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Abstract
Pulmonary edema occurs when fluid flux into the lung interstitium exceeds its removal, resulting in
hypoxemia and even death. Noncardiogenic pulmonary edema (NPE) generally results when
microvascular and alveolar permeability to plasma proteins increase, one possible etiology being
oxidant injury. Reactive oxygen and nitrogen species (RONS) can modify or damage ion channels,
such as epithelial sodium channels, which alters fluid balance. Experimental systems in which either
RONS are increased or protective antioxidant mechanisms are decreased result in alterations of
epithelial sodium channel activity and support the hypothesis that RONS are important in NPE. Both
basic and clinical studies are needed to critically define the RONS–NPE connection and the capacity
of antioxidant therapy (either alone or as a supplement to β-agonists) to improve patient outcome.
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Pulmonary edema occurs when the fluid flux into the lung interstitium exceeds the rate of
removal by the lymphatics. As the extravascular lung fluid accumulates, alveolar flooding
occurs, resulting in impairment in gas exchange. The magnitude of impairment can lead to
hypoxemia, and may ultimately result in respiratory failure and even death. Patients that present
with pulmonary edema are a heterogeneous group as pulmonary edema can be the end result
of many different diseases and disorders. The underlying etiologies can be generally classed
into either of two broad groups: cardiogenic or noncardiogenic (‘permeability’). Cardiogenic
pulmonary edema (CPE) results when capillary hydrostatic pressure increases or oncotic
capillary pressure decreases, leading to increased fluid flux into the interstitial space; in this
case, the fluid is an ultrafiltrate of plasma. Noncardiogenic pulmonary edema (NPE) generally
results when microvascular and alveolar permeability to plasma proteins increase, most likely
due to the oxidant injury to the alveolar and endothelial cells. Collectively, diseases that lead
to pulmonary edema are among the most common causes of respiratory failure among intensive
care patients.

There is a growing body of literature implicating reactive oxygen and nitrogen species (RONS)
in many diverse kinds of pulmonary damage. There are many different possible scenarios in
which underlying disease states can increase RONS, directly increasing damage and/or
upregulating inflammatory responses in the lung, which in turn can further increase RONS
production and lead to significant pathology. Teasing out cause and effect can be challenging,
particularly in pathological conditions such as pulmonary edema, which can have different
initiating events and/or which may be the end result of multiple disease processes. Modification
or damage to ion channels may be particularly detrimental as they have a key role in maintaining
fluid balance in the lung. Of equal importance in the response to RONS are endogenous
antioxidants that prevent much of the ‘first-pass’ damage that would otherwise occur in the
lung. While the antioxidant defense system of the lung is complex, one of the key cellular
defenses is the thiol tripeptide glutathione (GSH). This brief review will present an overview
of key RONS known to be produced in the lung, will examine the literature linking RONS
production and endogenous antioxidant defenses to pulmonary edema, and will specifically
focus on known and potential modifications of ion transport by RONS, which may be broadly
responsible for pulmonary edema etiology and/or progression.

Cardiogenic pulmonary edema
Cardiogenic pulmonary edema results from increased capillary pressure, most often due to
congestive heart failure. Generally, it is a manifestation of the left ventricle’s inability to
adequately pump the blood it is receiving from the lungs. This leads to an increase in pressure
in the left atrium, followed by increased pressure in the pulmonary veins and capillaries,
ultimately causing fluid to be exuded through the capillary walls into the air sacs. Major causes
for left ventricular failure include: coronary artery disease; mitral or aortic valve disease;
myocarditis; cardiomyopathies; severe tachycardia or bradycardia; or other arrhythmias;
hypertensive crisis; and fluid overload resulting from intravenous therapy or liver or kidney
failure. Cardiogenic edema may also result from liver injury leading to decreased albumin
plasma concentration and oncotic pressure. These insults generally do not result in increased
reactive oxygen species (ROS) production; hence, this review will focus primarily on NPE,
while still including the literature that links cardiogenic edema and increased production of
reactive nitrogen species (RNS).

