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Background and purpose: Resveratrol, a naturally occurring polyphenolic antioxidant, has been shown to exhibit chemo-
prophylactic effects on cancer development. Previously, we reported that 2,3’,4,4’,5’-pentamethoxy-trans-stilbene (PMS), a
methoxylated resveratrol derivative, exerted a highly potent anti-proliferative effect on human colon cancer cells as compared
with its parent compound. In the present study, the chemopreventive effect of PMS was evaluated in a mouse model of
colitis-associated colon carcinogenesis.

Experimental approach: Seven-week-old Balb/c mice were injected i.p. with 10 mg-kg™ azoxymethane (AOM). After 1 week,
3% dextran sodium sulphate (DSS) was administered in the drinking water for 7 days followed by 14 days of tap water for
recovery, and this cycle was repeated twice.

Key results: Intragastric administration of PMS (25, 50 mg-kg™ body weight) for 16 weeks significantly reduced the multi-
plicity of colonic neoplasms by 15% and 35% (P < 0.01) respectively. Moreover, PMS at 50 mg-kg™' inhibited colon cancer cell
proliferation and promoted apoptosis. Such changes were accompanied by reduction of Akt (protein kinase B) phosphoryla-
tion, inactivation of B-catenin and down-regulation of inducible nitric oxide synthase. In parallel, in vitro studies also
demonstrated that PMS inhibited proliferation and induced apoptosis in the murine colon adenocarcinoma cell line Colon26
with concomitant inhibition of Akt phosphorylation and inactivation of -catenin.

Conclusions and implications: PMS effectively suppressed colon carcinogenesis in an AOM/DSS animal model and may merit
further clinical investigation as a chemoprophylactic agent against colitis-associated colon cancer in humans.
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Introduction death in USA in 2008 (Jemal et al., 2008). Despite the recent
improvements in preventive strategies, screening techniques
and development of chemotherapy, the median overall sur-
vival period for patients with metastatic colorectal cancer is
only 24 months. Moreover, the optimal regimen for early
detection, for examples, by colonoscopy and occult blood test

is controversial and patient compliance with screening rec-

Colorectal cancer was the third most frequent non-cutaneous
malignancy and also the third leading cause of cancer-related
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ommendations remains a major hurdle to overcome. Fortu-
nately, during colorectal carcinogenesis, the transition from
normal mucosa to adenoma and final carcinoma is a pro-
tracted event that offers opportunities for preventive



interventions. Actually, chemoprevention has been applied
successful and appears to be a promising strategy for preven-
tion of colorectal cancer (Janne and Mayer, 2000; Regula et al.,
2006).

Interest in the pharmacological effects of phytochemicals
on cancer treatment and prevention has increased drama-
tically over the last two decades. During the course of
compound identification, resveratrol (3,4’,5-trihydroxy-trans-
stilbene) and its derivatives have emerged to hold promise for
their potent in vitro and in vivo anticancer bioactivities (Jang
et al., 1997; Wang et al., 1999; Kim et al., 2002; Robeti et al.,
2003; Murias et al., 2004; 2005; Sale et al., 2005; Simoni et al.,
2006; Park et al., 2007). Among resveratrol analogues studied
so far, experimental evidence increasingly suggests that meth-
oxylated stilbenes may be a novel class of cancer chemopre-
ventive and therapeutic agents. Compared with resveratrol,
most of methoxylated resveratrol derivatives exhibit much
more potent cytotoxic and pro-apoptotic activity against
cancer cells (Robeti et al., 2003; Gosslau et al., 2005; Park
et al., 2007; Ma et al., 2008). In vivo studies also indicate that
methoxylated stilbenes display superior pharmacokinetics
properties in the gastrointestinal tract of mice and result in
much higher bioavailability than resveratrol (Sale etal.,
2004). In addition, several methoxystilbenes have been
shown to prevent colon carcinogenesis (Sale et al., 2005).
Structure-activity relationship analysis further reveals that
3,5-dimethoxy and 3,4,5-trimethoxy motifs are important to
the pro-apoptotic activity while the 2-methoxyl group in the
stilbene skeleton confers selectivity against cancer cells by
targeting cytochrome P450 CYP1B1 that is usually involved
in the metabolic activation of polycyclic aromatic hydrocar-
bons (Kim et al., 2002; Robeti et al., 2003; Simoni et al., 2006).
In our previous study, 2,3,4,4",5-pentamethoxy-trans-
stilbene (PMS) was found to be a potent apoptosis-inducing
agent against human colon cancer cells via targeting micro-
tubules and suppressed tumour growth in a colon cancer
xenograft model (Li et al., 2009). In addition to its chemo-
therapeutic action, we presumed that PMS might exert
chemoprophylactic effect on colon carcinogenesis. To this
end, the present study was designed to investigate the chemo-
preventive potential of PMS in a murine model of colitis-
associated colon carcinogenesis as well as its underlying
mechanism of action.

