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REACTIVE OXYGEN SPECIES IN PULMONARY VASCULAR
REMODELING

Saurabh Aggarwal1, Christine M. Gross1, Shruti Sharma1, Jeffrey R. Fineman2,3, and
Stephen M. Black1

Pulmonary Disease Program, Vascular Biology Center, Georgia Health Sciences University,
Augusta, GA
2Department of Pediatrics, University of California, San Francisco, San Francisco, CA, 94143
3Cardiovascular Research Institute, University of California, San Francisco, San Francisco, CA,
94143

Abstract
The pathogenesis of pulmonary hypertension is a complex multifactorial process that involves the
remodeling of pulmonary arteries. This remodeling process encompasses concentric medial
thickening of small arterioles, neomuscularization of previously nonmuscular capillary-like
vessels, and structural wall changes in larger pulmonary arteries. The pulmonary arterial
muscularization is characterized by vascular smooth muscle cell (SMC) hyperplasia and
hypertrophy. In addition, in uncontrolled pulmonary hypertension, the clonal expansion of
apoptosis-resistant endothelial cells leads to the formation of plexiform lesions. Based upon a
large number of studies in animal models, the three major stimuli that drive the vascular
remodeling process are inflammation, shear stress and hypoxia. Although, the precise mechanisms
by which these stimuli impair pulmonary vascular function and structure are unknown, reactive
oxygen species (ROS)-mediated oxidative damage appears to play an important role. ROS are
highly reactive due to their unpaired valence shell electron. Oxidative damage occurs when the
production of ROS exceeds the quenching capacity of the anti-oxidant mechanisms of the cell.
ROS can be produced from complexes in the cell membrane (nicotinamide adenine dinucleotide
phosphate-oxidase), cellular organelles (peroxisomes and mitochondria), and in the cytoplasm
(xanthine oxidase). Furthermore, low levels of tetrahydrobiopterin (BH4) and L-arginine the rate
limiting co-factor and substrate for endothelial nitric oxide synthase (eNOS), can cause the
uncoupling of eNOS, resulting in decreased NO production and increased ROS production. This
review will focus on the ROS generation systems, scavenger antioxidants, and oxidative stress
associated alterations in vascular remodeling in pulmonary hypertension.

Keywords
Vascular remodeling; reactive oxygen species; endothelial cells; antioxidants; pulmonary
hypertension

Introduction
Pulmonary hypertension (PH) is a progressive disease characterized by an increase in
pulmonary vascular resistance (PVR), a mean pulmonary arterial pressure (PAP) >25 mmHg
at rest or >30 mmHg during exercise (1). PH constitutes a heterogeneous group of clinical
entities sharing similar pathologies that are categorized as pulmonary arterial hypertension,
pulmonary venous hypertension, PH associated with hypoxia, and PH associated with
chronic thrombotic disease. Histologically, PH is characterized by muscularization of

NIH Public Access
Author Manuscript
Compr Physiol. Author manuscript; available in PMC 2014 July 01.

Published in final edited form as:
Compr Physiol. 2013 July ; 3(3): 1011–1034. doi:10.1002/cphy.c120024.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



peripheral arteries, medial hypertrophy of muscular arteries, loss of small pre-capillary
arteries, and neointima formation. In the later stages of the disease, endothelial cell
proliferation leads to the development of plexiform lesions, which are aberrant channels in
the obliterated vessel lumen and in the adventitia. The source of the plexiform lesion is
unclear but may be due to the clonal expansion of apoptosis-resistant endothelial cells or the
proliferation of circulating endothelial progenitor cells at sites of endothelial injury. The
vascular changes in PH are collectively referred to as pulmonary vascular remodeling. In
this review we will describe the events that underlie the development of PH and the role
played by reactive oxygen species in the pathology of this devastating disease.

1. Pulmonary vascular remodeling in pulmonary hypertension
Vascular remodeling is a multi-factorial, multi-cellular process that involves a change in
maximal lumen diameter (inward/outward) and alterations in cellular processes such as: cell
growth, death, migration, and production and redistribution of extracellular matrix. These
lasting alterations in vessel structure contribute to an increase in PVR and PAP. Vascular
remodeling is dependent on dynamic interactions between locally generated growth factors,
vasoactive substances, and hemodynamic forces. The stimuli responsible for remodeling
involve changes in transmural pressure, stretch, shear stress, hypoxia, various mediators
(angiotensin II, endothelin (ET)-1, 5-hydroxytryptamine (5-HT), growth factors, and
inflammatory cytokines), increased serine elastase activity, and increased production of
reactive oxygen species (ROS) (Fig. 1). These stimuli initiate a) endothelial dysfunction, b)
smooth muscle cell (SMC) proliferation, and/or c) adventitial abnormalities. However, not
all compartments of the vessel are necessarily involved in the development of individual
cases of PH.

1.1. Endothelial cell dysfunction
The endothelium provides a semi-permeable barrier between the vascular and extravascular
fluid compartments and is intimately involved in the regulation of vascular tone, growth, and
differentiation. In PH, vascular responses to injury caused by hypoxia, increased flow (shear
stress), drugs (dexfenfluramine), or toxins (adulterated rapeseed oil) are mediated in part
through the disruption of endothelial cell function. The endothelium may respond to specific
forms of injury in various ways that can affect the process of vascular remodeling and PVR.
For instance, in the chronically hypoxic rat model of PH, endothelial cells proliferate in the
main pulmonary arteries much earlier than in the smaller muscular arteries (2). However,
under increased shear stress conditions, endothelial cells proliferate mainly in the smaller
pulmonary arteries (3). These hyperproliferative endothelial cells exhibit increased numbers/
sizes of lamellar structures and organelles, which contribute to their swollen appearance
(4,5). In PH, endothelial cells generate less nitric oxide (NO). NO, synthesized largely by
endothelial nitric oxide synthase (eNOS) in endothelial cells in the pulmonary vessels, is a
vasodilator and suppressor of SMC proliferation. The endothelium also releases other
vasoactive mediators, such as ET-1, angiotensin II (Ang-II), thromboxane A2 (TXA2), and
growth factors such as platelet-derived growth factor (PDGF), transforming growth factor-β
(TGF-β), fibroblast growth factor-2 (FGF-2), vascular endothelial growth factor (VEGF) all
of which can influence the growth of the underlying smooth muscle layer, resulting in
vascular remodeling (6–9). In addition, increased expression and activation of the Tie2
receptor can lead to serotonin mediated SMC contraction and proliferation (10). The
endothelial cells of pulmonary hypertensive patients appear to be highly proliferative in
response to growth factors and exhibit high rates of glycolysis (11). These disorganized,
proliferating endothelial cells form tufts of cellular capillary formations that resemble a
vascular plexus and are present within the lumen of dilated aneurysmal thin-walled arteries.
These so called plexiform lesions most commonly develop immediately distal to bifurcation
sites of small pulmonary arteries (approximately 50 to 300µm) (12). These sites are
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particularly susceptible to the development of plexiform lesions due to the high levels of
fluid shear stress occurring distal to the bifurcations in the pulmonary vessels (3). It has been
shown that exposing endothelial cells to a high level of shear stress for up to three weeks
using an artificial capillary system results in the development of a highly proliferative
phenotype and the occlusion of the intra-luminal space at a much greater rate than
endothelial cells exposed to low shear stress for the same duration (3). Further, this hyper-
proliferative phenotype appears to be preceded by an initial increase in apoptosis (13).

Previous work has identified increased expression of VEGF (14,15), kinase insert domain-
containing receptor (VEGF-R2) (15), angiopoietin-1 (16), 5-lipoxygenase (17), 5-
lipoxygenase activating factor (17), ET-1 (18), HOX genes (19), and regulated upon
expression normal T-cell expressed and secreted (RANTES) (20) in the lungs of patients
with severe PH. Other markers of the severe angioproliferative endothelial cell phenotype in
plexiform lesions include the expression of the anti-apoptotic protein, survivin, and the
proliferative marker, Ki-67 (3). The endothelial cells in the plexiform lesions also express
high levels of the hypoxia inducible factor subunits, HIF-1α and HIF-1β, which together are
responsible for the hypoxia dependent induction of VEGF (15). Further, if rats are treated
for 3 weeks with the VEGF-R2 blocker, SU5416, under hypoxic conditions, they develop a
severe, irreversible, and fatal form of PH that is characterized by the occlusion of pre-
capillary pulmonary arteries by clusters of proliferating endothelial cells (21). Treatment
with SU5416 also leads to the emergence of a population of apoptosis-resistant
hyperproliferative endothelial cells that are thought to form the plexiform lesion (22).
However, we still do not fully understand how the plexiform lesion develops in PH.
Mutations in the TGF-β receptor II and proapototic, Bax genes have been identified within
the endothelial cells of plexiform lesions derived from patients with severe PH (23). Further,
in primary pulmonary hypertensive patients, microsatellite mutations have been found in the
Bax gene in approximately 20% of plexiform lesions (24). From these data it has been
postulated that the down-regulation of Bax and its related genes may contribute to the
uncontrolled endothelial cell proliferation within the plexiform lesions. Further, the tumor
suppressor gene, peroxisome proliferator-activated receptor (PPAR)-γ, has also been shown
to be down-regulated in plexiform lesions of patients with severe PH (25). Thus, it is
possible that the modulation of signaling pathways responsible for cell cycle control allows
for the monoclonal expansion of endothelial cells from a single cell that has acquired a
selective growth advantage (26), leading to the theory that plexiform lesions are actually
neoplastic outgrowths. If true, then this suggests that in primary PH gene mutations, rather
than local vaso-proliferative factors, play a major role in triggering endothelial cell
proliferation.

