(CRF-1; Oriental Yeast, Tokyo, Japan). Both 1-MT and AOM
were purchased from Sigma (St Louis, MO, USA), whereas
EGCG was obtained from Mitsui Norin (Tokyo, Japan). For
1-MT and EGCG treatment of rats, 1-MT (0.2%) and EGCG
(0.1%) solutions were prepared in tap water and administered
to the rats in their drinking water ad libitum. Fresh test solu-
tions were prepared three times a week. The concentration of
EGCG (0.1%) used in the present study was chosen on the
basis of the results of previous chemopreventive studies!!®>®
and was within the physiologic range of the daily intake of
green tea catechins in humans on a per unit body weight
basis.?”

Experimental procedure

As shown in Figure 1, 60 male F344 rats were quarantined for
the first 7 days and then randomized into one of three groups
to receive either 0.2% 1-MT, 0.1% EGCG, or no test com-
pounds. One week later, the rats in each group were further
grouped to receive subcutaneous injections of AOM (20 mg/kg
body weight) or saline (200 pL) once a week for 2 weeks.
Rats were given control and test drinking water for 4 weeks,
starting 1 week before the first AOM injection. All measure-
ments, including the large bowel excision and the collection of
blood samples from the inferior vena cava, were performed
from rats that had been killed by CO, asphyxiation at Week 4
(9 weeks of age). One-quarter of the excised colons (cecum
side) was used for crypt isolation, whereas the remainder was
used to determine the number of colonic ACF and BCAC (see
below). After the number of ACF had been counted, the colon
was rolled like a “Swiss roll”®® and paraffin-embedded sec-
tions were prepared using routine procedures for subsequent
histopathologic and immunohistochemical examinations.
Counting colonic ACF and BCAC. The number of ACF and
BCAC was determined as described previously.®>230 Briefly,
buffered formalin-fixed colons were stained with 0.5% methy-
lene blue solution for 20 s and then placed on microscope
slides to count the number of ACF and to determine their size.
The number of ACF in the colon was recorded along with the
number of crypts in each focus and the data are expressed as
the total number of ACF per colon, total number of aberrant
crypts (ACs) per colon, number of ACs per focus, and total
number of large ACF (i.e. ACF with four or more aberrant

Age (\!veeks) 5 [ 7 8 9
5);;;(:(:mental 0 1' % i’o i
Gro:p no.I ' ' ] o
\ M
2 AOM+1-MT
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s 777777777722
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[ Tap water Tap water containing 0.2% 1-MT Tap water containing 0.1% EGCG
Fig. 1. Experimental protocol. Rats (5 weeks old) were allocated to
one of six groups and treated over a period of 4 weeks, as indicated.
AOM, azoxymethane; 1-MT, 1-methyltryptophan; EGCG, (-)-epigallo-
catechin gallate.
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crypts) per colon.®” After the number of ACF had been
counted, the rectal mucosa (2.0 cm from the anus) was cut and
embedded in paraffin to identify BCAC intramucosal lesions,
with 4-pm sections obtained from an en face preparation. The
number of BCAC on histological sections stained with B-cate-
ninzwas counted and is expressed as the number of BCAC per
cm” mucosa.

Immunohistochemical analysis. After endogenous peroxidase
activity had been blocked with H,O,, sections were incubated
overnight at 4°C with primary antibodies: anti-B-catenin (1:
1000; BD Biosciences PharMingen, San Diego, CA, USA),
anti-IDO (1:1000; LYFESPAN, Seattle, WA, USA), and anti-
L-kynurenine (1:1000; Abnova, Taipei City, Taiwan). Subse-
quently, sections for the immunohistochemistry of B-catenin
and IDO were incubated with biotinylated secondary antibod-
ies against the primary antibodies (DAKO, Carpinteria, CA,
USA), followed by incubation with avidin-coupled peroxidase.
The sections for L-kynurenine immunohistochemistry were
incubated with peroxidase-labeled polymer-conjugated second-
ary antibodies against the primary antibodies. They were then
developed with 3,3'-diaminobenzidine using DAKO Liquid
DAB Substrate-Chromogen System (DAKO) and counter-
stained with hematoxylin.

Crypt isolation. Colonic tissue was washed twice with
1 x Hank’s balanced salt solution (HBSS; Sigma) and then
incubated with 1 x HBSS containing 30 mM EDTA at 37°C
for 15 min. The tissue was dispersed in 1 x HBSS solution
by vortexing and separated into epithelial crypts and stromal
tissues as described previously.‘

Quantitative real-time RT-PCR. Total RNA was extracted from
isolated epithelial crypts and stromal tissues using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). Total RNA (1 pg) was
used for the synthesis of first-strand cDNA. Quantitative real-
time RT-PCR was performed using specific primer/probe sets
that amplified the IDO, tryptophan 2,3-dioxygenase (TDO),
cyclooxygenase (COX)-2, IFN-y, and GAPDH genes (TagMan
Gene Expression Assays; Applied Biosystems, Foster City,
CA, USA) and TOYOBO Real-time PCR Master Mix (TOY-
OBO, Osaka, Japan). Each sample was analyzed on a Light-
Cycler 1.0 (Roche Diagnostics, Mannheim, Germany), as
described previously.®® The expression of each gene was nor-
malized against that of GAPDH using the standard curve
method.

Determination of IDO activity. Indoleamine 2,3-dioxygenase
activity was determined by calculating the ratio of L-kynure-
nine/L-tryptophan in serum and colonic tissues.®® Serum sam-
ples were deproteinized with 3% perchloric acid. Isolated
epithelial crypt and stromal samples were homogenized in
2 pL of 3% perchloric acid per mg tissue. After centrifugation
at 4°C and 20 000 g for 10 min, aliquots of the supernatant
were collected for HPLC determination of L—tryptoghan and
L-kynurenine concentrations, as described previously.®®

The enzymatic activity of IDO was also measured using
cell-free assays. An aliquot of recombinant human IDO
(R&D Systems, Minneapolis, MN, USA) was diluted in
50 mM 2-(N-morpholino)ethanesulfonic buffer (pH 6.5). The
reaction mixture contained 50 pL enzyme preparation and
50 pL substrate solution, which consisted of 100 mM potas-
sium phosphate buffer (pH 6.5), 50 pM methylene blue,
20 pg catalase, 50 mM ascorbate, 0.4 mM L-tryptophan,
and 2000 pM 1-MT or 200 uM EGCG. After incubation
of the reaction mixture at 37°C for 1 h, the concentrations
of the enzymatic products were measured by HPLC.
Enzymatic activity is expressed as the product content per
hour.

Statistical analysis. All data are expressed as the mean + SD.
Differences between groups were analyzed by two-way
ANova and, when statistical significance was found, individual
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differences were evaluated using the Tukey—Kramer multiple
comparison test. P < 0.05 was considered significant.