Methods

Animals and diets

All animal care and experimental procedures were approved
by the Committee for Use of Live Animals for the Teaching
and Research of The Chinese University of Hong Kong. Male
Balb/c mice (5-week-old) were fed a standard laboratory diet
(Ralston Purina Co., Chicago, IL, USA) and kept in an air-
conditioned room with controlled temperature (22 * 1°C),
humidity (65-70%) and day/night cycle (12 h light, 12 h
dark).

Experimental procedure
To evaluate the chemopreventive effect of PMS, an
azoxymethane (AOM)/dextran sodium sulphate (DSS)-
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induced colitis-associated colon carcinogenesis model as
shown in Figure 1A was adopted (Jia ef al., 2008). At week 2,
7-week-old Balb/c mice were injected with AOM (10 mg-kg™,
i.p.). After 1 week, 3% DSS (molecular weight: 36 000-50 000,
International Lab, Chicago, IL, USA) was administered in the
drinking water for 7 days followed by 14 days of tap water for
recovery, and this cycle was repeated twice. PMS (25 or
50 mg-kg") or the vehicle [5%, v/v, dimethyl sulphoxide
(DMSO) in olive oil] was administered using an intragastric
tube at 0.1 mL per 10 g every other day throughout the
experiment. The mice were killed by cervical dislocation at
week 16 and the colons (from the ileocecal junction to the
anal verge) were removed. After measurement of the length
and weight, the colons were cut open longitudinally along
the main axis, washed with phosphate-buffered saline
(pH 7.4) and then macroscopically inspected. Number, size
and location of presumed pre-neoplastic and neoplastic
lesions (dysplasia and carcinoma) in the colons were docu-
mented based on gross examination. All identified lesions
with an elevated growth pattern in the whole colon were
initially classified as positive for dysplasia, and their sizes were
determined by measuring the largest diameter using an ocular
micrometer. After gross examination, the colons were cut into
pieces at about 1 cm intervals. Half of the pieces of colon was
fixed in 10% buffered formalin (pH 7.4) for 24 h for further
histopathological assessment and immunohistochemical
study; while the other half was kept in liquid nitrogen for
determination of intestinal glutathione (GSH) and prostag-
landin E, (PGE,) level and for Western blot analysis.

Histopathological assessment of colonic mucosa

For histopathological examination, haematoxylin and eosin
(H&E) staining was performed on formalin fixed, paraffin-
embedded colon tissue by a routine procedure. Based on H&E
staining, histological alterations such as mucosal ulceration,
dysplasia and carcinoma were verified by a board-certified
pathologist, unaware of the treatments, according to the cri-
teria previously reported. Carcinoma was defined as a high-
grade dysplasia of colonic mucosa that had invaded beyond
the muscularis mucosa and into the submucosa.

Determination of colonocyte proliferation

Cell proliferation in the colonic mucosa was determined by
staining for the proliferating cell nuclear antigen (PCNA).
Formalin-fixed colon tissues were deparaffinized and rehy-
drated. Following incubation with 0.3% (v/v) H,O,-methanol,
the sections were subjected to trypsin digestion for another
30 min and then blocked by the addition of the normal serum
in 0.05 M Tris-HCI buffer (pH 7.4) for 1 h. They were then
incubated overnight with anti-PCNA mouse monoclonal
antibody (1:50) at 4°C. On the following day a labelled
streptavidin-biotin DAKO kit (DAKO, Glostrup, Denmark)
and 3,3’-diaminobenzidine were used to visualize the PCNA-
positive proliferating cells in the tissue. Mayer’s haematoxylin
was used to counterstain the sections. The positively stained
mucosal cells were counted in six to eight randomized fields
(200x) with a light microscope (Olympus, Melville, NY, USA),
and the average number of cells per 20 crypts was taken.
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Figure 1 Chemopreventive activity of 2,3’,4,4’,5’-pentamethoxy-trans-stilbene (PMS) on colitis-associated colon carcinogenesis was evalu-

