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Abstract
Colon cancer is second leading cause of cancer-related deaths in Western countries. Diet and
smoking, which contain aromatic and heterocyclic amines, are major risk factors for colon cancer.
Colorectal cancers have a natural history of long latency and therefore provide ample opportunities
for effective chemoprevention. 3,2’-Dimethyl-4-aminobiphenyl (DMABP) is an experimental
aromatic amine that causes cancer in rat colon and serves as an experimental model for arylamine
and heterocyclic amine mutagens derived from diet and smoking. In this study, we investigated the
effects of celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor on DMABP-induced DNA
adduct formation in rat liver and colon. Male F-344 rats (5-weeks old) were provided free access to
modified AIN-76A rat chow containing 0 (control), 500, 1000, or 1500 ppm celecoxib. Two weeks
later, the rats received a subcutaneous injection of 100 mg/kg DMABP in peanut oil. Two days after
DMABP treatment, the rats were killed and DMABP-derived adducts were analyzed in colon and
liver DNA by butanol extraction-mediated 32P-postlabeling. Two major DNA adducts, identified as
dG-C8-DMABP and dG-N2-DMABP, were detected in liver and colon of rats treated with DMABP.
These DNA adducts were diminished approximately 35–40% with 500 ppm and 65–70% with 1,000
ppm celecoxib. In the colon, no further decline in DNA adducts was observed at 1500 ppm. The
same DMABP-DNA adducts also were detected in the liver and were also diminished by celecoxib
treatment. The reduction in DMABP-DNA adduct levels in celecoxib-treated animals provides
further support for celecoxib as a chemopreventive agent for colorectal cancer.
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1. Introduction
Colorectal cancer is one of the leading causes of cancer-related deaths in the Western world
[1]. Family history, diet and genetic pre-disposition are major risk factors for this cancer [2].
However, environmental carcinogens have also been implicated [3]. Several aromatic amines
present in the environment, such as tobacco smoke, and heterocyclic amines derived from well-
done meat have been considered carcinogenic to humans [4]. 3,2’-dimethyl-4-aminobiphenyl
(DMABP) is an experimental aromatic amine carcinogen used for studying the induction of
colon cancer in rodents [5] that has close structural similarity with mutagens isolated from
well-done meat. DMABP undergoes N-hydroxylation by cytochrome P450 1A2 [6], followed
by O-acetylation, which upon hydrolysis reacts with DNA [7,8] to form adducts that are
mutagenic and carcinogenic [9].

Celecoxib is a COX-2 specific inhibitor which has less toxicity than traditional COX inhibitors.
The two isoforms of cyclooxygenase, COX-1 and COX-2, catalyze the synthesis of
prostaglandins from arachidonic acid. While COX-1 is expressed constitutively in most tissues
and control normal physiological functions, COX-2 is not detected in most normal tissues and
is induced by mitogenic and inflammatory stimuli [10], resulting in the increased synthesis of
prostaglandins. Several studies have demonstrated overexpression of COX-2 in cancers [11–
14]. Studies that knocked out COX-2 expression demonstrated reduced incidence of skin
papillomas and intestinal tumors [15,16]. COX-2 overexpression in colon cancers has been
demonstrated by several studies [17–19]. Thus, several lines of evidence suggest that COX-2
is a potential target for prevention and treatment of colon cancer. Celecoxib has shown
inhibition of tumorigenesis in several animal models such as azoxymethane-induced colon
tumors in F344 rats [20], 9,10-dimethyl-1,2-benzanthracene-induced breast tumors in Sprague-
Dawley rats [21], and N-butyl-N-(4-hydroxybutyl)-nitrosamine-induced urinary bladder
carcinogenesis [22]. This drug has been approved for the treatment of rheumatoid arthritis and
osteoarthritis and has also been approved for the treatment of familial adenomatous polyposis,
following a clinical trial that showed positive effect with 400 mg celecoxib twice a day for 6
months [23]. A recent report on significant reduction of colorectal adenomas with 400 mg
celecoxib once daily for three years after polypectomy was published [24], although a nearly
2 fold-increased cardiovascular risk was observed [25]. However, there are no studies that
investigated the role of celecoxib in inhibiting aromatic amine-induced tumorigenesis. In this
study, we have investigated the effect of celecoxib on DMABP-derived DNA adducts, a
biomarker of aromatic-amine-induced tumorigenesis.

