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Abstract
Oxidative stress has many implications in the pathogenesis of lung diseases. In this review, we provide an
overview of Reactive Oxygen Species (ROS) and nitrogen (RNS) species and antioxidants, how they relate to
normal physiological function and the pathophysiology of different lung diseases, and therapeutic strategies. The
production of ROS/RNS from endogenous and exogenous sources is first discussed, followed by antioxidant
systems that restore oxidative balance and cellular homeostasis. The contribution of oxidant/antioxidant imbalance
in lung disease pathogenesis is also discussed. An overview of therapeutic strategies is provided, such as
augmenting NO bioactivity, blocking the production of ROS/RNS and replacement of deficient antioxidants. The
limitations of current strategies and failures of clinical trials are then addressed, followed by discussion of novel
experimental approaches for the development of improved antioxidant therapies.
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Introduction
Oxidant/antioxidant imbalance has been implicated in the
pathogenesis of diseases affecting every organ system, including the
lung and pulmonary vasculature. The field has significantly evolved
from the early investigations that defined the source of excess
production of Reactive Oxygen Species (ROS), identified the
antioxidant systems, both enzymatic and non-enzymatic, and
established that oxidative stress damages cell structures. These early
studies were followed by the discovery of nitric oxide (NO●) as a
biologic signaling molecule, and the emerging field of redox biology,
the study of reactive oxygen and nitrogen species as signaling
molecules through specific, regulated and targeted modifications.
Numerous clinical trials have tested different strategies to protect
against oxidative stress or restore physiologic NO activity in lung and
pulmonary vascular diseases, though the results have overall been
disappointing. This review article will highlight the major oxidant and
antioxidant systems in the lung; provide a framework to understand
redox-regulated signaling; review the clinical trials aimed to restore
NO bioactivity, scavenge ROS or replete deficient antioxidants in a
range of lung diseases; speculate on the reason for the overall
insufficient clinical responses; and provide an overview of new
therapeutic strategies currently under investigation designed to
overcome the limitations with current therapies.

Overview of ROS/Antioxidants in the Lung
ROS/RNS production from endogenous sources and their
role in lung diseases
Endogenous oxidant-antioxidant systems have an important role in
lung diseases. Reactive radical species are ubiquitous in nature,
produced from endogenous and exogenous sources. Cellular organelles
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such as mitochondria and peroxisomes are major sources of reactive
oxygen (ROS) and nitrogen species (RNS) [1,2]. In the mitochondrial
electron transport chain, unpaired electrons are generated by oxidative
phosphorylation, which reduces molecular oxygen, leading to the
production of superoxide anion (O2●-). Superoxide is rapidly reduced
to hydrogen peroxide (H2O2). Peroxisomes are cell organelles that
contain oxidases and catalases. These enzymes play a key role in
normal metabolic pathways that contribute to the catalysis of ROS and
RNS byproducts, implicating peroxisomes as a major source of
oxidative stress. Some of the major enzymatic sources of ROS and RNS
include flavoproteins that produce H2O2, and xanthine oxidase and the
nitric oxide synthases that produce O2●- and NO● [3-5]. A number of
other important cellular enzymes such as Nicotinamide Adenine
Dinucleotide Phosphate (NADPH) oxidase, lipooxygenases, uncoupled
endothelial nitric oxide synthase (eNOS), and cytochrome P450,
contribute to the production of ROS/RNS that play a role in lung
diseases [6-9]. Non-enzymatic production of reactive species also
occurs through metal-catalyzed oxidation such as the Fenton reaction
(Fe2+ + H2O2 → Fe3+ + OH- + OH●) or thermodynamic reactions of
NO● with O2●- to form peroxynitrite (ONOO-) [10,11].

ROS/RNS production from exogenous sources and their role
in lung diseases
Production of reactive species from exogenous sources such as
environmental toxins and diet promote the onset of lung diseases.
Classical examples of lung injury caused by environmental toxins
include exposure to paraquat (a commonly used herbicide) and
chronic ethanol consumption. Paraquat poisoning has been shown to
induce oxidative stress and increased expression of cystine/glutamate
transporter, Nrf-2 regulated mitochrondrial dysfunction, and
inflammation in the lung [12-14]. While dietary phenols (i.e.
resveratrol) have shown to inhibit paraquat-induced oxidative stress
[15], phenols (curcumin and resveratrol) can also regulate oxidative
stress and inflammation by activation of nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB) and activator protein 1
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(AP-1) [16]. Chronic ethanol consumption is associated with increased
incidence of Acute Respiratory Syndrome (ARDS), where one
proposed mechanism is the up-regulation of epithelial sodium channel
(ENaC) activity via ROS-induced cysteine modification in the lungs
[17]. Other examples include the induction of oxidative stress by
numerous environmental toxins due to disruption in cytochrome P450
(CYP) metabolism. Sulfur mustard inhibits NADPH CYP reductase
[18]; diesel exhaust particles induce CYP and NADPH quinone
oxidoreductase-1 expression, and nuclear factor erythroid 2–related
factor 2 (Nrf2) nuclear translocation [19]; and arsenic, asbestos, and
tobacco carcinogens elevate CYP expression and activity. These
changes affect pulmonary immune/inflammatory responses or
contribute to the development of lung cancer [20-22].

Antioxidant systems
Antioxidants exist as enzymatic or non-enzymatic systems that help
restore oxidative balance to maintain cell homeostasis. Superoxide
dismutases present in the cytoplasm (SOD1), mitochondria (SOD2), or
extracellular compartments (SOD3) catalyze the dismutation of O2●into oxygen (O2) and H2O2. Catalases, present in the cytoplasm and
peroxisomes, further catalyze the breakdown of H2O2 into O2 and
water, while peroxiredoxins catalyze the reduction of H2O2. Another
class of enzymes in the thioredoxin and glutathione systems includes
reductases and peroxidases that detoxify compounds such as ROS and
lipid peroxides. These enzymes have been shown to have important
protective roles in lung diseases [23-31]. Non-enzymatic antioxidants,
present endogenously or by dietary intake, are small molecular weight
compounds that scavenge free radicals. Of importance to
hypertension, ARDS, asthma, cystic fibrosis, Chronic Obstructive
Pulmonary Disease (COPD), infections and cancer are: Glutathione
(GSH), a cysteinyl tripeptide; uric acid, an oxypurine produced from
xanthine/xanthine oxidase; ascorbic acid (vitamin C), a
monosaccharide redox catalyst; and tocopherols/tocotrienols (vitamin
E), fat-soluble vitamin that protect membranes from lipid peroxidation
radicals [32-38].
Physiologic function – oxidants and antioxidants in homeostasis
Endogenous oxidant-antioxidant systems have physiologic
functions important in cell homeostasis and cellular adaptation to
environmental stress. ROS production as part of the respiratory burst
in inflammatory cells has been long recognized to protect against
invading organisms; individuals with Chronic Granulomatous Disease
are immunocompromised due to defects in the leukocyte to generate
O2●- via NADPH oxidase (gp91phox or NOX2). The role of NO● as a
biologic signaling molecule has also been clearly established, with a
role in maintaining vascular tone, neurotransmission and normal
immune function. Accumulating new data implicates a key role for
ROS in signaling pathways important in multiple processes including
proliferation, differentiation, immune function, and vasoregulation.
Examples include ROS and 4-hydroxy-2-nonenal (HNE) induced
vascular cell proliferation and angiogenesis [39,40], H2O2 regulation of
bone marrow-derived stem and progenitor cell function [41],
ROS/RNS regulation of neutrophil and monocyte function [42,43],
and ROS signaling that regulate pulmonary vessel tone, kinasemodulated vascular function, and mechanical stretch-induced vascular
remodeling [44-46].
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Pathophysiologic function – oxidants/antioxidant imbalance
in disease pathogenesis
The pathophysiology of oxidative stress occurs when there is an
imbalance in oxidant-antioxidant systems. An accumulation of highly
reactive molecules causes generalized damage to DNA, lipids, proteins
and carbohydrates. There are well-established methods to measure
oxidative stress in disease states, shown for example by increased lipid
peroxidation products, DNA oxidation, and protein carbonyl
formation in lung tissue. While lipid peroxidation can be a marker of
excess ROS production, oxidized lipids are also potent signaling
molecules. Isoprostanes, for example, are byproducts of membrane
lipid peroxidation that provoke bronchoconstriction and airway hyperresponsiveness in asthma, and powerful vasoconstriction in
pulmonary arterial hypertension and acute lung injury [47,48]. Certain
highly reactive ROS are associated with indiscriminant oxidative or
nitrosative stress, such as hydroxyl radical (●HO) or ONOO-. In
contrast, H2O2, NO●, and O2●- have relatively longer half-lives, and
specific cellular targets that enable them to function as signaling
molecules. Sustained or increased production of these ROS/RNS
promotes alterations in cell signaling responsible for disease
progression. These species can regulate enzyme function including
kinases and phosphatases, G-protein or tyrosine kinase receptors, ion
channel function, and transcription factors, resulting in an impact on
numerous downstream pathways.

