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Recent epidemiological studies have shown a positive association
of a high-fat diet with the risk of colon cancer. Indeed, increments
in the serum levels of triglycerides (TG) and cholesterols are posi-
tively related with colon carcinogenesis. We previously reported
that an age-dependent hyperlipidemic state is characteristic of Min
mice, an animal model for human familial adenomatous polyposis
(FAP). However, qualitative and quantitative changes of lipid
metabolism are poorly understood in this state. Here, we provide
detailed analysis of serum lipids in Min mice using reverse-phased
liquid chromatography/electrospray ionization mass spectrometry
(RPLC/ESI-MS). We also demonstrate local analysis of lipid droplets
in the villi of the small intestine using laser capture microdissec-
tion and a sensitive chip-based nanoESI-MS system. As a result,
oxidized phosphatidylcholines (PC) such as aldehyde and carbox-
ylic acid types were increased, even at an early stage of intestinal
polyp formation in serum. In addition, hydroperoxidizable TG pre-
cursors containing linoleic acid (18:2n-6) were deposited at the tip
of the villi with aging, and these hydroperoxidized TG were also
increased in serum. Meanwhile, increments of the oxidizable TG
precursors in serum and small intestinal mucosa were suppressed
by treatment with pitavastatin, a novel third generation lipophilic
statin. These results suggest that quantitative and qualitative lipid
changes such as hydroperoxidizable TG precursors are important
in the course of intestinal polyp formation and oxidative stress
might lead to the development of intestinal polyp formation in
Min mice. (Cancer Sci 2011; 102: 79-87)

T he incidence and mortality of colon cancer, which is associ-
ated with obesity, a high-fat diet and hyperlipidemia
according to several ePidemiological studies, has increased
in developed countries.'™ We previously reported an age-
dependent hyperlipidemic state in adenomatous polyposis coli
(Apc)-deficient Min and Apc™*® mice, animal models of familial
adenomatous polyposis (FAP)."® Min mice develop large
numbers of intestinal polyps due to truncation mutation in both
alleles of the Apc gene, leading to activation of Wnt signaling to
promote cell growth, which is increased by consumption of a
high-fat.diet.¢

Although the direct link between Apc-deficiency and hyper-
lipidemia is yet to be clarified, it is notable that serum triglycer-
ide (TG) levels in Min mice are almost 10 times higher than
those observed in wild-type littermates (C57BL/6J) at 20 weeks
of age, even though both mice were fed a non-high-fat diet,
AIN-76A, including corn oil (5% of total components).® Both
groups of mice ate almost the same amount of diet, but the mean
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bodyweight was 16% lower in Min mice compared with that of
their wild-type littermates at 20 weeks of age, which might be
due to the development of intestinal polyps. Consumption of a
high-fat diet is associated with hyperlipidemia and leading obes-
ity.1® However, Min mice featured hyperlipidemia without a
high fat-diet intake or obesity. The reasons for the pathology is
correlated with decreased mRNA expression levels of lipopro-
tein lipase (LPL), which hydrolyzes TG into free fatty acids and
monoglyceride, in the liver and small intestine. 112 We demon-
strated that induction of LPL mRNA by peroxisome prolifera-
tor-activated receptor (PPAR)-a and -y agonists and selective
LPL-inducing agent, NO-1886, which lacks potential for activat-
ing the PPAR pathways, suppressed the hyperlipidemic status,
steatosis of the liver and intestinal polyp formation.*™® In addi-
tion, we indicated that a number of large lipid droplets were
found in the surface epithelial cells of small intestinal polyps by
Oil-red O staining and electron microscopy.” ~ These results
suggest that lipid metabolism changes might play important
roles in intestinal polyp formation, but the quantitative and qual-
itative changes have not been well defined in the serum and
small intestine.

In this study, we examined a detailed analysis of serum lipids
in Min mice using electrospray ionization-mass spectrometry
(ESI-MS) coupled with reverse-phased ultra-performance liquid
chromatography (UPLC).*!> Moreover, lipid droplets in the
villi of the small intestine were collected by laser microdissec-
tion (LMD) under direct microscopic visualization and analyzed
using a sensitive chip-based nanoESI-MS system by neutral loss
scanning of identical fatty acyl groups from individual TG
molecular species and precursor ion scanning of phosphoryl
choline from individual phosphatidylcholine (PC) molecular
species. The possible lipid markers for development of
intestinal polyps in Min mice are discussed. Furthermore, the
relationship between the markers and polyp formation in Min
mice are demonstrated by administration of pitavastatin, a novel
3-hydroxy-3-methylglutaryl coenzyme-A (HMGCoA) reductase
inhibitor, which possesses pleiotropic functions including anti-
inflammation and anti-oxidant functions.®*~>

Materials and Methods

Animals. Male C57BL/6-Apc™™* mice (Min mice) were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA)

6To whom correspondence should be addressed.
E-mail: rytagu@m.u-tokyo.ac.jp
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at 6 weeks of age and genotyped as previously reported.?”
Heterozygotes of Min strain and wild-type (C57BL/6J) mice
were acclimated to laboratory conditions for 1 week. Less than
five mice were housed per plastic cage with sterilized softwood
chips as bedding in a barrier-sustained animal room at
24°C x 2°C and 55% humidity on a 12 h light/dark cycle.

To investigate lipid metabolism changes, male Min mice
(2 = 9) and wild-type mice (n = 6) at 5 weeks of age were given
AIN-76A powdered basal diet (CLEA Japan, Tokyo, Japan).
Min mice (n = 3) and wild-type mice (n = 2) were killed at 10,
15 and 20 weeks of age. To examine the effects of pitavastatin
([+]-monocalcium bis [3R,55,6E]-7-[2-cyclopropyl-4-(4-fluoro-
phenyl)-3-quinolyl]-3,5-dihydroxy-6-heptenoate), which was
kindly provided by Kowa Pharmaceutical Co., Ltd (Aichi,
Japan), male Min mice at 6 weeks of age were given pitavasta-
tin, which was mixed well at concentrations of 40 p.p-m. for
14 weeks in AIN-76A. Min mice with pitavastatin treatment
(n = 3) and with pitavastatin untreatment (n = 3) were killed at
20 weeks of age. Food and water were available ad libitum. The
mice were observed daily for clinical signs and mortality. Body-
weights and food consumption were measured weekly. 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 Ani-
mal Experimentation.
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Materials. All solvemts for HPLC or MS grade were pur-
chased from Wako Pure Chemicals (Osaka, Japan). Deionized
water was obtained from a Milli-Q water system (Millipore,
Milford, MA, USA).

Extraction and isolation of serum and small intestinal mucosa
lipids. Total lipids from serum and small intestinal mucosa
were extracted using Bligh and Dyer’s method in the following
procedure:*® serum (75 pL) and small intestinal mucosa in the
proximal segments (50 mg) removed by scraping were individu-
ally homogenized with 6 mL chloroform/methanol (1:2) for 10
strokes and left for 1 h at room temperature. In this process,
1 nmol of sphingomyelin (SM) (d18:1-12:0) was added as an
internal standard. Each phase separation was achieved by adding
2 mL chloroform and 2 mL water. After vortexing, the mixture
was centrifuged at 1000g. for 10 min. The bottom organic layer
containing the total lipid extract was collected and dried under a
gentle stream of nitrogen, and then dissolved by 200 uL chloro-
form-methanol (2:1) and normalized to the serum volume and
intestinal mucosa weight.

