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BACKGROUND & AIMS: Metabolic syndrome- and
obesity-associated cancers, including colon cancer, are
common in Western countries. Visceral fat accumulation
and decreased levels of plasma adiponectin (APN) have
been associated with development of human colorectal
adenoma. We investigated the function of APN in intes-
tinal carcinogenesis. METHODS: APN*/*, APN*/~, or
APN~/~ mice (C57BL/6]) were given injections of azoxy-
methane (AOM), which led to development of intestinal
tumors; these strains of mice were also crossed with Min
mice to assess polyp formation. Adipocytokine levels and
phosphorylation/activation of AMP-activated protein ki-
nase (AMPK) were evaluated to investigate the mecha-
nisms of APN in tumor growth. RESULTS: The total
number of polyps in the intestines of male APN™/~ Min
and APN~/~Min mice increased 2.4- and 3.2-fold, respec-
tively, by the age of 9 weeks and 3.2- and 3.4-fold, respec-
tively, by 12 weeks, compared with those of APN*/*Min
mice. Similar results were obtained from female mice.
AOM induced colon tumor formation in 40% of APN™/+,
50% of APN*/~, and 71% of APN~/~ (P < .05) mice,
respectively; mean values for tumor multiplicity of each
genotype were 0.5, 0.6, and 1.1 (P < .05), respectively.
Phosphorylation of AMPK decreased in intestinal epithe-
lial cells of APN~/~ mice compared with APN*/* mice.
Among serum adipocytokines, plasminogen activator in-
hibitor—1 levels increased in APN/"Min mice and
APN~/~ mice that received injections of AOM. Activation
of AMPK suppressed expression of plasminogen activator
inhibitor—1 in Min mice. CONCLUSIONS: Mice with
disruptions in APN develop more intestinal tumors
and have decreased activation (phosphorylation) of
AMPK and increased levels of plasminogen activator
inhibitor—1, compared with wild-type mice. APN and
its receptor might be developed as targets for cancer
chemopreventive agents.
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he criteria for metabolic syndrome include obesity,

hyperlipidemia, type 2 diabetes, and hypertension.
Several cancers, including colon cancer, are demonstrated
to be associated with metabolic syndrome.!"> Obesity-
associated cancers are common in Western countties, and
they are currently increasing in Eastern countries as well.
However, the mechanisms underlying how metabolic syn-
drome is associated with carcinogenesis remain to be
fully understood. Insulin resistance, with hyperinsulin-
emia, hyperlipidemia, and hyperglycemia, are suggested
to be involved in the promotion of colon cancer growth.
In addition, dysregulation of adipocytokines, such as
adiponectin (APN), leptin, plasminogen activator inhibi-
tor-1 (PAI-1), and tumor necrosis factor—a (TNFa) has
been shown to play a crucial role in the pathogenesis of
the metabolic syndrome and postulated to promote car-
cinogenesis.® In human clinical studies, it has been re-
ported that the amount of visceral fat positively corre-
lates with colon adenoma risk, and serum APN levels
show a negative correlation.”

APN is present at high levels in plasma (range, 3—30
wg/mL) as multimers. Both plasma APN and APN mes-
senger RNA (mRNA) in adipose tissue are inversely cor-
related with body mass index and whole-body adipose
mass. Furthermore, a decrease in plasma APN levels is
associated with insulin resistance, type 2 diabetes, and
coronaty artery disease. Physiological functions of APN
are elicited through 2 isoforms of its receptor, Adipo-R1
and Adipo-R2, stimulating AMP-activated protein kinase

Abbreviations used in this paper: ACF, aberrant crypt foci; AMPK,
AMP-activated protein kinase; AOM, azoxymethane; APN, adiponectin;
CK2pB, casein kinase 28; IL-18, interleukin-18; MCP-1, monocyte che-
motactic protein-1; mRNA, messenger RNA; Pai-1, plasminogen acti-
vator inhibitor—1; PCR, polymerase chain reaction; RACK1, receptor
for activated protein C kinase 1; TG, triglyceride; TNFe, tumor necrosis
factor—a.
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(AMPK) and peroxisome proliferator—activated recep-
tor-a, respectively.

Recently, we reported an age-dependent hypertriglyc-
eridemic state with low expression levels of hepatic and
intestinal lipoprotein lipase mRNA in Apc-deficient Min
and Apc1309 mice, animal models of familial adenoma-
tous polyposis.>!® Lipoprotein lipase catalyzes the hydro-
lysis of triglyceride (TG). Moreover, adipocytokines in-
cluding plasminogen activator inhibitor—1 (Pai-1) were
found to be remarkably overexpressed in the livers of Min
mice as compared to wild-type mice.!’ In addition, he-
patic APN mRNA levels were down-regulated in Min
mice. Administration of Pai-1 blockers, SK-216 or SK-
116, demonstrated the involvement of Pai-1 in the pro-
duction of number of intestinal polyps.

It is assumed that adipocytokines have an impact on
carcinogenesis. However, little is known about how their
altered regulation is related to the development and pro-
gression of colon cancers. Thus, in the present study, we
mated APN-deficient C57BL/6] mice with Min mice to
investigate the effect of genetic inactivation of APN on
intestinal carcinogenesis. APN deficiency resulted in in-
creased intestinal polyp development. Moreover, a similar
contribution was evident when APN-deficient C57BL/6]
mice were treated with azoxymethane (AOM) to induce
colon cancer. Reduced phosphorylated(p)-AMPK levels
and increased p-Akt levels were suggested to be involved
in the accelerated development of intestinal tumors.
Moreover, the mechanistic consequences derived from
the altered adipicytokines, APN and Pai-1, were demon-
strated.

Materials and Methods
Animals

APN-deficient mice (C57BL/6] mice background)
were generated as described previously and their geno-
types were confirmed by polymerase chain reaction
(PCR).!2 Both sexes were used at 6 weeks of age. Female
CS7BL/6-ApcM™/* mice (Min mice), 5 weeks of age, were
purchased from The Jackson Laboratory (Bar Harbor,
ME) and genotyped by the method reported previously.
Heterozygotes of the female Min mice were mated with
APN-/= C57BL/6] males to generate APN™/~Min mice.
Such males were crossed again with APN*™/~ CS7BL/6]
females to give APN~/~Min mice. Offspring were geno-
typed by PCR? In all the animal experiments in the
present study, a maximum of § animals were housed per
plastic cage, with sterilized softwood chips as bedding, in
a barrier-sustained animal room, air-conditioned at 24 *
2°C and 55% humidity, on a 12-hour light-to-dark cycle.
AIN-76A powdered basal diet (CLEA Japan, Tokyo, Ja-
pan) and water were available ad libitum. The animals
were observed daily for clinical signs and morbidity, and
body weights and food consumption were measured
weekly. At the sacrifice time point, mice were anesthe-
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tized with ether, and blood samples were collected from
the abdominal vein. The experiments were conducted
according to the Guidelines for Animal Experiments in
the National Cancer Center and were approved by the
Institutional Ethics Review Committee for Animal Exper-
imentation in the National Cancer Center.

Experimental Protocol for APN-Deficient

Min and C57BL/6JMice

Both sexes of Min mice (n = 7) with APN'/*,
APN*/=, and APN~/~ genotypes or CS7BL/6] mice (n =
4) with APN*/*, APN*/~, and APN™/~ genotypes were
used for examination at the ages of 9 and 12 weeks. The
levels of serum TG and total cholesterol were measured
as reported previously.'® The liver, kidneys, heart, and
spleen were weighed and tissue samples from the liver
and intestine were rapidly deep-frozen in liquid nitrogen
and stored at —80°C.

The stomach and intestinal fract were removed,
filled with 10% buffered formalin, and separated into
the stomach, small intestine, cecum, and colon. The
small intestine was divided into the proximal segment
(4 cm in length), and proximal (middle) and distal
halves of the remainder. All segments were opened
longitudinally and fixed flat between filter paper in
10% buffered formalin. The numbers and sizes of pol-
yps, and their distributions in the intestine were as-
sessed with a stereoscopic microscope. Slices of the -
liver, kidneys, heart, and spleen were embedded in
paraffin, sectioned, and stained with H&E.

Experimental Protocol for APN/~Min Mice

With APN Treatment

Recombinant full-length murine APN was pro-
duced and purified as described previously!®!'# and dis-
solved in saline at a concentration of 300 ug/mL for use.
APN"/~Min mice of both sexes were divided into an
APN-injected group (n = 10 each) and saline-injected
control group (n = 10 each). Their body weight was
measured and 1.5 mg/kg APN or the same volume of
saline was intraperitoneally injected once a week from the
age of 6 weeks to 12 weeks (6 times) following the
method used in the previous report.’s The numbers and
sizes of polyps, and their distributions in the intestine
were examined.

AOM-Induced Colon Tumor Development in

APN-Deficient C57BL/6] Mice

Six-week-old male APN*/*, APN*/~, and APN~/~
C57BL/6] mice (n = 30 each) received AOM at a dose of
10 mg/kg body weight intraperitoneally once a week for
6 weeks. Male APN™/* and APN~/~ CS7BL/6J mice (n =
10 each) without AOM treatment were used for evaluat-
ing sporadic colorectal cancer development. After lapa-
rotomy at 55 weeks of age, the entire intestines were
resected and opened longitudinally and the contents
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were flushed with normal saline. Using a dissection mi-
croscope, colon tumors were noted grossly for their lo-
cation, number, and diameter, and measured with cali-
pers. All tumors from AOM-treated C57BL/6] mice were
subjected to histological examination after routine pro-
cessing and H&E staining. The remaining small intesti-
nal mucosa was removed by scraping and used for AMPK
measurement. High-density lipoprotein cholesterol was
assessed by FUJI DRI-CHEM4000 (FUJIFILM Medical
Co., Ltd,, Tokyo, Japan). Total body fat amount was
determined by EchoMRI-100 (Echo Medical Systems,
Houston, TX).

