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ABSTRACT: The optimal oxygen concentration for the resuscita-
tion of term infants remains controversial. We studied the effects of
21 versus 100% oxygen immediately after birth, and also exposure
for 24 h to 100% oxygen, on oxidant lung injury and lung antioxidant
enzyme (AOE) activities in term newborn lambs. Lambs at 139 d
gestation were delivered and ventilated with 21% (RAR) or 100%
(OXR) for 30 min. A third group of newborn lambs were ventilated
with 100% O2 for 24 h (OX24). Oxidized glutathione levels in whole
blood were significantly different among the groups with lower
values in the RAR group, and these values correlated highly with
partial pressure of arterial oxygen (PaO2). The reduced to oxidized
glutathione ratio was significantly different among the groups, the
ratio decreasing with increasing oxygen exposure. Lipid hydroper-
oxide (LPO) activity was significantly higher in the OXR and OX24
groups. AOE activity was higher in the whole lung and in red cell
lysate in the OX24 group. Increased myeloperoxidase (MPO) activ-
ity, percent neutrophils, and proteins in lung lavage suggested in-
flammation in the OX24 group after maximal oxygen exposure. We
conclude that even relatively brief exposure of the lung to 100%
oxygen increases systemic oxidative stress and lung oxidant injury in
ventilated term newborn lambs. (Pediatr Res 67: 66–71, 2010)

The fetal lung is exposed to an abrupt increase in ambient
oxygen tension at the time of birth. This results in oxida-

tive stress in infants soon after birth (1,2). Factors such as free
radical generation from oxygen exposure, inflammation, and
lower antioxidant stores may result in exaggeration of this
oxidative stress response. Experimental resuscitation with
100% oxygen compared with room air has been associated
with the generation of oxygen radicals (3). Although there are
no data on the danger of short-term exposure to 100% oxygen,
studies of reperfusion after hypoperfusion states suggest that
this is precisely the time when oxygen toxicity from free
radicals is likely to occur (4). Although, traditionally, neonatal
resuscitation has been performed with 100% oxygen, current
evidence is insufficient to resolve all questions regarding
supplemental oxygen use in neonatal resuscitation (5). Studies
in asphyxiated term infants have shown that 100% oxygen
resulted in hyperoxemia and significantly higher oxidative

stress compared with room air resuscitation (RAR) offering
no additional benefit to these infants at least in the short
term (6).

We have shown previously that in term newborn lambs, the
use of 100% oxygen for the first 30 min after birth during the
typical resuscitation period results in an increased contractility
response in pulmonary arteries isolated at 24 h of age (7). We
have also shown that ventilation with 21% O2 results in a rapid
reduction in pulmonary vascular resistance and does not in-
terfere with subsequent vasodilation to NO and acetylcholine,
whereas resuscitation with 100% O2 impairs vasodilation to
these agents (8). Because oxidative stress influences apoptosis
and cell growth (9), oxygen exposure may have long-term
consequences on growth and development. The effect of vary-
ing concentrations of supplemental oxygen in a hyperoxic
nonasphyxiated model on oxidant stress, inflammation, and
antioxidant enzymes (AOE) is not clear.

We hypothesized that exposure to room air rather than
100% oxygen soon after birth for 30 min would decrease
systemic and lung oxidant stress and longer exposure to
supplemental oxygen (24 h) would worsen oxidant lung injury
and lung inflammation in ventilated newborn lambs. Lambs
resuscitated with 100% oxygen had systemic oxidative stress
and free radical damage comparable to the room air group, and
exposure to supplemental oxygen for 24 h (OX24) resulted in
significant oxidant stress, inflammation, and up-regulation of
AOE activity in the lung.

METHODS

We compared the effects of 30 min of 100% oxygen versus 21% oxygen
followed by ventilation for a total of 24 h in term newborn lambs targeting
partial pressure of arterial oxygen (PaO2) levels of 45 to 65 mm Hg, and, in
a third group, exposure to 100% for 24 h. The study was approved by the
Institutional Animal Care and Use Committee (IACUC) of the University at
Buffalo.