Overview of redox-regulated signaling
Redox regulated signaling pathways are increasingly recognized as a
major mechanism to regulate cellular function. As signaling molecules,
ROS and RNS have specific targets that impart their signaling
properties and determine their biologic effects. It is well-established
that NO● activates guanylate cyclase by binding to the heme moiety,
leading to increased cyclic guanosine monophosphate (cGMP)dependent vasorelaxation. NO● can also lead to vasorelaxation via
cGMP-independent mechanisms, for example, by inhibiting the effects
of serotonin or alpha-adrenergic agonists on their respective G-protein
coupled receptors to blunt vasoconstriction [49]. Both ROS and RNS
can directly modify reactive cysteine residues, which represents a
major mechanism for redox regulated signaling [50]. Post-translational
modifications include disulfide bond formation, reduction, oxidation,
nitrosylation, and glutationylation, which alter protein function.
Important to lung diseases is S-glutathionylation that uncouples eNOS
[51,52] which regulates vascular tone, and S-nitrosylation caused by
smoke or chronic airway inflammation in asthma [53,54].
Downstream consequences include modulation a number of cell signal
transduction pathways that disturb cell homeostasis [55]. Reactive
oxygen or nitrogen species usually have specific targets that are tightly
regulated. The reactions are also usually rapid, reversible and occur in
specific tissue and cellular compartments. Pathways relevant to lung
diseases include regulation of kinase and phosphatase activity on
growth factors and growth factor receptors that affect smooth muscle
cell proliferation [56,57] or endothelin-1 that mediates pulmonary
vasoconstriction [58]; regulation of transcription factors such as
nuclear factor kappaB (NFκB), tumor suppressor p53 and hypoxiainducible factor 1-alpha (HIF-1α) that control expression of genes
involved in pulmonary vascular inflammation and remodeling [59-61];
and regulation of molecular adaptors and chaperones such as heat
shock protein 90 (HSP90) interactions with eNOS that contribute to
endothelial dysfunction associated with pulmonary hypertension
[62-64].
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NADPH- and GSH-dependent enzymes also play an important role
in redox regulated signaling in lung diseases. ROS produced by
lipoxygenases and NOX regulate pro-inflammatory responses in
allergic airway inflammation [6], while NADPH:quinone
oxidoreductase 1 (NQO1) upregulation is a Nrf2-dependent process
relevant to macrophage-derived oxidants involved in the pathogenesis
of ozone-induced oxidative stress, airway inflammation, and
emphysema [65,66]. GSH peroxidases, S-transferase, and reductase
modulate GSH and NADP homeostasis which, when altered, induce
signaling pathways that promote airway inflammation in COPD and
asthma [67-71].

Strategies to restore redox balance in human disease
Multiple clinical trials have tested a range of therapies designed to
restore oxidant/antioxidant imbalance. These strategic approaches can
broadly be classified as agents that restore NO● bioactivity in the
setting of deficient NO●; block NO● production in the setting of excess
NO●; replace deficient antioxidants, in particular GSH and nonenzymatic antioxidants including vitamins and micronutrients; or
scavenge ROS (Figure 1). We provide important examples of trials that
represent each of these categories of therapeutic approaches, most of
which have ultimately had limited or no success in treating lung or
pulmonary vascular disease. We propose that there are a number of
general problems with the current therapeutic approaches related to
the dose and half-life of delivered antioxidants; targeting of the
treatment to the proper tissue or cellular compartment; selection of
patients based on disease rather than antioxidant status; and
disruption of the physiologic role of the oxidants.

Figure 1: Therapeutic approaches to restore redox balance. 1)
Augment NO˙ bioactivity catalyzed by nitric oxide synthase; 2)
Block production of ROS produced by mitochondrial electron
transport chain, NADPH oxidase, xanthine oxidase or uncoupled
NOS; 3) Scavange toxic oxidants by replacing deficient enzymatic
and non-enzymatic antioxidants such as SOD, catalase, GSH,
ascorbic acid, tocopherol, and carotenoids.

Strategies to augment NO● bioactivity
Based on the role of NO● dysregulation in pulmonary vascular
disease and promise in animal studies, a number of therapeutic
approaches have been developed to restore NO● homeostasis in the
lung and pulmonary circulation including inhaled NO● (iNO),
phosphodiesterase inhibitors, and recombinant SOD1. iNO has been
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studied in pulmonary hypertension as a selective pulmonary
vasodilator, in ARDS to improve ventilation-perfusion matching, and
in preterm infants to prevent chronic lung disease. While iNO does
decrease the need for rescue therapy with extracorporeal life support in
full term infants with persistent pulmonary hypertension, it does not
improve mortality [72,73]. This remains the only currently FDA
approved indication for iNO. iNO failed to improve meaningful
clinical outcomes in other clinical settings. iNO treatment for ARDS in
adult and pediatric patients showed no change in vent free days or
mortality outcomes, and in premature infants, iNO failed to influence
later development of bronchopulmonary dysplasia (BPD) [74].
Another strategy is the use of phosphodiesterase 5 (PDE5) inhibitors
such as sildenafil, to block breakdown of cGMP, enhancing the activity
of the second messenger of NO● responsible for smooth muscle
relaxation in airways and vasculature. Sildenafil is an approved therapy
for adults with pulmonary arterial hypertension, though its use in
pediatric pulmonary hypertension is not recommended due to safety
concerns [75-80]. Human recombinant SOD1 has also been tested as a
means to increase NO● bioavailability by preventing the inactivation of
NO● by O2●-. In preterm infants, human recombinant SOD was
ineffective at improving 28 day mortality infants, though modestly
decreased later development of reactive airway disease and possibly
decreased retinopathy of prematurity [81-83]. Overall, despite
abundant research demonstrating loss of NO● bioactivity in a number
of settings, the clinical utility of the current available therapies has
been quite limited and may require alternative strategies.

Strategies to block ROS/RNS production
Though some pulmonary vascular diseases are associated with
deficient NO● production, other diseases are characterized by
overproduction of ROS or NO●, leading to oxidative and nitrosative
stress. Numerous laboratory studies of lung and pulmonary vascular
disease demonstrate protection when ROS/RNS production is ablated,
thus this is another strategy that has also been considered in the
clinical research arena. A variety of inhibitors are available that block
ROS/RNS production via NOX, xanthine oxidase, NOS, or
mitochondria. In the clinical setting, human circulatory shock is
characterized by excess production of NO● by inducible NOS, which
contributes to catecholamine-refractory hypotension. One multicenter
randomized controlled study evaluated a non-specific nitric oxide
synthase inhibitor, 546C88 to test its ability to improve hypotension
and organ perfusion. Unfortunately, this strategy not only failed to
protect, but in fact increased mortality in this patient population [84].

Strategies to scavenge oxidants
Numerous studies have tackled the problem of oxidative stress by
delivering enzymatic or non-enzymatic antioxidant therapies. NAcetyl cysteine (NAC) is perhaps the most well studied antioxidant,
used for over 40 years and possessing multiple antioxidant effects. It
acts as a direct powerful free radical scavenger, replenishes depleted
GSH stores and also imparts anti-inflammatory effects [85]. Despite
these potential beneficial effects, clinical trials using inhaled or
intravenous NAC have failed to demonstrate mortality benefit in many
diseases such as asthma, ARDS, systemic inflammatory response
syndrome or sepsis. However, in some studies, potential improvements
in secondary clinical outcomes were observed with NAC, such as faster
recovery in ALI [86], improved oxygenation and decreased ventilator
[87], and less frequent exacerbations in COPD [88]. In contrast, other
studies have raised concerns about cardiac depressant effects of NAC,
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particularly in patients with sepsis [89]. The utility of NAC in lung
injury remains uncertain, with no clear indications for use.
Antioxidant scavenging can be augmented by modifying nutrition,
particularly vitamins, trace elements and specific amino acids that have
either direct antioxidant effects, serve as precursors or cofactors for
antioxidant enzymes, or support immune function. Deficiencies in
several antioxidant vitamins including zinc and selenium, and amino
acids have been observed in critically ill adult and pediatric patients,
and the degree of deficiency often correlates with severity of disease, as
is the case with selenium deficiency in severe sepsis [90-93].
Although these dietary factors are promising, readily accessible and
easily modifiable targets, results in clinical trials have generally been
discouraging. For example, although initial meta-analysis evaluating
multiple smaller RCT’s of combination antioxidant micronutrient
supplementation suggested an improvement in outcomes, particularly
those at high risk of death [94], a subsequent large randomized
controlled study showed harm with early glutamine supplementation
and no improvement with antioxidants in critically ill patients [95].
Interestingly, in this study the subset of patients randomized to receive
selenium were not deficient in selenium, as described in multiple other
studies.

Why have antioxidants failed to cure lung disease?
Despite abundant evidence that oxidative stress is not mere
epiphenomena of disease processes, these studies highlight the lack of
efficacy with the current antioxidant therapeutic approach in
numerous clinical trials. There are a number of reasons why these
therapies failed to improve outcomes in human lung diseases. These
relate to the selection of the appropriate dose, targeting of the
antioxidant to the appropriate tissue or cellular compartment, impact
on physiologic function of ROS/RNS, or failing to account for genetic
or epigenetic factors or selecting the appropriate patient population.
We will review each of these limitations and challenges below.