1.2. Medial Smooth Muscle expansion
The SMC layer undergoes a variety of changes in PH, including hypertrophy, hyperplasia,
and extensive matrix protein deposition. SMC hypertrophy is a predominant feature of larger
proximal vessels, while smaller resistance vessels undergo hyperplasia (2,27,28). In PH, the
SMC contain more prominent endoplasmic reticula and Golgi (28), produce more collagen
(types I and IV) and elastin (29), and acquire a more synthetic-, as opposed to a contractile-,
phenotype. In the main pulmonary arteries exposed to hypoxia, collagen and elastin are
rapidly synthesized and then rapidly removed from these vessel during normoxic recovery
(30). As a result, new internal elastic lamina are formed in the hypoxic remodeled vessels,
such that their structure comes to resemble that of the resistance vessels of the systemic
circulation (31). Landmark studies from Stenmark’s group have also shown that pulmonary
vessels are composed of heterogeneous subpopulations of SMC. These subpopulations have
marked differences in the phenotype, growth, and matrix-producing capabilities. Therefore,
it is possible that the differential proliferative responses or elastogenic responses to hypoxia
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or vessel wall injury may be attributed to the expansion of specific SMC subpopulations
(32). Studies have shown that SMC isolated from the outer media have an augmented
proliferative response to hypoxia compared to those isolated from the middle media (33). In
addition, the process of muscularization of otherwise non-muscular vessels is a result of the
differentiation and hypertrophy of SMC precursor cells and pericytes already present in the
vessel wall. Pericytes have been shown to exhibit great plasticity in culture and are capable
of differentiating into macrophages, osteoblasts, adipocytes, fibroblasts, and SMCs (34). A
recent study found that bone morphogenic protein-4 (BMP-4), TGF-β1, 5-HT, and ET-1 can
each induce human pulmonary artery smooth muscle hypertrophy, as evidenced by increases
in cell size, protein synthesis, contractile protein expression, and fractional cell shortening
(35). SMC hypertrophy is also dependent on the phosphorylation and inhibition of glycogen
synthase kinase-3β (GSK-3β) and the activation of p70S6 kinase. In addition, the process of
muscularization also requires the migration and differentiation of interstitial fibroblasts
(36,37). Thus, overall the prevailing data supports the concept that in PH, SMC growth is
stimulated and this correlates with a switch from a contractile to a phenotypic phenotype.

1.3. Changes in the adventitial layer
The adventitial layer surrounding the blood vessel is considered a supporting tissue that is
responsible for providing adequate nourishment to the muscle layers of the tunica media.
However, the adventitia can also be markedly remodeled in patients with certain forms of
collagen vascular diseases associated with severe PH, most notably scleroderma. In PH and
other pathologies, fibroblasts from the adventitia can modulate vascular remodeling by
modulating several parameters of the SMC layer including phenotypic conversion,
proliferation, apoptosis, and migration (38–41). In response to various stimuli, resident
fibroblasts can be reprogrammed to have different structural and functional behavior. For
example, in experimental models of severe and mild balloon injury, the adventitial
fibroblasts can be phenotypically converted into smooth muscle-like cells called
myofibroblasts (38–40). Fibroblastscan also be both structurally and functionally
heterogeneous (42,43). The activation of fibroblasts by TGF-β1 and TGF-β2 induces a
contractile phenotype that correlates with α-SM actin expression and the development of a
cytoplasmically enriched microfilamentous system, fibronexus junctions, and other features
shared by SMC (44). In PH, the thickening of the adventitia is primarily caused by the
proliferation of fibroblasts and myofibroblasts (45). More recent experiments in models of
hypercholesterolemia and hypertension have also demonstrated that changes in the
adventitial layer precede both intimal and medial remodeling (46). Therefore, under certain
conditions, the adventitial compartment may be considered the principal injury sensing
tissue of the vessel wall.

1.4. Neointima formation
Neointima formation is intrinsic to severe PH and is characterized by the development of a
layer of cells and extracellular matrix between the endothelium and the internal elastic
lamina (47,48). Neointima occuring in the small and large arteries are a significant
contributor of increased PVR. Neointima are comprised of myofibroblasts expressing the
SM markers: α-SM actin and vimentin, but can be distinguished from mature SMC by their
lack of highly differentiated SMC markers, such as SM-myosin heavy chain. Additionally,
neointimal cells do not express markers of endothelial cells, such as CD31, CD34, or factor
VIII (47). It is unknown whether neointimal cells originate by the trans-differentiation of
endothelial cells (49), by the migration of SMC from the media, or by the migration of
adventitial fibroblasts. However, recent studies using pulse labeling of dividing cells with
bromodeoxyuridine have suggested that in injured arteries, proliferating cells from the
media and adventitia can migrate to the subendothelial space (50,51). Further, labeled
adventitial fibroblasts stably transduced with a lacZ retrovirus were found to be capable of

Aggarwal et al. Page 4

Compr Physiol. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



migrating from the adventitia to the media and neointima (40). Unfortunately, the lack of
specific markers for fibroblasts and myofibroblasts has hampered a detailed analysis of the
phenotypic features of these migrating cells and the time course of their activation during
the process of neointima formation. The increased expression and activation of the ROS-
generating enzyme system, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
has been linked to neointima formation in a non-hyperlipidaemic rabbit model of early stage
arterial remodeling (52). However this link is controversial as neointima formation is not
observed in the chronic hypoxiaor the monocrotaline-induced rat models of PH even though
NADPH oxidase activity is increased (53,54). However, when monocrotaline- induced
vascular injury is accompanied with high blood flow (shear) induced by pneumonectomy,
the rats develop neointima (55,56). This suggests that endothelial injury induced by
sustained high levels of shear stress may be an important stimulus for neointima formation
and disease progression.

2. Sources of ROS in pulmonary hypertension
ROS is a term that includes free radicals that are naturally formed as byproducts of oxygen
metabolism, such as hydroxyl (OH•), superoxide (O2

−), peroxyl (RO2•), lipid peroxyl
(LOO•), and non radical species, such as hydrogen peroxide (H2O2), hypochloric acid
(HOCl), ozone (O3), and lipid peroxide (LOOH). ROS can also act as intermediates in
signaling pathways in much the same manner as classical second messengers. The main
ROS involved in cell signaling pathways are O2

− and H2O2. Electrically charged O2
− is

highly reactive and is rapidly dismutated into H2O2, while the enzyme, catalase,
decomposes H2O2 to water and oxygen. The low cellular concentrations of O2

− (picomolar-
nanomolar range) and its limited diffusion enable O2

− to acts as an intracellular messenger.
In contrast, the high cellular levels of H2O2 (high nanomolar-micromolar range) and its
ability to diffuse across hydrophobic membranes allow H2O2 to be regarded as both an intra-
and inter- cellular messenger (57). In the lungs, endothelial cells, neutrophils, eosinophils,
alveolar macrophages, and alveolar epithelial cells are all major sites of ROS generation.
ROS in the pulmonary vasculature can be produced from complexes in the cell membrane,
cellular organelles such as, peroxisomes and mitochondria and in the cytoplasm. In addition,
low levels of substrates or co-factors, such as L-arginine and tetrahydrobiopterin (BH4) can
uncouple eNOS, producing a shift from NO generation to ROS production (58).Several
enzymes are now recognized to be involved in generating the increased ROS associated with
PH. These include NADPH oxidase, uncoupled NOS, dysfunctional mitochondria, and
xanthine oxidase (Fig. 2).

2.1. NADPH oxidase
Although several enzymes are now recognized to produce ROS; perhaps the most important
of these is NADPH oxidase, which is located on the cell membrane, and other organelles, of
polymorphonuclear cells, macrophages, vascular SMC, fibroblasts, and endothelial cells
(59–62). The NADPH oxidase system was originally studied in cellular innate immunity
where it is involved in the destruction of invading bacteria and fungi, and in clearing tissue
debris. The NADPH oxidase system is a transmembrane mutimeric protein structure that is
capable of producing O2

− by catalyzing a one electron reduction of molecular O2, using
NADH or NADPH as a donor (63). The NADPH oxidase family consists of seven catalytic
homologs: Nox1–5 and Duox1–2, but only Nox1, Nox2, Nox4, and Nox5 are found in the
pulmonary vasculature. Apart from the conserved structural properties of the NADPH
oxidase enzymes, there are several adapter subunits specific for each member of the Nox
family that are critical for enzymatic function. For example, in endothelial cells, SMC, and
fibroblasts (64), Nox2, the prototypic Nox, is constitutively associated with p22phox (65–67)
and is unstable in the absence of this subunit (68). Upon stimulation, the p47phox subunit
becomes phosphorylated which helps recruit the “activator subunit”, p67phox, as well as the
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p40phox subunit into the Nox2 complex (69). Finally, the small GTPase Rac1 joins the
complex by first, directly binding to Nox2 and then subsequently interacting with p67phox

(70,71). When the complex is assembled, it is then able to generate O2− by transferring an
electron from NADPH in the cytosol to O2 in the luminal or extracellular space (72). Unlike
Nox2, the activation of Nox1 requires the interaction with homologues of p47phox and
p67phox, NADPH oxidase organizer 1 (NOXO1) and NADPH oxidase activator 1 (NOXA1),
respectively (73,74). The other pulmonary vasculature NADPH oxidases, Nox4 and Nox5,
seem to be constitutively active and do not require the cytosolic subunits, p47phox, p67phox,
p40phox, or GTPase Rac1. However, Nox4 is dependent upon the membrane subunit,
p22phox, for its activation, while the role of Rac1 is still controversial (75,76). NADPH
oxidase can be activated by growth factors (PDGF, EGF, and TGF-β1), cytokines (tumor
necrosis factor-α, interleukin-1, and platelet aggregation factor), mechanical forces (cyclic
stretch, laminar-, and oscillatory-shear stress), and metabolic factors (hyperglycemia,
hyperinsulinemia, free fatty acids, advanced glycation end products), and G protein–coupled
receptor agonists (serotonin, thrombin, bradykinin, ET-1, and Ang II) (77,78) (78,79).
Conversely, NADPH oxidase is down-regulated by statins, PPAR agonists, and estradiol
(80,81).

NADPH oxidase derived O2
− has been shown to play a key role in vascular dysfunction in

many different models of PH. In hypoxia-induced PH, Nox2 plays a significant role in ROS
generation and endothelial dysfunction (82). Hypoxia also upregulates Nox4 mRNA and
protein levels in adventitial fibroblasts (62), and SMC (59), while siRNA mediated silencing
of Nox4 reduces ROS and cellular proliferation. In addition, the up-regulation of Nox4 and
the subsequent increase in ROS generation attenuates K+(v) channel current in PASMC (83)
and promotes Ca2+ influx. However, in pulmonary resistance arteries isolated from hypoxic
piglets, only Nox1 and the membrane fraction of p67phox were increased, while Nox4
expression was unchanged (84). Furthermore, in monocrotaline treated rats, Nox4, but not
Nox2, is upregulated (85). In lambs with increased PBF, p47phox and Rac1 protein levels are
transiently increased, correlating with a significant increase in NADPH oxidase dependent
O2

− generation at 2- and 4-, but not 8-weeks of age (86). In fetal lambs with a ligated ductus
arteriosus, which mimics the human condition of persistent pulmonary hypertension of the
newborn (PPHN), an elevation in NADPH oxidase activity and O2

− levels correlated with
increased mRNA levels for Nox2, Rac1, p47phox, and Nox4, as well as the protein levels of
p67phox and Rac1 (87). In PASMC, Nox4 expression is induced via a TGF-β1/Smad 2/3
signaling pathway (88). The subsequent increase in ROS promoted PASMC proliferation,
suggesting that Nox4 mediates TGF-β1 induced pulmonary vascular remodeling (88). Nox1
and Nox4 have also been shown to be critical for HIF-2α expression and transcriptional
activation (89). Additionally, TGF-β/SMAD signaling can synergize with hypoxia/HIF-1α
to promote proliferation (90). Thus, HIF-1α/HIF-2α, TGF-β1, and Nox4 may act
synergistically to potentiate pulmonary vascular remodeling. Taken together the available
data suggest that NADPH oxidase derived O2

− plays an important role in the vascular
remodeling in PH.

