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Dextran sodium sulfate strongly promotes colorectal carcinogenesis

in ApcMm/+

mice: Inflammatory stimuli by dextran sodium sulfate

results in development of multiple colonic neoplasms
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The mouse model for familial adenomatous polyposis, Apc*™™'*
mouse, contains a truncating mutation in the Apc gene and sponta-
neously develops numerous adenomas in the small intestine but
few in the large bowel. Our study investigated whether dextran
sodium sulfate (DSS) treatment promotes the development of
colonic neoplasms in Apc™™™ mice. Apc™™* and Apc*™ mice of
both sexes were exposed to 2% dextran sodium sulfate in drinking
water for 7 days, followed by no further treatment for 4 weeks,
Immunohistochemistry for cyclooxygenase-2, inducible nitric
oxide synthase, f-catenin, p53, and ritrotyrosine, and mutations of
B-catenin and K-ras and loss of wild-type allele of the Ape gene in
the colonic lesions were examined. Sequential observation of
female Apc™""" mice that received DSS was also performed up to
week 5. At week 3, numerous colonic neoplasms developed in male
and femate Apc®™* mice but did not develop in Apc™" mice.
Adenocarcinomas developed in Ape®™* mice that received DSS
sirowed loss of heterozygosity of Ape and no mutations in the f-car-
enin and K-ras genes. The treatment also significantly increased
the number of small intestinal polyps. Sequential observation
revealed increase in the incidences of colonic neoplasms and dys-
plastic crypts in female Apc™™* mice given DSS. DSS treatment
increased inflammation scores, associated with high infensity
staining of B-catenin, eyclooxygenase-2, inducible nitric oxide syn-
thase and nitrotyrosine. Interestingly, strong nuclear staining of
P53 was specifically observed in colonic lesions of Apc™™* mice
treated with DSS. Our results suggest a strong promution effect of
DSS in the intestinal carcinogenesis of Apc*™™™ mice. The findings
also suggest that strong oxidative/nitrosative stress caused by
DSS-induced inflammation may coniribute to the colonic neo-
plasms development.

© 2005 Wiley-Liss, Inc.

Key words: Ape™™™; mice; dextran sodium sulfate; colon carcino-
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Carcinogenesis and inflammation are pathological consequen-
ces of injury and repair at the cellular and molecular levels!* and
are influenced by several life style factors, including dietary fac-
tors.” Recent studies su zest inflammation in enhancing the risk of
various types of cancer” including colon cancer.* In fact, individu-
als suffering with inflammatory bowel disease (IBD) are at high
risk of developing colon cancer.’® We recently proposed a novel
mouse colon carcinogenesis model and demonstrated the powerful
tumor-promoting effects of dextran sodium sulfate (DSS), which
can induce colonic mucosal inflammation, resembling the histopa-
thology of one of the IBD ulcerative colitis (UC){" on colon carci-
nogenesis initiated with azoxymethane (AOM),*'° 1 2-dimetylhy-
drazine (DMH)'' or heterocyclic amines (HCAs)'Z in mice. Thus,
inflammation/inflammatory stimuli induced by a short-term (for a
week) treatment with 2% DSS in drinking water after initiation
with a low-dose of carcinogens is effective for rapid induction of
colon neoplasms possessing PB-catenin gene mutations in
mice.'"'? Similarly, Cooper ef al.' found that inflammation plays
an important role in the dysplasia-cancer sequence in the colon.
Thex’ also reported the development of colon cancer in 60-day-old
Apc™™* mice that received 4% DSS alone. ' In addition, Barbour
et al."” suggested that & relationship between chronic inflamma-
tion and small intestinal tumorigenesis in Apc™™™* mice.
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Cyclooxygenase (COX)-2 and inducible nitric oxide synthase
(iNOS) play an important role in colon tumor growth and progres-
sion. COX catalyzes the committed step in the conversion of
arachidonic acid to protumorigenic eicosanoids, such as prosta-
glandin E,, which are involved in the maintenance of tumor integ-
rity.'® COX-2 is frequently undetectable in normal tissues but is
induced by cytokines, growth factors, reactive oxygen species and
tumor promoters.'” Gene expression of COX-2 is upregulated in
80-85% of human colonic adenocarcinomas," in colonic tumors
induced by AOM in rodents'® and in 80-85% of Apc™™* mouse
adenomas.”® Nitric oxide (NO) is endogenously produced by a
family of enzymes. NO is reported to cause mutagenesis®' and
DNA deamination,? and is implicated in the inflammatory
responses and in the production of vascular endothelial growth
factor.>* Several studies also report that iINOS is up-regulated in
human cancers, including colon cancer®?* and in AOM-induced
colon tumors in rodents.®® In addition, one study reported that
iNOS inhibitors suppress the development of AOM-induced aber-
rant crypt foci in rats.?’” Although the role of iNOS plus NO and
related radical species in intestinal polyposis is still controver-
sial,”* NO/iINOS may be involved in intestinal tumorigenesis.*
** The interaction between iNOS and P33 as a crucial pathway in
inflammatory-mediated carcinogenesis is also suggested.™ " An
increased cancer risk occurs in the tissues undergoing chronic
inflammation.®* Thus, NO is a candidate free radical, and the p53
tumor suppressor gene is a candidate molecular target.”

Familial adenomatous polyposis (FAP) is an inherited form of
human colon cancer characterized by the development of 100—
1,000 adenomas in the large intestine.’” If not removed, these
benign epithelial neoplasms inevitably progress to carcinomas.’’
FAP can be cansed by germline mutations in the adenomatous pol-
yposis coli (APC) tumor suppressor gene.® Min mice were a
germline mutation in the Apc gene and develop multiple polyps in
the intestine.” Apc-deficient mice including Min mice are consid-
ered to be good models of FAP and have been used for investigat-
ing the influence of environmentat factors, such as dietary factors
carcinogens, chemopreventive agents and other xenobiotics. 1
However, unfortunately, unlike human FAP, most of the neo-

Abbreviations: AOM, azoxymethane; APC, adenomatous polyposis coli;
COX, cyclooxygenase; DMH, I.2-dimethylhydrazine; DSS, dextran
sodium sulfate; FAP, familial adenomatous polyposis; HXE, hematoxylin
and eosin; HCAs, heterocyclic amines; IBD, inflammatory bowel disease;
iNOS, inducible nitric oxide synthase; LOH, loss of heterozygosity; NO,
nitric oxide; UC, ulcerative colitis.
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plasms occur prcdommanlly n the small intestine of these geneti-
cally altered mice. Yamada et al.%" recently reported that 2 number
of adenomatous lesions together with a few tumors are present in
the colon of old Ape™™™" mice. The finding suggests the presence
of precursor cryptal lesions for colonic epithelial malignancies
and the possibility of progression of the lesions to epithelial neo-
plasms under appropriate experimental conditions. Mutations of
several genes, including Apc, B-catenin, K-ras, DCC, p53 and
alterations proteins’ expression, such as COX-2, B-catenin, iNOS
and Wnt/Apc/B-catenin signaling, play important roles in both
chemlcalgy induced colon carcinogenesis and human cancer devel-
opment, Thus, colen carcinogenesis is characterized by a succes-
sion of molecular changes involving basic cellular process such as
cell proliferation, cell signaling and DNA integrity, but it is poorly
understood what sifts the balance between them, causing a cryptal
cell to lose its normal phenotype. Such knowledge could be cru-
cial for the first step in fighting colon cancer development.

