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Involvement of Reactive Oxygen and Nitrogen Species
in the Pathogenesis of Acute Lung Injury

S. Matalon, I.C. Davis, and J.D. Lang Jr

Introduction

Lung injury can present with different signs and symptoms and emanate from a va-
riety of etiologies. However, whether it is the acute respiratory distress syndrome
(ARDS) or other forms of lung injury, inflammatory stimuli giving rise to the gener-
ation of reactive oxygen species (ROS) and reactive oxygen-nitrogen species (RNS)
contribute to lung pathophysiology [1]. These species, generated by activated in-
flammatory cells, circulating enzymatic generators (such as xanthine oxidase) and
multiple other sources, damage the alveolar and capillary endothelia, lung sur-
factant and connective tissue contributing to the formation of non-cardiogenic
pulmonary edema, the development of the multiple organ dysfunction syndrome
(MODS) and death.

Formation of Oxidative and Nitrosative Species

Reactive Oxygen Species

ROS implicated in pulmonary pathophysiology include superoxide anions (·O−
2 ),

hydrogen peroxide (H2O2), hydroxyl radical (.OH), and hypochlorous acid (HOCl)
(Fig. 1). Superoxide anion generation has been demonstrated from a number of
biological sources. An important enzymatic source of superoxide is nicotinamide
adenine dinucleotide phosphate oxidase (NADPH oxidase) which catalyzes a one-
electron reduction of molecular oxygen to form ·O−

2 . NADPH oxidase is vital
for yielding ROS in phagocytic cells that inhabit the lung (e. g., macrophages
and polymorphonuclear cells) where these species play a role in host defense
mechanisms that target killing and removal of invading microorganisms. It is
not surprising then that a variety of systems are present to prevent and/or limit
oxidative tissue injury. Four types of superoxide dismutase (SOD) catalyze the
conversion of two moles of ·O−

2 to H2O2,which is then converted to water by
catalase and glutathione peroxidase (Fig. 1). Copper (Cu) and zinc (Zn) SODs
(CuZn) are present in the cytosol, while manganese (Mn) SOD is found in the
mitochondria. An extracellular form of SOD (ECSOD) has also been identified
and may play an important role in converting extracellular ·O−

2 to H2O2 as well
as in controlling blood pressure by modulating the reaction of ·O−

2 with NO.
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Fig. 1. Generation of reactive oxygen intermediates by the incomplete reduction of oxygen
in the mitochondria, cytoplasm and cell membrane and extracellular space. O2: oxygen; ·O−

2 :
superoxide radical; H2O2: hydrogen peroxide; ·OH: hydroxyl radical; SOD: superoxide dismutase;
Cat: catalase; GPx: glutathione peroxidase, LO., LOO.: lipid peroxides; X: xanthine; XO: xanthine
oxidase; NADH: nicotinamide adenine dinucleotide; NADPH: nicotinamide adenine dinucleotide
phosphate. From [37] with permission

In newborns, ECSOD exists both intracellularly and extracellularly and plays an
important role in intracellular antioxidant defenses.

Production of Nitric Oxide and Reactive Nitrogen Species

Nitric oxide (NO) synthases (NOS) catalyze the formation of NO and L-citrulline
from L-arginine, and oxygen via a 5-electron redox reaction that also involves
cofactors including NADPH, FAD and tetrahydrobiopterin. Various forms of NOS
have been identified: NOS-1 or neuronal NOS (nNOS), NOS-2 or inducible NOS
(iNOS), and NOS-3 or endothelial NOS (eNOS). nNOS and eNOS are expressed
constitutively, and their activity is regulated largely by changes in intracellular Ca2+

concentration. Although previous studies claimed that iNOS was not constitutively
expressed, more recent findings show expression of iNOS in inflammatory cells
and lung tissue of humans and mice under baseline conditions (Fig. 2) [2] with
significant upregulation of mRNA, protein, and activity following exposure to
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Fig. 2. iNOS is present and active under basal conditions in C57BL/6 mouse lungs. Representative
western blots of (A) azygous lobes and (B) ATII cells isolated from iNOS(+/+) and iNOS(-/-) mice.
Equal amounts of proteins were separated on a 7.5% SDS-PAGE, transferred to polyvinyldidene
difluoride membranes, followed by probing with anti-mouse iNOS antibody, and then anti-rabbit
horseradish peroxidase (HRP) conjugate as the secondary antibody, and finally developed by
enhanced chemiluminescence (ECL) reagents. These measurements were repeated with proteins
derived from five different mice with identical results. (C) Nitrite levels in the BAL of iNOS (+/+)
and iNOS(-/-) mice. Some of the iNOS (+/+) mice were injected with either saline or 1400W. All
mice were euthanized and their lungs were lavaged with sterile saline. NO−

