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ABSTRACT

The role of oxidative stress has been well appreciated in the development of sepsis-induced acute lung injury
(ALI). Oxidative stress in sepsis-induced ALI is believed to be initiated by products of activated lung macro-
phages and infiltrated neutrophils, promptly propagating to lung epithelial and endothelial cells. This leads
to tissue damage and organ dysfunction. On stimulation, neutrophils (PMNs) enable their migration ma-
chinery. The lung undergoes changes favoring adhesion and transmigration of PMNs, resulting in PMN ac-
cumulation in lung, which is a characteristic of sepsis-induced ALI. Oxidative stress turns on the redox-sen-
sitive transcription factors (NF-xB, AP-1), resulting in a large output of proinflammatory cytokines and
chemokines, which further aggravate inflammation and oxidative stress. During the process, transcription
factor nuclear factor-erythroid 2-p45-related factor 2 (Nrf2) and heme oxygenase (HO) appear to play the
counterbalancing roles to limit the propagation of oxidative stress and inflammatory responses in lung. Many
antioxidants have been tested to treat sepsis-induced ALI in animal models and in patients with sepsis. How-
ever, the results are inconclusive. In this article, we focus on the current understanding of the pathogenesis
of sepsis-induced ALI and novel antioxidant strategies for therapeutic purposes. Antioxid. Redox Signal. 9,

1991-2002.

INTRODUCTION

DESPITE TECHNICAL DEVELOPMENTS in intensive care units
(ICUs) and advanced supportive treatment, the death rate
in septic patients remains high, with a range of lethality rang-
ing from 30 to 50% (3). The acute respiratory distress syndrome
(ARDS) has been defined as a severe form of acute lung injury
(ALI), featuring pulmonary inflammation and increased capil-
lary leak (98). ARDS may arise in a number of clinical situa-
tions, especially in patients with sepsis. As a common compli-
cation of sepsis, it has been considered a leading cause for death
in sepsis. A well-described pathophysiologic model of ARDS
is one form of acute lung inflammation mediated by inflam-
matory cells and mediators as well as oxidative stress (22).
Oxidative stress is caused by an imbalance between the pro-
duction of reactive oxygen species (ROS) and the biologic scav-
enger system, which can readily detoxify the reactive oxygen
intermediates under normal physiologic conditions. Oxidative-
induced damage has been considered to be one of the underly-

ing mechanisms that contribute to multiple organ failure in sep-
sis (7, 35, 102). Because of the natural oxidizing nature of the
atmosphere and the direct exposure to many atmospheric pol-
lutants, the lung is at high risk of oxidative injury. It has been
recognized that oxidative stress can not only directly cause tis-
sue damage, but it also can affect the molecular mechanisms
that control lung inflammation. In the healthy lung, airway lin-
ing fluids and extracellular spaces are maintained in a highly
reduced state (with millimolar levels of reduced glutathione,
GSH) to preserve normal physiologic functions. Under normal
conditions, the levels of antioxidants and oxidants in lung are
balanced in favor of a reducing state. Decreases in antioxidants
or increases in oxidants can disrupt this equilibrium and can
cause oxidative stress. An imbalance in the oxidant—antioxidant
system has been recognized as one of the first events that ulti-
mately lead to inflammatory reactions in the lung (17).
Oxidative stress has been found to occur in many forms of
lung disorders, such as pneumonia, ARDS, idiopathic pul-
monary fibrosis, lung transplantation, chronic obstructive pul-
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monary disease, cystic fibrosis, bronchiectasis ischemia—reper-
fusion, and lung cancer (10, 18, 79). Based on composition, ox-
idants can be divided into two main categories, ROS and reac-
tive nitrogen species (RNS). Superoxide, hydroxyl radicals, and
hydrogen peroxide are generally classified as ROS in contrast
to nitric oxide and peroxynitrite, which are nitrogen based.
These molecules naturally function as neurotransmitters, sec-
ond messengers, and as a part of the chemical host defense
against infection. It is only when their concentrations become
excessive, especially extracellularly, that the potential for ad-
verse responses can occur. High ROS/RNS levels lead to al-
terations in normal cell function and eventually compromise lo-
cal tissue and systemic homeostatic mechanisms. In this review,
we focus on the understanding of the roles of oxidative stress
in sepsis-induced ALI and potential therapeutic strategies by
using antioxidants.

DETECTION OF OXIDATIVE
STRESS IN LUNG

It is clear that a better understanding of the oxidative state
in the lung is important for the diagnosis and treatment of lung
diseases. Many methods have been developed for detection of
free radicals from oxygen, ROS, RNS, and their byproducts to
assess the presence of oxidative stress. The techniques include
established standard protocols and advanced methods using
high-performance liquid chromatography (HPLC), mass spec-
trometry, and electron paramagnetic resonance. Described later
are the most frequently used methods for evaluation of lung ox-
idative status.

Monitoring oxidative stress in live cells

ROS in live cells can be detected by using a fluorogenic
marker for ROS and observing under fluorescence microscopy.
One frequently used marker is carboxy-H,DCFDA, a cell-per-
meable fluorogenic marker, which is oxidized during oxida-
tive stress in live cells and emits bright green fluorescence (97).
NO' production by lung cells can be measured by using the
NO'" fluorescent indicator, DAF-2 (89). On reaction with an
active intermediate (N,O3) formed during the oxidation of NO
to nitrite, DAF-2 is converted to its fluorescent triazole form,
which can be measured by fluorescent plate readers at excita-
tion and emission wavelengths of 485 and 538 nm, respec-
tively..

