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Pterostilbene (PS), a natural dimethylated analogue of resveratrol, is known to have diverse

pharmacologic activities including anticancer, anti-inflammation, antioxidant, apoptosis, antiproliferation,

and analgesic potential. This paper reports the inhibitory effect of dietary administration of pterostilbene

against the formation of azoxymethane (AOM)-induced colonic aberrant crypt foci (ACF) preneoplastic

lesions and adenomas in male ICR mice and delineates its possible molecular mechanisms. ICR mice

were given two AOM injections intraperitoneal and continuously fed a 50 or 250 ppm pterostilbene

diet for 6 or 23 weeks. It was found that the dietary administration of pterostilbene effectively reduced

AOM-induced formation of ACF and adenomas and inhibited the transcriptional activation of iNOS and

COX-2 mRNA and proteins in mouse colon stimulated by AOM. Treatment with pterostilbene resulted

in the induction of apoptosis in mouse colon. Moreover, administration of pterostilbene for 23 weeks

significantly suppressed AOM-induced GSK3β phosphorylation and Wnt/β-catenin signaling. It was

also found that pterostilbene significantly inhibited AOM-induced expression of VEGF, cyclin D1, and

MMPs in mouse colon. Furthermore, pterostilbene markedly inhibited AOM-induced activation of Ras,

phosphatidylinositol 3 kinase/Akt, and EGFR signaling pathways. All of these results revealed that

pterostilbene is an effective antitumor agent as well as its inhibitory effect through the down-regulation

of inflammatory iNOS and COX-2 gene expression and up-regulation of apoptosis in mouse colon,

suggesting that pterostilbene is a novel functional agent capable of preventing inflammation-associated

colon tumorigenesis.
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INTRODUCTION

Pterostilbene (trans-3,5-dimethoxy-40-hydroxystilbene), a nat-
ural dimethylated analogue of resveratrol from blueberries and
grape vines, is known to have diverse pharmacologic activities
including anticancer, anti-inflammation, antioxidant, antiproli-
feratory, andanalgesic activities (1). Ourprevious studies reported
that pterostilbene has the ability to inhibit lipopolysaccharide-
induced inflammation in mouse macrophages (2), to induce
apoptosis and cell cycle arrest (3), and to inhibit tumor invasion

and metastasis (4, 5). Suh et al. (6, 7) reported that pterostilbene
was effective against the formation of azoxymethane-induced
colonic aberrant crypt foci (ACF) preneoplastic lesions and colon
tumors in male F344 rats.

Colorectal cancer (CRC) is the third most common cause of
cancer deaths inmen andwomen in developed countries (8). Colon
carcinogenesis is a complex multistep process, the adenoma-
carcinoma sequence, from small benign precursor lesions to
metastatic carcinomas. This progression cascade involves the
accumulation of mutation genes as well as the alteration of
morphological and cellular events (9). Azoxymethane (AOM), a
specific carcinogen that induces colorectal tumors at high
incidence in rodents, has been widely used in animal models to
screen colon cancer preventive agents (9).

Previous studies indicate that β-catenin and K-ras gene muta-
tions frequently occur in AOM-treated murine colon (11). Muta-
tions in eitherβ-cateninorK-ras that lead to the activationofWnt

*Address correspondence to either author [(M.-H.P.) Department
of Seafood Science, National KaohsiungMarine University, No. 142,
Hai-Chuan Rd., Nan-Tzu, Kaohsiung, Taiwan [phone (886)-7-
361-7141; fax (886)-7-361-1261; e-mail mhpan@mail.nkmu.edu.tw];
(C.-T.H.) Department of Food Science, Rutgers University, 65
Dudley Rd. New Brunswick, NJ 08901 [fax (732) 932-6776; e-mail
ho@aesop.rutgers.edu].



8834 J. Agric. Food Chem., Vol. 58, No. 15, 2010 Chiou et al.

signaling pathway are present in the initiation of colorectal
carcinogenesis. Aberrant activation of Wnt signaling causes
β-catenin translocation to the nucleus and the regulation of gene
expression that are involved in tumorgenesis such as MMPs,
cyclin D1, and VEGF (12). Oncogenic mutation of K-ras results
in activation of Ras and its downstream signaling pathways,
such as the PI3K/Akt pathways (13). AKT activation leads to the
inhibition of glycogen synthase kinase (GSK-3β), which fails to
phosphorylate β-catenin, causing its accumulation in the cyto-
plasmand promotion of cell proliferation, angiogenesis, invasion,
and metastasis.