Results

General observations. All rats remained healthy and none
died during the experimental period. There were no significant
differences in the consumption of food (data not shown) and
drinking water (Table 1) between the different groups. Body,
liver, and relative liver weights, as well as the length of the
large bowel, at the end of the study are given in Table 1. The
mean body weight of the AOM + 1-MT group was only sig-
nificantly less than that of the 1-MT group (P < 0.05). This
decrease may have been due to AOM toxicity, as observed in
previous studies, -3637) because 1-MT alone did not reduce
body weight in the absence of AOM. Other measurements did
not differ significantly among the groups. Histopathologically,
there were no findings suggesting toxicity of 1-MT or EGCG
in the liver, kidney, or spleen of rats (data not shown).

Effects of 1-MT and EGCG on AOM-induced ACF and BCAC in
F344 rats. All rats in the AOM, AOM + 1-MT, and AOM
+ EGCG groups (i.e. all those treated with AOM) developed
ACF and BCAC. In the 1-MT, EGCG, and untreated groups,
there were no microscopically observable changes, including
ACF or BCAC, in the colon. Compared with the group treated
with AOM alone, daily oral administration of 1-MT and
EGCG in the drinking water significantly reduced the fre-
quency of ACF (P < 0.001 for each comparison). The reduc-
tion in the frequency of ACF was significantly greater
following EGCG administration than after 1-MT administration
(P < 0.05). We also noticed a significant reduction in the per-
centage of large ACF, consisting of four or more aberrant
crypts, in the AOM + 1-MT and AOM + EGCG groups com-
pared with the AOM group (P < 0.001 for each comparison;
Fig. 2a). In addition, the number of BCAC per cm” in the
AOM + 1I-MT and AOM + EGCG groups was significantly
less than that in the AOM group (P < 0.001 for each compari-
son; Fig. 2b).

Immunohistochemical analysis of IDO and -kynurenine in the
colonic mucosa. The expression of IDO and L-kynurenine was
determined in colonic crypts and preneoplastic lesions (i.e.
ACF and BCAC) using immunohistochemical analysis. Com-
pared with colonic crypt cells in untreated control rats, which
exhibited only weak positive cytoplasmic staining to IDO,
there was a significant increase in IDO staining in the atypical
cell cytoplasm of the ACF and BCAC that had developed in
AOM-treated rats. Furthermore, L-kynurenine expression,
which was very weak in normal crypts of untreated control
rats, was slightly increased in the ACF and BCAC of AOM-
treated rats (Fig. 3a). Neither EGCG nor 1-MT treatment
significantly altered the AOM-induced increases in IDO and
L-kynurenine staining (Fig. 3b,c).

Effects of 1-MT and EGCG on IDO and TDO expression in iso-
lated epithelial crypts and stromal cells. In cancer tissues, IDO

is overexpressed in both tumor epithelial cells and antigen-pre-
senting cells in the stroma.®® Tryptophan 2,3-dioxygenase, a
hepatic enzyme that catalyses the first step of tryptophan deg-
radation, is also expressed in many tumors.”’ Therefore, after
crypt isolation, we determined whether there was increased
expression of IDO and TDO in both epithelial crypts and stro-
mal tissues in the colon of AOM-treated rats. As indicated in
Figure 4(a,b), quantitative RT-PCR analysis revealed a signifi-
cant increase in IDO expression in both the crypts and stromal
cells of the AOM-treated group compared with the untreated
control group (P < 0.05 for each comparison). Furthermore,
these increases were significantly inhibited by EGCG treatment
(P <0.05 for each comparison). Although 1-MT treatment
tended to decrease IDO expression in crypts and stromal tis-
sues, the difference failed to reach statistical significance. In
the absence of AOM treatment, IDO mRNA expression was
not affected by the administration of either 1-MT or EGCG.
In contrast with IDO, AOM did not induce an increase in
TDO mRNA expression and neither EGCG nor 1-MT had any
effect on TDO expression in crypts and stromal tissues
(Fig. 4c,d).

Effects of 1-MT and EGCG on IDO activity. We next examined
the enzymatic activity of IDO in serum and colon tissues of
AOM-treated rats by measuring the concentrations of L-kynur-
enine and L-tryptophan. The L-kynurenine/L-tryptophan ratios
in the serum (Fig. Sa) and stromal cells (Fig. 5c) of the AOM-
treated group were significantly higher than in the untreated
control group (P < 0.05 for each comparison). Treatment of
rats with 1-MT and EGCG resulted in a significant decrease in
these ratios in AOM-treated rats (P < 0.05 for each compari-
son), suggesting that 1-MT and EGCG significantly inhibit
both the systemic (serum) and focal (colonic stromal) AOM-
induced increases in IDO activity. In epithelial cells, there
were no significant differences in the vL-kynurenine/L-trypto-
phan ratios between the different groups (Fig. 5b). In
the absence of AOM treatment, neither 1-MT nor EGCG
alone had any effect on the L-kynurenine/L-tryptophan ratios
(Fig. 5a—c).

To further investigate whether 1-MT and EGCG directly
influence IDO activity, we measured IDO enzyme kinetics
(kynurenine production) using recombinant human IDO in a
cell-free system. As shown in Figure 6, levels of L-kynurenine
produced by IDO were significantly inhibited by 1-MT and
EGCG treatment (P < 0.001 for each comparison). These find-
ings suggest that both 1-MT and EGCG act directly to inhibit
IDO activity.

Effects of 1-MT and EGCG on COX-2 and IFN-y expression in
stromal cells. We next assessed the inhibitory effects of 1-MT
and EGCG on COX-2 and IFN-y expression, because both are
regulated by inflammatory cells in the stroma and are
implicated in the induction of IDO.“*® Using quantitative
RT-PCR, we found that the expression of COX-2 mRNA in
stromal tissues was markedly upregulated in the AOM-treated
group, but this upregulation was significantly inhibited by

Table 1. General parameters
Treatment No. rats Drinking water Body Liver Relative liver weight Length of the
examined intake (g/day) weight (g) weight (g) (g/100 g body weight) large bowel (cm)

AOM alone 14 273+ 1.3 203 = 11 10.2 + 1.0 5005 19.0 + 1.8
AOM + 0.2% 1-MT 14 252+ 23 198 + 13* 10.1 = 0.7 51+04 19.6 = 1.1
AOM + 0.1% EGCG 14 26.1 = 2.9 202 = 8 9.8 + 0.8 49 x 0.5 19.0 = 0.9
0.2% 1-MT 6 253 + 4.3 217 £ 12 10.6 = 0.8 49 % 0.2 203 = 1.6
0.1% EGCG 6 265+ 14 212 £ 16 10.2 £ 0.9 48 + 0.6 19.5 + 1.1

No treatment 6 26.8 + 0.8 208 + 9 9.6 + 0.8 46 + 0.4 19.0 = 2.1

Data are given as the mean = SD. *P < 0.05 compared with 0.2% 1-methyltryptophan (1-MT) alone. AOM, azoxymethane; EGCG, (-)-epigallo-

catechin gallate.
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Fig. 2. Effects of 1-methyltryptophan (1-MT) and (-)-epigallocate-
chin gallate (EGCG) on azoxymethane (AOM)-induced formation of
aberrant crypt foci (ACF) and B-catenin-accumulated crypts (BCAQ). (a)
Number of ACF per colon, total number of aberrant crypts (ACs) per
colon, the number of ACs in each focus, and the percentage of large
ACF (i.e. those with four or more ACs). (b) Number of BCAC per cm?.
Data are the mean = SD (n = 6). *P < 0.05, **P < 0.001.

