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Role of Reactive Oxygen Species in Neonatal
Pulmonary Vascular Disease
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Abstract

Significance: Abnormal lung development in the perinatal period can result in severe neonatal complications,
including persistent pulmonary hypertension (PH) of the newborn and bronchopulmonary dysplasia. Reactive
oxygen species (ROS) play a substantive role in the development of PH associated with these diseases. ROS
impair the normal pulmonary artery (PA) relaxation in response to vasodilators, and ROS are also implicated in
pulmonary arterial remodeling, both of which can increase the severity of PH. Recent Advances: PA ROS
levels are elevated when endogenous ROS-generating enzymes are activated and/or when endogenous ROS
scavengers are inactivated. Animal models have provided valuable insights into ROS generators and scavengers
that are dysregulated in different forms of neonatal PH, thus identifying potential therapeutic targets. Critical
Issues: General antioxidant therapy has proved ineffective in reversing PH, suggesting that it is necessary to
target specific signaling pathways for successful therapy. Future Directions: Development of novel selective
pharmacologic inhibitors along with nonantioxidant therapies may improve the treatment outcomes of patients
with PH, while further investigation of the underlying mechanisms may enable earlier detection of the disease.
Antioxid. Redox Signal. 21, 1926–1942.

Introduction

Neonatal respiratory failure affects 2% of live births
and contributes significantly to neonatal morbidity and

mortality (10). While preterm infants are at a higher risk, a
substantial proportion of neonatal respiratory failure occurs
in term and near-term infants. Improved detection and
treatment of hypoxemic respiratory failure, therefore, re-
quires a better understanding of specific pathophysiology and
signaling pathways during fetal and neonatal life. Multiple
factors are involved in the progression of neonatal pulmonary
vascular diseases. This review will focus on recent progress
in identifying underlying causes of neonatal pulmonary hy-
pertension (PH) and the potential therapeutic advantages that
this knowledge brings.

Normal and Abnormal Lung Development

In utero, complex signaling pathways regulate normal lung
alveolar and vascular development and prepare the lung for
the transition to pulmonary gas exchange at birth. Impaired

development resulting from intrauterine factors, premature
birth, or a failure to decrease pulmonary vascular resistance at
birth can lead to PH and respiratory failure.

Perinatal lung development

As the human fetal lung develops, lung septation and al-
veolarization begin at around 32–36 weeks of gestation and
continue well into postnatal life. During this process, vascular
growth and branching is tightly coupled with the growth and
branching of the airway epithelium (76). Formation of the
pulmonary vasculature is dependent on vasculogenesis, or
de novo formation of blood vessels, and angiogenesis, the
formation of new vessels from preexisting ones. During the
final stages of vascular development, the pulmonary capillaries
surround the thinning alveolar walls, providing the increased
alveolar and capillary surface areas that are necessary for
efficient gas exchange at birth. This highly complex struc-
tural organization requires the tight regulation of vasculari-
zation and alveolarization. Between birth and adulthood,
vascular development continues with the expansion of
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capillary volume and surface area, driven by angiogenesis
from pre-existing vessels and intussusceptive growth (48).
Antenatal or postnatal events that affect the developmental
program of the fetal or newborn lung may contribute to de-
fective pulmonary vascular development.

Vascular endothelial growth factor (VEGF) is expressed in
vascular endothelial and smooth muscle cells (SMC) and in
airway epithelium in the fetal lung, and it is central to vas-
cular development of the perinatal lung. Two distinct trans-
membrane tyrosine kinase receptors, VEGF receptor 1
(VEGFR-1) and VEGF receptor 2 (VEGFR-2), are expressed
in the vascular endothelium. Experimental inactivation of
VEGF or its receptor genes results in embryonic lethality that
is characterized by deficient organization of endothelial cells
(ECs) and vascularization, and targeted inactivation in the
early postnatal period increases mortality and impairs lung
vascular development (69). Clinically, decreased VEGF and
VEGFR-1 mRNA and protein is evident in the lungs of
premature neonates who died with bronchopulmonary dys-
plasia (BPD) (19), while VEGF expression is decreased in
tracheal aspirates from premature infants who develop BPD
(111). These data suggest that abnormal VEGF signaling
before and after birth contribute to impaired lung vascular
and parenchymal development manifest in BPD and other
perinatal lung disorders. The inhibition of VEGF receptors in
adult rodents also produces abnormalities of lung architec-
ture, suggesting that VEGF signaling remains important after
infancy for the maintenance of normal pulmonary vascula-
ture and alveolar structure.

Lung VEGF expression is regulated by members of the
hypoxia-inducible factor (HIF) family of transcription fac-
tors (35, 145). HIFs are heterodimers consisting of oxygen-
sensitive a-subunits (HIF-1a, HIF-2a) and constitutively
expressed b subunits. Hypoxia stabilizes the a subunit,
leading to nuclear accumulation and activation of multiple
target genes (165). Conversely, elevated levels of oxygen
target the protein for proteasomal degradation, thereby
decreasing target gene expression. The deletion of HIF-1 or
HIF-2 results in embryonic lethality, and an important recent
study demonstrated that SMC-specific knockout of HIF-1a in
mice results in PH and increased phosphorylation of myosin
light chain under normoxia and after hypoxic exposure (95).

Endothelial nitric oxide synthase (eNOS) is regarded the
most important regulator of nitric oxide (NO) production in
the perinatal lung vasculature. NO stimulates soluble gua-
nylate cyclase (sGC) activity and increases cyclic guanosine
monophosphate (cGMP) in vascular smooth muscle, pro-
ducing smooth muscle relaxation via mechanisms involving
decreased phosphorylation of myosin light chain (130). Lung
eNOS mRNA and protein are present in the early fetus, but
both increase toward the end of gestation, preparing the lung
for pulmonary vasodilation. The role of NO in the regulation
of the pulmonary vascular tone in the perinatal period and the
pulmonary vascular transition at birth has been established by
multiple investigators, and there is substantial evidence that
NO also plays a key role in lung vascular growth during fetal
and neonatal life. For example, lungs of late fetal and neo-
natal eNOS-deficient mice have striking abnormalities of
vascularization (77), and they are more susceptible to failed
vascular growth after exposure to mild hypoxia (14). Recent
studies suggest that VEGF-induced lung angiogenesis is, in
part, mediated by NO. For instance, the inhibition of VEGF

receptors decreased lung eNOS protein expression and NO
production, and lung vascular growth could be restored by
treatment with inhaled NO (13, 163).

