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This study investigated whether mitochondrial dysfunction contrib-
utes to alveolar developmental arrest in a mouse model of broncho-
pulmonary dysplasia (BPD). To induce BPD, 3-day-old mice were
exposed to 75% O2. Mice were studied at two time points of
hyperoxia (72 h or 2 wk) and after 3 weeks of recovery in room
air (RA). A separate cohort of mice was exposed to pyridaben,
a complex-I (C-I) inhibitor, for 72 hours or 2 weeks. Alveolarization
was quantified by radial alveolar count and mean linear intercept
methods. Pulmonary mitochondrial function was defined by respi-
ration rates, ATP-production rate, and C-I activity. At 72 hours,
hyperoxic mice demonstrated significant inhibition of C-I activity,
reduced respiration and ATP production rates, and significantly
decreased radial alveolar count compared with controls. Exposure
to pyridaben for 72 hours, as expected, caused significant inhibition
of C-I and ADP-phosphorylating respiration. Similar to hyperoxic
littermates, these pyridaben-exposed mice exhibited significantly
delayed alveolarization compared with controls. At 2 weeks of
exposure to hyperoxia or pyridaben, mitochondrial respiration was
inhibited and associated with alveolar developmental arrest. How-
ever, after 3 weeks of recovery from hyperoxia or 2 weeks after
72 hours of exposure to pyridaben alveolarization significantly
improved. In addition, there was marked normalization of C-I and
mitochondrial respiration. The degree of hyperoxia-induced pulmo-
nary simplification and recovery strongly (r2 5 0.76) correlated with
C-I activity in lung mitochondria. Thus, the arrest of alveolar de-
velopment induced by either hyperoxia or direct inhibition of
mitochondrial oxidative phosphorylation indicates that bioener-
getic failure to maintain normal alveolar development is one of the
fundamental mechanisms responsible for BPD.
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Bronchopulmonary dysplasia (BPD) is one of the most devastat-
ing complications of prematurity. Clinical studies have identified
numerous risk factors for development of BPD in premature
infants, including hyperoxia, ventilator-induced pulmonary in-
jury, and prenatal and antenatal infection (1, 2). Despite attempts
to avoid excessive oxygen supplementation, restrict fluids, pre-
vent infection, and use ‘‘gentle’’ ventilation techniques, the
incidence of BPD has not changed significantly. Although the
development of BPD has been associated with a wide variety of
risk factors, the histopathologic end-point of this disease is the
same—an arrest of alveolar development. This implies the
existence of a fundamental mechanism responsible for arrest of

alveolarization when actively developing lungs are subjected to
stress.

Compared with other age groups, premature neonates exhibit
the highest total energy expenditure secondary to an accelerated
growth rate. Growth restriction, delayed bone mass accretion (3,
4) and delayed catch-up growth (5, 6) are well documented in
infants who develop chronic lung disease. Clinical trials have
failed to demonstrate that an early increase in caloric intake can
attenuate the incidence of BPD in very low birth weight pre-
mature infants (7, 8).

Mitochondria are the only organelles to provide cells with
energy. It has been reported that mitochondrial function is es-
sential for normal growth in pulmonary epithelial-like cells in
culture (9). Compromised mitochondrial oxidative phosphoryla-
tion has been implicated in pathogenesis of genetic diseases
presenting with developmental and growth restriction of different
organs (10). Clearly, well-functioning mitochondria are needed to
convert nutritional substrates into energy to maintain growth and
development. We hypothesized that alveolar developmental arrest
in premature neonates with BPD is secondary to mitochondrial
bioenergetic failure to maintain normal pulmonary development.

MATERIALS AND METHODS

The Model of BPD and Study Groups

The model of BPD was produced in 3-day-old (Postnatal Day [P]3)
neonatal mice as described (11) with minor modification. P3 mice
(C57Bl/6J) with their dams were purchased from Jackson Laboratories
(Bar Harbor, ME). At this age, mouse lungs are at the saccular stage of
development that corresponds to lung development at 28 to 32 weeks of
gestation in the human fetus (12). All pups from different litters were
randomly distributed (six pups per dam). To produce lung injury, mice
were exposed to 75% O2. The experimental protocol was approved by
Columbia University Institutional Animal Care and Use Committee.
Mice were killed at three different time points (Figure 1A): at 72 hours of
hyperoxia (Group #1), at the end of the 2 weeks of hyperoxia (Group #2),
and at 3 weeks of recovery in RA after 2 weeks of hyperoxic exposure
(Group #3). In each group of mice, lungs were examined for the degree of
alveolarization. In the same mice, pulmonary mitochondria were isolated
and assessed for respiratory function and activity of C-I. Data were
compared with naı̈ve littermates and between groups.

