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Abstract
In the US alone, around 60,000 lives/year are lost due to colon cancer. Diet and environment have
been implicated in the development of sporadic colon tumors. The objective of this study was to
determine how dietary fat potentiates the development of colon tumors through altered B(a)P
biotransformation, using the Adenomatous polyposis coli with Multiple intestinal neoplasia mouse
model. Benzo(a)pyrene was administered to mice through tricaprylin, and unsaturated (USF;
peanut oil) and saturated (SF; coconut oil) fats at doses of 50 and 100 μg/kg via oral gavage over a
60-day period. Blood, colon, and liver were collected at the end of exposure period. The
expression of B(a)P biotransformation enzymes [cytochrome P450 (CYP)1A1, CYP1B1 and
glutathione-S-transferase] in liver and colon were assayed at the level of protein, mRNA and
activities. Plasma and tissue samples were analyzed by reverse phase high-performance liquid
chromatography for B(a)P metabolites. Additionally, DNA isolated from colon and liver tissues
was analyzed for B(a)P-induced DNA adducts by the 32P-postlabeling method using a thin-layer
chromatography system. Benzo(a)pyrene exposure through dietary fat altered its metabolic fate in
a dose-dependent manner, with 100 μg/kg dose group registering an elevated expression of B(a)P
biotransformation enzymes, and greater concentration of B(a)P metabolites, compared to the 50
μg/kg dose group (P<.05). This effect was more pronounced for SF group compared to USF group
(P<.05). These findings establish that SF causes sustained induction of B(a)P biotransformation
enzymes and extensive metabolism of this toxicant. As a consequence, B(a)P metabolites were
generated to a greater extent in colon and liver, whose concentrations also registered a dose-
dependent increase. These metabolites were found to bind with DNA and form B(a)P-DNA
adducts, which may have contributed to colon tumors in a subchronic exposure regimen.
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1. Introduction
Colorectal cancer (CRC) is one of the most common cancers in the Western world. In the
United States alone, nearly 143,460 new cases of CRC have been diagnosed recently and
51,690 will die of this cancer [1]. People get colon cancer through hereditary (familial) and
sporadic means. Sporadic gene mutation seems to play an important role in the development
of tumors in 90% of the colon cancer cases in which there is no familial history of colon
cancer [2]. Dietary factors and environmental agents have been suspected of causing
sporadic gene mutations and therefore involved in the induction of sporadic colon
carcinomas [3]. Global cancer statistics reveal that this cancer is a major cause of cancer
deaths in the western world [4].

Specific components of western diet including consumption of meat (particularly red and/or
well-done meat) and dietary fat (particularly polyunsaturated and saturated fatty acids) have
been proposed as risk factors that influence susceptibility to colorectal cancer [5,6]. An
overwhelming epidemiological evidence indicates that red meat intake and excessive
adiposity increase susceptibility to colorectal neoplasia [7–9].

Of the several environmental chemicals reported to contribute to toxicity of the
gastrointestinal system, the polycyclic aromatic hydrocarbons (PAHs) have garnered a lot of
interest as they are formed in barbecued meat [10–12]. In addition to their formation during
cooking, PAHs are also emanated from environmental [13,14] and occupational [15,16]
sources, thus contributing significantly to dietary contamination, intake and development of
CRC in humans [17,18]. The concentrations of PAHs found in products of plant and animal
origin have extensively been reviewed and the intake ranged from 0.02 to 3.6 μg per person
per day [10]. Grilled and barbecued meats were reported to contain high levels of
benzo(a)pyrene [B(a)P; a prototypical PAH compound] compared to pan-fried and boiled
foods [19] and contributes to 21% of mean daily intake of B(a)P [20].

Epidemiological studies provide evidence for a consistent interaction between PAH-
associated fatty diet/red meat intake and CRC development. Findings from a clinic-based
case–control study bolster the hypothesis that dietary intake of PAHs is associated with CRC
risk [21]. Using the same study design and a sample size of about 4000 adenoma cases, this
research group [22,23] also showed that consumption of well-done red meat was associated
with increased risks for colon adenomas. Similar to the above-mentioned studies, another
sigmoidoscopy- based study (275 CRC cases) reported an association among high intake of
barbecued red meat, B(a)P, and colorectal adenomas [24]. In a colonoscopy study that
involved more than 2500 subjects, a statistically significant dose–response relationship
between adenoma incidence in colon and dietary exposure to B(a)P was revealed [6]. In
another study involving 370 cases of CRC, high intake of B(a)P was associated with an
increased risk of CRC among individuals carrying the CT genotype for UGT1A (UDP-
glucuronosyltransferase1A), a phase II enzyme involved in the detoxification of B(a)P.
Additionally, correlation between total mutagenic activity and adenomas was found to be
high for B(a)P [25]. A recent study that comprised of 1008 subjects revealed an elevated risk
of rectal adenoma (early neoplasia) in association with B(a)P intake through meat [26].
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The aforementioned epidemiological studies have already established an association
between PAH intake and incidence of CRC in human populations. However, studies in
animal models are warranted to replicate phenotypic manifestation of the disease most
similar to that of humans and to identify the mechanisms of environmental toxicant-induced
colon cancers. Of the rodent models, Adenomatous polyposis coli with Multiple intestinal
neoplasia (ApcMin) has been widely used to study the onset and progression of
gastrointestinal cancers. In this mouse, the loss of a single copy of the tumor suppressor
gene APC predisposes the mice to the development of a large number of polyps in the
intestine [27], which grow into full-blown when challenged with chemical carcinogens.
Studies from our laboratory have already shown the incidence of colon tumors caused by
B(a)P in ApcMin mouse with more tumors occurring in mice that received B(a)P through
saturated fat (SF) compared to unsaturated fat (USF) [28].

Biotransformation plays a pivotal role in the conversion of chemical carcinogens into
reactive species that damage cellular macromolecules, interfere with signaling pathways and
cause cancer [29–31]. Hence, it is conceivable that colorectal cancers are promoted by the
increased intake of PAHs through dietary fat that in turn influences the biotransformation
and metabolic processing of toxic chemicals. Therefore, the objective of this study was to
examine whether dietary lipid type and administered dose levels of B(a)P will alter the
biotransformation of this toxicant in this mouse model. In this study we report that the
biotransformation enzyme [cytochrome P450 (CYP)1A1, 1B1 and glutathione-S-transferase
(GST)] activities and expression was pronounced when B(a)P was administered through
saturated fat, relative to its administration through unsatu-rated fat or tricaprylin.
Additionally, the biotransformation profiles, products of biotransformation [B(a)P
metabolites], and B(a)P-DNA adducts (markers of premutagenesis) were found to be B(a)P
dose-dependent. Our studies indicate a relationship between biotransformation and colonic
tumors in this mouse model.

