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ABSTRACT

Bronchopulmonary dysplasia (BPD) is a major complication of premature infants who receive prolonged ven-
tilatory support. The pathophysiology of BPD involves oxidant injury, baro/volutrauma, and disordered lung
repair. Exposure of premature lung that is poorly adapted for air breathing (>3% oxygen in fetal lung) to a
higher concentration of oxygen can cause significant oxidant injury. Cell growth and differentiation of the de-
veloping lung require selective and ordered cell division. As hyperoxia can increase the expression of cell-cycle
checkpoints that can cause growth arrest of lung cells, in this report we examined the expression of checkpoint
proteins p53 and p21 in a premature infant the baboon model of BPD. Additionally, we also determined
whether enhanced apoptosis occurs in baboon BPD model. We have shown that p53 and p21 expression are
increased in 125-day as well as 140-day premature baboons with BPD. We also demonstrate increased apopto-
sis in lung tissue of premature baboons with BPD. These results demonstrate that cell growth inhibition is a
likely factor in the evolution of BPD. Additionally, lung cells may undergo increased apoptosis that can impair

the repair process in the postventilatory recovery period. Antioxid. Redox Signal. 6, 109-116.

INTRODUCTION

BRONCHOPULMONARY DYSPLASIA (BPD) is a chronic lung
disease of premature infants that is characterized by
prolonged hospitalization and substantial morbidity (8-12).
Despite advances toward prevention of respiratory distress
syndrome, BPD remains a major complication for premature
infants who require prolonged ventilatory support. The patho-
physiology of BPD involves oxidant injury, baro/volutrauma,
and disordered lung repair (8, 9). Oxidative insult likely af-
fects both growth and differentiation of the developing lung,
and high levels of oxygen can inhibit lung cell division in cell
culture models (1, 2, 24). As normal lung development and
differentiation require a highly ordered proliferation of epi-
thelial and mesenchymal cells, disruption of this process by
oxidative injury would have disastrous consequences for lung
architecture and function (3, 22). In addition to a generalized

decrease in cell proliferation, BPD is also associated with loss
of functional lung cells, including alveolar type I, bronchial
epithelial, and other cell types (14, 36).

Studies in experimental animals show that hyperoxia de-
creases the lung cell population (36), suggesting either altered
cell-cycle dynamics or increased cell death (apoptosis). Al-
though potentially important to our understanding of BPD,
little is known about the role of cell-cycle checkpoints or apop-
tosis in this disorder. Regulation of the cell cycle relies on the
integrity of genetic information and requires a balance be-
tween growth and division. This balance is maintained by dif-
ferent feedback controls, or checkpoints, that respond to vari-
ous cellular conditions (33, 37). Checkpoint pathways that
mediate cell-cycle arrest in G1 or G2 are thought to operate
through inhibition of cyclin-dependent kinases (cdks); these
proteins are required for major cell-cycle transitions at the
onset of S phase or mitosis (33, 37).
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One checkpoint protein activated in response to DNA-
damaging agents is p53. Hyperoxia has been shown to acti-
vate pS3 in adult mice (27). Increased production of reactive
oxygen species in hyperoxiacauses DNA damage (4, 38), which,
in turn, results in an accumulation of p53 proteinin lung alve-
olar epithelial and endothelial cells. Activation of p53 results
in increased transcriptionof the cdk inhibitor p21 protein, which
then inactivates cdks and arrests the cell cycle (35). Recent
studies also indicate that hyperoxia increases expression of
p21 in lungs of mice (23, 24, 29, 30) and in cultured lung cells.
p53 is a sequence-specific transcription factor that can either
induce or suppress proapoptotic and antiapoptotic genes in
response to DNA damage or irreparable cell-cycle arrest (21).
Phosphorylation of p53 at Ser 15 residue dissociates MDM?2
(mitotic arrest-deficient yeast homologue) and activates p53
as a transcription factor; binding of this activated factor to
various p53-dependent genes results in activation or repres-
sion (21). Induction of p53 by hyperoxiahas been observedin
mouse lung epithelium (27). Expression of p53 also increases
in human bronchial smooth muscle cells (32), but reports of
p53 expression in premature infant baboons with BPD are
lacking.

