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There has been considerable research into the role of reactive oxygen species 
(ROS) and more recently reactive nitrogen species in critical illness during the 
past decade. These highly reactive, short-lived compounds are generated contin
uously in normal cellular metabolism. Initially thought of as merely by-products 
to be detoxified as quickly as possible by the body's numerous antioxidants, it is 
now recognized that they have important regulatory functions. Nevertheless, it is 
a widely accepted theory that during critical illness, particularly the acute respi
ratory distress syndrome (ARDS) and sepsis, and during conditions of ischemia
reperfusion, the increased production of reactive species overwhelms the de
fense systems resulting in oxidant stress. This may contribute significantly to 
the morbidity and mortality of these conditions. Although a compelling theory, 
attempts to improve outcome in the critically sick with antioxidants have gener
ally failed. In this article we shall briefly review the evidence for oxidant stress 
in sepsis and ARDS. We will then focus on one aspect of ROS in critical illness 
- their possible role in apoptosis, which is increasingly recognized as a key 
process in the critically ill patient. 

Redox imbalance in ARDS and sepsis 
Three main lines of evidence indicate that oxidative forces are important in the 
pathophysiology of ARDS and sepsis. Firstly, several studies have shown in
creased oxidants or oxidant damage in these conditions. Ventilated patients with 
ARDS have increased levels of breath condensate H202 compared with controls 
[1]. In sepsis and ARDS increased lipid peroxidation has been demonstrated [2, 
3]. Plasma levels of the enzyme xanthine oxidase (XOD) are increased in ARDS 
and sepsis [4,5]. XOD oxidizes xanthine and hypoxanthine with the formation 
of superoxide and H202. XOD is itself formed by the oxidation of its thiol 
groups or limited poteolysis. Plasma protein thiol levels are lower in non-sur
vivors of ARDS compared with survivors, suggesting a worse outcome is asso
ciated with greater oxidant stress [4]. Secondly, antioxidant defenses are re
duced, with decreased plasma levels of iron-binding capacity, and antioxidant 
compounds including a-tocopherol, ascorbic acid, selenium, and retinol [6-8]. 
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Thirdly, in animal models of sepsis [9, to] and ARDS [11-13] it has been shown 
that a variety of antioxidant compounds can reduce the mortality or favorably 
affect the disease process. 

Apoptosis and ROS in critical illness 
Apoptosis, or programmed cell death (PCD) , is the process by which cells 
'commit suicide' in response to a variety of signals. In a physiological sense, it 
serves to eliminate cells that are no longer needed, are surplus, or are damaged. 
The process occurs in an ordered stereotyped way. In contrast to necrotic cell 
death, membrane integrity is maintained, such that potential inflammatory intra
cellular material does not spill into the extracellular space prior to ingestion by 
macrophages. This is believed to be particularly important for neutrophils that 
have the potential to cause significant tissue damage [14]. Many cell types un
dergo apoptosis when exposed to mild oxidative stress, with necrosis taking 
place under greater oxidative stress [15]. There is considerable evidence that 
apoptosis occurs in the critically sick, and it is possible that ROS have an impor
tant role in the PCD of some cell types. 

Neutrophil apoptosis in sepsis and ARDS 
Neutrophils have a limited life span of a few hours and undergo apoptosis in vi
vo or in vitro. Several studies have shown that apoptosis of neutrophils from 
septic patients is delayed, and serum from patients with systemic inflammatory 
response syndrome (SIRS) and sepsis can delay apoptosis in neutrophils taken 
from healthy controls [16, 17]. Cytokines including interleukin (IL )-1[3, IL-6, 
timor necrosis factor (TNF)-a., interferon-y, granulocyte/macrophage colony
stimulating factor (GM-CSF), and G-CSF have been implicated as mediating 
this effect. The evidence that ROS are involved comes from studies demonstrat
ing that neutrophil apoptosis can be accelerated by H20 2 in vitro, whereas an
tioxidants and catalase inhibit PCD [18, 19]. Recently Fanning et al. [17] stud
ied the effect of serum taken from patients with SIRS on apoptosis in neu
trophils taken from healthy controls. They found that the ability of SIRS plasma 
to delay neutrophil apoptosis could be attenuated by the presence of anti-GM
CSF antibodies, but not antibody to IL-6, IL-l[3, and TNF-a.. Supplementation 
of the plasma with the anti-inflammatory cytokine IL-to promoted apoptosis. 
Under conditions in which apoptosis was inhibited, generation of ROS was re
duced, suggesting these may be involved in the intracellular control of neu
trophil apoptosis. 

Unstimulated and activated neutrophils may undergo apoptosis via different 
final pathways. Caspases are probably involved in PCD of unstimulated neu-
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trophils. However, these enzymes contain numerous cysteine residues and are 
redox sensitive, and in the oxidizing environment of the activated neutrophil 
there is evidence that apoptosis occurs by a caspase-independent route [20]. 

In ARDS delayed neutrophil apoptosis has also been observed, probably me
diated by factor(s) in the lavage fluid [21, 22]. It is tempting to speculate that 
this prolongation of the neutrophil life span is an adaptive measure to fight in
fection, and in that sense is beneficial, inappropriate persistence of neutrophils 
could contribute to the tissue damage and systemic inflammatory changes char
acteristic of ARDS and SIRS. 

