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Summary

Epidemiological surveys have revealed that environmental and dietary factors contribute to most of the human cancers. Our earlier
studies have shown that resveratrol (RVT), a phytochemical reduced the tumor number, size and incidence of dysplasias induced by
benzo(a)pyrene (BaP), an environmental toxicant in the Apc™™" mouse model of colon cancer. In this study we investigated to
ascertain whether the preventive effects of RVT on BaP-induced colon carcinogenesis is a result of altered BaP biotransformation
by RVT. For the first group of mice, 100 pg BaP/kg bw was administered in peanut oil via oral gavage over a 60 day period. For the
second group, 45 g RVT/kg bw was co-administered with BaP. For the third group, RVT was administered for 1 week prior to BaP
exposure. Blood, colon and liver were collected from control and BaP/RV T-treated mice at 60 days post-BaP & RVT exposure. We
have assayed activities and expression (protein & mRNA) of drug metabolizing enzymes such as cytochrome P4501A1 (CYP1A1),
CYPI1BI, and glutathione-S-transferase (GST) in colon and liver samples from the treatment groups mentioned above. An
increased expression of CYP1AL1 in liver and colon and of CYP1BI in liver of BaP-treated mice was seen, while RVT inhibited
the extent of biotransformation mediated by these enzymes in the respective tissue samples. In the case of GST, an increased
expression in colon of BaP alone-treated mice was noted when RVT was administered prior to BaP or simultancously with BaP.
However, there is no change in liver GST expression between BaP and RVT treatment groups. The concentrations of BaP aqueous
(phase II) metabolites were found to be greater than the organic (phase I) metabolites, suggesting that RVT slows down the phase I
metabolism (metabolic activation) of BaP, while enhancing phase II metabolism (detoxification). Additionally, the BaP-DNA
adduct concentrations measured in colon and liver of BaP + RVT-treated mice were low relative to their BaP counterparts.
Taken together, our findings strongly suggest that RV T alleviates BaP-induced colon carcinogenesis by impairing biotransformation
pathways and DNA adduct formation, and therefore holds promise as a chemopreventive agent.
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Introduction ofthe disease. Sporadic gene damage seems to play an impor-

tant role in the development of tumors in the colon. Dietary
Colorectal cancer is one of the most common cancers in the  and environmental factors contribute to sporadic gene muta-
Western world and 90% of the cases have no familial history ~ tions and therefore are involved in the induction of sporadic
colon carcinomas. Benzo(a)pyrene (BaP) is an environmental
toxicant that has been linked to dietary intake leading to the
development of colon tumors [ 1-3]. When inhaled or ingested
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trihydroxystilbene), a phytoalexin and a polyphenolic com-
pound present in grapes, peanuts and mulberries [10] has been
reported to possess cancer preventive properties [7, 8, 11-13].
Our earlier studies have shown that orally administered RVT
caused a decrease in incidence, size and number of adenomas
formed in the colon of Apc™™* mice exposed to BaP com-
pared to mice exposed to BaP alone [14] .

Since most chemopreventive agents mediate their anticar-
cinogenic effect through altered biotransformation of carcino-
gens [15-17], we attempted to gain a mechanistic insight into
how RVT may be reducing BaP-induced colon polyp forma-
tion by altering the cytochrome P450 mediated metabolic
pathways. In this paper we report the altered protein, mRNA
expression, and activities of key enzymes proven to be in-
volved in BaP biotransformation. In addition, the concentra-
tions of BaP metabolites and BaP-DNA adducts in mice ex-
posed to BaP alone and BaP in combination with RVT were
also provided.

Materials and methods

Animals

Animal husbandry, BaP and RVT exposure
Five-week-old male ApcMi”/+ mice (Jackson Labs, Bar
Harbor, ME) weighing approximately 30 g were housed
in groups of 2-3 per cage, maintained on a 12/12 h light/
dark cycle and allowed free access to rodent chow (NIH-
31 open formula diet) and water. All animals were
allowed a seven-day acclimation period prior to being
randomly assigned to a control (n =10 per each time
point) or treatment group (n =10 per each time point).
Treatment consisted of a single dose (100 pg/kg bw) of
BaP (97% pure, Sigma Chemical Co., St. Louis, MO)
dissolved in research grade peanut oil (Sigma).
Resveratrol (45 png/kg bw; Sigma), dissolved in 10% eth-
anol and 90% deionized water, was given concurrently
with BaP (for 60 days), prior (daily for 1 week) to BaP
exposure (for 60 days) or post (daily for 1 week) BaP
exposure. The test chemicals (BaP & RVT) were admin-
istered through oral gavage (200 uL volume). All animal
studies carried out in ethical manner and were in confor-
mity with the policies of Institutional Animal Care and
Use Committee of Meharry Medical College. The num-
bers of mice for control and treatment groups were select-
ed after conducting a power analyses. On the basis of our
preliminary studies, with 10 samples there is 80% power
and a type-1 error of 5% to detect a 20% change in the
experimental endpoints (tumors, metabolite

concentrations, enzyme activities etc.) among the various
experimental groups. As BaP is a potential carcinogen, it
was handled in accordance with NIH guidelines [18]. The
doses of BaP and RVT used were of dietary relevance to
humans [14].