2. Materials and methods
2.1. Chemicals

Benzo(a)pyrene (CAS No. 50-32-8; 98% pure), peanut oil, coconut oil, sodium dodecyl
sulfate (SDS), Ponceau S solution and tricaprylin were purchased from Sigma-Aldrich
Chemical Company (St. Louis, MO, USA). Lithium chloride, urea, sodium phosphate
(monobasic and dibasic), methanol, chloroform, ethanol and 10% formalin, isopropyl
alcohol were purchased from Fisher Scientific Company (Kennesaw, GA). Sucrose, EDTA
and Tris–HCl were purchased from Curtin Matheson Scientific (Houston, TX, USA). The
CYP1A1, CYP1B1, actin, and rabbit anti-goat IgG–horseradish peroxodase (HRP)
antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The GST-P
antibody was purchased from Assay Designs (Ann Harbor, MI, USA). The Quick Start
Bradford Protein Assay Kit, ethidium bromide, Precision Plus Protein blue standards,
tetramethyl-ethylenediamine, ammonium persulfate, 30% acrylamide and bis-acrylamide
solution, Laemmli sample buffer, agarose, EZ load 100 bp molecular ruler, Immun-Star
HRP substrate and 2-mercaptoethanol (βME) were purchased from Bio-Rad Laboratories
(Richmond, CA, USA). The HyGLO ECL Spray Chemiluminescent HRP antibody detection
reagent was purchased from Denville Scientific (Metuchen, NJ, USA). Easy-DNA kit,
RNase/DNase-free water and Trizol reagent were purchased from Invitrogen (Carlsbad, CA,
USA). The magnesium chloride, Go Taq Flexi DNA Polymerase, random primers, reverse
transcription buffer, deoxynucleotide triphosphates (dNTPs), RNase inhibitor, avian
myeloblastosis virus reverse transcriptase, Tris/Borate/EDTA buffer, and Tris-acetate-
EDTA buffer were purchased from Promega (Madison, WI, USA). The CYP1A1 and 1B1
enzyme assay kits were purchased from Promega (Madison, WI, USA). The GST assay kit
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was purchased from Biovision (Mountain View, CA, USA). HeLa whole cell lysate
(positive control for CYP1A1) and mouse kidney extract (positive control for CYP1B1)
were obtained from Santa Cruz Biotechnology. Mouse kidney extract (positive control for
GST) was also purchased from Assay Designs.

2.2. Animal exposure to benzo(a)pyrene
Six-week-old male ApcMin mice (Jackson Labs, Bar Harbor, ME, USA) weighing
approximately 24 g were used in this study. The mice were housed in groups of 2–3 per
cage, maintained on a 12/12 hour light/dark cycle (lights on at 0600 hour) and allowed free
access to rodent chow (2016 Teklad Global 16% protein rodent diet [3.5% fat]; Harlan
Laboratories, Indianapolis, IN, USA) and water. All animals were allowed a seven-day
acclimation period prior to being randomly assigned to a control (n=7) or treatment group
(n=7). Mice were housed in polycarbonate cages (Lab Products, Seaford, DE, USA) with
Soft Cellulose bedding (laboratory grade 7089 Teklad; Harlan Laboratories, Indianapolis,
IN, USA) in Meharry animal care facility. The animal care facility is accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care International
and is under the oversight of Institutional Animal Care and Use Committee (IACUC). The
Meharry IACUC ensures that animal-related experiments adhere to the National Institutes of
Health (NIH) guidelines for the humane care and use of laboratory animals [32].

Two doses (50 and 100 μg/kg) of B(a)P (97% pure, Sigma Chemical, St. Louis, MO, USA)
dissolved in peanut and coconut oils (representatives of unsaturated and saturated fat
respectively; research grade, Sigma) were administered to mice. Mice from the control
groups received only the oils without B(a)P. Mice, which received no oils and B(a)P were
grouped as negative controls, whereas mice that received no oils, but administered B(a)P
through tricaprylin [vehicle for B(a)P] were grouped as positive controls. Benzo(a)pyrene
was administered to mice daily via a single oral gavage (200 μl/animal) for 60 days. The
rationale for choosing B(a)P doses and dosing vehicles were mentioned elsewhere [28].

Since B(a)P and its metabolites are fall under the category of human carcinogens Group I,
designated by the International Agency for Research on Cancer [33], they were handled
according to US Environmental Protection Agency health effects testing guidelines (40CFR
798) and NIH [34] guidelines. In addition to wearing the appropriate protective equipment
which includes a laboratory coat, gloves and mask, all handling was conducted in an exhaust
hood and in subdued light to prevent photodegradation of B(a)P. Any unused B(a)P was
placed in a hazardous waste container for proper disposal.

2.3. Tissue sample collection
After the above mentioned period of exposure, the mice were sacrificed post induction of
anesthesia. The chemicals used for anesthesia were pharmaceutical grade ketamine (80 mg/
kg) and xylazine (16 mg/kg) administered via intraperitoneal injection. Blood, colon and
liver tissues were collected, transferred into cryovials and stored frozen in liquid nitrogen
until analyzed.

2.4. RNA Isolation
Tissues (colon or liver) weighing 100 mg were homogenized in 1 ml of Trizol reagent using
a Polytron PT 3100 homogenizer (Capitol Scientific, Austin, TX, USA). The homogenate
was centrifuged at 12,000×g for 10 min using a Sorvall Legend Micro 17 R rotor (DJB
Labcore Ltd, Buckinghamshire, England). Two hundred microliters of chloroform was
added to the supernatant, mixed well and incubated at room temperature for 3 min. Samples
were then centrifuged at 12500×g for 15 min at 4°C to promote separation of the sample into
three phases. The upper aqueous phase containing the RNA was transferred to a fresh
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mircofuge tube and the RNA was precipitated by mixing with 500 μl of isopropyl alcohol.
Samples were then incubated at room temperature for 10 min and centrifuged at 12500×g
for 10 min at 4°C to precipitate the RNA. Then RNA pellet was then washed once by
vortexing in 1 ml of 75% ethanol and centrifuged at 12500×g for 20 min at 4°C. The ethanol
was decanted, and the RNA pellet was allowed to dry to remove any residual ethanol. After
the pellet was dried, the RNA was redissolved in RNase-DNase free water and heated for 10
min in a 55 °C water bath. The RNA concentration and integrity was determined using a
Nanodrop Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and RNA was
stored at –20°C.

2.5. Reverse transcriptase polymerase chain reaction (RT-PCR)
Total RNA was isolated using Trizol reagent as previously described. The cDNA and
production of PCR amplification from 1 μg of RNA were synthesized using QIAGEN One-
Step RT-PCR kit (QIAGEN Inc, Valencia, CA, USA). The final concentrations of reagents
in the PCR system were as follows: 1X QIAGEN One-Step RT-PCR buffer, 400 μM of each
dNTP, 20 pmol forward and reverse primer mix, 1× Q-solution (containing MgCl2), an
enzyme mix containing Omniscript and Sensiscript Reverse transcriptase for reverse
transcription and HotStarTaq polymerase for PCR, and RNase–DNase-free water to yield a
final reaction master mix volume of 24 μl. The reaction tube was gently mixed by tapping
and then briefly spun down. Twenty-four microliters of reaction master mix was added to 1
μl (1 μg/μl) of each sample and mixed by tapping and briefly spun. The primers used for
amplification of CYP1A1, CYP1B1, GSTP1 and 18 s were listed in Table 1.

