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Abstract
The present study has been undertaken to examine whether exposure to benzo(a)pyrene (BaP), a
polycyclic aromatic hydrocarbon (PAH) compound influences the metabolism of fluoranthene
(FLA), another PAH compound. Microsomes were isolated from the adipose tissue of mice that
received 50 μg/kg BaP and incubated with FLA (3μM) alone; FLA in combination with BaP at
equimolar concentrations and a control group that received nothing. Post-incubation, samples were
extracted with ethyl acetate and analyzed for FLA metabolites by reverse-phase HPLC with
fluorescence detection. The rate of FLA metabolism (pmol of metabolite/min/mg protein) was
increased when microsomes from BaP-treated mice were exposed to FLA alone and FLA in
combination with BaP, compared to controls. On the other hand, the difference in FLA metabolic
rate between microsomes that were exposed to FLA + BaP was higher than the ones that received
FLA. The microsomes from BaP-pretreated mice produced considerably higher proportion of FLA
2, 3-diol, and 2, 3 D FLA when microsomes were incubated with FLA. There were no differences
in the FLA metabolite types formed when BaP-pretreated mice were co-incubated with BaP and
FLA, than FLA alone. The enhanced biotransformation of FLA as a result of prior and concomitant
exposure to BaP may have implications for assessment of risks arising from human exposure to PAH
mixtures.
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Introduction
Our environment is contaminated with a mixture of chemicals, a good majority of which are
man-made while the others are of anthropogenic in origin. One family of these chemicals that
are ubiquitous in the environment is polycyclic aromatic hydrocarbons (PAHs), which are
released into the environment as a result of petrogenic and pyrolytic processes. The toxicity
and carcinogenicity of PAHs are well established aspects (IPCS, 1998; Ramesh et al. 2004).

Humans and animals are seldom exposed to a single PAH compound but mixtures of PAHs
through diet, personal- (smoking) and life style habits (cooking and home heating, using
firewood) and occupational (firefighters, industrial workers, aircraft mechanics etc.) settings
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(IPCS, 1998; Ramesh et al. 2004). Some of these compounds are potent by nature, while others
require addition of another PAH compound that manifest its effect (additivity) or to an
enhanced effect than one would expect on the basis of additivity (synergism) or suppress the
effect of other PAH compound (antagonism) or qualitatively different toxic effects when
exposed together than when exposed alone (potentiation; Cassee et al., 1998; Kistos and Edler,
2005). The combination of PAHs can be binary, ternary, quaternary or more. Also, the patterns
of exposure differ; they can be sequential or simultaneous exposures. To determine the
effectiveness of these two exposure scenarios, we studied the in vitro metabolism of two PAH
compounds benzo(a)pyrene (BaP) and fluoranthene (FLA) using microsomes. Microsomes are
subcellular organelles that harbor drug metabolizing enzymes necessary for detoxification of
chemicals (Ekins et al., 2000). These organelles along with cell cultures are being developed
as in vitro screening tools to test the toxicity of PAHs in complex environmental mixtures
(Krishnamurthi et al., 2007).

We did not dwell into the endpoints of toxicity or carcinogenesis; instead we focused on the
metabolism of these chemicals, given the fact that metabolism drives the toxicity/
carcinogenesis of any given environmental chemical. The metabolite profiles are expected to
serve as predictors of toxic or carcinogenic responses that might ensue or the lack thereof upon
exposure of cells to PAHs.

Being lipophilic, PAHs tend to accumulate in the adipose tissue (Moir et al., 1998; Walker et
al., 2007). Continuous release of these compounds from adipose stores eventually leads to
buildup of reactive metabolites in target tissues to induce toxic effects (Galván et al., 2005).
Therefore, the rationale for this study was to assess the type of interactions between BaP and
FLA in metabolism mediated by the adipose tissue microsomal system. Benzo(a)pyrene and
FLA were chosen for this study because both were toxicants (Knuckles et al., 2001 and
2004). While the former PAH compound is an established carcinogen (IPCS, 1998), the latter
one is a “non classifiable carcinogen [carcinogenicity class D as per EPA (2001) guidelines].