Noncardiogenic pulmonary edema
Noncardiogenic pulmonary edema arises from damage to the alveolar and microvascular
compartments, leading to increased permeability to plasma proteins. The precipitating damage
to the lung can include both direct physical injury as well as injury resulting from biochemical
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reactions occurring in the lungs in response to environmental stressors. These reactions often
involve the production of RONS. Most are the result of some form of direct alveolar injury.
These include the inhalation of toxic gases such as chlorine [1,2], direct trauma to the chest
resulting in a pulmonary contusion [3–5] and re-expansion injury following a pneumothorax
or other causes of lung deflation [5–7]. Reperfusion injury may also produce pulmonary edema.
Reperfusion pulmonary edema (RPE) may occur following a lung transplant or following
massive blood loss and subsequent transfusions [8,9]. Indeed, transfusion-related acute lung
injury (ALI) is the leading cause of transfusion-related morbidity and mortality in the USA
[9]. Clinically, sepsis is a leading cause of pulmonary edema. The pathogenesis of sepsis
involves hyper-function or dysfunction of immune cells such as macro-phages or neutrophils
[10]. Increased production of ROS and RNS by these cells can impact on the dysfunction of
endothelial cells and pulmonary epithelial cells in the progression of sepsis. The final
consequence of many of the forms of ALI outlined above is the development of acute
respiratory distress syndrome (ARDS), which is marked by permeability pulmonary edema,
hypoxemia and, depending on the severity, respiratory distress.

There are also additional rare triggers of NPE. These include unusual responses to medications,
complications resulting from an upper airway obstruction [11], and a rare disorder associated
with rapid high altitude ascent known as high altitude pulmonary edema (HAPE).

High altitude pulmonary edema is one of the most clearly defined forms of noncardiogenic
pulmonary edema. It is an acute and potentially lethal pulmonary disease caused by rapid ascent
to high altitudes in nonacclimatized individuals [12]. The onset of symptoms occur between
2–3 days after acute exposure to altitudes above 2500 m [13]. Defining characteristics include
increased pulmonary arterial pressure, increased vascular permeability and hypoxemia.
Clinical investigations have identified that a sub-set of the population may be acutely sensitive
to HAPE [14–17]. Collectively, studies to date have found that:

• Increased peripheral arterial pressure with precapillary vasoconstriction can lead to
edema in HAPE patients

• The pathogenesis of HAPE is attributed to hydrostatic mechanisms leading to
capillary leak and subsequent pulmonary edema

• Inflammation/reactive species may play a role in both the development and the
complications arising from HAPE [12,17]

A thorough understanding of HAPE may help to delineate the targets in other forms of
pulmonary edema and thus define its biochemical basis. Recent studies in HAPE have focused
on damage to sodium transporters as an initiating event in fluid imbalance. As RONS and redox
imbalance have also been shown to damage sodium transporters, this may signify a common
underlying mechanism for the involvement of RONS in NPE.

Reactive species in pulmonary edema etiology & progression
Overview of reactive oxygen/nitrogen species

Reactive oxygen species and RNS, sometimes collectively referred to as RONS, include both
free radicals and other bioreactive compounds. Free radicals are compounds that contain one
or more unpaired electrons in their valence shell, which contributes to their chemical reactivity.
Key free radicals in the lung are the ROS superoxide anion (O2

•−) and the hydroxyl radical
(OH•), while key RNS include nitric oxide (NO•) and peroxynitrite (ONOO−). Hydrogen
peroxide (H2O2), although not a free radical because it lacks an unpaired electron, is a strong
oxidizer (a ROS) and can still cause pulmonary damage when it is produced at supra-
physiological levels, that is, at concentrations beyond which the natural endogenous removal
mechanisms can function. While this list is not exhaustive, these RONS have been shown to
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be directly or indirectly involved in producing pulmonary damage in diseases and disorders of
the lung including those culminating in pulmonary edema. Figure 1 summarizes the main
mechanisms of formation and the fates of key RONS.

Superoxide—The superoxide anion radical (O2
•−) is formed by the monovalent reduction of

molecular oxygen either by electrons generated by the mitochondrial electron transport chain
(ETC), by the NOX proteins (also known as the NADPH oxidases), or by the enzyme xanthine
oxidase.

(1)

Intracellularly, superoxide may have several fates. Although reactive, it is a relatively short-
lived intermediate that will rapidly react with nearby targets. In the presence of Fe3+ it may
react to produce Fe2+ and O2. Fe2+, in turn, in the presence of H2O2 may produce even more
damaging radicals (equations 3 & 4). Superoxide may also react directly with NO• to form
ONOO− (discussed in more detail in the section on ‘Peroxynitrite’), or it may be converted to
H2O2 via mechanisms discussed next.

