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Purpose. To study and compare effects of selected natural chemo-
preventive agents on the transcription activation of nuclear factor-
kappa B (NF-�B) in human HT-29 colon cancer cells.
Methods. The natural chemopreventive compounds isothiocyanates
(ITCs) found in cruciferous vegetables, flavonoids found in green tea,
resveratrol (RES) and procyanidin dimers found in red wine, and
curcumin (CUR) found in turmeric curry food were examined in this
study. HT-29 cells were stably transfected with NF-�B luciferase con-
struct, and stable clones were selected. One of the clones, HT-29 N9
cells, was selected and treated with various concentrations of the
natural chemopreventive agents and subsequently challenged with
NF-�B stimulator lipopolysaccharide (LPS), and the luciferase activi-
ties were measured. Western blot analysis of phosphorylated I�B�

was performed after treatments with the natural chemopreventive
agents. The effects of these agents on cell viability and apoptosis were
also evaluated by a nonradioactive cell proliferation MTS assay
[3-(4,5-dimethylthiazol-2-yl)-5-(3-arboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium, inner salt], Trypan blue staining, and
caspase assay.
Results. Treatments with the natural chemopreventive compounds
resulted in different responses in the NF-�B–luciferase assay. ITCs
such as phenethyl isothiocyanate (PEITC), sulforaphane (SUL), allyl
isothiocyanate (AITC), and curcumin (CUR) strongly inhibited LPS-
induced NF-�B–luciferase activations, whereas RES increased acti-
vation at lower dose, but inhibited activation at higher dose, and tea
flavonoids and procyanidin dimers had little or no effects. ITCs, CUR,
(−)-epigallocatechin-3-gallate (EGCG), and RES reduced LPS-induced
I�B� phosphorylation. Furthermore, in the MTS assay, PEITC, SUL,
and CUR also potently inhibited cell growth. Caspase-3 activity was
induced by chemopreventive compounds, however, the kinetics of
caspase-3 activation varied between these compounds within the 48-h
time period.
Conclusions. These results suggest that natural chemopreventive
agents have differential biological functions on the signal transduc-
tion pathways in the colon and/or colon cancer.
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INTRODUCTION

Colon cancer is one of the leading causes of cancer mor-
bidity and mortality worldwide and the second leading cause
of cancer death in the United States, although it is considered
as one of the most preventable forms of visceral cancer (1,2).
Epidemiological studies have shown that certain components
of fruits, vegetables, grains (3), and nuts may prevent or re-
duce the risk of cancer as well as some chronic diseases (4,5).
During the last several decades, numerous chemopreventive
and/or chemotherapeutic compounds have been identified
from natural products including food and plant sources. Of
the natural compounds, isothiocyanates (ITCs) in cruciferous
vegetables, polyphenols in green tea and red wine, and cur-
cuminoids in turmeric have gained much attention as poten-
tial chemopreventive agents. However, the chemopreventive
mechanisms of these compounds, in particular their roles in
the modulation of cellular signal transduction pathways, are
not fully understood.

Nuclear factor-kappa B (NF-�B) is a transcription factor
that consists of homo- and heterodimeric complexes formed
from the Rel family of proteins (3,6). In vertebral cells, there
are five members of the Rel/ NF-�B proteins including p65
(Rel A), p50/p105, p52/100, c-Rel, and Rel B (3,6,7). The
most common NF-�B is a heterodimer composed of p65 and
p50. NF-�B is activated by a wide variety of stimuli such as
tumor necrosis factor-alpha (TNF-�), interleukin-1 (IL-1), T-
and B-cell mitogens, bacterial lipopolysaccharide (LPS), vi-
ruses, UV light, gamma rays, and oxidative stress (8,9). In
most cells, NF-�B is sequestered in the cytosol, associated
with inhibitor proteins, I�Bs. A variety of extracellular stimuli
lead to the activation of the upstream I�B kinases (IKKs),
resulting in rapid phosphorylation and proteolytic degrada-
tion of I�B, which makes NF-�B translocate to the nucleus
where it regulates gene transcription (9–11).

NF-�B has extensively been studied over the past two
decades. It has been reported to play a critical role in several
signal transduction pathways involved in various cancers as
well as in chronic inflammatory diseases (12,13). Inappropri-
ate regulation of NF-�B is also involved in neurodegenerative
diseases, ataxiatelangiectasia, arthritis, and asthma (9). Acti-
vation of NF-�B has been linked to apoptotic cell death; ei-
ther promoting or inhibiting apoptosis, depending on the cell
type and conditions (14). In most cells, activation of NF-�B
protects the cells from apoptotic stimuli, presumably through
the induction of survival genes (9). To date, the cellular signal
transduction events that are elicited by many chemopreven-
tive agents are not well characterized and these may be de-
pendent on the types and the concentrations of the agents as
well as the cell/tissue types (15). In the current study, we
investigated and compared the modulatory effects of several
natural chemopreventive agents on the transcription activa-
tion of NF-�B and I�B� phosphorylation as well as their roles
in cell viability and apoptosis in HT-29 human colon cancer
cell line

MATERIALS AND METHODS

Materials

Phenethyl isothiocyanate (PEITC), allyl isothiocyanate
(AITC), sulforaphane (SUL), curcumin (CUR), resveratrol
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(RES), (−)-epicatechin (EC), (−)-epicatechin-3-gallate (ECG),
(−)-epigallocatechin (EGC), (−)-epigallocatechin-3-gallate
(EGCG), Bay 11-7085, and lipopolysaccharide (LPS) derived
from Esherichia coli serotype 026:B6 were purchased from
Sigma Chemicals Co. (St Louis, MO, USA).

Procyanidins B1 and B2 were obtained from Extrasyn-
these (Genay, France). Fluorogenic peptide substrate of
caspase-3 (Ac-DEVD-MCA) was purchased from Peptides
International, Inc. (Louisville, KY, USA). All other chemi-
cals were of analytical grade and were purchased from com-
mercial sources. HT-29 human colon cancer cell line was ob-
tained from American Type Culture Collections (Manassas,
VA, USA). Cells were cultured in Minimal Essential Medium
supplemented with 10% FBS, 100 units/ml penicillin, and 100
�g streptomycin, in a humidified atmosphere of 95%, 5%
CO2 at 37°C. NF-�B–luciferase reporter plasmid constructs in
which two copies of the �B promoter containing the NF-�B-
binding site were fused to Luc were kindly provided by Drs.
Anning Lin (University of Chicago, Chicago, IL, USA) and
Michael Karin (University of California, San Diego, CA,
USA), and previously described (16,17).

