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Plasma 8-Isoprostane Is Increased in Preterm
Infants Who Develop Bronchopulmonary
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ABSTRACT

Our aim was to assess the plasma free 8-epi—prostaglandin
F,, (8-isoprostane) and ascorbyl radical as risk indicators for
oxidative damage in extremely low birth weight infants (ELB-
WIs) and the effect of N-acetylcysteine (NAC) on these markers.
Plasma samples were collected on days 3 and 7 of life from
infants who were enrolled in a randomized, controlled trial in
which i.v. NAC or placebo was administered to ELBWIs during
the first week of life, with the aim of preventing bronchopulmo-
nary dysplasia (BPD). Plasma 8-isoprostane was analyzed in 83
infants using an enzyme immunoassay kit. Ascorbyl radical
concentration was measured in 61 infants with electron spin
resonance spectroscopy. The 8-isoprostane concentrations were
similar in the NAC and placebo groups. In infants who later
developed BPD or died (n = 29), the median (range) 8-isopros-
tane concentration was significantly higher (p = 0.001) on day 3
and day 7 [50.0 pg/mL (19-360) and 57.0 pg/mL (14-460),
respectively] than in survivors without BPD [n = 54; 34.5 pg/mL
(5-240) and 39.5 pg/mL (7—400), respectively]. The 8-isopros-
tane levels increased significantly more (p < 0.05) in infants who
later developed periventricular leukomalacia. NAC treatment or
the later development of BPD was not related to the ascorbyl

Free radical generation and oxidative injury have been im-
plicated as causal factors in several complications of prematu-
rity, such as bronchopulmonary dysplasia (BPD), retinopathy
of prematurity (ROP), necrotizing enterocolitis (NEC), intra-
ventricular hemorrhage (IVH), and periventricular leukomala-
cia (PVL) (1). Despite improved perinatal care, BPD remains
one of the most important causes of long-term morbidity after
preterm birth (2). Oxygen therapy and inflammatory neutrophil
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radical levels. The ascorbyl radical level decreased significantly
in all groups from day 3 to day 7, but the difference between the
groups was not significant. The mean (SD) ascorbyl radical level
on day 3 was significantly higher (p < 0.01) in infants who later
developed periventricular leukomalacia [287 (124) versus 194
(90)]. These data suggest that plasma 8-isoprostane could serve
as a marker in assessing the risk for BPD development in
ELBWIs. (Pediatr Res 56: 88-93, 2004)

Abbreviations
8-isoprostane, 8-epi—prostaglandin F,
BPD, bronchopulmonary dysplasia
ELBWI, extremely low birth weight infant
IVH, intraventricular hemorrhage
MDA, malondialdehyde
NAC, N-acetylcysteine
NEC, necrotizing enterocolitis
PVL, periventricular leukomalacia
ROP, retinopathy of prematurity
ROS, reactive oxygen species

activation are considered important in increasing the produc-
tion of reactive oxygen species (ROS) and the release of
proinflammatory cytokines resulting in abnormal lung devel-
opment. Evidence for increased oxidant production and oxi-
dant-induced macromolecular damage has been demonstrated
during the first week of life in infants who develop BPD (2,3).
Increased levels of volatile lipid peroxidation products have
been shown to correlate with poor respiratory outcome and
death in very low birth weight infants (4).

Preterm newborn infants are considered vulnerable to oxi-
dative stress because of deficient antioxidant capacity. Even
though the enzymatic antioxidant defenses of preterm infants
seem relatively well developed, with the exception of catalase
(5), the other antioxidant mechanisms are less well developed.
Preterm infants have relative glutathione deficiency, inversely
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correlated with gestational age (6), and also lower plasma
cysteine levels when compared with term infants (7). Further-
more, low levels of selenium, a component of glutathione
peroxidases, have been shown in preterm infants (8). Glutathi-
one acts both as a cosubstrate in peroxidase reactions and as a
direct scavenger of reactive oxygen species.

