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ABSTRACT: Inhaled nitric oxide (iNO), with supplemental oxygen,
is used in the treatment of hypoxic respiratory failure of the newborn.
In this study, we tested the hypothesis that exposure of newborn rats
to iNO, hyperoxia, or iNO � hyperoxia would modulate the expres-
sion of pulmonary cytochrome P450 (CYP)1A1 in relation to acute
lung injury. Newborn Fischer 344 rats were maintained in room air,
or exposed to iNO, hyperoxia (�95%), or iNO (20 or 40 ppm) �
hyperoxia for up to 168 h, and lung injury parameters and CYP1A1
expression were studied. Animals given iNO (40 ppm) � hyperoxia
were more susceptible to lung injury than those exposed to hyperoxia
or iNO alone. On the other hand, animals exposed to iNO (20 ppm)
� hyperoxia did not elicit lung damage. Pulmonary CYP1A1 protein
and mRNA expression were induced by hyperoxia, iNO (20 or 40
ppm), or iNO (20 ppm) � hyperoxia for up to 168 h, compared with
air-breathing controls. In animals given iNO (40 ppm) � hyperoxia,
pulmonary CYP1A1 was enhanced at 48 h, followed by down-
regulation at later time points. Immunohistochemistry experiments
showed localization of CYP1A1 in the pulmonary epithelial and
endothelial cells. In conclusion, because previous studies have shown
beneficial effects of CYP1A1 induction in hyperoxic lung injury, our
current observations showing maintenance of pulmonary CYP1A1
induction by iNO (20 ppm) � hyperoxia through the 168-h period
support the hypothesis that this phenomenon may contribute to the
protective effects of iNO against hyperoxic injury. (Pediatr Res 59:
401–406, 2006)

Supplemental oxygen therapy is routinely needed for the
treatment of hypoxic respiratory failure, which is fre-

quently encountered in preterm and term infants with respira-
tory distress and in older patients with acute respiratory
distress syndrome (1). However, hyperoxic therapy may con-
tribute to tissue damage and the development of lung diseases
such as bronchopulmonary dysplasia (BPD) in preterm infants
(2). Exposure of experimental animals to hyperoxia causes
lung injury, and ROS (e.g. superoxide anion, hydrogen per-

oxide, and hydroxyl radical) are the most likely candidates to
cause tissue injury (2,3).
iNO, in conjunction with supplemental oxygen, is used for

the treatment of neonatal pulmonary hypertension associated
with hypoxic respiratory failure (4–6). Studies with iNO in
experimental animals have shown that iNO exposures alone or
in combination with various oxygen concentrations can atten-
uate the pulmonary vascular permeability associated with lung
injury and improve survival in oxygen (7–9). In fact, iNO has
been shown to be a selective and potent pulmonary vasodilator
in humans (10). Howlett et al. (11) showed that hyperoxia in
conjunction with iNO at 20 ppm increases the survival time in
oxygen and reduces vascular leak and inflammatory activation
in adult rats (11), and the protective effect of iNO is attribut-
able to its ability to block pulmonary apoptosis. NO can react
with lipid peroxyl radicals to prevent lipid peroxidation (12),
and this might help protect against oxygen toxicity (8,9).
Garat et al. (13) demonstrated that 10 ppm of iNO prevented
the hyperoxia-induced increase in lipid peroxidation and lung
WW/DW ratios in adult rats. In a recent study, Lin et al. (14)
showed that iNO at 10 ppm enhances distal lung growth in rats
exposed to hyperoxia in the neonatal period.
On the other hand, some studies have shown exacerbation

of oxygen-induced lung injury by iNO (13–15). Garat et al.
(13) showed that inhalation of 100 ppm iNO and hyperoxia
increased vacular permeability to protein. Production of ROS
and reactive nitrogen species that injure cells by lipid peroxi-
dation, protein, and DNA damage is one of the major causes
of tissue injury caused by prolonged exposure to high con-
centrations of oxygen and iNO (15). It is known that high O2

increases production of superoxide (15), which could react
spontaneously with NO to form peroxynitrite, resulting in
toxic responses (15). Thus, the data are conflicting on the issue
of whether administration of exogenous NO (iNO) is protec-
tive or damaging in the presence of hyperoxia in lung cells and

