Reduction of serum Pai-1 levels and liver Pai-1 mRNA levels in Min
mice by Pai-1 inhibitors

It has been recognized that Pai-1 inhibitors, SK-216 and SK-116,
inhibit Pai-1 activity. The present study revealed that Pai-1 inhibitors
suppress Pai-1 at both protein and mRNA levels. The highest dose
used in this study, 100 p.p.m. SK-216, suppressed serum Pai-1 levels
to the wild-type level (Figure 2A). Real-time PCR revealed that ad-
ministration of 25, 50 and 100 p.p.m. SK-216 for 9 weeks suppressed
increased hepatic Pai-1 mRNA levels (Figure 2B) in Min mice in
a dose-dependent manner. Another Pai-1 inhibitor, SK-116, also re-
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Fig. 3. Effects of SK-216 and SK-116 on the size distribution of intestinal
polyps in Min mice. (A) Min mice were fed a basal diet (black filled box) or
a diet containing 25 p.p.m. (large dotted box), 50 p.p.m. (dotted box) or 100
p-p-m. (open box) SK-216 for 9 weeks. (B) Min mice were fed a basal diet
(black filled box) or a diet containing 50 p.p.m. (dotted box) SK-116 for

9 weeks. The number of polyps per mouse in each size class is given as

a mean + standard error. *P < 0.05; **P < 0.01.
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duced serum Pai-1 level in Min mice from 20.1 + 6.7 ng/ml (0 p.p.m.)
t0 6.9 + 4.1 ng/ml (50 p.p.m.). In the immunohistochemistry study,
Pai-1 could be detected more weakly in non-tumorous and polyp
epithelial cells of the small intestine in Min mice treated with 100
p.p.m. SK-216 compared with that of untreated Min mice (data not
shown).

Improvement of serum lipid levels in Min mice by Pai-1 inhibitors
Consistent with our previous reports (6-8), serum TG levels in the
Min mice fed the basal diet at 15 weeks of age were higher at 117
mg/dl than the 39.2 mg/dl in wild-type mice (Figure 4). Total choles-
terol levels in Min mice were also increased 1.3-fold (92 versus 62
mg/dl) while free fatty acid levels were almost the same in both Min
and wild-type mice. Administration of 50 and 100 p.p.m. SK-216
decreased serum levels of TG in Min mice to 74 and 57% of the
untreated control value, respectively (Figure 4). Administration of
50 and 100 p.p.m. SK-216 also decreased serum levels of TG in
wild-type mice from 39.2 to 18.4 and 17.6 mg/dl (P < 0.01), respec-
tively. The levels of total cholesterol and free fatty acid were not
decreased by SK-216 treatment.

Reduction in serum TG levels was also observed in the 50 p,p.m.
SK-116-treated group. Administration of 50 p.p.m. SK-116 decreased
serum levels of TG in Min mice to 76% of the untreated control value.

Decrease of Pai-1 mRNA levels and NFkB binding activity in
intestinal mucosa cells by Pai-1 inhibitor

To investigate whether the Pai-1 inhibitors directly targeted the in-
testinal mucosa, SK-216 in diet was administered to C57/BL6 mice.
As shown in Figure 5A, treatment with soy oil, consisting of TG as
a major component, increased Pai-1 expression levels in the intestinal
mucosa of two out of three mice. A weeklong treatment with 100
p.p-m. SK-216 reduced Pai-1 mRNA levels to lower than non-treated
mice in two out of three mice. Similar results were obtained in an
in vitro study. Treatment with 50 pM SK-216 for 17 h reduced basal
Pai-1 protein levels in the colon cancer cell line RCN-9 (Figure 5B).
Moreover, 50 pM SK-216 treatment for 6 h decreased NFkB activity
(Figure 5C). These results suggest that decreased NFxB activity may
be involved in both suppression of Pai-1 mRNA and inhibition of
polyp formation in Min mice by SK-216 treatment.

Discussion

This study provided evidence that administration of the PAI-1 inhib-.
itors SK-216 and SK116, which also reduce Pai-1 mRNA and protein
levels, suppresses intestinal polyp formation in Min mice. It is there-
fore speculated that Pai-1 activity itself may play an important role in
intestinal polyp formation in Apc-deficient mice,

We previously reported markedly increased serum levels of TGs
and low levels of LPL mRNA in liver and small intestine in Min mice
compared with their wild-type counterparts (6-8). Thus, we hypoth-
esized that hypertriglyceridemia is a leading cause of intestinal polyp
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Fig. 4. Suppression of serum lipid levels in Min mice by SK-216. Values for serum levels of TG (A), total cholesterol (B) and free fatty acids (C) in Min mice
given diet containing SK-216 at doses of 25-100 p.p.m. for 9 weeks are shown. Data are means =+ standard errors. **P < 0.01.
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formation. However, the molecular mechanisms could only be par-
tially addressed since only little information is available as to effects
of TG-rich lipoproteins (23,24). TG-rich lipoproteins from type IV
hyperlipidemic patients induce phosphorylation of p38 mitogen-
activated protein kinase, and CAMP response element binding protein
Inhibitor of kappa B o and activate DNA-binding activity of transcrip-
tional factors, CREB, NFxB and AP-1. TG-rich lipoproteins also
upregulate the expression of proinflammatory and adhesion-related
genes, monocyte chemoattractant protein-1, interleukin-6, intercellu-
lar adhesion molecule-1, vascular cell adhesion molecule-1 and PAI-1.
These mitogen-activated protein kinase pathways and molecules are
well known to be involved in endothelial cell growth. Treatment of
smooth muscle cells with low-density lipoprotein results in the acti-
vation of protein kinase C and mitogen-activated protein kinase as
well as induction of the cell cycle-related genes c-fos, c-myc (24) and
early growth response gene-1 (egr-1, 25). Thus, hypertriglyceridemia
may also modify epithelial cell growth. To explore molecular mech-
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Fig. 5. Decrease of Pai-1 mRNA levels and NFxB-binding activity in
intestinal mucosa/RCN-9 cells by SK-216 treatment. (A) RT-PCR for Pai-1
and GAPDH are shown. C57/BL. mice (n = 3 for each group) were fed diet
with or without 100 p.p.m. SK-216 for a week and gavaged with 200 pl soy
oil 2 h before collecting intestinal mucosa. RT-PCR was performed as
describe in Materials and Methods. (B) Western blotting for Pai-1 and beta-
actin are shown. RCN-9 cells grown in 24-well plates were treated for 17 h
with indicated doses of SK-216. Actin was used as a loading control. (C)
RCN-9 cells grown in six-well plates were treated with and without 50 M
SK-216 for 6 h. Nuclear fractions of RCN-9 cells were isolated and analyzed
for NFkB-binding activity as describe in Materials and Methods. Values
represent means + standard errors of three wells.

anisms underlying the link between hypertriglyceridemia and polyp
formation, we first selected candidate molecules from those which are
increased with the metabolic syndrome (26). Focusing on adipocyto-
kines, we selected Pai-1 among possible candidate molecules, includ-
ing adiponectin, IL-1, IL-6, leptin and tumor necrosis factor o Liver
was used for the RT-PCR analysis because this is the major Pai-
1-producing organ and expression may correlate with hyperlipidemic
states in the mice. Moreover, Pai-1 immunostaining was strong in
small intestinal epithelial cells of Min mice. The reason why PAI-1
inhibitors also reduced serum TG levels remains unclear and exami-
nation of Pai-1 effects on TG metabolism would appear warranted.

Regarding the mechanisms underlying suppression of intestinal
polyp formation by PAI-1 inhibitor in Min mice, contrary reports
should be noted (10,27). Inhibition of PAI-1 activation results in
generation of active growth factors from inactivated forms like hep-
arin-bound epidermal growth factor, hepatocyte growth factor, basic
fibroblast growth factor or insulin-like growth factors (10). Moreover,
suppression of PAI-1 enhances growth factor signaling through the
phosphatidylinositol 3-kinase—protein kinase B route (27). These re-
ports indicate that PAI-1 may inhibit cell proliferation. However, Li
et al. (28) have reported that genetic Pai-1 deficiency reduced the
number of aggressive fibromatosis tumors in Apc/Apcl638N mice.
The data from Li er al. were partially consistent with our results.
Especially in male Pai-1-null Apc/Apcl638N mice, the number of
aggressive fibromatosis tumors was decreased. However, no signifi-
cant difference was observed in the number of gastrointestinal tumors
compared with that of Apc/Apcl638N mice (0.7 = 0.5 versus 1.1 +
0.4; P > 0.05). These results may be due to weak statistical power
derived from the relatively few intestinal polyps that developed in
Apc/Apcl638N mice. Pai-1~/ tumor cells demonstrated reduced
proliferation and motility in vitre (28). In addition, our in virro study
demonstrated that Pai-1 inhibitor SK-216 also decreased NFxB ac-
tivity. This decrease in NFkB activity may be involved in both sup-
pression of Pai-1 levels and inhibition of polyp development in Min
mice.