Cycling conditions for the RT-PCR were done in one step. Reverse transcription and initial
PCR activation were 1 cycle (30 min at 50° and 15 min at 95°). The PCR cycle for
CYP1A1, 1B1 and GSTP1 was as follows: 40 cycles (each 1 min at 95°, 1 min at 55° and 1
min at 72°) and 1 cycle of 10 min at 72°. For 18 s, the PCR cycle was as follows: 30 cycles
(each 1 min at 95°, 1 min at 55° and 1 min at 72° as an internal reference to control for
variability in all steps leading up to PCR amplification. PCR products were visualized in 2%
agarose gels stained with ethidium bromide and visualized and captured in IVP Bio-Imaging
System using LabWorks Image Acquisitions Analysis Software (UVP Laboratory products,
Upland, CA, USA). Densitometric scores for CYP1A1, 1B1 and GSTP1 were calculated and
normalized against values for 18sRNA as an internal standard.

2.6. Protein isolation and assay
Colon or liver tissues were washed in PBS and weighed to obtain 100 mg for analysis. RIPA
Buffer 9× vol (900 μl) containing a protease inhibitor was added to samples. Tissues were
homogenized on ice for 1 minute until the tissue has been disrupted. Samples were
centrifuged at 12×1000×g at 4°C for 10 min. The supernatant containing protein was
transferred to fresh microcentrifuge tube and stored at –20°C. Protein concentration was
determined by using the Pierce bicinchoninic acid protein assay kit (Thermo Fisher
Scientific, Rockford, IL, USA).

2.7. Preparation of protein and Western blots
Protein samples were mixed 1:1 with Laemmli Sample Buffer (BioRad, Hercules, CA,
USA) and boiled for 10 min for denaturation. Equivalent amounts of protein (15 μg) were
loaded into each lane of Ready Gel 4-20% precast Gel (BioRad, Hercules, CA, USA) and
separated by SDS polyacrylamide gel electrophoresis at 100 V for 1 h. The protein bands
were transferred onto a Sequi-Blot polyvinyldiene difluoride (PVDF) membrane (BioRad,
Hercules, CA, USA) at 80 V for 1 h. The protein bands were visualized by Ponceau stain to
assess the accuracy of protein loading. The PVDF membranes were blocked at room
temperature for 1 hour in 5% non-fat milk in TBST (100 mM Tris–HCl, 1.5 M NaCl, 0.5%
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Tween-20) with subsequent incubation with anti-CYP1A1 (200 μg/ml), CYP1B1, or GSTP1
overnight. After extensive washing, blots were incubated with the corresponding HRP-
coupled secondary antibody (1:10,000) for 1 h followed by additional washing in TBST and
detected using ECL western blotting detection system (Denville Scientific, Metuchen, NJ,
USA). Immunoreactive bands were quantified using UN-SCAN IT analysis software (Silk
Scientific, Orem, UT, USA). Subsequently, blots were probed with glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibodies as a loading control.

2.8. Drug metabolizing enzyme assays
The GST assay was performed using the BioVision (Mountain View, CA, USA) GST assay
kit. Microsomes were isolated using the Endoplasmic Reticulum Isolation kit (Sigma-
Aldrich, St. Louis, MO, USA). The P450-Glo assay (Promega, Madison, WI, USA) was
used to assay for CYP1A1 and 1B1 enzyme activities in microsomes of liver and colon.

2.9. B(a)P metabolite disposition, extraction and analysis from plasma, colon and liver
tissues

Blood (plasma), colon and liver samples harvested from control, B(a)P-exposed
(administered through tricaprylin, and dietary fat) were processed for analysis of B(a)P
metabolites by liquid–liquid extraction and reverse-phase high-performance liquid
chromatography coupled with fluorescence detection methods as described previously in
Ramesh et al. [35].

2.10. DNA isolation
DNA was isolated from liver and colon tissues of ApcMin mice exposed to B(a)P through
USF and SF. DNA isolation was done by using Invitrogen DNA-easy kit. Briefly, 100 mg of
tissue was homogenized in 350 μl of lysis buffer and incubated at 65°C for 10 min. Each
homogenate was then placed on ice and 150 μl of precipitation reagent, and 500 μl of
chloroform was added to homogenate. Samples were vortexed for about 1 min and
centrifuged at 13×1000×g at 4°C for 20 min. The supernatant was transferred to a new
centrifuge tube, and 1 ml of 100% ethanol (stored at –20 °C) was added to it and stored on
ice for 30 min. After 30 min, the supernatant was subjected to centrifugation at 13×1000×g
for 15 min at 4 °C. The ethanol was removed and 500 μl of 80% ethanol (stored at –20°C)
was added; the samples were mixed by inverting the tube 5 times and subjected to
centrifugation at 13×1000×g for 5 min at 4°C. Following centrifugation, the ethanol was
again removed, and samples were centrifuged briefly to collect any residual ethanol.
Residual ethanol was removed by pipetting and samples were air dried for 8 min. Each DNA
pellet was resuspended in 100 μl TE buffer. The concentration of DNA in the tissues was
determined by using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA). The DNA yield in tissues was ≥3 μg/μl.

2.11. 32P-Postlabeling of DNA and Identification of B(a)P–DNA adducts
The methods of Gupta and Randerath [36] were adopted for analysis of DNA adducts. The
B(a)P–DNA adducts were identified as detailed in Walker et al. [37].

2.12. Statistical treatment of data
To evaluate the contribution of the two experimental variables [B(a)P doses and dietary fat
types) on drug metabolizing enzymes for mRNA transcription, protein, enzyme activities,
B(a)P metabolite and B(a)P-DNA adduct concentrations; the data were analyzed using a 2-
way analysis of variance with repeated measures, and differences among means were tested
with the Newman-Keuls post-test. This approach was used to discern if there are any data
interactions associated with the experimental approach.
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3. Results
3.1. Benzo(a)pyrene treatment-related effects on drug metabolizing enzyme transcription,
expression and activity in liver

To determine RNA levels of the phase I (CYP1A1 and 1B1) and phase II (GST) enzymes,
RNA was isolated from liver tissue and subjected to RT-PCR analysis. The mRNA for
CYP1A1 showed that B(a) P increased CYP1A1mRNA in the B(a)P treatment groups in
comparison to their respective vehicles except in the SF group (Fig. 1A). There was a higher
CYP1A1 mRNA in B(a)P+tricaprylin (TC) groups compared to B(a)P+USF and B(a)P+SF.
In addition, CYP1A1 expression was high in B(a)P+USF group in comparison to B(a)P+SF
group.

The mRNA expression was greater in the 100 μg B(a)P+TC and 50 μg B(a)P+SF groups
compared to 50 μg B(a)P+TC and 100 μg B(a) P+SF groups, respectively. The SF control
group had higher transcription compared to 50 μg B(a)P+SF and 100 μg B(a)P+SF groups
individually. Western blot analysis showed (Fig. 1B) highest expression of CYP1A1 in the
B(a)P+SF group compared to the other B(a)P treatment groups (P<.05; dose×treatment
interaction). The CYP1A1 enzyme activities (Fig. 1C) were evident in all treatment groups.
There was an increase in activity in the B(a)P+USF treatment groups compared to their USF
control and a dose-dependent increase in the 100 μg B(a)P+USF group compared to 50 μg
B(a)P+USF group. On the other hand, the 50 μg B(a)P+SF group had higher activity
compared to 100 μg B(a)P+SF group.

The mRNA for CYP1B1 revealed that 50 μg B(a)P+TC, 50 μg B(a)P+USF and 50 μg B(a)P
+SF groups had a higher increase in CYP1B1 mRNA (Fig. 2A) compared to 100 μg B(a)P
+TC, 100 μg B(a)P+USF and 100 μg B(a)P+SF groups, respectively (P<.05; dose×treatment
interaction). In addition, there was a B(a)P-induced increase in mRNA transcript in the
B(a)P+TC treatment groups compared to TC alone.

