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Overexpression of low-density lipoprotein receptor and lipid accumulation in

intestinal polyps in Min mice

Michihiro Mutoh®, Masami Komiya, Naoya Teraoka, Toshiya Ueno, Mami Takahashi, Tsukasa Kitahashi,

Takashi Sngimura and Keiji Wakabayashi

Cancer Prevention Basic Research Project, National Cancer Center Research Institute, Chuo-ku, Tokyo, Japan

Apc-deficient Min mice feature low expression of lipoprotein lipase
(LPL), high concentration of sernm triglyceride (TG), ‘fatty
change of the liver and large numbers of intestinal polyps. We
have reported that induction of LPL expression reduces serum
lipid, especially TG, improves fatty change of the liver and inhibits
intestinal polyp formation in the mice. In this study, fatty change/
lipid accumulation in intestinal mucosa and polyps in Min mice
were analyzed by Oil-red O staining and electron microscopy. A
number of large lipid droplets were found in the epithelia of the
upper part of polyps. On the other hand, small lipid droplets were
only slightly observed at the tip of the villi in non-tumoros parts of
the small intestine of Min mice and in the villi of wild-type mice.
Moreover, low-density lipoprotein receptor (LDLR) was overex-
pressed in the area where lipid droplets were observed. The
expression levels of LDLR mRNA in the intestinal polyps of Min
mice were ~3 times higher compared to those in the non-tumores
parts. Remarkable expression of cyclooxygenase-2 was mainly dis-
tributed in stromal cells and some in epithelial cells. It is specu-
lated that lipid accumulation in the intestinal polyps may play an
important role in intestinal polyp formation in Apc-deficient mice.
© 2009 UICC

Key words: Apc-deficient mice; low-density lipoprotein receptor;
lipid accumulation; triglyceride; intestinal polyp

The incidence and mortality of colon cancer, one of the most
common cancers, i$ increasing in developed countries. High fat
diet consumption, obesity and hyperlipidemia, especially hypertri-
glyceridemia, are linked to the increased risk of colorectal
tumor. " Recenily, we reported an age-dependent hyperlipidemic
state_in adenomatous polyposis coli (Apc)-deficient Min and
Apc® mice, animal models of familial adenomatous polyposis
(FAP).%7 Apc-deficient mice develop large numbers of intestinal
polyps due to a truncation mutation in the Apc gene leading to an
activation of Wnt signaling to promote cell growth,

Although the direct link between Apc-deficiency and hyperlip-
idemia has yet to be clarified, it is notable that serum triglyceride
(TG) levels in Apc-deficient mice are almost 10-fold more than
those observed in wild-type littermates (C57BL/63).6 TG is rich in
lipoproteins such as chylomicrons (CM), very low-density lipo-
protein (VLDL) and low-density lipoprotein (LDL), and is hydro-
lyzed by lipoprotein lipase (LPL) to free fatty acids and monoacyl-
glycerol. High populations of lipoproteins are VLDL (~50%) and
LDL (~25%), TG-rich lipoproteins, in Min mice, while high-den-
sity lipoprotein (~80%) in wild-type mice.5® Physiologically,
decrease or deficiency of LPL is associated with hyperlipidemic
state™'? and Apc-deficient mice showed decreased expression lev-
els for LPL mRNAin the liver and small intestine, supposed to be
the reason for hypeririglyceridemic status. In addition to high con-
centration of the lipid in the serum, steatosis of the liver is
observed in Min mice, which was confirmed by staining frozen
sections with Oil-red 0. Moreover, we have demonstrated that
induction of LPL mRNA by peroxisome proliferator-activated
receptor (PPAR)-a and -y agonists and a selective LPL-inducing
agent, NO-1886, which lacks potential for activating the PPAR
pathways, suppressed the hyperlipidemic status, steatosis of the
liver and intestinal polyp formation.*™ However, fatty changes in
the intestinal mucosa including lipid accumulation in Min mice in-
testinal polyp have remained to be elucidated.

Regarding intestinal digestion of dietary fat, fat in the intestinal
content changes to micellar solubilization form due to the action
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of amphipathic bile salts and pancreatic lipase.!! Further hydroly-
sis by pancreatic lipase to form smaller micelles (30—100 A) helps
lipid absorption through small intestinal epithelia, and this lipid
absorption would occur through passive diffusion and through
endocytosis-dependent pathways using receptors. The LDL recep-
tor (LDLR) has been reported to regulate the majority of essential
fatty acid uptake as well as cholesterol uptake into cells.’?> More-
over, it has been reported that LDL plays an important role in cell
growth of human colon cancer cells.'? After penetration of
micelles, through the brush border of the small intestine, CM are
synthesized in the epithelial cells. Then, CM is released from
small intestinal epithelial cells to circulate through the lymphatic
system and finally, taken up by the liver.

It is possible that the efficiency of intestinal lipid absorption is
increased in the Apc-deficient mice and induces lipid accumula-
tion in the intestinal mucosa. In this study, we examined the lipid
accumulation in intestinal polyps developed in Min mice by Oil-
red O staining and electron microscopy examination and found a
number of large lipid droplets accumulated in the epithelium of
polyps. Moreover, immunohistochemical staining revealed that
LDLR and cyclooxygenase-2 (COX-2) were overexpressed in the
epithelia where lipid droplets were observed. The possible mecha-
nisms inducing lipid accumulation in intestinal polyps and the
effects of lipid accumulation on the development of polyps in
Apc-deficient mice are also discussed.