To determine if direct inhibition of mitochondrial respiratory chain
results in alveolar simplification, an additional cohort of mice was
exposed to pyridaben, a selective inhibitor of C-I activity (13). Pyridaben
in dimethyl sulfoxide (DMSO and normal saline 1:1) was injected
subcutaneusly at the dose 4 mg/kg daily. Control littermates received
vehicle (the same volume of DMSO/normal saline). At 72 hours of
exposure, randomly selected mice were killed and their pulmonary
mitochondrial function (respiration rates and ATP production rates)
and alveolar development were compared with that in vehicle-treated
littermates. At 72 hours of pyridaben exposure, mice were divided into
two groups. In Group 1, mice continued to receive pyridaben; in Group 2,
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the pyridaben exposure was discontinued and mice were raised in room
air. At 2 weeks of age lungs were harvested for assessment of alveolar
development and mitochondrial function.

Assessment of Pulmonary Alveolarization

After a thoracotomy, the left atrium was transected and the main
pulmonary artery was perfused transcardially with 1 ml of mitochon-
drial isolation buffer (see below).

The trachea was filled with the same buffer under a pressure of 20 cm
H2O for 1 minute. The left hilus was clipped and the right lung was
excised for isolation of mitochondria. The left lung was fixed in 4%
paraformaldehyde and embedded in paraffin. Three 5-mm sections were
obtained from anterior, middle, and posterior frontal planes 100 mm
apart from each other and stained with hematoxylin and eosin (H&E).
An investigator blind to the study design performed morphometric
assessment of digital images captured under identical magnification
(310). Two different methods were used to assess alveolarization. (1)
Radial alveolar count (RAC) was the number of distal air sacs that were
transected by the line drawn from the most distal terminal bronchiole
toward the nearest pleura (14, 15). (2) Mean linear intercept (Lm) was
measured by dividing the length of a line drawn across the lung section by
the total number of septal wall intercepts encountered in 30 lines (40 mm
apart) per lung image (16). Three measurements were obtained from

each section (nine RACs/Lms per single mouse). The mean values were
used for statistical analysis.

Isolation of Pulmonary Mitochondria

To isolate mitochondria from a single lung, we modified a method for
isolation of brain mitochondria in neonatal mice (17). Briefly, lung tissue
was homogenized in 3 ml of isolation buffer (IB) using a dounce
homogenizer (Wheaton Ind., Millville, NJ) with 0.2 mm differential
(20 strokes), followed by 0.1 mm differential (10 strokes) and transferred
into three 1.5-ml tubes. The homogenate was centrifuged at 1,100 3 g for
2 minutes at 48C. The 0.750 ml of supernatant was mixed with 0.07 ml of
80 vol% Percoll, carefully layered on top of 0.7 ml of 10% Percoll, and
centrifuged at 18,500 3 g for 10 minutes. The mitochondria-enriched
fraction was collected at the bottom of the tube, resuspended in 1.0 ml of
washing buffer, and centrifuged at 10,000 3 g for 5 minutes. The final
mitochondrial pellet was resuspended in 0.07 ml of albumin-free washing
buffer and stored on ice. The mitochondrial protein content was
measured with a Lowry DC kit (Bio-Rad, Hercules, CA) according to
manufacturer’s instructions. To control for mitochondrial quantity and
quality, mitochondria-specific protein markers (Mn Superoxide-dysmutase
[MnSOD] and cytochrome oxidaze IV [COX IV]) were quantified by
Western blotting in randomly selected samples from naı̈ve mice (n 5 4)
and from mice exposed to hyperoxia for 2 week (n 5 4). Briefly, 5 mg of

Figure 1. (A) Experimental timeline and design.

(B) Electron microscopy of pulmonary mito-
chondria isolated from naı̈ve and hyperoxic

Postnatal Day (P)18 mice. Scale bar 5 500 nm.

(C) Immunoblots of representative samples

from naı̈ve (room air [RA]-exposed) and O2-
exposed mice and optical density graphs of

MnSOD and COX IV expression in mitochon-

drial isolates from naı̈ve P18 mice (open bars,
n 5 4) and P18 mice subjected to hyperoxia for

2 weeks (solid bars, n 5 4). (D and E) Represen-

tative images of hematoxylin and eosin–stained

lung sections with corresponding radial alveolar
count (RAC) analysis; in naı̈ve mice (open bars,

P3 n 5 4, P6 n 5 7, P18 n 5 10, P39 n 5 4),

mice subjected to hyperoxia (solid bars, P6 n 5

8, P18 n 5 8), and recovery (hatched bar, P39
n 5 4). Scale bar 5 500 mm. Data are mean 6