Stable Transfection

NF-�B–luciferase construct and pCDNA3.1-neomycin
plasmid were stably transfected into HT-29 cells by Lipofect-
amine 2000 (LF2000, Invitrogen Life Technology, Carlsbad,
CA, USA), following the manufacturer’s instruction. Briefly,
the HT-29 cells were seeded in 100-mm-diameter culture
plates at a density 5 × 106 cells/well and allowed to grow for
24 h to 90% confluency. For each plate, 10 �g of DNA (5 �g
of each plasmids) was diluted in 500 �l OPTI-MEM I Re-
duced Serum Medium, and 30 �l of LF2000 reagent was di-
luted separately in 500 �l OPTI-MEM I Reduced Serum
Medium and incubated for 5 min at room temperature. The
diluted DNA and the LF2000 reagent were combined and
incubated for 20 min at room temperature to allow DNA–
LF2000 reagent complexes to form. The growth media were
removed from the cell culture plates and replaced with 10 ml
of serum-free media containing NEAA. Then, 1 ml of the
DNA–LF2000 reagent mixture was added directly to each
plate, mixed gently by rocking the plate, and incubated in a
humidified atmosphere of 95%, 5% CO2 at 37°C. After 4–5 h
incubation, the media were replaced with 10 ml of growth
media containing 10% FBS. Stable clones were selected with
0.8 mg/ml of G418 sulfate (Invitrogen Life Technology), and
the luciferase activities of the selected clones were confirmed
by a SIRIUS luminometer (Berthold Detection System
GmbH, Pforzheim, Germany) as described below. One of the
stable clones (HT-29 N9) was subcultured and used for sub-
sequent study.

Reporter Gene Activity Assay

The HT-29 N9 cells were pretreated for 1 h with various
chemopreventive agents. The cells were then treated with
LPS (1 �g/ml), followed by 6 h of incubation. Luciferase ac-
tivity was determined with a luciferase kit from Promega
(Madison, WI, USA) according to the manufacturer’s instruc-
tions and described briefly as follows. After treatments, the
cells were washed twice with ice-cold phosphate-buffered sa-
line and harvested in 1 × Reporter lysis buffer. After brief

centrifugation, a 10-�l aliquot of supernatant was assayed for
luciferase activity with a SIRIUS luminometer (Berthold De-
tection System GmbH, Pforzheim, Germany). The luciferase
activity was normalized against protein amount (Bio-Rad,
Hercules, CA, USA) and expressed as fold of induction over
the luciferase activitiy of control untreated cells.

Western Blot Analysis of Phosphorylated I�B�

Cells were treated with DMSO (0.1%) or natural che-
mopreventive compounds for 1 h and challenged with LPS
(1 �g/ml) for 0.5 h Then, cells were washed with ice-cold PBS
(pH 7.4) and harvested with 200 �l of a lysis buffer (pH 7.4)
containing 10 mM Tris-HCl, 50 mM sodium chloride, 30 mM
sodium pyrophosphate, 50 mM sodium fluoride, 100 �M
sodium orthovandate, 2 mM iodoacetic acid, 5 mM ZnCl2,
1 mM phenylmethylsulfonyl fluoride, and 0.5% Triton-X 100.
Cell lysates were homogenized by passing through a 23-G
needle three times and left on ice for 30 min. The homog-
enates were centrifuged at 13,000 rpm for 15 min at 4°C. The
supernatants were collected and 20 �g of total protein of each
sample, as determined by Bio-Rad protein assay, were mixed
with 4 × loading buffer, and heated at 95°C for 3 min. The
samples were then separated by 10% mini SDS-polyacryl-
amide gel eletrophoresis at 200 V and transferred onto poly-
vinylidene difluoride (PVD) membrane for 1.5 h using a semi-
dry transfer system (Fisher, Pittsburgh, PA, USA). The mem-
brane was blocked with 5% bovine serum albumin (BSA) in
TBST buffer (20 mM Tris-HCl, pH 7.4, 8 g/l NaCl, 0.2 g/l KCl,
and 0.1% Tween 20) for 1 h at room temperature, washed
with TBST buffer three times, and was incubated with anti-
phospho-I�B� polyclonal antibody (Santa Cruz Biotechnol-
ogy Inc., Santa Cruz, CA, USA) in 3% BSA (1:1,000 dilution)
overnight at 4°C. After hybridization with primary antibody,
membrane was washed three times with TBST, then incu-
bated with anti-rabbit antibody with horseradish peroxidase
(Santa Cruz Biotechnology Inc.) for 45 min at room tempera-
ture and washed with TBST three times. Final detection was
performed with enhanced chemiluminescence (ECL) West-
ern blotting reagents (Amersham Pharmacia Biotech, Piscat-
away, NJ, USA). Bands were visualized with BioRad Chemi-
Doc XRS system (Richmond, CA, USA), and densitometric
analyses were performed using the BioRad Quantity One
software. The intensity of the bands of each treatment was
compared with the intensity of the control. Data were statis-
tically analyzed by ANOVA, unpaired Student’s t test.

MTS Assay

The MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
assay was performed with CellTiter 96 Aqueous nonradioac-
tive cell proliferation assay kit (Promega Corp., Madision,
WI, USA) by the manufacturer’s instructions. Briefly, the
cells were plated on 24-well plates at a density of 105 cells/
well. After 24 h of incubation, cells were treated with differ-
ent doses of each chemopreventive compound for 48 h. Then,
media were removed, and culture media containing MTS and
phenazine methosulfate solution were added. After 1–2 h, the
absorbance was measured at 490 nm with �Quant ELISA
reader (BIO-TEK Instruments, Inc., Winooski, VT, USA).
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Caspase-3 Activity Assay

After treatments with chemopreventive comopounds for
various times, the HT-29 N9 cells were washed twice with
ice-cold PBS (pH 7.4) and harvested in a lysis buffer contain-
ing 50 mM Tris-HCl (pH 7.4), 50 mM �-glycerophosphate,
15 mM MgCl2, 15 mM EDTA, 100 �M phenylmethylsulfonyl
fluoride, 1 mM dithiothrietol (DTT), and 150 �g/ml digitonin.
The cell lysates were homogenized by passing through a 23-G
needle three times and kept on ice for 30 min. The homog-
enates were then centrifuged at 12,000 × g for 15 min at 4°C.
The supernatants were collected and analyzed for their pro-
tein concentrations (Bio-Rad). The caspase-3 activity of each
sample was determined in a reaction mixture containing 10 �g
protein and 200 �M Ac-DEVD-MCA as a substrate in assay
buffer (100 mM HEPES, 10% sucrose, 10 mM DTT, and
0.1% CHAPS). After 1–2 h incubation of the reaction mix-
ture, the fluorescence was measured using FLx 800 micro-
plate fluorescence reader (BIO-TEK Instruments, Inc.)