All the mice from control and treatment groups were ob-
served twice a day (including holidays and weekends) for
morbidity and mortality. Mice body weight and food con-
sumption were monitored periodically.

At the end of 60 days of exposure, blood was collected
through cardiac puncture of mice from both control and
experimental groups. Isoflurane was used as an anesthetic
(3%) and euthanizing (33%) agent. The target tissues (liv-
er, large intestine, small intestine, stomach) were re-
trieved. The proximal, middle and distal portions of the
colon were cut open and flushed with physiological sa-
line. The tissues were finely diced in a small Petri dish
using sharp scissors. The diced tissues were thoroughly
mixed and stored at —80 °C until processed for biochem-
ical, molecular and analytical studies.

Chemicals

Benzo(a)pyrene (98% pure), peanut oil, endoplasmic re-
ticulum Isolation kit and resveratrol were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO).
Lithium chloride, urea, sodium phosphate (monobasic
and dibasic), methanol, chloroform, ethanol and 10% for-
malin, isopropyl alcohol were purchased from Fisher
Scientific Company (Kennesaw, GA). Polyethylenimine-
cellulose TLC plates were purchased from Bodman
Chemical Company (Aston, PA). DNase and alkaline
phosphatase were purchased from Worthington
Biochemical Corporation (Feehold, NJ). The CYP1AI,
CYPI1B1, GST-P, and GAPDH antibodies were purchased
from Santa Cruz Biotechnology (Dallas, TX). The rabbit
anti-goat IgG-HRP and mouse anti-goat IgG-HRP anti-
bodies were purchased from LiCor (Lincoln, NE). The
Quick Start Bradford Protein Assay Kit, ethidium bro-
mide, Precision Plus Protein all blue standards,
tetramethylethylenediamine (TEMED), EZ load 100 bp
molecular ruler, and 2-Mercaptoethanol (3ME) were pur-
chased from Bio-Rad Laboratories (Richmond, CA).
Easy-DNA kit, RNase/DNase free water and Trizol re-
agent were purchased from Invitrogen (Carlsbad, CA).
The CYP1ALI and 1B1 enzyme assay kits were purchased
from Promega (Madison, WI). The GST assay kit was
purchased from Biovision Inc. (Mountain View, CA).
DNeasy blood and tissue kit was purchased from Qiagen
(Valencia, CA). The polyvinylidene difluoride (PVDF)
membranes were purchased from Amersham Pharmacia
Biotech (Piscataway, NJ).
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Drug metabolizing enzyme activity assays

Microsomes were isolated from colon and liver tissues using
the Endoplasmic Reticulum Isolation Kit (Sigma-Aldrich, St.
Louis, MO). The isolated microsomes were then assayed for
CYP1A1 and 1B1 enzyme activity in the liver and colon using
the P450-Glo assay (Promega, Madison, WI). For analysis of
GST activity, isolated proteins from the colon and liver were
assayed using the Glutathione S-Transferase Assay Kit
(Cayman Chemical, Ann Arbor, MI).

Total RNA isolation

Total RNA was isolated using Trizol total RNA Isolation kit
(Promega, Madison, WI). Five hundred milligrams of target
tissue were homogenized in 1 mL of Trizol reagent.
Homogenized samples were then incubated for 5 min at
30 °C to permit complete dissociation of nucleoprotein com-
plexes. Two hundred microliters of chloroform per mL of
Trizol was added to samples, followed by a 15 s shake, then
a 3-min incubation at 30 °C. Samples were then centrifuged at
12,000xg for 15 min at 8 °C and the upper aqueous phase,
containing the RNA, was removed. Five hundred microliters
of isopropyl alcohol (per mL of Trizol) was added to samples
followed by a 10-min incubation at 30 °C. Samples were then
centrifuged at 12,000xg for 10 min at 8 °C. The supernatant
was removed and each pellet was washed once with 75%
ethanol and centrifuged at 7,500xg for 5 min at 8 °C. Each
pellet was dried, dissolved in RNase-free water, and RNA
concentration was determined by spectrophotometry (by ex-
amining the 260/280 ratio).

cDNA synthesis and real time polymerase chain reaction
(RT-PCR)

The RNA obtained from the previously described procedure
was used for RT-PCR analysis. The cDNA synthesis and am-
plification of biotransformation enzymes (CYP1A1, 1B1, and
glutathione-s-transferase; GST) was performed using the ser-
vices of Vanderbilt University Genome Science Resource
Vantage Core Laboratory.