ated in Balb/c mice. (A) Experimental protocol for colitis-associated colon carcinogenesis model. (B) Effect of PMS on body weight of mice. (C)
Effect of PMS on survival ratio of mice. In group 3-5, 7-week-old Balb/c mice received a single i.p. injection [10 mg-kg™' body weight for
azoxymethane (AOM)], followed by three cycles exposure of dextran sodium sulphate (DSS) (3%, w/w, in drinking water) to induce
colitis-associated colon carcinogenesis. PMS dissolved in 5% (v/v) dimethyl sulphoxide (DMSO)/olive oil was given to the mice in groups 2,
4 and 5 by gavage every other day for total 16 weeks. Animals in groups 1 and 3 received 5% (v/v) DMSO/olive oil. The daily drinking water
intake was about 5 mL per mouse and there was no obvious change during DSS treatment. At the start of the experiment, there were ten mice
in each group except group 2 (n = 6), but some of them died during the experiment especially when challenged with the third cycle of DSS
treatment. Data are presented as mean (n = 6-10 mice per group). V. control, vehicle control.

Measurement of colonocyte apoptosis

Apoptotic cells were measured using a TdT-mediated dUTP
nick-end labelling (TUNEL) stain with the Dead-End kit
(Promega, Madison, WI, USA) as recommended by the
manufacturer. Briefly, after the colon tissue was fixed, depar-
affinized and rehydrated, proteinase K (Boehringer Man-
nheim, Mannheim, Germany) was added to digest the cells.
TdT buffer solution (140 mM sodium cacodylate, 1 mg-mL™*
BSA, 1 mM cobalt chloride in 30 mM Tris-HCI) containing
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50 U per 20 uL TdT (ICN Biomedicals, Costa Mesa, CA, USA)
and 50 nmol per 50 uL dUTP (Boehringer Mannheim) was
added to the sections and incubated at 37°C for 90 min. The
sections were then immersed in the buffer containing
300 mM sodium chloride and 30 mM sodium citrate. Apop-
totic cells were labelled by the addition of peroxidase-
conjugated streptavidin followed by 3,3’-diaminobenzidine.
The apoptotic mucosal cells were counted in six to eight
randomized fields (200x) with a light microscope, and the



average was taken and expressed as the number of apoptotic
cells per 20 crypts.

Determination of intestinal glutathione level

Colorimetric measurement was used to determine the intrac-
ellular GSH. Briefly, Colon tissues were homogenized in the
enzyme immunoassay buffer [50 mM Tris-HCI (pH 7.5),
150 mM sodium chloride, 0.5% o-cholic acid, 0.1% SDS,
2 mM EDTA, 1% Triton X-100 and 10% glycerol] for 30 s on
ice. Then the samples were centrifuged at 10 000x g at 4°C for
15 min. The resulting supernatant was separated into two
parts for protein quantification by the Bradford assay and for
GSH determination respectively. To determine GSH levels,
trichloroacetic acid (5% w/v) was added to the supernatant for
protein precipitation. The resulting mixture was centrifuged
at 3000x g at 4°C for 10 min, and the supernatant was incu-
bated with 0.01 M 5,5’-dithiobis-2-nitrobenzoic acid (DNTB)
and 0.2 M phosphate buffer (pH 8.0) at room temperature for
15 min to develop yellow colour. Finally, the optical density
was measured by spectrophotometer at 412 nm. GSH concen-
trations were calculated from standard curves and then nor-
malized to total protein.

Detection of intestinal PGE; level

Intestinal PGE, levels were measured using a Correlated-EIA
Prostaglandin E, Enzyme Immunoassay Kit from Assay Designs
(Ann Arbor, M1, USA) as recommended by the manufacturer.
Briefly, colon tissues were homogenized in the enzyme immu-
noassay buffer for 30 s on ice. Then the samples were centri-
fuged for 15 min at 10 000x g at 4°C. The obtained supernatant
was separated into two parts for protein quantification by the
Bradford assay and PGE, determination using a PGE, immu-
noassay kit respectively. PGE, levels were calculated from stan-
dard curves and then normalized to total protein.

Analysis of oncogeneic protein expression in colonic tissue by
Western blot

Briefly, colon tissues were homogenized in radioimmunopre-
cipitation assay buffer [SO mM Tris-HCl (pH 7.5), 150 mM
sodium chloride, 0.5% o-cholic acid, 0.1% SDS, 2 mM EDTA,
1% Triton X-100 and 10% glycerol] containing 1.0 mM phe-
nylmethylsulfonyl fluoride and 1 ug-mL™ aprotinin. After
sonication for 30 s on ice and centrifuging at 12 000x g at 4°C
for 20 min, the supernatant was collected and total protein
concentration was determined by a standard Bradford assay
reagent (Bio-Rad) using bovine serum albumin as standard.
Twenty micrograms of protein samples were resolved on SDS-
PAGE and transferred to Hybond C nitrocellulose membranes
(Amersham Corporation, Arlington Heights, IL, USA). The
membranes were probed with primary antibodies (1:1000)
that dissolved in wash buffer containing 5% non-fat milk
powder overnight at 4°C and incubated for 1 h with second-
ary antibodies conjugated with peroxidase (1:2000). Chemi-
luminescent signals were then developed with Lumiglo
reagent (Cell Signaling Technology) and detected and quan-
tified by the ChemiDoc XRS gel documentation system (Bio-
rad, Hercules, CA, USA).
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Cell culture and Western blot analysis