Near-term gestation pregnant ewes at 139 d gestation (term � 145 d) were
brought to the lab animal facility 72 h before the surgery. After 12 h of fasting,
the ewe was intubated and ventilated under Pentothal and Halothane. Lambs
were exteriorized by cesarean section. Systemic arterial and venous access
was established through the carotid artery and jugular vein, respectively. The
lambs were intubated, delivered, and placed on a servo-controlled radiant
warmer. Rectal temperature was maintained between 38.0 and 39.0°C. All
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lambs were ventilated with Servo 300 ventilators (Seimens, Mississauga, ON,
Canada) at a rate of 60 breaths/min, positive end expiratory pressure of 4 and
peak inspiratory pressure (PIP) of approximately 25 cms of H2O (adjusted to
deliver 10 mL/kg tidal volume using a Bicore CP-100 Monitor, Bicore
Monitoring systems, Irvine, CA) (10). Lambs were sedated soon after birth
with Buprenorphine 0.01 mg/kg IV followed by Fentanyl 2 �g/kg IVq2h
PRN. Lambs received a single dose of pancuronium 0.1 mg/kg/dose at birth,
which was repeated only if necessary for vigorous spontaneous movement
despite adequate narcotic sedation (required for two lambs in each group).
I.V. fluids (dextrose 10%; NaCl: 25 mEq/L; KCl: 20 mEq/L; NaHCO3: 10
mEq/L) were administered continuously at 100 mL/kg/d. Arterial blood gases
were done every 5 min for the first 30 min, every 15 min for the next 30 min
and then hourly until sacrifice at 24 h. Ventilator settings were adjusted to
maintain partial pressure of arterial carbon dioxide (PaCO2) between 35 and
50 mm Hg. Any change in ventilation parameters was followed by a blood gas
within 30 min.

The lambs were assigned randomly to one of three groups before delivery:
1) Lambs ventilated in 21% oxygen for 30 min (“Room Air Resuscitated,” or
the RAR group); 2)Lambs ventilated initially in 100% oxygen for 30 min
(“Oxygen Resuscitated,” or the OXR group); 3) Lambs ventilated in 100% for
24 h (OX24). In the RAR and OXR groups, FiO2 was adjusted after 30 min
to maintain PaO2 between 45 and 65 mm Hg. The FiO2 weaning protocol for
the OXR group is described elsewhere (7). PIP was adjusted to maintain
PaCO2 of 35 to 50 mm Hg and pH of 7.35 to 7.45. PIP was weaned
aggressively to avoid overdistension of the lung based on chest movement and
PaCO2.

Hypotension (mean blood pressure � 35 mm Hg) was treated with normal
saline and sodium bicarbonate was administered for a base excess ��8
mEq/L. Blood was collected at prebirth, 30 min, 4 h, and 24 h after birth for
measurement of reduced glutathione (GSH) and oxidized glutathione (GSSG).
Lambs were killed at 24 h of life with 100 mg/kg i.v. Nembutal and heart and
lungs were removed enbloc at peak inspiration. Lung tissue was perfused with
heparinized PBS. Perfused lung tissue was weighed, homogenized in assay
buffer, centrifuged, and the supernatant was stored at �80°C. Pulmonary
edema was assessed by wet to dry weight ratio of the lung. A piece of right
lung (always the cardiac lobe) was cleaned, weighed, and then air-dried for 2
wk. The lung was reweighed for estimation of dry weight. Right upper lobe
was lavaged with 50 mL of Ringer’s lactate, centrifuged at 850 rpm for 11
min to separate the supernatant and the cell pellet. The cell pellet was
resuspended in PBS and an aliquot was used for total and differential count.
Total cell count was determined using a standard Neubauer hemocytometer.
Differential count was performed by counting cells on cytospin preparations
of resuspended cell pellet stained with Diff-Quik kit (Fisher Scientific,
Pittsburgh, PA). Total protein in the lung and in the lavage was quantified by
the Lowry method (11).

Measurement of GSH and GSSG. GSH and GSSG samples were shipped
on dry ice to Oxis Research for measurement of GSH/GSSG ratio using a
Bioxytech GSH/GSSG-412 assay kit (Oxis Research Assay Service, Portland,
OR). GSSG samples were prepared by adding 10 �L M2VP (1-methyl-2-
vinylpyridium trifluoromethanesulfonate, a thiol scavenger) to 100 �L of
whole blood. Complete scavenging of GSH was accompanied in less than a
minute by M2VP. Total GSH (GSHt) was measured in 50 �L of whole blood.
The method uses Ellman’s reagent, which reacts with GSH to form a
spectrophotometrically detectable product at 412 nm. GSSG was determined
by reduction of GSSG to GSH, which is then determined by the reaction with
Ellman’s reagent. Reduced GSH is the difference between GSHt and GSSG.

