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Abstract

Skeletal muscle atrophy/wasting is a serious complication of a wide range of diseases and
conditions such as aging, disuse, AIDS, chronic obstructive pulmonary disease, space travel,
muscular dystrophy, chronic heart failure, sepsis, and cancer. Emerging evidence suggests that
nuclear factor-kappa B (NF-kB) is one of most important signaling pathways linked to the loss of
skeletal muscle mass in various physiological and pathophysiological conditions. Activation of
NF-xB in skeletal muscle leads to degradation of specific muscle proteins, induces inflammation
and fibrosis, and blocks the regeneration of myofibers after injury/atrophy. Recent studies
employing genetic mouse models have provided strong evidence that NF-kB can serve as an
important molecular target for the prevention of skeletal muscle loss. In this article, we have
outlined the current understanding regarding the role of NF-kB in skeletal muscle with particular
reference to different models of muscle-wasting and the development of novel therapy.
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1. INTRODUCTION

Skeletal muscle tissue constitutes about 40% of human body mass which ensures basic
functions such as locomotion, metabolism, and respiration. Skeletal muscle exhibits very
high level of plasticity. Resistance exercise and nutritional uptake leads to skeletal muscle
hypertrophy which is characterized by increased muscle size, protein content, and strength
[1,2]. Conversely, prolonged inactivity that occurs during unloading, immobilization,
microgravity, bed rest, or nerve injury results in the loss of skeletal muscle mass commonly
known as skeletal muscle atrophy or wasting [3]. Skeletal muscle atrophy is also a
devastating complication of several disease states such as cancer, AIDS, inflammatory
bowel disease, sepsis, diabetes, chronic obstructive pulmonary disease (COPD), chronic
heart failure (CHF), high dose glucocorticoid therapy, renal failure, burn injury, and cystic
fibrosis [4,5]. Skeletal muscle atrophy is characterized by the reduction in fiber cross-
sectional area, protein content, and strength leading to increased fatigability and insulin
resistance [1,2].

Skeletal muscle atrophy can result from either enhanced protein degradation or reduced
synthesis or both [1,5,6]. Diverse physiological and pathophysiological stimuli trigger
muscle atrophy through distinct upstream mechanisms. For example, unloading initiates
atrophy through mechanisms related to reduced tension [7], whereas elevated levels of
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proinflammatory cytokines, glucocorticosteroids, tumor-derived factors, and endotoxins are
responsible for the induction of muscle atrophy during chronic diseases [4,5]. In the recent
years, considerable progress has been made towards understanding the biochemical
signaling mechanisms involved in the regulation of skeletal muscle mass [2,7]. Generally,
the activation of phosphatidyl inosital 3-kinase (P13K)/Akt pathway that occurs in response
loading and growth factors such insulin and insulin-like growth factor (IGF) prevents the
loss of skeletal muscle mass [8]. On the other hand, activation of nuclear factor-xB (NF-xB),
activator protein-1 (AP-1), p53, Foxo, and p38 mitogen-activated protein kinase (MAPK)
pathways lead to skeletal muscle atrophy [9].

Although muscle atrophy might involve differential activation of multiple cell signaling
pathways, recent evidences suggest that NF-kB is one of the most important signaling
systems, the activation of which leads to skeletal muscle loss. Proinflammatory cytokines,
tumor-derived factors, and other mediators of atrophy function through the activation of NF-
kB. Indeed, recent genetic and pharmacological studies in experimental animal models have
provided unequivocal evidence that specific modulation of NF-xB activity can prevent
skeletal muscle loss in Duchenne muscular dystrophy (DMD), several types of cancer, nerve
injury, and unloading etc. [10-13]. In this article, we have discussed the most direct
emerging evidences suggesting a pivotal role for NF-xB in skeletal muscle-wasting. We
have also illustrated the possible mechanisms by which activation of NF-«xB leads to skeletal
muscle-wasting.

2. BRIEF OVERVIEW OF NF-kB SIGNALING PATHWAY

NF-«B refers to structurally related Rel family eukaryotic transcription factors which
regulate a variety of cellular responses [14]. NF-xB family constitutes five members which
can be further divided in two groups. One group includes RelA (p65), RelB and c-Rel,
which are synthesized as mature protein, and are characterized by the presence of an N-
terminal Rel homology domain (RHD) essential for dimerization and DNA binding, and a
C-terminus transcriptional activation domain. The second group consists of the NF-kB1
(p50) and NF-xB2 (p52) proteins, which are synthesized as large precursor p105 and p100,
respectively, containing an N-terminal RHD and a C-terminal ankyrin repeat domain.
Proteolytic processing of p105 and p100 at the C-terminus gives rise to p50 and p52
proteins, respectively. Both p50 and p52 proteins contain the N-terminal RHD but lack
transcriptional activation domains at the C-terminus end [14].

Different members of the NF-xB family dimerize to facilitate binding of NF-xB to DNA.
Among them, p50 and p65 are the most prototypical hetrodimer present in almost all the cell
types and are responsible for the increased expression of a number of proinflammatory and
cell survival genes. However, homodimers or hetrodimers of p50 and p52 proteins, which
lack transcriptional activation domains, can still bind to NF-xB consensus sites in the DNA,
and act as transcriptional repressor by blocking the consensus sites [15]. Before activation,
most of the NF-xB dimers are retained in the cytoplasm by binding to specific inhibitors-the
inhibitors of NF-kB (IxBs). There are seven mammalian IkBs, including 1kBa, 1xBp, 1xBe
and IkBy, BCL-3 and the precursor proteins, p100 and p105, which contain five to seven C-
terminal ankyrin repeats (Figure 1). The interaction with 1kBs masks the nuclear localization
sequence in the NF-kB complex, thus preventing nuclear translocation and maintaining NF-
kB in an inactive state in the cytoplasmic compartment [15].

