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Abstract

Aims: To evaluate the effects of oligonol administration on experimentally induced colitis and colonic adenoma
formation. Results: Oral administration of oligonol protected against mouse colitis induced by dextran sulfate
sodium (DSS). Under the same experimental conditions, oligonol administration significantly inhibited the
activation of nuclear factor-kappa B and signal transducer and activator of transcription (STAT) 3 and ex-
pression of cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS), and cyclin D1 in the mouse
colon. Further, oligonol inhibited azoxymethane-initiated and DSS-promoted adenoma formation in the mouse
colon. Oligonol administration also attenuated lipid peroxidation (malondialdehyde) and protein oxidation
(4-hydroxy-2-nonenal), thereby preventing oxidative stress-induced apoptosis of colonic epithelial cells. In vitro
studies demonstrated that oligonol treatment reduced lipopolysaccharide-induced expression of interleukin
(IL)-1f, tumor necrosis factor o, il-6, cox-2, and inos in murine macrophage RAW 264.7 cells. In another study,
oligonol upregulated the antioxidant gene expression in the intestinal epithelial CCD841CoN cells and in the
mouse colon. Innovation: Oligonol, an innovative formulation of catechin-type oligomers derived from the
lychee fruit extract, was tested in this study for the first time to evaluate its effects on experimentally induced
colitis and colonic adenoma formation in mice. Conclusion: Oligonol is effective in protecting against DSS-
induced mouse colitis and colon carcinogenesis, suggesting that this polyphenol formulation may have a
potential for the amelioration of inflammatory bowel disease and related disorders. Antioxid. Redox Signal. 19,
102-114.

Introduction :
Innovation

THE INFLAMMATORY BOWEL DISEASE (IBD), such as ulcer-
ative colitis and Crohn’s disease, is a chronic relapsing
disease of the intestine. In IBD, the immune response is initi-
ated by the interaction among the components of the innate
immune system, including macrophages, dendritic cells, and
antigens (22). In addition, the intestinal epithelium is also
actively involved in the maintenance of immune homeostasis
in the gut (1).

Bacterial products such as lipopolysaccharides (LPS) are
recognized by mucosal macrophages via Toll-like receptor
(TLR) 4. It is accompanied by an increased capacity of these
cells to produce interleukin (IL)-1f, tumor necrosis factor

A majority of naturally occurring polyphenols exist in a
polymeric form and hence have a poor bioavailability
when intaken by humans as a part of the diet. Oligonol is
the low-molecular-weight oligomeric polyphenol, which is
produced by an innovative manufacturing process. Since
oligonol mainly consists of oligomers, it is anticipated to be
absorbed from the gut to a greater extent than the general
polyphenol extracts. We speculate that ingested oligonol
could reach the colon more readily than the polymer and
protects against colitis by acting directly on the intestinal
epithelial cells.
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(INF) «, and IL-6, causing the stimulation of nuclear factor-
kappa B (NF-xB) and signal transducer and activator of
transcription (STAT) 3 activation (20).

Five members of the NF-«B subunits include p65 (RelA),
RelB, c-Rel, p50/p105 (NF-xB1), and p52/p100 (NF-xB2). In
the canonical pathway, the p65/p50 heterodimer remains
inactive under the physiological condition by forming a
complex with the inhibitor of kB (IxB), but becomes activated
in response to diverse proinflammatory stimuli through in-
creased phosphorylation and degradation of IxBa by the
ubiquitin-proteasome system, thereby releasing the func-
tionally active NF-«xB (9) and regulating the transcription of
genes encoding cyclooxygenase-2 (COX-2) and inducible ni-
tric oxide synthase (iNOS) (12).

Activation of STAT3 is dependent on phosphorylation of
tyrosine residue 705 in the C-terminal transactivation domain
(TAD), which facilitates the dimerization of STAT3. The ac-
tivated dimer then translocates into the nucleus and upre-
gulates the genes encoding apoptosis inhibitors (e.g., Bel-x1
and Mcl-1) and cell cycle regulators (e.g., cyclins D1/D2 and
c-Myc) (2).

To cope with noxious insults, our body is endowed with
efficient defense systems that detoxify and eliminate those
harmful chemicals and their metabolites. Expression of cyto-
protective enzymes and related proteins, including heme
oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1
(NQO-1), thioredoxin (TXN), and glutathione peroxidase 2
(GPx-2), is believed to be an important means of protecting
cells against oxidative stress and other toxic insults. Free
radical-mediated damage is exacerbated by the depletion of
these above enzymatic antioxidant defenses accompanying
the inflammatory process (3).