AOM-Induced Colon Aberrant Crypt Foci
Development in APN-Deficient Mice Treated
With Pai-1 Blocker

Male APN~/~ C57BL/6] mice (n = 10 each) of 6
weeks in age received AOM at a dose of 10 mg/kg body
weight intraperitoneally once a week for 3 weeks. From
the first treatment with AOM, mice were fed control
AIN-76A or experimental diet containing Pai-1 blocker
SK-216,'! chemically synthesized at Shizuoka Coffein Co.
Ltd.,, at 50 and 100 ppm for 8 weeks. All mice were
sacrificed S weeks after the first dose of AOM. After
laparotomy, the entire colons were resected, fixed, stained
with 0.2% methylene blue and scored for the number of
aberrant crypt foci (ACF)/colon according to the proce-
dure of previous report.!®

Experimental Protocol for Min Mice Treated
With Metformin

To investigate the effects of AMPK activation on
Pai-1 expression levels, four male Min mice at 6 weeks of
age were givén 1000 ppm metformin, 1,1-dimethylbigu-
anide hydrochloride (Wako Chemical, Osaka, Japan) in
the diet for 14 weeks and liver samples were collected.
Control group mice were fed basal diet without met-
formin.

Detection of Iniestinal Phosphorylated AMPK
Levels

The concentrations of p-AMPK in the small intes-
tine (n = 4) and colon (n = 4) from 9-week-old male
APN*/*, APN*/~, and APN~/~ C57BL/6] mice, and in the
liver (n = 4) from 12-week-old male APN*/* Min, APN*/~
Min, and APN~/~Min mice were determined using an
AMPKa [pT172] enzyme-linked immunosorbent assay
kit (Invitrogen, Carlsbad, CA), according to the manufac-
turer’s protocol. Concentrations of p-Ake and total Akt in
the small intestine were determined using a PathScan
Cell Growth 4-Plex Array Kit (Cell Signaling Technology,
Inc., Danvers, MA) for 6 samples from 55-week-old male
APN*/* APN*/~, and APN~/~ C57BL/6] mice, according
to the manufacturer’s protocol.
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Real-Time PCR Analysis and Reverse
Transcription PCR Analysis

Tissue samples from livers of male Min mice with
APN*/*, APN*/~, and APN~/~ genotypes and CS57BL/6]
mice with APN*/*, APN*/~, and APN™/~ genotypes were
used. Total RNA was isolated from tissues using Isogen
(Nippon Gene, Tokyo, Japan), treated with DNase I (In-
vitrogen) and 3 ug aliquots in a final volume of 20 uL
were used for synthesis of complementary DNA using an
Omniscript RT Kit (Qiagen, Hilden, Germany) and an
oligo(dT) primer. Primers for mouse Adipo-R1, mouse
Adipo-R2, and glyceraldehyde-3-phosphate dehydroge-
nase were employed as reported previously.’” Cycling
conditions were as follows: 94°C for § seconds, annealing
temperature (60—66°C) for 30 seconds, 72°C for 60
seconds, and 32 cycles after an initial step of 95°C for 3
minutes. A final elongation step of 72°C for 10 minutes
completed the PCR. The products were then electropho-
resed on 2% agarose gels. Real-time PCR was carried out
using a DNA Engine Opticon TM 2 (MJ Japan Ltd,,
Tokyo, Japan) with SYBR Green Real-time PCR Master
Mix (Toyobo Co., Osaka, Japan) according to the manu-
facturer’s instructions. Primers for mouse Pai-1, mouse
casein kinase 2B (CK28), and glyceraldehyde-3-phos-
phate dehydrogenase were employed as reported previ-
ously.!®!® To assess the specificity of each primer set,
amplicons generated from the PCR reaction were ana-
lyzed for melting curves and also by electrophoresis in 2%
agarose gels.

Determination of Serum Adipocytokine Levels

The concentrations of APN in the plasma were
determined using a Quantikine Adiponectin/Acrp30 Im-
munoassay Kit (R&D Systems, Inc., Minneapolis, MN).
Total of 4 or 5 samples from 12-week-old male Min mice
with APN*/*, APN*/~, and APN™/~ genotypes and 10
samples from 55-week-old C57BL/6] mice with APN*/*,
APN*/~, and APN~/~ genotypes, were treated according
to manufacturer’s protocol. Pai-1, leptin, resistin, TNFe,
interleukin (IL)-6, and monocyte chemotactic protein-1
(MCP-1) were measured using Multiplex kits (LINCO-
plex, St Louis, MO).

Primary Cultures of APN-Deficient
Fibroblast Cells and Treatment With Insulin
or IL-6

Primary cultures of fibroblasts were prepared
from newborn APN~/~ and APN*/* C57BL/6] mouse
epidermis after separation from the dermis by a trypsin
flotation method.2? Cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% heat-
inactivated fetal bovine serum (Hyclone Laboratories,
Inc., Logan, UT) at 37°C in 5% CO,. Fibroblasts were
plated in 24-well cell culture dishes at a density of
100,000 cells/dish, with Dulbecco’s modified Eagle’s me-
dium containing 10% fetal bovine serum. After 12 hours
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culture without FBS, 1 pug/mL insulin (Invitrogen) or 50
ng/mL IL-6 (R&D Systems) was added in the medium for
5 or 10 minutes. After treatment, the fibroblasts were
lysed in 100 uL lysis buffer (0.0625 M Tris-HCI [pH 6.8],
20% 2-mercaptoethanol, 10% glycerol, 5% sodium dodecyl
sulfate) with Halt phosphatase inhibitor cocktail (Pierce
Biotechnology, Rockford, IL) and Complete Mini, pro-
tease inhibitor cocktail tablets (Roche Diagnostics,
Mannheim, Germany). Samples were separated in 10%
polyacrylamide gel electrophoresis-sodium dodecyl sul-
fate gels and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA). Antibodies against
the p-Akt (Serd473), p-Erk1/2 (Thr202/Thy204; Cell Sig-
naling Technology), and B-actin (Biomedical Technolo-
gies Inc, Stoughton, MA) were used at a 2000X dilution.

“Antibodies against the Bcl-2 (Santa Cruz Biotechnology,
CA) were used at a 200X dilution. Peroxidase-conjugated
secondary antibodies for anti-rabbit IgG were obtained
from GE Healthcare, Buckinghamshire, UK. Blots were
developed with enhanced chemoluminescence (ECL) (GE
Healthcare). Protein levels were evaluated by detecting
the density of the band using NIH Image 1.62, and the
data normalized by the density of B-actin.

Immunobistochemical Staining

Colon with tumors from 55-week-old male
C57BL/6] mice of APN*/*, APN*/~, and APN~/~ geno-
types (n = 6 each) and the middle segments of the small
intestines of 9-week-old male Min mice of APN'/T,
APN*/~, and APN™/~ genotypes (n = 6 each) were pre-
pared for immunohistochemical examination using poly-
clonal rabbit anti-receptor for activated protein C kinase
1 (RACK1) antibody (Santa Cruz Biotechnology) and
monoclonal mouse anti-CK2f antibody (Pierce Biotech-
nology) at 100X dilution. As the secondary antibody,
biotinylated anti-rabbit IgG and anti-mouse IgG (Vector
Laboratories, Butlingame, CA) were employed at a 200X
dilution. Staining was performed using avidin-biotin re-

agents (Vectastain ABC reagents; Vector Laboratories),

3,3'-diaminobenzidine, hydrogen peroxide, and hematox-
ylin. As a negative control, consecutive sections were
immunostained without exposure to the primary anti-

body.

Statistical Analysis

The significance of differences in the inc-
dences of AOM-induced mouse tumors was analyzed
using the x? test and other statistical analyses were
performed with the Dunnett’s multiple compar-
ison test. Statistical significance was concluded with
P values <.05.

Results
Generation of APN-Deficient Min Mice

To determine the effect of the deficiency of APN
on intestinal polyp formation in Min mice, we intro-

INVOLVEMENT OF ADIPONECTIN IN INTESTINAL CARCINOGENESIS 2003

+/ + +- /-

APN
WT Min
B ‘ APN +/+ APN+/- APN-/-
WT Min Min Min

| Adipo-R1

Adipo-R2

S GAPDH

Figure 1. Serum adiponectin (APN) levels and expression levels of
APN receptors in APN-deficient Min mice. (A) Serum APN levels for
12-week-old male APN*/*Min, APN*/~Min, and APN~/~Min mice (n =
3) and for 12-week-old male APN*/* mice (n = 4) were evaluated by
enzyme-linked immunosorbent assay. (B) Liver samples from 12-week-
old male APN-deficient Min mice (n = 3) and for 12-week-dd male
APN*/*+ C57BL/6J mice (n = 3) were analyzed for APN receptors,
Adipo-R1 and -R2 by reverse transcription polymerase chain reaction
analysis. Glyceraldehyde-3-phosphate dehydrogenase was employed
as an internal control. WT, wild-type mice.

duced a knockout mutation of the APN gene into the
Min mice by successive cross-mating and generated Min
mice that carried APN*/~ and APN™/~ mutations. The
quantity of serum APN observed in APN*/*Min mice,
5.6 wg/mL, was decreased by almost half in APN*/~Min
mice, 3.0 pg/mL, and none was detected in APN~~Min
mice (Figure 1A). APN receptors, Adio-R1 and -R2,
were clearly observed, and both expression levels were
not affected by APN deficiency (Figure 1B). Geno-
typing did not significantly affect food intake, behav-
ior, or body weight changes during the experimental
periods. Final body weights in the 12-week-old male
APN*Y/*Min, APN*/~Min, and APN~/~Min mice were
25.5 * 1.6, 24.9 = 1.3 and 23.8 = 3.0 g, respectively,
and in female mice were 20.6 = 1.7, 20.5 = 1.5, and
20.1 = 0.6 g.

