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Obesity is a risk factor for colorectal cancer. The accumulation of abdominal fat

tissue causes abundant reactive oxygen species production through the activa-

tion of NADPH oxidase due to excessive insulin stimulation. The enzyme NADPH

oxidase catalyzes the production of reactive oxygen species and evokes the initi-

ation and progression of tumorigenesis. Apocynin is an NADPH oxidase inhibitor

that blocks the formation of the NADPH oxidase complex (active form). In this

study, we investigated the effects of apocynin on the development of azoxy-

methane-induced colonic aberrant crypt foci in obese KK-Ay mice and on the

development of intestinal polyps in Apc mutant Min mice. Six-week-old KK-Ay

mice were injected with azoxymethane (200 lg ⁄mouse once per week for

3 weeks) and given 250 mg ⁄ L apocynin or 500 mg ⁄ L apocynin in their drinking

water for 7 weeks. Six-week-old Min mice were also treated with 500 mg ⁄ L apoc-

ynin for 6 weeks. Treatment with apocynin reduced the number of colorectal

aberrant crypt foci in KK-Ay mice by 21% and the number of intestinal polyps in

Min mice by 40% compared with untreated mice. Both groups of mice tended to

show improved oxidation of serum low-density lipoprotein and 8-oxo-20-deoxy-
guanosine adducts in their adipose tissues. In addition, the inducible nitric oxide

synthase mRNA levels in polyp tissues decreased. Moreover, apocynin was shown

to suppress nuclear factor-jB transcriptional activity in vitro. These results sug-

gest that apocynin and other NADPH oxidase inhibitors may be effective colorec-

tal cancer chemopreventive agents.

O besity is a cause of diabetes mellitus type 2. Insulin resis-
tance induces high levels of fasting glucose, insulin, and

IGF1 in the blood. It is now well recognized that individuals
with diabetes mellitus type 2 are at high risk for colorectal
cancer development.(1,2) The factors that have been suggested
to link diabetes mellitus type 2 with colorectal cancer develop-
ment include hyperinsulinemia, high levels of IGF1 that accel-
erate cell viability and proliferation,(3) and the dysregulated
production of ROS and inflammatory cytokines.(4) It has been
shown that insulin activates NADPH oxidase, which produces
superoxide and H2O2.

(5,6)

Phagocyte-derived NADPH oxidase is a well-known ROS-
producing enzyme that acts against bacterial infection and
inflammation.(7,8) Additional non-phagocyte-derived NADPH
oxidase homologs belong to the Duox family. There are seven
isoforms in mammals: Nox1, Nox2, Nox3, Nox4, Nox5,
Duox1, and Duox2.(9) Nox1, Nox2, Nox4, and Nox5 are
expressed in the endothelium, vascular smooth muscle cells,
fibroblasts, or perivascular adipocytes. Nox1 is mainly
expressed in differentiated colonic epithelial cells.(10,11) Addi-
tional homologs have not been identified or are expressed at

such low levels that their roles have not been established.
Interestingly, Nox ⁄Duox members have been reported to be
involved in cancer development. Nox1 stimulates mitogenesis,
cell transformation and tumorigenesis when ectopically
expressed in NIH3T3 fibroblasts and DU-145 prostate epithe-
lial cells.(12) The overexpression of Nox1 has been observed in
prostate, breast, ovarian, and colon cancers.(13–15) Nox1 is
overexpressed in human colon cancers and has been correlated
with activating mutations in K-ras.(16) In Nox1 homozygous
knockout mice, the implantation of tumorigenic B16F0 mela-
noma cells has been observed to result in smaller and less-vas-
cularized implanted tumors. This reduction is associated with
the reduced expression levels of several genes, including
VEGF, MMP-2, MMP-9, and NF-jB.(17) Thus, it is assumed
that NADPH oxidase inhibitors may inhibit intestinal tumori-
genesis by hindering ROS production and NF-jB activation.
To transport electrons across membranes for the production

of superoxides, the Nox ⁄Duox family proteins must form a
complex. The catalytic transmembrane protein Nox1 forms a
complex with p22phox and the cytoplasmic subunits p67phox ⁄ -
NOXO1, p47phox ⁄NOXA1, p40phox, and Rac1 ⁄2. Apocynin,
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which belongs to the methoxy-substituted catechol family,
effectively inhibits NADPH oxidase activity by blocking the
formation of the NADPH oxidase complex; thus, it is used as
a standard NADPH oxidase inhibitor in experimental
research.(9)