It has been known that inflammation is causally linked to
carcinogenesis and acts as a driving force in premalignant and
malignant transformation (14). Previous studies have shown that
inducible nitric oxide synthase (iNOS) and inducible-type cyclo-
oxygenase (COX-2) could contribute to colon tumorigenesis by
production of nitric oxide (NO) and prostaglandin E2 (PGE2) in
AOM-induced rat and mouse colon cancers (15, 16). Pterostil-
bene has been known to be an antioxidant and anti-inflammatory
compound (1). In the present study, we examined the effect of
pterostilbene on AOM-induced ACF formation and inflamma-
tory activity and explored the underlying signaling molecular
pathways. Our results show that pterostilbene significantly de-
creasedACFand adenoma formation of colon through induction
of apoptosis and down-regulation of Wnt/β-catenin and EGFR/
PI3K/Akt signaling pathways.

MATERIALS AND METHODS

Reagents. AOMwas purchased from Sigma Chemical Co. (St. Louis,
MO). Pterostilbene was synthesized according to the method reported
by Pettit et al. (17). The purity of pterostilbene was determined by HPLC
as >99.2%.

Animals. Male ICR mice at 5 weeks of age were purchased from the
BioLASCOExperimentalAnimalCenter (TaiwanCo., Ltd.).After 1week
of acclimation, animals were randomly distributed into control and
experimental groups. All animals were housed in a controlled atmosphere
(25( 1 �C at 50% relative humidity) and with a 12 h light/12 h dark cycle.
Animals had free access to food and water at all times. Food cups were
replenished with fresh diet everyday. All animal experimental protocols
used in this study were approved by Institutional Animal Care and Use
Committee of the National Kaohsiung Marine University (IACUC,
NKMU) (4).

Identification ofACFandAdenomas.As described previously(18), a
group ofmice were given AOMat a dose of 5mg/kg via an intraperitoneal
(ip) injection of AOM twice a week for 2 weeks. Mice were given ptero-
stilbene (50 or 250 ppm) supplement for 2 weeks along with AOM
administration (Figure 1). The negative control group was injected with
saline. At the end of week 6 or 23, the mice were sacrificed by decapitation
and colons removed for evaluation of aberrant crypts or adenomas. The
entire colons were excised, cut longitudinally, rinsed with ice-cold phos-
phate-buffered saline (PBS), and fixed flat between sheets of filter paper
with 3.7% neutral formalin overnight. H&E stained sections were exam-
ined histologically and classified as ACF or adenomas according to

specific pathological criteria established by a pathologist and referred to
a previous paper (19). The formalin-fixed colonic tissues were cut into
proximal (1-2 cm from the cecum), middle (3-4 cm), and distal (1-2 cm
from anus) segments and stained in 0.2% methylene blue solution for
10 min. The total number of ACF and the number of aberrant crypts
(ACs) in each focus were counted under a microscope (�40). ACF were
classified with the following morphological characteristics; the enlarged
and elevated crypts relative to normal mucosa and the increased pericryp-
tal space and irregular lumen. The large, dark-stained, elevated lesions
were counted using a light microscope (20). The ACF location (distance
from anus) and size (number of aberrant crypts) were recorded. The crypt
multiplicity of lesions was determined by transforming the diameter (mm)
to crypt multiplicity. Diameters were scored with an eyepiece graticule.
Lesion diameters of g1 mm were defined as adenomas by light micro-
scopy (21-23).

