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Abstract Atrophy is a classical hallmark of an array of disorders that affect skele-
tal muscle, ranging from inherited dystrophies, acquired inflammatory myopathies,
ageing (sarcopenia) and critical illness (sepsis). The loss of muscle mass and func-
tion in these instances is associated with disability, poor quality of life and in some
cases mortality. The mechanisms which underpin muscle atrophy are complex;
however, significant research has demonstrated an important role for inflammatory
cytokines such as tumour necrosis factor-alpha (TNF-a), mediated by the genera-
tion of reactive oxygen species (ROS) in muscle wasting. Moreover, activation of
the transcription factor nuclear factor kappa B (NF-«kB) is a key lynchpin in the
overall processes that mediate muscle atrophy. The significance of NF-xB as a key
regulator of muscle atrophy has been emphasised by several in vivo studies, which
have demonstrated that NF-kB-targeted therapies can abrogate muscle atrophy. In
this chapter, we will summarise current knowledge on the role of cytokines (TNF-)
and NF-xB in the loss of muscle mass and function and highlight perspectives
towards future research and potential therapies to combat muscle atrophy.
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12.1 Introduction

Skeletal muscle is a robust and plastic organ; accounting for approximately 40%
total body weight and 50% total protein and is responsible for ambulation, postural
support, metabolic homeostasis and thermogenesis. Skeletal muscle is plastic in the
sense of its capability of rapidly responding to load, in terms of training or disuse;
and these features undoubtedly underpinned the success of our species in hunter-
gather times [1]. However, in response to an array of pathological stimuli, it is
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dysregulation in mechanisms of plasticity which gives rise to atrophy of muscle.
Skeletal muscle atrophy is defined as loss of muscle mass, derived from imbalance
between rates of protein synthesis and degradation [2]. We observe muscle atrophy
in an array of pathogenic states, ranging from inherited (DMD) and acquired (myo-
sitis) myopathies to sepsis (hyper-inflammation and disuse) and age-related loss of
muscle mass (sarcopenia) [2]. In these instances, we observe a reduction in muscle
fibre cross-sectional area and thus a reduction in force output — which manifests as
muscle weakness and reduced capacity to exercise — collectively resulting in
impaired quality of life. The cellular mechanisms, which are responsible for muscle
atrophy, are indeed complex. However, significant research of the last ~20 years has
indicated that nuclear factor kappa B (NF-xB) pathway activation and inflammatory
cytokines such as TNF-« are key players in muscle atrophy. In this chapter, we dis-
cuss the basic biology of NF-kB signalling, the evidence demonstrating the role of
NF-xB as a lynchpin in muscle atrophy — intertwined with the role of cytokines in
atrophy — and how pharmacologically targeting NF-kB may be an avenue for
therapy.

12.2 NF-kB and Muscle Atrophy

12.2.1 The NF-kB Signalling Pathway

NF-«B is a pleiotropic, redox-sensitive, nuclear transcription factor, which regulates
the expression of a vast array of genes, associated with a diverse range of biological
processes — ranging from innate and adaptive immune responses to cell growth,
maturation and survival [3]. NF-kB plays a crucial role in allowing cells to adapt to
a diverse array of environmental stimuli. In mammalian species NF-kB is com-
prised of the subunits p50, p52 p65 (RelA), c-Rel and RelB [4]. The individual
protein subunits of NF-xB bind together to form heterodimers that are defined as the
NF-kB complex. Dimerisation occurs at a region termed the rel-homology domain
(RHD). The RHD is located on the N-terminus of each NF-kB unit and is approxi-
mately 300 amino acid bases in length [5]. There are 15 known dimers that have
been identified to form NF-kB units. There is relative homology between the sub-
units, however key differences in p50 and p52 are apparent, whereby they lack a
transactivational domain at their C-terminus; p50/52 homodimers do not activate
transcription upon migration to the nucleus. One of the most characteristic dimers,
which do activate transcription, is the p65/50 dimer [3].

NF-«B resides in the cytosol of cells in an inactive state, tightly bound to IkB,
comprised of several subunits: IkBa, IkBf, [kBy and IkBe [3]. IkB forms covalent
bonds with NF-kB that maintains it in a state of inactivity. Although inactive NF-xB
is described as cytosolic, the NF-kB-IkB complex is constantly migrating in a cycli-
cal fashion to and from the nucleus [6]. IkB prevents any significant binding of
NF-kB to DNA, and the net export from the nucleus is greater than that of the
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import — implying NF-kB to be cytosolic in origin [6]. NF-kB activation occurs by
severing of covalent bonds with IkB via the action of the IxB kinase (IKK). IKK is
a kinase, which phosphorylates IxkB and initiates IxB degradation via the ubiquitin-
proteasome pathway — leaving NF-kB free and active, which then translocates to the
nucleus and binds to requisite promoter sequences at the kB domains [4].

