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Abstract
Exposure to environmental toxicants has been implicated as one of the causative factors for
infertility in mammals. The objective of this study was to determine the amount of ingested
benzo[a]pyrene (BaP), an environmental toxicant that reaches the reproductive tissues (internal
dose) subsequent to a single acute exposure. Toward this end, the concentrations of BaP reactive
metabolites and BaP–DNA adducts were measured throughout the course of BaP’s residence in
the body. Ten-week-old female Fischer-344 rats weighing approximately 220 g were administered
5 mg BaP/kg body weight orally. 1, 7, 14, 2,1 and 28 d post BaP exposure, BaP parent compound
and metabolites from plasma, ovaries, and liver tissues were extracted using liquid–liquid
extraction. The extracts were analyzed by reverse-phase highperformance liquid chromatography
(HPLC). DNA was isolated and analyzed for BaP-induced DNA adducts by 32P-postlabeling
method. The BaP total metabolite concentrations in plasma, ovaries, and liver showed a gradual
decrease from d 1 to 28 post BaP administration. The BaP–DNA adducts concentrations in ovaries
and liver tissues from the treatment group demonstrated a trend similar to that observed for
metabolites. Ovaries showed greater concentrations of DNA adducts compared to liver. However,
with an increase in time post cessation of exposure, the adduct concentrations in liver tissue started
declining rapidly, from d 1 to 28. For ovaries, the adduct concentrations demonstrated a significant
decline from d 1 to 7 and a gradual fall thereafter. A concordance between BaP reactive metabolite
levels and adduct concentrations indicates that the bioavailability of reactive metabolites
determines the binding with DNA and consequently the formation and persistence of adducts in an
acute exposure regimen.

The complex process of reproduction in mammals is highly susceptible to environmental
toxicants, one of a group of legacies of industrial revolution. One of the environmental
toxicants that perturbs human health is benzo[a]pyrene (BaP), a ubiquitous polycyclic
aromatic hydrocarbon (PAH) compound, resulting from incomplete combustion of
carbonaceous materials. Benzo[a]pyrene exists in a number of environmental products, such
as soot, asphalt, tobacco smoke, petroleum, air pollutants, and cutting oils, as well as
contaminated foods and drinking water. Benzo[a]pyrene therefore makes its way into the
body of animals including humans mainly via inhalation of BaP-laden particulates, or orally,
through various food chains (IPCS, 1998; Ramesh et al., 2004a). Several reports indicate
that BaP exposure is associated with adverse health effects in humans (Melikian et al., 1999;
Perera et al., 1998, 2006; Singh et al., 2007; Zanieri et al., 2007). In exposed mammals, BaP
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becomes activated in organs, including the ovaries, to electrophilic metabolites (Archibong
et al., 2002, Harris et al., 2009) that bind covalently to nucleophilic sites of cellular macro-
molecules such as DNA and may interfere with the above-mentioned gonadal function,
resulting in ovarian toxicity (compromising function and viability of oocyte–granulosa cell
complexes in the follicles; Zenzes et al., 1998).

In addition to biotransformation of BaP to reactive metabolites, of importance is the dose of
BaP administered, as it plays an important role in the toxicity and risk assessment of this
chemical. In this scenario, it is important to emphasize that toxicity is dependent not on dose
administered but on the amount that actually reaches the target site where adverse effects
occur, referred to as the “internal dose.” This dose may represent only a fraction of the
“external dose” (Hrudey et al., 1996; Paustenbach, 2000). Another way of estimating the
target tissue dose is by measuring the total delivered amount of biologically active toxicant/
metabolites. This dose is termed the “biologically effective dose” (Godschalk et al., 2000).