The NF-kB complex is activated in response to a variety of stimuli, including viral and
bacterial infection, exposure to proinflammatory cytokines, mitogens, growth factors, and
oxidative and biomechanical stresses [16]. Different stimuli initiate different downstream
signal transduction pathways that involve distinct adaptor and signaling proteins such as NF-
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kB-inducing kinase (NIK), mitogen-activated protein kinase/extracellular signal-regulated
kinase kinase 1, Akt kinase, IL-1 receptor-associated kinases, MyD88, receptor-interacting
protein, TNF receptor (TNFR)-associated death domain, TNFR-associated factors, double-
stranded (ds) RNA-dependent protein kinase, protein kinase C, TGF-B-activated kinase-1
(TAK1), etc. [15,17]. Most of these signaling pathways converge on the kB kinase (IKK)
complex that is composed of two catalytic subunits (IKK-o and IKK-B) and a regulatory
subunit (IKK-y/NEMO). Depending on which subunits of IKK complex are involved, NF-
kB activation can occur via either the classical or alternative pathway (Figure 2). The
classical pathway is IKKp and IKKy-dependent and NF-«kB activation occurs through the
degradation of 1kB proteins. The alternative pathway depends on IKK-o and NF-«xB-
inducing kinase (NIK) and involves regulated processing of the p100 precursor protein
[15,17,18]. Recent findings suggest that depending on the type of stimuli, both classical and
alternative pathways are activated in skeletal muscle and activation of either of these two
NF-kB pathways can cause skeletal muscle atrophy [10,11,19].

Activated IKK phosphorylates NF-xB-bound 1xB proteins and targets them for
polyubiquitination and rapid degradation by creating a binding site for the SCFP-TCP
ubiquitin ligase complex [15,18]. Classical stimuli such as proinflammatory cytokines
activate NF-xB through IKKB-mediated site-specific phosphorylation and subsequent
ubiquitination and degradation of inhibitory protein IxBa by the 26S proteasome pathways.
NF-kB complexes liberated from IxB inhibitory proteins then translocate to the nucleus
leading to transcriptional activation of several target genes, many of which also depend on
the activity of other transcription factors such as activator protein-1 (AP-1), CCAAT
enhancer binding protein (C/EBP), and Signal transducers and activators of transcription
(STAT) family transcription factors [14]. In addition to this classical activation mechanism
by IxB degradation, post-translational modifications of p65 by phosphorylation, acetylation,
and ubiquitination have been shown to modulate the transactivation potential of NF-xB
[15,18]. Activated NF-kB can be down-regulated through multiple mechanisms including a
well-characterized feedback loop involving newly synthesized IkBa, which binds to nuclear
NF-kB and thus removes it from DNA and exports it to the cytosol [14].

NF-kB controls the expression of a large number of genes, including those encoding
cytokines, chemokines, cell adhesion molecules, growth factors, immunoregulatory
molecules, acute-phase and stress response proteins, cell surface receptors, transcription
factors, and several enzymes including those involved in protein degradation by ubiquitin-
proteasome system [16]. In addition, recent in vitro and in vivo studies using genetic
knockout mice have revealed that the activation of NF-xB provides protection against
apoptotic insults both by inducing the expression of anti-apoptotic molecules and by
repressing the activity of proapoptotic proteins [14,16]. Furthermore, NF-kB can also
augment the transcription of its own family members RelB, c-Rel, and p105 [18].

3. MECHANISMS OF ACTION OF NF-kB IN SKELETAL MUSCLE

Research in the past decade has elucidated several important functions of NF-xB in the
regulation of skeletal muscle mass especially in disease conditions. Evidently, there are
three potential mechanisms by which increased activity of NF-xB leads to skeletal muscle
atrophy: 1) NF-xB can augment the expression of several proteins of the ubiquitin-
proteasome system that are involved in degradation of specific muscle proteins during
atrophy; 2) NF-xB may increase the expression inflammation-related molecules which
directly or indirectly promote muscle-wasting; and 3) NF-«xB can also interfere with the
process of myogenic differentiation that may be required for regeneration of atrophied
skeletal muscles (Figure 3). In this section, we discuss these three functions of NF-xB in
greater detail.
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3.1 NF-kB and Ubiquitin-Proteasome System

The ubiquitin-proteasome system is the primary regulator of protein breakdown which
provides a mechanism for selective degradation of regulatory and structural proteins [20].
Although the ubiquitin-proteasome system involves the concerted action of many proteins,
the key enzyme in this system is E3 (ubiquitin ligase), which couples activated ubiquitin to
lysine residues on the protein substrate and confers specificity to the system. Recently, two
inducible E3 ubiquitin ligases i.e. atrogin-1 (also known as MAFbx) and muscle RING
finger protein 1 (MuRF1) have been identified which are responsible for the degradation of
bulk of skeletal muscle protein in various atrophying conditions [21,22]. Increased
expression of atrogin-1 and/or MuRF1 has been reported in animal models of muscle
atrophy induced by immobilization, denervation, hind limb suspension, starvation, tumor
load, lipopolysaccharide (LPS), and glucocorticoids [20-22]. Furthermore, targeted deletion
of atrogin-1 and/or MuRF1 resulted in reduced muscle atrophy in response to denervation
and hind limb suspension confirming the role of these ubiquitin ligases in skeletal muscle-
wasting [21,22].

Although the activation of NF-«B itself requires proteolytic processing of NF-kB and 1xB
family proteins (IxBs, p105, p100) by the ubiquitin-proteasome system [15,18], there are
reports suggesting that activated NF-kB can induce expression of a few proteins of the
ubiquitin-proteasome system that are involved in skeletal muscle protein degradation. Cai et
al. [10] demonstrated that the transgenic expression of constitutively active IKKf causes a
drastic increase in the expression of the MuRF1 gene. The muscle-wasting in IKKp-
expressing mice was significantly reduced by crossing them with MuRF1-knockout mice
[10]. Mourkioti et al. [12] used a reverse approach to study the role of NF-xB in MuRF1
expression. They found that skeletal muscle-specific deletion of IKKf in mice prevented the
expression of MURF1 gene and atrophy in response to nerve injury. Taken together, these
two reports suggest that the activation of NF-xB induces muscle-wasting, at least in part,
through the increased expression of MuRF1 E3 ubiquitin ligase in skeletal muscle [10,12].

