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Urinary Level of 8-OHdG

Data on urinary 8-OHdG (ng/mg creatinine) are shown in
Fig. 4C. The level of Group | (7.10 & 1.60, P < 0.001) was
significantly greater than that of Group 5 (3.20 £ 1.79). The
values of Groups 2 (430 & 1.57. 2 < 001) and 3 370 &
1.334, P < 0.001) were significantly smaller than that of Group
I The levels of Groups 4 (4.00 £ 1.22) and 5 were comparable.

DISCUSSION
The results of this study clearly indicate that a novel prodrug
of the already known colon cancer chemopreventive agent 3-(4'-

geranyloxy-3'-methoxyphenyl)-2-traus-propenoic acid  effec-
tively inhibited AOM/DSS-induced. colitis-related. colonic car-
cinogenesis without any adverse effects in mice. Dictary feeding
with GAP cxerted its cancer chemopreventive ability by mod-
ulating cell proliferation, suppressing oxidative damage (tissue
expression and urinary level of 8-OHdG), and enhancing an an-
tioxidant enzyme. HO-1, in the inflamed colon. This is the first
report showing that a prodrug, GAP. exerts cancer chemopre-
ventive ability in colitis-related colon carcinogenesis.

The incidence and multiplicity of colonic tumors ia the mice
received AOM and 1% DSS in the current study were higher
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than our previous dose-response study (401 this may be due
to the ditference of intake of 1% DSS-containing drinking wa-
ter: 11.06 £ 0.05 m¥/mouse/day in this study and 8.60 4: 0.94
ml/mouse/day in a previous investigation (40). Dietary GAP was
able to modulate the endpoints measures in a dose-dependent
mannet, but the effects on tumor (total tumors and adenoma)
multiplicity were comparable. The reason for this is unknown,
However, the effects of GAP on the multiplicity of colonic
adenocarcinoma suggest the inhibition of progression and the
presence of dose-dependent ctficacy. Therefore, we should de-
termine the dose-dependency of the inhibition by GAP wilizing
3 or more doses in future studies.

Like ferulic acid (41), our data on 8-OHdG in the colon and
urine suggests the antioxidative potential for GAP. Diclary ad-
ministration of GAP eflectively lowered the tissue expression
of 8-OHUG in the intlamed colon as well as the urinary evel
of 8-OHJG. One ol the markers of oxidative stress is B-OHAG,
which results from free radical damage to guanine (42). Elevated
fevels of 8-OHdG have been correlated with malignancy in the
colon ol rats (43) and humans 1), B-Oxodeoxyguanosine, the
tautomer of 8-OHUG, induces errors in DNA replication, specit-
ically G-to-T transversions (43). Phenolic antioxidants in foods
have been shown to reduce markers of uxidative stress and sup-
press carcinogenesis in cortain tissues (46). For example, cat-
cchins in tea reduce urinary 8-OHdG content und are effective
chemopreventives in the F3d4 model of colon carcinogenesis
(47). In IBD patients. oxidative DNA damage and decrease in
antiaxidant activily are known {32}, We previausly reported in-
creased oxidative damage in the inflamed colon ol mice treated
with DSS (26~28). and modulation ol oxidative damage could
prevent cancer occuirrence t13.29). As found in a phase Hactin-
ical chemoprevention trial with green tea polyphenols in which
urinary 3-OHdG can be monitored to determine oxidaisve stress
condition (48}, urinary concentration of 8-OHAG serves as a
practical biomarker of oxidative DNA damage n prechnical
animal studies.

In the ctirrent study. the treatment with GAP in diet signifi-
cantly lowered colonic inflammation induced by DSS. Because
chronic inflammation involves in carcinogenesis. suppression of
chronic inflammation through modulation of expression of sev-
eral pro-inflammatory gene products that mediate a critical role
in several events of carcinogenesis may result in cancer chemo-
prevention (49). Ferulic acid and EGMP have anti-intlammatory
effects and inhibition of iINOS expression and thereby suppress
carcinogenesis (8.15.23). In fact, our recent study demonstrated
that modulation of inflammation and expression of COX.2
and iNOS in the colon contributes 1o suppression of colitis-
related colon carcinogenesis (30). Because sceveral molecular
targets for suppression of inflammation-associated carcinogen-
esis were proposed (31). further studies are warranted for de-
tailed mechanisms by which GAP inhibits inflammation-related
carcinogenesis.

Interesting findings observed in this study are that GAP
treatment enhanced HO-1 expression in the colon of mice that
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Article history: The inhibitory effects of exogenous melatonin (MEL) on colon oncogenesis were investigated using an
Received 29 july 2008 azoxymethane (AOM)/dextran sodium sulfate (DSS) rat model. Male F344 rats initiated with a single
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intraperitoneal injection of AOM (20 mg/kg bw) were promoted by 1% (w/v) DSS in drinking water for
7 days. They were then given 0.4, 2 or 10ppm MEL in drinking water for 17 weeks. At week 20, the

development of colonic adenocarcinoma was significantly inhibited by the administration with MEL

Keywords:
Melatonin

Colitis

Colorectal cancer
Biomarkers

Rats

dose-dependently. MEL exposure modulated the mitotic and apoptotic indices in the colonic adenocarci-
nomas that developed and lowered the immunohistochemical expression of nuclear factor kappa B, tumor
necrosis factor o, interleukin-1@ and STAT3 in the epithelial malignancies. These results may indicate the
beneficial effects of MEL on colitis-related colon carcinogenesis and a potential application for inhibiting
colorectal cancer development in the inflamed colon.

© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The pineal production of melatonin (MEL) is controlled by
an endogenous clock, the suprachiasmatic nuclei (SNC) of the
hypothalamus, which is synchronized by the light/dark cycle,
detected by photoreceptors located at the retinal ganglion cells.
Neurons from the SCN project to the superior cervical ganglia
and postganglionic noradrenergic fibers innervate pinealocytes.
In darkness, the norepinephrine released from these sympathetic
fibers promotes the synthesis of MEL. The maximum produc-
tion of MEL within the pinealocytes occurs at night in response
of a signal from the eye indication the absence of light. MEL
acts as a circadian rhythm monitor, free radical scavenger and

Abbreviations: ALT, alanine aminotransferase; AOM, azoxymethane; AST, aspar-
tate aminotransferase; COX, cyclooxygenase; CRC, colorectal cancer; DSS, dextran
sodium sulfate; dUTP, deoxyuridine triphosphate; H & E, hematoxylin and eosin;
HDL, high-density lipoprotein; 1BD, inflammatory bowel disease; IL, interleukin;
iNOS, inducible nitric oxide; LDL, low-density lipoprotein; MEL, melatonin; Mi,
mitotic index; NF-iB, nuclear factor-kappa B; PCNA, proliferative cell nuclear
antigen; SNC, suprachiasmatic nuclei; ssDNA, single stranded DNA; T-Cho, total
cholestercl; TdT, terminal deoxynucleotidy! transferase; TG, triglycerides; TNF,
tumor necrosis factor; TUNEL, TdT-mediated dUTP-biotin nick end labeling; VLDL,
very low-density lipoprotein,

* Corresponding author. Tel: +81 76 218 8116: fax: +81 76 286 6926.

E-mail address: takutt@kanazawa-med.ac jp (1. Tanaka).