The murine colon adenocarcinoma cell line Colon26, which
was established by giving N-nitroso-5-methyl-1,3-oxazolidine
(NMO) to female BALB/c mice was obtained from the Cell
Resource Center for Biomedical Research Institute of Devel-
opment, Aging and Cancer, Tohoku University, Japan. It was
maintained in RPMI 1640 (Invitrogen, Carlsbad, CA, USA)
containing 10% fetal bovine serum (Invitrogen), 100 U-mL™
penicillin G, 100 pg-mL™" streptomycin and maintained at
37°C, 95% humidity and 5% carbon dioxide. Briefly, 1.5 x 10°
Colon26 cells per well in 2 mL medium were seeded onto
six-well plates and incubated for 24 h for attachment, then
treated with either PMS (10, 30 uM) or DMSO (0.1%, v/v) for
48 h. After treatment, the cells were collected and their
protein was extracted for Western blot analysis.

Statistical analysis

Statistical analysis was done by using the Prism statistical
package. Tukey's t-test was used to compare data between two
groups. One-way ANOVA and the Bonferroni correction were
used to compare data between three and more groups. Values
were expressed as means = SEM. P < 0.05 was considered
statistically significant.

Materials

2,3',4,4’,5-Pentamethoxy-trans-stilbene was chemically syn-
thesized by the classic Wittig Reaction as described previously
(Li etal., 2009). Antibodies to cyclooxygenase-2 (COX-2),
inducible nitric oxide synthase (iNOS) and the PCNA were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA). All other primary antibodies were purchased from
Cell Signaling Technology (Beverley, MA, USA). All other
chemicals were obtained from Sigma-Aldrich (St Louis, MO,
USA) unless otherwise specified.

Results

Effects of PMS and AOM/DSS on the general well-being of mice
2,3',4,4’,5-Pentamethoxy-trans-stilbene was well tolerated in
mice, and no obvious systemic toxicity was observed during
the entire period of drug treatment as indicated by the body
weight, general appearance and organ histology. In agree-
ment with previous studies (Clapper et al., 2008), body weight
loss and bloody stools were observed in mice acutely exposed
to DSS (Figure 1B). However, these symptoms were relieved
when they received tap water during the recovery periods.
Compared with the control mice, there was a significant
increase in mean colon weight and shortening in mean colon
length in mice receiving both AOM and DSS (Table 1). Such
significant increase in colon weight to colon length ratio was
a result of apparent mucosal thickening. It should be noted
that such body weight fluctuation and mucosal thickening
were substantially alleviated in mice receiving the higher dose
of PMS (50 mg-kg'). Based on Kaplan-Meier survival curves
(Figure 1C), PMS treatment seemed also to increase the sur-
vival of mice.

British Journal of Pharmacology (2010) 160 1352-1361
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Table 1 Body weight and colon assessment in mice

Group Treatment (no. mice examined) Body weight (g) Colon Neoplasms in colon
Weight (g) Length (cm) W/L ratio Incidence Multiplicity

1 V. control (n =10) 26.46 = 1.86 0.33 £ 0.05 10.24 = 1.41 0.032 = 0.004 0 0

2 PMS 50 mg-kg™ (n = 6) 26.37 = 2.02 0.31 = 0.07 10.61 + 1.27 0.029 + 0.007 0 0

3 AOM/DSS/DMSO (n=7) 23.97 = 3.49 0.75 + 0.22¢ 8.41 = 0.54° 0.090 = 0.026¢ 100% 20.86 = 5.64¢

4 AOM/DSS/PMS 25 mg-kg™ (n=8)  23.18 +£4.09°  0.74 = 0.23¢ 8.63 = 0.81°  0.083 = 0.024¢ 100% 17.75 + 3.81°¢

5 AOM/DSS/PMS 50 mg-kg™ (n=9)  25.48 = 1.47 0.54 = 0.15 8.73 £ 0.86° 0.061 = 0.016*° 100% 13.56 + 4.16%

At the start of the experiment, there were ten mice in each group except group 2 (n = 6), and some of them died during treatment.