Laser capture microdissection of the small intestine, The
intestinal tracts of male Min mice at 10 and 20 weeks old (n = 3)
were removed and separated into the small intestine. Each small
intestine was divided into the proximal segment (4 cm in length),
and then opered longitudinally and fixed flat between sheets
of filter paper in 10% buffered formalin for further Qil-red O
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Fig. 1. 2-D profiling analysis of serum lipids from Min mice by reverse-phased liquid chromatography/electrospray ionization mass spectrometry

(RPLC/ESI-MS) in  positive jon mode. Each of the

lipid classes was detected

in the following order: lysophosphatidylcholine

(lysoPC) > phosphatidylcholine (PQ) > triglyceride (TG), cholesteryl ester (CE). The TG of Min mice were increased at 10 weeks of age and highly
elevated at 20 weeks of age. 2-D lipid maps were constructed with X (retention time) and Y {m/z value) axes, and the intensity of these peaks

was adjusted by color density spots.
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staining and LMD.® Lipid droplets of villi in the small intestine
were observed using modified Oil-red O staining method for con-
firmation of the locus.®® In brief, each frozen section as Swiss
rolls was treated with 60% isopropanol for 1 min, and stained
with Oil-red solution for 15 min at room temperature. The dye
was then removed, and the section was washed with PBS and
60% isopropanol each for 2 min. For local analysis of the villi,
each frozen section was mounted on DIRECTOR LMD slide
(AMR Inc., Tokyo, Japan), and lipid droplets from the tip and
basis of the villi were collected by Leica LMD system, LMD
6000 (Leica Microsystems, Wetzlar, Germany) with a pulsed
355-nm diode laser and individually extracted by methanol.?%
The correction intensity in each graph was calculated by the ratio
of TG to the endogenous standard (16:0-18:2 PC).

Reverse-phased liquid chromatography/ESI-MS (RPLC/ESI-MS)
conditions. The RPLC/ESI-MS analysis was performed using a
quadrupole/time-of-flight hybrid mass spectrometer, Q-TOF
micro (Waters Corporation, Milford, MA, USA) with an AC-
QUITY UPLC system (Waters Corporation).'¥’ The scan range
of the instrument was set at m/z 200-1100, the scan duration of
MS and MS/MS was at 0.5 s and the collision gas used for the
MS/MS experiments was at 7.5 x 10°> mbar (argon). The capil-
lary voltage in positive ion mode was set at 3.5 kV, cone voltage
at 30 V and collision energy of MS/MS at 30 V, whereas capil-
lary voltage was at 2.5 kV, cone voltage at —30 V and colli-
sion energy of MS/MS at —30 V in negative ion mode.

10 weeks old (negative ion mode)

The RPLC separation was achieved using an ACQUITY
UPLC BEH C18 column (150 X 1.0 mm inner diameter [i.d.],
Waters Corporation) at 45°C. Two microlitre of total lipids nor-
malized to serum volume was individually injected. The mobile
phase was acetonitrile/methanol/water : 19/19/2 (0.1% formic
acid + 0.028% ammonia) (A) and isopropanol (0.1% formic
acid + 0.028% ammonia) (B), and the composition was pro-
duced by mixing these solvents. The gradient consisted of hold-
ing solvent (A/B : 90/10) for 7.5 min, then linearly converting
to solvent (A/B : 70/30) for 32.5 min and finally linearly con-
verting solvent (A/B : 40/60) for 50 min. The mobile phase
was pumped at a flow rate of 40-50 pL/min. The MS data pro-
cessing was applied by Mass++ software (http://masspp.jp/) to
detect each chromatogram peak with quantitative accuracy. The
correction intensity in each graph was calculated by the ratio of
TG or phosphatidylcholine (PC) to the internal standard.

Multiple reaction monitoring (MRM) conditions. The MRM
analysis was performed using a quadrupole-linear ion trap
hybrid mass spectrometer, 4000Q TRAP (AB SCIEX, Foster
City, CA, USA) with the same ACQUITY UPLC system as pre-
viously reported.'® Ten microlitre of total lipids normalized
to serum volume was individually injected. The mobile phase
was acetonitrile/methanol/water : 2/2/1 (0.1% formic acid +
0.028% ammonia) (A) and isopropanol (0.1% formic acid +
0.028% ammonia) (B), and the composition was produced by
mixing these solvents. The gradient consisted of holding solvent
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Fig. 2. 2-D profiling analysis of serum lipids from Min mice by reverse-phased liquid chromatography/electrospray ionization mass spectrometry
(RPLC/ESI-MS) in negative ion mode. Each of the lipid classes was detected in the following order: oxidized phosphatidylcholine (PC),
lysophosphatidylcholine (lysoPC), fatty acid (FA) > PC > sphingomyelin (SM), ceramide (Cer), oxidized triglyceride (TG) > TG. Oxidized PC and TG
of Min mice were highly increased even at 10 weeks of age and highly elevated at 20 weeks of age.
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Fig. 3. Quantitative and qualitative profiles of serum triglyceride (TG) molecular species of Min mice in the course of intestinal polyp
formation. (A) Compared with wild-type mice, hydroperoxidized TG and hydroperoxidizable TG precursors of Min mice were highly increased
from 15 weeks of age, whereas non-oxidizable TG of Min mice were somewhat elevated at 20 weeks of age. Values are meanx SD (n=3;
*P < 0.05, **P < 0.01 versus correction intensity of Min mice at 10 weeks of age). (B) Regarding ratios of Min mice to wild-type mice in serum TG
molecular species, hydroperoxidized TG ratios were elevated in a time-dependent manner, and hydroperoxidized TG of Min- mice at 20 weeks of
age were 30-50 times larger than those of wild-type mice. Hydroperoxidizable TG precursor ratios were highly increased at 15 weeks of age and
then somewhat decreased at 20 weeks of age, whereas non-oxidizable TG ratios were gradually increased in a time-dependent manner. Values
are mean = SD (n = 3; *P < 0.05, **P < 0.01 versus intensity ratio at 10 weeks of age) and the individual mean values of these TG are indicated

by crossbars.

(A/B : 100/0) for S min, then linearly converting to solvent
(A/B : 50/50) for 20 min and finally holding solvent (A/B :
50/50) for 34 min at a flow rate of 70 pL/min and column tem-
perature of 30°C.