Trypan Blue Staining

After treatments, the floating and attached cells were
collected and centrifuged for 10 min at 1000 × g. Cell pellets
were resuspended in PBS and incubated with 0.4% Trypan
blue solution for 10 min. The number of both stained and
unstained cells was counted using a hemocytometer. The per-
centage of viable unstained cells was calculated as the ratio
between the numbers of unstained over the total cell counts.

RESULTS

Effects of Chemopreventive Agents on the Transcription
Activation of NF-�B in HT-29 Human Colon Cancer
Cell Line

To investigate and compare the modulatory effects of
various natural chemopreventive agents on transcription ac-
tivation of NF-�B, we performed stable transfection of HT-29
human colon cancer cells with NF-�B–luciferase construct re-
porter gene, and the modulation of the luciferase activity by
these compounds were examined at different concentrations.
When NF-�B transfectants (HT-29 N9) were treated for 6 h
with LPS (1 �g/ml), the NF-�B–luciferase activity was highest
(data not shown), and therefore, we measured the luciferase
activity after 6 h treatments with LPS thereafter. The effects
of three different categories of natural chemopreventive
compounds on the LPS-induced NF-�B–luciferase activity in
HT-29 N9 are listed in Figs. 1, 2, and 3. These three categories
of compounds were selected based on their structural simi-
larity and include ITCs (Fig. 1), CUR and RES (Fig. 2), and
tea catechins and procyanidins (Fig. 3). The luciferase activi-
ties were expressed as the fold of induction over control treat-
ment. As shown in Figs. 1, 2, and 3, different categories of
compounds display different responses with respect to the
NF-�B luciferase activity. Compared to control, which was
treated with DMSO (final concentration of 0.1%), LPS treat-
ment (1 �g/ml) resulted in a 4- to 5-fold induction of NF-�B-
luciferase activity (Fig. 1). As shown in Fig. 1, all of the ITCs

Fig. 1. Effects of isothiocyanates on LPS-induced NF-�B reporter gene activity in HT-29 cells. Cells
were treated with DMSO (0.1%) or isothiocyanates for 1 h with the indicated concentrations, challenged
with LPS (1 �g/ml), and incubated for additional 6 h. Results are expressed as fold induction over control
and values are means ± SD (n � 3). *p < 0.0005 compared to control and **p < 0.01 compared to the
cells treated by LPS, using an analysis of variance (ANOVA) followed by unpaired Student’s t test.
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Fig. 3. Effects of tea catechins and procyanidin dimers on LPS-induced NF-�B reporter gene activity in
HT-29 cells. Cells were treated with DMSO (0.1%) or compounds for 1 h at the indicated concentrations
and challenged with LPS (1 �g/ml) for 6 h. Results are expressed as fold induction over control and
values are means ± SD (n � 3). *p < 0.0005 compared to control and **p < 0.05 compared to the cells
treated by LPS, using an analysis of variance (ANOVA) followed by unpaired Student’s t test.

Fig. 2. Effects of RES, CUR, and BAY on LPS-induced NF-�B reporter gene activity in HT-29 cells.
Cells were treated with DMSO (0.1%) or compounds for 1 h at the indicated concentrations and
challenged with LPS (1 �g/ml) for 6 h. Results are expressed as fold induction over control and values
are means ± SD (n � 3). *p < 0.0005 compared to control and **p < 0.01 compared to the cells treated
by LPS, using an analysis of variance (ANOVA) followed by unpaired Student’s t test.
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(PEITC, SUL, AITC) significantly affected the LPS-induced
NF-�B-luciferase activity at the concentrations used. PEITC
and SUL at �50 �M almost completely abolished the LPS-
induced NF-�B–luciferase activity, which might be due to cy-
totoxicity (Table I). At lower doses, SUL (10 �M) decreased
the activity to a level below the basal and PEITC to nearly
basal level, whereas AITC at 25 �M attenuated the activity by
23%, the doses where little cytotoxicity were observed (Table
I). Figure 2 shows the effects of CUR and RES as well as Bay
11-7085 (a known NF-�B inhibitor) (18) on the LPS-induced
NF-�B–luciferase activity. CUR and RES, which have two
side phenolic rings in the structures, demonstrated opposite
effets. CUR at 10 �M decreased the LPS-induced NF-�B–
luciferase activity by about 60% (about 2-fold compared to
control), whereas 10 �M CUR completely abolished LPS-
induced NF-�B–luciferase activity; which may be contributed
in part to cytotoxicity (Table I). Treatments with RES at 25
and 50 �M dramatically increased the activity to 13- and 15-
fold, respectively, whereas its pretreatment at 100 �M de-
creased the induction to 8-fold, despite cytotoxicity might
have occurred at 100 �M (Table I).

None of the polyphenolic tea catechins and procyanidin
dimmers tested in the experiment showed any inhibition on
the LPS-induced NF-�B–luciferase activity in HT-29 cells
(Fig. 3). Rather, they showed some increase in the activations
of LPS-induced NF-�B–luciferase activity. Of the tea cat-
echins, EGCG increased the luciferase activity about 8-fold
at 20 and 50 �M, despite some cytotoxicity might have oc-
curred at 50 �M (Table I). Procyanidin dimmers B1 and B2
caused a slight increase in the luciferase activity at both 10
and 50 �M.

Western Blot Analysis of I�B�

One of the major mechanisms involved in the transcrip-
tion activation of NF-�B is through the phosphorylation of

I�B� by IKK, allowing the release of NF-�B and its translo-
cation to the nucleus. In order to further investigate effects of
the natural chemopreventive agents on the transcription ac-
tivation of NF-�B, we therefore examined the modulatory
abilities of the natural chemopreventive agents on the phos-
phorylation of I�B�. The HT-29 N9 cells were treated with
various natural chemopreventive agents at the concentration
of 50 or 100 �M for 1 h, and LPS was applied to the cells to
induce the phosphorylation of I�B�. As shown in Fig. 4, the
phosphorylation of I�B� increased after treatment with LPS
(1 �g/ml) for 30 min. Treatments with several natural chemo-
preventive agents prior to LPS treatment decreased the LPS-
induced phosphorylation of I�B�. Consistent with the inhibi-
tions of LPS-induced NF-�B–luciferase activation, there were
significant inhibition on the LPS-induced I�B� phosphoryla-
tion by CUR (49%) and ITCs (27–40%). However, RES and
EGCG decreased the LPS-induced I�B� phosphorylation by
35 and 24%, respectively, whereas these agents showed in-
creased activations of NF-�B–luciferase activity. The di-
chotomy between NF-�B–luciferase activity and I�B� phos-
phorylation induced by these agents suggests that there might
be other mechanism(s) involved in the NF-�B transcription
activation by some of these chemopreventive agents.

