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SYMPOSIUM: Role of Inflammation Following Stroke and Neurotrauma
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Nuclear factor kappa B (NF-«kB) is a protein tran-
scription factor that is required for maximal tran-
scription of a wide array of pro-inflammatory media-
tors that are involved in the pathogenesis of stroke.
The purpose of this review article is to describe what
is known about the molecular biology of NF NF-xB
and to review current understanding of the interac-
tion between reactive oxygen species (ROS) in NF-
kB. ROS seem to play a duel role by participating in
the NF-kB activation cascade and by directly modu-
lating DNA binding affinity. Exogenous and endoge-
nous antioxidants are effective in blocking activation
of NF-kB and preventing the consequences of pro-
inflammatory gene expression. Phase Il enzymes
either directly or indirectly play a major in vivo role
in minimizing oxidative stress by scavenging perox-
ides, peroxide breakdown products and dicarbonyls
and in regeneration of lipid peroxidation chain-
breaker, vitamin E. Dietary phase Il enzyme inducers
have been demonstrated to increase phase Il
enzyme activities in a variety of tissues. These data,
together, suggest that phase Il enzyme inducers
could have therapeutic value for ameliorating inflam-
matory conditions.

Introduction

Nuclear factor kappa B (NF-kB) is a protein tran-
scription factor that is required for maximal transcrip-
tion of a wide array of pro-inflammatory molecules
which are thought to be important in the generation of
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acute inflammation; such molecules include cell adhe-
sion molecules such as intercellular adhesion molecule-
1 (ICAM-1), enzymes such as inducible nitric oxide
synthase (iINOS) and cycloxygenase-2 (COX-2),
cytokines such as interleukin-18 (IL-1B), interleukin-6
(IL-6) and tumour necrosis factor-a (TNFa), and
chemokines such as regulated upon normal T-cell
expressed and secreted protein (RANTES), monocytes
chemoattractant protein-1(MCP-1), interleukin-8 (IL-8)
(8, 14). Since these pro-inflammatory molecules are
predominantly regulated at the level of transcription, by
inference, NF-kB is a critical intracellular mediator of
the inflammatory cascade. Most reported studies on the
role of NF-kB activation in the inflammatory process
have employed in vitro cell culture systems, e.g., (27,
60). Recently, data from animal models suggest involve-
ment of NF-kB in cerebral ischemia-reperfusion injury
(11) and response to neurotrauma (6). Enhanced NF-«B
activation seems to be involved in the pathogenesis of
human cerebral infarction (73), and Alzhemier dementia
(9, 36) where activation of NF-«B is correlated with
increased COX-2 gene expression (40). Additional data
suggest that the atherosclerotic lesion is associated with
activation of NF-«B (10). These accumulating data sup-
port the thesis that activation of NF-kB contributes to
inflammatory disorders associated with the human
brain.

The purpose of this review is to describe what is
known about the molecular biology of NF-kB and to
review information regarding the role of reactive oxygen
species (ROS) in the activation of NF-kB. ROS- medi-
ated activation of NF-kB with production of NF-xB
dependent inflammatory mediators may be important in
the pathogenesis of tissue injury in focal brain ischemia
(20) and other disease states. Critical aspects of the cel-
lular response to oxidative stress will be reviewed with
considerations given to potential therapeutic avenues to
prevent activation of NF-«B.
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Molecular biology of NF-xkB