3 was first converted to
NO−

2 with Escherichia coli reductase and concentrations of NO−
2 were measured using fluorescence

utilizing 2,3-diaminonaphthalene (DAN). Values are means ± SEM. The number of samples for
each group is shown in parentheses. *p < 0.01 as compared to the uninjected iNOS (+/+) value.
From [2] with permission

cytokines and LPS. A form of NOS also has been identified in the mitochondria
and may play an important role in regulating mitochondrial function.

Reactive nitrogen species (RNS) are a variety of nitrogen containing molecules
that are typically derived via nitric oxide (NO) reactions. Those implicated in
pulmonary pathology include peroxynitrite (ONOO−), nitrogen dioxide (NO2),
and nitroxyl (HNO) which can be formed via NO-reactions as discussed below but
also through environmental exposure and inhalation (Fig. 2) [3]. Peroxynitrite is
formed by the rapid reaction of NO with superoxide and when protonated (addition
of H+), will decompose into NO.

2 and ·OH, as well as nitrate (NO−
3 ). These species

may then interact with each other, as well as with O2 or ROS, forming higher
oxides of nitrogen which may oxidize thiols, nitrate aromatic amino acids, most
notably tyrosines, nitrosate and glutathionylate cysteines and oxidize a variety
of amino acids including methionine and cysteines (Table 1). Myeloperoxidase
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Fig. 3. Generation of reactive nitrogen species. Nitric oxide synthases (NOS) catalyze the forma-
tion of nitric oxide (NO) and l-citrulline from l-arginine. NO either binds to the heme center
of soluble guanylate cyclase (sGC) leading to increased production of guanosine 3’,5’-cyclic
monospate (cGMP) and activation of cGMP-dependent protein kinases (PKGs), binds to oxy-
genated hemoglobin (Hb-Fe+2) to form nitrate (NO−

3 ) or interacts with superoxide (·O−
2 ), molecu-

lar oxygen (O2), thiols (RS), or lipid peroxides (LOO.) to form various intermediates. ONOO-: per-
oxynitrite; ONOOH: peroxynitrous acid; .NO2: nitrogen dioxide; RSNO: nitrosothiols; LOONO:
nitrated unsaturated fatty acids; OH: hydroxyl radicals; NO−

2 : nitrite; MPO: myeloperoxidase; M:
metal. From [37] with permission

(MPO), present in pulmonary neutrophils and secreted during their activation,
catalyzes the production of nitrating, oxidizing and chlorinating species from
H2O2, chloride and nitrite (Fig. 3).

Nitrite has also emerged as a key player in supporting NO-formation during
hypoxemia and tissue ischemia, and in this context protects against reperfusion in-
jury. Moreover, nitrite reactions in vivo also lead to diverse NO-dependent protein
adducts including S-nitrosothiols and C-/N-nitrosamines, underscoring the rich
biochemical interplay between distinct RNS and ROS. The therapeutic potential
for this inorganic anion in replenishing NO during low oxygen states has also been
demonstrated in the lung, with inhalation of nitrite reversing pulmonary hyper-
tension in a manner analogous to inhaled NO. A key difference between nitrite and
NO, however, was the lack of rebound hypertension upon withdrawing inhaled
nitrite.
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Table 1. Actions of reactive nitrogen species. From [37] with permission

Signal Transduction

Activation of cGMP/PKG Vessel relaxation
Bronchodilation
Modification of ion channel function
Inhibition of platelet aggregation

cGMP-independent Activation of NF-κb; MAPkinases

S-thiolation
S-nitrosation

NMDA, PKC, adenylate cyclase, complex I,
cardiac ryanodine receptor, L-type calcium
channels, GPx + others, Caspase-3, p21ras,
CFTR

