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Abstract—The transcription factor, nuclear factor-kB (NF-kB) has been studied extensively due to its prominent role
in the regulation of immune and inflammatory genes, apoptosis, and cell proliferation. It has been known for more that
a decade that NF-kB is a redox-sensitive transcription factor. The contribution of redox regulation and the location of
potential redox-sensitive sites within the NF-kB activation pathway are subject to intense debate due to many conflicting
reports. Redox regulation of NF-kB has been extensively addressed in this journal and the reader is referred to two
comprehensive reviews on the subject [1,2]. With the identification of signaling intermediates proximal to the
degradation of the inhibitor, IkB, the number of potential redox-sensitive sites is rapidly increasing. The purpose of this
review is to address recent insights into the NF-kB signaling cascades that are triggered by proinflammatory cytokines
such as TNF-a and IL-1b. In addition, the role of nitrogen monoxide (•NO) in the regulation of NF-kB will be reviewed.
Opportunities for redox regulation that occur upstream of IkB-a degradation, as well as the potential for redox control
of phosphorylation of NF-kB subunits, will be discussed. Redox-sensitive steps are likely to depend on the nature of the
NF-kB activator, the type of reactive oxygen or nitrogen species involved, the selectivity of signaling pathways
activated, as well as the cell type under investigation. Lastly, it is discussed how redox regulation of NF-kB activation
is likely to involve multiple subcellular compartments. © 2000 Elsevier Science Inc.

Keywords—NF-kB, Redox, Nitrogen monoxide, Signaling, Mitogen-activated protein kinases, Protein kinase A,
Phosphoinositide-3-kinase, Free radicals

INTRODUCTION

Investigations that have led to the elucidation of NF-kB
activation pathways have frequently utilized cytokines

including tumor necrosis factor-a (TNF-a) and interleu-
kin-1b (IL-1b) as stimulants. These studies have led to
the identification of the much sought after kinases that
control degradation of the inhibitor molecule IkB-a. The
use of model cytokines has also led to observations that
direct phosphorylation of the DNA-binding form of
NF-kB contributes to the transactivation potential of the
transcription factor. An enhanced understanding of how
cytokines activate NF-kB DNA–binding and transacti-
vating potential will likely provide valuable insight on
how redox events may potentially control the activity of
NF-kB both under normal physiological conditions and
in disease states. In this review, the stuctural and func-
tional characteristics of NF-kB will be overviewed, re-
cently discovered kinase pathways that control IkB deg-
radation and NF-kB transactivation will be described,
and the current understanding of redox regulation of
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NF-kB activation will be addressed, focusing on redox
regulation of NF-kB by nitrogen monoxide (•NO).
Lastly, experimental approaches that are needed to fur-
ther address the contribution of redox regulation in acti-
vation of NF-kB will be proposed.

Structural and functional characteristics of NF-kB

NF-kB is a transcriptional regulator that consists of
homo- and heterodimers of proteins of the Rel family
(for recent reviews, see [3–7]). Five members of this
family have been identified to date and include p65
(RelA), p50/p105, c-Rel, p52/p100, and RelB. These
proteins share structural features and contain a conserved
N-terminal sequence called the Rel-homology domain
(RHD) consisting of 300 amino acids. The RHD is
necessary for homo- and heterodimerization, DNA bind-
ing, nuclear localization, and interaction with the inhib-
itory subunits called IkB proteins.

NF-kB is maintained as a latent form in the cytoplasm
of cells where it is complexed to IkB inhibitor proteins.
Seven members of the IkB family of proteins have been
identified and include IkB-a, IkB-b, IkB-e, Bcl-3, p100/
IkB-d, p105/ IkB-g, IkB-R. IkB proteins contain multi-
ple copies of 30–33 amino acid sequences termed
ankyrin repeats that mediate the interaction with Rel
proteins. Molecular structures of IkB/NF-kB complexes
were recently revealed [8–11] and have been reviewed
[12,13]. The interaction of NF-kB with IkB masks the
nuclear localization signal and retains NF-kB in the
cytoplasm in a latent form [3–7]. Upon activation of
NF-kB, IkB is phosphorylated by IkB kinases (IKK) at
two conserved serine residues in the N-terminus, which
targets the protein for ubiquitination and degradation by
the 26S proteasome [4]. Degradation of IkB unmasks the
nuclear localization signal of NF-kB, which allows for a
rapid translocation of NF-kB into the nucleus where it
binds avidly to DNA (Fig. 1A). NF-kB proteins bind a
DNA motif with the consensus sequence GGGRN-
NYYCC, where R5 purine, N5 any base, and Y5
pyrimidine. Based upon this consensus sequence, 128
NF-kB binding motifs are possible, which may be pref-
erentially recognized by the various dimeric NF-kB
complexes. Curiously, NF-kB can also bind specifically
to DNA sequences that share little similarity with the
consensus motif, further expanding the repertoire of
genes under transcriptional control by NF-kB [14].