In our study, we investigated whether acute inflammation
induced bx’DSS enhances small and large intestinal carcinogene-
sis in Apc™™* mice. Mutational anatysis of B-catenin and K-ras
genes and immunohistochemical analysis of Apc, B-catenin,
COX-2, iINOS and p53 expression were also performed in the
colonic neoplasms. The immunohistochemistry of nitrotyrosine, a
good marker for oxidative stress caused by inflammation,™ was
performed on the colonic mucosa of mice given DSS. In addition,
sequem:a[ pathologlcal alteration of the large intestines of female
Apc™™* mice exposed to DSS was investigated to test our
hypothesis that inflammation induced by DSS promotes the
growth of the early colonic cryptal lesmns, dysplastic aberrant
crypt foci®® or adenomatous lesions® and the treatment resulted
in the high frequency of colonic neoplasms in the short-term
(5 weeks).

Material and methods
Animals, chemicals and diets

Male and female CS7BL/6T Apc™™* and Apc*'* mice aged 3
weeks were obtained from The Jackson Laboratory (Bar Harbor,
ME). Mice were genotyped to identify carriers of the Min allele of
Ape with a PCR assay as described.™ They were housed in plastic
cages {4 or 5 mice/cage) under controlled conditions of humidity
(50 % 10%), light (12/12 hr light/dark cycle) and temperature
(23 = 2°C). Drinking water and a pelleted basal diet, CE-2 (CLEA
Japan, Inc., Tokyo, Japan) were available ad libitun. They were
quarantined for 7 days after arrival and then randomized by body
weights into experimental and control groups. DSS with a molecu-
{ar weight of 40,000 was purchased from ICN Biochemicals, Inc.
(Aurora, OH).

Experimental procedure
Fort)_r seven Apc*™* mice (16 males and 31 females) and 50
Ape™'T mice (29 males and 21 females) were used. Animals of
the experimental groups were given 2% (w/v} DSS in drinking
water for 1 week, stamn§14 weeks of age. The control group (9
male and 10 female Apc it mice, and 17 male and 11 female
Apc™™ mice) were given the tap water without DSS throughout
the experiment. Among them, 14 female Apc™™'* mice exposed
to 2% DSS were sequentially sacrificed at weeks 2 (4 mice), 3 (5
mice) and 4 (5 mice) to monitor the pathological alterations in
the large intestine. All the remaining animals were sacrificed at
week 5. At sacrifice, all organs were removed, and the small and
large intestines were cut open along their longitudinal axis, and
fixed flat in 10% buffered formalin for 24 hr at room temperature
after macroscopic inspection. Longitudinal sections of the large
intestine were made, and then processes for histopathological
examination were performed by routine procedures. Small intes-
tine was divided into 3 equal segments {proximal, middle and dis-
tal parts), the number and distribution were determined under a
dissecting microscope Nikon SMZI1000 (Nikon Co., Tokyo,
Japan). After counting, cross sections of the small intestine were

made at 2 mm intervals and processed for histopathological evalu-
ation of the polyps by routine procedures. Histological examina-
tion was performed on hematoxylin and eosin (H&E)-stained
sections. On H&E-stained sections, histological alterations, such
as mucosal dysplasiz and colonic tumors, were examined. Colonic
mucosal dysplasia was diagnosed according to the criteria
described by Paulsen er al*3 Colonic tumers were diagnosed
according to the description by Ward. 45

Scoring of inflammation in the intestinal mucosa

Mucosal inflammation with or without ulceration in the entire
intestine was analyzed on H&E-stained sections. Small and large
intestinal inflammation with or withont mucosal ulceration was
graded according to thc followmg morphological criteria de-
scribed by Cooper et al.’*® grade 0, normal appearance; grade 1,
shortening and loss of the basal 1/3 of the actual crypts with mild
inflammation in the mucosa; grade 2, loss of the basal 2/3 of the
crypts with moderate inflammation in the mucosa; grade 3, loss of
the entire crypts with severe inflammation in the mucosa and sub-
mucosa, but with retainment of the surface epithelium and grade
4, presence of mucosal ulcer with severe inflammation {neutrophil,
lymphocyte and plasma cell infiliration) in the mucosa, submu-
cosa, muscularis propria andfor subserosa. The scoring was made
on the entire colon with or without proliferative lesions and
expressed as a mean average score/mouse.

Immunchistochemistry

Immunchistochemical analyses for B-catenin, COX-2, iNOS,
p53 and nitrotyrosine were carried out with t[-l gm- ~thick paraffin-
embedded sections as previously described™ or a report by
Mollersen ef al.*® As the primary antibodies, anti-f-catenin mouse
monoclonal antibody (diluted 1:1,000, Transduction Laboratories,
Lexington, KY), anti-COX-2 mouse monoclonal antibody (diluted
1:200, Transduction Laboratories), anti-INOS mouse monocional
antibody (diluted 1:250, Transduction Laboratories), anti-p53 rab-
bit polyclonal antibodies (CMS5, diluted 1:100, Novocastra Labo-
ratories, Ltd., Newcastle, UK) and rabbit polyclonal anti-nitrotyro-
sine (diluted 1:500, Upstate Biotechnology, Lake Placid, NY)
were used. To reduce the nonspecific staining of mouse tissue by
the mouse antibodies, a Mouse On Mouse IgG blocking reagent
(Vector Laboratories, Inc., Burlingame, CA) was applied. For p53
and nitrotyrosine immunohistochemistry, normal rabbit serum was
used to block background staining. Nonspecific 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
nitrotyrosine. Staining was performed uvsing a LSAB KIT or
DAKO EnVision kit (DAKO, Glostrup, Denmark) or Vectastain
Elite ABC Kit (Vector Laboratories, Burlingame, CA). At the last
step, the sections were counterstained with hematoxylin. As a neg-
ative control, omission of the primary antibody was used. To
quantitate the degree of nitrotyrosine stainability, the grading sys-
tem (Grade 0—4) was used according to the followmg criteria
described by ngarclh et al.*®;: Grade 0, no 1mmunorcacuvny,
Grades 1-3, increasing degrees of intermediate immunoreactivity
and Grade 4, extensive immunoreactivity.

Apc allelic loss analysis

Seventeen tissues (14 colonic adenocarcinomas and 3 colonic
mucosa) from male Apc™™t mice that received 2% DSS, and 5
tissues (2 colonic adenocarcinomas and 3 colonic mucosa) from
male Apc*™¥ mice that received tap water without DSS were
selected at random for Apc allelic loss analysis. They were
digested overnight at 50°C in 20 pl of lysis buffer containing
500 pg/ml proteinase K, 10 mmol/liter Tris-HCl (pH 8.0}, 50
mmol/liter KCI, 0.45% NP40 and 0.45% Tween 20. The protei-
nase K was heat inactivated (10 min at 95°C). The tubes were cen-
trifuged for 5 min, and the supematant was transferred to new
tubes. Loss of heterozygosity (LOH) of the Apc gene was checked
using PCR with mismatched primers, as described previously.*
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Figure 1 — Macroscopic view of the large bowel (a) and histopathelogy of the colonic lesions (b—c) of male Apc™ mice treated with 2%
DSS. (a) Male Apc*™"™* mice given 2% DSS had mutiple colonic tumors (upper), while male ApcMi+ mice given tap had a few colonic tumors
{lower); (b} A polypoid lumor is diagnosed as tubular adenoma compressing surrounding crypis; () A nodular tumor is diagnosed as well-differ-
entiated tubutar adenocarcinoma (insert: cancer cells with tubular pattern); (<) Three dysplastic crypts with hyperchromatic nuclei (insert: a dys-

plastic crypt with bud formation) are noted in the colonic mucosa; and
colonic mucosa. H&E stain, original magnification: (), (<), X 100; (¢),

Briefly, the amplification of the Apc*™ allele resulted in a 155 bp

PCR product with 1 Hindill site, whereas the 55 bp product from
the Apc™ allele contained 2 Hindlll sites. HindIII digestion of
PCR-amplified DNA from Ape™™'* heterozygous tissue resulted
ina 123 bp [A)rpduct from the Apc™ allele and a 144 bp product
from the Apc™™ allele. Therefore, PCR products from tissue with
LOH displayed only 1 band (144 bp) from the Apc™™ allele. Sam-

ples were assayed at least twice, independently.