Effects of Chemopreventive Agents on the Viability of
HT-29 N9

The effects of various natural chemopreventive agents on
the viability of HT-29 N9 cells were determined by a colori-
metric MTS assay after 48-h treatments. The data were ex-
pressed as percent cell viability compared to that of control
(DMSO, 0.1%) (Table I). The concentrations of the treat-
ments with chemopreventive agents varied from 1 �M to 100
�M. Several compounds significantly affected the cell viabil-
ity. Of the chemopreventive agents, PEITC, SUL, and CUR
exhibited the most potent inhibitory effect against cell viabil-

Table I. Effects of Various Chemopreventive Compounds on Cell Viability of HT-29 N9 Cells in the
MTS Assay

Cell viability inhibition (%)
Concentration (�M)

1 10 25 50 100

PEITC 104.4 ± 4.3* 88.6 ± 2.9† 2.7 ± 0.2† 2.2 ± 0.2† —§
SUL 99.6 ± 7.6 104.8 ± 5.0 53.7 ± 5.9† 7.4 ± 1.1† —
AITC 94.8 ± 3.1 — 102.0 ± 6.3 79.7 ± 7.6† 39.7 ± 1.8†
CUR 73.1 ± 5.5† 59.5 ± 9.0† 35.5 ± 5.3† 11.9 ± 0.6† —
RES 100.5 ± 1.4 — 97.3 ± 6.0 93.6 ± 7.0 39.7 ± 6.4†
EC 99.6 ± 3.9 — 98.4 ± 7.8 94.1 ± 6.2 92.0 ± 5.5
ECG 98.5 ± 6.1 — 92.8 ± 6.5 65.9 ± 2.0† 54.7 ± 3.1†
EGC 94.9 ± 1.1† — 103.4 ± 2.2 96.5 ± 0.8† 93.6 ± 4.0
EGCG 94.8 ± 2.2‡ — 92.0 ± 2.1† 66.5 ± 2.1† 34.5 ± 2.2†
PCB1 92.5 ± 2.0† 85.3 ± 2.5† — 74.3 ± 1.11‡ 78.7 ± 9.4‡
PCB2 88.5 ± 4.8‡ 86.4 ± 2.3† — 91.2 ± 2.9† 89.1 ± 5.9‡

PEITC, phenethyl isothiocyanate; SUL, sulforaphane; AITC, allyl isothiocyanate, CUR, curcumin;
RES, resveratrol; EC, (−)-epicatechin; ECG, (−)-epicatechin-3-gallate; EGC, (−)-epigallocatechin;
EGCB, (−)-epigallocatechin-3-gallate; PCBI, procyanidin B1; PCB2, procyanidin B2.
* The values are expressed as means ± SD (n � 4).
† p < 0.01, Student’s t test.
‡ p < 0.05, Student’s t test.
§ Not determined.

Modulation of NF-�B by Natural Chemopreventive Agents 665



ity. Treatments of the cells with PEITC at 25 �M or greater
for 48 h caused almost complete inhibition in the cell viability.
SUL reduced the cell viability of these NF-�B transfectants to
nearly 50% at 25 �M. However, AITC demonstrated little or
weak effects on the cell viability even up to 50 �M concen-
tration, although it almost completely inhibited LPS-induced
NF-�B–luciferase activity back to the basal level. At higher
concentration of 100 �M, AITC inhibited the cell viability by
about 60%. CUR also strongly reduced the cell viability in a
dose-dependent manner. The effects of RES on cell viability
were similar to that of AITC. RES had little inhibition on cell
viability up to 50 �M, but almost 60% inhibition of cell

growth was seen at 100 �M. Among the tea catechin com-
pounds, ECG and EGCG showed inhibitory activities against
cell viability in a dose-dependent manner, whereas EC and
EGC had little effect even up to 100 �M. At 100 �M, EGCG
reduced more cell viability (34%) than EGC (54%). Procy-
anidin dimmers B1 and B2 were not effective in the inhibition
of cell viability at the given conditions. According to our re-
sults, the inhibitory activity of the tested chemopreventive
compounds at 50 �M could be ranked as follows: PEITC >
SUL > CUR >> ECG > EGCG > PC B1 > AITC > PC B2 >
RES > EC > EGC.

To examine further the effects of these compounds on
the cell viability in the absence and presence of LPS, the
Trypan blue staining assay was carried out after 48-h treat-
ments of the cells. For this experiment, approximate or near
IC50 values of the compounds based on the MTS assay were
used. As shown in Fig 5, treatment with LPS (1 �g/ml) for
48 h resulted in an increase in the cell viability of the HT-29
N9 cells when compared to control (p < 0.05). In most cases,
the LPS treatments displayed certain inhibitory effects on the
cytotoxicity of the tested compounds. In this assay, some com-
pounds did not show cell death at or near the 50%, even
though we had used approximate IC50 values from the MTS
assay. The reason(s) for this difference is not clear, but it
could be due to the possible interactions between the com-
pounds and the assay reagents. Even though the MTS and
trypan blue assays are widely used to examine the cell viabil-
ity, these assays determine only the metabolic activity and
membrane integrity of the cells, and therefore more precise
measurements would be needed to examine the viability of
the cells by the natural chemopreventive agents.

Fig. 4. Western blot analysis of phosphorylated I�B� prepared from
the HT-29 N9 cells. Cells were treated with DMSO (0.1%) or natural
chemopreventive compounds for 1 h at the indicated concentrations
and challenged with LPS (1 �g/ml) for 0.5 h. The results are repre-
sentative of two different experiments with similar results. *p <
0.0001 compared to control and **p < 0.05 compared to the cells
treated by LPS, using ANOVA followed by unpaired Student’s t test.

Fig. 5. Effects of various chemopreventive compounds on the cell viability of HT-29 N9 cells in the
Trypan blue assay. Cells were pretreated with DMSO (0.1%) or compounds for 1 h, followed by 48-h
treatment with and without LPS (1 �g/ml). The doses of compounds are as follows: PEITC, 17.5 �M;
SUL, 25 �M; AITC, 60 �M; CUR, 17.5 �M; RES, 75 �M; EGCG, 75 �M; ECG, 100 �M. Results are
expressed as percent cell viability calculated from the ratio between the number of viable cells and the
total cells. Values are means ± SD (n � 4). *p < 0.05 and **p < 0.5 compared to the cells without LPS
treatment, using an unpaired Student’s t test.

