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Previously, we proposed a novel mouse model for colitis-related
colon carcinogenesis using azoxymethane (AOM) and dextran so-
dium sulfate (DSS) (Cancer Sci 2003; 94: 965–73). In the current
study, sequential analysis of pathological alterations during car-
cinogenesis in our model was conducted to establish the influ-
ence of inflammation caused by DSS on colon carcinogenesis in
this model. Male ICR mice were given a single intraperitoneal in-
jection of AOM (10 mg/kg body weight) and given 2% (w/v) DSS
in the drinking water for 7 days, starting 1 week after the AOM
injection. They were sequentially sacrificed at weeks 2, 3, 4, 5, 6,
9, 12, and 14 for histopathological and immunohistochemical ex-
aminations. Colonic adenomas were found in 2 (40% incidence
and 0.40±±±±0.49 multiplicity) of 5 mice at week 3 and colon carcino-
mas developed in 2 (40% incidence and 2.00±±±±3.52 multiplicity) of
5 mice at week 4. Their incidence gradually increased with time
and reached 100% (6.20±±±±2.48 multiplicity) at week 6. At week 14,
the multiplicity of adenocarcinoma was 9.75±±±±2.49 (100% inci-
dence). In addition, colonic dysplasia was noted at all time-points.
The scores of colonic inflammation and nitrotyrosine immunohis-
tochemistry were extremely high at early time-points and were
well correlated. Our results suggest that combined treatment of
mice with AOM and DSS generates neoplasms in the colonic mu-
cosa via dysplastic lesions induced by nitrosative stress. (Cancer
Sci 2004; 95: 721–727)

n the developed countries, colorectal cancer (CRC) is one of
the commonest non-smoking related causes of cancer deaths.

Remarkable differences in the incidence worldwide have led to
the hypothesis that this variation could be explained largely by
environmental influences.1)

The occurrence of inflammatory bowel disease (IBD), in-
cluding ulcerative colitis (UC) and Crohn’s disease (CD), is af-
fected by several factors, including race and geography.2, 3) Life
style, particularly intake of high amount of animal fat, is in-
volved in the occurrence of IBD.4) Over recent decades the inci-
dence of IBD has been rising throughout the world, including
Japan, as it has been in the last 50 years in Europe and North
America.5) This increase may be caused by increased intake of
animal fat.6) CRC is one of the most serious complications of
IBD, especially UC and CD. The risk of CRC becomes greater
with increasing extent and duration of the disease. A recent
meta-analysis has estimated the incidence rate at 7 per 1000
person-years duration and 12 per 1000 persons per year dura-
tion in the second and third decades of UC, respectively.7) The
risk for CRC development in CD patients is also high.8) The
highest risk of CRC in CD patients was reported to be 26.6
(standardized incidence ratio), although the estimate applied
only to patients younger than 21 years of age.9) Gillen et al.10)

compared the CRC risk in patients with UC and CD and found
an 18-fold increase in the risk of developing CRC in extensive

CD and a 19-fold increase in risk in extensive UC when com-
pared with the general population.

The pathogenesis of IBD-related CRC is still unclear, al-
though there have been various attempts to investigate the
pathogenesis using animal models. In earlier animal models for
investigating the pathogenesis of UC, carageenan was used,11)

but dextran sodium sulfate (DSS) has been the most widely
used chemical to induce colitis.12) Also, this DSS animal model
is available for examining IBD-related CRC. Intestinal tumors
in rats fed 5% DSS in the diet developed between 134 and 215
days.13) Colorectal carcinomas developed in rats fed DSS for as
long as 6 months.14) Recently, Cooper et al.15) reported a rela-
tionship between the severity of DSS-induced inflammation
and colorectal carcinogenesis which is similar to that of human
UC-associated dysplasia and cancer regarding histopathology.
However, these studies basically need a long experimental pe-
riod or repeated administration of DSS.14–16) In addition, our
previous study demonstrated that treatment with the non-geno-
toxic carcinogen DSS enhances the development of putative
precursor lesions (aberrant crypt foci) for colonic adenocarci-
noma in rats.17)

In the first report of our experimental studies of inflamma-
tion-related carcinogenesis in mouse colon, we proposed a
novel mouse model, using azoxymethane (AOM) and DSS.18)