NF-kB activation can occur in response to a variety of stimuli from viral and
bacterial components to pro-inflammatory cytokines — however, one of the most
well-characterised activators is TNF-o [6]. The canonical activation of NF-kB due
to degradation of the inhibitor of kappa B alpha/beta (IKBo/f) by IkB kinase (IKK)
is TNF-dependent [3]. The activation of IKKf by TNF-a occurs due to translocation
of IKKp to the membrane by the chaperones CDC37 and HSP90; the activation of
IKKP is RIP-dependent. IKKf phosphorylates the IKBa and IKBf subunits which
bind to and stabilise NF-kB in an inactivate state in the cytoplasm. TNF-a is pro-
duced by a variety of cell types, such as monocytes, macrophages, NK cells, endo-
thelial cells, smooth muscle cells [7] in skeletal muscle [8] and adipocytes [9].

12.2.2 NF-xB in Muscle Disease

There is an overwhelming body of evidence delineating the important role for
NF-xB in muscle wasting — in part, derived from a pivotal study in 2000. Authors
demonstrated a key role for NF-kB in the loss of MyoD in cachexia — mediated via
TNF-o/IFN-y gamma signalling [10]. Research in more recent years has expanded
our understanding in this context, with in vitro, in vivo, and now strong clinical
evidence — reporting NF-kB as a key lynchpin in muscle atrophy.

Sarcopenia is the age-related loss of muscle mass — which typically occurs from
the fifth decade of life onwards — with upwards of 50% loss of muscle mass observed
in the eighth decade [11]. Loss of muscle mass and function in ageing is associated
with frailty and impaired quality of life — and is an overall significant socioeco-
nomic burden. During ageing we observed a loss of overall muscle fibre number and
a reduction in cross-sectional area of those remaining fibres. Studies examining the
role of NF-kB in the context of ageing have demonstrated elevated NF-kB content
was fourfold higher in the medial vastus lateralis of elderly men (70 + 1 years) when
compared with young men (28 + 1 years) [12]. In murine studies, anterior tibialis
muscle of aged mice showed an aberrant persistent activation of NF-kxB DNA bind-
ing activity [13]. Collectively, these studies illustrate a constitutive activation of
NF-kB in aged muscle; however, the precise mechanism of action in the context of
sarcopenia is poorly understood.

The idiopathic inflammatory myopathies, collectively termed myositis, are a
group of heterogeneous acquired autoimmune disease, which primarily target skel-
etal muscle. Myositis can be subcategorised into polymyositis (PM), dermatomyo-
sitis (DM) and inclusion body myositis (IBM) characterised by profound muscle
wasting, weakness and disability. Elevated circulating and muscle levels of
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cytokines, such as TNF-a and IFN-y alongside deposition of CD4/CD8 T-cells in
muscle, are all hallmarks of disease [14]. The NF-xB pathway has been investigated
in the context of myositis, with both PM and DM biopsies showing NF-kB activa-
tion [15]. Moreover, immunohistochemical investigations of biopsies from IBM
patients showed increased deposition of p50 and p65 subunits in diseased muscle
fibres [16]. An intriguing hallmark of myositis is the overexpression of major histo-
compatibility complex (MHC) I on the muscle fibre surface [17]. Mechanistic
in vitro and in vivo studies have demonstrated that MHC I overexpression can drive
NF-kB activation in muscle [18].

In terms of inherited myopathies, the X-linked recessive disorder Duchenne
muscular dystrophy (DMD) has received significant attention in the context of
NF-kB. DMD is a chronic degenerative neuromuscular disease, characterised by
muscle lacking functional dystrophin protein [19]. Consequently, profound damage
to the muscle fibre membrane occurs, which is a key driver of the degeneration of
muscle in DMD. The muscle of DMD patients undergoes cyclical bouts of damage
(degeneration) and regeneration — with invasion of immune cells, a secondary fea-
ture of the disease. Analysis of biopsy tissue from patients with DMD showed
enhanced NF-kB DNA binding activity, determined by electrophoretic mobility
shift assay (EMSA) [15]. Furthermore, studies in the mdx model of DMD have fur-
ther highlighted NF-kB pathway activation in muscle using EMSA [20]. There is a
prevailing theory that dysregulation of NF-xB signalling in DMD contributes the
muscle inflammation and degradation. Thus, there is interest in pursuing novel
NF-kB-targeted therapies to combat this process. Collectively, there is significant
evidence to demonstrate a potential role for NF-xB in mediating the pathogenesis in
arange of acquired and inherited myopathies.