NF-«kB is a DNA hinding protein that interacts with
the enhancing domain of target genes in the configura-
tion of a dimer of two members of the NF-
kB/Rel/Dorsal (NRD) family of proteins (48). Although
there are five known NRD members, RelA (also called
p65), cRel, RelB, p50 (also called NF-kB1) and p52
(also called NF-kB2), the classical dimer is composed
of p50 and RelA. Both subunits of this heterodimer con-
tact DNA but only RelA contains a transactivation
domain that activates transcription by an interaction
with the basal transcription apparatus (62). In unstimu-
lated cells, NF-kB is sequestered in the cytoplasm
because of an interaction with a member of the inhibito-
ry (IkB) family. There are six known members of the
kB family, IkBa, 1kBp, IkBy, and Bcl-3, and p100 and
p105 (the precursors for p50 and p52, respectively) (3).
All members of the IkB family contain an ankyrin
repeat domain that is required for association and inhi-
bition of NF-«kB. Following cell stimulation, 1kB is
phosphorylated, polyubiquinated, and degraded by the
26S proteasome. kB degradation unmasks nuclear
localization peptide sequence signals (NLS) that allow
NF-kB to be transocated to the nucleus, where NF-xB
binds to a cognate DNA sequence (5'-
GGGPUNNPyPyCC-3') and activates gene transcrip-
tion.

Though awide variety of stimuli can activate NF-xB,
among the most potent inducers are gram-negative
endotoxin or lipopolysaccharide (LPS), TNF-«, and IL-
1B which activate NF-xB via receptor-dependent signal
transduction that involves specific intracellular protein-
protein interactions. A wide array of receptor-inde-
pendent stimuli, including uv radiation, physical stress
or deformation, ischemia-reperfusion, and exposure to

H,O,, are capable of activating NF-«B but the mecha
nism is unknown. A simplified version of the key events
that link receptor dependent signaling to NF-«B activa-
tion is shown in Figure 1. As indicated above, NF-«B
activation results from signaled phosphorylation and
proteolytic degradation of 1kB by the proteasome. The
IkB kinase (IKK) signalsome consists of IKKa and
IKKB and other proteins which function to catalyze
phosphorylation of serine residues on both 1kBa and
IkBp. Activation of the IKK signalsome also requires a
phosphorylation event that is mediated by NF-kB induc-
ing kinase, or NIK.

A possible role for oxidative stress in activation of
NF-«B

Reactive oxygen species (ROS), including hydrogen
peroxide, superoxide anion and the hydroxyl radical
have been implicated in the pathogenesis of most
inflammatory diseases including cerebral vascular dis-
ease. Since pro-inflammatory molecules are involved in
the pathogenesis of these inflammatory diseases, inter-
actions between ROS and NF-«B might be a component
of the intracellular signaling process that leads to acti-
vation. Four areas of evidence indicate that NF-kB acti-
vation is linked to the generation of ROS. First, treat-
ment with hydrogen peroxide directly activates NF-xB
in some cdls (17, 63). In addition, overexpression of
superoxide dismutase (SOD), the enzyme that converts
superoxide anion to hydrogen peroxide, enhances the
TNFa-induced activation of NF-kB (61). There is one
report, however, that in SOD over-expressing transgenic
mice there is attenuation of NF-kB activation in
macrophages (49). Second, most of the known stimuli
for NF-kB activation, including LPS, TNFq, and IL-13,
produce oxidative stress in cells (29, 70). Third, treat-