In our model, exposure to a single dose of AOM followed by 1-
week treatment with 2% DSS could induce a number of colonic
epithelial malignancies within 20 weeks. Moreover, the first co-
lonic adenocarcinoma was found as early as 12 weeks.18) How-
ever, time-course analysis of pathological alterations was not
performed. Therefore, in the present study, we investigated the
time-course of alterations of colonic morphology in male ICR
mice treated with AOM followed by DSS, in order to under-
stand the effects of DSS-induced inflammation on colon car-
cinogenesis in this model. Since inducible nitric oxide synthase
(iNOS) is expressed in inflamed colonic mucosa and is associ-
ated with the production of peroxynitrite and nitration of cellu-
lar protein in the colon in human IBD19, 20) and chemically
induced colitis of rodents,21) we also immunohistochemically
assessed the expression of nitrotyrosine, which is a specific
marker of nitrosative stress,22) in the colon.

Materials and Methods

Animals, chemicals, and diets. In this study, 5-week-old male
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Crj:CD-1 (ICR) mice (Charles River Japan, Inc., Tokyo) were
used. They were acclimated for 1 week with tap water and a
pelleted basal diet, CRF-1 (Oriental Yeast Co., Ltd., Tokyo) ad
libitum, before the start of the experimentation. Mice were then
randomized by body weight into 8 groups. They were main-
tained at Kanazawa Medical University Animal Facility accord-
ing to the Institutional Animal Care Guidelines, and were
housed under controlled conditions of humidity (50±10%),
light (12/12 h light/dark cycle), and temperature (23±2°C). A
colonic carcinogen AOM was purchased from Sigma Chemical
Co. (St. Louis, MO). DSS with a molecular weight of 40,000
was purchased from ICN Biochemicals, Inc. (Aurora, OH).

Experimental procedure. All mice received a single intraperito-
neal (i.p.) injection of AOM at a dose level of 10 mg/kg body
weight. Starting 1 week after the AOM injection, animals were
exposed to 2% DSS in the drinking water for 7 days. They were
then sacrificed by ether overdose at weeks 2, 3, 4, 5, 6, 9, 12,
and 14 (Fig. 1). At autopsy, their large bowel was flushed with
saline, and excised. The large bowel (from the ileocecal junc-
tion to the anal verge) was measured, cut open longitudinally
along the main axis, and then washed with saline. After macro-
scopic inspection, it was cut, and fixed in 10% buffered forma-
lin for at least 24 h. Paraffin-embedded sections were made by
routine procedures.

Histopathological analysis. The histopathological alterations in

the colon were examined on hematoxylin and eosin-stained sec-
tions. Colitis with or without ulceration was scored on hema-
toxylin and eosin-stained sections, according to the following
morphological criteria described by Cooper et al.23): grade 0,
normal colonic mucosa (Fig. 2a); grade 1, shortening and loss
of the basal one-third of the actual crypts with mild inflamma-
tion and edema in the mucosa (Fig. 2b): grade 2, loss of the
basal two-thirds of the crypts with moderate inflammation in
the mucosa (Fig. 2c); grade 3, loss of the entire crypts with se-
vere inflammation in the mucosa, but with retention of the sur-
face epithelium (Fig. 2d); and grade 4, loss of the entire crypts
and surface epithelium with severe inflammation in the mucosa,
muscularis propria, and submucosa (Fig. 2e). High- or low-
grade dysplasia of colonic mucosa (Fig. 3) was diagnosed ac-
cording to the criteria described by Riddell et al.24) and
Pascal.25) Colonic neoplasms were diagnosed according to the
description by Ward.26)

