel. (B) A dose-dependence of DNA fragmentation, cells were treated with different
concentrations of delphinidin for 24 h. (C) Cells were treated with 100 M delphinidin for indicated time periods. M, DNA ladder marker; C, 0.05% DMSO;
1, peonidin; 2, pelargonidin; 3, delphinidin; 4, cyanidin; 5, malvidin. Data shown are representative of three independent experiments.
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Figure 5. Activation of caspase-3 and cleavage of PARP during

delphinidin-induced apoptosis. HepG; cells were incubated with 100 uM
delphinidin for various time periods (0, 3, 6, 12, and 24 h). Cytosolic
fraction of cells was analyzed for (A) caspase-3 activity by proteolytic
fluorogenic substrates. Ac-DEVD-pNA was used as the substrate for
caspase-3, and the cleavage of peptide was monitored at 405 nm. The
caspase-3 activity of control cells was set to 100%, and the relative
changes in the activity were shown. Each data represents the mean and
standard deviation (*P < 0.05 significantly different to control). (B) Cells
were treated with delphinidin at 100 uM for indicated periods. Total cell
lysates extracted were analyzed for the proteolytic cleavage of PARP
and caspase-3 by Western blot.

Time (h)
C 3 6 12 24

Figure 6. Delphinidin-induced c-Jun mRNA expression. A time-
dependence of c-Jun mRNA induction. The cells were exposed to 100
uM delphinidin for the indicated times. Expression of G3PDH gene was
used as a control. Cellular RNA was extracted with invitrogen RNA iso-
lation kit and analyzed by RT-PCR. The RT-PCR products were separated
on 1.8% agarose gel and digitally imaged after staining with ethidium
bromide.

Time (h)
C 3 6 12 24

Phospho-INK |II | |I . |
INK = . |

Figure 7. Delphinidin stimulates JNK phosphorylation. HepG, cells were
treated with 100 uM delphinidin for the indicated times. Lysate protein of
250 ug was applied on 12% SDS—PAGE. The proteins of JNK and
phosphorylated JNK were detected with corresponding specific antibodies,
and visualized by chemiluminescence ECL kit.

ptosis. The cells were pretreated with free radical scavengers
including N-acetylt-cysteine (NAC) and catalase (CAT) for 1

h at different concentrations and then exposed to 400D
delphinidin for 24 h to determine DNA fragmentation. As
shown inFigure 9, N-acetylt-cysteine and catalase at 5 mM

which indicated an increase in the level of intracellular ROS. and 100 U/mL, respectively, completely inhibited delphin-

The level of ROS was increased in a dose-dependent manneidin-induced DNA fragmentation. Both free radical scavengers
(Figure 8A). A significant increase of ROS was observed at could protect against delphinidin-induced DNA fragmentation,
20 min after the treatment with delphinidin and the level of suggesting that delphinidin-induced apoptosis involved the

ROS increased in a time-dependent manréguyre 8B). A

activation of reactive oxygen species, which could be blocked

maximum amount of intracellular ROS production was observed by free radical scavengers includimgacetyl+-cysteine and

with the treatment of delphinidin at 1QfM for 30 min. These

data indicated that the increment of intracellular ROS might

catalase.
Regulation of Bcl-2 Family Proteins during Delphinidin-

play a role as an early mediator in anthocyanidin-induced Induced Apoptosis.Since Bax and Bcl-2 play a crucial role in

apoptosis.
Preventive Effects of Free Radical Scavengers on Del-
phinidin-Induced Apoptotic ResponsesTo examine whether

apoptosis, we next studied the time-dependent effects of
delphinidin on the constitutive protein levels of Bax and Bcl-2
in HepG cells. The Western blot analysis exhibited a significant