Hydrogen peroxide—Hydrogen peroxide is not a free radical but it can still cause significant
cellular damage when it is produced at higher-than-normal concentrations. H2O2 is formed
when superoxide dismutase (SOD) dismutates two molecules of superoxide to generate
equimolar concentrations of H2O2 and oxygen:

(2)

There are three forms of SOD: SOD1 (cytosolic, CuZnSOD), SOD2 (mitochondrial, MnSOD)
and SOD3 (extracellular, ecSOD). Some H2O2 is also formed by the spontaneous reduction of
superoxide within the cell. H2O2 can be subsequently reduced by catalase to yield a 2:1 ratio
of water to oxygen, or can be reduced by some members of the GSH peroxidase (GPx) family.
It is noteworthy that H2O2 is also known to function as an endogenous cell signaling molecule
[18,19], thus it also has physiological functions within the cell [19]. In some respects, H2O2is
even more potentially cytotoxic than superoxide because its lifetime is sufficient to allow for
its diffusion into almost any cellular compartment where it may act as a source of OH•.

Hydroxyl radical—The hydroxyl radical is extremely reactive; in theory, it is primarily
formed via Fenton chemistry (equations 3 & 4), although there is some continuing debate as
to the extent to which these reactions occur in vivo.

(3)

(4)

Polyunsaturated fatty acids (PUFA) are particularly vulnerable to attack and modification by
OH• once they are formed. This can result in the formation of many reactive lipid species,
which may have damaging effects of their own. In the lung, the lipid component of pulmonary
surfactant is approximately 11% phosphatidylglycerol and is a key source of PUFA; alveolar
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epithelial Type I and Type II cell lipid membranes also contain PUFA. OH• lipid peroxidation
in turn leads to lipid hydroperoxide formation. Lipid hydroperoxides have two main potential
fates: they may either be reduced to their corresponding alcohols by GPx enzymes using GSH
as a reducing equivalent (discussed in the section ‘Pulmonary antioxidants: GSH’) or they may
be converted into other, more deleterious, compounds, which include the hydroxyl alkenals.
These include 4-hydroxyl-2-nonenal (4-HNE) and 4-hydroxyl-2-hexanal (4-HHE). Relative
to the OH• that initiated these reactions, these lipid peroxidation products are much more stable,
can diffuse within and beyond the cell, and act as electrophilic compounds that can damage
other cellular components, including proteins, via covalent adduct formation. Indeed,
formation of stable HNE adducts in cells in culture has been shown to cause constitutive
activation of cell signaling pathways [20].

Nitric oxide—Nitric oxide is generated from the oxidative deamination of the amino acid L-
arginine by the enzyme nitric oxide synthase (NOS). There are three isoforms of this enzyme:
endothelial NOS (NOS3) is constitutively active and is generally expressed in the endothelium
where it plays a pivotal role in vasodilation; inducible NOS (iNOS; NOS2) is predominantly
expressed in the immune and cardiovascular systems where it plays a critical role in host
defense; and neuronal NOS (NOS1) is broadly expressed in both peripheral and central nervous
systems. Potential sources of NO• in the lung mainly result from increased activity of iNOS in
activated macrophages and neutrophils, alveolar Type II cells and other airway cells [21].
Increased levels of iNOS have been reported in the lungs of patients with ARDS and other
inflammatory pulmonary diseases [22–24]. The biological impact of NO• depends on its
concentration, potential targets and the presence of other radicals. NO• may bind to the heme
group of guanylate cyclase, resulting in increases in cellular cGMP levels and the activation
of PKC [25]. In the presence of an electron acceptor, it may react with thiols to produce
nitrosothiols [26] which, in the context of pulmonary inflammation, have been shown to
attenuate pulmonary damage [27,28]. NO• also reacts with superoxide in an extremely rapid
diffusion-limited reaction (6.7 × 109 M−1·s−1) to produce ONOO− [29]; However, at
physiological levels the reactivity and toxicity of NO• is mild, and it is important to remember
that it is also an essential component of many cellular processes and functions. Indeed, most
of the toxicity of NO• has been attributed to either ONOO− or to higher oxides of nitrogen.

Peroxynitrite—Peroxynitrite is formed in a reaction between superoxide and NO• (equation
5). Hence, the relative balance of these two radicals within the cell can have serious implications
for pulmonary health.

