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Dysregulation of the immuno-in¯ammatory response, as seen in sepsis, may culminate in host
cell and organ damage. Lipopolysaccharide from Gram-negative bacterial cell walls induces
gene activation and subsequent in¯ammatory mediator expression. Gene activation is regulated
by a number of transcription factors at the nuclear level, of which nuclear factor kB appears to
have a central role. The redox (reduction±oxidation) cellular balance is important for normal
cellular function, including transcription factor regulation. In sepsis, a state of severe oxidative
stress is encountered, with host endogenous antioxidant defences overcome. This has
implications for cellular function and the regulation of gene expression. This review gives an
overview of the mechanisms by which transcription factor activation and in¯ammatory
mediator overexpression occur in sepsis, together with the events surrounding the state of
oxidative stress encountered and the effects on the host's antioxidant defences. The effect
of oxidative stress on transcription factor regulation is considered, together with the role of
antioxidant repletion in transcription factor activation and in sepsis in general. Other interventions that may modulate transcription factor activation are also highlighted.
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Sepsis and its sequelae continue to be the main causes of
morbidity and mortality in the intensive care unit (ICU),
with an estimated 400 000±500 000 patients developing
sepsis in this setting each year in Europe and the USA.
Sepsis is part of a spectrum of conditions ranging from the
systemic in¯ammatory response syndrome (SIRS) to septic
shock and multiple organ dysfunction syndrome (MODS).
The de®nitions of these conditions have been rationalized,
leading to the common language currently used.17 The
mortality associated with these conditions ranges from
around 26% in patients with SIRS to around 82% in septic
shock,82 and shows no sign of decreasing despite optimal
current therapy. Sepsis therefore continues to have signi®cant clinical and ®nancial implications and remains an area
that attracts intense research interest. Regulation and
coordination of the immuno-in¯ammatory response by
cytokines and other mediators is essential for host defence.
The underlying molecular events are complex and culminate in altered gene expression. Dysregulation of this
response may occur in sepsis, leading to excessive or
inappropriate release of mediators and ultimately host cell
and organ damage. There is convincing evidence of severe

oxidative stress in patients with sepsis. As oxygen free
radicals and other reactive oxygen species appear to be
involved as messengers in cellular signal transduction and
gene activation, this has implications for the expression and
control of the immuno-in¯ammatory response in sepsis.
Therapeutic intervention with antioxidant therapy to alter
signal transduction and mediator production, and hence the
course of sepsis, is also a possibility.

Oxidative stress and antioxidant protection
mechanisms
Under normal physiological conditions, a homeostatic
balance exists between the formation of reactive oxidizing/
oxygen species and their removal by endogenous antioxidant scavenging compounds.50 Oxidative stress occurs
when this balance is disrupted by excessive production of
reactive oxygen species, including superoxide, hydrogen
peroxide and hydroxyl radicals, and/or by inadequate
antioxidative defences,49 including superoxide dismutase
(SOD), catalase, vitamins C and E, and reduced glutathione
(GSH). Both may occur in sepsis.
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Reactive oxygen species
When molecules are oxidized during metabolism, the
oxygen molecule itself is reduced to water, giving rise to
intermediate reactive oxygen species:
O2´ ± ®
H2O2 ® ´HO ®
H2O
O2 ®
Molecular Superoxide
Hydrogen Hydroxyl Water
oxygen
anion radical peroxide
radical
( ´ = unpaired electron of a free radical)
Superoxide and hydroxyl are described as free radicals
because they have an atom or molecule which has one or
more unpaired electron(s); this renders the free radical
highly reactive and potentially toxic.
Superoxide is converted to hydrogen peroxide by the
enzyme SOD. In the absence of transition metal ions,
hydrogen peroxide is fairly stable. It does, however, allow
neutrophils to oxidize chloride ions, via myeloperoxidase,
into hypochlorous acid, providing additional cytotoxic
activity. Excess hydrogen peroxide is normally converted
harmlessly to water by the action of catalase, glutathione
peroxidase and other peroxidases. Hydroxyl radicals can be
formed by the reaction of superoxide with hydrogen
peroxide in the presence of metal ions (usually iron or
copper). Hydroxyl free radicals are much more reactive than
superoxide anions.100 Iron-catalysed hydroxyl generation
requires that the iron is in its reduced, ferrous form (Fe2+),
whereas most iron existing in cells and plasma is in the
oxidized form (Fe3+). As well as its involvement with
hydrogen peroxide in hydroxyl radical formation, superoxide can also reduce Fe3+ to Fe2+, thereby further
promoting hydroxyl production. However, most iron in
the plasma exists in a bound form as a protective measure,
as it is the free component which is able to participate in
biochemical reactions. Biology has used molecules for iron
metabolism (haem proteins), storage (ferritin) and transport
(transferrin) that lock the iron in a state where free radical
production cannot occur.
Under normal physiological conditions, the majority of
reactive oxygen species are formed during cellular respiration and by activated phagocytic cells, including neutrophils, involved in the in¯ammatory response. Reactive
oxygen species have physiologically essential roles in
mitochondrial respiration, prostaglandin production pathways and host defence.100 The four-electron reduction of
oxygen occurs in the mitochondrial electron transport
system of all aerobically respiring cells. The enzyme
catalysing this reaction (cytochrome c oxidase) contains
the transition metals iron and copper in its active site. These
ions can be paramagnetic and contain stable unpaired
electrons. By using the unpaired electrons in these transition
metals to control the oxygen reactions, mitochondria
prevent the unwanted release of oxygen-derived free
radicals.
In sepsis, there are several potential sources of reactive
oxygen species, including the mitochondrial respiratory
electron transport chain, xanthine oxidase activation as a

result of ischaemia and reperfusion, the respiratory burst
associated with neutrophil activation, and arachidonic acid
metabolism. Activated neutrophils produce superoxide as a
cytotoxic agent as part of the respiratory burst via the action
of membrane-bound NADPH oxidase on molecular oxygen.
Neutrophils also produce the free radical nitric oxide (NO´),
which can react with superoxide to produce peroxynitrite,
itself a powerful oxidant, which may decompose to form the
hydroxyl radical. Under ischaemic conditions followed by
subsequent reperfusion, the enzyme xanthine oxidase
catalyses the formation of uric acid with the coproduction
of superoxide. Superoxide release results in the recruitment
and activation of neutrophils and their adherence to
endothelial cells, which stimulates the formation of
xanthine oxidase in the endothelium, with further superoxide production.
During oxidative stress, damage mediated by reactive
oxygen species can occur. Oxidation of DNA and proteins
may take place, along with membrane damage, because of
lipid peroxidation, leading to alterations in membrane
permeability, modi®cation of protein structure and functional changes.105 Oxidative damage to the mitochondrial
membrane can also occur, resulting in membrane depolarization and the uncoupling of oxidative phosphorylation,
with altered cellular respiration.70 This can ultimately lead
to mitochondrial damage, with release of cytochrome c,
activation of caspases and apoptosis (programmed cell
death).

Endogenous antioxidant defences
Antioxidants are central to the redox balance in the human
body. They do not act in isolation, but synergistically.
Primary antioxidants prevent oxygen radical formation,
whether by removing free radical precursors or by inhibiting
catalysts, e.g. glutathione peroxidase and catalase.
Secondary antioxidants react with reactive oxygen species
which have already been formed, either to remove or inhibit
them, e.g. vitamins C and E. Endogenous antioxidant
defences exist at a number of locations, namely intracellularly, on the cell membrane and extracellularly (reviewed by
Gutteridge and Mitchell).50
Intracellular antioxidants

The SOD enzymes are a family of metalloenzymes which
rapidly promote the conversion of superoxide to hydrogen
peroxide. Three forms of SOD are recognized to be
important: copper±zinc SOD (cytoplasm), manganese
SOD (mitochondria) and extracellular SOD (extracellular
matrix). Catalase and glutathione peroxidase, a seleniumcontaining enzyme which requires the presence of reduced
GSH for its action, catalyse the conversion of hydrogen
peroxide to water. Reduced GSH (L-g-glutamyl-L-cysteinylglycine) contains a thiol (sulphydryl) group. The intracellular antioxidants and the role of reduced GSH (including
synthesis and recycling) are shown in Figure 1. GSH also
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Fe2+, which can then be involved in iron-catalysed hydroxyl
generation, thereby implicating vitamin C as both a prooxidant and an antioxidant.

