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1. Introduction 
 
The Nuclear Factor (NF)- B was first identified in 1986 as a transcription factor bound to 

the  light-chain immunoglobulin enhancer in the nuclei of B lymphoid lineage [1, 2]. 
Through intensive research efforts, numerous activators and downstream targets have been 
identified revealing that NF- B is a ubiquitous factor that controls the expression of multiple 
genes involved in immunity, inflammation, cell survival and differentiation [3-5].  

Soon after its discovery, reactive oxygen species (ROS) emerged as key regulators of NF-
B activation [6]. However, further studies were required to unveil the stimulus-, cell type- 

and subcellular compartment-specificity of the redox regulation. Importantly, the lessons that 
we have learned from the attention given to redox-regulation of NF- B signaling have shed 
light on broader ROS-dependent signaling pathways leading to gene regulation. Remarkably, 
NF- B is also involved in negative feedback regulation of ROS activity. The effectors of this 
reciprocal control are currently being characterized, and mainly involve NF- B-mediated 
regulation of genes encoding the ROS-scavenging enzyme, manganese superoxide dismutase 
(MnSOD), and -glumatylcysteinesynthetase (GCS), the rate-limiting enzyme in glutathione 
synthesis (Chapter 1). Thus, the NF- B transcription factor engages in an intriguing cross-

talk with ROS. This Chapter focuses on the established models of NF- B regulation, 
highlighting the complex interplay between multiple levels of post-transcriptional control, 
including oxidative modifications.  

                                                 
 Email: nathalie.grandvaux@umontreal.ca 

The exclusive license for this PDF is limited to personal website use only. No part of this digital document  
may be reproduced, stored in a retrieval system or transmitted commercially in any form or by any means.  
The publisher has taken reasonable care in the preparation of this digital document, but makes no expressed  
or implied warranty of any kind and assumes no responsibility for any errors or omissions. No liability is  
assumed for incidental or consequential damages in connection with or arising out of information contained  
herein. This digital document is sold with the clear understanding that the publisher is not engaged in  
rendering legal, medical or any other professional services. 



Nathalie Grandvaux 

 

232 

2. Components of the NF- B Signaling Pathways 
 

2. 1. The NF- B DNA-Binding Subunits 

 
In mammals, the NF- B family of transcription factors consists of five different DNA-

binding subunits, NF- B1 (also named p50), NF- B2 (p52), RelA (p65), cRel and RelB. The 
p50 and p52 subunits are generated through proteasome-mediated proteolysis of p105 and 
p100 precursors, respectively. Shared and specific structural features are described in Figure 
1.  

 

 

Figure 1. Structural features of NF- B, I Bs and IKK subunits. A schematic representation of the domains 
that typify the NF- B DNA-binding subunits, the inhibitors of NF- B, I Bs, and the IKK kinase complex 
subunits is shown. ANK :ankyrin-repeat; BCL-3 : B-cell lymphoma 3; CC : coiled-coil; DD: death domain; 
GRR : glycine-rich region; HLH: helix–loop–helix; LZ : leucine-zipper; NBD : NF- B-essential-modulator-
binding domain; PEST: Pro-Glu-Ser-Thr rich domain; RHD: REL homology domain; TAD: transactivation 
domain; ZF : zinc-finger. Reprinted from [4], with permission.  
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Each of the NF- B subunits acts as homo- or hetero-dimers, preferentially p65/p50, 
cRel/p50 or RelB/NF- B2, to bind B consensus sequences in the promoters of various target 
genes through their conserved amino terminal Rel homology domain (RHD). The 
transcriptional activity of p65, cRel and RelB is carried by a carboxy terminal transactivation 
domain (TAD). The p50 and p52 subunits on the other hand lack a TAD and thus occupation 
of NF- B target gene promoters by their homodimer is considered a repressing mechanism. 
Consequently, the capacity of p50 and p52 to transactivate genes is dependent on their 
association with other TAD-containing subunits [3, 5].  

 
 

2. 2. The I B Inhibitors 

 
The family of inhibitors of NF- B (I B) is composed of cytoplasmic regulators that 

associate with NF- B dimers to sequester them inactive in the cytoplasm of unstimulated 
cells. The I B family contains five classical members, IκBα, IκBβ, IκBε, IκBδ and IκBγ, all 
characterized by the presence of a multiple ankyrin repeat motif (Figure 1). The latter 
mediates protein-protein interaction with the RHD domain of the NF- B subunits, thereby 
preventing nuclear accumulation and DNA-binding. I Bs primarily act by masking the 
nuclear localization signal (NLS) of the NF- B subunits; moreover, they possess a strong 
nuclear export signal (NES) that ensures a predominant cytoplasmic localization [7].  