Data are shown as the mean = SD.

AP < 0.05 versus AOM/DSS/DMSO-treated group.

BP < 0.01 versus AOM/DSS/DMSO-treated group.

2P < 0.05 versus V. control group (vehicle control).
P < 0.01 versus V. control group.

¢P < 0.001 versus V. control group.

AOM, azoxymethane; DMSO, dimethyl sulphoxide; DSS, dextran sodium sulphate; PMS, 2,3’,4,4’,5’-pentamethoxy-trans-stilbene; W/L ratio (g-cm™"), colon weight

per colon length.

PMS reduced the incidence and multiplicity of colonic neoplasms
Mucosal thickening in mice receiving both AOM and DSS as
mentioned above seemed to be due to the burden of colonic
neoplasms. Three cycles of DSS treatment in combination
with AOM injection resulted in 100% incidence of colonic
neoplasms, which were most frequently observed in the
middle and distal colon (Figure 2A). In this study, we found
that the administration of PMS (25 or 50 mgkg') for
16 weeks decreased the total multiplicity of colorectal neo-
plasms by 15% and 35% (P < 0.01) respectively (Table 1). More
noteworthy was that PMS at the higher dose (50 mg-kg™)
significantly retarded the development of large neoplasms
(diameter >3 mm) by 51% (Figure 2B). Histologically,
most of the lesions in the colon were consistent with
tubular adenoma or adenocarcinoma after H&E staining
(Figure 2C).

PMS did not affect oxidative stress in the colonic tissue

Elevated oxidative stress has been implicated in the develop-
ment of chronic inflammatory bowel diseases (IBD), and the
available evidence suggests that oxidative cellular damage
may act as a potential force during colitis-associated colon
carcinogenesis. It was reported that the process of colitis-
associated colon carcinogenesis was greatly alleviated by con-
sumption of the antioxidants and aggravated by iron
supplementation (Seril et al., 2003). Accordingly, we mea-
sured the intestinal GSH levels, which is a well-known indi-
cator of oxidative stress, although it may also reflect the
binding of electrophilic agents (Haridas etal., 2004). As
showed in Figure 3A, chronic colitis induced by DSS markedly
depleted the GSH levels in colonic tissue, which was indica-
tive of the presence of oxidative stress. However, PMS did not
significantly alter the GSH levels in mice with colitis, suggest-
ing that antioxidation might not be the principal mechanism
of the chemopreventive action of PMS.

PMS reduced iNOS expression
It is now widely accepted that chronic inflammation substan-
tially contributes to colitis-associated colon carcinogenesis.
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We therefore questioned whether the chemopreventive activ-
ity of PMS was mediated via its anti-inflammatory properties.
The expression of iNOS is a reliable indicator of mucosal
inflammation. In this regard, we found that AOM/DSS
induced a dramatic up-regulation of iNOS in colonic tissues,
which was reversed by the administration of PMS at either 25
or 50 mg-kg'. Nevertheless, our data about either intestinal
PGE; level or COX-2 expression clearly indicated that there is
no significant difference among the three groups receiving
DSS treatment (Figure 3B and C), a finding that excluded the
possibility of COX-2 targeting by PMS treatment. Surprisingly,
unlike previous reports about animal models of colon cancer
(Sinicrope and Gill, 2004), the down-regulation of COX-2
expression as well as PGE, level was found in all mice suffering
chronic colitis in this study. It is possible that chronic ulcer-
ative colitis severely damages mouse colon colonic mucosa
where COX-2 is located and PGE, produced. In this connec-
tion, the down-regulation of PGE, was also reported in a
trinitrobenzenesulphonic acid (TNBS)-induced colitis mouse
model (Martin et al., 2006).