the generation of intracellular ROS was a crucial step in increase in the protein expression of Bax at a concentration of
delphinidin-induced apoptosis, we investigated the preventive 100uM delphinidin, which was observed up to 12 h posttreat-
effects of free radical scavengers on delphinidin-induced apo- ment compared to the basal leveligure 10A). In contrast,
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Figure 8. Generation of ROS by anthocyanldlns in Hesz cells. (
dose-dependent production of ROS by delphinidin. Cells were exposed
to the indicated concentrations of delphinidin for 30 min. (B) A time-
course of the production of ROS by delphinidin. Cells were exposed to
100 «M delphinidin for the indicated times. (C) The production of ROS in
anthocyanidins-treated cells. Cells were exposed to 100 uM of 0.05%
DMSO (control), peonidin (Peo), pelargonidin (Pel), cyanidin (Cy),
delphinidin (Del), and malvidin (Mal) for 30 min. The DCF fluorescence
intensity was detected at different time intervals using a FLUOstar galaxy
fluorescence plate reader with an excitation wavelength of 485 nm and
emission wavelength of 530 nm. Data from three independent experiments
are presented as mean + SD. Statistically significant differences from
the control are indicated as *p < 0.05.

DCF fluorescence intensity

the protein expression of Bcl-2 was significantly decreased by

delphinidin at 10Q:M. Similar time-dependent manner decrease
in Bcl-2 protein expression with 100M delphinidin was also
observed for 6, 12, and 24 Rigure 10A). A significant time-

dependent shift in the ratio of Bax and Bcl-2 was observed after

the delphinidin treatment, indicating the induction of apoptotic
process (Figure 10B).

DISCUSSION
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Figure 9. Suppression of delphinidin-induced DNA fragmentation by
catalase and N-acetyl-L-cysteine. HepG, cells were pretreated for 1 h
with NAC, (5, 10, 20 mM) and 100 U/mL catalase and then challenged
with 100 uM delphinidin for 24 h, and agarose gel analysis of DNA
fragmentation was performed. This experiment was repeated three times
with similar results. M, DNA ladder marker.
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Figure 10. (A) Effect of delphinidin on protein expression of Bax and

Bcl-2 in HepG; cells. The cells were treated with vehicle (0.05% DMSO)
only or delphinidin (100 uM) for specified time and then harvested. (B)
Time-dependent effect of delphinidin on Bax/Bcl-2 ratio. Data from three
independent experiments are presented as mean + SD. Statistically
significant differences from the control are indicated as *p < 0.05.

exerted the remarkable cytotoxic effects in vitro on malignant
human cultured cellsl®). Thus, studies devoted to clarify the

mechanisms of its action appeared to be of remarkable im-
portance. In the present study, five typical anthocyanidins were

Apoptosis is a type of physiological cell death accompanied used to investigate the potency of apoptosis induction in two
by a specialized cellular mechanism and some distinctive human hepatoma cell lines, Hep@nd Hep3B. Our data re-
morphological changes. Recently, apoptosis was suggested asealed that anthocyanidins possessed growth-inhibitory capabil-
an underlying mechanism of various anticancer and chemopre-ity against a human hepatoma cell line, Hep&ells. The
ventive agents29). Anthocyanins are a subclass of polyphenols anthocyanidins at a concentration of 1@®1 significantly
that showed high chemopreventive activity in animal model affected the viability of Hep&cells, suggesting that the ob-
systems (10, 30). Previous study indicated that anthocyaninsserved growth inhibition was caused by a cytotoxic effect, rather
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than a cytostatic effect of anthocyanidins. It is interesting that in the present study comprised the first report to show that
anthocyanidins induced death in human hepatoma cells, while delphinidin inhibits the growth of human hepatoma cells and
normal human liver cell line (chang liver cells) was completely induces apoptosis, which is associated with the proteolytic
resistant to the cytotoxic activity at the high concentration (500 degradation of PARP via the activation of caspase-3.