Oxidative stress in sepsis

Fig 1 A schematic diagram showing the interaction between intracellular
antioxidants. O2´±=superoxide anion radical; SOD=superoxide dismutase;
H2O2=hydrogen peroxide; GSH=reduced GSH (L-g-glutamyl-L-cysteinylglycine); GSSG=oxidized GSH; gGCS=g-glutamylcysteine synthetase.

has direct antioxidant activity, through donation of
hydrogen ions, to repair damaged DNA. Oxidative stress
and modulation of GSH/GSSG (GSSG=oxidized GSH)
levels also up-regulate gene expression of several other
antioxidant proteins, such as manganese SOD, glutathione
peroxidase, thioredoxin and metallothionein.
Membrane antioxidants

The hydrophobic lipid interior of membranes requires a
different spectrum of antioxidants. Fat-soluble vitamin E
(a-tocopherol) is the most important antioxidant in this
environment. b-Carotene, lycopene and co-enzyme Q have
also been implicated as membrane antioxidants. Lipidsoluble antioxidants are important in preventing membrane
polyunsaturated fatty acids from undergoing lipid peroxidation, which leads to loss of membrane integrity.
Extracellular antioxidants

Reactive oxygen species may also be present in the
extracellular compartment, especially as a result of
neutrophil activation. The plasma and red cell components
of blood both act as antioxidants; red cells have a
copper±zinc SOD-dependent pathway for the inactivation
of superoxide, and catalase and glutathione peroxidase for
dealing with hydrogen peroxide. A number of metal-binding
plasma proteins function as valuable antioxidants in
addition to their transport roles, including apotransferrin,
lactoferrin and caeruloplasmin. Albumin is also effective
via its oxidizable thiol group, which permits radical
scavenging, and the binding of reactive transition metal
ions. A number of important smaller molecules are present
in the plasma, which act as secondary antioxidants. These
include vitamin E, vitamin C (ascorbic acid), uric acid and
bilirubin. Ascorbic acid interacts with superoxide to form
dehydroascorbic acid. Vitamin C may also reduce Fe3+ to

There now exists a considerable body of evidence for redox
imbalance and oxidative stress in human sepsis, demonstrating increased markers of oxidative damage, direct
evidence of free radical production using electron paramagnetic resonance analysis, xanthine oxidase activation,
increased redox reactive iron, abnormal handling of exogenous antioxidants, and low concentrations of individual
endogenous antioxidants. Early work by Takeda and
colleagues94 found reduced plasma a-tocopherol levels
accompanied by increased plasma thiobarbituric acidreactive substance (TBARS) levels in critically ill patients
compared with controls, suggesting increased lipid peroxidation. Goode and colleagues45 investigated antioxidant
status in patients with septic shock. They reported reduced
plasma concentrations of retinol (vitamin A), tocopherol
(vitamin E), b-carotene and lycopene in these patients
compared with healthy controls. They also found increased
plasma TBARS in patients who developed three or more
dysfunctional secondary organs, suggesting increased lipid
peroxidation. Borrelli and colleagues18 documented that
plasma vitamin C was signi®cantly decreased in ICU
patients who developed multiple organ failure compared
with those who did not; plasma concentrations of vitamin E,
copper and zinc, however, did not differ between the two
groups. Galley and colleagues reported increased redox
reactive iron concentrations in patients with sepsis or septic
shock, coupled with lowered plasma levels of vitamin C40 41
and elevated lipid peroxides. 42 Later work has, however,
disputed the presence of redox reactive iron in the plasma of
patients with septic shock.69 101 Cowley and colleagues27
described decreased total antioxidant potential in patients
with sepsis and secondary organ dysfunction, associated
with non-survival. However, a subsequent study reported
that although total antioxidant capacity was decreased in
patients with sepsis, it was increased in patients with septic
shock, which was attributed to high bilirubin levels.75
Increased xanthine oxidase activity has been reported in
patients with sepsis or SIRS in both the adult39 and
paediatric10 71 populations. Galley and colleagues39 found
xanthine oxidase activation and high free radical concentrations in septic patients compared with both healthy
volunteers and non-infected patients. Batra and colleagues10
found an increase in xanthine oxidase, SOD and glutathione
peroxidase activity in neonates with sepsis, suggesting
increased production of reactive oxygen species in this
population. However, malondialdehyde levels (a marker of
lipid peroxidation) were also increased, suggesting that the
elevations of these antioxidant enzymes were not so
effective as to prevent cellular damage.
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GSH metabolism is altered in sepsis. Rapid depletion of
intracellular GSH in human and animal endothelial and
epithelial cells occurs in response to tumour necrosis
factor a (TNF-a) in vitro because of oxidation of GSH to
GSSG, followed by rebound increases in GSH synthesis as a
result of up-regulation of the enzyme g-glutamylcysteine
synthetase (gGCS). GSH turnover is increased early in
sepsis in rats, with increased GSH synthesis in a number of
tissues (especially the liver), but with lower blood GSH
concentrations.64 In a rat lipopolysaccharide (LPS) endotoxic shock model, oxidative stress was apparent, with
decreased plasma antioxidant capacity, potentiated by
depletion of liver GSH.21 In children with sepsis, whole
blood GSH concentrations and synthesis rates were found to
be decreased,63 while blood GSH redox ratios (GSSG:GSH)
were found to be increased,71 suggesting increased
oxidative stress. Glutathione peroxidase is a seleniumcontaining enzyme (selenoenzyme) and selenium depletion
is therefore likely to be crucial in antioxidant defences
secondary to reduced glutathione peroxidase activity.
Selenium itself inhibits transcription and proin¯ammatory
gene expression.51 Selenium excess (toxicity), however, has
also been linked to oxidative stress.91 Forceville and
colleagues35 reported early and prolonged decreases in
plasma selenium concentrations in patients with SIRS,
associated with a three-fold increase in morbidity and
mortality.

(IKK)±nuclear factor kB (NFkB) pathway and three
mitogen-activated protein kinase (MAPK) pathways.
These pathways phosphorylate and activate various transcription factors (see below), including NFkB/Rel proteins,
activator protein 1 (AP-1) and nuclear factor±interleukin 6
(NF-IL-6), thereby allowing rapid gene induction and the
expression of in¯ammatory mediators, including cytokines,
chemokines, lipid mediators, inducible nitric oxide synthase
(type II NOS), enzymes and adhesion molecules. Cytokines
are low molecular weight soluble proteins which are
synthesized and secreted directly in response to in¯ammatory stimuli. As well as initiating the immuno-in¯ammatory
response, they also coordinate and modulate the nature,
amplitude and duration of this response. Cytokines have a
variety of target cells, with their speci®c actions dependent
upon the stimulus, the cell type and the presence of other
in¯ammatory mediators and receptors.43 The key characteristics which cytokines exhibit are redundancy, pleiotropy,
synergy and antagonism. Recently, a number of other
mechanisms by which LPS induces gene transcription and
in¯ammatory mediator expression have been described,
including mechanisms operating TREM-1 (triggering
receptor expressed on myeloid cells 1),19 20 macrophage
transmembrane potassium channels,15 and the intracellular
cytoplasmic proteins Nod1 and Nod2.53 An outline of the
proposed molecular mechanisms by which LPS stimulates
the host in¯ammatory response is seen in Figure 2.

