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Zerumbone, a tropical ginger sesquiterpene, inhibits colon and lung carcinogenesis

in mice

Mihye Kim!, Shingo Miyamoto®, Yumiko Yasui’, Takeru Oyama’, Akira Murakami” and Takuji Tanaka*

Department of Oncelogic Pathology, Kanazawa Medical University, 1-1 Daigaku, Uchinada, Ishikawa, Japan
*Division of Food Science & Biotechnology, Graduate School of Agriculture, Kyoto University, Kyoto, Japan

Zerumbone (ZER), present in subtropical ginger Zingiber zerumbet
Smith, possesses anti-growth and anti-inflainmatory properties in
several human cancer cell lines. ZER also down-regulates the cy-
clooxygenase-2 and inducible nitric oxide synthase expression vie
modulation of nuclear factor (NF)-xB activation in cell cudture
systems. These findings led us fo 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 intv aperltoneal @.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 neoplasins. Animals were then fed the diet
containing 100, 250 or 500 ppm ZER for 17 weeks. In Exp. 2
total of 50 female A/J mice were given a single ip. injection of
4-(methylnitrosamino)-1-(3-pyri xdyl) B butanone (10 pmolmouse)
to induce lung proliferative lesions, They were then fed the diet
mixed with 100, 250 or 500 ppm ZER for 21 wecks. 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 freatment also sup-
pressed colonic inflammation. In the lung carcinogenesis, ZER
feeding at 250 and 500 ppmn significantly inhibited the multiplicity
of fung adenomas in a dose-dependent manner. Feeding with ZER
resulted in inhibition of proliferation, indaction of apoptosis, and
suppression of NFxB and heme oxygenase (HO)-1 expression in
tumors developed in both tissues. Qur findings suggest that dictary
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-
tal oil of the thizomes contains lar, 1ge 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 fumor
promoter  12-O-tetradecanoylphorbol- la-acetate (TPA)-induced
Fp(;tem»Barr virus activation in Raji cells,! inhibition of free vadi-
cal generation, inhibition of inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-Z expression, inhibition of
tumor necrosis factor (TNF) -c-release in activated leukocytes and
induction of apoptosls in human colonic adenocarcinoma (ADC)
cell lines.? 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 were accom-
mxmed by reductions of proeta§lzmdm E, and COX-2 protein
expression in colonic mucosa.”™ Additionally, ZER suppresses
the combined lipopolysaccharide- and interferon-y-induced IxB
protein degradation in macrophages.” More recently, Takada
et al.” reported that ZER suppresses nuclear factor (NF)-xB
activation induced by TNF, okadaic acid, cigarette smoke con-
densate, TPA and H.0,.

cfthe Inter tUnion Against Caneer

ce M

Colorectal cancer (CRC) and lung cancer are muajor 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 hung.®'? A representative example is that
inflamed colon has a high risk for CRC development. In patients
with inflammatory bowel disease, including ulecerative colitis and
Crohn's disease, the risk of CRC development is greater than in
the general population.™ Smokmg is a risk factor of development
of different types of cancer in different tissues, including lung
and colon.' Also, inflamnmation caused by tobacco enhances hung
carcinogenesis. ! Despite well-developed diagnostic and therapeu-
tic technigues, 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-
nogene%is models. As to inflammation-associated colon carcino-
genesis, we have developed a mouse model utﬂmng a colon car-
cinogen AOM and a colitis-inducing agent DSS.! S 4-(N-methyl-N-
nitrosamino)-1-(3-pyridyi)- 1~butanone (NNK)-induced mouse
lung tumorigenesis model is frequently used for catcinogenebis
and chemoprevention studies, as NNK is a tobacco- spemﬁ(. carei-
noﬂemc nitrosamine, which derived from nicotine.'*!’ Hecht

et al developed a relatively rapld single-dose model for induc-
tion of lung adenomas (ADs) in remdle A/ mice initiated with
NNK. The fact that nonsteroidal anti-inflammatory drugs can in-
hibit NNK-induced lung tumors'® suggests that inflammation is
involved in NNK-induced fung turnorigenesis.

In the current study, we investiz,ated the Lhemopreven(iva abil-
ity of ZER in Lolun and Iung carcinogenesis using a mouse colitis-
related CRC model™® and a NNK-induced mouse lung carcinogen-
esis model.'® Also, the effects of ZER on the immunochistochemical

Abbreviations: ACF, aberrant crypt foci; AD, adenoma; ADC, adenocar-
cinoma; AOM, azoxymethane; ARE, antioxidant response element; CRC,
colorectal cancer; DAB, 3,3’-diamincbenzidine; DSS, dextran sulfate so-
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Iabeling; ZER, zerumbone.
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Figuze 1 ~ Chemical structare of zerumbone (2,6,9,9-tetramethyl-
[2E 6F,10FE)-cycloundeca-2,6-10-trien-1-one, MW 218, purity>95%;).

expression of heme oxygenase (HO }-1 and NFxB in colonic and
lung neoplasms were examined, since the expression of theqe mol-
ecules are involved in carcinogenesis and inflammation®? and
certain suppressors of these molecules expression are candidates
for cancer chemopreventive agents.”

Material and metheds
Chemicals

ZER (2,6,9.9-tetramethyl-[2E,6E,1 0E}-cycloundeca-2,6-10-
trien-1-one, MW 218, purity > 95%, Fig. 1) was isolated and puri-
fied from a chloroform extract of the rhizomes of Z. zerumbet
Simith, as previously reportcd.i

AOM was purchased from SIGMA-ALDRICIH (St. Louis, MO).
DSS with a molecular weight of 36,000-50,000 (Cat. no. 160110}
was obtained from MP Biomedicals, LLC (Aurora, OHj. DSS for
induction of colitis was dissolved in water at a concentration of
1.5% (wiv) just before it was used. NNK was obtained from
Toronto Research Chemical Ine. (Ontario, Canada).

Animals and diets

The animal experiments were approved by the Committee of
the Institutional Animal Experiments and were conducted at the
Kanazawa Medical University Animal Facility under the Institu-
tional Animal Care Guideline. Five-week-old male ICR mice for
Fxp 1 (CRC chemoprevention study) and 5-week-old female A/J
mice for Exp. 2 (lung cancer chemoprevention study) were pur-
chased from Charles River Laboratories, Inc. (Tokyo, Japan). All
animals were housed in plastic cages (5 mice/cages) and had free
access to drinking water and a basal diet (CRF-1, Oriental Yeast,
Co., Ltd., Tokya, Japan) ad libitum, under controlled conditions of
humidity (50 = 10%), light (12/12 hr light/dark cycle) and tem-
perature (23 = 2 C). After arrival, they were quarantined for the
first 7 days, and then randomized by their body weights into exper-
imental and control groups. Experimental diets were prepared by
mixing zerumone in powdered basal diet CRF-1 at dose kvcl% wf
w) of 100, 250 and 500 ppm, based on our previous study.* We
confirmed that ZER is quite stable in the diets (data not shown).
Animals had access to food and water at all times. Cups were
replenished with fresh food everyday. All handling and procedures
were carried out in accordance with the Institutional Animal Care
Guidelines.

Exp. 1: Effect of ZER on AOMIDSS-induced colon carcinogenesis
in mice

A total of 85 male ICR mice were divided into 7 experimental
and control groups. They were given a single intraperitoneal (i.p.)
injection with AOM (10 mg/kg, bw). Starting 7 days after the
AOM injection, they received 1.5% (wiv) DSS in the drinking
water for 7 days. Seven days later, ZER-containing diets were
started and the mice continued on these experimental diets for 17
weeks. Experimental groups included group 1 (n = 20) that
received AOM and DSS; groups 2-4 (n = 15 for each group)

)

were freated with AOM, DSS and ZER (100 ppm for group 2,
250 ppm for group 3, and 500 ppm for group 4) in diet; group 5
(n = 5) was treated with DSS and ZER (500 ppm); group 6 {n =
5) was treated with DSS alone: group 7 (n = 5) was given the diet
confaining 500 ppin ZER alone; group 8 was an untreated group.
All animals were subjected to a complete gross necropsy exatmina-
tion at the time of euthanasia (wk 20) to determine the incidence
and multiplicity of tumors in the large bowel. At sacrifice, the large
bowel was removed and macroscopically inspected for the presence
of tumors. After measuring the colon length (from the ileocecal
junction to the anal verge), large bowels were cut open longitudi-
nally aleng the main axis and gently washed with saline. Fifteen
mice in group 1, 10 each from groups 2-4, and 2 each from groups
5-8 were randomly selected for histopathology. They were cut
along the vertical axis and then fized in 10% buffered formalin for
at least 24 hr. The colons of remaining animals were saved for
future molecular analysis. Histopathological exarnination was per-
formed on hematoxylin and eosin (H&E)-stained sections made
from paraffin-embedded blocks. Colitis was recorded and scored
according to_the following morphological criteria described by
Cooper et al*®; Grade 0, normal colonic mucosa; Grade 1, shorten-
ing and loss of the basal one-third of the actual crypts with mild
inflammation and edema in the mucosa: Grade 2, loss of the basal
two-thirds of the crypts with moderate inflarnmation in the mucoss;
Grade 3, loss of all crypts with severe inflammation in the mucosa,
but with the surface epithelium still remaining; and Grade 4, loss of
all crypts and the surface epithelium with severe inflarnmation in
the mucosa, muscularis propria and submucosa. Colonic tufnors
were diagnosed according to the criteria described by Ward. 2

Exp. 2: Effect of ZER on NNK-induced lung carcinogenesis

To determine the effect of ZER on lung carcinogenesis, a total of
50 female A/ mice were divided into S experimental and control
groups. The mice were given a single ip. injection with NNK
(10 pmol/mouse). Seven days after the injection, they were fed
the diets mixed with ZER at 3 different dose levels (100, 250 and
500 ppm) for 21 weeks. Experimental groups were: group | (n =
10) given NNK alone; Groups 2 (n = 10) given NNK and 100 ppm
ZER; group 3 received NNK and 250 ppm ZER; group 4 (n = 10)
treated with NNK and 500 ppm ZER; group 3 received 500 ppm
ZER alone; and group 6 was an untreated control. All mice were
subjected to a complete gross necropsy examination at the time of
euthanasia (wk 22) to histopathologically investigate proliferative
lesions, alveolar cell hypeiplasia (HP) and neoplasms in the lung. At
sacrifice, all lobes of the lung were removed, weighed and macro-
scopically inbpecled for the presence of tumors and/for nodules. They
were fixed in 10% buffered formalin for at least 24 hr for histopatho-
logical examination on H&E-stained sections made from paraffin-
embedded blocks. Lung proliferative lesions including HP and neo-
plasms were diagnosed according to the criteria Nikitin et al.%

Immunohistochemistry of proliferating cell nuclear antigen
(PCNA), apoptotic nuclei, NF-xB and HO-1

Immunohistochemical analysis for the PCNA, NF-xB and HO-
1-positive neoplastic cells in the colon and lung 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 accentuation. The paraffin-embedded sections
were heated for 30 min at 65 C, de-paraffinized in xylene and
rehydrated through grade ethanol at room temperature, Tris HCl
buffer (0.05 M, pH 7.6} was used to prepare the solutions and was
used for washes between the various steps. Incubations were per-
formed in a humidified chamber.