SEM. *P < 0.002 compared with naı̈ve litter-

mates, **P 5 0.0001 compared with naı̈ve P6
mice, #P , 0.0001 compared with P6 and P18

hyperoxia-exposed mice, xP 5 0.0003 com-

pared with P3 naı̈ve mice.
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mitochondrial protein was loaded for electrophoresis followed by in-
cubation with primary antibodies, MnSOD (Abcam, Cambridge, MA)
and COX IV (Sigma-Aldrich, St. Louis, MO) overnight at 48C. The
immunoexpression of MnSOD and COX IV was identified by a chem-
iluminiscence detection assay. To assess mitochondrial structural integrity
after isolation, mitochondria from naı̈ve 18-day-old mice (n 5 3) and
hyperoxia-exposed mice (Group 2, n 5 2) were examined under electron
microscopy. Briefly, mitochondrial pellets were fixed in 2.5% glutaralde-
hyde and 4% paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) at
48C. After fixation with 1% osmium tetroxide in 0.1 M cacodylate buffer,
the pellet was dehydrated and embedded in Epon-Araldite. Ultrathin
sections were cut using a Reichert Ultramicrotome (C. Reichert Wien,
Vienna, Austria), stained with uranyl acetate, lead citrate and examined
under a JEOL 1200 electron microscope (JEOL, Peabody, MA).

Measurement of mitochondrial respiration was performed using
a Clark-type electrode (Oxytherm; Hansatech Instruments, Norfolk,
UK) at 328C. Mitochondria (0.065 mg of protein) were loaded into 0.4 ml
of respiration buffer: 200 mM sucrose, 25 mM KCl, 2 mM K2HPO4, 5 mM
HEPES-KOH (pH 7.2), 5 mM MgCl2, 0.2 mg/ml of BSA, 30 mM
Ap5A(P1,P5-di(adenosine 59)-pentaphosphate (an inhibitor of adenylate
kinase), 10 mM glutamate, and 5 mM malate. The phosphorylating
respiration (State 3) was initiated with 100 nmol of ADP. To dissect
direct contribution of electron transport chain to mitochondrial O2-
consumption rate, 35 nmol of 2949dinitrophenole (DNP) was added at
resting respiration (State 4). Rates of O2 consumption were expressed in
nmol O2/mg mitochondrial protein/minute. The respiratory control ratio
(RCR) was calculated as the ratio of the State 3 to the State 4 respiration
rate recorded after phosphorylation of ADP has been completed. The
ADP:O ratio was calculated as the amount of added ADP expressed in
nmoles divided by the amount of oxygen atoms (nmoles of O2 multiplied
by 2) consumed during ADP-accelerated State 3 respiration. Mitochon-
drial ATP-production rate was measured in mitochondrial isolates as
described (18) with modification. The ATP content was measured using
bioluminescence assay (Molecular Probes, Eugene, OR) as described
(19). Mitochondrial isolates (0.05 mg of protein) were placed in Clark’s-
type electrode chamber containing respiration buffer (0.4 ml) and
substrates (malate-glutamate). In control (vehicle-treated) mice mito-
chondrial ATP content was measured prior to supplementation of ADP
and at 1 minute after completion of ADP-phosphorylation. In experi-
mental (hyperoxia or pyridaben exposed) littermates, mitochondrial
ATP content was measured before supplementation of ADP and during
ADP phosphorylation, at the time exactly corresponding to the time
point (mean 5 7.2 min) at which control mitochondria were sampled for
ATP-content. Thus, the same period of time was allotted for each
mitochondrial sample to phosphorylate the same amount (100 nmol) of
ADP to ATP. Because respiration buffer was supplemented with Ap5A (an
inhibitor of adenylate kinase), the amount of ATP upon completion of
phosphorylation is expected to be proportional to the amount of ADP
available for phosphorylation. The mean value of ATP yield from 100 nmol
of ADP in mitochondria from vehicle-treated mice (n 5 4) was 118 nmol.
The ATP-production rate was estimated as follows: [ATP-content
measured after supplementation of ADP] – [ATP-content before sup-
plementation of ADP] / [the mean value of time needed to complete
ADP-phosphorylation in control samples]. The ATP-production rate in
experimental (pyridaben- or hyperoxia-exposed) littermates was expressed
as a percentage of mean values (100%) in vehicle-treated controls.