Material and methods
Animals

Male C57BL/6-Apc™™™* mice (Min mice) were purchased from
The Jackson Laboratory at 6 weeks of age and genotyped as previ-
ously reported.'* Heterozygotes of the Min strain and wild-type
(C57BL/6J) mice were acclimated to laboratory conditions for 1
week. Five mice were housed per plastic cage with sterilized soft-
wood chips as bedding in a barrier-sustained animal room at 24°C
+ 2°C and 55% humidity on a 12 hr light/dark cycle.

To investigate the lipid accumulation in intestinal polyps, male
Min mice (n = 5) and wild-type mice (n = S) at 7 weeks of age
were given AIN-76A powdered basal diet (CLEA Japan, Tokyo, Ja-
pan) for 8 weeks. Food and water were available ad libisum. The ani-
mals were observed daily for clinical signs and mortality. Body
weights and food consumption were measured weekly. The experi-
mental 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,

Abbreviations: CM, chylomicrons; COX-2, cyclooxygenase-2; FAP,
familial adenomatous polyposis; LDL, low-density lipoprotein; LPL, lipo-
protein lipase; PPAR, peroxisome proliferator-activated receptor; TG, tri-
glyceride; VLDL, very low-density lipoprotein.

Grant sponsors: Grants-in-Aid for Cancer Research, for the Third-Term
Comprehensive 10-Year Strategy for Cancer Control from the Ministry of
Health, Labor, and Welfare of Japan, The Yakult Bio-science Foundation.

*Correspondence to: Cancer Prevention Basic Research Project,
National Cancer Center Research Institute, 5-1-1 Tsukiji, Chuo-ku, Tokyo
104-0045, Japan. Fax: +81-3-3542-9305. E-mail: mimutoh@nce.go.jp

Received 25 December 2008; Accepted after revision 4 June 2009

DOI 10.1002/ijc.24667

Published online 19 June 2009 in Wiley InterScience (www.interscience.

wiley.com). , P— 243



2506 |

MUTOH ET AL.

Ficure 1 — Lipid accumulation observed in epithelial cells of polyp part of Min mice. Frozen sections of infestinal tissues were stained with
Oil-red O as described in the text. Lipid droplets were stained in red. Arrows indicate the lipid droplets. Bars represent 200 pm. (a) Small intesti-
nal polyp part of Min mice. (b) Large magnification of lipid droplets shown in yellow square part of (a). (¢) Colon polyp part of Min mice. (d)

- Non-tumorous part of small intestinal tissue of Min mice. Larger magnification of a pointed part was inserted with the square. (¢) Non-tumorous

part of colon tissue of Min mice. (f) Small intestinal tissue of wild-type mice. Larger magnification of a pointed part was inserted with the

square.

Intestinal polyp assessment

The intestinal tract was removed and separated into the small
intestine, cecum and colon. The small intestine was divided into
the proximal segment (4 cm in length), and then the middle and
distal halves of the remainder. All polyps in the proximal seg-
ments were picked up under a stereoscopic microscope and the
remaining intestinal mucosa was removed by scraping, and then
both stored at —80°C. The stored samples from proximal seg-

ments were used for further RT-PCR analysis. Other segments
(n = 5) were opened longitudinally and fixed flat between sheets
of filter paper in 10% buffered formalin® for further Oil-red O
staining and immunohistochemical staining.

Oil-red O staining
Fat droplets within digestive tissues, such as esophagus, glandu-
lar stomach, small intestine and colon, were observed using a
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FiGure 2 — Transmission electron microscopy of epithelial cells of
non-tumorous part and polyp part of the small intestine in Min mice.
Bars represent 3 pm. (a) Non-tumorous part of the small intestine in
Min mice. Magnification X3,500. (b) Small intestinal polyp part of
Min mice. Arrows indicates one of the lipid droplets. Magnification
X1,800.

modified Oil-red O staining method.’® In brief, frozen sections
were treated with 60% 2-propanol for 1 min, stained with Oil-red
solution for 15 min at room temperature. The dye was then
removed, and the sections were washed with PBS and 60% 2-pro-
panol each for 2 min. Images of tissues stained with Oil-red O
were obtained with an Olympus digital camera.

Immunohistochemical staining

The middle and distal segments of the small intestines were
fixed, embedded and sectioned as Swiss rolls for further immuno-
histochemical examination with the avidin-biotin complex
immunoperoxidase technique, and polyclonal goat anti-mLDLR
antibody (R&D systems, Minneapolis, MN) at 50X dilution, poly-
clonal rabit anti-p-Akt antibody (Ser 473; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) and polyclonal goat anti-COX-2 antibody
(C-20; Santa Cruz Biotechnology) at 100X dilution. As the sec-
ondary antibody, biotinylated anti-goat IgG, and absorbed with rat
serum (Vector Laboratories, Burlingame, CA) was employed at
200X dilution. Staining was performed using avidin-biotin
reagents (Vectastain ABC reagents; Vector Laboratories), 3,3'-
diaminobenzidine and hydrogen peroxide, and the sections were
counterstained with hematoxylin to facilitate orientation. As a
negative control, consecutive sections were immunostained with-
out exposure to the primary antibody.

Western blot analysis

Samples from small intestinal polyps and non-tumorous parts of
small intestines in Min mice were lysed in 100 pl lysis buffer
[0.0625 M Tris-HCI (pH 6.8), 20% 2-mercaptoethanol, 10% glyc-

erol, 5% SDS]. Thirty pg of protein were separated in 10%
PAGE-SDS gels and transferred onto polyvinylidene difluoride
membranes (Millipore, Billerica, MA). Antibodies against the
LDLR (R&D systems) and B-actin (Biomedical Technologies,
Stoughton, MA) were used at a 1:1,000 dilution. Peroxidase-conju-
gated secondary antibodies for anti-rabbit IgG were obtained from
GE Healthcare, UK. Blots were developed with ECL westemn blot-
ting detection reagents (GE Healthcare, Buckinghamshire, UK).