(5)

Peroxynitrite is a potent oxidizing and nitrating agent, which oxidizes thiols at rates at least
1000-times faster than H2O2. It also causes iron-dependent peroxidation of lipids and it can
nitrate or oxidize proteins. Because of this diverse reactivity, ONOO− has been shown to
damage a wide range of biological targets including DNA, the protein components of the
mitochondrial ETC, lung ion channels and the pulmonary surfactant system [30] Furthermore,
ONOO−, owing to its high chemical reactivity, will modify/damage biological targets even in
the presence antioxidants [31].

Pathophysiology of pulmonary fluid homeostasis
Mechanisms of fluid control in the normal lung

For optimal gas exchange, the alveoli of adult mammalian lungs must remain open and free
from fluid. The alveolar epithelial cells of mammalian lungs actively transport sodium (Na+)
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and chloride (Cl−) ions and these processes are critical to preventing a build-up of fluid in the
lungs. Na+ ions enter the apical membrane both alveolar epithelial Type I and Type II cells
through sodium-selective cation channels and cyclic nucleotide-gated channels, and are
extruded across the basolateral membrane by an energy-dependent Na/K-ATPase. This
vectorial transport of Na+ ions and the concomitant movement of Cl− ions to maintain
electroneutrality create an osmotic force that leads to the reabsorption of fluid across both
normal and damaged lungs. Figure 2 depicts the movement of the ions across alveolar epithelial
cells that are involved in the maintenance of fluid homeostasis. Pulmonary stress, either via
direct damage to the epithelial cells, or damage mediated by RONS generated in close
proximity to the alveolar epithelial cells by activated inflammatory cells, can modulate the
activity of sodium channels via a number of redox-regulated mechanisms [32–34]. These
include altering signal transduction pathways [34], which may lead to changes in gene
expression with resultant downstream changes in the proteome and hence cell function, and/
or direct oxidative or other posttranslational modifications of sodium channel proteins or
related proteins, such as their chaperones [32,33]. This situation can be further exacerbated as
pulmonary stresses that increase oxidant formation deplete key pulmonary antioxidant
defenses such as GSH and may damage other protective proteins, such as the SODs or γ-
glutamyltransferase. The following section will focus on the roles of RONS and the cellular
defenses that protect against RONS-mediated damage in the etiology and progression of
pulmonary edema.

Disruption of normal fluid homeostasis: the role of RONS
A number of studies reported in the literature have established that active Na+ transport plays
an important role in limiting the degree of pulmonary edema in adult mammalian lungs
following acute or chronic injury to the alveolar epithelium. Patients with ALI who are still
able to concentrate alveolar protein as a result of active Na+ reabsorption have a better prognosis
than those who cannot [35,36]. In animal studies, rats exposed to hyperoxia who also received
intratracheal instillation of a sodium channel blocker exhibited increased extravascular lung
fluid compared with shaminstilled controls [37]. Furthermore, intratracheal instillation of
adenoviral vectors expressing the Na/K-ATPase genes increased survival in rats exposed to
hyperoxia.

Additional observational evidence from humans comes from mountaineers who develop
pulmonary edema. A recent study has reported that decreased sodium transport predisposes
mountaineers to pulmonary edema [15]. Nasal transepithelial potential difference (which is a
marker of the transepithelial sodium and water transport in the distal airways) was reduced at
low altitudes in subjects known to be susceptible to HAPE [15,16]. These studies also
established that β-adrenergic agonists (which increase Na+ uptake) can decrease pulmonary
edema in human patients. Previous studies had established that β-adrenergic agonists increased
alveolar fluid clearance, and attenuated pulmonary edema in animal models [38] and in resected
human lungs [39] but not in human patients. The β-adrenergic agonist salmeterol was given
prophylactically to subjects prone to HAPE; pretreatment with the drug caused a significant
decrease in the development of HAPE [15]. This study provided direct evidence for the role
of impaired Na+ transport in HAPE-prone individuals. Collectively, these findings in vitro and
in vivo attest to the importance of Na+ transport in attenuating fluid accumulation in conditions
of pulmonary disease and stress [15,38,39].