Colorectal cancer is one of the most serious complications
of IBD. Dextran sulfate sodium (DSS) is toxic to colonic epi-
thelium, inducing severe colitis, which mimics human IBD (5).
DSS-induced generation of reactive oxygen species (ROS) is
responsible for inflammatory as well as oxidative tissue
damage (19). It has been demonstrated that treatment with
DSS in combination with the carcinogen azoxymethane
(AOM) enhances the development of aberrant crypt foci in
rats (25) and adenocarcinoma in mice (24).

A wide variety of phenolic substances derived from
edible plants have been reported to retain marked anti-
oxidative and anti-inflammatory properties (6). Dietary
polyphenols attenuate colonic signs of inflammation and
autoimmunity (23). Oligonol, a standardized formulation
consisting of 17.6% of catechin-type monomers and 18.6%
of proanthocyanidin dimers and trimers derived from
grape seeds or lychee fruit, possesses antioxidative and
anti-inflammatory properties. Oligonol inhibited glucose-
induced NF-«B activation in cultured renal tubular epi-
thelial cells (8). In addition, oligonol induced apoptosis
in the human breast cancer cells through modulation of the
proapoptotic Bcl-2 family proteins and the mitogen-
activated protein (MAP) kinase kinase (MEK)/extracellular
signal-regulated protein kinase (ERK) signaling pathways
(11). Topically applied oligonol inhibited the activation of
kinases, the DNA binding of CCAAT/enhancer-binding
protein (C/EBP) and activator protein-1 (AP-1), and sub-
sequent expression of COX-2 in mouse skin irradiated
with ultraviolet B (16). In addition, oligonol inhibited 12-
O-tetradecanoylphorbol-13-acetate  (TPA)-induced COX-2
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expression by blocking the activation of NF-xB and C/EBP,
as well as MAP kinases, and suppressed chemically induced
mouse skin tumorigenesis (17).

As a part of the program evaluating the health beneficial
effects of oligonol, we examined the effects of oligonol on the
development of colonic inflammation induced by DSS in
Crl:CD1 (ICR) mice. Further, the effect of oligonol on AOM
plus DSS-induced colonic adenoma formation was also as-
sessed in these mice.

Results

Oligonol ameliorated pathological symptoms
in a mouse DSS-induced colitis model

The body weight of DSS-treated mice was significantly
decreased after the day 4. However, oral administration of
oligonol attenuated the body weight loss during the DSS
treatment (Fig. 1A). Based on the severity of stool consistency
and rectal bleeding, DSS-induced pathogenic conditions were
scored from 0 to 4 (18). The sum was given into a form of the
disease activity index (DAI). Mice treated with DSS exhibited
serious symptoms with liquid stool and large amount of rectal
bleeding. Oligonol administration ameliorated the severity of
diarrhea and rectal bleeding (Fig. 1B). In addition, mice given
DSS developed colitis as evidenced by thickening of the bowel
wall and shortening of the colorectal length. Oral adminis-
tration of oligonol dampened DSS-induced shortening of the
colorectal length (Fig. 1C). We also performed histological
evaluation of dysplasia in the colonic crypts using hematox-
ylin and eosin (H&E) staining. While exposure to DSS com-
pletely disrupted the architecture of colonic mucosa and
induced infiltration of inflammatory cells and expansion of
lamina propria, mice given oligonol exhibited a preserved
colonic structure, clearance of inflammatory cells, and pre-
vention of lamina propria expansion (Fig. 1D, E).

Oligonol attenuated DSS-induced oxidative stress
and apoptosis in mouse colonic mucosa

Increased ROS production caused by DSS has been re-
ported to induce oxidative injury in colonic mucosa (19). DSS
administration increased the levels of malondialdehyde
(MDA) and 4-hydroxy-2-nonenal (4-HNE), two major hall-
marks of ROS-induced oxidative stress, in the mouse colon,
and this was attenuated by oligonol administration (Fig. 2A,
B, respectively). Oxidative stress can also cause apoptosis.
Oligonol also decreased DSS-induced intestinal epithelial cell
apoptosis detected by the terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL) assay (Fig. 2C).