Electron microscope

For transmission electron microscopy, tissues from middle seg-
ments of small intestine were fixed with 2.5% glutaraldehyde for
2 hr at 4°C. Specimens were fixed with 1% osmium tetroxide for
an additional 2 hr at 4°C, dehydrated in alcohol and embedded in
Epon. Thin sections were stained with uranyl acetate and lead
citrate, and photographed using H-7500 transmission electron
microscope (Hitachi High-Technologies, Japan).

Real-time PCR analysis

Tissue samples including polyp part and non-tumorous part
from the proximal segments of mice were rapidly deep-frozen in
liquid nitrogen and stored at —80°C. Total RNA was isolated
from tissues by using Isogen (Nippon Gene, Tokyo, Japan), treated
with DNase (Invitrogen, Carlsbad, CA) and 3 pg aliquots in a final
volume of 20 pl were used for synthesis of cDNA using an Omni-
script RT Kit (Qiagen, Hilden, Germany) and an oligo(dT) primer.
Real-time PCR was carried out using a DNA Engine Opticon TM
2 (MJ Japan, Tokyo, Japan) with SYBR Green Realtime PCR
Master Mix (Toyobo, Osaka, Japan) according to the manufac-
turer’s instructions. Primers for mouse LDLR (5'primer-
TCCAATCAATTCAGCTGTGG, 3'primer-GAGCCATCTAGGC
AATCTCG) and GAPDH (5'primer-TTGTCTCCTGCGAC
TTCA, 3'primer-CACCACCCTGTTGCTGTA) were employed. '
To assess the specificity of each primer set, amplicons generated
from the PCR reaction were analyzed for melting curves and also
by electrophoresis in 2% agarose gels.

Statistical analysis

The student’s ¢-test was used for statistical analyses of the intes-
tinal LDLR mRNA level. Differences were considered to be statis-
tically significant at p < 0.05.

Results
Accumulation of lipids in intestinal polyps of Min mice

The body weights of Min mice and wild-type mice were almost
the same during the study, and the final body weights were 26.3
and 28.7 g, respectively. Average daily food intake of Min mice
and wild-type mice did not differ significantly. Consistent to the
previous study, Min mice developed almost all polyps in the small
intestine, with only a few found in the colon.® The average number
of intestinal polyps developed in Min mice was 70.6 * 14.8
(mean * SD). However, none of the wild-type mice developed in-
testinal polyps.

To determine whether lipid accumulation was present in intesti-
nal polyps and/or non-tumorous part, frozen sections of Swiss-
rolled middle and distal parts of the small intestine were stained
with Oil Red O solution and were examined. A number of large
lipid droplets were found in the epithelium of upper part of polyps
in the small intestine (Figs. 1o and 15). In 2 of 3 colon polyps, a
few large lipid droplets were also found in the epithelium of upper
part of polyps (Fig. 1¢). On the other hand, small lipid droplets
were slightly observed at the tip of villi of non-tumorous parts in
the middle and distal parts of small intestine of Min mice (Fig.
1d). There were no lipid droplets found in mucosa of non-tumor-
ous part of colon (Fig. 1e). In the middle and distal parts of small
intestinal mucosa of wild-type mice, small lipid droplets were
slightly observed at the tip of the villi (Fig. 1f). High magnification
at the bottom of villi showed small lipid droplets under the epithe-
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Fieure 3 — LDLR overexpression in intestinal polyps. (2) Immunohistochemical staining of LDLR protein in polyp parts of the small intes-
tine of a Min mouse. Bars represent 200 um. (b) Large magnification of immunohistochemical staining of LDLR protein shown in yellow square
part of (a). (¢) Quantitative real-time PCR analysis of LDLR mRNA expression in intestinal mucosa of wild-type mice (n = 5), non-tumorous
part of intestinal mucosa of Min mice and intestinal polyps of Min mice (n = 5). Data are means = SD. Normalized by GAPDH. *p < 0.05 (vs.
WT); **p < 0.01 (vs. WT or vs. Non-T). WT, small intestinal mucosa in wild-type mice; Non-T, small intestinal mucosa in non-tumorous part;
T, tumorous part. (d) Western blot analysis of LDLR protein expression in intestinal mucosa of wild-type mice (n = 3), non-tumorous parts of
intestinal mucosa of Min mice and intestinal polyps of Min mice (n = 3). B-actin was used as loading control.

lial cells, suggesting CM released from epithelial cells to circulate
through the lymphatic system. Oil-red O staining was further per-
formed in esophagus and glandular stomach, and revealed that
there were no lipid droplets in mucosa of these organs (data not
shown).

Examining under an electron microscope, microvilli, mitochon-
dria and nuclei of epithelial cells from non-tumorous part of
Min mice appeared intact, and small lipid droplets were
observed in the cytoplasm (Fig. 2a). On the other hand, epithelial
cells from intestinal polyps were shown to have huge lipid
droplets, occupying almost all the cytoplasm with depressed
nuclei (Fig. 2b).

Overexpression of LDLR in intestinal polyps of Min mice

We investigated the localization and expression levels of LDLR
in polyps and non-tumorous part of Min mice. Strong immunohis-
tochemical staining for LDLR was observed in epithelial cells at
the surface of small intestinal polyps of Min mice, especially, in
the area where lipid droplets were observed (Figs. 3a and 3b).
Weak LDLR staining was observed in the non-tumorous part as
shown in Figure 3a. These LDLR staining were not observed in
the small intestinal villi of wild-type mice, and no artificial stain-
ing was detected in controls using the secondary antibody only
(data not shown).