Received January 19, 2005; accepted October 11, 2005.
Correspondence: Xanthi I. Couroucli, M.D., Baylor College of Medicine, 6621

Fannin, F.C. 530.01, Houston, TX 77030; e-mail: xanthic@bcm.tmc.edu
This work was supported in part by KO8 HL04333 to X.I.C., and grants RO1

ES009132 and RO1 HL070921 from the National Institutes of Health and American
Heart Association (Texas Affiliate) grant (#0355075Y) to B.M.

DOI: 10.1203/01.pdr.0000199909.96576.7f

Abbreviations: CYP, cytochrome P450; EROD, ethoxyresourufin O-de-

ethylase; iNO, inhaled nitric oxide; LW/BW, lung weight/body weight; ROS,
reactive oxygen species; RT-PCR, reverse transcriptase PCR; WW/DW, wet
weight/dry weight

0031-3998/06/5903-0401
PEDIATRIC RESEARCH Vol. 59, No. 3, 2006
Copyright © 2006 International Pediatric Research Foundation, Inc. Printed in U.S.A.

401



animal models. Taken together, it appears that iNO, depending
on its concentration, can either reduce or increase lung injury
(13,15), and developmental status of the animal also appears
to influence the effects of iNO (15).
CYP enzymes belong to a superfamily of hemeproteins that

play important roles in the metabolism of exogenous and
endogenous chemicals (16). P450 enzymes, including
CYP1A1, have also been implicated in the formation and
further reactions of ROS, and may play a role in pulmonary
oxygen toxicity (17–20). The CYP enzymes are developmen-
tally regulated (21). Seventy percent of the CYP are consti-
tutively expressed at one stage or another during development
of animals and humans and one third of these belong to the
CYP1–CYP3 families (21). In rodents, CYP1A1 is detected
only at embryonic d 7, CYP1B1 on d 11, 15, and 17, whereas
CYP1A2 is not expressed at all during embryonic and fetal
development (21). However, these enzymes are inducible
during prenatal and postnatal age by 3-methylcholanthrene or
�-naphthoflavone (21).
NO appears to modulate the expression of CYP enzymes as

well. A number of recent studies have shown inhibition of
CYP enzymes by NO in vivo and in vitro (22–24), and this has
been attributed to the binding of NO to the heme, leading to
the inactivation of the enzyme. Down-regulation of CYP
enzymes may also occur at the pretranslational level (23).
Stadler et al. (24) have shown that NO inhibits CYP1A1/1A2
activities and expression in cultured hepatocytes.
There are several studies about the effects of iNO in con-

junction with hyperoxia on lung injury in adult animals.
However, there are fewer studies on the effects of iNO and
hyperoxia in newborn animals. Furthermore, there is a paucity
of information on the effects of these agents on the regulation
of CYP enzymes in relation to lung injury. Therefore, the
present study was carried out to begin to examine the influ-
ence of 20–40 ppm iNO, either alone or in combination with
hyperoxia on lung injury and CYP1A expression. Specifically,
we tested the hypothesis that exposure of newborn rats to
hyperoxia, iNO, or iNO � hyperoxia, would modulate expres-
sion of pulmonary CYP1A1 in relation to acute lung injury.