The precursor p100 and p105 proteins act as NF- B subunits, as described in the 
previous section, but also as I B-like proteins, sometimes referred to asIκBδ and IκBγ, 

respectively. Like other I B inhibitors, p100 and p105 contain an ankyrin repeat domain that 
mediates interaction with NF- B subunits. Upon stimulation, proteolytic cleavage releases the 
carboxy-terminal end containing the ankyrin repeat motif, thereby generating p52 and p50 
DNA-binding subunits [3, 5]. Novel I B proteins, BCL3, IκB  and I BNS  have also been 
identified as inducible members with atypical functions in the regulation of NF- B nuclear 
activities [4]  

 
 

3. Pathways of NF- B Activation 
 
NF-κB activation pathways are classically divided into the ―classical‖ and non-canonical 

pathways. Alternative mechanisms are also known, although the extent of their role in 
regulation of specific NF- B target genes remains to be delineated. A hallmark of the NF- B 
signaling pathways is the sequestration of inactive NF- B dimers in the cytoplasm of 
unstimulated cells through association with I B inhibitors. Specificity of the pathways 
triggered by different stimuli is essentially achieved by the activation of selective cytoplasmic 
events that engage the release of different populations of NF- B dimers, their nuclear 
accumulation, association with co-activator of transcription and binding to κB consensus 
sequences to ultimately drive the transcription of a distinct set of genes involved in specific 
cellular functions.  
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3. 1. The “Classical” NF- B Activation Pathway 

 
This is by far the best-characterized NF- B pathway, most likely because it is triggered 

by a wide array of stimuli, including but not restricted to proinflammatory cytokines, 
microbial products and stress. The central event of the classical activation cascade is the 
stimuli-induced activation of the IκB kinase (IKK) complex, which phosphorylates the IκBα 

inhibitor on Ser32 and Ser36 to promote its ubiquitination and subsequent proteasomal 
degradation, allowing the liberated NF-κB heterodimers, mainly p65/p50 or cRel/p50, to 
accumulate in the nucleus (Figure 2). IκBα plays a predominant role in this pathway, but 
IκBβ and IκBε inhibitors are also substrates for IKK. I B  encoding gene expression is 
driven by NF- B, thereby providing a mechanism for negative feedback regulation.  

 

 

Figure 2. Schematic representation of the signaling pathways leading to NF- B activation in response to 
various stimuli. The classical pathway of NF- B activation is triggered by various stimuli and involves the 
phosphorylation of I B  at Ser32 and Ser36 that subsequently induces its ubiquitination and proteasome-
mediated degradation. The phosphorylation of I B  is mediated by the IKK complex, mainly the IKK  
kinase subunit, which is activated by phosphorylation. Upstream activators are stimulus-specific. Once I B  
is degraded, the NF- B heterodimers, mainly p65/p50 and cRel/p50, translocate to the nucleus where they 
bind to B consensus sequences in the promoters of target genes. The non-canonical pathway is induced by a 
more restricted set of stimuli, which belong to the TNF family. In this pathway, activation of the NIK kinase 
allows activation of the IKK dimers, which subsequently phosphorylate the p100 NF- B subunit. P100 is 
then partially proteolysed by the proteasome to form the p52 subunit. p52/RelBtranslocates to the nucleus and 
transactivates a subset of genes distinct from those activated by the classical pathway. An alternative pathway 
is specific to a few stimuli, including hypoxia/reoxygenation, pervanadate and exogenous H2O2. 
Phosphorylation of I B  on Tyr42 either induces dissociation of the NF- B heterodimer from I B  or the 
degradation of I B . In both cases, the freed NF- B heterodimer translocates to the nucleus to transactivate 
target genes.  

