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3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
inhibitors are known to modulate carcinogenesis, In this study, we
investigated whether a lipophilic HMG-CoA reductase inhibitor
pitavastatin suppresses inflammation-related mouse colon carci-
nogenesis. Male CD-1 (ICR) mice were initiated with a single in-
traperitonea! injection of azoxymethane (AOM, 10 mg/kg body
welght) and premoted by 2% (w/v) dextran sodium sulfate (DSS)
in drinking water for 7 days, The experimental diets containing
pitavastatin at 2 dose levels (1 and 10 ppm) were fed to male CD-1
(ICR) mice for 17 weeks, staring 1 week after the cessation of DSS
exposure. The effects of dietary pitavastatin on colonic tumor de-
velopment were assessed at Weeks 5, 10 and 20. Feeding with pita-
vastatin at both doses significantly inhibited the multiplicity of
colonic adenocarcinoma at Week 20. Furthermore, the treatment
significantly lowered the paositive rates of proliferating cell nuclear
antigen and increased the apoptetic index in the colonic epithelial
malignancies. The treatment also reduced nitrotyrosine-positivity
in the colonic mucosa. Our findings thus show that pitavastatin is
effective in inhibiting colitis-related colon carcinogenesis threugh
medulation of mucosal inflammation, oxidative/nitrosative stress,
and cell proliferation.
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Statins, which are 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, arc commonly-used drugs for
the treatment of hypercholesterolemia.'® They are able to
decrease low-density lipoprotein (LDL) cholesterol levels by in-
hibiting HMG-CoA reductase. Furthermore, a triglyceride (TG)-
lowering effect and a high-density lipoprotein (HDL) cholesterol-
raising effect were observed in patients with hyperlipidemia, who
1ake statins.>* Statins have multibiological effects other than anti-
lipidemia. Recently, it has been highlighted that statins are linked
with several beneficial effects beyond their effect on cardigvascu-
lar disease. They include reduction in the risk of dementia,® frac-
wre’ and cancer.®'® Several recent preclinical studies indicated
that statins may have chemopreventive potential against cancer at
various sites,'"™'? including colon.'*'® In uddition, there is grow-
ing evidence that statins exert anti-inflammatory and antioxidative
actions that are independent of their serum lipid lowering
effects.’

Association between inflammation and cancer has long been
suspected.'™'” An example is that inflamed colon is a high risk
for colorectal cancer (CRC) development.® CRC is thus one of
the most serious complications of inflammatory bowel disease
(IBD)4 including ulcerative colitis (UCY® and Crohn’s disease
(CD).”! For understanding the pathogencsis of IBD and IBD-
related CRC, we have developed a novel colitis-related and two-
slage mouse CRC model, using a colon carcinogen azoxymethane
(AOM)_and a colitis-inducing agent dexiran sodium sulfate
(DSS).*? In this animal model, numesous large bowel adenocarci-
nomas occur within a shori-term period, and their histologry and
biological alterations resemble those found in human.™ The
model can be used for investigating and determining cancer
chemopreventive agents against CRC™ as well as initiating or
modulating agents for CRC.>*
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A lipophilic statin pitavastatin, (+ }-monocalcium bis{(3R.55,6E)-
7-[2-cyclopropyl-4-{4-fluorophenyl)-3-quinolyl}-3.5-dihydroxy-6-
heptenoate} (CsoH4sCaFaN2Og, MW 880.98, Fig. 1), that has
been developed in Japan js highly effective for lowering serum
cholesterol and TG levels. The lowering effect of pitavastatin on
serum LDL-cholesterol is more potent than that of pravastatin,
simbastatin and atorvastatin.?*® The drug possessing a high oral
bioavailability is only slightly metabolized, suggesting u longer
duration of action and is less potent for drug interactions.”® There-
fore, the agent is currently undergoing Phase HI trials in Europe,
US and Japan.?® Since pitavastatin possesses pleiotrophic biologi-
cal effects, including anti-inflammatory actions,*~" we in the
present study investigated the potential chemopreventive ability
of colitis-related colon cancer development using our mouse
model™ to find desirable cancer chemopreventers against IBD-
rclated CRC.* Since numerous cvidence demonstrates that a
high-fat diet is associated with the risk of CRC development and
serum levels of TG and cholesterol are positively associated with
colon carcinogenesis,”” we monitored serum levels of TG and
cholesterol during the study.

Material and methods
Animals, chemicals and diets

Male Crj: CD-1 (ICR) mice (Charles River Japan, Tokyo,
Japan) aged 5 wecks were used in this study. They were main-
tained at Kanazawa Medical University Animal Facility according
to the Institutional Animal Care Guideline. All animals were
housed in plastic cages (4 or 5 mice/cages) with free access to
drinking water and pelleted basal diet, CRF-1 (Oriental Yeast, To-
kyo, Japan), under controlled conditions of humidity (50 * 10%),
light (12/12 hr light/dark cycle) and temperature (23 * 2°C). After
arrived, animals were quarantined for the first 7 days, and then
randomized by their body weights into experimental and control
groups. A colonic carcinogen AOM was purchased from Sigma
Chemical (St. Louis, MO). DSS with a molecular weight of
36000-50000 (Cat. No. 160110) was purchased from MP Biomed-
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FIGURE 1 - Chemical structure of pitavastatin. (+)-Monocalcium
his{(3R.58.6E)-7-[2~cyclopropyl-4-(4-ﬂuorophenyl)-3-quinoly|]-3.5-
dihydroxy-6-heptenoate ), CsollcCaFaN2Ogx MW 880.98.

icals, LLC (Aurora, OH). DSS for induction of colitis was dis-
solved in water at a concentration of 2% (w/v).

Experimental procedures

A total of 132 male ICR mice were divided into 7 experimental
and control groups (Fig. 2). Mice in Groups 1-3 were given a sin-
gle intraperitoneal injection of AOM (10 mg/kg body weight).
Starting 1 week after the injection, animals received 2% DSS in
the drinking water for 7 days. Subsequently, they were fed the
dicts containing 0, 1 and 10 ppm pitavastatin for 17 weeks, respec-
tively, starting 1 week after the cessation of DSS exposure. Group
4 was fed the diet containing 10 ppm pitavastatin, and received no
further treatments. Groups 5 and 6 were given AOM alone and
DSS alone, respectively. Group 7 was an untreated control. Ani-
mals are scquentially sacrificed at Weeks 5, 10 and 20 by ether
overdose to determine the effects of pitavastatin on colon tumori-
genesis and biochemical profiles, including serum lipids mea-
surements. Prior lo sacrifice, animals were starved overnight for
clinical chemistry. At sacrifice, the large bowels were flushed with
saline, and excised. After measuring their length (from the ileoce-
cal junction to the anal verge), large bowels were cut open longitu-
dinally along the main axis, and gently washed with saline. The
whole large bowel was mucroscopically inspected for the presence
of tumars, cut along a vertical axis and fixed in 10% buffered for-
malin for a least 24 hr. Histopathological examination was per-
formed on_paraffin-embedded sections after hematoxylin and
cosin (H&E) staining. On H&E-stained scctions, pathological
lesions, such as mucosal ulceration, dysplasia and colonic tumors,
were determined.

Clinical chemistry

A1 autopsy, whole blood anticoagulated with heparin lithium
was taken from the inferior vena cava with a sterile syringe
(Terumo, Tokyo, Japan) at each time point. The serum was
obtained by centrifugation (3,000 rpm for {0 min), and stored at
—80°C until measurement. Serum cholesterol was determined
enzymatically using cholesterol esterase and cholestero! oxidase.
The serum TG was assayed by enzymatic hydrolysis with lipase.
These measurements were expressed as mg/dL. .

Scoring of inflammation in the large howel

Inflammation in the large bowel was scored on the H&E-stained
sections. For scoring, large intestinal inflammation was graded
according 1o the following morphological criteria described by
Cooper et al.*>; Grade 0, normal appearance; Grade 1, shortening
and loss of the basal 1/3 of the actual crypts with mild inflamma-
tion 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 crypls with severe inflammation in the mucosa and submu-
cosa, but with retainment of the surface epithelium; Grade 4, pres-
cnce of mucosal ulcer with severe inflammation (infiltration of
neutrophils, lymphocytes, and plasma cells) in the mucosa, sub-
mucosa. muscularis propria and/or subscrosa. The scoring was
made on the entire colon with or without proliferative lesions and
expressed as @ mean average score/motse,
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FiGure 2 — Experimental protocol. A: AOM (10 mg/kg i.p.); ®: 2%
DSS in drinking water; [J: Basal diet and tap water; [ | ppm pitavas-
tatin in dict; E): 10 ppm pitavastatin in dict; X: Sacrifice.

Immunohistochemistry

Immunchistochemistry for proliferating cell nuclear antigen
(PCNA)-pesitive nuclei, apoptotic nuclei, and nitrotyrosine-posi-
tive cells was performed on 4-pm-thick paraffin-embedded sec-
tions, from the colons of mice in each group by the labeled stre-
pravidin biotin method, using a LSAB KIT (DAKO Japan, Kyoto,
Japan), with microwave accentuation. The paraffin-embedded
sections were heated for 30 min at 65°C, deparaffinized in xylene
and rehydrate through grade ethanols at room temperature. A
0.05 M Tris HCI buffer (pH 7.6) was used to prepare solutions
and for washes between various sieps. Incubations were
performed in a humidified chamber. For the determination of
PCNA-incorporated nuclei, the PCNA-immunohistochemistry
was performed, Apoptotic index was also evaluated by immuno-
histochemistry for single-stranded DNA (ssDNA). Scctions were
treated for 40 min at room temperature, with 2% BSA, and incu-
bated ovemight at 4°C with primary antibodics, anti-PCNA
mouse monoclonal antibody (PC10, 1:50 dilution, DAKO Japan),
anti-ssDNA rabbit polyclonal antibody (1:300 dilution, DAKO
Japan) and anti-nitrotyrosine rabbit polyclonal antibody (1:500
dilution, Update Biotechnology. Lake Placid, NY). To reduce the
nonspecific staining of mouse tissue by a mouse antibody (anti-
PCNA), a Mouse On Mouse 1gG blocking reagent (Vector Labo-
ratories, Burlingame, CA) was applied for | hr. House-radish per-
oxidase activity was visualized by treatment with H,0, and 3,3'-
diaminobenzidine for 5 min. At the last step, the sections were
weakly counterstained with Mayer's hematoxylin (Merck, Tokyo,
Japan). For each case, negative controls were performed on serial
sections. On the control sections, incubation with the primary
antibodics was omitted.

