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Abstract
Colorectal cancer (CRC) is one of the most commonly diagnosed cancers. Peroxisome
proliferator-activated receptor γ (PPARγ) agonists represent a potentially important family of
chemopreventive/therapeutic compounds for cancer treatment by affecting cell proliferation,
differentiation, and apoptosis. Dual ligands for PPARα and PPARγ, such as netoglitazone
(MCC-555), have been developed to improve treatment of metabolic syndromes, including
hyperglycemia and hyperlipidemia. Interestingly, these dual ligands also possess anti-proliferative
activities against a variety of cancer cell lines with a greater potency than conventional PPARγ
specific ligands. In this study, chemopreventive properties of MCC-555 in colorectal
tumorigenesis were evaluated using azoxymethane (AOM)-induced colonic aberrant crypt foci
(ACF) in A/J mice. We found that MCC-555 suppressed AOM-induced ACF in A/J mice,
compared to the control group. Administration of MCC-555 resulted in decreased mitoses and
increased apoptotic cells in the colon. Furthermore, expression of tumor suppressor protein MUC2
was increased in MCC-555 treated mice. Our data clearly suggest that MCC-555 has an effect on
the early events of colon carcinogenesis, thus providing evidence that MCC-555 could be a
potential preventive compound for CRC.
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1. Introduction
Colorectal cancer (CRC) is one of the most commonly diagnosed cancers on a global level.
Despite increasing efforts in many countries to reduce the incidence of CRC, over 600,000
men and women worldwide die of CRC annually (Garcia-Albeniz and Chan, 2011),
highlighting the importance of developing effective strategies to prevent and treat this
disease. It is one of the most common cancers in developed countries, and its incidence
continues to rise. In the United States, colorectal cancer is the third most frequently
diagnosed cancer in both men and women, with an estimated 142,570 new cases and 51,370
deaths occurring annually (Ollberding et al., 2012). The etiology of colon cancer is
multifactorial, including genetic, behavior, and environmental factors. Despite several
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advancements in understanding the process of carcinogenesis, available therapies, including
surgery, radiation, and chemotherapeutic drugs, limits still exist for advanced-stage colon
cancer. In this context, molecular target-based strategies and/or primary prevention,
including chemoprevention, could contribute to reduced incidence of CRC.
Chemoprevention studies have already led to models that allow the study of cancer biology
and the evaluation of pharmacological interventions in animals.

One such rodent model develops aberrant crypt foci (ACF), which are early morphologic
changes observed after the administration of a colon-specific carcinogen, such as
azoxymethane (AOM) (Suzuki et al., 2004). Similar lesions have also been observed at a
high frequency in the colons of patients with sporadic and inherited forms of colon cancer
(Stevens et al., 2007). ACF are generally considered preneoplastic lesions and are currently
used as a surrogate biomarker to rapidly evaluate the chemopreventive potential of several
naturally occurring and synthetic agents in rodent models (Asano et al., 2007, Ravichandran
et al., 2010). In addition, ACF accurately replicates many of the clinical, genetic, cellular,
and morphologic features of human colorectal cancer (Takahashi and Wakabayashi, 2004).
AOM-induced ACF are particularly characterized by an increase in the size of crypts, a
thicker epithelial lining, and a pericryptal zone, and they share many morphologic and
biochemical characteristics with tumors, including a comparable increase in cell
proliferation (Bird, 1987).

It has been previously reported that thiazolidinedione and its derivatives induce apoptosis in
human colorectal cancer cells (Dionne et al., 2010, Papi et al., 2010, Yamaguchi et al., 2008,
Yamaguchi et al., 2006). Many other studies describe the beneficial effects of peroxisome
proliferator-activated receptor γ (PPARγ) agonists for treatment of lung (Tsubouchi et al.,
2000), breast (Elstner et al., 1998), pancreas (Motomura et al., 2000) and colorectal cancer
(Kopelovich et al., 2002) in vitro and in vivo. Subsequent studies suggest that PPARγ
agonists control many genes that are involved in cellular and physiological pathways in
PPARγ-dependent and independent manners (Baek et al., 2004, Baek et al., 2003, Rumi et
al., 2004, Turturro et al., 2004, Yamaguchi et al., 2008). Thus, apoptosis and/or
differentiation induction caused by the PPARγ ligand seems to be a promising approach to
cancer prevention research. Among PPARγ agonists, MCC-555 exhibits less cytotoxicity in
diabetic patients, and better apoptosis induction in human colorectal cancer cells (Reginato
et al., 1998, Yamaguchi et al., 2006).