Other studies have investigated the possible association between RONS and Na+ transport
across the alveolar epithelium both in animals with ALI and in patients with edema. Several
of these have been linked to increased NO• production and/or its metabolites. In rats with
prolonged hemorrhagic shock, reabsorption of isotonic fluid (secondary to vectorial transport
of Na+ ions) is inhibited [40]. However, this inhibition was reversed by instillation of an iNOS
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inhibitor (aminoguanidine) and fluid reabsorption was restored to normal levels [40]. This
suggests that either NO• or one of its metabolites contributed to the downregulation of fluid
reabsorption. Zhu et al. also showed that increased levels of nitrate and nitrite (the stable by-
products of NO• and other RONS) correlated with decreased rates of alveolar fluid clearance
in the lungs of patients with ALI (Figure 3) [41]. A smaller but significant increase was also
found in patients with cardiogenic pulmonary edema [41]. Additional evidence for an effect
of RNS on ion channels comes from in vitro studies of ion transport. Alveolar epithelial cells
exposed to micromolar concentrations of ONOO− exhibited significantly decreased 22Na+

uptake across freshly isolated rabbit ATII cells [30]. Treatment with amilioride, a specific
inhibitor of the apical sodium transporter (epithelial sodium channel [ENaC]), inhibited uptake
indicating that ONOO− was impacting the apical transport of Na+. In another study, SIN-1 (a
generator of ONOO−) profoundly inhibited the amilioride-sensitive whole-cell current in
Xenopus oocytes expressing ENaC [42]. ONOO− may exert its effects by oxidizing, nitrating
or nitrosylating critical amino acids either on ENaC or on other structural proteins necessary
for the proper functioning of the channel. Both the extracellular and transmembrane segments
of the three ENaC subunits contain domains rich in cysteine residues. Cysteine residues that
are not involved in disulfide formation remain particularly redox labile, and thus may become
oxidized or nitrosylated and alter ENaC function.

Reactive oxygen species have also been shown to impair apical sodium uptake [43]. The
xanthine/xanthine oxidase (X/XO) experimental system produces superoxide, from which
H2O2 and ultimately OH• can be derived. ROS produced by the X/XO system were shown to
decrease amilioride-sensitive (ENaC) currents across ventral toad skin [43]. Changes in current
only occurred when X/XO was added to the apical side, indicating that the ROS were impacting
ENaC and subsequently sodium uptake [43]. By contrast, in thrombin and oleic acid injury,
the reactive oxygen–nitrogen intermediates that are generated have also been shown to decrease
Na/K-ATPase activity in ATII cells. This appears to occur via upregulation of endocytosis
from the basolateral membrane via a PKCζ-dependent mechanism [44,45].

Although the studies outlined above separately connect edema and increased RONS to altered
Na+ transport, increased RONS production has been directly documented in some forms of
edema [46]. For example, RPE is characterized by diffuse inflammation in the lung parenchyma
and the development of permeability pulmonary edema. In RPE, it has been shown that
unilateral lung injury is initiated by cytotoxic oxygen metabolites that are formed upon the
reoxygenation of the collapsed lung [47]. Temporally, this correlates with the influx of poly-
morphonuclear neutrophils, which may further contribute to the generation of RONS [47].
Others have reported that high altitude exposure results in increased ROS generation leading
to enhanced oxidative damage of lipids, proteins and DNA [48]. Experiments with hypoxia-
treated rats strongly suggest that the increase in ROS observed in human patients with HAPE
is a causal factor in the disease [49]. In rats exposed to hypobaric hypoxia (280 mmHg) for
increasing lengths of time a significant increase in ROS in the lungs, as measured by
dichlorofluorescin fluorescence, and a concomitant decrease in GPx activity were observed,
indicating that as ROS increased, a key antioxidant defense decreased.

Key pulmonary defenses & edema prevention/attenuation
Pulmonary antioxidants: GSH

When the production of RONS increase, one mechanism to compensate is to increase the
activity of cellular defenses. GSH (γ-L-glutamyl-L-cysteinyl-glycine) is the most abundant
nonprotein thiol in the cell and a key pulmonary antioxidant. It is a tripeptide composed of
glutamate, cysteine and glycine, and is a critical component of the pulmonary protection
arsenal. GSH has many cellular and extracellular functions including the metabolism of
endogenous and exogenous compounds (e.g., reactive oxygen, nitrogen and lipid-based
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species), it plays an ill-defined role in the regulation of cell proliferation and modulates the
rate of gene expression [50,51]. Most importantly is its role as a cofactor (i.e., reductant) in
the removal and/or modification of compounds by two enzyme families, the GSH S-
transferases (GST) and GPx. The GST proteins may be found in every cell fraction, and in the
liver can account for up to 10% of the total cytosolic proteins. Members of this superfamily,
which have varying substrate specificities, catalyze the addition of GSH, via its sulfhydryl
group, to electrophilic carbon centers on various xenobiotic compounds. This process may both
detoxify the compound (i.e., biotransformation) and may also mark it for export from the cell.
The GPx proteins, similar to the GST proteins, have varying substrate specificities, and are
produced in specific cell types, but they all function by catalytically using GSH to reduce
hydroperoxides, including lipid and alkyl hydroperoxides, to their corresponding alcohol. This
reducing of peroxides decreases the oxidative stress burden on the cell. For a thorough review
of the role of GSH as a reductant in enzyme-based defenses, see [52].