EGCG treatment (Fig. 7a). In addition, although AOM
increased I/FN-y mRNA expression in stromal cells, this
increase was not inhibited by EGCG (Fig. 7b). Treatment of
rats with 1-MT did not have any significant effect on AOM-
induced increases in the expression of COX-2 or IFN-y
mRNA. In the absence of AOM treatment, neither 1-MT nor
EGCG alone had any effect on COX-2 or IFN-y mRNA levels
(Fig. 7a,b).

Discussion

The results of the present study suggest that upregulation of
IDO is possibly involved in colon carcinogenesis, as evidenced
by higher IDO expression (Figs 3a,4a,b) and activity (Fig. 5¢)
in the colonic mucosa of AOM-treated rats compared with the
untreated controls, which did not receive any carcinogen. The
results of the present study also provide the first evidence that
treatment with the IDO inhibitor 1-MT effectively suppresses
the development of colonic preneoplastic lesions (ACF and
BCAC) induced by AOM (Fig. 2). This inhibition is consid-
ered to be associated with the inhibition of IDO activity, which
is increased in AOM-treated rats (Fig. 5a,c), because IDO-
mediated immune tolerance ?lays a critical role in tumor
development and progression.” Therefore, 1-MT may correct
IDO-mediated immune escape and thus suppress AOM-
induced colorectal carcinogenesis. These results suggest that
upregulation of IDO, and most likely subsequent immune tol-
erance caused by this enzyme, is involved in the early phase
of colon carcinogenesis and that targeting IDO may, therefore,
be an effective strategy to prevent colorectal carcinogenesis.
The chemopreventive and anti-cancer effects of green tea
and EGCG are partially attributed to their anti-oxidative prop-
erties, their anti-angiogenic and anti-mutagenic effects, and
their anti-inflammatory activities, all of which act in combina-
tion to suppress carcinogenesis. Thus, these activities are con-
sidered to be the main mechanisms underlying the anti-cancer
effects of EGCG."*'® Furthermore, earlier studies showed

(b) AOM AOM+ 1-MT  AOM + EGCG
(a) AOM-treated rats
Normal crypt ACF BCAC H&E
staining
H&E
staining
1DO IHC |-
DO HC (c) AOM AOM+1-MT  AOM + EGCG
H&E
staining
L-Kynurenine
HC
DO IHC
Fig. 3. Immunohistochemical evaluation of the expression of indoleamine 2,3-dioxygenase (IDO) and i-kynurenine in normal crypts from

untreated rats and aberrant crypt foci (ACF), and B-catenin-accumulated crypts (BCAC) in the colonic mucosa of rats treated with azoxymethane
(AOM). (a) Expression of IDO and t-kynurenine in representative samples of colonic mucosa, as evidenced by H&E staining and immunohisto-
chemistry (1HC). (b,c) Effects of 1-methyltryptophan (1-MT) and (—)-epigallocatechin gallate (EGCG) on the expression of IDO in ACF (b) and BCAC
(c), as determined by IHC. Scale lines, 50 um.
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that EGCG suppresses the induction of IDO in vitro.%>*% In
the present study, EGCG inhibited the functional enzyme
activity of IDO in AOM-treated rats (Fig. 5a,c). In addition,
the inhibitory effects of EGCG against AOM-induced increases
in /DO mRNA expression in the colonic mucosa were greater
than those of 1-MT (Fig. 4a,b). This may be associated with
the observation that EGCG caused a greater inhibition of the
total number of ACF that did 1-MT (Fig. 2a). Therefore, these
results suggest that, in addition to the previously reported mul-
tiple critical mechanisms of action underlying tumor suppres-
sion,"*'Y EGCG may prevent the early phase of colon
carcinogenesis, at least in part, by inhibiting the expression
and activity of IDO and thus mediating an immune response.
The results of a recent study indicating that green tea catechins
exert anti-cancer effects by regulating the expression and func-
tion of both T and natural killer cells“® may also strengthen
the case for EGCG modulating immune tolerance.

A recent study has revealed the possible roles of toxic tryp-
tophan catabolites produced by IDO in cancer.“> Of these
metabolites, L-kynurenine is considered to play a critical role
in the immune escape of malignant cells that occurs within the

Ogawa et al.

tumor and its surrounding microenvironment.® Conversely,
IDO inhibitors can impede the growth of IDO-expressing
tumors by reducing the amount of kynurenine present in the
microenvironment.®*® Therefore, in addition to inhibiting IDO
expression, EGCG has a direct effect in inhibiting IDO
enzyme activity (Fig. 6), which may have contributed to its
prevention of the development of colonic preneoplastic lesions
in the present study.

In the present study, /DO mRNA levels in both the epithe-
lium and stroma decreased in rats treated with 1-MT or
EGCG; however, the ratio of L-kynurenine/L-tryptophan
decreased only in the stroma (Fig. 4a,b,5¢). These findings
suggest that IDO-induced metabolic conversion of tryptophan
to kynurenine occurs mainly in the stroma. For example, in
human dendritic cells constitutively expressing IDO protein,
the functional activity of this enzyme is tightly regulated and
requires additional triggering si%nals supplied during antigen
presentation by CD4* T cells.*” Many important immuno-
regulatory pathways, such as the IFN/JAK/signal transducer
and activator of transcription (STAT) pathway and the non-
canonical nuclear factor-kB pathway, which are controlled by
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immune cells in the stroma, are related to IDO expression.®®

In addition, several other immune regulatory factors have been
implicated as inducers of IDO, including COX-2, which is
regarded as one of the most critical inflammatory mediators in
the regulation of IDO expression.“? In the present study, the
AOM:-induced upregulation of COX-2 in the colonic stroma of
rats was significantly inhibited by the administration of EGCG
(Fig. 7a). These findings, together with those of Basu et al.,“>
who reported a suppressive role of a COX-2 inhibitor against
IDO expression in the tumor microenvironment, suggest that
EGCG inhibits the expression of IDO, possibly by preventing
the induction of COX-2, although further investigations are
required to clarify the effects of EGCG. Thus, combination
treatment using an IDO inhibitor plus a COX-2 inhibitor may
be an effective regimen for the chemoprevention of colorectal
cancer because this combination will synergistically inhibit the
expression and activity of IDO.