Intensity and localization of immunoreactivity against all pri-
mary antibodies used were assessed using a microscope (Olympus
BX41, Olympus Optical, Tokyo. Japan), The indices for PCNA
and apoptosis were determined by counting the number of positive
nuclei among at least 200 cells in 5 adenocarcinomas developed at
Weck 20 from each of Groups 1-3, and werc indicated as percen-
tages. The nitrotyrosine-positive cells were evaluated for their
intensity of immunoreactivity on a 0 or 4+ scale. The overall inten-
sity of the staining reaction was scored with () indicating no immu-
noreactivity and no positive cells, 14+ weak immunoreactivity and
<10% of positive cells, 2+ mild immunoreactivity and 10-30%
of positive cells, 3+ moderate immunoreactivity and 31-60% of
positive cclls and 4+ strong immunoreactivity and 61-100% of
positive cells, This evaluation was done on the colonic mucosa
with or without tumors from all the mice of cach sacrifice time
point (4 mice cach from all groups at Week 5; 4 mice each from
all groups at Week 10; and 9 mice each of Groups 1 and 3, 10
mice each of Groups 2 and 6, and 5 mice cach of Groups 4, 5 and
7 at Week 20),
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TABLE 1~ BODY, LIVER WEIGHT AND LENGTH OF LARGE BOWEL OF MICE AT WEEK 20

Group no. Treatment (no. of mice evuamined) Body weight (1) Liver \\Clpht i) (‘;f;&;g&:;;\‘:::ﬁﬁ:) Length ofolon tem)
1 AOM/2% DSS (‘)) 44.02 = 344" 245 = 0.34 5.56 = 0.44 i ] ()3 £ 041
2 AOM/2% DSS/1 ppm pild\ astatin (7) 43.09 = 679 221 £ 0.26 515 %028 11.66 = 0,61
3 AOM/2% DSS/10 ppm pitavastatin (9) 38.40 = 2,61 2,28 + (.32 5.94 = 0.64" 11.29 (.86
4 10 ppm pitavastatin (5) 4247 = 417 228 £ 0.23 5.39 = 0.27 11,70 % 1.54
5 AOM(5) 5326 * 6.63° 2.50 £ 040 4,68 = 0.38" 12,18 = 047
6 2% DSS (M RS LR N 245 =030 5.39 2 0.76 11132028
7 None (4) 42.84 = 4.23 240 = 0,32 5.58 = (0,23 12.78 = O0.17

“Mean = SD.-"Significantly. different from Group 2 by Tukey-Kramer multiple comparison post test (p < 0.03).-"Significantly different
from Groups 1, 6, and 7 by Iukuy—-}\mmur multiple comparison post test {p < 0.05).~"Significamly different from Group 1 by Tukey-Kranter
multiple comparison post test (p < 0.05).

TABLE 1 ~ INCIDENCE OF COLONIC LESIONS AT WEEKS 5, 16 AND 20
Grosp o, Treatment (mlw. of mice . Mucosal ulver Dysplasia
examined at wk SAk 10/ L 200 Wk & Wi 10 WE 20 W 5 Wh 10 WK 70
AOM/2% DSS (4/4/9) 44, 100% 444, H00% 6/9, 67% /4, 100% 4/4, 100% 919, 100%
2 AOM/2% DSS/t ppm 444, 100% 3/4, 75% nao, 3() o 4/4. 100% 44, 100% 8710, 80%
pitavastatin (4/4/10) '
3 AOM/2% DSS/10 ppm 204, 50% 3M.75% 0 0/9.0% 34, 75% 474, 100% 979, 100%
pitavastatin (4/4/9)
4 10 ppm pitavastatin (4/4/5) 04, 0% 04, 0% 0/5. 0% 074, 0% 0/4, 0% 0/5,0%
5 AOM (4/4/5) 074, 0% 114, 25% 0/5, 0% 1/4,25% 0/4, 0% 0/5, 0%
6 26e DSS (4/4/10) 474, 100% 4/4, 100% 010, 0% 174, 2) % 0/4, 0% 00, 0%
7 None (4/4/5) 0/, (1% 044, 0% 075, 0% 0/4, 0% 04, 0% 0/5, 0%

Data were from histopathological analysis.

Ficure 3 - Colonic lesions induced by AOM and 2%: DSS. (¢) A mucosal uleer, (b) dysplastic crypis, (¢) a tubular adenomas and («) a wbular
adenocarcinoma that developed in a mouse that received AOM and 2% DSS (Group 1), Bars inseried are (a) 60 jun, (b) 60 pm, (¢) 60 pm and
(d) 200 pm,
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TABLE i1l - MULTIPLICITIES OF COLONIC LESIONS AT WEEKS 5. 10 AND 20

Group o Treatment (no. of mice Mucosal ulcer Dysplasia
. examined at wk S/wk 0/wk 20) Wk S Wk 10 Wk 20 Wk S Wk 10 Wk 20
1 AOM/2% DSS (4/4/9) 325+ 1717 275096 0822098 450130 4.00=* 141 3.18 1,66
2 AOM/2% DSS/1 ppm 2.00 £ 0.82 1.25 = 0.96 1.50 £ 246  3.25 + 0.50 330+ 130 220199
pitavastatin (4/4/10)
3 AOM2% DSS/10 ppm 1.25 + 1.50 0.75 + 0.50" 0 2,00 = 1.83 3.75 £ 1.89 1.89 £ 0.93
pitavastatin (4/4/9)
4 10 ppm pitavastatin (4/4/5) 0 0 0 0 0 0
5 AOM (4/4/5) 0 0.25 + 0.50 0 0.25 + 0.50 0 0
6 2% DSS (4/4110) 6.00 £ 2.16 375 % 1.7t 0 0.25 * 0.50 0 0
7 None (4/4/5) 0 0 0 0 0 0
Data were from histopathological analysis.
*Mean * SD.—-"Signiﬁcamly different from Group 1 by Tukey-Kramer multiple comparison post test (p < 0.05).
TABLE IV ~ INCIDENCE OF COLONIC TUMOR AT WEEKS §, 10 AND 20
Group T Adenioma Adenocarcinama Towud
no. Wk § Wk 10 Wk 20 Wk § Wk 10 Wk 20 Wk 5 Wk 10 Wk 20
] AOS;/SZZ}EM/‘) 44, 100% 34, 75% 9, 100% 44, 100%  34,75% 919, 100% 4/4,100% 474, 100% 919, 100%
)
2 AOM/2% 474, 100% 344, 1XI% 9110, 90% 34, 75% Y4, 75% 9/10, 90% 4/4,100%  4/4,100% - 9/10,90%
DSS/1 ppm
pitavastatin
(4/4/10) .
3 AOMN2% 24, 50%. 44, 100% 79, 18% 244, 50% A4, 100% 19, 78% 2/4, 50% 414, 100% 8/9, 89%
DSS/10 ppm
pitavastatin
(4/4/9)
4 10 ppm . 04, 0% 0/, 0% 0/5. 0% 04, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%
pitavastatin
(4/4/5)
5 AOM (4/4/5) 04, 0% 014, 0% 0/5, 0% 0/4, 0% 014, 0% 0/5, 0% 0/4, 0% 04, 0% 0/5. 0%
6 2% DSS (4/4/10)  0/4, 0% 074, 0% 0710, 0% 0/4, 0% 04, 0% 0/10, 0% 0/4, 0% 0/4, 0% 010, 0%
7 None (4/4/5) 074, 0% /4, 0% 0/5, 0% 0/8, 0% /4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%

Data were from histopathological analysis.

Statistical analysis

The incidences among the groups were compared using 3> test
or Fisher's extract probability test (GraphPad Instat version 3.05,
GraphPad Software, San Diego, USA). Other measurements
expressing mean * SD were statistically analyzed using Tukey—
Kramer multiple comparison post test (GraphPad Instat version
3.05, GraphPad Software). Differences were considered statisti-
cally significant at p < 0.05,

Results
General observation

The animals that received DSS in their drinking water (Groups
{. 2, 3 and 6) had bloody stool between Weeks 1-3. Also, some
mice treated with AOM/DSS with or without pitavastatin (Groups
1, 2 and 3) had bloody stool, and tumors developed in their colon.
However, other groups including Group 4 (the pitavastatin alone
group) did not have such symptom. Body weights, liver weights,
and relative liver weights in all groups at Week 20 are shown in
Table 1. With regard to the mean body weights, Group 5 (the
AOM alone group, 53.3 % 6.6 g) significantly increased when
compared with all other groups. However, the mean liver weight
did not significantly differ among the groups, whercas the mean
relative liver weight (g liver weight/100 g body weight) of Group
3 (the AOM/DSS/10 ppm pitavastatin group, 5.94 * 0.64) was
significantly greater than that of Group 2 (the AOM/DSS/1 ppm
pitavastatin group, 5.15 * 0.28, p < 0.05), and the valuc of Group
5 (4.68 £ 0.38) was significantly lower than that of Groups 1 (the
AOM/DSS group, 5.56 * 0.44, p < 0.05) and 3 (5.94 = 0.64, p <
0.01). As shown in Table 1, the mean length of the colon did not
significantly differ among the groups,

Incidence and multiplicity of colonic mucosal ulcer and dysplasia

Table Il summarizes the incidence of colonic mucosal uicer
(Fig. 3a) and colonic dysplasia (Fig. 3b) at each time point. The
incidence of mucosal ulcer gradually decreased as administration
of pitavastatins doses increased at each time-point. On the other
hand, 1he incidence of dysplasia were unaffected. As given in Ta-
ble HI, the multiplicity of mucosal ulcer in Groups 1, 2, 3 and 6
was the highest at Week 5, and then they gradually decreased. At
Weceks 5 and 10, the value was decreased by administration of
pitavastatin dose-dependently. The multiplicity of mucosal ulcer
of Group 3 (p < 0.05) was significantly decreased when com-
parcd with Group 1. At Wecek 20, mucosal ulcer was not found in
mice of Group 3. Dysplastic crypts were also present in mice
given AOM and DSS with or without pitavastatin treatment at
Week 5. Colonic dysplasia tended 1o decrease during the cxperi-
ment, as did mucosal ulcer. The multiplicities of dysplasia in the
mice of Groups 2 and 3 were lower than that of Group 1, but the
differences among the groups did not reach statistical signifi-
cance.