In this study, we show the suppressive effects of apocynin
on the number of AOM-induced colorectal aberrant crypt foci
(ACF) in obese KK-Ay mice and on intestinal polyp develop-
ment in Min mice. Min mice have been reported to show high
levels of oxidative stress.(18) We showed that the suppressive
effects of apocynin treatment on intestinal polyp formation in
Min mice were partly explained by the suppression of iNOS.
Moreover, apocynin was shown to suppress NF-jB transcrip-
tional activity in vitro.

Materials and Methods

Cell culture and chemicals. A human colon cancer cell line
(SW48; ATCC, Manassas, VA, USA) and a murine macro-
phage cell line (RAW264; Riken Cell Bank, Tsukuba, Japan),
were cultured in DMEM and RPMI-1640, respectively, con-
taining 10% FBS (HyClone Laboratories, Logan, UT, USA)
and antibiotics at 37°C in a humidified incubator at 5% CO2.
The apocynin, 1-(4-hydroxy-3-methoxyphenyl) ethanone, was
purchased from Sigma-Aldrich (SAFC, Buchs, Switzerland).

Animals and chemicals. Female 5-week-old KK-Ay ⁄TaJcl
(KK-Ay) mice were purchased from Clea Japan (Tokyo,
Japan). Male 5-week-old C57BL ⁄6J-ApcMin/+ mice (Min mice)
were purchased from The Jackson Laboratory (Bar Harbor,
ME, USA) and genotyped according to The Jackson Labora-
tory’s protocol. Heterozygotes of the Min strain and wild-type
(C57BL ⁄6J) mice were acclimated to laboratory conditions for
1 week. Four to five mice were housed per plastic cage with
sterilized softwood chips as bedding in a barrier-sustained ani-
mal room at 24 � 2°C and 55% humidity on a 12:12 h
light : dark cycle. The apocynin was well dissolved in drink-
ing water at a concentration of 250 mg ⁄L or 500 mg ⁄L.(19)

Animal experiments. Food and water were available ad libi-
tum. The clinical characteristics and mortality rates of the ani-
mals were observed daily. The body weights and food
consumption rates were measured weekly. For the induction of
ACF by AOM (Sigma-Aldrich), 6-week-old female KK-Ay

(n = 12) mice were given i.p. injections of AOM (200 lg
⁄mouse) once a week for 3 weeks and 250 mg ⁄L apocynin or
500 mg ⁄L apocynin in their drinking water for 7 weeks. At
the end of the experimental period, a blood sample was col-
lected from the abdominal vein and the colorectum was
removed, opened longitudinally, and fixed flat between sheets
of filter paper in 10% buffered formalin for over 24 h. The
colorectum was divided into proximal and rectal segments
(1.5 cm in length), and the remainder was divided into proxi-
mal (middle) and distal halves. These colorectal sections were
stained with 0.2% methylene blue (Merck, Darmstadt, Ger-
many) and PBS, and the mucosal surfaces were assessed for
ACF with a stereoscopic microscope as previously
reported.(20)