The perinatal period is also distinguished by specific cir-
culatory patterns required for gas exchange. During placental
respiration, fetal blood flow bypasses the lungs via the fora-
men ovale and the ductus arteriosus, thereby directing oxy-
genated blood to the systemic circulation. At birth, the fetal
pulmonary circulation should rapidly adapt to direct blood
flow to the lungs as the organ of gas exchange. This is
facilitated by a dramatic decrease in pulmonary vascular
resistance, regulated by complex physiological and bio-
chemical processes, and resulting in an 8- to 10-fold increase
in pulmonary blood flow (38). If this process is altered by
abnormal lung vascular development and/or an attenuated
decrease in pulmonary vascular resistance at birth, PH and its
attendant complications will be the result.

Neonatal pulmonary vascular disease

When the pulmonary circulation fails to adapt to postnatal
life, the result is persistent pulmonary hypertension of the
newborn (PPHN). PPHN is characterized by elevated pul-
monary vascular resistance and right-to-left extrapulmonary
shunting of deoxygenated blood that produces severe hyp-
oxemia (158). Severe PPHN occurs in 2–6 per 1000 live
births, and it carries a significant risk of death, pulmonary
morbidity, and neurodevelopmental impairment (97). PPHN
can occur idiopathically, with normal lung parenchyma and a
severely remodeled pulmonary vasculature. Pathological
findings include increased thickness of the smooth muscle
layer within small pulmonary arteries (Fig. 1A) and abnormal
extension of this muscle to nonmuscular arteries (79). The
extent of pulmonary vascular remodeling is associated with
the severity of the disease, although the in utero abnormali-
ties that alter the pulmonary circulatory adaptation remain
poorly understood.

Chronic hypoxia in utero due to factors including high
altitude increases the risk of PH (132). During chronic hyp-
oxia, sustained constriction of pulmonary arteries causes
pulmonary arterial hypertension, leading to right ventricular
hypertrophy. In addition, acute perinatal asphyxia or alveolar
hypoxia arising from lung parenchymal disorders such as
meconium aspiration syndrome (MAS), respiratory distress
syndrome, and pneumonia can cause structurally normal
pulmonary vessels to constrict.

Approximately 13% of all live births are associated with
meconium-stained fluid, although only a small fraction will
go on to develop the MAS. Aspiration of meconium either
before or during delivery can obstruct small airways, cause
severe pneumonitis, and induce inflammatory changes in the
lung. All of these abnormalities will impair oxygenation after
birth and acutely constrict the pulmonary vasculature. Me-
conium also induces the release of pulmonary vasoconstric-
tors such as endothelin, thromboxane, and prostaglandin E2,
all of which promote the development of PH and the prolif-
eration of vascular smooth muscle that will lead to antenatal
and postnatal vascular remodeling. In the most severe cases,
severe hypertensive structural remodeling of small in-
traacinar arteries is observed, presumably in response to
chronic intrauterine hypoxia or lung injury (129). Recent
studies have also shown depressed expression of eNOS in
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umbilical venous ECs in infants who have severe PPHN in
association with meconium-stained amniotic fluid (175).

Congenital diaphragmatic hernia (CDH) affects approxi-
mately 1 in 2000–3000 births, and it is the most common
cause of pulmonary hypoplasia in the neonate. CDH is
characterized by a variable degree of pulmonary hypoplasia
that is accompanied by a decrease in the cross-sectional area
of the pulmonary vasculature, increased muscularization of
the intra-acinar pulmonary arteries, and, in the most severe
cases, left ventricular hypoplasia. Pulmonary capillary blood
flow is decreased because of the small cross-sectional area of
the pulmonary vascular bed, and flow may be further de-
creased by abnormal pulmonary vasoconstriction. Mortality
and morbidity are high, and severe PH often persists well
beyond neonatal life (92).

Maternal medication usage may increase the likelihood of
neonatal PH. Many studies have reported that in utero ex-
posure to nonsteroidal anti-inflammatory drugs increases the
risk of PPHN (173), potentially via constriction of the ductus
arteriosus (120, 176), but recent studies have questioned this
association. Serotonin (5-HT) is a potent pulmonary vaso-
constrictor (50, 51), and the antenatal use of selective 5-HT
reuptake inhibitors has been shown to increase the risk of
PPHN in animal studies (40, 65) as well as in some human
epidemiologic reports (25).

PH may also arise later in the neonatal period. PH often
complicates the course of BPD, the most common chronic
lung disease of infancy. BPD occurs most frequently in ex-
tremely preterm infants born before 28 weeks of gestation,
and it is characterized by alveolar simplification (fewer and
larger alveolae with loss of septation), loss of small pulmo-
nary arteries, and decreased capillary density (165). PH and
right-sided heart failure complicate the course of a subset of
infants with BPD (8, 18, 28), and significantly worsen its
clinical course, morbidity, and mortality (93). Over time,

BPD-associated PH contributes to ongoing hypoxemia,
which induces further vascular remodeling (Fig. 1B) and
right ventricular hypertrophy. In the most severe cases, right
ventricular hypertrophy progresses to right ventricular fail-
ure, cor pulmonale, and death (84). PH is often not diagnosed
until the disease is advanced and associated with severe right
ventricular cardiac dysfunction (16).

PH and its associated increased vascular reactivity may
develop in association with congenital heart disease with a
systemic-to-pulmonary communication and increased pul-
monary blood flow (86), such as truncus arteriosus, atrio-
ventricular canal, or large ventricular septal defect. Sustained
increases in pulmonary blood flow can generate progressive
structural and functional abnormalities of the pulmonary
vascular bed, which may result in destruction of the pulmo-
nary vascular bed and death secondary to severe cyanosis and
myocardial failure (80, 81, 83, 126, 144).

Pathogenesis of neonatal pulmonary vascular disease

The fetal lung is programmed to develop in a low-oxygen
intrauterine environment that favors multiple growth factor
signaling pathways. The VEGF and NO signaling pathways
are among those critical for antenatal and postnatal lung
vascular growth. At birth, successful transition of the pul-
monary circulation requires normal structural and functional
development of the vasculature in utero, as well as the co-
ordinated regulation of vasodilators and vasoconstrictors.
Perinatal pulmonary vascular tone is regulated by a complex
interaction of vasoactive substances produced by the vascular
endothelium, including NO and endothelin-1 (ET-1) (64, 68,
78, 192). Disruption of any of these pathways either before or
after birth may produce PH.