Incidence and multiplicity of large bowel neoplasms

" Table 1V shows the incidence of colonic tumor at each time-
point. It was observed that adenoma (Fig. 3¢) and adenocarci-
noma (Fig. 3d) located in the middle and distal colon at each time
point. However, treatment with pitavastatin unaffected the inci-
dence of colonic tumor at Weeks 10 and 20, The multiplicities of
colonic neoplasms at Weeks 5, 10 and 20 are given in Table V.
Colonic adenoma and adenocarcinoma were observed even at
Week 5. The multiplicities of adenoma in Groups 2 and 3 were
smaller than that of Group 1 at weeks 5 and 20, but the differen-
ces were not stalistically significant among the groups. As for the



TABLE V - MULTIPLICITIES OF COLONIC TUMOR AT WEEKS S, 10 AND 20
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All data were from histopathological analysis.
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FIGURe 4 ~ Inflammatory scores in the large bowel of mice in all
groups.

multiplicity of adenocarcinoma, the values of Groups 2 and 3
were low without statistical significance when compared to Group
I at Weeks 5 and 10. However, the values of Groups 2 (p <
0.001) and 3 (» < 0.01) at Week 20 were significantly smaller
than that of Group 1, although the inhibition was not dose-de-
pendent.

Inflammation score in the large bowel

Figure 4 illustrates data on colonic inflammation scores at
Weeks 5, 10 and 20. The inflammation scores of Groups 1, 2, 3
and 6 were the greatest at Week 5, and they gradually lowered
with time. Colonic inflammation in the mice of Groups 4, 5 and 7,
which were not given 2% DSS, were not observed at Weeks 10
and 20, while they had slight colitis at Weck 5. At Weeks 5 and
10, the scores in Groups 2 and 3 that were given pitavastatin-con-
taining diets were smaller than that of Group I, but the differences
did not reach the statistical significance. However, their scores

“were significantly lower than Group 1 a1t Week 20 (vs. Group 2,

p < 0.05; Group 3, p < 0.05; and Group 6, p < 0.01).

Immunohistochemical scores for PCNA-, ssDNA- and
nitrotyrosine-positive cells in the colonic adenocarcinomas

Scoring data on PCNA- (Fig. 5a) and ssDNA- (Fig. 5b) in ade-
nocarcinoma cells and nitrotyrosine-positivity (Fig. 5¢) in colonic
mucosa with or without tumors are illustrated in Figure 6. As
shown in Figure 6a, the mean PCNA-labeling indices of colonic
adenocarcinomas developed in Groups 2 (p < 0.001) and 3 (p <
0.001) were significantly lower than that of Group 1. The mean
apoptosis indices of Groups 2 (p < 0.05) and 3 {p < 0.001), which
were measured by ssDNA immunohistochemistry, were signifi-
cantly greater than that of Group 1, as shown in Figure 6b. Immu-
noreactivity of nitrotyrosine was noted in the adenocarcinoma
cells (Fig. Sc). The reaction was also observed in the crypal cells
with or without disruption, infiltrated mononuclear inflammatory
cells and endothelial cells of the small vessels in the mucosa and
submucosa (Fig. 5c). The positive reaction was not detected in the
colon of mice in Groups 4, 5 and 7. As illustrated in Figure 7, the
scores of nitrotyrosine-positivity in Groups [, 2, 3 and 6 were the
greatest at Week 5, and decreased with time. At Week 5, the
scores of Groups 2 (p < 0.001), 3 (p < 0.001) and 6 (p < 0.05)
were significantly lower than that of Group 1. At Week 10, the
scores of Groups 2 (p < 0.01), 3 (p < 0.001) and 6 (p < 0.001)
were significantly lower than that of Group 1. Alsa, the scores of
Groups 3 (p < 0.05) and 6 (p < 0.01) were significantly lower
than that of Group | at Week 20.
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FIGURE 5 ~ Immunohistochemistry of (@) PONA-labeled nuclei, (h) ssDNA-positive nuclei and (¢) nitrotyrosine-positive cells in adenocarci-
nomas developed in the colon of a mouse from Group 1. Bars insented are (1) 60 pm, (b) 20 pm and (c) 30 pm,

P00

1 a 24 Lt ixiii}] b
— _- 0,08
3 90 3 I
PR 2
£ =—
W 601 15 =
£ 8 £
i 5
3 40 g 1
< 301 = =
{; 20 én.s =
=0

I 4
AOM/DSS + + + AOM/DSS + + +
Pitavastatin - Lppm 10 ppmn Pitavastatin “ fppm 10 ppm

FiouRe 6 - Indices of () PCNA-labeled nuelei and (h) ssDNA-positive nucled in § colonic adenocareinomas each from Groaps |3 at Week 20

Serim levels of 1G and 1otul cholesteral

Table VI summarizes data on serum levels of TG and total cho-
lesterol at each time point. The serum TG level of Group 1 (AOM/
DSS group) was the greatest among the group at 3 time points. Al
Week 20, but not wt Weeks 5 and 10, the values of Groups 2 (p =
0.001) and 3 {p = 0.001) were significantly lower than that of
Group L. Similarly, the serum level of total cholesterol of Group 3
{p < 0.05) was significantly smaller than that of Group 1, as listed
in Table VIL

Discussion

In the current study, we first demonstrated cancer chemopreven-
tive cffects of pitsvastatin on colitis-related mouse colon car-
cinogenesis induced by AOM/DSS. Suppressing effects of colitis-
related colon carcinogenesis by pitavastatin may be due o reduc-
tion of cell proliferation, induction of apoprosis, inhibition of
inflammation and suppression of oxidative/nitrosative stress in the
colonic malignancy. In the current study, treatment with pitavasta-
tin alone (Group ) did not affect colonic morphology. including



MTAVASTATIN INRIBITS COLON CARCINOGENESIS

induction of ulcer and ncoplasms. This is important, since a recent
case report described the development of UC in a patient who
100k simvastatin and was fatal,

In the current study, we observed that dictary pitavastatin inhib-
its the multiplicity. but not the incidence. of colonic adenocarcino-
mas induced by AOM/DSS. This may be related to weak chemo-
preventive effects of a low dose of pitavastatin. Also, there was no
dose-response of the inhibition, although data on the indices of
PCNA and ssDNA may suggest that pitavastatin affects dose-
dependently proliferation and apoptosis in adenocarcinoma cells.
Since only 2 doses (1 and 10 ppm in diet) of pitavastatin were
used for assessing chemopreventive ability of the drug against
AOM/DSS-induced mouse colon carcinogenesis in this study.
additional doses (>10 ppm in diet) must be investigated to deter-
mine the dose-dependent efficacy of pitavastatin in suppressing
AOM/DSS-induced colon carcinogenesis. As for colonic ade-
noma, the incidence did not significantly alter at 3 time points
(Weeks 5, 10 and 20). The multiplicity of Group 2 was increased
with time, but the increase was insignificant. The findings may
suggest that a high dose (10 ppm) of pitavastatin is able to inhibit
progress from adenoma to adenocarcinoma.

While statins are primarily known as drugs for the treatment of
hypercholesterolemia because of their potency of reduction in
LDL-cholesterol level by competitively inhibiting HMG-CoA re-
ductase that is a ratc-limiting enzyme in the synthesis of mevalo-
nate, they have pleiotropic distinct _effects on process such as
angiogenesis™* and inflammation.*®*” Thus, statins affect a num-
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FiGure 7 — Nitrotyrosine-positive indices in the colonic mucosa
with or without tumors from all the mice of cach sacrifice time poini
(4 mice each from all groups at Week 5: 4 mice cach from all groups
at Week 10; and 9 mice cach of Groups 1 and 3, 10 mice each of
Groups 2 and 6. and 5 mice each of Groups 4. 5 and 7 at Week 20).
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ber of novel molecular argets and complex signaling pathways,
Certain statins (simvastatin and rosuvastatin) are able to exert
unti-inﬂmmna(ory action in DSS-induced acute or chronic murine
colitis model."™* A Tipophilic statin pitavastain also possesses
multiple biological function®® and anti-inflammatory action,”*30
Pitavastatin is recently reported to down-regulate chemokines™
that arc involved in IBD pathogenesis.' Also, a low dose of pita-
vastatin can affect PI3K-AKT pathway,** which plays a critical
role in the balance between cell survival and apopiosis, the inflam-
mitory respense by activating chemokine receptors and promoting
inflammatory cell migration and the human cancer develop-
ment,*~* including colon cancer.* In the current study, the treat-
ment with pitavastatin in diet significantly lowered colonic inflam-
mittion induced by DSS, as revealed by histopathology (number of
mucosal ulcer and inflammation scores). As observed in the colo-
nic mucosa of UC patients, where colonic mucosal damage is
associated with increased production of nitric oxide ;NO) through
the inducible nitric oxide synthase (iNOS) paxhwuy." the numbers
of cryptal, infiltrated inflammatory, endothelial and wmor cells
positive for nitrotyrosine, being a good biomarker for nitrosative
stress,*™ were increased in the inflamed colon induced by DSS in
this study. Pitavastatin treatment significantly lowered the nitro-
tyrosine-positive immunohistochemical score in conjunction with
reduction in the number of mucosal ulcer and inflammatory score.
iNOS is reported 1o be over-expressed in colonic tumors of
humans® and chemically induced colonic tumors.” Although
there are no reports that pitavasiatin affects iNOs expression in
inflamed tissues and neoplasms, our findings may suggest the pos-
sible effects of pitavastatin on iNOS expression. Activated nuclear
lactor-kappa B (NF-xB?. which is a key player in inflammatory
processes in the tissues,> 2 is observed in different cancer cell lines
and primary malignant tissue samples.”® Recently, Lec er al.>®
demonstrated that  simvastatin inhibits proinflammatory gene
expression by blocking NF-kB signaling in intestinal epithelial
cells, and attenuates DSS-induced acute murine colitis. Wang
et al.* have also found that pitavastatin inhibits NF-KB activation
and decreases IL-6 production induced by tumor necrosis factor-a
in human hepatocellular carcinoma cells. NF-kB uctivation also
plays an important role in enhancing IL-6 and IL-8 in human co-
lon cancer cells.™ Although we did not examinc mRNA expres-
sion of NF-kB and cytokines in this study, it is possible that paita-
vastatin affects the expression in the inflamed mouse colon. The
anti-inflammatory and antioxidative/nitrosative potential of pita-
vastatin is possibly related 1o prenylation of certain proteins that
are involved in inflammatory processes, but not its effect on
HMG-CoA enzyme, as is the case of other statins.'”* The find-
ings reported by others and those described here, thus, may
suggest the potential use of statins, including pitavastatin as an
anti-inflammatory drug for the treatment of IBD.

