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As mentioned above, EGCG undergoes autoxidation to
generate ROS. Oxidized EGCG in the B-ring is non-
enzymatically converted to an EGCG o-quinone, which
rapidly reacts with glutathione or protein thiols via covalent
bindings (Mori et al. 2010). Thus, it is conceivable that
administration of high-dose GTPs leads to accumulation of

EGCG o-quinone, which escapes from inactivation processes

by metabolism. These bioactive electrophiles may be
responsible for inducing toxicity in the liver and kidneys.
In fact, formation of EGCG-thiol conjugates was detected
only at high doses (400 mg/kg) following intraperitoneal
injection in mice (Sang et al. 2005). Meanwhile, high-dose
EGCG reduced the expressions of antioxidant enzymes,
including HO-1, SOD, and catalase (Kweon et al. 2006; Kim
et al. 2010). Along a similar line, our present results revealed
that 1% GTPs dramatically decreased the mRNA expres-
sions of HO-1 and NQO! in the kidneys and livers of non-
treated mice (Fig. 5b, ¢). It is of great importance to point out
that HO-1 was reported to attenuate the progression of
chronic kidney disease (Desbuards et al. 2009). Therefore,
we assume that high-dose GTPs act not only in a pro-oxidant
manner, but also down-regulate antioxidant enzymes, leading
to hepatic and renal dysfunctions.

It is interesting that down-regulation of HSP70 has been
found to be associated with IBD development (Bhattacharrya
etal. 2009; K&ken et al. 2004; Hu et al. 2007). Although we
also reported that a 1% GTPs diet aggravated colitis in DSS-
exposed mice (Kim et al. 2010), it was not clear whether 1%
GTPs affected the expression HSP70 in that model. In our
present study, renal and hepatic HSP70 expressions were
dramatically suppressed by DSS exposure, while the 1%
GTPs diet did not affect those in DSS-induced colitis mice.
On the other hand, it should be noted that 1% GTPs
treatment decreased hepatic HSP70 by 21% as compared
with the non-treated mice (Fig. 6b). Anwar et al. showed that
HSP70 interacts with an unfolded form of NQO1 and
thereby inhibited its degradation (Anwar et al. 2002),
implying a supporting role of HSP70 in NQO1 stabilization.
In support of that notion, the expression patterns of HSP70
and NQO! in the present four groups were positively
correlated, except for data from the kidneys in group 2
(Figs. 5¢ and 6b). Renal and hepatic HSP27 levels were also
remarkably down-regulated by the combination of GTPs and
DSS (Fig. 6¢). Thus, the 1% GTPs diet might have induced
hepatic and renal toxicity, at least in part, by attenuating the
expressions of both HSP70 and HSP27. More strikingly,
HSP90 in kidneys and livers of the non-treated mice was
identified as a chaperone protein that is hyper-sensitive to
GTPs (Fig. 6d). These results are consistent with those of
Tran et al., who previously foundithat HSP90 was repressed
by EGCG in MCF-7 human breast cancer cells (Li et al.
2009; Tran et al. 2010). Because HSP90 is the most
abundant molecular chaperone and plays pivotal roles in
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maintaining organ homeostasis (Shi et al. 2007; Hackl et al.
2010), its down-regulation by GTPs might be associated
with organ dysfunction and toxicity. In addition, it is
significant to note that increased HSP70 expression by both
glutamine and geranylgeranylacetone contributed to the
protection against inflammation including IBD (Ohkawara
et al. 2005; Xue et al. 2011).

The present 1% GTPs diet, which contained 35%
EGCG, decreased survival rates (Fig. 2a) and down-
regulated antioxidant and xenobiotic-metabolizing enzymes
in mice with DSS-induced colitis (Fig. 5a). In contrast, we
previously reported that a low-dose GTPs (0.1~0.25%) diet
had a tendency to improve both ulcers and inflammation in
a colitis model (Kim et al. 2010). Therefore, low or
moderate doses of GTPs may exhibit beneficial effects
toward DSS-induced hepatotoxicity and nephrotoxicity.
This hypothesis may be supported by Calabrese and
Baldwin who described the U-shaped toxicity of environ-
mental chemicals (Calabrese and Baldwin 2002).

Taken together, our findings indicate that a high-dose
GTPs diet exacerbates kidney and liver functions, presum-
ably through down-regulation of antioxidant enzymes and
HSPs, in both normal mice and those with DSS-induced
colitis. The effects of low and medium dose of GTPs diets on
these functions are now being investigated in our laboratory.
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the other hand, several recent studies have also noted that
excess intake of green tea supplements induced hepatotox-
icity in both rodents and humans (Lambert et al. 2010;
Mazzanti et al. 2009; Isbrucker et al. 2006). In addition, the
present study showed for the first fime that high-dose GTPs
caused nephrotoxicity in mice as observed by increased
serum creatinine level (Fig. 4d). In support of those
findings, it is well known that GTPs and EGCG function
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as pro-oxidants in vivo and in vitro, and exhibit genotox-
icity and tumor promotional potentials (Li et al. 2010; Kim
et al. 2010; Furukawa et al. 2003; Guo et al. 1996).
However, the molecular mechanisms underlying their
potential toxicity have not been fully elucidated.

A recent study by Lambert et al. reported that intragastric
administration of high-dose EGCG (1,500 mg/kg) caused
hepatotoxicity in mice (Lambert et al. 2010), while we
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shown as the mean+SD. Values with different letters are significantly
different, p<0.05

Hepatic and renal function parameters and lipid
peroxidation level

Serum AST and ALT levels, which reflect hepatic functions,
were also measured. DSS (group 3) markedly increased
both parameters as compared to no treatment (group 1),
while 1% GTP (group 2) did not have a significant effect
(Fig. 4a, b). Elevation of TBARS is a reliable indicator of
lipid peroxidation, which might be closely related to tissue
damage (Lambert et al. 2010). As shown in Fig. 4c, the
hepatic TBARS level in group 4 was significantly greater
(1.9-fold) than that in group 3. Similarly, we found a
significant increase in group 2 as compared to group I.
Next, we measured serum creatiniine levels as a biomarker
of renal function (Nakagawa et al. 2004). Although DSS
exposure did not have an effect on serum creatinine (group
1 vs. group 3), the serum creatinine level in group 4 was
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Fig. 3 Effects of DSS and/or 1% GTPs supplementation on organs.
Colon length (a), spleen weight (b), liver weight (c), and kidney
weight (d) were determined. Group 1 (n=15), group 2 (n=15), group
3 (n=15), group 4 (n=17). Data are shown as the mean+SD. Bars with
different letters show significant differences (P<0.05)

dramatically increased (2.9-fold) as compared to group 3
(Fig. 4d). Furthermore, TBARS levels in the kidneys of
mice fed with the GTPs diet (groups 2 and 4) were
markedly elevated than in those of their respective controls
(groups 1 and 3; Fig. 4e).
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(Tanaka et al. 2007). In addition, several studies have
demonstrated that inhibition of an antioxidant enzyme,
heme oxygenase-1 (HO-1), leads to aggravation of DSS-
induced colitis (Paul et al. 2005; Wang et al. 2001).