2.2. Uncoupled NOS
Endothelial NOS is a Ca2+ dependent flavoenzyme that converts L-arginine to L-citrulline to
generate NO. This reaction requires the cofactors: Ca2+/calmodulin, flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), and BH4 (91). In the pulmonary
vasculature, NO is normally formed in endothelial cells from eNOS (92). During basal
conditions, NO released from the endothelium maintains a low PVR. The acute blockade of
NO in rabbits and neonatal piglets has been shown to increase basal PVR (93,94). All three
isoforms of NOS i.e. eNOS, neuronal NOS (nNOS), and inducible NOS (iNOS) can
generate O2

− in conditions of substrate (L-arginine) or cofactor (BH4) deficiency (95). In
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these conditions, electrons flowing from NADPH through the NOS reductase domain and
into to the oxygenase domain are diverted to molecular oxygen to produce O2

− rather than to
L-arginine to produce NO, therefore making the enzyme dysfunctional under pathological
circumstances. The exogenous supplementation of L-arginine and BH4 has a vasodilatory
effect in systemic and pulmonary vascular beds and can correct this NOS uncoupling and
abnormal endothelium-dependent vasodilation. In patients with PH, L-arginine
administration reduces PAP and PVR (96). Decreases in L-arginine, either by enhanced
degradation by the enzyme arginase or reduction in L-arginine synthesis can uncouple NOS
and drive O2

− production. Indeed, in the lungs of lambs with increased PBF, L-arginine
levels are decreased as early as 2-weeks after birth (97). Further, these lambs have reduced
activities of the arginine recycling enzymes, argininosuccinate synthetase (ASS) and
argininosuccinate lyase (ASL) as well as an increase in arginase activity. These changes
correlate with an increase in NOS-derived O2

− generation (97). Elevated plasma arginase
activity has also been reported in patients with PH secondary to sickle cell disease (98).
Furthermore, beyond stimulating eNOS uncoupling, increases in arginase activity can also
promote SMC growth and collagen synthesis through the formation of polyamines and L-
proline (99).

Asymmetric dimethyl-l-arginine (ADMA), an endogenous, L-arginine analogue, promotes
the dissociation of the ferrous-dioxy species from the heme group of NOS, which results in
O2

− rather than NO production. Increased plasma concentrations of ADMA are associated
with oxidative stress within the vasculature and endothelial dysfunction (100). ADMA
competes with L-arginine for the substrate binding site on NOS, and therefore, a decrease in
the L-arginine:ADMA ratio is an important indicator of reduced NO formation and vascular
dysfunction. In a recent study, plasma ADMA was found to be significantly higher and
global L-arginine bioavailability significantly lower in patients with PH associated with
advanced decompensated heart failure and was also associated with higher PAP and higher
central venous pressure (101). Further, in lambs with increased PBF, there is both an
increase in ADMA and a reduction in L-arginine (102). Supplementation of these lambs
with L-arginine both increased NO production and reduced ROS formation, implicating the
L-arginine:ADMA ratio as an important determinant in the development of endothelial
function (102,103). ADMA is metabolized by dimethylarginine dimethylaminohydrolase
(DDAH) to L-citrulline and dimethylamine. In humans, there are two isoforms of DDAH
(DDAH-1 and DDAH-2) that have distinct but overlapping tissue distribution (104).
Accumulating evidence suggests that decreased DDAH activity is a key factor in the
elevation of ADMA under many pathophysiological conditions (105,106). Indeed, in lambs
with increased PBF, the rise in ADMA levels correlated with a decrease in DDAH activity
(102). Also, rats with PH and patients suffering from idiopathic pulmonary arterial
hypertension (IPAH) also have a marked increase in plasma ADMA levels with a
concomitant decrease in DDAH-2 expression at both the mRNA and the protein level with
no significant changes in DDAH1 expression (107). Piglets with persistent pulmonary
hypertension of the newborn (PPHN) exhibit no changes in DDAH1 expression, but
markedly decreased DDAH2 expression (108) resulting in a decrease in total DDAH activity
(108). These data suggest that there is a differential regulation of DDAH isoforms during the
development of PH and that the dysregulation of DDAH2, rather than DDAH1, may be
important for the development of PH (108).

In addition to alterations in arginine metabolism, derangements in the NOS cofactor, BH4,
can also modulate O2

− generation from eNOS (109). A number of studies have shown that
suboptimal concentrations of BH4 induce endothelial dysfunction and O2

− generation
through eNOS uncoupling (110). BH4 itself is also highly susceptible to oxidative
degradation to BH2 (91), and therefore, the oxidative loss of BH4 in response to increased
oxidative stress amplifies ROS production by uncoupling of eNOS due to BH4 deficiency.
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BH4 is generated by two different metabolic pathways: the de novo and the salvage
pathways. GTP cyclohydrolase I (GCH1) is the first, rate-limiting enzyme in the de novo
pathway of BH4 biosynthesis (111). GCH1 deficient, hph-1 mutant mice develop PH at
birth, as indicated by their increased RV/LV+septum ratio secondary to ROS mediated
vascular remodeling (112). These mice have low BH4 levels in the lung, elevated ROS
levels, and pulmonary arterial medial thickening (112). In lambs with increased PBF, BH4
and GCH1 levels are decreased, which correlates with decreased NO bioavailability (102).
Interestingly, the decrease in GCH1 is the result of an ADMA induced ubiquitination and
proteasome-dependent degradation of GCH1 (102), indicating the complexity of the
interactions in regulating eNOS uncoupling.

All NOS isoforms function as homodimers (113) and an important mediator of the dimeric
structure is a region between the eNOS dimer interface known as the zinc tetrathiolate
(ZnS4) cluster. The ZnS4 cluster in the oxygenase domain of eNOS is formed by a zinc ion
and two cysteine residues (94 and 99) from each monomer and is positioned at equal
distance from each heme group. It is thought that the ZnS4 cluster also maintains the
integrity of the BH4 binding site of eNOS (114). The maintenance of this dimer interface is
key to the enzyme function as mutation of this cluster prevents the binding of zinc, BH4, and
L-arginine and eliminates enzyme activity (115). Studies have also shown that the oxidative
attack by H2O2 on the ZnS4 cluster disrupts the eNOS dimer, which is accompanied by zinc
release and decreased NO generation. However, pre-incubation of eNOS with excess BH4
prevents the destruction of ZnS4 and preserves enzyme activity (116), suggesting that the
eNOS dimer collapse may be an important mechanism by which ROS regulate NO
bioavailability under conditions of acute oxidative stress. Further, recent data using
recombinant eNOS protein purified from E.coli containing disrupted tetrathiolate clusters
have shown that, compared to wildtype eNOS, the disruption of the eNOS dimer reduces
NO generation to essentially background levels, while significant levels of O2

− are still
generated (117). However, the role of dimer disruption of eNOS in PH has not been well
studied so it is unclear how important this process is to the development of the disease but it
warrants further study.

2.3. Mitochondrial dysfunction
Mitochondrial dysfunction is involved in the pathology of a number of diseases including
PH and is associated with altered mitochondrial ROS generation. Indeed, mitochondrial
dysfunction has been shown to underlie a few documented cases of PH (118–120).
Mitochondria are a major source of ROS production in the cardiovascular system. The
potential sites of ROS production in the electron transport chain of the mitochondria include
the flavin site and ubiquinone reducing site of complex I, the flavin site of complex II, and
the ubiquinol oxidizing site in complex III (121). Complexes I and III have been generally
shown to produce most of the ROS (122), even though tissue heterogeneity of complexes is
an important factor determining the individual role of the complexes in ROS generation. For
instance, ROS generation has also been shown to be ablated by inhibiting complex III in
neonatal pulmonary artery myocytes exposed to hypoxia (123). In contrast, in the hypoxic
mouse lung, the source of the mitochondrial ROS has been localized predominantly to
complex II (124). In a monocrotaline-induced rat model of PH, the expression and activity
of complex II is increased along with complex II derived ROS (125). Interestingly, PASMC
treated with hypoxic media exhibited increased ROS production in the mitochondrial inter-
membrane space and decreased ROS in the mitochondrial matrix, suggesting that ROS
generation is differentially regulated in the mitochondrial compartments (126).

In PH, the role of mitochondrial derived ROS is both complex and controversial with many
competing studies indicating that mitochondrial ROS both increase and decrease during the
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progression of the disease. For example, decreased levels of mitochondrial derived ROS
have also been found in PASMC isolated from human pulmonary hypertensive patients
(127). Several studies have also found reduced levels of mitochondrial ROS in the FH rat
(128), as well as in hypoxia-, and monocrotaline-induced PH (129). Many researchers have
also demonstrated that ROS are generated in proportion to PO2 and that ROS generation
with hypoxic pulmonary vasoconstriction (HPV) is actually decreased. These data indicate
that inhibiting the mitochondrial electron transport chain with rotenone and antimycin A,
results in pulmonary vasoconstriction and a reduction in lung ROS production (130). Using
lucigenin-enhanced chemiluminescence, Paky et al. demonstrated that hypoxia attenuated
ROS production in the rabbit lung (131). Similarly, in the rat lung, mitochondrial derived
ROS increases in direct proportion to an increase in PO2 (132). In cardiomyocytes isolated
from the adult guinea pig, hypoxia diminishes mitochondrial-derived H2O2 levels and
impairs the basal activity of L-type Ca2+ channel (133).

