carcinogenesis (33,34). COX-1 is also involved in carcinogenesis in
the colon (35,36) and the tongue (T. Tanaka, Y. Yasui, M. Kim, in
preparation). Therefore, both isoforms are involved in carcinogenesis
(37). PGE, manifests its biological activities through four known
G-protein-coupled membrane receptors, EP;, EP,, EP; and EP; (38).
Recently reported findings suggest that these PGE, receptors contrib-
ute to murine tumorigenesis in the colon (37), skin (39) and mammary
gland (40). We have recently reported that an EP;-selective antagonist,
ONO-8711, can effectively inhibit 4-NQO-induced tongue carcino-
genesis in rats (41), thus suggesting that certain EP receptors are in-
volved in chemically induced tongue carcinogenesis. However,
detailed investigations on the expression of all EP receptors are scarce.

In the current study, we investigated the susceptibility of 4-NQO-
induced tongue carcinogenesis in male Tg mice to inspect our
previous finding that the tongue of human c-Ha-ras proto-oncogene-
carrying transgenic rats is highly susceptible to 4-NQO-induced car-
cinogenesis. In addition, we immunohistochemically examined the
different expression of four EP receptors in normal squamous epithe-
lium, in dysplasia and in neoplasms in the tongue of Tg mice that are
adequately evaluated for consideration for carcinogenicity testing of
pharmaceutical candidates (42). Subsequently, the chemopreventive
potential of a lipophilic statin, pitavastatin (43), against 4-NQO-
induced carcinogenesis in the Tg mice was investigated to determine
whether this animal model can be utilized for preclinical animal stud-
ies for cancer chemoprevention. Pitavastatin affects the expression of
p21%2fL that is involved in oral cancer development (21,44), and ras
p21 is a target for cancer chemoprevention by statins (45). In addition,
pitavastatin is able to inhibit NAD(P)H oxidase activity (46), which is
involved in 4-NQO-induced mutagenicity, carcinogenicity and oxida-
tive stress (47). Statins modulate PGs biosynthesis and downregulate
COX-2 expression (48). We thus suspected that pitavastatin affects
oral carcinogenesis in the Tg mice treated with 4-NQO.

Materials and methods

Animals, diets and carcinogen

Male CB6F1-Tg rasH2@Jcl mice (Tg) and non-Tg males bred by CLEA Japan
(Tokyo, Japan) at 6 weeks of age were obtained and maintained in plastic cages
in an experimental room controlled at 23 + 2°C temperature, 50 + 10% hu-
midity and lighting (12 h light/dark cycle). They were all allowed free access to
a powdered basal diet of CRF (Charles River Formula)-1 (Oriental Yeast Co.,
Ltd, Tokyo, Japan) and to tap water. The experiments were conducted accord-
ing to the ‘Guidelines for Animal Experiments in Kanazawa Medical Univer-
sity’. A carcinogen, 4-NQO (98% pure, CAS no. 56-57-5, Wako Pure
Chemical Ind., Osaka, Japan) was used to induce tongue and/or esophageal
turnors in this study.

Experimental procedure for developing the rasH2 tongue and esophageal
carcinogenesis model

A total of 22 Tg and 24 non-Tg male mice were transferred to the experimental
room after a 1 week quarantine. They were given tap water containing 20
p.p-m. 4-NQO for 2 (group 1, n = 5, each of Tg and non-Tg mice), 4 (group
2,n = 5, each of Tg and non-Tg mice), 6 (group 3,n = 5, each of Tg and non-
Tg mice) and 8 weeks (group 4, n = 5, each of Tg and non-Tg mice), and
thereafter they received no further treatments. Two rasH2 mice (group 5) and
four non-Tg mice (group 5) were untreated controls. The animals were killed at
24 weeks to determine the occurrence of preneoplasms and neoplasms in the
tongue and esophagus. At killing by exsanguination under a deep ether anes-
thesia, macroscopic observations were carefully performed and the numbers of
grossly visible tumors in the tongue and esophagus were recorded, and then
these tissues with or without tumors were processed for histopathological
examination after being fixed in 10% buffered formalin. The tongues and
esophagus with or without lesions were also processed to assess the expression
of EP receptors and a cell proliferation biomarker by immunohistochemistry.
For a histological examination, the tissue and gross lesions were fixed in 10%
buffered formalin, embedded in paraffin blocks and then the histological sec-
tions were stained with hematoxylin and eosin. Epithelial lesions (dysplasia
and neoplasia) in both tissues were diagnosed according to the criteria de-
scribed by Kramer et al. (49). To determine the multiplicity of the tongue
and esophageal lesions, the tissue specimens were examined for gross lesions
without the use of any magnification aid. Tissue specimens from both the
tongue and esophagus were cut in half longitudinally and each tissue specimen
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was fixed in 10% buffered formalin. Each tissue specimen was totally sub-
mitted as multiple transverse sections for histological processing. This aver-
aged 5-6 piecesftissue specimen of the tongue and 10-12 pieces/tissue
specimen of the esophagus. The lesions in the tissues were counted on all
slides stained with hematoxylin and eosin, and then the sum was divided by
the number of slides, and they were expressed as the mean + SD.

Immunohistochemistry of EP receptors

An immunohistochemical analysis of the EP receptors, EP,_, of the tongue
and esophagus specimens from all the mice was done. Four-micrometer-thick
paraffin sections of the 10% buffered formalin-fixed tongue and esophagus
were mounted on salinized glass and deparaffinized in xyline and descending
strengths of ethanol. The sections were washed in 0.05 M phosphate buffer
saline (PBS, pH 7.6). The endogenous peroxidase activity and non-specific
binding were blocked by incubations with 0.3% hydrogen peroxide in meth-
anol for 5 min at room temperature. After being rinsed with PBS three times for
9 min and exposed to PBS/1% bovine serum albumin for 5 min at room
temperature to reduce non-specific binding, the slides were incubated over-
night at 4°C with rabbit polyclonal antibodies against EP; (code no. 101740,
Cayman Chemical Co., Ann Arbor, MI), EP, (code no. 101760, Cayman
Chemical Co.), EP; (code no. 101750, Cayman Chemical Co.) and EP, (code
no. 101775, Cayman Chemical Co.), all being diluted-at 1:1500 in PBS. The
slides were rinsed three times for 9 min in PBS and incubated for 30 min in
Dako Envision+ Peroxidase Rabbit (K4003, Dako Japan, Kyoto, Japan). The
slides were rinsed three times for 9 min in PBS. Thereafter, they were in-
cubated for 1 min in 3,3'-diaminobenzidine-4HCI and rinsed with PBS. Fi-
nally, the sections were counterstained with Mayer’s hematoxylin. The
negative controls were prepared by substituted primary antibody with buffered
saline. To estimate the degree of stainability of the EP receptors in the lesions,
the grading system (grade 0-5) was used: grade 0-10, no immunoreactivity;
grade 1, very weak immunoreactivity in 11-20% of cells; grade 2, weak
immunoreactivity in 21-30% of cells; grade 3, weak immunoreactivity in
31-40% of cells; grade 4, moderate immunoreactivity in 41-50% of cells
and grade 5, marked immunoreactivity in 51-100% of cells. The results of
the immunohistochemical analysis were blindly scored as a ‘normal’ appearing
squamous epithelium, severe dysplasia, squamous cell papilloma (PAP) and
SCC that developed in all groups.

Preclinical chemoprevention study of pitavastatin using rasH2 male mice

Since no tumors developed in the tongue and esophagus of non-Tg mice,
a preclinical chemoprevention study for evaluating possible inhibitory effects
of pitavastatin on 4-NQO-induced tumorigenesis was conducted in male Tg
mice. Forty-two Tg males were divided into six experimental and control
groups. Groups 1 through 4 were given 4-NQO (20 p.p.m. in drinking water)
for 8 weeks. Group 1 received no further treatment. Starting 1 week after the
cessation of 4-NQO exposure, animals in groups 2, 3 and 4 were fed the diets
containing pitavastatin at dose levels of 1, 5 and 10 p.p.m. for 15 weeks,
respectively. Group 5 was given the diet mixed with 10 p.p.m. pitavastatin.
Group 6 was an untreated control. At week 24, all mice were killed by exsan-
guination under deep ether anesthesia, and the macroscopic inspections were
carefully performed. After killing, the number of grossly visible tumors in the
tongue, esophagus and other tissues were recorded, photos were taken and then
the organs with lesions were processed for histopathological examination after
fixation in 10% buffered formalin. Each tongue was cut in half longitudinally:
one half was used for histopathology and immunohistochemistry and the re-
mainder for PGE, determination. Five serial sections (4 pm each) were made
from the tissue specimens after embedding in paraffin. One section was used
for histopathology and the others for immunohistochemistry of the EP recep-
tors, EP; and EP,, proliferative cell nuclear antigen (PCNA) and cyclin D1.
The histopathological diagnosis was done on the sections stained with he-
matoxylin and eosin. Epithelial lesions (dysplasia and neoplasia) in the tongue
and esophagus were diagnosed according to the criteria described by Kramer
et al. (49). The multiplicities of the tongue and esophageal lesions were de-
termined, as described above. An immunohistochemical analysis of EP; and
EP, was performed as described above. The intensity and localization of the
immunoreactivity against the EP, and EP, primary antibodies were determined
on the tongue sections containing SCC using a microscope (Olympus BX41,
Olympus Optical Co., Ltd, Tokyo, Japan) and evaluated for the intensity of the
immunoreactivity of EP; and EP, on a 04+ scale. The overall intensity of the
staining reaction was scored with 0 indicating no immunoreactivity and no
positive cells, 14+ weak immunoreactivity and <10% positive cells, 2+ mild
immunoreactivity and 10-30% positive cells, 3+ moderate immunoreactivity
and 31-60% positive cells and 4+ strong immunoreactivity and 61-100%
positive cells. To assess the proliferative activity of the tongue SCC developed
in groups 1 through 4, the PCNA-labeling index was quantified. The immu-
nohistochemical detection of PCNA-positive nuclei was done using an
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immunohistochemical analysis kit (Dako Japan). The labeling indices were
calculated by counting the PCNA-positive nuclei in at least 100 cells at three
different fields of tongue and esophagus from each mouse. Cyclin D1 immu-
nohistochemistry was also performed for the evaluation of cell cycle activity of
tongue SCCs. Briefly, 4 pm paraffin-embedded sections from tongue SCCs
developed in groups 1 through 4 were deparaffinized with three changes of
xylene and hydrated using a graded series of alcohol. Slides were incubated
twice in 1 mM ethylenediaminetetraacetic acid (pH 8.0) at 121°C in an auto-
clave, 5 min each to effect antigen retrieval before staining, then exposed
overnight to 1:100 diluted cyclin D1 mouse monoclonal antibody (Novocastra
Laboratories, Newcastle upon Tyne, UK). Slides were then developed by the
avidin-biotin-peroxidase complex methods. Cells were considered positive for
cyclin D1 when definite nuclear staining was identified. The positive cell ratio
(percentage) for cyclin D1 was determined by randomly observing 100 cancer
cells under magnification X400 (>>25 fields) to score. Positive cell ratios were
calculated as numbers per 100 cells.