In the present study, we therefore used the AOM-induced ACF model, a well-known model
of carcinogen-induced colorectal cancer, to investigate the possible effect of MCC-555 on
colorectal anti-tumorigenesis.

2. Materials and methods
2.1. Reagents

AOM, 10% buffered formalin, 0.2% methylene blue, and all other analytic reagents were
purchased from Sigma (St. Louis, MO). MCC-555 was obtained from Mitsubishi Pharma
Corporation (Tokyo, Japan). TACS®2 TdT blue in situ cell detection kit was purchased from
Trevigen (Gaithersburg, MD), and MUC2 antibody was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

2.2. Animals and study design
Four-week-old female A/J mice with average body weights (BW) of 15–17 g were
purchased from Jackson Laboratory, Bar Harbor, Maine. Mice were maintained at 22 ± 2°C
on a 12-h light/dark cycle and with free access to standard rodent chow and water. The
experiments were carried out with a protocol approved by the Institutional Animal Care and
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Use Committee (and were in accordance with NIH guidelines) at the University of
Tennessee College of Veterinary Medicine. Food and fluid intake and general health status
were monitored weekly. Animals were randomly assigned to three groups (10 mice per
group) after a 2-week acclimatization period. MCC-555 was suspended in 1.5%
carboxymethylcellulose (CMC) with 0.2% Tween 20. As shown in Fig. 1, the control group
was orally gavaged with CMC alone, and the second and third groups received 30 and 60
mg/kg MCC-555 suspended in CMC for 4 weeks, respectively. Starting at 7 weeks of age,
mice in all the 3 groups were injected i.p. once a week for a total of 4 weeks with 10 mg/kg
AOM. Mice were sacrificed by CO2 asphyxiation 8 weeks after the last AOM treatment.

2.3. Sample preparation and determination of ACF
After sacrifice of the animals by CO2 asphyxiation, the entire colons were immediately
removed, flushed with ice-cold PBS to remove fecal content, cut open longitudinally from
anus to cecum, and fixed flat between sheets of hard cardboard in 10% neutral buffered
formalin for a minimum of 24 h. The fixed samples were then stained with 0.2% methylene
blue for 5 to 10 min rinsed in PBS to facilitate enumeration of ACF. Colons were placed
with the mucosal side up on an observation microscope and counted under 20X
magnification. ACF scoring was performed as previously described (Papanikolaou et al.,
2000). Aberrant crypts were distinguished from the surrounding normal crypts using a
published set of criteria: aberrant crypts are larger, have an increased pericryptal area, have
greater staining intensity due to the thickened layer of epithelial cells, and are
microscopically elevated above the adjacent normal crypts (Papanikolaou et al., 2000). The
total number of ACF, as well as the number of aberrant crypts in each focus, was quantified
in the colon under an observation microscope. Total numbers were an average developed
based on counts from two different investigators. Dome-shaped areas on the mucosal surface
represent lymphoid tissue, based on previous studies conducted in our laboratory (Baek et
al., 2006) and by others (Carter et al., 1994). The length and width of these foci were
measured and excluded from the measurements used to calculate overall colonic area. The
proximal colonic lymphoid tissue was not evaluated because of the natural occurrence of
crypt-like structures in untreated animals.

2.4. Measuring mitotic index
After all necessary observations were made with the whole mount tissue, the colons were
Swiss rolled and embedded in paraffin. Sections (5 µm) were cut, dewaxed, rehydrated in
graded alcohol solutions and distilled water, and then stained with hematoxylin and eosin
(H&E) for histological examination. Mitoses were then calculated from the H&E slides by
the percentage of cells undergoing mitosis against the total crypt cell count as described
previously (Araki et al., 2010).