Hydrogen peroxide (H,0») and superoxide
products in bronchoalveolar fluids

H,0, fluids in bronchoalveolar fluids (BALSs) can be mea-
sured by the simple assay for detecting the presence of perox-
ides in both aqueous and lipid environments. The basis of these
assays is the complexing of ferrous ion (Fe?™) by H,O, in the
presence of xylenol orange. Peroxides will oxidize Fe>* to
Fe3*, and Fe3* will form a colored complex with xylenol or-
ange that can be read at 560 nm (46, 47). Superoxide radical
generation can be estimated by nitroblue-tetrazolium reduction
assay (60).
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Antioxidant status in lung

The antioxidant status in the lungs can be evaluated by lung
levels of superoxide dismutase (SOD) and catalase (CAT) and
their activities. SOD activity can be assessed by the OxyScan
SOD-525 assay, which measures the activity of all forms of
SOD. The method is based on the SOD-mediated increase in
the rate of autoxidation of 5,6,6a,11b-tetrahydro-3,9,10-trihy-
droxybenzofluorene in aqueous alkaline solution to yield a chro-
mophore with maximum absorbance at 525 nm. Catalase (CAT)
activity can be determined by a two-step reaction scheme (cata-
lase-520 assay). First, catalase reacts with a known quantity of
H>0; to generate H>O and O5'. In the presence of horseradish
peroxidase (HRP), the remaining H,O, reacts with 3,5-dichloro-
2-hydroxybenzenesulfonic acid and 4-aminophenazone to form
a chromophore with a color intensity. Lipid peroxidation lev-
els in lung can be measured by thiobarbutiric acid—reactive sub-
stances assay (25). The GSH/GSSG ratio, a useful measure of
oxidative stress, can be determined by a colorimetric method
by using Bioxtech GSH/GSSG-412.

Protein oxidation and lipid peroxidation in lung

The levels of protein carbonyls and nitrotyrosine are widely
used for the detection of oxidative modification of proteins. Pro-
tein carbonyls are considered to be one of the most reliable
methods to evalute the protein damage mediated by oxidative
stress. Nitrotyrosine levels in tissues and BAL fluids correlate
with oxidant stress in animal and human studies (33). Protein
carbonyls can be measured through the reaction with dinitro-
phenylhydrazine (DNPH) (57). The proteins are first precipi-
tated by the addition of 20% trichloroacetic acid and then re-
dissolved in DNPH. Nitrotyrosine is often determined by
enzyme-linked immunosorbent assay (ELISA), Western blot-
ting, and immunohistochemistry with specific antibodies. Lipid
peroxidation, oxidized lipids, and lipid mediators are believed
to play an important role in lung inflammatory diseases. The
detection of products of lipid peroxidation has been widely used
to estimate the overall status of oxidative stress in lung. Among
them, thiobarbituric acid reactants (TBARs) and malondialde-
hyde (MDA) are commonly used indicators (16).

DNA damage

The most common type of damage caused by reactive oxy-
gen species in the body is oxidative damage to DNA. Hydrox-
ydeoxyguanosine (8-OHdG), a product of this type of DNA
damage, is used as a biomarker for oxidative stress. It can be
measured by the immunohistochemical procedure and an HPLC
system equipped with an electrochemical detector (HPLC-
ECD) (63). More recently, it has been reported that capillary
electrophoresis-mass spectrometry (CE/MS) can be also used
for the analysis 8-OHdG to study oxidative stress (101).

Analysis of expired air for oxidation products

Studies have shown that expired NO" and CO can serve as
biomarkers for oxidative stress, whereas ethane can serve as a
marker of lipid peroxidation (73). CO can be detected electro-
chemically, and it can also be measured by a laser spectropho-
tometer and near-infrared CO analyzers. The levels of exhaled
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NO'’ can be assessed by chemiluminescence. Ethane content can
be detected by using gas chromatography. Oxidative stress in
lung appears to be an important factor in predicting or assess-
ing (or both) lung injury. Methods for detection of oxidative
stress have a broad range from well-established protocols to
newly developed technologies. It is very difficult to measure
oxygen free radicals directly because of their short half-lives
and reactivity with other molecules. Radical spin-trapping
agents have been used to form stable radical adducts, which can
be detected by electron paramagnetic resonance spectroscopy
(EPR). Trapping agents are generally nitrone- or nitroso-con-
taining molecules, such as 5,5-dimethyl-1-pyrroline-n-oxide
(DMPO), that react with oxygen free radicals to form stable
nitroxide free radicals (72). The sampling procedure to collect
exhaled breath condensate can be used to measure H,O,,
leukotrienes, isoprostanes, and 3-nitrotyrosine in lung inflam-
mation (73). Given the nature of complexity and importance of
lung biology, it is essential to develop sensitive and reliable
tools to monitor the status of lung oxidative stress. A stan-
dardized protocol is also required for clinical application.

EVIDENCE OF OXIDATIVE STRESS IN
SEPSIS-INDUCED ALI

Low antioxidant and high plasma levels of oxygen free rad-
icals have been well documented in patients with sepsis and in
animal models of sepsis (30, 35, 96). Many oxidative indica-
tors have been reported in lungs from septic patients and ani-
mals. In patients with sepsis, protein carbonyls were signifi-
cantly elevated in both blood and BAL fluids during the initial
phase of sepsis, decreasing within a few days but remaining
above control values (102). In the same study, myeloperoxidase
(MPO) activity was also markedly increased in BAL fluids from
septic patients. Strong correlations were found between car-
bonyl concentrations in BAL fluid and plasma, when compared
with protein carbonyls, TBARS, and MPO in lung, suggesting
that neutrophil oxidants might be chiefly responsible for ox-
idative stress in lungs during sepsis. All patients with ARDS
had higher levels of hypoxanthine, a prooxidant substrate for
xanthine oxidase (75). Hypoxanthine levels were 2 times higher
in nonsurvivors than those in survivors. Nonsurvivor ARDS pa-
tients appeared to have higher levels of oxidative stress and
damage when compared with survivors. Surprisingly, hypo-
xanthine levels were normal in patients in intensive care with
sepsis but no lung injury. These data suggest that oxidative
stress plays an essential role in the pathogenesis of ALI in sep-
sis, and directly contributes to the bad outcome.