uM) of anthocyanidins treatment (data not shown). Comparing  Some previous studies indicated that several signaling
anthocyanidins with anthocyanins indicated that it was the molecules such as MAPK, JNK, and p38, are involved in
anthocyanidins, mainly cyanidin, delphinidin, and malvidin, apoptotic process (36). It was also found that c-Jun N-terminal
caused strong growth inhibition in human cancer cell line kinases (JNKs; also named stress-activated protein kinase) were
HepG. The aglycoside of anthocyanins, including cyanidin involved in cellular responses to various extracellular stimuli
3-glucoside, peonidin 3-glucoside, pelargonidin 3-glucoside, and (37). The JNK subfamily, including JNK1, JNK2, and JNK3
malvidin 3-glucoside, had lower inhibitory activities (data not in various isoforms, is a member of the mitogen-activated
shown). Hep3B cells appeared to be less susceptible to inhibitionprotein kinase family. It has been known that JNK pathway
by these anthocyanidins. This is in a good agreement with the activation is required for the apoptosis induced by ultraviolet
previous work of Kamei et al18), showing that anthocyanins,  light (UV), y-irradiation, heat shock, proinflammatory cytokines,
extracted from flower petals, were significantly suppressed the and different DNA damaging agents such as cisplatinum and
growth of the cultured cells derived from human carcinomas alkylating agents (38). Genetic studies in animals also supported
of the promyelocytic leukemia (HL-60 cells). Koide et 81 the role of JNK in an apoptotic death program. Thiel/jnk2-
also reported that hydrolyzed anthocyanins from grape rinds deficient mice having severe dysregulation of apoptosis in the
and red rice were effective on the suppression of HCT-15 cells brain were embryonically death (39). One major target of the
growth. Our results indicated that aglycon showed in general JNK pathway is the transcription factor c-Jun, which is regulated
higher growth inhibition than those of the glycosides. However, at both transcriptional and posttranscriptioanl levels by activated
the mechanisms involved in these observations remainedJNK. Moreover, the activation of this pathway leads to the
unclear. On the basis of the estimatedgd@alues for HepG phqsphorylamon_ of the c_-Jun p_rotooncogene in its l\_l-termmal
cells, we used delphinidin, which showed the most potent activation domain at serine residues 63 and 49 (Meiers et
inhibition, to investigate the mechanism of apoptosis induced & (41) have found that delphinidin inhibited the growth of
by the delphinidin in Hepgcells. human tumor cell line by shutting off the epidermal growth-

The induction of apoptosis will stimulate endonuclease that factor receptor downstream signaling cascade. In addition,
involves double-straﬂdpDNA breaking into olidonucleosome delphinidin has been recently reported to inhibit endothelial cell
o KIng "9 proliferation and cell cycle progression through a transient

length fragments, resulting in a typical ladder in DNA electro-

h . di f the hallmarks of ot Il death. A activation of ERK-1/-2 (33). In this study, we observed a rapid
phoresis and 1s one of tne hallmarks ot apoptotic cell dealh. AS g persistent phosphorylation of JNK. c-Jun expression in a

ewdencgd by DNA.fragmentann,.lt. appears that apoptosis Is time-corresponding manner was observed after JINK phospho-
the main mechanism fqr .cell I§|II|ng in the presence ,Of rylation, suggesting that the activation of JNK pathway was
delphinidin. The apoptosis-inducing effect of delphinidin in ,qsqciated with delphinidin-induced apoptosis. Reactive oxygen
HepG cells appeared in a concentration- and time-dependentgecies have been demonstrated to play an essential role in
manners. This efficacy of delphinidin was found to be similar apoptosis induced by the anticancer agent tamoxifen in HepG

to their cytotoxic activities in Hepgxells. Similar to previous  cg|i5 (42). Recent studies have reported that the generation of
reports (32, 33), our observations suggested that treatment with,g 5 ctive oxygen species and disruption of redox homeostasis

delphinidin induced the apoptotic cell death in human hepatoma cqyd induce apoptosis. Therefore, we investigated the role of
cells. Multiple lines of evidence indicated that apoptosis could (egctive oxygen species as a upstream signal to induce apoptosis
be triggered by the activation of a set of death effector cysteine j, delphinidin-treated Hepcells. Numerous investigations
proteases called caspases with specificity for Asp-X bonds, andhaye indicated the involvement of reactive oxygen spices in
their activations played important roles during apoptosis. In most apoptosis induced by various stimud). It is known that