Interferon-y is also thought to be a major stimulator of
IDO,“*1 and EGCG has been reported to suppress IDO
expression by inhibiting STAT-1 activation in response to
IEN-y in vitro.®**» However, in the present study the expres-
sion of IFN-y in the colonic stroma was not affected by EGCG
in the drinking water (Fig. 7b). Other novel mechanisms by
which EGCG modulates the expression of IDO may exist;
therefore, further studies are needed to clarify the effects of
EGCG on the immunoregulatory pathways related to IDO
expression.

Aberrant crypt foci have attracted attention as putative pre-
cancerous lesions of the colon in experimental models.
Numerous molecular abnormalities, including increased expres-
sion of K-ras and APC gene mutations, have been demon-
strated in human ACE.“? In addition, BCAC, which
accumulate B-catenin protein in the nucleus and cytoplasm, are
regarded as putative precursors to colorectal adenomas.’
Several rodent studies have shown that both these lesions are
useful as biomarkers to evaluate the chemopreventive proper-
ties of specific agents. 19363 Therefore, our findings,
namely that both 1-MT and EGCG markedly inhibit the devel-
opment of ACF and BCAC, appear to be significant when con-
sidering the chemoprevention of colorectal cancer. In
particular, a significant reduction of large ACF by 1-MT and
EGCG should be emphasized, because large ACF are known
to have a str(gl&}c)orrelation with the incidence of colonic ade-
nocarcinoma. "

Finally, it should be mentioned that one limitation of the
present study was that the L-kynurenine/L-tryptophan ratio may
not directly reflect IDO activity because kynurenine can be
metabolized further and TDO can also produce kynurenine
from tryptophan.!'® However, in the present study we pre-
sumed that TDO exerted little effect on L-kynurenine levels
because the expression of TDO was not affected by AOM
treatment (Fig. 4¢,d). Systemic IDO activity is currently esti-
mated by the serum L-kynurenine/L-tryptophan ratio,®* as in
the present study, because IDO is an intracellular enz?/me and
circulating IDO concentrations are barely detectable.”’ In fact,
a method for analyzing serum IDO protein itself has not been
established in experimental animals and there is only one
report, published in 2012, of its detection in humans.®® This
limitation needs to be addressed in future studies.

In conclusion, the escape of precancerous cells from the
immune system caused by immune tolerance is involved in
certain types of carcinogenesis and, therefore, may be an effec-
tive target for the implementation of chemoprevention. The
results of the present study support the notion that IDO upreg-
ulation, which induces immune tolerance, contributes to the
early phase of colon carcinogenesis. Furthermore, the present
study is the first to provide evidence that the anti-carcinogenic
properties of 1-MT and EGCG may be related to inhibition of
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IDO activity, suggesting that targeting IDO and correcting

IDO-mediated

immune tolerance with EGCG or an IDO

inhibitor could be a promising strategy for the prevention of
colorectal cancer development in the future. Further experi-
ments using IDO-knockout mice would strengthen the connec-
tion between IDO activity and the development of colorectal
cancer, and may prove useful in the exploration of IDO inhibi-
tors as chemopreventive agents for colorectal cancer.
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Abstract. Immune escape, the ability of tumor cells to
avoid tumor-specific immune responses, occurs during the
development and progression of several types of human
malignancies, including colorectal cancer (CRC). Indoleamine
2,3-dioxygenase (IDO), the tryptophan catabolic enzyme,
plays a significant role in regulating the immune response and
provides tumor cells with a potent tool to evade the immune
system. In the present study, we examined the effects of
(-)-epigallocatechin gallate (EGCG), the major catechin in
green tea, on the inhibition of IDO expression induced by
interferon (JIFN)-y in human CRC cells. We found that IFN-y
increased the expression levels of IDO protein and mRNA in
HT29 and SW837 CRC cell lines. Treatment of SW837 cells
with EGCG significantly decreased IFN-y-induced expres-
sion of IDO protein and mRNA in a dose-dependent manner.
Enzymatic activity of IDO, determined by the concentration
of L-kynurenine in the culture medium, was also significantly
inhibited by EGCG treatment. Phosphorylation of signal
transducer and activator of transcription 1 (STAT1) induced
by IFN-y was also significantly inhibited by EGCG. Reporter
assays indicated that EGCG inhibited the transcriptional activ-
ities of IDO promoters, IFN-stimulated response element and

Correspondence to: Dr Masahito Shimizu, Department of
Internal Medicine, Gifu University Graduate School of Medicine,
1-1 Yanagido, Gifu 501-1194, Japan

E-mail: shimim-gif@umin.ac jp

Abbreviations: CRC, colorectal cancer; EGCG, (-)-epigallocatechin
gallate; GAS, interferon-y activation sequence; IDO, indoleamine
2,3-dioxygenase; IFN, interferon; ISRE, interferon-stimulated
response element; JAK, janus kinase; RT-PCR, reverse
transcription-polymerase chain reaction; STAT1, signal transducer
and activator of transcription 1

Key words: indoleamine 2,3-dioxygenase, (-)-epigallocatechin
gallate, colorectal cancer cells, interferon-y, signal transducer and
activator of transcription 1

IFN-y activation sequence, activated by STAT1 phosphoryla-
tion. These findings suggest that EGCG may exert antitumor
effects on CRC, at least in part, by inhibiting the expression
and function of IDO through the suppression of STAT1 activa-
tion. EGCG may, thus, serve as a potential agent for antitumor
immunotherapy and be useful in the chemoprevention and/or
treatment of CRC.

Introduction

Numerous immune effector cells and molecules recognize
and destroy preneoplastic cells (1). The escape of such cells
from the immune system is involved in the development and
progression of several types of tumors (2). Recent studies
have suggested that tryptophan catabolism, via indoleamine
2,3-dioxygenase (IDO), may be a critical mechanism of
immune escape (3). IDO, an intracellular enzyme that degrades
the essential amino acid tryptophan along the kynurenine
pathway, is constitutively expressed by tumor cells and dendritic
cells in tumor-draining lymph nodes (4). L-kynurenine and
certain other metabolites derived from tryptophan by IDO
may inhibit proliferation and induce apoptosis in T cells and
natural killer cells (5). IDO overexpression correlates with
poor clinical outcomes in patients with several types of malig-
nancies, including colorectal cancer (CRC) (6-8). We have
recently demonstrated that increased levels of IDO expression
in tumor cells and serum concentration of L-kynurenine,
which reflects the enzymatic activity of IDO, are associated
with poor prognosis in patients with diffuse large B-cell
lymphoma (9-11). Alternatively, 1-methyl-tryptophan, an IDO
inhibitor, effectively suppresses chemically induced colorectal
carcinogenesis in rats (12). These studies suggest that targeting
IDO and regulating tryptophan catabolism may be effective
strategies for the treatment of certain types of human malig-
nancies, including CRC (6).