0009-2797/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi: 10.1016/4.¢bi, 2008.10.047

antioxidant, cytoprotective agent, immunomodulator, endocrine
modulator, oncostatic agent and thermo regulator {1,2]. A pineal
disturbance influences the pathogenesis and the phenotypic vari-
ations of metabolic syndrome {3]. Regarding the effects of MEL
on oncogenesis, epidemiological studies provided evidence of the
potential risk factor of alight at night in breast cancer with its
involvement in the entire circadian axis rather than just MEL
depression {4}, endometrial cancer [5] and colorectal cancer (CRC)
{6]. Experimental studies { 7] suggest the protective effects of exoge-
nous MEL on carcinogenesis mainly the in mammary gland {8}
and other tissues including the colon {9-12], liver {13], skin {14]
and pancreas [15]. The protective effects of MEL on oncogenesis
are considered to be due to its antioxidative ability [16], antimu-
tagenic potential [17] and alterations of MEL receptor-mediated
metabolism [18]. Blask et al. postulated a new mechanism by which
physiological and pharmacological blood levels of MEL inhibit
cancer growth in vivo via a MEL-induced suppression of tumor
linoleic acid uptake and its metabolism to the important mito-
genic signaling molecule 13-hydrexyoctadecadienoic acid [19].In
addition, MEL is capable of inhibiting chemically induced col-
itis [20,21]. The anti-inflammatory action of MEL {22] is due
to the suppression of COX-2 and iNOS expression {20} and the
inhibition of nuclear factor-kappaB (NF-xB) [21]. These findings
stimulate the clinical interest of MEL and suggest clinical applica-
tions of MEL and MEL agonists in encology and chemoprevention

{1}
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CRC is one of the leading causes of cancer deaths in the West-
ern countries, Globally, the mortality of CRC is 655,000 deaths per
year in 2005 [23]. Inflammation is known to be linked with CRC
development as it is in epithelial malignancies in other tissues
[24]. The risk of CRC in the patients with inflammatory bowel dis-
ease (1BD), including ulcerative colitis, increases with the increasing
extentand duration of the disease [25]. Amouse model wasrecently
established for colitis-related colon carcinogenesis [26] to inves-
tigate the pathogenesis [27-29] and chemoprevention [30,31] of
inflammation-related CRC. In this mouse model of inflammation
related two-stage colon carcinogenesis, different colonic carcino-
gens can be used in combination with a colitis-inducing agent,
dextran sodium sulfate (DSS) and many colonic tumors develop
within a short-term period [26,32-34]. In this model, the powerful
tumor promoting effect of DSS may be due to oxidative/nitrosative
stress caused by DSS-induced colitis [27-29]. This suggests that
oxidative/nitrosative DNA damage associated with inflammation
is involved in carcinogenesis and thus it is important to control the
events that result in inflammation-related carcinogenesis [35]. In
humans, oxidative stress also plays a key role in the pathogenesis
of IBD-related intestinal damage [36].

Many drugs and chemopreventive agents are introduced for
treatment or chemoprevention of 1BD and 1BD-related CRC {37].
The current study investigated whether MEL exerts cancer chemo-
preventive ability in colitis-associated colon carcinogenesis using
a rat model [38,39], where the treatment schedule of AOM and
DSS was similar to that in the mouse model [26]. In addi-
tion, the effects of MEL on the immunohistochemical expression
of several biomarkers for colon oncogenesis including NF-kB,
tumor necrosis factor (TNF)q, interleukin (IL)-1 and STAT3 [40,41}
were studied in the colonic epithelial malignancies (adenocar-
cinomas). Additionally, effects of MEL on cell proliferation and
apoptosis in the colonic adenocarcinomas were evaluated by the
proliferation associated indices, proliferative cell nuclear antigen
(PCNA) and Ki67 (MIB-5) and the apoptosis indices, the ter-
minal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine
triphosphate (dUTP)-biotin nick end labeling (TUNEL) method
and the rabbit polyclonal anti-single stranded DNA (ssDNA)
method.

2. Materials and methods
2.1. Animals, chemicals and diets

Male F344 rats (Charles River Japan, Tokyo, Japan) aged 5 weeks
were used in this study. The animals were maintained in Kanazawa
Medical University Animal Facility according to the Institutional
Animal Care Guidelines. All animals were housed in plastic cages
(3 or 4 rats/cage) with free access to tap water and a pelleted basal
diet (CRF-1, Oriental Yeast, Co., Ltd., Tokyo, Japan) under controlled
conditions of humidity (50 £ 10%), lightning (12-h light/dark cycle)
and temperature (23 +2°C). They were quarantined for 7 days
after arrival and randomized by body weight into experimental
and control groups. A colonic carcinogen AOM was purchased from
Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). DSS with a molec-
ular weight of 36,000-50,000 was obtained from MP Biomedicals,
LLC (Aurora, OH). DSS for induction of colitis was dissolved in dis-
tilled water at 1% (w/v), MEL (Sigma-Aldrich Chemical Co.) was
dissolved in distilled water at concentrations of 0.4, 2 and 10 ppm
(wjv) just before used. The preparation was done every day and
animals received fresh MEL-containing drinking water in dark bot-
tles. Animals had access to food and drinking water at all times. All
handling and procedures were carried out in accordance with the
Institutional Animal Care Guidelines.

2.2. Experimental procedures

The Institutional Animal Care and Use Committee evaluated all
animal procedure associated with the present study and assured
that all proposed methods were appropriate.

A total of 140 male F344 rats were divided into 9 experimen-
tal and control groups, as shown in Table 1. The rats in groups 1
through 6 were initiated by a single intraperitoneal injection of
AOM (20 mg/kg body weight). Starting 1 week after the injection,
2% DSS in drinking water was administrated to rats of group 1
(n=25) for 7 days and then followed without any further treat-
ments for 18 weeks. Groups 2-4 (n=25 for each group) were given
drinking water containing 0.4, 2 and 10ppm MEL for 17 weeks,
respectively, starting 1 week after the cessation of DSS exposure.
Group 5 (n=8) received AOM and 10 ppm MEL. Group 6 (n=8) was
given AOM alone. Group 7 (n=_8) was given 2% DSS alone. Group
8 (n=8) received 10 ppm MEL alone. Rats of group 9 (n=8) did not
receive any treatments and served as an untreated control. MEL was
given to rats belonging to groups 2--5, 7 and 8 at night (from 18:00
to 9:00). The highest dose used in this experiment was based on
the report by Li et al. [21], in which the dose significantly inhibited
colitis-induced 2,4,6-trinitrobenzene by in rats. All animals were
subjected to a complete gross necropsy examination at the time
of euthanasia by CO; asphyxiation (week 20). The body, liver and
spleen were weighed.

At necropsy, the colons were flushed with saline, excised,
their length measured (from ileocecal junction to the anal verge),
cut open longitudinally along the main axis and then washed
with saline to remove feces. They were cut and fixed in 10%
buffered formalin for at least 24 h. The histopathological examina-
tion was performed on paraffin-embedded sections, after staining
with hematoxylin and eosin (H & E). Colonic tumors were diag-
nosed according to the Ward’s description [42]. In brief, if the
tumors with tubular formation invaded into the submucosa, the
tumor was diagnosed as an adenocarcinoma. When the tumors
with glandular structure did not invade the submucosa or depth
and compressed the surrounding crypts, the tumor was diag-
nosed as an adenoma. The scoring (incidence and multiplicity)
of the tumors was done on the H & E-stained tissue sections.
The mitotic index (MI) was determined by counting number of
mitoses per 100 adenocarcinoma cells on the H & E-stained sec-
tions.

2.3. Clinical chemistry

At the end of the 20-week experimental period, 5 rats randomly
selected from each group were fasted overnight and then were
anesthetized with sodium pentobarbital (30 mg/kg, i.p., Dainippon
Pharmaceutical Co., Ltd., Osaka, Japan) for a biochemical analysis.
Blood from the inferior vena cava was collected into tubes contain-
ing EDTA and centrifuged (1500 x g, 10min, 4 °C). The serum was
aspirated and assayed as described below.

The serum levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were assayed using commer-
cially available kits (Wako Pure Chemical Industries, Ltd., Osaka,
Japan). Serum total cholesterol (T-Cho), triglycerides (TG), high-
density lipoprotein (HDL), low-density lipoprotein (LDL) and very
low-density lipoprotein (VLDL) levels were determined using com-
mercial kits (BioVision Incorp., Mountain View, CA, USA). The serum
glucose level was measured by the glucose oxidase method (Wako
Pure Chemical Industries) and the serum levels of insulin (Wako
Pure Chemical Industries) and leptin (GE Healthcare Bio-Sciences
Corp., Picscataway, NJ, USA) were determined by sandwich ELISA
kits.
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Table 1
Effects of melatonin on the development of colonic adenoma and adenoccarcinoma.

Group no. Treatment No. of rats examined Incidence (%) Multiplicity (no. of tumorsjcolon)
AD ADC AD ADC

1 AQM/2% DSS? 25 100 100 7.56 + 189 8.16::2.36

2 AOMJ2% DSS +0.4 ppm MEL 25 96 92 5.324+2.19¢ 4082474

3 AOM/2% DSS +2 ppm MEL 25 76¢ 72f 32442284 23642434

4 AOM/2% DSS+10 ppm MEL 25 688 64h 2.28 1994 1.68+2,08¢

5 AOM + 10 ppm MEL 8 0 0 0 1]

6 AOM . 8 1] 0 0 0

7 2% DSS 8 0 a 0 o

8 10ppm MEL 8 4] 1} [i] 0

9 Untreated 8 a 0 0 0

3 AOM, azoxymethane; DSS, dextran sodium sulfate; MEL, melatonin; AD, adenoma; ADC, adenocarcinoma.

b Mean+S.D.

