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Abstract
In utero exposure of the fetus to benzo(a)pyrene [B(a)P], a polycyclic aromatic hydrocarbon, is
thought to dysregulate cardiovascular development. To investigate the effects of in utero B(a)P
exposure on cardiovascular development, timed-pregnant Long Evans Hooded (LEH) rats were
exposed to diluent or B(a)P (150, 300, 600 and 1200 μg/kg/BW) by oral gavage on embryonic (E)
days E14 (the metamorphosing embryo stage) through E17 (the 1st fetal stage). There were no
significant effects of in utero exposure to B(a)P on the number of pups born per litter or in pre-
weaning growth curves. Pre-weaning profiles for B(a)P metabolite generation from cardiovascular
tissue were shown to be dose-dependent and elimination of these metabolites was shown to be
time-dependent in exposed offspring. Systolic blood pressure on postnatal day P53 in the middle
and high exposure groups of offspring were significantly elevated as compared to controls.
Microarray and quantitative real-time PCR results were directly relevant to a biological process
pathway in animal models for “regulation of blood pressure”. Microarray and quantitative real-
time PCR analysis revealed upregulation of mRNA expression for angiotensin (AngII),
angiotensinogen (AGT) and endothelial nitric oxide synthase (eNOS) in exposed offspring.
Biological network analysis and gene set enrichment analysis subsequently identified potential
signaling mechanisms and molecular pathways that might explain the elevated systolic blood
pressures observed in B(a)P-exposed offspring. Our findings suggest that in utero exposure to
B(a)P predispose offspring to functional deficits in cardiovascular development that may
contribute to cardiovascular dysfunction in later life.
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1. Introduction
The fetal origins of adult disease hypothesis proposes that coronary heart disease and stroke,
and the disorders related to them, (i.e. hypertension and type 2 diabetes) originate through
responses to under-nutrition during fetal life and infancy, which permanently change the
body's structure and function in ways that lead to disease in later life (Barker, 1995).
Experimental studies have also shown that manipulation of the diets of pregnant dams leads
to life-long alterations in blood pressure and metabolism of their offspring (Hales et al.,
1996; Barker, 2000). Further, there is a literature of longitudinal studies demonstrating that
people born with low birth weight suffer from higher rates of stroke (Martyn et al., 1996;
Eriksson et al., 2000; Rich-Edwards et al., 1997). Currently, very little is known about the
mechanisms by which in utero insult leads to altered expression of key genes and proteins
during early-life to result in diseased phenotypes in later-life. On the basis of epidemiology
data in support of the Barker hypothesis, it is proposed that exposure to certain
environmental chemicals as well as altered nutrition, or in combination with altered
nutrition, will in some instances, not lead to readily discernable structural malformations but
instead, to alterations in developmental programming expressed as a permanently altered
gland, organ, or system potential. These effects will occur in a time-specific (i.e. vulnerable
window) and tissue-specific manner, and such alterations maybe irreversible (Heindel,
2005).The later-life result is an animal that is sensitized such that it will be more susceptible
to diseases later in life.

As a member of the polycyclic aromatic hydrocarbon (PAH) family, benzo(a)pyrene
[B(a)P], is ubiquitous throughout the environment and is derived from the incomplete
combustion of organic matter (Ramesh et al., 2011). Humans are exposed to PAHs through
several routes that include air, water, food, skin contact and occupational settings. For a
major portion of the general population that is not exposed to PAHs via proximity to sources
of pollution or occupational modality, food ingestion is the major route of exposure as
compared to inhalation (Butler et al., 1993). Previous studies on exposure of humans to
B(a)P, have revealed that the range and magnitude of dietary exposures (2–500 ng/day) are
exceedingly larger than for inhalation (10–50 ng/day) (Lioy et al., 1988) making exposure
via diet a major route of exposure for PAHs (Beckman et al., 1998; Phillips, 1999).

PAH intake from ambient air has been reported to be in the range of 0.02–3 μg/day (World
Health Organization, 2003). However, the levels vary depending on the geographic area,
local traffic patterns, pollutant emissions from smokestacks, and personal habits such as
smoking etc. In particular, occupational exposures to PAHs vary with the setting; 9.6–450
μg/m3 in aluminum smelters, petroleum refineries, and copper mines. Occupational
exposure to PAHs occurs in the production of aluminum, coal-fired power generating
processes, iron and steel foundries, tar distillation, shale oil extraction, wood impregnation,
roofing, road paving, carbon black production, carbon electrode production, restaurant
cooking, diesel engine servicing, fire fighting, aviation fuel handling, chimney sweeping and
calcium carbide production (Boffetta et al., 1997).

It is well established that environmental exposure to B(a)P can have multiple deleterious
tissue effects depending on the dose, time (prenatal, postnatal) and term of exposure (for
review see Ramesh et al., 2011). Because of the above mentioned considerations regarding
potential routes of exposure, the present study sought to survey the health implications of in
utero B(a)P exposure from the standpoint of developmental cardiovascular toxicity. The
susceptibility-exposure paradigm utilized in this animal models study uses doses of B(a)P
that may be perceived to be rather high. This is due to the fact that if doses that approximate
ambient levels which humans are exposed were employed, we would seldom discern any
manifestations of disease. It is within this context that it must be noted that the body/tissue
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burden of aromatic hydrocarbons is governed by the daily intake doses, duration of
exposure, and the half-life of this toxicant in the body (Grassman et al., 1998). The half-life
of PAHs is greater in humans than in rodent tissues (National Academy of Sciences, 1983;
Grassman et al., 1998). Furthermore, humans enjoy longer lifespan (about 30-fold longer)
than rodents (Kim, 2007). If the interspecies differences in exposure history and toxicant
accumulation characteristics are factored into experimental design, employing B(a)P doses
higher than ambient levels is obligatory towards assessing the environmental health effects
from exposure. Further, the B(a)P doses that we used in our study are of relevance to special
B(a)P exposure scenarios in humans, which include cumulative intake from consumption of
a B(a)P-contaminated diet, inhalation of tobacco smoke (both mainstream and side stream),
breathing of contaminated air released from occupational settings (workers from
petrochemical, graphite electrode and aluminum manufacturing industries), people/children
that live in unvented homes using biomass for cooking and home heating and/or that work
and play in the vicinity of hazardous waste sites (reviewed in WHO, 2010; Ramesh et al.,
2010). Moreover, a recent review by our group reported on the global distribution of PAHs
and detailed substantial environmental contamination (mg/g dry media or g/L water) by
these toxicants (Ramesh et al., 2011). Therefore, it is our opinion that the cumulative annual
intake of B(a)P by vulnerable and susceptible populations likely approximates the high
B(a)P doses used in the present study.

Previous studies have reported that chronic exposure (12–24 weeks) of Apo-E knockout
mice to 5 mg/kg B(a)P accelerated atherosclerotic plaques (Curfs et al., 2004). Also, a
correlation was reported by these authors relative to the stages of plaques, reactive
metabolites of B(a)P and formation of DNA adducts. This type of B(a)P exposure-induced
atherosclerosis has been shown to be mediated through altered expression of antioxidant
enzymes and enhanced generation of reactive oxygen species (ROS) in this mouse model
(Yang et al., 2009). An enhanced expression of aryl hydrocarbon receptor (AhR) receptor
target gene expression was also observed in mouse aortic endothelial cells suggesting that
upregulation of AhR and of its target genes play a key role in B(a)P-induced atherogenesis
(Wang et al., 2009).