Real-time PCR revealed that LDLR mRNA level in intestinal
polyps was obviously increased (~4 times) as compared with non-
tumorous part of intestine in Min mice (Fig. 3¢). LDLR mRNA
levels in the Min mice polyps were also almost 10-fold elevated
as compared with intestinal mucosa of wild-type mice (Fig. 3c).
Moreover, a Western blot analysis was performed for protein
expression levels of LDLR in intestinal tumoros parts and non-
tumoros parts of normal mucosa, and weak but confidential
expression levels of LDLR in intestinal tumor part were detected

(Fig. 3d).

Localization of COX-2 in intestinal polyps of Min mice

To further explore possible mechanisms whereby an accumu-
lated lipid leads to the epithelial cell proliferation and intesti-
nal tumor promotion, localization of COX-2 in small intesti-
nal polyps of Min mice was investigated. Consistent with pre-
vious reports, ' levels of COX-2 protein were found to be
very low in the normal mucosa, while the protein was found
to be expressed in large quantities in the polyp stroma
near the luminal surface (Fig. 4a). Interestingly, in some part,
COX-2 staining was observed in the cytoplasm of epithelial
cells (Fig. 4b). As demonstrated in Figure 4c, Akt phospho-
rylation was observed ubiquitously in the epithelial cells of
intestinal polyps.
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FIGURE 4 — Immunohistochemical staining of COX-2 protein in in-
testinal polyps of Min mice. (@) COX-2 expression in stromal cells of
the small intestinal polyps. Bars represent 200 pm. (b) COX-2 expres-
sion shown in epithelial cells of Min mouse intestinal polyp. Arrows
indicate COX-2 staining. Bars represent 50 pm. (c¢) Phosphorylated
Akt expression shown in epithelial and stromal cells of Min mouse
intestinal polyp. Bars represent 100 pm.

Discussion

In this study, lipid droplets were observed in the small intestinal
and colorectal polyps of Min mice, occurring at the surface epithe-
lium and coinciding with an overexpression of LDLR found in the
same area. COX-2 was also expressed in stromal and epithelial
cells. It is therefore speculated that lipid accumulation in the intes-

tinal polyps may play an important role in intestinal polyp devel-
opment in Apc-deficient mice.

To our knowledge, lipid accumulation in the tumor epithelial
cells has not yet been reported in experimental colon carcinogene-
sis models, although that in human colon cancer was reported
quite recently.'® It has been observed that number of lipid droplets
increased in human colon adenocarcinoma cells when compared
with an adjacent normal cells from the same patient submitted to
surgical resection. In this study, many large lipid droplets
were found in the epithelium of upper part of polyps, while small
lipid droplets were only slightly observed at the tip of the villi in
non-tumorous parts of Min mice. Dietary fat moves in intestinal
tract, contacting with the tip of the villi. Lipid may be largely
absorbed at the tip of the villi. Moreover, accumulation of lipids is
localized in the cytoplasm of intestinal epithelial cells, but not in
stromal cells, supporting the idea that the origin of accumulated
lipids are from the content in digestive tract and not from blood
vessels.

From our results, it is speculated that there are 2 possible mech-
anisms regarding intestinal tumor cell growth. One might be the
direct effect of TG or LDL receptor-mediated stimuli on epithelial
cells, and the other might be the effect of prostagiandin E, (PGE,)
produced by COX-2 in stromal cells on epithelial cells. Recent
evidence indicates that the members of the LDL receptor
gene family could activate the phosphoinositide (PI) 3-kinase-
mediated pathway, involving phosphorylation of Akt, through
cytoplasmic tail of the receptor containing the consensus tetrapep-
tide Asn-Pro-Xaa-Tyr (NPxY).!>?° Activation of Akt plays a
critical role in controlling survival and apoptosis.®'™ It has
been reported that TG-rich lipoproteins from type IV hyperlipid-
emic patients induce phosphorylation of p38 MAPK, CREB and
IkBo, and activate DNA binding activity of transcriptional factors,
CREB, NF-kB and AP-1in endothelial cells.?® In addition,
treatment with LDL on smooth muscle cells results in the activa-
tion of protein kinase C and MAP kinase as well as the induction
of the cell cycle-related genes, c-fos, c-myc and early growth
response gene-1.%

We found that LDLR mRNA expression in non-tumorous part
of intestinal mucosa in Min mice was higher compared to those of
wild-type mice, suggesting the high efficiency of intestinal lipid
absorption in Min mice. Certain turnors, such as human colorectal
carcinomas,?® and human lung adenocarcinoma cell lines A549,%
express huge amount of LDLR. It has been shown that COX-2 is
up-regulated in colorectal adenocarcinomas specimens, havin§
overexpressed LDLR mRNA compared with normal mucosa.”
Our present data also showed that COX-2 was expressed in large
quantities in the polyp stroma near the luminal surface where
LDLR was up-regulated. Moreover, it has been demonstrated that
PGE, produced by stromal cells affects on epithelial cells through
EP, receptor.”® Taken together, we postulate that the intestinal
polyps in the Min mice with high levels of COX-2 expression
respond to inappropriate uptake of fatty acids through LDLR.
However, further experiments are needed to clarify a functional
relationship between LDLR and COX-2.