Oxidative stress in animal models of sepsis has been also well
described. In rodent sepsis models induced by cecal ligation and
puncture (CLP), the activities of enzymatic antioxidants, in-
cluding SOD, CAT, and glutathione peroxidase (GSH-PX), in
lung were significantly decreased during the early- and late-sep-
sis phages (21), indicating that sepsis sets up an environment fa-
vorable for oxidative stress in lung. As expected, MDA con-
centrations and nitrate (NO3 ™ )/nitrite (NO, ™) levels were also
elevated in the septic lung. In addition, MPO activity was found
to be enhanced, and a large number of neutrophil infiltrates were
observed by histology in lungs from septic animals. Many other
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oxidative indicators in lung, including 8-isoprostane, exhaled
NO’, superoxide anion, glutathione, protein carbonyls, and
TBARS, were all changed in favor of an oxidative-stress status
during experimental sepsis (2, 19, 51, 59, 85, 86, 96).

NEUTROPHIL ACCUMULATION IN LUNG
DURING SEPSIS

The pathophysiology of the sepsis-induced ALI/ARDS is
very complicated and not completely defined. However, in-
creased production of ROS/RNS from PMNs has been proposed
as one of the significant mechanisms underlying the develop-
ment of lung inflammation. Additionally, the contribution by
lung macrophages may be an important source for ROS/RNS.
Sepsis-induced ALI is characterized by the activation of a va-
riety of cells, including inflammatory cells such as PMNs and
macrophages, and increased levels of inflammatory mediators.
PMN infiltrates occur in lungs from both humans and animals
with sepsis. The number of neutrophils in BAL fluids from pa-
tients with ARDS is significantly increased and associated with
poor survival (1, 61, 100). Circulating PMNSs infiltrate and ac-
cumulate in the lung via transmigration through the endothe-
lium, interstitium, and alveolar epithelium to enter the alveolar
compartment or be sequestered in lung capillaries. Upregula-
tion of chemoattractant molecules (chemokines) occurs, estab-
lishing a concentration gradient that directs the neutrophils into
the lung. Adhesion molecules, including integrins, selectins,
and ICAMs, are also involved in the migration process (40).
These events are described in Fig. 1.
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FIG. 1. The mechanism of PMN accumulation in the lung
during sepsis. In rat and mouse models of sepsis, activated
alveolar macrophages release MIP-2 (rat), CINC-1 (rat), and
MCP-1 (mouse), which chemoattract PMNSs into the lung. In-
creased levels of CCR2 as well as 3 and 3, integrins on PMNss,
together with enhanced expression of ICAM-1 on endothelial
cells, facilitate PMN adhesion and migration.
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Local production of CXC chemokines is essential for the ac-
cumulation of PMNs in the lung under conditions of acute in-
flammation. For PMN chemoattractants, although sufficient lo-
cal concentrations of CXC chemokines are necessary for PMN
recruitment, the dictating factor is the ratio of lung-to-blood
chemokine concentrations (11). In experimental sepsis, lung pro-
duction of two important CXC chemokines, MIP-2 and CINC-
1, increased but lagged behind in comparison with the levels of
MIP-2 and CINC in blood (38). As a result, lung levels of CXC
chemokines increased when blood levels of those decreased. The
discrepancy might be important for CXC chemokines to create
a gradient difference between the two compartments (vascular
and alveolar), which is necessary for initiation of PMN migra-
tion. CXC chemokines have been implicated in all steps in the
extravasation process of leukocytes, including rolling, adhesion,
and transmigration in vivo (104). Thus, the role of blood CXC
chemokines may primarily focus on the activation of PMNs and
endothelial cells, setting the stage for PMN migration, whereas
local CXC chemokines chiefly function chemotactically during
sepsis. In addition, blood CXC chemokines produced in the early
stage of experimental sepsis may provide vital signals for PMN
survival, given the fact that CXC chemokines and C5a reduce
PMN apoptosis (23, 39). Under such conditions, the greatly pro-
longed life span of PMNs may be related to the development of
the symptoms of sepsis. The reason for higher BAL levels of
CXC chemokines is likely the activation of lung macrophages.
It is clear that a phase exists in which alveolar macrophages are
prone to activation during the early stage of sepsis, and then may
go into a refractory (deactivation) stage (38, 82). Conversely,
PMNs quickly enter into this refractory phase, and their capa-
bility for producing CXC chemokines and other inflammatory
mediators is greatly compromised. It was found that CXC
chemokine macrophage-inflammatory protein-2 (MIP-2) pro-
duction in both alveolar macrophages and PMNs was dependent
on mitogen-activated protein (MAP) kinases (p38 and p42/p44)
and NF-«kB pathways (38). Interestingly, alveolar macrophages
still maintain, and even increase, their capacity for activation of
p38 and p42/p44 MAPKs during sepsis, whereas septic blood
PMNs become nonresponsive to stimulations. Paralysis of sig-
naling pathways in PMNss is likely caused, at least in part, by
overproduction of C5a in sepsis. In addition, the CC chemokine,
MCP-1, seems to also play an important role in attracting PMNs
into lung (89). PMNs in sepsis used a novel migration pathway
that is CC chemokine receptor CCR2 dependent. Ordinarily,
PMN:s do not express CCR2, but in sepsis, this receptor is clearly
expressed (88).