Western Blot Analysis and Ras Activation Assay. For protein
analyses, total scraped colon mucosa were homogenized on ice for 15 s
with a Polytron tissue homogenizer and lysed in 0.5 mL of ice-cold lysis
buffer (50 mM Tris-HCl, pH 7.4, 1 mM NaF, 150 mM NaCl, 1 mM
EGTA, 1mMphenylmethanesulfonyl fluoride, 1%NP-40, and 10mg/mL
leupeptin) on ice for 30 min, followed by centrifugation at 10000g for
30 min at 4 �C. The samples (50 μg of protein) were mixed with 5� sample
buffer containing 0.3MTris-HCl (pH 6.8), 25% 2-mercaptoethanol, 12%
sodium dodecyl sulfate (SDS), 25 mM EDTA, 20% glycerol, and 0.1%
bromophenol blue. The mixtures were boiled at 100 �C for 5 min and were
subjected to stacking gel and then resolved by 12% SDS-polyacrylamide
minigels at a constant current of 20mA. Subsequently, electrophoresiswas
carried out on SDS-polyacrylamide gels. For Western blot analysis,
proteins on the gel were electrotransferred onto the 45 μm immobile
membrane (PVDF; Millipore Corp., Bedford, MA) with transfer buffer
composed of 25 mM Tris-HCl (pH 8.9), 192 mM glycine, and 20%
methanol. The membranes were blocked with blocking solution (20 mM
Tris-HCl, pH 7.4, 0.2% Tween 20, 1% bovine serum albumin, and 0.1%
sodium azide). The membrane was further incubated overnight at 4 �C
with respective specific antibodies, at appropriate dilution (1:1000) using
blocking solution with the primary antibodies including iNOS, anti-Bcl-2,
anti-Bcl-XL, anti-Bad, anti-Bax, anti-β-actin, anti-VEGF, and phospho-
PI3K(Tyr508) polyclonal antibodies (Santa Cruz Biotechnology, Santa
Cruz, CA); COX-2 monoclonal antibodies (BD Transduction Labora-
tories, Lexington, KY); anti-poly(ADP-ribose) polymerase (PARP; UBI,
Lake Placid, NY), anti-Bid, anti-caspase-8, anti-caspase-3, anti-caspase-9,
anti-Fas, and Fas-L (Transduction Laboratory), anti-DNA fragmenta-
tion factor (DFF)-45/inhibitor of caspase-activated DNase (ICAD) anti-
body (MBL, Naka-Ku, Nagoya, Japan), phospho-Akt (Ser473) and Akt
polyclonal antibody (Upstate Biotechnology, Lake Placid, NY), and anti-
pGSK3β, anti-cyclin D1, and anti-β-catenin (cell signaling). The mem-
branes were subsequently probed with anti-mouse or anti-rabbit IgG
antibody conjugated to horseradish peroxidase (Transduction Labo-
ratories) and visualized using enhanced chemiluminescence (ECL,
Amersham). The densities of the bands were quantitated with a computer
densitometer (AlphaImagerTM 2200 System). All of the membranes were
stripped and reprobed for β-actin (Sigma Chemical Co.) as loading
control. To measure the level of activated Ras (Ras-GTP) in colon
mucosa, 100 μg of cellular lysates was determined using a Ras activation
assay kit (Upstate Biotechnology) following the recommendations of the
manufacturer.

Figure 1. Experimental design of AOM-induced colon carcinogenesis in ICR mice.
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Reverse Transcription-Polymerase Chain Reaction. Total RNA
was extracted from scraped colonic mucosa using Trizol reagent according
to the supplier’s protocol. The template usedwas 4 μg of total cellularRNA
in a 20 μL reaction solution with Super Script II RNase H-reverse tran-
scriptase (Invitrogen, Renfrewshire, U.K.). The cDNA (2 mL) was ampl-
ified by Polymerase Chain Reaction (PCR) with the following primers:
MMP-7 (493 bp) 50-CAGATGTTGCAGAATACTCAC-30 (sense), 50-

ATGCCTGCAATGTCGTCCT T T-30 (antisense); cyclin D1 (409 bp)
50- CTGACACCAATCTCCTCAACGAC-30 (sense), 50-GCGGCCAG-
GTTCCACTTGAGC-30 (antisense); β-actin (286 bp) 50-AAGAGAGG-
CATCCTCACCCT-30 (sense), and 50-TACATGGCTGGGGTGTTG-
AA-30 (antisense). PCR (GeneAmp PCR System 9700, Applied Biosys-
tems, Carlsbad, CA) amplification was performed under the following
conditions: 30 cycles at 94 �C for 1 min, 50 �C for 1 min, and 72 �C for

Table 1. Inhibitory Effects of Pterostilbene on AOM-Induced Colonic ACF Development in Male ICR Micea

no. of foci containing

proximal middle distal

treatmentb total no. of ACF per mice total no. of AC per mice no. of AC per focus <7 crypts g7 crypts <7 crypts g7 crypts <7 crypts g7 crypts

AOM 80.0( 5.7b 895.7( 51.6 12.3( 3.3 8.7( 2.1 9.0( 1.7 4.7( 2.5 18.7( 6.4 7.0( 2.1 24.3( 5.5

AOM þ 50 ppm PS 46.0( 4.4c 457.8( 85.0c 9.9( 0.9c 7.0( 4.0 2.7( 1.2c 8.3( 4.2 14.0( 1.0 5.0( 3.0 9.0( 5.3d

AOM þ 250 ppm PS 36.7( 7.7c 370.5( 49.3c 8.9( 0.0c 4.7( 3.2 3.3( 0.6c 6.3( 0.6 8.7( 4.2c 7.0( 2.8 9.0 ( 2.0d

a Animals were treated as described in Figure 1. Crypt multiplicity is defined as the number of aberrant crypts in each focus, categorized as either <7 (small ACF) or g7
(large ACF) aberrant crypts/focus. Data are mean ( SD values. bMice were fed basal diet or diet containing pterostilbene starting 1 day before the first AOM treatment for
6 weeks. c p < 0.05 versus the AOM treatment. d p < 0.001 versus the AOM treatment.