In conclusion, this study indicated that lipid accumulation and
overexpression of LDLR in polyp epithelium may contribute to
polyp development. Thus, LDLR is suggested to be a potential tar-
get site for chemoprevention of colon cancer. As it is becoming
increasingly clear that high fat diet, obesity and hyperlipidemia
are important players in carcinogenesis, our observations may lead
to a better understanding of the role of lipid accumulation in colon
carcinogenesis.
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Few epidemiologic investigations of visceral adiposity and colorectal neoplasms have attempted the direct
quantification of visceral fat. The authors measured visceral fat volume among middle-aged and elderly Japanese
men and women who underwent colonoscopy and positron emission tomography/computed tomography for can-
cer screening in Tokyo, Japan, between February 2004 and February 2005, and examined the association be-
tween visceral adiposity and colorectal adenoma in 1,205 eligible subjects. Odds ratios and 95% confidence
intervals for colorectal adenoma were estimated by using an unconditional logistic regression model after adjust-
ment for potential confounders. Despite its high correlation with body mass index, visceral fat volume was asso-
ciated with the prevalence of colorectal adenoma independently of body mass index in both sexes. After further
adjustment for body mass index, the odds ratio of colorectal adenoma for the highest compared with the lowest
quartile of visceral fat volume was 1.58 (95% confidence interval: 1.11, 2.24) for men and women combined.
Conversely, body mass index was unlikely to modify the association between visceral fat volume and colorectal
adenoma (Piieraciion = 0.39). These findings add to accumulating evidence that visceral adiposity exerts an
important influence on the pathogenesis of colorectal neoplasms. The mechanisms of this potential association

between visceral adiposity and colorectal carcinogenesis warrant further investigation.

adenoma; case-control studies; intestine, large; intra-abdominal fat; Japan

Abbreviation: Cl, confidence interval.

Obesity is associated with a large number of chronic dis-
eases, including diabetes mellitus, hypertension, cardiovas-
cular disease, and even some types of cancer (1). Of
importance, a growing body of evidence suggests that the
health risks of obesity relate to not only the amount of total
body fat but also the distribution of body fat in the visceral
region (1, 2). Visceral adiposity is a major determinant of
insulin resistance, which has been suggested to be an early
and fundamental disorder in the path to these obesity-related
diseases (2).

In the last decade, a number of epidemiologic studies
have reported an increase in the risk of colorectal adenoma
(3-6) and cancer (3, 7-10) associated with a higher waist/
hip ratio or waist circumference. Although these anthropo-
metric measurements serve as surrogate markers of visceral
adiposity, they mainly reflect the distribution of body fat in

the abdominal region without distinction between visceral
and subcutaneous fat (11). In fact, although direct quantifi-
cation of visceral fat requires imaging techniques, such as
computed tomography and magnetic resonance imaging
(11), we are aware of only 3 epidemiologic investigations
of colorectal neoplasms that have used imaging techniques
(12-14). Moreover, visceral adiposity in these studies was
evaluated by the visceral fat area from 4 single abdominal
cross-section only, and no previous study has measured the
visceral fat volume of the abdominal cavity, which is the
most comprehensive assessment of visceral adiposity.
Colorectal adenoma is recognized as a precursor lesion to
the majority of colorectal cancers, and its presence is asso-
ciated with an increased risk of colorectal cancer (15). Here,
we quantified the visceral fat area and volume among
middle-aged and elderly Japanese men and women using

Am J Epidemiol 2009;170:1502-1511
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Table 1. Selected Characteristics of Cases and Controls by Sex, the Colorectal Adenoma Study in Tokyo, Japan, 2004-2005

Men Women
Characteristic Cases (N = 432) Controls (N = 373) a Cases (N = 205) Controls (N = 195) P a
No. %" No. %P e No. %b No. %P aterenee
Age category, years 0.18 098
40-49 13 6 13 7
50-54 61 14 69 19 23 11 25 13
55-59 116 27 108 29 53 26 50 26
60-64 114 26 95 25 68 33 61 31
>65 141 33 101 27 48 23 46 24
Smoking status <0.001 0.10
Never smoker 122 28 127 34 162 79 169 87
Past smoker 202 47 200 54 28 14 19 10
Current smoker 108 25 46 12 15 7 7 4
Drinking status 0.19 0.16
Never drinker 45 10 50 13 98 48 96 49
Past drinker 22 5 26 7 10 5 3 2
Current drinker 365 84 297 80 97 47 96 49
Family history of 0.93 0.001
colorectal
cancer
Yes 57 13 50 13 46 22 21 11
No 375 87 323 87 159 78 174 89
NSAID use 0.009 0.59
Yes 18 4 32 9 12 6 14 . 7
No 414 96 341 91. 193 94 181 93
Median lntg'g:ga:ile , Median Intz'g:;;tile Median Intg‘g:;:ile Medién lntgg:;:ile |
Total energy intake, 1,931  1,601-2,350 1,945 1,570-2,279 0.75 1,826  1,465-2,159 1,778 1,369-2,078 0.12
keal/day
Physical activity, 33.8 30.9-38.5 33.7 31.6-37.7 0.51 35.5 31.8-42.5 36.1 31.3-42.0 0.98
MET-hours/day
Height,cm 167 163-171 167 163-171 0.65 155 151158 154 151158 0.31
Bod}@ 3}?“%3 index, 24.0 22.4-25.7 235 21.7-25.1 0.008 225 20.6-24.2 21.8 20.3-23.6 0.09
Visczll’glz fat area, 99.5 75.9-130 92.6 67.1-119 0.005 70.9 51.5-81.3 68.2 49,2-88.2 0.25

Visceralafat volume, 3,632 2,698-4,756 3,274 2,296-4,145

cm

<0.001 2,123 1,505-2,801 1,880 1,380-2,575 002

Abbreviations: MET, metabolic equivalent task; NSAID, nonsteroidal antiinflammatory drug.
£ Based on the chi-square test for percentage difference and the Wilcoxon rank-sum test for median difference.