Gene expression and sepsis

Gene expression and oxidative stress

Activation of the immune and in¯ammatory systems occurs
in response to both infectious and non-infectious stimuli. In
sepsis, Gram-negative and, increasingly, Gram-positive
organisms are important causative microbes. Infection
initially results in stimulation of the innate (non-speci®c)
immune response, mediated mainly via circulating and
tissue in¯ammatory cells, such as monocytes/macrophages
and neutrophils. These cells normally exist in a nonactivated state but are rapidly activated in response to
bacteria, their products or in¯ammatory mediators, to
become highly active phagocytes. LPS (endotoxin) is the
principle component of the cell wall of Gram-negative
bacteria, and exotoxins are from Gram-positive bacteria.
The molecular mechanisms by which LPS induces gene
activation, and hence in¯ammatory mediator expression,
have been reviewed recently.48 Brie¯y, LPS initially binds
to the acute-phase LPS-binding protein (LBP) in the plasma,
the level of which appears to rise in response to the insult.
Bound LPS is subsequently delivered to the monocyte (and
neutrophil) CD14 surface receptor. LPS then interacts with
the transmembrane signal transduction receptor Toll-like
receptor 4 (TLR4), which exists in complex with the
accessory protein MD-2. TLR2 has been implicated as the
receptor for Gram-positive exotoxin.34 This complexing and
binding of LPS subsequently activates a number of intracellular signalling pathways, including the IkB kinase

The synthesis of messenger RNA (mRNA) from template
DNA is called gene transcription, and occurs in the cell
nucleus. After modi®cation, mRNA is transported to the
cytoplasm, where it is translated into a protein, such as a
cytokine or an enzyme. Gene transcription is controlled by
various transcription factors, which are DNA-binding
proteins, and several transcription factors can control the
production of one protein. Translocation of a transcription
factor to the cell nucleus and subsequent binding to a target
gene(s) results in protein synthesis. Although a number of
transcription factors may be linked to the altered gene
activation seen in sepsis, including AP-1 and NF-IL-6, the
one that has been described in most detail is NFkB (a family
of proteins belonging to the Rel family). Substantial in vitro
and in vivo evidence suggests a pivotal role for NFkB in
sepsis and SIRS.

Nuclear factor kB
NFkB is a ubiquitous transcription factor which is crucial
for normal immune system function, regulating the activation of genes necessary to provide rapid and appropriate
responses. However, inappropriate, increased and/or prolonged activation of NFkB, resulting in the overexpression
of mediator proteins, may account for the deleterious effects
seen in sepsis.
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Fig 2 A schematic diagram showing LPS stimulation of the host in¯ammatory response in monocytes, macrophages and neutrophils. NFkB=nuclear
factor kB; AP-1=activator protein 1; NF-IL-6=nuclear factor-interleukin-6; LPS=lipopolysaccharide; LBP=LPS-binding protein; CD14=CD14 surface
receptor; TLR4=Toll-like receptor 4; MD-2=accessory protein MD-2; IKK-NFkB=IkB kinase±NFkB pathway; NFkB-IkB=NFkB±inhibitory protein
IkB complex; MAPK=mitogen-activated protein kinase pathway; TREM-1=triggering receptor expressed on myeloid cells 1; DAP12=transmembrane
adapter molecule DAP12; Nod1 and Nod2=intracellular cytoplasmic proteins Nod1 and Nod2.

NFkB is a dimer consisting of two Rel subunits, and
there are ®ve known mammalian NFkB-Rel proteins. The
classical NFkB dimer contains the proteins p50 (NFkB1)
and p65 (Rel A). However, the subunit composition of
NFkB can vary, with differing effects on gene regulation
depending upon the speci®c combinations.2 NFkB exists in
the cytoplasm in an inactive form, complexed with an
inhibitory protein from the IkB family, which includes
IkBa, IkBb and IkBe. The IkB proteins mask a nuclear
localization signal on NFkB proteins, thereby preventing
the translocation of NFkB to the nucleus. NFkB can be
activated in cells by a number of in¯ammatory stimuli in
addition to LPS, including cytokines [such as TNF-a,
interleukin (IL) 1b, 11 and 17], reactive oxidant species
(especially hydrogen peroxide), protein kinase C activators,
viruses, UV light and ionizing radiation.8
NFkB activation is achieved via phosphorylation and
degradation of the inhibitory IkB protein through the action
of speci®c kinases, the NFkB-inducible kinases (NIK),

IKK-1 and IKK-2.2 Degradation of IkB is ultimately
accomplished by attachment of ubiquitin residues and
proteolysis, unmasking the nuclear localization signal,
thus allowing translocation of NFkB to the cell nucleus;
translocation may involve the protein BCL-2.98 NFkB is
then able to bind to its target genes to initiate transcription,
translation and hence protein synthesis. The key regulatory
step in the activation of NFkB by in¯ammatory stimuli is
the activation of the IKK complexes.59 There are many
genes which contain sequence-speci®c NFkB binding sites
in their promoter regions, a selection of which are shown in
Table 1.2 25 48 It should be noted, however, that the presence
of an NFkB binding site in a gene does not necessarily
imply regulation by NFkB. Feedback loops have been
identi®ed which may amplify the response to the initial
stimulus (positive feedback) or regulate NFkB activation
(negative feedback).12 In addition, LPS can induce synthesis
of anti-in¯ammatory cytokines such as IL-10 (and also
IL-4 and IL-13), thereby blocking NFkB activation and
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Table 1 Genes containing sequence-speci®c NFkB binding sites in their promoter regions
Cytokines and growth factors

Tumour necrosis factor a
IL-1b, IL-2, IL-6, IL-12
Colony stimulating factors
Granulocyte colony stimulating factor
Interferon-b
Vascular endothelial growth factor
IL-8, growth-related oncogene (-a, -b,- g)
Regulated upon activation, normal T-cell expressed and secreted (RANTES)
Monocyte chemoattractant protein 1
E-selectin
Intercellular cell adhesion molecule 1
Vascular cell adhesion molecule 1
Type II nitric oxide synthase, cyclooxygenase 2, phospholipase A2
Matrix metalloproteinases
Tissue factor, IL-2 receptor a
Major histocompatibility complex class I
C-reactive protein, lipopolysaccharide binding protein

Chemokines
Cell adhesion molecules
Enzymes
Immunoreceptors
Acute phase proteins

IL=interleukin.

inhibiting cytokine production,99 providing an extracellular
mechanism for negative feedback. NFkB activation and
regulation are summarized in Figure 3.

Redox regulation of NFkB and oxidative stress
The intracellular redox (reduction±oxidation) state is
important physiologically in terms of maintaining cellular
homeostasis. The major intracellular regulator of redox
homeostasis is GSH, which acts via reversible oxidation of
an active thiol group.6 NFkB has been implicated in the
upregulation of the expression of the rate-limiting enzyme
for GSH synthesis, gGCS, in response to various stimuli,
including in¯ammatory cytokines (IL-1b and possibly
TNF-a).47 Another important thiol-containing compound
involved in redox homeostasis is thioredoxin. Thioredoxin
has a large number of functions other than its originally
identi®ed role as a hydrogen donor for ribonucleotide
reductase, which is essential for DNA synthesis. Every
thioredoxin contains the amino acid sequence Trp±
Cys±Gly±Pro±Cys, and the two cysteine residues can be
reversibly oxidized to form a disulphide bridge. Because of
its general protein disulphide reductase activity, thioredoxin
can regulate enzymes and transcription factors by thiol
redox control. After the dissociation of IkB, reduction of
NFkB by thioredoxin is necessary for the binding of NFkB
to DNA in the nucleus. However, thioredoxin seems to play
dual and opposing roles in the regulation of NFkB, because,
in the cytoplasm, thioredoxin interferes with the signal to
IkB kinases and blocks the degradation of IkB. Thioredoxin
also contributes indirectly to AP-1 activation via the nuclear
redox factor Ref-1 (redoxfactor 1).
At least two transcription factors, NFkB and AP-1, have
been identi®ed as being regulated by the intracellular redox
state.87 It has been hypothesized that intracellular redox
changes may have important effects on the activation of
these transcription factors and the subsequent in¯ammatory
response. Sun and Oberley92 reviewed the redox regulation
of transcription factors, including AP-1 and NFkB.