2.5. Terminal deoxyribonucleotidyl transferase-mediated dUTP nick-end labeling staining
for apoptotic cells

Formalin-fixed, paraffin-embedded sections were stained for apoptotic cells by the terminal
deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate nick-end labeling
(TUNEL) staining method using an in situ cell detection kit (TACS®2 TdT Blue kit,
Trevigen, Gaithersburg, MD) according to the manufacturer’s instructions. The sections on
the slides were deparafinized and permeabilized with proteinase K solution. Thereafter, the
sections were quenched of endogenous peroxidase activity, immersed in 1 X TdT labeling
buffer, and incubated in a labeling reaction mix containing TdT dNTP mix and TdT enzyme.
After 1 h, the sections were immersed in streptavidin-horseradish peroxidase (strep-HRP)
solution for 10 min and then were incubated in TACS®-Blue label solution. The slides were
counterstained with Nuclear Fast Red solution, and the stained slides were evaluated and
photographed under a magnification of x100 for TUNEL-positive cells (blue color).
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Quantitative evaluation of apoptotic cells was done under light microscopy by counting the
total number of TUNEL-positive cells in the total numbers of cells per 10 crypt columns
(vertically oriented colonic crypts) for each mouse. The apoptotic index was calculated as
the percentage of the mean of the number of positively stained cells per crypt column
[(number of positively stained cells/number of cells per crypt column) × 100] (Dirisina et
al., 2011).

2.6. Immunostaining for MUC2
Tissue sections were deparaffinized in xylene and rehydrated in ethyl alcohol, followed by
treatment with citrate buffer (pH 6.0) in a microwave for 5 min at full power for antigen
retrieval. The sections were then washed in TBS for 5 min and quenched of endogenous
peroxidase activity for 10 min at room temperature. The sections were incubated in 1.5%
blocking serum in phosphate-buffered saline (PBS) for 1 h at room temperature in a
humidity chamber followed by overnight incubation at 4°C with MUC2 rabbit polyclonal
antibody (1:100 dilution; Santa Cruz Biotechnology). The sections were then incubated with
appropriate biotinylated secondary antibody for 30 min at room temperature followed by 30
min incubation with horseradish peroxidase-conjugated streptavidin. Sections were then
incubated in a peroxidase substrate for 30 sec to 10 min or until desired stain intensity
developed, followed by washing in deionized water for 5 min, then counterstaining for 5–10
sec with hematoxylin followed by dehydration and cover-slipping. Observation was carried
out under a light microscope, and pictures were taken under ×100 magnification.

2.7. Statistical analysis
Data were analyzed using SAS for window (v9.2; SAS institute, Inc.). Results were
analyzed by analysis of variance (ANOVA) and expressed as means ± standard error of the
mean (SEM). Significant differences (p < 0.05.) were determined using one-way ANOVA.

3. Results
3.1. Quantification of ACF

The number and size of ACF were determined in methylene blue-stained distal colons. The
results were from ACF counts of two individuals with strong agreement. The administration
of MCC-555 at doses of 30 and 60 mg/kg significantly (p < 0.05) reduced ACF formation,
compared with the control group (Fig. 2A). Although there is a trend in a dose-dependent
manner, there is no statistical difference between 30 mg/kg and 60 mg/kg treatment. The
incidence and multiplicity of ACF were also evaluated. ACF were classified as small (1–2
crypts/focus), medium (3–4 crypts/focus) and large (≥ 5 crypts/focus). There were
significant differences (p < 0.05) in the incidence of ACF with 1–2 crypts per focus among
mice treated with MCC-555 and the control group (Fig. 2B). However, there was no
statistical significance with 3–4 and ≥ 5 crypts per ACF. Finally, we investigated the number
of crypts per ACF in each group. As shown in Fig. 2C, both control and treated mice exhibit
a similar number of crypts per ACF, indicating that MCC-555 did not have an inhibitory
effect on crypt numbers.

3.2. Quantification of mitotic and apoptotic cells
To measure proliferative and apoptotic cells in the colon tissue, we examined mitotic and
TUNEL-positive cells. Mitotic cells were identified by H&E staining, exhibiting condensed
DNA (Fig. 3A, top panel). We calculated the ratio of the mitotic cells over total cell count in
the crypt. There was sporadic mitosis present in the colon tissue in the control mice.
However, mitoses were less frequent in the group of both mice administered MCC-555 (Fig.
3A). The apoptotic response in the colonic tissue of AOM-induced mice was investigated by
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TUNEL staining. Quantitative analyses of the TUNEL positive cells revealed that MCC-555
increased apoptotic cells in a MCC-555 treated samples (Fig. 3B); however, there was no
significant difference between the control and treated groups. The apoptotic induction was
more profound in the group of mice that were administered MCC-555 at 60 mg/kg.

3.3. MUC2 expression by MCC-555 in colon tissue
MUC2 is known to have a tumor suppressor function in colorectal cancer (Velcich et al.,
2002), and MCC-555 induces MUC2 expression in APCMin mice models (Yamaguchi et al.,
2008) . Therefore, we examined if MUC2 is induced by MCC-555 in the AOM-induced
animal models. Paraffin-embedded colon tissue samples from control, 30 mg/kg, or 60 mg/
kg MCC-555-treated mice were stained with MUC2 antibody. Microscopic examination of
colonic tissue sections revealed that MUC2 was expressed in the colon tissue. However,
MUC2 staining was considerably increased at a higher MCC-555 treatment, as shown in
Fig. 4.

