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Abstract
Supplemental oxygen contributes to the development of bronchopulmonary dysplasia (BPD) in
premature infants. In this investigation, we tested the hypothesis that prenatal treatment of
pregnant mice (C57BL/6J) with the cytochrome P450 (CYP)1A1 inducer, β-napthoflavone (BNF),
will lead to attenuation of lung injury in newborns (delivered from these dams) exposed to
hyperoxia by mechanisms entailing transplacental induction of hepatic and pulmonary CYP1A
enzymes. Pregnant mice were administered the vehicle corn oil (CO) or BNF (40 mg/kg), i.p.,
once daily for 3 days on gestational days (17–19), and newborns delivered from the mothers were
either maintained in room air or exposed to hyperoxia (> 95% O2) for 1–5 days. After 3–5 days of
hyperoxia, the lungs of CO-treated mice showed neutrophil infiltration, pulmonary edema, and
perivascular inflammation. On the other hand, BNF-pretreated neonatal mice showed decreased
susceptibility to hyperoxic lung injury. These mice displayed marked induction of ethoxyresorufin
O-deethylase (EROD) (CYP1A1) and methoxyresorufin O-demethylase (MROD) (CYP1A2)
activities, and levels of the corresponding apoproteins and mRNA levels until PND 3 in liver,
while CYP1A1 expression alone was augmented in the lung. Prenatal BNF did not significantly
alter gene expression of pulmonary NAD(P)H quinone reductase (NQO1). Hyperoxia for 24–72 h
resulted in increased pulmonary levels of the F2-isoprostane 8-iso-PGF2α, whose levels were
decreased in mice prenatally exposed to BNF. In conclusion, our results suggest that prenatal BNF
protects newborns against hyperoxic lung injury, presumably by detoxification of lipid
hydroperoxides by CYP1A enzymes, a phenomenon that has implications for prevention of BPD
in infants.
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INTRODUCTION
Supplemental oxygen is frequently used in the treatment of pulmonary insufficiency in
preterm and term neonates (Northway and Rosan, 1968; Fisher, 1980). Considerable
evidence links oxygen exposure to the development of neonatal diseases such as
bronchopulmonary dysplasia (BPD), a major cause of morbidity and mortality in premature
infants (Northway and Rosan, 1968; Bland and Coalson, 2000). It is well known that
hyperoxia causes lung injury in animal models (Clark and Lambersten, 1971; Freeman and
Crapo, 1981; Bryan and Jenkinson, 1988; Budinger et al., 2010), and similar lung injury
may occur in infants undergoing supplemental oxygen therapy (Wagenaar et al., 2004;
Bhandari, 2008; 2010). In fact, the prolonged exposure of newborn mice to hyperoxia
creates pulmonary lesions that are very similar to human BPD (Warner et al., 1998; Ohki et
al., 2009). Mechanical ventilation, which is almost always used in conjunction with
supplemental oxygen in premature infants suffering from pulmonary insufficiency, also
contributes to BPD in these patients (Gagliardi et al., 2011; Gupta et al., 2009). In utero viral
infection may also contribute to BPD pathogenesis (Sawyer et al,, 1987; Couroucli et al.,
2000). Thus, the development of BPD is multifactorial, with oxygen toxicity being one of
the major factors,

The molecular mechanisms responsible for oxygen toxicity are not completely understood,
but reactive oxygen species (ROS) such as superoxide anion, hydroxyl radical, and
hydrogen peroxide are known to play a role (Moorthy et al., 1997; Morel and Barouki, 1998;
Yang et al., 1999; Moorthy et al., 2000). The proposed mechanism of injury involves the
oxidation/peroxidation of lung lipids, proteins, or other molecules (Freeman and Crapo,
1981).

The cytochrome P450 (CYP) system of enzymes is a superfamily of heme-containing
proteins that is involved in the metabolism of a number of exogenous and endogenous
compounds (Guengerich, 1990; 2004). The CYP1A1 isoform is classically induced by
planar aromatic hydrocarbons, such as benzo[a]pyrene found in cigarette smoke, or 3-
methylcholanthrene (MC) by Ah receptor (AHR)-dependent mechanisms (Whitlock et al.,
1996; Whitlcok,1999; Nebert et al., 2004). Previous work in rodent models has shown that
hyperoxia also induces CYP1A1 (Okamoto et al., 1993; Sindhu et al., 2000), but the
mechanism involved is not clearly understood, although AHR-dependent mechanisms have
been proposed (Okamoto et al., 1993; Couroucli et al., 2002; Jiang et al., 2004).

Numerous studies have implicated a role for P450 enzymes, including CYP1A1, in the
formation and further reactions of ROS, and may play a role in the modulation of pulmonary
oxygen toxicity (Gonder et al., 1985; Okamato et al., 1993; Moorthy et al., 1997; 2000;
Sindhu et al., 2000; Couroucli et al., 2002; 2006a,b; Jiang et al., 2004; Sinha et al., 2005;
Bhakta et al., 2008; Moorthy, 2008). The CYP enzymes are developmentally regulated
(Omeicinski et al., 1990; Hakkola et al., 1998). It has been reported that 70% of the P450s
studied are constitutively expressed at one stage or another during development of animals
and humans and one third of these belong to the CYP1-CYP3 families (Hakkola et al.,
1998). In rodents, CYP1A1 is detected only at embryonic day 7, CYP1B1 on days 11, 15,
and 17, while CYP1A2 is not expressed at all during embryonic and fetal development
(Hakkola et al., 1998). However, these enzymes are inducible during prenatal and postnatal
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stages by prototyope chemicals such as MC or β-naphthoflavone (BNF) (Hakkola et al.,
1998).