For the determination of the PGE, content, the tongue tissue (~100 mg)
without tumors was obtained from groups 1-6 after killing. The samples were
then placed into microcentrifuge tubes containing 1 ml of sodium phosphate
buffer (10 mmol/l, pH 7.4) and finely minced with scissors for 15 s. The
samples were then incubated for 20 min at 37°C in a shaking water bath.
Following the incubation period, the samples were centrifuged at 9000g for
30 s and the supernatants collected. The supernatants were flash frozen in
liquid nitrogen and stored at —80°C for subsequent determination of PGE,
content. The PGE, level was assayed using the PGE, ELISA kit (Cayman
Chemical Co.) according to the manufacturer’s instructions.

Statistical analysis

A statistical analysis of the incidence of lesions was performed using Fisher’s
exact probability test, and the other results expressed as the mean + SD were
analyzed by Student-Newman-Keuls multiple comparison test using the
GraphPad InStat software (version 3.05, GraphPad Software, San Diego,
CA). A level of P < 0.05 was considered to be statistically significant.

Results

Animal model study

General observation. All Tg and non-Tg mice in groups 1-5 showed
a good tolerance for 4-NQO-exposure in their drinking water. The
growth curves during the study did not significantly differ among the
groups with different treatment periods and between the two pheno-
types (data not shown). After killing, the mean body, liver and relative
liver weights did not significantly differ among the groups (data not
shown).

Tongue and esophageal tumors development. Whereas no tumors or
dysplastic lesions developed in any organs, including the tongue,
esophagus and forestomach, of the non-Tg mice that received drink-
ing water with or without 4-NQO, exophytic tongue and esophageal
tumors developed in the Tg mice that received 4-NQO (Figure 1A).
One large forestomach tumor, histologically diagnosed as an SCC,
developed in a rasH2 mouse that received 4-NQO for 6 weeks. Such
neoplasms were not observed in the untreated Tg mice. A large forest-
omach tumor developed in one mouse of group 3, but no tumors were
observed in tissues other than the tongue and esophagus of any ani-
mals. The cumulative distribution of the tongue and tumors is illus-
trated in Figure 1B. When compared with the rasH2 mice that
received 4-NQO for 2, 4 or 6 weeks, a number of tongue and esoph-
ageal tumors developed, distributed in whole parts of the tissues. The
tongue and esophageal tumors were histopathologically PAP and SCC
(Figure 1C). As summarized in Figure 2A, the number of tumors
increased with the increased duration of 4-NQO-exposure: the highest
incidence and multiplicity of tongue (100% incidence with a multi-
plicity of 2.80 + 1.30 per tongue) and esophageal (60% incidence
with a multiplicity of 1.40 + 1.67 per esophagus) tumors were ob-
served in the Tg mice given 4-NQO for 8 weeks. Preneoplastic lesions
that were diagnosed to be dysplasia with various degrees of atypia
also developed in the tongue and esophagus with or without tamors in
the Tg mice that received 4-NQO (Figure 2B). The incidence and
multiplicity of dysplasia were increased when the duration of the
4-NQO exposure was increased. In addition, the histopathological
grade of dysplasia depended on the duration of the 4-NQO exposure.
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Fig. 1. Tongue and esophageal tumors developed in rasH2 mice that received
4-NQO in drinking water for 2 (G1, group 1), 4 (G2, group 2), 6 (G3, group
3) or 8 weeks (G4, group 4). (A) Macroscopic view of tongue and esophageal
tumors. A large forestomach tumor developed in a rasH2 mouse of group 3.
(B) Tumor distribution in the tongue and esophagus. (C) Histopathology of
tongue and esophageal tumors: 1, tongue PAP; 2, tongue SCC; 3, esophageal
PAP and 4, esophageal SCC. Hematoxylin and eosin stain, original
magnification: 1, x10; 2, x50; 3, %20 and 4, x20.

EP receptors’ immunohistochemistry of tongue and esophageal
lesions. As indicated in Figure 3, the neoplasms and dysplasias that
developed in the tongue and esophagus expressed EP;4 receptors,
while the expression in the non-lesional and normal squamous epi-
thelium of the tongue and esophagus was quite low or absent. Among
the EP receptors, EP; and EP, expressed as strongly positive in the
dysplastic lesions and neoplasms in these tissues. The expression was
observed in the cytoplasm of the cells that composed the lesions.

Chemoprevention study

General observation. All Tg mice belonging to groups 1-5 showed
a good tolerance of the treatment with 4-NQO and/or pitavastatin. The
mean body weight (29.0 £ 5.5 g) of group 2 (4-NQO — 1 p.p.m.
pitavastatin) and the mean body (28.4 + 4.5 g), liver (1.39 £ 0.23 g)
and relative liver weights (4.89 + 0.23 g/100 g body wt) of group 3
(4-NQO — 5 p.p.m. pitavastatin) were significantly lower than that
(body weight, 35.9 + 6.1 g; liver weight, 1.81 + 0.29 g and relative
liver weight, 5.07 + 0.31 g/100 g body wt) of group 1 (4-NQO alone)
at week 24 (P << 0.05, for each comparison). However, the values of
group 4 (4-NQO— 10 p.p.m. pitavastatin) were comparable with
those of group 1 (data not shown).

Tongue and esophageal tumor development. As summatized in Table I,
tongue tumors with a 100% incidence and a multiplicity of
2.20 + 1.23 developed in rasH2 mice that received 4-NQO alone
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Fig. 2. Incidence and multiplicity of (A) tumors and (B) dysplasia that developed in the tongue and esophagus of rasH2 mice that received 4-NQO in their
drinking water.

(group 1). Feeding with pitavastatin reduced the incidence and mul- PAP (P = 0.0316), SCC (P = 0.0229), total tumors (PAP + SCC,
tiplicity of tongue tumors: 5 p.p.m. pitavastatin in the diet after P = 0.0065) and the multiplicity of total tongue tumors (P < 0.05).
4-NQO-exposure significantly lowered the incidence and multiplicity Regarding tongue dysplasia, feeding with 1 and 5 p.p.m. pitavastatin
of tongue PAP (P = 0.03316 and P < 0.05, respectively) and 10 p.p.m. significantly reduced the incidence of mild dysplasia (P = 0.0065
pitavastatin in the diet significantly lowered the incidence of tongue and P = 0.0015, respectively), and 10 p.p.m. pitavastatin in the diet
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Tongue

Immunochistochemistry

H & E stain EP1

L

EP2 EP3

Esobﬁagus
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Fig. 3. Immunohistochemical expression of EP|_4 receptors in the normal epithelium and lesions induced by 4-NQO in tongue and esophagus. Expression of EP;_
4 Teceptors is weak in the normal squamous epithelium of both tissues. Expression of EP; and EP, is strong in the dysplasia, PAP and SCC, whereas that of EP; and
EP, is weak in the lesions. nl, normal squamous epithelium; DYS, squamous cell dysplasia. Hematoxylin and eosin stain and immunohistochemistry of EP;_,

original magnification x20.

significantly lowered the incidence of severe tongue dysplasia
(P = 0.0306, Table I). Similarly, dietary feeding with 5 p.p.m. pitavas-
tatin significantly reduced the multiplicity of mild dysplasia of the
tongue (P << 0.05), and pitavastatin feeding at all dose levels signifi-
cantly lowered the multiplicity of total dysplasia (mild, moderate
and severe dysplasia) (P < 0.01 at 1 p.pm., P <0.001 at 5 and
10 p.p.m.).

Regarding esophageal tumors, the incidence of SCC was signifi-
cantly reduced by feeding with 10 p.p.m. pitavastatin (P = 0.0076).
Although the incidence and multiplicity of esophageal SCC and total
tumors (PAP + SCC, Table II) decreased after the administration of
pitavastatin at all dose levels, the reduction did not reach statistical
significance (Table II). Treatment with pitavastatin at all dose levels
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lowered the multiplicity of esophageal dysplasia to various degrees;
the differences were not significant (Table II).

PCNA-labeling index and cyclin DI-positive index of tongue
SCC. The PCNA-labeling indexes of SCCs developed in the Tg mice
belonging to groups 14 are illustrated in Figure 4. The index of group 1
(Figure 4A) was the greatest and that of group 4 (Figure 4A) was the
lowest among the groups: group 1, 74.2 + 9.9; group 2, 53.6 + 15.0;
group 3, 39.8 + 7.7 and group 4, 33.4 + 8 (Figure 4A). The values of
groups 2 (P < 0.01), 3 (P < 0.001) and 4 (P < 0.001) were signif-
icantly smaller than those of group 1. The index of group 4
(P < 0.01) was also significantly lower than that of group 2. As to



ice

H2 m

inogenesis in ras.

4-NQO-induced tongue carc

(9L00°0 = o) 3891 A1111qeqoid 10exe §,J9UsL] oy U0 paseq | dnoil wrol} jueXolip Apuesyrusis,
‘g8 F uesy,
‘eise[dsAp J[o0 snowrenbs ‘Sxq,

0 (%0) $/0
0 0 0 (%0) #/0
ISTFSET ILOFSTOET'T F 91T (%E9) 8/

IPTF0ST ¥L0 F €970 660 F 88°0 (%£9) 8/S

ICTF0ST €6°0 F 00T 9L°0 F 050 (%5L) 8/9
96T FOVT LI'T FOV'1 STT ¥ 00'T (%06) 01/6

(%0) 710 (%0) /0 0 0 0 0 (%0)v/0 (%0) +/0 @®0) v/0  (%0) ¥/0 QuoN 9
uneisea

(%0) v/0  (%0) /0 0 0 0 0 (%0 ¥/0 (%0) $/0 (%0 /0 (%0) /0 -end urdd o1 S
unel
-seaeyd “urd-d

LBED) /T (%EY) 8/S TETFGLE v80FECI'T 66U TFE9T €60 F 00T (%00T) 8/8  (%SL) 8/9  (%88) 8/L  (%SL) 8/9 01 + OON-¥ ¥
une;
-seaeyd ‘urd-d

(%09) 877 (%0S) 8% SSTFEL'S IETFO0ST  VLOFEIT €60 F 00T (%00D) 8/8  (%SL) 8/9  (%001) 8/8 (%€9) 8/S § « OON-¥ €
utje)
-seavad -urd-d

