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Abstract:

The earliest stages of colorectal cancer have been linked to inflammatory responses caused by carcinogens, but the molecular signal-

ing of various pro- and anti-inflammatory cytokines and transcription factors in colorectal cancer remains unknown. The higher ex-

pression and secretion of various pro-inflammatory cytokines and their autocrine and paracrine functions play an important role in

the activation of transcription factors, which in turn promote tumorigenesis. NF-�B serves as a vital biomolecule that transcribes

a number of pro-inflammatory cytokines and anti-apoptotic proteins. Pro-inflammatory cytokines can also activate Jak3/Stat3 sig-

naling pathways, thereby increasing inflammation and cell survival. In the present study, the expression of IL-1�, IL-2, IL-4, IFN�,

TNF-�, iNOS, COX-2, Jak3, Stat3 and NF-�B were increased in the early stages of experimental colorectal cancer. The increased

expression of these inflammatory molecules was reversed by the simultaneous administration of non-steroidal anti-inflammatory

drugs (NSAIDs; sulindac and celecoxib). The anti-inflammatory activity of the NSAIDs was found to be mediated by the inhibition

of NF-�B (p65) DNA-binding activity. The anti-neoplastic end effect of the NSAIDs in the isolated colonocytes was demonstrated

by an increased level of apoptosis. This study suggests that NSAIDs inhibit NF-�B and Jak3/Stat3 signaling and down-regulate pro-

inflammatory cytokines to a level that inhibits inflammation and carcinogenesis.
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Introduction

Colorectal cancer has become a leading cause of can-

cer mortality worldwide. The progression of adeno-

matous polyps to late stage cancer is a relatively slow

process and suggests an opportunity for chemopre-

vention at an early stage [37]. The levels of prosta-

glandins (PGs), which are synthesized by the enzyme

cyclooxygenase (COX), have been shown to be

higher in human colorectal tumors [6, 26]. Among the

two isoforms of COX, (COX-1 and COX-2), evidence

suggests that COX-2 is primarily involved in the

propagation of malignancies [16].

The interactions between tumor and host cells are

mediated by growth factors and cytokines, which

function as paracrine factors for endothelial and stro-

mal cells [8]. Interleukin-1 (IL-1), which is a pro-

inflammatory cytokine, increases the expression of

COX-2 and the production of PGE� at the site of in-

flammation. The inhibition of COX-2 can also sup-

press the inflammatory effects of IL-1, suggesting that

the COX-2/PGE� pathway is involved in the pro-

inflammatory signaling of cytokines [28]. IL-1� in

1210 �����������	��� 
������ ����� ��� ���������

�����������	��� 
�����

����� ��� ���������

���	 �
�������

�������� � ����

�� ��������� �� ������ �!���

��!��� " �#��� �� � ��� ��



particular has been documented to induce the expres-

sion of COX-2 in colorectal cancer [13, 14].

The higher expression of COX-2 in malignant tissues

is also related to nuclear factor-�B (NF-�B), which

positively regulates the cox-2 gene. Under physiological

conditions, NF-�B usually remains inactive in the cyto-

plasm because it is bound to the inhibitory protein I�B.

NF-�B is released due to the phosphorylation of I�B by

I�B kinase (IKK) during an inflammatory response. The

major downstream signaling effect of NF-�B activation

is the binding of tumor necrosis factor-� (TNF-�) and

IL-1 to their receptors [22, 38]. The activation of NF-�B

during an inflammatory response leads to the expression

of various other pro-inflammatory cytokines, including

interleukin-2 (IL-2), which may cause activation-in-

duced cell death (AICD) in antigen-generated cytotoxic

lymphocytes after recognizing the tumor as self [39].

However, the actual role of IL-2 in colon cancer pro-

gression or regression is still unknown.