Western blot analysis

Total protein was resolved by electrophoresis on 10% SDS—
PAGE gels followed by electroblotting of suspended proteins
to PVDF membranes and hybridization with mouse CYP1A1,
CYPI1BI, GST, and rabbit GAPDH antibodies (Santa Cruz
Biotechnology, Inc., Dallas, TX). Immunodetection was per-
formed with the Odyssey Procedure (Li-Cor Biosciences,
Lincoln, NE) using an IRDye800 coupled anti-rabbit IgG sec-
ondary antibody and an IRDye680 coupled anti-mouse IgG
secondary antibody. Normalization of the signals of drug
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metabolizing enzymes with GAPDH was performed in order
to quantify protein expression.

HPLC analysis of BaP and its metabolites

Sample analyses was conducted on a High-Performance
Liquid Chromatograph, (HPLC; Model 1200, Agilent
Technologies, Wilmington, DE) equipped with a HP1046
fluorescence detector and a variable wavelength detector as
detailed in Ramesh et al. [19, 20]. Identification and quantita-
tion of the metabolites was accomplished by comparing the
retention times and peak areas of samples with that of stan-
dards (National Cancer Institute Chemical Carcinogen
Repository, Midwest Research Institute, Kansas City, MO).

HPLC analysis of RVT and its metabolites

The trans-resveratrol content from plasma, liver and colon
tissues was analyzed following the method of Katsagonis et
al. [21], which is briefly described below: Colon and liver
tissue samples (0.5-1.0 g) were cut individually in ice-cold
PBS solution. Plasma samples (200 pl) were also shaken in
500 pl of ice-cold PBS solution. The samples were extracted
with phosphate buffer (pH 6.0; 56.8 mM) and ethyl acetate.
The aqueous and organic phases were separated and the or-
ganic phase was blown to dryness under nitrogen. The dried
extract was reconstituted in 500 puL of mobile phase. Fifty
microliters of sample extract were injected onto a Waters
C18 column (150 x 3.9 mm; 4 pum pore size). The sample
was eluted with a mobile phase of methanol/phosphate buffer
(pH 4.8; 30 mM) at a ratio of 25:75 v/). The RVT parent
compound eluted from the column was detected using a var-
iable wavelength (UV/VIS) detector set 310 nm. The trans-
resveratrol (trans-3, 5, 4'-trihydroxystilbene) was used as an
internal standard.

Much of the biological activity of RVT has been ascribed to
that of its metabolites. Hence these metabolites were assayed
to reflect biomarkers of chemopreventive effects observed in
our study. Chromatographic separation of conjugated RVT
metabolites was achieved using the procedure of Wenzel et
al. [22]. Separations were performed using the HPLC (Agilent
Technologies, Wilmington, DE) available in the Toxicology
Core laboratory at Meharry. Briefly the procedure involves
injection of sample extracts using a Phenomenex ODS col-
umn (250 x 4.6 mm; 5 pum pore size). Gradient separations of
analytes were conducted using ammonium formate buffer
(10 mM; pH 8.2) and methanol as mobile phases. The RVT
conjugated metabolites eluting from the column were detected
using a variable wavelength (UV/VIS) detector set at 310 nm.
Resveratrol metabolite peaks were identified using standards
obtained from Toronto Research Chemicals (North York,
Ontario, Canada).
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Pharmacokinetics

After treatment with RVT and BaP, mice were euthanized, and
concentrations of these chemicals were measured in the plas-
ma and their pharmacokinetic behavior was assessed.

The pharmacokinetic parameters for BaP and RVT in plas-
ma were analyzed using PK solutions 2.0 (Summit Research
Services, Ashland, OH) software. The symbols and units
adopted for pharmacokinetic terms were based on the sugges-
tions of Baggot [23]. The biological half-life (t;,) of BaP was
calculated by a linear regression of the log plasma concentra-
tion versus the time curve. The area under the curve (AUC)
was calculated by measuring the area under the blood BaP
concentration-time curve. The mean residence time (MRT)
was determined as AUC/AUMC where AUMC is the area
under the first moment of curve. The volume of distribution
(Vd) was calculated by considering the volume of BaP in the
body assuming if present throughout the body, BaP remains at
the same concentration as in plasma. The total body clearance
(Cl) was computed as the ratio of BaP dose and AUC. The
elimination rate constant (Kd) was determined as a ratio of Cl
and Vd.

