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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-
traperitoneal injection of azoxymethane (AOM, 10 mg/kg body
weight) and promoted 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 positive rates of proliferating cell nuclear
antigen and increased the apoptotic 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 through
modulation of mucosal inflammation, oxidative/nitrosative stress,
and cell proliferation.
' 2007 Wiley-Liss, Inc.
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Statins, which are 3-hydroxy-3-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, are commonly-used drugs for
the treatment of hypercholesterolemia.1,2 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
take statins.3,4 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 cardiovascu-
lar disease. They include reduction in the risk of dementia,5,6 frac-
ture7 and cancer.8–10 Several recent preclinical studies indicated
that statins may have chemopreventive potential against cancer at
various sites,10–12 including colon.13–16 In addition, there is grow-
ing evidence that statins exert anti-inflammatory and antioxidative
actions that are independent of their serum lipid lowering
effects.17

Association between inflammation and cancer has long been
suspected.18,19 An example is that inflamed colon is a high risk
for colorectal cancer (CRC) development.20 CRC is thus one of
the most serious complications of inflammatory bowel disease
(IBD), including ulcerative colitis (UC)20 and Crohn’s disease
(CD).21 For understanding the pathogenesis of IBD and IBD-
related CRC, we have developed a novel colitis-related and two-
stage mouse CRC model, using a colon carcinogen azoxymethane
(AOM) and a colitis-inducing agent dextran sodium sulfate
(DSS).22 In this animal model, numerous large bowel adenocarci-
nomas occur within a short-term period, and their histology and
biological alterations resemble those found in human.22 The
model can be used for investigating and determining cancer
chemopreventive agents against CRC23 as well as initiating or
modulating agents for CRC.24

A lipophilic statin pitavastatin, (1)-monocalcium bis{(3R.5S,6E)-
7-[2-cyclopropyl-4-(4-fluorophenyl)-3-quinolyl]-3,5-dihydroxy-6-
heptenoate} (C50H46CaF2N2O8, MW 880.98, Fig. 1), that has
been developed in Japan is highly effective for lowering serum
cholesterol and TG levels.25 The lowering effect of pitavastatin on
serum LDL-cholesterol is more potent than that of pravastatin,
simbastatin and atorvastatin.26–28 The drug possessing a high oral
bioavailability is only slightly metabolized, suggesting a longer
duration of action and is less potent for drug interactions.28 There-
fore, the agent is currently undergoing Phase III trials in Europe,
US and Japan.25 Since pitavastatin possesses pleiotrophic biologi-
cal effects, including anti-inflammatory actions,29,30 we in the
present study investigated the potential chemopreventive ability
of colitis-related colon cancer development using our mouse
model22 to find desirable cancer chemopreventers against IBD-
related CRC.31 Since numerous evidence 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,32 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 weeks 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 6 10%),
light (12/12 hr light/dark cycle) and temperature (236 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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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
diets 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 sequentially 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 to 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 macroscopically inspected for the presence
of tumors, 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
eosin (H&E) staining. On H&E-stained sections, pathological
lesions, such as mucosal ulceration, dysplasia and colonic tumors,
were determined.

Clinical chemistry

At 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 10 min), and stored at
280�C until measurement. Serum cholesterol was determined
enzymatically using cholesterol esterase and cholesterol oxidase.
The serum TG was assayed by enzymatic hydrolysis with lipase.
These measurements were expressed as mg/dL.

Scoring of inflammation in the large bowel

Inflammation in the large bowel was scored on the H&E-stained
sections. For scoring, large intestinal inflammation was graded
according to the following morphological criteria described by
Cooper et al.33: 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 crypts with severe inflammation in the mucosa and submu-
cosa, but with retainment of the surface epithelium; Grade 4, pres-
ence of mucosal ulcer with severe inflammation (infiltration of
neutrophils, lymphocytes, and plasma cells) in the mucosa, sub-
mucosa, muscularis propria and/or subserosa. The scoring was
made on the entire colon with or without proliferative lesions and
expressed as a mean average score/mouse.