IL-2 can activate Janus kinase 3 (Jak3) by auto-

transphosphorylation [4]. Jak3 functions as an up-

stream kinase that activates a signal transducer and

activator of transcription 3 (Stat3) [2]. The activation

of Stat is also mediated by interferons [17], although

the role of interferon-� (IFN�) in Stat3 activation in

colon cancer progression is unknown. Overexpression

and aberrant expression of Jak3/Stat3 have been ob-

served in human colon cancer in vivo and in vitro and

have been shown to prevent apoptosis in the tumor,

leading to poor prognosis [12, 33].

Non-steroidal anti-inflammatory drugs (NSAIDs)

are a class of promising antineoplastic agents for the

suppression of tumor progression induced by the in-

flammatory response [1]. They may exert their effects

by down-regulating pro-inflammatory cytokines

and/or growth factors and transcription factors, the

mechanism of which is not well understood. In an ear-

lier study by our laboratory, we linked the inhibitory

effects of NSAIDs to NF-�B and COX-2 expression

in the early neoplasm of colon [35].

The present study investigated the chemopreventive

effects of two NSAIDs (sulindac and celecoxib) on the

expression of pro- and anti-inflammatory cytokines,

transcription factors and COX-2. The expression of

iNOS protein was measured as a molecular marker for

inflammation in colorectal cancer. For this study, an in

vivo model of inflammatory colorectal cancer was gen-

erated in Sprague-Dawley rats after the administration

of 1,2-dimethylhydrazine dihydrochloride (DMH),

which is a colon-specific carcinogen.

Materials and Methods

Chemicals

DMH, sulindac and the Bradford reagent were pur-

chased from Sigma-Aldrich (St. Louis, MO, USA).

Celecoxib was a generous gift from Ranbaxy Pharma-

ceuticals (Gurgaon, India). Primary antibodies against

COX-2, IL-1�, IL-2, IL-4, TNF-�, IFN�, iNOS, Jak3,

�-actin and Stat3 were purchased from Santa Cruz

Biotechnology (CA, USA) and BD Biosciences (CA,

USA). Alkaline phosphatase-conjugated secondary

antibodies, fluorescein isothiocyanate (FITC)-conj-

ugated secondary antibodies and 5-bromo-4-chloro-3-

indolyl phosphate – nitroblue tetrazolium chloride

(BCIP-NBT) were purchased from Genei (Bangalore,

India). All of the other chemicals and reagents used in

the present study were of analytical grade and pur-

chased from reputed Indian manufacturers.

Animal procurement

Male Sprague-Dawley rats with a body weight be-

tween 150 and 200 g were obtained from the inbred

population of the Central Animal House, Panjab Uni-

versity, Chandigarh. They were acclimatized to the

control diet (rodent chow) and water ad libitum for at

least 1 week. They were maintained according to the

principles and guidelines of the Ethics Committee of

Animal Care of Panjab University in accordance with

the Indian National Law on animal care and use. They

were housed three per cage in polypropylene cages

with a wire mesh top and a hygienic bed of husk

(regularly changed) in a well-ventilated animal room

until the end of the experimental period. The animals

were also maintained at ambient temperature and hu-

midity and under a 12 h light/dark period.

Treatment schedule

The animals were assorted into the following groups:

Control group, vehicle-treated

The animals were administered the vehicle (1 mM

EDTA-saline subcutaneously (sc) via weekly injection

and received 0.5% carboxymethylcellulose sodium salt

(CMC) daily per oral (po).
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1,2-Dimethylhydrazine dihydrochloride (DMH) group

The animals were administered DMH weekly at

a dose of 30 mg/kg body weight (sc). This dose of

DMH has been previously established by our labora-

tory [10, 34]. DMH was freshly prepared in 1 mM

EDTA-saline, and the pH was adjusted to 7.0 using

a dilute NaOH solution.

DMH + sulindac group

Sulindac was given daily po within its therapeutic

anti-inflammatory dose (ED�� for rats, 20 mg/kg b.w.)

to the animals along with weekly DMH administra-

tion of 30 mg/kg b.w.