DNA isolation from target tissues

DNA was isolated from target tissues of mice post treatment
using a combination of Trizol and Qiagen DNA isolation kits.
Five hundred milligrams of target tissues were weighed and
homogenized in 1 mL of Trizol reagent. Homogenized sam-
ples were then incubated for 5 min at 30 °C to permit complete
dissociation of nucleoprotein complexes. Two hundred micro-
liters of chloroform per mL of Trizol was added to samples,
followed by a 15 s shake, then 3-min incubation at 30 °C.
Samples were then centrifuged at 12,000xg for 15 min at
8 °C; the lower layer and interphase containing DNA were
mixed with 70% ethanol and mixed well. Each sample in its
entirety was then transported onto a DNeasy mini-spin col-
umn placed in a 2 mL collection tube and centrifuged at
6,000xg for 1 min. Flow through was then discarded and the
spin column was placed in new collection tube, followed by
addition of 500 ul of buffer. Tubes were then spun for 3 min at
20,000xg, flow through was discarded, and the spin column
was transferred to a new collection tube. DNA was eluted by
incubating samples with 200 pl of buffer for 1 min followed
by centrifugation for 1 min at 6,000xg. The concentration of
DNA was determined by spectrophotometry.

32p_postlabeling and thin layer chromatography (TLC)

The methodology of Gupta and Randerath [24] as modified by
Ramesh and Knuckles [25] were used for analysis of DNA
adducts by **P-postlabeling and four-directional thin layer

chromatography system. Adduct levels were calculated by
relative adduct labeling and expressed as fmol/pg DNA.

Identification of BaP-DNA adducts

Experiments were conducted in vitro to confirm which of the
BaP-enzymatic pathways was responsible for the in vivo BaP-
related adduct patterns. The reactive metabolites generated
from the epoxide- [for e.g. BaP 7,8-diol, 9,10-epoxide] and
quinone pathways [BaP 3,6-quione, and BaP 6,12-quione]
were incubated with 40 uM DNA and subjected to co-
chromatography with unknown adduct sample. Those un-
knowns adduct that exhibit equivalent mobility (co-
migration) with that of known standards were mapped and
identified.

Assessment of DNA oxidative damage

DNA isolated from treatment groups mentioned above, was
used to assess the amount of oxidative DNA damage by using
Biovision DNA damage quantification kit. Isolated DNA was
incubated with 5 pl of Aldehyde Reactive Probe (ARP) solu-
tion at 37 °C for 1 h to tag DNA AP sites. Tris and EDTA (TE)
buffer and glycogen were then added to incubated samples
and mixed well. Samples were then mixed with 70% ethanol
for 10 min at —20 °C and centrifuged at top speed
(10,000 rpm) for 10 min to precipitate AP-site tagged DNA.
Each pellet was washed three times with 0.5 ml of 70% etha-
nol and spun quickly to remove trace amounts of ethanol. The
pellet was air dried for 5 min and then dissolved in 1 ml of TE
buffer. Samples were mixed with ARP-DNA standards and
DNA binding solution in a 96 well plate and allowed to incu-
bate overnight at room temperature (25 °C). The following
day, DNA binding solution was discarded and each well was
washed with wash buffer 5 times. One hundred microliters of
HRP-Streptavidin solution was added to each well and
allowed to mix via a rocker for 1 h at room temperature.
Each well was washed with wash buffer. One hundred micro-
liters of HRP developer solution was added to each well and
allowed to incubate for 1 h at 37 °C. The absorbance (OD
reading) was measured using a spectrometer and the basic
AP sites per 10° bp in the DNA samples were calculated using
a calibration curve as specified by the manufacturer.

Statistical analysis

A two-way analysis of variance (ANOVA) was used for the
determination of statistical differences in BaP metabolite and
BaP-DNA adduct concentrations in plasma or tissues at each
time point. All pair wise multiple comparisons were conduct-
ed by Student-Newman-Keuls method. The Spearman rank
order test was used for correlations in adduct levels and
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metabolite concentrations. The criterion for statistical signifi-
cance was p <0.05 in all cases.

Results

Min/+ mice

Pharmacokinetics of BaP and RVT in Apc
The pharmacokinetic parameters calculated for BaP suggest
that a considerable fraction of the compound is present in the
body after ingestion. In the case of RVT, the parameters were
indicative of a rapid absorption, but when administered simul-
taneously with BaP, RVT was shown to impact the time BaP
stays at the site of action (target tissues). The results are shown
in Table 1.

Resveratrol affects the activity, protein and mRNA
expression of BaP- induced drug-metabolizing
enzymes

In the colon and liver of mice that received BaP only,
CYP1A1 protein expression was significantly increased com-
pared to all other treatment groups (Fig. 1a). However, in the
liver, the presence of RVT caused a decrease in expression
(Fig. 1b).

A significant decrease in CYP1B1 protein expression was
observed in the colon (Fig. 2a) and liver (Fig. 2b) of mice that
received RVT prior to BaP in comparison to no treatment
group, as well as in the liver of mice that received RVT simul-
taneously with BaP.