Western blot analysis also showed CYP1B1 expression (Fig. 2B) in all treatment groups.
However, there was a significant B(a)P treatment- related increase in CYP1B1 expression in
the 50 μg B(a)P+SF and 50 μg B(a)P+USF groups compared to 50 μg B(a)P+TC and 50 μg
B(a)P+SF groups, respectively. In addition there was an increase in expression in 100 μg
B(a)P+SF group compared to both 100 μg B(a)P+USF and 100 μg B(a)P+TC groups. The
CYP1B1 activity (Fig. 2C) was noted in all treatment groups. Though the activity was
apparently high in the 100 μg B(a)P+USF group, it was not statistically significant
compared to any of the treatment groups.

GST mRNA transcription occurred in all the treatment groups (Fig. 3A). The 50 μg B(a)P
+TC GST transcription was similar to its high dose counterpart (100 μg B(a)P+TC group).
In addition, the transcription for 50 μg B(a)P+TC group was also higher than 50 μg B(a)P
+USF and 50 μg B(a)P+SF groups. Similar trend was noticed in the 100 μg B(a)P+TC group
as well. The 50 and 100 μg B(a)P+USF groups, had significantly higher transcription
compared to their 50 and 100 μg B(a)P+SF counterparts (P<.05; dose×treatment
interaction). Though B(a)P caused an induction of GST protein compared to the USF and SF
controls, the expression was not statistically significant (Fig. 3B). However, there was a
significant GST induction in the 100 μg B(a)P+USF group compared to its USF control. All
treatment groups exhibited GST activity (Fig. 3C). The SF control had significantly high
GST activity than both 50 μg B(a)P+SF and 100 μg B(a)P+SF groups.
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3.2. Benzo(a)pyrene treatment-related effects on drug metabolizing enzyme transcription,
expression and activity in colon

Benzo(a)pyrene caused an induction of CYP1A1 mRNA levels in the B(a)P treatment
groups in comparison to their respective vehicles controls (Fig. 4A). The mRNA levels were
significantly high in the 50 μg B(a)P+USF group compared to 100 μg B(a)P+USF, whereas
no difference was noted between 50 and 100 μg B(a)P+SF groups. However, there was a
dose-dependent increase in the 100 μg B(a)P+TC group compared to 50 μg B(a)P+TC
group. The 50 μg B(a)P+USF treatment group had higher 1A1 transcription than the 50 μg
B(a)P+TC group. In addition, the 100 μg B(a)P+TC group had higher transcription than both
the 100 μg B(a)P+USF and 100 μg B(a)P+SF groups. Western blot analysis revealed that
CYP1A1 expression was highest in TC control group compared to B(a)P+TC group (Fig.
4B). The 50 μg B(a)P+USF group had higher 1A1 protein levels than 50 μg B(a)P+TC
group. However, the 50 μg B(a)P+SF group had higher protein expression than both 50 μg
B(a)P+USF and 50 μg B(a)P+TC groups. In addition, the 100 μg B(a)P+SF group had
higher expression than both the 100 μg B(a)P+USF and 100 μg B(a)P+TC groups (P<.05;
dose×treatment interaction). CYP1A1 enzyme activity (Fig. 4C) in the colon showed no
statistically significant difference among any of the treatment groups examined.

The mRNA for CYP1B1 (Fig. 5A) shows that B(a)P caused an induction of CYP1B1
mRNA in the B(a)P+TC and B(a)P+USF groups compared to their respective controls but
did not cause a significant increase in the B(a)P+SF group compared to its respective SF
control. The 100 μg B(a)P+TC group caused a dose-dependent increase in CYP1B1 mRNA
compared to 50 μg B(a)P+TC group. However, the 50 μg B(a)P+USF and 50 μg B(a)P+SF
groups had higher CYP1B1 mRNA than 100 μg B(a)P+USF and 100 μg B(a)P+SF groups,
respectively. Western blot analysis of colon CYP1B1 expression (Fig. 5B) revealed that
there were no significant differences between B(a)P+TC or B(a)P+USF compared to TC and
SF control groups, respectively. There was a significant reduction of CYP1B1 protein levels
in both the 50 μg B(a)P+USF and 100 μg B(a)P+USF compared to 50 μg B(a)P+TC and 100
μg B(a)P+TC groups, respectively. A significant increase in the CYP1B1 enzyme activity
(Fig. 5C) in the B(a)P+TC groups compared to their TC control was noted. In addition, 50
μg B(a)P+TC and 100 μg B(a)P+TC had had higher CYP1B1 activity than 50 μg B(a)P+SF
and 100 μg B(a)P+SF, respectively. Both doses (50 and 100 μg) of B(a)P+USF groups had
higher CYP1B1 activity than B(a)P+SF groups (P<.05; dose×treatment interaction).

The GST mRNA was detected in all treatment groups and controls (Fig. 6A). There was a
reduction in GST transcription in the 50 μg B(a) P+SF group compared to SF group.
Western blot analysis showed GST expression in all treatment groups (Fig. 6B). The B(a)P
+TC and B(a)P+SF group caused an induction in GST expression compared to their
respective control groups (P<.005) for both the doses administered. Additionally, the 50 μg
B(a)P+USF group had higher GST induction than 100 μg B(a)P+USF, 50 μg B(a)P+SF and
100 μg B(a)P+SF groups (P<.05; dose×treatment interaction). The GST activity was evident
in all treatment groups but there was no significant difference in activity within or between
groups (Fig. 6C).

3.3. Benzo(a)pyrene treatment-related effects on disposition of B(a)P metabolites in
plasma, colon and liver

Since metabolism of ingested PAHs is the first step prior to initiating toxicity or
carcinogenesis of the gastrointestinal (GI) tract, the colon tissues and plasma were analyzed
for B(a)P and its metabolites. Measuring B(a)P metabolite concentrations will help us
address the question of whether tissue burden of B(a)P reactive metabolites (total metabolite
load and specific metabolite types) is greater when B(a)P is administered through saturated
versus unsaturated fat. The concentrations of metabolites in plasma and colon tissues
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following subchronic B(a)P administration in unsatu-rated and saturated fat is shown in Fig.
7A and B.

Disposition studies revealed no traces of parent B(a)P compound either in plasma or in
target tissues. Mice that received B(a)P through saturated fat registered greater amounts of
B(a)P metabolites both in liver and colon compared to mice that ingested B(a)P through
unsaturated fat. The metabolite concentrations were found to be B(a) P dose-dependent (Fig.
7A and B; P<.05; dose×treatment interaction).

Since the B(a)P metabolite types and percentages will reveal the balance between metabolic
activation and detoxification processes as a result of B(a)P administration, our studies were
focused on knowing to what extent does dietary fat alter the B(a)P metabolite composition.
The metabolites identified were: B(a)P 4,5-diol; B(a)P 7,8-diol; B(a)P 9,10-diol; B(a)P 3,6-
dione, B(a)P 6,12-dione; 3(OH) B(a)P and 9(OH) B(a)P. The first five are toxicologically
relevant metabolites and the last two are detoxification metabolites. Among the B(a)P
metabolite concentrations, the proportion of its reactive metabolites such as 7,8-diol-9,10-
epoxide; B(a)P-3,6-dione, and B(a)P-6,12-dione were high (Fig. 8 A and B). Additionally,
there was no major difference between 50 and 100 μg/kg body weight (bw) groups in the
proportion of different B(a)P metabolites generated.