Immunohistochemistry of nitrotyrosine. Immunohistochemistry
of nitrotyrosine was used to evaluate tyrosine nitration, a
marker of nitrosative damage in the colon. Paraffin embedded
sections (4 µm) of the distal colon (1 cm from the anus) were
deparaffinized, treated with 0.3% hydrogen peroxide for 15 min
to block endogenous peroxidase activity, and then rinsed briefly
in PBS. Non-specific binding was blocked by incubating the
slides with a blocking solution (0.1 M PBS containing 0.1%
Triton X-100 and 2% normal goat serum) for 2 h. Sections
were incubated overnight with a primary rabbit polyclonal
anti-nitrotyrosine (diluted 1:500, Upstate Biotechnology, Lake
Placid, NY) or with control solution. Control sections included
buffer alone or non-specific purified rabbit secondary antibody
and the avidin-biotin-peroxidase complex (Vectastain Elite
ABC kit, Vector Laboratories, Burlingame, CA). Reaction
products were developed by immersing the sections in 3,3′-di-
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Fig. 1. Experimental protocol. , basal diet and tap water; , 2%
DSS; , AOM, 10 mg/kg b.w., i.p.; × , sacrifice.
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Fig. 2. Histology and various grades of colitis: (a) normal colonic mucosa (grade 0); (b) shortening of the basal one-third of the crypts with slight
inflammation and edema in the lamina propria (grade 1); (c) loss of the basal two-thirds of the crypts with moderate inflammation in the lamina
propria (grade 2); (d) loss of the entire crypts with severe inflammation in the lamina propria, but with retention of the surface epithelium (grade
3); and (e) loss of the entire crypts and surface epithelium with severe inflammation in the mucosa, muscularis propria, and submucosa. The exu-
dates containing cell debris, inflammatory cells, fibrin, and mucus covers the damaged mucosa (grade 4). Hematoxylin and eosin stain. Original
magnifications, ×20.
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aminobenzidine 4HCl solution (Sigma Chemical Co.) contain-
ing 0.1% hydrogen peroxide. To quantitate the degree of
nitrotyrosine stainability, a grading system (grades 0–4) was
used: grade 0, no immunoreactivity; grades 1–3, increasing de-
grees of intermediate immunoreactivity; and grade 4, extensive
immunoreactivity.21)

Statistical analysis. All measurements were compared by the
use of Student’s t test or Welch’s t test for paired samples.

Results

General observations. A few mice had bloody stools at week 2,
but no such clinical symptoms were observed thereafter. At
week 8, anal prolapse due to tumor development in the distal
colon was noted in a few mice. Mean body and liver weights
and mean lengths of large bowel at different time-points are
shown in Table 1. No remarkable changes of mean body and
liver weights were observed after week 4 or 5. No significant
changes in the lengths of large bowel were noted after week 4.
At week 14, the mean body weight, liver weight, and length of
colon of untreated mice was 41.0±3.4 g, 2.78±0.26 g, and
13.1±0.9 cm, respectively (data was not shown in Table 1). The
mean liver weight (2.27±0.37) of mice given 2% DSS at week
14 was significantly lower than that of untreated mice
(P<0.05).

Colitis and colonic dysplasia. Colitis in the current study was
present with or without colonic dysplasia in the middle or distal
colon (Fig. 4a). As shown in Fig. 5a, the inflammation score
was the highest (3.80±0.45) at week 2, and then gradually de-

creased during the study. The scores at weeks 2, 3 (3.40±0.55),
4 (3.20±0.45), 5 (3.20±0.84), and 6 (2.80±0.84) were much
greater than that at week 14 (1.50±0.58). Mucosal ulceration
was found at week 2, soon after the cessation of DSS exposure
(Ul-I, 100% incidence with a multiplicity of 8.20±1.94; and
Ul-II, 80% incidence with a multiplicity of 1.80±2.14). After
this time-point, the incidence of mucosal ulceration was de-
creased with time, accompanied with regeneration, and there
was a 25% incidence of Ul-I (0.25±0.43 multiplicity) at week
14. Ul-II ulcer was not found in the colon after week 6. Colonic
dysplasia was also present at week 2 (Table 2). During the ex-

a b
Fig. 3. Histopathology of colonic dysplasia. (a) Low-grade dysplasia, mild dysplastic changes with decreased goblet cells extend to the surface ep-
ithelium; and (b) high-grade dysplasia, a greater degree of cytologic atypia is evident. The nuclei are enlarged and have irregular contours. There
is also a loss of normal polarity. Hematoxylin and eosin stain. Original magnifications, ×20.

Table 1. Body and liver weights and lengths of colon

Wks No. of mice
examined

Body wt
(g)

Liver wt
(g)

Length of large bowel
(cm)

2 5 23.8±2.2 1.41±0.13 6.7±0.4
3 5 28.6±2.2 2.10±0.80 8.7±1.2
4 5 36.4±3.0 2.50±0.40 10.7±1.1
5 5 39.8±2.2 3.10±0.70 11.2±0.6
6 5 39.6±1.9 2.78±0.40 11.2±0.6
9 5 40.3±1.9 2.65±0.30 11.6±0.6

12 5 40.1±1.6 2.98±0.10 11.1±0.4
14 4 39.7±1.0 2.27±0.37 11.8±1.0

a

b
Fig. 4. Macroscopic view of the colon of mice treated with 2% DSS. (a)
A small nodular tumor (arrow) is seen in the distal colon of 2 mice at
week 3. (b) Nodular, polypoid, or caterpillar-like tumors are found in
the distal and/or middle colon of all mice at week 12.
Suzuki et al. Cancer Sci | September 2004 | vol. 95 | no. 9 | 723
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periment, the incidence of high-grade dysplasia gradually in-
creased with time: 40% at week 2 and 100% at weeks 4–14.
The multiplicity of high-grade dysplasia was 1.40±1.74/mouse
at week 2 and thereafter the value slightly increased (Fig. 5b).
However, the multiplicity of low-grade dysplasia decreased
with time.