Inadequate dose of antioxidants
The ability to deliver the appropriate dose of antioxidant with a
suitable half-life poses the first challenge. First, little is known about
specific therapeutic levels of antioxidants in which to base dosing
regimens. Secondly, due to the need for compensatory increase in
antioxidants during times of high oxidative burden, a “therapeutic”
level is likely to be a dynamic target depending on the disease state.
Guidance for intake of some antioxidant vitamins or nutrients is
provided in the form of recommended daily allowances. However,
these “allowances” are unlikely to achieve a truly therapeutic level
during critical illness, due to higher requirements due to metabolic
demands, unpredictable absorption of enteral antioxidants, altered
volume of distribution due to capillary leak, and general increased
production of ROS/RNS during critical illness. A third challenge in the
delivery of antioxidants is the short half-life of endogenous and
exogenously supplemented antioxidants, as is the case with
recombinant SOD1 [81,83]. This presents a significant challenge in the
development of antioxidant enzymatic therapies so that they can be
not only safe and efficacious but also appropriately dosed.

Inadequate tissue delivery
Another consideration in adequately delivering antioxidants is
ensuring delivery to the tissue compartment where oxidative stress is
occurring. For example, replacing SOD1 intravenously, with a half-life
J Pulm Respir Med
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of only a few minutes is unlikely to effectively and adequately restore
SOD to the lung tissue [81,83]. In addition, SOD1, due to its negative
charge, does not bind to cell surfaces or penetrate tissue well, while
SOD3 or the chimeric protein SOD2/3, which are positively-charged,
bind to the cell surface and extracellular matrix which improves tissue
content and half-life, offering a potential advantage in certain disease
settings.

Inadequate timing of delivery
In addition to delivering a therapeutic antioxidant dose and
targeting a specific vulnerable tissue compartment, delivery of
antioxidant therapy during a therapeutic window is equally as
important. Mechanistically, antioxidants are more likely to be
beneficial if started earlier in the course, before the development of
irreversible tissue damage occurs.

Disruption of physiologic function of ROS/RNS
Although antioxidants provide benefit by mitigating damage caused
by oxidative stress, interference with the extensive physiologic roles of
ROS or RNS by antioxidants may be harmful.
ROS modulate both physiologic and pathophysiologic functions in
phagocytosis and immune defense. For example, in a mouse model of
systemic inflammatory response syndrome, NOX2 was found to be
protective against inflammation, lung injury and mortality [96], while
a mouse model of E. coli peritonitis showed increased morbidity and
mortality in mice supplemented with vitamin C, GSH and NAC [97].
In contrast, in a mouse model of influenza A pneumonia, NOX2
inhibition resulted in decreased viral titers, decreased airway
inflammation, and decreased production of ROS with decreased
mortality [98].
ROS/RNS also play a key role in cell growth, accounting for recent
evidence that antioxidant therapy can increase cancer risk in both
human and animal studies. In the Beta Carotene and Retinal Efficacy
Trial (CARET), men and women at high risk for lung cancer who
received beta-carotene and vitamin A had a higher incidence of lung
cancer versus those receiving placebo [99-102]. In a mouse model of
lung cancer, mice supplemented with NAC and vitamin E showed
increased tumor progression and decreased survival due to loss of
ROS-induced expression of the p53 tumor suppression gene [103].
These examples demonstrate potential detrimental effects on
important physiologic processes due to excess scavenging of ROS.

Lack of consideration of individual factors
The suggestion of potential harm with antioxidants in some patients
does not necessarily imply that antioxidant therapy in lung disease
should be abandoned, rather that we may need to implement a more
individualized approach to the use of antioxidants. Such an approach
will require knowledge of individual genetic variations in antioxidant
enzymes, epigenetic regulation, and potentially biomarker profiles that
identify specific patients vulnerable to oxidative stress and guide
patient-specific treatments.
Polymorphisms and genetic variations in numerous antioxidant
enzymes have been described. Many of these variations alter
antioxidant gene expression, antioxidant protein function or protein
distribution, and impact development and progression of respiratory
diseases. For example, in premature infants, certain variations in SOD
isoforms and catalase are protective against development of neonatal
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respiratory distress syndrome [104]. In COPD, polymorphisms in
antioxidant genes related to GSH function and all isoforms of SOD
alter susceptibility to COPD and impact disease progression [105-107].
Genetic variations in antioxidant enzymes have also been implicated in
susceptibility to asthma [108] and acute lung injury. Interestingly, a
particular polymorphism may have the opposite effect on risk,
depending on the disease state. For example, the polymorphisms in
SOD3, such as the R213G single nucleotide polymorphism, which
shifts the distribution of SOD3 from the tissue to the extracellular
fluids, decreases the risk for COPD while increasing the risk for
pulmonary vascular disease [109-111]. Knowledge of specific
polymorphisms and genetic variations would allow clinicians to target
particular vulnerable patients with patient specific antioxidant therapy,
rather than large populations with a particular disease. Though, the
feasibility of a large study using this more selective approach is
difficult, there are small studies that support the notion that those with
genetic susceptibility to oxidative stress are more likely to benefit from
targeted antioxidant therapy. This was demonstrated by a study of
ARDS in which NAC did not offer an overall mortality benefit,
however in selected patients with a single nucleotide polymorphism in
GSH S-transferase, NAC improved mortality [112].

New experimental approaches
There are numerous promising approaches currently under
investigation that are designed to more effectively restore NO●
bioactivity, block excess ROS/RNS production, scavenge ROS/RNS, or
address individual variations in antioxidant levels to improve
treatment for lung and pulmonary vascular diseases. Many of these
therapies are still being tested in the laboratory setting in relevant
animal models but will be the foundation for new drug development
and study design to treat infants, children and adults with a wide range
of lung diseases. This review aims to highlight these general concepts,
though is not able to cite the multitude of important investigations in
this field.

Augment NO bioactivity
New approaches to augment NO● bioactivity hold great promise in
the treatment of lung and vascular diseases [113]. These approaches
include agents that improve delivery or bioavailability of NO●, enhance
cGMP-dependent NO● signaling, or improve eNOS activity. One of the
concerns with NO● delivered as a gas is its high reactivity with O2 in
the gaseous phase and with O2●- when in the liquid extracellular and
intracellular mileau. Delivery of NO● bioactivity through the use of Snitrosothiols allows for targeted delivery of this important bioactive
form of NO●. This has widely been done in the laboratory setting using
S-nitrosothiols like S-nitrosocysteine, while one potential therapeutic
agent is ethyl nitrite, a gas that largely functions as an S-NO donor
[55,114-116]. There is also significant interest in the therapeutic use of
nitrite to augment NO● bioactivity [117-119]. iNO increases formation
of nitrite, nitrate and S- nitrosthiols, while nitrite also is a precursor
promoting formation of S-nitrosothiols, which may explain its
beneficial effects [120,121]. In addition to new PDE5 inhibitors,
guanylate cyclase activators are also under investigation to prolong the
biologic activity of NO● [122-126]. Strategies that augment eNOS
function to generate NO● include supplementation of substrate or
essential co-factors, L-arginine, L-citrulline, or tetrahydrobiopterin
(BH(4)) [127-129]. The modulation of BH(4), an essential cofactor in
NOS coupling, has also been explored in which BH(4), BH(4) analogs
and sepiapterin supplementation was used to increase NO● production
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and inhibit hypoxia-induced vasoconstriction [130], pulmonary
endothelial dysfunction [131,132], and restoring angiogenesis in
persistent pulmonary hypertension [133,134]. In addition, inhibition
of arginase is another strategy to enhance L-arginine availability for
eNOS [135].

Block ROS/RNS production
Other strategies to selectively block ROS/RNS production by
specific enzyme isoforms are being developed experimentally. NOX
inhibitors, such as NOX4 inhibitor, have been used to attenuate gene
transcripts involved in hypoxia-mediated vascular remodeling and
pulmonary fibrosis in rodents [136], and apocynin has been used to
inhibit activation of redox transcription factors NFκB and AP-1 and
production of pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 in
experimental animal models of asthma airway inflammation [137].
Studies have also shown that inhibitors of xanthine oxidase, such as
allopurinol, reduce the production of nitrotyrosine in the airways of
COPD patients, although exhaled nitric oxide was increased [138].
Potentially a specific NOS2 inhibitor may have benefit in inflammatory
states associated with nitrosative states and prevent the issues observed
with the general NOS inhibitor described above in the Triumph trial.