¢ Significantly different from the AOM/DSS group (group 1) by Turkey-Kramer multiple comparison post-test (p<0.01).
4 Significantly different from the AOM/DSS group (group 1) by Turkey-Kramer multiple comparison post-test {(p<0.001).
e Significantly different from the AOM/DSS group (group 1) by Fisher's exact probability test (p=0.0111).

f Significantly different from the AOM/DSS group (group 1) by Fisher’s exact probability test (p=0.0048).

$ Significantly different from the AOM/DSS group (group 1) by Fisher's exact probability test (p=0,0020).

h gignificantly different from the AOM/DSS group (group 1) by Fisher’s exact probability test (p=0.0008).

2.4. Scoring of inflammation in the large bowel

Two longitudinal H & E-stained sections of a whole colon were
made from all rats. Inflammation with or without mucosal ulcer
in the large bowel was scored on the H & E-stained sections. For
scoring, large intestinal inflammation was graded according to the
following morphological criteria {43]: grade 0, normal appearance;
grade 1, shortening and loss of the basal 1/3 of the actual crypts
with mild inflammation in the mucosa; grade 2, loss of the basal
2/3 of the crypts with moderate inflammation in the mucosa; grade
3, loss of entire crypts with severe inflammation in the mucosa
and submucosa, but retaining of the surface epithelium and grade
4, presence of mucosal ulcer with severe inflammation (infiltra-
tion of neutrophils, lymphocytes and plasma cells) in the mucosa,
submucosa, muscularis propria andfor subserosa. The scoring was
performed on the entire colon with or without proliferative lesions
and expressed as a mean average scorefrat.

2.5. Immunohistochemistry of NF-«B, TNFa, IL-1 8, STAT3, PCNA,
MIB-5, TUNEL and ssDNA

The immunohistochemical analysis of the colon adenocarci-
noma cells for the NF-kB, TNFa, IL-1(3, STAT3, PCNA, MIB-5, TUNEL
and ssDNA antibodies was performed on 4-pm-thick paraffin-
embedded sections by the labeled streptavidin biotin method using
a LSAB KIT (DAKO Japan, Kyoto, Japan), with microwave accen-
tuation. The paraffin-embedded sections were heated for 30 min
at 65°C, deparaffinized in xylene and rehydrated through graded
ethanol at room temperature. Tris—HC! buffer (0.05M, pH 7.6) was
used to prepare the solutions and was used for washes between the
various steps. Incubations were performed in a humidified cham-
ber.

The sections were treated for 40 min at room temperature with
2% bovine serum albumin and incubated overnight at 4°C with
primary antibodies. The primary antibodies included anti-NF-«B
p50 (H-119) rabbit polyclonal antibody (#sc-7178, 1: 500 dilution;
Santa Cruz Biotechnology, Inc,, Santa Cruz, CA, USA), anti-human
TNFw rabbit polyclonal antibody (#ab6671, 1:500 dilution; Abcam,
Inc., Cambridge, MA, USA), anti-mouse IL-1[3 rabbit polyclonal anti-
body (#15-B40, 1:250 dilution; LifeSpan BioSciences, Inc., Seattle,
WA, USA), anti-mouse STAT3 rabbit polyclonal antibody (#ab31370,
1:250 dilution; Abcam, Inc.), anti-human PCNA mouse monoclonal
antibody (DAKO #U 7032, 1:1000 dilution; DakoCtytomation,
Kyoto, Japan), mouse monoclonal antibody anti-rat Ki-67 {clone

MIB-5, #M7248, 1:100 dilution; DakoCytomation) and anti-ssDNA
rabbit polyclonal antibody (#A4506, 1:1000 dilution; DakoCytoma-
tion). These antibodies were applied to the sections according to
the manufacturer’s protocol. Horseradish peroxidase activity was
visualized by treatment with H,0; and 3,3'-diaminobenzidine for
5min. At the last step, the sections were weakly counterstained
with Mayer's hematoxylin (Merck, Tokyo, Japan). For each case, neg-
ative controls were performed on serial sections without the first
antibodies.

The levels of apoptosis in tumor tissues determined by the
TUNEL method were done on 4-pm formalin-fixed, paraffin-
embedded tissue sections of colonic adenocarcinomas, according
to manufacturer's instructions using the Apoptosis in situ Detec-
tion Kit Wako (Cat. No. 298-60201, Wako Pure Chemical Industries,
Ltd., Osaka, Japan). The kit is based on the TUNEL procedure.
Appropriate positive and negative controls for determining the
specificity of staining were generated. Negative controls were
processed in the absence of the TdT enzyme in the reaction
buffer, Sections of tissue digested with nuclease enzyme and
colon lymphoid nodules, which are known to exhibit high rates
of apoptosis, were used as positive controls. The color was
developed with the peroxidase substrate 3,3’-diaminobenzidine
and sections were counterstained with Mayer’s hematoxylin
(Merck).

2.6. Immunohistochemical evaluation

The immunoreactivity against each antibody was assessed in
large colonic adenocarcinomas (more than 3mm in diameter)
developed in groups 1-4 using a microscope (Olympus BX41,
Olympus Optical Co., Tokyo, Japan). Intensity and localization of
immunoreactivity against the primary antibodies were determined
by two pathologists (TT and TO) who were unaware of the treatment
group to which the slide belonged. They evaluated the immunore-
activity against the NF-kB, TNFo, IL-1f3 and STAT3 antibodies with
grading between 0 and 5: 0 (~15% of the colonic cancer cells
showing positive reactivity), 1 (16-30% of the colonic cancer cells
showing positive reactivity), 2 (31-45% of the colonic cancer cells
showing positive reactivity), 3 (46-60% of the colonic cancer cells
presenting positive reactivity), 4(61-75% of the colonic cancer cells
showing positive reactivity) and 5 (~75% of the colonic cancer cells
showing positive reactivity).

The number of nuclei with positive reactivity for PCNA-, MIB-5,
ssDNA and TUNEL-immunohistochemistry were counted in a total
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of 3 x 100 cells in three different areas of the colonic cancer and
expressed as percentage (mean-S.D).

2.7. Statistical evaluation

Where applicable, data were analyzed using one-way ANOVA
with Tukey-Kramer Multiple Comparisons Test or Bonferroni
(GraphPad Instat version 3.05, GraphPad Software, San Diego, CA,
USA)with p < 0,05 as the criterion of significance. The Fisher’s Exact
Probability test was used for comparison of the incidence of lesions
between the two groups.

3. Results
3.1. General observation

During the experiment, a few animals that received AOM/DSS
(group 1) or AOM/DSS/MEL (groups 2-4) had bloody stools, but
the symptom disappeared soon after stopping of the DSS treat-
ment. At weeks 18-20, some rats of these groups had bloody
stools again and anal prolapse with a rectal tumor. Other groups
did not show any symptoms that were related to the treat-
ments. The mean daily intakes of DSS (38.5 + 1.3 ml/day for groups
1-4 and 7), MEL (9.0+ 1.4mi/day for groups 2-5 and 8) and
distilled water (39.5 + 0.6 ml/day for groups 6 and 9) were com-
parable among the groups. The rats of group 8 that received
10ppm MEL alone for 17 weeks were healthy throughout the
study. The mean body weight of group 3 (AOM/DSS/2 ppm MEL,
3524 11g, p<0.05) was greater than that of group 1 (AOM/DSS,
338+12g) at the end of the study. The mean liver weights
did not significantly differ among the groups. The mean rela-
tive liver weight (g/100g body weight) of group 1 (3.25:0.08,
p<0.001) was larger than that of the untreated control group
(group 9, 2.88 +0.05). The values of groups 2 (AGM/DSS/0.4ppm
MEL, 2.87 £+ 0.04, p<0.001), 3 (AOM/DSS/2 ppm MEL, 3.13 £0.04,
p<0.001) and 4 (AOM/DSS/10 ppm MEL, 3.18 +0.07, p<0.01) were
smaller than that of group 1. However, a histopathological examina-
tion revealed no significant morphological alterations in the organs
other than the colon.