Several tumor-derived products and catabolic cytokines have also been reported to augment
the expression of various ubiquitin-proteasome proteins through the activation of NF-«xB.
Treatment of cultured myotubes with proteolysis-inducing factor has been found to increase
the activation of NF-«B, expression of ubiquitin-conjugating enzyme E2 (14k), and the
degradation of specific muscle proteins [23]. The PIF-induced expression of ubiquitin-
proteasome-related proteins and degradation of muscle protein was blocked by over-
expression of a degradation resistant mutant of IxBa protein [23].

3.2. Role of NF-kB in Muscle Inflammation

Systematic inflammation is the primary cause of skeletal muscle wasting and fatigue that is
characteristic of normal aging, AIDS, chronic heart failure, COPD, and cancer cachexia.
Proinflammatory cytokines such as TNF-a, TWEAK, IL-1p, IFN-y, and IL-6 are some of
the most important inducers of muscle-wasting in chronic disease states [24]. Elevated
serum levels of several of these proinflammatory cytokines has been consistently observed
in humans and animal models of chronic disorders involving muscle-wasting [24-27].
Increased levels of TNF-o or IL-1B has been shown to inhibit the expression and activity of
hormones such as growth hormone and IGF-I, the two most important contributors to
postnatal growth [28,29]. In addition, expression of several chemokines, cell adhesion
molecules, and extracellular proteases can augment the infiltration of macrophages,
lymphocytes, and neutrophils in skeletal muscle tissues. Increased chemokine expression,
leukocyte infiltration, and weakness have been observed in the diaphragm and other muscles
of mice suffering from muscular dystrophy [30]. Interestingly, NF-xB regulates expression
of a number of inflammatory molecules including cytokines, chemokines, cell adhesion
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molecules, and tissue-degrading enzymes such as matrix metalloproteinases (MMPs) [16].
In addition, several NF-kB-regulated molecules especially proinflammatory cytokines (e.g.
TNF-a, IL-1pB, IL-6 etc) are also the potent activators of NF-«xB thus establishing a positive
feed-back loop resulting in the over-stimulation of NF-xB and the development of muscular
abnormalities [16]. Recently, Mourkioti et al. [12] provided genetic evidence that the
inhibition of NF-«B activity can promote skeletal muscle regeneration. Their study
demonstrated that specific deletion of IKK( augments skeletal muscle regeneration by
limiting the inflammatory response and fibrosis [12].

Skeletal muscle atrophy involves both intracellular and extracellular alterations. To
understand the extracellular mechanisms in muscle atrophy, we recently investigated the
effects of TNF-a, a well known muscle-wasting cytokine, on the production of extracellular
proteases in skeletal muscle. Our study showed that the TNF-a-induced expression of
metalloproteinase-9 (MMP-9) from myotubes was completely blocked by over-expression
of a dominant-negative inhibitor of NF-«xB (i.e., IkBaAN) suggesting that NF-kxB mediates
the production of MMP-9 in skeletal muscle cells in response to TNF-a [31]. Because
MMP-9 is a key protease that can degrade several components of extracellular matrix-
cytoskeleton linkage in skeletal muscle, its increased production through NF-xB-dependent
mechanisms might play an important role in extracellular alterations and myopathy in
various pathological conditions.

3.3. Role of NF-kB in Myogenesis

Skeletal muscle formation or myogenesis is a highly regulated process that involves the
determination of multipotential mesodermal cells to give rise to myoblasts, exit of these
myoblasts from the cell cycle, and their differentiation into muscle fibers [32]. Myogenesis
is required not only for growth but also for the maintenance and repair of myofibers.
Impairment in the process of muscle regeneration has been proposed as one of the important
determinants of skeletal muscle-wasting especially in chronic disease states such as cancer,
heart failure, COPD etc. [8,24,33,34].

Accumulating literature suggests that NF-kB is essential for myoblast proliferation and for
their maintenance in undifferentiated state. NF-«xB inhibits myogenic differentiation
presumably by stimulating cyclin D1 accumulation and cell cycle progression [35,36]. In an
earlier report, Lehtinen et al. [37] demonstrated that the DNA-binding activity of NF-«B in
cultured myoblasts was significantly decreased within 12—24h of their incubation in
differentiation medium. The down-regulation of NF-«B activity preceded the activation of
muscle-specific promoters and myoblasts fusion [37]. On the other hand, pharmacological
inhibitors of myoblast differentiation augmented the activation of NF-xB in myoblasts
incubated in differentiation medium [37]. Recently, Wang et al. [38] reported that one of the
mechanisms by which NF-kB inhibits myogenesis is through the increased expression of
YinYangl (Y'Y1) transcription factor [38]. YY1 is a negative regulator of myogenesis which
acts by directly repressing the synthesis of late-stage differentiation genes such as skeletal-o
actin, muscle creatine kinase, and myosin heavy chain I11b [38]. Thaloor et al [39]
demonstrated that systematic administration of curcumin, an inhibitor of NF-kB, augments
the regeneration of myofibers after cryoinjury. However, whether the beneficial effect of
curcumin on muscle regeneration was only due to inhibition of NF-«B or it also affected the
activity of other regulators remains unclear. This is because curcumin has also been reported
to inhibit the activation of many other transcription factors (e.g. AP-1, Egr-1, B-catenin, and
PPAR-y) in some other cell types [40]. Nevertheless, the inhibitory role of NF-kB in skeletal
muscle regeneration has been recently confirmed by Mo et al [12] demonstrating that the
muscle-specific deletion of IKK2 promotes myofiber regeneration in response to cardiotoxin
injury.
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Proinflammatory cytokines such as TNF-a, IL-1B, IFN-y, and TWEAK are some of the
important mediators of skeletal muscle-wasting in chronic disorders [24,41]. Langen et al
[34] demonstrated that TNF-a and IL-1p blocks the differentiation of cultured myoblasts
into myotubes through the activation of NF-«xB transcription factor. Inhibition of NF-xB
activity through overexpression of a degradation resistant mutant of NF-«xB inhibitory
protein, IkBa protein (i.e. IkBaSR), was sufficient to reverse the inhibitory effects of TNF-a
or IL-1p on myoblast differentiation [34]. The study also showed that activation of NF-kB
through overexpression of IKKf was equally effective in blocking the differentiation of
myoblasts into myotubes [34]. In a recent report from our laboratory, we have also shown
that TWEAK, a structural homologue of TNF-a, can inhibit myoblast terminal
differentiation through constitutive activation of the canonical NF-«xB signaling pathway
[42]. In terms of the mechanisms by which NF-«kB affects myogenic differentiation, it has
been suggested that activation of NF-«xB reduces the cellular levels of MyoD protein by
post-transcriptional mechanisms. MyoD is a major myogenic transcription factor which
plays specific roles in the muscle progenitor cell activation as well as in the transition from
proliferation to differentiation that occurs upstream of terminal differentiation [43]. Earlier
reports have provided strong evidence increased activation of NF-«kB in response to
proinflammatory cytokines leads to the destabilization of MyoD mRNA in the skeletal
muscle cells [44-46]. Recently, Marco et al. [46] reported that NF-kB causes MyoD
transcript decay by regulating the binding of MyoD-stabilizing RNA binding protein HuR.
Activation of NF-xB augments the expression of inducible nitric oxide synthase (iNOS) in
muscle cells which sequesters HUR away from the MyoD transcript, thereby causing MyoD
decay [46].