Sepsis involves widespread upregulation of both PMN and
endothelial adhesion molecules (74). In a rat model of sepsis,
it was observed that the content of 38, and 3, integrins on cir-
culating PMNs was elevated after CLP. The increased expres-
sion of B integrin on blood PMNs followed 3, integrin eleva-
tion, which was seen as early as 3 h after CLP. Rapid elevation
of B, integrin may represent an important role in host defense
by directing PMNs into inflamed organs. Several lines of evi-
dence support such a role for 3, integrin in the mobilization of
PMN:ss into tissues. Patients with inherited deficiencies of 3, in-
tegrin are much more susceptible to bacterial infection (41). In
a canine model of lung inflammation (i.v. infusion of TNF-«),
anti-CD11b treatment reduced PMN accumulation early (within
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the first 24 h), but not later (>24 h) (74), suggesting that leuko-
cyte trafficking may differ between the early and late stages of
inflammation. Expression of B integrin in PMN migration is
amplified in sepsis. Fully activated 3, integrin at the later stage
of sepsis may alter the balance of integrin cooperativity. It was
previously shown that blood PMNs from septic, but not con-
trol, patients expressed a4 integrin, which caused increased
adhesiveness to immobilized VCAM-1 (43). Anti-B; integrin
antibody interferes with cell motility of septic PMNs from CLP
rats, indicating that sepsis alters the trafficking of PMNs into
the lung by engaging a 8, integrin—dependent pathway (37).
The adhesion molecule, ICAM-1, is also involved in PMN
migration during sepsis. Absence or blockade of this molecule
impairs the ability of PMNs to migrate into organ tissues and
reduces consequent secondary organ damage, resulting in im-
proved clinical indicators and overall survival (42). We previ-
ously demonstrated that PMN migration into lung during sep-
sis is ICAM-1 dependent, but not VCAM-1 dependent, perhaps
related to VCAM-1 shedding that occurs during the course of
sepsis development (54).

Figure 1 illustrates a simplified version of pathways for PMN
migration in the lung during sepsis. CCR2 and B; and S, ad-
hesion molecules on PMNs are upregulated during the course
of sepsis, whereas PMN capability to produce CXC chemokines
is reduced. In lung, activated macrophages release a large
amount of PMN chemoattractants and other inflammatory cy-
tokines, whereas ICAM-1 is activated on endothelial cells, set-
ting the stage for PMN migration. These processes are tightly
regulated by MAPKs and NF-«B pathways.

ROLE OF OXIDANTS IN
SEPSIS-INDUCED ALI

Inflammation occurs after activation of PMNs and macro-
phages, resulting in ROS/RNS generation and the release of
lysosomal enzymes and cationic proteins. Oxidative stress is
initiated by ROS such as superoxide (O,’) and hydrogen per-
oxide (H,0O,). These oxidants are not very harmful per se, but
can be converted into more dangerous oxidants, causing harm-
ful reactions in tissues (16). Generation of superoxide-derived
products continues to be the main pathway responsible for the
production of ROS. O, can be generated through various en-
zymatic systems, including the mitochondrial respiratory chain,
xanthine oxidase, cyclooxygenase, and NADPH oxidase (16).
The NADPH oxidase pathway is well defined in phagocytic
cells. Activation of the oxidase can be initiated by a variety of
inflammatory mediators and is likely to be a major source of
oxidant generation in sepsis-induced lung injury. Translocation
of cytosolic subunits of NADPH oxidase components from the
cytoplasm to the cell membrane occurs in PMNs, macrophages,
and monocytes on cell stimulation, thus representing a poten-
tial therapeutic target in the treatment of ROS-mediated lung
injury during sepsis. NADPH oxidase catalyzes the transfer of
an additional electron to molecular oxygen (O;) to form the Oy’
anion. Because NADPH oxidase adds single electrons to O,
oxygen-derived intermediates are also produced. Reduction of
Fe** to Fe?™ or Cu?* to Cu™ by superoxide in the Fenton re-
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action facilitates the generation of hydroxyl radicals (OH™). In
the presence of Fe?™, superoxide is reduced to H,O,, which can
then be metabolized in the presence of transition metals and
chloride to form hypochlorous acid (HOCI). This reaction is
catalyzed by MPO and provides a practical marker for PMN
accumulation in tissue. Although it is not a free radical, H,O,
can permeate cellular membranes, thus extending the damage
beyond the originating cell. These products injure cells of the
lung and airway and interfere with gas exchange.

NO' is an abundant signaling molecule. Like H,O,, it is able
to cross cell membranes to alter various physiologic processes
through binding and activation of guanylate cyclase. Via this in-
termediate, NO' functions as a secondary messenger in the main-
tenance of systemic vascular tone. NO™ also affects platelet ag-
gregation and can stimulate immune responses, activate genes,
and cause apoptosis (32, 50). It is fairly unreactive with bioor-
ganic molecules; however, it does react with aromatic amino
acids to form stable nitrotyrosine adducts in proteins and pep-
tides, which may impair cell function. NO" is synthesized by
three nitric oxide synthase (NOS) isozymes, so named by the
origin of the cell in which they were originally discovered. Two
of the three forms (nNOS and eNOS) are constitutively ex-
pressed and generate small amounts of NO", which generally are
not sufficient to cause cellular damage. Binding to calcium and
calmodulin is required for NOS activation, serving as factors
that regulate NOS activity. In contrast, the third isoform (iNOS)
is an inducible calcium-independent enzyme that produces co-
pious amounts of NO" for several hours to even days after in-
duction. It is during circumstances that initiate induction of this
third NOS form that the physiologic roles of NO" are superseded
by its implication as the culprit behind various injurious in-
flammatory responses and potentially cytotoxic events.
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In the setting of lung, all three NOS isozymes are present.
Various forms of NO" can be observed as S-nitrosothiol, nitrate,
and nitrite in exhaled air and bronchoalveolar lavage from hu-
man lungs (24, 95). Upregulation of iNOS amplifies the con-
version of L-arginine to L-citrulline and NO" formation. In the
presence of superoxide, NO' is converted to peroxynitrite
(ONOQO7™), which is then protonated to form an unstable
species, peroxynitrous acid (ONOOH). The presence of iNOS
has been reported in alveolar macrophages, PMNs, and endo-
thelial and lung epithelial cells (99). Accordingly, these cells
are all potential sources of peroxynitrite. ONOO™ reacts with
protein thiols and is thought to be the predominant mechanism
by which NO" production leads to cytotoxicity. Peroxynitrous
acid is degraded to form the hydroxy radical, NO;~ and NO,™
by hemolytic cleavage, or it can react with CO, to form per-
oxycarboxylate (ONOOCO; ™). Detection of NO3~ and nitrite
NO, ™~ serves as a convenient experimental marker for NO" pro-
duction. Activation of infiltrating and resident phagocytes can
cause an increase in both NO™ and superoxide, resulting in apop-
tosis. On a molecular level, the resulting peryoxynitrite inter-
acts with DNA to cause DNA fragmentation, and with mem-
brane lipids to cause peroxidation of the endothelial or alveolar
epithelial cell plasma membranes. Low concentrations of NO
suppress peroxidation, but as superoxide levels increase, cell
membrane injury becomes intensified. Reduced amounts of NO
serve to decrease endothelial cell membrane permeability, thus
limiting PMN transmigration from the vascular compartment
into the lung tissue. NO' is an endogenous inhibitor of leuko-
cyte adhesion to endothelial cells, but this phenomenon is re-
versed by increasing amounts of superoxide anion. The poten-
tial pathways that generate oxidants in sepsis-induced ALI are
illustrated in Fig. 2.