NanoESI-MS conditions. Chip-based nanoESI-MS analysis
was performed using a 4000Q TRAP with chip-based ionization
source, TriVersa NanoMate (Advion BioSystems, Ithaca, NY,
USA). The ion spray voltage was set at 1.25 kV, gas pressure at
0.3 pound per square inch (psi) and flow rates at 200 nL/min.
The scan range was set at m/z 400-1100, declustering potential
at 100 V, collision energies at 50-70 V and resolutions at Q1
and Q3, ‘‘unit”’. The mobile phase composition was chloro-
form/methanol: 1/2 (0.1% ammonium formate). Total lipids
were directly subjected by flow injection and selectivity analyzed
by neutral loss scanning of identical fatty acyl groups from indi-
vidual TG molecular species and precursor ion scanning of 1;))hos-
phorylcholine from individual PC molecular species.16-2

Statistical analysis. The student’s ¢-test was used for statisti-
cal analysis. Values with P < 0.05 were considered to be statisti-
cally significant.

Results

Global analysis of serum lipids from Min mice by 2-D
profiling. Intestinal polyp counts in Min mice were obviously

increased with age compared with wild-type mice due to down-
regulation of LPL expression. Indeed, the average number of
intestinal polyps developed in Min mice was 82.4 + 84
(mean + SE). However, none of the wild-type mice developed
intestinal polyps.

To further examine the effects on lipid metabolism at the
molecular species level, we globally analyzed serum lipids at
10, 15 and 20 weeks of age by RPLC/ESI-MS and then created
2-D lipid maps of the individual precursor ion peaks for search-
ing quantitative and qualitative changes. The 2-D lipid maps
were constructed with X (retention time) and Y (m/z value)
axes, and the intensity of these peaks was adjusted by color den-
sity spots.

As aresult, TG increments in Min mice were detected on the
map of positive ion mode (55-70 min) even at 10 weeks of age
and were markedly found at 20 weeks of age (Fig. 1). In addi-
tion, several spots were abundantly observed on the map of neg-
ative ion mode (5-15 and 45-55 min) in Min mice compared
with wild-type mice (Fig. 2). These distinctive spots were ana-
lyzed by MS/MS and respectively identified as oxidized PC and
TG, which we first detected from mouse TG in white adipose
tissue as previously reported.'? At 20 weeks of age, these oxi-
dized PC and TG were highly increased in Min mice, suggesting
that enhancement of oxidative stress might be caused in the
course of intestinal polyp formation.

Fig. 4. Quantitative and qualitative profiles of serum oxidized. phosphatidylcholine (PC) molecular species of Min mice in the course of
intestinal polyp formation. (A) Oxidized PC derived from peroxidation of polyunsaturated fatty acids (PUFA) such as linoleic acid (18:2n-6),
arachidonic acid (20:4n-6) and docosahexaenoic acid (22:6n-3) at the sn-2 position were analyzed by multiple reaction monitoring. Aldehyde

(CHO) and carboxylic acid (COOH) types of Min mice (n = 3)

were increased even at 10 weeks of
Values are mean x SD. (B) In addition to these types, hydroperoxide (OOH) types of Min mice (n =

age compared with wild-type mice {n = 2).
3) were elevated at 20 weeks compared with

wild-type mice (n =2). Values are mean x SD. (C) The PC ratios of Min mice to wild-type mice were highly increased at 20 weeks of age
compared with 10 weeks of age in the following order: carboxylic acid types > aldehyde types > hydroperoxide types. Individual mean values of

these types are indicated by crossbars.
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Fig. 5. Local analysis of lipid droplets in Min mice by laser microdissection and the nano-electrospray ionization-mass spectrometry (nanoESI-
MS) system. (A) Hydroperoxidizable triglyceride (TG) precursors at villous tips and bases of Min mice were more increased at 20 weeks of age
than 10 weeks of age. Values are mean+SD (n=3; *P<0.05, **P<0.01 versus correction intensity at 10 weeks of age). (B) From
hydroperoxidizable TG precursor ratios of villous tips to villous bases, hydroperoxidizable TG precursors of villous tips were 1.5-2 times larger
than those of villous bases at 20 weeks of age. Values are mean = SD (n = 3).

Quantitative and qualitative changes of serum TG molecular
species of Min mice in the course of intestinal polyp
formation. These spots were more precisely quantified by
Mass++, MS data processing software to detect individual chro-
matogram peaks with quantitative accuracy. In Min mice, serum
TG molecular species such as hydroperoxidized (OOH) TG,
which were derived from peroxidation of intramolecular linoleic
acid (18:2n-6), and hydroperoxidizable TG precursors contain-
ing 18:2, which were oxidizable to the hydroperoxidized TG,
were increased in a time-dependent manner (Fig. 3A). In partic-
ular, hydroperoxidizable TG precursors were highly elevated
from 15 weeks of age. Meanwhile, non-oxidizable TG contain-
ing saturated fatty acid (SFA) and monounsaturated fatty acid
(MUFA) were quantitatively unchanged until 15 weeks of age
compared with wild-type mice and somewhat increased at
20 weeks of age. These results suggest that individual TG
molecular species were not uniformly elevated, but oxidant-
related TG were preferentially increased. As for the TG ratios of
Min mice to wild-type mice, hydroperoxidized TG ratios were
elevated in a time-dependent manner, and hydroperoxidized TG
of Min mice at 20 weeks of age were 30-50 times larger than
those of wild-type mice (Fig. 3B). Hydroperoxidizable TG

precursor ratios were highly increased at 15 weeks of age and
then somewhat decreased at 20 weeks of age, whereas non-oxi-
dizable TG ratios were gradually elevated in a time-dependent
manner. There were significant differences between hydroperox-
idized TG ratios and non-oxidizable TG ratios at 20 weeks of
age, and between hydroperoxidizable TG precursor ratios and
non-oxidizable TG ratios at 15 weeks of age. It seems that these
ratios might be effective indications for the pathology of intes-
tinal polyp formation.

Quantitative and qualitative changes of serum PC molecular
species of Min mice in the course of intestinal polyp
formation. Regarding serum PC molecular species, hydroperox-
idizable PC precursors containing 18:2 and non-oxidizable PC
containing SFA were quantitatively unchanged between Min
and wild-type mice at 10 and 20 weeks of age (Fig. S1). Mean-
while, oxidized PC of Min mice were abundantly observed on
the 2-D map, and then a large variety of these oxidized types
such as OOH, aldehydes (CHO) and carboxylic acids (COOH)
were analyzed in detail by MRM with theoretically expanded
data sets as previously reported.””’ These oxidized types were
derived from enzymatic and non-enzymatic reactions of peroxi-
dation of polyunsaturated fatty acids (PUFA) such as 18:2,
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arachidonic acid (20:4n-6) and docosahexaenoic acid (22:6n-3)
at the sn-2 position and important in inflammatory biomarkers
for the physiological and pathological phenomena.®%>" Inter-
estingly, aldehyde and carboxylic acid types derived from
peroxidation of 18:2, 20:4 and 22:6 were increased even at
10 weeks of age in Min mice (Fig. 4A), indicating that oxidative
stress might occur at the early stage of polyp formation. Besides
these aldehyde and carboxylic acid types, hydroperoxide types
were highly elevated at 20 weeks in Min mice (Fig. 4B). In
addition, PC ratios of Min mice to wild-type mice in these oxi-
dized types were increased at 20 weeks of age compared with
10 weeks of age in the following order: carboxylic acid
types > aldehyde types > hydroperoxide types (Fig. 4C). These
data support the ideas that Min mice at 20 weeks of age were at
a high oxidative stress level and these oxidants might also be
effective indications of the exacerbation stage and inflammatory
state.