METHODS

Animal experiments. Newborn Fischer 344 rats, delivered from timed
pregnant rats, were maintained in room air or exposed to hyperoxia (�95%
oxygen), iNO (20 or 40 ppm), or iNO (20 or 40 ppm) � hyperoxia for 24, 48,
72, and 168 h (7 d), after which the animals were killed. Purified tap water and
food [Purina Rodent Lab Chow No. 5001 from Purina Mills, Inc. (Richmond,
IN) were available ad libitum]. The mothers were rotated every 24 h to room
air between each exposure so that possible toxicity to the mothers during
nursing was minimal. The newborns and the mothers were placed in Plexiglas
chambers, and oxygen and NO were mixed immediately before entry into the
chambers and were delivered through a humidified circuit at a flow rate of 10
L/min. The rapid flow was used to minimize the transit time of NO in the
chambers and thereby lower the concentration of nitrogen dioxide (NO2).
FiO2, NO, and NO2 were monitored continuously by means of in-line ana-
lyzers at the outport of the chambers (25). This study was approved by
Institutional Animal Care and Use Committee of Baylor College of Medicine.

Perfusion and tissue harvesting. At the termination of their respective
exposures, 10 newborns from each group were anesthetized with sodium
pentobarbital (200 mg/kg i.p.) and killed by exsanguination while under deep
pentobarbital anesthesia. In six rats from each group, the lungs were perfused
with PBS and microsomes were prepared for subsequent analyses of
CYP1A1-dependent activities and immunoreactive protein contents in indi-

vidual animals. In each of the remaining six 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 histologic and immunohistochemical
analyses for assessing lung injury and CYP1A1 expression, respectively. The
right lungs were used for subsequent RNA isolation and analyses.

Chemicals. Tris, sucrose, NADPH, BSA, ethoxyresorufin, glucose 6-phos-
phate, and glucose 6-phosphate dehydrogenase were purchased from Sigma
Chemical Co. (St. Louis, MO). The primary MAb 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,
reverse-transcriptase PCR (RT-PCR) reagents were from Applied Biosystems
(Foster City, CA).

Preparation of microsomes and enzyme assays. Lungs were perfused with
ice-cold PBS, pH 7.4. Lung microsomes were prepared by differential cen-
trifugation, as reported previously (17), from individual animals. Protein
concentrations and EROD (CYP1A1) activities in lung were assayed as we
have described previously (17,19,20).

Western blotting. Lung microsomes (20 �g of protein) prepared from
individual animals were subjected to Western blotting, as described previ-
ously (17,19,20). The proteins bands on the blots were detected by chemilu-
minescence after exposure to x-ray films (ECL plus detection, Amersham
Pharmacia Biotech, Inc., Piscataway, NJ). Quantitation of the blots was
accomplished by densitometric scanning of the x-ray films, as described
previously (19,20).

Real-time RT-PCR assays. Total RNA (50 ng) from lungs of air-breathing,
hyperoxic, and iNO-exposed animals was subjected to one-step, real-time
quantitative TaqMan RT-PCR. ABI PRISM 7700 Sequence Detection System
(Applied Biosystems) was used for the RT-PCR reactions, as we have
described in our recent paper (20).

Lung injury. LW/BW ratios and histologic assessment of lung damage
were determined as reported previously (20). In addition, lung WW/DW
ratios were measured as described by Garat et al. (13).

Lung immunohistochemistry. Cellular localization of pulmonary
CYP1A1 was studied by immunohistochemistry, as described previously
(19,20).

Statistical analyses. All data are expressed as means � SE. Data from at
least six individual animals was used to calculate the means. Multivariate
ANOVA, followed by posthoc Newman-Keuls test, was used to assess
significant differences arising from exposure to hyperoxia, iNO (20 or 40
ppm), or iNO (20 or 40 ppm) � hyperoxia for different time points. Fisher’s
p test was used to analyze data on animal survival. p Values � 0.05 were
considered significant.