Heat shock proteins (HSPs) are a class of stress-inducible
proteins that play roles as molecular chaperones and protect
cells against proteotoxic damage from a variety of physiolog-
ical and environmental stimuli (Musch et al. 1996; Wischmeyer
et al. 1997). Interestingly, the expressions of HSP70 and
HSP27 were found to be down-regulated in actively inflamed
mucosa from individuals with IBD (Bhattacharrya et al. 2009;
Koken et al. 2004). It is worth noting that the production of
pro-inflammatory cytokines, such as tumor necrosis factor
(TNF)-« and interleukin, were also found to be increased in
IBD, while it down-regulated HSP70 by targeting its
translation stage (Hu et al. 2007). The above background
suggests that inflammatory signaling molecules aggravate
colitis by down-regulating HSPs, thereby disrupting intestinal
homeostasis.

Green tea is a popular and widely consumed beverage. It
contains characteristic polyphenolic constituents, generally
known as green tea polyphenols (GTPs), which include (—)-
epigallocatechin-3-gallate (EGCG), (—)-epicatechin gallate,
(—)-epigallocatechin, and (—)-epicatechin. (Isemura et al.
2000). EGCG, the most abundant polyphenol, has versatile
preventive effects toward several chronic diseases including
cancer, inflammation, heart disease, diabetes, and neurode-
generative diseases (Chung et al. 2001; Li et al. 2010;
Hosakawa et al. 2010; Suganuma et al. 1998; Paquay et al.
2000; Cai and Lin 2009; Rezai-Zadeh et al. 2008). In
addition, GTPs are strong antioxidants against ROS as well
as inducers of several antioxidant proteins [HO-1, NAD(P)
H:quinone oxidoreductase 1 (NQO1), glutathione S-transfer-
ase pi (GSTP1), manganese superoxide dismutase] (Sahin et
al. 2010; Ogbome et al. 2008; Na et al. 2008).

Recently, high-dose EGCG was reported to induce hepato-
toxicity, as demonstrated by increased formation of malonyl-
dialdehyde (MDA) and 4-hydroxynonenal (4-HNE) (Lambert
et al. 2010). Along a similar line, we found that EGCG
enhanced the expression of pro-matrix metalloproteinase-7 by
inducing oxidative stress in HT-29 human colorectal cancer
cells (Kim et al. 2007). Furthermore, a 1% GTP diet
enhanced pro-inflammatory cytokines, aggravated colitis,
and tended to promote colon carcinogenesis in DSS-
exposed colons, while it decreased the activities of superoxide
dismutase (SOD) and catalase in non-treated mice (Kim et al,
2010). In addition, several human cases of hepatotoxicity
following consumption of dietary supplementation containing
green tea extracts have been reported (Mazzanti et al. 2009).

In the present study, oral feeding 0£1% GTPs caused kidney
and liver dysfunctions, as revealed by increases in serum
aspartate 2-oxoglutarate aminotransferase (AST), alanine
aminotransferase (ALT), and creatinine, as well as thiobarbi-
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turic acid-reactive substances (TBARS) levels in kidneys and
livers, together with down-regulation of antioxidant enzymes
and HSPs, in both normal and DSS-treated ICR mice.

Materials and methods
Chemicals

A GTP mixture containing 70% total catechins, 35%
EGCG, and 3% caffeine was obtained from LKT laborato-
ries, (West St. Paul, MN). DSS with a molecular weight of
36-50 kDa was purchased from MP Biomedicals, (LLC
Aurora, OH). All other chemicals and kits were obtained
from Wako Pure Chemical Industries (Osaka, Japan), unless
specified otherwise.

Animals

Male-specific pathogen-free ICR mice (17-19 g, 4 weeks old)
were purchased from Japan SLC (Shizuoka, Japan) and
housed five per cage. All mice were fed rodent MF pellets
(Oriental Yeast, Kyoto, Japan) and given fresh tap water ad
libitwm, while being kept at 22-26°C with a relative humidity
of 55-65% under a 12-h (0600—-1800 hours) light/dark cycle
for 6 days prior to the experiment. The mice were treated in
accordance with the “Guidelines for the Treatment of
Experimental Animals” of Kyoto University and the experi-
mental protocol was approved by the Experimentation
Committee of the same institution (approval number 21-42).

Experimental design

The experimental design is illustrated in Fig. 1. Mice were
randomly divided into four groups: non-treated (group 1),
GTPs-treated (group 2), DSS-treated (group 3), and GTPs +
DSS-treated (group 4). The GTP-fed groups were given a diet
containing 1% GTPs. DSS-treated groups were given 5%
DSS (wA) in water ad libitum, which induced experimental
colitis. Body weights and food intake of each group were
recorded each day until the end of experiment. All mice were
euthanized by deep anesthesia with diethyl ether for deter-
mining the effects of dietary GTPs on DSS-induced colitis.

RNA extraction and reverse transcription polymer chain
reaction analysis

Total RNA was prepared using Trizol (Invitrogen, Tokyo,
Japan), as described in the manufacturer's instructions. For
reverse transcription (RT-PCR) analysis, 1 ug of RNA was
reverse transcribed using an RNA PCR kit (TaKaRa, Shiga,
Japan) with oligo dT-adaptor primer, as recommended by the
supplier. PCR was done using a thermal cycler (PTC-0100;
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Selective PGE, Suppression Inhibits Colon Carcinogenesis
and Modifies Local Mucosal Immunity
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Prostaglandin E, {PGE,) is a bioactive lipid that mediates a wide range of physiologic effects and plays a
central role in inflammation and cancer. PGE, is generated from arachidonic acid by the sequential actions
of the COX and terminal synthases (PGES). Increased levels of COX-2, with a concomitant elevation of
PGE,, are often found in colorectal cancers (CRC), providing the rationale for the use of COX-2 inhibitors
for chemoprevention. Despite their proven efficacy in cancer prevention, however, COX-2 inhibitors
exhibit dose-dependent toxicities that are mediated in part by their nonspecific reduction of essential
prostanoids, thus limiting their chemopreventive benefit. To achieve enhanced specificity, recent efforts
have been directed toward targeting the inducible terminal synthase in the production of PGE,, micro-
somal PGES (mPGES-1). In the present study, we show that genetic deletion of mPGES-1 affords significant
protection against carcinogen-induced colon cancer. mPGES-1 gene deletion results in an about 80%
decrease in tumor multiplicity and up to a 90% reduction in tumor load in the distal colon of
azoxymethane (AOM)-treated mice. Associated with the striking cancer suppression, we have identified
a critical role for PGE, in the control of immunoregulatory cell expansion (FoxP3-positive regulatory
T cells) within the colon-draining mesenteric lymph nodes, providing a potential mechanism by which
suppression of PGE, may protect against CRC. These results provide new insights into how PGE, controls
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Selective inhibition of prostaglandin E, (PGE,} synthesis
via pharmacologic targeting of mPGES-1 may provide
chemopreventive efficacy while limiting the toxicity that
is often associated with long-term use of COX-2 inhibitors
(1). mPGES-1 is an inducible terminal synthase with only
moderate expression under normal physiologic conditions
(2). However, coordinated induction of mPGES-1 and
COX-2 is often observed within a variety of cancer types
(3). Our laboratory recently reported that genetic deletion
of mPGES-1 in Apc mutant mice significantly suppressed
intestinal tumorigenesis, a protective effect that occuired in
the absence of significant metabolic shunting of the COX-2
product, PGHa,, to other prostaglandins (4).
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Despite the profound suppression in tumor formation
that was observed in this earlier study, the effect of mPGES-
1 deletion in the colon was less apparent due to the
propensity of Apc mutant mice to develop tumors in the
small intestine (5). To address the issue of tissue specificity,
we introduced the mPGES-1 gene deletion onto strain A
mice, a line that is highly sensitive to chemical-induced
colon cancer {6-8). In the following study, we examined
the impact of mPGES-1 genetic status on colon carcinogen-
esis induced by azoxymethane (AOM), an organospecific
carcinogen that causes multiple adenomas in the distal
colon (8). Genetic deletion of mPGES-1 affords significant
protection against AOM-induced colon cancer. Associated
with the striking cancer protection, we identified a critical
role for PGE, in the control of immunoregulatory cell
expansion [FoxP3-positive regulatory T cells (Treg)] within
the colon-draining mesenteric lymph nodes (MLN), pro-
viding a potential mechanism by which inhibition of
mPGES-1 and inducible PGE, synthesis may protect
against colorectal cancers {(CRC).