(%£9) 8/S (%8€) 8/€ 86’1 FSLY 660FEI'T 90T F8EZ ¥O'T F6T0 (%00T) 8/8  (%SL) 8/9 (%001) 8/8 (%SLY8/9 T «— OON-¥ T

(%08) 01/8 (%08) O1/S LETF 0SS LTTFOVT  LUTF 09T (IL0F 05T (%001) 01/0T (%0L) OT/L (%001) 01/0T (%06) 01/6 SUOre OON- 1

Teior, 208 dvd [el0L 208 dvd [e30L, SA( 319498 SX( 9eISPON  SAQ PTIA €101, SAJ 219495 SA( *1epON ,SAd PIIA
Kyoydomp sousprou] Lrondnmy 3ouopIOU]
Iowmy, erserdsig juswee1y, ‘ou dnoin
uneiseaesd 10/pue OON-¥ PAAISOAI ey} 9oTUX ZHsp4 oy ur swserdosu pue erseidsAp [esSeydoss jo Londnmer pue souspouy “[1 I[qeRL
(1000 > d 3 PUB 60°0 > d ; “10°0 > J p) 3893 uostreduroo syduynu Jeurersj—£eyny, oyp uo paseq | dnoif woly JusIsIp Apueoyusig
(62200 = d (P2 90£0°0 = d 1+ ‘9TE0°0 = d 4 ‘ST00°0 = d 5 ‘S900°0 = d ) 1591 AIyIqeqoid 10exo § IOYSLY S o paseq | dnord woxy juazeyp APueoymsis
‘s F ey,
‘e1se[dsAp [reo snourenbs ‘s X1,
0 0 0 (%0 /0 @0 410 (%0) v/0 0 0 0 0 (%0)v/0 (@0 +/0  (%0) v/0 (%0) +/0 QUON 9
uneisea
0 0 0 (@O0 (@O ¥0 (%0 ¥/ 0 0 0 0 @O0 (B0 ¥0 (%0 ¥/0 (%0) /0 -end wrdd oy S
) unel
o -seaeyrd “urd-d
IOTF CLOSEOF ET0TE0 F €90 A%8E) 8/ K%ED) /1 U%SE) 8/6 Br0T F SLTPLO F SCO P80 F 8O ESOF 050  (%89) 8/L WSV 8/ (%€9) /5 (%0S) 8% 01 OON-¥ 14
une;
o o -seaeyd ‘urdd
ESOF 00D TS0 ¥ €9°0J2S°0 F 860 (%88) 8/L  (%£9) 8/5 U(%BE) 8/€ 3490 F 88T ¥L'0 F £9°0¥S'0 F 00'1 J9V°0 F ST'0 (%00T) 8/8  (%05) 8/ (%88) 8/L 2%ST YT S <« OON¥ €
upe;
o o -seaend urd-d
mm.o ¥ mH.H vm.o ¥ omuo vbuo w €90 (%SL)8/9 (%08) 8/ (%0S) 8/F PILO F 00T E1'T F 80O TLO T SLOIL0 F 050 (%001) 8/8  (%0S) 8/v  (%€9) 8/ 9(%8¢) 8/€ 1 + OON+¥ 4
ETT F0TT £9°0 ¥ 08°0 ¥8'0 F OV'T (%00T) O1/0T (%0L) 01/L (%06) 01/6 1+'1 F 00 80T F O¥'1 140 F 0S'] qCE0 F 0T°T (%00T) 0T/0T (%001) 01/8 (%001) 01/01 (%001) 01/01 Suore OON-¥ 1
SXa SAd SXd SAd
e 208 dvd fe0L 008 dvd e10L QI2ASS  QIBIPOIN  SAJ PIHA el0p Q19435 SIeISpON  SAd PIIN
Ayordnygy edusprou] Kpondnmn 9ousptony
lowmy, erserdsAqy jusumes1y, ‘ou dnoio

uneisear)td Jo/pue QON-p PRATS0ST J8T) 90N 7Hsv4 oY) wt swsedost pue wiserdsAp anSuo o Aoydnmu pue Q0uLpIOU Y 9[QEL

423



S.Miyamoto ef al.

A P<0.01
| {
P<0.001
(%) I 1
P<0.001
90 r

3 4

Group no.
C 20 P<0.01
18 ! P<0.05

2 3 4
Group no.

1 2 3 4 1
Group no.

Pg/mg tissue

Group no.

Fig. 4. Immunohistochemical analysis of PCNA-labeling index and EP,/EP, expression of tongue SCCs and PGE; levels of the tongue (preclinical
chemoprevention study). (A) PCNA-labeling indices (mean + SD) of tongue SCCs in groups 1-4. Inserts are PCNA-immunohistochemistry from a SCC
developed in group 1 that received 4-NQO alone (original magnification, x50) and in group 4 that received 4-NQO and 10 p.p.m. pitavastatin (original
magnification, x50). (B) Scores of immunohistochemical expression of EP; and EP, receptors in tongue SCCs developed in groups 1-4. (C) PGE; contents in the

tongue without tumors.

cyclin D1-positive index (mean x SD or mean) of SCCs, the values of
groups 2 (n = 5, 38.00 + 6.28, P < 0.01), 3 (n = 4, 24.50 + 9.26,
P < 0.001) and 4 (n = 1, 24.50) were smaller than that of group 1
(57.00 = 821, n = 8).

Scores of EP; and EP, receptors’ immunoreactivities in the tongue
SCC. As shown in Figure 4B, the tongue SCC that developed in
groups 1-4 expressed EP; and EP, receptors, the strongest being
the SCC of group 1. The dietary pitavastatin reduced the score of both
EP; and EP, reactivity, and the values of group 3 were significantly
lower than those of group 1 (EP; for P < 0.05 and EP, for P < 0.01).
The mean values (2 for EP; and 1 for EP,) of group 4 were also low,
but a statistical analysis could not be done because of the small sample
size from group 4.

Tongue PGE, level. The PGE, content of the tongue is illustrated in
Figure 4C. The PGE, content (13.60 + 3.66 pg/mg tissue, P < 0.01)
of group 1 (4-NQO alone) was significantly greater than group 6
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(untreated, 8.00 = 1.83 pg/mg tissue). The pitavastatin feeding re-
duced the level and the value of group 4 (4-NQO — 10 p.p.m. pit-
avastatin, 9.25 + 1.67 pg/mg tissue) was significantly smaller than
that of group 1 (P < 0.05). The value of group 5 (10 p.p.m. pitavas-
tatin, 8.50 £ 1.29 pg/mg tissue) was comparable with that
(8.00 + 1.80) seen in group 6.

Discussion

In this study, we demonstrated that rasH2 mice are highly susceptible
to a genotoxic carcinogen, 4-NQO, in drinking water and many neo-
plasms developed in their tongue and esophagus within the 24 exper-
imental weeks. Interestingly, the EP receptors, especially EP1 and
EP2, were immunohistochemically expressed in the lesions (dysplasia
and neoplasm) induced by 4-NQO in these tissue specimens. This
novel animal carcinogenesis model is useful to investigate field can-
cerization in the head and neck regions (oral cavity and esophagus)
(6,7). The model also can be used to identify cancer chemopreventive
agents in these tissues, as we revealed that dietary pitavastatin was



capable of inhibiting the tumor development in the tissue specimens,
especially the tongue.

Similar to the high frequency of p53 mutation in human oral can-
cers (50), a high percentage of ras mutation is also detected in Indian
patients (51), but infrequently in white Caucasian populations (52).
Especially, a high frequency of mutation in codons 12 and 61 of the
H-ras gene was observed in chewing tobacco-related oral cancers in
India (20). Among the ras genes, mutations of the H-ras (28%) and
K-ras genes (33%), but not the N-ras gene, were found in oral tumors
from the eastern Indian population (51). Therefore, the ras gene mu-
tation is relatively high in oral cancer associated with tobacco chew-
ing, and ras and p53 mutational events might be independent and
mutually exclusive (53).

Our previous work (24) demonstrated that c-Ha-ras proto-
oncogene transgenic rats are highly susceptible to 4-NQO-induced
carcinogensis in the tongue, but not the esophagus. Other different
findings from the c-Ha-ras proto-oncogene transgenic rats are that the
tongue tumors distributed throughout the dorsal site of the tongue in
this study, whereas the tongue tumors developed in the dorsal site of
the root of the tongue of the c-Ha-ras proto-oncogene transgenic rats
that received 4-NQO in their drinking water (24). The reasons for this
are not known, but the species difference and/or the difference in the
distribution of an enzyme (DT-diaphorase) that catalyzes the conver-
sion of 4-NQO to an ultimate carcinogen, 4-hydroxyaminoquinoline
1-oxide (54), in the tongue may reflect the differences observed.

In the current study, tongue and esophageal tumors developed in the
rasH2 mice that received 4-NQO (20 p.p.m. in drinking water) for 4-8
weeks. Similar findings have been reported by Tang et al. (18), who
were able to induce numerous tumors in these tissues of CBA and
C57BL/6 mice when given 4-NQO in drinking water for 16 weeks.
Their extensive work also indicated alterations in the expression of
intermediate filaments (K14 and K1), proliferation activity by esti-
mating bromodeoxyuridine-positive nuclei and a cell cycle inhibitor,
pl6. In this study, we observed that 4-NQO-induced tongue and
esophageal carcinogenesis depends on the duration of a carcinogen
treatment and that 4 weeks of treatment is sufficient to induce tumors
in two tissues. As Tang ez al. (18) did not observe any tumors in the
tissue specimens other than the tongue and esophagus, we found only
one forestomach tumor in a rasH2 mouse that received 4-NQO for 6
weeks. In our previous investigation using c-Ha-ras proto-oncogene
transgenic rats, no tumors developed in their forestomach when given
4-NQO in drinking water. Recently, Fong et al. (55) have reported
interesting findings that rats given 4-NQO in drinking water and
fed a zinc-deficient diet developed tumors in the tongue, esophagus
and forestomach, whereas those given 4-NQO and a zinc-sufficient
diet had tumors occur only in the tongue, suggesting that dietary
modulation, including zinc, influences a manifestation of field
cancerization.

Regarding mice genetically modified for tongue carcinogenesis, the
p53 transgenic mice have been reported to be highly susceptible to
4-NQO-induced oral cancer (56). When the palate of the p53Val135/WT
mice was treated by the direct application of 4-NQO with a hairbrush,
which had been dipped in 4-NQO solution, thrice weekly for 16 weeks
and followed by no further treatment for 32 weeks, a greater incidence
and multiplicity of squamous cell tumors in the oral cavity, esopha-
gus and forestomach were observed in comparison with the p53WTWT
mice at 48 experimental weeks. Their microarray data suggest the
importance of the p53 mutation, alteration in p53-dependent apopto-
sis and cell proliferation during the carcinogenesis of these tissues.
These findings also supported the belief that the crosstalk of apopto-
sis, cell cycle arrest, transforming growth factor B signaling pathway
and Ras-mitogen-activated protein kinase pathway may be involved in
turmnorigenesis. In the current study, we observed numerous tumors
mainly in the tongue and esophagus, occurring as early as 24 weeks,
although no p53 mutations were determined. Recently, Caulin ef al
(57) developed an interesting mouse model without the use of a car-
cinogen, in which the focal activation of an oncogenic K-rasGI2D
allele in the oral squamous epithelium resulted in the development of
a number of oral cavity tumors with an altered expression pattern of

4-NQO-induced tongue carcinogenesis in rasH2 mice

keratin 16 weeks after the activation. Taken together, ras mutation
and/or activation as well as p53 mutation are therefore considered to
be involved in oral cancer development.