Lymphocyte apoptosis in sepsis 
Whereas neutrophil apoptosis is delayed in sepsis, studies in both animal mod
els and humans indicate that lymphocyte populations undergo accelerated PCD 
[16,23]. ROS have been implicated in lymphocyte apoptosis within the physio
logical setting of elimination of activated T cells [24], and in the pathological 
context of death of T cells in human immunodeficiency virus disease [25]. 
There is some evidence from animal models that ROS may be involved in caus
ing lymphocyte apoptosis. Freeman et al. [26] recently studied a cecal ligation 
and puncture (CLP) model of sepsis in mice that either constitutively overex
pressed the CuZn superoxide dismutase (SOD), or were partially deficient in 
this intracellular enzyme. CuZn SOD-deficient mice showed greater lymphocyte 
depletion than controls, although it was not possible to quantify the difference. 
Interestingly, overexpression of CuZn SOD did not prevent apoptosis, despite 
enzyme activity 2-3 times that of the control group. 

Whether lymphocyte apoptosis in sepsis is detrimental - possibly by induc
ing a state of immune suppression, beneficial - by reducing inflammation, or 
merely an association of critical illness is not known. However, one study [27] 
has suggested that apoptosis in sepsis is harmful. Again using a CLP mouse 
model, it was found that lymphocyte apoptosis and mortality is reduced in trans
genic mice that overexpress the anti-apoptosis Bcl-2 gene in T-Iymphocytes 
compared with control mice. This may also be interpreted as evidence in favor 
of ROS-stimulated lymphocyte apoptosis, since Bcl-2 may act as an antioxidant 
[28], although this is controversial [29]. 

Apoptosis in specific organs 
PCD may contribute to multiple organ dysfunction syndrome (MODS) in the 
critically ill [30]. In a CLP model in mice, apoptosis is detectable in parenchy
mal cells of the ileum, colon, lung, kidney, and skeletal muscle, but not heart, 
brain or liver [31]. Injection of a lethal dose of lipopoly saccharide (LPS) into 
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mice gave similar findings [32]. There is little evidence for extensive end-organ 
apoptosis in human sepsis, however. Hotchkiss et al. [31] recently conducted a 
postmortem study of 20 patients who had died of sepsis and MODS. Although 
epithelial cell apoptosis was evident in the colon and ileum, the dominant find
ing was extensive lymphocyte apoptosis. 

Endothelial cell apoptosis may also contribute to organ dysfunction. TNF-a 
and LPS can induce widespread endothelial cell apoptosis in mice [33], preced
ing non-endothelial cell damage. Since antioxidants can protect against LPS-in
duced apoptosis of endothelial cells in vitro [34] and in vivo [35], it is possible 
that this process is mediated by ROS. Nitric oxide appears to have a protective 
role [36]. 

Signalling of apoptosis by ROS 
Thus there is evidence that ROS are important in signalling apoptosis in sepsis 
and ARDS. It is likely that a variety of pro-apoptotic signals, such as LPS and 
TNF-a, can trigger intracellular signalling involving ROS, and that it may be 
considered as either pathological or physiological, depending on the circum
stances. The intracellular pathway by which ROS mediate apoptosis is not 
known. However the second messenger role for ROS is not confined to the regu
lating PCD; there is good evidence that ROS act in signal transduction for the 
cytokines platelet-derived growth factor [37] and opidermal growth factor [38], 
where catalase is found to block ligand-induced phosphorylation of several tar
get proteins. 

As well as an action in intracellular signal transduction, it is possible that de
rivatives of oxidant stress within the systemic circulation can have effects on 
apoptosis in remote cells or organs. Compton et al. [39] recently showed that 
perfusion of isolated rat lungs with a solution containing 50 Ilmolll of 4-hydrox
ynonenal (HNE) led to edema and DNA laddering characteristic of apoptosis in 
the perfused lung. HNE is a lipid peroxide present at a concentration of 
< 1 Ilmolll in the plasma of unstressed subjects. However, levels of up to 50 
Ilmolll have been reported in a dog model of hypovolemic shock [40], although 
such high concentrations have not been recorded in humans. HNE is much more 
stable than superoxide or hydroxyl radicals, peroxynitrite, or H20 2, and its half
life in the circulation is around 2 min. Thus it is conceivable that HNE or other 
lipid peroxides act as 'toxic messengers' in critical illness. 

Conclusion 
There is increased oxidant stress in the critically ill, and it is likely that this has 
a deleterious effect. It is not clear whether damage is entirely due to the indis-
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criminate attack by ROS on lipids, DNA, and proteins, or whether there is more
subtle effect, with alterations in cell behavior mediated by ROS acting as sig
nalling molecules. 

During critical illness the rate of apoptosis decreases in neutrophils, but 
markedly increases in lymphocytes and possibly in certain end-organ parenchy
mal cells. In vitro and animal studies have indicated that ROS can influence 
apoptosis, usually accelerating the process. The importance of PCD in critical 
illness remains to be clarified, as does the role of ROS in apoptosis, and whether 
antioxidant drugs can influence this process. It is to be hoped that a better un
derstanding of these issues will lead to therapeutic advances in critical care. 
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