The number of genes transcriptionally regulated by
NF-kB continues to expand, and includes genes that
regulate inflammation and immune responses, viral rep-
lication, nitric oxide production (see below), cell-cell
interactions, apoptosis, proliferation, etc. (for reviews,
see [1–7,15]).

Of particular interest are reports demonstrating that
activation of NF-kB confers a survival signal to many
cells. For instance, cells resistant to killing by TNF-a,
radiation, or chemotherapeutics can be sensitized by
blocking NF-kB activation using a construct referred
to as the IkB-a super-repressor. This construct con-
tains mutations of serines 32 and 36 or is lacking the
entire N-terminus, thereby rendering this molecule
refractory to phosphorylation by IKKs and subsequent
proteasome-dependent degradation. Expression of
such IkB mutants stably sequesters NF-kB in the
cytoplasm, thereby preventing NF-kB dependent gene
activation. The NF-kB– dependent survival signal re-
quires transcriptional activation of genes that include
Bcl-2, Bcl-X [16], inhibitor of apoptosis protein genes
(c-IAP-1, c-IAP-2, etc.) [17], the function of which are
still under investigation, and potentially manganese-
containing superoxide dismutase [18].

Findings that NF-kB activation or overexpression was
associated with tumorigenesis and metastasis, suggested
a role for this transcription factor in the regulation of cell
cycle progression. Recent work from the laboratory of A.
Baldwin has shed important light on this role when it was
demonstrated that NF-kB activation is important in nor-
mal cell cycle progression, at least in part via the tran-
scriptional regulation of cyclin D1 [14].

The activity of NF-kB is controlled by the transcrip-
tional upregulation of its own inhibitor, IkB-a through
numerous NF-kB binding motifs in the IkB-a gene pro-
moter [19]. New expression of IkB-a disengages NF-kB
from DNA, due to a change of conformation of p65 [3],
and sequesters it in the cytoplasm, possibly through the
contribution of the nuclear export signal (NES) present
in IkB [20], or exposure of the recently identified puta-
tive NES of RelA [21]. Sequestration of NF-kB by newly
synthesized IkB-a limits prolonged activation of NF-kB
and will cause rapid downregulation of NF-kB–con-
trolled genes. Interestingly, in response to certain stimuli
in specific cell types, the IkB family member IkB-b
plays a prominent role in mediating the prolonged acti-
vation of NF-kB. After degradation of the existing pool
of IkB-b, newly expressed unphosphorylated IkB-b can
bind NF-kB [22]. This IkB-b is a less efficient substrate
for IKK- a in comparison to IkB-a [23,24]. Hypophos-
phorylated IkB-b is considered a chaperone that protects
NF-kB from binding IkB-a. NF-kB complexed with
unphosphorylated IkB-b can still enter the nucleus, bind
to DNA and activate transcription. By this mechanism,
IkB-b can override IkB-a activity and allow for a pro-
longed DNA binding and transcriptional activity of
NF-kB [22].
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Fig. 1.Pathways that contribute to the activation of NF-kB. (A) Activation of IkB kinases cause site specific phosphorylation of
IkB and lead to proteasome-dependent degradation of IkB. (B) Phosphorylation of IkB-a at tyrosine 42 causes dissociation of
IkB not associated with degradation via the proteasome pathway. Subsequent activation of NF-kB ensues via a pathways that
involves PI-3 kinase. (C) Activation of NF-kB by the PKA pathway involves phosphorylation of p65 at serine 276. (D)
TNF-induced phosphorylation of p65 at serine 529 augments the transcriptional activity of NF-kB, which occurs independently
of IkB degradation. (E) Stimulus-induced recruitment of transcriptional coactivators within the nucleus augments the transcrip-
tional activity of NF-kB. (F) Contribution of MAPKs to the activation of NF-kB. MAPKs likely regulate IkB degradation as well
as the transcriptional activity of NF-kB in the nucleus.
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Regulation of IkB via IkB kinases (IKK)

NF-kB activation is observed in response to a wide
variety of agents that include viruses, cytokines, immune
modulators, inorganic compounds, chemotherapeutics,
endoplasmic reticulum stressors, oxidants, etc. [3–7,15].
The diversity of stimulants to which it is responsive
illustrates that NF-kB is a versatile transcription factor
that regulates many aspects of cellular stress. Because
most NF-kB–activating stimuli cause inducible degrada-
tion of IkB via phosphorylation of two serine residues in
the N-terminal portion of the protein, the identification of
the kinases that cause inducible phosphorylation of IkB
had been an area of intense investigation. Experimental
approaches that employed the cytokine TNF-a as a
model NF-kB activator resulted in the molecular cloning
of IkB kinases in 1997 [23–29].