An increase in oxygen tension usually occurs at the time of
birth. Preterm birth produces a lung that is ill-equipped to

FIG. 1. Representative histol-
ogy of pulmonary vessels from
infants who died with severe
pulmonary hypertension (PH).
(A) Small pulmonary vessel from an
infant with asphyxia and pulmo-
nary hypertension of the newborn
(PPHN), demonstrating dramatic
smooth muscle cell thickening
around pulmonary arteries (arrow).
(B) Lung photomicrograph with
elastin staining from an infant with
BPD-associated PH and organizing
pneumonia. A thickened medial lay-
er, double elastic lamina, and modest
proliferation of the adventitia are
noted (arrow). Both examples indi-
cate a lack of the intimal proliferation
that characterizes adult PH.
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cope with the oxidant stress associated with increased am-
bient oxygen concentrations. Exposure to hyperoxia during
this developmentally sensitive period disrupts normal pa-
renchymal and vascular lung development processes (165).
High concentrations of supplemental oxygen are routinely
used to treat hypoxemia and reverse pulmonary vasocon-
striction in infants with neonatal respiratory failure (56).
However, the optimal amount of supplemental oxygen and
risks of hyperoxic ventilation are not well understood. Hy-
peroxic ventilation may increase oxidant stress via the for-
mation of reactive oxygen species (ROS), small molecules
derived from molecular oxygen that can serve as a potential
source of vascular injury. Long-term oxygen therapy is often
required in preterm infants with BPD, but exposure of the
immature lung to elevated levels of oxygen may have adverse
effects on lung development and may contribute to BPD
and PH.

Many factors associated with PH, including oxidant stress,
have the capacity to perturb eNOS function even if protein
levels are sufficient. Presumably, this is because the normal
catalytic function of eNOS depends on numerous post-
translational modifications, including association with the
chaperone protein Hsp90 and the availability of essential
substrates and cofactors including L-arginine, tetra-
hydrobiopterin (BH4), NADPH, and calcium/calmodulin.
The depletion of Hsp90 or biopterin will reduce the pro-
duction or bioavailability of NO, resulting in attenuated va-
sodilation. Potential roles for impaired NO signaling in PH
have been investigated in animal models and are discussed in
later sections of this review.

Pulmonary vascular remodeling is a common feature in
animal models of PH and in patients with PPHN or BPD.
Increased pulmonary arterial muscularization can contribute
to hypertension by altering vasoreactivity. Narrowing and
stiffening of both the proximal and distal pulmonary arteries
also contribute to PH by reducing the size of the vessel lumen
and decreasing compliance, resulting in increased right
ventricular afterload (179). ROS, including H2O2 and super-
oxide, stimulate fetal pulmonary artery smooth muscle cells
(PASMC) growth (185), and growth factors mitogenic for
vascular smooth muscle increase ROS (20, 186). Conversely,
antioxidants attenuate serum-induced cell proliferation, and at
high doses, they induce apoptosis in PASMC (184, 185).

In addition to smooth muscle remodeling, adventitial
changes contribute to pulmonary vascular disease. The pro-
liferation of adventitial fibroblasts is stimulated by stressors,
including hypoxia, and adventitial remodeling is evident in
patients with idiopathic PH and in animal models of
PH (159). ROS generated in the adventitia contribute to
‘‘outside-in’’ effects on pulmonary vascular remodeling, and
adventitial ROS levels are regulated by enzyme systems
discussed in Sources of ROS in Neonatal PH section, in-
cluding NADPH oxidases (Nox) and superoxide dismutases
(SOD) (159). Identification of the specific sources of elevated
ROS in PH may enable earlier detection of the onset of dis-
ease, and antioxidant therapy or targeting of specific signal-
ing molecules may prevent or reverse pulmonary vascular
remodeling.

ET-1, a 21-amino-acid polypeptide produced by vascular
ECs, has potent vasoactive properties and is mitogenic for
vascular SMC (78, 185, 196). ET-1 stimulates smooth muscle
contraction via activation of ETA receptors. Previous studies

have demonstrated an increase in plasma ET-1 in infants with
PPHN (99), CDH (92), and congenital heart disease (197),
suggesting that impaired ET-1 signaling contributes to pul-
monary vasoconstriction in the neonatal period. Figure 2
shows the regulation of vascular tone by NO and ET-1. These
data illustrate some of the complex signaling mechanisms
that are involved in maintaining normal vascular tone, and
they suggest that the impairment at multiple points within the
pathways may contribute to the pathogenesis of PPHN.

Experimental Models of Neonatal Pulmonary
Vascular Disease

Understanding the mechanisms that produce abnormal
lung vascular and parenchymal development and function is
important in improving early detection and treatment strate-
gies for infants with PH. Since it is not feasible to study the
processes in the human infant, much of our current knowl-
edge is derived from animal models.

Animal models of PPHN

In fetal lambs, ligation, mechanical compression, or phar-
macological constriction of the ductus arteriosus produces
fetal and neonatal PH (2, 21, 128, 193). Similar to newborns
who die of PPHN, these lambs have an increase in the thick-
ness of smooth muscle within the small pulmonary arteries,
complete muscularization of normally partially muscularized
pulmonary arteries, and extension of muscle to non-
muscularized arteries. PPHN lambs also exhibit impaired NO-
cGMP signaling at multiple points in the pathway, including
decreased eNOS and sGC expression, and increased PDE5
expression and activity (21). Increased ET-1 levels are also

FIG. 2. Mechanisms of pulmonary artery vasodilation
and vasoconstriction. Endothelial nitric oxide synthase
(eNOS) generates the vasodilator nitric oxide (NO) from
L-arginine in endothelial cells (ECs), which activates solu-
ble guanylate cyclase (sGC) in adjacent smooth muscle
cells. Active sGC converts guanosine triphosphate (GTP) to
cyclic guanosine monophosphate (cGMP), which triggers
vasodilation via an enzyme phosphorylation cascade. Con-
versely, phosphodiesterase type 5 (PDE5) hydrolyzed cGMP
to the inactive GMP, thus attenuating the cascade. En-
dothelin (ET-1) released by ECs triggers a cascade leading
to vasoconstriction by activating type a receptors (ETA) on
smooth muscle cells.
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elevated in PPHN lambs (21, 88), while ETA receptor blockade
decreases PH and attenuates vascular remodeling (88). These
data suggest that attenuated NO-mediated pulmonary vasodi-
lation and enhanced ET-1-mediated vasoconstiction are major
contributors to the pathogenesis of PPHN.

Recent studies found elevated production of the 5HT in
PPHN lambs (41), which causes fetal pulmonary vasocon-
striction via mechanisms involving Rho kinase (40). Con-
versely, infusion with Rho kinase inhibitors causes
pulmonary vasodilation in fetal lambs, suggesting a key role
for Rho kinase signal transduction pathways in elevated
pulmonary vascular resistance in the fetal pulmonary circu-
lation (137). Further, Rho kinase activity is elevated in pul-
monary artery endothelial cells (PAEC) isolated from PPHN
lambs (71) in an ET-1-dependent fashion (72). Together,
these data suggest that dysregulation of multiple pathways
contributes to impaired pulmonary vasodilation in PPHN
lambs.