DMH + celecoxib group

Celecoxib was administered daily po (ED�� for rats,

6 mg/kg b.w.) to the animals along with weekly DMH

administration of 30 mg/kg b.w.

After six weeks, the animals fasted overnight with

drinking water available ad libitum and were sacri-

ficed the next day by an overdose of ether anesthesia.

The body weights of the animals in all of the groups

were recorded every week until the termination of the

experiment.

Gross morphological observations

The colons were removed and flushed clear with ice-

cold physiological saline (NaCl solution, 9 g/l). The

colons were opened longitudinally along the median

and laid flat to examine the incidence of macroscopic

neoplastic lesions/plaques, known as multiple plaque

lesions (MPLs). The colons were divided into proxi-

mal, medial and distal segments for the examination.

Aberrant crypt foci (ACF)

The colons were removed, flushed clean, cut open and

divided into different parts as described above. After

a minimum of 24 h fixation in 10% buffered formalin,

the colons were stained with 0.2% methylene blue in

Krebs-Ringer solution for 5–10 min [23]. The muco-

sal surface of the colon was evaluated for the number

of ACF in the stained colon under 40× magnification

using a light microscope. Enlarged and slightly ele-

vated lesions with increased staining were readily

identifiable in comparison to the normal adjacent mu-

cosa. These lesions were classified as single enlarged

crypts or foci containing two or more abnormal

crypts.

Isolation of colonic epithelial cells

Colonic epithelial cells (colonocytes) were obtained

from freshly isolated colons by the method of Mouille

et al. [18], as originally described by Roediger and

Truelove [25]. The colonic segments starting from the

cecum to the rectal ampulla were rapidly removed and

flushed clear with chilled physiological saline (NaCl

solution, 9 g/l) followed by calcium- and magne-

sium-free Krebs-Hanseleit (K-H) bicarbonate buffer

(pH 7.4) containing 10 mM HEPES, 5 mM dithio-

threitol (DTT) and 2.5 g/l bovine serum albumin

(BSA). The K-H buffer was equilibrated with a mix-

ture of O� and CO� (19:1, v/v). Each colon was

everted, distally ligated and distended as much as pos-

sible using a syringe containing calcium-free K-H sa-

line with 0.25% w/v BSA. These sacs were then

placed in a plastic flask containing 100 ml calcium-

free K-H buffer, 5 mM EDTA and 0.25% BSA. The

flask was gassed with O� and CO� (19:1 v/v) and in-

cubated at 37�C in a shaking water bath at 60–70 os-

cillations per minute for 30 min. Thereafter, the co-

lons were rinsed in fresh calcium-free saline to re-

move the excess EDTA and placed in a plastic beaker

with 50 ml K-H buffer containing 0.25% w/v BSA.

Manual stirring with a plastic stirrer for 2 min readily

disaggregated the colonocytes, which were then sepa-

rated by centrifugation at 500 × g for 60 s. The cells

were washed two times in oxygenated K-H buffer

containing normal amounts of calcium (2.5 mM

CaCl�), 5 mM DL-DTT and 2.5% w/v BSA. The cells

were washed and resuspended in PBS for further

studies.

Morphological analysis of apoptosis

(fluorescence microscopy)

Acridine orange/ethidium bromide co-staining

Fluorescence microscopy using the DNA-binding

fluorescent dyes acridine orange and ethidium bro-

mide was employed to study the morphology of the

isolated colonocytes undergoing apoptosis [5].

Briefly, 10 µl of the cell suspension (10� cells/ml) was

mixed in PBS (pH 7.4) containing acridine orange

(1 µg/ml) and ethidium bromide (1 µg/ml) [27]. Ten

microliters of this mixture was placed on a clean glass
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slide and covered with a coverslip. A total of 300 cells

from four different slides were observed for each ani-

mal group at 400× magnification using a fluorescence

microscope (Axioscope A1, Carl Zeiss, Germany).