Whereas induction of CYP has been implicated in the potentiation of hyperoxic lung injury
(Hazinski et al., 1989; Hazinski et al., 1995), several groups have shown that CYP1A1 may
play a protective role. Pretreatment of rats (Mansour et al., 1988a) or mice (Mansour et al.,
1988b) with inducers of CYP1A enzymes attenuates hyperoxic lung injury. In lamb studies,
pretreatment with cimetidine, a noncompetitive inhibitor of CYP activity, attenuates
hyperoxic lung injury (Hazinski et al., 1989). It has been shown, however, that cimetidine
inhibits CYP2A6 and CYP2C11, but not CYP1A1 (Levine et al., 1998). Additionally, work
from our laboratory showed that pretreating rats with the inhibitor of CYP1A,
aminobenzotriazole (ABT), followed by subsequent exposure to 95% O2 severely
potentiates hyperoxic lung injury (Moorthy et al., 2000). We also reported that in adult rats,
the CYP1A inducer BNF attenuates hyperoxic lung injury (Sinha et al., 2005). Further, we
also showed that there exists an inverse correlation between pulmonary and hepatic CYP1A
expression and the extent of lung injury (Sinha et al., 2005). In premature infants,
cimetidine, a CYP inhibitor does not prevent against lung injury, and in fact, tracheal
aspirates of infants exposed to cimetidine showed higher levels of F2-isoprostanes (Cotton et
al., 2006). Taken together, these observations support the theory that CYP1A1 and CYP1A2
may play protective roles against oxygen-mediated lung injury.

In newborn rats, we showed previously that hyperoxia induces CYP1A1 and 1A2 enzymes
in lung and liver, respectively (Couroucli et al., 2006a). Little is known regarding the role of
these enzymes in hyperoxic lung injury in newborn mice. Moreover, it is not known if
prenatal induction of CYP1A enzymes by inducers such as β-napthoflavone (BNF) would
protect newborn mice against lung injury induced by oxygen. Because hyperoxic newborn
mice are excellent models for BPD in premature infants, in this investigation, we tested the
hypothesis that prenatal treatment of pregnant mice (C57BL/6J) with the cytochrome P450
(CYP)1A inducer, BNF, will lead to attenuation of lung injury in newborns exposed to
hyperoxia by mechanisms entailing transplacental induction of hepatic and pulmonary
CYP1A enzymes.

MATERIALS AND METHODS
Chemicals

Tris, sucrose, NADPH, bovine serum albumin, ethoxyresorufin, methoxyresourufin, and
BNF were purchased from Sigma Chemical Co. (St. Louis, MO). Buffer components for
electrophoresis and western blotting were obtained from Bio-Rad laboratories (Hercules,
CA). The primary monoclonal antibody to CYP1A1 was a generous gift from Dr. P.E.
Thomas. Goat anti-mouse IgG conjugated with horseradish peroxidase was from Bio-Rad
laboratories (Richmond, CA). All Real Time RT-PCR reagents were from Applied
Biosystems (Foster City, CA). 8-iso-PGF2α and 8-iso-PGF2α-d4 were purchased from
Cayman Chemical Co. (Ann Arbor, MI). Butylated hydroxytoluene (BHT) and EDTA were
obtained from Sigma Chemical Co. (St. Louis, MO).

Animals—Timed pregnant mice were purchased from Harlan Sprague-Dawley
(Indianapolis, IN). Animals were maintained at the Feigin Center animal facility of Baylor
College of Medicine, Houston, TX, and were permitted access to food and water ad libitum.
A 12;12 h day-night cycle was maintained throughout the study. The animal protocols were
approved by the Baylor College of Medicine Institutional animal care and use committee.

Animal experiments—Timed pregnant mice (C57BL/6J) were treated i.p., with the
vehicle corn oil (CO) or BNF (40 mg/kg), dissolved in CO, once daily on gestational days
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17–19, and newborns delivered from these mothers were maintained in room air or exposed
to hyperoxia (> 95% oxygen) for 1, 3 or 5 days, after which the animals were sacrificed.
Some pregnant mice were sacrificed on gestational day 20 (−1 PND) and some newborns
were sacrificed at birth (0 PND) for determining BNF levels and CYP1A expression at these
time points. Purified tap water and food [(Purina Rodent Lab Chow No. 5001 from Purina
Mills, Inc. (Richmond, Indiana) were available ad libitum. The mothers were rotated every
24 h between room air and hyperoxia conditions, so that possible toxicity to the mothers
during nursing was minimal. The newborns and the mothers were placed in plexi-glass
chambers. Oxygen was delivered through a humidified circuit at a flow rate of 5 L/min.
FiO2 was monitored continuously by means of in-line analyzers at the outport of the
chambers (Nelin et al., 1996).

Perfusion and tissue harvesting
At the termination of their respective exposures, 9 newborns from each group were
euthanized by exsanguination while under deep pentobarbital anesthesia. In 6 mice from
each group, the lungs were perfused with phosphate buffered saline (PBS), and used for
subsequent analyses of CYP1A-dependent activities and immunoreactive protein contents in
individual animals. In each of the remaining 3 animals from each group, the left lungs were
inflated through the intratracheal catheter and were fixed at constant pressure (20 cm H2O)
with zinc formalin after which the lungs were embedded in paraffin for subsequent
histological analyses of lung injury. The right lungs were snap-frozen at −80° C for
subsequent RNA isolation and CYP1A1 mRNA analyses.

CYP1A1 and 1A2 enzyme assays
Lungs were perfused with ice-cold phosphate-buffered saline, pH 7.4. Ethoxyresorufin O-
deethylase (EROD) (CYP1A1) activities in lung and liver tissues were assayed according to
the method of Pohl and Fouts (1980), as we have described previously (Moorthy et al., 1997,
2000; Couroucli et al., 2000). Methoxyresorufin O-demethylase (MROD) (CYP1A2) were
determined as reported earlier (Moorthy et al., 1997; 2000).