Transcription factor redox regulation appears to occur via
highly conserved cysteine residues in their DNA binding
domains. In general, in intact cells, antioxidants and oxidant
species appear to have opposite effects, antioxidants
decreasing NFkB activation while dramatically increasing
AP-1 activation (AP-1 acting as a secondary antioxidant
response factor), and oxidant species, conversely, strongly
activating NFkB while still moderately activating AP-1.67
However, there are several points which should be noted
in terms of redox regulation of NFkB. Data are con¯icting,
with cell type-speci®c differences. In addition, most of the
evidence of redox signalling is indirect, being based on the
inhibition of NFkB activation by antioxidants, and direct
evidence has not been reported.59 The relative importance
of sites within the NFkB activation pathway which are
amenable to redox in¯uence remains to be elucidated. It is
postulated that NFkB regulation may occur at various sites,
including the speci®c kinases (NIK/IKK/MAPKs) and
phosphorylation steps, protease activity, nuclear translocation, and gene transcription.

NFkB and sepsis
Several cell culture and animal studies have demonstrated a
link between sepsis and NFkB activation. In a recent animal
study, LPS administration resulted in NFkB activation in
several organs, associated with an increase in both lung
tissue mRNA and protein expression of a variety of NFkBregulated cytokines, including TNF-a and IL-6.13 As
oxidative stress regulates NFkB activation and evidence
of such stress has been demonstrated in patients with sepsis,
it is likely that increased NFkB, and hence upregulation of
cytokines, will occur in these patients.
Indeed, several studies have now demonstrated
increased NFkB activity in isolated leucocytes from
patients with sepsis or SIRS, associated with nonsurvival.5 16 76 Bohrer and colleagues16 reported that
increased NFkB activity was comparable to the Acute
Physiology and Chronic Health Evaluation (APACHE II)
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Fig 3 A schematic diagram showing NFkB activation and regulation. LPS=lipopolysaccharide; CYTO=proin¯ammatory cytokines; ROS=reactive
oxygen species; NFkB=nuclear factor kB; NIK=NFkB inducible kinase; IkB=inhibitory protein IkB; TNF-a=tumour necrosis factor a;
IL-1b=interleukin-1b; IL-10=interleukin-10.

score as a predictor of outcome and mortality from
sepsis. These ®ndings were con®rmed by Arnalich and
colleagues,5 who found that NFkB activity was signi®cantly higher in non-survivors and correlated strongly
with APACHE II score. These authors also found that,
of the cytokines they measured, only IL-1 receptor
antagonist (IL-1ra) was of value in predicting mortality,
although this is an anti-in¯ammatory mediator with no
known effects exerted via NFkB. However, Paterson and
colleagues76 reported increased mononuclear cell NFkB
activation in critically ill patients who died, which was
inhibitable by treatment with the antioxidant N-acetylcysteine. Circulating levels of IL-8 but not IL-6 or
intracellular adhesion molecule 1 (ICAM-1) were also
decreased in patients receiving N-acetylcysteine.77 IL-8
has been shown to be regulated at the transcriptional
level by NFkB.68
A number of agents have been employed in both the
experimental and clinical settings with the aim of reducing
oxidative stress, thus inhibiting activation of transcription
factors (mainly NFkB) and hence attenuating the in¯ammatory response.

Interventions to regulate gene expression
The clear evidence for oxidative stress in sepsis and the link
with in¯ammatory gene expression has provided a founda-

tion for intervention to either reduce oxidative stress or
inhibit transcriptional activation.

Strategies to enhance endogenous antioxidant
defences
Glutathione

N-acetylcysteine is a sulphydryl donor which can replete
intracellular GSH by donating cysteine; however, the GSH
synthesis enzymes are necessary. GSH monoester does not
require gGCS or glutathione synthetase. N-acetylcysteine
also has direct antioxidant activity7 and has been safely used
to treat acetaminophen overdose for two decades.95 In
animal studies, increased survival on exposure to endotoxin,
decreased cytokine and adhesion molecule expression,
decreased oxidative stress and inhibition of NFkB have
been demonstrated in response to administration of
N-acetylcysteine. Pretreatment with N-acetylcysteine before
endotoxin administration resulted in decreased NFkB
activation,14 lower TNF-a release and increased survival.104
However, in a murine caecal ligation and puncture model of
sepsis, improved survival after N-acetylcysteine treatment
was not associated with lower TNF-a or increased liver
GSH content.97 Administration of N-acetylcysteine along
with a-tocopherol (vitamin E) suppressed NFkB activation36 and with vitamin E and b-carotene it reduced
lipid peroxidation and restored GSH levels in endotoxic
rats.54 In a rat model of lung injury, N-acetylcysteine
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decreased lipid peroxidation and reduced the expression of
several in¯ammatory mediators.28
In the clinical setting, N-acetylcysteine alone and in
combination with other antioxidants has been shown to have
variable results. In a randomized, placebo-controlled trial,
Paterson and colleagues77 found a reduction in mononuclear
leucocyte NFkB activation after infusion of N-acetylcysteine in patients with sepsis, associated with decreases
in cytokines. An earlier acute study, in which N-acetylcysteine was administered in conjunction with ascorbic acid and
a-tocopherol in patients with septic shock, did not investigate NFkB, and neither total antioxidant capacity nor lipid
peroxidation was changed.42 More recently, Ortolani and
colleagues74 randomized patients with early septic shock to
receive either placebo, i.v. GSH or GSH plus N-acetylcysteine. Administration of high doses of N-acetylcysteine plus
GSH signi®cantly decreased markers of oxidative stress
(expiration of ethane and lipid peroxidation). Other
randomized clinical trials have been undertaken employing
N-acetylcysteine in septic shock.78 88 Although Spapen and
colleagues88 did show a signi®cant improvement in
oxygenation and static lung compliance at 24 h and reduced
IL-8 levels in N-acetylcysteine-treated patients, in none of
these trials was survival improved. However, these small
studies were not powered to detect changes in mortality.
Decreased plasma selenium and glutathione peroxidase
activity have been shown in patients with sepsis, and two
small clinical studies of selenium repletion have been
reported.3 44 In both reports, selenium administration was
associated with a decrease in organ failure scores, notably a
reduction in the incidence of acute renal failure requiring
haemodialysis. However, inspection of these reports suggests that they may be describing the same study, the later
report published in English3 and the earlier in German.44 A
commentary which accompanied the later paper also
highlighted the fact that the study was not blinded, and
that there were differences in the distribution of infecting
organisms and other imbalances between the patients who
received selenium and those who did not.73
Vitamins

another study using infusion of live bacteria, mortality
was only improved in guinea-pigs receiving high doses of
vitamin E; high doses of vitamin C did not improve
survival.79 Circulating concentrations of vitamin C are
markedly depleted in patients with sepsis.18 41 42 85
Markedly different handling of infused ascorbate compared
with healthy subjects was reported,41 and administration of
vitamin C in conjunction with other antioxidants failed to
ameliorate free radical-mediated damage.42
There have been several studies which have reported low
circulating vitamin E (a-tocopherol) levels in sepsis. A
steady decrease in circulating a-tocopherol levels in plasma
was reported in a pig septic shock model in both survivor and
non-survivor animals. This was accompanied by a simultaneous increase in plasma 8-iso-prostaglandin F2a, a marker of
oxidative injury, and these levels increased steadily in the
animals which died.9 Low vitamin E concentration associated with evidence of oxidative stress has also been reported
in patients.45 94 Vitamin E derivatives have been shown to
inhibit NFkB activation in vitro.33 93 Suzuki and Packer93
found that both a-tocopherol acetate and a-tocopherol
succinate inhibited TNF-a-induced NFkB activation in a
T-cell line, whereas Erl and colleagues33 found that only atocopherol succinate caused a reduction in NFkB activation
in human endothelial cells. a-Tocopherol did not inhibit
NFkB in either study. Vitamin E has been shown to be
protective in reducing the effects of oxidative stress in sepsis
in a number of animal studies (reviewed by Goode and
Webster).46 High doses of vitamin E reduced mortality in
guinea-pigs infused with live bacteria, as described above.79
Monocytes from a-tocopherol-supplemented human volunteers were found to have signi®cantly suppressed responses
to LPS,31 but clinical studies are limited. In conjunction with
other antioxidants, vitamin E had little effect.42 The practicality of giving vitamin E i.v. in critically ill patients is a
problem; these authors used an i.m. preparation (Ephynal)
supplied by Roche,42 but allergic reactions to the solvent
(Cremophore) can occur. The alternative route would be
enteral; this approach has been used in animals.
Large molecular weight proteins