Oligonol inhibited DSS-induced activation of NF-xB
and STAT3 and their target protein expression
in mouse colon

NF-«B and STATS3 are representative redox-sensitive tran-
scription factors that play key roles in intracellular inflam-
matory signal transduction. Activation of NF-«B is dependent
on its release from IxBo, which requires phosphorylation of
the latter protein. Oligonol attenuated the DSS-induced
phosphorylation and subsequent degradation of IxB« (Fig.
3A). Phosphorylation of p65 at the Ser”*® residue located in the
TAD of NF-«B is also important for activation of this tran-
scription factor (21). Oligonol inhibited the DSS-induced
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FIG.1. Oligonol ameliorated pathological symptoms in a mouse DSS-induced colitis model. Male ICR mice (5 weeks of
age) were treated with 3% DSS in drinking water for 7 days. Oligonol (0.5 or 5mg/kg/day) was mixed in tap water and
given orally for 7 days before DSS treatment and 7 days together with 3% DSS. (A) Gradual changes of body weight during
DSS administration in mice. (B) Disease activity index (DAI) as the sum of stool consistency and rectal bleeding was scored
from 0 to 4. (C) The comparison of the colon length at the day 7. (D) Representative distal colon sections stained with
hematoxylin and eosin (H&E). Magnifications x 100. (E) Histologic inflammatory score. Results are expressed as means+SD
(n=5, in each group). *p<0.05, *p <0.01 and ***p<0.001. DSS, dextran sulfate sodium; SD, standard deviation.

phosphorylation and nuclear translocation of p65, the major
functionally active subunit of NF-«B (Fig. 3A). It also abol-
ished the DSS-induced expression of COX-2 and iNOS in the
mouse colon, two major proinflammatory enzymes whose
expression is mainly regulated by NF-«xB (Fig. 4A). Likewise,

STAT3 is mainly activated via IL-6-gp130-JAK signaling,
leading to a direct phosphorylation on Tyr’®. Oligonol ex-
erted a significant inhibitory effect on DSS-induced phos-
phorylation of STAT3 at Tyr’® (Fig. 3B) and expression of its
target protein cyclin D1 (Fig. 4B).
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FIG. 2. Oligonol attenuated
DSS-induced oxidative stress
and apoptosis in mouse co-
lon.  Immunohistochemical
detection of MDA (A) and 4-
HNE-modified protein (brown
spots) (B) in mouse colon.
Magnificationsx200. (C) A
representative  photomicro-
graph showing apoptotic cells
stained with the ApopTag®
Kits to detect DNA strand
breaks. The experimental de-
tails are described in the Ma-
terials and Methods section.
Magnifications x 200. (a) Con-
trol; (b) DSS alone; (c) DSS+
Oligonol  (0.5mg/kg); (d)
DSS +Oligonol (5mg/kg); (e)
Oligonol  (5mg/kg) alone.
Animal treatment and other
experimental conditions are
described in the Materials and
Methods section.

Oligonol administration also ameliorated pathological (Supplementary Fig. S2). We also attempted to evaluate the
symptoms in the trinitrobenzene sulfonic acid (TNBS)- anti-inflammatory effects of oligonol in IL-10 knockout
induced mouse colitis model (Supplementary Fig. S1). (KO) mouse model. However, no significant colitis was
Likewise, TNBS-induced p65 phosphorylation and the ex- developed spontaneously in these mice (Supplementary
pression of COX-2 and iNOS were inhibited by oligonol  Fig. S3).
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Oligonol inhibited LPS-induced proinflammatory gene
expression in RAW 246.7 cells

After evaluation of anti-inflammatory activity of
oligonol in the DSS-induced mouse colitis model, we

examined its effect on expression of cytokines in macro-
phages upon stimulation with LPS, which is one of the
most potent proinflammatory agonists for monocytes
and macrophages. Oligonol treatment inhibited LPS-
induced expression of il-1f, tnf-o, il-6, cox-2, and inos at
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FIG. 5. Oligonol induced
LPS-induced proinflammtory
gene expression in RAW
246.7 cells. Reverse transcrip-
tion—polymerase chain reac-
tion (RT-PCR) analysis of
LPS-induced mRNA expres-
sion of cytokines, cox-2, and
inos in RAW 246.7 cells.
Data represent three inde-
pendent experiments (1=3).
Results are expressed as
means +SE. *p <0.05, *p <0.01,
and **p<0.001. LPS, lipo-
polysaccharide.

FIG. 6. Oligonol induced
the expression of antioxidant
enzymes in CCD841CoN cells
for the indicated durations.
(A) RT-PCR analysis of
mRNA expression of HO-1,
NQO-1, MnSOD, and TRX in
CCD841CoN cells. (B) Wes-
tern blot analysis of HO-1,
NQO-1, and TXNRD1 protein
expression in CCD841CoN
cells. Data represent three in-
dependent experiments (1 =3).
Results are expressed as
means +SE. *p<0.05, *p<0.01,
and **p<0.001. HO-1, heme
oxygenase-1; MnSOD, manga-
nese superoxide dismutase;
NQO-1, NAD(P)H:quinone
oxidoreductase 1; TXNRDI,
thioredoxin reductase 1.
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the mRNA level in mouse macrophage RAW 264.7 cells
(Fig. 5). These data suggest that oligonol may regulate the
macrophage functions in DSS-induced mouse colitis,
thereby decreasing proinflammatory cytokine production.