In PH, mitochondrial derived ROS have been shown to induce pulmonary vascular
remodeling by increasing intracellular Ca2+, depolarization/hyperpolarization of the
mitochondrial membrane potential (ΔΨm), and PASMC contraction and growth (134).
Under hypoxic conditions, mitochondrial derived ROS was shown to be elevated with a
concomitant increase in Ca2+ influx and PASMC contraction (135–137). In addition to
promoting vascular constriction, mitochondrial derived ROS have been demonstrated to
enhance PASMC proliferation (138). In a recent study, hypoxia induced PASMC
proliferation was attributed to the opening of mitochondrial K+

ATP channels, increased
mitochondrial ROS generation, and subsequent activation of the redox sensitive
transcription factor, AP-1 (138). The opening of K+

ATP channels also inhibited the
mitochondrial transition pore, induced depolarization of the ΔΨm, and attenuated
cytochrome c release and PASMC apoptosis (138). In contrast, it was shown that in PH and
in moderate hypoxia, the ΔΨm was hyperpolarized, mitochondrial derived ROS were
decreased, and K+ currents were attenuated, leading to the depolarization of the plasma
membrane, Ca2+ influx, and PASMC contraction (139). The activation of NFATc2 by Ca2+

(127) and the inhibition of caspases by K+ contribute to PASMC hypertrophy/proliferation
and impaired apoptosis (129,140), respectively. Interestingly, hyperpolarized mitochondria
have been documented in PASMC isolated from rodents exposed to chronic hypoxia and
monocrotaline (129), FH rats (128), and from human pulmonary hypertensive patients (127).
It is hypothesized that the hyperpolarized mitochondria are resistant to apoptosis, which may
in part explain the proliferative vascular phenotype (139). In addition, the treatment of
PASMC with antioxidants results in the depolarization of the ΔΨm and subsequent
apoptosis, suggesting a key role of ROS in mitochondrial membrane hyperpolarization
(141). In PH, the increase in mitochondrial ROS may also be attributed to elevated
circulating levels of ADMA. In PAEC, ADMA has been shown to induce mitochondrial
dysfunction by increasing uncoupling protein-2 (UCP-2) protein levels and mitochondrial
ROS in a dose dependent manner, resulting in the reduction in cellular ATP levels (142).
Similarly, in lambs with increased PBF have increased ADMA levels (102) and exhibit
several markers of mitochondrial dysfunction, such as increased levels of UCP-2, decreased
levels of the mitochondrial antioxidant, superoxide dismutase-2 (SOD2), and an increased
lactate to pyruvate ratio (143). Thus, overall the data regarding mitochondrial ROS in the
development of PH have yet to reach a consensus perhaps due to inherent differences in the
models employed or the focus on different cell types (SMC vs. EC) and much work still lies
ahead. However, it is fair to conclude that regardless of whether ROS production is
increased or decreased, mitochondria play an important role in HPV and likely in the
development of PH in general.
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2.4. Xanthine oxidase
Xanthine oxidase (XO) is another important source of ROS in the pulmonary vasculature.
This molybdenum and iron-containing flavoprotein catalyzes the transformation of
hypoxanthine and xanthine to uric acid with concomitant release of O2

−/H2O2 as by-
products (144). Initially, XO exists in the form of xanthine dehydrogenase (XDH), which is
the primary gene product. However, this can be easily converted into XO by reversible thiol
oxidation and/or irreversible proteolysis. Therefore, the ratio of XO to XDH in the cell is a
critical determinant to assess ROS production by this enzyme (145). The addition of XO or
uric acid in cell culture modifies cell growth and proliferation (146), suggesting a role for
XO in vascular remodeling. In fact, in rats chronically exposed to hypoxia for 14 days from
birth, the XO inhibitor, allopurinol, limited oxidative stress in the lung and attenuated
hypoxia-induced vascular remodeling. These hypoxia exposed pups also had increased
serum and lung XO activity, increased vascular XO-derived O2

− production, and vascular
nitrotyrosine formation, which were all prevented by treatment with allopurinol (147).
Moreover, in cultured calf PASMC, XO treatment increased the activity of the redox-
sensitive transcription factor, Egr-1, induced the phosphorylation of ERK1/2, increased
SMC proliferation, and reduced apoptosis (148). In lambs with increased PBF, XO protein
levels are significantly increased at 2- and 4-weeks of age but are significantly decreased at
8-weeks. This correlates with an increase in XO dependent O2

− generation at 2- and 4-, but
not 8-, weeks of age in these lambs (86). In addition, elevated plasma XO levels have been
reported in patients with IPAH (149). Collectively, these findings suggest that XO-derived
O2

− can induce vascular dysfunction, thus impairing pulmonary arterial relaxation and so
contribute to the vascular remodeling in PH but that the role of XO may be transient.

3. Oxidative stress in pulmonary vascular remodeling
Oxidative stress describes an imbalance in ROS handling due to either the over-production
of ROS and/or decreased capability of antioxidant defenses. ROS play an essential role in
the regulation of several physiological and pathophysiological processes. ROS modulates
the release of and/or effects of several vasoactive factors, such as ET-1 (150), TXA2,
prostacyclin, and PPAR-γ, which can acutely influence vessel tone and, over time, result in
vascular remodeling in PH. TXA2, a platelet derived vasoconstrictor, is an important
mediator of PH. Its effects are antagonized by the release of prostacyclin from endothelial
cells. An imbalance between the release of TXA2 and prostacyclin promotes vascular
remodeling in PH (151). NADPH oxidase derived O2

− has been associated with a decrease
in prostacyclin and an increase in TXA2 levels in monocrotaline-induced PH (85). ET-1, a
small 21 polypeptide, produced predominately by the endothelium, is one of the strongest
known vasoconstrictors. Increased plasma levels of ET-1 have been demonstrated in patients
with PH, and the levels of ET-1 correlated with an increase in PVR (152). Oxidative stress
can stimulate both the expression of the ET-1 gene and the secretion of the ET-1 peptide
(153). Further, ROS have been shown to increase the mRNA, protein, and activity of ET-1
converting enzyme-1 (ECE-1) (154). ROS can also modulate cellular growth pathways,
modulate cellular proliferation, alter transcription factor activity (155), and attenuate
apoptosis or regulated cell death (156,157). However, the excessive production of ROS can
induce irreversible alterations to cellular lipids, proteins, and DNA, and result in cellular
dysfunction or cell death (158,159). ROS generated in the lungs have also been strongly
implicated in the pathology of many lung diseases, such as pulmonary emphysema, adult
respiratory distress syndrome (ARDS), lung fibrosis, lung transplant rejection, and PH.

3.1. ROS and pulmonary vascular constriction
Pulmonary vasoconstriction is the generation of increased tensile force, which translates into
the narrowing of the cross-sectional lumen of the vessel. Pulmonary vasoconstriction
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contributes to the increase in PVR and, hence, the elevated PAP in PH. Also, as stated
above, the increase in PVR and PAP can directly influence SMC hypertrophy and
hyperplasia, leading to vessel occlusion (160). Hypoxic pulmonary vasoconstriction (HPV),
an adaptive mechanism unique to the lungs, is a major contributor to the development of PH
secondary to hypoxic cardiopulmonary diseases and has been extensively detailed in a
recent review (161). Although the precise mechanism by which hypoxia causes pulmonary
vasoconstriction is still unclear, it is accepted that ROS promote SMC contraction by
triggering a rise in cytosolic free Ca2+ concentration and antioxidants abolish the HPV
response in isolated rabbit lungs and pulmonary artery myocytes (137,162). Sources of
intracellular Ca2+ include mitochondria, inositol 1,4,5-triphosphate (IP3)-sensitive
sarcoplasmic reticulum (SR) stores, and ryanodine sensitive SR stores. The majority of
studies have identified a central role for ryanodine sensitive SR stores in ROS dependent
Ca2+ release (163) and the inhibition of ryanodine receptors abolishes H2O2 induced Ca2+

release in pulmonary artery SMC (PASMC) and vasoconstriction in isolated pulmonary
arteries (164,165). However, other studies suggest that mitochondrial derived ROS can also
be the trigger that alters intracellular Ca2+ homeostasis and induce vasoconstriction as the
inhibition of the mitochondrial electron transport chain and ROS production attenuates
intracellular Ca2+ and HPV in isolated rat lungs and pulmonary artery myocytes, (137).
H2O2 can also activate phospholipase C in a concentration dependent manner, which leads
to the conversion of phosphatidylinositol 4,5-bisphosphate to IP3 and diacylglycerol,
triggering the release of Ca2+ from IP3-sensative intracellular stores (166). In PH, transient
receptor potential (TRPC) genes, which encode store-operated and receptor-operated cation
channels, are upregulated in PASMC and these have also been shown to play an important
role in Ca2+ elevation (167,168). The increased expression of acid-sensing ion channel 1
(ASIC1) in PH also promotes intracellular Ca2+ accumulation through store operated Ca2+

entry (SOCE) (169). In addition to increased intracellular Ca2+ release, ROS also promote
Ca2+ influx. In PH, the decreased expression and/or functioning of redox sensitive voltage
gated K+ channels (Kv1.5, Kv2.1) contributes to a sustained elevation in Ca2+ through the
activation of voltage-gated L-type Ca2+ channels (170,171).

Increases in intracellular Ca2+ stimulates SMC contraction through the calmodulin
dependent activation of myosin light chain kinase (MLCK) and the phosphorylation of the
myosin light chain (MLC) of myosin II, which stimulates its ATPase activity (172). In
addition, the small GTPase, RhoA, and its downstream effector, Rho kinase, can increase
the phosphorylation of MLC by inhibiting MLC phosphatase. In the rat hypoxic model of
PH, the RhoA/Rho kinase pathway mediates an increase in basal pulmonary vascular tone
(173), and the Rho kinase inhibitor, fasudil, decreases PAP and PVR in patients with severe
PH (174). ROS trigger the translocation of Rho kinase from the nucleus to the cytosol in
pulmonary artery SMC, leading to enhanced MLC phosphorylation (175). In PH, ROS has
been shown to activate RhoA and RhoA/Rho kinase dependent Ca2+ sensitization and
vasoconstriction (150,176). Therefore, it is evident that ROS play an important role in
regulating both intracellular release and Ca2+ entry into the cells. Although, when the levels
of ROS reach pathologic levels, this can trigger an exaggerated pulmonary vasoconstriction
response in the pulmonary vessel. The available literature indicates that ROS can mediate an
increase in pulmonary vasoconstriction and therefore can increase PVR. However,
vasoconstriction is only a short term and early modulator of PVR. During the course of PH,
structural adaptation of resistance vessels in the pulmonary vasculature is necessary to
maintain elevated PVR and PAP for prolonged periods. Also, the vasoconstriction may well
contribute to an increase in pulmonary arterial thickness. Indeed, some of the
vasoconstrictor substances released during the course of the disease, such as ET-1 and
serotonin, serve as growth factors for SMC, independent of their effects on vascular tone
(177,178). Thus, the mechanisms by which ROS contribute to the development of vascular
dysfunction and remodeling in PH can b broadly divided into two major categories: factors
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affecting vascular tone and factors influencing vessel wall thickness. However, there is no
clear demarcation separating these two mechanisms, as factors affecting tone may also
contribute to vascular proliferation (Fig. 3).