Materials and Methods
Exposure of mice to benzo(a)pyrene

Six-week-old male ApcMin mice, an animal model used for studying cancers of the
gastrointestinal tract (Sattar et al., 1999; Harris et al., 2009a), purchased from Jackson Labs
(Bar Harbor, ME) were used in this study. These mice weighing approximately 25 g 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 (NIH-31 open formula diet, National
Institutes of Health, MD) and water. All animals were allowed a seven-day acclimation period
prior to being randomly assigned to a control (n = 5) or treatment group (n = 5). Treatment
consisted of 50 μg/kg of BaP (97% pure, unlabeled; Sigma Chemical Co., St.Louis, MO)
dissolved in peanut oil (Sigma). Mice that received no vehicle (peanut oil) and BaP served as
controls. The test chemical was administered daily via oral gavage for 60 days. This dose has
been chosen on the basis of human dietary relevance of orally administered BaP and the
induction of colon tumors in ApcMin mice at this dose, reported earlier from our laboratory
(Harris et al., 2009a). The care and husbandry of mice used in this study was in conformity
with the guidelines (ILAR, 1996) that regulate the humane care and use of laboratory animals
for research.

Preparation of Microsomes
Microsomal fractions were prepared, and processed as described by Schenkman and Jansson
(1999) with some modifications. The mesenteric adipose tissue (white adipose tissue that
blankets the peritoneum connecting parts of intestine) were removed following which, they
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were washed in chilled (4°C) isotonic saline. Each tissue sample was individually cut into small
pieces using sterile scalpel blades, minced separately with a fine pair of scissors and thoroughly
mixed to obtain a homogenous mixture of minced tissue sample per animal. One gram of each
minced sample was chilled in isotonic saline for 5 min prior to being homogenized in two
volumes of sucrose-TKM buffer (sucrose 0.25 M, Tris 80 mM, KCl 25 mM, MgCl2 5 mM, pH
7.4). Each minced tissue sample homogenate was centrifuged at 10, 000 X g for 10 min,
supernatant harvested and subjected to a second centrifugation at 15, 000 X g for 15 min to
pellet down nuclei and mitochondria. Each resultant supernatant was centrifuged at 100, 000
X g for 60 min at 4°C following which, the cytosolic supernatant and microsomal pellet were
separated. Each microsomal pellet was rinsed twice with 5 mL of sucrose-TKM buffer and
resuspended in 5 mL of the same buffer. The microsomes were aliquoted into cryovials
(Wheaton Science Products, Millville, NJ), and stored frozen at −20°C until used for studying
FLA/BaP metabolism. Protein content of each microsomal preparation was determined
according to the method of Bradford (1976).

Microsomal Incubations and Metabolism Studies
Prior to starting the present studies, pilot studies were conducted in our laboratory to establish
the optimal conditions for microsomal protein concentrations, substrate concentrations and
time of incubation of reaction mixtures in the assay. The results (data not shown here) showed
that reaction rates were consistent with linearity of metabolism occurring in the first 15min, at
microsomal protein and substrate concentrations of 0.5mg/ml and 5 μM, respectively. Hence
these conditions were used for the present study.