® Percentages may not add to 100% because of rounding.

multislice computed tomography, and we examined the as-
sociation between visceral adiposity and the prevalence of
colorectal adenoma.

MATERIALS AND METHODS
Study population

The Research Center for Cancer Prevention and Screen-
ing was established in 2004 as a branch of the National
Cancer Center of Japan with the goal of developing and

Am J Epidemiol 2009;170:1502~1511

evaluating preventive methods, screening modalities, and
screening programs for various types of cancers. Among
its efforts, the Research Center conducted the Colorectal
Adenoma Study in Tokyo (16, 17), a case-control study
specifically designed to investigate environmental and ge-
netic factors related to the early stage of colorectal carcino-
genesis among healthy volunteer examinees of a colorectal
cancer screening. All examinees gave written, informed
consent to allow their data and materials collected through
the screening to be used for medical research. The study
protocol was approved by the institutional review board of
the National Cancer Center, Tokyo, Japan.
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Table 2. Association of Body Mass Index, Visceral Fat Area, and Visceral Fat Volurne With Colorecta! Adenoma, the Colorectal Adenoma Study

in Tokyo, Japan, 20042005

Quattile
Measurement ! 2
Range No-of  No.of oOdds . 95% fa No.of No.of Odds . oo
Cases Controls Ratio ?nter\?:lce nge Cases Controls Ratio Interval
Body mass index
Men, kg/m® <217 77 .93 21.7-<23.5 102 a3
Crude estimate? 1 Referent 133  0.88,2.02
Adjusted estimate® i Referent 1.36  0.88,2.09
Women, kg/m? <20.3 40 47 20.3-<21.8 45 50
Crude estimate® 1 Referent 1.07 . 0.60,1.94
Adjusted estimate® 1 Referent 1.03  0.55,1.93
Men &r;gbvi\;‘oergen 117 140 147 143
Crude estimate® 1 Referent 124 0.89,1.74
Adjusted estimate®™® 1 Referent 125 0.89,1.77
Visceral fat area
Men, cm? <67.1 76 93 67.1-<92.6 113 93
Crude estimate® . 1 Referent 1.49  0.99,2.24
Adjusted estimate® 1 Referent 141 092,216
Women, cm? <492 45 48 49.2-<68.2 53 49
Crude estimate? 1 Referent 115 0.64,2.04
Adjusted estimate® 1 Referent 128  0.68,2.38
Men and women 121 141 166 142
combined
Crude estimate? ' 1 Referent 136  0.98,1.91
- Adjusted estimate®® ‘ 1 Referent 1.30 0.92,1.84
Visceral fat volume '
Men, cm® <2,296 77 93 2,296—-<3,274 101 93
Crude estimate? . 1 Referent 1.33  0.88,2.01
Adjusted estimate® 1 Referent 129  0.84,1.99
Women, cm® <1,390 34 48 1,390-<1,880 53 49
Crude estimate® 1 Referent 1.63  0.89,3.02
Adjusted estimate® oA Referent 1.86  0.96,3.60
Men and women 111 141 154 142
combined .
Crude estimate® 1 Referent 141 0.99,1.98
Adjusted estimate®® 1 Referent 1.38  0.98,1.97

Eligible subjects were defined in advance as men aged
50-79 years and women aged 40-79 years who underwent
total colonoscopy from the anus to the cecum and who were
without a history of colorectal adenoma, any malignant
neoplasm, ulcerative colitis, Crohn’s disease, familial ade-
nomatous polyposis, carcinoid tumor, or colectomy. Of
a consecutive series of 3,212 examinees undergoing magni-
fying colonoscopy with indigo carmine dye spraying be-
tween February 2004 and February 2005, 2,234 met these
conditions. On the basis of the pit pattern of colorectal le-
sions, namely, the characteristics of mucosal crypts, 526

Table continues

men and 256 women were determined to have at least 1
adenomatous polyp and were thus included as adenoma
cases. Pit-pattern classification based on magnifying chro-
moendoscopy has been detailed elsewhere (18). Of the re-
maining 1,452 examinees, 482 men and 721 women were
identified as potential controls who were also free from
other benign lesions (e.g., hyperplastic polyps, inflamma-
tory polyps, and diverticula). For efficiency, 256 of the po-
tential female controls were frequency matched to the
female cases in 5 age categories (4049, 50-54, 55-59,
60-64, and >65 years of age) and 2 screening periods (first

Am J Epidemiol 2009;170:1502~1511
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Table 2. Continued

Quartile
3 4
A No.of  No.of  oOdds . 95% No.of  No.of  Odds 95% e
ange Cases Controls Ratio C?:tf::::[ce Range Cases Conirols Ratio c?",?tf::s;ce
23.5-<25.1 102 93 >25.1 151 94
137 090,207 198  1.33,295  0.001
140 091,215 199 131,303 0001
21.8-<23.6 53 49 >23.6 67 49
128 071,230 164 092,292 007
147 078,279 179 097,331 003
185 142 218 143
134 096,188 185 133,257  <0.001
136 0.96,1.93 188 134,263  <0.001
92.6—-<119 103 93 >119 140 94
140 092,212 180 120,269 001
129 084,199 161 1.06,246 005
68.2-<88.2 49 49 >88.2 58 49
107 058,195 126 070,220 050
117 061,224 136 072,258 042
152 142 198 143
125 089,176 158 114,221 00
118 083,167 146 1.03,206 006
3,274-<4,145 89 93 >4,145 165 94
118 077,1.80 213 148,316 <0001
114 074,176 202 133,305 0001
1,880-<2,575 47 49 >2575 71 49
145 077,272 221 119,408 002
166 0.84,3.30 255 131,495 001
136 142 236 143
124 087,1.76 241 151,294 <0001
121 085,173 1203 144,28 <0001