The index of apoptosis was calculated as the percent-

age of the total number of cells with apoptotic nuclei

to the total number of cells counted.

NF-�B assay

An NF-�B (p65) transcription factor assay kit (Cata-

logue No. 10007889) was purchased from the Cay-

man Chemical Company (MI, USA). 1 × 10� cells

were used for the extraction of approximately 50 µg of

nuclear protein and the detection of NF-�B, according

to the manufacturer’s protocol. A graph was plotted for

the NF-�B activity [absorbance at 450 nm/cell extract

(50 µg/well)] against all of the groups.

Western blot analysis

Protein samples and nuclear extracts (50 µg) from

each group were separated on a 10% gel by

SDS-PAGE. The separated proteins were electropho-

retically transferred to a nitrocellulose membrane

(Millipore, Bangalore, India), and the transfer was

checked by staining with Ponceau S. Immunoblotting

was conducted using primary antibodies (COX-2:

1:1,000, IL-1�: 1:1,000, IL-2: 1:1,000, IL-4: 1:1,000,

IFN�: 1:1,000, TNF-�: 1:500, iNOS: 1:500, Jak3:

1:1,000, Stat3: 2 µg/ml and �-actin: 1:10,000) and al-

kaline phosphatase-conjugated IgG secondary anti-

bodies. The BCIP-NBT detection system was used to

develop the blot. The bands were analyzed using Im-

ageJ software (NIH, Bethesda, MD, USA), and the

density was expressed in gray values.

For the preparation of cell lysates, the colons were

removed and rinsed from the different groups after

completion of 6 weeks of treatment. Total lysates

were prepared in fresh ice-cold lysis buffer (10 mM

Tris, 100 mM NaCl, 5 mM EDTA, 1% Triton-X100,

1 mM PMSF and 2 mM DTT (pH 8)). The extracts

were cleared by centrifugation at 10,000 × g for

10 min at 4°C, and the supernatants were collected.

For the nuclear extracts, the nuclei from the colonic

tissues were suspended at 0–4°C in 50 mM NaCl,

10 mM HEPES, pH 7.6, 0.1 mM EDTA, 25% glycerol

and 0.5 mM PMSF and pelleted by centrifugation in

an Eppendorf centrifuge at 5,000 × g for 15 min at

4°C. The resulting nuclear debris was incubated in the

same buffer for 30 min on ice and centrifuged at

10,000 × g at 4°C for 10 min. The resultant super-

natant was used as the nuclear extract in the present

study. The protein concentration was determined by

the Bradford method [3].

Immunofluorescence analysis

Five-micrometer thick paraffin sections were deparaf-

finized in mixed xylenes (CAS No. 1330-20-7) for
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Fig. 1. This figure shows the mean body weight (g) of the animals segregated into 4 different groups for each week of the 6-week treatment
schedule



30 min, gradually hydrated in a descending series of

alcohol (100%, 90%, 70%, 50%, and 30%) and subse-

quently hydrated in water. The sections were incu-

bated at 95�C for 5 min in 50 mM glycine-HCl buffer

(pH 3.5) with 0.01% (w/v) EDTA for antigen re-

trieval. Fresh buffer (10 ml) was added, and the sec-

tions were incubated in this solution at 95�C for

5 min. The slides were allowed to cool for approxi-

mately 20 min and washed in three changes of dis-

tilled water. Non-specific binding was blocked by in-

cubating the sections in 2% bovine serum albumin

(BSA) in phosphate buffered saline (PBS; 10 mM, pH

7.2) for 30 min at 37�C. The sections were then incu-

bated in 1.5% BSA with primary antibodies against

IL-1� (1:1,000), IL-2 (1:1,000), IL-4 (1:1,000), IFN�

(1:1,000), TNF-� (1:500) and iNOS (1:500) in a moist

chamber for 2 h at 37�C. For the negative control,

1.5% BSA was added without primary antibody. After

the incubation, the sections were washed three times

with PBS, PBS Tween (PBS with 0.05% Tween 20)