Complex I Activity Assay

Complex I activity was measured spectrophotometrically as rotenone-
sensitive NADH:Q1 reductase (20). The reaction buffer was 2 mM
HEPES (pH 7.8), 100 mM NADH, and 100 mM coenzyme Q1. Frozen–
thawed mitochondria were homogenized in 2 mM HEPES buffer (pH 7.8)
mixed with the reaction buffer in a 96-well plate, and the absorbance
changes at 340 nm were followed for 10 minutes with a plate reader
SpectraMax M5 (Molecular Devices, Sunnyvale, CA). In control incuba-
tions, the reaction buffer was supplemented with 2 mM rotenone. The
activity of C-I was calculated as the difference between the rates of NADH
oxidation (E340

(mM) 5 6.22 3 cm21) in the absence and in the presence of
rotenone and presented in nmoles NADH/min/mg of mitochondrial
protein. A separate cohort of P6 naı̈ve and hyperoxic mice was used for
C-I activity measurement. C-I activity was not measured in three mice
exposed to hyperoxia for 2 weeks due to insufficient sample volume.

Statistical Analysis

Data are expressed as mean 6 SEM. Student’s t test analysis was used for
comparative analysis of alveolarization and mitochondrial function in
study groups at each time point. To compare changes in mitochondrial
function and pulmonary histopathology over the duration of the exper-
iment, one-way ANOVA with Fisher’s post hoc analysis was used.
Values were considered significantly different if P , 0.05.

RESULTS

Morphological Integrity of Mitochondrial Isolate

Electron microscopy of mitochondrial isolates revealed rela-
tively intact fraction of organelles obtained from naı̈ve and
hyperoxic mice (Figure 1B). Comparative analysis for markers
of mitochondrial quantity in the samples obtained from mice
after 2 weeks of hyperoxia and their naı̈ve littermates demon-
strated no quantitative differences in organelles (Figure 1C).

Pulmonary Histopathology and Mitochondrial

Function during Hyperoxia

Histopathologic analysis in naı̈ve P3 mice revealed markedly
underdeveloped lungs at a saccular stage of development (Figure
1D). After 72 hours of exposure, hyperoxic mice exhibited
a significant delay in alveolar development; the RACs in these
(P6) mice was not significantly different from that in P3 naı̈ve
mice (Figures 1D and 1E). In contrast, their age-matched naı̈ve
counterparts demonstrated significantly increased RACs com-
pared with P3 naı̈ve mice and hyperoxic P6 mice (Figures 1D and
1E). This alveolar developmental delay was associated with
significant inhibition of C-I activity, reduction in O2 consumption
rates during resting (State 4), phosphorylating (State 3), and
DNP-accelerated respiration (Figures 2A and 2E). After 72 hours
of hyperoxic exposure, the respiratory control ratio was signifi-
cantly decreased (Figure 2C); however, the ADP:O ratio ex-
hibited only a trend (P 5 0.06) toward reduction (Figure 2D)
compared with their naı̈ve littermates.

After 2 weeks of hyperoxic exposure, mice exhibited signifi-
cantly decreased RACs compared with naı̈ve littermates (Figures
1D and 1E). Of note, the RACs in these hyperoxic P18 mice did
not differ (P 5 0.6) from that in P6 mice subjected to hyperoxia
for 72 hours. In contrast, naı̈ve P18 mice demonstrated age-
appropriate alveolar development (Figures 1D and 1E). Pulmo-
nary mitochondria isolated from mice with arrested alveolarization
continued to demonstrate significantly reduced mitochondrial O2

consumption rates during phosphorylation of ADP and during
respiration accelerated by DNP compared with naı̈ve littermates
(Figures 2A and 2B). The RCR and activity of C-I was also sig-
nificantly reduced compared with naı̈ve littermates (Figures 2C
and 2E). Mice exposed to hyperoxia for 2 weeks (P18) exhibited
significantly poorer coupled oxidative phosphorylation as their
resting (State 4) respiration rate was significantly (P 5 0.004)
greater compared with that in P6 mice subjected to hyperoxia for
72 hours. In contrast, the State 3 and DNP rates were not significantly
different in mice exposed to hyperoxia for 72 hours or for 2 weeks
(Figure 2A). The ADP:O ratio after 2 weeks of hyperoxic
exposure was significantly (P 5 0.0002) decreased compared
with that after 72 hours of hyperoxia (Figure 2D).