As a universal inhibitor of cdks, p21 functions as a check-
point in the cell cycle (15). Overexpression of p21 results in
growth arrest of cultured cells, and p21 is reported to be in-
duced by hyperoxiain cultured cells and in murine neonatal
lung (23). High concentrations of inhaled oxygen are fre-
quently used in the treatment of acutely ill neonates or people
with adult respiratory distress syndrome. Overexpression of
p21 in hyperoxic treatment is a potential cause of growth ar-
rest of lung cells, and failure of cell proliferation could exac-
erbate the original lung injury. Studies of p21 protein in
neonatal lungs exposed to hyperoxia showed that the distribu-
tion was predominantly peripheral, suggesting that p21 induc-
tion may inhibit alveolar growth and impair healing (23).

In this study, we investigated whether the checkpoint pro-
teins are induced in BPD, and whether apoptosis also occurs
in BPD. We report here that p53 and p2 1 expressionis increasedin
BPD. Additionally, lung cells undergo increased apoptosis in
premature infant baboons with BPD.

MATERIALS AND METHODS

Animal studies

All animal care procedures were performed according to
the National Research Council’s Guide for the Care and Use
of Laboratory Animals. Protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of the
Southwest Foundation for Biomedical Research, San Antonio,
Texas. Fetal baboons of varying gestational ages (2 days)
were delivered by hysterotomy. Gestational ages were deter-
mined by timed matings as previously described (13, 25) with
confirmation by ultrasound at intervals during pregnancy. The
control gestational age-matched premature infant baboons were
not exposed to supplemental oxygen, and were killed before
first breath.

In other studies pertinent to the effect of variable oxygen
tension in vivo and to the development of BPD following hya-
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line membrane disease, treatment groups were delivered at ei-
ther 140 = 2 days or 125 *+ 2 days of gestation and immedi-
ately placed on positive pressure ventilation. Animals of 140-
day gestation were given either continuous 100% oxygen or
an inspired oxygen tension as needed [pro re nata (PRN)] to
maintain paO, at 40-50 Torr. Within 10 days, those 140-day
animals given 100% oxygen develop lung histopathologic le-
sions that closely resemble human BPD, whereas the PRN ani-
mals do not develop these lesions, allowing near-normal lung
development (17, 34). Most premature animals of 125-day ges-
tation received immediate resuscitation with artificial surfac-
tant, positive pressure ventilation, and PRN oxygen. These
animals also develop BPD despite receiving lesser (PRN) in-
spired concentrations of oxygen (34). In either case, all ani-
mals received state-of-the-art care in a neonatal intensive care
unit for up to 17 days. Following treatment, animals were killed
by administration of intravenous pentobarbital. The lungs were
perfused via the pulmonary artery with phosphate-buffered
saline (PBS) (37°C), and distal lung tissue was dissected free
from major airways and central structures and processed im-
mediately as for fetal tissue.

Terminal deoxynucleotidyltransferase dUTP nick
end-labeling (TUNEL) assay

Tissue sections were obtained from the baboon resources
center (San Antonio) and were deparaffinized, rehydrated, and
then treated with 20 mg/ml proteinase K in 10 mM Tris-HCl
(pH 8.0). The sections were blocked for endogenous peroxi-
dase activity by incubationin 3% hydrogen peroxide in methanol
for 10 min at room temperature. The slides were then rinsed
with PBS and incubated with labeling solution containing ter-
minal deoxynucleotidyl transferase along with all four nu-
cleotides and fluorescein-dUTP at 37°C for 1 h. All sections
were rinsed three times with PBS, and the reaction was de-
tected with converter POD (anti—fluorescein—peroxidase con-
jugate). Immunoreactivity developed with diaminobenzidine
appeared as a dark brown precipitate in the nucleus. The sec-
tions were counterstained with hematoxylin and digitally pho-
tographed through an Olympus microscope.

Western blotting

Premature infant baboons were exposed to oxygen as de-
scribed earlier (13). Lung tissue was homogenized in Tris-
HCI buffer (pH 7.4). The homogenate was mixed with an
equal volume of RIPA (radioimmunoprecipitation buffer; 1 X
PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium
dodecyl sulfate, | mM phenylmethylsulfonyl fluoride, 30 ul/ml
aprotinin (Sigma, St. Louis, MO, U.S.A.), and 1 mM Na3VO4]
buffer, incubated on ice for 30 min, and then centrifuged. The
supernatant contained the total lung lysate. Fifty micrograms
of protein was resolved on sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis, and western blotted with an anti-
p21 or anti-p53 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, US.A)).