To investigate the effects of apocynin on intestinal tumor
formation, seven male 6-week-old Min mice were given
500 mg ⁄L apocynin in their drinking water for 6 weeks, and
eight male Min mice without apocynin treatment were used as
the control. The intestinal tract was removed and separated
into the small intestine, cecum, and colon. The small intestine
was first divided to produce a proximal segment (4 cm in
length), and the remainder was split into proximal (middle)

and distal halves. The tumors in the proximal segment were
counted, all tumors were picked up under a stereoscopic
microscope, and the remaining intestinal mucosae (non-tumor
mucosal portions) were removed by scraping. They were then
both stored at �80°C for further analyses using real-time PCR.
Additional segments were opened longitudinally and fixed flat
between sheets of filter paper in 10% buffered formalin. The
numbers and sizes of the tumors and their distributions in the
intestines were assessed with a stereoscopic microscope. A
portion of the liver, visceral fat, and kidneys were placed into
10% buffered formalin, and liver and visceral fat residues were
frozen using liquid nitrogen and stored at �80°C. The experi-
ments were carried out according to the Guidelines for Animal
Experiments of the National Cancer Center (Tokyo, Japan) and
were approved by the Institutional Ethics Review Committee
for Animal Experimentation of the National Cancer Center.

Measurements of mouse serum lipid levels in mice. The serum
levels of triglycerides, total cholesterol, and LDL were mea-
sured as reported previously.(21) Mouse serum oxLDL levels
were measured using an ELISA kit (USCN Life Science,
Hubei, China) according to the manufacturer’s protocol.

Quantification of 8-oxo-dG using LC-MS ⁄MS. Mouse adipose
tissue DNA (from 100 mg tissue) was extracted using the
QIAamp DNA Isolation Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions with minor modi-
fications; deferoxamine mesylate (final concentration, 0.1 mM;
Sigma-Aldrich) was added to all samples to prevent the for-
mation of artifactual oxidative adducts during the purification
steps. The extracted DNA was dissolved in 25 lL distilled
water and stored at �80°C for further analyses. DNA concen-
tration and quality were determined using the NanoDrop ND-
1000 spectrometer (Thermo Fisher Scientific, Wilmington, DE,
USA). 15N5-8-oxo-dG was added to the DNA solutions prior
to enzymatic digestion at a concentration of 1.02 nM. The
enzymatic digestion conditions were as follows: DNA (2.6–
7.0 lg) samples in 5 mM Tris-HCl buffer (pH 7.4) were incu-
bated with DNase I for 3 h. Next, nuclease P1, 10 mM
sodium acetate (pH 5.3; final concentration, 10 mM), and
ZnCl2 (final concentration, 34 mM) were added, and the sam-
ples were incubated for an additional 3 h at 37°C. Finally,
alkaline phosphatase, phosphodiesterase I, and Tris base (final
concentration, 15.4 mM) were added, and the samples were
incubated for 18 h at 37°C. The samples were purified using
Vivacon 500 (10-kDa molecular weight cut-off filters Sarto-
rius, Goettingen, Germany), and 15 lL of each of the flow-
through fractions was subjected to LC-MS ⁄MS. 8-Oxo-7,8-di-
hydro-20-deoxyguanosine and its internal standard were quanti-
fied by LC-MS ⁄MS. Positive ions were acquired in the
multiple reaction monitoring mode. Multiple reaction monitor-
ing transitions were monitored; the cone voltages and collision
energies used were as follows: 8-oxo-dG, [284?168, 35 V,
14 eV], and 15N5-8-oxodG, [289?173, 35 V, 14 eV]. The
15N5-8-oxo-dG levels were normalized to the DNA concentra-
tions.

Immunohistochemical staining. The small intestines of Min
mice with intestinal polyps were fixed, embedded and then
sectioned for further immunohistochemical examinations using
the avidin–biotin complex immunoperoxidase technique with
mouse monoclonal IgG anti-PCNA and anti-cyclin D1 antibod-
ies (Merck Millipore, Billerica, MA, USA) at a 200 9 and
100 9 dilution, respectively. As the secondary antibody,
biotinylated horse anti-rabbit IgG affinity-purified antibody
was used at a 200 9 dilution. Staining was carried out using
avidin–biotin reagents (Vectastain ABC reagents; Vector
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Laboratories, Inc. Burlingame, CA, USA), 3,30-diaminoben-
zidine (Sigma-Aldrich), and hydrogen peroxide, and the sections
were counterstained with hematoxylin to facilitate orientation.
As a negative control, consecutive sections were immunostained
without exposure to the primary antibody. The ratio of PCNA-
positive cells was calculated by the formula: % = number of
PCNA positive cells in polyp ⁄ number of whole cells in polyp
(magnification, 9100).