Hypoxia-induced PH

Exposure to high-altitude chronic hypoxia increases pul-
monary arterial pressure in newborn lambs (82). Exposure to
chronic hypoxia (10% O2) in an airflow chamber induces PH
and vascular remodeling in adult mice that correlates with an
increase in plasma ET-1 levels, while hypertension and re-
modeling is attenuated by ETA receptor blockade (7). Acute
hypoxia-induced vasoconstriction and hypertension is at-
tenuated in mice after Rho kinase inhibition (53), suggesting
a potential interaction between elevated ET-1 levels and
Rho kinase activation in this model, similar to that in PPHN
lambs as discussed in Animal Models of PPHN section. PH
develops in newborn piglets exposed to hypoxia for 3 days
and worsens after 10 days of hypoxia (61). These findings are
associated with a decrease in lung NO levels and eNOS ex-
pression (62). Together, these data suggest that hypoxia may
induce PH via mechanisms similar to those associated with
antenatal ductal ligation in lambs.

Hyperoxic lung injury

The increase in oxygen tension at birth is one of the most
important stimuli that facilitates the fetal to newborn transi-
tion, hence the use of high oxygen concentrations to treat
hypoxemia and reverse pulmonary vasoconstriction in neo-
nates with PH. Healthy newborn lambs ventilated with 100%
oxygen for the first 30 min of life show a more rapid decrease
in pulmonary vascular resistance than those ventilated with
21% oxygen (104). However, when weaned to 21% oxygen
and studied at 4 h later, the high oxygen group display im-
paired pulmonary vasodilator responses to endogenous and
exogenous NO (104). Further studies in a model of perinatal
asphyxia confirmed that vasodilator responses were de-
creased after resuscitation with 100% O2, and suggested that
elevated vascular oxidant stress was responsible (105). The
use of 100% oxygen in PPHN lambs does not enhance the
decrease in pulmonary vascular resistance relative to venti-
lation with 21% or 50% oxygen, but diminishes the vasodi-
lator response to inhaled NO and increases the activity of
cGMP-specific phosphodiesterase (106). These data suggest
that short-term pulmonary vascular benefits of ventilation
with high levels of oxygen need to be weighed against longer-
lasting adverse effects on vascular reactivity.

Chronic exposure to hyperoxia induces additional factors
that may impair normal lung development. Mice and rats are
born in the saccular stage of lung development, do not begin
alveolarization until postnatal day 5 (P5), and provide useful
models to study the effects of hyperoxia in the immature
lung. Chronic exposure to hyperoxia (60% O2 and greater)
induces PH and vascular remodeling in newborn rats (98) and
mice (180). Similar to premature infants who die with BPD
(1, 19), lung VEGF expression is decreased in various rodent
models of neonatal hyperoxic lung injury (87, 123, 166). As
previously noted, the disruption of pulmonary VEGF leads to
abnormal vascular and alveolar development, lung hypopla-
sia, and PH (35, 70, 74), and pharmacologic inhibition of
VEGF receptors in neonatal rats produces similar impair-
ments in lung alveolarization and vascular growth (89, 112,
163). In animal models of intrauterine growth restriction
(IUGR), reduced VEGF and VEGFR-2 expression are asso-
ciated with reduced pulmonary vascular density and lung
alveolarization (152).

The importance of a hypoxic intrauterine environment
suggests a potential role for HIFs in the regulation of normal
fetal and neonatal lung development, and hyperoxia-
mediated degradation of HIFs may contribute to decreased
VEGF expression in rodent models of BPD. Additional
studies have also implicated alterations in the thioredoxin
system by hyperoxia, which could alter HIF and VEGF sig-
naling (54, 167). These data suggest that loss of HIF activity
due to hyperoxia may also induce pulmonary vasoconstric-
tion in the immature lung via this pathway.

Similar to human infants who develop BPD (153), markers
of oxidative stress are increased in hyperoxia-exposed mice
(141) and rats (136). Together, these data suggest that hy-
peroxia may contribute to BPD and PH by several distinct
mechanisms, including oxygen-mediated attenuation of HIF
and VEGF signaling and oxygen-derived ROS.

Sources of ROS in Neonatal PH

A common feature of all animal models of neonatal pul-
monary vascular remodeling is an increase in pulmonary
arterial ROS levels. ROS are small molecules derived from
molecular oxygen that can produce vascular injury through
their interaction with proteins, DNA, RNA, and lipids (149).
ROS contribute to the pathogenesis of multiple cardiovas-
cular diseases, including hypertension, atherosclerosis, car-
diac hypertrophy, heart failure, and restenosis (109).
Furthermore, lipid and protein oxidation products are ele-
vated in infants who subsequently develop BPD (153), sug-
gesting that oxidant stress may contribute to the pathogenesis
of the disease while oxygen therapy may exacerbate the
effects.

The animal models of PPHN and BPD have also proved
valuable in determining underlying mechanisms that con-
tribute to these diseases. Increased superoxide levels have
been found in the endothelium and vascular smooth muscle
of PPHN pulmonary arteries (22, 27) (Fig. 3). Superoxide
reacts rapidly with NO and forms peroxynitrite (ONOO), thus
attenuating NO-mediated vasodilation and inactivating other
enzymatic pathways via the formation of nitrotyrosine (Fig.
3). In addition, increased production of H2O2 in PPHN pul-
monary arteries (187, 191) (Fig. 3) may contribute to de-
creased eNOS expression (183), impaired cGMP production
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(57), and elevated PDE5 activity (57). Figure 4 shows im-
paired NO signaling due to elevated ROS in PPHN. In ad-
dition to inhibiting vasodilation, increasing evidence
suggests that ROS can stimulate vascular SMC growth and
contribute to pulmonary vascular remodeling (146, 162). The
next section will discuss the potential sources of ROS gen-
eration in animal models of PH.

NADPH oxidases

Nox enzymes are membrane proteins that transfer elec-
trons from NADPH to molecular oxygen, producing super-
oxide intracellularly or extracellularly depending on the
isoform and subcellular location of the enzyme. Seven Nox
enzymatic subtypes have been identified in a wide range of
cell types, which include vascular cell expression of the
Nox1, Nox2, and Nox4 homologues. Each of these Nox
family members is regulated by specific physiological
mechanisms, and dysregulation of expression or activity may
contribute to pulmonary vascular dysfunction.