Immunohistochemistry

Tissue sections were deparaffinizedin xylene and rehydrated
through graded mixtures of ethanol and deionized water. Im-
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munostaining was done with either a Santa Cruz immuno-
peroxidase staining kit or a Dako universal ABC. Endogenous
peroxidase was quenched with the peroxidase quench solution
provided with the kit. All sections were blocked for nonspecific
binding with serum and then incubated with primary antibody
overnight at 4°C. The slides were then rinsed in PBS and incu-
bated with a biotinylated secondary antibody, followed by incu-
bation with streptavidin conjugated with horseradish peroxidase.
Immunoreactivity was detected with an aminoethylcarbazolekit
(Sigma), which develops the reaction as a reddish or brown
color. The sections were then counterstained with hematoxylin
and mounted in aqueous media, and the slides were observed
and digitally photographed with an Olympus microscope.

RESULTS

Increased expression of p21 protein in BPD

To establish the role of p21 in BPD, we exposed premature
infant baboons (125- or 140-day gestational age) to oxygen
PRN or to 100% O,. These studies were done at the baboon
resources center at San Antonio (12). Western blotting detected
p21 protein in the lung tissue homogenates. Figure 1 A shows
that untreated lungs from 125-day gestational control (GC)
infants did not express p21, but ventilation with PRN oxygen
for 6 days or 14 days resulted in significant expression of this
protein. Similarly, lungs from 140-day GC animals did not ex-
press p21, but those exposed to PRN oxygen expressed it
(Fig. 1B) Premature infant baboons exposed to 100% oxygen
had similar p21 expression. Our data indicate that p21 could,
indeed, contribute to the initiation and progression of BPD by
inhibiting progression of the cell cycle and thereby compro-
mising lung repair. We used immunohistochemistry to detect
and localize p21-positive cells in tissues from 125-day ani-
mals that were treated for either 6 or 14 days with PRN O,
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and their GC. The 125-day animals exposed to 6 or 14 days of
PRN oxygen demonstrated an increase in the expression of
p21 protein (Fig. 2, upper panels). p21 appears to be localized
within alveolar epithelial, bronchiolar epithelial, and intersti-
tial cells. Additionally, 140-day animals also showed increased
p21 expression after 6 days of PRN or 6 days of 100% oxygen
exposure (Fig. 2, lower panels). Exposure to 100% oxygen
caused increased p21 expression compared with 6 days of
PRN oxygen exposure.

Increased expression of p53 protein in BPD

p53 is a sequence-specific transcription factor that can
either induce or suppress proapoptotic and antiapoptotic genes
in response to DNA damage or irreparable cell-cycle arrest
(26). Induction of p53 by hyperoxiahas been observed in mouse
lung epithelium (27). Expression of p53 also increases in
human bronchial smooth muscle cells (32), but reports of p53
expressionin premature infant baboons with BPD has not been
previously demonstrated. Furthermore, the p53 response in
extremely premature baboons was unknown. Accordingly, we
analyzed p53 protein expression in baboonsin BPD. As shown
in Fig. 3, lung tissue from 140-day premature baboons exposed
to PRN oxygen or to 100% oxygen for 6 days had higher levels
of p53 compared with age-matched GC animals. Histochemi-
cal examination of lungs from 140-day infants that had been
exposed to 100% oxygen revealed increased pS3 expression
in bronchiolarepithelial cells as well as alveolar epithelial cells,
(Fig. 4). Interstitial cells also contained p53. In addition, we
found p53-positive cells in tissues from extremely premature
baboons (125 days; Fig. 4).

Increased apoptosis in BPD

We noted increased expression of p53 in lung tissue from
125-day and 140-day baboons who had been exposed to oxy-
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FIG. 1.

Increased expression of p21 in premature infant baboons with BPD. Premature infant baboons were delivered at

125-day or 140-day gestational age and were exposed to PRN or 100% oxygen at the baboon resources center at San Antonio as
described in Materials and Methods. Frozen lung tissue was prepared and western blotting was performed using p21 antibody
raised in rabbit as described in Materials and Methods. (A) Lanes 1-3, 125-day GC baboons; lanes 4 and 5, infant baboons ex-
posed to 6 days of PRN oxygen; lanes 68, infant baboons exposed to 14 days of PRN oxygen. (B) Lanes 1 and 2, 140-day GC ba-
boons; lanes 3-5, 140-day baboons exposed to PRN oxygen for 6 days; lanes 6 and 7, 140-day baboons exposed to 100% oxygen

for 6 days.
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FIG. 2.
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Increased p21 localization in lungs of infant baboons with BPD. Paraffin-embedded baboon lung tissue sections

were processed for p21 immunohistochemistry as described in Materials and Methods. Red or brown color indicates localization
of p21. (Upper panels) 125-day GC and 125-day animals exposed to 6 days and 14 days of PRN oxygen. (Lower panels) 140-day
GC and 140-day animals exposed to 6 days of PRN oxygen and 6 days of 100% oxygen.