Lipid hydroperoxide and myeloperoxidase measurements. Perfused lung
tissue was homogenized in 10 mL of 4-mM butylated hydroxytoluene and
10-mM PBS per gram tissue. The samples were centrifuged at 10,000 � g for
15 min. The resultant supernatant was then analyzed using a direct colori-
metric measurement kit for lipid hydroperoxides (LPOs) (Bioxytech LPO-
560). For measurement of myeloperoxidase (MPO) activity lung tissue and
lavage cell pellet were homogenized in MPO buffer and centrifuged at
40,000 � g for 25 min. MPO was measured in the supernatant using a
spectrophotometric reaction with o-dianisidine hydrochloride as a substrate.
The reaction was stopped with 1% sodium azide and the absorbance read at
450 nm in a spectrophotometer. The results were obtained with Softmax-Pro
4.3. MPO activity was expressed as units/mg protein.

AOE activities in the lung and red blood cell lysate. Lung tissue was
homogenized in 10 mL of superoxide dismutase (SOD) buffer (cold 20 mM
HEPES buffer, containing 1 mM EDTA, 210 mM mannitol, and 70 mM
sucrose) per gram tissue, centrifuged at 1500 � g for 5 min, and the resultant
supernatant was assayed for SOD activity using a commercially available kit
(Catalog No. 706002, Cayman Chemicals, Ann Arbor, MI). The SOD assay
measured total SOD activity. For the catalase assay, the tissue was homoge-
nized in 10 mL of 50 mM potassium phosphate, containing 1 mM EDTA per
gram tissue. The homogenized tissue was centrifuged at 10,000 � g for 15

min. The supernatant was assayed for catalase activity using an assay kit
(Catalog No.707002, Cayman Chemicals, Ann Arbor, MI). For glutathione
peroxidase (GP) activity, the tissue was homogenized in 10 mL buffer
containing 50 mM Tris-HCl, 5 mM EDTA, and 1 mM DTT per gram tissue
and then centrifuged at 10,000 � g for 15 min. The resultant supernatant was
then assayed for GP activity using a commercially available kit (Catalog
No.703102, Cayman Chemicals, Ann Arbor, MI). For measurement of red
cell AOE activities, whole blood was collected in heparinized tubes at prebirth
and at 24 h. The tubes were centrifuged at 1000 � g for 10 min and red cells
were pipetted into Beckman centrifuge tubes. Then, they were diluted with
four volumes of water and allowed to stand on ice for 10 min for lysis to
occur. The tubes were then centrifuged at 10,000 � g for 15 min. The
supernatant was then assayed for AOE activities as described above.

All data are expressed as mean � SEM, with n representing the number of
animals studied (n � 5 in each group). Statistical analysis was done using
ANOVA and linear regression analysis. Fisher’s posthoc test was used to
compare groups. Mixed modeling was used to study the effects of groups and
time on GSH, GSSG, and GSH/GSSG ratio. A p value of �0.05 was
considered significant.

RESULTS

Oxygen exposure and arterial oxygenation. As designed,
the FiO2 was initially disparate, but then there was no differ-
ence in FiO2 between RAR and OXR groups after the first 2 h
of life (Fig. 1). Lambs in both the RAR and OXR groups
required 25 to 30% oxygen to maintain PaO2 of 45 to 65 mm
Hg for the duration of the study. The arterial PO2 in the first 30
min in the OXR group varied between 259 (�48) and 334
(�70) mmHg (Fig. 2). PaO2 in the RAR group in the same
30-min period was between 35 (�11) and 50 (�12) mmHg
(Fig. 2). There was no significant difference in PaO2 between
OXR and RAR groups after the first 2 h of life. As designed,
the PaO2 in the OX24 group was between 327 (�31) and 472
(�55) mmHg for the duration of the study. There was no
difference in the mean airway pressure at the beginning (30
min) and at the end of the study (24 h) among the three groups
(Table 1). There was no significant difference in PaO2, PaCO2,

and pH values between RAR and OXR groups in the first 30
min of life. Despite differences in initial FiO2, no differ-
ences were noted in pH, base deficit, or PaCO2 between the
two resuscitation groups over the 24-h period (Table 1).