Oligonol induced the expression of antioxidant
enzymes in CCD841CoN cells and in the mouse colon

Since NF-xB or STAT3 are redox sensitive and their activation
is mediated by ROS to some extent, we investigated whether
oligonol could potentiate the antioxidative capacity of intestinal
epithelial cells in the context of its inactivation of aforemen-
tioned transcription factors in mouse colon. Oligonol at a con-
centration at 10 ug/ml or 20 ug/ml had no effect on the viability
of both RAW 246.7 cells and CCD841CoN cells (Supplementary
Fig. 54). Oligonol treatment increased mRNA expression of
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HO-1, NQO-1, manganese superoxide dismutase (MnSOD), and
TRX in CCD841CoN cells (Figs. 6A and 7A). The protein levels
of HO-1, NQO-1, and thioredoxin reductase 1 (TXNRD1) were
also elevated by oligonol treatment (Figs. 6B and 7B). As dem-
onstrated in Figure 8, oligonol administration upregulated the
expression levels of HO-1, NQO-1, TRX 1, and GPx-2 in the
mouse colon in vivo.

Oligonol inhibited AOM plus DSS-induced mouse
colon carcinogenesis

Inflammation can promote the carcinogenesis as seen in
IBD-associated CRC. Oligonol has an inhibitory effect on DSS-
induced mouse colitis, which mimics the human IBD. This
prompted us to determine whether oligonol could also inhibit
colon tumor formation by employing an AOM-initiated and
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FIG. 8. Oligonol induced the expression of antioxidant enzymes in mouse colon. (A) Western blot analysis of HO-1,
NQO-1, TRX 1, and GPx-2 levels in the supernatants of colon strips of control mice and oligonol (0.5 or 5 mg/kg)-treated mice
(n=>5 each group). Data are expressed as means+SE. *p <0.05, **p <0.01, and ***p <0.001. (B) Inmunohistochemical detection
of HO-1, NQO-1, and GPx-2 levels (brown spots) in mouse colon. Magnifications x 200. GPx-2, glutathione peroxidase 2.

DSS-promoted two-stage mouse colon tumor model. As de-
picted in Figure 9A, body weight loss was evident in mice
treated with AOM and DSS, and this was less severe in oligonol-
treated mice (Fig. 9A). Likewise, the shortening of the colon
length caused by AOM plus DSS treatment was attenuated by
oligonol administration (Fig. 9B, C). Oral administration of oli-
gonol lowered both the incidence and the multiplicity of colonic

adenoma (Table 1). Macroscopically, flat or nodular colonic
adenomas were found in the middle and distal colon of the
AOM plus DSS group (Fig. 9D). Likewise, histological exami-
nation of colon showed that high-grade dysplasia and colonic
adenoma were localized in the colonic mucosa of mice treated
with AOM and DSS at 8 weeks, all of which were alleviated by
oligonol administration (Fig. 9E).
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FIG.9. Oligonol inhibited AOM plus DSS-induced mouse colon carcinogenesis. (A) Effects of oligonol on body weight changes
in mice treated with AOM + DSS. (B) Comparison of the colon length at 8 weeks. Results are expressed as means+SD (=10 each
group). (C) A representative photograph of the mouse colon in each group. The incidence and the multiplicity of colonic adenomas.
For (A) and (B), data are expressed as means +SE (1= 10, in each group), *p <0.05. (D) Macroscopic view of the mouse colon in each
group. (E) Histopathology of colonic dysplasia. (a) Control; (b)) AOM +DSS; (c) AOM +DSS+Oligonol (0.5mg/kg); (d) AOM +
DSS +Oligonol (5 mg/kg); (e) Oligonol (5 mg/kg) alone. Animal treatment and other experimental conditions are described in the
Materials and Methods section. Magnifications x 200.

Discussion genesis. We initially utilized the DSS-induced mouse colitis
model that mimics human IBD. Treatment with DSS is known

In the present study, we investigated the anti-inflammatory  to increase the growth of gram-negative bacteria, which
and anticarcinogenic effects of oligonol on the experimental = produce LPS and thereby cause colitis via the activation of
models of colitis and inflammation-associated colon carcino- NF-«B and STAT3. Enhanced proliferation of gram-negative
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TaBLE 1. INCIDENCE AND MULTIPLICITY
ofF COLONIC ADENOMAS

Adenoma Adenoma
Treatment group n incidence (%)  multiplicity
Control 10 0.00 (0/10) 0.00
AOM +DSs 10 90.00 (9/10)  7.93%£2.02
AOM+DSS+0Oligonol 10 70.00 (7/10)  4.85+1.19°
(0.5mg/kg)
AOM+DSS+Oligonol 10 50.00 (5/10)  3.70+1.94°
(5mg/kg)
Oligonol (5 mg/kg) 10 0.00 (0/10) 0.00