Immunohistochemistry

Immunohistochemistry for proliferating cell nuclear antigen
(PCNA)-positive nuclei, apoptotic nuclei, and nitrotyrosine-posi-
tive cells was performed on 4-lm-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 HCl buffer (pH 7.6) was used to prepare solutions
and for washes between various steps. 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). Sections were
treated for 40 min at room temperature, with 2% BSA, and incu-
bated overnight at 4�C with primary antibodies, 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 IgG blocking reagent (Vector Labo-
ratories, Burlingame, CA) was applied for 1 hr. House-radish per-
oxidase activity was visualized by treatment with H2O2 and 3,30-
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
antibodies 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
Week 20 from each of Groups 1–3, and were indicated as percen-
tages. The nitrotyrosine-positive cells were evaluated for their
intensity of immunoreactivity on a 0 or 41 scale. The overall inten-
sity of the staining reaction was scored with 0 indicating no immu-
noreactivity and no positive cells, 11 weak immunoreactivity and
<10% of positive cells, 21 mild immunoreactivity and 10–30%
of positive cells, 31 moderate immunoreactivity and 31–60% of
positive cells and 41 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 each sacrifice time
point (4 mice each 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 each of Groups 4, 5 and
7 at Week 20).

FIGURE 2 – Experimental protocol. m: AOM (10 mg/kg i.p.); n: 2%
DSS in drinking water; u: Basal diet and tap water; : 1 ppm pitavas-
tatin in diet; : 10 ppm pitavastatin in diet; 3: Sacrifice.

FIGURE 1 – Chemical structure of pitavastatin. (1)-Monocalcium
bis{(3R.5S,6E)-7-[2-cyclopropyl-4-(4-fluorophenyl)-3-quinolyl]-3,5-
dihydroxy-6-heptenoate}, C50H46CaF2N2O8, MW 880.98.
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TABLE I – BODY, LIVER WEIGHT AND LENGTH OF LARGE BOWEL OF MICE AT WEEK 20

Group no. Treatment (no. of mice examined) Body weight (g) Liver weight (g) Relative liver weight
(g/100 g body weight)

Length of colon (cm)

1 AOM/2% DSS (9) 44.02 6 3.44a 2.45 6 0.34 5.56 6 0.44 11.63 6 0.41
2 AOM/2% DSS/1 ppm pitavastatin (7) 43.09 6 6.79 2.21 6 0.26 5.15 6 0.28 11.66 6 0.61
3 AOM/2% DSS/10 ppm pitavastatin (9) 38.40 6 2.61 2.28 6 0.32 5.94 6 0.64b 11.29 6 0.86
4 10 ppm pitavastatin (5) 42.47 6 4.17 2.28 6 0.23 5.39 6 0.27 11.70 6 1.54
5 AOM (5) 53.26 6 6.63c 2.50 6 0.40 4.68 6 0.38d 12.18 6 0.47
6 2% DSS (7) 44.16 6 5.12 2.45 6 0.30 5.59 6 0.76 11.13 6 0.28
7 None (4) 42.84 6 4.23 2.40 6 0.32 5.58 6 0.23 12.78 6 0.17

aMean 6 SD.–bSignificantly different from Group 2 by Tukey–Kramer multiple comparison post test (p < 0.05).–cSignificantly different
from Groups 1, 6, and 7 by Tukey–Kramer multiple comparison post test (p < 0.05).–dSignificantly different from Group 1 by Tukey–Kramer
multiple comparison post test (p < 0.05).

TABLE II – INCIDENCE OF COLONIC LESIONS AT WEEKS 5, 10 AND 20

Group no.
Treatment (no. of mice

examined at wk 5/wk 10/wk 20)
Mucosal ulcer Dysplasia

Wk 5 Wk 10 Wk 20 Wk 5 Wk 10 Wk 20

1 AOM/2% DSS (4/4/9) 4/4, 100% 4/4, 100% 6/9, 67% 4/4, 100% 4/4, 100% 9/9, 100%
2 AOM/2% DSS/1 ppm

pitavastatin (4/4/10)
4/4, 100% 3/4, 75% 3/10, 30% 4/4, 100% 4/4, 100% 8/10, 80%

3 AOM/2% DSS/10 ppm
pitavastatin (4/4/9)

2/4, 50% 3/4, 75% 0/9, 0% 3/4, 75% 4/4, 100% 9/9, 100%

4 10 ppm pitavastatin (4/4/5) 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%
5 AOM (4/4/5) 0/4, 0% 1/4, 25% 0/5, 0% 1/4, 25% 0/4, 0% 0/5, 0%
6 2% DSS (4/4/10) 4/4, 100% 4/4, 100% 0/10, 0% 1/4, 25% 0/4, 0% 0/10, 0%
7 None (4/4/5) 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%

Data were from histopathological analysis.