The IKK complex consists of a regulatory subunit IKK  (NEMO) and two structurally 
related kinase subunits IKKα (IKK1) and IKKβ (IKK2) (Figure 1) [8, 9]. The IKK subunits 
associate into large signalosome complexes containing upstream adaptors, kinases and 
ubiquitin ligases that provide modularity to NF- B activation and allow their incorporation 
into various receptor-induced signaling events. The kinase domains of IKK  and 
IKK contain an activation loop, with Ser177/Ser181 and Ser176/Ser180 residues being 
respectively critical phosphoacceptor sites for IKK activity [10]. It is generally recognized 
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that the IKK  kinase is necessary and sufficient for the phosphorylation of I B , but the role 
of IKK  remains unclear. Whether IKK activation is achieved by phosphorylation by a 
variety of upstream Ser/Thr kinases or by autotransphosphorylation is uncertain. Through a 
complex sequence of binding to upstream adaptors and/or ubiquitination of IKK , a 
phosphorylation/dephosphorylation sequence of the kinase subunits is initiated, allowing the 
IKK complex to oscillate between active and inactive states [3, 11].  

 
 

3. 2. The Non-Canonical NF- B Activation Pathway 

 
The most widely studied non-classical pathway of NF- B activation, usually termed non-

canonical pathway, is known to be activated by a small subset of tumor necrosis factor (TNF) 
family members, including CD40L, lymphotoxin  (LT , B cell activating factor 
(BAFF), the receptor activator of NF- B ligand (RANKL) and the TNF-related weak inducer 
of apoptosis (TWEAK) [12]. This pathway proceeds independently of IKK  and IKK  
through the NF-κB-inducing kinase (NIK)-mediated phosphorylation and activation of IKK  
dimers. IKK  in turn phosphorylates the p100 precursor protein within its ankyrin repeat 
domain, subsequently inducing its proteasomal processing, rather than a complete 
degradation, generating the p52 subunit as described in section 2. 2. The p52/RelB 
heterodimers are then free to translocate to the nucleus and regulate a set of target genes 
distinct from those induced by the classical pathway (Figure 2) [13, 14].  

 
 

4. Multiple Roles of Direct Post-Translational 

Modifications of NF- B Subunits 
 
In addition to the aforementioned phosphorylation and ubiquitination events that are 

required for I B degradation, NF- B activity is further regulated through direct 
posttranslational modifications of the subunits that control the transcriptional activity either 
positively, or negatively to terminate the response. Numerous posttranslational modifications, 
including phosphorylation, acetylation and ubiquitination, of p65, cRel and RelB have been 
described that control NF- B activity by different means. Modifications of p65 are by far the 
best characterized. Not less than nine phosphoacceptorSer/Thr residues in the RHD, Thr254, 
Ser276 and Ser311, and in the TAD (Thr435, Ser468, Thr505, Ser529, Ser535 and Ser536) 
and five acetylation sites (Lys122, Lys123, Lys218, Lys221 and Lys310) have been 
identified, each associated with specific regulatory functions that serves as integrator of 
multiple upstream signals in a cell-type and stimulus-specific manner [15, 16]. A few 
examples of the most well characterized posttranslational modifications of p65 and their 
impact on its regulation are described below to illustrate this concept.  
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4. 1. Positive Regulation of the Transcriptional Activity of NF- B 

 
Once the p65/p50 dimer is freed from I B  as a consequence of the classical activation 

pathway, p65 activation requires additional phosphorylation at Ser276 by the protein kinase A 
(PKA) in the cytoplasm [17]. Ser276 is also targeted for phosphorylation by the mitogen- and 
stress-activated protein kinase (MSK)-1 in the nucleus as a result of a different upstream 
signal [18]. In both cases, Ser276 phosphorylation results in an enhanced transactivation 
potency by increased recruitment of histone acetyl transferases (HATs), CREB-binding 
protein (CBP) and p300, that serve as coactivators of transcription. Phosphorylated p65 is 
further modified by acetylation at Lys310, most likely by CBP and associated HATs, a post-
translational regulatory event that is essential for its transcriptional activity [19].  

 
 

4. 2. Termination of NF- B-Dependent Target Gene Transactivation 

 
How active, DNA-bound NF- B gets inactivated after gene transcription is a poorly 

understood step of the NF- B activation cycle. However, this phase is critical to achieve a 
fine-tuned regulation of the intensity and duration of the response. As mentioned earlier in 
section 3. 1, the I B  encoding gene is regulated by NF- B itself. The newly synthesized 
I B  enters the nucleus and, through association with DNA-bound p65/p50 heterodimer, is 
thought to release it from the nucleus by a yet uncharacterized mechanism [20]. The 
observation that even in the absence of I B , NF- B transactivation terminates, points to the 
existence of additional mechanisms.  