Therefore, the aim of this study was to assess the dose of BaP reaching the target organ
following oral exposure to BaP. Our earlier studies in somatic and reproductive tissues of
animal models showed that BaP undergoes rapid metabolism and metabolites were
quantifiable (Ramesh et al., 2001, 2002, 2008). Another objective of this study was to
examine the relationship that may exist among bioavailable dose and kinetics of disposition
of administered BaP in plasma and reproductive tissues. The rationale for undertaking this
research is that tissue DNA acts as the internal trapping agent for reactive metabolites
(Ginsberg & Atherholt, 1989; Garg et al., 1993) produced in liver and reproductive tissues
postexposure. Since BaP toxicity to reproductive system is the prime focus of our research,
studies on kinetics of disposition of reactive metabolites and DNA adducts will provide
insight into the amount of ingested BaP reaching the target ovaries throughout the course of
its residence in the body to elicit adverse effects.

MATERIAL AND METHODS
Animals and Exposure

Ten-week-old female F-344 rats weighing approximately 220 g were purchased from Harlan
Laboratory, Indianapolis, IN, and allowed a 7-d acclimation period prior to the initiation of
experiments. Animals were housed in a controlled environment (21 ± 2°C; humidity 50–
60%) in groups of 3 per cage maintained on a 12/12-h light/dark cycle (lights on at 0600 h)
and were allowed free access to rat chow (5001 Lab Meal; Purina Ralston Co.) and water.
Subsequently, rats were randomly assigned to a treatment (n = 8 per time point) or control (n
= 8 per time point) group. The care and husbandry of rats used in this study were in
conformity with the guidelines (ILAR, 1996) that regulate the humane care and use of
laboratory animals for research.

Treatment consisted of 5 mg BaP /kg body weight (97% pure, unlabeled; Sigma Chemical
Co., St.Louis, MO) dissolved in tricaprilyn (vehicle; Sigma) and administered through a
single oral gavage. Control rats were administered an equivalent volume of vehicle as
described for rats in the treatment group.

Sample Collection and HPLC Analysis for BaP Parent Compound and Metabolites
Treated and control rats were sacrificed by decapitation following administration of a
combination of ketamine and xylazine anesthetics on d 1, 7, 14, 21, or 28 postexposure.
Blood samples collected for plasma extraction, ovaries, and liver were excised at each time
point (8 rats/time point) and stored frozen at −70°C until analyzed. Plasma from blood
samples were harvested when centrifugation at 2900 × g for 25 min and stored frozen at
−70°C until analyzed.
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The BaP parent compound and metabolites were resolved by a high-performance liquid
chromatograph (HPLC), model 1050 (Agilent Technologies, Wilmington, DE), equipped
with an HP1046 fluorescence detector. The chromatograph was operated through a 2D
ChemStation (Agilent Technologies) for instrument control, data acquisition and analyses.
Fifty microliters of each sample were injected onto a C18 reverse-phase column (ODS
Hypersil, 5 μm, 200 × 4.6 mm; Agilent Technologies). The column (temperature 33°C) was
eluted for 45 min at a flow rate of 1 ml/min with a ternary gradient of
water:methanol:ethanol (40:40:20%) for 20 min, followed by the same gradient at a ratio of
30:46:24 for 10 min, 100% methanol for 10 min, and returning to the initial gradient of
40:40:20 for 5 min. The excitation and emission wavelengths for the detector were 244 and
410 nm, respectively. Benzo[a]pyrene metabolite standards were obtained from the National
Cancer Institute Chemical Carcinogen Repository (Midwest Research Institute, Kansas City,
MO). As BaP and its metabolite standards are potential carcinogens/mutagens, they were
handled in accordance with National Institutes of Health (NIH) guidelines (NIH, 1981).
Identification of the metabolites was accomplished by comparison of retention times and
peak areas of the samples with that of standards.