Scavenge oxidants by increasing endogenous antioxidant
defenses
A new approach is the induction of endogenous catalytic
antioxidants, SOD and catalase, as an antioxidant therapy [139]. This
approach has been studied in healthy human subjects that were given a
composition of extracts from five medicinal plants (Protandim). Each
ingredient has been reported to increase SOD and catalase activity
while decreasing plasma TBARS, an indication of decreased lipid
peroxidation. The Protandim study evaluated the additive effects of the
five-ingredient composition, and showed that after 30 days of
supplementation TBARS was decreased by 40%, and after 120 days
erythrocyte SOD increased by 30% and catalase increased by 54%.
Protandim functioned by increasing endogenous Nrf2 antioxidant
defenses. Nuclear factor (erythroid-derived 2)-like 2, Nrf2, is a master
regulator of the human Antioxidant Response Element (ARE), serving
as a transcription factor for the genes of a number of antioxidant
enzymes. In normal conditions, Nrf2 resides in the cytoplasm bound
to Kelch like-ECH-associated protein 1 (Keap1) and Cullin3, and is
ultimately ubiquinated and degraded. As a stress response, cysteine
residues in Keap1 disrupted, causing Nrf2 to be released and
translocate into the nucleus to bind to ARE. When Nrf2 is activated,
antioxidant-related genes involved in several lung related diseases such
as lung inflammation, pulmonary fibrosis, pulmonary hypertension,
acute mountain sickness, and lung cancer are expressed. In addition to
Protandim, other approved therapeutic agents may also increase Nrf2
activation [140-143].

Targeted therapies
An increased understanding of the pathophysiology of lung diseases
related to oxidative stress has lead to the development of therapies that
have potential to be more effective and efficient by targeting specific
lung compartments and cell types. Administration of therapeutics by
inhalation for localized effects in the lung has long been a conventional
method. Related to direct lung delivery of antioxidants, both
aerosolized recombinant SOD3 and a novel SOD2/3 chimeric protein
delivered intratracheally in rodents showed protection from hyperoxia
or acute hypoxia [144,145]. Recent progress in the development of
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inhalable delivery systems include micro- and nanoparticles that show
increased, stable, or sustained release of encapsulated drug in the lung
[146-148], which provide the promise of applying these technologies to
antioxidant delivery to the lung [149]. Furthermore, advancements in
pharmaceutical biotechnology has allowed the development of other
lung targeted delivery systems [150] that can be administered
systemically, and novel antioxidant therapies with improved targeting
capacities in the lung. Antibody conjugated proteins and nanoparticles
that target ICAM-1 or PECAM-1 receptors on pulmonary
endothelium has been used to deliver NOX inhibitors, SOD and
catalase to protect against oxidative stress in the pulmonary
vasculature [151-154]. Other modern drug delivery strategies utilize
redox-responsive carriers to target and release drug within redox
microenvironments [155].

individual genetic or epigenetic factors impacting the oxidant/
antioxidant system to more appropriately guide therapy. Novel
therapeutic agents bring exciting opportunities to harness new
knowledge and utilize targeted and patient specific therapies in the
future to treat lung and pulmonary vascular diseases.

Acknowledgement
Funding was provided by the NIH/NHLBI 3R01HL086680 (ENG),
ATS Foundation/Pulmonary Hypertension Association Research
Grant (LRV), American Heart Association Postdoctoral Research
Fellowship (LRV).

References

Harnessing Personalized Medicine

1.

As discussed above, many studies of antioxidant therapies selected
patients broad groups of patients who were all vulnerable to oxidative
stress from lung disease, but it is plausible that a more personalized
and targeted approach to antioxidant therapy using known genetic
variations in antioxidants, known epigenetic changes and perhaps
particular biomarker profiles would better target patient-specific
therapies to improve outcomes. Knowledge of polymorphisms and
genetic variations that affect antioxidant expression, function, and
tissue distribution may allow targeted therapy to the appropriate
individuals to replete deficient antioxidants.

2.

Another approach to better target antioxidant therapies is to utilize
available biomarker profiles to tailor specific therapy. There are
multiple measurable markers of both oxidative stress and antioxidant
enzyme activity. There is clearly no benefit in augmenting antioxidant
defenses if they are not deficient, and there may in fact be harm, as
discussed above. Although there are challenges with this approach,
knowledge of particular antioxidants or particular markers of oxidative
stress will likely prove to be clinically relevant and guide therapy. The
application of exhaled nitric oxide (eNO) measurements provides an
example of how this approach may be useful. Noninvasive
measurements of eNO reflect derangements in NO● and inflammation
[156]. In asthma, where eNO has been most well studied, elevations in
eNO correlate with degree of airway inflammation and bronchial
hyperreactivity, and helps guide use of asthma controller medications
[157]. In sickle cell disease, eNO inversely correlates with the degree of
severe airway obstruction and pulmonary hypertension [158], as well
as inflammatory pulmonary diseases including Cystic Fibrosis (CF)
and non-CF related bronchiectasis, bronchopulmonary dysplasia, and
bronchiolitis [159-161]. Other biomarkers of oxidative stress can be
assessed through exhaled breath condensates and this is an area of
active research that may guide other antioxidant therapies [161].
In conclusion, an imbalance between production of ROS/RNS and
scavenging capabilities through enzymatic and non-enzymatic
defenses is implicated in diverse lung and pulmonary vascular diseases.
The therapeutic approach to treat oxidative stress has encountered
major barriers that we propose are complicated by the inadequate
delivery of the proper antioxidant in the right concentration to the
appropriate tissue or cell compartment. It is now clear that since
ROS/RNS are critical biologic signaling molecules essential to cell
homeostasis and adaptation to stress, indiscriminant scavenging of
these molecules may decrease ROS levels but actually worsen the
disease process by disrupting normal cellular functions. Furthermore,
as personalized medicine evolves, it will be essential to consider

J Pulm Respir Med
ISSN:2161-105X JPRM, an open access journal

3.
4.
5.
6.
7.

8.

9.

10.
11.
12.

13.
14.
15.

16.

Kang J, Pervaiz S (2012) Mitochondria: redox metabolism and
dysfunction. Biochem Res Int 2012: 896751.
Fransen M, Nordgren M, Wang B, Apanasets O (2012) Role of
peroxisomes in ROS/RNS-metabolism: implications for human disease.
Biochim Biophys Acta 1822: 1363-1373.
Angermüller S, Bruder G, Völkl A, Wesch H, Fahimi HD (1987)
Localization of xanthine oxidase in crystalline cores of peroxisomes. A
cytochemical and biochemical study. Eur J Cell Biol 45: 137-144.
Antonenkov VD, Grunau S, Ohlmeier S, Hiltunen JK (2010) Peroxisomes
are oxidative organelles. Antioxid Redox Signal 13: 525-537.
Harrison R (2002) Structure and function of xanthine oxidoreductase:
where are we now? Free Radic Biol Med 33: 774-797.
Kim SY, Kim TB, Moon KA, Kim TJ, Shin D, et al. (2008) Regulation of
pro-inflammatory responses by lipoxygenases via intracellular reactive
oxygen species in vitro and in vivo. Exp Mol Med 40: 461-476.
Chen CA, Lin CH, Druhan LJ, Wang TY, Chen YR, et al. (2011)
Superoxide induces endothelial nitric-oxide synthase protein thiyl radical
formation, a novel mechanism regulating eNOS function and coupling. J
Biol Chem 286: 29098-29107.
Grobe AC, Wells SM, Benavidez E, Oishi P, Azakie A, et al. (2006)
Increased oxidative stress in lambs with increased pulmonary blood flow
and pulmonary hypertension: role of NADPH oxidase and endothelial
NO synthase. Am J Physiol Lung Cell Mol Physiol 290: L1069-1077.
Jiang W, Couroucli XI, Wang L, Barrios R, Moorthy B (2011) Augmented
oxygen-mediated transcriptional activation of cytochrome P450 (CYP)1A
expression and increased susceptibilities to hyperoxic lung injury in
transgenic mice carrying the human CYP1A1 or mouse 1A2 promoter in
vivo. Biochem Biophys Res Commun 407: 79-85.
Pacher P, Beckman JS, Liaudet L (2007) Nitric oxide and peroxynitrite in
health and disease. Physiol Rev 87: 315-424.
Powers SK, Jackson MJ (2008) Exercise-induced oxidative stress: cellular
mechanisms and impact on muscle force production. Physiol Rev 88:
1243-1276.
Kobayashi S, Kuwata K, Sugimoto T, Igarashi K, Osaki M, et al. (2012)
Enhanced expression of cystine/glutamate transporter in the lung caused
by the oxidative-stress-inducing agent paraquat. Free Radic Biol Med 53:
2197-2203.
Chen YW, Yang YT, Hung DZ, Su CC, Chen KL (2012) Paraquat induces
lung alveolar epithelial cell apoptosis via Nrf-2-regulated mitochondrial
dysfunction and ER stress. Arch Toxicol 86: 1547-1558.
Toygar M, Aydin I, Agilli M, Aydin F, Oztosun M, et al. (2014) The
relation between oxidative stress, inflammation, and neopterin in the
paraquat-induced lung toxicity. Hum Exp Toxicol .
He X, Wang L, Szklarz G, Bi Y, Ma Q (2012) Resveratrol inhibits
paraquat-induced oxidative stress and fibrogenic response by activating
the nuclear factor erythroid 2-related factor 2 pathway. J Pharmacol Exp
Ther 342: 81-90.
Rahman I, Biswas SK, Kirkham PA (2006) Regulation of inflammation
and redox signaling by dietary polyphenols. Biochem Pharmacol 72:
1439-1452.