Using rasH2 mice, we investigated the chemopreventive ability of
pitavastatin in 4-NQO-induced tongue and esophageal carcinogene-
sis. The dietary pitavastatin is therefore considered to have the poten-
tial to suppress the development of tongue tumorigenesis, whereas the
potential in esophageal carcinogenesis was relatively weak in com-
parison with that observed in tongue carcinogenesis. The reasons for
this are not known, but a different bioavailability of dietary pitavas-
tatin in these tissues is considered to be one possible explanation. In
this study, the PGE, content in the tongue was lowered by the treat-
ment with pitavastatin. The findings support our previous results that
lowering the PGE, content by treatment with COX-2 inhibitors
(24,32) and a non-steroidal anti-inflammatory drug (58) suppresses
4-NQO-induced carcinogenesis. In this study, the dietary administra-
tion of pitavastatin reduced the immunohistochemical expression of
EP, and EP; in the tongue, thus suggesting the involvement of these
receptors in tongue carcinogenesis. The inhibitory effects of pitavas-
tatin on carcinogenesis has recently been observed in colon tumori-
genesis in our laboratory (43). In addition, an EP, antagonist, ONO-8711,
in the diet effectively inhibits tongue tumor development in human
c-Ha-ras transgenic rats initiated with 4-NQO (41). Besides these
effects of pitavastatin, we observed that dietary pitavastatin at all
doses significantly lowers the PCNA-labeling index of tongue SCCs,
thus suggesting that this drug is able to inhibit the growth of tongue
SCCs possibly through affecting events during the tumor progression
stage. Additionally, feeding with pitavastatin (groups 2-4) reduced
the cyclin DI1-positive rates of cancer cells when compared with
group 1 (4-NQO alone). The findings are of interest, because H-ras
and cyclin D1, a downstream of the Ras, influence the susceptibility of
oral cancer (21). Thus, the multiple effects of pitavastatin on the
expression of EP; and EP, receptors, PGE, content, proliferation
and cell cycle may result in inhibition of tongue carcinogenesis ini-
tiated with 4-NQO in rasH2 mice.

Using this model, detailed research on molecular and proteomics
events, such as the involvement of inflammation in tongue/esophageal
carcinogenesis, could be conducted to fight oral and esophageal
epithelial malignancies. In addition, the gene—environment and
gene—gene interactions in the carcinogenesis (59) of these tissues
can be investigated using this rasH2 mouse model, since the H-ras
gene and other members of the ras gene family also appear to be
a common target for the coding sequence mutations in the initiation
of carcinogenesis at several organ sites and in various species by
specific carcinogens (60).
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Adipocytokines are a group of adipocyte-secreted proteins that
have significant effects on the metabolism of lipids and carbohy-
drates, as well as numerous other processes. A number of recent
studies have indicated that some adipocytokines may significantly
influence the proliferation of malignant cells in vitro, whereas it
remains unclear whether they have similar roles in vivo. In this
study, we determined serum levels of adipocytokines in mice with
azoxymethane (AOM)- and dextran sulfate sodium (DSS)-induced
colon carcinogenesis. Five-week-old ICR mice were given a single
intraperitoneal injection of AOM followed by 1% DSS in drinking
water for 7 days. Nobiletin (NOB), a citrus flavonoid, was given in
the diet (100 p.p.m) for 17 weeks. Thereafter, the incidence and
number of colon tumors and serum concentration of adipocyto-
kines were determined at the end of week 20. The serum leptin
level in AOM/DSS-treated mice was six times higher than that in
untreated mice, whereas there were no significant differences in
the levels of triglycerides, adipenectin and interleukin-6. Feeding
with NOB abolished colonic malignancy and notably decreased
the serum leptin level by 75%. Further, NOB suppressed
the leptin-dependent, but not independent, proliferation of
HT-29 colon cancer cells and decreased leptin secretion through
inactivation of mitogen-activated protein kinase/extracellular
signaling-regulated protein kinase, but not that of adiponectin
in differentiated 3T3-L1 mouse adipocytes in a dose-dependent
manner. Taken together, our results suggest that higher levels of
Ieptin in serum promote colon carcinogenesis in mice, whereas
NOB has chemopreventive effects against colon carcinogenesis,
partly through regulation of leptin levels.

Introduction

Colorectal cancer was seen in about 1 million new cases throughout
the world in 2002, with similar numbers for men and women. In terms
of incidence, colorectal cancer ranks fourth in frequency in men and
third in women (1). Epidemiological studies have provided abundant
evidence that environmental factors, rather than genetic variations
between populations, are of prime importance in the etiology of this
disease (2,3). One of the most influential factors is obesity, whose
prevalence has markedly increased over the past two decades, espe-
cially in industrialized countries (4). Obesity is known to increase the
risk of several different chronic diseases, such as coronary heart dis-
ease, stroke and cancer (5,6). Further, the results of case—control and
prospective studies suggest that obesity is a strong risk factor for

Abbreviations: AOM, azoxymethane; DMEM, Dulbecco’s modified Eagle
medium; DSS, dextran sulfate sodium; elF4B, eukaryotic initiation factor
4B; BRK, extracellular signal-regulated protein kinase; FBS, fetal bovine se-
rum; IL-6, interleukin-6; MEK, mitogen-activated protein kinase/extracellular
signaling-regulated protein kinase kinase; mTOR, mammalian target of rapa-
mycin; NOB, nobiletin; Ob-R, leptin receptor; TNF-a, tumor necrosis factor-o.

colorectal cancer, especially in men (7-10). More recently, a prospective
population-based study of ~90 000 subjects conducted by the American
Cancer Society confirmed that obesity is directly associated with an
increased risk of death from colon cancer (11). Animal studies have
confirmed that finding and also showed that obesity enhances tumor
development (12), whereas calorie restriction inhibits a broad range
of spontaneous, transplanted and chemically induced tumors (13).
However, the mechanism underlying the development of obesity-
associated colon cancer has not been fully elucidated.

Until the discovery of adipocytokines, adipose tissue was only
thought to have passive functions as an energy storage depot and
mechanical barrier. Adipocytokines are a group of adipose tissue-
secreted hormones that were initially reported in the early 1990s when
leptin was described (14). Later, it was shown that leptin, resistin,
plasminogen activator inhibitor-1, tumor necrosis factor-o. (TNF-c)
and interleukin-6 (IL-6) had positive relationships to adiposity (15).
Since they have some crucial roles in immune regulation, vascular
function and adipocyte metabolism, adipocytokines are considered to
be central players in the pathogenesis of metabolic syndrome, a cluster
of clinical symptoms that include obesity and insulin resistance. Con-
sequently, the regulation of body weight and obesity-related pathol-
ogy is rapidly becoming a critical concern for public health experts
and medical scientists worldwide (16). Most of the studies on the
relationship of obesity and colorectal carcinogenesis are using obese
animals (e.g. db/db, ob/ob or high-fat diet consumption mice). How-
ever, it is difficult to determine which adipocytokine is involved in
colon carcinogenesis in obese animals because, in addition to several
adipocytokines, there are a number of altered physiological factors in
obese individuals.

Thus, in the present study, we decided to use chemically induced
colon carcinogenesis in mice to quantify the serum levels of adipo-
cytokines (17). In addition, the effects of dietary citrus nobiletin
(NOB, Figure 1), a candidate chemopreventive agent against cancer
in the colon (18,19), toward colon carcinogenesis and the serum level
of adipocytokines in mice were investigated to elucidate its regulatory
activities.

Materials and methods

Mice

Male Crj: CD-1 (ICR) mice (Charles River Japan, Tokyo, Japan) were obtained
at 5 weeks old and maintained at Kanazawa Medical University Animal
Facility according to the Institutional Animal Care Guidelines. On arrival,
all mice were randomized and transferred to plastic cages (five mice per cage)
and given free access to drinking water and a pelleted basal diet (CRF-1,
Oriental Yeast, Tokyo, Japan) under controlled conditions of humidity (50 +
10%), light (12/12 h light/dark cycle) and temperature (23 + 2°C). All mice
were quarantined for 1 week before starting the experiments.

Chemicals

Azoxymethane (AOM), a colonic carcinogen, was purchased from Sigma
Chemical Co. (St Louis, MO). Dextran sulfate sodium (DSS) with a molecular
weight of 36 000-50 000 was purchased from ICN Biochemicals (Aurora,
OH), dissolved in distilled water at a concentration of 1% (wt/vol) and then
used to induce colitis. NOB (>98% purity) was obtained from Nard Chemicals
(Hyogo, Japan). Dulbecco’s modified eagle medium (DMEM), fetal bovine
serum (FBS) and bovine serum were purchased from Gibco BRL (Grand
Island, NY). Human recombinant leptin was obtained from R&D Systems
(Minneapolis, MN). Antibodies directed against Pi-mitogen-activated protein
kinase/extracellular signaling-regulated protein kinase kinase (MEK)1/2
(Ser217/221, #9121), Pi-extracellular signaling-regulated protein kinase
(ERK)1/2 (Thr202/Tyr204), Pi-mammalian target of rapamycin (mTOR)
(Ser2448, #2971), Pi-S6 (Ser240/244, #2215), Pi-eukaryotic initiation factor
4B (elF4B) (Serd22, #3591), as well as horseradish peroxidase-conjugated
anti-rabbit antibody (#7074), were obtained from Cell Signaling Technology
(Beverly, MA). All other chemicals were purchased from Wako Pure Chemical
Industries (Osaka, Japan) unless specified otherwise.
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Fig. 1. Chemical structure of NOB.

Animal treatment

A total of 80 male ICR mice were divided into one control and three experi-
mental groups (Figure 2). Group 1 served as an untreated control. Group 2 mice
were given NOB (100 p.p.m.) in their diet starting from week 3 of the exper-
iment. Mice in groups 3 and 4 were given a single intraperitoneal injection of
AOM (10 mg/kg body wt) at the beginning of the experiment and then received
1% DSS in drinking water for 7 days starting 1 week after the injection.
Further, group 3 mice were maintained on the basal diet throughout the study,
whereas those in group 4 were given the same diet as group 2. The dose of
NOB used was determined on the basis of our previous studies (18,19). The
animals were sequentially euthanized on weeks 5, 10 and 20 as follows. Three
mice each from groups 1 and 2 and five mice each from groups 3 and 4 were
euthanized on weeks 5 and 10, whereas nine mice each from groups 1 and 2
and 15 mice each from groups 3 and 4 were euthanized on week 20. The mice
were killed under ether anesthesia, and blood samples were immediately col-
lected from the abdominal aorta, after which all organs were removed, with the
colons flashed with phosphate-buffered saline, excised, measured in the length
(from the ileocecal junction to the anal verge), cut open longitudinally along
the main axis and then washed again with phosphate-buffered saline. The
colons were macroscopically inspected, and whole colons were processed
for paraffin embedding after being cut and fixed in 10% buffered formalin
for at least 24 h. Histopathological examinations were then done on paraffin-
embedded sections after hematoxylin and eosin staining. Colonic neoplasms
were diagnosed according to the description by Ward (20). Tissues other than
the colon were also evaluated histopathologically.

Clinical chemistry

The collected blood samples were used for clinical chemistry with measure-
ments for triglycerides (Triglyceride E-test, Wako Pure Chemical Industries),
adiponectin (Mouse/Rat Adiponectin ELISA Kit, Otsuka Pharmaceutical Co.,
Ltd, Tokyo, Japan), leptin (Quantikine Mouse leptin, ELISA/Assay Kit, R&D
Systems), TNF-o (Quantikine Mouse leptin, TNF-o, ELISA/Assay Kit, R&D
Systems) and IL-6 (Quantikine Mouse IL-6 ELISA Kit, R&D Systems, re-
spectively) performed. Collected serum samples were examined without di-
lution to measure triglycerides, TNF-o and IL-6, whereas they were diluted
20- and 2000-fold for leptin and adiponectin measurements, respectively.

Cell culture

HT-29 human colon cancer cells and 3T3-L1 mouse pre-adipocytes were
obtained from American Type Culture Collection (Manassas, VA). HT-29
and 3T3-L1 cells were maintained in DMEM supplemented with 10%
FBS (HT-29) or 10% bovine serum (3T3-L1), as well as 100 U/ml of
penicillin and 100 pg/ml of streptomycin at 37°C in a humidified 5% CO,
atmosphere.