The sections were treated for 40 min at room temperature with
2% bovine serum albumin, and incubated overnight at 4 C with pri-
mary antibodies. The primary antibodies included anti-human
PCNA mouse monoclonal antibody (DAKO #U 7032, 1:1000 dilu-
tion; DAKO Japan), anti-HO-1 rabbit polyclonal antibody (OSA-
150C, diluted 1:200, StressGen Biotechnologies, Ann Arbor, MI)
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TABLE 1 - EFFECTS OF DIETARY ZEROMBONE ON COLONIC INFLAMMATION AND DEVELOPMENT OF MUCOSAL ULCER AND BIGH
GRADE DYSPLASIA (EXP. 1)

Group na. Treatment }i(;a g‘;j”"t‘(‘ie Inflammatory score n;:xlga‘::ﬁxl‘:.fcr ““;’m‘g’dgfﬁgm
1 AOMY/DSS 15 1.80 = 0.77° 2.00 + 1.00 1.0 = 1.01
2 AOM/DSS + 100 ppin ZER 10 0.80 = 0.63° 1.20 = 0.63 170 =149
3 AOM/DSS + 250 ppm ZER 10 0.50 = 0.71* 0.60 = 0.84° 1.00 £ 1.63
4 AOM/DSS + 500 ppm ZER 10 0.30 + 0.48* 0.50 = 0.71* 1.10 > 1.68
5 DSS -+ 500 ppm ZER 5 2.50 = 071 1.50 £ 0.71 0
6 DSS 5 4.00 £ 0.00 4,50 * 071 0
7 500 ppm ZER 5 [4] 0 0
8 Untreated 5 4] 0 1]

lA()M, azoxymethane; DSS, dextran sulfate sodium; and ZER, zerumbobe—"Mean = SD.—3’4Signiﬁcantly different from the AOM/DSS

group (group 1) by Tukey-Kramer multiple comparison posttest (p <: 0.01 and

and anti-NF-xB p50 (H-119) 1abbit polyclonal antibody (sc-7178,
dilated 1: 500, Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
These antibodies were applied to the sections according to the man-
ufacturer’s protocol. To reduce the nonspecific staining of mouse
tissue by a mouse antibodies, a Mouse On Mouse 1gG blocking rea-
gent (MKB-2213, Vector Laboratories, Burlingame, CA) was
applied for 1 hr. Horseradish perozidase activity was visualized by
treatment with HyO, and 3,3’-diaminobenzidine (DAB) for 5 min.
At the last step, the sections were weakly counterstained with
Mayer’s hematoxylin (Meick, Tokyo, Japan). For each case, nega-
tive controls were performed on serial sections.

Levels of apoptosis in tumor tissues were determined by the
TdT-mediated dUTP nick-end labeling (TUNEL) method. Four-mi-
crometer formalin-fixed, paraffin-embedded tissue sections of colo-
nic ADCs and lung ADs from groups 1 through 4 of Exp. 1 and 2
were processed according to manufacturer’s instructions using Apo-
ptosis in situ Detection Kit Wako (Cat. No. 298-60201, Wako Pure
Chermical Industries, Ltd., Osaka, Japan). The kit is based on
TUNEL procedure. Appropriate positive and negative controls for
determining the specificity of staining were generated. Negative
controls were processed in the absence of the terminal deoxynucleo-
tidyl transferase (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. Color was developed with the peroxidase sub-
strate DAB, and sections were counterstained with hematoxylin.

The numbers of nuclei with positive reactivity for PCNA- and
TUNEL-immunohistochemistry were counted in a total of 3 X 100
cells in 3 different areas of the tumors, and expressed as percentage
(mean * SD). Intensity and localization of immunoreaciivities
against the primary antibodies, NF-xB and HO-1, were assessed
using a microscope (Olympus BX41, Olympus Optical Co., Tokyo,
Japan). Bach slide for the immunohistochemical expression of NF-
¥B pS0 and HO-1 was observed with the grading intensity of the
immunoreactivity in neoplasms of the large bowel and lung. Two
observers (T.T. and T.0.) were unaware of the treatment groups to
which the slides belonged and evaluated the immunoreactivity with
grading between 0 and 5: 0 ( 15% of the colonic mucosa examined
shows positive reactivity), 1 (16 30% of the colonic mucosa exam-
ined shows positive reactivity), 2 (31 45% of the colonic mucosa
examined shows positive reactivity), 3 (46-60% of the colonic mu-
cosa examined shows positive reactivity), 4 (61 75% of the colo-
nic mucosa examined shows posifive reactivity) and 5 (75 % of
the colonic mucosa examined shows positive reactivity). Care was
taken to exclude the possibility of any inflammatory cells that were
mistakenly identified as positive epithelial cells.

Statistical analysis

The incidences among the groups were compared using Chi-
square test or Fisher’s exact probability test with the GraphPad
Instat Software (version 3.05; GraphPad software Inc., San Diego,
CA). Other measurements expressing mean * SD were statisti-
cally analyzed using Tukey-Kramer multiple comparison post test

“» < 0.001).

(GrapbPad Instat version 3.05). Differences were considered stat-
istically significant at p < 0.05.

Results

Exp. 1: Effect of ZER on AOMIDSS-induced colon carcinogenesis
in mice

Generai observation. All animals remained healthy throughout
the experimental period. At sacrifice, the imean body weight (31.5
* 6.4 g, p < 0.01) and colon length (14.9 1 0.7 cm, p < 0.05) of
the DSS alone group (group 6) were significantly higher than those
of the ACGM/DSS (group 1, 446 = 2.1 g and 13.8 £ 0.3 cm).
Other measures (liver, kidney and spleen weights) did not signifi-
cantly differ among the groups.

The inflarnmation scores and numbers of mucosal ulcer and
high grade dysplasta in the colon. As summarized in Table 1, co-
lonic inflammation with or without mucosal ulcer was observed in
the mice of groups 1 through 6. The mean score of inflammation
and mean number of mucosal ulcer of group 6 (DSS alone) were
the highest among the groups. Oral administration of ZER (groups
2-4) significantly and dose-dependently decreased the inflamma-
tory score (group 2: 0.80 x 0.63, p < 0.01; group 3: 0.50 = 0.71,
p < 0.001; and group 4 0.30 £ 0.48, p < 0.001) as compared to
that of the AOM/DSS group (1.80 * 0.77). Likewise, 250 ppm
(0.60 = 0.84; p < 0.01) and 500 ppm ZER (0.50 = 0.71; p <
0.001) significantly lowered the number of mucosal vlcer. ZER
feeding lowered the multiplicity of high grade dysplasia, but the
differerices were insignificaut among the groups.

Colonic  neoplasms. Macroscopically, colonic neoplasms
developed in the mice of groups 1 through 4 with different inci-
dence and multiplicity. The incidences and multiplicities of histo-
patholgically confirmed colonic tubular AD, ADC (Fig. 24), and
total tamors are given in Table II. Group 1 (AOM/DSS group) had
a 93% incidence of colon ADC with a multiplicity of 3.87 + 2.90.
The incidences of ADC in groups 2-4 were smaller than that of
group 1 and the value (30%, p = 0.0225) of group 4 (AOM/DSS
+ 500 ppm ZER) was significantly lower than group 1. The multi-
plicities of colonic ADC in group 2 (p << 0.05), 3 (p < 0.01) and 4
(p < 0.01) were also significantly sialler than group 1.

Effects of ZER on proliferation and apoptosis of colonic ADCs.  As
given in Figure 3, ZER feeding significantly decreased the PCNA-
labeling index at 3 doses (p < 0.001 for each dose) of cancer cells
(Fig. 34) and significantly increased TUNEL-positive apoptotic
nuclei (p < 0.05 at 100 ppm, and p < 0.001 at 250 and 500 ppmn)
of cancer cells (Fig. 3b).

Immunahistochemical scores of NFxB and HO-1 in colonic
ADCs. Immunohistochemistty of NFxB revealed that strong
reactivity of inflammatory cells in the inflamed colon (Fig. 4a)
and ADC cells (Fig. 4b). Relative weak reactivity against HO-1
antibody was observed inflammatory cells (Fig. 4¢) and ADC cells
(Fig. 4d). As illustrated in Figure 3, ZER feeding dose-depend-
ently lowered the immunohistochermical scores of NFxB (Fig. 3¢)
and HO-1 (Fig. 3d).
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Frgure 2 - Histopathology of (¢) colonic tubular ADC induced by AOM/DSS and (b) Iung tubular adenoma induced by NNK. Bars in the
photos indicate magnification (pm).