3.2. ROS mediated increase in pulmonary vascular thickness
Under physiological conditions, the thickness and mass of the pulmonary arterial wall is
maintained through a delicate balance between the proliferation and apoptosis of fibroblasts,
SMC, and endothelial cells. The disturbance of this balance in favor of proliferation results
in the thickening of the pulmonary arterial wall, leading to the narrowing and eventual
obliteration of the vessel lumen. This process also decreases pulmonary vascular
compliance, eventually resulting in the development of PH (179). The factors affecting SMC
proliferation are diverse and complex. However, ROS are important mediators of the
proliferative reponse in pulmonary vascular cells (180). ROS increase the expression and/or
activation of multiple factors involved in cellular growth. These include PI3K/Akt,
p38MAPK, c-Src, TGF-β1, VEGF, PDGF, FGF-2, nuclear factor of activated T cells
(NFAT) and peroxisome proliferator activated receptor gamma co-activator 1α (PGC-1α).
All these factors have been implicated in the vascular remodeling that occurs in PH (181–
185). These mitogens also exert their proliferative effects on PASMC, PAEC, and
fibroblasts at least in part via ROS (180,186–188). For example, in human lung fibroblasts
and bovine PAEC, TGF-β increases H2O2 (188,189); in return, H2O2 enhances the activity
of TGF-β1 (190). In addition, growth factors can also stimulate ROS generation. For
example, in human PASMC, TGF-β1 induces the expression of Nox4, increasing NADPH
oxidase derived O2

−.

The MAPKs are a family of serine/threonine kinases that regulate cellular growth and
apoptosis. There are 4 main MAPKs, including extracellular signal–regulated kinases
(ERK1/2), c-Jun N-terminal kinases (JNKs, also termed SAPKs), p38 MAPKs, and big
MAPK-1. In SMC, H2O2 can activate p38 MAPK (191), JNK (192), and big MAPK-1
(193). In addition, XO derived ROS have been shown to promote the cellular proliferation
and vascular remodeling by inducing the phosphorylation of ERK1/2 and the subsequent up-
regulation of the redox-sensitive transcription factor, early growth response-1 (Egr-1) in
pulmonary arteries (148). The bone morphogenetic protein (BMP) can also activate ERK,
p38MAPK, and JNK (194). The activation of ERK increases the expression of matrix
metalloproteinase (MMP)-9, which has been shown to correlate with the severity of PH in
various animal models (195–197). In pulmonary hypertensive arteries, TGF-β2 and TGF-β3
have also been shown to increase the production of extracellular matrix molecules, such as
elastin (198,199). Thus, the activation of these kinases by BMP and TGF-β is thought to be
critical to the development of vascular remodeling in PH (194). ROS have also been shown
to be involved in regulating mitochondrial biogenesis via the transcription of the
mitochondrial biogenesis regulator, PGC-1α. Although this is a complex process, as the
effect of ROS on PGC-1α expression differs depending on the level of ROS within the cell.
Low levels of ROS reduce PGC-1α mRNA while elevated levels of H2O2 induce PGC-1α
transcription indirectly, via AMPK activation (200). PGC-1α has been shown to be
upregulated in PASMC under hypoxic conditions via PI3 kinase/Akt signaling and promote
hypoxia-induced proliferation of PASMC through the up-regulation of proliferating cell
nuclear antigen (PCNA), cyclinA, cyclinE, and mitochondrial biogenesis (201). In addition,
Akt, a serine/threonine kinase that plays a key role in glucose metabolism, apoptosis,
proliferation, cell migration and protein synthesis (202) is stimulated in chronic intermittent
hypoxia induced PH via Nox derived ROS leading to the muscularization of the distal
pulmonary arteries (203). Exogenous H2O2 has also been shown to activate Akt in SMC
(204) while serotonin stimulates PASMC proliferation through ROS induced
phosphorylation and activation of Akt (205). It has also been demonstrated that ROS
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dependent activation of the proto-oncogene, Ras, induces recruitment of PI3-kinase to Ras,
an event required for Akt activation (206). ROS have also been shown to activate the Ca2+

dependent transcription factor, NFATc3 (207). The nuclear localization and activation of
NFATc3 increases pulmonary arterial wall thickness and promote vascular remodeling
(208,209). Thus, ROS play a significant role in the vascular remodeling during the
development of PH.

3.3 ROS and growth factor signaling
ROS are also involved in growth factor signaling. For example, H2O2 induces tyrosine
phosphorylation and activation of the EGF-R as this can be inhibited by antioxidants (210).
While H2O2 (211), hypoxia (212,213), mechanical stretch, and shear stress (214) have been
shown to induce PDGF expression. In a recent study, it was determined that c-Src, a proto-
oncogene and a tyrosine-protein kinase is an important signaling molecule which forms a
complex with the EGF-R (215), and activates MAPK (216). In mouse fibroblasts, H2O2
activates c-Src (216) and stimulates proliferation. The expression of the SMC mitogen,
FGF-2, is also regulated by ROS (217). In PASMC, Nox derived ROS increase the activity
of the FGF-2 promoter through the activation of the redox sensitive transcription factor,
HIF-1α (217). The increases in FGF-2 expression can also be stimulated by factors known
to increase ROS signaling in PASMC, such as FGF-2 itself, ET-1, and TGF-β1 and is
inhibited by Nox inhibitor, apocynin (217). Furthermore, FGF-2 increases PASMC
proliferation through the activation of Nox, PI3-kinase, and Akt (217). FGF-1 and -2 was
also found to increase the expression of the ET-1 subtype A receptor (ET-AR) in PASMC
(218). In a lamb model of PH secondary to increased PBF, FGF-2 mRNA and protein levels
are increased in serum, lung tissue, and isolated pulmonary arteries at 4-weeks of age (7). In
addition, cyclic stretch and laminar shear stress, two types of mechanical forces that are
increased in these lambs, are able to increase FGF-2 promoter activity in both PASMC and
PAEC, suggesting that FGF-2 plays a significant role in vascular remodeling under
conditions of high PBF (7).

VEGF and its receptors have also been shown to be involved in the pathogenesis of vascular
remodeling in PH. VEGF, an endothelial cell specific angiogenic mitogen, is associated with
the abnormal endothelial cell proliferation and disordered angiogenesis in plexiform lesions.
In severe PH, VEGF expression is increased within the pulmonary vasculature, including
plexiform lesions (15,219–221), secondary to increased oxidative stress in PAEC (222) and
PASMC (223). VEGF expression is also upregulated via a TGFβ-1 dependent activation of
NADPH oxidase in PASMC subjected to cyclic stretch (224). Although the isoform VEGF-
A has been proposed to play a protective role (225), VEGF-B appears to exacerbate vascular
remodeling, as VEGF-B knockout mice exposed to chronic hypoxia exhibit significantly
less pulmonary vascular remodeling compared to wild type mice (226). VEGF binds to two
high-affinity tyrosine kinase receptors located in the endothelium: fms-like tyrosine kinase
(Flt-1; VEGFR-1) and kinase inert domain–containing receptor (KDR; VEGFR-2). In the
lungs of hypertensive patients, VEGFR-1 mRNA expression is increased in the endothelial
cells of arteries adjacent to plexiform lesions (219,221), while VEGFR-2 mRNA is elevated
in the endothelial cells within the plexiform lesion (219). Taken together, the data available
data strongly support an important role for ROS in promoting vascular remodeling in PH
and this occurs, at least in part, through the stimulation of growth factor signaling.

4. ROS Scavenging Systems in the pulmonary vasculature
Antioxidant enzymes play a critical role in the regulation of the oxidant levels in the
vasculature, and their dysregulation has been implicated in the pathology of systemic and
pulmonary hypertension (227). The major vascular enzymatic antioxidants are SOD,
catalase, and glutathione peroxidase (GPx) (228–230) (Fig. 4). The role of catalase and
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superoxide dismutase (SOD) has been extensively studied in PH. There are three types of
SOD: Cu/ZnSOD (SOD1) in the cytoplasm, MnSOD (SOD2) in the mitochondria, and an
extracellular EC-SOD (SOD3) that all serve to catalyze the rapid conversion of O2

− into
H2O2, whereas catalase decomposes H2O2 into O2 and H2O (227). Similarly, GPx
decomposes H2O2 into H2O and in the process two molecules of glutathione (GSH) are
oxidized to glutathione disulfide (GSSG).

4.1. Superoxide dismutases in pulmonary hypertension
SOD is a universally expressed enzyme and all the three isoforms are expressed in the lung.
In PH of different etiologies, the expression and/or activity of these isoforms is altered,
which contributes to oxidative stress and vascular remodeling. For example, in an ovine
ductal ligation model of PPHN, total SOD activity is decreased in the pulmonary arteries
after 9 days of ligation (231). SOD1 protein levels are also diminished in resistance
pulmonary arteries from hypoxia induced pulmonary hypertensive piglets (232). In the
monocrotaline rat model of PH, RV tissue homogenates have decreased SOD1 and SOD2
mRNA expression (125). In addition, SOD2 protein levels and activity are attenuated in the
FH rat, in the plexiform lesions of pulmonary arteries from human PH patients, and in
PAEC isolated from patients with IPAH (128,233–235). Furthermore, SOD3 activity is
decreased in PASMC isolated from PPHN lambs (236) and in PASMC exposed to hyperoxic
or exogenous H2O2 (236). The decrease in SOD3 activity in these cells is associated with
increased SOD3 protein thiol oxidation. SOD3 activity is also decreased in vivo in PPHN
lambs (236). In a developmental study of lambs with PH secondary to increased PBF, SOD1
levels were increased at 4- and 8- compared to 2-weeks of age, while they remain constant
throughout the 8-week period in control lambs (237). These results correlate with in vitro
data where SOD1 expression is increased in endothelial cells and porcine arterioles exposed
to shear stress (238). Therefore, the developmental increases in SOD1 expression in lambs
with increased PBF may be due to increased shear forces. In lambs with increased PBF there
is also a transient reduction in SOD2 and SOD3 protein levels at 2-weeks of age, but this
decrease is not sustained during development (237).