Jeong, Kim, Hu, and Kong666



Effects of Chemopreventive Agents on the
Caspase-3 Activity

Caspases, a family of cysteine proteases, have been im-
plicated to be central components of apoptotic machinery in
cells (19). To investigate the apoptotic properties of the che-
mopreventive compounds in HT-29 N9 cells, we analyzed the
caspase-3 activity in the cells after treatments with the se-
lected compounds at different time intervals. The treatment
doses were approximated or at the IC50 value of each com-
pound based on the results of the MTS assay. As shown in
Fig. 6, most chemopreventive compounds in this assay in-
duced the caspase-3 activity, which potentially explains that
one of the chemopreventive actions of these natural com-
pounds could be through apoptosis of cancerous cells. How-
ever, the kinetics of caspase-3 activation by these compounds
was quite different. The activation of caspase-3 peaked dif-
ferently; 12 h for PEITC, 24 h for CUR and RES, 36 h for
EGCG, and 48 h for SUL and ECG. The greatest induction of
caspase-3 activity was observed in the EGCG-treated group
with 17-fold induction over the control cells. Treatments with
PEITC, CUR, and ECG resulted in almost 7- to 8-fold induc-
tion. Effects of SUL and RES on the caspase-3 activation
were relatively lower than others under these conditions.

DISCUSSION

During the last several decades, a large number of che-
mopreventive compounds have been discovered from various
natural sources. Of these natural products, the chemopreven-
tive compounds identified from foods and edible plants have
gained much attention because of their relatively low toxicity,
low cost and availability, as well as because they are found in

abundance in our everyday diets (20). However, the potential
chemopreventive mechanisms of many of these natural com-
pounds have not been fully understood. In addition, studies
on the relative bioactivity of a diverse group of these com-
pounds in colon cancer are lacking. Colon cell model may be
one of the better ways to investigate the efficacy of dietary
chemopreventive compounds due to their high possibility of
direct exposure to this organ during our daily dietary intake.
The chemopreventive compounds used in this study included
three ITCs found in cruciferous vegetables, four catechins in
tea, two procyanidin dimers present in various fruits including
grapes, nuts, and cocoa, RES in grape seeds and red wine, and
CUR found in turmeric curry food.

ITCs are produced from glucosinolates in cruciferous
vegetables by myrosinase of intact plant tissue during pro-
cessing or intestinal bacteria during digestion (21), which
probably makes the ITCs directly accessible to intestinal ep-
ithelial cells. Despite a number of studies on the chemopre-
ventive properties of ITCs, only a limited number of studies
involved signal transduction pathways, in particular on the
transcription activation of NF-�B in colon cancer model. SUL
has been reported to reduce selectively DNA binding of
NF-�B in macrophages without interfering with LPS-induced
degradation of the I�B� or with nuclear translocation of
NF-�B (22). These authors suggested that the thiol group of
SUL was responsible for the modification of NF-�B subunits.
Patten and DeLong (23), however, reported that treatments
with benzyl isothiocyanate at 25 �M increased NF-�B binding
to NF-�B transcription factor binding site in unstimulated
HT-29 cells, reaching a maximum at around 6 h. In our cur-
rent study, PEITC and SUL at 10 �M and AITC at 50 �M
substantially reduced the LPS-induced NF-�B–luciferase ac-

Fig. 6. Time-dependent activation of caspase-3 by natural chemopreventive compounds in HT-29 N9
cells. Cells were treated with DMSO (0.1%) or compounds with doses of their approximate IC50 at the
indicated times (PEITC, 20 �M; SUL, 25 �M; CUR, 20 �M; RES, 75 �M; EGCG, 75 �M; ECG, 100
�M). Results are expressed as fold induction over control and values are means ± SD (n � 3).

Modulation of NF-�B by Natural Chemopreventive Agents 667



tivity in HT-29 cells (Fig. 1), as well as phosphorylation of
I�B� (Fig. 4).

CUR has been known as a potent inhibitor of prosta-
glandin synthesis (24). It also has been reported to be a potent
inhibitor of NF-�B activation in various human cell lines in-
cluding human umbilical vein endothelial, myeloid ML-1a,
promyelocytic leukemia, and colon cancer cells (25–29). A
recent study revealed that CUR suppressed osteopontin-
induced I�B� phosphorylation and degradation by inhibiting
the IKK activity (30). Our results agree with these previous
studies in that 10 �M CUR has potent inhibitory activity
against NF-�B–luciferase activity in HT-29 N9 cells, as well as
inhibition of LPS-induced phosphorylation of I�B�.

Studies on RES have also shown an inhibitory role of
RES on the NF-�B activation in various cell lines, although
there has been no study with colon cell model (31–35). Re-
sults from our HT-29 cell model, however, demonstrated dra-
matic inductions of the LPS-induced NF-�B–luciferase activ-
ity at concentrations between 25 and 100 �M, while it showed
an inhibition on the LPS-induced phosphorylation of I�B� at
50 �M (1.5 h incubation), which might decrease the nuclear
localization of NF-�B. The exact mechanism for the differ-
ence and the contribution of these opposite process to the net
effect is not clear, but may suggest an involvement of addi-
tional mechanism(s) in NF-�B pathway elicited by RES,
which may be independent of I�B� phosphorylation. In fact,
the cell viability was not significantly reduced with the treat-
ment of RES at 50 �M for 48 h, suggesting an involvement of
protective mechanism due to activation of NF-�B by RES at
the given concentration.

Tea catechins are considered to be main chemopreven-
tive ingredients in tea, and their effects on NF-�B have widely
been studied in many cell lines but little in colon cells (36).
Tea catechins including EC, ECG, EGC, and EGCG, as
shown in the current study, appear to have little or slightly
stimulatory effects on the LPS-induced NF-�B–luciferase ac-
tivity under the current conditions. In Western blotting analy-
sis, however, EGCG diminished the LPS-induced I�B� phos-
phorylation. Park et al. (37) have reported the effects of
polymerization degree of flavonoids on nitric oxide (NO) pro-
duction, TNF-� secretion, and NF-�B–dependent gene ex-
pression in an interferon-�–stimulated RAW 264.7 macro-
phage cell line. Procyanidin dimmers B1 and B2 had a weak
inhibitory activity on NO production, TNF-� secretion, and
NF-�B–dependent gene expression, as compared to the mo-
nomeric flavonoids such as catechin, epicatechin, and taxifo-
lin. The trimeric procyanidin C2 and pine bark extract (PBE),
which is rich in oligomeric procyanidins, instead have been
shown to activate these parameters in the same cells under
the same conditions. In contrast, PBE has been reported to
inhibit ultraviolet (UV) radiation-induced NF-�B–dependent
gene expression in a concentration-dependent manner in the
human keratinocyte cell line HaCaT, whereas NF-�B–DNA-
binding activity was not prevented, suggesting that PBE may
affect different transactivation pathways of NF-�B (38).