Real-time PCR analysis. The tissue samples from the intestinal
mucosae or from the polyps of the mice were rapidly deep-fro-
zen in liquid nitrogen and stored at �80°C. Total RNA was
isolated from the tissues using TRIzol reagent (Sigma-
Aldrich), and 1 lg aliquots in final volumes of 10 lL were
used for the synthesis of cDNA using the High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). Real-time PCR was carried out using the
CFX96 thermal cycler (Bio-Rad, Hercules, CA, USA) with the
FastStart Universal SYBR Green Mix (2 9) (Roche, Basel,
Switzerland) according to the manufacturer’s instructions. The
primers used included mouse c-Myc (50-GCTCGCCCAAATC
CTGTACCT and 30-TCTCCACAGACACCACATCAATTTC),
cyclin D1 (50-CCATGGAACACCAGCTCCTG and 30-CGGTC
CAGGTAGTTCATGGC), GAPDH (50-TGTCAGCAATGCAT
CCTGCA and 30-TTACTCCTTGGAGGCCATGT), iNOS (50-
CCGGCAAACCCAAGGTCTACGTT and 30-CACATCCCGA
GCCATGCGCACAT), Nox1 (50-TCCCTTTGCTTCCTTCTTG
A and 30-CCAGCCAGTGAGGAAGAGTC), p22phox (50-CGT
GGCTACTGCTGGACGTT and 30-TGGACCCCTTTTTCCTC
TTT), and Pai-1 (50-GACACCCTCAGCATGTTCATC and 30-
AGGGTTGCACTAAACATGTCAG). Cycling conditions were
as follows: 95°C for 15 s, annealing at 60°C for 10 s, and 42
cycles at 72°C for 20 s after an initial step of 95°C for 10 min
followed by a final elongation step at 72°C for 5 s. To assess
the specificity of each primer set, melting curves were con-
structed for the amplicons generated by the PCR.

Luciferase assay of NF-jB transcriptional activity. To measure
NF-jB transcriptional activity, the colon cancer cell line SW48
and rodent macrophage cell line RAW264 were seeded in 96-well
plates (2 9 104 cells ⁄well). After 24 h of incubation, the cells
were transiently transfected with 100 ng ⁄well of the pGL4.32

(luc2P ⁄NF-jB RE ⁄Hygro) (Promega, Madison, WI, USA) repor-
ter plasmid and pGL4.73 (hRluc ⁄SV40) (Promega) control plas-
mid using the FuGENE 6 Transfection Reagent (Roche)
according to the manufacturer’s instructions and cultured for
24 h. The cells were then treated with 200 lM apocynin for 24 h
and, finally, firefly luciferase and Renilla luciferase activities were
determined by the Luciferase Assay Systems and Renilla Lucifer-
ase Assay Systems (Promega), respectively. The values were nor-
malized according to Renilla luciferase activity levels. The basal
luciferase activity of the untreated cells was set as 1.0. The per-
cent of luciferase activity for each treatment was calculated using
data from triplicate wells.

Statistical analysis. Statistical analysis was carried out using
Student’s t-test. Differences were considered to be statistically
significant at P < 0.05.