FIGURE 3 – Colonic lesions induced by AOM and 2% DSS. (a) A mucosal ulcer, (b) dysplastic crypts, (c) a tubular adenomas and (d) a tubular
adenocarcinoma that developed in a mouse that received AOM and 2% DSS (Group 1). Bars inserted are (a) 60 lm, (b) 60 lm, (c) 60 lm and
(d) 200 lm.
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Statistical analysis

The incidences among the groups were compared using v2 test
or Fisher’s extract probability test (GraphPad Instat version 3.05,
GraphPad Software, San Diego, USA). Other measurements
expressing mean 6 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
1, 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 I. With regard to the mean body weights, Group 5 (the
AOM alone group, 53.3 6 6.6 g) significantly increased when
compared with all other groups. However, the mean liver weight
did not significantly differ among the groups, whereas the mean
relative liver weight (g liver weight/100 g body weight) of Group
3 (the AOM/DSS/10 ppm pitavastatin group, 5.94 6 0.64) was
significantly greater than that of Group 2 (the AOM/DSS/1 ppm
pitavastatin group, 5.15 6 0.28, p < 0.05), and the value of Group
5 (4.68 6 0.38) was significantly lower than that of Groups 1 (the
AOM/DSS group, 5.56 6 0.44, p < 0.05) and 3 (5.94 6 0.64, p <
0.01). As shown in Table I, the mean length of the colon did not
significantly differ among the groups.

Incidence and multiplicity of colonic mucosal ulcer and dysplasia

Table II summarizes the incidence of colonic mucosal ulcer
(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, the incidence of dysplasia were unaffected. As given in Ta-
ble III, the multiplicity of mucosal ulcer in Groups 1, 2, 3 and 6
was the highest at Week 5, and then they gradually decreased. At
Weeks 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-
pared with Group 1. At Week 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 to decrease during the experi-
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 IV shows the incidence of colonic tumor at each time-
point. It was observed that adenoma (Fig. 3c) 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 statistically significant among the groups. As for the

TABLE III – MULTIPLICITIES OF COLONIC LESIONS AT WEEKS 5, 10 AND 20

Group no.
Treatment (no. of mice

examined at wk 5/wk 10/wk 20)
Mucosal ulcer Dysplasia

Wk 5 Wk 10 Wk 20 Wk 5 Wk 10 Wk 20

1 AOM/2% DSS (4/4/9) 3.256 1.71a 2.75 6 0.96 0.82 6 0.98 4.50 6 1.30 4.006 1.41 3.18 6 1.66
2 AOM/2% DSS/1 ppm

pitavastatin (4/4/10)
2.006 0.82 1.25 6 0.96 1.50 6 2.46 3.25 6 0.50 3.306 1.30 2.20 6 1.99

3 AOM/2% DSS/10 ppm
pitavastatin (4/4/9)

1.256 1.50 0.75 6 0.50b 0 2.00 6 1.83 3.756 1.89 1.89 6 0.93

4 10 ppm pitavastatin (4/4/5) 0 0 0 0 0 0
5 AOM (4/4/5) 0 0.25 6 0.50 0 0.25 6 0.50 0 0
6 2% DSS (4/4/10) 6.006 2.16 3.75 6 1.71 0 0.25 6 0.50 0 0
7 None (4/4/5) 0 0 0 0 0 0

Data were from histopathological analysis.
aMean 6 SD.–bSignificantly different from Group 1 by Tukey–Kramer multiple comparison post test (p < 0.05).

TABLE IV – INCIDENCE OF COLONIC TUMOR AT WEEKS 5, 10 AND 20

Group
no.

Treatment
Adenoma Adenocarcinoma Total

Wk 5 Wk 10 Wk 20 Wk 5 Wk 10 Wk 20 Wk 5 Wk 10 Wk 20

1 AOM/2%
DSS (4/4/9)

4/4, 100% 3/4, 75% 9/9, 100% 4/4, 100% 3/4, 75% 9/9, 100% 4/4, 100% 4/4, 100% 9/9, 100%

2 AOM/2%
DSS/1 ppm
pitavastatin
(4/4/10)

4/4, 100% 4/4, 100% 9/10, 90% 3/4, 75% 3/4, 75% 9/10, 90% 4/4, 100% 4/4, 100% 9/10, 90%

3 AOM/2%
DSS/10 ppm
pitavastatin
(4/4/9)

2/4, 50% 4/4, 100% 7/9, 78% 2/4, 50% 4/4, 100% 7/9, 78% 2/4, 50% 4/4, 100% 8/9, 89%