Local analysis of lipid droplets in the villi of Min mice. Because
serum lipid contents might be affected by dietary fat absorption
in the small intestine, detailed analysis of the villi were investi-
gated at 10 and 20 weeks of age in Min mice by LMD, which
permits procurement of the locus from frozen sections of Swiss-
rolled middle and distal parts of the small intestines. Lipid accu-
mulation was observed at the tip of the villi in the small intestine
with Oil-red O staining and the locus was collected. These lipid
mixtures were individually extracted by methanol from the
collected tissues and analyzed using a chip-based nanoESI-MS
system. As a result, PC molecular species were quantitatively
and qualitatively unchanged at 10 and 20 weeks of age in Min
mice (Fig. S2). Meanwhile, hydroperoxidizable TG precursors
were more abundant at 20 weeks of age than those at 10 weeks
of age in Min mice (Fig. 5A). Moreover, the TG at the tip of the
villi were 1.5-2.5 times larger than those at the basis at
20 weeks of age (Fig. 5B). These results suggest that hydroper-
oxidizable TG precursors were comparatively deposited at the
tip of the villi with age in Min mice and might be subjected to
oxidative stress and inflammation in the small intestine. As
discussed previously, hydroperoxidized TG and hydroperoxidiz-
able TG precursors in the serum of Min mice were increased at
20 weeks of age, which might be caused by the increments of
hydroperoxidizable T'G precursors at the tip of the villi.

Suppression of hydroperoxidizable TG precursor production in
the serum and small intestinal mucosa of Min mice by
pitavastatin treatment. To examine the relationship between
oxidative stress and polyp formation in Min mice, detailed anal-
ysis of total lipid extract from the serum and small intestinal
mucosa of Min mice treated with pitavastatin at doses of 40
p-p-m. for 14 weeks were investigated by a chip-based nanoESI-
MS system. Intestinal polyp formation in the pitavastatin-treated
groups was significantly suppressed (the data will be presented
in a separate report). The PC molecular species were quantita-
tively and qualitatively unchanged between the pitavastatin-trea-
ted and untreated groups (data not shown). Meanwhile, the
intensity ratios of hydroperoxidizable TG precursors to non-oxi-
dizable TG (16:0-18:1-18:1) were significantly decreased in the
serum and intestinal mucosa of the pitavastatin-treated groups
compared with the untreated groups (Fig. 6). These resulis sug-
gest that hydroperoxidizable TG precursors are important in
developing intestinal polyp formation and hydroperoxidized TG
derived from the oxidizable TG precursors might induce oxida-
tive stress and inflammation.

Discussion

In this study, oxidant-related TG and oxidized PC such as alde-
hyde and carboxylic acid types were increased even at the early
stage of intestinal polyp formation in the serum of Min mice.
The oxidized PC of Min mice were highly elevated even at
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Fig. 6. Suppression of hydroperoxidizable triglyceride (TG) precursor
production in serum and the small intestinal mucosa of Min mice by
pitavastatin treatment. {A) Intensity ratios of hydroperoxidizable TG
precursors to non-oxidizable TG (16:0-18:1-18:1) were significantly
decreased in the serum of the pitavastatin-treated groups at doses of
40 p.p.m. for 14 weeks along with suppression of intestinal polyp
formation compared with the untreated groups. (B) Similarly, the
intensity ratios in the intestinal mucosa of the pitavastatin-treated
groups were significantly reduced. Values are meanz SD (n=3;
*P < 0.05 **P<0.01 versus intensity ratios of the pitavastatin-
untreated groups).

10 weeks of age. In particular, hydroperoxidized TG and hydro-
peroxidizable TG precursors were significantly increased from
15 weeks of age in a time-dependent manner. We previously
reported that Min mice had higher levels of 18:2 in plasma com-
pared with. wild-type mice by gas-liquid chromatography
method.®? These results suggest that oxidant-related TG in the
blood increased in the course of intestinal polyp formation, and
these TG might be useful as biological markers for the forma-
tion and development of intestinal polyps.

The present study also showed that hydroperoxidizable TG
precursors were comparatively deposited at the tip of villi with
age in Min mice from our local analysis using LMD and sensi-
tive chip-based nanoESI-MS system. Dietary fat mainly consti-
tuted of TG is absorbed at the tip of the villi and accumulates in
the cytoplasm of intestinal epithelial cells, but not in stromal
cells. The origin of the accumulated lipids seems to be derived
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from the contents in the digestive tract, not from blood vessels.
Therefore, our detailed analysis of the villi in Min mice is
thought to be effective for directly detecting qualitative and
quantitative changes. To our knowledge, local lipid analysis of
the villi has not yet been reported and accumulation of hydro-
peroxidizable TG precursors with age was first detected in Min
mice. In addition, detailed analysis of serum and the intestinal
mucosa in Min mice treated with pitavastatin revealed that
hydroperoxidizable TG precursors were significantly decreased
along with suppression of intestinal polyp formation. It is specu-
lated that accumulation of hydroperoxidizable TG precursors in
the small intestine mucosa leads to an increased serum level of
hydroperoxidized TG, and oxidative stress and inflammation
might be systemically induced by these oxidized TG. For one
reason, the fact that malabsorption of the hydroperoxidizable
TG precursors occurs at the tip of the villi, which might evoke a
source for increments of hydroperoxidized TG in serum. For
another reason, hydroperoxidizable TG precursor increments at
the tip of the villi lead to an elevated influx into the general
circulation, and hydroperoxidized TG might be abundantly gen-
erated by peroxidation of these precursors. Moreover, hydro-
peroxidized TG derived from these precursors could induce
DNA damage, which might link to truncation mutation in both
alleles of the Apc gene. However, further experiments are
needed to sensitively detect oxidized PC and TG from the small
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These results also suggest that qualitative changes of TG and
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Additional Supporting Information may be found in the online version of this article:

Fig. S1. Quantitative and qualitative profiles of serum phosphatidylcholine (PC) molecular species of Min mice in the course of intestinal polyp
formation. The PC molecular species in the seram of Min mice (n = 3) were quantitatively and qualitatively similar to wild-type mice (n = 2).
Values are mean x SD. The PC containing docosahexaenoic acid (22:6n-3) was not included in the AIN-76A diet and the correction intensities
were very small.

Fig. 82. Local analysis of phosphatidylcholine (PC) molecular species at the villous tips and bases of Min mice by laser microdissection and the
nano-electrospray ionization-mass spectrometry (nanoESI-MS) system. The PC molecular species at the villous tips and bases of Min mice were
quantitatively and qualitatively unchanged at 10 and 20 weeks of age. There was no significant difference between the villous and base values.
Values are mean + SD (»# = 3). The PC containing 22:6 was not included in the AIN-76A diet and the intensities were very small.
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Obesuy is associated with colon carcmogenesw. However, not much information is avallable regardlng the mechanisms of

Epidemiological studies have suggested that metabolic
syndrome, characterized by hyperglycemia, hyperinsulinemia,
hyperlipidemia and hypertension, is a risk factor for colo-
rectal cancer.!” Patients with Type 2 diabetes mellitus also
have a higher risk of colon cancer.' In spite of a number of
epidemiological studies accumulated, the mechanisms of
obesity-associated colorectal cancer have not been fully
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obesnty assouated colorectal cancer. and there are only few useful animal models for mvestlgatmg the underlying mechan‘ : mv;

understood. Moreover, there are only few useful animal mod-
els for investigating the underlying mechanism between obe-
sity and colorectal cancer. Thus, it is very important to estab-
lish a useful animal model for this purpose.