Before conducting metabolism studies, microsomes were thawed at room temperature and 120
μL of the microsomal pellet resuspended in TKM buffer (final protein concentration 0.5 mg/
mL) were added to 5 mL of cocktail containing NADPH (0.72 mM), EDTA (100 mM),
KPO4 (100 mM), MgCl2 6H2O (3.75 mM). Samples per animal were preincubated for 2 min
at 37°C in a tissue shaker (Precision Scientific Instruments, Chicago, IL). Treatment consisted
of exposure in vitro to 3μM BaP (CAS No. 50-32-8; 98% pure, Sigma) or FLA (CAS No.
206-44-0; 98% pure, Sigma) dissolved in dimethyl sulfoxide. After a 15 min incubation at 37°
C, the reaction was stopped with 8 mL of ethyl acetate containing butylated hydroxytoluene
(0.2 mg/mL). Benzo(a)pyrene/fluoranthene metabolites were extracted twice with ethyl acetate
and the extracts were analyzed by reverse phase HPLC for BaP/FLA metabolites as described
previously (Ramesh et al., 2001, Walker et al. 2006). Metabolite standards for these two
toxicants were obtained from the National Cancer Institute Chemical Carcinogen Repository
(Midwest Research Institute, Kansas City, MO).

The two sets of BaP and FLA incubation experiments (FLA in the presence of BaP and vice
versa) were not done simultaneously, but at different times. Controls were processed in parallel
with experimental samples under identical assay conditions. Dimethyl sulfoxide [vehicle for
FLA/BaP] was used as a negative control while reaction mixtures without FLA or BaP or
microsomes served as positive controls. The rates of metabolism [formation of FLA/BaP
metabolites] were expressed as pmol of product formed per min per mg of microsomal protein.
Since FLA or BaP and their metabolites are suspected carcinogens, they were handled in
accordance with NIH guidelines for preventing exposure of laboratory personnel to this
chemical (NIH, 1981).

Statistical analysis
Data on microsomal mean FLA/ BaP metabolite concentrations were analyzed by ANOVA
with repeated measures and the differences among means were tested for significance using
the Openstat 3 software (an open source statistics package developed by William G. Miller,
Iowa State University).
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Results
The total concentrations of FLA/ BaP metabolites produced by the mouse adipose tissue
microsomes were shown in Figures 1 & 2. Microsomes from BaP-pretreated mice when
incubated with FLA alone generated significantly greater (p < 0.05) concentrations of FLA
metabolites when compared to microsomes from the other treatment categories (FLA with no
BaP pre-treatment; FLA + BaP with no BaP pre-treatment; FLA + BaP with BaP pre-treatment;
Figure 1). Similarly, microsomes from BaP-pretreated mice when incubated with BaP alone
generated significantly greater (p < 0.05) concentrations of BaP metabolites when compared
to other treatment categories (BaP with no BaP pre-treatment; BaP + FLA with no BaP pre-
treatment; BaP + FLA with BaP pre-treatment; Figure 2).

To see whether the quantitative differences in BaP and FLA metabolite concentrations in the
above-mentioned incubation regimens were also extended to qualitative differences, we have
identified the respective metabolites of the above-mentioned toxicants in all the treatment
categories.

The FLA metabolites generated from adipose tissue microsomes were FLA 2,3-diol, trans-2,
3-dihydroxy-1, 10b-epoxy-1, 2, 3, l0b tetrahydro FLA (2, 3 D FLA), 3-hydroxy FLA, and 8-
hydroxy FLA. The relative distribution (concentration) of individual FLA metabolites among
total metabolites was represented as percentages and shown in Figure 3. Microsomes from
BaP-pretreated mice produced considerably higher proportion of FLA 2, 3-diol, and 2, 3 D
FLA when microsomes were incubated with FLA alone and FLA in combination with BaP
when compared to microsomes from mice that received no prior BaP treatment.

The BaP metabolites produced from adipose tissue microsomes were BaP 9, 10-diol, BaP 4,5-
diol, BaP 7, 8-diol, 3-hydroxy and 9-hydroxy BaP. The relative distribution (concentration) of
individual BaP metabolites among total metabolites represented as percentages is shown in
Figure 4. Microsomes from BaP-pretreated mice produced considerably higher proportion of
BaP 9, 10-diol, BaP 4,5-diol, and BaP 7, 8-diol when microsomes were incubated with BaP
alone and BaP in combination with FLA when compared to microsomes from mice that
received no prior BaP treatment.

