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The escape of preneoplastic cells from the immune system, which
is caused by immune tolerance, occurs during the development
of several types of tumors. Indoleamine 2,3-dioxygenase (IDO)
plays a critical role in the induction of immune tolerance. In the
present study we investigated the effects of 1-methyltryptophan
(1-MT), an IDO inhibitor, and (–)-epigallocatechin gallate (EGCG),
the major catechin in green tea, on the development of azoxyme-
thane (AOM)-induced colonic preneoplastic lesions by focusing
on the inhibition of IDO. To induce colonic premalignant lesions,
male F344 rats were injected with AOM (20 mg/kg body weight,
s.c.) once a week for 2 weeks. They also received 0.2% 1-MT or
0.1% EGCG in their drinking water for 4 weeks, starting 1 week
before the first dose of AOM. Both 1-MT and EGCG significantly
decreased the total number of aberrant crypt foci and b-catenin-
accumulated crypts, which overexpressed IDO protein. Treatment
with EGCG decreased IDO mRNA expression in both the colonic
epithelium and stroma of rats induced by AOM. The AOM-
induced increase in cyclooxygenase-2 mRNA expression in the
colonic stroma was significantly decreased by EGCG. Further-
more, AOM-induced increases in IDO activity in the serum and
stroma were significantly inhibited by 1-MT and EGCG. Inhibition
of IDO activity by 1-MT and EGCG was also observed in cell-free
assays. These findings suggest that upregulation of IDO activity
is observed in the early stages of colon carcinogenesis and that
the use of IDO inhibitors, such as 1-MT and EGCG, which sup-
press the occurrence of colonic preneoplastic lesions, could be a
novel strategy for the chemoprevention of colon cancer. (Cancer
Sci 2012; 103: 951–958)

T he immune system recognizes preneoplastic cells and, in
most cases, eliminates these cells before they expand into

clinically detectable tumors. Therefore, the escape of precan-
cerous cells from the immune system, which is closely associ-
ated with immune tolerance, is involved in the development of
several types of tumors.(1) Recent studies have suggested that
indoleamine 2,3-dioxygenase (IDO) plays a crucial role in the
induction of immune tolerance.(2) Indoleamine 2,3-dioxygenase
is an intracellular enzyme that catalyses the first and rate-limit-
ing steps in the catabolism of the essential amino acid
tryptophan along the kynurenine pathway.(3) In the tumor
microenvironment, increased IDO activity inhibits the prolifer-
ation of T and natural killer cells and induces apoptosis
through tryptophan depletion and the production of toxic
tryptophan catabolites.(4) Overexpression of IDO has been
shown to be correlated with poor clinical outcome in patients
with ovarian carcinoma, endometrial carcinoma, and colorec-
tal carcinoma.(5–7) We have recently reported that, in diffuse
large B-cell lymphoma, IDO expression in tumor cells and

serum concentrations of L-kynurenine, which reflect IDO
activity, are useful indicators of a poor prognosis.(8,9) Several
preclinical studies using rodent cancer models have demon-
strated that IDO inhibitors, such as 1-methyltryptophan
(1-MT), are therapeutically beneficial, especially when com-
bined with different types of cytotoxic chemotherapeutic
agents.(10,11) These reports suggest that targeting IDO, and
therefore regulating tryptophan catabolism, may be an effec-
tive strategy for the treatment of certain types of human
malignancies.(12) However, the possibility of cancer chemo-
prevention by inhibiting IDO expression and/or activity has
not been considered.
(�)-Epigallocatechin gallate (EGCG), one of the major cate-

chins in green tea, is the most biologically active component
of green tea. It has been shown to exert its cancer chemopre-
ventive and anti-carcinogenic effects in various organs, includ-
ing the colon.(13,14) Previously, we demonstrated that EGCG
can inhibit the growth of and induce apoptosis in human colo-
rectal cancer cells.(15–17) The inhibitory effects of EGCG on
both inflammation- and obesity-related colon carcinogenesis
have also been demonstrated.(18,19) In addition, green tea
polyphenols in the drinking water have been shown to inhibit
the development of putative preneoplastic lesions called aber-
rant crypt foci (ACF) in rats treated with azoxymethane
(AOM), which induces ACF.(20–22)

Recently, it was been reported that EGCG administration
suppresses the expression of IDO in interferon (IFN)-c-stim-
ulated murine dendritic cells(23) and human oral cancer cell
lines.(24) Although the mechanisms underlying the role of
IDO in carcinogenesis have not yet been clarified, we
hypothesized that the inhibitory effect of EGCG on IDO
expression may contribute to the anti-carcinogenic properties
of EGCG. To confirm our hypothesis, we examined the
effects of 1-MT and EGCG on the development in the
colon of AOM-induced preneoplastic lesions, namely
ACF(21) and b-catenin-accumulated crypts (BCAC),(25)in
male F344 rats by focusing on the inhibition of IDO expres-
sion and activity.