Vitamin C (ascorbic acid) is a powerful electron donor,
reacting with both superoxide and hydroxyl radicals. Ex vivo
studies demonstrated regulation of cellular activity by
exogenous ascorbic acid, in that the increased adherence
of, and superoxide anion production by, macrophages from
mice with endotoxic shock were lower in the presence of
ascorbic acid.96 In a rat caecal ligation and puncture model,
exogenous administration of ascorbic acid protected against
compromised microvascular perfusion. In vitro studies
showed that ascorbic acid inhibited the replication of
bacteria and prevented hydrogen peroxide injury to cultured
microvascular endothelial cells.4 In guinea-pigs, which, like
humans, cannot synthesize their own vitamin C, administration of endotoxin rapidly depleted vitamin C stores;
repletion prevented oxidative damage.81 However, in

Administration of albumin in patients with sepsis was
shown to lead to a sustained increase in plasma thiols, which
are known to have antioxidant effects and may therefore be
bene®cial.80 However, other parameters and outcomes were
not reported; this is especially important considering the
controversies surrounding the Cochrane systematic review
of human albumin administration in the critically ill,26
which suggested that albumin administration may increase
mortality in this group of patients.

Synthetic antioxidant agents
Dimethylsulphoxide

The potent antioxidant agent dimethyl sulphoxide (DMSO)
has been found to regulate transcription factor activation in
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septic rats. Pretreatment with DMSO before induction of
sepsis inhibited hepatic NFkB activation and ICAM-1 gene
expression.22 A subsequent study in which DMSO was
administered after the septic challenge also reported reduced
transcriptional activation and ICAM-1 gene expression.23
DMSO has been studied in man in the treatment of
intracranial hypertension.65 As well as cautioning its use,
the authors highlighted the mechanical dif®culties in the
administration of DMSO because of its solvent properties,
with the resultant tendency to dissolve standard i.v. infusion
systems.
Lazaroids

Lazaroids are 21-aminosteroid drugs which have potent
anti-in¯ammatory and antioxidant properties. In rats they
have been shown to suppress sepsis-induced increases in
renal vascular resistance and improve renal blood ¯ow via
free radical scavenging and altered arachidonic acid
metabolism.56 57 Improved hepatic blood ¯ow and preserved sinusoidal endothelial cell function and structure
were also shown in a dog endotoxic shock model.89 In mice,
lazaroids suppressed proin¯ammatory gene activation in
endotoxin-induced shock via the inhibition of NFkB
activation, and this was shown to be mediated through
inhibition of IkB degradation.38 72 The suggestion from
these animal studies is that lazaroids may have a role in the
prevention or treatment of sepsis-related organ failure.
However, a role, if any, for lazaroids in the management of
clinical sepsis remains far from being elucidated.
Pyrrolidine dithiocarbamate

Pyrrolidine dithiocarbamate (PDTC) is a water-soluble, low
molecular weight substance which has antioxidant properties. It has been shown to inhibit NFkB activation in rat and
mouse models of septic shock by preventing LPS-induced
IkBa degradation, with subsequent inhibition of NFkB
subunit translocation to the nucleus, resulting in reduced
expression of type II nitric oxide synthase, TNF-a and other
mediators.58 60 61 62 Reduced mortality in PDTC-treated
septic mice was attributed to both a direct antioxidant effect
in addition to NFkB inhibition.66 Again, studies involving
this treatment in the clinical setting are awaited, so a role, if
any, for PDTC remains unclear.
Other agents

Tempol, the natural antioxidants NAO (a water-soluble
antioxidant puri®ed from spinach) and apocynin, dimethylthiourea, phenyl-N-tert-butylnitrone (PBN), MDL
101,002 (a novel cyclized variant of PBN with increased
antioxidant activity) and dihydroxychlorodihydrochalcone
(DCDC) are all compounds with antioxidant and free radical
scavenging ability. Tempol was found to attenuate the
degree of multiple organ failure induced experimentally by
zymosan (which enhances the formation of reactive oxygen
species) in rats secondarily to its free radical scavenging
activity.29 NAO and apocynin pretreatment before an LPS
challenge improved survival in a study of oxidative stress in

the rat heart.11 Dimethylthiourea decreased TNF and NFkB
activity and improved survival in two rat models of Gramnegative sepsis, despite having weak hydrogen peroxidescavenging ability.90 PBN inhibited the LPS-mediated
increase in NFkB DNA binding activity in cultured mice
macrophages,55 inhibiting type II NOS induction.
Furthermore, pretreatment with PBN in an LPS-induced
rat septic shock model resulted in attenuation of NFkB and
AP-1 activation, with suppression of proin¯ammatory
cytokine expression and upregulation of anti-in¯ammatory
IL-10 expression.83 MDL 101,002 decreased organ dysfunction and mortality caused by LPS in a rat model of sepsis, in
association with marked inhibition of TNF secretion.32
Finally, in a study of LPS-induced murine macrophages the
free radical scavenger DCDC inhibited IkBa degradation
and NFkB activation, resulting in decreased nitric oxide
production.52 There have been no studies in man.

Non-antioxidant transcriptional inhibitors
A number of other NFkB inhibitors have been studied in the
laboratory and animal settings. Some of these are known to
inhibit NFkB at a particular site in its activation pathway,
whereas the inhibition of NFkB by other agents is less
speci®c. Agents which are known to inhibit NFkB in the
setting of induced in¯ammation and sepsis include activated
protein C,102 antisense oligonucleotides to the p65 subunit
of NFkB,84 steroids,24 38 protease inhibitors,1 86 D-amino
acid peptide,37 glucans (which also appear to inhibit nuclear
factor-IL-6),103 vasoactive intestinal peptide and pituitary
adenylate cyclase-activating polypeptide.30 Theoretically,
the inhibition of NFkB by these agents may interrupt the
overexpression of in¯ammatory mediators seen in sepsis.
However, the clinical situation in the critically ill is
complex, and such interventions in the treatment of sepsis
have proved disappointing thus far. Clinical applications are
still awaited for these novel therapies.