Important additional negative regulatory mechanisms involve the action of 
deubiquitinating enzymes, deubiquitinases, that allows for the inactivation of key cytoplasmic 
factors related to the NF- B activation pathway. Moreover, post-translational modifications 
of NF- B subunits play a critical role in this ultimate phase of NF- B regulation as well. 
While deacetylation of Lys310 by histone deacetylase 3 (HDAC3) or sirtuin 1 (SIRT1) 
inhibits the transcriptional activity of p65 [21, 22], acetylation of residue Lys122 and Lys123 
by the p300/CBP-associated factor (PCAF) and p300 HATs decrease RelA DNA-binding 
affinity [23]. Additionally, degradation of the DNA-bound p65 also participates in the 
negative regulation of p65-containing NF- B dimer activity [24]. This mechanism requires 
the ubiquitination of p65 by E3 ubiquitin ligases, including the suppressor of cytokine 
signaling 1 (SOCS-1) [25] and PDLIM2 [26]. Targeting p65 for degradation appears to be a 
cell-type and stimulus-specific process.  

 
 

4. 3. Regulation of p65 Activation through Dissociation from I B  

 
Besides the well-characterized classical and non-canonical pathways, the direct 

phosphorylation of p65 subunit defines an alternative mechanism of activation that is 
independent of I B  degradation. Particularly, the evolutionarily conserved Ser536 residue 
of p65 is targeted for phosphorylation by five distinct kinases, IKK , IKK , the IKK-related 
kinases IKK  and TBK1 and the ribosomal S6 kinase 1 (RSK1) [27-30]. Although the 
engagement of the different kinases appears to be stimulus- and cell type-specific, the 
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common outcome is a loss of interaction between p65 and I B  resulting in the nuclear 
accumulation of p65 without the requirement for proteasomal degradation of I B  [29]. 
Phosphorylation is thought to induce a conformational change that leads to dissociation of 
NF- B dimers from I B . The importance of this pathway of NF- B activation in the 
regulation of a subset of NF- B regulated genes still remains to be clarified.  

 
 

5. Redox Regulation of NF- B: Cell Type and 

Stimulus Specificity 
 
From an historical perspective, the initial concept of the redox regulation of NF- B 

activation implicated a universal mechanism mediated by ROS acting as second messengers. 
This concept of universality was based on the following set of evidence. First, most of the 
NF- B activators were identified as ROS-inducing agents [31]. Second, NF- B release  
from I B  in response to cytokines, such as TNF-  and IL-1, was inhibited by treatment with 
the glutathione precursor, N-acetylcysteine (NAC), and the antioxidants, 
pyrrolidinedithiocarbamate (PDTC) and butylhydroxyanisol (BHA) [32-34]. Consistently, 
overexpression of the antioxidant enzymes, catalase, glutathione peroxidase (GPx) or 
MnSOD also attenuated NF- B activation [34-36]. Conversely, treatment of cells with 
exogenous H2O2 was documented to induce nuclear accumulation of NF- B [6, 37].  

With increasing understanding of the mechanisms of NF- B regulation and the 
accumulation of contradictory data concerning the requirement of ROS for stimulus-induced 
NF- B activation, the idea of a universal mechanism was subsequently rejected. Importantly, 
this led to the now broadly-accepted concept that redox-dependent regulation of NF- B is not 

mandatory and that the effect of ROS depends on the cell type and the stimulus [38, 39]. A 
clear demonstration of this concept is the effect of exogenous H2O2 used in combination with 
proinflammatory cytokines. Depending on the cell type, H2O2 either enhances, interferes with 
or has no effect on NF- B activation [40-43].  

 
 

5. 1. How is the NF- B Signaling Pathway Linked to ROS-Producing 

Systems? 

 
The general model of redox-dependent activation of NF- B suggests that ROS are 

produced intracellularly as part of the cell response to regulate the signaling cascade. This 
raised the question of the identity of the ROS-producing system(s) that is coupled to the NF-

B activation cascade. Models of redox regulation of NF- B described above are mostly 
deduced from cellular treatment with chemical antioxidants, exogenous H2O2 or ectopic 
expression of antioxidant enzymes. These experimental designs, although functionally highly 
informative, often failed to clarify the exact molecular link between ROS producing systems 
and NF- B signaling. The concept of cell type- and stimulus-specificity of the redox 
regulation was extended to include the identity of the intracellular source of ROS, which is 
mainly NADPH oxidase, mitochondria, or 5-lipoxygenase. A paradigm of this diversity is the 
stimulation of NF- B by the proinflammatory cytokine IL-1 . While experimental data 
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support a role of the 5-lipoxygenase in IL-1 -induced I B  degradation in lymphoid cells, 
NADPH oxidase is the source of ROS required to mediate IL-1  -induced NF- B activation 
in monocytic and epithelial cells [42, 43].  