RESULTS

In the present study, we tested the hypothesis that exposure
of newborn rats to hyperoxia, iNO, or iNO � hyperoxia would
modulate expression of pulmonary CYP1A1 isoforms in re-
lation to acute lung injury.
Animal survival and lung injury. All animals exposed to

hyperoxia (FiO2 � 95%) or iNO (20 or 40 ppm) survived the
entire duration of exposure [7 d (168 h)]. However, animals
given a combination of hyperoxia and iNO (40 ppm) dis-
played decreased survival starting the third day of exposure.
By d 7 (168 h), 3/10 animals had died (Table 1) (p � 0.05),
and the surviving animals had respiratory distress. Animals
exposed to a lower dose of iNO (20 ppm) in combination with
hyperoxia resulted in 100% survival through the 7-d period
(Table 1). Animals given iNO (40 ppm) � hyperoxia were
more susceptible to acute lung injury than those exposed to
hyperoxia or iNO alone, or to iNO (20 ppm) � hyperoxia as
determined by LW/BW ratios of the animals (Fig. 1). The iNO
(40 ppm) � hyperoxia group had the highest LW/BW ratios
compared with the other conditions at each of the time points.
Exposure of the animals to these regimens did not signifi-
cantly alter the body weights for up to 72 h (Fig. 2). However,
at the 168-h time point, iNO (40 ppm) treatment resulted in a
significant increase in body weight compared with the other
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treatment groups, and iNO (40 ppm) � hyperoxia treatment
led to a significant decrease (13%) in body weight (Fig. 2).
The lung WW/DW ratios also showed trends that were similar

to those of LW/BW ratios (Fig. 3), with animals exposed to
iNO (40 ppm) � hyperoxia showing the highest ratios after
7 d of exposure.
Histologic analyses of lung injury showed little change

after exposure of newborn animals to the treatment regimens
for 24 h, compared with air-breathing animals (Fig. 4),
except for the iNO (40 ppm) � hyperoxia group, which
showed some cellular debris and recruitment of inflam-
matory cells (Fig. 4F). No significant alterations in lung
architecture were observed in animals exposed to hyper-
oxia, iNO (20 or 40 ppm), or iNO (20 or 40 ppm) � hyperoxia
for up to 72 h (not shown). At the 168-h time point, the
hyperoxic animals displayed slight lung injury, as evidenced
by presence of inflammatory cells and cellular debris (Fig.
5B). Animals given iNO (20 or 40 ppm) or iNO (20 ppm) �
hyperoxia did not show histologic evidence of lung damage,
compared with air-breathing animals (Fig. 5). However, ad-
dition of iNO (40 ppm) to 95% oxygen resulted in significant
lung damage, as evidenced by destruction of alveolar septa,
presence of proteinaceous material in the alveolar spaces,
pulmonary edema, and recruitment of inflammatory cells
(Fig. 5F).
Pulmonary CYP1A1 expression. Hyperoxia or iNO (20 or

40 ppm) markedly induced pulmonary CYP1A1 activities
(EROD) for up to 168 h, compared with the room air controls
(Fig. 6). Maximal induction (�2-fold) by hyperoxia was
noticed at 72 h. Whereas EROD activities were still elevated
in the hyperoxia, iNO (20 or 40 ppm), or iNO (20 ppm) �
hyperoxia samples at 168 h, induction by iNO (40 ppm) �
hyperoxia had declined to control by 168 h (Fig. 6). To
determine whether induction of EROD activities was paral-
leled by similar induction of CYP1A1 apoprotein levels, we
performed Western blotting of the lung microsomal samples
isolated from animals exposed to hyperoxia, iNO (20 or 40
ppm), and iNO (20 or 40 ppm) � hyperoxia (Fig. 7). Hyper-
oxia induced CYP1A1 levels for up to 168 h, with maximal
induction being at 72 h (4-fold), compared with room air
controls (Fig. 8). iNO (20 or 40 ppm), by itself, induced

Table 1. Survival rate (%)

Treatment* 24 h 48 h 72 h 168 h

Room air 100 100 100 100
Hyperoxia 100 100 100 100
iNO (20 ppm) 100 100 100 100
iNO (20 ppm) � hyperoxia 100 100 100 100
iNO (40 ppm) 100 100 100 100
iNO (40 ppm) � hyperoxia 100 100 90 70†

Newborn Fischer rats were either maintained in room air or exposed to
hyperoxia (�95 % oxygen), iNO (20 ppm), iNO (20 ppm) � hyperoxia, iNO
(40 ppm), or iNO (40 ppm) � hyperoxia for 24, 48, 72, or 168 h, and the
survival rates of the animals were determined.
* n � 10 animals per group.
† Statistically significant differences, as determined by Fisher’s p test, at p

� 0.05 when compared to each of the other groups.