Data are expressed as means+standard error.
2p<0.05 and "p<0.01 compared with AOM+DSS group.
AOM, azoxymethane; DSS, dextran sulfate sodium.

bacteria in the DSS-treated mouse colon was associated with
increased lipid peroxidation (19). Moreover, phagocytes
(neutrophils and macrophages) infiltrated into the colonic
mucosa are activated by proinflammatory factors that, in turn,
stimulate ROS production, particularly superoxide, leading to
oxidative stress. Based on these findings, it is speculated that
DSS may cause colitis through ROS production and subse-
quently oxidative tissue damage.

Since the redox-sensitive transcription factors NF-xB and
STATS3 regulate proinflammatory gene expression in a cooper-
ative way (10), inhibition of interplay between NF-«B and
STATS3 signaling is considered an effective strategy in the man-
agement of inflammatory ailments, including IBD. Compelling
evidence from population- and laboratory-based studies sup-
ports that the inhibition of inappropriate activation of NF-xB
and STAT3 by antioxidative and anti-inflammatory substances
derived from dietary or medicinal plants are effective for in-
hibiting IBD. We report here that oligonol abrogates over-
activation of NF-xB and STATS3 signaling in colonic mucosa of
mice in response to DSS treatment. Another important finding is
that oligonol treatment markedly decreased expression of IL-1f,
TNF-o, IL-6, COX-2, and iNOS in LPS-stimulated RAW 264.7
cells, and significantly increased the expression of several anti-
oxidant enzymes in the CCD841CoN cells and mouse colonic
mucosa. The inhibitory effects of oligonol on expression of
proinflammatory cytokines and antioxidant enzymes in cul-
tured cells may account for its anti-inflammatory effect observed
in the mouse colon in vivo. Considering NF-xB and STAT3 as
principal molecular links between inflammation and cancer (26),
these findings suggest that oligonol could be a potential candi-
date in chemoprevention of inflammation-associated colon car-
cinogenesis. The effect of oligonol on crosstalk between NF-«xB
and STATS3 signaling, especially with regard to their coordinated
roles in suppression of DSS-induced inflammation and carci-
nogenesis in mouse colon, merits further investigation.

It has been reported that administration of some antioxi-
dants reduces oxidative stress in the experimental colitis
models (15). Oligonol administration significantly decreased
oxidative stress-induced colonic tissue damage. In the
present study, oligonol administration enhanced antioxi-
dant enzyme expression and inhibited DSS-induced apo-
ptosis of epithelial cells in the mouse colon. The intestinal
epithelial monolayer could be a target for direct action of
oligonol against inflammation as well as oxidative stress.
These findings suggest that oral administration of oligonol
could preserve the intestinal epithelial barrier through an-
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tioxidative and antiapoptotic effects, thus conferring pro-
tection against colitis.

Oxidative stress, which often accompanies inflammation,
contributes to neoplastic transformation. IBD is considered
one of the major oxyradical-overload diseases, whereby
chronic inflammation results in a cancer-prone phenotype (14).
Kitajima et al. demonstrated the presence of macrophages
phagocytosing DSS in the middle and distal colon of mice a
day after the oral administration of this high-molecular-weight
compound, suggesting that DSS could be absorbed in the co-
lonic mucosa and acts as a tumor promoter in the colon car-
cinogenesis initiated with a low dose of AOM (13). The results
from our present study revealed that a single intraperitoneal
dose of AOM, followed by 2.5% DSS, produced colonic ade-
noma at 8 weeks, and oligonol treatment dampened colonic
epithelial malignancy induced by AOM plus DSS.

Recently, Fujii ef al. demonstrated that a serum concentration
of total phenolics peaked at 2h after an oral intake of oligonol
(200mg/day), and a gradual increase in the serum polyphenol
content was noted in healthy human subjects receiving oligonol
(100mg/day) for 6 months. According to the acute toxicity
study in mice, the LDsy of oligonol was found to be 5.024 g/kg
body weight, indicative of the relatively safe nature of this for-
mulation. Subacute and chronic toxicity studies in healthy vol-
unteers revealed that the intake of oligonol at doses lower than
200mg/day did not produce any apparent signs of toxicity (7).
We also noticed that treatment of mice with oligonol (5mg/kg/
day) for 6 weeks did not produce any adverse colonic reactions.
However, the intestinal absorption and metabolism of oligonol
remain largely unknown and need further investigation in the
context of the potential application of this formulation in the
management of human IBD.