Binding of TNF-a to its receptor (TNFR-1) leads to
the recruitment of the TRADD/TRAF-2 adapter com-
plexes. In some cell types, this causes the localization
and activation of NF-kB–inducing kinase (NIK), which
in turn associates with the IKKs. Similarly, binding of
IL-1b to its receptor leads to the association of the
TRAF-6, IL-1 receptor accessory protein (IL-1RacP), the
adapter protein Myd88, as well as the activation of two
serine threonine kinases named IL-1 receptor-associated
kinases (IRAK 1 and 2) [4,30]. Assembly of this com-
plex induces its association with IKKs.

IKK was originally purified as an approximately 700
kDa complex containing multiple proteins [31]. Follow-
ing extensive chemical purification [23,25,26] or as a
result of a yeast two-hybrid screening for proteins inter-
acting with NIK [24,27], several laboratories identified
the kinases that inducibly phosphorylate IkB at serines
32 and 36. Several IKK subunits exist: the catalytic
subunits IKK-a, IKK- b, and the regulatory subunit IKK
(also known as NF-kB essential modulator [NEMO])
[32]. The core IKK complex consists of a heterodimer of
IKK- a and IKK-b and two IKK-g subunits. IKK-a and
-b mediate the phosphorylation of IkB, whereas IKK-g
links the core to the upstream signaling molecules (see
[29] for review). In addition, another protein called IKK-
complex-associated protein (IKAP) was found to associ-
ate with members of the IKK complex and is thought to
act as a scaffold protein [33]. Although homodimeric
complexes of IKK-a or IKK-b can be formed in vitro, it
is thought that in cells IKKs exist primarily as het-
erodimeric complexes and that phosphorylation of
IKK- b is required for activation of the complex. The
activity of the IKK complex ultimately mediates the
inducible phosphorylation of IkB-a at serines 32 and 36
and of IkB-b at serines 19 and 23 [29]. Phosphorylated
IkB-a or IkB-b are targeted for polyubiquitination of

adjacent lysines followed by degradation through the
26S proteasome (Fig. 1A).

Gene targeting approaches that knocked out IKK-a or
IKK- b in mice have revealed that IKK-b, not IKK-a, is
required for the activation of IKK in response to proin-
flammatory stimuli. In embryos of IKK-b knockout an-
imals, the activation of NF-kB in response to cytokines
was abolished. Furthermore, massive apoptosis of liver
cells occurred and mice died at embryonic days 12–13
[34]. This phenotype is identical to that of p65 knockout
mice [35]. In contrast, IKK-a–deficient mice die after
birth and display a plethora of developmental abnormal-
ities reflective of an inability of keratinocytes to prolif-
erate and differentiate, as well as a defect in interdigital
apoptosis. IKK-a -/- mice undergo normal activation of
NF-kB in response to cytokine stimulation [36]. These
studies demonstrate the unique functional and regulatory
roles of IKK-a and -b. Although tremendous progress
has been made regarding the components of the IKK
complex, its physiologic regulation by upstream activa-
tors, including NIK or MEKK-1 [29,37], or agents that
affect the cellular redox state, remains poorly understood
and an area of active investigations.

A few reports have emerged that examined the acti-
vation of IKKs in certain models of oxidative stress.
Ionizing radiation, but not ultraviolet C (UVC) radiation,
caused activation of IKKs in HeLa cells [38]. As was
expected, ionizing radiation, but not UVC, caused deg-
radation of IkB-a. Both stresses however enhanced
NF-kB DNA–binding activity, illustrating that nuclear
translocation can occur independent of IkB-a degrada-
tion [38]. Additionally, UVC was shown to activate
NF-kB in both an IKK-independent and IKK-dependent
fashion, contingent upon the timeframe of exposure [39].
The authors of this study report that acute exposure to
UVC causes NF-kB activation independent of IKK ac-
tivation or IkB degradation, similar to observations de-
scribed above. However, prolonged exposure to UVC
causes a second wave of NF-kB activation that is depen-
dent on IKK activation and IkB-a degradation. This
second wave is associated with release of IL-1b which,
in an autocrine or paracrine fashion, activates NF-kB.
The authors refer to IL-1b as an alarmone that may be
critical in transducing some signals in response a variety
of stresses [39]. This is an important concept that is often
not considered when studying redox regulation of NF-kB
and may explain some of the discrepancies that currently
exist in the literature.