An age-dependent change of serum TG levels was
observed in APN*/*Min mice fed basal diet at 9 and 12
weeks of age, the levels rising from 53 to 143 mg/dL in
males (Supplementary Figure). Comparing serum lev-
els of TG in APN-deficient male Min mice with male
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Table 1. Number of Intestinal Polyps in Male Adiponectin-Deficient Min Mice

No. of polyps/mouse

Small intestine

Age (wk) APN genotype Proximal Middle Distal Colon Total
9 +/+ 2.1*+0.6 8.4+27 29.6 £11.5 01x0.1 40.4 = 14.5
+/— 3.6 0.8 23.6 = 3.42 68.6 = 9.9° 0.7x0.3 96.4 + 12.3b
-/~ 4.0 = 0.6° 26.4 =232 97.9 £ 12,47 1.1 +0.3° 128.0 = 14.22
12 +/+ 4.4+13 17139 529+ 8.8 1.3+0.5 75.7+13.5
+/- 57x1.0 41.5 = 5.52 130.7 = 6.62 1.7+ 0.6 179.2 £ 10.872
-/~ 81*1.4 34.7 + 4.2P 111.7 = 11.22 2.0+0.5 156.6 * 15.32

NOTE. Data are mean * standard error (n = 7).
APN, adiponection.

ap < ,01 vs APN*/*Min.

bp < .05 vs APN*/+Min.

APN*/*Min mice, a tendency for increase was observed
at 9 and 12 weeks of age. Serum levels of total choles-
terol were not largely altered with the age and geno-
types (Supplementary Figure 1). Similar resules regard-
ing serum TG and cholesterol were obtained in female
APN-deficient Min mice.

Intestinal Polyp Formation by APN Knockout
Mutation in Min Mice

Table 1 shows data for the number and distribu-
tion of intestinal polyps in the male APN*/*Min,
APN+/~Min and APN~/~Min mice at the 9 and 12 weeks,
while data for female mice are given in Supplementary
Table 1. The polyps developing in each genotype were all
histopathologically identified as adenomas. Development
of intestinal polyps in the male APN*/~Min and
APN~/~Min mice at 9 weeks were 239% and 317% of the

total value in male APN*/*Min mice, respectively, and-

319% and 338% of total value in female APN*/*Min mice.
At 12 weeks, male APN*/~Min and APN~/~Min mice de-
veloped polyps at 237% and 207% of the total value in
male APN™/*Min mice, respectively, and 230% and 206%
of those in female mice. Representative photographs of
the intestinal polyps observed in the male APN™/*Min,

APN*/~Min, and APN~/~Min mice at 12 weeks are shown
in Supplementary Figure 2.

To confirm the effects of APN on intestinal polyp
formation, APN was intraperitoneally injected to
APN*/~Min mice. The total number of intestinal polyps
was significantly less in the APN-injected group than in
saline-injected group in both sexes, as shown in Supple-
mentary Table 2 and Supplementary Figure 2.

Change of Serum Levels of Adipocytokines in

APN-Deficient Min Mice

In an attempt to clarify mechanisms affecting
development of intestinal polyps, we analyzed serum
levels for other adipocytokines, including Pai-1, leptin,
resistin, TNFe, IL-6, and MCP-1. Among the adipocyto-
kines, Pai-1 levels were significantly increased 1.5-fold
and 2.1-fold (P < .05) in 12-week-old male APN*/~Min
and APN~/~Min mice as compared with APN*/*Min mice,
respectively (Table 2), and were also increased in 9-week-
old male APN*/~Min and APN™/~Min mice. Serum leptin
levels were slightly decreased with APN deficiency. Resis-
tin, TNFe, IL-6, and MCP-1 levels did not appear to
depend on the genotypes.

Table 2. Serum Adipocytokine Concentrations in Male Adiponectin-Deficient Min Mice

Resistin, pg/
Age (wk) APN genotype Pai-1, pg/mL Leptin, pg/mL mL TNFea, pg/mL IL-6, pg/mL MCP-1, pg/mL

9 +/+ 1319 = 108 3632 = 859 1450 = 121 50*0.4 15%5 35%5
+/- 1819 + 1172 3163 = 544 1281 + 92 5.0*+0.3 12+6 32+5

-/—= 1738 = 1052 3196 = 783 1299 = 110 51 =03 32*+11 34+5

12 +/4+ 5131 * 2540 3210 = 938 989 x 72 4.7 £0.2 20x7 22+6
+/- 7451 + 1425 2014 x 253 1189 + 133 57*05 27 =6 13+1

o 10693 = 45420 1792 = 562 1152 *+ 562 6.0 0.6 23 £12 19+1

NOTE. Data are mean * standard error (n = 4-5).

APN, adiponectin; IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; Pai-1, plasminogen activator inhibitor—1; TNFa, tumor necrosis

factor—a.
ap < .05 vs 9-week-old APN*/*Min.
bp < 05 vs 12-week-old APN*/*Min.
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Table 3. Incidence and Multiplicity of Azoxymethane-Induced Colon Tumor in Male Adiponectin-Deficient Mice

Adenoma Adenocarcinoma Total
APN genotype Incidence (%) Multiplicity? Incidence (%) Multiplicity? Incidence (%) - Multiplicity?
+/+ 4/25 (16) 0.2+0.5 7/25(28) 0.3+0.6 10/25 (40) 0.5x0.7
+/- 6/28 (21) 0.2+0.4 9/28 (32) 0.4+0.6 14/28 (50) 0.6 0.7
-/~ 8/24 (33) 0.3+05 12/24 (50) 0.8+1.0 17/24 (71)° 1.4 +1.00

APN, adiponectin.
aData are mean = standard deviation.
bp < .05 vs APN*/*,

Colon Tumor Development in APN-Deficient
CS57BL/6] Mice With AOM Treatment

Male APN*/*, APN*/~, and APN~/~ C57BL/6]
mice were treated with AOM. The change of each geno-
type did not affect food intake, clinical signs, or body
weight changes during the experimental period. At the
end of the experiment, whole body fat ratios for
C57BL/6] mice in each genotype with AOM treatment
were almost the same (Supplementary Figure 3), and all
genotypes demonstrated similar levels of serum TG, total
cholesterol, high-density lipoprotein, and free fatty acids
(Supplementary Figure 3).

Data for the incidence and multiplicity of colon tu-
mors are summarized in Table 3. No lesions were appar-
ent without the carcinogen. Total tumor incidences were
increased to 50% and 71% (P < .05) in APN™/~ and
APN~/~ C57BL/6] mice, respectively, as compared with
40% in wild-type mice. Regarding tumor multiplicity,
values were 0.5, 0.6, and 1.1 (P < .05) for APN*'/%,
APN*/~, and APN~/~ C57BL/6] mice, respectively. Histo-
pathological examination revealed that incidence of ade-
noma in wild-type mice was 16% and adenocarcinoma
was 28%, and each incidence tended to be increased with
APN deficiency. Moreover, multiplicity of adenocarci-
noma tended to be increased with APN deficiency. Aver-
age colon tumor diameters for APN*/*, APN*/~, and
APN~/~ C57BL/6] mice were 2.8 * 1.5 (mean = standard
deviation), 3.0 = 0.9 and 3.4 * 1.6 mm, respectively.

Change of Adipocytokine Levels by APN Gene

Deficiency

We also analyzed serum levels for adipocytokines
in S5S-week-old male APN-deficient CS57BL/6] mice
treated with AOM. Among the adipocytokines, Pai-1 lev-

els increased 1.6-fold and 1.7-fold in APN*/~ and APN~/~
CS7BL/6] mice as compared to those in APN*/*
CS57BL/6] mice, respectively (Table 4). Pai-1 is expressed
ubiquitously. Thus, representative Pai-1 expression levels
were analyzed using liver samples. Hepatic Pai-1 mRNA
levels for 55-week-old male APNY/~ and APN~/~
C57BL/6] mice increased 1.8-fold and 1.4-fold compared
to those in APN*/* mice, respectively. Serum TNF« and
MCP-1 levels were slightly decreased in APN*~ and
APN~/~ C57BL/6J mice compared to those in wild-type
mice. Leptin, resistin, and IL-6 levels did not depend on
the genotypes.

Analysis of AMPK Activity

To investigate whether AMPK is involved in the
regulation of Pai-1, Min mice were fed an AMPK activa-
tor, metformin, for 14 weeks. Hepatic mRNA levels for
Pai-1 in metformin-treated Min mice decreased to 28%
(P < .05) of those in untreated Min mice.

To confirm the known molecular signaling from
Adipo-R1 that affects the development of intestinal tu-
mors, we analyzed p-AMPK levels in small intestinal
epithelial cells. In 9-week-old male APN*/~ and APN~/~
C57BL/6J mice they were reduced to 53% and 37% of
those in APN*/* C57BL/6] mice, respectively (Figure 2A).
P-AMPXK levels in colon epithelial cells also tended to be
reduced with APN deficiency (Figure 2B). P-AMPK levels
in the liver were slightly reduced in APN-deficient Min
mice (Figure 2C). Furthermore, p-Akt levels in intestinal
epithelial cells were elevated in APN™/~ C57BL/6] mice
(Figure 2D).

To confirm the existence of AdipoR-binding pro-
teins, RACK1 and CK2, which regulate proximal sig-
nal transduction events in response to APN, immuno-

Table 4. Serum Adipocytokine Concentrations in Azoxymethane-Treated Male Adiponectin-Deficient Mice

APN genotype Pai-1, pg/mL Leptin, pg/mL Resistin, pg/mL TNFe, pg/mL IL-8, pg/mL MCP-1, pg/mL
+/+ 1998 * 249 4612 + 576 4015 * 322 44 = 10 65 = 12 114 + 16
+/— 3220 + 2932 3693 + 558 3554 * 366 364 71+23 103+ 15
—/= 3470 £ 776 4326 = 850 4742 = 274 36+5 69 = 12 85+ 12

NOTE. Data are mean * standard error (n = 10).