Compared with their naı̈ve counterparts, mice subjected to
hyperoxia for 2 weeks and allowed to recover for 3 weeks
demonstrated significantly reduced RAC. However, compared
with the mice exposed to hyperoxia without recovery, these mice
exhibited a significant improvement of their pulmonary alveola-
rization (Figures 1D and 1E). There were no difference in RACs
and mitochondrial function between naı̈ve P18 mice and naı̈ve
P39 mice used as a littermate controls for mice exposed to
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hyperoxia (Groups 2 and 3, Figures 1D and 1E). In parallel with
histologic lung recovery, pulmonary mitochondria in mice
allowed to recover after hyperoxia demonstrated significantly
improved phosphorylating and DNP-accelerated respiration
rates (Figure 2A), RCR, and ADP:O (Figures 2C and 2D)
compared with the mice subjected to hyperoxia without recovery.
Unexpectedly, naı̈ve mice demonstrated a gradual decrease in
their pulmonary C-I activity with advancing postnatal age (Figure

2E). In contrast, hyperoxic mice after 3 weeks of recovery
exhibited a dramatic activation of C-I in their lungs compared
with that in hyperoxic mice without recovery (Figure 2E). Linear
regression analysis in the combined group of mice (hyperoxia for
2 wk 1 hyperoxia for 2 wk and recovery for 3 wk) revealed very
strong correlation (r2 5 0.76) between radial alveolar counts and
C-I activity in pulmonary mitochondria (Figure 2F). Because P6
mice demonstrate a natural ‘‘developmental’’ difference in

Figure 2. (A) Pulmonary mitochondrial respiration rates during phosphorylation of ADP (State 3), after acceleration by DNP (DNP-rate), and during

resting (State 4) respiration in naı̈ve (open bars) and hyperoxia-exposed mice (solid bars) measured: at 72 hours (naı̈ve n 5 4, hyperoxic mice n 5 5),
at 2 weeks (naı̈ve n 5 6, hyperoxic mice n 5 7), and after 3 weeks of recovery (hatched bars, naı̈ve 5 4, hyperoxic mice n 5 4). (B) Representative

recording of mitochondrial respiration in a mouse subjected to hyperoxia for 2 weeks (dashed line) and naı̈ve mouse (solid line). Time-points at which

mitochondria, ADP, and DNP were added are indicated. (C and D) RCR and ADP:O ratio in mice subjected to hyperoxia for 72 hours, 2 weeks (solid
bars), and after 3 weeks of recovery (hatched bar) compared with naı̈ve littermates (open bars). (E) Complex I activity in pulmonary mitochondria

isolated at 72 hours of hyperoxia (solid bar, n 5 5) compared with naı̈ve mice (open bar, n 5 4), at 2 weeks of hyperoxia (solid bar, n 5 5) compared

with naı̈ve mice (open bar, n 5 5), and after 3 weeks of recovery in RA (hatched bar, n 5 4) compared with naı̈ve littermates (open bar, n 5 4). (F )

Correlation between RAC and C-I activity in mice subjected to hyperoxia for 2 weeks (solid circles) and in mice recovered for 3 weeks after 2 weeks of
hyperoxia (hatched circles). All data are mean 6 SEM. *P , 0.01 compared with naı̈ve littermates, **P , 0.01 compared with mice subjected to

hyperoxia for 2 weeks, {P 5 0.04 compared with P6 naı̈ve mice, #P 5 0.004 compared with mice subjected to hyperoxia for 72 hours, *P 5 0.0002

compared with mice exposed to hyperoxia for 72 hours.
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alveolarization compared with P18 or P39 (mice with a completed
alveolarization [12]), P6 mice subjected to hyperoxia were not
included in this analysis.

Direct Inhibition of C-I Results in Arrested Alveolarization

As expected, inhibition of C-I by exposure mice to pyridaben
resulted in significant inhibition of phosphorylating, ADP-
accelerated, and resting respiration rates compared with
vehicle-treated littermates (Figure 3A). The extent of this
mitochondrial dysfunction to generate ATP in mice exposed to
pyridaben for 72 hours was very similar to that observed in mice
exposed to hyperoxia for 72 hours (Figures 3A and 3B). Indeed,
compared with vehicle-treated controls, lung mitochondria from
mice exposed to pyridaben or hyperoxia exhibited significantly
decreased ATP production rates, by 35% and 40%, respectively
(Figure 3B). An extremely tight (r2 5 0.98) correlation was
observed between phosphorylating respiration rate and ATP
production rate in mitochondria isolated from pyridaben- or
hyperoxia-exposed mice and vehicle-treated littermates (Figure
3C). Most importantly, however, exposure to hyperoxia or pyrida-
ben resulted in the same changes in pulmonary phenotype—a
significant delay of alveolar development assessed by RACs and
Lms (Figures 4A–4C). The continuation of pyridaben exposure
for 2 weeks resulted in remarkable simplification of pulmonary
architecture, significantly decreased RACs, and increased Lms
compared with vehicle-treated controls (Figures 4A–4C). This
extended exposure to pyridaben resulted in a significant inhibi-
tion of mitochondrial ATP production rate defined by reduced
ADP-phosphorylating respiration compared with vehicle-