Flavonoids such as EGCG have been reported to induce
formation of H2O2 in cancer cells (39). H2O2 is known to
activate NF-�B activity through the activation of I�B kinase
(IKK) (40). Recently, it has been suggested that EGCG me-
diates Fenton reaction by reducing ferric ion to ferrous ion,
which causes hydroxy radical production, resulting in the ac-
tivation of caspase and finally apoptotic cell death (41). Li

et al. (42) have also implicated that early activation of NF-�B
may be one of the mechanisms of apoptosis in intestinal ep-
ithelial cells by reactive oxygen species. However, most re-
cently, we found that catalase, which abolished hydrogen
peroxide-induced signaling, had no effect on EGCG-induced
signaling such as JNK and ERK pathways (43). Therefore,
the exact mechanism(s) leading to the induced activities of
NF-�B–luciferase in HT-29 cells by various phenolic com-
pounds such as tea catechins, procyanidins, and RES is un-
clear, but potentially might involve some other reactive inter-
mediates.

Our cell viability study with various natural chemopre-
ventive agents using MTS assay appears to provide certain
structure–activity relationships. For the ITCs, allyl group is
less effective than other functional group in the cell viability
inhibition. When comparing CUR and RES, which have two
side phenolic rings, the presence of the diketone in CUR
appears to be responsible for its more potent inhibitory ac-
tivity against cell viability than RES (44,45). Among the tea
catechins, the gallate group at C-3 position at C-ring may
account for the inhibitory activities of ECG and ECGC (46).
Our results from Trypan blue staining assay imply a possible
cell proliferative effect of the NF-�B activation that is in-
duced by LPS. In case of ITCs and CUR, inhibition of NF-�B
activation decreased cell survival induced by LPS, suggesting
a NF-�B–mediated survival mechanism. However, for the
polyphenolic compounds such as RES, ECG, and EGCG at
the given concentrations, the additive activation of NF-�B did
not protect the cells from dying, implying that the activation
of NF-�B per se is not sufficient to protect cell death. There-
fore, unknown mechanisms were operational.

To investigate further whether the cytotoxicity elicited
by these compounds is related to apoptotic cell death, we
tested their effects on the activity of caspase-3, which is a
converging point of the diverse caspase-dependent apoptosis
pathway. A number of chemopreventive and/or chemothera-
peutic agents have been reported to induce apoptosis in vari-
ous cell types (39,47–51). In the current study, we compared
the effect of natural chemopreventive compounds on
caspase-3 activity in these HT-29 N9 cells during the 48-h
period after treatments with the compounds. Of the com-
pounds tested in this assay, the induction of caspase-3 activity
was the fastest by PEITC treatment (peak at 12 h) (Fig. 6). A
delayed peak induction of caspase-3 activity was observed by
EGCG (36 h), whereas CUR and RES displayed an interme-
diate peak induction (24 h). Caspase-3 activation induced by
ECG and SUL increased gradually during the 48-h period.
We have recently reported an early activation of caspase-3
activity by PEITC (12 h) and a gradually increased response
by EGCG during 24-h period in HT-29 untransfected cells
(43,52), analogous to the results we obtained here using the
HT-29 N9 clone. The reason why different chemopreventive
compounds differentially activated the caspase-3 pathway in
this cell is not clear, but could be due to different reactive
intermediates formed, mitochondrial damage, and/or gene ex-
pression. However, understanding the different kinetics of
apoptotic enzyme activation by different chemopreventive
agents could provide insights for future in vivo applications or
possible combination of these agents. The constitutive activa-
tion of NF-�B has been implicated to cause cell proliferation
and resistance to apoptosis in certain cancer cells (12), which
may, in part, explain the chemopreventive inhibitory roles of
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some of these compounds used in this study. Further studies
would be needed to elucidate the modulatory mechanism be-
tween NF-�B signaling and apoptosis as well as the expres-
sion of NF-�B–mediated endogenous genes by natural che-
mopreventive compounds.

In conclusion, this report demonstrates that ITCs and
CUR have more potent modulatory effects on the NF-�B
signaling pathway as well as inhibition of the cell viability in
HT-29 colon cancer cells than other phenolic-based com-
pounds tested in this study, such as RES, tea catechins, and
procyanidin dimers. Most chemopreventive compounds in the
current study induce the caspase-3 activity but with different
extent and kinetics. Due to the highly complicated mecha-
nisms of signal transduction pathways in cancer, however,
blocking or inducing a single signaling pathway may or may
not account for the complete chemoprevention mechanism
demonstrated by natural compounds. Moreover, different
chemopreventive agents seem to play one or more roles at
different targets in the highly complicated cellular signal
transduction events that may be dependent on the types and
concentrations of the chemopreventive agents as well as the
cell/tissue types. Therefore, future studies on other signaling
pathways as well as their biological consequences elicited by
these natural agents are needed to further elucidate the che-
mopreventive mechanisms involved.

ACKNOWLEDGMENTS

We thank Drs. Anning Lin (University of Chicago) and
Michael Karin (University of California, San Diego) for pro-
viding NF-�B reporter gene construct. This work was sup-
ported in part by NIH Grants R01-CA-73674 and R01-CA-
92515 (to A-N. T. K.).

REFERENCES

1. D. M. Parkin, P. Pisani, and J. Ferlay. Global cancer statistics. CA
Cancer J. Clin. 49:33–64 (1999).

2. D. K. Rex. Screening for colon cancer and evaluation of chemo-
prevention with coxibs. J. Pain Symptom Manage. 23:S41–S50
(2002).

3. P. A. Baeuerle and D. Baltimore. NF-kappa B: ten years after.
Cell 87:13–20 (1996).

4. A. M. Kamat and D. L. Lamm. Chemoprevention of urological
cancer. J. Urol. 161:1748–1760 (1999).

5. J. D. Potter. Colon cancer—do the nutritional epidemiology, the
gut physiology and the molecular biology tell the same story?
J. Nutr. 123:418–423 (1993).