GSH is produced by most cell types for direct use, and in a few cells type it is also produced
for export to the surrounding milieu. Type II alveolar epithelial cells, as an example, produce
and export GSH to the epithelial lining fluid, where it accumulates to millimolar concentrations.
A few cells can take-up GSH directly from the surrounding fluid, but most depend on de
novo synthesis to maintain adequate levels. It is vital to understand that the content of GSH
within a cell or the concentration within a fluid (such as the ELF) is a function, or balance, of
both the rate of production (or influx) and the rate of consumption by enzymes such as GST
and GPx. The regulation of de novo synthesis is well studied, and will be outlined only briefly
in this review.

Biosynthesis of GSH occurs via two sequential ATP-dependent reactions. In the first and rate-
limiting reaction, the enzyme glutamate cysteine ligase (GCL) catalyzes the addition of
glutamate to cysteine via an unusual γ-linkage to form γ-glutamylcysteine; the γ-linkage is the
reason this tripeptide is resistant to normal cellular proteases. A second ATP-dependent
reaction catalyzed by GSH synthase adds glycine to the γ-glutamylcysteine intermediate to
form reduced GSH (i.e., γ-L-glutamyl-L-cysteinyl-glycine). GCL is a heterodimeric enzyme
composed of one catalytic (GCLC) or heavy subunit, and one modulatory (GCLM) or light
subunit. In vivo it is generally believed that only the holoenzyme contributes significantly to
GSH production. The cellular content of one or both subunits may be upregulated in response
to oxidative stress, and this upregulation of protein content resides almost exclusively at the
level of gene expression. A remarkably large number of compounds, including those that form
GSH conjugates and those that generate ROS, have been shown to induce GSH biosynthesis
through increased transcription of the Gcl genes (for a thorough review see [53]). Factors that
control the export of GSH from the cell to the surroundings remain equivocal. Thus, increased
production of RONS can impact on both the production and the consumption of GSH. While
other antioxidant defenses (most notably the SOD proteins) may be important in modulating
pulmonary edema, in this short review we will focus on the changes in GSH homeostasis.

Role of GSH in pulmonary edema
As GSH levels are acutely sensitive to oxidant stress, any changes in GSH may be indicative
of increased RONS production. The impact of pulmonary edema on GSH homeostasis appears
to be somewhat dependent on the model system and when it is measured, relative to the initial
insult. In one study, the serum GSH levels of human patients presenting for treatment for HAPE
were significantly lower than those of healthy controls [54], although it is not known whether
the lower basal GSH levels contributed to the increased susceptibility to HAPE, or if it was
rather a consequence of the disease. However, given that HAPE presents after a hypoxic insult
and hypoxia increases RONS production, it is likely that the decreased serum GSH was a
consequence of the hypoxia. A recent study in which healthy young men were progressively

Iles et al. Page 8

Expert Rev Respir Med. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



exposed to higher altitudes (starting from 1320 m to 3600 m by air and finally to 4580 m by
foot) found a dramatic increase in oxidized GSH coupled with a decrease in reduced GSH in
the subjects when they returned to the starting elevation [55]. GSH metabolism, as evidenced
by increased GSH reductase and increased GPx, was also altered. This study provides further
confirmation that high altitude exposure alters GSH metabolism and homeostasis, and in
general renders this system less effective following exposure.

In a gas (phosgene) inhalation mouse model of pulmonary edema, the development and
resolution of pulmonary edema correlated with changes in the GSH redox system [56]. At the
earliest time point (1 h postexposure) there was no change in total GSH. However, with some
insults, depletion of GSH can occur in 30 min or less; feedback inhibition of de novo synthesis
is removed by rapid depletion and basal levels may be restored within an hour [57,58].
Subsequently, GSH levels will increase if the stress continues. In the phosgene-inhalation
study, total GSH levels were significantly increased 4 h postexposure and were maintained
until at least 72 h postexposure. Levels had returned to baseline 1 week later. This study
suggested that the edematous lung has the capacity to repair itself in part by re-establishing a
functional GSH redox system.