Volume 4 • Issue 4 • 1000194

Citation:

Villegas L, Stidham T, Nozik-Grayck E (2014) Oxidative Stress and Therapeutic Development in Lung Diseases. J Pulm Respir Med 4:
194. doi:10.4172/2161-105X.1000194

Page 7 of 10
17.
18.

19.

20.
21.

22.

23.
24.
25.
26.
27.
28.
29.

30.

31.
32.
33.
34.
35.
36.
37.
38.

Downs CA, Trac DQ, Kreiner LH, Eaton AF, Johnson NM, et al. (2013)
Ethanol alters alveolar fluid balance via Nadph oxidase (NOX) signaling
to epithelial sodium channels (ENaC) in the lung. PLoS One 8: e54750.
Gray JP, Mishin V, Heck DE, Laskin DL, Laskin JD (2010) Inhibition of
NADPH cytochrome P450 reductase by the model sulfur mustard
vesicant 2-chloroethyl ethyl sulfide is associated with increased
production of reactive oxygen species. Toxicol Appl Pharmacol 247:
76-82.
Baulig A, Garlatti M, Bonvallot V, Marchand A, Barouki R, et al. (2003)
Involvement of reactive oxygen species in the metabolic pathways
triggered by diesel exhaust particles in human airway epithelial cells. Am
J Physiol Lung Cell Mol Physiol 285: L671-679.
Anttila S, Raunio H, Hakkola J (2011) Cytochrome P450-mediated
pulmonary metabolism of carcinogens: regulation and cross-talk in lung
carcinogenesis. Am J Respir Cell Mol Biol 44: 583-590.
Wu JP, Chang LW, Yao HT, Chang H, Tsai HT, et al. (2009) Involvement
of oxidative stress and activation of aryl hydrocarbon receptor in
elevation of CYP1A1 expression and activity in lung cells and tissues by
arsenic: an in vitro and in vivo study. Toxicol Sci 107: 385-393.
Ma JY, Ma JK (2002) The dual effect of the particulate and organic
components of diesel exhaust particles on the alteration of pulmonary
immune/inflammatory responses and metabolic enzymes. Journal of
environmental science and health. Part C, Environmental carcinogenesis
& ecotoxicology reviews 20: 117-147.
Comhair SA, Erzurum SC (2005) The regulation and role of extracellular
glutathione peroxidase. Antioxid Redox Signal 7: 72-79.
Manevich Y, Fisher AB (2005) Peroxiredoxin 6, a 1-Cys peroxiredoxin,
functions in antioxidant defense and lung phospholipid metabolism. Free
Radic Biol Med 38: 1422-1432.
Rahman I, Biswas SK, Jimenez LA, Torres M, Forman HJ (2005)
Glutathione, stress responses, and redox signaling in lung inflammation.
Antioxid Redox Signal 7: 42-59.
Xu J, Li T, Wu H, Xu T (2012) Role of thioredoxin in lung disease. Pulm
Pharmacol Ther 25: 154-162.
Fattman CL, Schaefer LM, Oury TD (2003) Extracellular superoxide
dismutase in biology and medicine. Free Radic Biol Med 35: 236-256.
Kinnula VL, Crapo JD (2003) Superoxide dismutases in the lung and
human lung diseases. Am J Respir Crit Care Med 167: 1600-1619.
Sabharwal SS, Waypa GB, Marks JD, Schumacker PT (2013)
Peroxiredoxin-5 targeted to the mitochondrial intermembrane space
attenuates hypoxia-induced reactive oxygen species signalling. Biochem J
456: 337-346.
Lien YC, Feinstein SI, Dodia C, Fisher AB (2012) The roles of peroxidase
and phospholipase A2 activities of peroxiredoxin 6 in protecting
pulmonary microvascular endothelial cells against peroxidative stress.
Antioxidants & redox signaling 16: 440-451.
Nozik-Grayck E, Suliman HB, Piantadosi CA (2005) Extracellular
superoxide dismutase. Int J Biochem Cell Biol 37: 2466-2471.
Sanders KA, Huecksteadt T, Xu P, Sturrock AB, Hoidal JR (1999)
Regulation of oxidant production in acute lung injury. Chest 116:
56S-61S.
Schachter M (2005) Uric acid and hypertension. Curr Pharm Des 11:
4139-4143.
Hemilä H (2007) Vitamin E supplementation and respiratory infections
in older people. J Am Geriatr Soc 55: 1311-1313.
Hemila H, Louhiala P (2007) Vitamin C for preventing and treating
pneumonia. Cochrane Database Syst Rev CD005532.
Shamseer L, Adams D, Brown N, Johnson JA, Vohra S (2010) Antioxidant
micronutrients for lung disease in cystic fibrosis. Cochrane Database Syst
Rev : CD007020.
Tsiligianni IG, van der Molen T (2010) A systematic review of the role of
vitamin insufficiencies and supplementation in COPD. Respir Res 11:
171.
Virtamo J (1999) Vitamins and lung cancer. Proc Nutr Soc 58: 329-333.

J Pulm Respir Med
ISSN:2161-105X JPRM, an open access journal

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.

56.

57.

58.
59.

60.

Chapple SJ, Cheng X, Mann GE (2013) Effects of 4-hydroxynonenal on
vascular endothelial and smooth muscle cell redox signaling and function
in health and disease. Redox Biol 1: 319-331.
Ushio-Fukai M (2007) VEGF signaling through NADPH oxidase-derived
ROS. Antioxid Redox Signal 9: 731-739.
Urao N, Ushio-Fukai M (2013) Redox regulation of stem/progenitor cells
and bone marrow niche. Free Radic Biol Med 54: 26-39.
Baran CP, Zeigler MM, Tridandapani S, Marsh CB (2004) The role of
ROS and RNS in regulating life and death of blood monocytes. Curr
Pharm Des 10: 855-866.
Fialkow L, Wang Y, Downey GP (2007) Reactive oxygen and nitrogen
species as signaling molecules regulating neutrophil function. Free Radic
Biol Med 42: 153-164.
Birukov KG (2009) Cyclic stretch, reactive oxygen species, and vascular
remodeling. Antioxid Redox Signal 11: 1651-1667.
Frazziano G, Champion HC, Pagano PJ (2012) NADPH oxidase-derived
ROS and the regulation of pulmonary vessel tone. Am J Physiol Heart
Circ Physiol 302: H2166-2177.
Knock GA, Ward JP (2011) Redox regulation of protein kinases as a
modulator of vascular function. Antioxid Redox Signal 15: 1531-1547.
Janssen LJ (2008) Isoprostanes and lung vascular pathology. Am J Respir
Cell Mol Biol 39: 383-389.
Janssen LJ, Catalli A, Helli P (2005) The pulmonary biology of
isoprostanes. Antioxid Redox Signal 7: 244-255.
Nozik-Grayck E, McMahon TJ, Huang YC, Dieterle CS, Stamler JS, et al.
(2002) Pulmonary vasoconstriction by serotonin is inhibited by Snitrosoglutathione. Am J Physiol Lung Cell Mol Physiol 282: L1057-1065.
Ckless K (2014) Redox proteomics: from bench to bedside. Adv Exp Med
Biol 806: 301-317.
Chen CA, De Pascali F, Basye A, Hemann C, Zweier JL (2013) Redox
modulation of endothelial nitric oxide synthase by glutaredoxin-1
modification.
through
reversible
oxidative
post-translational
Biochemistry 52: 6712-6723.
Chen CA, Wang TY, Varadharaj S, Reyes LA, Hemann C, et al. (2010) Sglutathionylation uncouples eNOS and regulates its cellular and vascular
function. Nature 468: 1115-1118.
Ghosh S, Janocha AJ, Aronica MA, Swaidani S, Comhair SA, et al. (2006)
Nitrotyrosine proteome survey in asthma identifies oxidative mechanism
of catalase inactivation. J Immunol 176: 5587-5597.
Kuipers I, Bracke KR, Brusselle GG, Wouters EF, Reynaert NL (2012)
Smoke decreases reversible oxidations S-glutathionylation and Snitrosylation in mice. Free Radic Res 46: 164-173.
Janssen-Heininger YM, Mossman BT, Heintz NH, Forman HJ,
Kalyanaraman B, et al. (2008) Redox-based regulation of signal
transduction: principles, pitfalls, and promises. Free Radic Biol Med 45:
1-17.
ten Freyhaus H, Dagnell M, Leuchs M, Vantler M, Berghausen EM, et al.
(2011) Hypoxia enhances platelet-derived growth factor signaling in the
pulmonary vasculature by down-regulation of protein tyrosine
phosphatases. American journal of respiratory and critical care medicine
183: 1092-1102.
Liu Y, Li M, Warburton RR, Hill NS, Fanburg BL (2007) The 5-HT
transporter transactivates the PDGFbeta receptor in pulmonary artery
smooth muscle cells. FASEB journal: official publication of the Federation
of American Societies for Experimental Biology 21: 2725-2734.
Berkenbosch JW, Baribeau J, Ferretti E, Perreault T (2001) Role of protein
kinase C and phosphatases in the pulmonary vasculature of neonatal
piglets. Crit Care Med 29: 1229-1233.
Ball MK, Waypa GB, Mungai PT, Nielsen JM, Czech L, et al. (2014)
Regulation of hypoxia-induced pulmonary hypertension by vascular
smooth muscle hypoxia-inducible factor-1Î±. Am J Respir Crit Care Med
189: 314-324.
Li L, Wei C, Kim IK, Janssen-Heininger Y, Gupta S (2014) Inhibition of
nuclear factor-ÎºB in the lungs prevents monocrotaline-induced
pulmonary hypertension in mice. Hypertension 63: 1260-1269.