Other interesting findings in the current study are that adminis-
tration of pitavastatin induced apoptosis in the colonic epithelial
malignancies. Therc are no reports describing apoptosis-inducing
cffects of pitavastatin on tumor cells, although cerain statins pos-
scss proapoptotic propertics in a varicty of tumor cell lines.”>%*

TABLE VI - SERUM TRIGLYCERIDE (MG/DL) AT WEEKS 5, 10 AND 20

Group no. TFreatment Wk § Wk 10 Wk 20

| AOM/2% DSS 134.8 *+ 63.5" (5) 174.6 * 96.7 (5) 159.0 = 59.7.(9)

2 AOM/2% DSS/1 ppm 79.4 £ 27.5(5) 117.4 =217 (5) 64.4 = 16.8%(7)
pitavastatin

3 AOM/2% DSS/10 ppm 67.2 > 26.8 (5) 84.2 + 28.0(5) 61.0 = 275" (7)
pitavastatin

4 10 ppm pitavastatin 71.8 = 36.8(5) 67.2 = 13.3(5) 59.0 £ 234 (5)

5 AOM 126.0 = 51.2(5) 92.0 = 359 (5 94.8 = 34.0(5)

6 2% DSS 70.4 * 33.4 (5) 105.2 = 24.8 (§) 79.3 * 37.9(7)

7 None 105.2 * 38.1 (5) 54.0 = 15.3(5) 54.5 * 16.0(4)

Numbers of parentheses are numbers of mice examined,
“Mecun * SD.-"Significantly dilferent from Group ) by Tukey-Kramer multiple comparison post test

(p < 0.000).
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SERUM TOTAL CHOLESTEROL (MG/DI.) AT WEERS § 10 AND 20

Giroup no. Treatment Wk S Wk 10 Wi 20

| AOM/2% DSS 13722 100°(5) 1374 2 227(5 152824379

2 AOM/2% DSS/1 ppm 127.6 = 148 (9) 9.1 = 209(5) (M9 = 182
pitavastatin

ki AOM2% DSS/10 ppm 1564 = 26.2(5) 10822 1055 1051 = 23.5°(D)
pitavastatin

4 10 ppm pitavastatin 117.2 = 19.1 (5) 109.0 = 10.7(5)  106.6 = 7.6 (5)

5 AOM 134.8 = 20.6 (5) 464 £ 29.2¢5) 1614 % 33.3(5)

6 2% DSS 151.2 = 28.2(5) 137.6 = 3545 119.1 £ 203(D)

7 None 151.8 = 14.6 (5) 140.6 = 18.4(5) 137.5225.1(4)

Numbers of parentheses are numbers of mice examined.
*Mean + SD,-"Significantly different from Group 1 by Tukey-Kramer mubtiple comparison post test

(p < 0.05),

Lipophilic statins are reported xo induce apoptosis in malignant
cells. Forcx,lmpk Agarwal ¢t al? reponed that lovastatin induces
apoptosis with differing sensitivity in a variety of colon cancer
cell lines (SW480, HCT 116, LoVo and HT29), They also found
that lovastatin treatment results in decreased cxpression of the
antiapoptotic prolein Bel-2 and increased the expression of
the pro.lpopmlit protein Bax, There are some reports describing
the comparison of .lpopmsls inducing ubility between li gophilic
and hydrophilic statins in tumor™ and nontumor cells.%*** These
reports suggested that lipophilic statins are more effective for
inducing apoptosis when compared to hydrophilic statins. As to
antiproliferative action of statins, the cffect of lovastatin on pros-
tate cancer cells is stronger than that of a hydrophilic statin, prava-
statin®® Thus, the hpophlllc property of pitavastatin may be
related to the apoptosis induction and inhibition of proliferation i in
adenocarcinomas observed in this study.

Statins, including pitavastatin, are drugs that primarily affect
LDL-cholesterol h.\'ds in plasma lhmu;,h the induction of the
hepatic LDL receptor.® In this experiment. pitavastatin treatment
effectively lowered serum total cholesterol level at Week 20. In
addition. administration of pitavasiatin significantly decreased se-
rum TG level that was 3-fold increased by AOM/DSS exposure at
Wed. ”() Hypentriglyceridemia is a risk for human CRC develop-

this context, a recent report”™ tha lipoprotein lipase genc polymor-
phism influences lipid metabolism in UC patients and age of onset
of UC is of interest,

A g,rowm;, body of literature has emerged on (he prevention of
CRC in patients with long-standing CD and UC."""™ However, the
data are not definitive and consist almost exclusively of relrospcuwe
case-control and cohort studies rather than (hc more Tigorous pro-
spcuwu multiple randomized controlled trials.*' Although the data
on statins use are still oo limited 1o endorse its use for the preven-
tion of calitis-related CRC, funher studies with statins need to be
performed to develop an optimal strategy for the reduction of cancer
risk in IBD patients. While most statins arc metabolized in part by
one or more hepatic cytochrome P450 enzymes (mainly CYP3A4),
leading 1o an increased potential for drug interactions and problems
with certain foods, such as grapefruil juice, levastatm appears (o
be metabolized by a substrate of CYP2C9.”* This property may
prove heneficial for the long-term use of the drug in clinic.

In conclusion, our current findings that a lipophilic statin pita-
vastatin was effective for inhibiting colitis-related mouse colon
carcinogenesis through modulating the cell proliferation, mucosal
inflammation and oxidative/nitrosative: stress in the target tissue
suggest possible application of pitavastatin in suppressing colon
carcinogenesis in the inflamed colon of patients with 1BD. Further

ment.5* Also, hyperlipidemia is a relatively frequent Lomplu,a- studies on detailed mechanisms of the action iavolved are under-
tion in patients with familial adenomatous polyposis patients.® In  way in our laboratory using microarray and proteomics technigues.
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Tumor-initiating potency of a novel heterocyclic amine, aminophenylnorharman in

mouse colonic carcinogenesis model
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A novel heterocyclic amine, 9-(4'-aminophenyl)-9H-pyrido{3,4-
blindole (aminophenylnorharman, APNH), which is formed from
nonmutagenic 9H-pyrido{3,4-blindole (norharman) and aniline, is
mutagenic to bacteria and mammalian cells and potently carcino-
genic in rats. APNH is detected in human urine samples, suggest-
ing that humans are continuously exposed to APNH. In the pres-
ent study, ““P-postlabelin analysis revealed that the levels of
APNH-DNA adduct 24 hr after the treatment with APNH 1,5
and 20 mg/kg body weight) in male ICR mice were increased in a
dose-dependent manner in the colon and liver. Based on these
findings, we determined the tumor-initiating potency of APNH in
an inflammation-related and two-stage mouse colon carcinogene-
sis model. Male Crj: CD-1 (ICR) mice were given a single intra-
gastric administration (1, 2, 5 or 10 mg/kg body weight) of APNH
and subsequent I-week oral exposure to dextran sodium sulfate
(DSS, 2% in drinking water). Treatment with APNH and DSS
resulted in numerous colon tumor development: the incidence and
multiplicity of the tumors were the highest in the mice received
10 mg/kg body weight of APNH and followed by DSS. Development
of colon tumors was dose-dependent of APNH. Seven of 9 (77.8%)
colonic adenocarcinomas developed in mice treated with APNH (10
mg/kg body weight) and DSS had f-catenin gene mautations at
codons 32 and 37, being predominantly transversion. These findings
indicate that APNH has an initiating activity in inflamed mouse
colon and the APNH-DNA adduct formation correlates with its
tumorigenic potential.

© 2007 Wiley-Liss, Inc.

Key words: aminophenylnorharman; adenocarcinoma;  f-catenin;
colon; dextran sodium sulfate; DNA adduct; heterocyclic amines;
initiation; mice

The development of most human cancer might be caused by
carcinogenic agents in the diet and cigarette smoke.' Therefore,
identification of mutagens and carcinogens in foods and cigarette
smoke is very important for understanding the causal agents of
human cancer. A series of mutagenic and carcinogenic heterocy-
clic amines (HCAs) have been identified in cooked foods and
heating amino acids and proteins.” The B-carboline compound
norharman (9H pyrido[3.4- I)deo]e) is produced in the pyrolysis
of l1yplophan Norharman is present at much higher levels than
2-amino-}-methyl-6-phenylimidazo|4.5- h}pyrldme (PhIP) and 2-
amino-3,8- dlmeth) limidazof4.5- f]qumoxdlme (MelQx) in human
urine samples Although norharman is not mutagenic to Salmo-
nella strains, it becomes mutagenic to S. tvphimurium TA9S in the
presence of S9 mix, v\hen incubated with non-mutagenic aromatic
amines, such as aniline.® A novel HCA. 9-(4'- ammopheml) -OH-
pyrido[3,4-hJindole (aminophenylnorharman, APNH) can be
formed by this reaction, then converted to the N-hydroxyamino
derivative which produces DNA adducts after esterification to
induce mutations in S. rvphimurium TA98 and YG1024.5® APNH
is able to induce sister chromatid exchanges and chromosome
aberrations.” We have recently demonstmted that APNH forms
DNA adducts at the C-8 position of guanine residues in the
various tissues 1nc]ud1ng liver and colon of F344 rats after admin-
istration of APNH.'® Subsequently, it has been reported that the
gpt mutant frequencies were elevated in the liver and colon of the
gpt delta transgenic mouse treated with APNH,'' Norharman is
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reported to be present at much higher levels than those of HCAs in
cooked meat and fish and cigarette smoke condensate. 2 Aniline is
also ‘Qrcsem in cigarette smo}\c condensate and cerfain vegeta-
bles."” In addition. APNH was detected in 24 hr urine samples col-
lected from F344 rats that received norharman and aniline."
Moreover, we have detected APNH in human urine samples from
both healthy volunteers and patients in the hospital,'* suggesting
thus that humans are continuously exposed to APNH,

To understand the effects of APNH on human health, it is im-
portant to elucidate its carcinogenicity in'rodents. It has been dem-
onstrated that dietary feeding with APNH induces preneoplastic
hepatocellular lesions, glutathione S- uansfemse placental form-
positive foci, in the liver of male F344 rats."® Moreover, it has
been already reported that the feeding with APNH for 85 weeks
resulted in the development of hepatocellular carcinomas (HCCs,
10-79% incidence), and the colonic adenocarcinomas with low
incidences (3-13% incidence) in male and female F344 rats.'”
These findings suggest a weak tumor-initiating capability of
APNH in the colon.

We recently developed a novel mouse model for inflammation-
related colon carcinogenesis'® and this can be used for detecting
the HCAs with colonic carcinogenicity in mice within a short-
term period.'® Also, we have evaluated tumor- -promoting activity
of chemicals utilizing this inflammation-related and two-stage
mouse model >

In the present study, we examined the APNH-DNA adduct for-
manon in the colon and liver of mice that received APNH using
the **p- postlabeling method. Addmonally we investigated tumor-
initiating activity of APNH in mice by gavage with various doses
of APNH in the inflamed colon induced by dextran sodium sulfate
(DSS). The B-carenin gene mutations in colonic adenocarcinomas
developed were also analyzed by the single strand conformation
polymorphism (SSCP) method and direct sequencing.