Figure 1. (Opposing page) TNF-a binds to the type 1 TNF receptor (TNFR1), which results in an association with TNFR1 associat-
ed death domain protein (TRADD), the receptor-interacting protein (RIP), and the TNF receptor-associated factor-2 (TRAF-2). These
cytoplasmic proteins form an active signaling complex that interacts with NF-kB-inducing kinase (NIK). Activation of NIK results in
phosphorylation of 1B kinases (IKK), which cause phosphorylation IkB. Phosphorylated IkB is targeted is targetted for destruction
by the ubiquination/proteosome degradation pathway, allowing the translocation of NF-kB to the nucleus. IL-1 binds to the type 1 IL-
1 receptor (IL-1R1) and the IL-1 receptor accessory protein (IL-1RAcP) which facilitates an interaction between IL-1 receptor-asso-
ciated kinase (IRAK) and TNR receptor-associated factor-6 (TRAF-6). The interaction between IRAK and TRAF-6 can also be trig-
gered by endotoxin (LPS). LPS binds with high affinity to CD-14, and to Toll-like Receptor 2 (TLR2). These proteins form an active
signally complex that also result in activation of NIK and IKK leading to the sequence of events that results in activation of NF-«B.
Activation of NF-«B results in expression of mMRNA of a variety of pro-inflammatory mediators which are involved in the pathogene-
sis of lung inflammation. kB is also induced by NF-kB activation and contributes to the down-regulation of this intracellular signaling
cascade. Also depicted are the potential points in this intracellular cascade where reactive oxygen species (ROS) modulate the acti-
vation process. Any process that increases intracellular ROS, like TNF, IL-1 or H,O,, might influence the activity of NIK or the IKK sig-
nalsome. An interrupted line links ROS , NIK, and IKK because this point of interaction has not been proven. Modulation of the
sulfhydryl (SH) group in the conserved Cys® in RelA and p50 by cellular redox can dramatically alter DNA binding, oxidation (-S-SR)
decreases binding affinity while a reductive process (-SH) is critical for strong NF-«B binding to DNA. This sulfhydryl group is shown
in the cytoplasm in the oxidized state (-S-SR) and in the nucleus in the reduced state (SH) to correspond with effects on binding activ-
ity.
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ment with N-acetylcysteine (NAC), a-lipoic acid, mem-
brane permeable hydroxyl scavengers, metallothionein
and the iron chelator, PDTC, blocks NF-kB activation
that isinduced by awide variety of stimuli, e.g., (17, 52,
59, 71). These antioxidants are also effective in attenu-
ating inflammation in rodent models of neutrophilic
lung and cerebral inflammation (7, 11, 30, 38, 66).
Fourth, overexpression of catalase (61), an enzyme that
scavenges hydrogen peroxide, as well as overexpression
of glutathione peroxidase (37), an enzyme that scav-
enges hydrogen peroxide as well as organic peroxides
using glutathione (GSH) as the electron donor, inhibits
the cytokine-induced activation of NF-«B. Further, over
expression of y-glutamylcysteine synthetase, the rate-
limiting enzyme for GSH synthesis attenuates TNFa-
induced NF-«B activation (41).

These observations, together, suggest that ROS act as
a common second messenger following cellular expo-
sure to agents that induce NF-«B activation (22).
However, the common point of the interaction between
ROS on the NF-kB activation pathway has not been
completely defined (see Figure 1). The most like sce-
nario is that ROS promote the activation pathway by
activating a critical redox-sensitive kinase, probably
NIK or the IKK signalsome since these molecules lead
to phosphorylation of critical serine residues in kB,
resulting in liberation of cytoplasmic RelA/p50 het-
erodimers. However, the exact biochemical nature of the
interaction between ROS and kinase activity of IKKa,
IKKB, or NIK has not yet been delineated. It is possible,
though not proven, that the redox state of critical cys-
teine residues could reversibly modulate kinase activity
and regulates NF-kB activation.

Besides NIK and IKK signalsome, a second potential

point of impact of ROS on the NF-xB activation path-
way has been suggested using cell-freein vitro systems.
These studies have shown that redox changes can have a
direct effect on DNA binding activity. The N-termina
region of NRD proteins, including p5S0 and RelA, con-
tain a cysteine residue at position 62 (Cys®) which is
critical for DNA binding activity but is not essential for
dimerization or interaction with 1kB family members
(43, 44, 76). While mutation of Cys®? to Ser does not
affect DNA-binding activity, mutation to Asp markedly
impairs DNA binding activity in response to redox
changes (50). This implies that the conserved Cys® in
the N-terminal region of NRD homology domain is sus-
ceptible to redox changes that govern binding activity to
DNA. Modulation of the sulfhydryl (SH) group in Cys®
by celular redox can dramatically alter DNA binding.
Oxidation (-S-SR) decreases binding affinity while a
reductive process (-SH) is critical for strong NF-«B
binding to its cognate DNA sequence(44). These obser-
vations suggest that cellular oxidative stress has a para-
doxical action on NF-kB by facilitating activation yet
inhibiting DNA binding activity (71). Under conditions
of oxidative stress, the sulfhydryl group of Cys* should
be in oxidized state in the cytoplasm, but conversion to
the reduced state must occur in the nucleus in order for
strong DNA binding to occur. Technological limitations
will need to be overcome before thisin vitro observation
can be confirmed in whole animal or human studies.