Obesity animal models including ob/ob mice, db/db mice
and Zucker rats are well established,”™ and it has been
reported that intraperiotoneal injection of the colorectal-
specific carcinogen azoxymethane (AOM) to ob/ob and db/db
mice resulted in the development of around 15 colorectal
aberrant crypt foci (ACF).® Carcinogen-induced colon carci-
nogenesis has also been described in Zucker rats.” However,
these animals lack leptin or have mutation that inactivates
Ob-Rbl, the long form of the leptin receptor with signaling
potential>™® On the other hand, short Ob-R isoforms lack
major domains recruiting downstream effectors and have
diminished or abolished signaling potential.®> Evidence is
accumulating that leptin’ can promote colorectal cancer devel-
opment through activation of the NF-kappaB, Erkl/2 and
PI3K/Akt pathways.® Therefore, it is desirable to use animals
with intact leptin and leptin receptor Ob-Rbl to investigate
obesity-associated colorectal cancer.

The KK-A” mice were established by cross-mating KK mice,
Type 2 diabetes model mice, with C57BL/6J-A” mice,” which
carry the Agouti gene (A”), to induce severe hyperphagia,
polydypsxa impaired glucose tolerance, hyperinsulinemia and
hyperlipidemia'® as compared with C57BL/6] mice, which
are generally used as non-obese, non-diabetic controls."’""?
Moreover, KK mice feature intact leptin and leptin receptor.'*
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In this study, we aimed to investigate the effects of the
obesity on AOM-induced colorectal ACF and cancer develop-
ment in KK-A” mice. Great susceptibility to AOM-induced
colorectal ACF and cancer demonstrated that the KK-A”
mouse is a good model for human metabolic syndrome. The
utility of KK-A” mice for investigation of mechanisms of how
obesity enhances colorectal carcinogenesis is also discussed
with reference to adipocytokine production.

Material and Methods

Animals :
Female 5-week-old KK-A”/TaJcl (KK-A”) mice and C57BL/6]
mice were purchased from CLEA Japan (Tokyo, Japan), and
acclimated to laboratory conditions for 1 week. Five mice
were housed per plastic cage with sterilized softwood chips as
bedding in a barrier-sustained animal room at 24°C * 2°C and
55% humidity on a 12 hr light/dark cycle and fed AIN-76A
powdered basal diet (CLEA Japan). Food and water were avail-
able ad libitum. The animals were observed daily for dlinical
signs including anal bleeding and mortality. Body weights and
food and water consumption were measured weekly. The
experiments were performed according to the “Guidelines for
Animal Experiments in the National Cancer Center” and were
approved by the Institutional Ethics Review Committee for Ani-
mal Experimentation in the National Cancer Center.

AOM-induced colorectal aberrant

crypt focus development

For the induction of ACF by AOM (Nard Institute, Amagasaki,
Japan), 6-week-old female KK-A” (1 = 10) and C57BL/6]
(n = 10) mice were given intraperitoneal injections of AOM
(200 pg/mouse) once weekly for 3 weeks. Five mice each were
also injected with saline as a control group. At the end of the
experimental period, the colorectum was removed, opened
longitudinally and fixed flat between sheets of filter paper in
10% buffered formalin for more than 24 hr. They were divided
into the proximal segment, recturn (1.5 cm in length), then the
proximal (middle) and distal halves of the remainder. These
were stained with 0.2% methylene blue (Merck, Darmstadt,
Germany) and the mucosal surface was assessed for ACF with
a stereoscopic microscope, as previously reported."”

AOM-induced colorectal tumor development

Six-week-old female KK-A” (1 = 25) and C57BL/6] (n = 25)
mice were given intraperitoneal injections of AOM (200 pg/
mouse) once weekly for 6 weeks for induction of colorectal
tumors. Five mice each were also injected with saline as a
control group. All the mice were anesthetized with ether and
sacrificed at the age of 19 weeks, because bloody stool then
became frequently observed. The colorectum was opened
longitudinally and colorectal tumors were noted for their
location, number and size. Colorectal tumors along with
nontumorous parts were fixed in 10% buffered formalin and
embedded in paraffin blocks for histopathological evaluation.

Obesity-enhanced mouse colon carcinogenesis

Diagnosis of colorectal tumors using hematoxylin and eosin
(H&E) stained sections was performed according to the -
classification of Pozharisski.'® The organs, including heart,
kidney, liver, lung, pancreas and spleen, were also excised
and were also observed macroscopically and blood samples
from the abdominal aorta were collected. Abnormal findings
were further histopathologically examined. Serum levels of
triglyceride, total cholesterol and lipoproteins were measured
as reported.'” Blood glucose was measured using a GR-102
blood glucose monitor (Terumo, Tokyo, Japan).

Analysis of visceral adiposity

The volume and distribution of visceral fat were measured by
LaTheta® X-ray computed tomography (CT; Aloka, Tokyo, Ja-
pan) from the first lumbar vertebra to the pubic bone, under
inhalation anesthesia of isoflurane and were analyzed by visu-
alization LaTheta® software as previously reported.®

Analysis of mRNA levels and serum adipocytokine levels
Visceral adipose tissue and colon mucosa of KK-A’ and
C57BL/6] mice were rapidly deep-frozen in liquid nitrogen and
stored at —80°C. Total RNA was isolated from tissue by using
an RNeasy® Lipid Tissue mini kit (Qiagen, Hilden, Germany)
according to the manufacture’s protocol, and treated with
DNase I (Invitrogen, Carlsbad, CA). One-pg RNA in a final
volume of 20 pL were used for synthesis of cDNA using an
Omniscript® RT Kit (Qiagen, Hilden, Germany) with an oligo
(dT) primer. Real-time PCR was carried out using a DNA
Engine Opticon™ 2 (M] Japan, Tokyo, Japan) with SYBR
Green Real-time PCR Master Mix (Toyobo Co., Osaka, Japan).
Primers for mouse adiponectin (5' primer- AGGATGCTACTG
TTGCAAGCTCTC, 3’ primer- CAGTCAGTTGGTATCATGG
TAGAG), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(5" primer- TTGTCTCCTGCGACTTCA, 3’ primer- CACCAC
CCTGTTGCTGTA), interleukine-6 (IL-6) (5" primer- ACAAC
CACGGCCTTCCCTACTT, 3’ primer- CACGATTTCCCAGA
GAACATGTG), leptin (5" primer- CCAAAACCCTCATCAA
GACC, 3 primer- GTCCAACTGTTGAAGAATGTCCC),
monocyte chemoattractant protein-1 (MCP-1) (5' primer-
CCACTCACCTGCTGCTACTCAT, 3’ primer- TGGTGATC
CTCTTGTAGCTCTCC), Ob-Rbl (5’ primer- CCATCTTTTA
TATGATCTGCCTGAAGT, 3’ primer- TGCATTGGACAGT
CTGAAAGCT), plasminogen activator inhibitor-1 (Pai-1)
(5" primer- ACAGCCTTTGTCATCTCAGCC, 3' primer-
AGGGTTGCACTAAACATGTCAG) and tumor necrosis factor-
o (TNF-o) (5 primer- TGTGCTCAGAGCTTTCAACAAC, 3’
primer- GCCCATTTGAGTCCTTGATG) were used.'”*? To
assess the specificity of each primer set, amplicons generated
from the PCR reaction were analyzed for melting curves.
Serum insulin, IL-6, leptin, Pai-1, resistin and TNF-o were
measured using Multiplex kits (Linco plex, St. Louis, MO).