Because oxidative stress is considered important in the patho-
genesis of the complications of prematurity, several trials of
antioxidant supplementation have been performed to improve the
outcome of preterm infants (9—12). However, no or only minor
beneficial effects on the clinical outcome have been achieved so
far. N-acetylcysteine (NAC) is a precursor of cysteine and by
itself a free radical scavenger (13). It has been shown to enter the
cell and to be deacetylated to cysteine (14), which can replete
intracellular glutathione. In adults with adult respiratory distress
syndrome, NAC treatment reduced lung injury in some studies
(15,16) but not in others (17). We carried out a randomized,
multicenter, controlled trial to test the hypothesis that NAC ad-
ministration during the first week of life would decrease the
incidence of BPD in extremely low birth weight infants (ELB-
WIs). However, no difference was found in the incidence of BPD
or death in the NAC-treated infants (n = 194) compared with
placebo-treated infants (n = 197) (18).

Despite increasing indirect evidence of the role of oxidative
injury in preterm infants, no clinically applicable specific indicator
of oxidative stress is available for defining risk group infants or
the effect of antioxidant therapy. F2-isoprostanes are a series of
prostaglandin F2-like compounds produced in vivo independent
of cyclo-oxygenase, as products of the radical-catalyzed lipid
peroxidation. Measurement of F2-isoprostane concentrations has
proved to be valuable in assessing oxidative stress in vivo, because
they are specific products of lipid peroxidation. They are also
stable compounds, present in all normal biologic fluids in detect-
able quantities, and they have been shown to increase in animal
models of oxidant injury (19). Of the F2-isoprostanes, 8-epi—
prostaglandin F,,, (8-isoprostane) is one of the most abundant in
humans. In term infants with severe respiratory failure, increased
concentration of 8-isoprostane in tracheal aspirates has been found
during the first 2 d of life (20).

An alternative way to demonstrate formation of free radicals
is to measure stable radicals by means of spin trap analysis.
When ascorbic acid, also an effective antioxidant, or its anion
ascorbate reacts with a radical as a reducing agent, the transfer
of one electron results in the formation of semi-dehydroascor-
bate radical (ascorbyl radical), a relatively stable radical with a
biologic half-life of 30—60 min but stable at freezing temper-
ature. It can be demonstrated and quantified in the tissue or
plasma because of its characteristic electron spin resonance
spectrum. The aim of the present study was to assess plasma
8-isoprostane and ascorbyl radical as indicators for the devel-
opment of BPD or other ROS-related complications of prema-
turity in ELBWIs and the potential effects of i.v. NAC on these
markers of oxidative stress.

METHODS

Subjects. Preterm infants who had a birth weight from 500
to 999 g and needed ventilatory assistance, either ventilator or

nasal continuous positive airway pressure, were enrolled in a
randomized, controlled trial in 10 Nordic academic intensive
care units. The infants received i.v. NAC (16-32 mg - kg~ ' -
d™!, starting before the age of 36 h) or placebo for 6 d. The
plasma samples for 8-isoprostane measurements reported here
were obtained from 83 infants of the group (n = 123) enrolled
in the Hospital for Children and Adolescents, University of
Helsinki, Finland. Infants with adequate samples on days 3 and
7 were included. Ascorbyl radical was measured in 61 infants.
The Research Ethics Committee of the hospital and the Na-
tional Agency for Medicines in Finland approved the study.
Written informed parental consent was obtained for each infant
before trial enrollment.