12.2.3 Mechanisms of NF-xB-Mediated Muscle Atrophy

Here we highlight mechanisms researchers have identified, which muscle atrophy
and wasting are mediated through, in the context of NF-kB pathway activation
(Fig. 12.1). As a pleiotropic transcription factor, NF-kB regulates a plethora of
genes, of which a proportion encode an array of cytokines and chemokines. Given
the aforementioned myopathies in this chapter harbour significant inflammatory
cell components (either as a primary in IIM or secondary pathogenic feature in
DMD) to their pathogenesis, it is not surprising to see NF-xB as a lynchpin to some
of those effects. Moreover, the notion that skeletal muscle is now considered an
endocrine organ, capable of releasing an array of proteins and peptides — such as
certain cytokines and chemokines — offers an interesting perspective. Studies have
shown that treatment of C2C12 myotubes with TNF-a induces the upregulation of
inflammatory cytokine gene expression and release [21, 22]. Moreover, cytokine
and chemokine release is regulated by NF-kB activation, mediated by free radical
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Fig. 12.1 NF-kB pathway

generation by the mitochondria [22]. The release of catabolic cytokines such as IL-6
may have paracrine signalling effects on neighbouring fibres and may self-perpetuate
atrophy. The perspective of muscle-derived cytokines (myokines) rather than solely
derived from immune cells is an additional facet to disease pathogenesis in
myopathologies.

In muscle atrophy, we typically observe an imbalance in protein synthetic and
degradative pathways. Specifically, we see activation of the ubiquitin-proteasome
network — which regulates protein degradation. Poly-ubiquitination of proteins by
the E3 ubiquitin ligases muscle RING finger protein 1 (MuRF1) and atrogin-1 tar-
gets proteins for degradation via the proteasome [23, 24]. There is now elegant
evidence which describes how NF-kB signalling and the ubiquitin-proteasome
pathway are intertwined in the context of atrophy. Overexpression of IKKf in a
murine model was elevated MuRF1 expression — which was ablated in MuRF1-
knockout cross strain [25]. Moreover, a study using a muscle-specific knockout of
IKKp in a mouse model, prevented NF-kB activation, and subsequent muscle wast-
ing in response to denervation [26]. Thus, there is elegant evidence which shows the
interplay between protein degradation pathways and NF-kB activation in terms of
muscle atrophy. Mechanistically, this evidence provides a strong justification in the
pursuit of NF-kB-modifying therapies and agents in an effort to combat muscle-
wasting disorders.
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12.2.4 Therapeutic Targeting of NF-kB Activation

There is now a bourgeoning array of both synthetic and natural compounds, which
have been characterised to target different aspects of NF-kB signalling. Given the
strong association with NF-kB and muscle atrophy, it is perhaps logical to pursue
interventions in this context. Some focus has been on targeting in the activators of
NF-kB activation, with the focus on TNF-a. There is an array of biologics, compris-
ing either monoclonal antibodies to TNF-a (e.g. infliximab) or decoy TNF receptors
(e.g. etanercept) — which have been put to great use in the rheumatic diseases [27].
Both of these drugs have been tested and shown some beneficial effects in the mdx
model of DMD - reducing myonecrosis and suppressing overall inflammation [28,
29]. In contrast, in patients with myositis, who often have elevated expression of
TNF-a in muscle, the effectiveness of anti-TNF therapies is not convincing [30]. If
indeed NF-xB signalling has a role to play in muscle atrophy in myositis, then per-
haps more NF-kB-centric therapies may be worthy of pursuit. In terms of more
NF-kB-centric/selective therapies, the NEMO-binding domain (NBD) peptide
offers that opportunity. The NBD peptide disrupts the correct assembly of the IKK
complex — which prevents canonical NF-xB pathway activation. Utilisation of NBD
peptide in the mdx model of DMD significantly reduced macrophage invasion into
muscle and reduced overall membrane damage/lysis [20] . The salicylates have also
been shown to have the capacity to inhibit NF-xB activation [31]. Administration of
sodium salicylate in aged mice results in downregulation in inflammatory gene
expression and improved repair of muscle [32]. In terms of natural compounds to
target NF-kB signalling, curcumin (the primary curcumoid component of turmeric)
harbours anti-NF-kB properties [33]. Treatment of mdx mice with curcumin resulted
in improved muscle strength, increased sarcolemmal integrity and a downregulation
of inflammatory markers [34].