4. Discussion
The PPARγ agonists affect cell proliferation, differentiation, and apoptosis in a PPARγ-
dependent and/or -independent manner, and thereby represent a potentially important family
of therapeutic compounds for cancer treatment. Many studies show that PPARγ and
PPARα/γ agonists such as thiazolidinedione have anti-tumorigenic properties in colorectal
cancer by increasing the expression of tumor suppressor genes (Baek et al., 2003,
Chintharlapalli et al., 2007, Yamaguchi et al., 2006). MCC-555 is a relatively new member
of the thiazolidinediones and exhibits anti-tumorigenic activity in prostate cancer (Kumagai
et al., 2004) and colorectal cancer cells (Yamaguchi et al., 2008). In addition, we have
shown that MCC-555 suppresses polyps in a genetic model of human colorectal cancer
(Yamaguchi et al., 2008). However, it remains unclear how MCC-555 affects anti-
tumorigenesis in carcinogen-induced animal models.

In the present study, we investigated the effect of MCC-555 in AOM-induced colorectal
tumorigenesis using A/J mice. The AOM model is an excellent and wellstudied pre-clinical
model for colorectal cancer chemoprevention efficacy studies, and is also known for its
relevance with respect to the clinical, histopathologic, and molecular features of human
colorectal cancer (Papanikolaou et al., 2000, Tammali et al., 2009). We chose A/J mice
since these strains are very sensitive to AOM, compared to other strains of mice
(Papanikolaou et al., 2000, Ravichandran et al., 2010). The results of our study showed that
administration of MCC-555 at 30 and 60 mg/kg body weight per day for 4 weeks
significantly inhibited AOM-induced ACF formation. The inhibitory effect of MCC-555 on
ACF formation was particularly seen in small crypts (Fig. 2B), with the reduction in crypt
multiplicity. These findings suggest that MCC-555 suppresses the pre-initiation phase of
chemically-induced colon carcinogenesis, and that MCC-555 probably did not contribute to
the inhibition of crypt numbers. A similar effect of MCC-555 in Apcmin mice, an animal
model for human familial adenomatous polyposis, has also been reported (Yamaguchi et al.,
2008). In addition, there are several reports on anti-tumorigenesis of naturally occurring
phytochemicals in AOM-induced models, and AOM-induced ACF formation and crypt
multiplicity by phytochemicals were particularly observed in a small number of ACF-
containing crypts (Velmurugan et al., 2008, Volate et al., 2005), which is consistent with our
result.

Although colon carcinogenesis is a multistage process, enhanced cell proliferation and
reduced apoptosis are early events in the progression of tumorigenesis (Patel et al., 2009).
An increase in cell turnover accompanied by epithelial cell damage can increase mitotic
aberrations and induce changes at both genetic and epigenetic levels, that favor cancer
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promotion (Kohno et al., 2006). Cell proliferation and apoptosis biomarkers are generally
used to test the efficacy of any chemopreventive agent (Naumov et al., 2006). H&E staining
of the colons of mice revealed a significant decrease in mitotic cell count in both groups (30
and 60 mg/kg) treated with MCC-555, compared to the control group. This finding suggests
that a hyper-proliferative response to a carcinogen within the normal mucosa may be an
important early feature of tumor initiation. On the other hand, apoptosis and associated
cellular events have a profound effect on progression from a benign to a malignant
phenotype, and can be targeted for the therapy of various malignancies including colon
cancer (Schmelz et al., 2007). Hence, the apoptosis-inducing effect of MCC-555 was
evaluated using a TUNEL-positive index during AOM-induced ACF formation. The results
of the present study indicate that MCC-555 induces apoptosis in the colon tissue. We found
a marked increase in the number of apoptotic cells within the colons of the mice, treated
with MCC-555 compared to the control group. Although it has been reported that MCC-555
has an apoptosis-inducing effect in human colorectal cancer cells (Yamaguchi et al., 2006),
there was no significant difference in the apoptotic index between control and treated mice.
It could be explained that MCC-555 treatment in A/J mice may inhibit mitosis, but not affect
the induction of apoptosis, in our experiments. Another explanation is that the dose and time
for MCC-555 treatment may not reach the threshold to significantly increase apoptosis in the
colon tissue of the mice. Therefore, further analysis may be needed to conclude that
MCC-555 enhances apoptosis in AOM-induced animal model.