Figure 2. Effects of PS on AOM-induced inflammation- and apoptosis-related protein expression in male ICR mice. Male ICR mice were treated with
pterostilbene (PS) at different concentrations, injected with AOM (5 mg/kg) or saline twice a week for 2 weeks, and then received basal diet alone or diet
containing PS beginning 1 week after the last injection for 6 weeks. Normal and AOM-induced colonic mucosa from the indicated dietary groups were
homogenized and lysates (50 μg of protein) subjected to Western blotting and RT-PCR as described under Materials and Methods. Pterostilbene inhibition of
AOM induced iNOS and COX-2 protein (A) and gene expression (B). Dose-dependent cleavage of caspase-3, caspase-9, PARP, and DFF-45 was induced
by pterostilbene (C) and (D). (E) PS affected expression of Bcl-2 family members in colon mucosa and AOM-induced ACF. Western blot analyses of Bcl-2,
Bcl-xL, Bad, and Bax expression in normal crypt and ACF were performed as described under Materials and Methods. (F) Increase in the expression of Fas
and Fas-L led to cleavage and activation of pro-caspase-8 and Bid during PS-induced apoptosis. The Western blot is representative of at least three
independent experiments. Quantification of protein and gene expression was normalized to β-actin. The values under each lane indicate relative density of the
band to β-actin.
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2 min, followed by a final incubation at 72 �C for 10 min. PCR products
were analyzed by 1% agarose gel and visualized by ethidium bromide
staining. Amplification of β-actin served as a control for sample loading
and integrity.

Gelatin andCasein Zymography. Total scraped colonic mucosa was
lysed in lysis buffer (50mMTris-HCl, pH 7.4, 1 mMNaF, 150 mMNaCl,
1 mM EGTA, 1 mM phenylmethanesulfonyl fluoride, 1% NP-40, and
10 mg/mL leupeptin) on ice for 30 min, followed by centrifugation at
10000g for 30 min at 4 �C. Protein concentration was measured according
to the Bradford method (Bio-Rad). The unboiled samples (protein from
colon mucosa) were separated by electrophoresis on 10 or 15% SDS-
PAGE containing 0.1% gelatin or casein.

After electrophoresis, gels were soaked in 2.5% Triton X-100 in dH2O
(2 � 30 min) at room temperature and then incubated in substrate buffer
(50 mM Tris-HCl, 5 mM CaCl2, 0.02% NaN3, 0.5 mM ZnCl2, and 1%
Triton X-100, pH 8.0) at 37 �C or 18 h. Bands corresponding to activity
were visualized by negative staining using 0.3% Coomassie blue in 50%
methanol and 10% acetic acid.

Immunohistochemical Analysis. Three micrometer sections of colo-
nic mucosa in ACF and adenomas segments were deparaffinized, rehy-
drated, and treated with 0.3% hydrogen peroxide (H2O2) for 15 min
to block endogenous peroxidase. Sections were pressure cooked for (4 �
7 min) in 10 mM citrate buffer, pH 6.0 (Immuno DNA retriever with
citrate, BIO SB, Inc., Santa Barbara, CA), to unmask epitopes. Sections
were incubated with primary antibodies to Bax and β-catenin (1:100
dilution in PBS) for 1 h. Immunoreactivity was incubated with biotin-
labeled secondary antibody and streptavidin-biotin peroxidase for 30min
each. 3,30-Diaminobenzidine tetrahydrochloride (0.05%, DAB) was used
as the substrate, and a positive signal was detected as a brown color under
a light microscope. The detailed procedures for stained tissue analysis
method were reported previously (24). Cytoplasm and nuclear staining
were recordedwith β-catenin ectopic expression. For Bax, the criterion for
positive expression showed cytoplasmic staining for the immunoreactive
score (IRS) for the percentage of positive cells, and the staining intensity
was multiplied.

Statistical Analysis. Relative expression values are given as mean (
SD for the indicated fold of expression in colon mucosa of mice. A one-
way Student’s t test was used to assess the statistical significance between
the AOM and the pterostilbene plus AOM-treated groups. A P value of
<0.05 was considered to be statistically significant.