3.4. Benzo(a)pyrene treatment-related effects on disposition of B(a)P-DNA adducts in
colon and liver tissues

As B(a)P-DNA adduct formation is one of the important steps en route to carcinogenesis,
the B(a)P-DNA adducts levels in these tissues were measured as these adducts serve as a
markers of B(a)P-induced damage to colonocytes following oral B(a)P ingestion.

No B(a)P-DNA adducts were detected either in colon or liver tissues of control mice. On the
other hand, B(a)P-DNA adducts were detected in colon, and liver tissues of mice treated
with B(a)P in saturated and unsaturated fat. The adduct concentrations in colon and liver for
both the doses employed are shown in Fig. 9A–D. Benzo(a) pyrene ingested through
saturated fat showed the greatest concentration of DNA adducts levels compared to its
unsaturated and B(a)P alone counterparts and a dose–response relationship as well (P<.05;
dose×treatment interaction).

The major adducts observed in each tissue were derived from the 7,8,9,10-
tetrahydrobenzo(a) pyrene (BPDE), which are the deoxyguanosine (BPDE-N2-dG-3′P)
adducts. On the other hand, the proportion of deoxyadenosine (dA) adducts formed from
BPDE (BPDE-N2-dA-3′P) were minor in both colon and liver tissues. The 3-OH-B(a)P; 9-
OH–B(a)P; B(a)P-3,6-dione, and B(a)P-6,12-dione metabolites were not found to contribute
to adduct formation in both the tissues studied.

The distribution of BPDE adduct types in both colon and liver for the three B(a)P treatment
groups [B(a)P+TC, B(a)P+USF, B(a)P+SF] is shown in Table 2. The adducts identified
were dA and deoxyguanosine (dG) ones. A predominance of dG adducts was seen in both
colon and liver tissues at both the doses employed for all the treatment groups mentioned
above. Inasmuch as there is no difference in dA/dG ratio of adducts between the two doses,
the distribution of adduct types at 50 μg/kg is shown as a representative example in Table 2.

4. Discussion
It is well known that biotransformation drives the toxicity or carcinogenesis caused by some
environmental chemicals [29,38]. The regulation of drug metabolizing enzyme (DME) gene
expression at the transcriptional and post translational levels impact the elimination of
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toxicants, and affect disease pathogenesis as well [39]. The susceptibility of rodent models
to chemical carcinogen exposure is correlated with expression of DME in target tissues [40].
This characteristic warrants quantification of magnitude of induction of DME to
demonstrate susceptibility of colon to B(a)P exposure. Though the association of dietary
PAHs with GI tract tumors in epidemiological and animal model studies has already been
established, information on underlying mechanisms is lacking. This study attempts to gain
an insight into the mechanism of colon tumorigenesis as a result of B(a)P ingestion through
two different types of dietary fat.

The mRNA expression of CYP1A1 and CYP1B1 was induced in livers of B(a)P-treated
mice with B(a)P administered through USF registering high levels of expression compared
to its SF counterparts and this pattern was found to be dose-dependent. The B(a)P-induced
changes in enzyme activities are due to classic increases in CYP expression at the
transcriptional level, as we have observed increases in mRNA levels that correspond directly
to the increases in activity levels of the DME, suggestive of enzyme induction. However, the
protein expressions for both the isozymes was found to be high in B(a)P+SF treatment
group, compared to B(a)P+USF and B(a)P+TC treatment groups. The differences between
mRNA and protein expression patterns for both CYP1A1 and 1B1 suggests that the extent
of CYP induction upon exposure to B(a)P may be regulated differently depending on the
dose and type of dietary fat. Regardless of the matrix (SF, USF and TC) used, B(a)P
exposure resulted in greater CYP1A1 transcription in liver compared to CYP1B1. Findings
of our study are in agreement with those of Harrigan et al. [41] who showed several fold
greater induction of CYP1A1 in liver compared to CYP1B1 following exposure to B(a)P.
Additionally, our findings in the ApcMin mouse model are in support of our earlier
observations in F-344 rat model where dietary exposure to B(a)P resulted in higher
induction of aryl hydrocarbon hydroxylase (CYP1A1 and 1B1) activities in liver [42].

The liver GST mRNA expression was slightly elevated by B(a)P exposure only through
USF, but not the other treatment groups. Also, the absence of a dose-dependent GST mRNA
expression for B(a)P administered through saturated fat suggests that B(a)P detoxification
through glutathione conjugation is limited. These findings clearly indicate that the
administered doses of B(a)P were not able to induce the expression of detoxification
enzymes in liver to a considerable extent than bioactivation enzymes.

The expression of CYP1A1 and CYP1B1 in colon mirrored the trend seen in the case of
liver. Contrary to that seen in the case of liver, the B(a)P+SF group showed a dose-
dependent increase for GST mRNA expression in colon, but not for other groups. Published
reports reveal an association between the biotransformation enzymes and the type and
content of dietary lipids through which PAHs were administered (reviewed in [10]). The
contrasting trend observed in CYP transcription in the case of SF versus USF suggest that
some DME are elevated in activity following B(a)P exposure due to protein stabilization or
via an yet unknown mechanism.

The lack of concordance between increase in mRNA, protein expression and DME activity
could be attributed to potential saturation of DME activity as well as signal for protein
expression. Additionally, variations in phospholipid composition of endoplasmic reticulum
affecting the turnover number of CYPs, and/or limiting CYP450 reductase levels [43]
cannot be excluded. For example, several factors, including the rate of transcription
initiation, mRNA stability, as well as protein stability and modification, may account for
discrepancies between gene expression at mRNA, protein levels and enzyme activity [44].
Also, modification of DME activity via post-translational modifications, including
phosphorylation of enzymes and ROS-evoked structural modifications cannot be ruled out.
In this context it needs to be mentioned that post translational regulation of CYP1A1 has

Diggs et al. Page 10

J Nutr Biochem. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been reported, including phosphorylation of individual CYPs via diverse kinases, which led
to enzyme-specific alterations in catalytic activity [45]. The differential effects of B(a)P on
CYP gene expression and enzyme activity were also noticed in other rodent models by
Floreani et al. [46].

The CYP1A1, CYP1B1 and GST activities in the colon showed no statistically significant
variation among the various B(a)P treatment groups. Studies conducted earlier by Sattar et
al. [47] also revealed no change in GST levels and activities in adenomas and normal tissues
of the small intestine of ApcMin mouse treated with 100 mg/kg B(a)P through corn oil.