Figure 1. Three groups of lambs based on oxygen exposure are shown with
FiO2 along the y axis and time since birth along x axis. Term lambs were
ventilated with 21% oxygen (RAR—open circles); or in 100% oxygen
(OXR—closed squares) for the first 30 min of life. Subsequently, oxygen was
adjusted to maintain PaO2 of 45 to 65 mm Hg for 24 h in both the groups.
Lambs ventilated with 100% for 24 h (OX24-closed triangles) were studied
for comparison (n � 5 in each group; values represent mean � SEM). There
was no significant difference in FiO2 between the RAR and OXR groups after
the first 2 h of life.
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Significant hypotension requiring neither volume nor met-
abolic acidosis requiring bicarbonate occurred in any of the
lambs.

GSH/GSSG ratio. GSH levels were not significantly dif-
ferent among the groups over 24 h by mixed modeling.
However, GSSG levels in the blood were significantly differ-
ent among the groups with lower values in the RAR group and
higher values in the OX24 group (Mixed modelling—group
effect: p � 0.019; time effect: p � 0.0001). The GSH/GSSG
ratio was significantly different among the groups over time
with higher ratios in RAR group and a lower ratio in OX24
group (Fig. 3A) (Mixed modeling—group effect: p � 0.0117;

time effect: p � 0.0001). The GSSG values after birth (30 min,
4 h, and 24 h) were directly correlated to arterial PO2, inde-
pendent of the group assignment by linear regression (Fig. 3B)
(p � 0.01).

AOE activity in the lung and red blood cell lysate. The
total SOD and GP activity in the lung was significantly higher
in the OX24 group compared with the RAR group and the
catalase activity was higher in the OX24 group compared with
the RAR and OXR groups (Fig. 4). The AOE activities in the
lung were not different between RAR and OXR groups. AOE
activities directly correlated with alveolar PO2, independent of
the group assignment by linear regression (SOD—R2: 0.678;
p � 0.0001; Catalase—R2: 0.271; p � 0.046; GP—R2: 0.385;
p � 0.0237). AOE activities in red blood cell (RBC) lysate
were higher at 24 h compared with prebirth in the OX24 group
(SOD and GP) (Fig. 5). SOD activity at 24 h in the OX24
group was higher compared with the RAR group. Similarly,
GP activity in OX24 and OXR group at 24 h was higher
compared with the RAR group.

LPO and MPO activities. Lung LPO, a marker of cell
membrane damage was higher in OXR and OX24 groups
compared with the RAR group (Fig. 6A). MPO activities in
the lung and in the lavage supernatant were not different
among the groups (Table 2). OX24 group had a significantly
higher MPO activity in lavage cell suspension compared with
the other groups (Table 2).

Cell counts, total protein, and lung wet to dry weight
ratios. There was no difference in total cell count among the

Figure 2. Arterial PO2 in the three groups of lambs studied are shown with
PaO2 along y axis and time since birth along x axis (RAR—open circles;
OXR—closed squares; OX24—closed triangles). PaO2 after 21% (RAR) or
100% (OXR) ventilation in the first 30 min is shown in detail. There was no
significant difference in PaO2 between RAR and OXR groups after the first 2 h
of life. OX24 group had a higher arterial PO2 by design (values represent
mean � SEM).

Table 1. Baseline characteristics, ventilation and arterial blood
gas parameters of lambs resuscitated in 21% oxygen (RAR), 100%

oxygen (OXR) and ventilated in 100% for 24 h (OX24)

Characteristic
RAR group

(N � 5)
OXR group

(N � 5)
OX24 group

(N � 5)

Birth weight (gms) 3,445 � 304 3,285 � 396 3,004 � 241
Sex—males (%) 3 (60%) 2 (40%) 3 (60%)
MAP (30 min) 8.9 � 0.4 9.4 � 0.4 8.9 � 0.2
MAP (24 h) 7.4 � 0.5 7.4 � 0.5 7.5 � 0.3
ABG—6 h

pH 7.35 (0.03) 7.35 (0.05) 7.43 (0.03)
PCO2 (mm Hg) 44 (5) 45 (6) 34 (2)
PaO2 (mm Hg) 74 (5) 79 (9) 369 (6)
BD �2.3 (0.9) �2 (1.2) �3.2 (1.0)
FiO2 0.28 (0.02) 0.28 (0.02) 1.0