Results

Suppression of AOM-induced colorectal ACF in KK-Ay mice by

apocynin. To determine the effects of apocynin on colorectal
ACF development in KK-Ay mice, the KK-Ay mice were treated
with AOM, with or without apocynin. Treatment with apocynin
did not significantly change the food intake rates, behaviors, or
body weights of the mice during the experimental period. The
final body weights of the untreated 13-week-old female KK-Ay

mice and those that were treated with 250 mg ⁄L apocynin and
500 mg ⁄L apocynin were 49.1 � 3.3, 47.9 � 2.4, and
45.0 � 8.5 g, respectively. During the experimental period, no
significant differences in body weights were observed between
the groups.
Table 1 shows the numbers and distributions of colorectal

ACF in the KK-Ay mice treated with or without apocynin. All
KK-Ay mice treated with AOM developed colorectal ACF at
13 weeks. The total number of ACF in the group treated with
250 mg ⁄L apocynin was reduced to 68.5% (P < 0.01) of the
control value. The numbers of ACF in the middle and distal
portions of the colons of the mice treated with 250 mg ⁄L
apocynin were reduced significantly (P < 0.01, 0.05). There
were no significant differences in the number of aberrant
crypts per focus between the groups. However, treatment with

Table 1. Development of colorectal aberrant crypt foci (ACF) in KK-Ay mice treated with azoxymethane and apocynin

Apocynin, mg ⁄ L No. of mice with ACF
No. of ACF ⁄ colorectum

Mean no. of AC ⁄ focus
Proximal Middle Distal Rectum Total

0 12 ⁄ 12 1.1 � 1.5 16.9 � 4.8 38.0 � 10.0 14.5 � 8.3 70.5 � 17.2 1.3 � 0.1

250 12 ⁄ 12 0.3 � 0.7 7.8 � 5.9** 28.0 � 10.9* 12.1 � 6.3 48.3 � 20.6** 1.2 � 0.1

500 12 ⁄ 12 0.2 � 0.6 10.8 � 9.8 32.6 � 12.8 12.1 � 4.7 55.8 � 22.3 1.3 � 0.1

*P < 0.05, **P < 0.01 versus 0 mg ⁄ L. Data are expressed as mean � SD. AC, aberrant crypt.

Table 2. Number of intestinal tumors in Min mice

treated with apocynin

Apocynin,

mg ⁄ L
No. of

mice

No. of tumors ⁄mouse

Small intestine
Colon Total

Proximal Middle Distal

0 8 3.0 � 0.6 12.1 � 2.1 34.1 � 4.6 1.1 � 0.4 50.4 � 6.1

500 7 2.6 � 0.6 8.0 � 1.7 19.7 � 1.3* 0.3 � 0.8 30.6 � 3.3*

*P < 0.05 versus 0 mg ⁄ L. Data are mean � SD.
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250 mg ⁄L apocynin reduced the numbers of small-sized ACF
(Fig. S1A).

Suppression of intestinal polyp formation in Min mice by apoc-

ynin treatment. Treatment of Min mice with 500 mg ⁄L apoc-
ynin for 6 weeks also did not alter body weights, food intake
rates, or clinical signs compared with the untreated mice
throughout the experimental period. Table 2 summarizes the

numbers and distributions of intestinal tumors in the untreated
control group and 500 mg ⁄L apocynin-treated group. Almost all
tumors developed in the small intestine, with only a few forming
in the colon. Treatment with 500 mg ⁄L apocynin led to a
decrease in the total number of tumors to 60.7% (P < 0.05) of
the untreated control value. The total number of tumors in the
distal segment decreased by 42.2% in the apocynin group. The
majority of tumors were observed to be between 0.5 and 3.0 mm
in diameter. Treatment with 500 mg ⁄L apocynin reduced the
numbers of tumors of most sizes and significantly reduced the
numbers of tumors that were 1.0–1.5 mm in size (Fig. S1B).
To investigate the effects of apocynin on intestinal epithelial

cell growth, the intestinal tumor sections of Min mice were

Fig. 2. Relative expression levels of NADPH oxidase-associated genes
in intestinal mucosae and tumors of Min mice. Real-time PCR analysis
was used to obtain Nox1 (a), p22phox (b), and Nox2 (c) mRNA expres-
sion levels. Values were set at 1.0 in untreated controls, and relative
levels were expressed as mean � SD (n = 4, a pair of mucosa and
tumor samples for apocynin or untreated controls). *P < 0.05 versus
untreated control. GAPDH mRNA levels were used to normalize data.

