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Abstract
This study evaluated the effect of inhaled BaP on female reproductive function. Rats were exposed
to 50, or 75 or 100 μg BaP/m3, four hours a day for 14 days via inhalation. Plasma E2, P4, LH and
FSH concentrations were determined. Ovarian BaP metabolism and aryl hydrocarbon hydrolase
(AHH) activity at proestrus were determined and fertility evaluations were conducted. Ovulation
rate and number of pups/litter were reduced in rats exposed to 100 μg BaP/m3 compared with
other treatment and control groups. Plasma concentrations of E2, and LH were significantly
reduced at proestrus in BaP-exposed versus those of controls whereas those of P4 were
significantly reduced at diestrus I. The activity of AHH in ovarian and liver tissues and
concentrations of BaP 7,8-diol and BaP 3,6-dione metabolites increased in an exposure
concentration-dependent manner. These data suggest that exposure of rats to BaP prior to mating
contributes to reduced ovarian function and fetal survival.
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1. Introduction
Infertility among women of reproductive age in United States of America was estimated at
4.5 – 4.9 × 106 in the 1980s and by mid 1990s the estimate increased to 6.2 × 106 [1].
Regretfully, infertility cases have been projected to increase among the aforementioned
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women to about 7.7 × 106 by 2025 [2]. Some infertility cases are idiopathic in nature and
may originate from exposure(s) to chemicals [3,4]. Published data reveal that women are
exposed to a variety of chemicals in the occupational and domestic environments. Estimates
indicate that 75% of all working women are of reproductive age, and 17% of working
women are exposed to toxic chemicals in the work place [5]. The reproductive physiology of
females is very delicate. Only about 400 of approximately 2 million oocytes contained in
primordial follicles at birth are ovulated during the reproductive life of a woman [6]. Any
environmental chemical insult on the ovary during the reproductive age of females has the
potential to disrupt folliculogenesis (the ovulatory process) and lead to infertility. Because of
the finite number of oocytes contained in the ovary, the destruction of follicles by toxic
chemicals leads to early menopause [7,8].

Epidemiological data suggest that female smokers have delayed conception [9], premature
ovarian failure that leads to an earlier onset of menopause [9–11]. Furthermore, these
subjects have lower success rates when using assisted reproductive technologies [12,13]
compared with their non-smoking counterparts. Compelling evidence demonstrates that
exposure to main-stream [14] and side-stream [15] cigarette smoke exposures can affect
ovarian function [14]. However, the toxic agents present in cigarette smoke, and their
mechanisms of action responsible for the adverse effects of cigarette smoke on ovarian
function have yet to be determined. Isolating the chemical(s) in tobacco smoke responsible
for altered fertility and accelerated menopause is complicated by the fact that cigarette
smoke is composed of approximately 4000 chemicals. These chemicals include nicotine,
nitroso compounds, aromatic amines, protein pyrolysates and polycyclic aromatic
hydrocarbons (PAHs; [16,17]). Only a few of these have been studied for their effects on the
reproductive system [18]. Of the PAHs present in cigarette smoke, we have demonstrated
that a prototypical member of the PAH family of compounds (benzo(a)pyrene [BaP])
perturbs ovarian function and embryo survival [19,20]. Apart from being present at high
levels in cigarette smoke, BaP is a ubiquitous environmental pollutant which is also present
in polluted air, petroleum products, charbroiled foods, contaminated water in addition to
occurring as a toxic bi-product of incomplete combustion of fossil fuels [21]. Clearly,
humans are continuously exposed to BaP whether they smoke or not and it is of importance
to establish the specific contribution of this PAH to the failure of the ovary to function.

Benzo(a)pyrene has generated a lot of interest in view of its gonadal endocrine disrupting
properties [19,22–24]. Vulnerable organs such as the gonads are exposed directly to inhaled
BaP without first passage through the liver for metabolism and detoxification. Our data
suggest that the ovary has the necessary enzyme system for the metabolism of BaP to
reactive metabolites that can disrupt normal functions of the ovary [25]. The objective of the
study was to determine the effect of BaP on the regulation of ovarian steroidogenesis by the
pituitary hormones and subsequently, gametogenesis and fetal survival.