Recent studies suggest that the pathogenic role of B(a)P may be attributed to its ability to be
metabolized into highly reactive compounds, such as 6-hydroxy-B(a)P. These metabolites
arise from the biological oxidation by mixed-function oxidases and the rapid autoxidation of
6-hydroxy-B(a)P to produce high levels of quinones and diones (Burdick et al., 2003b;
Lorentzen and Ts'o, 1977; Lorentzen et al., 1979). These three groups of metabolites
undergo one electron redox cycling (from quinone to semiquinone radical to hydroquinone
forms) to generate large quantities of intracellular ROS (Burdick et al., 2003a; Flowers et
al., 1996; Penning et al., 1996). The presence of two ROS species, such as hydrogen
peroxide and superoxide anion, in turn react to form an even more reactive species, the
hydroxyl radical. The presence of high levels of B(a)P metabolites combined with ROS
produces a robust oxidative microenvironment that has been shown to cause DNA
modifications and alterations in multiple cellular signaling pathways (Lorentzen et al.,
1979).

Studies demonstrate that B(a)P is readily metabolized by the placenta and accumulates in
fetal tissue during gestation (Bouayed et al., 2009). Likewise, recent studies also suggest that
B(a)P adversely affects a number of fetal developmental indices such as low birth weight
(Perera et al., 1998,1999,2003), impaired learning and memory (Perera et al., 2007, 2009),
and decreased immune response (Hannah et al., 1982). Increasing evidence strongly
suggests that B(a)P plays both a direct and indirect role in the development and progression
of cardiovascular diseases (Gentner and Weber, 2011). Cardio- and cerebro-vascular events
are more common in individuals with hypertension, hyperlipidemia, and diabetes mellitus,
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and in smokers (Thirman et al., 1994). It has been well established that B(a)P, upon
activation, is converted into a number of highly reactive intermediates that can bind to and
modify DNA and protein structures (Miller and Ramos, 2001; Uno et al., 2004). These
metabolites can also induce the production of reactive oxygen species which can damage the
endothelium lining of blood vessels where macrophages and lipoproteins infiltrate and
accumulate, to later form atherosclerotic lesions and plaques (Thirman et al., 1994).
Numerous studies also suggest that cigarette smokers have a greater incidence and degree of
atherosclerotic lesions (Thirman et al., 1994; Zhang and Ramos, 2008) however the specific
biological and developmental pathways altered by in utero B(a)P exposure are poorly
understood.

In the current study we examined the in utero effects of B(a)P exposure on gene expression
in rat offspring heart tissue subsequent to in utero exposure to B(a)P. The results
demonstrate that systolic blood pressure was significantly elevated. eNOS protein
expression and mRNA levels for angiotensin (AngII) were also significantly increased in
B(a)P exposed offspring compared to controls. Analysis of gene transcription microarray
data revealed that 563 of the 16,000 genes were significantly altered in B(a)P-exposed
offspring. Of the genes demonstrating modulation by B(a)P exposure, 377 genes were up-
regulated greater than two-fold and 186 were down-regulated greater than two-fold.
Common gene responses modulated as a result of B(a)P-exposure were identified and
included xenobiotic metabolizing genes, genes known to alter lipid metabolism, nucleic acid
metabolism, and more importantly, cardiovascular development and function. Among the
most significantly altered pathways was the renin–angiotensin system pathway, with the
angiotensinogen (AGT) gene demonstrating significant up-regulation as a result of in utero
B(a)P exposure.

2. Materials and methods
2.1. Animals

To determine the total number of Long–Evans hooded dams (litters) as well as the number
of offspring needed for these studies, we made the following assumptions. We
conservatively estimated that the variance between measures from litters would be
approximately 10% of the mean response, so that using littermates from four to five
different litters within an experimental group would be sufficient to detect a significant
difference. Based on these assumptions, the power analysis indicated that 3 replicates or
cohorts from 4 to 5 different litters would suffice. Since the litter is the statistical unit and
sampling was from at least 4 to 5 individual litters within an experimental group, the litter
representation would be sufficient to detect a 20% change in any of our experimental end-
points with an 80% power and a type-I error rate of 5%.

All experiments were approved by the Institutional Animal Care and Use Committee
(IACUC) of Meharry Medical College (MMC) and were performed according to Guidelines
for Animal Experimentation as set forth by the NIH. Timed-pregnant Long–Evans Hooded
dams were obtained from Harlan Sprague–Dawley (St. Louis, MO, USA) on gestational day
(GD) 11. Upon arrival, animals were housed individually in clear plastic cages with
laboratory grade (heat-treated) pine shavings as bedding. Animals were quarantined for 2
days in the AAALAC = accredited MMC animal care facility and were maintained in a
controlled environment with a temperature of 21 ± 2°C and relative humidity of 50–10%
with a 12/12h light/dark cycle. Dams were fed commercial Rat Chow (#5012: Purina Mills,
St. Louis, MO, USA), and water and food were available ad libitum.
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2.2. Susceptibility-exposure paradigm and embryology from embryonic (E) days 14–17
Each dam was randomly assigned to either (1) control or (2) experimental group, and on
E14–17 timed-pregnant dams were exposed by oral gavage using our susceptibility-
exposure paradigm (Brown et al., 2007). E14 is known as the metamorphosing embryo stage
where somites 43–45 (caudal); mandibular, maxillary, and frontonasal processes; cervical
sinuses closing; mammary welts; differentiaion of handplates; arm buds vascularized,
brachial nerves entering; beginning of umbilical hernia. On E17 or the 1st fetal stage, there
is rapid growth of eyelids; palate completes; pinna covers ear ducts and the umbilical hernia
withdraws.

Each dam was randomly assigned to either a (1) control or (2) experimental group, and on
GD14–17 timed-pregnant dams were exposed by oral gavage using our susceptibility-
exposure paradigm (Brown et al., 2007). Dams were given a total volume of 0.875 ml of (1)
peanut oil alone or (2) 150,300,600 and 1200 μg/kg B(a)P in peanut oil. Offspring from
control and B(a)P-exposed animals were maintained in standard stainless steel cages on
pelleted paper bedding (#7084: Harlan, TX) until postnatal day P53, at which time they were
sacrificed using previously described procedures (Sheng et al., 2010).

2.3. Tissue preparation and B(a)P disposition analysis
The connective tissue which partitions the aorta from the muscle of the thoracic cavity was
dissected out. The epicardial and pericardial fat surrounding the heart and perivascular fat
surrounding the aorta were also removed with fine tweezers. The aorta was cut above the
point it emerges from the ventricular tissue. After heart and aorta were retrieved from the
animal, organs and tissue were placed in a glass petridish and kept on ice. A small incision
was made to the heart and whole blood was carefully drained from the heart and aorta into a
heparinized conical tube. Washes proceeded with chilled isotonic saline at least 2 times to
remove excess blood following which; the residual organ (heart plus aorta) was cut into
small pieces using a sterile scalpel blade. Subsequently, the resulting samples of dissected
cardiac tissues were minced separately with a fine pair of scissors, thoroughly mixed and
then pooled per experimental group (n = 4–5/group/cohort) as a homogenate of minced,
mixed and pooled tissue sample per experimental group and stored at −70°C until analyzed.
Plasma from blood samples was harvested by centrifugation at 2900 × g for 20 min and
stored frozen at −70°C until analyzed.