FIG. 2. Mechanisms for production of reactive
oxygen species in sepsis-induced ALIL
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Role of NO' in sepsis-induced ALI

Sepsis and ALI are associated with a high level of NO" pro-
duction after activation of iNOS. NO' has been implicated in
the pathophysiology of ALI in humans and animal models of
ALI However, NOS inhibition with nonselective inhibitors,
such as NS-monomethyl-L-arginine (L-NMMA), in animals
with sepsis and ALI has resulted in worsened outcomes (65,
71), suggesting complex roles of NO™ in the pathogenesis of
sepsis. The results obtained from iNOS-deficient mice have
been controversial. In the CLP-induced sepsis model, no pul-
monary protein leak developed in iNOS-deficient mice, despite
increased pulmonary MPO activity (27). By using the same
model, it has been demonstrated that pulmonary oxidant stress
is completely iNOS dependent and is associated with tyrosine
nitration, and that pulmonary oxidant stress and nitrosative
stress are dependent on the presence of iNOS in inflammatory
cells (macrophages and PMNs), with no apparent contribution
of iNOS in pulmonary parenchymal cells (80, 81). Therefore,
the authors proposal that iNOS inhibition targeted specifically
to inflammatory cells may be an effective therapeutic approach
in sepsis and acute lung injury. In the bacterial lipopolysac-
charide (LPS) model of ALI, lung-injury parameters such as
MPO levels and albumin leak into lung were not affected by
eNOS deficiency, but substantially were intensified in mice
with iNOS deficiency. In LPS-indued lung injury in iNOS-de-
ficient mice, BAL levels of CXC chemokines (MIP-2, KC) did
not show any difference when compared with wild-type (WT)
mice, but CC chemokines (MCP-1, MCP-3) were enhanced.
Blockade of MCP-1 in iNOS-deficient mice reduced lung MPO
to the levels present in WT mice. Thus, iNOS appears to play
a protective role in this ALI model by limiting PMN accumu-
lation in lung (89). Reasons for the discrepancy for iNOS-de-
ficient effects from two ALI models are not clear. Tissue-spe-
cific KO conditions and reliable specific inhibitors for iNOS
may help clarify the role of NO' in sepsis-induced ALI, thereby
assisting in the design of future clinical trials. Nevertheless, the
role of NO' in oxidative stress in lung is indisputable.

Role of Oy in sepsis-induced ALI

Generation of O, by the NADPH oxidase complex of PMNs
is crucial for host defense responses, and it is essential for
killing invading microorganisms. However, O,  may also exert
harmful effect in tissues. NADPH oxidase is a multisubunit
complex in which gp917"* and p47°ho~ are essential for Oy’
generation. O, can work as a “double-edged sword,” so it is
not surprising that the results from p47P°*~/~ and gp917hox—/~
mice are perplexing in the setting of sepsis (31). More PMN
infiltrates and higher bacterial loads were seen in lungs from
p47Phox== and gp91P**~/~ mice compared with WT mice af-
ter live Escherichia coli challenge, whereas lung microvascu-
lar injury was prevented in these mice. Thus, PMN infiltration
in lung tissue did not result in overt lung microvascular injury,
when the O,  generation was impaired. In the same study, it
was found that increased bacterial load in NADPH-deficient
mice was a critical factor for activating the release of
chemokines, which subsequently enhanced PMN sequestration
and migration into lung tissue. A selective SOD mimetic,
M40401, was found to be protective in a live E. coli model of
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sepsis, but it improved survival only in severe sepsis and was
less effective and even harmful with less-severe sepsis (19).
Another SOD mimetic, “Tempol,” has been reported to improve
survival in CLP-induced septic rats, reduce the plasma levels
of NO" and IL-18, and decrease the levels of organ O," and tis-
sue injury (59). It seems that O, is indispensable for killing
bacteria, but also leads to tissue damage during sepsis.

NO' and O, appear to play dual roles in the pathogenesis of
sepsis-induced ALIL. They may function by totally different
mechanisms at different stages of sepsis. Thus, in clinical tri-
als that involve antioxidant inhibitors, a compelling need exists
to monitor closely the bacterial load and oxidative status. For
example, it might be reasonable to scavenge O," at a stage when
the systemic bacterial load is partially contained during sepsis.