In conclusion, this study indicated that the PAI-1 inhibitors, SK-216
and SK-116, have potential benefit for suppression of intestinal polyp
development. Thus, SK-216, SK-116 and related derivatives could be
promising candidate chemopreventive agents for colon cancer. As itis
becoming increasingly clear that hyperlipidemia is an important
player in carcinogenesis, our observations may lead to a better un-
derstanding of the role of hyperlipidemia in colon carcinogenesis.
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Table II. Suppression of intestinal polyp development in Min mice by SK-116

No. of polyps/mouse Small intestine Colon Total

Group No. of Proximal Middle Distal

(p.p.m.) mice

0 10 4.8 06" 234 £3.1 58.7%17.2 1.9 + 0.5 888+ 103

50 10 2.0 + 0.4" (42)° 16.2 + 2.9 (69) 429+ 7.2(73) 1.0+ 0.3 62.1 £9.5(70)

“Data are means * standard errors.
"Significantly different from the basal diet group at P < 0.01.
“Numbers in parentheses are percentages of the control basal diet values.
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Elevated protein expression of inducible nitric oxide synthase
(i ) has been observed in human pancreatic cancers and there-
!fnos may play important roles in pancreatic carcinogenesis.
s was examined in the present study, using an experimental
model with N-nitrosobis(2-oxopropyl)amine (BOP)-treated ham-
sters. Reverse transcription—polymerase chain reaction analysis
demonstrated iNOS expression in a hamster pancreatic cancer
cell line as well as in human pancreatic cancer cell lines. Immu-
nohistochemical analysis revealed increased expression of iNOS
protein in atypical hyperplasia and ductal adenocarcinomas of the
pancreas in BOP-treated hamsters. In addition, iNOS expression
was also observed in macrophages and islet cells in pancreatic
tissue surrounding tumors. In order to assess the role of iINOS
expression in carcinogenesis in the pancreas, the effects of
ONO-1714 [(1S, 58, 6R, 7R)-7-chloro-3-imino-5-methyl-2-azabi-
cyclo[4.1.0]heptane], an iNOS inhibitor, on hamster pancreatic
ductal carcinogenesis were investigated. Female Syrian golden
hamsters were treated with BOP at 10 mg/kg body wt, four times
for 1 week, and 1 week after the last carcinogen treatment, ONO-
1714 was administered at doses of 100 and 200 p.p.m. in the diet
for 15 weeks. The incidences and multiplicities of atypical hyper-
plasia and invasive adenocarcinoma and total adenocarcinomas
(non-invasive and invasive adenocarcinomas) in the pancreas
were significanily lowered by treatment with 200 p.p.m. ONO-
. Treatment with 100 p.p.m. ONO-1714 also significantly de-
ed the multiplicities of invasive and total adenocarcinomas.
Moreover, treatment with 200 p.p.m. ONO-1714 reduced the
number of BOP-induced cholangiocellular tumors. These results
suggest that iNOS plays roles in promoting pancreatic carcino-
genesis in both early and late stages in hamsters.

Introduction

Pancreatic cancer is steadily increasing in incidence and has a very
poor prognosis (1). For development of effective chemotherapeutic
and chemopreventive agents, elucidation of causative factors and
mechanisms underlying pancreatic carcinogenesis is very important.
As with other cancers, chronic inflammation is considered to be one of
the risk factors (2). Epidemiological studies have shown that in addi-
tion to the environmental factors like cigarette smoking and dietary
habits, pancreatitis is very important (3). Causes of pancreatitis are
known to include alcohol drinking, smoking, gallstones, hyperlipid-
emia and stress (4,5).

Abbreviations: BOP, N-nitrosobis(2-oxopropyl)amine; cDNA, complemen-
tary DNA; iNOS, inducible nitric oxide synthase; IL, interleukin; NO, nitric
oxide; NOS, nitric oxide synthase.

Chronic inflammation is associated with release of many cytokines
and activation of nuclear factor kB, resulting in the expression of
nuclear factor kB-regulated, inflammatory-related genes, such as in-
ducible nitric oxide synthase (iNOS) (6). The resultant overproduc-
tion of nitric oxide (NO) contributes to multistage carcinogenesis by
inducing DNA mutations and tissue damage (6). Increased expression
of iNOS in human pancreatic cancers has been described (7-9) and
expression has been also reported in a rat pancreatitis model (10).

Suppressive effects of iNOS-selective inhibitors, (15, 55, 6R, 7R)-
7-chloro-3-imino-5-methyl-2-azabicyclo[4.1.0] heptane (ONO-1714)
and L-N°-(1-iminoethyl)lysine tetrazole-amide (SC-51), on pancrea-
titis in rats have been reported (11,12). ONO-1714 is 10-fold more
selective for human iNOS than for human endothelial nitric oxide
synthase (NOS), very potent in inhibiting plasma NO elevation in
lipopolysaccharide-treated mice with a 50% inhibition dose of
0.010 mg/K g subcutaneously and less toxic with a maximum tolerated
dose of 30 mg/kg intravenously in mice (13,14). In addition, ONO-
1714 is effective even when orally administered and our previous
studies have demonstrated suppressive effects of ONO-1714 on
growth of tumors formed in nude mice after subcutaneous injection
of the K-ras mutant-transfected cells (15), aberrant crypt focus for-
mation and large tumor development in the colon of rats treated with
azoxymethane (16) and on colon cancer development in Min mice
treated with dextran sodium sulfate (17). However, to our knowledge,
there have hitherto been no reports concerning effects of iNOS inhib-
itors on pancreatic cancer development.

The Syrian golden hamster provides a unique model animal for the
development of ductal pancreatic cancer. With subcutaneous injec-
tions of N-nitrosobis(2-oxopropyl)amine (BOP) (18), lesions having
close similarities to the major form of pancreatic cancer in humans are
induced. Point mutations in codon 12 of the K-ras gene are frequently
observed (19), and expression of the fragile histidine triad gene,
a tumor suppression gene, is generally abnormal in pancreatic cancers
of hamsters (20), as in human tumors (21,22). Upregulation of cyclo-
oxygenase-2 has been also observed in both BOP-induced pancreatic
neoplastic lesions in hamsters and in human lesions (23), although
there has been no report of iNOS expression in hamster pancreatic
cancer. Therefore in the present study, we examined expression of
iNOS in hamster pancreatic ductal cancer and investigated suppres-
sive effects of ONO-1714, an iNOS-selective inhibitor, on hamster
pancreatic ductal carcinogenesis induced by BOP.

Materials and methods

Chemicals

(15, 55, 6R, 7R)—7—d1[0r6—3-imino—S—melhyl-l-azabicycloH.1.D] heptane (ONO-
1714) was chemically synthesized at Ono Pharmaceutical Co. Ltd (Osaka,
Japan). BOP was obtained from Nacalai Tesque (Kyoto, Japan).

Cell culture

A hamster pancreatic cancer cell line, HaP-T1 (24), was obtained from RIKEN
Cell Bank (Saitama, Japan) and a hamster pancreatic B-cell cell line, HIT-T15,
from Dainippon Pharmaceutical Co., Ltd (Osaka, Japan). Human pancreatic
cancer cell lines, Capan-2, HPAF-1I, HPAC, Hs-776T, MiaPaca-2 and Panc-1,
were obtained from Summit Pharmaceutical International Co., LTD (Tokyo,
Japan) and BxPC-3 from RIKEN Cell Bank. A human pancreatic normal ductal
cell line, HPDE-6 (25), was kindly provided by Dr Ming-Sound Tsao (University
Health Network, Toronto, Ontario, Canada). The cells were maintained in RPMI-
1640 (Iwaki, Japan), supplemented with 5% fetal bovine serum (HyClone
Laboratories, Logan, UT) and 100 units/ml penicillin-streptomyein (GIBCO/
Invitrogen Corp., Carlsbad, CA) at 37°C in 5% CO;. To induce iNOS expression,
cells were treated with 10 ng/ml of mouse or human interleukin (IL)-1p (Sigma
Chemical Co., St Louis, MO) for 6 h.

© The Author 2008. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions @oxfordjournals.org 1608
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Animals

Five-week-old female Syrian golden hamsters weighing ~80 g were obtained
from Japan SLC (Shizuoka, Japan) and acclimated to laboratory conditions for
a week. They were housed two or three per plastic cage, with sterilized soft-
wood chips as bedding, in an air-conditioned animal room, on a 12 h light—dark
cycle. Powdered CE-2 (CLEA Japan, Shizuoka, Japan) was used as a standard
basal diet. Body weights were measured on a weekly basis and food consump-
tion twice a week. Food and water were made available ad libitum.

Reverse transcription-polymerase chain reaction analysis

Total RNA was extracted from culture cell samples using ISOGEN (Wako Pure
Chemical Industries, Ltd, Osaka, Japan). After RNA purification, aliquots of
total RNA (2 pg) were subjected to the reverse transcription reaction with
oligo-dT or 9mer random primers in a final volume of 20 pl using an Omuni-
script Reverse Transcription Kit (Qiagen GmbH, Heilden, Germany). Poly-
merase chain reaction amplification was performed in a final volume of 10 pl
with aliquots of complementary DNA (cDNA) (25 ng) and iTag DNA poly-
merase (Bio-Rad Laboratories, Hercules, CA) using a PTC-200 Peltier thermal
cycler (MJ Research, Waltham, MA). The primers used were selected from the
common sequences among hamster, mouse, rat and human cDNA sequences of
B-actin (26) and the common sequences between hamster and human ¢cDNA of
iNOS (accession numbers, AY297461 and D26525)—5"-primer: ACGAGG-
CCCAGAGCAAGAGA, 3'-primer: TGGCTGGGGTGTTGAAGGTC (prod-
uct size, 228 bp) for P-actin and 5’-primer: TTCCCCCAGCGGAGTGATGG,
3'-primer: GTACCAGCCATTGAAGGGGC (product size, 382 bp) for iNOS.
The cycling conditions were as follows: 95°C for 3 min, 26 cycles (for B-actin)
or 35 cycles (for iNOS) of 94°C for 15 s, 60°C for 25 s and 72°C for 30 s and
a 10 min cycle at 72°C. Products were analyzed by 2% agarose gel electro-
phoresis with ethidium bromide staining.

Immunohistochemistry

Paraffin sections from formalin-fixed tissues of hamster normal pancreas and
pancreatic tumors obtained in our previous study (26) were used for immuno-
histochemical analyses with the avidin-biotin complex immunoperoxidase
technique as described previously (27). As the primary antibody, monoclonal
mouse anti-iNOS IgG (BD Biosciences Pharmingen, San Diego, CA #610328)
was applied at 50 dilution. As the secondary antibody, biotinylated anti-
mouse IgG raised in a horse, affinity purified and absorbed with rat serum
(Vector Laboratories, Burlingame, CA) was employed at 200x dilution. Stain-
ing was performed using avidin-biotin reagents (Vectastain ABC reagents;
Vector Laboratories), 3,3'-diaminobenzidine and hydrogen peroxide. The sec-
tions were counterstained with hematoxylin. As a negative control, duplicate
sections were immunostained without exposure to the primary antibody.