Western blotting
Liver and lung homogenates (20 µg of protein) prepared from individual animals were
subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in
7.5% acrylamide gels. The separated proteins on the gels were transferred to polyvinylidene
difluoride membranes, followed by Western blotting using monoclonal antibodies to
CYP1A1, which cross-reacts with CYP1A2 (Moorthy et al., 2000; Couroucli et al., 2000;
Jiang et al., 2004; 2010). For loading controls, the membranes were stripped and incubated
with antibodies against β-actin, followed by electrochemical detection of bands.

Real time reverse transcriptase-polymerase chain reaction (RT-PCR) assays
Total RNA (50 ng) from livers and lungs of air-breathing or hyperoxic animals was
subjected to one step real time quantitative TaqMan RT-PCR. ABI PRISM 7700 Sequence
Detection System was used for the RT-PCR reactions, as we have described in our papers
(Jiang et al, 2004; Bhakta et al., 2008). Serial dilutions of RNA were used to optimize and
validate RT-PCR conditions for CYP1A1 and 18S genes. Each data point was repeated 3
times. Quantitative values were obtained from the threshold PCR cycle number (Ct) at
which the increase in signal was associated with an exponential growth for PCR product
starts to be detected. The relative mRNA levels for CYP1A1 and 1A2 were normalized to
their 18S content. The relative expression levels of the target gene were calculated according
to the equation, 2−ΔcT, where ΔcT = Ct target gene − Ct 18S gene. (Jiang et al., 2004; 2010).
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NQO1 mRNA levels were determined similarly, except that NQO1-specific primers and
probes were used.

Tissue BNF levels
BNF levels in lung and liver tissues of mice prenatally exposed to BNF were determined by
LC/MS/MS (Jiang et al., 2010). Briefly, mouse tissues were weighed to 0.1 mg and placed
in polypropylene microvials. PBS was added in sufficient volume to bring materials to 20
mg tissue per mL of buffer for small tissue samples (<50 mg) and to 50 mg per mL for
larger samples (>50 mg). Tissues were homogenized using ultrasound and the BNF
extracted from the homogenized tissue using methyl tertiary butyl ether (MTBE). Samples
were extracted three times using 2 mL of MTBE each time. The MTBE extracts were
combined into a clean 13×100 mL glass culture tube and the MTBE evaporated to dryness
under a flowing nitrogen gas stream at room temperature. The dried samples were
reconstituted with 100 µL of 50:50 methanols: 0.2% formic acid (aq.) pH 3.0, and then
analyzed by LC/MS/MS. The analysis was performed using a Waters QuattroUltima tandem
mass spectrometer equipped with an Agilent 1100 HPLC system. A Phenomenex Luna C5,
50×2.0 mm 5µm analytical column was used to chromatographically resolve the BNF from
background. BNF was resolved from background tissue extract using a linear methanol and
0.2% formic acid in water (pH 3.0) gradient. BNF was detected by selective reaction
monitoring (SRM) mode using the transition m/z 272.4>115.1, with ionization in
electrospray positive mode. Quantification of BNF in the samples was done by measuring
the peak area for BNF in the tissue samples against a regression calibration curve prepared
using the peak area for BNF reference standards and their respective concentration from 0.1
to 1000 ng/mL.

F2-Isoprostane levels
Levels of the F2-isoprostane, 8-iso-PGF2α, which is a reliable biomarker for oxidative stress
in vivo (Minuz et al., 2006), were determined in lung tissues by LC-MS/MS. Lung tissues
were extracted using the method described previously (Yang et al., 2006). Briefly,
approximately 25 mg of frozen tissue was ground to a fine powder and homogenized in ice-
cold PBS buffer containing 0.1% BHT and 1 mM EDTA by an Ultrasonic Processor
(Misonix, Farmingdale, NJ). An aliquot (100 µl) of homogenate was subjected to extraction
with hexane: ethyl acetate (1:1). The upper organic layer was collected and the organic
phases from three extractions were pooled, and then evaporated to dryness under a stream of
nitrogen at room temperature. All extraction procedures were performed at minimum light
levels and under cold (4 °C) conditions. Samples were then reconstituted in 100 µl
methanol: 10 mM ammonium acetate buffer, pH 8.5 (50:50, v:v) prior to LC/MS/MS
analysis.

LC-MS/MS analyses were performed using a QuattroUltima mass spectrometer (Waters,
Miford, MA) equipped with an Agilent 1100 binary pump HPLC system (Agilent,
Wilmington, DE) using a modified version of the method of Yang et al (2006). 8-Iso-PGF2α
and PGF2α were chromatographically separated using a Luna 3 µm phenyl-hexyl 4.6×100
mm analytical column (Phenomenex, Torrance, CA). The mobile phase consisted of 10 mM
ammonium acetate, pH 8.5 and methanol. A linear methanol gradient from 50% to 60% for
10 min and then from 60% to 80% in 4 min and further increased methanol concentration to
100% in 6 min and kept at that level for additional 2 min was used to achieve
chromatographic baseline resolution for the isoprostanes of interest. The mass spectrometer
was operated in negative electrospray ionization mode with con voltage of 100 V. Source
temperatures were 125°C with desolvation gas temperature 350°C. F2-Isoprostanes were
detected and quantified using multiple reaction mode (MRM) monitoring the transitions m/z
357.3 → 313.4 for 8-iso-PGF2α-d4, m/z 353.25 → 309.5 for 8-iso-PGF2α.
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Lung injury and Inflammation
Lung weight/body weight (LW/BW) ratios were calculated as an index of lung injury in
animals whose lungs were not perfused for isolation of microsomes. Lung histology was
performed by H&E staining of lung sections as described previously (Couroucli et al.,
2006a; b). Neutrophil infiltration into lungs was determined by immunohistochemistry using
anti-neutrophil antibodies, as reported previously (Jiang et al., 2004). Quantitation of
neurophils was performed by averaging the number of counts using at least 10 random high
power fields, as described previously (Ramsay et al., 1998).