TABLE U -- BFFECTS OF DIETARY ZERUMBONE ON THE DEVELOPMENT OF COLONIC ADENOMA AND ADENOCARCINOMA (EXP. )

Group no. Treatment No. of mice d Incidence (%) plicity {no. of ¢ feotan)

AD ADC Total Total tumors
1 AOMYDSS 15 60 93 93 547+ 4.02
2 AOM/DSS + 100 ppm ZER 10 70 70 80 310 2.64
3 AOM/DSS + 250 ppm ZER 10 Q0 60 _ 90 320:x 239
4 AOM/DSS + 500 ppm ZER 10 50 50° 60 1.50 + 1.72°
s DSS + 500 ppm ZER s 0 0 Q 0
6 DSS 5 0 0 0 0
7 500 ppm ZER 5 0 0 0 0
8 Untreated 5 0 0 0 0

1AOM, azoxymethane; DSS, dextran sulfate sodium; ZER, zerumbobe; AD, adenoma; and ADC, adqenocarcinoma.;zMean * SP.-~3'4Signiﬁ-
cantly different from the AOM/DSS group (group 1) by Tukey-Kramer multiple comparison posttest (p < 0.05 and "p < 0.01).—"Significantly
different from the AOM/DSS group (group 1) by Fisher’s exact probability test (p = 0.0225).

AOMDEBNFRappal
gl

Fgure 3 — Immunohistochemical scores of (@) PCNA-labeling index, (b) apoptotic index, (¢) NF-«B and (d) 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-xB (g, b) and HO-1 (¢, d). Strong NF-kB expression is observed in (2) mononuclear inflammatory
cells in the colonic mucosa and (b) colonic ADC cells. HO-1 sxpression is relatively weak in (¢) mononuclear inflammatory cells in the colonic
mucosa and strong in (@) some of ADC cells. Bars in the photos indicate magnification (pm).

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

Gronp no. Treatment No. of mice Incidence (%) = (0. of prol ! g)
HP AD Total Bne AD Total

1 NNK? 12 100*  100* 100 275+097%% 825283 11.00x292°
2 NNK -+ 100 ppm ZER 10 70 100 100 150 x 1.18 640263, 790264
3 NNK-+250 ppm ZER 10 40° 90 90 050+ 0717 470 + 333° 520 + 3,74
4 NNK + 500 ppm ZER 10 og 80 90 0.90 + 0327 2.60  2.17° 3.50 2327
5 500 ppm ZER 5 40 20 40 040 =055 0.20 = 0.45 0.60 * 0.89
6 Untreated 5 40 40 60 0.40:x0.55 0.60 = 0.89 1.00 £ 122

'NNE, 4-(methylnitrosamino)-1-(3-pyridyi)-1-butanone; HP, hyperplasia; AD, adeuoma and ZER, zerumbone ~ qlgmﬁcantly different from the
unireated group (group 6) by Fisher's exact probdbxhtv test (p = O 0147)— Mean = SD~ S\gmﬁc.mtlv different from the untreated group
(group 6) by Tukey-Kramer multiple comparxson posttest (p < 0.001).-~ 3Significantly different from the NNK group (group 1) by Tukey-Kramer

multiple cmnpamon positest (p < 0.05).~ ngmﬁcanﬂy different from the NNK group (group 1) by Fisher’s

0.0028).~

Exp. 2: Effect of ZER on NNK-induced lung carcinogenesis
General observation. Any clinical signs of toxicity of dietary
7ZER were not noted during the experiment. At sacrifice, the mean
weight of fungs of the NNK-treated mice (group 1, 0.45 £ 0.05 g,
p <0.05) was sibniﬁcanﬂy greater than that of the untreated mice
{group 6, 0.35 * 0.02 g). The mean weight of 1ungs of the mice in
groups 2 (0.39 = 0.05 g, p < 0.05), 3 (0.35 = 0.05 g, p < 0.05),
and 4 (0.36 % 0.03 g, p < 0.03) were significantly lower as com-
pared with that of group 1. Other measures (body, liver, kidney
and spleen weights) did not significantly differ among the groups.
Effects of dietary ZER on the development of lung proliferative
lesions. Table 11 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-
lar cell HP and AD (Fig. 26) with 100% incidences (p = 0.0147
for each) with high multiplicities of HP (2.75 % 0.97, p < 0.001}
and AD (R.25 = 2.83, p < 0.001), as compared with an untreated
group (group 6). Dietary ZER slightly affected the incidences of
Iung HP and AD, but significantly lowered the multiplicity of HP

exact probability iest (p =

"Significantly different from the NNK group (group 1) by Tukey-Kramer multiple comparison postiest (p < 0.001).

(100 ppm ZER: 1.50 = 1.18, p < 0.05; 250 ppm ZER: 0.50 *
0.71, p < 0.001; and 300 ppm ZER: Q. 90 + 032, p < 0.001) as
compared group 1. Likewise, the supplemuxtaﬂou of ZER at 250
(4.70 + 3.33, p < 0.05) and 500 ppm (2.60 * 2.17, p < 0.001) to
the diet significantly reduced the multiplicity of AD when com-
pared to group 1. The inhibition by 100 ppm ZER feeding was in-
significant. Suppression effects of ZER at 3 dose levels demon-
strated an inverse relationship of inhibition in the multiplicity of
lung AD (Peatson r = —0.9835, 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
prm (p < 0.001) significantly decreased the PCNA-labeling index
of adenoma cells (Fig. 5a) and significantly increased TUNEL-
positive apoptotic nuclei (p < 0.01 at 100 and 250 ppm, and p <
0.001 at 500 ppm) of lung adenoma cells (Fig. 5b).

Immunohistochemical scores of NFxB and HQ-1 in lung
ADs. Positive immunohistochemical reactions of NFxB (Fig. 64)
and HO-1 (Fig. 6¢) were observed in lung adenomas that devel-
oped in NNK-treated mice. The positive reactions were reduced in



Figure 5§ — Immunohistochemical scores of (@) PCNA-labeling index, (b) apoptotic index, () NF-xB and (d) HO-1, which were determined
in Jung adenoma developed in mice of groups 1 through 4.

Froure 6 — Representative immunohistochemical reactions of NF-xB (4, b) and HO-1 (¢, d) of lung adenomas. While strong reactivities of
(@) NE-xB and (¢) 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 ppin ZER) are weak.
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the lung AD (Figs. 6b and 6d) of mice that received NNK and
ZER. As illustrated in Figure 5, feeding with ZER dose-depend-
ently reduced the immunohistochermical scores and the inhibition
of the NF-kB score (Fig. 5¢) by ZER at 250 (p < 0.001) and S00
ppm (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 from wild ginger in the mouse colon
and lung carcinogenesis models. The protective ability of ZER is
considered to be mediated by its anti—pxoliferat'we, apoptosis-
mduc,mg, anti-inflammatory and s\uppresslon 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, hing and skin.™ As large amount
of ZER is readily available from the thizomes 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 asséssed 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 all 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,?**® 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 neoglastm lesions was different from that for sporadic
CRC? protectxve effects of ZER on colon tumcrrlgencm are
more likely in the inflamed colon, where the risk for ADC devel-
opment is quite high.”" Previous in vitre and in vivo mvestwatiogs,
revealed strong anfi-inflammatory properties of LE-R 1-8.3,28.52.33
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-xB is the key transcriptional factor for >yrxthe>is of proin-
flammatory mechators, mdudmg iNOS, COX-2 and TNF-c. NF~
xB also plays central roles in carcinogenesis and inflammation,?
and thus it is one of lhe molecular targets of cancer chemopreven:-
tion and therapy 2335 1 fact, NF-xB aatw‘;tmn is reported fo be
involved in colon® and lung carcinogenesis®’ and certain NF-xB
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inhibitors are able to suppress cancer development in these tis-
sues.*®¥ 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/itrosa-
tive stress, and to induce apoptoms 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 II enzyme genes, suggesting that ZER is a potential acti-
vator of the Nif-2/ARE-dependent phase II enzyme genes, includ-
ing manganese superoxide dxsmuuse (’VInSOD) -glutamylcys-
tein glutathione peroxidase (GPx) 1% and HO-1.? In the current
study, dietary feeding with ZER inbibited the immunobistochemi-
cal expression of 110-1 in the tumors developed in the colon and
tung. Both MnSOD and Gle are regulated, at least in part, by
Nrf-2 tmnscnpuon factor.”” Therefore, ZER may induce these
genes’ expre‘:eion viag possibly Nrf-2 activation An anti-oxidative
enzyme, HO-1, is protective against oxidative stress in the dam-
aged tissues without neoplastxc alterations.”* However, over
expreesmn of HO-1 is observed in preneoplastic™ and neoplaatlc
tissnes™* to growth and to survive against cancer theranv In
this context, the effects of ZER on the expression of NF-xB 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-
ves apoptosis in the neeplasms of colon and hng. ZER is previ-
ously reported to induce apoptosis in a variety of colon cancer cell
lines (LSI74 L8180, COLO205 and COLO320DM) with differ-
ent degree.” The «,B-unsatarated Larboglyl 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 Bel-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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Supplementation with Branched-chain Amino Acids Inhibits
Azoxymethane-induced Colonic Preneoplastic Lesions

in Male C57BL/KsJ-db/db Mice

Masahito Shimizu,’ Yohei Shirakami,’ Junpei lwasa,' Makoto Shiraki,! Yoichi Yasuda,' Kazuya Hata,?
Yoshinobu Hirose,? Hisashi Tsurumi,' Takuji Tanaka,* and Hisataka Moriwaki'

Abstract Purpose: Obesity and related metabolic abnormalities, including insulin resrstance and activation

of the insulin-like growth factor (IGF)/IGF-1 receptor (IGF-IR) axis, are risk factors for colon can-
cer. Supplementation with branched-chair amino acids (BCAA) reduces the risk of fiver cancer in -
cirrhotic patients who are obese, and this has been associated with an improvement of insulin
‘resistaiice. The present study examined the effects of BCAA on.the developmenit of azoxyme-
thane (AOM)xinitiated coloriic premalignant lesions in C57BL/KsJ- db/db (db/db) mice that were:
obése and had hypennsuhnemla
; Experlmental Design: Male db/a’b mice were given. 4 weekly S.C mjectrons of AOM (15 mg/ kg
of body werght) and then they were fed a diet containing 3:0% BCAA or.casein, a nltrogenc
content - matched control diet, for 7 weeks. :
Results‘ Feeding with BCAA caused a SIgmflcant reduction in the number of total aberrant crypt
foci and p-catenin-accurulated crypts, both of which are premalignant lesions of the colon,
compared with the control diet—fed groups:: BCAA supplementation caused a marked decrease
in the expression of IGF:IR; the phosphotylated form of IGF-IR, phosphorylated glycogen syn-
thase kinase 38, phosphorylated Aki, and cyclooxygenase-2 proteins on the. colonic mucosa of
AOM:treated mice. The serui levels of insulin, IGF-1; IGF-II, triglyceride, total cholesterol, and -
leptm Were also decreased by supplementatlon with BCAA :
Conc!usron BCAA supplementauon in diet improves insulin resnstance and |nhtblts the act:va~
tion of the IGF/IGF-IR axis, thereby preventmg the development of colonic premalignancies in.an.
obesrty-related colon cancer model that was also associated with hyperipidemia and hyperinsu- -

linemia. BCAA, therefore, may be a useful chemoprevention modality for colon cancer in-obese

people.