2. Materials and methods
2.1. Animals and exposure

Adult female Fisher-344 rats, approximately 10 weeks of age and weighing about 300–350g
were purchased from Harlan Sprague Dawley (Indianapolis, IN). Animals were housed in
pairs, in polyethylene cages and allowed to acclimatize to the animal care facilities for one
week prior to initiation of studies. Rats were maintained in an environmentally controlled
room with a 12h light: 12h dark cycle (lights on at 0600h), 22°C and humidity range of 50–
60% and allowed ad libitum access to commercial rat chow (5001 Lab meal, Ralston Purina
Co., MO, USA) and water. Acclimated rats were checked for ability to maintain regular 4-
day estrous cycles by daily examinations of vaginal histologies for stages of the estrous
cycle according to the method of Goldman et al. [26]. To accomplish this, approximately
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150 to 200 μl of sterile physiological saline were introduced carefully into the vagina of
each rat with a sterile Pasteur pipette. The tip of each pipette designated for use in this
procedure was fire polished in order to prevent or minimize trauma to the vaginal
epithelium. Care was also taken to prevent contact with the cervix particularly at estrus, in as
much as such contact triggers pseudo pregnancy. After pulling the introduced saline in and
out of the vagina twice, each final aspirate was smeared on an alcohol cleaned microscope
slide, followed by a 10 minute ethanol fixation, 3 minute toluidine blue staining and rinsing
with deionized water. Subsequently, a drop of glycerol was placed on the stained specimen,
a cover glass applied and subjected to light microscopy (magnification = 150×) for the
identification of vaginal histologies characteristic of the stages of the estrous cycle. Smears
with many leukocytes, which may or may not be mixed with varying number of cornified
epithelial cells were classed as being representative of diestrus II. Smears with rounded
polynucleated epithelial cells, which may initially occur as wispy or stringy aggregates or
numerous clumps were classed as being representative of proestrus. Those exhibiting
prominence of cornified epithelial cells or dispersed non-nucleated cells with variable
number of leukocytes were considered to depict estrus or diestrus 1, respectively.

Rats that exhibited approximately 4-day estrous cycles consistently for three cycles were
assigned randomly to three treatment groups and a control group (N= 20/group). Before
treatment, rats were acclimated to a 52 port Cannon nose-only exposure chambers for 4hr a
day for 3 days. Treatments consisted of sub-acute exposure of rats to 50, 75 or 100μg BaP/
m3 continuously via nose-only inhalation for 4hr on a daily basis for 14 days using a state-
of-the-art dual-component aerosol generator developed in our laboratory. Carbon black (CB)
was used as the carrier for BaP because it adsorbs and strongly binds to PAHs and is not
known to be mutagenic or carcinogenic in mammalian systems [27]. Rats that were not
exposed served as unexposed controls (UNC) in this study and were subjected to conditions
of restraint similar to those received by the rats in the BaP exposure groups. We did not
control for the carrier of BaP (CB) because of the lack of effect of this agent on the
endocrine and reproductive characteristics of CB-exposed rats [19,23]. Besides, studies
conducted by us [28] and others [29] have already established the negligible bioavailability
of inhaled BaP associated with CB. This study was approved by the Animal Care and Use
Committee of Meharry Medical College, Nashville, TN and conforms to the guidelines of
the U.S. EPA (USEPA, [30]) and the European Union [31] for conducting inhalation
exposures. Details on the design, fabrication, installation, and characterization of the
exposure system are reported in Hood et al. [32]. The methods for aerosol generation,
preparation of CB cakes and impactor substrates as well as the characterization and
quantification of BaP aerosol and substrate extraction, analysis and quality assurance/control
are described in detail in Hood et al. and Inyang et al. [23, 32].

2.2. Post-exposure processing of blood and tissue samples
At the end of the exposure period, rats (n =5/group) were evaluated for the effect of BaP on
their ability to cycle regularly using vaginal histologies as described above. Each rat was
anesthetized with isoflurane between 1300 and 1500 hr at each detected stage of the estrous
cycle to facilitate blood sampling via orbital sinus puncture using heparinized pulled Pasteur
pipettes. Plasma was harvested from each blood sample by centrifugation at 1500-x g at 4°C
for 10 minutes and stored at −20°C until assayed for ovarian steroids (E2, P4) and
gonadotropins (LH and FSH). The above BaP-exposed and UNC rats were subsequently
sacrificed by CO2 asphyxiation at the second detected proestrus. Ovaries, samples of liver
and lung tissues were thereafter harvested and stored frozen at −80°C until analyzed for BaP
metabolite content and Aryl hydrocarbon hydroxylase (AHH) activity.
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2.3. Post-exposure fertility evaluation
Benzo(a)pyrene-exposed and UNC rats were placed with vasectomized (n = 5/group) or
intact male (n = 10/group) rats of proven fertility for a period of 9 days in a 1:1 ratio to be
mated. During their residence with males, female rats were examined daily for evidence of
mating based on the presence of mating plug in each rat's vaginal os. On the day of detected
mating, female rats mated with vasectomized males were sacrificed by CO2 asphyxiation at
0800 hr. Subsequently, ovaries were excised, trimmed of fat and adherent connective tissues
and weighed. Oviducts were dissected out of each animal and placed in a dish containing
Armstrong' medium [33] supplemented with 0.1 % hyaluronidase [34]; medium) and the
ovulatory pouch poked with a fine needle to expel cumulus masses into the medium.
Cumulus masses were allowed to incubate in the medium for 15 min at ambient temperature
to facilitate the separation of ovulated eggs from the cumulus cells. Ovulation rate per rat
was determined by counting the total number of ovulated eggs recovered from both oviducts
and confirmed by the total number of corpora lutea formed from recently ovulated follicles
with the aid of a Nikon SMZ stereo zoom dissecting microscope (Japan). Corpora lutea
(CLs) that were well perfused with blood, hence their pink color as opposed to those that
appeared ischemic, were considered corpora lutea formed from recent ovulations. Female
rats mated with intact males were allowed to carry their pregnancy to term. Mean number of
pups per litter was calculated by dividing the total number of pups by the number of mated
dams. Percentage fetal survival at term was determined as follows: number of pups/number
of ovulated eggs from females mated with vasectomized males × 100.