In summary, oligonol provokes antioxidative effects by
increasing cytoprotective protein expression, which prevents
oxidative stress-induced apoptosis of colonic epithelial cells.
In addition, oligonol elicits anti-inflammatory effects by in-
hibiting DSS-induced activation of NF-«xB and STAT3 and
their target protein expression and suppresses AOM plus
DSS-induced colonic adenoma formation in mice. All these
findings, taken together, suggest that this polyphenol for-
mulation has the potential for use to ameliorate IBD and re-
lated abnormal conditions, and further clinical studies will be
necessary.

Materials and Methods
Animals

Male ICR mice (5 weeks of age) were purchased from
Central Lab. Animal, Inc. They were acclimated for 7 days
with tap water and a pelleted basal diet before the start of the
experiments. The animals were housed in plastic cages under
controlled conditions of temperature (23°C +2°C), humidity
(50% £10%), and light (12/12-h light/dark cycle).

Induction of DSS-induced colitis

DSS (molecular weight of 36,000-50,000) was obtained
from MP Biomedicals, LLC. Oligonol® (>95% purity) was
obtained from Amino Up Chemical Co., Ltd. (Sapporo,
Japan). A total of 25 mice were evenly divided into five ex-
perimental groups. The mice were treated with 3% DSS in
drinking water for 7 days. Oligonol (0.5 or 5 mg/kg/day) was
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mixed in tap water and given orally for 7 days before DSS
treatment and 7 days together with 3% DSS. After treatment
with DSS for 7 days, all mice were sacrificed by cervical dis-
location. Their colorectal parts were taken out, cut longitu-
dinally, and washed with phosphate-buffered saline (PBS).
For histopathological examination, the distal section of colon
tissues was fixed in 10% buffered formalin, whereas another
portion was flash-frozen in lipid nitrogen and kept at —70°C
for Western blot analysis.

Induction of AOM-initiated and DSS-promoted
colon carcinogenesis

AOM was purchased from Sigma Chemical Co. A total of 50
mice were divided into five experimental groups (10 mice per
group). The mice received a single intraperitoneal injection of
AOM at a dose of 10 mg/kg body weight. Starting 1 week after
the AOM injection, animals were exposed to 2.5% DSS in the
drinking water for 7 days. Oligonol (0.5 or 5mg/kg/day) was
given orally for 6 weeks after DSS treatment. Mice were then
sacrificed by ether overdose at 8 weeks. At autopsy, their large
bowel was excised and cut open longitudinally along the main
axis. After washing with PBS, the distal section of colon tissues
was fixed for histopathological examination.

Histopathological examination

Specimens of the colon fixed with 10% buffered formalin
were embedded in paraffin. Each section (4 um) was stained
with H&E. The fixed sections were examined by light mi-
croscopy for the presence of lesions. Histological evaluation of
the severity of inflammation was performed using a scoring
system (4), by a pathologist who was blinded to the treatment.

Immunohistochemical analysis

The dissected colon tissues were prepared for immuno-
histochemical (IHC) analysis of the expression patterns of
MDA, 4-HNE-modified protein, HO-1, NQO-1, and GPx-2.
Four-um sections of 10% formalin-fixed, paraffin-embedded
tissues were cut on silanized glass slides and deparaffinized
three times with xylene and rehydrated through graded al-
cohol bath. The deparaffinized sections were heated by using
microwave and boiled twice for 6 min in 10 mM citrate buffer
(pH 6.0) for antigen retrieval. To diminish nonspecific stain-
ing, each section was treated with 3% hydrogen peroxide and
4% peptone casein blocking solution for 15 min. For the de-
tection of respective protein expression, slides were incubated
with MDA, 4-HNE (JalCA, Nikken SEIL Co. Ltd.), HO-1
(Stressgen Biotechnologies Co.), NQO-1 (Abcam, Inc.), and
GPx-2 (Santa Cruz Biotechnology) antibodies at room tem-
perature for 40 min in Tris-buffered saline containing 0.05%
Tween 20, and then developed using respective horseradish
peroxidase (HRP)-conjugated secondary antibodies (rabbit,
mouse, or goat) EnVision " System (Dako). The peroxidase-
binding sites were detected by staining with 3,3’-diamino-
benzidine tetrahydrochloride (Dako). Finally, counterstaining
was performed using Mayer’s hematoxylin.

TUNEL assay

Apoptosis was detected by the TUNEL assay with the
ApopTag® Peroxidase In Situ Apoptosis Detection Kit (Mil-
lipore; Cat. S7100). The colon tissues treated with DSS in
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the presence or absence of oligonol were removed, rinsed
with PBS, and fixed in 10% buffered formalin (Fisher) for the
TUNEL assay. The apoptotic cells were visualized by light
microscopy.