of the apoptotic processes, caspase-3 has been shown to play aitinoside, a flavonoid compound, induces the generation of
pivotal role in the terminal, execution phase of apoptosis induced reactive oxygen species in cell-free and intact cedé)( The

by diverse stimuli 84). We next examined whether the generation of reactive oxygen species by rutinoside treatment
caspase-3 protease was involved in the delphindin-induced cellis associated with a chemical reaction between the hydroxyl
death response. Delphinidin treatment induced the proteolytic functioned groups in its chemical structure. In our study, the
processing of caspase-3 precursor in a time-dependent manneidose- and time-dependent generations of reactive oxygen species
Caspase-3 is a cysteine protease that exists as an inactivéyy delphinidin treatment were observed in HepBlls. These
zymogen in cells as well as becomes activated by some data suggested that reactive oxygen species might be present
sequential proteolytic events that cleave the 32 kDa precursorin delphinidin-induced cells. Moreover, the free radical scan-
at aspartic acid residues to generate an active heterodimetvengers includindN-acetylt-cysteine and catalase can protect
composed of 20 and 12 kDa subunits (35). Furthermore, cells against the dephinidin-induced DNA fragmentation apo-
activation of caspase-3 leads to the cleavage a number ofptosis. N-AcetylL-cysteine is a free radical scavenger and
proteins, including poly (ADP-ribose) polymerase (PARP). glutathione precursor, which can protect cells against oxidative
Although PARP is not essential for cell death, the cleavage of damage. Catalase is an antioxidative enzyme, which converts
PARP is another hallmark of apoptosis. Koide et alL)(have H20, to H,O and Q and protects cells from reactive oxygen
found that anthocyanin fractions from red soybeans and red species-mediated damages. In fact, the production of reactive
beans inhibited the growth of HCT-15 human colon carcinoma 0xygen species in anthocyanidin-treated cells was directly
cells in vitro and prolonged the survival of Balb/C mice bearing measured by using DCFH-DA, suggesting that apoptosis
Meth/A tumor cells. In addition, delphnidin, isolated from the induced by delphinidin is dependent on ROS production.
bilberry extract induced apoptotic cell bodies and nucleosomal Members of the Bcl-2 family of proteins are critical regulars
DNA fragmentation in HL-60 cells19). The results presented of the apoptotic pathways. Additionally, Bcl-2 family proteins
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also have been demonstrated to be involved in the process ofsubstituents on the B-ring for delphinidin, cyanidin, and malvidin
apoptosis, pro-apoptotic, and anti-apoptotic. Bcl-2 family pro- are 3, 2, and 1, respectively. Results of the present study
teins including Bax, Bak, and Bcl-Xs for pro-apoptosis and demonstrated that delphinidin, but not cyanidin and malvidin,
Bcl-2, Bcl-XL, and Mcl-1 for anti-apoptosis have been identi- showed potent apoptosis-inducing activity in Heps@lls. We
fied. Previous studies indicated that an increase in pro-apoptoticproposed that the number of hydroxyl substituents on the B-ring
Bcl-2 family proteins and a decrease in anti-apoptotic Bcl-2 is important for the apoptosis-inducing activity of anthocyanidin.

family proteins participated in the process of apoptodB).(
The intermediate signaling moiety between JNK activation and
cytochromec release might be linked to Bax protein, as activated
JNK failed to induce apoptosis in cells deficient in members of
the proapoptotic Bax subfamily of Bcl-2-related proteins;
furthermore, in JNK-deficient cells, stress signals failed to
activate Bax, induced cytochronmerelease, and caused cell
death (46). Further, overexpression of anti-apoptotic Bcl-2