2.4. Radioimmunoassay
Plasma samples were analyzed for E2, P4, LH, and FSH using RIA methods previously
validated in our laboratory. The sensitivity of E2 assay was 2 pg/tube and the intra-and inter-
assay coefficients of variation (CVs) were 4.9 and 10.8% respectively. The sensitivity of P4
assay was 10 pg/tube and the intra-and inter-assay CVs were 6.8 and 15.8%, respectively.
The antisera used in these ovarian steroid assays were donations to our laboratory by Dr.
Niswender, Colorado State Univ., Fort Collins, CO. The sensitivity of LH assay was 0.08
ng/tube and the inter- and intra-assay CVs were 6.5 and 10.9%, respectively. Assay
sensitivity for FSH was 0.09 ng/tube and the intra- and inter-assay CVs were 4.2 and 11.1%,
respectively.

2.5. Extraction and analysis of tissues for benzo(a)pyrene metabolites
Ovarian, liver and lung tissue samples excised from BaP-exposed and UNC rats at proestrus
were washed separately in chilled (4°C) isotonic saline to remove excess blood.
Subsequently, each of the tissue samples were separately cut into small pieces using sterile
scalpel blades following which they were minced with a fine pair of scissors and thoroughly
mixed to obtain a homogenous mixture of each minced tissue sample/rat. The samples were
weighed and chilled in isotonic saline following which BaP metabolites in the above tissues
were extracted, identified and quantified by a reverse-phase HPLC equipped with a UV and
a fluorescence detector as detailed in Ramesh et al. [28].

2.6. Aryl hydrocarbon hydroxylase (AHH) assay
Microsomes were isolated from ovarian, liver and lung homogenates as detailed in Ramesh
et al. [35]. Microsomal protein concentrations were determined according to the method of
Bradford [36]. The AHH activity of these sub-cellular preparations was assayed according to
the method of Yang et al. [37].
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2.7. Statistical Analyses
Data on length of the estrous cycle, ovarian weight, ovulation rate, number of pups born,
BaP metabolite concentrations and AHH activity were analyzed by one-way analysis of
variance (ANOVA) and the differences among means tested with orthogonal contrasts. Data
on the ability of animals to cycle and percentage fetal survival were analyzed by Chi-Square.
Data on hormone concentrations were analyzed by ANOVA with repeated measure and the
differences among means tested as described above.

3. Results
3.1. Influence of BaP exposure on the estrous cycle

Exposure of rats to different exposure concentrations of BaP did not compromise their
ability to cycle compared to their counterparts in the UNC group (Fig. 1A). Interestingly,
estrous cycle length of most of the rats exposed to 100 μg/m3 of BaP was extended by
approximately 24 hr (P<0.05; Fig. 1B) at the pro-estrus stage of the cycle (Fig. 2) compared
to that of animals in the 50, 75 μg/m3 or UNC group. The duration of the other stages of the
estrous cycle did not differ among rats in the three BaP exposure groups and UNC.

3.2. Reproductive characteristics of BaP-exposed versus UNC female rats
Table 1 depicts the reproductive characteristics of BaP-exposed versus UNC rats. Ovarian
weights tended to be lower in rats in the 3 exposure concentrations of BaP versus those in
the UNC group but the difference was not statistically significant (p > 0.05).

Even though BaP exposure did not significantly reduce ovarian weights in exposed rats,
ovulation rates among BaP-exposed rats decreased in an exposure concentration dependent
manner with significant reductions occurring in rats exposed to 100 μg/m3 (p < 0.05)
compared with those of rats in the 50, 75 μg/m3 or UNC group. Rats exposed to 50 and 75
μg BaP/m3 had ovulation rates similar to UNC rats. The percentage of ovulated ova that
attained nuclear maturation (eggs at MII stage of meiotic maturation) was similar among rats
in the different BaP exposure (50μg BaP/m3, 98%; 75 μg BaP/m3, 96%; 100 μg BaP/m3,
97%) groups and UNC (96%) rats. Percentage fetal survival was significantly reduced in
rats exposed to 100 μg/m3 BaP before mating compared with comparable fetal survival rates
among their counterparts in 50, 75 μg BaP/m3 or UNC group. Consequently, the percentage
fetal losses were significantly higher among rats in 100 μg/m3 BaP (48.2%) compared with
comparable rates of fetal losses among their counterparts in 50 (3.6%), 75 μg BaP/m3

(3.9%) or UNC (1.96%) group.