Although NF-«B has been widely believed to be an inhibitor of myogenesis, there are also
reports suggesting that insulin growth factor-11 (IGF-11) stimulates the activation of NF-xB
[47,48]. Treatment of L6E9 myoblasts with IGF-I1 causes a transient increase in NF-xB
activity which is required for the terminal differentiation in the presence of IGF-11 [47,48]. It
has been found that the activation of NIK and IKKa but not IKK} is essential for IGF-I1-
induced differentiation of L6E9 myoblasts [48]. Why the activation of NF-kB promotes
myogenic differentiation in response to IGF-Il whereas its activation in response to
proinflammatory cytokines inhibits myogenic differentiation remains enigmatic. It is
possible that cellular context, type of stimuli, level and length of NF-xB activation, and
composition of activated NF-xB complex are all critical for the inhibitory or stimulatory
roles of NF-xB in myogenesis. It is important to recognize that although IGF-II activated
NF-kB in L6E9 myablasts, the level of activation of NF-xB was not very high [47,48].
Furthermore, IGF-11 predominantly activated alternative NF-xB signaling pathway that
involves the activation of NIK and IKKa and proteolytic processing of p100 subunit of NF-
kB [47,48]. On the other hand, proinflammatory cytokines causes constitutive and sustained
activation of classical NF-xB pathway (involving IKKp) in C2C12 myablasts [34,42]. The
incongruity between anti- and promyogenic functions of NF-xB was also recently addressed
Bakker et al [49]. Their study showed that constitutive activation of the classical NF-xB
pathway functions to inhibit myogenic differentiation. However, late during myogenic
differentiation, NF-«xB signaling switches to the alternative pathway to promote skeletal
muscle homeostasis [49].

4. ACTIVATION OF NF-kB AND SKELETAL MUSCLE ATROPHY

Abundant evidences from in vitro studies and experimental models of several human
diseases and conditions suggest that aberrant activation of the NF-xB in skeletal muscle may
lead to skeletal muscle atrophy (Figure 4). In this section, we provide a succinct review of
the evidences for abnormal NF-«xB regulation in some important muscle-wasting diseases.
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4.1 Muscular Dystrophy

Muscular dystrophy is an inherited group of muscle disorders, which causes a slow but
progressive degeneration of skeletal muscle fibers leading to lifelong pain, disability, and
eventually death [50]. Duchenne muscular dystrophy (DMD) is the most prevalent form of
muscular dystrophy that is caused due to total or partial deficiency of dystrophin [51].
Dystrophin is a component of the multiprotein complex known as dystrophin-glycoprotein
complex (DGC) which links cytoskeleton of the muscle fibers to the extracellular matrix
[50]. In the absence of dystrophin, the complex is functionally impaired, and the mechanical
stress associated with contraction progressively leads to the degeneration of skeletal muscle
fibers, muscle-wasting, progressive impairment of movements, and eventually paralysis and
death [50].

Several studies have demonstrated that secondary events such as inflammation, regeneration
of myofibers after necrosis, and fibrosis actively contribute to the pathogenesis of DMD
[52-54]. In an earlier report, we demonstrated that NF-xB was highly activated in the
diaphragm muscle of dystrophin-deficient mdx mice even before the onset of muscle
necrosis [55]. We also found that the mRNA levels of NF-xB-regulated proinflammatory
cytokines IL-1B and TNF-a were significantly higher in the diaphragm muscle of mdx mice
compared to normal mice even at prenecrotic stages [55]. Based on our findings in mdx
mice, we suggested that the activation of NF-xB may lead to the accumulation of muscle
catabolic cytokines such as TNF-a and IL-1p in skeletal muscle of mdx mice. Persistent
stimulation of skeletal muscle fibers by mechanical stress or positive feedback loops that
could involve proinflammatory cytokines such TNF-a and IL-1B may result in the over-
stimulation of NF-«B leading to skeletal muscle-wasting [55]. Similar to mdx mice, higher
activation of NF-kB has also been reported in muscle biopsies of DMD patients suggesting
that similar mechanisms might be involved in the activation of NF-xB in DMD patients [56].

In the recent years, several research groups have demonstrated that the inhibition of NF-xB
can prevent muscle pathogenesis, at least, in the mouse models of DMD. Carlson et al. [57]
reported that chronic administration of pyrrolidine dithiocarbamate (PDTC), an agent which
inhibits NF-«B activation by stabilizing cytosolic IxBa protein, reduces the loss of
triangularis sterni (TS) muscle and provides functional gain in TS fibers in mdx mice.
Similar beneficial effects of PDTC in mdx mice were also reported by Messina et al. [58].
Their study showed that PDTC treatment reduces the activation of NF-xB, muscle necrosis,
and fatigue in mdx mice [58]. In addition, in vivo administration of IRFI-042, a potent
antioxidant and inhibitor of lipid peroxidation, has been found to block the NF-kB activation
and muscle degeneration and provide functional gain in mdx mice [59].