Immunohistochemical analysis of infiltrated macrophages

in visceral fat tissues ,
Visceral fat tissues, represented by peri-uterine and peri-ovarian
white adipose tissues from KK-A” and C57BL/6] mice were
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fixed in 10% buffered formalin, embedded, and sectioned for
further immunohistochemical examination with the avidin-bio-
tin complex immunoperoxidase technique. As the first antibody,
goat polyclonal anti-F4/80 antibody (R&D Systems, Minneapo-
lis, MN) was used at 100x dilution. As the secondary antibody,
biotinylated anti-goat IgG (Vector Laboratories, Burlingame,
CA) was used at 200x dilution. Staining was performed using
avidin-biotin reagents (Vectastain ABC reagents; Vector Labora-
tories, Burlingame, CA), 3,3'-diaminobenzidine and hydrogen
peroxide, and the sections were counterstained with hematoxy-
lin to facilitate orientation. Three different areas of tissue from
each animal (n = 5) were photographed in 20x magnification,
and the numbers of F4/80 positive cells were counted manually.

Analysis of crypt length and cells/crypt

The crypt length and the number of cells/crypt were eval-
uated on H&E stained sections from similar distal parts of
nontumorous mucosa of 19 weeks KK-A” and C57BL/6] mice
with AOM treatment. Three different crypts from each ani-
mal (n = 5) were photographed in 40x magnification, and
the crypt length were measured and the number of cells/crypt
were counted.

Analysis of hepatic CYP2E1 activity

Liver microsomes were prepared from liver samples from 19-
week-old KK-A” and C57BL/6] mice with or without AOM
treatment (n = 5 each), and cytochrome P450 2E1 (CYP2E1)
activity of liver microsomes was measured using the method
described by Bonnefoi et al®® with some modifications.
CYP2E1 activity was expressed as the formation rate of
6-hydroxychlorzoxazone from chlorzoxazone. Mixture of 100
pg microsomes, 20 pL of 500 mM phosphate buffer (pH 7.4)
and 20 pL of 500 pM chlorzoxazone solution were preincu-
bated for 5 min at 37°C (total volume: 180 pL). Then, 20 pL
of NADPH-generating system (100 mM MgCl,, 10 mM
NADP, 100 mM G-6-P, and 1000 U/mL G-6-PDH) were
added and incubated for 5 min at 37°C. After incubation, the
reaction was stopped by adding 100 pL of ice-cold acetonitrile.
The concentration of formed 6-hydroxychlorzoxazone in each
solution was determined with HPLC equipped with a model
LC-6A pump (Shimadzu Co., Kyoto, Japan) and a model
SPD-6AV UV detector (Shimadzu Co.). A UV wavelength of
295 nm was used. Each sample was chromatographed on a
CAPCELL PAK C-18-UGI120 (4.6 mm i.d., 150 mm in length,
Shiseido Co., Tokyo, Japan). The flow rate was 1.0 mL/min.
The mobile phase was a mixture of acetonitrile and 20 mM
acetate buffer (pH 4.5) (30/70, v/v).

Statistical analysis

The results are expressed as mean * standard deviation (SD)
or standard error (SE) values. The significance of difference
in the incidence of AOM-induced mouse tumors was
analyzed using the y* test and other statistical analyses were
performed with Student’s t-test. Differences were considered
to be statistically significant at p < 0.05.

Int. J. Cancer: 000, 000-000 (2010) © 2010 UICC

Resuits

Obese status observed in KK-A” mice

The average body weights at 6 weeks of age of female KK-A”
and C57BL/6] mice were 22.9 * 0.9 g (mean * SD) and
174 * 0.8 g, respectively, before AOM treatment. At 13
weeks of age (ACF experiment), the average body weights of
KK-A” and C57BL/6] mice with AOM treatment were 40.6
+ 2.7 g (mean * SD) and 214 * 1.5 g, and food intake
were 40 * 0.5 g/mouse/day and 3.0 * 02 g/mouse/day,
respectively. At 19 weeks of age (colorectal cancer experi-
ment), the average body weights of KK-A” and C57BL/6]
mice with AOM treatment were 554 * 4.9 gand 25.2 = 1.5
g and food intake were 52 * 0.5 g/mouse/day and 3.6 *
0.4 g/mouse/day, respectively. The average body weights of
mice treated with AOM were slightly decreased compared
with saline-treated mice. Thus, body weights of KK-A” mice
were almost twice as much as those of C57BL/6] mice.
Furthermore, liver weights in KK-A” mice were increased
1.7-fold compared to those of C57BL/6] mice.

The data of serum lipids, glucose and insulin are summar-
ized in Supporting Information Table S1. At 13 weeks of age,
the average serum levels of triglyceride, total cholesterol, free
fatty acid and insulin of KK-A” mice with AOM treatment
were 484.1 * 106.1 mg/dL (mean = SD), 101.6 * 12.5 mg/dL,
1796 * 493 nEq/L and 10.1 * 3.9 pg/mL, respectively. These
levels of KK-A” mice with AOM treatment were significantly
higher (p < 0.01) than those of C57BL/6] mice with AOM
treatment. At 19 weeks of age, the average serum levels of
triglyceride, total cholesterol, free fatty acid, glucose and insulin
of KK-A” mice with AOM treatment were also significantly
higher (p < 0.01) than those of C57BL/6] mice with AOM
treatment.

As shown in Figures 1a and 1b, the subcutaneous area
(indicated in yellow) and visceral area (in red) of abdominal
fat in KK-A” and C57BL/6] mice with AOM treatment could
be distinguished in CT images, and subcutaneous, visceral
and total amount of fat tissue were calculated individually
by instrumental software. The values in all cases were signifi-
cantly increased (p < 0.01) in KK-A” mice compared with
those of C57BL/6] mice at 13 and 19 weeks of age (Support-
ing Information Table S2). Notably, a marked increase was
observed in the visceral fat of KK-A” mice, such as 7.6 = 1.1
g/mouse (at 13 weeks of age) and 11.3 * 2.3 g/mouse (at 19
weeks of age).