A major emerging concept in the field of redox regulation is that in order to target 
specific molecules, ROS with a short half-life need to be produced in a microenvironment 

bringing the ROS-generating system into close proximity to the targeted signaling molecule 

[44]. How ROS-producing enzymes are brought into the close proximity of signaling 
molecules involved in NF- B regulation has begun to be elucidated. Particularly, studies 
aimed at characterizing the role of the family of NADPH oxidases in NF- B activation have 
illustrated that interaction of NADPH oxidase subunits with signaling platforms is an efficient 
mean to bring them into proximity of key regulators [45-47]. However, the question remains 
open for situations where direct interactions have not been identified.  

 
 

5. 2. NADPH Oxidases in the Control of the Toll-Like Receptor (TLR)-

Mediated Response to Bacterial Infection 

 
NF- B plays a key role in the host response to invading microorganisms. Specific 

receptors are responsible for the recognition of pathogen associated molecular patterns 
(PAMPS). Amongst these PAMPS, lipopolysaccharide (LPS) of gram-negative bacteria is 
recognized by the Toll-like receptor (TLR)-4. Upon LPS activation, TLR-4 specifically 
recruits the adaptor MyD88, which serves as a bridge to connect the IRAK1 and TRAF6 
signaling molecules to its cytoplasmic tail.  

TRAF6 is directly involved in the activation of the IKK complex, thus triggering the 
classical NF- B activation pathway [48]. The contribution of ROS to this pathway of NF- B 
activation is mediated by NADPH oxidase 4 (NOX4) that is linked to TLR-4 by a direct 
interaction of their cytoplasmic tails. Interaction between TLR-4 and NOX4 provides a means 
of inducing local oxidative stress (Figure 3A), but the exact identity of the molecular target 
remains elusive [45, 49].  

Opposed to this concept of local oxidative stress stands the notion of intercellular 
communication. While most studies aimed at deciphering the contribution of ROS to NF- B 
activation are performed in a single cell culture system, it is understood that in vivo there are 
numerous possibilities for intercellular communication. Certain ROS, such as H2O2, have the 
capacity to diffuse across membranes and thereby become potential mediators of intercellular 
redox regulation of signaling events.  

An example for this mechanism is the role of NOX2-derived ROS produced by 
neutrophils in response to LPS, for NF- B activation in endothelial cells present in the same 
microenvironment (Figure 3B) [50].  
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Figure 3. Interaction of ROS-generating NADPH oxidase enzymes and the NF- B signaling pathways. The 
NF- B signaling pathways are linked to the ROS-generating NADPH-oxidases by different means 
commensurate with the nature of the stimulus and cell type. Three examples are illustrated: (A) In non-
phagocytic cells, the NOX4 isoform of NADPH oxidase and the Toll-like receptor (TLR)-4 that senses the 
LPS of gram-negative bacteria interact by their cytoplasmic tails creating an oxidative microenvironment. (B) 
Recognition of LPS by TLR4 at the surface of neutrophils triggers ROS production in the extracellular space 
by activation of the NOX2-containing NADPH oxidase. ROS diffuse through the membrane of endothelial 
cells present in the microenvironment to enhance LPS-mediated activation of NF- B that transactivates target 
genes, including TLR2 that is responsible for pathogen recognition. (C) In epithelial cells, IL-1 stimulation 
induces a concomitant endocytosis of the IL-1 receptor (IL-1R) and of the NOX2 NADPH oxidase that are 
linked through their respective interaction with the Rac1 small GTPase. NOX2 activation in a Rac1-
dependent manner leads to superoxide (O2

-. ) production in the early endosomes, also called redoxosomes. 
Superoxidesdismutate to hydrogen peroxide (H2O2) that diffuses to the cytoplasm where it controls the 
association of the TRAF6 ubiquitin ligase with the IL-1R/Myd88 complex. Interaction of Myd88 with 
TRAF6 is essential for activation of NF- B.  
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5. 3. The “Redoxosomes”: A Signaling Platform Mediating NADPH Oxidase 