Tissue lysis and protein extraction

Colon tissues were homogenized in an ice-cold lysis buffer
(150 mM NaCl, 0.5% Triton-X 100, 50 mM Tris—-HCI [pH 7.4],
20mM ethylene glycol tetra-acetic acid [EGTA], 1mM
dithiothreitol [DTT], 1 mM Naz;VO, and protease inhibitors,
1 mM phenylmethyl sulfonylfluoride [PMSF], and ethylene-
diaminetetraacetic acid [EDTA]-free cocktail tablet), followed
by a periodical vortex for 30min at 0°C. the lysates were
centrifuged at 14,000 rpm for 15 min at 4°C. The supernatants
were collected and stored at —70°C until use.

Fractionation of cytosolic and nuclear extracts

Cytosolic extracts were obtained from lysates dissolved in
hypotonic buffer A (10mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid [HEPES] [pH 7.8], 1.5mM MgCl,,
10mM KCI, 1mM DTT, 0.1 mM EDTA, and 0.1 mM PMSF)
with 10% Nonidet P-40 (NP-40) by homogenization and
vortex mixing at 10-min intervals for 3 h. After centrifugation
at 14,000 rpm for 15min, the supernatants (the cytosolic ex-
tracts) were collected and stored at —70°C until use. Pre-
cipitated pellets were washed with buffer A plus 10% NP-40 3
times to remove the remaining cytosolic components. Then,
the pellets were resuspended in buffer C (50 mM HEPES [pH
7.8], 50mM KCl, 300mM NaCl, 0.1 mM EDTA, 1mM DTT,
0.1mM PMSF, and 20% glycerol). After centrifugation at
14,000 rpm for 15min, the supernatants (nuclear extracts)
were collected and stored at —70°C until use.

Western blot analysis

For Western blot analysis, the total protein concentration was
quantified by using the bichinconinic acid (BCA) protein assay
kit (Pierce). Cell lysates (30-50 ug protein) were mixed and boiled
in a sodium dodecyl sulfate (SDS) sample buffer for 5 min before
8%—-15% SDS—polyacrylamide gel electrophoresis (SDS-PAGE).
They were separated by SDS-PAGE and transferred to a poly-
vinylidene difluoride (PVDF) membrane (Gelman Laboratory).
The blots were blocked in 5% fat-free dry milk in Tris-buffered
saline containing 0.1% Tween 20 (TBST) for 1h at room tem-
perature. The membranes were incubated for 12-24 h at 4°C with
dilutions of primary antibodies for o-tubulin, IxBa, p-p65, GPx-2
(Santa Cruz Biotechnology), lamin-B (Invitrogen), actin (Sigma
Aldrich), p-IxBo, p65, p-STAT3, STATS3, cyclin D1, TXN 1 (Cell
Signaling Technology), COX-2 (Cayman Chemical), iNOS (BD
Biosciences), HO-1 (Stressgen Biotechnologies Co.), NQO-1, and
TXNRDI1 (Abcam, Inc.). The membranes were washed, followed
by incubation with 1:4000 dilution of respective HRP-conjugated
secondary antibodies (rabbit, mouse or goat) (Zymed Labora-
tories) for 2h, and again washed with TBST. Protein expressed
was visualized with an enhanced chemiluminescence detection
kit (Amersham Pharmacia Biotech) and LAS-4000 image reader
(Fugi film) according to the manufacturer’s instructions.

Cell culture

The RAW 264.7 cells were obtained from the American Type
Culture Collection and maintained in DMEM containing 10%
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fetal bovine serum (FBS) and an antibiotic-antimycotic mixture
(Gibco BRL) at 37°C with 5% CO, and 95% air. The RAW 264.7
cells were treated with LPS (200 ng/ml; Sigma Aldrich) in the
presence or absence of oligonol (10 or 20 ug/ml).

The CCD841CoN cells were obtained from the American
Type Culture Collection and maintained in an MEM con-
taining 10% FBS and ajn antibiotic-antimycotic mixture
(Gibco BRL). CCD841CoN cells were treated with oligonol (5,
10, or 20 ug/ml) for 3-24 h.

After treatment, the media in the apical side were harvested
and centrifuged at 7500 g for 5min at 4°C. The cells were
suspended in the cell lysis buffer (Cell Signaling Technology).
After centrifugation at 13,000 ¢ for 15min, the supernatant
was collected and stored at —70°C until use.