APN, adiponectin; IL-6, interleukin-6; MCP-1, monocyte chemotactic protein-1; Pai-1, plasminogen activator inhibitor—1; TNFe, tumor necrosis

factor—a.
ap < .01 vs APNt/*,
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Figure 2. Phosphorylated—AMP-activated protein kinase (p-AMPK)
and -Akt levels in adiponectin {APN)-deficient mice and its derived fi-
broblasts. Relative p-AMPK levels in the small intestine (A) and colon (B)
of 9-week-old male APN*/+, APN*/~, and APN~/~ C57BL/6J mice
without azoxymethane treatment (n = 4 each), respectively, were eval-
uated by enzyme-linked immunosorbent assay (ELISA). (C) Relative
p-AMPK levels in the liver of 12-week-old male APN*/*Min, APN*+/
~-Min, and APN~/~Min mice (n = 4 each) were evaluated by ELISA. (D)
Relative p-Akt/total Akt levels in the small intestine of AOM-treated
55-week-old male APN*/*, APN*/=, and APN~/~ C57BL/6J mice (n =
6 each) were evaluated by ELISA. Black, APN*/*; gray, APN*/—; white,
APN~/~, Data are mean = standard error. "P < .01, 'P < .05. (E) Effects
of insulin (1 ug/mL for 5 and 10 minutes treatment) and interleukin-6
(IL-6; 50 ng/mL for 5 and 10 minutes) on the protein expression of p-Akt
and -Erk, and Bcl-2 in fibroblasts derived from APN*/* and APN~/~
C57BL/6J mice are shown. B-actin was a loading control. Density of the
bands was evaluated by NIH image, and the relative level was further
normalized by B-actin.

histochemical analysis was performed on the colon
tumors of S55-week-old male APN*™/* APN*/~ and
APN~/~ CS7BL/6] mice treated with AOM and small
intestinal polyps of 9-week-old male APN*/*Min,
APN*/~Min, and APN~/~Min mice. RACK1 and CK28
were expressed in the epithelial cells of normal colon
mucosa and colon tumor at the almost same levels in
each genotype (Supplementary Figures 4 and 5). Real-
time PCR revealed that the expression levels of CK28
were almost the same among the colon mucosa of
9-week-old male APN*/* APN*/", and APN~/~
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C57BL/6J mice (data not shown). The expression levels
of RACKI and CK2fB were weakly observed in the
nontumorous parts and intestinal polyps of Min mice,
and expressions were at almost the same levels in each
genotype (Supplementary Figures 4 and S).

Effects of Pai-1 Blocker on Colon ACF
Development in APN~/~ C57BL/6] Mice
With AOM Treatment

To clarify if Pai-1 might be involved in colon
carcinogenesis, we used a short-term in vivo model
using ACF formation induced by AOM. The mean
body weights of the AOM-treated APN~/~ CS7BL/6J
mice were not affected by administration of 50, 100
ppm SK-216, Pai-1 blocker. In APN-deficient C57BL/6]
mice with 0, 50, 100 ppm SK-216 treatment, the mean
numbers of ACFs/colon were 27.7, 23.1, and 184
(P < .03), respectively (Supplementary Table 3). Thus,
Pai-1 blocker decreased colon ACF development in
APN~/= C57BL/6] mice with AOM treatment.

Effects of APN Deficiency on Signal
Transduction Fvents in Primary Cultured
Cells

To study what happens to cell function in the
absence of APN, fibroblasts were prepared from newborn
APN*/* and APN~/~ C57BL/6] mouse epidermis and
treated with cell growth stimuli, insulin, or IL-6. Insulin
treatment increased p-Akt and -Erk1/2 levels in both
fibroblasts (Figure 2E). Interestingly, p-Akt and -Erk1/2
levels were increased 3.3- and 3.8-fold, respectively, by the
treatment with IL-6 for 10 minutes in APN-knockout
fibroblasts. Moreover, Bcl-2 was clearly expressed in APN-
knockout fibroblasts compared with APN-wild fibro-
blasts.

Discussion

This study provided evidence that APN plays a
pivotal role in intestinal carcinogenesis in mice. Thus,
APN-deficient Min mice showed a 2- or 3-fold increase in
the total number of intestinal polyps compared to those
of APN-wild Min mice in both males and females at the
ages of 9 and 12 weeks. In addition, APN-deficient Min
mice exhibited increased serum Pai-1 levels with the APN-
gene dosage. In addition, APN-deficient CS7BL/6] mice
treated with AOM demonstrated increased incidences
and multiplicities of colorectal tumors, again with gene
dosage-dependence, and serum Pai-1 levels tended to be
increased with APN-deficiency at the age of 55 weeks.

In the APN*/~ Min mice, serum APN levels were almost
half those of APN*/*Min mice, consistent with the gene
dosage. Serum APN was not detected in APN™/~Min mice.
Numbers of intestinal polyps in Min mice were also
associated with APN-gene dosage (Table 1 and Supple-
mentary Table 1). Moreover, the effects of APN deficiency
could be reversed by administration of APN (Supplenten-
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tary Table 2). Other factors that might affect intestinal
polyp development were not largely changed. For in-
stance, expression levels of APN receptors, Adipo-R1 and
-R2, and AdipoR-binding proteins, RACK! and CK2p,
were not affected by the genotype. Body weights and
serum lipid levels also did not significantly vary. Of note,
serum TG levels increased age dependently and also with
a tendency for increase with the APN-gene dosage (Sup-
plementary Figure 1). These data indicated that the
amount of APN strongly affects development of intesti-
nal polyps. In 12-week-old APN~/~Min mice, the number
of intestinal polyps was slightly decreased compared to
those of APN*/~Min mice. Several factors, such as an
achievement of maximum levels of polyp development,
serum TG levels, or some general dysfunctions, may in-
fluence polyp numbers, but further examinations are
needed to clarify mechanisms.

It has been reported that 22-week short-term admin-
istration of a high-fat diet, but not normal diet, enhanced
ACFs and tumor development in the colon of APN-
deficient C57BL/6] mice.?! The discrepancy in results
between our study and this previous report could be due
to the differences in the experimental period and diet. We
followed the previous chemical-induced carcinogenesis
protocol??2??* and our findings added evidence that APN
itself can suppress development of colon cancer under
normal diet condition. It is assumed that abolished sig-
naling from Adipo-R1 could enhance cell growth. It is
known that activation of AMPK is decreased with APN
deficiency in the colon epithelial cells. AMPKe« activation
through Adipo-R1 inhibits Akt followed by mammalian
target of rapamycin inactivation.??* The phosphatidyl-
inositol 3 kinase/Akt signal pathway has been reported to
activate signals for cell survival, cell growth, and the cell
cycle leading to carcinogenesis.?> We confirmed that abol-
ished signaling from Adipo-R1 reduces AMPK activation
(Figure 24, B, and C), and increases Akt activation (Figure
2D). Therefore, we suggest that the AMPK/mammalian
target of rapamycin/Akt pathway is possibly involved in
the protective effect of APN against colon carcinogenesis.
Moreover, primary cell cultures of fibroblasts from
APN*/* or APN~/~ CS7BL/6J mice indicated that cells
lacking APN are relatively responsive to growth stimuli
and resistant to apoptosis through expressing Bcl-2,2¢
which may support the growth advantage of neoplastic
cells in APN-deficient mice.

APN acts as a regulator of adipocytokines. Under star-
vation conditions, APN activates AMPK in the hypothal-
amus to promote food intake and inhibits leptin activa-
tion.?” In peripheral tissues, such as skeletal muscle, APN
activates AMPK, IRS-1, and FATP-1, to stimulate facty-
acid combustion and glucose intake, which are inhibited
by TNFe« activation. It is assumed that APN deficiency
affects other adipocytokine production in vivo, and can
also affect intestinal tumorigenesis. Indeed, in the pres-
ent study, serum levels of Pai-1 were significantly in-
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creased in the APN*/~ and APN™/~ CS7BL/6J and Min
mice. Treatment with an AMPK activator also reduced
hepatic Pai-1 mRNA levels in Min mice, in line with
earlier reports.?2° Thus, it is conceivable that Pai-1 ex-
pression levels are usually depressed by APN through
Adipo-R1 receptor activity. We have recently demon-
strated that Pai-1 blockers suppress intestinal polyp de-
velopment in Min mice.'” Thus, increased expression of
Pai-1 could affect intestinal polyp development in
APN*/~Min and APN~/~Min mice. Moreover, Pai-1
blocker was shown to decrease AOM-induced colon ACF
formation in APN~~ C57BL/6] mice, indicating that
increased expression of Pai-1 could affect colon carcino-
genesis in APN"™/~ and APN~/~ C537BL/6] mice.

In conclusion, this study indicated that hypoadi-
ponectinemia promotes intestinal polyp development in
Min mice, and also colon tumor development in AOM-
treated CS7BL/6] mice. AMPK inactivation belonging
with Pai-1 induction and Akt activation was suggested to
be the underlying mechanism for lack of APN on tumor
growth. Further development of reagents that could ele-
vate concentrations of APN is of interest. APN receptor
agonists could be candidates for chemopreventive agents
against colorectal cancer. Furthermore, as it is becoming
more evident that a metabolic syndrome status promotes
carcinogenesis in rodents and human, our results provide
clues to a better understanding of mechanisms underly-
ing colorectal carcinogenesis.

Supplementary Material

Note: To access the supplementary material ac-
companying this article, visit the online version of Gas-
troenterology at www.gastrojournal.org, and at doi:
10.1053/j.gastro.2011.02.019.
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Supplementary Table 1. Number of Intestinal Polyps in Female Adiponectin-Deficient Min Mice

No. of polyps/mouse

Small intestine

Ages (wk) APN genotype Proximal Middle Distal Colon Total
9 +/+ 2612 12.8 + 4.7 36.4 = 14.6 0.2+0.2 52.0 £ 20.5
+/- 4.0 +0.8 325+7.0 128.7 + 18.12 0.5+0.2 165.7 + 25,62
-/= 5.6 = 0.6° 371+ 2.6° 132.3 £ 4.8 1.0+ 0.3 176.0 = 5.62
12 +/+ 43*1.2 194+ 4.3 53.0 +12.8 0.1+041 76.9+ 17.7
+/- 6.9+1.6 46.0 = 8.5° 123.0 +13.02 1.0+ 0.4 176.9 = 22.02
—/=" 6.4+t1.1 353+ 1.67 115.0 £ 9.8 1.4 = 0.4 158.1+ 9.79

NOTE. Data are mean =* standard error.
APN, adiponectin.

ap < .01 vs APNY/*Min.

bp < .05 vs APN*/*Min.
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Supplementary Table 2. Number of Intestinal Polyps in 12-Week-Old APN*/~Min Mice Treated With or Without Adiponectin

No. of polyps/mouse

Small intestine

Sex APN (IP) Proximal Middle Distal Colon Total
Male - 5.4 +0.9 35.0 4.9 103.6 £ 14.1 1.2+04 1452+ 18.4
3.3+0.6 9.3 *+1.52 26.1 + 6.22 0.8+ 0.3 39.5+7.92
Female - 4.0+ 0.8 25.2 + 3.2 70.7 £ 14.5 0.6 0.3 100.5* 149
3.4+0.9 12.5 £ 3.1° 27.9 + 8.2¢ 0.2 +0.1 44,0+ 12.09

NOTE. Data are mean * standard error (n = 10).
APN, adiponectin; IP, intraperitoneal.

ap < .01 vs corresponding sex without APN treatment.
bp < .05 vs corresponding sex without APN treatment.