Incidence and multiplicity of large bowel neoplasms. Macroscop-
ically, flat, nodular, polypoid, or caterpillar-like colonic tumors
(Fig. 4b) were found in the middle and distal colon of mice. Ta-
ble 3 summarizes the incidence of large bowel neoplasms at
each time-point. Fig. 5c illustrates the multiplicity of colonic
neoplasms at each time-point. At week 2, no colonic neoplasms
developed. At week 3, colonic tubular adenoma (Fig. 6a) devel-
oped in 2 of 5 mice (40% incidence with a multiplicity of
0.40±0.49). As for colonic adenocarcinoma (Fig. 6b), the inci-
dence and multiplicity were 40% and 2.00±3.52 at week 4, and
60% and 1.60±1.85 at week 5. Thereafter, the incidence of co-
lonic adenocarcinoma was 100% and the multiplicity was in-
creased. As shown in Table 4, all adenocarcinomas were

located in colonic mucosa, at weeks 4 and 5, but the number of
adenocarcinomas infiltrating into submucosa and muscularis
propria was increased after week 6.

Nitrotyrosine immunohistochemistry. Immunoreactivity of ni-
trotyrosine was noted in the cryptal cells with or without dis-
ruption, infiltrated mononuclear inflammatory cells, and
endothelial cells of the small vessels in the mucosa and submu-
cosa. Stainability was strong in the infiltrated mononuclear in-
flammatory cells (Fig. 7, a and b). Adenocarcinoma cells also
showed weakly or moderately positive immunoreactivity of ni-
trotyrosine (Fig. 7b). As shown in Fig. 8, scoring of the immu-
noreactivity revealed that the highest score of nitrotyrosine was
at week 2 (7.32±1.35) and the scores at weeks 2, 3
(5.22±0.40), and 4 (5.40±1.32) were much higher than that at
week 14 (2.75±0.25).
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Fig. 5. (a) Colonic inflammation score at each time-point, (b) multi-
plicity of colonic dysplasia at each time-point, (c) multiplicity of colonic
neoplasms at each time-point.

a b
Fig. 6. Histopathology of (a) tubular adenoma and (b) adenocarcinoma. Hematoxylin and eosin stain. Original magnifications, (a) ×10 and (b)
×20.

Table 2.  Incidence of dysplasia in the colon

Wks No. of mice 
examined

Incidence of dysplasia (%)

Total Low-grade High-grade

2 5 80 80 40
3 5 100 100 80
4 5 100 100 100
5 5 100 80 100
6 5 100 100 100
9 5 100 100 100

12 5 100 80 100
14 4 100 75 100

Table 3. Incidence of colonic neoplasms

Wks No. of mice 
examined

Incidence of colonic neoplasms (%)

Total Adenoma Adenocarcinoma

2 5 0 0 0
3 5 40 40 0
4 5 80 80 40
5 5 80 40 60
6 5 100 80 100
9 5 100 100 100

12 5 100 100 100
14 4 100 100 100
724 Suzuki et al.
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Discussion

In the current study, treatment with a single dose of genotoxic
colonic carcinogen AOM (10 mg/kg body weight, i.p. injec-
tion) followed by 1-week oral exposure to a non-genotoxic car-
cinogen DSS (2% in drinking water) could induce colonic
adenoma within 3 weeks after the start of the experiment. Co-
lonic adenocarcinoma also developed as early as 4 weeks.
These findings support our earlier work18) demonstrating a pow-
erful tumor-promoting activity of DSS, which has colitis-induc-
ing ability in the mouse colon.

In the current study, DSS induced colitis in the middle and
distal parts of the colon, as reported by others.23, 27) Besides
these inflammatory changes, low- or high-grade dysplasia was
present at all time-points and colonic neoplasms were observed
even at week 3 or 4 in the current study. Severe colitis with ul-
ceration soon after the end of 2% DSS exposure in this study
might be caused by a direct cytotoxic effect of DSS.28) Kitajima
et al. demonstrated the presence of macrophages phagocyting
DSS in the middle and distal colon of mice the day after the
oral administration of 5% DSS,29) suggesting that DSS could be
absorbed in the colonic mucosa and act as a tumor-promoter in
the colon initiated with a low dose of AOM.