PMS reduced proliferating cells and induced apoptosis

in colonic tissues

Irreparable genetic lesions, out-of-control colonocyte prolif-
eration and evasion of apoptosis represent common events at
the cellular level during colon carcinogenesis (Hanahan and
Weinberg, 2000; Feagins et al., 2009). Accordingly, cellular
proliferation and apoptosis in colorectal mucosal crypts was
evaluated using PCNA staining and TUNEL assay respectively
(Figure 4). We noticed that although there was a marked
increase in the number of PCNA-labelled cells in the mucosa
of mice receiving both AOM and DSS, such increases in
PCNA-positive cells were substantially reduced after PMS
treatment. For example, compared with the AOM/DSS/DMSO
group, PMS (25 or 50 mg-kg™") significantly reduced colono-
cyte proliferation by 24% (P < 0.05) and 55% (P < 0.001)
respectively. Meanwhile, we determined the number of apo-
ptotic cells in colorectal mucosal crypts by TUNEL assay.
Compared with the control mice, apoptosis was also increased
in the colonic tissues of mice receiving both AOM and DSS,
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Group 1: V. control
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Figure 2 Effect of 2,3’,4,4,5"-pentamethoxy-trans-stilbene (PMS) on the burden of colonic neoplasms. (A) Macroscopic view of colon in mice.
Three cycles of dextran sodium sulphate (DSS) treatment in combination with azoxymethane (AOM) resulted in 100% incidence of colonic
neoplasms that were most frequently observed in the middle and distal colon. In control group, the incidence of colonic neoplasm was zero.
(B) Effect of PMS on colonic neoplasms size. PMS administration (50 mg-kg™) for 16 weeks significantly retarded the development of the large
neoplasms (diameter >3 mm). After treatment, the colons were cut open longitudinally and washed with saline. Then images were captured
against a scaled ruler for tumour size measurement. Data are presented as mean = SEM. *P < 0.05 versus AOM/DSS/dimethyl sulphoxide
(DMSO)-treated group. (C) Most of colorectal neoplasms were histologically consistent with tubular adenoma or adenocarcinoma. The
incidence of colonic adenocarcinoma was 100% with multiplicity of 9.15 = 2.35 per mouse in the AOM/DSS/DMSO group. Although PMS
administration (25 or 50 mg-kg™) for 16 weeks failed to reduce the incidence of colonic adenocarcinoma, it did decrease its multiplicity by
25% and 60% respectively. Histological studies were carried out based on haematoxylin and eosin (H&E) staining as described. (Ca) Normal
colon; (Ch, Cc and Cd) colon in mice receiving both AOM and three cycles of DSS. Original magnification: Ca, 40x; Cb, 40x; Cc, 100x; Cd,
400x. V. control, vehicle control.

which might be a consequence of increased cell turnover.
However, PMS treatment further increased the number of
apoptotic colonic cells, as evidenced by the result of TUNEL
assay as well as the cleavage of poly(ADP-ribose) polymerase
(PARP) (Figures 4B and 5A). Compared with the AOM/DSS/
DMSO group, PMS (25 or 50 mg-kg™) significantly increased
apoptotic cell death by 76% (P < 0.001) or 85% (P < 0.001)
respectively.

PMS inhibited Akt (protein kinase B) phosphorylation and
promoted the inactivation of [-catenin

To elucidate the mechanism of action underlying the
chemopreventive action of PMS, we examined the expres-
sion of several oncogenic proteins, which were reported to
play key roles in colitis-associated colon carcinogenesis
(Figure 5A). In line with findings by others, the pro-survival
signalling phosphatidylinositol 3-kinase (PI3K)/Akt pathway

British Journal of Pharmacology (2010) 160 1352-1361
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Figure 3 Effects of PMS on oxidative stress and inflammatory
mediators in the colonic tissue. (A) PMS treatment does not affect the
levels of oxidative stress markers GSH. Colonic levels of GSH were
measured as described. Data are presented as mean = SEM (n=6-10
mice per group). (B) Effects of PMS treatment on iNOS and COX-2
protein expression. Colon tissues (10 mg per mouse) were randomly
selected from the middle and distal colon. The tissues in same group
(6-10 mice per group) were pooled for Western blot analysis. (C)
PMS treatment did not affect the levels of inflammatory mediator
PGE,. Colonic levels of PGE, were measured as described. Data are
presented as mean = SEM. AOM, azoxymethane; COX-2,
cyclooxygenase-2; DMSO, dimethyl sulphoxide; DSS, dextran
sodium sulphate; GSH, reduced glutathione; iINOS, inducible nitric
oxide synthase; PGE, prostaglandin E;; PMS, 2,3,4,4,5-
pentamethoxy-trans-stilbene; V. control, vehicle control.
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was markedly up-regulated during colon -carcinogenesis
(Tanaka et al., 2003; Bertagnolli and Hamilton, 2005). It was
manifested as an up-regulation of Akt phosphorylation of
Ser473. Activation of the PI3K/Akt pathway has been linked
to the stabilization of fB-catenin, a crucial transcription
factor and biomarker in the early stage of colorectal
tumorigenesis. In normal tissue, the phosphorylation of
B-catenin at Ser33, Ser37 and Thr41 destabilized this protein
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and triggered the subsequent elimination. Here we demon-
strated that the suppression of Akt phosphorylation by PMS
was accompanied by an increased level of phosphorylated
B-catenin at Ser33, Ser37 and Thr41, suggesting that inhibi-
tion of the Akt/B-catenin axis might be responsible for the
chemoprophylactic effects of PMS.