Study on the effects of ONO-1714, an iINOS inhibitor, on BOP-induced
pancreatic carcinogenesis in hamsters

A total of 126 hamsters at 6 weeks of age were injected subcutaneously with
BOP four times (on days 1, 3, 5 and 7) at a dose of 10 mg/kg body wt, whereas
18 hamsters received saline as vehicle controls. One week after the last BOP
treatment, one-third of each group was given basal diet, diet containing 100
p.p.m. or 200 p.p.m. of ONO-1714 for 15 weeks. The doses were based on our
previous study in mice (15,17) and rats (16) and a preliminary study in ham-
sters (data not shown). At the killing time point at 23 weeks of age, all sur-
viving animals were anesthetized with diethyl ether, and blood samples were
collected from the aorta. At autopsy, the pancreas, heart, lungs, kidneys, liver
and bile duct were carefully examined macroscopically. The heart, lungs,
kidneys, liver and bile duct were fixed in 10% phosphate-buffered formalin
(pH 7.4). Each pancreas was carefully dissected from surrounding tissue and
fixed after spreading on filter paper. All paraffin-embedded organs were sec-
tioned and stained with hematoxylin and eosin for assessment of histopatho-
logical features, as described previously (26). The experimental protocol was
in accordance with the guidelines for Animal Experiments in the National
Cancer Center and was approved by the Institutional Ethics Review Committee
for Animal Experimentation.

Statistical analysis
The significance of differences in the incidences of tumors was analyzed by the

%7 test. Variation in other data was evaluated by the Student’s t-test. A P value
of <0.05 was regarded as significant.

Results

iNOS expression in human and hamster pancreatic cancer cell lines
Expression of iNOS messenger RNA in human and hamster pancre-
atic cancer cell lines was examined by reverse transcription-polymerase
chain reaction. As shown in Figure 1, iNOS was constitutively
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A BxPC-3 Capan-2 HPAF-II HPAC
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HIT-T15

B HaP-T1

1 2 1 2
™ -5
on D

Fig. 1. Reverse transcription—polymerase chain reaction analysis of 'LNO&.
expression in human (A) and hamster (B) pancreatic cell lines. Pancreatic
cancer cell lines (BxPC-3, Capan-2, HPAF-1I, HPAC, Hs-766T, MiaPaca-2,
Panc-1 and HaP-T1), a normal pancreatic ductal epithelial cell line
(HPDE-6) and an islet f-cell line (HIT-T15) were incubated in basal medium
(lane 1) or treated with 10 ng/ml IL-1§ (lane 2) for 6 h. Total RNA from each
sample was extracted and cDNA was synthesized by reverse transcription.
Then, cDNA fragments of iNOS and B-actin were amplified by polymerase
chain reaction, and the polymerase chain reaction products were
electrophoresed on a 2% agarose gel.

expressed in five of seven human pancreatic cancer cell lines,
BxPC-3, HPAF-II, Hs-766T, MiaPaca-2 and Panc-1. On treatment
with IL-1B, expression of iNOS in the other two cancer cell lines,
Capan-2 and HPAC, and a human pancreatic normal ductal cell line,
HPDE-6, was induced, and the expression in HPAF-II and Hs-766T
was enhanced. Expression of iNOS was also constitutively observed
in a hamster pancreatic cancer cell line, HaP-T1, and a hamster B-cell
cell line, HIT-T15, and in both cases was markedly enhanced by
treatment with IL-1p.

INOS expression in hamster pancreatic ductal adenocarcinom
induced by BOP

Expression of iNOS protein in hamster pancreatic ductal cancers was
examined by immunohistochemical staining. In normal pancreatic
tissue, expression of iNOS protein was barely detectable in non-treated
normal pancreatic tissue (Figure 2A) and non-tumorous parts of BOP-
treated pancreatic tissue (Figure 2B). In contrast, positive staining for
iNOS was clearly observed in macrophages and islet cells in areas of
inflammation, atypical hyperplasia in ducts (Figure 2C) and in the
carcinoma epithelial cells (Figure 2D). All 12 pancreatic carcinomas
examined were positive for iNOS staining: six demonstrated strong,
four moderate and two weak staining in the cytoplasm of epithelial
cancer cells.

Effects of ONO-1714 on pancreatic tumor development in BOP-
treated hamsters

To examine the role of iNOS on pancreatic carcinogenesis, hamsters
were treated with a pancreatic carcinogen, BOP, then were fed a diet
containing the iNOS inhibitor, ONO-1714, at doses of 100 or 200
p.p.m. for 15 weeks. The final body weights (g) and average food
intake of hamsters are shown in Table I. The body weights and aver-
age food intake in the BOP + basal diet group were lower than those
in the saline + basal diet group (P < 0.05), and the average body
weight in the saline + 200 p.p.m. ONO-1714 group was 13% lower
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®

Fig. 2. Immunohistochemical staining for iNOS. No iNOS immunoreactivity is apparent in normal pancreas of non-treated (A) and BOP-treated (B) hamsters.
Immunoreactive iNOS is observed in macrophages and islet cells in inflammation, atypical hyperplasia in ducts (C) and carcinoma epithelial cells (D) in BOP-

treated hamsters. (A-D) x 100,

than in the saline + basal diet group (P < 0.01). However, in the
BOP-treated groups, no significant differences were observed after
treatment with ONO-1714.

Pancreatic lesions were histopathologically diagnosed as atypical
hyperplasia, non-invasive adenocarcinomas and invasive adenocarci-
nomas. Incidence and multiplicity data are summarized in Table II.
The incidence of atypical hyperplasia and adenocarcinomas induced
by BOP was lower in the group treated with 200 p.p.m. ONO-1714
than in the control group (21 versus 52% at P << 0.005 and 45 versus
69% at P < 0.05, respectively). Remarkably, the incidence of inva-
sive adenocarcinomas was significantly lower in the 200 p.p.m. ONO-
1714 group than in the control group (12 versus 45% at P < 0.001).
Multiplicities of total adenocarcinomas were significantly decreased

atment with 100 p.p.m. (0.76 + 0.82, P < 0.05) and 200 p.p.m.

1714 (0.60 + 0.77, P < 0.01) compared with the control value
(1.19 £ 1.10). It was notable that the multiplicities of invasive adeno-
carcinomas in the 100 p.p.m. and 200 p.p.m. ONO-1714 groups were
only one-half (0.36 + 0.62, P < 0.05) and one-fifth (0.14 + 0.42,
P < 0.01) of the control value (0.74 + 1.01), respectively. On the
other hand, the multiplicities of non-invasive adenocarcinomas did
not significantly differ among the three groups. Figure 3 shows the
size distribution of pancreatic adenocarcinomas. The numbers of car-
cinomas <3, 3-5 and >3 mm in diameter in the BOP + 100 p.p.m.
ONO-1714 group were 55, 56 and 86% of the BOP + basal diet
values, respectively, suggesting that treatment with 100 p.p.m.
ONO-1714 tended to suppress the development of carcinomas <5 mm
in diameter, but not the larger lesions. On the other hand, those in
the BOP + 200 p.p.m. ONO-1714 group were 75, 38 and 29% of
the control group, respectively, indicating that treatment with 200
p.p.m. ONO-1714 tended to suppress the development of carcinoma
>3 mm in diameter and significantly reduced the development of
carcinoma =>5 mm in diameter (P << 0.05).

In addition to pancreatic ductal tumors, tumors of the bile duct,
liver, lungs and kidneys have been reported to be induced by BOP in
hamsters (18). In the present study, hepatocellular and cholangiocel-
lular tumors were observed in the BOP-treated group at incidences of
12 and 50%, respectively (Table III). The cholangiocellular tumors
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Table I. Final body weights of the hamsters and average food intake

Treatment No.of  Final body  Food intake®
animals  weight (g) (g/hamster/day)

BOP + basal diet 42 199 + 21" 10.8 +0.4°
BOP + 100 p.p.m. ONO-1714 42 200 = 17 11.0 £0.6
BOP + 200 p.p.m. ONO-1714 42 193 £ 19 105 0.5
Saline + basal diet 6 219 % 18 11.7£1.0
Saline + 100 p.p.m. ONO-1714 6 194 + 22 10.8 £0.1
Saline + 200 p.p.m. ONO-1714 6 190+ 137 10,1 +0.1

“Total food intake of each animal cage for 15 weeks was divided by animal
number in each cage and the total period (days).

ata are mean + SD.
“Significantly different from the saline + basal diet group at P < 0,05,
'lSigniﬁcamly different from the saline + basal diet group at P < 0.01.

developed in both intra- and extrahepatic bile ducts. The incidences of
hepatocellular and cholangiocellular tumors were not significantly
changed by ONO-1714 administration, but the multiplicity of chol-
angiocellular tumors was significantly decreased by 200 p.p.m. ONO-
1714 treatment compared with the controls (0.38 +0.66 versus .14 +
1.57 at P < 0.005) (Table III).

In contrast, the incidences and multiplicities of lung tumors were
statistically increased by 100 p.p.m. ONO-1714 [33/42 (79%) at
P < 0.05 and 1.60 = 1.29 at P < 0.05, respectively] and slightly
but not significantly by 200 p.p.m. ONO-1714 [26/42 (62%) and
1.26 + 1.33, respectively] compared with the control group [21/42
(50%) and 0.98 + 1.42, respectively]. A renal mesenchymal tumor and
a hemangioma were observed in the BOP + basal diet group, an
angiosarcoma in the BOP + 100 p.p.m. ONO-1714 group and a neph-
roblastoma in the BOP + 200 p.p.m. ONO-1714 group, but their
incidences were not significant. Tumors in the pancreatic duct, bile
duct, liver, lungs and kidneys were not observed in the saline vehicle
(n = 15) or 100 p.p.m. and 200 p.p.m. ONO-1714 group hamsters
without the BOP treatment (n = 15, each).
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Table II. Effects of ONO-1714 treatment on the incidences and multiplicities of pancreatic lesions induced by BOP®

Dose of ONO-  Effective no.  No. of animals with lesions (%) No. of lesions in the pancreas
1714 in diet of animals

Atypical Ductal adenocarcinoma Atypical Ductal adenocarcinoma

hyperplasia hyperplasia ) b

Non-invasive  Invasive Total® Non-invasive  Invasive Total

0 p.p.m. 42 22 (52)° 15 (36) 19 (45) 29 (69) 0.57 £0.59° 045071 0.74 + 1.01 119 £ 1.10
100 p.p.m. 42 24 (57) 13 (31 12 (29) 24 (57) 0.69 £ 0.68 0.40 + 0.70 0.36 + 0.62° 0.76 = 0.82*
200 p.p.m. 42 9 (21)** 15 (36) 5012 19(45" 029 +0.64 045+ 0.71 0.14 +042'** 060 077"

*Hamsters were fed a basal diet or a diet containing ONO-1714, an iNOS inhibitor, for 15 weeks.