Supplementary Table 3. Number of Azoxymethane-Induced Colonic Aberrant Crypt Foci in APN—/—C57BL/6J Mice Treated

With SK-216
No. of aberrant crypt foci/colon
No. of
SK-216 (ppm) animals Proximal Middle Distal Rectum Total
0 8 0.4+0.2 3.6*x1.0 126+ 1.6 11.0+ 2.3 27.7x 3.4
50 9 0.7 +0.3 1.9+ 0.6 12.7+x1.5 7.9 +0.7 231+21
100 8 0.0 1.6 0.7 9.6 +1.0 7.4+1.7 18.4 = 1.92

NOTE. Data are mean * standard error.
ap < .05 vs O ppm.
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Enhancement of Carcinogenesis and Fatty Infiltration in the
Pancreas in N-Nitrosobis(2-Oxopropyl)Amine-Treated
Hamsters by High-Fat Diet
Mika Hori, PhD,* Tsukasa Kitahashi, PhD,t Toshio Imai, PhD,} Rikako Ishigamori, PhD,*

Shinji Takasu, PhD,* Michihiro Mutoh, MD, PhD,* Takashi Sugimura, MD, PhD,*
Keiji Wakabayashi, PhD,*§ and Mami Takahashi, PhD*

Objectives: Obesity is associated with increased pancreatic cancer risk,
although the mechanisms have yet to be detailed. This study aimed to
elucidate promotion of pancreatic cancer by obesity and hyperlipidemia.
Methods: Six-week-old female Syrian golden hamsters were treated
with N-nitrosobis(2-oxopropyl)amine (BOP) and after 1 week were fed a
high-fat diet (HFD) or standard diet (STD) for 6 or 17 weeks.
Results: Body weight and serum levels of lipids and leptin were
significantly higher in the HFD than the STD group at 14 weeks of age.
Pancreatic ductal adenocarcinomas developed only in the BOP + HFD
group, with an incidence of 67% (P < 0.01) at 14 weeks of age. In
addition, the multiplicity was 2-fold greater in the BOP + HFD group
than in the BOP + STD group (P < 0.05) at 25 weeks of age. Pancreatic
fatty infiltration was increased by BOP treatment and further enhanced
by the HFD, correlating with progression of BOP-induced pancreatic
ductal adenocarcinoma and up-regulated expression of adipocytokines
and cell proliferation-related genes in the pancreas.

Conclusions: High-fat diet is shown to increase serum lipid levels and
enhance fatty infiltration in the pancreas with abnormal adipocytokine
production, which may accelerate and enhance pancreatic cancer.

Key Words: pancreatic cancer, hamster, fatty infiltration,
hyperlipidemia, adipocytokine
(Pancreas 2011;40: 1234-1240)

ancreatic cancer is one of the most lethal human cancers,
with a 5-year survival rate generally less than 5%.! High
incidences of pancreatic cancer are reported in developed
countrles, and the frequency increased from the 1950s to 1990s
in Japan Epidemiological studies have shown that environ-
mental factors such as cigarette smoking, dietary habits, and dis-
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eases such as chronic pancreautxs and diabetes are associated
with pancreatxc cancer risk.? Recent evidence suggests that
obesity is also associated with an increased risk of pancreatic
cancer.>* Furthermore, elevated serum triglycerides (TGs) and
a high intake of cholesterol may exert potential promotion on
pancreatic carcinogenesis.™ % However, the promotmg mechan-
isms of these factors on pancreatic carcinogenesis have yet to
be completely elucidated.

As in the United States and in Europe, the prevalence of
metabolic syndrome is growing rapidly in Japan and Southeast
Asia. Because this may result in an increase in pancreatic cancer, it
is important to elucidate the mechanisms for the purpose of cancer
prevention. The Syrian golden hamster is in a hyperlipidemic state
even under normal diet conditions because hpoplotem lipase ac-
tivity in the liver is low compared with mice and rats. 7 The hamster
is a unique model animal for the development of pancreatic ductal
adenocarcinomas (PDACs) induced by the subcutaneous injec-
tions of N-nitrosobis(2-oxopropyl)amine (BOP).® Histopatholog-
ically, the induced lesions possess close similarities to pancreatic
cancer in humans. Moreover, point mutations in codon 12 of the
K-ras gene are frequently observed, and expression of the ﬁagz’le
histidine triad gene is aberrant in BOP-treated hamsters,” !0 as is
also observed in human PDACs.! "' The pI6 gene is one of the
most frequently inactivated tumor suppressor genes in human
PDACs, and loss of pI6 expression has also been found in
hamster PDAC lesions.**

We previously demonstrated that pioglitazone, a peroxi-
some proliferator—activated receptor «y ligand, improved hyper-
lipidemia and suppressed BOP-induced PDAC development.” In
the present study, we examined whether aggravated hyperlipid-
emia with a high-fat diet (HFD) affects pancreatic carcinogenesis
in BOP-treated hamsters and analyzed the possible involvement
of serum lipids and adipocytokines.

MATERIALS AND METHODS

Animals and Chemicals

Five-week-old female Syrian golden hamsters were ob-
tained from Japan SLC (Shizuoka, Japan) and acclimated to
laboratory conditions for a week. They were housed 2 or 3 per
plastic cage, with sterilized softwood chips as bedding, in an
air-conditioned animal room, on a 12-hour light-dark cycle. As
a standard diet (STD), CE-2 (crude fat, 4.8%; crude protein,
25.1%; total calories, 3.43 kcal/g [CLEA Japan, Tokyo, Japan])
was used, and 1 group of hamsters was fed Quick Fat diet (crude
fat, 13.6%; crude protein, 24.2%; total calories, 4.06 kcal/g
[CLEA Japan]) as the HFD. CE-2 contains soybean oils, and
Quick Fat contains beef tallow as the main fats. Body weight
and food consumption were measured weekly. Food and water
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were available ad libitum. N-Nitrosobis(2-oxopropyl)amine was
obtained from Nacalai Tesque (Kyoto, Japan).

Study of the Effects of an HFD on BOP-Induced
Pancreatic Carcinogenesis in Hamsters

At 6 weeks of age, 87 of 117 hamsters were injected sub-
cutaneously with BOP 4 times (on days 1, 3, 5, and 7) at a dose
of 10 mg/kg body weight, whereas the remaining 30 received
saline as vehicle controls. From 1 week after the last BOP
treatment, 34 of 87 BOP-treated and 15 of 30 saline-treated
hamsters were given the HFD. At 14 weeks of age, 11,12, 9, and
9 hamsters in the BOP + STD, BOP + HFD, saline + STD,
and saline + HFD groups, respectively, were killed under deep
anesthesia. The splenic lobes of the pancreas of 3 hamsters in
each group at 14 weeks of age were rapidly immersed in RNA
Later (Ambion, Austin, Tex) for RNA protection and stored at
—80°C until RNA extraction. At 25 weeks of age, the remain-
ing animals were killed. Finally, 11, 12, 9, and 9 hamsters at
14 weeks of age and 42, 22, 6, and 6 hamsters at 25 weeks
of age, respectively, were in BOP + STD, BOP + HFD, saline +
STD, and saline + HFD groups, respectively. Blood samples
were collected in all cases from the abdominal aorta. Visceral fat
weights were assessed by weighing total adipose tissues sur-
rounding uteri after dissection. At autopsy, the pancreas, heart,
lungs, kidneys, liver, and bile duct were carefully examined
macroscopically and then fixed in 10% phosphate-buffered for-
malin (pH 7.4). Each pancreas was carefully dissected from
surrounding tissue and fixed after spreading on filter paper ex-
cept for frozen pancreas for RNA extraction at 14 weeks of
age. All paraffin-embedded organs were sectioned and stained
with hematoxylin and eosin for assessment of histopathologi-
cal features. Pancreatic lesions were histopathologically diag-
nosed as dysplasia and adenocarcinomas. Dysplasia corresponds
to lesions in human that are called PanIN 3.The experimen-
tal 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.

Levels of Blood Glucose, Serum Lipids,
Adipocytokines, and Insulin

Blood glucose levels were measured using an automatic blood
glucose meter (Medisafe-mini GR-102; Terumo, Tokyo, Japan).
The levels of TGs and total cholesterol (TC) in the serum were
analyzed using the FUJI Dri-Chem system (Fuji Film, Tokyo,
Japan).  Serum free fatty acid (FFA) levels were assayed by an
enzymatic method (SRL, Tokyo, Japan). Serum leptin (B-Bridge
International, Inc, Mountain View, Calif), adiponectin (R&D
Systems, Inc, Minneapolis, Minn), and insulin (Millipore Corp,
Billerica, Mass) were examined using enzyme-linked immuno-
sorbent assay kits according to the manufacturer’s instructions.

Quantification of Pancreatic Adipocytes

The percentage areas of adipocytes infilirated in the splenic
lobe relative to total areas of splenic lobe on each pancreatic
section were calculated using Win ROOF image analysis software
(Mitani Corp, Tokyo, Japan). Pancreatic splenic lobes without
adenocarcinomas were chosen because pancreatitis associated
with invasive growth of adenocarcinomas may damage paren-
chyma cells and cause further fatty infiltration.