DNA sequencing and mutation analysis of B-catenin
and K-Ras genes

A total of 17 tissues (14 colonic adenocarcinomas and 3 colonic
mucosa) from male Apc™™™* mice that received 2% DSS were
subjected to analysis of B-catenin and K-ras. Also, a total of § tis-
sues (2 colonic adenocarcinomas and 3 colonic mucosa) from
male Apc™™™* mice that received tap water without DSS were
subjected to analysis of these genes. PCR was performed in B-car-
enin and K-ras genes and the statuses were determined by direct
sequencing. Exon 3 of the B-catenin gene (McatF, 5-TCT-
CCTTGG CTGGCCTTTCTA-3"; McatR, 5-GTCACACAGCCC-
TGTCAAGA-3') and exon 1 of the k-ras gene (MrasF, 5'-GCC-
TGCTGAAAATGACTGAG-3"; MrasR, 5-CTTTACAAGCGC-
ACGCAGAC-3") were amplified by PCR. Primers were included
in the following PCR reaction mixture, which contained in z total
volume of 20 pl: 20 uM of each primer, 200 uM of each deoxynu-
cleotide triphosphate, 1 unit of Taq polymerase in 1 X PCR buffer
{Promega, Madison, WI) and template DNA. The mixture was
heated at 94°C for 5 min and subjected to 30 cycles of denatura-
tion (94°C, 45 sec), annealing (57°C, 45 sec) and extension (72°C,

{e) Colonic mucosal ulcer with regenerative hyperplasia is seen in the
X10; (e) X20; (c, insert), X 100; and (d, insert), X200,

1 min) using 2 GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA). The products were sequenced directly after gel-
purification in both directions using a BigDye Terminator Cycle
Sequencing kit (Applied Biosystems) according to the manufac-
turer’s recommendations. Reactions were analyzed on an ABI
Prism 3100 DNA Sequencer (Applied Biosystems).

Statistical analysis

Statistical significance of differences was evaluated by ene-way
ANOVA with Bonferroni correction or Fisher’s exact probabil-
ity test. Values werc considered significantly different when
p < 0.05.

Resuits
Pathelogical findings

Apc™™™* mice, but not Ape*’* mice, of both sexes exposed to
2 % DSS had bloody stools during DSS exposure. Other animals
were healthy during the study. At week 5, macroscopically, a
number of nodular, polypoid or caterpillar-like colonic tumors
(Fig. la) were observed mainly in the middle and distal colon of
male and female Apc™™* mice treated with 2% DSS, but few in
those treated with tap water. Microscopically, they were tubular
adenoma (Fig. 15) or well-/moderately-differentiated tubular
adenocarcinoma (Fig. ic). Similarlﬁyd,, dysplastic crypts (Fig. 1d)
were frequently observed in all Ape™™ *mice of both sexes. Also,
mucosal ulcer was noted in mice given 2% DSS in drinking water
(Fig. 1e).
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TABLE I - INCIDENCE AND MULTIPLICITY OF LARGE INTESTINAL TUMORS AND DYSPLASTIC CRYPTS AT WEEK 5

Colonic tunors: incidence {multiplicity)

Genotype Sex Total: incidence (muHiplicity*) AD? ADC2 Dysplastic crypts
2% D58 Tap waler 2% DSS Tap water 2% DSS Tap water 2% D58 Tap water
Apc™*  Male  7/7,100%°  3/9,33%  7/7,100%°  2/9,22%  T/7,100%°  2/9,22% 7/7,100%  9/9, 100%
9.43331% (0.442073) (3.86+2.19%) (0.222044) (5.57+2.37% (0.22%0.44) (18.86%2.18%) (6.56+1.67)
Female 7/7,100%° 3/10,30%  5/7,71%  2/10,20%  7/7,100%_  2/10,20%  7/1,100%  10/10, 100%
(8.20+5.02° (0.50+0.97) (3.20+3.04% (0.30x0.67) (5.00=2.16%) (0.20£0.42) (13.2923.45% (7.70+4.14)
Apc'* Male 0/12, 0% 0/17, 0% 0/12,0% 0/17, 0% 012, 0% 0/17, 0% 0/12, 0% 0/17,0%
(0) (V)] () @ ()] © (0 )
Female 0f10,0%  0/11,0%  0/10,0% 0/11, 0% 0/10, 0% /11, 0% 0710, 0% 0/11, 0%
()] @ ()] ()] @ ) ) ()]

'No. of tumors/mouse, Mean * SD.—*AD, adenoma; and ADC, adenocarcinoma.— Significantly different from Apc

Min* males received tap

water by one-way ANQOVA with Fisher's exact probability test (P < 0.05).~"Significantly different from Apc™™* males received tap water by

Fisher's exact probability test or one-way ANOVA with Bonferroni correction (P < 0.01).~"Significantly different from Apc

Minl+ fernales

received tap water by Fisher’s exact probability test or one-way ANOVA with Bonferroni correction (P < 0.01).~%Significantly different from
Apc™™™* females received tap water by one-way ANOVA with Bonferroni correction (P < 0.05).

The incidences and multiplicities of colonic neoplasms (adeno-
mas and adenocarcinomas) and total colonic tumors are summar-
ized in Table I. The incidences of total tumors and adenocarcino-
mas in Apc™™™ mice of both sexes given 2% DSS were signifi-
cantly greater than those given tap water alone (total tumors:
males, 100% vs. 33%, p < 0.05 and femnales, 100% vs. 30%, p <
0.01; adenocarcinoma: males, 100% ws. 22%, p < 001
and females, 100% vs. 20%, p < 0.01). Treatment with 2% DSS
significantly increased the incidence of colonic adenomas in male
Apc*™'* mice when compared to that of male Apc™"*given tap
water alone (p < 0.01). As for dysplastic foci (Table I}, the fre-
quencies in ApcMin/+ mice of bath sexes given 2% DSS were
significantly greater than those given tap water alone {p < 0.01 for
males and p < 0.05 for females).

JMinf+

Time-course observation of colonic tumors in female Apc
mice revealed that the initial tumor (histologically tubular
adenoma) developed at week 2 (Fig. 22). The incidence of celonic
adenomas reached 100% at week 3 and that of adenocarcinomas
did at week 5, respectively (Fig. 2a), and their multiplicitis gradu-
ally increased up to week 5 (Fig. 2b). As for the frequency of dys-
plastic foci, there was no further increase in dysplastic ¢rypts from
week 4 to week 5 (Fig. 2¢). The value at week 5 was significantly
larger than that at week 2 (p < 0.05).