Several immune factors are regarded as mediators in
the regulation of IDO expression. Among these factors,
interferon (IFN)-y, which is released by activated T cells and
natural killer cells within the tumor microenvironment (13), is
considered to be a major inducer of IDO in numerous human

— 183 —



OGAWA et al: EGCG INHIBITS IFN-y-INDUCED IDO IN COLORECTAL CANCER CELLS

cell types (14). IFN-y binding to its receptor results in the
phosphorylation of janus kinase (JAK), which phosphorylates
the downstream protein signal transducer and activator of tran-
scription 1 (STAT1) (13). The IDO promoter contains multiple
sequence elements that confer responsiveness to IFN-y,
including the interferon-stimulated response element (ISRE)
and the IFN-y activation sequence (GAS) (14). IFN-y induces
IDO by promoting ISRE and GAS sequence elements through
the activation of the JAK/STATI signaling pathway (15),
indicating that the inhibition of STAT! phosphorylation and
its downstream promoter activity may be effective for the
downregulation of IDO (16).

(-)-Epigallocatechin gallate (EGCG), the major biologically
active component of green tea, exerts its anticancer and cancer
chemopreventive effects in various organs. These effects are
partially attributed to their antioxidative, antiangiogenic and
antimutagenic effects, as well as their anti-inflammatory
activities (17,18). We previously demonstrated that EGCG
is able to suppress cell proliferation and induce apoptosis in
human CRC cells (19-21). The inhibitory effects of EGCG on
inflammation- and obesity-related colon carcinogenesis have
also been demonstrated in rodent models (22,23). In addition,
recent studies revealed that EGCG treatment suppresses the
expression of IDO stimulated by IFN-y in murine dendritic
cells (24) as well as in various human cancer-derived cell
lines (25,26). These studies suggest that the inhibitory effect
of EGCG on IDO expression may contribute to the chemopre-
ventive and anticancer properties of EGCG; however, whether
EGCG is able to inhibit expression of IDO in human CRC cells
has not yet been examined. The present study investigated the
effects of EGCG on the induction of IDO in human CRC cells
stimulated with IFN-y.

Materials and methods

Chemicals. EGCG was obtained from Mitsui Norin Co.
(Tokyo, Japan) and recombinant human IFN-y was purchased
from PeproTech (Rocky Hill, NJ, USA).

Cell lines and cell culture. The Caco2, HCT116, HT29, SW480
and SW837 human CRC cell lines were obtained from the
American Type Culture Collection (Manassas, VA, USA).
All cell lines were maintained in DF10 medium containing
Dulbecco's modified Eagle's medium (DMEM,; Life
Technologies, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS). Cells were then cultured in a
humidified incubator with 5% CO, at 37°C. The experimental
protocol of this study was approved by the Ethics Committee
of Gifu University.

RNA extraction and quantitative real-time reverse transcrip-
tion-polymerase chain reaction (RT-PCR) analysis. Total
RNA was extracted using the RNeasy Mini kit (Qiagen,
Valencia, CA, USA). Quantitative real-time RT-PCR was
performed on 1 pg total RNA using specific primer/probe
sets that amplify IDO and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) genes (TagMan Gene Expression
Assays; Life Technologies) and Toyobo Real-time PCR Master
mix (Toyobo, Osaka, Japan). Each sample was analyzed on
a LightCycler 1.0 (Roche Diagnostics GmbH, Mannheim,
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Germany) (27). Gene expression levels were normalized to
GAPDH expression levels using a standard curve.

Protein extraction and western blot analysis. Total
cellular protein was extracted and equivalent amounts of
protein (20 ug/lane) were examined by western blot anal-
ysis (21,28). The primary antibody for IDO was purchased
from Abcam (Cambridge, UK). The primary antibodies for
STAT1, phospho-STAT1 (tyr701) and GAPDH were purchased
from Cell Signaling Technology (Danvers, MA, USA). An
antibody to GAPDH was used as a loading control.

Determination of L-kynurenine concentration. Culture
medium was deproteinized with 2 volumes of 3% perchloric
acid. Following centrifugation, the concentration of
L-kynurenine in the supernatants was measured by
high-performance liquid chromatography (29).

ISRE and GAS reporter assays. Reporter assays were
performed (20). ISRE and GAS luciferase reporter plasmids
were purchased from Qiagen. Plasmid DNA (0.1 ug) was
transfected into SW837 cells (3x10* cells/6.35 mm diam-
eter dish) using Lipofectin reagent (Life Technologies) in
Opti-MEM I medium (Life Technologies). After 22 h, cells
were preincubated in the absence or presence of various EGCG
concentrations (10, 50 or 100 yM) for 2 h and then stimulated
with IFN-y (10 ng/ml) for 24 h. Cell extracts were prepared
and luciferase activity was measured using a luciferase assay
system (Promega, Madison, WI, USA). Cells were cotrans-
fected with a CMV-p-galactosidase reporter in all reporter
assays and differences in transfection efficacy were corrected
by normalizing the luciferase activities to the $-galactosidase
activities (20).

Statistical analysis. All data were expressed as the
mean + standard deviation (SD). Statistical significance was
evaluated using the Tukey-Kramer multiple comparison test
and P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Expression levels of IDO in human CRC cells in the presence
and absence of IFN-y stimulation. We initially examined the
expression levels of IDO in the presence and absence of IFN-y
in Caco2, HCT116, HT29, SW480 and SW837 human CRC
cells. Quantitative real-time RT-PCR analysis revealed that
IDO mRNA was not expressed in any of the CRC cell lines
without IFN-y stimulation. However, when the cell lines were
stimulated with 10 ng/ml IFN-y for 24 h, IDO mRNA levels
were significantly increased in all cell lines, particularly SW837
and HT?29 cells (Fig. 1A). Furthermore, in accordance with the
expression levels of mRNA, the cellular levels of IDO protein in
the SW837 and HT?29 cells were markedly increased by IFN-y
stimulation (Fig. 1B), indicating that CRC cells may induce IDO
expression following IFN-y stimulation. Based on these results,
SW837 cells were selected for the following experiments.