Regulation of IkB-a via tyrosine phosphorylation

In addition to inducible phosphorylation of serines 32
and 36 of IkB-a, other sites of the IkB-a molecules are
also subject to both constitutive as well as inducible
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phosphorylations. For instance, casein kinase 2 (CK-2)
constitutively phosphorylates serine 293 of IkB-a and
appears to be required for the turnover of free IkB-a
[40]. Similarly, IkB-b is phosphorylated by CK-2 at
serines 313 and 315 [41].

A site potentially important for inducible phosphory-
lation is tyrosine 42 of IkB-a. In response to the oxidant
and tyrosine phosphatase inhibitor, pervanadate, or hyp-
oxia/ reoxygenation, tyrosine phosphorylation of IkB-a
occurred instead of serine 32 and 36 phosphorylation,
preceding the activation of NF-kB [42]. Tyrosine 42–
phosphorylated IkB-a also results in dissociation of
IkB-a from NF-kB, but not its subsequent degradation
(Fig. 1B). Tyrosine 42–phosphorylated IkB-a is not rec-
ognized by the proteasome, and interactions with a Src
homology 2 (SH2) domain-containing protein may be
responsible for mediating the dissociation of NF-kB and
IkB-a [42]. To address the function of tyrosine 42 of
IkB-a in further detail, a tyrosine 42–phosphorylated
IkB-a peptide was employed in order to determine
whether specific proteins associate through SH2 (ty-
rosine kinase) domain interactions [43]. These studies
revealed that the regulatory subunit of phosphoinositide
3 (PI-3)-kinase (p85) specifically associates with ty-
rosine 42–phosphorylated IkB-a in vitro and in vivo
after treatment of T lymphocytes with pervanadate. Fur-
thermore, the catalytic p110 subunit of PI-3-kinase also
contributed to NF-kB activation by pervanadate, evident
from the inhibition of NF-kB DNA binding and reporter
gene induction by the PI-3-kinase inhibitor, wortmannin
[43]. The exact mechanisms by which PI-3-kinase regu-
lates NF-kB activation are unclear but may be exerted
via the phosphorylation of nuclear p65, as is discussed
below (Fig. 1B).

Importantly, coexposure of Jurkat T cells to pervana-
date plus TNF-a protected IkB-a from degradation that
is normally observed in response to TNF-a. Pervanadate
and TNF-a cotreatment also resulted in a synergistic
activation of an NF-kB–driven luciferase reporter gene,
illustrating enhancement of TNF-a signaling under con-
ditions where tyrosine phosphorylation of IkB-a occurs
[43]. Similar synergisms between oxidant and cytokine
or oxidant and phorbol ester–induced reporter gene ex-
pression have been observed in numerous cell types,
although tyrosine phosphorylation of IkB-a was not re-
ported in those studies [44–46]. In contrast, pervanadate
treatment of U937 cells resulted in IkB-a tyrosine 42-
phosphorylation, which blocked NF-kB activation in re-
sponse to TNF-a, possibly by preventing phosphoryla-
tion of serines 32 and 36 [47].

Although the studies reviewed above point to an im-
portant role of tyrosine 42 in regulating the function of
IkB-a, its exact role in regulating the activation of

NF-kB in response to different stresses in different cell
types still is under investigation.

Regulation of the NF-kB transactivation potential via
DNA-binding subunit phosphorylation