Fig. 1. Changes in cell cycle-related factors in intestinal tumors trea-
ted with or without apocynin. (a) Immunohistochemistry was per-
formed for determination of proliferating cell nuclear antigen
(PCNA)-positive cell numbers in tumor sections (n = 18) of small
intestines of Min mice treated with 500 mg ⁄ L apocynin (n = 7) and
untreated controls (n = 8). Ratio of the number of PCNA-positive cells
per whole cell in field (100 9) is shown. Data are represented by
mean � SD. *P < 0.05 versus untreated control. Real-time PCR analysis
was carried out to obtain c-Myc (b) and cyclin D1 (c) mRNA levels.
Values were set at 1.0 in untreated controls, and relative levels were
expressed as mean � SD (n = 4, a pair of mucosa and tumor samples
for apocynin or untreated controls). **P < 0.01 versus untreated con-
trol. GAPDH mRNA levels were used to normalize data.
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immunohistochemically stained with anti-PCNA antibody. The
proportions of PCNA-positive cells in the intestinal tumor sec-
tions significantly decreased by 48.2% in the mice treated with
500 mg ⁄L apocynin (P < 0.05) (Fig. 1a). Immunohistopatho-
logical analysis for cyclin D1 in intestinal tumors in Min mice
also showed a significant decrease of cyclin D1-positive cells in
the intestinal tumor sections (Fig. S2). To assess the mechanisms
underlying the inhibition of cell growth by apocynin, several cell
growth-related genes were analyzed by real-time PCR. The
downregulation of the expression levels of c-Myc and cyclin D1
in the small intestinal tumors of Min mice were apparent com-
pared with those of the untreated group (Fig. 1b,c).

Suppressive effects of apocynin on oxidative stress in mice. To
clarify the suppression of ROS production by NADPH oxidase
inhibition, we examined the effects of apocynin on serum
oxLDL-cholesterol levels in the KK-Ay and Min mice. The
treatment of the KK-Ay mice with 250 mg ⁄L apocynin signifi-
cantly suppressed serum oxLDL-cholesterol levels (Table S1).
The suppression of serum oxLDL-cholesterol levels was
observed in KK-Ay and Min mice at a dose of 500 mg ⁄L apoc-
ynin, although the results were not statistically significant
(Table S2). Moreover, serum triglyceride, total cholesterol, and
LDL-cholesterol levels were measured to assess their effects
on the oxLDL-cholesterol levels. The apocynin treatments did
not show the serum triglyceride, total cholesterol, or LDL-c-
holesterol levels to decrease in a dose-dependent manner
(Tables S1,S2) in KK-Ay mice; decreases were only observed
in Min mice.
To evaluate whether treatment with apocynin improved the

oxidative status in other parameters, DNA was extracted from
the adipose tissues of both KK-Ay and Min mice, and 8-oxo-
dG adducts were quantified per nucleoside by LC-MS ⁄MS.
The 8-oxo-dG levels in the adipose tissues of KK-Ay and Min
mice tended to decrease following the 500 mg ⁄L apocynin
treatment (Fig. S3).

Suppression of iNOS mRNA levels in intestinal tumor sections

from Min mice treated with apocynin. To confirm the expres-
sion levels of the target molecules of apocynin in Min mice,
the levels of NADPH oxidase (Nox1, p22phox, and Nox2)
mRNA were examined by quantitative RT-PCR. The levels of
Nox1 and p22phox increased by 2.2-fold and 10.4-fold, respec-
tively, in the intestinal tumor sections compared with those of
the non-tumor mucosal sections in Min mice (Fig. 2a,b). How-
ever, the expression levels of Nox2 did not differ between the
normal mucosal and tumor sections (Fig. 2c). Nox1, p22phox,
and Nox2 mRNA levels decreased by 14.3%, 61.2%, and
65.0%, respectively, in the tumor sections following treatment
with 500 mg ⁄L apocynin compared with the untreated group
(Fig. 2).
Intestinal epithelial cell growth is generally affected by

inflammation-related factors, including cytokines and growth
factors. Thus, we next focused on the expression levels of
interleukin-6, iNOS, and Pai-1 in the intestinal tissues. In the
tumor sections, the Pai-1 and iNOS mRNA levels were upreg-
ulated compared with the levels observed in the non-tumor
mucosal sections, and these levels decreased following
500 mg ⁄L apocynin treatment (Fig. 3a,b). However, inter-
leukin-6 mRNA levels decreased only in the non-tumor muco-
sal sections following apocynin treatment (Fig. 3c).