2

o

b

Generation of mPGES-1 deletion on A/J background
Male A/] mice were purchased from The Jackson Labora-
tory and crossed with female mPGES-1 knockout (KO)
mice (C57BL/6; ref. 9). mPGES-1 heterozygous mice were
backcrossed onto Af] mice for 9 additional generations
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(N10). N10 heterozygous mice were intercrossed to gen-
erate A/J:mPGES-1 KO mice. Genotyping was carried out by
tail biopsy. Mice were maintained in a temperature-con-
trolled, light-cycled room and allowed free access to drink-
ing water and standard diet (LM-485; Harlan Teklad).

AOM treatment

Six-week-old wild-type (WT) and KO mice were injected
intraperitoneally with AOM (10 mg/kg of body weight;
Sigma-Aldrich) or vehicle control {0.9% NaCl) once a week
for a total of 6 weeks. Twenty weeks after the last injection,
mice were sacrificed and blood, spleen, MLNs, and colon
were harvested for further analysis. Colons were flushed
immediately with ice-cold PBS and excised longitudinally.
Specimens were fixed flat in 10% neutral buffered formalin
for 4 hours and stored in 70% ethanol. Animal experiments
were conducted after approval by the Animal Care Com-
mittee (ACC/IACUS) at the University of Connecticut
Health Center.

Quantification of lesions

Whole-mount colons were stained with 0.2% methylene
blue and the number and size of aberrant crypt foci (ACF)
and tumors were scored under a dissecting microscope.
Colon tumor load per mouse was determined using
tumor diameter to calculate the spherical tumor volume
{V = 4/3 1 1°). The amount of ulcerated tissue was deter-
mined as the percentage across the entire length of colon

{n = 10 per group).

Immunohistochemistry

Colons were paraffin embedded and sectioned at 5-um
thickness. Sections were treated with 1% to 3% hydrogen
peroxide, blocked, and incubated with anti-APC (1:800;
Millipore), anti-PCNA (1:150; Novocastra Laboratories
Ltd.), ant-PECAM1 (1:500; Santa Cruz Biotechnologies,
Inc.), anti-B-catenin (1:2,000; Sigma-Aldrich), anti-cleaved
caspase-3 (1:200; Cell Signaling Technology Inc.}, anti-
cyclinD1  (1:20; Novus Biologicals), anti-mPGES-1
(1:5,000; Abnova), and anti-Ki-67 (1:50; Dako North
America, Inc.). Sections were incubated with biotinylated
secondary antibody, followed by ABC reagent (Vector
Laboratories Inc.). Signal was detected using 3,3'-diami-
nobenzidine (DAB) solution (Vector Laboratories). Tissues
were counterstained with hematoxylin.

Immunefluorescence microscopy

Following antigen retrieval, sections were blocked and
incubated with anti-mPGES-1 (1:5,000; Abnova) and then
incubated with secondary antibody conjugated with Cy5
(1:500; Millipore). Nuclei were stained with Sytox Orange
{1:10,000; Invitrogen). Staining was visualized by confocal
microscopy using a Zeiss LSM 510/Confocor IT and images
were analyzed by LSM image browser software.

Flow cytometry
RBC-depleted spleens and MLN cells were resuspended

with staining buffer (balanced salt solution, 3% FBS and

0.1% sodium azide), followed by blocking solution con-
taining normal mouse serum, anti-Fc receptor supernatant
from the 2.4 G2 hybridoma (10), and human y-globulin.
Cells were incubated with labeled primary antibodies
(CD4, CDS8, CD11b, Gr-1 from eBioscience; Ki-67 from
BD Biosciences) and analyzed by flow cytometry as
described before (11). Intracellular staining of FoxP3
was conducted according to manufacturer's protocol
(eBioscience).

In vitro lymphocytes stimulation

Spleens and MLNs were harvested from 20- to 25-week-
old untreated female A/] mice, and 1 x 10° cells were
stimulated with phorbol-12-myristate-13-acetate (PMA; 50
ng/mL; Sigma) and ionomycin (1 pg/mlL; Sigma) for 4
hours in the presence of Brefeldin A (10 pg/mL; Sigma).
Intracellular staining was conducted for interleukin (IL) 10,
IFN-y, and Foxp3 (eBioscience,) as described eatlier (n = 6
per group).

Histologic evaluation

Colon histology was evaluated on Swiss-rolled hematox-
ylin and eosin (H&E) sections by a board-certified pathol-
ogist (T.T.). Colonic cypt dysplasia was diagnosed
according to established criteria (12), and colon tumors
were further diagnosed using histopathologic descriptions

(13).

PGE, and serum cytokine analyses

Serum was prepared from blood and samples were
purified using a PGE, affinity column (Cayman Chemical).
PGE, concentrations were determined by ELISA (Cayman
Chemical; n = 13 per group). Serum cytokine levels were
determined using a Bio-Plex Pro assay (Bio-Rad Labora-
tories, Inc.; n = 5 per group).

Measurement of the proliferative zone

Quantification of the proliferative zone was assessed on
proliferating cell nuclear antigen {PCNA)-stained tissues,
randomly selecting 25 crypts per mouse for analysis (n =5
per group). The ratio of positive cells to total cells within
the crypt was calculated for each colon, and an average of
the ratios were compared between WT and mPGES-1 KO
mice.