exposed controls (Figures 3A and 4D). However, when pyrida-
ben exposure for 72 hours was followed by 2 weeks of recovery,
pulmonary mitochondria demonstrated a full restoration of ATP-
generating capacity defined by normalization of the ADP-phos-
phorylating respiration rate compared with the age-matched
vehicle-treated mice (Figure 3A). This restoration of mitochon-
drial electron transport chain after 2 weeks of recovery from
pyridaben exposure coincided with normal pulmonary develop-
ment; RACs and Lms in these mice did not differ from that in
their vehicle-treated controls (Figures 4A–4C). After a prolonged
exposure to pyridaben, no significant difference in ADP:O ratio
was detected between pyridaben-exposed mice and their vehicle-
treated controls (Figure 4E).

DISCUSSION

This study investigated how immature lungs lose their ability to
develop in response to exogenous stress. We used hyperoxia to
induce BPD-like changes in immature mice. After 4 weeks of
hyperoxia (65% or 85% O2), mice exhibit histologic and func-
tional changes seen in human neonates with BPD: decreased
alveolarization, respiratory acidosis, increased lung resistance,
and decreased lung compliance (11, 21). Because alveolarization
in mice is completed by 2 to 3 weeks of postnatal age (12), we
shortened hyperoxic exposure to 2 weeks. This study demon-
strates that hyperoxia-induced alveolar developmental arrest is
strongly associated with inhibition of mitochondrial phosphory-
lating respiration, the most effective pathway in generation of
ATP in mammalian cells. In vivo control over the rate of

Figure 3. (A) Respiration rates

in pulmonary mitochondria
isolated from mice subjected

to hyperoxia (solid bar, n 5 8),

pyridaben (hatched bar, n 5 6)

for 72 hours or 2 weeks (n 5 5
in each group) compared with

mice recovered from 72 hours

of pyridaben exposure for

2 weeks (bricked bar, n 5 6).
Data expressed as percentage

of mean values (100%) in

vehicle-treated littermates (n 5

5 for each age group). *P ,

0.05 compared with vehicle

controls, **P , 0.01 compared

with 72 hours of pyridaben
exposure. (B) ATP-production

rate in mitochondria after

72 hours of exposure to pyr-

idaben (hatched bar, n 5 4) or
hyperoxia (solid bar, n 5 5).

Data expressed as percentage

of mean value (100%) in vehi-
cle-treated littermates. (C)

Correlation between phos-

phrylating respiration and

ATP production rates: open cir-
cle, the mean value of State

3 respiration rate in vehicle-

treated mice (n 5 4); hatched

circles, pyridaben; solid circles,
hyperoxia-exposed mice. All

data are mean 6 SEM. *P <

0.03 compared with vehicle-

treated controls.

Rapid Communication 515



phosphorylating respiration is shared between (1) the reactions
generating electrochemical proton gradient (DmH1) (depends on
the activity of proton-pumping electron chain complexes), (2) the
reactions of substrate dehydrogenases (supplying reducing
equivalents for the respiratory chain), and (3) the reactions
consuming the DmH1 (such as ATP-ase and ADP/ATP trans-
locator) (22, 23). In the presence of saturating concentrations of
NAD-linked substrates and phosphate, the maximum respiration
rate in State 3 is not limited by the activity of ATP-phosphory-
lating system (24) or substrate dehydrogenases (25). This means
that in our study a maximum respiration rate in State 3 depended
primarily on the activity of electron chain complexes (26).
Mitochondria isolated from lungs exposed to hyperoxia com-
pared with naı̈ve littermates exhibited a significantly inhibited
respiration during both phosphorylation of ADP and uncoupled
respiration induced by DNP. This indicates that hyperoxia
inhibits electron transport in the respiratory chain and results
in impaired oxidative phosphorylation. This observation is in
agreement with our finding that enzymatic activity of Complex I
is significantly reduced in lung mitochondria isolated from
hyperoxia-exposed mice. Moreover, our study demonstrates
a strikingly tight correlation between Complex I activity and
severity of alveolar developmental arrest. Indeed, when Complex
I in pulmonary mitochondria was inhibited by the exposure to
pyridaben, mice also demonstrated significant delay in alveolar

development. Because pyridaben specifically inhibits C-I activity
and, therefore, electron transport in the respiratory chain, we
expected to find depressed mitochondrial respiration and ATP
production rates using NAD-linked substrates in mice after
pyridaben exposure. The cessation of pyridaben exposure
resulted in significant recovery of mitochondrial function associ-
ated with normalization of alveolar development. In contrast,
mice subjected to pyridaben for an extended period of time
(2 wk) exhibited an arrested alveolarization. It is remarkable that
the degree of alveolar developmental delay and recovery in the
pyridaben-exposed mice was strikingly similar to that in the
hyperoxia-exposed counterparts. The exposure to pyridaben in
this study was designed to obtain direct evidence that mitochon-
drial dysfunction result in alveolar developmental arrest. How-
ever, an inhibiting effect of pyridaben on C-I is not tissue specific.
In this study, mice exposed to pyridaben for 2 weeks demon-
strated a significantly (P 5 0.03) decreased body weight (6.12 6