Prior to analyses, the plasma and heart-aorta samples were thawed and homogenized in 0.25
M Tris-sucrose-EDTA (pH 7.4) and 0.1% SDS. The homogenate was extracted with a
solution containing water, methanol, and chloroform at a ratio of 1:1.5:2 (v/v). The organic
phase was dried under N2 and resuspended in 0.5 ml of methanol. Particulates in the extracts
were removed by passing them through Acrodisc filters (0.45 μm, 25-mm diameter; Gelman
Sciences, Ann Arbor, MI, USA). The final extracts were stored at 4°C in amber-colored
screwtop vials to prevent photodegradation until analysis. The bioavailable concentrations of
metabolites from the extracts were identified and measured by a reverse-phase HPLC
(Model 1200; Agilent, Wilmington, DE) equipped with a UV and a fluorescence detector as
described previously (Brown et al., 2007).

B(a)P disposition analysis in plasma and whole heart-aorta tissue from control and B(a)P-
exposed offspring was analyzed for bioavailable levels of B(a)P metabolites by liquid-liquid
extraction and reverse phase high performance liquid chromatography (HPLC) as previously
outlined in (Brown et al., 2007). Data were derived from 4 to 5 offspring per litter per group
so that analyses represent repetitions from 3-cohorts comprising 12–15 offspring.
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2.4. Blood pressure measurements
To assess whether in utero B(a)P exposure affected blood pressure in offspring rats, the
systolic blood pressure of conscious-nonanesthetized animals (n = 5–6/litter/group) was
measured on P53. Blood pressure was measured (noninvasive) by determining the tail blood
volume with a volume pressure recording sensor and an occlusion tail-cuff (CODA System,
Kent Scientific, Torrington, CT, USA). Windaq Acquisition 1.58 and Windaq Analysis 2.29
software (DATAQ Instruments DI200AC) were used to record and analyze the data,
respectively. Briefly, offspring were conditioned restraint tubes from P46 through P50 prior
to blood pressure measurements in the laboratory in which measurements were done.
Analysis was performed two rats at a time by placed offspring in restraining tubes followed
by tail cuff placement on tails. The Windaq Acquisition software was then set to perform a
number of acclimatization runs to help condition the rats for the blood pressure
measurement. After this acclimatization session, animals were returned to their home-cages
in the animal care facility.

Regarding the potential for exposure to mild stress during the acclimatization session and
during data acquisition; studies support the proposition that LEH rats adapt more readily to
acute stress following prolonged exposure to a variety of mild stressors as compared to SD
rats (Bielajew et al., 2002).

2.5. SDS-PAGE and Western blot analysis
Frozen samples of pooled heart tissue (described above in Section 2.2) from control and
B(a)P-exposed offspring was thawed and homogenized in 1 ml RIPA buffer (Bio-Rad,
USA) containing a protease-phosphatase inhibitor cocktail (Bio-rad, USA) for 1 min.
Lysates were then centrifuged at 15000 RPM for 10 min, and the supernatant transferred to
new tubes. Protein concentrations of the tissue lysates were determined using Bio-Rad
protein assay reagent. Using 10% SDS-polyacrylamide gels, equal amounts of protein (from
P-0 and P-53) were resolved under reducing conditions. Following electrophoresis the
proteins were trans-blotted to Immobilon-FL membranes (Millipore Corporation, Billerica,
MA, USA). Non-specific binding sites were blocked with 4% non-fat dry milk for 1.5 h and
then incubated overnight at 4°C in polyclonal primary antibody against eNOS, nNOS or
AngII (Santa Cruz, USA), with non-fat dry milk in Tris-buffered saline-Tween 20 buffer,
while gently shaken. Next, the membranes were washed 4 times for 5 min each at room
temperature in PBS + 0.1% Tween 20 with gentle shaking, using a generous amount of
buffer. After washing, the membranes were incubated with a fluorescent secondary antibody
raised against the primary antibody in non-fat dry milk in Tris-buffered saline + SDS
+Tween 20. This incubation lasted for 1-h, after which the membranes were washed 4 × 5-
min at room temperature with PBS + 0.1% Tween 20. Proteins were visualized and analyzed
using the LiCor system.

2.6. RNA extraction
Total RNA was isolated from rat heart tissue with TRIzol reagent as described in accordance
with the protocol suggested by the manufacturer (Life Technologies, Carlsbad, CA, USA).
RNA was purified using an mRNA purification kit from Promega (Madison WI, USA).

2.7. Quantitative real time RT-PCR
Three genes known to be involved in blood pressure regulation (AngII, nNOS and eNOS)
were selected to be measured by qRT-PCR. Additionally, (BH4/BH2) oxi-doreductase (Spr)
was also quantified. Quantitative Real time RT-PCR was carried out using the iScript one-
step RT-PCR kit with SYBR Green, PCR plates and optically clear adhesive plate seals
(Bio-Rad Laboratories, USA). A Bio-Rad C1000 Thermal Cycler was used to detect the
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fluorescence level. Reactions were carried out in low 96-well clear PCR plates, with a 2 ×
PCR buffer containing 0.4 mM of each dNTP (dATP, dCTP, dGTP, dTTP), SYBR Green
dye, magnesium ions, 20 nM fluorescein, iTaq DNA Polymerase and stabilizers. Forward
and reverse primers (300 nM final concentration each), nuclease-free water, RNA template
(1 pg-100ng total RNA) and iScript reverse transcriptase for one-step RT-PCR were added
to PCR buffer in a final reaction volume of 50 μl. Amplification parameters were: cDNA
synthesis at 50°C for 10 min, followed by reverse transcriptase inactivation at 95°C for 5
min, PCR cycling and detection (30–45 cycles) at 95°C for 30s; and 55–60°C at 30s (data
collection step). All primers were designed using OligoPerfect Designer Software
(Invitrogen, USA) and can be found in Table 1. Samples were analyzed in duplicate, and 18
S rRNA primers were used (Ambion, Austin, TX, USA) as the endogenous control. Fold
induction was calculated using the formula 2−ΔΔCT, where ΔCT = target gene CT – actin
CT, and the ΔΔCT is based on the mean ΔCT of respective control [non-B(a)P treated]. The
CT value is determined as the cycle at which the fluorescence signal emitted is significantly
above background levels and is inversely proportional to the initial template copy number.