Volume 4 • Issue 4 • 1000194

Citation:

Villegas L, Stidham T, Nozik-Grayck E (2014) Oxidative Stress and Therapeutic Development in Lung Diseases. J Pulm Respir Med 4:
194. doi:10.4172/2161-105X.1000194

Page 8 of 10
61.

62.

63.

64.
65.
66.

67.

68.

69.
70.
71.
72.

73.

74.
75.

76.

77.
78.

Mizuno S, Bogaard HJ, Kraskauskas D, Alhussaini A, Gomez-Arroyo J, et
al. (2011) p53 Gene deficiency promotes hypoxia-induced pulmonary
hypertension and vascular remodeling in mice. Am J Physiol Lung Cell
Mol Physiol 300: L753-761.
Fike CD, Pfister SL, Slaughter JC, Kaplowitz MR, Zhang Y, et al. (2010)
Protein complex formation with heat shock protein 90 in chronic
hypoxia-induced pulmonary hypertension in newborn piglets. Am J
Physiol Heart Circ Physiol 299: H1190-1204.
Konduri GG, Ou J, Shi Y, Pritchard KA Jr (2003) Decreased association of
HSP90 impairs endothelial nitric oxide synthase in fetal lambs with
persistent pulmonary hypertension. Am J Physiol Heart Circ Physiol 285:
H204-211.
Sud N, Sharma S, Wiseman DA, Harmon C, Kumar S, et al. (2007) Nitric
oxide and superoxide generation from endothelial NOS: modulation by
HSP90. Am J Physiol Lung Cell Mol Physiol 293: L1444-1453.
Potts-Kant EN, Li Z, Tighe RM, Lindsey JY, Frush BW, et al. (2012)
NAD(P)H:quinone oxidoreductase 1 protects lungs from oxidantinduced emphysema in mice. Free Radic Biol Med 52: 705-715.
Voynow JA, Fischer BM, Zheng S, Potts EN, Grover AR, et al. (2009)
NAD(P)H quinone oxidoreductase 1 is essential for ozone-induced
oxidative stress in mice and humans. Am J Respir Cell Mol Biol 41:
107-113.
Fitzpatrick AM, Teague WG, Holguin F, Yeh M, Brown LA; Severe
Asthma Research Program (2009) Airway glutathione homeostasis is
altered in children with severe asthma: evidence for oxidant stress. J
Allergy Clin Immunol 123: 146-152.
Geraghty P, Hardigan AA, Wallace AM, Mirochnitchenko O, Thankachen
J, et al. (2013) The glutathione peroxidase 1-protein tyrosine phosphatase
1B-protein phosphatase 2A axis. A key determinant of airway
inflammation and alveolar destruction. Am J Respir Cell Mol Biol 49:
721-730.
Hoskins A, Reiss S, Wu P, Chen N, Han W, et al. (2013) Asthmatic airway
neutrophilia after allergen challenge is associated with the glutathione Stransferase M1 genotype. Am J Respir Crit Care Med 187: 34-41.
Rahman Q, Abidi P, Afaq F, Schiffmann D, Mossman BT, et al. (1999)
Glutathione redox system in oxidative lung injury. Crit Rev Toxicol 29:
543-568.
Vlahos R, Bozinovski S (2013) Glutathione peroxidase-1 as a novel
therapeutic target for COPD. Redox Rep 18: 142-149.
Roberts JD Jr, Fineman JR, Morin FC 3rd, Shaul PW, Rimar S, et al.
(1997) Inhaled nitric oxide and persistent pulmonary hypertension of the
newborn. The Inhaled Nitric Oxide Study Group. N Engl J Med 336:
605-610.
Clark RH, Kueser TJ, Walker MW, Southgate WM, Huckaby JL, et al.
(2000) Low-dose nitric oxide therapy for persistent pulmonary
hypertension of the newborn. Clinical Inhaled Nitric Oxide Research
Group. N Engl J Med 342: 469-474.
Askie LM, Ballard RA, Cutter GR, Dani C, Elbourne D, et al. (2011)
Inhaled nitric oxide in preterm infants: an individual-patient data metaanalysis of randomized trials. Pediatrics 128: 729-739.
Abman SH, Kinsella JP, Rosenzweig EB, Krishnan U, Kulik T, et al. (2013)
Implications of the U.S. Food and Drug Administration warning against
the use of sildenafil for the treatment of pediatric pulmonary
hypertension. Am J Respir Crit Care Med 187: 572-575.
Humpl T, Reyes JT, Holtby H, Stephens D, Adatia I (2005) Beneficial
effect of oral sildenafil therapy on childhood pulmonary arterial
hypertension: twelve-month clinical trial of a single-drug, open-label,
pilot study. Circulation 111: 3274-3280.
Mourani PM, Sontag MK, Ivy DD, Abman SH (2009) Effects of long-term
sildenafil treatment for pulmonary hypertension in infants with chronic
lung disease. J Pediatr 154: 379-384, 384.
Steinhorn RH, Kinsella JP, Abman SH (2013) Beyond pulmonary
hypertension: sildenafil for chronic lung disease of prematurity. Am J
Respir Cell Mol Biol 48: iii-v.

J Pulm Respir Med
ISSN:2161-105X JPRM, an open access journal

79.
80.

81.

82.

83.

84.

85.
86.
87.

88.
89.
90.
91.

92.

93.
94.
95.

96.

Steinhorn RH, Kinsella JP, Pierce C, Butrous G, Dilleen M, et al. (2009)
Intravenous sildenafil in the treatment of neonates with persistent
pulmonary hypertension. J Pediatr 155: 841-847.
Barst RJ, Ivy DD, Gaitan G, Szatmari A, Rudzinski A, et al. (2012) A
randomized, double-blind, placebo-controlled, dose-ranging study of oral
sildenafil citrate in treatment-naive children with pulmonary arterial
hypertension. Circulation 125: 324-334.
Davis JM, Rosenfeld WN, Richter SE, Parad MR, Gewolb IH, et al. (1997)
Safety and pharmacokinetics of multiple doses of recombinant human
CuZn superoxide dismutase administered intratracheally to premature
neonates with respiratory distress syndrome. Pediatrics 100: 24-30.
Parad RB, Allred EN, Rosenfeld WN, Davis JM (2012) Reduction of
retinopathy of prematurity in extremely low gestational age newborns
treated with recombinant human Cu/Zn superoxide dismutase.
Neonatology 102: 139-144.
Rosenfeld WN, Davis JM, Parton L, Richter SE, Price A, et al. (1996)
Safety and pharmacokinetics of recombinant human superoxide
dismutase administered intratracheally to premature neonates with
respiratory distress syndrome. Pediatrics 97: 811-817.
López A, Lorente JA, Steingrub J, Bakker J, McLuckie A, et al. (2004)
Multiple-center, randomized, placebo-controlled, double-blind study of
the nitric oxide synthase inhibitor 546C88: effect on survival in patients
with septic shock. Crit Care Med 32: 21-30.
Aruoma OI, Halliwell B, Hoey BM, Butler J (1989) The antioxidant action
of N-acetylcysteine: its reaction with hydrogen peroxide, hydroxyl radical,
superoxide, and hypochlorous acid. Free Radic Biol Med 6: 593-597.
Bernard GR, Wheeler AP, Arons MM, Morris PE, Paz HL, et al. (1997) A
trial of antioxidants N-acetylcysteine and procysteine in ARDS. The
Antioxidant in ARDS Study Group. Chest 112: 164-172.
Suter PM, Domenighetti G, Schaller MD, Laverrière MC, Ritz R, et al.
(1994) N-acetylcysteine enhances recovery from acute lung injury in
man. A randomized, double-blind, placebo-controlled clinical study.
Chest 105: 190-194.
Szakmany T, Hauser B, Radermacher P (2012) N-acetylcysteine for sepsis
and systemic inflammatory response in adults. Cochrane Database Syst
Rev 9: CD006616.
Peake SL, Moran JL, Leppard PI (1996) N-acetyl-L-cysteine depresses
cardiac performance in patients with septic shock. Crit Care Med 24:
1302-1310.
Bowler RP, Velsor LW, Duda B, Chan ED, Abraham E, et al. (2003)
Pulmonary edema fluid antioxidants are depressed in acute lung injury.
Crit Care Med 31: 2309-2315.
Besecker BY, Exline MC, Hollyfield J, Phillips G, Disilvestro RA, et al.
(2011) A comparison of zinc metabolism, inflammation, and disease
severity in critically ill infected and noninfected adults early after
intensive care unit admission. Am J Clin Nutr 93: 1356-1364.
Sakr Y, Reinhart K, Bloos F, Marx G, Russwurm S, et al. (2007) Time
course and relationship between plasma selenium concentrations,
systemic inflammatory response, sepsis, and multiorgan failure. Br J
Anaesth 98: 775-784.
Forceville X, Vitoux D, Gauzit R, Combes A, Lahilaire P, et al. (1998)
Selenium, systemic immune response syndrome, sepsis, and outcome in
critically ill patients. Crit Care Med 26: 1536-1544.
Manzanares W, Dhaliwal R, Jiang X, Murch L, Heyland DK (2012)
Antioxidant micronutrients in the critically ill: a systematic review and
meta-analysis. Crit Care 16: R66.
Heyland DK, Dhaliwal R, Day AG, Muscedere J, Drover J, et al. (2006)
REducing Deaths due to OXidative Stress (The REDOXS Study):
Rationale and study design for a randomized trial of glutamine and
antioxidant supplementation in critically-ill patients. Proc Nutr Soc 65:
250-263.
Whitmore LC, Hilkin BM, Goss KL, Wahle EM, Colaizy TT, et al. (2013)
NOX2 protects against prolonged inflammation, lung injury, and
mortality following systemic insults. J Innate Immun 5: 565-580.