The conjugated metabolites were eluted via a gradient of increasing methanol in ammonium
formate buffer (AFB; containing ammonium formate at 0.04 M, tetrabutyl ammonium
bromide [TBAB; 0.04 M, pH 6.4; 80%], and water [20%]) for 20 min, followed by the same
gradient at a ratio of 50:50 for 45 min, 30:70 for 15 min, and returning to the initial gradient
of 80:20 for 15 min. The column (temparature 33°C) was eluted for 60 min at a flow rate of
1 ml/min. The excitation and emission wave-lengths were 241 and 389 nm, respectively.
The water-soluble metabolites were analyzed by enzymatic hydrolysis as described below.

One-milliliter fractions of the HPLC eluate were collected and divided into equal aliquots,
concentrated in a Speed-vac, and incubated with β-glucuronidase, arylsulfatase, and γ -
glutamyltransferase (Sigma Chemical Co., St. Louis, MO) according to Merrick and Selkirk
(1985). After incubation, each sample was extracted with an equal volume of ethyl acetate.
Each ethyl acetate extract containing the released deconjugated products was concentrated
under N2 gas, reconstituted in methanol, and analyzed by reversephase HPLC as outlined for
organic soluble metabolites.

DNA Isolation
DNA was isolated from ovaries and liver of rats exposed to BaP. DNA isolation was
performed by using the Stratagene DNA isolation kit and subjected to 32P-postlabeling. The
labeled adducts were separated and quantified by thin-layer chromatography (TLC) as
described later.

32P-Postlabeling
The methods of Gupta (1985) and Gupta and Randerath (1988) were used for analysis of
DNA adducts, which is briefly described as follows. DNA (5 μg) from ovaries and liver was
digested to 3′-dNPs (deoxyribonucleoside monophosphates) at 37°C for 2 h with 5 μg each
of micrococcal nuclease and spleen phosphodiesterase. The nucleotides were enriched by
adding 4 μg/μl P1 nuclease to the digest and incubated at 37°C for 60 min. The DNA digests
were diluted to 50 μl (to yield 0.14 μg/μl DNA) with water. The digests were then 32P-
postlabeled by incubation with 2.3 μl [γ -32P]-ATP (250 μCi/μl; Perkin Elmer, Inc.,
Waltham, MA) and 1.2 μl T4 polynucleotide kinase (3 U/μl) at 37°C for 30 min. Potato
apyrase (20 mU/μl) was added to destroy residual [γ -32P]-ATP and the mixture was
incubated at 37 °C for another 10 min.
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Thin-Layer Chromatography (TLC)
The postlabeled samples were separated and quantified as previously described by Ramesh
and Knuckles (2006). Briefly, samples (each 1 μl) were applied to 20 cm × 20 cm
polyethylenimine-cellulose thin-layer chromatography (TLC) plates (Machery Nagel,
Germany). A paper wick was stapled to the top of the TLC plates. The plates were
developed overnight in 1 M NaH2PO4, pH 6. The plates were washed twice with deionized
water, dried, and developed in 3.5 M lithium formate and 7 M urea, pH 3.5, from the bottom
to the top of the plate. The plates were again washed in water, air-dried, and developed at a
right angle to the previous direction of development in 0.8 M lithium chloride, 0.5 M Tris-
HCl, and 7 M urea, pH 8. The plates were not washed, but air-dried and developed in the
first direction with 1.7 M NaH2PO4, pH 6. The plates were again washed in water, dried,
and wrapped in Saran wrap. The adducts were detected by autoradiography at −80°C using
Kodak XAR-5 film (Sigma Chemicals, MO) and a Fisher intensifying screen as an image
enhancer. After the end of exposure, the adduct spots corresponding to the autoradiograms
were excised and counted in a scintillation counter (Beckman Coulter Instruments, Brea,
CA). Areas adjacent to the adduct spots were counted in the same way and the background
radioactivity was subtracted from the sample counts. The total nucleotides were analyzed by
a diluted DNA digest (2 ng) in parallel with adducts. Subsequently, the normal nucleotides
were separated by PEI-cellulose TLC in 0.3 M lithium chloride, pH 8. Adduct levels were
calculated by relative adduct labeling and represented as femtomoles per microgram DNA.