2.8. cDNA microarray hybridization, data acquisition and analysis
For this study, RNA samples were extracted from heart tissue and submitted to the
Vanderbilt Functional Genomics Shared Resource facility (FGSR). All RNA samples
processed in the Vanderbilt FGSR were checked on the Agilent 2100 Bio-analyzer to
determine integrity, and quantitated by A260 on the Thermo Nanodrop 2000
spectrophotometer. Samples with a minimum RNA Integrity Number (RIN) score of 7.0 and
with 260/280 ratio of 1.9–2.1 were used in microarray experiments. The Agilent 1-color
Low Input Quick Amp (LIQA) target labeling kit and Agilent 1-color spike-in were used to
prepare targets for hybridization following the manufacturer's protocols. Briefly, 100 ng
input total RNA was mixed with diluted RNA spike-ins per protocol specifications. The
target reactions were reverse transcribed, and then the reverse transcription products were
used in transcription reactions according to the manufacturer's protocol using the Agilent
QuickAmp kit. The Cy labeled cRNA targets were quantitated and specific activity of each
labeled target was calculated. All yields ranged from 6.0 to 8.5 μg, with specific activity
ranging from 19 to 22 across the 8 reactions. Minimum requirements for hybridization are
1.65 μg of cRNA target and specific activity greater than 6.0. Equivalent mass of each co-
hybridized sample (0.825 μg) was combined, fragmented, and then placed in hybridization
cocktail. Smear assessments of the cRNA target all had a majority of the target between 200
and 2000 nt (recommendation for smear assessment is a majority of target between 200 and
2000 nt). A total of 70% or more of each target fell within this size range. Targets were
fragmented for 30s at 60°C and then 2 × Hi-RPM Buffer was added. Hybridizations were set
up at 65°C, 10RPM, for 17-h hybridization in an Agilent Hybridization chamber.
Hybridizations were taken down and washed per Agilent protocol. The arrays were scanned
on the Agilent “C” scanner at 3 μm, 20bit. Next, 2, 4 × 44k 1 color Gene Expression slides
were run on the Agilent “C” using the recommended settings of 3 μm resolution, 20 bit
pixel depth. The gain used was G 100%. Data were processed using Feature Extraction
10.7.1, and analyzed with GE1_107_Sep09 FE protocol. The data were then analyzed by
gene set enrichment analysis for statistically significant overexpressed pathways. The
WEBGESTALT software tool was used to conduct enrichment analysis by mapping
transcripts which were up or down-regulated greater than 2-fold to their corresponding
reference Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and Gene
Ontology (GO) biological process pathways (Zhang et al., 2005). An interaction network
visualization of GO biological processes was created using the GeneMANIA plug in
(Mostafavi et al., 2008) for the Cytoscape bioinformatics platform (Shannon et al., 2003).
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2.9. Statistical analysis
B(a)P metabolite levels, systolic blood pressure and heart rate data are expressed as mean ±
SEM. The cardiac function values of each animal were obtained through the average of 15
values (each value collected at 1-min intervals during the 30-min experimental period).
Statistical significance was estimated using 2-way ANOVA followed by the Bonferroni post
test. The level of significance was set at p < 0.05 (GraphPad Prism 5.0). The values for
eNOS, nNOS, AngII and 7,8-dihydrobiopterin (BH4/BH2) oxidoreductase (Spr) mRNA
and/or protein are reported as means ± SEM. An analysis of variance (ANOVA) was used
for the determination of statistical differences between control and B(a)P-exposed offspring
groups All pairwise multiple comparisons were performed using the Student-Newman-Keuls
method. The criterion for statistical significance was p < 0.05 in all cases.

2.10. RNA-extraction
Tissue samples destined for RNA analysis were lysed with Trizol reagent and RNA
extracted according to the manufacturer's instructions. The RNA pellet was dissolved in
nuclease-free water and subjected to clean-up using RNeasy columns (Qiagen, Hilden,
Germany) with on-column DNase treatment for the removal of genomic DNA.

RNA quality and integrity were assessed using the Nanodrop spectrophotometer (Nanodrop
Technologies, Montchanin, USA) and 2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) respectively. Samples with ratios of absorbance at 280/260 nm between 1.8 and
2.0 and at 280/230 nm between 2.0 and 2.2, and with RNA integrity number (RIN) of ≥ 7.5
were judged to be of acceptable quality and integrity to be used for microarray labelling.

2.10.1. RNA isolation and reverse transcription-real time quantitative PCR
assay (RT-qPCR)—Total RNA isolated as described above using the TRIzol method
(Invitrogen, Cergy-Pontoise, France) was then reverse-transcribed into cDNA using the RT
Applied Biosystems kit (Foster City, CA). qPCR assays were performed next using the
fluorescent dye SYBR Green methodology and an ABI Prism 7300 detector (Applied
Biosystems). The gene specific primers were provided by Qiagen (Courtaboeuf, France).
The specificity of each gene amplification was verified at the end of qPCR reactions through
analysis of dissociation curves of the PCR products. Amplification curves were analysed
with ABI Prism 7000 SDS software using the comparative cycle threshold method. Relative
quantification of the steady-state target mRNA levels was calculated after normalization of
the total amount of cDNA tested to 18 S mRNA endogenous reference. Target gene mRNA
expression is presented as the relative fold change between the intensity of the target-
specific band to that of the 18sRNA band on P53 as compared to P0 in both control and
B(a)P-exposed offspring (600 and 1200 μ/kg BW). An analysis of variance (ANOVA) was
used for the determination of statistical differences between control and B(a)P-exposed
offspring groups All pairwise multiple comparisons were performed using the Student–
Newman–Keuls method. The criterion for statistical significance was p < 0.05 in all cases.

2.11. Determination of 7,8-dihydrobiopterin (BH4/BH2) oxidoreductase (Spr) mRNA levels
In order to determine the potential for whether increasing BH4 concentrations precipitate
endothelial dysfunction in offspring rats subsequent to in utero B(a)P exposure, assessment
was performed by RT-PCR for determination of BH4 precursor sepiapterin (BH2) by
monitoring 7,8-dihydrobiopterin:NADP+ oxidoreductase also known as sepiapterin
reductase, (Spr). Total RNA was isolated as described above. Forward primer for 7,8-
dihydrobiopterin (BH4/BH2) oxidoreductase (Spr) was 5′-
ACAGCCCATCTCTGAGTGC-3′ and reverse primer 5′-CTTCATAATGGCCTCCA-3′.
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3. Results
3.1. Toxicological observations

Consistent with previous reports (Baldwin et al., 2005; Brown et al., 2007) as well as from
our group (Wu et al., 2003; Wormley et al., 2004), there were no significant differences in
the number of pups born per litter between control and B(a)P-exposed dams (Table 2).
Likewise, no convulsions, tremors, abnormal movements or any other predictable or
reproductive indicators of toxicity were observed during the exposure or pre-weaning period
in any of the five treatment groups of offspring.

3.2. In utero B(a)P exposure has no effect on total body weight of rat offspring
At the various postnatal days (P0, 3, 5, 7, 9, 11 and 13), offspring were removed from each
control or B(a)P treatment groups. Total body weight was measured for each offspring.
Offspring were then anesthetized and sacrificed, at which point whole blood was harvested
subsequent to cardiac puncture. As depicted in Fig. 1, the there were no significant
differences between the total body weights in control and B(a)P-exposed offspring for any
of the pre-weaning time points.