Interactions/modifications

Binding to heme protein metal centers Inhibition of protein and DNA synthesis
Inhibition of mitochondria respiration and
ATP production
Increased methemoglobin levels
Deactivation of NOS
Enzyme inhibition (lipooxygenase, cyclooxy-
genase; ribonucleotide reductase)

Post-translational modifications

Nitration Proteins: Cerulsoplasmin; SP-A; transferrin;
albumin; α1-protease inhibitor; actin; α1-
antichymotrypsin; MnSOD β-chain fibrinogen
Lipids

Oxidation/deamination Lipids, sulfhydryls, DNA base

Reactive Oxygen/Nitrogen Species as Signaling Molecules

Formation of RNS is related to the inflammatory environment within the lung at
specific points in time, which has the potential to generate noxious concentrations
of products detrimental to lung function. Production of NO in the lung serves as an
important regulator of local functions, including airway tone, pulmonary vascular
tone, mucin secretion, ciliary function, and ion channel activity. A number of
studies have demonstrated that transcriptional factors (e. g., OxyR [4, 5]), ion
channels (e. g., olfactory cyclic nucleotide-gated channel [6]) and enzymes can
be activated or regulated by RNS via redox-based modifications of specific thiols
within these proteins.

Thiols

NO-derived species, such as nitrosonium ion (NO+), N2O3 and ONOO− may re-
act with thiols to form nitroso-thiols (RS-NO) [7]. Micromolar concentrations of
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S-nitrosoglutathione have been detected in the airway fluid of normal subjects and
significantly higher levels were observed in the lungs of patients with pneumonia
or during inhalation of 80 ppm NO [8]. Formation of RS-NO adducts stabilizes NO,
decreasing its cytotoxic potential while maintaining its bioactive properties. .NO
can also be transported on cysteine residues of hemoglobin which may facilitate ef-
ficient delivery of oxygen to tissues [9]. Nitrosylation of the N-methyl-D-aspartate
(NMDA) receptor in the brain leads to decreased calcium transport and neuropro-
tection [10]. On the other hand, .NO-induced S-nitrosylation of glyceraldehyde-
3-phosphate dehydrogenase stimulated the apparent auto-ADP ribosylation and
inhibited enzymatic activity [11]. It is important to note that the direct reaction of
.NO with thiol groups is unbalanced and can only occur in the presence of a strong
electron acceptor.

Activation of Protein Kinases

NO binds to the heme group of soluble guanylate cyclase (sGC) leading to an
increase in cGMP levels. Many effects of cGMP are mediated by various isoforms
of cGMP-dependent protein kinase which phosphorylate various substrate pro-
teins, thereby reducing intracellular Ca+2 and causing smooth muscle relaxation.
NO-mediated increases in cGMP levels also decrease platelet aggregation and ad-
hesion of neutrophils to endothelial cells, thus reducing oxidant load [12]. At lower
concentrations, RNS function as signaling molecules (Table 1) regulating funda-
mental cellular activities such as cell growth and adaptation responses; at higher
concentrations they can induce significant cellular injury, apoptosis, and death.

Activation of Nuclear Factor-kappa B (NF-κB)

Among the most important transcription factors responsive to ROS during inflam-
mation and oxidant stress is NF-κB, a transcriptional regulating protein. NF-κB is
one member of a ubiquitously expressed family of Rel-related transcription fac-
tors. This is a family of structurally related eukaryotic transcription factors that
are involved in the control of a vast array of processes, including immune and
inflammatory responses, growth, development, and apoptosis. The production of
ROS, cytokines, or other inflammatory stimuli can activate NF-κB and induce
gene expression, eliciting a response generally observed to be pro-inflammatory
in nature [13].

Intracellular Ca+2, PKC and MAPK

Evidence also indicates that ROS lead to an increase in intracellular calcium con-
centrations which correlate with endothelial permeability [14]. Some observations
suggest that Ca2+ influx occurs through membrane Ca2+channels that are regulated
by ·OH generation. Myosin light chain kinase phosphorylation also increases when
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endothelial cells are treated with H2O2,suggesting that endothelial contraction may
play an essential role in oxidant-induced endothelial barrier dysfunction. It appears
that an important fundamental requirement for vascular endothelial permeability
is the activation of endothelial contraction.