"The total represents animals with non-invasive and/or invasive carcinomas.
“Percentages in parentheses.
“Data are mean + SD values.

Significantly different from the control group at *P < 0.05, **P < 0.005 and ***P < 0.001.

Discussion

The present study demonstrated that iNOS is expressed in pancreatic
cancer cells and that the iNOS inhibitor, ONO-1714, can effectively
suppress the development of atypical hyperplasia and cancer, espe-
cially invasive cancers, in the hamster pancreas after treatment with
BOP. The results indicated that iNOS plays important roles in the
development of preneoplastic lesions at an early stage of pancreatic
carcinogenesis and also in cancer invasion and expansion in later
stages.

In our previous study of colon carcinogenesis, ONO-1714 sup-
pressed the development of rat colon tumors >3 mm in diameter
(16), in line with the present findings. It has been reported that angio-
genesis is necessary to supply oxygen and nutrients to solid
tumors >1-2 mm? in size (28). NO enhances vascular permeability,
partly through activation of matrix metalloproteinases (29), suggest-
ing that suppression of the development of large tumors in
ONO-1714-treated groups may be associated with inhibition of
angiogenesis by the iNOS inhibitor.

Expression of iNOS has been detected in more than half of human
pancreatic cancers (7-9). Here, iNOS expression was observed in
most of the hamster pancreatic cancers and atypical hyperplasia. In
the BOP-induced pancreatic ductal carcinogenesis model in hamsters,
G to A transitions at the second base of the codon 12 of the K-ras gene
have been shown to be quite frequent in pancreatic cancers and even
in preneoplastic lesions at lower frequency (30). Our previous study
revealed that iNOS expression can be markedly elevated by trans-
fection of K-ras mutant cDNA into TEC-6 rat intestinal epithelial cells
in the presence of IL-1 or lipopolysaccharide through the activation
of promoters on nuclear factor kB, C/EBP and CRE-like sites and
that growth of tumors formed in nude mice by subcutaneous injection
of the K-ras mutant-transfected cells can be suppressed by feeding
diets containing NOS inhibitors (15). It is feasible that iNOS expres-
sion in pancreatic cancers could also be associated with K-ras activa-
tion. Indeed, human pancreatic cancers frequently harbor K-ras
mutations (21,31-33) and other cancers with frequent K-ras muta-
tions, such as colon (32,33), lung (33) and intrahepatic bile duct
carcinomas (34), also show increased iNOS expression (35-37). Thus,
NO produced by iNOS may be generally involved in tumor develop-
ment by activated K-ras, and iNOS-selective inhibitors should be
considered as possible candidates for the prevention of all cancers
featuring K-ras activation.

K-ras mutations are observed from early stages of carcinogenesis
in the pancreas, colon, lungs (30,33) and intrahepatic bile ducts (38).
Our previous studies in the azoxymethane-induced rat colon carcino-
genesis model showed frequent K-ras-activating mutations in hyper-
plastic aberrant crypt foci (39) and suppression of aberrant crypt focus
development by the iNOS inhibitor ONO-1714 (16). The present
study also showed iNOS expression in precancerous lesions and
suppression of the development of atypical hyperplasia in the pan-
creas of hamsters by an iNOS inhibitor. It can thus be concluded that

-
o

B Control
B 100 ppm ONO-1714
0 200 ppm ONO-1714

ke

Carcinoma size

-
I

od
o

Multiplicity (No./of adenocarcinomas /animal)

Total

Fig. 3. Effects of ONO-1714 treatment on the sizes of pancreatic cancers.
The numbers of each size of pancreatic cancers per hamster are given for the
BOP + 0 p.p.m. ONO-1714 (black bars), BOP + 100 p.p.m. ONO-1714
(gray bars) and BOP + 200 p.p.m. ONO-1714 (white bars) groups (mean +
standard error values). * and ** Significantly different from the respective
controls at P < 0.05 and P < 0.01, respectively. The percentage of the BOP
+ basal diet control value is shown in each column.

K-ras-enhanced iNOS expression may contribute to thedevelopmu.
of early precancerous lesions.

It has been reported that IL-1P induces iNOS expression in pan-
creatic B-cells (40), and overproduction of NO causes dysfunction and
destruction of f-cells (41). In the present study, iNOS expression in
pancreatic islets surrounded by cancer-associated inflanmation was
observed. Epidemiological studies have reported that diabetes melli-
tus is also a risk factor for pancreatic cancer (3). Therefore, increased
expression of iINOS in pancreatic islets may also be involved in pan-
creatic carcinogenesis and iNOS inhibitors might also be protective
against antoimmune diabetes.

In the present study, the iNOS inhibitor ONO-1714 significantly
suppressed the development of pancreatic cancer and cholangiocellu-
lar tumors, but not of lung tumors. Pancreatic ductal adenocarcinomas
and cholangiocellular tumors in BOP-treated hamsters have certain
genetic characteristics in common; for example, K-ras mutations and
aberrant transcription of the fragile histidine triad gene were observed
in both (19,20,38,42). Expression of iNOS was also observed in chol-
angiocellular tumors obtained in the present study (data not shown). It
could be speculated that the influence of the iNOS inhibitor might be
similar for the two types of carcinoma, one arising from ducts in the
pancreas and the other from bile ducts. In contrast, treatment with 100
p-p.m. but not 200 p.p.m. ONO-1714 rather enhanced development of

1611



M.Takahashi ef al.

Table III. Effects of ONO-1714 treatment on the incidences and multiplicities of liver and bile duct tumors induced by BOP*

Dose of ONO-  Effective no. No. of animals with tumors (%)

No. of tumors in the liver

1714 in diet of animals
Hepatocellular  Cholangiocellular tumors Hepatocellular  Cholangiocellular tumors
adenoma adenoma
Adenoma Adenocarcinoma  Total® Adenoma Adenocarcinoma  Total®
0 p.p.m. 42 5(112)° 19 (45) 4 (10) 21(50) 0.2 0.334 1.02x 1.52 0.12 £ 0.40 1.14% 1.57
100 p.p.m. 42 2(5) 23 (55) 2(5 24(57) 0.05+0.22 0.76 = 0.88 0.07 £0.34 0.83+0.91
200 pp.m. 42 i(Mm 12 (29) 3(M 13(31) 0.07+£0.26 031 £0.52° 0.07=0.26 038+ 0.66""

“Hamsters were fed a basal diet or a diet containing ONO-1714, an iNOS inhibitor, for 15 weeks.

PThe total represents animals with non-invasive and/or invasive carcinomas.
“Percentages in parentheses.
ata are mean + SD values.

Significantly different from the control group at *P < 0.01 and **P < 0.005.

lung tumors. It has been reported that several NOS inhibitors are
chemopreventive in the rat tracheal epithelial cell transformation sys-
tem (43). Reduction in lung tumor development in iNOS(—/—) mice
has also been reported (44), suggesting that iNOS expression is asso-
ciated with lung tumorigenesis. However, endothelial NOS and neu-
NOS are also expressed in lung tumors and high total expression
s of the three NOS types have been suggested to be a favorable
prognostic sign (45). Thus, it appears that data on roles of NO in lung
tumorigenesis are contradictory and the promotive effect of iNOS is
not yet conclusive. Interestingly, other chemopreventive agents re-
ported, such as 4-phenylbutyl isothiocyanate (46), phenethyl isothio-
cyanate (47) and a cyclooxygenase inhibitor, nimesulide (48)
suppressed pancreatic cancers and lung tumors, but enhanced (46)
or did not affect (47,48) liver tumorigenesis in BOP-treated hamsters.
Thus, it can be presumed that the inhibitory mechanisms of these
agents on pancreatic cancer may be different from that of ONO-
1714. Our previous study on the prevention of hamster pancreatic
carcinogenesis by a peroxisome proliferator-activated receptor y li-
gand, pioglitazone, also showed significant suppression of the devel-
opment of pancreatic ductal adenocarcinomas and cholangiocellular
tumors, but not of lung adenomas (26). It is known that peroxisome
proliferator-activated receptor y activation inhibits cytokine-mediated
iNOS expression (49,50), indicating that inhibitory mechanisms of
ONO-1714 and pioglitazone on hamster pancreatic carcinogenesis
could be shared, at least in part.
In conclusion, the present study demonstrated probable involve-
ment of INOS expression in hamster pancreatic ductal carcinogenesis,
suppression of development of pancreatic atypical hyperplasia
Qinvasive adenocarcinomas by treatment with an iNOS inhibitor.
s, it is proposed that iNOS inhibitors might be promising chemo-
preventive agents against pancreatic cancer.
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We have reported that a hyperlipidemic state is characteristic of
Apc-deficdient Min mice with multiple intestinal polyps. In our earlier
case-control study, colorectal cancer risk showed positive relationships
with erythrocyte membrane compositions of palmitic and oleic acids,
but negative links with linoleic and arachidonic acids. To examine
the roles of fatty acids in intestinal polyp formation, levels in plasma,
erythrocytes, and intestinal polyps in Min mice were compared
with those in wild-type mice. A diet free of eicosapentaenoic and
docosahexaenoic acids with antineoplastic effects was fed to all
mice from 6 to 15 weeks of age. Fatty acid levels were measured
using accelerated solvent extraction and gasliquid chromatography.
Min mice with a hyperlipidemic state and multiple intestinal polyps
had elevated values for palmitic and oleic acids in plasma and
erythrocytes (at least P < 0.05), and higher plasma level of linoleic
adid (P < 0.05). Arachidonic acid was 24.5% lower in erythrocytes
(P < 0.0005), but did not differ in plasma. In Min mice, moreover, oleic
and arachidonic acids were 1.78 and 1.43 times higher, respectively,
in intestinal polyps than in paired normal mucosa (P <0.05 and
P < 0.01, respectively), but linoleic acid was 31.9% lower (P < 0.001).
The present study suggests that palmitic, oleic, and arachidonic
acids play key roles in intestinal polyp formation, and demonstrates
reduced erythrocyte arachidonic acid values of Min mice, in line with
our previous findings for patients with sporadic colorectal cancers.
(Cancer Sci 2008; 99: 2410-2416)

A high-fat diet, especially animal fat or SFA, is suggested to
increase the likelihood of colorectal cancer,” but the cited
risk impacts for the amount and various types of fatty acid intakes
have varied with study. There is some evidence that the risk
of sporadic colorectal adenomasis is positively linked to the
prevalence of hyperlipidemiam* and serum levels of triglycerides
are slightly higher in FAP patients with cancer than in those
without cancer.® APC mutations found in FAP patients are
linked to the development of multiple intestinal polyps, also
being frequently observed in patients with sporadic colorectal
cancers. Compared with the corresponding wild-type mice, we
also have demonstrated that serum levels of triglycerides are
approximately 10 times higher in Apc gene-deficient Min
(C5TBL/6-APCM™*) and APCP® (CSTBL/GJACARC 130%) mice, with
the increases being suppressed by PPAR ligands and a specific
reagent (NO-1886) that increases LPL, an enzyme that catalyzes
the hydrolysis of triglycerides.®® Therefore, a hyperlipidemic
state has been suggested to be related to polyp formation in the
intestinal tract.

