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Recently there was yet another clinical trial using antioxidants that
failed in patients with critical illness. In this perspective, we suggest
that antioxidants likely interfere with the normal immune response,
thus contributing to the lack of efficacy in patientswith critical illness.

In critical illness, there is evidence that oxidative stress is asso-
ciated with poorer outcomes and represents a final common
pathway that leads to multiorgan failure and death. The imbal-
ance between reactive oxygen species (ROS) production and ef-
fective removal by antioxidants and ROS scavengers has been
proposed to contribute to many pathological conditions, includ-
ing critical illnesses such as acute respiratory distress syndrome
(ARDS) and sepsis. Thus, oxidative stress has been an attractive
therapeutic target in critical illness, and antioxidants have been
tested in critically ill patients for decades. Overall the results
have been inconsistent without a clear benefit (1). Recently,
the largest clinical trial targeting oxidative stress in critically
ill patients was completed and reported no clinical efficacy of
antioxidant supplementation and a trend toward increased mor-
tality with glutamine administration (2). The reasons for the
disappointing results are not clear. Some would argue that the
appropriate antioxidants have not been used or that the dose,
timing, or delivery or antioxidants were not optimized. In addi-
tion, adverse off-target effects may have contributed to their
failure. Pertinent to possible off-target effects, it is important
to remember that that ROS are critical signaling molecules for
cell homeostasis and adaptation to stress (e.g., hypoxia), pro-
cesses that may be impaired with antioxidants. More recently, it
has been recognized that ROS are critical signaling molecules
essential for optimal function of innate and adaptive immunity.
Both types of immunity are required to fight infection, a fre-
quent contributor to morbidity and mortality in critically ill
patients.

BASICS OF ROS BIOLOGY

ROS are intracellular chemical species that are reactive toward
lipids, proteins, and DNA (3). ROS include the superoxide an-
ion (O2

–), hydrogen peroxide (H2O2), and hydroxyl radicals
(OH$). Each ROS has different intrinsic chemical properties,
which dictate its reactivity and preferred biological targets. O2

–

is produced during the one-electron reduction of molecular

oxygen (O2). O2
– is rapidly converted by superoxide dismutases

into H2O2 because O2
– can damage the iron–sulfur cluster pro-

teins. H2O2 can modulate signaling by oxidizing thiols within
proteins (4). There are enzymes that can reverse this oxidation
to return the protein to their native reduced state. This is anal-
ogous to phosphorylation/dephosphorylation-dependent signa-
ling prevalent in biology. The levels of H2O2 associated with
signaling are likely in the picomolar to nanomolar range; higher
levels make proteins inactive by hyperoxidizing thiols (5). There
are ample peroxiredoxins and glutathione peroxidases present
in the cytosol and mitochondria that convert H2O2 to water to
limit levels of H2O2 within the signaling range (6). In the pres-
ence of ferrous or cuprous ions, H2O2 can become a hydroxyl
radical, which is very reactive and causes oxidation of lipids,
proteins, and DNA, resulting in damage to the cell. Thus, iron
homeostasis is tightly regulated to prevent the formation of
toxic hydroxyl radicals. Redox signaling refers to thiol oxidation–
dependent signaling, whereas oxidative stress refers to damage of
lipids, proteins, and DNA or disruption of thiol-dependent sig-
naling. Currently the field is hampered by the lack of adequate
tools to measure ROS in vivo with appropriate sensitivity and
specificity.

Mitochondria and NADPH oxidases (NOXs) are two main
producers of ROS. Mitochondria have eight sites that generate
ROS (7). The three best-characterized sites are complex I, II,
and III within the mitochondrial respiratory chain, which generate
O2

– by the one-electron reduction of molecular O2. NOXs
proteins use NADPH to generate O2

– and are found on plasma
membranes as well as endoplasmic reticulum and mitochondrial
outer membranes (8). O2

– generated by NOXs and mitochon-
dria can be converted to H2O2 by O2

– dismutases. There has
been accumulating evidence that NOXs and mitochondria-
generated H2O2 contribute to multiple processes in cells, including
proliferation, differentiation, and metabolic adaptation (Figure 1)
(9, 10). A major unanswered question in the field is to define the
intracellular protein targets of ROS in different biological pro-
cesses. An interesting observation highlighting the importance of
low levels of ROS-dependent signaling comes from the Caeno-
rhabditis elegans community that have demonstrated elevated
ROS levels can extend lifespan (11). It will be of great interest
to determine whether small increases in ROS can extend lifespan
in mammals.