gen (Figs. 3 and 4). Expression of p53 can either arrest the
cell cycle for repair of damaged DNA or initiate apoptotic
cell death where there is irreparable damage in order to main-
tain genome integrity. Because p53 expression increased in
the lungs of 125-day or 140-day baboons exposed to oxygen,
we sought to determine whether this increase was associated
with increased apoptosis. Figure 5 shows that 125-day ba-
boons exposed to oxygen for either 6 or 14 days PRN had in-
creased apoptosis (Fig. 5, upper panels). We also recorded an
increased number of apoptotic cells in the 140-day animals

exposed to oxygen for 6 days PRN or to 100% oxygen (Fig. 5,
lower panels).

DISCUSSION

The data presented in this study demonstrate that the ex-
pression of cell-cycle checkpoint proteins p21 and p53 are in-
creased in 125-day or 140-day baboons exposed to PRN or
100% oxygen. Histochemical examination revealed that these

140d 6d
prn O,

140d, GC

140d, 6d
100% O,

FIG. 3.

Increased p53 expression in premature infant baboons in BPD. Premature infant baboons were delivered at 140-day

gestational age and were exposed to PRN or 100% oxygen at the baboon resources center at San Antonio as described in Materi-
als and Methods. Frozen lung tissue was was prepared and western blotting was performed using p53 antibody raised in rabbit as
described in Materials and Methods. Lanes 1-3, 140-day GC baboons; lanes 4 and 5, 140-day baboons exposed to PRN oxygen
for 6 days; lanes 6 and 7, 140-day baboons exposed to 100% oxygen for 6 days.
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125d GC 125d; 6d prn O, 125d; 14d prn O,

FIG. 4. Increased p53 localization in lungs of infant baboons with BPD. Paraffin-embedded baboon lung tissue sections
were processed for p53 immunohistochemistry as described in Materials and Methods. Red or brown color indicates localization
of p53. (Upper panels) 125-day GC and 125-day animals exposed to 6 days and 14 days of PRN oxygen. (Lower panels) 140-day
GC and 140-day animals exposed to 6 days of PRN oxygen, and 6 days of 100% oxygen.

125d GC 125d; 6d prn O, 125d; 14d prn O,

140d GC

FIG.5. Increased apoptosisin 125-day or 140-day premature infants with BPD. Paraffin-embedded baboon lung tissue sec-
tions were processed for TUNEL assay as described in Materials and Methods. Dark brown color indicates TUNEL-positive nu-
clei. (Upper panels) 125-day GC and 125-day animals exposed to 6 days and 14 days of PRN oxygen. (Lower panels) 140-day
GC and 140-day animals exposed to 6 days of PRN oxygen and 6 days of 100% oxygen.
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checkpoint proteins are expressed in bronchiolar epithelial as
well as alveolar epithelial cells. Additionally, interstitial cells
also demonstrate increased expression of these proteins. Be-
cause elevation of p53 is associated with apoptosis we deter-
mined apoptosis, in 125-day or 140-day baboons exposed to
PRN or 100% oxygen and found that apoptosis increased in
infant baboons exposed to PRN or 100% oxygen. Although
hyperoxia (>95% O,) has been shown to induce p53 and p21
expression in mouse lung epithelium and lung cells in cul-
ture, their increase in conditions of BPD in premature lung
has not been previously reported. The observation that p21
expression increases in 125-day or 140-day premature infant
baboons exposed to 6 or 14 days of PRN oxygen or 100%
oxygen ventilation is significant because p21 plays a central
role in the arrest of the cell cycle by inactivating critical cell-
cycle regulatory proteins. We observed stronger p21 expres-
sion in 125-day animals exposed to 6 days of PRN oxygen
than that in animals exposed to 14 days of PRN oxygen. The
reason for this subtle difference may be explained by the fact
that the initial inspired oxygen fraction (FiO,) is higher in
125-day animals, which rapidly weaned over the 14-day ven-
tilation period (25).