Material and methods
Animals, chemicals and diet

Male Crlj: CD-1 (ICR) mice (Charles River Japan, Tokyo,
Japan) aged 5 weeks were used. They were maintained at Kanazawa
Medical University Animal Facility according to the Institutional
Animal Care Guidelines. All animals were housed in plastic cages

Abbreviations: APNH, aminophenylnorharman (9-(4'-amino-3"-amino-
phenyl)-9H-pyrido[3,4-blindole); DSS, dextran sodium sulfate; HCA, het-
erocyclic amine: H&E, hematoxylin and eosin: i.g., intragastric; MelQx,
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relative adduct labeling: SSCP, single strand conformation polymorphism.
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(4 or 5 mice/cage) with free access to drinking water and a pel-
leted basal diet, CRF-1 (Oriental Yeast, Tokyo, Japan), under con-
trolled conditions of humidity (50% = 10%), light (12/12 hr light/
dark cycle) and temperature (23°C =+ 2°C). After 7-days-quaran-
tine, they were randomized by body weight into experimental and
control groups. APNH was purchased from the Nard Institute
(Osaka, Japan) and its purity was confirmed to be > 99% by HPLC.
DSS with a molecular weight of 36,000~50,000 (Cat No. 160110)
was purchased from MP Biochemicals, LLC (Aurora, OH).

Formation of APNH-DNA adducts

To analyze APNH-DNA adduct formation, nine male ICR mice
were provided. At 6 weeks of age, they were given a single intragas-
tric intubation (i.g.) of APNH at doses of 1, 5 and 20 mg/kg body
weight and sacrificed after 24 hr. The liver and colon were excised
and store at —80°C until DNA extraction by standard procedure
involving enzymatic digestion of protein and RNA followed by
extraction with phenol and chloroform/isoamyl alcohol (24: 1, v/v).

DNA obtained from the experiment was digested with mncmcoc—
cal nuclease and phosphodiesterase I, and the digest was **P-post-
labeled under modified-standard and adduct-intensification condi-
tions as reported previously. %% Adducts were detected with a
Bio-Image Analyzer (BAS 2000; Fuji Photo Film, Tokyo, Japan)
after exposing the TLC sheets to Fuji imaging plates. Relative
adduct labeling (RAL) was determined by the method of Randerath
eral,*® and the values were calculated as averages of 3 assays.

Experimental procedure for tumor-initiating activity

A total of 53 male ICR mice were divided into 7 experimental
and solvent control groups. Groups 1 through 4 were given a sin-
gle i.g. of APNH at a dose of 1, 2, 5 or 10 mg/kg body weight.
Starting one week after the APNH administration, animals in
Groups | through 4 were given 2% (w/v) DSS in drinking water
for 7 days, and then followed without any further treatment for 17
weeks. Groups 5 and 6 were given APNH (10 mg/kg body weight)
alone and 2% DSS alone, respectively. Group 7 was untreated. All
animals were sacrificed at week 20. The colon were flushed with
saline, excised, measured their length (from ileocecal junction to
the anal verge), cut open longitudinally along the main axis and
then washed with saline. After careful macroscopic inspection on
the colon, they were cut and fixed in 10% buffered formalin for at
least 24 hr. Histological examination was performed on paraffin-
embedded sections after hematoxylin and eosin (H&E) staining.
Some tumors were stored in a deep-freezer at —80°C for analysis
of B-catenin mutation. On the H&E-stained sections, histological
alterations, such as mucosal ulceration, dysplasia and colonic neo-
plasms were examined. Colonic neophsms were diagnosed
according to the descri 1pt1011 by Ward.** A histopathological exam-
ination was also done in other organs. Mucosal inflammation with
or without ulceration in the colon was analyzed on the H&E-
stained sections. Colonic inflammation was graded according fo
the following morphological criteria described by Cooper er al.?’:
Grade 0, normal appearance; Grade 1, shortening and loss of the
basal one-third of the actual crypts with mild inflammation in the
mucosa: Grade 2, loss of the basal two-thirds of the crypts with
moderate inflammation in the mucosa; Grade 3, loss of the entire
crypts with severe inflammation in the mucosa and submucosa,
but with retainment of the surface epithelium; and Grade 4, pres-
ence of mucosal ulcer with severe inflammation (neutrophil, lym-
phocyte and plasma cell infiltration) in the mucosa, submucosa,
muscularis propria and/or subserosa. The scoring was made on the
entire intestine with or without proliferative lesions and expressed
as a mean average score/mouse,

DNA extraction

For analysis of B-catenin mutations, 9 colonic adenocarcinomas
(frozen materials) developed in APNH (10 mg/kg body weight)/
DSS-treated mice were used. DNA was extracted from frozen tis-
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sue using Wizard® Genomic DNA Purification Kit (Promega,
Madison, WI)

Polymerase chain reaction (PCR)-SSCP analysis and
direct sequencing

DNA from colonic adenocarcinomas was PCR-amplified with
primers (5'-primer, GCTGACCTGATGGAGTTGGA; 3'-primer,
GCTACTTGCTCTTGCGTGAA), which were designed to
amplify exon 3 of the B-carenin gene containing the consensus
sequence for glycogen synthase kinase- 3B phosph(nyldnon The
length of the PCR product with these primers is 227 bp. The pri-
mers were synthesized with a 394 DNA/RNA synthesizer
(Applied Biosystems, Foster City, CA) and purified with an OPC
cartridge (Applied Biosystems). PCR for non-radioisotopic SSCP
was performed in 50 pl of reaction mixture consisting of 0.5 uM
of each primer, 1 X PCR buffer (Perkin Elmer, Applied Biosys-
tems Division, Fostex City, CA), 200 uM each dNTP, 25 U
AmpliTag Gold™ (Perkin Elmer) and 0.5-5 pl of lemplate DNA.
The mixtare was heated at 94°C for 9 min and subjected to 40 or
35 cycles of denaturation (94°C, 1 min), annealing (55°C, 2 min)
and extension (72°C, 3 min) using a using a Perkin Elmer-Cetus
thermal cycler. The PCR products were purified and concentrated
to 20 pl using Microcon 100 (Amicon, Beverley, MA). Ten vol-
umes of 95% formamide, 20 mM EDTA, 0.05% bromophenol
blue, 0.05% xylene cyanol were added to 0.5 pl of purified PCR
products, heated to 90°C for 3 min and applied to 10% polyacryl-
amide gels containing 5% glycerol. Electrophoresis was carried
out at 300 V for 2 hr at 20°C and the gels were soaked in 10% tri-
chloroacetic acid and in 50% methanol for 10 min each. DNA
bands were detected by silver staining using 2D Silver Staining
Solution II (Daiichi Chemical DNA, Tokyo, Japan). When
mutated shifted band were observed in the gels, mutation ana1y51s
was pexformed by direct sequencing of PCR products using on
ALF express™ DNA sequencer (Pharmacia Biotech).

Statistical analysis

All measurements were compared by one-way ANOVA with ei-
ther Tukey’s correction or Fisher’s exact probability test
(GraphPad Instat version 3.05, GraphPad Software, San Diego,
CA), with p < 0.05 as the criterion of significance.

Results
DNA adduct formation by APNH

Administration of APNH had no macroscopic lesions in any
organs. APNH-DNA adduct formation was analyzed in colon and
liver of male ICR mice treated with APNH at doses of 1, 5 and 20
mg/kg body weight for 24 hr. When the DNA samples from the
colon of APNH-treated mice were analyzed by **P-postlabeling
analysis, 2 major adduct spots corresponding to dG-C8-APNH
were observed, and this TLC pattern was similar to that of DNA
samples obtained from various tissues of rat received 40 ppm of
APNH for 4 weeks.'® Also, the TLC pattern of liver DNA samples
were the similar to those of colon DNA samples. As shown in
Table 1, the adduct levels of the colon and liver were increased in
a dose-dependent manner. Furthermore, the RAL values for colon
were higher than those for liver.

TABLE I - LEVELS OF APNH-DNA ADDUCTS IN THE LIVER AND COLON
ON MICE GIVEN APNH

. ; ct levels (. cts/107 ides
Treatment (no of mice examined) Adduct levels {adducts/10" nucleotides)

Liver Colon
APNH 1 mg/kg (3) 0.39 +0.13! 59+26
APNH 5 mg/kg (3) 3.82 +2.30 452+ 103
APNH 20 mg/kg (3) 41.0x 153 141.9 = 45.8

"Means * SD.
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TABLE H - BODY WEIGHTS. LIVER WEIGHTS, AND LENGTHS OF COLON IN EACH GROUP

Group no. Treatment (no of mice examined) Bady weight () Liver weight (@) Length of colon 7{cm)
1 APNH 1 mg/kg—2%DSS (10) 449 = 4.9' 2.99 + (.46 14.6 £ 0.8
2 APNH 2 mg/kg—2%DSS (9) 42.8£32 274 =032 143 %07
3 APNH 5 mg/kg—2%DSS (8) 43.0 = 6.1 275 £ 057 139+ 1.0,
4 APNH 10 mg/kg—2%DSS (9) 42,1 =38 256 = 0.47 123 0. 9
5 APNH 10 mg/kg (5) 428 + 3.6 231 =047 123+ 097
6 29%DSS (1 $23+27 2,19 %022 133+1.2
7 Untreated (5) 41.6 £ 2.8 245+ 0.17 151205

"Mean = SD. 2Swmhmmly different from group 6 by Tukey’s multiple comparison post test (°p < 0.01 ).—«"Signiﬁcamly different from group

7 by Tukey’s multiple comparison post test (*p < 0.001).

Ficure 1 — Macroscopic view of the large bowel (@) and histopathology of the colonic lesions (b, ¢) of ICR mice treated with APNH 10 mg/
kg body weight — 2% DSS. (¢) A number of colonic tumors are seen in mice given APNH 10 mg/kg body weight — 2% DSS. (h) A tumor
(white circle) is diagnosed as tubular adenoma. (¢} A tumor is histologically well differentiated tubular adenocarcinomas. H&E stain, original
magnification: (b, (¢), X 100.