PMS inhibited Akt phosphorylation and triggered apoptosis in a
murine colon adenocarcinoma cell line

To better understand the mechanism of action involved in the
chemopreventive activity of PMS, we examined the effect of
PMS on Colon26, a murine colon adenocarcinoma cell line
that was established by treating female BALB/c mice with
NMO. Similar to the results of in vivo experiments, PMS
potently inhibited cell proliferation (ICso = 29.2 = 2.6 uM)
and induced apoptosis in Colon26 as shown by the cleavage
of PARP. Likewise, PMS treatment substantially down-
regulated Akt phosphorylation at Ser473 and increased the
level of destabilized B-catenin (Figure 5SB).

Discussion

A large body of evidence has indicated that the chronic IBD,
which include ulcerative colitis and Crohn’s disease, increase
the risk for colon cancer. Such association between IBDs and
increased colorectal cancer risk has been established in colitis-
associated colon carcinogenesis animal models. In this pre-
clinical study, three cycles of DSS in combination with a
single injection of AOM resulted in 100% incidence of colonic
neoplasms in mice. We noticed that the induction of chronic
ulcerative colitis was accompanied by the increase in oxida-
tive stress. Both flat neoplastic lesions and polyps were also
found in mice with chronic colitis. Of note, those flat neo-
plastic lesions seemed to be much more malignant than poly-
poid neoplasia as invasive cancers arose predominantly from
flat lesions (Figure 2C). All of these clinicopathological fea-
tures are similar to those of ulcerative colitis in humans,
suggesting that the AOM/DSS model is a reliable preclinical
system mimicking ulcerative colitis in human (Clapper et al.,
2007; Feagins et al., 2009).

For colon cancer chemoprevention, the burden of colonic
neoplasms including dysplasia and carcinoma has been used
as a validated surrogate end point either in animal models or
clinical settings. In this study, we also found that PMS treat-
ment significantly reduced the mean number of neoplasms in
mice exposed to AOM and DSS treatment. Based on the data
presented here, we believe that PMS, a methoxylated resvera-
trol derivative, may be a novel compound with clinical poten-
tials for colitis-associated colon cancer chemoprevention.
Actually, some stilbene compounds (such as resveratrol and
pterostilbene) have been ranked as the most promising colon
cancer chemopreventive agents, and several phase I clinical
trials are currently underway (Baur and Sinclair, 2006). These
studies will provide a foundation for future chemoprevention
trials with this agent.

Colorectal carcinogenesis is a multistep process during
which epithelial cells in colon undergo the malignant trans-
formation. At the initial stage, activation of proto-oncogenes
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Figure 4 Effects of PMS on colonocyte proliferation and apoptosis. Colonic cellular proliferation and apoptosis was evaluated using PCNA
staining and TUNEL assay respectively. (A) Representative section of colon samples from the normal control group (A1 and A2), colitis control
group (B1 and B2) and PMS-treated groups (C1, C2, D1 and D2). Original magnification is 200x except D1 (400x). (B) Colonocyte
proliferation and apoptosis index. Compared with AOM/DSS/DMSO group, PMS (25 or 50 mg-kg™') significantly reduced colonocyte
proliferation by 24% (P < 0.05) and 55% (P < 0.001); on the other hand, PMS increased apoptotic cell death by 76% (P < 0.001) and 85%
(P <0.00T). Colon mucosa was stained and cell counting was performed as described. The positively stained mucosal cells were counted in
six to eight randomized fields (200x) with the aid of a light microscope (Olympus, Melville, NY, USA), and the average number of cells per 20
crypts was taken. Data are presented as mean + SEM (n=6-10 mice per group). *P < 0.05, ***P < 0.001 versus AOM/DSS/DMSO group. AOM,
azoxymethane; DMSO, dimethyl sulphoxide; DSS, dextran sodium sulphate; PCNA, proliferating cell nuclear antigen; PMS, 2,3’,4,4’,5'-
pentamethoxy-trans-stilbene; TUNEL assay, TdT-mediated dUTP nick-end labelling assay; V. control, vehicle control.
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Figure 5 Effects of PMS on oncogenic protein expression. (A) In vivo
study. The colonic tissues (10 mg per mouse) were randomly selected
from the middle and distal colon. The tissues in same group (6-10
mice per group) were pooled for Western blot analysis. (B) In vitro
study. The murine colon adenocarcinoma cell line Colon26 was
selected for in vitro study. After PMS treatment for 48 h, Colon26 cells
were lysed, and protein was extracted for Western blot analysis. Akt,
protein kinase B; AOM, azoxymethane; DMSO, dimethyl sulphoxide;
DSS, dextran sodium sulphate; PARP, poly(ADP-ribose) polymerase;
PMS, 2,3,4,4',5-pentamethoxy-trans-stilbene; V. control, vehicle
control.