Cell proliferation

HT-29 cells (5 x 103200 pl per well) were seeded into 96-well plates under the
growth conditions described above. Twenty-four hours after seeding, the cells
were serum starved for 24 h and then treated with leptin (0.01-10 nM) for
various time periods (0-72 h), according to a method reported previously by
Ogunwobi et al. (21), with some modifications. For suppressive experiments,
cells were pretreated for 1 h with NOB (0, 10 and 100 puM) before leptin
exposure. At various time points, cell proliferation was assessed using a Cell
Counting Kit-8 (Dojindo, Kumamoto, Japan) according to the manufacturer’s
instructions.
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Fig. 2. Experimental protocol for AOM/DSS-induced carcinogenesis. Mice
in groups 3 and 4 were given a single intraperitoneal injection of AOM (10
mg/kg body wt). Starting 1 week after the injection, they were administered
1% DSS in drinking water for 7 days (filled rectangle). Mice in groups 2 and
4 were given NOB (100 p.p.m.) in the diet from week 3.

Intracellular lipid accumulation and adipocytokines secretion

The 3T3-L1 cells (1 x 10%200 pl per well) were seeded into 96-well plates
under the growth conditions described above. After reaching confluence, they
were incubated for an additional 24 h (designated as day 0). Then, adipocyte
differentiation was induced by treatment with a mixture of methylisobutylxan-
thine (0.5 mM), dexamethasone (1 pM) and insulin (10 pg/ml), components of
an Adipogenesis Assay Kit (Chemicon International, Temecula, CA), in
DMEM containing 10% FBS for 48 h. The medium was then replaced by
DMEM containing 10% FBS and insulin (5 pg/ml) and changed to fresh
medium every 2 days, according to a method reported previously by Maeda
et al. (22), with some modifications. On day 2, NOB (0, 10 and 100 pM) was
dissolved in dimethyl sulfoxide and then added to DMEM containing FBS and
insulin. The final concentration of dimethyl sulfoxide was 0.1%, which was
found not to affect cell growth (data not shown). After 12 days, the medium
was collected and subjected to enzyme-linked immunosorbent assay to de-
termine the levels of leptin, adiponectin, IL-6 and TNF-o. The cells were
stained with the Oil Red-O component of an Adipogenesis Assay Kit according
to the manufacturer’s instructions. Stained cells were viewed using an inverted
microscope (Leica Microsystems, Tokyo, Japan) (original magnification
1:200) and images were captured with a digital camera system. Stained oil
droplets in 3T3-L1 cells were extracted with dye extraction solution and then
the absorbance of the extracts were measured at 490 nm.

Western blotting

Following treatment with NOB, 3T3-L1 cells were washed with phosphate-
buffered saline twice and lysed in lysis buffer [10 nM Tris, pH 7.4, 1% sodium
dodecyl sulfate, 1 mM sodium metavanadate (V)] and centrifuged at 3200g for
5 min. Denatured proteins (40 pg) were separated using sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis on a 10% polyacrylamide gel and then
transferred onto Immobilon-P membranes (Millipore, Billerica, MA). After
blocking with Block Ace (Snow Brand Milk Products, Tokyo, Japan) for 1
h, the membranes were reacted with the appropriate specific primary antibody
(1:1000) followed by the corresponding horseradish peroxidase-conjugated
secondary antibody (1:1000). The blots were developed using ECL western
blotting detection reagents.

Statistical analysis

Where applicable, data were analyzed using a Tukey-Kramer multiple com-
parison test (GraphPad Instat version 3.05, GraphPad Software, San Diego,
CA), Fisher’s exact probability test and Student’s ¢-test (two sided), with P <
0.05 as the criterion of significance.

Results

General observations of miice

Throughout the study, dietary feeding with NOB did not cause clin-
ically harmful symptoms including toxicity. The intake of water and
food consumption (grams per day per mice) did not significantly differ
among the four groups, and there were no marked changes in the mean
relative liver weights and colon lengths (data not shown). In contrast,
the mean body weight of group 3 was significantly higher (P < 0.05)
than that of the groups 1 and 2, and NOB in the diet suppressed that
increase by 56%, which was statistically significant (Table I). In par-
allel, the AOM/DSS treatment led to a notable increase in epididymal
fat by 1.6-fold, whereas NOB tended to suppress that increase.
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Table I. Body and epididymal fat weights and colon tumor formation in male ICR mice

Group no.  Treatment Body weight Epididymal Incidence (no. of mice with neoplasms) Multiplicity (no. of tumors/mouse)
[¢:3] fat weight (g)
Total (%) Adenoma (%) Adenocarcinoma (%) Total Adenoma Adenocarcinoma

1 No treatment 418 £3.2° 094042 0/6 (0) 0/6 (0) 0/6 (0) 0 0 0

2 100 pp.m. NOB 430+32° 077 £ 0.65 0/6 (0) 0/6 (0) 0/6 (0) 0 0 0

3 AOM/DSS 493+ 6.0° 1.52 £ 0.79 5/10 (50) 3/10 30) 4/10 (40)° 21+37 1.1+20 10£138

4 AOM/DSS + 45.1+4.1 1.30 = 0.61 1/10 10) 110 (10) 0/10 (0)° 0103 01x03 0

100 p.p.m. NOB

Data are shown as the mean + SD. Body and epididymal fat weights were measured using nine mice from groups I and 2 and 15 from groups 3 and 4. Colon tumor
formation was analyzed using six mice from groups 1 and 2 and 10 from groups 3 and 4.
*Significantly different in Tukey—Kramer multiple comparison post test: P < 0.05.

YSignificantly different in Fisher’s exact probability test: P < 0.05.

Incidence and multiplicity of colonic neoplasms

We reported previously the significant effects of NOB toward AOM-
induced aberrant crypt foci formation (18) and carcinogenesis (19) in
rats. In the present study, we attempted to confirm its preventive
ability in inflammation-associated colon carcinogenesis model mice
and also examined its effects on the serum levels of adipocytokines.
Macroscopically, nodular and polypoid colonic tumors were observed
in the middle and distal colon of mice in groups 3 and 4, which were
shown to be tubular adenomas and adenocarcinomas in histopatho-
logical findings. As summarized in Table I, the mice in groups 1 and 2
did not develop neoplasms in any of the organs examined, including
the colon. In contrast, group 3 had a 50% incidence of colonic tumors
and 40% incidence of adenocarcinomas. In group 4, which received
AOM/DSS and 100 p.p.m. of NOB in the diet, only a single colonic
tumor developed in one mouse, which was shown in histopathological
findings to be a tubular adenoma. Thus, the incidence of adenocarci-
noma in group 4 (0%) was significantly lower than that in group 3
(P < 0.05). The muitiplicity of colon adenomas in group 4 was also
extremely lower than that in group 3.

Serum levels of leptin, adiponectin, IL-6, TNF-o. and triglycerides

We assessed the serum levels of triglycerides and adipocytokines
based on a previous report of a positive association of colon cancer
with hypertriglycemia in Apc knockout mice (23). Interestingly, the
serum concentrations of triglycerides, IL-6 and TNF-« in group 3
were elevated by 1.5-1.6-fold as compared with those in group 1,
though the differences were not significant. Of note, the serum level
of leptin in group 3 increased by 3.1-5.7-fold in a time-dependent
manner (from 5 to 20 weeks) and was markedly suppressed by NOB
(75-84%). When NOB was given by itself (group 2), it did not affect
the level of leptin as compared with the control group.

Effects of leptin and NOB on cell proliferation

Leptin treatment (0.1-10 nM) for 24 h significantly increased HT-29
cell proliferation by 1.3-1.6-fold (Figure 4A) in a time-dependent
manner (Figure 4B), which was consistent with previously reported
findings (24,25). We also examined the effects of NOB on leptin-
dependent and -independent cell growth. As shown in Figure 4C,
NOB (10 or 100 pM) abolished leptin-enhanced cell growth, whereas
it had no effects on cell proliferation when leptin was not added.

Effects of NOB on Oil Red-O staining and secretion of adipocytokines
We treated differentiated 3T3-L1 adipocytes with NOB (0.1, 1, 10 and
100 uM) to determine its effects on intracellular lipid accumulation
and secretion of adipocytokines. Differentiated 3T3-L1 cells were
notably loaded with lipid, as detected by Oil Red-O staining. NOB
(100 uM) reduced the Oil Red-O staining level of 3T3-L1 cells to 40%
(Figure 5A). Further, the flavonoid (1-100 pM) significantly reduced
leptin secretion (61-100%, P < 0.05, Figure 5B) in a dose-dependent
manner. However, it had no effect on the secretion of adiponectin,
whereas IL-6 secretion was slightly increased by 10 pM of NOB. The

level of TNF-o in media was not detectable following any of the
treatments (data not shown).

NOB inhibited leptin secretion partly through suppressed MEKI1/2
phosphorylation :

The mTOR, a Ser/Thr kinase, is considered to play a crucial role as
the regulator of differentiation (26) and leptin secretion (27). We in-
vestigated the effects of NOB and rapamycin, an mTOR inhibitor, on
the leptin secretion and phosphorylation status of molecules (Figure 6)
involved in insulin-signaling pathway (mTOR, eIF4B, S6, Raf,
MEK1/2 and ERK1/2). NOB (10 and 100 M) significantly reduced
leptin secretion as well as rapamycin (data not shown). The phosphor-
ylation state of elF4B and S6, both of which are substrates of mTOR,
was abolished in rapamycin-treated cells, whereas NOB selectively
decreased the phosphorylation state of only eIF4B. The differing
results obtained with NOB and rapamycin led us to examine whether
NOB affects the Raf/MEK/ERK pathway. Interestingly, the phosphor-
ylation state of MEK1/2 and ERK1/2, but not Raf, was notably
decreased in NOB-treated cells, whereas rapamycin did not affect
those of both Raf and MEK1/2 but dramatically increased ERK1/2
phosphorylation. Proposed molecular mechanisms by which NOB
suppresses leptin secretion are shown in Figure 7.

Discussion

In the present study, we demonstrated for the first time that serum
leptin levels are profoundly increased in mice with chemically in-
duced colon carcinogenesis. In addition, a citrus flavonoid, NOB,
lowered not only those levels but also reduced colon tumor develop-
ment, whereas other adipocytokines (TNF-o, IL-6 and adiponectin)
and triglycerides did not significantly alter by the treatment. Further,
NOB abolished leptin-stimulated human colon cancer cell prolifera-
tion and leptin secretion from insulin-treated adipocytes in vitro as
well as the flavonoid rutin (28). Together, these results led us to
hypothesize that an increased level of leptin promotes colon carcino-
genesis in mice and that NOB is able to inhibit that, at least in part,
through regulation of leptin levels.