The baseline characteristics of the study group infants did
not differ from the other infants of the center or from the total
study population (n = 391), with the exception of intrauterine
growth retardation; 46% of infants in the study group were
small for gestational age compared with 38% in the entire trial
study population. Maternal infection was defined as need of
antibiotic treatment just before or during delivery because of
clinical symptoms of infection, such as fever, or elevated
C-reactive protein and/or premature rupture of membranes.
BPD was defined as a need for supplemental oxygen or ven-
tilatory assistance, either ventilator or nasal continuous posi-
tive airway pressure, at the age of 36 wk gestation according to
a recent proposal (2). The diagnoses of IVH and PVL were
established by ultrasound examination of the brain, performed
at least once during the first week and at the age of 28 d. The
main characteristics and the outcome were similar in NAC and
placebo groups, with the exception of maternal infection. Five
infants died, three of severe respiratory failure. In two infants,
the lung disease was moderate, and the causes of death were
pseudomembranous colitis and chylothorax as a result of vena
cava thrombosis, respectively. Because all of the deceased
infants probably would have fulfilled the criteria of BPD if they
would have survived to the age of 36 wk gestation, we included
them in the adverse outcome group and considered “BPD or
death” as one entity in this study as well as in the trial. We
made the analyses both with and without these infants. Exclud-
ing these infants from the analyses did not change the results
significantly. When classified according to the main outcome
BPD or death at the age of 36 wk gestation versus no BPD, the
baseline characteristics were similar with the exception of birth
weight; infants who survived without BPD weighed signifi-
cantly more (p < 0.05; Table 1). There were no differences in
the baseline characteristics in infants with or without PVL. The
incidence of maternal infection and postnatal sepsis was sim-
ilar in both groups.

Sampling. Arterial blood samples (1.0 mL) were obtained
from an indwelling catheter into heparin-coated test tubes on
days 3 and 7 of life. These days were chosen to ensure that
plasma NAC level remained stable during the study. Plasma
was separated within 15 min and stored frozen at —70°C until
analyzed.

Determination of 8-isoprostane. Plasma free §-isoprostane
concentration was measured without further manipulation with
a commercial enzyme immunoassay kit (Cayman Chemical,
Ann Arbor, MI, U.S.A.). The samples were assayed in a
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Table 1. Baseline characteristics and outcome variables of the
infants who later developed BPD or died compared with infants
who survived without BPD

BPD or died No BPD
Characteristic (n =129) (n = 54)
Birth weight [g (SD)] 718 (117) 782 (136)p < 0.05
Gestational age [wk (SD)] 264 (2.1) 26.9 (1.7)
Antenatal glucocorticoid therapy 25 (86) 50 (93)
[n (%)]
Preeclampsia [n (%)] 8 (28) 20 (37)
Maternal infection [n (%)] 13 (45) 13 (24)p = 0.052
Male gender [n (%)] 16 (55) 21 (39)
Small for gestational age [<—2 SD; 11 (38) 27 (50)
n (%)]
Respiratory distress syndrome 23 (79) 48 (89)
[n (%)]
Surfactant treatment [n (%)] 24 (83) 46 (85)
NAC treatment [n (%)] 15 (52) 26 (48)
NAC starting age [h (SD)] 25 (7 21 (10)
Death [n (%)] 5 (17 0 (0)
Treated PDA [n (%)] 22 (76) 42 (77)
IVH grades 3—4 [n (%)] 5 (17) 5 09
PVL [n (%)] 3 (10) 5 09
ROP grade 3 or more [n (%)] 5 (17) 5 0
NEC (operated) [n (%)] 3 (10) 5 09
Sepsis (positive blood culture) 12 (41) 18 (33)
[n (%)]

Data are presented as means (SD) or numbers (%). PDA, patent ductus
arteriosus.

96-well plate coated with mouse anti-rabbit IgG MAD to
8-isoprostane. An 8-isoprostane tracer bound to acetylcholines-
terase was used to compete for binding sites. Samples were
assayed at 50 uL and read at 420 nm in a 96-well microplate
reader (Multiscan EX; Thermo Labsystems Oy, Vantaa, Fin-
land). The range of the standard curve was from 3.9 to 500
pg/mL.