Statistical analyses
Data are expressed as means ± SE. Two-way analyses of variance (ANOVA) (the effect of
treatment and time), followed by modified t-tests, were used to assess significant differences
arising from exposure to hyperoxia, BNF, or hyperoxia + BNF for different time points. P
values < 0.05 were considered significant.

RESULTS
Effect of BNF and hyperoxia on LW/BW ratios

Because LW/BW ratios are considered as an index of lung injury, we determined the LW/
BW ratios of newborn mice that were prenatally treated with BNF, followed by exposure to
hyperoxia for 1, 3 or 5 days. As shown in figure 1, there was no significant increase in the
LW/BW ratios of mice exposed to hyperoxia for 1 day, compared to those that were
maintained in room air. But mice that were prenatally administered CO, followed by
exposure of newborn mice to 3–5 days of hyperoxia showed significant increases in LW/
BW ratios, compared to those that were maintained in room air. Mice that were prenatally
treated with BNF did not show significant increases in LW/BW ratios even after exposure to
hyperoxia for 3–5 days (Figure 1).

Attenuation of lung injury in newborn mice by prenatal administration of BNF
Lungs of newborn mice that were prenatally pre-treated with CO or BNF, followed by
exposure of mice delivered from these dams were evaluated for lung injury by histology.
Figures 2, 3, and 4 are lungs of mice prenatally exposed to CO or BNF, followed by
exposure of newborn mice to room air or hyperoxia for 1, 3, and 5 days, respectively. Panels
A, B, C, and D represent mice that were prenatally exposed to CO (A and C) or BNF (B and
D), followed by maintenance in room air (A, B) or hyperoxia (C and D). Treatment of
newborn mice in hyperoxia for 1 day did not show any appreciable lung injury (Figure 2).
Exposure of newborn mice to 3 days of hyperoxia showed severe edema and perivascular
inflammation (Figure 3C). Alveolar exudates and neutrophil infiltration were also observed.
However, lungs of animals that were prenatally treated with BNF, followed by subsequent
exposure to hyperoxia did not show appreciable injury and were, in fact, similar to room air
controls (Figure 3D).

Lungs of mice prenatally exposed to CO, followed by exposure to hyperoxia for 5 days
showed more alveolar injury and perivascular inflammation (Figure 4C) compared to those
that were exposed to hyperoxia for 3 days (Figure 3C). Prenatal treatment of BNF attenuated
lung injury in the mice that were subsequently exposed to hyperoxia for 5 days (Figure 4D).
However, the beneficial effects of BNF were not as marked as seen at the 3 day time point.

Effect of prenatal BNF treatment on neutrophil infiltration
Newborn exposed to hyperoxia for 5 days that were prenatally treated with the vehicle CO
resulted in increased neutrophil infiltration compared to room air control, as determined by
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immunohistochemistry using anti-neutrophil antibodies (Figure 5A), In mice that were
prenatally treated with BNF, followed by exposure of newborn mice to hyperoxia, there
were lesser number of neutrophils (Figure 5A). Quantitative analyses revealed that
hyperoxia for 120 h of mice prenatally treated with CO resulted in ~ 10-fold enhancement in
the number of neutrophils, compared to room air controls (Figure 5B). BNF pretreatment
resulted in significant attenuation (~ 55%) of neutrophil recruitment by hyperoxia (Figure
5B). Interestingly, even immediately after birth, which is hyperoxia for the mice compared
to the situation in utero, mice that were prenatally exposed to BNF showed significantly
decreased levels of neutrohils (Figure 5B).

Effect of prenatal BNF administration on hepatic CYP1A1 and 1A2 expression
Prenatal treatment of mice with BNF displayed marked 9-fold induction of EROD (Figure
6A) and 3-fold induction of MROD (Figure 6B) activities in the fetuses at −1 PND. At birth
(0 PND), the EROD activities, although significantly higher than controls were diminished
compared to the −1 PND time point (Figure 6), In newborn mice exposed to hyperoxia for
3–5 days, there was significant induction of EROD, and synergistic induction was observed
in mice that were prenatally exposed to BNF. MROD activities were induced by hyperoxia
for 3 days, but induction declined by PND 6. (Figure 6B). There were statistically significant
differences between CO + O2 and BNF + O2 in EROD activities at PND 1 and 5 (Figure
6A). There were also significant differences in MROD activities between these groups at
PND 3 and 5 (Figure 6B). The enzyme activities correlated with apoprotein levels, as
determined by western blotting (Figure 6C).

In order to determine if induction of CYP1A enzymes by BNF and hyperoxia were
accompanied by similar alterations in the corresponding mRNA levels, we conducted real
time RT-PCR experiments using total RNA from liver tissues of animals exposed to the
different regimens described above. Prenatal treatment of mice with BNF displayed marked
(110-fold) induction of CYP1A1 (Figure 7A) and 60-fold induction of CYP1A2 (Figure 7B)
mRNAs in the fetuses (−1 PND), compared to those that were prenatally treated with CO
(Figure 6), further suggesting that there was transplacental exposure of mice to BNF. At
birth the induction of these mRNAs were still elevated, although to a lesser extent than that
at −1 PND (Figure 7). By PND 1, the mRNA levels of CYP1A1 as well as CYP1A2
significantly dropped, but were significantly higher in the BNF and BNF + O2 groups,
compared to room air controls (Figure 7).