Conclusion
The spectrum of cellular insult and host damage seen in
sepsis occurs as a result of a dysregulated immunoin¯ammatory response to an infective stimulus. A complex
molecular network exists which transduces this stimulus and
ultimately promotes gene expression with the resultant
(over)expression of in¯ammatory mediators. This occurs
via the modulation of a number of intracellular pathways
and the nuclear translocation and gene binding of transcription factors, including NFkB. NFkB appears to have a
central role in the pathophysiology of sepsis, and ®rm
evidence exists for the upregulation of NFkB activity in
human sepsis. However, NFkB appears to have dual and
opposing roles in sepsis, being involved in both in¯ammatory mediator production and antioxidant synthesis and
regulation. Therefore, further investigation is needed to
clarify the precise role of this transcription factor in sepsis.
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Cellular injury can be promoted by reactive oxygen (and
nitrogen) species, formed when endogenous antioxidant
defences are overcome and redox imbalance occurs, with the
resultant state of oxidative stress. Indeed, considerable
evidence now exists for redox imbalance and oxidative
stress in human sepsis. Furthermore, the regulation of NFkB
appears to be at least in part attributable to the redox state of
the cell. Thus, oxidative stress may be involved in cellular
injury in sepsis through both direct and indirect mechanisms.
However, most of the evidence for this redox regulation of
NFkB is based indirectly upon the inhibition of NFkB by
antioxidants. Conclusive direct evidence is awaited.
A number of agents have been used experimentally in both
animal models of sepsis and human sepsis, with the aim of
combating the products of oxidative stress and modulating
transcription factor activation. Alterations in NFkB activation and/or markers of oxidative damage have been
demonstrated in the use of a number of antioxidant therapies.
N-acetylcysteine in particular has been the focus of a number
of studies. However, no antioxidant therapy to date has been
shown to improve survival in human sepsis, although it is our
view that a properly powered study may indeed indicate
bene®t. The prospect of ®nding the ideal therapeutic
antioxidant agent increases as the quest to elucidate the
precise cellular and molecular interactions in sepsis continues
to yield intriguing information. In particular, it is becoming
apparent that a number of key mediators in sepsis have
variable actions and interactions depending on the precise
circumstances, a fact largely unrealized until recently.
Carefully targeted modulation of redox balance, notably
NFkB, may yet have a role in the future treatment of sepsis.

References
1 Abate A, SchroÈder H. Protease inhibitors protect macrophages
from lipopolysaccharide-induced cytotoxicity: possible role for
NF-kB. Life Sci 1998; 62: 1081±8
2 Abraham E. NF-kB activation. Crit Care Med 2000; 28: N100±4
3 Angstwurm MWA, Schottdorf J, Schopohl J, Gaertner R.
Selenium replacement in patients with severe systemic
in¯ammatory response syndrome improves clinical outcome.
Crit Care Med 1999; 27: 1807±13
4 Armour J, Tyml K, Lidington D, Wilson JX. Ascorbate prevents
microvascular dysfunction in the skeletal muscle of the septic rat.
J Appl Physiol 2001; 90: 795±803
5 Arnalich F, Garcia-Palomero E, LoÂpez J, et al. Predictive value of
nuclear factor kB activity and plasma cytokine levels in patients
with sepsis. Infect Immun 2000; 68: 1942±5
6 Arrigo A-P. Gene expression and the thiol redox state. Free Radic
Biol Med 1999; 27: 936±44
7 Aruoma OI, Halliwell B, Hoey BM, Butler J. The antioxidant
action of N-acetylcysteine: its reaction with hydrogen peroxide,
hydroxyl radical, superoxide, and hypochlorous acid. Free Radic
Biol Med 1989; 6: 593±7
8 Barnes PJ. Nuclear factor-kB. Int J Biochem Cell Biol 1997; 29:
867±70
9 Basu S, Eriksson M. Vitamin E in relation to lipid peroxidation in
experimental septic shock. Prostaglandins Leukot Essent Fatty Acids
2000; 62: 195±9

230

10 Batra S, Kumar R, Seema, Kapoor AK, Ray G. Alterations in
antioxidant status during neonatal sepsis. Ann Trop Paediatr 2000;
20: 27±33
11 Ben-Shaul V, Lomnitski L, Nyska A, Zurovsky Y, Bergman M,
Grossman S. The effect of natural antioxidants, NAO and
apocynin, on oxidative stress in the rat heart following LPS
challenge. Toxicol Lett 2001; 123: 1±10
12 Blackwell TS, Christman JW. The role of nuclear factor-kB in
cytokine gene regulation. Am J Respir Cell Mol Biol 1997; 17: 3±9
13 Blackwell TS, Yull FE, Chen C-L, et al. Multiorgan nuclear factor
kappa B activation in a transgenic mouse model of systemic
in¯ammation. Am J Respir Crit Care Med 2000; 162: 1095±101
14 Blackwell TS, Blackwell TR, Holden EP, Christman BW,
Christman JW. In vivo antioxidant treatment suppresses
nuclear factor-kB activation and neutrophilic lung in¯ammation.
J Immunol 1996; 157: 1630±7
15 Blunck R, Scheel O, MuÈller M, Brandenburg K, Seitzer U, Seydel
U. New insights into endotoxin-induced activation of
macrophages: involvement of a K+ channel in transmembrane
signaling. J Immunol 2001; 166: 1009±15
16 BoÈhrer H, Qiu F, Zimmermann T, et al. Role of NFkB in the
mortality of sepsis. J Clin Invest 1997; 100: 972±85
17 Bone RC, Balk RA, Cerra FB, et al. De®nitions for sepsis and
organ failure and guidelines for the use of innovative therapies in
sepsis. The ACCP/SCCM Consensus Conference Committee.
American College of Chest Physicians/Society of Critical Care
Medicine. Chest 1992; 101: 1644±55
18 Borrelli E, Roux-Lombard P, Grau GE, et al. Plasma
concentrations of cytokines, their soluble receptors, and
antioxidant vitamins can predict the development of multiple
organ failure in patients at risk. Crit Care Med 1996; 24: 392±7
19 Bouchon A, Dietrich J, Colonna M. Cutting edge: in¯ammatory
responses can be triggered by TREM-1, a novel receptor
expressed on neutrophils and monocytes. J Immunol 2000;
164: 4991±5
20 Bouchon A, Facchetti F, Weigand MA, Colonna M. TREM-1
ampli®es in¯ammation and is a crucial mediator of septic shock.
Nature 2001; 410: 1103±7
21 Carbonell LF, Nadal JA, Llanos MC, HernaÂndez I, Nava E, DõÂaz J.
Depletion of liver glutathione potentiates the oxidative stress
and decreases nitric oxide synthesis in a rat endotoxin shock
model. Crit Care Med 2000; 28: 2002±6
22 Chang CK, Llanes S, Schumer W. Inhibitory effect of dimethyl
sulfoxide on nuclear factor-kB activation and intercellular
adhesion molecule 1 gene expression in septic rats. J Surg Res
1999; 82: 294±9
23 Chang CK, Albarillo MV, Schumer W. Therapeutic effect of
dimethyl sulfoxide on ICAM-1 gene expression and activation of
nf-kB and AP-1 in septic rats. J Surg Res 2001; 95: 181±7
24 Chang CK, Llanes S, Schumer W. Effect of dexamethasone on
NF-kB activation, tumour necrosis factor formation, and glucose
dyshomeostasis in septic rats. J Surg Res 1997; 72: 141±5
25 Christman JW, Lancaster LH, Blackwell TS. Nuclear factor kB: a
pivotal role in the systemic in¯ammatory response syndrome
and new target for therapy. Intensive Care Med 1998; 24: 1131±8
26 Cochrane Injuries Group Albumin Reviewers. Human albumin
administration in critically ill patients: systemic review of
randomised controlled trials. BMJ 1998; 317: 235±40
27 Cowley HC, Bacon PJ, Goode HF, Webster NR, Jones JG,
Menon DK. Plasma antioxidant potential in severe sepsis: a
comparison of survivors and nonsurvivors. Crit Care Med 1996;
24: 1179±83
28 Cuzzocrea S, Mazzon E, Dugo L, et al. Protective effects of