3.2. Pathological findings

Macroscopically, nodular and polypoid colonic tumors were
observed in the middle and distal colon of rats in groups 1 through
4. These tumors were histopathologically tubular adenoma (Fig. 1A}
or tubular adenocarcinoma (Fig. 1B), some of which invaded into
the submucosa or serosa. Dysplastic crypts (Fig. 1C) and mucosal
ulcers (Fig. 1D) were also observed in the surrounding of the neo-
plasms. Enlarged lymph nodes with inflammation were present
around the tumors. Rats of group 5 (AOM/10 ppm MEL), group 6
(AOM alone), group 7 (2% DSS alone), group 8 (10 ppm MEL alone)
and group 9 (untreated) had no tumors in all the organs examined,
including the large bowel.

3.3. ‘Incidence and multiplicity of colonic tumors and multiplicity
of high-grade dysplasia

Table 1 lists the incidences and multiplicities of the colonic
tumors. Group 1 (AOM/DSS) had 100% incidence of colon
adenocarcinomas with a multiplicity of 8.16+2.36. In con-
trast, the incidences of colonic adenocarcinoma of group 2
(AOM/DSS/0.4 ppm MEL, 92%), group 3 (AOM/DSS/2 ppm MEL, 72%,
p=0.0048) and group 4 (AOM/DSS/10 ppm MEL, 64%, p=0.0008)
were low in comparison to that of group 1. Also, the multiplicities
of colonic adenacarcinoma of group 2 (4.08 + 2.47, p<0.001), group

3(2.36+£2.43, p<0.001) and group 4 (1.68 +2.08, p<0.001) were
significantly lower than that of group 1.

High-grade dysplastic crypts (Fig. 1C) developed in the large
bowel of rats in groups 1 through 4 (Table 2). In comparison to group
1 (AOM/DSS), MEL treatment after AOM/DSS exposure significantly
lowered the multiplicity of high-grade dysplasia.

3.4. Inflammation score in the colon

Table 2 summarizes data on scores of colonic inflaimmation
at week 20. The mean inflammation score of group 1 (AOM/DSS,
1.88) was the greatest among the groups. The scores of group
2 (AOM/DSS/0.4 ppm MEL, 0.84), group 3 (AOM/DSS/2ppm MEL,
0.52) and group 4 (AOM/DSS/10 ppm MEL, 0.32) were significantly
lower than that of group 1. The value of group 7 (2% DSS) was less
than group 1 and larger than groups 2-4. Colonic inflammation was
not observed in groups 5 (AOM/10 ppm MEL), 6 (AOM), 8 (10ppm
MEL) and 9 (untreated).

3.5. Indices of mitosis, proliferation and apoptosis in colonic
adenocarcinomas

The PCNA-labeling index and MIB-5-positive index of the mor-
phologically intact colonic mucosa (n=5 for each group) were
84+ 11 and 9.4+0.5 in group 1, 8.2+0.8 and 8.2+ 15 in group
2, 80+0.7 and 76+09 in group 3, 72404 and 78+13 in
group 4, 70+£0.7 and 74+ 1.3 in group 5, 74+ 0.9 and 7.8 + 1.8
in group 6, 7.0+ 1.2 and 7.4+ 1.7 in group 7, 6.8+ 0.8 and 74 £ 1.1
in group 8 and 6.6::0.9 and 7.24+0.8 in group 9. These val-
ues did not show a statistical significant difference among the
groups. The data on the proliferative activities in the colonic ade-
nocarcinomas determined by Mi, PCNA and MIB-5 indices are
illustrated in Fig. 2. As shown in Fig. 2A, the mean Mis of group
2 (AOM/DSS/0.4 ppm MEL, 25.8), group 3 (AOM/DSS/2ppm MEL,
22.7) and group 4 {AOM/DSS/10 ppm MEL, 18.1) were smaller than
group 1 (AOM/DSS, 27.3). The PCNA-labeling indices (Fig. 2B) of
group 2 (AOM/DSS/0.4 ppm MEL, 65.0), group 3 (AOM/DSS/2 ppm
MEL, 54.6) and group 4 (AOM/DSS/10 ppm MEL, 49.0) were signif-
icantly smaller than that of group 1 (AOM/DSS, 72.8). In addition,
the MIB-5-labeling indices (Fig. 2C) of group 2 (AOM/DSS/0.4 ppm
MEL, 70.3), group 3 (AOM/DSS/2ppm MEL, 62.9) and group 4
(AOM/DSS/10 ppm MEL, 56.3) were significantly smaller than that
of group 1 (AOM/DSS, 80.8). The apoptotic indices measured by
TUNEL and ssDNA methods in the morphologically intact colonic
mucosa (n=>5 for each group) were 2.8 +:0.8 and 2.0 + 04 in group
1,3.0+0.7 and 1.8 +0.3 in group 2, 2.8 £ 0.8 and 2.2 +0.4 in group
3,2.6+0.5and 2.8+04 in group 4, 2.8+ 0.8 and 2.4+0.5 in group
5,64+0.9and 1.9+ 0.2ingroup6,9.0+0.7and 2.3+ 04 ingroup 7,
25+1.0and2.6+0.5ingroup8and 2.4+ 0.8 and 2.5+ 0.5 in group
9, respectively. The values were insignificant among the groups. As
illustrated in Fig. 3, apoptotic indices determined by the TUNEL
(Fig. 3A) - and ssDNA (Fig. 3B) -~ methods of groups 2 through 4
were significantly lower than those of group 1.

3.6. Scores of NF-xB, TNFo, IL-1f and STAT3
immunohistochemistry

The antibodies against NF-« B, TNFao, IL-13 and STAT3 were pos-
itive in the nuclei and/or cytoplasm of adenocarcinoma cells and
infiltrated mononuclear cells in the stroma. Intact cryptal cells were
also positive, but their intensity was very weak in comparison to
that of the cancer cells. The mean scores of NF-kB, TNFq, IL-1 and
STAT3 immunohistochemistry in the adenocarcinomas developed
are illustrated in Fig. 4. The order of the intensity of immunoreac-
tivity of adenocarcinoma cells was NF-kB>STAT3 > [L-1 > TNF-v.
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Fig. 1. Representative colonic lesions developed in rats that received AOM/DSS (g

roup 1). (A) A tubular adenoma, (B) a well-differentiated tubular adenocarcinoma, (C)

dysplastic crypts {circled) and (D) mucosal ulceration. H& E stain, bars inserted indicate magnification (A, 60 pum; B, 200 pm; C, 30 um; D, 60um).

Table 2

Effects of melatonin on colonic inflammation and development of nmucosal ulcer and high-grade dysplasia.

Group na. Treatment Number of rats examined inflammatory score Number of mucosat uicer Number of dysplasia (high-grade)
1 AOM? [2% DSS 25 1.88 £0.78° 208+0.99 11.7° £3.85

2 AOM/2% DSS+0.4 ppm MEL 25 0.84 ::0.62¢ 1.04: 068 8.08 & 2.71°

3 AOM/2% DSS+2 ppm MEL 25 0,52 £ 0.65° 0.60-:0.82° 6.24+ 217"

4 AOM/2% DSS+ 10 ppm MEL 25 0.32 £ 048° 0.48+:0.65° 472 £289°

5 AOM + 10 ppm MEL 8 o 4] o]

6 AOM 8 g 0 0

7 2% DSS 8 1.00+054 1.13+0.64 0

8 10 ppm MEL 8 0 4] 0

) Untreated 8 0 0 0

2 AOM, azoxymethane; DSS, dextran sodium sulfate; MEL. melatonin.
b Mean£S.D.

< Significantly different from the AOM/DSS group (group 1) by Turkey-Kramer multiple comparison post-test (p< 0.001).

The mean scores of NE-«B (Fig. 4A) of group 2 (AOM/DSS/0.4 ppm
MEL, 3.67), group 3 (AOM/DSS/2 ppm MEL, 2.74) and group 4
(AOM/DSS/10 ppm MEL, 1.88) were lower than that of group 1
(AOM/DSS, 4.36). The mean scores of TNF (Fig. 4B)-positivity of
group 2 (AOM/DS5/0.4 ppm MEL, 3.00), group 3 (AOM/DSS/2 ppmn
MEL, 2.32) and group 4 (AOM/DSS/10 ppm MEL, 2.00) were lower
than that of group 1 (AGM/DSS, 2.00). The mean positive scores
of IL-1p (Fig. 4C) of group 2 (AOM/DSS[0.4 ppm MEL, 2.88), group
3 (AOM/DSS{Z ppm MEL, 2.53) and group 4 (AOM/DSS/10 ppm
MEL, 2.12) were lower than that of group 1 (AGM/DSS, 3.92). The
mean scores of STAT3 (Fig. 4D) of group 2 (AOM/DS5/0.4 ppm
MEL, 2.88), group 3 {(AOM/DSS[2 ppm MEL, 247) and group 4
(AOM/DSS/10 ppm MEL, 2.31) were lower than that of group 1
(AOM/DSS, 4.24).