12.3 Cytokines in Muscle Atrophy

12.3.1 Tumour Necrosis Factor-Alpha

TNF-a is a 157-amino-acid-long peptide encoded on the short arm of chromosome
6 in humans [35] and exists in both soluble and membrane-bound forms. TNF-« is
initially produced as 26 kDa membrane-spanning protein, anchored in place due to
a 79-amino acid precursor sequence. Subsequent proteolytic cleavage frees TNF-o
from the membrane into a 17 kDa soluble form [36]. TNF-a exists in circulation as
a homotrimer, approximately 52 kDa in size [37], which binds to approximately 25
different receptors [7]; however, the most prevalent and well characterised are TNF
receptors 1 and 2 (TNFR-1/2) [38]. TNFR-1 is fairly ubiquitously expressed across
arange of cell types, whereas TNFR-2 seems to be more confined to cells of a hae-
matopoietic origin [39]. Moreover, the vast majority of biological functions of
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TNF-a occur via TNFR-1 [40]. The signalling cascade initiated via TNF-a binding
of TNFR-1 is very well characterised (Fig. 12.1). The TNF-a homotrimer binds the
TNFR-1 forming the TNF-TNFR-1 complex, where the intracellular domain is rec-
ognised and recruits TNF-receptor-associated death domain (TRADD) to the com-
plex. Additional adaptor proteins are recruited to the complex, namely,
receptor-interacting protein (RIP) and TNF-R-associated factor 2 (TRAF-2). The
function of TRAF-2 is to recruit the protein cellular inhibitor of apoptosis 1 (cIAP-
1) which also activates the mitogen-associated protein kinase pathway (MAPK)
[40]. However, RIP is a key component of TNF-a signalling by the activation of
nuclear factor kappa B (NF-xB).

12.3.2 TNF-a and Skeletal Muscle Wasting

The biological importance of TNF-a was demonstrated in several key studies
throughout the 1970s and 1980s. TNF-a was originally discovered over 30 years
ago as a serum soluble molecule, released by macrophages, which suppressed
tumour growth significantly in mice [41]. TNF-a was characterised to be the hor-
mone termed cachectin, which induced profound cachexia in mice [42]. Treatment
of rats with recombinant TNF-a was found to induce a state of septic shock [43].
Administration of anti-TNF-« antibodies during endotoxin-induced insult provided
protection against septic shock-induced cachexia and reduced overall morbidity
[44]. These important studies provided a key insight into the deleterious role of
TNF-a during instances of profound bacterial infection and that TNF-a is likely to
be a key mediator of cachexia (muscle atrophy). Sepsis patients characteristically
present with profound elevations in circulating levels of TNF-a [45]. Elevated cir-
culating TNF-a is a key driver in the significant loss of total protein ~16%, which
occurs over a 3-week period in patients with severe sepsis [46]. Moreover, experi-
mental rodent models of sepsis have shown that reduced protein synthesis is associ-
ated with disrupted ribosomal s6 kinase phosphorylation in a TNF-a-dependent
manner [47].

The exposure of muscle to TNF-a results in a loss of total muscle protein, a pro-
cess that is reported to be regulated by NF-xB; additionally the loss of muscle pro-
tein demonstrated in this study was correlated with elevated ubiquitin conjugation
and augmented by endogenous production of ROS [48]. Overexpression of the IkBa
protein (which holds NF-kB in its inactive state) in muscle results in resistance to
TNF-a-induced protein loss [49]. Studies examining the inhibition of NF-kB activa-
tion in vivo demonstrated improved skeletal muscle regeneration following trauma
[50]. Thus, there is a clear association between TNF-a, NF-xB activation and mus-
cle atrophy.