Effect of prenatal BNF administration on pulmonary CYP1A1 expression
Prenatal treatment of mice with BNF displayed marked 6-fold induction of pulmonary
EROD (Figure 8A) activities in the fetuses (−1 PND) and at birth (0 PND), compared to
those that were prenatally treated with CO (Figure 8A), suggesting that there was
transplacental exposure of mice to BNF. The EROD activities dropped significantly by PND
1. In newborn mice exposed to hyperoxia for 3 days, there was significant induction of
EROD after, and there was synergistic induction in mice that were prenatally exposed to
BNF (Figure 8A). The induction of CYP1A1 by hyperoxia declined at PND 5, but in
animals that were prenatally exposed to BNF, CYP1A1 expression was significantly
augmented (Figure 8A). There were statistically significant differences in pulmonary EROD
activities between CO + O2 and BNF + O2 at at each of the time points, i.e. PND 1, 3, and %
(Figure 8A). The enzyme activities correlated with apoprotein levels (Figure 8B).

Real time RT-PCR analyses of total RNA from lungs of air-breathing and hyperoxic mice
exposed given prenatal treatment of CO or BNF strongly revealed that induction of CYP1A1
enzyme and protein expresssion was accompanied by significant enhancement of CYP1A1
mRNA expression (Figure 9).
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Effect of prenatal BNF treatment on pulmonary NQO1 gene expression
In order to determine if prenatal treatment with BNF will induce gene expression of the
phase II enzyme, NQO1, we determined mRNA levels of NQO1 in lungs of mice prenatally
treated with CO or BNF, followed by exposure of newborn mice to room air or hyperoxia
for 24, 72, or 120 h. As shown in Figure 10, prenatal BNF induced NQO1 expression in fetal
lung by 100%, compared to vehicle CO administration. Induction of NQO1 was maintained
in newborn mice immediately after birth. At 24 h after hyperoxia mice that had been
prenatally exposed to BNF showed decreased NQO1 gene expression (Figure 10). After 72
h of hyperoxia, the mice displayed a 4-fold induction of NQO1 expression compared to
vehicle controls. Mice that had been prenatally exposed to BNF, followed by hyperoxia for
72 h, resulted in attenuation of NQO1 expression compared to CO-exposed mice (Figure
10). At 120 h, NQO1 expression in mice exposed prenatally to CO or BNF was comparable
(Figure 10).

Tissue levels of parent BNF in fetuses and newborn mice following prenatal BNF treatment
In order to determine if prenatal BNF treatment results in transplacental transport of the
inducer to hepatic and pulmonary tissues of newborn mice, livers and lungs of fetuses (−1
PND) and newborn mice at PND 0, 1, 3, and 5 were extracted and tissue levels of parent
BNF were measured by LC-MS/MS. As shown in figure 9, high levels of BNF were
observed in the fetuses. The tissue levels were detectable until PND 5 (Figure 11).

Pulmonary F2-isoprostane levels
To test if prenatal BNF attenuates hyperoxic lung injury by decreasing the levels of ROS-
mediated lipid peroxidation products such as F2-isoprostanes, we determined levels of 8-iso-
PGF2α in the lungs of newborn mice exposed to hyperoxia at different time points. As
shown in Figure 12, hyperoxia for 24 h of newborn mice that were prenatally exposed to CO
resulted in significantly increased levels of 8-iso-PGF2α, compared to mice that were
maintained in room air. In mice that were prenatally treated with BNF, hyperoxia for 24 h
did not elicit any changes in pulmonary levels of 8-iso-PGF2α (Figure 12). After 72 h of
hyperoxia (PND 3), the levels of 8-iso-PGF2α were further increased (~ 3-fold), compared to
room air controls, but in mice that had been prenatally treated with BNF, the 8-iso-PGF2α
levels were markedly lower, and were in fact, about 45% lesser than those observed in room
air controls (Figure 12). By PND 5, the levels of this compound in the hyperoxic mice
significantly declined (Figure 12).

DISCUSSION
The major goal of this investigation was to test the hypothesis that treatment of pregnant
mice with the CYP1A inducer, BNF, will protect newborn mice born to these dams from
oxygen-mediated lung injury. The increases in LW/BW ratios in hyperoxic mice born to
CO-treated mothers, compared to air-breathing controls (Figure 1) was most likely to lung
injury caused by hyperoxia for 3–5 days. The decreases in the LW/BW ratios of hyperoxic
mice born to dams that received BNF during pregnancy supported the hypothesis that
prenatal BNF protects newborn mice against lung injury upon postnatal exposure to
hyperoxia.

Histological analyses (Figures 2–4) confirmed our LW/BW data. The lung injury and
inflammation in newborn mice exposed to >95% oxygen (Figure 3) for 3 days was in
agreement with the findings of other investigators (Warner et al., 1998; Crapo, 1986;
Bhandari, 2010). In fact, studies of hyperoxic chronic injury in newborn mice have shown
morphologic changes similar to those seen in human BPD (Bhandari, 2010) and extremely
premature baboons (Coalson et al., 1999).
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The marked protection against hyperoxia-mediated lung damage in newborn mice that
received BNF transplacentally supported the hypothesis that this compound protects against
hyperoxic lung injury. These observations were also in agreement with our previous findings
of beneficial effects of BNF against acute lung injury in adult rats (Sinha et al., 2005).

Our observations that neutrophil infiltration in the lungs was substantially augmented in
newborn mice, which had been prenatally treated with the vehicle CO, and exposed to
hyperoxia for 5 days (Figure 5A,B) was probably due to increased inflammation in these
mice. The marked attenuation of neutrophils in hyperoxic mice that had been prenatally
treated with BNF supported the hypothesis that BNF protects mice against lung
inflammation induced by hyperoxia.