3.7. Clinical chemistry of serum levels of AST, ALT, T-Cho, TG,
glucose, leptin, insulin, VLDL, LDL and HDL

The data on the clinical chemnistry of the serum levels of AST,
ALT, glucose, leptin and insulin are shown in Fig. 5 and those of T-

Cho, TG, VLDL, LDL and HDL in Fig. 6. The administration of MEL ’

dose-dependently lowered the levels of AST (Fig. 5A), ALT (Fig. 5B),
insulin (Fig. 5E), T-Cho (Fig. 6A), TG (Fig. 6B), VLDL (Fig. 6C) and
LDL (Fig. 6D) when in comparison with that of group 1, but the
differences were insignificant. In centrast, MEL exposure at dose
levels of 2 and 10 ppm significantly lowered serum levels of glucose
(Fig. 5C) and leptin (Fig. 5D). MEL at a dose of 10 ppm significantly
elevated the HDL level (Fig. 6E).

4, Discussion

The results presented herein clearly indicated that MEL in
drinking water effectively suppresses AOM/DSS-induced rat colitis-
related colonic oncogenesis witheut any adverse effects. The
administration of MEL exerted a cancer chemopreventive ability
by suppressing several biomarkers [40,41] of colon carcinogenesis.
This is the first report showing that prolonged dosing of exogenous
MEL exerts cancer chemopreventive ability in colitis-related colon
carcinogenesis in rodents. Although other treaiment methods of
MEL have been previously reported [44], MEL was given in drink-
ing water to rats in this study, as in Sener et al. |45} in order to obtain
an effective biological activity of MEL throughout the experiment.
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Fig. 2. The mitotic index (MI, panel A) and proliferation indices (PCNA, pane} B; MIB-5, panel C) of the adenocarcinomas developed in groups 1 through 4.
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Fig. 3. The apoptotic indices (TUNEL, panel A; ssDNA, panel B) of the adenocarcinomas developed in rats of groups 1 through 4.

Importantly, the 17 weeks administration of MEL {group 8) did not
cause any toxic effects in the rats. In this study, the highest dose
(10 ppm) of MEL we selected, since that dose inhibits chemically
induced colitis in rats [21]. In addition, continuous low doses (0.4,
2 and 10 ppm) of MEL were administered to rats, considering the
fact that serum MEL level of adults is about 17 pg/ml at night and
the half-life of MEL is about 30 min.

As reported previously in the experiment using mice [26],
the incidence and multiplicity of colonic tumors in the rats that
received AOM and 2% DSS in the current study were quite high,
suggesting that a rat model using AOM and DSS can be utilized to
investigate the pathogenesis of colitis-related colon carcinogenesis.
The findings presented here also strengthened the importance of
inflammation in colonic oncogenesis. In this study, MEL exposure

was capable of inhibiting the incidence and multiplicity of colonic
epithelial neoplasms (adencma and adenocarcinoma) together
with the frequency of dysplastic crypts in a dose-dependent man-
ner. These findings are important, since the findings that the
suppressing effects of MEL on the development of both preneo-
plasia and neoplasia in the colon suggest the possible application
of MEL for clinical use in people at high-risk peoples for CRC.

In the current study, the treatment with MEL in drinking
water significantly lowered colonic inflammation induced by DSS.
Chronic inflammation is involved in oncogenesis in certain tissues
including the large bowel, thus, suppression of chronic inflamma-
tion through modulation of expression of several pro-inflammatory
gene products that mediate several events of carcinogenesis may
result in cancer chemoprevention {46]. MEL has anti-inflammatory
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Fig. 5. Serum levels of AST (panel A), ALT {panel B), glucose (panel C), leptin {panel D) and inst;lin (panel E) of rats in groups 1 through 4.

effects and inhibits iNOS and COX-2 expression {20,47]. The mod-
ulation of inflammation and expression of COX-2 and iNOS in the
calon resuits in the suppression of colitis-related colon carcinogen-
esis of mice [481. Since several molecular targets for suppression of
inflammation-associated carcinogenesis are proposed [49], further
studies are warranted to determine the detailed mechanisms by
which MEL inhibits inflammation-related carcinogenesis. In this

study, MEL treatment modified the expression of NF-kB, TNFa,
IL-1 and STAT3. There are candidate biomarkers of colon tumori-
genesis (40,41}, since the expression of NF-«B, TNFo and IL-1B is
involved in colonic tumorigenesis by affecting proliferation and
apoptosis [50~53]. In addition, STAT3 expression is an important
factor in colon carcinogenesis, tumor invasion [54} and sur-
vival/proliferation of colonic preneoplastic cells {55]. In addition,
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the anti-inflammatory potential of melatonin through suppres-
sion of the expression of NF-«xB and chemokines (interleukin-8 and
monocyte chemoattractant protein) in a rat colitis model [21,56] is
of interest and important for further investigation of cancer chemo-
preventive ability of this bioactive substance, as observed in this
study.

The current study measured the effects of exogenous MEL on

the liver function (AST, ALT), lipid profile (T-Cho, TG, VLDL, LDL and -

HDL)and metabolic alteration (glucose, leptinand insulin). All mea-
surements were the greatest in group 1 that received AOM/DSS, as
observed in previous experiments using mice (unpublished work).
MEL exposure lowered the serum levels of AST and ALT that were
elevated by the treatment with AOM/DSS. Although the differences
were insignificant, the findings may suggest the hepatoprotective
effects of MEL [57]. In addition, MEL administration influenced
the lipid profile. Although the effects on the serum levels of T-
Cho, TG, VLDL and LDL were insignificant, an elevation of serum
HDL level was observed, as reported by others [45,58]. In addition,
MEL lowered the serum levels of glucose and leptin {59,60], thus
suggesting the possible application of MEL in the management of
obesity and/or diabetes [61].

In conclusion, prolonged exogenous MEL in drinking water was
thus found to effectively inhibit colonic cancer development in
a two-stage colitis-related rat colon oncogenesis model through
modulation of inflammation and proliferation in the inflamed colon
of rats that received AOM and DSS. The inhibition by MEL might be
mediated by modulating the expression of NF-«B, TNFao,, 1L-18 and
STAT3.
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Zerumbone, a tropical ginger sesquiterpene, inhibits colon and lung carcinogenesis

in mice
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Zerumbone (ZER), present in subtropical ginger Zingiber zerumbet
Smith, possesses anti-growth and anti-inflammatory properties in
several human cancer cell lines. ZER also down-regulates the cy-
clooxygenase-2 and inducible nifric oxide synthase expression via
modulation of nuclear factor (NF)-xB activation in cell culfure
systems. These findings led us to investigate whether ZER is able
to inhibit carcinogenesis in the colon and lung, using 2 different
preclinical mouse models. In Exp. 1, a total of 85 male ICR mice
were initiated using a single infraperitoneal (i.p.) injection with
azoxymethane (AOM, 10 mg/kg bw) and promoted by 1.5% dex-
tran sulfate sodium (DSS) in drinking water for 7 days for rapid
induction of colonic neoplasms. Animals were then fed the diet
containing 100, 250 or 500 ppm ZER for 17 weeks. In Exp. 2, a
total of 50 female A/J mice were given a single i.p. injection of
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (10 pmol/mouse}
to induce lung proliferative lesions. They were then fed the diet
mixed with 100, 250 or 500 ppm ZER for 21 weeks. At the termi~
nation of the experiments (wk 20 of Exp. 1 and wk 22 of Exp. 2),
all animals were subjected to complete necropsy examination to
determine the pathological lesions in both tissues. Oral adminis-
tration of ZER at 100, 250 and 500 ppm significantly inhibited the
multiplicity of colonic adenocarcinomas. The treatment also sup-
pressed colonic inflammation. In the lung carcinogenesis, ZER
feeding at 250 and 500 ppm significantly inhibited the multiplicity
of lung adenomas in a dose-dependent manner. Feeding with ZER
resulted in inhibition of proliferation, induction of apoptosis, and
suppression of NFxB and héme oxygenase (HO)-1 expression in
tuinors developed in both tissues. Our findings suggest that dietary
administration of ZER effectively suppresses mouse colon and
lung carcinogenesis through multiple modulatory mechanisms of
growth, apoptosis, inflammation and expression of NFxB and HO-
1 that are involved in carcinogenesis in the colon and lung.