Using biomarkers for dietary intake of fish rich in EPA and
DHA for mid- to long-term intakes, we have recently shown
the sporadic risk of colorectal cancer to be negatively linked
to erythrocyte membrane values of EPA and DHA.®) We simul-
tancously observed that increased risk was related to palmitic
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and oleic acid levels and that reduced risk was associated with
high linoleic acid and AA values. The following issues, however,
were not clarified: (1) whether there are relationships between
tumor development and values for palmitic and oleic acids; and
(2) why there was a discrepancy in the generally accepted roles
of the AA cascade, that is, the generation of prostaglandin E,,
which is linked to inflammation, tumorigenesis, anigiogenesis,
cell proliferation, and inhibition of apoptosis.

To clarify the relationships between polyp formation and fatty
acid levels in the intestinal tract, we examined the influence of
fatty acids on intestinal polyp formation in Min mice fed a diet
free of EPA and DHA. The present animal study was designed
with the following features. First, we used Apc-deficient Min
mice, which have been investigated extensively for mechanisms
of intestinal tumor development. Second, carcinogenic chemicals
such as azoxymethane were not used because their metabolism
in the liver might be affected by fatty acid metabolism. Third, a diet
free of EPA and DHA was fed to all mice because antineoplasia
effects of these two fatty acids have been demonstrated in many
laboratory studies. In the present study, a typical diet used in
research was fed to all mice. Fourth, fatty acid levels in small
amounts of biomaterials were measured by a newly developed
analytical method, using an automatic solvent extractor and gas—
liquid chromatography.'® Fifth, we measured fatty acid levels
in a series of biomaterials: plasma, erythrocyte membranes, and
intestinal polyps (or normal mucosa).

Materials and Methods

Animals and chemicals. Male C57BL/6- APCM™ mice (Min mice)
were purchased from the Jackson Laboratory (Bar Harbor, ME,
US) at 6 weeks of age and genotyped by a method reported
elsewhere."” We used male animals for experimental convenience
because there are no reported significant differences in serum lipid
levels or the numbers of intestinal polyps between male and
female mice.®®'? Ten heterozygotes of the Min strain and
five wild-type (C57BL/6J) mice were acclimated to laboratory
conditions for 9 weeks, and housed per plastic cage with sterilized
softwood chips as bedding in a barier-sustained animal room
airconditioned at 24 + 2°C and 55% humidity on a 12:12 h
light : dark cycle.

Animal experiments. An AIN-76A diet free of EPA and DHA
was obtained from Clea Japan (Tokyo, Japan). The diet and
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peroxisome proliferator activated receptor; PUFA, polyunsaturated fatty add; SFA,
saturated fatty acid.
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water were available ad libitum for 9 weeks. The animals were
observed daily for clinical signs and mortality, and bodyweights
and food consumption were measured weekly. At the time
points when the mice were killed, they were anesthetized with
cther and blood samples were collected from the abdominal
vein. The measurement of serum lipids, triglycerides, total
cholesterol, and free fatty acids was carmied out as reported
elsewhere.”” Each intestinal tract was removed, filled with 10%
buffered formalin, opened longitudinally, and fixed flat between
sheets of filter paper in the fixative, The experiments were
conducted according to the Guidelines for Animal Experiments
of the Committee for Ethics of Animal Experimentation at the
National Cancer Center.

Analysis of fatty acids in biomaterials. Using accelerated solvent
extraction and gas-liquid chromatography, we earlier established
a new analytic method for measuring fatty acids in biomaterials.'”
The following biomaterials were applied: (1) 35 pL plasma; (2)
membranes (white ghosts) prepared with sodium phosphate
buffer from 50 pL erythrocytes; and (3) intestinal polyps and
paired normal mucosa homogenized with the same buffer from
approximately 0.3-0.5 mg formalin-fixed sample. In short, using
the ASE 200 accelerated solvent extractor (Nippon Dionex, Osaka,
Japan), lipids (first extraction) and fatty acid methyl esters
(second extraction) were extracted with chloroform : methanol
(1:2 v/v) and petroleum ether, respectively. Heptadecanoic
acid and butylate hydroxytoluene were applied as an internal
standard and an antioxidant, respectively. The two extraction
processes were achieved automatically with computerized programs.
Hydrochloride-methanol reagent was used for conversion from
the extracted lipids to fatty acids and, moreover, their subsequent
methyl transformation. Under conditions described previously,!®
the fatty acid methyl esters were analyzed by Shimadzu GC-2010
gas chromatography (Shimadzu, Kyoto, Japan) on a capillary
column DB-225 (J. and W. Scientific, Folsom, CA, USA), equipped
with an autoinjector, an autosampler, and a flame ionization
detector. Individual fatty acids were identified with commercial
standards of known retention time, and then integration of each
peak area was carried out with GC solution software, version 2
(Shimadzu). All laboratory staff were completely blind to study
subject information during fatty acid measurement.

In line with our previous studies,”'” we selected the 13 fatty
acids described below. Individual fatty acid levels in plasma rich
in triglycerides and free fatty acids were expressed as both
concentrations (mmol/L) and compositions (mol% for total fatty
acid concentration). Those in erythrocytes (a half life of 120 days)
rich in phospholipids were expressed as compositions (mol%)
because it was very difficult to measure the concentrations
(mmol/L). Based on analysis of a series of 10 samples measured
within 1 day, intra-assay coefficients of variation in plasma and
erythrocytes were  5.0%, except for a minor group of myristic,

-linolenic, and -linolenic acids ( 0.5% of total fatty acids for
each).!? Inter-assay coefficients of variation were based on
replicate analyses of pooled erythrocytes (a total of 100 samples)
over a period of 10 days and were 5.6% (6.8% for the plasma
concentration of palmitoleic acid), except for the minor group of
the three fatty acids, i.c. myristic, -linolenic and -linolenic acids'”

Selected fatty acids and grouping. The following 13 faity acids
were identified: myristic acid, palmitic acid, palmitoleic acid,
stearic acid, oleic acid, linoleic acid, -linolenic acid, -linolenic
acid, dihomo- -linolenic acid, AA, EPA, docosapentaenoic acid,
and DHA. Using a summed value of the selected 13 fatty acids
as the denominator (i.e. total fatty acids), the following five
groups of fatty acids were classified: SFA (myristic, palmitic, and
stearic acids); MUFA (palmitoleic and oleic acids); total PUFA
(n-6 and n-3 PUFA); n-6 PUFA (linoleic, -linolenic, and dihomo-

-linolenic acids, and AA); n-3 PUFA ( -linolenic acid, EPA,
docosapentaenoic acid, and DHA). As indicators of membrane
fluidity, the saturation index_, (ratio of stearic to oleic acids)
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and the index_, (ratio of palmitic to palmitoleic acids) were
used to consider the activity of the rate-limiting delta 9
desaturases (stearoyl-CoA desaturase) that transform SFA into
the corresponding MUFA.®' The ratio of SFA to total PUFA
was applied as an indicator of competitive incorporation of
fatty acids into phospholipids in erythrocyte membranes.®'

Statistical methods. Mean values and their standard errors were
generated for all variables. The Wilcoxon rank sum test was
used to assess the significance of differences in the means of
fatty acid concentrations (mmol/L) in plasma between Min and
wild-type mice, because the standard errors were much higher in
the wild-type mice. The numbers of multiple intestinal polyps
were also compared as a variable. The mean values (mmol/L) in
plasma, moreover, were adjusted for individual bodyweights at
15 weeks of age using a linear regression model, and then compared
between the two groups. Pearson’s correlation coefficient (r)
between the serum levels of triglycerides and the bodyweights
was 0.88 (P < 0.05). Considering the observed colinearity of the
two variables, bodyweight was not included in the model. For
the values (mol%) of fatty acids in plasma and erythrocyte
membranes, Student’s r-test was used to assess the significance
of differences between the two groups. In Min mice, the paired
t-test was used for the values in intestinal polyps and the paired
normal mucosa as paired samples derived from the same three
mice. All statistical analyses were conducted using SAS version
9.1 (SAS Institute, Cary, NC, USA) and P < 0.05 was considered
statistically significant.

Results

Serum lipids and numbers of intestinal polyps. Bodyweight values
were not different between Min (19.98 + 0.44 and 28.68 + 1.15 g)
and wild-type mice (19.92 + 1.64 and 28.66 + 1.47 g) at 6 and
15 weeks of age, respectively. Using the Wilcoxon rank sum
test, serum levels of triglycerides were higher in Min mice than
in wild-type mice (P <0.005). After adjusting for individual
bodyweights at 15 weeks of age, Min mice had higher levels of
total cholesterol (2.39 + 0.20 and 1.79 = 0.79 mmoVl/L, P < 0.05)a nd
triglycerides (1.32 + (.15 and 0.44 + 0.17 mmol/L, P < 0.005), and
lower levels of free fatty acid (0.40 £ 0.04 and 0.56 + 0.14 mEg/L,
P < 0.05). The numbers of intestinal polyps were 68.9 + 442 in
Min mice and none in their wild-type counterparts.