and inactivation of tumour suppressor genes followed by
increased cell proliferation or evasion of apoptosis represent a
common pathway at the cellular level; while at the middle or
late stage, the capability of sustained angiogenesis, tissue
invasion and metastasis were required (Hanahan and Wein-
berg, 2000). To this end, the most promising cancer chemo-
preventive agents currently under investigation are likely to
be ones that target the early factors and/or events leading to
initial colon lesions (Bertagnolli and Hamilton, 2005). In this
connection, reduction in staining for PCNA and increase of
TUNEL-labelled cells were found in PMS-treated mice. And
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further investigation demonstrated that PMS inhibited Akt
phosphorylation and induced apoptotic cell death both in
vivo and in vitro. All of present findings are in line with our
previous study in which PMS induced apoptosis in human
colon cancer cells (HT-29 and Caco-2) with concomitant
down-regulation of the pro-survival PI3K/Akt signalling. In
addition, we show for the first time that PMS enhances the
destabilization of B-catenin, a transcriptional factor down-
stream to the PI3K/Akt pathway and involved in colon
carcinogenesis.

As to the effect of PMS on inflammatory mediators in
colon tissues, we found that PMS inhibited the protein
expression of iNOS that is markedly elevated in most
colonic adenomas of human as well as mouse. This finding
was in agreement with a previous chemoprevention study
using pterostilbene (3,5-dimethoxy-4’-hydroxy-trans-
stilbene), another methoxylated resveratrol derivative (Suh
etal., 2007). Although the precise functions of iNOS in
colon cancer is still unknown, growing experimental evi-
dence suggests that iNOS may accelerate the process of
colitis-associated colon carcinogenesis via nitric oxide syn-
thesis. In addition, it is well known that nitric oxide pro-
duction could act as one of the reactive nitrogen species
that have been implicated in the chronic inflammation-
related colon cancer (McKenzie et al., 1996).

Our present findings are in line with previous studies on
the structure-activity relationship of stilbenes. Chemically,
PMS belongs to a class of chemical known as stilbenes that
exhibit variable antioxidant, anti-inflammatory and
apoptosis-inducing properties mainly based on the substitu-
ents on the stilbene skeleton. In general, the number and
position of the hydroxyl groups on the benzene rings deter-
mine their radical-scavenging activity, while methoxyl
groups are mainly related to their apoptosis-inducing activ-
ity. It may partially explain why PMS did not affect the
intestinal GSH level in mice with chronic colitis.

Although the findings of our present studies are promising,
there are several issues that need to be addressed. For examples,
for oxidative stress measurement, the GSSG/GSH ratio is a
much better biomarker than GSH alone. More rigorous experi-
ments should be conducted to determine whether the chemo-
preventive activity of PMS is mediated by attenuating the
pro-inflammatory effect of DSS although the down-regulation
of iNOS expression was observed. In this connection, a study of
acute colitis animal models induced by DSS alone or earlier
time points in this study should be included to determine the
effect of PMS on myeloperoxidase (MPO) activity, malondial-
dehyde (MDA) levels and the expression of pro-inflammatory
cytokines [e.g. interleukin (IL)-1, IL-6, and tumour necrosis
factor-o] (Martin et al., 2006). Considering most methoxylated
stilbenes exerted their anticancer activity after metabolic acti-
vation (Sale et al., 2004), data about the pharmacokinetics
properties of PMS in vivo are greatly in need not only for
elucidation of its mechanism of action but also for further
rational design in drug development. Another issue need to be
addressed is that the findings in this study may be only
potentially applicable to colitis-associated colon carcinogen-
esis as the pathogenic mechanism and genetic changes are
quite different from those of sporadic colorectal cancer devel-
opment (Feagins et al., 2009).



In summary, in this study we demonstrated for the first
time that PMS, a methoxylated derivative of resveratrol,
effectively suppressed colitis-related colon carcinogenesis in
an AOM/DSS animal model. Our data also clearly indicated
that the observed chemopreventive effect of PMS on colon
carcinogenesis may, at least in part, be explained by sup-
pression of cell proliferation, promotion of apoptosis as well
as inactivation of B-catenin and down-regulation of iNOS.
The present work together with our previous studies has
shed light on the potential application of PMS in colon
cancer chemoprevention.
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