Figure 1. Effects of hyperoxia and iNO on LW/BW ratios. Newborn Fischer
rats were maintained in room air (air) or exposed to hyperoxia, iNO (20 or 40
ppm) or iNO (20 or 40 ppm) � hyperoxia for 24, 48, 72, and 168 h, and
LW/BW ratios were measured. Multivariate ANOVA, followed by modified
t tests, were used to assess statistical significance between individual groups.
Different at p � 0.05 from room air (a), hyperoxia (b), iNO (20 ppm) (c), iNO
(20 ppm) � hyperoxia (d), iNO (40 ppm) (e), and iNO (40 ppm) � hyperoxia
(f). Values represent means � SE (n � 6).

Figure 2. Effects of hyperoxia and iNO on lung wet/dry ratios. Newborn rats
were exposed to different treatment regimens as described in legend to Figure
1, and lung WW/DW ratios were determined. Statistical analyses were similar
to that described in legend to Figure 1.

Figure 3. Effect of hyperoxia and iNO on body weights. Newborn rats were
maintained in room air or exposed to hyperoxia or iNO as described in
“Methods,” and body weights of individual animals were recorded. Please see
legend to Figure 1 for description of each experimental group.
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CYP1A1 expression at each of the time points. Combined
exposure of the animals to iNO (20 ppm) � hyperoxia re-
sulted in induction of CYP1A1 expression for up to 168 h
(Figs. 7, 8). While treatment of animals with iNO � hyperoxia
(40 ppm) resulted in augmentation of CYP1A1 protein ex-
pression for up to 48 h, the induction declined after 72 h of
exposure (Fig. 7). The air-breathing controls showed gradual
increase in the expression of CYP1A1, approaching signifi-
cant levels by 168 h (Fig. 7), consistent with developmental
changes.
Immunohistochemical studies showed expression of

CYP1A1 in the air-breathing animals in airway epithelial
cells, alveolar epithelial (type II), and endothelial cells. Forty-
eight hours of hyperoxia induced CYP1A1 expression in
endothelial cells and type II cells (Fig. 9). iNO (40 ppm) �
hyperoxia treatment showed lower expression of CYP1A1 in
these cell types than that observed in the hyperoxia-only group
(Fig. 9). Similar to hyperoxia, iNO alone induced CYP1A1
expression in airway epithelial cells, alveolar epithelial cells,
and endothelial cells (not shown).
Pulmonary CYP1A1 mRNA levels, as determined by real-

time RT-PCR, were induced (10- to 40-fold) by hyperoxia,
iNO (20 or 40 ppm), or iNO (20 ppm) � hyperoxia exposure

for 24–168 h (Fig. 10). Hyperoxia � iNO (40 ppm) exposure
resulted in significant induction in the CYP1A1 mRNA ex-
pression for up to 48 h, but induction declined after 72–168 h
(Fig. 10).

Figure 6. Effects of hyperoxia and iNO on pulmonary EROD activities.
Newborn Fischer rats were maintained in room air (air) or exposed to
hyperoxia, iNO (20 or 40 ppm), or iNO (20 or 40 ppm) � hyperoxia for 24,
48, 72, or 168 h, and pulmonary EROD activities were measured in the
microsomes. Statistical analyses were performed and are presented as de-
scribed in legend to Figure 1. All values represent means � SE (n � 6).

Figure 4. Lung injury assessment by histology at 24 h. Newborn rats were
maintained in room air (A) or exposed to hyperoxia (B), iNO (20 ppm) (C),
iNO (20 ppm) � hyperoxia (D), iNO (40 ppm) (E), or iNO (40 ppm) �
hyperoxia (F), and animals (n � 6) were killed after 24 h. The 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 histologic analyses for assessing lung injury as
described under “Methods.” Bar length � 100 �m.