Nearly all inducible transcription factors that translo-
cate to the nucleus are also subject to posttranslational
modification in order to regulate their activity. For in-
stance, inducible phosphorylation of residues 63 and 73
of c-Jun by c-Jun-N-terminal kinase (JNK) enhances the
transcriptional activation potential of c-Jun [48]. Simi-
larly, evidence has emerged that NF-kB is also subject to
post-translational modification by phosphorylation,
which enhances its transactivating potential. Numerous
pathways have been identified that can regulate the tran-
scriptional activation potential of NF-kB via phosphor-
ylation. For instance, the laboratory of S. Ghosh has
demonstrated that the catalytic subunit of protein kinase
A (PKA) is contained within the inactive NF-kB–IkB
complex. Degradation of IkB causes activation of PKA
in a cAMP independent manner, which, in turn, phos-
phorylates serine 276 of p65 and thereby enhances its
transcriptional activity [49] (Fig. 1C). Inhibition of PKA
activity in cells stimulated with the NF-kB inducers LPS
or the phorbol ester PMA plus the lectin phytohemag-
glutinin potently inhibits the transcriptional activation by
NF-kB. The inhibition of the transcriptional activation
potential of NF-kB after inhibition of PKA occurs in the
absence of changes in DNA binding activity [49] and is
one of many examples that DNA binding activity does
not necessarily reflect transactivation potential, a concept
frequently ignored in reports that assess redox regulation
of NF-kB.

As is described above, activation of PI-3-kinase may
play a prominent role in the activation of NF-kB in
certain models, including oxidative stress. NF-kB is sub-
ject to phosphorylation by PI-3-kinase, which may ac-
count for an increased transcriptional activity of the
protein. Recent data demonstrate that the IL-1b–medi-
ated activation of PI-3-kinase is responsible for NF-kB
activation and that this requires phosphorylation of p65
by the catalytic subunit (p110) of PI-3-kinase [50].
Moreover, overexpression of the PI-3-kinase–activated
kinase AKT also induces p65-mediated transactivation
[50]. The downstream effectors of PI-3-kinase and AKT
that mediate phosphorylation of p65 and the site(s) of
phosphorylation remain to be identified. Intriguingly, the
PI-3-kinase–mediated activation of NF-kB–dependent
gene expression occurred independently of IkB degrada-
tion, nuclear translocation of NF-kB, or NF-kB DNA–
binding activity [50].

Also, in response to TNF-a, p65 is phosphorylated at
serine 529 in the C-terminal transactivation domain, an
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event that is critical in mediating the transcriptional
activation by TNF-a (Fig. 1D) [51]. As described in the
PI-3-kinase–dependent activation of NF-kB, this oc-
curred independently of IkB degradation, nuclear trans-
location, and binding of NF-kB to DNA. To date, the
kinase responsible for serine 529 phosphorylation re-
mains to be identified [51].

Phosphorylation of p65 is known to occur at specific
sites in a stimulus-specific fashion. Serine 276 phosphor-
ylation of p65 confers an enhanced ability to interact
with the transcriptional coactivator CBP/p300 [52]. In-
teraction with coactivators enhances transactivation po-
tential [53,54], possibly as a result of formation of a
molecular bridge that allows binding of other accessory
factors or the recruitment of RNA polymerase 2 [53] or
high-mobility group proteins I(Y) (HMG I(Y)). If alter-
ations in the nuclear redox status affect the recruitment
or conformation of those substrates, it would have pro-
found effects on the transcription of NF-kB–dependent
genes (Fig. 1E).

Regulation of NF-kB activation by mitogen-activated
protein kinases (MAPKs)

In response to a wide variety of cytokines, chemical,
physical, or biological stresses, including oxidants, the
family of mitogen-activated protein kinases (MAPKs)
become rapidly activated, as is the subject of review by
Rincon and Davis in this Forum. For the purpose of this
review, note that three subclasses of MAPKs have been
described: the extracellular signal–regulated kinase
(ERK), sometimes also referred to simply as MAPK.
This subclass is often implicated in the regulation of cell
proliferation. Representatives of the other two subclasses
of MAPKs are c-Jun-N-terminal kinase (JNK) and p38.
The latter two pathways are often induced as a result of
cellular stress or under conditions leading to apoptosis
[55]. Stimulation of cell surface receptors causes recruit-
ment of adaptor and small G-proteins, which, in turn,
activate a series of phosphorylation reactions to activate
the MAPKs in the cytoplasm. Activated MAPKs in turn
translocate to the nucleus where they phosphorylate spe-
cific targets, many of which are subunits of transcription
factors. Various outcomes of activation of these path-
ways have been described that are likely to depend upon
the target of phosphorylation within a cell as well as the
extent and duration of activation of these pathways [55].