Materials and Methods

Animals, chemicals, and diets. Male F344 rats, aged 4 weeks
(Charles River Japan, Tokyo, Japan), were maintained at the
Gifu University Animal Facility according to Institutional Ani-
mal Care Guidelines. All rats were housed in plastic cages
with free access to drinking water and a pelleted basal diet
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(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(19,26)

and was within the physiologic range of the daily intake of
green tea catechins in humans on a per unit body weight
basis.(27)

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 lL) 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 CO2 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”(28) 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.(25,29,30) 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

crypts) per colon.(29) 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-lm sections obtained from an en face preparation. The
number of BCAC on histological sections stained with b-cate-
nin was counted and is expressed as the number of BCAC per
cm2 mucosa.

Immunohistochemical analysis. After endogenous peroxidase
activity had been blocked with H2O2, 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 9 Hank’s balanced salt solution (HBSS; Sigma) and then
incubated with 1 9 HBSS containing 30 mM EDTA at 37°C
for 15 min. The tissue was dispersed in 1 9 HBSS solution
by vortexing and separated into epithelial crypts and stromal
tissues as described previously.(31)

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 lg) 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-c, and GAPDH genes (TaqMan
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.(32) 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.(33) Serum sam-
ples were deproteinized with 3% perchloric acid. Isolated
epithelial crypt and stromal samples were homogenized in
2 lL 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-tryptophan and
L-kynurenine concentrations, as described previously.(34)

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 lL enzyme preparation and
50 lL substrate solution, which consisted of 100 mM potas-
sium phosphate buffer (pH 6.5), 50 lM methylene blue,
20 lg catalase, 50 mM ascorbate, 0.4 mM L-tryptophan,
and 2000 lM 1-MT or 200 lM EGCG. After incubation
of the reaction mixture at 37°C for 1 h, the concentrations
of the enzymatic products were measured by HPLC.(35)

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

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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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,(19,36,37) 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 cm2 in the
AOM + 1-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 L-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.(38) Tryptophan 2,3-dioxygenase, a
hepatic enzyme that catalyses the first step of tryptophan deg-
radation, is also expressed in many tumors.(39) 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. 5a) 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 L-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-c expression in
stromal cells. We next assessed the inhibitory effects of 1-MT
and EGCG on COX-2 and IFN-c expression, because both are
regulated by inflammatory cells in the stroma and are
implicated in the induction of IDO.(40–43) 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

examined

Drinking water

intake (g/day)

Body

weight (g)

Liver

weight (g)

Relative liver weight

(g/100 g body weight)

Length of the

large bowel (cm)

AOM alone 14 27.3 ± 1.3 203 ± 11 10.2 ± 1.0 5.0 ± 0.5 19.0 ± 1.8

AOM + 0.2% 1-MT 14 25.2 ± 2.3 198 ± 13* 10.1 ± 0.7 5.1 ± 0.4 19.6 ± 1.1

AOM + 0.1% EGCG 14 26.1 ± 2.9 202 ± 8 9.8 ± 0.8 4.9 ± 0.5 19.0 ± 0.9

0.2% 1-MT 6 25.3 ± 4.3 217 ± 12 10.6 ± 0.8 4.9 ± 0.2 20.3 ± 1.6

0.1% EGCG 6 26.5 ± 1.4 212 ± 16 10.2 ± 0.9 4.8 ± 0.6 19.5 ± 1.1

No treatment 6 26.8 ± 0.8 208 ± 9 9.6 ± 0.8 4.6 ± 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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EGCG treatment (Fig. 7a). In addition, although AOM
increased IFN-c 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-c
mRNA. In the absence of AOM treatment, neither 1-MT nor
EGCG alone had any effect on COX-2 or IFN-c 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. 5c)
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 plays a critical role in tumor
development and progression.(2,3) 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.(13,14) Furthermore, earlier studies showed

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 (BCAC). (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 cm2.
Data are the mean ± SD (n = 6). *P < 0.05, **P < 0.001.