In the colon of treated mice, GST protein expression was
increased in the presence of RVT and BaP compared to no
treatment group when administered separately. However, this
increase was significantly decreased when RVT was adminis-
tered either simultaneously or prior to BaP treatment (Fig. 3a).
Glutathione-S-transferase protein expression was significantly
decreased in the liver of mice that received peanut oil only,
RVT only, and BaP only in comparison to control mice.
Unlike in the colon, glutathione-S-transferase protein expres-
sion in liver in RVT-treated mice (regardless of whether RVT
administered either simultaneously or prior to BaP) showed

no significant change in comparison to BaP treatment (Fig.
3b).

Resveratrol seems to have a profound effect on CYP1A1,
1B1, and GST drug metabolizing enzymes at the transcrip-
tional level. Contrasting results were observed for CYP1ALl
mRNA expression in colon (Fig. 4a) and liver (Fig. 4b). While
RVT exposure prior to BaP registered a 4-fold expression
compared to the no treatment group, the other treatment
groups showed a feeble expression in this organ.

The colonic CYP1B1 mRNA expression in BaP + RVT
treatment group was one half of that observed for BaP alone
treatment group and RVT prior to BaP treatment group.
Cytochrome P4501B1 (CYP1B1) mRNA levels in the colon
showed a 3-fold increase in mice treated with BaP and in the
RVT prior to BaP group compared to the no treatment cate-
gory (Fig. 4c). Interestingly, CYP1B1 mRNA expression in
liver was greater for BaP alone exposure group. On the other
hand, a feeble expression was observed for BaP + RVT, RVT
prior to BaP and RVT alone treatment groups (Fig. 4d).
Resveratrol treatment simultaneously with BaP caused a 3-
fold increase in expression when compared to the no treatment
group as well.

In the colon of mice treated with BaP alone, there was a
50% decrease in GST mRNA expression in mice that received
BaP alone compared to the no treatment group (Fig. 4e).
However, the presence of RVT (either simultaneously or prior
to BaP treatment) caused an increase in expression in liver
compared to the no treatment group (Fig. 4f).

In the colon of mice treated with BaP alone, a significant
increase in CYP1A1l enzyme activity was observed when
compared to the control groups (Fig. 5a). However, this spike
in enzyme activity was decreased when RVT was adminis-
tered either prior to or simultaneously with BaP treatment. In
liver, CYP1AL1 activity was also decreased in mice treated
with RVT simultaneously with BaP, but not prior to BaP treat-
ment compared to BaP treatment alone (Fig. 5b). In colon,
CYP1BI1 activity levels were decreased in mice simultaneous-
ly treated with RVT and BaP compared to BaP treatment alone
and the decrease was statistically significant. No such differ-
ences were noted for liver (Fig. 3d). In the colon of mice when
RVT was treated prior to BaP, a statistically significant

Table 1 Pharmacokinetics of

resveratrol (RVT) and Parameter RVT BaP BaP +RVT

benzo(a)pyrene (BaP; alone and

in the presence of RVT) orally Area under curve (AUC; mg x h/ml) 0.10 £0.01 0.12 +0.005 0.07 +0.005

administered to Apc"””* male Biological half-life (t, »; hrs) 1.0 £0.011 1.8+0.018 0.85+ 0.010%

mice Volume of distribution (Vd; ml/kg) 0.44 + 0.050 0.58 + 0.045 0.22 + 0.064
Clearance (Cl; ml/h/kg) 0.08 = 0.006 0.10+0.01 0.05 + 0.004*
Mean residence time (MRT; hrs) 1.6 £0.018 24+0.010 1.2+ 0.004%*
Elimination rate (Kd; hrs) 0.18 £0.03 0.17 £0.06 0.23 £0.004

Values represent mean + standard error (n = 10). Asterisks denote statistical significance (p <0.05) of
toxicokinetic parameter values for BaP and RVT administered together compared to BaP alone administration
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increase in GST activity was noted when compared to mice
treated with BaP alone (Fig. Se), while no significant changes
were seen in the liver (Fig. 5f).

RVT alters BaP metabolism by affecting metabolite
formation and phase two conjugate groups

In the presence of RVT (simultaneously or prior to BaP treat-
ment) BaP organic metabolite concentrations in the colon,
liver, and plasma were significantly decreased compared to
the levels in corresponding organs excised from mice treated
with BaP alone (Fig. 6a). Parallel to decreases in BaP organic
metabolite levels, increases in BaP aqueous metabolite levels
in the same target tissues (Fig. 6b) were observed.

The percent distribution of the BaP organic metabolites in
the colon and liver of Apc** mice are shown in Figs. 7a, b
and c. No significant changes in the type of metabolites
formed were observed between the colon and liver, but in
the presence of RVT (simultaneously or prior to BaP
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metabolites.
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Fig. 3 Glutathione-S-transferase
protein expression in the colon (a)
and liver (b) of Apc™™* mice.
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comparison to the groups that received treatment with BaP
only and RVT prior to BaP (Fig. 9a). Conversely in the colon,
the number of apurinic/apyrimidinic sites in no treatment, re-
spective vehicle [for BaP and RVT] treatment groups were
lower when compared to BaP only treatment group. In addi-
tion, RVT treatment prior to and simultaneously with BaP
revealed a significant reduction in base pair damage as com-
pared to BaP treatment only (Fig. 9b).