Nox1 is expressed in vascular smooth muscle, endothe-
lium, and adventitia (36, 108), and it has been localized to
membranes, including plasma membranes, caveolae, and
endosomes. Nox1 activity requires the association with other
protein subunits, including p22phox, Noxo1, Noxa1, and Rac
(23, 36). Overexpression of Nox1 in vascular smooth muscle
increases the production of ROS, causes eNOS uncoupling,
and decreases nitric oxide bioavailability (47). Nox1 ex-
pression is increased in mouse lung cell lines that are exposed
to 72h hyperoxia, while hyperoxia-induced ROS generation
and lung injury are attenuated in Nox1-deficient mice (24).
Increased pulmonary Nox1 expression was reported in neo-
natal mice with PH after hyperoxia (17) and in neonatal
piglets exposed to hypoxia (42), and Nox1 may be involved
in pulmonary vascular remodeling in monocrotaline-treated
rats (174). Nox1 levels are unchanged in the lungs of fetal
lambs with chronic intrauterine PH (187), although alteration
of Nox1 activity in this model is currently unknown.

The Nox2 isoform is expressed in phagocytic cells as well
as in cells comprising the vascular wall and is activated by
pathways very similar to Nox1. It requires the assembly of
protein subunits, including p22phox, p47phox, p67phox, and
Rac, for activation. When assembled in the plasma mem-
brane, Nox2 secretes superoxide into the extracellular space
and potentially inhibits NO signaling (Fig. 5), but when en-
docytotic vesicles arising from the plasma membrane are
formed, the superoxide is secreted into the lysosome (26,
142). Similar to Nox1, Nox2 produces superoxide that is
associated with vasoconstriction, and increased Nox2 subunit
expression correlates with increased superoxide levels and
impaired pulmonary vasorelaxation in both lamb and piglet
models of neonatal PH (22, 63). Nox2 knockout mice display
attenuated hypoxia-induced ROS, vascular remodeling, and
PH (115), and the Nox inhibitor apocynin improves oxy-
genation and decreases ROS in PPHN lambs (188). In addi-
tion, serum-induced PASMC proliferation requires the Nox
subunit Rac1 (138).

Nox4 is more abundantly expressed in vascular cells rel-
ative to Nox1 and Nox2, it and has been shown to localize to
the mitochondria, endoplasmic reticulum, and nucleus (30,
101, 172). Nox4 was initially thought to require only p22phox

for activity and to be constitutively active (156), although
recent data indicate that polymerase delta interacting protein
2 (Poldip2) may interact with Nox4 to enhance its activity
(117). Nox4 activity appears to be regulated primarily by

FIG. 3. Vascular remodeling is
associated with increased ROS in
PPHN pulmonary arteries. Fro-
zen sections from control and
PPHN lamb lungs were incubated
with the H2O2-sensitive dye 2¢, 7¢-
dichlorodihydrofluorescein diace-
tate [adapted from (187)], with the
superoxide-sensitive dye dyhy-
droethidium [adapted from (21)],
or fixed and incubated with an an-
tibody to 3-nitrotyrosine residues
(3-NT) [adapted from (103)], and
visualized by fluorescence micros-
copy.

FIG. 4. Elevated levels of reactive oxygen species
(ROS) induces vasoconstriction and pulmonary vascular
remodeling in PPHN via multiple mechanisms. In ECs,
ROS inhibit eNOS activity, resulting in decreased levels of
bioavailable NO. In smooth muscle cells, ROS inactivate
sGC and activate PDE5, resulting in decreased levels of
cGMP.
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expression, and Nox4 has been shown to generate both su-
peroxide and H2O2 depending on the stimulus and cell type
(45). Increased Nox4 expression correlates with increased
H2O2 in PPHN pulmonary arteries (Fig. 3), while Nox4
knockdown attenuates ROS levels in SMC isolated from
PPHN pulmonary arteries relative to controls (187). Nox4-
derived H2O2 may contribute to impaired vasodilation in
PPHN lambs via multiple mechanisms, including decreased
eNOS and sGC expression and increased PDE5 activity (187)
(Fig. 4). Nox4 has also been implicated in the regulation of
several cellular processes, including migration, growth, and
differentiation (109), and increased Nox4 activity may also
contribute to pulmonary vascular remodeling in PPHN
lambs. Nox4 mediates PASMC proliferation in response to
transforming growth factor-b1 (160), urotensin II (49), and
hypoxia (43). An understanding of the downstream targets of
ROS-induced PASMC proliferation is just emerging. Cyclin
D1 regulates the transition from G0/G1 to S phase in the cell
cycle, resulting in the activation of genes that are necessary
for cell-cycle progression. Cyclin D1 expression is increased
in PPHN lungs and PASMC (187) and in PASMC isolated
from monocrotaline-treated rats (174). Nox4 small interfer-
ing RNA decreases cyclin D1 expression in PPHN PASMC,
and intratracheal catalase decreases cyclin D1 expression in
the lungs of ventilated PPHN lambs (187). Together, these
data indicate a link between increased ROS generation, ac-
tivation of cell-cycle promoters, and pulmonary vascular
remodeling in PH. Further studies are warranted to determine
whether cell-cycle proteins are dysregulated in other models
of PH. The identification of such proteins may improve the
early detection of pulmonary vascular remodeling, and their
targeting may attenuate or reverse this process. Nox4 may
also contribute to hypoxia-induced PH (127), although data
from Nox4 knockout models in mice are just emerging.
Novel Nox pharmacologic inhibitors are currently under
investigation. Administration of the Nox1/Nox4 inhibitor
GKT137831 attenuates hypoxia-induced pulmonary artery

(PA) wall thickness and right ventricular hypertrophy in
mice (73), while reduced ROS levels have been detected in
several animal models treated with the pan-Nox inhibitor
VAS 2870 (6).

The membrane protein p22phox is the common subunit to
Nox1, Nox2, and Nox4, and p22phox expression is elevated in
lungs, PA, and PASMC isolated from PPHN lambs (187).
The transcription factor NFjB regulates p22phox and Nox4
transcription in human aortic SMC (121, 122), and NFjB
activity is elevated in PA and PASMC of fetal lambs with
chronic intrauterine PH (187). NFjB inhibition decreases
Nox4 expression in PPHN PASMC (187), and it attenuates
monocrotaline-induced pulmonary arterial hypertension in
rats (96, 154), suggesting a potential role for NFjB in pul-
monary vascular ROS generation. Hyperoxia selectively ac-
tivates NFjB in fetal, but not adult, lung fibroblasts (195),
suggesting that NFjB could also play a role in the develop-
ment of neonatal PH due to hyperoxic lung injury. NFjB
activity is regulated through its interaction with the regula-
tory protein IjB. NFjB is activated by ROS via the phos-
phorylation of IjB, which targets IjB for protein degradation
(169) and enables NFjB to translocate into the nucleus and
regulate the transcription of target genes. Together, these data
suggest the possibility of a feed-forward mechanism in PPHN
by which ROS generated by Nox isoforms increases the ac-
tivity of key transcription factors such as NFjB, resulting in
sustained Nox subunit expression. NFjB could prove to be an
attractive target to reduce the amplification of ROS in hy-
pertensive diseases.