Our findings indicate that CYP1A1 may play an important role in the metabolic processing
of B(a)P by liver. Studies conducted by Uno et al. [48,49] and Shi et al. [50,51] have
ascribed the role of CYP1A1 to detoxication than metabolic activation. When CYP1A1 (–/–)
global knockout mice were exposed to 1.25 mg/kg per day of B(a)P, they survived for 4–5
months, while the CYP1A1 (+/+) wild-type mice survived for a year [50]. On the other
hand, when these groups of mice received 125 mg/kg per day of B(a)P, the knockout mice
lived for 18 days, while their counterparts survived for 1 year [51]. Additionally, the studies
of Uno et al. [48] and Shi et al. [51] demonstrated that small intestinal CYP1A1 processes
much of the toxicant load, before it reaches the liver for the CYP1A1 in liver tissues to be
induced. Immunohistochemistry studies conducted by Uno et al. [52] also were in support of
this supposition. These studies revealed that CYP1A1 is localized throughout the mice small
intestine, and this isozyme was located close to lumen than CYP1B1, thus being able to
process B(a)P during its residence in intestine. A similar localization of CYP1B1 can be
expected in the large intestine. Taken together these studies argued that CYP1A1 is required
for detoxication, while CYP1B1 is needed for metabolic activation.

Even though the aforementioned studies advocate the predominant role played by CYP1A1
in biotransformation, expression of CYP1B1 cannot be underestimated as it is an important
extrahepatic enzyme that converts B(a)P to dihydrodiol epoxides [53] and, hence, contribute
significantly to the global metabolite burden. Its role in metabolic activation, especially the
conversion of B(a)P-7,8-diol to the ultimate carcinogen BPDE [41] appears to be vital in the
neoplastic transformation of adenomas in the ApcMin mouse colon. Halberg et al. [54] have
demonstrated an elevated expression of CYP1B1 in crypts and stroma of the intestine
adjacent to tumors in the ApcMin mouse. Also relevant in this context was the reported
observation that CYP1B1 deficient Min (multiple intestinal neoplasia) mice developed a two
fold increase in tumors compared to controls [54], underscoring the role played by CYP1B1
in tumor progression. It has been reported that B(a)P exposure leads to an increase in
CYP1B1 induction, resultant generation of metabolites and cytotoxicity in mice tissues
[55,56].

In addition to the B(a)P metabolites transported from liver, colon cells are also capable of
metabolizing PAHs by the cytochrome P450 [57,58]. In other words, B(a)P metabolites such
as dihydrodiols formed in the liver could enter colon via vascular transport and take up
residence in colon crypts where they could be further metabolized into dihydrodiol epoxides.
In this regard, the studies of Herbst et al. [59] are worth mentioning. When human colon
epithelial cells subsequent to incubation with dihydrodiol epoxides of phenanthrene (a PAH
compound) were injected into SCID mice, these mice developed tumors. Present study also
corroborated our previous findings that microsomes (one of the subcellular fractions) of
tumorous and non-tumorous colon tissues of ApcMin mouse were capable of metabolizing
B(a)P and fluoranthene (FLA) [60] into dihydrodiols and diones. Increased generation of
dimethylbenz(a) anthracene metabolites by CYP1B1 has been implicated in a concomitant
increase in intestinal tumorigenesis in the ApcMin mouse model [54]. Additionally, an
elevated expression of CYP1B1 and other CYP isozymes have been reported in human
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colon cancer tissues [61] as well. Taken together, these studies furnish evidence to support
the contention that PAH metabolites are capable of malignant transformation of colon
epithelial cells.

The dietary fat type and B(a)P doses upon long term exposure may lead to a differential
induction of CYP450 both in liver and colon. As a consequence, continuous production of
metabolites is expected, the extent of which may depend on B(a)P dose, and fat type.

Benzo(a)pyrene assimilation through saturated dietary lipid is more likely to contribute to an
increased residence time at high doses. The lipid-soluble nature of B(a)P may facilitate its
uptake when ingested through lipid-rich diet. The hydrophobic domain of the dietary fat to
which PAHs are bound [62] remains intact during lipolysis [63]. This property may enable
the delivery of BaP through lipid influx into the intestinal epithelium subsequent to digestion
[64]. Using the Caco-2 cell model, Vasiluk et al. [65] have demonstrated that uptake of
B(a)P released into the gut lumen occurs through passive diffusion and its transfer into the
bloodstream is aided by the fugacity gradient generated by the lipids. Additionally, works of
Laurent et al. [66,67] and Cavret et al. [68] have shown a robust relationship between B(a)P
and phenanthrene absorption and fat absorption. These studies reinforce the likelihood that
prolonged exposure to B(a)P through dietary fat contributes to increased bioavailability of
B(a)P and/or its metabolites in the GI tract and cause localized damage to the colon
epithelium.

The greater concentrations of B(a)P metabolites measured in plasma, colon and liver of mice
that received the B(a)P through SF relative to other treatment groups suggest that lipid type
influences the disposition kinetics of ingested B(a)P. Additionally, our findings on dietary
lipid-influenced increase in B(a)P metabolite burden in colon tissues is in agreement with
our earlier findings that showed a saturated fat-induced increase in FLA (a PAH compound)
metabolite concentrations in various tissues of F-344 rats [69].

Our findings support the notion that dietary fat modulates the biotransformation of B(a)P
leading to development of adenomas and carcinomas. Our observations are consistent with
previous reports from our laboratory [28] and others [70], which demonstrated a relationship
between B(a)P exposure and tumor development in mice. Therefore, it is reasonable to
speculate that B(a)P metabolites influence the steps involved in the adenoma-carcinoma
sequence, which encompasses transition from normal mucosa to adenoma and proceed to
invasive carcinoma as well [71].

Overall, the B(a)P metabolite types identified in our study are in agreement with published
literature [55,72–75] which documented that orally administered B(a)P undergoes extensive
biotransformation producing an array of metabolites and the concentrations of these
metabolites were B(a)P dose-dependent. The relatively high concentrations of B(a)P diols
and quinones in plasma and colon of mice that ingested B(a)P through saturated fat
compared to unsaturated fat suggest that B(a)P incorporated through saturated fat is likely to
generate more toxic metabolites. This assumption also derives support from the low
concentrations of 3-, and 9-OH B(a)P metabolites measured in plasma and tissues of mice
that ingested saturated compared to unsaturated fat. The data generated thus far suggest that
repeated exposure to B(a)P leads to an increase in residual body burden of B(a)P/metabolites
at high doses.

Binding of PAHs with cellular macromolecules such as proteins, and nucleic acids constitute
a step in the mechanism by which PAHs cause toxicity and/or cancer [76]. The induction of
CYP1A1, CYP1B1 mRNA and protein following exposure of ApcMin mice to B(a)P in this
study also resulted in an increase in generation of B(a)P metabolites and a concomitant
increase in B(a)P-DNA adduct formation in colon. The adduct concentrations revealed a
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matrix (dietary fat or tricaprylin)-specific and dose- specific disposition. It is of interest to
note that the B(a)P-DNA adduct concentrations in colon mirrored the B(a)P metabolite
concentrations in this target tissue. The concordance between metabolite and adduct levels
strongly implicate that B(a)P reactive metabolite accumulation in colon plays an important
role in determining the likelihood of causing damage to cellular macromolecules.