2. Materials and methods
2.1. Chemicals

DMABP was purchased from Toronto Research Chemicals, Inc. (Toronto, Canada). dG-C8-
DMABP and dG-N2-DMABP standards, derived by reacting N-OH-DMABP with calf thymus
DNA were kindly provided by Dr. Tom Flamming, National Center for Toxicological Research
(Jefferson, AR). Celecoxib was kindly donated by Pfizer Inc. (Groton, CT).

2.2. Animals and treatment
Weanling F-344 inbred rats were fed AIN-76A diet for a week after acclimation. At 5 weeks,
rats were separated into groups and fed AIN-76A diet supplemented with either 0, 500, 1000
or 1500 ppm celecoxib. At 7 weeks, rats were injected subcutaneously with DMABP (100 mg/
kg in peanut oil) or vehicle control once. After 2 days, rats were euthanized with CO2, liver
and entire colorectum were removed and stored at −80°C until DNA isolation.
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2.3. DNA isolation
Colon tissue was cut open, washed with saline to remove residual fecal content and mucosal
scrapes were collected in Tris-EDTA buffer, pH 8.0. DNA was isolated from the colon samples
by a solvent extraction procedure as described in detail previously [26]. Briefly, crude nuclei
were isolated from frozen liver tissues or mucosal scrapes prior to digestion with RNAses and
proteinase K, followed by sequential extractions with phenol, phenol:Sevag
(chloroform:isoamyl alcohol, 24:1) and Sevag. DNA was recovered by precipitation with
ethanol in the presence of sodium chloride and dissolved in HPLC-grade water. The purity and
concentration of DNA was determined spectrophotometrically.

2.4. Analysis of DNA adducts by 32P-postlabeling
DNA samples were analyzed by 32P-postlabeling method [26]. Briefly, 7 µg DNA was digested
with micrococcal nuclease and spleen phosphodiesterase (enzyme: substrate 1:5). An aliquot
was removed and used for evaluation of normal nucleotide levels. Adducts were enriched by
butanol extraction in the presence of phase-transfer agent tetrabutylammonium chloride.
Adducts were labeled with molar excess of [γ-32P] ATP (6000 Ci/mmol). Adducts were
resolved by multidirectional polyethyleneimine (PEI)-cellulose TLC in the following solvents:
D1 = 2.3 M sodium phosphate, pH, 6.0; D3 = 2.5 M lithium formate/7 M urea, pH 3.5; D4 =
0.6 M sodium phosphate/7 M urea, pH 8.0; D5 = 1.7 M sodium phosphate, pH 6.0.
Development in D2 direction was omitted. Normal nucleotides were resolved in 180 mM
sodium phosphate, pH 6.0. Adducts were detected and quantitated using Packard
InstantImager. Relative adduct labeling was expressed as adducts/109 nucleotides.

2.5. Co-chromatography of liver and colon DNA from with reference DMABP-derived DNA
adducts

DNA adducts from liver and colon were identified by co-chromatography with dG-C8-
DMABP and dG-N2-DMABP adducts derived from calf thymus DNA reacted with N-OH-
DMABP. Aliquots of labeled DNA digest and reference adducts were chromatographed
individually and in combination. Adducts were resolved by multi-directional PEI-cellulose
TLC as described above.

2.5. Statistics
Adduct analysis was carried out in all 8 animals within each group. Data are expressed as mean
± SE. Overall dose effect relationship with celecoxib intervention was determined by one-way
analysis of variance. All other comparisons between the groups were carried out by negative
binomial regression with logarithm as link function. A p value of <0.05 was considered
statistically significant.

3. Results
32P-Postlabeling analysis of DNA adducts following treatment with DMABP revealed 3 major
adducts both in the liver and colon samples analyzed – adducts 2 (dG-C8-DMABP), 3
(unidentified) and 4 (dG-N2-DMABP) (Fig 1). No adducts were detected in vehicle-treated
rats. No qualitative differences were found in the adduct pattern following intervention with
celecoxib (Fig 1). However, a dose-dependent decrease was observed upon intervention with
celecoxib for all the adducts detected in both liver (Table 1) and colon (Table 2).