Additional signaling molecules, such as protein kinase C (PKC), mitogen-
activated protein kinase (MAPK), tyrosine kinases and Rho GTPases appear vital
in mediating endothelial barrier dysfunction. PKC (a family of serine/threonine
protein kinases consisting of at least 12 isoforms) is activated in response to
oxidants and increases endothelial permeability. In guinea pig lungs [15] pretreated
with H-7 ( a non-specific PKC inhibitor acting on the catalytic site of the enzyme),
there was no increase in the pulmonary capillary filtration coefficient in response
to perfusion of H2O2. Increases in pulmonary microvascular permeability were
accompanied by reorganization of actin cytoskeleton, a process inhibited by PKC
inhibitors. The exact mechanism(s) for the role PKC plays in endothelial barrier
function is complex but appears due to activation of ROS and probably involves
only a few select PKC isoforms. The MAPK pathway is activated by ROS and is an
important mediator of cellular responses to oxidant stress. The ERK (extracellular
signal-regulated kinases), JNK (c-JUN NH2-terminal kinase), and p38 cascades
all contain the same series of three kinases. A MEK kinase phosphorylates and
activates a MAPK, and then MEK phosphorylates and activates a MAPK. Various
ROS, most notably H2O2, have been demonstrated to mediate endothelial injury
via stimulation of ERK pathways. This H2O2-mediated action was inhibited by PD-
98059, an ERK kinase (MEK) inhibitor. Furthermore, both ROS and RNS induce
a variety of actions that are potentially detrimental and include abnormal cell
differentiation/proliferation, apoptosis, and DNA damage, with the ERK pathway
implicated as playing the predominant role.

Adhesion Molecules

ROS have been shown to promote cellular and molecular events that result in en-
hanced aggregation and adhesion of leukocytes to endothelium. Prominent inflam-
matory participants emanating from these investigations include ICAM-1 (inter-
cellular adhesion molecule-1) and selectins (a family of transmembrane molecules,
expressed on the surface of leukocytes and activated endothelial cells involved in
enhancing leukocyte-endothelial interactions). Investigations in diverse models
using a variety of oxidant-generating systems (such as hypoxanthine/xanthine ox-
idase, H2O2,or prolonged hyperoxia) have demonstrated consistent increases in
ICAM-1 and P-selectin expression in the vascular endothelium, which promote
leukocyte adhesion. Interestingly, expression of these biomolecules is not uniform
throughout the vasculature.
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Functional Consequences of Protein Nitration In Vitro

Surfactant Protein-A (SP-A)

Protein nitration and oxidation by ROS and RNS in vitro have been associated
with the diminished function of a variety of crucial proteins. Considerable levels of
protein-associated nitrotyrosine (∼ 400−500 pmol/mg protein), as well as nitrated
SP-A were present in pulmonary edema fluid from patients with either acute
lung injury (ALI)/ARDS or hydrostatic pulmonary edema, and in bronchoalveolar
lavage (BAL) fluid of patients with ARDS [16]. In vitro studies have indicated
that nitrated SP-A loses its ability to enhance the adherence of Pneumocystis
carinii to rat alveolar macrophages. Thus, nitration of SP-A may be one factor
responsible for the increased susceptibility of patients with ARDS to nosocomial
infections. The use of inhaled NO in patients with ARDS was shown to increase
both 3-nitrotyrosine and 3-chlorotyrosine (an index of neutrophil activation)
concentrations compared to comparable patients who did not receive inhaled NO.

Current In Vivo Evidence Implicating RNS and ROS as Contributors to Lung Injury

Toxicity from oxygen-nitrogen metabolites released by stimulated neutrophils,
macrophages and other cells has been proposed as one of the significant mech-
anisms of lung injury. One of the initial studies published described the effects
of inflammation on alpha-1-proteinase inhibitor (α-1-PI), which was found to be
inactivated in BAL fluid samples from patients with ARDS [17]. This contrasted
to plasma samples from the same patients which retained > 90% α-1-PI activity.
The activity of α1-PI IN BAL fluid could be restored by the reducing agent, dithio-
threitol, implicating oxidants generated in BAL as being responsible for its loss of
function. Shortly after this study, a different group measured expired fractions of
H2O2, a more stable membrane permeable and volatile oxidant [18]. These sam-
ples were collected in patients with normal lungs undergoing elective surgery and
critically ill patients suffering from acute hypoxemic respiratory failure. Expired
breath condensates of H2O2were observed to be significantly greater in patients
suffering from acute hypoxemic respiratory failure and focal pulmonary infiltrates
than those without pulmonary infiltrates, indirectly implicating increased oxida-
tion. Interestingly, H2O2 concentrations were greatest in patients with head injury
and sepsis, whether pulmonary infiltrates were present or not. This unexpected
finding suggested the participation of oxidants in sepsis and other forms of vital
organ injury, such as in brain trauma.