Many agents that activate MAPKs also activate NF-
kB, suggesting that cross talk occurs between these path-
ways (Fig. 1F). In support of this notion, it has been
demonstrated that in response to TNF-a receptor stimu-
lation, TRAF-2 induces activation of JNK via the down-
stream activation of receptor interacting protein (RIP)
[56], thereby implicating the TRAF-2 molecule as a

point of convergence between the JNK and NF-kB path-
way. Recruitment of NIK proceeds to the activation of
IKK and NF-kB in certain cell types. It is of interest that
NIK structurally resembles MAPK kinase kinases [57].
In addition, MEKK-1, an upstream kinase in the JNK
pathway, was demonstrated to phosphorylate the 700–
900 kDa IKK kinase complex and IKK-a and IKK-b
[58], and is required for the ability of TNF-a to activate
NF-kB [31]. Coordinate regulation of IKKs by MEKK
and NIK has been demonstrated in HeLa and Cos-1 cells
exposed to TNF-a or IL-1b. Formation of MEKK-1-IKK
versus NIK-IKK complexes may provide a molecular
basis for the selective regulation of IKK in response to
diverse stimuli [59]. Despite these observations, physio-
logical substrates for IKKs remain controversial, as is
apparent from the literature [37,58]. More recently, the
MAPK family members, MKK 2 and 3, were shown to
target IKK-a and IKK-b and thus, mediate activation of
NF-kB [60].

The cooperation between MAPK and NF-kB in the
regulation of gene expression may also occur at the level
of transcriptional activation (Fig. 1F). IL-6, inducible
nitric oxide synthase (iNOS), E-selectin, and IL-2 are
genes known to be transcriptionally regulated by NF-kB.
A number of reports have recently demonstrated that
various MAPKs may augment or cooperate with NF-kB
to transcriptionally activate expression of these genes
[61–68]. For instance, TNF-a causes activation of the
p38 subclass of MAPK and transcriptional upregulation
of IL-6. Inhibition of p38 using the pharmacologic in-
hibitor, SB203580, or a dominant negative mutant of
MKK-6, inhibited NF-kB–dependent reporter gene acti-
vation [68,69]. Overexpression of MKK-6 in myocardial
cells activates NF-kB and inhibits apoptosis in a p38–
dependent manner, suggesting an important role for p38
and NF-kB in the survival of some cell types [70].

In contrast to this work are observations that activa-
tion of p38 by sodium salicylate inhibit IkB-a degrada-
tion and NF-kB activation by TNF-a [71]. Furthermore,
ERK, JNK, and the JNK target, c-Jun, are important in
the NF-kB–dependent activation of IL-6 in human
monocytes [65], suggesting that different MAPKs may
regulate the same gene in different cell types. The LPS-
mediated induction of iNOS in RAW macrophages is in
part dependent upon NF-kB (see below). Chen and
Wang recently demonstrated that p38, but not ERK, is
required for iNOS induction in response to stimulation
with LPS [63]. Blockage of p38 also blocked iNOS
expression in mouse astrocytes [62]. In addition, phar-
macological inhibition of ERK or p38 directly repressed
the transactivation function of p65 in cells exposed to
TNF-a [68]. Inhibition occurred without apparent effect
of NF-kB DNA–binding activity, again illustrating a
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marked discrepancy between DNA-binding activity and
the transcriptional activity of NF-kB.

Further evidence for relationships between MAPK
and NF-kB pathways stem from observations that dem-
onstrate a direct interaction between JNK and c-Rel
using the yeast two-hybrid system [72]. Of importance is
the identification of a novel cytokine entitled thioredoxin
peroxidase–related activator of NF-kB and c-Jun N-ter-
minal kinase (TRANK), a protein highly homologous to
thiol specific antioxidant proteins. This protein, as its
name implies, was shown to activate both NF-kB and
JNK and caused expression of the NF-kB regulated
genes, iNOS and intracellular adhesion molecule
(ICAM) [73]. This illustrates that redox-sensitive path-
ways may activate MAPKs and NF-kB in a coordinated
fashion.

Work from our laboratory examined the contribution
of MAPKs in the activation of an NF-kB–dependent
reporter gene in rat lung epithelial cells. Overexpression
of MEKK-1 activated an NF-kB–dependent luciferase
reporter, and synergized with hydrogen peroxide (H2O2)
or the ONOO2 generator, 3-morpholinosydnonimine
(SIN-1), to activate NF-kB–dependent luciferase gene
activity. In contrast, a dominant negative form of
MEKK-1 decreased or inhibited the ability of TNF-a or
oxidants to induce NF-kB–dependent reporter gene ac-
tivity [46]. Interestingly, selective inhibition of the ERK
pathway with the MEK-1 inhibitor PD98059 caused con-
stitutive activation of NF-kB–dependent luciferase ac-
tivity and dramatically enhanced the ability of TNF-a or
SIN-1 to activate NF-kB. This work suggests that the
MEKK-1 pathway, and potentially JNK as a downstream
effector, positively regulates NF-kB activity in response
to oxidants, whereas the ERK pathway negatively regu-
lates NF-kB [46]. These results also imply that coordi-
nate activation of multiple MAPK pathways may, at the
same time, transduce both positive and negative signals
towards NF-kB activation and the extent and duration of
activation of these pathways likely dictates whether or
not NF-kB activation ensues.