As summarized in Table II, a number of small intestinal Eolyps
(histologically tubular adenoma) developed in all Apc™™~ mice
with both sexes treated with or without 2% DSS, but not in Apc*"™*
mice with both sexes treated with or without 2% DSS, Their fre-
quencies in Apc™™'* males and females given 2% DSS were sig-
nificantly greater than in those given tap water alone (p < 0.05 for
males and p < 0.05 for females). Considering the distribution of
the polyps, significant increases in number were found at the distal
region (p < 0.01 for males and p < 0.01 for females) in Apchintt
mice of both sexes treated with 2% DSS when compared to those
in Apc™™* mice that received tap water. At the middle regions of
small intestine the numbers of polyps were significantly decreased
(7 < 0.05 for males and p < 0.01 for females) in 2% DSS treated
ApeMin/+ mice of both sexes. Also, 2% DSS treatment increased
the size (by 18%) of polyps iii the small intestine. On the other
hand, we could not find any polyps or tumors in the small intestine
of wild type mice.

Score for inflammation in the iintestine

Table U summarizes data on colonic inflammation scores at
week 5. The values in ApcM’""'"and Apc” * mice of both sexes
treated with 2% DSS were significantly larger than those given tap
water alone (p < 0.01). No significant differences on the degrees
of colonic mucosal inflammation were noted between mice of 2
genotypes, Apc™™" and Apc*’™. Scoring of inflammation in the
time-course study indicated that the value decreased after the ces-
sation of 2% DSS (Fig. 24). DSS exposure also produced small

intestinal inflammation in both Ape*™* and Apc™'" mice of both
sexes: the inflammation scores in Apc™™'™ mice were relatively
greater than those in Apc™* mice (data not shown). The scores of
Apc™™* mice that received 2% DSS were high in order of the dis-
tal (1.29%0.76 for males and 1.14+0.69 for females), middle
(0.5720.79 for males and 0.43+0.79 for females) and proximal
(0.43+0.53 for males and 0.29:0.49 for females) parts.

Immunchistochemistry of B-catenin, COX-2, INOS, p53
and nitrotyrosine

The immunoreactivities against B-catenin, COX-2, iNOS and
nitrotyrosine were found in all colonic lesions including
neog}gsms and dysplastic crypts (Fig. 3} in the large intestine of
Apc™ and Ape*’* mice of both sexes that received 2% DSS.
Their intensity in the normal mucosa and the lesions induced in
mice given tap water was relatively weaker than that in ApcMinlt
mice treated with 2% DSS. p53 was positive in the nuclei of the
colonic lesions developed in Apc™™™, while negative in those in
Apc™™ mice. The immunoreactivity against 3 antibodies (B-catenin,
COX-2 and iNOS) was also observed in the small intestinal polyps
(tubular adenomas) in Ape®™* mice of both sexes: the intensity

in mice given tap water was lower than those treated with DSS.

B-Catenin staining in adenoma cells showed positive in their
cell membrane andfor a few nuclei (Fig. 3a) in Apc™™* mice
treated with 2% DSS. Strong B-catenin expression was observed
in the nucleus and cytoplasm of adenocarcinoma cells (Fig. 35} in
Apc™™ mice given 2% DSS. The intensity of B-catenin staining
in adenoma cells was relatively weak when compared to carci-
noma cells. B-Catenin immunoreactivity was also observed in the
cell membrane, cytoplasm, and a few nuclei of dysplastic cells
(Fig. 3c). Nonlesional cryptal cells showed weak positivity of
bgr;-catznin in their cell membrane. In addition, a positive reac-
tion against B-catenin antibody was noted in the vascular endothe-
lium, infiltrated inflammatory cells and ganglion cells in Auer-
bach's plexus.

Strong COX-2 immunoreactivity was present in adenoma
(Fig. _BQ and adenocarcinoma cells (Fig. 3¢} in their cytoplasm in
Apc™™F mice treated with 2% DSS. Dysplastic cells (Fig. 3/
showed relatively strong positivity for COX-2 when compared to
neoplastic cells. Nonlesional cryptal cells at the lower part of
crypts were weakly positive for COX-2, while strongly positive
reaction of COX-2 was seen in the endothelium of small blood
vessels and inflarmmatory cells infiltrated in the lamina propria.
Smooth muscle cells and fibroblasts in inflamed large bowel
showed weak reaction of COX-2.

iNOS-immunohistochemistry showed strong immunoreactivity
in the cytoplasm of adenoma (Fig. 3g) and adenocarcinoma
cells (Fig. 3h) in Apc™™* mice given 2% DSS: the intensity
was greater in carcinoma cells when compared to adenoma
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of colonic neoplasms and the multiplicity {¢) of colonic dysplastic crypt were gradually increased with time. Scores of colonic inflammation ()
and nitrotyrosine-positivity (e) gradually decreased after the cessation of DSS treatment with time. AD and ADC refer to adenoma and adenocar-
cinoma, respectively. Data represent mean+SD {n = 4 mice at week 2, 5 mice at week 3, 5 mice at week 4, and 8 mice at week 5). Statistical
significance of differences was evaluated by Fisher’s exact probability test (a} or one-way ANOVA with Bonferroni correction (b-¢). Statistical
significances of the squared correlation coefficients were found for the multiplicity of adenoma (+ = 0.9817, p < 0.05), inflammation score
{r = —0.9618, p < 0.05), and nitrotyrosine positive score (r = ~0.9764, p < 0.05).

cells. Also, dysplastic cells (Fig. 3i) were positive for iNOS in
their cytoplasm and the intensity was relatively greater than
neoplastic cells. The faint positive reaction was found in the
cytoplasm of nonlesional cryptal cells. Immunohistochemical

INOS expression was strong in the endothelial cells of small’
blood vessels and inflammatory cells in the lamina propria,
COX-2- and iNOS-stained inflammatory cells were also fre-
quently ebserved in the mucosa.
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TABLE II - INCIDENCE AND MULTIPLICITY OF SMALL INTESTINAL POLYPS AT WEEK 5

Incidence (muttiplicily) of small intestinal pelyps at

Genotype Sex Proximal region Middie region Distal region Toral
2% DSS Tap water 2% BSS Tap water 2% DSS Tap water 2% DSS Tap waler
ApcMt Male  /7,1009%  9/9,100%  7/7,100%  9/9,100%  7/7,100%. 99, 100%  7/7,100%,  9/9,100%
(94224 (0.1x2.1) (116226 (160£37) (429+104%) (24.7+58) (64.3%13.3%) (49.8+9.8)
Female 7/7,100% 1010, 100% 7/7,100% 10/10, 100%  7/7,100%  10/10,100%  7/7,100%  10/10, 100%
(7.2%24)  (85%23) (8.7%23% (l41%3.0) (353248 (200x5.1) (51.2%54%) (42.6+9.3)
Ape™'* Male 0/12,09%  0/17,0% 0/12,0% 0/17, 0% 0/12, 0% 0/17,0% 0/12, 0% 0/17,0%
) (0 @ 0) O (0] () 0
female 0/10,0%  0/11,0% 0/10, 0% 0/11, 0% 0/10, 0% 0711, 0% 0/10, 0% 0f11, 0%
(V)] (1)) @ ()] @ (1)) (O )]
Minl+