Statistical analyses

Statistical analyses of tumor size and multiplicity, as well
as a comparison of PGE, levels and the frequency of
immune cells using fluorescence-activated cell-sorting
(FACS) analysis, were conducted by Student’s ¢ test. A value
of P < 0.05 was considered statistically significant.

nPGES-1 deletion suppresses colon carcinogenesis
mPGES-1 KO mice and WT littermates were injected with

AOM and colons were harvested for analysis 20 weeks after

the last injection. In response to AOM treatment, WT mice
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1. Genetic deletion of MPGES-1 suppresses AOM-induced colon cancer. A, representative whole-mount colons showing numerous large, welt-

vascularized tumors in the WT mice (arrows). B, size distribution and total number of tumors per colon rounded to the nearest whole number, as well
as total tumor volume (mm®). C, size distribution and total number of ACF. Each data point represents an individual mouse. Bars indicate means = SEM.

*, P < 0.05 compared with WT mice.

developed multiple, large, and highly vascularized tumors,
primarily confined to the distal colon (Fig. 1A, arrows). In
mPGES-1 KO mice, however, only several colons had
macroscopically visible tumors (Fig. 1A). Tumor enumera-
tion revealed a remarkable suppression (up to 85%) in
mPGES-1 KO mice (33.6 £2.0vs. 5.0 £ 0.7 in WT and KO,
respectively; P < 0.0001; Fig. 1B), whereas tumor load was
reduced by up t0 90% (264.0 £29.0vs. 24.3 £ 4.3 in WT
and KO, respectively; P < 0.0001; Fig. 1C). Despite the
virtually complete protection against tumor formation, the
total number of ACF, a preneoplastic lesion common to the
distal colon, was reduced by less than 40% (32.4 £ 2.5 vs.
20.7 & 2.3 in WT and KO, respectively; P < 0.002; Fig. 1D}.
The maost effective protection occurred in ACF of inter-

mediate size, including those with 2 to 3 (16.0 & 1.4 vs.
10.0 £ 1.4 in WT and KO, respectively; P < 0.005) and 4 to
6 crypts per focus (10.4 * 1.3 vs. 6.3 & 0.9 in WT and KO,
respectively; P < 0.01).

In WT mice, analysis of tumor histology identified
primarily 2 forms of large adenomas, characterized by
either a pedunculated or flat morphology (Fig. 2, WT).
The tubular adenomas often exhibited an elongated struc-
ture with a stalk (Fig. 2, arrow). In the mPGES-1 KO mice,
however, only 1 of 19 mice developed a large adenoma
(>3 mm), which had either a flat or a slightly raised
morphology (Fig. 2, KO). Microadenomas were found
in the colons from either genotype, although carcinomas
in situ were limited to the WT mice (Fig. 2, WT). The
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WT

Figure 2. Evaluation of colonic
lesions. Tumors in WT mice exhibit
tubular or flat adenoma, whereas
mPGES-1 KO mice only develop
flat or slightly raised adenomas.
Microadenomas and adenomas
were found in the colons of both
geriotypes. Carcinomas in situ

.
- S

-

were identified only in the WT
colons. Lesions are delineated by
a dotted line. n = 14 in WT and
n = 19 in KO mice. Scale bars as
indicated.

KO

microadenomas showed slight, moderate, or severe
nuclear atypia without evidence of expansion and inva-
sive growth, characteristic of AOM-induced tumors occur-
ring in this model (refs. 7, 12; Fig. 2). The morphology of
the adenomas was similar between genotypes, comprised
largely of microscopically tubular structures. However,
tumors in WT mice were considerably larger, with fre-
quent compression of surrounding normal crypts. In
several cases, there was evidence for moderately differ-
entiated tubular carcinomas in situ with invasive growth
(Fig. 2, WT). Analysis of cypt dynamics revealed that
within the normal colonic epithelium, the absence of
mPGES-1 did not affect overall crypt length, nor alter the
size of the proliferative compartment in comparison to
the WT colons {Supplementary Fig. S1).

mPGES-1 status does not affect tumor markers

The profound suppression in tumor growth observed in
the mPGES-1 KO mice raised the possibility that PGE,
levels may directly affect cell turnover within the tumor
epithelium. To evaluate this possibility, colon tumors were
examined immunohistochemically for PCNA staining
(proliferation), and cleaved caspase-3, which detects an
earlier stage of apoptosis in cells that have not yet under-
gone major morphologic changes (14). Atotal of 10 colons
from each genotype were selected for immunochistochem-
ical analyses. Representative adenomas from a WT and
mPGES-1 KO colon are shown in Figure 3A. Intense PCNA
staining was present throughout the tumor epithelium,
regardless of mPGES-1 genotype and independent of tumor
size (Fig. 3A, PCNA). Cleaved caspase-3 immunostaining
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Figure 3. Immunohistochemical analysis of colon tumor markers. A, representative serial sections of colons showing staining for PCNA, cleaved caspase-3,
and PECAM-1, where positive staining is indicated by the arows. Boxed areas in H&E sections were enlarged to show the positive staining. Scale

bars as indicated. B, representative images of large and smalt tumors from each genotype stained for APC and B-catenin. Tumor cells from either genotype
lack expression of APC (arrows) compared with adjacent normal crypts (arrowheads), independent of tumor size. Similarly, B-catenin staining is increased in
the tumor cells (arrows) compared with adjacent normal cells (arrowheads), independent of genotype or tumor size. n = 10 per group. Scale bars as

indicated.

revealed few apopiotic cells within the normal aypts
(data not shown), and their frequency was unaffected by
mPGES-1 status, nor affected by tumor size (Fig. 3A, cleaved
caspase-3). These observations suggest that mPGES-1 status
does not influence cell turnover in the AOM colon tumor
model.

In contrast to our previous findings, whereby deletion of
mPGES-1 was found to disrupt neovessel growth within
small intestinal tumors in Apc'** mice (4), mPGES-1
deletion did not directly affect PECAM-1 staining within
and adjacent to AOM-induced colon tumors (Fig. 3A,
PECAM-1). Even in the smallest colon lesions examined
in the mPGES-1 KO mice, PECAM-1 staining within the
tumor stroma and surrounding colonic mucosa showed the
presence of well-formed vascular structures (arrows; Fig. 34,
PECAM-1). The difference in PECAM-1 staining between
these 2 studies, however, may result from the dissimilar
experimental systems employed including differing genetic
backgrounds and distinct mechanisms of tumor initiation.

We next examined the possibility that disruption of PGE,
formation may directly impact Wnt signaling, an effect that

was shown earlier in adenomatous polyposis coli (APC)-
deficient DLD-1 colon cancer cells (15). Surprisingly, loss
of APC protein, with increased cytoplasmic staining and
nuclear localization of B-catenin, was equivalent within
tumors regardless of mPGES-1 genotype or tumor size
(Fig. 3B). The loss of APC protein is consistent with pre-
vious findings showing that AOM-induced tumors do not
express the full-length protein (16, 17). Taken together,
these data suggest that the cancer suppression associated
with reduced PGE, formation is not related to aberrant cell
turnover or dysregulated B-catenin signaling in trans-
formed epithelial cells.

mPGES-1 is expressed in the stroma in the colon

To define the localization of mPGES-1, immunofluor-
escence imaging was done on colonic mucosa prepared
from mice harboring tumors. In the WT colons, we identi-
fied increased expression of mPGES-1 localized primarily at
the apical surface of the tumor stroma (Fig. 4). Positive
staining was also found within the stroma immediately
adjacent to the tumors (ref. 18; Fig. 4, arrows). Similar to
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Nuclear

Figure 4, Immunolocalization of
mPGES-1 in tumor stroma.
Immunofluorescence detection of
mPGES-1 in tumor and adjacent
normal colonic mucosa after AOM WT
exposure. T identifies tumor area
{delineated by dotted line). Arrows
in the merged images indicate the
presence of mPGES-1-~
expressing cells at the apical
surface of the tumor and also
within the adjacent tumor stroma
in WT mice. mPGES-1 was
localized to the perinuclear region KO
of stromal cells abutting the
tumor. Scale bars as indicated.