TABLE 11 - INCIDENCE OF VOLONIC NEOPLASMS IN MICE TREATED WITH APNH AND DSS

No. of mice with colonic ncoplasms

Group no. Treatment (no of mice examined)
Total (mubiiplicity) Adenora (muliiplicity) Adenocarcinoma imuliiplicity)
1 APNH 1 mg/kg—2%DSS (10) 0% (0) 0% (0) 0% (]
2 APNH 2 mg/kg—2%DSS (9) 119 (0.11 £ 0.33) 19 (0.11 = 0.33) % (0)
3 APNH 5 mg/kg—2%DSS (8) 13% (0.38 = 1.06) 139% (0.13 = 0.35) 13% ¢0.25 £ 0.71)
4 APNH 10 mg/kg—2%DSS (9) 56%* (1.89 = 2.09'%) 33% (0.78 = 1.39) 56%* (1.11 + 1.26"%)
5 APNH 10 mg/kg (3) 0 0 0
6 2%DSS (7) 0 0 0
7 Untreated (5) 0 0 0

Numbers in parentheses are mean & SD.

VSlonmcamly different from group 6 by Fisher’s exact pI‘Obdblllty test (*p = 0. ()?3) i

'Significantly different from _group 1 by Tukey's multiple comparison post test (*p < 0.01).—Significantly different from group 2 by Tukey's
multiple comparison post test (*p < 0.05).

General observation in the inflamed colon induced by DSS
wamor-initiating activity

Pathological findings in the inflamed colon induced by DSS
tumor-initiating activity

Bloody stool was found during and soon after of DSS exposure
(Day 12-21) in a few mice that received 2% DSS and their body
weight gains were slightly decreased (data not shown). The body
and liver weights and lengths of colon of mice in all groups at the
end of the study (week 20) are listed in Table I1. The mean body
weights showed no significant differences among the groups. The
means liver weights of Group 1 (APNH 1 mg/kg (2% DSS) was
significantly larger than that of Group 6 (2% DSS alone, p <
0.01). The mean length of colon of mice in Group 4 (APNH 10
mg/kg — 2% DSS, p < 0.001) were significantly lower than that
of Group 7 (untreated).

Macroscopically, nodular, polypoid or flat-type colonic tumors
were observed in the middle and distal colon of mice in Groups 2
through 4 (Fig. la. Table 1ID. Their histopathology was well- or
moderately differentiated tubular adenocarcinoma (Fig, 1b) or tu-
bular adenoma (Fig. 1¢). There were no tumors in any organs
other than colon in these groups. The mice in Group ! (APNH 1
mg/kg — 2% DSS) had no tumors in the colon and other organs,
including liver, The incidences of total colonic neoplasms and ad-
enocarcinoma in Groups 4 (APNH 10 mg/kg — 2% DSS; p <
0.05) were significantly greater than Group 6 (2% DSS alone).
Also. the multiplicity of colonic neoplasms and colonic adenocar-
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TABLE 1V — INCIDENCE OF COLON ULCERATION AND DYSPLASIA IN MICE TREATED WITH APNH AND DSS

Low-grade (multiplicity) High-grade (multiplicity)

Incidence of colonic dysplasia

Total (multiplicity)

Incidence of mucosal
ulcer (multiplicity)

Inflammation
score

Treatment

{no of mice examined)

Group no.

KOHNO ET AL.

cinoma in Group 4 (APNH 10 mg/kg — 2% DSS) were signifi-

S5a~ cantly greater than Groups 2 (APNH 2 mg/kg — 2% DSS: p <
SaTS 0.01). The squared correlation coefficients for the multiplicities of
HHHHEES total colonic neoplasms (adenoma plus adenocarcinoma), ade-
S R R noma and adenocarcinoma obtained by the regression were 0.97
SaR2ocs (» < 0.00), 095 (p < 0.05) and 0.98 (p < 0.01), respectively.
g These values suggested a dose-response tumor-initiating potency
eREE of APNH on development of colonic tumors. In mice of Groups
e 5-7, no neoplasms developed in any organs including colon.
As indicated in Table 1V, colonic dysplasia also developed in
Groups 1 through 4. Their multiplicities of the total dysplasia and
high-grade dysplasia were significantly increased when the dose
onag of APNH increased in Groups 1-4. The correlation coefficients for
———— the multiplicities of total dysplasia and high-grade-dysplasia were
HHHH22SS 0.97 (p < 0.01) and 0.96 (p < 0.01), respectively. These values
SRRI/RE suggested a dose-response effect on the development of colonic
oond dysplasia. There were no dysplatic lesions in mice of Groups 5
§ 7&2,\"& through 7. In additiop, colonic m_ucosal ulceration was found in
8833 the distal colon of mice that received DSS (Table 1V). Table IV
S = summarizes data on colonic inflammation scores in the colon. No
. significant differences on the degrees of colonic mucosal inflam-
mation were noted among the groups treated with DSS (Groups 1
A 4 and 6).
—eeiel __ Mutation in -Catenin gene
HHHHESESES In the current experiment, mutations of exon 3 of the B-carenin
SO\ O &Q &Q &Q . . . . .
Sol-—S58 gene were investigated in the colonic adenocarcinomas developed
T in mice of Group 4 (APNH 10 mg/kg (2% DSS) by the PCR-
RERE SSCP method and direct sequencing. Seven of 9 (77.8%) colonic
%%‘é% adenocarcinomas developed had B-catenin gene mwtations that

were restricted to codons 32 and 37 (Table V). The mutations
were GAT (Asp) to TAT (Tyr) and GAT (Asp) to AAT (Asn) at
the codon 32 and TCT (Ser) to TGT (Cys) and TCT (Ser) to TAT
(Tyr) at the codon 37. The majority of these mutations were trans-

ESg8 8 versions.
e v — et
HAHFHESHE ~
FXEowmER & Discussion
Rt . .
SREE :! The results of the present study using an inflammation-related
LREE 8 < two-stage mouse colon carcinogenesis model indicate that one of
e N the HCAs, APNH, has a strong tumor-initiation activity in the
\é%‘ inflamed colon. This activity was dose-dependent and related with
28 APNH-DNA adducts formation levels in the colon. The adenocarci-
¢ o B nomas developed in mice initiated with APNH and promoted by
g583 & S8 DSS possessed B-catenin mutations. This is the first report demon-
"3 i f’ 3 ‘f‘ g3 strating tumor-initiating ability of APNH in the colon. In this study.
oo = g we also investigated the initiation activity of 20 mg/kg body weight
S5 = f’e ° of APNH. Although approximately half of the mice that received
fani= APNH (20 mg/kg body weight) followed by 2% DSS died due to
g3 hepatotoxicity of APNH 34 days after i.g. administration, the survi-
é g vors had colonic tumors (50% incidence of adenocarcinoma with
S5 W - 0.73 = 0.90 maltiplicity and 33% incidence of adenomas with 0.55
2R g % * 0.82 multiplicity).
RARR or= DNA adduct formation by chemical carcinogens is important
o@ Q@ Q% § = Y because the active dose of chemical carcinogen reaching its target
c? glg <\T‘ T + ‘g_‘; site should exert their initiating events in chemical carcinogene-
&g 6 s 23
oD O Blid o gg0
EErE g @7 82 s TABLE V - MUTATIONS IN EXON 3 OF THE B-CATENIN GENE IN
EEES S g 5 g . APNH/DSS-INDUCED MOUSE COLONIC ADENOCARCINOMAS
% % é % % § % § E : Sample B-catenin status Amino acid substitution
& 28
% % Q% % § 5 ;é 8 5 APNH /DSS-1  Codon37 TCT—TGT Ser—Cys
5 E E APNH /DSS-2  Codon 37 TCT—TGT Ser—Cys
I APNH /DSS-3  Codon 32 GAT—TAT Asp—Tyr
£E g ﬁgﬁ //ggg-é Codon 37 T\%I;d—ﬁAT Ser—Tyr
» 58 -5 ild type
& 5 APNH /DSS-6  Codon 32 _G_AT—;AE\T Asp—Asn
Bl Kach T T-F N g & &b APNH /DSS-7  Codon32 GAT—TAT Asp—Tyr
ZzPwn APNH /DSS-8 Wild type

APNH /DSS-9  Codon 32 GAT—TAT Asp—>Tyr
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sis.”” The HCAs form tissue DNA adducts in humans and
rodents.”™ MelQx induces HCCs™ and produces relatively high
hepatic DNA adduct levels in rats.*® In contrast, PhIP that is not
ht‘:pﬂ!OCﬂlCl[lO"G]llC forms relatively low hepatlc PhlP DNA
adduct levels in comparison with other tissues in rats.”¥ APNH-
DNA adducts were detected in various organs of rats given
APNH. wnh levels higher in the liver and colon than in other
organs.'” In the current study. we observed the APNH-DNA
adduct formation in the colon and liver. as found in rats,” and the
levels in colon were greater thun in liver. Furthermore, there was a
clear dose-dependency in the APNH-DNA adduct formations in
both organs. Thus, APNH-DNA adducts should be involved in the
induction of colonic neoplasia in mice. APNH foxmed DNA
adduets in the liver and induced HCC in F344 rats.!” However, the
mice received with APNH/DSS had no liver tumors in this study.
These differences in the liver carcinogenicity of APNH may be
due to the d1ffe1ence< in the experimental protocol. As repoxled
previously in rats,’ the major APNH-DNA adduct was dG-C8-
APNH in this study, it is suggested that dG-C8-APNH was formed
in the target genes, such as B-carenin, and these adducts might
cause the mutations. In fact, the mutations detected in the APNH-
induced tumors were mainly at G:C base pairs.

HCAs, such as PhIP and MeIQx are able to induce multi-site
tumors in rodents and monkeys.”>* When given high doses of
PhIP for a long-term period, colonic tumors deve]oped in rats.”
Although dietary APNH at a dose of 20 or 40 ppm for 85 weeks
induced colonic tumors in F344 rats, the incidence of colonic
tumors was low. being 3 or 9% in males and 4 or 13% in females,
respectively,’’ suggesting a weak tumor-initiating ability of
APNH in the rat colon. In the current study. colonic neoplasms
developed in the mice given APNH at all doses except for 1 mg/
kg b.w., when followed by DSS. The tumor-initiating ability of
APNH in this model was greater than that Of PhIP and MelQx
when used the same experimental proloool ¥ These ﬁndmgs sug-
gest the importance of inflammation in colon carcinogenesis. For
further understanding the role of APNH in human colon cancer
development, studies for APNH-DNA adduct levels in human co-
lon samples and in vivo rat experiments with the protocol used in
this study will be required.