3.3. Aryl hydrocarbon hydroxylase activities and disposition of BaP metabolites in plasma
and target tissues

The concentrations of BaP metabolites and AHH activities in the organ of BaP entry (lung),
the organ of detoxification (liver) and the organ of target action (ovary) of rats exposed via
inhalation to sub-acute doses of this PAH are depicted in Table 2. The AHH activities in rats
exposed to 50, 75 or 100μg BaP/m3 increased in a dose dependent manner in the above
mentioned organs studied, compared with that of UNC rats for these organs. Even though
the activity of AHH in all organs studied increased with increasing exposure concentrations
of BaP, the differences in the activity of this enzyme in rats exposed to 50 or 75μg/m3 were
not statistically different from that of rats in the UNC group. However, at an exposure
concentration of 100μg BaP/m3, the activity of this enzyme significantly increased (p <
0.05) in all organs studied compared with those of rats in the 50, 75μg BaP/m3 or UNC
group. Similarly, the concentrations of two metabolites (BaP 7,8-diol and BaP 3,6-dione)
relevant to toxicity increased in a dose dependent manner in the above mentioned organs
studied compared with that of UNC rats. The increases in the concentrations of the above
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mentioned BaP metabolites for rats exposed to 50 and 75μg BaP/m3 were not statistically
different from those of UNC rats for all the organs studied. Interestingly, exposure of rats to
100 μg BaP/m3 significantly increased (p < 0.05) the concentrations of these metabolites in
all organs studied compared with those of rats in the 50, 75μg BaP/m3 or UNC group.

3.4. Benzo(a)pyrene alters ovarian steroid and pituitary gonadotropic hormone
concentrations

Because 100μg BaP/m3 was the lowest exposure concentration of BaP to effect a significant
reduction in ovulation rate, plasma samples from animals in this exposure concentration
group (100μg BaP/m3) were used for the determination of the effect of BaP exposure on
circulating ovarian steroids (E2 and P4) and gonadotropins (FSH, and LH) at the different
stages of the estrous cycle.

The plasma profile of E2 at the different stages of the estrous cycle studied was similar
between BaP-exposed versus UNC rats. However, BaP-exposed rats sustained
approximately 34% reduction in plasma concentrations of E2 compared with those of UNC
rats at proestrus stage of the estrous cycle (BaP, 40.3 ± 3.0 vs UNC, 61.4 ± 4.3; treatment ×
stage of the estrous cycle interaction; p < 0.05). The concentrations of this ovarian steroid at
estrus, diestrus I and diestrus II did not differ between rats in BaP-exposed and UNC rats
(Fig. 3A). Furthermore, the concentrations of P4 in BaP-exposed and UNC rats were
comparable at all the stages of the estrous cycle except at diestrus I (Fig. 3B). At the latter
stage of the cycle, plasma P4 concentrations among BaP-exposed rats were approximately
44% less (treatment x stage of the estrous cycle interaction p < 0.01) than those of their
UNC counterparts. Rats in the UNC group had about 126% increase (p <0.001) in P4
concentrations at diestrus I than at estrus. Similarly, this ovarian steroid also increased by
approximately 52% (p < 0.05) in BaP-exposed rats at diestrus I than at estrus but the rate
was modest compared with that observed between diestrus I and estrus among UNC rats.

The pattern of plasma FSH secretion among rats in the BaP-exposure group was similar to
that of rats in the UNC group during the four stages of the estrous cycle studied, with the
highest concentrations occurring at proestrus (p < 0.05). However, plasma FSH
concentrations among BaP-exposed rats were significantly higher at all stages of the estrous
cycle studied compared to UNC rats (Fig. 4A). The plasma concentrations of FSH among
BaP-exposed rats were approximately 3.9, 2.2, 2.6 and 2.7 times those observed in their
UNC counterparts (treatment x stages of the estrous cycle interaction; p < 0.05) at diestrus
II, estrus, proestrus, and diestrus I stages of the estrous cycle, respectively. The plasma
concentrations of LH between BaP-exposed and UNC rats were similar at all stages of the
estrous cycle studied except at proestrus (Fig. 4B). As expected, the reduction in plasma
estradiol concentrations at proestrus in BaP-exposed rats was accompanied by a concomitant
reduction (42%) in circulating concentrations of LH (treatment x stage of the estrous cycle
interaction; p < 0.01) compared with those of their UNC counterparts at the same stage of
the cycle.