Oxidative stress and gene expression in sepsis

29

30

31
32
33

34

35

36
37
38
39
40
41
42
43
44
45

46
47

n-acetylcysteine on lung injury and red blood cell modi®cation
induced by carrageenan in the rat. FASEB J 2001; 15: 1187±200
Cuzzocrea S, McDonald MC, Mazzon E, et al. Bene®cial effects of
tempol, a membrane-permeable radical scavenger, on the
multiple organ failure induced by zymosan in the rat. Crit Care
Med 2001; 29: 102±11
Delgado M, Munoz-Elias EJ, Gomariz RP, Ganea D. Vasoactive
intestinal peptide and pituitary adenylate cyclase-activating
polypeptide prevent inducible nitric oxide synthase
transcription in macrophages by inhibiting NF-kB and IFN
regulatory factor 1 activation. J Immunol 1999; 162: 4685±96
Devaraj S, Li D, Jialal I. The effects of alpha tocopherol
supplementation on monocyte function. J Clin Invest 1996; 98:
756±63
Downs TR, Dage RC, French JF. Reduction in endotoxin-induced
organ dysfunction and cytokine secretion by a cyclic nitrone
antioxidant. Int J Immunopharmacol 1995; 17: 571±80
Erl W, Weber C, Wardemann C, Weber PC. Alpha-tocopheryl
succinate inhibits monocytic cell adhesion to endothelial cells by
suppressing NF-kappa B mobilization. Am J Physiol 1997; 273:
H634±40
Faure E, Thomas L, Xu H, Medvedev AE, Equils O, Arditi M.
Bacterial lipopolysaccharide and IFN-g induce Toll-like receptor
2 and Toll-like receptor 4 expression in human endothelial cells:
role of NF-kB activation. J Immunol 2001; 166: 2018±24
Forceville X, Vitoux D, Gauzit R, Combes A, Lahilaire P,
Chappuis P. Selenium, systemic immune response syndrome,
sepsis, and outcome in critically ill patients. Crit Care Med 1998;
26: 1536±44
Fox ES, Brower JS, Bellezzo JM, Leingang KA. N-Acetylcysteine
and a-tocopherol reverse the in¯ammatory response in
activated rat Kupffer cells. J Immunol 1997; 158: 5418±23
Fujihara SM, Cleaveland JS, Grosmaire LS, et al. A D-amino acid
peptide inhibitor of NF-kB nuclear localization is ef®cacious in
models of in¯ammatory disease. J Immunol 2000; 165: 1004±12
Fukuma K, Marubayashi S, Okada K, Yamada K, Kimura A, Dohi
K. Effect of lazaroid U-74389G and methylprednisolone on
endotoxin-induced shock in mice. Surgery 1999; 125: 421±30
Galley HF, Davies MJ, Webster NR. Xanthine oxidase activity
and free radical generation in patients with sepsis syndrome. Crit
Care Med 1996; 24: 1649±53
Galley HF, Webster NR. Elevated serum bleomycin-detectable
iron concentrations in patients with sepsis syndrome. Intensive
Care Med 1996; 22: 226±9
Galley HF, Davies MJ, Webster NR. Ascorbyl radical formation
in patients with sepsis: effect of ascorbate loading. Free Radic Biol
Med 1996; 20: 139±43
Galley HF, Howdle PD, Walker BE, Webster NR. The effects of
intravenous antioxidants in patients with septic shock. Free Radic
Biol Med 1997; 23: 768±74
Galley HF, Webster NR. The immuno-in¯ammatory cascade. Br J
Anaesth 1996; 77: 11±16
Gartner R, Angstwurm MW, Schottdorf J. Selenium
administration in sepsis patients. Med Klin 1997; 92: 12±14
Goode HF, Cowley HC, Walker BE, Howdle PD, Webster NR.
Decreased antioxidant status and increased lipid peroxidation in
patients with septic shock and secondary organ dysfunction. Crit
Care Med 1995; 23: 646±51
Goode HF, Webster NR. Free radicals and antioxidants in sepsis.
Crit Care Med 1993; 21: 1770±6
Grif®th OW. Biologic and pharmacologic regulation of
mammalian glutathione synthesis. Free Radic Biol Med 1999; 27:
922±35

231

48 Guha M, Mackman N. LPS induction of gene expression in human
monocytes. Cell Signal 2001; 13: 85±94
49 Gutteridge JMC. Lipid peroxidation and antioxidants as
biomarkers of tissue damage. Clin Chem 1995; 41: 1819±28
50 Gutteridge JMC, Mitchell J. Redox imbalance in the critically ill. Br
Med Bull 1999; 55: 49±75
51 Handel ML, Watts CKW, deFazio A, Day RO, Sutherland RL.
Inhibition of AP-1 binding and transcription by gold and selenium
involving conserved cysteine residues in Jun and Fos. Proc Natl
Acad Sci USA 1995; 92: 4497±501
52 Huang YC, Guh JH, Cheng ZJ. Inhibitory effect of DCDC on
lipopolysaccharide-induced nitric oxide synthesis in RAW 264.7
cells. Life Sci 2001; 68: 2435±47
53 Inohara N, Ogura Y, Chen FF, Muto A, NunÄez G. Human Nod1
confers responsiveness to bacterial lipopolysaccharides. J Biol
Chem 2001; 276: 2551±4
54 Kheir-Eldin AA, Motawi TK, Gad MZ, Abd-ElGawad HM.
Protective effect of vitamin E, b-carotene and N-acetylcysteine
from the brain oxidative stress induced in rats by
lipopolysaccharide. Int J Biochem Cell Biol 2001; 33: 475±82
55 Kotake Y, Sang H, Miyajima T, Wallis GL. Inhibition of NF-kB,
iNOS mRNA, COX2 mRNA, and COX catalytic activity by
phenyl-N-tert-butylnitrone (PBN). Biochim Biophys Acta 1998;
1448: 77±84
56 Krysztopik RJ, Bentley FR, Spain DA, Wilson MA, Garrison RN.
Free radical scavenging by lazaroids improves renal blood ¯ow
during sepsis. Surgery 1996; 120: 657±62
57 Krysztopik RJ, Matheson PJ, Spain DA, Garrison RN, Wilson MA.
Lazaroid and pentoxifylline suppress sepsis-induced increases in
renal vascular resistance via altered arachidonic acid metabolism.
J Surg Res 2000; 93: 75±81
58 Lauzurica P, MartõÂnez-MartõÂnez S, Marazuela M, et al. Pyrrolidine
dithiocarbamate protects mice from lethal shock induced by LPS
or TNF-a. Eur J Immunol 1999; 29: 1890±900
59 Li N, Karin M. Is NF-kB the sensor of oxidative stress? FASEB J
1999; 13: 1137±43
60 Liu SF, Ye X, Malik AB. In vivo inhibition of nuclear factor-kB
activation prevents inducible nitric oxide synthase expression
and systemic hypotension in a rat model of septic shock.
J Immunol 1997; 159: 3976±83
61 Liu SF, Ye X, Malik AB. Pyrrolidine dithiocarbamate prevents IkB degradation and reduces microvascular injury induced by
lipopolysaccharide in multiple organs. Mol Pharmacol 1999; 55:
658±67
62 Liu SF, Ye X, Malik AB. Inhibition of NF-kB activation by
pyrrolidine dithiocarbamate prevents in vivo expression of
proin¯ammatory genes. Circulation 1999; 100: 1330±7
63 Lyons J, Rauh-Pfeiffer A, Ming-Yu Y, et al. Cysteine metabolism
and whole blood glutathione synthesis in septic pediatric
patients. Crit Care Med 2001; 29: 870±7
64 Malmezat T, BreuilleÂ D, Capitan P, Patureau Mirand P, Obled C.
Glutathione turnover is increased during the acute phase of
sepsis in rats. J Nutr 2000; 130: 1239±46
65 Marshall LF, Camp PE, Bowers SA. Dimethyl sulfoxide for the
treatment of intracranial hypertension: a preliminary trial.
Neurosurgery 1984; 14: 659±63
66 Meisner M, Schmidt J, Schywalsky M, Tschaikowsky K. In¯uence
of pyrrolidine dithiocarbamate on the in¯ammatory response in
macrophages and mouse endotoxin shock. Int J
Immunopharmacol 2000; 22: 83±90
67 Meyer M, Schreck R, Baeuerle PA. H2O2 and antioxidants have
opposite effects on activation of NF-kappa B and AP-1 in intact
cells: AP-1 as secondary antioxidant-response factor. EMBO J
1993; 12: 2005±15

Macdonald et al.