Volume 4 • Issue 4 • 1000194

Citation:

Villegas L, Stidham T, Nozik-Grayck E (2014) Oxidative Stress and Therapeutic Development in Lung Diseases. J Pulm Respir Med 4:
194. doi:10.4172/2161-105X.1000194

Page 9 of 10
97.
98.
99.

100.

101.
102.

103.
104.

105.
106.

107.

108.
109.

110.
111.
112.

113.
114.

115.

Goswami M, Sharma D, Khan NM, Checker R, Sandur SK, et al. (2014)
Antioxidant supplementation enhances bacterial peritonitis in mice by
inhibiting phagocytosis. J Med Microbiol 63: 355-366.
Vlahos R, Stambas J, Bozinovski S, Broughton BR, Drummond GR, et al.
(2011) Inhibition of Nox2 oxidase activity ameliorates influenza A virusinduced lung inflammation. PLoS Pathog 7: e1001271.
Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, et al.
(1996) Risk factors for lung cancer and for intervention effects in CARET,
the Beta-Carotene and Retinol Efficacy Trial. J Natl Cancer Inst 88:
1550-1559.
Goodman GE, Thornquist M, Kestin M, Metch B, Anderson G, et al.
(1996) The association between participant characteristics and serum
concentrations of beta-carotene, retinol, retinyl palmitate, and alphatocopherol among participants in the Carotene and Retinol Efficacy Trial
(CARET) for prevention of lung cancer. Cancer Epidemiol Biomarkers
Prev 5: 815-821.
Smigel K (1996) Beta carotene fails to prevent cancer in two major
studies; CARET intervention stopped. J Natl Cancer Inst 88: 145.
Omenn GS, Goodman G, Thornquist M, Barnhart S, Balmes J, et al.
(1996) Chemoprevention of lung cancer: the beta-Carotene and Retinol
Efficacy Trial (CARET) in high-risk smokers and asbestos-exposed
workers. IARC Sci Publ : 67-85.
Sayin VI, Ibrahim MX, Larsson E, Nilsson JA, Lindahl P, et al. (2014)
Antioxidants accelerate lung cancer progression in mice. Sci Transl Med
6: 221ra15.
Giusti B, Vestrini A, Poggi C, Magi A, Pasquini E, et al. (2012) Genetic
polymorphisms of antioxidant enzymes as risk factors for oxidative
stress-associated complications in preterm infants. Free Radic Res 46:
1130-1139.
Bentley AR, Kritchevsky SB, Harris TB, Newman AB, Bauer DC, et al.
(2012) Genetic variation in antioxidant enzymes and lung function. Free
Radic Biol Med 52: 1577-1583.
Hancock DB, Artigas MS, Gharib SA, Henry A, Manichaikul A, et al.
(2012) Genome-wide joint meta-analysis of SNP and SNP-by-smoking
interaction identifies novel loci for pulmonary function. PLoS Genet 8:
e1003098.
Ochs-Balcom HM, Grant BJ, Muti P, Sempos CT, Freudenheim JL, et al.
(2006) Antioxidants, oxidative stress, and pulmonary function in
individuals diagnosed with asthma or COPD. Eur J Clin Nutr 60:
991-999.
Piacentini S, Verrotti A, Polimanti R, Giannini C, Saccucci P, et al. (2011)
Functional polymorphisms of GSTA1 and GSTO2 genes associated with
asthma in Italian children. Clin Chem Lab Med 50: 311-315.
Juul K, Tybjaerg-Hansen A, Marklund S, Lange P, Nordestgaard BG
(2006) Genetically increased antioxidative protection and decreased
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 173:
858-864.
Young RP, Hopkins R, Black PN, Eddy C, Wu L, et al. (2006) Functional
variants of antioxidant genes in smokers with COPD and in those with
normal lung function. Thorax 61: 394-399.
Hartney J (2014) A common polymorphism in EC-SOD affects
cardiopulmonary disease risk by altering protein distribution.
Moradi M, Mojtahedzadeh M, Mandegari A, Soltan-Sharifi MS, Najafi A,
et al. (2009) The role of glutathione-S-transferase polymorphisms on
clinical outcome of ALI/ARDS patient treated with N-acetylcysteine.
Respir Med 103: 434-441.
Suzuki YJ, Steinhorn RH, Gladwin MT (2013) Antioxidant therapy for
the treatment of pulmonary hypertension. Antioxid Redox Signal 18:
1723-1726.
Auten RL, Mason SN, Whorton MH, Lampe WR, Foster WM, et al.
(2007) Inhaled ethyl nitrite prevents hyperoxia-impaired postnatal
alveolar development in newborn rats. Am J Respir Crit Care Med 176:
291-299.
Moya MP, Gow AJ, Califf RM, Goldberg RN, Stamler JS (2002) Inhaled
ethyl nitrite gas for persistent pulmonary hypertension of the newborn.
Lancet 360: 141-143.

J Pulm Respir Med
ISSN:2161-105X JPRM, an open access journal

116. Nozik-Grayck E, Whalen EJ, Stamler JS, McMahon TJ, Chitano P, et al.

117.
118.
119.
120.

121.
122.
123.
124.

125.

126.
127.

128.

129.

130.
131.
132.

133.

134.

(2006) S-nitrosoglutathione inhibits alpha1-adrenergic receptor-mediated
vasoconstriction and ligand binding in pulmonary artery. Am J Physiol
Lung Cell Mol Physiol 290: L136-143.
Sindler AL, Devan AE, Fleenor BS, Seals DR (2014) Inorganic nitrite
supplementation for healthy arterial aging. J Appl Physiol (1985) 116:
463-477.
Pankey EA, Badejo AM, Casey DB, Lasker GF, Riehl RA, et al. (2012)
Effect of chronic sodium nitrite therapy on monocrotaline-induced
pulmonary hypertension. Nitric Oxide 27: 1-8.
Sugimoto R, Okamoto T, Nakao A, Zhan J, Wang Y, et al. (2012) Nitrite
reduces acute lung injury and improves survival in a rat lung
transplantation model. Am J Transplant 12: 2938-2948.
Ibrahim YI, Ninnis JR, Hopper AO, Deming DD, Zhang AX, et al. (2012)
Inhaled nitric oxide therapy increases blood nitrite, nitrate, and snitrosohemoglobin concentrations in infants with pulmonary
hypertension. J Pediatr 160: 245-251.
Reynolds JD, Bennett KM, Cina AJ, Diesen DL, Henderson MB, et al.
(2013) S-nitrosylation therapy to improve oxygen delivery of banked
blood. Proc Natl Acad Sci U S A 110: 11529-11534.
Fan YF, Zhang R, Jiang X, Wen L, Wu DC, et al. (2013) The
phosphodiesterase-5 inhibitor vardenafil reduces oxidative stress while
reversing pulmonary arterial hypertension. Cardiovasc Res 99: 395-403.
Enomoto M, Jain A, Pan J, Shifrin Y, Van Vliet T, et al. (2014) Newborn
rat response to single vs. combined cGMP-dependent pulmonary
vasodilators. Am J Physiol Lung Cell Mol Physiol 306: L207-215.
Chester M, Seedorf G, Tourneux P, Gien J, Tseng N, et al. (2011)
Cinaciguat, a soluble guanylate cyclase activator, augments cGMP after
oxidative stress and causes pulmonary vasodilation in neonatal
pulmonary hypertension. American journal of physiology. Am J Physiol
Lung Cell Mol Physiol 301: L755-764.
Weissmann N (2009) The soluble guanylate cyclase activator HMR1766
reverses hypoxia-induced experimental pulmonary hypertension in mice.
American journal of physiology. Lung cellular and molecular physiology
297: L658-665.
Wedgwood S, Steinhorn RH (2014) Role of Reactive Oxygen Species in
Neonatal Pulmonary Vascular Disease. Antioxid Redox Signal .
Aggarwal S, Gross CM, Kumar S, Dimitropoulou C, Sharma S, et al.
(2014) Dimethylarginine dimethylaminohydrolase II overexpression
attenuates LPS-mediated lung leak in acute lung injury. Am J Respir Cell
Mol Biol 50: 614-625.
Ananthakrishnan M, Barr FE, Summar ML, Smith HA, Kaplowitz M, et
al. (2009) L-Citrulline ameliorates chronic hypoxia-induced pulmonary
hypertension in newborn piglets. Am J Physiol Lung Cell Mol Physiol
297: L506-511.
Kumar S, Oishi PE, Rafikov R, Aggarwal S, Hou Y, et al. (2013)
Tezosentan increases nitric oxide signaling via enhanced hydrogen
peroxide generation in lambs with surgically induced acute increases in
pulmonary blood flow. J Cell Biochem 114: 435-447.
Francis BN, Wilkins MR, Zhao L (2010) Tetrahydrobiopterin and the
regulation of hypoxic pulmonary vasoconstriction. Eur Respir J 36:
323-330.
Kunuthur SP, Milliken PH, Gibson CL, Suckling CJ, Wadsworth RM
(2011) Tetrahydrobiopterin analogues with NO-dependent pulmonary
vasodilator properties. Eur J Pharmacol 650: 371-377.
Joshi AD, Dimitropoulou C, Thangjam G, Snead C, Feldman S, et al.
(2014) Heat shock protein 90 inhibitors prevent LPS-induced endothelial
barrier dysfunction by disrupting RhoA signaling. Am J Respir Cell Mol
Biol 50: 170-179.
Teng RJ, Du J, Xu H, Bakhutashvili I, Eis A, et al. (2010) Sepiapterin
improves angiogenesis of pulmonary artery endothelial cells with in utero
pulmonary hypertension by recoupling endothelial nitric oxide synthase.
Am J Physiol Lung Cell Mol Physiol 301: L334-345.
Almudéver P, Milara J, De Diego A, Serrano-Mollar A, Xaubet A, et al.
(2013) Role of tetrahydrobiopterin in pulmonary vascular remodelling
associated with pulmonary fibrosis. Thorax 68: 938-948.