Nuclear factor-jB transcription is inhibited by apocynin treat-

ment. To examine the effects of apocynin on the transcrip-
tional factors that regulate the expression of iNOS, we
examined NF-jB transcriptional activity in SW48 (human
colon cancer cell line) and RAW264 (murine macrophage cell

line) cells. The NF-jB transcriptional activities in both cell
lines were reduced by 24 h of 200 lM apocynin treatment
(Fig. 4).

Discussion

In the present study, we showed the suppressive effects of
apocynin on AOM-induced colorectal ACF formation in obese
KK-Ay mice and on intestinal tumor development in Min mice.
Moreover, the clear suppression of c-Myc and cyclin D1
mRNA levels and a reduced ratio of PCNA-positive epithelial

Fig. 3. Relative expression levels of inflammation- and carcinogene-
sis-related genes in intestinal mucosae and tumors of Min mice trea-
ted with or without 500 mg ⁄ L apocynin. Real-time PCR analysis was
carried out to obtain iNOS (a), Pai-1 (b), and interleukin-6 (IL-6) (c)
mRNA levels. Values were set at 1.0 in untreated controls, and relative
levels were expressed as mean � SD (n = 4, a pair of mucosa and
tumor samples for apocynin or untreated controls). GAPDH mRNA
levels were used to normalize data.
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cells were observed in the intestinal tumor sections of Min
mice. Treatment with apocynin tended to decrease levels of
oxidative stress in both KK-Ay and Min mice. The mechanism
involved in the suppressive effects of apocynin treatment on
oxidative stress was partially related to the inhibition of
NADPH oxidase, resulting in reduced ROS production, and
the suppression of iNOS mRNA levels. In addition, the repor-
ter gene assay revealed that apocynin inhibited NF-jB tran-
scriptional activity in human colon cancer cells.
It has been reported that Nox1 knockdown induces G0 ⁄G1

arrest in a human colon cell line, HT29, whereas the same
knockdown treatment in Caco2 cells strongly induces apopto-
sis.(22) In addition, apocynin also blocks cell growth by induc-
ing G0 ⁄G1 arrest and downregulating cyclin D1 in a human
prostate cancer cell line, LNCaP.(19) We obtained similar
results, showing that apocynin suppressed c-Myc and cyclin
D1 mRNA levels and reduced the ratio of PCNA-positive
epithelial cells in the intestinal polyp sections of Min mice.
This inhibition of cell growth factors may result in a reduction
in AOM-induced colorectal ACF formation in obese KK-Ay

mice and intestinal tumor development in Min mice.
Because apocynin is known to be an NADPH oxidase inhibi-

tor, we examined ROS activity by measuring serum oxLDL
levels, and the number of 8-oxo-dG adducts per nucleoside in
the adipose tissue was quantified by LC-MS ⁄MS. Both assess-
ments indicated a tendency toward reduction by the apocynin
treatment. Compared with other serum lipids, serum oxLDL
levels were not affected by the amount of total serum choles-
terol or LDL. Because ROS are generally produced by mito-
chondria and peroxisomes and the enzymes cytochrome P450
and NADPH oxidase,(9,23,24) the targeting of only NADPH oxi-
dase does not sufficiently reduce whole-body ROS production.
We speculated that apocynin did not affect whole-body ROS
production, but may play an important role in the local tumor
parts of the intestine in which NADPH oxidase is overex-
pressed. Neoplastic lesions with characteristically elevated
levels of NADPH oxidase, such as human colon adenomas and
well-differentiated adenocarcinomas,(15) may be good targets
for NADPH oxidase inhibitors.
The present study is the first to show that Nox1 and p22phox

mRNA levels tend to be elevated in the intestinal tumors of
Min mice. It has been reported that PhIP-induced colon tumors
show increased Nox1 expression and NF-jB activation.(22)