DNA oxidative damage can lead to DNA-base pair damage
and if left unrepaired, these damaged sites can lead to the
formation of DNA-adducts. To examine the impact RVT has
on modifying BaP- induced DNA damage and ultimately
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in the colon and liver of Apc™™* mice. Fig. 4a, b correspond to CYP1A1;

Fig. 4c, d correspond to CYP1B1; Fig. 4e, f correspond to GST. Mice
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BaP-DNA adducts, stable BaP-DNA adduct concentrations
were measured. Using TLC, these adducts were presented as
dots/blots on the polyethyleneimine-coated TLC plate as
shown in Figs. 10a and b. Overall, treatment with RVT re-
duced stable BaP-DNA adduct concentrations in both the co-
lon (Fig. 11a) and liver (Fig. 11b) of treated mice, with the
greatest decrease observed in mice treated with RVT simulta-
neously with BaP.

The relative distribution of BaP-DNA adduct types in the
colon and liver of BaP alone and BaP + RV T-treated mice are
shown in Table 2. Among the different adduct types, the pro-

portion of deoxyguanosine (dG) adducts were greater than
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were treated with either BaP only, RV T simultaneously with BaP, or RVT
prior to BaP. Values are expressed as fold changes compared to the control
(no treatment) group. N = 10. Asterisks indicate statistically significant
differences (p < 0.05) in fold change compared to control
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Fig. 5 Enzyme activities of Cytochrome P4501A1 (CYP1Al),
Cytochrome P4501B1 (CYP1B1), and Glutathione-S-transferase (GST)

in the colon and liver of Apc*** mice. Fig. 5a, b correspond to CYP1A1;

deoxyadenosine (dA) adducts, deoxycytidine (dC) and
deoxythymidine (dT) adducts in all the three treatment groups
(BaP alone, RVT prior to BaP and RVT + BaP).

Discussion

Insight into the balance between bioactivation and detoxifica-
tion processes in BaP-treated mice and how RVT alters these
key events is a critical step in RVT’s chemopreventive effects.
Two very important CYP450s are CYP1A1 and CYPIBI,
which are responsible for metabolizing BaP both in the liver
and colon [26]. However, RVT significantly decreases
CYPI1BI protein expression in both the colon and the liver
of BaP-treated mice. Resveratrol also decreases CYP1BI
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Fig. 5c, d correspond to CYP1BI; Fig. Se, f correspond to GST. Mice
were treated with either BaP only, RV T simultaneously with BaP, or RVT
prior to BaP. Values are expressed as mean + SE. *p <0.05. n =10

enzyme activity in the colon but not the liver. According to
Halberg et al. [27], elevated CYP1B1 expression is a marker
for more aggressive colon tumors. In our studies we see that
RVT does not promote a greater expression of CYP1B1, sug-
gesting that RVT does not favor phase I metabolism of BaP.
Another group found that RVT exerts its chemopreventive
effects by blocking metabolic activation and enhancing the
detoxification of various carcinogens [26, 28]. This blockage
was evident as RVT inhibited CYP1AI expression in rat pri-
mary hepatocytes [29], and CYP1A1, CYPIB1, and CYP1A2
expression in murine hepatoma cells [26].

Arylhydrocarbon receptor (AhR) is involved in various
processes such as cell proliferation, differentiation and
CYPI1AL1 induction after xenobiotic exposure. Literature re-
ports have shown that RVT exhibits its action through AhR-

g
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BaP aqueous metabolite levels O
(ng/ml plasma or gm tissue)
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treatment. Values are expressed as mean + SE. Asterisks indicate
statistical significance between mice that received BaP alone and mice
that received BaP + RVT or just the vehicle. *p <0.05. N=10
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dependent pathways [29]. Treatment of HL-60 human leuke-
mia cells with 0-20 uM RVT resulted in a concentration-
dependent decrease in CYP1B1 mRNA levels [30]. Ciolino
et al. [31], Ciolino and Yeh [32] demonstrated that RVT
inhibited BaP-induced increase in CYP1A1 expression in
MCF-7 human mammary epithelial carcinoma cells, thus
preventing an increase in carcinogen bioactivation capacity.
Additionally, RVT was reported to reduce the expression of
CYPI1ALI and 1B1 in BaP-treated A/J mice lung tissues [33].