Colorectal cancer (CRC) is a major health problem worldwide.
Recent evidence indicates that the risk of CRC is elevated in
patients with metabolic syndrome, also called insulin resistance
syndrome, which is commonly associated with obesity and
related metabolic abnormalities (1, 2). Obesity is the main
determinant of insulin resistance and hyperinsulinemnia, which
is also a possible risk factor for CRC (3). CRC occurs more
frequently in patients with diabetes mellitus, a condition
associated with hyperinsulinemia (4, 5). Insulin has growth-
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promoting properties in CRC cells, and exogenous insulin
injection stimulates the growth of CRC precursors in rodent
models (6 -8). In addition, elevated circulating levels of insulin
causes alterations in the insulin-like growth factor (IGF)/IGF-I
receptor {IGF-IR) axis, which is involved in the development
and progression of CRC (9, 10). Therefore, increased insulin
resistance and abnormalities in the IGF/IGF-IR axis might be a
critical target to prevent the development of obesity-related
malignancies, including CRC. For instance, (-)-epigallocatechin
gallate, the major biologically active component of green tea,
inhibited the development of colonic premalignant lesions in
an obesity-related colon cancer that was associated with
improvement in insulin resistance and inhibition of the IGF/
IGF-IR axis (11).

Diet supplementation with branched-chain amino acids
(BCAA; leucine, isoleucine, and valine) has been suggested to
improve protein malnutrition in patients with liver cirrhosis
{12). Recent studies have revealed that BCAA is useful for both
preventing progressive hepatic failure and improving event-free
survival in patients with chronic liver diseases, such as liver
cirthosis, and these beneficial effects are associated with the
improvement of insulin resistance by BCAA (13-15). In
addition, oral supplemental treatment with BCAA can reduce
the risk of hepatocellular carcinoma in cirthotic patients who
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Translational Relevance

Obesity and related metabolic abnormalities, including
insulin resistance and the activation of the insulin-like
growth factor (IGF) /IGF- receptor axis, are associated with
colorectal cancer (CRC) development. Therefore, the pre-
vention of CRC by targeting the dysregulation of energy
homeostasis might be a promising strategy for obese peo-
ple who are at increased risks of CRC. We believe that this
study is novel and clinically relevant because this article is
the first report indicating that supplementation with
branched-chain amino acids (BCAA) effectively sup-
pressed the development of azoxymethane-induced puta-~
tive precursor lesions of colonic adenocarcinoma in
C57BL./KsJ-db/db mice that are obese and developed dia-
betes mellitus. Our studies indicate: that this suppressing
effect of BCAAwas associated withimprovement of hyper-
lipidemia and hyperleptinemia. BCAA: supplementation
could also improve insulin resistance and exert a depressant
effect on the IGF/IGF-IR axis: The current findings 'suggest
the possibility of using-BCAA as a chemopreventive agent
for obesity-related malignancies.

are obese (with a body mass index =25; ref. 16). Obesity,
hyperinsulinemia, and diabetes mellitus are possible risk
factors for hepatocellular carcinoma, which commonly devel-
ops in cirrhotic livers {16 -18). Based on these findings, BCAA
supplementation in diet may also reduce the risk of other
obesity-related human malignancies, including CRC, by im-
proving insulin resistance. However, no detailed studies on
whether BCAA can prevent the development of obesity-related
CRC have yet been conducted.

In previous studies, we have established a useful preclinical
animal model to determine the possible underlying mecha-
nisms of how specific agents prevent the development of
obesity-related CRC with the use of C57BL/KsJ-db/db (db/db)
mice with obesity, hyperinsulinemia, and hyperleptinemia
(19-21). The mice are susceptible to the colonic carcinogen
azoxymethane {AOM) because the development of AOM-
induced aberrant crypt foci (ACF) and B-catenin-accumulated
crypts {(BCAC), both of which are putative precursor lesions for
colonic adenocarcinoma (22, 23), is enhanced in db/db mice
compared with db/+ or +/+ mice (19, 20). In the present study,
we investigated in detail the effects of BCAA on the
development of colonic premalignant lesions, ACF and BCAC,
in db/db mice initiated with AOM, focusing on the improve-
ment of hyperinsulinemia, hyperlipidemia, and hyperleptine-
mia. In addition, we also determined whether BCAA
supplementation in the diet inhibits the activation of the
IGF/IGF-IR axis in this animal model.

Materials and Methods

Animals, chemicals, and diets. Four-week-old male homozygous db/db
mice were obtained from Japan SLC, Inc.. All mice were maintained at
the Gifu University Life Science Research Center according to the
Institutional Animal Care Guidelines. AOM was purchased from Sigma
Chemical Co.. BCAA and casein were obtained from Ajinomoto Co., Ltd..
The BCAA composition (2:1:1.2, leucine/isoleucine/valine) was set at the
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clinical dosage that is used for the treatment of hypoalbuminemia in
patients with decompensated liver cirrhosis in Japan.

Experimental procedure. The animal experiment was approved by
the Institutional Committee of Animal Experiments of Gifu University.
A total of 54 male db/db mice were divided into 6 groups. At 5 wk of
age, the mice in groups 1 to 3 were s.c. injected with AOM (15 mg/kg of
body weight) weekly for 4 wk. As controls, the mice in groups 4 to 6
were given s.c. injections of saline. Groups 1 {12 mice) and 4 (6 mice)
were fed a basal diet, corticotropin-releasing factor (CRF)-1 (Oriental
Yeast Co., Ltd.), throughout the experiment. Groups 3 (12 mice) and 6
(6 mice) were given a basal diet containing 3.0% BCAA (weight for
weight) for 7 wk, starting 1 wk after the last injection of AOM. The
BCAA concentration (3.0%) was determined by the previous study,
which indicated the same intake to improve insulin resistance in
C57BL/6] mice (24). The mice in groups 2 (12 mice} and
5 (6 mice) were given a basal diet containing 3.0% casein (weight for
weight). The casein-fed groups were served as nitrogen content-
matched controls for the BCAA-treated groups to eliminate the
possibility that the nitrogen content itself affects the promotion or
the prevention of colonic premalignant lesions. At the termination of
the study (16 wk of age), the mice were sacrificed by CO, asphyxiation
to analyze the number of colonic ACF and BCAC.

Counting the number of ACF and BCAC. The ACF and BCAC were
determined according to the standard procedures described previously
(20, 21, 25). ACF are defined as single or multiple crypts that have
altered luminal openings, exhibit thickened epithelia, and are larger
than adjacent normal aypts (22). BCAC, which have high frequency
mutations in the f-catenin gene, show histologic dysplasia with a
disruption of the cellular morphology and an accumulation of this
protein (Fig. 1A; ref. 23). BCAC do not have a typical ACF-like
appearance because the lesion is not recognized on the mucosal surface
like ACF and is only identified in the histologic sections of en face
preparations. Both of these lesions are utilized as biomarkers to
evaluate a number of agents for their potential chemopreventive
properties (26). After the colons were fixed flat in 10% buffered
formalin for 24 h, the mucosal surface of the colons were stained with
methylene blue (0.5% in distilled water), and then the number of ACF
were counted under a light microscope. Thereafter, the distal parts
(5 cm from the anus) of the colon were cut to count the number of
BCAC. To identify BCAC intramucosal lesions, the distal part of the
colon (mean area, 0.7 cm? per colon) was embedded in paraffin, and
then a total of 20 serial sections (4-um thick each) per colon were made
by an en face preparation (20, 21, 25). For each case, 2 serial sections
were used to analyze BCAC.

Histopathelogy and immunohistochemical analyses for (-catenin and
PCNA. Three serial sections were made from paraffin-embedded tissue
blocks. Two sections were subjected to H&E staining for histopathology
and B-catenin immunohistochemistry to count the number of BCAC.
The other section was used for the proliferating cell nudear antigen
(PCNA), a G;-to-S phase marker, immunohistochemistry to estimate
the cell proliferative activity in the colonic mucosa. Immunohisto-
chemical analyses for R-catenin and PCNA were done with the labeled
streptavidin-biotin method (LSAB kit; DAKO) as previously described
(20, 21). Anti-p-catenin amtibody (1:1,000 final dilution) was
obtained from Transduction laboratories (catalogue no. 610154).
Anti-PCNA antibody (1:100 final dilution) was from Santa Cruz
Biotechnology, Inc. (sc-7907). Negative control sections were immu-
nostained without the primary antibody. PCNA-positive cells in the
colonic mucosa, which seemed normal by H&E staining, were counted
and expressed as a percentage of the total number of normal aypt cells.
The PCNA labeling index (%) was determined by counting at least 200
crypt cells in each mouse (a total of 1,000 crypt cells per group). Two
experienced pathologists (Y. Hirose and T. Tanaka) immunohistolog-
ically determined the BCAC and PCNA-positive cells.