ROS IN LUNG INJURY AND SEPTIC SHOCK
(CRITICAL ILLNESS)

Oxidative stress has been implicated in the pathophysiology of
acute lung injury and sepsis-induced multiorgan failure, two of
the most common causes of morbidity and mortality in critical
illness. Investigators have found evidence of oxidative stress,
as assessed by various measures, in plasma, alveolar fluid, and
exhaled breath condensates of critically ill patients (12–14). In
addition, patients with ARDS have decreased antioxidant lev-
els, such as vitamins A, C, and E; glutathione; and selenium
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(15). Furthermore, some studies have reported that the severity
and lack of reversibility of oxidative stress are associated with
multiorgan failure and mortality (16).

TRIALS OF ANTIOXIDANTS IN CRITICAL ILLNESS

Based on the reports summarized above and other data, multiple
clinical trials targeting oxidative stress have been performed in
critically ill patients. Two separate Cochrane reviews have exam-
ined the safety and efficacy of N-acetylcysteine (NAC) in sepsis
and ARDS (1, 17). These strategies have taken one of two
approaches. The first and most common strategy has been to
administer exogenous untargeted antioxidants, the most com-
mon of which is NAC. The administration of NAC, which can
replenish glutathione levels and scavenge ROS, has been tested
in multiple lung injury and sepsis trials (18–21). Investigators
have generally been successful in increasing glutathione levels
in blood, within various cell types, and in bronchoalveolar fluid
(19–21). The studies have been unable to demonstrate consis-
tent salutary clinical or physiologic effects and have shown no
improvement in mortality (19–21).

A second strategy to combat oxidative stress has been to re-
store endogenous antioxidants by supplementing vitamins A, C,
and E or selenium, alone or in various combinations (22–24).
This approach, sometimes referred to as “immune nutrition,”
has been studied in various trial designs, including randomized
placebo-controlled studies, with inconsistent results. The rea-
sons for failing to demonstrate clinical benefit are unclear but
have been speculated to include dose, timing, and route of an-
tioxidant administration and enrollment of insufficient numbers
of patients. With this in mind, Heyland and colleagues designed
and performed an appropriately powered, multicenter clinical
trial in which they tested the efficacy of intravenous and enteral
antioxidants (i.e., selenium, zinc, b-carotene, and vitamins E
and C) and glutamine (a precursor for glutathione) in mechan-
ically ventilated patients (2). The study had a factorial design
and enrolled more than 1,200 patients. For this patient popula-
tion, the mean APACHE II score was 26, and each patient had
to have at least two organ failures. Supplementation was begun
within 24 hours of ICU admission and was continued for 28 days
or until death or discharge from the ICU. The authors reported
that supplementation was associated with an increase in plasma
glutamine and selenium levels but found no significant reduc-
tion in days of mechanical ventilation or mortality. In patients
who received glutamine, there was a trend toward increased
mortality at Day 28, which became statistically significant at
Day 60. In patients who received antioxidants, there was no
difference in mortality at Days 28 or 60. The authors concluded
that antioxidant supplementation does not lead to improved

outcomes and that glutamine supplementation may be associ-
ated with increased mortality.