Our observations of feeble mRNA expression for CYP1A1
and CYP1BI in liver and CYP1A1 for colon samples suggest
differential regulation of these enzymes in BaP and BaP +
RVT treatment groups. These results could not be attributed
to the probes used or integrity of samples because CYP1B1
mRNA expression in colon was demonstrated employing the
same methodology. Since sample processing for RT-PCR
studies remained consistent throughout the entire scope of
mRNA studies, and extreme care was taken not to compro-
mise sample integrity, mRNA and protein degradation during
sample processing can be ruled out. These variations notwith-
standing, our findings were consistent with reports of differ-
ential regulation of CYP1A1 and 1B1 by toxicants that were
AhR agonists in human breast tumor cell lines [34] and also
bronchial epithelial cell lines [35]. Interestingly some authors
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have shown that RVT inhibits CYP1A1 and 1B1 gene expres-
sion via an AhR-independent post-transcriptional pathway
[36, 37]. In the light of these findings, the possibility of
RVT exerting its action through several post-transcriptional
pathways cannot be ruled out.

For CYPIBI in colon, the changes in the mRNA expres-
sion in BaP and BaP + RVT treatment groups were also
reflected at the protein level indicating a functional signifi-
cance for this isozyme in biotransformation-mediated carcino-
genic or anticarcinogenic effects. On the other hand, the lack
of concordance between mRNA and protein expression for
CYP1A1 could be attributed to post transcriptional regulation
and differences in mRNA and protein turnover rates [38—40].

Regarding the lack of mRNA expression, doubt may arise
whether pharmacologically relevant fraction of RVT reaches
the liver and colon. This paradox could be put to rest as our
pharmacokinetic studies have clearly shown that both BaP and
RVT reaches the target tissues to elicit the effect. Additionally,
had these chemicals not reached the target organs, we would
not have observed protein expression for the drug metaboliz-
ing enzymes in both colon and liver samples. However, one
important caveat to be considered is the dose of RVT used.
Since we have not conducted differential dose-response stud-
ies (choosing more than one dose of BaP and RVT), whether
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Fig. 9 Abrogation of BaP-
induced DNA base pair damage
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the expression of CYP1 A1 and 1B1 are subjected to the same
regulatory control at different doses is open for speculation.

Though several isoforms of GST exist, we have chosen
GST-Pi as the expression of this isoform has been shown to
increase in gastric and colon tumors compared with adjacent
normal tissues [41]. Additionally, GST-Pi gene deleted mice
was reported to exhibit an increased susceptibility to PAH-
induced tumors [42]. In the presence of RVT, GST protein
expression in the colon was significantly decreased when
compared to mice that received BaP alone, but it does not
cause an increase in enzyme activity. However, in the liver
RVT caused an increase in GST protein expression, but no
significant changes in enzyme activity, thereby promoting
conjugation of BaP metabolites favoring excretion. These
findings are consistent with data in the literature that indicates
RVT induces phase 2 enzymes [43, 44].

Determining the major impact of a drug’s exposure on tis-
sue and its pharmacological activity is tied to that compound’s
pharmacokinetic behavior. Considerable accumulation of
RVT in mouse intestinal tissues has been reported subsequent
to oral administration [45, 46] to elicit the presumed beneficial
effects. At least 50-60% of the orally administered RVT was
found to be absorbed from the GI tract in rats and pigs
[47-49]. Also, biologically effective concentrations of RVT
were shown to result from chronic dosing with this phyto-
chemical as shown in humans [50, 51]. Our studies found
similar results with the pharmacokinetic properties of RVT
indicating its availability at the site of action. Resveratrol-
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conjugated sulfates and glucuronides were reported to convert
back to RVT in target organs [22, 45]. Therefore, it is beyond
doubt that biologically active concentrations of RVT could be
achieved in Apc™”* mice in our subchronic dosing study.
Our results also suggest that regardless of the rapid absorption
of RVT, this compound could alter the effects of absorbed BaP
by interfering with the biotransformation of BaP.

BaP metabolites are critical markers in examining potential
DNA-adduct formation and polyp development.
Measurement of metabolite formation in target tissues provide
an integrated analysis of BaP metabolism and the effect of
RVT on that process. Overall, RVT caused an increase in
BaP aqueous metabolite concentrations. This increase was
also in conjunction with an overall decrease in BaP organic
metabolite concentrations and types. These patterns combined
with an increase in phase 2 metabolite formation further sug-
gest that RVT favors excretion of BaP by promoting aqueous
metabolite generation.