Identification of BaP–DNA Adducts
The BaP metabolites, especially BaP 7,8-diol 9,10-epoxide, BaP 3,6-dione, and BaP 7,8-
dione were incubated with 40 μM DNA and subjected to cochromatography with unknown
adduct samples. As mentioned previously, a multidimensional TLC system was used. Those
unknown adducts that exhibited equivalent mobility (comigration) with that of known
standard were mapped and identified according to Walker et al. (1992).

To identify whether the adducts were those of deoxyadenosine or deoxyguanosine, solutions
of respective nucleotides (40 μM each of 3′-deoxyadenosine monophosphate [dAMP], and
3′-deoxyguanosine monophosphate [dGMP]) were mixed with equal volumes of each one of
the metabolite standards for 12 h at 37°C. The modified nucleotides were subjected to 32P-
postlabeling analysis and run in parallel with unknown adduct samples.

Statistical Analyses of Data
Data on total metabolite concentrations in plasma, ovaries, or liver for each time point and
BaP–DNA adducts concentrations were examined by one-way analysis of variance
(ANOVA) and the differences among means were determined by using Bonferroni’s post
hoc test. The criterion for statistical significance was set at p < 0.05.

RESULTS
For the sake of clarity and consistency the following terms are used through the rest of the
article: The term “BaP organic metabolites” denotes the BaP metabolites that remain in the
organic phase after liquid–liquid extraction of plasma/tissue samples. The term “BaP
aqueous metabolites” denotes the BaP metabolites that remain in the aqueous phase after
sample extraction.

Peak concentrations (ng/ml plasma or ng/g tissue wet weight) of unmetabolized BaP (BaP
parent compound) in plasma, liver, and ovaries occurred 24 h post BaP exposure (plasma, 44
± 2.2 ng/ml; liver, 31 ± 2.3; and ovary, 19 ± 1.5 ng/g tissue) followed by detectable low
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levels on d 7 (plasma, 18 ± 1.5 ng/ml; liver, 10 ± 1.3; and ovary, 5 ± 0.8 ng/g tissue);
thereafter unmetabolized BaP was not detectable during the remaining time points studied.

The BaP organic metabolite concentrations in plasma, ovaries and liver on d 1, 7, 14, 21,
and 28 post BaP exposure are shown in Figure 1A. The metabolite concentrations in plasma,
ovaries, and liver peaked on d 1post BaP administration and decreased gradually thereafter.
For all three matrices, the metabolite concentrations were statistically lower on d 14, 21, and
28 compared to d 1 post BaP exposure.

The BaP aqueous metabolite concentrations in plasma, ovaries, and liver are shown in
Figure 1B. The aqueous metabolite concentrations showed a trend similar to that of BaP
organic metabolites on d 1 and 7 post BaP exposure, but the concentrations increased on d
14, 21, and 28 postexposure. For all the three matrices, the metabolite concentrations were
statistically higher on d 14, 21, and 28 compared to d 1 post BaP exposure.

An inverse relationship was observed between the organic and aqueous metabolites of BaP.
As the postexposure time increased, a progressive decline in BaP organic metabolite
concentrations was observed, while the reverse was true for postexposure BaP aqueous
metabolite concentrations.

The concentrations of the individual BaP organic metabolites are shown in Figure 2, A, B,
and C. The BaP metabolites identified in plasma, ovaries, and liver were BaP 9,10-diol, BaP
4,5-diol, BaP 7,8-diol, 3-hydroxy- and 9-hydroxy-BaP, and BaP 3,6- and 6,12-quinones. The
concentrations of the individual BaP aqueous metabolites are shown in Figure 3, A, B, and
C. Among the groups of aqueous metabolites, the glucuronide conjugate concentrations
were higher relative to those of sulfates and glutathione conjugates. The pre-dominant BaP
metabolites identified in the aqueous fraction were BaP 4,5-diol; 9,10-diol glucuronides;
3(OH) and 9(OH) sulfates; and 7,8- and 9,10-diol glutathione conjugates.