Determination of ascorbyl radical. The intensity of the
ascorbyl radical signal in 0.2 mL of plasma was measured with
a Bruker ECS 106 electron spin resonance spectrometer. Spec-
trometer settings were as follows: field center, 3478.5 Gauss;
modulation amplitude, 1.0 Gauss; microwave power, 10 mW;
microwave frequency, 9.74 GHz; scan range, 10 Gauss; scan
rate, 60 Gauss/min; time constant, 0.02 s. The intensity of the
signal is displayed as arbitrary units and is proportional to the
amount of radicals in the sample.

Statistical analysis. Data were analyzed using the SPSS 10.0
statistical package. The results of isoprostane analyses are
given as medians and ranges, and the results of ascorbyl radical
analyses are given as means and SDs. Differences in isopros-
tane and ascorbyl radical levels between the groups were
determined using general linear model ANOVA for repeated
measures. For achieving normal distribution, the 8-isoprostane
data were log transformed before statistical analysis. Baseline
data for the treatment groups were compared using the ¢ test for
continuous variables or the Mann-Whitney U test, as appropri-
ate. Categorical baseline characteristics and outcomes were
analyzed using the x* test. General linear model ANOVA for
repeated measures were used to correct for baseline differences
between the groups. All statistical tests were two-tailed. Sta-
tistical significance was set at p < 0.05.

RESULTS

Free 8-isoprostane measurements. The median (range)
8-isoprostane concentrations on day 3 and on day 7 were 37.0
pg/mL (19-360 pg/mL) and 44.0 pg/mL (7-460 pg/mL) in the
NAC group and 42.5 pg/mL (5-300 pg/mL) and 44.5 pg/mL
(8—400 pg/mL) in the placebo group. There was no significant
difference between the treatment groups. In infants who later
developed BPD or died (n = 29), the median 8-isoprostane
concentration was significantly higher on day 3 and day 7 [50.0
pg/mL (19-360 pg/mL) and 57.0 pg/mL (14—460 pg/mL),
respectively] when compared with infants who did not develop
BPD [n = 54; 34.5 pg/mL (5-240 pg/mL) and 39.5 pg/mL
(7-400 pg/mL), respectively; Fig. 1] Although plasma 8-iso-
prostane levels correlated with birth weight, this difference was
still significant when corrected for birth weight (»p = 0.005).
8-Isoprostane levels were highest in infants with severe BPD
and correlated with the level of oxygen requirement at the age
of 7 and 14 d but not at 28 d.

In infants who later developed PVL (n = 8), the median
8-isoprostane concentration was similar on day 3 [39 pg/mL
(5-360 pg/mL) versus 39.5 pg/mL (30-240 pg/mL)] but was
significantly increased on day 7, when compared with infants
who did not develop PVL [40 pg/mL (7-460 pg/mL) versus 80
pg/mL (45-400 pg/mL), respectively; Fig. 2] Also the 8-iso-
prostane concentrations in infants who had severe (grade 3—4)
IVH [67.5 pg/mL (29-190 pg/mL) and 81 pg/mL (18-490
pg/mL) on day 3 and 7, respectively; n = 10) differed signif-
icantly from those without IVH [36 pg/mL (5-360 pg/mL) and
44 pg/mL (7-360 pg/mL) on day 3 and 7, respectively; p <
0.01). The 8-isoprostane concentrations were similar in infants
with or without NEC or ROP. There were no differences in the
8-isoprostane levels in infants with or without postnatal sepsis
(verified by positive blood culture).

Ascorbyl radical signal. The mean (SD) ascorbyl radical
level in arbitrary units on day 3 and on day 7 were 222 (108)
and 136 (54) in the NAC group (n = 29), and 190 (87) and 126
(52) in the placebo group (n = 32), respectively. There was a
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Figure 1. Plasma free 8-isoprostane levels on day 3 and day 7 of life were
significantly higher in ELBWIs who later developed BPD or died (n = 29)
when compared with ELBWIs who survived without BPD (n = 54). General
linear model for repeated measures p = 0.005. Values are shown in median
levels (25th/75th box, total range).