WHY ANTIOXIDANTS MAY NOT HAVE WORKED

The failure of antioxidants in critical illness mirrors the experi-
ence in diseases such as diabetes, cancer, inflammatory disorders,
and neurodegeneration (25). To reconcile the failure of antiox-
idants with their known role in the pathophysiology of many
diseases, it is important to remember the role ROS play as
signaling molecules for normal cellular function and adaptation
to cellular stress. One such adaptation is in response to infec-
tion, which is both a cause and result of critical illness. We
speculate that antioxidants might disrupt the normal signaling
processes that control the usual response to severe infection. In
support of this idea, there is growing evidence that NOX and
mitochondrial-generated ROS are involved in optimal activa-
tion of lymphocytes and monocytes, which are important for an
ideal response to infectious agents (26, 27). The activation of
multiple Toll-like receptors, which are required for bacterial
clearance, and the RIG-I–like receptors, which are essential
for viral clearance, requires mitochondrial ROS production
(28). The inflammasome recognizes a large range of pathogen-
associated molecular patterns and damage-associated molecular
patterns to induce proteolytic processing of the proinflammatory
cytokines IL-1b and IL-18, which are crucial for host defense to
pathogens. Recent studies indicate that mitochondrial ROS are
essential for inflammasome activation (29). The activation and
proliferation of T cells is also dependent on mitochondrial ROS
(30). In many of these studies, the widely used antioxidant NAC
has been shown to reduce the activation of signaling process in-
volved in adaptive and innate immunity. Thus, an emerging idea is
that ROS promote a normal immune response to infection and
that antioxidants might interfere with these normal functions
(Figure 2).

The evolving understanding of ROS biology is reminiscent of
the rethinking of the role of inflammation in critical illness. For
many years, the prevailing thought was that the pathophysiology
of sepsis related to uncontrolled inflammation (i.e., cytokine
storm), leading to cardiovascular collapse, organ failure, and
death. This has led over the past two decades to testing of multiple
agents (e.g., tumor necrosis factor, IL-1 blockers, and corticoste-
roids) targeting inflammation in large clinical trials. No agent tar-
geting cytokines or inflammation has shown benefit, and some
have caused increased mortality. Some investigators have found
that inflammation response profiles in septic patients are more
complex than originally thought (31). Patients who survive the
initial phase of sepsis, which may be marked by a cytokine storm,
may develop a period of relative immunosuppression, during

Figure 1. Reactive oxygen species (ROS) regulate bi-
ological responses. ROS generated from nicotinamide

adenine dinucleotide phosphate (NADPH) oxidases

and mitochondria have been implicated in regulating

multiple biological responses including proliferation,
differentiation, and metabolic adaptation.
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which they are at increased risk of nosocomial infection or viral
reactivation. Alternatively, older patients or those with signifi-
cant comorbidities may be in an immunosuppressed state at pre-
sentation, which may or may not persist during the course of their
critical illness (31). Given the important role of ROS in activating
lymphocytes and monocytes, we speculate that variability in ROS
production in septic patients may contribute to the variability in
inflammatory responses. If true, this complexity may have impli-
cations for the use of antioxidants in critical illness. We hypothe-
size that the use of antioxidants may be beneficial during periods of
exaggerated inflammatory responses but may be detrimental dur-
ing periods of relative immunosuppression. Thus, the efficacy of
antioxidants may depend on an individual’s inflammatory response
profile with timing and duration of antioxidant administration crit-
ical to demonstrating a salutary effect.

In summary, the biology of ROS has undergone an evolution
in the past two decades from toxins that cause cellular damage to
essential molecules regulating essential cellular signaling path-
ways. This conceptual shift should make us consider whether ad-
ministering antioxidants could have beneficial and/or detrimental
effects within the same patient at different time points. As a ther-
apeutic intervention, individualizing dosing will likely be a crucial
element in optimizing the potential of an antioxidant strategy.

Author disclosures are available with the text of this article at www.atsjournals.org.
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Figure 2. Reactive oxygen species (ROS) levels dictate immune responses.

The levels of ROS contribute to the physiological responses of inflammatory

cells. High levels of intracellular ROS levels are associated with exaggerated

inflammatory responses associated with cytokine storm, and relatively low
ROS levels are associated with a hypoinflammatory response leading to

immunosuppression. ROS levels in the intermediate range are associated

with normal immune cell function. Therefore, the efficacy of antioxidants

depends on ROS production within inflammatory cells.
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