In other model systems (i.e., chronic ethanol exposure) the depletion of pulmonary GSH has
been shown to impair alveolar epithelial barrier function [59]. This suggests that GSH levels
may also be relevant to the prevention or attenuation of pulmonary edema, and that any of the
initiating events that also deplete GSH or impair normal GSH metabolism may result in more
profound damage.

Summary
In this short review, it is not possible to summarize all of the possible mechanisms whereby
increased RONS formation may either be causal or contribute to the development of pulmonary
edema. This review has focused predominantly on the potential impact of RONS on fluid
reabsorption and changes in the key cellular antioxidant GSH that may increase the
vulnerability of the Na+ transporters to damage by RONS. As pulmonary edema results from
a persistent imbalance between the forces that drive water into the airspace and the physiologic
mechanisms that remove it, it is not unreasonable to presume that RONS may also impact the
mechanisms that drive water out (including increased leak). This is one of the many areas that
require further study.

In general, the role of RONS in pulmonary edema is still being defined. While experimental
evidence and patient data suggest that the development of some forms of pulmonary edema
correlate with increased RONS production and dysregulation of both apical and basolateral
Na+ transport, further studies are needed to define the precise mechanisms whereby this occurs.

Expert commentary
Ion transport is a seminal feature of airway and distal lung epithelial cells. The vectorial
absorption of sodium through distal lung epithelial cells generates an oncotic gradient that
plays an important role in the reabsorption of alveolar fluid in pulmonary edema (both
cardiogenic and permeability types). This process is essential in facilitating gas exchange
across the lung. In this review, we discussed how RONS, which are common constituents of
environmental pollutants and bioreactive gases (such as nitrogen dioxide, chlorine, ozone,
cigarette smoke, and so on) and which may also be generated by activated inflammatory cells,
can damage ENaC located on the apical surfaces of lung epithelial cells. We also discussed the
importance of antioxidants, reviewing the roles of both low-molecular-weight scavengers such
as GSH, and enzymatic defenses such as SOD and catalase, which limit the oxidant-induced
injury to the ion channel ENaC under physiological conditions. Furthermore, we hypothesized
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that it is the inability of these same systems, or perhaps only specific components of these
systems, to limit oxidant-induced injury to ENaC and thus play a significant role in the etiology
of edema, as the pathophysiological manifestation of ENaC damage. Currently, there is
considerable interest in agents (such as β-agonists) that increase sodium transport (and thus
fluid reabsorption) across the distal lung spaces in patients with pulmonary edema secondary
to ALI and in those suffering from high altitude-induced pulmonary edema. Prophylactic or
postexposure administration of antioxidants may also have beneficial effects (especially
coupled with β-agonists) by reducing the steady-state concentrations of reactive species and
thus preventing this injury from occurring. Understanding the molecular bases for ENaC
dysfunction resulting from RONS-mediated damage is quite likely to yield promising new
therapies that will significantly lessen the impact of pulmonary edema, a major source of
morbidity and mortality in ALI.

Five-year view
Collectively, diseases that lead to pulmonary edema are among the most common causes of
respiratory failure among intensive care patients. Therefore, continued growth in the
understanding of the mechanisms underlying the development of pulmonary edema is an
ongoing priority in pulmonary research. Definitive studies on patients suffering from HAPE
have established the involvement of ROS in this form of pulmonary edema [12,13,15-17].
Another seminal study has correlated increased RNS with severity of disease in patients with
pulmonary edema [41]. It is anticipated that future studies will apply these findings to other
clinical and experimental forms of pulmonary edema and attempt to define common underlying
RONS-mediated mechanisms.

Although key experimental and clinical studies have linked the production of RONS to
pulmonary edema, the source of these species remains largely undefined. Future studies that
delineate the cellular source(s) of these species are critical as they will help to further develop
therapeutic modalities. Such studies could easily be performed in vitro with the wide range of
targeted probes that can now delineate whole-cell versus organelle-specific (i.e.,
mitochondrial) production of reactive oxygen and some RNS.