RESULTS

Dietary Pterostilbene Treatment Inhibited ACF Formation. The
effects of dietary administration of pterostilbene on AOM-
induced colon tumorigenesis were evaluated, and the results are
summarized in Table 1. After 6 weeks of dietary treatment with
pterostilbene, the animals were killed and the entire colons were
harvested. Colonic ACF were identified and analyzed under a
light microscope after methylene blue staining. ACF mostly
occurred in the distal colon.Table 1 summarizes the total number
of ACF per mouse, the total number of AC per mouse, and the
number of foci containing fewer than seven or seven ormore AC.
All mice developed ACF in the colon 6 weeks after AOM treat-
ment. Compared with the positive control group, dietary pter-
ostilbene treatment at levels of 50 and 250 ppm dose dependently
decreased the total number ofACF permouse by 42.5 and 54.1%
(P < 0.05), respectively, and decreased the total number of AC
per mouse by 48.8 and 58.6% (P < 0.05), respectively. We sub-
sequently categorized ACF based on the number of AC in each
focus. The results showed the pterostilbene treatments decreased
the number of foci in seven or more AC compared with the
positive control group, especially in the proximal and distal colon.

Pterostilbene Suppressed AOM-Induced Inflammation and In-

duced Apoptosis in ColonCarcinogenesis.Because the inhibition of
inflammatory genes such as iNOS and COX-2 may contribute to
the suppression of ACF formation in colon carcinogenesis, it is
important to determine whether dietary pterostilbenemay inhibit
AOM-induced iNOS and COX-2 levels in the colon. As shown in

Figure 2A,B, the animals fed 50 and 250 ppm pterostilbene
markedly decreased AOM-induced iNOS and COX-2 gene and
protein expression. As shown in Figure 2, pterostilbene markedly
inhibited the iNOS and COX-2 gene and protein expression in
colonic mucosa compared with the AOM-alone group. The
amount of constitutive COX-1 protein was not affected by
AOM treatment. The pro-apoptotic response of dietary pteros-
tilbene in the colonic tissue of AOM-injected mice was next
investigated by Western blot analysis. As shown in Figure 2C,D,
pterostilbene caused a strong apoptotic effect. Western blot ana-
lysis has shown that dietary pterostilbene dose-dependently in-
duced the processing of caspases-9 and -3 and its downstream
substrates, poly(ADP-ribose)-polymerase (PARP) and DNA
fragmentation factor (DFF)-45 proteins, compared with control
diet-fed AOM-injected mice. Moreover, the expression of Bcl-2,
Bcl-xL, Bad, and Bax in pterostilbene-treated mice was investi-
gated. As shown in Figure 2E, the dietary administration of
pterostilbene caused marked increase of these proteins compared
with the AOM-alone mice. To assess whether pterostilbene
promoted apoptosis via receptor-mediated pathway, Fas, Fas L,
caspase-8, and Bid were determined by Western blotting. The
result showed that dietary administration of pterostilbene also
increased the expression Fas, FasL, activated caspase-8, and
truncated Bid compared with the AOM-alone group. The data
suggested that the cleavage of Bid by activating caspase-8 may be
one of the mechanisms that contributed to the activation of
mitochondrial pathway during pterostilbene-induced apoptosis
compared with the AOM alone mice.

Furthermore, representative photographs of the immunohis-
tochemical staining of Bax-positive (Figure 3, shown at �100

Figure 3. Immunohistochemical analysis shows increased Bax expres-
sion of colonic crypt in AOM-injectedmice fed diet containing PS. At the end
of week 6 (ACF group), the mice were sacrificed and determined by IHC
methods. Staining (upper) and quantification (lower) patterns of Βax
expression: normal mucosa of the negative control mice (A); ACF of the
AOM treated positive mice (B); ACF of AOM þ 50 ppm PS-treated mice
(C); AOM þ 250 ppm PS-treated mice (D) (100� magnification, IHC).
Bax-expressing cells are stained brown. (Graph) Each bar represents the
mean( SD of the averages of 12 mice scored. Results were statistically
analyzed with Student’s t test (/, p < 0.01, and //, p < 0.05, comparedwith
the AOM-induced value).
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magnification) cells inAOMalone- and pterostilbene plusAOM-
treated groups clearly show that pterostilbene increased the
protein levels of Bax in colonic mucosa compared with the
AOM-alone group.

Antitumor Activity of Pterostilbene in AOM-Injected Mice.