Effects of EGCG on the expression levels of IDO in SW837
CRC cells. We next examined the effects of EGCG on the
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Figure 1. Expression of IDO in human CRC cell lines. Caco2, HCT116, HT29,
SW480 and SW837 cells were treated with or without IFN-y (10 ng/ml) for
24 h. (A) Total RNA was extracted from each cell line and IDO mRNA
expression was measured by quantitative real-time RT-PCR. Gene expres-
sion levels were normalized to GAPDH. Columns and bars indicate the mean
and SD. (B) IDO protein expression levels were detected by western blot
analysis. Total cellular protein was extracted and equivalent amounts of pro-
tein were examined. Equal protein loading was confirmed by the detection
of GAPDH. Repeated western blots gave similar results. IDO, indoleamine
2,3-dioxygenase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase;
IFN, interferon; RT-PCR, reverse transcription-polymerase chain reaction;
SD, standard deviation.

expression of IDO mRNA and protein in SW837 cells. As
demonstrated in Fig. 2A, expression levels of IDO mRNA
induced by IFN-y (P<0.001) were significantly suppressed
when the cells were pretreated with 50 and 100 xM EGCG
for 2 h prior to IFN-y stimulation for 24 h (P<0.001 for each
comparison). Similarly, increasing levels of EGCG treatment,
particularly 100 uM, caused a marked decrease in the levels
of IDO protein induced by IFN-y in SW837 cells (Fig. 2B).
These findings suggest that EGCG inhibits the expression of
IDO mRNA and protein levels.

Effects of EGCG on the enzymatic activity of IDO induced
by IFN-vy in SW837 cells. We examined whether EGCG
inhibits the enzymatic activity of IDO induced by IFN-y in
SW837 cells. IDO activity was determined by measuring
the concentration of L-kynurenine in culture medium (29).
As demonstrated in Fig. 2C, the L-kynurenine concentra-
tion was markedly increased in the culture medium of
IFN-y-stimulated SW837 cells compared to that of the
untreated cells (P<0.001). This increase was significantly
inhibited by treatment with 100 pM EGCG (P<0.001),
suggesting that, in addition to the expression levels, EGCG
also suppresses the enzymatic activity of IFN-y-induced
IDO in CRC cells.

Effects of EGCG on the phosphorylation of STATI protein
in SW837 cells. To determine the molecular mechanisms
involved in the EGCG suppression of IDO expression in
CRC cells, we examined whether EGCG inhibits STAT1
protein phosphorylation as the JAK/STAT1 pathway is medi-
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Figure 2. Effects of EGCG on the expression levels and enzymatic activity
of IDO in SW837 cells. Cells were pretreated with various concentrations
(0, 10, 50 or 100 xM) of EGCG for 2 h and were then stimulated with IFN-y
for 24 h. (A) Total RNA was extracted and the IDO mRNA expression levels
were measured by quantitative real-time RT-PCR. (B) Total cellular protein
was extracted and the levels of IDO protein expression were determined by
western blot analysis. (C) Functional IDO enzymatic activity was determined
by measuring the concentrations of L-kynurenine in culture medium under
the same conditions. Columns and bars indicate the mean and SD. Repeated
western blots gave similar results. IDO, indoleamine 2,3-dioxygenase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFN, interferon;
EGCG, (-)-epigallocatechin gallate; RT-PCR, reverse transcription-poly-
merase chain reaction; SD, standard deviation.

ated by IFN-vy to induce IDO expression (14). Western blot
analysis revealed that stimulation with IFN-y for 30 min
markedly increased the expression of phosphorylated STAT!
protein in SW837 cells. However, this induction was signifi-
cantly decreased by EGCG treatment in a dose-dependent
manner (Fig. 3A), suggesting that at least part of the EGCG
inhibition of the IFN-y-induced IDO expression was due to
the suppressed activation of STAT].

Effects of EGCG on the transcriptional activity of IDO
promoters in SW837 cells. To elucidate whether transcription
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Figure 3. Effects of EGCG on the phosphorylation of STATI protein and
transcriptional activity of IDO promoter in SW837 cells. (A) Cells were
pretreated with various concentrations of EGCG for 2 h and were then
stimulated with IFN-y for 30 min. Total cellular protein was extracted
and the expression of phosphorylated STAT1 protein was determined by
western blot analysis. (B) Transient transfection reporter assays using
ISRE and GAS luciferase reporter plasmids were performed using cell
extracts pretreated with various concentrations of EGCG for 2 h and then
stimulated with IFN-y for 24 h. Columns and bars indicate the mean and SD.
IFN, interferon; EGCG, (-)-epigallocatechin gallate; STATI signal trans-
ducer and activator of transcription 1; ISRE, interferon-stimulated response
element; GAS, IFN-y activation sequence; IDO, indoleamine 2,3-dioxy-
genase; SD, standard deviation.

of IDO is inhibited by EGCG, we next examined the effects of
EGCG on the transcriptional activity of ISRE and GAS, two
sequence elements of the IDO promoter, which are activated
by the binding of STAT1 and associated with IFN-y-induced
IDO gene transcription (15). Transient transfection lucif-
erase reporter assays demonstrated that IFN-y stimulation
upregulated the transcriptional activity of ISRE (P<0.05)
and GAS (P<0.001) in SW837 cells. However, treatment with
50 and 100 uM EGCG significantly inhibited the promoter
activities of ISRE (P<0.05) and GAS (P<0.001) induced
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by IFN-y (Fig. 3B). These results provide evidence that the
inhibitory effects of EGCG on IDO expression occur at the
gene transcription level.

Discussion

The IDO-mediated escape of cancer cells from the immune
system plays a critical role in tumor development and progres-
sion. Therefore, inhibition of inappropriate IDO activity in
tumors may attenuate the ability of malignant cells to evade
immune surveillance and promote their clearance (2). Several
preclinical studies have demonstrated that IDO inhibitors,
including 1-methyl-tryptophan, have a therapeutic effect in
rodent cancer models (30,31). The results of this study in human
CRC cells provide the first evidence that a naturally occurring
compound, EGCG, effectively inhibits the IFN-y-induced
expression and activity of IDO (Fig. 2). These findings suggest
that EGCG may exert its chemopreventive and anticancer
properties, at least in part, by improving potential antitumor
immune responses. These findings are significant in the
context of chemoprevention and therapy using EGCG since
clinical trials have demonstrated that high expression levels of
IDO in cancer tissues are associated with disease progression
and poor overall survival rates of patients with CRC (7,8).

Efficient EGCG inhibition of IFN-y-induced IDO expres-
sion in CRC cells may be explained by the inhibition of STAT1
phosphorylation as IFN-y/JAK/STATI1 signaling plays a
critical role in IDO induction (14). Tyrosine phosphorylation
of STAT1 by IFN-y-induced reactions promotes the binding of
STAT1 to two regulatory elements of the IDO gene promoter
region, ISRE and GAS (14,15). In the present study, STAT1
phosphorylation (Fig. 3A) and transcriptional activities of ISRE
and GAS (Fig. 3B) induced by IFN-y stimulation were mark-
edly suppressed by EGCG treatment. Our findings suggest that
EGCG may prevent IFN-y-induced expression of IDO at the
gene transcription level through suppressing STAT1 activation.
These results are consistent with previous studies demonstrating
that EGCG efficiently inhibited IFN-y-elicited phosphorylation
and/or DNA-binding activity of STAT1 in several types of
human cancer-derived cell lines (25,26). In addition to cancer
cells, EGCG also inhibits IDO expression induced by IFN-vy in
dendritic cells through the inhibition of STAT1 phosphoryla-
tion (24). Therefore, these studies (24-26), together with our
findings, indicate that IFN-y/JAK/STAT1 signaling is a critical
target of EGCG in the suppression of IDO induction.