Reverse Transcription-Polymerase Chain
Reaction Analysis

Total RNA was extracted from the pancreatic tissue using
an RNeasy lipid tissue mini kit (Qiagen, GmbH, Hilden, Ger-

© 2011 Lippincott Williams & Wilkins

many) combined with RNase-free DNase I (Invitrogen, Carlsbad,
Calif), for degradation of genomic DNA. After RNA purifica-
tion, aliquots of total RNA were subjected to reverse transcription
(RT) reaction with oligo-dT and 9-mer random primers using an
iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules,
Calif). Each mRNA transcript was measured by a quantitative
polymerase chain reaction (PCR) method with the DNA Engine
Opticon 2 System (MJ Research, Waltham, Mass) and SYBR-
Green chemistry (Bio-Rad Laboratories, Hercules, Calif) using
the primer sets shown in Table 1. Data were calculated as ratios to
40S ribosomal protein S7 (RPS7) mRNA.

Statistical Analysis

The significance of differences in the incidences of dys-
plasia and PDAC was analyzed by the x? test. Variation in other
data was evaluated by the Student # test. P < 0.05 was regarded
as significant.

RESULTS

Accelerated Body Weight Gain by the HFD

After the treatment of hamsters with a pancreatic carci-
nogen, BOB, at 6 weeks of age, the hamsters were fed an HFD or
STD. The HFD group started to gain body weight at a greater
rate than the STD group after 1-week feeding, and the difference

TABLE 1. The Primer Sequence Used for RT-PCR

Gene Sequence
Leptin

Forward primer (5'-3) CACCGGTTTGGACTTCATTC

Reverse primer (5-3") CCACCACCTCTGTGGAGTAG
Plasminogen activator inhibitor 1

Forward primer (5’-3) GTGCCCATGATGGCTCAGA

Reverse primer (5-3) CGGGGCAGCCTGGTCATGTT
FASN

Forward primer (5™-3") CTCAAGAAGGTGATCCGGGA

Reverse primer (5'-3") ACAGGGCTCACCAGGTTGTT
Monocyte chemoattractant protein 1

Forward primer (5-3) CTACAGCTTCTTTGGGACAC

Reverse primer (5-3") AATGCCCCACTCACCTGCTG
IL-18

Forward primer (5™-3") CTTCATCTTTGAAGAAGAGC

Reverse primer (5°-3") TGTACAAAGCTCATGGAGAA
COX-2

Forward primer (5'-3) AATGAGTACCGCAAACGCTT

Reverse primer (5'-3") GAGAGACTGAATTGAGGCAG
Insulin

Forward primer (5™-3) GACCATCAGCAAGCAGGTCA

Reverse primer (5'-3") ACTGATCCACAATGCCACGC
IGF-1

Forward primer (5'-3") GAGCTGGTGGACGCTCTTCA

Reverse primer (5'-3") TCAGATCACAGCTCCGGAAG
Cyclin D1

Forward primer (5'-3) CCATGGAACACCAGCTCCTG

Reverse primer (5'-3") CGGTCCAGGTAGTTCATGGC
RPS7

Forward primer (5"-3") CCAGAAAATCCAAGTCCGGC

Reverse primer (5°-3") AGTCCTCAAGGATGGCATCG
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300 4 FFA levels in the BOP + HFD group still remained higher than

those in the BOP + STD group. However, increases of serum TC

250 and FFA levels from 14 to 25 weeks of age were more apparent in

G the STD groups than in the HFD groups, resulting in smaller

b= 200 1 differences between the two. Interestingly, serum FFA levels

2 1 were significantly higher in the BOP-treated than saline groups

i 501 at 25 weeks of age.
§ 100 1 Enhancement of Pancreatic Fatty Infiltration
50 BOP HED or STD by the H,FD L L .

Fatty infiltration in hamster pancreatic tissues (Figs. 2A-D)

odetu o 0 v was found to be characterized by infiltration of adipocytes into

7 g 10 15 20 25 the intralobular spaces, without accumulation of fat within the

Age (weeks) parenchyma cells. Overall, adipocytes were diffusely present

FIGURE 1. Body weight curves for the STD groups (circles)

and the HFD groups (triangles) treated with BOP (closed symbols)
or saline (open symbols). Data are means + SD. Asterisks show the
significance between the BOP + STD and BOP + HFD groups
(upper) and between the saline + STD and saline + HFD groups
(lower). *P < 0.05 and **P < 0.01 vs the respective STD group.

was obvious at 14 weeks of age (181 £ 9.6 vs 158 £ 13 g; P <
0.01; Fig. 1). Body weight curves reached plateaus at 25 weeks
of age in the BOP + HFD and BOP + STD groups (214 £ 19 vs
203 * 16 g; P <0.05). Average values for food intake in the HFD
and STD groups treated with BOP were almost the same, at
10.6 £ 0.3 g and 11.0 = 0.8 g, respectively, whereas average
calorie intake (kcal’/hamster per day) was higher in the HFD
group than in the STD group (43.1 +1.1vs37.9+2.7; P <0.01).
Effects of BOP treatment on body weights and food intake were
not observed.

Increases in the Levels of Serum Lipids
With the HFD

At 14 weeks of age, the levels of serum lipids (TGs, TC, and
FFAs) were significantly higher in the HFD than the STD groups,
with and without BOP treatment (Table 2). Visceral fat weights
m the HFD groups were significantly increased as compared
with the STD groups. At 25 weeks of age, serum TG, TC, and

in the parenchyma tissues with particular accumulations around
blood vessels. In the splenic lobes without PDACs, estimated
percentage areas of adipocytes per area of pancreas were
4.4%; 7.4%, 7.9%, and 14.5% in the saline + STD, BOP + STD,
saline + HFD, and BOP + HFD groups, respectively, at 14 weeks
of age, with increase to 14.7%, 27.3%, 24.9%, and 41.9%, re-
spectively, at 25 weeks of age (Fig. 2E). Fatty infiltration was
increased by BOP treatment and also by the HFD feeding. In the
BOP + HFD group, synergistic effects were observed.

Enhancement of PDAC Development and
Increase of PDAC With Fatty Infiltration
by the HFD

During the experiment, single animals in the BOP + STD
and BOP + HFD groups died because of PDAC development
at 19 and 21 weeks of age, respectively. The incidences and
multiplicities of dysplasia as precancerous lesions and PDACs
are summarized in Table 3. The incidence of dysplasia in the
BOP + HFD group was higher than that in the BOP + STD
group at 14 weeks of age and further increased at 25 weeks
of age. Of note, PDACs developed only in the BOP + HFD
group at 14 weeks of age at an incidence of 67%. The PDAC
incidences at 25 weeks of age were similar at 80% and 86%
in the BOP + STD and BOP + HFD groups, respectively,
but the multiplicities of dysplasia and PDACs in the BOP +
HFD group were 6- and 2-fold, respectively, of those in the

TABLE 2. Levels of Serum Lipids and Visceral Fat Weights in Hamsters

Group Age, wks No. Animals* TGs, mg/dL TC, mg/dL FFAs, pEQ/L Visceral Fat, g
BOP + STD 14 11 382+ 87 188 £ 20 1058 + 345 41+22
BOP + HFD 14 12 510 « 1257 269 + 297 1458 + 3207 6.5+ 18"
Saline + STD 14 9 402 + 131 197 38 1099 + 319 33 L1
Saline + HFD 14 9 802 + 196° 274 + 90! 1749 + 338% 6.8 +23¢
BOP + STD 25 10 344 + 144 242 + 231 1891 + 306" 10.1+2.17
BOP + HFD 25 10 563 + 1267 307 + 647 2214 + 145™ 11.3+26"
Saline + STD 25 4 284 + 118 240 + 30 1462 + 292* 10.9 £2.21
Saline + HFD 25 3 546 + 13851 317 £ 178 1784 + 2343 132+20"

Values are presented as mean + SD.

*No. of animals assessed for visceral fat weight was 36 in the BOP + STD, 18 in the BOP + HFD, 6 in the saline + STD, and 6 in the saline + HFD

groups at 25 weeks of age.
TP <0.01 vs BOP + STD group.
P < 0.01 vs saline + HFD group.
$p < 0.01 vs saline + STD group.
P < 0.05 vs saline + STD group.
P < 0.01 vs the respective group at 14 weeks of age.
#P < 0.05 vs BOP + STD group.
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g tBe

FIGURE 2. Effects of BOP treatment and the HFD feeding on fatty infiltration in the hamster pancreas. Representative data for
hematoxylin-eosin—stained hamster pancreatic tissues in the saline + STD (A), BOP + STD (B), saline + HFD (C), and BOP + HFD

(D) groups at 25 weeks of age are shown. Quantification of adipocyte areas per splenic lobe without PDAC was performed for each
pancreas (n = 3-6, E). Open columns show the saline + STD group. Striped columns show the BOP + STD group. Hatched columns
are for the saline + HFD group and closed columns for the BOP + HFD group. Original magnification x40 for (A-D). *P < 0.05

and **P < 0.01 vs the respective value in the STD group. %P < 0.05 and % %P < 0.01 vs the respective value in the saline group.

STD HFD
25W

STD _HFD
14W

TABLE 3. Incidences and Multiplicities of BOP-Induced Pancreatic Lesions

No. Animals With Lesions, %

No. Lesions/Animal

Group Age, wks Dysplasia Adenocarcinoma Dysplasia Adenocarcinoma

BOP + STD 14 2/8 (25) 0/8 (0) 0.83 £ 0.98* 0

BOP + HFD 14 7/9 (78) 6/9 (67) 1.00 £ 0.71 1.14 + 0.69F

BOP + STD 25 27/41 (66) 33/41 (80) 1.02 £ 0.91 1.66 +1.37

BOP + HFD 25 21/21 (100)* 18/21 (86) 6.05 + 2.84* 3.19 + 3,547
*Mean + SD.

TP < 0.05 vs BOP + STD group.
P <0.01 vs BOP + STD group.

BOP + STD group. Figure 3 shows the sizes of PDACs at
25 weeks of age. In the BOP + HFD group, PDACs were
rather larger than those in the BOP + STD group, especially the
number of PDACs 2 to 3 mm in diameter being significantly
higher.