At present, the targets of phosphorylation by MAPK
that enhance NF-kB–dependent gene activation are un-
known. The contrasting effects of different MAPK in
regulating NF-kB–dependent gene expression in differ-
ent cell types may be the result of different activation
profiles of these pathways, and hence their relative sen-
sitivity to inactivation by pharmacological agents or
dominant negative constructs.

Redox regulation of NF-kB: nitrogen monoxide (•NO)

In addition to peroxides, which have been implicated
in the activation of NF-kB [1,2], it has become apparent
that nitrogen monoxide (nitric oxide,•NO) can also reg-

ulate the activity of NF-kB. Interesting analogies exist
between the activities of•NO and NF-kB, which suggest
that they may be regulated coordinately. For instance,
like NF-kB, •NO has been associated with protection
against apoptosis (see [74] for review) although contra-
dictory reports also exist [75]. As is discussed below, the
effects of•NO are probably cell type and concentration
dependent. Consequently, both activation [76–78] and
inhibition [76,79–85] of NF-kB have been observed in
response to•NO.

Various laboratories have convincingly described that
NF-kB sites in the promoter region of the gene encoding
inducible nitric oxide synthase (iNOS) are required for
transcriptional activity. In many cases, agents that block
NF-kB also block iNOS gene expression and•NO pro-
duction [86] (Fig. 2). It is believed that•NO produced by
iNOS may serve in a negative feedback loop to block
prolonged activation of NF-kB and transcription of its
target genes [79–82], thereby limiting chronic inflam-
mation [80,81]. The inhibitory effect of high concentra-
tions of •NO on NF-kB activation may occur as a result
of nitrosylation of cysteine 62 of the p50 protein, which
prevents NF-kB from binding DNA [87,88], although a
subsequent study demonstrated that immunoprecipitated,
nitrosylated p50 retained DNA-binding activity [85]. In
models of LPS-induced NF-kB activation, simultaneous
presence of an iNOS inhibitor augmented NF-kB DNA–
binding activity and transactivation, findings again illus-
trating that production of high concentrations of•NO
decrease NF-kB activation [85,89,90]. The decreased
activity of NF-kB was present under conditions where
s-nitroso p50 could be immunoprecipitated from cells,
suggesting that the regulation of NF-kB occurs via p50
nitrosylation in vivo [85]. In addition, stabilization of
IkB by high concentrations of•NO may also contribute
to NF-kB inactivation. For example,•NO donors de-
creased IL-1b–induced NF-kB DNA–binding activity
and iNOS mRNA levels, which was associated with a
prevention of IkB-a phosphorylation and degradation
[84]. It will be of interest to determine whether IkB or its
upstream activators, the IKKs, are subject to nitrosyla-
tion to block their function. Sequence analysis has re-
vealed multiple cysteines in the kinase domain of IKKs
[23,24], which make IKKs potential targets of attack by
•NO.

Interestingly, conditions that lead to iNOS expression
also result in a coordinated upregulation of extracellular
superoxide dismutase (EcSOD) [91] or MnSOD [92].
Because SOD rapidly scavenges superoxide (O2

•2), this
action will spare•NO as it prevents the reaction between
O2

•2 and •NO that generates peroxynitrite (ONOO2).
Cells that upregulate SOD will therefore maintain the
high •NO concentration required for negative feedback
signaling. The importance of this mechanism is sug-
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gested by studies demonstrating a potential role of
ONOO2 as a proinflammatory stimulus [93] and the
presence of nitrotyrosine residues in many models of
inflammation [94]. Moreover, work from our laboratory
has demonstrated that SIN-1, a generator of ONOO2,
activates NF-kB [46]. Additionally, the proinflammatory
oxidant gas, nitrogen dioxide, a potential reaction prod-
uct of ONOO2, also resulted in upregulation of an NF-
kB–dependent reporter gene, and inflammatory genes
transcriptionally controlled by NF-kB (Poynter et al.,
manuscript in preparation).