Volume 4 • Issue 4 • 1000194

Citation:

Villegas L, Stidham T, Nozik-Grayck E (2014) Oxidative Stress and Therapeutic Development in Lung Diseases. J Pulm Respir Med 4:
194. doi:10.4172/2161-105X.1000194

Page 10 of 10
135. Chicoine LG, Paffett ML, Young TL, Nelin LD (2004) Arginase inhibition

136.
137.
138.
139.

140.
141.
142.
143.

144.
145.
146.
147.

148.

increases nitric oxide production in bovine pulmonary arterial
endothelial cells. American journal of physiology. Lung cellular and
molecular physiology 287: L60-68.
Jarman ER, Khambata VS, Cope C, Jones P, Roger J, et al. (2014) An
inhibitor of NADPH oxidase-4 attenuates established pulmonary fibrosis
in a rodent disease model. Am J Respir Cell Mol Biol 50: 158-169.
Kim SY, Moon KA, Jo HY, Jeong S, Seon SH, et al. (2012) Antiinflammatory effects of apocynin, an inhibitor of NADPH oxidase, in
airway inflammation. Immunol Cell Biol 90: 441-448.
Ichinose M, Sugiura H, Yamagata S, Koarai A, Tomaki M, et al. (2003)
Xanthine oxidase inhibition reduces reactive nitrogen species production
in COPD airways. Eur Respir J 22: 457-461.
Nelson SK, Bose SK, Grunwald GK, Myhill P, McCord JM (2006) The
induction of human superoxide dismutase and catalase in vivo: a
fundamentally new approach to antioxidant therapy. Free Radic Biol Med
40: 341-347.
Hybertson BM, Gao B, Bose SK, McCord JM (2011) Oxidative stress in
health and disease: the therapeutic potential of Nrf2 activation. Mol
Aspects Med 32: 234-246.
Lisk C, McCord J, Bose S, Sullivan T, Loomis Z, et al. (2013) Nrf2
activation: a potential strategy for the prevention of acute mountain
sickness. Free Radic Biol Med 63: 264-273.
Velmurugan K, Alam J, McCord JM, Pugazhenthi S (2009) Synergistic
induction of heme oxygenase-1 by the components of the antioxidant
supplement Protandim. Free Radic Biol Med 46: 430-440.
Voelkel NF, Bogaard HJ, Al Husseini A, Farkas L, Gomez-Arroyo J, et al.
(2013) Antioxidants for the treatment of patients with severe
angioproliferative pulmonary hypertension? Antioxid Redox Signal 18:
1810-1817.
Clarke MB, Wright R, Irwin D, Bose S, Van Rheen Z, et al. (2010)
Sustained lung activity of a novel chimeric protein, SOD2/3, after
intratracheal administration. Free Radic Biol Med 49: 2032-2039.
Yen CC, Lai YW, Chen HL, Lai CW, Lin CY, et al. (2011) Aerosolized
human extracellular superoxide dismutase prevents hyperoxia-induced
lung injury. PLoS One 6: e26870.
Gupta V, Ahsan F (2010) Inhalational therapy for pulmonary arterial
hypertension: current status and future prospects. Crit Rev Ther Drug
Carrier Syst 27: 313-370.
Gupta V, Davis M, Hope-Weeks LJ, Ahsan F (2011) PLGA microparticles
encapsulating prostaglandin E1-hydroxypropyl-beta-cyclodextrin (PGE1HPbetaCD) complex for the treatment of pulmonary arterial
hypertension (PAH). Pharm res 28: 1733-1749.
Trivedi R, Redente EF, Thakur A, Riches DW, Kompella UB (2012) Local
delivery of biodegradable pirfenidone nanoparticles ameliorates

J Pulm Respir Med
ISSN:2161-105X JPRM, an open access journal

149.

150.
151.

152.

153.
154.
155.
156.
157.
158.
159.
160.
161.

bleomycin-induced pulmonary fibrosis in mice. Nanotechnology 23:
505101.
Yoo NY, Youn YS, Oh NM, Oh KT, Lee DK, et al. (2011) Antioxidant
encapsulated porous poly(lactide-co-glycolide) microparticles for
developing long acting inhalation system. Colloids Surf B Biointerfaces
88: 419-424.
Azarmi S, Roa WH, Löbenberg R (2008) Targeted delivery of
nanoparticles for the treatment of lung diseases. Adv Drug Deliv Rev 60:
863-875.
Hood ED, Greineder CF, Dodia C, Han J, Mesaros C, et al. (2012)
Antioxidant protection by PECAM-targeted delivery of a novel NADPHoxidase inhibitor to the endothelium in vitro and in vivo. J Control
Release 163: 161-169.
Christofidou-Solomidou M, Scherpereel A, Wiewrodt R, Ng K, Sweitzer
T, et al. (2003) PECAM-directed delivery of catalase to endothelium
protects against pulmonary vascular oxidative stress. Am J Physiol Lung
Cell Mol Physiol 285: L283-292.
Muzykantov VR (2001) Delivery of antioxidant enzyme proteins to the
lung. Antioxid Redox Signal 3: 39-62.
Shuvaev VV, Christofidou-Solomidou M, Bhora F, Laude K, Cai H, et al.
(2009) Targeted detoxification of selected reactive oxygen species in the
vascular endothelium. J Pharmacol Exp Ther 331: 404-411.
Gauthier MA (2014) Redox-Responsive Drug Delivery. Antioxid Redox
Signal .
Gelb AF, Barnes PJ, George SC, Ricciardolo FL, DiMaria G, et al. (2012)
Review of exhaled nitric oxide in chronic obstructive pulmonary disease.
J Breath Res 6: 047101.
Manna A, Caffarelli C, Varini M, Povesi Dascola C, Montella S, et al.
(2012) Clinical application of exhaled nitric oxide measurement in
pediatric lung diseases. Ital J Pediatr 38: 74.
Radhakrishnan DK, Bendiak GN, Mateos-Corral D, Al-Saleh S,
Bhattacharjee R, et al. (2012) Lower airway nitric oxide is increased in
children with sickle cell disease. J Pediatr 160: 93-97.
Narang I, Ersu R, Wilson NM, Bush A (2002) Nitric oxide in chronic
airway inflammation in children: diagnostic use and pathophysiological
significance. Thorax 57: 586-589.
Tsang KW, Leung R, Fung PC, Chan SL, Tipoe GL, et al. (2002) Exhaled
and sputum nitric oxide in bronchiectasis: correlation with clinical
parameters. Chest 121: 88-94.
Robroeks CM, Rosias PP, van Vliet D, Jöbsis Q, Yntema JB, et al. (2008)
Biomarkers in exhaled breath condensate indicate presence and severity
of cystic fibrosis in children. Pediatr Allergy Immunol 19: 652-659.

Volume 4 • Issue 4 • 1000194