6. U. Siebenlist, G. Franzoso, and K. Brown. Structure, regulation
and function of NF-kappa B. Annu. Rev. Cell Biol. 10:405–455
(1994).

7. S. Ghosh, M. J. May, and E. B. Kopp. NF-kappa B and Rel pro-
teins: evolutionarily conserved mediators of immune responses.
Annu. Rev. Immunol. 16:225–260 (1998).

8. J. M. Muller, H. W. Ziegler-Heitbrock, and P. A. Baeuerle.
Nuclear factor kappa B, a mediator of lipopolysaccharide effects.
Immunobiology 187:233–256 (1993).

9. M. Karin and Y. Ben-Neriah. Phosphorylation meets ubiquitina-
tion: the control of NF-[kappa]B activity. Annu. Rev. Immunol.
18:621–663 (2000).

10. Y. Yamamoto and R. B. Gaynor. Therapeutic potential of inhi-
bition of the NF-kappaB pathway in the treatment of inflamma-
tion and cancer. J. Clin. Invest. 107:135–142 (2001).

11. X. H. Li, X. Fang, and R. B. Gaynor. Role of IKKgamma/nemo
in assembly of the Ikappa B kinase complex. J. Biol. Chem. 276:
4494–4500 (2001).

12. S. Amit and Y. Ben-Neriah. NF-kappaB activation in cancer: a

challenge for ubiquitination- and proteasome-based therapeutic
approach. Semin. Cancer Biol. 13:15–28 (2003).

13. P. J. Barnes and M. Karin. Nuclear factor-kappaB: a pivotal tran-
scription factor in chronic inflammatory diseases. N. Engl. J. Med.
336:1066–1071 (1997).

14. V. R. Baichwal and P. A. Baeuerle. Activate NF-kappa B or die?
Curr. Biol. 7:R94–R96 (1997).

15. A. N. Kong, R. Yu, V. Hebbar, C. Chen, E. Owuor, R. Hu, R. Ee,
and S. Mandlekar. Signal transduction events elicited by cancer
prevention compounds. Mutat. Res. 480–481:231–241 (2001).

16. S. Gupta, N. H. Purcell, A. Lin, and S. Sen. Activation of nuclear
factor-kappaB is necessary for myotrophin-induced cardiac hy-
pertrophy. J. Cell Biol. 159:1019–1028 (2002).

17. N. H. Purcell, G. Tang, C. Yu, F. Mercurio, J. A. DiDonato, and
A. Lin. Activation of NF-kappa B is required for hypertrophic
growth of primary rat neonatal ventricular cardiomyocytes. Proc.
Natl. Acad. Sci. U. S. A. 98:6668–6673 (2001).

18. J. W. Pierce, R. Schoenleber, G. Jesmok, J. Best, S. A. Moore, T.
Collins, and M. E. Gerritsen. Novel inhibitors of cytokine-
induced IkappaBalpha phosphorylation and endothelial cell ad-
hesion molecule expression show anti-inflammatory effects in
vivo. J. Biol. Chem. 272:21096–21103 (1997).

19. N. A. Thornberry and Y. Lazebnik. Caspases: enemies within.
Science 281:1312–1316 (1998).

20. G. Guhr and P. A. Lachance. Role of phytochemicals in chronic
disease prevention. In P. A. Lachance (ed.), Designer Foods III.
Garlic, Soy and Licorice., Food & Nutrition Press, Trumbull,
1997, pp. 311–357.

21. T. A. Shapiro, J. W. Fahey, K. L. Wade, K. K. Stephenson, and
P. Talalay. Human metabolism and excretion of cancer chemo-
protective glucosinolates and isothiocyanates of cruciferous veg-
etables. Cancer Epidemiol. Biomarkers Prev. 7:1091–1100 (1998).

22. E. Heiss, C. Herhaus, K. Klimo, H. Bartsch, and C. Gerhauser.
Nuclear factor kappa B is a molecular target for sulforaphane-
mediated anti-inflammatory mechanisms. J. Biol. Chem. 276:
32008–32015 (2001).

23. E. J. Patten and M. J. DeLong. Temporal effects of the detox-
ification enzyme inducer, benzyl isothiocyanate: activation of
c-Jun N-terminal kinase prior to the transcription factors AP-1
and NFkappaB. Biochem. Biophys. Res. Commun. 257:149–155
(1999).

24. M. T. Huang, T. Lysz, T. Ferraro, T. F. Abidi, J. D. Laskin, and
A. H. Conney. Inhibitory effects of curcumin on in vitro lipoxy-
genase and cyclooxygenase activities in mouse epidermis. Cancer
Res. 51:813–819 (1991).

25. A. Kumar, S. Dhawan, N. J. Hardegen, and B. B. Aggarwal. Cur-
cumin (diferuloylmethane) inhibition of tumor necrosis factor
(TNF)-mediated adhesion of monocytes to endothelial cells by
suppression of cell surface expression of adhesion molecules and
of nuclear factor-kappaB activation. Biochem. Pharmacol. 55:
775–783 (1998).

26. S. Singh and B. B. Aggarwal. Activation of transcription factor
NF-kappa B is suppressed by curcumin (diferuloylmethane).
J. Biol. Chem. 270:24995–25000 (1995).

27. S. S. Han, Y. S. Keum, H. J. Seo, and Y. J. Surh. Curcumin sup-
presses activation of NF-kappaB and AP-1 induced by phorbol
ester in cultured human promyelocytic leukemia cells. J. Bio-
chem. Mol. Biol. 35:337–342 (2002).

28. C. Jobin, C. A. Bradham, M. P. Russo, B. Juma, A. S. Narula,
D. A. Brenner, and R. B. Sartor. Curcumin blocks cytokine-
mediated NF-kappa B activation and proinflammatory gene ex-
pression by inhibiting inhibitory factor I-kappa B kinase activity.
J. Immunol. 163:3474–3483 (1999).

29. S. M. Plummer, K. A. Holloway, M. M. Manson, R. J. Munks, A.
Kaptein, S. Farrow, and L. Howells. Inhibition of cyclo-oxyge-
nase 2 expression in colon cells by the chemopreventive agent
curcumin involves inhibition of NF-kappaB activation via the
NIK/IKK signalling complex. Oncogene 18:6013–6020 (1999).

30. S. Philip and G. C. Kundu. Osteopontin induces nuclear factor
kappa B-mediated promatrix metalloproteinase-2 activation
through I kappa B alpha /IKK signaling pathways, and curcumin
(diferulolylmethane) down-regulates these pathways. J. Biol.
Chem. 278:14487–14497 (2003).