The 125-day premature baboons (68% full-term) exposed
to PRN oxygen (25-40% FiO,) more closely replicate the
lung disease that is now seen in 24-26-week gestation human
infants who go on to develop BPD (12). In contrastto in utero
development from 125 to 140 days of gestation, there is no
significant progression of alveolization in these animals. En-
larged simpified terminal airspaces, diffusely focal intersac-
cular fibroplasias, and a lack of extensive airway epithelial
hyperplasia/metaplasia are the histologic feature (7, 8). On
the other hand, 140-day animals exposed to 6 days of PRN
oxygenor 6 days of 100% oxygen demonstrate epithelial loss,
hyaline membrane/saccular edema, interstitial edema, endo-
thelial edema, and necrosis (7, 8). These pathologic features
suggest that lung development is severely compromised in
oxygen ventilation. Oxygen was found to cause DNA damage
and growth arrest of lung cells in various cell culture models,
and oxidative insult to the developing lung may disrupt the
orderly pattern of proliferation. Few studies examined the pat-
tern of cell proliferation under conditions of increased oxy-
gen tension, but exposure to high concentrations of oxygen is
generally associated with decreased proliferation of endothe-
lial, interstitial, type I and type II pneumocytes (36). However,
when several species of adult animals were exposed to 100%
oxygen and allowed to recover for 7 days, the cell numbers in-
creased (36). Increased type II cell proliferation was noted dur-
ing the recovery phase following exposure to hyperoxia (36).
In addition to an inhibited proliferative response, monkeys
exposed to 95% oxygen for 14 days had complete destruction
of type I cells (14). A rapid proliferation of type II alveolar
cells is crucial for proper healing after injury, because delayed
reepithelialization may lead to the development of pulmonary
fibrosis (5, 6).

A recent study of BPD in the baboon model noted increased
proliferation of pro-surfactant protein B secreting cells (22)
using nuclear antigen Ki67 as a proliferation marker. How-
ever, it is possible that many other cell types of lung could
have been arrested due to the increase in p21 expression. Thus,
further studies are needed to identify the cell types that are
arrested in BPD. We observed increased p21 and p53 expres-
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sion in 125-day or 140-day baboons with BPD, which sug-
gests that growth arrest occurs in these affected infants. Al-
though it is known that oxygen stimulates expression of p21
and p53 (28, 29), and these proteins can be expressed in cul-
tured lung cells and mouse lung epithelium, their expression
has not been previously documented in premature infant ba-
boons with BPD. The fetal lung develops as a fluid-filled organ
and is continuously situated in an environment that is rela-
tively hypoxic (<3% oxygen), which is the potential oxygen-
carrying capacity of umbilical veins (18). The transition from
placental to lung-based respiration is perceived as normal in
fully mature babies; in contrast, preterm infants may suffer as
the lungs may be insufficiently developed and may be inca-
pable of sustained breathing (18). Thus, in this development
stage, a lower level of oxygen ventilation (25-40% in the 125-
day PRN model) can pose an acute oxidative stress to the de-
veloping lung. The expression of p21 or p53 suggests that the
lung cells are undergoing DNA damage and/or cell-cycle ar-
rest. As cell division is a fundamental process in the lung de-
velopment and differentiation, inhibition of lung cell division
can cause inadequate development of lung that is characteris-
tics of BPD. Additionally, because type II cells repopulate the
type I cells of the alveoli that are destroyed in oxygen, inhibi-
tion of type II cell proliferation can impair repair of epithe-
lium. Furthermore, a delay in reepithelialization following
lung injury can cause fibrosis. Therefore, expression of p21
or p53 is a significant molecular event that can be a causal
factor in the evolution of BPD.

However, p21 expressionin hyperoxiacan be induced inde-
pendently from induction of p53 (29), and regulation of p21
appears to be redox-mediated (16). For example, depleting
cellular free thiols with diethyl maleate induced p21 in Hela
cells (16). Treatment of cells with N-acetylcysteine suppressed
p21 expression by diethyl maleate (16), suggesting that p21
regulation involves a thiol-disulfide exchange reaction. This
exchange could be directly modulated by thioredoxin, a pro-
tein involved in maintaining the redox state of the cells (19,
20). We observed that thioredoxin shifts the balance to an ox-
idized state in 140-day baboons with BPD (13). Therefore, it
is possible that p21 is up-regulated in response to a redox
shift. However, definitive studies are warranted to establish
this fact.
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BPD, bronchopulmonary dysplasia; cdk, cyclin-dependent
kinase; FiO,, inspired oxygen fraction; GC, gestational con-
trol; p21, Wafl—cyclin kinase inhibitor 1A; p53, tumor pro-
tein p53; pa0,, partial pressure of oxygen; PBS, phosphate-
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