In the present study, the expression levels of IDO mRNA
were significantly increased by IFN-y stimulation in all
CRC cell lines (Fig. 1A). Additionally, the concentration of
L-kynurenine, which reflects the enzymatic activity of IDO in
culture medium was also increased by SW837 CRC cells that
overexpress IDO (Fig. 2C). These findings may be associated
with the immune escape of malignant cells that occurs within
the tumor and its surrounding microenvironment since trypto-
phan depletion and production of toxic tryptophan catabolites
resulting from IDO activity may inhibit T cell and natural killer
cell proliferation (5). The serum kynurenine/tryptophan ratio
is significantly increased, while the serum tryptophan level is
significantly decreased, in CRC patients when compared to
control noncancerous patients (32). Conversely, IDO inhibitors
can impede the growth of IDO-expressing tumors through
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the reduction of kynurenine in the microenvironment and
enhancement of T cell functions (33). Therefore, the effects
of EGCG on the suppression of L-kynurenine levels increased
by IFN-y-stimulated human CRC cells (Fig. 2C) may also
contribute to the inhibition of growth of IDO-expressing CRC
cells and improve immune tolerance caused by IDO.

In this study, we demonstrate that EGCG downregulates
the expression and enzymatic activity of IFN-y-induced IDO
in CRC cells through the inhibition of STATI activation.
Our findings suggest the possibility that EGCG may exert
its anticancer and chemopreventive effects by inhibiting
the expression and function of IDO. A recent experiment in
rats has demonstrated that upregulation of IDO activity is
possibly involved in colon carcinogenesis, and EGCG treat-
ment effectively suppresses the development of chemically
induced colonic preneoplastic lesions by inhibiting the expres-
sion levels and enzymatic activity of IDO (12). In conclusion,
targeting IDO and improving IDO-mediated immune escape
of premalignant and cancer cells with EGCG may be an effec-
tive strategy for the prevention and treatment of CRC.
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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 C57BL/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-e, 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-«o 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-« 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
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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 B-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 B-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-xB. 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 least 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 ug of total RNA using the SuperScript
III 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-or, 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 1-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-c,
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 11.140.8° 0 0
2 Saline + 2% curcumin 5 10.5+£0.2 0 0
3 AOM alone 10 10.6 0.8 134.0+£24.5 34+£18
4 AOM + 0.2% curcumin 9 9.6t1.6 98.2 +36.6" 1.5+1.1
5 AOM + 2% curcumin 9 10.4£0.4 76.4+13.6¢ 0.8x1.4°

“Mean =+ SD.

bSignificantly different from Group 3 (P < 0.05).
“Significantly different from Group 3 (P < 0.01).
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FIG. 1. Effect of curcumin (Cur) on the levels of tumor necrosis factor (TNF)-a (A), interleukin (IL)-6 (B), and cyclooxygenase-2 (COX-2) (C) mRNAs and on
the activation of AMP-activated kinase (AMPK) and expression of COX-2 proteins (D) in the colonic mucosa of azoxymethane (AOM)-treated db/db mice. cDNA
was synthesized from the colonic mucosa and real-time RT-PCR was performed using TNF-a (A), IL-6 (B), and COX-2 (C) specific primers. The expression levels
of these genes were normalized to the level of the GAPDH gene. Each experiment was done in triplicate and the average was subsequently calculated. *P < 0.05
and **P < 0.01 compared to mice not fed with curcumin. Total proteins were extracted from the scraped colonic mucosa and equivalent amounts of proteins were
examined by a Western blot analysis using phosphorylated AMPK (p-AMPK), AMPK, and COX-2 specific antibodies (D). Two lanes represent protein samples
from 2 different mice in each group (Groups 3 to 5). An antibody to GAPDH served as a loading control.

(activation) of AMPK protein in the colonic mucosa of AOM-
treated mice. In addition, there was an apparent decrease in the
expression levels of COX-2 proteins in the colonic mucosa of
mice after feeding the diet containing 2% curcumin (Fig. 1D).

Effects of Curcumin on the NF-kB Activity in the Colonic
Mucosa of AOM-Injected db/db Mice

Curcumin inhibits the activation of NF-«B and this is one
of the critical mechanisms for the antiinflammatory effects of
this agent (12,13). Therefore, the effects of curcumin on NF-«B
activity were examined in the colonic mucosa of AOM-injected
mice. As shown in Fig. 2, the indices of phospho-NF-«B p65-
positive cells in both the colonic epithelium and interstitium
of curcumin-supplemented mice were significantly smaller than
those of the curcumin-untreated mice (P < 0.01, for each com-
parison), thus indicating that curcumin supplementation signifi-
cantly inhibits the NF-«B activity in the colonic mucosa, mainly
crypt and inflammatory cells, of the AOM-treated db/db mice.
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Effects of Curcumin on the Serum Levels of Adiponectin
and Leptin and on the Relative Weights of White Adipose
Tissue in db/db Mice

The serum concentrations of adiponectin in the 2% curcumin-
treated groups were significantly higher than those of the groups
that did notreceive curcumin (P < 0.01 and P < 0.05), regardless
of AOM-injection (Fig. 3A). In AOM-injected groups, adminis-
tration of both doses of curcumin showed a significant decrease
in the serum levels of leptin (P < 0.05 for each comparison)
when compared to mice that did not receive curcumin (Fig. 3B).
In addition, administration of curcumin also significantly re-
duced the relative weights of white adipose tissue (periorchis
and retroperitoneum) compared with the untreated groups (P <
0.05 and P < 0.01), regardless of AOM-treatment (Fig. 3C).