and PBS, successively, for 5 min each. The sections

were then incubated with fluorescein isothiocyanate

(FITC)-conjugated secondary antibodies at a dilution

of 1:10,000 for 2 h at 37°C in the dark. The sections

were washed again in the same manner described

above, counterstained with propidium iodide (PI) for

20 min at 37°C in the dark and washed as described

previously. The sections were mounted in glycerol

(1:10 in PBS), sealed with nail polish and observed un-

der a fluorescence microscope at 400× magnification.

Statistical analysis

The data were expressed as the mean ± SD of four in-

dependent observations for each group. A one-way

analysis of variance (ANOVA) was used to compare

the means between the different treatments with the

least significant difference (LSD) post-hoc comparison.

The statistical software package SPSS v14 for Windows

was used for this purpose. A value of p < 0.05 was con-

sidered significant in the present study.

Results

There were no significant differences in the body

weights of the animals among all 4 of the groups dur-

ing the 6-week treatment schedule (Fig. 1).

The colons were examined by a handheld lens to

determine the incidence of MPLs. The MPL incidence

was 100% in the DMH-treated group, while an inci-

dence of 62.5% was observed in the groups co-

administered NSAIDs (Tab. 1). The MPLs in rats

largely resemble polyps in humans, which occur as ei-

ther large, single outgrowths or small, grouped out-

growths of tissue that may or may not be raised. No

MPLs were observed in the control group.

Aberrant crypts (ACs) and ACFs were counted

after methylene blue staining under a light micro-

scope at 40× magnification. These ACs and ACFs are

thought to be pre-neoplastic lesions that respond to

carcinogen treatment and stain more darkly than nor-

mal crypts. The microscopic plane of the ACs and the

ACFs was higher than the normal crypts because of

the thickening of the epithelial layer. ACs are gener-

ally larger than ACFs and are present as single le-

sions. In the DMH-treated group, the number of ACs

and ACFs was higher than in the other groups;

no ACs or ACFs were present in the control group

(Tab. 2).
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Tab. 1. The occurrence of multiple plaque lesions (MPLs) after 6 weeks of treatment in the different treatment groups

Animal groups No. of MPLs in different regions of the colon Total no.
of MPLs

No. of rats
with MPL/total

no. of rats

MPL
incidence

(%)

MPL
burden

MPL
multiplicity

Proximal Middle Distal

Control 0 0 0 0 No MPL 0 0 0

DMH 7 ± 0.87 10 ± 1.25 6 ± 0.75 23 ± 1.70 8/8 100 2.87 2.87

DMH + sulindac 2 ± 0.25 4 ± 0.5 3 ± 0.37 9 ± 1.25 5/8 62.5 1.125 1.8

DMH + celecoxib 3 ± 0.37 4 ± 0.5 3 ± 0.37 10 ± 1.08 5/8 62.5 1.25 2.00

MPL incidence = the percentage of animals with MPLs. MPL burden = the total number of MPLs counted/total number of rats. MPL multiplicity
= the total number of MPLs counted/number of MPL-bearing rats. The values represent the mean ± SD of 8 animals from each group



The levels of the pro-inflammatory cytokines IL-1�,

IL-2 and IFN� were higher in the DMH-treated group

as compared with the control group. The DMH + sulin-

dac and DMH + celecoxib groups showed lower ex-

pression of IL-1�, IL-2 and IFN� as compared to the

DMH alone group (Fig. 2a). Higher expression and lo-

calization of IL-1�, IL-2 and IFN� in the DMH alone

group were also observed by immunofluorescence in

paraffin sections (Figs. 3a, 3b and 4a).