Recently, obesity has become a point of focus in investigations
conducted to identify dietary and lifestyle factors related to an in-
creased risk of colorectal cancer (29). Metabolic stress resulting from
obesity has been shown to be associated with increased levels of
oxidative stress (30), inflammatory cytokines, insulin (31) and lipids
(32,33). Of interest, Niho et al. (23,34) revealed a hyperlipidemic
state in Apc gene-deficient mice, nsed as a model of human familial
adenomatous polyposis, as compared with their wild-type counter-
parts. Our present findings regarding the serum level of triglycerides
(Figure 3) are similar to those, though the difference did not reach
statistical significance. This discrepancy may attribute to the differ-
ences in genetic backgrounds of the mice used and/or the experimen-
tal protocols. Obesity is driven by white adipose tissue, from which
excess or reduced levels of adipocytokines are secreted (35). Adipo-
nectin is the most abundant cytokine in adipocytes and has been
reported to have antidiabetic and anti-inflammatory properties (36),
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Fig.3. Levels of serum leptin, triglycerides, IL-6, TNF-¢ and adiponectin in
mice. Serum adipocytokine (leptin, IL-6, TNF-o and adiponectin) levels
were quantified by enzyme-linked immunosorbent assay and triglycerides by
a Triglyceride E-test. Values are shown as the mean * SD (n = 3-15).
Statistical analysis was performed using a Tukey—Kramer multiple
comparison test and the data not sharing a letter, P < 0.05.

and low levels of adiponectin have been shown to be associated with
an increased risk of colorectal cancer in humans (37). Several classi-
cal proinflammatory cytokines, e.g. TNF-o and to a large extent IL-6,
are also secreted from adipocytes (38) and may participate in the
regulation of obesity (39). In addition, epidemiological studies have
revealed the roles of TNF-o and IL-6 in the onset of several types of
cancer (40). However, there have been no results published regarding
the hormonal role of leptin in chemically induced carcinogenesis in
rodents.

Leptin is a 16 kDa protein encoded by the ob gene and was first
revealed in 1994 as a regulator of body weight and energy balance,
with its activities displayed in the hypothalamus (14). It is well known
that serum leptin levels are highly elevated in obese individuals
(41,42) and that leptin is secreted mainly by white adipocytes (43).
C57BL/KsJ-dbldb (dbldb) mice have a defect in the leptin receptor
(0b-R) gene (44), which leads to leptin regulatory impairments of
food intake thereby resulting in hyperinsulinemia, hyperglycemia
and hyperleptinemia in subjects with extreme obesity (45). In the
present study, the mean body and epididymal fat weights in AOM/
DSS-treated mice were greater than those in control mice while NOB
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Fig. 4. Effects of leptin on proliferation of HT-29 human colon cancer cells
and suppression by NOB. Twenty-four hours after seeding, cells were serum
starved for 24 h and then treated with (A) leptin (0.01-10 nM) for 24 h (B)
dimethyl sulfoxide (filled triangle) or 1 nM leptin (filled square) for different
time periods (0-72 h) or (C) leptin in the presence of NOB (0, 10 and

100 M) for 24 h. Cell numbers were determined using a Cell Counting Kit-
8. Values are shown as the mean + SD (n = 3). Statistical analysis was
performed using a Student’s r-test and the data not sharing a letter (a and b),
P < 0.05 (at the same time point in panel B).

feeding decreased those (Table I). These results raise the possibility
that the elevation of serum leptin levels seen in carcinogenesis model
mice is in part due to increases in body and fat weights, though the
underlying mechanism is unclear. On the other hand, several studies
have reported that mesenteric adipose tissue in inflammatory bowel
disease patients overexpress leptin mRNA (46,47). A DSS-induced
colitis animal model is considered to be very reliable and useful for
elucidating the mechanism underlying the onset of inflammatory
bowel disease (48), thus DSS treatment may be associated with ele-
vated serum leptin levels in AOM/DSS-treated mice. Thisissue is now
being addressed in our laboratory. Our results (Figure 4) as well as
those of several other studies (21,24,25) indicate that leptin acts as
a mitogenic factor in cultured human colon cancer cells. However, it is
well known that obese animals with elevated leptin levels, e.g. wild
mice fed a high-fat diet and db/db mice, are highly susceptible to
chemically induced carcinogenesis (49,50). Collectively, it is consid-
ered that obesity-associated colon carcinogenesis is partly mediated
through a leptin-involved mechanism.

NOB (Figure 1), a polymethoxylated flavonoid predominant in citrus
fruit peels (Figure 1) (51), has been reported to inhibit the proliferation
of a variety of human cancer cell lines (52) and suppress colon carci-
nogenesis in rats (18,19). Although several reports have implied the
preventive mechanism of NOB toward colon carcinogenesis, those re-
sults are not definitive. For example, NOB inhibited inducible nitric



oxide synthase and cyclooxygenase-2 expression in macrophages (53)
and reduced prostaglandin E, levels in rat colonic mucosa treated with
AOM (18,19). In the present study, we showed that dietary NOB de-
creased body and epididymal fat weights, which had been increased by
treatment with AOM/DSS. These effects may contribute to its colon
cancer preventive activities. In accordance with this notion, Saito et al.
(54) recently reported that NOB enhanced both the differentiation and
the lipolysis of adipocytes via activation of signaling cascades mediated
by cyclic adenosine 3',5'-monophosphate and cyclic adenosine 3',5'-
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Fig. 5. Effects of NOB on Oil Red-O staining (A) and secretion of leptin,
IL-6 and adiponectin from differentiated 3T3-L1 cells (B). 3T3-L1 mouse
preadipocytes were induced to adipocyte differentiation with a mixture of
methylisobutylxanthine (0.5 mM), dexamethasone (1 pM) and insulin

(10 pg/ml) in DMEM containing 10% FBS for 48 h. Differentiated 3T3-L1
cells were treated with dimethyl sulfoxide alone or various concentrations of
NOB for 12 days and then the supematants were removed for measurements
of adipocytokines. The cells were washed twice with phosphate-buffered
saline and stained with Oil Red-O. Stained cells were then viewed using an
inverted microscope (Leica Microsystems) (original magnification 1:200).
Leptin, IL-6 and adiponectin secretion were quantified by enzyme-linked
immunosorbent assay. Values are shown as the mean + SD (1 = 6). Statistical
analysis was performed using a Student’s ¢-test and the data not sharing

a letter, P < 0.05.

Suppressive effects of NOB on hyperleptinemia

monophosphate-responsive element-binding protein. Our findings
showing that NOB reduced the accumulation of intracellular lipids
(Figure 5A) were similar to those in that study.

In addition, it should be pointed out that NOB inhibited leptin-
stimulated but not basal HT-29 colon cancer cell proliferation, though
the mechanism is not fully understood. The biological activities of
leptin are mediated through its receptor Ob-R, which consists of six
splicing variants (Ob-Ra through Ob-Rf) (55). The long (Ob-Rb) and
short (Ob-Ra) isoforms transduced leptin signals through ERK1/2-
and c-Jun NHj-terminal kinase 1/2-dependent pathways in human
Kupffer and peripheral blood mononuclear cells (56). Also, leptin
was reported to stimulate HT-29 cell proliferation through the
activation of ERK1/2 and c-Jun NHj;-terminal kinase 1/2 (21,25).
Importantly, we recently reported that NOB suppressed phorbol
ester-induced activation of ERK1/2, ¢c-Jun NH,-terminal kinase 1/2
and c-jun in THP-1 human monocytic cells (57). Thus, this flavonoid
may inhibit leptin-induced cell proliferation by disrupting mitogen-
activated protein kinase pathways.

In adipocytes, mTOR is a master regulator of protein synthesis (58),
adipose tissue morphogenesis (59) and leptin synthesis/secretion (60).
Consistent with previous study, yapamycin significantly suppressed
leptin secretion from 3T3-L1 cells (data not shown), and the suppres-
sive effect may be due to the suppression of S6 and e[F4B, the sub-
strates of mTOR (Figure 6). Meanwhile, in the present study, NOB
suppressed the activation of eIF4B but not S6. Kawabata et al. (61)
recently showed that eIF4B phosphorylation is dependent not only on
mTOR but also on mitogen-activated protein kinase pathway. In this
study, NOB notably suppressed the phosphorylation of MEK1/2 and
ERK1/2, but not Raf (Figure 6). The MEK1/2 activation may be
regulated not only by a conventional Ras/Raf signal pathway but also
by their autophosphorylation (62). Furthermore, our findings are con-
sistent with those by Miyata et al. (63) who reported that NOB in-
hibited the auto-phosphorylation of MEK1/2 without the affecting
Ras and Raf activity in HT-1080 colon cancer cells. Together, it is
likely that NOB inhibits phosphorylation of MEK1/2 and eIF4B for
decreasing leptin release. Based on the different mode of actions
between NOB and rapamycin, their combination may lead to additive
or synergistic leptin suppression.

Pi-mTOR

Pi-Raf
Pi-MEK1/2
Pi-ERK1/2

Pi-eIF4B

Pi-S6 i ‘
NOB - + -
RAP - - +

Fig. 6. Effects of NOB or rapamycin on mTOR-signaling pathway in
differentiated 3T3-L1 cells. 3T3-L1 mouse pre-adipocytes (1 x 10° cells in
35 mm dish) were induced to adipocyte differentiation with a mixture of
methylisobutylxanthine (0.5 mM), dexamethasone (1 pM) and insulin

(10 pg/ml) in DMEM containing 10% FBS for 48 h. Differentiated 3T3-L1
cells were treated with dimethyl sulfoxide alone, various concentrations of
NOB or 100 nM rapamycin for 12 days and then the supernatants were
removed for measurements of adipocytokines. The cells were washed twice
with phosphate-buffered saline and analyzed by western blotting using
specific antibodies. RAP, rapamycin.

1061



S.Miyamoto et al.

Insulin O

Insulin receptor

Fig. 7. Proposed schema of molecular mechanisms by which NOB
suppresses leptin secretion from 3T3-L1 cells. Differentiation and protein
translation are regulated by both Akt/mTOR and MEK/ERK-signaling
pathway. mTOR and the downstream factors, such as S6 and eIF4B, are
phosphorylated in a constitutive manner. Rapamycin inhibits mTOR and
thereby suppressing the activity of downstream molecules for blocking leptin
secretion. Meanwhile, NOB induces the dephosphorylation of MEK1/2
without affecting mTOR and Raf and reduces phosphorylation of eIF4B.

In conclusion, the present results suggest that the level of leptin in
serum is related to colon carcinogenesis and dietary NOB suppresses
carcinogenesis partly through regulation of this hormone. Although
additional studies are necessary to confirm our speculation, synthetic
drugs or food ingredients targeting leptin secretion and activities
may be useful for regulating obesity-associated colorectal cancer
development.
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The inhibitory effects of a novel prodrug, 3-(4'-geranyloxy-
¥ -methoxyphenyl)-2-frans-propenoyl-L-alanyl-L-proline (GAP),
of the secondary metabolite 4'-geranyloxy-3'-methoxyphenyl)-2-
trans-propenoic acid (4'-geranyloxy-ferulic acid), on colon carcino-
genesis was investigated using an azoxymetahen (AOM)/dextran
sedium sulfate (DSS) model. GAP was synthetically derived from
ferulic acid, Male CD-1 (ICR) mice initiated with asingle intraperi-
toneal injection of azoxymethane (10 mg/kg body weight) were pro-
moted by 19 (wt/vol) DSS in drinking water for 7 days, They were
then given modified AIN-76A diet containing 0.01% or 0.05% GAP
for 17 wk. At Week 20, the development of colonic adenocarcinoma
was significantly inhibited by GAP feeding at dose levels of 0.01%
[60% incidence (P = 0.0158) with a multiplicity of and 1.13 + 1.13
(P < 0.05)] and 0.05% [53% incidence (P = 0.0057) with a multi-
plicity of 0,08 = 1,08 (P < 0.01)}, when compared to the AOM/DSS
group (95% incldence with a multiplicity of 3.10 = 3.06). Dietary
GAP modulated the mitotic and apoptoticindexes in the crypt cells
and lowered 8-hydroxy-2'-deoxyguanosine (8-OHdG)-positive cells
in the colonlc mucosa, Urinary level of 8-OHAG was lowered by
GAP feeding. Additionally, dietary GAP elevated the immunore-
activity of an inducible form of heme oxygenase 1 in the colonic
mucosa. Cur results indicate that GAP is able to inhibit colitis-
related colon carcinogenesis by modulating proliferation and ox-
idative stress in mice.