The robust induction of hepatic CYP1A1 and 1A2 expression at −1 PND (Figure 5) in the
fetuses of mice treated with BNF indicated in utero exposure of the fetuses to BNF,
resulting in induction of CYP1A1 and 1A2. These observations are highly significant, as
there is a potential for future translational application in that women with the risk of preterm
labor could receive BNF or other flavonoids, such that the premature babies born to these
mothers can be protected from oxygen-mediated lung diseases such as BPD. Transplacental
induction of CYP1A1 by MC has been shown previously (Anderson et al., 1989a,b; 1991;
Miller, 1993; Xu et al., 2005). Also, BNF has been shown to modify transplacental
tumorigenesis by MC, suggesting in utero induction of CYP1A1 by flavonoids (Anderson et
al., 1989a).

The induction of hepatic EROD and MROD activities in the CO + O2 samples suggested
that hyperoxia by itself induced CYP1A1 and 1A2 activities, probably via AHR-mediated
mechanisms involving endogenous ligands for the AHR (Jiang et al. 2004; Couroucli et al.,
2006a). The synergistic induction of CYP1A1 and 1A2 in mice treated prenatally with BNF,
followed by exposure of newborns to hyperoxia for up to 5 days was probably due to the
combined effect of hyperoxia and BNF, as CYP1A expression declined in air-breathing
mice that were prenatally exposed to BNF (Figure 5). The robust induction of hepatic
CYP1A1 and 1A2 mRNA expression by BNF at −1 PND and at birth (Figure 6) indicated
that transplacental induction of CYP1A enzymes was mediated by transcriptional activation
of CYP1A genes, presumably via AHR-dependent mechanisms. Hyperoxic induction of
CYP1A mRNAs in newborn mice probably entailed similar mechanisms.

The observation that lungs of fetuses and newborn mice exposed prenatally to BNF
displayed significant induction of EROD activities (Figure 7A), apoprotein levels (Figure
7B), and mRNA expression (Figure 8) supported the hypothesis that BNF elicited in utero
induction of CYP1A1 in newborn mice. The increases of CYP1A1 expression in the control
animals over time indicates developmental induction of CYP1A1 expression in the lung
(Omeicinski et al., 1993). The induction of CYP1A1 gene expression by hyperoxia itself in
the lungs of newborn mice was in agreement with previous findings by us in the newborn rat
model (Couroucli et al., 2006a).

In order to determine if BNF does get transported to the livers and lungs of fetal and
newborn mice exposed in utero, we determined the levels of parent BNF in these tissues by
LC-MS/MS (Figure 9). Our results showed high levels of BNF at −1 PND and at birth, and
very low, but detectable levels at later time points, suggesting rapid metabolism and
elimination of BNF from the newborn mice. The data provide direct evidence that induction
of CYP1A by BNF in utero occurs via transplacental transfer of BNF from the mothers to
the fetuses. Furthermore, the fact that induction of CYP1A was maintained in livers and
lungs of animals even at PND 5 in the BNF + O2 group, when most BNF had been
metabolized and eliminated was probably due to long-term (imprinting) effect of BNF and
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hyperoxia on CYP1A expression. Similar imprinting effects on the metabolism of MC were
reported in mice transplacentally exposed to MC or BNF (Anderson et al., 1991).

The mechanisms by which BNF protects mice against hyperoxic lung injury are not
completely understood, but it is likely that CYP1A isoforms play a role in this phenomenon.
Phase II antioxidant enzymes such as glutathione S-transferases, NAD(P)H qunione
reductase (NQO1), and/or superoxide dismutase, which may have been induced by BNF,
might have also contributed to the protection against lung injury. Our results on the effects
of hyperoxia on pulmonary NQO1 mRNA expression showing lesser magnitude of
induction in hyperoxic mice prenatally exposed to BNF, compared to those prenatally
exposed to CO (Figure 10), suggests that the phase II enzyme NQO1 may not have played a
major role in the attenuation of lung injury by BNF. The induction of NQO1 gene
expression by BNF in fetal (−1 PND) and newborn mice (PND 0), compared to controls
(Figure 10) was probably due to transcriptional activation of the NQO1 gene via AHR-
mediated mechanisms. The marked augmentation of NQO1 mRNA expression by hyperoxia
for 3 days was in agreement with previous reports shoowing induction of phase II enzymes
by hyperoxia in newborn rats (Whitney and Frank, 1993).

In a recent study, we observed protection against oxygen injury in animals that had been
pre-treated with MC 15 days prior to exposure to hyperoxia (W. Jiang, L. Wang, X.I.
Couroucli, and B. Moorthy, unpublished observations). These animals displayed sustained
pulmonary CYP1A1, but not phase II enzyme induction, suggesting that phase II enzymes
may not have played a major role in attenuating hyperoxic lung injury. Furthermore,
Anderson et al., (1989b) have shown that PAHs induce fetal phase II enzymes to much
lower degree than phase I enzymes. Thus, it appears that CYP1A enzymes played a key role
in the protection against lung injury in the BNF-treated rats described in the current study.