ABG—12 h
pH 7.33 (0.04) 7.28 (0.04) 7.37 (0.03)
PCO2 (mm Hg) 42 (4) 43 (3) 41 (3)
PaO2 (mm Hg) 67 (5) 58 (8) 372 (7)
BD �3.3 (2.3) �5.7 (1.5) �3 (1.0)
FiO2 0.26 (0.02) 0.25 (0.02) 1.0

ABG—24 h
pH 7.36 (0.03) 7.33 (0.01) 7.43 (0.01)
PCO2 (mm Hg) 45 (2) 45 (2) 37 (1)
PaO2 (mm Hg) 56 (6) 67 (3) 472 (4)
BD 0.6 (1.0) 0.1 (0.1) 0.6 (0.5)
FiO2 0.21 (0.01) 0.30 (0.02) 1.0

Values are expressed as mean (SEM) in all the groups (n � 5).
MAP, mean airway pressure.

Figure 3. A, The figure represents GSH to GSSG ratio over time at all time
points (0 min, 30 min, 4 h, and 24 h) in the three groups (RAR—open circles;
OXR—closed squares; OX24—closed triangles). Values represent mean �
SEM (n � 5 in each group). The ratio was significantly correlated among the
groups with a higher ratio in the RAR group (Mixed modeling for GSH/GSSG
ratio—group effect: p � 0.0117; time effect: p � 0.0001). B, Represents a
linear regression plot of GSSG (y axis) vs arterial PO2 (x axis) of all the post
birth data points (30 min, 4 h, and 24 h) of all the groups combined. Plasma
GSSG concentration was directly correlated with arterial PO2 independent of
the groups (R2 � 0.12; p � 0.01).
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groups. OX24 group had significantly higher percent neutro-
phils on differential count (Table 3). There was no difference
in the differential count between RAR and OXR groups.
OX24 group also had higher protein content in lung lavage
among the groups (Table 3). Lung wet to dry weight ratios
were significantly higher in the OX24 group compared with
the other groups (Fig. 6B).

DISCUSSION

Ventilation with room air in healthy term lambs neither
resulted in metabolic acidosis nor significant changes in pH or
pCO2 compared with 100% O2 ventilation in the first 30 min
of life. These results were similar to that reported previously
in preterm lambs (12). The mean FiO2 was 0.21 to 0.25 in the
RAR group and 0.24 to 0.30 in the OXR group beyond the
first hour of life. These lambs were near term, required
sedation and ventilated with an endotracheal tube in place
which could explain this minimal oxygen requirement after
birth. Oxidative stress is caused by an imbalance between the
production of reactive oxygen species (ROS) and the biologic
system’s ability to detoxify these with the help of antioxidants.
One of the molecules contributing to oxidative stress is a large
decrease in the reducing capacity of cellular redox couples,
such as glutathione (13). Reduced GSH is the one of the most
important intracellular scavengers of free radicals and de-
creased GSH levels and increased GSSG levels may reflect

Figure 4. AOE activities in the lung after hyperoxia in term newborn lambs. SOD (A), catalase (B), and glutathione peroxidase (C) activities in the lung in RAR
(unfilled bars), OXR (gray bars), and OX24 (black bars) groups are shown. Values represent mean � SEM (n � 5 in each group). *p � 0.05 vs RAR; †p 0.05
vs RAR and OXR group, ANOVA, Fisher posthoc test.

Figure 5. SOD (A), catalase (B), and glutathione peroxidase (C) activities were measured in RBC lysate in the three groups. Prebirth (unfilled bars) and 24 h
(black bars) values (mean � SEM) for all groups shown. ¶p � 0.05 vs prebirth OX24; ‡p � 0.05 vs corresponding RAR and OXR groups; †p � 0.05 vs
corresponding prebirth; *p � 0.05 vs corresponding RAR; ANOVA, Fisher posthoc test.