Merge

mPGES-1

Nuclear mPGES-1

that reported by Murakami and colleagues (19), mPGES-1
staining was confined to the perinuclear region of the cells
(Fig. 4). In addition, the expression of mPGES-1 was
observed within multiple cell types including macrophages
and fibroblasts (ref. 20; Supplementary Fig. 52). The loca-
tion of mPGES-1 indicates that the primary source of
inducible PGE, originates within the tumor stroma (21).
Therefore, an alternative possibility for tumor suppression
is that genetic deletion of mPGES-1 interrupts localized
production of PGE, within the tumor stroma, eliciting
effects that extend into the epithelial compartment.

The presence of mucosal ulcerations in mPGES-1 KO
mice

Further evaluation of colon histology in the mPGES-1 KO
mice revealed the presence of synchronous, localized
mucosal ulcerations affecting up to 15% of the colonic
epithelium. These cryptal lesions developed independently
of AOM treatment and were characterized histologically by
the presence of regenerative atypia (Fig. 5A). Mucosal
ulcerations within crypt abscesses resembled the active
phase of ulcerative colitis. Regenerative crypts adjacent to
the ulcerated areas, as well as infiltrating immune cells,
were positive for Ki-67, indicating active cell proliferation
(Fig. 5A, Ki-67). However, these regenerative crypts did not
share other molecular features typically associated with
neoplasia. For example, APC expression was largely
retained compared with the extensive loss of APC protein
observed in dysplastic adenomatous crypts in the mPGES-1
KO mice (Fig. 5B, APC). Importantly, we found no evi-
dence for B-catenin activation within these regenerative
cypt lesions, with plasma membrane staining observed
in all cases examined (Fig. 5B, B-catenin). Although
cyclinD1, a key B-catenin target, showed intermittent
nuclear staining within these epithelial structures
(Fig. 5B, cyclinD1), the normal status of APC expression
and B-catenin localization within these colonic structures
support their nonneoplastic nature.

Reduced frequency of CD4 FoxP3" Tregs in the
draining MLNs of the mPGES-1 null mice

The mild and localized chronic inflammation observed
within the colons of mPGES-1 KO mice was further
substantiated by the presence of macroscopically
inflamed MLNs, with a significant expansion of total
lymphocytes (1.6 + 0.3 vs. 7.4 £ 1.5 in WT and KO,
respectively; P < 0.006; Fig. 6A). Total numbers of CD4™
and CD8™ cells were also markedly elevated (0.9 + 0.2 vs.
2.9 + 0.5 for CD4* in WT and KO, respectively; P < 0.004
and 0.2 =+ 0.04 vs. 0.8 == 0.2 for CD8™ in WT and KO,
respectively; P < 0.01, respectively; Fig. 6A), presumably a
direct result of the ongoing localized inflammation. In
the spleen, however, there were no significant differences
in the total numbers of both CD4™ and CD8™ celis
(Fig. 6A). Correspondingly, serum PGE, concentrations
were moderately (P < 0.05) lower in the mPGES-1 KO
than in WT mice (Supplementary Fig. S3A). Moreover, the
concentration of a panel of pro- and anti-inflammatory
cytokines in the serum was mostly unchanged between
genotypes, confirming the localized effect associated with
mPGES-1 deletion {Supplementary Fig. S3B). The only
exception was a significant decrease in IL-1a, in mPGES-1
KO mice, which was recently shown to be regulated by
PGE, (22) and might be indicative of a stronger chronic
inflammatory response.

We next investigated the immunoregulatory mechan-
isms that may underlie colonic inflammation in the
mPGES-1 KO mice. PGE, has been shown in vitro to
enhance the differentiation of naive CD4% T cells into
FoxP3-positive Tregs that have the potential to suppress
effector T-cell function (23). Purthermore, Tregs play an
important regulatory role in gastrointestinal immunity
(24). As shown in Figure 6B, in the MLNs of mPGES-1 KO
mice, the frequency of CD4 FoxP3 double-positive cells
was reduced by 55% compared than in WT mice (21.1 &
1.1 vs. 11.7 & 1.3 in WT and KO, respectively; P <
0.0004). Importantly, this effect was not systemic, as
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&, Histologic features of localized colonic ulcerations. A, a representative localized ulceration in the colon of a mPGES-1 KO mouse cantaining

regenerative crypts (arrowheads). Highly proliferative cells within the regenerative crypts are detected by Ki-67 staining. Intense Ki-67 staining is also
seen in infiltrating immune cells within the colonic mucosa. B, comparison of tumor-related markers in serial sections of tumors and mucosal ulcers in
mPGES-1 KO mice. Enlarged areas are identified by the box. Scale bars as indicated.

the composition of Tregs within the spleen was unaffected
by genotype (Fig. 6B).

We also examined the possibility that a population of
myeloid-derived suppressor cells (MDSC), immunomodu-
latory cells that are often increased in tumor-bearing mice
{25), may be expanded in mPGES-1 KO mice in response to
the localized mucosal ulcerations. As anticipated, increased
levels of GR-1 CD11b double-positive MDSCs were found
in the MLN (0.03 £ 0.02 vs. 0.20 = 0.03 in WT and KO,
respectively; P < 0.00004) and spleen (2.08 = 0.40 vs. 8.37
+ 2.76 in WT and KO, respectively; P < 0.01; Fig. 6C).
However, the frequency of MDSCs was modest in compar-
ison to changes found in other mouse tumor models. For
example, in some cases, the spleen can harbor up to 40% of
MDSCs within the T-cell population, depending of course
on the underlying pathology (26). The present findings
suggest that limited expansion of MDSCs in mPGES-1 KO
mice, most likely attributed to reduced PGE; levels (27),
contributes to the enhanced inflammatory state that is
present within the colon and that may ultimately impede
colon tumor progression.

On the basis of the reduced levels of Tregs and the
moderate effect on MDSCs, we postulated that additional

immunoregulatory mechanisms might also contribute to
tumor suppression. Thus to evaluate this possibility, we
harvested cells from the spleens and MLNs of untreated WT
and mPGES-1 KO mice. The total number of cells harvested
from the MLN of the mPGES-1 KO mice was significantly
higher in comparison to the WT mice, a result of the
localized colonic ulcerations {Supplementary Fig. S4). In
addition, the number of CD4™" and CD8¥ cells was also
markedly higher in the mPGES-1 KO MLN (Supplementary
Fig. S4), consistent with our findings in tumor-bearing
mice (Fig. 6A). Following a 4-hour stimulation with
PMA/ionomycin, the ability of CD4™ cells to produce IL-
10 or IFN-y was slightly impaired in the mPGES-1 KO group
(Supplementary Fig. $4). These observations suggest that
mPGES-1 deficiency may affect the production of regula-
tory T type 1 cells (Tr1), another type of immunoregulatory
cell present within the gut mucosa {28).