The role of NF-xB in muscle pathogenesis of DMD was recently investigated using genetic
mouse models. Acharyya et al. [13] demonstrated that the activation of NF-xB was related
to the severity of muscle disease in the mouse models of DMD. There was a considerably
increase in the DNA-binding activity of NF-xB in the myofibers of mdx/utrophin double
knockout mice, which when compared to the mdx mice, more closely resemble the clinical
signs and early lethality of DMD patients. NF-kB activity was increased not only in the
skeletal muscle tissues but also in the macrophages of mdx mice [13]. Heterozygous
deletion of p65 subunit of NF-xB in the mdx mice resulted in amelioration in muscle
pathogenesis and enhanced regeneration of myofibers [13]. Similarly, genetic deletion of
IKKp in macrophages, skeletal muscle, or pharmacological inhibition of IKKp using
NEMO-binding domain (NBD) attenuated muscle pathology and augmented skeletal muscle
regeneration in the mdx mice [13]. While the effectiveness of NF-«xB inhibitory drugs for
treatment of DMD patients will be evaluated in future clinical trails, it is important to
recognize that at present glucocorticoid therapy (prednisone) is the only effective
pharmacologic treatment that increases muscle strength and function, improves pulmonary
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function, and significantly slows the progression of weakness in DMD patients.
Interestingly, glucocorticoids are also one of the most important known inhibitors of NF-xB
[60].

Although the inhibition of NF-xB was found to suppress muscle pathogenesis in the mdx
mice, there are reports suggesting that some level of NF-«xB activity may be essential for the
survival of muscle fibers, at least, in a few other types of muscular dystrophy. The
prosurvival function of NF-xB in muscular dystrophy is not surprising because NF-xB is
well-known inducer of several anti-apoptotic genes in several other cells and tissues [14,16].
Limb-girdle muscular dystrophy type 2A (LGMD2A) is a recessive genetic disorder caused
by mutations in the cysteine protease calpain-3 leading to selective muscle-wasting [50].
Calpain-3 seems to be required for the degradation of IxBa protein and hence the activation
of NF-xB and suppression of apoptosis in skeletal muscle [61]. Loss of calpain-3 leads to
increased apoptotic myonuclei in skeletal muscle of LGMD2A patients [62] and in calpain
3-knockout mice [61]. Recently, it has been shown that the expression of cellular-FLICE
inhibitory protein (c-FLIP), a NF-xB regulated cell survival protein, is down-regulated in
LGMD2A muscle biopsies [63]. Therefore, depending on the etiology of muscular
dystrophy, activation of NF-xB may lead to skeletal muscle-wasting or promote muscle cell
survival.

Muscle-wasting is the most important phenotypic feature of cancer cachexia causing
functional impairment, fatigue, and respiratory complications, attributed to the increased
activation of muscle proteolytic pathways. Although the pathophysiology of cancer cachexia
is not completely understood, it is believed that alteration in the muscle protein metabolism
arises from the presence of tumor-derived factors such as proteolysis-inducing factor (PIF),
parathyroid hormone-related peptides, or due to the increased production of humoral factors
such as proinflammatory cytokines, many of which act through the activation of NF-xB and
related transcription factors [64].

Functional significance of NF-«xB in cancer cachexia has been highlighted by recent studies
employing cell culture techniques or experimental animal models. NF-xB has been found to
be involved in PIF-induced muscle protein degradation and the activation of ubiquitin-
proteasome proteolytic pathway in cultured myotubes. Weight loss and skeletal muscle
protein degradation in mice bearing MAC16 adenocarcinoma were significantly attenuated
by in vivo administration of resveratrol, a pharmacological blocker of NF-«xB [65].
Treatment of Yoshida AH-130 hepatoma bearing rats with SP100030, an inhibitor of NF-xB
and activator protein-1 (AP-1), was also found to be effective in preventing skeletal muscle-
wasting in this model [66]. Cancer cachexia is a prominent feature in prostate cancer
patients [67]. Conditioned medium from a prostate cancer cell line PC3 was able to block
the differentiation of mouse primary myaoblasts into myotubes indicating that tumor-derived
factors can cause muscle-wasting by blocking myogenic differentiation [68]. Stable
expression of a dominant negative inhibitor of NF-«kB partially restored muscle
differentiation in PC3 cells conditioned media-treated primary myoblasts [68]. Kuroda et al.
[69] investigated the effect of dehydroxymethylepoxyquinomicin (DHMEQ), an inhibitor of
NF-«xB, on IL-6 production and cachexia using a mouse model of prostate cancer. Their
study showed that intraperitoneal administration of DHMEQ to JCA-1 tumor-bearing mice
significant ameliorated the cachexia phenotypes including the loss of skeletal muscle mass.
They also reported that DHMEQ was effective in reducing the serum level of IL-6 in JCA-1
tumor-bearing mice or in cultured cells [69].

Direct evidence regarding the role of NF-xB in tumor-induced skeletal muscle-wasting came
from a recent study of Cai et al. [10] wherein they employed transgenic approach to block
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the NF-xB activation in skeletal muscle of mice. The study suggested that the activation of
NF-«kB in skeletal muscle tissues was significantly increased after implantation of Lewis
Lung Carcinoma (LLC) in the wild-type mice. The increase in NF-«xB activity in the skeletal
muscle was attributed mainly to the tumor-derived circulating factors because there was no
evidence of tumor growth in the muscle tissue of these mice [10]. The study showed that
muscle-specific inhibition of NF-«kB activity by transgenic overexpression of a super-
repressor mutant of IxBa protein (i.e. IkBaSR) significantly attenuated the loss of skeletal
muscle mass and body weight of LLC-bearing mice [10].