OXIDANT-RELATED MOLECULAR
EVENTS IN SEPSIS-INDUCED ALI

NF-kB and activator protein-1 (AP-1)

NF-«B and AP-1 are two well-defined redox-sensitive tran-
scription factors. Oxidative stress activates multiple stress
kinase pathways and transcription factors (NF-«B, AP-1) by
modifying cysteine residues subsequently regulating gene
expression for proinflammatory cytokines as well as the pro-
tective antioxidant molecules (76). Activation of NF-«kB occurs
in lung macrophages and in lung tissue during sepsis (28, 45,
62). NF-kB is a heteromeric dimer composed of a complex of
proteins from the RelA family. NF-«B is constitutively rele-
gated to the cytosolic compartment. The dimer most commonly
comprises pSO (NF-«kB1) and p65 (RelA) subunits bound to
members of the inhibitor kB (I«B) family. Activation of NF-
kB occurs in response to an appropriate stimulus. After phos-
phorylation and ubiquitination of an IkB subunit, it is subse-
quently degraded by a 28S proteasome. This allows the
heterodimer complex to translocate to the nucleus and bind to
specific DNA promotor sequences. Access to DNA is depen-
dent on the degree of histone coiling, which is in turn regulated
by the degree of acetylation of histone core residues. As the
DNA becomes more acetylated, it unwinds, thus allowing bind-
ing of transcription factors, initiating gene transcription. H,O,
and TNF-a have both been shown to increase histone acetyla-
tion, providing a potential mechanism for oxidant-mediated in-
flammation (56). This effect may be antagonized by NO', which
has been shown to be capable of maintaining levels of I«B, thus
hindering NF-«B activation (95). Whether this is achieved by
decreasing I«kB degradation or increasing its synthesis has yet
to be determined. Depletion of glutathione leads to ubiquitina-
tion of NF-«kB and subsequent activation (77, 78). As glu-
tathione levels increase, IkB degradation is inhibited so that
NF-«B does not become activated. NF-«B also regulates iNOS
and the inducible form of cyclooxygenase (COX-2). Thus, reg-
ulation of the inflammatory response may proceed through a
negative-feedback loop via NF-«kB and nitric oxide. An en-
dogenous protease inhibitor, secretory leukocyte protease in-
hibitor (SLPI), inhibits IxB degradation, suppressing NF-«B ac-
tivation. PMN accumulation, ROS activity, and levels of IL-1
and IL-8 were shown to decrease in LPS-treated rabbits that in-
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haled NO" (48). These decreases correlated with a concomitant
decrease in NF-«B activation. Depletion of lung macrophages
in rats by airway instillation of liposome-encapsulated
dichloromethylene diphosphonate suppressed activation of NF-
kB and resultant BAL levels of TNF-a and MIP-2 (55). PMN
accumulation and vascular permeability were also decreased,
suggesting that activation of alveolar macrophages served as
the source of an initial inflammatory stimulus. Activated alve-
olar macrophages and infiltrated PMNs generate ROS and cy-
tokines, propagating the cycle of oxidant stress and inflamma-
tion. This scenario is likely to be the key event that drives
pulmonary oxidant stress and inflammation during sepsis-in-
duced ALL

The promoter regions of various cytokines and chemokines
contain binding sites for AP-1, suggesting that AP-1 plays a crit-
ical role in coordinating the gene expression of various inflam-
matory mediators. Like NF-«B, AP-1 activation occurs in lung
during sepsis and likely modulates inflammation (4). AP-1 is a
complex multisubunit protein composed of members of the Jun
and Fos families. Much is known regarding its role in events
regulating cell proliferation, transformation, differentiation, and
apoptosis (49). AP-1 activation was found to be detectable in
alveolar macrophages as well as in whole-lung lysates. Macro-
phage depletion or anti-TNF-« treatment significantly decreased
the level of AP-1 activation in lung after [gG immune complex
deposition, but complement depletion had no effect (36). AP-1
also responds to oxidative and cellular stress, DNA damage re-
sulting from UV irradiation, and exposure to proinflammatory
cytokines (TNF-«, IFN-vy, and TGF-B). TNF-« has been shown
to activate AP-1 upstream of MAPK kinase pathways. Activa-
tion of AP-1 appears to occur concurrent with activation of other
transcription factors, including Elk-1, ATF-2, and CEBP (58,
78). The AP-1 family of transcription factors has been found to
play a critical role in regulating the stress-inducible protein heme
oxygenase-1 (HO-1) gene after LPS treatment in rat lung (12),
suggesting that AP-1 may also participate in the negative regu-
latory loop of the inflammatory chain.

Nuclear factor-erythroid 2-p45—related
factor 2 (Nrf2)

Nrf2 is a transcription factor that is expressed in many or-
gans, including lung. Nrf2 is directly involved in transcriptional
activation of ARE-driven redox-related genes including GST,
NADPH/quinine reductase, UDP-glucosyltransferases, epoxide
hydrolase, heme oxygenase-1, glutathione peroxidase-2, per-
oxiredoxins, and glutathione reductase (GSSG-R). Therefore, it
appears to be an important modulator in regulation of redox sta-
tus in cells. Nrf2 has been reported as a critical intracellular
molecule for regulation of the innate immune response and sur-
vival in mouse models of sepsis. Disruption of Nrf2 dramati-
cally worsened the survival of mice in response to endotoxin
and CLP-induced septic shock. Inflammation in these Nrf2-de-
ficient mice was greatly intensified after LPS challenge. In re-
sponse to LPS, Nrf2-deficient cells showed greater activation
of NF-kB, which appeared to be regulated via the modulation
of the oxidant—antioxidant system (93). In addition, these mice
have been shown to be more susceptible to hyperoxic lung in-
jury and lung inflammation induced by the oxidant butylated
hydroxytoluene (BHT) (14, 15). Activation of Nrf2 by a chem-
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ical agonist, CDDO-Im, attenuated LPS-induced inflammatory
responses and oxidative stress in lung, and decreased mortality
in Nrf2-sufficient mice (94). Nrf2 appears to be an important
transcription factor that limits progression of oxidative stress
during sepsis-induced ALI. Therefore, activation or overex-
pression of this molecule in lung appears to be an attractive
strategy for antioxidative defense.