4. Discussion
The exposure concentrations of BaP used in this study were chosen based on limits placed
by regulatory agencies (National Institute for Occupational Safety and Health [NIOSH], 200
μg PAHs/m3; Occupational Safety and Health Administration [OSHA], 100 μg PAHs/m3

[38]). The common denominator between the exposure concentration limits of PAHs (BaP
included) set by NIOSH and OSHA is that they are higher than the lowest exposure
concentrations that compromise reproductive function in adult F-344 male and pregnant
female rats [19,23,39,40]. These studies suggests that exposures to the aforementioned
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exposure concentration limits of PAHs set by NIOSH and OSHA still pose a reproductive
health hazard to couples aspiring to have children.

Further, the exposure concentrations of BaP used in this study mimic the concentrations in
the high exposure scenarios in the general environment. Coke oven workers are exposed to
as much as 42 μg BaP/m3 [41]. The average yield of BaP per cigarette varied from 0.96 to
1.9 ng/m3 total particulate matter [42]. A 3-hour stay in pubs exposes occupants to 6.3 ng
BaP/m3 released from environmental tobacco smoke [43] with a likelihood of repeated
exposure of waitresses and bartenders exposed to this chemical in unrestricted smoking
environments in restaurants and taverns. Mean concentrations of BaP in the ambient air of a
highly polluted industrial city such as Silesia in Poland have been estimated to crest at about
20 μg/m3 [44]. Furthermore, indoor exposure to BaP from cooking oil fumes in Taiwan has
been reported to range between 19 and 23 μg/m3 [45]. Similarly, BaP emitted from wood
combustion in rural houses in Burundi were estimated at about 100 μg/m3 [46]. Taken
together, human exposures to all the sources of BaP mentioned above in some communities
cannot be ruled out and exceed the permissible exposure concentration limits (PECL) set by
NIOSH [47], OSHA [48] and ACGIH [49] and pose a serious reproductive health hazard to
inhabitants in such communities.

In this study, BaP exposure did not affect the ability of all exposed rats to cycle, however, it
extended the length of the estrous cycle by approximately 24hr among rats exposed and 100
μg/m3 compared to their counterparts in the 50, 75μg/m3 or control group. This observation
indicates an imbalance in ovarian steroids imposed by BaP and consequently irregular
changes in the length of the estrous cycle [50] that occurred at proestrus, a stage of the
estrous cycles at which estrogen is maximally secreted by ovarian follicles. We observed a
significant reduction in circulating E2 at proestrus among BaP-exposed versus control rats.
As a consequence, we hypothesize that the extension of proestrus in BaP-exposed animals is
due to a reduction in the level of circulating E2 required to trigger the onset of estrus in a
timely manner. The reduced concentrations of E2 at proestrus among BaP-exposed rats
reflect a limited number of preantral follicles that progressed to E2-producing antral
follicles, hence the low ovulation rate observed in this study among BaP-exposed versus
UNC rats. Mattison et al. [7] and Benedict et al. [51] demonstrated that BaP destroys
preantral follicles. Based on this premise, we postulate that the number of preantral follicles
in ovaries of BaP-exposed rats that could develop to antral follicles and be recruited into the
ovulatory pool was limited, hence the reduced number of ovulated eggs in BaP-exposed
versus UNC rats. Another contributing factor to the reduced ovulation rate observed among
BaP-exposed versus UNC rats is the asynchrony between the developing follicles and
preovulatory LH surge. Our data show that plasma LH concentrations increased
significantly in the early afternoon of proestrus among UNC rats in a pattern comparable to
that observed by Ishigame et al. [52] at proestrus in rats with normal four-day estrous cycle.
However, comparable increases in plasma LH concentrations were not observed at the same
period during the first day of detected proestrus in BaP-exposed rats. One of the original
premise of this study was to compare the endocrine pattern of BaP-exposed rats with those
of their UNC counterparts during the different stages of the estrous cycle. Unfortunately we
did not evaluate the hormonal patterns of these animals on the second day of detected
proestrus in order to observe whether the concentrations of LH observed on the afternoon of
the first day of detected proestrus signified a delayed increase in the secretion of this
gonadotropin due to exposure to BaP. McLean et al. [53] demonstrated that cigarette smoke,
a source of BaP, delays the surge of LH normally observed throughout the afternoon of
proestrus. Based on the latter study, an LH surge may have occurred much later in BaP-
exposed rats on the second day of detected proestrus because these rats did ovulate albeit
fewer eggs compared with UNC rats.
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In this study we did not sample the rats frequently enough to detect an LH surge among the
UNC rats. However, the significant increase in the concentrations of LH observed in UNC
rats suggests that a surge in this gonadotropin was imminent. The surge in LH
concentrations in mammals including rats is a functional endocrine event, initiating stages of
follicular and oocyte maturation that culminate in the release of an ovum or multiple ova
[54]. Based on the low circulating LH levels in BaP-exposed versus UNC rats at day one of
detected proestrus, it is highly unlikely that preovulatory follicles in the exposed rats
ovulated due to the absence of the type of increases in LH concentrations observed among
UNC rats at proestrus. The failure of an LH surge to occur in the afternoon of the first day of
detected proestrus could render the preovulatory follicles during this period atretic [55]. The
low ovulation rate observed among BaP-exposed versus UNC rats may have resulted from
the few healthy preovulatory follicles that were in synchrony with the eventual LH surge in
the exposed animals.