© 2008 Wiley-Liss, Inc.
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A sesquiterpenoid, zerumbone (ZER), is a major constituent of
the subtropical ginger plant Zingiber zerumbet Smith. The essen-
tial oil of the rhizomes contains larlge amount of ZER and is used
as an anti-inflammatory medicine.’ Recent studies revealed sev-
eral biological properties of ZER that may be responsible for inhi-
bition of carcinognesis. They include suppression of skin tamor
promoter 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced
Epstein-Barr virus activation in Raji cells,! inhibition of free radi-
cal generation, inhibition of inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-2 expression, inhibition of
tumor necrosis factor (TNF)-a-release in activated leukocytes and
induction of apoptosis in human colonic adenocarcinoma (ADC)
cell lines.2 In vivo studies demonstrated that dietary feeding
with ZER markedly suppressed dextran sulfate sodium (DSS)-
induced acute colitis in mice® and a putative precursor lesions
for colonic ADC, aberrant crypt foci (ACF), produced by
azoxymethane (AOM) in rat colon.* The findings wete accom-
panied by reductions of prostag]andin E, and COX-2 protein
expression in colonic mucosa.>?* Additionally, ZER suppresses
the combined lipopolysaccharide- and interferon-vy-induced IxB
proteip degradation in macrophages.” More recently, Takada
et al.® reported that ZER suppresses nuclear factor (NF)-xB
activation induced by TNF, okadaic acid, cigarette smoke com-
densate, TPA and H,0;.
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Colorectal cancer (CRC) and lung cancer are major epithelial
malignancies and both are increasing in developed countries. An
association between inflammation and cancer has long been sus-
pected’ and inflammatory condition is a risk for cancer develop-
ment in colon and lung.3'? A representative example is that
inflamed colon has a high risk for CRC development. In patients
with inflammatory bowel disease, including ulcerative colitis and
Crohn's disease, the risk of CRC development is greater than in
the general population.'® Smoking is a risk factor of development
of different types of cancer in different tissues, including lung 4
and colon.!” Also, inflammation caused by tobacco enhances lung
carcinogenesis.'! Despite well-developed diagnostic and therapeu-
tic techniques, and novel anti-cancer drugs against both malignan~
cies have been introduced, mortality rates of CRC and lung cancer
have not remarkably been improved. Therefore, we need some
new weapons and strategies for fighting against these malignan-
cies. Cancer chemoprevention is one of such strategies. For clini-
cal use of candidate cancer chemopreventive agents, they need to
be determined preclinical efficacy using appropriate animal carci-
nogenesis models. As to inflammation-associated colon catcino-
genesis, we have developed a mouse model utilizing a colon car-
cinogen AOM and a colitis-inducing agent DSS s 4-(N-methyl-N-
nitrosamino)- {-(3-pyridyl)-1-butanone  (NNK)-induced mouse
lung tumorigenesis model is frequently used for carcinogenesis
and chemoprevention studies, as NNK is a tobacco-specific carci-
nogenic nitrosamine, which derived from nicotine.'*!” Hecht
et al.'® developed a relatively rapid single-dose model for induc-
tion of lung adenomas (ADs) in female A/J mice initiated with
NNK. The fact that nonsteroidal anti-inflammatory drugs can in-
hibit NNK-induced lung tamors®® suggests that inflammation is
involved in NNK-induced lung tumorigenesis.

In the current study, we investigated the chemopreventive abil-
ity of ZER in colon and lung carcinogenesis using a mouse colitis-
related CRC model*® and a NNK-induced mouse lung carcinogen-
esis model.'® Also, the effects of ZER on the immunohistochemical
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cinoma; AOM, azoxymethane; ARE, antioxidant response element; CRC,
colorectal cancer; DAB, 3,3’-diaminobenzidine; DSS, dextran sulfate so-
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oxide synthase; MnSOD, manganese superoxide dismutase; NF-«B, nu-
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labeling; ZER, zerumbone.

Grant sponsor: Cancer Research, for the Third-Term Comprehensive 10-
Year Strategy for Cancer Control from the Ministry of Health, Labour and
Welfare of Japan; Grant sponsor: Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology of Japan; Grant num-
bers; 8592076, 7015016 and 18880030; Grant sponsor: Project Research
from the High-Technology Center of Kanazawa Medical University; Grant
numbers; H2007-12 and §2006-9.

*Correspondence to: Department of Oncologic Pathology, Kanazawa
Medical University, 1-1 Daigaku, Uchinada, Ishikawa 920-0293, Japan.
Tel.: +81-76-2188116. Fax: +81-76-2866926.

E-mail: takutt@kanazawa-med.ac.jp

Received 15 June 2008; Accepted after revision 30 July 2008

DOI 10.1002/ijc.23923

Published online 11 November 2008 in Wiley InterScience (www.intesscience.
wiley.com).



ZERUMBONE INHIBITED MOUSE COLON AND LUNG CARCIMOGENESIS 267

Ficurs 2 — Histopathology of (@) colonic tubular ADC induced by AOM/DSS and (b) lung tubular adenoma induced by NNK. Bars in the
photos indicate magnification (pm). .

TABLE i - EFFECTS OF DIETARY ZERUMBONE ON THE DEVELOPMENT OF COLONIC ADENOMA AND ADENOCARCINOMA (EXP. 1)

Group fo. Treatment No. of mice L Incidence (%) Multiplicity (no. of mumors/colon)

AD ADC Total AD ADC Total tumors
1 AOM'/DSS 15 60 93 93 1.60 = 1.55% 387290 547402
2 AOM/DSS + 100 ppm ZER 10 70 70 80  1.60% 158 150 £ 1517 310+ 264
3 AOM/DSS + 250 ppm ZER 10 90 60 00  2.00%1.33 120 % 1.23°  3.20+239
4 AOM/DSS + 500 ppm ZER 10 50 505 60 090x1.10 060070 150 L.72°
5 DSS + 500 ppm ZER 3 0 0 0 0 0 0
6 DSS 5 g 0 0 0 0 0
7 500 ppm ZER 5 0 0 0 0 0 0
8 Untreated 3 0 0 0 0 0 0

1 AOM, azoxymethane; DSS, dextran sulfate sodium; ZER, zerumbobe; AD, adenoma; and ADC, ad;nocarcinoma.;—zMean + SD.—""“Signi&
cantly different from the AOM/DSS group (group 1) by Tukey-Kramer multiple comparison postiest (p < 005 and "p < 0.01).—Significantly

different from the AOM/DSS group {group 1) by Fisher’s exact probability test (p = 0.0225).
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Figure 3 — Immunochistochemical scores of (@) PCNA-fabeling index, (b) apépmtic index, (¢} NF-xB and () HO-1, which were determined
in colonic ADCs developed in mice of groups 1 through 4.
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Figure 4 — Immunohistochemistry of NF-«B (g, ») and HO-1 (¢, d). Strong NF-kB expression is observed in {a) mononuclear inflammatory
cells in the colonic mucosa and (&) colonic ADC cells. HO-1 expression is relatively weak in (¢) mononuclear inflammatory cells in the colonic
mucosa and strong in (d) some of ADC cells. Bars in the photos indicate magnification (ym).

TABLE 1 — EFFECTS OF DIETARY ZERUMBONE ON THE DEVELOPMENT OF LUNG PROLIFERATIVE LESIONS INDUCED BY NNK (EXP. 2)

fncidence (%)

Multiplicity (no. of prolierative lesions/lung)

Group no. Treatment No. of mice examined
He AD Tatal Hp AD Tortal

1 NNK! 12 100% 100> 100 275 =097  825%+2.83% 11,00 = 2.92*
2 NNK + 100 ppm ZER 10 70 100 100 150 % 118 6.40 = 2.63 796 * 2,64
3 NNK +250 ppm ZER 10 40° 90 90  0.50 £0.7i’ 470 + 3,33° 5.20 + 3.747
4 NNK +500 ppm ZER 10 90 80 90 0.90 =032 2.60 = 2.177 3.50 = 2.3
5 500 ppm ZER 5 40 20 406 040 £ 0.35 0.20 = 0.45 0.60 * 0.89
6 Untreated 5 40 40 60 040 £0.55 0.60 * 0.89 100+ 122

'NINK, 4-(methylnitrosamino)-1-(3-pyridy!)-1-butanone; HP, hyperplasiz; AD, adenoma; and ZER, zerumbone.— Significantly different from the
untreated group (group 6) by Fisher's exact probability test (p = 0.0147)~"Mean = SD.~'Significantly different from the untreated group
(group 6) by Tukey-Kramer muliiple compazison posttest (p < 0.000)— Significantly different from the NINK group (group 1) by Tukey-Kramer
mutiiple comparison posttest (p < 0.05).—"Significantly different from the NNK group (group 1) by Fisher's exact probability test {(p =
0.0028).-"Significantly different from the NNK group (group 1) by Tukey-Kraner multiple comparison posttest {p < 0.001).