The higher expression of iNOS in the DMH-treated

group confirms that DMH, which is a carcinogen in

the colon, initiates inflammatory pathways that result

in the origin of neoplasms because higher levels of

iNOS are known to promote carcinogenesis. Sulindac

and celecoxib reduced the expression of iNOS (Fig. 2a).

The immunofluorescence study also confirmed the

higher expression and localization of iNOS in the

stromal and epithelial cells of the colon in the

DMH-treated group as compared to the control group,

while a lower expression of iNOS was observed in the

groups co-administered NSAIDs as compared to the

DMH alone group (Fig. 4b).
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Tab. 2. The occurrence of aberrant crypt foci (ACFs) after 6 weeks of treatment in the different treatment groups

Groups ACF/colon

Small
(1–3 crypts)

Medium
(4–6 crypts)

Large
(> 6 crypts)

Total

Control 0 0 0 0

DMH 8 ± 0.8 5 ± 0.5 6 ± 0.6 19 ± 1.70

DMH + sulindac 5 ± 0.5 3 ± 0.3 2 ± 0.2 10 ± 1.29

DMH + celecoxib 7 ± 0.7 4 ± 0.4 3 ± 0.3 14 ± 1.29

The values represent the mean ± SD of 10 animals from each group

Fig. 2. (a) Western blot analysis
showing the effects of DMH and DMH
co-administered with either sulindac
and celecoxib on the protein expres-
sion of IL-1�, IL-2, IFN�, iNOS, Jak3
and Stat3. (b) The densitometric analy-
sis of the blots. The values represent
the mean ± SD of 4 animals from each
group. � p < 0.05 and � p < 0.01 in
comparison to the control and � p <
0.05, � p < 0.01 and � p < 0.001 in
comparison to the DMH alone group
by a one-way ANOVA
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Fig. 3. (a) Photomicrographs showing the expression and localization of IL-1� in paraffin sections from different treatment groups using
immunofluorescence at 400� magnification. Colonocytes expressing IL-1� (arrows) can be observed with bright fluorescence due to the
FITC-conjugated secondary antibody. (b) The expression and localization of IL-2 in the colonocytes (arrows) of different treatment groups were
detected via immunofluorescence in paraffin sections at 400� magnification

Fig. 4. (a) Photomicrographs showing the expression and localization of INF-� (arrows) in different treatment groups via immunofluorescence in
paraffin sections at 400� magnification. (b) The expression and localization of iNOS (arrows) in paraffin sections from all of the treatment groups
observed by immunofluorescence at 400� magnification



The expression of Jak3 and Stat3, which are anti-

apoptotic transcription factors induced by pro-inflam-

matory cytokines, were higher in the DMH alone

group as compared to the control group. Jak3 and Stat3

further enhance the inflammatory pathways activated

by DMH. The groups co-administered NSAIDs

showed lower expression of Jak3 and Stat3 with re-

spect to the DMH alone group, which supports the

apoptotic potential of sulindac and celecoxib (Fig. 2a).

The differential DNA-binding activities of acridine

orange and ethidium bromide showed that the NSAID

co-administered groups had more apoptotic cells with

respect to the DMH alone group (Fig. 5a).

NF-�B, which is a transcription factor that pro-

motes the expression of both pro-inflammatory and

anti-apoptotic proteins, plays a role in tumor progres-

sion. The DMH alone group showed higher NF-�B

(p65) DNA-binding activity compared with the con-

trol group, whereas the DNA-binding activity of

NF-�B (p65) was suppressed by sulindac and cele-

coxib when co-administered with DMH (Fig. 5c).