The low B(a)P-DNA adduct concentrations in colon and liver tissues of mice in the
unsaturated fat treatment group reflect a decreased biotransformation of B(a)P in target
tissues that received B(a)P through unsaturated fat relative to saturated fat. The higher
affinity of PAHs and their metabolites for high-density lipoproteins (HDL; [77]), may
enable the HDL-sequestered B(a)P and its metabolites undergo cellular internalization [78].
This process prevents the reactive metabolites from undergoing hydrolysis in mice that
received B(a)P through saturated fat. In support of this supposition was the finding that
B(a)P-DNA binding was greater in tissues of rats that received diets containing lard and cod
liver oil compared to their counterparts that were fed fat-free diet [79]. On similar lines,
Curfs et al. [80] have demonstrated that high-fat cholesterol diet accelerated DNA damage
due to B(a)P exposure in a hyperlipidemic mouse model. The increased concentration of
B(a)PDNA adducts in colon and liver from saturated fat group in the present study suggest
that these organ systems are susceptible to damage from intake of B(a)P. Also of worth
mentioning in this regard was our earlier studies in a fluoranthene (a PAH compound)-
administered F-344 rat model, wherein we observed association of a SF-elevated DNA
damage compared to USF [69]. Not only animal studies but studies in human subjects lend
credence to our argument. Diet-derived B(a)P has been reported to contribute to B(a)P-DNA
adduct formation in human colon mucosa [81]. Additionally, calorie intake, which is
inextricably linked to lipid-rich diet showed a strong association with B(a)P-DNA adduct
levels in white blood cells isolated from human subjects [82]. Taken together, all the above-
mentioned studies reiterate that the genotoxic effects of ingested B(a)P are governed by the
intake of lipid type.

An interesting observation that stemmed from our studies is the strong association of B(a)P-
DNA adduct levels with adenomas in colon reported by us earlier [28]. We have observed
an increased incidence of adenomas in mice that received B(a)P through saturated fat
compared to unsaturated fat and controls. Also, the adenoma counts displayed a dose–
response relationship with the 100 μg/kg dose group registering more adenomas compared
to its 50 μg/kg counterpart for B(a)P, B(a)P+USF and B(a)P+SF treatment groups. A similar
linkage between B(a)P-DNA adducts concentrations and adenomas have been observed for
A/J mouse lung [83] and ApcMin mouse small intestine [47]. Additionally, in a clinic-based
study of colorectal adenomas, a positive association between leucocyte PAH-DNA adducts
concentrations and adenoma prevalence was seen [84]. The coincidence of B(a)P-DNA
adducts concentrations and adenomas strongly suggest that adenoma development is a
function of robust bioactivation of B(a)P leading to accumulation of mutations and
subsequent progression to tumor development.

The preponderance of deoxyguanosine (dG) adducts relative to that of dA adducts are
consistent with the results of studies reported from our laboratory [72] and those of others
[83,85]. Since the carcinogenicity of B(a)P results from this toxicant's propensity to form dG
adducts [86], the greater incidence of these adducts at 100 μg/kg, compared to 50 μg/kg,
seen in the present study, indicate the vulnerability of tissues to damage resulting from long
term exposure to high doses of B(a)P through dietary fat.

Taken together, the findings of our study suggest that (a) the extent of B(a)P
biotransformation depend on dietary lipid administered through oral gavage; (b) dietary lipid
modulates the disposition of B(a)P metabolites; (c) more accumulation of B(a)P metabolites
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in plasma, colon and liver tissue of ApcMin mice administered with saturated fat relative to
unsaturated fat; (d) the distribution of B(a)P metabolite types in the body is governed by the
lipid type, with more accumulation of metabolites in mice that received saturated fat,
compared to unsaturated fat; (e) the distribution trend of B(a)P-DNA adduct concentrations
in colon and liver tissues mirroring that of the metabolites; and (f) a strong association
between adduct levels and incidence of adenomas previously reported in this animal model.