Lastly, this study aimed at studying RVTs effects on BaP-
induced oxidative DNA damage and BaP-DNA adduct for-
mation. It is assumed that the pathological changes in target
tissues induced by toxicants were associated with production
of highly reactive free radicals and initiation of oxidative dam-
age [52]. The presence of RVT in both the liver and colon
causes a decrease in the number of DNA base pairs damaged.
A critical review of literature by Delmas et al. [53] and Gatz &
Wisemiller [54] concluded that RVT modulates DNA damage
in affected organs by repairing of damaged DNA. These

b

Liveradducts-BaP only

Liveradducts-BaP +RVT

Fig. 10 Representative pictures of BaP-DNA adduct spots. Examples are from colon (a) and liver (b) of ApcMin/+ mice treated with BaP only, and BaP

and RVT treated simultaneously
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Fig. 11 Benzo(a)pyrene-DNA
adduct concentrations in liver and
colon of Apc™™™* mice. Mice Colon

were treated with BaP only, RVT 5600 r
prior to BaP, and BaP and RVT
treated simultaneously. Values are
expressed as mean + SE. *p <
0.05.N=10
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results suggest that RVT may work to promote the repair of
damaged base pairs [52] to off-set adduct formation, and even-
tual tumor formation and progression. These findings also
indicate that RVT may protect mouse liver and colon tissue
against DNA damage induced by reactive oxygen species.

A significant decrease in BaP-DNA adducts concentrations
in colon and liver in the presence of RVT was observed com-
pared to mice that received BaP alone. Reported studies also
show that RVT prevents the binding of BaP ultimate metabo-
lites to DNA and reduce the likelihood of tumor progression
and development. For example, co-exposure of human bron-
chial epithelial cells to both RVT (10-50 uM) and BaP (1 uM)
showed inhibition of BaP-DNA adduct formation [35, 36].
Similarly, co-treatment of RVT (50 mg/kg bw/wk) and BaP
(5 mg/kg bw/wk) were shown to inhibit BaP-DNA adduct
formation in lung tissues in a Balb-c mouse model [55]. The
preponderance of dG adducts relative to those of dA are con-
sistent with the results of studies conducted in our laboratory
[27, 56, 57] and those of others [58, 59] using rodent models
exposed to BaP. However, not much information is available
whether RVT has a role in prevalence of certain nucleotide-
specific binding of BaP metabolites, which merits investiga-
tion. Taken together, literature reports from other regimens
employed, and findings from our study provides definitive
evidence that RVT is able to slow down tumor progression
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via decreasing the rate of BaP-DNA adduct formation in BaP-
exposed colon and liver tissues.

Timing of RVT administration appears to be important in
eliciting the anticarcinogenic effect. As mentioned elsewhere
in this manuscript, we have used RVT concurrently with BaP,
and also prior to BaP administration. In order to inhibit tumor
growth, RVT must be readily available in target tissues. Since
carcinogenesis encompasses initiation, promotion and pro-
gression phases, chemopreventive agents like RVT can act at
one or more phases to render their protective effect [60].
Given the rapid metabolism of RVT [61], prior treatment of
mice with RVT in the present study may not have yielded
enough ‘biologically potent fraction of the administered
RVT dose’ to be readily available when BaP administration
is commenced, and tumor formation is initiated, so that the
tumor growth could be inhibited. On the other hand, during
concurrent BaP & RVT administration, the biochemical or
molecular pathways targeted by BaP could be modulated by
RVT as indicated by the drop in tumor counts and tumor size
in the present study. We also have investigated whether RVT
administration post BaP subchronic exposure could bring
down the tumor count and size. Resveratrol failed to reverse
the BaP-induced carcinogenic effects (data not shown). These
observations are consistent with a previous report where RVT
administration post-tumor initiation phase had no effect on the

Table 2 Composition of

benzo(a)pyrene-DNA adducts Organ/Adduct type BaP RVT prior to BaP BaP +RVT
(pmol/pg DNA) in colon and
liver of Apc™™* male mice Colon
treated with resveratrol (RVT) Deoxyadenosine adduct (dA) 820 + 80 710 £ 77 446 + 40*
and benzo(a)pyrene (BaP: alone Deoxyguanosine adduct (dG) 3640 = 325 3525 + 335 2252 +212%
and in the presence of RVT) o
Deoxycytidine adduct (dC) 240 + 25 192 +18 85+ 8%
Deoxythymidine adduct (dT) 100 + 12 84+9 28 + 2%
Liver
Deoxyadenosine adduct (dA) 358 +17 244 + 12 154 + 3.5%
Deoxyguanosine adduct (dG) 1202 + 34 1158 £ 24 882 £ 21*
Deoxycytidine adduct (dC) 32+1.2 21+£1.0 18 +0.8*
Deoxythymidine adduct (dT) 9+ 0.45 5+0.35 4+0.2%

Values represent mean + standard error (n = 10). Asterisks denote statistical significance (p < 0.05) of respective
adduct types for BaP and RVT administered together compared to BaP alone administration
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lung tumors induced by BaP in A/J mice [62], which could be
attributed to the insufficient bioavailable fraction of RVT at
the target site [33] to undo the damage caused by BaP.

Conclusions

This research has provided critical insight into the extent to
which resveratrol could prevent environmental and dietary
toxicant- induced colon carcinogenesis. Taken together, our
findings lend support to the hypothesis that RVT is a promis-
ing anticancer agent.
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