Heme oxygenase-1 (HO-1)

Cumulative evidence has demonstrated that the stress-in-
ducible protein, HO-1, is an auxiliary antioxidant molecule,
closely involved in the regulation of lung oxidative status and
inflammatory responses. LPS induces high mRNA levels of
HO-1 expression in the rat lung, which correlates with increased
HO-1 protein levels and enzyme activity (12, 13). Redox-sen-
sitive transcription factor AP-1 plays a critical role in regulat-
ing HO-1 gene activation after LPS exposure. In a murine model
of sepsis, mice treated with a lethal dose of LPS and subse-
quently exposed to the HO-1 enzymatic product, CO, had sig-
nificantly improved survival and lower serum IL-6 and IL-18
levels than controls. The same effect was obtained when en-
dogenous CO was induced through overexpression of HO-1
(68). Interestingly, AP-1 binding was decreased by CO expo-
sure. CO, ferrous iron, and biliverdin are main enzymatic prod-
ucts of HO activation. With the rat model of CLP-induced sep-
sis, biliverdin treatment offered a potent defense against lethal
endotoxemia, as well as in the lungs, and effectively abrogated
the lung inflammatory response. Biliverdin administration be-
fore a lethal dose of LPS led to a significant improvement in
long-term survival, reduced lung permeability and lung alve-
olitis, and decreased proinflammatory cytokine IL-6. In the
same case, augmentation of IL-10, a potent antiinflammatory
cytokine in lung injury, occurred (84). Iron (Fe) released as a
result of HO-1 activation returns to a transient chelatable pool,
where it may potentially promote oxidative stress and inflam-
mation. However, this pathway can be effectively inhibited by
ferritin generated through HO-1. Apparently, HO-1 works as a
strong negative regulator in the development of oxidative stress
and lung inflammatory responses during sepsis-induced ALI.
Endogenous CO indeed increased in patients with severe sep-
sis (103), suggesting that the HO-1 pathway has been activated,
and provides a protective role in patients with sepsis.

Other important molecular events in
sepsis-induced ALI

Cellular oxidative stress regulates cell function from many
perspectives, including receptor function, enzymatic activity,
transcription factor activation, and gene expression. As de-
scribed earlier, it has been documented that protein modifica-
tions frequently occur during sepsis. Oxidation-involved mo-
lecular events such as tyrosine phosphorylation, activation of
MAP kinases, protein kinase C, phospholipase A,, are found in
the lung during sepsis and are likely contribute to the patho-
genesis of sepsis (45, 53, 69, 90). Other oxidation-involved
events such as protein carbonylation, tyrosine chlorination, and
tyrosine nitration are also reported in sepsis (20, 66). How these
events regulate the development of sepsis-induced ALI has yet
to be defined.
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As depicted in Fig. 3, oxidative stress in the lung activates
NF-«B and AP-1 pathways during sepsis-induced ALI, which
in turn leads to amplified inflammatory responses. AP-1 and
Nrf2 activation result in HO-1 expression, leading to CO pro-
duction in the lung during sepsis. CO together with enzymatic
antioxidants generated from Nrf2 activation may play an anti-
inflammatory role in sepsis-induced ALL

ANTIOXIDANT TREATMENT IN
SEPSIS-INDUCED ALI

In an earlier study in patients with sepsis-induced ALI, it was
found that oral intake of an antioxidant mixture reduced lung
microvascular permeability, improved oxygenation and cardio-
pulmonary function, and reduced proinflammatory eicosanoid
synthesis and lung inflammation (29). These findings provide
hope for antioxidant strategies in the treatment of sepsis.

Both enzymatic antioxidants and nonenzymatic antioxidants
have been widely tested in humans and animals with sepsis. N-
acetylcysteine (NAC), a nonenzymatic antioxidant, is one of
the most extensively tested antioxidants. NAC possesses pow-
erful antioxidative roles by directly scavenging oxygen radicals
(H,0,, OH , HOCI) and indirectly replenishing the cellular glu-
tathione system. In the models of sepsis-induced ALI, NAC has
been shown to be highly protective in lung inflammatory re-
sponses by reducing the levels of inflammatory mediators,
inhibiting PMN activation and sequestration, suppressing the
prothrombotic state, and preventing hypoxic pulmonary vaso-
constriction (HPV) (6, 26). However, clinical trails have re-
sulted in controversial findings. Although NAC improves the
degree of organ-failure indexes in patients with septic shock, it
reduces cardiac performance and tissue oxygenation (5). It was
even harmful when initiation of NAC treatment occurred >24
h after hospital admission (67). A later clinical trial suggested

esults of Oxidant Generation in Lung
Oxidative 3§ |
Stress ¥

ST I

N\ /

HO-1

CO Antioxidants

Lung Inflammation

FIG. 3. Molecular events in sepsis-induced ALI. Oxidative
stress and inflammation in lung activate the transcription fac-
tors, NF-«kB and AP-1, leading to amplified inflammatory re-
sponses. AP-1 and Nrf2 activation result in HO-1 expression,
resulting in CO production. CO, together with enzymatic an-
tioxidants generated from Nrf2 activation, results in an antiin-
flammatory outcome in sepsis-induced ALIL.
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that NAC treatment aggravated sepsis-induced organ failure, in
particular cardiovascular failure (87). In a recent preclinical trial
study using a porcine model of endotoxemia, NAC failed to im-
prove any of the variables of the systemic, pulmonary, or he-
patosplanchnic hemodynamics, gas exchange, and metabolism,
although it significantly elevated glutathione levels (96). More
experimental and clinical studies with new management ap-
proaches are required to take advantage of the potential thera-
peutic utility of NAC.