Elevated prostanoid production in the colon plays a
key role in cancer pathogenesis and efforts have been
made to suppress this pathway, primarily via inhibition
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the arachidonic acid pathway including the terminal
PGE, synthase, mPGES-1 (3). In the present study, we
provide evidence that suppression of inducible PGE,

of COX-2 activity. Although long-term COX-2 inhibition
can be effective, it has also been associated with a
number of adverse effects, notably cardiovascular and

gastrointestinal (GI) toxicities (29). Evidence from sev-
eral tumor models provides the rationale for the devel-
opment of alternative chemoprevention targets within

production through genetic deletion of mPGES-1 effec-
tively reduces colon cancer development. We also go on
to show that suppressing inducible PGE, formation
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influences cancer development in part by promoting an
effective immune response to the tumor.

Remarkably, tumor suppression was so effective that
only 1 of 19 mPGES-1 KO mice (5.3%) developed a colon
tumor exceeding 3 mm in size. Despite this protection
afforded to the colon, however, mPGES-1 deletion did not
influence the frequency of ACF to the same extent, This
latter observation is consistent with the recent findings of
Cho and colleagues {30} who reported that within a subset
of patients on the Adenoma Prevention with Celecoxib
trial, adenoma suppression by celecoxib treatment was not
correlated with changes in the density of ACF within the
distal colorectum. It is possible that at least for agents that
target the COX-2 pathway, ACF do not provide a surrogate
marker for colon cancer suppression.

PGE, is a pleiotropic molecule that is formed within a
variety of cell types and can elicit effects that are both cell-
and tissue-context dependent. The precise location of indu-
cible PGE, formation, however, remains somewhat con-
troversial. For example, it is broadly accepted that tumor
cell-derived PGE, promotes tumor growth through an
autocrine mechanism. Consistent with this mechanism,
mPGES-1 expression has been identified directly within
the epithelial cells of colon tumots (31-33). In the present
study, however, we found that mPGES-1 was localized
primarily within the tumor stroma, indicating that indu-
cible formation of PGE, may impair tumor expansion via
non-cell autonomous mechanisms. This finding is consis-
tent with the results of Kamei and colleagues (32), who
showed that the growth of Lewis lung carcinoma (LLC)
tumor cells explanted into an mPGES-1-deficient host was
markedly impaired in comparison to the growth observed
in an mPGES-1-competent host. In addition, a number of
studies have found COX-2 expression to be confined to the
tumor stroma (reviewed in ref. 34).

The depletion of inducible PGE, formation is asso-
ciated with the development of colonic mucosal abnorm-
alities that are reminiscent of ulcerative colitis. The
lesions are restricted to the large intestine, and the his-
tologic features of these lesions consist of crypt erosion
and an influx of inflammatory cells. Interestingly, Hara
and colleagues (35) recently reported that mPGES-1 KO
mice show enhanced: susceptibility to dextran sodium
sulfate (DSS)-induced ulcerative colitis, confirming a
critical role for PGE, in maintaining colonic epithelial
barrier function under conditions of chemical-induced
stress. It is possible that the localized ulcerations present
within the colons of the mPGES-1 KO mice induce a
chronic inflammatory condition. We further speculate
that this underlying inflammation may actually be a
contributing factor in the suppression of colon tumors
observed in the present study.

PGE, is among the most potent immunoregulatory
molecules within the intestinal mucosa. In addition to
its modulating effects on normal gut barrier function
and mucosal response to pathogens (36}, inducible for-
mation of PGE, also plays a critical role in the immuno-
suppression associated with advanced neoplasia (37).

Tregs, with the potential to suppress effector T-cell function
(38, 39) have been shown to play an important immuno-
modulatory role within the GI tract (24, 40). Within the
tumor microenvironment, PGE, has been reported to
enhance Treg differentiation by inducing the expression
of Foxp3 in naive CD4" T cells (23, 41, 42). In CRC
patients, increased levels of Tregs were identified within
the tumors as well as in the regional lymph nodes (43).
Morteover, the effect of Tregs on the production of proin-
flammatory cytokines was reversed by treatment with non-
steroidal anti-inflammatory drugs (NSAID), further
evidence for Treg dependence on PGE, during tumor
evolution (43). Given the direct influence that PGE, elicits
on FoxP3 expression in T cells, it is entirely possible that
mPGES-1 deficiency may result in a persistent overreactive
immune response due to the loss of functional activation of
Tregs.

Interestingly, the present study shows that the impaired
immunoregulatory response in the mPGES-1 KO mice,
reflected by the spontaneous development of localized
ulcerations, was not entirely accounted for by attenuated
Treg expansion. mPGES-1 deletion also modestly affected
the levels of MDSCs and Trl-like cells, suggesting that the
absence of inducible PGE, formation may disrupt funda-
mental immunomodulatory mechanisms within the tumor
microenvironment. One possibility is that mPGES-1 defi-
ciency causes a shift in cytokine profiles during tumorigen-
esis. In fact, Monrad and colleagues (44) recently showed
that mPGES-1-deficient bone marrow-derived dendritic
cells (BMDC) had decreased production of IL-12 in
response to lipopolysaccharide (LPS) stimulation. Further-
more, our preliminary data show that MLN cells harvested
from the mPGES-1 KO mice produce higher levels of several
cytokines when compared with similarly stimulated WT
cells (data not shown). Because the mPGES-1 genotype did
not affect systemic cytokine profiles with the exception of
IL-10;, a more detailed analysis of tissue-specific cytokine
profiles is warranted.