Figure 6. Lung injury markers in term lambs after hyperoxia. LPO (A) and
wet to dry weight ratios of the lung (B) in RAR (unfilled bars), OXR (gray
bars), and OX24 (black bars) groups are shown (mean � SEM). *p � 0.05
vs RAR; †p � 0.05 vs RAR and OXR groups; ANOVA, Fisher posthoc test.

Table 2. Myeloperoxidase activity in lung homogenate and in LL
in lambs exposed to different levels of oxygen

Groups
Lung

homogenate
Cell free LL
(supernatant)

Lavage cell
pellet

RAR 48.8 (�9.4) 46.8 (�9.1) 232 (�13)
OXR 44.9 (�14.6) 55.5 (�11.5) 222 (�5)
OX24 43.9 (�4.1) 51.5 (�4.2) 345 (�19)*

LL MPO was measured in supernatant (cell free LL) and in cell pellet (LL
cell suspension). MPO activity in lung homogenate is expressed as units/mg
lung protein and as units/mg protein of LL.

Data are expressed as mean � SEM.
* p � 0.05 vs RAR and OXR groups (ANOVA, Fisher posthoc test).
LL, lung lavage.
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depletion of antioxidant reserve (13). The GSH/GSSG ratio
decreases 15- to 20-fold through the fetal-neonatal-adult tran-
sition in isolated hepatocytes in fetal and newborn rat liver and
this was mainly due to an increase in GSSG (14). In our
studies, GSSG increased and the glutathione redox ratio
(GSH/GSSG) decreased over the first 24 h after birth irrespec-
tive of the grouping suggesting that transition to early neonatal
life soon after birth is an oxidative stressful event. GSSG
levels increased and the glutathione redox ratio decreased
among the groupings based on oxygen exposure, suggesting
the role of free radicals in the production of GSSG. GSSG was
also correlated independently with arterial PO2 irrespective of
the grouping indicating that hyperoxia contributed to oxida-
tive stress in these newborn lambs. Oxygen at the time of birth
may add to the physiologic oxidative stress soon after delivery
(6,15). In term human newborns, infants resuscitated with
100% oxygen exhibited higher GSH/GSSG ratios, even at 4
wk of age, suggesting prolonged oxidative stress compared
with those resuscitated in room air (16).

AOE activities in the lung and RBC lysate give a measure
of body’s antioxidant activity defenses to a pro-oxidant situ-
ation resulting from production of free radicals. The increase
in AOE activity in the OX24 group suggests that these lambs
had an appropriate response to a pro-oxidant situation in the
lung. This implies that in the immediate newborn period, the
elevation of oxidative stress markers such as GSSG and LPO
and AOE activities are related to amount and the duration of
oxygen at least in the first 24 h of life. As the percent alveolar
exposure to oxygen was higher (100%) in the OX24 group, we
speculate that the increase in the activity of the major AOEs in
the lung may be related to the amount of alveolar oxygen
exposure in term lambs. Susceptibility of the lung to oxidative
injury depends largely on the ability to up-regulate ROS
scavenging systems (17). SOD activity was significantly
higher in the OX24 group in the lung and RBC lysate com-
pared with the other two groups. Catalase in RBC lysate and
GP in the tissues measured were not significant at 24 h and
hence is of little clinical interest. The differential response in
terms of AOE activities to hyperoxia may mean mechanisms
underlying their regulation are also different. Our interpreta-
tion of the activity data are limited by the lack of mRNA and
protein data, which could have given more information on
mechanisms regulating AOE expression. In a time course
similar to the maturation of the surfactant system, fetal lung
AOE activity, specifically SOD, catalase and GP increases
during the final 15 to 20% of intrauterine life (18). Term lambs
can induce AOE activity at 24 h in the presence of maximal
hyperoxia, suggesting the maturation of these pathways. Pre-