The lower systemic concentrations of P4 observed among BaP-exposed rats at diestrus I
compared with UNC rats can be attributed to the reduced number of CLs in the former
group of rats. It is highly unlikely that the duration of exposure of rats to 100μg BaP/m3

affected progesterone synthesis and release from the corpora lutea. This conclusion is based
on the fact that each corpus luteum (CL) among BaP-exposed and UNC rats contributed
similar levels of P4 to the general circulation (BaP-exposed, 4.23 ng P4/CL; UNC, 4.12 ng
P4/CL).

Our study shows that the percentage of mature ovulated ova was not affected by exposure to
BaP, an observation that is in agreement with that made by Sadeu and Foster [56] when
primordial follicles were cultured in the presence and absence of BaP under in vitro
conditions. The pattern of circulating E2 usually reflects that of E2 in the follicular fluid
(FF). High FF E2 concentrations are important markers for follicle and oocyte maturation
[57]. The actual concentrations of plasma E2 relative to those in the FF of developing antral
follicles is hampered by the lack of knowledge of the rate of metabolism of E2 due to BaP-
enhanced phase II metabolic enzyme activation. If follicles in BaP-exposed rats produce E2
at normal levels, it is conceivable that low circulating E2 concentrations at proestrus indicate
E2 production by few healthy preovulatory follicles that subsequently expelled mature eggs
in synchrony with an LH surge. However, we contend that apparently mature ovulated eggs
based on meiotic maturation, are not predictive of subsequent development of generated
embryos. Consequently, rats exposed to BaP (100μg/m3) sustained a significantly higher
percentage of fetal losses compared with their UNC counterparts. Increased incidence of
fetal mortality in BaP-exposed rats and women has been reported by our laboratory [19] and
Wu et al. [58], respectively. In the present study, rats were mated post cessation of BaP
exposures with unexposed males of established fertility. We speculate that several
mechanisms predispose mature ovulated eggs in BaP-treated rats to lower propensity for
embryo/fetal generation than those in UNC rats. Since induction of AHH via AhR is vital in
metabolizing BaP into reactive and toxic products [25], using the results of AHH activity,
we have demonstrated in this study the activation of AhR in the ovaries of exposed animals
and the ability of the rat ovary to metabolize BaP into reactive metabolites (BaP 7,8-diol and
BaP 3,6-dione). Polycyclic aromatic hydrocarbons including BaP are known to continuously
exert their toxic effects long after cessation of exposures due to a long half-life engendered
by sequestration in body fat [19] and act through the AhR [25, 59, 60] that is abundantly
expressed in oocytes [59]. Activation of AhR induces the expression of genes involved in
the metabolism of BaP to active compounds that form DNA adducts [25] and reactive
oxygen species (ROS) in granulosa cells beyond the capacity of follicular defense
mechanism, hence the repression of E2 synthesis and secretion as discussed below. The
reduced litter size among BaP-exposed animals may have resulted from ROS-induced
reduction in E2-modulation of the acquisition of oocyte fertilization [61] and post
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fertilization developmental competence [62]. Oocyte growth and maturation in vivo, are
directly regulated by intra-ovarian factors such as steroids, cytokines and other growth
factors acting at key points during the process of follicle development [63,64]. Among these
factors, E2 may be highly important. Estrogen is required for follicular development and
maturation in vivo [65] and also for oocyte fertilization [66–68] in the rabbit, cow and
hamster. In the present study follicle maturation in the BaP-treated and control rats occurred
in vivo and the plasma E2 concentrations in the former group of rats were below those
observed in UNC rats. The observation that the percentage of mature oocytes harvested from
BaP-treated rats was comparable with that of their UNC counterparts suggests that oocyte
nuclear maturation in rats requires a very low circulating E2 as observed in rhesus monkeys
[69]. This being the case, E2 may be important in regulating oocyte cytoplasmic maturation
that is essential for the acquisition of oocyte fertilization competence [70].