Figure 5. Lung injury assessment by histology at 168 h. The protocol for
treatment of animals with hyperoxia, iNO, and iNO � hyperoxia was
identical to that described in the legend to Figure 4, except that the animals
were killed at 168 h. Panels A–F are identical to those of Figure 4. Bar length
� 100 �m.
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DISCUSSION

The major goal of the present study was to the deter-
mine the role of iNO, alone or in conjunction with hyper-
oxia, on lung injury and the possible modulation of pulmonary
CYP1A1 enzyme caused by these agents in the newborn rat.
Our observation that only 70% of the animals exposed to

iNO (40 ppm) � hyperoxia survived 7 d of exposure (Table 1)
suggests that the combined administration of these gases
caused toxicity, cell death, and subsequent decreased survival

of this group of animals (Table 1) with lung injury. Interest-
ingly, 100% of animals exposed to iNO (20 ppm) � hyperoxia
survived 168 h of exposure (Table 1), suggesting that lowering
the dose of iNO attenuated lung injury.
The increase in LW/BW ratios (Fig. 1) and WW/DW ratios

(Fig. 3) in animals given iNO (40 ppm) � hyperoxia com-
pared with those given hyperoxia, iNO (20 or 40 ppm) or iNO
(20 ppm) � hyperoxia (Fig. 1) suggests that iNO at 40 ppm
potentiates the pulmonary toxicity of oxygen. The fact that
total body weights were not altered by any of the treatment
regimens for up to 72 h suggests that the alterations in
LW/BW ratios by hyperoxia, iNO, or iNO � hyperoxia were
not due to changes in body weight. At the 168 h time point,
iNO (40 pm) � hyperoxia caused a modest (13%) decrease in
body weight, suggesting that the increase (300%) in LW/BW
ratio (Fig. 1) in this group compared with air-breathing ani-
mals was not due to a decrease in food consumption. This
interpretation is supported by our studies on lung injury
assessments by histology showing lung damage in the iNO (40
ppm) � hyperoxia group at 168 h (Fig. 5E). While the
hyperoxia group at 168 h showed some lung damage com-
pared with air-breathing animals (Figs. 1, 3, and 5B), animals
given iNO (20 ppm) � hyperoxia displayed lung injury
parameters that were not significantly different from air-
breathing controls, suggesting that iNO (20 ppm) in conjunc-
tion with hyperoxia prevented oxygen-induced lung injury.
Our findings that iNO (40 ppm) potentiates hyperoxic lung

injury were consistent with the findings of Rayhrer et al. (26),
who showed that NO potentiates acute lung injury in an
isolated rabbit lung model. Moreover, in newborn (3-d-old)
rats, exposure to hyperoxia for 7 or 14 d results in significant
lung injury, and treatment of hyperoxic animals with L-NAME
(N�–nitro-L-arginine methyl ester) attenuates lung injury (27),

Figure 7. Effects of hyperoxia and iNO on pulmonary CYP1A1 apoprotein
expression. Newborn Fischer rats were maintained in room air or exposed to
hyperoxia, iNO (20 or 40 ppm), or iNO (20 or 40 ppm) � hyperoxia for 24,
48, 72, and 168 h, and pulmonary CYP1A1 expression was determined by
Western blotting.

Figure 8. Effects of hyperoxia on pulmonary CYP1A1 apoprotein levels. The
band intensities obtained from the Western blot experiments described in
legend to Figure 7 were quantitated by densitometric analyses of the x-ray
films of the blots. The treatment groups are indicated in the figure. Statistical
analyses were performed and are presented as described in legend to Figure
1. All values represent means � SE (n � 6).