Finally, we investigated the possible effect of MCC-555 on MUC2 expression. It has been
suggested that an alteration in mucin gene expression is likely associated with the early steps
of colon cancer development and later tumor progression (Velcich et al., 2002). Inactivation
of MUC2 causes tumor formation accompanied by reduced apoptosis and increased
proliferation and migration of intestinal adenocarcinoma cells (Velcich et al., 2002). The
transcriptional activity of MUC2 is negatively and positively regulated by oncogenic SOX9
and tumor suppressor p53, respectively (Blache et al., 2004, Ookawa et al., 2002), indicating
that MUC2 can be associated with tumor suppression. Our results showed increased MUC2
expression in the mice treated with MCC-555 at doses of 30 and 60 mg/kg. These results are
consistent with previous reports that MCC-555 induces MUC2 in human cancer cells and in
Apcmin mice (Yamaguchi et al., 2008). Thus, MUC2 may be, in part, responsible for the
anti-tumorigenic activity of MCC-555 in the AOM-induced ACF animal model.

Our combined findings suggest that MCC-555 could be a potent chemopreventive agent
against human colorectal cancer, and therefore warrants further studies for broadening the
scope of its application to colorectal cancer patients. These promising results suggest the
importance of conducting further investigations with MCC-555 in pre-clinical colon cancer
models, especially long-term in vivo efficacy studies, to support the clinical usefulness of
MCC-555 against colon cancer development.
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Abbreviations

ACF aberrant crypt foci

ANOVA analysis of variance

AOM azoxymethane

CMC carboxyl methyl cellulose

CRC colorectal cancer

H&E hematoxylin and eosin

PPAR peroxisome proliferator-activated receptor

TUNEL TdT-mediated deoxyuridine triphosphate nick-end labeling

TdT terminal deoxynucleotidyl transferase
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Fig. 1.
Experimental design for AOM-induced colon tumorigenesis in A/J mice. Four-week-old
female A/J mice were purchased and randomly assigned to three groups after 2 week of an
acclimatization period. MCC-555 was suspended in 1.5% CMC with 0.2% Tween 20. The
control group was gavaged orally with CMC alone; the second and third group received 30
and 60 mg/kg MCC-555 suspended in CMC for 4 weeks. Starting at 7 weeks of age, mice in
all three groups were injected i.p. once a week for a total of 4 weeks with 10 mg/kg AOM.
Mice were sacrificed by CO2 asphyxiation 8 weeks after their last AOM treatment.
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Fig. 2.
Effect of treatment with MCC-555 on number of colonic ACF in A/J mice. The number and
size of ACF were determined in methylene blue-stained, whole mount distal colons. (A)
Number of ACF per colon. A representative picture of methylene blue-stained ACF is
shown in the right. (B) Number of ACF per colon based on numbers of crypts per ACF. (C)
Average number of crypts per ACF for each group. Results were expressed as mean ± SEM
from 10 mice per group. Data were analyzed using SAS for Windows (v9.2; SAS Institute,
Inc.) statistical analysis software for statistical difference between different groups.
Significance was determined by one-way ANOVA with Tukey’s test for multiple
comparisons. Results were considered statistically significant at p < 0.05.

Imchen et al. Page 11

Exp Toxicol Pathol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Mitosis and apoptosis in the colonic crypts of AOM-induced A/J mice treated with
MCC-555. (A) To quantify mitosis, we calculated the percentage of the crypt count with
mitosis from total cell count in the crypt. A representative mitotic cell is shown in the top.
(B) To quantify the apoptotic cells, we randomly calculated the TdT-positive cell count
under a magnification of ×100. A representative apoptotic cells have shown in the top.
Results were expressed as mean ± SEM. ANOVA was used with Tukey post hoc analysis.
The results were considered statistically significant at p < 0.05.
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Fig. 4.
Representative images of MUC2 immunohistochemical staining of colon of A/J mice. The
bar is equal to 75 micrometers. Immunohistochemical analysis was done as described in the
Material and methods section. Microscopic photograph of colon tissue from (A) vehicle-
treated mice, (B) 30 mg/kg MCC-555-treated mice, and (C) 60 mg/kg MCC-555-treated
mice.

Imchen et al. Page 13

Exp Toxicol Pathol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