Submitted 19 December 2007; accepted in final form 18 February
2008.

Address correspondence to Takuji Tanaka, Department of
Oncologic Pathology, Kanazawa Medical University, 1-1 Daigaku,
Uchinada, Ishikawa 920-0293; Japan. E-mail: takutt@kanazawa-med.
acjp

INTRODUCTION

Colorectal cancer (CRC) is one of the leading causes of can-
cer deaths in the Western countries. Globally, the mortality of
CRC was 655,000 deaths per year in 2005 (1). Inflammation was
known to be linked with cancer development in several fissues
(2). CRC is one of the most serious complications of inflam-
matory bowel disease (IBD), including ulcerative colitis and
Crohn’s disease. The risk of CRC increases with increasing ex-
tent and duration of the disease (3). For treatment or chemopre-
vention of IBD and IBD-related CRC, many drugs and chemo-
preventive agents were introduced (4). A large amount of the
drugs are absorbed from the upper gastrointestinal tract, stom-
ach, and small intestine and caiise certain side effects. Therefore,
it is preferable to deliver the drug site specifically to the colon.

Several synthetic or natural compounds exerting antioxida-
tive and/or anti-inflammatory properties have been proposed as
cancer chemopreventive agents (5-7). We previously reported
that ferulic acid (R = H, Fig. 1a), abundant in edible plants,
such as rice and black raspberries, is able to inhibit chemi-
cally induced carcinogenesis in rodents (8). Other investigators
have reported data supporting our findings (9,10). A sccondary
metabolite biosynthetically derived from ferulic acid, 3-(4'-
geranyloxy-3'-methoxyphenyl)-2-trans-propenoic acid (R =
geranyl, Fig. la), is supposed to exert cancer chemopreventive
etfect (11).

Recently, novel natural and semisynthetic compounds with
anti-inflammatory activity (12) have been reported to be
effective chemopreventive agents against carcinogenesis in
preclinical animal studies, such as collinin (7-geranyloxy-8-
methoxy-coumarin) (13), auraptene (13,14) and the ethyl ester
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FIG. 1. Chemical structure of (a) ferulic acid. R = H and 3-(4-geranyloxy-
¥-methoxyphenyl)-2-trans-propenoic acid, R = geranyl, and (b) 3-(4'-
geranyloxy-3'-methoxyphenyl)-2-trans-propenoyl-L-alanyl-L-proline  (GAP,
molecular weight = 498.62).

of 3-(4'-geranyloxy-3'-methoxyphenyl)-2-trans-propenoic acid
(EGMP) (15,16). Because inflammation is a universal and
physiological response in the process of carcinogenesis (2,17-
19), the in vivo and in vitro anti-inflammatory properties of
these compounds have been demonstrated (20,21). Auraptene
and collinin were reported to cause complete inhibition of
platelet aggregation induced by arachidonic acid and platelet-
activating factor in vitro (22), to act as good chemopreventers
in colitis-related mouse colon tumorigenesis (13). In addition,
our synthetic derivative, EGMP, has shown various interest-
ing biological effects such as suppression of inducible nitric
oxide (iNOS) and cyclooxygenase (COX)-2 protein expres-
sion in RAW 264.7 cells induced by lipopolysaccharide and
interferon gamma (23) and colon and tongue cancer chemo-
prevention by dietary feeding in rats (15,16). Furthermore,
some myo-inositol esters of 4'-geranoxy-ferulic acid have
good inhibitory effects on phorbol ester-induced superoxide
generation and Epstein-Barr virus activation (24). All these
esters could be hydrolyzed to the parent acid once inside
the cells. So the true active compound exerting the above-
cited observed biological effects would be 3-(4'-geranoxy-3'-
methoxyphenol)-2-trans-propencic acid. Then, it could become
a novel candidate as chemopreventive agent of various cancer
types and as an anti-inflammatory compound. Pharmacolog-
ical and chemical properties of the latter acid were recently
reviewed (11). To achieve a novel approach in the prevention of
CRC by drugs administered in diet, we carried out the synthe-
sis of a novel prodrug, 3-(4'-geranyloxy-3'-methoxyphenyl)-2-
trans-propenoyl-L-alany!-L-proline (GAP, molecular weight =
498.62, Fig. 1b). This novel prodrug of 4'-geranyloxy-ferulic
acid was structurally built to be hydrolized by intestinal
angiotensin-converting enzyme; this enzyme is an exopeptidase
that is quite abundant in the external side of the brush border
of the epithelium of the small intestine, and its specificity is to
hydrolize the last peptidic link in tripeptides in which +-Ala
{or Gly) and L-pro occupy the second-last and last positions, re-
spectively. Based on features of this prodrug, 3-(4'-geranyloxy-

- 3'-methoxyphenyl)-2-trans-propenoic acid would be delivered

in high concentration in the large bowel (25). Furthermore, its
mechanism of activation would ensure chemical and enzymatic
stability while passing through the stomach and small intestine
by in vitro study (25).

For investigation of the pathogenesis (26-28) and chemo-
prevention (13,29) of inflammation-related CRC, our mouse
model of inflammation related 2-stage colon carcinogenesis
with a colonic carcinogen, and a colitis-inducing agent, dex-
tran sodium sulfate (DSS) (15), is useful (30,31). In this model,
the powerful tumor promoting effect of DSS is closely related
to oxidative/nitrosative stress caused by DSS-induced colitis
(26-28). This suggests that oxidative/nitrosative DNA damage
by inflammation is involved in carcinogenesis, and thus it is -
important to control the events leading to inflammation-related
carcinogenesis (17). In humans, oxidative stress also plays a
key role in the pathogenesis of IBD-related intestinal dam-
age (32). 8-Hydroxy-2'-deoxyguanosine (8-OHdG) production
is induced by the oxidation of deoxyguanosine (dG), which is
one of the components of DNA. Hydroxyl radicals ("OH) di-
rectly act on dG to form 8-OHdG. It is stable in humans and is
excised by repair enzymes like 8-oxoguanine DNA glycosylase
1 and excreted in urine. 8-OHdG formation in DNA may also
be related to tumorigenesis because many mutagens, ramor pro-
moters, and carcinogens are known to generate oxygen radicals,
and this generation of oxygen radicals in vivo is thought to be
televant to carcinogenesis (33). Elevation of urinary and.tissue
8-OHdG levels are also known in IBD patients (32).

In the current study, we investigated whether dietary GAP ex-
eris cancer chemopreventive ability in colitis-associated colon
carcinogenesis using our mouse model (34). Also, effects of
GAP on oxidative stress induced by azoxymetahen (AOM)
andfor DSS were evaluated by measuring urinary level of
8-OHdG and immunohistochemical expression of 8-OHdG in
the colonic mucosa. Additionally, we measured immunohisto-
chemical expression of an important antioxidant enzyme, heme
oxygenase (HO)-1, that is involved in the heme degradation pro-
cess in the colonic mucosa because the significance of targeted
induction of HO-1 as a strategy to achieve chemoprevention and
chemoprotection is suggested (35).

MATERIAL AND METHODS

Animals, Chemicals, and Diets

Male Crj: CD-1 (ICR) mice (Charles River Japan, Tokyo,
Japan), aged 5 wk, were used in this study. The animals were
maintained in Kanazawa Medical University Arimal Facility
according to the Institutional Animal Care Guidelines. All ani-
mals were housed in plastic cages (5 mice/cage) with free access
to tap water and a pelleted basal Charles River Formula-1 diet
(Oriental Yeast Co., Ltd., Tokyo, Japan) during quarantine under
controlled conditions of humidity (50 &= 10%), lightning (12-h
light/dark cycle), and temperature (23°C & 2°C). They were
quarantined for 7 days after arrival and randomized by body
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weight into experimental and control groups. A colonic carcino-
gen AOM was purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO). DSS with a molecular weight of 36,000 to 50,000
was purchased from ICN Biochemicals (Aurora, OH). DSS for
induction of colitis was dissolved in water at 1% (wt/vol). GAP
was synthesized, as described previously (25). Experimental di-
ets containing 0, 0.01, and 0.05% GAP in modified AIN-76A
(36) were prepared weekly in our laboratory and stored in a
cold room. Animals had access to food and water at all times.
Food cups were replenished with fresh diet everyday. Ail han-
dling and procedures were carried out in accordance with the
Institutional Animal Care Guidelines.

Experimental Procedures

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

A total of 60 male ICR mice were divided into 5 experimental
and control groups. Mice in Groups 1 through 3 were initiated
with AOM by single intraperitoneal injection (10 mg/kg body
weight). Starting 1 wk after the injection, 1% DSS in drinking
water was administrated to mice for 7 days and then followed
without any further treatment for 18 wk. Mice of Group | were
maintained on modified AIN-T6A diet throughout the study.
Mice of Groups 2 and 3 were fed modified AIN-76A diets
containing 0.01% GAP (Group 2) and 0.05% GAP (Group 3)
for 17 wk, respectively, starting | wk afler the cessation of DSS
exposure. Group 4 did not receive AOM and DSS and were fed
AIN-76A diet containing 0.05% GAP. Group 5 was fed modified
AIN-76A diet and served as an untreated control. At the end of
study (Week 20), all mice were sacrificed by CO, asphyxiation.
They underwent careful necropsy, with emphasis on the colon,
liver, kidney, lung, and heart.

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. They were cut and fixed in 10% buffered formalin
for at least 24 h. Histological examination was performed on
paraffin-embedded sections after hematoxylin and eosin (H & E)
staining. Colonic tumors were diagnosed according to the
Ward’s (37) description. In brief, if the tumors cells with tubular
formation invaded the depth of submucosa, the tumor was diag-
nosed as adenocarcinoma. When the tumors cells with glandular
structure did not invade the submucosa and compressed the
surrounding crypts, the tumor was diagnosed as adenoma,

Scoring of Inflammation in the Large Bowel

Inflammation 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 (38):
Gradé 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 mod-
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erate inflammation in the mucosa; Grade 3, loss of the entire
crypts with severe inflammation in the mucosa and submucosa -
but with retainment of the surface epithelium; and Grade 4, pres-
ence of mucosal ulcer with severe inflammation (infiltration of
neutrophils, lymphocytes, and plasma cells) in the mucosa, sub-
mucosa, muscularis propria, and/or subserosa. The scoring was
made on the entire colon with or without proliferative lesions
and expressed as a mean average score/mouse.