3.3. In utero B(a)P exposure results in metabolite disposition in rat offspring
To confirm whether B(a)P was absorbed into the blood for metabolism and distributed to
target tissues, a bioavailability study was conducted during the pre-weaning period (P0–
13)using plasma and heart tissue from exposed offspring. Timed-pregnant dams were
exposed to diluent (control) or various concentrations of B(a)P in utero on E14 to E17
(0,150,300, 600 and 1200 μg/kg BW respectively). The data obtained in Fig. 2A and B
demonstrate that offspring from the B(a)P-exposed groups exhibit dose-dependent
disposition of total B(a)P metabolites in both plasma (Fig. 2A) and whole heart tissue,
respectively (Fig. 2B). A time-dependent decrease in total B(a)P metabolites was also
documented during the pre-weaning period.

As indicated in Fig. 2C, there were three principal groups of metabolite types (diols,
hydroxy derivatives and diones). The percent distribution of diol metabolites was high
throughout the preweaning period and remained over 70% of the total heart tissue burden.
On the other hand, the hydroxyl B(a)P metabolites increased in distribution between P9 and
P13, while the diones remained fairly constant in their distribution from P0 to P13. The
qualitative distribution of total B(a)P metabolites depicted in Fig. 2C suggest that both phase
1 and phase 2 (toxification and detoxification) pathways were activated within exposed
offspring plasma and heart tissue. The sustained presence of the hydroxy derivatives within
heart tissue is of even greater significance, as these highly reactive metabolites can be
further oxidized into quinones, which have the potential to undergo redox cycling to form
more reactive oxygen species (ROS) (Baldwin et al., 2005; Brown et al., 2007; Zhang et al.,
2005). In summary, B(a)P metabolite concentrations and metabolite types in heart tissues
quantified in the present study were found to be in agreement with those detected in
developing rodent brain tissues as previously reported (Brown et al., 2007; McCallister et
al., 2008; Sheng et al., 2010).

3.4. In utero B(a)P exposure increases systolic blood pressure in a dose-dependent
manner in rat offspring

To determine whether in utero B(a)P exposure results in alterations in later-life
cardiovascular phenotypes, offspring were analyzed for heart rate, systolic and diastolic
blood pressure. These parameters were measured on P53. The results are shown as Table
3B. The results shown in Table 3B and Fig. 3, demonstrate that in utero B(a)P exposure
induced a statistical significant increase in heart rate, systolic and diastolic blood pressure in
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a dose-dependent manner in exposed offspring. Control systolic blood pressure averaged
131.5 ± 5.8 mmHg. Systolic blood pressure in offspring from the 600 μg/kg BW B(a)P
group indicated a small, but statistically significant increase (19% higher than controls),
while offspring in the 1200 μg/kg BW B(a)P showed an even greater increase in systolic
blood pressure as compared to controls (53% higher than controls).

3.5. In utero exposure to B(a)P upregulates eNOS protein in offspring
As a means of determining whether the observed increase in systolic blood pressure was
related to alterations in the renin–angiotensin system, heart tissue proteins critical to this
system were quantified using Western blot analysis. The results shown in Fig. 4 illustrate
that temporal developmental expression of eNOS from B(a)P-exposed offspring cardiac
tissue is positively modulated as a result of in utero B(a)P exposure. In control offspring,
eNOS expression is high during the first postnatal week and drops to presumably
constitutive levels from P10 through P53. In exposed offspring, it is readily apparent that
there is an overall dose-dependent increase in developmental eNOS expression. Modulation
of developmental eNOS expression as a result of in utero exposure to B(a)P (when
compared to controls) is evidenced by very low expression during the first postnatal week
followed by an increase in expression through P 53for the 600 μg/kg BW B(a)P-exposed
offspring. This overall upregulation of developmental expression appears to be dose-
dependent as developmental expression is further potentiated in the 1200 μg/kg BW B(a)P-
exposed offspring (Fig. 4).

3.6. In utero B(a)P exposure upregulates eNOS, nNOS, AngII and 7,8-dihydrobiopterin
(BH4/BH2) oxidoreductase (Spr) mRNA levels in offspring

In order to corroborate the overall developmental protein expression data obtained, qRT-
PCR was performed for Ang II, eNOS, nNOS and dihydrobiopterin oxidoreductase
mRNAs.The fold change in relative mRNA levels was greater for nNOS and AGT at 600
μg/kg BW B(a)P on PND 53. Fig. 6 shows the corroboration data for the results shown as
Fig. 5. The fold change in relative mRNA levels is greater for nNOS and AngII at 600 μg/kg
BW B(a)P on P53. Consistent with the developmental protein expression profiling data in
Fig. 5, eNOS mRNA expression is 2.8 fold above control levels in the 1200 μg/kg BW
B(a)P-exposed offspring on P53 with AngII mRNA expression at 1.75 fold above control
levels. The key observation of these experiments comes with analysis of 7,8-
dihydrobiopterin NADP oxidoreductase or BH4/BH2 oxidoreductase mRNA expression in
the 1200 μg/kg BW B(a)P-exposed offspring on P53 in comparison to the other data epochs.
That the BH4/BH2 oxidoreductase and eNOS mRNA are upregulated in comparison to the
other experimental groups is significant and suggest that early-life B(a)P exposure results in
later-life eNOS uncoupling. This hypothesis is presented in the discussion section.

3.7. Transcriptome microarray pathway enrichment analysis
The results from the transcriptome microarray were analyzed by gene set enrichment
analysis for statistically significant over-expressed pathways in a comparison of control
versus exposed offspring [1200 μg/kg BW B(a)P]. The WEBGESTALT software tool was
used to map transcripts which were up or down-regulated greater than 2 fold to their
corresponding reference Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(Zhang et al., 2005). A hypergeometric test with a Benjamini–Hochburg (BH) false
discovery rate correction was used to determine significantly enriched KEGG pathways. The
results are shown in Table 3A. As would be expected, a number of CYPs in exposed heart
tissue were modulated as a result of in utero exposure to B(a)P. The genes identified were
CYP2a2, CYP7a1 and CYP2b12.
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Of note is significant enrichment in the renin–angiotensin system pathway (KEGG pathway:
rno04614). AGT among other genes involved in blood pressure regulation, was shown to be
differentially expressed in the microarray and suggest that this modulation is a result of in
utero exposure to B(a)P. The results are directly relevant to a biological process pathway in
animal models for “regulation of blood pressure”. Further, we see this as an attempt to put
these results into perspective with respect to the gene ontology literature in cardiovascular
toxicology. In this modality, Angiotensin (AngII) was set as a seed gene in order to build an
interaction and co-expression network of associated genes in Rat offspring using the
GeneMANIA plug in and the Cytoscape bioinformatics platform.

4. Discussion
To the best of our knowledge, this is the first report of its kind showing that in utero B(a)P
exposure from E14-E17 results in functional cardiovascular deficits in later life. Reports in
the literature demonstrate that the daily exposure of humans to B(a)P ranges from μg to mg
levels (reviewed in Dutta et al., 2010). The debate regarding the high doses of B(a)P used in
our studies becomes a bit more palatable upon critically analyzing the literature in the area
germane to “fetal basis of PAH-induced deficits in different experimental model systems.”
(spanning from toxicity to cancer)” This review reveals that a range of concentrations have
been utilized. The concentrations used in the present study are well within the range of
B(a)P concentrations represented in these very important seminal studies that have defined
systemic toxicity.