Protein extraction and western blot analysis. Total proteins were
extracted from the scraped mucosa from the remaining colon of the
AOM-treated mice (groups 1 to 3), and equivalent amounts of proteins
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Normal crypts ACF BCAC

H & E staining

PCNA [HC

Fig.1. Histopathology and immunohistochemical expression of B-catenin and PCNA proteins in ACF and BCAC. A, representative photographs of ACF and BCAC induced
by AOM in db/db mice. Top, H&E staining; bottom, p-catenin immunohistochemistry. Left, normal crypts; middle, ACF; right, BCAC. The localization of the accumulated
B-catenin protein is apparent in the cytoplasm and nucleus of atypical cryptal cells in BCAC. B, immunohistochemical pattern of PCNA protein in ACF and BCAC. The nuclear
expression of the PCNA protein significantly increased in BCAC compared with ACF and surrounding normal crypts. Bar, 20 or 30 pm, respectively.

(40 pg per lane) were examined by a western blot analysis with the (11, 27, 28). An antibody to glyceraldehyde-3-phosphate dehydroge-
use of the primary antibodies for IGF-IR, phosphorylated IGF-IR nase served as a loading control. The intensities of the blots were
(p-IGF-IR), phosphorylated glycogen synthase kinase 3p (p-GSK-38), quantified with the NIH Image software version 1.62. The intensities of
Akt, phosphorylated Akt (p-Akt), cyclooxygenase-2 (COX-2), and the blots found at the CRF-fed mice in each antibody was set at 1, and
glyceraldehyde-3-phosphate dehydrogenase as described previously the changes in expression were shown as the fold difference.

Table 1. Body, liver, kidney, and white adipose tissue weights of the experimental mice

Group no. Treatment Diet No. of Final body Body length BMI Absolute organ weight
mice weight (g) {cm)
Liver Kidney White adipose
tissue

1 AOM 15 mg/kg CRF-1 12 49.7 + 8.3%% 9251+ 0.77 0.58+ 0.05 2.64+0.76 0.38+0.04° 2.67 + 0.64
2 AOM 15 mg/kg Casein 12 51.7 + 4.8 9.43 + 0.37 0.58+ 0.02 275+ 0.48% 0.41 + 0.04 2,74 + 0.37
3 AOM 15 mg/kg BCAA iz 50.3 % 5.0% 9.47 £ 0.25 0.56 + 0.04 2.58 + 0.64% 0,40 + 0.05 2.51 + 0.42
4 Saline CRF-1 6 58.1+ 25 9.63 +0.22 0.63+0.02 3.35+0.72 0.45+ 0.06 3.02+0.32
5 Saline Casein 6 58.0 £ 2.1 9.70 £ 0.18 0.62+0.01 387 +1.04 044 +0.04 2.70 £ 0.38
6 Saline BCAA 6 58.5 £ 2.5 9.63 + 0.17 0.63 +0.01 3.83+0.86 0.44 £ 0.01 2.60 + 0.35
*Mean + SD.

TSignificantly different from group 4 (P < 0.05).
*Significantly different from group 5 (£ < 0.05).
§Significantly different from group 6 (P < 0.05).
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Table 2. Effects of BCAA on AOM-induced ACF and BCAC formation in the experimental mice

tSignificantly different from group 1 (P < 0.001).
tSignificantly different from group 2 (P < 0.001).
§ Significantly different from group 1 (P < 0.05).

Group no. Treatment Diet No. of mice Length of Total no. of ACFs Total no. of
colon (cm) per colon BCACs/cm?

1 AOM 15 mg/kg CRF-1 12 12.4 + 1.4* 859 + 8.1 11.7 + 8.4

2 AOM 15 mg/kg Casein 12 125+ 0.5 83.4 £ 11.2 8.3 +£3.9

3 AOM 15 mg/kg BCAA 12 12.0 £ 0.7 545+ 861+ 42 +£6.78

4 Saline CRF-1 6 125+ 1.0 0 0

5 Saline Casein 6 11.5 £ 0.7 0 0

6 Saline BCAA 6 113+ 0.5 0 0

*Mean + SD.

Clinical chemistry. At sacrifice, blood samples were collected from
the AOM-treated mice (groups 1-3) to measure the serum concen-
trations of insulin, leptin, triglyceride, total cholesterol, 1GF-1, IGF-1,
and BCAA. The serum triglyceride, total cholesterol, and BCAA levels
were assayed as described previously (20, 29). The serum insulin,
leptin, IGF-], and IGF-1I were determined by an enzyme immunoassay
according to the manufacturer’s protocol (R&D Systems).

Statistical analysis. The results were presented as the mean *+ SD
and were analyzed with the use of the GraphPad InStat software
program version 3.05 (GraphPad Software) for Macintosh. Differences
between groups were analyzed by one-way ANOVA or, as required, by
two-way ANOVA. When ANOVA showed a statistically significant effect
(P < 0.05), comparisons of each experimental group with the control
group were then made with the use of the Tukey-Kramer multiple
comparisons test. The differences were considered significant when the
two-tailed P was <0.05.

Results

General observations. As shown in Table 1, the average body
weights of groups 1 (CRF-1) and 3 (BCAA) in the AOM-injected
mice at the termination of this experiment were smaller than
those of the saline-injected groups 4 (CRF-1; P < 0.05) and 6
(BCAA; P < 0.05). The mean liver weights in the AOM-treated
groups 2 (casein) and 3 (BCAA) were significantly lower than
those in the saline-treated groups 5 {casein; P < 0.05) and 6
(BCAA; P < 0.05). Among CRF-1-fed mice, the mean kidney
weight in the AOM-treated group 1 was also significantly lower
than that of the saline-treated group 4 (P < 0.05). No
significant difference was observed in the body length, body
mass index, and mean white adipose tissue weight among the
experimental mice. A histopathologic examination also

revealed no alteration, thus suggesting the absence of toxicity
of BCAA in the liver and kidney of the mice in groups 3 and 6
(data not shown).

Effects of BCAA supplementation on AOM-induced ACF and
BCAC formations in db/db mice. Table 2 summarizes the total
number of ACF and BCAC (Fig. 1) in the mice of all groups.
ACF and BCAC developed in the colons of all the mice that
received AOM (groups 1 to 3) but not in the colons of the mice
that did not receive AOM (groups 4 to 6). Dietary supplemen-
tation with BCAA significantly decreased the number of total
ACF compared with those of the CRF-1-fed (37% reduction;
P < 0.001) and casein-supplemented groups (35% reduction;
P < 0.001). Compared with the CRF-1-fed group, the
administration of BCAA also significantly reduced the number
of total BCAC (64% reduction; P < 0.05).

Effects of BCAA supplementation on the serum levels of BCAA
in AOM-treated db/db mice. Because the colonic premalig-
nant lesions developed only in the AOM-injected mice (Table 2),
the following experiments were done among the mice thatz
received AOM (groups 1 to 3). BCAA supplementation caused a
significant increase in the serum concentrations of total BCAA
(valine, isoleucine, and leucine; 1736 I 179 nmol/mlL)
compared with the CRF-1-fed (882 + 160 nmol/mL; P <
0.001) and casein-supplemented groups (853 * 51 nmol/ml;
P < 0.001). These findings suggest that supplementation with
3.0% BCAA is sufficient to raise the serum concentration of
BCAA.

Effects of BCAA supplementation on the serum levels of total
cholesterol, triglyceride, and leptin in AOM-treated db/db
mice. Asshown in Table 3, the serum levels of total cholesterol
in the BCAA-supplemented mice were significantly lower than

Table 3. Serum levels of total cholesterol, triglyceride, and leptin in AOM-treated db/db mice
Group no. Treatment Diet No. of mice Total cholesterol Triglyceride Leptin
(mg/dL) (mg/dL) (ng/dL)

1 AOM 15 mg/kg CRF-1 12 185 + 34* 244 + 49 117 + 18
2 ACM 15 mg/kg Casein 12 186 + 40 229 + 40 133 232
3 AOM 15 mg/kg BCAA 12 141 + 48%.¢% 187 + 4871 99 + 238
*Mean + SD.
TSignificantly different from group 1 (P < 0.05).
Significantly different from group 2 (P < 0.05).
§ Significantly different from group 2 (P < 0.01).
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Fig. 2. The effect of BCAA supplementation on the serum levels of insulin, IGF-1, and IGE-H, and on the expression levels of the IGF-IR, p-1GF-IR, p-GSK-38, Akt, p-Akt, and
COX-2 proteins in AOM-treated db/db mice. A to C, the serum concentration of insulin (4), IGF-I (8), and IGF-Il (C) were measured by an enzyme immunoassay. Bars,

SD of triplicate assays. D, total proteins were extracted from the scraped colonic mucosa, and equivalent amounts of proteins were examined by a western blot analysis as
described in Materials and Methods. Lanes, protein samples from two different mice in each group {/eft). The intensities of blots were quantitated by densitometry (right).
Repeat westem blots gave similar results, Values, mean + SD.*, P <0.001and **, P < 0.01: significant differences obtained by comparison with CRF-1 - treated or

casein-treated mice, respectively.

those in the CRF-1-fed (P < 0.05) and casein-supplemented
mice (P < 0.05). The mice supplemented with BCAA showed a
significant decrease in the serum levels of triglyceride compared
with the CRF-1 fed (P < 0.05). The serum leptin level of group 3
(BCAA) was also significantly lower than that of group 2
(casein; P < 0.01).

Effects of BCAA supplementation on the serum levels of insulin,
IGF-I, and IGF-II in AOM-treated db/db mice. Supplementa-
tation with BCAA caused a significant decrease in the serum
levels of insulin (Fig. 2A) compared with the CRF-1-fed (P <
0.01) and casein-supplemented mice (P < 0.01). Similarly,
there was a significant decrease in the serum levels of both IGF-1
(Fig. 2B) and IGF-II (Fig. 2C) in BCAA-supplemented mice
compared with the CRF-1-fed (P < 0.001 for each comparison)
and casein-supplemented mice (P < 0.001 and P < 0.01,
respectively).