Role of GSH in the management of oxidative stress
That overexpression of +y-glutamylcysteine syn-
thetase attenuates cytokine-induced activation of NF-xB
(41) points to a potentia therapeutic approach to mini-
mize inflammatory responses. To consider this requires

Figure 2. (Opposing page) The many roles of glutathione (GSH) in the management of oxidative stress. Outlined are some of the
sources of oxidative stress and mechanisms used by the cell to minimize oxidative stress. To avoid clutter, no attempt has been made
to balance the equations. Superoxide anion can interact with the nitric oxide radical (reaction 1) to give rise to peroxynitrous acid.
Peroxynitrous acid gives rise to strong oxidants such as the hydroxyl radical and the nitrogen dioxide radical (reaction 2). Superoxide
anion is dismutated by the enzyme superoxide dismutase (SOD) to hydrogen peroxide (reaction 3). Transition metal ions can convert
hydrogen peroxide to the hydroxyl anion and the hydroxyl radical (reaction 4). The most efficient way to scavenge hydrogen perox-
ide (reaction 5) is catalyzed by the enzyme glutathione peroxidase (GPx) that requires GSH as the electron donor. The oxidized-glu-
tathione (GSSG) is normally reduced back to GSH (reaction 6) by the enzyme glutathione reductase (GRed) that uses NADPH as
the electron donor. Strong oxidants such as the hydroxyl or nitrogen dioxide radical can extract an electron from a polyunsaturated
fatty acid (LH) to give rise to a carbon-centred lipid radical (reaction 7). Such a lipid radical can interact with molecular oxygen to give
rise to a lipid peroxyl radical (reaction 8) that in turn can interact with another polyunsaturated fatty acid giving rise to another car-
bon-centred lipid radical, hence initiating a chain of lipid peroxidations (reaction 9) that results in many of the polyunsaturated fatty
acids of cell membranes to form lipid hydroperoxides (10). Such lipid hydroperoxides can interact with transition metal ions to form
new lipid peroxyl radicals (reaction 11). Lipid peroxyl radicals are normally reduced by vitamin E (TOH) resulting in the formation of
a lipid hydroperoxide and a vitamin E radical (reaction 12). The vitamin E radical is reduced by ascorbic acid (AscH,) and the oxi-
dized ascorbate is reduced by GSH (reaction 13). Lipid hydroperoxides can also break down into aldehydes such the strong oxidant
4-hydroxynonenal (reaction 14) that is rendered into an innocuous glutathiyl adduct (reaction 15) by the phase Il enzyme glutathione
S-transferase (GST). Lipid hydroperoxides are reduced to alcohols and molecular oxygen (reaction 16) by GPx using GSH as the
electron donor. Note the many critical roles that GSH plays in the scavenging of strong oxidants.
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a brief review of some of the critical roles that GSH
playsin the management of oxidative stress (note Figure
2). This has been reviewed in depth elsewhere (33, 34).