This shows that the anti-inflammatory and anti-
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Fig. 5. (a) Apoptotic potential analysis using the DNA-binding dyes acridine orange and ethidium bromide, which were observed under
a fluorescent microscope at 400� magnification. The apoptotic cells have nuclei that are brightly stained with ethidium bromide (arrows).
(b) A graph representing the percent apoptotic cell counts in different treatment groups. (c) The quantitation of NF-�B (p65) DNA-binding
activity was calculated by the absorbance at 450 nm/cell extract (50 µg/well). The graph represents the relative transcriptional activity of NF-�B
in all of the treatment groups. The values represent the mean ± SD of 4 animals from each group. � p < 0.001 and � p < 0.01 in comparison to the
control group and � p < 0.001 and � p < 0.01 in comparison to the DMH alone group by a one-way ANOVA

a
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Fig. 6. (a) Western blot analysis show-
ing the effect of DMH and DMH
co-administered with either sulindac
and celecoxib on the protein expres-
sion of COX-2, IL-4 and TNF-�. (b) The
densitometric analysis of the blots. The
values represent the mean ± SD of
4 animals from each group. � p < 0.01
in comparison to the control group and
� p < 0.05 and � p < 0.01 in compari-
son to the DMH alone group by
a one-way ANOVA

Fig. 7. (a) Immunofluorescence analysis of paraffin sections at 400� magnification showing the expression and localization of IL-4-expressing
colonocytes (arrows) in the different groups. (b) TNF-� expression and localization in colonocytes (arrows) in paraffin sections of the different
groups observed by immunofluorescence at 400� magnification



carcinogenic properties of sulindac and celecoxib are

mediated via suppression of the transcriptional activ-

ity of NF-�B.

The expression of COX-2 was also higher in the

DMH alone group with respect to the control group,

suggesting that COX-2 is a cause of inflammation in

colonic tissue. However, both of the NSAIDs sup-

pressed the inflammatory action of COX-2 by lower-

ing its expression (Fig. 6a).

The anti-inflammatory and apoptotic actions of the

NSAIDs were demonstrated by the higher expression

of the cytokines IL-4 and TNF-� following co-admi-

nistration with DMH as compared to the DMH alone

group (Fig. 6a). The expression and localization of

IL-4 and TNF-� were also shown by immunofluores-

cence. Figure 7a shows a blood vessel localized in

the sub-mucosal layer (arrow) containing IL-4-secret-

ing leukocytes in the DMH + sulindac group, and

Figure 7b shows a blood vessel generated due to

angiogenesis in the stromal layer (arrow), which also

has leukocytes that are known to secrete pro-

inflammatory cytokines, such as IL-4 and TNF-�.

These results suggest an anti-carcinogenic effect of

NSAIDs when co-administered with DMH by nega-

tively regulating the pro-inflammatory cytokines.

Discussion

The present in vivo experimental colon cancer model

demonstrates the role of inflammatory pathways in

rats in the initiation of colon tumorigenesis when

treated with DMH and the chemopreventive role of

NSAIDs (sulindac and celecoxib). NSAIDs have long

been used to cure inflammatory diseases; however,

they have recently gained interest in the chemopre-

vention of various cancers, especially in the chemo-

prevention of colorectal cancer [24].

At an early stage of neoplasia, the presence of MPLs

suggests macroscopic sites of tumor growth [30]. In

our study, MPLs appeared as bulges of the epidermis

in the DMH-treated group. When DMH was co-ad-

ministered with an NSAID, the MPLs were small and

few in number, suggesting that NSAIDs may inhibit

tumor growth in early stages of neoplasia. Similarly,

ACFs are characterized as areas of thick-walled cells

that are composed of one or multiple enlarged crypts

elevated above the surrounding mucosa and are con-

sidered to be putative pre-neoplastic lesions of the co-

lon during inflammation. In these lesions, multiple

molecular changes are likely to drive the cell prolif-

eration toward committed malignancy [7, 20].

The higher expression of the pro-inflammatory cy-

tokines IL-1�, IL-2 and IFN� suggest that the colon is

under inflammatory stress. IL-1� has been demon-

strated to increase in colonic cells and in the sur-

rounding immune cells found either in blood vessels

or in lymphoid tissue [36]. This secreted IL-1� works

as a paracrine factor by binding to its receptors and

initiating inflammatory responses that induce COX-2

expression; the induction of COX-2 is likely caused

by activation of the NF-�B pathway [15]. Co-

administration of sulindac and celecoxib with DMH

reduced the DMH-elevated levels of IL-1� and

thereby prevented the inflammatory response.