Interestingly, adipocytes within PDACs were observed
in large amounts in the BOP + HFD group at 25 weeks of
age (Fig. 4A) but were a few in the BOP + STD group
(Fig. 4B). Figure 4C shows the numbers of PDACs, classified

1.4
1.2
1.0
0.8
0.6
0.4
0.2

No. of adenocarcinomas/animal
<

<0.5 051 12 23 34 4-5 510  10<
Tumor diameter (mm)

FIGURE 3. Size distributions of PDACs at 25 weeks of age.

The numbers of each size of PDAC per hamster are given for
the BOP + STD group (white bars) and BOP + HFD group (black
bars). **P < 0.01 vs BOP + STD group.

© 2011 Lippincott Williams & Wilkins

according to the degree of fatty infiltration in BOP-treated
hamsters. The HFD increased the number of PDAC with
fatty infiltration within PDAC and its surrounding tissue. Dif-
ferences between the BOP + HFD and BOP + STD groups
were not observed in the numbers of PDAC without
fatty infiltration,

In BOP-treated hamsters, it has been reported that car-
cinomas were induced in the bile duct, kidneys, liver, and
lungs in addition to the pancreas.8 At 14 weeks of age, no
carcinomas were observed except for PDACs. At 25 weeks of
age, cholangiocellular, hepatocellular, and lung carcinomas
developed in the BOP + HFD group, and their incidences
tended to be higher than in the BOP + STD group (cho-
langiocellular carcinomas: 71% vs 50%, hepatocellular carci-
nomas: 9.5% vs 7.1%, lung carcinomas: 33% vs 26%). No
carcinomas were observed in the saline groups given either the
HFD or the STD.

Increases in Serum Adipocytokine Levels and
Pancreatic mRNA Expression Levels of
Adipocytokine and Inflammatory- and
Proliferation-Associated Genes by the HFD

As described above, differences of body weights and serum
lipids between the BOP + HFD and the BOP + STD groups were
obvious at 14 weeks of age, and PDACs were observed only in
the BOP + HFD group at 14 weeks of age (Tables 2 and 3). Thus,

www.pancreasjournal.com | 1237

Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Hori et al

Pancreas ° Volume 40, Number 8, November 2011

FIGURE 4. The levels of fatty infiltration within PDACs at 25
weeks of age. Representative data for fatty infiltration in PDACs in
the BOP + HFD group (A) and BOP + STD group (B). The numbers.
of PDAC per hamster are given for the BOP + STD group (white
bars) and BOP + HFD group (black bars) and are classified
according to the degree of fatty infiltration per hamster (C).

No fatty infiltration (=), fatty infiltration in surrounding tissue
of PDAC (%), moderate fatty infiltration within PDAC (+; <10%),
marked fatty infiltration within PDAC (++; >10%). Original
magnification x100 for (A and B). *P < 0.05 and **P < 0.01

vs BOP + STD group.

the serum levels of adipocytokines and insulin and mRNA
expression levels of adipocytokines and inflammatory- and
proliferation-associated genes in the pancreatic splenic lobes were
compared between the BOP + STD and BOP + HFD groups at
this time point. Serum leptin levels in the BOP +HFD group were
2 times higher than those in the BOP + STD group (21.7+£ 6.3 vs

No.of adenocarcinomas/animal

@)

104 £ 4.7 ng/mL; P < 0.01). In addition, serum adiponectin
levels were higher in the BOP + HFD group than in the
BOP + STD group (14.6 + 2.0 vs 12.5 + 1.5 ng/mL; P < 0.05).
The levels of serum insulin (10.4 + 3.1 vs 7.9 * 3.0 ng/mL) and
blood glucose (135 + 25 vs 128 + 31 mg/dL) did not signifi-
cantly differ between the BOP + HFD and BOP + STD groups.

Leptin PAI-1 FASN
0.0010 ~ *% 0.00008 s 0.015 -
0.0008" 0-00006 o
0.010
0.00067 0.00004 .
. 0.00041 0,005 4 N
) 0.00002 -
A 0.0002-
% 0 ey 0  — L - ' 0
e
) MCP-1 0.00020~ iL-1B 0.00020 - COX-2
% 0.0025- .
0
$ 0.00204 0.00015- 0.00015+
=3
s %0018 0.00010 0.00010
< 0.0010
L‘é 0.0005 I
g 0 l ] Il 0 F_a___, 4 0 )
= : .
© Insulin 0.020- 0.015 - CyclinD1
) 0.8- «
m -t
0.6- 0.015 0.010 4
0.4 0.010
1 0.005 -
0.2 0.005 -
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FIGURE 5. Expression levels of adipocytokines and inflammatory- and proliferation-associated genes in the hamster pancreas.
Expression analysis of genes encoding adipocytokines and inflammatory- and proliferation-associated factors in the pancreatic tissue

of BOP-treated hamsters fed either STD or HFD was conducted by real-time RT-PCR. The amounts of mRNA were normalized

and shown relative to that of RPS7 mRNA in each sample with ranges determined by evaluating the expression: 2 24T with AACy + the SD
of the AACy value and AACy — the SD of the AACy value. Open columns, the BOP + STD group; closed columns, the BOP + HFD group.

*P < 0.05 and **P < 0.01 vs the BOP + STD group.
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mRNA levels in the pancreas for adipocytokines and lipid
metabolism-related genes such as leptin, plasminogen activator
inhibitor 1, and fatty acid synthase (FASN) were significantly
higher in the BOP + HFD group than in the BOP + STD group
(Fig. 5). Expression of inflammatory-related genes, including
monocyte chemoattractant protein 1, IL-18, and cyclooxygenase
2 (COX-2), also was increased or tended to be increased in the
BOP + HFD group. The levels of mRNAs encoding growth-
related genes such as insulin, insulin like growth factor I (IGF-1),
and cyclin D1 were also elevated in the pancreas in the BOP +
HFD group, indicating enhanced proliferation by the HFD.

DISCUSSION

In the present study, aggravated hyperlipidemia due to an
HFD accelerated PDAC development with elevated serum levels
of lipids and leptin. Moreover, pancreatic fatty infiltration and
expression of adipocytokines and inflammation- and growth-
associated genes in the pancreas were enhanced, indicating
possible involvement in the mechanisms of promotion of PDAC
development.

It has been reported that a high-corn-oil diet increased
PDAC development in BOP-treated hamsters as compared
with a low-corn-oil diet.'® Furthermore, a diet containing beef
tallow has been shown to increase PDAC development compared
with a diet containing corn oil, although the amount of fat did
not affect the yield of PDAC at 84 weeks of age.'® Our present
data using an HFD containing beef tallow as the main fat
source showed early development of cancer at 14 weeks of age
and higher yield of pancreatic dysplasia and PDAC at 25 weeks
of age compared with the STD. Animal fats such as beef
tallow are rich in cholesterol and saturated acids, and their intake
has been shown to increase the levels of serum lipids.'”!® In-
deed, the HFD used in the present study made BOP-treated
hamsters more hyperlipidemic compared with the STD. These
findings suggest that the elevation of serum TG and TC levels
was associated with PDAC development in addition to higher
caloric intake by the HFD.

In the present study, serum FFAs was increased with HFD
intake at 14 weeks of age and further enhanced in the BOP-treated
groups at 25 weeks of age (Table 2). Moreover, the expression of
FASN was observed to be enhanced in the pancreas tissues of the
BOP + HFD-treated hamsters, indicating de novo FFA synthesis.
In the case of Wistar rats, long-term intake of an HFD significantly
increased body weight and serum lipids and then mduced chronic
pancreatic injury and microcirculatory disturbance.'? Further-
more, in the present study, serum FFA levels correlated with
pancreatic fatty infiltration in the BOP-treated groups (Table 2;
Fig. 2). A high level of FFAs is reported to be toxic to various
cells, probably because of peroxidation.?*?! In addition to pan-
creatic injury induced by BOP, FFAs could damage pancreatic
tissue and induce fatty infiltration.

The serum levels of leptin and adiponectin and visceral fat
weights in the BOP + HFD group were higher than those in the
BOP + STD group at 14 weeks of age (Table 2). Blood glucose
levels did not significantly differ between the BOP + HFD and
BOP + STD groups. Serum adiponectin is reported to correlate
with insulin sensitivity.®* Thus, it was indicated that insulin re-
sistance was not caused in hamsters fed an HFD in the present
study, although a hyperlipidemic state, hyperleptinemia and ac-
cumulated visceral obesxty were apparent Leptin is reported to
stimulate proliferation i in colon,? breast™* and prostate cancers,’
and pancreatic § cells.” %5 Furthermore, recent epidemiological
studies have provided evidence that elevated circulating leptin
levels are associated with obesity-related colon, breast, and
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prostate cancers.”’ Although the correlation between circulating
leptin levels and cancer development remains inconclusive, in the
present study, a correlation with hamster visceral fat and the in-
cidence of PDAC was noted.

In addition, the expression levels of IL-13 and COX-2 also
tended to increase in the BOP + HFD group (Fig. 5), and it has
been shown that these are induced by leptin in rat brain and human
endometrial cancer cells.?**° Overproduction of prostaglandin E,
by COX-2 has been suggested to cause cell proliferation, ang10~
genesis, and antiapoptosis.>®*! Other growth factors such as in-
sulin and IGF-1 were also elevated in the pancreas of HFD-fed
hamsters in the present study (Fig. 5). These growth factors have
been reported to upregulate FASN.*** Serum and tissue levels of
IGF-1 may be increased in pancreatxc cancer,”* this factor being
known to stimulate cell proliferation® with bidirectional crosstalk
between leptin and IGF-1 signaling to promote cancer invasion.*®
Thus, the elevation of leptin, insulin, and IGF-1 in the hamster
pancreas by the HFD in the present study could indicate promo-
tion of cancer development through increases of inflammation-
and growth-associated gene expression.