One of the sources of oxidative stress is the incom-
plete reduction of oxygen to the superoxide anion.
During normal metabolism approximately 3% of oxy-
gen is incompletely reduced to the superoxide anion
(18), this is increased when there is prolonged rises in
intracellular Ca® due to futile mitochondrial Ca*
cycling (58). The CNS, which is only about 2% of the
body mass, consumes 20% of basal oxygen usage (67);
hence, even in the absence of perturbation there is a
large amount of superoxide anion being produced. Other
sources of superoxide anion such asthe respiratory burst
of leukocytes (13) are reviewed in (33, 34). Although
relatively innocuous, the superoxide anion can interact
with other compounds such as the nitric oxide radical
(reaction 1) to give rise to peroxynitrous acid (69) which
gives rise to strong oxidants (reaction 2) that can readi-
ly oxidize macromolecules such as polyunsaturated
fatty acids (reaction 7). For this and other reasons it is
important for cellsto scavenge superoxide anions; thisis
done via superoxide dismutase (reaction 3) where super-
oxide anions are converted to hydrogen peroxide (19).
Hydrogen peroxide, although arelatively weak oxidant,
in the presence of transition metal ions can be converted
to the strong oxidant, the hydroxyl radical (24) (reaction
4). The most efficient means of scavenging hydrogen
peroxide is mediated by the selenoprotein glutathione
peroxidase (GPx) (79). GPx can scavenge both hydro-
gen peroxide (reaction 5) as well as organic peroxides
(reaction 16). Furthermore, peroxide scavenging
requires GSH as the electron donor, with increasing effi-
ciency of peroxide scavenging with increasing cellular
GSH concentration (12). Normally, the oxidized-glu-
tathione (GSSG) is reduced by glutathione reductase
(GRed) using NADPH as the electron donor (reaction
6). Under conditions of severe oxidative stress, much of
the GSSG formed reacts with protein sulfhydryls form-
ing glutathiyl-protein adducts (65); thus, the cell
becomes very dependent upon de novo synthesis for the
formation of GSH.

Since free transition metal ionstend to be localized at
polyanionic sites such phospholipids of cell membranes,
one of the major problems associated with the produc-
tion of strong oxidants such as the hydroxyl radical is
oxidation of polyunsaturated fatty acids (24). Asseen in
reaction 7 of Figure 2, the extraction of an electron from
an unsaturated lipid by a strong oxidant results in the
formation of a carbon-centred lipid radical that can

interact with molecular oxygen to form a lipid peroxyl
radical (reaction 8) that in turn can interact with an
unsaturated lipid forming a new carbon-centred lipid
radical as well as alipid peroxide. The initiation of this
peroxidation chain reaction (reaction 9) will rapidly
convert the majority of unsaturated lipids to lipid
hydroperoxides.

Lipid peroxidation creates many problems for the
cells. Not least of which is that membrane function is
greatly atered (45, 57, 77). The lipid peroxides can
interact with transition metal ions giving rise to new
lipid peroxyl (reaction1l) or alkoxyl radicals that can
initiate new rounds of lipid peroxidation. It is essential
for the cell to scavenge lipid radicals. Thisis most effi-
ciently done by scavenging (reaction 12) of lipid perox-
yl radicals by vitamin E (TOH) with the endproducts
being a lipid hydroperoxide and a vitamin E radical.
Although the vitamin E radical isinnocuous, it is neces-
sary to reduce theradical to vitamin E to enable the vita-
min E molecule to scavenge another lipid peroxyl radi-
cal. The reduction of the vitamin E radical is mediated
by ascorbic acid (51), which is oxidized in the process.
GSH plays a mgjor role in reducing oxidized-ascorbate
(reaction 13) (46). This is a second major means by
which GSH plays an important role in minimizing
oxidative stress.

Lipid peroxides can break down to giveriseto avari-
ety of harmful molecules. Such molecules include pro-
inflammatory isoprostanoids (39, 42) and aldehydes
(16) including strong oxidants (reaction 14) such as 4-
hydroxynonena (68). «,B-Unsaturated aldehydes such
as 4-hydroxynonenal are scavenged by the formation of
a glutathiyl adducts catalyzed by various glutathione S-
transferases (GSTs) (23, 32). GSTs have aso been
shown to form glutathiyl adducts with lipid epoxides
and hydroperoxides (86). Scavenging of lipid peroxida-
tion productsis athird major means whereby GSH plays
an important role in minimizing oxidative stress.

Oxidative stress al so promotes the formation of high-
ly reactive dicarbonyls from sugars (82). GSH also plays
acritical role here since scavenging of dicarbonylsisvia
the GSH-dependent glyoxalase system (74).