Reverse transcription—polymerase
chain reaction analysis

Total RNA was isolated from RAW 264.7 and CCD841CoN
cells using TRIzol® reagent (Invitrogen) according to the
manufacturer’s protocol. To generate the cDNA from RNA,
1 ug of total RNA was reverse transcribed with murine leu-
kemia virus reverse transcriptase (Promega) for 50 min at
42°C and again for 15min at 72°C. About 1 ul of cDNA was
amplified with a PCR mixture (HyMed) in sequential reac-
tions. The primers used for each reverse transcription—poly-
merase chain reaction reactions are as follows: IL-1f, 5-GCC
CAT CCT CTG TGA CTC AT-3’and 5-AGG CCA CAG GTA
TTT TGT CG-3’; TNF-0, 5-TGA ACT TCG GGG TGA TCG
GTC-3"and 5-AGC CTT GTC CCT TGA AGA GAA C-3;IL-6,
5-AGT TGC CTT CTT GGG ACT GA-3’ and 5-TCC ACG
ATT TCC CAG AGA AC-3; COX-2, 5-CTG GTG CCT GGT
CTG ATG ATG-3 and 5-GGC AAT GCG GTT CTG ATA
CTG-3’;iNOS, 5-GTT CTC AGC CCA ACA ATA CAA GA-3’
and 5-GTG GAC GGG TCG ATG TCA C-3’; Actin, 5-AGA
GCA TAG CCC TCG TAG AT-3" and 5-CCC AGA GCA
AGA GAG GTA TC-3; HO-1, 5-CAG GCA GAG AAT GCT
GAG TTC-3’and 5-GAT GTT GAG CAG GAA CGC T-3;
NQO-1, 5-GAG GAC CTC CTT CAA CTA TG-3" and 5-CCT
TTG TCA TAC ATG GCA GC-3"; MnSOD, 5"-CCT GAA CGT
CAC CGA GGA GAA G-3 and 5-CTC CCA GTT GAT TAC
ATT AGT-3; TRX, 5- GCT CAG GAG GTC TGG CAG CTG
CTA AG-3 and 5-GTG CAA GCA TCT CTT CCT ATT GCC
AG-3; GAPDH, 5-AAG GTC GGA GTC AAC GGA TTT-3’
and 5-GCA GTG AGG GTC TCT CTC CT-3’ (forward and
reverse, respectively). Amplification products were analyzed
by 2% agarose gel electrophoresis, followed by staining with
SYBR Green (Invitrogen) and photographed using fluores-
cence in LAS-4000 (Fugi film).

Statistical analysis

Except for the data on the DAI score, colon length, and his-
tologic inflammatory score expressed as the mean +standard
deviation, all the other values were expressed as the
mean *standard error of at least three independent experiments.
Statistical significance was determined by the Student’s t-test,
and p <0.05 was considered to be statistically significant.
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Abbreviations Used
4-HNE = 4-hydroxy-2-nonenal
AOM = azoxymethane
AP-1 = activator protein-1
BCA = bichinconinic acid
C/EBP = CCAAT/enhancer-binding protein
COX-2 = cyclooxygenase-2
CRC = colorectal cancer
DAI =disease activity index
DSS = dextran sulfate sodium
DTT = dithiothreitol
EDTA = ethylenediaminetetraacetic acid
EGTA = ethylene glycol tetra-acetic acid
ERK = extracellular signal-regulated protein kinase
FBS = fetal bovine serum
GPx-2 = glutathione peroxidase 2
H&E =hematoxylin and eosin
HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid
HO-1 =heme oxygenase-1
HRP =horseradish peroxidase
IBD =inflammatory bowel disease
THC = immunohistochemical
IL =interleukin
iNOS = inducible nitric oxide synthase
IxB = inhibitor of kB
KO = knockout
LPS =lipopolysaccharide
MAP =mitogen-activated protein
MDA = malondialdehyde
MnSOD = manganese superoxide dismutase
NF-xB =nuclear factor-kappa B
NP-40 = Nonidet P-40
NQO-1=NAD(P)H:quinone oxidoreductase 1
PAGE = polyacrylamide gel electrophoresis
PBS = phosphate-buffered saline
PMSF = phenylmethyl sulfonylfluoride
PVDF = polyvinylidene difluoride
ROS =reactive oxygen species
RT-PCR =reverse transcription-polymerase chain reaction
SD =standard deviation
SDS = sodium dodecyl sulfate
SE = standard error
STAT =signal transducer and activator of transcription
TAD = transactivation domain
TBST = Tris-buffered saline containing 0.1% Tween 20
TLR = Toll-like receptor
TNBS = trinitrobenzene sulfonic acid
TNF = tumor necrosis factor
TPA =12-O-tetradecanoylphorbol-13-acetate
TUNEL = terminal deoxynucleotidyl transferase dUTP
nick-end labeling
TRX = thioredoxin
TXNRD1 = thioredoxin reductase 1
WT = wild-type