Fatty acid levels in plasma. The plasma concentration (mmol/L)
of total fatty acids was 1.6 times higher in Min mice than in
wild-type mice (6.57 +0.53 and 4.03 + 1.62, P < 0.05). Values
for SFA, palmitic acid, MUFA, and oleic acid were also higher
in Min mice (P < 0.05 for all)(Fig. 1). That of linoleic acid was
1.9 times higher in Min mice (P < 0.05), and those of total PUFA
and n-6 PUFA were also higher (P < 0.05 for both). No significant
variation was found for AA value. The ratio of SFA to total
PUFA was lower in Min mice (0.86 % 0.03 and 1.31 £0.26,
P < 0.05). Moreover, the value (mol%) of linoleic acid was
higher in Min mice (25.8 + 1.0 and 21.3 = 1.9, P <0.05), but no
differences were observed for other fatty acids. The two saturation
indices did not differ between the two groups.

Fatty acid levels in erythrocyte membranes. The values (mol%)
for palmitic acid, MUFA, and oleic acid, excluding SFA, were
higher in Min mice (P < 0.05, 0.001, and 0.001, respectively)
(Fig. 2), along with the ratio of SFA to total PUFA (1.98 +0.06
and 1.59 £ 0.08, P <0.005). However, those for total PUFA, n-6
PUFA, and AA, excluding linoleic acid, were lower (P < 0.0005,
0.0001, and 0.0005, respectively). The saturation index_ , was
lower in Min mice (0.67 £ 0.03 and 0.90+ 0.02, P <0.001),but
the index , did not vary.

Fatty acid levels in intestinal polyps and paired normal mucosa in
Min mice. Values (mol%) for MUFA and oleic acid were higher
in intestinal polyps (P < 0.05 for both), but no difference was
found for SFA and palmitic acid (Fig. 3). However, those of
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total PUFA, n-6 PUFA, and linoleic acid were lower in intestinal
polyps (P < 0.001, 0.005, and 0.001, respectively), whereas the
AA value was 1.43 times higher (P < 0.01). The ratio of SFA to
total PUFA also tended to be higher in intestinal polyps
(1.26 £ 0.03 and 1.09 % 0.02, P = 0.06). The saturation index__
was higher in intestinal polyps (1.26 £ 0.03 and 1.09 £ 0.02,
P <0.05), but the index_ , did not vary.

n-3 PUFA in the three biomaterials. Although a diet free of EPA
and DHA had been fed to the mice for 9 weeks, EPA and DHA
can be biosynthesized from -linolenic acid in mice in vivo. In
plasma, the levels (both mmol/l. and mol%) of n-3 PUFA and
DHA had tendencies to be higher in Min mice (P = 0.07 for
both), but -linolenic acid and EPA were not detected (Fig. 4).
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Fig. 1. Plasma levels (mmolll) of fatty acids in
Min and wild-type mice. All mice had been given
an AIN-76A diet free of eicosapentaencic and
docosahexaenoic acids from 6 to 15 weeks of
age, Filled and crosshatched boxes are shown
for Min (n=10) and wild-type (n=5) mice,
respectively, Data are means; bars are standard
errors. The P-values are shown according to a
liner regression model adjusted for individual
bodyweights at 15 weeks of age. MUFA, monoun-
saturated fatty acid; PUFA, polyunsaturated fatty
acid; SFA, saturated fatty acid.

rachdonsc

aid

Fig. 2. Fatty acid levels (mol%) of erythrocyte
membranes in Min and wild-type mice. All mice
had been given an AIN-76A diet free of
eicosapentaencic and docosahexaenoic acids
from 6 to 15weeks of age. Filled and cross-
hatched boxes are shown for Min (n=10)and
wild-type (n = 5) mice, respectively. Data are means;
bars are standard errors, The P-values for Student’s
t-test are shown, MUFA, monounsaturated fatty
acid; PUFA, polyunsaturated fatty acid; SFA,
saturated fatty acid.
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Fig. 3. Fatty acid levels (mol%) of intestinal
polyps or the paired normal mucosa in Min mice.
All mice had been given an AIN-76A diet free
of eicosapentaenoic and docosahexaenoic acids
from 6 to 15weeks of age. Filled and cross-
hatched boxes are shown for intestinal polyps
(n = 3) and the paired normal mucosa (n=3)in
the same Min mice, respectively. Data are means;
bars are standard errors. The P-values for the
paired t-test are shown. MUFA, monounsaturated
fatty acid; PUFA, polyunsaturated fatty acid; SFA,
saturated fatty acid.

P<Qul

A\

M lndonic

wid acnd

In erythrocyte membranes, no difference was observed for n-3
PUFA, -linolenic acid, EPA, or DHA (Fig. 4). In intestinal polyps,
values for n-3 PUFA were the same as in background mucosa,
but -linolenic acid tended to be lower (P = 0.06) (Fig. 5). Contrary
to our expectations, those for EPA and DHA were 1.7-2.0 times
higher in intestinal polyps (P < 0.01 and 0.05, respectively),
corresponding to higher AA levels, but were less than one-tenth
of the AA level in intestinal polyps and mucosa.

Discussion

The present study showed principal relationships between intestinal
polyp formation and fatty acid levels in a series of biomaterials
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Fig. 4. n-3 Polyunsaturated fatty acid (PUFA) levels «
(mol%) in (left) plasma and (right) erythrocyte
membranes in Min and wild-type mice. All mice
had been given an AIN-76A diet free of
eicosapentaenoic acid (EPA) and docosahexaenoic
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Fig.5. n-3 Polyunsaturated fatty acid (PUFA) levels (mol%) of
intestinal polyps or the paired normal mucosa in Min mice. All mice
had been given an AIN-76A diet free of eicosapentaenoic acid (EPA)
and docosahexaencic acid (DHA) from 6 to 15 weeks of age. Filled and
crosshatched boxes are shown for intestinal polyps (n=3) and the
paired normal mucosa (n = 3) in the same Min mice, respectively. EPA
levels were trace. Data are means; bars are standard errors. The P-values
for the paired t-test are shown.

(plasma, erythrocyte membranes, and intestinal polyps or the
paired normal mucosa), in Apc-deficient Min mice fed a typical
dict free of EPA and DHA. Compared with their wild-type
counterparts, Min mice had higher levels of palmitic and oleic
acids in plasma and erythrocytes, and higher plasma levels of
linoleic acid. AA, however, was lower in erythrocytes. In Min mice,
oleic acid and AA were higher in intestinal polyps than in the
normal paired mucosa, but linoleic acid was lower in the polyps.

Fatty acid levels in serum, plasma, platelets, erythrocyte
membranes, adipose tissue, and specific organs have been con-
firmed to reflect their consumption from diet and supplements,
but there are both benefits and drawbacks in using these to assess
impact on cancer risk."? First, phospholipid levels (mol%) of
AA in specific organs and adipose tissue are appropriate for
evaluating capacity for prostaglandin E, generation, but it is
ethically difficult to obtain them from the general population.
Second, platelets and erythrocytes are also rich in phospholipids
and their fatty acid levels (mol%) are not affected by fasting or
non-fasting conditions. Compared to platelets (half life 3—10days),
fatty acid levels in erythrocytes (half life 120 days) are more suitable
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for evaluation of dietary intake during the most recent 3 months,
without recall bias. However, it is difficult to measure concen-
trations (mmol/L) in the solid phase. Third, most phospholipids
are glycerol-3-phospahte derivatives and contain abundant SFA
such as palmitic acid at the -position of glycerol, whereas both
MUFA and PUFA are found predominately at the position. We
showed that PUFA and SFA might compete for incorporation
into phospholipids of erythrocyte membranes.”? Forth, serum
and plasma rich in triglycerides and free fatty acids should be
collected under fasting conditions, and their levels (mmol/L and
mol%) are less useful as measures of mid- to long-term intake.

We did not examine the roles of palmitic acid, MUFA, or
oleic acid in polyp formation in Min mice, but we speculated the
possible mechanisms as follows: (1) in erythrocyte membranes
and intestinal polyps, the elevated levels of these fatty acids might
be related to polyp formation; (2) in both biomaterials therefore
the values of total PUFA and n-6 PUFA might be relatively
reduces, because we showed that total PUFA and n-6 PUFA in
erythrocyte membranes are negatively correlated with palmitic
acid and SFA, and also with oleic acid and MUFA;® (3) in
erythrocyte membranes, AA was also negatively correlated
with palmitic acid, SFA, oleic acid and MUFA; and (4) in
intestinal polyps, however, AA was selectively incorporated into
the membrane phospholipids and then AA-derived metabolites,
such as prostaglandin E,, might promote polyp formation.