As mentioned previously, CYP enzymes are primarily involved in eliminating endogenous
and exogenous ligands, molecules implicated in the pathogenesis of cellular injury. Recent
studies have provided evidence for the involvement of lipid peroxidation products derived
from arachidonic acid, i.e. F2-isoprostanes and isofurans in mediating lung injury mediated
by hyperoxia (Fessel et al., 2002; Morrow and Roberts, 2002); (Janssen, 2000; 2001); Zahler
and Becker, 1999). These molecules have also been implicated in the development of lung
injury associated with BPD (Saugstad, 1997; Goil et al., 1998). Our observations (Figure 12)
showing increased levels of the F2-isoprostane iso-PGF2α in lungs of newborn mice
exposed to hyeproxia for 24–72 h, but not 120 h, supported tha hypothesis that iso-PGF2α
plays a mechanistic role in the development of lung injury. The markedly decreased levels
of iso-PGF2α in hyperoxic mice that been prenatally exposed to BNF was probably due to
CYP1A-mediated detoxification of iso-PGF2α to non-toxic products. It is our supposition
that members of the cytochrome P450 1A family may be intimately involved with the
reduction or elimination of these compounds, either before or during the initial inflammatory
event. Support for this idea stems from our recent observations showing increased
susceptibility of Cyp1a1- or Cyp1a2-null mice to hyperoxic lung injury, a phenomenon that
was also associated with increased levels of hepatic and pulmonary F2-isoprostanes and
isofurans in these animals (W. Jiang, L. Wang, X.I. Couroucli, and B. Moorthy, unpublished
observations).

On the other hand, earlier work on the role of CYP enzymes had implicated these enzymes
in the potentiation of hyperoxic lung injury (Hazinski et al., 1989). In this study, the
administration of cimetidine, a known inhibitor of the CYP system, to full-term, newborn
lambs attenuated hyperoxic lung injury. Subsequent work from our laboratory has shown
that induction of hepatic and pulmonary CYP1A1 and CYP1A2 attenuates hyperoxic lung
injury (Moorthy et al., 1997; Moorthy et al., 2000; Jiang et al., 2004; Sinha, 2005; Sinha et
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al., 2005). In a human clinical trial with cimetidine, it has been demonstrated that, in
critically ill, ventilator-dependent prematures at risk for developing BPD, this drug did not
reduce early lung injury (Cotton et al., 2006). Interestingly, this group also found that the
tracheal aspirate levels of F2-isoprostanes, markers of lipid peroxidation from free radical
oxidant generation, were increased in the cimetidine group at 4 and 10 days after cimetidine
treatment (Cotton et al., 2006), supporting the hypothesis that CYP enzymes may play a role
in detoxification of F2-isoprostanes (Cotton et al., 2006). Involvement of other ROS such as
eicasanoids and leukotrienes (Rogers et al., 2010), or oxidized phospholipids such as
phosphatidyl serine and cardiolipin (Tyurina et al., 2010) in hyperoxic lung injury have not
been excluded, however.

Regardless of the mechanisms, our observed benefical effects of BNF, a flavonoid, against
cellular oxygen toxicity, is intriguing and warrants further in-depth studies. The flavonoids
comprise a diverse family of chemicals that are commonly found in fruits and vegetables. A
large number of these compounds, in addition to being potent modulators of expression and
activity of various CYP enzymes as above, exert various effects on cell cycle regulation
(Reiners et al., 1999).

In conclusion, in this manuscript, we report a novel finding, as we have demonstrated
significant protection of newborn mice from hyperoxic lung injury upon in utero treatment
with BNF. These studies have implications for hyperoxic lung injury in humans. In the
clinical setting, antenatal administration of steroids is frequent in pregnant women with the
risk of preterm labor, and studies have shown protective effects of antenatal steroids against
BPD (Van Mater et al., 1990). Similarly, treating pregnant women having the risk of
preterm delivery with BNF or other flavonoids could result in the newborn infants being
better prepared to handle exposures to hyperoxia, due to transplacental induction of CYP1A
enzymes. However, many more studies in animal models, including higher mammals (e.g.,
premature baboons) would be needed before clinical studies can be initiated. Further
investigations into the role of CYP1A1 in modulating hyperoxic injury may lead to the
development of rational strategies for the prevention of BPD in infants undergoing
supplemental oxygen therapy.

Research Highlights

• Supplemental oxygen is routinely administered to premature infants.

• Hyperoxia causes lung injury in experimental animals.

• Prenatal treatment of mice with beta-naphthoflavone attenuates oxygen injury

• Cytochrome P4501A enzymes play protective roles against lung injury

Abbreviations

BPD bronchopulmonary dysplasia

CYP cytochrome P450

BNF β-napthoflavone

CO corn oil

EROD ethoxyresorufin O-deethylase

MROD methoxyresorufin O-demethylase

ROS reactive oxygen species
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MC 3-methylcholanthrene