It is also critical to determine which RONS are being formed in the initiation, development
and progression of pulmonary edema. It can be argued that many of the current methods (i.e.,
redox sensitive dyes) do not specifically identify which RONS are being produced. We are
currently developing spin trapping/electron spin resonance methods to identify specific RONS
species produced in experimental models of pulmonary edema. While these directions may
provide invaluable mechanistic information in the experimental setting, they may not be
applicable to patients given that many of these species are short-lived and highly reactive. Both
the technology and the sensitivity for identifying compounds in exhaled breath condensate
(EBC) has advanced tremendously in the last decade. It is postulated that these technologies
might be applied (i.e., the measurement of exhaled NO•) and further developed to assess the
severity of pulmonary edema and outcome based on EBC.

Clearly, more work, both at the bench and the bedside, needs to be carried out in this area, but
there is the potential for several new exciting and potentially diagnostic and therapeutic options
to be developed in the next 5 years.

Key issues

• Pulmonary edema occurs when the rate of fluid flux into the lung interstitium
exceeds the rate of removal by the lymphatics, leading to extravascular lung fluid
accumulation and eventual alveolar flooding, resulting in impairment in gas
exchange, hypoxemia and even death.
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• Noncardiogenic pulmonary edema (NPE) arises from damage to the pulmonary
system and results in permeability pulmonary edema, which is the end result of
many forms of acute lung injury.

• Reactive oxygen and nitrogen species (RONS) are known to be involved in many
diverse kinds of pulmonary damage, although their direct role in NPE etiology/
progression remains relatively unstudied.

• Underlying disease states can increase RONS production, directly increasing
damage and/or upregulating inflammatory responses in the lung, which in turn can
further increase RONS production and lead to significant pathology.

• Modification or damage to ion channels, notably epithelium sodium channels, are
considered to be particularly detrimental as they have a key role in maintaining
the fluid balance in the lung.

• Experimental systems in which RONS are deliberately increased, or in which
protective antioxidant mechanisms are decreased, have been shown to result in
alterations of epithelium sodium channel activity, supporting the hypothesis that
RONS are important in NPE.

• Further studies, both basic and clinical, are warranted to firmly determine the role
of RONS in NPE etiology/progression, and the capacity of antioxidant therapy
(either alone or as a supplement to β-agonists) to improve prognosis in patients
with lung injury.
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Figure 1. Formation of reactive oxygen and nitrogen species
This figure summarizes the formation pathways and some of the fates of the reactive oxygen
and nitrogen species discussed in the text. Molecular oxygen can be converted into O2

•− via
the NOX proteins in a controlled, regulated enzymatic process. Proton leak from the
mitochondrial ETC may also contribute to the formation of O2

•− from molecular oxygen in an
unregulated fashion. O2

•− can spontaneously react with NO• to form ONOO−. Alternatively,
SOD1, −2 and −3 may dismutate O2

•− to H2O2. This reaction also occurs spontaneously.
H2O2 may be converted to water by either CAT or GPx. Alternatively, H2O2 can be a source
of OH• leading to cellular damage. Not discussed in this review are the roles H2O2 can play in
regulating gene expression via activation of redox-sensitive cell signaling cascades.
CAT: Catalase; ETC: Electron transport chain; GPx: Glutathione peroxidase; H2O2: Hydrogen
peroxide; NO : Nitric oxide; O2

•−: Superoxide anion; OH•: Hydroxyl radical; ONOO−:
Peroxynitrite; SOD: Superoxide dismutase.
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Figure 2. Ion transport across alveolar epithelial cells
Na+ and Cl− ions enter the apical membranes of alveolar epithelial cells (both Type I and Type
II) via ENaC and Cl− channels such as CFTR located in the apical face of the cell. The Na+

ions are driven by an electrochemical gradient created by the energy-dependent Na/K-ATPase.
K+ ions, brought in by the Na/K-ATPase pump in exchange for the Na+ ions, leave the cell
passively through K+ channels located in the basolateral membrane.
CFTR: Cystic fibrosis transport regulator; ENaC: Epithelial sodium channel.
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Figure 3. Increased levels of nitrate/nitrite in the edema fluid of patients with acute respiratory
distress syndrome correlate with impaired alveolar fluid clearance
This box-whisker plot graph shows the mean interval nitrate + nitrite concentration of
pulmonary edema fluid in two groups of patients with different alveolar fluid clearance (AFC):
<14%/h (or impaired/submaximal) and >14%/h (or maximal). The horizontal line represents
the median and the box encompasses the 25th to the 75th percentile. AFC was significantly
impaired in patients with increased nitrate + nitrite concentrations in edema fluid. Adapted
with permission from [41].
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