The antitumor activity of dietary administration of pterostilbene
on AOM-induced colon tumorigenesis was evaluated, and the
results are shown in Figure 4A. The animals fed 50 and 250 ppm
pterostilbene throughout 23 weeks were compared to the animals
on the control diet. Pterostilbene treatment significantly reduced
the number of adenomas in distal colon when compared with
the AOM-alone group. Up-regulation of iNOS and COX-2
occurs in many pathological conditions, such as in tumor-
igenesis. From the results of this experiment, we have found
that pterostilbene markedly reduced AOM-induced iNOS
and COX-2 gene expression within the crypts in the adenoma
in long-term feeding compared to those from the control group
(Figure 4B,4C).

Pterostilbene Inhibits AOM-Induced Activation of β-Catenin by
Inhibiting AOM-Induced Phosphorylation of GSK-3β. Colonic
epithelial cell proliferation is under the control of the Wnt/
APC/β-catenin proliferative signaling pathway (25). Inhibition
of GSK-3β leads to an accumulation of β-catenin by decreasing
the interaction of β-cateninwithAPC, which targets β-catenin for
degradation. Aberration of β-catenin can be regarded as a key
event during colorectal tumorigenesis and is linked to the in-
creased transcription of a number of genes, such as cyclin D1,
VEGF, and matrix metalloproteinases (MMPs) (12, 26). The
levels of phosphorylated GSK3β, β-catenin, VEGF, and cyclin
D1weremarkedly increased in colorectal tissues ofAOM-treated
mice compared to the control mice. Dietary administration of

pterostilbene strongly decreased AOM-induced levels of these
proteins (Figure 5A). We also found that AOM-treated animals
showed decreased levels of E-cadherin as compared to the control
animals. Pterostilbene treatment increased the levels ofE-caderin.
Accumulation of β-catenin causes Tcf-dependent transcriptional
activation of growth-related genes to stimulate colon crypt
proliferation. Figure 6 shows the representative photographs of
the immunohistochemical staining of β-catenin. β-Catenin was
identified along the membrane of the epithelial cells in the
negative control group (Figure 6A). The colonic crypt cells in
the AOM-treated group showed homogeneous and intense stain-
ing for β-catenin in the cytosol and nucleus, with lower and
scattered staining in the membrane. In contrast, the pterostilbene
group had lower observable cytosol and nuclear staining com-
pared with AOM-alone group (Figure 6C,D). Because cyclin D1,
MMP7, and MMP-26 are downstream signaling targets of
β-catenin, we determined whether pterostilbene reduced cyclin
D1 and MMP-7 gene expression in colon adenomas. Pterostil-
bene treatment induced a decrease in the levels ofAOM-increased
cyclin D1 and MMP-7 mRNA, as evidenced by reverse tran-
scription-PCR analysis (Figure 5B). In addition, pterostilbene
dramatically blocked AOM-induced MMP-26 and MMP-7 en-
zyme activity (Figure 5C) and markedly inhibited the activation
of MMP-2 and MMP-9 (Figure 5D), which was activated by
MMP-7.

Inhibitory Effect of Dietary Pterostilbene on AOM-Induced

Activation of Ras Signaling Pathway. Colon carcinogenesis is
known to be a multistep process involving multiple genetic
alterations. AOM-induced colorectal rodent adenomas exhibit
K-ras mutations. Oncogenic mutations in Ras result in constitu-
tive activation of Ras and its downstream signaling pathways,

Figure 4. PS caused a statistically significant reduction of inflammation response in AOM-induced colon tumorigenesis. (A) Adenomas were fixed with 10%
buffered formalin for 24 h and counted of adenoma number. The reduction of colon adenomas by PS was mainly due to inhibition in the number of rectal
adenomas (g1 mm). AOM treatment induced a statistically significant ∼5-fold increase in colon adenomas compared with saline-injected mice. Each bar
represents the mean( SD of the averages of 12 mice scored. Results were statistically analyzed with Student’s t test (/, p < 0.01 compared with the AOM-
induced value; #, p < 0.001 negative control (saline) vsAOM injectedmice). Colonicmucosas from the indicated dietary groupswere homogenized and lysates
(50 μg of protein) subjected to Western blotting and RT-PCR as described under Materials and Methods. Pterostilbene inhibition of AOM induced iNOS and
COX-2 protein (B) and gene expression (C). TheWestern blot is representative of at least three independent experiments. Quantification of protein and gene
expression was normalized to β-actin. The values under each lane indicate relative density of the band to β-actin.
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such as Raf/MEK/MAPK and PI3K/Akt/PKB pathways (11).
AOM-treated animals showed increased levels of phosphorylated
PI3K/Akt as compared to the control animals. Pterostilbene
treatment markedly decreased AOM-induced increase in levels
of PI3K/Akt in whole cell extract from colorectal tissues
(Figure 7A).We also assessedwhetherRas signaling was involved
in AOM-induced tumorigenesis by performing kinase activity
assay. Densitometric analysis of blots revealed significant in-
crease Ras activity in colorectal tissues. We observed that dietary
administration of pterostilbene attenuated AOM-induced activa-
tion of Ras. More importantly, no change was observed in the
totalmucosaRas content comparedwith theAOM-treated group
(Figure 7B). Additionally, as shown in Figure 7C, pterostilbene
dramatically inhibited AOM-induced EGF and EGFR. Treat-
ment of pterostilbene resulted in the inhibition of soluble EGF
cleavage inmouse plasma as compared to that in the AOM-alone
group (Figure 7D). The soluble EGF cleavages were associated
with the activation of MMP-7 (27). The results suggest that
increased ligand-induced activation of EGFR may be an impor-
tant event for the development of the hyperproliferative state
associated with induction of colorectal neoplasia. Dietary pter-
ostilbene markedly abrogated AOM-induced multiple signaling
including EGFR signaling pathways.