In the recent years, several drugs (e.g. megestrol acetate, Dronabinol, Eicosapentaenoic
acid-enriched oral supplements, Ghrelin, Pentoxiphylline, thalidomide, melatonin,
nandrolone decanoate) have been identified which were effective in treatment of cachexia/
anorexia to some extent in randomized clinical trails in cancer patients. Although the
mechanisms of action of these drugs in prevention of cachexia in cancer patients remain to
be determined, many of these drugs such as Dexanabinol [70], Eicosapentaenoic acid [71],
Ghrelin [72], Pentoxiphylline [73], thalidomide [74], and melatonin [75] have been shown to
inhibit NF-xB activity in different cell types.

Skeletal muscle-wasting is a significant clinical problem in sepsis resulting in severe
muscle-weakness and fatigue which may delay ambulation and increase the risk for
thromboembolic and pulmonary complications. Sepsis-induced muscle-wasting is associated
with the activation of a number of nuclear transcription factors including NF-xB. In an
experimental rat model of sepsis induced by cecal ligation and puncture (CLP), Penner et al.
[76] demonstrated that the activity of NF-kB is significantly increased within 4h of
induction of sepsis compared to the sham-operated controls. Because sepsis is an
inflammatory disorder, increased levels of cytokines and chemokines might play a
prominent role in skeletal muscle-wasting during sepsis [77]. Infiltration of macrophages
and neutrophils has been strongly implicated in the pathogenesis of sepsis-induced
diaphragmatic weakness [78]. The chemokines of the CC and CXC family, which are
involved in the recruitment of macrophages and neutrophils, are highly expressed in the
septic mouse diaphragm in vivo. Boyd et al. [79] have reported that lipopolysaccharide
(LPS) causes a significant increase in the expression of chemokines such as monocyte
chemoattractant protein-1 (MCP-1) and KC in skeletal muscle via the recruitment of toll like
receptor 4 (TLR4). Stimulation of TLR4 with LPS augmented the activation of NF-kB in
cultured myotubes [79]. Furthermore, the activation of NF-xB and the expression of MCP-1
and KC were significantly blocked by over-expression of a dominant negative mutant of
IKKB [79]. A similar study also demonstrated that NF-«xB regulates the endotoxin-induced
expression of several other proinflammatory molecules such as TNF-a, IL-1a, IL-1p, IL-6,
macrophage inflammatory peptide-2, intercellular adhesion molecule-1, and iNOS in the
diaphragm muscle [80]. Collectively, these evidences suggest that NF-kB might play a
pivotal role in the expression of proinflammatory molecules and muscle loss during sepsis.

4.4 Chronic obstructive pulmonary disease (COPD)

Skeletal muscle-wasting is an important feature of chronic obstructive pulmonary disease
(COPD) which contributes to symptoms and influences prognosis. Although the exact
mechanisms leading to the loss of peripheral muscle in COPD remain poorly understood,
elevated levels of proinflammatory cytokines have been consistently observed in circulation
and muscle tissues of COPD patients [33,81,82]. Proinflammatory cytokines can inhibit
myogenic differentiation and induce degradation of specific muscle proteins such as MyoD
and myosin heavy chain via NF-kB-dependent mechanisms [9,34,42,44]. Indeed, reduced
tension and power output observed in the diaphragm muscle of MyoD~~ mice resemble the
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changes that occur during COPD further indicating that alterations in the levels of MyoD
might contribute to skeletal muscle-wasting during COPD [83]. Langen et al. [33]
demonstrated that the body and muscle weights of transgenic mice expressing TNF-a under
the control of surfactant protein C (SP-C) promoter (a mouse model for COPD) was
significantly lower compared to that of the normal mice. In addition, there was significant
deficit in the muscle regeneration in SP-C/TNF-a transgenic mice in response to reloading
of disuse-atrophied muscle suggesting that attenuated muscle regeneration might be
responsible for muscle-wasting in COPD [33]. Agusti et al [84] compared the activation of
NF-kB between COPD patients with normal body mass index (BMI) and patients with low
BMI [84]. They found that the DNA-binding activity of NF-kB in quadriceps femoris
muscle was significantly higher in COPD patients with low BMI compared to normal weight
patients [84]. Furthermore, the expression level of inducible nitric oxide synthase (iNOS), a
NF-kB-regulated gene, was found to be increased in skeletal muscle of low BMI COPD
patients compared to those with normal BMI. In a recent study, Broekhuizen et al [85] have
demonstrated that polyunsaturated fatty acids which also block NF-«kB activity provide
beneficial effects on exercise capacity in patients with COPD.

heart failure (CHF)

Heart failure is a syndrome characterized by decreased exercise capacity and is accompanied
by severe muscle-wasting also known as cardiac cachexia. Many different mechanisms have
been proposed to explain muscle-wasting in patients with heart failure; however, the
pathogenesis remains largely obscure. Higher levels of TNF-o and IL-1B have been
observed in the circulation and in the skeletal muscle of patients with CHF which might be
responsible, at least in part, for the observed muscle wasting in CHF patients [86]. Whilst
direct TNFD and IL-1p antagonism has therapeutic appeal, manipulation of the downstream
pathways such as NF-kB might be useful in the treatment of cachexia during CHF. Adams et
al. [87] reported significantly increased levels of IL-1p and inducible nitric oxide (iNOS) in
the muscle biopsies of CHF patients as compared to healthy controls. The IL-1B-mediated
iNOS induction was completely suppressed on inhibition of NF-xB in cultured muscle cells
[87]. A linear correlation between NF-«xB activation and iNOS expression has also been
reported in muscle biopsies of CHF patients suggesting that NF-kB-mediated increase in
iNOS expression in skeletal muscle may contribute to exercise intolerance and early fatigue
in CHF patients [88]. Furthermore, increased activation of NF-xB has also been reported in
peripheral blood leukocytes, activation of which generally promotes muscle-wasting in
chronic diseases including CHF [89,90]. Although clinical trails for treatment for CHF
cachexia are still lacking, there is a possibility that polyunsaturated fatty acids and other
drugs which ameliorate muscle-wasting in cancer and COPD, will also provide beneficial
effects in treatment of cardiac cachexia.