Mitochondrial electron transport chain

During normal oxidative phosphorylation, electrons are
transferred to molecular oxygen at the terminal cytochrome
oxidase in the mitochondrial electron transport chain, gen-
erating H2O. However, some electrons are captured by O2 at
more proximal sites, resulting in the formation of the super-
oxide radical. Superoxide generated at Complex I, II, or III
can result in oxidant stress in the mitochondrial matrix or
inter-membrane space (75). In some conditions such as ath-
erosclerosis, the mitochondria become dysfunctional and the
leak of electrons is enhanced (118). Mitochondrial ROS ap-
pear to trigger increased Nox activity in hypoxic pulmonary
arteries (147), and increased oxidative stress in the mito-
chondrial matrix is associated with increased Nox4 expres-
sion in PA SMC isolated from PPHN lambs (55, 187).
Emerging evidence indicates cross-talk between the mito-
chondria and Nox isoforms (44), and further investigation of
the underlying mechanisms may produce novel therapies for
pulmonary hypertensive diseases. In addition, selective in-
hibition of mitochondrial oxidant stress reduces vascular
oxidant stress and hypertension in systemic vessels (46),
suggesting that effective antioxidant therapy will require the
targeting of specific subcellular compartments. Indeed,
hypoxia decreases ROS levels in the mitochondrial matrix
while increasing ROS derived from mitochondrial complex
III in the mitochondrial intermembrane space and cytosol
(181, 182). Conversely, hyperoxia and PPHN increase oxi-
dant stress in the mitochondrial matrix and cytosol in fetal
sheep PASMC (Fig. 6) (55, 189), suggesting that precise
antioxidant targeting within organelles may be required to
treat hypertensive diseases with different etiologies.

FIG. 5. Diagram illustrating subunit organization of
NADPH oxidase 2 (Nox2) at the plasma membrane. Nox2
and p22 are present within the membrane, while p47, p67
and Rac are located in the cytosol. The transfer of electrons
from NADPH in the cytosol generates superoxide in the
extracellular space. Superoxide decreases bioavailable NO
in the rapid reaction and generates the vasoconstrictor per-
oxynitrite (ONOO).
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Endothelial nitric oxide synthase

The activity of eNOS is usually regulated by the avail-
ability of a substrate as well as by several cofactors, including
calcium-calmodulin, HSP90, and BH4, and mechanisms that
inhibit eNOS activity or attenuate downstream NO signaling
can induce vasoconstriction. Elevated ROS decrease eNOS
expression, reduce available BH4 in PPHN lambs (157, 183),
and reduce downstream responses to NO by decreasing sGC
expression (191) and increasing cGMP-specific phosphodi-
esterase activity (57). Impaired eNOS expression and activity
may also contribute to abnormal lung and vascular devel-
opment that produce BPD. Substantial reductions in total
NOS activity and expression of all three NOS isoforms have
been observed in a baboon and rodent models of hyperoxic
lung injury (4, 114). NO not only mediates the downstream
effects of VEGF during lung development, but may also up-
regulate VEGF expression (116). IUGR increases the risk for
BPD (28), and PAECs isolated from a lamb model of IUGR
exhibit decreased eNOS expression and phosphorylation,
decreased NO production, and attenuated tube formation and
migration (152). eNOS-deficient mice display PH and vas-
cular remodeling when exposed to mild hypoxia (52), further
highlighting the central role of eNOS in maintaining normal
vascular tone and development.

Superoxide reacts rapidly with NO and forms peroxynitrite
(ONOO). Peroxynitrite is a potent vasoconstrictor of the
neonatal pulmonary vasculature (15), and it inhibits NOS
activity via mechanisms that include decreased association
with HSP90 (164, 190). eNOS becomes a source of ROS
when the enzyme becomes ‘‘uncoupled,’’ resulting in an in-
complete reduction of molecular oxygen with the formation
of superoxide. eNOS uncoupling is evident in hypoxic piglets
(60) and can occur via several mechanisms, including deg-
radation or oxidation of cofactors such as BH4 and HSP90, or
by inactivation of the enzyme through increased peroxyni-
trite levels (103, 110). Increased Nox activity may be con-
sidered an important trigger for eNOS uncoupling (47, 107),

while eNOS uncoupling can promote mitochondrial dys-
function and ROS generation via increased peroxynitrite
(161). Together, these data suggest that abnormal regulation
of ROS can promote oxidant production from additional
sources, thus amplifying and sustaining a pathological state.

Antioxidants

ROS levels in cells are determined by their removal as well
as by their generation, and cells employ a wide variety of
enzymatic scavengers (12, 33). The expression of these ROS
scavengers is specific to certain subcellular compartments,
and most antioxidant enzymes are selective for a single type
of ROS molecule. SOD degrades superoxide to H2O2, and
H2O2 produced by SOD is regulated by its rate of degradation
by enzymes such as catalase, glutathione peroxidase (GPx),
and peroxiredoxins (PRx) (148).

There are three known forms of SOD: Cu/ZnSOD (SOD1),
MnSOD (SOD2), and extracellular SOD (ecSOD or SOD3).
Cu/ZnSOD is expressed in the cytosol and intermembrane
space of the mitochondria, and ecSOD is secreted to the ex-
tracellular space, where it binds to the extracellular matrix.
Increased expression of all three SOD isoforms is evident in
the lungs of 8 week-old mice relative to 1 week-old mice
(17), suggesting that neonates may be more susceptible to
increased oxidant stress due to limited antioxidant capacity.
MnSOD is localized to the mitochondria, and it is responsible
for protecting against excessive mitochondrial superoxide
generation. Mice with homozygous deletion of the MnSOD
gene die from oxidative stress shortly after birth (67), and
mice lacking one allele of MnSOD develop hypertension
with aging and in response to a high salt diet (151). MnSOD
levels are reduced in PAECs of PPHN lambs (3), but are
unexpectedly higher in PPHN PASMC (55, 187), highlight-
ing the complex cell-specific regulatory mechanisms.