DISCUSSION

Chemoprevention is defined as the use of natural dietary
compounds and/or synthetic substances to block, inhibit, reverse,
or retard the process of carcinogenesis. Laboratory animal
studies provide evidence that pterostilbene significantly sup-
pressed AOM-induced formation of ACF and multiple clusters
of aberrant crypts and inhibited AOM-induced iNOS expres-
sion (6). It is widely believed that misregulation of this pathway
leads to the development of cancer. Reflecting this knowledge, the
mechanism of action for many currently used anticancer agents is
specifically targeted to regulate the apoptotic pathway, further
stressing the role of programmed cell death in maintaining
normal homeostasis. Research indicates that one of the mechan-
isms for some of these bioactives is through the signaling pathway
inducing programmed cell death (28). Our recent study indicated
that pterostilbene induced apoptosis in AGS cells through acti-
vating the caspase cascade via the mitochondrial and Fas/FasL
pathway, GADD expression, and by modifying cell cycle pro-
gress and changes in several cycle-regulating proteins (3). COX-2
and iNOS are important enzymes involved in mediating the
inflammation process, cell proliferation, and colon cancer (15).
In the current study, we show that dietary administration of

Figure 5. Effect of treatment with PS on AOM-induced Wnt/β-catenin signaling pathways in colonic mucosa. Male ICR mice were treated with pterostilbene
(PS) at different concentrations and injected with AOM (5 mg/kg) or saline twice a week for 2 weeks and then received basal diet alone or diet containing PS
beginning 1 week after the last injection for 23 weeks. (A) Equal amounts of cell lysates were subjected to Western blot analysis using antibodies against
p-GSK3β, β-catenin, E-cadherin, VEGF, cyclin D1, and β-actin. (B) For RT-PCR analysis of β-catenin target gene, cyclin D1 and MMP7 primers were used.
Each sample was normalized to β-actin. Cell lysates were subjected to 10% SDS-PAGE with 0.1% casein (C) and gelatin (D); the gelatinolytic activities of
MMP-7, -26, -2, and -9 were determined by gelatin and casein zymography as described underMaterials andMethods. TheWestern blot is representative of at
least three independent experiments. Quantification of protein and gene expression was normalized to β-actin. The values under each lane indicate relative
density of the band to β-actin. Results were statistically analyzed with Student’s t test (/, p < 0.05, and //, p < 0.001, compared with the AOM-induced value).
Each bar represents the mean( SD of the averages of three independent experiments.
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pterostilbene in two different protocols (6 and 23 weeks) dose-
dependently inhibits the formation and development of AOM-
induced colon tumorigenesis in mice. We clearly demonstrated
that dietary administration of pterostilbene significantly inhibited
AOM-induced iNOS and COX-2 and induced apoptosis in
AOM-treated mice (Figure 2).

Increased cellular proliferation is a significant risk factor for
the development of colon cancer (11). AOM reproducibly
induces colon tumors that exhibit many of the same genetic
and signal transduction defects identified in human colon
carcinomas. AOM also induces ACF, which represent well-
established preneoplastic colonic lesions in both animals and
humans (11). Both the number and multiplicity of ACF are
highly predictive of subsequent tumor development. Therefore,
AOM-induced colon carcinogenesis is a highly relevant model
for human colon cancer. Some studies have shown that a two-
dose regimen in control rats induced colon tumors in 64% of
animals; 53% had distal colon tumors, whereas only 30%
showed proximal tumors (29). In the present study, we have
demonstrated a positive correlation between the number of ACF
and adenoma incidence. The distal region of colon had the
highest number of ACF and adenomas followed by the proximal
andmiddle colon (Table 1 and Figure 4). Pterostilbene treatment
significantly reduced the number of adenomas in distal colon, the
segment previously also shown to have the greatest number of
carcinogen-inducedACF and tumors (30). The greater ACF and
adenoma frequency in the distal colon in this AOM mouse