Effects of BCAA supplementation on the expression levels of
IGF-IR, p-IGF-IR, p-GSK-3(3, p-Akt, and COX-2 proteins, and on
cell proliferative activity in the colenic mucosa of AOM-treated
db/db mice. Hyperinsulinemia and abnormal activation of
the IGF/IGF-IR axis play a critical role in obesity-related CRC
development (3, 6-10). Therefore, the effects of BCAA on the
levels of IGF-IR and the phosphorylated (i.e., activated) form of
IGF-IR proteins, and cell proliferation were examined in the
colonic mucosa of AOM-treated mice. As shown in Fig. 2D,
western blot analyses showed that BCAA supplementation
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caused a decrease in the levels of IGF-IR (P < 0.001 for each
comparison) and p-IGF-1R (P < 0.001 for each comparison)
proteins compared with the CRF-1-fed and casein-supple-
mented mice. Supplementation with BCAA also decreased the
expression levels of the phosphorylated (i.e., inactivated) form
of GSK-3p (P < 0.01 for each comparison), the phosphorylated
(i.e., activated) form of Akt (P < 0.001 for each comparison),
and COX-2 (P < 0.01 for each comparison) proteins compared
with the control groups. The finding that BCAA supplementa-
tion inhibited the phosphorylation of Akt is considered to be
significant because the activation of this protein is one of the
critical targets in the constitutive activation of the IGF/IGF-IR
axis in colorectal carcinogenesis (30).

In addition, as shown in Fig. 3, the PCNA labeling index of
nonlesional crypts in the BCAA-supplemented mice was
significantly smaller than that of the CRF-1-fed and casein-
supplemented mice (P < 0.001 for each comparison), thus
indicating that BCAA supplementation significantly inhibits
cell proliferation in the colonic mucosa of the AOM-treated
db/db mice.

Discussion

The present study clearly indicated that dietary supplemen-
tation with BCAA effectively suppressed the development of
putative precursor lesions, ACF and BCAC (Fig. 1), for CRC
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Fig. 3. The effect of BCAA supplementation on colonic
epithelial cell proliferation in AOM-treated db/db mice.
A, immunohistochemical staining of the normal

crypts in the colon of AOM-treated db/db mice

with anti-PCNA antibody. Sections of the colon were

analyzed from CRF-1 —fed, casein-supplemented, and CRF-;

BCAA-supplemented mice, respectively, They were
stained with anti-PCNA monoclonal antibody as
described in Materials and Methods. Representative
phaotographs from each group are shown. Bar, 20 pm,
B PCNA labeling index in the normal crypts in the colon
of AOM-treated db/db mice, Bars, SD of triplicate
assays.
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(Table 2) by improving hyperlipidemia and hyperleptinemia
in db/db mice (Table 3). The suppressive effect of BCAA in the
early phase of obesity-related colorectal carcinogenesis was
also associated, most likely, with the improvement of hyper-
insulinemia (Fig. 2A} and the inhibition of cell proliferation
on the colonic mucosa of experimental mice (Fig. 3). BCAA
supplementation has also been reported to significantly
decrease the incidence of hepatocellular carcinoma in patients
with chronic liver disease if they had a body mass index score
=25, and this effect might be associated with improvement of
insulin resistance (15, 16, 31). Thus, BCAA might effectively
prevent cancer development, at least in several organms, in
obese subjects who are considered to have insulin resistance
syndrome (3).

How can BCAA exert chemopreventive effects on obesity-
related colorectal carcinogenesis? As described above, insulin
resistance might be a critical target of BCAA in this beneficial
effect because insulin has oncogenic properties on CRC
cells. For instance, insulin stimulates the proliferation of CRC
cells and promotes colorectal tumor growth in animal models
(6-8). These repotts, therefore, suggest that BCAA inhibits the
development of colonic premalignant lesions (Table 2) and
excessive cell proliferation in the colonic mucosa of AOM-
injected db/db mice (Fig. 3) by improving insulin resistance
(Fig. 2A). Recent studies by others have indicated that BCAA
improves glucose tolerance by modulating insulin-independent
glucose uptake into skeletal muscle in rodent models (32, 33).
An improvement of insulin resistance and glucose tolerance by
BCAA has also been shown by certain clinical trials {15, 31).
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In addition, it is widely accepted that insulin resistance
causes alterations in the IGF/IGF-IR axis, which may be closely
associated with the development of CRC (9, 10, 30). For
instance, the IGF-IR protein is overexpressed in BCAC
compared with the surrounding normal ayptal cells {11).
Therefore, the IGF/IGF-IR system is regarded as one of the
effective targets with respect to the prevention of CRC (11). Our
observations described herein comprise the first report showing
that BCAA decreases the serum levels of IGF-I and IGF-11
(Fig. 2B and C), thereby inhibiting the expression and activation
of IGF-IR on the colonic mucosa of AOM-treated dbfdb mice
(Fig. 2D). Our findings suggest that not only the improvement
of insulin resistance but the inhibition of IGF/IGF-IR activation
by BCAA plays a critical role in suppressing obesity-related and
diabetes mellitus - related colorectal carcinogenesis.

The present study revealed that BCAA supplementation in the
diet prevents the development of BCAGC (Table 2), which is
characterized by abundant B-catenin protein expression (23)
and also accurnulates the IGF-IR protein (11) while decreasing
the expression levels of p-Akt and p-GSK-3p3 proteins on the
colonic mucosa of AOM-treated db/db mice (Fig. 2D)}. Recent
in vitro studies have indicated that insulin and the IGF/IGF-IR
axis stabilize and activate the Wnt/B-catenin pathway, which is
involved in the development of CRC (34, 35). GSK-38, which
can be phosphorylated by phosphatidylinositol 3-kinase/Akt
via insulin or [GF treatment, is considered to be a key kinase for
CRC development because the inactivation of GSK-3f leads to
the dissociation of the adenomatous polyposis colifaxin/
B-catenin complex and cytosolic B-catenin accumulation (36).
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Free accumulated B-catenin translocates into the nucleus and
forms a complex with the transcription factor T cell factor,
thereby activating the transcription of target genes, including
cydin D1 and cMyc, and thus contributing to abnormal
proliferation and tumor progression (37, 38). Therefore,
supplementation with BCAA, which targets insulin-associated
and IGF-associated p-catenin accumulation by decreasing the
levels of p-Akt and p-GSK-3p proteins (Fig. 2D}, might be an
effective strategy to prevent the development of CRC.

In addition to the beneficial effects mentioned above, BCAA
has other physiologic activities that might be useful to prevent
the development of CRC. For instance, supplementation with
BCAA is capable of reducing the production of oxidative stress
and microinflammation in patients with liver cirrhosis, which
possibly leads to a decrease in the occurrence of hepatocellular
carcinoma (39). In the current study, BCAA caused a decrease
in the expression of the COX-2 protein in the colonic mucosa
of AOM-treated db/db mice (Fig. 2D). COX-2 is one of the main
mediators in the inflammatory signaling pathway and is
certainly involved in CRC development; therefore, it might be
a critical target for CRC chemoprevention (40). This effect
might be explained by the inhibitory effect of BCAA on the IGF/
IGF-IR axis because the activation of this axis mediates COX-2
expression (41, 42). Additional studies are required to clarify
the direct effects of BCAA on inflammation and their relevance

In summary, the prevention of CRC by targeting the
dysregulation of energy homeostasis, especially insulin resis-
tance and the activation of the IGF/IGF-IR axis, might be a
promising strategy for obese people who are at an increased risk
of CRC. BCAA seems to be a potentially effective and critical
candidate for this purpose because this agent can improve
insulin resistance while also exerting a depressant effect on the
IGF/IGF-IR axis. The current findings, as well as those from a
previous report (11), also suggest the possibility of using
specific agents that target insulin resistance as chemopreventive
agents for other obesity-related and diabetes mellitus —related
malignancies. Therefore, insulin resistance-improving agents,
including BCAA, are worthy of being further investigated as
candidates for novel chemopreventive agents that may find a
potential role in the society today, in which excessive body
weight has been found to be associated with the risk of various
types of human epithelial malignancies (43, 44).
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(+)-13-Hydroxy-10-oxo-trans-11-octadecenoic acid (13-HOA) is
one of the lipoxygenase metabolites of lineleic acid (LA) from corn
germ. Recently, we reported that this metabolite suppressed the
expression of lipopolysaccharide-induced proinflammatory genes
in murine macrophages by disrupting mitogen-activated protein
kinases and Akt pathways. In this study, we investigated the in-
hibitory effects of 13-HOA on 12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced inflammation in ears and skin, as well as
tumor promeotion in female ICR mice. Pretreatment with 13-
HOA (1600 nmol) inhibited ear edema formation by 95%
(P < 0.05) in an inflammation test and reduced tumor incidence
and the number of tumors per mouse by 40 and 64% (P < 0.05
each), respectively, in a two-stage skin carcinogenesis model.
Histological examinations revealed that it decreased epidermal
thickness, the number of infiltrated leukocytes and cell prolifera-
tion index. Furthermore, 13-HOA (8-40 M) suppressed TPA-
induced anchorage-independent growth of JB6 mouse epidermal
cells by 70-100%, whereas LA was virtually inactive. 13-HOA
(40 uM) inhibited TPA-induced activator protein-1 transactiva-
tion but not extracellular signal-regulated kinasel/2 activation.
Interestingly, 13-HOA (40 pM and 1600 nmol in JB6 cells and
mouse skin, respectively) induced expression of programmed cell
death 4 (Pdcdd4), a novel tumor suppressor protein. To our knowl-
edge, this is the first report of a food factor that is able to induce
Pdcd4 expression. Collectively, our results indicate that 13-HOA
may be a novel anti-inflammatory and antitumor chemopreven-
tive agent with a unique mode of action.