Further studies have continued to create a solid foundation that implicates
oxidant generation as a significant contributor to inflammatory-mediated lung
injury. In fact, in one of the most recent studies, levels of plasma hypoxanthine, a key
cofactor that accumulates during intervals of hypoxia leading to the production of
O.−

2 and H2O2, were found to be significantly elevated in patients with ARDS [19].
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However, the highest concentrations occurred in patients who did not survive,
implicating oxidative damage as an influential contributor to mortality. Higher
levels of nitrate and nitrite were also noted in the BAL fluid of patients with ARDS
as compared to those of normal volunteers, as well as in the edema fluid of patients
with either ARDS or cardiogenic pulmonary edema (Fig. 4) [20, 21].

Fig. 4. Evidence for increased levels of reactive oxygen-nitrogen intermediates and nitrated
proteins in the bronchoalveolar lavage (BAL), edema fluid (EF), and plasma (Pl) of patients with
ARDS and hydrostatic pulmonary edema. (A) Nitrate and nitrite concentration in BAL from
normal volunteers (NL), patients at-risk for ARDS (RISK), and patients with established ARDS
(ARDS) studied at sequential times. The horizontal axis shows the patient group and the day on
which the BAL was performed. (n) = number of subjects in each group. The data are presented
as box plots showing the 10th, 25th, 75th, and 90th percentiles and the median. (*) p < 0.005 vs.
normal subjects (From [20] with permission). (B) Nitrate and nitrite in pulmonary edema fluid
and plasma samples from patients with acute lung injury (ALI), patients with hydrostatic edema
(hydr.), and normal volunteers. Numbers in parenthesis are sample numbers. Values are means
± SEM (from [16] with permission). (C) Levels of nitrated proteins (measured by ELISA) in the
plasma of patients with ALI, hydrostatic edema (hydrost) as well as normal volunteers (normal).
Values are means ± SEM (n = number of patients or volunteers) (data adapted from [16] with
permission). (D) Nitration of surfactant protein A (SP-A) in pulmonary edema fluid samples
from ALI/ARDS patients. SP-A was immunoprecipitated from EF or Pl from four patients with
ALI/ARDS. Immunoprecipitated SP-A was probed with polyclonal antibodies to SP-A (anti-SP-A)
or nitrotyrosine (anti-NT). Nitrated SP-A was detected in the pulmonary edema fluid but not in
the plasma of all patients. Vertical arrow shows purified human SP-A from a patient with alveolar
proteinosis. Notice the lack of nitration in the control sample. From [16] with permission
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Substantial evidence supports the notion that ROS and RNS are injurious to
the pulmonary epithelium in a number of pathological conditions. Induction of
immune complex alveolitis in rat lungs results in increased alveolar epithelial
permeability, which is associated with the presence of NO decomposition prod-
ucts in the BAL fluid [22]. Moreover, alveolar instillation of the NOS inhibitor,
N (G)-monomethyl-l-argnine, ameliorates NO production and alveolar epithelial
injury [22]. Infection with pathogens such as Bordetella pertussis and influenza is
associated with significant increases in NO production [23] and animals infected
with Bordetella pertussis demonstrated a significant reduction in NO production
with NOS inhibition.

The ‘Good’ Side of NO

Although formation of ONOO− can result in tissue damage, NO can ameliorate
tissue injury by several mechanisms. As mentioned above, NO increases steady
state levels of cGMP resulting in vasodilation, and decreased platelet and neutrophil
adhesion to endothelium, thereby reducing cell-mediated inflammatory damage.
Additional anti-inflammatory mechanisms include downregulation of the NF-κB
pathway. The reaction of NO with ·O−

2 reduces steady-state levels of O−
2 and limits

H2O2 buildup, which may be especially important under conditions favoring O−
2 -

dependent hydroxyl radical formation. Finally, by scavenging lipid radical species,
such as alkoxyl (LO·) and peroxyl (LOO·) radicals, NO can inhibit oxidant-induced
membrane and lipoprotein oxidation and terminate chain radical propagation
reactions. These reactions may be of particular importance, since NO concentrates
in lipophilic cellular compartments. However, species resulting from the reaction
of NO with lipid peroxides may themselves have biological activity which could be
either pro- or anti-inflammatory.