Control of NF- B Activation in Response to Proinflammatory Cytokines 

 
The NOX2-containing NADPH oxidase is also involved in proinflammatory cytokine-

induced NF- B activation in non-phagocytic cells. For instance, IL-1  stimulation of 
epithelial cells triggers the endocytosis of the IL-1 receptor. Concomitantly, NOX2 is 
recruited in the endosomes responsible for early receptor-mediated signaling, also known as 
―redoxosomes‖, through the small GTPase Rac1 that links it to the IL-1 receptor [51]. Rac1 is 
also involved in NOX2 activation and thus leads to production of superoxide anions in the 
endosomal compartment, which may spontaneously dismutate to H2O2. Diffusion of H2O2 
outside of the endosomes is thought to regulate the association of the ubiquitin ligase TRAF6 
to the receptor complex by a yet undisclosed mechanism. Interaction of TRAF6 with the 
receptor complex induces activation of the classical NF- B pathway (Figure 3C) [43].  

 
 

6. Compartmentalization of ROS-Dependent 

Activation of NF- B 
 
Although many questions remain, the study of redox-dependent regulation of NF- B led 

to the fascinating idea of a compartmentalized pathway. Indeed, over the course of numerous 
studies, it became strikingly apparent that while an oxidative state is necessary for the 

cytoplasmic signaling pathway to be efficiently activated, a reduced state in the nucleus is 

required for efficient DNA-binding of NF- B to its cognate sites in the promoters of target 

genes (Figure 4) [52].  
 
 

6. 1. Oxidative State Is Required for Cytoplasmic Signaling Events 

 
The use of various antioxidants has provided important information concerning the 

necessity of an oxidative state for the efficient activation of the cytoplasmic steps of the NF-
B signaling cascade (Figure 4). Despite major advances, there are many gaps in the 

understanding of the molecular mechanisms subserving the cytoplasmic redox regulation of 
NF- B.  

In particular, the basis for differences in susceptibility among various cells and tissues 
and the sites at which ROS affect these cascades are largely a matter of speculation. The 
redox state of many signaling molecules is well recognized to affect their function. In this 
context, highly conserved Cys (Cys-SH) residues in signaling molecules and transcription 
factors are normally kept reduced and therefore act as privileged redox sensors, allowing 
protein conformation or activity to be reversibly modulated [53, 54]. As described in section 
3, kinases/phosphatases, ubiquitin ligases/deubiquitinatinases and proteasome, contribute 
substantially to the regulation of NF- B activation at multiple levels.  
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Figure 4. Effect of antioxidants on the various steps of the classical signaling cascade controlling NF- B-
dependent gene regulation. Depending on the cell-type and stimulus, treatment with antioxidants interferes 
with different steps of the classical pathway of NF- B activation. Activation of the IKK complex and 
downstream phosphorylation of the I B  inhibitor are inhibited in certain conditions, while in others I B  
degradation is inhibited without any effect on its phosphorylation. The latter suggests direct redox regulation 
of the mechanisms subserving proteasome-mediated degradation. Downstream kinases responsible for p65 
phosphorylation are also potential candidates for redox regulation in certain contexts. Conversely, antioxidant 
treatment inhibits NF- B/DNA binding in the nucleus.  

Many of these effectors possess reactive Cys residues that are in a favorable environment 
for redox regulation. How they each contribute to the redox regulation of NF- B is a matter 
of intensive research. In certain cells, antioxidant treatments were shown to inhibit TNF-
induced I B  degradation, but not its phosphorylation, suggesting a preponderant role of the 
redox regulation of ubiquitin ligase activity responsible for I B  degradation [55]. In other 
system, antioxidants inhibit cytokine-induced phosphorylation of I B  at Ser32 and Ser36, 
thus implying a redox-dependent activation of the IKK complex [56]. The exact mechanism 
of this redox regulation of IKK is still a matter of debate but may either include a direct 
modification of the Cys179 present in the activation loop of IKK  and IKK , or a regulation 
of the upstream kinases that are involved in IKK activation in a stimulus-specific manner. It is 
also not completely excluded that the redox state of Cys179 may regulate both 
phosphorylation of Ser and the catalytic activity of IKK kinases. Additionally, kinases 
involved in NF- B subunit phosphorylation are also candidates for redox regulation, as 
antioxidant treatment was found to inhibit p65 phosphorylation in TNF-treated endothelial 
cells [57].  
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6. 2. Reduction of Critical Cys Residues of NF- B Subunits Is a 