The effects of SOD in PH have been extensively study by modulating levels both in vitro
and in vivo. A recent study has shown an important role of SOD3 in the pathogenesis of
pulmonary vascular remodeling associated with PH secondary to bleomycin exposure (239).
In this study, transgenic mice over-expressing SOD3 in the lung were protected against
pulmonary artery medial wall thickening, adventitial collagen deposition, intimal and medial
cellular proliferation, and pulmonary artery intimal thickening after the administration of
bleomycin (239). The overexpression of SOD3 attenuated RVSP and increased survival
(239). Intratracheal viral mediated overexpression of SOD3 in monocrotaline treated rats
attenuated RVSP, RV/LV+septum weight, medial wall thickness, muscularization of
microvessels, PCNA positive PASMC, and vascular ROS (240). Similarly, in a model of
hypoxia induced PH, transgenic mice with lung specific overexpression of SOD3 were
protected against elevations in RVSP, RV/LV+septum weight, and pulmonary vascular wall
thickening (241). Relaxation/contraction curves using pulmonary arteries isolated from these
mice demonstrated increased relaxation to NO donors (241). Conversely, SOD3 knockout
significantly exacerbates the hypoxia-induced elevations in RVSP, RV/LV+septum weight,
and fully muscularized arterioles. Interestingly the ablation of SOD3 does not cause
differences in these parameters under normoxic conditions (242). Also, monocrotaline
caused a significantly greater increase in RVSP, RV/LV+septum weight, and fully
muscularized arterioles in SOD3 loss of function mutant rats (E124D). Again these
parameters were not different in untreated wild-type and SOD3(E124D) rats (242). This
suggests that the loss of endogenous SOD3 does not stimulate the development of PH under
physiological conditions but under conditions of excessive stress, endogenous SOD3
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protects the lung. Other studies have also implicated reductions in SOD2 in the development
of PH. The depletion of SOD2 in PASMC, using an siRNA approach, leads to the
appearance of hyperpolarized mitochondria, low H2O2 production, low caspase 3 activity,
and increased proliferation (234). In contrast, the siRNA mediated knockdown of SOD2 in
endothelial cells leads to an increase in HIF-1α levels, a decrease in NO production, and
endothelial dysfunction (235) while a SOD mimetic prevents the development of PH in the
FH rat. Interestingly, these studies revealed that the decreased expression of SOD2 in the FH
rat is due to the hypermethylation of the SOD2 promoter (234).

Similarly, the administration SOD1 to pulmonary arteries isolated from PPHN lambs
enhances their relaxation to exogenous NO (243). Further, the intratracheal administration of
SOD1 in these lambs selectively decreases PAP and enhances the pulmonary vasodilator
effects of inhaled NO (243). Systemic oxygenation is also improved (244). In these lambs,
SOD1 delivery increases eNOS expression/function, enhances GCH1 expression and BH4
levels, and decreases ROS generation (245). Overall, it is likely that the vasoprotective role
of SOD in PH not only involves ROS scavenging but also increased NO bioavailability.

4.2. Catalase in pulmonary hypertension
Catalase is mainly located in cellular peroxisomes and the cytosol. It contains a molecule of
Fe3+ at its active site and catalyzses the decomposition of H2O2 to H2O and O2. Catalase is
very effective during high levels of oxidative stress and has the highest turnover number of
all enzymes: each molecule can degrade 40 million molecules of H2O2 in 1 sec. The
regulation of catalase levels/activity in PH is variable amongst different etiologies. In
monocrotaline-treated rats, catalase activity in lung tissue homogenates has been shown to
increase (246). In the same study, an SO2 donor further enhanced plasma catalase activity,
which correlated with decreased medial hyperterophy, reduced small/medium pulmonary
artery thickening, and attenuated elastin staining compared to monocrotaline treatment alone
(246). In patients with COPD and PH, serum activities of catalase and SOD are not different
to the controls (247). Similarly, in patients with idiopathic PH, catalase activity is not altered
(248). However, in lambs with PH secondary to increased PBF, catalase levels and activity
are transiently decreased, suggesting that the loss of catalase activity may be involved in the
early stages of the disease process (237). Treatment with exogenous catalase has also been
shown to have a protective effect on lung function in PH. For example, in PASMC isolated
from PPHN lambs, PEG-catalase treatment restored SOD3 activity (236). Similarly, the
addition of PEG-catalase to isolated pulmonary arteries from PPHN lambs normalizes the
vasodilator responses to exogenous NO (249). While in vivo, a single intratracheal dose of
PEG-catalase to PPHN lambs enhanced SOD3 activity, reduced O2

− levels, and improved
oxygenation (236). In a rat model of hyperoxia induced PH, the intratracheal injection of
liposome-encapsulated catalase during the O2 exposure prevented chronic vascular and
parenchymal damage due to oxygen toxicity (250). Together, the available data suggest that
reductions in catalase activity may be an early event in the progression of PH and that H2O2
can also stimulate O2

− levels. However, the utility of enhancing catalase activity in humans
with PH is unclear.

4.3. Glutathione Peroxidase in pulmonary hypertension
GPx is a selenium containing enzyme that exists in eight isoforms. GPx1 is the most
abundant isoform and is found in the cytoplasm of many mammalian tissues. GPx requires 2
molecules of glutathione (GSH) to reduce 1 molecule of H2O2 to 2 molecules of H2O and in
the process GSH is oxidized to GSSG. The role of GPx in the pathogenesis of PH is far from
clear, as only limited information is available. GPx has been shown to be important in
protecting the lungs of fetal rabbits against birth related oxidative stress (251). A
compensatory and adaptive elevation of GPx activity, as well as increases in GSH, has also
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been found in rats exposed to monocrotaline (246). However, human studies suggest that
GPx levels and activity are decreased in PH. For example, in patients with primary PH, GPx
activity in the plasma is decreased, although erythrocytes had elevated GPx activity. This
disparity was greatest in patients with severe cardiac insufficiency and PH (252). Further,
patients with COPD and secondary PH have lower GPx activity in erythrocytes. This
appears to be a specific affect on GPx, as erythrocyte activities of SOD and catalase are not
disrupted (247). Another study examining the role of GPx in idiopathic PH has also
demonstrated that GPx activities are decreased in peripheral lung tissue (248). However,
another study evaluating the BALF of idiopathic PH patients found that GPx activity was
unchanged, although GSH levels were increased (253). These inconsistencies may be
explained by the presence of different oxidative stress levels in lung tissue and BALF.
However, a more likely explanation is that the regulation of GPx activity may depend upon
the duration and severity of the oxidative stress with acute elevations in ROS triggering
compensatory increases in GPx activity, while chronic exposures to ROS may overwhelm
the ability of the lung to maintain this elevated level.

5. ROS and vascular remodeling in animal models of pulmonary
hypertension

The pulmonary circulation has large vascular reserves and compliance; and so, patients with
PH tend to present at later stages of the disease when the process of vascular dysfunction is
already far advanced. As a result, it is very difficult to study the natural course of the
development of the vascular lesions in humans. Thus, much of our understanding of vascular
dysfunction is the result of investigations in animal models of PH.

5.1. Exposure of rodents to chronic hypoxia
A wide variety of animal species are employed to study hypoxia- induced PH, although rats
and mice are the most commonly used. Compared to other models of PH, the pathology in
this model is very predictable and reproducible. However, the degree of response to hypoxia
varies according to age, sex, species, and strain (254). Hypoxia is normally induced in these
animals by exposing them to 10%–12% oxygen under either normobaric or hypobaric
conditions compared to control animals exposed to 21% oxygen (255,256). The duration of
the exposure to hypoxia varies from a day to several weeks and therefore may cause acute-,
intermittent-, or chronic hypoxia- induced PH. Acutely, hypoxia will induce HPV, thereby
increasing PVR, while prolonged exposure can induce pulmonary arterial remodeling, right
ventricular (RV) hypertrophy, and right heart failure secondary to the resultant PH. In the
human condition, the large proximal pulmonary arteries have a marked increase in the
thickness of the media and the adventitia. In rats, however, the adventitial thickening is early
and massive, whereas thickening of the media is slow (257). Several studies have shown that
the medial thickening of pulmonary arteries is attributed to the proliferation of less
differentiated SM-like cells in response to hypoxic exposure (32,258). In contrast, the
morphological changes in the distal pulmonary arteries are more complex. In some species,
the SMC from the distal pulmonary arteries are resistant to growth in response to hypoxia
(259). In rats and mice, however, the SMC in the distal pulmonary arteries proliferate in
response to hypoxia. In these rodents, hypoxia induces the expression of growth factors,
such as PDGF and TGF-β, which promote distal arterial muscularization (260). In addition,
the inhibition of ROS production has been demonstrated to suppress the signaling pathways
that stimulate proliferation, suggesting the vital role of oxidative damage in hypoxia-
induced PH (260). The most characteristic pulmonary vascular change that occurs with
hypoxia is the neomuscularization of otherwise non-muscular pre-capillary arteries in the
alveolar wall (261,262).
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Other characteristic cellular changes in the chronic hypoxic models include, hypertrophy
and hyperplasia of the endothelial cells and thickening of the sub-endothelial space (262)
and the conversion of the SMC to a synthetic phenotype. The adventitial fibroblasts also
proliferate and exhibit increased levels of contractile- and extracellular matrix-proteins as
well as enhanced NADPH oxidase derived ROS; all of which can directly affect medial
SMC tone and growth (262,263). Inflammation also appears to play a significant role in the
hypoxia-induced remodeling process in at least some strains of rats (264). It is of interest to
note that the fawn-hooded (FH) rats develop more severe PH and remodeling than other
strains with exposure to hypoxia and represent the most severe spectrum of hypoxia-
induced PH in rodents (128). In contrast, the exposure of mice to chronic hypoxia is
associated with only minimal medial thickening of muscular resistance vessels and a brief
increase in SMC proliferation (265). FH rats have more immature lungs with a decreased
number of alveoli at birth (266) and exhibit increased ET-1 production, which may account
for their heightened pressure and remodeling responses to hypoxia (267). However, FH rats
are prone to develop systemic hypertension, which is usually not a feature of human PH
disease.