Skeletal muscular atrophy is a well-documented complication of diabetes and has been
attributed to the direct effect of low serum insulin on the motor end plates and on the
synthesis of contractile proteins. Deficiency of insulin in animals leads to accelerated muscle
atrophy and protein degradation [91]. Recent studies have suggested that insulin resistance
and type Il diabetes are associated with muscle-wasting in adults [92,93]. NF-xB and
oxidative stress are well known for their contribution to the pathogenesis of type | and type
Il diabetes [16]. Interestingly, both NF-xB and oxidative stress are also the potent stimuli for
the protein degradation in skeletal muscle [94]. Although the direct evidence regarding the
role of NF-«xB in muscle-wasting in diabetes is still lacking, NF-kB seems to have no role in
the development of insulin resistance in muscle. Using transgenic mice expressing either
constitutive active IKKB mutant (MIKK) or a super-repressor mutant of IxBa (MISR) in
skeletal muscle, Cai et al. [10] investigated whether the activation of IKKB/NF-xB causes
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skeletal muscle-wasting by modulating insulin sensitivity. They found that insulin sensitivity
was not altered in either MIKK or MISR mice suggesting that IKK( and NF-kB mediate
muscle-wasting without being directly involved in the development of insulin resistance in
this tissue [10].

Mastrocola et al. [95] investigated the contribution of oxidative stress in skeletal muscle-
wasting in diabetic rats. They showed that the level of activation of IKKp and the amount of
NF-kB p65 protein in the nuclear extract from the gastrocnemius of STZ-treated rats were
significantly higher than in the control rats. Administration of dehydroepiandrosterone
(DHEA), a multifunctional steroid with multi-targeted antioxidant properties, prevented the
loss of gastrocnemius muscle mass and partially restored the normal levels of IKKB and NF-
kB activity in diabetic rats [95].

4.7. Unloading

The majority of muscle atrophy in the general population results from disuse. Reduction in
skeletal muscle activity as a result of hindlimb unloading, immobilization, microgravity, or
denervation leads to significant loss of skeletal muscle mass and strength. Hunter et al. [19]
demonstrated that hindlimb unloading leads to a drastic increase in the NF-xB DNA-binding
and reporter gene activities in rat soleus muscle. Compared to weight-bearing rats, there was
significant increase in the nuclear level of NF-kB/IxB family proteins p50, c-Rel and Bcl3 in
unloaded soleus muscle [19]. Analysis of the NF-kB/DNA complex showed that it mainly
contained p50, c-Rel, and Bcl-3 but not other members of the NF-xB/IxB family [19]. The
interesting observation of this study was that there was no evidence of the activation of
classical p50-p65 NF-kB dimers, which are generally activated in response to
proinflammatory cytokines and implicated in regulation of skeletal muscle wasting in
chronic diseases.

The role of p50, Bcl-3, and c-Rel proteins in unloading-induced muscle atrophy was later
evaluated using knockout mice [11,96]. Genetic ablation of either Nfkb1 or Bcl-3 gene in
mice prevented the unloading-induced NF-«kB reporter gene activity in the soleus muscle
[11]. Furthermore, unloading-induced soleus muscle atrophy, as evaluated by measuring the
fiber cross-sectional area and transition from slow to fast fiber type were also significantly
inhibited in Nfkb1- or Bcl3-gene knockout mice. Further analysis revealed that the inhibition
of atrophy in Nfkb1-knockout mice was due to the lack of atrophy in the fast fibers, while in
Bcl3-knockout mice, the atrophy was inhibited in both the fast and the slow fiber type [11].
The same group of investigators also reported that c-Rel subunit was not involved in
unloading-induced muscle atrophy because there was no difference in the NF-«xB reporter
gene activity and the fiber cross-section area between c-Rel-knockout mice where compared
to the corresponding wild-type mice [96]. Collectively, these reports suggest that p50 and
Bcl3 are the major components of the NF-«xB signaling system which contribute to the
unloading-induced skeletal muscle atrophy and other associated muscle phenotypic
transitions.

4.8 Denervation

Muscle and motor neurons have great influences on each other; hence, denervation of
skeletal muscle causes a wide range of molecular and cellular alterations: the most important
one is atrophy. Denervation-induced atrophy generally results in rounded atrophied fibers
with reduced cross-sectional areas. The role of NF-kB in denervation induced skeletal
muscle was recently elucidated by two independent studies using transgenic approaches
[10,12]. Mourkioti et al [12] demonstrated that skeletal muscle-restricted NF-«xB inhibition
in mice through targeted deletion of IKK2 subunit of the IKK complex causes an increase in
soleus muscle intermediate type fibers, total cross-sectional area, and specific twitch and
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titanic forces [12]. Moreover, compared to controls, activation of NF-kB and the loss of
skeletal muscle mass and function in response to sciatic nerve injury were significantly
blocked in muscle-restricted IKK2-deficient mice. Muscle-specific deletion of IKK2 also
enhanced the skeletal muscle regeneration after cardiotoxin injury and the increase in
muscle regeneration was attributed to the reduced inflammatory response in IKK2-depleted
skeletal muscle [12].

Cai et al [10] studied the role of NF-«xB in denervation-induced skeletal muscle atrophy
through transgenic overexpression of a super-repressor mutant of NF-«xB inhibitory protein
IxBa (IxkBaSR) in the skeletal muscle of mice. NF-kB activity increased 9-fold in the
hindlimb muscles of the wild-type mice 14 days after sciatic nerve injury. On the other hand,
there was only a 1.5-fold increase in the NF-xB activity in the denervated muscle of
IkBaSR-expressing transgenic mice. Furthermore, transgenic expression of 1kBaSR protein
in the skeletal muscle significantly blunted the denervation-induced loss of skeletal muscle
mass and fiber size suggesting that NF-xB is involved in the denervation-induced skeletal
muscle atrophy [10].

Loss of skeletal muscle mass, strength, and quality observed in elderly humans is often
referred to as sarcopenia. Several biochemical mechanisms have been suggested for age-
related muscle loss. These include reduced proliferation/activation of satellite cells,
decreased muscle protein synthesis, increased oxidative stress, and impaired glucose
metabolism [97]. In addition, catabolic cytokines (e.g. IL-6, IL1pB, and TNF-a) may also
play a role in age-related muscle loss. Indeed, the levels of NF-kB activating inflammatory
cytokines have been found to be elevated in elderly people with significant sarcopenia [98].