The concentration dependence of•NO on the activa-
tion of NF-kB was convincingly demonstrated in studies
using•NO donors at different concentrations. Low con-
centrations of an•NO donor enhanced the TNF-a or
PMA induced NF-kB DNA–binding activity and trans-
activation, which was associated with an increased acti-
vation of IKK-a [76]. It is not clear how this activating
effect of •NO is exerted, although s-nitrosylation of Ras
and its subsequent activation leading to NF-kB activa-
tion has been observed [77,78]. These data illustrate that
low concentrations of•NO provide a self-amplifying
signal in the inflammatory response. In contrast, high
levels of •NO decreased the ability of cytokines to acti-
vate NF-kB DNA–binding and transactivation of NF-
kB–dependent reporter genes [76,81,83], in the absence
of cytotoxic effects [76], confirming aforementioned ob-
servations of a negative feedback loop imposed by high

concentrations of•NO. The pathways depicting the con-
centration-dependent regulation of NF-kB by •NO are
illustrated in Fig. 2.

CONCLUSIONS

In this review, pathways that mediate the activation of
NF-kB have been described. From these events, depicted
in Figs. 1A through 1F, it has become clear that NF-kB
activation is exceedingly more complex than release
from the inhibitor, IkB. In addition to IkB degradation,
phosphorylation of NF-kB subunits is critical for the
transcriptional activation of NF-kB–regulated genes.
Subunit phosphorylation is regulated independently of
IkB degradation, and provides an additional level of
control of the activity of NF-kB. Subunit phosphoryla-
tion is an important regulatory event in the activation of
other transcription factors, such as activator protein 1
(AP-1) [48]. It is unclear whether phosphorylation of
NF-kB occurs in the cytoplasm or the nucleus. The
identification of critical kinases that regulate NF-kB
phosphorylation, as well as the sites of phosphorylation,
may answer this question. In consideration of the above,
redox regulation also can occur at levels that are distinct
from IkB degradation. Documented discrepancies be-
tween DNA binding and transactivation clearly illustrate
that frequently used EMSA analysis are often times
inadequate for evaluating the activity of NF-kB.

Fig. 2. Control of NF-kB activation by•NO. Low levels of•NO augment NF-kB activity potentially via regulation of the activity of
IKKs. In contrast, high levels of•NO produced from iNOS or high concentrations of donors inhibit NF-kB in part via nitrosylation of
cysteine 62 of p50 and provides a negative feedback loop to block prolonged activation.
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With the discoveries of additional kinases that regu-
late IkB degradation and NF-kB phosphorylation, the
sites subject to redox regulation have become more com-
plex and potentially increased in number. When evalu-
ating the link between oxidant stress and NF-kB, is it of
critical importance to consider the site of oxidant gener-
ation, the type of oxidant encountered (i.e.,•NO vs.
ONOO2), and the time frame by which NF-kB activa-
tion occurs. For instance, oxidants acting at cell mem-
branes may activate cell surface receptors or Ras directly
and trigger downstream MAPK cascades, which thereby
contribute to NF-kB activation. In contrast, oxidants
derived from mitochondria or oxidants that readily dif-
fuse across membranes may target proteins that act fur-
ther downstream in the activation cascade. Alternatively,
some effects of oxidants on NF-kB activation may be
caused by autocrine or paracrine release of alarmones
such as IL-1b [39], which, in turn, stimulate a well-
characterized activation pathway. The development of
assays that allow identification of proteins that have
undergone redox-dependent modifications in intact cells
will greatly enhance our understanding in this field.

Although numerous laboratories have demonstrated a
direct activation of NF-kB in response to oxidants, other
reports have not, thereby causing speculation as to the
relevance of oxidants as physiological activators of
NF-kB (see [95] for review). Although the use of many
different cell types, agonists, endpoints, timeframes of
investigation, and a general lack of consideration of the
antioxidant status preclude an answer at this time, it is
safe to state that in many cases oxidants at least provide
costimulatory signals towards the activation of NF-kB.
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ABBREVIATIONS

CK-2—casein kinase 2
H2O2—hydrogen peroxide
ICAM—intracellular adhesion molecule
IKAP—IKK-complex associated protein
IKK—I kB-kinases
IL-1b—interleukin-1b
iNOS—inducible nitric oxide synthase
JNK—c-Jun-N-terminal kinase
MAPKs—mitogen-activated protein kinases
NES—nuclear export signal
NF-kB—nuclear factorkB
NIK—NF-kB–inducing kinase
•NO—nitrogen monoxide
PI-3—phosphoinositide 3
PKA—protein kinase A
RHD—Rel-homology domain
RIP—receptor interacting protein
SIN-1—3-morpholinosydnonimine
TNF-a—tumor necrosis factora
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