Illustrative of this fact, pregnant C57 mice when gavaged with 100 or 500 μg/kg BW/day
B(a)P on embryonic days 10–13 showed dysmorphogenesis of renal tubules and progressive
loss of renal function at postnatal weeks 7 and 52 in the offspring (Nanez et al, 2011). In a
representative high dose study, B6129F1 mice when gavaged with 1000 or 15,000 μg/kg
BW/day di-methyl benzan-thracine (DMBA) on embryonic day 17 revealed lung adenomas
and carcinomas in offspring, that also exhibited significant mortalities between postnatal
weeks 10 and 30 (Castro et al, 2008). Prior to this report, when C57 mice were
subcutaneously administered 1000 μg DMBA or B(a)P/kg BW/week for 3-weeks prior to
pregnancy, the ovarian reserve in offspring was reduced by 1/3 as compared to unexposed
control mice (Jurisicova et al., 2007). We offer these seminal studies to demonstrate the
range of B(a)P exposure doses utilized in “differential experimental model systems” that
were employed to interrogate hypothesis germane to “fetal basis of PAH-induced deficits in
animal models.” The doses employed in the present study fall well within the range of the
doses employed in the above-mentioned studies. Further, the toxic effects reported in the
present study reinforce the notion that early-life, in utero exposure to PAHs results in a
diverse spectrum of pathophysiological changes that are transmitted and expressed during
later-life in the offspring.

In the present study, in utero exposure resulted in altered gene expression of both
Angiotensinogen (AGT) and AngII, potentially predisposing the offspring to the
development of hypertension. Although similar studies have been done using a similar
exposure paradigm in mice (Thackaberry et al., 2005; Aragon et al., 2008a,b) the AhR
agonist used (i.e. 2, 3, 7, 8-tetrachlorodibenzo-[p]-dioxin(TCDD) was a much stronger
agonist than B(a)P. However, the results from these studies clearly demonstrate that the
environmental toxicant TCDD significantly altered genes involved in fetal cardiac
homeostasis, cell cycle regulation, and extracellular matrix development and remodeling
(Thackaberry et al., 2005). In addition, Aragon et al. (2008a,b) further demonstrated that
most of the TCDD-induced changes in cardiac gene expression observed during fetal
development remained induced in the adult mice, all of which probably further predispose
the mice to cardiovascular dysfunction (Aragon et al., 2008a,b).

G.E. et al. Page 11

Toxicology. Author manuscript; available in PMC 2013 May 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Very little is known of the long term effects of B(a)P on the development and function of the
cardiovascular system of pre-natally exposed offspring. Endothelial dysfunction can be
broadly defined as a disruption in any of the regulatory processes of the endothelium,
including an imbalance between vasorelaxing and constricting factors leading to
dysregulation of smooth muscle tone (Rubanyi, 1993). The AngII treatment of mice
offspring exposed in utero and during lactation to TCDD, resulting in increased
predisposition to renal fibrosis and hypertension in adulthood (Aragon et al., 2008a,b),
clearly supports the findings in the present study. When AngII was infused during the pre-
weaning period into TCDD exposed mice offspring, systolic blood pressure increased in a
robust manner as compared to control offspring (Aragon et al., 2008a,b). These studies
support the contention that the B(a)P exposure-induced increase in systolic blood pressure in
the present study is likely mediated by the vasoconstricting factor, angiotensin II. In both
human and animal models, hypertension is often associated with increased circulating
angiotensin II (Kaplan, 2002).

In the present study, we demonstrated that B(a)P [an aryl hydrocarbon (AhR) receptor
agonist] precipitates toxic effects within the developing cardiovascular system in our animal
model. Previous studies have reported variations on this central theme (Aboutabl et al.,
2009; Burstyn et al., 2005), and have even included other AhR agonists (Heid et al., 2001;
Kang et al., 2006; Kopf et al., 2008; Korashy and El-Kadi, 2006). In humans, 2,3,7,8-
tetrachlorodibenzo-[p]-dioxin (TCDD; a much more potent and stable AhR agonist than
B(a)P) exposure was associated with cardiovascular diseases such as hypertension (Kang et
al., 2006; Kim et al., 2003; Pesatori et al., 2003). Polychlorinated biphenyls, also AhR
agonists, have been shown to cause endothelial dysfunction. This effect may be mediated by
increased oxidative stress from AhR-induced CYP1A1 activity (Hennig et al., 2002;
Ramadass et al., 2003).

There have been three previous studies conducted in animal models that have suggested that
B(a)P exposure accelerates the development of atherosclerosis (Curfs et al., 2004; Penn and
Snyder, 1988; Yang et al., 2009), and the present study provides further evidence that this
may be attributable to increased oxidative stress. The identification of the developmental
period over which there is formation/accumulation of the reactive 3-OH and 9-OH
metabolites in the developing cardiovascular system is a key finding of this study. The
identified B(a)P exposure-induced metabolites could further oxidize to form B(a)P quinones
that would undergo redox cycling and generate reactive oxygen species (Kerzee and Ramos,
2000; Kiruthiga et al., 2007).

In support of our findings as to involvement of reactive oxygen species are the experiments
in Fig. 5 demonstrating that eNOS and BH4/BH2 7,8-dihydrobiopterin NADP
oxidoreductase or BH4/BH2 oxidoreductase mRNA is upregulated in offspring from the
high dose group. Collectively our data supports the proposed mechanism that is presented as
Fig. 7. Recall that dihydrobiopterin and/or tetrahydrobiopterin serve as critical co-factors for
the endothelial nitric-oxide synthase (eNOS). Deficiency of BH4/BH2 results in eNOS
uncoupling that is associated with increased superoxide and decreased NO• production
(Kuzkaya et al., 2003). BH4 has been shown to play a critical role in allowing for electron
transfer from the prosthetic heme to l-arginine (Kuzkaya et al., 2003). In the absence of
BH4, electron flow from the reductase domain to the oxygenase domain is diverted to
molecular oxygen rather than to l-arginine, leading to a condition known as eNOS
uncoupling (Xia et al., 1998; Radi et al., 1991), causing production of superoxide rather than
nitric oxide. Superoxide reacts rapidly with NO• to form the peroxynitrite anion (ONOO−),
which is a strong biological oxidant (Sampson et al., 1996) known to oxidize lipids, protein,
sulfhydryls, and DNA and to cause nitration of tyrosines (Sampson et al., 1996; Zhao et al.,
2001; Daiber and Ullrich, 2002).
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Supplementation with BH4 is generally able to restore endothelial NO synthase (eNOS)-
mediated NO formation and endothelial function in hypertension, hypercholesterol-emia and
diabetes (Alp and Channon, 2004; Cosentino and Luscher, 1999; Vasquez-Vivar et al.,
2002). It is well known that nitric oxide (NO) generated by eNOS critically determines
vascular tone as well as vascular wall homeostasis (Fleming and Busse, 2003). Reduced NO
bioavailability then has been associated with an increase in the formation of reactive oxygen
species within the vascular wall and generally serves as the key determinant of endothelial
dysfunction (Bauersachs and Schafer, 2005). This phenomenon was demonstrated by Cai et
al. (2005) who showed reduced eNOS dimer/monomer ratio in combination with increased
oxidative stress and reduced NO formation in hyperglycaemic endothelial cells (Table 4).