Introduction

A two-stage mouse skin carcinogenesis model is useful for under-
standing the multistage nature of human neoplasia and ideal for study-
ing a variety of biochemical alternations, changes in cellular functions
and histological changes that occur during the different stages of
chemical carcinogenesis (1-3). On the other hand, there is a large

Abbreviations: AP-1, activator protein-1; DMBA, 7,12-dimethylbenz(a)
anthracene; DMEM, Dulbecco’s modified eagle medium; DMSO, dimethyl
sulfoxide; EMEM, Bagle’s minimum essential medium; ERK, extracellular
signal-regulated kinase; FBS, fetal bovine serum; Fra-1, fos-like region
antigen; 13-HOA, (+)-13-hydroxy-10-oxo-trans-11-octadecenoic acid; JNK,
¢-Jun N-terminal kinase; LA, linoleic acid; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinase; miR-21, microRNA-21; mRNA, messenger
RNA; Myb, v-myb myeloblastosis viral oncogene homolog; PCNA, prolifer-
ating cell nuclear antigen; PCR, polymerase chain reaction; Pdcd4, pro-
grammed cell death 4; TPA, 12-O-tetradecanoylphorbol-13-acetate.

body of evidence showing that inflammation plays important roles
in the promotion and progression of skin tumorigenesis (4). That
report also noted that the essential contribution of inflammation to
tumor development and progression is supported from observations
indicating that tumor promotion originates from exposure of initi-
ated cells to chemical irritants such as 12-O-tetradecanoylphorbol-
13-acetate (TPA). TPA activates transcription factors including ac-
tivator protein-1 (AP-1) and nuclear factor-xB by upregulation of
mitogen-activated protein kinase (MAPK) and Akt (protein kinase
B) activities in mouse skin, which have a partial correlation with
signaling molecules that participate in lipopolysaccharide (LPS)-
treated macrophages (5-7).

The mouse JB6 epidermal variant cell system, which includes
transformation-sensitive (P4-) and transformation-resistant (P—) cells,
is a valuable cell culture model that demonstrates a number of mo-
lecular events and pathways involved in the tumor promotion stage of
mouse skin carcinogenesis (5,6). This unique cell line responds irre-
versibly to tumor promoters and growth factors to exhibit tumor phe-
notypes, including anchorage-independent growth in soft agar (5).
Similar to the mouse skin model, TPA activates AP-1 and upstream
signaling molecules in JB6 P+ cells, such as MAPKs and Akt (7,8).

Programmed cell death 4 (Pdcd4), also known as MA3 (9) and
DUG (10), was recently identified as a novel tumor suppressor. Dif-
ferential display of the messenger RNA (mRNA) expression profile in
IB6 P+ and P— cells showed pdcd4 to be preferentially expressed in
JB6 P cells, whereas a reduction of Pdcd4 in JB6 P— cells by an
antisense approach resulted in acquisition of transformation responses
(11). Conversely, stable overexpression of Pdcd4 in JB6 P+ cells
produced a transformation-resistant phenotype (12). Moreover, pdcd4
transgenic mice are resistant to skin tumorigenesis and tumor pro-
gression (13). These findings suggest that Pdcd4 is a novel suppressor
of tumor promoter-induced transformation. Thus, induction or pro-
duction of this molecule may be a promising strategy for cancer pre-
vention; however, there are few known compounds capable of
inducing Pdcd4 mRNA and protein (14,15).

(+)-13-Hydroxy-10-oxo-trans-11-octadecenoic acid (13-HOA) is
one of the lipoxygenase metabolites of linoleic acid (LLA) found in
corn germ, in which LA is oxidized enzymatically or spontaneously to
13-HOA (Figure 1) (16). It was previously reported that 13-HOA
showed toxicity toward several cancer cell lines via an unknown
mechanism (17). Recently, we reported that 13-HOA significantly
inhibited activation of both MAPKs and Akt and reduced the expres-
sion of proinflammatory genes in RAW 264.7 murine macrophages
(18). Together, these findings suggest that 13-HOA is an effective
chemopreventive agent, though there are no known reports of its
in vivo efficacy.

In the present study, we determined whether 13-HOA inhibits TPA-
induced inflammatory and tumor promotion using mouse ear inflam-
mation and 7,12-dimethylbenz(a)anthracene (DMBA)/TPA-induced
two-stage mouse skin carcinogenesis models and TPA-induced
anchorage-independent growth in JB6 P+ cells. In addition, we as-
sessed the effects of 13-HOA on mRNA and protein expression of
pdcd4 in JB6 P+ cells and mouse skin.

Materials and methods

Animals and cells

Female ICR mice were purchased from Japan SLC (Shizuoka, Japan) at 5-6
weeks of age and maintained according to the Guidelines for the Regulation of
Animals, provided by the Animal Experimentation Committee of Kyoto Uni-
versity. All animals were housed under controlled conditions of humidity (60 +
5%), lighting (12 h light cycle) and temperature (24 + 2°C). Mouse epidermal
JB6 P+ (Cl 41-5a) cells were purchased from American Type Culture Collec-
tion (Manassas, VA). JB6 P+ cells and JB6 (P*!!) cells transfected stably with
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Fig. 1. Biosynthesis pathways of 13-HOA from LA in corn germ.

an AP-1-luciferase reporter (19) were grown in Dulbecco’s modified eagle
medium (DMEM) supplemented with 5% heat-inactivated fetal bovine serum
(FBS), penicillin (100 U/ml) and streptomycin (100 pg/ml) or Eagle’s mini-
mum essential medium (EMEM) supplemented with 5% heat-inactivated fetal
FBS, penicillin (100 U/ml), streptomycin (100 pg/ml) and G418 (600 pg/mi),
at 37°C under a humidified atmosphere of 95% air and 5% CO,.

Chemicals

13-HOA was purified as previously reported (>95% purity) (16). DMEM,
EMEM and FBS were purchased from Invitrogen (Carlsbad, CA). Antibodies
were obtained from the following sources: rabbit anti-phospho-extracellular
signal-regulated kinase (ERK)1/2, rabbit anti-ERK1/2 antibody and horserad-
ish peroxidase-conjugated anti-rabbit IgG from Cell Signaling Technology
(Beverly, MA); goat anti B-actin antibody from Santa Cruz Biotechnology
(Santa Cruz, CA); mouse anti-o-tubulin antibody from Oncogene (San Diego,
CA); horseradish peroxidase-conjugated anti-goat IgG and anti-mouse IgG
from Dako (Glostrup, Denmark) and G418 from Sigma-Aldrich (St Louis,
MO). Anti-Pdcd4 antibody was generated as previously reported (12). All
other chemicals were purchased from Wako Pure Chemical Industries (Osaka,
Japan), unless otherwise specified.

Mouse ear inflammation test

The inflammation assay was performed as previously reported (20). Briefly,
ICR mice at 6-7 weeks old were divided into five groups (n = 5 per group).
Each mouse had 0, 160 or 1600 nmol of 13-HOA or 1600 nmol of LA dissolved
in 20 ul of acetone applied to the left ear, whereas the other ear received the
same volume of the vehicle alone. After 20 min, 1.6 nmol of TPA dissolved in
20 ul acetone was applied to both ears. After 6 h, ear punch biopsies (6 mm
diameter) were obtained and weighed to determine the increase in ear weight.

Two-stage mouse skin carcinogenesis test

The antitumor-promoting activities of 13-HOA were examined using a standard
initiation—promotion protocol with DMBA and TPA as previously reported,
with some modifications (21). The back of each 7-week-old female ICR mouse

1210

was shaved with a surgical clipper 2 days before initiation, then DMBA (200
nmol) was dissolved in 200 pil of acetone and applied onto the back of each
mouse. One week later, the mice were exposed to a topical application of 0, 160
or 1600 nmol of 13-HOA (n = 25 per group) and 160 or 1600 nmol of LA
(n = 15 per group) dissolved in 200 pl acetone 30 min before each TPA or
acetone treatment (1.6 nmol), which was done twice a week for 20 weeks.
Antitumor-promoting activities were evaluated by the incidence of tumor-bearing
mice, the number of tumors (>>1 mm in diameter) per mouse and average
tumor diameter, which was determined as the average diameter of all papillo-
mas on each mouse.

Histopathological analysis

After week 20 of the two-stage mouse skin carcinogenesis experiment, the
mice were euthanized and then tissue biopsies were obtained and subjected
to histopathological evaluations. Histopathological examinations were per-
formed using biopsy sections randomly chosen from 12 mice in the none,
acetone, TPA-only and DMBA-only groups and from 18 mice in the DMBA—
TPA, +160 nmol 13-HOA and 41600 nmol 13-HOA groups. Formalin-
fixed and paraffin-embedded skin sections were subjected to deparaffinization
and dehydration prior to quenching of endogenous peroxidase activity (1.5%
H,0, in absolute methanol for 20 min). An antigen-unmarking step was done
by placing the slides in a pressure cooker containing 0.01 M sodium citrate
(pH 6.0) for 10 min. The sections were incubated for 60 min with the primary
mouse anti-rat proliferating cell nuclear antigen (PCNA) monoclonal antibody
(Clone PC-10, DakoCytomation, Glostrup, Denmark, Cat no. M0879) at a di-
lution of 1:1500 in 10% goat serum. The secondary antibody, biotinylated goat
anti-mouse IgG (Cat no. BA-2000, Vector Laboratories, Burlingame, CA),
was applied for 30 min in a 1:500 dilution. Slides were processed using
Vectastain Elite ABC reatent (Vector Laboratories) with diaminobenzidine
as the substrate. Sections were counter stained with hematoxylin (Merck Ltd,
Tokyo, Japan). All histological examinations were done by a single pathol-
ogist (T.T.) in a blind fashion.