Even with the brief outline above, it is clear that GSH
plays many important rolesin the management of oxida-
tive stress. As noted earlier, during tissue oxidative
stress GSSG forms glutathiyl-protein adducts (65) and
thus de novo synthesis of GSH becomes of importance
in the minimization of oxidative stress following a per-
turbation.
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Phase Il enzyme induction as a potential therapeutic
approach

The rate-limiting enzyme in GSH synthesis, y-glu-
tamyl-cysteine synthase (47), is a phase Il enzyme (21,
83). Further, the GSTs are aso phase Il enzymes (25,
53, 55). The overall function of phase Il enzymesisthe
elimination of strongly electrophilic compounds. The
transcription of phase Il enzymesis under the control of
the antioxidant (or electrophile) response element (31,
54, 55). Antioxidant response element-mediated expres-
sion is activated by a protein complex that is comprised
of Nrfl and Nrf2 proteins in conjunction with either
small Maf or Jun proteins (28, 80). Activation of this
transcriptional complex is mediated by certain elec-
trophilic compounds known as phase Il enzyme induc-
ers. Such inducers include Michael reaction acceptors
such as a,B-unsaturated aldehydes (75), diphenols that
can be oxidized to Michael acceptor quinone groups
(56) and hydroperoxides (55). Further, depletion of
GSH augments inducer activity suggesting that redox
aterations mediate part of the activation of the tran-
scriptional complex (85).

Phase || enzyme inducers can be encountered in our
diet. Such inducers include: the phytoestrogens genis-
tein present in high amounts in soy flour and enterolac-
tone, a metabolite of the major lignan secoisolari-
cidiglucoside present in flax seeds (81); the flavonoid
kaempferol (78) found in high amounts in certain cru-
cifers (26); the isothiocyanate sulforaphane found in
high amounts in certain crucifers (85); the polyphenolic
ellagic acid (4) found in high amounts in strawberries
and raspberries (15); and green tea polyphenolics (35).
Since most of the research on such phase Il enzyme
inducers have been carried out on cultured cells, the
question arises whether dietary intake of such com-
pounds can increase phase |l enzyme activities in tis-
sues. Dietary intake of 2(3)-tert-butyl-4-hydroxyanisole
(5, 72), soy flour (2), green tea polyphenolics (35),
ellagic acid (1), and the isothiocyanate sulforaphane
(84) increase phase |l enzyme activities in a variety of
tissues, athough the CNS was not examined in these
studies. In only one of the above studies was the effect
of a phase Il enzyme inducer on GSH levels examined
and here it was demonstrated that intake of 2(3)-tert-
butyl-4-hydroxyanisole caused an increase in liver GSH
which was more pronounced in female than male mice
(64). 2(3)-Tert-butyl-4-hydroxyanisole is metabolized to
tert-butylhydroquinone, a classical phase Il enzyme
inducer (56).

That phase Il enzyme inducers can increase phase |
enzyme activity suggests that they ought to be investi-

gated for their therapeutic potential to minimize oxida-
tive stress and thereby minimize the activation of NF-xB
and hence, ameliorate the inflammatory response fol-
lowing insult to the CNS.

Concluding remarks

The various speakers at the 5" Altschul Symposium
have clearly outlined that inflammation is a major factor
causing tissue damage in a variety of disease processes
including stroke, neurotrauma, and acute respiratory
distress syndrome. There is an abundance of evidence
that acute inflammatory responses are mediated by acti-
vation of NF-kB. In this review we have outlined the
mechanisms of activation of NF-kB and demonstrated
that involvement of a strong oxidant plays arole in the
activation of NF-kB. A consideration of the pathways
that lead to strong oxidant production demonstrates the
critical roles GSH and GSTs play in minimizing oxida-
tive stress. This suggests that elevating GSH and GSTs
in tissues experiencing perturbations should tend to
minimize oxidative stress and, hence, ameliorate the
inflammatory response. Since the rate-limiting enzyme
for GSH synthesis and GSTs are phase || enzymes, we
suggest that phase Il enzyme inducers be investigated
for their therapeutic potential. One would anticipate that
since these compounds can be encountered in our diet,
there might well be minimal side-effects when these
compounds are used therapeutically.
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