Prerequisite for DNA-Binding 

 
The crystal structure of the NF- B p50/p65 heterodimer in a complex with B site DNA 

(Figure 5) has been resolved and provided the first clue as to how the RHD domain of the NF-
B subunits interacts with DNA. It became apparent that conserved Cys residues are located 

in the amino terminal DNA recognition loop and make direct contact with DNA. Data 
adduced from in vitro studies using oxidants and reducing agents have supported the concept 
that NF- B subunits bind to DNA preferentially when these Cys residues are in a reduced 
form. In human p50, a motif within the DNA binding loop that recognizes GG dinucleotides 
of the B site is established by the highly conserved Arg57, Arg59, reduced-Cys62 and Glu63 
[58, 59]. Three Arg residues surround Cys62 conferring a highly reactive environment that 
renders Cys62 susceptible to oxidation [60].  

 

 

Figure 5. Reduction of Cys62 of p50 in the nucleus is required for DNA-binding. (A) Depicted is the crystal 
structure of the p50/p65 heterodimer complexed to the immunoglobulin B DNA consensus sequence 
indicating Cys62 and Cys38 residues of p50 and p65, respectively, that make direct contact with DNA. (B) In 
the cytoplasm, the Cys62 residue of p50 is highly oxidized. Upon stimulation, the p50/p65 heterodimer 
translocates to the nucleus, where Cys62 is specifically reduced by the Trx disulfide reductase. Reduction of 
Cys62 is essential for p50 DNA-binding. The crystal structure is available at: http://www. ebi. ac. uk under 
the reference PDB_1vkx.  

This residue is efficiently oxidized in the cytoplasm, while it is a primary target for 
nucleus-specific reduction following stimulation [61]. Similarly, thiol-reactive compounds 
inhibit NF- B DNA-binding through modification of Cys38 in p65, highlighting the 
importance of this residue in p65 DNA-binding [62].  

How is this nucleus-specific reduction of NF- B achieved? The proposed mechanism 
implicates the protein disulfide reductasethioredoxin (Trx; see also Chapter 9), which is 
responsible for the maintenance of reducing conditions within the nucleus [63]. Under basal 
conditions, Trx is mainly localized in the cytoplasm. Upon stimulation, NF- B dimer and Trx 
concomitantly accumulate in the nuclear compartment.  

Once in the nucleus, Trx directly interacts with the DNA-binding loop of p50 and 
provides a reducing milieu for Cys62 (Figure 5) [64, 65]. Additionally, Trx interacts with the 
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APE1/Ref-1 factor that acts as a redox chaperone facilitating the reduction of NF- B 
independently of its redox activity [66].  

 
 

7. The Particular Case of NF- B Regulation by 

Exogenous H2O2 Treatment 
 
It appears that the mechanisms involved in NF- B activation by exogenous H2O2 differ 

highly from those involved in response to stimuli inducing intracellular ROS generation as 
part of the signaling response [38, 39]. Intriguingly, in addition to observations demonstrating 
an activating mechanism [67-69], and similarly to what is observed for stimulus-induced 
intracellular ROS, exogenous H2O2 was also shown to inhibit NF- B activation by targeting 
the IKK complex activity.  

 
 

7. 1. Regulation of NF- B Activation via Tyrosine Phosphorylation of I B 

 
In addition to activation of NF- B through the classical pathway, involving Ser32 and 

Ser36 phosphorylation of I B and its subsequent ubiquitination and degradation, a less well-
characterized pathway involves phosphorylation of I B at Tyr42 (Figure 2). The 
involvement of Tyr42 as a critical phosphoacceptor site was described in response to 
hypoxia/reoxygenation and pervanadate treatment [70-72]. This pathway is particularly 
relevant to redox regulation as it also occurs following stimulation with exogenous H2O2, at 
least in certain cell types including T lymphocytes [73, 74].  

Although Tyr42 phosphorylation is a shared response to these different stimuli, it leads to 
stimulus-specific downstream effects. While ubiquitin/proteasome-dependent degradation of 
I B  is observed following pervanadate stimulation, hypoxia/reoxygenation-induced Tyr42 
phosphorylation promotes the dissociation of I B  from the NF- B hetero- or homodimers. . 
On the other hand, in addition to Tyr42 phosphorylation, exogenous H2O2 triggers further 
phosphorylation of IκBα on Ser283, Thr291 and Thr299 in the carboxy terminal PEST 

domain, mediated by the CaseinKinase2 (CK2). This supplemental set of phosphorylation 
events leads to calpain-dependent degradation of I B 73].  