The paradoxical finding of a concomitant increase in eNOS expression and reduced
endothelium-dependent vasodilatation/relaxation by Bouloumié et al. (1997), Bauersachs et
al. (1999) and Cosentino et al. (1997) has drawn attention to the fact that eNOS itself in
pathological states maybe the source of superoxide anions, i.e. “eNOS uncoupling” (for
review, see Stuehr et al., 2001). Endothelial dysfunction and eNOS uncoupling are clearly
apparent in experimental diabetes and in diabetic patients (Guzik et al., 2002; Hink et al.,
2001) despite the fact that eNOS expression is actually increased (Bauersachs and Schafer,
2005). The uncoupling of eNOS has also been linked to its monomerization (Zou et al.,
2002).

Similarly, in Apo E knock-out mice, peroxynitrite-mediated BH4 oxidation has also been
identified as a pathogenic cause of eNOS uncoupling (Laursen et al., 2001). It is safe to say
that numerous common diseases such as hypercholesterolemia, hypertension, diabetes, and
heart failure are associated with a loss of NO• production by the endothelium, a condition
commonly referred to as endothelial dysfunction (Zeiher et al., 1993). In many of these
conditions, eNOS uncoupling seems to be present, leading to an increase in endothelial cell
O2

•− production and a decrease in NO• production (Kuzkaya et al., 2003). In the present
study, the results suggest eNOS uncoupling mediated by 7,8-dihydrobiopterin NADP
oxidoreductase (BH4/BH2) mRNA upregulation to result in (1) decreased nitric oxide
production (NO), (2) increased superoxide radical (O2

•−) and (3) peroxynitrite anion
(ONOO−). The effect of introducing oxidative B(a)P-metabolites into this cycle upregulates
the expression of the BH4/BH2 oxidoreductase as was empirically determined in Fig. 5.
These three scenarios are proposed to lead to the apparent later-life (P53) uncoupling of
eNOS as a result of high oxidative cardiovascular tissue burdens during early-life,
developmental processes.

Additionally, PAHs are also known to cause adverse inflammatory effects in the respiratory
system (Borm et al., 1997). B(a)P and other AhR agonists increase the expression of
proinflammatory cytokines such as interleukin-8 and tumor necrosis factor-alpha (TNF-α)
which in turn cause infiltration of macrophages and neutrophils into the lung (Borm et al.,
1997; Podechard et al., 2008). Not only do activated pulmonary neutrophils cause increased
ROS but they also may act synergistically with pulmonary B(a)P to produce an even larger
number of reactive B(a)P metabolites than would be produced in the absence of pulmonary
neutrophils (Borm et al., 1997). Further, inflammatory cytokines, once produced, circulate
systemically causing increased production of oxygen free radicals in distal tissues including
vascular smooth muscle cells (De Keulenaer et al., 1998). Future work will focus on
characterizing possible relationships between inflammatory mediators and PAH reactive
metabolites serving as a source of oxidative stress leading to increased NO bioactivity in the
peripheral vasculature to result in later-life cardiovascular diseased phenotypes in offspring.

It remains a daunting challenge to link exposure to components of air pollution during
development with later-life alterations in cardiovascular disease phenotypes. The present
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study is most informed by the genome-wide analyses of aryl hydrocarbon receptor (AhR)
agonist effects on gene clusters (Sartor et al., 2009). The study by Sartor and colleagues has
provided important information regarding the potential for dysregulation of potential
operative pathways. The study found that the AhR in unstimulated cells binds to an
extensive array of gene clusters with functions in the regulation of gene expression,
differentiation and pattern specification, thereby connecting multiple morphogenetic and
developmental programs. The global network that was identified constituted a critical new
resource for the study of AhR-regulated gene expression that should prompt new hypotheses
to promote a more comprehensive understanding of the physiological role of the AhR and of
the resulting deleterious health effects from exposure of the human population to
environmental AhR agonists.

5. Conclusion
Exposure to polycyclic aromatic hydrocarbons during embryonic life may derail the
concerted expression of genes critical to normal cardiovascular system development to alter
the normal patterns of expression of these genes. The resulting altered phenotype likely
persists throughout life and contributes to the determination of disease susceptibility in the
adult. Future studies from our laboratory will explore the possibility of epigenetic
modifications in offspring tissues subsequent to in utero B(a)P-exposure.
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Fig. 1.
Absence of an in utero B(a)P-exposure effect on body weight in offspring. Offspring from
dams exposed to different concentrations of B(a)P (0, 600 and 1200 μg/kg BW respectively)
were sacrificed. Weights were measured prior to sacrifice. There were no significant
difference between the controls and B(a)P-exposed offspring. Values are expressed as the
mean ± SEM of three separate experiments in which weights were averaged from four to
five rat offspring.
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Fig. 2.
(A) The effect of in utero B(a)P exposure on metabolite disposition in offspring. Offspring
from dams exposed to different concentrations of B(a)P (150, 300, 600 and 1200 μg/kg BW
B(a)P respectively) were anesthetized and sacrificed. B(a)P metabolites were extracted from
plasma (A) followed by HPLC analysis. Total B(a)P metabolites increased in a dose-
dependent manner, and were eliminated in a time-dependent manner. Values are expressed
as the mean ± SEM of three separate experiments in which plasma were pooled from three
LEHR offspring. *p-value ≤0.05, #p-value ≤0.01 significantly different from 150 μg/kg BW
B(a)P. (B) In utero B(a)P-exposure effects on metabolite disposition in developing cardiac
tissue. Offspring from dams exposed to different concentrations of B(a)P (150, 300, 600 and
1200 μg/kg BW B(a)P respectively) were anesthetized and sacrificed. B(a)P metabolites
were extracted from cardiac tissue (B) followed by HPLC analysis. Total B(a)P metabolites
increased in a dose-dependent manner, and were eliminated in a time-dependent manner.
Values are expressed as the mean ± SEM of three separate experiments in which hearts were
pooled from three LEHR offspring. *p-value ≤0.05, #p-value ≤0.01 significantly different
from 150 μg/kg BW B(a)P. (C) in utero B(a)P exposure affects the qualitative distribution
of metabolites in offspring. Offspring from dams exposed to different concentrations of
B(a)P(150,300,600 and 1200 μg/kg/BW B(a)P respectively) were anesthetized and
sacrificed. The percentage distribution of B(a)P metabolites found in hearts of B(a)P-
exposed offspring is shown in Fig. 3C. The data shown is a representative sample of 600 μg/
kg BW B(a)P.
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Fig. 3.
In utero B(a)P-exposure negatively affects systolic blood pressure in offspring. The blood
pressure of offspring from dams exposed to different concentrations of B(a)P(0,600 and
1200 μg/kg BW respectively) were measured using tail cuff (Kent Scientific, USA). Each
session consisted of 5 acclimatization cycles followed by 15 BP measurements cycles. A set
was accepted if the computer identified >50% successful readings. Values are expressed as
the mean ± SEM of three separate experiments in which blood pressure measurements were
averaged from four-five rat offspring.
*p-value ≤0.05 significantly different from control.
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Fig. 4.
In utero B(a)P-exposure upregulates cardiac tissue eNOS protein expression in offspring.
Offspring from dams exposed to different concentrations of B(a)P (150, 300, 600 and 1200
μg/kg/BW B(a)P respectively) were anesthetized, sacrificed and major organs collected.
Protein lysates were extracted from cardiac tissue for treatment groups 0, 600 and 1200 μg/
kg BW respectively, for P-0, -5, -10, -15 and -53. Lysates protein concentration were
determined and then analyzed by western blot. The data shown is a representative sample of
three gels (see figure). The bands depict immunocomplexes for eNOS and the internal
control, GAPDH, at P-0, -5,-10,-15 and -53.
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Fig. 5.
In utero B(a)P-exposure upregulates heart nNOS, eNOS, BH4/BH2 oxidore-ductase and
AngII mRNA in offspring. Relative expression levels of nNOS, eNOS, BH4/BH2 and AngII
as measured by qRT-PCR. Quantitative RT-PCR was performed using iScript one-step RT-
PCR kit with SYBR Green, PCR plates, optically clear adhesive plate seals (Bio-Rad
Laboratories, USA), and RNA template from offspring exposed in utero to different
concentrations of B(a)P (0, 600 and 1200 μg/kg BW respectively). The mRNA expression
levels were determined using primers purchased from Invitrogen (USA). A Bio-Rad C1000
Thermal Cycler was used to detect the fluorescence level. Relative expression was
calculated using the formula 2-ΔΔCT. All relative mRNA values were normalized to 18S
rRNA levels.
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Fig. 6.
The effect of in utero B(a)P-exposure on genes in the “Regulation of Blood Pressure” Gene
Ontology biological processed (GO:008217) in LEH rat offspring. Angiotensin (AGT) was
set as a seed gene in order to build an interaction and co-expression network of associated
genes in Rat using the GeneMANIA plug-in and the Cytoscape bioinformatics platform.
Nodes in grey had greaterthan 2-fold expression differences (up or down-regulation) in the
microarray dataset.
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Fig. 7.
Proposed Mechanism for Endothelial Dysfunction. 7,8-dihydrobiopterin NADP
oxidoreductase (BH4/BH2) mediated eNOS uncoupling resulting in (1) decreased nitric
oxide production (NO), (2) increased superoxide radical (O2