5.2. Monocrotaline induced pulmonary arterial hypertension
PH can be induced in rats through the administration of monocrotaline as a single,
subcutaneous injection of 60 mg/kg (268). In rats, this results in pathological alterations
within the lung and heart similar to that observed in humans with PH. Monocrotaline is a
phytotoxin (269) and is first modified in the liver to the active, electrophile monocrotaline
pyrrole (270), which has a half-life of about 3s in aqueous environments near neutral pH
(271). The stabilization of the monocrotaline pyrrole by red blood cells facilitates its
subsequent transport to the lung (272). The circulatory proximity of the liver to the lung
endothelium, the increased thymidine uptake, the decreased 5-HT clearance, and the
extravasculature leakage of large macromolecules in the pulmonary capillaries demonstrate
that monocrotaline intoxication targets the pulmonary endothelium (269,273). In vitro
experiments have demonstrated that monocrotaline pyrrole can impair endothelial barrier
function (274), inhibit cell proliferation (275), prolong cell cycle arrest in the G2-M phase
(276), and promote apoptosis (277). Apoptosis occurs in rat pulmonary artery endothelial
cells (PAEC) following the in vivo administration of monocrotaline (278). The
muscularization of nonmuscularized and muscularized arterioles also occurs and is
detectable on days 3 and 7 post injection, respectively and reaches significance on days 10
and 14, respectively (279). Elevated levels of ROS are also observed in the lung and RV,
and antioxidants have been shown to attenuate the progression of PH in this model (240).

5.3. The Sugen-hypoxia model of pulmonary arterial hypertension—This model
is developed by subcutaneously injecting adult male Sprague-Dawley rats with a VEGFR-2
antagonist, SU5416 (20 mg/kg), followed by exposure to chronic hypoxia (10% O2, 3
weeks) (280). The rats are then returned to normoxia (21% O2) for an additional 10 to 11
weeks (280). Using this protocol, the rats develop severe PH accompanied by a pulmonary
arteriopathy strikingly similar to that observed in human severe PH. Rats also display high
right ventricular systolic pressure (RVSP) and severe RV hypertrophy (280). The pulmonary
arteries also exhibit various forms of vascular remodeling, including medial wall
hypertrophy, various degrees of neointimal thickening: eccentric, concentric, and concentric
laminar, and two different patterns of complex plexiform lesions: stalk-like and aneurysm-
like (280). The administration of an endothelin A receptor blocker, BQ123, and RhoA
kinase inhibitors, fasudil or Y-27632, can prevent spontaneous vasoconstriction (281).
Although the role of ROS in the development of PH in this model has not yet been studied,
the use of hypoxia to induce the pulmonary vascular dysfunction in these rats suggests that
the oxidative stress will likely play a central role in the vascular remodeling.
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5.4. Chronic intrauterine pulmonary hypertension due to partial ligation of the
ductus arteriosus—PH in newborns is characterized by elevated PVR, resulting in severe
hypoxemia upon birth (282). Although the mechanisms contributing to PH in children are
poorly understood, clinical and experimental studies suggest that chronic PH in utero leads
to the failure of the normal transition to a low PVR and high pulmonary blood flow (PBF)
environment at birth (282,283). In fetal lambs, chronic intrauterine PH due to partial ligation
of the ductus arteriosus causes right-to-left shunting across the foramen ovale and ductus
arteriosus. This is characterized with marked elevation of intrauterine PAP, RV hypertrophy,
lung structural changes, abnormal pulmonary vasoreactivity, and the failure to achieve the
normal decline in PVR at birth (283,284). This experimental model of PH is also
characterized by the attenuation of pulmonary vasodilation in response to small increases in
fetal PO2 (283) and the impairment of endothelium-dependent vasodilation to acetylcholine
(285). After 9 days of ductal ligation, these lambs have increased superoxide (O2

−) levels
localized to the adventitia and SMC of hypertensive vessels (231). In addition, the activity
of superoxide dismutase (SOD), an antioxidant, is significantly decreased in the arteries
from ligated lambs without associated changes in SOD protein expression (231). NADPH
oxidase is a potential source of ROS in this model, as the levels of p67phox, a subunit of the
NADPH oxidase complex, is significantly increased in the pulmonary arteries from the
ligated lung as early as 2 days (231).

5.5. A lamb model of congenital heart disease with increased pulmonary
blood flow—This model is established by placing an 8-mm graft between the ascending
aorta and main pulmonary artery in the late-gestation fetal lamb (286). Following
spontaneous delivery, these shunted lambs display morphological and physiological features
that mimic the human disease. At 1 month of age, they have dramatically elevated PAP
associated with an increase in PBF, systemic blood flow, and left and right atrial pressures
(286). Shunted lambs also have an increase in pulmonary vessel numbers associated with the
elevated expression of VEGF, VEGFR-1, VEGFR-2 (8), TGF-β1, and its ALK-1 receptor
(9). These lambs also have a selective impairment of endothelium-dependent pulmonary
vasodilation in both intact and isolated pulmonary arteries (287). There are early alterations
in the ET-1 cascade that result in increased ET-1 production, increased ET-1-mediated
vasoconstriction, and decreased vasodilation (288). These shunted lambs also have elevated
O2

− levels, which correlate with increased expression of NADPH oxidase subunits, Rac1
and p47phox (238). Moreover, the flavoprotein inhibitor, diphenyliodonium (DPI), reduces
O2

− levels in lung sections prepared from shunted-, but not age matched control-lambs
(238). In addition, shunted lambs exhibit eNOS uncoupling that is associated with a low
BH4/BH2 ratio (238) and reduced L-arginine levels (102). Further, the treatment of shunted
lambs with antioxidants restores endothelial dependent vasodilation (243). In addition, the
chronic administration of L-carnitine, preserves endothelial function in these lambs (289).
Together these results suggest that oxidative stress plays a significant role in the
development of PH in shunted lambs.

5.6. A lamb model of rebound pulmonary hypertension—Several studies have
noted a potentially life-threatening increase in PVR on acute withdrawal of inhaled NO
(290,291). This rebound pulmonary hypertension is manifested by an increase in PVR,
compromised cardiac output, severe hypoxemia, or a combination of these pathologies
(290,291). This has been modeled in the lamb, where inhaled NO (40ppm) is delivered in
nitrogen into the inspiratory limb of the ventilator and continued for 24h (292). Inhaled NO
transiently decreases the mean PAP and left PVR (293). However, during the 24h exposure,
PAP returns to pre-inhaled NO values (293) and upon discontinuation of inhaled NO, there
is a rapid increase in both mean PAP and left PVR (292). Fluoresecent microscopy studies
have shown that these lambs have increased O2

− and peroxynitrite levels (294) associated
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with decreased NOS activity (292) and increased ET-1 levels, suggestive of vascular
dysfunction (238,294). However, NOS activity (292) is preserved, O2

− and peroxynitrite
levels are not increased, and no increase in PVR is observed upon the withdrawal of inhaled
NO when the lambs are treated with polyethylene glycol-conjugated SOD (PEG-SOD)
(238,294). Again these data implicate enhanced ROS in the pathology of this disease.

6. Anti-oxidant therapeutic strategies for the management of vascular dysfunction in
pulmonary hypertension

PH and its associated vascular remodeling have no targeted treatment strategies that
satisfactorily promote the survival of patients. Even with the development of novel
therapies, targeted at specific signaling pathways, it is still not clear that long term survival
of patients has been significantly impacted. There is no evidence that current therapies will
allow patients to improve their survival past the first decade of their disease process. For
instance, Bosentan, a dual endothelin receptor antagonist, has been shown to improve 6-
minute walk test distance and improve dyspnea in the BREATHE-1 study on humans (295).
However, due to its potential risk for serious liver injury and birth defects, its use has not
gained momentum. In addition, pulmonary artery vasodilators, such as epoprostenol,
iloprost, and treprostinil, are FDA approved prostanoids that are currently available for the
treatment of PH. Chronic intravenous treatment with epoprostenol has been shown to slow
the progression of the disease and improve the walk test, however, its short half life, side
effects, and complicated delivery system (chronic indwelling and infected catheters) have
been an impediment in its broader use. Therefore, the identification of new therapeutic
strategies to treat patients with PH is still ongoing. As mentioned in this review and as
evidenced by several human and animal model studies, increased oxidative stress plays an
important role in the development of vascular remodeling in PH, and therapies targeted at
the major ROS generators have been initiated. The inhibition of NADPH oxidase with
apocynin has been shown to significantly improve oxygenation, decrease the contractility to
norepinephrine, increase NOS activity, and enhance pulmonary artery relaxation to NO
donors in PPHN lambs (296). Recently, phase I clinical trials have been conducted to
investigate the effects of inhaled apocynin in reducing ROS levels in mild asthmatic
patients. Apocynin was found to significantly decrease ROS levels in the exhaled breath
condensate of patients with mild asthma. No adverse events were observed throughout the
study (297). These human and animal studies suggest that targeting the NADPH oxidase
system may have potential clinical utility in abrogating ROS generation and improving NO
bioavailability in PH.

Mitochondria are another potentially important target for the treatment of vascular
dysfunction in PH, as they regulate both apoptosis and vascular tone. Dichloroacetate
(DCA), a metabolic modulator that increases mitochondrial oxidative phosphorylation, has
been shown to prevent and reverse established monocrotaline-induced PH by inducing
mitochondria-dependent apoptosis and reversing the downregulation of Kv1.5 in the medial
layer of resistance pulmonary arteries (129). DCA is well tolerated by patients with
moderate or severe PH and is currently under phase 1 clinical trials. Another antioxidant that
is currently in phase 1 clinical trials for the treatment of PH is coenzyme Q-10 (CoQ10).
This oil-soluble, vitamin-like substance primarily found in the mitochondria is present in all
eukaryotic cells. CoQ10 plays an important role in ATP generation due to its involvement in
the electron transport chain of the mitochondrion. CoQ10 undergoes continuous oxidation
and reduction enabling it to function as both an electron carrier from the mitochondrial
complex I and II to complex III and an antioxidant. The antioxidant property of CoQ10
stems from the fact that it readily gives up one or both electrons. A recent meta-analysis of
12 published clinical trials of CoQ10 for hypertension concluded that CoQ10 has the
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potential to lower systemic blood pressure in hypertensive patients without significant
sideeffects (298).