In the liver, there was a 66%, 79% and 83% reduction of dG-C8-DMABP (p<0.0001) and 38%,
78% and 86% reduction of dG-N2-DMABP (p<0.0001) at 500, 1000 and 1500 ppm,
respectively. The other adducts detected showed significant reduction at doses 1000 and 1500
ppm (Table 1).
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In colon, dG-C8-DMABP adduct was reduced by 40% and 70% at 500 ppm and 1000 ppm
doses, but there was no further effect beyond 1000 ppm. dG-N2-DMABP adduct was reduced
by 36% and 67% and 76% at 500, 1000 and 1,500 ppm (p=0.0002), respectively. However,
total adduct burden was effectively reduced at 1000 ppm but no further reduction was
appreciated at 1500 ppm. The other unknown major adduct was reduced similarly (Table 2).
The minor adduct was at very low levels or absent. Reduction in total adduct burden was
significant from 1000 ppm to 1500 ppm only in the liver (p=0.0298).

dG-C8-DMABP and dG-N2-DMABP standards, derived by reacting N-OH-DMABP with calf
thymus DNA, were run in parallel with the samples to ascertain the identity of the two known
major adducts. Identity of the two adduct standards was confirmed by nuclease P1 treatment
earlier [27]. Co-chromatography of the liver and colon DNA with reference DMABP-derived
adducts confirmed the identity of the tissue DNA adducts detected (Fig 2). Co-chromatography
of colon and liver DNA showed that the major and minor adducts were identical (not shown).
The third major adduct and minor adducts (#1, #5 and #6) were also detected in calf thymus
DNA treated with N-OH-DMABP and were chromatographically identical, and remain
unidentified.

4. Discussion
The DMABP-derived colon tumorigenesis in F-344 rats has defined stages of premalignant
lesions that make it ideal for intervention studies. DMABP has structural similarity to mutagens
present in well-done meat. Tumorigenesis in this model was shown to be influenced by dietary
fat and fiber [28,29] and therefore has direct relevance to human colon cancers, where Western
dietary habits play a major role. This study examined the chemoprotective effect of celecoxib
on levels of DMABP-derived adducts in the target organ colon and the non-target liver.
Administration of DMABP in F344 rats result in high adduction in both liver and colon DNA
and this has been shown in earlier studies by Williams et al [30]. Studies on formation and
removal of DNA adducts in target and non-target tissues with DMABP [31,32], with DMBA
[33] and from our lab with 2-acetylaminophenanthrene [34] have shown that the adducts levels
were as high in non-target liver as in target tissues or higher. However, it has been shown that
they do not form tumors in liver [7,33]. These data suggest that DNA adduct formation is
essential but additional factors such as cell proliferation are necessary for tissue susceptibility
to tumor development. Although the adduct levels were similar in the liver and colon,
tumorigenesis occurs only in colon in this model. This could be explained, in part, by the fact
that while the lesions are removed in the liver, lesions of the colon, due to high cell turnover,
probably get fixed and therefore result in tumors. Westra et al [7] have shown that while the
specific activity of the radioactive DMABP-derived adducts remained constant in liver between
1 and 7 days of injection, it decreased in the intestine, which is due to cell turnover and
additional adduct formation. The lesions are therefore more likely to be fixed in intestine than
liver.

Celecoxib showed a dose-response related reduction in DMABP-derived DNA adducts in both
liver and colon. In liver, 1500 ppm showed maximum protective effect, but colon did not show
any further effect above 1000 ppm. These results support a protective effect of celecoxib on
aromatic amine-induced carcinogenesis. Although celecoxib is shown to have an inhibitory
effect on CYP2D6 [35,36], its effect on other phase I enzymes or on conjugation mechanisms
are not known. However, NSAIDS have been shown to have several COX-independent
mechanisms of protection such as prevention of DNA fragmentation [37], promotion of
apoptosis [38,39] and modulation of several other signal transduction molecules [40].