ecSOD is predominantly synthesized by the vascular SMC
and comprises a significant component of the total SOD ac-
tivity in the blood vessel wall (66). It is the most highly
expressed in the lung (134, 135), and is present in high
concentrations between the endothelium and smooth muscle
surrounding blood vessels, the same domain that NO should
pass through to stimulate smooth muscle relaxation. This
suggests that high concentrations of ecSOD in this region are
especially important in maintaining low superoxide concen-
trations and preserving NO function (143). ecSOD activity is
decreased in PPHN lungs and PASMC (189), potentially via a
mechanism involving Nox4-derived H2O2 that oxidizes
copper at the enzyme active site (187). Decreased ecSOD
activity is predicted to decrease bioavailable NO via the
formation of peroxynitrite, while protein nitration inhibits
ecSOD activity (119), indicating a potential feed-forward
mechanism of enzyme inhibition. Therapeutic interventions
to maintain ecSOD activity are, therefore, predicted to be
beneficial in the treatment of cardiovascular disease. The
overexpression of ecSOD ameliorates PH in rats (91), pro-
tects lung development (5), and attenuates pulmonary vas-
cular remodeling in hypoxic mice (133). The H2O2 scavenger
catalase also enhances ecSOD activity and decreases PA
superoxide in PPHN lambs (189). The development of novel
proteins such as a chimeric SOD2/3 (32) may enable more
sustained pulmonary vascular antioxidant activity. Treat-
ment with a peroxynitrite decomposition catalyst attenuates

FIG. 6. Hyperoxia and PPHN increase oxidant stress in
the cytosol and mitochondrial matrix of PASMC.
PASMC were isolated from control or PPHN lambs and
infected with an adenovirus expressing the ROS-sensitive
protein RoGFP in the cytosol (Cyto RoGFP) or in the mi-
tochondrial matrix (Mito RoGFP). Cells were exposed to
21% (normoxia) or 95% O2 (hyperoxia) for 24 h and RoGFP
oxidation determined by flow cytometry. *p < 0.05 versus
control normoxia; {p < 0.05 versus PPHN normoxia. Adap-
ted from (55, 189).

OXIDANT STRESS AND PULMONARY HYPERTENSION 1933



hyperoxia-induced decreases in VEGF expression and en-
hances alveolar formation in neonatal rats (124), suggesting
that this approach may also increase ecSOD activity and
improve NO signaling in PPHN.

Catalase functions to catalyze the decomposition of hy-
drogen peroxide to water and oxygen. However, mice defi-
cient in catalase develop normally, indicating that other
complementary antioxidant systems should be present (85).
The GPx and PRx systems utilize reduced glutathione to
scavenge H2O2 and are critical for minimizing oxidant stress
and for regulating redox signaling pathways. GPx levels are
decreased in the lungs of patients with IPAH (125), although
genetic deletion of GPx-1 does not affect the increase in
aortic pressure or vascular hypertrophy induced by angio-
tensin II, and GPx-1 levels are unchanged in the lungs of
PPHN lambs (11, 191). By contrast, the deletion of PRx 1
induces hemolytic anemia and a significant decrease in life-
span (131), while the deletion of PRx 3 leads to oxidant-
mediated lung inflammation and an enhanced susceptibility
to LPS challenge (113).

Therapeutic Considerations

While the data presented earlier suggest a potential role for
antioxidant therapy in the treatment of PH, there has been
very limited success in clinical trials of antioxidant therapy
for a wide range of diseases, including BPD (37). Antioxidant
therapy may be ineffective once the disease has progressed
beyond a critical stage, suggesting that early detection
strategies may improve treatment outcomes. ROS scaveng-

ing may also interfere with normal signaling pathways in the
developing lung. Furthermore, oxidant stress may be local-
ized to specific subcellular compartments in different dis-
eases, which may limit the efficacy of nonspecific
antioxidants. Thus, highly targeted therapies may be required
to maximize the potential of antioxidants in the treatment of
hypertensive diseases.

Inhaled NO therapy improves PH resulting from impaired
eNOS signaling, but could potentially increase peroxynitrite
formation, resulting in the nitration and inhibition of en-
dogenous eNOS activity (190). Intratracheal antioxidants
decrease ROS, increase eNOS expression, and normalize
BH4 levels in PPHN lambs (59, 188), suggesting that the
combination of inhaled NO and antioxidants could be more
effective therapeutically than inhaled NO alone. Intratracheal
recombinant human SOD also reduces ONOO-mediated
protein nitration (103), decreases PDE5 activity, and in-
creases cGMP in the PAs of ventilated PPHN lambs (58),
suggesting that antioxidant therapy may improve NO sig-
naling at multiple points in the pathway. The SOD mimetic
MnTE-2-PyP attenuates hypoxia-induced pulmonary vascu-
lar remodeling and PH in mice (177), and the SOD mimetic
M40403 improves NO-mediated relaxation in PAs isolated
from hypoxic piglets (60).

The administration of intratracheal catalase to ventilated
PPHN lambs improves oxygenation, increases ecSOD ac-
tivity, and decreases PA superoxide levels (189). Further,
intratracheal catalase decreases PDE5 activity and increases
cGMP in the PAs of ventilated PPHN lambs (55). These data
suggest that H2O2 scavenging improves NO signaling in
PPHN, possibly by increasing ecSOD activity. Accordingly,
treatment with PEG-catalase improves NO-mediated vaso-
dilation in PAs isolated from PPHN lambs (191) and also
from hypoxic piglets (60). Anti-inflammatory glucocorti-
coids are used to treat neonates with MAS (170), and hy-
drocortisone improves oxygenation, decreases PA ROS,
decreases PDE5 activity, and increases cGMP levels in
PPHN lambs (139). Figure 7 illustrates the localized inter-
action between antioxidants and ROS, and Table 1 summa-
rizes improved arterial to alveolar PO2 ratios in PPHN lambs
administered intratracheal antioxidants.

Overexpression of GTP-cyclohydrolase, the enzyme cat-
alyzing the rate-limiting step in BH4 synthesis, attenuates
hypoxic PH (94), which could be due to improved NOS

FIG. 7. Diagram depicting the interactions between
cellular ROS generators and scavengers. In mitochondria,
ROS levels are regulated by enzymes, including manganese
superoxide dismutase (MnSOD), glutathione peroxidase
(GPx), and peroxyredoxin (PRx). In the cytosol, NADPH
oxidases (Nox), xanthine oxidase, and uncoupled endothe-
lial nitric oxide synthase (eNOS) generate ROS, while
copper/zinc superoxide dismutase (CuZnSOD) and catalase
scavenge ROS. Nox also contribute to ROS in the extra-
cellular space, while extracellular superoxide dismutase
(ecSOD) scavenges extracellular superoxide. Increased ex-
tracellular superoxide decreases bioavailable NO in the
formation of peroxynitrite (ONOO), and this vasoconstrictor
is removed in the presence of a decomposition catalyst.