Besides the increase in ROS generation in PH, the loss or attenuation of antioxidant
enzymes also play a significant role in increased oxidative stress in pulmonary vascular
remodeling. Therefore, the replacement of these antioxidants is an important component of
overall antioxidant therapy. SOD and catalase are the prime candidates for antioxidant
replacement therapy. These enzymes can be either delivered exogenously or endogenously
upregulated. Owing to their large size and rapid elimination, the exogenous administration
of SOD and catalase is not an effective delivery system. However, the use of liposomes as a
delivery tool to entrap the enzymes can improve bioavailability and increase enzyme
activity. In addition, the covalent conjugation of polyethylene glycol (PEG) to SOD and
catalase increases the enzymatic circulatory half-life and reduces protein immunogenicity.
Chemical modifications and genetic manipulations of SOD and catalase have also been
proposed in order to provide more effective delivery to in vitro cultured cells. In contrast,
the endogenous upregulation of these enzymes provides more sustainable effects. Several
compounds, such as stanozol (299), extract from Terminalia arjuna (300), retinol (301), and
malathion (302), have been found to enhance endogenous SOD and catalase levels. More
recently, a dietary supplement called Protandim, which is composed of extracts from five
widely used medicinal plants (Bacopa monniera, Silybum marianum, Withania somnifera,
Camellia sinensis, and Curcuma longa), has been shown to increase SOD and catalase levels
and decrease lipid peroxidation in healthy human subjects (303). However, in a second
human clinical study, a 7-day treatment with Protandim did not attenuate pulmonary
oxidative stress or alveolar permeability in recovering alcoholics (304). Thus, although the
use of antioxidant therapy is appealing, the results in humans have been les than promising.
Most likely this is due to a number of parameters that will need to be optimized for
therapeutic benefits to occur. First, the limitations in maintaining the antioxidant at levels to
exert a biologic effect must be overcome by perhaps using recombinant proteins with greater
activity or resistance to degradation. Second, delivery strategies must be developed that will
specifically target the lung and the correct cell type in the lung. More radically perhaps, the
whole strategy of using non-specific antioxidants may need to be rethought. Although there
is no large antioxidant study in humans with PH, there are in other forms of lung injury. It is
well established that there is an antioxidant imbalance in the lungs of patients with ALI
(305). However, despite this imbalance the results using antioxidants in clinical trials have
been disappointing (306). In a large randomized, double blind, placebocontrolled,
prospective trial comparing N-acetylcysteine or oxothiazolidine to placebo patients with
ARDS, there was no mortality difference between the three groups, although the duration of
the lung injury was reduced (307). Dietary supplementation with the fish oil, γ-linoleic acid,
and antioxidants also shortened the duration of mechanical ventilation and the number of
organ failures in ARDS patients but did not reduce mortality (308). Further, the Omega arm
of the NHLBI funded multi-center EDEN-Omega clinical trial was stopped for futility. A
number of reasons have been proposed for the failure of these antioxidant trials: the best
antioxidants were not used, the dose was not high enough, or that the trials have not lasted
long enough (309). However, we propose that the reason these trials have failed is that cells
require a certain redox balance for optimal health and an overwhelming antioxidant therapy
results in this balance shifting towards a reducing environment that also induces
pathological cellular responses. Further, we propose that successful clinical trials will
require a strategy that will selectively target the pathways/proteins involved in the
pathology, preserve physiological signaling, and minimize potential deleterious effects in
normal cells. However, for this strategy to be feasible, a much greater fundamental
understanding of PH will be required.
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Conclusion
In conclusion, it is evident that both scientific and clinical studies implicate the disruption of
enzymatic systems that produce and scavenge ROS in the pathogenesis and the progression
of vascular remodeling in PH. Although, current therapies have shown high efficacy in
reducing PAP, increasing right-heart function, and improving exercise tolerance, they have
largely been unable to increase survival. Therefore, newer therapeutic approaches are
needed to combat the high mortality associated with PH. In this review, we have highlighted
studies that have shown that attenuating eNOS uncoupling, directly inhibiting NADPH
oxidase and XO, restoring mitochondrial function, and scavenging ROS may hold promise
in reversing the disease process. The potential of antioxidant therapy should, however, be
approached cautiously; as although most of the animal data show beneficial effects of
antioxidants in the attenuation of vascular pathology in PH, human clinical trials involving
antioxidants have not shown promising benefits in reversing pulmonary pathology. One of
the major reasons behind these failures has been that the duration of the trials has not been
proportionate to the severity of the disease. It may be impossible to reverse the vascular
remodeling due to several decades of oxidative insult by only a few days or months of
antioxidant therapy. Therefore, the lack of positive outcomes in the clinical trials does not
negate the central role of oxidative stress in pulmonary vascular remodeling in PH. Rather,
these results provide an opportunity to further evaluate optimal antioxidant strategies, the
ideal study population, and the appropriate trial duration.
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Figure 1. Schematic view of the pathology of pulmonary hypertension
The figure summarizes the major pathological events that lead to the development of
pulmonary hypertension (PH). In humans, PH is a complex and multifactorial, diffuse
disorder of the pulmonary vasculature. However, for the purposes of research and inducing
PH in animal models, the etiology of PH can be broadly distinguished into: (a)
inflammatory; (b) high shear stress; and (c) hypoxia, even though none of these factors act
alone during the progression of the disease. A common mechanism by which these insults
provoke vascular dysfunction is by either increasing the production of reactive oxygen
species (ROS) or by attenuating the ROS scavenging capability of the cells. Once produced,
ROS can influence the growth and morphology of all three layers of the pulmonary vessels.
In endothelial cells, ROS promote endothelial proliferation, decrease NO production, and
increase the release of vasoactive mediators, leading to endothelial dysfunction. In smooth
muscle cells (SMC), oxidative stress caused by ROS induces contraction and a switch to a
synthetic phenotype. These SMC alterations are brought about by increasing the intracellular
free Ca2+ and decreasing the expression of contractile phenotypic markers, while
simultaneously enhancing the expression of proliferative phenotypic markers and growth
factors. ROS can also augment the proliferation of fibroblasts in the adventitial layer and
their expansion between the endothelium and the internal elastic lamina, known as the
neointima (not depicted in the figure). Together, these changes result in vascular remodeling
and the development of PH.
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Figure 2. Reactive oxygen species generation in pulmonary hypertension
The major sources of ROS in the vasculature include uncoupled eNOS, mitochondrial
dysfunction, NADPH oxidase, and XO. In PH, all of these sources contribute to the
development of oxidative stress. Endothelial NOS uncoupling is mediated by limited L-
arginine availability, as a result of increased degradation by arginase upregulation and
attenuated synthesis by the downregulation of ASS and ASL, the enzymes responsible for
the conversion of L-citrulline to L-arginine. Moreover, a sustained increase in ADMA
levels, due to a decrease in DDAH2 activity, competes with L-arginine for binding to eNOS.
In addition, in PH, eNOS function is impaired by a decrease in BH4, an essential co-factor
for NO generation. GCH1, the rate-limiting enzyme in BH4 biosynthesis, is ubiquinated and
targeted for degradation by Hsp70/CHIP. Therefore, the low GCH1 levels, limit the
production of BH4. Finally, The disruption of the zinc tetrathiolate (ZnS4) cluster by
oxidative attack disrupts the eNOS dimer, which is accompanied by decreased NO
generation and increased ROS production. Further, in PH, several markers of mitochondrial
dysfunction are observed, including increased levels of uncoupling protein-2 (UCP-2),
decreased levels of the mitochondrial antioxidant, superoxide dismutase-2 (SOD2), and the
impaired function of complexes I, II, and III of the respiratory chain. Interestingly, ADMA
appears to promote these changes in the mitochondria, and also augment mitochondrial ROS
generation and decrease ATP production. In addition, several subunits of NADPH oxidase,
including p47phox, p67phox, gp91phox, and Rac1, are upregulated in PH, increasing ROS
production in the vasculature. Increased levels and activity of XO also contribute to
oxidative stress and vascular dysfunction in the early stages of PH.
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Figure 3. Reactive oxygen species signaling in pulmonary hypertension
The vasoactive mediators that contribute to the development of pulmonary vascular
remodeling and PH can be broadly divided into two major categories: factors affecting
vascular tone and factors influencing vessel wall thickening. ROS influence the generation
of several of these factors. In PH, ROS decrease the expression and/or function of redox
sensitive voltage gated K+ channels (Kv1.5, Kv2.1), leading to elevations in intracellular K+

and Ca2+ influx through the activation of voltage-gated L-type Ca2+ channels. In turn, Ca2+

induces SMC contraction through the calmodulin dependent activation of myosin light chain
kinase (MLCK) and the subsequent phosphorylation of the myosin light chain (MLC). ROS
also promote the activation of the small GTPase, RhoA, and its downstream effector, Rho
kinase, which increase the phosphorylation of MLC through the inhibition of MLC
phosphatase. In addition, ROS promote pulmonary vessel constriction by enhancing the
production of endothelin-1 (ET-1) and thromboxane A2 (TXA2), while attenuating the
levels of vasodilators, such as prostacyclin and peroxisome proliferator-activated receptors-γ
(PPAR-γ). The role of ROS in mediating pulmonary SMC proliferation and vessel
thickening is more complex. Oxidative stress induces the expression of several growth
factors, such as transforming growth factor-β1 (TGF-β1), vascular endothelial growth factor
(VEGF), fibroblast growth factor-2 (FGF-2), and platelet-derived growth factor (PDGF). In
addition, ROS also activate p38MAPK and ERK1/2, which promote proliferation. The
MAPK signaling pathway is also activated by pp60Src, through ROS mediated activation.
Further, ROS stimulate Akt1, which promotes SMC proliferation through the upregulation
of PGC-1α. Together, the dysregulation of these constrictive and proliferative factors by
ROS promotes the vascular remodeling seen in PH.
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Figure 4. Reactive oxygen species scavenging in pulmonary hypertension
ROS are scavenged by antioxidant systems to preserve the cellular redox homeostasis and to
prevent oxidative damage to cellular proteins, lipids, and DNA. The major vascular
enzymatic antioxidants are SOD, catalase, and GPx. There are three types of SOD:
cytoplasmic Cu/ZnSOD (SOD1), mitochondrial MnSOD (SOD2), and extracellular EC-
SOD (SOD3) that catalyze the rapid conversion of O2

− into H2O2. In PH, there is a decrease
in the expression and/or activity of all three SOD isoforms, increasing O2

− levels. The H2O2
that is produced by SOD can be enzymatically reduced in the cytoplasm by catalase and
GPx. Catalase decomposes H2O2 to O2 and H2O, while GPx requires two molecules of GSH
to reduce one molecule of H2O2 to two molecules of H2O and in the process GSH is
oxidized to GSSG. Catalase activity/expression is altered in PH, while the expression/
activity of GPx is decreased in many forms of PH. The result of reduced ROS quenching by
these antioxidants adds to the oxidative stress observed in PH.
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