DISCUSSION

Obesity-related physiological alterations, such as a state of
chronic inflammation, are known to influence the risk of CRC
development (1,2). This is the first study to report evidence
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FIG. 2. Effects of curcumin (Cur) on the nuclear factor (NF)-«B activity in the colonic mucosa of azoxymethane (AOM)-treated db/db mice. Sections of the
colon were stained with antiphospho-NF-«B p65 antibody. Representative photographs from each group are shown in the upper panels. The positive cell indices,
which were determined by counting the phospho-NF-«B p65-positive cells in both the colonic epithelium and interstitial inflammatory cells, are shown in the

lower panels. Bars: 50 um. *P < 0.01 compared to mice not fed with curcumin.

of curcumin effectively inhibiting the development of putative
precursor lesions (ACF and BCAC) of colonic adenocarcinoma
in the obese and diabetic db/db mice (Table 1). These sup-
pressive effects are most likely associated with the decrease in
expression of proinflammatory cytokines TNF-« and IL-6 in the
colonic mucosa of AOM-treated db/db mice (Figs. 1A and 1B),
although other anticancer mechanisms, such as modulation of
cell proliferation and apoptosis, could be considered (12-14).
The expression levels of COX-2, which represents an early re-
sponse to proinflammatory mediators and a critical target for
CRC chemoprevention (17), are also inhibited in the colonic mu-
cosa of mice fed with curcumin (Figs. 1C and 1D). In addition,
curcumin supplementation inhibited NF-«B activity, which is
involved in regulation of COX-2 expression (26), in the colonic
mucosa of AOM-treated db/db mice (Fig. 2). These findings
are consistent with those of a previous study indicating that
curcumin inhibits the induction of COX-2 by TNF-« stimulus
via the inhibition of NF-«B activation in human colon epithe-
lial cells (27). Curcumin suppresses the growth of CRC-derived
cells by inhibiting the expression of COX-2 (16). Curcumin
also inhibits the secretion of TNF-« and IL-6 from monocytes
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cultured under high-glucose conditions, and lowers the serum
levels of TNF-« and IL-6 in diabetic rats (21). Therefore, over-
expression of inflammatory mediators, especially TNF-«, IL-6,
and COX-2, which are relevant to excessive storage of lipid,
might represent critical targets of curcumin to prevent the de-
velopment of obesity-related CRC.

The present study also demonstrated the first evidence that
administration of curcumin markedly enhances AMPK activa-
tion in the colonic mucosa of obese and diabetic mice (Fig. 1D).
This finding is significant because AMPK, which functions as
a major metabolic switch for maintenance of energy home-
ostasis, controls processes relevant to tumor development and
therefore may be a promising target for cancer chemoprevention
(28). For instance, the antidiabetic drug metformin, a pharma-
cological AMPK activator, exerts growth inhibitory effects on
colon cancer xenografts as well as on human CRC cells (29,30).
Pitavastatin, which is used to treat hyperlipidemia, inhibits de-
velopment of AOM-induced BCAC in db/db mice by activating
AMPK and decreasing the expression levels of TNF-«, IL-6, and
COX-2 mRNAs in the colonic mucosa (8). Curcumin also in-
hibits proliferation and induces apoptosis in human CRC cells
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FIG. 3. Effect of curcumin (Cur) on the serum levels of adiponectin and leptin and on the relative weights of fat in experimental mice. The serum concentrations
of adiponectin (A) and leptin (B) were measured by using an enzyme immunoassay. At sacrifice, white adipose tissue of the periorchis and retroperitoneum was
excised and the relative weights (g/100 g body weight) were calculated (C). Values are expressed as mean =+ SD. *P < 0.05 and **P < 0.01 compared to mice not

fed with curcumin. AOM indicates azoxymethane.

by activating AMPK and decreasing COX-2 expression (15).
These reports (8,15,29,30), together with our present findings
(Table 1 and Fig. 1D), suggest that curcumin may prevent the de-
velopment of obesity-related colorectal carcinogenesis, at least
in part, through the activation of AMPK.

Dysregulation of adipocytokines is also involved in the link
between obesity and colorectal carcinogenesis (1,2). In partic-
ular, a low level of serum adiponectin, which raises the risk of
colorectal tumorigenesis (3,4), is associated with obesity-based
chronic inflammation because adiponectin exerts antiinflamma-
tory effects by downregulating the production of TNF-o¢ and
IL-6 (31). Adiponectin inhibits the growth of CRC cells through
the activation of AMPK and suppresses colonic epithelial prolif-
eration in mice that are fed a high-fat diet (32,33). On the other
hand, a higher level of serum leptin, which is proportional to the
amount of body fat stored, plays a role in enhancing the devel-
opment of obesity- and inflammation-related CRC (5-9). Leptin
also increases cell growth and promotes cell mobility and in-
vasion in CRC-derived cells (34,35). These reports suggest that
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targeting the imbalance of adiponectin and leptin might be an
effective strategy for preventing obesity-related CRC. Indeed,
improvement of adipocytokine imbalance by certain agents may
contribute to the inhibition of obesity-related tumorigenesis in
the colorectum (6-8). Therefore, our findings that dietary cur-
cumin significantly increased the levels of adiponectin as well as
decreased the levels of leptin in the serum of db/db mice, which
might be caused by the reduction in white adipose tissue (Fig. 3),
is important to explain the chemopreventive effects of this agent
on obesity-related colorectal carcinogenesis. Similarly, it was
also reported that curcumin administration ameliorates diabetes
and increases the expression of adiponectin both in serum and
adipose tissue of leptin-deficient ob/ob mice (20). Therefore, in
addition to the improvement of metabolic abnormalities, cur-
cumin has the potential to suppress obesity-related colorectal
carcinogenesis by affecting the serum levels of adiponectin and
leptin.

The limitation of present study is that the dose of curcumin in
Group 5 (2%) is relatively high when considering the use of this
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agent in clinical practice. However, our histopathologic exami-
nation revealed no alterations in the vital organs of the mice that
received the diet containing 2% curcumin. Our ongoing study on
the safety and chemopreventive ability of different doses of cur-
cumin may show dose-response efficacy in inhibiting colorectal
tumorigenesis of mice, as suggested for ACF-inhibition in this
study (see Group 4 in Table 1). Moreover, a recent clinical trial
has shown a significant result indicating that a daily oral dose of
3.6 g curcumin, which is well tolerated at patients with advanced
CRC (36), achieves pharmacologically efficacious levels in the
colorectum with negligible distribution of this agent outside
the gut (37). This finding suggests that regions of the gastroin-
testinal tract, such as the colorectum, may be more appropriate
targets for curcumin to exert its cancer chemopreventive effects
because such organs are directly exposed to high concentrations
of this agent. :

It should be emphasized again that obesity and obesity-
related metabolic abnormalities represent serious global health
care problems, and CRC is one of the representative malignan-
cies influenced by excessive body weight and related metabolic
abnormalities. Therefore, the prevention of CRC by targeting the
dysregulation of energy homeostasis, which includes chronic in-
flammation and adipocytokine imbalance, might be a promising
strategy for treating obese individuals who are at an increased
risk of developing CRC. Curcumin, which has been shown to ex-
ert various chemopreventive and anticancer properties (12-14),
appears to be a potentially effective candidate for this purpose
because this phytochemical can attenuate inflammation while
improving the imbalance of adipocytokines and can, further-
more, prevent the development of colonic precancerous lesions
in obese and diabetic db/db mice.
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