(a)
(b)

(c)

Fig. 3. Immunohistochemical evaluation of the expression of indoleamine 2,3-dioxygenase (IDO) and L-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 L-kynurenine in representative samples of colonic mucosa, as evidenced by H&E staining and immunohisto-
chemistry (IHC). (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 lm.
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that EGCG suppresses the induction of IDO in vitro.(23,24) 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 IDO 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,(13,14) 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(44) 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.(45) Of these
metabolites, L-kynurenine is considered to play a critical role
in the immune escape of malignant cells that occurs within the

tumor and its surrounding microenvironment.(4) Conversely,
IDO inhibitors can impede the growth of IDO-expressing
tumors by reducing the amount of kynurenine present in the
microenvironment.(46) 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, IDO 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,5c). 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 signals supplied during antigen
presentation by CD4+ T cells.(47) Many important immuno-
regulatory pathways, such as the IFN/JAK/signal transducer
and activator of transcription (STAT) pathway and the non-
canonical nuclear factor-jB pathway, which are controlled by

Fig. 4. Effects of 1-methyltryptophan (1-MT) and (�)-epigallocatechin gallate (EGCG) on the expression of (a,b) indoleamine 2,3-dioxygenase
(IDO) and (c,d) tryptophan 2,3-dioxygenase (TDO) in the epithelium (a,c) and stroma (b,d). Total RNA was extracted from epithelial crypts and
stromal tissues and IDO and TDO mRNA expression evaluated by quantitative RT-PCR. Expression is normalized against that of GAPDH. AOM,
azoxymethane. Data are the mean ± SD (n = 6). *P < 0.05.

Fig. 5. Effects of 1-methyltryptophan (1-MT) and (�)-epigallocatechin gallate (EGCG) on indoleamine 2,3-dioxygenase (IDO) activity in the (a)
serum and colonic (b) epithelium and (c) stroma. Functional IDO activity was determined by measuring the concentrations of L-kynurenine and
tryptophan using HPLC. The L-kynurenine/L-tryptophan ratio indicates IDO activity. AOM, azoxymethane. Data are the mean ± SD (n = 6).
*P < 0.05.
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immune cells in the stroma, are related to IDO expression.(38)

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.(42) 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.,(43)

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-c is also thought to be a major stimulator of

IDO,(40,41) and EGCG has been reported to suppress IDO
expression by inhibiting STAT-1 activation in response to
IFN-c in vitro.(23,24) However, in the present study the expres-
sion of IFN-c 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.(48)

Numerous molecular abnormalities, including increased expres-
sion of K-ras and APC gene mutations, have been demon-
strated in human ACF.(49) In addition, BCAC, which
accumulate b-catenin protein in the nucleus and cytoplasm, are
regarded as putative precursors to colorectal adenomas.(50)

Several rodent studies have shown that both these lesions are
useful as biomarkers to evaluate the chemopreventive proper-
ties of specific agents.(19,36,37,51) 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 strong correlation with the incidence of colonic ade-
nocarcinoma.(20,21)

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.(12) 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. 4c,d). Systemic IDO activity is currently esti-
mated by the serum L-kynurenine/L-tryptophan ratio,(33) as in
the present study, because IDO is an intracellular enzyme and
circulating IDO concentrations are barely detectable.(3) 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.(52) 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

Fig. 6. Effects of 1-methyltryptophan (1-MT) and (�)-epigallocate-
chin gallate (EGCG) on indoleamine 2,3-dioxygenase (IDO) activity in
cell-free assays. Functional activity of recombinant human IDO enzyme
in response to 1-MT and EGCG was determined by measuring the
concentrations of enzymatic products (L-kynurenine) using HPLC. Enzy-
matic activity is expressed as the product content per hour (lM/h).
Data are the mean ± SD. *P < 0.001.

Fig. 7. Effects of 1-methyltryptophan (1-MT) and (�)-epigallocate-
chin gallate (EGCG) on the expression of (a) cyclooxygenase (COX)-2
and (b) interferon (IFN)-c in stromal cells, as determined by quantita-
tive RT-PCR. Expression is normalized against that of GAPDH. AOM,
azoxymethane. Data are the mean ± SD (n = 6). *P < 0.05.
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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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