Of the different pathways described for the metabolism of DMABP, the classical N-
hydroxylation is the most extensively studied pathway involving cytochrome CYP1A2 and
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further O-acetylation by N-acetyltransferases to form DNA reactive metabolites [41].
However, an alternate pathway of activation, that involves the enzyme cyclooxygenase (COX)
in metabolic activation of the heterocyclic amines has been described, resulting in the formation
of metabolites which undergo secondary reactions [42,43]. Studies have shown that the
metabolic activation of primary and tertiary aromatic amines by prostaglandin H synthase does
not involve the N-hydroxy intermediate step [44]. Studies on aromatic amines such as N-
acetylbenzidine (ABZ) have shown that they can be metabolized through alternate pathways
by peroxygenase to produce DNA adducts [45]. Comparison of the derived adduct with
synthetic standards by HPLC confirmed the formation of dGp-ABZ by this mechanism [46].
Wiese et al [47] have shown that hCOX enzymes have the ability to activate several
environmental and dietary carcinogens, including MeIQx, 4-ABP and B[a]P. Alternative
mechanisms of metabolism of heterocyclic amines such as IQ and MeIQx yield similar types
of adducts as their N-OH analogues. Both N-NO-IQ and N-OH-IQ formed dG-C8-IQ, and co-
migration of these adducts was confirmed by 32P-postlabeling and HPLC methods [48]. The
N-Nitroso analogues of IQ and MeIQx, activated by conditions that mediate inflammatory
responses therefore have the ability to bind to DNA and form dG-C8 adducts, and have
genotoxic potential [48,49]. Formation of DMABP-derived adducts by pathways other than
N-hydroxylation could partly explain the dose-dependent reduction of these adduct levels by
celecoxib. Specific adducts derived by prostaglandin H synthase have been shown to be poorly
extracted into butanol [50]. However, no adducts in addition to those described previously
could be identified either by butanol extraction or by nuclease P1 in this study (data not shown).
Inhibition of prostaglandin H synthase-mediated DNA adduction as a possible mode of action
of celecoxib needs more detailed examination.

In summary, this study demonstrates for the first time the role of celecoxib in reducing
DMABP-derived DNA adducts. Persistence of these DNA adducts and a dose-dependent
reduction suggests that DNA adducts can be used as early biomarkers in colon cancer
chemoprevention studies. Elucidating the exact mechanisms by which celecoxib exerts its
effects on DMABP metabolism and/or DMABP-derived adducts would prove important in
understanding its chemopreventive effects.
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Figure 1.
Representative 32P-postlabeling DNA adduct maps from liver and colon of rats exposed to
vehicle, DMABP and celecoxib (1000 ppm). Labeled adducts were resolved using TLC
conditions described in text. Adduct 2 – dG-C8-DMABP; adduct 4 – dG-N2-DMABP; adducts
1, 3, 4–6 – unidentified.
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Figure 2.
Co-chromatography of liver and colon DNA of rats treated with DMABP with reference
DMABP-derived adducts. A–Reference DMABP-derived DNA adducts; B-Liver DNA; C-
Colon DNA; D-Liver DNA + reference adducts; E-Colon DNA + reference adducts. 32P-
labeled adducts were resolved by multi-directional PEI-cellulose TLC using solvents described
in text.
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Table 2

Effect of celecoxib on DMABP-derived DNA adducts in colon. Values represented are mean ± SEM from 8
animals

Treatment
Adducts/109 nucleotides

C8-DMABP 3 N2-DMABP Total

Control 3,062 ± 335 1,489 ± 172 1,171 ± 228 5,723 ± 465

500 ppm celecoxib
% reduction

1,815 ± 319
40.7

848 ± 106
43.1

753 ± 66
35.7

3,417 ± 343
40.3

1000 ppm celecoxib
% reduction

914 ± 119
70.1

341 ± 73
77.1

392 ± 37
66.5

1,646 ± 184
71.2

1500 ppm celecoxib
% reduction

p value

973 ± 202
68.2

<0.0001

332 ± 90
77.7

<0.0001

277 ± 27
76.3

0.0002

1,582 ± 272
72.4

<0.0001
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