A number of studies suggest that chronic inflammation
may play an important role in the pathogenesis of up to
20% of human cancers (45). In particular, long-standing
inflammatory bowel disease (IBD) is considered a sig-
nificant risk factor for CRC (46). Although the present
data appear to contradict these earlier observations, we
postulate that the underlying inflammation present in
mPGES-1 KO mice, resulting from the mild and localized
colonic ulceration, may actually confer protection against
tumor progression by providing a mechanism for active
clearance of cancer-initiating cells. Consistent with this
hypothesis, an earlier study by Tanaka and colleagues
(13) showed that mice administered DSS prior to a single
injection of AOM failed to develop colon tumors 20 weeks
later. In the present study, mPGES-I KO mice did not
exhibit clinical signs of severe ulcerative colitis, such as
rectal bleeding and excessive weight loss (data not
shown), despite the presence of these benign, localized
mucosal ulcerations. Of course, the possibility exists that
the mild inflammation that is present within the colons
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of the mPGES-1 KO mice may contribute to subsequent
cancer risk. However, without additional genetic hits,
these lesions may not have the capacity to progress to
cancer (47). Therefore, additional studies to better define
the mechanisms by which selective suppression of PGE,
directly modulates antitumor immunity and contributes
to colon cancer suppression are underway. These studies
will ultimately enable the development of effective
therapeutic strategies for targeting mPGES-1 for cancer
prevention.
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Obesity-related metabolic abnormalities include a state of
chronic inflammation and adipocytokine imbalance, which in-
crease the risk of colon cancer. Curcumin, a component of turmeric,
exerts both cancer preventive and antiinflammatory properties.
Curcumin is also expected to have the ability to reverse obesity-
related metabolic derangements. The present study examined the
effects of curcumin on the development of azoxymethane (AOM)-
induced colonic premalignant lesions in CS7BL/KsJ-db/db (db/db)
obese mice. Feeding with a diet containing 0.2% and 2.0% cur-
cumin caused a significant reduction in the total number of
colonic premalignant lesions compared with basal diet-fed mice.
The expression levels of tumor necrosis factor-¢, interleukin-6,
and cyclooxygenase-2 (COX-2) mRNAs on the colonic mucosa of
AOM-treated mice were significantly decreased by curcumin ad-
ministration. Dietary feeding with curcumin markedly activated
AMP-activated kinase, decreased the expression of COX-2 protein,
and inhibited nuclear factor-«B activity on the colonic mucosa of
AOM-treated mice. Curcumin also increased the serum levels of
adiponectin while conversely decreasing the serum levels of leptin
and the weights of fat. In conclusion, curcumin inhibits the develop-
ment of colonic premalignant lesions in an obesity-related colorec-
tal carcinogenesis model, at least in part, by attenuating chronic
inflammation and improving adipocytokine imbalance. Curcumin
may be useful in the chemoprevention of colorectal carcinogenesis
in obese individuals.
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INTRODUCTION

Colorectal cancer (CRC) is a serious global health care
problem. There is increasing evidence that obesity and its
related metabolic abnormalities are associated with colorectal
carcinogenesis. Several biological mechanisms linking obesity
to the development of CRC have been demonstrated, including
the emergence of insulin resistance and alterations in the insulin-
like growth factor (IGF)/IGF-1 receptor axis (1,2). Imbalance
of adipocytokines (such as decreased adiponectin levels and in-
creased leptin levels) and a state of chronic inflammation, both of
which are highly correlated with the presence of excess adipose
tissue, also play roles in obesity-related colorectal carcinogene-
sis (1,2). For instance, there is a close correlation between lower
levels of serum adiponectin and the development of colorectal
tumors (3,4). Increased leptin levels exert tumor-promoting
effects in obesity- and inflammation-related CRC (5-9). Tumor
necrosis factor (TNF)-«, a central mediator of chronic inflam-
matory diseases, has markedly increased expression levels in
adipose tissue, and its dysregulation is associated with stimu-
lation of tumor promotion and progression of carcinogenesis
(10,11). These reports suggest that targeting adipocytokine im-
balance and chronic inflammation may provide effective strate-
gies for preventing the development of obesity-related CRC
(6-8).

Curcumin, a yellow-colored pigment derived from turmeric
(Curcuma longa), has been shown to exert numerous pharmaco-
logical effects, including antiinflammatory and chemopreven-
tive properties (12—14). In rodent models, dietary curcumin was
found to inhibit chemically induced colorectal carcinogenesis
(see the Chemopreventive Database at http://www.inra.fr/reseau
-nacre/sci-memb/corpet/indexan.html). Curcumin also inhibited
cell growth and induced apoptosis in human CRC-derived cells
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by suppressing the expression of cyclooxygenase-2 (COX-2)
(15,16), which is one of the most critical targets of CRC chemo-
prevention (17). Curcumin showed benefits in the treatment of
ulcerative colitis in a randomized clinical trial (18), and it was
also found to attenuate chronic experimental colitis in rats by
reducing the expression of TNF-a and COX-2 on the colonic
mucosa (19). Therefore, curcumin may be capable of exert-
ing chemopreventive and antiinflammatory effects on the colon
through regulation of TNF-a and COX-2 expression.

In addition, recent studies have revealed that curcumin has
the potential to improve obesity-related chronic inflammatory
conditions and metabolic derangements. In rodent models of
obesity and diabetes, administration of curcumin significantly
ameliorates diabetes, increases adiponectin production by adi-
pose tissue, and decreases serum levels of TNF-¢ and inter-
leukin (IL)-6 (20,21). Therefore, curcumin may be a promising
agent for the prevention of obesity-related pathogenesis includ-
ing CRC development. In the present study, we investigated the
effects of curcumin on the development of colonic premalignant
lesions, aberrant crypt foci (ACF), and B-catenin accumulated
crypts (BCAC) (22,23) in an animal model for obesity-related
colorectal carcinogenesis (5-8), which was produced by admin-
istrating the colonic carcinogen azoxymethane (AOM) to obese
and diabetic C57BL/KsJ-db/db (db/db) mice.

MATERIALS AND METHODS

Animals and Chemicals

Four-week-old male homozygous db/db mice were obtained
from Japan SLC (Shizuoka, Japan) and were maintained at the
Gifu University Life Science Research Center in accordance
with the Institutional Animal Care Guidelines. Curcumin and
AOM were purchased from Sigma-Aldrich (St. Louis, MO).

Experimental Procedure

A total of 38 male db/db mice were divided into the following
5 experimental and control groups: untreated (Group 1, n = 5);
2% curcumin alone (Group 2, n = 5); AOM alone (Group 3, n =
10); AOM plus 0.2% curcumin (Group 4, n = 9); and AOM plus
2% curcumin (Group 5, n = 9). The curcumin concentrations
(0.2% and 2%) were chosen based on the following 2 reasons:
1) the doses of dietary curcumin in the most published rodent
experiments were between 0.05 and 2% from the Chemopre-
ventive Database; and 2) the dose level of 0.2% curcumin in
diet, which is equivalent to 300mg/kg/day (24), is relevant to
the dose used in clinical trials. At 5 wk of age, all mice were
given 4 weekly subcutaneous injections of saline (Groups 1 and
2) or AOM (15 mg/kg body weight; Groups 3, 4, and 5). The
mice in Groups 1 and 3 were fed the basal diet, CRF-1 (Oriental
Yeast Co., Ltd., Tokyo, Japan), throughout the experiment (for
11 wk). Group 2 was fed the basal diet containing 2% curcumin
throughout the experiment. Groups 4 and 5 were given the basal
diet containing 0.2% and 2% curcumin, respectively, for 7 wk,
starting 1 wk after the last injection of AOM. At the termination

of the study (16 wk of age), all mice were sacrificed for analysis
of ACF and BCAC. The animal experiment was approved by
the Committee of the Institutional Animal Experiments of Gifu
University.

Identification and Counting of ACF and BCAC

The numbers of ACF and BCAC were determined according
to standard procedures (6-8). After fixing flat in 10% buffered
formalin for 24 h, the colons were stained with methylene blue
(0.5% in distilled water) to count the number of ACF. The distal
parts of the colon (2 cm from anus; mean area, 0.7 cm?/colon)
were then cut and embedded in paraffin, and a total of 20 serial
sections (each 4 pm thick) per mouse were created by an en
face preparation to identify BCAC intramucosal lesions (6-8).
For each case, 2 serial sections were used to analyze BCAC.