Inflammatory damage in UC is associated with increased
production of nitric oxide (NO) through the iNOS pathway.30)

In accordance with this report, a good biomarker for “nitrating
species,” nitrotyrosine,31) showed a high immunohistochemical
reaction score for 2 weeks (from week 2 to week 4), beginning

soon after the cessation of DSS exposure, in this study. Also,
changes of inflammation score with or without ulceration paral-
leled the nitrotyrosine-immunohistochemical score during the
study. High scores of these parameters were noted at the earlier
time-points, and then both scores decreased with time: the
scores for nitrotyrosine positivity and inflammation reached a

Table 4. Invasiveness of colonic adenocarcinomas

Wks

Total no. of colonic 
adenocarcinoma
(no. of mice with 
adenocarcinoma)

Depth of invasion

Mucosa Submucosa Muscularis 
propria Serosa

2 0 (0/5) 0 0 0 0
3 0 (0/5) 0 0 0 0
4 10 (2/5) 10 (100%) 0 0 0
5 8 (3/5) 8 (100%) 0 0 0
6 22 (5/5) 21 (95%) 1 (5%) 0 0
9 25 (5/5) 23 (92%) 2 (8%) 0 0

12 33 (5/5) 27 (82%) 5 (15%) 1 (3%) 0
14 39 (4/4) 32 (82%) 6 (15%) 1 (3%) 0

a b
Fig. 7. Immunohistochemistry of nitrotyrosine. (a) Strongly positive immunoreactivity of nitrotyrosine in inflammatory cells (mostly macrophages)
infiltrated in the lamina propria and (b) moderate immunoreactivity of nitrotyrosine in adenocarcinoma cells with surrounding macrophages
showing strong immunoreactivity of nitrotyrosine. Original magnifications, ×20.
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Fig. 8. Score of nitrotyrosine immunoreactivity at each time-point.
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plateau after week 5 and week 9, respectively. iNOS is reported
to be over-expressed in colonic tumors of humans.32) In our pre-
vious investigation18) with this model, immunohistochemical
expression of iNOS and cyclooxygenase (COX)-2 was found in
colonic adenocarcinomas. In this study, colonic adenocarci-
noma was noted as early as at 4 weeks, when nitrotyrosine im-
munoreactivity was still high. This supports our previous report
showing a powerful tumor-promoting effect of DSS in this
model.18) Although we did not investigate the immunohis-
tochemical expression of COX-2 or iNOS in this study, we ob-
served the positive reaction of both enzymes in colonic neo-
plasms as well as their surrounding inflammatory cells in this
model.18) We consider that these enzymes are involved in coli-
tis-related colon carcinogenesis.18) In fact, increased expression
of iNOS and COX-2 was reported in colonic epithelial malig-
nancy and pre-malignancy induced by chemical carcinogen,33, 34)

and also in human colonic neoplasms.32, 35) Moreover, increases
in the amounts of their reaction products, NO and prostaglan-
din E2, might contribute to the development of colonic neo-
plasms, since specific inhibitors of both enzymes can inhibit
colon carcinogenesis in this model (manuscript in preparation).

Oxidative stress accompanied with inflammation contributes
to neoplastic transformation.36) IBD is considered one of the
major “oxyradical overload” diseases, whereby chronic inflam-
mation results in a cancer-prone phenotype.37) Oxidative stress

with its associated cellular damage is thought to play a key role
in the pathogenesis of the colitis itself,38) as well as in rat colon
carcinogenesis.39) Indeed, measures of oxidative stress, includ-
ing 8-oxoguanine and 4-hydroxy-2-nonenal-modified proteins,
were increased in colonic mucosa of IBD patients40–42) and in-
flamed colonic tissue of rodents treated with DSS.43, 44) An on-
going study in our laboratory will clarify the contribution of ox-
idative stress to colon carcinogenesis in our model.

In conclusion, the results in the current study demonstrated
that a single dose of AOM followed by 2% DSS produced co-
lonic adenocarcinoma within 4 weeks and resulted in 100% in-
cidence at week 6. Our findings might suggest that genotoxic
damage caused by AOM and subsequent severe inflammation
induced by DSS result in a high incidence of colonic epithelial
malignancy.
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