PLASMA 8-ISOPROSTANE AND DEVELOPING BPD 91

1000+

—

100+

Plasma free 8-isoprostane (pg/mL)

—_—
104
1
Day 3 Day 7 Day 3 Day 7
no PVL no PVL PVL PVL

Figure 2. Plasma free 8-isoprostane levels were similar on day 3 but
increased significantly in ELBWIs who later developed PVL (n = 8) compared
with those without PVL (n = 75). General linear model for repeated measures
p < 0.05. Values are shown in median levels (25th/75th box, total range).

significant, similar decrease in both groups. The mean (SD)
ascorbyl radical level was similar in infants who later devel-
oped BPD or died (n = 25) and in those without BPD [n = 36;
218 (112) versus 196 (87) on day 3, and 139 (54) versus 125
(52) on day 7].

In infants who later developed PVL, the ascorbyl radical
level was significantly higher on day 3 [287 (124) versus 194
(90); p < 0.01] but not on day 7 [127 (68) versus 131 (51); Fig.
3] The ascorbyl radical levels were similar in infants with or
without severe IVH, NEC, or ROP. The ascorbyl radical levels
did not correlate with the isoprostane levels.

DISCUSSION

Our study demonstrated that the level of plasma free 8-iso-
prostane is elevated during the first week of life in infants who
develop BPD and PVL. The ascorbyl radical level was in-
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Figure 3. Plasma ascorbyl radical levels were significantly higher on day 3 of
life in ELBWIs who later developed PVL (n = 7) when compared with infants
without PVL (n = 54). General linear model for repeated measures p < 0.01.
The ascorbyl radical levels decreased from day 3 to day 7 significantly in both
groups. Values are shown in median levels (25th/75th box, total range).

creased on day 3 in infants who later developed PVL. NAC
treatment did not have any effect on the 8-isoprostane or
ascorbyl radical level.

It is possible to measure free plasma isoprostanes and total
plasma isoprostanes after hydrolysis from phospholipids. Less
than half of total plasma 8-isoprostane is present in free form
(21). Free and bound plasma isoprostanes do not necessarily
behave similarly, and it has been shown, e.g. in preeclamptic
women, that plasma free but not total isoprostane levels are
increased before delivery (22). Ideally, one would measure
total lung tissue isoprostanes, but, this being impossible, we
decided to measure free plasma isoprostanes to minimize
sample manipulation that could lead to artifact formation.
Sample purification with resins is possible, but there are prob-
lems with quantification, because binding to resins is never
complete or specific. This would have had a large effect on our
tiny samples. There are other, more specific methods to deter-
mine isoprostane concentration, such as gas chromatography/
mass spectrometry, which, however, was not available to us.
Hence, we assumed that our method would create a large
spread of values but no systematic error between the groups
that would require careful interpretation. Nevertheless, our
studies with unpurified plasma gave consistent results when
measured repeatedly.

Elevated 8-isoprostane concentrations have been measured
as a marker of in vivo oxidative stress during the first 2 d of life
in tracheal aspirates of term infants with severe pulmonary
disease (20), in bronchoalveolar lavage fluid in adults with
interstitial lung diseases (23), in plasma in cystic fibrosis (24),
and in exhaled breath condensate in adult respiratory distress
syndrome (25). It has also been speculated that isoprostanes
likely not only are markers of oxidative stress but also play a
role in pulmonary pathophysiology, as they evoke important
biologic responses in many cell types of the lung. 8-Isopros-
tane is a potent vasoconstrictor of pulmonary vascular and
airway smooth muscle (26).