"The number of polyps per mouge (Mean*SD) . Significantly d&f}:?s_ent from Apc

Bonferroni correction (P < 0.05).~Significantly different from Apc

males received tap water by one-way ANOVA with
tion (P < 0.01).~"Significantly different from Apc™™™*

males received tap water by one-

way ANOVA with
Bonferroni correc-

females received tap water by one-way ANOVA with Bonferroni correction (P <

0.01).~*Significantly different from Apc*™* females received tap water by one-way ANOVA with Bonferroni correction (P < 0.03),

TABLE HI - SCORES OF INFLAMMATION AND NITROTYRQSINE IMMUNGHISTOCHEMISTRY OF COLONIC
MUCOSA AT WEEK 5

Score of nitrolyrosine-

Score af inflammation inmmunohistochemistry (number

Genotype Sex {number of mice examined) of mice examined)
2% DSS Tap watcr 2% DSS Tap wuler
Apc Male 2.86:0.69'% 0.22+0.44 2.71£0.95 0.11+033
@ &) o, (9
Female 2.14£0.69 0.20042 2.14+0,69" 0.10+0.32
- ™ (10) o, (10)
Ape Male 2.33*0.65 0.24+0.44 225+1.06 0.12 +0.33
(12) . (7 (12} 5 {(rn
Female 210074 0.18%0.41 2.14+0.69° 0.09%0.30
(10} (1) (10 {an
Mini+

'Mean = SD.—"Significantly different from Apc males received tap
with Bonferroni correction (£ < 0.01).—Significantly different from Ape™ "'+ females received tap water
by one-way ANOVA with Bonferroni correction (P < 0.01).—"Significantly different from Ape™'™ males
received tap water by one-way ANOVA with Bonferroni correction (P < 0.01)—"Significantly different
from Ape™* females received tap water by one-way ANOV A with Bonferroni correction (P < 0.001).

water by one-way ANOVA

Immunoreactivity of nitrotyrosine was noted in the cryptal cells
with or without disruption, infiltrated mononuclear inflammatory
cells, and endothelial cells of the small vessels in the colonic
mucosa and submucosa in Apc™™" and Apct’* mice that
received 2% DSS. Among them, the stainability was strong in the
infiltrated mononuclear inflammatory cells. Adenoma cells
(Fig. 3/), adenocarcinoma cells (Fig. 3k) and dysplastic cryptal
cells (Fig. 3/) also showed moderately positive immunoreactivity
of nitrotyrosine in their cytoplasm. The intensity in the colonic
lesions in Apc™™ ¥ mice given 2% DSS was strong when com-
pared to that observed in Apc™* mice given tap water alone. As
summarized in Table T11, scores of nitrotyrosine-immunoreactivity
in the colonic mucosa of Apc®™ *and Apc™*'* mice of both sexes
given 2% DSS were significantly greater than those given tap
water alone (p < 0.001). The score in the time-couarse observation
indicated that the value decreased after the cessation of 2% DSS
(Fig. 2¢), as was the value of inflammation (Fig. 2d).

P53 immunoreactivity was observed in the nuclei of neoplastic
cells (adenoma and adenocarcinoma cells) with a variety of stain-
ability, which developed in the colon of Apc™™™ mice treated with
DSS (Fig. 3m,m) but not in these given tap water alone. Also, the
nuclei of dysplastic crypts were positive for p53 antibody (Fig. 30).
Surrounding the mucosal ulcer, some nuclei of regenerative hyper-
plastic crypts in the colon were weakly positive for p53 antibody in
the colon of Ape™™* mice treated with DSS (date not shown). No
stainability of p33 was observed in the small intestinal polyps (data
not shown) in Apc™™™* mice treated with or without DSS.

Apc allelic loss in colonic neoplasms

One hundred percent (14 of 14) of adenocarcinomas and 0% SO
of 3) of histologically normal colonic mucosa from male Apc*™*

mice that received 2% DSS showed LOH of Apc. In male Apc™™™*

mice that received tap water alone, 100% (2 of 2) of adenocarcino-
mas showed LOH of Apc and 0% (0 of 3) of histelogically normal
colonic mucosa was negative for LOH.

Mutation of B-catenin and K-Ras genes

B-Catenin and K-ras mutations were not detected in any of the
colonic adenocarcinomas examined.

Discussion

In our study, we investigated the influences of the inflammation
induced by -week exposure of 2% DSS in the drinking water on
intestinal carcinogenesis in Ape™™* mice and found that the treat-
ment resulted in a much higher incidence and multiplicity of large
intestinal neoplasms in Apc™™™ mice up to 5 weeks. Also, the
treatment significantly increased the number of small intestinal
polyps {tubular adenomas} at the distal regions. Thus, we devel-
oped an Apc™™* mouse model with multipie colonic neoplasms,
which develop within 4 weeks after 1-week exposure PSS, in
addition to the increase in the number of small intestinal polyps.
Regardless of the types of gene and gender, all mice treated with
2% DSS had intestinal mucosal inflammation with various
degrees. However DSS treatment did not induce preneoplastic and
neoplastic lesions in the large bowel wild-type (Apc™TY mice of
either sex. This report describ_ing rapid development of a number
of colonic neoplasms in Apc™™™ mice within a short-term period
{5 weeks} support an earlier work by Cooper et al,,'* who found
that treatment with 2 cycles of 4% DSS results in 40% incidence
of colon cancer with a multiplicity of 0.67+0.27 in female Min
mice at 42 days. Cur findings suggest that the development of
colonic dysplastic crypts andfor neoplasmus in the short-term (up to
5 weeks) needs both the gene (Apc) mutation and subsequent
inflammatory stimali, but not either alone under the current exper-
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FIGURE 3 — Immunohistochemistry of the colonic lesions developed in male Apc™™* mice treated with 2% DSS. (a)}~(c), B-catenin immuno-
histochemistry; (d)~(f), COX-2 immunohistochemistry; (g}-{/), iNOS immunchistochemistry; (7!}, nitratyrosine immunohistochemistry and
{m)—(0), p53 immunohistochemistry. Adenomas (a, d, g, i and m), adenocarcinomas (b, e, A, £ and 1), and dysplastic crypts {c, f, i, | and 0} show
positive reaction with a variety of intensity against 8-catenin, COX-2, iNOS, nitrotyrosine and p53 antibodies. Inserts of 4, d, g, j and m are neg-
ative controls (NC) immunosiained without antibodies show negative reactions. Inserts of b, e, k, & and # are immunohistochemistry of adeno-

carcinomas developed in Apc™™* mice given tap water. Original magnification: (a), (b), (d), (e, (g}, (A}, (), (&), (1), (m) and (), X 100; (), {f),
(i} and (o), X200; inserts, X200.
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imental condition. Our results aiso support the findings of our pre-
vious works,**'2 suggesting the importance of inflammatory stim-
uli as a promotion event after the initiation events (genetic altera-
tions) in colon carcinogenesis There were no differences between
males and females in the effects of DSS on large and small intesti-
nal carcinogenesis of Apc™™*, and the histopathology of colonic
lesions including neoplasms was similar in both sexes.