During implantation, a series of complex interactions exist between the developing
blastocysts and the uterus, leading to the establishment of pregnancy [71], processes that are
common to many mammalian species. In the rat, implantation is initiated in the evening of
day five after fertilization when the blastocysts transit into the uterus. The concerted actions
of E2 and P4 via their cognate receptors orchestrate the changes in the uterus that render it
competent to permit the attachment of blastocysts and initiation of implantation. It is
established that BaP compromises steroidogenesis [19,23,39,40]. Our ongoing study shows
that oral exposure of rats to BaP perturbs E2 synthesis by down regulating the aromatase
enzyme (data not shown). Furthermore, inhibition of uterine aromatase activity significantly
reduces decidual mass which in turn, leads to poor development of implanted embryos and
high fetal resorption rates [72]. We contend that BaP contributed to embryo/fetal losses by
suppressing uterine aromatase-regulated E2 production. In this study, the concentrations of
P4 at diestrus I was reduced in BaP-exposed rats compared to their UNC counterparts while
the concentrations of E2 between these groups were comparable at diestrus I. The altered
ratio of P4 to E2 in BaP-exposed rats compared with UNC rats may have resulted in an
altered uterine secretory activity that was out of synchrony with the stage of embryonic
development and thus set a stage for the demise of embryos [73].

High plasma concentrations of FSH in combination with the husbandry system of ad libitum
feeding that can induce hyperinsulinemia possibly contributed the higher incidence of
embryonic/fetal losses among BaP-exposed versus UNC rats [74]. Eppig et al. [75,76]
demonstrated that in vitro culture of oocytes in the presence of FSH and insulin has
deleterious effects on pre-implantation development of fertilized ova. It is unlikely that
elevated FSH alone in the BaP-exposed rats contributed to impaired oocyte developmental
competence in as much as developmentally competent oocytes are produced in vivo in the
environment of high circulating FSH in neonatal mice [77,78]. However, elevated plasma
insulin in combination with FSH can contribute to oocyte developmental incompetence and
offer an explanation to some of the disproportionate fetal losses observed among BaP-
exposed versus UNC rats.

Our data [25,79] show that BaP can activate ovarian AhR which, upon heterodimerizing
with the AhR nuclear translocator (ARNT) protein, interacts with xenobiotic responsive
elements (XREs) transcriptional expressions [80]. Nuclear factor, kappa B (NF-k B), is
required for the transcription of pro-inflammatory cytokines such as interleukin (IL)-1, IL-6
and tissue necrosis factor alpha (TNF-α; [81]). Increased TNF-α and IL-6 were correlated
with reduced E2 concentrations in follicular fluids of women with immunological infertility
compared to women with tubal infertility [82]. Interestingly, we have shown using RT-PCR
that TNF-α and IL-6 expressions were significantly increased in the ovaries of rats exposed
orally to BaP while circulating E2 concentrations were reduced compared with UNC rats at
proestrus (data not shown). The significance of these observations is that BaP can also
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contribute immunologically to the disruption of E2 secretion at proestrus and subsequent
ability of mated BaP-exposed females to support normal embryo/fetal development to term.

The observed decline in fertility indices in rats subjected to sub-acute inhaled BaP serves as
a prognosticator for infertility in the event women of reproductive age are exposed to PAHs
including BaP. Exposure to PAHs through inhalable particulate matter released from the
combustion of biofuels impact negatively on human health in populations in developing
countries [83–85] where nearly 2 billion kg of biomass are burned every day [86]. In as
much as 50% of the world's households use biofuels for daily cooking and/or heating
[86,87], a possibility exists that the preponderant source of exposure is via inhalation of
contaminated particulates. Exposure of women and girls to PAHs during cooking and home
heating with biomass (wood, charcoal) and fossil (kerosene and liquefied petroleum gas)
fuels that are rich in PAHs [88] predisposes them to poor fertility. Furthermore, fumes
emitted from cooking oils also contribute significantly to exposure of women to PAHs. A
recent study found a significant association between exposure to cooking oil fumes (rich
source of PAHs) and cervical intraepithelial neoplasms in women [89], an indication of a
dysfunctional organ that is crucial in the reproductive process. Non-smoking Taiwanese
women have been reported to be exposed to BaP in the range of 19–23 μg/m3 [90], a level
of exposure that significantly exceeds the concentrations reported in cigarette smoke [91] by
a factor of 6.5. The long cooking process (1–2 hrs/day) required for preparing fried foods
coupled with poor quality oils used in catering facilities equipped with poor ventilation
systems predispose women to airborne BaP- and other PAHs-adsorbed particulates every
day [92,93]. Furthermore, women who smoke and stir-fry food items on a daily basis are at
an increased risk of health hazards [94]. In some cultures, women assume cooking
responsibilities soon after marriage (around 20 years of age) until middle age (around 40 to
50 years) when the daughters-in-law subsequently assume their cooking responsibilities
[95]. Hence these published reports and dated reported in this study should draw awareness
to the reproductive health hazards posed by exposures to BaP and other PAHs to women of
reproductive age.
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Research Highlights

• Exposure of women via inhalation to PAHs including BaP predisposes them to
poor fertility and pregnancy outcomes.