Exp. 2: Effect of ZER on NNK-induced lung carcinogenesis
General observation. Any clinical signs of toxicity of dietary
ZER were not noted during the experiment. At sacrifice, the mean
weight of lungs of the NNK-ireated mice (group 1,045 £ 0.05 g,
p < 0.05) was significantly greater than that of the untreated mice
(group 6, 0.35 * 0.02 g). The mean weight of lungs of the mice in
groups 2 (0.36 = 0.05 g, p < 0.05),3 (0.35 = 0.05 g, p < 0.05),
and 4 (0.36 = 0.03 g, p < 0.05) were significantly lower as com-
pared with that of group 1. Other measures (body, liver, kidney
and spleen weighis) did not significantly differ among the groups.
Effects of dietary ZER on the development of lung proliferative
lesions. Table 111 summarizes the data on the incidence and mul-
tiplicity of lung proliferative lesions (HP and AD) induced by
NNK andfor ZER. All mice belonging to group 1 developed alveo-
far cell HP and AD (Fig. 2b) with 100% incidences (p = 0.0147
for each) with high multiplicities of HP (2.75 + 0.97, p < 0.001)
and AD (8.25 + 2.83, p < 0.001), as compared with an untreated
group (group 6). Dietary ZER slighily affected the incidences of
lung HP and AD, but significantly fowered the multiplicity of HP

(100 ppm ZER: L.50 ® 1.18, p < 0.05; 250 ppm ZER: 0.50 =
0.71, p < 0.001; and 500 ppm ZER: 0.90 * 0.32, p < 0.001) as
compared group |, Likewise, the supplementation of ZER at 250
(4.76 = 3.33, p < 0.05) and 500 ppm (2.60 £ 2.17, p < 0.001) 1o
the diet significantly reduced the multiplicity of AD when com-
pared io group 1. The inhibition by 100 ppm ZER feeding was in-
significant, Suppression effects of ZER at 3 dose levels demon-
strated an inverse telationship of inhibition in the multiplicity of
lung AD (Pearson r = —0.9833, p < 0.00145).

Effects of ZER on proliferation and apoptosis of lung ADs. As
shown in Figure 5, ZER feeding at 250 ppm (p < 0.01) and 500
pmm (p < 0.001) significantly decreased the PCNA-labeling index
of adenoma cells (Fig. 52) and significantly increased TUNEL-
positive apopiotic nuclei (» < 0.01 at 100 and 250 ppm, and p <
0.001 2t 500 ppm) of lung adenoma cells (Fig. 55).

Immunohistochemical scores of NFkB and HO-1 in lung
ADs. Positive immunohistochemical reactions of NFkB (Fig. 6a)
and HO-1 (Fig. 6¢) were observed in lung adenomas that devel-
oped in NNK-treated mice. The positive reactions were veduced in
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Fieure 6 — Representative immuunohistochemical reactions of NF-xB (a, by and HO-1 (¢, d) of lung adenomas. While strong reactivities of
(@) NF-xB and (c} HO-1 are observed in the lung adenoma from group 1 (NNK alone), those of (¢) NF-xB and (¢) HO-1 from group 4 (NNK +
500 ppm ZER) are weak.
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the lung AD (Figs. 6 and 6d) of mice that received NNK and
ZER. As illustrated in Figure 5, feeding with ZER dose-depend-
ently reduced the immunohistochemical scores and the inhibition
of the NF-kB score (Fig. 5¢) by ZER at 250 (p < 0.001) and 500
ppma (p < 0.001) and that of the HO-1 score (Fig. 5d) by ZER at
100 (p < 0.001), 250 (p < 0.001) and 500 ppm (p < 0.001) were
statistically significant.

Discussion

The findings described here clearly indicated the chemopreven-
tive effects of ZER derived trom wild ginger in the mouse colon
and lung carcinogenesis models. The protective ability of ZER is
considered to be mediated by its anti-proliferative, apoptosis-
inducing, anti-inflammatory and suppression of NF-kB and HO-1
expression. Together with our previous findings,*?® ZER is one of
the possible chemopreventive agents against carcinogenesis in dif-
ferent tissues, including colon, lung and skin.®® As large amount
of ZER is readily available from the rhizomes of Z. zerumbet, fur-
ther investigations for clarifying for detailed mechanisms of inhi-
bition can be conducted in multiple organs of preclinical and clini-
cal chemopreventive studies.

We assessed in this study chemopreventive ability of ZER at 3
dose levels (100, 250 and 500 ppm in diet) using 2 different mouse
carcinogenesis models. All doses of ZER suppressed colonic
inflammation and reduced the multiplicity of colonic ADC forma-
tion induced by AOM/DSS in a dose-dependent manner. In the
NNK-induced lung tumorigenesis, ZER at alf doses reduced the
multiplicity of proliferative lesions, HP and ADs. The suppressing
effects of ZER on the multiplicity of lung ADs showed clear dose-
dependency. Importantly, we did not observe any toxicity of ZER
in 2 different experiments.

As expected from our previous study* showing the inhibitory
effects of ZER on the development of AOM-induced ACF, which
is putative precursor lesion for colonic ADCs, 23 dietary ZER
inhibited the occurrence of colonic ADC induced by the AOM/
DSS treatment. Although the model system of colitis-related colon
carcinogenesis'® used in this study to induce colonic preneoplastic
and ncoglastic lesions was different from that for sporadic
CRC, %230 protective effects of ZER on colon tumorigenesis are
more likely in the inflamed colon, where the risk for ADC devel-
opment is quite high.*! Previous in vitro and in vivo investigations
revealed strong anti-inflammatory properties of ZER, 135283233
Moreover, ZER can induce detoxifying enzymes.® ZER, thus,
might be a cancer chemopreventive agent for the high-risk groups
for CRC, such as ulcerative colitis and patients who receive poly-
pectomy or surgical resection of CRC.

NF-«B is the key transcriptional factor for synthesis of proin-
flammatory mediators, including iNOS, COX-2 and TNF-a. NF-
B also plays central roles in carcinogenesis and inflammation,™
and thus it is one of the molecular targets of cancer chemopreven-
tion and therapy.?** In fact, NF-kB activation is reported to be

involved in colon®® and lung carcinogenesis® and certain NE-xB

inhibitors are able to suppress cancer development in these tis-
sues.*®3° In this study, dietary administration of ZER reduced the
immunohistochemical expression of NFxB in colonic and lung
tumors. Also, we observed that ZER causes suppression of cell
proliferation, and induction of apoptosis. ZER is reported to sup-
press proinflammatory protein production and oxidative/nitrosa-
tive stress, and to induce apoptosis in human colon cancer cell
lines via suppressing the expression of COX-2 and iNOS.? ZER
induces nuclear localization of nuclear factor-erythroid 2-related
factor (Nrf)-2 that binds to antioxidant response element (ARE) of
the phase Il enzyme genes, suggesting that ZER is a potential acti-
vator of the Nrf-2/ARE-dependent phase II enzyme genes, includ-
ing manganese superoxide dismutase (MnSOD), y-glutamylcys-
tein glutathione peroxidase (GPx) 12 and HO-1.>* In the curent
study, dietary feeding with ZER inhibited the immunohistochemi-
cal expression of HO-1 in the tumors developed in the colon and
lung, Both MnSOD and GPxl are regulated, at least in part, by
Nrf-2 transcription factor.’® Therefore, ZER may induce these
genes’ expression via possibly Nrf-2 activation An anti-oxidative
enzyme, HO-1, is protective against oxidative stress in the dam-
aged tissues without neoplastic alterations. ! However, over-
expression_of HO-1 is observed in preneoplastic*” and neoplastic
tissues*™™ to growth and to survive against cancer therapy.** In
this context, the effects of ZER on the expression of NF—B and
HO-1 in tumors developed in the colon and lung are of interest.
We observed that dietary ZER effectively inhibits immunohisto-
chemical expression of colonic ADCs and lung AD, suggesting
that ZER has cancer chemopreventive as well as cancer chemo-
therapeutic potentials.