As for the development of small intestinal polyps, treatment with
DSS significantly increased their number and size, especially at the
distal portion of the small intestine. Macrophages engulfing DSS par-
ticles were observed in the large intestine and surrounding lymph
nodes of mice I day after DSS exposure, and then found in the jeju-
num and ileum 7 days after DSS treatment.’' In our study, mild
mucosal inflammation was observed in the distal portion of the small
intestine of mice given 2% DSS. Thus, DSS conld also influence the
formation of small intestinal polyp in ApcM il mice. The Min mouse
has been regarded as a human FAP model in spite of the fact that the

- polyps (adenomas) develop in the small intestine. Although the bio-
logical pathways in human colon and Min intestine are assumed to
be similar, our model described here could be applied for investiga-
tion of the genesis, pathophysiology and chemaprevention of human
FAP and/or inflammation-related colon tumorigenesis.

In our study, sequentlal observation on the pathologlcal altera-
tion in the large intestines of female Ape®™* mice after 1-week
exposure to 2% DSS revealed that the frequencies of dysplastic
crypts and colonic neoplasms (adenoma and adenocarcinoma)
gradually increased over time (Fig. 24,), indicating that dysplas-
tic crypls43 or adenomatous lesions™ are precursor lesions for
colon carcinoma and DSS treatment could promote theu' growth.
The findings support an earlier report by Cooper e/ al.,'* but their
incidence of colonic cancer was low: 22% in Min mice exposed to
I-cycle of DSS (administration 4% DSS for 4 days and H,0O for
17 days) and 40% in Min mice exposed to 2-cycle of DSS. The
discrepancy existing in these 2 studies may be due to the differen-
ces in the treatment pericd and the dose and molecular weight of
DSS. In the present study, the incidence of colonic adenocarci-
noma was 80% at week 4 and 100% at week 5 (Fig. 2a). When
compared to our previous study on the effects of DSS on chemi-
cally induced colon carcinogenesis,” where we observed 40% and
100% incidences of colonic epithelial malignancy at week 4 and
week 6, respectively, in male ICR mice, it is likely that deletion of
the Apc gene plays an important role i in colitis-associated carcino-
genesis, as suggested by Cooper et alt

In our study, we investigated the immunohistochemical expres-
sion of B-catenin, COX-2, iNOS and p53, in the colonic lesions
developed in ApcMin/+ mice that received 2% DSS. The results
on immunohistochemistry against these antibodies except for p53
expression in the lesions were similar to those observed in our pre-
vious studles, where the lesions were induced by AOME? , HCAg'?
or DMH'"! followed by DSS in ICR mice, suggesting the stmllanty
of histopatholegy and lmmunohlstochcmlslry, and blologlca]
nature of the lesions observed in ICR mice given a colonic carci-
nogen and DSS and Apc*™* mice treated with DSS. Increased
immunohistochemical expression of COX-2 and iNOS in the
colonic tumors of either Apc™™™* mice that received 2% DSS was
confirmed by reverse transcription-polymerase chain reaction
(data not shown). The findings of nitrotyrosine immunohistochem-
istry in the current study are also in accordance with those in
our previous study® and suggest that oxidative/nitrosative stress
stro;,#g Y promotes the development of colonic neoplasms in
Ape™* mice. iNOS has been shown to be the only isoform
involved in stimuolating tumor growth, probably through an
increase in vascular endothelial growth factor production,”™ More-
over, NO regulates COX-2 expression.* Our results on the immu-

nohistochemistry of iINCS and COX-2 indicate that the inflamma-
tory response, the interaction between NO synthase and COX
pathways may stand at the center of the pathophysiol lglcal basis
of inflammation-related colon carcinogenesis in Apc mice
treated with DSS, as are the cases of inflammatory diseases,”* and
chemically induced colon carcinogenesis.

In the current study, we also screened for mutatlons of P—care—
nin and K-ras in colon tumors develc%gcd in male Ape™™™ mice.
In contrast with previous reports, we did not detect the
mutations of these genes in any of the colonic adenocarcinomas
examined. However, our results are not surprising. Suzui er al.
reported that adenocarcinomas developed in Apc™™* mice treated
with AOM did not have B-catenin gene mutations. In our study,
cytoplasmic andfor nuclear accumulation of B-catenin protein was
detected in the colonic neoplasms, but B-catenin gene mutations
were not present. In the FAP patients, mutatmns of APC are com-
mon, but mutations of B-catenin were rare,> ¢ In addition, B-cat-
enin germline mutatlons were not found in FAP patients with
germlme APC mutations.”” Thus, concerning the B-catenin muta-
tion, the colon tumors developed in the current animal model may
imitate the colon carcinogenesis as in the FAP patlents that is, by
a second hit in the APC gene such as loss of Apc™ allele or
somatic mutations in the Apc gene. Immunohistochemical staining
with an antibody for the C-terminal of Apc showed the loss of
wild-type Apc in colonic tumors in ApcM™* mice (data not
shown). As for the mutation of K-ras, no mutations were found in
the colomic adenocarcinomas examined in the current study. Our
results on K-ras mutations are in accordance with IBD-related
colon carcinogenesis®> and suggest that activation of the K-ras
gene is not essential for the development and growth of colonic
neoplasms in our model,

p33 gene mutation occurs in the late stage of human colon
carcmogenems In our study, p53 immunohistochemistry
revealed posmve reaction in the nuclei of meoplastic cells in
Apc™ ™ mice treated with DSS, although we did not examine its
mutation in our study. The accumulation of p53 shown in our
study is interesting and may be important for colon cancer devel-
opment in Apc-deficient mice, since an increased p53 mutation
load in the inflamed colon tissue from UC patients being a high-
risk for colon cancer® and a potential mechanism link between
NO and p53 in UC and sporadic colon cancer®’ were reported. In
addition, COX-2, iNOS and p53 are suggested to be fundamental
“play-makers” of the angiogenesis processes.

Mini+

Taken together, our resulis suggest that a novel Apc mouse
medel with DSS may provide new insight into the genesis and
chemoprevention of colon cancer development in FAP patients. In
our model, a single allele Apc gene followed by appropriate pro-
motional stimuli is sufficient for the development and growth of
colonic neoplasms in Apc*™* mice, and COX-2, iNOS, P53, oxi-
dative/nitrosative stress and interactions of these may play impor-
tant roles in colon carcinogenasis in Apc™™" mice given DSS.
Our medel can be applied for investigating the pathogenesis in
carcinogenesis of IBD, since the Wnt/B-catenin signaling pathway
may be involved in carcinogenesis of UC.”™™ 3 Our ongoing micro-
array analysis will provide new information of the mechanism(s)
for the effects of DSS on large and small intestinal tumorigenesis
Minl+ mice.
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We have recently developed a mouse model for colitis-
related colon carcinogenesis by a combined treatment
with azoxymethane (AOM) and dextran sodium sulfate
(DSS) in male ICR mice. However, strain differences in
the sensitivity to AOM/DSS-induced colon carcinogenesis
in mice have yet to be elucidated. The aim of this study was
to determine the presence of any genetically determined
differences in sensitivity to our medel of colon carcinogen-
esis in four inbred strains of mice. Male Balb/c, C3H/HeN,
C57BL/6N and DBA/2N mice were given a single intraperi-
toneal injection of AOM (10 mg/kg body wt), followed by
1% DSS (w/v) in drinking water for 4 days, and thereafter
they received no further treatment for up to 16 weeks. At
the end of the study (Week 18), all mice were killed and a
histopathological analysis of their colon was performed.
The incidence of colonic adenocarcinoma was 100% with
a multiplicity (no. of tumors/mouse) of 7.7 £ 4.3 in the
Balb/c mice and 50% with a multiplicity of 1.0 & 1.2 in
the C57BL/6N mice. On the other hand, only a few colonic
adenomas, but no adenocarcinomas, developed in the C3H/
HeN mice (29% incidence with a multiplicity of 0.7 X 1.5)
and the DBA/2N mice (20% incidence with a multiplicity of
0.2 £ 6.4). The inflammation and immunohistochemical
nirotyrosine-positivity scores of the mice treated with
AOM and DSS in the decreasing order were as fol-
lows: C3H/HeN > Balb/c > DBA/2N > CS57BL/6N and
Balb/c > CS7BL/6N > C3H/HeN > DBA/2N, respect-
ively. Our results thus indicated the presence of strain
differences in the susceptibility to AQOM/DSS-induced
colonic tumorigenesis. These differences may have been
directly influenced by the response to nitrosation stress
due to the inflammation caused by DSS.