Histopathological examination of visceral adipose tissue
clearly showed enlargement of adipocytes (Figs. 1c and 1d),
which was confirmed by quantification of the number of
adipocyte nuclei observed in the field of fat tissue in KK-A”
mice (Fig. le). Immunohistochemical examination of adipose
tissue with F4/80 antibody showed a 2.3-fold increase of
infiltrated macrophages into the adipose tissue in KK-A”
mice compared with those of C57BL/6] mice (Fig. 1f).
Furthermore, liver steatosis, hypertrophy of pancreatic islets
and fatty infiltration in the pancreas were observed in KK-A”
mice (data not shown).
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Levels of adipocytokines in serum and visceral fat tissue

Table 1 summarizes data on serum adipocytokine levels in
KK-A” and C57BL/6] mice at 13 weeks and 19 weeks. 1L-6
and leptin were significantly increased (p < 0.01) in KK-A”
mice compared with C57BL/6] mice with AOM treatmenl at
13 weeks and 19 weeks. At 13 weeks, Pai-1 and resistin
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Figiise 1 Ubese teatures observed in KK 4 mice at 13 weeks.

Abdominal fat scanned by micro-CT was reconstructed 1o axial
images (yellow represents subcutaneous fat and red represents
visceral fat) for C578L/é) (a) and KK-A" mice (b). Histopathological
sections of visceral fat in C57BL/6) (¢) and KK-A” mice (d) are also
shown. Numbers of nuclei of fat cells (e) and F4/80 positive cells
() were counted per microscopical field in visceral fat tissue as
mentioned in Material and Methods section. Data are means + SE.
Bar represent 200 pm. **p < 0.01 vs. C57BL/6) mice.
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were significantly increased in KK-A” mice compared with
C57BL/6] mice. Meanwhile, at 19 weeks, Pai-1 and resistin
had tendency to increase in KK-A” mice compared with
C57BL/6] mice. Serum TNF-o level was not significantly
different between KK-A” mice and C57BL./6] mice.

Figures 2a (13 weeks) and 2c (19 weeks) show expression
levels of adipocytokines in visceral fat tissue, and MCP-1,
Pai-1, TNF-o and leplin were significantly increased in
KK-A" mice at 13 weeks and 19 weeks compared with

STREL/A] mnice vl AGM dreciends Sigaificant inciease of
IL6 level was obeepvad ot 13 weckss but not 19 weeks. The
level of adiponectin was decreased 40% (p < 0.05) al 19
weeks, which was not significant ot 13 weeks (Figs, 2b and
). Bxpression fevels of Ob RED w0 the colon of KK-A" and
CR7HE/el mice with ACRE Deannent ol 19 weeks were meas

wred by real-time PCR, and it was found that the levels were
shightly lower in KK-A" mice (1 = 7) than in C57BL/6) mice

{1 = 7), but the differences were not stalistically significant

Increased colerecisl caicinogenesis in KK-AY mice

All KKCAY mice and C57P1 /6] mice developed ACE in the co-
fon and rectum al 12 weeks with AOM treatment (Table 7).
hy spite of the beatment of both mice with AOM at the same
dosage {200 ug/mouse [210 mg/kel, once weekly for 3
weeks), induction ol colorecial ACF was much greater in
KK-AY mice compared to CR7BL/E] mice. The number of total
ACF o KK-4" mice was 696

12.9/mouse, which was
abmost 8 timves Bigher than that i CA7E

‘6 mice. Significant
numibers of colorectal ACE were observed in all porlions of
the colorectum in KK-A" mice, ful they were most abundant
i the distal portion The size of aberrant crypts did not differ
hetween C57BI/6) and KK-A mice Saline-treated KK-A4Y and
C57BL/6) mice did not develop colorectal ACF,

All of the KK-A" mice developed colorectal tumors by
AOM administration  at greal numbers  compared  with
C57BL/6] mice (Table 3). Most colorectal tumors were dis-
tributed in the middle-distal portion. The color of colorectal
tumors observed in KK-A" mice was quite different from that
observed in C57BL/6) mice, and the color of colorectal
tumors in KK-A” mice was intense red (Fig. 3a). listopatho-
logical examination revealed AOM-induced colorectal tumors
to be adenomas or adenocarcinomas. Table 3 summarizes

Table 1. Serum adipocytokine levels in KK-A” and C57BL/6} mice treated with AOM

13 week-old

19 week-old &

Adipocytokines KK-A”

T TesBE KK-AY s GS7BLL
IL-6 (pg/mL) 460.4 + 21.5% 15.9 + 2.5 86.0 + 57.9%* 24.0 * 6.6
Leptin (ng/mL) 34.5 + 15,2%* 1.5 + 0.6 ; 40.1 + 13.4% 3.0 + 29
Pai-1 (ng/mL) 3.8 + 1.2% 23+ 1.1 5.6+ 1.8 41+ 0.9
Resistin (ng/mL) 3.6:% 0.3% 2.5+ 0.2 43 %13 3.1%1.0
TNF-o (pg/mL) 147 + 0.7 13.4 + 0.3 16.6 + 2.1 16.4 + 3.6

Data are mean * SD. Significantly different from the C57BL/6) mice at *p < 0.05, **p < 0.01, respectively.
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data on incidence and multiplicity. The incidence of ade-
noma was 84% and of adenocarcinoma was 88% in KK-A”
mice, and these values were significantly higher than those of
C57BL/6] mice (8% and 4%, respectively). The number of
adenoma and adenocarcinoma were 3.20 = 3.18 and 4.60 =
4.60 in KK-A” mice, respectively, and were significantly
higher than those of C57BL/6] mice. All adenocarcinomas in
both KK-A" mice and C57BL/6] mice were characterized by
tubular structures lined by tall columnar epithelium with
scant cytoplasm and enlarged cuchyomatic nuclei. Particularly
in KIK-A” mice, remarkable tumor angiogenesis, hemorrhage
and vasodilation were characteristically observed near the
surfaces of adenocarcinoma (Fig. 3b). Moreover, invasive
growlh reaching into muscular laver of mucosa was found in
4 out of 22 KK A" mice (Fig. 3¢). Meanwhile, such lesions

were not observed in C57BL/6] mice. Metaslatic lesions in
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Figure 2. Relative expression levels of adipocytokine mRNA in
visceral fat tissue of KK-A” and C57BL/6) mice treated with AOM.
RT-PCR analysis was performed to obtain MCP-1, IL-6, Pai-1, TNF-o,
leptin and adiponectin mRNA expression levels at 13 weeks (a and
b) and 19 weeks (¢ and d). GAPDH mRNA was used to normalize
the data. KK-A¥ mice (M); C57BL/6) mice (L). Data are means +
SE. *p < 0.05, **p < 0.01 vs. C57BL/é) mice.

the liver and other tissues were not observed in KK-A” mice
with colon adenocarcinoma. Saline-treated KK-A” and
C57BL/6] mice did not develop colorectal tumors.