Discussion
The concentrations of BaP or FLA (3μM) used in the present study are higher than the actual
concentrations (0.03–0.09 ng/g wet tissue) reported for healthy humans (Beach et al., 2000;
Goldman et al., 2001). Nonetheless, these concentrations were chosen because of their
relevance to environmental levels of these PAHs in hazardous waste sites, former industrial
sites, and exposure concentrations for “at risk” populations such as smokers and occupationally
exposed individuals (IPCS, 1998; Ramesh et al., 2004).

Unlike BaP, the absence of a bay region in FLA (Phillips & Grover, 1994) affects the binding
of this compound to the Ah receptor (Sjögren et al., 1996), which mediates the induction of
cytochrome P450 enzymes. Therefore, FLA requires metabolic activation to become
biologically reactive from a toxicity/carcinogenesis standpoint; hence BaP was used as an
inducer prior to FLA exposure.

The lack of a significant difference in metabolite concentrations between the FL + BaP –no
BaP pre-treatment and BaP pre-treatment group indicates that the PAH substrates may compete
for the same enzymes that metabolizes these chemicals. Similarly, there was no significant
difference in metabolite concentrations between BaP + FLA –no BaP pre-treatment and BaP
alone without any pre-treatment groups. Also, the difference in metabolite concentrations
between BaP alone with BaP-pretreatment group and BaP + FLA with BaP pretreatment groups
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was not significant. These results further suggest that BaP pretreatment may be beneficial when
FLA alone is incubated without BaP because of competitive inhibition of FLA by BaP.

The differential metabolic behavior of BaP and FLA could be explained by the relative ability
of these toxicants to induce drug metabolizing enzyme (cytochrome P450) activity, with BaP
apparently showing more potency. Fluoranthene has been reported to be a weak inducer of
monooxygenase enzymes; at least 100 times less effective compared to BaP in rodent liver
microsomes (vanDuuren and Goldschmidt, 1976). Cytosolic receptor binding affinity
(Piskorska-Pliszczynska et al., 1986) and rat hepatoma cell bioassays (Willett et al., 1997) also
revealed that FLA was not a potent inducer of aryl hydrocarbon hydroxylase and 7-
ethoxyresorufin O-deethylase activities, respectively.

The induction of drug metabolizing enzymes by subchronic exposure to BaP may have
enhanced microsomal metabolism of FLA, as seen when microsomes from mice that have not
received any BaP were exposed to FLA alone versus microsomes from mice that received prior
BaP exposure. The BaP-induced effect was also evident when it was co-exposed with FLA.
This characteristic explains the synergistic responses observed when various PAH compounds
were co-exposed with BaP. Benzo(a)pyrene was found to act as a comutagen in a binary
mixture of BaP and benzo(e)pyrene in the Salmonella typhimurum strain TA98/microsome
assay (Haas et al., 1981). In mouse skin bioassays, mixtures of anthracene, chrysene, pyrene,
fluoranthene and phenanthrene were reported to have a greater tumor latency period compared
to a decreased latency period when BaP was added to the mixture (Warshawsky et al., 1993).
Binary mixtures of dibenzo(a,e)pyrene, dibenzo[a,l]pyrene, dibenzo[a,h]anthracene, benzo[b]
fluoranthene, fluoranthene or 1-methylphenanthrene with BaP showed synergistic interaction
in DNA binding potencies compared to individual compounds (Hughes and Phillips, 1990).
On the other hand, binary or ternary mixtures of BaP, anthracene and chrysene were reported
to reduce the renal cytotoxic potential of individual compounds (Falahatpisheh et al., 2004).
These findings lend credence to our supposition that the presence of another PAH compound
in a mixture will have a bearing on the metabolism of the chemical in question.