Counting Mitotic and Apoptotic Cells and Crypt Heights
To identify intramucosal apoptotic and mitotic cells in the
crypts, paraffin-embedded sections from the distal colon were

“stained with H & B and evaluated under a light microscope for

apoptotic and mitotic cells at a magnification of 460. Apoptotic
cells were identified by cell shrinkage, homogeneous basophilic
and condensed nuclei, nuclear fragments (apoptotic bodies),
marked eosinophilic condensation of the cytoplasm, and sharply
delineated cell borders surrounded with a clear halo (39). The
apoptotic and mitotic indexes in the colonic crypts were de-
termined on longitudinal sections that allowed evaluation of
the whole crypt from the top to the base. One colonic section
(from the distal part) per mouse was studied and scored, Ran-
domly chosen crypts (28-56 crypts/colon) with well-oriented
crypt structure from the mouth to the base were evaluated for
counting apoptosis and mitosis. The apoptotic index (Al) and
mitotic index (MI) nuclei were determined by dividing the total
number of apoptotic or mitotic cells by the number of epithelial
cells evaluated.

(mmunchistochemistry of 8-OHdG and HO-1
Immunohistochemistry for 8-OHdG and HO-1 was per-
formed on 4 pm-thick paraffin-embedded sections from the
colons of mice in each group. The paraffin-embedded sections
were heated for 30 min at 65°C, deparaffinized in xylene, and
rehydrated through graded ethanol at room temperature. A 0.05
M Tris hydrochloride buffer (pH 7.6) was used to prepare so-
lutions and for washes between various steps. Incubations were
performed in a humidified chamber. Sections were treated for
40 min at room temperature, with 2% bovine serum albumin,
and incubated overnight at 4°C with primary antibodies such
as anti-8-OHdG mouse monoclonal antibody (diluted 1:100;
Institute of Aging, Japan) and anti-HO-1 rabbit polyclonal anti-
body (diluted 1:200, SPA-896; StressGen Biotechnologies, Ann
Arbor, MI). To reduce the nonspecific staining of mouse tissue
by the mouse antibodies, a Mouse On Mouse immunoglobulin G
blocking reagent (Vector Laboratories, Inc., Burlingame, CA)
was applied. For 8-OHdG and HO-1 immunochistochemistry,
normal rabbit serum was used to block background staining.
Staining was performed using a DAKO En Vision kit (DAKO,
Glostrup, Denmark) or Vectastain Elite ABC Kit (Vector Labo-
ratories). At the last step, the sections were counterstained with
hematoxylin. As a negative control, omission of the primary an-
tibody was used. Two observers (T. Tanaka and S. Sugie) were
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unaware of the treatment group to which the slide belonged and
evaluated the immunoreactivity with grading between 0 and 5:
0 {<15% of the colonic mucosa examined shows positive re-
activity), 1 (16-30% of the colonic mucosa examined shows
positive reactivity), 2 (31-45% of the colonic mucosa examined
shows positive reactivity), 3 (46-60% of the colonic mucosa
examined shows positive reactivity), 4 (61-75% of the colonic
mucosa examined shows positive reactivity), and 5 (>73% of
ihe colonic mucosa examined shows positive reactivity).

Urinary 8-OHdG Analysis

To determine in vivo oxidative stress, urinary level of
8-OHdG was measured. One day before the sucrifice, S animals
were selected randomly from each treatment group and placed
individually into metabolic cuges lor urine collection, Urine
was collected from each animal over a period ot 3 h and frozen
at —80°C uniil analysis. Urinary level of 8-OHAG was deter-
mined by competitive enzyme-linked immunuabsorbent assay
(Genux, Baltimore, MDY and corrected Yor arinary creatining
concentrations.

Statistical Evaluation

Where applicable. data were analyzed using 1-way analy-
sis of variance with Tukey-Kramer multiple comparisons test
{GraphPad Instat version 3.05, GraphPad Softwear, San Dicgo.
CA) with P < 0.05 as the eriterion of significance. The Fisher's
exact probahility test was used for comparison of the incidence
of lesions hetween 2 groups.

RESULTS

General Observation

During the experiment. some animals that received
AOM/DSS (Group 1) or AOM/DSS—>GAP (Groups 2 and 3)
had bloody stool. but the symptor disappeared soon after stop-
ping of DSS treatment. At Weeks 18 to 20, some mice of these
groups had bloody stool again and anal prolapse with rectal -
mor. There was no significant change between the experimental
groups with regards to the parameters tested (body weight, liver
weight, relative liver weight, spleen weight, kidney weight, and
colon length). Further, no significant pathological alternations
were found in these organs except the colon.

Pathological Findings

Macroscopically. nodular and polypoid colonic tumors were
observed in the middle and distal colon of mice in Groups |
through 3. These tumors were histopathologically tubule ade-
noma (Fig. 2A) or adenocarcinoma (well-/moderately ditferen-
tiated; Fig. 2B). Some adenocarcinomas invaded into submu-
cosa or serosa. Dysplastic crypts (Fig. 2C) were also observed
surrounding neoplasms. Enlarged tymph nodes with inflamma-
tion were present around the large bowel with tumors. Mice of
Groups 4 (GAP alone) and 3 (untreated) had no tumors in all
the organs examined including the colon.

S.MIYAMOTO BT AL

FIG. 2. Representative colonic lesions mduced by azoxymehen/dextran
sodium sulfate in mice (Group 1y A a tubular adenoma, B: a tubular ade-
ngearcinoma with moderately differentiated. and C- dysplastic crypts (circied),
Photos inserted in Fig. 2A and 2B are low power of views for each feston {onig-
inal magnifications are x 2 in 2A and x4 in 2B). Figure represents hematoxyhn
and eosin stain, and bars inserted indicate magpification (;xn)
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TABLE 1
Incidence and Multiplicity of Colonic Tumors*

Incidence (No. of Mice With Tumors)

Multiplicity (No. of Tumors/Mouse)”

Group Treatment Total AD ADC Total AD ADC

I AOM/DSS (20) 20(100%) 19(95%) 19(95%) S5.60+4.81 250+237 3.10+3.06
2 AOM/DSS - 0.01% GAP (15) 10(67%)° 8(53%)  9(60%)  233+2.12/ 1.20+1.27 L13+ 113/
3 AOM/DSS — 0.05% GAP (15) 10(67%)° 8(53%) 8(53%) 200+2.10/ 1.20+ 1.37 0.80 1,088
4 0.05% GAP (5) 0 (0%) 0(0%) 0(0%) 0.00£ 000 0.00+0.00 0.00000
5 None (5) 0 (0%) 0(0%) 0(0%) 0.00£0.00 0.00+0.00 0.00:+000

9 Abhreviations are as follows: AD, adenoma; ADC, adenocarcinoma; AOM, azoxymetahen; DSS, dextran sodium sulfate; GAP, 3-(4'-

geranyloxy-3'-methoxyphenyl)-2-rrans-propenoyl-L-alanyl-L-proline.

#Mean % SD.

“Significantly different from the AOM/DSS group by Fisher's exact probability test, P = 0.0002.

ISigniticantly different from the AOM/DSS group by Fisher's exact probability test, P = 0.0057.

*Significanily different from the AOM/DSS group by Fisher's exact probability test, P = 0.0158).

f Significantly difterent from the AOM/DSS group 1-way analysis of variance (ANOVA) with Tukey-Kramer multiple comparisons test,

P <0.05.

*Significantly diiTerent from the AOM/DSS group 1-way ANOVA with Tukey—Kramer multiphs comparisons test, £ < 0.01.

The incidences and multiplicities of colon tumors are
listed in Table 1. Group 1 (AOM + DSS) had 95% inci-
dence of colon adenocarcinoma with a multiplicity of 3.10 +
3.06. The incidences of colonic adenocarcinoma of Groups 2
(AOM/DSS—0.01% GAP, 60%) and 3 (AOM/DSS-»0.05%
GAP. 53%) were significantly smaller than that of Group |
(P = 0.0158 and P = 0.0057, respectively). Also, the multi-
plicities of colonic adenocarcinoma of Groups 2 (1.13 £ 1.13,
P < 0.05) and 3 (0.80 & 1.08, P < 0.01) were significantly
smaller than that of Group 1.

Inflammation Score in the Colon

Fig. 3A illustrates data on colonic inflammation scores at
Week 20. The inflammation score of Group 1 (2.45 £ 0.89) was
the greatest. The scores of Groups 2 (1.67 % 0.82, P < 0.05)
and 3 (1.07 £ 0.80, P < 0.001) were significantly lower than
that of Group 1. Colonic inflammation in the mice of Groups 4
and 5 was slight, if present.

Indices of Mitesis and Apoptasis in Colonic Crypts

The data on the epithelial proliferative kinetics in the “normal
appearing” distal colon are illustrated in Figs. 3B through3D. As
shown in Fig. 3B, the mean number of crypt cell MI of Groups
1 was significantly higher (4.33 & 2.16, 2.37-fold increase;
P < 0.001) than that of Group 5 (1.83 £ 1.60). The dietary
administration of GAP (Groups 2 and 3) reduced the mean MI
in a dose-dependent manner when compared to Group | (433 £
2.16): 27% reduction by 0.01% GAP (Group 2, 3.17 £ 117,
P < 0.01) and 54% reduction by 0.05% GAP (Group 3,2.00 =
0.89, P < 0.001). Feeding with 0.05% GAP alone (Group 4.

1.83 & 1.17) did not affect the Ml in the crypts when compared
to an untreated control (Group 5, 1.83 £ 1.60). As indicated
in Fig. 3C, the mean Al of group 1 (1.80 £ 0.84, P < 0.05)
was significantly greater than that of Group 5 (1.20 £ 0.84),
The values of Groups 2 (2.20 & 0.84) and 3 (3.00 £ 0.71) were
larger than that of Group 1, and the increase of Group 3 was
statistically significant (P < 0.001). The mean Al of Groups 4
(1.40 £ 0.55) and 5 were comparable. As for the crypt column
height (number of cells/crypt, Fig. 3D). the value in Group 1
(44.2 £4.97, P < 0.001), being the lowest among the groups.
was significantly smaller than Group 5 (61.8 + 8.76). The crypt
column heights of Groups 2 (45.8 £ 6.06) and 3 (57.4 £ 12.6)
were larger than Group 1, and the increase of Group 3 was
statistically significant (P < 0.001). The value of Groups 4
(58.2 + 5.81) and 5 were comparable.

Scores of 8-OHdG and HO-1 immunohistechemistry

Mean scores of HO-1 and 8-OHdG immunohistochemistry
are illustrated in Figs. 4A and 4B, respectively. The mean score
of HO-1 immunohistechemical positivity of Group 1 (2.10 &
0.88) was significantly greater than that of Group 5 (0.60 £ 0.89,
P < 0.05; Fig. 4A). The score of Group 3 (3.40 & 1.07) was
significantly larger than Group 1. The value of Group 2 (3.00 &
0.82) was greater than that of Group 1, but the increase was
insignificant. As shown in Fig. 4B, the mean score of 8-OHdG
immunohistochemical positivity of group 1 (3.90 & 0.88) was
significantly greater than that of Group 5 (0.40 & 055, P <
0.001; Fig. 4B). The scores of Groups 2 (2.40 £ 0.52, P <
0.001) and 3 (1.80 £ 0.79, P < 0.001) were significantly lower
than Group 1.