Tocopherol (vitamin E) is another nonenzymatic antioxidant
that has potential for treatment of sepsis-induced ALI (83, 92).
Tocopherol can directly scavenge ROS and upregulate the ac-
tivities of antioxidant enzymes. It can terminate the chain re-
action of lipid peroxidation by scavenging lipid peroxyl radi-
cals. In the mouse model of endotoxin-induced ALI, liposomal
tocopherol administration significantly decreased the number
of PMNss in airspaces and reduced lung injury, as evidenced by
decreased lactate dehydrogenase activity in airways and re-
duced lung edema. Tocopherol failed to inhibit NF-xB and AP-
1 activation, as well as the endotoxin-induced expression of
proinflammatory cytokines in lung tissue. In patients with
ARDS, the antioxidative system is severely compromised, as
evidenced by decreased plasma levels of a-tocopherol, ascor-
bate, B-carotene, and selenium (64). The early administration
of a-tocopherol and ascorbic acid (vitamin C) in humans re-
duced the incidence of organ failure and shortened the ICU
length of stay (70). Vitamin C is known to scavenge O, by
forming the semi-dehydroascorbate free radical that is subse-
quently reduced by GSH. Thus, oral intake of combined an-
tioxidants appears to be beneficial in the setting of sepsis-in-
duced ALIL

The antioxidant enzyme SOD, with a biologic function of
dismutating O,  to H>O,, holds promise for the treatment of
sepsis-induced ALI. Extracellular (EC)-SOD-deficient mice
showed increased evidence of ALI that occurs after hemor-
rhagic shock, accompanied by increased lung PMN accumula-
tion and MPO activity (8). Overexpression of pulmonary EC-
SOD in the mouse lung significantly attenuated lung injury that
occurs after hemorrhagic shock (9). Overexpression of EC-SOD
in lung also attenuated influenza-induced lung injury by both
ameliorating inflammation and attenuating oxidative stress (91).
Unlike nonenzymatic antioxidants, antioxidant enzymes such
SOD and CAT have high affinities and rates of reaction, which
can effectively detoxify ROS in numerous cycles, representing
a highly efficient mechanism in detoxification. Similar to SOD,
CAT provided impressive protection against acute lung injury
induced in experimental animals after administration of LPS.
EUK-8, a low-molecular-weight salen-manganese complex that
exhibits both SOD-like and CAT-like activities in vitro, sig-
nificantly attenuated several features of lung dysfunction caused
by endotoxin, including arterial hypoxemia, pulmonary hyper-
tension, decreased dynamic pulmonary compliance, and pul-
monary edema (34). Because of the obvious gap between hu-
man diseases and animals models, further clinical data are
needed to assess the role of the SOD/CAT approach in sepsis-
induced ALIL

Other antioxidants that have shown therapeutic merits in the
animal models of sepsis-induced ALI include methylene blue
(21), resveratrol (52), tempol (59), B-glucan (85), M4041 (19),
melatonin (86), and ATl-receptor inhibitor (44). However,
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these compounds have been tested only in animals. More ex-
perimental and clinical data are expected in the coming years
to validate these compounds by using various animal models
and eventually in humans with sepsis.

SUMMARY

Sepsis and sepsis-induced ALI represent unsolved clinical
problems due to the extremely complicated pathogenesis, which
involves an imbalance of the pro- and antiinflammatory net-
works, complement activation, endothelial cell activation, PMN
and macrophage activation, oxidative stress, and transcription
factor activation. Blockade of only one of the inflammatory me-
diators has not resulted in a satisfactory outcome in human clin-
ical trials, perhaps because of the complexity of the inflamma-
tory network and the redundancy of inflammatory mediators.
As oxidative stress works through the initiation and progres-
sion phases in the development of sepsis, the importance of ox-
idant stress in sepsis-induced ALI in humans has been appre-
ciated. The disappointing results of NAC clinical trials may
reflect the inability to reestablish a redox balance in the setting
of sepsis in patients. It has been realized that severity of sepsis
alters the effects of O, inhibition in sepsis (19). Further im-
provement of antioxidant interventions requires better under-
standing of the mechanisms and characteristics of oxidant stress
in the specific setting of a disease condition and the develop-
ment of more-effective delivery strategies. In addition, the re-
dox-sensitive transcription factor, NF-«B, seems to be a logi-
cal target for therapy in ARDS patients. However, blockade of
NF-«B inevitably turns off some gene expression, which may
lead to immunosuppression. To this end, a local inhibition of
lung NF-kB activation may be a less detrimental therapeutic
strategy. Therapeutic strategies should be directed at the im-
provement of net proinflammatory, prooxidant, and cytotoxic
imbalances that develop in ARDS.
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ABBREVIATIONS

ALI acute lung injury; AP-1, activator protein-1; BAL, bron-
choalveolar fluid; BHT, butylated hydroxytoluene; CAT, cata-
lase; CE/MS, capillary electrophoresis—mass spectrometry;
CLP, cecal ligation and puncture; COX, cyclooxygenase;
DMPO, 5,5-dimethyl-1-pyrroline-n-oxide; DNPH, dinitro-
phenylhydrazine; EPR, electron paramagnetic resonance spec-
troscopy; Fe?™, ferrous ion; GSH-PX, glutathione peroxidase;
GSSG-R, glutathione reductase; HO-1, heme oxygenase-
I;HPLC, high-performance liquid chromatography; HPV, hy-
poxic pulmonary vasoconstriction; HRP, horseradish peroxi-
dase; H,O,, hydrogen peroxide; HOCI, hypochlorous acid;
L-NMMA, NO; ™ nitrate; LPS, lipopolysaccharide; MIP-2, mac-
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rophage-inflammatory protein-2; MAP, mitogen-activated pro-
tein; MPO, myeloperoxidase; MDA, malondialdehyde; NAC,
N-acetylcysteine; NO, ™, nitrite; N9-monomethyl-L-arginine;
NOS, nitric oxide synthase; Nrf2, nuclear factor-erythroid 2-
p45-related factor 2; O,’, superoxide; OH™, hydroxyl radical;
8-OHdG, hydroxydeoxyguanosine; ONOO™, peroxynitrite;
ONOOH, peroxynitrous acid; ONOOCO,~, peroxycarboxy-
late; RNS, reactive nitrogen species; ROS, reactive oxygen
species; SOD, superoxide dismutase; SLPI, secretory leukocyte
protease inhibitor; TBARS, thiobarbituric acid-reactive sub-
stances; vitamin C, ascorbic acid; vitamin E, tocopherol.
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