Cell viability

Cell viability was measured using a Cell Counting Kit-8 (Dojindo Laborato-
ries, Kumamoto, Japan) according to the manufacturer’s instructions. JB6 P+
cells at a density of 3 x 10* cells per well were cultured in 96-well plates in
DMEM with 5% FBS and then incubated in a CO;, incubator for 12 h. The cells
were rinsed with phosphate-buffered saline and the medium was exchanged
with DMEM with 10% FBS containing 0.25% dimethyl sulfoxide (DMSO) as
the vehicle, 13-HOA, NS-398 cyclooxygenase-2 inhibitor or LA in DMSO,
followed by a 30 min incubation. Ethanol (0.15%) as a vehicle or 30 nM of
TPA was added to each well. After treatment for 24 h, Cell Counting Kit-8
(1%) was added and incubated for 2 h at 37°C. Absorbance in each well was
determined at 450 nm (reference 650 nm) using a microplate reader (Multiskan
JX Ver. 1.1, Thermo Labosystems, Helsinki, Finland). Each experiment was
performed in triplicate.

Anchorage-independent transformation test

The effects of 13-HOA on TPA-induced cell transformation in JB6 P+ cells
were examined using an anchorage-independent transformation assay; the top
agar was 0.33% and the bottom agar was 0.5% according to the procedure
described previously (22). Experiments were performed in six-well plates, in
which 3 x 102 cells were suspended in 1 ml of 0.33% agar medium, with 4 ml
of 0.5% agar medium poured on top. The base agar and that poured on top
consisted of DMEM (10% FBS), Bacto Agar (Difco Labs, Detroit, MI) and 13-
HOA, NS-398, LA or DMSO (vehicle), along with TPA or ethanol (vehicle).
The cells were preincubated with each test sample for 30 min and then in-
cubated for 14 days at 37°C in a CO, incubator, with colonies >100 pm in
diameter counted. None of the test samples showed notable cytotoxicity for
24 h at the various concentrations. Each experiment was done in triplicate.

Luciferase assay for AP-1-dependent transactivation

TB6 P+t cells (4 x 10%) were seeded in 24-well plates in EMEM with 5% FBS
for 24 h. The cells were then serum starved in EMEM with 0.1% FBS for 24 h
and treated with or without 13-HOA (40 uM) for 30 min before the cells were
exposed to TPA (30 nM). The luciferase assay was conducted using a Dual-
Luciferase™ Reportor Assay System (Promega, Madison, WI) by slight mod-
ification of the manufacturer’s protocol. Briefly, after TPA treatment for 12 h,
the cells were lysed with Passive Lysis Buffer and the luciferase activity was
measured by a luminometer (Lumat LB9507; PerkinElmer, Boston, MA). AP-1
activity was expressed as fold induction relative to the control cells without
TPA treatment.

Western blot analysis

The effects of 13-HOA on ERK1/2 activation and Pdcd4 expression in JB6 P+
cells and mouse skin were examined as indicated below. The cells (1 x 10%)



were seeded into 60 mm dishes in DMEM with 5% FBS and then incubated in
a CO, incubator for 12 h. The cells were rinsed with phosphate-buffered saline
and the medium was exchanged with DMEM (10% FBS) containing 13-HOA,
NS-398, LA or 0.25% DMSO and incubated for 30 min. Next, the cells were
treated with 30 nM of TPA for the indicated hours and then the cells were lysed
with lysis buffer [protease inhibitor, phosphatase inhibitor (Sigma-Aldrich), 10
mM Tris (pH 7.4), 1% sodium dodecyl sulfate and 1 mM sodium vanadate].
The back of each 7-week-old female ICR mouse was shaved with a surgical
clipper before acetone or 13-HOA (1600 nmol dissolved in 200 pl acetone)
treatment and then TPA (8 nmol) was dissolved in 200 ! acetone and applied
onto the back of each mouse, and the mice were killed by cervical dislocation
6 h later. For the isolation of epidermal protein from mouse skin, fat and dermis
were removed on ice, and the collected epidermis was lysed with lysis buffer as
above. Lysates from both JB6 P+ cells and mouse skin were sonicated and
centrifuged at 15 000 r.p.m. for 5 min. Supernatant was collected and total
protein concentration was quantified using a Bio Rad Protein Assay (Bio-Rad
Laboratories, Hercules, CA) and standardized with y-globulin as the reference.

These lysate samples were denatured in sample buffer containing sodium
dodecyl sulfate and mercaptoethanol. An equal amount of protein (20 pg) was
loaded for sodium dodecyl sulfate gel electrophoresis and then the samples
were electro-transferred to Immobilon-P membranes (Millipore, MA). The
transferred protein-bound membranes were blotted with each primary and
secondary antibody and then visualized using enhanced chemiluminescence
reagents (GE Healthcare UK Ltd, Buckinghamshire, UK). The intensity of
each band was analyzed using Scion Image 0.4.0.3 (Scion Corporation, Fred-
erick, MD).

Reverse transcription-polymerase chain reaction

JB6 P+ cells (1 x 109) were seeded into 60 mm dishes in DMEM with 5% FBS
and then incubated in a CO, incubator for 12 h. The cells were rinsed with
phosphate-buffered saline and the medium was exchanged with DMEM with
10% FBS containing the vehicle, DMSO (0.25%), 13-HOA (1.6, 8 or 40 uM),
NS-398 (100 uM) or LA (100 pM). After the indicated hours, total RNA was
isolated from the cells using TRIzol Reagent (Invitrogen) according to the
manufacturer’s protocol. One microgram of total RNA was then added to
a mixture of MgCl, (Ambion, Austin, TX), 10x polymerase chain reaction
(PCR) buffer, deoxynucleoside triphosphate mixture, avian myeloblastosis
virus reverse transcriptase (5 U/ul), ribonuclease inhibitor and oligo dT primer
(Takara, Kyoto, Japan) in a total volume of 19 pl. Each tube was placed in
a thermal cycler (PTC-0100; MJ Research, Watertown, MA) and heated as
follows: 10 min at 30°C, 30 min at 55°C, 5 min at 99°C and 5 min at 5°C. Next,
1 pi each of pdcd4 and cyclophilin complementary DNA were amplified with
0.5 pl of each primer (20 M, Proligo, Kyoto, Japan) and a mixture of 10x
PCR buffer, deoxynucleoside triphosphate mixture, MgCl,, Tag DNA poly-
merase (5 U/pl) (Takara) and nuclease-free water. The primers used and PCR
conditions were as follows: pdcd4 (5'-TAATCAgTgCAAgCgAAATTAAg-
gAA-3’ and 5'-CCTTTCCCAgATCTggACCgCCTATC-3'), 27 cycles at
94°C for 15 s, 55°C for 30 s and 72°C for 45 s and cyclophilin (5'-gCCAg-
gACCTETATgCTTCA-3’ and 5'-TTgggTCgCeTCTCgTTCgA-3"), 19 cycles
at 95°C for 30 s, 56°C for 30 s and 72°C for 1 min. Amplified DNA was
separated by agarose gel electrophoresis. Image analysis was performed using
Scion Image 0.4.0.3. No PCR saturation was confirmed by titrating each com-
plementary DNA amount (data not shown).

Statistical analysis

Data are shown as the mean  SD from more than three independent experi-
ments and were evaluated by Student’s #test or a x>-test. Differences were
considered statistically significant at the P < 0.05 level.

Results

Effects of 13-HOA on TPA-induced edema formation in ICR mice ears
First, we examined the in vivo anti-inflammatory activities of 13-HOA
using an acute edema formation model, in which TPA was topically
applied onto the ears of ICR mice. As shown in Figure 24, topical
application of 13-HOA (1601600 nmol), 20 min prior to TPA stim-
ulation, significantly inhibited TPA-induced ear edema formation in
a dose-dependent manner (P < 0.05, at a dose of 1600 nmol),
whereas LA, the biosynthetic precursor of 13-HOA, was inactive even
at a high dose.

Effects of 13-HOA on tumor promotion in ICR mice

We then examined the inhibitory effects of a topical application of 13-
HOA twice a week for 20 weeks on tumor formation in DMBA (200

Antitumor-promoting effects of linoleic acid metabolite
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Fig. 2. TPA-induced ear edema formation and tumor promotion in ICR mice
were significantly suppressed by topical application of 13-HOA. (A)
Acetone, 13-HOA (160 or 1600 nmol) or LA (1600 nmol) was applied to an
inner area of one ear of ICR mice (n = 5 per treatment group). After 20 min,
TPA. (1.6 nmol) was applied to the same area of both ears. After 6 h,
increased ear weight was determined by obtaining a 6.0 mm punch biopsy.
Statistical analysis was done by Student’s t-test. *P < 0.05 versus TPA.
(B-D) The mice (n = 15 in LA treatment group, n = 25 in other groups) were
given a single application of DMBA (200 nmol) at the beginning of the
experiment and then received TPA (1.6 nmol) twice weekly for 20 weeks.
The mice were treated with acetone, 13-HOA (160 or 1600 nmol) or LA (160
or 1600 nmol) 40 min prior to each TPA treatment. The antitumor promotion
activity of 13-HOA was evaluated by tumor incidence (B), the number of
tumors per mouse (C) and tumor diameter (D). None of the mice in the none,
acetone, TPA-only and DMBA-only groups developed tumors. To determine
significant differences, a x*-test was used for tumor incidence, whereas
Student’s t-test was used for both the number of tumors per mouse and tumor
diameters. °P < 0.05 versus DMBA-TPA.

nmol)-initiated and TPA (1.6 nmol)-promoted mouse skin. One week
following DMBA initiation, the dorsal skin of the mice was exposed
to TPA in the presence or absence of 13-HOA or LA (160 and 1600
nmol each). No tumors were developed in any of the mice in the none,
acetone, DMBA-only and TPA-only groups (n = 25 in each group)
(data not shown). The results showed that treatment of the animals
with 13-HOA decreased tumor incidence by 40% (P < 0.05) at a dose
of 1600 nmol as well as the number of tumors per mouse in a dose-
dependent manner (51-65% inhibition, P < 0.05) (Figure 2B-D). LA
did not inhibit tumor incidence or size at both doses (160 and 1600
nmol), and there were no differences in regard to tumor diameter
among the groups. The mice were euthanized after the assays and
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