2 Controlled for matching variables only.

b Additionally adjusted for cigarette smoking, alcohol drinking, physical activity, height, total energy intake, family history of colorectal cancer,

and nonsteroidal antiinflammatory drug use.
¢ Further adjusted for sex.

and second halves). Because there were fewer potential
male controls than male cases, all potential male controls
were included in the study. Finally, the study enrolled 782
cases and 738 controls. Cases with adenomatous polyps
of >5 mm in diameter were referred to clinical hospitals,
including the National Cancer Center, for definitive diagno-
sis and treatment,

Am J Epidemiol 2009;170:1502~1511

Visceral fat and anthropometric measurements

Among the study subjects, 1,214 (640 cases, 574 con-
trols) underwent positron emission tomography/computed
tomography as an additional cancer screening. Subjects
were scanned in the supine position with a 16-detector
row computed tomography scanner (Toshiba Medical
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Systems, Tochigi, Japan) and the following scan conditions:
120 kV, scanning time of 0.5 second/rotation, and computed
tomography automatic exposure control with a standard de-
viation of 20. The scanner computer reconstructed the raw
data to give cross-sectional images with a 5-mm slice thick-
ness by using a function for abdominal kernel.

The visceral fat area and volume were quantified by using
specifically designed software (Fujifilm Medical, Tokyo,
Japan), with the case and control status unknown. A function
of the software enables the automatic drawing of a contour
line around the abdominal cavity, which helps to separate the
subcutaneous and intraabdominal regions. Details of the soft-
ware have been described elsewhere (19). To measure vis-
ceral fat volume, we first selected a series of reconstruction
images from immediately below the diaphragmatic surface
of the heart to the cranial edge of the pubic symphysis,
minimizing the influence of pericardial and mediastinal ad-
ipose tissue. The visceral fat area was then computed in each
image by electronically determining pixels with attenuation
values between —190 and —30 Hounsfield units in the intra-
abdominal region. Finally, the visceral fat volume was cal-
culated by integrating these visceral fat areas of respective
images with a 5-mm slice thickness.

Body weight and height were measured by medical per-
sonnel at the beginning of cancer screening. Body mass in-
dex was calculated (weight (kg)/height (m)®). The waist/hip
ratio was not calculated because waist and hip circumfer-
ences were not measured during the study period.

Self-administered questionnaire

Prior to cancer screening, examinees completed a self-
administered questionnaire that included items on personal
medical history, present medication, family history of can-
cer, cigarette smoking, alcohol drinking, physical activity,
and other lifestyle factors. The questionnaire has been de-
scribed in detail elsewhere (16, 17).

The questionnaire also included a food frequency ques-
tionnaire of 145 food and beverage items with standard
portions/units and 9 frequency categories. Total energy in-
take was estimated from the responses by reference to the
Standard Tables of Food Composition in Japan, Fifth Re-
vised Edition (20). The food frequency questionnaire of the
present study was essentially the same as that used in a large
prospective study among a Japanese population (21).

Statistical analysis

An unconditional logistic regression model was used to
estimate odds ratios and their 95% confidence intervals of
colorectal adenoma according to sex-specific quartiles of
body mass index, visceral fat area, and visceral fat volume,
with the lowest quartile for each measurement used as the
reference. The first analysis controlled for matching vari-
ables (i.e., age categories and screening periods), while the
second additionally adjusted for the following covariates:
cigarette smoking (never, <20, 2140, >40 pack-years),
alcohol drinking (never, past, <150, 150-299, >300 g per
week), family history of colorectal cancer (yes or no), and
nonsteroidal antiinflammatory drug use (yes or no). These
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covariates were suggested to be potential confounders in
previous reports from the Colorectal Adenoma Study in
Tokyo (16, 17). The second analysis also adjusted for com-
ponents or surrogate indicators of energy balance, namely,
total energy intake in kilocalories per day, physical activity
in metabolic equivalent hours per day, and height in centi-
meters. These continuous variables were, respectively, di-
vided into quartiles, the cutoff points of which were based
on the sex-specific distribution among controls. Linear
trends in the odds ratios of colorectal adenoma were also
assessed by assigning ordinal values to quartiles of each
measurement. Finally, we combined men and women ac-
cording to sex-specific quartiles of body mass index, vis-
ceral fat area, and visceral fat volume, respectively, and
examined whether the association of each measurement
was modified by sex. An interaction term was created by
multiplying ordinal values for quartiles of each measure-
ment by those for dichotomous categories of sex, and its
significance was statistically evaluated by the likelihood
ratio test with 1 df.

In a preliminary analysis, the visceral fat area and vis-
ceral fat volume were found to be highly correlated with
body mass index in both sexes, with Pearson’s correlation
coefficients of 0.66 and 0.74, respectively, for male con-
trols and 0.66 and 0.72, respectively, for female controls
(all P values < 0.001). These strong correlations notwith-
standing, we were interested to know whether the visceral
fat area and visceral fat volume were associated with co-
lorectal adenoma independently of body mass index. To
investigate this, we applied Willett’s residual method for
energy adjustment of food intake (22) and calculated re-
siduals of the visceral fat area and visceral fat volume
using linear regression models with body mass index as
the independent variable. These residuals were uncorre-
lated with body mass index, which enabled us to evaluate
the association of visceral fat area and visceral fat volume
with colorectal adenoma after adjustment for body mass
index.