No BaP–DNA adducts were detected in ovaries or liver of control animals. BaP–DNA
adducts in ovaries and liver were determined on 1, 7, 14, 21, and 28 d post BaP exposure
(Figure 4). The ovarian tissues showed greater concentrations of DNA adducts compared to
liver tissues. However, with increasing periods post cessation of exposure, the adduct levels
in ovaries and liver tissue declined rapidly, from d 1 to 28. The BaP–DNA adduct
concentrations were statistically lower on d 7, 14, 21, and 28 compared to d 1 post BaP
exposure.

The relative distribution of BaP-DNA adduct types in the ovaries is shown in Figure 5. Data
for adduct types in liver are not shown, as adduct types were similar to that observed for
ovaries. The proportiosn of deoxyguanosine (dG) adducts were higher (p < 0.05) than
deoxyadenosine adducts in both ovaries and liver. Some of the adducts could not be
identified, and those adducts were at lesser proportions.

DISCUSSION
The BaP dose used in this study was chosen on the basis of published reports. For example,
diet-related BaP intake by humans ranges from 8.4 μg/person/d (Falco et al., 2003) to 17 μg/
person/d (deVos et al. 1990). For individuals who smoke a pack of cigarettes per day,
additional intake of 0.1 μg/d is expected, as mainstream smoke yield of BaP per cigarette
amounts to 10 ng/cigarette (Grimmer et al., 1987). Further, other occupations (industrial
workers, 1.4–25 ng/m3 [Aries et al., 2008]; restaurant cooks, 6.9 ng/m3 [Pan et al., 2008]),
and lifestyle habits (individuals who patronize pubs and taverns are exposed to BaP via
secondhand cigarette smoke; Bolte et al., 2008) contribute to additional BaP intake.
Furthermore, subjects living in the vicinity of hazardous waste sites and in unvented homes
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using biomass for cooking and home heating are at a risk of getting exposed to BaP. Thus,
cumulative annual intake of BaP by some susceptible populations may equal the dose used
in this study.

Though the lipophilic nature of BaP (Barhoumi et al., 2000) probably facilitates its
absorption through the gastrointestinal tract (GIT), the detection of unchanged BaP in
plasma, liver, and ovaries suggests that at 5 mg/kg dose, BaP may have been incompletely
extracted by the GIT fluids, resulting in a capacity-limited absorption and biotransformation
(Laher et al., 1984), contributing to unmetabolized BaP. The formation of BaP–plasma
lipoprotein complex and slow metabolism of the lipoprotein molecules (Shu & Bymun,
1983) may have contributed unmetabolized BaP to cells of peripheral tissues and
subsequently to the vascular circulation. Studies conducted by Ramesh et al. (2001) also
documented the presence of BaP parent compound in target tissues, 3 d after oral
administration of 100 mg BaP/kg to rats. A recent study involving the ability of carrier
lipoproteins tomodulate the bioavailability of BaP lends credence to our postulation of a
slow release of BaP from lipid-rich tissues and the likely uptake by the ovary. Carrier
lipoproteins were demonstrated to react with BaP and sequester this toxicant in blood at high
doses (Grova et al., 2009). The sequestered BaP was found to be redistributed and
repartitioned into target tissues, altering the bioavailability of this chemical.

The detection of some unmetabolized BaP in plasma and tissues notwithstanding, a
substantial portion of ingested BaP appears to have undergone metabolism. The high
concentrations of BaP organic metabolites in liver relative to plasma and ovary are
consistent with the report of Wall et al. (1991) that liver is the principal organ of metabolism
for PAH.