In the current experiments, we noted that ZER treatment indu-
ces apoptosis in the neoplasms of colon and lung. ZER is previ-
ously reported to induce apoptosis in a variety of colon cancer cell
fines (LS174, LS180, COLO205 and COLO320DM) with differ-
ent degree.? The o,B-unsaturated carbonyl group of ZER is sus-
pected to be responsible for the effects.” A recent report by Saki-
nah et al*® showing that ZER treatment results in decreased
expression of the anti-apoptotic protein Bcl-2 and increased the
expression of the pro-apoptotic protein Bax in human hepatocellu-
lar cancer cells, HepG2, confirmed apoptosis-inducing effects of
ZER in malignant epithelial cells.

In conclusion, our findings indicate that a sesquiterpenoid, zer-
umbone, being a major constituent of the subtropical ginger plant
Zingiber zerumbet Smith is one of the good candidates with multi-
ple targets for cancer chemopreventive agent in colon and lung
carcinogenesis related with inflammation.
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Dietary Tricin Suppresses Inflammation-Related Colon Carcinogenesis in

Male Crj: CD-1 Mice

Takeru Oyama,’ Yumiko Yasui,' Shigeyuki Sugie,” Mamoru Koketsu,? Kunitomo Watanabe® and Takuiji Tanaka'*

Abstract

The flavone 4',5,7-trinydroxy-3',5'-dimethoxyflavone (tricin) present in rice, oats, barley,
and wheat exhibits antigrowth activity in several human cancer cell lines and anti-inflammatory
potential. However, the chemopreventive activity has not yet been elucidated in preclinical
animal models of colorectal cancer. This study was designed to determine whether dietary
tricin exerts inflammation-associated colon carcinogenesis induced by azoxymethane and
dextran sulfate sodium in mice. Male Crj: CD-1 mice were initiated with a single i.p. injection
of azoxymethane (10 mg/kg body weight) and followed by a 1-week exposure to dextran sul-
fate sodium (1.5%, w/v) in drinking water to indiice colonic neoplasms. They were then given
the experimental diet containing 50 or 250 ppmitricin. The experiment was terminated at week
18 to determine the ctiemopreventive efficacy of tricin. In addition, the effects of dietary tricin
on the expression of several inflammatory cytokines, including tumor necrosis factor (TNF)-q,
were agsayed. The developmient of colonic adenomas and adenocarcinomas was significantly
reduced by feeding with 50 and 250 ppm tricin, respectively, Dietary tricin also significantly
reduced the prolifération of adenocarcinoma cells as well as the niumbers of mitoses/
anaphase bridging in adenocarcinoma celis. The dietary administration with tricin significantly
inhibited the expression of TNF-a in the nonlesional cypts. Out findirigs that dietary tricin in-
hibits inflammation-related mouse colon carcinogenesis by suppressing the expression of
TNF-a in the nonlesional cyrpts and the proliferation of adenocarcinomas suggest a potential

use of tricin for clinical trials of colorectal cancer chemoprevention.

Cancer mortality rates in the developed countries have in-
creased throughout this century, and has been already the
leading cause of death in some Western countries @, 2). Great
advances have been made in the pharmacologic-based treat-
ment of malignant epithelial malignancies. There has also
been a marked increase in the understanding of cell and mo-
lecular mechanisms underlying a variety of carcinogenic pro-
cesses (3). However, therapeutic options for advanced
neoplastic disease remain limited. This lack of treatment alter-
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natives may be due to the large number of genetic and molec-
ular alterations associated with advanced neoplasms that
contribute to the maintenance of neoplastic progression.

The chemopreventive approach to inhibit cancer develop-
ment and progression is highly attractive. Practical limitations
may exist with respect to developing novel and effective che-
mopreventive agents through the use of appropriate animal
models for preclinical evaluation of candidate chemopreven-
tive agents (4). Some herbal and botanical products that contain
flavonoids are likely to possess cancer preventive activities (5).
A diet rich in fruits and vegetables has long been suggested to
correlate with a reduced risk of certain epithelial malignancies,
including cancers in the colon, lung, prostate, oral cavity, and
breast (5-7). A number of agents have been reported to be can-
didate chemo-inhibitors of cancer development in various tis-
sues, including colon. Among these agents are the flavonoids,
a group of phenolic compounds with structural formula of
diphenyl-propane and secondary metabolites produced by
plants (5, 8, 9).

4,5, 7-Trihydroxy-3', 5'-dimethoxyflavone (tricin; Fig. 1A) is
a flavone, a subgroup of the flavonoid group, which is found
in rice, oats, barley, and wheat (10). Although the physiologic
function of tricin in plants is not well defined, the compound
is thought to be produced by the plant during times of environ-
mental stress or pathogenic attack (11) and exert potential alle-
lopathic effects (12). Evidence for the biological activity of tricin
in rodents has recently been reported. These biological activities
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Fig. 1. A, the structure of tricin; molecular weight, 330.074. B, body weight changes of mice in all groups during the study. Dietary tricin {(groups 2, 3, and 5)
did not significantly affect the body weight gain. Macroscopic views of the colons from the mice of groups 1 (C), 2 (D), and 3 {E), which received AOM/DSS,
AOM/DSS/50 ppm tricin, and AOM/DSS/250 ppm tricin, respectively, at the end of the study {(week 18). Although a number of colonic tumors were observed
in the mice of group 1, the numbers of the tumors found in groups 2 and 3 were smaller than that in group 1.

include antioxidative (13, 14), antiinflammatory, antiviral (15),
and antihistamic (16) activities. These same biological activities
have been observed in other promising cancer chemopreven-
tive agents (17-20). The effects of tricin on oncogenesis have
been investigated by Gescher et al. Their studies have shown
that tricin suppresses the growth of human malignant breast
tumor in nude mice (21). Dr. Gescher's group also reported that
treatment with tricin-containing extracts from brown rice in-
hibit the proliferation of human colon and breast cancer cells
in vitro (22). There are few reports on the effects of dietary tricin
on intestinal carcinogenesis. Cai et al. (23) reported that feeding
a diet containing 0.2% tricin decreased the size and the number
of intestinal adenoma formed in Apc™™/* mice through the in-
hibition of cyclooxygenase (COX)-2 (23, 24). Dietary ricin did
not affect umor formation in the large bowel (23). Because the
concentration of tricin in the mouse intestine is greater than the
conceniration in the plasma or liver when mice are fed diets
containing tricin (25-28), we hypothesized that dietary tricin
may affect and possibly inhibit chemically-induced colon carci-
nogenesis in rodents.

The current study was designed to explore the possible can-
cer chemopreventive efficacy of tricin. We investigated the ef-
fects of dietary tricin on large bowel oncogenesis using an
azoxymethane (AOM)/dextran sodium sulfate (DSS)—treated
mouse model, which is a useful animal model to study chemo-
prevention in inflammation-related colon carcinogenesis (29-34).
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The effects of dietary tricin on the expression of inflammatory
enzymes, such as COX-2 (35-37) and inducible nitric oxide
synthase (iNOS; refs. 37, 38), and inflammatory cytokines, such
as tumor necrosis factor (TINF)-u, (39, 40) NF-xB (17, 40), inhibi-
tor kB (IkB), and I«B kinase (IKK)R in the nonlesional colonic
mucosa were examined to understand the mechanism(s) by
which the compound modify AOM/DS5-induced colon carci-
nogenesis. In addition, we determined whether dietary tuicin
affects the chromosomal instability (41) of adenocarcinoma celis
by counting the number of anaphase-bridging formations.

Materials and Methods

Chemicals

Tricin (>99% pure confirmed by high performance lquid chroma-
tography) was isolated and prepared from the leaves of Sasa albo-
marginata (Hououdou Co. Lid.) by one (M.K.) of the authors (15). In
brief, the dried leaves (50 kg) were combined with water (1,000 1) and
extracted at 170°C over a period of 3 h. The exiracted soluiion was
filtered. The hot water extract of Sasa albo-marginata was fractionated
successively with ethyl acetate and n-butanol. The ethyl acetate fraction
(52.0 g) was fractionated using a silica gel 60 (Cica-reagent, 40-50 pm)
column (inner diameter 6 x 50 cm, 500 g) and washed with n-hexane-
ethyl acetate and methanol. This process yielded seven fractions (A-G).
Chloroform was added to fraction F (1.50 g) to obtain a chloroform-
soluble fraction and an insoluble fraction (solid phase). Tricin (10.0 mg)
was recrystallized from the chloroform-soluble fraction as yellow,
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