Table 1. Improved Arterial to Alveolar PO2 Ratios

(A/A Ratio) After 24 H in PPHN Lambs Ventilated

with 100% O2 in Combination with Nitric Oxide

and/or Intratracheal Antioxidants

Lamb Treatment a/A ratio – SEM Reference

Control O2 0.58 – 0.06 (87)
PPHN O2 0.19 – 0.08 (87)
PPHN O2 + iNO 0.51 – 0.1 (87)
PPHN O2 + rhSOD 0.48 – 0.12 (87)
PPHN O2 + catalase 0.50 – 0.25 (162)
PPHN O2 + apocynin 0.30 – 0.12 (161)
PPHN O2 + hydrocortisone 0.54 – 0.07 (119)

iNO, inhaled nitric oxide (20ppm); rhSOD, recombinant human
superoxide dismutase (5 mg/kg), PEG-catalase (20,000 U/kg),
apocynin (3 mg/kg), hydrocortisone (3 · 5 mg/kg).
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function. GTP-cyclohydrolase expression is diminished in
PPHN lambs, and it is restored by treatment with antioxidants
(59). Clinical trials with oral BH4 have been conducted in
adults with PH (150), and future studies may determine the
efficacy of this approach in the treatment of children. Other
approaches to increase NOS activity include supplementation
with L-citrulline. eNOS generates NO from the oxidation of
L-arginine, and L-citrulline is formed as a byproduct. L-
citrulline is converted back to L-arginine by enzymes that
colocalize with eNOS in the endothelium, and L-citrulline
may be a more potent activator of eNOS by providing a
supply of L-arginine in close proximity to eNOS. Oral sup-
plementation with L-citrulline attenuates PH and increases
NO production in newborn piglets exposed to hypoxia (9).
Moreover, hyperoxia decreases plasma L-arginine and
L-citrulline levels in a rat model of BPD; while supplemen-
tation with L-citrulline preserves lung alveolar and vascular
development, and attenuates PH and vascular remodeling
(171). L-arginine can also be converted to urea and L-ornithine
by arginase enzymes expressed in the lung, and increased ar-
ginase activity decreases NO production from eNOS by
competing for the same substrate. Hypoxia induces human
PASMC proliferation via arginase (29), while hypoxic mice
deficient in MAP kinase signaling display elevated arginase
expression, exaggerated PH and vascular remodeling, and
decreased eNOS expression relative to wild-type mice (90).
Decreased L-arginine promotes eNOS uncoupling (155),
suggesting that therapies including L-citrulline supplementa-
tion and arginase inhibition may attenuate eNOS uncoupling
and stimulate NO production in hypertensive diseases.

Augmenting cGMP concentrations through other routes
may also prevent or reverse pulmonary vascular remodeling
due to oxidant stress. Novel activators of sGC such as cina-
ciguat (BAY 58-2667) are functional in the enzyme’s oxi-
dized, NO-resistant state (31, 34), and phosphodiesterase
inhibitors such as sildenafil may represent a logical approach
to overcome increased PDE5 activity. Sildenafil treatment of
neonatal rats exposed to hyperoxia normalizes lung alveolar
and vascular development and attenuates PH and vascular
remodeling (102). Furthermore, sildenafil treatment at 6 days
after the initiation of hyperoxia significantly reduces medial
wall thickness and right ventricular hypertrophy, suggesting
that hyperoxia-induced vascular dysfunction is reversible
(39). Iron is an important regulator of ROS levels, and an iron
chelator prevents hypoxia-induced PH and pulmonary vas-
cular remodeling in rats (194). Future studies are needed to
determine whether similar approaches are effective in the
neonatal pulmonary vasculature.

Other studies using pharmacologic inhibition of constric-
tor pathways have also demonstrated encouraging results in
animal models of PH. The Rho kinase inhibitor fasudil at-
tenuates increased pulmonary vascular resistance in response
to compression of the ductus arteriosus in fetal lambs (168),
and the Rho kinase inhibitor Y-27632 attenuates acute hyp-
oxia-induced vasoconstriction and hypertension in adult mice
(53). In the late-gestation ovine fetus, 5-HT-induced pul-
monary vasoconstriction is attenuated by ketanserin, a 5-HT
2A receptor antagonist, while antagonists to other 5-HT re-
ceptor subtypes are ineffective (40). Selective ETA antago-
nists have also proved successful in several different models
of neonatal PH. BQ-123 lowers pulmonary arterial pressure
in a piglet model of meconium aspiration (100), TBC3711

attenuates hypoxia-induced increases in pulmonary arterial
pressure in neonatal piglets (140), and ambrisentan reduces
pulmonary arterial hypertension in neonatal rats exposed to
hyperoxia (178).

Summary and Conclusions

Oxidant stress potentially plays multiple roles in the sus-
ceptibility and pathogenesis of PH in preterm infants and
newborns. Increased oxidant stress can arise due to exposure to
a variety of injurious stimuli, including hyperoxia and hyp-
oxia, that activate ROS generators, and/or inactivate endoge-
nous antioxidants. The mechanisms involved may differ
between different types of PH, thus having implications for the
most effective therapy to treat a specific disease. Further in-
vestigation into the specific mechanisms involved, along with
the development of novel antioxidant and nonantioxidant
therapies, may improve the outcomes for infants with PH.
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Abbreviations Used

5-HT¼ serotonin
BH4¼ tetrahydrobiopterin
BPD¼ bronchopulmonary dysplasia
CDH¼ congenital diaphragmatic hernia

cGMP¼ cyclic guanosine monophosphate
CuZnSOD¼ copper zinc superoxide dismutase

EC¼ endothelial cells
ecSOD¼ extracellular superoxide dismutase
eNOS¼ endothelial nitric oxide synthase
ET-1¼ endothelin-1
ETA¼ endothelin receptor subtype A
GPx¼ glutathione peroxidase
HIF¼ hypoxia-inducible factor
iNO¼ inhaled nitric oxide

IUGR¼ intrauterine growth restriction
MAS¼meconium aspiration syndrome

MnSOD¼manganese superoxide dismutase
NO¼ nitric oxide

Nox¼NADPH oxidase
ONOO¼ peroxynitrite

PA¼ pulmonary artery
PASMC¼ pulmonary artery smooth muscle cells

PDE5¼ phosphodiesterase type 5
PH¼ pulmonary hypertension

PPHN¼ persistent pulmonary hypertension of
the newborn

PRx¼ peroxiredoxin
rhSOD¼ recombinant human superoxide dismutase

ROS¼ reactive oxygen species
sGC¼ soluble guanylate cyclase

SMC¼ smooth muscle cells
SOD¼ superoxide dismutase

VEGF¼ vascular endothelial growth factor
VEGFR¼VEGF receptor
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