Information on the composition of metabolites that arise from bioactivation of BaP is
relevant to understanding the causal factors involved in toxicity. Initial oxidation of BaP
catalyzed by the cytochrome P-450 (CYP450) family of enzymes (CYP1A1, CYP1A2, and
CYP1B1) yields arene oxides (9-OH-BaP, 7-OH-BaP, 6-OH-BaP, 3-OH-BaP, and 1-OH-
BaP). These arene oxides rearrange to phenols or undergo hydration catalyzed by epoxide
hydrolase (EH), generating BaP 9,10-diol; BaP 7,8-diol; and BaP 4,5-diol (Ramesh et al.,
2004a; Shimada & Guengerich, 2006). Of the drug-metabolizing enzymes that contribute to
differential susceptibilities to the adverse effects of BaP, the CYP1A1 is not constitutively
expressed and CYP1A2 is mostly hepatic (Guengerich, 1997). Therefore, the
biotransformation of BaP in ovary may have been the result of CYP1B1, which was
implicated in metabolic activation, immunotoxicity, and adduct formation in target tissues
(Nebert et al., 2004). This enzyme was reported to be constitutively expressed in ovarian
tissues (Otto et al., 1992).

The already-mentioned metabolites (epoxides, hydroxy metabolites, and dihydrodiols)
represent phase I metabolites of BaP. Phase I metabolism introduces more polar chemical
groups such as hydroxy moities into the molecule. As a result, the molecule becomes more
electrophilic, leading to increased reactivity. A good example of electrophilic metabolite
formation is BaP 7,8-oxide, which is inactivated by microsomal epoxide hydrolase to 7,8-
dihydrodiol. The 7,8-dihydrodiol serves as a substrate for a second monooxygenation step,
which introduces a further epoxide moiety leading to the formation of a dihydrodiol bay-
region epoxide, termed the BaP 7,8-diol 9,10-epoxide (BPDE; Oesch, 1987). Some of the
precursors of BaP reactive metabolites such as the 3-hydroxy BaP and 7,8-diol are
lipophilic, resulting in an increase in uptake by plasma lipoproteins (Shu & Nichols, 1981),
transportation through blood, and cellular internalization (Busbee et al., 1990). The phase I
metabolites are conjugated with glutathione, sulfate or glucuronic acid to form phase II
metabolites. The phase II metabolites (4,5-diol glucuronide; 9,10-diol glucuronide; 3(OH)
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glucuronide; 3(OH) sulfate; 9(OH) sulfate; 7,8- diol GSH; 9,10-diol GSH) are more
hydrophilic and hence amenable to elimination through excretion (Ramesh et al. 2001). The
phase II metabolism is considered a detoxification reaction. However, the activation of some
of the phase II metabolites cannot be ruled out because of alterations in electrophilicity as
BaP undergoes simultaneous and stereoselective metabolic transformations like many
chemical carcinogens (Oesch, 1987).

There were no remarkable differences among plasma, hepatic, and ovarian tissues in the BaP
metabolite types formed, which indicates regular partitioning of BaP metabolites among the
mentioned samples. All these samples produced considerably higher proportion of BaP 4, 5-
diol and 7, 8-diol at earlier time points. However, these samples also generated a greater
proportion of 3- and 9-hydroxy BaP. The shift in metabolite predominance (proportion of
different metabolite types among total metabolites) over time, from diols to hydroxy
metabolites, may be attributed to the lipophilicity of BaP metabolites. Shu and Nichols
(1981) demonstrated that the extent of uptake by lipoproteins was more for 3-hydroxy BaP
than 7,8-diol. The sequestration of hydroxy metabolites by lipoproteins during d 1 through 7
post BaP exposure and slow release of these metabolitesmay have contributed to the
predominance of these metabolites during d 14 through 28 post BaP exposure. However,
experimental evidence to support this hypothesis is at present not available. Overall, the
pharmacokinetic behavior of individual BaP metabolite types, with their stability,
lipophilicity, and uptake by tissues, may contribute to the temporal shift in their
concentrations.