Earlier studies have shown evidence of increased markers of
oxidative stress already during the first 2 d of life (4,27,28).
Unfortunately, in this study, plasma samples could not be
obtained before receiving parental informed consent and en-
rollment in the trial, and tracheal fluid samples were not
available. Whether the increase of 8-isoprostane in tracheal
aspirates is associated with increased plasma 8-isoprostane
levels has not been reported previously. We chose to study
plasma 8-isoprostane and ascorbyl radical, which might also
reflect the role of ROS in extrapulmonary complications of
prematurity. To further clarify the role of the studied markers
for assessing ROS-related pulmonary damage, one would need
to study both tracheal aspirate and plasma samples repeatedly
during the early postnatal phase. However, the present study
suggests that oxidative stress is an important feature in the
pathogenesis of BPD (4,27-29). Nycyk et al. (30) failed to
show a correlation between BPD and lipid peroxidation, but
they were able to show that elevated exhaled pentane levels are
associated with the other complications of prematurity and may
contribute to their severity. Direct evidence of increased pro-
duction of ROS is difficult to get because of their short lifetime.
Oxidative injury, however, can be evaluated, e.g. by measure-
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ment of markers of lipid peroxidation, protein carboxylation,
and DNA base modification. The specificity and sensitivity of
these markers is often criticized, and some of the analyses are
difficult to perform and therefore are not practical in clinical
use. In the study of Winterbourn ef al. (31), the concentrations
of plasma malondialdehyde (MDA) did not correlate with the
respiratory outcome or with ROP. The thiobarbituric acid—
MDA assay, even when improved by HPLC separation, has
been criticized as inaccurate, because the sample heating may
create artificial aldehydes (32).

In the development of white matter injury, ischemia and
reperfusion, as well as inflammation, seem to be important
factors in the production of ROS (33). In a well-established
neonatal rat model of hypoxic-ischemic brain injury, the pro-
duction of ascorbyl radicals measured from brain homogenate
amplified considerably during the early stage of reoxygenation
(34). Increased concentration of F2-isoprostanes and formation
of ascorbyl radicals in cerebrospinal fluid occur in traumatic
brain injury, where ROS are considered important in patho-
genesis (35). In the study of Inder et al. (36), the concentration
of 8-isoprostane and MDA in cerebrospinal fluid was signifi-
cantly higher in very low birth weight infants with white matter
injury when compared with adult control subjects. They also
showed a significant difference in the 8-isoprostane level be-
tween infants with cystic PVL in comparison with infants with
a less severe form of white matter injury.

In our study, we showed significant differences in the plasma
free 8-isoprostane concentrations in infants with or without
PVL and severe IVH. Also, the plasma ascorbyl radical level
was higher on day 3 in infants who later developed PVL. Our
results support the hypothesis of free radical-mediated injury
being a final common pathway to oligodendroglial cell death in
cerebral white matter injury in preterm infants (33). However,
the number of infants who developed PVL in our study was
low, and further studies are needed to evaluate whether these
markers could be valuable in assessing the risk of PVL in
ELBWIs. It is possible that the elevation of the concentration
of the ascorbyl radical marks the quenching of the radical
cascade by ascorbic acid rather than potential pathologic mech-
anisms of white matter injury.

We failed to show any beneficial effects on the pulmonary
outcome at the age of 36 wk gestation with the supplementa-
tion of NAC as an antioxidant and a precursor of glutathione
synthesis. The treatment with NAC did not have any influence
either on the plasma free 8-isoprostane or on plasma ascorbyl
radical levels. It has been speculated that the oxidative injury
begins already before delivery or at birth, when the change of
oxygen environment is the largest. Thus, the antioxidant treat-
ment should possibly be started even earlier than in our study,
with a mean starting age of 24 h postnatally.

In conclusion, the present study shows an association be-
tween elevated plasma free 8-isoprostane, BPD, and PVL. The
spread of the values, however, was large, and further studies
are needed to evaluate the usefulness of isoprostane measure-
ments. Also, the ascorbyl radical signal in plasma was elevated
in the early life of infants who later developed PVL.
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