4 10 ppm
pitavastatin
(4/4/5)

0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%

5 AOM (4/4/5) 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%

6 2% DSS (4/4/10) 0/4, 0% 0/4, 0% 0/10, 0% 0/4, 0% 0/4, 0% 0/10, 0% 0/4, 0% 0/4, 0% 0/10, 0%

7 None (4/4/5) 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0% 0/4, 0% 0/4, 0% 0/5, 0%

Data were from histopathological analysis.
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multiplicity of adenocarcinoma, the values of Groups 2 and 3
were low without statistical significance when compared to Group
1 at Weeks 5 and 10. However, the values of Groups 2 (p <
0.001) and 3 (p < 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 Week 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 1, but the differences
did not reach the statistical significance. However, their scores
were significantly lower than Group 1 at 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. 5c) 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. 5c). The reaction was also observed in the cryptal 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 1, 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. Also, the scores of
Groups 3 (p < 0.05) and 6 (p < 0.01) were significantly lower
than that of Group 1 at Week 20.
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FIGURE 4 – Inflammatory scores in the large bowel of mice in all
groups.
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Serum levels of TG and total cholesterol

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. At
Week 20, but not at Weeks 5 and 10, the values of Groups 2 (p <
0.001) and 3 (p < 0.001) were significantly lower than that of
Group 1. 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 VII.

Discussion

In the current study, we first demonstrated cancer chemopreven-
tive effects of pitavastatin on colitis-related mouse colon car-
cinogenesis induced by AOM/DSS. Suppressing effects of colitis-
related colon carcinogenesis by pitavastatin may be due to reduc-
tion of cell proliferation, induction of apoptosis, inhibition of
inflammation and suppression of oxidative/nitrosative stress in the
colonic malignancy. In the current study, treatment with pitavasta-
tin alone (Group 4) did not affect colonic morphology, including

FIGURE 5 – Immunohistochemistry of (a) PCNA-labeled nuclei, (b) ssDNA-positive nuclei and (c) nitrotyrosine-positive cells in adenocarci-
nomas developed in the colon of a mouse from Group 1. Bars inserted are (a) 60 lm, (b) 20 lm and (c) 30 lm.

FIGURE 6 – Indices of (a) PCNA-labeled nuclei and (b) ssDNA-positive nuclei in 5 colonic adenocarcinomas each from Groups 1–3 at Week 20.
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induction of ulcer and neoplasms. This is important, since a recent
case report described the development of UC in a patient who
took simvastatin and was fatal.34

In the current study, we observed that dietary 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 rate-limiting enzyme in the synthesis of mevalo-
nate, they have pleiotropic distinct effects on process such as
angiogenesis35 and inflammation.36,37 Thus, statins affect a num-

ber of novel molecular targets and complex signaling pathways.
Certain statins (simvastatin and rosuvastatin) are able to exert
anti-inflammatory action in DSS-induced acute or chronic murine
colitis model.38,39 A lipophilic statin pitavastain also possesses
multiple biological function25 and anti-inflammatory action.29,30

Pitavastatin is recently reported to down-regulate chemokines40

that are involved in IBD pathogenesis.41 Also, a low dose of pita-
vastatin can affect PI3K-AKT pathway,42 which plays a critical
role in the balance between cell survival and apoptosis, the inflam-
matory response by activating chemokine receptors and promoting
inflammatory cell migration and the human cancer develop-
ment,43–45 including colon cancer.46 In the current study, the treat-
ment with pitavastatin in diet significantly lowered colonic inflam-
mation 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) pathway,47 the numbers
of cryptal, infiltrated inflammatory, endothelial and tumor cells
positive for nitrotyrosine, being a good biomarker for nitrosative
stress,48 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 to be over-expressed in colonic tumors of
humans49 and chemically induced colonic tumors.50 Although
there are no reports that pitavastatin affects iNOs expression in
inflamed tissues and neoplasms, our findings may suggest the pos-
sible effects of pitavastatin on iNOS expression. Activated nuclear
factor-kappa B (NF-jB), which is a key player in inflammatory
processes in the tissues,51,52 is observed in different cancer cell lines
and primary malignant tissue samples.53 Recently, Lee et al.38