Our results on composition of BaP aqueous metabolites revealed a greater production of
glucuronides relative to that of sulfate and glutathione conjugates in plasma, liver, and
ovary. These observations are in accord with the published literature (Zheng et al., 2002; Hu
& Wells, 2004; Girard et al., 2008), which suggests that glucuronidation is one of the
important pathways for the detoxification of BaP, thereby avoiding alternative bioactivation
to potent intermediates.

One of the mechanisms through which PAHs produce toxicity/cancer is through binding
with cellular macromolecules such as proteins, and nucleic acids (Ramesh & Knuckles,
2006). Thus, measurement of BaP–DNA adducts from extracted liver and ovaries may
provide a measure of the biologically effective dose of BaP. The relationship between BaP
disposition and tissue damage was further examined by measuring the concentrations of
DNA adducts formed by binding of BaP metabolites with DNA. A progressive decline in the
adduct concentrations with increasing periods post BaP exposure is suggestive of an innate
adaptive process to cope with toxicant exposure. The temporal variations in adduct
concentrations might be due to enhanced detoxification by trapping metabolites of BaP,
antioxidant defenses, and DNA repair processes.

The increased concentrations of DNA adducts in the ovary relative to that of liver suggest
that this organ is more vulnerable to damage by BaP. The variation in adduct persistence in
rat tissues at various time points post BaP exposure may have been influenced by the rate of
adduct formation. The rate-limiting step for adduct formation is governed by the metabolic
activation/biotransformation of BaP to electrophilic reactive metabolite BPDE (Suh et al.
1995) and BPDE binding to DNA in the vulnerable tissues (Boerrigter et al., 1995). Besides
local production of BPDE metabolites in these tissues, the transport of BPDE metabolites
through carrier proteins contributes to the binding of BPDE with DNA and adducts
formation in metabolically quiescent tissues. Using exogenous (salmon sperm) DNA, Garg
et al. (1993) demonstrated that reactive metabolites of BaP in serum could be intercepted by
serum albumin to form adducts. Thus, if the pool of reactive metabolites is low in rats, a
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corresponding decrease could be expected in the transport of these metabolites through
circulation to extrahepatic tissues where adduct formation occur.

The detection of BaP–DNA adducts in ovaries 28 d post BaP exposure, albeit at low
concentrations, indicates the propensity of this lipophilic chemical to reside in target tissues
and undergo biotranformation at a slow pace at high doses. Such delayed clearances for BaP
metabolites and DNA adducts (persisting up to 60 d post BaP exposures) from extrahepatic
tissues were also recorded in AhR wild-type mice treated orally with a single dose of 100
mg/kg BaP (Sagredo et al., 2009). A single oral dose of 10 mg/kg BaP generated BaP–DNA
adduct concentrations in extrahepatic tissues of Lewis rats that were sustained for 20 d post
BaP exposure (Godschalk et al., 2000). Similarly, a single oral exposure to 13 mg/kg BaP in
C57BL/6J mice showed persistence of BaP–DNA adducts in lung and reproductive tissues
of mice 40 d post BaP exposure (Verhofstad et al., 2010). The preponderance of dG adducts
relative to those of dA are consistent with the results of studies conducted in our laboratory
(Ramesh et al., 2004b; Ramesh & Knuckles, 2006) and those of others (Pelling et al., 1984;
Ross et al., 1990; Arif et al., 1999).