 
 

7. 2. Inhibition of the IKK Complex: Critical Role of Cys179 

 
The central event of the classical and non-canonical pathways of NF- B activation is the 

activation of IKK kinases, either in the IKK  complex or as IKK  dimer. A dual, 
apparently contradictory, redox regulation of IKK is documented depending on the cell type 
and the stimulus, corroborating the observed dual effect on NF- B activation. Studies based 
on cell stimulation with exogenous H2O2 have highlighted the important role of the Cys179 
residue located in the kinase catalytic domain. In some cases, treatment with H2O2 markedly 
decreases the ability of proinflammatory cytokines to activate IKK . In this context, 
inhibition of IKK  is due to direct oxidation of the Cys179 residue, which is thought to 
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induce an inhibitory conformational change [75, 76]. Oxidation of Cys179 is followed by a 
glutaredoxin 1 (GRX-1) reversible S-glutathionylation [77]. The physiological importance of 
this inhibition is not fully understood. An interesting example of its role in NF- B regulation 
is its potential involvement in the capacity of cigarette smoke-derived ROS to inhibit IKK and 
subsequently NF- B activity in lung epithelial cells [78, 79]. Importantly, the observation that 
the modulation of the redox status of Cys179 might be a means of controlling IKK activity 
has opened an exciting area of therapeutic research (see section 8).  

Inhibition of IKK complex activity in the cytoplasm diverges from the model of an 
activating oxidative state of the cytoplasm in the compartmentalization of NF- B redox 
regulation. Cell-type specificity most likely accounts for part of this discrepancy. However, 
part of the explanation may also reside in the observation that the overall cellular outcome 
depends on the level of ROS. Low ROS levels, which might be referred to as physiological, 
induce an appropriate antioxidant response controlled by the Nrf-2 transcription factor (see 
Chapter 13). On the other hand, severe oxidative stress leads to apoptosis or necrosis 
(Chapters 25 and 26) and is associated with pathological states. However, stimuli-induced 
activation of NF- B involves an intermediate level of intracellular ROS, which is efficient in 
regulating signaling. Precise quantification of ROS levels that define this simplified model is 
difficult with currently available methodology. Thus, commonly applied experimental 
conditions, particularly the addition of exogenous H2O2, might represent a higher level of 
ROS compared to the level induced by other NF- B activators.  

 
 

8. Pathologies Associated with ROS/NF- B and 

Potential Antioxidant Treatments 
 
The NF- B transcription factor regulates the expression of genes critically associated 

with aging and various pathologies, including chronic metabolic diseases (diabetes, 
pulmonary fibrosis, neurodegenerative diseases), inflammatory diseases or carcinogenesis 
(discussed in Part III of this volume) [80]. Thus, NF- B rapidly became a therapeutic target 
of choice. This has involved the development of various natural and chemical compounds 
aimed at reducing NF- B activation. Based on the molecular observations described in this 
Chapter and the demonstration that many of the NF- B-related diseases are also associated 
with oxidative stress, it became obvious that antioxidant compounds might serve as potential 
therapeutic agents [81, 82]. Particularly, the observation of redox-mediated inhibition of 
IKK  activity through oxidative modification of Cys179 has provided a previously 
unrecognized therapeutic opportunity. This led to the development of numerous anti-
inflammatory thiol-modifying compounds aimed at inhibiting NF- B activation, including 
cyclopentone prostaglandins, arsenite, parthenolide and the gold compound auranofin [75, 83-
85]. These compounds are thought to act through covalent modification of Cys179 on the 
basis of data obtained by mass spectrometry analysis of IKK  bound to the N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK) agent [86].  
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Conclusions 
 
The NF- B transcription factor is engaged in an intriguing cross-talk with ROS, being 

activated by ROS-dependent processes and, in turn, regulating antioxidant gene expression. 
Requirement for redox regulation of the signaling pathway leading to NF- B activation is cell 
type- and stimulus-specific. Redox activation of NF- B is compartmentalized: an oxidized 
state is necessary in the cytoplasm, whereas a reduced state is required for DNA-binding in 
the nucleus. Antioxidants may figure centrally in the therapeutic armamentarium for the 
management of NF- B-related diseases.  
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