AHR Ah receptor

RT-PCR reverse transcriptase polymerase chain reaction

PND post-natal day

ANOVA analyses of variance

LW/BW lung weight/bodyweight

NQO1 NAD(P)H quinone reductase

PBS phosphate buffered saline

MTBE methy tertiary butyl ether

LC-MS/MS liquid chromatography-Mass Spectrometry/Mass spectrometry
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Figure 1. LW/BW ratios of newborn mice that were exposed to BNF prenatally and to hyperoxia
postnatally
Timed pregnant mice (C57BL/6J) were administered the vehicle corn oil (CO) or BNF (40
mg/kg), i.p., once daily on gestational days 17–19, and newborns delivered from timed
pregnant mice, were maintained in room air or exposed to hyperoxia (> 95% oxygen) for 1,
3 or 5 days, after which the animals were sacrificed, and LW/BW ratios, which are indexes
of lung injury, were determined as described under Materials and Methods. Values represent
means ± SE of at least 5 mice from each group. *, Statistically significant differences
between CO + O2 and CO + air-breathing mice at P < 0.05.
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Figure 2. Lung histology of mice exposed to BNF prenatally and hyperoxia postnatally for 1 day
Timed pregnant mice (C57BL/6J) were administered the vehicle corn oil (CO) or BNF (40
mg/kg), i.p., once daily on gestational days 17–19, and newborns delivered from timed
pregnant mice, were maintained in room air or exposed to hyperoxia (> 95% oxygen) for 1
day. The animals were sacrificed and lungs were inflated at constant pressure with zinc
formalin, and paraffin-embedded sections were stained using H& E. Panels A, B, C, and D
are representative sections from mice (i) prenatally exposed to CO and postnally to room air
(CO + air); (ii) prenatally to BNF and postnatally to room air (BNF + air); (iii) prenatally to
CO and postnatally to hyperoxia (CO + O2); and (iv) prenatally to BNF and postnatally to
hyperoxia (BNF + O2). As can be seen in the figure the sections in all the panels show
normal lung architecture, and show no injury in hyperoxic mice.
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Figure 3. Lung histology of mice exposed to BNF prenatally and hyperoxia postnatally for 3 days
The experiments were conducted as described in the legend to Figure 2, except that the mice
were exposed to hyperoxia for 3 days. The panels A, B, C, and D are defined in the legend
to Figure 2. As shown in the figure, CO + O2 group showed perivascular edema and
neutrophil infiltration (arrows). BNF + O2 group showed lung architecture that was similar
to air-breathing controls.
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Figure 4. Lung histology of mice exposed to BNF prenatally and hyperoxia postnatally for 5 days
The experiments were conducted as described in the legend to Figure 2, except that the mice
were exposed to hyperoxia for 5 days. The panels A, B, C, and D are defined in the legend
to Figure 2. As shown in the figure, CO + O2 group showed much more injury, perivascular
edema and neutrophil infiltration (arrows), than that observed at 3 days. The BNF + O2
group showed improvement in lung injury, but the beneficial effects were not as pronounced
as that seen at 3 days.
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Figure 5. Neutrophil infiltration in lungs of mice exposed to BNF prenatally and hyperoxia
postnatally for 5 days (A)
The experiments were conducted as described in the legend to Figure 4, and except that the
number of neutrophils were examined by immunohistochemistry, as described under
Materials and Methods. The panels A, B, C, and D are defined in the legend to Figure 2. As
shown in the figure, CO + O2 group showed much more number of neutrophils injury,
compared to room air controls. The BNF + O2 group showed lesser number of neutrohils.
Panel B shows the quantitative data of neutrophil infiltration at PND 1, 3, and 5. Data
represent means ± SE of at least 3 mice from each group. a,and b depict statistically
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significant differences between each group versus the CO + air-breathing and BNF + O2,
respectively, at P < 0.05.

Couroucli et al. Page 21

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Effect of prenatal BNF and postnatal hyperoxia on hepatic EROD (A), MROD (B)
activities and CYP1A1/1A2 apoprotein expression (C)
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (−1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Livers were excised and microsomes were prepared in individual mice, and
EROD and MROD activities were measured as described under Materials and Methods.
Values represent means ± SE of at least 5 mice from each group. *, Statistically significant
differences between each group versus the CO + air-breathing group at each time point at P
< 0.05. CYP1A1/1A2 apoprotein expression in individual microsomes was determined by
Western blotting, and the figure shows a representative blot.
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Figure 7. Effect of prenatal BNF and postnatal hyperoxia on hepatic CYP1A1 (A) and CYP1A2
(B) mRNA levels
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (−1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Livers were excised and total RNA was isolated, and CYP1A1 and 1A2 RNA
levels were determined by real time RT-PCR, as described under Materials and Methods.
Values represent means ± SE of at least 5 mice from each group. *, Statistically significant
differences between each group versus the CO + air-breathing group at each time point at P
< 0.05.
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Figure 8. Effect of prenatal BNF and postnatal hyperoxia on pulmonary EROD (A), and
CYP1A1 apoprotein expression (B)
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (− 1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Lungs were excised and microsomes were prepared in individual mice, and
EROD activities were measured as described under Materials and Methods. Values
represent means ± SE of at least 5 mice from each group. *, Statistically significant
differences between each group versus the CO + air-breathing group at each time point at P
< 0.05. CYP1A1 apoprotein expression in individual microsomes was determined by
Western blotting, and the figure shows a representative Western blot.
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Figure 9. Effect of prenatal BNF and postnatal hyperoxia on pulmonary CYP1A1 mRNA levels
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (− 1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Lungs were excised and total RNA was isolated, and CYP1A1 RNA levels were
determined by real time RT-PCR, as described under Materials and Methods. Values
represent means ± SE of at least 5 mice from each group. *, Statistically significant
differences between each group versus the CO + air-breathing group at each time point at P
< 0.05.
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Figure 10. Effect of prenatal BNF and postnatal hyperoxia on pulmonary NQO1 mRNA levels
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (− 1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Lungs were excised and total RNA was isolated, and NQO1 RNA levels were
determined by real time RT-PCR, as described under Materials and Methods. Values
represent means ± SE of at least 5 mice from each group. *, Statistically significant
differences between each group versus the CO + air-breathing group at each time point at P
< 0.05.
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Figure 11. BNF levels in fetal and newborn liver and lung tissues
The prenatal treatment of timed pregnant mice was conducted as described in legend to
Figure 2, and fetuses (− 1 PND), and newborn mice were sacrificed at birth (0 PND), 1, 3,
and 5 PND. Livers and lungs of mice exposed prenatally to BNF and postnatally to BNF
were were excised and parent BNF levels were determined by LC-MS/MS, described under
Materials and Methods. Values represent means ± SE of at least 5 mice from each group.
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Figure 12. F2-isoprostane levels in lungs of newborn mice
Newborn mice prenatally exposed to vehicle CO or BNF were maintained in room air or
exposed to hyperoxia for 24, 72 or 120 h, and levels of iso-PGF2α were determined by LC-
MS/MS, as described under Materials and Methods. Values represent means ± SE of at least
3 mice from each group. a,and b depict statistically significant differences between each
group versus the CO + airbreathing and BNF + O2, respectively, at P < 0.05.
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