To clarify the factors which have an effect on high suscep-
tibility of KK-A” mice to AOM-induced colorectal ACF/
tumor development, length of crypt and cells/crypt in the
colon were analyzed. The length of colon crypt was longer
and the number of cells/crypt was higher in KK-A” mice
with AOM treatment compared with C57BI/6)] mice with
AOM treatment at 19 weeks (Supporting Information Table
§3). Other factors such as difference of AOM metabolism
were also evaluated between KK-AY and C57BL/6] mice. To
this end, activities of CYP2E]* that
AOM, CYP2FE1

activilies were observed between KK-AY and C57RL/6] mice

the main

and

enzyme

metabolizes were calculated similar

(Supporting Information Table 54).

Dineusiny

In this study, obese diabetic KK A" mice were found o be
highly susceptible 1o induction of ACFE, and developed
colorectal carcinoma within a very short period after AOM
injection. Furthermore, some of the fumors exhibiled cancer
cell

remarkable tumer angiogencsis. The KK-A" mouse exhibited

invasion under the muscudar Jayer of mucosa and
abdominal obesitv, hypertriglyceridemia and hyperinsulinen:ia
at the time-points of colorectal ACF (13 wecks) and cancer
(19 weeks) examinations, and serum pro-inflammatory adipo-
cytokines such as 1L 6, leptin and Pai-l were also elevated
compared with those in lean C57BL/6] mice. Moreover, expres-
sion of pro-inflammatory adipocylokine mRNA such as 1L.-6,
leptin, MCP- 1, Pai-1 and TNF-o was significantly increased in
the visceral fal lissue; in contrasl, adiponectin was decreased as
reported previously, 5%

The number of ACF/mouse developed in KK A” mice
(=70/mouse) by AOM (200 pg/mouse [=10 mg/kgl, once
weekly for 3 weeks) seems to be higher than the number of
ACF/mouse developed in other obese mice, ob/ob mice or
db/db mice treated with AOM. It has been reported that
injection of AOM (5 mg/kg, once weekly for 4 weeks) to ob/
ob and db/db mice resulted in =15 colorectal ACF/mouse,
and to lean littermates, C57BL, resulted in ~6 ACF /mouse.®
High dose of AOM (15 mg/kg, once weekly for 5 weeks) to
db/db mice were reported to be ~30 ACF /mouse, and ~16
ACF /mouse in their lean litter mates.”” Up to now, studies

covering colorectal cancer development in ob/ob or db/db mice

Table 2. Development of colorectal ACF in KK-A¥ and C57BL/6) mice treated with AOM

No. of ACF/colorectum

Mice . No: of mice with ACF = Proximal

Middle Distal : Re’ctulm Total Mean no. of ACs/fgéus
C57BL  10/10 0.2 + 0.4 1.6 + 1.5 4.2 + 1.0 3.2+ 0.9 9.2 £ 1.3 1.8 0.3
KK-A” 10/10 12;3 +11.4%  20.3 * 9.0** 303 * 2.3% . 6.7 + 1.0*  69.6 + 12.9** 1.6 + 0.2
Data are mean + SD. Significantly different from the C57BL/6) mice at *p < 0.05, **p < 0.01, respectively.
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Table 3. Incidence and multiplicity of colorectal tumors in KK-A” and C57BL/6] mice treated with AOM

No. of mice with tumors (%)

Mice No. of mice

No. of fumors/mduvsev :

Adenoma Adenocarcinoma Total Adenoma Adenocarcinoma Total
C57BL 25 2(8) 1(4) 3012 0.04 + 0.20 0.08 + 0.28 0.12 + 0.33
KK-AY 25 21 (84)** 22 (88)** 25 (100)** 3.20 *+ 3.18* 4.60 * 4.60** 7.80. £ 7.20**

Data are mean ' SD. Significantly difterent from the C57BL/6) mice at **p

< 0.01.

Figure 3. Macroscopic and histopathological analysis of colorectal tumors. (a) Representative macroscopic features of colorectal tumors
developing in KK-A” (lower three colorectal segments) and C57BL/6) mice (upper three colorectal segments) with a ruler. (b) Representative
adenocarcinoma in KK-A” mouse. Bar represent 200 um. (¢) Representative histopathologic section of adenocarcinoma showing a neck and

body in KK-A” mouse. Bar represent 500 pm.

have not been reported. In our study, we found that colorectal
cancer developed in KK-A” mice within a short period.

In well-established AOM-induced colorectal cancer study,
generally it will take almost one year after 6 weekly AOM
injection to develop 50-60% of colorectal cancer incidence in
C57BL/6] mice.® Our models developed cancer within 20
weeks after AOM injection. In addition, it is worthwhile to
mention that some tumors developing in KK-A” mice showed

cancer cell invasion under the muscular layer of mucosa,
which are rarely observed in AOM-induced colorectal cancer
in other mice strain®® Other characteristic features of
developed colorectal cancer were its redness. Microscopic
examination revealed much vessel 'formation and vasolida-
tion, account for the redness of the lesions. One mechanism
for enhanced tumor angiogenesis could be explained by the
presence of elevated leptin and Pai-1 (Fig. 2), which promote

int. J. Cancer: 000, 000-000 (2010) © 2010 UICC
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angiogenic signaling.®*” Leptin binding to Ob-Rbl induces
STAT3 binding and resulted in induction of angiogenic fac-
tors, such as vascular endothelial growth factor (VEGE).*
PAI-1 maintains extracellular matrix integrity required for
endothelial cell differentiation.”’ Moreover, the expression
and secretion of VEGF is insulin-dependent, and the circulat-
ing VEGF levels are increased in hyperinsulinemic state. ™
Increased serum levels of pro-inflammatory cylokines such
as Pai-1 and IL-6 or decreased adiponectin level could be
derived from hyvpertrophic adipose tissue with invading pro-
nflammatory menocyte such as activated macrophag oin
human beings, such a disruption of adipocytokine production
P oand

. ) 4 ) . . 34,35
is also ohserved in metabolic syndrome patients,”™

changes of adipocytokine balance could be & clue 1o darify
;

the rela

S
Pl

ionship bebween obesity and colerectal canca
instance, it has heen demonstrated that TNF-oo signaling

blockade suppresses colorectal cardinogenesis in AOM-DISS

treated miice, wherein high TNF-2 expressions were observed.
Treatment of Apc-deficient mice with Pai-l inhibilor sup
pressed intestingl polyp formation in which high Pai-1 expres-

fed a high-fat diet increased the number of AOM-induced
colon ACF and adenocarcimnoma.®® These papers support the
idea that high-expression levels of adipocytokines, except for

-adiponectin, affect the formation of colon ACF and adenocardi-

noma as observed in this study. Further investigation using
TNF-o blocker, Pai-1 inhibitor and adiponectin stimulator in
this novel mouse model could clarify the relationship between
abesity and colorectal cancer.

In conclusion, this studies indicated that KIK-A" mice
exhibiling a metabolic syndrone profile are highly suscepti-
ble to AOM induced colorectal ACF/tumor development,
with oceurrence of tumors within a short period. Thus, the
KK A7

I seit
anesiy

mouse could be a useful animal model for human

associated cancer, o clarify important links between

factors for the mei wdrome and coloreaal cances

development,
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