In humans, a high body mass index, elevated visceral fat
weight and serum lipids, and diabetes mellitus have been shown
to be the risk factors for pancreatic fatty infiltration.>”® Tri-
glycerides and FFAs cause fatty infiltration in the pancreas in
humans and animals, and obesity and diabetes me]htus are estab-
lished risk factors for pancreatic cancer in humans.>* Further-
more, pancreatic fatty infiltration has been clinically shown to
promote dissemination of pancreatic cancer’” and to mcrease
the risk of pancreatic fistula after pancreatlcoduodencctomy
These available data suggest that it may alter the tumor micro-
environment, enhance tumor spread, and be involved in pro-
gression of pancreatic cancer.

In conclusion, the present study demonstrated that an HFD
accelerated PDAC development along with elevation of serum
lipids and leptin. Moreover, enhanced pancreatic fatty infiltration
and expression of adipocytokines in the pancreas were suggested
to be involved in the promotion of PDAC development. Further
clarification of mechanisms in detail and generation of evidence
of involvement in humans are clearly warranted.
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Epidemiological studies have shown that serum triglyceride (TG) levels are linked with risk of development of cancer, including
colorectal and pancreatic cancers, and their precancerous lesions. Thus, it is assumed that serum TG plays an important
role in carcinogenesis, and the key enzyme lipoprotein lipase (LPL), which catalyzes the hydrolysis of plasma TG, may
therefore be involved. Dysregulation of LPL has been reported to contribute to many human diseases, such as atherosclerosis,
chylomicronaemia, obesity, and type 2 diabetes. Recently, it has been reported that LPL gene deficiency, such as due to chromosome
8p22 loss, LPL gene polymorphism, and epigenetic changes in its promoter region gene, increases cancer risk, especially in the
prostate. In animal experiments, high serum TG levels seem to promote sporadic/carcinogen-induced genesis of colorectal and
pancreatic cancers. Interestingly, tumor suppressive effects of LPL inducers, such as PPAR ligands, NO-1886, and indomethacin,
have been demonstrated in animal models. Moreover, recent evidence that LPL plays important roles in inflammation and obesity

implies that it is an appropriate general target for chemopreventive and chemotherapeutic agents.

1. Introduction

A high-calorie diet and low physical activity, part of the
so-called “Westernization” of lifestyle, are associated with
elevated incidences of the breast, colon, liver, pancreas, and
prostate cancers. Moreover, they are also linked with the
risk of obesity, type 2 diabetes, and dyslipidemia. The World
Cancer Research Fund and American Institute for Cancer
Research have evaluated causal relationships between body
fat and cancer and provided strong evidence for roles in such
as colorectum and pancreas cancers [1]. In Japan, overweight
and obesity (body mass index >25) are reported to be asso-
ciated with cancers of specific organs, such as the colorectum
(male), postmenopausal breast (female), and the liver in
individuals positive for hepatitis C virus infection [2—4].
Greater body fatness is a major risk factor for the
metabolic syndrome, which presents as a combination of
symptoms, such as dyslipidemia (elevated triglyceride (TG)
levels or low high-density lipoprotein (HDL) cholesterol),
elevated blood pressure, and elevated fasting glucose levels.
Hypertriglyceridemia is associated with the risk of colon
cancer in Japanese men (HR = 1.71) and being overweight

with the risk of breast cancer (HR = 1.75) [5]. In addition,
most epidemiological studies, including our own, have con-
sistently showed that serum TG levels are associated with the
risk of colorectal adenoma, a precursor lesion of colorectal
cancer [6-11]. Thus, it is assumed that serum TG could play
an important role in carcinogenesis and that the key enzyme
lipoprotein lipase (LPL), which catalyzes the hydrolysis of
plasma TG, may also be involved. In this paper, we focus on
the roles of LPL in cancer development and further discussed
possible approaches to cancer prevention/therapy.

2. Function, Structure, and
Gene Regulation of LPL

2.1. Functions and Structure of LPL. LPL plays an important
role in lipid metabolism as an enzyme responsible for
hydrolysis of the TG component in circulating chylomicrons
and very-low-density lipoprotein (VLDL) via binding with
apolipoprotein C2 [12, 13]. Thus, lowering or deficiency of
LPL expression is associated with hyperlipidemia [14, 15].
The LPL enzyme itself is composed of two structurally



distinct regions. The amino-terminal domain is responsible
for catalysis with a catalytic center formed by three amino
acids (Ser'®, Asp'®, and His**!). The carboxy-terminal
domain of LPL is required for its binding to the lipoprotein
substrate [3, 16-18].

2.2. LPL Gene Expression and Its Regulation. The human LPL
gene is located on chromosome 8p22 and composed of 10
exons [19]. LPL is ubiquitously expressed in the whole body,
but especially in the adipose tissue and the skeletal muscle
[20, 21] and is regulated by hormonal and inflammatory
stimuli, such as insulin [22, 23], glucocorticoid [24, 25],
adrenaline [26], tumor necrosis factor (TNF)-a [27, 28],
transforming growth factor (TGF)-$ [29], and interleukin
(IL)-1B [27).

The expression of LPL is controlled transcriptionally
and posttranscriptionally. Basal promoter activity has been
shown to be regulated by Oct-1 and the NF-Y binding motifs
[30, 31], and the 5'-CCTCCCCC-3" motif, which interacts
with Spl and Sp3 [32]. Induction of LPL gene transcription
is mediated by the peroxisome proliferator response element
(PPRE) and the responsible element which binds to sterol
regulatory element-binding protein (SREBP) [33, 34]. The
effect of insulin on LPL expression is an example of
posttranscriptional control, the hormone being suggested to
increase LPL mRNA levels via mRNA stabilization [23, 35].

3. Relationship between LPL and Cancer:
Human Studies

3.1. Loss of LPL and Resultant Common Disease. LPL has
been reported to play key roles in many human diseases,
such as atherosclerosis, obesity, type 2 diabetes, chylomicron-
aemia, Alzheimer’s disease, and cachexia [15]. Especially, LPL
gene deficiency is the cause of type I hyperlipoproteine-
mia (familial hyperchylomicronemia) [36]. Homozygous
deficiency of LPL in humans is rare, but heterozygous
deficiency is observed in around 3% of people with various
ethnic backgrounds [37, 38]. Although these individuals have
elevated serum levels of TG and decreased HDL cholesterol
[39], it is not clear whether they are at increased risk of
atherosclerosis, ischemic heart disease, type 2 diabetes, and
cancer. There is a report that the LPL S447X mutation is
associated with a higher risk of pancreatic calcification and
steatorrhea in hyperlipidemic pancreatitis [40]. Since LPL
provides fatty acids to the tissues and fatty acids evoke
insulin resistance, LPL gene deficiency could affect glucose
metabolism. However, whether heterozygous LPL deficiency
reduces plasma glucose levels or not is still controversial.
One paper described reduction of plasma glucose levels, but
two others observed no effects as compared with LPL intact
humans [41-43]. On the other hand, it has been reported
that patients with poorly controlled diabetes frequently have
dyslipidemia due to defects in LPL enzyme activity [44].

3.2. Effects of Chromosome 8p22 Loss and LPL Gene Polymor-
phisms on Cancer Risk. Alteration in genomic DNA, such as
point miutations and deletions/amplifications or epigenetic
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changes such as CpG island hypermethylation and histone
modification, can induce abnormal gene expression, which
in the case of tumor suppressor genes or oncogenes could
eventually lead to carcinogenesis. The human LPL gene has
been mapped to chromosome 8p22 and previous studies on
loss of heterozygosity (LOH) in colorectal tumors suggested
that a putative tumor suppressor gene may lie within the
short arm of chromosome 8, that is, 8p22-p21.3. Loss of
8p23.1-22 is also reported to be an important stage in initia-
tion or promotion of hepatocellular carcinoma development
and may also be the most frequent chromosomal alteration
in prostate cancer [45]. It has been found that deletion of
LPL is observed in 68% (52/76) of localized prostate cancers
by FISH analysis [46]. It has further been reported that
chromosomal region 8p23.1-8p21.1 may harbor one or more
important prostate-cancer-susceptible loci based on linkage
analyses in 159 hereditary prostate cancer families [47, 48].
To date, several new candidate cancer-susceptible genes have
been cloned to 8p22, such as deleted in breast cancer 2
(DBC2), leucine zipper tumor suppressor 1 (LZTS1), deleted
in liver cancer 1 (DLCI), and mitochondrial tumor suppressor
1 (MTUSI) [49-52]. Thus, cancer-susceptible genes mapped
close to the LPL gene could be affected by LPL gene deletion,
and exert combined effects in promoting carcinogenesis.

Moreover, an LPL Ser447stop polymorphism has been
shown to be associated with prostate cancer risk [53] and the
LPL gene is commonly methylated in prostate tumors [54].
LPL promoter CpG island methylation has been revealed in
45% of LPL-deleted tumors and in 22% of LPL-retaining
tumors [54]. Biallelic inactivation of LPL by chromosomal
deletion and promoter methylation may thus contribute to
prostate tumorigenesis, but information is lacking regarding
pancreatic cancer.

4. Relationship between LPL and Cancer:
Animal Studies

4.1. Dyslipidemia Observed in Cancer-High-Susceptibility
Animal Models. Elevated serum TG has been shown to
promote carcinogen-induced colon carcinogenesis, and rats
with hypertriglyceridemia such as the Zucker obese and
Nagase analbuminemic strains and F344 rats fed a high-
fat diet are all known to be more sensitive to carcinogen
treatments than rats with normal serum lipid levels [55-57].

In the case of mice, the Apc!®® (C57BL/GJAP/APALN%)
[58] and Min (C57BL/6-Apc™"/*) animal models of human
familial adenomatous polyposis (FAP) feature development
of large numbers of intestinal polyps and hypertriglyc-
eridemia [59, 60]. Although no significant differences
between Apc'*” mice and wild-type mice were observed at
6 weeks of age, the average serum TG value in the for-
mer at 12 weeks was obviously increased almost 10-fold
(~600 mg/dL) over that at 6 weeks. Similar increase of
TG levels (~400 mg/dL) was observed in Min mice at 15
weeks compared to 8 weeks of age (Table 1). Along with
TG elevation, mRNA levels of LPL in the liver and small
intestine of . Apc'®® and Min mice were suppressed. Of
note, other lipogenic genes, such as FAS and stearoyl-CoA