Inhaled NO and ARDS: An ongoing debate

NO initially appeared to possess ideal properties for a selective pulmonary artery
vasodilator in patients suffering from ALI/ARDS. In theory, selective pulmonary
vasodilation would act on the endothelial surface of the lung to produce regional
vasodilation in ventilated lung units, with the net effect being improved PaO2/FiO2

ratios and reduced pulmonary artery pressures. In a review of inhaled NO com-
pared to placebo or no therapy administered to patients with acute hypoxemic
respiratory failure, it was concluded that inhaled NO produced only moderate
improvements in oxygenation and demonstrated no reduction in patient venti-
lator days or mortality [24]. However, there is agreement that oxygenation gen-
erally improves for 24–36 hours, which under certain clinical circumstances and
combined with alternative treatment strategies, may lend itself to a multimodal
approach to treatment in an individual patient with ALI/ARDS. Potential pitfalls
of the recent clinical studies using inhaled NO in the treatment of patients suffer-
ing from inflammatory–mediated lung injury include: (1) Oxygenation may have
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very little to do with survival in patients suffering from inflammatory-mediated
lung injury (as very few patients die of refractory hypoxemia); (2) benefits may
have been masked by the negative effects of ventilator-induced lung injury (VILI);
(3) long-term inhalation of NO may damage the lung by increasing steady state
concentrations of RNS/ROS and thus overshadow their acute physiologic benefit;
(4) inhaled NO may have been applied too late after the onset of injury since most
enrollment occurred up to 72 hrs after patients presented with ALI. Currently, the
only recognized and FDA-approved application for inhaled NO is for the treatment
of hypoxic respiratory failure of the term and near-term newborn.

Hypercapnia: An Example of a Radical Quandary?

The effect of carbon dioxide (CO2) in excess (hypercapnia) and its impact on the
generation of ROS/RNS is generating increased clinical interest. Due to the rela-
tively higher concentration of CO2 in plasma (1.2 mM), the majority of ONOO−

generated in biological fluids will react with CO2 to form the nitrosoperoxycar-
bonate anion (O=N-OOCO−

2 ) [25, 26]. These species are more likely to nitrate and
less likely to oxidize proteins. Thus, hypercapnia may either protect or enhance
oxidant injury. For example, hypercapnia augmented LPS-induced injury across
fetal alveolar epithelial cells in vitro [27] and rabbit lungs in vivo [28]. On the other
hand, hypercapnia and acidosis decreased the inactivation of pulmonary surfac-
tant by plasma proteins [29]. Thus, the precise mechanisms and consequences of
hypercapnia are still unknown.