Recent evidence demonstrates that the 3-catenin signaling path-
way m c]osely associated with the development of colon can-
cer. > The B-catenin gene is tlequently mutated in human colon
cancers without APC mutations® and carcinogens induced color-
ectal cancer in rodents.”** In the present study, we detected 3-
cutenin gene mutations of mouse colon adenocarcinomas induced
by APNH/DSS, at codons 32 and 37, being transversions (G:C to
T:A and G:C to C:G) and transition (G:C to A:T), and all gene
mutations detected in APNH/DSS-induced colon adenocarcino-
mas in the present study involved G:C base pairs. In contrast, the
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location and mutation pattern were slightly different from a report
documenting that the B-catenin gene mutations of rat colon
tumors mduced by APNH; G:C to A:T transition at codon ?4 W
pxedommmu Masumura e al. has also reported that PhIP*- and
APNH''-induced apt mutations in the liver and colon of the gpt
delta nansuemc mice were dominated by G:C to T'A transver-
sions. ™ The difference of APNH-induced mutation sites and pat-
terns in rats and mice might reflect differences in DNA repair or
translesion DNA synthesis between these 2 species. Moreover. the
colonic inflammation observed in DSS mouse model could influ-
ence mutation patterns and hotspots induced by APNH. Recently.
we detected the B-catenin mutations of mouse colon adenocarci-
nomas. induced by azmymelhane/DSS, at codons 32, 33 and 34,
being G:C to A:T transitions.'” In 1.2-dimethylhydrazine/DSS-
induced mouse colon adenocarcinomas, mutations of the B-cate-
nin gene were pxesem in codons 32, 34, 37 and 41. being G:C 10
AT transitions.*’ In contrast, mutations of the B-catenin were
observed at codons 32 and 34, mainly being transversions (G:C to
T:A and G:C to C:G) in PhiP/DSS-induced colon adenocarcino-
mas.'” We could not detect B-catenin mutations in 2 adenocarci-
nomas in the current study, but there is a possibility that they have
mutations in the genes other than B-carenin. Additionally, in
human colorectal cancer, the 8-catenin mutations were dominated
by transitions.””*? Although reason for differences of f-carenin
mutation patterns between colorectal cancers of human and mice
remains unclear, the differences might be related 1o the low occur-
rence of B-cafenin mutations m human colorectal cancers when
compaxed with APC mutations® or the different pathways of tu-
morigenesis between sporadic cancer and inflammation-associated
cancer.

In conclusion, the results in the current study indicate that a
potential turmor-initiating activity of APNH in the inflamed colon.
B-Catenin mutations in adenocarcinomas induced by APNH and
DSS were different from those other colonic carcinogens includ-
ing HCAs, possibly due to the adduct (dG-C8-APNH) formation.
Norharman and aniline are abundantly present in our environment
and continuous exposure to both compounds during daily life is
conceivable. We recently detected APNH in human urine samples
from both healthy volunteers and inpatients.'® Although their
APNH levels were independent of dietary intake or cigarette
smokmg, APNH could be a novel type of endogenous mutagen/
carcinogen, as shown in this study and a previous investigation,'”
The APNH level in human urine samples was much lower than
the MelQx level and PhIP level, but the level is comparable to that
for 3-amino-1,4-dimethyl-5H-pyrido[4.3-blindole (Trp-P-1).*"
However, the carcinogenicity of APNH is thus considered 10 be
more potent than that of PhIP and MelQx in this animal model."
Our findings may provide scientific basis for further study on the
involvement of APNH in human health.
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A Tobacco-specific Carcinogen, NNK, Enhances AOM/DSS-
induced Colon Carcinogenesis in Male A/J Mice
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Abstract. To determine whether tobacco-derived
carcinogens affect colon carcinogenesis, the effects of
4-(methylnitrosamino)-1-( 3-pyridyl)- 1-butanone (NNK} on
colon carcinogenesis were exantined using an azoxymethane
{AOM )/(dextran sulfate sodium (DSS) mouse modet. NNK
(10 pmol) was administered to male AlJ mice by a single
intraperitoneal (i.p.) injection and then AOM (10 mgtkg
body weight, ip.) was given 1 week after NNK
administration, One week later, the mice received 1.5% {w/v}
DSS in their drinking water for 7 days. All animals were
sacrificed at week 22 to examine the pathological lesions in
the colon and lung. The incidence (80%, p<0.05) and
mudtiplicity (4.0£3.6, p<0.05) of colonic tumors of the
NNK+AOM+DSS group were significantly higher than that
of the AOM+DSS group (incidence, 40% ; and multiplicity,
1.2x1.7). The differences in incidence and multiplicity of
lung tumors were insignificant benveen these two groups.
Our findings may suggest that smoking increases the risk of
inflammation-related colon cancer development.

Many studies generally show a positive association between
tobacco use and mortality from colorectal cancer (CRC) (1, 2),
despite ambiguities in that some studies have not shown a
relation between tobacco and CRC development (3). Incidence

Abbreviations: AD, adenoma; ADC, adenocarcinoma; AOM,
azoxymethane; CD, Crohn’s disease; COX, cyclooxygenase; CRC,
colon cancer; DSS, dextran sulfate sodium; HP, hyperplasia; LOX,
lipoxygenase; nAChR, nicotinic acetylcholine receptor; NFKB,
nuclear factor-KB; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone: ROS, reactive oxygen species: UC, ulcerative colitis.

Correspondence to: Dr. Takuji Tanaka, Department of Oncologic
Pathology, Kanazawa Medical University, 1-1 Daigaku, Uchinada,
Ishikawa 920-0293, Japan. Tel: +81 762188116, Fax: +81 76
2866926, e-mail: takutt@kanazawa-med.ac jp

Key Words: Cigarette smoking, NNK, colitis-associated colon
cancer.
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of malignant neoplasm was higher by [.5- to 3-fold in smokers
than in non-smokers (4, 5). Tobacco use is known to cause
many types of cancer in different organs, including lung.
Smoking is a risk factor of cancer development in organs not in
direct contact with smoke. Approximately 20% of the large
bowel cancers in men would be attributable to smoking (6).
Compared with never smokers, current smokers showed a 4-
fold increase in risk of hyperplastic and adenomatous polyps
in the colon (7). Furthermore, the risk of hyperplastic polyps
and adenomas remained for up 10 10 years after they stopped
smoking (7). In spite of such findings, however, experimental
evidence that tobacco smoking is involved in the pathogenesis
of CRC is insufficient. 4-(N-methyl-N-nitrosamino)-1-(3-
pyridyl)- 1-butanone (NNK) is a tobacco-specific nitrosamine
derived from nicotine, a major alkaloid in tobacco smoke (8,
9) and has been implicated as a major cause of tobacco-
associated lung cancer (9, 10). Ye er al. (11) reported that
NNK stimulated cell proliferation via 5-lipoxygenase (LOX)
and cyclooxygenase (COX)-2 expressions in SW116 human
colon cancer cells. However, it has not been elucidated whether
NNK affects colon carcinogenesis in vivo,

Inflammatory bowel diseases (IBD), including ulcerative
colitis (UC) and Crohn's disease (CD), frequently progress
to CRC (12, 13). Smoking is an important environmental
factor in the pathogenesis of IBD (14, 15) and differently
affects CD and UC: smoking increases the risk for CD and
decrcases that of UC (14, 15). In an animal model of colitis,
chronic treatment with nicotine exerted biphagic effects on
trinitrobenzene sulfonic acid-induced colitis (16): lower
doses of nicotine were protective, but higher doses were
deleterious. These findings may suggest that smoking can
influence inflammation in the large bowel and, therefore,
possibly affect CRC development in the inflamed colon.

In the current study, we investigated whether NNK affects
inflammation-related colon carcinogenesis using our mouse
model with azoxymethane (AOM) and dextran sulfate sodium
(DSS) (17, 18). This animal model for colitis-related CRC is
uscful to investigate the modifying effects of xenobiotics on
colitis-related colon carcinogenesis, since large bowel
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Figure 1. Experimental protocol. A NNK 10 umolimouse, i.p.; & AOM 10 mgtkg bw, ip.; 1.5% DSS in drinking water.

malignancies possessing biological alterations similar 1o those
found in humans (18) develop within a short-term period.

Materials and Methods

Animals, chemicals and diets. Five-week-old male A/J mice were
purchased from Charles River Japan (Tokyo, Japan). They were
maintained at the Kanazawa Medical University Animal Facility
according to the Institutional Animal Care Guideline. All animals
were housed in plastic cages (5 mice/cages) and given drinking
water and a pelleted diet, CRF-1 (Oriental Yeast, Tokyo, Japan) ad
libitum, under controlled conditions of humidity (50+10% ), light
(12/12 h tight /dark cycle) and temperature (23£2°C). After arrival,
they were quarantined for the first 7 days and then randomized by
their body weights into experimental and control groups.

NNK was obtained from Toronto Research Chemical Inc.
(Ontario, Canada). AOM was purchased from Sigma Chemical (St.
Louis, MO, USA). DSS with a molecular weight of 36,000-50,000
(Cat. No. 160110) was purchased from MP Biomedicals, LLC
{Aurora, OH, USA). DSS for induction of colitis was dissolved in
water al a concentration of 1.5% (w/h),

Experimental procedures, A total of 60 male A/J mice were divided
into 7 experimental and control groups (Figure 1). They were given
a single intraperitoneal (i.p.) injection of NNK (10 pmol/mouse).
After 7 days, animals were also treated with a single i.p. of AOM
(10 mg/kg). Starting 7 days after AOM injection, 1.5% (w/v) DSS
was given in the drinking water for 7 days. Experimental groups
included: Group 1 (n=20) that received NNK, AOM and DSS; Group
2 (n=10) that were given AOM and DSS; Group 3 (n=10) was
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treated with NNK and DSS; Groups 4, 5 and 6 (n=5, cach group)
were given AOM alone, NNK alone, and DSS alone, respectively:
and Group 7 (n=5) was an untreated control group. At week 22, all
mice were sacrificed to histopathologically investigate proliferative
lesions in the lung and large bowel. At sacrifice, the lung and large
bowel were removed and macroscopically inspected for the presence
of tumors. The lung (all lobes) was measured and fixed in 10%
buffered formalin for a least 24 h. After measuring the Jength of large
bowels (from the ileocecal junction to the anal verge), large bowels
were cut open longitudinally along the main axis and gently washed
with saline, They werc then cut along the vertical axis and fixed in
10% buffered formalin for a least 24 h. Histopathological
examinalion was performed on hematoxylin and eosin (H&E)-
stained sections made from paraffin-embedded blocks. Colonic and
lung tumors were diagnosed, according to Ward's (19) and Nikitin er
al’s descriptions (20}, respectively.

Statistical analysis. The incidences among the groups were compared
using chi-square test or Fisher's extract probability test with the
GraphPad Instat Software (version 3.05; GraphPad software Inc., San
Diego, CA, USA). Other measurements cxpressing meantstandard
deviation (SD) were statistically analyzed using Tukey-Kramer
multiple comparison post test (GraphPad Instat version 3.05).
Differences were considered statistically significant at p<0.05.