A literature search was undertaken of the electronic database
PubMed for the years 19762007 (August) for publications
addressing specific fatty acid levels in the three biomaterials
(i.e., plasma, erythrocytes and mucosa, but not adipose tissue
and feces) in relation to colorectal cancer risk. A total of 20
reports (three animal and 17 human studies) were selected.®!%
Risks of sporadic colorectal cancer and FAP were summarized
distinctively for relationships with farty acid levels in plasma,

es, and intestinal mucosa (polyps or tumor tissues) in
each laboratory and human study (Table 1). Our present findings
are mostly consistent with previous findings for each biomaterial,
excluding a report for FAP patients with and without intestinal
reconstruction by colectomy.®® In brief, colorectal cancer risk
appears to be positively related to plasma values of oleic acid
and erythrocyte levels of palmitic and oleic acids. Compared
with their wild-type counterparts, mRNA levels for LPL have
been demonstrated to be downregulated in the livers and small
intestines of Apc gene-deficient Min and Apc"® mice.® %
However, significant differences in the following mRNA levels were
not observed: faity acid synthase, stearoyl-CoA desaturase-1,
acyl-CoA oxidase, carnitine palmitoyl transferase-1, and phos-
phoenolpyruvate carboxykinase, related to the hydrolysis of
triglycerides, lipogenesis, -oxidation, and glucose homeostasis.®
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Table 1. Relationships between risk of sporadic colorectal cancer and familial adenomatous polyposis (FAP), and fatty acid levels in plasma,
erythrocyte membranes, and intestinal mucosa

Animals'* Humans®
Sporadic colorectal cancer* FAP (the present study)® Sporadic colorectal cancer FAP
Diet Erythrocytes Mucosa Plasma  Erythrocytes Mucosa Plasma  Erythrocytes Mucosa Plasma
Individual fatty acids
Palmitic acid Low SFA +41¢ -=17 ++ ++ ++ NA™ NAZ* NAZ -2
High SFA ++1¢ NAY NAZ®
Low n-6 PUFA ++'° NA' 427
High n6 PUFA NA*® +® ++°
Stearic acid Low SFA - NA NA NA NA +41° +475 +47¢ -
High SFA - NA NAZ NA#
Low n-6 PUFA NA ++ NA®
High n-6 PUFA NA ++
Oleic acid Low SFA ++ NA ++ ++ L ++1 NAZ NAZ NA
High SFA ++ - NAZ NAZ ++2
Low n-6 PUFA - NA ++47
High n-6 PUFA NA NA +47
Linoleic acid Low SFA ++ NA ++ NA - - NAZ NA --
High SFA ++ NA +420 -2 NA®
Low n-6 PUFA ++ - - .
High n-6 PUFA xS - NAZ -
AA acid Low SFA - ++ NA -— ++ NA™ - - ++
High SFA - ++ NAZ -2 +47°
Low n-6 PUFA NA ++ -=* +42°
High n-6 PUFA NA ++
EPA -t NA? =t NA
-1 3
NAZ
DHA 19 NAZ' __1s &4
= —s +420
+45°
NA®»
NAYM
Groups of fatty acids
Total fatty acids ++
SFA ++ NA NA NAZ#? ++° -
MUFA ++ ++ ++ +2 NA? ++
TotalP UFA ++ - - 4 ++
n-6P UFA ++ - - NA# - NA,
n-3 PUFA -2 NA® ++
Ratios of fatty acids
n-6 PUFAs to n-3 PUFA -2 NA? NA® -
NA24
NAi]
Saturation index n-9 Low SFA NA NA - + 2 ++
High SFA NA NA®
Low n-6 PUFA R
High n-6 PUFA NA
+, ho significant increase; ++, significant increase; -, no significant decrease; — -, significant decrease; NA, no association.

AA, arachidonic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid; SFA, saturated fatty acid; MUFA, monounsaturated fatty acid;

PUFA, polyunsaturated fatty acid,

'In laboratory studies, a series of systematically examined reports were selected considering experimental diets under the following conditions:
(1) Fatty acid levels in biomaterials were compared between two groups of mice, but not rats, treated with azoxymethane and saline (as controls).
(2) The carcinogen chemical was azoxymethane, but not 1, 2-dimethylhydrazine or others.

(3) The study endpoint was not to detect colonic aberrant crypt foci.

‘In the present study, plasma and erythrocyte samples in the corresponding wild-type mice (C57BL/6J) to Min mice (C57BL/6-APCMin+) were used
as controls, whereas the paired normal mucosa to intestinal pelyps in Min mice was defined as control.

*In human studies, we here updated a previous overview (1986-2002)""% adding newly published findings. Each reference group was defined as
control subjects in individual prospective cohort and case-control studies.

2414 doi: 10.1111/).1349-7006.2008.00986,x
© 2008 Japanese Cancer Association



Long-chain fatty acids are natural ligands of PPAR isoforms

, (), and , and some of them have been demonstrated to
play key roles in cellular differentiation, proliferation, and
apoptosis induction in the colon.®**” As with human colonic
tumors, increased expression of PPAR has been reported in the
two Apc gene-deficient mouse strains Min and APC*®.© [n animal
studies, dose-dependent suppression of hyperlipidemia and intestinal
polyp formation have been shown for bezafibrate and pioglitazone,
selective PPAR  and PPAR agonists that improve hyperlipidemia
in both diabetic patients and animal models. PPAR is a powerful
tumor-suppressor gene in the colon, and both allele losses are
linked to increased sensitivity to tumor development. Such
suppressor function has been proposed to depend entirely on the
presence of an intact Apc gene. In our case~control study, moreover,
a marginal positive association between SFA consumption and
colorectal cancer risk was observed in subjects with the Pro/Pro
genotype on Prol2Ala polymorphism of the PPAR gene.®”
In cancer cells, the 16-carbon SFA palmitic acid is produced
predominantly by fatty acid synthase, and the inhibitor C75 has
been reported to inhibit the production of prostaglandin E, via
cyclooxyganese-independent mechanisms.“'#? Little is known
about the relationships between such fatty acids and intestinal
polyp formation, but some of them may be available to use as
surrogate markers.

In animals and patients with sporadic colorectal cancer and FAP,
AA values in erythrocytes are consistently lowered, whereas in
intestinal tissue (or polyps, adenomas, and tumors) they are
evidently increased (Table 1). In the present study, our findings
on AA values in erythrocytes and intestinal polyps were identical
to the evidence based on a systematic literature research. Com-
pared with the paired normal tissues, we pointed out that the AA
value was significantly elevated in intestinal polyps. The mechanisms
could not be clarified in the present study, but our findings are
supported by increased expression of cyclooxyganese-2 and
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X-ray microcomputed tomography (micro-CT) with a respiratory
gating system is a useful non-invasive approach to evaluate lung
tumor developmentin living animal models. Here micro-CT was applied
for the detection of lung lesions induced by a single intraperitoneal
ection (250 mg/kg) of urethane in male A/) mice, at 2-week intervals
om 10 to 30 weeks after carcinogen exposure. In micro-CT cross
sections, lung tumor images were easily distinguished from surroun-
ding non-tumorous tissues, the smallest detected tumor being
approximately 0.5 mm in diameter. All of the urethane-treated mice
(n = 15) developed lung tumors and the number of tumors developed
in each mouse was 8.6 + 3.9. Six tumors, determined histopatholo-
gically to be adenocarcinomas, were detected, growing at different
rates during the experimental period. The most aggressive carcinoma,
increasing in diameter from 0.9 to 3.5 mm within 8 weeks, was a
solid-type nodule with a clear tumor margin on the micro-CT imag-
ing. Other tumors, histopathologically adenomas, grew slowly or
moderately. The results provide evidence that micro-CT is a useful
non-invasive imaging approach for evaluating the characteristics
and growth of lung tumors in mice. (Cancer Sci 2008; 99: 1774-1777)

L ung cancer is the leading cause of cancer death worldwide."
For detecting lung cancer, X-ray fluoroscopy has been used
widely in practical screening. X-ray computed tomography (CT)
is also used to detect early stage lesions and to evaluvate tumor
rogression and metastasis during clinical treatment.” Moreover,
i—my CT is a useful tool for monitoring lung tumor development
living animal models® and major efforts have been invested
in developing devices for imaging the inner anatomy of small
animals. As with CT for human cases, micro-CT for rodents
allows evaluation of bones and other calcified changes as
well as diagnosis of soft tissue changes, such as lung tumor
development.”® Non-invasiveness, the ability to monitor
therapeutic effects, the capacity to optimize the experimental
period, and a lowering in the number of animals used can all
be considered advantages of this novel approach. However, there
are also disadvantages in that it is difficult to make a refined
evaluation in very small rodents, and the image quality is
strongly affected by motion-related artifacts. Several efforts,
particularly the development of a method with a respiratory gating
system for obtaining sharper images, have been made to overcome
these difficulties. ™
Hitherto, the utility of micro-CT has been reported for detecting
lung tumors in a metastatic rodent model, a K-ras transgenic
lung cancer model, and a urethane-induced mouse lung tumor
model.®*'” However, in those reports the mice were scanned
only once by micro-CT, and then killed for histopathological
analysis of lung lesions. Full utilization of the advantages of
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respiration-gated micro-CT for periodic detection of sizes in
lung tumors and their growth over time has not been made.

In the present study, urethane-induced tumor development
was therefore monitored periodically using respiration-gated
micro-CT. The results obtained indicate that tumors grow at
markedly varying speeds, which may not directly reflect the
histopathological findings after autopsy. The necessity for
appropriate scanning methods of micro-CT images, which link
to histopathology, is discussed in the text.

Materials and Methods

Animals. Male A/J Jms Slc mice (5 weeks old) were purchased
from Japan SLC (Hamamatsu, Japan). They were housed five
to a plastic cage with woodchip bedding in an airconditioned
animal room maintained at 24 + 2°C and 60 £ 5% relative humidity
with a 12:12h L : D cycle. Basal diet (CE-2; CLEA, Tokyo, Japan)
and water were available ad libitum throughout the experiment.

Treatment. The experimental protocol is shown in Figure 1. At
6 weeks of age, mice (7= 15) were treated with a single intra-
peritoneal injection of wrethane (250 mg/kg; Sigma, St Louis,
MO, USA) in 0.9% NaCl saline. Control mice (7 =10) w ere
given a single saline intraperitoneal injection, The mice were
scanned by micro-CT every 2 weeks from 10 to 30 weeks after
urethane or control vehicle injection. The experiments were
conducted according to the Guidelines for Animal Experiments
in National Cancer Center of the Committee for Ethics of Animal
Experimentation.

A/J mice (Male) Weeks ol age
6 1 36

L |
ll YVYVVYVVYVVVYY

o

Basal diet (CE-2)

n=15

VVVYVVVVYVVVYY
Basal diet LC_‘E-‘_Elr

=

n=10 |
i

Fig. 1. Experimental protocol. Six-week-old male A/l mice were injected
with 250 mg/kg urethane and killed 30 weeks later. During the experi-
mental period, the mice were scanned by microcomputed tomography
every 2 weeks from 10 to 30 weeks after urethane injection. 7,
intraperitoneal urethane; ¥, computed tomography scan.
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Table 1. Incidence and multiplicity of lung tumors in A/J mice assessed by microcomputed tomography

Total tumors detected at 16 weeks

Total tumors detected at 36 weeks

Treatment No. mice

Incidence

No. tumors/mouse

Incidence No. tumors/mouse

Urethane 15
Vehicle 10

10 (67)
0 (0) 0

1.6£1.0

15 (100) 8.6+3.9
0(0) 0

Data are means £ SD. Numbers in parentheses are the percentages of mice with lung tumors.