In conclusion, this study showed that anthocyanidins could
induce apoptosis in HepGeells. Dephinidin, the strongest
inducer of anthocyanidins tested, might generate an oxidant
signal to stimulate JNK pathway activation, caspase-3 activation,
and DNA fragmentation, leading to the decreased cell viability.
Free radical scavengers, including-acetylt-cysteine and
catalase, effectively inhibited apoptosis induced by delphinidin
and further blocked reactive oxygen species generation. Fur-

proteins protected cells from apoptosis induced by stimulants thermore, these effects were found to be correlated with a shift
(47). Bcl-2 has been shown to form a heterodimer with the pro- in Bax/Bcl-2 ratio more toward apoptosis. Our result is the first
apoptotic member Bax and might thereby neutralize its pro- evidence that delphinidin might trigger an apoptotic death
apoptotic effects. Therefore, alterations in the levels of Bax and program involvement of INK signaling pathway and regulation
Bcl-2, i.e., the ratio of Bax/Bcl-2, are decisive factors and played of Bcl-2 family proteins. Taken together, our study provides
an important role in determining whether cells will undergo evidence that anthocyanidins might be useful in the chemopre-

apoptosis under experimental conditions that promote cell death.
In our study, a decrease in Bcl-2 expression was observed in
delphinidin-treated cells. Importantly, the protein expression of
Bax, however, was up-regulated in delphinidin-treated cells after
the treatment up to 24 h; hence, the ratio of Bax to Bcl-2 was
altered in favor of apoptosis. Our results suggested that the up-
regulation of Bax and the down-modulation of Bcl-2 might be
another molecular mechanism through which delphinidin in-
duced apoptosis in Hepells.

Recent studies concerning bioavailability of polyphenols are
in agreement with their potential therapeutic effects. Antho-
cyanin pigments are responsible for the red, purple, and blue
colors of many fruits, vegetables, cereal grains, and flowers,
and possess antiinflammator@)( antiangiogenesis (7), anti-
cancer (8), and antioxidant4—16) activities. They have long
been the subject of investigation by botanists and plant

physiologists because of their roles as pollination attractants and

ventive treatment of human hepatoma.

ABBREVIATIONS USED

JNK, c-Jun N-terminal kinase

ROS, reactive oxygen species

PARP, poly (ADP-ribose) polymerase

G3PDH, glyceraldehydes 3 phospho-dehydrogenase

MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide

NAC, N-acetylt-cysteine

LDH, lactate dehydrogenase

AP-1, activator protein-1

DCFH-DA, 2',7'-dichlorofluorescein diacetate

MAPK, mitogen-activated protein kinase

ERK, extracellular signal-regulated kinase

phytoprotective agents. Foods such as blueberries are often

promoted as dietary sources of anthocyanins (2t60.097
umol/g) (48). Moreover, oral intake of anthocyanins from
elderberry could be incorporated into human plasma with their
structures maintained!9). Data presented here indicated that
anthocyanidins, in the concentration range of-1200uM, had

the apoptotic activity in human hepatoma Hep¢glls. The

range of concentrations used in the present study is consistent

with many other studies (18, 31, 41) on the antitumor effect of
anthocyanins in culture cells. The maximum concentration of
200 uM anthocyanidins adopted in this study, corresponding
to 6.8 mg/100 mL, is within the concentration range of
anthocyanins contained in blackberry juice used in a recent study
regarding absorption and excretion of anthocyanins in humans

(50). These data with other dietary consumption reports suggest

that a possibility of moderate consumption of anthocyanins
through the intake of the product such as blackberry extracts
may be linked with cancer prevention. A structurally related
activity study showed that the antioxidant activity increased with
an increasing number of hydroxyl substituents present on the
B-ring of anthocyanidins. However, substitution by methoxyl
groups diminished the antioxidant activity of the anthocyanidins
(52). In the present study, five typical anthocyanidins, including
peonidin, pelargonidin, cyanidin, delphinidin, and malvidin,
were used to study their apoptotic effects on hepatoma cells.
These five anthocyanidins have different numbers of hydroxyl
substituents present on the B-ring. The number of hydroxyl
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