0.99 g versus 7.39 6 0.52 g) and significantly greater mortality rate
(chi square P 5 0.04) compared with their vehicle-treated
controls. Similarly, hyperoxia-induced lung injury is associated
with poor weight gain and significantly higher mortality rates (11,
21). Thus, the same phenotype—an arrested alveolarization,
pulmonary mitochondrial dysfunction, and retarded growth—has
been induced by two distinctively different experimental chal-
lenges (exposure to hyperoxia or pyridaben). This strongly

Figure 4. (A) Representative images of

lung sections in mice exposed to hyper-

oxia (O2), pyridaben for 72 hours or

2 weeks, and mice allowed to recover after
72 hours of pyridaben exposure compared

with age-matched vehicle-treated con-

trols. Scale bar 5 500 mm. (B and C) RAC
and Lm in mice subjected to hyperoxia

(solid bar, n 5 8), pyridaben (hatched bar,

n 5 6) for 72 hours or 2 weeks (n 5 5), and

in mice after recovery from 72 hours of
pyridaben exposure (bricked bar, n 5 6)

compared with vehicle-treated controls

(open bar, n 5 4 and n 5 6). (D) Recording

of mitochondrial respiration in mouse sub-
jected to pyridaben for 2 weeks (dashed

line) and vehicle-treated littermate (solid

line). Time points at which mitochondria

and ADP were added, and end-points of
ATP production, are indicated. (E) ADP:O

ratio (% of mean value in vehicle-treated

controls, n 5 6) in mitochondria from mice
exposed to hyperoxia for 72 hours (solid

bar, n 5 5), pyridaben (hatched bar, at

72 h n 5 6 and at 2 wk n 5 5), and mice

recovering from 72 hours of pyridaben
exposure (bricked bar, n 5 6). All data are

mean 6 SEM. *P < 0.002 compared with

age-matched vehicle-treated controls, **P <

0.03 compared with P6 vehicle-treated
controls, xP , 0.04 compared with mice

exposed to pyridabed for 2 weeks.
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suggests a pathogenic role of mitochondrial dysfunction in hyper-
oxia-induced alveolar developmental arrest.

It is noteworthy that significantly decreased ADP:O ratio was
observed only after 72 hours of pyridaben exposure. After an
extended (2 wk) exposure to pyridaben, pulmonary mitochondria
exhibited an ADP:O ratio similar to that in vehicle-treated
counterparts. Hyperoxia, however, was associated with markedly
(P 5 0.06) decreased ADP:O ratio at 72 hours, which significantly
(P 5 0.01) worsened after 2 weeks of exposure. The ADP:O ratio
reflects how effectively mitochondrial respiratory chain con-
sumes O2 to phosphorylate ADP to ATP and decreases if
mitochondrial respiration is poorly coupled with phospholylation
of ADP. Hyperoxic exposure for 2 weeks resulted in significant
uncoupling of mitochondrial respiration, which can explain the
altered ADP:O ratio. In our experiments, exposure to pyridaben,
initially, resulted in a significantly (P 5 0.03) poorer respiratory
control ratio compared with vehicle-treated controls (data not
shown). This may explain the significantly reduced ADP:O ratio
in mice exposed to pyridaben for 72 hours. Unexpectedly, after
2 weeks of exposure to pyridaben, those mice that survived this
prolonged exposure to C-I inhibitor demonstrated markedly
improved respiratory control in their lung mitochondria (data
not shown). The continuation of pyridaben exposure for 2 weeks
may have resulted in adaptational changes (e.g., up-regulation of
C-I proteins), which reduced the sensitivity of the respiratory
chain to an inhibiting effect of pyridaben. Indeed, the State 3
respiration rate measured at 2 weeks of exposure was significantly
(P 5 0.01) greater compared with that measured at 72 hours of
pyridaben exposure, while State 4 respiration rate did not (P 5