That a sustained BaP metabolite load was registered in the ovaries even after a single acute
exposure to BaP is significant from the standpoint of toxicity. Benzo[a]pyrene metabolites
were found to inhibit follicular growth (Neal et al., 2007) and produce apoptosis (Mattison
et al., 1989) leading to ovarian follicular atresia (Hsueh et al., 1994; Mann et al., 1999;
Tuttle et al., 2009) and ovotoxicity (Borman et al., 2000). In vitro studies showed that BaP/
metabolites were estrogen antagonists (Arcaro et al., 1999). Furthermore, in vivo studies
conducted in our laboratory revealed that subacute exposure to BaP resulted in
antiestrogenic activities (Archibong et al., 2002) that are driven by BaP metabolism. If a
single acute exposure to a high dose of BaP could sustain reactive metabolites and adducts
up to 1 mo after exposure, the likelihood of the damage produced by this toxicant in
subacute and subchronic exposures is of concern. The possibility of sequestration of BaP in
high-density lipoproteins (Polyakov et al., 1996) that are essential for steroid hormone
biosynthesis in the ovary (Jefcoate et al., 2000) upon prolonged exposure to BaP cannot be
ruled out. This situation may lead to altered secretion of gonadotropins such as follicle-
stimulating hormone (FSH) and luteinizing hormone (LH) at proestrus in mammalian
species and at the ovulatory phase of the menstrual cycle of women, with adverse outcomes
in the final stages of follicular development.

In addition to toxicity, the disposition of BaP metabolites in female reproductive tissues has
implications from the perspective of damage to cellular macromolecules such as DNA and
contributes to carcinogenicity. Evidence subscribing to this viewpoint is furnished by studies
of Zenzes et al. (1998), who reported the presence of BaP–DNA adducts in ovarian
granulosa cells of women exposed to cigarette smoke. Apart from the ovary, BaP
metabolites were also reported to exert their inhibitory effects on human cervical cells by
enhancing cell death (Rorke et al., 1998) and BaP–DNA adduct formation (Melikian et al.,
1999a, 1999b).

The findings of this study suggest that (a) BaP is sufficiently bioavailable in plasma and
target tissues, (b) BaP reactive metabolites accumulate in plasma, ovaries and liver, (c) the
extent of BaP–DNA adduct formation depends on BaP metabolism, and (d) distribution and
persistence of BaP metabolites and adducts in the target tissue are governed by the duration
post BaP exposure. The dynamics of disposition of BaP/metabolites and DNA adducts are
likely to be significantly altered in a subchronic exposure regimen compared to an acute
regimen. Studies are in progress in our laboratory to assess the effects of dose and duration
of exposure to BaP on cellular macromolecules and how the metabolic fate of BaP
modulates reproductive toxicity.
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FIGURE 1.
Time-course distribution of (A) total BaP organic metabolites and (B) aqueous metabolites
in plasma, ovaries, and liver of F-344 rats that received BaP via oral gavage. Values
represent mean ± SE (n = 6). The symbols (@, #, and *) denote statistical significance (p < .
05) in metabolite concentrations in plasma or liver or ovaries at the respective time point
compared to d 1 postexposure.
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FIGURE 2.
Distribution (%) of individual BaP organic metabolite types in plasma (A), ovaries (B), and
liver (C) of F-344 rats that received BaP via oral gavage.
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FIGURE 3.
Distribution (%) of individual BaP aqueous metabolite types in plasma (A), ovaries (B), and
liver (C) of F-344 rats that received BaP via oral gavage.
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FIGURE 4.
Time-course distribution (persistence) of BaP–DNA adducts in ovaries and liver of F-344
rats that received BaP via oral gavage. DNA was extracted from these samples, BaP-derived
adducts were 32P-postlabeled, and TLC was performed as described in the Materials and
Methods section. Films were exposed for 24 h at −80° C. Values represent mean ± SE (n =
6). The symbols (# and *) denote statistical significance (p < .05) in adduct concentrations in
liver or ovaries at the respective time point compared to d 1 postexposure.
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FIGURE 5.
Relative distribution (%) of BaP–DNA adduct types in ovaries of F-344 rats exposed to
benzo[a]pyrene. dA, deoxyadenosine adducts; dG, deoxyguanosine adducts; UI, unidentified
adducts. Chi-square tests revealed a statistically significant difference (p < 0.05) between dG
and dA adduct types. The dA and dG adducts were identified on the basis of comigration
studies as described in the Materials and Methods section.
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