68 Mukaida N, Okamoto S, Ishikawa Y, Matsushima K. Molecular
mechanism of interleukin-8 gene expression. J Leukoc Biol 1994;
56: 554±8
69 Mumby S, Margarson M, Quinlan GJ, Evans TW, Gutteridge JMC.
Is bleomycin-detectable iron present in the plasma of patients
with septic shock? Intensive Care Med 1997; 23: 635±9
70 Nathan AT, Singer M. The oxygen trail: tissue oxygenation. Br
Med Bull 1999; 55: 96±108
71 NeÂmeth I, Boda D. Xanthine oxidase activity and blood
glutathione redox ratio in infants and children with septic
shock syndrome. Intensive Care Med 2001; 27: 216±21
72 Okada K, Marubayashi S, Fukuma K, Yamada K, Dohi K. Effect of
the 21-aminosteroid on nuclear factor-kB activation of Kupffer
cells in endotoxin shock. Surgery 2000; 127: 79±86
73 Opal SM. Selenium replacement in severe systemic in¯ammatory
response syndrome. Crit Care Med 1999; 27: 2042±3
74 Ortolani O, Conti A, Raffaele de Gaudio A, Moraldi E, Cantini Q,
Novelli G. The effect of glutathione and N-acetylcysteine on
lipoperoxidative damage in patients with early septic shock. Am J
Respir Crit Care Med 2000; 161: 1907±11
75 Pascual C, Karzai W, Meier-Hellmann A, et al. Total plasma
antioxidant capacity is not always decreased in sepsis. Crit Care
Med 1998; 26: 705±9
76 Paterson RL, Galley HF, Dhillon JK, Webster NR. Increased
nuclear factor kB activation in critically ill patients who die. Crit
Care Med 2000; 28: 1047±51
77 Paterson RL, Galley HF, Webster NR. The effect of Nacetylcysteine on nuclear factor kB activation, interleukin-6,
interleukin-8 and intercellular adhesion molecule-1 expression in
patients with sepsis. Crit Care Med 2002; in press
78 Peake SL, Moran JL, Leppard PI. N-acetyl-L-cysteine depresses
cardiac performance in patients with septic shock. Crit Care Med
1996; 24: 1302±10
79 Peck MD, Alexander JW. Survival in septic guinea pigs is
in¯uenced by vitamin E, but not by vitamin C in enteral diets.
JPEN J Parenter Enteral Nutr 1991; 15: 433±6
80 Quinlan GJ, Margarson MP, Mumby S, Evans TW, Gutteridge
JMC. Administration of albumin to patients with sepsis
syndrome: a possible bene®cial role in plasma thiol repletion.
Clin Sci 1998; 95: 459±65
81 Rojas C, Cadenas S, Herrero A, MeÂndez J, Barja G. Endotoxin
depletes ascorbate in the guinea pig heart. Protective effects of
vitamins C and E against oxidative stress. Life Sci 1996; 59:
649±57
82 Salvo I, de Cian W, Musicco M, et al. The Italian SEPSIS study:
preliminary results on the incidence and evolution of SIRS,
sepsis, severe sepsis and septic shock. Intensive Care Med 1995;
21: S244±9
83 Sang H, Wallis GL, Stewart CA, Kotake Y. Expression of
cytokines and activation of transcription factors in
lipopolysaccharide-administered rats and their inhibition by
phenyl n-tert-butylnitrone (PBN). Arch Biochem Biophys 1999;
363: 341±8
84 Schlaak JF, Barreiros AP, Pettersson S, Schirmacher P, Meyer
zum
BuÈschenfelde
KH,
Neurath
MF.
Antisense
phosphorothioate oligonucleotides to the p65 subunit of NFkB abrogate fulminant septic shock induced by S. typhimurium in
mice. Scand J Immunol 2001; 54: 396±403
85 Schorah CJ, Downing C, Piripitsi A, et al. Total vitamin C,
ascorbic acid, and dehydroascorbic acid concentrations in plasma
of critically ill patients. Am J Clin Nutr 1996; 63: 760±5

86 Schow SR, Joly A. N-acetyl-leucinyl-leucinyl-norleucinal inhibits
lipopolysaccharide-induced NF-kB activation and prevents TNF
and IL-6 synthesis in vivo. Cell Immunol 1997; 175: 199±202
87 Sen CK, Packer L. Antioxidant and redox regulation of gene
transcription. FASEB J 1996; 10: 709±20
88 Spapen H, Zhang H, Demanet C, Vleminckx W, Vincent JL,
Huyghens L. Does N-acetyl-L-cysteine in¯uence cytokine
response during early human septic shock? Chest 1998; 113:
1616±24
89 Spapen H, Zhang H, Wisse E, et al. The 21-aminosteroid
U74389G enhances hepatic blood ¯ow and preserves sinusoidal
endothelial cell function and structure in endotoxin-shocked
dogs. J Surg Res 1999; 86: 183±91
90 Sprong RC, Aarsman CJM, van Oirschot JFLM, van Asbeck BS.
Dimethylthiourea protects rats against Gram-negative sepsis and
decreases tumor necrosis factor and nuclear factor kB activity. J
Lab Clin Med 1997; 129: 470±81
91 Stewart MS, Spallholz JE, Neldner KH, Pence BC. Selenium
compounds have disparate abilities to impose oxidative stress
and induce apoptosis. Free Radic Biol Med 1999; 26: 42±8
92 Sun Y, Oberley LW. Redox regulation of transcriptional
activators. Free Radic Biol Med 1996; 21: 335±48
93 Suzuki YJ, Packer L. Inhibition of NF-kB activation by vitamin E
derivatives. Biochem Biophys Res Commun 1993; 193: 277±83
94 Takeda K, Shimada Y, Amano M, et al. Plasma lipid peroxides and
alpha-tocopherol in critically ill patients. Crit Care Med 1984; 12:
957±9
95 Vale JA, Proudfoot AT. Paracetamol (acetaminophen) poisoning.
Lancet 1995; 346: 547±52
96 Victor VV, Guayerbas N, Puerto M, Medina S, De la Fuente M.
Ascorbic acid modulates in vitro the function of macrophages
from mice with endotoxic shock. Immunopharmacology 2000; 46:
89±101
97 Villa P, Ghezzi P. Effect of N-acetyl-L-cysteine on sepsis in mice.
Eur J Pharmacol 1995; 292: 341±4
98 Voehringer DW. BCL-2 and glutathione: alterations in cellular
redox state that regulate apoptosis sensitivity. Free Radic Biol Med
1999; 27: 945±50
99 Wang P, Wu P, Siegel MI, Egan RW, Billah MM. Interleukin (IL)10 inhibits nuclear factor kB (NFkB) activation in human
monocytes. J Biol Chem 1995; 270: 9558±63
100 Webster NR, Nunn JF. Molecular structure of free radicals and
their importance in biological reactions. Br J Anaesth 1988; 60:
98±108
101 Weinberg ED. Is bleomycin-detectable iron present in the
plasma of patients with sepsis syndrome? Intensive Care Med
1997; 23: 613±14
102 White B, Schmidt M, Murphy C, et al. Activated protein C
inhibits lipopolysaccharide-induced nuclear translocation of
nuclear factor kB (NF-kB) and tumour necrosis factor a
(TNF-a) production in the THP-1 monocytic cell line. Br J
Haematol 2000; 110: 130±4
103 Williams DL, Ha T, Li C, Kalb¯eisch JH, Laffan JJ, Ferguson DA.
Inhibiting early activation of tissue nuclear factor-kB and nuclear
factor interleukin 6 with (1®3)-b-D-glucan increases long-term
survival in polymicrobial sepsis. Surgery 1999; 126: 54±65
104 Zhang H, Spapen H, Nguyen DN, Benlabed M, Buurman WA,
Vincent JL. Protective effects of N-acetyl-L-cysteine in
endotoxaemia. Am J Physiol 1994; 266: H1746±54
105 Zimmerman JJ. De®ning the role of oxyradicals in the
pathogenesis of sepsis. Crit Care Med 1995; 23: 616±17

232