Our observations that prior exposure to BaP induces the microsomal metabolism of BaP to
precursors of reactive metabolites are in agreement with that of Vaca et al. (1992) who reported
similar findings. Fluoranthene, however presents a contrasting picture in that though this PAH
compound could be induced by BaP in our studies, but not in Vaca et al. (1992). The incongruity
between our findings and Vaca et al. (1992) could be attributed to differences in the BaP dose
used for induction of P450 monooxygenase activity (20 mg BaP/kg bw/day for 4 days by I.P.
injection in Vaca et al., 1992 versus 50 μg BaP/kg bw/day for 60 days by oral gavage in our
study), type of microsomes (hepatic microsomes of Vaca et al., 1992 versus adipose
microsomes in our study), and exposure concentrations of BaP and FLA (100 μM for Vaca et
al., 1992 versus 3 μM in our study). Also, the possibility of differences in modes of action at
different doses for these toxicants cannot be ruled out.

The relative importance of various BaP and FLA metabolites detected and quantified in the
binary exposure situation can be discussed in the context of their ability to induce toxicity or
carcinogenesis.

Hydroxyfluoranthenes (3-,8-hydroxyfluoranthenes, and 2,3-dihydro-2,3-dihydroxy
fluoranthene) are not mutagenic per se, but may be oxidized to potentially mutagenic
metabolites such as dihydrodiols, mediated by the microsomal epoxide hydrolase. One of the
metabolites, the FLA 2,3-diol undergoes metabolism to form FLA 2,3-diol-1,10b-epoxides.
These epoxides bind to DNA (Babson et al., 1986) and hemoglobin (Hutchins et al., 1988) to
a considerable extent. The enhanced production of FLA diol metabolites in microsomal
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incubations of FLA in the presence of BaP indicate a greater potency of BaP as an inducer of
drug metabolizing enzymatic activities.

Microsomal metabolism of BaP generates the trans-4,5-, trans-7,8-, and trans-9,10-
dihydrodiols along with 3 and 9 (OH) BaP metabolites. The trans-dihydrodiols are oxidized
to bay-region diol epoxides, which bind with DNA. For e.g., the 7,8-diol relative to 4,5-diol
and 9,10-diol bind to DNA strongly and form stable DNA adducts, which perturb nuclear
functions such as transcription and replication ultimately leading to neoplasia (Luch, 2006).
Though the 3-and 9-hydroxy BaP are considered to be a part of the detoxification pathway,
these metabolites of BaP have been implicated in DNA damage, contributing to unscheduled
DNA synthesis (Chen et al., 2000).