term newborn lambs fail to up-regulate AOE activities at 24 h
in contrast to term lambs (12). The response of AOE activity
in the lung to the presence of hyperoxia varies in different
species. Major AOE activities do not increase in response to
hyperoxia in adult rabbits (19), whereas adult rats exposed to
80 to 85% oxygen demonstrate an increase in AOE activity
(20). Similar to lambs in our experiments, newborn rabbits
induce AOE activity in response to hyperoxia unlike prema-
ture rabbits (21). Extracellular AOEs are induced rapidly and
in proportion to oxidative stress (22), relative to intracellular
AOEs. Exposure to �95% in adult rats and baboons for 48 h
decreases MnSOD activity and this decrease was not due to
failure to increase MnSOD mRNA, but rather due to impaired
translational efficiency (23). Unfortunately, no clinical studies
demonstrate that delivering antioxidants provide clear evi-
dence of protection against lung injury. Despite relatively
higher PaO2 than in any clinical circumstances in the OX24
group, oxidative stress markers such as GSSG and LPO are
modestly elevated compared with other groups, suggesting
that there are other signaling mechanisms that may be impor-
tant within the cell in the presence of hyperoxia.

Maximal oxygen exposure in the presence of ventilation
causes inflammation of the newborn lamb lung (high protein
in lavage; high MPO in cell pellet). The methodology adopted
for wet-dry weight ratio could have resulted in an incomplete
drying process and hence the difficulty in interpreting lung
edema. Even though we have shown that oxidative stress
markers such as GSSG and LPO are elevated, it is not clear
whether they are derived from lung cells under hyperoxia or
from the phagocytes invading the lung as part of the inflam-
matory process induced by hyperoxia (24). In this model,
inflammation from the effects of lung injury from ventilation
as such is not possible to be differentiated from a pro-oxidant
situation resulting from oxygen exposure, but ventilation was
used in all the three groups. Hyperoxia has been shown to
increase ventilator-induced lung injury, neutrophil influx into
the lung and MIP-2 production (25). In rats exposed to high
tidal volume ventilation, total lung neutrophil infiltration and
MIP-2 in bronchoalveolar lavage were significantly elevated
in room air or hyperoxia, but hyperoxia markedly augmented
the migration of neutrophils into the alveoli (26). Lambs in all
the groups were managed with similar ventilator strategies,
but lambs exposed to 24 h of oxygen had a higher neutrophil
response, suggesting hyperoxia in these lambs augmented
neutrophil infiltration into the lung.

Numerous studies of hypoxia followed by reoxygenation
have demonstrated the detrimental effects of resuscitation with
100% oxygen (27–29). Reoxygenation with �40 to 60%

Table 3. Total cell count, differential count, and total proteins in LL in newborn lambs exposed to varying levels of oxygen

Groups Total WBC count (cells/mm3) Neutrophils (%) Macrophages (%) Lymphocytes (%) Total protein (mg/mL)

RAR 6,278 (�1,600) 26 67 7 0.39 (�0.04)
OXR 7,103 (�2,080) 28 63 9 0.47 (�0.07)
OX24 9,576 (�1,340) 43* 45 12 0.62 (�0.08)*

Differential count is expressed as a percentage of the 100 cells seen. Total proteins expressed in mg/mL.
Data are expressed as mean � SEM.
* p � 0.05 vs RAR and OXR group (Fisher posthoc test).
LL, lung lavage.
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oxygen causes increasing oxidative stress in newborn piglets
after hypoxia (29). Resuscitation with 100% oxygen increases
cerebral injury in newborn piglets (28) and cerebral inflam-
matory response in newborn sheep (27). Our study was a
hyperoxygenation model without preceding hypoxia. A brief
exposure to 100% oxygen induces oxidative stress and a more
prolonged exposure to lung inflammation and oxidant lung
injury even without a preceding hypoxic event. It would be
interesting to note whether reoxygenation in the presence or
absence of hypoxia would alter oxidative stress in the lung and
other vital organs such as the brain, although that was not the
intent of the current study. We agree that most term infants are
not resuscitated in the absence of asphyxia, which is a major
limitation of the study. The duration of “experimental resus-
citation” was 30 min, which would not be the case in a real
time setting in the delivery room. However, before blenders
were more widely available, 30 min would not be an unusual
length of time for exposure to 100% oxygen.

In conclusion, in this model of varying exposure to supple-
mental oxygen in term lambs, OXR lambs had evidence of
systemic oxidative stress over time and cell membrane dam-
age at 24 h compared with the RAR group. Newborn lambs
exposed to maximal oxygen had systemic oxidative stress,
damage to cell membranes and higher activities of AOEs in
response to a pro-oxidant situation and evidence of inflamma-
tion in the lung.
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