• A significant decline in fertility indices in adult female rats subjected to sub-
acute inhaled BaP was observed.

• Our findings suggest that exposure of rats to BaP prior to mating contributes to
reduced ovarian function and fetal survival.
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Fig. 1.
Effect of inhaled BaP on percentage of rats that maintained their reproductive cycle (A) and
dose dependent effect of BaP on estrous cycle length (B). Data are presented as percentage
(n = 6 animals/treatment group). Regardless of the exposure concentration of BaP rats were
exposed to in this study, their ability to cycle was not affected. However, estrous cycle
length was increased by about 24 hr in rats exposed to 100 μg BaP/m3 versus UNC or those
exposed to lower exposure concentrations of BaP. Data are presented as mean ± SEM (n = 6
animals/treatment group; *p < 0.05).
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Fig. 2.
Stages of the estrous cycle in UNC rats (A) and stages of the estrous cycle in rats exposed to
BaP (B). Rats in the UNC group exhibited a normal 4-day estrous cycle characteristic of
rodents (a= proestrus; b= estrus; c= diestrus I; d= diestrus II; approximately 24 hr /stage of
the cycle). While the length of the cycle did not change for rats exposed to 50 and 75 μg
BaP/m3, those exposed to 100 μg BaP/m3 sustained an increase in the duration of proestrus
from approximately 24 to 48hr.
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Fig. 3.
Circulating E2 (A) and P4 (B) concentrations in BaP-exposed F-344 adult female rats. Blood
samples were collected between 1300 and 1500hr from cycling UNC and BaP-exposed rats
at detected stages of the estrous cycle using vaginal smears. The concentrations of E2 and P4
were determined and compared as described in Materials and Methods. Data are presented
as mean ± SEM (n = 20 animals/treatment group). Values with different superscripts are
significantly different (E2, p < 0.05 stage of the estrous cycle × treatment interaction; P4, b
& c versus a, p < 0.01, stage of the estrous cycle × treatment interaction; b versus a, p <
0.001; b versus c, p < 0.05).
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Fig. 4.
Circulating FSH (A) and LH (B) concentrations in BaP-exposed F-344 adult female rats.
Blood samples were collected between 1300 and 1500hr from cycling UNC and BaP-
exposed rats at detected stages of the estrous cycle using vaginal smears. The concentrations
of FSH and LH were determined and compared as described in Materials and Methods. Data
are presented as mean ∓ SEM (n = 20 animals/treatment group). FSH values with different
superscripts are significantly different (p < 0.05 stage of the estrous cycle × treatment
interaction). LH values were higher in plasma of UNC rats at proestrus (*p < 0.05) versus
BaP-exposed rats.
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Table 1

Reproductive characteristics of unexposed control and BaP-exposed rats.

Item UNC 50 μg/m3 BaP 75 μg/m3 BaP 100 μg/m3 BaP

Ovarian Wt (g) 0.68 ± 0.004 0.61 ± 0.003 0.59 ± 0.002 0.60 ± 0.003

Ovulation Rate 15.3 ± 2.0 13.9 ± 3.0 12.8 ± 2.5 8.3 ± 1.0*

% Ovulated Mature Eggs 96 98 96 97

Mean Number Of Pups Born (Mean ± SE) 15.0 ± 4.0 13.4 ± 1.0 12.3 ± 1.0 4.3 ± 2.0**

% Fetal Survival 98.03 96.4 96.1 51.8**

*
p < 0.05;

**
p < 0.002

Reprod Toxicol. Author manuscript; available in PMC 2013 December 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Archibong et al. Page 22

Table 2

Benzo(a)pyrene metabolite concentrations and AHH activities in rats inhalationally exposed to 100μg BaP/
m3.

BaP 7,8-diol
¶
 (pmol/gm tissue) BaP 3,6-dione

¶
 (pmol/gm tissue) AHH activity (nmol 3(OH) BaP/min/mg protein)

Ovary

Control 0.25 ± 0.03 0.42 ± 0.06 0.018 ± 0.004

BaP exposed 12 ± 1.6
*

9.30 ± 0.75
*

0.150 ± 0.032
*

Lung

Control 0.15 ± 0.03 0.07 ± 0.01 0.017 ± 0.003

BaP exposed 1.30 ± 0.08
*

1.20 ± 0.01
*

0.260 ± 0.06
*

Liver

Control 0.32 ± 0.02 0.22 ± 0.04 0.025 ± 0.004

BaP exposed 3.4 ± 0.2
*

3.00 ± 0.32
*

0.310 ± 0.02
*

*
p < 0.05

¶
The presence of background concentrations of BaP metabolites in controls arise from inadvertent exposure of these rats to carbon black vapor, the

vehicle for B(a)P and which may contain residual levels of BaP. However, the metabolite concentrations measured in controls were low, and the
metabolite data for BaP-treated rats were corrected for control values.
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