The FLA and BaP metabolite types identified in our study are in accord with published
literature, which used microsomes from intestinal, hepatic and extra-hepatic tissues (Walker
et al., 2006; Smith et al., 2007; Harris et al., 2009b). However, the variation in proportion of
specific BaP/FLA metabolic types generated from the adipose microsomes could be attributed
to the competition for microsomal metabolizing enzymes and the relative stability of the
metabolites of one compound versus the other. In real world-complex PAH mixtures, BaP and
FLA may not present in the same relative proportion as were used in laboratory studies. This
limitation notwithstanding, as a result of enhanced biotransformation of one compound versus
the other, the reactive metabolites that were generated in greater proportion may have the
potential to react with cellular macromolecules leading to toxicity or carcinogenesis (Staal et
al., 2007). From a human health standpoint, the individual and interactive toxicity of PAHs
that stem from the plethora of metabolites they generate may have implications as these
compounds are emanated from the Superfund sites and their metabolites possess
immunosuppressive characteristics (Silkworth et al., 1995). Future studies will use animal
models to target the mechanisms that underlie the differential metabolic behavior of BaP and
FLA mixtures.
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Figure 1.
Rate of fluoranthene metabolism in adipose microsomes of ApcMin mice pre-exposed to benzo
(a)pyrene. Explanations of the abbreviations are as follows; FL-no BaP pretr: FLA metabolite
concentrations from microsomes of unexposed mice incubated with 3μM FLA alone; FL +
BaP-no BaP pretr: FLA metabolite concentrations from microsomes of unexposed mice
incubated with 3μM FLA + 3μM BaP; FL-BaP pretr: FLA metabolite concentrations from
microsomes of BaP (50 μg/kg)-pretreated mice incubated with 3μM of FLA alone; FLA + BaP-
BaP pretr: FLA metabolite concentrations from microsomes of BaP (50 μg/kg)-pretreated mice
incubated with 3μM each of FLA and BaP. Values are expressed as mean concentration of
total metabolites ± SE. Data from triplicate determination (variability was <10%) of five
individual animals from each treatment group were compared. Asterisks denote statistical
significance (*** p < 0.001, ** p < 0.01) in FLA metabolite concentrations among the treatment
categories.
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Figure 2.
Rate of benzo(a)pyrene metabolism in adipose microsomes of ApcMin mice pre-exposed to
benzo(a)pyrene. Explanations of the abbreviations are as follows; BaP-no pretr: BaP metabolite
concentrations from microsomes of unexposed mice incubated with 3μM BaP alone; BaP +
FL-no BaP pretr: BaP metabolite concentrations from microsomes of unexposed mice
incubated with 3μM FLA + 3μM BaP; BaP-BaP pretr: BaP metabolite concentrations from
microsomes of BaP (50 μg/kg)-pretreated mice incubated with 3μM of BaP alone; BaP + FLA-
BaP pretr: BaP metabolite concentrations from microsomes of BaP (50 μg/kg)-pretreated mice
incubated with 3μM each of BaP and FLA. Values are expressed as mean concentration of
total metabolites ± SE. Data from triplicate determination (variability was <10%) of five
individual animals from each treatment group were compared. Asterisks denote statistical
significance (*** p < 0.001, ** p < 0.01) in BaP metabolite concentrations among the treatment
categories.

Huderson et al. Page 10

Toxicol Mech Methods. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Metabolite composition of fluoranthene in adipose microsomes of ApcMin mice pre-exposed
to benzo(a)pyrene. Values are expressed as the percentage of individual metabolite types
among the total metabolites (sum of individual concentrations of FLA2, 3-diol, trans-2,3-
dihydroxy-1,10b-epoxy-1,2,3,10b tetrahydro FLA [2, 3D FLA], 3-hydroxy FLA, and 8-
hydroxy FLA) formed (n = 5 for each treatment category). Explanations of the abbreviations
are as follows; FL-no BaP pretr: FLA metabolite types from microsomes of unexposed mice
incubated with 3μM FLA alone; FL + BaP-no BaP pretr: FLA metabolite types from
microsomes of unexposed mice incubated with 3μM FLA + 3μM BaP; FL-BaP pretr: FLA
metabolite types from microsomes of BaP (50 μg/kg)-pretreated mice incubated with 3μM of
FLA alone; FLA + BaP-BaP pretr: FLA metabolite types from microsomes of BaP (50 μ/kg)-
pretreated mice incubated with 3μM each of FLA and BaP.
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Figure 4.
Metabolite composition of benzo(a)pyrene in adipose microsomes of ApcMin mice pre-exposed
to benzo(a)pyrene. Values are expressed as the percentage of individual metabolite types
among the total metabolites (sum of individual concentrations of BaP 9, 10-diol; BaP 4,5-diol;
BaP 7,8-diol; 3-hydroxy and 9-hydroxy BaP) formed (n = 5 for each treatment category).
Explanations of the abbreviations are as follows; BaP-no pretr: BaP metabolite types from
microsomes of unexposed mice incubated with 3μM BaP alone; BaP + FL-no BaP pretr: BaP
metabolite types from microsomes of unexposed mice incubated with 3μM FLA + 3μM BaP;
BaP-BaP pretr: BaP metabolite types from microsomes of BaP (50 μg/kg)-pretreated mice
incubated with 3μM of BaP alone; BaP + FLA-BaP pretr: BaP metabolite types from
microsomes of BaP (50 μg/kg)-pretreated mice incubated with 3μM each of BaP and FLA.
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