PhIP is a heterocyclic amine that has been associated with
colon cancer in rodents. In addition, our results imply that
increased Nox ⁄Duox expression is not specific to heterocyclic

amines or to other colon carcinogens, such as AOM. It has
been reported that Nox1 overexpression in human colon can-
cers correlate with activating mutations in K-ras.(16) However,
considering that genetic alterations in b-catenin or APC have
been detected in over 80% of human colorectal cancers and
that Min mice possessed Apc mutations in this study, b-catenin
signaling may also be influenced by the expression of Nox1.
Further research is needed to confirm this possibility.
Reactive oxygen species affect cancer cell proliferation

through the activation of NF-jB transcription factors,(25) which
results in the induction of cyclin D1 and cyclin-dependent
kinase. Moreover, NF-jB induces inflammatory cytokines,
growth factors, and inflammation-related enzymes, such as
iNOS. In cultured rodent macrophage cells and human colon
cancer cells, apocynin has been shown to inhibit NF-jB tran-
scriptional activity in this study. Decreased production of intra-
cellular ROS by apocynin could be involved in the inhibition of
NF-jB transcriptional activity. Moreover, inhibition of Akt
phosphorylation by apocynin(26) could partly inhibit NF-jB tran-
scriptional activity through IKK activation. These mechanisms
may partially explain the lowered expression levels of c-Myc,
cyclin D1, and iNOS, which are downstream targets of NF-jB,
observed in the intestinal polyps of Min mice in this study.
In summary, we have provided the first evidence of the

involvement of Nox ⁄Duox in AOM-induced colon carcinogen-
esis in obese mice and in intestinal tumor formation in Min
mice using an NADPH oxidase inhibitor, apocynin. The
chemopreventive effect of apocynin on non-obese ordinary
mice is another concern. Although Min mice are not obese
mice, AOM-induced non-obese ordinary mouse colorectal
cancer will be a more suitable model to demonstrate the effect
of apocynin on carcinogenesis in non-obese ordinary mice. In
addition, clarifying the correlation between Nox ⁄Duox family
members and NF-jB–iNOS during colon cancer development
warrants further investigation. We conclude that apocynin and
other NADPH oxidase inhibitors may be effective colorectal
cancer chemopreventive agents. Further evidence, such as that
obtained from human trials, is required.
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ACF aberrant crypt foci

AOM azoxymethane
IGF insulin-like growth factor
Duox dual oxidase
iNOS inducible nitric oxide synthase
LC-MS/MS liquid chromatography tandem mass spectrometry
LDL low-density lipoprotein
NF-jB nuclear factor-jB
Nox NADPH oxidase
oxLDL oxidized LDL
8-oxo-dG 8-oxo-7,8-dihydro-20-deoxyguanosine
Pai plasminogen activator inhibitor
PCNA proliferating cell nuclear antigen
ROS reactive oxygen species
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Effect of apocynin on aberrant crypt foci size and intestinal tumor size distribution in the mice.

Fig. S2. Histopathological and immunohistopathological analysis of intestinal tumors in Min mice.

Fig. S3. Oxidative adduct qualification in DNA extracted from adipose tissues of mice. Mouse DNA was extracted from adipose tissues of KK-Ay

and Min mice treated with or without 500 mg/L apocynin. The numbers of 8-oxodG adducts per nucleoside were quantified by liquid chromato-
graph tandam mass spectrometry (LC-MS/MS). Data are expressed as mean �SD (N=4).

Table S1. Serum lipid levels in KK-Ay mice with or without apocynin treatment.

Table S2. Serum lipid levels in Min mice with or without apocynin treatment.
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