Introduction

Colorectal cancer {CRC) is one of the most common malignant
neoplasms in both sexes (1). In Western countries, this malig-
nancy is one of the most leading causes of cancer deaths (1). In
patients with inflammatory bowel disease (IBD), including

Abbreviations: AOM, azoxymethane; CRC, colorectal cancer; CYP,
Cytochrome P450; DSS, dextran sodium sulfate; IBD, inflammatory bowel
disease; IKK, 1xB kinase; LPS, lipopelysaccharide; UC, ulcerative colitis.

Carcinogenesis vol.27 no.1 © Oxford University Press 2005; all rights reserved.

ulcerative colitis (UC) and Crohn’s disease, the risk of CRC
development is higher than in the general population (2-5). In
sporadic and IBD-related CRC, the expression of inducible
nitric oxide synthase and cyclooxygenase-2, both of which
are associated with inflammation, has been reported to be
elevated (6,7). As a result, inflammation is suggested to play
an important role in IBD-related CRC (2).

In our recent series of studies on inflammation-related
colon carcinogenesis, we developed a novel model of colitis-
related colon carcinogenesis using ICR mice. In this animal
model, YCR mice received a single dose of a different colonic
carcinogen, consisting of either azoxymethane (AOM) (8),
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (9) or 1,
2-dimethylhydrazine (10), followed by a 1-week exposure to
2% dextran sodium sulfate (DSS) in their drinking water,
which thus resulted in a high incidence of colonic epithelial
malignancy within 20 weeks (8-10). We have previously pro-
posed that the colonic inflammation and nitrosative stress
caused by DSS exposure contributes to the development of
cryptal dysplasia and neoplasms in the colon (8-10).

AOM is a colonic genotoxic carcinogen that is extensively
used for the investigation of large bowel carcinogenesis in
rodents (11-13). A synthetic sulfate polysaccharide, DSS, is
a non-genotoxic colonic carcinogen that is widely used to
produce colitis in rodents, which shares most features with
buman UC (14-18). It is well known that different strains of
mice have different sensitivities to xenobiotic including AOM
and DSS (19-28). For example, the Balb/CJ strain is known to
be susceptible to AOM (26), whereas, the C3H (29), C57BL/6]
(26) and DBA/2 (25) strains are less semsitive to AOM.
Regarding the sensitivity to DSS in several mouse strains,
Balb/e, C3H/Hel, and C57BL/6T mice are relatively suscepti-
ble to DSS, while DBA/2J mice have been reported to be vir-
tually resistant (27,28). It may therefore be possible that the
differences in the genetic background of the mice differently
affect the colon carcinogenesis induced by AOM and DSS,

The current study was conducted to determine the different
sensitivities to AOM/DSS-induced colon carcinogenesis in
four different inbred mouse strains, namely Balb/c, C3H/
HeN, C57BL/6N and DBA/2N, by evaluating the incidence
and multiplicity of colonic tumors. In addition, an immunohis-
tochemical analysis of nitrotyrosine, a marker of both
formation of peroxynitrite (30) and perhaps the inflamma-
tion-associated carcinogenesis (31), was done to evaluate
whether nitrosative stress is involved in the strain difference
sensitivity to AOM/DSS-induced colon tumorigenesis.

Materials and methods

Animals, chemicals and diets

For the study 5-week-old male mice of Balbfe, C3H/HeN, C57BL/6N and
DBA/2N strains were obtained from Charles River Japan, (Tokyo, Japan).
AOM was purchased from the Sigma-Aldrch (St Louis, M0O). DSS with a
molecular weight of 36 000-50 000 was purchased from ICN Biochemicals,
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Susceptibility to AOM/DSS-induced colon carcinogenesis

Fig, 1. Various grades of colitis. (A) Normal colon mucosa (Grade 0); (B) shortening 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 all the
crypts with severe inflammation in the lamina propria, bat with the surface epithelium still remaining (Grade 3); and (E} a loss of all the crypts and surface
epithelium with severe inflammation in the mucosa, muscularis propria and submucosa. An exudate containing cell debris, inflammatory cells, fibrin and
mucus covers the damaged mucosa (Grade 4). Hematoxylin and eosin stain. Original magnification, (A-E), 20x.

{Cat. No. 160110, Aurora, OH}. CRF-1 (Oriental Yeast, Tokyo, Japan) was
used as the basal diet throughout the study.

Experimental procedure

After they were brought, the mice were acclimated for 1 week with tap water
and a pelieted basal diet, CRF-1, ad libitum. The experimental groups in each
strain of mice included the AOM and DSS group, the AOM alone group, the
DSS alone group and the untreated control group. The experimental protocol in
the current study was slightly modified from our original protocol (8). We
chose 1% as the dose Ievel of DSS since this dose has been shown to exert
sufficient tumor-promoting effects (32). In addition, the duration (4 days) of
DSS exposure in drinking water was shortened based on our preliminary
investipation, in which 4 days of exposure to DSS was found to enhance
AOM-initiated colon carcinogenesis in ICR mice of either sex. Al mice
were maintained at the Kanazawa Medical University Animal Facility accord-
ing to the Institutional Animal Care Guidelines, and were maintained under
controlled conditions of humidity (50 & 10%), light (12/12 h light/dark cycle)
and temperature (23 = 2°C).

Histopathological analysis

At the end of the experiment (Week 18), all the mice were killed by an ether
overdose, At autopsy, their Jarge bowel was flushed with saline and excised.
Afier measuring the length of the large bowel (from the ileocecal junction to
the znal verge), it was cut open longitudinally along the main axis and washed
with saline. The large bowel was then carefully inspected for the presence of
pathological lesions and fixed in 10% buffered formalin for at least 24 h,
Paraffin-embedded sections of the large bowel were then made by routine
procedures. Any histopathelogical alterations in the colen were examined on
hematoxylin and eosin-stained sections. Colitis was recorded and scored
according to the following morphological criteria described by Cooper ef al.
(33): Grade 0 (Figure 1A), nommal colonic mucosa; Grade 1 (Figure 1B),
shortening and foss of the basal one-third of the actual crypts with mild
inflammation and edema in the mucosa: Grade 2 (Figure 1C), loss of the
basal two-thirds of the crypts with moderate inflammation in the mucosa;
Grade 3 (Figure 1D), loss of all crypts with severe inflammation in the mucosa,
but with the surface epithelium still remaining; and Grade 4 (Figure 1E), loss
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of all crypts and the surface epithelium with severe inflammation in the
mucosa, muscularis propria and submucosa. Intestinal neoplasms were
diagnosed according to the criteria described by Pozharisski (34).
Immunohistochemistry