Results

General observation. Body weight gains during the study
were comparable among the groups (data not shown). At
sacrifice, the mean weights of body, liver, and lungs and
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Table 1. Mean body, liver, relative liver and lung weights, and mean colon lengih,

Treatment No. of Body Liver % Liver Lung Colon
mice weight (g) weight (g) weight (g) weight (g) length
NNK+AOM+DSS 20 21.543.6 1.4610.20 5.31x0.32 0432007 13.7x1.0
AOM+DSS 10 280215 1.59£0.13 5.66+0.35 0.52x0.08 15.120.6
NNK+DSS 10 277212 1.58+0.17 5.70£049 0.53+0.07 15.251.0
NNK alone 5 309218 1.7220.18 5.56+0.39 0.56£0.07 16.0x0.6
AOM alone 5 284218 1474015 5.19£0.54 0.50£0.06 16.1£0.6
DSS alone 5 28110 1.53£0.00 5442031 0.4520.04 15.820.3
Untreated 5 294215 1.57+0.07 5.37+0.38 04920.03 16.3+0.2

Data values are meansxSD. NNK. 3-(methylnitrosamino)-1-(3-pyridyl}- 1-butanone: AOM. azoxymethane: DSS, dextran sulfate sodium.

Figure 2. Colonic neoplasms developed in mice from Group 1 that received NNK+AOM+DSS. A, mbular adenoma and B. tubular adenocarcinoma.

H & E stain, Original magnification, {A) x100 and {B} x40.
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Figure 3. Lung proliferarive lesions developed in mice from Group 1 ithat received NNK+AOM+DSS. A, alveolar hyperplasia and B, adenoma. H & E

stain, Original magnification, (A) x40 and (B8} x 100.

colon lengths did not significantly differ among the groups,
as shown in Tuble 1.

Effects of NNK on colon carcinogenesis. Colonic tumors
histologically diagnosed as adenoma (AD, Figure 2A) and/or

adenocarcinoma (ADC, Figure 2B) developed in Groups |
through 3, but not in Groups 4-7. Data on the incidence and
multiplicity of colonic wumors are summarized in Table 11
The incidence (80%) and multiplicity (4.00x£3.58) of
colonic tumors were the highest in Group 1, followed by
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Table 1. Incidences and multiplicity of colonic tumors.

Treatment No. of Incidence Mutltiplicity (no. of tumors/colon)?

mice

AD ADC Total AD ADC Total

NNK+AOM+DSS 20 137 16*4 16° 1.80+1.884% 2.20+1.88°#¢ 4.00+3.58* ¢
AOM+DSS 10 4 4 5 0.60£0.97 0.60x0.84 1.20x1.69
NNK+DSS 10 1 0 1 0.10£0.32 0 0.10£0.32
NNK alone 5 0 0 0 0 0 0
AOM alone 5 0 0 0 0 0 0
DSS alone 5 0 0 0 0 0 0
Untreated 5 0 0 0 0 0 0

AD, adenoma: ADC, adenocarcinoma. *Data values are means£SD. NNK, 4-(methylnitrosamino)- 1-(3-pyridyl)- 1-butanone;: AOM, azoxymethane:
DSS. dextran sulfate sodium. ‘Significantly different from the AOM+DSS group by Fisher's exact probability test (p<0.05). #Significantly different
from the NNK+DSS group by Fisher’s exact probability test (p<0.05). **Significantly different from the AOM+DSS group by Tukey-Kramer multiple
comparison post lest (p<0.05). #Significantly different from the NNK+DSS group by Tukey-Kramer multiple comparison post test (p<0.05).

Table I, Proliferative lesions of lung.

Treatment No. of Incidence Multiplicity (no. of proliferative lesions/lung)®
mice
HP AD Total HP AD Total

NNK+AOM+DSS 20 20 6 20 4.00+£2.20 - 0.55£0.90 4.55+2.06
AOM+DSS 10 10 0 10 4.00£1.60 0 4.00+1.56
NNK+DSS 10 9 1 9 3.30£1.80 0.10£0.30 3402190
NNK alone 5 5 3 5 3.6020.90 0.80+0.80 4.40+1.52
AOM alone 5 5 1 5 3.20£2.30 0.20£0.40 3.40+2.30
DSS alone 5 5 0 5 3.40£2.70 0 3.40£2.70
Unitreated 5 S 0 5 4.00£1.00 0 4.00+1.00

HP, hyperplasia: AD, adenoma. *Data values are means:SD. NNK. 4-(methylnitrosamino)- 1-(3-pyridyl)- I-butanone; AOM. azoxymethane: DSS,

dextran sulfate sodium.

Group 2 (50%, 1.20£1.69) and Group 3 (10%, 010£0.32).
The incidence of colonic wmors of Group 1 was
significantly greater than Group 3 (p<0.05), and the
multiplicity of colonic neoplasms developed in Group 1 was
significantly larger than Groups 2 (p<0.05) and 3 (p<0.05).
Colonic ADC developed in Groups 1 (80% and 2.20£1.88)
and 2 (40% and 0.60+0.84) with higher incidence and
multiplicity in Group 1. The values were significantly greater
than those of Groups 2 and 3 (p<0.0$ for each comparison).
Only one mouse of Group 3 developed a few colonic AD.

Effects of AOMI/DSS on lung proliferative lesions. Lung
proliferative lesions (hyperplasia and/or AD) developed in
all mice in all groups. Data of the incidence and multiplicity
of lung proliferative lesions are presented in Table IT1. Lung
alveolar hyperplasia (Figure 3A) developed in all’ mice
examined. The incidence and multiplicity of lung hyperplasia
did not significantly differ among the groups. Lung AD
(Figure 3B) developed in Groups |, 3, 4, and 5, but not in
mice of Groups 2, 6, and 7.
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Discussion

In the current study, we investigated the effects of NNK on
inflammation-associated colon cancer in male A/ mice. Our
findings clearly showed that NNK enhances AOM/DSS-
induced colon carcinogenesis, while treatment with
AOM/DSS did not influence the occurrence of lung
proliferative lesions induced by NNK. Our results were
similar to epidemiological reports that current and ever
smokers have increased odds of high-risk adenomas (21).
In the present study, we observed that colonic adenoma
developed in a mouse of Group 3 that reccived NNK and
DSS. Our series of investigation using an AOM/DSS mouse
model used in this study demonstrated that the model can
be used for detecting tumor initiation (22), tumor-promoting
(23, 24) and chemopreventive (25) activities of xenobiotics
in the colon. Our present findings suggest that NNK has
initiation activity in the inflamed colonic mucosa, although
the activity was weak. NNK is one of the nitrosamines
metabolized from nicotine among the many components of
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tobacco smoke (26). A/J mice arc highly susceptible to
chemically induced preneoplasms/neoplasms in the lung
(27) and colon (28). Thus. this mousc strain seems suitable
for use in a combined assay to cvaluate potential modifying
cffects of xenobiotics on carcinogenesis in these tissues,

It is well known that cigarette smoking is a risk factor for
carcinogenesis in a variety of tissues, such as those of the
respiratory system (29) and digestive tract (30). In the colon.
current and ever smokers have 2-fold increased odds of high-
risk adenoma (21). Although it remains unclear whether
smoking plays pivotal roles in colon carcinogenesis. it is likely
that certain tobacco constituents, such as NNK, act as weak
initiators in the carcinogenesis process. In this context, a recent
report (31) identifying NNK as a high affinity ligand for
neuronal nicotinic acetylcholine receptor (nAChR) comprised
of a7-subunits, i.e. «7-nAChR, und expressed in human small
cell lung carcinoma and endothelial cells is of interest.
Furthermore, Ye er al. (11) reported that NNK enhanced
a7-nAChR and its receptor mRNA expression in SWI1116
human colon adenocarcinoma cells through increases in
nuclear factor-xB (NFxB)-DNA binding activity and COX-2
and 5-LOX expression. Moreover, NNK treatment increased
the level of intracellular reactive oxygen species (ROS) in
SW1116 cells (11). NNK bioactivation leads to the production
of ROS (32). ROS are known to activate NF-kB, which acts as
a positive regulatory element of COX-2 expression (33). These
results may indicate that a7-nAChR and ROS are involved in
colonic tumorigenesis enhanced by NNK. Wong et al. (34) also
showed that NNK stimulated HT-29 human colon cancer cell
proliferation via activating mitogenic signal transduction
pathway. This may be explained by the fact that NNK
stimulated cell growth and affected the cell cycle. There are a
few animal studies investigating the effects of tobacco-related
carcinogens on colon tumorigenesis. Cigarette smoking
enhanced colitis-related adenoma formation in mice (35) and
COX-2 inhibitors reduced colitis-related colon tumorigenesis
in mice (36. 37). Our results are in accordance with those
reported by Liu ez al. (35).

In the current study, AOM/DSS and DSS treatment
(Groups 1 and 3 vs. Group 4) did not affect lung
tumorigenesis induced by NNK. A tobacco-specific
carcinogen. NNK can be stored in mammalian organisms.
Importantly. the amount of NNK used in this study is high
enough such that the total estimated doses to smokers and
long-term snuff-dippers are similar in magnitude to the total
doses required to produce cancer in laboratory animals (38,
39). This may be explained by the fact that after being given
DSS in drinking water, DSS is mainly detected in Kupffer
cells of the liver and macrophages of the mesenteric lymph
nodes and large intestine. but not in the lung (40). Thus, DSS
would not seem to be able to promote NNK-induced lung
tumorigenesis. Another explanation for a lack of modifying
effects of DSS on lung tumorigenesis is that DSS did not alter

CYP2A6 expression in the lung and liver, which is
responsible for activation of NNK- (41). AOM requires
metabolic activation by CYP2E! to exert its carcinogenic
action (42). Both CYP2E) and CYP2AG6 are responsible for
the metabolic activation of N-nitrosamines (43), Although we
did not investigate the activity of CYP2A6 and CYP2E! in
the current study, it is important to investigate whether
smoking and colitis affect expression of CYP2A6 and
CYP2ET in the colon and/or lung. In addition, it would be
interesting to investigate the exact mechanisms, including
immunomodulation (44) and cytokine expression (45). in
order to determine how NNK contributes to colon
tumorigencsis in the inflamed colon.

Although the effects of smoking on development of UC
and CD are different (46), cigarette smoke exposure increases
colitis-associated colonic adenoma formation in mice {35)
and current and ever smokers have an increased risk of
colonic adenoma (21). Our findings that a tobacco-specific
carcinogen, NNK, influences inflammation-associated colon
carcinogenesis in mice support these reports (21, 35).
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