•−) and (3) peroxynitrite anion
(ONOO−). The effect of introducing oxidative B(a)P-metabolites into this cycle upregulates
the expression of the BH4/BH2 oxidoreductase as was empirically determined in Fig. 5.
These three scenarios are proposed to lead to the apparent later-life (P53) uncoupling of
eNOS as a result of high oxidative cardiovascular tissue burdens during early-life,
developmental processes.
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Table 1

Primers used in real-time quantitative RT-PCR experiment.

Name Symbol Primer Sequence

Angiotensin AngII Forward CTGTGAAGGAGGGAGACTGC

Angiotensin AngII Reverse GTGGACTGTAGCAGGGGTGT

Neuronal nitric oxide synthase NOS1 Forward CTGCAAAGCCCTAAGTCCAG

Neuronal nitric oxide synthase NOS1 Reverse AGCAGTGTTCCTCTCCTCCA

Endothelial nitric oxide synthase NOS3 Forward TGACCCTCACCGATACAACA

Endothelial nitric oxide synthase NOS3 Reverse CTGTACAGCACAGCCACGTT

7,8-Dihydrobiopterin oxidoreductase Spr Forward TACAGCCCATCTCTGAGTGC

7,8-Dihydrobiopterin oxidoreductase Spr Reverse CTTCATAATGGCCTCCTCCA

Three genes known to be involved in blood pressure regulation (AngII, eNOS, iNOS and BH4/BH2 oxidoreductase) were selected to be measured
by qRT-PCR. Primers shown in Table 1 were designed using OligoPerfect Designer Software (Invitrogen, USA).
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Table 2

Average number of offspring born per litter.

Animal dose group Dams Number of pups/l

Vehicle – Control 17 10 ± 0.32

150 μg/kg BW 7 12 ± 0.65

300 μg/kg BW 6 11 ± 0.80

600 μg/kg BW 15 12 ± 0.53

1200 μg/kg BW 9 11 ± 0.59

Offspring exposed in utero to B(a)P exhibit no overt signs of toxicity effects on litter size. As shown in Table 2, there was no significant difference
between the average number of pups born per litter for control or B(a)P exposed litters.
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Table 3B

Cardiovascular endpoints minitored in control and in utero B(a)P-exposed offspring

LEH rats Heart rate (bmp) Systolic pressure (mmHg) Diostolic pressure (mmHg)

Control 504.6 ± 15.7 131.6 ± 1.2 85.0 ± 4.2

600 μg/kg 554.6 ± 26.2* 156.1 ± 45* 113.0 ± 3.3*

1200 μg/kg 466.3 ± 16.9* 200.4 ± 2.4* 155.6 ± 3.2*

*
p < 0.05.
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Table 4

(A) Genes found to be modulated subsequent to in utero B(a)P exposure in rat offspring. Expression fold
changes of genes in “regulation of blood pressure” gene ontology biological process (GO:008217) are shown
as well as the REFSEQ-mRNA accession number; (B) genes found not to be modulated subsequent to in utero
B(a)P exposure in rat offspring.

REFSEQ-mRNA Fold Change Gene Symbol Gene Name

A

NM_004797 8.9 Adipoq Adiponectin, C1Q and collagen domain

NM_000029.3 8.5 AngII Angiotensinogen (serpin peptidase inhibitor clade A, member 8)

NM_000025 9.3 Adrb3 Adrenergic, beta-3-, receptor

NM_001058.3 9.9 Tacr1 Tachykinin receptor 1

NM_138712 5.8 PPARγ Peroxisome proliferator-activated receptor

NM_001057 −2.2 Tac2 Tachykinin 2

Gene symbol Gene name

B

ADAMTS18 ADAM metallopeptidase with thrombospondin type 1 motif 18

AGTR2 Angiotensin II receptor, type 2

GPD1 Glycerol-3-phosphate dehydrogenase 1 (soluble)

HRASLS5 HRAS-like suppressor family, member 5

Tac4 Tachykinin receptor 4

Tacr2 Tachykinin receptor 2

Tacr3 Tachykinin receptor 3

TF Transferrin

TFF2 Trefoil factor 2

THRSP Thyroid hormone responsive protein, isoform CRA_a

Gene ontology biological process analysis of gene expression from control P 53 versus 1200 μg/kg BW transcriptome data set. Column 1 –
REFSEQ mRNA number. Column 2 – Fold change. Column 3 – Gene symbol. Column 4 – Gene name.
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