Histopathology and Immunohistochemical Analyses
for B-Catenin and Nuclear Factor-xB

Two serial sections, prepared from the paraffin-embedded
tissue blocks, were subjected to hematoxylin and eosin stain-
ing for histopathology and S-catenin immunohistochemistry to
count the number of BCAC (6-8). In addition, phospho-nuclear
factor-« B (NF-«B) p65 immunohistochemistry was performed
in vertical histological sections of colonic mucosa to estimate
NF-«B activity in the crypt cells and mucosal interstitial cells
(25). Immunohistochemistry for S-catenin and phospho-NF-«B
p65 was performed using the labeled streptavidin-biotin method
(LSAB kit; DAKO, Glostrup, Denmark). Anti-B-catenin anti-
body (1:1000 final dilution) was obtained from BD Transduction
Laboratories (San Jose, CA). Antiphospho-NF-«B p65 antibody
(Ser276; 1:50 final dilution) was from Cell Signaling Technol-
ogy (Danvers, MA). In the phospho-NF-«B p65-immunostained
sections, the cells with intensely stained nuclei were considered
to be active in NF-«B. Cells with active NF-«B in both the
colonic epithelium and interstitium were counted and expressed
as a percentage of the total number of cells in the tissues. A
positive cell index (%) was determined by counting at Jeast 500
cells in the colonic epithelium and 300 cells in the interstitium
of each mouse.

Protein Extraction and Western Blot Analysis

Total proteins were extracted from the scraped mucosa from
the remaining colon portions of the AOM-treated mice (Groups
3 to 5), and equivalent amounts of proteins (20 pg/lane) were
examined by a Western blot analysis (6-8). The primary antibod-
ies for AMP-activated kinase (AMPK), phosphorylated form of
AMPK, COX-2, and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) were described previously (6-8). An antibody
against GAPDH served as a loading control.

RNA Extraction and Quantitative Real-Time Reverse
Transcription-PCR analysis

Total RNA was isolated from the scraped colonic mucosa
of the AOM-treated mice using the RNAqueous-4PCR kit
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(Ambion Applied Biosystems, Austin, TX). The cDNA was
synthesized from 0.2 pg of total RNA using the SuperScript
T First-Strand Synthesis System (Invitrogen, San Diego, CA).
A quantitative real-time reverse transcription-PCR (RT-PCR)
analysis was performed using specific primers that amplify
the TNF-«, IL-6, COX-2, and GAPDH genes, as previously
described (8). Real-time RT-PCR was done in a LightCycler
(Roche Diagnostics Co., Indianapolis, IN) with the SYBR Pre-
mix Ex Taq (TaKaRa Bio, Shiga, Japan). The expression levels
of the TNF-¢, IL-6, and COX-2 genes were normalized to the
GAPDH gene expression levels.

Clinical Chemistry

The blood samples, which were collected at the time of sac-
rifice after 6 h of fasting, were used for chemical analyses.
The serum concentrations of adiponectin and leptin (Shibayagi,
Gunma, Japan) were determined by using an enzyme immunoas-
say according to the manufacturer’s protocol.

Statistical Analyses

The results are presented as the mean &+ SD and were an-
alyzed using the GraphPad Instat software program, v. 3.05
(GraphPad Software, San Diego, CA) for Macintosh. The dif-
ferences among the groups were analyzed by I-way analysis
of variance (ANOVA) or by 2-way ANOVA if required. When
ANOVA showed a statistically significant effect (P < 0.05),
comparison of each experimental group with the control group
was performed using the Tukey-Kramer multiple comparisons
test. The differences were considered statistically significant
when the 2-tailed P-value was less than 0.05.

RESULTS

General Observations

During the study, dietary feeding with curcumin did not cause
clinical symptoms or evidence of toxicity (data not shown). The
mean body weights of the AOM-injected groups (Group 3: 40.9
+ 5.5 g, Group 4: 35.0 £ 2.6 g, and Group 5: 39.1 = 6.1 g)
were lower than that of the saline-injected group (Group 1:
54.6 + 8.8 g) at the termination of the experiment (P < 0.01

for each comparison). This might be caused by the toxicity of
AOM, which has been observed in previous experiments (6-8).
No significant differences were observed in the mean weights
of the liver and kidney among the groups (data not shown).
Histopathological examination also revealed that there were no
alterations visible in the liver and kidney tissues. This provides
further evidence of the lack of toxicity of curcumin with respect
to the liver and kidney of the mice in Groups 3 to 5 (data not
shown).

Effects of Curcumin on AOM-Induced ACF and BCAC
Formations in db/db Mice

Table 1 summarizes the total numbers of ACF and BCAC
in each group. ACF and BCAC were observed to develop in
the colon of all mice that received AOM (Groups 3 to 5), but
not in the control groups (Groups 1 and 2). The mean number
of ACF in the AOM alone group (Group 3) was 134.0 £ 24.5
and dietary feeding with 0.2% (Group 4) and 2% (Group 5)
curcumin significantly reduced the incidence of ACF by 27%
(P < 0.05) and 43% (P < 0.01), respectively. Moreover, the
number of BCAC in Group 5 was significantly lower than that
in Group 3 (76% inhibition, P < 0.01).

Effects of Curcumin on the Expression Levels of TNF-a,
IL-6, and COX-2 mRNAs in the Colonic Mucosa of
AOM-Injected db/db Mice

Quantitative real-time RT-PCR analysis indicated that feed-
ing with 2% of curcumin significantly decreased the expression
levels of TNF-« (Fig. 1A, P < 0.05) and COX-2 (Fig. 1C,
P < 0.05) mRNAs in the colonic mucosa of AOM-injected
mice relative to those of the curcumin-untreated control mice.
In addition, the expression levels of IL-6 mRNA were appar-
ently decreased to a greater extent by administration of both
doses of curcumin (Fig. 1B, P < 0.01).

Effects of Curcumin on the Activation of AMPK
and the Expression of COX-2 Proteins in the Colonic
Mucosa of AOM-Injected db/db Mice

A Western blot analysis indicated that administration of both
concentrations of curcumin caused significant phosphorylation

TABLE 1
Effects of curcumin on AOM-induced ACF and BCAC formation in the colon of male db/db mice

No. of Length of Total no. Total no.
Group no. Treatment mice colon (cm) ACFs/colon BCACs/cm?
1 Saline 5 11.1£0.8¢ 0 0
2 Saline + 2% curcumin 5 10.54+0.2 0 0
3 AOM alone 10 10.6 0.8 134.04+24.5 34418
4 AOM + 0.2% curcumin 9 9.6k1.6 98.2+36.6° 1.541.1
5 AOM + 2% curcumin 9 104+04 76.44+13.6¢ 0.8+1.4°

“Mean = SD.

bSignificantly different from Group 3 (P < 0.05).
Significantly different from Group 3 (P < 0.01).