Of 1,214 subjects who underwent both colonoscopy and
positron emission tomography/computed tomography, 9 had
missing information, namely, 3 with regard to body mass
index, 2 for tobacco smoking, and 4 for physical activity.
These were then excluded, and the current analysis was
conducted in"805 men (432 cases, 373 controls) and 400
women (205 cases, 195 controls). Two-sided P values of
less than 0.05 were.regarded as statistically significant. All
statistical analyses were carried out by using Statistical
Analysis System (SAS), Version 9.1, software (SAS Insti-
tute, Inc., Cary, North Carolina).

RESULTS

The visceral fat volume was evaluated from immediately
below the diaphragmatic surface of the heart to the cranial
edge of the pubic symphysis, while the visceral fat arca was
examined at the level of the urnbilicus. Table 1 shows that the
degree of visceral adiposity differed considerably between
men and women, with the median visceral fat volume approx-
imately 74% greater in male than female controls. Table 1
also summarizes selected characteristics of cases and controls
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Table 4. Association of Visceral Fat Area and Visceral Fat Volume With Colorectal Adenoma Stratified by Body Mass Index, the Colorectal

Adenoma Study in Tokyo, Japan, 2004-2005

Quartile

1
Measurement

2

No. of
Cases

No. of
Controls

Odds

Range Ratio

Confidence
Interval

95% 95%
No. of No. of Odds
Range . " Confidence
Cases Controls Raiio interval

Visceral fat area®
Men, cm? <67.1
Women, cm? <49.2

Lower body mass 107 125
index®

Adjusted estimatg® 1
Higher body mass 14 16
index®

Adijusted estimate?
Visceral fat volume?®

Men, cm® <2,296

<1,390

Lower body mass 102 126
index®

Women, cm®

Adjusted estimate® 1
Higher body mass 9 15
index®

Adjusted estimate® 0.72

Referent

0.52, 2.55

Referent

0.29, 1.78

67.1-<92.6
49.2-<68.2
88 82

0.77,1.76
78 60

155  0.99,2.41
2,296-<3,274
1,390-<1,880

92 87

128 0.851.92

62 55

145 0.91,2.31

by sex. Current smokers were more prevalent among male
cases than controls, whereas nonsteroidal antiinflammatory
drug use was more common among male controls than cases.
On the other hand, a family history of colorectal cancer was
more frequent among female cases than controls.

Table 2 shows the odds ratios of colorectal adenoma ac-
cording to sex-specific quartiles of body mass index, visceral
fat area, and visceral fat volume. We observed a statistically
significant trend of increasing adjusted odds ratios for colo-
rectal adenoma across quartiles of body mass index in both
men and women (Pycnq = 0.001 and 0.03, respectively). A
statistically significant odds ratio was also seen among men in
the highest quartile. Adjusted odds ratios of colorectal ade-
noma for the highest compared with the lowest quartile of
body mass index were 1.99 (95% confidence interval (CI):
1.31, 3.03) for men and 1.79 (95% CI: 0.97, 3.31) for women.
Of the 2 measurements of visceral adiposity, an increase in
visceral fat volume was related to a higher prevalence of
colorectal adenoma, with a significant trend in both sexes
(Pirena = 0.001 and 0.01 for men and women, respectively),
whereas the visceral fat area was not associated with colo-
rectal adenoma in either sex (Pyeng = 0.05 and 0.42 for men
and women, respectively). Adjusted odds ratios of colorectal
adenoma for the highest compared with the lowest quartile of
visceral fat area and visceral fat volume were 1.61 (95% CIL:
1.06, 2.46) and 2.02 (95% CI: 1.33, 3.05), respectively, for
men and 1.36 (95% CI: 0.72, 2.58) and 2.55 (95% CI: 1.31,
4.95), respectively, for women. When men and women were
combined according to sex-specific quartiles of each mea-

Table continues

surement, a significant trend of increasing adjusted odds ra-
tios across quartiles became more pronounced for body mass
index and visceral fat volume (Pgepa < 0.001 for both), while
the nonsignificant trend for visceral fat area remained (Pyepq =
0.06). Despite the sex differences in body mass and visceral
adiposity, significant effect modification by sex was not
observed for any of 3 measurements (Piyeraction = 0.75,
0.30, and 0.87 for body mass index, visceral fat area, and
visceral fat volume, respectively; data not shown).

To investigate the influence of visceral fat area and vis-
ceral fat volume after adjustment for body mass index, we
calculated residuals of visceral fat area and visceral fat vol-
ume against body mass index, which were uncorrelated with
body mass index. As shown in Table 3, no material associ-
ation was seen between visceral fat area and colorectal ad-
enoma after adjustment for body mass index. In contrast,
visceral fat volume was related to a higher prevalence of
colorectal adenoma even after adjustment for body mass
index. Adjusted odds ratios of colorectal adenoma for the
highest compared with the lowest quartile of residuals of
visceral fat area and visceral fat volume were 0.99 (95% CI:
0.71, 1.40) and 1.58 (95% CI: 1.11, 2.24), respectively, for
men and women combined. Further, a positive trend across
quartiles was statistically significant (Pyepg = 0.01) for vis-
ceral fat volume. Again, significant effect modification by
sex was not observed for either measurement of visceral
adiposity (Pinteraction = 0.53 and 0.83 for visceral fat area
and visceral fat volume, respectively; data not shown).
These residual analyses revealed that visceral fat volume
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