31. S. Banerjee, C. Bueso-Ramos, and B. B. Aggarwal. Suppression
of 7,12-dimethylbenz(a)anthracene-induced mammary carcino-

Modulation of NF-�B by Natural Chemopreventive Agents 669



genesis in rats by resveratrol: role of nuclear factor-kappaB, cy-
clooxygenase 2, and matrix metalloprotease 9. Cancer Res. 62:
4945–4954 (2002).

32. D. I. Cho, N. Y. Koo, W. J. Chung, T. S. Kim, S. Y. Ryu, S. Y. Im,
and K. M. Kim. Effects of resveratrol-related hydroxystilbenes
on the nitric oxide production in macrophage cells: structural
requirements and mechanism of action. Life Sci. 71:2071–2082
(2002).

33. X. Gao, Y. X. Xu, N. Janakiraman, R. A. Chapman, and S. C.
Gautam. Immunomodulatory activity of resveratrol: suppression
of lymphocyte proliferation, development of cell-mediated cyto-
toxicity, and cytokine production. Biochem. Pharmacol. 62:1299–
1308 (2001).

34. S. K. Manna, A. Mukhopadhyay, and B. B. Aggarwal. Resve-
ratrol suppresses TNF-induced activation of nuclear transcription
factors NF-kappa B, activator protein-1, and apoptosis: potential
role of reactive oxygen intermediates and lipid peroxidation.
J. Immunol. 164:6509–6519 (2000).

35. S. H. Tsai, S. Y. Lin-Shiau, and J. K. Lin. Suppression of nitric
oxide synthase and the down-regulation of the activation of
NFkappaB in macrophages by resveratrol. Br. J. Pharmacol. 126:
673–680 (1999).

36. C. S. Yang, P. Maliakal, and X. Meng. Inhibition of carcinogen-
esis by tea. Annu. Rev. Pharmacol. Toxicol. 42:25–54 (2002).

37. Y. C. Park, G. Rimbach, C. Saliou, G. Valacchi, and L. Packer.
Activity of monomeric, dimeric, and trimeric flavonoids on NO
production, TNF-alpha secretion, and NF-kappaB-dependent
gene expression in RAW 264.7 macrophages. FEBS Lett. 465:93–
97 (2000).

38. C. Saliou, G. Rimbach, H. Moini, L. McLaughlin, S. Hosseini,
J. Lee, R. R. Watson, and L. Packer. Solar ultraviolet-induced
erythema in human skin and nuclear factor-kappa-B-dependent
gene expression in keratinocytes are modulated by a French
maritime pine bark extract. Free Radic. Biol. Med. 30:154–160
(2001).

39. G. Y. Yang, J. Liao, K. Kim, E. J. Yurkow, and C. S. Yang. In-
hibition of growth and induction of apoptosis in human cancer
cell lines by tea polyphenols. Carcinogenesis 19:611–616 (1998).

40. H. Kamata, T. Manabe, S. Oka, K. Kamata, and H. Hirata. Hy-
drogen peroxide activates IkappaB kinases through phosphory-
lation of serine residues in the activation loops. FEBS Lett. 519:
231–237 (2002).

41. H. Nakagawa, M. Wachi, J. T. Woo, M. Kato, S. Kasai, F. Taka-
hashi, I. S. Lee, and K. Nagai. Fenton reaction is primarily in-
volved in a mechanism of (-)-epigallocatechin-3-gallate to induce

osteoclastic cell death. Biochem. Biophys. Res. Commun. 292:94–
101 (2002).

42. J. Li, H. Zhou, Q. Cai, and G. Xiao. Activation of NF-kappaB
and apoptosis of intestinal epithelial cells induced by hydrogen
peroxide. Chin. J. Traumatol. 5:209–213 (2002).

43. C. Chen, G. Shen, V. Hebbar, R. Hu, E. D. Owuor, and A. N.
Kong. Epigallocatechin-3-gallate-induced stress signals in HT-29
human colon adenocarcinoma cells. Carcinogenesis 24:1369–1378
(2003).

44. A. Simon, D. P. Allais, J. L. Duroux, J. P. Basly, S. Durand-
Fontanier, and C. Delage. Inhibitory effect of curcuminoids on
MCF-7 cell proliferation and structure-activity relationships.
Cancer Lett. 129:111–116 (1998).

45. H. Ahsan, N. Parveen, N. U. Khan, and S. M. Hadi. Pro-oxidant,
anti-oxidant and cleavage activities on DNA of curcumin and its
derivatives demethoxycurcumin and bisdemethoxycurcumin.
Chem. Biol. Interact. 121:161–175 (1999).

46. M. Salucci, L. A. Stivala, G. Maiani, R. Bugianesi, and V. Van-
nini. Flavonoids uptake and their effect on cell cycle of human
colon adenocarcinoma cells (Caco2). Br. J. Cancer 86:1645–1651
(2002).

47. S. M. Kuo. Antiproliferative potency of structurally distinct di-
etary flavonoids on human colon cancer cells. Cancer Lett. 110:
41–48 (1996).

48. S. K. Manna, A. Mukhopadhyay, N. T. Van, and B. B. Aggarwal.
Silymarin suppresses TNF-induced activation of NF-kappa B,
c-Jun N-terminal kinase, and apoptosis. J. Immunol. 163:6800–
6809 (1999).

49. S. Simizu, M. Takada, K. Umezawa, and M. Imoto. Requirement
of caspase-3(-like) protease-mediated hydrogen peroxide pro-
duction for apoptosis induced by various anticancer drugs. J. Biol.
Chem. 273:26900–26907 (1998).

50. H. S. Samaha, G. J. Kelloff, V. Steele, C. V. Rao, and B. S.
Reddy. Modulation of apoptosis by sulindac, curcumin, phenyl-
ethyl-3-methylcaffeate, and 6-phenylhexyl isothiocyanate: apo-
ptotic index as a biomarker in colon cancer chemoprevention and
promotion. Cancer Res. 57:1301–1305 (1997).

51. R. Yu, S. Mandlekar, K. J. Harvey, D. S. Ucker, and A. N. Kong.
Chemopreventive isothiocyanates induce apoptosis and caspase-
3-like protease activity. Cancer Res. 58:402–408 (1998).

52. R. Hu, B. R. Kim, C. Chen, V. Hebbar, and A. N. Kong. The
roles of JNK and apoptotic signaling pathways in PEITC-medi-
ated responses in human HT-29 colon adenocarcinoma cells. Car-
cinogenesis 24:1361–1367 (2003).

Jeong, Kim, Hu, and Kong670