Therapies to Attenuate RNS/ROS-Mediated Lung Injury

While the direct measurement of oxidants poses problems, monitoring of an-
tioxidant concentrations and/or oxidant-antioxidant balance can also be assessed.
For instance, levels of selected antioxidants, including plasma ascorbate, a major
plasma antioxidant, were significantly decreased in patients with ongoing ARDS
when compared to healthy controls [30]. In addition, ubiquinol, a key lipid-soluble
antioxidant residing in the membranes of the mitochondria, was significantly
decreased in patients suffering from ARDS. Interestingly, α-tocopherol, another
plasma antioxidant, was unchanged. In a series of separate experiments, after
plasma from a healthy donor was incubated with activated polymorphonuclear
cells (PMNs), rapid oxidation of ascorbate was observed. The ubiquinol concen-
tration slowly and steadily decreased over time, whereas α-tocopherol levels re-
mained virtually unchanged. Glutathione (GSH), which is the most abundant non-
protein thiol, is also an important antioxidant, especially for reducing H2O2and
HOCl, which are produced by activated neutrophils. Recently, samples of BAL fluid
and epithelial lining fluid were analyzed for GSH in ten patients with ARDS and
found to be decreased when compared to healthy controls [31]. Administration of
N-acetylcysteine to patients with ARDS significantly improved oxygenation, pul-
monary mechanics, and increased total plasma GSH concentrations [31]. Catalase,
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a scavenger of H2O2, was found to increase in patients with sepsis with and with-
out the eventual progression to ARDS [32]. Interestingly, GSH peroxidase activity
was unchanged when compared between control subjects, septic patients without
ARDS, and septic patients with ARDS. Additional studies [33] have confirmed that
in sepsis and lung injury, antioxidant responses are significantly elevated when
compared to control patients. Recently, eight patients with ARDS receiving ‘stan-
dardized’ total parenteral nutrition were compared to 17 healthy individuals, on
standard diets without vitamin or trace element supplementation, in an attempt to
assess the influence of micronutrients on the oxidative system [34]. Plasma antiox-
idants and antioxidant enzyme systems were measured at baseline and on days 3
and 6. In addition, the lipid peroxidation product, malondiadehyde (MDA), super-
oxide anion, and H2O2 were measured over the same time points. Plasma levels of
α-tocopherol, ascorbate, β-carotene, and selenium were reduced when compared
to controls. MDA was significantly increased and was observed to increase signif-
icantly over the 6-day interval. The authors concluded that in patients with ARDS,
the antioxidant systems are severely compromised, and there is evidence of pro-
gressive oxidant stress, as per the steady increase in MDA. Thus, administration of
‘standardized’ total parenteral nutrition seems inadequate to compensate for the
increased requirement for antioxidants in ARDS.

In a contrasting study [35], when patients with ARDS were entered into
a prospective, multicentered, double-blind, randomized controlled trial compar-
ing a specialized enteral formulation (Oxepa®) containing fish oil (eicosapentanoic
acid), borage seed oil (γ-linoleic acid), and elevated antioxidants (vitamin A,
α-tocopherol, ascorbate, and β-carotene) versus an isonitrogenous, isocaloric
standard diet, beneficial anti-inflammatory effects were observed, which trans-
lated into a reduction in mechanical ventilator days, a decreased length of stay in
the ICU, and a reduction in new organ failure. When administered over a 4–7 day
interval, the formulation significantly increased the PaO2/FiO2 ratio, decreased the
production of neutrophils in BAL fluid, and decreased the total cell count in the
BAL fluid. Oxidants and antioxidants per se were not directly measured, but a de-
crease in pulmonary inflammation with reduced neutrophil adhesion and oxidant
production was observed. In a subsequent study conducted retrospectively by the
same group [31], enteral feeding with the same formulation (Oxepa®) resulted
in decreased BAL fluid interleukin (IL)-8 and leukotriene B4 levels, together with
a trend towards decreased BAL fluid total protein and neutrophils.

Albumin also has potential antioxidant ability, as a consequence of an exposed
thiol group (Cys 34). Quinlan et al. [36] therefore, administered 25 g of albumin
solution every 8 hours for a total of 9 doses to patients meeting criteria for ARDS
and compared them to a placebo group. In this cohort of patients, supplementation
with albumin increased total plasma albumin concentrations and decreased plasma
protein carbonyls ( a marker of protein oxidation). Positive correlations were found
between albumin and plasma thiol concentrations, and thiols and antioxidant
capacity. This result was not observed in the placebo group.
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Conclusion

Reactive oxygen and nitrogen intermediates, produced by the interaction of NO
with partially reduced oxygen species, affect lung function and homeostasis in
a variety of different ways. They act as signaling agents and play an essential role
in pathogen killing. On the other hand, they may contribute to tissue injury by
upregulating genes responsible for the production of inflammatory mediators and
by directly nitrating and oxidizing proteins, events known to adversely affect crit-
ical functions. A significant challenge to defining their role in lung injury results
from their short biological half-lives, and lack of sensitive detection techniques,
and the difficulty in deciphering the relevance of the various substrate concen-
trations to a particular measured response. Thus, many questions relating to the
chemical, physiological, pathobiological, and clinical consequences of ROS and
RNS generation remain unanswered. Therapeutic strategies, such as enhanced
anti-inflammatory and antioxidant therapies are in their infancy in the clinical
arena. Hence, this discussion of what is known leads one to realize how much is
not known with regard to the role of RNS/ROS in lung injury.
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