IL-1� may not be the only molecule responsible for

the inflammation observed in this study because there

are many pro-inflammatory cytokines that may also

play a role in the inflammatory response via other sig-

naling pathways. A higher expression of IL-2 was ob-

served in the DMH-treated group, which may contrib-

ute toward the non-recognition of tumor cells by cyto-

toxic lymphocytes. Elevated IL-2 also causes AICD

of the cytotoxic immune cells that are generated dur-

ing the inflammatory response to fight the pathogen

and kill malignant cells with undefined cell surface

markers [4]. IL-2 also functions in a paracrine manner

and acts as an activator of Jak3 by auto-phosphoryla-

tion in cancer cells [11]. In turn, the activation of Jak3

leads to the activation of Stat3, which is a transcrip-

tion factor that positively regulates various pro-

inflammatory cytokines, growth factors and anti-

apoptotic agents [17, 33]. The expression of both Jak3

and Stat3 was higher in the DMH-treated group. With

the co-administration of NSAIDs, the expression of

IL-2, Jak3 and Stat3 was reduced with respect to the

DMH alone group. Similarly, down-regulation of

IFN� expression in the DMH + sulindac and DMH +

celecoxib groups with respect to the DMH alone

group may contribute toward the anti-inflammatory

actions of these NSAIDs in the colon.

The higher expression of iNOS is related to the in-

flammatory response in the colon because its expres-

sion increases following the activation of Stat3,

NF-�B and COX-2 [29, 32, 41]. However, sulindac

and celecoxib efficiently suppressed the activation

and the transcriptional activity of NF-�B; therefore,

the levels of COX-2 and iNOS were lower in the

groups co-administered NSAIDs.
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The activation of NF-�B is a multi-signaling path-

way, which can also be activated by IL-1� and

TNF-�. The anti-apoptotic properties of TNF-� are

known to be mediated via NF-�B activation [31, 40],

but if NF-�B is suppressed by other means, the ele-

vated levels of TNF-� may also induce apoptosis

[21]. In the present study, the transcriptional activity

of NF-�B was suppressed by sulindac and celecoxib;

thus, the higher levels of TNF-� may support the

anti-neoplastic activity of these agents.

IL-4 functions as a growth and differentiation fac-

tor for B- and T-lymphocytes; however, it also has an

inhibitory effect on human cancers [19]. Higher ex-

pression of IL-4 was observed in the groups that were

co-administered NSAIDs as compared with the DMH

alone group, which suggests that the anti-neoplastic

activity of the NSAIDs may be mediated through the

inhibitory effects of IL-4 on cell-cell adhesion to pre-

vent tumor invasion and metastasis [9].

The higher expression of pro-inflammatory cytoki-

nes and transcription factors observed in the DMH-

treated group gives rise to an imbalance in cell prolif-

eration and apoptosis that may lead to cancer. How-

ever, NSAIDs may induce apoptosis by suppressing

anti-apoptotic gene transcription while increasing the

expression of anti-inflammatory cytokines to counter

the neoplastic commitment of the host cells.

In conclusion, the present study demonstrated the

molecular effects of pro-inflammatory cytokines and

transcription factors in the initiation of DMH-induced

colorectal cancer. Further, sulindac and celecoxib de-

creased the levels of pro-inflammatory cytokines

while elevating the expression of anti-inflammatory

cytokines in DMH induced colorectal cancer, suggest-

ing an anti-inflammatory role for NSAIDs in colorec-

tal cancer. Thus, NSAIDs represent promising agents

for the chemoprevention of colorectal cancer in early

neoplasm stages.
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