demonstrated that simvastatin inhibits proinflammatory gene
expression by blocking NF-jB signaling in intestinal epithelial
cells, and attenuates DSS-induced acute murine colitis. Wang
et al.54 have also found that pitavastatin inhibits NF-jB activation
and decreases IL-6 production induced by tumor necrosis factor-a
in human hepatocellular carcinoma cells. NF-jB activation also
plays an important role in enhancing IL-6 and IL-8 in human co-
lon cancer cells.55 Although we did not examine mRNA expres-
sion of NF-jB 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 to prenylation of certain proteins that
are involved in inflammatory processes,56,57 but not its effect on
HMG-CoA enzyme, as is the case of other statins.17,58 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. There are no reports describing apoptosis-inducing
effects of pitavastatin on tumor cells, although certain statins pos-
sess proapoptotic properties in a variety of tumor cell lines.59–62

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

Group no. Treatment Wk 5 Wk 10 Wk 20

1 AOM/2% DSS 134.8 6 63.5a (5) 174.66 96.7 (5) 159.0 6 59.7 (9)
2 AOM/2% DSS/1 ppm

pitavastatin
79.4 6 27.5 (5) 117.46 21.7 (5) 64.4 6 16.8b (7)

3 AOM/2% DSS/10 ppm
pitavastatin

67.2 6 26.8 (5) 84.26 28.0 (5) 61.0 6 27.5b (7)

4 10 ppm pitavastatin 77.8 6 36.8 (5) 67.26 13.3 (5) 59.0 6 23.4 (5)
5 AOM 126.0 6 51.2 (5) 92.06 35.9 (5) 94.8 6 34.0 (5)
6 2% DSS 70.4 6 33.4 (5) 105.26 24.8 (5) 79.3 6 37.9 (7)
7 None 105.2 6 38.1 (5) 54.06 15.3 (5) 54.5 6 16.0 (4)

Numbers of parentheses are numbers of mice examined.
aMean 6 SD.–bSignificantly different from Group 1 by Tukey–Kramer multiple comparison post test

(p < 0.001).

FIGURE 7 – Nitrotyrosine-positive indices in the colonic mucosa
with or without tumors from all the mice of each sacrifice time point
(4 mice each 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 each of Groups 4, 5 and 7 at Week 20).
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Lipophilic statins are reported to induce apoptosis in malignant
cells. For example, Agarwal et al.59 reported 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 expression of the
antiapoptotic protein Bcl-2 and increased the expression of
the proapoptotic protein Bax. There are some reports describing
the comparison of apoptosis inducing ability between lipophilic
and hydrophilic statins in tumor60 and nontumor cells.63,64 These
reports suggested that lipophilic statins are more effective for
inducing apoptosis when compared to hydrophilic statins. As to
antiproliferative action of statins, the effect of lovastatin on pros-
tate cancer cells is stronger than that of a hydrophilic statin, prava-
statin.65 Thus, the lipophilic property of pitavastatin may be
related to the apoptosis induction and inhibition of proliferation in
adenocarcinomas observed in this study.

Statins, including pitavastatin, are drugs that primarily affect
LDL-cholesterol levels in plasma through the induction of the
hepatic LDL receptor.66 In this experiment, pitavastatin treatment
effectively lowered serum total cholesterol level at Week 20. In
addition, administration of pitavastatin significantly decreased se-
rum TG level that was 3-fold increased by AOM/DSS exposure at
Week 20. Hypertriglyceridemia is a risk for human CRC develop-
ment.67,68 Also, hyperlipidemia is a relatively frequent complica-
tion in patients with familial adenomatous polyposis patients.69 In

this context, a recent report70 that lipoprotein lipase gene polymor-
phism influences lipid metabolism in UC patients and age of onset
of UC is of interest.

A growing body of literature has emerged on the prevention of
CRC in patients with long-standing CD and UC.71,72 However, the
data are not definitive and consist almost exclusively of retrospective
case–control and cohort studies rather than the more rigorous pro-
spective multiple randomized controlled trials.31 Although the data
on statins use are still too limited to endorse its use for the preven-
tion of colitis-related CRC, further studies with statins need to be
performed to develop an optimal strategy for the reduction of cancer
risk in IBD patients. While most statins are metabolized in part by
one or more hepatic cytochrome P450 enzymes (mainly CYP3A4),
leading to an increased potential for drug interactions and problems
with certain foods, such as grapefruit juice, pitavastatin appears to
be metabolized by a substrate of CYP2C9.25 This property may
prove beneficial 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 IBD. Further
studies on detailed mechanisms of the action involved are under-
way in our laboratory using microarray and proteomics techniques.
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