0.56) differ. Therefore, after 2 weeks of exposure to pyridaben,
mitochondrial respiratory control improved compared with that
in mice exposed to C-I inhibitor for 72 hours, and did not differ
from that in vehicle-treated littermates, which might explain the
unaffected ADP:O ratio. Using rat liver mitochondria, other
investigators reported that exposure to C-I inhibitors significantly
inhibited phosphorylating respiration; however, it had no effect
on the ADP:O ratio (27). We believe that the experiments with
pyridaben provided the most direct evidence to support our
hypothesis because the phosphorylating respiration remained
significantly inhibited at 2 weeks of the exposure. This implies
that the rate of ATP production was significantly slowed,
although the amount of O atoms per phosphorylation of one
mole of ADP was not altered. Indeed, the mitochondrial phos-
phorylating respiration rate (not ADP:O ratio) tightly correlated
(r2 5 0.98) with the rate of ATP production.

A pathogenic link between alveolar simplification and re-
duced ATP production rate is suggested on the basis of data
obtained using lung mitochondria isolated from their natural
environment. In lungs, Ahmad and coworkers reported that
96 hours of hyperoxic exposure to human epithelial-like cells
(A549) in culture resulted in significant depletion of cellular ATP
content, as well as decreased mitochondrial membrane potential
and respiration rates. All of these were associated with growth
arrest and excessive cellular death (9). Of note, hyperoxia has
been shown to be detrimental for pulmonary growth not only
during lung development, but also during compensatory growth
after lobectomy (28).

The mechanism for inhibition of mitochondrial electron trans-
port chain during hyperoxic exposure is uncertain. A study by Li
and colleagues (29) demonstrated that respiration-deficient (r8)
HeLa cells lacking mitochondrial DNA exhibited significantly
better growth rate and viability during exposure to 80% O2

compared with wild-type counterparts. This was accompanied by
reduced production of reactive oxygen species (ROS) from
electron transport chain and intact aconitase activity in (r8) HeLa
cells compared with wild-type HeLa cells (29). This work

provides evidence that enhanced mitochondrial ROS production
may be responsible for the damage (inhibited aconitase activity)
of the mitochondrial matrix. Recently, Morton and coworkers
demonstrated a profound loss of mitochondrial aconitase activity
in lungs obtained from premature baboons with hyperoxia-
induced BPD (30). These data suggest that one of the potential
mechanisms for mitochondrial dysfunction in our model is intra-
mitochondrial oxidative damage.

Unexpectedly, we found that C-I activity was highest in P6
naı̈ve mice and gradually declined with age, being significantly
lower in P39 mice compared with P6 mice. We were not able to
find data on C-I activity and pulmonary development. In murine
heart, kidney, and muscle, the activity of C-I was reported to be
the highest in young animals with a gradual reduction with the
age (31–33). In humans, C-I activity in muscle mitochondria was
greater in premature neonates compared with older infants and
children (34). Of note, in our model a dramatic surge in C-I
activity coincided with active alveolar redevelopment during
recovery from hyperoxic stress. Considering (1) a very tight
correlation between C-I activity and RACs in hyperoxia-
exposed mice, and (2) the ability of pyridaben to delay
alveolarization, we propose that the C-I plays a critical role in
mitochondrial support for pulmonary development.

In this study we examined a heterogeneous population of
mitochondria derived from a variety of cells. We assumed that
mitochondria in our isolates mostly represented organelles from
epithelial-type cells, as these cells are abundant in the developing
lungs. However, it is possible that some mitochondria derived
from endothelial cells. Experiments using isolated pulmonary
endothelial (35) and epithelial-like cells (9) demonstrated results
very similar to ours. The immunoblot analysis of mitochondrial
isolates revealed no difference between naı̈ve and hyperoxic
mice, suggesting that hyperoxia did not affect mitochondrial
integrity. It has been reported that in rats, severe (FIO2

. 0.95)
hyperoxic exposure for 48 hours did not change the number of
mtDNA copies and the ratio between nuclear and mitochondrial
DNA (36). This implies a stability of the mitochondrial count in
response to hyperoxia. Thus, in our experiments the difference in
mitochondria between experimental and control mice is only
functional, and not quantitative.

In conclusion, our report is the first to demonstrate that lungs
from neonatal mice exposed to hyperoxia exhibit mitochondrial
dysfunction in ATP production, which has tight temporal re-
lationship with alveolar developmental arrest and recovery.
Moreover, a direct inhibition of mitochondrial oxidative phos-
phorylation resulted in the same histopathologic changes in
lungs—alveolar developmental arrest. Thus, this study provides
a line of evidence for the mechanistic role for mitochondrial
bioenergetic failure to maintain normal lung development in
neonates with BPD.
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