Although the loss of muscle protein as a consequence of TNF-a exposure is pro-
found, it has been reported that the loss of muscle protein is superseded by a signifi-
cant fall in specific force generation by muscle [51]. Studies into muscle contractility
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in the diaphragm consistently report a fall in specific force generation in response to
elevated levels of TNF-a [52]. Moreover this occurrence has been reported in the
absence of muscle wasting [53]. Further studies have demonstrated loss of muscle
function in the absence of atrophy, via TNF-a-induced activation of caspase-3,
which may be due to the loss of the actin and myosin contractile filaments [54].
Studies have reported that TNF-a-induced loss of muscle protein occurs via the
ubiquitin-proteasome pathway [55]. The ubiquitin-proteasome controls cellular pro-
teolytic degradation of ubiquitinated proteins [56]. TNF-a administration induces
elevation in ubiquitin expression and upregulation of markers associated with pro-
teolytic degradation [55]. Upregulation of ubiquitin-conjugating activity in skeletal
muscle has been reported to occur in a TNF-o/NF-kB-dependent manner [57].

The loss of muscle mass and significant reduction in muscle force as a result of
TNF-a exposure have been widely described to be associated with elevated produc-
tion of ROS [48]. Using a rodent model of TNF-a-induced cachexia, muscle loss
was found to be ablated following pre-treatment with nitro-L-arginine, a known
nitric oxide synthase (NOS) inhibitor [58]. The upregulation of NF-kB by TNF-a in
skeletal muscle is reported to be controlled, in part, by the glutathione pathway;
suppression of glutathione reductase activity reduced TNF-a-induced NF-kB acti-
vation [59]. More recently, treatment of muscle fibres with the antioxidant trolox (a
vitamin E derivative) resulted in attenuation in the TNF-a-induced fall in specific
force generation by muscle [51]. Moreover, the specific effect of ROS on muscle
wasting has been investigated widely. Treatment of C2C12 myotubes with hydrogen
peroxide (H,0,) resulted in the upregulation of the expression of ubiquitin ligases
responsible for controlling protein degradation via the proteasome [60]. ROS-
mediated muscle proteolysis has also been associated with Ca** calpain activity.
Elevated formation of reactive aldehyde complexes by ROS causes accumulation of
Ca?* in the cytosol, due to disruption of Ca** transport across the plasma membrane
[61], thus, inducing calpain-mediated cleavage of key proteins such as titin and
nebulin, which are components of the contractile architecture [62]. Although the
effect of ROS on skeletal muscle is profound, it is still unclear whether elevated
ROS forms part of a downstream signalling cascade that mediates muscle atrophy.

12.3.3 Role of Other Cytokines in Muscle Atrophy

Although TNF-« is arguably one of the most well-studied cytokines in the context
of muscle atrophy, there are other cytokines/chemokines which have an important
role to play. Interleukin-6 (IL-6) is a classical pro-inflammatory cytokine, which
harbours ancillary function in terms of influencing metabolism [63, 64]. A seminal
study in the mid-1990s, whereby treatment of transgenic IL-6 overexpressor mice
with an IL-6 receptor antibody, ameliorated muscle atrophy in this model [65].
Similarly, more recent evidence in the Apc (Min/*) murine model exhibit IL-6-
dependent muscle atrophy — mediated through activation of atrogin-1 [66]. In a
further rodent study, IL-6 was reported to induce atrophy via downregulation of
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ribosomal S6 kinase phosphorylation — favouring a more catabolic state [67].
Moreover, in vitro studies in murine C2C12 cells have demonstrated IL-6 to inhibit
myogenic differentiation [68]. There is also clinically relevant evidence for an
important role for IL-6 in muscle atrophy. Patients with polymyositis and dermato-
myositis present with elevated circulating levels of Il-6, which correlate with dis-
ease severity [69]. Moreover, use of an anti-IL-6R monoclonal antibody ameliorated
disease progression in a murine C-reactive protein-induced model of myositis [70].
In addition a small cohort of treatment refractory polymyositis patients treated with
the commercial anti-IL-6R tocilizumab has showed beneficial clinical outcomes —
evidenced by reduced circulating creatine kinase levels and suppressed myo-oedema
[71]. Interestingly, there has been an observation of acquired inflammatory myopa-
thy developing in a patient treated with tocilizumab — however, this is an exception-
ally rare occurrence [30]. Overall, there is strong mechanistic evidence for the role
of IL-6 in muscle atrophy — with significant interest from global pharma in pursuing
trials of anti-IL-6 therapies in a range of myopathies.

12.4 Future Perspectives

Our understanding of the basic biology, which mediates the impact of NF-kB and
inflammatory cytokines on muscle, has developed exponentially over the last
decade. The potential to target NF-xB signalling to target muscle wasting in a range
of myopathologies is an attractive proposition. Currently, however the vast majority
of success has been in animal models — with limited evidence in humans. Thus,
there is still a crucial need to better understand the precise impact and potential
long-term effects of NF-kB-modulating therapies.
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