Nitrotyrosine immunohistochemistry was carried out on 4-pm-thick paraffin-
embedded sections from the colens in all four strains of mice administered 1%
DSS alone as previously described (8,35). The deparaffinized sections were
incubated overnight with a primary rabbit polyclonal anti-nitrotyrosine
(diluted 1:1500, CHEMICON International, CA) or with a control solution.
Control sections included buffer alone or non-specific purified rabbit
secondary antibody and avidin-biotin-peroxidase complex (Vectastain Elite
ABC kit, Vector Laboratories, Busrlingame, CA). The coler was developed
using 3,3'-diaminobenzidine-4HC as the. chromogen. The stained sections
were examined for the localization and intensity of immunoreactivity by
microscopy (Olympus AX7?0, Olympus Optical, Tokyo, Japan). To the degree
of nitrotyrosine stainability, the following grading system (Grade 0—4) was
applied: Grade 0, no immunoreactivity and no positive cells; Grade 1, weak
immunoreactivity and <10% positive cells; Grade 2, mild immunoreactivity
and 10-30% positive cells; Grade 3, moderate immunoreactivity and 31-60%
positive cells; and Grade 4, strong immunoreactivity and 61-100% positive
cells with extensive immunoreactivity (36).

Statistical analysis

Where applicable, the data were analyzed using one-way ANOVA with either
Bonferroni correction or Fisher’s exact probability test (GraphPad Instat ver-
sion 3.05, GraphPad Software, San Diego, CA), with P <0.05 as the criterion
of significance,

Results

General observation

The intake of DSS-containing tap water did not significantly
differ among the four strains of mice (data not shown). Mice
that received AOM and 1% DSS or 1% DSS alone demon-
strated bloody stools either during DSS administration or soon
after the cessation of DSS exposure. The degree of this symp-
tom varied among the strains: Balb/c and C3H/HeN mice
showed severe symptoms while C57BL/6N and DBA/ZN
mice showed mild symptoms. The mean body weight and
colon length of the mice are summarized in Table 1. The
mean body weight of the Balb/c mice, which received AOM/
DSS, was significantly lower than that of the C3H/HeN mice
(P <0.01) and C57BL/6N mice (P <0.01), which were given
AOM and DSS. A significant difference on the mean body
weight was found between the AOM/DSS group and the
unireated group (P<0.001) in Balb/c mice. As listed in
Table I, the mean lengths of the colon in the Balb/c mice
(P <0.001) and C3H/HeN mice (P <0.001) that were treated
with AOM/DSS were statistically longer than in the C57BL/
6N mice. A significant difference (P<0.001) was also
observed between the CSTBL/6N and DBA/2N mice that
were exposed to AOM/DSS. The C57BL/6N mice given
AOM alone has a significantly shorter colon than the Balb/c
(P <0.01) and DBA/2N mice (P <0.01) treated with AOM
alone. As for the untreated group, the colon length of the
C57BL/6N mice was significantly shorter than that of the
Balb/c (P <0.01) and DBA/2N mice (P <0.01).

Incidence and multiplicity of large bowel neoplasms

Macroscopically, colonic neoplasms developed with a dif-
ferent incidence and multiplicity for each strain of mice that
received AOM and 1% DSS. Flat, nodular, polypoid or
caterpillar-like tumors were mainly located in the middle
andfor distal colon if any tumors existed (Figure 2).
Histopathclogically, they were tubular adenoma (Figure 3A)
or adenocarcinoma (Figure 3B). Dysplastic lesions were also
observed in the colonic mucosa surrounding the tumors. None
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Table I Body and relative liver weights and lengths of colon in each
strain of mice

Strain Treatment (no. of Body weight (g) Length of colon (cm)
mice examined)

Balb/c AOM—1% DSS (10) 25.1 £ 3.8%%4 1274+ 10°
ACOM @) 309+08 14.0 + 1.0°
1% DSS (5) 341420 13.0 £ 06
None (5) 324411 13,7 £ 0.5%

C3H/HeN AOM—1%DSS(7} 30206 12,7 £ 1.3°
AOM (5) 326422 125 £ 0.6
1% DSS (5) 322412 13.1 £ 1.1
None (3) 318 £ 1.1 11.9 + 0.6

C57BL/6N AOM—1% DSS (10 293 £ 19 111 & O.Gf‘
AOM (5) 31320 1.7 £ 0.5
1% DSS (5) 32017 128 £ 0.9
None (5) 330447 116 + 1L.¢

DBA/ZN  AOM—1% DSS (10) 28.3 £23 132+ 1.0
AOM (5) 289+13 141 + 0.9
196 DSS (5) 305 £ 06 14.0 £ 0.8
None (5) 307+ 14 13.6 £ 1.7

*Mean + SD.

®Significantly different from untreated Balbfc mice (Z <0.001),
“Significantly different from C3H/HeN mice which received AOM/DSS
(P <0.01).

“Significantly different from C57BL/6N mice which received AOM/DSS
(P<0.01).

“Significantly different from CS57BL/GN mice which received AGM/DSS
SP<0.001).

Significantly different from CS57BL/6N mice which received AOM alone
(P<0.01).

ESignificandy different from untreated CS7BL/6N mice (P <0.01).
"Significamtly different from DBA/2N mice which received AOM/DSS
(P <0.001),

'Significantly different from DBA/2N mice which received AOM alone
(P<0.01).

“Significantly different from untreated DBA/2N mice (P <0.01).

of the strains of mice given AOM alone, 1% DSS alone or tap
water had any colonic tumors.

The incidence (percent of mice with tumors) of colonic
neoplasins is summarized in Figure 4A. The incidence of
colonic neoplasms in the Balb/c mice (100%) was significantly
higher than in the C3H/HeN mice (29%, P = 0.0034) and the
DBA/ZN mice (20%, P = 0.0004). A statistically significant
difference (P = 0.0115) was also noted between the C57BL/
6N (80%) and the DBA/2N mice. The order of the incidence of
colonic adenoma was Balb/c mice (90%) > C57BL/6N mice
(70%}) > C3H/HeN mice (29%) > DBA/2N mice (20%). The
incidence of adenoma in Balb/c mice was statistically greater
than in C3H/HeN mice (P = 0.0175) and DBA/2N mice
(P = 0.0027), and the difference between C57BL/GN mice
arid DBA/2N mice was statistically significant (P = 0.0349).
The incidence of colonic adenocarcinoma was 100% in the
Balb/c mice and 50% in the C57BL/6N mice and a statistically
significant difference (P = 0.0163) was found between these
two strains of mice. However, this malignancy was not found
in the C3H/HeN and DBA/2N mice. As shown in Figure 4B,
the multiplicity of colonic neoplasms (/mouse) was 11.4 + 5.9
in Balb/c mice, 0.7 & 1.5 in C3H/HeN mice, 2.5 + 2.1 in
C57B1/6N mice and 0.2 + 0.4 in DBA/2N mice. The value for
the Balb/c mice was sigrificantly higher (P < 0.001) than that
of other strains of mice. The order of the multiplicity of
adenoma was Balb/c mice (3.7 £ 3.3) > C57BL/6N mice
(L5 & 1.3) > C3H/HeN mice (0.7 & 1.5) > DBA/2N mice
{0.2 + 04). The value for multiplicity of adenoma in the
Balb/c mice was statistically greater than in the C3H/HeN