Table 2. Incidence and multiplidty of lung tumors in A/) mice assessed histopathologically

Adenoma

Adenocarcinoma Total tumors

Treatment No. mice

Incidence No. tumors/mouse

Incidence

No. tumors/mouse Incidence No. tumors/mouse

Urethane 15
Vehicle 10

15(100) 71x32
0 (0) 0

3 (20) 20£1.0
0 (0) 0

15 (100) 9.5:3.8
0 (0) 0

Data are means + SD. Numbers in parentheses are the percentages of mice with lung tumors.

Micro-CT scan procedure. All mice were anesthetized with
isoflurane (Dainippon Sumitomo Pharmaceutical, Osaka, Japan)
and maintained anesthesia was achieved with a mixture of
isoflurane and room air delivered during the scanning with
micro-CT. Each mouse was placed on its back on an animal
bed for micro-CT scanning and banded across the chest area,
and a sensor for detecting respiration was placed on the
abdomen. The X-ray scanning time point was set at 1200 ms
after expiration.

For scanning, a new cone-beam micro-CT scanner (eXplore
Locus; General Electric Healthcare, London, UK) was used. The
scan parameters that are consistent for gated invivo scan
acquisitions include: 80 kV peak, 450 pA, 400 ms per frame, 0.5
degrees at the angle of increment, and 720 views. The measured
in-air radiation at the isocenter was 240 mGy. Three-dimensional
images obtained from axial, sagittal, coronal, and oblique
micro-CT images were reconstructed using MicroView (General
Electric Healthcare).

Histopathological examination. The mice were killed 30 weeks
after urethane administration and the major organs, such as the
liver, kidneys, and spleen, were weighed before fixation in 10%
buffered formalin. The lungs were inflated for this purpose and
lung tumors, detected using a stereoscopic microscope, were
embedded in paraffin blocks and sectioned at 3 pum for placement
on slides and staining with hematoxylin—eosin for histopathological
evaluation. Lung lesions were diagnosed according to the criteria
of the International Classification of Rodent Tumors: Mouse.'"

Resuits

In the micro-CT images, the lung tumors were clearly dstinguished
from the surrounding non-tumorous tissues. Moreover, recons-
tructed three-dimensional images easily differentiated the
tumors (globular) and blood vessels (tube structure) in the lungs,
even though both have a similar X-ray absorption.

The total numbers of lung tumors detected by micro-CT are
summarized in Table 1. The smallest detectable tumor was
approximately 0.5 mm in diameter and the largest tumor measured
3.5 mm. At 16 weeks, that is 10 weeks after urethane injection,
the incidence of tumors detected by micro-CT was 67%, and
the number of tumors per mouse detected by micro-CT was
1.6 £ 1.0. The incidence of tumors increased to 100% at the end
of the experiment at 36 weeks, with the multiplicity increasing
to 8.6+ 3.9 (Table 1). Table 2 shows the incidence and multiplicity
of lung tumors at 36 weeks as determined by histopathological
analysis. The incidence of adenoma was 100% and that of
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Fig. 2. Increase in pulmonary tumor diameters in A/J mice treated with
urethane. (a) Growth curves of six adenocarcinomas (no. 1-6). (b)
Growth curves of six representative adenomas. Each tumor scanned by
microcomputed tomography was reconstructed to three-dimensional
images (axial, sagittal, coronal, and oblique) and maximum diameters
were measured periodically.

adenocarcimoma was 20%, and the numbers of adenomas and
adenocarcinomas were 7.1 £3.2 and 2.0+ 1.0 per mouse,
respectively.

Figure 2a shows growth curves for all six adenocarcinomas
that developed in A/J mice with urethane treatment. One tumor
(no. 1) grew particularly rapidly and its diameter increased from
0.9 to 3.5 mm within 8 weeks. This solid-type nodule with a
clear tumor margin on CT images is illustrated in Figure 3a—,
The earliest-detected adenocarcinoma (no. 2) grew at a moderate
speed from 1.3 to 3.5 mm over 20 weeks, and was solid type
with spiked edges on CT (Fig. 3d-f).

Figure 2b shows growth curves for six adenomas that
developed in A/J mice with urethane treatment. The diameters
of the tumors doubled at the end of the experiment, and the
growth speed was almost the same as that of the adenocarcinomas
(no. 3-5) shown in Figure 2a. These tumors, which grew
moderately, showed clear tumor edges and/or spiked edges in
a CT image (Fig. 3g—i). These lung lesions were diagnosed
as bronchiolo-alveolar adenomas.

The most rapidly growing tumor (Fig. 2a, no. 1) was his-
topathologically diagnosed as an adenocarcinoma with poorly
differentiated features (Fig. 4a.b), a solid growth paitem without
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Fig. 3. Virtual in vivo micrecomputed tomography
(micro-CT) images of growing lung tumors. Axial
micro-CT images of the thorax of a mouse at the
indicated time points are shown. (a—=) The most
aggressive lung adenocarcinoma is represented by
curve no. 1 in Figure 2a. Micro-CT images, scanned
at 28, 32, and 36 weeks of age, are shown. (d-f)
The earliest detected lung adenocarcinoma is
represented by curve no. 2 in Figure 2a. Micro-CT
images, scanned at 18, 28, and 36 weeks of age,
are shown. (g-i) One lung adenoma represented
by a solid line is shown in Figure 2b. Micro-CT
images, scanned at 24, 30, and 36 weeks of age, are
shown. Tumors observed in the lung are circled.

36 weeks

24 weeks - _ 30 weeks 36 weeks

5 B slbon ey
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Fig. 4. Histopathological findings for lung tumors
developed by urethane treatment. (a,b) The most
aggressive lung adenccarcinoma s represented by
curve no. 1 in Figure 2a,¢,d. The earliest detected
lung adenocarcinoma is represented by curve no.
2 in Figure 2a,e,f. One of the lung adenomas repre-
sented by a solid line is shown in Figure 2b. (a,c,e)
: IR - Scale bar = 500 pm; magnification, x100.(b,d,f) Scale
[ By w3 bar = 200 um; magnification, =400
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any glandular or tubular formation, and densely grouped cells
with little connective tissue. Nuclei were pleomorphic with
condensed chromatin. Mitotic cells were also observed frequently.
Histopathology revealed all moderately growing malignancies
(no. 2—-4) to be adenocarcinomas with papillary formation, even
though size differences were obvious between no.2 (Fig. 4¢,d)
and no. 3-5 (data not shown). The tumor cells had abundant
eosinophilic cytoplasm, round to oval-shaped nuclei, and occa-
sional condensed chromatin. The histopathology findings for one
slow-growing tumor (no. 6) were ‘carcinoma in adenoma’.
Figure 4e.f illustrates a papillary-type adenoma. As seen in
adenoma, few mitotic cells were observed, its nucleus was oval
to round in shape, and condensed chromatin was not observed.

Discussion

In the present study, micro-CT with a respiratory gating system
was shown to be useful for evaluating the developmental course
of carcinogen-induced lung tumors in mouse models without
invasive techniques. We used urethane-induced A/J mouse lung
tumor models, because urethane has been applied as a carcinogen
for mouse lung tumorigenesis studies for over 60 years and
many details have been published."? The sensitivity of the A/J
mouse is reflected in the occurrence of K-ras mutations in lung
tumor tissue."” Micro-CT images here revealed that the numbers
of tumors increased after urethane treatment, but that individual
lesions grew differently, with the variation related mainly to
histopathological features.

‘When counting the tumors in lung histopathological sections
collected from 36-week-old mice, we found that the total
number of tumors in the CT images was slightly lower than that
detected by macroscopic study (8.6 per mouse vs 9.5 per mouse).
It is likely that lesions in the hilus of the lung or at the periphery
might be overlooked and that cardiac motion may also hinder
clear imaging.

The smallest tumor detected in the present study was approx-
imately 0.5 mm, consistent with an earlier report.” Although
the estimated smallest size documented in the literature is
0.2 mm,”® this was beyond the capacity in living and breathing
mice even using a respiratory gating system.

The characterization of early nodules by CT imaging would
help to distinguish slow-growing tumors from those growing
rapidly. Characteristic micro-CT images may be observed in the
shape of tumor edge and inner pattern, but in the present study
the image could not show the detail of tumor development. Thus,
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further improvements in scanning technology are necessary to
enable higher-resolution imaging to discern the differences 'an‘d
characteristics of early lesions and lung tumors. Moreover, it is
hoped that a clear distinction between adenoma and adenocarci-
noma, which grow at similar speeds, can be made by micro-CT
imaging. However, at present it is also not possible to discrimi-
nate adenomas and carcinomas by micro-CT imaging. It is
assumed that technical innovations may overcome these prob-
lems in the near future. .

In experiments using radiography, the effects of radiation
exposure (each exposure was 240 mGy) on tumor development,
which could influence the outcome of the experiment, are diffi-
cult to eliminate. During our experiment, the control radiation
exposure group did not develop lung tumors (Table 1). Moreover,
changes in the pulmonary epithelium in response to imradiation,
such as cytomegaly, multinucleation, macronucleoli, and cyto-
plasmic vacuolization, were not observed in either tumorous
or non-tumorous lung tissues of mice treated with urethane.
Further experiments are needed to clarify the effects of the
amount and frequency of radiation exposure on lung tissue. To
decrease the level of exposure, we limited the number of
views and used half-scan mode, but further improvement in the
devices is to be expected.

In conclusion, our results provide evidence that respiratory-
gated micro-CT scanning of live mice has potential as a method
for evaluating the growth of lung tumors. Micro-CT has the
advantage of being highly sensitive compared to ultrasonography
and magnetic resonance imaging in in vivo lung carcinogenesis
experiments. In the case of magnetic resonance imaging, it
produces high soft-tissue contrast, but takes time to scan the
whole animal image. Moreover, a new technology may synergize
two imaging methodologies, such as positron emission tomography
and CT, for better assessment. This novel approach in the
present study may also have an impact on the study of natural
lung tumor progression or regression and cancer chemopreventive
and therapeutic agents.
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