Future studies will focus on interaction of B(a)P and dietary fat on oxidative injury to colon
and liver tissues using F2-isoprostanes as biomarkers. These studies are expected to furnish
new information on the role of oxidative stress in inflammation-associated chronic diseases
such as sporadic CRC caused by exposure to dietary carcinogens.
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Fig. 1.
(A) RT-PCR analysis of liver CYP1A1 mRNA expression in ApcMin-exposed mice. Mice
were exposed to either vehicles (TC, USF or SF) or B(a)P (50 μg TC, 100 μg TC, 50 μg
USF, 100 μg USF, 50 μg SF and 100 μg SF) for 60 days via oral gavage. The relative
expression of CYP1A1 was quantified by densitometric quantitation of CYP1A1 bands and
normalized to level of 18 sRNA. The bars represent mean±S.D. for three independent
experiments (n = 7 animals for this and all other assays unless otherwise mentioned). *P<.
005, when B(a)P+TC is compared to B(a)P+USF and B(a)P+SF; and when B(a)P+USF is
compared to B(a)P+SF; 100 μg B(a)P+TC and 50 μg B(a)P+SF are compared to 50 μg
B(a)P+TC and 100 μg B(a)P+SF, respectively; and when SF control is compared to 50 μg
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B(a)P+SF and 100 μg B(a)P+SF. (B) Western blot analysis of liver CYP1A1 protein
expression in ApcMin-exposed mice. The relative expression of CYP1A1 was quantified by
densitometric quantitation of CYP1A1 bands and GAPDH was used as the loading control.
The bars represent mean±S.D. for three independent experiments. *P<.005, when B(a)P+SF
is compared to other B(a)P treatment groups. (C) Enzyme activity of liver CYP1A1 in
ApcMin-exposed mice. The activity of CYP1A1 was determined using luminescence
detection. The bars represent mean±S.D. for three independent experiments.
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Fig. 2.
(A) RT-PCR analysis of liver CYP1B1 mRNA expression in ApcMin-exposed mice. The
relative expression of CYP1B1 was quantified by densitometric quantitation of CYP1B1
bands and normalized to level of 18 sRNA. The bars represent mean±S.D. for three
independent experiments. *P<.005, when 50 μg B(a)P+TC, 50 μg B(a)P+USF and 50 μg
B(a)P+SF compared to 100 μg B(a)P+TC, 100 μg B(a)P+USF and 100 μg B(a)P+SF,
respectively; and when B(a)P+TC is compared to TC. (B) Western blot analysis of liver
CYP1B1 protein expression in ApcMin-exposed mice. Mice were exposed to either vehicles
(TC, USF or SF) or B(a)P (50 μg-TC, 100 μg-TC, 50 μg USF, 100 μg USF, 50 μg SF and
100 μg SF) for 60 days via oral gavage. The relative expression of CYP1B1 was quantified
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by densitometric quantitation of CYP1B1 bands and GAPDH was used as the loading
control. The bars represent mean±S.D. for three independent experiments.*P<.005, when 50
μg B(a)P+SF and 50 μg B(a)P+USF are compared to 50 μg B(a)P+TC and 50 μg B(a)P+SF,
respectively; and when 100 μg B(a)P+SF group is compared to both 100 μg B(a)P+USF and
100 μg B(a)P+TC groups. (C) Enzyme activity of liver CYP1B1 in ApcMin-exposed mice.
The activity of CYP1B1 was determined using luminescence detection. The bars represent
mean±S.D. for three independent experiments.
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Fig. 3.
(A) RT-PCR analysis of liver GST mRNA expression in ApcMin-exposed mice. The relative
expression of GST was quantified by densitometric quantitation of GST bands and
normalized to level of 18 sRNA. The bars represent mean±S.D. for three independent
experiments. *P<.005 when 50 μg B(a)P+TC is compared to 50 μg B(a) P+USF and 50 μg
B(a)P+SF groups; 50 μg B(a)P+TC is compared to 100 μg B(a)P+TC, 50 and 100 μg B(a)P
+USF groups is compared to 50 and 100 μg B(a)P+SF counterparts. (B) Western blot
analysis of liver GST protein expression in ApcMin-exposed mice. The relative expression of
GST was quantified by densitometric quantitation of GST bands and GAPDH was used as
the loading control. The bars represent mean±S.D. for three independent experiments. *P<.
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005 when 100 μg B(a)P+TC is compared to 50 μg B(a)P+TC; 100 μg B(a)P+USF compared
to 50 μg B(a)P+USF, and 50 and 100 μg B(a)P+SF respectively. (C) Enzyme activity of
liver GST in ApcMin-exposed mice. The activity of GST was determined using a
spectrophotometer. The bars represent mean±S.D. for three independent experiments. *P<.
005, when SF is compared to both 50 μg B(a)P+SF and 100 μg B(a)P+SF.
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Fig. 4.
(A) RT-PCR analysis of colon CYP1A1 mRNA expression in ApcMin-exposed mice. The
relative expression of CYP1A1 was quantified by densitometric quantitation of CYP1A1
bands and normalized to level of 18 sRNA. The bars represent mean±S.D. for three
independent experiments. *P<.005, when 100 μg B(a)P+TC is compared to 50 μg B(a)P
+TC; 50 μg B(a)P+USF is compared to 50 μg B(a)P+TC and 50 μg B(a)P+SF; and when
100 μg B(a)P+USF is compared to 100 μg B(a)P+SF groups. (B) Western blot analysis of
colon CYP1A1 protein expression in ApcMin-exposed mice. The relative expression of
CYP1A1 was quantified by densitometric quantitation of CYP1A1 bands and GAPDH was
used as the loading control. The bars represent mean±S.D. for three independent
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experiments. *P<.005, when 50 μg B(a)P+USF is compared to 50 μg B(a)P+TC; 50 μg
B(a)P+SF is compared to 50 μg B(a)P+USF and 50 μg B(a)P+TC; and when 100 μg B(a)P
+SF is compared to 100 μg B(a)P+USF and 100 μg B(a)P+TC. (C) Enzyme activity of colon
CYP1A1 in ApcMin-exposed mice. The activity of CYP1A1 was determined using
luminescence detection. The bars represent mean±S.D. for three independent experiments.
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Fig. 5.
(A) RT-PCR of colon CYP1B1 mRNA expression in ApcMin-exposed mice. The relative
expression of CYP1B1 was quantified by densitometric quantitation of GST bands and
normalized to level of 18 sRNA. The bars represent mean±S.D. for three independent
experiments. *P<.005, when the 100 μg B(a)P+TC is compared to 50 μg B(a)P+TC; and
when 50 μg B(a)P+USF and 50 μg B(a)P+SF are compared to 100 μg B(a)P+USF and 100
μg B(a)P+SF, respectively. (B) Western blot of colon CYP1B1 protein expression in
ApcMin-exposed mice. The relative expression of CYP1B1 was quantified by densitometric
quantitation of CYP1B1 bands and GAPDH was used as the loading control. The bars
represent mean±S.D. for three independent experiments. *P<.005, when 50 μg B(a)P+USF
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and 100 μg B(a)P+USF are compared to 50 μg B(a)P+TC and 100 μg B(a)P+TC,
respectively. (C) Enzyme activity of colon CYP1B1 in ApcMin-exposed mice. The activity
of CYP1B1 was determined using luminescence detection. The bars represent mean±S.D.
for three independent experiments. *P<.005, when B(a)P+TC compared to TC control; 50
μg B(a)P+TC and 100 μg B(a)P+TC are compared to 50 μg B(a)P+SF and 100 μg B(a)P
+SF, respectively; and when 50 and 100 μg B(a)P+USF are compared to their respective
B(a)P+SF.
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Fig. 6.
(A) RT-PCR analysis of colon GST mRNA expression in ApcMin-exposed mice. The
relative expression of GST was quantified by densitometric quantitation of GST bands and
normalized to level of 18 sRNA. The bars represent mean±S.D. for three independent
experiments. *P<.005 when 50 μg B(a)P+SF is compared to SF, and 100 μg B(a)P+SF. (B)
Western blot analysis of colon GST protein expression in ApcMin-exposed mice. The
relative expression of GST was quantified by densitometric quantitation of GST bands and
GAPDH was used as the loading control. The bars represent mean±S.D. for three
independent experiments. *P<.005, when B(a)P+TC and B(a)P+SF are compared to their
respective control groups for both the doses; and when 50 μg B(a)P+USF are compared to
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100 μg B(a)P+USF, 50 μg B(a)P+SF and 100 μg B(a)P+SF. (C) Enzyme activity of colon
GST in ApcMin-exposed mice. The activity of GST was determined using a
spectrophotometer. The bars represent mean± S.D. for three independent experiments.
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Fig. 7.
Effect of the type of dietary fat on total B(a)P metabolite concentrations in plasma, colon
and liver of ApcMin mice that received 50 μg B(a)P/kg of bw (A) and 100 μg B(a)P/kg of bw
via oral gavage (B). The bars represent mean±S.D. for three independent experiments. *P<.
05 in metabolite concentrations between saturated fat category containing B(a)P, compared
to B(a)P alone and unsaturated fat.
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Fig. 8.
Effect of the type of dietary fat on B(a)P metabolite types in plasma (A) and colon (B) of
ApcMin mice that received 50 μg B(a)P/kg bw via oral gavage. Inasmuch as there were no
differences between 50 and 100 μg/kg B(a)P/kg bw in percentage composition of B(a)P
metabolites, the 50 μg/kg B(a)P/kg bw was chosen as a representative of both 50 and 100
μg/kg B(a)P/kg bw. Similarly, there being no differences between colon and liver in the
types of metabolites generated, only colon sample data are shown here as representative of
colon and liver.
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Fig. 9.
Benzo(a)pyrene-DNA adduct total concentrations in colon (A and B) and liver (C and D) of
ApcMin mice exposed to 50 μg/kg and 100 μg/kg through TC, USF and SF. The bars
represent mean±S.D. for three independent experiments. *P<.05 in adduct concentrations
for the respective B(a)P+USF or B(a)P+SF treatment group compared to B(a)P+TC
treatment group.
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Table 1

Primers used for amplification of CYP1A1, CYP1B1, GST and 18 sRNA

Gene Primer Length (BP) NCBI Reference Sequence

CYP1A1 5'-TATBACCATGATGACCAAGAGC−3'forward 5'-TAACGGAGGACAGGAATGAAGT−3' reverse 107 NM_09992.3

CYP1B1 5'-CCCCATAGGAAACTGCAGTAAG−3' forward 5'-AAGCAAGCTGTCTCTTGGTAGG−3' reverse 115 NM_009994.1

GSTP1 5'-GGCAAATATGTCACCCTCATCT−3' forward 5'-AGCAGGTCCAGCAAGTTGTAAT−3' reverse 176 NM_013541.1

18s 5'-GAATGGTGCTACCGGTCATT−3' forward 5'-ACCTCTCTTACCCGCTCTCC−3' reverse 193 NR_003278
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Table 2

Effect of dietary fat on major B(a)P-DNA adduct types in colon and liver tissues of ApcMin mice

Treatment Colon Liver

dA dG dA dG

B(a)P+SF 15 85 10 90

B(a)P+USF 20 80 10 90

B(a)P 25 75 20 80
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