Figure 9. Representative lung sections for CYP1A1 immunohistochemistry
from newborn rats. Newborn rats were maintained in air (A), or exposed to
hyperoxia (B), or iNO (40 ppm) � hyperoxia (C) for 48 h, as described in
legend to Figure 1, and lungs were processed for immunohistochemistry as
described under “Methods.” Bar length � 50 mm.

Figure 10. Real-time RT-PCR analysis of pulmonary CYP1A1 mRNA from
newborn rats exposed to room air, hyperoxia, or iNO. Total RNA (50 ng)
from lungs of air-breathing, hyperoxic, and iNO-exposed animals was sub-
jected to one-step, real-time quantitative TaqMan RT-PCR. Data represent
relative fold changes in CYP1A1 gene expression induced by hyperoxia, iNO
(20 or 40 ppm), or iNO (20 or 40 ppm) � hyperoxia over room air controls.
All data were normalized to their corresponding 18S mRNA contents, as
described in “Methods.) Values represent means � SE of data from at least
six individual animals. Letters denote statistically significant differences when
fold induction was compared between ahyperoxia, biNO (20 ppm), ciNO (20
ppm) � hyperoxia, diNO (40 ppm), and eiNO (40 ppm) � hyperoxia.
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suggesting that increased generation of endogenous NO po-
tentiates hyperoxia-induced lung injury in these newborns.
The marked increases in lung EROD activities (Fig. 1)

caused by exposure to hyperoxia or iNO for 48–72 h indicates
induction of CYP1A1, as EROD activities are relatively spe-
cific for CYP1A1 (19,20). The newborn animals have very low
basal levels of CYP1A1, and the mechanisms of induction of
CYP1A1 by iNO or hyperoxia in the newborn animals are not
clearly understood. Hyperoxia appears to induce CYP1A1 ex-
pression in adult rats and mice by Ah receptor-dependent mech-
anisms (19,20), and it is possible that hyperoxia or
iNO may induce CYP1A1 in the newborn rat through simi-
lar mechanisms. That modulation of EROD activities was paral-
leled by similar alterations in the apoprotein levels (Figs. 7 and 8)
suggests that induction of CYP1A1 was due to new synthesis of
the protein. Our observation (Fig. 9) that hyperoxia or iNO �
hyperoxia induced CYP1A1 in airway epithelial cells and endo-
thelial cells suggests cell-specific alterations in the expression of
CYP1A1 by these agents.
The augmentation in lung CYP1A1 mRNA expression after

48–168 h of hyperoxia, iNO (20 or 40 ppm), or iNO (20 ppm)
� hyperoxia exposure (Fig. 10) supported the hypothesis that
induction of CYP1A1 activities was due, in part, to activation
of CYP1A1 gene expression. Hazinski et al. (28) have shown
induction of CYP1A1 mRNA by hyperoxia in cultured endo-
thelial cells from lambs to be mediated by transcriptional
mechanisms. The fact that the expression of CYP1A1 mRNA
declined after 72 h of iNO (40 ppm) � hyperoxia treatment (Fig.
10) strongly suggests that the decline of EROD activities at this
time point was due to down-regulation of CYP1A1 expression at
the pretranslational level, presumably through mechanisms in-
volving nuclear factor 1 (29).
The attenuation in the expression of CYP1A apoprotein

between 72 h and 168 h of hyperoxia or iNO (40 ppm) �
hyperoxia may also have been due to loss of immunoreactivity
or function via oxidative degradation of CYP1A1/1A2 by
hyperoxia (19,20). In fact, Paller and Jacob (30) have recently
shown that P450 enzymes, upon degradation, can generate
redox-active iron, which might induce lung injury through
increased formation of Fenton-like reactions or by propa-
gating oxidative stress and lipid peroxidation. Taken to-
gether, the data are consistent with the hypothesis that
there is a link between pulmonary CYP1A1 expression and
development of lung injury. Further studies to establish the
mechanisms of modulation of CYP1A enzymes by hyperoxia
and iNO in relation to lung injury are warranted inasmuch
as they potentially could lead to new strategies aimed at
preventing/treating hyperoxic lung injury in infants.
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