Studies performed in animal models of sarcopenia have suggested that increased activity of
NF-kB may contribute to age-related muscle loss. Bar-Shai et al. [99] studied the kinetics of
activation of NF-«xB in 24-months old rats in response to four weeks of immobilization by
external fixation. Compared to controls, the activity of classical p65/p50 dimer of NF-xB in
quadriceps muscles was down-regulated during the first two weeks of limb immobilization
[99]. However, in the third week the activity of p65/p50 returned to the basal levels of the
control muscles, while after the fourth week, there was a significant increase in p65/p50
activity [99]. In another study, Cuthbertson et al. [100] reported decreased anabolic response
in skeletal muscle of healthy older men compared to young after ingesting different amounts
of essential amino acids. They also observed that the level of NF-xB was increased by
almost four-folds in myofibers of older men compared to young men [100]. Although the
physiological significance of activation of NF-«kB in skeletal muscle of older men remains
unclear, increased activation of NF-xB coupled with reduced anabolism may lead to skeletal
muscle-wasting.

5. CONCLUDING REMARKS

From the above description, it is clear that NF-kB can induce muscle loss by multiple
mechanisms and inhibition of NF-xB activity has enormous potential for the prevention and
treatment of muscle-wasting not only in chronic diseases but also in many conditions such
as unloading, denervation, space flight, aging etc. Like in many other NF-«xB-related
disorders, both molecular and pharmacological approaches can be used to inhibit the
activation of NF-«kB in response to various muscle-wasting stimuli/conditions. Because NF-
kB appears to be an important molecular target in muscle-wasting, more studies need to be
performed in experimental animals to test the efficacy of specific molecular and
pharmacological inhibitors of NF-xB in muscle-wasting. Such studies will provide strong
basis for future clinical trials in patients with skeletal muscle atrophy. However, it is also
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important to recognize that while offering great clinical potential for muscle-wasting and
several other inflammatory diseases, inhibition of NF-kB in vivo can also be detrimental
because NF-«B controls multiple functions in homeostasis including development and
function of immune system, cell proliferation and survival. The balance between therapeutic
benefit and potential changes in normal cellular function and response during drug induced
NF-«kB inhibition will be one of the most important challenges in future clinical studies.
Furthermore, it is also important to identify the genes NF-«xB regulates in atrophying skeletal
muscle. Modulating the expression and/or activity of specific NF-kB target genes can also
be used as a potential alternative therapeutic approach for the management of NF-«xB-related
muscle-wasting. For example, the expression of MuRF-1 ubiquitin ligase is directly
regulated by NF-«B in atrophying conditions. Therefore, instead of inhibiting the activity of
NF-kB, modulation of the activity of MuRF1 could be a better approach because it is
specifically expressed in skeletal muscle and primarily involved in muscle protein
breakdown. In addition, it is important to take into consideration that many other cell types
especially the cells of immune system (a major source for inflammatory/catabolic cytokines)
contribute significantly to skeletal muscle atrophy. Specific modulation of NF-«xB activity in
these cells along with skeletal muscle might produce better results for the treatment of
skeletal muscle atrophy. The availability of conditional knockout mice of various NF-kB
family proteins will be helpful in identifying the NF-«B target genes expressed during
different muscle-wasting conditions and to understanding the effects of cell/tissue-specific
modulation of NF-«B activity on skeletal muscle atrophy.
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Abbreviations

AP-1 activator protein-1

CHF chronic heart failure

COPD chronic obstructive pulmonary disorder
DMD Duchenne muscular dystrophy

MAPK mitogen-activated protein kinase

IFN interferon

IGF insulin growth factor

1kB | kappa B

IKK IkB kinase

LGMD2A Limb-girdle muscular dystrophy type 2A
LLC Lewis lung carcinoma

MMP matrix metalloproteinase

MuRF1 muscle RING finger protein 1

NBD NEMO-bidning domain

NSAID Nonsteroidal anti-inflammatory drug
NIK NF-xB-inducing kinase

iNOS inducible nitric oxide synthase
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PDTC pyrrolidine dithiocarbamate

PIF

proteolysis inducing factor

PI3K phosphatidyl inosital 3-kinase
TWEAK TNF-related weak inducer of apoptosis
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Figure 1. Diagrammatic representation of NF-kB/IkB family proteins

The protein of NF-kB and IxB families along with their structural features are depicted here.
The number of amino acids in each human protein is shown on right. TD, transactivation
domain; N, nuclear localization sequence; LG, leucine zipper motif; and G, Glycine rich
repeat.

J Mol Med (Berl). Author manuscript; available in PMC 2009 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 21

Figure 2. Schematic representation of two NF-kB signaling pathways

Activation of NF-xB can occur by classical or alternative pathway. Classical pathway
involves the activation of IKKp leading to phosphorylation and degradation of 1kBs. The
alternative pathway involves IKKa and leads to the phosphorylation of processing of p100,
generating p52:relB heterodimers. NIK, NF-xB-inducing kinase; Ub, ubiquitin; MEKK3,
mitogen-activated protein kinase kinase kinase 3.
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Figure 3. Putative mechanisms of action of NF-kB in skeletal muscle metabolism

Activation of NF-xB leads to muscle-wasting by multiple mechanisms. NF-xB can augment
the expression of ubiquitin-proteasome system proteins (e.g. MURF1) and/or
proinflammatory cytokines, chemokines, and tissue-degrading enzymes which leads to
skeletal muscle-wasting. Activation of NF-xB can also induce muscle-wasting by blocking
the process of myogenic differentiation possibly by modulating the levels of MyoD.
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Figure 4. Role of NF-kB in different muscle-related disorders

Numerous studies have shown that the activation of NF-xB causes muscle-wasting in many
disease states and conditions (shown in red). In LGMD?2A, the NF-«B is essential for the
survival of muscle fibers (shown in green). COPD, Chronic obstructive pulmonary disorder;
DMD, Duchenne muscular dystrophy; LGMD2A, Limb-girdle muscular dystrophy type 2A.
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