regimen may be explained by endogenous or exogenous factors.
Recent evidence suggests that MMPs play a more complex role
in tumor progression. They are necessary to create a microenvi-
ronment supporting the initiation and maintenance of growth
of primary tumors and metastasis (31). Because epithelial-
mesenchymal transition (EMT) and mesenchymal-epithelial
transition (MET) are commonly associated with the acquisi-
tion of metastatic potential, we investigated whether pterostil-
bene suppressed AOM-induced EMT-MET. An important
hallmark of EMT is the loss of membrane-bound E-cadherin
in adherens junction. It is apparent that AOM induced EMT
through inhibition of the levels of E-cadherin (Figure 5A),
whereas pterostilbene treatment maintained the levels of E-cad-
herin. This is indicative of one of the molecular mechanisms
through which β-catenin participates in EMT.Moreover, nucle-
ar β-catenin localization strongly correlates with tumor size and
dysplasia, and high levels of nuclear expression have been found
at invasion fronts of adenocarcinomas (32).

Apoptosis and associated cellular events have a profound
effect on the progression of a benign to a malignant phenotype
and can be a target for the therapy of various malignancies
including colon cancer (28). Thus, we examined the apoptosis-
inducing effect of dietary administration of pterostilbene during
AOM-induced ACF formation. Because caspase activation is
one the most important events in apoptosis, and PARP and
DFF-45 are major substrates of activated caspase-3, we also
examined the levels of Fas and FasL by Western blotting to
further confirm the apoptotic response of pterostilbene (Figures 2
and 3). The results of the present study clearly indicate that
dietary pterostilbene induces apoptosis in a dose-dependent
manner in the colon tissue of AOM-injected mice. Our results
clearly show an in vivo apoptotic effect of pterostilbene that
could, in part, be responsible for its overall efficacy in inhibiting
AOM-induced ACF formation in mice colon. More studies
are needed to define the underlying molecular events leading to
in vivo apoptosis induced by pterostilbene in colorectal cancer
models. Because pterostilbene at a low dose in the diet (0.005%)
was shown to decrease the inflammation and increase apoptosis,
the development of this natural compound against colorectal
cancer could be promising.

On the basis of our finding, we suggest that pterostilbene
promotes a strong protective effect against AOM-induced colon
turmorigenesis by suppressing proliferation and enhancing apop-
tosis and down-regulation of early and long-term inside-out
signaling processes. Our present study provides proof that,
through amolecular mechanism, pterostilbene promotes a strong
anticarcinogenesis effect via down-regulation of Wnt/β-catenin
and EGFR/PI3K/Akt/PKB signaling pathways and then blocks
NFκB and AP-1 transcription factors, as well as iNOS, COX-2,
and MMPs. These promising results suggest the importance of
further investigating pterostilbene in preclinical colon cancer
models. Above all, our investigation suggests that pterostilbene
has great potential as a novel chemopreventive agent to be used in
the treatment of inflammation associated with tumorigenesis,
especially in the prevention and treatment of colorectal cancer.

ABBREVIATIONS USED

AOM, azoxymethane; ACF, aberrant crypt foci; iNOS, in-
ducible nitric oxide synthase; COX-2, cycoloxygenase-2; ICR,
Institute ofCancerResearch;VEGF, vascular endothelial growth
factor; MMP-9, matrix metalloproteinase 9; PCR, Polymerase
Chain Reaction; PI3K, phosphatidylinositol 3-kinase; PARP,
poly(ADP-ribose) polymerase; EGFR epidermal growth factor
receptor; GSK-3β, glycogen synthase kinase.

Figure 6. Cellular localization of β-catenin expression in AOM-treated
mice. At the end of week 23, the mice were sacrificed and determined by
IHCmethods. Staining patterns ofβ-catenin expression: normal mucosa of
the negative control mice (A); AOM treated positive mice (B); AOM þ
50 ppm PS-treated mice (C); AOM þ 250 ppm PS-treated mice (D)
(400� magnification, IHC). (Graph) Each bar represents the mean( SD
of the averages of 12 mice scored. Results were statistically analyzed
with Student’s t test (/, p < 0.01 compared with the AOM-induced value; #,
p < 0.001 negative control (saline) vs AOM injected mice).
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